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1. INTRODUCTION 

1.1. PLASMA MEMBRANE AND PORES 
From the advent of life in earth, primitive life forms became partially isolated from the 

external environment by a lipid layer. Lipid membranes retained the cell components, but 
also prevented the exchange of ions, either necessary or harmful elements, from the external 
media. Thus, novel mechanisms had to evolve in parallel to membranes to maintain the 
passage of ions through it. From the small pores of Gram-negative bacteria and, 
subsequently mitochondria, to the more complex and selective elements in contemporary 
eukaryotic membranes, channels have a long and diverse evolutionary path [1]. 

These Membrane Transport devices have been classically (until 1980s) divided between 
two types by their kinetic behaviour: carriers and pores. On one side, carriers, also known as 
transporters, function by exposing the transport binding site to the intracellular and 
extracellular media alternatively (e.g.: Na+/K+ pump, glucose transporter). On the other side, 
pores, called channels, contain a narrow water-filled tunnel connecting the intracellular and 
extracellular environments while also functioning as a selectivity filter (e.g.: aquaporins, 
voltage-dependent ion channels). Thus currently, the main difference between these two 
transport entities resides in the presence of a continuous path for the substances to cross, 
which enables open channels to have a much faster rate of passage than transporters. This 
last feature also explains their importance in many fast-response functions [1]. 

Channels are divided in 2 main categories depending on the nature of the molecules 
conducted: (i) aquaporins, also called water pores, mainly drive water molecules in and out 
of the cell while preventing the passage of solutes. However, some members of this category 
are also selective for some small uncharged solutes like glycerol and urea [2]; (ii) ion 
channels, proteins that conduct ions and that the present work deals with. 

1.2. ION CHANNELS 
Ion channels are macromolecular protein complexes that, once open drive the passage of 

ions through the membrane in favour of electrochemical gradient. Ion channels, being 
fundamental pieces in the membrane of excitable cells, have been gradually acknowledged 
as the techniques to study them were being developed [1].  

Ions play a paramount role in the excitability of muscle and nerves but only the combined 
works of several notable physicists, chemists, pharmacologists and physiologists have been 
able to elucidate the internal functioning of these important entities. Thus, while Sydney 
Ringer published a series of works (1881-1888) demonstrating that by perfusing a frog heart 
with a saline solution (Ringer solution), the organ kept beating for long. Walther Nernst, 
working with the electrical potentials that arise from the diffusion of electrolytes in solution 
(1887), created the Nernst equation. These advances, among others, triggered new theories 
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regarding the nature of the intracellular environment and the ionic origin of electric 
potentials in live cells [1]. 

Later, Julius Bernstein (1902, 1912) suggested that the membrane of excitable cells have 
a variable permeability to K+ ions depending on the state of excitation. This membrane theory 
explained the resting potential of nerve and muscle as a diffusion potential, while during 
excitation other ions are allowed to diffuse across the membrane. This theory supposed the 
first physicochemist explanation of the bioelectric events [1]. 

As research concerning cell physiology has progressed, it has become apparent that all 
the ions present in the Ringer’s solution, as well as other inorganic ions of body fluids, have 
a major cellular role. Consequently; transporters, channels and enzymes have been related 
to all these ions or molecules and help us to understand the blueprints and the workflow of 
life itself [1]. The combined advances of such a long display of scientists would be too long to 
be written in this work, but their contribution remains in the annals of biology for changing 
our vision of nature and cement the field of electrophysiology. 

Thus, ion channels are known to be implicated in electrical signalling in nerve, muscle and 
synapse. Nevertheless, ion channels are not only implicated in electrical excitation, but also 
to the activation of a wide array of physiological processes. This feature is a result of the high 
speed achieved by channels, in contrast to other molecular processes like active transport or 
enzyme catalysis [1] (Fig.I1).  

1.2.1. Classification 

Ion channels may be classified by gating - what causes the opening and close.  

• Voltage-gated channels: channels which open and close in response to the 
membrane potential. 

• Ligand-gated channels: also known as ionotropic receptors, these channels open in 
response to the extracellular domain of the protein binding to specific ligand 
molecules (e.g.: GABAA receptor). 

• Other gating mechanisms: channels gated by the presence – or absence – of certain 
second messengers like Ca2+ (e.g.: KCa3.1), or other physic phenomena like light (e.g.: 
channelrhodopsin) or temperature (e.g.: TRPV1). 

We will focus on voltage-gated channels, as the present work aims the ones selective for 
the potassium ions, which are also the largest and most diverse group of ion channels [3]. 

1.3. VOLTAGE-GATED POTASSIUM CHANNELS 
Voltage-gated potassium channels (VGKCs or Kvs) are channels with their gating linked to 

changes on membrane potential being selective for K+. Kv are the largest and most diverse 
subfamily of channels. They differentiate from other ion channels by the selective filter, 
which ensures that K+ ions pass with much more frequency than any other ion. We will 
discuss about the selectivity filter in future chapters of the introduction. 

Amongst their functions we can highlight their implication on the action potential, where 
they are in charge of returning the cell to the resting state. Nevertheless, their presence in 
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other systems must not be underestimated, as they play important roles in rapid reaction 
events like immune response [4] or insulin secretion [5]. 

Kv typically refers to both the alpha and beta subunits. While alpha subunits form the 
conducting pore by which ions pass [3], beta subunits are auxiliary proteins which associate 
with alpha subunits but provoke no currents [6]. The pore is formed by the tetramerization 
of 4 alpha subunits [7]. The ratio between alpha and beta subunits can scale up to 4:4. 

1.3.1. Elemental basis of Kv channels 

Open K+ channels maintain the membrane potential closer to the potassium equilibrium 
potential, keeping it away from the firing threshold. Thus, in excitable cells, K+ channels set 
the resting potential, short the action potential, end high activity periods, regulate the 
intervals during repetitive firing and reduce the effectiveness of excitatory inputs when they 
are open [1]. 

As mentioned, Kv architecture is typically formed by the tetramerization of 4 copies of 
alpha subunits arranged as a ring [7]. In contrast, Na+ and Ca2+ channels are formed by a 
unique protein that is, in fact, four repeats of the same pattern [8, 9].  Nav, Cav and Kv units 
share the topology of six transmembrane domains. Thus, four copies of Kv tetramerize to 
form a structure closely similar to Na+ and Ca2+ channels. 

1.3.2. Classification of alpha subunits 

According to the International Union of Pharmacology (IUPHAR), Kv are divided into 12 
families (Kv1-12), each including several isoforms. Even though alpha subunits of Kv can be 
grouped by different criteria, they are normally grouped according to the function by which 
they were firstly identified [1, 3]: 

• Delayed rectifier (IDR): channels that cause an outward current of K+ following a 
depolarization of the membrane. The opening is caused by the influx of Na+ ions to 
the cell, which increases the membrane potential. These channels repolarize the 
membrane. This repolarization restricts the duration of the nerve impulse and 
participates in the regulation of repetitive firing of the neuron. Also, these channels 
slowly inactivate or do not inactivate at all. This group includes members of Kv1 
(KCNA, Shakers), Kv2 (KCNB, Shabs), Kv3 (KCNC, Shaws), Kv7 (KCNQ) and Kv10.1 
(KCNH1, eag1) families. 

• A-type (IA): channels that also cause an outward current of K+ with little delay after 
depolarization. Unlike delayed rectifiers, A-type channels open by depolarization 
following hyperpolarization. As this hyperpolarization increases the interval between 
action potentials, it helps neurons to fire repetitively at low frequencies. This group 
also includes members of Kv1 (Kv1.4), Kv3 (Kv3.3 and Kv3.4) and all the members of 
Kv4 (KCND, Shals). 

• Modifier/silencer: proteins that, despite having similar sequences and structures to 
other categories, do not generate ion currents by themselves.  In contrast, they 
heterotetramerize with members of Kv2 family, modifying or suppressing their 
activity. This category includes members of Kv5 (KCNF), Kv6 (KCNG), Kv8 (KCNV) and 
Kv9 (KCNS). 
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• Other: Some other channels do not fall into either category or up until now has not 
been extensively studied to be classified. This is the case of Kv10.2, classified 
sometimes as outward-rectifying; Kv11.2 and Kv11.3, relative of inwardly-rectifying 
Kv11.1; and Kv12, considered separately as slowly activating. 

The different families (Shaker, Shab, etc) are named according to the homologous gene 
family found in Drosophila melanogaster. In the present work we will cover Kv1.3 and Kv1.5, 
members of the Shaker family (Kv1), whose genes are also known as KCNA3 and KCNA5. 

1.4. KV1 
Kv1 channels are also named Shaker because the homologous protein of Drosophila 

melanogaster. The Shaker gene was the first K+ channel to be cloned and instead of being 
identified by a purified protein or a partial amino acid sequence, it took place by the 
characterization of a mutation of the flies which resulted in the shaking of the legs when they 
were under anaesthesia, suggesting a function in the termination of nerve impulse. By 
characterization of the mutant locus, it became apparent that the gene codified a K+ channel 
by its similarities to the Na+ channels already known [10]. 

The technological advances enabled to clone and identify genes. These new approaches 
resulted in the characterization of several mammalian orthologous to the fruit fly’s Shaker 
from different physiological mammal species [11, 12]. 

 
Fig. I1: Diversity of ion channels. A: Phylogenetic tree of ion channels (IUPHAR/BPS Guide to Pharmacology). B: Structural model 
of Kv1.2/Kv2.1 paddle chimaera channel in association with a beta subunit (PDB 2R9R). 

1.4.1. Structure of Kv1 

Kv1 are formed by the tetramerization of 4 copies of α subunits which form a central 
transmembrane pore in the structure. Additionally, each α subunit presents six membrane-
spanning hydrophobic α-helical sequences (named S1 through S6) that are linked together 
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with intracellular and extracellular loops (called linkers), as well as cytoplasmic amino- and 
carboxyterminal sequences. These transmembrane domains contain both the pore, formed 
by the collaboration of S5 and S6 of the different subunits, while the rest of transmembrane 
domains (S1-S4) serve as voltage sensors, which regulate the opening of the channel [13]. 

 
Fig. I2: Structural features of the KcsA channels and K+ coordination structure in the pore [14]. (A-B): Membrane-omitted side 
and top views of the KcsA K+ channel (PDB 1K4C). C: High-resolution electronic density map showing the two diagonal subunits 
and the orientation of the carbonyl oxygen atoms to coordinate K+ ions. The numbers correspond to the four binding sites 
determined by the sequence TVGYG. D: Antiprism and cubic cages forming the selectivity filter binding sites. 

1.4.1.1. The pore 

Even though Kv channels’ α subunits are considered to have 6 membrane-spanning 
sequences (mirroring the 24 transmembrane domains of Na+ and Ca2+ channels), early studies 
already predicted the presence of 7 potential membrane-spanning regions [10]. This seventh 
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transmembrane domain, which is situated between the S5 and S6, came to be known as P-
loop, as it didn’t really cross the membrane, but looped in and outside of the bilayer [15]. 

As early as 1986 [16], it was hypothesized that what we call nowadays the S5-S6 linker 
and the P-loop enters the membrane as a hairpin and forms the pore of the Na+ channel 
when emerging to the extracellular side. The resolving of the structure of bacterial K+ channel 
KcsA confirmed twelve years later this structure for K+ channels [17]. Additional evidence in 
the following years resulted in the assumption that both K+, Na+, Ca2+ and CNG channels 
conserve this structure, and that mutation of this region caused changes in conductance or 
ion selectivity, amongst other features. 

Studies with Shaker blockers, which physically plug the pore, and mutations within the 
pore region gave further insight into which residues and regions were directly involved in the 
ionic conduction [14, 18] (Fig.I2). By this way, different regions of the pore were identified 
[1]: 

• Turret (Shaker G420-P430): connects the S5 with the P-loop and serves as docking 
for toxins that block the pore. 

• Pore helix (Shaker D431-M440): Forms the floor of the central cavity, which 
represents the last wide spot in the inner vestibule before the narrow selectivity 
filter. 

• Selectivity filter (Shaker T442VGYGD447): represents the most conserved region of all 
K+ channels – their signature sequence. The carbonyl oxygens from the residues VGYG 
of the four subunits reach out to passing K+ to catalyse their passage across the pore. 
Passage of smaller ions (e.g.: Na+) is not favoured, as their smaller atomic diameter 
doesn’t enable the ion to pass stably; while bigger ions (e.g.: Rb+) can’t cross as their 
diameter inhibit it. Mutations of this sequence either destroy the K+ selectivity of the 
pore or abolish its capacity to conduct ions.  

• Post-selectivity filter region (Shaker M448-W454): contains the mouth of the pore, 
formed by the T449 from Shaker and its homologous residues in other channels. In 
its last section connects with the S6. 

Access to the pore is regulated by the C-terminal end of S6, as it forms a blocking bundle 
when the channel is closed. Changes in membrane voltage modify this conformation and 
enables the passage of K+ ions [19, 20]. This phenomenon is possible thanks to a highly 
conserved sequence inside the S6 helix: PxP, a flexible sequence which acts as a hinge [21, 
22]. 

1.4.1.2. The voltage-sensor 

The pore (S5-S6, but specially the P-loop) sets the criterion to discern the channel 
selectivity. However, the voltage-sensor (S1-S4, but specially S4) sets aside the voltage-gated 
channels from the other types of regulations. 

Before the molecular cloning of any channel, the gating charge was hypothesised as a 
collection of charged residues buried in the membrane [1]. Early assumptions postulated 
about pairs of positive and negative gating charges on different components of the channel 
[23]. The change in membrane potential would result in the sequential move of the different 
charged residues, leaving the positive charge outward and the negative charge inward. 
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The cloning of channels in later years suggested the S4 transmembrane domain as a key 
region of the voltage sensor as it contained several cationic residues. This sequence was 
composed by mostly nonpolar or hydrophobic residues while every third position there was 
a positively charged residue (R or K), a pattern strictly conserved in all known voltage-gated 
channels. 

Early mutagenesis studies with cloned channels were focused on the domain I of rat Na+ 
channels (homologous to one of the four subunits of K+ channels). The mutation of one basic 
residue in S4 to neutral or acidic residues resulted in effects over the steepness of the voltage 
dependence and the voltage of activation amongst other gating characteristics [24].  

The replica of this approach on K+ reported similar results. Neutralizing any of the first five 
basic residues in S4 shifted the midpoint and at least two positions reduced the steepness of 
gating [25]. Besides, conservative changes of neutral residues also shifted the voltage 
dependence of the channel. 

These residues are in an α-helix crossing the membrane but not all are buried inside. On 
the contrary, studies confirmed that the S4 segment lies at the interface of invaginations 
from the outside and the inside media. Thus, the helical segment can slide with respect to 
this interface or twist to transfer charged groups from one invagination to the other [26]. 
These movements can be studied optically by using a FRET approach, which relates them 
with an optical signal (fluorescence). 

In summary, the voltage sensor is a highly specialized structure which includes S4, but also 
S1-S3 transmembrane domains forming the invaginated surfaces that surround S4, shaping 
the voltage-sensing module. The membrane potential-dependent movements of this sensor 
result in a series of sequential changes of conformation that causes the opening, or closure, 
of the channel. 

1.4.2. Regulation of the channel 

While the pore and the voltage sensor explain the gating and conduction of ions, they do 
not explain the additional events that the channel suffers.  

1.4.2.1. Electromechanical coupling 

Even though the voltage sensor causes a conformational change, this event would be 
useless if the movement did not result in changes in the pore region.  

The S4-S5 linker, the intracellular loop between S4 and S5, is the responsible of this 
transmission of movement. Several studies postulate that some residues in the S4-S5 linker 
interact with other residues in the proximal C-terminus, near the PXP region. Thus, changes 
in membrane potential provoke a sequential movement that forces the conformation of the 
gate of the channel [27, 28]. 

1.4.2.2. Tetramerization 

A crucial phenomenon is the formation of the tetramer. Contrary to the Na+ and Ca2+ 
channels, formed by a unique peptide containing 4 repeated domains, K+ channels are 
formed by 4 independent subunits that must interact to form the channel. During the 90s, 
experiments aimed to discover the minimum part of the protein able to form a tetramer. By 
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following this approach, Drosophila Shaker B potassium channel was steadily truncated and 
the polypeptide containing as little as 114 amino acids of the N-terminal sequence could form 
a homomultimer [29]. Additional experiments also demonstrated that this domain was well-
conserved in Shaker channels and could be replicated in Kv1.1 [30]. This domain was named 
T1 domain and is the key to the phenotype variability of Kv1 channels, as it enables the 
formation of heterotetramers between members of the same family (e.g., Kv1.3 and Kv1.1). 
All Kv channels contain these domains but they are family-specific. Thus, a Kv2 subunit with 
the T1 domain grafted from Kv1 will only tetramerize with Kv1 subunits [29]. In fact, even 
though this domain is located in the N-terminus in Kv1 subunits, other families, like Kv7, have 
their T1 domain in the C-terminus. 

1.4.2.3. Channel inactivation 

The cytosolic sequences of the channels are sometimes implicated in the regulation of the 
gating [31] (Fig. I3): 

• N-type inactivation, also known as hinged-lid or ball-and-chain inactivation is a 
model which explains the fast inactivation mechanism in Kv channels and other 
families. By following this model, the channel can be either open, closed or 
inactivated. This inactivated state takes place in a fast fashion by the physical 
blockage of the pore. A “ball”-like structure is responsible for blocking the channel 
[32-34]. This ball is typically part of the N-terminal (hence its name) cytoplasmic 
domain of the same protein, but the interaction with some beta subunits can also 
confer this ability to channels lacking it [35, 36]. 

• C-type inactivation, on the other side, is a slower type of inactivation. It takes place 
when prolonged activation provokes a movement in the residues near the selective 
filter of the channel [27, 28]. Thus, in this model, the selectivity filter acts as a second 
gate. 

 
Fig. I3: Types of inactivation in ion channels [31]. A: N-type inactivation. B: C-type inactivation. 
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1.4.2.4. Biogenesis and traffic 

Kv channels are synthesized in the rough endoplasmic reticulum (ER) [37] but contrary to 
other membrane proteins, they have no canonical ER target signals. Instead, the S2 domain 
is the main target signal [38]. While still being synthetized, T1 domains of Kv channels interact 
and promote the full tetramerization once the subunits are in the ER [39, 40]. Next, Kv 
tetramers exit the ER following a quality control checkpoint [41]. 

Several signal sequences, such as RXR, KKXX or KDEL, promote the intracellular retention 
of Kv [42-44]. Proper folding, tetramerization or additional interactions may mask these 
signals and facilitate anterograde transport. Signals that promote the anterograde transport 
are VXXSL or the recently described non-canonical YMVIEE [45-47].  

The forward trafficking of the tetramer will depend on the balance of those signals on the 
channel. That is, heterotetramers containing subunits with strong retention signals (e.g., 
Kv1.5), will probably be more intracellularly located than channels (e.g., Kv1.3) showing 
plasma membrane facilitating motifs [48, 49]. 

Like other membrane proteins, most Kv channels follow the typical pathway from ER, 
through Golgi compartments, accumulating post-translational modifications such as 
glycosylations or phosphorylations [50-52]. Another type of post translational modifications 
which Kv suffers is ubiquitination [53-56]. 

1.5. SHAKER MEMBERS 
The Shaker family contains up to 8 homologous subunits in vertebrates, distributed 

among all the genome. Following some studies, these 8 copies are postulated to be the result 
of successive gene duplications and neofunctionalization during the emergence of teleostei 
(ray-finned fishes) [57, 58], along the duplication of other ion channel families and the Hox 
genes early in vertebrate evolution. These studies also suggest that this gene duplication 
phenomenon justify that some of the Shaker genes tend to appear in cluster containing 
several of them (KCNA3-2-10, KCNA6-1-5) [58]. 

The members of the Shaker family are as follows: 

• Kv1.1 (KCNA1): located in human chromosome 12, in a cluster with Kv1.5 and Kv1.6. 
It is synthesized prominently in dendrites associated with translational “hotspots”, 
which are spots of translation of proteins important for the synaptic sites [59]. 
Regardless, detection of surface-expressed channels has revealed that they are only 
expressed in the axonal membrane [60], suggesting a role in repolarization of these 
membranes. Accordingly, it has been linked to neurologic pathologies including 
epilepsy and ataxia in mammals [61]. 

• Kv1.2 (KCNA2): located in human chromosome 1, in a cluster with Kv1.3 and Kv1.8. 
It is typically concentrated along axons and axon terminals of neurons, as well as 
presynaptic sites [61], following a similar distribution pattern to Kv1.1. Some studies 
have linked this channel to several processes linked to pain like neuropathic pain [62] 
or diabetic hyperalgesia [63]. Similar to Kv1.1, mutations have been linked with 
epileptic encephalopathies [64]. 
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• Kv1.3 (KCNA3): located in human chromosome 1, in a cluster with Kv1.2 and Kv1.8. 
Regarding the nervous system, Kv1.3 can be found mainly in mitral cells of the 
olfactory bulb mediating glucose-sensitivity [65]. Contrary to the previous channels, 
Kv1.3 also has significant roles in immune system, where it can be detected in both 
antigen presenting cells [66] and lymphocytes [67]. Mutation of this channel results 
in no effect over nervous or immune system, but a deep and still-in-study alteration 
on metabolic regulation which will be further discussed in following chapters. 
Dysregulation of Kv1.3 has been also linked to neoplastic processes in a wide array of 
tissues [68, 69]. 

• Kv1.4 (KCNA4): located in human chromosome 11. Like Kv1.1 and Kv1.2, it is mainly 
located in the nervous system, highly concentrated along axons and in the axonal 
membrane [70]. Here, Kv1.4 can regulate the extent of nerve terminal depolarization. 
Some studies suggest that the phosphorylation of this channel could be implicated in 
the regulation of neuronal excitability, synaptic plasticity and neuronal survival [71]. 

• Kv1.5 (KCNA5): located in human chromosome 12, in a cluster with Kv1.1 and Kv1.6. 
Kv1.5 is expressed in many tissues, including but not limited to nervous system, 
circulatory system (cardiac and vascular), immune system (antigen presenting cells) 
and smooth muscle in general [72-75]. Accordingly, dysregulations or mutations of 
said channel may result in arrhythmias, pulmonary hypertension or increased 
proliferation of diverse cancer types. 

• Kv1.6 (KCNA6): located in human chromosome 12, in a cluster with Kv1.1 and Kv1.5. 
Contrary to Kv1.1 and Kv1.2, which are located in the axonal membrane, Kv1.6 tends 
to be located in the soma of neurons. On a macroscopic level, Kv1.6 appears 
uniformly distributed around the bovine brain, as well as in cardiac tissue and smooth 
muscle [76-79]. Functionally, some studies have suggested the implication of Kv1.6 
in the excitability of sensory neurons, but it has also been postulated to have a role 
in amyotrophic lateral sclerosis (ALS) [80, 81]. 

• Kv1.7 (KCNA7): located in human chromosome 19. Kv1.7 has been described to be 
expressed in heart and skeletal muscle, as well as the kidney and pancreas beta cells 
[82-84]. Functionally, it offers a potential strategy for enhancing GSIS with minimal 
risk of hypoglycaemia in the treatment of Type 2 diabetes [84]. 

• Kv1.8 (KCNA10): located in human chromosome 1, in a cluster with Kv1.2 and Kv1.3. 
Unlike the rest of the family, Kv1.8 is not only activated by voltage, but its gating is 
regulated by cyclic nucleotide [85]. Furthermore, its expression in brain is minimal, 
while being present in the hair cells of the inner ear, kidney and vascular tissues [86-
88]. Studies have suggested its association with auditory dysfunction and LQTS (Long 
QT Syndrome) [85, 86]. 

These 8 Shaker isoforms represent 8 different phenotypes of the same family. However, 
the possibility of heterotetramerization opens up a large supply of different 
electrophysiologic, pharmacologic and distribution profiles. For example, Kv1.1 can 
tetramerize with Kv1.2, Kv1.3, Kv1.4 and Kv1.6 subunits [77], and Kv1.3 is able to interact 
with Kv1.1, Kv1.2, Kv1.5 and Kv1.6 [89, 90]. This already gives us up to 8 different 
combinations, not even counting the phenotype differences between ratios (1:3, 2:2, 3:1) 
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neither the formation of heteromers from 3 or 4 different isoforms, which is also possible 
[77]. The possibilities are endless. This promiscuity between subunits of the same family (a 
constant inside each family) and the presence of multiple ancillary proteins, which will be 
further discussed, are two potential mechanisms for generating the enormous diversity of K+ 
currents observed electrophysiologically. 

Even though in native cells, as explained, the limit between different isoforms is rather 
blurry, in the current work we will focus upon Kv1.3 and Kv1.5, which are the more prominent 
Kv1 channels in the immune system. 

1.6. KV1.3 
Also known as KCNA3, MK3, HGK5, HLK3, PCN3, PCN3 and HUKIII; Kv1.3 is a member of 

the Shaker family of voltage-gated potassium channels. In summary, it contains six 
membrane-spanning domains with several positive charges in the fourth segment. It is part 
of the delayed rectifier class, directly implicated in the repolarization after an action 
potential. The KCNA3 gene is intronless and located in chromosome 1, specifically 1p13.3, 
clustered together with KCNA2 (Kv1.2) and KCNA10 (Kv1.8). 

1.6.1. Distribution 

The gene was cloned simultaneously in 1990s from human T lymphocytes, resulting in a 
575 amino acid-long protein [91] and from rat brain, resulting in a 525 amino acid-long 
protein [92].  

In the central nervous system (CNS), Kv1.3 is located in hippocampal, olfactory bulb and 
cortex neurons (being the main potassium channel), dentate gyrus, striatum and piriform 
cortex and medial nucleus of the trapezoid body [90, 93-95]. Regarding immune system, 
Kv1.3 stands up as one of the most important channels in all the cells. As such, it is easily 
found in both types of lymphocytes (T and B); and macrophages and some of their specialized 
forms like microglia, dendritic cells and osteoclasts [96-99].  

Aside from nervous and immune systems, Kv1.3 has been identified in a high amount of 
non-excitable cells regulating several cell physiology processes. Theses tissues include, but 
no limited, to platelets, epithelia of kidney and colon, actively participating in ion 
absorption/excretion; adipose tissue and skeletal muscle cells, associated with peripheral 
insulin response; smooth muscle; and testes [100]. 

