Received: 14 November 2020

Revised: 3 March 2021

Accepted: 19 March 2021

DOI: 10.1002/med.21800

REVIEW ARTICLE

Medicinal Research Reviews WILEY

Discovery of Ky1.3 ion channel inhibitors:
Medicinal chemistry approaches and challenges

Spela Gubi¢? |
Masa Sterle! |
Luis A. Pardo?® |
Lucija P. Masi¢?

Faculty of Pharmacy, University of Ljubljana,
Ljubljana, Slovenia

2Toxicology and Pharmacology, University
of Leuven, Campus Gasthuisberg, Leuven,
Belgium

3AG Oncophysiology, Max-Planck Institute
for Experimental Medicine, Gottingen,
Germany

Correspondence

Lucija P. Masi¢ and Anamarija Zega, Faculty
of Pharmacy, University of Ljubljana,
Askerceva cesta 7, 1000 Ljubljana, Slovenia.
Email: lucija.peterlin@ffa.uni-lj.si and
Anamarija.Zega@ffa.uni-lj.si

Jan Tytgat, Toxicology and Pharmacology,
University of Leuven, Campus Gasthuisberg,
Onderwijs en Navorsing 2, Herestraat 49,
PO Box 922, 3000 Leuven, Belgium.

Email: jan.tytgat@kuleuven.be

Funding information

Fonds Wetenschappelijk Onderzoek,
Grant/Award Numbers: GOE7120N,
GOA4919N, GOC2319N;

Louise A. Hendrickx? |
Steve Peigneur! ® |
Jan Tytgat? ® |

Zan Toplak?! |
Tihomir Tomasi¢' ® |

Anamarija Zega®! |

Abstract

The K\/1.3 voltage-gated potassium ion channel is involved in
many physiological processes both at the plasma membrane
and in the mitochondria, chiefly in the immune and nervous
systems. Therapeutic targeting K\/1.3 with specific peptides
and small molecule inhibitors shows great potential for
treating cancers and autoimmune diseases, such as multiple
sclerosis, type | diabetes mellitus, psoriasis, contact dermati-
tis, rheumatoid arthritis, and myasthenia gravis. However, no
Ky1.3-targeted compounds have been approved for ther-
apeutic use to date. This review focuses on the presentation
of approaches for discovering new Ky 1.3 peptide and small-
molecule inhibitors, and strategies to improve the selectivity
of active compounds toward Ky1.3. Selectivity of dalatazide
(ShK-186), a synthetic derivate of the sea anemone toxin
ShK, was achieved by chemical modification and has suc-

cessfully reached clinical trials as a potential therapeutic for

Abbreviations: Bax, Bcl-2-like protein 4; ChTx, charybdotoxin; CREB, cyclic AMP-response element-binding protein; diTC, [®H]C20-29

dihydrocorreolide; HEK, human embryonic kidney; HTS, high-throughput screening; KTX, scorpion-derived kaliotoxin; Ky, voltage-dependent potassium
channels; NCBI, National Center for Biotechnology Information; NMR, nuclear magnetic resonance; NPAA, nonproteinogenic amino acids; ROS, reactive
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family.
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molecule inhibitors are critically evaluated for their lead-like

velopment. Some small-molecule inhibitors with well-defined

lective delivery to mitochondria, and these offer therapeutic
potential for the treatment of cancers. This overview of
Kyv1.3 inhibitors and methodologies is designed to provide a
good starting point for drug discovery to identify novel ef-

fective Ky/1.3 modulators against this target in the future.
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1 | INTRODUCTION

Kyv1.3 channels are members of the voltage-gated potassium ion (K*) channel family. They are widely expressed in the
body and participate in multiple physiological processes. Moreover, they are involved in a variety of pathologies,
including chronic inflammation and cancer progression.® Therefore they have been regarded as relevant therapeutic
targets for the development of anti-inflammatory” and anticancer therapies.> Ky1.3 channels are located at the cell
plasma membrane, the inner mitochondrial membrane (mitoKy1.3), the nuclear membrane, and the membrane of the
cis-Golgi apparatus.” The plasma membrane Ky1.3 channels control the resting potential and action potential in
excitable cells while, in nonexcitable tissues, they regulate cell volume and cell proliferation. MitoKy 1.3 regulates the
mitochondrial membrane potential, mitochondrial volume, and production of reactive oxygen species (ROS).”

Ky 1.3 is highly expressed in macrophages, microglia, and effector memory T-cells, suggesting that K\/1.3 plays
a role in immune and inflammatory responses in human diseases, such as multiple sclerosis, rheumatoid arthritis,
psoriasis, type | diabetes mellitus, and asthma.® Aberrant (predominantly high) expression of Ky 1.3 has been
observed in different types of tumors.” Overexpression of Ky1.3 in cancer cells gives them an advantage by
enhancing tumorigenic processes, such as cell proliferation, migration, and metastasis.® Expression of mitoKy1.3 in
the inner mitochondrial membrane appears to correlate with that at the plasma membrane; while plasma mem-
brane Ky1.3 is required for cell proliferation,* mitoKy1.3 regulates apoptosis.”

Despite the apparent potential of this target for a wide range of diseases, and despite the efforts made to
develop specific inhibitors, Ky1.3 remains underexploited and no Ky1.3 inhibitors have reached the market yet.
There are many potential reasons for this, including its high degree of homology within the Ky channel family,
making the design of a selective and safe drug challenging. The availability of a crystal structure of the target and/
or a small-molecule inhibitor in complex with one of the K,/ 1.x isoforms would provide detailed knowledge of the
binding interactions and would help to improve the potency and selectivity of Ky 1.3 inhibitors; however, as such a
crystal structure is not yet available, this also represents a limiting factor in the design of potent and selective
Ky1.3 inhibitors. A final challenge is the design of inhibitors that have the required physicochemical properties to
allow them to be effectively administered to patients and to penetrate barriers to the target tissues, to reach Ky1.3
in both the plasma membrane and the inner mitochondrial membrane.

Peptides have a larger interaction surface area than small molecules and thus offer the possibility of subtype

selectivity.” In fact, the only Ky1.3 inhibitor currently in clinical trials as a therapeutic for autoimmune diseases is
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dalatazide, a 37 amino acid synthetic peptide that is a derivative of ShK toxin isolated from the venom of the sea
anemone Stichodactyla helianthus.’® Significant progress has been made in the chemical modifications of ShK,
which, together with other strategies, has resulted in peptide analogs with picomolar affinities and more than
1000-fold selectivity for Ky1.3 over other closely related ion channels.** The successful approaches to drug design
were strategies that modified the flexibility of peptides or examined the evolutionary role of specific toxin re-
sidues, considering that animal toxins evolved over millions of years to bind specifically to their targets.*?

This article discusses the current state of research on Ky/1.3 inhibitors. Information and issues important
for medicinal chemists to develop potent and selective Ky/1.3 inhibitors are highlighted. In this review, we
summarize the existing evidence that Ky 1.3 is involved in the pathology of devastating diseases and is, as
such, an attractive target for drug discovery. The structure of K\1.3 is presented, highlighting the channel
parts that have been shown to be essential for targeting by peptides and small molecules. In addition, the
permeation, gating, and inactivation mechanisms of Ky 1.3 are described. The review focuses on the pre-
sentation and discussion of approaches to the discovery of peptide and small molecule modulators of Ky1.3,
with emphasis on strategies to increase selectivity. Some recent reviews have reported on the relevance of
Ky1.3 in pathological processes, supporting the role of Ky1.3 as a prospective drug target. Therefore, this
review's focus is on the presentation of methodologies for the discovery of new K,1.3 inhibitors, with an
objective review of the literature since 1995, to list the most active and selective compounds to date. This
overview of Ky1.3 inhibitors and methodologies is designed to provide a good starting point for drug
discovery in identifying novel selective K\1.3 inhibitors to facilitate the design of new drugs against this

target in the future.

2 | PHYSIOLOGICAL AND PATHOLOGICAL FUNCTIONS OF Ky1.3
2.1 | Ky1.3 in the immune system

In the early days of Ky 1.3 research, Ky 1.3 inhibitors were believed to be general immunosuppressants, and were
therefore used, for example, to prevent transplantation rejection. Nowadays, they are conceived as im-
munomodulators that can selectively block C-C chemokine receptor type 7 (CCR7") effector memory T-cells. Upon
activation by antigens, naive T-cells proliferate and differentiate into two types of memory T-cells: effector
memory T-cells, which immediately translocate to the center of the inflammation, and central memory T-cells,
which have a lower threshold for activation.™

Two main players, equally expressed in all three types of quiescent T-cells (at ~300 channels per cell), de-
termine potassium flux in T-cells: Kc;3.1 and Ky1.3. In the activated state, Kc,3.1 channel expression is upregu-
lated to ~500 channels per cell in naive and central memory T-cells, while Ky,1.3 expression remains constant. Vice
versa, no increased expression of Kc,3.1 is seen upon effector memory T-cell activation, while here K\1.3 ex-
pression increases to ~1500-2000 channels per cell.>***

Activation of T-cells by antigen-presenting cells causes rearrangements in the membrane that result in
immunological synapses, which take the form of an accumulation of cholesterol-enriched lipid rafts that can
recruit T-cell receptors.’® K¢,3.1 and Ky 1.3 are recruited to this immunological synapse, where they can be
activated by cell membrane depolarization upon an increase in intracellular Ca%*.*>*® Ky1.3 and Kc,3.1
determine the resting membrane potential of T-cells, as their activation results in membrane hyperpolar-
ization, which provides an increased driving force for Ca?*, which regulates gene transcription and pro-
liferation of T-cells.?”*® Ky1.3 inhibitors might, therefore, be useful for the management of all T-cell-
mediated autoimmune and chronic inflammatory diseases (Table 1).*>'? Ky 1.3 is also important for other
immune cell types, such as in B-lymphocytes, natural killer cells, macrophages, dendritic cells, and

monocytes.4
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TABLE 1 T-cell-mediated autoimmune and chronic inflammatory diseases where overexpression of Ky/1.3 has
been defined”?°

Disease group Human disease

Autoimmune Multiple sclerosis®®?*

Rheumatoid arthritis??

Type | diabetes mellitus?®?®

Alopecia areata®’
Systemic lupus erythematosus®*
Crohn's disease (inflammatory bowel disease)'”
Rapidly progressive glomerulonephritis”
Psoriasis*’

Chronic inflammation Chronic renal failure®”

Ulcerative colitis®®

Atherosclerosis?’?®

Allergic contact dermatitis’”
Asthma®’

Age-dependent hypertension®”

2.2 | Ky1.3 in the nervous system

In the nervous system, Ky1.3 has been identified in some subsets of neurons and all types of glial cells (oligo-
dendrocytes, microglia, and astrocytes). Upon injury, oligodendrocyte precursor cells maturate and can regenerate
neuronal myelin sheaths. These precursor cells contain the Shaker-type K* channels Ky 1.1 to Ky/1.6, all sensitive to
tetraethylammonium, whose action inhibits oligodendrocyte precursor cell proliferation. Interestingly, the selec-
tive block of Ky1.3 in oligodendrocyte precursor cells has similar effects to the general K* inhibitor tetra-
ethylammonium, suggesting a chief role for Ky1.3 in cell-cycle progression of these oligodendrocyte precursor
cells.*®

The role of microglia is to provide a first barrier for “intruders” in the central nervous system. Potassium
channel activity changes upon microglia activation. More specifically, in quiescent cells, Ky1.5 expression dom-
inates, while Ky1.3 is the main K channel in proliferating microglial cells. Ky1.3 is also involved in microglial
migration and cytokine release. Finally, astrocytes show little turnover under normal conditions, but they can

proliferate after injury, which is also linked to increased K* channel expression.*

2.3 | Ky1.3 in other systems

Kyv1.3 is expressed in excitable and nonexcitable cells, such as vascular smooth muscle cells, platelets, kidney and
colon epithelial cells, osteoclasts, testes, adipocytes, and skeletal muscle cells. K\/1.3 also participates in the
pathways that regulate energy homeostasis and body weight, and might thus be a therapeutic target for obesity,
although the role of K\/1.3 in adipose tissue is still not clear. Furthermore, Ky1.3 is a putative pharmacological
target for the treatment of type Il diabetes mellitus.’” Inhibition of Ky1.1 and Ky 1.3 channels using the scorpion-
derived toxin kaliotoxin (KTX) in rat models facilitates cognitive processes, such as learning, which indicates a

further possible role for Ky1.3 in the treatment of memory disorders.*?3%32
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24 | Ky1.3 channels and cell proliferation

The Ky1.3 effects on cell proliferation have several possible explanations (Table 2), which are not necessarily
mutually exclusive. In general, the hypotheses to explain the influence of Ky 1.3 on cell proliferation can be divided
into those that link cell proliferation with membrane potential, and those that link cell proliferation with non-
canonical functions of Ky 1.3.417:3334

Cell proliferation is affected by the membrane potential at different levels. Permeation of K* through the
Kyv1.3 pores influences membrane potential, and therefore influences the cell cycle. More specifically, a rapid
hyperpolarization occurs before the initiation of the S phase, while a prolonged depolarization takes place during
the G2/M transition.>” Indirectly, the membrane potential regulates cell volume, as this is a consequence of ion
fluxes followed by the movement of water. The cell volume changes through the cell cycle, and this affects both
mitosis and apoptosis.>> On another level, Ky1.3 undergoes conformational changes in response to changes in
membrane potential. Accessory subunits of Ky,1.3 can convert these voltage-dependent conformational changes
into signals that affect cell proliferation. Experiments with nonpermeating mutants of Ky 1.3 suggested that rather
than permeation, the gating is the crucial factor for Ky 1.3 effects on cell proliferation,*® which corresponds to the
nuclear localization of Ky1.3 in certain cells.**

Besides the membrane potential, cell proliferation is affected by the signaling molecules associated to K,/1.3.
These are also called the “channelosome,” which can interact with proteins that influence multiple signaling

cascades.*?

