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ARTICLE INFO ABSTRACT

Keywords: Kv1.3 K* channels play a central role in the regulation of T cell activation and Ca>" signaling under physiological
KvL.3 and pathophysiological conditions. Peptide toxins targeting Kv1.3 have a significant therapeutic potential in the
Scorpion toxin treatment of autoimmune diseases; thus, the discovery of new toxins is highly motivated. Based on the tran-
Ion channel selectivity . . . Lo . .
Patch-clamp SCrlptf)ITle analy51§ of th.e ven_om gland of V. mextcan.us smithi a nov.el .syn.thetlc peptide, st.KTx was genera.ted,
T-cell activation containing 36 amino acid residues. sVmKTx shows high sequence similarity to Vm24, a previously characterized
Toxin-channel interaction peptide from the same species, but contains a Glu at position 32 as opposed to Lys32 in Vm24. Vm24 inhibits
Kv1.3 with high affinity (Kg = 2.9 pM). However, it has limited selectivity (~1,500-fold) for Kv1.3 over hKv1.2,
hKCa3.1, and mKv1.1. sVmKTx displays reduced Kv1.3 affinity (Kq = 770 pM) but increased selectivity for Kv1.3
over hKv1.2 (~9,000-fold) as compared to Vm24, other channels tested in the panel (hKCa3.1, hKv1.1, hKv1.4,
hKv1.5, rKv2.1, hKv11.1, hKCal.l, hNavl.5) were practically insensitive to the toxin at 2.5 pM. Molecular
dynamics simulations showed that introduction of a Glu instead of Lys at position 32 led to a decreased structural
fluctuation of the N-terminal segment of sVmKTx, which may explain its increased selectivity for Kv1.3. sVmKTx
at 100 nM concentration decreased the expression level of the Ca?* -dependent T cell activation marker, CD40
ligand. The high affinity block of Kv1.3 and increased selectivity over the natural peptide makes sVmKTx a
potential candidate for Kv1.3 blockade-mediated treatment of autoimmune diseases.

1. Introduction

Scorpion venoms consist of complex mixtures of hundreds of
different proteins and other molecules, some of which have enzymatic
and cytolytic activities and thus harmful effects on humans [1,2].
However, venoms also contain molecules with potential therapeutic
effects. Of these, the ones targeting ion channels in the plasma mem-
brane, such as voltage-gated K*, Na* and Ca?" channels, Ca®*-activated
K* channels and Cl~ channels, or in the cytosol, such as Ryanodine

receptor, have paramount importance [3-9]. There are over 200 scor-
pion toxins in 7 subfamilies (a, B, v, 5, €, k, and A) that target voltage-
gated K* channels, of these the o family (a-KTx) being the largest con-
taining ~150 members. a-KTx share a common structural motif, called
cysteine-stabilized o/p scaffold (CS-ap), in which the a-helix is con-
nected to at least two p-sheets by 3—4 disulfide bridges [10,11].

The classical methods of peptide identification, that include chro-
matographic separation combined with mass spectrometry or Edman
degradation, led to the discovery of a large number of peptides [12].

Abbreviations: EGTA, ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MD, mo-
lecular dynamics; MM-GBSA, molecular mechanics-generalized Born surface area; RCF, remaining current fraction; RMSF, root-mean-squared fluctuations; sVmKTx,
synthetic mature peptide of GenBank accession number JZ818447.1; Tgy, effector memory T cell; TFA, trifluoroacetic acid; Vm24, peptide isolated from Vaejovis
mexicanus, «-KTx 23.1, 2K90.
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Later the new approach was the Edman degradation peptide sequencing
complementation [13]. One of the major limitations of this approach is
the purification and isolation of sometimes miniature quantities of the
toxins in the venom. To overcome this limitation venom gland tran-
scriptome analysis has been introduced recently resulting in the dis-
covery of several novel peptides [14-16]. For example, the
transcriptome analysis of Vaejovis mexicanus permitted the identification
the total of 197 express sequence tags (ESTs), of which of 23 (11.7%)
have sequence similarities to toxins [17]. The predictions regarding the
biological activity of these peptides, however, must be confirmed with
electrophysiology using recombinantly or synthetically produced pep-
tides. The combination of these techniques allows for pharmacological
characterization or structural determination of the peptides predicted to
exist based on the venom transcriptome.

Among the peptide toxins targeting Kv channels, the identification
and characterization of Kv1.3 inhibitor peptides bear great significance
due to their potential therapeutic application in the management of
Kv1.3-dependent immunological diseases [18]. Chronically activated
effector memory T lymphocytes (Tgy) play an important role in the
pathogenesis of autoimmune diseases such as multiple sclerosis, type 1
diabetes mellitus or rheumatoid arthritis [19,20]. These T cells are
characterized by high Kv1.3 expression, thus their proliferation can be
suppressed, and the symptoms of experimental autoimmune disease
could be ameliorated by Kv1.3 inhibitors. The molecular mechanism
behind this effect is that Kv1.3 maintains a permissive membrane po-
tential for efficient Ca®* signaling through the Ca®"-release activated
Ca?* channels in T cells. Kv1.3 inhibitors depolarize T cells and in turn,
diminish the driving force for Ca?" entry into the cells upon T cell
activation [21-23]. Thus, Kv1.3 is an important pharmacological target
for treating autoimmune diseases [18].

Several peptide toxins have been isolated and characterized as high
affinity blockers of the Kv1.3 ion channel [5,24]. Among these, Vm24
(a-KTx 23.1) is a 36-residue Kv1.3-blocker peptide from the venom of
the scorpion Vaejovis mexicanus smithi. Vm24 blocks Kv1.3 channel with
high affinity (Kq = 2.9 pM) and displays excellent, over ~1500-fold
Kv1.3 selectivity against several ion channels. However, at high peptide
concentrations (over 10 nM) it also blocks other ion channels including
Kvl.1l, Kvl.2 and KCa3.1 [25]. The transcriptome analysis of
V. mexicanus smithi identified a 36-residue peptide with high sequence
similarity to Vm24. The difference between the two toxins is one amino
acid residue: Vm24 contains a positively charged lysine at position 32
whereas the novel peptide contains a negatively charged glutamate at
the identical position [17].

In this study we synthetically produced this novel peptide referred to
as sVmKTx and investigated whether the unique similarity of sVmKTx
with Vm24 is reflected in its pharmacological properties. sVmKTx
blocked Kv1.3 channels with high, albeit decreased affinity (Kq = 770
pM) as compared to Vm24. This change in the potency was associated
with higher selectivity for Kv1.3 than Vm24 against a panel of channels
used in this study (hKv1.3 > hKv1.2 > hKCa3.1 ~ hKvl.1 ~ hKvl.4 =
hKvl.5 ~ rKv2.1 ~ hKvll.l ~ hKCal.l ~ hNavl.5). Molecular
mechanics-generalized Born surface area (MM-GBSA) binding free en-
ergy calculations reported that the Lys32Glu substitution weakened the
binding of sVmKTx to His451 residues in two subunits of the Kv1.3
tetramer. Molecular dynamics simulations showed that the Lys32Glu
substitution led to a decreased structural fluctuation of the N-terminal
segment of sVmKTx, which may explain its increased selectivity for
Kv1.3. Adding 100 nM sVmKTx to T cells decreased the expression level
of CD40 ligand, which is an early, Ca®* -dependent T cell activation
marker. The high affinity block of Kv1.3 and increased selectivity over
the natural peptide makes sVmKTx a potential candidate for Kv1.3
blockade-mediated treatment of autoimmune diseases, in which the Tgy
cells play an important role.
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2. Materials and methods
2.1. sVmKTx production and chemical characterization

A linear analogue of sVmKTx was synthesized by a solid phase
methodology on rink amide MBHA resin (Calbiochem- Novabiochem
Corp., San Diego, CA). Fmoc-amino acids (Calbiochem-Novabiochem
Corp.) were used with the following side chain protection: Arg(Pbf), Asn
(Trt), Cys(Trt), GIn(Trt), Glu(OtBu), Lys(Boc), Ser(tBu), and Tyr(tBu).
The Fmoc group was removed by treatment with 20% piperidine in
dimethylformamide (DMF) for 20 min followed by a wash with DMF.
Fmoc- amino acids (0.2 mmol) were coupled as active esters, which was
performed in DMF with HBTU [2-(1H- benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophos-phate]. HOBt (N-Hydroxybenzo-
triazole) and DIEA (diisopropylethylamine) (0.175, 0.172 and 0.3
mmol, respectively; activation for 2 min) as activating agents. Coupling
times were 2 hrs. Unreacted or deblocked free amines were monitored
through the ninhydrin test in every cycle of the peptide synthesis [26].
During the entire synthesis, before the next amino acid was coupled, the
undesirable residual free amines were blocked by acetylation. All the
operations were performed manually in a 20 ml glass reaction vessel
with a Teflon-lined screw cap. The peptide resin was agitated by gentle
inversion during the Na-deprotection and coupling steps.

