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ABSTRACT

Animal venom have always represented a highly valuable source of peptides and compounds
widely used since ancient times to serve several purposes and as a natural remedy to treat
human conditions in the medical practice of some cultures. In modern ages, several venom-
derived peptides have been included in the list of drugs currently used in medical practice
whereas others are under evaluation. The extraordinary power of those peptides is mainly
linked to their ability to target ion channels, that are often at the basis of several pathologies.
Those peptides have been extensively studied thorough the years and now the number of those
able to target ion channels have significantly expanded, including peptides derived from the
venom of unrelated species, as well as peptides derived from the venom of plants.

The voltage-activated K™ channel, Kv1.3, member 3 of the Shaker-related superfamily, is
regarded as a therapeutical target for the treatment of several autoimmune disorders that
involve T cells. The importance of K* channels in T cells is related to the regulation of Ca?*
signalling, essential to ensure T cells functions, and to the regulation of the membrane
potential. Kv1.3 is upregulated in the subset of T cells, the effector memory T cells (Tem), that
mediate several autoimmune conditions including multiple sclerosis (MS), diabetes mellitus
type-1 (DMT1), rheumatoid arthritis (RA) and many more. As such, inhibition of the channel
with specific inhibitors is regarded as a promising approach to treat those and other diseases.
A significant number of researches pointed out the attention on ShK toxin, derived from the
sun sea anemone Stichodactyla heliantus, as a potent blocker of Kv1.3 channel and currently,
an analogue of the toxin, is on clinical trials for the treatment of autoimmune conditions. ShK
is not the only example of toxin that can target the channel but certainly represent the progenitor
of the ShK-like toxins. ShK-like toxins include several toxins derived from different and
unrelated species that share a characteristic functional domain, comprising a six cysteines motif
and functional residues within the amino acidic sequence. More recently, toxins able to inhibit
Kv1.3 channel, have been found in worms belonging to the phylum of nematodes, cestodes
and trematodes. This research project is focused on the characterisation of two novel peptides
from the parasitic nematode Heligmosomoides polygyrus. The two novel peptides, SXCL-1
and SXCL-6, sharing a characteristic ShK-like domain, are a promising novel class of potent
Kv1.3 inhibitors. Using an electrophysiological approach including whole-cell patch clamp
and perforated patch-clamp we present the pharmacological and functional implications of
SXCL-1 and SXCL-6 on the voltage-gated K" channel Kv1.3 and we open up the possibility

to include those novel peptides to the increasing list of Kv1.3 blockers derived from worms.
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Chapter 1: Introduction



1.1 Background

The first observations regarding the electrical phenomena in tissues and nerve started with the
elaboration of the “animal electricity hypothesis” by the physicist Luca Galvani, based on the
first observations on the frog’s leg contraction. Galvani explained the electrical basis of nerve
impulse (Piccolino M., 2008), that will be investigated later on, by the physicist and
neurophysiologist Carlo Matteucci, who was the first to describe an outward current (defined
as injury current or demarcation current) in resting nerve and muscle (Seyfarth E.A., 2005).

In 1868, Julius Bernstein constructed a differential rheotome or current slicer (Hoff and
Geddes, 1957) in order to obtain a precise measure of the time course of electrical activity and
the conduction velocity in nerve muscle preparation (Carmeliet E., 2019). The observations
about the measurement of the electrical activity represent one of his major achievements
together with the formulation of the membrane hypothesis (Bernstein J. 1902; Bernstein J.
1912). Indeed, Bernstein proposed that the membrane of excitable cells is selectively
permeable to K* ions at rest conditions but, during excitation, becomes permeable to other ions.
Although the investigations conducted by Bernstein led to the description of the function of
the cell membrane, the composition, as we all know today, was still unclear. The first
description was elaborated around the end of 19" century from Meyer (1899) and Overton
(1901). In this proposed model, the lipids represented the main component of the membrane
(Meyer 1899; Overton 1901). Eventually, in 1972 a complete picture of the composition of the
membrane was described by Singer and Nicolson and defined as the “fluid mosaic model”
(Singer S.J. and Nicolson G.L., 1972). The role of ions in the excitability of nerve and muscle,
was defined in the early 1880s when, in a series of published papers, Sydney Ringer
demonstrated that the solutions that perfuse the heart of a frog contains salts such as potassium
(K*), sodium (Na*) and calcium (Ca*") in proportion (Ringer S., 1882 (a), 1882 (b), 1883 (a),
1883 (b), 1884, 1885; Ringer S. and Buxton D.W., 1887). Later on, in 1902, Overton
demonstrated the importance of Na® to generate muscle contraction, describing the events
during a nerve or skeletal muscle action potential (AP), an important postulate for the Hodgkin,
Huxley and Katz “lonic theory” (1947). According to Overton description, during an AP, the
external Na* is exchanged with internal K* in the period between the stimulation and the start

of contraction (Overton, 1902).

In 1939, Alan Hodgkin and Andrew Huxley in United Kingdom, and Cole and Curtis in the

United States of America, obtained the first measurement of the resting and action potential



(AP) on the axon of giant squid (Hodgkin A.L. and Huxley A.F, 1939; Cole K.S. and Curtis
H.J., 1939). In this delicate historical period, research was challenged and soon after the end
of the world war II, the Na™ hypothesis was confirmed (Hodgkin and Katz, 1949). The work
carried by Hodgkin and Huxley on the role of Na" during the action potential and the
involvement of ion channels, was worth the Nobel prize for Medicine in 1963 and represented
a fundamental moment for the studies on ion channels. Late in 1970s, the introduction of the
patch electrode by Erwin Neher and Bert Sakmann (Neher E. and Sakmann B., 1976 a) signed
a new era in the electrophysiology field, with the recording of current from single channel
(Neher E. and Sakmann B., 1976 b). This accomplishment gave to Neher and Sakmann the
Nobel prize award in 1991.

The exceptional progresses in genetics and molecular biology, conveyed to the description of
the first structure of the subunits forming the nicotinic acetylcholine receptor (nAch) (Noda et
al., 1983 a, b), followed by the description of the structure of the two voltage-gated channels,
Na" (Noda et al., 1984) and K* (Kamb et al., 1988; Pongs et al., 1988; Tempel et al., 1987).

These remarkable discoveries represent milestones in the field of ion channels and contributed
significantly to increase the understating of the structure and the functions of these proteins in

the cells.



1.2 Ton Channels

Ion channel are considered fundamental elements in excitable cells, responsible for excitation,
generation and propagation of electrical signals in the nervous system (Hille B., 2001) and
important contributors to cell signalling and homeostasis (Sigg D., 2014).

These integral membrane proteins possess a characteristic aqueous pore, which undergo
conformational change in the structure, allowing the transit of ions. The conformational change
can occur in response to specific environmental stimuli such as voltage, ligand concentration,
temperature, membrane tension and many more (Hille B., 2001). When channels are open, they
enable ions to cross the cell membrane (Hille B., 1978) in both directions, inside and outside
the cell (Hille B., 1978). This movement is driven by thermal agitation and electrical field in
the membrane (Armstrong, 1975) (Figure 1).

Ion channels are found in the membrane of both eukaryotic and prokaryotic cells and share two
common properties, defined as selectivity and gating (Hille B., 2001). Selectivity represent a
crucial parameter for electrical excitability in biological membrane and is essential for the
generation and propagation of action potential (AP) (Benoit R., 2017). This property enables
the channel to select the ionic species that can flow within the pore. For this reason, for
example, potassium channels present a specific selectivity sequence of K'~ Rb"™> Cs™, low
permeability for the smallest alkali metal ions Na* and Li*, and very high permeability for K*
(Doyle D.A. et al., 1998). Another important feature of ion channel is the gating. Gating refers
to the mechanism that governs the conformational transitions of the channel between the closed
state and the open state. These transitions occur in response to some specific stimuli, either in
the form of chemical transmitter and other agents, or in response to changes in the voltage of

the membrane (Hille B., 1978).



Figure 1. Cartoon representing ion channel in the main status closed (A) and open (B). When the
channel is open a flux of ions can be observed due to conformational changing occurring in the pore

region. Changes can occur in response to different stimuli.

Based on their gating properties, ion channels can be classified into voltage-gated (or voltage-
activated) and ligand-activated channels. The voltage-activated ion channels require a change
in the membrane potential to be activated (Hille B., 1978). Sodium (Na") channels, that support
the initiation and propagation of electrical signals in excitable tissues such as muscle, heart and
nerve (George A.L. Jr., 2005); potassium (K*) channels, that contribute to the repolarization of
the cell membrane (Kim D.M. et al, 2016) and calcium (Ca®") channels that, by finely
contributing to the Ca®* signalling cascade, sustain a variety of Ca?" dependent cellular events
(Wu . et al., 2016), are paramount examples of voltage-gated channels.

The ligand-activated channels, also known as ionotropic receptors, regulates the gating
properties in response to the binding of specific ligands to the extracellular domain of the

protein (Collingridge G.L. et al., 2009; Lev B. et al., 2017). The binding causes a total



conformational change in the protein structure that determine, subsequently, the opening of the
pore (Lev B. et al., 2017). Examples of ionotropic receptors include the nicotinic acetylcholine
receptors, S-hydroxitryptamine 3 (5-HT3), y-aminobutyric acid A (GABA A), glycine,
ionotropic glutamate and P2X receptor families. These ionotropic receptors are involved in fast
synaptic transmission (Collingridge G.L. et al., 2009). Furthermore, activation and inactivation
of the ligand-activated channels, can be regulated by second messengers. This is the case of
the cyclic nucleotide-gated channels (CNG), which activation is related to the cyclic
nucleotides, guanosine 3, 5-cyclic monophosphate (¢cGMP) and adenosine 3’, 5'-cyclic
monophosphate (CAMP). The CNG channels play a pivotal role in visual (Yau K.W. and
Baylor D.A., 1998) and olfactory (Zufall F. ef al., 1994) transduction signals. They present a
different selectivity to the cyclic nucleotide depending on their physiological role (Zagotta

W.N. and Siegelbaum S.A., 1996).

The advancement of technology significantly contributed to reach a better understanding of the
structure and function of ion channels. The advances made in molecular genetics conveyed to
the cloning of individual channels and the sequencing of entire genomics (Hille B., 2001).
Resolving the primary structure of the channels, represented a fundamental step to achieve a
fully understanding of the channel properties, enabling not only to unravel the amino acidic
sequence, but also to elucidate the transmembrane topology of the channels (Benzanilla F.,
2008 a). The first sequence of the subunits forming the nicotinic acetylcholine receptor
(nAchR) from Torpedo californica (Noda M. et al., 1983 a, b) was obtained in 1983 followed,
one year later, by the sequence of the voltage-gated Na* channel from the electric organ of the
eel Electrophorus electricus (Noda M. et al., 1984). Few years later, the primary sequence of
the Shaker K* channel from a mutant of Drosophila, was also described (Kamb A. et al., 1988;
Pongs O. et al., 1988; Tempel B.L. et al., 1987). In the 1990s, Mackinnon and colleagues
described the first potassium channel from the bacterium Streptomyces lividans (KcsA) (Doyle
D.A. et al., 1998). The bacterial potassium channel (KcsA) is composed by four subunits
assembled around a central pore; each subunit presents two transmembrane segments and a P
region which form the selectivity filter (del Camino D. and Yellen G., 2001). At present,
numerous families and subfamilies of ion channels have been described and their physiological

role within the cells have been elucidated.



1.3 Potassium channels

The family of the potassium channels is the most numerous, with genes encoding the channels
found in both eukaryotic and prokaryotic (free living bacteria and archaea), except some
parasites (Kuo M.M. et al, 2005). Potassium channels conduct K* ions across the cell
membrane according to the electrochemical gradient for K* (Mackinnon R., 2003). The
movement of potassium ions across the membrane is essential for numerous biological
processes, such as cell volume regulation, hormone secretion and electrical impulse generation
in excitable cells (Hille B., 2001). In particular, in excitable cells, K* channels are involved in
the regulation of skeletal and cardiac muscle contraction (Abbott G.W., 2020). It is reasonable
to differentiate the potassium channels according to the way they gate. Based on their gating
differences, the channels present also different structural domains. The voltage-gated
potassium channels, which require changes in the voltage of the membrane to be activated, are
equipped with a specific integral membrane domain, called the voltage-sensor domain (VSD),
that senses the voltage differences across the cell membrane (Benanzilla F., 2008; Sigworth
F.J., 1994). The ligand-gated channels require the binding of a ligand to modulate their gating
and therefore, they have cytoplasmatic or extracellular domains where ligands can bind
(Mackinnon R., 2003). One characteristic shared by potassium channels, regardless of how
they regulate their gating, is a high conservative sequence of eight amino acids, known as the
“K* channel signature sequence” (TXXTXGYG) (Heginbotham L. et al, 1994). This
sequence, found within the pore region of the channel, forms the selectivity filter and is
responsible for K" channel highly efficient conduction (Kuang Q. et al, 2015). In fact,
mutations occurring in this sequence cause a disruption in the selectivity filter that dramatically

reduces the selectivity of the channel (Heginbotham L. ez al., 1994).

In general, potassium channels can be divided in three broad classes according to their structure
and function: two transmembrane domains (2TM), four transmembrane domains (4TM) and
six transmembrane domains (6TM). Furthermore, potassium channels are also classified into
four superfamily based on their permeation and gating properties: the voltage-gated potassium
channel (Kvs), the calcium-activated potassium channel (Kca), the inward rectifier (Kir) and

the background (K2P).



1.3.1 The two transmembrane domain channels (2TM)

The inwardly rectifier potassium channels represent a large family of potassium channels
divided into at least six subfamilies (Kirl.x to 7.x) (Nicholson C.G. and Lopatin A.N., 1997).
The term “inwardly rectifier” is associated with the characteristic way of the channels to
conduct current, originally defined “anomalous rectifier” (Katz B., 1949), because opposite to
the outward rectification seen in other channels (Nicholson C.G. and Lopatin A.N.,1997). In
fact, at hyperpolarizing membrane potential, the channels conduct a greater flow of K" ions
into the cell more than outside, thus generating an inward rectification (Hibino H. et al., 2010).
The rectifier nature of the conductance is caused by the voltage-dependent block of the channel
by polyamines and Mg?* ions (Ficker E. et al., 1994; Taglialatela M. et al., 1995; Yang J. et
al., 1995 a; Oliver D. et al., 1998; Ruppersberg J.P., 2000). The inward rectifier channels are
usually grouped into strong and weak rectifier. The first group of channels, the strong rectifiers,
is found mainly in excitable cells such neuronal and muscle cells (Ki;2 and K;:3), where they
contribute to the regulation of the membrane potential and modulation of AP (Hille B., 1992).
The weak rectifier channels, instead, are mostly involved in K* homeostasis (Ki.1, Ki4 and
Ki:5) (Zangerl-Plessl E.M. et al., 2019).

Kir channels are also involved in the regulation of the vascular tone, heart rate, renal salt flow
and insulin release (Minor D.L. et al., 1999). The expression of the inwardly rectifier potassium
channels is wide. Channels are expressed in cardiac myocytes (Beeler G.W. et al., 1970;
Kurachi Y., 1985; McAllister RE and Noble D., 1996;Noble D., 1965; Rougier O. et al., 1968),
neurons (Brown D.A. et al., 1990; Gdhwiler B.H. and Brown D.A., 1985; Lacey M.G. et al.,
1988; North R.A. et al., 1987; Takahashi T., 1990; William J.T. ez al., 1998), blood cells (Lewis
D.L. et al., 1991; McKinney, L.C. and Gallin, E.K.,1988), osteoclasts (Sims S.M. and Dixon
S.J.,1989), endothelial cells (Silver M.R. and DeCoursey T.E., 1990), glial cells (Kuffler S.W.
and Nicholls J.G.,1966; Newman E.A., 1984; Kofuji P. et al., 2002) and epithelial cells (Greger
R. et al, 1990; Hebert S.C. et al., 2005; Lorenz J.N. et al., 2002; Lu M. et al., 2002).

From a structural point of view, K- channels share a typical two transmembrane (2TM)
arrangement (Figure 2). They are formed by four a-subunits arranged in a tetrameric complex
(Glowatzki E. et al, 1995; Yang J. et al, 1995 b). Each a-subunit comprises two
transmembrane segments (M1 and M2) connected by an extracellular forming region (HS5),
with both N- and C- termini at the cytoplasmatic side (Hibino H. et al., 2010). The selectivity

filter of the channels lays in the HS5 region (Heginbotham L. et al., 1994) and present the



signature sequence T-X-G-Y(F)-G, a common feature among all the potassium channels
(Bichet D. et al., 2003). The channels do not show the very well conserved S4 segments,
classically detectible in the structure of voltage-gated channels such as Na®, Ca** and K*
(Hibino H. et al,, 2010). K;; channels are able to form heteromeric and homomeric channels by
assembling with other subunits thus enhancing the diversity among the channels (Hibino H. et

al., 2010).
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Figure 2. Characteristic topology presented by Kir channels (2 TM). o-subunits are formed by two
transmembrane domains (M1-M2) connected by an extracellular loop. Both N-terminal and C-terminal

are found within the intracellular side.

Considering the widespread expression of K channels, it is not surprising that alterations in
the homo- or heterotetrametric channels, result in disorders that involve several organs and
tissues. Examples are Bartter Syndrome (Koulouridis E. and Koulouridis 1., 2015), associated
with a loss-of-function mutation of Kirl.1 (Zangerl-Plessl E.M. et al., 2019); Andersen-Tawil
syndrome (Nguyen H.L. et al., 2013), resulting from a loss-of-function mutation of Kir2.1 that
induces periodic skeletal paralysis, development of skeletal abnormalities and biventricular
tachycardia (Zangerl-Plessl E.M. et al., 2019); SeSAME syndrome (Seizures, Sensorineural
deafness, Ataxia, Mental retardation and Electrolyte imbalance) also known as EAST syndrome
(Epilepsy, Ataxia, Sensorineural deafness and Tubulopathy), associated with a loss-of-function

mutation of Kir4.1 (Reichold M. et al., 2010; Scholl U. et al., 2009; Sala-Rabanal M. et al.,



2010), and many more. There are also several evidences that link alterations in Kj: channels to
several CNS diseases such as white matter diseases, epilepsy and Parkinson (Neusch C. et al.,

2003).

1.3.2 The four transmembrane domain (4TM)

The two-pore domain channels or, simply, K2P channels, include fifteen members encoded by
fifteen genes (KCNKXx), divided into six subfamilies: TWIK, TREK, TASK, THIK, TALK and
TRESK (Goldstein S.A. et al., 2001; Goldstein S.A. et al., 2005).

TWIK1, the prototypical of K2P channels family, has been identified in 1996 by Lesage and
colleagues (Lesage F. et al., 1996 b) and since then, all other members have been identified.
The two-pore domain channels are found in yeast, plants, zebrafish, nematode and fruit fly
(Goldstein et al., 2001). They play an important role in excitable and non-excitable cells,
generating the so-called leak or background current (Enyedi P. and Czirjak G., 2010), which
is fundamental for the regulation of the resting membrane potential (Lesage F. and Lazdunski
M., 2000; Goldstain S.A. et al., 2001; Lotshaw D.P., 2007; Enyedi P. and Czirjak G. 2010).
Ideal background currents are not voltage dependent (Enyedi P. and Czirjak G., 2010) and,
differently from the voltage-gated channel where P, strictly depends by the variation in the
membrane potential, the P, in those channels is the same at all membrane potential (Enyedi P.
and Czirjak G., 2010). The gating of the K2P channels is independent from the membrane
potential variations (Fink M. et al., 1996; Lesage F. et al, 1996 b; Duprat F. et al., 1997).
However, recently, Schewe and colleagues demonstrated that some K2P channels show a
strong voltage-dependent activation, but the mechanism underlying this feature still remain
unsolved (Schewe M. et al., 2016). The two-pore domain channels are regulated by a broad
spectrum of stimuli: mechanical force, polyunsaturated fatty acids (PUFAs), volatile
anaesthetics, acidity/pH, pharmacological agents, heat and signalling events such as
phosphorylation and protein-protein interaction (Braun A.P., 2012). Recently, the
mechanosensitive TRAAK channel, was found to be activated by ultrasound with a mechanism
that directly involve the lipid membrane (Sorum B. ez al., 2021). K2P channels show a different
structural arrangement compared to other tetrameric channels, with two pore domains associate

to function as a dimer (Niemeyer M.I. et al., 2016). Each K2P subunit, consists of four

10



transmembrane segments (M1-M4), two pore forming domains and both N- and C- termini

within the cytoplasmatic side (Zufniga L. and Zuiiga R., 2016) (Figure 3).
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Figure 3. Representation of the four transmembrane topology shared among the K2P channels
family. M1-M2 form the first pore domain and are linked by an extracellular loop; the second pore
domain (M3-M4) is linked to M1-M2 by an intracellular loop. Both N-terminal and C-terminal are

found within the cytoplasmatic portion.

A peculiarity in the structure of the K2P channels is the extracellular loop extended between
the segment M1 and P1, that forms the so-called “self-interacting domain” (SID) (Lesage F. et
al., 1996 a). This domain is vital for the channel dimerization (Lesage F. et al., 1996 a) and
might play a role also in the channel regulation (Morton M.J. ef al., 2003; Morton M.J. et al.,
2005; Doring F. et al., 2006). This extracellular loop is arranged into a helical cap that form
the ion conduction pathway, mediating the passage of ions (Brohawn S.G et a/., 2012; Miller
A.N. and Long S.B., 2012) and is stabilized by disulphide bridges established between cysteine
residues at the top of the cap (Feliciangeli S. et al., 2015). Indeed, the loop M1-P1 contains a
cysteine residue in position 69 (Cys69), involved in the formation of covalent bridge between
two subunits, and possibly significant for the stability of the dimer (Lesage F. ef al., 1996 a).
However significant, this Cys69 residue is not conserved among all the K2P channel members,
such as TASK and THIK (Zuniga L. and Zuniga R., 2016). In 2016, work conducted by

Goldstein and colleagues, elucidated the presence of the cap structure also in the K2P channels
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that does not have the cysteine residue (Cys 69) within the M1-P1 link (Goldstein M. ef al.,
2016). Overall, K2P channels preserve a similar structure, although is possible to point out
some differences in the structural organization. In TASKI1 and TASK3 is noticeable the
absence of disulphide bonds in the cap structure (Feliciangeli S. et al., 2015) whilst TRESK
present a long intracellular M2-M3 loop, which act as a regulation site (Eneydi P. et al., 2012;
Feliciangeli S. et al., 2015).

The two-pore domain channels are regarded as pharmaceutical targets for the treatments of
several conditions (Mathie A. et al., 2020) including pain and migraine (Mathie A. and Veale
E.L., 2015; Mathie A., 2010), CNS disorders such as stroke, depression and epilepsy (Mathie
A. and Veale E.L., 2007), pulmonary hypertension (Ma L. ef al., 2013; Cunningham K.P. et
al., 2018), atrial fibrillation (AF) (Schmidt C. et al., 2017) as well as cancer (Mu D. et al.,
2003; Alvarez-Baron C.P. et al., 2011).

1.3.3 The six transmembrane domain (6TM)

The voltage-gated potassium channel family, otherwise simply indicated as Kv (Shaker-
related), includes twelve families (Kv1.x to Kv12.x) and counts the higher number of members
among the potassium channel families (Tian C. et al, 2014). Kv channels present the
characteristically six transmembrane domains (6 TM) topology, comprising of four a-subunits
arranged around a central pore. Each of the four a-subunit contains six o-helical segments (S1-
S6) and P-loop, comprising the extracellular S5-P linker, a pore helix containing the signature
sequence TVGYG and the extracellular linker P-S6 (Doyle D.A. et al., 1998). The voltage
sensor domain (VSD), composed by the S1-S4 segments, is linked to the pore domain (Jiang
L. et al., 2003) (Figure 4). The a-subunits of the channels, can further assemble with other
subunits to form functional hetero-tetramers. This is the case of the Kv1, Kv7 and Kv10 family,
where the oi-subunits can form hetero-tetramers with different subunits within the same family
(Gutman G.A. et al., 2005). Furthermore, a-subunits can assemble with accessories $-subunits
(Pong O. and Schwarz J.R., 2010) that can modulate the properties of the channel (Tian C. et
al., 2014).
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Figure 4. Six transmembrane (6TM) topology characteristic of voltage-gated K" channels.
Segments S1-S4 constitute the voltage-sensor domain (VSD) and are linked to the pore domain (S5-
S6) via internal loop. S4 is responsible for sensing the majority of the voltage changes. Both N-terminal

and C-terminal are intracellular.

Three main domains are identifiable for the voltage-gated potassium channels: the voltage
sensor domain (VSD), composed by the segments S1-S4; the conduction pathway, represented
by the segments S5-S6; and one or more gates (Barros F. et al., 2012).

The segment S4 within the voltage-sensor domain, is a highly conserved structure (Lee et al.,
2005; Long S.B. et al., 2005 a, b) that carries basic residues every third position (Arg and Lys)
(Catteral W.A., 2010) and is regarded as the major contributor to the movement of the charges
during the opening and/or closing of the channel (Seoh S.A. et al., 1996). At resting potential
these residues are located within the cytoplasmatic side of the membrane but, following
depolarization, the residues move in direction of the electrical field, reaching the extracellular
side of the membrane (Mannuzzu et al., 1996) thus initiating the activation process (Catteral
W.A., 1986 a,b; Guy H.R. and Seetharamulu P., 1986).

The pore domain (PD) is constitute by two a-helical segments, S5-S6, connected by a re-
entrant P-loop. The pore region forms the selectivity filter of the channel and contains, in the
narrowest portion, the highly conserved sequence, T-M-T-T-V-G-Y-G (Heginbotham L. et al.,
1994). The segment S6, lays at the intracellular side and form the intracellular gate (Yellen G.
etal, 1991; Liu Y. et al., 1997; Doyle D.A. et al., 1998; Yellen G., 2002).

In general, Kvs channels present three gates: a) activation gate, located at the cytoplasmatic
side, at the end of the segment S6; b) the pore or selectivity gate, represented by the selectivity
filter itself; ¢) the inactivation gate (Yellen G., 1998; Yellen G., 2002; Barros F. et al., 2012).
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K™ channels are expressed in both excitable and non-excitable cells. They play a pivotal role
in several physiological processes such as synaptic transmission, muscle contraction and
hormone release (Sandhiya S. and Dkhar S.A., 2009). In the early 80s, work carried by De
Coursey and colleagues on T lymphocytes, elucidated the involvement of K* channels in cell
proliferation (De Coursey T. E. et al., 1984; Matteson D.R. and Deutsch C., 1984) and now
their role is recognised in both normal and cancerous cells (Wonderlin W. and Strobl J., 1996;
Kunzelmann K., 2005). K" channels are also important contributor in the regulation of the cell
cycle progression (Ouadid-Ahidouch H. and Ahidouch A., 2013) by setting the resting
membrane potential (Vi) and giving the driving force for Ca?" influx (Ouadid-Ahidouch H.
and Ahidouch A., 2013). They participate in the volume regulation process of growing cells
(Lang F. et al., 2007; Rouzaire-Dubois, B. et al, 2000) and are also involved in in the
regulation of different cell cycle checkpoints in cancer cells (Kunzelmann K.,2005; Lastraioli
E. et al, 2015; Ouadid-Ahidouch H. and Ahidouch A., 2013; Pardo L.A., 2004 ).

K" channels cover also an important role in apoptosis of tumour cells (Bortner C.D. and
Cidlowski J.A., 2014; Wang Z., 2004). In non-excitable tissues such as kidney, lung, pancreatic
islet, immune system, adipose tissue and epithelial cells, K* channels contribute in controlling
the membrane resting potential via feedback mechanism and are involved in a wide range of

biological processes (Szabo 1. ef al., 2010).

It is remarkable to consider that this transmembrane topology is conserved among other
voltage-gated K* channels, such as the ether-a-go-go-related gene (EAG) and KQT channels
(Tian C. et al,, 2014), as well as non-voltage-gated channels. For the latter, examples are the
hyperpolarization activated cation channels and TRP channels, whose gating properties are
regulated by different stimuli (Barros F. et al, 2012) and the cyclic nucleotide activated
channels (CNG) (Jan LY, Jan YN., 1990), that regulate their gating through the binding of a
ligand, c-AMP or c-GMP (Zagotta W.N. and Siegelbaum S.A., 1996). Moreover, SK/IK Ca?*-
activated K* channels, also share a similar transmembrane topology. In particular, the family
of the Ca?"-activated K* channels are classically divided into three subfamilies according to
their single channel conductance: SK (small conductance) (Kca2.1, SK1; Kca2.2, SK2; Kca2.3,
SK3); IK (intermediate conductance) (Kca3.1) and BK (big conductance) (Kcal.l) (Tian C. et
al., 2014). Among this subfamilies, SK and IK share a similar 6TM topology, whereas the BK
channels, also called Maxi K-high voltage Ca*" sensitive K" channel, present a 7 TM topology,

related to the presence of a unique transmembrane segment (SO) within the N termini. This
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segment is essential for accessory subunits modulation (Wallner M. et al., 1996) and may act

as voltage sensitivity modulator (Koval O.M. et al., 2007).

1.4 The Role of T cells in Autoimmune diseases

The Immune System provides protection from external infectious pathogens, through the
activation of a very high and specific immune response. To be effective, the immune response
requires a small number of both B and T cells clones that binds to the antigen and undergo
activation, proliferation and differentiation (Actor K.J., 2014). Lymphocytes are mainly two
types, both derived from common haematopoietic precursors (Davis M.M. and Bjorkman P.,
1988): T lymphocytes, so-called because of their development in the thymus, and B
lymphocytes, derived from the bone marrow. T cells help to eliminate pathogens and contribute
to mediate secondary responses, whereas B cells are mainly involved in humoral immunity as
they are accountable for the production of antibodies (Actor K.J., 2014).

One of the most important requirements to ensure the harmonious functionality of the immune
system, is a tight equilibrium between immunoreaction and immunoregulation. Autoimmune
diseases (AD), caused by a continuous stimulation by antigens, can occur when this
equilibrium is unbalanced (Zhao Y. et al., 2015). AD are found in approximately 5-10% of the
global population, although this percentage is continuously raising all over the world. The
causes of this rise are still unclear, although a significant role is attributable to climate changes
and industrialization (Devarajan P. and Chen Z., 2013). T cells play a pivotal role in balancing
all the events taking place during an immune response. After exposure to antigen, Naive T-
cells, differentiate into activated effector T-cells (Terr), which migrate to the site of infection
to counteract and ultimately clear the infection. After the infection is cleared, most of the Terr
die, whilst some differentiate in memory T cells (Devarajan P. and Chen Z., 2013). How
memory cells develop is still under debate and several developmental models have been
proposed (Ahmed R. et al., 2009). Memory T-cells exist in two main subtypes: Tcwm (long-lived
T cells) and Tewm, (short-lived memory cells). Recent studies highlighted the presence of a third
type of memory cells, Trm (resident-memory) (Hu W. and Pasare C., 2013), that are found
mainly in peripheral tissues (Ariotti S. ef al., 2012). Their function seems to be related to the
tissue they are found in, although their specific involvement in tissue-specific diseases remain

unclear (Bhargava P. and Calabresi P.A., 2015). Memory T cells are important contributors to
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secondary immune responses, occurring from the exposure to previously encountered
pathogens (Raphael 1. ef al., 2020). However, when memory cells are autoreactive, such as in
autoimmune diseases or chronic infections scenarios, they rise immune responses towards self-
organs and tissues (Devarajan P. and Chen Z., 2013). During their development, particularly
during the thymus selection, the autoreactive cells are eliminated via negative selection (Robey
E. and Fowlkes B.J., 1994). However, some autoreactive cells can escape the selection and
remain in circle. In normal conditions, auto reactive cells are regulated by the Tieg (regulatory
T cell) but in autoimmune diseases, these fine regulatory mechanisms are lost, resulting in a
persistent attack of self-organs and tissues by auto reactive T cells (Zhao Y. et al., 2015). The
number of autoreactive CD4" T memory cells (Tcm, Tem and Try) is considerably higher in
patients with autoimmune diseases compared to healthy patients, suggesting a critical role of
these cells in the development of the disorders (Burns J. et al., 1999; Allegretta M. et al., 1990,
Nielsen B.R. et al., 2017). A typical setting in diseases such as Multiple Sclerosis (MS), type
1 diabetes mellitus (T1DM), psoriasis and many more, is represented by a very high number
of Tem cells and persistence of autoantigens (Devarajan P. and Chen Z., 2013). Considering
the relevance of autoreactive T cells in the development of a wide spectrum of autoimmune
diseases, it is highly desirable to design specific strategies aimed at targeting autoreactive T
cells, still ensuring a normal functionality of naive T cells (Wulff H. et al., 2003 a,b ).

T lymphocytes possess several ion channels within their membrane, involved in several
processes, including the regulation of the membrane potential (Vi) and Ca?* signalling, gene
expression, apoptosis, proliferation, development, motility and regulation of the cell volume
(Cahalan M.D. and and Chandy K.G., 2009). Investigations have conveyed to the identification
of the major ion channel currents in T cells (Hamill OP ez al., 1981) (Figure 5), with a particular
interest on the voltage-gated K" channel, Kv1.3, for the role played in the development of
several diseases, including autoimmune and neuroinflammatory diseases, as well as some types
of cancer. Kv1.3 together with the calcium-activated potassium channel, Kca3.1, are critical
for T cells activation and are found to be differentially upregulated in the two subsets of T cells,
Tcem and Tem (Cahalan M.D. and Chandy K.G., 2009).

Kv1.3 has gained attention throughout the years as a potential therapeutical target for the
treatment of human diseases, therefore a large number of studies is now focused on identify

small molecules and/or peptide that can selectively target the channel.
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Figure 5. The main five types of ion channels expressed in T cells (Image adapted from Cahalan and
Chandy, 2009). From left to right are showed the characteristic whole-cell patch clamp recordings and
transmembrane structures for Kv1.3, Kca3.1, Orail, TRPM7 and Clsen. For the latter the

transmembrane structure was not reported.

1.4.1 The voltage-gated potassium channel Kv1.3

Kv1.3, encoded by KCNA3 gene, is a voltage-gated K* channel belonging to the Shaker related
(Kvl, KCNA) subfamily. The structure of Kv1.3 is the typical showed by the voltage-gated
channels. The channel is a tetramer, made up of four a-subunits assembled around a central
pore and with a characteristic six transmembrane helices (6TM) architecture (Figure 6).

The segments (S1-S6) are connected by intra and extracellular loops; the pore domain is found
between the segments S5-S6; the voltage sensor domain (VSD) is represented by the segment
S1-S4, with the segment S4 charged positively and responsible for sensing the majority of the
voltage differences across the membrane. Indeed, in response to the membrane depolarization,
the charges move in direction of the electric field, thus determining the pore opening (Bezanilla

F., 2000; Bezanilla F., 2008 b). The selectivity filter contributes to the high selectivity of the
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channels towards K* ions and presents the typical “signature sequence” (TVGYG) conserved
among the potassium channels. Kv1.3 can also associate with other subunits to generate the
so-called channelosome. Association is seen with subunits such as Kv3 and KCNEs peptides,
via the cytosolic domain (T1) within the -NH> end, as well as with a variety of membrane
proteins such as integrins, as reported in T cells (Levite M. et al., 2000); cortactin (Pérez-Garcia
M.T. et al.,, 2018), PDZ proteins (Dlgl and Dlg4) (Marks D.R. and Fadool, D.A., 2007;
Szilagyi O. et al., 2013) and caveolins (Pérez-Garcia M.T. et al., 2018).

Activation and inactivation properties of the channel are voltage dependent (Panyi G., 2005).
In particular, inactivation of Kv1.3 is known as C-type or cumulative inactivation and is due to
conformational changes at the external side of the pore of the channel (Grissmer S. and Cahalan
M., 1989; Panyi G. et al., 1995; Nguyen A. et al., 1996). This type of inactivation differs from
the classical “ball and chain” model observed in other K" or Na“ channels (Cahalan and
Chandy, 2009). Regarding the pharmacological properties, the channel is sensitive to common
K* channels blockers such as tetracthylammonium (TEA) and 4-aminopyridine (4AP) and the
current is also affected by micromolar concentration of quinine, verapamil and diltiazem
(Cahalan M.D. et al., 1985). The channel is also the target of peptides and toxins whose binding
site is found at the outer vestibule of the pore region (Rodriguez de la Vega R.C. and Possani

L.D., 2004; Giangiacomo K.M. et al., 2004).

Kv1.3 is expressed mainly in the Immune System in T lymphocytes (Cahalan M.D. et al, 1985)
and B lymphocytes (Wulff H. et al, 2004), but also in Natural killer (NK) cells (Koshy S. et a/,
2013) and macrophages, where is found in association with Kv1.5 to form the hetero-tetrameric
channel Kv1.3 / Kv1.5 (Villalonga N. et al/, 2010). Kv1.3 is also expressed in the inner
membrane of the mitochondria, where is the target of the apoptotic protein BAX (Szabo I. et
al., 2008; Szabo I. et al., 2005). Although the major expression of Kv1.3 remains in the
Immune System, the channel is also found in the Nervous System, in several subsets of neurons
and glial cells: astrocytes (Grimaldi A. et al., 2018), oligodendrocytes and microglia (Pérez-
Garcia M.T. et al, 2018).
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Figure 6. Characteristic Kv1.3 a-subunits arrangement (Image modified from Pérez-Garcia M.T.
et al, 2018). The segment S4 is highlighted in red and presents charged residues (+). Segments S5-S6
are highlighted in blue and form the pore region. The N-terminus sequence, C-terminus sequence and

S4-S5 linker sequences are also showed.

1.4.2 Other ion channels found in T cells

Other channels found in T cells are: I) the calcium activated-K* channel Kca3.1; II) the
calcium-release calcium-activated channel (CRAC); III) the swelling-activated Cl™ (CI swel)
channel; IV) TRPM7 channel. Those represent the other major ion channel currents in T cells
(Cahalan M.D. and Changy K.G., 2009). Additional K* channels, including Kv1.1, Kv1.2 and
Kv1.6 have been found in mouse T cells (Freedman B.D. et al.,1995; Liu Q.H. et al., 2002).
The two pore domain channels, TASK-1 and TASK-3, have been discovered in human T cells
(Meuth S.G. et al., 2008) and TRESK in Jurkat T cells (Pottosin LI. ef al., 2008). The latter,
also express the Ca®*-activated K* channel, Kca2.2 (Jiger H. et al., 2000). Furthermore, a small
percentage of human T cells express also voltage-gated Na* channels (Cahalan M.D. et al.,

1985).
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1.4.3 The role of Kv1.3 and Kca3.1 during the immune response

Both Kv1.3 and KCa3.1 play a critical role in T cells activation, a pivotal event to generate an
immune response. T cells activation is triggered by the activation of T cell receptor (TCR) after
antigen is presented by the antigen-presenting T cells (APC). This initial recognition
determines an increase of the intracellular Ca?* concentration (Ca?";), essential for cytokines
release (Nicolaou S.A. et al., 2009). During an immune response (Figure 7), the first event
derived from the engagement of the T cell receptor (TCR) with the antigen, bound to the major
histocompatibility complex (MHC) on the antigen presenting cells (APC), induces the
activation of the phospholipase Cy (PLCy) and the production of 1,4,5-inhositol-triphosphate
(IP3). IP; binds to the inositol-triphosphate- receptor (IP3R) on the endoplasmic reticulum (ER),
provoking the release of Ca?" from the intracellular store. Stromal interaction molecule 1
(STM1) or stromal interaction molecule 2 (STM2), activates the opening of the calcium-release
calcium-activated channel (CRAC), determining an influx of Ca?" into the cells, which results
in gene expression through calcineurin NFAT pathway (Zhao Y. et al.,, 2015). The overall
increase of Ca®*, essential for T cell activation and cytokines production, is counterbalanced
by the opening of the potassium channels Kv1.3 and Kca3.1 that mediate efflux of K* ions to
balance the rise of Ca?" in the cytoplasm (Wulff and Zhorov 2008; Feske S. et al., 2012). In
such way, the channels contribute to maintain the membrane potential hyperpolarized (Feske

etal., 2012).
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Figure 7. Sequence of events during the immune response in memory T cells (Image modified
from Zhao Y. et al., 2015). The engagement of APC cells with TCR expressed on T cells, initiate the
cascade of events that result in the activation of the voltage-gated K* channels Kv1.3 and the KCa3.1

channel that counterbalance the increase in [Ca*';.

Both Kv1.3 and Kca3.1 channels have been found at the Immunological Synapse (IS)
(Nicolaou S.A. et al., 2007 (a); Nicolaou S.A. et al., 2007 (b)). The first organization of an
immunological synapse has been described in 1998 for CD4" T cells and antigen-presenting B
cells (Monks et al., 1998). Specifically, the immunological synapses are described as highly
organized region of contact between T cell and cell presenting antigen, APC (Lin J. et al., 2005;
Nicolaou S.A. et al., 2009). Structurally, they are organized in two compartments or regions: a
central region, c-SMAC, formed by T cell receptor (TCR) and associated signalling molecules

such as CD2, CD28, PKC-O, LcK, Fyn, CD4 and CD8 (Huppa and Davis, 2003), and
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peripheral region, p-SMAC, containing the leukocyte function-associated molecule-1 (LFA-1)
and the scaffolding protein talin (Lin J. ef al., 2005).