2.5 | Role and expression of Ky1.3 in different types of cancers

Aberrant expression of Ky1.3 has been shown for several types of tumors and cancer cells. In general, the
expression of Ky1.3 shows no clear patterns (Table 3) and in cancer cells it depends on the type, and stage of
disease.”*® However, in addition to their role in cell proliferation, migration, and invasion, Ky 1.3 appears to
contribute to the development of cancers.® Some tumors induced in experimental models showed high levels of
several Ky channels, including K\/1.3. Therefore Ky1.3 channels might serve as novel markers of the metastatic
phenotype, and also as potential new therapeutic targets (Table 2), especially in cancer tissues with upregulated
Kyv1.3 expression.”*> A recently published review by Tajti et al.** focuses more on the therapeutic applications of
Kv1.3 in (neuro)inflammatory diseases.

Significantly reduced expression of K,/1.3 was detected in stomach, and brain tumors, kidney and bladder carci-
nomas, lung and pancreas adenocarcinomas, squamous cell skin carcinomas, and mammary duct carcinomas (Table 3).
On the other hand, increased Ky1.3 expression was identified in breast, colon, and prostate tumors, smooth muscle, and
skeletal muscle cancer, and in mature neoplastic B cells in chronic lymphocytic leukemia.>” 74347

Comes et al.” showed low Ky1.3 expression in the healthy colon, and increased Ky1.3 expression in colon
adenocarcinoma, whereby 75% of the tumor cells had “moderate expression” of Ky1.3, and therefore a clear
expression pattern has not been established.

The studies of Abdul on the expression of Ky 1.3 in breast cancer delivered contradictory data (Table 3).*> Jang
et al.*® detected significantly higher Ky 1.3 expression in highly tumorigenic M13SV1R2-N1 cells, and weakly

tumorigenic M13SV1R2 cells, than in normal cells. Brevet et al.®?

showed markedly reduced Ky 1.3 expression in
breast adenocarcinoma specimens compared to normal breast tissue, and an inverse correlation between channel
expression and grade of disease.

Abdul et al. indicated high K\/1.3 levels in normal human prostate epithelium and variable levels in clinical
prostate cancer cell lines (Table 3).*¢ The density of Ky 1.3 appeared to be inversely correlated with the metastatic
capacity of human prostate cancer cells, and was significantly higher in weakly metastatic than strongly metastatic

cells.”
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TABLE 3 Levels of Ky1.3 expression in solid and blood cancers’*®

Expression
Cancer tissue  Type of a cancer or cancer cell line of Ky1.3 Contradictory data
Colon Colon adenocarcinoma Altered
Breast Highly tumorigenic M13SV1R2-N1, weakly  Elevated® Abdul et al.: protein levels vary*®
tumorigenic M13SV1R2 cells
Grade | and Il breast adenocarcinoma Elevated®
Grade Il breast adenocarcinoma Decreased?
Prostate Weakly metastatic LNCaP, AT-2 Elevated® In PC3, DU145, LNCaP, MDA-
Strongly metastatic PC3 and Mat-LyLu Decreased” PCA-2B cell lines™
Benign prostatic hyperplasia, human Elevated
prostate cancer
Smooth Leiomyoma Decreased
muscle Leiomyosarcoma Elevated
Skeletal Embryonal rabdomyosarcoma Decreased
muscle Alveolar rabdomyosarcoma Elevated
Brain Astrocytoma Decreased
Oligodendroglioma Decreased
Glioblastoma Decreased
Lymph node Follicular B-cell lymphoma Decreased
Mantle lymphoma Decreased
T-cell lymphoma Decreased
Diffuse large B-cell lymphoma Altered
Anaplastic lymphoma Decreased
Chronic lymphocytic leukemia Increased

2Expression is compared to healthy and control samples.

Bielanska et al.>®

investigated Ky 1.3 expression in human smooth muscle tumors. Ky 1.3 was poorly expressed
in the healthy muscle and indolent leiomyoma specimens, whereas the aggressive leiomyosarcoma showed high
levels of Ky1.3 expression. This increased expression of Ky 1.3 had close correlation with stage of malignancy, and
thus Ky,1.3 might be a tumorigenic target for aggressive human leiomyosarcoma. Similar data were obtained in the
case of aggresive alveolar rhabdomyosarcoma, where the expression of Ky 1.3 correlated with tumor malignancy.”*

Different glioma samples were investigated for K,/ 1.3 expression and normal glia proliferating cells have
increased Ky1.3 expression. Ky1.3 is expressed in a variety of glial tumors, although it does not show any cor-
relation with glioma subtype or malignancy grade, which correlates well with expression of Ky 1.3 in proliferative
normal glial cells. This indicates that Ky1.3 is required for cell proliferation in neoplastic and nonneoplastic
tissues.>?

The expression of Ky1.3 was also examined in a panel of human non-Hodgkin's lymphomas.” Ky 1.3 expression
was lower in follicular B-cell, mantle, anaplastic and T-cell lymphomas in comparison with control lymph nodes
(Table 3). There was no clear connection with malignancy or clinical aggressiveness, but their data suggested that
Ky 1.3 acted as a tumor suppressor. As suppression of Ky,1.3 prevented apoptosis, Ky1.3 might be involved in tumor

development.”>® Pathological B-cells of chronic lymphocytic leukemia had higher Ky 1.3 protein expression versus
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healthy cells, and treatment with the Ky1.3 inhibitor clofazimine reduced the tumor size in an orthotopic mela-

noma mouse model.”*

2.6 | Mitochondrial Ky1.3 and apoptosis

The localization of Ky1.3 at the plasma membrane of lymphocytes defines its roles in setting the membrane
potential, and in Ca®* signaling, cell proliferation, and autoimmune diseases; however, Ky 1.3 expression has also
been observed in the mitochondria of lymphocytes.”® Although several K* channels reside in the inner mi-
tochondrial membrane, Ky 1.3 appears to be partly responsible for the basal K* conductance in mitochondria.’® As
the orientation and electrophysiological properties of Ky1.3 in mitochondria are the same as at the plasma
membrane, both forms of the channel are likely the product of the same gene.*®

Mitochondria are centers of energy and ROS production, and they have a role in many signaling cascades. The
intrinsic apoptotic pathway, for example, is often enabled by activation of proapoptotic proteins of the Bcl-2 family,
such as Bcl-2-like protein 4 (Bax) and Bcl-2 homologous antagonist (Bak). Interestingly, mitochondrial Ky1.3 in
lymphocytes is required to induce apoptosis by Bax, where Bax inhibits Ky 1.3 in a toxin-like manner. The K* flow
from the cytosol to the mitochondrial matrix is blocked and causes hyperpolarization of the inner mitochondrial
membrane, which leads to ROS production and activation of the apoptosome.®”*® Several types of cancer cells are
deficient in proapoptotic proteins, such as Bax, which results in resistance to apoptosis and reduction of
the efficiency of chemotherapeutics. Therefore, there is an urgent need to generate compounds that can restore
apoptosis in cancer cells. Mitochondrial Ky/1.3 can be considered as an important therapeutic target here, because
inhibition of this channel by either peptide toxins or small molecules will promote apoptosis in cancer cells.”?°

Finally, Ky1.3 expression has also been reported at the cis-Golgi of astrocytes. Ky1.3 is believed to form
aggregates or higher-order assemblies, which prevents trafficking to the cell surface and causes retention in the
Golgi apparatus. In the cis-Golgi, K\,1.3 might be directly involved in Golgi activities, such as regulation of the Golgi
membrane potential, or it might serve as a back-up source for Ky 1.1, which is also found in the plasma membrane

of astrocytes.®*

3 | Ky1.3 CHANNEL AS A DRUG TARGET
3.1 | The structure of Ky1.3

As indicated, Ky 1.3 belongs to the voltage-dependent K* channels (Ky) that are present in all living organisms, and
it is known to participate in many cellular events. Ky 1.3 is a transmembrane protein that forms aqueous pores, that
facilitate the passage of K* through the plasma membrane along its electrochemical gradient. The Ky proteins
comprise 12 subfamilies (Ky1-Ky12) that can be classified into three groups.>” The Ky 1 (Shaker) subfamily is the
largest Ky subfamily, as it includes eight voltage-gated K* channels (Ky1.1-Ky1.8).4?

X-ray crystallography, homology modeling and ab-initio molecular modeling have provided deep insights into
the structure of the Ky channels to understand their mechanism of ion conduction.®> ¢ Kremer et al.® revealed
the X-ray structure of the T1 domain from human Ky1.3 at 1.2A resolution following its crystallization under near-
physiological conditions. However, the crystal structure of the whole of Ky1.3 has not yet been resolved. Homology
models for Ky1.3 have been constructed using the crystal structure of Ky 1.2 from Rattus norvegicus (PDB ID 3LUT,
2A79) and the Ky1.2-Ky2.1 paddle chimera channel (PDB ID 2R9R) as templates (Figure 1).6”7¢?

In the National Center for Biotechnology Information (NCBI) protein data bank, there is a 575-amino-acid-long
sequence of the Ky1.3 ion channel (NCBI: NP_002223.3). A search for similar sequences revealed more than 70%
identity with the sequence of Ky1.2 from R. norvegicus (NCBI: NP_037102.1). Ky1.2 and Ky1.3 also share 93%
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FIGURE 1 Structural representations of the Ky1.3 channel. (A) Hybrid side view as two-dimensional (left, red)
and three-dimensional homology (right, orange) representations of two opposing domains in (B). (B) Top
(extracellular) view of all four domains, with each colour coded, which shows the domain-swapping architecture of
the Ky1.3 channel. The homology model was built using Modeller 9.21, Kv1.2 (PDB 3LUT) as a template, Kv1.3
sequance was retrieved from Uniprot (Accession No.: P22001), and the figure was prepared using PyMOL”°" 72
[Color figure can be viewed at wileyonlinelibrary.com]

sequence identity for their pore domains.®® Characterization of specific structural differences between these Ky
channels has been achieved using both computational methods and mutagenesis studies, with scorpion toxins as
molecular probes; for example, ADWX-1. Sequence alignment of Ky/1.1, K\/1.2, and Ky1.3 shows some variations in
their amino-acid sequence, and consequently structural differences in the turret region, pore helix, and filter
region.70'74’75

As a K* channel, Ky1.3 is an assembly of four identical individual subunits, each of which consists of six
transmembrane domains, known as S1-S6 (Figure 1). Helices S5 and S6 and the linker between them, which is
known as the P-loop, assemble together to form a central pore domain; this contains the channel selectivity filter
and gates.®?%7¢ Five conserved signature sequences that function as a selectivity filter are located on the P-loop
(T75,V76,G77,Y78, G79), and these mimic the water structure around the permeating K* ion. The oxygen cages
cannot correctly coordinate the binding of smaller ions at the same location, and this is a basis for the K*
selectivity.®*’” Below the selectivity filter, there is a wide water-filled pore that faces into the cytoplasm, and that
traverses more than half of the phospholipid bilayer of the membrane. The K* ions pass from the helical bundle
through the wide pore, to reach the selectivity filter at the end.®®>”® Four voltage-sensing domains, each made up of
helices S1 to S4, surround the pore domain of the neighboring subunit, which leads to the domain-swapping
architecture, and which controls its gates.76'79 At the N-terminus, preceding the S1 helix, tetramerization or the T1

domain serve as the docking platform for auxiliary subunits.®¢%€°

3.2 | Gating of Ky1.3

As for all Ky channels, Ky 1.3 channels open upon membrane depolarization. Ky,1.3 has two distinctive biophysical
properties: C-type inactivation and cumulative inactivation during repetitive depolarizing pulses. For the Shaker K*
channel family, two types of inactivation have been described. N-type inactivation, which is also known as ball and
chain inactivation, consists of occlusion of the pore with an N-terminal cytoplasmic particle. Ky1.3 channels
inactivate via the slower P/C-type inactivation (Figure 2), which consists of constriction of the selectivity filter on
the extracellular side of the pore, which results from two conformational changes. First, the extracellular gate of

the channel closes, which leads to the collapse of the selectivity filter (i.e., P-type inactivation). Second, a further
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FIGURE 2 Schematic representation of the P/C-type channel gating of Ky1.3. (A) Closed state of the P/C-type
inactivating channel. (B) Open state of the P/C-type inactivating channel, where permeation of K* is possible.
Orange arrows, movement of S4 out of the membrane, and movement of S5 and Sé to open the central part of the
permeation pathway. (C) Inactivated state of P/C-type inactivating channel, with collapse of the selectivity filter
marked with orange arrows®®? [Color figure can be viewed at wileyonlinelibrary.com]

conformational change stabilizes the nonconducting state and the conformation of the voltage sensors (i.e., C-type
inactivation).22®2 The structural changes that occur during the C-type inactivation are radical because Ky1.3
requires a considerable time to be ready to open again (i.e., 30-60s), depending on the length of the depolarizing
pulses. Consequently, if a channel is subjected to rapid depolarizing pulses, fewer and fewer channels will be ready
to open again with every pulse, resulting in the use dependence.®® C-type inactivation is considerably delayed by
increased extracellular K* concentration, apparently, because K* interacts with the residues in the external ves-
tibule that are involved in C-type inactivation.®”

The inactivation of Ky1.3 depends on factors such as temperature, phosphorylation, interactions with in-
hibitors (e.g., tetraethylammonium) and ion composition of the external medium.®> What makes Ky 1.3 inactivation
unigue compared to other channels of the Shaker family is the influence of extracellular pH: inactivation is reduced
with lower external pH, contrary to what happens in other Ky channels.®* The H399 residue in the $5-56 linker
region of Ky1.3 has a role in this pH dependence of inactivation. Protonation of H399 at low pH is believed to form
a barrier at the outermost binding site for K*, which prevents the exit of K* from the pore by electrostatic
repulsion.®® As a histidine at this position is unique to Ky 1.3, compounds that can interact with this residue should

show interesting selectivity for Ky1.3 over the other closely related channels.t”

3.3 | Binding sites of Ky1.3 inhibitors

Venom peptides and small molecules can interact with Ky1.3 in multiple ways, such as by blocking the ion-
conducting pore from the external side, or more specifically from the external vestibule, or by modifying the
channel gating through binding to the voltage sensor domain (Figure 3).28 From the internal side, small molecules
can bind to the selectivity filter or act from the water-filled cavity under the selectivity filter.