Following final removal of the Fmoc group, the peptide resin (150
mg) was cleaved from the resin and simultaneously deprotected using
10 ml of reagent K (84% TFA (trifluoroacetic acid), 5% Phenol, 5%
Thioanisole, 5% H50, 1% DTT (dithiothreitol)) for 2 h at room tem-
perature. Following cleavage, the crude peptide was precipitated and
washed with ice-cold tert-butyl ether and then dissolved in 20% aqueous
acetic acid. The product was lyophilized and kept desiccated at —20 °C
until it was used.

The cyclization reaction to make the corresponding disulfide bridges
of the molecule was conducted in 0.1 M NaCl, 5 mM reduced gluta-
thione, 0.5 mM oxidized glutathione, 20 mM Nay;HPO4 (pH 7.8), and 0.1
mg/ml unfolded synthetic VmKTx. The crude cyclized product was pu-
rified in two steps by HPLC. The first used a C18 preparative column
(238TP1022 Vydac, Grace Corp., Columbia, MD.), with a linear gradient
of solution A (0.12% TFA in water) to solution B (0.1% TFA in aceto-
nitrile) run up to 60% B over 60 min. The main component was further
separated as described under Results.

The homogeneity of the peptide was verified by mass spectrometry
(only one component) and by Edman degradation procedure. Mass
spectrometry analysis was conducted in a LCQFleet apparatus from
Thermo Fisher Scientific Inc. (San Jose, CA, USA) and the amino acid
sequence determination by Edman degradation was performed using a
Shimadzu Protein Sequencer PPSQ-31A/33A (Columbia, Maryland,
USA) as described elsewhere [26].

2.2. Human T lymphocytes for patch-clamp recordings

Heparinized human peripheral venous blood was obtained from
healthy volunteers. Mononuclear cells were separated through
Histopaque-1077 (Sigma-Aldrich Hungary, Budapest, Hungary) density
gradient centrifugation. Collected cells were washed twice with Ca®*-
and Mg -free Hanks solution containing 25 mM HEPES buffer, pH 7.4.
Cells were cultured for 2-5 days in 24-well culture plates in a 5% CO4
incubator at 37 °C, in RPMI 1640 medium supplemented with 10% fetal
calf serum (Sigma-Aldrich), 100 pg/ml penicillin, 100 pg/ml strepto-
mycin, and 2 mM L-glutamine (density, 0.5 x 10° cells per ml). The
culture medium also contained 6 or 12 pg/ml phytohemagglutinin A
(Sigma-Aldrich), to increase K™ channel expression. Cells were washed
gently twice with 5 ml of normal extracellular bath medium (see below)
for the patch-clamp experiments.
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2.3. Human T cells for CD40L staining; T cell activation

Buffy coats from anonymized healthy donors were obtained from
blood bank donors. Mononuclear cells were separated through density
gradient centrifugation, using Histopaque-1077 (Sigma-Aldrich, Buda-
pest, Hungary). CD4" T lymphocytes were purified by magnetic-
activated cell sorting (positive selection) with the REAlease® CD4"
MicroBead Kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
[27]. Dead cells were removed using the Dead Cell Removal Kit (Mil-
tenyi Biotec GmbH, Bergisch Gladbach, Germany). Cells were cultured
in 96-well plates (200,000/well) in 5% CO3 incubator at 37 °C, in RPMI-
1640 medium supplemented with 10% fetal bovine serum (Sigma-
Aldrich), 100 pg/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-
glutamine. CD4" T lymphocytes were divided into three groups: 1.
unstimulated cells, 2. stimulated cells, 3. stimulated cells + sVmKTx
(100 nM). For TCR-specific stimulation DynaBeads Human T-Activator
aCD3/aCD28 for T Cell Expansion and Activation (Thermo Fischer
Scientific, Budapest, Hungary) was used according to the manufac-
turer’s protocol. For group 3, cells were pre-incubated with the sVmKTx
toxin (100 nM) for five minutes before activation. Cells were incubated
at 37 °C in 5% CO; for the indicated times. To determine the optimal
length of activation, in which the IL-2 production and the consequent
auto-activation of the cells can be avoided, activated cells were sampled
and analyzed by cell surface staining of CD40L at different time points
(see results).

2.4. Measurement of CD40L surface expression

To quantify T-cell activation, CD40L surface expression was deter-
mined accordingly: cells were resuspended in 100 ul of phosphate-
buffered saline supplemented with 1% fetal bovine serum and were
incubated with fluorescein isothiocyanate (FITC) -labeled anti-CD40L
(BioLegend Inc., San Diego, CA) for 30 min at 4 °C according to the
manufacturers protocol. Cells were then washed with phosphate-
buffered saline, centrifuged at 400g and were fixed in 2% para-
formaldehyde. Samples were measured with NovoCyte Flow Cytometer
system (ACEA Bioscience Inc., Santa Clara, CA, USA) and were analyzed
with FCS Express 6.0 (De Novo Software, Glendale, CA). After FSC-SSC
gating, CD40L expression was analyzed. Negative (unlabeled) and non-
stimulated controls were always prepared and assessed for comparison.

2.5. Ethical statement

The use of human T cells for electrophysiology was approved by the
Ethical Committee of the Hungarian Medical Research Council (36255-
6/2017/EKU). Informed consent was obtained from each participant.
The investigation conforms to the principles outlined in the Declaration
of Helsinki.

2.6. Cells for heterologous expression of ion channels

Human embryonic kidney 293, CHO and MEL cells were grown
under standard conditions, as described previously [28-30].

2.7. Expression of recombinant ion channels

CHO cells were used to express hKvl.1 (in pCMV6-GFP plasmid
OriGene Technologies, Rockville, MD), hKv1.2 (in pCMV6-GFP plasmid
OriGene Technologies, Rockville, MD), hKv1.4 (hKv1.4-IR, the inacti-
vation ball deletion mutant of Kv1.4; a kind gift from D. Fedida, Uni-
versity of British Columbia, Vancouver, Canada), rKv2.1 (a kind gift
from Dr. S. Korn, University of Connecticut, Storrs, CT), hKCal.1 (hSlol
gene in pCI-neo plasmid, GenBank accession no. U11058; a gift from T.
Hoshi, University of Pennsylvania, Philadelphia, PA), and hNav1.5 (a
gift from R. Horn, Thomas Jefferson University, Philadelphia, PA). These
channel clones were transiently co-transfected with a plasmid encoding
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the green fluorescent protein (GFP) (except for hKvl.1 and hKv1.2
where GFP-tagged ion channel vectors were used), at molar ratios of 1:5,
by using Lipofectamine 2000 (Invitrogen, Thermo Fischer Scientific,
Budapest, Hungary) according to the manufacturer’s protocol and were
cultured under standard conditions. Currents were recorded 24 h after
transfection. GFP-positive transfectants were identified with a Nikon
Eclipse TS100 fluorescence microscope (Nikon, Tokyo, Japan) and were
used for current recordings (>70% success rate for co-transfection). MEL
cells stably expressing the hKv1.5 channel [30] and CHO cells stably
expressing the hKCa3.1 channel and were gifts from Dr. Heike Wulff
(University of California, Davis, CA, USA), hKv11.1 (hERG) channels
were expressed in a stable manner in HEK 293 cells.

