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Abstract—In mammals, about 40 isoforms of voltage-gated potassium channels (Kys) have been
found. To study such a variety of Kys, substances are needed that are able to selectively bind to
them and change their properties. We have previously reported on the isolation and
pharmacological characterization of MeKTx13-3, a peptide toxin from the venom of the scorpion
Mesobuthus eupeus. The toxin has shown high affinity to a number of Kys, with little selectivity for
the Kyl.1 isoform. In this paper, we describe the production of an artificial derivative of
MeKTx13-3, named MeKTx13-3 RMRH, using rational design. The selectivity of MeKTx13-
3_RMRH in relation to Ky1.1 is increased by an order of magnitude making it one of the most
specific ligands of this Ky, isoform. Finally, using computer simulations, we demonstrate that the
preference of the new ligand to Ky/1.1 can be realized through a specific positioning of the toxin in
complex with the channel.
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INTRODUCTION membrane in response to potential change [1].

Mature Ky channel is a tetramer of a-subunits,

Voltage-gated potassium channels (Kys) are each of which is formed by six TM segments (S1—
transmembrane (TM) proteins that provide pas-  S6) with one pore region (P) between S5 and S6
sive selective current of potassium ions across the  [2]. The channel pore domain is formed by S5 and
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S6 segments of all four a-subunits. In addition,
Kys may contain auxiliary B-subunits that can
modify the properties of the channel [3]. A dis-
tinctive feature of Kys is the presence of voltage-
sensing domains formed by four TM segments
(S1—-S4) in each a-subunit [4, 5]. According to
the latest guidelines of the International Union of
Basic and Clinical Pharmacology (IUPHAR),
about 40 genes of Ky a-subunits are known in
humans, which are referred to as isoforms [6].
Depending on the localization, as well as the
functions performed, Kys can be formed by iden-
tical or different a-subunits, and so they can be
homo- or heteromers [7, 8].

Investigation of the structural features, physio-
logical and pharmacological characteristics of
Kys is closely associated with the use of their
ligands [9—11] that can be divided into several
groups. The main ones are: (a) metal ions, for
example, Cs* and Ba2* [12, 13]; (b) small organic
molecules such as 4-aminopyridine and tetraeth-
ylammonium [14]; and (c) polypeptide toxins, for
instance charybdotoxin (ChTx) and dendrotoxin
[15]. Perhaps the richest source of Ky ligands is
the venoms of various animals, such as snakes, sea
anemones, cone snails, spiders, and scorpions
[16]. Scorpion toxins undoubtedly played a key
role in the study of Kys: from the pioneering work
on the inhibition of potassium current in the giant
squid axon using noxiustoxin from the venom of
the scorpion Centruroides noxius [17, 18] to the
obtaining the crystal structure of Ky in complex
with ChTx from the venom of the scorpion Lei-
urus quinquestriatus [ 19, 20]. Currently, according
to the Kalium database (https://kaliumdb.org/),
approximately 350 polypeptide ligands of potas-
sium channels are known and characterized,
more than half (~200) of which are toxins isolated
from scorpion venom [21, 22].

The majority of scorpion toxins acting on Kys
consist of 30—50 amino acid residues, 6 or 8 of
which are cysteine residues that form 3 or 4 intra-
molecular disulfide bonds respectively [16, 23].
These disulfides stabilize a characteristic polypep-
tide fold, which is called cysteine-stabilized o-
helix / B-sheet (CSo/B) [24, 25]. Despite the
common spatial structure, toxins can exhibit dif-
ferent pharmacological characteristics, selectively
acting on particular Ky isoforms. It is assumed
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that the selectivity is determined by the amino
acid residues of the toxin that form specific con-
tacts with the pore domain of the channel [26—
28]. Therefore, these features can be used for the
rational design of artificial derivatives with pre-
scribed properties based on a common molecular
framework [29—31].

We previously reported on the identification
and characterization of the toxin MeKTx13-3
(Kalium ID: a-KTx 3.19, UniProt ID: COHJQ6,
37 amino acid residues, three disulfide bonds)
from the venom of the Central Asian scorpion
Mesobuthus eupeus [32]. We performed a pharma-
cological characterization of this polypeptide and,
using electrophysiological methods, found that it
inhibits potassium current through some homote-
trameric Kys, namely: Ky1.1, 1.2, 1.3, and 1.6,
with half-maximal inhibitory concentrations
(ICsp) of ~2, 100, 10, and 60 nM, respectively.
The toxin was found to be selective to Kyl.1,
rather than Ky/1.2 or 1.3, which is a rather rare
feature of polypeptide ligands of Kys [23]. Now
we report that the introduction of a number of
substitutions in the amino acid sequence of MeK-
Tx13-3 allowed us to obtain a more selective pep-
tide towards Kyl.1—MeKTx13-3 RMRH.
Using methods of molecular modeling of the
structure and dynamics of complexes of this
MeKTx13-3 derivative with Ky1.1—1.3 homote-
tramers, we have established that the selectivity of
its action can be realized due to the specific posi-
tion of the toxin in the complex with the channel.

