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Abstract—Potassium (K*) channels are a widespread superfamily of integral membrane proteins that mediate selective
transport of K* ions through the cell membrane. They have been found in all living organisms from bacteria to higher mul-
ticellular animals, including humans. Not surprisingly, K* channels bind ligands of different nature, such as metal ions, low
molecular mass compounds, venom-derived peptides, and antibodies. Functionally these substances can be K* channel pore
blockers or modulators. Representatives of the first group occlude the channel pore, like a cork in a bottle, while the second
group of ligands alters the operation of channels without physically blocking the ion current. A rich source of K* channel
ligands is venom of different animals: snakes, sea anemones, cone snails, bees, spiders, and scorpions. More than a half of
the known K* channel ligands of polypeptide nature are scorpion toxins (KTx), all of which are pore blockers. These com-
pounds have become an indispensable molecular tool for the study of K channel structure and function. A recent special
interest is the possibility of toxin application as drugs to treat diseases involving K* channels or related to their dysfunction

(channelopathies).
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Potassium ion (K*) channels comprise a superfamily
of integral membrane proteins that provide passive selec-
tive transport of K™ across the cell membrane. K* chan-
nels have been found in all living organisms from bacteria
to higher multicellular animals, including humans. Two
major functions of K* channels are maintaining the rest-
ing membrane potential and forming the action potential
in electrically excitable cells. It is difficult to overestimate
the role of these proteins in numerous physiological
processes, such as ion transport, nerve signal transmis-
sion, cell communication and proliferation, neurohu-

Abbreviations: 4-AP, 4-aminopyridine; BK,, large-conduc-
tance calcium-activated K™ channels; CSa/a, cysteine-stabi-
lized helix-loop-helix; CSa/B, cysteine-stabilized o-helix -
sheet; ICK, inhibitor cystine knot; 1K,, intermediate-con-
ductance calcium-activated K™ channels; K™ channels, potas-
sium channels; K,p, two-pore-domain K* channels; K,
inward-rectifier K* channels; KTx, polypeptide K* channel
blockers from scorpion venom; K., voltage-gated K™ channels;
RP-HPLC, reversed-phase high-performance liquid chro-
matography; SKc,, small-conductance calcium-activated K*
channels; TEA, tetracthylammonium; TM, transmembrane
(segment).

* To whom correspondence should be addressed.

moral regulation, and immune response. This makes
study of the structure, mechanism of action, and modula-
tion of K™ channels one of the most important tasks of
modern bioorganic chemistry. Moreover, multiple studies
have demonstrated that K™ channels are involved in the
development of various pathological states, which makes
these channels promising pharmacological targets.

Traditionally, studies of K* channels include identi-
fication of novel channel ligands and subsequent use of
these ligands as specific tools to elucidate the mecha-
nisms of channel action and to search for new members of
the superfamily. Based on the mechanism of action, K*
channel ligands can be classified as either pore blockers or
modulators. Channel blockers “plug” the pore, similarly
to the cork in a bottle, whereas modulators affect channel
functions without mechanically preventing ion flow
through the channel. Scorpion venoms are the major
source of K* channel ligands. These venoms are complex
mixtures of tens or even hundreds of compounds, pre-
dominantly, short polypeptides. Interestingly, all known
K* channel ligands isolated from scorpion venoms are
pore blockers.

About 250 K* channel ligands from scorpion venom
have been identified by now, which supposedly represent
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only 0.5% of total number of potentially active com-
pounds. Further studies will broaden our understanding
of structural and functional properties of K* channels and
enable us to find highly selective ligands with potential
pharmacological applications.

K" CHANNEL SUPERFAMILY

K™ channels have been found in all living organisms.
In humans, 78 genes code for major (o.-) subunits of these
transmembrane proteins (see below). It is now common-
ly believed that K* channels appeared around the time of
the origin of life on Earth, a hypothesis that is supported
by identifications of more than 200 eukaryotic K* chan-
nel-related channel-like proteins in Archaea and bacteria
[1].

K* channels are composed of o.- and B-subunits. The
structure and major functions of a channel are deter-
mined by the a-subunits, whereas B-subunits affect the
channel kinetics. Human K* channels can be subdivided
into five structural and functional groups based on the
structure of their a-subunits (Fig. 1).

1. Inward-rectifier K channels (K;,) are homo- or
heterotetrameric complexes in which each subunit con-
sists of two transmembrane (TM) segments with a pore
region (P) between them. Their function is regulated by
nucleotides (ATP, ADP), phosphorylation, G proteins,
and phosphatidylinositol 4,5-bisphosphate. In humans,
K|, channels are encoded by 15 different genes [2, 3].

2. Two-pore-domain K* channels (K,p) contain four
TM segments, and their a-subunits undergo dimerization
upon channel formation. These channels are regulated by
a broad array of factors: pH, temperature, and cell mem-
brane tension. In humans, 15 genes coding for K,p chan-
nels have been found [4, 5].

3. a-Subunits of voltage-gated (voltage-dependent)
K* channels (K,) consist of six TM segments (S1-S6)
with one pore region (P) located between S5 and S6. Four
a.-subunits form a complete channel. An important struc-
tural feature of K, channels is the presence of the voltage-
sensing domain (VSD) formed by four TM segments (S1-
S4). S4 contains regularly positioned positively charged
amino acid residues that play the role of a voltage sensor.
Voltage-gated K™ channels are the most abundant group
of potassium channels (40 genes for K, channels have
been identified in humans) [6].

4. Calcium-activated intermediate- and small-con-
ductance (IK., and SK,, respectively) potassium chan-
nels are formed by subunits consisting of six TM segments
(S1-S6) with the pore region (P) located between S5 and
S6, similarly to those of K, channels. However, in K,
channels, the S4 segment is almost insensitive to changes
in potential; the channels are activated by Ca®" via a
calmodulin-mediated mechanism. In humans, proteins
of this family are encoded by four genes [7, §].
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5. Ca?'-activated large-conductance channels
(BK(,) are encoded by four slo genes in humans. Two
members of this family contain seven TM segments. An
interesting property of these channels is that they can be
activated not only by changes in potential, but by a num-
ber of ions (Ca?*, Na*, or CI~, depending on the channel
isoform) [9].

K™ channels of higher plants can be subdivided into
three groups: Shaker-like channels, tandem-pore K*
channels (TPK), and K;,-like channels [10]. Similarly to
K, channels, Shaker-like channel subunits are composed
of six TM segments and are activated by changes in mem-
brane potential. TPK and K;,-like channel subunits have
four and two TM segments and are related to human K,p
and K, channels, respectively [11, 12].

The smallest K* channel o-subunit (94 amino acid
residues) was found in PBCV-1 virus parasitizing green
algae of the Chlorella genus [13]. In prokaryotes, K*
channel subunits usually have either two (MthK, KB,
and KcsA) or six (Kch, K,AP, and Mlol) TM segments.
Quite often, these channels also contain additional Ca**-
or nucleotide-binding cytoplasmic domains [14].
Unusual topology of the channel-forming o.-subunit (S1-
S2-S3-S4-S5-P-S6-S7-P-S8) was found in fungi; this
structure seems to be exclusive to Fungi, and not present
in other kingdoms [15]. Interestingly, the genome of infu-
soria Paramecium tetraurelia contains 298 genes for K*
channels, which is 3.8 times more than in the human
genome [14].

Domain structure of K* channels. The membrane
part of a K, channel o-subunit consists of two regions
(Fig. 2): the pore region and the voltage-sensing region.
The pore region is formed by two transmembrane seg-
ments (S5-S6) connected by the pore loop (P). The volt-
age-sensing region is composed of four transmembrane
segments (S1-S4). The mature K, channel consists of the
pore domain, formed by four pore regions of four differ-
ent o.-subunits, four voltage-sensing domains, and four
cytoplasmic domains [16].

The structure and the mechanism of action of the K,
channel pore domain are similar to those of voltage-gated
Na* and Ca?* channels. In the open state, a K, channel
can conduct 10°-10% K" ions per second [17, 18]. K,
channels are one of the most diverse family of membrane
proteins [19], but its members have a highly conserved
seven amino acid sequence TTVGYGD [20] that forms
the channel selectivity filter. The filter is responsible for
the highly selective transport of K*, but not, for example,
Na*, even though the Na* ion radius is only 0.4 A small-
er. This high selectivity is provided by the presence of
oxygen atoms inside the pore that coordinate K* ions
lacking the hydration shell (the radius of a Na* ion is too
small to form stable coordination bonds). Oxygen atoms
of the polypeptide chain carbonyls stabilize dehydrated
K" ions from four different directions and “substitute”
the hydration shell during ion passage through the pore
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Fig. 1. K* channel families (topological diagrams). Center of bottom row, schematic representation of the channel pore formed by pore regions
of four individual subunits. TM, transmembrane segment; P, pore loop; S0-S6, TM segments; S4, voltage sensor (in K, and BK,).

Fig. 2. 3D structure of the voltage-gated K, 1.2 channel (PDB ID: 2A79): a) side view; b) extracellular view. 1) Pore; 2) homotetramer of mem-
brane parts of o.-subunits; 3) c.-subunit cytoplasmic domain; 4) B-subunits; 5) external vestibule; 6) selectivity filter; 7) internal cavity; 8) inner
gate; 9) voltage-sensing domains; 10) pore domain.
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[21]. The crystal structure of a bacterial KcsA channel
obtained in the laboratory of MacKinnon [22] proved the
earlier hypothesis of Hodgkin who studied K* flux in
squid giant axons and in 1955 suggested that ions pass the
channel one after another [23]. When transported into
the cell, K* ions enter the external vestibule, lose their
hydration shell, pass through the selectivity filter, get
hydrated in the channel cavity, and exit through the intra-
cellular gate. K* ions can also be transported in the oppo-
site direction [24].