2.8. Electrophysiological experiments

Whole-cell currents were measured in voltage-clamped cells ac-
cording to standard protocols [25,28,29,31], using a Multiclamp 700B
amplifier connected to a personal computer with Axon Digidata 1440A
data acquisition hardware (Molecular Devices, Sunnyvale, CA). Series
resistance compensation up to 70% was used to minimize voltage errors
and to achieve good voltage-clamp conditions. Cells were observed with
Nikon Eclipse TS100 (Nikon, Tokyo, Japan) fluorescence microscope, by
using band-pass filters of 455-495 nm and 515-555 nm for excitation
and emission, respectively. Cells displaying strong fluorescence were
selected for current recordings, and >70% of those cells displayed co-
transfected current. Pipettes were pulled from GC 150F-15 borosilicate
glass capillaries Harvard Apparatus (Kent, UK) in five stages and fire-
polished, which resulted in electrodes having 3-5-MQ resistance in the
bath. Solutions: all salts and solution components were purchased from
Sigma-Aldrich, Budapest, Hungary. For measurements of most channels,
the bath solution consisted of 145 mM NaCl, 5 mM KCl, 1 mM MgCl,,
2.5 mM CaCly, 5.5 mM glucose, and 10 mM HEPES, pH 7.35, supple-
mented with 0.1 mg/ml bovine serum albumin. For recordings of
hKv11.1 (hERG) currents, the bath solution contained 140 mM choline
chloride, 5 mM KCl, 2 mM MgCly, 2 mM CaCly, 0.1 mM CdCly, 20 mM
glucose, and 10 mM HEPES (pH 7.35). hKCa3.1 currents were recorded
with an external solution of the following composition: 160 mM L-
aspartic acid (Na™ salt), 5 mM KCI, 2.5 mM CaCl,, 1 mM MgCl, and 10
mM HEPES, pH 7.4. The measured osmolarity of the external solutions
was between 302 and 308 mOsM. The internal solution contained 140
mM KF, 2 mM MgCl,, 1 mM CaCly, 10 mM HEPES, and 11 mM EGTA (pH
7.22). For recordings of hKCal.1 (hBK) currents, the composition of the
pipette filling solution was 140 mM KCl, 10 mM EGTA, 9.69 mM CaCl,,
5 mM HEPES, pH 7.2. The free Ca?* concentration of the latter solution
was 5 pM, which allowed recording of hKCal.1 currents at moderately
depolarizing potentials [32]. For recordings of KCa3.1 currents, the
composition of the pipette filling solution was 150 mM potassium
aspartate, 5 mM HEPES, 10 mM EGTA, 8.7 mM CaCly, 2 mM MgCl,, pH
7.2. This solution contained 1 uM free Ca®*, to activate the KCa3.1
current fully [33]. For recordings of Kv11.1 currents, the pipette solu-
tion contained 140 mM KCl, 10 mM EGTA, 2 mM MgCl,, and 10 mM
HEPES, pH 7.3. For recordings of Nav1l.5 currents, the composition of
the pipette filling solution was 105 mM CsF, 10 mM NaCl 10 mM EGTA
and 10 mM HEPES, pH 7.2. The measured osmolarity of the internal
solutions was approximately 295 mOsM. Bath perfusion around the
measured cell with different test solutions was achieved by using a
gravity-flow perfusion system. Excess fluid was removed continuously.
For measurements of currents from hKv1l.1, hKv1.2, hKv1.3, fast
inactivation-removed hKv1.4 (Kv1.4AN), hKv1.5, and rKv2.1 channels,
voltage steps to +50 mV were applied from a holding potential of -120
mV every 15 or 30 s. For hKvll.1 (hERG) channels, currents were
evoked with a voltage step to +20 mV followed by a step to —40 mV,
during which the peak current was measured. The holding potential was
-80 mV, and pulses were delivered every 30 s. For KCal.l channels, a
voltage step to +50 mV was preceded by a 50-ms hyperpolarization to
-100 mV from a holding potential of 120 mV. Pulses were delivered
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every 15s. hKCa3.1 currents were elicited every 15 s with voltage ramps
to +50 mV from a holding potential of -120 mV. Currents through
Nav1.5 channels were evoked every 15 s with voltage steps to 0 mV from
a holding potential of ~120 mV. For data acquisition and analysis, the
pClamp10 software package (Molecular Devices, Sunnyvale, CA) was
used. In general, currents were lowpass- filtered by using the built-in
analog four-pole Bessel filters of the amplifiers and were sampled
(2-50 kHz) at least twice the filter cut-off frequency. Before analysis,
whole-cell current traces were corrected for ohmic leakage and were
digitally filtered (three-point boxcar smoothing). Each data point of the
concentration-response curves represents the mean of three to six in-
dependent experiments, and error bars represent the SEM. Data points
were fitted with a two-parameter Hill equation, RCF = KA/&H +
[Tx] H), where RCF is the remaining current fraction (RCF = I/I, where I
and [ are current amplitudes in the presence and absence, respectively,
of toxin at a given concentration), Kq is the dissociation constant, H is
the Hill coefficient, and [Tx] is the toxin concentration. Where indi-
cated, Kg was estimated from the RCF value obtained with a single toxin
concentration assuming H = 1.

2.9. Statistical analysis

All data are presented as means + SEM. Statistical analysis were
using Student’s t-test (unpaired). Statistical analysis was performed
using GraphPad v.8. (GraphPad Software LLC, San Diego, CA, USA).

2.10. 3D structure of sVmKTx

As sequence of sVmKTx differs from Vm24 only in one amino acid
residue (K32E), we used the previously published NMR structure of the
latter peptide (Protein Data Bank ID: 2K90) [26] as initial guess to
generate the 3D structure of the investigated sVmKTx toxin. Twenty
slightly different conformers of Vm24 can be found in PDB file 2K90.
These structures were grouped to five clusters using the conformation
clustering tool of the Schrodinger package (Schrodinger Release 2019-4.
Schrodinger, LLC, New York, NY). Representative structures (the closest
one to the average structure) of these clusters were used in our
computational stability and docking investigations. The K32E mutants
were generated from these structures with the help of the residue
scanning tool of the Schrodinger package.

2.11. Homology model of the human Kv1.3 ion channel

The amino acid sequence of human Kv1.3 channel was taken from
the Uniprot database (ID P22001). The homology model was created
only for the inner region of the channel, namely amino acid residues
383-491 using the original Uniprot numbering. The X-ray structure of
ChTx bound Kv1.2-2.1 chimera ion channel (Rattus Norvegicus, PDB ID:
4JTA) [34] was used as a template. hKv1.3 has as high sequence identity
as 93% in the selected region (see results). Homology model of human
Kv1.3 ion channel was created with the Prime program from the
Schrodinger package, and it was refined using the Protein Preparation
Wizard of the same package.

2.12. ToxDock protocol to Rosetta

ToxDock protocol is a combination of ensemble-docking and exten-
sive conformational sampling. It was successfully applied for docking
a-GID and its analogs to an a4p2 nAChR homology model [35]. The
same protocol was used to find the best docking poses of Vm24 and
sVmKTx to the homology model of human Kv1.3 channel. Five were
selected from the NMR based experimental structures of Vm24 [26] and
fitted to the ChTx structure providing initial structures for the docking.
The results were collected and 5 structures with the highest surface
interaction were selected from the 25 highest ranked docking poses for
further molecular dynamical investigations. The same procedure was
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applied to the sVmKTx toxin using the K32E mutant structures.