1.6.2. Functional relevance 

As expected from this wide distribution, Kv1.3 has an important role in several 
physiological processes. As other ion channels, Kv1.3 is implicated in regulating resting 
membrane potential and cell volume, but its role transcend these functions [101-103] (Fig. 
I4). 

1.6.2.1. Immune function 

Kv1.3 is present in all immune system cells – both antigen-presenting cells (APC), cytotoxic 
and regulatory cells – where it controls the leukocyte physiology. 
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When APCs (such as macrophages) contacts an antigen, CRAC channels open and leak Ca2+ 
from the ER to the cytosol. The high Ca2+ activates the K+ channel KCa3.1 and, consequently, 
the change in membrane potential opens Kv1.3. This event marks the onset of APC activation 
and increases Kv1.3 (facilitating successive activations) and cell proliferation [99]. Similarly, 
other immune cells activated by antigen presentation of APC (T lymphocytes) express Kv1.3 
clustered together with the TCR in lipid rafts. Lymphocytes, despite being of a different cell 
lineage that APCs (macrophage lineage), work in a very similar way. Thus, the antigen 
presentation triggers a rise in intracellular Ca2+, which activates KCa3.1 and Kv1.3 [4, 96-98, 
104]. 

An elevated Kv1.3 in the immune physiology generates more activated and aggressive cell 
phenotypes. As mentioned, and especially relevant for T helper lymphocytes, sequential 
activations alter the expression of ion channels. Thus, while naïve T lymphocytes express a 
modest amount of both Kv1.3 and KCa3.1, the more aggressive T helper effector memory cells 
(TEM) express a huge amount of Kv1.3 [105]. Coincidentally, these TEM mediate immune 
response in autoimmune diseases such as Multiple Sclerosis or Psoriasis [106]. 

It has been demonstrated that Kv1.3 is crucial in both normal and pathological immune 
cell physiology. On one side, both in vitro and in vivo studies indicate that pharmacological 
Kv1.3 blockade attenuates immune response and reduces thymic development of T cell 
subsets [107, 108]. On the other side, the interaction of Kv1.3 with modulatory proteins 
restricting its activity also compromises the activity of immune cells [109, 110]. 

As such, study of Kv1.3 and all its regulation pathways and potential pharmacological 
agents are potential therapeutic targets for the treatment of autoimmune diseases. This fact 
justifies the engineering of plenty new pharmacological entities for Kv1.3 blocking [111, 112]. 

1.6.2.2. Cancer 

Kv1.3 takes part in the regulation of the cell proliferation/apoptosis balance in many cell 
types. This balance is one of the main factors that result in neoplastic growth and, ultimately, 
cancer. 

Kv1.3 participates during the transient hyperpolarizing step during G1/S progression. This 
hyperpolarization provides the driving force for Ca2+ entry during this phase of cell cycle 
[113]. Furthermore, evidences have suggested that Kv1.3 could modify cell proliferation 
independently of ion conduction by voltage-dependent conformational changes or by 
phosphorylation of the channel [114]. Thus, Kv1.3 would promote cell proliferation. 

Other studies suggested Kv1.3 implication in cell survival. Kv1.3 is since long known to 
localize in the inner mitochondrial membrane [115]. In the mitochondria, Bax can interact 
with Kv1.3, being this interaction a condicio si ne qua non for provoking apoptosis by Kv1.3 
inhibition [116]. Thus, absence of Kv1.3 would result in an increased survival of cells. 

As seen, the role of Kv1.3 in cancer is very complex, as either an upregulation or 
downregulation may result in neoplastic formation. Nevertheless, a hypothesis was recently 
postulated. Such hypothesis suggests that proliferative activity, considered as primary 
tumorigenesis, would involve upregulation of Kvs (including Kv1.3); while invasion, or 
secondary tumorigenesis, courses with Kv downregulation, promoting the pro-invasive 
activity of voltage-gated sodium channels [103, 117]. 
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1.6.2.3. Insulin pathways 

During early 2000s, a Kv1.3-deleted mouse was genetically engineered in expectations of 
high affectations in immune system. Contrarily, KO mice had a normal immune phenotype, 
caused by a remodelling of a plethora of other different Kv channels that could counteract 
Kv1.3 deficiency [118, 119]. Instead, mice exhibit 1,000-fold higher sensitivity of detection of 
odours and enhanced ability to discriminate between odorants. Animals were named “the 
super-smeller mice”. Furthermore, these mice exhibited a resistance to diet-induced obesity.  

After more intensive studies, these two unexpected phenotypes raised an interesting 
hypothesis: the resistance to diet-induced obesity came from an increase in physical activity 
and basal metabolic rate, which depends on the olfactory bulb [120]. This process would 
include the activation of the insulin receptor in the olfactory bulb, resulting in an inhibitory-
phosphorylation of Kv1.3 [121]. Loss of function of Kv1.3, either by genetic ablation or 
inhibition by antagonists such as kaliotoxin, confers mice with resistance to diet-induced 
obesity and an improvement in mood and associative learning. These studies could support 
Kv1.3 as a target not just for obesity, but also for psychiatric diseases [122]. In fact, several 
projects are already in motion for the use of Kv1.3 blockers in palliating the effects of 
neurodegenerative disorders [122, 123]. 

 
Fig.I4: Implication of Kv1.3 in various physiological and pathological processes [103]. A: Impaired Kv1.3 expression alters 
adipocyte and skeletal muscle insulin sensitivity. B: Most evidences support that the expression of Kv1.3 correlates with 
neoplastic behaviour and malignancy. C: Kv1.3 is present in the inner membrane of mitochondria, regulating the sensitivity to 
apoptosis. D: Abnormal activity of Kv1.3 in the central nervous system during insulin resistance has been associated to the 
development of cognitive alteration and anxiety. E: An exacerbated expression of Kv1.3 in activated immune cells triggers chronic 
and degenerative inflammatory diseases. 
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Kv1.3 is expressed in other tissues where insulin sensitivity is of paramount importance, 
such as the adipose tissue [124]. Kv1.3 has been documented in both white and brown 
adipocytes [125, 126]. Pharmacological inhibition of the channel increases the peripheral 
sensitivity to insulin by promoting the membrane translocation of GLUT4 [127-129]. Some 
other reports argue against the presence of Kv1.3 in human adipose tissue [120, 127]. As 
such, the participation of Kv1.3 in the glucose homeostasis in adipose tissue is an open 
debate nowadays and most probably should be looked at by considering adipose tissue as a 
true heterogeneous organ [124] 

1.6.3. Molecular properties 

Kv1.3 has a biogenesis similar to other Kv channels. Thus, it is synthetized by ribosomes 
that get attached to the ER by a signal peptide on its S2 domain, contrary to usual membrane 
proteins, which have an N-terminal signal [38]. Kv1.3 anterograde traffic is also similar to 
other membrane proteins, except for the necessity of having the YMVIEE signal in its C-
terminus. YMVIEE, as commented in a previous chapter, contains a di-acidic element located 
in the C-terminus of some Kv1 channels being necessary for the anterograde transport. This 
sequence interacts with Sec24D, an element of the COPII machinery, which drives Kv1.3 
onward from the ER to the Golgi network. If such signal is absent or masked, Kv1.3 impairs 
the membrane expression and gets retained intracellularly [47]. 

Like other Kv channels, Kv1.3 is activated by depolarization of the membrane. The half-
activation voltage is -35 mV. Kv1.3 shows a maximum peak of conductance about 10 ms after 
the depolarizing stimulus and exhibits marked C-type and cumulative inactivations. The 
cumulative inactivation consists in a progressive decrease in the potassium current after the 
application of repetitive depolarizing pulses. Kv1.3 channel typically shows a conductance of 
about 13 pS [130, 131]. 

Kv1.3 pharmacology is very specific. Typical blockers of potassium channels like quinidine, 
4-aminopiridine and TEA can inhibit Kv1.3. However, derivatives from benzamide or 5-(4-
phenyl-butoxy) psoralen (Psora-4) are more potent blocking Kv1.3 [112, 132]. Regardless, the 
most powerful blockers for Kv1.3 have been developed from natural venoms. Margatoxin 
(Centruroides margaritatus), charybdotoxin (Leiurus quinquestriatus) and Pi2 and Pi3 toxins 
(Pandimius imperator) come from scorpion venom [139]. Additional venom-derived blockers 
include α-dendrotoxin (Dendroaspis angusticeps) from snakes or Shk (Stichodactyla 
helianthus) from anemone [133-135]. Kv1.3 already-mentioned implication in several 
systems has really encouraged research in derivatives of the afore-mentioned blockers 
hoping for the discovery of a highly selective and safe blocker for the treatment of 
autoimmune or neurodegenerative disorders or cancer [103].  

Kv1.3 may form heterotetramers with members of the Shaker family like Kv1.1, Kv1.2, 
Kv1.4, Kv1.5 and Kv1.6 in several tissues [74, 136-138]. As a result of these interactions, the 
properties of the channel get modified depending on the stoichiometry of the complex [109]. 
Thus, different ratios of subunits are expressed in different physiological states of the tissues. 

Additionally, Kv1.3 is able to interact to plenty of regulatory subunits that modulate its 
traffic and electrophysiological properties. Amongst such subunits, KCNE4 stands out as a 
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potent negative regulatory peptide. KCNE4 is a member of the KCNE family and will be further 
discussed. 

1.7. KV1.5 
Also known as KCNA5, ATFB7, HCK1, HK2, HPCN1 or PCN1, Kv1.5 is also a member of the 

Shaker family. Kv1.5 is located in the chromosome 12, in 12p13.32, in a cluster with Kv1.1 
and Kv1.6. 

1.7.1. Distribution 

Like Kv1.3, Kv1.5 plays an important role in immune system, especially in antigen-
presenting cells such as macrophages and B lymphocytes [109]. Although it can be found in 
other lymphocytic subtypes, its expression is very minor and sometimes almost 
undetectably. 

Kv1.5 has a paramount position in muscle tissues. It is expressed in heart, in both atria 
and ventricles, and in vascular muscle [72, 73, 75]. Additionally, smooth muscle tissues, such 
as intestine and airways epithelia, also have a remarkable Kv1.5 expression [139, 140].  

Regarding other tissues, Kv1.5 can be found in kidney, lung, pituitary and brain. Although 
it is abundantly expressed in the brain tissue and spinal cord, it is not found in peripheral 
nerves [141-143].  

1.7.2. Functional relevance 

In immune cells, Kv1.5 typically plays a role of physiological balance against Kv1.3 [109]. 
While Kv1.3 has a prominent membrane trafficking and exhibits a threshold for activation of 
about -30 mV, Kv1.5 is mostly retained in the ER and has a more positive voltage of half-
activation. Although Kv1.5 expression is normally constant under different degrees of 
immune activation, Kv1.3 expression increases and, as such, the excitability and 
aggressiveness of immune cells grows. Kv1.5 expression is usually linked to less aggressive 
phenotypes [109]. 

Kv1.5 is expressed more abundantly in atrial myocytes, where it is the responsible for the 
ultrarapid-activating K+ current in heart (IKUR) [144]. In normal situations, the activity of Kv 
channels in heart puts an end to action potential by repolarizing the membrane [145]. Thus, 
it is not surprising that loss-of-function mutations of Kv1.5 have been reported to cause atrial 
fibrillation [146].  

Like Kv1.3, Kv1.5 is implicated in cell cycle regulation [113]. Kv1.5 expression changes 
during the cell cycle progression with a peak of expression during the G1/S phase [147]. It is 
also involved in proliferation of oligodendrocytes, astrocytes, hippocampal microglia, 
macrophages and myoblasts [148-152]. Additionally, Kv1.5 is aberrantly expressed in many 
human cancers [113]. 

Kv1.5 has also been suggested to be involved in volume regulation in spermatozoa [153] 
and affections in other tissues such as chronic mechanical stress [154], hyperoxia [155] or 
hypothyroidism [143]. 
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1.7.3. Molecular properties 

Kv1.5 biogenesis is similar to other Kv channels [38]. Unlike Kv1.3, however, Kv1.5 does 
not traffic efficiently to the membrane and presents a notable ER retention. Unlike Kv1.3, the 
reason for this fact seems to be that Kv1.5 lacks the YMVIEE signal or any similar sequence 
in its C-terminus [47]. 

 
Fig. I5: Expression of different ratios of Kv1.3 and Kv1.5 in Xenopus oocytes [74]. A: Representative traces of K+ currents evoked 
in oocytes injected with different ratios of Kv1.3 and Kv1.5. B: Plot of normalized conductance against test potential. C: IC50 for 
margatoxin-sensitive K+ currents in homo-(Kv1.3) and various heterotetrameric (Kv1.3/Kv1.5) channels. 

Kv1.5 is activated by depolarization of the membrane having a half-activation voltage of -
14 mV [156]. Unlike Kv1.3, Kv1.5 does not present such marked cumulative and C-type 
inactivations, but some studies have reported that, at physiological conditions, Kv1.5 
presents some C-type inactivation [156]. Kv1.5 channel shows a conductance of 8 pS. 

Kv1.5 is inhibited by non-specific typical K+ channel blockers such as 4-aminopiridine, TEA 
or quinidine. Regarding specific inhibitors, unlike Kv1.3, Kv1.5 does not have efficient and 
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selective blockers. For instance, Psora-4 inhibits Kv1.5 (EC50= 7.7 nM), but also Kv1.3 with a 
higher efficiency (EC50= 3 nM) [112]. Being implicated in the correct function of the heart, 
there are currently plenty of research trying to develop selective blockers against Kv1.5 [157]. 

Kv1.5 can form heteromeric structures with other Shaker subunits such as Kv1.3 and Kv1.4 
[138, 158]. Kv1.5 has been described to be able to interact with β subunits Kvβ1.2, Kvβ1.3 
and Kvβ2.1, which shift the steady-state activation and inactivation curves to more negative 
potentials [173]; and Kvβ3.1, which triggers a very fast inactivation [159]. 

1.8. KV1.3/KV1.5 HETEROTETRAMERS 
The promiscuity of Kv subunits results in the formation of a wide selection of different 

channel phenotypes. In recent years, the discovery of the Kv1.3/Kv1.5 heteromeric channel 
has brought a new perspective to the molecular physiology of immune cells, where both 
subunits share expression [74, 109]. 

Early 2000s, some studies on Kv channels expression described that presence of both 
Kv1.3 and Kv1.5 in macrophages. Thus, it was suggested the possibility of both subunits 
forming a heteromeric channel [109]. Later on, the association between Kv1.3 and Kv1.5 in 
macrophages was certified [74]. This interaction modifies the traffic and retains the complex 
intracellularly [89]. Additionally, the half-activation voltage and pharmacology of the 
heteromeric channel show an intermediate phenotype to those of the homomeric tetramers 
[74] (Fig. I5). 

This interaction has physiological relevance because, as previously mentioned, both 
isoforms are present in immune cells (notably in mononuclear phagocytic cells). When 
leukocytes get activated, they increase the expression of Kv1.3 keeping Kv1.5 stable. A higher 
amount of Kv1.3 displaces Kv1.5 in the tetramer and, thus, the complex has more Kv1.3 in 
their compositions. More units of one isoform shift the properties of the channel to those of 
the dominant isoform. Therefore, Kv1.3, with a lower threshold of activation, generates more 
easily activated cells. This fact is also supported by the correlation between Kv1.3 expression 
and aggressiveness in the different degrees of activation of immune cells. In contrast, it is 
also interesting to consider that dexamethasone, a typical immunomodulatory agent, 
reduces Kv1.3 expression, shifting the tetramer ratios to Kv1.5-dominant [151]. Finally, this 
interaction can also have additional relevance in the case of cancer, as several neoplastic 
tissues show altered expression of one or both isoforms. 

The study of the heterotetramer in its different ratios and its potential interactions is thus 
of paramount importance in the study of the molecular physiology of both autoimmune 
diseases and cancer and a potential source of future treatments. 

1.9. KCNE FAMILY 
There are several ancillary proteins that interact with Kv1.3. Among them the most 

relevant are the KCNE and KCNAB families. 

The KCNE family (Potassium voltage-gated channel subfamily E), which is subject of the 
study in the present memory, is a group of single-transmembrane-domain proteins which 
cannot form pores. Regardless, the KCNE family proteins can interact with alpha subunits and 
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modify several properties of the channel, such as electrophysiological characteristics or 
traffic. 

The KCNE family contains 5 isoforms. In this work we will focus on KCNE4 and KCNE1. 

1.9.1. KCNE1 

Also known as ISK, JLNS, JLNS2, LQT2/5, LQT5 or MinK; KCNE1 is the first member of the 
KCNE family. KCNE1 is located in the chromosome 21 at 21q22.12 [160]. KCNE1 is mainly 
expressed in both atria and ventricles of heart, but it can also be found in the inner ear and 
kidneys. 

KCNE1 was firstly identified as a component of the cardiac IKS current [161, 162]. This IKS 
current was later characterized as being KCNE1 regulating Kv7.1 when expressed in Xenopus 
oocytes, which express Kv7 subunits endogenously. This regulatory subunit enhances the 
current density of Kv7.1 by potentiating single channel conductance. Additionally, KCNE1 
shifts Kv7.1 voltage-dependence of activation to more depolarized potentials, slows the 
channel kinetics and removes the inactivation. Furthermore, KCNE1 confers the cAMP 
pathway-dependent modulation characteristic of IKS [161, 163, 164]. 

Even though the most important partner of KCNE1 is Kv7.1, KCNE1 share the characteristic 
promiscuity of β subunits. As such, KCNE1 is able to interact with Kv11.1 [165], generating 
the IKR current. Preliminary evidence suggests that KCNE1 also interacts with Kv1.5 (Fig. I6). 
The nature of this interaction has not been unveiled yet [166]. 

 
Fig. I6: Co-immunoprecipitation of KCNE1 to several K+ channels [166]. 
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1.9.2. KCNE4 

Also known as MIRP3 (MinK-related peptide 3), KCNE4 is the largest member of the KCNE 
family, having a long C-terminus domain divergent from the family. KCNE4 is located in 
chromosome 2 at 2q36.1. KCNE4 is notably expressed in cardiac and skeletal muscle, uterus 
and kidney. KCNE4 is also expressed, albeit in minor concentrations, in placenta, lung, liver, 
brain and blood cells. Notably, KCNE4 is present at diverse concentrations in leukocytes, such 
as macrophage and lymphocyte cells [167-170]. 

KCNE4 was firstly described as a modulatory subunit to Kv7.1, acting as a dominant-
negative partner. This result was observed in both Xenopus oocytes and HEK-293 cells. 
Additionally, KCNE4 also inhibits Kv1.1, Kv1.3, KCa1.1 and Kv4.2 channels [167-169, 171-173]. 

KCNE4 modulates Kv1.3 traffic, membrane surface and electrophysiological kinetics. 
Extensive research has deciphered the molecular determinants implicated in this interaction. 
The folded structure of KCNE4 C-terminal domain identifies the region of the Kv1.3 
interaction. Coincidentally, this KCNE4 C-terminus interacts with the C-terminus of Kv1.3, 
which concentrates several forward trafficking motifs: HRETE and YMVIEE. Thus, the 
interaction could hinder the capacity of Kv1.3 trafficking forward [110, 160].  

It has been above mentioned the implication of the proximal C-terminus in the gating of 
the channels. Logically, it does not come as a surprise that the compromise of this region by 
the interaction with a regulatory subunit would modulate the electrophysiological properties 
of the channel. Evidence demonstrates that KCNE4 is not able of interacting with Kv1.5 [110, 
168]. However, a specific study supports this interaction [174]. Thus, this interaction remains 
open to debate and will be examined during the discussion. 
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2. OBJECTIVES 
The voltage-dependent potassium channel Kv1.3 plays an important role in the physiology 

of the immune system, as well as with other important cellular processes. In addition, Kv1.3 
may form heteromeric channels with Kv1.5, which modulates the function of the complex. 
Kv1.5 alters the traffic, activity and pharmacological profile of Kv1.3. These changes depend 
on the subunit stoichiometry of the functional complex. The composition of heterotetramers 
is difficult to control both in native cells or heterologous models because subunits, which are 
under differential regulation, freely interact while being synthesised.  

Kv1.3 and Kv1.5 interact to each other mostly via the tetramerization domain. However, 
the complexity of the channel structure suggests that other interactions can occur that have 
not been discovered yet. In silico research have gained great relevance in drug discovery 
because of its reduced costs. Therefore, deciphering putative interactions which govern the 
function of the channel is crucial. 

Pore forming subunits are also able to interact with regulatory subunits. Kv1.3 may 
interact with KCNE4, which impairs many features of the channel. In these context, 
Kv1.3/Kv1.5 heterotetramers share tissue expression with KCNE4. However, KCNE4 does not 
associate with Kv1.5. Therefore, we wonder whether KCNE4 could modulate hybrid 
Kv1.3/Kv1.5 channels. On the other hand, KCNE1, a regulatory subunit of paramount 
importance in the generation of cardiac IKS currents, was discovered in T-lymphocytes. KCNE1 
interacts with Kv1.5 with unknown effects. 

Because all these interactions may affect the functionality of the complex, potentially 
modifying the development or treatment of autoimmune diseases, in the present 
dissertation we aimed to study: 

• Intramolecular interactions of the Kv1.3-Kv1.5 heterotetramer. 
• Effects of regulatory subunits on the Kv1.3 and Kv1.5 channels. 
• Genetic study of these channels subunits in human samples from multiple sclerosis 

patients.  
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3. METHODOLOGY 

3.1. CELL CULTURE 

3.1.1. Cell lines 

• HEK 293: Human embryonic kidney cells 293 are a cell line originally generated by 
transformation of normal human embryonic kidney cells with adenovirus 5 DNA by 
Alex van der Eb’s laboratory in Leiden [175]. This transformation came to be by 
inserting around 4.5 Kb from the left arm of the viral genome, which incorporated 
into human chromosome 19 [176]. Even though they have been considered for some 
years to be a product of transformed fibroblastic or epithelial cells, they are also 
speculated to be from neuronal lineage because of many of their properties [177]. It 
is the main cell line used in heterologous expression in the present work due to its 
scarce expression of ion channels and its simplicity of culture and transfection. 

• Jurkat: Immortalized strain of human T lymphocyte cells initially generated from the 
peripheral blood of a 14-year old boy with T cell leukaemia [178]. It is generally used 
as a model to study both T cell leukaemia and T cell gene expression and signalling. 
In the present work, it is used as a native model with expression of both Kv1.3 and 
KCNE4. 

• CY15: Immortalized cell line of murine histiocytic tumour isolated from an IFNγ-/- 
mouse. The morphology and surface marker phenotype resemble thus of immature 
dendritic cells. Said cell line is able to take up antigens and stimulate T lymphocytes, 
although with less effectivity than its normal counterparts [179]. In the present work, 
it is used as a native model with expression of heterotetramer-forming Kv1.3 and 
Kv1.5; as well as regulatory subunit KCNE4. 
o CY15 LvE4: CY15 cell strain with genetically reduced expression of gene KCNE4 

by lentiviral infection previously developed at our research group [180]. 

3.1.2. Cell lines culture 

• HEK 293: HEK 293 were cultured in DMEM (Dulbecco’s Modified Eagle Medium, 
Lonza) supplemented with 4 mM of L-glutamine, 10% FBS (Foetal Bovine Serum, 
Nibco®) and 1% Pen Strep (Penicillin & Streptomycin, Gibco). When passing the cells, 
they were washed with PBS and then incubated with 1 mL of Trypsin (Gibco) for 5 
minutes to detach them. Trypsin was inactivated with culture media and suspended 
cells were precipitated by centrifugation at 400 g for 4 minutes. Precipitated cells 
were resuspended in culture media and seeded in new flasks or dishes. 

• Jurkat: Jurkat cells were cultured in RPMI (Roswell Park Memorial Institute, Lonza) 
supplemented with 10% heat-inactivated (56ºC for 30 minutes) FBS and 1% Pen 
Strep. When passing the cells, they were collected from the original flask and seeded 
in new flasks. 
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• CY15: CY15 cells were cultured in RPMI supplemented with 10% heat-inactivated FBS 
and 1% Pen Strep. When passing the cells, they were washed with PBS and then 
scraped from the dish. Cells were then collected from the original dish and seeded in 
new ones. 

Cells were used for up to 20 passes. All cell lines were grown at 37ºC and 5% CO2. 

 
Fig. M1: White field Images of the cell lines used in the present thesis (ATCC: https://www.lgcstandards-atcc.org/). A: HEK 293 
cells. B: Jurkat T lymphocytes. C: CY15 dendritic cells. 

3.1.3. Cell line freezing and thawing 

Freezing 

Protocol for freezing the different cell lines begins similar to how they are passed until the 
cells are detached  

• HEK 293: As HEK 293 cells are detached with trypsin, 5 mL of culture media were 
added to inactivate it and cells were precipitated by centrifugation at 400 g for 4 
minutes. Precipitated cells were resuspended in freezing media. 
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• Jurkat: As Jurkat cells don’t attach themselves to the flasks, they were directly 
collected from it and precipitated by centrifugation at 400 g for 4 minutes. 
Precipitated cells were resuspended in freezing media. 

• CY15DC: After being scraped from the dish, CY15 cells were precipitated by 
centrifugation at 400 g for 4 minutes. Precipitated cells were resuspended in freezing 
media. 

All cell lines were collected in cryogenic vials and placed in a room temperature pre-chilled 
cooler. Cells were kept for 2-3 days at -80ºC and finally stored with liquid N2. 

Thawing 

To thaw the cells, 1 mL of complete media was added to the cryogenic vial where they 
were stored. The cellular suspension was mixed with additional 8 mL of complete media 
and precipitated by centrifugation at 400 g for 4 minutes. Precipitated cells were 
resuspended with culture media and seeded in a 10 cm diameter dish. Culture media was 
replaced the following day. 

3.1.4. Cell transient transfection 

Depending on the subsequent protocol, HEK 293 cells were transfected with either linear 
PEI (Polyethyleneimine, TCI chemicals), Lipotransfectin ® (Niborlab), or FuGENE® 6 
(Promega). 

PEI 

PEI was used when transfecting cells for confocal microscopy. PEI is a stable cation 
polymer with repeating unit composed of the amine group and two-carbon aliphatic CH2CH2 
spacer. PEI condenses DNA into positively charged particles, which easily binds to the anionic 
residues in the cell surface and promotes their endocytosis. Once inside the cell, protonation 
of the amines provokes an influx or counter-ions, lowering the osmotic potential. This event 
results in the burst of the vesicle, liberating the polymer-DNA complex, which eventually 
separates and enables the free diffusion of the DNA to the nucleus. Although is a highly 
economic reagent, it is also important to note that has a narrow window between its 
transfecting concentration and its toxic concentration. 

