Peptide Inhibitors of Kv1.5

Subjects: Biology | Biophysics | Physiology

Contributor: Ferenc Papp

The human voltage gated potassium channel Kv1.5 that conducts the IKur current is a key determinant of the atrial action
potential. This channel is an attractive target for the management of Atrial Fibrillation (AF). A wide range of peptide toxins
from venomous animals are targeting ion channels, including mammalian channels. These peptides usually have a much
larger interacting surface with the ion channel compared to small molecule inhibitors and thus, generally confer higher
selectivity to the peptide blockers. To date, literature has known two peptides that inhibit IKur: Ts6 and Osul. T
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| 1. Diseases Related to Kv1.5

The most well-known channelopathy associated with the Kv1.5 channel is atrial fibrillation (AF). Today, a plethora of
mutations have already been identified as causes of AF. Among them there are loss of function (LOF) mutations (E375X,
Y155C, D469E and P488S), which make the atrial action potential (AP) prolonged, and gain of function (GOF) mutations
(E48G, A305T and D332H), which shorten the AP. In the former case, the prolongation of the AP and the effective
refractory period (ERP) increases the probability of early afterdepolarizations (EADs). However, during GOF mutations,
the shortening of the ERP will increase the excitability of the atrial tissue as a potential mechanism behind AF 2,

Besides atrial fibrillation, mutations of the Kv1.5 channel gene can result in various diseases. Remillard and colleagues
identified 17 single-nucleotide polymorphisms of the Kv1.5 gene in pulmonary arterial hypertension (PAH) patients [,
which may contribute to the downregulation of KCNAS5, causing the increase of the vascular tone. Fu and colleagues &
found that in intrauterine growth retardation, while Kv1.5 expression was decreased, the tyrosine-phosphorylation of these
channels was significantly increased. This process led to the proliferation of the pulmonary artery smooth muscle cells,
which eventually resulted in the thickening of the pulmonary arterial wall, i.e., PAH. MacFarlane and Sontheimer &
showed in astrocytes that Kv1.5 is associated with Src family protein tyrosine kinases, which are responsible for astrocyte
proliferation. This connection between Kv1.5 and astrocyte proliferation stimulated numerous tumor-related studies.
Preussat and colleagues © found high Kv1.5 expression in human gliomas, which was the most prominent in
astrocytomas, moderate in oligodendrogliomas and low in glioblastomas. Bielanska and colleagues pointed out that in
stomach, pancreatic and breast cancer, the high expression of Kv1.5 was due to the presence of infiltrating inflammatory
cells [, However, in bladder, skin, ovary and lymph node cancers, Kv1.5 was highly expressed in the tumorigenic cells.
According to Vallejo-Gracia and colleagues 8, Kv1.5 expression shows an inverse correlation with lymphoma
aggressiveness; therefore, the level of this protein can be useful in prognosis, treatment and outcome prediction as well.

| 2. Atrial Fibrillation and Possible Pharmacological Treatments

AF is characterized by an irregular and often rapid heart rate. In people with AF, blood flow is significantly slowed in the
atria, which may cause blood to pool, greatly increasing the chances of blood clot formation. When a piece of a clot
breaks off, it can travel to the brain and cause a stroke, which is one of the most serious consequences of AF. However,
blood clots may circulate to other organs as well, blocking blood flow and causing ischemia. AF is the most common
serious abnormal heart rhythm and, as of 2020, affects more than 33 million people worldwide . As of 2014, it affected
about 2 to 3% of the population of Europe and North America 29, Due to AF, some patients need to constantly take blood
thinners (platelet aggregation inhibitors and/or anticoagulants) to prevent blood clots, which can be very costly and can
have very serious side effects, such as bleeding or hemorrhagic stroke.

The possible pharmacological strategies for AF treatment are the following:
- Development and improvement of existing antiarrhythmic agents: Amiodarone derivates, Multi-channel blockers, etc.