2.13. Conformational sampling of Vm24 and sVmKTx and their complex
with hKv1.3 ion channel

Structural differences of sVmKTx and Vm24 were investigated using
an extended conformational sampling method, the replica exchange
solute tempering (REST) molecular dynamics (MD) [36,37] as it is
implemented in the Desmond code (Schrodinger Release 2019-4,
Schrodinger, LLC, New York, NY). The toxins were centered in ortho-
rhombic boxes filled with water molecules and NaCl in 0.15 M final
concentration. The charges of the toxins were neutralized with addi-
tional Cl™ ions. The shortest distance between the toxin and the walls of
the box was 10 A. The OPLS3e force-field [38] was applied for the
toxins, water molecules were parametrized using the SPC (simple point-
charge) water model. The initial structure was relaxed before the pro-
duction run using the following five-step protocol: (1) 100-ps-long
Brownian NVT dynamics at 10 K with 1 fs time steps and restraints on
solute heavy atoms, (2) 12-ps-long NVT dynamics at 10 K with 1 fs time
steps and the same restraint, (3) 12-ps-long NPT dynamics at 10 K with
1 fs time steps retaining the restraint, (4) 12-ps-long NPT dynamics at
300 K with 2 fs time steps with restraints on solute heavy atoms, and
finally, (5) 24-ps-long molecular dynamics calculation of the same kind
was carried out without any restraints. Six simultaneous 200 ns-long
NPT molecular dynamics calculations at different temperatures between
300 K and 390 K were carried out to collect representative conforma-
tional samples of the investigated toxins at these temperatures. For the
parameters not described here we used the default settings of the Des-
mond program. The last 100 ns of the 300 K replica of the REST simu-
lation was selected to characterize the structural differences of sVmKTx
and Vm24. To this end, root-mean-squared fluctuations (RMSF) of the
non-H atoms of the amino acid residues and H-bond analysis of K32 and
E32 residues with the remaining part of the toxins were carried out with
the corresponding utilities from the Schrodinger package (Schrodinger
Release 2019-4. Schrodinger, LLC, New York, NY).

The binding modes of sVmKTx and Vm24 to the hKv1.3 ion channel
were compared using molecular dynamics based conformational sam-
plings started from the best docking poses obtained with the ToxDock
protocol described above. Five independent 100-ns-long NPT MD sim-
ulations with the OPLS3e force-field [38] and the SPC water model was
completed for both toxin-ion-channel complexes. The parameters of the
simulation as well as the relaxation steps used for the initial structures
were the same as it is described at REST simulation above. Cumulated
trajectory points collected from the last 50 ns of these calculations were
used in MM-GBSA residue interaction mapping.

2.14. MM-GBSA binding pattern analysis

Binding affinities (AG) of toxins were calculated using the molecular
mechanics-generalized Born surface area (MM-GBSA) approximation,
which was originally developed for ligand-receptor complexes and was
successfully applied in several molecular design studies [39-41].

In this method the estimated binding free energy of a ligand (AG) is
calculated using the single trajectory approach [42], in which a single
MD simulation of the protein-ligand complex is carried out providing
regular conformational samples of the complex. For each structure

AG:GPL*GP*GL
was calculated, where Gp;, Gp and G are the energy of the protein

ligand complex, protein and ligand in a geometry obtained from the MD
trajectory points. These energy values are calculated as

G = Gyym + Gson,

where Gy is the calculated molecular mechanics energy for the force
field applied, and Gg,)y is the solvation energy in the generalized Born
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name sequence n %I
Vm24 AAAISCVGSPECPPKCRAQGCKNGKCMNRKCKCYYC 36 100
sVmKTx AAATSCVGSPECPPKCRAQGCKNGKCMNRKCECYYC 36 97.2

KA AR KA AR KA A KNI A AN XA I A AR KA A XA A AR A K « XXk K

Fig. 1. Alignment of the sVmKTx sequence with Vm24. The percentage of identity (% I) was determined with LALIGN v. 2.1.30. The alignments were performed
with CLUSTALX v. 2.0. (*) shows conserved amino acids and (:) the variable amino acids. The number of amino acid residues is indicated by n. Amino acids indicated
by bold italic are the diad amino acids essential for Kv channel inhibition. The accession number for Vm24 in the UniProtKB is PODJ31.

approximation. Different variations of this method are widely used in
large scale drug design studies (for a recent review see [43]) although
doubts also emerged considering its accuracy [44]. In addition to the
absolute binding free energy, MM-GBSA method is also applicable in
identification of the critical interactions for rational drug design. For this
purpose, the total binding free energy of a ligand is decomposed to per-
residue contributions. This way the interaction pattern of the investi-
gated compounds can be quantitatively compared residue by residue
[45].

Standard error of mean (SEM) of total binding free energy as well as
its per-residue contributions were calculated with the help of bootstrap
error estimation following the work of Aldeghi et al. [46]. A total of 10°
samples were generated using random resampling with replacement of
the calculated binding free energy values, and the standard deviation of
the resulting distribution of the means was taken as error estimation.

The actual calculations were carried out with the thermal mmgbsa.
py script of the Schrodinger package from the evenly spaced 100
structures of the last 50 ns of each of the five production MD simulations
executed for both toxin-protein complexes.

3. Results
3.1. Production and structural characterization of sVmKTx

During the transcriptome analysis of the venomous gland of the
scorpion Vaejovis mexicanus a very similar peptide to Vm24 toxin was
identified [17] and named as VmKTx1 (GenBank accession number in
JZ818447.1). To verify the function of VmKTx1 chemical synthesis of
the predicted peptide was performed and was referred to as sVmKTx
thereafter. Fig. 1 shows the predicted mature peptide containing 36
amino acid residues and a multiple alignment between the known pri-
mary sequence of Vm24 and the synthetic peptide sVmKTx. The only
difference between the two peptides is in position 32, where a glutamic
acid substitutes for a lysine found in Vm24.
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After synthesis and folding the peptide was purified by two consec-
utives HPLC separations. The final purification profile is shown in
Fig. 2A. The principal component (main peak, without the small lateral
shoulder) was selected for this work. This component was homogeneous
as shown by Edman degradation. The molecular mass determined by
mass spectrometry was 3865.75 Da, showing that it corresponds exactly
to that of the expected sequence (Fig. 2B). It is worth noting that the
resin used is designed to produce a C-terminally amidated peptide,
exactly like the case for native Vm24.

3.2. sVmKTx is a high-affinity, reversible blocker of hKv1.3 channels

The standard voltage protocol used to evoke voltage-gated, hKv1.3-
mediated, K currents in T cells consisted of a series of 15-ms de-
polarizations from a holding potential of -120 mV to +50 mV (to
maximize the open probability of the channel). The time between
voltage pulses was set to 15 s, to avoid cumulative inactivation of
hKv1.3 channels. Under the experimental conditions applied (detailed
under Materials and Methods), the whole-cell currents were conducted
exclusively by hKv1.3 channels [25]. Representative current traces are
shown in Fig. 3A. Macroscopic K* currents through hKv1.3 channels
were recorded sequentially in the same cell, before (control traces) and
after the addition of 10 nM sVmKTx to the external solution through
perfusion. The Kv1.3 current almost completely disappeared by the 7th
pulse (corresponding to 105 s) in the presence of 10 nM sVmKTx.
Washing the perfusion chamber with toxin-free solution resulted in a full
recovery from block (see Fig. 3C).