To execute the protocol, 500 ng of DNA (otherwise stated) and 2.4 µL of 2 mg/mL PEI were 
mixed in parallel with 150 mM NaCl to a final volume of 50 µL. After an incubation of 15 
minutes, the PEI mix was added dropwise to the DNA mix and further incubated for 30 
minutes. After this incubation, the mix was added to the 35 mm dish or 6-well multiwell for 
4-6 hours, after which the culture media was replaced. 24-30 hours after the transfection, 
cells were used to mount the microscopy samples. 

Lipotransfectin® 

Lipotransfectin® was used when transfecting cells for Western Blotting and other 
biochemistry assays (immunoprecipitation, lipid rafts or surface protein biotinylation). 
Lipotransfectin® is a transfection reagent based in cationic lipids with colipids in suspension. 
It works in a similar fashion to PEI but combined with technology that regulates the 
separation between the polymer and the DNA, optimizing its toxicity profile. 
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The protocol started by mixing 4 µg of DNA (otherwise stated) and 12 µL of 
Lipotransfectin® in parallel not-supplemented DMEM up to a final volume of 700 µL. After 
incubating for 5 minutes, the DNA mix was added to the Lipotransfectin mix, pipetted up and 
down 10 times and further incubated 20 minutes. After this incubation, the mix was added 
dropwise to the dish for 4-6, after which the culture media was replaced. 24 hours after the 
transfection, cells were used for biochemistry assays. 

FuGENE® 

FuGENE® 6 was used when transfecting cells for electrophysiology experiments. FuGENE® 
6 is a non-liposomal formulation designed to transfect DNA into a wide variety of cell lines 
with high efficiency and low toxicity. 

The protocol started by mixing 1.5 µL of FuGENE® 6 were mixed with not-supplemented 
DMEM up to a final volume of 100 µL minus the volume of DNA and incubated for 5 minutes. 
On an additional microcentrifuge tube, 300 ng of DNA was added and the FuGENE mix was 
later combined. After an additional incubation of 20 minutes, the mix was added to the 35 
mm dish or 6-well multiwell. In this protocol, it is not advisable the replacement of the media. 
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3.2. MOLECULAR BIOLOGY 

3.2.1. Relevant kits 

DNA Extraction kit 

During the course of this work, a diverse amount of kits was used to extract DNA from 
bacteria, eukaryotic samples or gels: 

• Bacteria: Kits used for plasmid extraction from bacteria were the GenElute™ Plasmid 
Miniprep kit (Sigma-Aldrich, PLN350) and GenElute™ Plasmid Midiprep kit (Sigma-
Aldrich, PLD35-1KT) (Annex A). 

• Eukaryotic samples: PureLink™ Genomic DNA Mini kit (Invitrogen, K182001) was used 
for the extraction of genomic DNA from the brain samples of multiple sclerosis 
patients (Annex B). 

• Gel: ATP™ Gel/PCR Extraction kit (ATP Biotech, ADF100) was used for the extraction 
of DNA from agarose gels or PCR mixes (Annex C). 

Mutagenesis 

All mutagenesis reactions were performed using the QuikChange Lightning Site-Directed 
Mutagenesis kit (Agilent Technologies, #210519) (Annex D). 

Isolation of surface proteins 

For the isolation of surface proteins, we used the Pierce™ Cell Surface Protein Isolation 
kit (Thermo Scientific™, 89881). This kit’s approach consists in the biochemical binding of 
biotin to the surface proteins of living cells. After the lysis of the cells, proteins are 
incubated with agarose beads-bound NeutrAvidin (a deglycosylated form of native avidin 
with high affinity to biotin, Thermo Scientific™) (Annex E). 
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3.3. BIOCHEMISTRY 

3.3.1. Total protein extraction 

Total protein extraction was performed to analyse protein expression in different 
samples. The experiment starts with cells plated in 10 cm diameter dishes and is developed 
in all its stages in cold by incubation of all dishes and tubes in ice.  

Plated cells were washed twice with PBS and scrapped in 0.5 mL of Protein Lysis Buffer 
with protease inhibitors added. Lysates were homogenated 10 times with a 25 G needle. 
Lysates were incubated at 4ºC for 10 minutes and centrifuged at 16,000 g for 10 minutes. 
Supernatant was collected, while the pellet was discarded as it contained cell debris and non-
lysed cells. 

3.3.2. Bradford assay 

Bradford assay was used to determine protein concentration (Protein Assay Dye Reagent 
Concentrate, Bio-Rad) in samples. 

1 mL of the Bradford reagent was mixed with 1-2 μL of sample or 2-20 μL of 0.1% BSA as 
a standard in semi micro cuvettes. After mixing and incubating for 10 minutes, absorbance 
was measured at 595 nm. 

Samples were processed by SDS-PAGE or stored at -20ºC. 

3.3.3. Western blotting 

Samples were prepared by mixing 50 μg of total protein with protein loading buffer to a 
final volume of 50 μL and boiled for 5 minutes. Denaturalized proteins were separated by 
SDS-PAGE in a polyacrylamide gel which was polymerized by preparing both running and 
stacking fractions of the gel. 

After the electrophoresis (120 V), gel content was transferred to PVDF membranes for 2 
hours at 360 mA in cold temperature. Said membranes were incubated in blocking solution 
for 1 hour at room temperature. 

Then, blocked membranes were incubated overnight at 4ºC with a primary antibody and 
washed four times for 5 minutes with PBS Tween. They were incubated for 1 hour with a 
secondary antibody specific for the species and conjugated to HRP (Horseradish peroxidase) 
of the primary antibody and washed again. 

Finally, membranes were incubated with ECL (enhanced chemiluminescence), a 
peroxidase substrate containing luminol, and exposed to a LAS 3000 machine (Fuji) to detect 
the signal. Images of different time exposures were taken to ensure that intense not-
saturated images were gotten. In case any experiment was to be quantified, it was performed 
using Fiji (Fiji is just ImageJ). 

3.3.4. Immunoprecipitation 

Immunoprecipitation assays were performed to evaluate protein interactions. Target 
proteins were either pulled down or retained with their partners using specific antibodies. 
Said antibodies were bound using sepharose beads coated with protein G or A (GE 
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Healthcare). Protein G and G have different affinities to the constant fraction of 
immunoglobulins, so they were used following manufacturer’s instruction. All the procedure 
was performed in cold. 

As Protein A/G are preserved in 20% ethanol, 400 μL of PBS buffer were added to clean 
the ethanol. The suspension was centrifuged at 5,000 rpm for 30 seconds and the 
supernatant, discarded. This step was repeated twice. 

Column protocol 

1. Column preparation: 
a. 50 μL of Protein A/G were added to a Micro BioSpin™ Column (Bio-Rad) with 

500 μL of PBS and the antibody (4 ng antibody/mg of protein to load to the 
column). Mix was incubated for 1 hour at room temperature. 

b. Column was eluted by centrifugation at 1,000 g for 30 seconds and washed 
twice with 500 μL of borate buffer. 

c. 2.6 mg of DMP dissolved in 500 μL of borate buffer was added to each column 
to crosslink the antibody to the protein A/G. Mix was incubated for 30 minutes 
at room temperature. 

d. Column was washed 4 times with 500 μL of TBS to remove the DMP excess. 
e. Column was washed 4 times with 500 μL of glycine 0.2 M pH 2.5 to stop the 

DMP reaction. 
f. Column was washed 3 times to TBS. Finally, the column can be stored with 500 

μL of TBS and 1.25 μL of sodium azide at 4ºC or it can be already used. 
g. Additional mock columns (with no antibody) were prepared to act as negative 

controls for each condition. 
2. Protein extraction was performed as previously described, albeit with some 

modifications. A different lysis buffer was used (IP Lysis Buffer), but protease 
inhibitors were added regardless; and the samples were not homogenated. 

3. After the Bradford assay, a minimum of 1 mg per condition was pre-cleaned with 
protein A/G. Pre-clean consists in an incubation of 90 minutes at 4ºC to reduce the 
unspecific binding of proteins to both the protein A/G and the sepharose beads. After 
the incubation, beads were precipitated by centrifugation at 1,000 g for 30 seconds 
and supernatant was transferred to the prepared column. In parallel, the starting 
material (SM) was prepared with protein loading buffer as already described. 

4. The column with the sample was incubated for 2 hours at room temperature and 
finally centrifuged. The flow-through, which is considered the non-bound fraction 
(supernatant or SN), was stored at -20ºC and it would be loaded to the gel for later 
analysis. The supernatant (SN) was prepared by mixing 80 μL of non-bound fraction 
with 20 μL of protein loading buffer. The column is then washed 5 times with IP wash 
buffer column. 

5. The column was finally eluted by the addition of 100 μL of 0.2 M Glycine pH 2.5, which 
released the target protein from the antibody. The flow-through would be the bound 
fraction (immunoprecipitation or IP), which is prepared by mixing it with 20 μL of 
protein loading buffer. 
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6. Prepared samples of SM, SN and IP were then loaded in a polyacrylamide gel for its 
analysis by western blotting. 

Microtube protocol 

In some experiment conditions, notably in native cells (Jurkat and CY15DC), performing 
the immunoprecipitation not in the columns, but in microcentrifuge tubes seemed to work 
better. The basis of the technique is the same, but some buffers and procedures are slightly 
different. 

1. Protein A/G preparation: 
a. 50 µL of Protein A/G in a microcentrifuge tube were incubated at 4ºC for 3-4 

hours in the presence or absence of the specific antibody (4 ng per mg or 
protein) in a volume of 300 μL of IP wash buffer old. 

b. After the incubation, beads were centrifuged at 5,000 rpm for 30 seconds. 
Supernatant was discarded, and beads washed with 400 μL of IP wash buffer 
old. After this step, the beads are prepared. 

2. Protein extraction was performed as already described for the column protocol. 
3. After the Bradford assay, a minimum of 1 mg per condition was pre-cleaned with 

protein A/G. Instead of 90 minutes, pre-clean lasted for 3-4 hours at 4ºC. 
4. After the pre-clean, sample was centrifuged, and supernatant was transferred to the 

prepared protein A/G microtube. Incubation in this case was performed overnight at 
4ºC. 

5. Samples were centrifuged, and supernatant was saved for the SN fraction. Beads 
were washed 4 times with 400 μL of IP wash buffer old. Finally, 100 μL of protein 
loading buffer (in water) were added to the beads and they were boiled for 5 minutes. 
After centrifugation, beads were discarded; and the supernatant, containing the 
target protein, co-immunoprecipitated proteins and Immunoglobulins, were 
analysed by western blotting. 

3.3.5. Lipid raft isolation 

Lipid rafts are microdomains within plasma membrane that are enriched in cholesterol 
and tightly packed sphingolipids. Thus, lipid rafts are resistant to non-ionic detergent 
solubilisation, contrary to the rest of the plasma membrane. Starting from that principle, rafts 
can be biochemically isolated from the rest of the cell as a non-dissolved membrane in non-
ionic detergent (detergent resistant membranes, DRM). Protocol was adapted from [181] 
and entirely performed in cold temperatures by leaving tubes and dishes over ice and with 
cold buffers. 

1. 4 dishes per condition were washed twice with 5 mL of PBS and scraped in 2 mL of 
PBS twice to recover the maximum number of cells.  

2. Suspension was precipitated by centrifugation at 600 g for 25 minutes at 4ºC. 
Supernatant was discarded. 

3. The pellet, which contains cells and membrane fragments, was resuspended in 1 mL 
of non-ionic lysis buffer. 
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4. Resuspension was then physically homogenized with a Dounce all-glass tissue grinder 
(Kimble®) and homogenate was transferred to an ultracentrifuge tube. 

5. In the ultracentrifuge tube, a sucrose gradient was formed by using 3 different 
sucrose solutions. Tube was ultracentrifuged in a SW41 Ti Swinging-Bucket Rotor at 
39,000 rpm for 24 hours at 4ºC. This centrifugation speed would equal to around 
250,000 g force at maximum radius (rmax) and 110,000 g force at minimum radius 
(rmin). 

6. After centrifugation, tube content was gently extracted millilitre per millilitre, stored 
separately. Samples were prepared by combining 80% of fraction and 20% of protein 
loading buffer 5x and were analysed by western blotting. Clathrin was used as non-
lipid raft marker, while flotillin and caveolin served as lipid raft markers. 
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3.4. MICROSCOPY 
Imaging experiments were mainly performed by SP2 Leika confocal microscope.  The set-

up used for the images taken in the confocal microscope is as follows: 

• Line average: 4. How many times the laser scans the sample before creating the 
resulting image. This image will appear as the average intensity of all scans. 

• Resolution: 1024x1024. Number of pixels building up the images. 
• Objective: HCX PL APO CSS 63x 1.32 OIL. 
• Zoom: 4. Digital image magnification. 

3.4.1. Fluorophores 

During the present work, a number of different fluorophores were used. In the following 
list it can be found the fluorophores used in the present work, their excitation peak and their 
emission peak (Fig. M2). 

 
Fig. M2: Fluorophores used in the present thesis. A: Excitation and emission spectra of CFP, GFP and YFP, among other 
fluorophores. Image from the webpage of the School of Life Sciences of the University of Dundee 
(https://www.lifesci.dundee.ac.uk/). B: Excitation and emission spectra of Alexa Fluor 555. Image from the webpage of 
StressMarq Biosciencies (https://www.stressmarq.com/). 

 

• Alexa Fluor 555: 555 (green, absorption), 580 (yellow, emission). 
• CFP (Cyan Fluorescent Protein): 435 (violet, absorption), 485 (blue, emission). 
• GFP: 488 (blue, absorption), 510 (green, emission). 
• YFP (Yellow Fluorescent Protein): 514 (green, absorption), 527 (green, emission).  

https://www.lifesci.dundee.ac.uk/
https://www.stressmarq.com/
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3.4.2. Microscopy sample preparation 

Cells were seeded over a poly-D Lysine (Sigma-Aldrich)-treated coverslip inside a 6-well 
multiwell plate. Cells were transfected by PEI (previously described) 24-30 hours before the 
preparation of the samples. Protocol was conducted at room temperature unless stated 
otherwise and the multiwell plates were covered by tinfoil to prevent the fluorophores to 
fade. 

For the preparation of samples, coverslips were washed thrice with 1 mL of K+-less PBS 
for 3 minutes. Then, coverslips were treated for 10 minutes with 1 mL of PFA solution 
(paraformaldehyde) to fixate the cells and washed thrice with K+-less PBS to clean them of 
the PFA. 

In case no immunocytochemistry is needed (as in the case of the fluorophores being of 
transfectable nature), coverslips were mounted over slides with Mowiol mounting solution. 

3.4.3. WGA staining 

WGA (wheat germ agglutinin) is a lectin that binds with great specificity to sialic acid and 
N-acetil glucosamine, marking the membrane of the cells. Thus, when correctly treated with 
the reagent, cell membranes get marked with the fluorophore conjugated to WGA, which in 
this case was Alexa Fluor 555. Unlike the microscopy sample preparation previously 
described, all this protocol must be performed in in a cold room to prevent WGA 
internalization. 

Coverslips were washed thrice with K+-less PBS and incubated with WGA binding solution 
for 5 minutes. Then, they were washed thrice again with K+-less PBS to minimize additional 
WGA binding. After this step, cells were fixated with PFA solution and washed thrice with K+-
less PBS. From this point beyond, coverslips can be treated with the immunocytochemistry 
protocol or directly mounted. 

3.4.4. Immunocytochemistry 

In some cases, transfectable fluorophores are not available or are not the preferable 
approach. In these cases, immunocytochemistry was performed after the post-fixation 
washes. Immunocytochemistry is performed at room temperature conditions and trying for 
the samples to receive the minimum light possible. Depending on the antibody and the 
nature of the target protein, the immunocytochemistry was performed with permeabilizing 
or not-permeabilizing buffers. 

1. As an optional step depending on the approach, cells were treated for 10 minutes 
with permeabilization solution. 

2. After washing the coverslips with K+-less PBS, they were treated with blocking 
solution for 1 hour and washed again.  

3. Coverslips were treated with primary antibody solution overnight at 4ºC and washed 
with K+-less PBS. 

4. Coverslips were treated with secondary antibody solution for 2 hours at room 
temperature and washed again. 

5. Coverslips were finally mounted over the slides with Mowiol mounting solution. 
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3.4.5. Image analysis 

All images were analysed using Fiji [182] software, always preserving the original values 
of the signal of the images. All images used were of the maximum intensity possible without 
being saturated (intensity of pixel = 255). 

Co-localisation analysis 

1. Images were opened using Fiji and duplicated. 
2. Duplicate images were processed using the Gaussian blur filter with σ=1.00 and 

background was subtracted from a 250x250 pixel rectangular select. 
3. Brightness and contrast was adjusted automatically in the duplicates to normalize 

signal. After, duplicates were threshold-adjusted to create a binary mask (255/0) only 
with the relevant signal using predefined algorithms. 

a. Membrane mask was adjusted using the Moments algorithm and the mask for 
other proteins or fluorophores was adjusted using the Isodata algorithm. 

4. Additional background noise was minimized using one iteration of each Open and 
Close options. 

5. The duplicated processed image and the original one were merged by using the 
operation Minimum in the Image Calculator menu. This operation takes the minimum 
value of signal for each pixel in the two images, what results on taking 0 in non-
relevant signal pixels and the raw value in the relevant (255) pixels. This way enables 
us to have the raw data values but just on the relevant pixels. 

6. JACoP plug-in [183] was used on the images to calculate the Manders coefficient. 

Western blot analysis 

1. Image was opened using Fiji. 
2. Bands to be analysed were selected by the Rectangular selection option and tagged 

using the Analyze/Gels/Select first lane option. 
3. Intensity of different bands was taken by using the Analyze/Gels/Plot lanes option, 

which gives a histogram of the intensity of the selection. 
4. The histogram was physically divided by the number of bands in the lane by using the 

Straight line option. 
5. Each segment of the histogram was quantified by selecting it with the Wand (tracing) 

tool, which gives a quantification of the segment. 
6. Said quantification was the intensity value assigned to the corresponding band and 

was later normalized or further treated in Excel to complete the analysis. 
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3.5. ELECTROPHYSIOLOGY 

3.5.1. Cell preparation 

Cells transfected with FuGENE® 6 were incubated for 24 hours and detached by using 
Accutase® (Life Technologies). Suspended cells were seeded in different 35 mm treated 
dishes and incubated for 1 additional hour. After this incubation, cells were already 
reattached, but were round enough to be patched. Dishes were then washed, and the media 
was replaced by 1 mL of external patch buffer just before the experiment. 

3.5.2. Micropipette preparation 

Micropipettes were fabricated from 1.2 mm x 0.94 mm (O.D. x I.D.) borosilicate glass 
capillaries (Harvard Apparatus) by using a P-97 pipette puller (Sutter Instruments Co.) with 
the following settings: P=500; Heat=481; Vel.=57; Time=200. 

Micropipettes were fire-polished by using a MF-830 microforge (Narishige Japan). A 
micropipette was then filled with internal patch buffer and placed around the electrode at 
the head-stage, thus attaining a resistance of 2-4 MΩ.  

3.5.3. Seal formation and opening 

Using a Model PatchStar 1U RACK micromanipulator (Scientifica), the micropipette was 
sealed with the chosen cell by applying negative pressure. By applying extra negative 
pressure, the seal was opened.  

3.5.4. Pulse protocols 

Cells were clamped at -60 mV and ion currents were capacitance- and series resistance-
compensated by 80-90%, sampled at 10 kHz and filtered at 2.9 kHz. Diverse pulse protocols 
were applied, and the resulting currents were registered in the whole-cell configuration: 

• Activation: to evoke voltage-gated currents, cells were stimulated with 250 ms pulses 
ranging from -60 to +80 mV in 10 mV steps. Peak amplitude (pA) was normalized 
using the capacitance values (pF), thus obtaining current density (pA/pF) (Fig. M3A). 

• Steady-state activation: cells were stimulated with 250 ms pulses ranging from -60 
to +60 mV in 10 mV steps followed by a -30 mV tail of 250 msec. This second pulse 
provokes a downfall of the voltage to near-activating values, which results in a slow 
decrease of the currents. The values of current in these tails are proportional to the 
activation dynamics of the channel in that specific voltage. This protocol was analysed 
by transforming the current value of the tails into conductance [GN = IN / (VN – VREV)]. 
Conductances were relativized by their maximum value and fitted the resulting 
values to a Boltzmann equation (Fig. M3B). 

• C-type inactivation: a long pulse of +60 mV during 5 sec which inactivates channels. 
This protocol was analysed by calculating the percentage of current reduction 
between the beginning and the end of the pulse (Fig. M3C).  

• Cumulative inactivation: a series of 30 250-msec pulses of +60 mV separated by only 
250 ms, which does not let the channel to recover from the use-dependent 
activation. This protocol was analysed by calculating the percentage of current 
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reduction between the peak of different pulses and the first, not-inactivated, one 
(Fig. M3D). 

All pulse protocols were applied, and the resulting currents recorded thanks to an EPC10 
USB patch-clamp amplifier and the corresponding PatchMaster software (HEKA Elektronik). 
The analysis of the currents was performed in FitMaster (HEKA Elektronik). 

 
Fig. M3: Pulse protocols used in the present thesis. A: Activation pulse; B: Steady-state Activation pulse; C: C-type inactivation 
pulse; D: Cumulative inactivation pulse. 
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3.6. MOLECULAR MODELLING 

Molecular modelling of Kv1.3-KCNE4 complex was performed by using high-resolution 
templates of remote or close homologs available from the Protein Data Bank 
(http://www.rcsb.org/pdb). The transmembrane domain and the N-terminus (except the 
first 49 amino acids) were modelled with the Kv1.2 potassium channel (PDB code 2R9R). The 
C-terminus and the remaining 49 amino acids from the N-terminus were modelled with 3HGF 
(nucleotide binding domain of the reticulocyte binding protein Py235) and 1PXE (zinc-binding 
domain from neural zinc finger factor-1) codes, respectively [47].  

KCNE4 was modelled using high-resolution templates of homologs available from the 
Protein Data Bank (http://www.rcsb.org/pdb). The N-terminus, transmembrane domain and 
the proximal C-terminus (residues 1-98) were modelled with the KCNE1 (PDB code 2K21). 
The distal C-terminus (residues 99-170) was modelled with 3HTC, the best scored model (C-
score [-5,2]= -3,96 y 0,29±0,09 (TM-score), 12,2±4,4Å (RMSD)) from i-Tasser modelling server 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Then, multiple sequence alignment was 
performed using CLUSTALW [184] from the European Bioinformatics Institute site 
(http://www.ebi.ac.uk). The homology modelling was performed using the Swiss-Model 
Protein Modelling Server [185] on the ExPASy Molecular Biology website 
(http://kr.expasy.org/) under the Project Mode. Structure visualization and modifications 
were made using Yasara v11.6.16 [186] and DeepView v4 [187]. The orientation and 
optimization of the side chains were carried out in two steps. First, the residues showing van 
der Waals clashes were selected and fitted with the “Quick and Dirty” algorithm (DeepView). 
Second, the models were energy minimized (Yasara). Briefly, this process involved an initial 
short steepest descent minimization to remove bumps, followed by a simulated annealing 
minimization. In this procedure, the simulation cell was slowly cooled towards 0K by 
downscaling the atom velocities. The entire system was subjected to an equilibration process 
before the molecular dynamics simulation. The equilibration consisted of an initial 
minimization of the fixed backbone atoms. Next, the restrained carbon alpha atoms were 
minimized and a short molecular dynamics (10 ps) minimization was performed. The goal of 
the latter step was to reduce the initial incorrect contacts and to fill the empty cavities. 
Finally, under periodic boundary conditions in the three coordinate directions, the full system 
was simulated at 310ºK for 0.5 ns. All dynamic simulations were performed using Yasara 
[186] with the force field AMBER03 [188]. The cut-off used for long-range interactions was 
set at 10 Å. In addition, the model was evaluated using PROCHECK to show the residues in 
the allowed regions of the Ramachandran plots [189, 190]. The final molecular graphic 
representations were created using PyMOL v1.4.1 (http://pymorl.org/). 

The resulting models were used to search for plausible docking interactions between 
Kv1.3 and Kcne4. The docking process was set in a three-step procedure: (i) Docking the  
N-terminus and the transmembrane domains of KCNE4. The docking model available for 
KCNE1-Kv7.1 complex in the open state (Kang et al 2008) was used as template to align the 
transmembrane regions of Kcne4 (fragment 1-62) on Kv1.3. This docking locates both 
proteins in the membrane context and restricts the possible conformations of their cytosolic 
domains. (ii) Docking the interacting regions. To accomplish the docking of the cytosolic 

http://www.rcsb.org/pdb
http://pymorl.org/
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regions between Kv1.3 and Kcne4, we isolated the C-terminus of Kv1.3 (region 439-525) as 
well as the putative interacting region of Kcne4 (amino acids 63 to 81, containing the leucines 
69-72). The fragments were sent to GRAMM server 
(http://vakser.bioinformatics.ku.edu/resources/gramm/grammx/), for protein-protein 
docking. The docking solutions were filtered by interaction energy and by 
complementarity/compatibility with the transmembrane regions. The binding energy of the 
docked complexes was obtained by calculating the energy between the C-terminus of Kv1.3 
and the KCNE4 fragment at infinite distance and then subtracting the energy of the whole 
complex. The energy in each cluster was stored, analyzed, and applied to select the most 
likely orientation of the interacting proteins. The energy of the model and the docking 
complexes were tested using FoldX [191, 192] on the CRG site: http://foldx.crg.es. The force 
field of FoldX allowed us to evaluate the properties of the structure. Such parameters as the 
atomic contact map, the accessibility of the atoms and residues, the backbone dihedral 
angles, the hydrogen bonds and the electrostatic networks of the protein were assessed. (iii) 
Connection of the KCNE4 domains. The best docking solution of the step (ii) was merged with 
the complex obtained in step (i). Finally, the distal C-terminus of KCNE4 (fragment 82-170) 
was joined to obtain the full Kv1.3-KCNE4 complex.  
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3.7. REACTIVES 

3.7.1. Buffers 

Buffers were prepared using milli-Q water unless stated otherwise. 