- Atrial selective therapeutic agents (ARDA): Ixy blocker; I ach blocker; Ina, Ikr blockers



- Upstream therapy agents, drugs affecting: structural remodeling, inflammation, hypertrophy, oxidative stress, etc.
- Gap junction modulators: Antiarrhythmic peptides affecting connexins Cx40 and Cx43

The most promising strategy to treat AF that avoids ventricular proarrhythmic side effects is the development of drugs
known as “atrial selective drugs”. This concept would exploit distinct differences in expression patterns of individual ion
channels and their different contribution to refractoriness between atrial and ventricular myocytes. Such atrial specific
targets would be the following three known atrial specific ionic currents: (a) the ultra-rapid delayed rectified potassium
current (Iky); (b) the acetylcholine-sensitive inward rectifier potassium current (Ix acn); (C) the constitutively active
Ik ach currents (i.e., which are active even in the absence of agonists at muscarinic receptors).

Inhibition of the ion flow through Kv1.5, i.e., blocking Ik, eliminates a component of the repolarizing current during atrial
AP, thus prolonging the duration of the AP 111, Almost all of the known Kv1.5 blockers are exclusively small molecules 12
(13114115] pharmaceutical companies have made great efforts to develop selective Ix,, blockers as new pharmacological
agents against AF. As a result, many new lg, blockers have been developed and tested since the beginning of this
century: AVE0118, XEN-D101, DPO-1, vernakalant, etc.

AVEOQ0118 (Figure 1) is a biphenyl derivative developed by Sanofi-Aventis. AVE0118 blocks I, at micromolar
concentrations in both native human atrial cells and Kv1.5 channel systems. In addition to the blocking of Ik, the drug
also blocked Iy, and Ik ach currents at a similar concentration range [16]17],
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Figure 1. Structure of AVE0118.

AVEO0118 shortened APD and ERP in atrial tissue from patients in sinus rhythm (SR), whereas APD/ERP was only slightly
prolonged in tissues from patients in AF 24, This observation is consistent with a previous study with the non-selective
Ixur blocker 4-aminopyridine 28], AVE0118 has not been published in clinical trials and it appears that its development as a
potential antirrhythmic drug is likely to have been halted. However, the compound was recently proposed as a new
pharmacological tool for the treatment of obstructive sleep apnea 19,

XEN-DO0101 (Figure 2) is an experimental compound developed by a small R&D company (Xention Ltd., Cambridge, UK).
A first clinical trial with XEN-D0103 did not reduce the burden of AF in patients with paroxysmal AF 29,
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Figure 2. Structure of XEN-D0101.



DPO-1 (Diphenylphosphine oxide, Figure 3). DPO-1 blocks Ik, rate-dependently at nanomolar concentrations in isolated
human atrial myocytes. DPO-1 blocks other currents (such as l) at higher micromolar concentrations. Furthermore,
DPO-1 induced prolongation of APD in AF plateau, elevation and shortening in SR only in human atrial tissue and not in
the ventricle (211,
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Figure 3. Structure of DPO-1.

Vernakalant (RSD1235, Cardiome and Astellas, Figure 4) is the molecule in the most advanced phase of study. It was
approved by the European authorities, but the FDA did not allow intravenous conversion of AF. Vernakalant inhibited
lkur In @ positive frequency-dependent manner 22231, However, in human atrial cardiomyocytes, its effects on Iy, are
small. In human atrial preparations vernakalant suppresses upstroke velocity, suggesting relevant inhibition of Iy, 2223],
so it can be considered a multichannel inhibitor rather than a selective Ik, blocker. Vernakalant has rapid offset kinetics at
sodium channels, so it was not expected to cause proarrhythmia and conduction disturbances at low heart rates 241251,
However, vernakalant slowed conduction velocity at physiological heart rate both in the atria and in the ventricles of
human hearts, calling into question the atrial selectivity of the drug effect [28]. Numerous clinical studies have shown the
safety and efficacy of vernakalant in the transformation of AF. The AVRO study (phase Ill clinical study) demonstrated that
vernakalant has superior efficacy compared with amiodarone in the acute conversion of recent cardiac arrhythmias AF 221
28 |n another study, vernakalant was shown to be safe and effective in combination with electrical cardioversion 29 and
was approved for clinical practice in the European Union in 2010 (but not in the US [3),
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Figure 4. Stucture of Vernakalant.