MATERIALS AND METHODS

Ethics Statement. This study strictly complied
with the World Health Organization’s Interna-
tional Guiding Principles for Biomedical
Research Involving Animals. The research was
carried out in AAALAC accredited organization
according to the standards of the Guide for Care
and Use of Laboratory Animals (8th edition,
Institute for Laboratory Research of Animals).
The use of frogs was in accordance with the
license number LAI1210239 of Toxicology &
Pharmacology, KU Leuven. The use of Xenopus
laevis was approved by the Ethical Committee for
animal experiments of KU Leuven (P186/2019).
All animal care and experimental procedures
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Table 1. List of oligonucleotides used for MeKTx13-3 RMRH gene construction

Name Sequence 5'—3'
F1 GCGATAGGTACCGACGATGACGATCGTGTGGGCATTAATGTGAAATGC
F2 CAGTGCCTGAAACCGTGCAAAGATGCGGGCATGCGTTTTGGCAAATGC
R1 TATCGCGGATCCCTATTTCGGGGTGCANMBcCATTTHEEA T T@MlccATTTGCCAAAACGC
R2 TGCACGGTTTCAGGCACTCMGGAATGTTTGCATTTCACATTAATGCCC

Restriction sites are in bold type; the stop codon is in italics; enteropeptidase cleavage site-encoding codons are underlined;
and the codons differing from MeKTx13-3 are shown on gray background.

agreed with the guidelines of the European Con-
vention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Pur-
poses (Strasbourg, 18.111.1986).

Recombinant Peptide Production. The proce-
dure to obtain recombinant MeKTx13-3 RMRH
was generally the same as described in our previ-
ous works [31]. The target peptide was produced
in a bacterial expression system as a fusion with
the carrier protein thioredoxin (Trx) [33] and
cleaved by recombinant human enteropeptidase
light chain [34]. DNA sequence encoding MeK-
Tx13-3 RMRH was constructed from partially
overlapping synthetic oligonucleotides by PCR in
two steps. Firstly, all four oligonucleotides (F1,
F2, R1 and R2; Table 1) were used for amplifica-
tion in 5 cycles. As a result, a full gene sequence
was obtained. Secondly, terminal oligonucle-
otides (F1 and R1) and diluted PCR mixture from
the first step as a matrix were used for the second
step of PCR.

The resulting PCR fragment was cloned into
the expression vector pET-32b (Novagen) at
Kpnl and BamHI restriction sites. Escherichia coli
SHuffle T7 Express cells (New England Biolabs)
were transformed and cultured at 30°C in LB
medium to an ODg, of ~0.6. Expression was
induced by 0.2 mM isopropyl B-D-1-thiogalacto-
pyranoside (IPTG). Cells were cultured at room
temperature (24°C) overnight (16 h) and har-
vested by centrifugation. The cell pellet was resus-
pended in 300 mM NaCl, 50 mM Tris-HCI buffer
(pH 8.0) and ultrasonicated. The lysate was
applied to a HisPur Cobalt Resin (ThermoFisher
Scientific); and the Trx-containing fusion protein
was purified according to the manufacturer’s pro-
tocol.

The fusion protein was dissolved in 50 mM

Tris-HCI (pH 8.0) to 1 mg/ml concentration and
hydrolyzed overnight (16 h) at 37°C by human
enteropeptidase light chain (1 U of enzyme per
1 mg of substrate). MeKTx13-3 RMRH was
purified by reversed-phase (RP) HPLC in a linear
gradient of acetonitrile concentration (0—60% in
60 min) in the presence of 0.1% trifluoroacetic
acid (TFA) on a Jupiter C5 column (4.6 x
250 mm; Phenomenex). The purity of the target
peptide was checked by MALDI-TOF MS and
analytical chromatography on a Vydac C18 col-
umn (4.6 x 250 mm; Separations Group) in the
same acetonitrile gradient.

Mass spectrometry. Molecular mass measure-
ments for natural and recombinant peptides were
performed using MALDI on an Ultraflex TOF-
TOF (Bruker Daltonik) spectrometer as described
in our previous papers [35]. 2,5-Dihydroxyben-
zoic acid (Sigma-Aldrich) was used as a matrix.
Measurements were carried out in both linear and
reflector modes. Mass spectra were analyzed with
the Data Analysis 4.3 and Data Analysis Viewer
4.3 software (Bruker).

Ion channel expression. Our general approach
to ion channel expression in oocytes was
described in detail previously [36]. Briefly, for the
expression of Ky genes (rat (r)Kyl1.1, Kyl.2,
human (h)Ky1.3, rKy 1.4, rKy/1.5, and rKy1.6) in
X. laevis oocytes, linearized plasmids containing
the respective gene sequences were transcribed
using the T7 mMESSAGE-mMACHINE tran-
scription kit (Ambion). 50 nl of cRNA solution
(I ng/nl) were injected into oocytes using a
micro-injector (Drummond Scientific). The
oocytes were incubated in ND96 solution: 96 mM
NaCl, 2 mM KClI, 1.8 mM CaCl,, 2 mM MgCl,
and 5 mM HEPES, pH 7.4, supplemented with
50 mg/1 gentamycin sulfate.
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Electrophysiological recordings. Two-electrode
voltage clamp recordings were performed at room
temperature (18—22°C) using a Geneclamp 500
amplifier (Molecular Devices) controlled by a
pClamp data acquisition system (Axon Instru-
ments) as described previously [36]. Bath solution
composition was ND96. Ky currents were evoked
by 250-ms depolarization to 0 mV from a holding
potential of —90 mV, followed by 250-ms pulses
to —50 mV. Concentration—response curves were
plotted, in which the percentage of current inhibi-
tion was plotted as a function of toxin concentra-
tion. Data were fitted with the Hill equation:

y=100/[1 + (ICsp/[toxin])1],

where y is the amplitude of the toxin-induced
effect, ICs is half-maximal inhibitory concentra-
tion, [toxin] is toxin concentration, and h is the
Hill coefficient. Comparison of two sample means
was performed using a paired Student’s 7-test
(p-value of 0.05 was used as a threshold of signifi-
cance). All data were obtained in at least three
independent experiments (n > 3) and are pre-
sented as mean * standard error of the mean. The
results obtained were processed using the program
Origin (OriginLab Corporation).