• Antibody solution: 
o Primary: 1/100-1/1000 of primary antibody stock, 10 μL sodium azide, 5% 

powder milk in 4 mL PBS Tween. 
o Secondary: Secondary antibody conjugated to HRP in 4 mL PBS Tween. 

 Mouse: 1/10,000 (Bio-Rad). 
 Rabbit: 1/3,000 (Bio-Rad). 

• Borate buffer: 0.2M boric acid, pH 9. 
• Blocking solution: 5% powder milk, 10% goat serum in K+-less PBS. 

o Permeabilizing: 0.05% Triton X-100 in blocking solution. 
• ECL: 1:1 ECL1:ECL2 

o ECL1: 100 mM Tris-HCl pH 8.5, 2.5 mM Luminol, 396 μM p-Coumaric acid. 
o ECL2: 100 mM Tris-HCl pH 8.5, 5.632 M H2O2. 

• Freezing media: 90% FBS, 10% DMSO. 
• K+-less PBS: 154 mM NaCl, 8.85 mM NaH2PO4, pH 7.4. 
• KHMgE buffer: 70 mM KCl, 30 mM HEPES, 5 mM MgCl2, 3 mM EGTA, pH 7.5. 
• IP Lysis Buffer: 150 mM NaCl, 5 mM HEPES, 10% Glycerol, 1% Triton X-100, pH 7.4. 
• IP Wash Buffer column: 150 mM NaCl, 50 mM HEPES, 1% Triton X-100, pH 7.4. 
• IP Wash Buffer old: 150 mM NaCl, 50 mM HEPES, 10% Glycerol, 0.1% Triton X-100, 

pH 7.4. 
• MBS: 150 mM NaCl, 250 μM MES (2-(N-morpholino)ethanesulfonic acid), pH 6.5. 
• Mowiol mounting solution: 9.6 g of Mowiol in 24 g of Glycerol and 48 mL of Tris HCl 

0.2 M pH 8.5. 
• Non-ionic lysis buffer: 0.01% Triton X-100 in MBS. 
• Sucrose solutions: 5%, 30%, 53.28% in MBS. 
• Patch-Clamp buffers: 

o External: 5.4 mM KCl, 120 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 
25 mM D-Glucose. pH = 7.44 with NaOH. Osmolality ≈ 1.1 x Osmolality of 
internal patch buffer. 

o Internal: 120 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 11 mM EGTA, 
20 mM D-Glucose. pH = 7.33 with KOH. Osmolality ≈ 290 mOsm/Kg. 

• PBS: 140 mM NaCl, 2.7 mM KCl, 1.46 mM KH2PO4, 8 mM Na2HPO4. 
• PBS Tween: 0.05% Tween in PBS. 
• Permeabilization solution: 0.1% Triton X-100 in K+-less PBS. 
• PFA solution: 4% paraformaldehyde (Sigma-Aldrich) in K+-less PBS. 
• Polyacrylamide gel: 

o Running: 6-15% Acrylamide, 375 mM Tris (pH 8.8), 0.1% SDS, 0.1% APS, 0.04-
0.08% TEMED. 

o Stacking: 5% Acrylamide, 125 mM Tris (pH 6.8), 0.4% SDS, 0.4% APS, 0.1% 
TEMED.  
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• Primary antibody solution: 10% Goat serum in K+-less PBS. Varying concentration of 
antibody. 
o Permeabilizing: 0.05% Triton X-100 in primary antibody solution. 

• Protease inhibitors: 1 mM PMSF, 1 µg/mL Leupeptin, 1 µg/mL Pepstatin, 1 µg/mL 
Aprotinin. 

• Protein Loading buffer 5x: 9:1 (Laemmli Buffer:β-Mercaptoethanol). 
o Laemmli Buffer: 7 mL H2O, 1’51 g Tris, 4 g SDS, 23 mL Glycerol, 0.5 mL 

Bromophenol blue, up to 36 mL with H2O. 
• Protein Lysis Buffer: 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100. 
• Secondary antibody solution: 1% BSA in K+-less PBS. Varying concentration of 

antibody. 
o Permeabilizing: 0.05% Triton X-100 in secondary antibody solution. 

• TBS: 150 mM NaCl, 25 mM Tris. 
• WGA binding solution: 1/1500 of WGA-Alexa-555 in K+-less PBS. 

3.7.2. Antibodies 

Antibodies used both for immunoblotting (IB), immunoprecipitation (IP) or 
immunocytochemistry (ICC) are as follow: 

• β-Actin: Mouse IgG (IB, Sigma-Aldrich, #A5441) 
• Calnexin: Mouse IgG (IB, BD Transduction Laboratories ™, #610523) 
• Clathrin: Rat IgG (IB, BD Transduction Laboratories ™, #610500) 
• Flotillin-1 (Flotillin): Mouse IgG (BD Transuction Laboratories ™, #610820) 
• GFP (YFP/CFP): Mouse IgG (IP/IB, Roche, #11 814 460 001) 
• HA: Rabbit Polyclonal (IB, Sigma-Aldrich, #H 6908) 
• KCNE1: Rabbit Polyclonal (IB, Alomone labs, #APC-008) 
• KCNE4: Rabbit IgG (IB, Proteintech ™, #18289-1-AP) 
• Kv1.3:  

o Mouse IgG (IP/IB/ICC, NeuroMab, #75-009) 
o Rabbit Polyclonal (IP/ICC, Abcam, #ab61200) 

• Kv1.5: Rabbit Polyclonal (IP/IB/ICC, Alomone labs, #APC-004)  
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3.8. INSTRUMENTATION AND INFORMATIC SUPPORT 

3.7.1. Instrumentation 

• P-97 pipette puller (Sutter Instruments Co.): Flaming type micropipette puller, ideal 
for fabricating micropipettes, patch pipettes and microinjection needles. By using a 
borosilicate capillary, this puller fabricates 2 micropipettes. 

• MF-830 microforge (Narishige Japan): Fire-polisher which polishes the micropipette 
tips. 

• Model PatchStar 1U RACK micromanipulator (Scientifica): Computer-assisted 
micromanipulator which enables a precise and low-noise movement of the Patch-
Clamp electrode. 

• EPC 10 USB Single Patch-Clamp amplifier (HEKA Elektronik): computer-controlled 
amplifier that, alongside the PatchMaster software, can clamp voltage or current on 
cells, as well as access and store variables of recordings. 

• Confocal microscope Leika TCS SP2: confocal microscope used alongside its 
corresponding software to record images in the microscopy experiments. 
o Lasers: Ar (458, 476, 488, 514 nm), Ar (UV), DPSS (561 nm), He/Ne (633 nm) 

• Fujifilm LAS-3000 imager: used alongside the Image Reader LAS-3000 software to 
record both chemiluminescent and traditional images of Western Blot membranes. 

3.7.2. Informatic support 

• Clone Manager Suite 7 (Sci Ed Central): used in the design of primers for their use on 
DNA. Also used in the analysis of sequences during mutagenesis and digestion-
ligation cycles. 

• Fiji (Fiji Is Just ImageJ): used in the analysis of co-localisation of different proteins in 
confocal microscopy images and in the analysis of intensity of different bands in 
western blot membranes. 
o Plug-in JACoP: used in co-localisation experiments of confocal microscopy. 

• HEKA Elektronik:  
o PatchMaster: Used in conjunction to EPC 10 USB Single Patch-Clamp amplifier 

to elicit currents in clamped cells. 
o FitMaster: used to analyse patch-clamp recordings. 

• GraphPad Prism 5: used to both analyse confocal and electrophysiological data, as 
well as represent said data in graphics.  

• Microsoft Office 2010: Excel used in analysis of both confocal and 
electrophysiological data. PowerPoint used for presentations of results in seminars 
and congresses. Word used for the writing of the present thesis. 

• UCSF Chimera: Used to visualize and work with 3D structures of proteins. 
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4. RESULTS 

4.1. INTRAMOLECULAR INTERACTIONS OF THE KV1.3/KV1.5 
HETEROMER 

4.1.1. Kv1.3 and Kv1.5 have physiological relevance in immune system 

4.1.1.1. T cells and dendritic cells possess Kv1.3 

Kv1.3 plays an important role in excitable cells, such as sensorial neurons. In addition, 
Kv1.3 is also expressed in a wide array of non-excitable cells, especially in immune system. 
Thus, some cell types of paramount importance, like dendritic cells, B or T lymphocytes, 
express Kv1.3. Therefore, Kv1.3 is present in immortalized cell lines like mouse CY15 dendritic 
cells and human Jurkat T lymphocytes (Fig. 1). In addition, other proteins, such as Kv1.5 and 
KCNE4, having a modulatory effect over Kv1.3, are also expressed. A molecular weight shift 
is consequence of different species origin. Human Kv1.3 has an additional sequence on the 
N-terminus that represents an increase of 50 amino acids in length. Moreover, this difference 
affects Kv1.3 in CY15 showing both mature (<75 KDa) and immature (>50 KDa) forms, 
whereas Kv1.3 in Jurkat only showed the mature form (75 KDa). In addition, both Kv1.5 and 
KCNE4 are much more abundant in dendritic cells than in T-lymphocytes. This is consistent 
with previous reports of Kv1.5 and KCNE4 being undetectable or slightly expressed in this 
type of lymphocytes. 

 
Fig.1: Expression of Kv1.3, Kv1.5 and KCNE4 in Jurkat and CY15 cells. Samples were immunoblotted against either Kv1.3 (A), 
Kv1.5 (B) or KCNE4 (C). 

4.1.1.2. Dendritic and T cells exhibit profound electrophysiological differences 

Kv1.3 is the predominant Kv channel in Jurkat T-lymphocytes. Therefore, when exposed 
to depolarizing pulses, Jurkat cells elicit currents similar to Kv1.3. When alone, Kv1.3 exhibits 
a predominant C-type inactivation, also apparent in Jurkat T-lymphocytes. In comparison, 
currents of CY15 cells lack this property (Fig. 2A, 2B and 2C). Quantitatively, Jurkat T 
lymphocytes exhibit much more activity (65 pA/pF at +60 mV) than CY15 (15 pA/pF at +60 
mV) (Fig. 2D and 2E). 



RESULTS 

70 
 

This difference could be partly due to the large difference in cell size. CY15 dendritic cell 
membrane has 4 times more capacitance than the Jurkat one (Fig. 2F). Capacitance is directly 
proportional to the amount of cell membrane being 1 µF/cm2 of membrane.  

The higher presence of inhibitory subunits Kv1.5 and KCNE4, which has been described to 
greatly impair Kv1.3 current, could also be another reason for this divergence between these 
two cell types (Fig. 1). 

4.1.1.3. Currents in Dendritic and T cells have distinct pharmacology 

While Kv1.3 currents are efficiently inhibited by the peptide blocker Margatoxin (MgTx), 
Kv1.5 shows some resistance. This divergence also echoed on the pharmacologic profiles of 
Jurkat T-lymphocytes and CY15 dendritic cells. Therefore, having a prominent Kv1.3 
expression, currents in Jurkat cells were strongly inhibited by MgTx (Fig. 3A and 3D). Currents 
in CY15 cells also got a partial inhibition by MgTx, but with a minor efficiency than in Jurkat 
(Fig. 3B and 3C). Thus, by expressing Kv1.5 in great amount, dendritic cell currents are 
partially resistant to MgTx, especially at lower concentrations (Fig. 3E). 

 
Fig. 2: Voltage-dependent K+ currents in Jurkat and CY15 cell lines. Cells were held at -60 mV and 250 ms pulses were applied 
from -80 mV to +80 mV in increments of 10 mV. Currents were elicited in Jurkat (A), CY15 (B) and Kv1.3-transfected HEK cells (C). 
D: I/V relationship of the currents elicited in Jurkat and CY15 cells. Values used were those of the peak current. E: Current density 
generated by Jurkat and CY15 cells at +60 mV. F: Cell capacitance of Jurkat and CY15 cells. Values are mean ± standard error of 
3-5 independent cells. 
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Fig. 3: Electrophysiological characterization of voltage-dependent K± currents in Jurkat and CY15 cell lines. I/V relationship of the 
currents elicited in Jurkat (A) and CY15 (B) cells in different MgTx concentrations. Values used were those of the peak currents. 
Current density at +60 mV in Jurkat (C) and CY15 (D) cells in the absence (control) or presence of MgTx. E: Percentage of inhibition 
exhibited in Jurkat and CY15 cells at +60 mV with different MgTx concentrations. Effects of MgTx on Jurkat (F) and CY15 (G) cell 
capacitance. Values are mean ± standard error (n=3). *, p<0.05; ***, p<0.005 by One-way ANOVA test. 
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Kv1.3 participates in a plethora of diseases, ranging from autoimmune to cancer or 
metabolic processes. The great versatility of this channel supports why has been postulated 
as a therapeutic target for many diseases. However, the subunit composition of the 
functional complex must be taken into consideration in native cells because its ability to form 
heterotetramers with other Shaker channels exhibiting pharmacological distinct properties.  

The presence of MgTx in both cell types generated a variation in cell capacitance (Fig. 3F and 
3G). Upon the presence of MgTx both Jurkat T-lymphocytes and CY15 dendritic cells 
increased cell capacitance, which is directly related to membrane area and consequently, to 
cell volume. In fact, Kv1.3 background activity, as most voltage-gated channels, is to maintain 
the cell membrane potential and the cell volume. Therefore, the blockade of K+ channels 
provoked by MgTx increases the retention of K+ into the cell, entering water molecules in, 
and increasing the cell volume.  
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4.1.2. Characterization of the Kv1.3-Kv1.5 Tandem 

4.1.2.1. Kv1.3-Kv1.5 heterotetramer as a functional entity 

Kv1.3 and Kv1.5 form functional heterotetrameric channels in antigen presenting cells 
(APC) with a ratio that can range from 4:0 to 1:3 (Kv1.3:Kv1.5). Variable stoichiometry 
depends on the expression levels of both subunits and the activation of the cell directly 
affecting the antigenic excitability and the gene expression. 

 
Fig. 4: Generation of Tandem 1.3-1.5. A: Schematic representation of the protein product of Tandem 1.3-1.5. YFP is linked to the 
N-terminus of Kv1.3 while Kv1.5 is linked to the C-terminus. Kv1.3 is painted blue; Kv1.5 is painted orange; and YFP is painted 
yellow. B: Western blot of transfected HEK 293 cells. Cells were transfected either Kv1.3, Kv1.5 or Tandem 1.3-1.5. Cells were 
lysated and crude protein purified. Samples were loaded in a PAGE-SDS gel and western blotted. Antibodies used for 
immunoblotting were specific against Kv1.3, Kv1.5 and YFP. IB: Immunoblot. 

 

In the present work, we aimed to study the interaction between KCNE4 and the 
heterotetramer formed by Kv1.3 and Kv1.5 as a functional complex. This approach entails a 
problem: the ratio of the complex is variable and cannot be fixed upon heterologous 
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expression. Therefore, a fusion protein (aka: tandem, concatemer) was generated by fusing 
Kv1.3, Kv1.5 and the YFP tag (named Tandem 1.3-1.5 from now on) (Fig. 4A). By this way, the 
Kv1.3-Kv1.5 ratio remains fixed 1:1 and tetrameric channels are formed 2:2. 

The tandem chimera 1.3-1.5 was transfected into HEK 293 cells to characterize the 
molecular weight of the protein. The tandem exhibited a molecular weight closely similar to 
the sum of the three proteins (>150 KDa) (Fig. 4B). 

 
Fig. 5: Voltage-dependent K+ currents in transfected HEK 293 cells with Kv1.3, Kv1.5 or Tandem 1.3-1.5. Cells were held at -60 
mV and 250 ms pulses were applied from -80 mV to +60 mV in increments of 10 mV. A: Kv1.3; B: Kv1.5; C: Tandem 1.3-1.5. D: 
I/V relationship of the currents elicited in Kv1.3, Kv1.5 and 1.3-1.5 transfected cells. Values are those at the peak current. Values 
are mean ± standard error of 3-5 independent cells. 

 

4.1.2.2. Tandem 1.3-1.5 exhibits the most restrictive functional properties of each subunit 

The activity of the Tandem 1.3-1.5 was assessed by patch-clamp experiments in 
transfected HEK 293 cells. While Kv1.3 exhibited about 1000 pA/pF of current density (Fig. 
5A), Kv1.5 showed 300 pA/pF, consistent with the lower conductance of the channel (Fig. 
5B). Comparatively, the Tandem 1.3-1.5 showed a current density near 300 pA/pF, similar to 
Kv1.5 (Fig. 5C). Furthermore, while threshold for activation of Kv1.3 was -40 mV, both Kv1.5 
and Tandem 1.3-1.5 activated at -20 mV. These results suggest that Kv1.5 functions as a 
dominant-negative towards Kv1.3 in the 1:1 ratio (Fig. 5D). 

Deciphering further electrophysiological properties of the channel, the Tandem 1.3-1.5 
does exhibit some C-type inactivation. The C-type is a type of inactivation closely linked to a 
conformation change in the pore domain when channels get a prolonged activation. This is 
very characteristic of Kv1.3 and very limited in Kv1.5 (Fig. 6A and 6B). The Tandem 1.3-1.5 
suggests that at least two copies of Kv1.3 are sufficient to present a C-type inactivation 
comparable to Kv1.3 homotetramers (Fig. 6C and 6D). 

Kv1.3 also typically exhibits cumulative inactivation, a kind of inactivation that requires an 
allosteric cooperation of channel subunits. Unlike the C-type, the cumulative inactivation 
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onsets with a train of repetitive activations. After 30 fast pulses, Kv1.3 and the Tandem 1.3-
1.5 presented a notable inactivation, whereas in the Kv1.5 homotetramer it was absent (Fig. 
7A and 7B). Peak currents of the train of 30 pulses were fitted in a non-linear regression using 
the One Phase Decay equation (Eq. 1 and Fig. 7A). 

 
Fig. 6: C-type inactivation of the K+ currents generated by Tandem 1.3-1.5. C-type inactivation is evident when channels are 
maintained in an open state because of a constant voltage. C-type inactivation leads to a gradual reduction of the current along 
the time. Cells were held at -60 mV and a 5 seconds depolarizing pulse of +60 mV was applied. Representative traces of the 
currents elicited were normalized to its maximum value; A: Kv1.3; B: Kv1.5; C: Tandem 1.3-1.5. D: Percentage of inactivation 
after the 5-second pulse. The inactivation was calculated by comparing the current at the end of the 5-second pulse with the 
peak current. Values are mean ± standard error of 5-8 independent cells. ***, p<0.005 by One-way ANOVA test. 

 

𝐸𝐸𝐸𝐸. 1 − 𝑂𝑂𝑂𝑂𝑂𝑂 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑: 𝑌𝑌 = (𝑌𝑌0 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) ∗ exp(−𝐾𝐾 ∗ 𝑋𝑋) + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

Y0 represents the maximum current, which tends to 1. The Plateau represents the final 
asymptote, the expected minimum relative current value. K is the pendent of the decay 
curve, which is a reverse logarithm. From this equation, 3 additional parameters can be 
calculated. The span is defined as the difference between Y0 and the Plateau; thus, it has a 
similar nature as the percentage of inactivation. The half-life is the number of pulses required 
to inactivate half the maximum value. The Tau is the time-constant, the reciprocal of K. 

Parameters from this equation were analysed and compared. Kv1.3 and Tandem 1.3-1.5 
had a slightly higher, but not significant, Y0 than Kv1.5 due to the steepness of their curves 
(Fig. 7C). Differences between Kv1.3 and Kv1.5 were significant on all the parameters referent 
to dynamics: K, Span, Half Life and Tau (Fig. 7E, 7F, 7G and 7H). The higher K reflects on a 
steeper curve and the lower plateau ties with the higher span to represent a more profound 
inactivation of Kv1.3 in comparison to Kv1.5. In parallel, Tandem 1.3-1.5, very likely to Kv1.3, 
presented no differences with Kv1.3 or Kv1.5 in these parameters.  

Kv1.5 homotetramer did not inactivate after 30 pulses, thereby parameters present an 
abnormally broad confidence interval, overlapping with 1.3-1.5. Finally, all channels showed 
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differences regarding the Plateau (Fig. 8D). Even though this parameter is redundant with a 
proper cumulative inactivation, it indicates that, although not significant, Kv1.3 and 1.3-1.5 
inactivations are slightly different. 

Thus, the Tandem 1.3-1.5 shows the least active properties of either channel. The tandem 
exhibits the minor current density of Kv1.5, while maintaining both types of inactivation (C-
type and cumulative) of Kv1.3. This would be consistent with the delicate balance of residues, 
domains and forces of ion channels necessary for their activity. 

 
Fig. 7: Cumulative inactivation of the K+ currents generated by Tandem 1.3-1.5. Cumulative inactivation is observed when 
channels are repetitively opened and closed by a train of depolarizing pulses without enough interval to recover from their 
inactive state. Cumulative inactivation leads to a reduction of macroscopic currents. Cells were held at -60 mV and a 30 pulses 
train of +60 mV was applied. Pulses were 250 ms long and had an interval of 250 ms in between. A: Peak current from several 
pulses were relativized by the peak current of the 1st pulse and were fitted to a one-phase decay equation [Kv1.3: Y = (1.27 – 
0,53) * exp (-0.4689 * X) + 0.53; Kv1.5: Y = (1.007 – 0.8515) * exp (-0.04662 * X) + 0.8515; 1.3-1.5: Y = (1.126 – 0.6597) * exp (-
0.3698 * X) + 0.6597]. B: Cumulative inactivation of the currents after 30 pulses. Inactivation was calculated by comparing the 
peak current of the last pulse with the one of the first pulse. The parameters of the cumulative inactivation dynamics were 
extracted from the one-phase decay equation. C: Y0. D: Plateau. E: K. F: Span. G: Half Life. H: Tau. Values are mean ± standard 
error of 6-8 independent cells. *, p<0.05; **, p<0.01; ***, p<0.005 by One-way ANOVA test. 
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Fig. 8: Membrane colocalization of Tandem 1.3-1.5. HEK 293 cells were transfected with different constructions: Kv1.3, Kv1.5, 
Kv1.3 + Kv1.5, Tandem 1.3-1.3 or Tandem 1.3-1.5. Live cells were stained with membrane marker WGA-Alexa555, fixated and 
mounted for microscopy observation. Preparations were observed in a confocal microscope and images were taken. A: 
Representatives images of transfected cells. Channel is painted in green, Membrane in red; and Kv1.5 in the co-transfection 
(Kv1.3 + Kv1.5) in blue. The white bar in the lower right corner represents 5 µm long. B: Membrane colocalization of the different 
conditions in arbitrary units (AU). C: Statistics. Values are mean ± standard error of 28-37 independent cells. ns, non-significant; 
*, p<0.05; ***, p<0.005 by One-way ANOVA test. 

 



RESULTS 

78 
 

4.1.2.3. Kv1.5 acts as a dominant negative for Kv1.3 traffic 

Kv1.3 has a very efficient anterograde traffic, decorating the HEK 293 cell membrane. In 
contrast, Kv1.5 is notably retained at the ER (endoplasmic reticulum). Membrane expression 
is necessary for Kv channel to function. Therefore, the low current density of Tandem could 
be linked to a minor membrane targeting.  

Thus, several constructs were transfected into HEK cells: Kv1.3, Kv1.5, Kv1.3/Kv1.5 (in a 
1:1 stoichiometry), Tandem 1.3-1.5 and Tandem 1.3-1.3. Transfected cells were observed by 
using confocal microscopy in the presence of WGA, a membrane marker, conjugated to 
fluorophore Alexa-555. Both Kv1.3 and the Tandem 1.3-1.3 presented a high membrane 
expression. However, all the conditions with Kv1.5 got an intense intracellular retention. 
Therefore, regardless whether Kv1.5 was alone, linked to Kv1.3 or merely associated to it, all 
the complex exhibited a reduction in the membrane targeting (Fig. 8).  

Similar results were achieved by membrane protein abundance. HEK 293 cells were 
transfected with Kv1.3, Kv1.5 and Tandem 1.3-1.5. Cells were processed by using a biotin 
membrane protein isolation kit and analysed by Western blot. Kv1.3 showed more 
membrane expression than the rest of conditions containing Kv1.5 (Fig. 9). 

 
Fig. 9: Membrane protein abundance assay. HEK 293 cells were transfected with Kv1.3, Kv1.5 or Tandem 1.3-1.5 and treated 
with a biotin reagent which bound to membrane proteins. Cells were lysated (SM: Starting Material) and biotin-bound proteins 
were separated by binding with streptavidin (PD: Pull-Down). Both SM and PD fractions were loaded in a PAGE-SDS gel and 
western blotted.  A: Representative Western Blot of the assay immunoblotted (IB) against YFP and CaNx (Calnexin). CaNx was 
used both as a housekeeper in the SM fractions and as a negative control in the PD fractions. B: Membrane expression of the 
proteins. Quantification was performed by relativizing the PD bands with the SM bands and subtracting the CaNx signal. Results 
were normalized by the maximum value (Kv1.3). Values are mean ± standard error of 3 independent experiments. ***, p<0.005 
by One-way ANOVA test. 
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4.1.3. Effects of C-terminal domain in the functionality of the channel  

4.1.3.1. Kv1.3 and Kv1.5 need to recognize their own C-terminus in the channel to function 

Structural determinants within the ion channels have paramount importance on the 
function of the functional complex. While the amino-terminal domain of Kv1 (Shaker 
channels) is the responsible for the subunit interaction, the Kv7 (KCNQ family) interacts by 
using the C-term. In this context, most Kv channels have important molecular at the C-
terminus of the channel. In a previous study, we decipher the C-term molecular determinants 
involved in the anterograde traffic. Surprisingly, in channels that switched the C-terms the 
function of the channel is greatly impaired. Therefore, to further decipher the molecular 
relationships that determine the functionality of the heteromeric Kv1.3-Kv1.5 channel, in this 
work we studied the role of the C-term in depth.  