The voltage-sensing domain is essential for the K,
channel response to membrane potential changes. The
process involves conversion of the electric field energy
accumulated on the membrane into mechanical energy,
which is then transferred to the pore domain and causes
its conformational changes and pore opening. The S4
segment serves as a voltage sensor due to the high content

1767

of positively charged amino acid residues [25].
Translocation of the voltage sensor necessary for the pore
opening requires physical interaction between certain
amino acid residues of the transmembrane S6 fragment
and the juxtamembrane “linker” helix that connects the
S4 and S5 segments [26, 27]. The cytoplasmic domain
also plays an important role in the channel activity regu-
lation (e.g. in N-type inactivation (see below) and some
cases of a-subunit tetramerization [28]).

Mechanism of K* channel activity. The mechanism
of K, channel function is based on conformational
changes of the channel protein (Fig. 3). K, channels are
closed at resting potential and do not conduct ions. An
increase in the membrane potential (depolarization)
affects charged amino acid residues of the voltage sensor
and can cause channel opening [29, 30]. The transmem-
brane S4 segment responds to the changes in the mem-
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Fig. 3. Mechanism of action of a voltage-gated K* channel: a) closed state; b) open (activated) state; ¢) N-type inactivation; d) C-type inac-

tivation.
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brane potential, which causes conformational changes in
the voltage-sensing domain followed by changes in the
pore domain [31]. Due to an extremely high sensitivity of
the voltage sensor, the channel can respond even to slight
potential changes [32]. The pore opens only when all four
voltage sensors are activated [33]; the open channel con-
ducts ions until it enters an inactivation phase.

There are two mechanisms for K, channel inactiva-
tion: the N-type and the C-type. During N-type inactiva-
tion, the channel stays in the open conformation, but the
pore is blocked from the membrane inner side by the N-
terminal fragment of the a-subunit [34]. The removal of
this fragment abolishes channel inactivation via the N-
type mechanism, while its addition to the system in a
form of a synthetic peptide restores inactivation [35, 36].
The C-type inactivation occurs at a slower rate and does
not involve the N-terminus of the channel cytoplasmic
domain [37]. Structural elements responsible for the C-
type inactivation are located in the external vestibule of
the selectivity filter [38] and in the vicinity of the S6 seg-
ment N-terminus [39]. The C-type inactivation is caused

L

cytoplasm
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by structural changes in the channel external vestibule
and by narrowing of the channel mouth, which result in
blockade of the ion flux [40]. Decrease in the membrane
potential to resting state values (repolarization) causes
channel transition from inactivation into the closed state.

K" CHANNEL LIGANDS

K* channel ligands can be divided into several
groups, the three major being metal ions [41], small
organic molecules [42], and polypeptide toxins [43]. K*
channel ligands can be pore blockers or modulators. Pore
blockers prevent ion flow through the channel by binding
to the pore region [44]. Modulators do not directly block
the ion flow, but rather affect the channel functional
properties by interacting with other regions of the chan-
nel protein (e.g. voltage-sensing domain or auxiliary -
subunit) (Fig. 4) [45, 46].

In addition to the major ligand groups, isoform-spe-
cific antibodies have been obtained for a number of K*

Fig. 4. Regions of ligand interaction with K* channels: 1) blockers of the pore outer part; 2) blockers of the pore inner part; 3, 4) modulators
acting from the outer and inner side of the membrane, respectively; 5) inactivation inhibitors.
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channels that are able to selectively block the ion flow
through the corresponding channels [47]. K channel lig-
ands were identified in parasitic worm secretions [48].
Defensins from various organisms have also been shown
to affect K* flux [49, 50].

Most K* channel isoforms can be nonselectively
inhibited by Cs*, Ba**, Cd*", Pb**, Co’", Ni*", and other
metal ions in millimolar concentrations [51]. These ions
were widely used in early studies of K* channel function
[52] but later substituted by ligands with higher affinity
and selectivity [53].

Small Organic Molecules

At the dawn of the ion flux studies, the two most
widely used agents for pharmacological identification of
K™ channels were 4-aminopyridine (4-AP) and tetraethyl-
ammonium (TEA). This was due to the fact that they both
inhibit (in millimolar concentrations) a majority of K*
channels without producing any visible effects on Na*
and Ca’" channels [54, 55]. These two compounds
remain the only low molecular mass ligands for some K*
channels [53]. Other organic molecules have been identi-
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fied that are capable of binding to the pore inner part and
modulating various K* channels (quinidine, d-tubocu-
rarine, and verapamil) [56-58]. Some of the low molecu-
lar mass ligands of K* channels are shown in Fig. 5.

TEA and structurally similar molecules can block
K" channels from either extracellular or cytoplasmic
sides of the membrane [59]. Other hydrophobic cations
(d-tubocurarine and verapamil) also “plug” the inner
part of the pore with their ammonium or amine groups
and block the ion flux (Fig. 6) [60]. Different mechanism
of action was proposed for 4-AP that has molecular prop-
erties similar to those of the hydrophobic cations, inter-
acts with the channel in the open state, competes with
TEA for the binding site on the open channel, and stays
bound after channel transition into the closed state.
However, the small size of the 4-AP molecule prevents it
from plugging the pore. According to recent findings, the
site for 4-AP binding is located in a space between the
TM S6 fragments [61]. When the channel opens, 4-AP
approaches the binding site, binds to the channel, and
stabilizes the channel closed state, thereby preventing the
ion flux [62].

In addition to nonselective K* channel ligands, a sig-
nificant number of highly selective activators for K*
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Tetrabutylammonium

Fig. 6. 3D-Structure of tetrabutylammonium complex with the KcsA channel (in the closed state) (PDB ID: 2JKS5): side and extracellular

views.

channels have been found. These compounds were origi-
nally developed as drug prototypes, and some of them are
already used in clinics. Table 1 shows the most “popular”
blockers and activators of K™ channels; structures of some
of these compounds are shown in Fig. 7.

Polypeptide Toxins

A great number of polypeptide ligands of K* chan-
nels have been found in the venoms from bees, snakes, sea
anemones, cone snails, spiders, and scorpions. These
compounds, often called toxins, are synthesized in the
animal venom glands as precursors and then processed
into active molecules [63, 64].

Although the number of known venomous animals is
huge, only a few of their venoms have been studied, and
even fewer have been characterized in details. The lack of
information is mostly because venoms are complex mix-
tures of multiple components, and their comprehensive
characterization might take several decades [65, 66].
There are two main strategies for studying animal venoms
(Fig. 8). The first, more traditional strategy, involves
purification of individual components directly from the
venom by various chromatographic methods [67]. The
second, more recent strategy, originated due to the rapid
development of DNA sequencing techniques and involves
construction and analysis of cDNA libraries from
mRNAs isolated from the animal venom glands [68, 69].

The first strategy requires sufficient amounts of
crude venom that could be obtained, for example, by
electrostimulation of venom glands. The crude venom is
then subjected to a series of chromatographic procedures,
usually starting with size-exclusion chromatography fol-
lowed by several rounds of ion-exchange or reversed-
phase high-performance liquid chromatography (RP-

HPLC). Then the purified components are sequenced by
the Edman degradation method [70].

Most often, the main active compounds of animal
venoms are peptides. Their amino acid sequences can be
determined by isolating total mRNA from the venom
gland, reverse transcribing this mRNA into correspon-
ding ¢cDNA, and ¢cDNA sequencing with subsequent
analysis of the resulting cDNA library or individual
sequences [71]. Amino acid sequences can be deduced by
in silico translation, and the corresponding peptides can
be produced by chemical synthesis or in a recombinant
system [72]. Total sequencing of genomes of all venomous
animals might provide much valuable information; how-
ever, only very few entire genomes of venomous species
have been deciphered so far [73-76].

Other traditional approaches to identification and
characterization of K channel ligands are electrophysio-
logical measurements (methods of patch clamp and two-
electrode voltage clamp) [77, 78] and radioligand binding
assay |79, 80]. Electrophysiological studies are tradition-
ally conducted in artificial membranes, eukaryotic cells,
and Xenopus laevis oocytes expressing K™ channel genes
of interest. Radioligand binding assay uses radioactively
labeled channel ligands, and the activity of a particular
compound is determined from the substitution of the
labeled ligand in its complex with the channel by the
studied compound. Recently, new methods have been
developed based on the use of fluorescently labeled lig-
ands [81] (e.g. fluorescence-activated cell sorting [82]
and single-molecule fluorescence microscopy [83]), that
have largely replaced radioligand binding assay [83].

Below, we describe groups of animals whose venoms
contain K* channel ligands, in the following order: verte-
brates, sea invertebrates, and terrestrial invertebrates.