| 3. Peptide Modulators of the Kv Channels

Animal venoms are a complex cocktail of oligopeptides, free amino acids, nucleotides, low molecular weight salts, organic
compounds, peptides and proteins BL. These venoms are employed for prey hunting and protection against predators 22!,
In this complex mixture of bioactive molecules, the lethal toxin often represents only a minor proportion, along which many
other non-lethal components with interesting bioactivities are present, which can be used for the development of
pharmaceutical agents, insecticides and research tools in the characterization of ion channels 22,

Research on peptide modulators of Kv channels started in the 1980s 15, To date, ~460 toxins have been reported
exclusively for voltage-gated K* channels (Figure 5), scorpion venoms being the major source of these molecules with
203 entries, followed by the spider venoms with 102 418511361 These arachnid venom-derived peptides interact with Kv
channels in two different modes: either as pore blockers or as gating modifiers, with a very specific interaction with
different regions of the ion channels.
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Figure 5. Peptide modulators of the voltage-gated potassium (Kv) channels. Numbers above the boxes indicate the
number of toxins isolated to target Kv channels.

3.1. Pore Blocker Peptides

All known scorpion toxins affecting potassium channels (KTx) physically occlude the channel pore, which makes them
pore blockers B4, Based on homology, cysteine pairing pattern and activity, KTxs have been classified into six families: a-
KTX, B-KTX, y-KTx, k-KTx, 5-KTx 28 and e-KTx (Figure 6).

K-KTx 6-KTx £-KTx

CSa/a Kunitz-type Inhibitor cystine knot (ICK)

Figure 6. Structural folds present in the KTx families. a-KTx: MgTx (IMTX), B-KTx: HgeScplpl (5IPO), y-KTx: Ergtoxin
(1PX9), k-KTx: OmTx2 (AWQC), 8-KTx: LmKTT-1a (2M01) and &-KTx: Tsll (2MSF). PDB entries are shown in
parentheses.



The a-KTx family is the largest family, with 174 members grouped in 31 subfamilies, followed by the B-KTx family with 35
members grouped in 3 subfamilies and the y-KTx family with 30 members grouped in 5 subfamilies eI A|| these
three families share a common structural motif comprising one or two a-helices connected to a triple-stranded antiparallel
B-sheet stabilized by three or four disulfide bonds (CSa/B) “9. The majority of the members of the a-KTx family have been
isolated from the venoms of scorpions of the Buthidae family 2. These peptides range from 23 to 43 residues in size and
recognize Shaker-type Kv channels and Ca?*-activated K* channels 43!, 3-KTx peptides are longer than the o-KTx,
ranging from 45 to 75 residues in size. The difference between the sizes of these families can be explained by an N-
terminus o-helix with cytolytic and/or antimicrobial activity, followed by the C-terminal region with a CSa/ motif that
confers the K* channels blocking activity 44!, Peptides of the y-KTx family were discovered in the venom of scorpions of
the genus Centruroides, Mesobuthus and Buthus 3. Their length ranges from 36 to 47 residues, and they are described
as mainly targeting K* channels of the ERG (ether-a-go-go gene) family 48,

The k-KTx family is comprised of 18 members grouped in 5 subfamilies. All these peptides have been isolated from
scorpion venoms of the genus Heterometrus and Opisthacanthus. Peptides of this family consist of 22 to 28 amino acid
residues and are considered weak inhibitors of K* channels (all of them showing effect in the uM range). The structure of
K-KTx peptides is characterized by two parallel a-helices linked by two disulfide bridges (CSa/a) &2,

The &-KTx family is comprised of 7 members grouped in 3 subfamilies, ranging from 59 to 70 residues, which have been
isolated from the venom of scorpions of the genus Hadrurus, Mesobuthus and Lychas. The members of the 6-KTx family
are characterized by a Kunitz-type fold, which is represented by two antiparallel B-strands and two, or more often, one
helical region 8. Moreover, 3-KTx members possess a dual activity inhibiting proteolytic enzymes (e.g., trypsin) in
nanomolar concentration and blocking Kv channels 42!,