 
Fig. 10: Schematic representation of the different mutants and chimaeras. While Kv1.3 domains are coloured in orange, Kv1.5 
regions are in blue. Membrane bilayer is shown in yellow. A: Kv1.3. B: 1.3Ct1.5 (Kv1.3 channel with Kv1.5 C-terminus). C: 3-3-5-
5 (Kv1.3 channel with the S4-S5 linker, the pore-forming domain and C-terminus of Kv1.5). D: Kv1.5. E: 1.5Ct1.3 (Kv1.5 channel 
with Kv1.3 C-terminus). F: 5-5-3-3 (Kv1.5 channel with the S4-S5 linker, pore-forming domain and C-terminus of Kv1.3). G: 5-5-
3-3 mut link (Kv1.5 channel with the pore-forming domain and C-terminus of Kv1.3). H: 3-3-5-5 mut SS6 (Kv1.3 with the S4-S5 
linker, pore-forming domain and C-terminus of Kv1.5; but the SS6 region of Kv1.3). I: 5-5-3-3 mut SS6 (Kv1.5 with the S4-S5 linker, 
pore-forming domain and C-terminus of Kv1.3; but the SS6 region of Kv1.5). 
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Fig. 11: Electrophysiological and traffic properties of the C-terminal chimaeras. HEK 293 cells were transfected with Kv1.3, 

Kv1.5, 1.3Ct1.5 or 1.5Ct1.3. Cells were stained with membrane marker WGA-Alexa555, fixated and mounted for microscopy 
observation. Preparations were observed in a confocal microscope and images were taken. In addition, transfected cells were 
held at -60 mV and 250 ms pulses were applied from -60 mv to +80 mV in increments of 10 mV. A: Representative images of 
transfected cells. Membrane is painted in red; 1.3Ct1.5 in green; and 1.5Ct1.3 in blue. White bars represent 5 µm. B: Membrane 
colocalization of the different conditions calculated by using the Manders coefficient. Values are mean + standard error of 15-
18 independent cells. C: I/V relationship of the currents elicited in transfected HEK cells. Values used are those of the peak current.  
D: Currents elicited by a +60 mV pulse in 1.3Ct1.5 and 1.5Ct1.3 transfected cells. E: Current density generated by Kv1.5, 1.3Ct1.5 
and 1.5Ct1.3 transfected cells at +60 mV. Values are mean ± standard error of 4-7 independent cells. **, p<0.01; ***, p<0.005 
by One-way ANOVA test. 



RESULTS 

81 
 

 
Fig. 12: Electrophysiological and traffic properties of the co-transfected C-terminal chimaeras. HEK 293 cells were transfected 
with Kv1.3, Kv1.5, 1.3Ct1.5, 1.5Ct1.3 or 1.3Ct1.5+1.5Ct1.3. Live cells were stained with membrane marker WGA-Alexa555, fixated 
and mounted for microscopy observation. Preparations were observed in a confocal microscope and images were taken. In 
addition, cells were held at -60 mV and 250 ms pulses were applied from -60 mv to +80 mV in increments of 10 mV. A: 
Representative images of transfected cells. Membrane is painted in red; 1.3Ct1.5 in green; and 1.5Ct1.3 in blue. White bars 
represent 5 µm. B: Membrane colocalization of the different conditions calculated using the Manders coefficient. 1.3Ct1.5’ and 
1.5Ct1.3’ represent the two chimaeras when co-transfected. Values are mean + standard error of 15-18 independent cells. C: I/V 
relationship of the currents elicited in transfected cells. Values used are those obtained atthe peak current. D: Currents elicited 
by a +60 mV pulse in 1.3Ct1.5, 1.5Ct1.3 and 1.3Ct1.5+1.5Ct1.3 transfected HEK. E: Current density generated by Kv1.5, 1.3Ct1.5, 
1.5Ct1.3 and 1.3Ct1.5+1.5Ct1.3 transfected cells at +60 mV. Values are mean ± standard error of 3-7 independent cells. *, p<0.05; 
***, p<0.005 by One-way ANOVA test. 

 

Kv1.3 and Kv1.5 chimerical constructions were generated. 1.3Ct1.5 is the Kv1.3 channel 
with its C-terminus swapped by that of Kv1.5 (Fig. 10B). In addition, 1.5Ct1.3 is the Kv1.5 
protein with its C-terminus swapped by the one of Kv1.3 (Fig. 10E). Unlike the wild type 
channels, both chimerical channels exhibited almost no current density (Fig. 11C) (Fig. 11E). 
The current pulse showed an aberrant shape difficult to differentiate from leak currents (FIG. 
11C and 11D). 

Membrane expression was also assessed. C-terminal chimaeras exhibited even more 
deficient traffic to the membrane than Kv1.5. This 1.3Ct1.5 result could be explained by the 
lack of the Kv1.3 YMVIEE signal, which would hamper the anterograde traffic. On the 
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contrary, the 1.5Ct1.3 would gain the YMVIEE. However, both are largely retained. Thus, 
other retention mechanisms could exist in the rest of the channel (Fig. 11A and 11B). 

Even though some correlation between the chimaeras’ forward trafficking and their 
activity existed, the almost absent of function it did not seem justified. For instance, Kv1.3 
express additional anterograde trafficking HRET(E/D) signals. In addition, the YMVIEE signal 
transfer to Kv1.5 would target the channel more efficiently to the membrane. Thus, the 
results from membrane expression do not match the expectations, which could suggest that 
the channels were just not functionals without their C-terminus. 

To further analyse the event, both 1.3Ct1.5 and 1.5Ct1.3 chimaeras were co-transfected 
into HEK 293 cells. A significant increase of current density was observed (Fig. 12C and 12E). 
In addition, current traces resembled that of Kv1.3 or the Tandem 1.3-1.5 (Fig. 12D). Although 
the current density did not reach levels of Kv1.3 or Kv1.5 this event is not just additive (Fig. 
12E). 

Furthermore, the co-transfection of both chimaeras also had a positive effect over the 
membrane expression of individual 1.3Ct1.5 and 1.5Ct1.3. Thus, the combination of both 
reached levels similar to Kv1.5 (Fig. 12A and 12B). In this context, this effect, while being 
consistent with an improvement in the current density of the chimaeras, also denotes an 
additional cause impairing the function linked to the C-terminal recognition of the channel. 
The fact that the complex formed by 1.3Ct1.5 and 1.5Ct1.3 recovered the membrane 
expression of Kv1.5 (and 1.3-1.5) means that the channels needed their correspondent C-
terminal domains to travel effectively to the membrane. Albeit with similar Kv1.5 levels at 
the membrane, the chimaeras did not elicit currents similar to Kv1.5. These data would 
suggest that the interaction between the C-terminal domain and the rest of the protein is 
needed in order to show a normal behaviour. 

41.3.2. Pore domain in concordance with the C-terminus rescues the activity of the 
channel 

The C-terminal domains of K+ channels, and especially Shaker subunits, are known to be 
intrinsically disordered regions. Thus, when they do not interact with other proteins or 
regions, they tend to an amorphous structure, often aggregating or hiding certain motives. 
Our data would indicate that the C-terminal domain of the channel need an interaction with 
the rest of the channel in order to correctly fold, traffic and function. This impaired behaviour 
would be partially recovered by the presence of such domain upon co-expression of 
chimerical constructions. 

In order to further decipher which domain interacts with the C-terminal in each subunit, 
several new chimerical constructions were generated. For that reason, proteins containing 
half moieties of Kv1.3 and Kv1.5 channels were constructed. Thus, the 3-3-5-5 chimaera 
expressed the N-terminus and the first four transmembrane domains (voltage sensor 
domain) of Kv1.3; while the S4-S5 linker, the additional two transmembrane domains (S5-S6, 
the pore domain) and the C-terminus of Kv1.5 (Fig. 10C). Accordingly, the 5-5-3-3 chimaera 
has the reciprocal combination (Fig. 10F). 
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(←) Fig.13: Electrophysiological and traffic properties of the S4-S5 chimaeras. HEK 293 cells were transfected with Kv1.3, Kv1.5, 
3-3-5-5, 5-5-3-3 or 1.3Ct1.5+1.5Ct1.3. Cells were stained with the membrane marker WGA-Alexa555, fixated and mounted for 
microscopy observation. Preparations were observed in a confocal microscope and images were taken. In addition, transfected 
cells were held at -60 mV and 250 ms pulses were applied from -60 mv to +80 mV in increments of 10 mV.  A: Representative 
images of transfected cells. Membrane is painted as red; 3-3-5-5 as green; and 5-5-3-3 as blue. White bars represent 5 µm. B: 
Membrane colocalization of the different conditions calculated by using the Manders coefficient. Values are mean ± standard 
error of 11-15 independent cells.  C: Currents elicited by a +60 mV pulse in 3-3-5-5, 5-5-3-3 and 1.3Ct1.5+1.5Ct1.3 transfected 
HEK cells. D: I/V relationship of the currents elicited in transfected HEK cells. Values used are those at the peak current.  E: Current 
density generated by Kv1.3, Kv1.5, 3-3-5-5 and 5-5-3-3 at +60 mV. Mean current density generated by HEK cells transfected with 
Kv1.3, Kv1.5, 3-3-5-5 or 5-5-3-3 chimaeras at +60 mV pulse. F: Current density relativized by the membrane colocalization of the 
constructs. Values are mean ± standard error of 3-5 independent cells. *, p<0.05 by Student’s t test.  

 

When voltage-dependent K+ currents were elicited by depolarizing pulses in HEK cells 
expressing these proteins, chimaeras 5-5-3-3 and 3-3-5-5 exhibited an activity similar to that 
observed in wild type Kv1.3 and Kv1.5 channels, respectively. Thus, 5-5-3-3, having the pore 
and C-terminus of Kv1.3, expressed a Kv1.3-like activity, and 3-3-5-5, containing the pore and 
C-terminus of Kv1.5, almost recovered the function of Kv1.5 (Fig. 13C, 13D and 13E). 

When comparing their I/V relationships with that of wild type channels, a difference in 
their voltage-dependence became apparent. Both 3-3-5-5 and 5-5-3-3 exhibit a shift in their 
voltage-dependence activation, starting to open at more depolarizing values as -10 and 0 mV. 
This event could be explained by the fact that their S4-S5 linker belonged to the second part 
of the chimaera (thus, it corresponded with the pore and C-terminus, not the voltage-sensing 
domain). The S4-S5 linker is an important piece in the transmission of movements from the 
voltage-sensing domain to the pore.  

We also analysed the membrane co-localization. Both 3-3-5-5 and 5-5-3-3 showed 
membrane expression similar to Kv1.5 (Fig. 13A and 23B). This result brings together the 
current density values with the structure of the chimaeras. Thus, 3-3-5-5, not expressing the 
YMVIEE, presented an intracellular retention very similar to Kv1.5. in addition, 5-5-3-3, which 
has YMVIEE but also the strong retention signals, probably on the N-terminus of Kv1.5, did 
not traffic efficiently to the membrane. This reduced membrane expression correlates with 
the 5-5-3-3 activity, because this channel generates less activity than the Kv1.3 wild type. 
Moreover, when normalized by their membrane co-localization, these half-moiety chimaeras 
exhibited roughly the same current density as the wild type channels (Fig. 13F). Our result 
would suggest that the internal C-terminal subunit recognition within the channel complex 
is important for their function. 

4.1.3.3. S4-S5 linker and the SS6 region are not directly responsible for the rescue of the 
activity 

Shaker, similar to other Kv channels, possess 6 transmembrane domains. Our results 
indicated that the C-terminal domain of Kv1.3 and Kv1.5 needs an interaction with some 
intracellular regions of the channel to function. Taking a closer look to our chimaeras, the 
cytoplasmic regions in the second moiety of the subunit are the C-terminus and the S4-S5 
linker. Thus, we will assess whether the S4-S5 linker is the signal recognized by the C-
terminus. Within the S4-S5 linkers there are some minor substitutions between the different 
Shaker channels. Therefore, by swapping the S4-S5 linker, the chimaera 5-5-3-3 mut-link was 
generated. Thus, this chimaera has the first moiety of Kv1.5, the second of Kv1.3, but the S4-
S5 linker of Kv1.5; separating this way the linker from the C-terminus (Fig. 10G).  However, 
studies performed with these mutants gave similar results to the previous 5-5-3-3 chimaera. 
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These mutants also exhibited the same shift in voltage-dependence that the 5-5-3-3 
chimaera showed in comparison with the wild type channels. This outcome would suggest 
that the linker is not necessary rather the C-term for the function of the channel (Fig. 24B). 

Because the chimaera 5-5-3-3 Mut-Link has no other recognised cytoplasmic domains 
available for the C-terminus to connect, this raises the possibility of the P-loop being 
somewhat implicated. Within the P-loop, there are two regions which are distinct between 
Kv1.3 and Kv1.5: The Turret region; and a short sequence between the Selectivity filter and 
the S6 domain, which we will call SS6 (Fig. 24A). Thus, the SS6 domain was mutated in both 
5-5-3-3 and 3-3-5-5 chimaeras to generate the 5-5-3-3 Mut-SS6 (Fig. 10H) and 3-3-5-5 Mut-
SS6 chimaeras (Fig. 10I). 

Once again, these new chimaeras were transfected and analysed. Finally, the current 
density values of the channels were once again similar to the non-mutated chimaeras (Fig. 
24B). This would also rule the interaction with the SS6 region out of the discussion as being 
necessary for the channel activity. 

 

 
Fig. 14: S4 to proximal C-term sequence analysis between Kv1.3 and Kv1.5. HEK 293 cells were transfected with either Kv1.3, 3-
3-5-5, 3-3-5-5 mut SS6, 5-5-3-3, 5-5-3-3 mut link or 5-5-3-3 mut SS6. Transfected cells were held at -60 mV and 250 ms pulses 
were applied from -60 mv to +80 mV in increments of 10 mV.  A: Protein sequence alignment of Kv1.3 and Kv1.5 in the region 
between the S4 and the C-terminus. Differences between both proteins are highlighted in red. B: I/V relationship of the currents 
elicited in transfected HEK cells. Values used are those at the peak current. The mutated chimaeras are in the same colour as the 
non-mutated ones for easier comparison. Values are mean ± standard error of 3-5 independent cells. 

 

Thus, two main hypotheses remain open which would need further debate.  
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(i) It could the that the turret region, the only non-assessed region of the Shaker 
channels, is somehow involved in this phenomenon with the C-terminus. However, this 
region is extracellular. 

(ii) On the other hand, it could be that the C-terminus only needs an additional 
partner to interact, not being necessary a specific region. This last hypothesis would be 
consistent with the C-terminus being an intrinsically disordered. That is, the C-terminus 
would only need to interact with 1 other region and this interaction would help it not to 
become structurally aberrant and save the protein from the abnormal traffic and activity. 
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4.2. CHANNEL MODULATION BY REGULATORY SUBUNITS 

4.2.1. Effects of KCNE4 on the heterotetramer 

4.2.1.1. KCNE4 interacts with Kv1.3 regardless of the presence of Kv1.5 

CY15 dendritic cells express Kv1.3, together with a significant amount of Kv1.5 and KCNE4. 
Thus, it is a useful native model to demonstrate whether the heterotetramer interacts with 
the KCNE β subunit. Kv1.3 was immunoprecipitated and both Kv1.5 and KCNE4 were 
detected (Fig. 15A). Therefore, Kv1.3 interacted with Kv1.5 and KCNE4 in dendritic cells. 
However, this data does not prove whether Kv1.3 interacted with both at the same time. 
Unfortunately, it was not possible to immunoprecipitate Kv1.5 or KCNE4 in this cell model. 

To demonstrate the formation of the triple complex Kv1.3, Kv1.5 and Tandem 1.3-1.5 
were co-expressed in HEK 293 cells, in different combinations, with KCNE4 and channels were 
immunoprecipitated. The different conditions were: Kv1.3; Kv1.5; Tandem 1.3-1.5 and Kv1.3 
/Kv1.5 (1:1 ratio) (YFP-tagged). While Kv1.3 and Tandem 1.3-1.5 immunoprecipitated KCNE4, 
Kv1.5 did not (Fig. 15B). Only in the presence of Kv1.3, Kv1.5 pulled down a very low amount 
of KCNE4 (Fig. 15C). This result suggests that KCNE4 is able to interact with Kv1.3 even when 
forming heterotetramers with Kv1.5. However, the effectivity is reduced. 

4.2.1.2. KCNE4 has a dual role regulating Kv1.3 activity depending on Kv1.5 association 

KCNE4 interacts with Kv1.3 modulating its function. To check whether KCNE4 affected the 
function of the Tandem 1.3-1.5, electrophysiology experiments on HEK 293 cells were 
conducted. KCNE4 typically diminished Kv1.3 currents (Fig. 16A, 16B). On the contrary, KCNE4 
did not exert any action on Kv1.5, consistent with their incapacity to interact (Fig. 16C, 16D). 
Tandem 1.3-1.5 did not exhibit neither of these behaviours. Surprisingly, KCNE4 triggered a 
two-fold increase in current density (Fig. 16E, 16F). This effect, not previously observed, could 
imply that KCNE4 acts dually depending on the presence of Kv1.5. 

Moreover, KCNE4 shifted the Tandem 1.3-1.5 I/V graphics to more depolarizing voltages. 
This result was not seen in any homotetrameric channel (Fig. 16G, 16H, 16I). 

The inactivation kinetics of Tandem 1.3-1.5 also got altered by KCNE4. After being 
activated for 5 seconds, the C-type inactivation got slightly reduced from 65% to 50%. This 
reduction, although non-significant, could suggest a tendency (p-value = 0.0781) of KCNE4 
modifying the inactivation kinetics of the heterotetramer (Fig. 17A, 17B, 17C). 

Contrarily, KCNE4 showed no effects on the cumulative inactivation of the Tandem 1.3-
1.5 (Fig. 17D). After a train of 30 depolarizing pulses, the Tandem 1.3-1.5 showed no changes 
in the cumulative inactivation (Fig. 17E). The peak current of the train of 30 pulses were fitted 
with a one-phase decay exponential equation (Eq. 1) to assess the mathematical components 
of the inactivation. No mathematical parameters were significantly different between the 
two conditions (Fig. 17F). Therefore, KCNE4 did not affect the cumulative inactivation of the 
Tandem. 
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Fig. 15: Interaction between KCNE4 and the complex formed by Kv1.3 and Kv1.5. CY15 dendritic and Jurkat T cells were lysated. 
Cell lysates were immunoprecipitated (IP) against Kv1.3 and samples were western blotted. Immunoblotting was performed 
against Kv1.3, Kv1.5, KCNE4 and KCNE1 (not shown) (A). HEK 293 cells were transfected with YFP-tagged Kv1.3, Kv1.5, Tandem 
1.3-1.5 or Kv1.3+Kv1.5 in the presence or absence of KCNE4. HEK cells were lysated and processed for immunoprecipitation (IP) 
of the channel by YFP tag. In the Kv1.3+Kv1.5 condition Kv1.5-YFP was immunoprecipitated and Kv1.3 was tagged with HA. 
Samples were immunoblotted against GFP and KCNE4. Additionally, the Kv1.3+Kv1.5 condition was immunoblotted against 
Kv1.3 (B). SM: Starting Material; IP: Immuno-precipitated fraction; SN: Supernatants; IB: Immunoblot. [+]: presence of specific 
antibodies; [-]: absence of antibodies. C: KCNE4 co-immunoprecipitation of the different conditions relativized by the maximum 
(Kv1.3). Statistical analysis was performed by using the ANOVA test, followed by the Bonferroni test for pairwise comparison 
(n=3). Values are mean ± standard error of 3 independent experiments. *, p<0.05; ***, p<0.005 by One-way ANOVA test. 
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(←) Fig. 16: Effect of KCNE4 on the activity of the different channels. HEK 293 cells were transfected with either Kv1.3, Kv1.5 or 
Tandem 1.3-1.5 in the presence or absence of KCNE4. Cells were held at -60 mV and 250 ms pulses were applied from -80 mV to 
+60 mV in increments of 10 mV. K+ currents elicited in transfected cells by a +60 mV pulse in the absence or presence of KCNE4: 
Kv1.3 (A), Kv1.5 (C) and Tandem 1.3-1.5 (E). I/V relationship of the currents elicited in transfected HEK cells in the presence or 
absence of KCNE4: Kv1.3 (B), Kv1.5 (D) and Tandem 1.3-1.5 (F). I/V relationship representations were relativized at the maximum 
value for each condition: Kv1.3 (G), Kv1.5 (H) and Tandem 1.3-1.5 (G). Values are mean ± standard error of 3-8 independent cells. 
*, p<0.05; **, p<0.01 by Student’s t test. 

 

 
Fig. 17: Effect of KCNE4 in the inactivations of Tandem 1.3-1.5. C-type inactivation is generated when channels are maintained 
in an open state because of a constant voltage. C-type inactivation leads to a gradual reduction of the current along the time 
that the channel is open. Cells were held at -60 mV and a 5 seconds pulse of +60 mV was applied. HEK 293 cells were transfected 
with Tandem 1.3-1.5 either in presence or absence of KCNE4. Currents elicited by this protocol were relativized to the maximum 
value: Tandem 1.3-1.5 alone (A) and with KCNE4 (B). C: Percentage of inactivation after the 5-second pulse. The inactivation was 
calculated by comparing the current after the 5-second pulse with the peak at the beginning of the pulse. (D-F); Cumulative 
inactivation is generated by a train of depolarizing pulses without enough interval to recover from their inactive state. 
Cumulative inactivation leads to a reduction of macroscopic currents after each pulse. Cells were held at -60 mV and a 30 pulses 
train of +60 mV was applied. Pulses were 250 ms long and had an interval of 250 ms in between. D: Peak currents were relativized 
by the peak current at the first pulse and were fitted to a one-phase decay equation [1.3-1.5: Y = (1.048 – 0.712) * exp (-0.2313 
* X) + 0.7120; 1.3-1.5 + KCNE4: Y = (1.126 – 0.6597) * exp (-0.3698 * X) + 0.6597]. E: Cumulative inactivation of the currents after 
30 pulses. Inactivation was calculated by comparing the peak current of the last pulse with the one of the first pulse. The 
parameters of the cumulative inactivation were extracted from the one-phase decay equation (F) (T: Tandem 1.3-1.5; T + E4: 
Tandem 1.3-1.5 + KCNE4). Values are mean ± standard error of 4-6 independent cells. Statistics were assessed by Student’s T 
test. 
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(←)Fig. 18: Membrane colocalization of Tandem 1.3-1.5 when co-expressed with KCNE4. HEK 293 cells were transfected with 
different constructions: Kv1.3, Kv1.5, or Tandem 1.3-1.5; with or without KCNE4. Cells were stained with membrane marker 
WGA-Alexa555, fixated and mounted for microscopy observation. Preparations were observed in a confocal microscope and 
images were taken. Representative images of transfected cells with Kv1.3 (A), Kv1.5 (B) and Tandem 1.3-1.5 (C) are shown. 
Channel is painted in green, Membrane in red; and KCNE4 in blue. White bars represent 5 µm. D: Membrane colocalization of 
the different conditions calculated as a Manders coefficient. Values are mean ± standard error of 28-34 independent cells. ***, 
p<0.005 by One-way ANOVA test. 
 

Functional differences between the Tandem with or without KCNE4 could arise from two 
different possibilities. First, KCNE4 could affect somehow the Tandem 1.3-1.5 traffic, 
facilitating its membrane arrival. Second, KCNE4 could affect the structure of the heteromeric 
channel, resulting in the observed increase of activity. Even though the slight changes in 
activation and inactivation suggest a role of KCNE4 modifying the gating of the channel, the 
membrane expression must be assessed. 

4.2.1.3. KCNE4 did not alter the traffic of the Tandem 1.3-1.5  

Membrane targeting of channels was assessed by using confocal microscopy. HEK 293 
cells were transfected with Kv1.3, Kv1.5 and Tandem 1.3-1.5 with and without KCNE4. In 
addition, the plasma membrane was stained with WGA-Alexa555 marker. Confocal images 
were taken, and the membrane co-localization was quantified (Fig. 18A, 18B, 18C). 

KCNE4 retained Kv1.3 intracellularly in a similar way to the Tandem 1.3-1.5 alone. 
Consistent with previous studies, KCNE4 had no apparent effects on Kv1.5 membrane co-
localization. Finally, Tandem 1.3-1.5 had a similar membrane co-localization regardless of 
KCNE4 expression (Fig. 18D). This means that the abovementioned increase in current 
density of the tandem was not apparently due to altering the membrane expression of the 
channel. 

4.2.1.4. KCNE4 dual role is replicated in a native model 

The abovementioned results were obtained by heterologous expression. For this reason, 
we further analysed a Kv1.3-Kv1.5 heterotetramer exposed to different concentrations of 
KCNE4 in a native model. CY15 dendritic cells notably express the three proteins of interest. 
We have previously generated a clone of CY15 which has the KCNE4 expression genetically-
reduced by siRNA lentiviral particles. This cell line, named CY15 LvE4, was used as a low-
KCNE4 model. 

Expression of KCNE4, Kv1.3 and Kv1.5 were assessed in the CY15 cell lines by Western Blot 
(Fig. 19A). We confirmed that regardless KCNE4, Kv1.3 and Kv1.5 protein expression 
remained constant in CY15 LvE4. 

K+ currents were measured by applying depolarizing pulses and it was possible to 
differentiate the wild type and the LvE4. CY15 WT exhibited around 13 pA/pF at +60 mV, 
whereas the LvE4 exhibited a 50% reduction (Fig. 19B, 19C, 19D). Thus, regarding current 
density, the reduction of KCNE4 expression leads to a decrement of the activity of the cell. 
This is consistent with electrophysiological assays performed in HEK 293 cells. All results 
suggest that KCNE4 is indeed acting dually depending on the presence of Kv1.5 in the 
complex. Whether this is a result of KCNE4 interacting with Kv1.5 by being attached to Kv1.3, 
or if it is caused by a triple interaction, remains to be discussed. 
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Fig. 19: KCNE4 modulates voltage-dependent Kv currents in dendritic cells. CY15 LvE4 is a clone of the CY15 model with low 
protein expression of KCNE4 generated by genetic interference. A: Expression of Kv1.3, Kv1.5, KCNE4 and β-Actin in CY15 and 
CY15 LvE4 cells. Cells were held at -60 mv and 250 ms pulses were applied from -60 mV to +80 mV in increments of 10 mV (B). 
C: I/V relationship of the currents elicited in CY15 and CY15 LvE4 cells. Values used were those at the peak current. D: Current 
density generated by CY15 and CY15 LvE4 at + 60 mV. Values are mean ± standard error of 3-4 independent cells. ***, p<0.005 
by Student’s t test.  
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4.2.2. Interaction between Kv1.5 and KCNE1 

4.2.2.1. KCNE1 interacts with Kv1.5 

In leukocytes, Kv1.5 associates with Kv1.3. In addition, KCNE subunits differentially 
interact with Kv channels. Leukocytes not only express KCNE4 but also KCNE1. Because it was 
previously observed that KCNE1 could interact with Kv1.5, we wonder whether this 
interaction could affect the heteromeric complex physiology. Therefore, this interaction was 
definitely assessed in the present dissertation. 