The kinetics of the development of the block of the whole-cell Kv1.3
current in T cells is shown in Fig. 3B for 3 nM sVmKTx and in Fig. 3C for
1 nM sVmKTx. The Kv1.3 current is progressively blocked by sVmKTx,
which is reflected by decrease in the normalized peak currents as a
function of time, the origin (t = 0) corresponds to the start of the
perfusion with the toxin-containing extracellular solution. The com-
parison of Fig. 3B and C clearly indicates that equilibrium block

645.42 (+6)

3865.75 amu

774.00 (+5)

= 79642
70525 ... 967.58 (+4),057 57 -

sor17 1T 1141.17 BT 13783 146533 154608 1 10775 183750 193158
hdboilloniil Lo T s o e s e e i

800 1200 2000

m/z

Fig. 2. Purification and validation of sVmKTx. (A) Purification of sVmKTx. A C18 analytical column (218TP54 Vydac) was used for the second separation as
shown here, using a linear gradient from solvent A (0.12% TFA in water) to 60% solution B (0.1% TFA in acetonitrile) in 50 min. (B) Mass spectrometry analysis of
purified peptide sVmKTx showing three main ions (645.42 of charge +6, 774.00 of charge +5 and 967.58 of charge +4) all corresponding to an unique peptide with

3865.75 atomic mass units (amu).
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Fig. 3. Block of Kv1.3 channels by sVmKTx. A, whole-cell potassium currents through hKv1.3 channels evoked from a human T cell in response to depolarizing pulses
to +50 mV from a holding potential of -120 mV every 15 s. Kv1.3 currents were almost completely blocked when the bath was perfused with 10 nM sVmKTx in the
extracellular solution. Arrows indicate K™ current in the absence of the toxin (control), and the 1st and 7th pulses in 10 nM sVmKTx. B, Kinetics of the block.
Normalized peak currents are plotted as a function of time. The box indicates the application of the toxin-containing extracellular solution (3 nM sVmKTx). Dashed
line indicates the fitting of a single-exponential decaying function to the data points resulting in 7, = 51.2 s (see Materials and Methods). C, Peak currents were
determined and normalized to the peak current in control solution, and values were plotted as a function of time. The arrows indicate the start of the perfusion with 1
nM sVmKTx and the wash-out using toxin-free extracellular solution (wash-out). Dashed line indicates the fitting of a single-exponential decaying function to the data
points resulting in t;, = 49.7 s. Perfusion with toxin free medium resulted in full recovery from block, with a time constant of t,,; = 169 s. Pulses were delivered
every 15 s. D, effect of sVmKTx concentration on blocking kinetics. Apparent first order association (On, ko, x [sVmKTx], left ordinate, empty circles) and disso-
ciation (Off, ko, right ordinate, empty squares) rates were plotted as a function of the sVmKTx concentration. Data points were fitted with a linear function (solid

lines r? = 0.99), error bars indicate SEM (n = 3).

develops faster for higher peptide concentration (150 s for 3nM vs. 250 s
for 1 nM). For both peptide concentrations, the kinetics of the block
followed a single exponential time-course indicating a simple bimolec-
ular interaction between the peptide and the channel.

Fig. 3C also shows, that the block of the Kv1.3 current is reversible.
Upon equilibration of the block (~50% of the current is blocked at 1 nM
sVmKTx) the extracellular solution was switched to a toxin-free extra-
cellular solution (washout) resulting in a full recovery from block.
Similar to the development of the block the wash-out phase followed a
single exponential time course as well, the solid line superimposed on
the data points indicates the best-fit single exponential function.

Fig. 3D shows the analysis of kinetic features of the development of
current inhibition at various sVmKTx concentrations. The time constants
for the development of the block (tj,, association or wash-in time con-
stant) were determined by fitting a single-exponential decay function to
the normalized peak current-time relationships (Fig. 3B and C). The
time constant for the recovery from block (o, dissociation or wash-out
time constant) was determined by fitting a single exponential rising
function to the normalized peak currents-time relationship segment
after the start of the wash-out (Fig. 3C). With the assumption of a
bimolecular reaction between the toxin and the channel, the resulting
wash-in time constant T, = 1/((kon X [SVmMKTx] + Kof) and the wash-
out time constant is Toyt = (koff)’l, where ko, and kg are the rate con-
stants of toxin association to and dissociation from the channel,
respectively, and [sVmKTx] is the peptide concentration. Plotting the
apparent first-order rate constants for association (ko x [sVmKTx]) and

dissociation rate (ko) values as a function of the sVmKTx concentrations
showed that the apparent first-order association rate increases linearly
with toxin concentration, whereas the dissociation rate remains con-
stant: koge = 0.0069 + 0.00019 s~! [47]. The second order rate constant
for association determined from the linear regression fit to the data
points in Fig. 3D resulted in koy = 0.0085 nM ™! s7! (% = 0.99).

To determine the concentration-dependence of current inhibition by
sVmKTx, experiments shown in Fig. 3A-C were repeated at various
sVmKTx concentrations ranging from 0.1 nM to 100 nM and remaining
current fractions were determined upon reaching equilibrium block. The
dose-response relationship was analyzed by fitting the Hill equation to
the data points (Fig. 4), which yielded an equilibrium dissociation
constant of 0.77 nM and a Hill coefficient of 1.1. The K4 obtained from
equilibrium block is in good agreement with the dissociation constant
calculated from the block kinetics, Kq = Kofe/kon = 0.0069 s~1/0.0085
nM ! s7! = 0.81 nM. This confirms our assumption that the interaction
between sVmKTx and the ion channel is bimolecular.

3.3. sVmKTx is selective for Kv1.3 and does not inhibit a wide range of
other channels

Among the channels involved in the selectivity screening, the main
targets were hKv1.1, hKv1.2 and hKCa3.1 since these channels were
partially blocked by Vm24 at high, 10 nM concentration [25]. In addi-
tion to hKv1.1 (Fig. 5A), hKv1.2 (Fig. 5B) and hKCa3.1 (Fig. 5F), we also
tested the effects of sVmKTx on the currents of the following five K*
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Fig. 4. Dose-response relationship for sVmKTx. The dose-response was ob-
tained by plotting the remaining current fraction (RCF = I/I) as a function of
toxin concentration (where I and I are the peak currents measured in the
presence and absence of toxin, respectively) and fitting the function RCF = K4/
(K4 + [Tx]®) to the data points (where [Tx] indicates the toxin concentration
and Ky is the dissociation constant and H is the Hill coefficient). The super-
imposed dashed line is the Hill equation fitted to the data points (see Materials
and Methods). The best fit yielded K4 of 0.77 nM, and H = 1.1. Error bars
indicate SEM (n = 3-6).

channels and the human cardiac Na® channel: hKv1.4AN (fast
inactivation-removed hKv1.4) (Fig. 5C), hKvl.5 (Fig. 5D), rKv2.1
(Fig. 5E), hKCal.1 (Fig. 5G), hKv11.1 (Fig. 5H), and hNav1.5 (Fig. 5I).
Of the tested channels, hKCa3.1, hKv1.1, and hKv1.2 were not blocked
by sVmKTx at 100 nM, which is more than100-fold concentration than
the Kq for Kv1.3, moreover, other channels studied were unaffected by
100 nM sVmKTx either (Fig. 6A).

Although Vm24 has more than 1500-fold selectivity over other
channels, the peptide significantly inhibited the hKv1.1, hKv1.2 and
hKCa3.1 currents at 10 nM concentration, which is more the 3300-fold
concentration that the Kq for Kv1.3 (3 pM). Thus, we also tested sVmKTx
at comparable concentrations, i.e., at 2.5 pM, which is more that 3200-
fold concentration than the K4 for Kv1.3 (0.77 nM). sVmKTx in 2.5 pM
concentration had no effect on hKvl.1 and KCa3.1 channels but it
showed a partial (~25%) block of the hKv1.2 current (Fig. 6B and C), the
RCF value was 0.74 4 0.007 (n = 3). The estimated K value for hKv1.2
from a single concentration, based on a bimolecular interaction, yielded
7.1 pM. The material available was not sufficient to construct a full
concentration-response study at this very high peptide concentration
range.