An important issue that has to be taken into consideration when we design Ky1.3 inhibitors is binding

cooperativity,®” 7!

which means that binding of the inhibitor to one of the four Ky1.3 subunits causes a read-
justment in the binding site (induced fit)? that triggers a rearrangement in the empty binding site of the neigh-

boring subunit, increasing binding affinity. So, binding of the inhibitor to one subunit could enhance the binding of a
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FIGURE 3 Representation of the binding sites of Ky 1.3 inhibitors. Green square, extracellular binding site of
KTX toxin (green, PDB 1KTX) as a representative toxin; purple square, central cavity preserved in many K* ion
channels as the binding site for small molecules, such as believed for inhibitor 3. The homology model was build
using Modeller 9.21, Kv1.2 (PDB 3LUT) as a template, Ky/1.3 sequence was retrieved from Uniprot (Accession No.:
P22001), and the figure was prepared using Pymol’® ”° [Color figure can be viewed at wileyonlinelibrary.com]

second molecule of inhibitor to the adjacent subunit. Binding cooperativity can be identified from the Hill coef-
ficients higher than 1.

Binding of several classical Ky, channel inhibitors that were originally described to block the Shaker type
channel in the early 1980s, such as tetraethylammonium, b-tubocurarine, and verapamil, has been studied in Ky/1.3
models. These compounds are organic cations and they can block the open K* channels by physically occluding the
inner pore and inserting their ammonium group into the ion permeation pathway.”*?“ Binding sites of more potent
and selective Ky 1.3 small molecule inhibitors are described in the later sections.

Many scorpion toxins have been described as modulators of K* channels. These toxins are typically composed
of 23-64 amino acids, and they are structurally characterized by an a/f motif that is stabilized by cysteines, with
disulfide bridges that form covalent links between the antiparallel g-sheets (Figure 4). These toxins block K* flow
by binding to and thereby obstructing the external pore with a 1:1 stoichiometry.2>?> The binding site of the
scorpion-derived toxin KTX has been extensively studied on K/1.3, more specifically for KcsA-Ky 1.3, a chimera of
two channels. Similar to agitoxin2 and charybdotoxin (ChTx), three interface regions show significant changes in
their solid-state nuclear magnetic resonance (NMR) chemical shifts, which have been described as for: the a-helix
(511, L15), the second B-strand (M23, R24, K27, M29), and the end of the third -strand (T36, P37).7%7 After the
binding of KTX, the internal and external sides of the KcsA-Ky1.3 pore remain structurally unchanged. For
residues in the KTX-binding region, however, solid-state NMR has revealed changes in the chemical shifts in both
the pore helix and the selectivity filter. In the vestibule, D64 appears to be a critical residue, as mutation of this
residue changes the affinity of KTX by three orders of magnitude. On the other hand, for the selectivity filter,
significant changes in the chemical shifts were reported for G77, Y78, and G79. The ion binding site of the K*
channel shows surprising conformational flexibility, as it can adopt different conformations depending on the

binding ion. When a solution changes from K* to Na* as the main ion, the selectivity filter shows an altered
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BmKTX -VGINVKCKHSGQCLKPCKD-AGMRFGKCINGKCDCTPKX 38
0OSK1 GVIINVKCKISRQCLEPCKK-AGMRFGKCMNGKCHCTPK- 38
AnTx1 -—-—-QKECTGPQHCTNFCRK-NKCTHGKCMNRKCKCFNCK 35
Mokal —--—-INVKCSLPQQCIKPCKD-AGMRFGKCMNKKCRCYS-- 34
HsTx1 ~  -——-- ASCRTPKDCADPCRKETGCPYGKCMNRKCKCNRC- 34
.* .* . *k:. .*k*k*k:* * kK

Tc32 -TGPQTTCQA-AMCEAGCKG-LGKSMESCQGDTCKCKA-- 35
Pil —-—-—-LVKCRGTSDCGRPCQQQTGCPNSKCINRMCKCYGC - 35
ShK RSCIDTIPKSRCTAFQCKHSMKYRLSFCRKTCGTC 35

FIGURE 4 Above: the aligned sequences of BmKTX'°! (1BKT), OSK1'°? (1SCO), AnTx'%® (KAX6C_ANUPH),
moka1'®* (2KIR), and HsTx1'°> (1QUZ) are shown together with the pattern of their disulfide bridges. Residues in
bold are amino acids of which mutations have been shown to alter K,1.3 binding. Middle: Sequences of Tc32%¢
(2JP6) and Pi1'°7 (1WZ5) are shown. Below: Sequence of ShK'°€ (1ROO0) is shown together with the pattern of its
disulfide bridges. Residue in bold is an amino acid of which mutations have been shown to alter K, 1.3 binding
[Color figure can be viewed at wileyonlinelibrary.com]

conformation, with changes to its backbone angles, and its subsequently shut down. KTX is believed to insert into
the selectivity filter, much deeper than toxins were initially expected to. Its K27 lysine sidechain extends from the
interaction surface, making contact with the K* channel pore near G77. The methylene groups of the lysine
sidechain replace the water in the entry region of the pore, which facilitates entry into the selectivity filter.”” This
functional dyad consists of an aromatic residue and a lysine at position 27, and appears to be the crucial structural
element to bind and block Ky 1.x channels for many scorpion toxins, such as agitoxin2 and ChTx (with aromatic
residues F25 and Y36, respectively).”® Interestingly, in the presence of a positive residue at position 27 (i.e., lysine,
arginine), the application of an intracellular K* solution increases the dissociation rate of the toxins, such as ChTx,
in a voltage-dependent manner. When K27 is substituted with a neutral residue, the dissociation rate becomes
insensitive to the internal solution or voltage, which argues for a toxin binding site close to a K* binding site.””*%°

Zhu et al. identified eight conserved residues in the a-KTx K*-channel blocker toxin family that are structurally
and functionally important for binding to Ky, channels, and called this the scorpion toxin signature. This scorpion
toxin signature constitutes six cysteines with three disulfide bridges and two amino acids (Lys, Asn) in a four-
residue-long motif around the fourth cysteine (Lys-Cys4-Xaa-Asn; where Xaa is any amino acid). They showed
conversion of an insect defensin (navidefensin2-2) into a neurotoxin (navitoxin) that bound Ky channels in the
same manner as scorpion a-KTxs. Two prerequisites for binding are that at least two residues of the scorpion toxin
signature are present and that steric hindrance is removed (which is caused by the n-loop in defensins). Wild-type
navitoxin is active on Ky1.1, Ky1.2, and Ky/1.3, while each of the mutants (by mutating either Lys or Asn) lose their
activity toward Ky 1.3, which argues again for the importance of a positively charged residue for the interaction
with Ky1.3.7

Stichodactyla toxin is one of the most potent Ky,1.3 toxins. It is derived from a sea anemone (S. helianthus), and
it has a very different structure compared to the scorpion toxins (Figure 4). Three disulfide bridges stabilize the
main architecture of ShK in a 1-6/2-4/3-5 paired pattern, compared to the 1-4/2-5/3-6 paired pattern of scorpion
toxins. Furthermore, ShK includes two short a-helices that run from residues 14 to 19 and 21 to 24. The
N-terminus constitutes an extended strand, a loop, and a helix, while the C-terminus shows several chain reversals,

including a type 1 B-turn at residues 28-31.7%1° Nevertheless, ShK similarly interacts with Kv1.3, and therefore a
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common interaction surface that favors Ky 1.3 binding can be hypothesized.”® Initially, it was thought that K22 was
the critical residue for Ky1.3 pore blockage.'** Zhao et al.’? however, showed a more complex mechanism in
which K22 appears important for the affinity, and it is residue R24 that determines the voltage dependency of
Ky 1.3 blockage.

This theory of a common interaction surface that consists of a central positively charged residue that can
protrude into the pore accompanied by aromatic residues that can interact with the selectivity filter has been
questioned. This is based on the scorpion toxin Tc32, which does not have this interaction surface but nevertheless
binds Ky 1.3 with high affinity. Moreover, the chemical synthesis of the scorpion toxin Pil without its functional
dyad has revealed that the presence of K24 and Y33 is not a prerequisite for Ky 1.2 binding. Removal of this
functional dyad resulted in a lesser block of Ky/1.2 compared to the wild-type Pi1, but not in a loss of activity, which
suggests that more residues are involved, rather than K24 and Y33 being the sole determinants of toxin binding.
Therefore, it is suggested that other amino acids would surround the signature sequence and reach out to the

turret region of the channel, resulting in a ring of basic residues.®*7%%2

3.4 | Electrophysiological methods

Across the plethora of methods and techniques used, electrophysiological techniques have been shown to be
useful in ion-channel-related drug discovery. The golden standards in electrophysiology are the two-electrode
voltage clamp (TEVC) technique with Xenopus laevis oocytes,*** and the patch-clamp technique with mammalian or
X. laevis oocytes cells.**®

As indicated, TEVC involves two electrodes: one to measure the internal potential and one to inject the
current. These can be inserted into large cells, such as oocytes. This is an ideal technique for screening as it is
relatively fast to perform, and the external medium can be changed multiple times. Additionally, recordings are
stable over a long period of time, and there is high sensitivity as the channels in the whole-cell are measured. The
biggest disadvantage is the large membrane capacitance caused by the size of the oocyte and the numerous
membrane invaginations, which makes it difficult to obtain high-quality data during the first 1-2 ms of depolar-
ization. Moreover, when a (hydrophobic) drug has an internal binding site, the 1Cso or ECsp values seen using
oocytes are sometimes biased compared to mammalian cells, due to the large internal volume of the oocyte.'*®

On the other hand, the patch-clamp technique using mammalian cells in the single-channel or whole-cell mode
literally creates a patch on the membrane that can be either used as “cell-attached” or excised. This technique
provides better time resolution, but it is generally more time-consuming to collect sufficient high-quality data and
perform the analysis.**®

Another point that can cause pharmacological differences in drug discovery is the composition of the mem-
brane: Xenopus oocytes should be seen as an amphibian system, whereas mammalian cells, like HEK cells, more
closely resemble human biomembranes in different organs.**” As well as the common TEVC and patch-clamp
techniques, there are also many “sub-techniques,” such as the cut-open oocyte voltage clamp, inside-out patches,
and outside-out patches. Other nonelectrophysiological low-throughput techniques that are used include bio-
chemical approaches or in-vivo studies.'*®

When preparing the pulse protocol plan for testing Ky 1.3 inhibitors, it is necessary to keep in mind that the
extracellular K* concentration influences the rate of C-type inactivation. High levels of K* depolarize the mem-
brane and slow-down the C-type inactivation rate. When using higher K* concentration, Ky/1.3 inhibitors, which
bind to the C-type inactivated state, appear less potent under physiological conditions.®>%*

With the rise in high-throughput screening (HTS), cell-based assays with fluorescent dyes and ion fluxes have
become dominant in ion-channel drug discovery. These approaches have certainly been shown to be useful, but
they remain very indirect measures of ion-channel activity.**® The lack of advances in electrophysiological HTS has

impeded ion-channel drug discovery, as this type of assay provides very rich information about the direct activity
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of an ion channel. Still, the manual execution is very labor-intensive and requires a high level of expertise.'*?
Recent progress has led to the development of automated systems, such as the HiClamp system (Multi Channels
System), for example. This is an automated version of TEVC that consists of a 96-well plate with oocytes and a
96-well plate with the compounds to be tested. The HiClamp system automatically collects and positions the
oocyte in a basket, impales it with the two electrodes, and submerges it in the test compounds. Similar systems are
available for patch-clamp, such as PatchServer (Multi Channel Systems). Combining these new electrophysiology

technologies with nonelectrophysiological HTS represents a promising strategy for ion-channel drug discovery.

4 | DISCOVERY AND DEVELOPMENT OF PEPTIDE-BASED Ky1.3
INHIBITORS

41 | Venom drug-discovery strategies

Toxins in venoms are defined as compounds that cause dose-dependent pathophysiological injury to live organ-
isms, resulting in decreased viability. Venoms contain a mixture of salts, small molecules, peptides, and proteins.
Most toxins are small peptides or proteins, and they often show high potency, target selectivity, and biological
stability. Because of their greater size, peptides have a larger interaction surface than small molecules, which
provides better interactions with the target of interest.”