Molecular modeling. The model of MeKTx13-
3 RMRH structure was generated in the PyYMOL
Molecular Graphics System, version 1.8
(Schrodinger, LLC), using in silico mutagenesis
option. Since the amino acid sequence of MeK-
Tx13-3 is identical to that of BmKTX [37], the
known 3D structure of the latter (PDB ID:
IBKT) [38] was used as a template. Ky1.1 and
Ky1.3 models were generated previously [31, 39—
41] in MODELLER [42] using the Ky1.2 struc-
ture [43] as a template.

Complexes of MeKTx13-3 RMRH with potas-
sium channels were modeled analogously to the
procedure described in our previous works [31,
39—41], considering that the toxin interacts with
Kys similarly to ChTx [44]. The model of the com-
plex of MeKTx13-3_RMRH with Ky/1.2 was built
on the basis of the Ky/1.2/2.1—-ChTx complex crys-
tal structure (PDB ID: 4JTA) [20]: the structure of
the peptide was spatially aligned with the structure
of channel-bound ChTx, which was subsequently
replaced by the aligned toxin. Complexes with
Kyl1.1 and Ky/1.3 were generated similarly, but the
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first step was spatial alignment of the channel mod-
els with the Ky/1.2/2.1 chimera [31, 39—41].

Molecular dynamics simulations. Preparation of
the studied molecular systems for the molecular
dynamics (MD) simulation was performed auto-
matically using our in-house software package
IMPULSE (Krylov et al., in preparation) and
included the following steps. The resulting com-
plexes of MeKTx13-3_RMRH with Kys were
placed inside a lipid bilayer mimicking a neuronal
membrane. We used a pre-equilibrated fragment
of bilayer (7.0 x 7.0 x 13.5 nm?; 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine/cho-
lesterol, POPC:POPE:Chl; 100:50:50 molecules,
respectively, solvated with 14172 water molecules)
that has been described in detail in our previous
works [41, 45, 46]; some phospholipid and cho-
lesterol molecules were removed to provide room
for the protein. The TIP3P water model [47] and
the required number of Na*/Cl~ ions (to main-
tain electroneutrality) were used for resolvation.

All systems were equilibrated (heated up to
37°C) during 100 ps of MD simulation. Positions
of the channel C* atoms of residues not involved
in the channel pore vestibule, as well as the N®
atom of Lys26 in MeKTx13-3 RMRH were
restrained during the equilibration to prevent
destabilization of the initial complex. Systems
were then subjected to 500 ns of MD. All simula-
tions were performed with the GROMACS soft-
ware [48] (version 2018) using the AMBER99SB-
ILDN parameters set [49]. Simulations were car-
ried out with a time step of 2 fs, imposing 3D peri-
odic boundary conditions, in the isothermal-
isobaric (NPT) ensemble with a semi-isotropic
pressure of 1 bar using the Berendsen pressure
coupling algorithm [50], and at a constant tem-
perature of 37°C using the V-rescale thermostat
[51]. Van der Waals interactions were truncated
using a 1.4-nm spherical cut-off function. Elec-
trostatic interactions were treated with the PME
algorithm. During the simulation, the position of
the N® atom of Lys26 in each complex was
restrained inside the channel pore.

Analysis of intermolecular contacts and estima-
tion of residual contributions to intermolecular
interaction energy were performed based on MD
trajectory using our in-house software package
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IMPULSE (Krylov et al., in preparation) analo-
gously to the procedures described in our previous
studies [31, 41]. Briefly, H-bonds were assigned
using the parameters set from the hbond utility of
GROMACS software [48] (the distance D—A <
0.35 nm and the angle D—H—A > 150° for the
hydrogen bond D—H---A, where D and A are the
hydrogen bond donor and acceptor, respectively);
salt bridges, m—cation, stacking, and hydrophobic
contacts were calculated using algorithms
described in our previous works [52, 53]. The
AMBER99SB-ILDN parameters set [49] and
1.4 nm cutoff distance for van der Waals/electro-
static interactions were used to estimate the
energy of intermolecular non-bonded interac-
tions. All drawings of 3D structures were prepared
with the PyMOL. Graphical representation of the
interaction energy profiles was performed using
Python built-in libraries and NumPy package.

RESULTS AND DISCUSSION

New Ky ligand design strategy. Previous investi-
gations clarified a number of positions in the tox-
ins of a-KTx3 family underlying its high affinity
to Ky1.3. Mutagenesis studies of BmKTx (pos-
sessing the same amino acid sequence as MeK-
Tx13-3) demonstrated that substitution Asp33His
enhances the activity on Ky1.3 several times [54].
Another mutant of BmKTx named ADWX-1,
comprising residues Argll and His33, was
reported to block the channel currents with sub-
nanomolar activity [29], while substitutions
Argl1Ala or His33Ala result in significant activity
decrease. Besides, AgTx-2 [30, 55], OSKI1 [56]
and some other toxins, which have residues
Argl2, Met29, Arg31 and His34 (corresponding
to Argll, Met28, Arg30 and His33 in o-KTx3
toxins lacking N-terminal glycine), were also
reported as highly efficient Ky1.3 blockers
(Table 2). We took an attempt to produce a new
highly selective Ky1.3 blocker by introducing
these four substitutions (GlyllArg, Ile28Met,
Gly30Arg, and Asp33His) in MeKTx13-3. Sur-
prisingly, the peptide obtained (MeKTx13-
3_RMRH) demonstrated high affinity to Ky/1.1,
while its activity against Ky/1.3 did not change.