Snakes. More than 2650 species of snakes have been
described; 500 of these species are considered venomous

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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Table 1. The best known blockers and activators of K™ channels (according to the International Union of Basic and
Clinical Pharmacology, [IUPHAR) [2, 4, 6, 7]

K™ channel Blockers Activators

K, 1.1 VU591 -

K;2.1 spermine, spermidine, putrescine PIP,
K;2.2 spermine, spermidine -
K;2.3 TEA, spermine, spermidine, putrescine, SCH-23390 tenidap, arachidonic acid
K;2.4 - -
Ki3.1 AZD2927 ethanol, PIP,, ML297
K;3.2 pimozide, thioridazine, haloperidol, clozapine, halothane, ethanol, PIP,

fluoxetine, SCH23390, bupivacaine, F3, dizocilpine,
clomipramine, desipramine, imipramine, amitriptyline,
maprotiline, nortriptyline, QX-314, verapamil'

K;3.3 - PIP,

K;3.4 4-AP!, TEA!, NIP-142, imipramine, AZD2927, desipramine, arachidonic acid, fingolimod, ethanol, PIP,
amitriptyline, clomipramine, maprotiline, nortriptyline

K 4.1 nortriptyline -

K;4.2 - -

K;5.1 - -

K;6.1 glibenclamide, tolbutamide ATP, uridine diphosphate, nicorandil, diazoxide,
guanosine 5'-diphosphate, pinacidil, guanosine-
5'-triphosphate, cromakalim, minoxidil
diazoxide, pinacidil, nicorandil, cromakalim

K;6.2 glibenclamide, tolbutamide diazoxide, pinacidil, nicorandil, cromakalim,
minoxidil

K;7.1 ML-111, VU573 -

KZP

Kypl.1 - -

Kyp2.1 quinidine' riluzole, arachidonic acid, halothane

K,p3.1 anandamide halothane, isoflurane

K,p4.1 - arachidonic acid, riluzole

Kyp5.1 lidocaine, quinidine halothane

Kyp6.1 quinidine arachidonic acid

K,p9.1 ruthenium red, anandamide halothane

K,p10.1 quinidine arachidonic acid, riluzole, halothane, isoflurane

K,p13.1 halothane arachidonic acid

K,p16.1 quinidine, chloroform isoflurane

Kypl7.1 chloroform local anesthetics

K,p18.1 quinidine local anesthetics

K,

K 1.1 TEA, 4-AP, diltiazem, capsaicin, flecainide, resiniferatoxin, -

nifedipine

K,1.2 TEA, 4-AP, diltiazem, capsaicin, flecainide, resiniferatoxin, —

nifedipine, anandamide

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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Table 1. (Contd.)

K™ channel Blockers Activators
K,1.3 TEA, 4-AP, correolide?, naltrexone, CP339818, quinine, -
diltiazem, verapamil, UK78282, sulfamidbenzamidoindane,
capsaicin, resiniferatoxin, nifedipine, H37
K,1.4 TEA, 4-AP, UK78282, riluzole, quinidine, CP339818, -
nicardipine
K,L.5 TEA, 4-AP, AVEO118, S9947, flecainide, quinidine, bupivacaine, -
resiniferatoxin, nifedipine, diltiazem, clofilium
K,1.6 TEA, 4-AP -
K,1.7 TEA, 4-AP, flecainide, quinidine, verapamil, amiodarone, -
CP-339818, nifedipine, resiniferatoxin, tedisamil, capsaicin,
diltiazem, cromakalim
K,1.8 TEA, 4-AP, ketoconazole, pimozide, verapamil cGMP
K,2.1 TEA, 4-AP, halothane, RY796, DABCO-C,;, linoleic acid linoleic acid
K,2.2 TEA, 4-AP, pimozide, phencyclidine, RY796, quinine -
K.3.1 TEA, 4-AP, flecainide, diltiazem, fluoxetine, norfluoxetine, -
resiniferatoxin, nifedipine, capsaicin, cromakalim
K,3.2 TEA, 4-AP, verapamil, 8-bromo-cGMP -
K.3.3 TEA, 4-AP -
K,3.4 TEA, 4-AP, thiopental, DABCO-C,,, DABCO -
K4.1 TEA, 4-AP -
K4.2 TEA, 4-AP, arachidonic acid, quinidine -
K4.3 4-AP, nicotine, riluzole, sibutramine, bupivacaine -
K,7.1 XE-9912, linopirdine, L735821, chromanol 293B, chromanol, L364373, niflumic acid, mefenamic acid,
1Ks124, HMR-1556, azimilide ML277, R-L3, zinc pyrithione
K,7.2 TEA, XE-991, linopirdine, 1735821 retigabine?, BMS204352, S-1, ztz240, ICA-
27243, QO-58, zinc pyrithione, flupirtine, PIP,
K.,7.3 TEA, XE-991, linopirdine, bepridil retigabine, BMS204352, diclofenac?
K,7.4 TEA, XE-991, linopirdine, bepridil retigabine, BMS204352, S-1, ML213, zinc
pyrithione, NC00075159, PIP,
K.,7.5 TEA, XE-991, linopirdine retigabine, BMS204352, S-1, zinc pyrithione
K,10.1 ICA-105574, LY97241, terfenadine, dofetilide, astemizole, -
clofilium, E4031, haloperidol, MK-499, quinidine, imipramine
K,10.2 quinidine, LY97241 -
K,11.1 astemizole, E4031, sertindole, dofetilide, terfenadine, ibutilide, mallotoxin?, RPR260243, A-935142, PD-118057,
cisapride, AZD3778, disopyramide PD-307243, ginsenoside Rg3, ICA-105574,
NS1643, VU0405601, KB-130015, NS3623
K,11.2 sipatrigine, E4031 NS1643
K,11.3 sertindole, pimozide, E4031 NS1643
K,12.1 - -
K,12.2 CX4 -
K,12.3 - -
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Table 1. (Contd.)
K" channel Blockers Activators
BK,,
Kc,l.1 TEA, paxillin’ NS1608%, NS1619, BMS204352, DHS-1, estradiol
K41 TEA, quinidine, bepridil bithionol, NS004, NS1619, loxapine, niclosamide
K42 TEA, quinidine, ATP niflumic acid, NS004, NS1619
Ke5.1 TEA, quinidine NS004, NS1619
SKc,
K21 TEA, UCL1684%, NS8593, fluoxetine, d-tubocurarine', UCL1848, | NS309?, DC-EBIO, riluzole, EBIO
dequalinium, bicuculline
Kea2.2 UCL1684, NS8593, d-tubocurarine, UCL1848, dequalinium, NS309, DC-EBIO, riluzole, EBIO, CyPPA,
bicuculline chlorzoxazone, zoxazolamine
Ke2.3 UCL1684, NS8593, NS11757, UCL1848, dequalinium NS309, DC-EBIO, riluzole, EBIO, CyPPA
Ke3.1 TRAM-3, TRAM-34, ICA-17043, clotrimazole, nitrendipine NS309, DC-EBIO, riluzole, EBIO, SKA-31,
SKA-121, chlorzoxazone

! Nonselective blockers shown in Fig. 5.
2 Blockers and activators shown in Fig. 7.

[84]. The most dangerous snakes belong to the families
Viperidae (vipers and rattlesnakes) and Elapidae (cobras
and kraits) [85]. Snake venoms contain a broad array of
biologically active compounds: enzymes, polypeptides
with anticoagulant, hypotensive, and other activities, vari-
ous organic molecules (e.g. nucleotides) [86], and
polypeptide toxins that are capable of interactions with
membrane proteins, including K* channels [87]. K* chan-
nel blockers, named dendrotoxins, have been found in the
venom of snakes belonging to the Dendroaspis genus
(mambas) (Fig. 9a) [88]. Their molecules consist of 57-60
amino acid residues (Table 2), six of which are cysteines
that form the Kunitz-type fold with C'-C°, C>-C*, and C>-
C’ disulfide bond formation pattern [89]. Dendrotoxins
undergo a single posttranslational modification — cycliza-
tion of the N-terminal glutamine into pyroglutamate.

Dendrotoxins are selective toward K, channels
(K,1.1, K,1.2, and K,1.6) and act at concentrations rang-
ing from pico- to nanomolar and above [90, 91].

Sea anemones. Sea anemones (Actiniaria) belong to
the coral polyps (Anthozoa). Most sea anemones are soli-
tary sedentary organisms inhabiting solid sea bottom sur-
face [92].

Similarly to snake venoms, crude venoms of sea
anemones are complex mixtures of numerous compounds:
actinoporins (~20 kDa) that can form pores in lipid bilay-
er [93], ligands of voltage-gated Na* channels [94], K*
channel blockers [95], and polypeptide ligands of acid-
sensing ion channels [96] and thermoreceptors [97].

More than 25 polypeptide ligands of K* channels
have been identified in sea anemone venom [98]. All of

these can be subdivided into three structurally different
groups [99]. The first group includes AeK, BgK, HmK,
and ShK polypeptides. These polypeptides are composed
of 34-37 amino acid residues. Six of the residues are cys-
teines that form C'-C®, C2-C*, and C*-C’ disulfide bonds
[95, 100-102], promoting formation of the toxin spatial
structure as a combination of a- and/or 3,,-helices (Fig.
9b) [85]. The second group includes AsKC1 and
APEKTx1 molecules (58-65 amino acid residues) with
Kunitz-type fold [99]. Their six cysteine residues form
C'-C%, C2>-C* and C3-C’ disulfide bonds [103, 104].
Toxins of the third group (BDS-I, Am II, and APETx1)
consist of 42-48 residues and display different disulfide
bond formation pattern: C'-C>, C2-C*, and C3-C° [105-
107]. The spatial structure of these toxins is represented
by several -strands [85]. Amino acid sequences of some
K* channel blockers from sea anemones are shown in
Table 3. Some active forms of the polypeptides undergo
posttranslational modifications, such as conversion of
proline into 4-hydroxyproline or amidation of the C-ter-
minal amino acid residue [106]. Polypeptides from sea
anemones mostly modulate K, channels (including K, 11
and K,3.4) [105, 107] and 1K, channels [108] in pico-
and nanomolar concentrations.

Cone snails. Cone snails are predatory sea mollusks
from the Conidae family that includes about 600 species
[109]. The major weapons of these snails are short disul-
fide bond-containing peptides named conopeptides
[110].

Conopeptides interacting with K* channels (k-
conotoxins) are extremely diverse and can be classified
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>pMeKTx23-1
.. .CCACGCGTCCGCAAC
TCGATAAAGAGAACAAGA
TTTAAACGATGACTTACGC. ..

>pMeKTx23-2

.. .CCACGCGTCCGAAAA
GAGCTTAATGTTTTAAAATA
CCTACTATAAAT. ..

