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1 INTRODUCTION
11 Theroleof ion channelsin the activation of T-lymphocytes

The first ion channel described on T-lymphocytes Wa1.3, which plays key role in the
activation process of the cells. The activationeshold of Kv1.3 is -60 mV, over that
membrane potential value the channel can activate hyperpolarizing the membrane. This
hyperpolarization acts as a negative feedback enkl.3 channel. The &aactivated
KCa3.1 channel is also expressed by the cells whédomes active when the intracellular
C&*-level rises above 200 nM. The presence of othercizannels was also shown in the
plasma membrane of T-lymphocytes.. These channeltha calcium release activated’Ca
channels (CRAC), membrane stretch gatedcBannels, different TRP channels, two-pore
domain K channels and voltage-gated™Nmd C&" channels. The role of CRAC channels in
the T-cell activation is well known. To activateetiturrent through CRAC channels the
association of Orail and STIM1 proteins is crucihile Orail proteins are located in the
plasma membrane STIM1 proteins are found in thegladmic reticulum (ER) membrane.
The regulation of STIM1 upon Earelease is through the €asensor EF hands of the protein
facing the lumen of the ER. Upon store releasetétramerization of ORAIL in the plasma
membrane is induced, which leads to the activatioine CRAC channels. The result of the
simultaneous work of the two types of khannels and CRAC is a long lasting intracellular
Ca* signal which is essential for the T cell activati®uring this process the driving force
for the C&" influx through CRAC is maintained by hyperpolatiza through the K efflux
through the potassium channels.

In the last few years many peptide toxins have hisetated from animal venoms which
inhibit different K* channels including Kv1.3 with high affinity.

For the peptide-channel interaction it is typidattthe toxins bind to the extracellular region
of the channels thus inhibiting ionic flux throughe pore. Since the voltage-gated ion
channels exhibit high sequence similarity, nattioains generally can block more channel
types thus they have low selectivity for a givearofmel.

Since the voltage-gated'kchannels play key role in the regulation of celtybrocesses in
many tissues especially in excitable cells, noeagle inhibitors have high potential risk of

developing side effects upon therapeutic applicatio



12 Kv1.3 channel asa possibletarget in the therapy of autoimmune diseases

Since the membrane potential and thé*Gagnal strongly depends on the function df K
channels, inhibitors of these channels can be asetherapeutic drugs to block T cell
activation.

An ideal immune suppressant blocks the functioardy those T cells, which are involved in
the development of the autoimmune disease whilecther T cells of the body remain
unaffected. Such therapy can be achieved as thiét tdsthe differences in the *Kchannel
expression in the different lymphocyte subtypesdslaon the cell surface markers, cytokine
secretion and physiological functions three mampfocyte groups can be distinguished.
The first group is the Naive T cells, which have neet a specific antigen. Their specific
markers are CCR7and CD45RA. The second group is the central memory T celig,XT
which cells become inactive during the terminafediéntiation progress to become effector
memory T cells (fv). Repeated encounter with the specific antigended them to continue
the differentiation process. Their markers are CC&¥ CD45RA The third group is the
effector memory T cells @), which have the typical markers of CCRihd CD45RA".
These cells express typical chemokine receptorsadhdsion molecules, which help them to
migrate to the inflamed tissues. The role gf; Eells in the autoimmune tissue damage have
been shown in multiple sclerosis (MS) and rheundatuthritis, type 1 diabetes, etc. It has
also been shown that the expression pattern*afiannels changes characteristically in the
three lymphocyte groups following stimulation. Regt Naive, &y and Ty cells
independently of CD4or CD8 phenotype express 200-300 Kv1.3 and 30 KCa3.1nglsn
per cell in average in their plasma membrane. Ratbby activation the number of Kv1.3
channels increases to its double while the numibek@a3.1 channels increases ten-fold
reaching an average value of 500 channels peincllidive and Ey cells. On the contrary, in
Tem cells the number of KCa3.1 channels per cell domschange but the level of Kv1.3
reaches the 1500 channels per cell after activation

Since the activation process ofylcells depends on the function of the Kv1.3 chantie
inhibition of Kv1.3 can block the activation of #® cells. The proliferation of activated
Naive and Ty cells also depends on Kv1.3 but due to the higikpression level of KCa3.1
in the plasma membrane the activation of these tgplts can be completed even in the
present of Kv1.3 inhibitors. As the consequenctheée mechanisms with the application of

specific Kv1.3 inhibitors he activation ofgy cells can be selectively inhibited thus high
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specificity Kv1.3 inhibitors can be suitable drugghe therapy of autoimmune diseases. This
hypothesis has been confirmed several timés Wivo autoimmune animal model systems.
Tem cells with high Kvl.3 and low KCa3.1 expressionelehave been described in the
affected tissues of human patients with differentoeEnmune disorders such as Multiple
Sclerosis (MS), Type 1 Diabetes, (T1DM) and Rhewidafrthritis (RA). This makes Kv1.3
blockers suitable tools in the treatment of autoimendisorders.