The ¢-KTx family is the smallest one. It is comprised of only two members (29 amino acid residues length), both of them
isolated from the venom of the scorpion Tityus serrulatus. The structure of these peptides consists of an inhibitor cystine
knot type scaffold (ICK). However, the structure is completely devoid of the classical secondary structure elements (a-
helix and/or B-strand) 29,

In previous works, a seventh family of KTx is mentioned 4251 This family, known as A-KTx, also presents an ICK
scaffold, but unlike the e-KTx family, the structure is a CSa/p fold. The best-characterized peptide of this family, the A-
MeuTx-1, showed a blocking effect in the Shaker K* channel but not in other Kv channels 521 However, nowadays, this
peptide has been reclassified into the scorpion calcin-like family, which is why the A-KTx family does not appear in the
classification of the KTx anymore.

Mechanism of Action of the Pore Blockers

KTxs can interact with Kv channels through different mechanisms. However, three major mechanisms have been
described. The first one is the so-called “functional dyad” model, which is the most frequently identified and the best
characterized. The dyad is composed of two highly conserved amino acid residues. In the first position, there is a lysine
and in the second position, a neighboring aromatic or aliphatic residue . In this model, the B-sheet side of the toxin faces
the entrance of the channel pore and the lysine side chain in the selectivity filter (Figure 7). The hydrophobic interaction of
the second amino acid is involved mostly in the high-affinity binding 3. The lysine side chain is attracted to the pore,
where a ring of aspartate or glutamate residues surrounds it 23, while the aromatic or aliphatic residue might interact with
a tyrosine or tryptophan residue of one of the channel a-subunits 24. The second mechanism is called the “ring of basic
residues”. This mechanism has been demonstrated for the entire a-KTx subfamily 5 and o-KTx4.2 interacting with the
KCa2.x channels. In this model, a cluster of basic residues (2-4 Arg and Lys) interacts with residues of the channel
situated at the turret and the bottom of the vestibule. However, this cluster is located in the a-helix of the toxin instead of
the B-hairpin (241551, The last model involved the interaction of the y-KTxs with the ERG channels. The binding occurs in a
hydrophobic binding site comprising an amphipathic a-helix located in the S5-P linker and the P-S6 linker. In this
interaction, the toxins bind in an off-center position in the outer vestibule; however, the lack of the Lys residue found in the
functional dyad lead to a reduction but not a total occlusion of K* current [28],
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Figure 7. Schematic representation of Kv modulators binding sites. Purple: ChTx, pore blocker. Orange: HaTx1, gating
modifier. A chimeric structure of the channels Kv1.2-2.1 is shown (SWIE). Helices in front and behind the structure were
removed for a better appreciation.

3.2. Gating Modifiers Peptides

In contrast to scorpion venom peptides, spider venom peptides are mostly gating modifiers. These peptides range from 29
to 35 residues and were isolated mainly from the venoms of the Theraphosidae family. They are characterized by a
promiscuous selectivity between CaZ*, Na* and K* channels. For example, the Hanatoxin (HaTx1) B4 and HpTx1 58
(patent) toxins show effect on Ca?* and K* channels. On the other hand, the VsTx1 B2 paTx1 BABL HmTx1 B2I63] ang
GiTx1 %4 toxins have been reported as Na* and K* channel modulators. Furthermore, it has been discovered that in the
toxin-channel interaction, the lipids in the cell membrane are also involved 638l For Kv channels, the selectivity of these
toxins becomes a little tighter since all of these peptides affect mainly Kv2 and/or Kv4 subfamilies 21, Although, peptides
as the GiTx1 [ and JZTX-1 67 have shown an effect on hERG channels.