Fig. 8. Main strategies for identification of active peptides in animal venoms. The first strategy is purification of active components from crude
venom; the second strategy is identification of venom components by construction of cDNA libraries from mRNA of the venom glands with
subsequent production of compounds of interest by chemical synthesis or by biosynthesis in recombinant systems.
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Table 2. K* channel ligands from snake venom

Toxin ID Amino acid sequence Activity
Dendroaspis angusticeps
a-DTX P00980 ZPRRKLCILHRNPGRCYDKIPAFYYNQKKKQCERFDWSGCGGNSNRFKTIEECRRTCIG 1
§-DTX P00982 AAKYCKLPVRYGPCKKKIPSFYYKWKAKQCLPFDYSGCGGNANRFKTIEECRRTCVG 1
E-DTX P00984 LQHRTFCKLPAEPGPCKASIPAFYYNWAAKKCQLFHYGGCKGNANRFSTIEKCRHACVG 1
Dendroaspis polylepis polylepis
I-DTX P00979 ZLRKLCILHRNPGRCYQKIPAFYYNQKKKQCEGFTWSGCGGNSNRFKTIEECRRTCIRK 1
B-DTX P00983 RPYACELIVAAGPCMFFISAFYYSKGANKCYPFTYSGCRGNANRFKTIEECRRTCVV 1
K-DTX P00981 AAKYCKLPLRIGPCKRKIPSFYYKWKAKQCLPFDYSGCGGNANRFKTIEECRRTCVG 1

Notes: 1D, accession number in the UniProt database; Z, pyroglutamate residue; 1, active toward K, channels (here and below, figures indicate
activity toward corresponding channels). Cysteine residues are shown in bold.

into several groups according to their primary structure
[111]. Amino acid sequences of some K-conotoxins are
shown in Table 4. kA-Conotoxins (Ac4.2, MIVA, PIVE,
SmIVA, SIVA, and other) are peptides of 24-37 amino

a

b C

acid residues. Six of these residues are cysteines that com-
prise the CC-C-C-C-C motif. The pattern of formed
disulfide bonds can be either C'-C°, C2-C?, C*-C° or C'-
C3, C2-C° C*C® [112-114]. kO-Conotoxins (e.g.

Fig. 9. Spatial structures of K* channel ligands. a) [-DTX (PDB ID: IDEM), a K, channel blocker from Dendroaspis polylepis polylepis snake
venom; b) ShK (PDB ID: 1R0O0), a high-affinity K* channel blocker from Stichodactyla helianthus sea anemone venom; c) PVIIA (PDB ID:
1AV3), a K, channel blocker from Conus purpurascens mollusk venom; d) tertiapin (PDB ID: 1TER), a K* channel peptide ligand from Apis
mellifera bee venom; e) hanatoxin (PDB ID: 1D1H) from Grammostola rosea Chilean bird-eating spider venom; f) noxiustoxin (PDB ID:
1SXM) from Centruroides noxius scorpion venom.
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Toxin ID Amino acid sequence Activity
Actinia equine

AeK P81897 GCKDNFSANTCKHVKANNNCGSQKYATNCAKTCGKC 1
Anemonia erythraea

AETX K | QOEAES5 ACKDYLPKSECTQFRCRTSMKYKYTNCKKTCGTC 1

Anemonia sulcata

BDS-I P11494 AAPCFCSGKPGRGDLWILRGTCPGGYGYTSNCYKWPNICCYPH 1

AsKS QITWG1 ACKDNFAAATCKHVKENKNCGSQKYATNCAKTCGKC 1

AsKCl1 QITWGO INKDCLLPMDVGRCRASHPRYYYNSSSKRCEKFIYGGCRGNANNFHTLEECEKVCGVR 1
Antheopsis maculata

Am 11 P69930 ALLSCRCEGKTEYGDKWLFHGGCONNYGYNYKCFMKPGAVCCYPQNGR-NH, 5

Anthopleura elegantissima
APETx1 P61541 GTTCYCGKTIGIYWFGTKTCPSNRGYTGSCGYFLGICCYPVD 5
Bunodosoma caissarum
BesTx1 COHJIC2 ACIDRFPTGTCKHVKKGGSCKNSQKYRINCAKTCGLCH 1
Bunodosoma granuliferum
BgK P29186 VCRDWFKETACRHAKSLGNCRTSQKYRANCAKTCELC 1,4
Cryptodendrum adhaesivum

k-TATX | E2S064 RTCIDTIPKSRCTAFQCKNSMKYRLSFCRKTCGTC 1
Heteractis magnifica

HmK 016846 RTCKDLIPVSECTDIRCRTSMKYRLNLCRKTCGSC 1
Stoichactis helianthus

ShK P29187 RSCIDTIPKSRCTAFQCKHSMKYRLSFCRKTCGTC 1,4

Notes: 1, 4, and 5, active toward K, (except K,11), IK,, and K,11 channels, respectively; O, 4-hydroxyproline residue; -NH,, amidation. Cysteine

residues are shown in bold.

PVIIA) are short (~27 amino acid residues) peptides with ~ (RIIIJ and RIIIK) are composed of 24-25 amino acids;
six cysteine residues, whose distribution in the amino acid  the number of cysteine residues and the pattern of disul-
sequence (C-C-CC-C-C) differs from that in kA-cono- fide bond formation in these polypeptides are the same as
toxins. The disulfide bond formation pattern is C'-C*,  in kO-conotoxins; however, the distribution of six cys-
C2-C°, and C*-C°® (Fig. 9¢) [115, 116]. kM-Conotoxins teine residues in the amino acid sequence is different:
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Table 4. Conotoxins, ligands of K™ channels

Toxin ID Amino acid sequence Activity
Conus achatinus
k-Ac4.2 A3DT44 AOWMVVTATTNCCGYTGPACHOCLCTQSC-NH; 1
Conus betulinus
BeTx Q9U3Z3 | CRAEGTYCENDSQCCLNECCWGGCGHOCRHP-NH, 2
Conus magus
K-MIVA POCIX1 AOELVVTATTNCCGYNOMTICOOCMCTYSCOOKRKO-NH; 1
Conus monile
k-Mo1659 | P84713 FHGGSWYRFPWGY-NH, 1
Conus planorbis
o/k-pll4a| QON4US | FPRPRICNLACRAGIGHKYPFCHCR-NH, 1
Conus purpurascens
k-PIVF P0C2C6 DCCGVKLEMCHPCLCDNSCKKSGK-NH, 1
k-PVIIA | P56633 CRIONQKCFQHLDDCCSRKCNREFNKCV 1
Conus radiatus
k-RITIJ P0CG45 LOOCCTOOKKHCOAOACKYKOCCKS 1
k-RIIK | P69769 LOSCCSLNLRLCOVOACKRNOCCT-NH, 1
Conus spurius
Kk-SrXIA P0OCo615 CRTEGMSCEENQQCCWRSCCRGECEAPCRFGP-NH; 1
Conus stercusmuscarum
k-SmIVA | POCE75 ZTWLVPSTITTCCGYDOGTMCOTCMCDNTCKOKOKKS-NH; 1
Conus striatus
k-SIVA P0OCS828 ZKSLVPSVITTCCGYDOGTMCOOCRCTNSC-NH, 1
Conk-S1 POC1X2 KDRPSLCDLPADSGSGTKAEKRIYYNSARKQCLREFDYTGQGGNENNFRRTYDCQRTCLYT-NH, 1
Conus ventricosus
Con-Vn | P83047 | GDCPW’KPWC-NH, 1,2
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Toxin ID Amino acid sequence Activity
Conus villepinii
k-vill4a | P84704 GGLGRCIYNCMNSGGGLSFIQCKTMCY 1
Conus virgo
k-ViTx Q7YZS9 SRCFPPGIYCTPYLPCCWGICCGTCRNVCHLRI-NH, 1

Notes: 1 and 2, active toward K, (except K,11) and BK, channels, respectively; O, 4-hydroxyproline residue; Z, pyroglutamate residue; E, 4-car-
boxyglutamate residue; T and S, O-glycosylated threonine and serine residues, respectively; WP, D-tryptophan residue; -NH,, amidation.

Cysteine residues are shown in bold.

CC-C-C-CC [117, 118]. Another group, xI-conotoxins
(BeTx, SrXIA, and ViTx), includes molecules composed
of ~30 amino acid residues with eight cysteine residues
(C-C-CC-CC-C-C) and varying patterns of disulfide
bond formation [119-122]. Cone snail venom also con-
tains kL-conotoxins (vill4a) and kJ-conotoxins (o/k-
pll4a) — small (~25 amino acid residues) peptides with
two disulfide bonds. They have similar cysteine residue
distribution (C-C-C-C), but different patterns of disul-
fide bond formation: C'-C*, C>-C? in kL-conotoxins and
C'-C3, C2-C* in kJ-conotoxins [123, 124]. Two toxins
should also be mentioned that have an unusual structure:
conkunitzin-S1 (Conk-S1), a 60 amino acid peptide with
the Kunitz-type fold and only two disulfide bonds (C'-C?,
C2-C?) [125], and contryphan-Vn (Con-Vn), a short pep-
tide of nine amino acids with one disulfide bond [126].
These variations in the cysteine residue distribution and
disulfide bonds patterns give origin to a wide variety of the
K-conotoxin spatial structures, such as inhibitor cystine
knot (ICK, see below), as in PVIIA [116], Kunitz-type
fold [127], or even helix-loop-helix motif [123].
Molecules of k-conotoxins and other peptides from
the cone snail venom are often subjected to posttransla-
tional modifications that are rarely seen in other organ-
isms [128]. In addition to typical modifications (cycliza-
tion of N-terminal glutamine, hydroxyproline formation,
C-terminal amidation), other types of the polypeptide
chain modification are observed, such as 4-carboxygluta-

mate formation, serine and threonine O-glycosylation
[129], and incorporation of D-amino acids (e.g. D-tryp-
tophan) in the polypeptide chain [130]. The major targets
of k-conotoxins are K, channels; however, some can
affect the function of BK, channels [111].