In the early drug discovery era, the “phenotypic based approach” was predominant. The starting point of this
strategy was the venoms that have effects on humans, which were subsequently exploited to understand their
mechanisms of action. Advantages of this strategy are that no prior knowledge of the mechanism of action is
required, and that there is a high probability of in-vivo effects and therapeutic relevance. On the other hand,
without knowing the mechanism of action, it is also more difficult to optimize the molecular properties of a toxin.’
Successful application of this strategy was seen for Prialt®, a pain killer derived from the sea snail Conus magus.*?°
Low-throughput approaches were mainly used to unravel the targets and mechanisms of action. For electro-
physiological recordings, intracellular measurements have become the method of choice for evaluating the effects
of venoms and toxins, as these allow control over and measurement of the transmembrane potential. Cells can be
either current clamped, which allows measurement of changes in membrane potential, or voltage-clamped, which
allows measurement of changes in current.*?*

From the 1990s onward, drug discovery strategies shifted more to the “target-based approach.” This strategy
starts from a specific hypothesis in which a target that is believed to be important for certain pathologies is
screened against many compounds/peptides. In this case, molecular and chemical knowledge can be used to verify
the hypothesis, but it is not always certain that the resulting drug will also be relevant in the pathology in vivo.”*?°
To optimally exploit the biodiversity of animal venoms for drug discovery, target-based screening methodologies
advanced more and more to HTS, as described above.

After discovering an active venom, there remains the crucial process of identifying the active peptide. Irre-
spective of whether the activity of a venom is discovered through phenotypic or target-based approaches, the
process from venom to peptide can be either bioassay-guided or sequence-based. The bioassay-guided approach is
commonly used, consisting of purifying a venom and its subsequent fractions based on the observed activity on a
target, until a pure peptide is obtained. The sequence-based approach allows a list of peptides and proteins present
in a venom to be obtained by sequencing the transcriptome of the venom gland and identifying toxin-like genes
using bioinformatics tools.*??

BmKTX is a toxin derived from the scorpion Buthus martensi, and its activity on Ky 1.3 was discovered in the
latter, more nonconventional, way (i.e., sequence-based) (Figure 5). By mass-fingerprinting of C18 HPLC fractions
with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, compounds within the

3700-4300 Da range were identified, which is a molecular mass range that is typically observed for scorpion toxins
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BmKTX - Buthus martensi ShK - Stichodactyla helianthus

OSK1 - Orthochirus scrobiculosus HsTx1 - Heterometrus spinnifer

mokal - Centruroides elegans, Leiurus quinquestriatus, Buthus occitanus

1F -l OC 1. RPCKDRFGQHAGGKCINGKCKCYP~ Ce3
GVPINVSCTGSPQCIKPCKD--AGMRFGKCMNRKCHCTPK AgTX:
ZF-TNVSCTTSKECWSVCORLH-NTSRGKCMERKGROUS- CTX

SRS oC 1KPCKD - -AGMRFGKCMIKKORONS mokal

FIGURE 5 NMR structures of BmKTX*?* (PDB ID code: 1BKT), ShK**° (PDB ID code: 1RO0), OSK1'?° (PDB
ID code: 1SCO), HsTx1*?¢ (PDB ID code: 1QUZ), and moka1'°* (PDB ID code: 2KIR) with labeling of residues
thought to be important for binding to Kv1.3; design of mokal by scaffold-/target-biased strategy [Color figure can
be viewed at wileyonlinelibrary.com]
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belonging to the a-subfamily that act on K* channels. Subsequently, these compounds were tested on mice for their
toxicological properties, and on oocytes for their activity on Ky1.3. In the latter, BmKTX with a free C-terminus had
an ICso of 0.6nM, and C-amidated BmKTX had an ICsg of 0.2nM on Ky1.3."°% Another example of a Ky1.3-
inhibiting peptide discovered by a sequence-based approach is purlisin-NT. This toxin-like defensin was isolated

from the fungus Purpureocillium lilacinum and it inhibits Ky 1.3 with an ICso of 0.2 pM.*2%

4.2 | Venom drug design strategies

Many peptides that act on Ky1.3 with excellent potencies have been isolated and described.®*?” A frequently
occurring pitfall, however, is insufficient selectivity for Ky1.3 over other K, channels, and especially over Ky1.1,
because of its high homology to Ky1.3 (65%-70%).”° After isolation of an active peptide, there are different
strategies available to improve the active peptide's selectivity toward the target of interest, thereby avoiding
potential side effects. Some of these strategies are discussed below, focusing on those that have been applied to
Kyv1.3 toxins. A more comprehensive review was published by Bingham et al.,*?® where they provided an excellent

overview of the bioengineering strategies for conopeptides.

421 | Acidic-residue-function-guided drug design

Acidic toxin residues have an evolutionary function, as they can shift the binding interface between toxin and
channel by changing polarity. Positive charges of basic toxins interact with the negatively charged vestibule of K*
channels, while acidic residues are typically distributed over the nonbinding interface of the toxin, because of the
electrical repulsion with the channel vestibule. Therefore, the position of these acidic residues determines the toxin
binding interface.*?’ BmKTX, for example, contains the two acidic residues D19 and D33.*°° Reorientation of these
residues creates two new peptides with distinct interaction surfaces, more specifically known as BmKTX-19 and
BmKTX-196 (Table 4), with one acid residue (D33) and two acid residues (D6, D33), respectively. Both of these
peptides showed less than 50% block against Ky1.1, Ky1.2, Ky7.1, Ky11.1, SKc.2, SKc,3, and IKc, at a con-
centration of 1 uM, while the calculated ICsq values against Ky1.3 were 0.4 nM for BmKTX-19 and 7.3 nM for
BmKTX-196; these are close to the ICsq of wild-type BmKTX. These peptides only differ from each other and wild-
type BmKTX by a few amino acids, and these all show similar structures. However, they each interact with Ky/1.3 in
different orientations. First, wild-type BmKTX interacts with Ky,1.3 through its turn motif between the a-helix and
the antiparallel f-sheet domain, with R23 as the pore-blocking residue. For BmKTX-19, the interaction occurs with
the turn motif between the first g-sheet and the a-helix domains, in which K8, H9, and K15 are facing the pore, and
therefore likely to be important for the interaction. Finally, for BmKTX-196, the a-helix domains interact with
Ky1.3, in which K15, K18, and K19 are oriented toward the pore.*?? This strategy can be used to reorientate the
binding interface of the toxins to create potent Ky1.3 inhibitors with good selectivity profiles, potentially resulting
in more favorable drugs, based on the evolutionary role of these acid toxin residues.

422 | Chemical modification

As well as the naturally occurring amino acids, there are also the nonproteinogenic amino acids (NPAAs). There are
approximately 800 NPAAs in nature, while thousands have been synthesized by chemical modification. Due to the
great diversity in their physicochemical characteristics, these NPAAs can be used to improve peptide stability,
permeability. and potency, thereby contributing to better bioavailability.>> First of all, stability can be improved

by stabilizing the backbone configuration or eliminating the enzyme recognition sites, avoiding proteolysis.
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TABLE 4 Potencies (as ICso or Ky) of toxins and their analogues for K, 1.3, and their respective selectivity for

other ion channels

Species Toxin

Buthus martensi BmKTX*!

BmKTX-19%?
BmKTX-196'%7

Stichodactyla helianthus ShK**

ShK-Dap22*3*

Orthochirus scrobiculosus 0OSK1'%?

AOSK1'%3

[A36-38]-AOSK1%%

|C50 or Kd
for Kv1.3

0.2nM

0.4nM
7.3nM

11pM

23pM

14 pM

3.0pM

1.9nM

ICso/selectivity for other ion channels

BKca: no significant inhibitory activity

<100 nM

Ko1.1, K, 1.2, K, 7.1, K,11.1, SKca2,
SKca3, and 1K, > 1.0 M

mK,1.1: 16 pM
rk,1.2: 9000 pM
mK,1.4: 312 pM
hK,1.5: >100,000 pM
hK,1.6: 165 pM
mK,1.7: 11,500 pM
mK,3.1: >100,000 pM
rK,3.4: >100,000 pM
hKc,4: 28,000 pM
mK,1.1: 1800 pM
rK,1.2: 39,000 pM
mK,1.4: 37,000 pM
hK,1.5: >100,000 pM
hK,1.6: 10,500 pM
mK,1.7: >100,000 pM
mK,3.1: >100,000 pM
rKk,3.4: >100,000 pM
hKc,4: >100,000 pM
K,1.1: 0.6 nM

K,1.2: 5.4nM

Kca3.1: 225nM
K,1.1: 0.4nM

K,1.2: 3.0nM

Kca3.1: 228 nM
K,1.1: 365nM

(Continues)
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TABLE 4 (Continued)
ICs50 or Ky
Species Toxin for Kv1.3 ICso/selectivity for other ion channels
K,1.2: no effect
[A1-7]-AOSK"*? 0.1nM K,1.1: 7.9 "M
K,1.2: no effect
Anuroctonus phaiodactylus AnTx 103134 0.7nM K,1.1: no significant effect at
100 nMK,1.2: 6.1nM
N17A/F32T-AnTx"**  0.6nM K,1.1: no significant effect at 100 nM
K, 1.2: 9.6 M
Centruroides elegans moka1*%* 1.0nM Ky1.1: 1000-fold
Leiurus quinquestriatus K,1.2: 620-fold
Buthus occitanus Kcal.1: no effect
Heterometrus spinnifer HsTx1%%° 29 pM K,1.1: 11,330 pM
HsTX1[R14A]*%° 45pM Ky1.1: <20% block at 100 nM
HsTX1[R14Abu]"**  50pM K,1.1: >100 nM

Note: Photographs: Buthus martensi (by Isaac Miller), Stichodactyla helianthus (by Neil DeMaster), Orthochirus scrobiculosus
(by Alex Shaffir), Anuroctonus phaiodactylus (by Alice Abela), and Heterometrus spinnifer (by Daniel Maier).

For example, glucagon-like peptide 1 (GLP-1), a hormone that stimulates insulin secretion, is inactivated by the
enzyme dipeptidyl peptidase-4. Exendin-4 is a GLP-1 analog in the saliva of the Gila monster, and its half-life has
been prolonged from 2.4 h**” to 8 days'*® by fusion of albumin to its K40. Another way to improve stability is to
cyclize a peptide using NPAAs, which reduces the protease susceptibility. Also, permeability can be improved by
increasing peptide helicity, lipophilicity, intermolecular H-bond formation and glycosylation, again using NPAAs.
Finally, by modulation of protein-protein interactions, NPAAs can contribute to the potency and selectivity for the
target of interest.’®®

This can be illustrated by ShK, one of the most potent toxins on Ky1.3 (Figure 5). This toxin shows equal
potencies in the picomolar range for Ky 1.3 and Ky /1.1 (Table 4), and it also shows activity for Ky/1.2 and Ky/1.6 at

the nanomolar range.'** By using mutant cycle analysis, a probable docking configuration was established.
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An analog of ShK, known as ShK-Dap22, was then created by replacing K22 of the functional dyad with the
positively charged NPAA diamino propionic acid. This analog is selective for Ky1.3 and retains its potency. To
understand this selectivity, the structure was determined by NMR and compared to the structure of ShK via 2D
nuclear Overhauser enhancement, which showed clear differences in local structure and dynamics around the
substituted residue. Strong energetic contacts between Dap22 and both H404 and D386 were observed, which
appear not to be as tight in Ky1.1 due to its different architecture.” Residues H404 and D386 lie further away
from the pore, and ShK-Dap22 shows only weak interactions with residues in the pore compared to ShK, indicating

a reorientation of the toxin binding site by alteration of just one residue.™®’

423 | Residue truncation

OSK1 is a 38-residue toxin derived from the scorpion Orthochirus scrobiculosus, which belongs to the a-KTx3
family (Figure 5). It is folded according to the common o/f scaffold and contains the conventional three-
disulfide bridges at positions C1-C4, C2-C5, and C3-Cé. OSK1 is very positively charged, which is important
in its interaction with the negative pore of Ky1.3. OSK1 is most potent on Ky1.3 (Table 4), with an ICsq of
14 pM, but also interacts with Ky1.1 and Ky1.2, with 1Cso values of 0.6 and 5.4 nM, respectively.'° It also
affects apamin-insensitive small conductance Ca®*-activated channels in neuroblastoma-glioma NG108-15
hybrid cells, a channel that is believed to be identical to Kc,3.1. While Ky channels differ from each other
mainly for the turret region, the differences with Kc,3.1 channels are generally located in the pore helix. The
amino acids believed to have key roles in the interaction with OSK1 are located in the turret region and
comprise D376, S378, N382, Y400, G401, D402, M403, and H404.%%? A characteristic of OSK1 is its N-cap and
C-cap in the a-helix, which are formed by two bifurcated hydrogen bonds. At the N-end, the carbonyl Q13
forms a hydrogen bond with the amide protons of K9 and 110, while at the C-end, the carbonyl of C18 forms a
hydrogen bond with the amide protons of G22 and M23. Another characteristic of the OSK1 a-helix is a
hydrogen-bonded salt bridge between the sidechain of R12 and E16. These characteristics do not only stabilize
the OSK1 structure and folding, but are also important for toxin specificity. The flexible 3-turn formed by N30
and G31 is important for the toxin activity.?®