3.4. Comparison of Vm24 and sVmKTx structure

The sequence of sVmKTx differs from Vm24 only in one amino acid
residue (K32E), therefore the NMR structure of the latter (PDB ID: 2K90)
[26] can serve as an initial estimate for the 3D structure of the mutated
peptide (see Materials and Methods for details). Replica exchange solute
tempering molecular dynamics was used to create a representative
sample of Vm24 and sVmKTx conformations at 300 K. Fig. 7A presents
the root-mean-square fluctuations (RMSF) of heavy atoms of the amino
acid residues of both toxins. The fluctuations are considerably smaller
owing to the K32E mutation in the sVmKTx toxin. The main reason of
this change is the formation of new H-bonds between the E32 and K30,
Al and R17 residues (Fig. 7B and C) appearing in 30%, 43% and 26% of
the trajectory, respectively. These H-bonds cannot be formed in the case
of Vm24 with a lysine at position 32 in its sequence. The RMSF values for
the channel-bound toxins (see below for details on docking) are also
displayed in Fig. 7A (dotted lines) along with those of the free toxins in
solution (solid lines). The fluctuations decrease for most of the residues
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of Vm24 and sVmKTx after binding to hKv1.3 as compared to the free
toxins. However, the N-terminal region of Vm24 remained more flexible
than that of sVmKTx even after binding to the channel.

3.5. Interaction patterns of Vm24 and sVmKTx toxins with the hKv1.3
ion channel

Homology model of the human Kv1.3 channel (UniProt ID: P22001)
was created for the inner region of the channel, (amino acid residues
383-491). X-ray structure of ChTx bound Kv1.2-2.1 chimera ion channel
(Rattus Norvegicus, PDB ID: 4JTA) [34] was used as a template. The
ToxDock protocol in the Rosetta package [35] was used to find the best
docking poses of Vm24 and sVmKTx to the homology model of the
human Kv1.3 channel. Five structures with the highest surface interac-
tion were selected from the 25 highest ranked docking poses for further
molecular dynamics calculations. Five MD simulations of 100 ns dura-
tion (Schrodinger Release 2019-4, Schrodinger, LLC, New York, NY)
were used to generate a statistically acceptable sample of conformations
for the characterization of the interactions of Vm24 and sVmKTx toxins
with Kv1.3. The RMSF values of the non-H atoms of the residues of both
toxins were calculated similarly to their free states. Finally, a single
trajectory MM-GBSA binding free energy calculation [42] was carried
out on the collected samples to elucidate the differences of the inter-
action patterns of the toxins, using partitioned, per-residue contribu-
tions of the total binding free energy [45] (see Materials and Methods for
details).

The MM-GBSA method provided binding free energy estimates of
—104.1 + 4.7 kcal/mol and —89.9 + 5.3 kcal/mol for the toxins Vm24
and sVmKTx, respectively. Per-residue contributions to the MM-GBSA
binding free energy were calculated for residues within 8 A of the
toxins. The differences of the dominant contributions were calculated by
subtracting the values belonging to the Vm24 complex from those of
sVmKTx complex (dGgymkrx — dGyma24) and presented in Fig. 8A. These
differences elucidate the changes in the interaction pattern caused by
the K32E amino acid substitution. Binding free energy contributions
from residues M27, N28, K32, Y34 became less negative resulting in
positive differences. This shows weakened interactions. Binding free
energy contributions from residues C26 and R29 became more negative
indicating stronger interactions. Overall, weakening dominates, there-
fore K32E mutation results in smaller binding affinity in the case of toxin
sVmKTx. Per-residue contributions to MM/GBSA binding free energy
were also calculated for the ion channel residues within 8 A of the toxins.
Differences of these contributions of sVmKTx-Kv1.3 and Vm24-Kv1.3
complexes were also calculated, and dominant contributions are
shown in Fig. 8B. The largest positive differences in per residue contri-
butions belong to H451 residues in two adjacent chains A and D, rep-
resenting weaker interactions (the numbering of channel amino acid
residues is according to Fig. 8C). On the other hand, the dominant
negative values correspond to H451 and D449 of chain B.

3.6. sVmKTx inhibits CD40L expression in CD4™" T cells

CDA40L expression reports on the efficacy of early, Ca-dependent
activation steps in human CD4 ™ T cells and has been used as a readout to
assess Kv1.3-dependence of T cell activation [48,49]. We induced
CDA40L expression by direct stimulation of the T cell receptor pathway
with aCD3/aCD28 DynaBeads in human CD4" T cells and determined
the fraction of cells expressing CD40L using flow cytometry. The time
course of the generation of CD40L expressing cells was determined by
starting a 24 h assay following «CD3/aCD28 stimulation and samples
were obtained at different time points for CD40L staining. Fig. 9A shows
that the aCD3/aCD28 stimulation-induced increase in the fraction of
CDA40L expressing cells saturates by 24 h, by this time point 74.9 + 0.5%
(SEM, n = 7) of the cells showed CD40L expression. In the next step, we
determine if sVmKTx reduced the fraction of T cells expressing CD40L
upon «CD3/aCD28 stimulation. Based on the data in Fig. 9A, we set the
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Fig. 5. 100 nM sVmKTx has no effect on several ion channels. Current traces recorded before the application of the toxin (control), after 10 sweeps in 100 nM
sVmKTx, and after perfusing the recording chamber with control solution (wash out of the toxin). Data are shown for the following channels: hKv1.1 (A), hKv1.2 (B),
fast inactivation-removed hKv1.4 (Kvl1.4AN) (C), hKv1.5 (D), rKv2.1 (E), hKCa3.1 (F), hKCal.1 (hBK) (G), hKv11.1 (hERG) (H) and hNav1.5 (I) (for details on the

expression systems, solutions, and voltage protocols, see Materials and Methods).

duration of the aCD3/aCD28 exposure to 5 h in the subsequent exper-
iments, which leads to a measurable increase in CD40L expressing cells,
however, the IL-2 induced auto activation of the cells can be avoided
(Fig. 9A) [50]. CD4™" cells were pre-incubated for 5 min with sVmKTx
(100 nM) and cells were then activated for 5 h with «CD3/aCD28
DynaBead in the continuous presence of sVmKTx. The flow cytometric
histograms in Fig. 9B show that 100 nM sVmKTx has substantially
reduced the fraction of CD40L expressing the T cells (green trace) as
compared to the control cells stimulated identically in the absence of
sVmKTx (red trace). Fig. 9C shows that the fraction CD40L expressing
cells in the presence of sVmKTx, normalized to that of stimulated cells in
the absence of the toxin, is reduced to ~50% (n = 3). Cells not exposed
to aCD3/aCD28 beads showed practically no CD40L expression.

4. Discussion

We characterized the in vitro pharmacological properties and bio-
logical effect of the sVmKTx peptide synthetized based on the tran-
scriptome analysis of the venom gland of the Mexican scorpion
V. mexicanus smithi [17]. We showed that sVmKTx is a high-affinity in-
hibitor of Kv1.3 channels with a K4 of 770 + 21 pM (Fig. 4). The Kv1.3
selectivity of sVmKTX is at least 6-fold greater than that of Vm24 over
the battery of ion channels tested in this study (Figs. 5 and 6). Based on
molecular dynamics simulations, we report decreased flexibility of
sVmKTx over Vm24 both in solution and bound to Kv1.3. MM-GBSA
binding free energy calculations predicted unfavorable interactions be-
tween sVmKTx and H451 in neighboring subunits of the channel, which
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Fig. 6. Selectivity of sVmKTx for Kv1.3 channels. A, remaining current fractions for the indicated channels. RCF values were calculated at equilibrium block (for
Kv1.3) or following 10 repeated depolarizations in the presence of sVmKTx applied at 100 nM concentration. Data are presented as mean + SEM (n > 3, independent
data points are indicated by filled circles). B, remaining current fractions for hKv1.1, hKv1.2 and hKCa3.1 at 2.5 uM sVmKTx concentration. Data are at equilibrium
block (for hKv1.2) or after 10 repeated depolarizations in the presence of 2.5 pM sVmKTx (for hKv1.1 and hKCa3.1). Data are represented as in panel A. C, effects of
2.5 uM sVmKTx on hKv1.1, hKv1.2, and hKCa3.1 currents. Current traces recorded before the application of the toxin (control), after the equilibration of block (or 10
pulses in the presence of the toxin if block was not apparent) at 2.5 uM sVmKTx, and after perfusing with control solution (wash out of the toxin) are indicated (for
details on the expression systems, solutions, and voltage protocols, see Materials and Methods).