The contribution of Kv1.3 and Kca3.1 channel to the intracellular Ca?* concentration differs in
the different subset of memory T cells and depends on their level of expression. Quiescent Tcem
and Tgwm cells exhibit a similar K* channels expression level, however this changes during
activation. In effector Tem cells (CD4" or CD8" CCR7- CD45RA"), Kv1.3 channels are
significantly upregulated (about 1500 channels/cells); whereas in effector Tewm cells (CD4* or
CD8" CCR7" CD45RA"), Kca3.1 channels are upregulated (Cahalan M.D. and Chandy K.G.
2009). Because of this differential upregulation of the two channels in the two subset of T cells,
it is possible to achieve a selective pharmacological modulation, so that KCa3.1 inhibitors
preferentially suppress CCR7* naive and central memory T cells (Tcwm), and Kv1.3 inhibitors
suppress CCR7" effector memory T cells (Tem) (Chandy K.G and Norton R.S., 2017). Tem
cells are the mainly involved in autoimmune diseases, hence why blockers that can
preferentially suppress Kv1.3 without affecting naive and Tcwm cells, are regarded as a desirable
therapy for the treatment of these diseases (Cahalan and Chandy 2009; Chandy and Norton,
2017; Devarajan and Chen, 2013; Wulff et al., 2003, a).

1.5 Potassium channels pharmacology

K* channels pharmacology is characterized by sensitivity to three main categories of inhibitors:
venom-derivate peptides, organic small molecules and metal ions (Pérez-Garcia M.T. et al.,
2018; Wulff H. and Zhorov B.S., 2008). At present, isoform-specific antibodies that
specifically act on a certain number of ion channels, have also been added to the classification
of the K* channels inhibitors (Gémez-Varela D. et al., 2007). Based on the mechanisms of
action, K* channels ligands are identified into two main classes: the pore blockers and the
modulators (Kuzmenkov A.L ef al, 2015). Ligands belonging to the pore blockers class, are
able to block the ion flux by binding to the pore region of the channels (Mackinnon R. and
Miller C., 1989). Inhibitors that act by modulating channel gating properties through the
binding to the voltage-sensor domain or auxiliary subunits, are commonly identified as
modulators (Perez-Garcia M.T. et al., 2018; Swartz K.J., 2007; Swartz K.J. and Mackinnon R.,
1997 a, b). TEA and 4-AP have been the widest organic small molecules used for
pharmacological studies on K' channels, displaying a very potent inhibitory effect and

specificity on the channels. Venom-derived toxins are considered the largest family of ion
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channel blockers (Wang X. et al., 2020). They are highly potent peptides found in the venom
of various species, comprising sea anemones, scorpions, spiders, snakes, insects, cone snails
and worms. Their structure consists of a variable number of aminoacidic residues, between 18-

60 amino acid residues, cross-linked by disulphide bridges (Mouhat S. ef al., 2004).

Animals use venom for different purposes, including self-defence and predatory behaviours.
Although the composition of the venom may vary from animal to animal, the composition of
the most comprehend inorganic salts, low molecular weight organic molecules, peptides (2-10
KDa) and enzymes (< 10 KDa) (King G.F., 2011). Venom-derived toxins are able to block ion
channels with very high affinity and selectivity and nowadays their application have been
found successful for the treatment of several conditions, including pain, epilepsy and
cardiovascular diseases, and some venom-derived peptides are currently in clinical
development for tumor imaging (for example, Chlorotoxin, from the venom of the stalker
scorpion Leiurus quinquestriatus hebraeus) (Pennington M.W. et al., 2018). Furthermore,
venom-derived peptides found a wide application not only in the pharmaceutical area but also
in the cosmetic area, as well as in agricultural applications (Pennington M.W. et al., 2018).
In general, toxins fall into two categories based on their mechanism of action (Figure 8). Toxins
from scorpions, sea anemones, snakes and cone snails are defined “pore blockers” because
they bind to the outer vestibule of K" channel, thereby blocking the ion conducting pore by
inserting a critical residue into the channel pore (Mouhat S. et al.,, 2004; MacKinnon R. and
Miller C., 1989; MacKinnon et al, 1990). An important structural and functional feature
conserved among these toxins, is certainly the “functional dyad”, typically constitute by a
lysine (Lys) residue plus aromatic (7yr or Phe) or aliphatic (Leu) aminoacidic residues,
separated by 6.6 A (Dauplais M. et al., 1997; Gasparini et al., 1998). An intriguing observation
to raise from this point, is that the dyad is well conserved among structurally unrelated proteins;
this is strictly related to the pivotal role of both Lys and aromatic neighbouring residues in the
toxin binding (Dauplais M. et al., 1997). Analysis on scorpion toxins revealed that the
positively charged ammonium groups of the Lys may mimic the K™ ions entering the pore, thus
occluding the ion pathway (Goldstein S.A. and Miller C., 1993; Giangiacomo K.M. ef al.,
1992; Park C.S. and Miller C., 1992). A similar mechanism has been proposed also for sea
anemone-derived toxins (Dauplais M. et al., 1997). Regarding the aromatic residues, they have
been addressed to two main roles: 1) promoting local hydrophobic interactions between the
toxin and the channel; 2) sustain the crucial Lys when this plugs into the pore, by promoting

the protrusion of the residue outside the toxin surface (Dauplais M. et al., 1997). Despite the
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importance of the functional dyad, is interesting to note that some toxins lacking this conserved
feature, are still able to block Kvs channels (Mouhat S. ef al., 2004). An example is given by
the scorpion toxin Tc32, which does not bring a functional Lys within the amino acidic

sequence and does not contain any aromatic amino acids (Batista C.V. et al., 2002).

Differently, toxins that act by binding to the voltage sensor domain (VSD) of the Kvs channels,
cause a modification of the kinetic behaviour, thus affecting the gating properties (Swartz K.J.
and MacKinnon R., 1997 a,b; Swartz K.J., 2007). Toxins that act in such way have been
classified as gating modifier toxins (GMTs) and a great percentage of those is represented by
spider-derived toxins (e.g. Hanatoxin (HaTX) from the Chilean tarantula Grammostola
spatulata). At presents, toxins and peptides acting on K" channels are the most studied and this
is in agreement with the concept that K* channels, by presenting a broad structural and
functional diversity, are considered a very valuable therapeutic target (Lewis R.J. and Garcia
M.L., 2003). Nevertheless, an increasing number of venom-derived toxins are emerging as
sodium channels inhibitors and this is particularly important considering their involvement in

pain sensations.
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Figure 8. Representation of the mechanism of action of toxins on K channels. The two main
category of toxins, the pore blockers and the gating modifiers are represented. Spider toxin acts mainly
by binding the segment S4, known to be the sensor of the voltage, whilst toxins derived from scorpions,
sea anemones, snakes and cone snails block the central pore of the channel, preventing K transport

(Image modified from Yipeng Zhao et al., 2015).

1.5.1 Kvl.3 Pharmacology

Considering the pivotal role in T cell physiology and is implication in the pathogenesis of
several autoimmune diseases mediated by Tgwm cells, selective block of Kv1.3 has become an
attractive potential tool for the treatment of autoimmune diseases such as multiple sclerosis
(MS), rheumatoid arthritis (RA), type I diabetes mellitus (T1DM) and many more, as well as
neuroinflammatory diseases (Wang X et al., 2020; Wulff H. and Zhorov B.S., 2008; Zhao Y.
et al., 2015). The widest and most representative group of toxins that act on K* channels and
therefore can block Kv1.3, are obtained from the venom of sea anemones and scorpions. Both
groups of toxins have been extensively studied in the years and represent a rich source of
peptides and toxins active on ion channels and receptors. ToxProt database (Jungo F. and

Bairoch A., 2005), counts 236 peptides or protein toxins isolated from 45 different sea
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anemones species (Prentis J.P. et al., 2018). UniProt, reports a large number of ligands that act
on K* channels from scorpion venom (Mouhat S. et al., 2008), as well as Kalium database, that
contains all known scorpion toxins, reports a list of 174 molecules in total that act on K*

channels (Kuzmenkov A L et al., 2016).

1.5.2 Sea anemone toxins

Sea anemones are considered a group of exclusively predator marine animals belonging to the
phylum Cnidaria, class Anthozoa, subclass Hexacorallia, order Actinaria (Geller J.B. et al.,
2005). Sea anemones from the family Aliciidaea are dangerous to human. In particular, the
venom from Phyllodiscus semoni has been linked to acute renal failure (Mizuno M. et al.,
2000) and the venom-derived protein toxin, PsTx-115, have been shown to cause several
kidney damages in rat model (Mizuno M. et al., 2007). Sea anemones possess specialized
stinging cells, cnidocytes, furnished with organelles called nematocysts (cnidae), that contain
a complex blend of toxins that the animal can use for predatory or defence purposes (Fautin
D.G., 2009). Once expelled from the nematocysts, toxins can penetrate the epithelium of the
victim, ultimately leading to paralysis (Honma T. and Shiomi K., 2006). Nematocysts present
differences among sea anemones, according to their differential specialization. Sea anemones
also produce toxins in a second type of cells, an ectodermal gland cells (Moran Y. ef al., 2012;
Columbus-Shenkar Y.Y. et al., 2018). The venom composition includes a mixture of proteins,
peptides and non-peptidic compounds (Madio B. et al, 2019). Among the non-peptidic
compound, two small molecules, caissarone and bunodosine 391, have been identified and
characterized from the venom of the Brazilian sea anemones Bunodosoma caissarum (de
Freitas J.C. and Sawaya M.I., 1989) and Bunodosoma cangicum, respectively (Madio B. et al.,
2019), but other non-peptidic components still remain unknown.

Anemone toxins can be classified into 15 known families. Of those, the four most common
families are: Actinoporin family, sea anemone superfamily; Sea anemone Na* channel
inhibitory toxin family: type 1 subfamily; Sea anemone type 3 (BDS) K* channel toxin family
and Venom Kunitz-type family, sea anemone type 2 K* channel toxin subfamily (Prentis J.P. et
al., 2018). A very potent inhibitor of Kv1.3 and probably the most representative, is ShK toxin,
isolated from the sea anemone Stichodactyla heliantus (Castaneda O. et al, 1995).

ShK is a peptide of 35 amino acidic residues, with a characteristic motif comprising six cysteine

residues connected by three disulphide bridges as Cys3-Cys35; Cys12-Cys28 and Cysl7-
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Cys32 (Pohl J. ef al., 1995). Two main residues, indicated as the Lys22 and the neighbour
Tyr23, are fundamental for the toxin to bind to all the four subunits of the channel. The residues
interact with the shallow vestibule at the outer entrance of the channel pore, with the Lys22
protruding and occluding the pore following the classic “cork in a bottle” model, whilst Tyr23,
seals the binding (Chang S.C. et al., 2018). The two residues, Lys22 and Tyr23, form the so-
called “functional dyad” (Kalman K. et al., 1998; Pennington M.W. et al., 1996, Pennington
M.W. et al., 2009; Chandy K.G. and Norton R.S., 2017; Lanigan M.D. et al., 2002; Rauer H.
et al., 1999), a characteristic arrangement conserved also in other voltage-gated K* channel
inhibitors derived from different species (Duplais M. et al., 1997; Honma and Shiomi, 2006).
Although this distinctive arrangement functional dyad plus neighbouring aromatic or aliphatic
residue (Chandy K.G. and Norton R.S.; 2017; Gilquin B. et al, 2005) is shared by many
peptides, some types of toxins present a slightly different organization, with the critical Lys in
a different position within the peptide sequence (Chandy K.G. and Norton R.S., 2017; Gilquin
B. et al., 2005). An example is given by BgK from the sea anemones Bunodosoma granulifera,

which displays the functional lysine in position 25.

ShK present a very high affinity (K; ~10 pM) for Kv1.3 but also display high pM affinity for
Kvl.1, Kvl.4 and Kv1.6 which are expressed, respectively, in cardiac tissues and in the brain,
and also for Kv3.2 and KCa3.1 (Chang S.C. et al., 2018; Kalman K. et al., 1998). Due to this
affinity for other K* channels, several modifications have been tempted on ShK in order to
make the peptide more specific for Kv1.3 over other close-related K* channels, leading to the
design of a series of ShK analogues (Table 1). Among all the analogues that have been
produced, a particular mention is dutiful towards ShK-186, at present Dalazatide, a 37 amino
acid residues synthetic peptide, the first Kv1.3 inhibitor tested in clinical trials for the treatment
of autoimmune diseases (Tarcha E.J. et al.,, 2017). Dalazatide completed Phase 1a and 1b in

trials in 2016 (Prentis P.J. et al., 2018).
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ShK-Dap??

ShK-F6CA

ShK-170

ShK-186

ShK-192

ShK-EWSS

ShK-[K18A]

ShK-amide

Modifications

Lys 22 is replaced with
1,3 diaminopropionic
acid (Dap)

Fluorescein-6-carboxyl
(F6CA), is attached to
the N-terminus of the

peptide via a
hydrophobic AEEA
linker (2-aminoethoxy-
2-ethoxy acetic acid;
mini PEG)

L-phosphotyrosine is
attached to the N-
terminus of the peptide
via an AEEA linker

Similar to ShK-170 in

the N-terminus but the

C-terminus is replaced
by an amide

L-phosphotyrosine (N-
terminus), is replaced
by a non-hydrolyzable
paraphosphonophenyla
lanine (Ppa) and Met21
with non-natural amino
acid norleucine

The AEEA linker and
L-phosphotyrosine are
replaced by the
residues glutamic acid
(E), tryptofan (W) and
two serines (S)

K 18 is substitute with
Alanine.

Additional Lys and
amide on the C-
terminus of the peptide

Target

> 20-fold selectivity
for Kv1.3.

Kvl.1-Kv1.2
heterotetramers

100-fold selectivity
for Kv1.3 over Kv1.1

ShK-170 shows 100-
1000-fold specificity
for Kv1.3

Similar specificity of
ShK-170 towards
Kvl.3

High specificity
towards Kv1.3, over
100-fold selectivity

over other close-

related channels

High selectivity
towards Kv1.3 over
close-related
channels

High selectivity
towards Kv1.3 over
Kvl.1

Improved selectivity
towards Kv1.3

References
Kalman K. et al., 1998;
Lanigan M.D. et al., 2002;

Middleton R.E. et al., 2003

Chang S.C. et al., 2018;

Beeton C. et al., 2003

Chang S.C. et al., 2018

Chang S.C. et al., 2018;

Chang S.C. et al., 2018;

Pennington M.W. et al.,
2009;

Chang S.C. et al., 2015;

Chang S.C. et al., 2018

Rashid M. H. et al., 2013;

Chang S.C. et al., 2018

Pennington M.W. et al.,
2012

Table 1. Table depicting the main ShK analogues with relative chemical modifications and

targets.
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1.5.3 Scorpion toxins

Scorpions, class Arachnida, phylum Artropoda, are considered one of the ancient groups of
animals that inhabited the earth (Cao Z. et al., 2014). They are classified into 18 subfamilies,
most of which belong to the genera Buthidae and constitute around the 25% of the world
biodiversity (Prendini L. and Wheeler C., 2005). Scorpions possess a venom apparatus used
for capturing the prey and/or for defence from predators. Scorpion represent a public health
problem in some part of the world, where a significant number of envenomation cases from
different scorpion species are reported every year, some of which are fatal for humans
(Chippaux J.P. and Goyffon M., 2008). The most dangerous species for human are from the
genus Androctonus, Buthus and Leiurus in North Africa and Middle East; Centruroides and
Tityus in America; Mesobuthus in Asia and Parabuthus in South Africa (Caliskan F. ef al.,
2013). Scorpion venom is an heterogenous blend of inorganic salts, free amino acids,
heterocyclic components, peptides, proteins and enzymes (such as phosphodiesterases,
phospholipases, glucosaminoglycans and bio-chemicals such as histamine, serotonin,
tryptophan and many more) (Quintero-Hernandez V. et al., 2013). The number of components
in the venom of scorpions varies, reaching over 600 different components in certain genus.
Considering the composition and the presence of a variable amount of different toxins (such as
neurotoxins, cardiotoxins, nephrotoxins and hemotoxins), scorpion venom is a valid source of
ion channels inhibitors and/or modulators (Oliveira I.S. et al., 2019). The amount of toxins
present in the scorpion venom is only a small fraction of the total composition, generally
spacing between 0.01-0.5 % of the venom (Miller C., 1995). The first peptide described for its
inhibitory effect on K* channels in the electrophysiological preparation of the squid giant axon,
was Noxiutoxin (NTX) isolated from the venom of the Centruroides noxious in 1982 (Carbone
E. et al., 1982; Possani et al., 1982). Charybdotoxin (ChTX) from Leirus quinquestriatus,
characterized soon after NTX toxin, represent one of the most extensively studied scorpion
peptide and was widely used as a probe for structural studies aimed at understanding the
structure-functional properties of K channels (Sugg E.E. et al., 1990; Miller C., 1995). Other
examples of scorpion toxins well characterized are Iberiotoxin (IbTX) (Galvez A. et al., 1990),
Margatoxin (MgTX) (Garcia-Calvo M. et al., 1993), Kaliotoxin (Crest M. et al., 1992), and
many more. These toxins share a common three-dimensional folding, comprising a short o-
helix segment and a B-sheet of two or three strands, stabilized by three or four disulphide
bridges in conserved position (Possani D.L. ef al., 1999). Most of the known toxins show a

common structural motif stabilized by three disulphide bridges, with some exception

29



represented by Pil toxin from Pandinus imperator, and HsTX1 toxin from Heterometrus
spinnifer, that present an additional disulphide bridge to stabilize the structure (Olamendi-
Portugal T. et al., 1996; Delepierre M. et al., 1997; Lebrun B. et al., 1997). The most
predominant components of scorpion-venom affecting Kvs channels are peptides that adopt a
characteristically CS a-B (cysteine-stabilized a-helical and B-sheet) fold (Gao B. et al,
2013).0f these peptides, the largest family is represented by the a-KTx toxins (Tytgat ef al.,
1999; Rodriguez de la Vega R.C. and Possani L.D., 2004). This group of toxins includes
peptides of 23-42 residues, six cysteines residues motif and three or four disulphide bridges
(Quintero-Hernandez V. et al., 2013). These toxins further fall at least into three subfamilies:
Charybdotoxin-like-toxins (subfamily 1) that potently inhibit BK channels; Noxiustoxin-like-
peptides (subfamily 2) and Kaliotoxin-like-peptide (subfamily 3) that act on Kvs channels
(Miller C., 1995). Other than a.-KTx toxins, a second family, B-KTx toxins, and a third family,

v-KTx toxins, are included in the group of KTXs toxins.

B-KTXs family, includes toxins with aminoacidic sequences of 45-68 residues (Diego-Garcia
E. et al., 2008); whereas the y-KTXs family, comprises peptides with similar size and three-
dimensional structure showed by the a-KTXs family peptides, but different selectivity and
binding region. Indeed, they are selective for hRERG channels and interact with the turret region
more than the pore (Zhang M. et al., 2003; Xu C.Q. et al., 2003). Other minor components of
scorpion venom are represented by peptides that have different folds. Of those, an interesting
category is given by peptides that share a common motif, the ICK (inhibitory cysteine knot)-
type toxins. ICK is a conserved structural motif shared by a large number of polypeptides found
in different phyla, animal, plant and fungus. Toxins that have the ICK motif, are highly
conserved at both gene structure and precursor organization level, despite presenting a very

low sequence similarity (<30%) (Zhu S. et al., 2003).

Toxins can act by two different mechanisms: “pore plugging” and “intermediate mode”. The
pore plugging toxins act by binding to specific residues in the external vestibule of K* channels,
occluding the conduction pore (Anderson et al., 1988; Mackinnon and Miller, 1988; Miller
1988; Park and Miller, 1992a; Giangiacomo et al., 1992). In this model, toxin locks into the
channel selectivity filter with the Lys residue, establishing a strong interaction (Oliveira L.S. et
al., 2019). The most important residues involved in the interaction toxin-channel and conserved
among the different scorpion toxins acting on Kvl channels (Tytgat et al, 1999), are

represented by K27, M29 and M30. K27, the key residue for the toxin binding, slightly protrude
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into the K" conduction pore, and corresponds to the residue K22 in ShK toxin. Mutagenesis
analysis have demonstrated that the substitution of K27 with an arginine, destabilized the toxin
over 1000-fold (Miller C., 1995), underlying the fundamental role of the lysine in the protein-
protein interaction. Some toxins present a lysine in a different position within the peptide
sequence (Chen R. et al., 2011; Cerni F.A. et al., 2014). Alternatively, toxins that bind to the
KCa2 channels, can interact with a negatively charged extracellular loop of the channel via a
patch of basic residues, according to the well characterized “intermediate mode” (Rodriguez

de la Vega et al. 2013; Andreotti et al., 2005).

Because of their relevance as therapeutical tool for blocking ion channels and for their clinical
relevance as neurotoxins, scorpion toxins have been evaluated for the treatment of several
diseases such as immune diseases (e.g. Kaliotoxin (KTX) from Androctorus mauretanicus
(Crest M. et al., 1992) and OSK1 from Orthochinus scrobiculosus (Chen R. and Chung S.H.,
2012), neurological diseases, cancer and others (BenNasr Hmed et al., 2013). Of the latter, a
remarkable example is given by toxins like BmK AGAP derived from the venom of the
scorpion Buthus martensii and Chlorotoxin from the venom of the deathstalker Leiuurus
quinquestriatus. Both toxins show anticancer activity towards glioma cells (Baby J. and Jency
G., 2012). In particular, Chlorotoxin, by exhibiting a specific-inhibitory effect towards small
conductance chloride (CI) channels (DeBin J.A. and Strichartz G.R., 1991), represent an
important tool for early detection of glioma cancer cells (Lyons A. ef al, 2002). Another
example is given by Bengalin from the Indian scorpion H. bengalensis, that shows
antiproliferative, cytotoxic and apoptogenic activity against human leukemic cells (Das Gupta

S. et al., 2006).

1.5.4 Spider toxins

Spiders show an extensive biological and ecological diversity, with more than 49.007 species,
update at the writing date, diffused all over the world (G.Corzo and P.Escoubas, 2003; Catalog,
W.S. World Spider Catalogue). Spiders dangerous for human are limited to few taxa only,
including the mygalomorph Australian funnel-web spiders (4Atrax sp. and Hadronyche sp.), the
araneomorph recluse spiders (Loxosceles sp.), widow spiders (Latrodectus sp.) and armed
spiders (Phoneutria sp.) (Nentwig W. and Kuhn-Nentwing L., 2013). The venom is produced

in specialized venom glands and released into the glandular lumen (Langenegger N. et al.,
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2019). The composition varies between different species, as well as in individual of the same
species and is affected by age, gender or geographic (Escoubas P. et al., 2008; Zobel-Thropp,
P.A et al., 2018). Generally, the venom components are divided into four categories: 1) small
molecular mass compounds (SMMCs) that include ions, organic acids, nucleotides,
nucleosides, amino acids, amines and polyamines (Kuhn-Nentwig, L. et al, 2011); 2)
antimicrobial peptides (AMPS) also known as cytolytic or cationic peptides; 3) peptide
neurotoxins; 4) proteins and enzymes (Langenegger N. et al., 2019). From a structural point of
view, most venom-derived peptides share an ICK (inhibitory cysteine knot) motif, constitute
by a triple stranded antiparallel B-sheets, containing six cysteines motif stabilized by, at least,
three disulphide bridges, with C1-C4, C2-C5, C3-C6 connectivity (Langenegger N. ef al.,
2019; Dongol Y. et al., 2019). All spider venom derived peptides, with very few exceptions,
(e.g. Atracotoxins) share ICK motif with three disulphide bridges (Dongol Y. et al., 2019).
However, the diversity of peptides that display ICK motif is particularly wide with the result
that some of the peptides, do not show a (-sheets structural arrangement (Agwa A.J. et al.,
2017 (a); Henriques S.T. et al., 2016; Minassian N.A. et al., 2013). Furthermore, some peptides
display other structural motifs, however with less frequency compared to ICK motif
(Langenegger N. et al., 2019). A second important structural characteristic shared among the
ICK motif peptides, is the presence of hydrophobic patch surrounded by charged amino acids,
on the toxin’s surface. (Agwa A.J. et al.,, 2017 (b); Bosmans F. et al., 2006). These charged
amino acids include Trp, Tyr and Lys, which frequently participate in the peptide-lipid bilayer
interaction (Killian J.A. and von Heijne, 2000). This structural feature is thought to contribute
to the potency and selectivity of the peptides towards the target (Wang J.M. et al., 2004,
Lawrence N. et al., 2018; Murray J.K. et al., 2015; Smith J.J. et al., 2007; Liu Y. et al., 2012;
Luo J. et al., 2014; Cardoso F.G. et al, 2015; Klint J.K. et al., 2015; Henriques S.T. et al.,
2016; Minassian N.A. et al., 2013).

Spider-venom derived peptides act on a broad spectrum of ion channels and receptors,
including transient receptor potential (TRP) channels, acid sensing ion channels (ASICs),
mechanosensitive ion channels (MSICs), ionotropic glutamate receptors (GluRS), G-protein
coupled receptors (GPCRs), voltage-gated sodium channels (Nay), voltage-gated potassium
(Kv) channels, voltage-gated calcium (Cay) channels and calcium-activated potassium (Kca)
channels (King G.F. and Hardy M.C., 2013; Cardoso F.C. and Lewis R.J., 2019; Dongol Y. et
al., 2019). These peptides act, mainly, by modulating the gating mechanism of the channels,

thus modifying the kinetics behaviour by controlling the movement of the paddle motif,

32



constitute by S3-S4 segments, when this translocate from one side to the other of the membrane
(Bosmans and Swartz, 2010; Ruta et al., 2003; Swartz and Mackinnon 1995; Swartz and
Mackinnon 1997 (a) and (b); Agwa A.K. et al., 2017 (a)). For such properties, they are included
in the category of the gating modifier toxins (GMTs) (Agwa A. J. et al., 2017 (b)). Gating
modifiers toxins can act differently on the gating mechanism of the channel, according to the
site where the peptide binds to the channel (Agwa A K. et al., 2017 (a)). Although a great
fraction of the peptides derived from spiders modulate sodium channels, several of those are
able to inhibit potassium channels. A great example is given by Hanatoxin (HaTX1 and
HaTX2) from the venom of a Chilean tarantula G. spatulata (Swartz and Mackinnon, 1995).
Below a table that summarize spider-venom peptides that act on K* channels mainly by modify

the channel gating (except HpTX 1-3 toxins) (Table 2).
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Hanatoxin

GxTx1E
(Guangxitoxin)

ScTx1 (Stromatoxin)

HmTx1,2
(Heteroscondratoxins)

PaTX 1,2
(Phrixotoxins)

HpTx1-3
(Heteropodatoxins)

TLTX1-3

Origin

Grammostola
spatulata

Scodra griseipes

Plesiophrictus
guangxiensis

Stromatopelma
calceata

Heteroscondra
maculate

Phrixotrichus
auratus

Heteropoda
venatoria

Theraphosa leblondi

Grammostola
spatulata

Target

Kv2.1 and Kv4.2

Kv2.1

Kv2.1

Kv2.1, Kv2.2 and
Kv2.1/Kv9.3

Kv2 and Kv4

Kv4.3/ Kv4.2

Kv4

Kv4

KJAP

References

Swartz K.J. and
MacKinnon R., 1995

Marvin L. et al.,
1999;

Lee C.W. et al., 2004

Herrington et al.,
2006

Escoubas P. et al.,
2002

Escoubas P. et al.,
2002

Diochot et al., 1999

Sanguinetti et al.,
1997;
Zarayskiy et al.,
2005

Ebbinghaus et al.,
2004

Ruta et al., 2003;

Ruta, MacKinnon,
2004

Table 2. Table summarizing the main spider-derived toxins that target K* channels.
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Although spider-venom peptides represent a valid potential therapeutic lead for treating ion
channel-related diseases, there are still some limitations in their application. Firstly, peptides
often show ability to block other ion channels (Bosmans et al., 2006; Bosmans and Swartz,
2010; Middleton et al, 2002), thus determining less selectivity for the target and often
determining opposite effect on the gating properties (Navarro M. et al., 2019). One example is
Hanatoxins (HaTX) that blocks Kv2.1 (Swartz and Mackinnon, 1997 (b)), but activates Kv1.2
(Milescu M. et al., 2013). Hanatoxin is also able to act on certain subtypes of voltage-activated
calcium (Cay) channels, as well as voltage-activated sodium (Nay) channels (Bosmans F. et al.,
2008; Li-Smerin Y. and Swartz J.K., 1998). One possible strategy to enhance the selectivity of
the peptides towards the target, would be to attempt modifications on the peptide to create
analogues, that could potentially show more selectivity, mimicking the efforts made in creating
analogues for other channel-blockers peptides (i.e. ShK analogues). In this regard, there is an
significant body of evidences that suggest how increasing the interaction between the peptides
and the membrane lipids, could lead to the enhancement of the inhibitory potency of the
peptides (Agwa A.J. et al., 2017 (c); Henriques S.T. et al., 2016). Work carried on from Agwa
et al., demonstrate that an engineered analogue, gHwTx-1V, derived from the spider peptide
toxin HwTx-IV, exhibits higher ability to interact with lipid membranes thus enhancing its
potency against hNav1.7 channel (Agwa A.J. et al., 2017 (¢)). However promising, there is still
ongoing work in this direction. Other limitations to take into account, regard primarily the
rapid degradation of the peptide that may limit the use in in vivo experiments, as well as the
challenging clinal use of the peptides, due to the biochemical instability that may limit the oral

intake (Bosmans F. and Swartz J.K., 2010).

At present, spider-venom derived peptides are an excellent tool to elucidate the structural and
functional mechanism of voltage-gated ion channels, with a particular regard to Nay channels,
extensively studied for their involvement in pain sensation (Ma RSY et al., 2019; Bosmans F.

and Swartz K.J., 2010).
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1.5.5 Snake toxins

Snakes venom represents a good source of proteins that act as toxins on several physiological
systems. Snake’s venom, produced in specialized venom glands, is a cocktail of proteins and
peptides that the animal delivers through bites (Doley R. and Kini R.M., 2009). The venom
composition varies between individuals of different species (Fry B.G. et al., 2008; Tasoulis T.
et al., 2017) as well as in individuals of the same species, and is influenced by several factors
including age (Dias G.S. et al., 2013), gender, (Menezes M.C. et al., 2006; Zelanis A. et al.,
2016), location (Durban J. et al., 2011; Goncalves-Machado L. ef al., 2011) and season
(Gubensek F. ef al., 1974). Snakes venom toxins affect mainly the central nervous system
(CNS) (Neurotoxins and Dendrotoxins), the cardiovascular system (Cardiotoxins), the
muscular and vascular system (Koh D.C. et al., 2006). Potassium channels inhibitors are small
molecule extracted mainly from the venom of the mambas, African snakes belonging to the
elapid family (Harvey A.L., 2001). Potassium channels inhibitors have been found in the
venom of the black mamba (Dendroaspis polylepis), the Eastern green mamba (Dendroaspis
angusticeps) and the Western mamba (Dendroaspis viridis) (Berndt K.D. et al., 1993; Harvey
A.L. and Anderson A.J., 1985), and subsequently named Dendrotoxins (DTXs).

DTXs are molecules of 57-60 amino acids, comprising a Kunitz-type fold, six cysteines motif
and three disulphide bridges (Berndt K.D. et al., 1993). They are specific inhibitors of the
voltage-gated K* channel of the Shaker family, with a-dendrotoxin acting on Kv1.1, Kv1.2
and Kv1.6 in the nanomolar range, and K-dendrotoxin blocking preferentially Kv1.1 (Harvey
A.L., 2001). Dendrotoxins homologues have also been found in other species, such as the sea
anemone Anemonia sulcata (Schweitz et al., 1995).

These toxins share a common and conserved arrangement typical of the voltage-gated K*
channels blockers, known as “functional dyad”, constitute by functional Lys and close
hydrophobic residues (Leu, Tyr or Phe) important for the toxin to bind to the channel (Duplais
M. et al, 1997; Gasparini S. et al., 1998; Alessandri Haber N. et al., 1999). Other than
Dendrotoxins, few other snake venom-derived toxins have been reported to act on potassium
channels. In this regard, B-bungarotoxin, sarafotoxin and natrin are interesting examples
(Dutertre S. and Lewis R.J., 2010). Work carried by Wang et al., demonstrated the inhibitory
effect of natrin on Kv1.3 channel in the nanomolar range (1-200 nM). Interestingly, natrin,
derived from the snake venom of Naja naja atra and reported as BKc, channel blocker, is able

to block the channel although lacking the functional dyad (Wang F. et al., 2006). At present,
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snake toxins found a good application as therapeutic agents (like Captopril, a potent inhibitor
of the angiotensin converting enzyme (SACE)) (Cushman D.W. et al., 1977; Cushman D.W.
and Ondetti M.A., 1999) and also, for diagnostic purpose (Textarin: Ecarin test used to detect
Lupus Anticoagulant (LA)) (Triplett D.A. et al., 1993).

1.5.6 New insight into the worm peptides

In the past years, an increasing number of researches pointed out the presence of a large number
of peptide toxins in worms, emphasizing the importance of this specie as a new and rich sources
of ion channel-targeting proteins. SMART database (a Simple Modular Architecture Research
Tool) (Letunic L. et al., 2020), to date, reports the presence of 13,829 ShKT domains, of which
7.329 proteins are found in worms. The largest family of ShK-related peptides and domains is
found in nematodes, trematodes and cestodes (Chhabra S. ef al., 2014). These parasitic worms
are able to secrete numerous toxins and proteins that target several ion channels, including
sodium channels (Nays) and potassium channels (Kys). Work carried out by Chhabra et al.,
identified two peptides from human-infecting (Ancylostoma ceylanicum) and dog-infecting
(Ancylostoma canium) hookworms (AcK1) able to block the voltage-gated potassium channel
Kv1.3 with nanomolar-to-picomolar potency and high specificity (Chhabra et al., 2014).
Recently, a novel family of peptides have been isolated from the epidermal mucus of the
“bootlace worm” Lineus longissimus (Jacobsson E. et al., 2018). These peptides contain 31
amino acids, three disulphide bridges and a characteristic ICK motif (Jacobsson et al., 2018).
Of this family of cysteine knot peptides, a-1 is the most abundant and show selectivity for the
invertebrate voltage-gated sodium channel at low nanomolar concentration (Jacobsson et al.,
2018). In 2020, investigations conducted by Chu et al., lead to the identification of several
peptide toxins in the venom of centipedes that act on voltage-gated sodium channels (Nays),
voltage-gated potassium channels (Kys), voltage-gated calcium channels (Cays) and TRPV1
channels (Chu Y.Y. et al, 2020). These peptides display novel structural arrangements,
characteristic disulphide bridges patterns and a variable number of cysteine residues (Chu Y.Y.
et al., 2020). The mechanism of action of these peptides is linked to inhibition or activation of
channels current. Although this line of research is promising, lot more work is required, as
only twelve toxins have been currently tested on ion channels (Chu Y.Y. et al., 2020). Below,

a summary of the novel centipede toxins that block potassium channels (Table 3).
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Structure

Peptide Toxin (name)

51 amino acids, 6
cysteines, 3 disulphide
bridges

k-SLPTX-Ssmla

31 amino acids, 6
cysteines, 3 disulphide
bridges

k-SLPTX-Ssm2a

68 amino acids, 4
cysteines, 2 disulphide
bridges

k-SLPTX-SSm3a

72 amino acids, 6
cysteines

k-SLPTX;5-Ssd2a

SSTX

SSD609

53 amino acids, 4
cysteines, 2 disulphide
bridges

47 amino acids, 6
cysteines, 3 disulphide
bridges

36 amino acids, 4
cysteines, 2 disulphide
bridges

Bioactivity

Inhibits Kv currents in
DRG. IC50= ~ 44.2 nM

Inhibits Kv currents in
DRG. IC50= ~ 570 nM

Inhibits Kv currents in
DRG (not fully inhibits
peak Kv current)

Irreversibly blocks Kv
currents.
IC50= ~ 10nM

Blocks Kv7

(IC50 values of 2.5 pM

for Kv7.4; 2.8 uM for
Kv7.1; 2.7 uM for Kv7.2
and 2.7 pM for Kv7.5).

Also inhibits Kv1.3 with
1C50=5.26uM

Inhibits Ix, current.

IC50=652.7 nM

Inhibits Kv current in
DRG. IC50=200nM

Also blocks Kv2.1 in
human embryonic kidney
293 cells with IC50=41.7

nM

References

Yang S. et al., 2012

Yang S. et al., 2012

Yang S. et al., 2012

LiuZ.C.etal., 2012

LuoL.etal, 2018

DuC.etal., 2019

LiuZ.C. et al. 2012;

Sun P. et al., 2015

Chen M. et al., 2014
Wang Y. et al., 2017

Table 3. A summary of the novel centipede toxins that act on K channels with specifications on

structure and bioactivity.
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1.6 Conclusions and Remarks

Venomous animals have evolved thorough the years developing potent characters beneficial
for survivors. The production of venom is beneficial for the animal for defence, competition or
predatory strategies. During the years, some animals have evolved specialized glands for the
production of venom, whilst other contains various toxic substances in different tissue within
the body (Utkin Y.N., 2015). The composition of the venom varies among different species
and contains several components including inorganic ions, proteins, nucleotides and enzymes,
and can induce numerous effects such as haemorrhage, necrosis or neurotoxicity, once expelled
from the specialized apparatus (Fry B.G. et al., 2009; Utkin Y.N., 2015).

History has conveyed to us several examples of the usage of venom in the ancient world, where
its powerful properties were used for medical benefits but also as biological weapons. Ancient
Greeks were among the first population to describe the benefits of snake venom, and among
the first to use the venom as weapons against enemies during the battles by using poisoned
arrows and swords, but also to poison food, water and air (Major A., 2003). Appian, the Roman
historian of Greek origin, described one of the first administration of the venom from the
steppie vipera (Vipera ursinii), as a natural remedy to save Mithradates life by stopping his
bleeding (Bhattacharjee P. and Bhattacharyya D., 2014). Mithradates, also known as the
“Poison King”, was the ruler of the kingdom of Pontus and also an expert in toxicology and
poisons. Since his father died of poisoning, Mithradates was interested in reaching immunity
to poison and, to do so, he started to ingest small quantity of venom from plants and animal
regularly. He is also known for the formulation of the universal antidote “Antidotum
Mithridaticum” (Major A., 2010). When his empire fell over Pompey, Mithradates tried to kill
himself by drinking some venom but the amount left, after giving some to his two daughters
first, was not enough to provoke his death, due to his immunity. He will die, instead, pierced
by the blade of the sword inflicted on him by one of his friends, Bituitus, according to Appian
descriptions. In Roman age, venom was also used to produce drugs to treat smallpox, leprosy
and fever, but also for wound healing (Utkin Y.N., 2015). Studies around venom properties,
began in the 17" and 18" centuries by the pioneering works of two Italian scientists, Francesco
Redi and Felice Fontana. The two scientists contribute to the description of the toxicity of snake
venom and the discovery of the snake venom glands, respectively (Redi F., 1664; Utkin Y.N.,
2015).

Although the therapeutic use of venom dates back to ancient times and have been used for

centuries in Chinese, as well as Indian medicine culture (El-Aziz T.M.A. et al., 2019), more
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detailed studies around the venom composition started in the late 1980s and early 1990s (King
G.F. et al, 2008, a). Work carried out by several groups, revealed that the lethal composition
of the venom represents only a small fraction of the total composition, and the non-lethal part
includes proteins and peptides with a plethora of bio-properties (Oliveira B.M., 1997; Possani
L. et al., 2000; Adams, 2004), useful as research tools (Adams et al., 1993; Mclntosh et al.,
1999; King G.F., 2007; King G.F., 2008 (b)), pharmaceutical agents (Harvey, 2002; Lewis and
Garcia, 2003) and insecticides (Tedford et al., 2004; Bosmans and Tytgat, 2007).

Thanks to the advancement of new technologies, it was possible to characterise the venom
composition of several species revealing that, some components are conserved among certain
species, thus indicating a common ancestral origin. Contemporary use of toxin-based drugs
started with the introduction of Captopril (Capoten®; Anakena), the first angiotensin
converting enzyme (ACE) inhibitor for the treatment of hypertension (Cushman D.W. et al.,
1977; Lewis L. and Garcia R., 2003). At present, six venom-derived drugs have been approved
by the FDA for the treatment of several conditions, whereas others are on clinical trials and in
preclinical development (King G.F., 2011; Pennington M.W. et al., 2018). Toxins represent an
attractive tool for the development of drugs due to the high potency and often selectivity
towards their targets. Nevertheless, the production and subsequently use of these peptides in
the common medical practice is highly challenging and present several limitations. Indeed, still
nowadays, although huge efforts in the discovery, isolation and modification of several venom
compounds, a significant number of candidates fail the clinical trials, preventing the
introduction in the drug market. Limitations presented by peptides and toxins are numerous.
Firstly, is dutiful to mention firstly the limitation in terms of quantity. Obtaining a large amount
of venom and purified toxins is a quite challenging task, especially when they are extracted
from small animals, such as scorpions and/or spiders. Among the terrestrial animals, snakes
produce the highest amount of venom (Bordon K. ef al., 2020), and this could justify why a
large number of peptide-based drugs are obtained from snake venom. Together with quantity
limitation, the isolation of specific toxins and peptides, due to the heterogeneous nature of
venoms, is a quite challenging task to perform (Bordon K. et al, 2020). In addition, the
structure of most of the peptides, rich in disulphide bridges (ranging from two to four, or more
in certain types), makes the chemical synthesis not only expensive, but also difficult in the final
product (Chen N. et al., 2018). Furthermore, several peptides and toxins need to undergo
structural and chemical modifications to improve biostability, bioavailability and selectivity

(Clark G.C. et al, 2019). The main challenges to overcome are also related to the short
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circulation half-life, poor membrane permeability (because most of the peptides are not able to
cross the BBB) and poor oral availability (Chen N. et al., 2018). For the administration, at the
moment, the main way is parental administration (Ibraheem D. et al., 2014; Duskey J.T. et al.,
2017). Several strategies to enhance the circulating half-life of the peptides have been
attempted, such as genetic fusion to proteins or protein domains (immunoglobulin, human
serum albumin (HSA) and antibody FC domain) and chemical conjugation to synthetic
polymers (PEG) (Chen N. et al., 2018). Although valid, these modifications, determine a
reduction of the biological activities of the peptides, such as protein-target affinity (Chen N. et
al., 2018). All those reasons, combined with expensive and long last pre and clinical trials,
significatively limit the translation of several candidates in drugs, although the toxin-derived
drugs market is rapidly growing. Also, several candidates failed the clinical trials for adverse

effects, lack of efficacy and dose-limiting toxicity (Harvey A.L., 2014; Lewis R.J., 2015).