Invitro andin vivo experiments clearly show the efficiency and agility of Kv1.3 blocker
peptide-toxins in autoimmune therapy. Since mokesuwlith high selectivity and affinity are
isolated rarely, many research groups aimed toawgithe pharmacological properties of
toxin molecules with directed mutations. To desipch peptides properly the detailed
knowledge of the determinants of toxin-channel rextéons is crucial. To gain additional
information the isolation and characterization of@l peptides is a practical way.

During the previous years our workgroup particigaite the isolation and pharmacological
characterization of novel scorpion toxins such #s Pi2, Pi3, anuroctoxin, Css20, TsT26,
Vm24. Personally | have participated in the phawtagical study of two newly isolated
peptides, OcyKTx2 and urotoxin. Furthermore we cmteld a detailed study on the
pharmacological profile of margatoxin, which wasladed and characterized previously.
Despite the fact that margatoxin is a molecule cenarally available and widely used in the
pharmacology of potassium channels, a detailedystiits ion channel selectivity measured
in the same expressional system with the same méshwt available.

Anuroctoxin (AnTX) is a peptide toxin of 35 aminoids with a molecular weight of 4082.8,
stabilized by four disulfide bridges, which waslé&ed by our workgroup from the venom of
the scorpiorAnuroctonus phaiodactylus. AnTx is a high affinity blocker of Kv1.3 (Kd =73
nM), however, with lower affinity it also blocks HK\2 (Kd = 6.14 nM), consequently the wild
type AnTx is not suitable for therapeutic applioatidue to its low selectivity. The
comparison of amino acid sequences and the setgaivknown K" channel-blocking toxins
provided us with the information to design mutasiégm anuroctoxin.

Our results provide us novel information abouttihwn-channel interactions and may lead to
the success of designing new peptide toxins whiehhagh selectivity and affinity inhibitors
of Kv1.3.



2 AIMSOF THE STUDY

1. Pharmacological characterization of novel scorpion toxins

Characterization of ion channel selectivity withtgbaclamp technique of novel peptides

isolated from scorpion venoms.

2. Electrophysiological characterization of theion channel selectivity of margatoxin

We aim to screen the ion channel selectivity of gatoxin with patch-clamp technique in
outside out configuration with voltage-clamp modetioe following ion channels:

Kv1l.1, Kv1.2, Kv1.3, Kv1.4, Kv1.5, Kv1.6, Kv1.7, Rv1, Shaker, KCal.1, KCa3.1, Kv11.1
(hERG) and Nav1.5.

3. Recombinant synthesis of anuroctoxin
We aim to synthesize anuroctoxin in a biologicateyn inE. coli. The structure of the toxin
is confirmed by analytical HPLC and mass spectroméfS) methods. The biological

activity is tested on Kv1.3 and Kv1.2 channels vgittich-clamp technique.

4, Solid phase chemical synthesis of wild-type and mutant anuroctoxin variants

Based on the literature we identify toxin residubat might be important factors that

determine the selectivity and affinity of the toxirWith directed mutations we improve the
ion channel selectivity of the toxin. The toxin imts are synthesized by solid phase
chemical synthesis by our collaborators. The biaklgactivity is tested with patch-clamp

technique.



3 MATERIALSAND METHODS
3.1 Toxins

OcyKTx2 was isolated from the venom of the BranilgzorpionOpisthacanthus cayaporum.
Individual animals were collected then the venons watracted with electrical stimulation.
Water soluble fraction of the collected venom wegasated with HPLC technique on reverse

phase C18 column.

Urotoxin was isolated from the venom of an AustralscorpionJUrodacus yaschenkoi with

similar technique as OcyKTx2.

Recombinant margatoxin (rMgTx) was purchased frdomfone Labs (Israel, Jerusalem) cat.
no.. RTM-325, Lot: MA103. Margatoxin was isolatetbrh the venom of the scorpion
Centruroides margaritatus.

Synthetic margatoxin (sMgTx) was purchased fromtiéefnstitute Inc. (Japan, Osaka) cat.
no.: 4290-s, Lot: 560914.