may explain the lower affinity of sVmKTx for Kv1.3 compared with
Vm24. Nevertheless, sVmKTx in nanomolar concentrations inhibited the
activation of human CD4" T lymphocytes in vitro.

sVmKTx is a 36-amino acid peptide toxin stabilized by four disulfide
bridges that contains a highly conserved pair of residues (K25 and Y34)
that may constitute the functional dyad characteristic of many K* channel
blocker scorpion toxins [51]. sVmKTx differs from Vm24, a well charac-
terized peptide inhibitor isolated from V. mexicanus smithi, by only one
amino acid residue at position 32. At physiological pH values Vm24
contains a positively charged lysine, whereas sVmKTx contains a nega-
tively charged glutamate at that position (Fig. 1). Based on the high
sequence similarities, we hypothesized that sVmKTx inhibits Kv1.3
channel in similar manner as Vm24 [25]. That is, the peptide binds to the
external vestibule of the channel in the pore domain and consequently
physically occludes the ion permeation pathway, as it has been shown
experimentally for ChTx [47]. Based on the sVmKTx concentration
dependence of the on and off rates (Fig. 3D) sVmKTx interacts with Kv1.3
in a simple bimolecular manner, which is consistent with the interaction
of pore blocker toxins [47]. Moreover, the dissociation constant calcu-
lated by the koft/kop ratio (Kq = 0.81 nM) is very close to the one deter-
mined by fitting the Hill equation with Hill coefficient of 1.1 to the
concentration dependence of current inhibition (Kq = 0.77 nM).

As compared with Vm24, one of the key features of sVmKTx block of
Kv1.3 is the full reversibility within 300 s after switching to toxin-free
solution (Fig. 3C). We hypothesized that the presence of a negatively
charged E32 in sVmKTx may create an unfavorable interaction with
Kv1.3 that finally results in the increased off rate compared to Vm24 that

contains a positively charged lysine at the same position. The analysis of
the rate constants showed that both ko, and k¢ are altered: the ko,
decreased ~10-fold (ko, ~ 0.0955 nM!s7! for Vm24 [25] vs Kon =
0.0085 nM~'s~! for sVmKTx), which was accompanied by a ~25-fold
increase in the kqg of sVmKTx to account for the overall ~250-fold
decrease in the Kv1.3 affinity of this peptide for Kv1.3 as compared to
Vm24. Consistent with this, the largest contribution to the less favorable
free energy of binding of sVmKTx, as compared to Vm24, can be
attributed to the amino acid residue at position 32 (Fig. 8A). The K32E
substitution weakened the binding of sVmKTx to H451 of Kv1.3 in
chains A and D of the tetramer and simultaneously strengthened the
binding of residue R29 of the toxin to H451 in chain B. This partial
compensation of the binding free energy changes can be the origin of the
still high (~sub-nanomolar) affinity of sVmKTx toxin for Kv1.3. The
R34Q substitution at the equivalent position in ChTx resulted in a ~300-
fold decreased affinity for Shaker (F425G) with ~3-fold decrease in the
association rate and ~100-fold increase in the kqg [52]. Charge reversal
mutation of ChTx at this position (either R34E or R34D) resulted in a
complete loss of affinity for Shaker (F425G). This indicates that in
addition to the essential diad residues, a positively charged residue at
position 34 in ChTx and at position 32 in Vm24 is required for high
affinity binding of the toxins to their respective target channel.

The most potent peptide blockers of Kv1.3 inhibit the K* current at
low picomolar concentrations. These peptides include the sea anemone
toxin ShK (Kd ~ 11 pM, [53,54]) and the toxins isolated from scorpion
venoms such as margatoxin (MgTx, Kq = 50 pM) [55,56], OSK1 (Kgq = 17
pM, [57]) and Heterometrus spinifer Toxin 1 (HsTx1, Kq = 12 pM) [58].
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sVmKTx free
sVmKTx bound
- Vm24 free
Vm24 bound

¢

o

ASN_28 —
ARG_29 —
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cys_31 -
cys_33 -
TYR_34 -
TYR_35 =
cys_36

GLU/LYS_32 =

GLY_24 —
LYS_25
cys_26 -
MET 27 —

Fig. 7. (A) Root-mean-square fluctuations of the non-H atoms of amino acid residues of sVmKTx (black) and Vm24 (red) toxins obtained for their free (solid lines, x)
and hKv1.3-bound state (dotted lines, *). (B, C) Representative H-bonds formed by E32 in sVmKTx toxin with residues A1, R17 and R30. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The selectivity of these peptides for Kv1.3 is limited, which is re-
flected in their ability to inhibit Kv1.1 and/or Kv1.2 with similar po-
tency (e.g., Kv1l.1 or Kv1.2 [28,56,59,60]. A clear contrast to these is
Vm24 (a-kTx23.1) that inhibits Kv1.3 with high affinity (K4 ~ 3 pM) and
displays a ~1500-fold selectivity for Kv1.3 over several ion channels
including Kv1.1 and Kv1.2 [25], although Vm24 is the member of a the
a-KTx family, admits unique three-dimensional structural features such
as an extra p-strand and a loosely defined a-helix segment [26]. The
functional dyad located at the C-terminal B-hairpin is conserved for most
of the pore blocking a-KTx peptides but the selectivity of Vm24 against
Kv1.3 may rely on the unique N-terminal segment (residues A1-E11)
making extensive contacts with the ion channel [26]. Furthermore,
the non-conserved E11 of Vm24 binds to the H451 residue of Kv1.3, a
position that has been identified as critical determining the affinity of
several toxins for Kvl channels [26,61]. We propose that the single
amino acid substitution at position 32 of Vm24 that produces sVmKTx
does not induce gross conformational changes in the peptide and the
nature of its interaction with the Kv1.3, similar to many substitutions in
other toxins (OSK1 analogues [57]), AnTx analogues [62]. The results of
our homology modeling-based binding free energy calculation and
docking are consistent with the maintained overall structure of sVmKTx
and its interaction with Kv1.3.