Bees. Bee venom has been extensively characterized,
and its components, such as melittin, secapin, apamin, and
tertiapin, have become classical instruments in biochemi-
cal and physiological studies (Fig. 9d) [131]. Apamin and
tertiapin, short peptides of 18 and 21 amino acid residues,
respectively, affect various K* channels (Table 5) [132,
133]. Their molecules undergo posttranslational C-termi-
nal amidation. Four cysteine residues form two disulfide
bonds (C'-C? and C>-C*), and together with an amidated
C-terminal residue, generate a spatial structure with a short
B-turn and an a-helix [134-136]. Apamin preferentially
binds to SK, channels [137, 138], while tertiapin mostly
affects BK, [139] and K, channels [140, 141].

Spiders. More than 45,000 species of spiders are
known today [142]. However, venoms of only about 100
species have been studied [143], and just a few of these
have been characterized in details [144]. Spider venoms
are complex mixtures of biologically active compounds
that can be divided into three groups: low molecular mass
(<1 kDa) components, peptides (1-10 kDa), and high
molecular mass (>10 kDa) compounds (enzymes and
neurotoxins) [143]. K™ channel ligands in spider venoms
are peptides that inhibit mostly channel activation via

Table 5. Short polypeptide ligands of K* channels from bee venom

Toxin ID Amino acid sequence Activity
Apis mellifera
Apamin P01500 CNCKAPETALCARRCQQH-NH, 3
Tertiapin P56587 ALCNCNRIIIPHMCWKKCGKK-NH, 2,6

Notes: 2, 3, and 6, active toward BK,, SK¢,, and K;, channels, respectively; -NH,, amidation. Cysteine residues are shown in bold.
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Table 6. K* channel ligands from spider venom

Toxin ID Amino acid sequence Activity
Chilobrachys guangxiensis

JZTX-1 P83974 ACGQFWWKCGEGKPPCCANFACKIGLYLCIWSP 1

JZTX-I11 | P62520 DGECGGFWWKCGRGKPPCCKGYACSKTWGWCAVEAP 1

JZTX-V | Q2PAY4 YCOKWMWTCDSKRACCEGLRCKLWCRKII-NH; 1

Grammostola rosea

HaTx1 P56852 ECRYLFGGCKTTSDCCKHLGCKFRDKYCAWDETFES 1

VsTx1 P60980 ECGKFMWKCKNSNDCCKDLVCS SRWKWCVLASPF 5

GsMTx4 | Q7YT39 GCLEFWWKCNPNDDKCCRPKLKCSKLFKLCNFSF-NH, 5

GsAFII | P61409 YCQKWMWTCDEERKCCEGLVCRLWCKKKIEW 5

Hadronyche versuta

k-HXTX | P82227 TICTGADRPCAACCPCCPGTSCQGPESNGVVYCRNF 2
Haplopelma schmidti

HwTx-XI| P68425 IDTCRLPSDRGRCKASFERWYFNGRTCAKFIYGGCGGNGNKFPTQEACMKRCAKA 1
Heteropoda venatoria

HpTXI1 P58425 DCGTIWHYCGTDQSECCEGWKCSRQLCKYVIDW-NH, 1
Heteroscodra maculata

HmTx1 P60992 ECRYLFGGCSSTSDCCKHLSCRSDWKYCAWDGTFS 1

Paraphysa scrofa

PaTX1 P61230 YCQKWMWTCDSARKCCEGLVCRLWCKKII-NH, 1
Phoneutria nigriventer

PNTx3-1| 076200 AECAAVYERCGKGYKRCCEERPCKCNIVMDNCTCKKFEFISE 1

Psalmopoeus cambridgei
VaTx1 P0C244 SECRWFMGGCDSTLDCCKHLSCKMGLYYCAWDGTF-NH, 1
Stromatopelma calceatum griseipes
SGTxI1 P56855 TCRYLFGGCKTTADCCKHLACRSDGKYCAWDGTF 1
ScTxl P60991 DCTRMFGACRRDSDCCPHLGCKPTSKYCAWDGTI-NH, 1
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Toxin ID Amino acid sequence Activity
Theraphosa blondi
TITx1 P83745 AACLGMFESCDPNNDKCCPNRECNRKHKWCKYKLW 1
Thrixopelma pruriens
ProTx1 P83430 ECRYWLGGCSAGQTCCKHLVCSRRHGWCVWDGTFS 1

Notes: 1, 2, and 5, active toward K, BK,, and K, 11 channels, respectively; -NH,, amidation. Cysteine residues are shown in bold.

interaction with the voltage sensor [145]. This interaction
is preceded by the binding of the toxin to the membrane
due to the presence of hydrophobic amino acid residues
on the molecule surface [146]. Spider venom toxins con-
sist of ~30-40 amino acid residues (Table 6) with the C!-
C* C>-C°, C3*-C° pattern of disulfide bond formation
[147-150]. Their spatial structure is represented by the
inhibitor cystine knot (ICK) fold characterized by the
presence of B-hairpin and characteristic “knot”-like
(hence the name) structure in which the third disulfide
bond (C3-C°) penetrates the ring formed by the two other
disulfide bonds and amino acid residues of the polypep-
tide chain between them (Fig. 9e).

Some spider venom polypeptides (xk-HXTX and
PNTx3-1) have an additional fourth disulfide bond, but it
does not noticeably affect the spatial structure of the mol-
ecule [151]. Spider venoms also contain K™ ligands with

NTX K-HfTx1

¥ age g

K-BUTX-Tt2b

the Kunitz-type fold, which act as weak pore blockers
[152].

Spider toxins mostly interact with K, channels:
hanatoxin (HaTx1) is specific against K,2.1 [147]; HpTxl
and PaTx1 bind to the K4 channels [149, 153]; ScTx1 and
HmTx1 bind to the K,2 and K,4 channels [154]. Some
ligands of voltage-gated Na® and Ca’' channels, e.g.
JZTX-I and VsTxl1, can also inhibit K™ channels [155-
157].

Scorpions. An extremely important role in under-
standing the mechanism of action and physiological role
of K* channels belongs to polypeptide channel blockers
from scorpion venom (KTx). The application of these
molecules in K* channel studies started over 30 years ago,
when the first short peptide, noxiustoxin (Fig. 9f), was
purified from the venom of the scorpion Centruroides nox-
ius [158] and found to affect potassium flux in the squid

A-MeuTx

LmKTT-1a

o-KTx
B-KTx
v-KTx

K-KTx

&-KTx A-KTx

Fig. 10. Examples of structural folds in different groups of KTx: CSa,/p in NTX; CSo/a with two disulfide bonds in k-HfTx1; CSo/a with
three disulfide bonds in k-BUTX-Tt2b; Kunitz-type fold in LmKTT-1a; ICK in A-MeuTx.
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Table 7. Occurrence of different structural folds in KTx
(total number of toxins analyzed, 247)

CSa/B CSa/a CSo/a Kunitz- ICK
2(C-C) 3(C-C) type fold
220 16 2 7 2
89.2% 6.4% 0.8% 2.8% 0.8%

giant axon [159]. Isolation of charybdotoxin (ChTX)
from the venom of the scorpion Leiurus quinquestriatus
hebraeus [160] and its use for modeling ligand—receptor
interactions (toxin binding to channels) helped to achieve
a deeper understanding of the structure—functional prop-
erties of K* channels [161, 162]. Later, an array of iso-
form-specific selective blockers of K* channels were
identified in the venoms of various scorpion species. Such
peptides as iberiotoxin (IbTX) [163], margatoxin (MgTX)
[164], kaliotoxin [165], and agitoxin-2 (AgTx2) [166]
have become classical molecular instruments for studying
K" channels [167].

Structural properties of K* channel blockers from
scorpion venom. The UniProt database includes ~250 K*
channel blockers from scorpion venoms (KTx). All of
them are small polypeptides of ~20-75 amino acid
residues (Mw ~ 2400-8500 Da) with two to four S—S
bridges [168, 169]. These toxins are synthesized as pre-
cursors with the N-terminal signal peptide that is cleaved
off in the process of toxin maturation [170]. Sometimes,
KTx precursors contain a propeptide fragment of
unknown function immediately after the signal peptide
that is also cleaved off during processing [171]. Some
peptides undergo posttranslational modification, such as

KUZMENKOV et al.

conversion of the N-terminal glutamine into pyrogluta-
mate [172], C-terminal amidation of the C-terminal
glycine, or removal of C-terminal positively charged
residues (lysine, arginine) [173].

K™ channel blockers from scorpion venoms can be
classified into five groups according to their structure
(see Fig. 10 for representatives of different structural
classes).

1. Peptides with CSa./B (cysteine-stabilized o-helix-
B-sheet) fold. This type of peptide structure is the most
represented fold in KTx; it is also present in Na* channel
ligands and a group of chlorotoxin-like peptides [174-
176].

2. KTx with two parallel a-helices connected with
two disulfide bonds: CSa/a. 2(C-C) [168].

3. Peptides with amino acid sequences similar to
those of peptides from the first group, but with different
spatial structure, CSa,/a (cysteine-stabilized helix-loop-
helix), due to an alternative pattern of disulfide bond for-
mation [177].

4. KTx with the Kunitz-type fold characteristic of
serine protease inhibitors [178].

5. KTx with the inhibitor cystine knot (ICK) fold
that is present in polypeptides from various groups of liv-
ing organisms (plants, fungi, and invertebrates) [179].

Table 7 shows the relative occurrence of different
structural folds in known KTx (according to the UniProt
database). It is evident that the CSa/p fold dominates
among the KTx structures.

KTx with CSa/B fold. As mentioned above, CSa,/f is
the most widely represented type of fold in scorpion
venom toxins. It is characterized by the presence of two
conserved motifs, CXXXC and CXC (where C is cysteine
and X is any amino acid residue), in the amino acid
sequence. Based on structural and functional properties,

' |
GVIINVKéKISRQéLEPéKKAGMRFGKéMNGKgHgTPK

— ' |
WQSTgLDLAéGASREéYDPéFKAFGRAHGKéMNNKgRgYT
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. o ]
Pil LVKCIZRGTSDCZZGRPCSZQQQTG(;PNSKCSZINRMCSZKC;YGCS:
I
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I
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Fig. 11. Disulfide bond formation pattern in KTx with CSa,/f fold.
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I |

k-HfTx1

GHACYRNCWREGNDEETCKERC-NH,

Fig. 12. Disulfide bond formation pattern in - KTx (k-hefutoxin).