 
Fig.20: Interaction between Kv1.5 and KCNE1. HEK 293 cells were transfected with Kv1.5, Kv1.3 (negative control) or Kv7.1 
(positive control) with KCNE1 in two different experiments. (A) YFP-tagged Kv1.3 and Kv1.5 were immunoprecipitated (IP) in the 
presence of KCNE1. Samples were immunoblotted against either YFP or KCNE1. (B) KCNE1 was immunoprecipitated (IP) in the 
presence of YFP-tagged Kv7.1 or Kv1.5. Samples were immunoblotted against either YFP or KCNE1. SM: Starting Material; IP: 
Immuno-precipitate; SN: Supernatant; IB: Immunoblot. [+]: presence of antibodies; [-]: absence of antibodies. Representative 
experiments are shown. 

 

HEK 293 cells were co-transfected with Kv1.5, Kv1.3 (used as a negative control) or Kv7.1 
(used as a positive control), as well as KCNE1. The interaction between subunits was assessed 
by co-immunoprecipitation. Kv1.5 and KCNE1 co-immunoprecipitated no matter the protein 
which was pulled down. KCNE1 also pulled-down Kv7.1, which has long been described to 
interact with KCNE1. On the contrary, Kv1.3 co-IP was negative (Fig. 16). 

4.2.2.2. KCNE1 potentiates Kv1.5 activity and modifies its activation dynamics 

Kv1.5 is physiologically relevant in both cardiomyocytes, antigen presenting cells and 
cancer progression. The activity of Kv1.5 channel was assessed both alone and in co-
expression with KCNE1 or KCNE3 by Patch-clamp experiments. KCNE1 was able to potentiate 
the peak current of Kv1.5 two-fold. KCNE3, used as a negative control, showed no effects on 
Kv1.5 peak current (Fig. 21A, 21B). 
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Fig. 21: Effects of KCNE1 on the activity of Kv1.5. HEK 293 cells were transfected with Kv1.5, either alone or with KCNE1 or KCNE3. 
Cells were held at -60 mV and 250 ms pulses were applied from -60 mV to +80 mV in increments of 10 mV. Activation dynamics 
can be of easier study from a constant-voltage tail after an activation pulse (steady-state activation). Therefore, a mentioned 
250 ms pulse is followed by a 250 ms pulse of near-activating voltage (-30 mV). A: Voltage-dependent K+ Currents B: I/V 
relationship of the currents. Values are those at the peak current. Peak current of the tails was quantified and transformed into 
conductance [GN = IN / (VN – VREV)]. Conductance was relativized to the maximum value and plotted against voltage to produce a 
G/GMAX graphic. The G/GMAX plot was fitted to a Boltzmann equation: Kv1.5 alone (C), with KCNE1 (D), and with KCNE3 (E). An 
additional representation of the three graphics together is also shown (F). The parameters of the steady-state activation were 
extracted from the Boltzmann equation: V50 (G) and Slope (H). Values are mean ± standard error of 12-20 independent cells. *, 
p<0.05; ***, p<0.005 by One-way ANOVA test.   
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(←) Fig. 22: Membrane colocalization of Kv1.5 in presence of KCNE1. HEK 293 cells were transfected with Kv1.5 with or without 
KCNE1. Cells were stained with the membrane marker WGA-Alexa555, fixated and mounted for microscopy observation. 
Preparations were observed in a confocal microscope and images were taken. (A) Representative images of transfected cells 
with Kv1.5, KCNE1 and both together. Kv1.5 and KCNE1 are painted in green when alone, and membrane in red. In the co-
transfection panels, Kv1.5 is painted in green and KCNE1 in blue. White bars represent 5 µm. B: Membrane colocalization of the 
different conditions calculated by a Manders coefficient. Values are mean ± standard error of 22-25 independent cells. ***, 
p<0.005 by Student’s t test.  

 

Cells expressing Kv1.5 alone in the presence or the absence of KCNE1 and KCNE3 were 
exposed to a train of pulses with tails of near-depolarizing voltage (-30 mV). By this way, the 
dynamics of channel opening is easier to study, as the voltage is constant. The conductance 
was obtained from the tail current by applying the following equation: GN = IN / (VN – Vrev). 
Vrev is the reversal potential for K+), which in this case is -79.67 mV. Thus, the G/GMAX graphic 
was obtained (Fig. 21C, 21D, 21E) and fitted to a Boltzmann equation (Eq. 2) (Fig. 21F). 

With the Boltzmann correlation we can obtain the V50 and Slope. The slope represents the 
activation dynamics (Fig. 21H). V50 represents the Voltage at which the channels get a 50% of 
activation. KCNE1 caused no apparent effect on the Slope of Kv1.5, whereas both KCNE1 and 
KCNE3 altered the V50 (Fig. 21G). 
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𝐸𝐸𝐸𝐸. 2 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒: 𝑌𝑌 = 𝐵𝐵𝐵𝐵𝐵𝐵 +
(𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐵𝐵𝐵𝐵𝐵𝐵)

(1 + exp(𝑉𝑉50 − 𝑋𝑋
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ))

 

Kv1.5 alone (Eq. 3) and with KCNE1 (Eq. 4) presenting differences in some dynamics 
parameters would seem logical taking into account the differences in peak current. Kv1.5 
with KCNE3 (Eq. 5) being different to Kv1.5, though, arises plenty of questions. KCNE3 has 
not been described to interact with Kv1.5 and does not seem to alter its peak current. 
Therefore, further assessments should be performed to clarify the role of KCNE3.  

𝐸𝐸𝐸𝐸. 3 −  𝐾𝐾𝐾𝐾1.5 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒: 𝑌𝑌 = −0.007388 +
(0.9297 + 0.007388)

(1 + exp(−27.62 − 𝑋𝑋
5.880 ))

 

𝐸𝐸𝐸𝐸. 4 − 𝐾𝐾𝐾𝐾1.5 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾1 𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒: 𝑌𝑌 = −0.01944 +
(0.9515 + 0.01944)

(1 + exp(−2961 − 𝑋𝑋
6.746 ))

 

𝐸𝐸𝐸𝐸. 5 − 𝐾𝐾𝐾𝐾1.5 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾3 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒: 𝑌𝑌 = −0.05528 +
(0.9596 + 0.05528)

(1 + exp(−26.15 − 𝑋𝑋
8.388 ))

 

4.2.2.3. KCNE1 alters Kv1.5 lipid raft targeting 

Kv1.5 presents a notable intracellular retention. Thus, KCNE1 could potentiate Kv1.5 
activity by facilitating the anterograde traffic. The KCNE1 interaction could mask Kv1.5 
endogenous ER retention motives. 

HEK 293 cells were transfected with either Kv1.5 in the presence or the absence of KCNE1 
(1:1 ratio). Cells were treated with WGA-Alexa555 and images were taken in a confocal 
microscope to assess the membrane co-localisation. 

KCNE1 exhibited less membrane targeting than Kv1.5 and their co-expression showed an 
intermediate phenotype. While KCNE1 did not improve the anterograde traffic of Kv1.5, the 
KCNE subunit slightly increased its membrane expression in the presence of Kv1.5 (Fig. 22). 
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Fig. 23: Kv1.5 and KCNE1 lipid raft microdomain targeting. HEK 293 cells were transfected with Kv1.5, KCNE1, or both together. 
Cells were lysated without detergents and protein lysates were separated by using a sucrose density gradient. Therefore, 12 
fractions were extracted: fraction 1 represents the least dense, while fraction 12 is the heaviest. Lipid raft microdomains are 
special detergent-resistant regions in membranes with lower density than the rest of the membrane. Therefore, proteins located 
in lipid raft microdomains like Flotillin are found in high-bouyant fractions. Proteins not located in lipid raft microdomains like 
Clathrin appear in the low-bouyant fractions. Fractions were western blotted and immunoblotted against Kv1.5, KCNE1, Clathrin 
and Flotillin: Kv1.5 (A), KCNE1 (B) and both together (C). Representative results from 5 independent experiments. 

 

To sum up, results of membrane co-localization experiments support that changes of 
Kv1.5 activity cannot be explained by an increase of membrane targeting. 

Regional membrane localization is an important factor on the channel activity. Therefore, 
some membrane lipid raft microdomain inclusion greatly alters function. Accordingly, lipid 
raft microdomain purification was performed in HEK 293 cells transfected with Kv1.5, KCNE1 
or both proteins (Fig. 23). Flotillin was used as a floating fraction marker, whereas clathrin 
served as a non-floating fraction marker. Kv1.5 showed a partial lipid raft localization, as well 
as KCNE1. However, upon co-expression, Kv1.5 and KCNE1 shifted out from the lipid raft 
domains.  

Kv1.5 is typically retained intracellularly and has half current density compared with 
Kv1.3. Like Kv1.3, whose interaction with KCNE4 modifies its electrophysiology; Kv1.5 is able 
to interact with KCNE1 and this interaction causes a significant increase in the activity of the 
channel. Our results demonstrated that this effect cannot be explained by an increase on 
membrane expression or lipid raft localization.  
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4.3. GENOMIC SEQUENCING OF MULTIPLE SCLEROSIS PATIENTS  
The mutual relationships between subunits can greatly affect the function and behaviour 

of the channels. KCNE4 not only inhibits Kv1.3, but also rescues the Kv1.3 heterotetramer 
from Kv1.5 inhibition when expressed in a 1:1 stoichiometry. Similarly, KCNE1 potentiates 
Kv1.5 activity. The effect of KCNE1 on the Kv1.3/Kv1.5 heterotetramer is not assessed in the 
present work, however it remains as a possibility given the effects of KCNE4 on the complex.  

Kv1.3, Kv1.5, KCNE1 and KCNE4 are present in leukocytes. However, KCNE1 was not 
detectable by Western blot in the present work. The cross-interaction between β and α 
subunits could end up in different events of competition, negative dominance or 
unpredictable changes in traffic or function. Thus, mutations or SNPs could trigger great 
influences in the characteristics of the channels. 

4.3.1. Results of the sequencing 

From the neurological tissue bank were obtained 6 samples from patients of Multiple 
Sclerosis. The genomic DNA was obtained and sequenced for Kv1.3, Kv1.5, KCNE1 and KCNE4. 
Only the coding region of KCNE1 was sequenced. Genes were amplificated by PCR, purified 
by agarose gel electrophoresis and finally sequenced by the Sanger method. Primers used 
are detailed in Annex F. 

A total of 21 different polymorphisms were found in this work, 5 of which were located in 
the codificant region. Proportion of the polymorphisms in the Iberian (IBS) population was 
extracted from the 1000 Genomes database [http://www.internationalgenome.org/]. The 
polymorphisms and their proportion are as follow (Tables 1-4): 
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The relative position of each SNP can be observed in Annexes G and H. 

Among the 5 polymorphisms located in the coding region of their respective genes, 4 were 
located in KCNE4 and 1 was located in KCNE1. Among these 5 polymorphisms, only 2 
implicated a change in the amino acid sequence of the protein: rs12621643 in KCNE4 and 
rs1805127 in KCNE1. 
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4.3.2. KCNE4 D145E (rs12621643) 

Rs12621643, named KCNE4 D145E from now on, is located in the position 1502 of hKCNE4 
and implies a transversion between T and G. This transversion results in an amino acid change 
between Aspartate (D) and Glutamate (E), respectively, in position 145 of the short KCNE4 
protein sequence. This change, which conserves the charge, is located further 3’ respective 
to the transmembrane domain of the protein, in the cytoplasmic region. 

This polymorphism, albeit being very conservative, is linked to childhood acute 
lymphoblastic leukemia and allergic rhinitis, both of which are tightly associated with 
immune activity. In addition, KCNE4 D145E increases the activity of Kv7.1. All these previous 
results would indicate a possible effect of this SNP on Kv1.3. 

Therefore, KCNE4 was mutated to substitute the 145E (which was the form deposited in 
our research group) by 145D. Some functional properties of this association were analyzed. 
Thus, co-immunoprecipitation experiments were performed. The immunoprecipitation of 
Kv1.3 resulted in the detection of more 145D than 145E, thus suggesting a higher affinity for 
the first form (Fig. 24A and 24B).  

On the other side, the 145D inhibit Kv1.3 rather potentiate. However, this surprising result 
remains preliminary. The peak current potentiation would need to be contrasted with the 
membrane co-localization and lipid raft presence of the channel, as both events affect the 
activity of Kv1.3 (Fig. 24C and 24D). 

To further understand the effect of KCNE4 D145E in the function of the channel, a model 
of the molecular structure of Kv1.3 with KCNE4 was developed (Fig. 26A and 26B). In this 
model, the position 145 of KCNE4 is located far away from the transmembrane domain of 
the protein and not near the Kv1.3 channel. Thus, even by modifying the rotation of the 
carbon bonds of that residue, it was impossible to find any interaction between residues. 
Comparing 145D and 145E, the only apparent difference was that, unlike 145E, 145D was 
able to form an H-bond with its neighbor residue 146E (Fig. 26C and 26D). Despite this, this 
difference by itself does not explain the difference in interaction or activity of Kv1.3. Thus, 
this polymorphism should be further studied in the future. 
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Fig. 24: Effects of polymorphism D145E of KCNE4 in Kv1.3. KCNE4 145D was generated by site-directed mutagenesis of the KCNE4 
145E. HEK 293 cells were transfected with Kv1.3 and either KCNE4 145D or 145E. Cells were lysated and immunoprecipitated 
against Kv1.3. Samples were western blotted and immunoblotted against Kv1.3 or KCNE4 (A). SM: Starting Material; IP: 
ImmunoPrecipitate; SN: Supernatant; IB: Immunoblot. [+]: presence of antibody; [-]: absence of antibody. KCNE4 co-
immunoprecipitation with Kv1.3 was quantified in both conditions and relativized to the maximum value (KCNE4 145D) (B). In 
addition, HEK 293 cells were transfected with Kv1.3, with or without KCNE4 145D and KCNE4 145E. Cells were held at -60 mV 
and 250 ms pulses were applied from -60 mV to +70 mV in increments of 10 mV. C: I/V relationship of the K+ currents elicited in 
transfected cells. D: Current density at +60 mV. Values are mean ± standard error of 2-3 cells. **, p<0.01; ***, p<0.005 by One-
way ANOVA test.  
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Fig. 26: Molecular model of Kv1.3 and KCNE4. The Kv1.3 and KCNE4 interaction was modelled using high-resolution templates 
of remote or close homologs available from the Protein Data Bank. A: Overhead view. B: Side-view. C: Close-up of 145E (cyan). 
D: Close-up of 145D (cyan). Kv1.3 subunits are colored in red, blue, green and magenta. KCNE4 is colored in white. H-bonds are 
depicted as a light-blue line. 
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4.3.3. KCNE1 S38G (rs1805127) 

Rs1805127, named KCNE1 S38G from now on, is located in the position 162 of hKCNE1 
and implies a transition between A and G. This transition results in a change between Serine 
(S) and Glycine (G) in the position 38. This change is located long before the transmembrane 
domain, thus it resides in the extracellular domain. 

Previous KCNE1 structural analyses with NMR spectroscopy shows that this position 38 
corresponds to a β-turn, a secondary structure that changes the orientation of the protein 
chain. Structurally, Glycine is much more flexible than Serine, which could result in an 
important effect of this amino acid change on the functionality of the protein (Fig. 26A). 
Regardless, by manipulating the tridimensional NMR model, no interactions could be found 
between the residue 38 (Gly nor Ser) and any other residue of the protein (Fig. 26B, 26C). 

In addition, S38G has been genetically linked to atrial fibrillation in different populations 
and protection against some cases of deafness. Thus, if this polymorphism alters in some way 
the effects of KCNE1 on Kv7.1, it could also affect Kv1.5. 

KCNE1 S38G was transfected into HEK 293 cells and the effects on Kv1.5 were evaluated. 
Our data demonstrates that the substitution of Serine by Glycine in the position 38 of KCNE1 
showed no differences in current density on Kv1.5 (Fig. 27A and 27B). Additionally, the tails 
of the pulses were quantified in order to fit the Steady-state activation to a Boltzmann 
equation (Eq.2 and Fig. 27C). No differences could be appreciated between S38G (Eq. 6) and 
the WT form (Eq. 4) (Fig. 27D, 27E, 27F). Thus, KCNE1 S38G had no apparent effects on KCNE1 
on Kv1.5, at least, from the electrophysiological point of view. 

𝐸𝐸𝐸𝐸. 6 − 𝐾𝐾𝐾𝐾1.5 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾1 38𝐺𝐺 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒: 𝑌𝑌 = 0.01913 +
(0.9464 − 0.01931)

(1 + exp(−27.27 − 𝑋𝑋
6.048 ))
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Fig. 26: S38G polymorphism of KCNE1. A: Protein sequence of KCNE1 with simplified secondary structure (PDB 2K21). KCNE1 
S38G is highlighted in red. B: NMR tridimensional structure of KCNE1 (PDB 2K21) with the 38G form. C: NMR tridimensional 
structure of KCNE1 (PDB 2K21) with the 38S form. N-terminal methionine is marked in red. C-terminal proline is marked in purple. 
S38G is marked in green. No possible H-bonds could be predicted. 
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Fig.27: Effects of KCNE1 S38G on Kv1.5 activity. HEK 293 cells were transfected with Kv1.5 with or without KCNE1 38S and KCNE1 
38G. Cells were held at -60 mV and 250 ms pulses were applied from -60 mV to +80 mV in increments of 10 mV. Activation 
dynamics are calculated from a constant-voltage tail after an activation pulse (steady-state activation). Therefore, the 250 ms 
pulse is followed by a 250 ms pulse of near-activating voltage (-30 mV). A: K+ currents generated by transfected cells. B: I/V 
relationship of the currents. Values are those at the peak current. Peak current of the tails was quantified and transformed into 
conductance [GN = IN / (VN – VREV)]. Conductance was relativized by its maximum value and plotted against voltage to generate 
a G/GMAX graphic. The G/GMAX graphic was fitted to a Boltzmann equation: Kv1.5 + KCNE1 38G (C). Kv1.5 alone (Fig. 21C) and 
with KCNE1 38S (Fig. 21D) were shown previously. An additional representation of the three graphics together is also shown (D). 
The parameters of the steady-state activation were extracted from the Boltzmann equation: V50 (E) and Slope (F). Values are 
mean ± standard error of 12-20 independent cells. **, p<0.01; ***, p<0.005 by One-way ANOVA test. 



 

107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

________________________DISCUSSION





DISCUSSION 
 

109 
 

5. DISCUSSION 
Shaker channels are an important piece in the immune regulation of mammals [193]. 

Kv1.3 has long been described to be implicated in the activation and proliferation processes 
of T and B lymphocytes and the macrophage lineage [67, 193-195]. 

Thus, it comes as no surprise that the channel could easily be detected in Jurkat (T 
lymphocytes) and CY15 (dendritic cells). Besides, channel Kv1.5 and regulatory subunit 
KCNE4 were also identified in said cell lines. Kv1.5 has been found to be expressed in cell 
types of monocyte precursor, such as microglia, macrophages and dendritic cells [109, 196, 
197]. As Kv1.5 was co-expressed in Kv1.3-centric cells, their interaction was studied, which 
resulted in the description of the Kv1.3-Kv1.5 heterotetramer [74]. KCNE4 was described in 
2003 to greatly inhibit Kv1.3, as well as Kv1.1 [168]; and later identified to be expressed in 
macrophages, a cell type whose precursor is also the monocytes [198-200]. 

Kv1.3 has been described to possess glycosylations on N228NS and N229ST, which are 
two residues present on the S1-S2 linker of rat Kv1.3 (or 278 and 279, respectively, for 
human) [201]. This two glycosylations, together with other post-translational modifications 
could explain the two different bands on the CY15 Kv1.3 (mouse). Human Kv1.3 is 50 amino 
acids longer, which supports the Jurkat Kv1.3 band being higher than the superior CY15 band. 
Dislike CY15, Jurkat Kv1.3 only showed a single band, suggesting that these glycosylations 
have a very high prevalence in human T lymphocytes.    

Regarding the electrophysiological activity of the cells, results were consistent with 
previous studies. CY15 cells exhibited both less overall activity when normalized by the area 
of cell membrane (capacitance) and less C-type inactivation. The reduced activity could be 
caused by dendritic cells expressing both KCNE4 and Kv1.5: proteins which actively interact 
and partially inhibit Kv1.3 [198, 200]. As commented before, C-type inactivation is a 
characteristic property of Kv1.3 and is mostly minor in Kv1.5. Thus, it’s normal for Kv1.3-Kv1.5 
heterotetramers to show a reduced C-type inactivation [200]. 

Finally, margatoxin (MgTx) is a specific blocker for Kv1.3. The almost total inhibition of 
Jurkat cells by MgTx would suggest that the channel expression of T-cells is mostly composed 
of Kv1.3. On the other side, CY15 cells are only half-blocked, suggesting a higher expression 
of channels, at least opening in the voltages assessed [74]. This result is consistent with the 
expression of Kv1.5 in dendritic cells, as Kv1.3-Kv1.5 heteromeric channels have been 
described to compromise the pharmacological responses in macrophages [138]. 

Recent studies have suggested that MgTx is not as selective for Kv1.3 as it was considered 
before [202]. MgTx has a high affinity for Kv1.3 (Kd = 11.7 pM), but also for Kv1.2 in a slightly 
lower range (Kd = 6.4 pM). Kv1.1 is also inhibited by MgTx, albeit with a much lower affinity 
(Kd = 4.2 nM). Thus, from a pharmacological point of view, the possibility of Jurkat expressing 
Kv1.1 or Kv1.2 could not be ruled out. In fact, it has been recently described the expression 
of Kv1.1 channel in normal human CD4+ helper T cells and its activation of a non-canonical 
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pathway of the NFκB [203]. As Kv1.1 and Kv1.3 are able to tetramerize, at least in the brain, 
the study of Kv1.1 in T-cells and its relationship with Kv1.3 would be recommended [204]. 

Finally, the blockage of channels in both Jurkat and CY15 caused a small and non-
significant increase in cell capacitance. Cell capacitance is directly proportional to the area of 
the membrane (roughly 1 µF/cm2) [205]. Kv1.3 is implicated in volume regulation; thus, even 
not being significant, this result would be expected [101]. 

Regarding the heterologous expression, both Kv1.3 and Kv1.5 showed a higher molecular 
weight compared with the native cells due to them being translated with a YFP tag (~25 KDa). 
Also, consistent with the profile of Kv1.3 in CY15 (mouse), our Kv1.3 construct (rat) also 
showed a shift in molecular weight due to the glycosylations.  

As it would be expected, Tandem 1.3-1.5 showed a molecular weight very similar to the 
sum of the proteins that compose it: Kv1.3, Kv1.5 and YFP. Moreover, similar to Kv1.3, 
Tandem 1.3-1.5 shows a little shift in molecular weight, which could be due to Kv1.3 
glycosylations.  

Tandem 1.3-1.5 was detected using either of the three antibodies for its components. 
Notably, the tandem is easier to detect when using the Kv1.5 antibody than the Kv1.3 one. 
Antibodies for Shaker channels typically target the C-terminal domain, as it is the most 
divergent region for channels of this family: transmembrane domains are almost totally 
identical, and the N-terminus is dominated by the conserved tetramerization domain. Thus, 
it comes to no surprise that the antibody for Kv1.3 has less affinity for the tandem, as the C-
terminus of Kv1.3 could be masked by the N-terminus of Kv1.5 in the Tandem construct. 
Finally, as the GFP antibody is able to detect all three proteins with an acceptable affinity, it 
was used as the primary antibody both for immunoblot and immunoprecipitation. 

From a functional point of view, Kv1.3 exhibits a 3-fold higher peak current than Kv1.5. 
This result is consistent with Kv1.5 impaired membrane traffic due to its lack of the YMVIEE 
signal [47], as well as Kv1.5 having a lower conductance (8 pS) than Kv1.3 (13 pS) [206]. The 
heteromeric channel formed by Tandem 1.3-1.5 shows a peak current similar to Kv1.5. In 
previous studies, the shift in voltage dependence or the pharmacology of the heteromeric 
channel was assessed, but the activity was not meticulously compared [74]. The Kv1.5 
fraction of the tandem retains it intracellularly to the levels of Kv1.5, greatly limiting the 
capacity of the channel to generate currents. Besides, other mechanisms like a decrease of 
the proportion of the channel which arrives to lipid raft microdomains [89], or the 
impairment of post-translational modifications [201] should be further assessed, as they are 
events with important effects on the channel function. 

Regarding other electrophysiological properties, it seems apparent that Kv1.3 is activated 
at more electronegative values than Kv1.5 and Tandem 1.3-1.5. This result was already 
described in past studies [74], where the 1:1 ratio heterotetramer shows an intermediate 
phenotype between Kv1.3 and Kv1.5. In this case, however, the Tandem 1.3-1.5 functions 
very similarly to Kv1.5. This could be caused by the former experiments being performed in 
co-transfection models, which freely permits the formation of Kv1.3 and Kv1.5 
homotetramers, even taking into account that the ratio of transfection on a cell basis is 
indeed 1:1.  
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Concerning C-type inactivation, Kv1.3 (80%) showed it in a much higher degree than Kv1.5 
(30%), as indicated in past studies [3, 156]. If the effect was summatory, the C-type 
inactivation of both channels on a 1:1 ratio would result in a 55% of inactivation: far away 
from the 70% that the Tandem 1.3-1.5 shows. As such, the strong C-type inactivation of Kv1.3 
is mostly transferred to the Tandem 1.3-1.5, even at a 1:1 ratio. Between Kv1.3 and Tandem 
1.3-1.5, no differences were appreciated between the inactivation percentage after a pulse 
of 5 seconds, but the profile of said inactivation was slightly different. Kv1.3 rapidly 
inactivated during the first second to the maximum value, while Tandem 1.3-1.5 gradually 
inactivated for four seconds to arrive to its maximum value. This is consistent with Kv1.5 
exhibiting a much slower C-type inactivation. 

The cumulative inactivation is a similar case, as no differences can be observed between 
Kv1.3 and Tandem 1.3-1.5 after 30 pulses, while Kv1.5 has an almost absent one. Once again, 
the percentage of inactivation of Tandem 1.3-1.5 (38%) is nearer Kv1.3 (50%) than Kv1.5 
(10%). Fitting the inactivation curves to the one phase decay equation corroborated this 
result, as both Kv1.3 and Tandem 1.3-1.5 shared the K and displayed similar half-life and Tau, 
pointing to them having similar inactivation dynamics. On the contrary, Kv1.5 displayed a 
much slower and less potent cumulative inactivation [151, 207]. 