Recombinant toxin production. Recombinant
MeKTx13-3 RMRH was produced in E. coli
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SHuffle B strain as an expression system accord-
ing to our common protocol. The coding
sequence was cloned into the pET-32b expression
vector at Kpnl and BamHI restriction sites. Trx
was used as a folding companion to obtain the
peptide with disulfide bonds like in the natural
peptide. The target peptide was purified from
hydrolyzed fusion protein by RP-HPLC (Fig. 1)
and identified by using MALDI-TOF MS and
comparison of the calculated and experimentally
measured molecular mass. The final yield of the
peptide was ~3.5 mg from 1 1 of bacterial culture.

Electrophysiological profiling of MeKTx13-
3_RMRH. Characterization of MeKTx13-
3 RMRH pharmacological activity was per-
formed by electrophysiology on a number of Ky
isoforms using the two-electrode voltage-clamp
technique. Figure 2 demonstrates the recordings
of currents through homotetrameric potassium
channels of various isoforms (Ky1.1—1.3 and 1.6)
before and after application of the toxin at a con-
centration of 1 nM. It is obvious that MeKTx13-
3_RMRH is highly selective to Ky/1.1. At higher
concentrations, it also inhibited Ky1.2, 1.3, and
1.6, while no effect on Kyl.4 and 1.5 was
observed up to 1 uM (data not shown). For all Ky,
isoforms on which the effect was observed, con-
centration—response curves were plotted (Fig. 2,
bottom panel) and the of the ICs, values were
calculated: 0.11 £ 0.02 nM, 10.7 £ 0.8 nM, 8.1 =
0.2 nM, and 16.3 £ 1.0 nM on Kyl.1, 1.2, 1.3,
and 1.6 respectively.

Molecular modeling. Recently we determined
structural and dynamic details of MeKTx13-3
interaction with Kys to design a selective Ky1.3
blocker [31]. In current work we have performed a
computational study of its mutant MeKTx13-
3 RMRH in complex with potassium channels to
find out the cause of the unexpected specificity to
Kyl.1. We generated structure models of MeK-
Tx13-3_RMRH complexes with Kyl.1-1.3,
computed MD trajectories, analyzed intermolec-
ular contacts and residual contributions to inter-
action energy during the MD simulations, and
compared the results with data on MeKTx13-3
(Figs. 3, 4b—4d, 5, Table 3).

According to the results of the computational
study, the substitution Ile28Met does not lead to
noticeable effects on intermolecular contacts or
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Table 2. Amino acid sequences of o-KTx 3 family toxins, their mutants, and synthetic analogs with activity tested on Ky, channels

Toxin

Amino acid sequence and residue numbering?

Activity, nM ?