We have explored the fascinating world of venomous species, with a main focus on the
Animalia kingdom, examined the most relevant discoveries in the field, and considered pro et
contra of those peptides. The usage of toxins in the medical practice space from the ancient
world to the modern era, but there is still a huge amount of work to be done in this direction.
The tremendous progresses in science and technology, significantly contributed to expand the
knowledge in this interesting field, reinforcing the pivotal role of nature as source of

compounds important for humans.
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1.7 Aims

The aims of this study are to investigate the pharmacological properties of a novel class of
Kv1.3 peptide-blockers from the parasitic nematode Heligmosomoides polygyrus. The two
novel peptides, SXCL-1 and SXCL-6, share the ShK-like domain typically found in toxins that
inhibit the voltage-gated K" channel, Kv1.3. Therefore, these peptides are indicated to be

promising and potent channel inhibitors.

I aim to address my research by investigating the effect of the novel ShK-like peptides, SXCL-
1 and SXCL-6 on Kv1.3 channel, and by elucidating the potential channel-peptides interaction
sites (Chapter 3). To do so, I investigated whether site-specific mutations occurring within
aminoacidic residues at the pore region of the channel, can determine a variation of the
inhibitory effect of the peptides, therefore reducing the inhibitory effect (Chapter 3).
Furthermore, to investigate the selectivity of the peptides towards Kv1.3 over other close-
related voltage-gated K* channels, investigations were conducted on other members of the
Shaker-related superfamily including Kv1.1, Kv1.2 and Kv1.5 and the Shab-related member,
Kv2.1 (Chapter 4).

A part of my investigations was also focused on the characterisation of a de novo variant in
KCNBI gene, encoding the voltage-gated K channel Kv2.1, found in a young patient by a
group of clinicians in America (California). The aim of our collaborative work was to
characterise the electrophysiological implications that the novel variant determines on the
channel properties. To do so, I used the well-known Kv2 blocker, Guangxitoxin-1E (GxTx-
1E) to investigate the functional and electrophysiological implications of the mutation on
Kv2.1 channel’s activity. Electrophysiological characterisation was obtained using the whole-

cell patch clamp technique on tSA201 cells, transiently expressing the channel (Chapter 5).

In the final chapter, I investigated the activity of the peptides in naturally expressing Kv1.3
cells, Jurkat T cells. I aim to address this by a combination of electrophysiology and
immunological assay. This chapter is to be considered a “short” piece of work and I intend to

address as preliminary data for further studies (Chapter 6).
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Chapter 2: Material and Methods
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The characterisation of novel peptides from the parasitic nematode Heligmosomoides
polygyrus (H.polygyrus) on voltage-gated potassium channels from the Shaker-related and
Shab-related subfamilies was conducted using the whole-cell and perforated patch-clamp
technique on transiently transfected modified human embryonic kidney cell line (tSA201 cells)

and on an immortalized human T lymphocyte cell line (Jurkat T cells), respectively.

2.1 Cell culture

Cell culture procedure was performed using a Biosafety Class 2 laminar flow hood with High
Efficiency Particulate Air (HEPA) filters (HeraSafe, Heraeus), using aseptic techniques. All
procedures were performed in accordance with the designated standard operating procedures
and risk assessments specific to the work being performed. All cell culture products were
purchased from Sigma (UK) and consumables from Fisher Scientific (UK), unless otherwise

stated.

2.1.2 Cell lines

tsA201 cells, a modified human embryonic kidney cell line (HEK293), were used to perform
most of the experiments. Cells were purchased from the European Collection of Cell Culture
(ECACC) (catalogue number: 85120602) through Sigma-Aldrich. tsA201 stably expressing
SV40 temperature-sensitive T-antigen, express high level of recombinant proteins as the result
of their modification (Graham F.L. and Eb A.J., 1973; Graham F.L. et al., 1977). Cells present
an epithelial-like morphology with a pyramidal or rhombic shape (Figure 9, see also Mathie A.
et al., 2021). In addition, electrophysiological experiments were conducted on Jurkat cells, an
immortalized line of T-lymphocytes, a kind gift from Dr. Vadim Sumbayev (University of
Kent, Medway School of Pharmacy, UK).
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Figure 9. Untransfected tSA201 cells. Image of tSA-201 cells cultured in our laboratory at passage
number 16 (unpublished picture). Cells were visualised using a Nikon TMS microscope (Made in
Japan) and picture was taken using a Dual 12PM camera (Apple, California). Cells present an epithelial-

like morphology with a pyramidal or rhombic shape

2.1.3 tSA201 Cell passage

Cells were cultured in growth media containing 88% (v/v) Dulbecco’s Modified Eagles Media
(DMEM), 10% (v/v) heat-inactivated fetal bovine serum (HIFBS), 1% (v/v) non-essential
amino acid solution (NEAA), 2mM L-Glutamine and 1% (v/v) penicillin (10,000 UmL™" ) and
streptomycin (10mgmL"), using monolayers 25cm? or 75cm? vented tissue culture flasks.
Cells were passaged when flasks reached 70% - 80% of confluency. Cells were separated from
the flask surface using Trypsin-EDTA solution (ethylenediaminetetraacetic acid) (10X, 0.5%
trypsin, 0.2% EDTA) in quantity of 1 mL or 2 mL, according to the flasks dimension (25 cm?:
1 mL; 75m?: 2 mL). Flask was then mildly agitated and incubated at 37°C for 2-4 minutes,
according to the dimension of the flask. After this time, the flask with the content was gently
tapped on the side to ensure that all cells are dissociated from the bottom of the flask. 5 mL of
fresh media was then added to the flask and pipetted up and down repeatedly to disperse cell
clumps. 5 mL of cells were then transferred to a falcon tube and centrifuged for 3 minutes at
800 rpm. After centrifugation the supernatant was removed, and cells were re-suspended in 5
mL of fresh media by pipetting up and down to thoroughly resuspend the cells. Cells were then
counted. 100 uL was taken for cell counting on FastRead 102 slide (Immune Systems Ltd,
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UK). The appropriate amount of cell suspension was calculated to seed new flask at a density
of 1.5 X 10° cells/ mL and made up to 5 mL for the 25¢cm? flask or 20 mL for the 75¢m? flask.
The remaining cell suspension was then used to prepare plates (section 2.1.4) for
electrophysiological experiments or sometimes for cryopreservation (section 2.1.6). New
flasks were then incubated within a humified atmosphere of 95% oxygen and 5% carbon
dioxide (CO») at the temperature of 37°C and passaged again when they reached 70% - 80%

of confluency.

2.1.4 tSA201 cell plating for electrophysiology

For electrophysiology experiments, resuspended cells at a density of 7 X 10* cells/ mL were
transferred onto 13 mm circular glass coverslips coated with poly-L-lysine solution (PLL, 0.5
mg/mL) to ensures good cell adhesion. 0.5 mL of cells were added to each well of the plate (2
mL in total for 4-well plate). To ensure that each coverslip was covered by cells, a light and
gentle tap was applied to each coverslip in each well. Cells were then incubated until the

following day, ready to be transiently transfected.

2.1.5 tSA201 cell transfection

For electrophysiological purposes, cells were transiently transfected using a modified calcium-
phosphate protocol (Chen C. and Okayama H., 1987; Batard P. et al., 2001), with both the
cDNA of a voltage-gated potassium channel (Kv) of interest and the cDNA of a reporter gene,
green fluorescent protein (GFP), to help identify cells that had been successfully transfected.
Transfection of one 4-well plate was conducted as follows. Two Eppendorf tubes were
required, labelled 4 and B. Tube 4 contained 0.5pug of either hKV1.1, hKV1.2, hKV1.5 and
hKV2.1, or 0.3 pg (hKV1.3) of the cDNA of interest and 0.5 pg or 0.3 pg of the reporter
protein GFP; 22.5 pL of CaCl> (2M) and ddH20 up to 100 pL of volume in total for all four
wells (25 ul/ well). Tube B contained 100 puL of phosphate-free HEPES buffered saline (280
mM NaCl, 50 mM Hepes, pH 6.9 using NaOH) and 1.8 pL Phosphate buffer (Na,HPO4,
100nM). Each tube was then vortexed and spun down briefly; the content of tube B was
transferred dropwise to tube A, and then incubated at room temperature for 5-15 minutes, to
allow the establishment of the CaPO4/DNA precipitate. The content of the tube was then gently

mixed by pipetting slowly up and down and 50 pL was transferred to each well. Cells were
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incubated for a range of time between 4-6 hours at 37°C in 5% CO». After the incubation, the
media was removed and each well washed twice with 1 mL of warmed phosphate-buffered
saline (PBS) and then 0.5 mL of warmed culture media was added to each well. Plates were
then placed back in the incubator overnight, ready for electrophysiology experiments the

following day (Figure 10).

Figure 10. tSA201 cells transfected with GFP. Transfected tSA201 cells with GFP suitable for whole-
cell electrophysiological recording (unpublished). After transfection cells maintained their healthy
shape (Philip Thomas, Trevor G. Smart, 2005) and the characteristic green colour reports the cells that

have been successfully transfected.

2.1.6 tsA201 cell freezing procedure

Transfection and patching efficiency of tsA201 cells have been shown to decrease with
repeated passages over time (~30 passages). Thus, on receiving a new batch of cells, it is good
practice to freeze down some of the low passage cells for future experiments or in case of
infection, incubator failure etc. When a large flask (75 cm?) reached the 70-80% of confluency,
the supernatant was removed and 2 mL of trypsin-EDTA was added. The flask is gently
agitated and incubated for 3-5 minutes in a 5% CO- incubator. After this short incubation, cells
were dissociated from the bottom of the flask applying gentle agitation and 10 mL of media

was then added pipetting up and down repeatedly to ensure that cells are thoroughly
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resuspended, and the trypsin had been quenched. 10 mL of resuspended cells were then
transferred to a 15 mL falcon and centrifuged at 800 rpm for 4 minutes. After centrifugation,
all supernatant was removed using a sterile Pasteur pipette and the pellet was resuspended in
cryogenic media (90% HIFBS, 10% dimethylsulfoxide (DMSO)), in appropriate volume to
obtain a cell concentration of 2-4 X 10% mL. Subsequently, 1 mL of resuspended cells was
transferred to each cryogenic vial, properly labelled with cell line name, passage number and
date, and placed into Mr Frosty box (Sigma-Aldrich), containing isopropyl alcohol and placed
in -80°C freezer overnight. The following day, the ampoules were transferred to the vapour

phase of a liquid nitrogen vessel and left until needed.

2.1.7 tSA201 cells resuscitation

Resuscitation process must be done very quickly in order to avoid the risk of toxicity from
DMSO. The cap of the frozen ampoule was turned a quarter turn to release any residual liquid
nitrogen. When doing this, a tissue soaked in 70% ethanol, was wrapped around the cap. Cap
was re-tightened and the ampoule was quickly transferred to a 37°C water bath for 1-2 minutes,
avoiding the complete immersion of the ampoule in the water. The content of the ampoule was
slowly transferred into a 15 mL falcon tube, containing 5 mL of pre-warmed media, using a
sterile Pasteur pipette. Cells were then centrifuged at 800 rpm for 3 minutes to remove any
cryoprotectant. The supernatant was then discarded, and cells were resuspended in 5 mL of
media. Resuspended cells were then transferred into a 25 cm? filtered capped flask and placed
into 5% CO» incubator overnight. The following day cells were assessed. A mixture of mainly
adherent and some floating cells is an indication of successful resuscitation. The old media was
then carefully discarded and replaced with 5 mL of fresh new media. Cells were placed back
into 5% COz incubator and left until they reached the 70 - 80% confluency. At this point, cells

were passaged as described above (see 2.1.3).

2.2 Jurkat cells passage

Jurkat T cells, an immortalized line of human T lymphocyte cells, were provided by Dr. Vadim
Sumbayev (University of Kent, Medway School of Pharmacy, UK) (Figure 11). Cells were
cultured in Roswell Park Memorial Institute (RPMI) (1X) media, enriched with GlutaMAX™
growth media containing 10% (v\v) heat-inactivated fetal bovine serum, 1.5% (v\v) penicillin
(10,000 UmL™") and streptomycin (10mgmL™!). Cells were sub-cultured when flasks reached
enough confluency. Cells were transferred from 75 cm? flask into a 50 mL falcon tube and

centrifugated for 5 minutes at 1200 rpm at temperature not exceeding 25 'C. After
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centrifugation, cells were re-suspended in 10 mL of fresh RPMI media. 2.5 mL of resuspended
cells were then diluted in 27 mL of fresh media by pipetting up and down carefully and placed
back in the 5% CO> incubator until required. Cells were passaged when an adequate confluency

was reached.

Figure 11. Jurkat T cells. Image was taken using Leica microscope DM5500B (Leica Microsystems,
CMS GmbH, Made in Germany). Jurkat cells presented a circular shape and are non-adherent when in

the flask.

2.2.1 Jurkat cells plating

After centrifugation, 0.5 mL of resuspended cells were transferred into a fresh falcon tube
containing 8.5 mL of fresh RPMI media. Content was pipetted up and down carefully to fully
resuspend the cells. 1 mL of cells were then transferred to a fresh Poly-L-lysine (PLL) plate
and placed back in the 5% CO: incubator. Cells were ready to be used for electrophysiological
experiments after a minimum of 1 hour from their preparation. This time were sufficient to
ensure that a good number of cells would adhere on the coverslips. All PLL plates used to
conduct experiments on Jurkat T cells, were prepared fresh 24 hours before the experimental

day.
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2.2.2 Jurkat cells freezing procedure

When reached a good confluency, cells where centrifuged for 5 minutes at 1200 rpm not
exceeding 25°C and then resuspended in 10 mL of cold RPMI media. 2 mL of resuspended
cells was then transferred to each cryogenic vial, properly labelled with cell line name, passage
number and date. Cryogenic vials were then transferred for a period of time ranging from 30
minutes up to 60 minutes in the -20 °C freezer, before being transferred in the -80°C until

required.

2.2.3 Jurkat cells resuscitation procedure

20 mL of RPMI media was poured into a 50 mL falcon tube and left to worm up for about 20-
30 minutes. In the meantime, a cryogenic vial containing Jurkat cells was removed from the -
80 °C freezer and left to defrost. When defrosted, the content of the cryogenic vial was quickly
transferred to a falcon tube containing pre-warmed RPMI media, and centrifuged for 5 minutes
at 1200 rpm, not exceeding 25°C. After centrifugation the supernatant was discarded, and the
pellet was resuspended in 30 mL of fresh media. Flasks were then prepared following the
routine procedure (2.2), placed back in the 5% CO; incubator until required. Cells were

passaged when an adequate confluency was reached.

2.3 Electrophysiology

Electrophysiological investigations on tSA201 and Jurkat T cells, were attained using the patch
clamp technique. The technique enables the recording of ionic currents from an isolated patch
of the membrane using a glass pipette filled with an appropriate electrolyte solution pressed
against the cell surface. By applying suction, the pipette and the cell membrane enter in direct
contact and a seal is formed (Ogden D. and Stanfield P., 1999). The patch of the sealed
membrane is then ruptured by applying quick suction so that electrical access to the cell is
ensured (Linley J.L., 2013) (Figure 12). For all experiments, a voltage-clamp method was used.
In such a way, the membrane voltage can be set by the investigator as command voltage (Vcmp)
or holding voltage (Vuorp) and the transmembrane current required to maintain this voltage
can be measured. This is achieved by using a negative feedback that produce a current equal
and opposite in charge to the current flowing through the open channels. The whole-cell patch
or whole-cell recordings allow to record the ionic current generated from the movement of ions

across the whole membrane.
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Pipette Pipette Pipette

Figure 12. Sequence to reach the whole cell configuration. A: Pipette approaches the cell. B: Suction
is applied to form a seal between the membrane and the tip of the pipette (gigaseal). C: Whole cell

configuration is reached.

In figure 13, is presented a typical rig set-up for electrophysiological purpose. Microscope,
head stage and manipulator were placed on an air table (Technical Manufacturing Corporation)
to create an isolation system; as such, the components can be protected from external sources
of vibration that can affect the recordings. To further increase the protection from sources of
noise, the set-up is encased in a Faraday cage. Glass coverslips with the cells prepared as
indicated above (see 2.1.5) were placed into a double-chambered Perspex bath and assessed
upon an inverted, fixed stage microscope (Olympus CKX41). The microscope has both a
standard light source and a fluorescence source (X-Cite 120Q, Excelitas technologies), so that
it is possible to observe the cells after being transfected. When performing experiments, the
bath chamber was filled with either external solution (see section 2.5) or with external solution
containing one of the toxins. The external solution fills both wells of the bath chamber, that are
connected via a tight channel, for a total amount of approximately 2 mL. The separation of the
two wells within the bath chamber determine the separation of the recording section from the
suction section, allowing a reduction of the noise to the recording system. The coverslip
containing cells is placed in the first chamber whilst a ground electrode, comprising a silver

chloride pellet connected through a cable to the headstage amplifier (CV 203BU, Axon
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Instruments) is placed in the second chamber. Borosilicate micropipette, prepared from
borosilicate glass capillaries (Harvard Apparatus, UK), with an outer diameter of 1.5 mm and
internal diameter of 1.17 mm, were used for all electrophysiological experiments. The
micropipettes were prepared using a vertical puller (PC-10, Narishige) that generate two
micropipettes with an average resistance of 5-10 MQ and 1-2 um tip diameter. The
micropipettes were filled with an internal solution (see section 2.5) using a microneedle
injector, in a way that the end of a silver wire was immersed. A silver wire was encased in HL-
U holder (Axon Instruments), attached to the headstage amplifier (CV 203BU, Axon
Instruments). The silver wire was chlorinated in bleach for about twenty-thirty minutes, in
order to provide a coat of AgCl, important to create a stable electrode. Usually the silver wire
was bleached every few weeks and re-mounted on the holder to be used. The coating of the

silver wire determines the following reversible reaction:

Ag+Cl=AgCl+e -

This reaction determines the transduction of a current consisting in ions in solution to a current

involving electron in a silver wire that can be measured.
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Figure 13. Rig set up. A) Inverted microscope (Olympus CK X41); B) Amplifier headstage; C) Gravity

Perfusion system (ALA-VMS8, ALA Scientific Instruments); D) Air Table (Technical Manufacturing
Corporation); E) Computer Screen (Dell); F) Micromanipulator controller (Scientifica); G) Perfusion
Channel Controller (ALA Scientific Instruments); H) Axopatch 200B Amplifier (Molecular Devices);
I) Digidata 1440A digitizer (Molecular Devices); J) Micromanipulator power source (Scientifica)

The micropipette was connected to a headstage amplifier (CV 203BU, Axon Instruments), in turn

connected to an Axopach 200B amplifier (Axon Instruments).
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The headstage amplifier works as a differential amplifier, mounted with a feedback resistor
(Rs). The amplifier has two inputs (non-inverting input (+) and inverting input (-)) and
generates an output (Vo), proportional to the difference between the two input signals.

In figure 14, is shown a schematic representation of the mechanism of a differential amplifier,
contextualized in a patch clamp application. The micropipette is connected to the inverting
input of the amplifier, essentially a current-to-voltage convertor, thereby the current that flows
through the pipette (ip), flows into the current-to-voltage convertor. The second input that goes
into the non-inverting inputs of the amplifier, is the command voltage (Vcmp) set by the
experimenter. The output generated by the amplifier, is proportional to the difference between

the two inputs, so that:

V0 =V CMD54 - V(P)

The Rs, works by taking some fractions of the output signal (V,) and feed it back to the input,
generating a current Ir so that the membrane voltage (Vm) is kept as close as possible to the

command voltage (Vcemp). The feedback system basically maintains:

Vm=V(CMD)

The amount of current required to keep the two voltages in range of value as close as possible
can be measured and recorded, as an indication of the ion channels activity. The signal was
further processed by the Axopatch 200B amplifier (Axon Instruments) via a 4-pole Bessel low-
pass filter set at 5 KHz, so that all frequencies above 5 KHz are excluded from the signal output.
The signal is now ready to be conveyed to the digitizer (Digidata 1440A, Axon Instruments)
that converts the analogic signal into a digital signal that can be transmitted to the computer

and registered using the pPCLAMP 10 software (Axon Instruments).
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Figure 14. A schematic representation of a differential amplifier. The first input (V1) that goes into
the inverting input of the amplifier (AH) is generated by the micropipette registering the current at the
cell membrane. The second input (V2) is set by the experimenter (VCMD). The current IF generated
by the feedback resistor (Rs) keeps the membrane voltage as close as possible to the command voltage

(Vewmp).

2.3.1 Whole cell patch clamp recordings

At the start of the recording, a micropipette filled with an internal solution, is manoeuvred into
the bath chamber, containing the external solution, and micropipette movements were
controlled using a PatchStar micromanipulator (Scientifica, UK). Isolated and green
fluorescent cells, as the channel was co-transfected with GFP protein, were the cells usually
selected for recordings. A fluorescence illuminator (X-Cite 120Q), containing a mercury bulb
and set at a wavelength of 395 nm, was used to view the fluorescent cells. Once cells were
selected, the micropipette was fully immersed into the chamber and maneuverer in direction of
the cells, until a contact between the micropipette and the cell was created. Contact between
the micropipette and cells can be seen on the computer screen, as an increase in the micropipette

resistance is recorded. At this point, a negative pressure is applied to the micropipette using a
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10 mL suction syringe, in order to generate a seal between the micropipette and the cell
membrane. Alternatively, negative pressure could be created by mouth suction. The seal has a
resistance within the giga Ohm (GQ) order and therefore defined “giga-Ohm seal”. The seal
can be created quickly, or in certain circumstances, it requires a while to be formed. A new
fresh pipette was used each time when attempting to create a seal. Once the giga-seal was
created, rupture of the membrane below the pipette tip, was reached by applying further
negative pressure “pulses”. As an indication of the rupture of the membrane, a large capacity
transient at the leading and trailing edges of the pulse can be seen (Figure 15). At this stage,
the contents of the interior of the cells are in diffusional equilibrium with the solution in the
micropipette. This conventional whole-cell configuration allows to measure the current from

all open ion channels within the cell membrane.

Figure 15. Initial sequence of steps during patch clamp recordings seen on the computer on
pCLAMP. A: Pipette is placed correspondence of the cell membrane. Suction is applied to form a seal
B: Giga seal is formed, and negative pressure is further applied to break through the membrane C:
Whole cell is reached and transients at the leading and trailing edges can be noticed. Recording can

now start.
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2.3.2 Perforated patch clamp recordings

Perforated patch clamp technique was used to obtain electrophysiological recordings for Jurkat
T cells using amphotericin B (A9528, Sigma-Aldrich, UK). The technique is a variation of the
conventional whole-cell patch clamp and was first described by Horn and Marty (Horn R. and
Marty A., 1988). Perforating patch clamp allows to measure the ionic flux through the
membrane by perforating, instead of rupturing (as in the whole-cell), the patch of the sealed
membrane (Linley J.E., 2013; Lippiat J. D., 2008). Membrane is perforated by using pore-
forming antibiotics, that are added to the solution filling the patch pipette, at an appropriate
concentration. The most common pore-forming antibiotics are nystatin (Horn R. and Marty A.,
1988) and amphotericin B (Rae J. ef al., 1991) but, in some occasion, gramicidin can be used
(Rhee J.S. et al., 1994). These pores formed within the membrane are permeable to small
monovalent ions, but are inaccessible to impermeable ions, such as Ca?" and other molecules
of larger molecular weight (Lippiat J.D., 2008). Perforated patch-clamp technique is commonly
used in experiments aimed at studying the regulation of ion channels by intracellular signalling
pathways as the cytosolic component are maintained integral, as well as the endogenous

concentration of Ca?" (Linley J.E., 2013).

2.4 Data analysis

Electrophysiological recordings were obtained using pPCLAMP software (Clampex 10.2, Axon
Instruments) installed on Window 7 computer. Recordings were acquired using a specific
voltage protocol, in accordance with the kinetics properties of the channel.

To measure the current passing through the channels, a “+50 mV continuously” protocol was
used to evoke the currents through the voltage-activated K* channels (Kvs) (Figure 16, A).
Cells were held at -60 mV before stepping down to -80 mV for 500 milliseconds (ms); this was
then followed by a step up to +50 mV for 500 ms and then back down to -80 mV for 500 ms,
returning to the holding potential of -60 mV. The protocol was applied once every 15 seconds
with a total of 30 sweeps recorded for each cell. Of those, a minimum of 5 sweeps were then
averaged for any given current value measured at +50 mV using Clampfit (Clampfit 10.2, Axon
Instruments) and Excel (Microsoft Corporation, USA). To determine I-V relationships for the
channels a different voltage protocol was used (Figure 16, B). Cells were held at -60 mV and
currents were recorded from +50 mV to -90 mV in 10 mV steps for 500 ms, followed by 500
ms step back to -90 mV and then returning to the holding potential of -60 mV. One sweep
occurred every 15 second for a total of 15 sweeps. The current at each voltage was plotted

using Clampfit (Clampfit 10.2, Axon Instruments) and Excel (Microsoft Corporation, USA).
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The acquired data was then transferred to GraphPad Prism 8 (GraphPad Software Inc., CA;
USA) to create graphics and to perform statistical analysis. Data are expressed as mean + 95%
Confidence Intervals of the mean of the mean peak current (pA) measured at +50 mV in the
absence and presence of toxin. %’ represented the number of cells used for experiments and

each group of experiments had an » of at least 5 (n=5). All measurements were conducted at

room temperature (21-23°C).
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Figure 16. Representation of the protocols used to evoke Kv currents in electrophysiological

experiments. A) “+ 50 mV continuously” protocol used for Kv channels recordings. B) “+50 mV to -

90 mV” protocol to determine I-V relationship.
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2.4.1 Statistical Analysis

Statistical analysis were performed using GraphPad Prism 8 software (GraphPad Software Inc.,
CA; USA). Raw data traces were an average of all cells recorded either in control or in the
presence of a toxin. Data were expressed as the mean current measured at +50 mV* 95%
Confidence Intervals (CI) and n represents the number of individual cells. Statistical analysis
was performed using either a one-way ANOVA with a post-hoc Dunnett’s multiple
comparisons test or an unpaired Student’s t-test. Data was considered statistically different if
p <0.05(*),p<0.01 (**), p<0.001 (***). Percentage (%) of inhibitions were calculated from
the difference of the current at +50 mV of a particular channel in control conditions compared
to that same channel incubated in a particular concentration of the toxin. Data from cells
expressing channels incubated in toxin were recorded either simultaneously to those cells

incubated in control solution or around the same calendar period and cell batch.

2.5 Solutions and compounds

Electrophysiological experiments on cells were conducted using an external solution
comprising 145 mM NaCl, 2.5 mM KCI, 2 mM MgCl, 1 mM CaCl; and 10 mM 4-(2-
hydroxyethyl)- 1-piperazineethanesulfonic acid (Hepes). Solution was adjusted at pH 7.4 using
NaOH and stored at 4°C. The internal solution included: 150 mM KCI, 3 mM MgCl,, 5 mM
EGTA and 10 mM 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid (Hepes). Solution was
adjusted at pH 7.4 using KOH and filtered using 0.2 uM cellulose acetate filter (Sartorius).
Solution was then aliquoted in 1.5 mL Eppendorf tubes and stored at -20 °C. For perforated
patch recordings, a 60 mg/mL stock of amphotericin B solubilized (A9528, Sigma-Aldrich,
UK) was prepared by dissolving in DMSO. The stock was stored at -20°C until required. The
same day of experiments, amphotericin B was added to 0.5 mL of internal solution to a final
concentration of 240 pg/mL. The tube was vortexed until a weak yellow colour was
predominant, and the amphotericin B had dissolved. It was then used to fill the micropipette as
required. Both internal and external solutions are adjusted at pH 7.4 to recreate physiological

conditions.
2.5.1 Toxins preparation

A commercial Sthicodactyla heliantus (ShK) toxin, was purchased from Alomone Lab (Israel).

The toxin was prepared in stock of 10uM in DMSO, aliquoted in Eppendorf tubes (50 pL each
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tube) and stored at -20 C until required. SXCL-1 (Imperial College, London, UK) expressed
in HEK cells and SXCL-6 (Imperial College, London, UK) expressed in yeast Pichia pastoris,
were prepared in a similar way to ShK toxin. Stock is 10 uM (diluted in DMSO) and tubes
were kept at -20 'C until required. A commercial Guangxitoxin 1E (Plesiophrictus
guangxiensis) was purchased from Tocris (Bio-Techne Ldt, Abingdon, UK), and prepared in
stock of 10 uM in distilled water as specified in the safety datasheet, aliquoted in Eppendorf
tubes containing 50 pl each and stored at -20 °C until required. On the experimental day,
aliquots of the toxins were diluted directly into the external solution according to the

concentration required and used the same day. Before use, aliquots were defrosted thoroughly.

2.6 Computer Modelling

A model of human (h) Kv1.3 channel was kindly gifted from Professor Raymond Norton
(Monash University, Melbourne, AU) and Professor George Chandy (Lee Kong Chian School
of Medicine, Nanyang Technological University, Singapore). The model, referred as Kv/.3
Norton-Chandy, comprises the regions of the channel involved in the binding, so that the amino
acidic residues forming the selectivity filter (374-491; hKv1.3 sequence UniProt, entry code:
PP22001), the segments S5-S6 and the pore region (416-456 hKv1.3 sequence UniProt, entry
code: PP22001) are included in the model. This can be considered a shortened model, that
includes the pore domain of the channel but exclude the voltage-sensor domain (VSD) and
reports a difference of 70 amino acidic residues when compared to hKv1.3 sequence in UniProt
(hKv1.3 sequence UniProt, entry code: PP22001).

Computer modelling predictions were performed using the online software ZDOCK (Pierce
B.G. et al, 2014). The final output generated by the software included more than 500
complexes of which, the top 10 were visualised using PyMOL 2.4 (Schrodinger, Inc.). Toxins
used to perform computer modelling were: SXCL-1 and SXCL-6. The two novel peptides
templates were created using the online software SWISS-MODEL (Biozentrum, University of
Basel, The center for Molecular Life Science) (Waterhouse A. et al., 2018). The sequence of
the two peptides SXCL-1 and SXCL-6 were provided by Professor Murray Selkirk (Imperial
Collage, London, UK).

2.7 Computational Alanine Scanning
Computational Alanine Scanning analysis was performed using the webserver PP Check

(Sukhwal A. and Sowdhamini R., 2013). Each of the top 10 PDB protein-protein complexes

60



result from ZDOCK analysis, was uploaded on the server and residues involved in the binding,
were mutated into alanine (A). Amino acids were then screened based, primarily, on two
criteria: difference in free energy (AG) and frequency among the complexes. In such way, a
final list of aminoacidic residues with high energy difference (AG) and high frequency within
the complexes was stipulated, and the top 3 residues were considered for site-direct

mutagenesis analysis (see also Chapter 3, section 3.5).

2.8 Molecular Biology

2.8.1 Mammalian Expression Plasmids

Human (h) wild-type (WT), voltage-gated channel, Shaker-related subfamily, member 1,
Kvl.l (KCNA1, Genbank™ NM 000217.1), member 2, Kv1.2 (KCNA2, Genbank™
NM 004974.4), member 3, Kvl.3 (KCNA3, Genbank™ NM 002232), member 5, Kv1.5
(KCNAS5, Genbank™ NM_002234) and human potassium voltage-gated channel, Shab-related
subfamily, member 1, Kv2.1 (KCNBI1, Genbank™ NM 004975) cDNA clones were
purchased from Cambridge Bioscience (Cambridge, UK) and provided in the mammalian
expression vector pPCMV6-XL4. Green fluorescent protein (GFP) was inserted in pcDNA3.1
vector and was a kind gift of Helen Meadows, GlaxoSmithKline, UK.

2.8.2 Site-directed Mutagenesis

Point mutations were introduced by site-directed mutagenesis into pCMV6-XL4 encoding
Kv1.3 ¢cDNA and Kv2.1 cDNA, using the QuikChange II Site-Directed Mutagenesis Kit
(Agilent, CA, USA). A pair of complementary oligonucleotide primers (25-35 bases)
incorporating the intended mutation (aspartic acid (D) 449 to an alanine (A) (D449A); histidine
(H) 451 to an alanine (H451A); and valine (V) 453 to an alanine (V453A)) for Kv1.3 and
(proline (P) 17 to a threonine (T)) for Kv2.1, were synthesised (Eurofins MWG Operon,
Ebersberg, Germany). Full primer sequences are shown in the appendix (figure 105).
QuikChange utilises a three-step protocol that allows the introduction of site-specific mutations
into double-stranded (ds) plasmids using the polymerase chain reaction (PCR) and PfuTurbo®
high-fidelity DNA polymerase (Agilent, CA, USA). The first step of the process is the
denaturation of the plasmid template and annealing of the complimentary oligonucleotide
primers, containing the desired mutation, to opposite strands of the plasmid. Annealing

temperatures for each PCR reaction were determined by the GC-content of the oligonucleotide
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primers. The PCR product is then digested with Dpn-I endonuclease (10 U/uL), which is
specific for methylated and hemi-methylated DNA. Dpn-I digestion is used to digest any
remaining, non-mutated parental DNA template and to select for mutation-containing
synthetized DNA (Nelson M. and McClelland M., 1992). The Dpn-I digested PCR reaction is
then transformed into XL 1-Blue super competent cells (Agilent, CA, USA) using a heat-shock
protocol. 50 pL aliquots of XL1-Blue super competent cells were defrosted in ice to which 3
uL of the Dpnl-treated DNA was added. Transformation reactions were mixed gently and then
incubated on ice for 30 minutes (min). The transformation reaction mixture was then heat-
shocked at 42°C for 45 seconds (s) and placed immediately on ice for 2 min. Following this
incubation, 500 pL of preheated (42°C) NZY" broth (Sigma, UK) was added. It was then
incubated at 37°C for 1 hour with shaking (225-250 rpm). The transformation mixture was then
plated onto LB agar plates containing the appropriate antibiotic (ampicillin (50 mg/mL) Sigma,
UK) and incubated overnight at 37°C allowing only those cells containing the plasmid vector

(therefore with antibiotic resistance) to proliferate.

2.8.3 Preparation of DNA

Single colonies were used to inoculate 5 mL LB broth (Sigma, UK) cultures containing the
appropriate antibiotic. After overnight incubation at 37°C, with gentle agitation, the bacterial
cultures were spun down, lysed and purified using a DNA Miniprep kit (Sigma, UK) and stored
at -20°C until required. The purity and concentration of the prepared DNA was determined
using a Nanodrop spectrophotometer (Implen, Germany). All WT and mutated constructs were
fully sequenced before use (MRC/PPU, School of Life Sciences, University of Dundee,
Scotland).
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2.9 Enzyme-linked immunosorbent assay (ELISA)
ELISA-based assays kit was used for the detection of Interleukin-2 (IL-2) (R&D System,
Abindgon, UK) and was kindly provided by Dr. Vadim Sumbayev (Medway School of

Pharmacy, University of Kent). The experimental procedure was as following.

2.9.1 Treatment of Jurkat cells with ShK, SXCL-1 and SXCL-6

Stage 1: Phorbol 12-myristate 13-acetate (PMA) and toxins preparation. In order to
perform the ELISA assay for detecting the level of IL-2, cells were pre-treated with PMA.
PMA was prepared the day before the experiment, diluted in filtered PBS (concentration 50
puM) and kept in the -20°C freezer until required. Toxins (ShK, SXCL-1 and SXCL-6) were
prepared before the experimental day, diluted in filtered phosphate-buffered saline solution

(PBS) (toxin concentration 0.5 nM) and kept in the -20°C freezer until required.

Stage 2: Plates Preparation and cell treatments. Usually this stage occurs at day 1 of the
experiment. Cells were transferred into a 50 mL falcon tube and centrifuged for 5 minutes at
1200 rpm, not exceeding 25°C. Supernatant was removed and pellet was resuspended in 20
mL of fresh RPMI media, previously warmed up. At this point, 0.5 mL of resuspended cells
were transferred into a 15mL falcon tube and 20 pL. were then used for cell counting using the
FastRead 102 slide (Immune Systems Ltd, UK). Subsequently, 1 mL of resuspended cells were
added to each well of the 4-wells plates. Wells were then labelled according to the experimenter
scheme. Subsequently, 2 uL. of PMA was then added to each well, followed by SuL of the
toxins, previously prepared as indicated above to make up the appropriate concentration. Plates

were gently agitated and placed in the 5% CO> incubator at a temperature of 37°C overnight.

Stage 3: Sample collection. After the overnight incubation, samples were collected and placed
in a fresh Eppendorf tube. Tubes were centrifuged for 5 minutes at 3000 rpm. After
centrifugation, supernatant was collected and poured into a new tube. According to the
experimenter, samples can be directly used for ELISA-assay or placed in the -20°C freezer

until required.
2.9.2 Enzyme-linked immunosorbent assay (ELISA) procedure.

The 96-well microplate, coated with Poly-D-Lysine (PDL), was incubated overnight at room

temperature, with 100 uL of capture antibody, previously diluted in PBS. After the overnight
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incubation, the “blocking buffer stage” started. 100 uL of ELISA blocking buffer (PBS/Bovine
Serum Albumin (BSA) 1%) was added to each well and incubated for 1 hour at room
temperature. After the incubation, samples were loaded. Following the scheme designed by the
experimenter, 100 uL of sample were added to each well and incubated at room temperature
for two hours. This stage of the procedure is defined “samples loading”. Subsequently, wells
were washed for a total of three times with 1X Tris-buffered saline, 0.1% Tween 20 (TBST)
buffer. 100 uL of specific biotinylated detection antibody, previously diluted in PBS/BSA 1%,
were added to each well and incubated for 2 hours at room temperature. After the 2 hours
incubation, cells were washed for three times using 1X TBST buffer. After this passage, 100
pL of streptavidin conjugated with horseradish peroxidase (HRP) were added to each well and
incubated for 30 minutes at room temperature, avoiding direct contact of the plate with the
light. After the 30 minutes incubation, wells were washed with 1X TBST buffer and 100 puL of
substrate solution were added to each well for a maximum of 10 minutes. Substrate solution
contained: 0.2% H>0»; 56 mM of o-phenylenediamine (OPD). Briefly, HRP/H,O»- catalysed
oxidation of OPD leads to the production of the yellow emitting 2,3-Diaminophenazine (DAP)
(Mekler V.M. and Bystryak S.M., 1992; Fornera S. and Walde P., 2010). DAP UV-vis
spectrum absorption varies according to the pH values (Hinterberger V. et al., 2018). When
the colour of the solution is changed, 100 uL of 1.8 M of H2SO4 was added to each well. Results
were acquired using Tecan ELISA reader (JENCONS-PLS) and absorbance was measured at

492 nm. Data were then prepared and processed for statistical analysis.

2.9.3 Statistical analysis

ELISA for the detection of Interleukin-2 (IL-2) analysis was performed using Excel
(Microsoft) and graphical representations were obtained using GraphPad Prism 8 (GraphPad
Software Inc., CA; USA). Statistical analysis were performed using one-way ANOVA

(multiple comparisons Dunnette’s test) and data are expressed as mean + SEM.
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Chapter 3: Electrophysiological and functional
characterisation of the two novel ShK-like peptides,

SXCL-1 and SXCL-6 on Kv1.3 channel
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3.1 Introduction

Heligmosomoides polygyrus (H. polygyrus), originally known as Nematospiroides dubius
and/or H. bakeri, is a parasitic worm able to establish chronic infection in mice (Johnston C.J.
et al., 2015) by triggering several immunomodulatory mechanisms that, ultimately, suppress
the host’s immune responses (Mishra P. et al., 2013). Helminth infections occur especially in
developing countries, whereas are less common in developed countries, where a combination
of factors, including the sanitation process and the improvement of the hygiene conditions,
have dramatically reduced the contact between pathogens and hosts. Several researches are
aiming to unravel the use of helminth parasites or their products as therapeutic tools that can
offer protection against autoimmune diseases (White M.P.J. et al., 2020). In a matter of fact,
helminths are able to induce many regulatory pathways during their cycle in the mammalian
host, by inducing a strong Th2 immune response that includes release of cytokines, typically
interleukins (IL-4 and other THa-type cytokines) and Immunoglobulin E (IgE), as well as
activation and mobilization of mast cells, eosinophils and basophils (Maizels R.M. et al.,
2004). Work carried by Correale and Farez, also revealed a strong correlation between
persistent helminth infection and responsiveness to inflammatory diseases such as Multiple
Sclerosis (MS) (Correale J. and Farez M.F., 2007; Correale J. and Farez M.F., 2010).

H. polygyrus is a widely used model to investigate the interactions between the helminths and
their hosts (Pelly V.S. et al., 2016) and has been previously used to elucidate the role of Th2
immunity in reducing the severity of inflammatory diseases in experimental autoimmune
encephalomyelitis (EAE) model, a mouse model of MS (White M.P.J. et al., 2020).