In past studies, it was described how the association with Kv1.5 provoked Kv1.3 to be 
intracellularly retained, but the extent was not quantified [89]. In the present work, both by 
microscopy and biochemistry it is proven that Kv1.5 is able to impair Kv1.3 membrane 
expression significantly. There were no significant differences between the Tandem 1.3-1.5 
and the co-expression of Kv1.3 and Kv1.5, suggesting that normal interaction or being 
artificially linked do not differ in the capacity of Kv1.5 to retain the complex. This result is also 
supported by the fact that Shaker channels tend to multimerize even before being inserted 
in the membrane [38, 39]. 

When immunoprecipitating Kv1.3 in CY15 cells, Kv1.5 and KCNE4 are also pulled down. 
This feat indicates that Kv1.3 is able to interact with both of them in dendritic cells. The 
formation of the Kv1.3-Kv1.5 heterotetramer had already been described in native models in 
the past [74, 207], but not in dendritic cells. By confirming this interaction in dendritic cells, 
the use of this cell line as a model to study the heterotetramer seems logical. While the 
interaction of KCNE4 had been assessed in heterologous models before [110, 198], this is the 
first time that it has been shown in native immune cells. Even though Kv1.3 is able to interact 
with both protein, this result does not support the formation of the tripartite hetero-
oligomer. Also, it is impossible to differentiate if KCNE4 is interacting with Kv1.3 or Kv1.5, as 
some research groups disagree about whose protein does KCNE4 interact with [110, 168, 
174]. 

When pulling-down the alpha subunits in heterologous expression, it seemed apparent 
that KCNE4 is indeed able to interact with Kv1.3, regardless of it being alone, interacting with 
Kv1.5, or in tandem. KCNE4 cannot interact with Kv1.5, at least in the current model, contrary 
to what was discussed in previous studies [174]. In that study, mouse KCNE4 was able to 
interact with human Kv1.5 and provoke a potentiation of peak current. In comparison, other 
two parallel studies with human and rat Kv1.5 were unable to detect interaction or functional 
effect from mouse KCNE4 [110, 198]. The only difference between these studies stems from 
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the former using CHO (Chinese Hamster Ovary) cells, while the latter ones used HEK 293 cells. 
Being different kind of immortalized cells, it could well be that Kv1.5 is unable to interact 
with KCNE4 by itself but depend on a third-party molecule to do it. This could explain why 
KCNE4 has an effect on one cell type and another in a different one. 

This theory is corroborated when assessing the activity and traffic of the constructs with 
and without KCNE4. KCNE4 reducing Kv1.3 activity has long been described, both by affecting 
the channel gating and by impairing its membrane targeting  [110, 168]. The lack of 
interaction between KCNE4 and Kv1.5 is also replicated, as no effect can be appreciated on 
function or traffic of the channel [110]. Nevertheless, the addition of KCNE4 to the Tandem 
1.3-1.5 had notable effects, as the interaction did not inhibit its current like Kv1.3 but 
potentiate it. This is not caused by a modification of the channels presence in the membrane, 
but the presence in lipid raft microdomains should be assessed, as it could also explain the 
increase in activity. This results are similar to those reported when KCNE4 interacted with 
Kv1.5 [174]. The current results suggest that Kv1.3 could serve as a platform for Kv1.5 and 
KCNE4 to interact. 

On a functional level, similar results were attained in CY15 cells when they had their 
KCNE4 expression knocked-down. Contrary to the effect on Kv1.3, less KCNE4 resulted in a 
higher peak current in dendritic cells. This corroborates the results from heterologous 
expression and also presents a paradigm change in the way ion channels are studied. KCNE4 
can have different roles on Shaker channels depending on the heterotetramer composition: 
Kv1.3 alone is inhibited; Kv1.5 alone is unaffected; and Kv1.3 with Kv1.5 get potentiated. This 
opens up the possibility of different ratios having different degree of effects, or 
heterotetramers with different channels having totally non-predicted effects when affected 
by specific β subunits. This, in fact, expands the possibilities of the combinations (thus, of the 
phenotypes) by a huge margin. 

On the other side, KCNE4 is retained on specific intracellular regions when co-transfected. 
Kv1.5 and KCNE4 do not interact in HEK 293 cells. When looking at the immunoprecipitation 
experiments carefully, it can be appreciated that KCNE4 expression is lower when co-
expressed with Kv1.5. This could suggest that, as Kv1.5 is retained in the ER, saturating it; less 
KCNE4 can effectively be expressed and it’s accumulated in the Golgi instead. 

In parallel, Kv1.5 is able to interact with KCNE1. Such interaction had already been 
suggested in a published article from almost fifteen years ago [166], but the topic was not 
looked upon until recently. In that work, KCNE1 interaction with Kv1.5 was assessed, as Kv1.5, 
like Kv7.1 and KCNE1, is a cardiac channel. Unfortunately, this interaction was not discussed 
in that work albeit being the first description of such event. 

In the present work, this interaction was assessed again compared with a positive (Kv7.1) 
and negative (Kv1.3) controls. Both experiments reported the positive immunoprecipitation 
with Kv1.5, while the controls also functioned as expected. This confirms the interaction 
between Kv1.5 and KCNE1, both of which are expressed in heart myocytes. 

This interaction has notable effects on the Kv1.5 channel, as its peak current gets a 2-fold 
increase when co-transfected in HEK 293 cells. This effect is not replicated when co-
expressed with KCNE3, a β-subunit which does not interact with Kv1.5. 
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When analysing the G/GMAX graphics for Kv1.5, some interesting differences are found 
when the channel is co-expressed with KCNE1 and KCNE3. KCNE1 has already been 
established as interacting and modifying Kv1.5, but nothing seemed to indicate that KCNE3 
is able to interact with Kv1.5, even less modify it. A recent article has described that KCNE3 -
/- mice suffer from hyperaldosteronism-caused atrial fibrillation [208]. In that work, no 
proves of direct interaction were provided and is defended the theory that the atrial 
myocytes of KCNE3 -/- mice exhibited an augmented peak current from 4-aminopyridine 
sensitive Kv1.5. This increase, nevertheless, is postulated to be caused by a subcellular 
reorganization of the Kv1.5 channels, and not by KCNE3 changing Kv1.5 electrophysiology by 
direct interaction. Thus, no effects were to be expected from KCNE3 and this possible 
interaction should need to be further explored by immunoprecipitation and confocal 
microscopy. 

Kv1.5 has a mostly intracellular phenotype with some membrane arrival. On the other 
side, KCNE1 is intracellularly retained even more than Kv1.5. When co-transfected, both 
proteins get dragged by the other one, so Kv1.5 is dragged more intracellularly, while KCNE1 
shows a slightly better membrane presence. Unlike Kv1.3, though, these differences do not 
follow the dominant or dominant-negative relationship of KCNE4.  

Moreover, KCNE1 interaction also seem to have an effect on the channel’s traffic to lipid 
raft microdomains. Kv1.5 is able to arrive to lipid raft microdomains when transfected into 
HEK 293 cells. When co-transfected with KCNE1, though, this lipid raft targeting gets 
impaired; possibly by the previously described intracellular retention or by additional 
mechanisms. Kv1.5 relationship with lipid raft microdomains has been widely studied and 
debated, as they served as important platforms for ion channels in cardiomyocytes. Some 
studies in transfected mouse fibroblasts suggested that Kv1.5 preferentially localize to 
caveolae and lipid rafts [209, 210]. In more recent works it has been described that Cav-3 
recruits Kv1.5 from non-lipid raft regions onto caveolae, thus modifying its gating [211, 212]. 
Among these studies, it was described the potentiation of Kv1.5 current in atrial myocytes 
when treated with MCD (Methil-cyclo-dextrin), a compound which binds and chelates 
cholesterol from the cell [213]. Without cholesterol, lipid raft microdomains disappear, thus 
Kv1.5 locates back to non-lipid raft microdomains. More studies must be conducted 
regarding the Kv1.5-KCNE1 interaction, but for the time being, the bibliography supports the 
peak current increase being caused by the delocalisation from lipid raft microdomains. 

Regardless, neither of these results rule out the possibility of KCNE1 potentiating Kv1.5 
activity by provoking a conformational change. The interaction between KCNE1 and Kv7.1 is 
still being deciphered, but some studies point towards KCNE1 packing the S4 domain of the 
channel or hindering its movement [214-216]. Other studies also point to KCNE1 interacting 
with the pore region of the channel [166, 217-219]. Kv1.5 shares very few residues with 
Kv7.1, as they have a 16% homology. Therefore, it is difficult to extrapolate this finding in 
Kv7.1 to Kv1.5. In fact, the S4 domains only share the arginine residues, characteristic of 
voltage-sensing domains. On the contrary, the pore domain is very conserved between all K+ 
channels and could explain the convergent effect in both channels (Annex I). Regardless, too 
many residues in the rest of the channel are different for this causality relationship to be 
established. Also, being so conserved in all K+ channels, this effect on the pore could also be 
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extrapolated to a plethora of different channels. In conclusion, more experiments should be 
conducted on this topic to detect the location of this interaction and its exact effects.  

This interaction is relevant to Kv1.5 in heart physiology, but it can also be significant in 
other physiological systems. In fact, KCNE1 was firstly cloned in Jurkat T-cells simultaneously 
with Kv1.3 [91]. As already exposed, Kv1.5 is mostly expressed in antigen-presenting cells in 
the immune system, but its presence in T lymphocytes should not be underestimated. Thus, 
in T lymphocytes we can find Kv1.3, Kv1.5, KCNE4 and KCNE1. Although the typical dancing 
partners are Kv1.3-KCNE4 and Kv1.5-KCNE1, the interaction between KCNE4 and a Kv1.3-
Kv1.5 heterotetramer has already demonstrated the physiological importance of the 
heteromultimeric complexes. KCNE1 could have a different effect on Kv1.3-Kv1.5 
heteromers; or could have a different effect in conjunction with KCNE4; or they could even 
compete for the association to the channel. Thus, more experiments must be conducted to 
characterise these multimeric interactions. 

The role of the C-terminal domain in Shaker channels have long been discussed, as it is 
one of the most divergent regions in the family [35, 220]. As the rest of the channel tends to 
be homologous between isoforms, most of the differences in regulation reside in this specific 
region. One of such regulation signals is the YMVIEE sequence in some of the Shaker 
channels, which enables the anterograde trafficking to the membrane [47]. This sequence is 
a si ne qua non condition for Kv1.3 and Kv1.4 to have acceptable membrane expression. Also, 
said sequence is implicated in the interaction of Kv1.3 with KCNE4, which consequently 
impairs Kv1.3 traffic [110]. 

In the current work a new role of the C-terminus is presented. When the C-terminal 
domain of Kv1.3 is swapped by the one of Kv1.5, and vice versa; it is unable to elicit normal 
currents. Resulting currents are abysmally low, while the shape of the pulse is aberrant. Also, 
this change in the C-terminus results in an abnormally low membrane trafficking of the 
channel, which could explain the dysfunctional currents. 

Surprisingly, co-transfection of both chimaeras results in a total recovery of membrane 
presence to the levels of Kv1.5 and a partial recovery of function higher than the sum of the 
separated chimaeras. These results point us towards the C-terminal domains of each channel 
recognizing the rest of the channel and that step being mandatory for a correct trafficking 
and activity. 

Previous works with Kv channels analyse the interaction of the C-terminal region of S6 
with the S4-S5 linker [221, 222] which results in a key movement transfer for the gating of 
the channel. Regardless, no interactions have been described before between the C-terminal 
domain of Kv with the rest of the channel. 

The S4-S5 chimaeras (3-3-5-5 and 5-5-3-3) further supported the C-terminus contacting 
with another region of the channel, specifically the S4-S5 linker or the pore domain. These 
chimaeras have normal membrane expression for Kv1.5 standards and show an activity 
comparable to thus of wild type channels once normalized by their membrane expression. 

By looking closely to the channel topology, the only regions of the channel which are 
exposed to the intracellular media are the N- and C-terminal domains, the S2-S3 linker and 
the S4-S5 linker. When assessing the interaction between the C-terminal domain and the S4-
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S5 linker in the 5-5-3-3 mut link chimaera it seemed apparent that this mutant resulted in no 
functional differences in comparison with the 5-5-3-3 chimaera. 

Discarding the S4-S5 linker from the interaction, no additional domains are left in the 
intracellular face of the protein. The only additional region which differs from Kv1.3 and Kv1.5 
is the P-loop. Two small sequences are different in Kv1.3 and Kv1.5: The Turret region and 
the SS6 region. By generating new mutants, though, the SS6 region is also discarded, as no 
differences can be appreciated from the original chimaeras.  

Finally, the Turret region is the only one not yet assessed in the described experiments 
and it represents the main hypothesis of the C-terminal interactions. Nonetheless, the C-
terminal domain of Shaker channels have been described to be intrinsically disordered 
regions [223, 224]. Intrinsically disordered proteins tend to be amorphous or glomerular 
when not interacting with any other protein. When interacting with a substrate or being 
modified, though, intrinsically disordered proteins adopt a defined structure which can hide 
or expose determinate residues or active regions [225-227]. By following this logic, it could 
be that the swapped C-terminal domain, not being able to interact with the other regions (N-
terminus, S4-S5 linker, pore domain), simply remains in an intrinsically disordered form, 
which gets detected by the quality controls of the cell, thus retained or degraded. This 
hypothesis is consistent with the 1.3Ct1.5 and 1.5Ct1.3 chimaeras having less membrane 
expression and activity. It also would explain why the traffic and activity is recovered when 
there is a region available from the same channel as the inserted C-terminal. 

Even though this last theory seems logical, more work must be done to arrive to a definite 
conclusion in that regard. 

As already discussed, Kv1.3 is one of the main actors in immune activation. This channel 
has its dynamics altered by association with KCNE4 or Kv1.5. Kv1.5 is also able to be modified 
by KCNE1, another protein present in T lymphocytes. Being in close interaction to one 
another, a slight modification of one of them could affect the totality of the cell. 

Thus, these genes were sequenced in patients of Multiple Sclerosis to check for 
polymorphisms. More than 20 polymorphisms were found and amongst them, some were 
highlighted for their importance. 

• rs1058284 is located in the exon of gene KCNA3, 3’ of the codifying region. Some 
differences can be appreciated between the frequencies in the samples (T:G, 
0.083:0.917) and the ones from the 1000Genomes project of the IBS population (T:G, 
0.321:0.679). On the other side, it has been described a higher susceptibility to 
autoimmune pancreatitis associated with allele T on Japanese population [228]. This 
autoimmune disease presents a similar origin to other autoimmune diseases like 
Multiple Sclerosis. Nevertheless, our results indicate a higher G proportion, not T. 
Thus, further assessments should be performed to conclude anything. 

• rs3215042 is a polymorphism located in the most 3’ region of KCNA3 and consists in 
a GG indel. In this case, differences between the samples (--:GG, 0.917:0.083) and the 
IBS population (--:GG, 0.67:0.321) can be found. It is also noteworthy that this 
polymorphism is located a few nucleotides away from the polyadenylation region 
Hs.169948.1.3 (Annex H and J). 
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• Rs12621643 is a polymorphism located in the second exon of KCNE4 that results in 
an amino acid change between D and E in position 145, in the cytoplasmic face of the 
protein. While the D form of this polymorphism seems to have a higher interaction 
with Kv1.3, it also seems to modify the effect of KCNE4 on Kv1.3 from inhibition to 
potentiation. A study already established a similar effect of these two polymorphisms 
on Kv7.1 [229]. In that study, the 145D form potentiated Kv7.1; while the 145E form 
inhibited the channel. Even though Kv1.3 and Kv7.1 are both Kv channels, their 
homology is very low aside from the pore domain (15% total match in a protein 
alignment, Annex I). Moreover, KCNE4 interacts with Kv1.3 in a domain which is not 
even present in Kv7.1, thus the comparison between the two channels in regard to 
the effect of KCNE4 is difficult to assess. On the other side, a molecular dynamics 
model of the Kv1.3-KCNE4 interaction does not seem to locate the polymorphism in 
a position which could interact with the rest of KCNE4 or the Kv1.3 channel. As it is a 
mathematical model and the C-terminus of Kv1.3 is described to be intrinsically 
disordered [224], it could interact in vivo, but this is as far as the model can predict. 
Regarding other genetic association analyses, the T allele (D) have been linked to an 
increment of the likelihood of suffering childhood acute lymphoblastic leukaemia 
[230]. As Kv1.3 is implicated in the activation and proliferation of such cells, a higher 
current could facilitate the replication of cancer cells. On the other side, a genetic 
analysis from Russian residents of Western Siberia genetically associated a higher 
frequency of the G genotype (E) with a higher incidence of allergic rhinitis [231]. The 
results of this last study differ from the ones described in the present work, but as 
already defended during all the discussion, different types of cells could react 
differently depending on the proteins they express. 

• rs1805127 is another polymorphism which results in amino acid change: in this case, 
between S and G in position 38 of KCNE1, located in the extracellular face. This amino 
acid position is located inside a β-turn and, although Glycine is more flexible than the 
Serine, this does not seem to affect the electrophysiological effect of KCNE1 on Kv1.5. 
KCNE1, with 38S as well as 38G, interacts with Kv1.5 and potentiates its current and 
shows no additional effects on activation dynamics. In previous works, the 38G form 
had been genetically linked to atrial fibrillation [232, 233] in different populations. 
This effect of the KCNE1 polymorphism could be due to its interaction with Kv1.5 or 
Kv7.1, though. Also, the effect of KCNE1 on the Kv1.3-Kv1.5 heterotetramer, which 
remains to be assessed, should not be underestimated. 
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6. CONCLUSIONS 
 

1. The association of Kv1.3 and Kv1.5 define the electrophysiological properties of 
immune cells. Cells with high Kv1.3/Kv1.5 stoichiometry, such as T lymphocytes, show 
a phenotype similar to Kv1.3, while the low Kv1.3/Kv1.5 ratio of dendritic cells results 
in intermediate phenotypes. 

2. The properties of Kv1.3-Kv1.5 heterotetramer merge specific features from the two 
subunits. While fixed to a 1:1 stoichiometry, the resulting channel shows similar 
activity and traffic to Kv1.5 homotetramer, but the channel inactivation 
characteristics emulate those of the Kv1.3 homotetramer. 

3. C-terminal domain interaction is needed for a proper function of Kv channels. 
Swapped C-terminus greatly impairs traffic and function of Kv1.3 and Kv1.5. 
However, the restitution of the S5-S6 domain to the channel partially rescues the 
function. 

4. Kv1.5 modifies the effect of KCNE4 on Kv1.3. While KCNE4 impairs Kv1.3 traffic and 
function, it potentiates the activity of the Kv1.3/Kv1.5 complex without modifying the 
traffic. 

5. KCNE1 binds to Kv1.5. KCNE1 potentiates the activity of Kv1.5 without affecting the 
channel gating. Besides, the association of KCNE1 and Kv1.5 displaced both subunits 
out of lipid raft microdomains. 

6. Sequencing of Kv1.3, Kv1.5, KCNE1 and KCNE4 in multiple sclerosis patients reported 
two notable SNPs: KCNE1 S38G, which exerted no apparent effects on Kv1.5; and 
KCNE4 D145E, which shows some promising effects on Kv1.3. 
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8. ANNEXES 

A. FLOWCHART OF GENELUTE™ PLASMID MINIPREP KIT 

 
Annex A: Flowchart of the protocol of GenElute™ Plasmid Miniprep kit for the purification of Plasmid DNA from bacteria. 
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B. FLOWCHART OF PURELINK® GENOMIC DNA KIT 
 

  
Annex B: Flowchart of the protocol of PureLink® Genomic DNA kit for the purification of Genomic DNA from eukaryotic cells. 
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C. FLOWCHART OF ATP™ GEL/PCR DNA FRAGMENT EXTRACTION 
KIT 

 

 
Annex C: Flowchart of the protocol of ATP™ Gel/PCR DNA fragment extraction kit for the purification of agarose-embedded 
DNA. 
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D. QUIKCHANGE LIGHTNING SITE-DIRECTED MUTAGENESIS KIT 
PROTOCOL 
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ANNEXES 

140 
 

 
Annex D: Protocol of the QuikChange Lightning Site-Directed Mutagenesis Kit. 
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E. PIERCE™ CELL SURFACE PROTEIN ISOLATION KIT PROTOCOL 
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Annex E: Protocol of the Pierce™ Cell Surface Protein Isolation kit. This protocol functions by binding biotin to extracellular 
tertiary amines, which later get captured by the Neutravidin beads. This way, transmembrane proteins get isolated from 
cytoplasmic ones.  
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F. PRIMERS FOR GENE SEQUENCING OF SAMPLES OF MULTIPLE 
SCLEROSIS PATIENTS 

  
Annex F: Primers used for the sequencing of Multiple Sclerosis patients. A: KCNA3; B: KCNA5; C: KCNE1; D: KCNE4.  
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G. GENES AND RELATIVE POSITION OF SNPS 
 

  
Annex G: Schematic representation of the studied genes and the relative position of found SNPs. Size of gene bars and the 
location of SNPs are proportional to the real sequence. A: KCNA3; B: KCNA5; C: KCNE1; D: KCNE4. For all the genes, grey 
represents 5’ or 3’ UTR, white represents introns, and lighter colours represents the coding sequence. A: KCNA3 gene. B: KCNA5 
gene. C: KCNE1 coding exon. As KCNE1 presents long intron sequences and alternative splicing, we decided just to sequence the 
coding exon. D: KCNE4 gene. The lighter coloured region only represents the short form of the KCNE4 protein [234].  
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H. GENOTYPED SEQUENCES OF KCNA3, KCNA5, KCNE1 AND 
KCNE4 

Genotyped sequences of human KCNA3, KCNA5, KCNE1 and KCNE4. Sequences were 
downloaded from ENSEMBL database (https://www.ensembl.org/index.html). Gene regions 
are coloured or highlighted depending on their nature. 

 

Colour codes: 

5’ upstream / 3’ downstream  Non-coding exon  

Polymorphism     Coding exon   

Amino acid-changing polymorphism  Intron 

miRNA target     Poly-adenylation region 

    

 

KCNA3 
cccgagagcgggacgcgcgcccgcgcggtgggcgggaatcctaaggggacGCGGAGGCGGGCGCGCGC
CCCGCAGGGGAGGGGGCGGAGAGCGCGAGAAGGAGGGAGGAGGCGTCCCCGTGCGGGAGCCCGGCTGA
CCGCGCCAGACCCAGACAGAGCATCGCGGCTTTGGCTGCAACAGGCGGTGGGCTCGGCTCGGGGGCGG
AGGCGGCGAAAGGGCGGGGAGCGCGAGGAGGAGCGACCTGGCCTCACCGCTGCCGCCTCTTCCCCGCC
GCATGGACGAGCGCCTCAGCCTTCTGCGCTCGCCGCCGCCGCCCTCAGCCCGCCACCGCGCCCACCCT
CCTCAGCGCCCAGCGAGCAGCGGCGGTGCCCACACGCTGGTGAACCACGGCTACGCGGAGCCCGCCGC
AGGCCGCGAGCTGCCGCCCGACATGACCGTGGTGCCCGGGGACCACCTGCTGGAGCCGGAGGTGGCCG
ATGGTGGAGGGGCCCCGCCTCAAGGCGGCTGTGGCGGCGGCGGCTGCGACCGCTACGAGCCGCTGCCG
CCCTCACTGCCGGCCGCGGGCGAGCAGGACTGCTGCGGGGAGCGCGTGGTCATCAACATCTCCGGGCT
GCGCTTCGAGACGCAGCTGAAGACCCTTTGCCAGTTCCCCGAGACGCTGCTGGGCGACCCCAAGCGGC
GCATGAGGTACTTCGACCCGCTCCGCAACGAGTACTTCTTCGACCGCAACCGGCCCAGCTTCGACGCC
ATCCTCTACTACTATCAGTCCGGGGGCCGCATCCGCCGGCCGGTCAACGTGCCCATCGACATTTTCTC
CGAGGAGATCCGCTTCTACCAGCTGGGCGAGGAGGCCATGGAGAAGTTCCGCGAGGACGAGGGCTTCC
TGCGGGAGGAGGAGCGGCCCTTGCCCCGCCGCGACTTCCAGCGCCAGGTGTGGCTGCTCTTCGAGTAC
CCCGAGAGCTCCGGGCCGGCCCGGGGCATCGCCATCGTGTCCGTGCTGGTCATCCTCATCTCCATTGT
CATCTTCTGCCTGGAGACGCTGCCGGAGTTCCGCGACGAGAAGGACTACCCCGCCTCGACGTCGCAGG
ACTCATTCGAAGCAGCCGGCAACAGCACGTCGGGGTCCCGCGCAGGAGCCTCCAGCTTCTCCGATCCC
TTCTTCGTGGTGGAGACGCTGTGCATCATCTGGTTCTCCTTCGAACTGCTGGTGCGGTTCTTCGCTTG
TCCTAGCAAAGCCACCTTCTCGCGAAACATCATGAACCTGATCGACATTGTGGCCATCATTCCTTATT
TTATCACTCTGGGTACCGAGCTGGCCGAACGACAGGGCAATGGACAGCAGGCCATGTCTCTGGCCATC
CTGAGGGTCATCCGCCTGGTAAGGGTCTTCCGCATCTTCAAGCTGTCGCGCCACTCCAAGGGGCTGCA
GATCCTCGGGCAAACGCTGAAGGCGTCCATGCGGGAGCTGGGATTGCTCATCTTCTTCCTCTTTATTG
GGGTCATCCTTTTCTCCAGCGCGGTCTACTTTGCCGAGGCAGACGACCCCACTTCAGGTTTCAGCAGC
ATCCCGGATGCCTTCTGGTGGGCAGTGGTAACCATGACAACAGTGGGTTACGGCGATATGCACCCAGT
GACCATAGGGGGCAAGATTGTGGGATCTCTCTGTGCCATCGCCGGTGTCTTGACCATCGCATTGCCAG
TTCCCGTGATTGTTTCCAACTTCAATTACTTCTACCACCGGGAGACAGAAGGGGAAGAGCAATCCCAG
TACATGCACGTGGGAAGTTGCCAGCACCTCTCCTCTTCAGCCGAGGAGCTCCGAAAAGCAAGGAGTAA
CTCGACTCTGAGTAAGTCGGAGTATATGGTGATCGAAGAGGGGGGTATGAACCATAGCGCTTTCCCCC
AGACCCCTTTCAAAACGGGCAATTCCACTGCCACCTGCACCACGAACAATAATCCCAACTCTTGTGTC
AACATCAAAAAGATATTCACCGATGTTTAATATGTGATACAAGTGACATGCTGTGCTCAGTATTGTGT
GGAACGTGCCCCCTTGGTCTGCCTATGCCCTTGTTTTATACATTTCCAGACCATTCATCAAGGAAAGG
ACCTGAAGAAGTGGAAAGCACACTTCATTCTCCCTCTCCCTGCTGCTTCATACTGAAACAGGTGCCTG
TTTTGCAAGTGGGCTGCATTCTCTCAGCTCTCCTTTTCCCTCTTACCCTCTCTCTCTKAACATTGTAA
ACAACAGACTTACGTTAAACTTCATTTCTAGTACACGCCCTATTTAAAAAAGAGCAGTACATCCTGGG
AGGAAATGAAACTAAAGAACAGTTAGAGTAACTGTTTAACCTCAGAATTTTAAAGGCAGTTGTTTCTT
TCCTAAGCACATCAATTCGTAGTAAATGATGCTTCGGTTTGATGGACCTTTCAACGTTATTTATTGAA

https://www.ensembl.org/index.html
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TATGTATTTCGGTTGCCTACCCTGTAGATATGTGGATGAAGAGTCTAACTAGAATAATGACTTGTAAA
CCCACCATGAGTTATTTGGTTTTTGACTTAAATTCCTATTTGAATCCCCTTTCCCGGAATTTTAAGTG
TCTCTACAACTTTGAATAAAGGGAAATGCCC[--/GG]AAGATGTCCTGATCTGACTAATTAGTTTAA 
TTCTTTCGGGCTTGCTAAGCATTTCTAAAGCATTAGACTAACAGATTCCTGTGAAGTTCTGTGCATAT
GTCCCAGCCCCAACAACTATCAAAGTCTAGAAACAGATGTTTTCAGTGTTGCTGAGAGAAACAAAAAA
TTTCCTAATGCATCTGAGAGATAAGCTTCGGCAGTATCACAAGAAGATTAAAGTGGCAGACACCCCTT
CCAGCGGAAGTTACTAATTCGGACCTGACTGATGCAGTTTCCATAGCAACCCATGTTTCCTGGGAAAC
CCGAAAAAGGTTGTCATGGCATCTCTTGCTCTCTAGCCCCACCTCCCAGCCCCTGCCGTTTCCACAGT
AACCTTTCCAGATGGTTCCTACTTAAATGATTTCATAAGGAAAACCACTGTTTGAATAAGCCGCACAA
AAAATAAAGTTAAGTCTGAGACTCTAAGGAGGTGAAATGAATCCCAAATGCATTTTTTAACTATGAAA
ATCATTATGTCATTCCATAATGACTGAATCAAGGAGGAAAATATGGTGTTTGGAATGTTAGATATTAA
CCACAATAAGGCATGATCTGGATTAAATGCCATTTATTAGGCAATAATTTTTAAAGATGCTTCTCTAC
AGTTTTCTTTCTCCAAGAACTTTCAAGCCAACAAATGAAATTTAAAAGCAAATGTAAAAGTGTTCTGT
ACATAAGCAAATGAGAGATTCGATCAGTGTGCCTGAAACCTTACTACAAGGGACCTTCAGGCTTTCTC
TTTaaaaaaaaaaatacagatcccacaacagctctgtcatcatcacagcactt 