Name and data sources Kyl.1 Kyl.2 | Kyl.3 | Kyl.6
01 05 10 15 20 25 30 35 38

KTX-1[30] EvBrnvkcBgsBocLkpckpacMrRFGKCENRKCECTPK 1.19v 204 0.14v
AgTx-2[30, 55] EvBryvBcE8sBoclxrcxpacurrcrclinRxclcTr 0.0445Y 3.4%Y | 0.0045Y | 0.037%Y
Aam-KTX [57] IVIINVKC.SIQCIKPCKDAGMRFGKCINIKCICTPK—NH2 >7506Y 10.4¢Y 1.167
AgTx-1[55] EvBryvkcE§sBocLKPCKDAGMRFGKCINGKCECTPK 13657 1.75v 1495
OsK-1[56] EvlrvvkcksBocLBrckRacMrFGKCENGKCHCTPK 0.657 5.4%P 1 0.014%7 | >1000¢7
BoiTx1 [58] EvBryvkcRsEBcLBrckRrcrrrGRCINGKCHCT PR 550/50¢” 550/50¢Y
0dK2 [59] EvEEBv < cBEsBoclrcxpacvrrcrclNGKCcTPK >35¢7 >356Y | 7.20Y | >350V
MeKTx13-2 [32, 60] —IIIVKCKISIQCLICKIAGM.GKCIEGKCICTPK—NH2 90.3¢V | 2677.7¢V | 311.7¢V | 266.35Y
MeuKTx-3 [61] -VGINVKCKHSGQCLKPCKDAGMRFGKCMNGKCDCTPK-NH, 0.203%7 8.92¢V | 0.172%Y | 2000/93¢"
MeKTx13-3 [32, 60] -VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCDCTPK-NH, 1.9¢v 105 8.96V 63.4%7
MeKTx13-3 AAAR [31] -vGINVKCKHSGECLEPclDAGMRFGKCINGKCECTPK 541.5%Y | 21826V | 9.1¢V | 1522.3¢V
MeKTx13-3_RMRH (this study) | -vGINVKCKHSRQCLKPCKDAGMRFGKCHNEKCHCTPK 0.11¢Y 10.7¢Y 8.16v 16.3¢Y
BmKTX [54, 61] -VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCDCTPK-NH, 2000/100i,v 2000/73i,v 0.090¢” 2000/91i,v
BmKTX (N4A) [54] —VGIIVKCKHSGQCLKPCKDAGMRFGKCINGKCDCTPK 0.4376P
BmKTX (K6A) [54] -VGINVECKHSGOCLKPCKDAGMREGKCINGKCDCTPK 0.581¢°
BmKTX (K8A) [54] —VGINVKCIHSGQCLKPCKDAGMRFGKCINGKCDCTPK 0.416P
BmKTX (H9A) [54] —VGINVKCKISGQCLKPCKDAGMRFGKCINGKCDCTPK 2.14¢»
BmKTX (Q12A) [54] -VGINVKCKHSGJCLKPCKDAGMRFGKCINGKCDCTPK 0.93%P
BmKTX (K15A) [54] —VGINVKCKHSGQCLIPCKDAGMRFGKCINGKCDCTPK 0.055 %7
BmKTX (K18A) [54] -VGINVKCKHSGQCLKPCHDAGMRFGKCINGKCDCTPK 3.898¢7
BmKTX (M22A) [54] —VGINVKCKHSGQCLKPCKDAGIRFGKCINGKCDCTPK 0.454¢°p
BmKTX (R23A) [54] —VGINVKCKHSGQCLKPCKDAGMIFGKCINGKCDCTPK 175.706%2|
BmKTX (F24A) [54] —VGINVKCKHSGQCLKPCKDAGMRIGKCINGKCDCTPK 9.7¢¢
BmKTX (K26N) [54] —VGINVKCKHSGQCLKPCKDAGMRFGICINGKCDCTPK 5.457¢P
BmKTX (K31A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGICDCTPK 0.821¢°
BmKTX (T35A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCDCIPK 0.134¢°
BmKTX (P36A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCDCTIK 1.465P
BmKTX-D33H [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCICTPK 0.015¢°
BmKTX-D33H (R23A) [54] —VGINVKCKHSGQCLKPCKDAGMIFGKCINGKCICTPK 27.218%P
BmKTX-D33H (F24A) [54] -VGINVKCKHSGQCLKPCKDAGMREGKCINGKCcTPK 20.998¢7
BmKTX-D33H (K26A) [54] -VGINVKCKHSGQCLKPCKDAGMRFGHECINGKCHCTPK 4.555¢P
BmKTX-D33H (I28A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCICTPK 0.721¢°
BmKTX-D33H (N29A) [54] -VGINVKCKHSGQCLKPCKDAGMRFGKCIGKCHCTPK 6.1645P
BmKTX-D33H (H33A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCICTPK 0.43¢P
BmKTX-D33H (T35A) [54] —VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCICIPK 0.346P
ADWX-1[29] -VGINVKCKHSROCLKPCKDAGMRFGKCENGKCHCTPK 0.65¢7 >100¢7 | 0.002 P
ADWX-1 (R11A) [29] -VGINVKCKHSHoCLKPCKDAGMRFGKCENGKCECTPK 0.336%P
ADWX-1 (R23A) [29] -vGInvkckHsRocrkrcxpAGMEFGKCNGKCHcTPK 7.3446P
ADWX-1 (F24A) [29] -vGINVKCKHSRocLrpcKDAGMREGKCENGKCECTPK 4.013¢P
ADWX-1 (K26A) [29] -vGINVKCKHSRocLkPCKDAGMRFGECHNGKCECTPK 9.6746P
ADWX-1 (T28A) [29] -VGINVKCKHSFOCLKPCKDAGMRFGKCHENGKCHCTPK 0.058¢»
ADWX-1 (N29A) [29] -VGINVKCKHSRocLKPCKDAGMRFGKCEGKCHCTPK 0.454¢P
ADWX-1 (H33A) [29] -vGINVKCKHSRocLrPCKDAGMRFGKCNGKCHCTPK 0.077%P
ADWX-1 (T35A) [29] -VGINVKCKHSoCLKPCKDAGMRFGKCENGKCHCHPK 0.028<P

01 05 10 15 20 25 30 35 37

a—Residue numbering for the peptides with N-terminal glycine residue is shown above the sequences, numbering for the rest
of the peptides is shown below the sequences; —NH, indicates known C-terminal amidation of natural toxins. Conserved cys-

teine residues are shown in bold; residues that differentiate peptides from MeKTx13-3 are shown on gray background; most
frequent substitutions are shown in bold on gray background. b—Values are shown in the following format: X—K;, K;, or IC5

value in nM; >X—toxin had no effect at up to Xvalue; X/ Y—means that toxin at concentration X reduced ion current through
the channel by Y percent. The type of data reported: c—half-maximal inhibitory concentration (/Cjsp); d—dissociation con-

stant (K); i—inhibition constant (K;). The experimental method applied: v—electrophysiology using the voltage clamp tech-

nique; p—electrophysiology using the patch clamp technique. Data on amino acid sequences, N-terminal amidation, and
activity of toxins were collected using Kalium [22].
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Fig. 1. Production of MeKTx13-3 RMRH. (a) RP-HPLC separation of recombinant MeKTx13-3 RMRH from fusion pro-
tein hydrolyzed by human enterokinase light chain. (b) Purification of the target peptide by RP-HPLC.
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Fig. 2. Pharmacological characterization of MeKTx13-3_RMRH. (a) Representative traces of currents through Kys in con-
trol (black) and after the application of 1 nM of peptide (red). (b) Concentration—response inhibition curves of the toxin on
Ky1.1—1.3 and 1.6 obtained by electrophysiological measurements.

interaction energy (Fig. 3). The number and the
quality of intermolecular contacts (hydrophobic)
formed by the residues in complexes of MeK-
Tx13-3 and MeKTx13-3 RMRH differ insignifi-
cantly (Table 3). This observation is well

consistent with experimental data demonstrating
that [le28 Met mutation does not result in functional
differences between BmKTx and MeuKTx-3
(Table 2) [61].

As it was noted in our previous study [31],
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Fig. 3. Interaction energy profiles of peptide toxins in complexes with Ky/1.1—1.3. (a) Profile for MeKTx13-3; and (b) MeK-
Tx13-3_RMRH. Bar charts show residual contributions to the interaction energy averaged over MD simulation. Error bars
indicate standard deviations. Amino acid sequences are shown above the residue numbers; substitutions in MeKTx13-
3 _RMRH are shown in red font. Data for MeKTx13-3 were described in a previous study [31].