The parasitic worm has a direct lifecycle in the host, predominantly wild mouse, that occur
after ingestion of infective L3 larvae. The ingested larvae undergo several developmental
stages before emerging as adult worm in the gut lumen. Eventually, adult worms mate and
female produce eggs that are released into the environment through the feces. Whilst in the
feces, larvae undergo two further developmental stages (L1 and L.2) before becoming infective
at stage L3. At this point, the L3 larvae can infect another host and start the cycle over again

(Reynolds L.A. et al., 2012) (Figure 17).
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Figure 17. H. polygyrus lifecycle in the host. Infective larvae at stage 3 (L3), infect the host by
ingestion. In laboratory experiments, the lifecycle of H. polygyrus is recreated by administration of the
infective L3 larvae by gavage in mice (Johnston C. J. et al., 2015). Larvae develop into adult that

releases eggs. Eggs are then expelled via feces and infective larvae develop.

During the adult stage, the worm secretes an abundant number of proteins that collectively are
named “HES products” (Adult excretory-secretory products). The most abundant secrete have
been identified as VAL/ASP-like products (Hewitson J.P. et al., 2011). Those proteins released
by the worm, play a pivotal role in sustaining the helminth immune evasion of the host immune
system and are attractive as immunomodulatory tools (Hewitson J.P. et al., 2011).

Recent investigations conducted by our collaborators at Imperial College (London, UK),
identified several proteins that share the characteristic ShAK7-like domain, a hallmark domain

conserved among toxins that are able to selectively block potassium channels, in the products
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of adult H. polygyrus. This family of novel peptides have been named SXCL-/ike proteins, or
alternatively, ShK-like peptides and comprises peptides with aminoacidic sequence of 41-49
residues, 6 cysteines domain and candidate functional lysine (K) within the aminoacidic
sequences. So far, nine of those peptides have been identified (SXCL-1-9).

As reported above (see Introduction, section 1.5.6), an increasing number of studies are
pointing out the relevance of worm peptides, especially within the nematodes, cestodes and
trematodes phylum, as novel potential immunomodulators that have a phylogenetical
relationship with the sea anemones toxins and can selectively target potassium channels
(Chhabra S. et al, 2014). Therefore, the hypothesis underlying our study is aimed at
investigating the proprieties of two novel peptides belonging to the SXCL-like/ShK-like
proteins family, that could potentially represent novel therapeutical tools for the treatment of
several conditions including, but not limited to, autoimmune diseases that involve the voltage-
gated potassium channel, Kv1.3. These peptides are named SXCL-1 and SXCL-6 and share

the characteristic ShK-like domain found in other toxins able to inhibit ion channels.

3.2 ShK-like domain

Toxins and peptides that act as inhibitors of K* channels, have been found to share a functional
and highly conserved domain, known as ShKT, or ShK-/ike domain. Originally, this domain
was found in ShK toxin, isolated from the sea anemone Stichodactyla heliantus and soon after
was identified in other toxins derived from both animal and plant kingdom (Prentis P.J. et al.,
2018). ShKT domain usually comprises 36 to 42 aminoacidic residues, 6 cysteines motif and
conserved residues within the aminoacidic sequence. Generally, the structure is stabilized by
disulphide bridges, variable in numbers, but the typical architecture includes three disulphide
bridges that connect the cysteine residues (SMART database, Heidelberg). Single ShK-/ike
domain, as found in sea anemones and more recently in nematodes, represent the simplest
architecture that these domains can adopt, although some proteins can contain multiple Shk-
like domains (Gerdol M. et al., 2019). A long line of researches focused the attention on
revealing the potential role of ShKT toxins as therapeutic tool to treat human diseases that
involve an alteration of the normal function of ion channels. Since ShK toxin, at present
Dalazatide, showed great results in specifically target Kv1.3 channels, involved in the
development of a large number of autoimmune diseases, ShKT toxins have been evaluated as

potent blocker not only of Kv1.3 channels but also other potassium channels, and are regarded
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as good candidates to treat autoimmune, as well as other disorders. The mechanism of action
of those toxins on K" channels varies and predominantly involves either the block of the pore

region or the modification of the gating properties of the channel.

3.2.1 SXCL-1

The ShK-like peptide SXCL-1, expressed in HEK cells, is a peptide of 42 amino acidic residues,
6 cysteines residues and a candidate functional lysine thought to be in position 21 (K21).
SXCL-1 is the most abundant peptide secreted by adult H. polygyrus during its lifecycle in the
host, as HES adult product. Analysis conducted using the SWISS-model software (see Material
and Methods, sections 2.6 and 2.7), have conveyed to the identification of the model structure
of the peptide, via comparison with other already known peptides sequences. In figure 18, is
showed the template for SXCL-1 structure based on the homology model of the sea anemone
toxin OspTx2b from Oulactis sp., an isoform of OspTx2a that blocks Kv channels
(Krishnarjuna B. ef al., 2018; Sunanda P. et al., 2018).

TCRDNVNRGICAMHKANGRCKQDYSDWMFIMKNQCAKTCGFC

Figure 18. SXCL-1 peptide. A) Model structure of SXCL-1 with functional Lys highlighted in violet
(K21). B) Aminoacidic sequence of SXCL-1 with Lys (K21) in violet.
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3.2.2 SXCL-6

The ShK-like peptide SXCL-6, expressed in the yeast Pichia pastoris, presents a slightly longer
aminoacidic sequence than SXCL-1, comprising 48 residues, 6 cysteines pattern and candidate
functional lysine in position 28 (K28). SXCL-6 model was created using the SWISS-model
software (for further details see Material and Methods, sections 2.6 and 2.7) based on the
sequence homology between SXCL-6 and already existing peptides. In figure 19, is showed
the representative model of SXCL-6, obtained using as a template BgK toxin, from the sea
anemone Bundosoma granulifera, a known and characterized toxin that inhibit Kv channels

(Cotton J. et al., 1997).
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Figure 19. SXCL-6 peptide. A) Model of SXCL-6 with candidate functional lysine coloured in violet
(K28). B) Amino acidic sequence of SXCL-6 peptide with lysine (K28) in violet.
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3.3 Objectives

SXCL-like proteins, SXCL-1 and SXCL-6, presenting the characteristic ShKT domain within
the sequence with functional lysine in position 21 and 28, respectively, are valuable candidates
as potent inhibitors of the voltage-gated K* channel, Kv1.3. To investigate the properties of the
peptides, I performed electrophysiological investigations using the whole-cell patch clamp
technique, aimed at testing the peptides at different concentrations within the nanomolar range
(nM). The main purpose was to delineate the pharmacological profile of the two peptides, using
as a positive control the well characterized ShK toxin from the sea anemone Stichodactyla

heliantus.

I then applied a combination of computer modelling and computational alanine scanning (see
Material and Methods, sections 2.6 and 2.7) to predict the potential interaction sites between
the two novel ShK-like peptides and Kv1.3 channel. From the investigation, three main
aminoacidic residues resulted to be involved in the channel-peptides interaction. Therefore, I
investigated whether mutations affecting these three important binding sites located at the
channel pore, can cause a reduction of the affinity channel-peptides, therefore limiting the
ability of the peptides to bind to the channel. Residues considered for site-directed mutagenesis

analysis were: Asp449, Val453 and His451.
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3.4 Results

3.4.1 Electrophysiological characterisation of ShK

Kv1.3 WT channel currents were recorded using whole-cell patch clamp technique on tsA201
cells, transiently transfected with hKv1.3 DNA. Currents were evoked using a “+ 50mV
continuously” protocol as described previously (see Material and Methods, section 2.4) and
then analysed at +50 mV as peak current (pA).

First investigations were focused on the characterisation of the effect of a well-known and
effective Kv1.3 blocker, the ShK toxin, from the sea anemone Stichodactyla heliantus
(Castraneda O. et al., 1995). The toxin was purchased from AlomoneLab (Israel) and tested at
various concentrations (nM range). In figure 20, is showed Kv1.3 WT in control conditions.
The channel presents an average peak current of 4699 pA (95% CI 1073: 8326 n=5). To note,
tSA-201 cells, express some background currents that is possible to record using the same
approach reported above. Below, in figure 20 (in red), untransfected cells show an average

peak current of 563 pA (n=4).
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Figure 20. Representative trace of Kvl.3 WT. Average peak current of Kv1.3 WT in control

conditions was equal to 4699 pA (n=5). To note, in red, untransfected cells average current was equal
to 563 pA (n=4).
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Following the data sheet information available from AlomoneLab, we went on and tested
different concentrations of the toxins in the nanomolar range, including 5 nM, 1 nM, 0.5 nM
and 0.1 nM. Investigations were conducted by incubating Kv1.3 WT with ShK toxins at
different concentrations, for 20 minutes in 5% CO- incubator. ShK is a potent Kv1.3 blocker,
therefore, incubation of the channel with 5 nM, 1 nM, 0.5 nM and 0.1 nM, determined a
reduction of the average Kv1.3 WT peak current from 4699 pA to 1484 pA (95% CI 542: 2427
n=7) (Figure 21 and representative trace Figure 22, A); 2068 pA (95% CI 1148: 2988 n=6)
(Figure 21 and representative trace Figure 22, B); 3565 pA (95% CI 784: 6346 n=5) (Figure
21 and representative trace Figure 22, C) and 6070 pA (95% CI 4005: 8133 n=6) (Figure 21
and representative trace Figure 22, D) respectively.

To note, 5 nM of the toxin significantly inhibits the average peak current of the channel by
68% (P<0.05 using one-way ANOVA, Dunnett’s multiple comparisons test).

A dose-responses curve was then plotted to establish the IC50 of the toxin for our

investigations. ShK shows an IC50 of 0.5 nM with sigmoidal course (Figure 23.).
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Figure 21. Peak current graphic of Kvl.3_WT in control and with different concentrations of
ShK. Bars are indicative of 95% Confident Intervals (CI) of the mean. ShK at 5 nM, significantly inhibit
the channel currents by 68% (p=0.0236).
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Figure 22. Layout panel representative of Kv1.3_WT in control and with different concentrations
of ShK toxin. Representative traces Kv1.3 in control conditions (in black) and in presence of various
concentration of ShK toxin (in red). A) Kv1.3 in control and ShK at 5 nM; B) Kv1.3 in control and ShK
at 1 nM; C) Kv1.3 in control and ShK at 0.5 nM; D) Kv1.3 in control and ShK at 0.1 nM.

74



Current (pA)

Shk (nM)

Figure 23. Dose-responses curve of ShK. The toxin presents an [C50 of 0.5 nM with sigmoidal course.

Concentrations included in our investigations were 5 nM, 1 nM, 0.5 nM and 0.1 nM.
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3.4.2 Electrophysiological characterisation of SXCL-1

Considering the results obtained from our investigations conducted using ShK toxin as a
positive control, we determined an initial range of concentrations to test for our two novel ShK-
like peptides, SXCL-1 and SXCL-6. As such, we started from concentrations spacing in the
nanomolar range (nM) and we used a similar investigation method. Kvl1.3 WT channel
currents were recorded using whole-cell patch clamp technique on tsA201 cells, transiently
transfected with hKv1.3 DNA. Currents were evoked using a “+50 mV continuously” protocol
as described previously (see Material and Methods, section 2.4) and then expressed as average
peak current (pA). Kvl.3 WT expression resulted in an average peak current expression

resemble to 4875 pA, in control conditions (95% CI 3980: 5771 n=30) (Figure 24).
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Figure 24. Electrophysiological profile of Kv1.3_ WT channel in control conditions. Whole-cell
currents are evoked at +50 mV. The average peak current is 4875 pA (n=30).
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Kv1.3 WT was then incubated with SXCL-1 peptide using various concentrations of the
peptide for each experiment, in a similar way to what showed for ShK. Concentrations tested
were: 10 nM, 5 nM, 1 nM, 0.5 nM, 0.1 nM, 0.03 nM and 0.001nM.

Incubation of Kv1.3 WT with 10 nM of SXCL-1 determined an average peak current of 2224
pA (95% CI 872: 3576; n=7) (Figure 25 and representative trace Figure 26, A). Current
significantly reduced by 55% in presence of the peptide (P<0.05 using one-way ANOVA,
Dunnett’s multiple comparisons test). SnM of SXCL-1 determined an average peak current
resemble to 1757 pA (95% CI 486: 3028; n=13) (Figure 25 and representative trace Figure 26,
B). Also, at 5 nM was observed a significant current inhibition resemble to 64% (P<0.05 using
one-way ANOVA, Dunnett’s multiple comparisons test).

When 1 nM, 0.1 nM, 0.03 nM and 0.001 nM of the peptide were incubated with Kv1.3 WT
channel, the resulting average peak currents were equal to 3026 pA (95% CI 2018 : 4034; n=7)
(Figure 25 and exemplar trace Figure 26, C); 3607 pA (95% CI 2362 : 4852; n=7) (Figure 25
and exemplar trace Figure 26, D); 5398 pA (95% CI 2595 : 8200; n=6) (Figure 25 and exemplar
trace Figure 26, E); 5708 pA (95% CI 3031 : 8386; n=6) (Figure 25 and exemplar trace Figure
26, F) and 4522 pA (95% CI 3259 : 5786; n=10) (Figure 25 and exemplar trace Figure 26, G),
respectively, with no statistical significance (P> 0.05, using one-way ANOVA, Dunnett’s

multiple comparisons test).
Once determined the range of concentrations and the effect of each concentration on the

average peak current of the channel, a dose-responses curve was plotted. SXCL-1 has an IC50

of 0.6 nM. The curve presents a sigmoidal course (Figure 27).
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Figure 25. Peak current graphic of Kv1.3_ WT in control conditions and with different
concentrations of SXCL-1. Bars are indicative of 95% Confident Intervals (CI) of the mean. SXCL-1
at 10 nM (n=7) significantly reduces the channel current by 55% (p=0.0247). 5 nM (n=13) of the peptide

significantly inhibit the channel currents (p=0.0002) causing a reduction of the average peak current
resemble to 64%.
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Figure 26. Representative layout figure of Kvl1.3_WT in control conditions (in black) and with
different concentrations of SXCL-1 peptide (in red). A) Kv1.3 in control and in SXCL-1 (10 nM);
B) Kv1.3 in control and in SXCL-1 (5 nM); C) Kv1.3 in control and in presence of SXCL-1 (1 nM);
D) Kv1.3 in control conditions and with SXCL-1 (0.5 nM); E) Kv1.3 in control and in SXCL-1 (0.1
nM); F) Kv1.3 in control and in SXCL-1 (0.03 nM); G) Kv1.3 in control and in SXCL-1 (0.001 nM).
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Figure 27. Concentration-responses curve for SXCL-1. The peptide presents an IC50 of 0.6 nM with
a sigmoidal course. Range of concentrations plotted included 10 nM, 5 nM, 1 nM, 0.5 nM, 0.1 nM, 0.03
nM and 0.001 nM.
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3.4.3 Investigation of the interaction sites between Kv1.3 and SXCL-1

Computer modelling analysis were performed to underpin the possible interaction sites
between SXCL-1 and Kv1.3 channel. Previous studies have highlighted the importance of the
pore region as the binding area on the channel for several Kv1.3-blockers that have in common
the characteristic ShK-/ike domain, and the mechanism of action have been already elucidated.
In particular, several evidences highlighted the importance of a residue, D449, located at the
pore region, for the binding of toxin to the channel (Chen et al., 2011). Therefore, this residue
has been considered as the main input for our investigations when computer modelling analysis
were performed using ZDOCK server (see Material and Methods, section 2.6). Together with
this residue, Lys21 in SXCL-1 was considered for the investigation, as the second input for the
server to work with.

In figure 28 and 29, is showed a proposed model of interaction between SXCL-1 on Kvl1.3
channel. The peptide is coloured in yellow and the pore region of the channel is coloured in
pink. According to the computer analysis and the electrophysiological investigations conducted
in the laboratory, SXCL-1 seems to approach the pore region of the channel. Based on our
hypothesis, the peptide could interact with residues at the outer entrance of the channel pore,
mimicking the already know motion “cork-bottle” that is a common feature of pore-blocker
peptides (Chandy K. G. and Norton R. S., 2017). The result is a significantly potent inhibition
of the channel current at concentrations in the nanomolar (nM) range as showed in the previous

result section (3.4.2)
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Figure 28. Proposed model of interaction between SXCL-1 and Kvl1.3. The pore region is
highlighted in pink and the SXCL-1 in yellow. The peptide, in yellow, is approaching the pore region.

(Image was created using PyMoL for evaluation only).
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Figure 29. Top view of SXCL-1 approaching the pore region of Kv1.3. Lysine 21 is labelled. In
blue are highlighted the residues withing the pore region considered important for the binding (H451,
D449 and V453) (Image was created using PyMoL for evaluation only).
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3.4.4 Electrophysiological characterisation of SXCL-6

Electrophysiological characterisation of SXCL-6 was conducted using a similar approach to
SXCL-1 and the same range of concentrations. Kv1.3 WT was incubated with SXCL-6 peptide
for 20 minutes in 5% CO- incubator, with different concentrations of the peptide for each

experiment (10 nM, 5 nM, 1 nM, 0.5 nM, 0.1 nM, 0.03 nM and 0.001 nM).

Incubation of Kv1.3 WT with 10 nM, 5 nM, 1 nM, 0.5 nM, 0.1 nM, 0.03 nM and 0.001 nM,
determined an average peak current of 2065 pA (95% CI 1055: 3074 n=7); 4500 pA (95% CI
2046: 6953 n=8); 5381 pA (95% CI 2910: 7853 n=7); 6093 pA (95% CI 3928: 8258 n=8);
6837 pA (95% CI1 4741: 8933 n=7); 4805 pA (95% CI 3768: 5841 n=8) and 4311 pA (95% CI
2238: 6384 n=6), respectively (Figure 30 and representative trace Figure 31 A-G).

To note, incubation with 10 nM of SXCL-6 determines a significant inhibition of the channel
current of 57% when compared to the average peak current of Kv1.3 WT equals to 4875 pA
(95% CI 3980: 5771 n=30) (P<0.05 using one-way ANOVA, Dunnett’s multiple comparisons
test).

In a similar way to what showed for ShK and SXCL-1, a dose-response curve was fitted for

SXCL-6. The peptide presents an IC50 of 6 nM, with sigmoidal course (Figure 32).
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Kv1.3_WT vs SXCL-6
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Figure 30. Peak current graphic of Kv1.3_WT in control conditions and with different
concentrations of SXCL-6. Bars are indicative of 95% Confident Intervals (CI) of the mean. SXCL-6
at 10 nM, significantly inhibit the channel currents (p=0.0315)
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Figure 31. Layout panel representative of Kvl.3_WT in control conditions (in black) and in
presence of various concentrations of SXCL-6 (in red). A) Kv1.3 in control and in SXCL-6 (10 nM);
B) Kv1.3 in control and in SXCL-6 (5 nM); C) Kv1.3 in control and in SXCL-6 (1 nM); D) Kv1.3 in
control and in SXCL-6 (0.5 nM); E) Kv1.3 in control and in SXCL-6 (0.1 nM); F) Kv1.3 in control and
in SXCL-6 (0.03 nM); G) Kv1.3 in control and in SXCL-6 (0.001 nM).
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Figure 32. Dose-responses curve for SXCL-6 peptide. The peptide shows an IC50 of 6 nM, fitted in

a sigmoidal course.
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3.4.5 Investigation of the interaction sites between Kv1.3 and SXCL-6

SXCL-6, presents the characteristic ShK-/ike domain, with 6 cysteines motif and functional
lysine that we speculate could be in position 28 (K28). As such, computer modelling analysis
were conducted to predict the potential interaction sites between the peptide and Kv1.3
channel. In a way similar to SXCL-1, investigations were based on the assumption that the
peptide, by sharing the conserved domain and the functional lysine (K28) within the
aminoacidic sequence, might act as pore blocker and inhibiting the channel current by
interacting with the pore region of Kv1.3 channel. In a work from Chen et al., D449 is
considered a critical residue for toxins to bind the channel (Chen et al., 2011). In our
investigations, we used D449 as input for the computer modelling predictions, together with
the critical lysine, that we predicted to be at position 28 within the amino acidic sequence of
the peptide. In figure 33, is showed a prediction of the binding site of SXCL-6 (in blue) on the
channel pore (in pink). The prediction shows that the peptide might interact with the pore
region of the channel, presumably by establishing interactions with residues located at this
region. In figure 34, is showed a top view of the pore region and the peptide approaching the
channel. Residues that we speculate are involved in the binding, are coloured in blue and are:

H381, D379 and V383 that correspond to H451, D449 and V453 in hKv1.3 sequence.
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Figure 33. Predicted binding mode of SXCL-6 on Kv1.3 channel. The pore region of the channel is
highlighted in pink. SXCL-6 peptide is coloured in blue. To note, the peptide in the motion to approach
the pore, could act by interacting with residues that are located in the pore region (Image was produced

using PyMoL for evaluation only).

89



Figure 34. Kv1.3 channel and SXCL-6 top view. The peptide is coloured in red and predicted

functional lysine is highlighted in blue (LYS-28). Residues within the pore region that resulted to be
involved in the binding of the peptide to the channel, are coloured in blue and correspond to H451,
D449 and V453. To note, the model is defined as “truncated” and report a difference of 70 amino acidic
residues when compared to the hKv1.3 sequence. Therefore, all calculations are made respecting the

nature of the model. (Image was produced using PyMoL for evaluation only).
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3.5 Investigating the effect of three mutations in the pore region of Kv1.3 channel in the

binding of ShK and S/ K-like peptides, SXCL-1 and SXCL-6.

Computer modelling investigations suggested that it is likely to happen that the two peptides,
acting as pore blockers, interact with residues located at the pore region, thus blocking the flux
of ions through this region. Electrophysiological investigations, have confirmed that SXCL-1
and SXCL-6, are able to significantly reduce Kv1.3 WT current with an IC50 of 0.6 nM and
6 nM, respectively. We were then interested in understanding what aminoacidic residues were
involved in the interaction between peptides-channel, when those are approaching the channel,
and consequently, we asked whether mutations, involving those amino acidic residues, could
affect the binding of the two peptides, thus abolishing their inhibitory effect. To answer these
questions, computational alanine scanning analysis were performed on the top 10 complexes
obtained from ZDOCK analysis. Evaluations were based on two main criteria: difference in
free energy (AG) and frequency within the different complexes.

The free energy of the binding (AG), is an important parameter that defines the stability of
protein-ligand complexes; only when the free energy of the system is negative, the protein-
ligand binding can occur spontaneously (Du X. ef al., 2016). The level of the negative energy
changes during the interaction between protein and ligand, therefore affecting the stability of
the system. The second parameter considered during the evaluation was the frequency of the
residues within the complexes. It is important to point out that several complexes are formed
during the process of molecular recognition. Those are formed by the establishment of non-
covalent interactions between biological molecules that interact with each other, or
alternatively, with other small molecules (Janin J., 1995). As a result, more than 100 complexes
Protein (P)-Ligand (A) were formed during the computational analysis using ZDOCK. Of
those, the top 10 were used for analysis. Frequency within the complexes is an important
parameter that indicates how often the residues were involved during the interaction protein-
ligand.

A table summarising the results of the computational alanine scanning is showed below (Table

4).
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Aminoacidic residues Difference in energy (AG)

0
051
021
0.19
0.16
0
009
007
00!
0
0.66
s
0
0.5
4755
075
495
001
.48
023
042
094
I

Top 3 Aa with highest
score

P379ASP

P381HSE

Interactions before
mutation

A24ASP, A26GLU,
A31LYS, A32TYR,
A35LYS, A44PHE

A24AS, A25GLY, A26GLU,
A27ASP, A30TRP,
A3ILYS,

A32TYR, A35LYS,
A25GLY, A26GLU,
A27ASP, A28LYS

A29ASP, A30TRP,
A31LYS, A32 TYR

P383VAL

Table 4. Results of computational alanine scanning analysis. AG in ASP379, H381 and V383 is

Complex and Frequency
1(5)
5(3,5,6,7,9)
5(3,5,6,7,9)
4(5,6,7,9)
5(3,5,6,7,9)
5(2,5,6,7,9)
5(3,5,6,7,9)
3(5,6,7)
3(5,6,7)

1(5)

3(5,6,7)

4 (2,5,6,7)

1(7)
7(2,3,5,6,7,8,9)
7(2,3,5,6,7,8.,9)
7(2,3,5,6,7,8,9)
6 (3,5,6,7,8,9)

6 (3,5,6,7,8,9)
6 (3,5,6,7,8,9)

6 (3,5,6,7,8,9)
5(3,5,6,7,9)
5(3,5,6,7,9)

Interactions after
mutations

A24ASP, A26GLU,
A32TYR, A35LYS,
A44PHE

A26GLU, A27ASP,
A30TRP, A32TYR,

A25GLY, A26GLU,
A27ASP, A28LYS

A30TRP, A32TYR

highlighted in yellow. P indicates residues in the channel, A indicates residues in the peptide sequence.
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According to the results, it was clear that three residues ASP379, H381 and VAL383, that
correspond to D449, H451 and V453 in hKvl.3, were the most favourable amino acidic
residues involved in the binding. The binding between the residue D379 on Kv1.3 channel and
SXCL-6 peptide, is characterized by a value of AG equal to -47.85 joules and appears quite
frequently, in 7 complexes out of the total 10 considered (Table 4).

The binding channel-peptide involving H381 and V453 show values of AG equal to -8.95
joules and -6.48 joules, respectively, and a frequency in 6 complexes out of 10 considered for
both residues (Table 4). Interaction of the peptides with all three residues, by showing negative
values of AG and high frequency among the complexes, are considered the most favourable to
occur. In the latter part of the table, are indicated the aminoacidic residues for which the
interaction is lost after the mutation of the residues in the channel to alanine (A) (Table 4,
bottom). To note that after the mutation of each residue, D379, H381 and V453, a variable
number of interacting residues within the amino acidic sequence of SXCL-6 are lost.
Therefore, the peptide loses the ability to interact, mainly by establishing non-covalent
interactions -van der Waals, hydrogen bonds, ion pairs and others- with the residues at the inner

mouth of the pore region of the channel.

In figure 35, is showed a top view of the pore region of Kv1.3 with the three main residues
labelled and coloured in different shades to give a pragmatic picture of where the residues are
located in the pore region. In the picture, selectivity filter is also highlighted in yellow. All
three residues are found to be located near the selectivity filter, with D449 being part of the

signature sequence of the channel.

In light of the results obtained from the combination of computer modelling and computational
alanine scanning, it is evident that all three residues might have a crucial role for the interaction
of the peptides to the channel. We therefore investigated, via electrophysiological analysis,
whether mutations involving those sites would reduce the affinity protein-ligand, thus

decreasing the inhibitory effect of the peptides on Kv1.3 channel.
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Figure 35. Kv1.3 model, top view with residues highlighted. In yellow, selectivity filter (374-379)
which correspond to 444-449 in hKv1.3 sequence. In red, D379 (D449 in hKv1.3 sequence). In blue,
H381 (H451 in hKv1.3 sequence). In pink, V383 (V453 in hKv1.3 sequence). All residues are found

within the pore region of the channel, extended between aa346-aa386 (aa416-aa456 in hKvl.3

sequence). (Image was produced using PyMoL for evaluation only).
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3.6 Functional characterisation of the mutation D449A and its implication for the

channel-peptides interaction.

Site-directed mutagenesis was performed to obtain Kv1.3 D449A as previously described (see
Material and Methods, section 2.8.2). Kv1.3 WT and Kv1.3 D449A currents were evoked at
+50 mV and expressed as average peak current (pA). Below is showed a representative trace
of Kv1.3 WT (in black) and Kv1.3 D449A (in red) (Figure 36). The average peak currents are
4524 pA (95% CI 2619: 6429 n=7) and 2029 pA (95% CI 1542: 2516 n=12), respectively.

Mutation of the residue Aspartic acid (D) in Alanine (A), cause a significant inhibition of the
channel currents resemble to 55%, as indicated in the peak current graphic below (P< 0.05,

Unpaired t test) (Figure 37).
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Figure 36. Representative trace of Kvl.3_WT and Kv1.3_D449A. In red is show the average peak
current of Kv1.3 mutant compared to Kv1.3_WT, in black.
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Figure 37. Peak current graphic of Kvl.3_ WT and Kv1.3_D449A. Bars are indicative of 95%
Confident Intervals (CI) of the mean. Kv1.3 D449A (n=12) current is significantly (Unpaired t test,
adjusted P value p=0.0013) reduced compared to Kv1.3 WT (n=7).
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3.6.1 Investigating the interaction between Kv1.3 D449A and ShK

Next, the effect of ShK on Kv1.3 D449A was tested by incubating the channel with 5 nM and
then 10 nM of the peptide in 5% CO; incubator for 20 minutes.

Kv1.3 D449A in presence of 5 nM and 10 nM of ShK, present an average peak current of 1559
pPA (95% CI 583.3: 2535 n=8) (Figure 38, A) and 1874 pA (95% CI 752: 2996 n=4) (Figure
38, B), respectively. In figure 39, a peak current graphic summarizes the results of the
investigations with ShK at both concentrations. Data suggest a strong reduction of the
interaction between the peptide and the channel, at concentrations of 10 nM and 5 nM of the
peptides. Indeed, the peptide is only able to slightly reduce the average peak current of the
channel by 23% at 5 nM, whereas a very small inhibition equal to 7% is observed when the
concentration of the peptide is higher (10 nM). We found our results to be not statistically

significant when one-way ANOVA (Dunnett’s multiple comparisons test) was performed.

Taken together, these evidences are indicative of a critical role for the Aspartic acid at position

449, for the interaction between Kv1.3 and ShK.
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Figure 38. Layout representing Kvl.3_D449A in control conditions and in presence of 5 nM and
10 nM of ShK. A) Kv1.3 D449A in control (in black) and in ShK, 5 nM (in red); B) Kv1.3 D449A in
control (in black) and in ShK, 10 nM (in red).
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Figure 39. Peak current graphs representative for Kv1.3 D449A in control and with two
concentrations of ShK. Bars are representative of 95% Confident Intervals (CI) of the mean. 5 nM
(n=8) of ShK, only slightly reduced the channel currents by 23% (adjusted P value p=0.4539), whereas
in presence of 10 nM (n=4) of the peptide the percentage of inhibition was reduced to 7% (adjusted P
value p=0.9439).
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3.6.2 Investigating the interaction between Kv1.3 D449A and the two novel ShK-like
peptides, SXCL-1 and SXCL-6.

We then investigated whether the interaction of Kv1.3 with SXCL-1 and SXCL-6 was reduced
following the amino acid substitution of the Aspartic acid (D) with Alanine (A).

Following 20 minutes of incubation in 5% CO2 incubator with 5 nM of SXCL-1,
Kv1.3 D449A showed an average peak current (pA) of 1374 pA (95% CI 805: 1943 n=7)
(Figure 40, A). The percentage of current inhibition was equal to 32% with no statistical
significance (P>0.05 when using one-way ANOVA, Dunnett’s multiple comparisons test).
Incubation of the channel with 10 nM of SXCL-1 determined an average peak current resemble
to 2415 pA (95% CI 2010: 2820 n=6) (Figure 40, B). At this concentration, no effect on the
peak current of the channel was observed. When performed statistical analysis using one-way
ANOVA (Dunnett’s multiple comparisons test), results were found to be no statistically
significant. In figure 41, a peak current graphic summarises the results of the investigations

with SXCL-1.

Using the same approach, we investigated the effect of the mutation for the binding of SXCL-
6. In figure 42, is showed a layout of representative traces of Kv1.3 D449A and SXCL-6 at 5
nM (Figure 42, A) and 10 nM (Figure 42, B). The average peak current of Kv1.3 D449A in
presence of 5 nM and 10 nM of the peptide was equal to 1282 pA (506: 2058 n=5) and 1994
pPA (95% CI 1374: 2614 n=06), respectively (P>0.05, one-way ANOVA- Dunnett’s multiple
comparisons test). In figure 43, a summary of the findings in the form of peak current (pA)

graphic.
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Figure 40. Layout representing Kv1.3 _D449A in control and with 5 nM and 10 nM of SXCL-1.
A) Kv1.3_D449A in control (in black) and in SXCL-1, 5 nM (in red); B) Kv1.3 D449A in control (in
black) and in SXCL-1, 10 nM (in red).
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Figure 41. Peak current graphs representative for Kv1.3 D449A in control and with two
concentrations of SXCL-1. Bars are representative of 95% Confident Intervals (CI) of the mean. 5 nM
of SXCL-1 (n=7), reduced the channel currents by 32% (adjusted P value, p=0.0885); whereas in
presence of 10 nM (n=6) of the peptide no effect was detected (adjusted P value, p=0.4213).
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Figure 42. Layout representing Kv1.3 D449A in control and in presence of S nM and 10 nM of
SXCL-6. A) Kv1.3 D449A in control (in black) and in SXCL-6, 5nM (in red); B) Kv1.3 D449A in
control (in black) and in SXCL-6, 10nM (in red).
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Figure 43. Peak current graphs representative for Kv1.3 D449A in control and with two
concentrations of SXCL-6. Bars are representative of 95% Confident Intervals (CI) of the mean. 5 nM
of SXCL-6 (n=5), reduced the channel currents by 37% (adjusted P value, p=0.1083); whereas in
presence of 10 nM of the peptide (n=6) no effect was detected (adjusted P value, p=0.9934).
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3.7 Functional characterisation of the H451A mutation and its implication for the

channel-peptides interaction.

Site-directed mutagenesis was performed to obtain Kv1.3 H451A as previously described (see
Material and Methods, section 2.8.2). Kv1.3 WT and Kv1.3 H451A currents were evoked at
+50 mV and expressed as average peak current (pA).

Below is showed a representative trace of Kv1.3 WT (in black) and Kv1.3 H451A (in red)
(Figure 44) and a peak current graphic (Figure 45). The average peak currents were 4524 pA
(95% CI2619: 6429 n=7) and 5572 pA (95% CI 4511: 6633 n=23), respectively. The average
peak current (pA) is slightly higher for Kv1.3 H451A compared to the WT. Results were found
to be not statistically significant (Unpaired t test, P>0.05).
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Figure 44. Representative traces of Kvl.3_ WT and Kv1.3_H451A. In black is represented
Kv1.3 WT and in red Kv1.3_H451A.
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Figure 45. Peak currents (pA) graph representative of Kvl.3_ WT and Kv1.3_H451A. Bars are
indicative of 95% Confident Interval (CI) of the mean. Kv1.3 WT (n=7) and Kv1.3 H451A (n=23) are
not significantly different (Unpaired t test, p=0.3152).
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3.7.1 Investigating the interaction between Kv1.3 H451A and ShK

We then investigated whether the mutation in this specific site, could affect the binding of the
ShK toxin, thus causing a reduction of the affinity channel-peptide. Therefore, 5 nM and 10
nM of ShK were incubated for 20 minutes in 5% CO; incubator.

Average peak currents (pA) of Kv1.3 H451A in presence of 5 nM and 10 nM of ShK were
4505 pA (95% CI 3590: 5419 n=10) (representative trace Figure 46, A) and 5648 pA (95% CI
2484: 8811 n=6) (representative trace Figure 46, B), respectively. In figure 47, a peak current

graphic that summarizes the results of the findings.

Results from our investigations indicate that H451A mutation slightly enhance the current of
Kv1.3 compared to the Kv1l.3 WT, however we found our results to be not statistically
significant. When the potent ShK toxin was incubated with Kv1.3 H451A, at both 5 nM and
10 nM, no significant peak current inhibition was observed (Figure 46 and 47). For both
concentrations tested (5 nM and 10 nM), results were analysed performed one-way ANOVA
(Dunnett’s multiple comparisons test) and no statistically significant values were found

(P>0.05).
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Figure 46. Layout representing Kv1.3 H451A in control and in presence of 5 nM and 10 nM of
ShK. A) Kv1.3 H451A in control (in black) and in ShK, 5 nM (in red); B) Kv1.3 H451A in control
(in black) and in ShK, 10 nM (in red).
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Figure 47. Current peak (pA) graph representative of Kv1.3_H451 in control and with ShK at §
nM and 10 nM. Bars are indicative of 95% Confident Intervals (CI) of the mean. For both
concentrations of toxin tested, (5 nM, n=10; 10 nM n=6) no effect in reducing the average peak current

(pA) of the channel was observed (adjusted P values, p=0.3991 and p=0.9967, respectively).
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3.7.2 Investigating the effect of H451A mutation in the interaction between Kv1.3 and the
two ShK-like peptides, SXCL-1 and SXCL-6.

The effect of both ShK-like peptides, SXCL-1 and SXCL-6, were tested at 5 nM and 10 nM.
Incubation with each concentration of each of the peptide, was conducted in 5% CO> incubator

for a total of 20 minutes, as previously indicated.

In presence of SXCL-1, at 5 nM and 10 nM, the average peak current of Kv1.3 H451A was
4811 pA (95% CI 2571: 7051 n=6) (representative trace Figure 48, A) and 4723 pA (1969:
7478 n=5) (representative trace Figure 48, B), respectively. Compared to the value of the
average peak current in control conditions [5572 pA (95% CI 4511: 6633 n=23)] no significant
difference is found when both concentrations were tested (one-way ANOVA, Dunnett’s
multiple comparisons, P>0.05) (Figure 49).

Data suggest that the aminoacidic substitution determined a strong abolishment of the
interaction between the peptide and the channel, suggesting a critical role for this residue in
the binding. Indeed, when 5 nM and 10 nM of SXCL-1 were incubated with the channel, only
a small inhibition of the average peak current, equals to 14% and 15% respectively, was

detected.

Similar results were obtained also when SXCL-6 was incubated with Kv1.3 H451A. In
presence of 5 nM of the peptide the average peak current was equal to 5083 pA (95% CI 3674:
6492, n=7) (representative trace Figure 50, A). Kv1.3 H541A in presence of 10 nM of SXCL-
6 showed an average peak current of 6657 pA (95% CI 4047: 9267, n=6) (representative trace
Figure 50, B). No significant inhibition of the average peak current of the channel was found
when both concentrations were tested (one-way ANOVA, Dunnett’s multiple comparisons,

P>0.05) (Figure 51).
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Figure 48. Layout of representative traces of Kvl.3_H451A in control and in presence of SXCL-
1. A) Kv1.3 H451A in control (black trace) and in 5 nM of SXCL-1 (red trace). B) Kv1.3 H451A in
control (black trace) and after 20 minutes incubation with 10 nM of SXCL-1 (red trace).
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Figure 49. Peak current graphic representative of Kvl.3 _H451A in control and with SXCL-1. No

significant peak current reduction is observed when both concentrations of the peptide (5 nM, n=6; 10

nM, n=5) were incubated with the channel (adjusted P values, p=0.7331 and p=0.7172, respectively).
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Figure 50. Layout of representative traces of Kvl.3_H451A in control and in presence of SXCL-
6. A) Kv1.3 H451A in control (black trace) and after incubation with 5 nM of SXCL-6 (red trace). B)
Kv1.3 H451A in control (black trace) and in presence of 10 nM of SXCL-6 (red trace).
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Figure 51. Peak current graphic of Kv1.3 H451 in control and with SXCL-6. Bars are
representative of 95% CI of the mean. No inhibition is detected when 5 nM (n=7) (adjusted P value,

p=0.8568) and 10 nM (n=6) (adjusted P value, p=0.5214) of the peptide were incubated with the
channel.
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3.8 Functional characterisation of V453A mutation and its implication in the channel-

peptides interaction

Kv1.3 V453A mutant was created by site-directed mutagenesis as described previously (see
Material and Methods, section 2.8.2). Whole-cell currents were evoked at +50 mV and
expressed as average peak currents (pA).

In figure 52, are showed representative traces of Kv1.3 WT (in black) and Kv1.3 V453A (in
red). Kv1.3 WT shows an average peak currents (pA) of 4524 pA (95% CI 2619: 6429 n=7),
and Kv1.3 V453A has an average peak currents (pA) resemble to 2364 pA (95% CI 1857:
2871 n=15). The amino acid substitution of Valine (V) with Alanine (A), caused a significant

reduction of the channel current, equal to 48% (Figure 53).
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Figure 52. Representative traces of Kvl.3 WT and Kv1.3 V453A. Kv1.3 WT is represented in
black and Kv1.3 V453A in red. The average peak current (pA) is reduced.
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Figure 53. Peak currents (pA) graphic of Kvl.3_WT and Kv1.3_V453A. Bars are representative of

95% Confidence Interval (CI) of the mean. Kv1.3 V453A (n=15) current is significantly reduced
(Unpaired t test, p=0.0025).
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3.8.1 Investigating the effect of V453 A mutation for the interaction between Kv1.3 and
ShK

Then, we investigated the effect of the mutation on ShK by incubating Kv1.3 V453A with 5
nM and 10 nM of the toxin, in a similar way as described above for the other mutations.

In presence of ShK, the average peak current was resembling to 2006 pA (95% CI 870.5: 3142
n=6) and 1483 pA (1104: 1863 n=5) at 5 nM and 10 nM, respectively (Figure 54, A and B).

In figure 55, a peak current graphic summarises the results of the findings.

From our investigations, ShK slightly reduces by 18% the average peak current of the channel
when 5 nM of the toxin are incubated. 10 nM of ShK are able to cause a reduction equal to
37%. Results are indicative of a reduction of the inhibitory effect of ShK at 5 nM when
compared to the effect at 5 nM on Kv1.3 WT, yet at 10 nM the toxin is able to reduce the
average peak current, however not at a significantly statistical level when one-way ANOVA,

Dunnett’s multiple comparisons test, was performed (P>0.05).
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Figure 54. Layout representing Kv1.3 _V453A in control and in presence of S nM and 10 nM of
ShK. A) Kv1.3 H451A in control (in black) and with ShK, 5 nM (in red); B) Kv1.3_H451A in control
(in black) and with ShK, 10 nM (in red).
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Figure 55. Peak currents (pA) graphic of Kvl.3_V453A in control and in presence of ShK (5 nM
and 10 nM). Bars are indicative of 95% Confidence Interval (CI) of the mean. The average peak current
(pA) of Kv1.3_V453A in presence of ShK (5 nM, n=6; 10 nM, n=5), is not reduced compared to the

values calculated in control (adjusted P value, p=0.6395). ShK at 10 nM (n=5) reduces the average peak
current by 37% (adjusted P value, p=0.1235).
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3.8.2 Investigating the effect of V453 A mutation for the interaction between Kv1.3 and
SXCL-1 and SXCL-6

SXCL-1 and SXCL-6 were analysed at 5 nM and 10 nM to detect if any change in the
interaction channel-peptides, would occur after the mutation.