 

KCNA5 
cggcgcagccagagaggggcggctgaaggttgcatctgctggaaggaggcTTTTCGGCTGCTTGGTAA
CGGGCTGCCAGAAGAGAGAGAGGCAGAGAGCAGGGCAGCGGCTTYTTGACGTCAGGGCCAAGCGAGGG
GATCGCGCCAGCAACCCCAGCTCTCCCCAGAGAGGGGCCGGCCGACCGCTGGAGCGGAGCCTGACGCC
AGGCGCCCGCGGAGCGTGAGTAGGGGGCGCGGGAGCCGGTCAGCTGGGGCGCAGCATGCCCTCTGCTC
CCGCGCCATGGAGATCGCCCTGGTGCCCCTGGAGAACGGCGGTGCCATGACCGTCAGAGGAGGCGATG
AGGCCCGGGCAGGCTGCGGCCAGGCCACAGGGGGAGAGCTCCAGTGTCCCCCGACGGCTGGGCTCAGC
GATGGGCCCAAGGAGCCGGCGCCAAAGGGGCGCGGCGCGCAGAGAGACGCGGACTCGGGAGTGCGGCC
CTTGCCTCCGCTGCCGGACCCGGGAGTGCGGCCCTTGCCTCCGCTGCCAGAGGAGCTGCCACGGCCTC
GACGGCCGCCTCCCGAGGACGAGGAGGAAGAAGGCGATCCCGGCCTGGGCACGGTGGAGGACCAGGCT
CTGGGCACGGCGTCCCTGCACCACCAGCGCGTCCACATCAACATCTCCGGGCTGCGCTTTGAGACGCA
GCTGGGCACCCTGGCGCAGTTCCCCAACACACTCCTGGGGGACCCCGCCAAGCGCCTGCGCTACTTCG
ACCCCCTGAGGAACGAGTACTTCTTCGACCGCAACCGGCCCAGCTTCGACGGTATCCTCTACTACTAC
CAGTCCGGGGGCCGCCTGCGGAGGCCGGTCAACGTCTCCCTGGACGTGTTCGCGGACGAGATACGCTT
CTACCAGCTGGGGGACGAGGCCATGGAGCGCTTCCGCGAGGATGAGGGCTTCATTAAAGAAGAGGAGA
AGCCCCTGCCCCGCAACGAGTTCCAGCGCCAGGTGTGGCTTATCTTCGAGTATCCGGAGAGCTCTGGG
TCCGCGCGGGCCATCGCCATCGTCTCGGTCTTGGTTATCCTCATCTCCATCATCACCTTCTGCTTGGA
GACCCTGCCTGAGTTCAGGGATGAACGTGAGCTGCTCCGCCACCCTCCGGCGCCCCACCAGCCTCCCG
CGCCCGCCCCTGGGGCCAACGGCAGCGGGGTCATGGCCCCGCCCTCTGGCCCTACGGTGGCACCGCTC
CTGCCCAGGACCCTGGCCGACCCCTTCTTCATCGTGGAGACCACGTGCGTCATCTGGTTCACCTTCGA
GCTGCTCGTGCGCTTCTTCGCCTGCCCCAGCAAGGCAGGGTTCTCCCGGAACATCATGAACATCATCG
ATGTGGTGGCCATCTTCCCCTACTTCATCACCCTGGGCACCGAACTGGCAGAGCAGCAGCCAGGGGGY
GGAGGAGGCGGCCAGAATGGGCAGCAGGCCATGTCCCTGGCCATCCTCCGAGTCATCCGCCTGGTCCG
GGTGTTCCGCATCTTCAAGCTCTCCCGCCACTCCAAGGGGCTGCAGATCCTGGGCAAGACCTTGCAGG
CCTCCATGAGGGAGCTGGGGCTGCTCATCTTCTTCCTCTTCATCGGGGTCATCCTCTTCTCCAGTGCC
GTCTACTTCGCAGAGGCTGACAACCAGGGAACCCATTTCTCTAGCATCCCTGACGCCTTCTGGTGGGC
AGTGGTCACCATGACCACTGTGGGCTACGGGGACATGAGGCCCATCACTGTTGGGGGCAAGATCGTGG
GCTCGCTGTGTGCCATCGCCGGGGTCCTCACCATTGCCCTGCCTGTGCCCGTCATCGTCTCCAACTTC
AACTACTTCTACCACCGGGAAACGGATCACGAGGAGCCGGCAGTCCTTAAGGAAGAGCAGGGCACTCA
GAGCCAGGGGCCGGGGCTGGACAGAGGAGTCCAGCGGAAGGTCAGCGGGAGCAGGGGATCCTTCTGCA
AGGCTGGGGGGACCCTGGAGAATGCAGACAGTGCCCGAAGGGGCAGCTGCCCCCTAGAGAAGTGTAAC
GTCAAGGCCAAGAGCAACGTGGACTTGCGGAGGTCCCTTTATGCCCTCTGCCTGGACACCAGCCGGGA
AACAGATTTGTGAAAGGAGATTCAGGCAGACTGGTGGCAGTGGAGTAGGGAATGGGAGGCTTGCTGAA
CATGGATATCTACATTATACCGCAGAGTATTTGAAGTCACACTGTAACCTCAGTCTACCCCTCTCCTT
TCACTCCTTTCCTCCCTCCCTCGATCCCCCCATTTTCTCTATTCTTTCCATGACACCCAAGGGTCGCC
TATTTTTAAAAAGTACCACATTCCATGACGCAGGAGCTGTGGAAATGGTGAGCGCTGTGAGATGGATG
TATTTGTAGCCAGTCTCCTATACCCAGCAGAGGGATAACCCAAACAAAAATGACTCTAAATAGCCCAG
ATCCCAAGAGATTATGTAACTCCTCCATCCATGTGTTCCAAATTTGCTTTACATATGATTGTATTTGT
GTATAGGGGAAAATATTATTTTTATGCCTGGTAAGTGGCTTTTTGTACTGTAGTTCAGATAGAGATAT
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TTTGGGTATATTTTCAAGATACATGTTGTATTTATGGAAGAAAGWGTTGTCCTGATGTTTTTCTGTGT
TACTTATATTAGAGTCAGAGATCTTGGTATGGGCTGTTCTGTTTCCTGTGTCTCCAAGCCTCTGTCTT
TTCTGGGATGTGGTATTGGTGCTTTGTGTCTAGGGCAGAGTATGTTCTTGAAGAAAGGCAAATCTGAC
TTTTTCTGTGCGCCTTAAACAATTCTTGTAACTTTCTTCAAAAAGCATTTTAATGATATTGGAGGAAT
ACTTCTGATAATTTATTGTCTTTATTTTTATCCCAGGAAATAAAAGGTTACCTTGTTGAggcaagtgt
tagtttttctgcagctgatacattttctgaaatttttaaaa 

 

KCNE1 
AGGTGTGCCTGGGAAGTTTGAGCTGCAGCAGTGGAACCTTAATGCCCAGGATGATCCTGTCTAACACC
ACAGCGGTGACGCCCTTTCTGACCAAGCTGTGGCAGGAGACAGTTCAGCAGGGTGGCAACATGTCGGG
CCTGGCCCGCAGGTCCCCCCGCAGCRGTGACGGCAAGCTGGAGGCCCTCTACGTCCTCATGGTACTGG
GATTCTTCGGCTTCTTCACCCTGGGCATCATGCTGAGCTACATCCGCTCCAAGAAGCTGGAGCACTCG
AACGACCCATTCAACGTCTACATCGAGTCCGATGCCTGGCAAGAGAAGGACAAGGCCTATGTCCAGGC
CCGGGTCCTGGAGAGCTACAGGTCGTGCTATGTCGTTGAAAACCATCTGGCCATAGAACAACCCAACA
CACACCTTCCTGAGACGAAGCCTTCCCCATGAACCCCACCACTGGCTAAAACTGGACACATCCTGCCT
GGCAACCTGATTTTCTAATCACATTCCTCTCATACTCTTTATTGTGATGGATACCACTGGATTTCTTT
TTGGCTGTTGTAAGGGGTGRGGGGTGGATTAATGACACTGTTTCACTGTTTCTCTAAAATCACGTTCT
TTTGTGATAGACTGTCAGTGGTTCCCCCATATCTGTCCCTGCCTTGCTAAATTTAGCAGAATCCCTGA
GGACATGGCCTCTGAGAATAGCAGCTGCATTTCCCAGACTCCCTTGCAGCTAGCAAGGTTGTGTGACT
AAGCCCTGGCCAGTAGGCATGGAAGTGAAGACTGTAATGTCCAAGTAATCCTTGGAAAGAAAAGAACG
TGCCCTTAACTAACTTTGTCCTGCTTCCCAGTGGCTGGATGTGGAGGAGGTGGAGAGCAGTTATGAGA
CTGGGAAAGAAYGGGGCACTCAAAGAGCCACACACATCTGGGCCTGGGCGACGTGGATCCTCCTTACC
ACCCACCAGGCCAGATTTACAGGAGAGAGAAATCCACTCCACTCTTCCTTAAGCCACTGTTATTCTGA
TCTCTGTTAAGGTCGCAGAATCAATGCCCTTACTGATACACCTACCTTATAGGACTGAACCTAAAGGC
ATGACATTTCCATACTTGTCACAAGCACACACTGATTCTGCCCTTGTCACTTCTGTGCTCACTCTTGT
GGCTCTATCCTCCTCCTGCCCTTCCGCCTTCCACTCCTCCCTTGCACCCATCCTGCACACATCTCCCT
GAAAACACACAGGCACATACACTCATATACATAGACACACATACACACCTCAATCTAGAAAGAACTTG
CTTTGTACAGGGCTGAGATGGAGGAGAAAAAAATGCCCCCTTCAGAATGCATACCAAGGGGAAGGTGC
TCGGTCACTGTGGGAGCAGGGAAAGGTGCCCCCACTCCCCGAGAGCCAGGGGAAGGAGTGGCTCTGGG
CAGAGAGGGACACATAGCACTGGGGTGGCAGGTCCTTTTGAGGTGATGGGCCGGTTTTGTGAGATGAA
TTGTATCCCCCMAAAAGACAGGTACCTTCAATGTGACCTAATTGGGAAATAGAGTCTTTGCAGATGAT
CTAGTTGAGATGAGGTCATTGGGGTGGGCCCTCACCCAATATGACTGGAGTCCTTATCGGAAGAGGGA
AATTCAGACACAGATGCATAGGGAGGRCACCATGCCGTGACAGAGGCAGAGGGTGCAGTGACACAGCC
ACAAACCAAGGAAGGCCGAGGATGGATGCGCATCCCCATCCCAAGAAGTCGGGAAGAAGCCAGGAAGG
CTCCTCTCCYACAGGTTTCAGAGGAAGCACAGCCCTGCTTGAATTCAAACTTTTGGCCTCCAGAACTG
TGAGTCAGTACCTGTTGTTGAAGCCACCCAGCTTAGGATACTCTGGCAGCCTACTGCCATACAGTATT
GGGATACTATAGTGAGCCCATGCAGCACCTCTCACCCACCCAGAGATGGAGCTGCTCTGCCTTCCAGC
GGGGCACCCGGAGG[-/G]CTGCCCCAGCAGATAGAGAGGGCCTCCGTTCTGCCACCT 
GCCTTGAAAGGGTCTCCAGCTGCCATATGTAGCATTGGAGTCCTCTGCAATGCGACATCCTGAAAGCT
CAGCTGCCTGGGCATTCCTGAAGAGTATGGAATATTTAAATGAAACATATTTTTTTAAAACCTGCGCA
TAAGATAAAAGCAGCCCGTGTGCATCTTGGGCCATCCTCAAATGGACAGACTTGGTCTTGTGAGGTTC
CAGTCCTTGTTTCACATAATAAACACTGGCATGGCTCAGCCCCTGAGTTACCACAGTCCTTGAGATGA
GTGGTTCTTTGGGTTACAAAGTCCTCTGAAAGTCTAGTGAGAGCTGTGATCTTTGCCCCACCCGAATA
ATGCATATGGACACCACACCTTGCCTGCCGTGTCCAGGATTCATGACCAGTAGCAGCCCAGCTATGCC
TGCCACGTCTCAYGGCCCCTGTGTAAGCCAGACCCTTCTTAGGCAGTTGCATATTCCCAGACTGAGGC
AGGGCAGGTTTGCAGAGAGAGACCCAGAGTGCACGTGACCCGCAGTGTGATCCCTGGCACGCACTGAC
TTTGATATTCCAGGCACACGGACTGGCTATTTATCACCACTTCTTTTTCCCCACTAAGATTCCTGTGC
CTTTTAAGGCAGAGGGAGATCCCTATGGCGTTAGTCTTCCCAGGCCTTAAAGGGCCCTTGTCTTCACT
CACAAACCTCTTATCTCTTCTTCTCCTTCCTCTACATTTTAAAGGGGGAGAGGGAAAAGTAACCGGGA
GACAAATTGAGCCACATATTTTCAGACACTTGTTACCATATTTTAAAATCTGGCTTCACATACACAGA
GTCTTTGCTATGCACCATGTACTGTTCTAAGCTTCTTAAAAATAGAATCTCAATTATTRTTTTGCAGG
CAATACTCTRTGCATTCATTAGCTAGGACAACAATGCATTTGCAGTAGTGAGATTTCGCTAAAAAATT
AAAGCCATTTACTATGA 

 

KCNE4 
agttccttgactgtaaatcccgcacttgcttccaactgtctttcatccagATTATGGGATTCAGCTGC
CTCTGAAAACCTGTAGCCCAATAATGGTTATTCCCCAGGAGCCGCGCGAAGCATGAGCTAATTTTCAG
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TGAGCGCGGACTTTGGGGTAACGGTTCCAGCACAGCACATCCCTTTCTCCTCTTTTCACTCATCRTCA
CCGCTACCTGAAAACCCTGGCCGGGTGCTGGGGCTTGAGGAGCAGTTCCCACTTCCCAGTCTTTTTCA
CTTTTCACAGCTGCAAAGTTCAGGGAGTTGAACTGCAGTGCTTTCAGTTCACTGCTCACTCTGCCACG
ATCAATCTCTGTTGTAAATTTTCCTCCCAGAGCACGTGACGATGCACTTCTTGACTATATATCCCAAC
TGCAGCAGCGGAGTTGTCAGAGCGCAGAGCCGGACAGAGCAGAAGAACCCTCTTGGACTGGACGATTT
GGGAATTCAAAACTTGGGACAAACTGTCAGCCTTGgtaagtcagcaaggctacactttgctttcagaa
acatttgaaagagggacatttttgccaattaatagatgaatttttttcctttattttcttcctgcttt
tctttgttctaaggaaacattgttttgaatttaaaatagtttggttttggaaacacaatgtaaacttt
gtttctgctcagttaaaatacgtttcccagttttaaagatactatttactgtatgctcctgtcttaca
ttgattttttttttaatcaaagtaatactgctcactacaaacaggacaaatgtgtacactaaaaaaaa
aaaaaaaagtccttcttacttttcccagtgaaccttcccgggcttctctcccgtgcactccaagccct
catagctcactcttgtcagctgtttggcgaaccctcttatgctatttctttcatgcacttttaagctt
ttttggtattgcagttccacaaacctcgtgctcccccacctccctgtgcccaggacctgggggagagt
tctaacctgcggctttttccccagCCCCTGCTGTGGAGGCAGCCTCAATGCTGAAAATGGAGCCTCTG
AACAGCACGCACCCCGGCACCGCCGCCTCCAGCAGCCCCCTGGAGTCCCGTGCGGCCGGYGGCGGCAG
CGGCAATGGCAACGAGTACTTCTACATTCTGGTTGTCATGTCCTTCTACGGCATTTTCTTGATCGGAA
TCATGCTGGGCTACATGAAATCCAAGAGGCGGGAGAAGAAGTCCAGCCTCCTGCTGCTGTACAAAGAC
GAGGAGCGGCTCTGGGGGGAGGCCATGAAGCCGCTGCCBGTGGTGTCGGGCCTGAGGTCGGTGCAGGT
GCCCCTGATGCTGAACATGCTGCAGGAGAGCGTGGCGCCCGCGCTGTCCTGCACCCTCTGTTCCATGG
AAGGGGACAGCGTGAGCTCCGAGTCCTCCTCCCCGGACGTGCACCTCACCATTCAGGAGGAGGGGGCA
GACGAKGAGCTGGAGGAGACCTCGGAGACGCCCCTCAACGARAGCAGCGAAGGGTCCTCGGAGAACAT
CCATCAGAATTCCTAGCACCCCCGGGACCCCTGCSGGTGGCTCCATCAGCCAGCAACCTTAGAGAGAG
GAAAGACAGTTTTCAAGTGTCTGGTTTCACTTTCACAGTGCGGCTGCCACTTTGAAGAGACCCTTGGT
AAACCCCTGATTCGGGGTGGGGTGGGGGACTAGGCTCAGCCGGAACCAGCACCTCCAAGGAGTCCGGG
AGGTGCCTGTGGTTTGCACCCACCACTGAAAAAGCCGCGGAGATGCGCAGCGCGTACACTGACTTTGG
GGCCTGGGTGTTGGGGTTCTGATCAGAATTTGGCGGGATGATATGYTTGCCATTTTCTCACTGGATGC
CCTGGGTAGCTCCTGCAGGGTCTGCCTGTTCCCAGGGCTGCCGAATGCTTAGGACACGCTGAGAGACT
AGTTGTGATTTGCTATTTTGCCTAGAGCTTTGTCCTTCTAGATCTGATTGGCTGTAAGTATCTCTACT
GTGTACCTGTGGCATTCCTTCACAGTGGGTTACAAGCTTCTTTTGGATTAGAGGGGGATTTTTGATGG
GAGAAAGCTGGAGATCTGAACCCAGCCCATTTGCACACTATAAGAAAAAAAAGTAACTTTTAAACCTG
TTAACATTGGCCGGGGTTATAAGAGATGATCTTCTATTTTGACCTTTTGTCTAACTTATGACCTTGAA
CTCTGACCTGTGACCATGCAGCATCACATGATGGCATGACGTTCTTTGGATCAGAAGAGCTTCCCCAG
AATCTAACCTGCACTCCCGATGGTGGTTCAGGAGACTCTTCCTGATCTTTCTAGAAGGGGTAAAGTGG
GGTTGAACAAGGCCAAGCCGTTAGCTCTGCTGCTGCTCAGTTTCCCAGCCTAGTTTTCTGAGCTGGGA
GAGGACATAATGTGGTATTTCGTCACGTAGCTGAGACCTAGAAGGGCATACTCAGGCGGAGATTGCAC
AAAGCTGGGCTCCAAGTTCTGTGCTTCCTGATCCCGAGCCCTGACACTCATTTGCTGTGTGGTCCCGG
GCATGTCATCAAGAAGCTCGCTGTCTGCATGAGGCTCCCGACGATCTCCATCCCCAGGGGGTTGGGAG
GATGTCTTTAGATTTTAGGACTCTGTGATAAATATTCCACAGCCTGGTGTGAGGAAGCTTGGACCAAA
TGCTTCCCCTTTGGCYGGTTAGTCTGAACAAGGATCTGCTGATTTAAAGGAGCAGTTGGAGATTCAGA
ACACATATAACTGGGGAATTCAGGGCAAGCTACCAACCCAGCCCTGCTGTAGTTTTCCCAGGACTGAA
GGAAAGAGGCAGACACCACATTCTCCTCTGCAAAGTTCTCTGGAGAATGTGTGATGTTAACACTCCCA
GCTAAGGGAAAGCAAAGTCTAAAGGAAAACACACAGGAATGCTTCCAATGTCTCCAAGTATTCCTGTG
GTCAACAGTTTCGCAGATCCGTTAGGCCCTTAAAGACAAGGAGGAAGTAAAAGGTCAAATTTAAATCT
ATTTAAAAAAACTTTTAAAAAAATTATTTATTTATTATTATTTTTTATTTTTAAGACAGAATCTCGCT
CTGTTGCCCAGGCTGGAGTGCAGTGGTGCAATCTTGGCTCACTGCAACCTCCACCTCCTGGGTTYCAG
CGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAGGCGCCTGCCACCACGCCCRGCTAATTT
TTTGATTTTTAGTAGAGATGGGGTTTCGCCATTTTGGCCAGGCTGGTCTCAAACTCCTGGCCTTAAAT
GATCCTCCCACCTCGGCCTCCCAAAGTGCTGGGATTACAGGCATGAGCCACTGCACCCGGCCACTTTT
TTTTTTTTTAAAGAAAAATGCTCTGCATGGATTGGAGACACAGCAATAACTACTGTTGCCATGGAAGG
GTTAACAGTGTAGGAGCTGGTTTATCAGTCCGCTTTGACATACAGCTAAAGGAAATTTATGTTTGGGG
GAAAAAGGCCCTCTGTTCACTTTAAAATTCAGTGTGGACTTATGCCAAAGGGGGCTGTTTAAGTTGAA
AGAAGCCAAGTTAAGTTTGGCCTCTTGCCTGGAATCACTTGAATTCTGAAATTTCACTGCGACGGACA
TGTGCCTTGTCACATTTTCCATTGCTTAATCCTGAAGTTTGGTGCAAGTCTCTCTGCACCTATTAAAA
AGTGATGTATATACTTCCTTCTTATTCTGTTGAGTTGTATAGAATTGTCTTTTGTATTTAACACTTTG
TAATTTTCACAATATTTTTTAATTTAAATAAATAAACACATTTTTTCCCTCCTGGGAAGTCATGAAtt
ctttgtttgatttttcaatataattgttagtttcgaagacatcacaga 
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I. ALIGNMENT OF KV1.3 / KV1.5 / KV7.1 
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Annex I: Protein alignment between Kv1.3, Kv1.5 and Kv7.1 performed with the Sci Ed Central Clone Manager Suite 7 software. 
The scoring matrix used was BLOSUM 62. Mismatches are highlighted in orange. 
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J. GENE REGULATORY REGIONS IN KCNA3, KCNA5, KCNE1 AND 
KCNE4 

 

KCNA3 

 

KCNA5 

 

KCNE1 

 

KCNE4 

 
Annex J: Regulatory regions of studied genes. Genes KCNA3, KCNA5, KCNE1 and KCNE4 were browsed in the USCS Genome 
Browser (https://genome.ucsc.edu/), TargetScan (www.targetscan.org), and PolyA_DB databases 
(http://exon.umdnj.edu/polya_db/)  for the study of poly-adenylation sites and miRNA binding sites. Both observed and 
predicted sites are reported. Score represents the likeness of the predicted region being real: 100 is the maximum for miRNA 
binding regions, while 1000 is the maximum for poly-adenylation sites.   

 

 

https://genome.ucsc.edu/
http://www.targetscan.org/
http://exon.umdnj.edu/polya_db/
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