Asp33 in MeKTx13-3 makes significant positive
contribution to the interaction energy (negatively
affects the affinity) (Fig. 3) due to electrostatic
repulsion with a conserved negatively charged res-
idue in the channel vestibule (Asp377/375/399 in
Ky1.1/1.2/1.3, see Fig. 4a). It is not surprising
that the substitution Asp33His in MeKTxI3-
3 _RMRH “cancels out” this unfavorable energy
contribution. In addition, His33 forms a hydro-
gen bond in the complex with Kyl1.1 (His33—
Gly376, see Fig. 4c). Thus, benefits of the
Asp33His substitution for stabilizing MeKTx13-
3_RMRH—-Kyl.1 complex are beyond doubt.
However, it is unlikely that this residue is essential
for the increase of the specificity to Kyl.l
observed when moving from MeKTx13-3 to
MeKTx13-3 RMRH, since (a) His9 forms two
hydrogen bonds with Kyl1.2, which might
increase the affinity to this channel (Table 2); (b)
the substitution Asp33Arg in MeKTx13-3 AAAR
[31] (which adds favorable contribution to the
interaction energy and provides multiple possibil-
ities for polar contact formation) did not prevent
the decrease of the affinity to Ky1.1 caused by
other substitutions.

Other substituted residues Argll and Arg30 in

MeKTx13-3 RMRH make significant favorable
contributions to the interaction energy (Fig. 3).
Moreover, these structure modifications result in
the formation of twelve (a quarter of the total
number) intermolecular contacts (Table 3): three
hydrogen bonds and three salt bridges (Argll—
Asp361, Argl1—Asp377, and Arg30—Asp361, see
Figs. 4c, 4d), as well as three n—=n and three n—cat-
ion interactions (Argll—His355, Argll—
Phe356, and Arg30—Phe356) in the complex
with Ky1.1. Needless to say, analogous contacts
are impossible in the complexes of MeKTx13-3
with Kys since Glyl1 and Gly30 do not possess
side chains.

Nevertheless, the contacts formed by Argl1 and
Arg30 do not explain high MeKTx13-3 RMRH
specificity to Kyl1.1. These substitutions do not
cause such a prominent increase of affinity to
Kyl1.2 and Ky1.3, although they are involved in
multiple interactions with these two channels as
well. Evidently, the contacts of Argl1 and Arg30
provide optimal toxin positioning and orientation
of channel regions to allow other interactions in
the complex with Ky/1.1, which actually underlie
the peptide specificity. Thus, contacts Arg30—
Asp361 and Arg30—Phe356 fix a region of the
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Fig. 4. Modeled structure of MeKTx13-3_RMRH in complex with Ky1.1. (a) Amino acid sequence alignment of the extra-
cellular pore region of Ky/1.1—1.3 channels. The indices “h” and “r” in front of the channel names indicate the source organ-
ism (human and rat respectively). Residue numbering is above each sequence; different residues are shaded in gray. (b) Overall
structure of the Ky1.1-MeKTx13-3_RMRH complex after 500-ns MD simulation inside a hydrated lipid bilayer membrane.
Ky1.1 subunits are shown in cartoon representation (gray, brown, cyan, and blue); the pore domain helices of the channel
subunit in the foreground and voltage-sensing domain of the adjacent subunit, as well as extended extracellular loops are omit-
ted for clarity. Lipids are shown in a semi-transparent space-filling representation; atoms are colored: oxygen, red; phospho-
rus, orange; nitrogen, blue; hydrogen of amino and hydroxyl group, white; carbon of POPC, light-yellow; carbon of POPE,
yellow; and carbon of cholesterol, beige. Some lipids are omitted for clarity. MeKTx13-3 RMRH is presented in pink; residue
Lys26 (plugs the channel pore) is shown as sticks. (c, d) Close-up left-side and right-side views (respectively) on the channel
pore vestibule shown in panel (b). The channel is in a semi-transparent representation. Lipids are omitted for clarity. Side
chains of Lys26 and other residues involved in intermolecular contacts are shown as sticks; for residues Pro36, Lys37, and
Gly376 some atoms of the main chain are also shown as sticks. Polar contacts (hydrogen bonds and salt bridges) are shown as
dashed green lines. In the moment presented in panel (d), His9 does not form a contact with Glu353.

receptor between the residues Phe356 and Asp361
next to the toxin in the MeKTx13-3 RMRH-
Kyl.1 complex. Such a fixation restricts the
mobility of the adjacent fragment between the res-
idues Glu353 and His355 and keeps an optimal
position of Glu353 for the formation of a hydro-
gen bond and a salt bridge with the peptide residue
Lys31 (Figs. 4, 5). Analogous contacts are not

realized in the complexes with Ky/1.2/Ky1.3 since
side chains of the corresponding residues Asp351/
Thr375 cannot reach the e-amino group of Lys31.

Other interactions realized due to the toxin
positioning sufficient for the contact formation is
Pro36—Tyr379. Main chain of Pro36 in MeK-
Tx13-3 RMRH forms a hydrogen bond with the
side chain of Kyl.1-specific residue Tyr379
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Fig. 5. (a, b) Changes of the distance between channel and toxin fragments during MD simulation. (a) Distance between
Kyl.1 fragment Phe356—Asp361 and residue Gly30/Arg30 of MeKTx13-3/MeKTx13-3_RMRH. (b) Distance between
Kyl.1 fragment Glu353—His355 and residue Lys31 in MeKTx13-3/MeKTx13-3_RMRH. The distance was calculated
between geometric centers of the polypeptide fragments of channel and the main chain of corresponding toxin residues. (c, d)
Root mean deviation (RMSD) of the position of Ky1.1 fragments during MD simulation of its complex with MeKTx13-3/
MeKTx13-3 RMRH. (¢) RMSD of Phe356—Asp361 fragment. (d) RMSD of Glu353—His355 fragment.