Different approaches have been used to improve the selectivity of the OSK1 peptide (Table 4). An amino acid
substitution resulted in OSK1-E16/K20D, also known as AOSK1, which was approximately fivefold more potent
than OSK1 and showed higher selectivity toward Ky1.1 and Ky1.2.**° Moreover, this peptide was used as
a template for domain trimming. Trimming of the C-terminal region resulted in lower activity on all of the channels
tested, with an ICsq of 1.8 nM on K\/1.3, probably because this changes the f-sheet structure. Although less potent,
the deletion of these three C-terminal amino acids resulted in a 200-fold selectivity for Ky/1.3 over Ky1.1 and a
1000-fold selectivity for Ky 1.3 over Ky/1.2 and Ky/3.2. Trimming of the N-terminal region did not cause significant
changes in the affinity for Ky1.3 and Ky1.1; however, it lowered the affinity for Ky1.2. This trimming of the
N-terminal region is a more desirable strategy, as it resulted in different affinities for different channel subtypes,

rather than lowering the affinity for all of the channel subtypes.’>*%*

424 | Reducing conformational flexibility

Anuroctoxin (AnTx) is a scorpion toxin that was isolated from Anuroctonus phaiodactylus. It has high affinity for
Kyv1.3 in human T-lymphocytes, but no effects on Ca®*-activated IKc,1 K* channels (Table 4). AnTx shows little
similarity with other scorpion toxins and is blocked at both the N- and C-terminus amino acids by a pyroglutamic
acid and an amidated lysine, respectively. It has been suggested that AnTx acts as a classical Ky1.3 pore blocker,

with a K4 of 0.7 nM and approximately sevenfold selectivity for Ky1.3 over Ky1.2.2°% Sequence alignment shows
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the functional dyad in AnTx at positions K23 and F32, similar to K27 and Y36 in ChTx.? Originally, the functional
dyad was considered as crucial for blocking Ky channels in general; however, it appears especially important for
blocking Ky1.2, while it is not essential for Ky1.3 blockage. Most high-affinity Ky1.2 blocking toxins contain a
tyrosine as the aromatic residue of their functional dyad.*>* Replacing this tyrosine with a more polar residue, such
as threonine or asparagine, can theoretically shift the selectivity toward Ky 1.3. The resulting F32T-AnTx mutant is
indeed selective for Ky/1.3 over Ky 1.2, although with lower affinity. The N17, which is positioned between the
a-helix and first f-strand, appears to be another important residue in AnTx. In Ky 1.2-selective toxins, this residue is
often a positively charged arginine or a polar glutamine. According to docking simulations, the residues at the
corresponding position in Pi4 and CoTx1 form salt bridges with the negatively charged sidechains of the Ky1.2
residues, which would facilitate the positioning of the toxin. Replacement of the polar N17 with alanine did not
significantly change the affinities toward Ky1.2 or K,/1.3; however, a combination of both of these mutations
resulted in an approximate 16,000-fold selectivity of N17A/F32T AnTx for Ky1.3 over Ky 1.1, Ky1.2, and Kc,3.1,
while retaining high affinity for Ky1.3.2>* The wild-type and double mutant AnTx have similar a/B folds that are
stabilized by cysteines, but structurally the wild-type is intrinsically less defined than the double mutant. Wild-type
AnTx has greater flexibility, and can adopt different conformations that allow nonselective binding for Ky1.2 and
Ky1.3. On the other hand, N17A/F32T AnTx has a more rigid structure, which results in its selective binding of
Kyv1.3.** This strategy allows the transformation of nonselective peptides into selective peptides by stabilizing one

of the possible conformations.***

425 | Scaffold-/target-biased strategies

Mokal is a toxin (Figure 5) that was designed by the scaffold-/target-biased strategy. In this strategy, a phage
library is screened against a selected target, which results in natural selection and amplification of toxins that
show the best interactions with the selected target. To find a specific toxin for the human Ky1.3 channel, a
combinatorial library was designed with KTX as the lead, as its Ky /1.3 blocking mechanism is well understood.***
The library was composed of 31 a-KTx toxins, as a family of short-chain K* channel blocking peptides with three
or four disulfide bridges that were derived from scorpions,*** plus toxin precursor sequences that were highly
similar to KTX. To maintain the scaffold architecture and promote the folding of the new toxins, the numbers and
positions of the disulfide bridges were kept, and the conserved QC and KCM regions were retained or in-
troduced. This resulted in a library of 11,200 unique toxins and 20 reformed toxins, which were subsequently
added to the KcsA-Ky 1.3 target (which contained the Ky 1.3 pore domain). This finally led to the identification of
moka1l. This toxin contains domains of three different scorpion species, as the A, B, and C domains. Domain A
originated from toxin Ce3 of the Central American scorpion Centruroides elegans. Domain B was a combination of
the domains of agitoxin-2 and agitoxin-3 of the Middle Eastern scorpion Leiurus quinquestriatus and KTX3 of the
north African scorpion Buthus occitanus. Domain C originated from ChTx and Lg2 of the Middle Eastern scorpion
L. quinquestriatus.'°*

In oocytes, mokal (Table 4) resulted in 50% block of Ky /1.3 currents at 1 nM, with a rapid on-rate and a slow
off-rate. Mokal has different pharmacology compared to its parental toxins and KTX, as it has a 1000-fold
selectivity for Ky1.3 over Ky1.1, 620-fold selectivity for Ky 1.3 over Ky/1.2, and no measurable effect on Kc,1.1.
This better selectivity can be explained by the combined presence of five residues that originated from Ce3, AgTx2,
and CTX that are important for binding, a combination that does not occur naturally. The shorter N-terminus,
which has a different position, might contribute to this selectivity as it has been shown to influence toxin binding
for a-KTx toxins. This strategy allows the isolation of new toxins based on interactions with their targets, to which
they are physically linked by the encoding gene.’®*
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4.2.6 | Computational methods

Another strategy to improve receptor subtype selectivity is through the use of computational methods. Docking
methods and molecular dynamics simulations can provide models for interactions between ligands and receptors,
which can thus provide insight into the importance of certain residues. On the other hand, free-energy calculations
provide the binding free-energy of toxins and their analogs by the potential of mean force and can anticipate the
effects of mutations by free-energy perturbations.**?

This strategy was used to understand the Ky1.3 selectivity of HsTx1, a toxin consisting of 34 residues folded
along the classical a/p scaffold that was isolated from the scorpion Heterometrus spinnifer (Figure 5). HsTx1
belongs to a unique family of scorpion toxins that comprise four disulfide bridges.*°> While most scorpion toxins
that act on K* channels have a free C-terminus, the K" channel toxins with four disulfide bridges described to
date are C-terminally amidated. Moreover, the free form of HsTx1 is less potent than the amidated form, which
suggests that the presence of a free carboxyl group destabilizes toxin binding by electrostatic repulsion. More
specifically, NMR of Pi, another peptide from the a-KTxé family with a similarly orientated C-terminus, showed
that the extra disulfide bridge orients the C-terminus of Pi toward the interface of the toxin that is important for
binding to the channel. Contrary to Pi, removal of this extra disulfide bridge abolishes the block for Ky/1.1 and
Ky1.3.14° HsTx1 has an almost 1000-fold selectivity for Ky 1.3 over Ky1.1 (Table 4). In general, the Ky 1-toxin
complex is believed to form a hydrogen bond between the pore-inserting lysine of the toxin and a tyrosine in the
selectivity filter. Comparisons of the binding modes of HsTx1 with Ky,1.1 and K\,1.3 using docking and molecular
dynamics simulations showed that in the case of the Ky 1.1-HsTx1 complex, K23 does not completely fit into the
filter to make the hydrogen bond with the tyrosine carbonyl.'*®> Three factors related to steric hindrance and
charge interactions can explain this preferred binding to Ky 1.3 over Ky/1.1. First of all, the interaction surface of
HsTx1 consists of a long B-sheet, which limits interactions with the channel. This is however the case for both
Ky1.1 and Ky1.3. Second, Ky/1.1 does not form crosslinks between Y379 and D377, which results in protrusion of
the side chains out of the pore. In K\/1.3, the sidechains of H404 form crosslinks with D402, which avoids the
steric hindrance seen for Ky1.1. Finally, strong associations between three arginine sidechains with aspartate
side chains in the turret region of the channel impedes the toxin from coming closer to the pore. Ky 1.3 does not
have these three arginine sidechains coupling to the turret region, which results in better insertion of the K23
sidechain.®” Another observation when comparing the binding modes is that R14 in HsTx1 is strongly coupled to
E353 in Ky1.1, while no interaction with Ky 1.3 has been observed. Mutation of this R14 residue can therefore
increase the Ky 1.3 selectivity. Potential of mean force calculations have shown that mutation of R14 causes an
increase in Ky 1.3 selectivity by more than 2 kcal/mol. This has been established by functional assays, in which
HsTX1[R14A] and HsTX1[R14Abu] showed K,1.3 affinities in the low picomolar range, with >2000-fold

selectivity over Ky1.1.2%°

5 | DRUG DISCOVERY APPROACHES FOR DESIGNING NEW Ky1.3
SMALL-MOLECULE INHIBITORS

Several different approaches have been used for the discovery and design of new small-molecule Ky 1.3 inhibitors
(Table 5). Extensive HTS campaigns of chemical libraries have produced some hit compounds, but none of these
molecules have been optimized to provide appropriate candidates for clinical studies. Ky,1.3 inhibitors were also
discovered through the exploitation of biological information and designed by structure-based and ligand-based
drug design methodologies. After gaining initial hits from the approaches mentioned above, various analogs were
synthesized in a hit-to-lead optimization process to improve the pharmacodynamic and pharmacokinetic proper-
ties, and mainly the selectivities and potencies, and to explore the structure-activity relationships.
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TABLE 5 Strategies for the discovery of small-molecule Ky1.3 inhibitors

Strategy Assay Compound
High-throughput screening Ligand binding assays 1
lon flux 8Rb assays 2-4
Automated electrophysiological assays 5-8
Exploitation of biological Folk medicine; ethnopharmacology 9, 9a-9f
information Drug repurposing 10 (clofazimine)
Clinical observations of side effects 11 (diphenoxylate)
Structure-based drug design Computer-aided drug design—virtual screening 12, 13

methodology

Ligand-based drug design Computer-aided ligand-based three-dimensional 14, 15
methodology similarity searches
Analogs of natural plant compounds 16a-16f
Peptidomimetics—synthetic ligands of peptide toxins 17-20

5.1 | HTS campaigns

Some specific HTS approaches have been carried out for ion channels with ligand-binding, flux-based, and
fluorescence-based assays. The latest HTS strategy extensively used for screening of K,1.3 inhibitors is the
automated electrophysiological patch-clamp assay.*** A successful HTS ligand binding campaign provided the first
nanomolar small-molecule Ky/1.3 inhibitor, which was discovered in 1995: dihydroquinoline (Figure 6). This arose
through HTS with 2°I-ChTx displacement, and it inhibited the *2°|-ChTx binding to Ky 1.3 with an ICsq of 83 nM,
and suppressed human T-cell activation.**”

Its analog 1a (Figure 6), which inhibited 1251_ChTx binding with K4 of 120 nM, was extensively studied to
determine the mechanism of channel block by dihydroquinoline. Here, 1a selectively blocked the C-type in-
activated state of the channel, as indicated by three lines of evidence: studies with a panel of external vestibular
Ky 1.3 mutants, and the facts that changing the holding potential from -80 to -50 mV intensified the sensitivity of
the channel to 1a and that exposure to high external K* reduced its potency.’*® Interestingly, the potency
differences of 1a differ between *2°|-ChTx displacement (Kg, 120 nM) and patch-clamp (ICso, 150 nM) assays on
the one side, and inhibition of 8Rb-efflux (ICso, 2.3 uM) on the other. The explanation for this might be that

dihydroquinoline blocks Ky1.3 through interaction with residues that are exposed during the conformational

Piperidines

Triterpenoids
Dihydroquinolines
o .
p ﬁ/j Benzamides 0

1 1a 2 3
IC50 = 84 nM Ky =120 nM 1C5, = 400 NM ICso =200 NnM IC5o = 86 nM

FIGURE 6 Representative and most studied Ky1.3 inhibitors from high-throughput screening campaigns
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changes of the C-type inactivation, which occurs through a cooperative mechanism of four subunits in the tet-
ramer, followed by dynamic rearrangements of the outer mouth. 8°Rb-efflux assays, which require higher levels of
K*, might underestimate the potency of Ky1.3 inhibitors that inhibit the C-type inactivated state.®28%147.148
Compound 1a was 60- to 270-fold more selective against Ky 1.x family channels but lacked selectivity over the
Kv1.4 neuronal and cardiac channel (Table 6).4¢ Additionally, dihydroquinoline potently inhibited the neuronal
Na* channel, with K; of 9nM.**? Thus, the main limitation of dihydroquinolines is the lack of specificity for
KV1~3.145,146,149

lon flux 86Rb assays have been wide and successfully used in the pharmaceutical industry, which prompted the

150,151 1527154 (Figures 6, 3), and the natural compound cor-

discovery of piperidines Figures 6, 2), benzamides
reolide (Figures 6, 4).2°°"*°® Piperidines were discovered in a library screen using the HTS 8Rb-efflux assay.
Competition experiments revealed that piperidine-based 2 bound to residues at the inner surface of the channel,
with an overlap of the site of action of verapamil. Like dihydroquinolines 1 and 1a, compound 2 inhibited K\/1.3
with use dependence by binding to the residues involved in the C-type inactivation. Mutation of specific residues in
the external vestibule that influenced the C-type inactivation rate altered the channel sensitivity to compound 2,
and there was a direct correlation between the inactivation time constants and the 1Cso values.*>* Piperidine 2
shows an ICsq of 400 nM and was selected for further optimization due to its at least 10-fold selectivity over most
of the Ky1.x family channels, except Ky1.4 (ICso, 170 nM) (Table 6). Crucial structural elements for activity were
the basic piperidine nitrogen atom and the benzhydryl lipophilic head group with two phenyl rings and a lipophilic
tail attached to a basic nitrogen (Figure 7). Removal of the benzhydryl moiety in analog 2a resulted in reduced
potency, while compounds 2b-2d that incorporated lipophilic moieties were more potent (Figure 7). The sub-
stitution of the central piperidine with pyridine or piperazine was not tolerated, while replacement with a tropane
moiety retained activity (Figures 7, 2f). Compound 2e incorporated an aliphatic chain in the tail part of the
molecule and had an ICsq of 500 nM, while the potency was increased with the incorporation of a methyl-
substituted phenyl ring (2g; ICso, 200 nM). The development of piperidine-based compounds was discontinued due
to low potencies and selectivities.**%*>*