A layout of representative traces for SXCL-1 is showed in figure 56. The average peak current
of Kv1.3 V453A in presence of 5 nM and 10 nM of the peptide was equal to 1617 pA (95%
CI 1176: 2058 n=10) (Figure 56, A) and 1826 pA (95% CI 1442: 2210 n=5) (Figure 56, B),
respectively. 5 nM of SXCL-1 significantly inhibited the average peak current of
Kv1.3 V453A (one-way ANOVA, Dunnett’s multiple comparison test, p<0.05). A summary

of the results is showed in figure 57.

For SXCL-6 investigations revealed that, after incubation with 5 nM of the peptide, the average
peak current was equal to 2639 pA (95% CI 1031: 1939 n=5) (Figure 58, A); whereas at 10
nM, the average peak current was equal to 1485 pA (95% CI 1031: 1939 n=5) (Figure 58, B).

A peak current graphic is showed in figure 69 as a summary of the investigations.

Data revealed that SXCL-1 reduced the average peak current of Kv1.3 V453A when in
presence of both 5 nM and 10 nM of the peptide, whereas SXCL-6 did not inhibit the channel
peak current at 5 nM, however reduced the average peak current by 37% when the
concentration was increased to 10 nM, revealing a similar profile to ShK (10 nM) (section

3.3.14).
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Figure 56. Layout of representative traces of Kvl.3 V453A in control and in presence of SXCL-
1. A) Kv1.3_V453A in control conditions (black trace) and after incubation with 5 nM of SXCL-1 (red

trace); B) Kv1.3 V453A in control conditions (black trace) and after incubation with 10 nM of SXCL-
1 (red trace).

121



4000+

3000-

2000- T T

Current (pA)

1000

Figure 57. Peak current (pA) graphic of Kvl.3_V453A in control and with SXCL-1 (5 nM and 10
nM). Bars are representative of 95% CI of the mean. Average peak current was reduced by 32% (p<
0.05) when the channel was incubated with 5 nM of SXCL-1(n=10). Slightly inhibition is observed in
presence of 10 nM of SXCL-1 (n=5) (adjusted P values, p=0.3158).
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Figure 58. Layout of representative traces of Kv1.3_V453A in control and in presence of SXCL-
6. A) Kv1.3 V453A in control conditions (black trace) and with 5 nM of the peptide (red trace). B)
Kv1.3 V453A in control conditions (black trace) and with 10 nM of SXCL-6 (red trace).
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Figure 59. Peak current (pA) graphic representative of Kvl.3_V453A in control and with SXCL-
6 (5 nM and 10 nM). Bars are representative of 95% CI of the mean. Average peak current was equal
to 2639 pA in presence of 5 nM (n=5) (adjusted P value, p=0.6980) and 1485 pA (adjusted P value,
p=0.0845) in presence of 10 nM of SXCL-6 (n=5).
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3.9 Discussion

The intestinal parasitic nematode Heligmosomoides polygyrus, is typically used in research as
a model to study chronic helminth infections, in order to reach a better understanding of the
relationship between parasites infections and the host immune response (Robinson M. ef al.,
1989; Behnke J. M. et al., 2009; Harris N. L. et al., 2014). Helminth infections represent a
worldwide issue, as it is estimated that above a billion of people are infected with helminths
(van Riet E. et al., 2007). Of those infections, the higher prevalence is registered in developing
countries, where a combination of factors including poor hygienic conditions, limited access
to health care, low income as well as food and water scarce conditions, have conveyed to a
higher number of infections compared to the number observed in developed countries (de Silva
N. R et al., 2003). Generally, the most common helminth infections are linked to geohelminth
parasites, including Ascaris lumbricoides, Trichuris trichiura and hookworms (4Ancylostoma
duodenale and Necator americanus) (Bethony J. et al, 2006). Helminth infections are
responsible for malnourishment and compromised cognitive functions (van Riet et al., 2007).
Furthermore, helminths can cause chronic infection, as they can remain in the host for several
months and can cause damage to different organs (van Riet et al., 2007). Infection can occur
via oral contact, direct contact with the skin or, alternatively, via bites delivered by an infected
fly, Onchocerca volvulus (van Riet et al., 2007). There is, however, a connection between
helminth infections and protection against some diseases, in particular autoimmune and allergic
disease (Ruyssers N. E. et al., 2008; Cooper P.J., 2009). The base of this correlation is well
explained by the “hygiene hypothesis”, originally formulated by Strachan for hay fever
(Strachan D. P., 1989) and subsequently extended to other diseases. This hypothesis postulate
that the improvements of hygienic, economic and social conditions in certain countries, overall
indicated as developed countries, determined a reduction in the natural exposure to parasites
and others (Bloomfield S. F. et al, 2006; Alexandre-Silva G. M. et al, 2018;). These
circumstances caused a suppression of several immunological mechanisms and circuits that
contribute to the protection against those diseases (Elliott D. E. and Weinstock J. V., 2012). As
a result of the lack of exposure, the risk of developing those diseases increases (Elliott D. E.
and Weinstock J. V., 2012). In the case of helminths, they induce a TH»-type response in the
host, which determine an increase in the level of Interleukin-4 (IL-4), as well as IL-5, IL-9, IL-
13 and IL-2 (commonly defined TH»-type cytokines); IgE production and activation and
mobilisation of CD4" TH cells, eosinophils, mast cells and basophils, all of which contribute

to reinforce the response against the parasite (Anthony R.M. et al, 2007). The TH»-type
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response is the results of multiple interactions between the host immune cells and the products
secreted by the parasite, which are a cocktail of several components (Zaccone, P. and Cooke
A.,2013). Several researches highlighted the relevance of some helminth in offering protection
against, for example, inflammatory bowel diseases (IBD), including Chron’s disease (CD) and
ulcerative colitis (UC) (Elliott D. E. and Weinstock J. V., 2012). The incidence of IBD is
raising globally, however the aetiology is still partially unknown and is under investigations
(Zhang Y. Z.and Li Y. Y., 2014). Environmental, genetic and immunological factors, together
with the individual intestinal microbial flora, contribute to the development of the diseases
(Scaldaferri F. and Fiocchi C., 2007). Several researches have demonstrated the benefits of
using helminth-based therapy for the treatment of IBD in animal models of experimentally
induced-colitis, including the tapeworm Hymenolepis diminuta, which ameliorated the ion
transport parameters (Reardon C. et al., 2001); the nematode Trichinella spiralis (Khan W. 1.
et al., 2002), Schistosoma mansoni (Elliott D. E. et al., 2003) and Heligmosomoides polygyrus
(Elliot D.E. et al., 2004). In the case of H. polygyrus, work by Elliot and co-workers, indicated
a potent reduction of IFN-y and IL-2 release in mice model of colitis, when treated with the
helminth (Elliot D.E. et al., 2004). Nevertheless, some harmful side effect derived from the
usage of living worm as a therapeutical must be considered. Indeed, parasites might migrate to
other tissues within the body and cause damage, as the reported case of 7. suis invading the
gastrointestinal tract (Kradin R. L. ef al., 2006) or infection (Ruysser N.E. ef al., 2008). They
can also influence the natural intestinal motility by enhancing the propulsive activity at the
level of the intestine, mucus and ion water secretion (Khan W. I. and Collins S. M., 2004). To
overcome those limitations, a strategy was to identify the secreted products that are responsible
for immunomodulation and that might be used for treatments instead of living worms (Ruysser
N.E. et al., 2008). Immunomodulator components were found to be important for the parasite
to escape the immune system of the host by implementing several mechanisms (Zakeri A. et
al., 2018). In the specific case of H. polygyrus, these components are pivotal so that the parasite
can remain in the host for several months. The HES products secreted by H. polygyrus during
its lifecycle stages have been characterised (Hewitson J. P et al., 2011; Moreno Y. et al., 2011)
and their immunomodulatory functions have also been investigated, revealing that are
involved, for example, in the modulation of dendritic cells (Segura M. et al., 2007; Massacand
J. C. et al., 2009) and cytokines release (Maizels R.M. et al., 2012). Some of those products
are stage-specific (Reynolds L.A. et al, 2012) as well as sex-specific (Adams J.H. et al., 1988).

The immunomodulatory products secreted by several helminths, could be used for example for
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the treatment of certain pathologies, as encouraging results emerged from investigations in
animal models of asthma (Yang J. et al., 2007), type-1 diabetes (Zaccone P. et al., 2003) and
EAE (Lund M. et al., 2016).

As for H. polygyrus, ES (excretory-secretory) products were tested for their potential use in the
production of vaccine (Hewitson J.P. er al, 2013). At stage L4 ES, VAL (Venom
allergen/Ancylostoma secreted protein-like) proteins are the most abundant, including
acethylcolinesterases 1 and 2 (ACEs), apyrase (APY-3), Val-7, lysozymes LYS-1 and LYS-2
and calreticulin (Hewitson J.P. et al., 2013). Other than VAL proteins, the sushi-like domain
proteins and ShK/SXC proteins are secreted. These two group of proteins, might have
immunological properties that are helpful for the parasite to escape the immune system of the
host during the infection (Hewitson J.P. ef al., 2013). Considering all the intriguing properties
relative to the helminth’s products and their potential translation into therapeutical usage for
the treatment of several diseases, it is important to consider other eventual immunomodulatory
properties of the ShK/SXC proteins. At present, it is reported that no other immunological
properties other than the possible involvement in the blockade of the voltage-gated potassium
channel Kv1.3 in T cells, have been described. This hypothesis is triggered by previous
evidences relative to ShK, considered an SXC homologue protein -from which, by the way,
these proteins are named after- that is able to potently inhibit the channel (Chi Vi. et al., 2012;
Hewitson J.P. et al., 2013). Our investigations were focused on two of the nine ShK/SXC
proteins (SXCL-1-SXCL-9), SXCL-1 and SXCL-6, from the L4 ES products of H. polygyrus.
The two peptides showed a great effect in inhibiting the average peak current (pA) of Kv1.3
channel, expressed in tSA201 cells, with a pharmacological profile within the nanomolar (nM)
range.

Results suggested that SXCL-1 at 5 nM and 10 nM determined a significant inhibition of the
average peak current of the channel resembled to 68% and 64%, respectively. A similar
pharmacological profile is seen for SXCL-6, however 10 nM of the peptide are required to
reach a % of inhibition that equals 68%, significantly reducing the average peak current of
Kv1.3 channel. The data acquired are only revealing a pharmacological inhibition lower than
100%, with a maximal concentration considered of 10 nM. Ideally, one would tend to examine
a new drug/compound or, like this case, peptides and toxins, by investigating which
concentration can determine a 100% or similar inhibition percentage. We considered our
inhibition quite substantial and, by taking into account also time and products resources, we
did not extend our investigations to higher nanomolar concentrations. Such investigations,

however, could be undertaken in the near future, to expand the knowledges regarding the
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pharmacological profile of the two peptides. Nevertheless, it is important to highlight that the
inhibitory effect that we observed at 10 nM for both peptides and also at 5 nM for SXCL-1, are
indicative of a strong effect. We also evaluated the half-maximal inhibitory concentration
(IC50) to obtain a more detailed picture of the peptide’s efficacy, with the result of IC50=0.6
nM for SXCL-1 and IC50=6 nM for SXCL-6.

Another important part of our investigations was to predict the interaction sites between Kv1.3
and SXCL-1 and SXCL-6. By using a combination of the protein docking server ZDOCK and
the computational alanine scanning server, PP Check (for further details see Material and
Method, section 2.6 and 2.7, respectively), we identified three important sites that contribute
to the stability of the complex (protein-protein complex) established between Kv1.3-SXCL-1
and Kv1.3-SXCL-6. We then mutated those sites and investigated, by using an
electrophysiological approach, the effect of those mutations on the channel-peptides
interactions. The three sites that we evaluated for our experiments were: D449, H451 and
V453. All three residues are located at the vestibule of the channel, with D449 within the
selectivity filter, H451 and V453 slightly away from the latter, in proximity of the extracellular
side of the channel. Our hypothesis was based on the observation that, these two novel ShK-
like peptides, would act as pore blocker inhibitors, therefore in a similar fashion to other known
pore-blockers peptides such as ShK (Lanigan M. D. et al., 1996), ChTX (Stocker M. and Miller
C.,1994; Hidalgo P. and MacKinnon, R., 1995), MgTx ( Chen R. and Chung S. H., 2014),
BmP02 (Wu B. et al.,, 2016), and many more.

The idea was based on the mechanism of action of other already studied peptides, where the
peptides, having a sequence rich in Lys which are positively charged at a pH values of 7, would
be attracted to the negatively charged residues at channel vestibule (Wu B. et al, 2016). We
therefore proposed that the interaction would take place with a functional lysine locking into
the pore of the channel, thus blocking the ion passageway, with a mechanism common to other
peptides and previously elucidated as “cork in a bottle” (Bajaj S. and Han J., 2019). However,
less is known about the structure of SXCL-1 and SXCL-6. One of the most important point is
to define the residues, within the peptides sequence, that contribute to the binding. In our
model, we proposed a functional Lysine at position 21 and 28 for SXCL-1 and SXCL-6
respectively, but no evidence is available to support this hypothesis. At the best of our
knowledge at the moment, we suggest that a positively charged residue, such as Lys, is required
to establish strong interactions with residues located at the channel surface. As the amino acidic

sequences of both peptides is rich in Lys, another questions to address is whether one or more
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lysines are involved in the binding to Kv1.3, as well as other residues that might play an
important role for the binding. Elucidating the NMR structure or X-ray structure of the two
peptides would help answering further queries that, unfortunately, we could not answer by
simply performing electrophysiological investigations. Knowledges about the primary and
secondary structure of SXCL-1 and SXCL-6 would be beneficial to understand also the
peptides folding and whether they undergo conformational changes when binding to the
channel. To address all those questions, would be advantageous to use a combination of
docking approach, probably with more sophisticated server, and MD simulations, which are
out of our research area. We refer at those strategies, in the light of future avenues to undertake

for future investigations involving the two ShK-/ike peptides, SXCL-1 and SXCL-6.

In the results section 3.6, we demonstrated that the aminoacidic substitution of Aspartic Acid
(D) at position 449 with Alanine (A), determined a significant reduction of the average peak
current (pA) of the channel. Subsequently, when we did test 10 nM and 5 nM of SXCL-1 we
did not see any effect at 10 nM, yet a reduction of the current resembled to 30% when 5 nM of
the peptide was applied, however with no statistical significance (section 3.6.2, figure 40 and
41). This could underline that channel-peptides are still interacting however this interaction is
weaker. When we investigated SXCL-6 (section 3.6.2, figure 42 and 43), we observed that, at
both concentrations of 10 nM and 5 nM, the average peak current was reduced by 15% and
26%, respectively. Also, in this occasion, with no statistical significance. Results indicate that
SXCL-1 (at 5 nM) and SXCL-6 (10 nM and 5 nM), interact with the channel, but those
interactions could be weaker thus determining a lower % of inhibition on the average peak
current of Kv1.3 D449A.

In section 3.8, we investigated the effect of the amino acidic substitution of Valine (V) at
position 453 with Alanine (A), that significantly reduced the average peak current compared
to Kvl.3 WT. We therefore examined the effect of this mutation for the binding of SXCL-1
(section 3.8.2). When both 10 nM and 5 nM of the peptides were incubated, separately, with
the channel, we observed a reduction of the average peak current of Kv1.3 V453A resemble
to 27% and 28%, respectively (section 3.8.2, figure 56 and 57). Overall, at both concentrations,
we obtained a similar inhibitory effect, however reduced when compared to the inhibition that
we observed in Kvl.3 WT. We could conclude saying that the interaction between
Kv1.3 V453A and SXCL-1 is weaker due to the aminoacidic substitution at this specific site.
In section 3.8.2, we also analysed the effect of the mutation on the inhibition determined by

SXCL-6. When the channel was incubated with 5 nM of SXCL-6 we did not see any effect on
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the average peak current (pA) whereas, when 10 nM of the peptide were incubated with
Kv1.3 V453A, we did observe a greater inhibition of the channel current, equal to 40%
(section 3.8.2, figure 58 and 59). No statistical significance was found when statistical analysis
were performed.

Those observations are in agreement with what we observed in the WT channel, where 5 nM
of SXCL-6 did not inhibit the average peak current of Kv1.3, however a significant inhibition
was observed when the concentration was doubled (10 nM). In the case of Kv1.3 V453A, the
aminoacidic substitution caused a reduction of the interaction channel-peptides, therefore for
both SXCL-1 and SXCL-6, we did observe a disruption of the inhibitory effects, that might be
related to the establishment of weaker interactions between the channel and the peptides.
Lastly, in section 3.7, we investigated the effect of the aminoacidic substitution that involved
the Histidine (H) at position 451, generating the mutant channel Kv1.3 451A. We found that
the average peak current of the mutant channel was slightly higher compared to the WT
channel, but current were found to be no statistically different. We therefore went on to test the
effect of the two ShK-like peptides on the mutant channel and we found that, after incubation
with 5 nM and 10 nM of SXCL-1, a negligible effect on the average peak current of
Kv1.3 H451A was detected (% of inhibition were equal to 14 and 15, respectively) (section
3.7.2, figure 48 and 49). Similar results were also obtained for SXCL-6; incubation of
Kv1.3 H451A with 5 nM and 10 nM of the peptide did not determine any inhibitory effect on
the average peak (section 3.7.2, figure 50 and 51). Our results suggest that the Histidine at
position 451, might be a crucial residue for the peptide-channel interaction and therefore, when
we tested both concentrations, we obtained results totally similar to the values in control. The
results indicate that, most likely, both peptides lost their ability to interact with the channel
following the mutation of the Histidine (H) into Alanine (A). This would be in agreement with
the results obtained from the computational alanine scanning.

In the attempt to underpin the residues of the channel that are conserved among other voltage-
gated K* channels and residues that varies, we show the sequence alignment of the pore region
of hKvl.1, hKv1.2, hKv1l.3, hKvl.5 and hKv2.1 obtained with Clustal Omega program in
figure 60 (Uniprot entry code, Q09470: KCNA1 HUMAN; P16389: KCNA2 HUMAN;
P22001: KCNA3 HUMAN; P22460: KCNA5 HUMAN; Q14721: KCNB1_HUMAN). In
grey are indicated amino acids with high similarity among the channels, marked by asterisks
(*); in light grey, amino acids with lower similarity in different grades (:) (.); and finally, in
white, are indicated amino acidic residues that share no similarity. High similarity is noticeable

in all channels at the region that contains the motif TXXTXGYG, known as the “signature
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sequence” (Heginbotham L. et al., 1994) and in the GYGD motif (in grey). The Aspartic Acid
(D) is conserved in all five channels, with high degree of similarity (*). Histidine (H) is unique
to hKv1.3 and is substitute by Tyrosine (Y) in hKv1.1; Valine (V) in hKv1.2; Arginine (R) in
hKv1.5 and Tyrosine (Y) in hKv2.1 (residues are coloured in white). Valine (V) is shared by
hKv1.1 and hKvl.3 and differs in the remaining channels (residues are in white). As showed
below, we point out the attention to the Histidine 451, that is not conserved in any other
channel, appear to be exclusive to Kv1.3 and at this site, no similarity is highlighted between

the channels (white colour) (figure 60).
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Figure 60. Voltage-gated K channels (Kvs) sequence alignment. Alignment was obtained with
Clustal Omega. Sequences of human Kvl.l (KCNAI), Kvl.2 (KCNA2), Kvl.3 (KCNA3), Kvl.5
(KCNAS) and Kv2.1 (KCNBI1) are reported in the following order. Residues with high similarity
properties are coloured in grey (*); lower similarity properties are indicated by the light grey colour and
marked by (:) and (.)

One assumption was that Aspartic Acid (D), vigorously interacts with a residue or more
residues of the peptides, leading the peptides to bind to the channel and inhibiting the transit
of ions through the pore. However, aspartic acid is conserved among other K* channels and
considering only this residue as crucial for the interaction channel-peptides would be in
disagreement with the other results of our studies. In literature was showed that mutations
occurring at the selectivity filter, and in particular mutations that involve the Aspartic Acid
(D), cause a significant disruption and destabilization of the selectivity filter itself, in some
cases rendering the channel not responsive to electrophysiological experiments (Wu B. et al.,

2016). In our investigations, we were able to obtain responsiveness of the mutant channel,
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however with a significant reduction of the functionality when compared to Kv1.3 WT
(section 3.6). Aspartic Acid (D) is also highly conserved in other K" channel families, as it is
part of the GYGD motif found within the pore region (Heginbotham L. et al., 1994) with some
exceptions in the Y and D positions for the two-pore domain channels (Chapman M. L. et al.,
2001). These considerations led to the observation that more residues at the channel surface
might participate in reinforcing the binding peptide-channel. When we created Kv1.3 H451A
mutant by substitution of histidine in position 451 at each a-subunit of the tetramer, our results
suggested that, by replacement of the positively charged amino acid with a neutral amino acid
(A), the binding affinity of the peptides dramatically dropped. The positive charge of H could
be a crucial interaction site for the peptides when approaching the channel and therefore, when
mutated, the affinity of both SXCL-1 and SXCL-6 for Kv1.3 severely decreased. These results
would be in agreement with evidences from the literature that demonstrated the importance of
the residue for the activity of other Kv1.3 blockers, including the scorpion toxin BmP02 (Wu
B. et al., 2016) and the B-adrenoreceptor antagonist carvedilol (Yang J. F. et al., 2018). The
evidence that H is a distinctive feature of Kv1.3, led to the conclusion that this residue might
be extremely crucial in the interaction channel-peptides and might partially justify the
selectivity towards this channel over other Kvs (for further evidences, see Chapter 5).
Nevertheless, it remains to be established the degree of involvement of Aspartic Acid (D) and
Valine (V) in the binding. Results suggest that both mutations result in a decreased affinity of
Kv1.3-SXCL-1 and Kv1.3-SXCL-6, which underlines that both residues are important. Our
results highlight that the pore region is the important area of contact for the peptides and that
all three residues, with different degrees of involvement, might participate to the binding.

Our analysis took also into consideration the effect of those three site-specific mutations on the
already known toxin, ShK. The mechanism of action of ShK is extensively known and it
involves the occlusion of the pore of the channel through a critical lysine residue (K22) (Rauer
H. et al., 2000; Chen R. et al., 2011). The results of our investigations revealed that mutation
at position 449 that involves the Aspartic Acid (D), determined a slight reduction of the peak
current of the channel when 10 nM and 5 nM of the toxin were applied (section 3.6.1, Figure
38 and 39). A similar effect is observed when the Valine was substituted with A
(Kv1.3 V453A). In this case, ShK at 10 nM and 5 nM, was able to reduce the average peak
current of the channel by 37% and 15%, respectively (section 3.8.1, Figure 54 and 55),
demonstrating that there was still an interaction between the toxin and Kv1.3 V453A. The

results obtained in both Kv1.3 D449A and Kv1.3 V453A follow a similar fashion for all three
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peptides considered in our investigations. In the case of Kv1.3 H451A, we observed that 10
nM and 5 nM of ShK did not affect the average peak current of the channel (section 3.7.1,
Figure 46 and 47), showing similar average peak current (pA) values.

Taken all together, those results indicate that in the case of the Aspartic Acid (D) and Valine
(V) substitutions, is still possible to underline a weaker interaction between the channel and
the peptides. The mutation occurring at D449, as suggested before, is thought to cause a strong
destabilization of the selectivity filter (Wu B. et al,, 2016). In the case of Kv1.3 V453A,
similarly to what we observed for SXCL-1 and SXCL-6, it is possible to point out a weaker
interaction between the toxin and the channel; however the percentage of inhibition (in all three
cases) was reduced compared to what we observed for the WT. To note, for Kvl.3 WT, 10
nM and 5 nM of SXCL-1, significantly reduced the average peak current of the channel by
64% and 68%, respectively. SXCL-6 at 5 nM did not exhibit any inhibition on Kv1.3 WT yet
significantly reduced the average peak current of the channel by 68% at 10 nM.

Once again, for Kv1.3 H451A, the major disruption was observed when channel was
incubated with 10 nM of ShK. Indeed, no inhibition on the average peak current (pA) of the
channel was detectable. All three residues at the channel interface, seem to participate in the
interaction with the peptides, however with different degrees of involvement. The H451 seems
to play a major role for the binding of both SXCL-1 and SXCL-6, as well as ShK. Whereas,
slightly less obvious is the involvement of D449 and V453. This might be also related to the
functional effect of the mutation on the channel itself. In both cases, we can see that the current
recorded through the channel was significantly reduced compared to the WT. In the case of
Histidine, we can still see current flowing through the channel, followed by the absence of
inhibition, or a very small inhibition, when peptides are applied at different concentrations.
These evidences, together with the fact that Histidine is a distinctive tract to Kv1.3 and does
not appear to be conserved in the other Kvs that we evaluated (Figure 60), suggest that the
residue is one of the most frequently involved in the interaction with the peptides. Nevertheless,
further investigation is required to address residual questions emerging from these evaluations,
including the verification of which type of interactions are the most predominant between the
residues of peptides and the residues at the channel surface. Most of the peptides that act as
pore blockers, possess a functional dyad and establish strong hydrophobic interactions,
however also hydrogen bonds interactions are found to be predominant for some Kvl.3

blockers (Wu B. et al., 2016).
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Although tremendous progresses have been made to improve the clinical usage of proteins and
peptides for the treatments of diseases, there are still several challenges to overcome. Most of
these challenges, are associated to the physic and chemical nature of these molecules including
molecular weight and hydrophilic profile (in most of the cases). As a result, these molecules
are characterised by poor oral bioavailability, poor membrane penetration and short half-life
(Ibraheem D. et al., 2014; Antosova Z. et al., 2009). Oral administration of drugs in form of
proteins and peptides, is limited by several obstacles that these molecules encounter during
their route through the digestive tract (Pauletti G.M. et al., 1996). First, proteins and peptides
are the target of proteases, the enzymes located in the digestive tract that have the task of
degrading proteins (Drucker D. J., 2020). This, together with the differences in the environment
and pH level across the different sections of the digestive tract, contribute to limit the peptides
bioavailability (Drucker D. J., 2020).

Next, the composition and arrangement of the intestinal epithelium, represent a physical barrier
for the penetration of proteins and peptides, and more generally to drugs absorption (Hamman
J.H. et al., 2005; Gumbiner B., 1987). The intestinal epithelium is arranged in a single layer of
cells, comprising enterocytes, Paneth cells and goblet cells (Hochman J. and Artursson, P.,
1994), that allows only a paracellular pathway of absorption and is not accessible to hydrophilic
molecules of large size (Pauletti G.M. et al., 1996). For those molecules, the passage through
the intestinal epithelium layer is restricted by the presence of the tight junctions, that form the
so-called zonula occludens (ZO), and bound epithelial cells in correspondence of the apical
domain (Gumbiner B., 1987; Madara J. L., 1989). Furthermore, peptides and protein have a
very short half-life (Sarciaux J.M et al., 1995); this imply various administrations to reach an
adequate therapeutical level (Antosova Z. ef al., 2009), that might result in toxicity (Almeida
A.J. and Souto E., 2007). Another point that must be considered, is the scarce ability of the
peptides to cross the brain-blood barrier (BB) (Ibraheem D. et al., 2014). Of course, all these
factors influence the route of administration of drugs, including protein and peptides.
Furthermore, several side effects derived from this administration way, must also be considered
(Ibraheem D. et al., 2014). Other non-invasive administration routes include: a) administration
through the lungs (or pulmonary route), that has been considered, for example, in the case of
the analogue of HsTX1, HsTX1[14], from the scorpion Heterometrus spinnifer (LeBrun B. et
al., 1997; Rashid M.H. et al,, 2014; Jin L. et al., 2016); b) delivery via the buccal mucosa,

evaluated for ShK-186 ( Jin L. et al., 2015), both in vitro and in vivo. Numerous researches are
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now focusing on strategy aimed at globally enhance the bioavailability of the peptides, the

plasma half-life and ensure protection from the activity of enzymes (Ibraheem D. et al., 2014).

3.10 Conclusions and Remarks

SXCL-1 and SXCL-6 from the nematode Heligmosomoides polygyrus were the objectives of
this research project, aimed at evaluating their pharmacological and functional properties on
the voltage-activated K" channel, Kv1.3. The two novel ShK-like peptides showed a potent
effect in inhibiting the average peak current (pA) of Kv1.3 channel, with a pharmacological
profile within the nanomolar (nM) range, and a potent inhibitory effect > 60%.

Three interaction sites have been investigated, pointed out the importance of these residues for
the binding of the peptides to Kv1.3. However, further investigations are required to answer

different questions raised from our analysis that were discussed above (section 3.9).

In conclusion, our results indicate that the two ShK-like peptides, SXCL-1 and SXCL-6,
represent a novel class of Kv1.3 channel inhibitors of worm origin and that might be considered
for further studies in the future, aimed at investigating several other properties that remain, at

the moment, uncovered.
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Chapter 4: Electrophysiological characterisation of
SXCL-1 and SXCL-6 on other members of the voltage-
activated K™ channel family
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4.1 Introduction

The two ShK-like peptides, SXCL-1 and SXCL-6, have shown a clear inhibitory activity
towards Kv1.3 channel, expressed in tSA201 cells, at concentrations including 10 nM, 5 nM,
1 nM, 0.5 nM, 0.1 nM, 0.03 nM and 0.001 nM, with SXCL-1 exhibiting a more potent effect
at lower nanomolar concentrations of 5 nM compared to SXCL-6.

To further investigate the biological properties of the two peptides, we focused our attention in
defining their selectivity towards Kv1.3 over other voltage-gated K* channels. In particular,
investigations were conducted on other members of the Shaker-related family, aimed to
uncover the activity of the peptides on Kvl1.1, Kv1.2 and Kv1.5 channels. Furthermore, we
investigated the biological properties of SXCL-1 and SXCL-6 on the voltage-gated potassium
channel Kv2.1, a member of the Shab-family.

4.2 The delayed-rectifier K* channels, Kv1.1 and Kv1.2

The voltage-activated delayed rectifier K™ channel Kv1.1, encoded by the gene KCNA1(on
chromosome 12p13), belongs to the Shaker-related family member 1. The channel is
constituted by four a-subunits and presents the characteristic six transmembrane topology,
with each a-subunit containing the transmembrane segments S1-S6. Of those, S4 represent the
voltage sensor and together with the segment S3 form the voltage sensor paddle, whereas the
segments S5-S6 form the pore region, containing the selectivity filter. Both N-termini and C-
termini are found at the intracellular side and contribute to the channel functions (Paulhus K.
et al., 2020) (Figure 61). For example, the N-terminus is involved in the inactivation process
and subunit association (Hoshi T. et al, 1990; Li M. et al, 1992). Kvl.1 a-subunits can
assemble with members of the same family to form heterotetramers- e.g. in the brain Kv1.1 a-
subunits associate with Kv1.2 and Kv1.4 (Coleman S.K. et al., 1999)-, or in addition, subunits
can associate with auxiliary [ subunits or interacting proteins (Trimmer J.S., 2015), a common
feature of many potassium channels. Kvl1.1 is also referred as low voltage-activated channel
(LVA), as the activation requires a small depolarization of the membrane. Activation occurs

rapidly and inactivation is slow (Dodson and Forsythe, 2004).
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Extracellular

Pore domain

Intracellular

Figure 61. Kv1.1 transmembrane topology. Characteristic 6TM topology shared among the voltage-
gated potassium channel. Pore domain is extended between segments S5-S6. Both N-terminus and C-
terminus are intracellular. On the right is represented a schematic arrangement of 4 o-subunits

assembled around a central pore and auxiliary § subunits.

The expression of Kv1.1 is extensively known in the brain, where the channel is found in both
central (CNS) and peripheral (PNS) nervous system. In particular, Kvl.1 is found
predominantly in the axon. In the brain, the channel contributes to the regulation of neuronal
excitability by tuning the action potential (AP) shape and by contributing to the regulation of
the membrane repolarization and firing properties (Jan L. Y. and Jan Y. N, 2012).

Mutations in KCNA1 gene, encoding Kv1.1 a-subunits, are involved in the development of a
broad spectrum of channelopathies that cause a severe impairment of the channel normal
functions. In particular, mutations are associated to Episodic Ataxia type 1 (EA1), epilepsy (in
association or not with EA1) epileptic encephalopathy (in absence of EA1) and in some rare
case can lead to hypomagnesemia, paroxysmal dyskinesia and myokymia (Paulhus K. ef al.,
2020).

Episodic Ataxias (EAs) are a group of eight main rare neurological disorders with genetic
component, characterized by an impairment of voluntary movements (Choi K. D. and Choi J.
H., 2016). Furthermore, a ninth type, a “late onset” of episodic ataxia, have also been described
(Damak M. et al., 2009). In patients with EA1 (Episodic Ataxia type 1), a total of 47 mutations,
of which most are missense and lead to a loss-of-function (LOF) of Kv1.1 channel, have been
identified (Browne D.L. et al, 1994). Mutations are widely spread and can affect several

regions of the protein. The disorder is transmitted with autosomal dominant inheritance and
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appears in childhood, with ataxia attacks variable in severity and frequency (VanDyke ef al.,
1975). The phenotype of patients with EA1 is characterized by constant myokymia, ataxia and
loss of motor coordination and balance, although over the years the phenotype spectrum has
expanded (D’Adamo M.C. et al., 2020). Therefore, Kv1.1 is regarded as essential candidate
for the treatment of those and other neurological disorders that cause hyperexcitability.
Although the expression of the channel is well characterized in the brain, an increasing number
of researches are pointing out the importance of Kv1.1 in the heart. Kv1.1 expression is found
in isolated atrial and ventricular myocytes from mouse heart, as well as in isolated human atrial
myocytes (Glasscock E. et al., 2015). Work carried out by Glasscock et al., revealed a role for
Kvl.1 channel and KCNA1 gene in regulating atrial repolarization and arrhythmia
susceptibility (Glasscock et al.,, 2015). Indeed, lack of Kv1.1 subunit impairs repolarization
and could lead to an increased risk of atrial fibrillation (AF), due to an excessively prolonged
atrial action potential (Si M. et al, 2019). More recently, Kv1.1 has been recognised as
important for normal ventricular functions. Indeed, the channel is involved in regulating
ventricular arrhythmia susceptibility, contractility and repolarization (Trosclair K. et al., 2021).
Kvl.1 is also found in the kidney, where is expressed in co-localization with the Mg?*-
transporting channel transient receptor potential cation channel, subfamily M, member 6,
(TRPM®6), at the luminal membrane of the distal convoluted tubule (DCT) (Glaudemans B. et
al., 2009). The role of Kv1.1 in this compartment is to set the membrane potential, essential
for Mg?* reabsorption by TRPM6. Missense mutations in KCNA that lead to a loss of function
of Kvl1.1, are linked to autosomal dominant hypomagnesemia (Glaudemans B. et al., 2009).
Furthermore, Kv1.1 is found in pancreatic  cells, where it can influence the glucose- induced
insulin release (Ma Z. et al., 2011). A role for Kv1.1 in tumoral cells proliferation has been
also elucidated in both human breast cancer cells and gastric epithelial cells (Ouadid-Ahidouch
H. et al., 2000; Wu W.K. et al., 2006); as such, several evidences suggest that the channel
could represent a potential target to treat cancer (Jeon W.1I. et al., 2012; Jang S.H. et al., 2015).
Together with a possible role as a target for cancer, Kv1.1 could be a potential candidate for
the treatment of neuroinflammatory diseases, including multiple sclerosis (MS), stroke and
trauma (Beraud E. ef al., 2006).

Taken together, all these evidences highlight the involvement of Kvl.1 in several
channelopathies, most of which are related to mutations occurring in KCNA 1. More researches
are required to enlarge the number of blockers that can selectively target the channel and might

be of potential help in ameliorating the diseases course. However, caution must be paid when
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considering the pharmacological properties of Kvl.1 that are affected by the characteristic
feature of the channel to form heterotetramers. This is evident especially in the brain, where
the a-subunit of the channel is able to associate with a.-subunits of other Kv channels. As such,

selectivity is a paramount requirement for inhibitors directed towards the channel. At present,
dendrotoxin K (DTX-x), from the venom of the mamba Dendroaspias polylepis, inhibits Kv1.1

alone and not other a-subunits (Wang F. et al., 1999). Once again, animal venoms represent a
valid and rich source of natural inhibitors for which specificity can be reached through

chemical modifications of the structure if function and mechanism of action are well known.

The delayed-rectifier K™ channel, Kv1.2, encoded by KCNA2 gene, is a member of the Shaker-
related family and shares a similar structural arrangement with the other Kvl members (see
figure 61). Together with Kv1.1, the channel is defined a low voltage activated (LVA) channel
and contributes to the regulation of excitability. The expression of the channel is prominent in
the central nervous system (CNS), in correspondence of the soma, synaptic terminals and
proximal dendrites, where other Kv1 a-subunits are also expressed, in particular Kv1.1 and
Kv1.4 (Wang H. et al., 1993, 1994; Coetzee W.A. et al., 1999). Furthermore, Kv1.2 together
with Kv1.1, is found at the juxtaparanodal region (JPX) close to the nodes of Ranvier (NORs),
at the axonal initial segments (AIS), as well as at the pinceau region terminals of cerebellum
basket cells (Robbins C.A. and Tempel B.L., 2012). The a-subunit of Kv1.2 channel is found
also in dorsal root ganglion (DRG), where together with the a-subunit of Kv1.1 are the most
abundantly expressed (Fan L. et al., 2014). The association of Kv-a subunits is frequent in the
central nervous system, with Kvl.1 and Kv1.2 subunits that often associate to form
heterotetrametric channels (Coleman S.K. et al., 1999). Mutations in KCNA2 gene, either gain-
of-function (GOF) or loss-of-function (LOF) mutations, have been characterised in patients
with epileptic encephalopathies (Syrbe S. ef al., 2015). The pharmacology of the channel is
characterised by insensitivity to the common K" blocker tetracthylammonium (TEA) (Al-Sabi
A. et al, 2013) and sensitivity to some venom-derived toxins such as Charybdotoxin (CTX)
(Sprunger L.K. et al., 1996) from the venom of the Leiurus scorpion, a.-Dendrotoxin (DTX-a)
(Wang F.C. ef al.,, 1999) and Urotoxin from the Australian scorpion Urodacus yaschenkoi
(Luna-Ramirez K. ef al., 2014).
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4.3 The voltage-gated K* channel, Kv1.5.

KCNAS5 (on human chromosome 12p13.3), encodes for the Shaker-related voltage-gated
potassium channel, member 5 (Kv1.5). The channel presents the typical structure shared among
other members of the family, constituted by pore-forming a-subunit with six transmembrane
domain topology (6TM) (see figure 61). Kv1.5 shows a rapid activation, sustained outward
currents and slow inactivation, mediating the so-called ‘ultra-fast delayed rectifier’ (IKyur)
current. Channel properties can be further enhanced by the association with accessory 3
subunits (Kv B ) (Martens J.R. et al, 1999) and/or other channel subunits such as KCNE
(Roepke T.K. et al., 2008) or member of the K" channel-interacting proteins family (KChiP)
(Li H. et al, 2005). The role of Kvl.5 is pivotal in the heart, where its expression is
predominant in human atria more than ventricle, at the intercalated disks and T tubles (Wang
Z. et al., 1993; Fedida D. et al., 1993; Feng J. et al., 1997) and where it contributes to the
repolarization phase of action potential (AP). Targeting potassium channels expressed in the
heart, and specifically Kv1.5 in the atria, is regarded as promising strategy for the development
of novel anti-arrhythmic drugs that might contribute to treat certain types of conditions such as
atrial fibrillation (AF) (Dorian P., 2003; Roden D.M., 2003). Atrial Fibrillation (AF) is a
common form of arrythmia, with an estimated prevalence in the population that correlates with
age (Miyasaka, Y. et al., 2006). The pathophysiology underneath AF is complex and is linked
to an abnormal activity of atrial cells (ectopic activity), that leads to an uncoordinated atrial
activity and ventricular contraction. Uncoordinated atrial activity facilitates blood coat
formation in the blind pouch atrial appendage, whereas ventricular contraction prevents cardiac
contractile functions (Wakili R. ef al., 2011). Although AF is mainly a sporadic condition, a
genetic component was identified.

In monogenic AF the higher number of mutations are loss-of-function (LOF) or gain-of-
function (GOF) mutations born by genes encoding for ion channels subunits (Mahida S. et al.,
2011). Several mutations in KCNAS, encoding for Kv1.5, have been identified (Drolet B. et
al., 2005; Simard C. et al., 2005; Olson T.M. et al., 2006), revealing a hope for a possible ion
channel-target therapy. The treatment of patience with AF is based on anti-pharmacological
treatments and on the administration of anti-arrhythmic drugs. However, the use of anti-
arrhythmic drugs remains the preferential treatment procedure, and this highlights the
importance of discover novel compounds that carry less adverse effects in the ventricle

compared to the Class IIT arrhythmogenic drugs at present in use (Tamargo et al., 2009).