(Fig. 4¢), which does not appear in the MeK-
Tx13-3—Kyl1.1 complex. Analogous contacts are
not observed in the complexes with other chan-
nels: side chain of Val377 in Kyl1.2 is too short
and lacks the appropriate functional group, while
side chain of His401 in Ky/1.3 cannot reach the
main chain of Pro36.

Obviously, two hydrogen bonds and two salt
bridges Lys37—Asp361 and Lys37—Asp377, as
well as medium-lived hydrogen bonds His9—
Glu353 and GInl12—Glu353 (Fig. 4d), also
become possible in the MeKTx13-3 RMRH-—
Ky1.1 complex as a result of the specific position-
ing of the toxin relatively to the receptor. It could
be noted that analogous contacts formed by Lys37
were observed in the complex of MeKTx13-3 with
Ky1.3 (Lys37—Asp383 and Lys37—Asp399),
while analogous contacts formed by His9 and
GIn12 were found in the complex of MeKTx13-3
with Ky1.2 (His9—Asp351 and Glnl2—Asp351)
[31], but not in the complexes of MeKTx13-

3 RMRH with any of these two channels. Such a
loss of contacts can also be explained by slightly
different positioning of the wild-type and mutant
toxins in complexes with Ky/1.2 and 1.3.

Specific position of MeKTx13-3 RMRH sta-
bilized by interactions of Argl1 and Arg30 in the
studied complexes causes not only the disappear-
ance of some contacts observed in the wild-type
toxin, but also appearance of novel interactions.
Thus, 45, 29, and 23 specific contacts are
observed in the complexes of MeKTx13-
3_RMRH with Ky1.1, Ky1.2, and Ky1.3 respec-
tively, while only 10, 8, and 3 of them are identi-
cal between MeKTx13-3 and MeKTxl13-
3 RMRH. Apparently, when comparing MeK-
Tx13-3 to MeKTx13-3 RMRH the contacts
number increase results in the increase of affinity
to Ky1.1 and Ky/1.2 (since the mutant forms more
contacts with these two channels), but does not
affect the affinity to Ky/1.3 (Tables 2, 3).

Analysis of intermolecular contacts shows that
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Table 3. Intermolecular contacts observed in complexes of MeKTx13-3 and MeKTx13-3_RMRH with Kys
during MD simulations

Number of contacts in complexes

Kyl.1 Ky1.2 Kyl.3
Contacts ¢
MeKTx13-3 1\3’[_‘“’%(1&’;{113{ MeKTx13-3 1\34_61%[’;{113{ MeKTx13-3 1\3’[_61531’;{151
All specific interactions b
Long-living 7 17 9 9 15 17
Medium-living 21 23 10 17 11 4
Short-living 4 5 3 3 4 2
Total 32 45 (10)¢ 22 29 (8) 30 23 (3)
Hydrogen bonds
Long-living 5 8 8 7 8 10
Medium-living 10 14 8 14 7 3
Short-living 2 3 3 2 3 2
Total 17 25(7) 19 23 (8) 18 15(3)
Salt bridges
Long-living 1 5 1 2 4 5
Medium-living 3 2 2 2 2 —
Short-living — - — 1 1 —
Total 4 7(1) 3 5(0) 7 5(0)
Stacking/n—n interactions
Long-living — 2 — — 2 —
Medium-living 3 2 — — 1 1
Short-living 1 1 — — — —
Total 4 5(1) — — 3 1(0)
Cation—r interactions
Long-living 1 2 — — 1 2
Medium-living 5 5 — 1 1 —
Short-living 1 1 — — — —
Total 7 8 (1) — 1(0) 2 2(0)
All non-specific (hydrophobic) interactions
Long-living 154 188 162 169 149 168
Medium-living 92 86 68 113 94 66
Short-living 18 10 9 25 20 11
Total 264 284 239 307 263 245
Hydrophobic interactions of [le28/Met28

Long-living 19 13 10 14 12 13
Medium-living 1 5 5 5 2
Short-living — - — — 1 1
Total 20 18 (9) 15 19 (14) 20 16 (13)

a—Lifetime of each contact counted as part of MD trajectory time (300 ns in total, starting after 200 ns of MD: first 200 ns
were not taken into account to get representative data). Short-living contacts: lifetime is greater than 7% and less than 10%;
Medium-living contacts: lifetime is less than 50%; Long-living contacts: lifetime is greater than 50%. b—Hydrogen bonds,
salt bridges, stacking/n—n interactions, and n—cation interactions. c—Number of identical contacts in the complexes with
MeKTx13-3 RMRH and MeKTx13-3 is in parenthesis.

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY Vol. 57 No. 2 2021



ARTIFICIAL PEPTIDE LIGAND OF POTASSIUM CHANNEL

Table 4. Peptide toxins with the highest selectivity for
Ky1.1. For the listed toxins, the ICs( (or K) ratios are

shown for the indicated channel pairs

Toxin ‘KV1.2/KV1.1‘ Ky1.3/Kyl.1
Scorpion toxins

MeKTx13-3_ RMRH 79 57

(this study)

MeKTx13-2 [32] 30 4
MeKTx13-3[32] 56 5
HgTX1 [62] 6 3

Sea anemone toxins

APEKTxI [36] >1111 >1111
BgK [63] 2 3

MeKTx13-3 RMRH forms 23 specific and
245 hydrophobic contacts with Ky1.3, while
MeKTx13-3 forms 30 specific and 263 hydropho-
bic contacts. However, the number of long-living
hydrogen bonds and salt bridges in the complex
with MeKTx13-3 RMRH (10 and 5, respec-
tively) is greater than in complex with the wild-
type toxin (8 and 4). Presumably, the similar
potency of toxins to Ky/1.3 is due to the redistribu-
tion of the quantity and quality of the contacts
(Table 3).