The next successful example of using HTS was for a series of benzamide compounds that were identified
using the 8Rb-flux assay. The parent benzamide-based compound 3 (Figure 8) inhibited Ky1.3 with an ICsq of
200 nM and had no selectivity for the Ky1.x family (Table 6). The structure-activity relationships revealed that
modification at position 2 of the 2-methoxy phenyl ring was tolerated while moving the methoxy group to
positions 3 or 4 (Figures 8, 3a, 3b) resulted in reduced potency. The activity was also lost with methylation of
the amide nitrogen (Figures 8, 3c), substitution of the amide carbonyl by a sulphonyl group (Figures 8, 3d), and
removal of the unsubstituted phenyl ring (Figures 8, 3e). On the other hand, the potency was retained with the
ketone reduction to a hydroxy group, separation of the trans and cis diastereoisomers, and further synthesis of
the C1 carbamate analogs (Figures 8, 3f, 3g).'>* The most potent and selective benzamide derivative was 3g
(sixfold selectivity over Ky1.x), as a trans analog with a propyl carbamate group. In general, in comparison to
their cis analogs, the trans C1 carbamate analogs exhibited selectivity for K,,1.3 over the other Ky 1x family
channels (Table ¢).*2#*>%

Reversible, saturable and time-dependent binding of benzamide 3g to Ky/1.3 occurred when two molecules of
inhibitor interacted with one channel tetramer between the conformational changes of the C-type inactivation. The
precise binding site of benzamide 3g has not been mapped yet, but it might be located in the water cavity, below
the selectivity filter (Figure 3). Interestingly, as this region is structurally identical across the Ky1.x family, the
selectivity of benzamide 3g for Ky 1.3 might be explained through its interaction with the C-type inactivation state.
As Ky1.3 and Ky1.4 undergo profound conformational changes between gating in the outer vestibule, which are
absent in other Ky1.x family channel, the specificity for Ky,1.3 might be achieved with the development of in-
hibitors that bind to the residues, that are significantly engaged in the C-type inactivation process.*>%*>*

A natural hit compound that was acquired through the 8Rb ion flux HTS assays was the triterpenoid correolide

(Figures 6, 4) from the Costa Rican tree Spachea correae (1Cso, 86 nM). However, correolide also inhibited other Ky 1x
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FIGURE 7 Structure-activity relationships in the exploration of piperidine-based Ky 1.3 inhibitors [Color figure
can be viewed at wileyonlinelibrary.com]

family channels with similar potencies (Table 6).'°® The correolide (tritium-labeled) analog [*H]C20-29 dihy-
drocorreolide (diTC; Figures 9, 4a) inhibited Ky,1.3 with a Ky of 11 nM in a specific, saturable, and reversible way, with
one binding site per Ky1.3 tetramer. Two independent approaches have suggested that inhibitor 4a was bound in the

pore, on the cytoplasmic side of the selectivity filter (Figure 9). The molecular model for the docking experiment with
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FIGURE 8 Structure-activity relationships exploration of benzamide-based Ky,1.3 inhibitors [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 9 diTC 4a (left), docking of diTC with Ky1.3*°® (middle), and simplified correolide analog 4b**? (right).
diTC, [3H]C20-29 dihydrocorreolide [Color figure can be viewed at wileyonlinelibrary.com]

diTC was created on the crystal structure of KcsA with the S5-Sé6 region of K,1.3. Site-directed mutagenesis
identified unique S5 and Sé residues, that contributed to the 4a high-affinity interaction with Ky, 1.x family channels,
some of the which were involved in conformational changes between gating.'*”*° Higher affinity for Ky1.3 over
other Ky 1.x family channels might be connected with the C-type inactivation state, which is characteristic for K\1.3,
and which contributes to the unique shape of the diTC binding site. The important structural elements for this
interaction are five polar acetyl groups in the 4a molecule. Correolide-based inhibitors most likely have state-
dependent interactions with the inactivated form of Ky 1.3, and therefore have limited toxicity and efficacy in vivo.'*®
When pentacyclic correolide was simplified with the removal of its E-ring to a tetracyclic C18-analog (Figures 9, 4b),
its potency was retained in the nanomolar range (ICso, 37 nM).**? Future optimization of correolide is precluded due
to a limited supply of the natural parent compound, the lack of selectivity for Ky 1.3 over other Ky,1.x family channels,
and the complex molecular structures of new simplified analogs.*>> *>”

Correolide was successfully used to demonstrate the involvement of Ky1.3 in coronary metabolic dilation.
Myocardial blood flow was measured in groups of Ky1.3-null mice and wild-type mice that has been given cor-
reolide. The myocardial blood flow was efficiently reduced during increased cardiac work in both groups when
given norepinephrine.’®® Limb-transplanted rats with intraperitoneal administration of correolide showed
significantly higher survival compared to the placebo control and untreated groups.*®*

In an automated pipette-based patch-clamp screening, some thienopyridines*®? (representative compound 5;

163 (

Figure 10) and sulfonamides representative compound 6; Figure 10) were identified that inhibited the K/1.3

currents at 1 uM, while they also very efficiently inhibited Ky 1.5 currents at 1 uM. Using planar electrode-based

patch clamp screening, some 1,1-dioxidobenzo[dlisothiazoles**> (

representative compound 7; Figure 10) and
amine-based compounds®® (representative compound 8; Figure 10) were discovered, which were later optimized
to provide Ky 1.3 inhibitors with low nanomolar potencies.

Using an lonWorks patch-clamp HTS assay, 1,1-dioxidobenzold]isothiazole was discovered (hit compound 7;
Figure 11), which moderately inhibited Ky1.3 currents (Table 7; ICso, 1000 nM). The benzothiophene (Figures 11, 7a)
and benzothiazole (Figures 11, 7b) scaffolds eliminated this activity, and the simplified analog with a cyano group
(Figures 11, 7c) resulted in decreased activity (ICso, 4800 nM). An analog with an amide bond (Figures 11, 7f) had
approximately twofold higher potency compared to hit compound 7.2°* First generation 1,1-dioxidobenzol[dliso-
thiazoles had high clearance rates in vivo, and therefore with the second generation compounds, the intention was to
improve in vitro half-life (t;,) values. Insertion of a fluorine atom at position 6 of the 1,1-dioxidobenzo[d]isothiazole
scaffolds (Figures 11, 7g, 7h) yielded compounds with improved in vitro t;,,; moreover, amides 7g and 7h had the
appropriate pharmacokinetic and solubility properties but also showed very efficient inhibition of Ky1.5 currents.'®®
The limitation of all of these compounds was the lack of detailed selectivity tests and the unknown binding site(s). The

most potent amide 7i (Figure 11) had a dimethyl substitution on the propyl linker and showed an ICso of 160 nM.1¢#16°
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FIGURE 10 Ky1.3 inhibitors identified using automated electrophysiological patch-clamp assays

5.2 | Exploitation of biological information (retroactive exploitation of observations
made in man)

As the probability of acquiring a potential hit compound from HTS is low, the financial investment is high, and the
strategy is time-consuming, sometimes knowledge-based approaches have a better likelihood of success.**”*® Hit
compounds from the exploitation of biological information have been obtained from research into folk medicines
(e.g., 5-methoxypsoralen; Figures 12, 9),%°"%’2? from “new use for old” drugs (e.g., clofazimine; Figures 12,

10),27%7* and from clinical observations of already registered drugs (e.g., diphenoxylate; Figures 12, 11).27°

First generation
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FIGURE 11 Structure-activity relationships exploration of 1,1-dioxidobenzo[d]isothiazole-based analogs
[Color figure can be viewed at wileyonlinelibrary.com]
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Psoralens (Figure 13) are a representative example of folk medicines as a starting point for successful
drug discovery. Initial studies on psoralen activity on ion channels were based on an anecdotal report from
South America that long-term use of tea made from the plant Ruta graveolens alleviated symptoms of multiple
sclerosis. Extracts from this medicinal plant were then shown to block delayed-rectifier K currents in nodes
of Ranvier. Through extensive screening to find the pharmacologically active compound from the plant,
5-methoxypsoralen (Figures 13, 9) was shown to be an inhibitor of Ky1.2 channels in neurons and
Ky 1.3 channels in T cells.**?*79 Structure-activity relationships revealed that the psoralen scaffold could be
substituted only at the 5-position and the neighboring 4-position. In addition, alkyl linkers with one to
five methylene groups were introduced into the 5-hydroxypsoralen ring at position 5 (Figures 13, 9a),
connecting psoralene with the distal phenyl group. The optimal length for the alkyl linker was four methylene
groups (Psora-4; Figures 13, 9b; IC50, 3 nM), and further increasing the length of the alkyl sidechain reduced
potency.

As Psora-4 selectively inhibits proliferation in human and rat Tgy cells, it might represent a therapy
for T-cell-mediated autoimmune diseases.’”® Its efficacy was demonstrated in rats with antiglomerular
basement membrane disease glomerulonephritis, where the group treated with the inhibitor had less
proteinuria compared to the placebo group. Psora-4 might also be effective in the treatment of
glumerulonephritis.*”¢

With the second-generation compound PAP-1 (Figures 13, 9¢)*”* with an ICso of 2nM, 23-fold selectivity
against Ky1.5 was achieved by prolongation of the butyl linker with one oxygen atom, next to the phenyl group.
PAP-1 inhibited Ky 1.3 with use dependence by binding to the residues exposed in the C-type inactivated state
conformation of the Ky1.3 channel.*’%”* PAP-1 is the most potent and selective small-molecule Ky 1.3 inhibitor
reported to date, and it shows 33- to 125-fold selectivity over the other Ky 1.x family channels, and more than
1000-fold selectivity for the distantly related K* channels, like Kc,3.1, Ky2.1, Ky3.1, and Ky11.1 (hERG)
(Table 8).**

The PAP-1 high-affinity interaction with K\,1.3 was mapped and explained by the model of Zimin et al., which
revealed the importance of the coumarin moiety. Carbonyl groups in PAP-1 chelate potassium ions, and their
charge attracts water molecules, which form further hydrogen bonds with nearby coumarin molecules, or more
specifically, with ether oxygens. Two or four coumarin rings can interact with potassium ions inside the pore of
Ky1.3, while the side chains of PAP-1 protrude out into the intersubunit interfaces between helices S5 and $6.*"7
The Marzian et al. model showed why Psora-4 inhibits Ky,1.3 with use dependence and reasonable selectivity over
Ky1.x family channels. As the two molecules simultaneously bind at two different receptor sites in Ky1.3, first in
the central pore, and second, in the side pockets, this results in an extremely stable nonconducting state of K,/1.3

and provides a high-affinity interaction with Ky1.3.27817?

Cl

. 10 .
oy UG Q
T QD O 0

5-methoxypsoralen, 9 clofamizine, 10 diphenoxylate, 11 diphenoxylate analogue, 11a
ECs, = 100,000 nM ICs, = 300 nM ICs0 = 5,000 NnM ICs0 = 750 NM

FIGURE 12 Representative hit compounds from exploitation of biological information approaches
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FIGURE 13 Structure-activity relationships exploration of psoralen derivatives [Color figure can be viewed at
wileyonlinelibrary.com]

Application of PAP-1 offers many therapeutic possibilities, especially in the treatment of T-cell-mediated
autoimmune diseases. Its efficacy was demonstrated in female Lewis rats, where it dose-dependently
suppressed the delayed type hypersensitivity reaction.’”* PAP-1 successfully lowered diabetes type | in-
cidence in the experimental group of diseased rats, and efficiently reduced p-cell destruction.?® Furthermore,
it dose-dependently reduced interleukin 2 (IL-2) and interferon-y production in in vitro studies, as well as
improving the pathology in the severe combined immunodeficient (SCID) mouse psoriasis skin xenograft
model.*®® PAP-1 improved previously manifested Alzheimer's disease symptoms in trangenic mice with cog-
nitive deficiency and amyloid plaques, and, in in vitro studies, PAP-1 application promoted higher amyloid-£
uptake by microglia.’®! Studies with diseased mice and rats have documented that PAP-1 can successfully
alleviate symptoms of inflammation after ischemic stroke.*®?

Later attempts replaced the psoralen scaffold, which formed reactive metabolites, with furoquinoline
(Figures 13, 9d) or acridinone (Figures 13, 9e), although new analogs had only threefold selectivity over Ky/1.5.
More successful heterocycle substitution was obtained for furochromene-7-thione (Figures 13, 9f), which pre-
served 22-fold selectivity for Ky/1.3 over Ky/1.5. Compounds 9d and 9f showed use-dependent inhibition, meaning
that they blocked the C-type inactivated state of Ky/1.3, similar to 9b and 9c. On the other hand, 9e was an open-
channel blocker, similar to verapamil.'”?