Recombinant wild type anuroctoxin (rAnTx) was syagized in our laboratory iB. coli and
purified with affinity chromatography and HPLC metts. Anuroctoxin was isolated from the

venom of the scorpioAnuroctonus phaiodactylus.

Synthetic wild type anuroctoxin (SAnTx) and its @it variants were synthesized by Prof.
Gabor Toth and colleagues at the Department of d&dihemistry, Faculty of Medicine,
University of Szeged.

32 Cellsand ion channel expression vectors
3.21 Human lymphocytes

The effect of the toxins on hKv1.3 channel was rmaes$ on activated human peripheral

lymphocytes. Cells were isolated from the bloocheélthy volunteers with Ficoll-Hypaque
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density gradient centrifugation and activated waitlytohemagglutinin A. Kv1.3 currents were

recorded 2-7 days after activation.

322 tsA201cells

The following ion channel coding genes were exméss tsA201 cells followed by transient
transfection using Lipofectamine 2000 (Invitrog@ayisbad, CA, USA)

hKv1l.1, hKv1.2, hKvl1.6 and hKvl.7 pCMV6-GFP plasmid (OriGene Technologies,
Rockville, MD).

hKv1.3 (previously cloned into p-EGFP-C1 vector from p&&V2 plasmid, kind gift from
C. Deutsch, University of Pennsylvania, PhiladedpRA ).

hKv1.4-IR (inactivation ball deletion mutant) in pcDNA3 vect(gift from D. Fedida,
University of British Columbia, Vancouver, Canada).

hKv15 in pEYFP vector (kind gift from A. Felipe, Univétg of Barcelona, Barcelona,
Spain)

rkv2.1 (gift from S. Korn, University of Connecticut, $ts, CT).

Shaker-IR (inactivation ball deletion mutant) (gift from ®ellen, Harvard Medical School,
Boston, MA).

hKv11.1 (hERG, kind gift from SH. Heinemann, Max-Plank-@éschaft, Jena, Germany),
KCal.1l in pCineo vector (kind gift from T. Hoshi, Univéssof Pennsylvania, Philadelphia,
PA).

KCa3.1 in pEGFP-C1 vector (gift from H. Wulff, Universityf California, Davis CA) and
Nav1.5 (gift from R. Horn, Thomas Jefferson UniversitpilBdelphia, PA).

Since endogenous expression of ion channels weserided in HEK cells all the
electrophysiological measurements were carriedrootitside-out patch configuration.

323 L929cdls

This cell line is originated from mouse connectigsue.mKv1.1 currents were measured on
L929 cells stably expressing the channel (gift offulff, UC Davis, CA, USA)



324 CHOcdls

A CHO cells were used to express and measure hkaridhKv1.2.

3.25 Sf9cdls

Sf9, insect cells were used by our collaboratoRrof( Lourival Domingos Possani and
colleagues, Instituto de Biotecnologia, UNAM, Cumraca, Mexico). Shaaker-IR channel

was expressed in the cells following baculovirahsfection.

3.3 Transient transfection

Cells (CHO and tsA201) were transfected using léptEmine 2000 reagent according to the
manufacturer’s instructions (Invitrogen, Carlsb&h, USA). Cells were cultured under
standard conditions. Vectors coding the hKvl1.1l, hRy hKv1.3, hKv1l.5, hKv1l.6 and
KCa3.1 channels tag the C-terminus of the chanméls GFP or YFP (greenl/yellow
fluorescent protein) thus transfectant cells camdbatified with high accuracy in fluorescent
microscope.

hKv1l.4-IR, rKv2.1, Shaker-IR, hERG, KCal.l and N&vlcoding vectors were co-
transfected with a plasmid coding green fluoresgentein (GFP) gene in a molar ratio of
10:1. With this method cells with green fluoreseeiatso express the ion channels with high

probability.