[
k-BUTX-Tt2b G¢MPEYCIZ:AGQCIS:RGKVSQDY(;‘,LKNCLIR(EIR

Fig. 13. Disulfide bond formation pattern in CSo./a-fold peptides with cysteine residue distribution characteristic of CSa,/p-fold toxins.

KTx with CSo./p fold can be classified into three families:
o-KTx, B-KTx, and y-KTx [180].

The a-KTx family includes ~27 subfamilies (based
on similarity of their primary structures) [181]. More
than 165 polypeptides are now known to belong to this
family, and this number continues to grow. o.- KTx consist
of ~20-40 amino acid residues, six or eight being cysteines
that form three or four disulfide bonds. The majority of
toxins in this family have been isolated from the venoms
of scorpions of the Buthidae family. o.-KTx have also been
identified in the venoms of scorpions from other families
(Chactidae, Euscorpiidae, Vaejovidae, Caraboctonidae,
Hemiscorpiidae, and Scorpionidae) [182-184].

B-KTx are larger than o-KTx (~45-75 amino acid
residues) due to the presence of an additional linear N-
terminal fragment. The C-terminal fragments of these
toxins contain six cysteines that form three disulfide
bonds. Most of B-KTx (22 peptides) have been found in
scorpions from the Buthidae family; two B-KTx were dis-
covered in the transcriptome and venom of Hadrurus
gertschi from the family Caraboctonidae [169, 185]. It is
believed that, in addition to the blocking effect on K*
channels, B-KTx also possess cytolytic activity that is
determined by the presence of the N-terminal linear frag-
ment [186, 187].

The structure of y-KTx is similar to that of a-KTx.
They are composed of ~35-45 amino acid residues and
have three or four disulfide bonds. This group is distin-
guished by its selective activity toward the only type of K,
channels — K, 11. At present, 29 y-KTx are known; all of
them have been identified in the venom or the venom
gland transcriptome of scorpions from the Buthidae fam-
ily [188, 189].

As mentioned above, the number of disulfide bonds
in KTx with CSa/p fold varies from three to four. The
pattern of the disulfide bond formation can differ in dif-
ferent molecules (Fig. 11), but it does not affect the fold
of the toxins [190-194].

KTx with CSa/a fold and two disulfide bonds. Peptides
of this group are also called k-KTx (similarly to the group
3 toxins that have CSa,/a fold and three disulfide bonds).
They are weak inhibitors of K* channels and have been
found only in the venom of scorpions of the Scorpionidae
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and Hemiscorpiidae families. k-KTx consist of ~20-25
amino acid residues, four of which are cysteine residues
that form two intramolecular disulfide bonds [168].
Cysteine residues are located within the conserved motifs
C'XXXC? and C3XXXC* (where C is cysteine residue, X is
any amino acid residue), and form the C'-C* and C2-C?
disulfide bonds (Fig. 12). The spatial structure of these
toxins is represented by two parallel a-helices.

KTx with CSa/a fold and three disulfide bonds.
Recently, a new type of fold was found in a group of scor-
pion venom toxins. Even if these peptides have the tradi-
tional positioning of cysteine residues typically found in
the majority of CSa./p toxins, the patter of disulfide bond
formation is C'-C>, C2-C*, C3>-C*® (Fig. 13) instead of the
classical C'-C* C2-C°, C*-C°. The spatial structure of
these toxins is represented by two o-helices connected by
a loop. Peptides of this group are conventionally called k-
KTx (similarly to KTx with the CSo/a fold and two disul-
fide bonds) [195].

Only two short peptides (28-29 amino acid residues)
with this type of structural fold have been found so far.
They were isolated from the venoms of related scorpions
Tityus serrulatus and Tityus trivittatus of the Buthidae
family [177].

KTx with Kunitz-type fold. KTx with this type of fold
can possess a dual activity. Almost all of them inhibit pro-
teolytic enzymes (e.g. trypsin) in nanomolar concentra-
tion, and some of the toxins block K, channels. Seven dif-
ferent toxins with such properties have been identified so
far: six from the venom of Buthidae family scorpions and
one from the venom of Caraboctonidae scorpions [178].
KTx with the Kunitz-type fold consist of ~60-70 residues,
six or eight of them are cysteines that form three or four
intramolecular disulfide bonds with the C'-C°, C?-C?,
C*C%or C'-C7, C2-C*, C3-C?, C°-C?® patterns (Fig. 14).
The Kunitz-type fold is represented by two antiparallel 3-
strands and two or, more often, one helical regions [196].
Toxins of this group are named 6-KTx.

KTx with the inhibitor cystine knot fold. Ten peptides
with the inhibitor cystine knot (ICK) fold have been
found in scorpion venom; only two of them are active
toward K™ channels. The structure of these peptides (37
amino acid residues) is represented by a 3-sheet formed
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Table 8. KTx subfamilies

KUZMENKOV et al.

Toxin | Subfamily 1D Amino acid sequence A.a.| Mm | Activity
Androctonus australis
Aal als.1 P60233 | ZNETNKKCQGGSCASVCRRVIGVAAGKCINGRCVCYP 37 | 3851 1,5
AaTXKp |1 P69939 KLVKYAVPVGTLRTILQTVVHKVGKTQFGCPAYQGYCDDHCQDIKKEEGFCHGFKCKCG| 64 | 7117 1
IPMGF
Androctonus mauretanicus mauretanicus
KTX-1 a3.1 P24662 GVEINVKCSGSPQCLKPCKDAGMRFGKCMNRKCHCTPK-NH, 38 | 4149 1,2
AmPO1 a8.1 P56215 VSCEDCPEHCSTQKAQAKCDNDKCVCEPI 29 3179 3
Centruroides limpidus limpidus
CllErg2 |y4.1 Q86QUY | DRDSCVDKSKCSKYGYYGQCDECCKKAGDRAGNCVYFKCKCNP 43 | 4832 5
Centruroides noxius (Mexican scorpion)
NTX a2.1 P08815 TIINVKCTSPKQCSKPCKELYGSSAGAKCMNGKCKCYNN-NH, 39 | 4195 1,2
CoTxl al0.1 046028 | AVCVYRTCDKDCKRRGYRSGKCINNACKCYPY-NH, 32137311 1,3,4
CnErgl |yl.1 Q86QT3 | DRDSCVDKSRCAKYGYYQECQDCCKNAGHNGGTCMFFKCKCA 42 | 4730 5
CnErg2 |y3.1 P59939 GRDSCVNKSRCAKYGYYSQCEVCCKKAGHKGGTCDFFKCKCKV 43 | 4783 5
Centruroides sculpturatus
CsErg5 5.1 Q86QU2 | DRDSCVDKSRCAKYGYYGQCEVCCKKAGHNGGTCMFFKCMCVNSKMN 47 | 5263 *
Hadrurus gertschi
Hge-B-KTx| 32 Q0GY41 |KSTVGQKLKKKLNQAVDKVKEVLNKSEYMCPVVSSFCKQHCARLGKSGQCDLLECICS | 58 | 6427 1
HgeScplpl |33 Q0GY40 | GWMSEKKVQGILDKKLPEGIIRNAAKAIVHKMAKNQFGCFANVDVKGDCKRHCKAEDK | 76 | 8369 1
EGICHGTKCKCGVPISYL
Hgl 61.1 POC8W3 | GHHNRVNCLLPPKTGPCKGSFARYYFDIETGSCKAFIYGGCEGNSNNFSEKHHCEKRC | 67 | 7539 1
RGFRKFGGK
Heterometrus fulvipes
-HfTx1 |x1.1 P82850 | GHACYRNCWREGNDEETCKERC-NH, 22 | 2655 1
Heterometrus laoticus
HelaTx1 |[«xS5.1 PODJ41 | SCKKECSGSRRTKKCMOKCNREHGH-NH, 25 | 2917 1
Heterometrus petersii
HSPMOC.1{ 3.1 PODJ36 |QWINACFNVCMKISSDKKYCKYLCGKN 27 | 3185 1
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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Table 8. (Contd.)

Toxin | Subfamily 1D Amino acid sequence A.a.| Mm | Activity
HSPM0C.2| k4.1 PODJ40 |DIPCFETCMKLYHIPKLCYIKCRKH 25 | 3080 1
Leiurus quinquestriatus hebraeus

ChTX al.l P13487 |ZFTNVSCTTSKECWSVCQORLHNTSRGKCMNKKCRCYS 37 | 4296 1

ScyTx as.1 P16341 AFCNLRMCQLSCRSLGLLGKCIGDKCECVKH-NH, 31 | 3423 3
Lychas mucronatus

LmKTx2 |029.1 DI9U2A6 | EGDCPISEAIKCVEKCKEKVEVCEPGVCKCSG 32 13395 1

LmKTT-1a|82.1 P0DJ46 | KKKCQLPSDVGKGKASFTRYYYNEESGKCETFIYGGVGGNSNNFLTKEDCCRECAQGSC| 59 | 6495 1
Mesobuthus eupeus