The antimycobacterial drug clofazimine (Figures 12, 10) is another promising small-molecule inhibitor with
good potency and a favorable selectivity profile for Ky1.3.18% Clofazimine emerged as a hit in IL-2 reporter
gene bioassay screening of a library of FDA-approved clinical therapeutics, where it efficiently suppressed
Ca?* signaling and IL-2 production in human T cells. Patch-clamp experiments demonstrated that clofazimine
specifically inhibited Ky1.3 currents in T-cells, with moderate selectivity over related Ky channels and a
Hill coefficient of 0.75.'7% Further studies discovered two separate use-dependent and state-dependent
mechanisms of Ky 1.3 block, with both significantly depending on Ky 1.3 translation to the open state.'”* The

interesting finding of this investigation was that clofamizine inhibited the opened channel, while it did not
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interact with the closed or inactivated states. When the open channel block had already occurred, changes in
pulse protocols did not result in further inhibition. This unique mode of action might be advantageous over
other Ky 1.3 inhibitors that specifically interact with the inactivated state, and that for efficacious inhibition
require high levels of K\/1.3 entering the C-type inactivation states in vivo. Additionally, clofazimine is already
approved for medical use, and is generally considered safe for clinical use.*”*%74

Psora-4 (9b), PAP-1 (9c), and clofazimine (10) inhibited mitochondrial Ky1.3 currents and induced

apoptosis of different human and mouse cancer cell lines.*>#7:184185 | K|,

1.3 expressing mouse CTLL-2 cells,
these compounds invoked classical apoptosis pathways, with mitochondrial depolarization, elevated
ROS production, cytochrome c release, and caspase-3, caspase-9, and poly(ADP-ribose) polymerase cleavage.
The cells that underwent apoptosis were only the cancer cells (Ky1.3 expressing human SAOS2, mouse
B16F10 melanoma, and human B-CLL cells), and not normal cells (HEK293 and K562 cells, and T and B cells
from healthy subjects).*”"*®* Clofazimine was also tested in vivo on C57BL/6 mice, with injected cultured
B16F10 cells, which grow as tumors. This treatment with clofazimine reduced the tumor size by 90%, and
the B16F 10 cells isolated from tumors had comparable Ky 1.3 expression to the cultured cells.*®* Clofazimine
induced apoptosis in pancreatic ductual adenocarcinoma (PDAC) cell lines via its specific inhibitory action on
the potassium channel Ky/1.3. It significantly and strongly reduced the primary tumor weight in an orthotopic
PDAC xenotransplantation model in spontaneous mutant beige mouse model (SCID beige mouse).*®>

The starting points in medicinal chemistry are sometimes clinical observations (e.g., side effects) of already
registered drugs, which can promote biological testing against other targets. Diphenoxylate (Figures 12, 11) is a
well-known opioid agonist and antidiarrhea agent, and it was found to inhibit Ky1.3 K* channels with an ICsq of
5 uM. Diphenoxylate had been shown to successfully treat psoriasis and other inflammatory skin conditions in a
small clinical trial, and later it was recognized that it also inhibited Ky/1.3 currents. Several simplified analogs of
diphenoxylate were prepared, and compound 11a (Figure 12) was even more potent for inhibition of the K\1.3

channel (Table 8, ICso, 750 nM).*7®

5.3 | Structure-based drug design methods

Structure-based design has become a state-of-the-art method in hit identification, hit-to-lead expansion, and
lead optimization. However, in the development of drugs that target voltage-gated K* channels, this approach
has been very limited due to the lack of crystal structures of representatives of the Ky, family isoforms in
different conformational states (i.e., open and closed). Moreover, there is no crystal structure of a ligand-Ky,
channel complex available. Therefore, the binding sites and the specific interaction patterns of Ky1.3 in-
hibitors in these binding sites remain unknown. The situation is further complicated because some of Ky1.3
inhibitors bind to the channel with 2:1 stoichiometry, as reflected by their Hill coefficients, which means the
simultaneous binding to two, not necessarily identical, binding sites. Taken together, structure-based design
approaches have currently shown limited success for voltage-gated K* channels; however, based on in-
creasing structural data, including cryo-electron microscopy and crystal structures of ion channels, this will
hopefully change soon.

A starting point for the discovery of new K\,1.3 inhibitors can be based on the three-dimensional structure of
the target.'®® As an X-ray structure of the Ky 1.3 channel is not available, a homology model was constructed on the
basis of the crystal structure of the bacterial KcsA channel. This bacterial channel shares around 45% homology in
the inner vestibule with Ky1.3 and IK-1. Virtual screening of a large compound library against the potential binding
site in the internal cavity below the K'-selectivity filter defined dihydrophenanthridines (Figures 14, 12) and
bridged biaryls (Figures 14, 13) as potential hit compounds. Analog 12a (Figure 14) was designed with structural
variations at N5 and Cé6 of the 5,6-dihydrophenanthridine scaffold, which resulted in a higher potency
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Dihydrophenanthridines _ Bridged biaryls
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FIGURE 14 Ky1.3 inhibitors from structure-based drug design methods and structural optimization of hit
compounds 12 and 13 [Color figure can be viewed at wileyonlinelibrary.com]

(ICs0, 710 nM). In the bridged biaryl hit, the aromatic Cé substituent was eliminated, and a carboxamide derivative
13a was synthesized (Figure 14), which was substituted at position N5, which provided 7.5-fold higher potency
(IC50, 4000 nM). This dihydrophenanthridine 12a weakly inhibited IK-1 currents at 20 uM, while the bridged biaryl
13a showed only fourfold selectivity over IK-1 (Table 9). Both structural classes require further studies for

confirmation of the binding sites and their selectivities.'®

5.4 | Ligand-based drug design methods and peptidomimetics

The absence of a Ky/1.3 crystal structure and the lack of information on the exact binding sites of the known K,/1.3
inhibitors are the main limitations for the structure-based discovery of novel Ky,1.3 inhibitors. In contrast, ligand-
based computational approaches can be successfully used to identify new Ky1.3 inhibitors, as they do not require
knowledge of the ligand-binding site. However, the structure of a potent K,,1.3 inhibitor, ideally as a selective
ligand against a related isoform, is needed as a template for ligand-based similarity searching as a method of virtual
screening of compound libraries.

A ligand-based virtual screening methodology using K\,1.3 inhibitor 3 (Figure 8) as a query was successfully
used for the identification of a novel structural class of Ky 1.3 inhibitors. After the three-dimensional similarity
search of commercially available compounds was performed, hit compounds were categorized according to their
shape (molecular geometry) and color (presence of relevant pharmacophores) similarity scores to give the so-called
TanimotoCombo score. According to this score, five highly ranked compounds were purchased and tested for
Ky1.3 inhibition. Hit compound 14 showed an IC5q of 920 nM (Figure 15) as the most potent of these K1.3
inhibitors, but also significantly inhibited Ky 1.1, Ky/1.4, Ky2.1, and K\,3.1 currents (Table 10). On the other hand, hit
compound 15 with an ICsq of 17.4 uM was a less potent inhibitor of K,/1.3, but had no effect on the other Ky1.x

family channels and more distantly related channels.*®®

TABLE 9 Activity and selectivity of Ky 1.3 inhibitors gained from structure-based drug design methods

Structural class Compound IC50 (NM) Selectivity over IK-1 channel
Dihydrophenanthridines 12186 5000 Not studied

12a%8¢ 710 20 uM: 12% inhibition of IK-1
Bridged biaryls 13%¢ 30,000 Not studied

13a'%¢ 4000 Fourfold

Note: Cell systems used according to Grissmer et al.*®”
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FIGURE 15 Three-dimensional similarity search for the discovery of new K\,1.3 inhibitors. LBDD, ligand-based
drug design [Color figure can be viewed at wileyonlinelibrary.com]

Different series of Ky1.3 inhibitors have been based on the natural ligand khellinone (Figures 16, 16), which
was extracted and isolated from the medicinal plant, Ammi visnaga. Chalcone (Figures 16, 16a) inhibited Ky 1.3 with
use dependence (Hill coefficient, 2), with an acceleration of the inactivation of Ky 1.3, thus resembling the inhibition
mechanism of benzamide (Figures 8, 3). Khellinone dimers (Figures 16, 16b) integrated two molecules of 16, joined
by a hydrophobic linker. The most potent compound from this series was 16b, which contained a p-xylyl linker
(ICs0, 280 nM). Conversely, 16b did not affect the inactivation kinetics, and its Hill coefficient was close to 1. The
suggested binding site for 16a and 16b was the hydrophobic pocket on the intracellular site, most likely as in the
water-filled cavity below the selectivity filter. The further design of khellinone dimers did not proceed as they had
insufficient aqueous solubility and selectivity between Ky1.1 and Ky1.2.187

Two further series with analogs of 7-benzyl ethers (Figures 16, 16c) and 4-benzyl ethers (Figures 16, 16d)
were obtained by replacing either the 4-methoxy or 7-methoxy substituents in khellinone with a substituted
benzyloxy group. Compound 1éc inhibited Ky1.3 with mixed kinetics and a Hill coefficient of 1.8; the first molecule
appeared to bind to the open state, and the second to the C-type inactivated state. Conversely, analog 16d induced
an open-channel block, with an acceleration of the Ky 1.3 inactivation, similar to verapamil (Hill coefficient 1.2),
although the precise binding site for 16c and 16d remains unknown.'”° The disadvantage of the benzyl ether series
was the lack of selectivity over the Ky 1.x family channels and hERG. In contrast, chalcones were selective over
hERG, 1Kc,1, and the Ky1.x family channels, except for only threefold over Ky1.1.*%7%7° According to several
patents filed, to achieve selectivity for Ky 1.3 over the Ky 1x family channels, new khellinone analogs were screened

)17 and aryls

using the first semiautomated planar patch-clamp device (Port-a-Patch): benzofurans (Figures 16, 16e
(Figure 16).2°? The aryl analog 16f showed 45-fold selectivity over Ky1.1, and 37-fold over Ky1.5.2%2

Another ligand-based approach was used for synthetic ligands for K" channels: the tetraphenylporphyrins
(Figures 17, 17). These were primarily designed to mimic the structures of peptide toxins and to interact with all four
channel subunits simultaneously. Compound 17 inhibited the 2°I-HgTX;A19Y/Y37F binding to Ky1.3 in a dose-
dependent manner, and it was hypothesized that the positive charge was important for this interaction.’”® Further-
more, solid-phase NMR was carried out with compound 17 and KcsA-Ky,1.3 channel preparations in liposomes. After
compound 17 bound to the channel, the residues that showed significant changes in their chemical shifts were
detected, which indicated likely involvement in the conformational changes of the selectivity filter, as associated with
the inhibitor binding. When compound 17 bound to KcsA-Ky,1.3, it transferred the selectivity filter into a nonconductive
conformation (similar to its nonconductive conformation at pH 4) and shifted the channel into an inactivated state.
Subsequently, in silico molecular-dynamics-based ligand-protein docking studies predicted that the porphyrin ring of 17
inserted its positively charged amine arm deep into the selectivity filter of KcsA-Ky,1.3, which prevented the binding of
K" to the binding sites of S2 or S3 and therefore shifted the selectivity filter into a nonconductive conformation. Thus,

with these tetraphenylporphyrins, an additional condition (apart from pH 4) that could induce the nonconductive
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FIGURE 16 Design of compounds based on natural compound khellinone (16) [Color figure can be viewed at
wileyonlinelibrary.com]

conformation of the selectivity filter was discovered.’”* However, this structural class has too great a molecular
complexity and does not have confirmed specificity for Ky1.3, and it is therefore not promising for new drug
discovery.1 3194

The ShK toxin'?> (Table 4) is a 35-residue polypeptide with a defined binding epitope that consists of dis-
continuous (R11, F27) and continuous (K22-Y23-R24) elements that show relatively weak binding. Rational design

198 of the ShK binding surface revealed first-generation compound 18 (Figure 17)

and synthesis of type-Ill mimetics
that mimicked the arginine (R11), lysine (K22), and tyrosine (Y23) residues. Analogs with several basic scaffolds
were also developed, and compound 18 with the 1H-benzo[d]imidazol-7-yl scaffold was identified as a relatively
weak binder to Ky1.3 (Ky, 95 uM). As the phenolic OH of the tyrosine (Y23) in the mimetics was not necessary for
activity, phenethyl substituent was included instead.”® The second-generation compound 19 (Figure 17) mimicked

the ShK residues of lysine (K22), tyrosine (Y23), and arginine (R24), and had slightly higher potency (ECsg, 75 uM).

NH
o ;\FQ 2 Y23
N~ °N 0
K22
H HN
HN._O
¥ K22
HN

Y
\H v23 NH;
R11 R24

z

N NH, HN
NH, HoN" SNH
17, R= HN-(CH,),-NH, 18 19
Ki=20 nM Ky =250 nM ECs, = 75,000 nM

FIGURE 17 Peptidomimetics, based on the structural elements of peptide toxins [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 18 Star polymer, based on the structural elements of peptide toxins [Color figure can be viewed at
wileyonlinelibrary.com]

The basic scaffold of N-alkylated indole-7-carboxamido was selected due to the ease of synthesis and its drug-like
features. Furthermore, indole-7-carboxamido was substituted at position 4 with a methyleneguanidinyl group,
which mimicked the arginine (R24) at position 7 with an aminobutyl group, representing the lysine (K22), and at
position 1 with a phenethyl, to mimic the tyrosine (Y23) of the side chain of ShK.17¢

ChTx*’ is a 37-amino-acid peptide that is positively charged at neutral pH and is therefore attracted to the
negatively charged outer vestibular wall of Ky1.3, which has several rings of acidic residues, such as D433 and
D449. The key ChTx residue K27 protrudes into the extracellular end of the channel filter and physically occludes
the ion permeation pathway, while the toxin basic residues also form hydrogen bonds with the acidic residues in
the vestibular wall of the channel. Star polymers (Figures 18, 20) were specifically de novo designed to mimic the
lysine residue (K27) of ChTx, and therefore its activity on Ky/1.3. The inner core of 20 links the four arms, each of
which comprises three ethylene glycol repeat units and a lysine-like terminus. Furthermore, molecular dynamics
simulations identified two significant electrostatic interactions between 20 and the Ky1.3 channel. The first was a
hydrogen bond between the terminal ammonium group of the lysine mimetic 20 and the carbonyl groups of Y447
in the selectivity filter, and thus the lysine side chain of the mimetic 20 physically occluded the pore of K\/1.3, in a
similar manner to ChTx. The second crucial contact was between the amine group of a different arm of polymer 20
and the acidic residue D422 in the vestibular wall of the channel. Compound 20 inhibited K\/1.3 currents with a
submicromolar affinity (Kq, 300 nM); however, 20 also effectively blocked hERG and Ky 1.1 at 10 pM.>?”