Summarizing the results of the computational
analysis, we conclude that Argl1 and Arg30 play
an essential role in the selective binding of MeK-
Tx13-3_RMRH to Ky/1.1. In complexes with Kyss
these residues stabilize specific toxin position rel-
atively to the receptor due to multiple intermolec-
ular interactions. The toxin position provides the
formation of “supporting” contacts (by Lys31,
Pro36, and Lys 37, as well as His9 and GInl12) in
the complex with Kyl.1, which presumably
underlie the high affinity to this particular chan-
nel isoform.

Kyl.1-selective ligands are uncommon among
animal toxins. Using Kalium database [22] we
have analyzed the data on known potassium
channel ligands and found out that just a few nat-
ural polypeptide toxins possess Ky/1.1 selectivity.
There are only three scorpion toxins (KTx)
among them: hongotoxin-1 (a-KTx 2.5, P59847)
from the venom of the Central American scorpion
Centruroides limbatus, and MeKTx13-2 (a-KTx
3.18, COHJQ4) and MeKTx13-3 (a-KTx 3.19,
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COHJQ6), both of which are from M. eupeus |32,
62]. In the venom of other animals Ky/1.1-selec-
tive toxins are also rare components. Only two
such molecules, i.e. BgK (x-actitoxin-Bgrla,
P29186) and APEKTx1 (xPI-actitoxin-Ael3a,
P86862), were found and purified from sea anem-
ones Bunodosoma granuliferum and Anthopleura
elegantissima, respectively [36, 63]. Currently,
APEKTXx1 is the undeniable leader among the
Kyl.1-selective polypeptides displaying an 1Cs
value of ~1 nM without cross-activity on other
isoforms up to 1 pM concentration [36].

To estimate ligand specificity against different
ion channel isoforms, for example Ky/1.1, we used
the so-called “selectivity factor” representing the
ratio of ICs (or Ky) values for two channels [40].
This parameter can be applied to evaluate easily
the specificity of each toxin to Kyl.1 (Table 4).
Expectedly, APEKTx1 displays the highest selec-
tivity factor (more than 1000 for each isoform
pair). MeKTx13-2 are MeKTx13-3 are natural
scorpion toxins showing a modest preference to
Kyl.l as compared with Ky1.3, whereas this
parameter for MeKTx13-3 RMRH is ten folds
higher. Thus, currently, MeKTx13-3 RMRH is
the most selective ligand of Ky/1.1 designed on the
scaffold of a potassium channel scorpion toxin
(Table 4).

A prevailing majority of polypeptide ligands
are cross-active and simultaneously inhibit sev-
eral similar isoforms of homotetrameric potas-
sium channels [16, 64, 65]. Sometimes, toxin
specificity is “shifted” towards one or two par-
ticular isoforms. For example, OSKI1 (a-KTx
3.7, P55896) from Orthochirus scrobiculosus
venom is more selective to Kyl.3, whereas
OSK3 (a-KTx 8.8, AOAIL2FZD4) from the
venom of the same scorpion acts on both Ky1.2
and 1.3 isoforms in comparable concentrations
[39, 56]. Most of the work on identification and
design of selective polypeptides acting on potas-
sium channels is focused on Ky1.3 ligands [10].
This Ky isoform is considered an important phar-
macological target in the development of a number
of autoimmune diseases [66], and selective peptide
inhibitors, such as mokal [30], ShK-186 [67], and
HsTX1 [R14A] [68], are suggested as potential
therapeutic agents [69]. A number of polypeptides,
such as conotoxin kM-RIIIJ (k-conotoxin RIIIJ,
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POCG45) [70] and actinotoxin BesTx1 (k-acti-
toxin-Bcs3a, COHJC2) [71], as well as scorpion
toxins MeKTx11-1 (a-KTx 1.16, COHJQ?7) [40]
and MMTX (a-KTx 26.4, PODL65) [72], pres-
ent a high selectivity on Ky1.2. Despite Kvl.1
isoform being structurally close to Ky1.2, the list
of its selective inhibitors is rather short (see
above).

There are several general limitations to the
research targeted to design and characterize novel
isoform-specific ligands, including KTx deriva-
tives. Firstly, subunit composition of Ky tetram-
ers can be very different and heteromeric channels
are much more frequently expressed in vivo,
including channels containing Ky1.1 and Ky1.2
subunits [73]. Moreover, the stoichiometry of
such complexes has not yet been established, and
it is still unclear, where exactly they are expressed
in the organism. The second limitation is the defi-
ciency of pharmacological data for a large number
of known toxins. Unfortunately, full-scale mea-
surements, including 1Csy and K4 determination,
were performed only for a minor pool of polypep-
tide toxins. Finally, further development of new
Ky ligands is significantly dependent upon the
determination of the spatial structure of channel—
toxin complexes [20], and therefore overcoming
the corresponding challenges in structural biology
is of prior importance. It should be noted that
Kyl.1 and 1.2 are considered among the most
common Ky isoforms in the central nervous sys-
tem, where they are localized mainly in axons and
nerve endings [7]. Application of selective ligands
similar to MeKTx13-3 RMRH described here
will shed light on specific functions of these chan-
nels.
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