BeKm-1 [y2.1 Q9BKB7 | RPTDIKCSESYQCFPVCKSREGKTNGRCVNGFCDCF 36 | 4092 5

A-MeuTx | A P86399 GCNRLNKKCNSDADCCRYGERCISTGVNYYCRPDFGP 37 | 4174 —

Mesobuthus martensii

BmKK6 |[a9.1 QYNJP7 | VGCEECPMHCKGKNAKPTCDDGVCNCNV 28 12949 | 1,3

BmKKI1 |al4.1 Q967F9 | TPFAIKCATDADCSRKCPGNPSCRNGFCACT 31 | 3233 *

BmKK4 |al7.1 Q95NJ8 |ZTQCQSVRDCOQYCLTPDRCSYGTCYCKTT-NH, 30 | 3460 _

BmBKTx1 |a19.1 P83407 AACYSSDCRVKCVAMGFSSGKCINSKCKCYK 31 | 3336 2

Kcugx a22.1 Q8MUBI | EVDGRTATFCTQSICEESCKRONKNGRCVIEAEGSLIYHLCKCY 44 | 4982 *

BmKS86 |a26.1 A7KJJ7 | NFKVEGACSKPCRKYCIDKGARNGKCINGRCHCYY 35 | 3981 1

BmKTT-2|63.1 PODJ50 | VDCTLPSDTGRCKAYFIRYFYNQKAGECQKFVYGGCEGNSNNFLTKSDCCKQCSPGKC | 58 | 6470 1
Mesobuthus tamulus

TmTX al6.1 POC173 |DLIDVKCISSQECWIACKKVTGRFEGKCQNRQCRCY 36 | 4207 1

Opisthacanthus madagascariensis

OmTxl |x2.1 POC1Z3 |DPCYEVCLQQHGNVKECEEACKHPVE 26 | 2984 1
Pandinus imperator

Pil a6.1 Q10726 |LVKCRGTSDCGRPCQQQTGCPNSKCINRMCKCYGC 35 | 3835 1,3

Pi2 a7.1 P55927 |TISCTNPKQCYPHCKKETGYPNAKCMNRKCKCFGR 35 | 4034 1
Parabuthus villosus

PBTxI all.l P60164 |DEEPKESCSDEMCVIYCKGEEYSTGVCDGPQKCKCSD 37 | 4090 1

BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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Table 8. (Contd.)
Toxin Subfamily| 1D Amino acid sequence A.a.| Mm | Activity
Tityus obscurus
Tol al3.l P83243 | ACGSCRKKCKGSGKCINGRCKCY 23 | 2448 1
To32 al8.1 P60211 | TGPQTTCQAAMCEAGCKGLGKSMESCQGDTCKCKA 35 | 3522 1
Tityus serrulatus
Tityustoxin  |a4.1 P46114 | VFINAKCRGSPECLPKCKEAIGKAAGKCMNGKCKCYP 37 | 3942 1,2
BuTX al2.l P59936 | WCSTCLDLACGASRECYDPCFKAFGRAHGKCMNNKCRCYT 40 | 4506 1
Ts15 a2l.l P86270 | GKFGKCKPNICAKTCQTEKGKGMGYCNKTECVCSEW 36 | 3956 1
Tityus trivittatus
Tt28 020.1 POC183 | GCTPEYCSMWCKVKVSQNYCVKNCKCPGR 29 | 3310 1
1-BUTX-Tt2b |« B3AOLS | GCMPEYCAGQCRGKVSQDYCLKNCRCIR 28 | 3180 1
Vaejovis mexicanus smithi
Vm24 a23.1 PODJ31 | ARAISCVGSPECPPKCRAQGCKNGKCMNRKCKCYYC-NH, 36 | 3864 1,3

Notes: The table shows one representative of each subfamily. o, 8, and y, toxins with CSa,/p-fold; k, toxins with CSa,/a fold with two or three disul-
fide bonds; J, peptides with Kunitz-type fold; A, peptides with ICK fold. Activity toward: 1, K, channels (except K,11 channels); 2, BK,
channels; 3, SK, channels; 4, IK, channels, 5, K,11 channels; —, no data available; *, amino acid sequence was determined from cDNA
sequencing, no data on the activity available. Posttranslational modifications: Z, pyroglutamate residue, -NH,, amidation; a.a., amino acids;

Mm, molecular mass. Cysteine residues are shown in bold.

by three antiparallel B-strands, and a 3,,-helix [197]. Two
disulfide bonds (C'-C* and C?>-C%) and atoms of the
polypeptide chain form a ring that is penetrated by the
third disulfide bond C3-C® (Fig. 15). In addition to weak
K, channel-blocking properties, toxins of this group also
affect the activity of Ca?* channels [198].

Variety of K channel blockers from scorpion venom.
As mentioned above, ~250 KTx have been identified in
scorpions. Table 8 shows one representative of each KTx
subfamily (the toxins are placed under the Latin names of
the corresponding scorpion species, and the species
names are arranged alphabetically). All K* channels lig-
ands from scorpion venom are pore blockers that act at
concentrations ranging from pM to uM and above. The
most active K, 1.3 channel blocker Vm24 from scorpion
Vaejovis mexicanus smithi is characterized by complex dis-
sociation constant (Ky) of 2.9 pM [199]. Some of the tox-
ins selectively inhibit specific isoforms of K, (e.g. BeKm-
1 and OSK2) [188, 200] or BK, channels (IbTX) [163].
No selective blockers for the K;, and K,p channels have
been identified in scorpion venom so far [53].

KTx interaction with K* channels. K™ channel ligands
can be pore blockers or modulators (see above).
Interestingly, unlike in spiders, K™ channel modulators are
not typical for scorpion venoms; all KTx are pore blockers.

Since the known KTx predominantly affect K, chan-
nels and, to a lesser extent, BK., and SK, channels, and
the most active peptides of this group have CSa/p fold,
the model for the interaction of the toxin with the chan-
nel (ligand—receptor binding) was based on data obtained
for this type of toxins [201-203].

Early studies of a-KTx suggested that the channel
pore region is highly conserved and has a similar structure
in all groups of K* channels [204]. Later, this hypothesis
received robust experimental confirmation: first, spatial
structures of several channels were resolved [22, 205, 206];
second, a hybrid channel based on the K* channel KscA
from the bacterium Strepfomyces lividans was obtained,
and it was blocked by some a-KTx (the wild-type chan-
nels are insensitive to the toxins) [207, 208].

Some of the toxins were found to interact with the
selectivity filter in the pore region of K, and BK, chan-
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nels via the B-hairpin amino acid residues [209-211].
Other blockers interact with the lower part of the SK,
channel vestibule via amino acid residues of the a-helix,
but not of the B-hairpin [212-214]. Moreover, some y-
KTx interact with K,11 channels by binding to a site
located at a considerable distance from the selectivity fil-
ter due to the presence of elongated extracellular loops in
the channel molecule [215, 216].

Such broad structural diversity of peptides capable of
interacting with K channels suggests existence of key
molecular determinants responsible for the ligand bind-
ing to the receptor. Several studies demonstrated that
mutations of certain amino acid residues in both the
channels and the toxins could considerably change KTx
affinity and selectivity.

Many KTx contain the so-called “functional dyad”
[217] that is involved in ligand—receptor interaction and
is responsible for K* flux blockade. This dyad is com-
posed of two highly conserved amino acid residues, the
first being lysine, and the second being tyrosine, phenyl-
alanine [213, 217], or leucine [218]. According to the
functional dyad model, the lysine side chain enters the
pore, where a ring of negatively charged aspartate or glu-
tamate residues surrounds it (each aspartate or glutamate
residue belonging to one of the four a-subunits of the K*
channel tetramer). Substitution of this lysine residue with
another amino acid considerably decreases toxin affinity
[219, 220]. The aromatic or aliphatic residue of the dyad
might interact with a tyrosine or tryptophan residue of
one of the channel o.-subunits [221-223].

It should be noted that this model is far from a com-
prehensive description of the ligand—receptor interac-
tions. Thus, some of the toxins lack the dyad but display
high affinity toward specific K* channel isoforms [224].
Moreover, a new model has been proposed that describes
the importance of the “functional triad” (earlier identi-
fied Lys residue and two additional hydrophobic residues)
for the toxin binding with the pore [225].

An alternative model of the “ring of basic residues”
was suggested based on the results of molecular docking
studies. Such ring is present in many K, channel blockers,
and its positively charged residues form salt bridges with

1787

the negatively charged residues of the channel a-subunit.
In some toxins, the ring is formed by four lysine or argi-
nine resides, but this number may vary in other toxins
[221, 222].

The observed differences in the selectivity of various
KTx toward K* channel isoforms imply that neither the
“functional dyad” nor the “ring of basic residues” model
can comprehensively describe unique toxin—channel
interactions. More and more data have been published
that show that the determining role in the toxin binding to
the channel does not belong exclusively to the residues of
the dyad or the ring. For example, asparagine residue
Asn30 of AgTx2 was found essential for toxin—channel
complex stabilization [167]. Therefore, a third model was
proposed that emphasizes the necessity for creation of
functional maps of “complementary” surfaces of toxins
and channels involved in close contact. In this model,
each residue is given its “coefficient of importance”.
Obviously, the dyad residues will have the maximum coef-
ficient values [226].

The three-dimensional structure of ChTX complex
with a chimeric K, 1.2-K,2.1 channel has been resolved. It
demonstrated that the interaction of the toxin with the
channel does not considerably change the structure of the
channel selectivity filter (Fig. 16), and it confirmed the
important role of functional dyad lysine residue (Lys27)
in the interaction. Lys27 is surrounded by four carbonyl
groups of tyrosine residues of four channel a-subunits.
The a-helical part of the toxin molecule faces away, while
the part of the toxin formed by a fragment of the B-hair-
pin faces toward the pore. A tyrosine residue (Tyr36) is
positioned to pack simultaneously against Asp375 and
Val377 of one subunit, and Met29 is able to pack against
Asp375 of an adjacent subunit. The side chain of Arg25 is
within close proximity of the channel GIn353, and the
peptide backbone near Thr8-Thr9 is held against GIn353
of another subunit. There are also residues that might be
involved in long-range electrostatic interactions: Arg34
and Arg25 of the toxin electrostatically interact with
Asp375 and Asp359 of the channel, respectively. Asn30 is
another residue that appears to be close enough to Asp375
to enable an H-bonding interaction.