141



The rationale behind the strategy of using Kv1.5 blockers to treat this condition, is based on
two main evidences: first, the channel is preferentially expressed in the atria and not in the
ventricle; and second, targeting Kv1.5 currents is expected to determine an increase in the
duration of the atrial AP and the refractory period of fibrillating atrium, which would be
beneficial for patience with AF (Wetter and Terlau, 2014). However promising, Kv1.5 atrial-
target therapy is quite complex and require drugs to be highly selective. At present, only few
drugs are channel specific, whereas a vast number of them are able to act not only on other K*
channels expressed in the heart, but also on Na" channels, making really difficult to promote
drugs on clinical trials (Tamargo J. et al., 2009). The significative challenge in discovery small
molecules and compounds that can selectively act on Kv1.5 is also linked to the fact that the
binding area of most Kv1.5 blockers is represented by amino acidic residues located at the pore
region and lower S6 segments (Tikhonov D. B. and Zhorov B.S., 2014; Wu J. et al, 2009; Chen
R. and Chung S. H., 2018). Some of those amino acids are highly conserved among different
cardiac voltage-dependent channels (hERG, Kvl.1, KCNQI, Kv1.7 and Kvl.3) and this
intensify the challenges in finding specific Kv1.5 blockers (Tamargo J. et al., 2009; Zhao Z. et
al., 2019) (Figure 62).
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Figure 62. Kv1.5 homology model. Kv1.5 homology model was created using SWISS-MODEL. The
channel is presented in monomeric state. Template used was Swie.1. B (crystal structure of a Kv1.2-2.1
chimera K" channel V406 W mutant, in an inactivated state (Pau V. et al., 2017). Sequence identity was
73.75%. Some residues interacting with Kv1.5 blockers are highlighted in red and are located at the

pore region and segment S6.

Kv1.5 is also expressed in the immune system, in particular in macrophages, where it associates
with Kv1.3 to form heterotetramers. The localization, as well as the kinetics and the
pharmacological properties of the channelosome, are strictly related to the two channels ratio
(Kv1.3/Kv1.5) (Vicente R. et al., 2006; Villalonga N. et al., 2007; Villalonga N. et al., 2010).
Furthermore, Kv1.5 is also found in macroglia, where it covers an important function in cell
activation (Pyo H. et al., 1997; Jou L. et al., 1998). At present, the pharmacology of Ix.: currents
is characterized by insensitivity to TEA and Ba?" but highly sensitive to 4-aminopyridine (4-
AP) (Tamargo J. et al., 2004; Fedida D. et al., 1993; Snyders, D. J. et al., 1993). When
designing Kv1.5 blockers, although challenging, factors to take into account are the vast
expression of the channel in other body tissues as well as the presence, in certain compartment,

of heterotetramers that might alter the channel’s pharmacology.
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4.4 The voltage-gated K* channel, Kv2.1

The Shab-related superfamily member Kv2.1, encoded by KCNBI gene in humans
(chromosome 20q13.13), is responsible for a consistent quota of the delayed-rectifier K (IKpr)
current in mammalian neurons expressed throughout the brain. In particular, Kv2.1 channels
contribute to the majority of the IKpr in pyramidal neurons of hippocampus and cortex (Du J.
et al., 2000; Guan D. ef al., 2007; Guan D. ef al., 2013; Liu P.W. et al., 2014), where they
participate to action potential repolarization (Liu P.W. et al.,, 2014). Kv2.1 are also expressed
as clusters at the cell body, proximal dendrites and axon initial segment of neurons (O’Connel
KM. et al. 2010; Fox P.D. et al., 2013). Structurally, the channel presents a similar
arrangement to other voltage-gated K* channels, with six transmembrane segments architecture
(6TM). Both N- and C- endings are located at the cytoplasmatic side and contains functional
domains that contributes to several processes (Barros F. et al., 2012). One characteristic feature
of Kv2.1, described also for Kv3.1 (Klemic K. G. et al., 2001), is the U-shape inactivation, so-
called because the inactivation-voltage relationship presents a characteristic U-shape (Klemic
K. G. et al., 1998). The U-shape inactivation represent a third type of inactivation that differ
from the fast N-type (or “ball and chain”) and the slow C-type inactivation (Hoshi T. et al.,
1990; Hoshi T. et al, 1991). Indeed, U-shaped inactivation-voltage relationship is
characterised by maximal inactivation at intermediate voltages and less marked inactivation at
positive potentials, underlying a kinetic model for which the channel undergoes inactivation
preferentially from a closed state (Klemick K.G. et al., 2001). The U-shape inactivation is
accelerated by extracellular K* or by K* channel blockers, such as TEA (Klemick K.G. et al.,
1998; Klemick K.G. et al, 2001). At the N-termini, Kv channels presents a characteristic
domain, the T1 domain also referred as cytoplasmatic tetramerization domain, constitute of
120 aminoacidic residues, that covers a fundamental role in the assembly of a-subunits
ensuring subfamily-specificity (Kreusch A. et al., 1998; Bixby A. et al., 1999; Cushman S.J.
et al., 2000; Minor D.L. et al., 2000) and is also important for the characteristic U-shape
inactivation of the channel (Kurata H.T. ef al., 2002). Each of the Kv2a-subunit can associate
with other modulatory a-subunits to form heteromeric channels, whose kinetics properties are
different from the homomeric channels (Post M. et al., 1996; Kramer J. et al., 1998; Stocker
M. et al, 1999). The Tl domain is conserved among voltage-activated K* channels
subfamilies, with some differences in the primary sequence for channels belonging to different

subfamilies (Kurata H.T. et al., 2002).
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Alterations in KCNBI1 gene, encoding for Kv2.1 a-subunits, are associated with the
development of serious neurological disorders, including epileptic disorders. Epileptic
encephalopathies (EE) are a group of disorders characterized by epileptic activity that
significantly alters the normal cognitive and behavioural development (Jain P. et al., 2013).
Usually they appear in early life and during childhood and the course is variable. Some of the
disorders included under the EE umbrella, have a genetic component found in mutations of
genes encoding several potassium channels, including KCNBI1 but not limited to. For
examples, alterations in KCNA2 encoding hKv1.2 channel are also linked to epileptic
encephalopathy, as discussed above in section 4.2 (Sachdev M. et al, 2017), as well as
mutations in KCND2 encoding hKv4.2, which are involved in the development of epilepsy and
autism when mutations occur in the S6 segment of the protein (Lee H. et al., 2014). Regarding
Kv2.1, De novo mutations occurring at different sites of the channel, but mainly at the pore
region, selectivity filter and voltage sensor domain (VSD), have been identified in several
patients with EE (Torkamani A. et al., 2014; Saitsu H., et al., 2015; Thiffault L. et al., 2015; de
Kovel, C. et al., 2017; Allen N. M et al., 2016) and neurodevelopment disorders (Soden S.E.
etal., 2014).

4.5 Objectives

The objectives of this study are to assess the effect of SXCL-1 and SXCL-6 on other close-
related K* channels: Kvl1.1, Kv1.2, Kvl.5 and Kv2.1. To do so, the electrophysiological
technique whole-cell patch clamp on tSA201 cells, transiently expressing the channel of
interest, was used. Channel currents were characterised at +50 mV and expressed as peak
current (pA), in presence and absence of each peptide at the of 5 nM, a concentration where
SXCL-1 is able to inhibits the average peak current of Kv1.3, whereas SXCL-6 does not. As
such, considering also the limitation in terms of quantity, that will be further explained in
section 4.10, we chose to test this concentration and investigate whether the peptides have a
biological effect on other voltage-gated potassium channels at this concentration. Only for
Kv2.1, a different protocol was adopted. Currents were recorded using a step-voltage protocol,
with currents expressed as peak currents (pA) and compared at +50 mV to allow similar

conditions for all channel tested.
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4.6 Results

4.6.1 Electrophysiological characterization of the voltage-gated channel, Kv1.1

Kv1.1_WT channel currents were recorded using whole-cell patch clamp technique on tsA201
cells, transiently transfected with human Kv1.1 DNA. Currents were evoked using a “+50 mV
continuously” protocol as described previously (see Material and Methods, section 2.4) and
then analysed at +50 mV as peak current (pA).

In figure 63 A, is shown an exemplar trace of Kvl.l WT channel in a physiological
extracellular solution under control conditions using a voltage-step protocol (Figure 63, B).

The channel presents an average peak current of 2408 pA (95% CI 1836: 2979 n=8) at 50 mV.
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Figure 63. Representative trace of Kvl.1_ WT. A) The channel in control conditions shows an
average peak current of 2408 pA (n=8). B) Example of the protocol used for the electrophysiological
recordings. Currents were recorded at +50 mV and expressed as peak currents (pA). To note, the “+ 50
mV continuously” protocol was used to characterise the current for all channels belonging to the

Shaker-related family (Kv1.1, Kv1.2 and Kv1.5).
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4.6.2 Electrophysiological characterization of the effect of the two novel peptides, SXCL-
1 and SXCL-6 and ShK toxin on Kv1.1

As well as a potent blocker of Kv1.3, ShK has also been shown to exert inhibitory effects at
subnanomolar concentrations on related Kv channel isoforms, including the Kv1.1 channel
(Kalman K. et al., 1998). As the two novel peptides, showed similar pharmacological profiles
to ShK on Kv1.3, we wanted to test whether the peptides would also exert a similar inhibitory
effect on the Kv1.1 channel. To test the effect of the two novel peptides, Kv1.1 was incubated
with either 5 nM of SXCL-1, 5 nM of SXCL-6 or 5 nM of ShK diluted in the extracellular
control solution, for 20 minutes in 5% COz incubator prior the experiment. After 20 minutes,
currents expressed from individual cells were measured using whole-cell patch clamp
electrophysiology. Figure 64 shows a peak current graphic of Kvl.1 WT and in presence of 5
nM of each peptide.

The average peak current f Kv1.1 channel measured in the presence of 5 nM of ShK, SXCL-1
and SXCL-6 was equal to 1929 pA (95% CI 1836: 2979 n=8) (see Figure 64 and exemplar
trace, Figure 65, A); 2024 pA (95% CI 1511: 2537 n=6) (Figure 64 and exemplar trace, Figure
65, B) and 2304 pA (95% CI 1947: 2661 n=7) (Figure 64 and exemplar trace, Figure 65, C),
respectively. With an average reduction in current of 20%, 16% and 4%, respectively. For all
of the peptides, no significant change was observed in channel current at 5 nM concentration

when compared to the control currents [2408 pA (95% CI 1836: 2979 n=8)].
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Figure 64. Kvl.1_WT peak current (pA) graphic in control and in presence of 5 nM of ShK,
SXCL-1 and SXCL-6. Bars are representative of 95% CI of the mean. 5 nM of each peptide did not
determine any significant reduction of the channel current. ShK determined a 20% current inhibition
on Kv1.1 channel (1929 pA n=8; adjusted P value p=0.1472). SXCL-1 determine only 16% of current
inhibition (2024 pA n=6; adjusted P value p=0.3911), whereas a 4% current reduction was detectable
for SXCL-6 at the same concentration (2304 pA n=7; adjusted P value p=0.9619).
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Figure 65. Layout of representative traces of Kvl.1_WT in control and in presence of 5 nM of

each peptide. A) Kvl.1 WT (black trace) and 5 nM of ShK (red trace) B) Kv1.1 WT (black trace) and
5 nM of SXCL-1 (red trace) C) Kvl.1 WT and 5 nM of SXCL-6 (red trace).
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4.7 Electrophysiological characterization of the voltage-gated potassium channel, Kv1.2

tsA201 cells were transiently transfected with hKvl.2 DNA and electrophysiological
recordings on Kv1.2 WT were obtained using the whole cell patch clamp technique. Currents
were evoked using a “+50 mV continuously” protocol as described previously (see Material
and Methods, section 2.4) and then analysed at +50 mV as peak current (pA).

In the figure below (Figure 66, A), is showed a representative trace of Kv1.2 WT in a
physiological extracellular solution under control condition using a voltage-step protocol

(Figure 66, B). The average peak current measure at +50 mV was equal to 2305 pA (95% CI
1733: 2878 n=0).
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Figure 66. Layout of representative trace of Kv1.2_WT and protocol used for electrophysiological
recordings. A) Representative trace of Kv1.2 WT. Average peak current was 2305 pA (n=6); B)

Example of the protocol used during the experiments (+50 mV continuously).
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4.7.1 Electrophysiological characterisation of the two novel ShK-like peptides, SXCL-1
and SXCL-6 and ShK on Kv1.2

The effect of SXCL-1 and SXCL-6 were tested by using a concentration of 5 nM of each
peptide and by incubating the cells expressing the channel for a total of 20 minutes in the 5%
CO; incubator. Together with the two novel ShK-like peptides, ShK was also used in our
investigations, in a similar way to SXCL-1 and SXCL-6.

Results from our investigations showed that in presence of 5 nM of ShK, SXCL-1 and SXCL-
6, the average peak current of Kv1.2 was equal to 1626 pA (95% CI 1145: 2107 n=4, Figure
67 and representative trace in Figure 68, A), 2281 pA (95% CI 1926: 2635 n=5, Figure 67 and
representative trace in Figure 68,B) and 2243 pA (95% CI 1619: 2867 n=5, Figure 67 and
representative trace in Figure 68, C), respectively. Taken together, our investigations revealed
that SXCL-1 and SXCL-6 did not determine any significant inhibitory effect on the average
peak current (pA) of the channel when compared to the peak current in control conditions [2305
pA (95% CI 1733: 2878 n=6)]. For ShK, we did observe a 30% peak current inhibition,
however with no statistical significance [1626 pA (95% CI 1145: 2107 n=4; adjusted P values
p=0.0755].
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Figure 67. Peak current (pA) graphic of Kvl.2_WT in control conditions and in presence of S nM
of ShK, SXCL-1 and SXCL-6. Bars are representative of 95% CI of the mean. Peptides were all tested
at a concentration of 5 nM. No statistically significant difference was detected between peak current of
Kv1.2 WT and after incubation with each peptide (adjusted P values were: p=0.0755 (n=4); p=0.994
(n=5); and p=0.9916 (n=5), respectively).
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Figure 68. Layout of representative traces of Kvl.2_WT in control conditions and in presence of
5 nM of each peptide. A) Kv1.2 in control conditions (black trace) and with 5SnM of ShK (red trace);

B) Kv1.2 in control (black trace) and in presence of 5SnM of SXCL-1 (red trace); C) Kv1.2 in control
conditions (black trace) and after incubation with 5SnM of SXCL-6 (red trace).
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4.8 Electrophysiological characterization of the voltage-gated potassium channel, Kv1.5

tsA201 cells were transiently transfected with hKvl.5 DNA and electrophysiological
recordings on Kv1.5 WT were obtained using the whole cell patch clamp technique.

Currents were evoked using a “+50 mV continuously” protocol as described in Material and
Methods (section 2.4) and as previously shown for the characterization of other Kv channels.
Currents were expressed as peak current (pA) at +50 mV.

Kv1.5 WT in control conditions presents an average peak current of 5426 pA (95% CI 3786:
7065 n=9) (Figure 69).
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Figure 69. Electrophysiological profile of Kvl.5 WT channel. A) Kv1.5 in control conditions, the
average peak current of the channel measured at +50 mV is equal to 5426 pA (n=9). B) Example of

protocol used for electrophysiological recordings.
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4.8.1 Electrophysiological characterisation of the effect of the two novel peptides, SXCL-
1, SXCL-6 and ShK on Kv1.5

To uncover the effect of the two novel ShK-like peptides, SXCL-1 and SXCL-6, Kv1.5 channel
was incubated with 5 nM of each peptide for 20 minutes in 5% COz incubator, in a similar way
to Kv1.1 channel and Kv1.2. Together with SXCL-1 and SXCL-6, the effect of the well-known
ShK was also tested, by incubating the channel with 5 nM of the toxin in a similar way to
SXCL-1 and SXCL-6. As showed in the average peak current graphic in figure 70, the two
ShK-like peptides did not determine any significant effect on the channel average peak current.
Kv1.5 in presence of 5 nM of SXCL-1 and SXCL-6 shows an average peak current of 6171
PA (95% CI14791: 7552 n=6, Figure 70 and exemplar trace in Figure 71, B) and 5352 pA (95%
CI 3813: 6892 n=6, Figure 70 and exemplar trace in Figure 71, C), respectively. ShK toxin, at
5 nM concentration, only slightly reduce the average peak current of Kv1.5, with an average
peak current of 4097 pA (95% CI12201: 5992 n=5) (Figure 70 and exemplar trace in Figure 71,
A).

The two novel ShK-like peptides, SXCL-1 and SXCL-6, did not exhibit any statistically
significant inhibitory effect on Kv1.5 WT [5426 pA (95% CI 3786: 7065 n=9)]. ShK toxin,
only slightly reduced the channel current by 25% (Figure 70 and exemplar trace in Figure 71,
A) with no statistically significance when analysed with One way-ANOVA, Dunnett’s multiple

comparisons test.
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Figure 70. Kvl.5_WT peak current (pA) graphic in control conditions and with 5 nM of ShK,
SXCL-1 and SXCL-6. Bars are indicative of 95% CI of the mean. Kv1.5 WT [5426 pA (95% CI 3786:
7065 n=9)]. Kv1.5 and ShK [4097 pA (95% CI 2201: 5992 n=5; adjusted P value p=0.4087)]. Kv1.5
and SXCL-1 [6171 pA (95% CI 4791: 7552 n=6; adjusted P value p=0.7700)]. Kv1.5 and SXCL-6
[5352 pA (95% CI 3813: 6892 n=6; adjusted P value p=0.9996)]. No statistically significance difference

on the average peak current was detected after 20 minutes of incubation with each peptide at a

concentration of 5 nM.
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Figure 71. Layout of representative Kvl.5S_WT traces in control conditions and in presence of 5
nM of each peptide. A) Kv1.5 WT (black trace) and ShK (red trace) B) Kv1.5 WT (black trace) and
SXCL-1(red trace); C) Kv1.5 WT (black trace) and SXCL-6 (red trace).
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4.9 Electrophysiological characterization of the voltage-gated potassium channel, Kv2.1

Kv2.1 WT was expressed in tsA201 cells, transiently transfected with hKv2.1 DNA.
Electrophysiological characterization was obtained using whole cell patch clamp technique by
evoking the channel current with a “+ 50 mV to -90 mV” protocol, with decreasing 10 mV
intervals (see Material and Methods, section 2.4). Currents amplitudes were measured at +50
mV as before and expressed as peak current (pA). The average peak current (pA) for Kv2.1 in
control conditions was 4948 (95% CI 3182: 6714 n=12) (Figure 72, A). The current-voltage
relationship (I-V curve) was obtained by measuring the peak current (pA) at all different
voltages from +50 mV to -90 mV and then plotted using GraphPad Prism 8 (Figure 72, B).
Calculated reversal potential of Kv2.1 WT in control conditions was equal to -55.29 mV (95%
CI -64.02: -46.56 n=12) (Figure 72, B).
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Figure 72. Electrophysiological characterization of Kv2.1_WT in control conditions. A)
Representative traces of Kv2.1 at +50 mV. Average peak current equals to 4948 pA (n=12). B) Current-
voltage relationship. The channel shows a voltage dependence resulting in a non-linear IV curve. C)

Example of the protocol using for electrophysiological characterisation.
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4.9.1 Electrophysiological characterisation of the activity of the novel ShK-like peptides,
SXCL-1 and SXCL-6 and ShK on Kv2.1

Investigations to unravel the biological activity of the two novel ShK-like peptides, SXCL-1
and SXCL-6, were conducted by incubating the channel with 5 nM of each peptide for a total
of 20 minutes, as previously described for Kv1.3 (chapter 3), Kvl.1, Kv1.2 and Kvl.5.
Furthermore, investigations were conducted using ShK toxin as negative control, as the toxin
is known to block Kv1.3 but not Kv2.1. Experiments were conducted in a similar way as
previously described, so that the channel was incubated with 5nM of the peptides for a total of

20 minutes, in 5% CO; incubator.

Below, are showed layout panel of representative traces of Kv2.1 in presence of the two
peptides, SXCL-1 and SXCL-6 (Figure 74, A; Figure 74, C) and ShK (Figure 74, E) and
respective current-voltage (I-V) relationship curves (Figure 74, B; Figure 74, D; Figure 74, F).
Currents are expressed as peak current at +50 mV, whereas I-V curves are representative of
the average peak currents at every voltage from +50 mV to -90 mV. Incubation of the channel
with 5 nM of SXCL-1 and SXCL-6, determined an average peak current (pA) of 3314 pA (95%
CI 1503: 5125 n=5) and 2414 pA (95% CI 1299: 3529 n=5), respectively (Figure 73 and
representative trace 74, A; Figure 73 and representative trace 74, C). Calculated reversal
potential for Kv2.1 WT in presence of 5 nM of SXCL-1 was equal to -60.46 mV (95% CI -
72.32: -48.60 n=5) (Figure 74,B); whereas value of the reversal potential for Kv2.1 WT in
presence of 5 nM of SXCL-6 was equal to -60.32 mV (95% CI 66.44: -54.20, n=5) (Figure 74,
D).

Application of 5 nM of ShK, determined a slight reduction of the average peak current of
Kv2.1 WT that was equal to 3412 pA (95% CI 2591: 4233 n=8) (Figure 73 and representative
trace 74, E). Calculated reversal potential for Kv2.1 WT in presence of 5 nM of ShK was equal
to -53 mV (95% CI -57.35: -48.65 n=8) (Figure 74, F).

Indeed, both SXCL-1 and SXCL-6, at 5 nM concentration, determined an inhibition of the
channel current resemble to 31% and 51%, respectively, with a particular emphasis on SXCL-
6, that shows a more potent inhibitory effect towards the channel currents compared to SXCL-
1. However, no statistic significant was found when statistical test (one-way ANOVA,

Dunnett’s test) was performed (adjusted P values are showed below in figure 73).
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Figure 73. Peak current (pA) graphic of Kv2.1_WT in control conditions and in presence of S nM
of each peptide. Bars are indicative of 95% CI of the mean. Kv2.1_ WT [4948 (95% CI 3182: 6714
n=12)]. No significant peak currents (pA) inhibition was observed when 5 nM of ShK [3412 pA (95%
CI2591: 4233 n=8; adjusted P value p=0.8937)], SXCL-1[3314 pA (95% CI 1503: 5125 n=5); adjusted
P value p=0.0987)] and SXCL-6 [2414 pA (95% CI 1299: 3529 n=5); adjusted P value p=0.4069)].

Only SXCL-6 was able to reduce the current by 51%, however with no statistical significance.
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Figure 74. Layout panel of representative traces and current-voltage (I-V) curves. A)
Representative trace of Kv2.1 WT (black trace) and in presence of 5 nM of SXCL-1 (red trace); B)
Current-voltage relationship of Kv2.1 WT (black squares) and after application of 5 nM of SXCL-1
(red circles); C) Representative trace of Kv2.1 WT (black trace) and in presence of 5 nM of SXCL-6
(red trace); D) Current-voltage relationship plotted for Kv2.1_ WT (black squares) and after application
of 5 nM of SXCL-6 (red circles); E) Representative trace of Kv2.1 WT (black trace) and after
incubation with 5 nM of ShK (red trace); F) Current-voltage relationship for Kv2.1 WT (black squares)
and in presence of 5 nM of ShK (red circles).
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4.10 Discussion

Venom from several animals, marine as well as terrestrial, represent an important source of
toxins and peptides that have a great potential not only as therapeutic tools to treat human
diseases but also as research tools, that help to reach a better understanding of the physiological
properties of ion channels involved in a wide spectrum of diseases. The term
“Channelopathies” is used to indicate an heterogeneous group of pathologies that affect several
districts within the human bodies, linked to inherited or acquired factors (Kim J-B., 2014). The
most common inherited factors occurring for channelopathies, are found in mutations of genes
that encode for ion channels or accessory subunits and that lead to alterations of the channel’s
activity. At present, the list of channelopathies includes also some form of cancer (Pedersen S.
F. and Stock C., 2013), leukaemia (Morelli M.B. et al., 2013) and gastrointestinal diseases
(Saito Y. A., et al., 2009). Mutations in genes encoding ion channels have been characterised
in the nervous system, where they are linked to epilepsy, migraine, episodic ataxia,
hyperkalemic and hypokalemic paralysis, and many more; in the cardiovascular system, where
they are associated to Brugada syndrome, short QT syndrome, Atrial fibrillation (AF),
congenital long QT syndrome (LQTS) and many more; as well as in the respiratory, endocrine
and urinary system (Kim J-B., 2014). Human channelopathies have also been described in the
immune system, where mutations in gene encoding ion channels such as ORAII (as well as
the stromal interacting molecule 1, STM1), Mg?* and Zn?* transporters and many more, cause
severe immunodeficiency and immune dysfunction (Vaeth M. and Freske S., 2018).

Considering the key role of ion channels in the physiology of excitable and non-excitable cells,
is not surprising that mutations, that result in a reduction and/or enhancement of their activity,
directly translates in the loss of the fine-tuned cellular functionality with clinical implications.
Introducing target-specific therapies aimed towards ion channel using small compounds and
peptides, is a promising route that several researches are focusing their attention on. Literature
is fulfilled of small toxins and peptides, that successfully inhibits channels and are regarded as
potential candidates for the treatment of several diseases. However promising, one of the limits
that some of these peptides present, is given by their promiscuity in targeting several channels.
A remarkable example is certainly given by ShK toxin from the sea anemone Stichodactyla
heliantus that blocks Kv1.3 but shows also an inhibitory effect for the voltage-gated K*
channels Kv1.1 (Beeton C. et al.,, 2011) and Kv3.2, although at lower potency (Yan L. et al.,
2005), as well as for Kv1.2, Kv1.7 and KCa3.1 at nanomolar concentrations (Beeton C. et al.,

2011). If we consider the sea anemone world, which represent one the most profitable in terms
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of channel-targeting peptides, also BgK from Bundosoma granulifera shows multiple
selectivity towards Kv1 channels, as it is able to block Kv1.1, Kv1.2 and Kv1.3 (Cotton J. et
al., 1997). More examples can be found in Tsl1 from the venom of the Brazilian scorpion
Tytus serratulus that inhibits, although at low potency, Kv1.2, Kv1.3, Kv4.2, Kv10.1, hERG
and Shaker IR (Cremonez C. et al., 2016); conotoxins CPY-11 from the marine snail Conus
planorbis and CPY-Fell from Conus ferruginesus that target, with different potency, Kv1.2
and Kv1.6 (Imperial J.S. et al., 2008) and Urotoxin, obtained from the venom of the Australian
scorpion Urodacus yaschenkoi, that potently blocks hKv1.2 but shows effect also on hKvl1.1,
hKv1.3 and hKca3.1 channels at lower potency (Luna-Ramirez K. et al., 2014). These are only
few examples of toxins that act on multiple targets. A huge effort has been made through the
years aimed at limiting the “cross-selectivity” presented by the peptides. In this direction,
tremendous progresses have been made in synthetizing analogues with enhanced selectivity
towards a preferential target. Combinations of molecular dynamic and docking simulations,
alanine scanning as well as electrophysiological recordings, have conveyed to the identification
of the most important residues in these peptides for which mutations could enhance selectivity.
Indeed, defining and understanding the biological activity of the peptides is pivotal and,
ultimately translates in their potential introduction as drugs for the treatment of diseases. In
this regard, the ultimately goal is to have peptides selective towards the channel for which
alterations are at the base of the development of human pathologies, without compromising
other channels normal functionality. K" channels are widespread in several organs and tissues,
where they participate in numerous physiological processes, therefore their activity is essential
for both excitable and non-excitable cells.

In chapter 3, we showed the inhibitory effect of the two novel ShK-like peptides, SXCL-1 and
SXCL-6, towards Kv1.3 channel, expressed in tSA201 cells, in the nanomolar (nM) range.
SXCL-1 exhibited a more potent effect at lower nanomolar concentrations compared to SXCL-
6, following a similar fashion of the well know characterised Stichodactyla heliantus toxin
(ShK). In this section, we concentrated our attention in investigating the biological activity of
the two peptides towards other close-related K channels. We considered the voltage-activated
K™ channels of the Shaker-family, Kv1.1, Kv1.2 and Kv1.5, and the voltage-gated potassium
channel Kv2.1, a member of the Shab-family. We investigated their properties at a
concentration of 5 nanomolar (nM) and compared their activity to what obtained for Kv1.3.
Results from the previous chapter, suggested that SXCL-1 acts more likely ShK, with an
enhanced potency compared to SXCL-6, at lower concentration of 5 nM. Indeed, a similar

inhibition on the channel current is reached when the concentration of SXCL-6 is doubled (10
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nM). This evidence led us to a careful evaluation in terms of products source. One of the most
difficult part of the toxin-based drug research, is represented by the limitations faced in
obtaining a large amount of toxins from the venom of animals. Venom of animals is constituted
by a cocktail of substances that have different biological properties. Isolation of a specific
component in large scale, is often very challenging, especially when the component is found
within the venom of small animals, for example spiders or scorpions, that overall produce a
smaller amount of venom in their apparatus, compared to animals of larger size.

At present, most of the toxin-based drugs in use, and/or in clinical trials, are mostly derived
from snakes (Bordon ef al., 2020). This is in accordance with the idea that snakes, being larger
animals, produce a greater amount of venom in the specific glands, which translates into a
larger amount of final product. In our specific case, the ShK-like peptides, are found within the
HES (excretory-secretory) products of the nematode Heligmosomoides polygyrus, that are
produced during the lifecycle of the parasite into the host. However, SXC-products are only a
small fraction of the total amount of proteins that the parasite is able to yield during the different
stages of the lifecycle and this certainly leads to challenges in terms of protein isolation.
Therefore, when we talk about product source, we refer to all those challenges faced in
obtaining a good amount of product that can be used for investigations in vitro, bearing in mind
that Heligmosomoides polygyrus, is a very small sized parasite. Nevertheless, challenges are
not only given by the fact that the SXC-products are only a fraction of the total amount of
proteins that the peptides secrete, estimated to be approximately more than 300 in total, but
also the time required to obtain the products. In laboratory setting, the lifecycle of the peptide
into the host is recreated by administration of the larvae by gavage in mice. This necessitates
culturing of the parasite, administration in mice models and then collection of the products,
which turns into a time-consuming procedure, followed by the chemical isolation. All these
factors lead to the fundamental purpose of maximise the usage of the obtained products. All
those considerations, feed into the rationale of our investigations: potential new candidates for
target-therapy, should act potently and at lower concentrations, when compared to potential
competitors. In our case, the two peptides SXCL-1 and SXCL-6, could be considered as
competitors. Following the idea that ShK is already well known for its potency against Kv1.3
over close-related channels, potency that is further enhanced by chemical modifications that
led to the design of several peptide analogues, the purpose of our investigations was to
determine not only the selectivity towards a preferential target (which in this case was Kv1.3),
but also to determine whether the peptides showed an enhanced and/or reduced biological

activity towards other channels at a concentration range where, the well-established toxin ShK
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and the novel peptide SXCL-1, inhibit potently Kv1.3. Our interest was particularly strong
towards SXCL-6, that showed no activity against Kv1.3 at 5 nM, but significantly inhibited the
channel when concentration was increased by double (10 nM), reaching a similar effect
observed for SXCL-1 at half concentration (5 nM).

What happens then, when that same concentration of the peptide is applied to other Kv
channels? To address this question, we evaluated the effect of both SXCL-1 and SXCL-6, at

the same concentration, on Kv1 and Kv2 members.

Data suggested that SXCL-6 (5 nM), did not produce any effect on the average peak current of
Kv1.1, where the percentage of inhibition (%) was equal to 4, a similar trend to what we
observed when the same concentration was applied to Kv1.3. We then tested the same
concentration of the peptide on Kv1.2 and Kv1.5, obtaining similar results supportive of the
idea that the peptide was not selective towards both channels. Nevertheless, intriguing results
emerged from investigations conducted on Kv2.1 channel. Evidences suggested that SXCL-6
(5 nM), had an inhibitory effect on Kv2.1 channel. Indeed, the peptide was able to reduce the
average peak current (pA) by 51%, an effect that, when the same concentration was tested for
Kv1.3, was not seen. Data obtained for SXCL-6, however showed a reduction of the average
peak current of Kv2.1 that was not statistically significant, are indicative of the fact that the
peptide acts more potently towards Kv2.1 than Kv1.3 (% inhibition was equal to only 8), and
shows a potent inhibitory effect that, at the same concentration of 5 nM, was not seen for Kv1.3.
If we turn the prospective and we look at SXCL-6 as an inhibitor of other K* channels (e.g.
Kv2.1) then, most likely, the peptide acts more potently in inhibiting Kv2.1 rather than Kv1.3
currents at same concentration. Few considerations could be done in this direction. Perhaps
increasing the peptide concentration would determine an increase in the inhibitory effect
towards Kv2.1 channel and this could mean that, at higher concentrations, the peptide could be
more potent on Kv2.1 than Kv1.3. To confirm all these possibilities, further investigations are
required. Our results highlighted an important pharmacological property of SXCL-6 on Kv2.1
channel that differs from the biological properties of ShK, that only slightly reduced the peak
current of Kv2.1 channel (section 4.9.1). On the other hand, when we tested SXCL-1, at the
same concentration of 5 nM, we observed that the peptide was also able to reduce the average
peak currents of Kv2.1 channel, however at lower potency (inhibition % =33) when compared
to SXCL-6. This suggests that SXCL-1 at 5 nM, inhibits the average peak current of both Kv1.3
and Kv2.1, with a reduced effect for the latter (section 4.9.1). We then tested the effect of 5

nM of SXCL-1 on Kv1.1 and we did observe a very small effect, with a % of inhibition equal
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to 16, and no statistical significance. When we analysed ShK activity, we concluded that the
toxin was able to reduce Kvl.1 average peak current by 20%, a percentage that is slightly
higher than what was seen with SXCL-1. This brought us to outline another common feature
between ShK and SXCL-1: high potency towards Kv1.3 channel yet, at lower potency, towards
Kv1.1. Another shared feature between ShK and SXCL-1 is driven by the results obtained from
the investigations on Kv2.1, that showed that ShK slightly reduce the peak current of Kv2.1
channel, with a similar inhibitory profile of SXCL-1. Lastly, investigations on Kv1.2 and Kv1.5
revealed that SXCL-1, similarly to SXCL-6, did not inhibit the channels current, supporting
the idea that both peptides are not selective towards these channels. However, ShK at 5 nM,
was able to reduce by 29% the peak current (pA) of Kv1.2, with no statistical significance.

Taken together, our evidence could open a novel route to explore in the future, with
investigations on the activity of SXCL-1 and SXCL-6, that could be extended to the other
member of the Shab-related family, Kv2.2. At the light of our evidences, we can conclude that
SXCL-6, at 5 nM, was able to inhibit more potently Kv2.1 than Kv1.3. For the latter, no
inhibition was recorded at 5 nM. SXCL-1 showed a significant inhibitory effect towards Kv1.3
at 5 nM yet was able to slightly reduce the peak current of Kv2.1 at the same concentration.
This suggested that SXCL-1 is more potent and more selective towards Kv1.3 compared to

SXCL-6 at the given concentration of 5 nM.

If we draw a line encompassing the activity of SXCL-1 and SXCL-6 towards Kv1.3, Kvl.1,
Kv1.2, Kvl.5 and Kv2.1, we can see that SXCL-1 preserved its pharmacology, at a given
concentration, overall on all three channels, with significant inhibitory effect towards Kv1.3
more than the others. Data for SXCL-6 suggested a different trend. In fact, at 5 nM, no effect
is detected for Kv1.3, Kvl.1, Kv1.2 and Kv1.5 yet, at the same concentration, the peptide was
able to inhibit the average peak current of Kv2.1. If we turn again the prospective of our
speculations and we look at SXCL-6 as an inhibitor of other voltage-activated K* channels,
then we could conclude that the peptide, could be seen as an inhibitor of Kv2.1 at low
nanomolar concentration, with no cross-effect on the three other members of the Kv1 family,
Kvl.1, Kv1.2, Kv1.3 and Kv1.5 included in our investigations. However, at 5 nM, we only
observed a reduction of half current (with no statistical significance) and a question remains
still open: what would happen if we would increase the concentration to reach a higher current
inhibition? If we increase the concentration, then we might see an effect as well on Kv1.1 and,
as demonstrated, a significantly potent effect on Kv1.3. However, from our investigations we

can clearly see that SXCL-6, at low nanomolar concentration, showed pharmacological activity
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on Kv2.1 and no inhibitory effect on Kv1 family channels. Our data suggest that both peptides
are able to inhibit Kv2.1 current and this effect is stronger for SXCL-6 than SXCL-1.
Conclusion is, if we turn our prospective and we look at SXCL-6 under a different light and
we move our attention from Kv1.3, the peptide is able to determine, overall, an effect on Kv2.1
with low cross-selectivity with other Kv1 channels. What if we look at SXCL-1 as an inhibitor
of Kv2 channels? In this case, inhibition is less than fifty percent, with cross-selectivity highly
enhanced for Kv1.3 channel, which puts SXCL-1 in the position to be more potent towards the

latter.

Our investigations are limited to Kv1.1, Kv1.2, Kvl.5 and Kv2.1 only and the reasons are
mainly related to the conspicuous amount of the time that electrophysiological investigations
require, together with the limitations in terms of products. Overall, our results highlighted
striking pharmacological properties of the peptides on Kv1.1 and Kv2.1, that must be carefully
considered. As mentioned above, cross-selectivity is one of the barriers that very often arises
between the in vitro and in vivo studies, considering also that interactions toxin-target often
could show incongruity when translated in vivo (Zhang Y., 2015). One of the major concerns,
regard the ability of the peptides to act on Kv2.1 and, slightly for SXCL-1, on Kv1.1.

Kv1.1 channel covers a key role in the brain, where is expressed in neurons and regulate
neuronal excitability and also in the heart, where is involved in the modulation of the
repolarization of the AP. The channel is also known to form heterotetramers by assembling
with other Kvl subunits, and in particular with Kv1.2. Inhibition of Kv1.1 and/or Kv1.2 is
associated with neurotoxicity in the brain (Coleman S.K. et al, 1999; Wulff H. et al., 2009)
and can lead to cardiotoxicity as well. Kv2.1 is pivotal in the hippocampal and cortex neurons,
where is involved in the modulation of neuronal excitability and alterations in the channel are
linked to neurological disorders. It is evident that avoiding the targeting of those channels is
fundamental to protect neuronal and cardiac functionality. The barrier of the cross-selectivity
could be overcome by designing specific analogues that reach high selectivity towards a
preferential target (in this case Kvl.3), by carrying chemical modifications within the
sequence. These modifications can be induced as site modifications, in respect to specific
residues within the sequence; as terminal -N or -C extensions or often, as a combination of
both. These strategies represent a very promising route to reach the selectivity goal. Several
analogues of the toxin ShK have been created, showing excellent property in terms of
selectivity and potency. The first ever analogue created for ShK, Shk-Dap??, carries a

modification of the critical lysine at position 22 with the non-natural residue 1,3-
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diaminopropionic acid (Dap??) and shows lower affinity for Kv1.1, Kv1.2 and Kv1.4 and no
effect on Kvl1.5, Kv1.7, Kv3.1, Kv3.4 or KCa3.1 (Kalman K. ef al.,1998). Another analogue,
ShK-186 (known also as SL5), with a L-phosphor-tyrosine (L-pTyr) attached to ShK-Arg' via
hydrophilic linker (Beeton C. et al., 2005), is currently on clinical trials for the treatment of a
wide range of autoimmune diseases and is showing promising results (Tarcha E.J. et al., 2017).
The relevance that chemical modifications assume in terms of selectivity have been shown not
only for ShK, but also for other toxins (e.g. scorpion toxins) with successful results (Rashid M.
et al., 2014). This process requires the combination of several techniques and a long-designing
time, that ultimately lead to the validation of the results via electrophysiological experiments.
In the previous chapter, we have uncovered the residues at the pore region and selectivity filter
of Kv1.3 channel, that appear to be critically involved in the interaction channel-peptides and
we demonstrated that mutations occurring at those sites, strongly reduced the toxin-channel
affinity. Our results are indicative of a pore blocking mechanism of action, suggesting the
classification of SXCL-1 and SXCL-6 as pore blocker peptides, similar to ShK. However
important to achieve an overall understanding of the mechanism of action, as stressed in the
previous section, further investigations are required to attain a complete picture of residues,
not only in the channel, but also in the peptide’s sequences, that are involved in the binding.
Indeed, little is known about the residues of the peptides that interact with those and, perhaps,
other residues of the channel. Our initial assumption, started with the consideration that the
peptides share the ShK-/ike domain, a common feature between toxins that act on Kv1.3 and/or
are potential candidates, obtained from a wide range of species, including worms. The latter
are known to secrete the largest family of ShKTs proteins (Chhabra S. ef al., 2014). To assess
the similarity between our peptides and other ShK-domain proteins already deposited in
Uniprot database, sequences were aligned using Blast (UniProt). Alignment of SXCL-1 (Figure
75, A) and SXCL-6 (Figure 75, B) are showed below. Regions with high similarity are
indicated in grey and marked with asterisks (*). Sequences to include in the alignment were
chose based on two main criteria: score and sequence identity. SXCL-1 sequence (Figure 75,
A) was aligned with other three ShKT-containing protein sequences, obtained from
phylogenetically linked nematode worms Ancylostoma canium, Haemonchus placei and
Teladorsagia circumcinta. All those proteins share the ShK-domain at variable positions in
their sequences. As showed by the grey colour, regions similarities cover the ShK-domain in
all sequences, including SXCL-1. Sequence length is variable. To note that the ShK-like
immunomodulatory peptide from the hookworm Ancylostoma canium, AcKl, has been

evaluated for its immunomodulatory properties and the solution structure have been revealed
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and is available on PDB (entry code: 2MDO0) (Chhabra S. et al., 2014). SXCL-6 sequence
(Figure 75, B), was aligned with the sequences of ShKT-containing proteins obtained from
Nippostrongylus brasiliensis, a gastrointestinal roundworm belonging to the phylum nematode,
containing ShK-domain at variable positions. Conserved regions are highlighted in grey and
include the ShK-domain. The length of the proteins is variable. As we can observe from this
analysis, phylogenetically related species, in this specific case worm parasites from phylum
nematoda, are able to secrete products that share a common feature, the ShK-domain, which in
turn, is conserved among other species phylogenetically unrelated, indicative of a communal
ancestral evolutionary pathway.