Recent reviews analyzed in detail the strategies by which the selec-
tivity of toxins can be increased for Kv1.3 [63,64]. These include
chemical modification (e.g. in case of ShK-Dap?2, the substitution by an
unnatural amino acid, [65]), truncation (e.g. in case of [A36-38]-OSK1-
E16K/K20D peptide, combined with chemical modification [66]),
reorientation of the binding interface of the toxins by modifying acidic
residues (e-g- in case of BmKTX-19 and BmKTX-196, [67]) and reducing
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the conformational flexibility of the toxin, as in case on [N17A/F32T]-
AnTx [62]. In this latter case, the natural peptide (AnTx) inhibited
Kv1.3 and Kv1.2 with almost equal potency, whereas the double
substituted peptide was ~16,000-fold more selective for Kv1.3 over
Kv1.2. Structural analysis combined with molecular dynamics simula-
tions indicated that [N17A/F32T]-AnTx possessed a more rigid structure
than the flexible wild-type AnTx, with a large fraction of the structural
uncertainty in AnTx located in the loop between the N-terminal and the
first helical element (residues 5-9). Our molecular dynamics simulations
are consistent with these findings, i.e., the introduction of a glutamate
instead of lysine at position 32 led to a decreased structural fluctuation
of the N-terminal segment of sVmKTx compared to that of Vm24. This
difference was preserved even after their binding to hKv1.3. Thus, the
reduced conformational flexibility of sVmKTx may explain the increased
selectivity of the peptide for Kv1.3 as compared to Vm24, like in [N17A/
F32T]-AnTx vs. AnTx. The selectivity is improved even if the unfavor-
able interaction between E32 and H451 weakens the binding of the toxin
to Kv1.3.
sVmKTx displayed a unique selectivity profile; it did not inhibit
hKv1.1, hKv1.2, hKv1.4, hKvl.5, rKv2.1 hKCa3.1, hKCal.1, hKv11.1
and hNav1l.5 at 100-fold higher concentration than the K4 for Kv1.3,
which is a commonly accepted criterion for a selective blocker [68]. The
only ion channel inhibited by sVmKTx was Kv1.2 at very high peptide
concentration (2.5 pM concentration, that is 3200-fold the K4 for Kv1.3),
the single point estimate of the Kd was (~7.1 pM) that makes sVmKTx
~9,000-fold selective over Kv1.2. A similar experiment using Vm24
showed ~1500-fold selectivity for Kv1.3 over Kv1.2, thus, sVmKTx has
~6-fold better Kv1.3 selectivity than Vm24. More importantly, to target
selectively autoreactive Tpy cells of Kv1.3"8" channel phenotype the
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Residue
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MM/GBSA binding energy difference (kcal/mol)

hKvl.3 383 GLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAEADDPTSGFSSIPDAFWW 437 100%
4JTA A 309 GLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAEADERDSQFPSIPDAFWW 363 93%
hKv1l.3 438 AVVTMTTVGYGDMHPVTIGGKIVGSLCAIAGVLTIALPVPVIVSNFNYFYHRET 491 100%
4JTA A 364 AVVSMTTVGYGDMVPTTIGGKIVGSLCAIAGVLTIALPVPVIVSNENYFYHRET 417 93%

Fig. 8. Differences of per-residue to the MM-GBSA binding free energy of the toxins in the sVmKTx-hKv1.3 and Vm24-hKv1.3 complexes for the toxin residues (A)
and the pore region of hKv1.3 (B). Binding energy differences were calculated as dGsymkrx — dGym24 for each residue of the peptide (A) and the ion channel (B).
Capital letters preceding the positions in panel B indicate chain (A-D) of the tetrameric channel. Error bars show SEM calculated with the bootstrap method (see main
text). (C) Sequence alignment of human voltage-gated potassium channel subunit Kv1.3 and the Kv1.2-2.1 chimera ion channel (Rattus Norvegicus, PDB ID: 4JTA)
[34]. The sequence identity is on the right (%), residue H451 of Kv1.3 and the corresponding V377 of Kv1.2-2.1 chimera are in bold and underlined.

peptide must be selective for Kv1.3 over KCa3.1 channels expressed in
non-Tgy immune and other cells [18,63]. sVmKTx is far superior to
Vm24 in this respect as sVmKTx does not inhibit KCa3.1 at very high,
2.5 uM concentration whereas the inhibition of KCa3.1 was ~50% at the
equivalent concentration of Vm24. The order of the blocking potency of
Vm24 for various ion channels was hKv1.3 > hKv1.2 > hKCa3.1 >
mKv1l.1 > hKvl.4 ~ hKv1.5 ~ rKv2.1~ hKv11.1 ~ hKCal.l ~ hKCa2.3
~ hNavl.5 [25], whereas for sVmKTx it was hKv1.3 > hKv1.2 >
hKCa3.1 =~ hKvl.1 ~ hKv1.4 ~ hKv1.5 ~ rKv2.1 ~ hKCal.l ~ hKv11.1
~ hNavl.5 (Figs. 5 and 6). The Kvl1.3 selectivity of sVmKTx is
outstanding, the closest in the rank are Vm24 (~1500-fold, [25]) and
R14A-HsTx1 (2000-fold [60]) followed by other Kv1.3 selective pep-
tides ([Lys16,Asp20]-OSK1 [57], [Argl1,Thr28,His33]-BmKTx [69],
and ShK(L192) [70] for which toxin selectivity ranged between 9- and
340-fold).

The potency of sVmKTx as a potential immunosuppressor peptide
was demonstrated in a functional assay where CD40 ligand expression
was measured following activation of the T cells. CD40 ligand is an
early, Ca?*- and NFAT-dependent activation marker of the T cells [71].
Since Kv1.3 controls Ca2* signaling, thus the expression level of the
CDA40L, particularly in the effector memory T cells, inhibition of these
channels leads to a decreased expression level of this early activation
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marker [72]. We obtained the time-course of the expression of the early
activation marker CD40L in this experiment (Fig. 9A) to avoid the IL-2
induced auto activation of the cells, which may mask the effect of the
ion channel blockers [50]. sVmKTx significantly inhibited the TCR-
mediated CD40L upregulation, which is consistent with the literature
and confirms the role of the Kv1.3 ion channels in the TCR-mediated T
cell activation via promotion the Ca®* influx [24,73]. Previous studies
also confirmed that the inhibition of T cell activation results in the
prevention and the treatment of experimental autoimmune disease in
animals as Kv1.3 inhibitors persistently suppress the proliferation of Tgy
cells [19-21,74]. However, the sVmKTx concentration that completely
blocks Kv1.3 (~100-fold the Kq) causes only a partially inhibition in the
CDA40L expression only. The reason for this partial inhibition might be
that the CD4" lymphocytes we used in the experiments contain other T
cell subpopulations like naive and central memory T cells, in which the
dominant KCa3.1 ion channels provide the electrical driving force for
calcium entry resulting in T cell activation [75].

In conclusion, sVmKTx is novel peptide produced recombinantly
based on the transcriptome analysis of the scorpion V. mexicanus.
sVmKTx displays exceptional Kv1.3 selectivity, which may be a useful
tool to modulate autoimmune diseases and may serve as template for
drug development targeting these diseases. The increase in its selectivity
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Fig. 9. sVmKTx reduces the fraction of CD40L expressing CD4" T cells
following stimulation. (A) The fraction of CD40L expressing cells upon aCD3/
aCD28 DynaBead stimulation as a function of time. Cells were incubated for a
maximum of 24 h in the presence of the DynaBeads, and the fraction of CD40L
expressing cells was determined at the indicated time points using flow
cytometry. After FSC-SSC gating, unstained controls were used to determine the
gating strategy. The fraction of CD40L expressing cells was determined from the
histograms and fractions obtained at different time points were normalized to
the highest value at 24 h and plotted as a function of time (n = 3). (B)
Representative flow cytometric histograms of CD40L expression in unstimu-
lated CD4" T cells (blue), stimulated CD4" T cells (red), sVmKTx (100 nM)-
treated stimulated CD4" T cells (light green) and unstained/unstimulated
control (black). T cells were stimulated as in (A) and the data were collected 5 h
after the activation with beads. The histograms were adjusted to identical areas
under the curves, thus, the ordinate indicates relative cell count. (C) The
fraction of CD40L expressing cells in the presence and absence of sVmKTx. Cells
were stimulated and the fraction of T cells expressing CD40L were determined
as in (B). Fraction of CD40L expressing cells in the presence of 100 nM sVmKTx
were normalized to the sample obtained in the absence of sVmKTx. The
unstimulated sample was not activated with the beads. Samples were run in
triplicates; data were averaged for n = 3 independent experiments (mean +
SEM). Significance of pairwise comparisons between groups is indicated with
asterisk. * = statistically significant difference (P = 0.018). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
\Lersion of this article.)

as compared to Vm24 was accompanied by a lower Kv1.3 affinity that
can be attributed to the unfavorable interaction of E32 of the toxin and
H451 of the channel. Nevertheless, sVmKTx still has sub-nanomolar
affinity for Kv1.3, which makes it an attractive peptide for therapeutic
use.
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