LmKTT-1a

[ |
KKK¢QLPSDVGKGKASFTRYYYNEESGKéETFIYGGVGGNSNNFLTKEDééREéAQng

Fig. 14. Disulfide bond formation pattern in K* channel blockers with the Kunitz-type fold.

[
I
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' |
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Fig. 15. Disulfide bond formation pattern in KTx with the ICK fold (A-MeuTx).
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The resolved structure of the ChTX complex with
K,1.2-K,2.1 confirmed the earlier proposed models and
explained the importance of certain residues (e.g. Lys27)
in the interaction of the toxin with the channel. However,
some questions remain that require further study. Thus,
Tyr36 seems to participate in the complex formation due
to the presence of its hydroxyl group and to the large size
of its residue, but not because of its hydrophobic nature, as
had been previously believed. To understand the molecu-
lar mechanisms of toxin selectivity, future studies should
aim at resolving crystal structures of toxin complexes with
channels from different families (K,, BK,, and SK,).

PRACTICAL APPLICATIONS OF POLYPEPTIDE
LIGANDS OF K* CHANNELS

K" channel polypeptide ligands from living organ-
isms have always played an important role in the investi-
gations of K channels. Early studies used toxins to puri-
fy the channels. Later, radioactive and fluorescently

KUZMENKOV et al.

labeled toxin analogs were widely applied as molecular
tools for investigating pharmacological properties of K*
channels and their localization [227, 228].

The role of K™ channels in cell excitability has been
extensively studied; however, the importance of these
channels in cell migration, proliferation, and angiogene-
sis has been demonstrated relatively recently [229]. The
functional diversity and wide occurrence of K* channels
make this superfamily of membrane proteins an impor-
tant pharmacological target in the development of new
drugs (including polypeptides) [230].

Radioactive and fluorescently labeled toxin analogs.
Toxins labeled with radioactive iodine '*’I on Tyr/His
residues [231, 232] or with tritium *H [233] have been
widely applied for pharmacological profiling of K* chan-
nels, channel purification from tissues, and investigation
of channel distribution and subunit composition [227,
234-236]. However, the use of radioactive labeled toxins
poses a number of serious problems, such as difficulties in
the utilization of radioactive waste, specific working con-
ditions, and high cost of experiments [237].

Arg34 (Asp375**)
(Asp375***)

Fig. 16. a) Spatial structure of chimeric K,1.2-K,2.1 channel complex with ChTX (PDB ID: 4JTA). The key lysine residue Lys27 and the
aromatic residue (Tyr36) of the dyad are shown. The side chain of Lys27 enters the channel pore. b) Amino acid residues of ChTX that
interact with the channel residues (in parentheses). Asterisks indicate to which one of the four a.-subunits the residues belong.

20 ym

10 um

Fig. 17. K* channel staining with fluorescently labeled toxins and their analogs. a) Rat cerebellum K, channels stained with HgTX,-A19C-
Alexa546 (from [239] with kind permission from Springer). b) HEK293 cells expressing BK, channels treated with biotinylated IbTX and
visualized with streptavidin-Alexa488 (from [240] with permission from Springer). ¢) Hybrid KcsA-K, 1.3 channels on the surface of spher-

oplasts [241] (with kind permission from K. S. Kudryashova).
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In recent years, fluorescently labeled ligands have
been increasingly used in K* channel studies (Fig. 17).
Most of them are synthesized by covalent attachment of
fluorescent organic molecules to the amino groups of
toxins (N-terminal or lysine side chain) [238] or to a
cysteine residue introduced into the toxin sequence
[239]. In addition, biotinylated derivatives of toxins are
used in combination with fluorescently labeled strepta-
vidin [240]. The most common fluorescent labels for
toxins are Cy3, Cy5, Alexa488, Alexa546, and TAMRA
[237].

Fluorescent toxin derivatives have been used to
demonstrate the ligand—receptor interactions at the
monomolecular level [83] and to identify subpopulations
of cells expressing specific K, isoforms by flow cytometry
[82].

K* channels as targets in treatment of various patholo-
gies. Ion channels form the third largest group (after G pro-
tein-coupled receptors and kinases) of proteins involved in
signal transduction in human cells [51]. At present, ~13%
of all medicinal compounds sold on the pharmaceutical
market affect ion channels [242], which puts these mem-
brane proteins in second place of the most widely used
pharmacological targets after G protein-coupled receptors
[243]. Since K* channels (78 genes in humans) are the
largest superfamily of ion channels, it is not surprising that
they are involved in pathogenesis of various diseases and,
therefore, can be promising pharmacological targets [244].

The involvement of K* channels in autoimmune dis-
eases, such as multiple sclerosis, rheumatoid arthritis,
psoriasis, and type I diabetes, has been extensively studied
[245-247]. One of the major roles in the development of
these disorders belongs to effector T-lymphocytes. T-
lymphocyte proliferation and activation, as well as inter-
leukin production by these cells, require high Ca** con-
centrations in the cytoplasm, which are achieved through
the functioning of Ca?" channels [248]. Low membrane
potential is maintained by release of K* via homote-
trameric K, 1.3 and IK, channels [249-251]. During the
development of an autoimmune disorder, the biochemi-
cal profile of T-lymphocytes undergoes drastic changes
that include hyperexpression of K,1.3 channels [245].
Inhibition of K* channels prevents K* efflux from the
cells, which, in turn, abolishes Ca’* entry into the cyto-
plasm and suppresses proliferation of the effector T-lym-
phocytes and interleukin biosynthesis [252]. The func-
tional activity of these cells is predominantly supported
by K,1.3 channels; therefore, inhibition of this isoform
may be an efficient approach to autoimmune disease
therapy. The membrane potential of other types of lym-
phocytes is maintained mostly by IK, channels, and the
functioning of those cells will not be affected [253].

It has long been observed that scorpion bites inhibit
the development of multiple sclerosis [254]. Elucidation
of molecular mechanism of this disease allowed propos-
ing the use of K* channel blockers from animal venoms as
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therapeutic agents in multiple sclerosis [230]. The most
progress has been achieved in the development of a K, 1.3
channel blocker based on the ShK toxin from the venom
of the sea anemone Stichodactyla helianthus (Fig. 9b) [95,
255]. A number of improved toxin derivatives have been
synthesized [256], and one of them, ShK-186, has
already passed stage I of clinical trials [257]. Scorpion
toxins MgTX, OSK1, ChTX, and their derivatives were
found to be promising candidates for the treatment of
autoimmune disease in model systems [258-260].

Recently, an important role of K,I1.3 in asthma
pathogenesis has been demonstrated [261]. Channel inhi-
bition with ShK-186 provided an efficient treatment of
the disease in model experiments [262]. In addition,
combined inhibition of K,1.3 and IK., could be an
approach to preventing tissue rejection in organ trans-
plantation [263].

About 10 different types of K channels are known to
be involved in the development of cardiovascular disor-
ders. K;2.1, K;;3.4, K,p17.1, K 1.5, K4.3, K,7.1, and
K,11.1 channels [264] were found to be major players in
some types of arrhythmias (atrial fibrillation, Andersen
syndrome and long or short QT syndromes) [264]. In
most cases, the dysfunction of a particular channel
(channelopathy) results from mutations in the correspon-
ding gene [265]. Therefore, selective modulators of these
channels (e.g. BeKm-1) may be promising therapeutic
agents in cardiovascular diseases [188].

As mentioned above, K* channels are the major mol-
ecules responsible for the generation of the action poten-
tial and nerve signal transmission (see introductory part).
Disturbances in the normal functioning of these mem-
brane proteins are related to numerous neurophysiological
disorders, such as seizures, epilepsy, and autism [266-268].
Similarly to arrhythmia, the reasons for abnormal channel
activity can be mutations in the channel-encoding genes
(e.g. neuronal K, 1.1, K, 1.2, K,4.2, K, 7.2, and K, 7.3 chan-
nels). Therapy of neurophysiological disorders uses most-
ly low molecular mass K* channels ligands [51, 53].

Abnormal expression of K* channels has been
described in many types of tumor cells [269]. Some iso-
forms (K, 1.1, K;;3.4, Kyp5.1, Ky,p9.1, K, 1.1, K, 1.3, K, 1.5,
K,10.1, K,10.2, K,11.1, K,1.1, K,2.3, and K,3.1) play
an important role in cancer pathogenesis and, therefore,
can be considered as targets for treatment of oncological
diseases [229]. An even broader array of K* channels is
involved the chronic pain-associated processes [270],
which make K* channel activators promising candidates
as analgesics [271].

CONCLUSION

K" channels are a superfamily of integral membrane
proteins responsible for passive transport of K* across the
cell membrane. Similarly to other ion channels, the
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activity of K* channels can be modulated by various lig-
ands. All ligands of K* channels can be classified into sev-
eral groups, the three major groups being metal ions,
small organic molecules, and polypeptide toxins. In addi-
tion, specific antibodies have been obtained against many
of K* channel isoforms. K* channel ligands can be pore
blockers or modulators.

About 400 polypeptide ligands of K™ channels have
been identified in animal venoms; ~250 of them are scor-
pion venom toxins (KTx). All KTx are pore blockers that
can be subdivided into five groups according to their
structural and functional properties. Some of the toxins
(such as ChTX, BeKm-1, OSKI1, and apamin) have
become classical molecular tools in studies of K chan-
nels. In recent years, K™ channels have been considered
promising pharmacological targets in the therapy of
autoimmune, respiratory, and neurodegenerative dis-
eases, and K* channel ligands have emerged as potential
agents for treating these disorders.

Every year, new polypeptide ligands of K* channels
are added to the UniProt database because of high scien-
tific interest in this type of compounds. However, further
studies should focus not only on identification and purifi-
cation of these molecules, but on their detailed structural
and physiological characterization.

This work was supported by the Russian Science
Foundation (project No. 14-14-01180).
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