Spider gating modifier peptides present an ICK scaffold, where the B-sheet typically comprises two (3 strands (a third
strand in the N-terminal can be present sometimes) stabilized by a cysteine knot. This knot comprises a ring formed by
two disulfides and the intervening polypeptide backbone, with a third disulfide bridge going through the ring to create a
pseudo-knot (Figure 8) (8], The ICK turns these peptides into hyperstable proteins with tremendous chemical, thermal
and biological stability [,
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Figure 8. ICK scaffold in peptide gating modifiers. Sequence and structure of the VsTx1 toxin. Disulfide bridge ring is
shown in green.

Mechanism of Action of the Gating Modifiers

Spider gating modifier peptides bind to a region of the channel that changes conformation during gating and influences
the gating mechanism by altering the relative stability of closed, open or inactivated states 9. Most of the peptides
possess a cluster of solvent-exposed hydrophobic residues (hydrophobic patch) surrounded by highly polar residues
(charge belt), enhancing the affinity for the Kv channels by allowing the toxins to partition into the membrane 4. These



peptides interact with the Kv channel in the VSD region, specifically with the paddle motif, a mobile helix-turn-helix motif
composed of the C-terminal portion of S3, and the S4 helix (Figure 7). The specific interactions have been revealed for
several toxins. For example, in the binding between the HaTx1 and the Kv2.1 channel, the interaction with the F274 and
E277 in the C-terminal portion of S3 plays a crucial role /4. These molecular determinants are shared for the JZTX-XI
toxin and the Kv2.1 channel interaction 22l and possibly for the interaction between the JZTX toxins and the hERG
channels since the binding sites in the paddle motif of Kv2.1 (1273, F274 and E277) are conserved in the paddle motif of
the hERG channel (1512, F513 and E518) 821, On the other hand, despite HpTx2 binding to the same paddle motif in the
Kv4 channel, HpTx2 binding does not require a charged amino acid for the interaction since hydrophobic residues (L275
and V276) are the most important for the binding /4. Moreover, in experiments using chimera constructs in which the
linker region S3-S4 of the Kv2.1 channel (TLTx1-insensitive) was replaced by the corresponding Kv4.2 domain, it was
observed that the Kv2.1 channel became sensitive to TLTx1 8], These data suggest that even if toxins share the same
binding site (paddle motif), the molecular determinants for the interaction can change between different families of Kv
channels.

| 4. Osul and Ts6: The Known Peptide Modulators of the Kv1.5

Osul is a peptide isolated from the venom of a tarantula, called Oculicosa supermirabilis. It is a 64 amino acid peptide
with a mass of 7478 Da, and its spatial structure is formed by four disulfide bridges (Figure 9) [Z8. Electrophysiological
recordings showed that the total venom of Oculicosa supermirabilis, as well as the native and recombinant Osul, slowed
the activation kinetics of the Kv1.5 current at ~yM peptide concentration. The slowing of the activation kinetics of the
current was consistent with a ~40 mV shift in the conductance vs. membrane potential (G-V) relationship of the Osul
bound channels, as compared to the toxin-free clontrol. In other words, the membrane potential at which 50% of the Kv1.5
channels are open (V1) is about 40 mV more positive when Osul is present. This rightward shift in the G-V indicates that
Osul is most likely not bound to the pore of Kv1.5 but rather to the VSD, hindering its movement at depolarization; thus,
Kv1.5 opens only at more positive voltages. As a result, in a certain membrane potential range, especially at mild
depolarizations close to the activation threshold of the channel, the binding of Osul to the voltage sensor appears as an
inhibitory effect. Based on this, it is possible to reduce the Ik, current through Kv1.5 using Osul and thereby influence the
shape and duration of the AP in the atrium of the heart.

Figure 9. Structure of Osul peptide based on homology model.

Ts6 (0-KTx 12.1), previously known as butantoxin, also known as TsTX-1V, is the other known Kv1.5 modulating peptide.
This peptide was isolated from the venom of the scorpion Tityus serrulatus. It consists of 40 amino acids with a molecular
mass of 4506 Da and with 8 cysteine residues (Figure 10) 78179



Figure 10. Ts6 toxin (1C56).
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