Together with the ShK-domain, another feature that appears recurrent from the alignment is
the preservation of the triad K-T-C in all six sequences. In SXCL-1 this correspond to K37,
T38 and C39; whereas in SXCL-6 to K40, T41 and C42. Several peptides extensively studied
for their mechanism of action, including ShK, are known to determine their activity by binding
to the target using conserved residues, that corresponded to the well know “functional dyad”,
constituted by K-T at variable positions within the amino acidic sequences. In the sequence of
our peptides, is possible to point out the presence of several lysines, with SXCL-6 sequence
enriched with 8 lysine residues and SXCL-1 with 5. However, the combination K-T,
alternatively known as functional dyad, is visible only at the positions mentioned above. The

peptides could use or could not use that specific combination of residues to bind to the channel.
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Figure 75.  ShK-like  peptides sequence alignment. A) SXCL-1 (code:

B20210505216DA2B77BFD2E6) aligned with other three ShKT-domain proteins (entry code:
ANCCA; HAEPC; TELCI) from parasites. B) SXCL-6 (code: B20210505DA437993067D6F64)
aligned with other ShKT-domain proteins (NIPBR). Asterisks (*) are representative of region of

similarity.
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Referring back to the discourse relative to the design of analogues to enhance selectivity,
knowledges about the structure and the residues that are involved in the binding are pivotal to
serve this purpose. At the moment, we can only point out some strategies that might be helpful
in guiding the analogues design process. For this, using a combination of scanning mutagenesis
and electrophysiology, would be helpful to evaluate the strength of intermolecular pairwise
interactions (e.g. protein-ligand complexes), aimed to identify and subsequently test the
identified mutations in vitro. Several researches pointed out the use of thermodynamic mutant
cycle analysis (Horovitz A., 1996) as an excellent technique to measure the strength of the
interaction of protein residues, and its applications has been widely used for elucidating the
interaction sites between channel-peptides (Ranganathan R. et al., 1996; Hidalgo P. and
MacKinnon R., 1995; Chang S.C. et al., 2015). Computer docking together with MD
simulations, are validated techniques that help to uncover several aspects around the
relationship channel-inhibitors. All these valuations leave open the possibility for new future
directions, that implicate the combinations of a wide array of techniques and a conspicuous
amount of time in terms of research. Nevertheless, it is extremely important to stress that not
always the production of derivates is successful. In some case, alteration of the structure of the
peptide can lead to a reduction, more than an enhancement, in the selectivity towards a target,
and/or to a reduction of the potency (Beeton C. et al., 2005). Some modifications might render
the peptide more susceptible to dephosphorylation, degradations, oxidation and hydrolysis and
might affect the stability of the peptide at physiological value of pH (Beeton C. ef al., 2005;
Beeton C. et al, 2011). Another aspect that in our opinion is dutiful to raise, regards the
eventual usage of the peptide derivates in in vivo studies. In the previous section, we evaluated
some factors that need to be considered when proposing the usage of proteins and peptides as
drugs for the treatment of diseases; these factors include safety in the administration, plasma
level of the peptides, bioavailability and toxicity. Of course, we are not at that stage in our
investigations, but it is important to add some considerations when talking about this
eventuality. At present, we report that ShK analogues, have been successfully safely
administrated both intraperitoneally (i.p.) and subcutaneously (s.c.), with very low toxicity
(Beeton C. et al., 2011). However, we also reported strong considerations relative to cross
effect with helminths that might cause side effects when living peptides are administrated.
Lastly, we would like to add some considerations regarding the pharmacological susceptibility
of hERG channels to the two novel ShK-like peptides, SXCL-1 and SXCL-6. The blockade of
hERG channels by several drugs as non-preferential target, is one of the major concerns for the

production of drugs with a safe profile (Kalyaanamoorthy S. and Barakat K. H., 2018).
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Therefore, is fundamental that novel candidate drugs are tested for their eventual effect on
these channels. hERG channels, members of the ether-a-go-go family of voltage-gated K*
channels, are fundamental in the heart, where they mediate the repolarization phase of cardiac
action potential (AP) thus controlling the AP duration (APD) and QT interval (Sanguinetti
M.C. and Tristani-Firouzi M., 2006). Loss-of-function (LOF) mutations in hERG channels
result in prolonged repolarization of cardiac AP (Spector P.S. et al., 1996), prolongation of the
QT interval and therefore Long-QT Syndrome (LQTS) (Splawski, 1. et al., 2000; Paulussen,
A. et al., 2000; Laitinen, P. ef al., 2000), which predispose to cardiac arrhythmias (Curran
M.E. et al., 1995; Butler A. et al., 2020). Furthermore, Brugada and colleagues showed that
mutations in hERG channels, are also linked to an early repolarization of the AP, determining
a short QT interval (Short-QT Syndrome- SQTS) (Brugada R. et al., 2004; Campuzzano O. et
al., 2019; Hancox, J.C. et al., 2019). In addition, hERG channels are blocked by several drugs
that increase the risk of drug induced LQTS, with particular attention to the life-threatening
torsades de pointes (TdP) (Hancox J.C. et al., 2008; He F. Z. et al., 2013). Torsades de pointes
is a polymorphic ventricular arrythmia that can lead to ventricular fibrillation and death
(Tamargo J., 2000). TdP represent a very concerning condition, as it can develop in patients
that have already a predisposition, for example hypokalemia (Sanguinetti M.C. et al., 1995),
as well as in patients with no other medical conditions (Vandenberg J.I. et al.,, 2001). hERG
channels are also the target of animal toxins, mostly derived from scorpions of the genus
Centruroides (Corona M. et al., 2002). An example is given by Ergtoxin (ErgTX), a 42
aminoacidic residues peptides with 4 disulfide bridges isolated from the scorpion Centruroides
noxius (Gurrola G.B. et al., 1999; Scaloni A. et al., 2000). ErgTX act on the channel with a
pharmacological profile in the low nanomolar range (nM) and does not shown any effect on
other K* channels such as Kv1.4, Kv4.2, Kv2.1 or KvLQT1 (Scaloni A. et al., 2000). The
binding site of ErgTX was described by Pardo-Lopez and colleagues and involves the outer
vestibule of the channel, in particular residues located at the long S5-P linker and P-S6 linker
(Pardo-Lopez L. et al., 2002). Furthermore, hERG are also the target of a sea anemone toxin,
APETx]1, from Anthopleura elegantissima (Diochot S. et al, 2003) that acts as a gating
modifier toxin (Zhang M. et al., 2007). For all those aspects, screening drugs for their potential
effect in blocking hERG channel is a crucial parameter for pre-clinical studies. Several in vitro
approaches have been proposed, including both electrophysiological and non-
electrophysiological techniques (Hancox J.C. et al,, 2008; Vandenberg 1. et al., 2012). The
latter includes mostly assays such as competitive binding assays with radioactively labelled

blockers (Finlayson K. et al., 2001), non-radioactive cell-based (Rb") efflux assay (Terstappen
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G.C., 1999), fluorescence-based assays (Dorn A. et al., 2005) and the novel antibody-based
chemiluminescent assay HERG-Lite (Wible, B. A. et al., 2005). Nevertheless, all those
methodologies are characterised by several limitations thus rendering the electrophysiological
approaches the most accurate for hERG screening (Hancox, J. C. et al., 2008). In prospective,
we report that such experiments aimed at evaluating an eventual secondary effect of both
SXCL-1 and SXCL-6 on hERG channels would be beneficial to avoid any possible undesired

cardiac side effect.

Overall, our results are indicative of a potential good chance of application of these peptides
for further investigations. Revealing the residues that are responsible of the cross selectivity
observed for other Kvs channels, is pivotal to convey the attentions towards a focus: deliver
peptides that show potency at low concentration and for which activity can be enhanced by
modifications. An absolutely striking result from our investigations was found in SXCL-6, that
revealed a potent effect on Kv2.1. Application of 5 nM were enough to reach half current
inhibition, with no effect on Kv1 channels. This is an interesting evidence that might move the
focus from Kv1.3 to Kv2.1 for SXCL-6. In this direction, further investigations will be required
to evaluate the effect of higher concentrations of the peptide and evaluate cross-selectivity with

Kv1.3 that, at 10 nM, is significantly inhibited by the peptide.

4.11 Conclusions and Remarks

Our evidences support the idea that SXCL-1 and SXCL-6 are potent Kv1.3 inhibitors, however
with a slightly different pharmacology trend. SXCL-1 showed a minor side activity on Kv1.1
and a slightly higher activity on Kv2.1 channel. SXCL-6, at the same concentration, was able
to block Kv2.1 but did not have any effect on Kv1 channels. Certainly, more investigations are
needed to elucidate the exact mechanism of action of the two peptides and therefore to reach a
more complete understanding of how to enhance peptide’s selectivity. Overall, our results are

promising and indicative of natural resources for peptides that target ion channel.
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Chapter 5: Functional characterisation of a de novo
variant in KCNBI1 gene using Guangxitoxin-1E
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5.1 Introduction

In this chapter we investigated the electrophysiological implications of a de novo variant in
KCNBI gene (p.P17T; ¢ 49 ¢c>A; homozygous) found in a young patient by a group of
clinicians in USA. Our work was aimed at characterising the electrophysiological implications
of the mutation of the amino acid proline (P) to a threonine (T) at position 17, on the activity
of the voltage-gated potassium channel Kv2.1, member 2 of the Shab-related family (Figure
76). The patient, that is turning five years old later this year, presents a clinical phenotype
characterized by a severe speech delay, possible dysarthria or dyspraxia. At the moment, the

patient is treated with occupational therapy (OT), physical therapy (PT) and speech therapy.
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Figure 76. Transmembrane topology of Kv2.1 a-subunits. The channel is formed by four alpha
subunits, each constitute by six transmembrane segments (S1-S6). Both N and C terminal are
intracellular. In the picture, the site of the mutation of the amino acid proline (P) to a threonine (T) is

represented by the red dot. Also, at the N terminus, the T1 domain is represented.

Loss-of-function (LOF) and missense mutations in KCNB1 gene encoding Kv2.1 have been
associated with the development of epileptic encephalopathy (EE) (Torkamani A et al., 2014).
The majority of those mutations have been found within the ion channel domains, comprising

the pore region (in particular missense mutations) and the voltage sensor domain (Torkamani
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A. et al., 2014; Srivastava et al., 2014). Few mutations, occurring at the N- and C-terminal of
the channel, have also been described in a lower number of patients (de Kovel C. et al., 2017).
Together with the localisation, several researches have focused their attention in analysing the
effect of those mutations on the channel functions. In general, LOF mutations in potassium
channels determine a reduction of the channel activity by either reducing the channel surface
expression or their open probability; or by shifting the voltage-dependence of inactivation and
activation (Nida Z. and Tzingounis A. V., 2018). Kv2.1 play a pivotal role in the regulation
neuronal excitability by modulating the repolarization phase of the action potential (Liu P. W
and Bea B. P., 2014) and by contributing to the regulation of neuronal activity, therefore defects
occurring at gene level, can lead to severe neurological problems and the development of
epileptic encephalopathies. For example, an interesting study published in 2015, described a
de novo V378A variant, found in a young girl with infantile EE (Thiffault 1. ef al, 2015),
occurring at the pore region of Kv2.1, that caused a significant reduction of the selectivity of
the channel for potassium ions (Thiffault 1. et al, 2015). The reduction of ion selectivity
induces a reduction of Potassium (K*) and gaining of Sodium (Na*) ions. By gaining sodium
the neuronal excitability would increase, as neurons would depolarise more rapidly. The study
highlighted the important correlation between mutations that reduce the ion selectivity of the
channel and the development of epileptic encephalopathies (Thiffault I. e al., 2015). Earlier,
an interesting paper published by Torkamani and colleagues, defined this correlation with a
study on a wider number of patients with EE and mutations in KCNBI1 gene (Torkamani A. et
al., 2014). It is important to point out that there is also a solid correlation between mutations
and clinical phenotype. Indeed, LOF mutations seems to be linked to a less severe clinical
phenotype, whereas missense mutations seem to have more severe clinical implications (de
Kovel C. et al., 2017). However, mutations in KCNBI1 gene are characterised by a certain
degree of heterogeneity; as such, same mutations can lead to more severe or weaker clinical
manifestation in different patients (de Kovel C. et al,, 2017).

In our research case, we observed a partial loss-of-function mutation for Kv2.1. It can be
referred as “partial” because the current is reduced by 30% compared to the WT (< 50%). The
patient presents neurodevelopmental delay and is treated with OT, PT and speech therapy. The
EKG is normal, and no seizures have been recorded so far. The location of the mutation at the
N-terminal and the type of effect that has on the channel current (partial reduction the current)
might be accountable for the milder phenotype that patient shows. In order to characterise the
electrophysiological implications of the de novo KCNB1 mutations, we used a well-known

Kv2.1 inhibitor, Guangxitoxin-1E.
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Kv2 channels properties have been extensively studied by using toxins, mostly derived from
spiders. Spider toxins are gating modifiers, as the mechanism of action and the consequently
effect on the channel, are dictated by their ability to modify the channel kinetics by binding to
the voltage sensor domains (VSDs) (Swartz K.J., 2007).This mechanism differs from the one
observed in the pore blocking toxins that, conversely, act by binding to residues at the pore
region of the channel (Miller C.,1995). The gating modifier toxins are regarded not only for
their ability to target K™ channels, but also for their potency on other voltage-gated channels
(Catteral W.A. et al., 2007), such as Ca** (McDonough S. 1., 2007) and Na* channels (Gilchrist
J. et al, 2014). Furthermore, they are considered valid tools to evaluate the channel
characteristics, both in wild-type and mutated system, other than for their pharmacological
properties (Kalia J. et al., 2015). Several studies have conveyed to the identification of the
binding site of those peptides, that lays in correspondence of aminoacidic residues at the S3-
S4 segments that constitute the voltage sensor domain (Swartz K.J. and MacKinnon R.., 1997
b; Winterfield J.R. and Swartz K.J., 2000; Bosmans F. et al, 2008). The first toxin ever
described for its effect on Kv2 channels is Hanatoxin (HnTx), from the Chilenean tarantula G.
spatulata. The peptide shows high affinity for Kv2.1 and Kv2.2 channels yet is also able to
inhibits Kv4 channels (Swartz K.J. and Mackinnon R., 1995). Another example is
Guangxitoxin-1E (GxTx), isolated from the Plesiophrictus guangxiensis, that acts as a potent
inhibitor of Kv2.1 channel more than Kv2.2 and Kv4 channels and does not have any effect on
other channels. At present, GxTx-1E is considered, almost certainly, the most selective towards
Kv2 channels (Tilley D.C. et al., 2019). The two peptides, HnTx and GxTx-1E share some
similarities in the mechanism of action, but present also some differences in the way they affect
the gating of the Kv channels. Similarities can be found in the evidence that the two peptides
share the same binding site on the voltage sensor and that the binding to the four subunits
occurs independently (Tilley D.C. et al., 2019). The plateau of efficiency is reached when the
toxins are binding to all four a-subunits (Tilley D.C. et al, 2019). Ultimately, the way they
affect the gating is different. Hanatoxin act by stabilizing the voltage sensors in a state in
between resting and full active conformation, whilst Guangxitoxin-1E stabilizes the voltage
sensors in a fully resting conformation, so that the K™ current inhibition results from a limitation
in the chances of the channel pore to open, more than a complete impairment of the pore to
open (Tilley D.C. et al., 2019). This is in opposition with the effect seen in Hanatoxin that
modifies the kinetic of the channel pore opening (Milescu M. et al., 2013).
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Considering the pivotal role of Kv2.1 in modulate neuronal excitability and its involvement in
a wide spectrum of neurological disorders that found their foundations in altered neuronal
activity, it is vital to characterise mutations occurring across the protein sequence that can lead

to an impairment of the physiological activity of the channel.

5.2 Aims and Objectives

Here, we present a de novo mutation in KCNB1 gene that causes a light reduction of the
channel currents, found in a patient with neurological impairments and we report the
electrophysiological implications of the mutation P17T on the activity of the voltage-gated

potassium channel, Kv2.1

The de novo variant was characterised by using whole-cell patch clamp on tSA201 cells
transiently transfected with hKv2.1 DNA. Guangxitoxin-1E (GxTx), known as a potent blocker
of Kv2 channels, was used to investigate the implications of the mutation on the channel

properties.
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5.3 Investigating the De novo variant in KCNB1 gene (p.P17T; ¢ 49 ¢>A) found in a

patient with neurological disorders.

Kv2.1 WT was expressed in tSA201 cells, transiently transfected with hKv2.1 DNA.
Electrophysiological characterization was obtained using whole-cell patch clamp technique
and channel currents were evoked using a “+ 50 mV to -90 mV” protocol (Figure 77, C) as
described above (see Material and Methods section). Currents were analysed at +50 mV and
expressed as average peak current (pA). Current-voltage (I-V) relationship was fitted by
calculating the average peak current (pA) of the channel at every value of voltage, from +50
mV to -90 mV (Figure 77, B). The average peak current at +50 mV showed by Kv2.1 WT
was 10406 pA (95% CI 6367: 14445 n=6) (Figure 77, A). The current-voltage (I-V)
relationship (Figure 77, B) showed a non-linear progression. Calculated reversal potential for

Kv2.1_WT was equal to -67.10 mV (95% CI -70.76: -63.43 n=6) (Figure 77, B).
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Figure 77. Layout panel representative of Kv2.1_WT. A) Kv2.1 WT in control conditions at

voltages from +50 mV to -90 mV B) Current-voltage (I-V) relationship C) Example of protocol used

for the electrophysiological investigations.
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5.3.1 Electrophysiological characterization of Kv2.1_WT using Guangxitoxin-1E (GxTx-
1E)

As might be expected, the ShK and SkK-like peptides were found to be less potent on the Kv2.1
channel, with SXCL-6 toxin exerting a more potent effect on the channel. For a comparison,
we decided to test a known Kv2 channel inhibitor, Guangxitoxin-1E (GxTx-1E), from the
tarantula Plesiophrictus guangxiensis, with reported 1Cso values between 1 nM and 3 nM. As
for the previous experiments the channel was incubated with the toxin over a range of
concentrations (1 nM, 10 nM and 100 nM) using the same protocol of incubation for 20 minutes
prior to experimentation. We found using our experimental systems that the most potent effect
of the toxin was observed at 10 nM and 100 nM, which correlates with other evidences found

in literature (Navarro A. et al., 2019).

Incubation of Kv2.1 channels in 10 nM and 100 nM GxTx-1E resulted in average currents
measured at +50 mV of 5142 pA (95% CI: 3504 to 6780, n = 7) (Figure 80, A and B) and 5551
PA (95% CI: 4294 to 6809, n = 6) (Figure 81, A and B) respectively, which were significantly
different (P < 0.05, using a one-way ANOVA, followed by a Dunnett’s multiple comparisons
test) from WT controls of 10406 pA (95% CI: 6367 to 14445, n = 6, see Figure 77). Calculated
reversal potential for Kv2.1 in 10 nM and 100 nM of GxTx-1E was equal to -61.97 mV (95%
CI -64.96: -58.99 n=7) (Figure 80, B) and -66.62 mV (95% CI -72.76: -60.48 n=6) (Figure 81,
B), respectively.

The significant inhibitory effect seen in Kv2.1 WT when incubated with 10 nM of GxTx-1E,
was equal to a 50% reduction in current. Whilst for 1 nM GxTx-1E, only a small reduction in
current was observed at +50 mV (8457 pA (95% CI: 5850 to 11245, n = 6) (Figure 79, A and
B) which was not found to be significantly different from WT controls (P > 0.05, using one-
way ANOVA, followed by a Dunnett’s multiple comparisons test). Calculated reversal
potential for Kv2.1 in 1 nM of GxTx-1E was equal to -68.02 (95% CI -74.38: -61.66 n=6)
(Figure 79, B).

Showed below a current graphic that summarises the results of our findings (Figure 78).
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Figure 78. Peak current (pA) graph of Kv2.1_WT in control conditions and in presence of
Guanggxitoxin-1E (1 nM, 10 nM and 100 nM). Bars are representative of 95% CI of the mean. GxTx-

1E at 10 nM and 100 nM significantly inhibits Kv2.1 average peak current (adjusted p values: p=0.021
and p=0.0026, respectively).

Demonstrated below in figure 79, 80 and 81 are representative traces of Kv2.1 and
retrospective current-voltage plots for each toxin concentration in control conditions (black

line) and in the presence of either 1 nM, 10 nM or 100 nM GxTx-1E toxin (red line).
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Figure 79. Kv2.1_WT in control and with 1 nM of GxTx-1E. A) Representative trace of Kv2.1 in

control (in black) and Kv2.1 after incubation with GxTx-1E (red). Average peak current (pA) is

calculated and represented at +50 mV. B) Current-voltage (I-V) relationship. Kv2.1 WT curve is

showed by the black circles; red squares are representative of Kv2.1 WT with GxTx-1E (1 nM) curve.
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Figure 80. Kv2.1_WT in control conditions and with 10 nM of GxTx-1E. A) Representative trace
of Kv2.1 in control conditions (in black) and Kv2.1 after incubation with GxTx-1E (red). Average peak
current (pA) is calculated and represented at +50 mV. B) Current-voltage (I-V) relationship. Kv2.1 WT

curve is represented by circles filled in black; red squares are representative of Kv2.1 WT with GxTx-
1E (10 nM).
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Figure 81. Kv2.1_WT in control conditions and with 100 nM of GxTx-1E. A) Representative trace
of Kv2.1 in control (in black) and Kv2.1 after incubation with GxTx-1E (red). Average peak current
(pA) is calculated and represented at +50 mV. B) Current-voltage (I-V) relationship. Black circles are

representative of Kv2.1 WT curve red squares are representative of Kv2.1 WT with GxTx-1E (100
nM).
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5.3.2 Electrophysiological characterization of the novel Kv2.1 P17T variant

Mutant Kv2.1 with the aminoacidic substitution P17T was obtained as previously described in
material and methods section (Chapter 2, section 2.8.2). hKv2.1 P17T DNA was transiently
transfected in tSA201 cells and electrophysiological characterization was conducted using a
“+50 mV to -90 mV” protocol as described above for Kv2.1 WT. Currents are expressed as
peak current (pA) measured at + 50 mV. Current-voltage (I-V) relationship was fitted by
calculating the average peak current (pA) of the channel at every value of voltage, from +50

mV to -90 mV.

Kv2.1 P17T in control conditions showed an average peak current (pA) of 7369 pA (95% CI
5633: 9104 n=7) (Figure 82, A and B). Calculated value of the reversal potential for
Kv2.1 P17T in control conditions was equal to -69.68 mV (95% CI -74.20: -65.16 n=7) (Figure
82, B). The average peak current is reduced by 29% when compared to the average peak current
of the wild type (Figure 83, A and B). Statistical analysis revealed that the currents are not
statistically different (Unpaired t test, P>0.05).
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Figure 82. Layout panel representative of Kv2.1 P17T. A) Kv2.1 P17T in control conditions at
voltages from +50 mV to -90 mV B) Current-voltage (I-V) relationship.
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Figure 83. Layout panel of Kv2.1_ WT and Kv2.1_P17T. A) Representative traces. Kv2.1 WT
(black); Kv2.1 P17T (red). Currents are calculated and represented at +50 mV. B) Current-voltage
relationship. Black circles: Kv2.1 WT; red squares: Kv2.1 P17T.
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5.3.3 Characterisation of Kv2.1_P17T using the toxin Guangxitoxin-1E

Guagxitoxin-1E was used to detect the effect on Kv2.1 P17T in a similar way to the wild type
channel. As we had found that a higher concentration of GxTx-1E was required to have a
significant effect on the WT Kv2.1 channel, investigations on the mutant channel were
conducted by incubating the channel with the toxin at 10 nM and 100 nM for a total of 20
minutes in 5% CO> incubator. The results are summarised in figure 84.

The average peak current of Kv2.1 P17T after incubation with 10 nM of GxTx-1E was equal
to 7416 pA (95% CI 5670: 9162 n=9) (Figure 85, A). The I-V curve showed the course of the
current at voltages between +50 mV and -90 mV. Current-voltage relationship showed a non-
linear progression (Figure 85, B). In figure 86 (A), is showed a representative trace of Kv2-
1 _P17T after incubation with 100 nM of GxTx-1E. The average peak current was 5052 pA
(95% C13065: 7039 n=6) (P > 0.05, using one-way ANOVA, followed by a Dunnett’s multiple
comparisons test). In figure 86, B is showed the I-V relationship. Calculated values of the
reversal potential for Kv2.1 P17T in 10 nM and 100 nM of GxTx-1E were equal to -64.37 mV
(95% CI -68.49: -60.25 n=9) (Figure 85, B) and -68.72 mV (95% CI -73.99: -63.45 n=0)
(Figure 86, B).

The results suggest that the GxTx-1E toxin has a much less potent effect on the mutant Kv2.1
channel compared to the WT. Only at the highest concentration of toxin (100 nM) an inhibitory
effect of 31% was measured on Kv2.1 P17T, compared to a 50% inhibition seen on WT
channels at just 10 nM concentration. Whilst 10 nM of GxTx-1E did not determine any effect
on the Kv2.1 P17T channel peak current.
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Figure 84. Kv2.1 _P17T in control conditions and with Guangxitoxin-1E (10 nM and 100 nM)
peak current (pA) graphic. Bars are representative of 95% CI of the mean. No significant effect is
detected when 10 nM and 100 nM of the GxTx-1E are applied. GxTx-1E at 100 nM only reduce the

channel current by 20%.
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Figure 85. Kv2.1_P17T in control conditions and with 10 nM of GxTx-1E. A) Representative trace
of Kv2.1 P17T in control conditions (in black) and after incubation with GxTx-1E (red). Average peak
current (pA) is calculated and represented at +50 mV. B) Current-voltage (I-V) relationship. Black

circles are representative of Kv2.1 P17T curve; red squares are representative of Kv2.1 P17T with
GxTx-1E (10 nM).
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Figure 86. Kv2.1_P17T in control conditions and with 100 nM of GxTx-1E. A) Representative trace
of Kv2.1_P17T in control conditions (in black) and after incubation with GxTx-1E (red). Currents are
represented at +50 mV B) Current-voltage (I-V) relationship. Black circles are representative of

Kv2.1 P17T curve; red squares are representative of Kv2.1 P17T with GxTx-1E (100 nM).
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5.4 Discussion

Our investigations were focused on the characterisation of a de novo variant found in KCNBI1
gene, encoding the voltage-activated K" channel, Kv2.1. The mutation is localised at the N-
terminus of the channel. In particular, our interests were as following: first, to determine the
effect of the mutation on the electrophysiological profile of Kv2.1 channel, seeking for an
effect in terms of enhancement and/or reduction of the channel current, or no effect at all;
second, by using a well-known and extensively studied Kv2 blocker, Guangxitoxin-1E, we
were interested to see if the mutation, located at the site where the blocker is known to bind the
channel, would shift and/or eliminate the potent inhibitory effect seen in the wild-type channel,
or if the mutation, wouldn’t affect the channel activity. Lastly, we wanted to prove that,
selective toxins that act potently on one target, can be an excellent tool to study and characterise
novel mutations occurring at different sites of the protein.

GxTx-1E from the Chinese tarantula Plesiophrictus guangxiensis, is the most potent Kv2
inhibitor and is known to act on the channel by binding the voltage sensors (Tilley D.C. et al.,
2019). In particular, the mechanism elucidated, expects that the toxin prevents the channel
opening by binding the voltage sensors in a resting conformation, thus limiting its movement
when the membrane depolarises (Tilley D.C. et al., 2019). Interestingly, the peptide was much
less effective on the mutant channel at concentrations that were active on the wild type,
suggesting that the mutation does indeed affect the gating of the channel, preventing it from
being pushed into a resting confirmation by the peptide. In our investigations, peak currents
(pA) of Kv2.1 WT and Kv2.1 P17T were measured at +50 mV, in presence and absence of
the toxin. In section 5.3.1, we tested three different concentrations of GxTx-1E in the
nanomolar range (1 nM, 10 nM and 100 nM). Successfully, we demonstrated that, in presence
of the toxin bound to the channel subunits, the channel peak currents were reduced in presence
of 10 nM and 100 nM of the toxin. Incubation of the channel with 1 nM of the toxin, did not
cause any significant inhibition of the channel’s peak currents (pA), determining only a small
percentage of inhibition, resemble to 18%. As for the de novo variant, P17T, the channel peak
current was only slightly reduced compared to the WT channel, indicating that the mutation
lightly affects the electrophysiological activity of the channel. A striking result obtained from
our investigation, is represented by the lack of inhibitory effect of GxTx-1E on the mutant
channel. High concentrations of the toxin, 10 nM and 100 nM, that in our investigations on the
WT were sufficient to reach a good percentage of inhibition towards the channel current, were

found to be not effective on Kv2.1 P17T. Indeed, the channel peak current in presence of 10
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nM of the toxin was similar to the control (Control: 7369 pA; in 10 nM: 7416 pA), indicating
that GxTx-1E lost the inhibitory effect on the channel. Even in presence of higher concentration
of the toxin, 100 nM, the inhibition observed was lower that what we seen in the wild-type
channel (WT: 47%; P17T: 31%). The shift in the current inhibition observed in Kv2.1 P17T
could be explained taking into account the mechanism of action of the toxin. GxTx-1E is well
known to bind the segment S3 of voltage sensor domain and to inhibit K* current by limiting
the chances of the pore to open. This is reached by stabilizing the voltage sensor in a resting
conformation (Tilley D.C. et al., 2019). Mutations occurring upon a site that is, directly and/or
indirectly, linked to the toxin’s binding site, can disrupt the activity of the toxin either by
disrupting the binding site itself or, alternatively, by reducing the chance of the toxin to bind
to all a-subunits of the channel. In such way, higher concentration of toxin is required to reach
the percentage of inhibition that in the wild-type channel is seen at lower nanomolar
concentrations (10 nM). Evidence supports that the mutation not only reduced the current
through Kv2.1 by 30 %, but also altered the electrophysiological properties of the channel. As
such, higher concentration of the toxin is needed to increase the inhibition of the K™ current.

Loss of function (LOF) and gain of function (GOF) mutations in genes that encode ion
channels, are linked to a plethora of neurological disorders and in particular, mutations in
KCNBI encoding Kv2.1 have been linked to epileptic encephalopathies (Torkamani A. et al.,
2014). Interestingly, the patient expressing this clinical variant has so far not presented with
any epileptic episodes. The de novo variant P17T, recently found in a very young patient, was
reproduced in-house and characterised by electrophysiological investigations revealed that
Kv2.1 channel, carrying the mutation in the N-terminal domain, showed a slightly lower
current compared to the wild-type and altered pharmacological properties. All these
observations might be helpful to understand deeply the clinical phenotype of the patient and
address to a targeted therapy that might involve the selective target of the channel. More
generally, the characterisation of mutations in gene encoding channels that are linked to the
large group of channelopathies, is fundamental and provide a good way to extend our

knowledges both, molecularly and therapeutically.
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Chapter 6: Investigation of the properties of SXCL-1 and
SXCL-6 on Kv1.3 expressed in Jurkat cells
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6.1 Introduction

A vigorous and effective immune response is strictly dependent on Ca>*(Trebak M. and Kinet
J.P.,2019). Ca*" signalling is vital not only for sustaining T cells activation and proliferation,
but also for self-antigens tolerance and homeostasis (Fracchia K.M. et al., 2013). For T cells,
activation occurs after the engagement of T cells receptor (TCR), with the major
histocompatibility complex-II (MHC-II), during antigen presentation. The subsequent
activation of protein kinase (PKC) by phospholipase C (PLC), leads to the production of
inositol (1,4,5)-trisphosphate [Ins (1,4,5) P3] that induces the release of Ca?* from the store via
the I3PR receptor (Chandy K.G. et al., 2004). The efflux of Ca** from the store causes a global
increase of the internal concentration of Ca®* that, in turns, induces the opening of the Ca?*-
release activated Ca?" channel (CRAC) by the ER membrane protein STIM1. CRAC is a unique
channel expressed in T cells and a few other cell types (Fracchia K.M. et al., 2013).

The global rise of Ca?* concentration observed after the antigen presentation, induces the
binding of Ca?* to calmodulin (CaM) that, after undergoing a conformational change, interact
with the phosphatase calcineurin (Vetter S. W and Lecler E., 2003). This step is vital for the
activity of the nuclear factors of activated T cells (NFAT) family members that, once
dephosphorylated by calcineurin, re-locate into the nucleus where they start the transcription
of the gene encoding the Interleukin-2 (IL-2) (Rao A., 1997) (Figure 87). More, c-JUN N-
terminal kinase (JNK) and Ras, both activated by PLC, trigger the activation of additional
transcriptional factors that, eventually, lead to T cell proliferation (Chandy K.G. ef al., 2004).
The overall Ca®* influx needs to be counterbalanced by the efflux of cations. Efflux of cations
is mediated by K* channels. T cells express two main type of K" channels: the voltage-activated
K* channel, Kv1.3 and the intermediate conductance Ca** activated K* (IKCal) channel, that
together orchestrate the calcium signalling sequence by controlling the membrane potential.
The two channels contribute to maintain the membrane hyperpolarised, so that the driving force
for Ca®* entry is preserved (Chandy K.G. et al., 2004). The two channels are differentially
expressed in the different subsets of T cells, where their expression is strongly linked to both
the activation state and the transition stage from naive cells to memory cells (Wulff H. et al.,

2003 (a, b); Beeton C. et al., 2003).
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Figure 87. Schematic representation of the events in T cells after antigen presentation (Modified
from Lam J. and Wulff H., 2011). Kv1.3 and Kca3.1 are found within the cell membrane and contribute
to maintain the driving force for Ca®" entry. Events Ca?*-dependent lead, eventually, to the translocation

of NFAT to nucleus and IL-2 production, cytokines release and proliferation.
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IKCal and Kv1.3 channels are regarded as immunomodulators, with an intriguing potential for
the treatment of autoimmune disorders. Autoimmune disorders develop from an alteration of
the immune system, where immune cells present a compromised activity and target self-
antigens. The treatment of patients with autoimmune diseases and inflammatory disorders
involving T cells, implicates the use of drugs with immunosuppressant properties that inhibits
T cells and other leukocytes (Yoon K. H., 2010; Coutinho A. E. and Chapman K. E., 2011).
The most used immunosuppressant drugs include corticosteroids and cyclosporine (Kahan B.
D., 1993; Stanbury R. M. and Graham E. M., 1998). Nevertheless, these drugs present several
side effects, especially when used for prolonged period of time. Drugs and compounds able to
act as selective immunomodulators rather than generic immunosuppressants, would be useful
to treat all those diseases that involve T cells. Based on the channel expression’s profile within
the cell, it is possible to adopt strategies that aim at targeting Kv1.3, overexpressed in effector
memory T cells (Tem), without compromising the functionality of central memory T cells (Tcwm)
and vice versa, in diseases that implicate autoreactive Tcwm cells. For example, diseases such as
MS (Wullf H. et al., 2003 (b)), rheumatoid arthritis (RA) type-1 diabetes mellitus (T1DM)
(Beeton C. et al, 2006), are characterised by autoreactive memory T lymphocytes,
predominantly Tem, with a high expression of Kv1.3 and low expression of IKCal. In this
scenario, a strategic therapy would aim at targeting Kv1.3, leaving uncompromised the activity

of IKCa channel.

The expression of the two main potassium channels is detected in the three types of T cells,
naive T cells, Tcm and Tewm, that in the quiescent state, present a similar level of both channels
(Cahalan M.D. and Chandy K.G., 2009). A quiescent state, indicates a catabolic state where
the cell is not activated and therefore, is not able to perform effector functions and produce
cytokines (Jones R. G. and Thompson C. B., 2007). However, activated Tem cells upregulate
Kv1.3 channel from about 300 channels in the resting state, to about 1500 channels/ cells when
activated, whilst maintaining the number of Kca3.l pretty stable. Conversely, Tcm cells
upregulate IKCa channels to about 500 channel/cells when activated (Cahalan M.D. and
Chandy K.G., 2009). The differential expression in the two different subsets of T cells, allow
to selectively target the channels. Selective targeting of the channel with specific inhibitors
causes the membrane to depolarize; consequently, membrane depolarization reduces the influx
of Ca?* and all the downstream events that depends on the increase of internal Ca", such as

cytokines production and cell proliferation.
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Several peptides and small molecules, are now incorporated into the list of the channel
inhibitors, acting with different potency and affinity. Channel inhibitors can be found in the
form of toxins and peptides, the majority of which are derived from animals but not limited to
this source. As previously discussed, Shk from the sea anemone Stichodactyla heliantus still
remains one of the most potent inhibitors of Kv1.3 channel. Studies highlighted the beneficial
inhibitory activity of ShK and analogue ShK- Dap?? in inhibiting the channel current in myelin
antigen-activated T cells from patients with MS, with a potent inhibitory effect as well on cell
proliferation of Tewm cells (Wulff H. et al., 2003 (b)). KCa3.1 channel, belonging to the family
of the calcium-activated potassium channels, share a six transmembrane topology with Kv1.3
but its activation is strictly depended on Ca?*. The gating occurs after the binding of calmodulin
to the cytoplasmatic C-terminal of the channel (Fanger C.M. et al., 1999) triggered by an
increase of intracellular Ca?* (Joiner W.J. et al., 1997; Logsdon N.J. et al., 1997) (Figure 88).
The channel is found mainly in naive and Tcwm cells, but it is also present in activated B cells,
macrophages, microglia, vascular endothelium, fibroblast and proliferating smooth muscle

cells, whereas its expression is not detected in excitable cells (Wulff H. and Castle N.A., 2010).
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Figure 88. KCa3.1 structure (Adapted and reproduced from Wulff H. and Castle N.A., 2010) A)
Kca3.1 transmembrane topology with Calmodulin binding site. B) Homo-tetrameric channel with four

calmodulin calcium sensors highlighted in green.
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Targeting KCa3.1 channel with specific inhibitors, assumes an important role in the
suppression of acute immune responses and is attractive for the treatments of a wide array of
diseases, as a reflection of the expression of the channel in several cellular compartment. The
channel can be blocked by toxins such as maurotoxin, derived from the scorpion venom of
Scorpio maurus (Castle N.A.et al., 2003) and analogues of charybdotoxin, from the scorpion
Leiurus quinquestriatus, engineered to enhance selectivity for KCal over Kv1.3 channel
(Rauer H. et al., 2000). Furthermore, several drugs such as quinine, the vasodilator cetiedil,
nifedipine as well as clotrimazole, have been showed to successfully block the channel (Wulff
H. and Castle N.A., 2010). The blocker TRAM-34, conceived by Wulff and colleagues (Wulff
H. et al., 2000), have been evaluated also for the treatment of cardiovascular diseases such as
atherosclerosis, (Toyama K. et al., 2008) and post-angioplasty restenosis (Kohler R. et al.,
2003; Tharp D.L. et al., 2008). As both channels are involved in the activation of T cells (Rader
R K. et al., 1996), numerous studies have investigated the effect of some potent blockers of the
K™ channels in inhibiting this process and early researches highlighted the beneficial properties
of general K™ channel blockers, such as tetraecthylammounium (TEA) and 4-aminopyridine (4-
AP), in blocking the activation of phytohemagglutinin (PHA)-stimulated human T cells
(Chandy K.G. et al., 1984). Chandy and colleagues also described the property of those general
K* channel blockers to reduce PHA-induced protein synthesis in human T lymphocytes
(Chandy K.G. et al., 1984). Interestingly, general calcium channel blockers, such as verapamil
and diltiazem, have been found to block both K* channel currents (Hagiwara S. and Byerly L.,
1981; Lee K. S. and Tsien R.W., 1983) and PHA-induced mitogenesis in T lymphocytes
(Chandy K.G. et al., 1984). These evidences, collected at an early stage of K" channel currents
characterisation in T lymphocytes, indicate that suppressors that inhibits K* currents, are also
able to suppress T cell proliferation (Deutsch C. et al., 1986; Lee S.C. et al., 1986; Chandy
K.G. et al., 1984). Proliferation is triggered by the T cell-synthetised cytokine Interleukin-2
(IL-2), which is considered as a T cell growth factor as, once produced by activated T cells,
binds to its specific membrane receptor thus triggering cells to proliferate (Lee S.C. et al.,
1986). Therefore, was reported that T cells proliferation is strictly dependent on the free IL-2
concentration, as well as the concentration of IL-2 receptor and its affinity for IL-2 (Smith
K.A., 1984). The binding of IL-2 to its receptor, is the event that precedes DNA synthesis
(Smith K.A., 1984) and favour differentiation of T cells in Tewm cells by the activation of several
intracellular pathways (Alberts B. et al., 2002).
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Taken together, all those evidences suggest that both Kv1.3 and KCa3.1 channel represent an
extremely promising strategy for the treatment of patients with autoimmune and other
disorders. The discovery of the differential expression of Kv1.3 and KCa3.1, became an
attractive opportunity to reach specific immunosuppression. Selective inhibition of the channel
with specific inhibitors, would translate into the inhibition of the immune response. It is dutiful
to highlight that the properties that peptides and, more generally, K™ channels inhibitors showed
in suppressing the proliferation of T cells, is a key point for the immunosuppression strategy.
In such way, inhibitors can block only the proliferation of autoreactive T cells and leave intact
the protective immune response (Varga Z. et al., 2010). At present, encouraging results for
Kv1.3 are emerging for in vitro and in vivo studies with peptides that are able to selectively
target the channel. Several in vivo studies, aimed also at evaluating important properties of the
peptides such as the injections strategy, plasma half-life as well as rapidity in clearance via
glomerular filtration, are underlying the importance of finding novel and potent inhibitors of
the channel so that the therapeutical strategies can be focused on selectively targeting the

channel more than reach general immunosuppressant effects.
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6.2 Objectives

In the previous chapters, we presented the characterisation of two novel ShK-like peptides in
transiently transfected cells expressing hKv1.3, and we have demonstrated their inhibitory
activity on the channel. We further showed the selectivity of the two peptides by comparing
the inhibitory effect on Kv1.3 to that observed for other members of the voltage-gated K*
channel family, emphasising the great potential of the peptides as candidates for channel

targeted therapies.