6 | SPECIFICALLY TARGETING MITOCHONDRIAL CHANNELS WITH
Kyv1.3 ION CHANNEL MODULATORS

The mitochondria of cancerous cells are an emerging oncological target, as they require specific characteristics and
functions for bioenergetic processes, such as the Krebs cycle, and the production of ROS for cancer cells. Recently,
a prominent role of mitoKy1.3 in the mitochondria of some types of cancers was defined.’”” Expression of the

Kv1.3 channel was altered in the cancer cells versus healthy cells, but not with any unique pattern.>>7¢°
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Selectively targeting cancer cells is challenging because they tend to proliferate uncontrollably and are often
resistant to apoptotic stimuli. Previous review articles have described that the mitoKy1.3 channel is directly
involved in apoptosis of normal and cancer cells, and that Ky1.3 activity is required for the proliferation of K\/1.3
channel-expressing cells. Inhibition of mitoKy1.3 channels can selectively activate apoptosis pathways in cancer
cells if there is elevated basal ROS production in the cancer cell mitochondria, although the K\,1.3 channels need to
be upregulated in cancer tissues at the same time. On the other hand, apoptosis does not occur in normal cells with
upregulated Ky 1.3 expression and in cancer cells with downregulated K,,1.3 expression. Some compounds have
already been tested in vitro, ex vivo, and in vivo, which demonstrated that they could selectively kill cancer cells
while sparing healthy cells.®>%>%7:¢0

There are two general strategies to deliver a drug specifically to the mitochondria. The first depends on
structural modifications, with the attachment of a mitochondria-targeting ligand to the pharmacologically active
compound. The second strategy uses nanocarriers, which can selectively transfer active compounds to mi-

tochondrial compartments.*?”

The first approach has been used to create specific mitochondria-targeting Ky 1.3 inhibitors (Figure 19).200201
Mitochondria-targeting ligands are lipophilic and membrane-permeant cations conjugated to the active Ky1.3
channel inhibitor through a stable or labile linker. If a stable linker is selected, the Ky /1.3 channel inhibitor remains
attached to the cation when in solution. Conversely, with the incorporation of a “bioreversible” amide or ester
bond as a linker, the initial prodrug is hydrolyzed to the pharmacologically active compound. The type and length of
the included spacer significantly affect the chemical and spatial properties of these conjugates in terms of their
optimal binding affinity, specificity for the desired mitochondrial channel, and water solubility. Additionally, the
position of the cation needs to be optimized through structure-activity relationship studies. Conjugates carry
positive charge and are accumulated in the matrix or inner mitochondrial membrane at negative electrochemical
potential.*??

As PAP-1 (Figures 19, 9¢) was the most potent and selective Ky/1.3 inhibitor, it was an ideal option for the
channel inhibitor part, and also as its 4-hydroxy analog, PAPOH (Figure 19, 21) as the prodrug. The psoralen
analogs PCARBTP (22), PAPTP (23), and PCTP (24) (Figure 20) were also designed by linking scaffold 9c or 21
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FIGURE 19 Creation of specific mitochondria-delivering Ky1.3 inhibitors by attachment of
membrane-permeant cations [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 20 Ky1.3 inhibitors specifically delivered to the mitochondria

(Figure 19) to the mitochondria-targeting cation triphenylphosphonium.?°®?°* The prodrug PCARBTP contained a
labile carbamate linker, and it was hydrolyzed to PAPOH in mouse blood, although part of it reached the inner
mitochondrial membrane intact in vivo. Analog PAPTP incorporated 9c and triphenylphosphonium associated with
a stabile propyl linker.?°° Conjugation of scaffold 21 and the triphenylphosphonium with a carbonate linker gave
the prodrug PCTP, which went through slow hydrolysis in Dulbecco's modified Eagle medium (culture medium for
mammalian cells) to produce PAPOH (Tables 11) and 4-triphenylphosphonium-butan-1-ol (ty,,, 17 h).?°*

In Ky1.3-expressing Jurkat leukemia T cells and in mouse melanoma B16F10 cells, the psoralens PCARBTP,
PAPTP, and PCTP induced apoptosis and mitochondrial swelling, decreased membrane potential, and increased
ROS production; however, these were not efficient when the cells showed low expression of Ky,1.3. They resulted
in cell death for the four human pancreatic ductal adenocarcinoma cell types (Bx-PC3, PANC-1, As-PC1, CAPAN-1
cells).?°%291 Compounds PCARBTP and PAPTP were tested in vivo using an orthotopic mouse B16F10 melanoma
model, and these greatly reduce the B16F10 tumor volume, where PAPTP co-applied with cisplatin reduced the
tumor volume by >90%. Treating mice with PCARBTP and PAPTP resulted in significant reductions in human
pancreatic Colo357 tumors.??°

7 | CHALLENGES AND PERSPECTIVES IN THE DESIGN OF Ky1.3
MODULATORS

Kyv1.3 has a very attractive profile in terms of expression, accessibility, and pathophysiology, but its targeting
requires exquisite specificity that can only be achieved by drug design that encompasses a number of critical

factors. The design of potent, selective, and safe small-molecule inhibitors of K\/1.3 is challenging, for reasons that

TABLE 11 Potencies of compounds specifically delivered to the mitochondria

Structural class Compound 1C50 (NM)
Psoralen PAPOH, 217%° 6.5
Psoralen prodrugs PCARBTP, 22 6.5 (for product ofhydrolysis: PAPOH, 21)

PCTP, 24700201
Stable psoralen PAPTP, 23%%° 31

Note: All systems used Jurkat T lymphocytes and whole-cell patch-clamping.
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are both specific to Ky1.3 and common to the design of ion channel inhibitors in general. These are mainly the
technical difficulties in ion channel HTS,*** the lack of three-dimensional structures that enable structure-based
design,®’°? the challenges of achieving subtype selectivity®® also taking into account stoichiometry of heteromeric

channels and possible interactions with auxiliary subunits,?°?

and ideally state/conformation selectivity.

One of the main obstacles for rational design is the absence of the crystal structure of the Ky1.3 and/or an
inhibitor in a complex with Ky,1.3 in a closed and/or open conformation. Homology models of K\,1.3 with inner-pore
inhibitors have been built based on the available X-ray structures of Ky1.2”° and KcsA,?°%2°% data from mutational
studies, and electrophysiological and ligand-binding experiments. However, usually, it is unclear which X-ray
structure provides the best template for a homology model, because they differ in sequence similarity and
structure quality, as well as conformation or state of the channel. Also, it should be noted that, for example, the
inner pore dimensions between X-ray structures of channels used for building a model can vary widely and,
consequently, homology models should be interpreted with caution.

Now, the design of new compounds is more promising since for several voltage- and ligand-gated ion channels
there are cryo-EM structures available.?°>?%° These offer new templates for the building of higher quality Ky1.3
homology models in open and closed conformations. Ligand binding studies should be coupled with mutational
studies at the predicted binding site of the channel to guide the molecular docking to obtain a putative binding
mode of the ligand. Then, the channel-ligand complex can be extensively studied by long molecular dynamics
simulations, to obtain further insight into the interactions formed. In parallel, structure-activity relationships for a
series of active and inactive ligands (based on a single scaffold, to exclude possible binding to different binding sites
of the channel) should be derived and then linked to the results of molecular dynamics simulations. If there is a fit
between the molecular dynamics and structure-activity relationships data, the identified binding mode should be
further explored, for the design of new compounds.

In the absence of structural information for the Ky /1.3 channel, ligand-based drug design methodology provides
a good alternative. Pharmacophore models can be created based on active and inactive ligand datasets and used in
virtual screening to identify new structural classes of Ky1.3 inhibitors.**¢ However, in the creation of the phar-
macophore models, only ligands binding to the same binding site should be selected to get meaningful results. A set
of ligand-based pharmacophore models can be built for different Ky, 1.x isoforms and used in silico to predict the
selectivity of the designed compounds, which could then guide the further design of Ky/1.3-selective ligands. Thus
far, many efforts have focused on small molecules, and medicinal chemistry approaches have aimed at synthesizing
optimized compounds with improved potency, but in many cases, the selectivity remains an issue.

An important issue that needs to be addressed in the design of Ky1.3 inhibitors are the two particular
biophysical properties of Ky1.3: C-type inactivation and cumulative inactivation during repetitive depolarizing
pulses. While C-type inactivation confers high-affinity interactions with Ky,1.3 for selected inhibitors, and provides
a selective feature, it also presents an additional challenge for the design of inhibitors. When selecting the most
promising binding mode of the ligand for rational drug design, the large and not fully identified conformational

8182 heed to be considered. Because of

changes of the ligand binding sites that can occur during C-type inactivation
this, structure-activity relationships across a series of ligands rather than the predicted free energy of the
ligand-receptor complex should be a decisive criterion for choosing the appropriate binding mode.®*

The state-dependent inhibition of Ky,/1.3 channels that results in use-dependent inhibition in excitable cells is
another issue that needs to be considered. Accordingly, when planning inhibitor testing, this increase in the number
of blocked Ky/1.3 channels with time should be taken into account, and therefore functional assays rather than
binding assays should be selected.®®

A most recent approach in cancer drug discovery is to target the mitochondrial process of apoptosis in cancer
cells, which is connected with ROS production.??”?°® As the peptides cannot cross mitochondrial membranes, it is
essential to discover new small molecules with high potency for K,,1.3. Mitochondriotropic derivates of the K,/1.3
inhibitors show great therapeutic potential, but only very few analogs have been developed so far. A further

challenges is to attach the adequate transport groups to small molecules, and to optimize the length of the linker.
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Selective transport of inhibitors to mitochondria improves target specificity and efficacy in vitro and in vivo, as has
already been demonstrated with PAP-1 mitochondriotropic analogs.?°>?°* Another advantage of this strategy is
the possibility to selectively induce apoptosis in cancer cells with abberant Ky1.3 expression, which might be useful
as a new cancer therapy with fewer side effects.

Even though larger molecules, for example, peptides and antibodies, can have their own well-known short-
comings, such as poor membrane permeability and the risk of triggering adverse immune reactions, they constitute
an attractive alternative to small molecules. First-of-all, because their much higher binding selectivity (which
can approach true specificity), both with respect to subtypes and off-target effects, than what is generally possible
to achieve with small molecules. Indeed, from the metabolism of peptides and antibodies, the drug-drug inter-
actions and metabolism-mediated toxicities that can often be seen with the metabolism of small molecules are not
expected. The feasibility of targeting Ky,1.3 with peptides and toxins has been well demonstrated. In particular, as
illustrated above, venomous animals have developed a myriad of highly potent and selective peptides that can both
inhibit and activate ion channels, and that have been incredibly useful to probe the ion channel structure-function

relationships.?®?

8 | CONCLUSION

One of the hurdles for successful K\1.3 drug development is the lack of a Ky1.3 crystal structure to enable the
structure-based drug design of new molecules. The other general technical issue in the ion channel drug discovery
field were the difficulties in ion channel HTS. This has been addressed by the development of ultra-high-throughput
membrane potential and flux assay systems and automated electrophysiology platforms, with the requirement for
specialized biophysical expertise to carry out the screening and to analyze the results. However, the foremost
challenge in the design of Ky1.3 inhibitors is the need to achieve ion channel subtype selectivity. Obtaining
selectivity within the Ky1 family is difficult because the subtypes are highly homologous. This is especially chal-
lenging for small-molecule compounds, owing to their small size, and therefore their limited number of interaction
points with the targets. Another aspect of interest that is highly challenging is the considerable domain homology
that exists between even remotely related ion channel families. Even highly subtype-selective compounds can
therefore have off-target effects on other ion channels.?*%?*

Animal venoms represent alternative sources of K,1.3 ion-channel-selective modulators, and the venoms of
several species are known to be rich sources of Ky1.3 ion-channel-modulating peptides. These peptides often bind
to the poorly conserved extracellular loops of Ky1.3, which offers the potential for significant subtype selectivity.
Natural venom peptides, however, do not usually have all of the necessary properties for successful pharmaceu-
tical development. Their membrane permeability might not be optimal, and their plasma half-lives might not be
sufficient for therapeutic applications.?*? These are, however, disadvantages that can often be conquered by
chemical modification.?*>?* Venom peptides can therefore provide suitable starting scaffolds for further mod-
ifications. In addition, medicinal chemistry approaches in the discovery of Ky1.3 inhibitors will undoubtedly remain
very important for future breakthroughs at the level of the different modalities of small molecules, peptides,
antibodies and hybrid molecules.
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