In this chapter, we offer further insights into the pharmacological properties of SXCL-1 and
SXCL-6, by investigating their effect in a cell type that naturally express the channel, the Jurkat
T cells. This human leukemic T cell line is often used for studies aimed at characterising the
signalling events during T lymphocytes activation (Fanger C.M. et al., 2001) and represents an
excellent tool to evaluate properties of Kv1.3 inhibitors on a wide array of cell functions.

The perforated patch-clamp technique was used to describe the peptide’s activity on Kv1.3 in
a similar experimental process to that previously shown for tSA201 cells. We then proceeded
to investigate the immunological properties of the two novel ShK-like peptides by evaluating
the effect of these peptides on the release of the effector cytokine, Interleukin-2 (IL-2), which

is involved in T cell proliferation, using the ELISA technique.

The results presented in this chapter, can be considered as preliminary data for further studies.
In the light of the recent pandemic situation that caused, among everything else, disruptions in
our routine and caused a rearrangement to a new lifestyle, we decided to present this set of
“uncomplete” experiments as preliminary data for further studies that could be performed in
the future in combination with other experiments that we propose at the end of the chapter (see
discussion, section 6.5). This short piece of work wants to be considered as a basis for all the
other routes we wanted to explore but, the current circumstances of the times we are living in,

have limited.
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6.3. Results
6.3.1 Electrophysiological characterisation of Kv1.3 channel in Jurkat cells

Initial experiments, sort to establish that Kv1.3 channel current is present in Jurkat cells, could
be conducted using our protocols and experimental set up. Currents were evoked using the
protocol “+50 mV continuously” protocol, as previously used for tsA201 cells (see Materials
and Methods). A variant of the whole-cell patch clamp configuration, the perforated patch
configuration, was adopted for the Jurkat cells (see Material and Methods, section 2.3.2). This
was to allow for stable recordings and for the preservation of the second messenger signalling
cascades. The average Kv1.3 perforated whole-cell current (pA) measured at + 50 mV in an
extracellular potassium (K*) control solution of 2.5 mM [K*'] was 1135 pA (95% CI 761.3:
1509 n=18) (Figure 89).
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Figure 89. Representative trace of Kv1.3 in Jurkat cells. Kv1.3 average peak current value at +50
mV is 1135 pA (n=18).
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6.3.2 Electrophysiological characterisation of the effect of the two novel peptides, SXCL-
1 and SXCL-6 on Kv1.3 expressed in Jurkat cells

Having established the presence of recordable Kv1.3 current in Jurkat cells, the next
experiments were to measure the effect of the two novel peptides on Kv1.3 current present in
these cells to reproduce effects observed in the heterologous cell lines. As for tSA201 cells,
Jurkat cells were incubated for 20 minutes in the 5% COz incubator with either SXCL-1 or
SXCL-6 peptides and recordings then made from the cells using the perforated-patch clamp
technique.

The results of our investigations revealed that that 0.5 nM of SXCL-1 peptide was able to
significantly (P < 0.05, using one-way ANOVA) inhibits the average Kv1.3 current (pA) from
1135 pA (n=18) to 255 pA (95% CI 142: 368; n=6), with a percentage of inhibition that was
equal to 78% (Figure 90, A). At an even lower concentration of SXCL-1, 0.03 nM, current was
reduced to 540 pA (95% CI 104: 977; n=5), although this was not found to be significantly (P
> (.05, using one-way ANOVA) different from WT levels (Figure 90, B).

A peak current (pA) graphic summarising the results of the investigations are showed in figure
91. Values are representative of peak current (pA) of Kv1.3 in control and in presence of 0.5

nM and 0.03 nM of SXCL-1.
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Figure 90. Layout of representative traces of Kv1.3 in control and SXCL-1. A) Kv1.3 in control

condition (black trace) and in presence of 0.5 nM of SXCL-1 (red trace). B) Kv1.3 in control condition

(black trace) and after incubation with 0.03 nM of SXCL-1 (red trace).
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Figure 91. Peak current (pA) graph of Kv1.3 in control conditions expressed in Jurkat cells and

in presence of SXCL-1 (0.5 nM and 0.03 nM). Bars are indicative of 95% CI of the mean. SXCL-1

at 0.5 nM (n=6) significantly inhibits the average peak current of Kv1.3 in Jurkat cells (p=0.0120).
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We then evaluated the inhibition of the Jurkat cells by SXCL-6 at the same doses, 0.5 nM and
0.03 nM. As was observed for SXCL-1, SXCL-6 was found to potently and significantly (P <
0.05) inhibit the current evoked at +50 mV in Jurkat cells (Figure 92). The average peak current
measured at +50 mV was reduced to 253 pA (95% CI 147: 358; n=6) in presence of 0.5 nM of
SXCL-6 toxin (Figure 92, A), compared to 1135 pA (95% CI 761.3: 1509; n=18) measured in
control conditions. This was equivalent to a 78% inhibition of current. Similarly, incubation of
Jurkat cells in 0.03 nM of SXCL-6 resulted in an average current measured at + 50 mV of 707
pA (196: 1219; n=4), which was not found to be significantly different (P > 0.05) from in
control (Figure 92, B). In figure 93, is showed a peak current (pA) graphic that summarize the
results of our findings. Graphic is representative of Kv1.3 in control conditions and in presence

of 0.5 nM and 0.03 nM of SXCL-6.

A — Control B — Control
20009 — SXCL6(0.5nM) 20009 — SXCL-6(0.03nM)
f& 1000 é 1000
= k=
) e
3 0~ e 3 0 T
0 1006———1500 1006——4500
time(ms) time(ms)
-1000- -1000-

Figure 92. Layout of representative traces of Kv1.3 in control conditions and with SXCL-6. A)
Kv1.3 in control condition (black trace) and in presence of 0.5 nM of SXCL-6 (red trace). B) Kv1.3 in
control condition (black trace) and after incubation with 0.03 nM of SXCL-6 (red trace).
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Figure 93. Peak current (pA) graphic of Kv1.3 in control conditions and in presence of SXCL-6
(0.5 nM and 0.03 nM). Bars are representative of 95% CI of the mean. Incubation of the channel with

0.5 nM (n=6) of SXCL-6 determined a significant reduction of the average peak current from 1182 pA
in control conditions (n=18) to 253 pA (p=0.0129).
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6.4 Investigating the effect of Kv1.3 inhibition by SXCL-1 and SXCL-6 on the release of
Interleukin-2 (IL-2)

As it was previously shown, Kv1.3 channel blockade by specific channel inhibitors, influences
the release of the cytokine Interleukin-2 (IL-2), as it affects the Ca*'- dependent events that
ultimately lead to the production of IL-2 (Zhao N. ef al., 2013; Zhao N. et al., 2014). In light
of these evidences we went on and investigated whether the two novel peptides, SXCL-1 and
SXCL-6, were able to inhibit the release of IL-2, by performing an Indirect ELISA test using
the ShK toxin as a positive control. Our preliminary data are the results of investigations
conducted using the three peptides at a concentration of 0.5 nM, that we determined in our
previous electrophysiological experiments able to significantly inhibit the channel currents
present in Jurkat cells. Experimental procedure for ELISA test was described previously in
Material and Methods section and data analysis were performed by using one-way ANOVA
(Dunnette’s multiple comparisons test).

As seen from figure 94, our investigations revealed that there was no significant (P> 0.05)
reduction of IL-2 release from Jurkat cells, that had been previously treated with 100 nM of
PMA and incubated peptide. In control, release of IL-2 in Jurkat stimulated with PMA, was
equal to 150 + 38 (pg/10° cells). Following the treatment with 0.5 nM of each peptide, ShK,
SXCL-1 and SXCL-6, the IL-2 release was equivalent to 120 + 16 (pg/10° cells); 141 + 40
(pg/10° cells) and 179 + 28 (pg/10° cells), respectively.

This preliminary data suggests that the release of IL-2 is not affected by the peptide inhibition
as previously suggested (Figure 94).
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Figure 94. Effect of the three peptides on IL-2 production in activated Jurkat cells. Bars are
indicative of SEM. IL-2 release in control conditions after 24h stimulation with 100 nM PMA (n=2).
For all three Kv1.3 blockers, no effect was detected (adjusted P values, p=0.8558; p=0.9954; p=0.8558,

respectively).
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6.5 Discussion

The therapeutical benefits of targeting K* channel with inhibitors for the treatment of diseases
involving T cells, started to be evident since early researches pointed out that, these integral
membrane proteins, were involved not only in the regulation of the membrane potential but
also influenced key processes such as cell activation, migration, proliferation and homeostasis
(Lewis R. S. and Cahalan M. D., 1995). Pioneering work from DeCoursey and colleagues
revealed, for the first time, that the predominant current in T cells was attributable to a voltage-
dependent K" channel (DeCoursey T. et al, 1984), confirmed to be Kv1.3, later on. The
discovery of the second K" current in T lymphocytes, sensitive to high concentrations of
internal calcium [Ca®*]; but insensitive to voltage changes, was confirmed later in 1993 by the
work of Grissmer and co-workers and addressed as KCa channel (Grissmer S. et al., 1993).
Both channels are involved in Ca?* signalling sequence by contributing to the regulation of the
membrane potential during the activation of T cells in effector (Cahalan M.D. and Chandy
K.G., 2009). The discovery of the differential expression of the channels in the two subset of
T cells in response to activation, represented the momentum when the two channels were
addressed as potent immunomodulators, with the potential of being considered for the
treatment of a wide nuance of diseases involving a specific set of memory T cells. Memory
cells represent the pool of cells that survive after the first encounter with the antigen and remain
for the lifetime, ensuring immediate protection in peripheral tissues and secondary lymphoid
organs (Sallusto F. et al., 2004). Memory cells are divided into two types based on the
expression of receptors and adhesion molecules, and the presence or absence of effector
functions (Sallusto F. et al., 1999). Effector memory T cells, Tem (CCR7-CD45RA ™), mediates
protective memory, migrate rapidly to peripheral sites and perform their effector functions by
releasing cytokines (granzyme B and interferon-y). Central memory T cells, Tcm (CCR7*
CD45RA"), account for reactive memory and exhibit more proliferative potency than Tgwm, so
that they can ensure the rising of an efficient response to antigens in secondary lymphoid organs
(Sallusto F. et al., 2004). Identification of the subset of T cells mediating a certain autoimmune
condition, was pivotal to delineate specific treatments. For example, in MS, autoreactive Tem
cells are the main pool of cells involved in the disease, as confirmed from the analysis of the
peripheral blood of patients with MS compared to healthy controls (Wulff H. et al., 2003 (b)).
As a consequence of the continue exposure to myelin antigen during the progression of the
disease, the cells acquire the Kvl1.3 Meh profile and therefore, are a target for

immunosuppression mediated by Kv1.3 blockers (Chandy K.G. ef al., 2004). In literature, the
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increased expression of Kv1.3 channel following mitogenic stimulation is reported to be linked
with either post-transcriptional events that induce the activation of previous “silent” channel,
or a surge of the translation’s rate (Lewis R.S. and Cahalan M.D., 1995). Alternatively, it is
proposed that the higher expression of Kv1.3 channel could have its root in the fact that, after
activation, already synthetised channels are then expressed at the cell membrane (Lewis R.S.
and Cahalan M.D., 1995). The immunosuppressive effect guaranteed by the inhibition of Kv1.3
channel, is due to membrane depolarization and reduction of the driving force for Ca?* to entry
via CRAC channel (Lin C.S. et al., 1993; Chandy K.G. et al., 2004). Therefore, activation of
T cells is blocked when channel is selectively targeted with inhibitors (Lewis R. S. and Cahalan

M. D., 1995).

In chapter 3, we showed the potent inhibition exhibit by the two novel ShK-like peptides,
SXCL-1 and SXCL-6, from the nematode H. polygyrus, towards Kv1.3 expressed in tSA201
cells. Here, we showed that the two novel peptides, are able to inhibit Kv1.3 expressed in Jurkat
cells, with a potency that resembles what we previously reported for tSA201 cells, however
with a different pharmacological profile. Therefore, from the in vitro results that we obtained
on both tSA201 and Jurkat cells, we propose that SXCL-1 and SXCL-6 are potential candidates
to add to the increasing list of Kv1.3 inhibitors. Jurkat T cells, a human T leukaemia cell lines,
represent an optimal system to study the interaction between endogenously K* currents
mediated by Kv1.3 and inhibitors. These cells have been widely used in studies aimed at
characterising the relationship channel-blockers (Zhao N. et al., 2015; Gasiorowska J. et al.,
2015) and also for studying the involvement of the channels in events such as cell
proliferations, chemokines release (Ding L. et al., 2017; Zhang Y. et al., 2019) and apoptosis
(Valencia-Cruz G. et al., 2009). Other than Kv1.3, other two types of K" channels are found
within the cell membrane of Jurkat cells (Panyi G. et al., 1996; Pottosin I. et al., 2007; Sands,
S. B. et al., 1989): the Ca*"activated small-conductance SKCa2 (Grissman S. et al., 1992;
Jager H. et al., 2000; Hanselmann C. and Grissmer S., 1996), and the two pore domain channel

(K2P), TRESK, mediating the so-called background current (Pottosin 1. et al., 2008).

The aim of our study was to demonstrate that the strong Kv1.3 current inhibition resulting from
the application of both ShK-like peptides in tSA201 cells, was also perpetuated in cells that
naturally express the channel. From our investigations, was clear that the incubation of the cells
with 0.5 nM of SXCL-1, determined a significant 78% current inhibition. Similar results were

evident for SXCL-6, that was able to reduce Kv1.3 average peak current by 77%, with a
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potency profile similar to SXCL-1. Our results suggested that both peptides were able to
effectively inhibit the average peak current of Kv1.3 channel expressed in Jurkat cells, however
SXCL-6 preserved a slightly more potent inhibition at lower nanomolar concentration of 0.03
nM. The conclusion that both peptides, at a low nanomolar concentration of 0.5 nM, are able
to significantly inhibit Kv1.3 average peak currents, is in agreement with previous
investigations conducted on tSA201 cells, transiently transfected with hKv1.3. However, the
potency of the peptides was found to be lower using the tSA201 cells compared to the Jurkat
cells. This may be due to the method we used to record currents from the two types of cells. It
is possible that by using perforated whole-cell patch clamp configuration on Jurkat cells, we
maintained the integrity of intracellular signalling pathway, which improved the potency of the
peptides. Jurkat cells have also been shown to mimic the physiological environment of T cells;
indeed, as discussed above, the cells endogenously express other K currents that functionally
contribute to maintain the environment of the cells. As such, these underlined differences,
might explain why the peptides are more potent in one cell type over another. Overall, the
results we obtained show a robust inhibitory profile at low nanomolar concentrations in both
cell types and are indicative of a possible application of both peptides for future therapeutical

strategies aimed at targeting Kv1.3.

In section 6.4, we showed preliminary data obtained through ELISA test, looking at whether
the inhibitory action of the peptides on potassium channels expressed in the Jurkat cells,
affected the release of the Interleukin-2. IL-2 production necessitates of an increase of calcium
[Ca®']ito take place, as requires the translocation of the NFAT transcriptional factors from the
cytoplasm to the nucleus, where they start the transcriptions of genes, including IL-2. The IL-
2 is essential to ensure the progression of the cells toward effectors and plays a key role in
maintaining both the homeostasis and the equilibrium between Treg and Teff cells within the
immune system (Xu L. et al., 2019) (Figure 95). Previous studies have shown that an analogue
of ShK was able to induce a potent inhibitory effect on the cell proliferation of Tem cells from
patients with MS (Wulff H. et al., 2003 (b)). As SXCL-1 and SXCL-6 have a similar inhibitory
profile to ShK, then it was hypothesised that they might affect T cell proliferation in a similar

mannecr.
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Figure 95. Schematic representation of IL-2 release after T cells activation (figure modified and
reproduced from Alberts B. et al., 2002). Activation of T cells requires two main signals: processing of
foreign peptide through MHC-II that interacts with TCR receptor (pink arrow) and recognition of B7
proteins on APC by the co-receptor protein CD28 of T cells (green arrow). Once the cell is activated
and all the cascades of event take place, IL-2 is released and can bind to IL-2 receptor, ensuring the

continuation of the cell proliferation.

Surprisingly, in the preliminary assays, we were unable to observe an inhibition of IL-2
expression levels in pre-stimulated Jurkat cells, either in presence of SXCL-1 and SXCL-6 or
indeed for ShK. There may be a number of reasons for this discrepancy which may be
overcome by experimental adjustments. For instance, using a higher concentration of the
peptides or altering the amount of PMA, or perhaps adding ionomycin to increase calcium
production, could represent alternative adjustments to consider. It might be possible that PMA
is not working sufficiently on its own and, as we did not measure IL-2 levels in unstimulated
cells, we have no reference to baseline levels. Another possibility is that incubation with the
peptide might be required first, in order to inhibit the channels and suppress expression of the
IL-2, before stimulating them with the addiction of PMA. As we were unable to perfuse the
toxins due to the small amount available to us for use, we were unable to determine the speed
of action of these peptides on the channels and thus the huge increase in calcium caused by
PMA, would overcome any effects exerted by the inhibition of the channels in the cells. Also,
in previous studies, an analogue of ShK, ShK-Dap?? had been used and as such, might explain
the different effects seen here with ShK peptide. As a result of the pandemic restrictions, we

were not able to perform any further investigations on this, therefore we conclude that further
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investigations in the future are required to clarify the mechanism by which the two peptides
might influence the IL-2 production. However, the rationale behind the tests, was that the ShK-
like peptides might be involved in the IL-2 production by blocking the influx of Ca?*. In the
matter of fact, Kv1.3 maintain the resting membrane potential (Vm), thus ensuring the Ca?*
entry and all the events that depends on Ca?"; however, when the channel is blocked by
inhibitors, all the downstream events linked to Ca*" increase, cease (Lewis R.S. and Cahalan
M.D., 1995). A great number of investigations have elucidated the contribution of Kv1.3 in
Ca®* signalling in Jurkat cells (Yin S. ef al., 2014; Zhao N. et al., 2013). It would be then
beneficial, to investigate whether SXCL-1 and SXCL-6 influence Ca?" influx in this type of
cells. The measurement of Ca?" influx could be carried out, for example, by using a calcium
imaging technique by stimulating the release of Ca?" from the store with specific agents and
subsequently by measuring whether the application of the peptides causes a subsequent
reduction of the calcium influx. This data would contribute to confirm our initial hypothesis
and would certainly contribute to extend the information on the immunological properties of
the two novel ShK-like peptides, SXCL-1 and SXCL-6, in a cell lines extensively used for
studying T cells signalling. Another argumentative point could see as a protagonist the
extensively mentioned Ca**-activated K" channel, Kca3.1 (Kca2.2 in Jurkat cells). Further
investigations aimed at confirming the selectivity of the two peptides towards Kv1.3 over the
Kca2.2 expressed in Jurkat cells, could be reached by performing electrophysiological
investigations with a different setting compared to Kvl.3. Kca2.2 is a calcium-activated
channel, thus the channel opening could be induced by application of Ca?* stimulators, such as
the Ca?* ionophore ionomycin, directly to the extracellular solution or, alternatively, by using
a pipette solution that contain low Ca®* concentration. Furthermore, the two channels-Kca2.2
and Kvl.3-have different kinetics properties and attention must be paid when designing
experiments, first of all using a protocol that reflects their biophysical properties. Several Kca
(both SK and IK) blockers are available commercially. For example, it is known that Kca2.2
is sensitive to apamin (Benton D.C. et al., 2013) but it is insensitive to Charybdotoxin (CTX)
that is known to block Kca3.1 (Wulff H. and Castle N.A., 2010). Ultimately, several studies
demonstrated that the inhibition of Kv1.3 determined by channel blockers, can be related to a
down-regulation in the channel expression (Zhao N. et al., 2013; Fu X.X. et al., 2013; Zhao N.
et al., 2014). Additional experiments aimed at investigating whether or not, the application of
the two novel ShK-like peptides, SXCL-1 and SXCL-6, are able to reduce the expression of the

channel, could represent additional experimental ideas to test in the future.
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6.6 Conclusions and Remarks

Our studies are comprehensive and demonstrated the selectivity of SXCL-1 and SXCL-6
towards Kv1.3 but, as a further confirmation for this type of study that include a different cell
type, testing the two peptides on Kca2.2 expressed in Jurkat cells would be beneficial.

Nevertheless, the combination of electrophysiological investigations and immunological
assays aimed at elucidating the contribution of the two novel Kv1.3 inhibitors, SXCL-1 and
SXCL-6, are certainly important to enlarge the data available not only the potency and the
selectivity of the peptides towards the voltage-gated Kv1.3 channel, but also how they

influence the dynamic in a T cell type.
Taking all together, although we highlighted some limits in our investigations and we proposed

additional experiments to conduct in Jurkat cells, our data can give the base for further avenues

to undertake for investigating the properties of the two novel ShK-like peptides.
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7.1 Introduction

The voltage-activated K" channel, Kv1.3, has become an attractive target for the treatment of
human disorders, with a particular emphasis on autoimmune diseases. Autoimmune disorders
(AD) affect, globally, about 3-5% of the population, with type-1 diabetes mellitus (TIDM) and
autoimmune thyroid disorder, estimated to be the most common AD found within the
population (Wang L. et al., 2015). The relevance of Kv1.3 in the treatment of these disorders,
is related to its expression in the subset of T cells, the effector-memory T cells (Tewm), involved
diseases including multiple sclerosis (MS), rheumatoid arthritis (RA), type-1 diabetes mellitus
(T1DM) and many more (Wullf H. et al., 2003 (b); Beeton C. et al., 2006). These subset of T
cells are characterised by an elevated number of Kv1.3 channels after activation, therefore are
characteristically indicated as Kv1.3 Meh profile cells (Chandy K.G. et al., 2004). The role of
Kv1.3 in T cells have been widely described and is linked to the property of the channel to
control the membrane potential and to contribute to the regulation of the Ca?" signalling after
T cells activation (Cahalan M.D. and Chandy K.G., 2009). Inhibition of Kv1.3 by specific
blockers result in a potent immunosuppression (Chandy K.G. et al., 2004). Several researches
pointed out the potential use of peptides and toxins, the majority of which are originated from
animals, but they can also be found in plants, as potent inhibitors of ion channels. In the specific
case of Kv1.3, one of the first ever described toxin that is able to potently inhibits the channel
current is the sea anemone toxin ShK, isolated from the sun anemone Stichodactyla heliantus
(Castaiieda O. et al., 1995). Since its discovery, ShK have been widely studied and several
chemical modifications have been attempted in order to reach specific effect on Kvl.3,
avoiding cross-selectivity with other K" channels (Beeton C. ef al, 2011). At present, an
analogue of the toxin, known as Dalazatide, is on clinical trials for the treatment of several
autoimmune disorders (Tarcha E.J. ef al.,, 2017). Of course, ShK is not the only toxin that is
able to inhibits Kv1.3 channel and actually, the number of Kv1.3 blockers derived from animal
toxins is continuously expanding. More recently, also parasitic worms have been found to
secrete peptides that can target Kv1.3 channel (Chhabra S. ef al., 2014). Our research project,
found its basis in the observation that, the parasitic nematode Heligmosomoides polygyrus,
otherwise known as Nematospiroides dubius, is able to secrete ShK/SXC products that share
the characteristic ShK-like domain, conserved among toxins that are able to inhibits the voltage-
activated K" channel, Kv1.3. Therefore, the aim of our investigations was to unravel the

pharmacological properties of two of the nine ShK-like peptides, found within the HES
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(excretory-secretory) products of H. polygyrus, SXCL-1 and SXCL-6, on the voltage-activated
K* channel, Kv1.3.

7.1.2 The pharmacological profile of SXCL-1 and SXCL-6

In Chapter 3, we elucidated the pharmacological profile of both SXCL-1 and SXCL-6 on Kv1.3
transiently expressed in tSA201 cells. Results from our investigations highlighted that both
ShK-like peptides are able to potently inhibits the channel peak current with a pharmacological
profile in the nanomolar (nM) range. SXCL-1 acts more potently at lower nanomolar
concentrations (5 nM), with an IC50 of 0.6 nM. SXCL-6 is able to significantly inhibits the
peak current of Kv1.3 at a concentration of 10 nM and presents an IC50 of 6 nM. Overall, the
results obtained from our investigations revealed that both peptides are potent inhibitors of
Kv1.3 channel and represent a novel class of the channel inhibitors, derived from a parasitic
worm. The potent inhibitory effect of SXCL-1 and SXCL-6 on Kv1.3 was clear from our
investigations, however little was known about the mechanism of action of the two peptides.
The initial hypothesis was based on the observation that the two novel peptides, could act as
pore blocker peptides and bind to the pore region of the channel, in correspondence of the
external vestibule, by using functional residues, in particular a lysine (K), found within the
aminoacidic sequence. In fact, both SXCL-1 and SXCL-6, share a characteristic ShK-like
domain, comprising a 6 cysteines motif and functional Lys that we hypothesised are found at
position 21 and 28, respectively. However, determining the exact mechanism of action would
require the use of more sophisticated methods including molecular dynamic (MD) simulations.
Nevertheless, we were interested in understanding the basis of the interaction between the
peptides and the channel. Driven by the observations that both ShK-like peptides present a
functional domain plus functional Lys within the sequences, we performed computer modelling
analysis in combination with computational alanine scanning, to investigate how the peptides
and the channel interact between each other, and what residues within the channel pore region
are involved in this interaction. Our results conveyed to the identification of three aminoacidic
sites that play a pivotal role for the interaction between the peptides and the channel. These
aminoacidic residues were found to be D449, H451 and V453. Electrophysiological
investigations revealed the importance of those sites in the interaction with the both SXCL-1
and SXCL-6, with a particular emphasis on the histidine at position 451. Indeed, when we
created Kv1.3 mutant by substitution of the H residue with a neutral residue such as alanine

(A), we did observe that the effect of both peptides was completely abolished. The results
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obtained on Kv1.3 H451A conclusively indicate that the H in position 451, covers an
important role in determining the affinity of the peptides for the channel. Our observations
were based on knowledges of the channel residues located at the pore region that interact with
functional lysine 21 and 28 for SXCL-1 and SXCL-6, respectively, yet little is known about
other residues within the peptides sequences that might contribute to the binding. As such, in
future prospective, we highlight the importance of conducting further investigations aimed first
at elucidating the structure of the novel ShK-like peptides and then, at evaluating other residues
within the peptides sequences that contribute to the binding to the channel. We proposed more
detailed experimental routes to consider for this aim in Chapter 3 (discussion, section 3.9).
Still, is important to underline the contribution of those experiments to obtain more information
about the mechanism of action and the residues involved in the channel-peptides interaction
that might be useful when it comes to enhance the selectivity of SXCL-1 and SXCL-6 towards
the channel, eliminating the cross-selectivity barrier that often arises with other channels

belonging to the same family.

7.1.3 The pharmacological profile of SXCL-1 and SXCL-6 on other close-related K*

channels.

Cross-selectivity is often seen as a major limitation for several animal-derived toxins that, for
this reason, fail the clinical trials or, in some cases, even the stage before. As such, is pivotal
to test the peptides towards other close-related channels to make sure that no undesired effects
on other channels are found. For these reasons in chapter 4, we were interested in investigating
the effect of SXCL-1 and SXCL-6 on other voltage-gated K" channels and we considered
Kvl.1, Kv1.2, Kvl.5 and Kv2.1. The results of our investigations opened up several
observations: I) SXCL-1 at 5 nM, is a potent inhibitor of Kv1.3 channel and significantly
reduced the average peak current of the channel. At the same concentration, SXCL-1 is able to
inhibits the average peak current of Kv1.1 and Kv2.1, however at lower potency compared to
the effect observed for Kv1.3. II) SXCL-6 at 5 nM, does not inhibits the average peak current
of Kv1.3, but it is able to reduce the average peak current of Kv2.1 (however with no statistical
significance). Furthermore, 5 nM of the peptide does not determine any inhibition in the
average peak current of Kvl1.1, Kv1.2 and Kv1.5. In the lights of these results, we therefore
propose that SXCL-1 acts more potently towards Kv1.3 at lower nanomolar concentrations
compared to SXCL-6 yet shows some cross-selectivity with Kv1.1 and Kv2.1. In the future,

important investigations aimed at underlining more details about the properties of SXCL-1 and
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SXCL-6, could be performed by testing higher concentrations of the peptides on the other K*
channels considered for the investigations. For instance, answering questions like “What would
happen if 10 nM of SXCL-1 would be tested on Kv1.1? Would this perhaps lead to a more
potent effect of the peptide in inhibiting the channel current?”” and “what would happen if 10
nM of SXCL-6 would be tested? Would this perhaps mean that we could see an effect also on
the other voltage-gated K" channels considered?”, is important to draw a complete profile for
the two novel ShK-like peptides. Driven by those enquires, we proposed further follow up
experiments that might be useful to find answers to those and other questions. Of course, one
of the major points we wanted to focus the attention on was the importance of presenting
peptides that are able to act potently and at lower concentrations. The evidences collected from
the results of our investigations on both peptides are exhaustive and emphasise the different
properties and pharmacological profile of the two peptides, SXCL-1 and SXCL-6. If we would
draw a common feature between the two peptides, this would be the high and significance
potency in inhibiting the average peak current of Kv1.3, however at different concentrations.
No matter how we turn the prospective and observations, there will still be the cross-selectivity
problem to face. The design of analogues, supported by knowledge of residues important for
the selectivity of the peptides towards the channel, could represent one possible route to

undertake in the future to overcome this problem.

7.2 Future prospective

The final chapter of this work is focused on preliminary data obtained using a naturally
expressing Kv1.3 cell line, Jurkat cells. The aim of the whole chapter was to show some of the
work that we were planning to conduct before the global pandemic started. Unfortunately, as a
consequence of the current situation, we were not able to carry on, leaving the chapter as an
“uncomplete” or “short” piece of work. The preliminary data obtained suggest that the two
novel ShK-like peptides, are able to significantly inhibits the average peak current of Kv1.3
expressed in Jurkat cells. We highlight that further investigations are required in order to define
a dose-response profile, IC50, for both peptides in Jurkat cells. Another important aspect that
we would have liked to explore, was relevant to the ability of the peptides to inhibits IL-2
release, therefore highlighting the immunological properties that the two peptides might
present. Unfortunately, reaching a complete picture from this short piece of work was
challenging as such, we would like to consider those results as a basis for future route to explore

in the future. However incomplete, our results suggest that the peptides are able to inhibit the
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average peak current of Kv1.3 expressed in Jurkat cells and from those results further

experiments, could be implemented as discussed in chapter 4-discussion.

7.3 Conclusions

The two novel peptides, SXCL-1 and SXCL-6, are potent inhibitors of the voltage-gated K*
channel, Kv1.3. The importance of discovery novel and potent inhibitors of the channel is
linked to the potential use of those inhibitors for the treatment of diseases that involve the
channel. Application of Kv1.3 inhibitors for the treatment of autoimmune disorders is
particularly encouraged, as it allows to design T cell-specific therapeutic strategies. This is
achievable thanks to the expression of the channel in the subset of T cells involved in
autoimmune diseases, the Tewm cells. The results obtained from our investigations suggest that
both SXCL-1 and SXCL-6 derived from the parasitic nematode H. polygyrus, represent a novel
class of Kv1.3 blockers that might be used in the future as a therapeutical approach to treat not

only autoimmune diseases, but also other disorders.
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10 20 30 40 50

MDERLSLLRS PPPPSARHRA HPPQRPASSG GAHTLVNHGY AEPAAGRELP
60 70 80 90 100

PDMTVVPGDH LLEPEVADGG GAPPQGGCGG GGCDRYEPLP PSLPAAGEQD
110 120 130 140 150

CCGERVVINI SGLRFETQLK TLCQFPETLL GDPKRRMRYF DPLRNEYFFD
160 170 180 190 200

RNRPSFDAIL YYYQSGGRIR RPVNVPIDIF SEEIRFYQLG EEAMEKFRED
210 220 230 240 250

EGFLREEERP LPRRDFQRQV WLLFEYPESS GPARGIAIVS VLVILISIVI
260 270 280 290 300

FCLETLPEFR DEKDYPASTS QDSFEAAGNS TSGSRAGASS FSDPFFVVET
310 320 330 340 350

LCHOWFSFEL LVRFFACPSK ATFSRNIMNL IDIVAIIPYF ITLGTELAER
360 370 380 390 400

QGNGQQAMSL AILRVIRLVR VFRIFKLSRH SKGLQILGQT LKASMRELGL
410 420 430 440 450

LIFFLFIGVI LFSSAVYFAE ADDPTSGFSS IPDAFWWAVV TMTTVGYGDM
460 470 480 490 500

HPVTIGGKIV GSLCAIAGVL TIALPVPVIV SNFNYFYHRE TEGEEQSQYM
510 520 530 540 550

HVGSCQHLSS SAEELRKARS NSTLSKSEYM VIEEGGMNHS AFPQTPFKTG
560 570

NSTATCTTNN NPNSCVNIKK IFTDV

Table 5. KCNA3_HUMAN sequence. Uniprot [D: P22001. Length: 575 aminoacidic residues. Mass
(Da): 63,842
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10 20 30 40 50

MTVMSGENVD EASAAPGHPQ DGSYPRQADH DDHECCERVYV INISGLRFET
60 70 80 90 100

QLKTLAQFPN TLLGNPKKRM RYFDPLRNEY FFDRNRPSFD AILYYYQSGG
110 120 130 140 150

RLRRPVNVPL DMFSEEIKFY ELGEEAMEKF REDEGFIKEE ERPLPEKEYQ
160 170 180 190 200

RQVWLLFEYP ESSGPARVIA IVSVMVILIS IVIFCLETLP ELKDDKDFTG
210 220 230 240 250

TVHRIDNTTV IYNSNIFTDP FFIVETLCII WFSFELVVRF FACPSKTDFF
260 270 280 290 300

KNIMNFIDIV AIIPYFITLG TEIAEQEGNQ KGEQATSLAI LRVIRLVRVF
310 320 330 340 350

RIFKLSRHSK GLQILGQTLK ASMRELGLLI FFLFIGVILF SSAVYFAEAE
360 370 380 390 400

EAESHFSSIP DAFWWAVVSM TTVGYGDMYP VTIGGKIVGS LCAIAGVLTI
410 420 430 440 450

ALPVPVIVSN FNYFYHRETE GEEQAQLLHV SSPNLASDSD LSRRSSSTMS
460 470 480 490

KSEYMEIEED MNNSIAHYRQ VNIRTANCTT ANQNCVNKSK LLTDV

Table 6. KCNA1_HUMAN sequence. Uniprot ID: Q09470. Length:495 aminoacidic residues. Mass
(Da):56,466
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10 20 30 40 50

MTVATGDPAD EAAALPGHPQ DTYDPEADHE CCERVVINIS GLRFETQLKT

60 70 80 90 100

LAQFPETLLG DPKKRMRYFD PLRNEYFFDR NRPSFDAILY YYQSGGRLRR
110 120 130 140 150

PVNVPLDIFS EEIRFYELGE EAMEMFREDE GYIKEEERPL PENEFQRQVW
160 170 180 190 200

LLFEYPESSG PARITAIVSV MVILISIVSF CLETLPIFRD ENEDMHGSGV
210 220 230 240 250

TFHTYSNSTI GYQQSTSFTD PFFIVETLCI IWFSFEFLVR FFACPSKAGF
260 270 280 290 300

FTNIMNIIDI VAIIPYFITL GTELAEKPED AQQGQQAMSL AILRVIRLVR
310 320 330 340 350

VFRIFKLSRH SKGLQILGQT LKASMRELGL LIFFLFIGVI LFSSAVYFAE
360 370 380 390 400

ADERESQFPS IPDAFWWAVV SMTTVGYGDM VPTTIGGKIV GSLCAIAGVL
410 420 430 440 450

TIALPVPVIV SNFENYFYHRE TEGEEQAQYL QVTSCPKIPS SPDLKKSRSA
460 470 480 490

STISKSDYME IQEGVNNSNE DFREENLKTA NCTLANTNYV NITKMLTDV

Table 7. KCNA2 HUMAN sequence. Uniprot ID: P16389. Length: 499. Mass (Da): 56,717
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10 20 30 40 50

MEIALVPLEN GGAMTVRGGD EARAGCGQAT GGELQCPPTA GLSDGPKEPA
60 70 80 90 100

PKGRGAQRDA DSGVRPLPPL PDPGVRPLPP LPEELPRPRR PPPEDEEEEG
110 120 130 140 150

DPGLGTVEDQ ALGTASLHHQ RVHINISGLR FETQLGTLAQ FPNTLLGDPA
160 170 180 190 200

KRLRYFDPLR NEYFFDRNRP SFDGILYYYQ SGGRLRRPVN VSLDVFADEI
210 220 230 240 250

RFYQLGDEAM ERFREDEGFI KEEEKPLPRN EFQRQVWLIF EYPESSGSAR
260 270 280 290 300

ATAIVSVLVI LISHTFCLE TLPEFRDERE LLRHPPAPHQ PPAPAPGANG
310 320 330 340 350

SGVMAPPSGP TVAPLLPRTL ADPFFIVETT CVIWFTFELL VRFFACPSKA
360 370 380 390 400

GFSRNIMNII DVVAIFPYFI TLGTELAEQQ PGGGGGGQNG QQAMSLAILR
410 420 430 440 450

VIRLVRVFRI FKLSRHSKGL QILGKTLQAS MRELGLLIFF LFIGVILFSS
460 470 480 490 500

AVYFAEADNQ GTHFSSIPDA FWWAVVTMTT VGYGDMRPIT VGGKIVGSLC
510 520 530 540 550

AIAGVLTIAL PVPVIVSNFN YFYHRETDHE EPAVLKEEQG TQSQGPGLDR
560 570 580 590 600

GVQRKVSGSR GSFCKAGGTL ENADSARRGS CPLEKCNVKA KSNVDLRRSL
610

YALCLDTSRE TDL

Table 8. KCNAS HUMAN sequence. Uniprot ID: P22460. Length: 613. Mass (Da): 67,228
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10 20 30 40 50

MPAGMTKHGS RSTSSLPPEP MEIVRSKACS RRVRLNVGGL AHEVLWRTLD
60 70 80 90 100

RLPRTRLGKL RDCNTHDSLL EVCDDYSLDD NEYFFDRHPG AFTSILNFYR
110 120 130 140 150

TGRLHMMEEM CALSFSQELD YWGIDEIYLE SCCQARYHQK KEQMNEELKR
160 170 180 190 200

EAETLREREG EEFDNTCCAE KRKKLWDLLE KPNSSVAAKI LAIISIMFIV
210 220 230 240 250

LSTIALSLNT LPELQSLDEF GQSTDNPQLA HVEAVCIAWF TMEYLLRFLS
260 270 280 290 300

SPKKWKFFKG PLNAIDLLAI LPYYVTIFLT ESNKSVLQFQ NVRRVVQIFR
310 320 330 340 350

IMRILRILKL ARHSTGLQSL GFTLRRSYNE LGLLILFLAM GIMIFSSLVF
360 370 380 390 400

FAEKDEDDTK FKSIPASFWW ATITMTTVGY GDIYPKTLLG KIVGGLCCIA
410 420 430 440 450

GVLVIALPIP IIVNNFSEFY KEQKRQEKAI KRREALERAK RNGSIVSMNM
460 470 480 490 500

KDAFARSIEM MDIVVEKNGE NMGKKDKVQD NHLSPNKWKW TKRTLSETSS
510 520 530 540 550

SKSFETKEQG SPEKARSSSS PQHLNVQQLE DMYNKMAKTQ SQPILNTKES
560 570 580 590 600

AAQSKPKEEL EMESIPSPVA PLPTRTEGVI DMRSMSSIDS FISCATDFPE
610 620 630 640 650

ATRFSHSPLT SLPSKTGGST APEVGWRGAL GASGGRFVEA NPSPDASQHS
660 670 680 690 700

SFFIESPKSS MKTNNPLKLR ALKVNFMEGD PSPLLPVLGM YHDPLRNRGS
710 720 730 740 750

AAAAVAGLEC ATLLDKAVLS PESSIYTTAS AKTPPRSPEK HTAIAFNFEA
760 770 780 790 800

GVHQYIDADT DDEGQLLYSV DSSPPKSLPG STSPKFSTGT RSEKNHFESS
810 820 830 840 850

PLPTSPKFLR QNCIYSTEAL TGKGPSGQEK CKLENHISPD VRVLPGGGAH

GSTRDQSI

Table 9. KCNB1_HUMAN sequence. Uniprot ID: Q14721. Length: 858. Mass (Da): 97,878.
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Oligo Name Sequence (5’->37)

ot AACAGTGGGTTACGGCGCTATGCACCCAGTGACCAT
(36)

ATGGTCACTGGGTGCATAGCGCCGTAACCCACTGTT
(36)

GTTACGGCGATATGGCCCCAGTGACCATAG (30)

CTATGGTCACTGGGGCCATATCGCCTAAC (30)

TACGGCGATATGCACCCAGCGACCATAGGGGGCAAGA
(37)
TCTTGCCCCCTATGGTCGCTGGGTGCATATCGCCGTA (37)
CGCTCCACCAGCTCGCTGACGCCCGAGCCCATGGAGATC
(39)

S0 GATCTCCATGGGCTCGGGCGTCAGCGAGCTGGTGGAGCG
R (39)

Table 10. List of primers. Kv1.3 D449A (Forward and Reverse); Kv1.3 H451A (Forward and
Reverse); Kv1.3 V453A (Forward and Reverse); Kv2.1 P17T (Forward and Reverse).
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