34 Electrophysiology
3.4.1 Devicesand solutions used for the measurements

Measurements were carried out using patch clanimigae in voltage-clamp mode. Whole
cell currents were recorded on lymphocytes, CHO B829 cells. In case of transfected
tsA201 cells outside out currents were measured.th& recordings Axon Axopatch 200A
and 200B amplifiers and Axon Digidata 1200 and 14Hditizers were used (Molecular
Devices, Sunnyvale, CA). Micropipettes were pullEdm GC 150 F-15 borosilicate
capillaries (Harvard Apparatus Kent, UK) resultimg 3- to 5-MQ resistance in the bath
solution. For most of the measurements the bathtisnl consisted of 145 mM NaCl, 5 mM
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KCI, 1 mM MgCh, 2.5 mM CaCJ, 5.5 mM glucose, 10 mM HEPES, pH 7.35. For the
measurements of hKv11.1 (hERG) channels the eMutaresolution contained 5 mM KCI,
10 mM HEPES, 20 mM glucose, 2 mM CaC? mM MgCh, 0.1 mM CdC}, 140 mM
choline-chloride, pH 7.35. Bath solutions were dapmnted with 0.1 mg/ml BSA when
MgTx was dissolved in different concentrations. Tineasured osmolarity of the extracellular
solutions was between 302 and 308 mOsM. Genefadlypipette solution contained 140 mM
KF, 2 mM MgCh, 1 mM CaC}, 10 mM HEPES and 11 mM EGTA, pH 7.22. To measure
Kv11.1 channels the intracellular solution consisté 140 mM KCI, 10 mM HEPES, 2mM
MgCl, and 10 mM EGTA, pH 7.22, for the KCa3.1 recordirigsontained 150 mM K-
aspartate, 5mM HEPES, 10 mM EGTA, 8.7 mM Ga€lmM MgC), pH 7.22 resulting in 1
UM free C&" in the solution to activate KCa3.1 channels fullyp measure KCal.l the
intracellular solution contained 140 mM KCI, 10 niBGTA, 9.69 mM CaGl 5 mM HEPES,
pH 7.22 thus giving 5 uM free €aconcentration to let the activation of KCal.1 ahels at
moderate membrane depolarization. The osmolafithe pipette filling solutions was 295
mOsM.

342 Protocols used for the measur ements of ionic currents

For the measurements different voltage protocolewsed. Holding potential was -100 or -
120 mV depending on the cell type and the typdefrheasurement.

To measure Kvl.1, Kv1.2, Kv1.3, Kvl1.4, Kv1.5, Kvlkvl.7, Shaker and Kv2.1 currents
15, 40, 50 or 200 ms long depolarization impulsesenapplied to +50 mV from a holding
potential of -100 mV in every 15 or 30 s. Kv1.3 remts were also measured with voltage-
ramp protocols where currents were elicited evérg With voltage ramps to +50 mV from a
holding potential of -120 mV in 150 ms.

For hKv11.1 channels, currents were evoked witbltage step from a holding potential of -
80 mV to +20 mV followed by a step to -40 mV, dgrithe latter the peak current was
measured. Pulses were delivered every 30 s. FoflKGdnannels, a voltage step to +50 mV
was preceded by a 10-ms hyperpolarization to -120fnom a holding potential of 0 mV in
every 15 s. KCa3.1 currents were elicited everys M@th voltage ramps to +50 mV from a
holding potential of -120 mV. Navl.5 currents weneasured by applying depolarization

pulses to 0 mV from a holding potential of -120 rin\every 15s.
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3.4.3 Evaluation of the electrophysiological measurements

To acquire and analyze the measured data pClamgéfi@are package was used. The effect
of the toxins in a given concentration was detesdias remaining current fraction (RCF =
I/ly, where | andd are current amplitudes in the presence and absesgpectively, of toxin

at a given concentration). Points on the dose-respaurves represent the mean of 3-8
independent measurements where the error barssegpirthe S.E.M. Data points were fitted
with a two-parameter Hill equation, RCF =g}J( ICso ™ +[Tx]™, where IG, is the half
inhibiting concentration H is the Hill coefficierand [Tx] is the toxin concentration. To
estimate the 1§ using RCF of a single toxin concentration n = Isweed for the Hill
equation. Kd was also determined from LineweavenkBunalysis where 1/RF was plotted as
a function of toxin concentration and fitting adito the points, where ig= 1/slope.

To determine the time constant of the associati¢i) @ single exponential function was
fitted to the data pointg\(t) = B x exp(t/Toy) + C, whereA(t) indicates the amplitude of the
current at timg, C is the peak current at equilibrium block aBd A(t = 0) —C. The time
constant Toy) yielded 18.6 £ 1.2 s at 10 nM urotoxin for hKv (Rl = 6)(A), 7.9 £3.7 s, (n

= 3) at 30 nM urotoxin for hKv1.3 and 5.7 £ 0.4N,=4) at 1 pM urotoxin for hKv1.1. The
wash-out kinetics was also fitted using a singl@osential function:A(t) = B x (1 -
exp(t/Tore)) + C, whereB = A(t = o) — C, A(t) indicates the amplitude of the measured
current at time t, C is the peak current at equitlin block.

35 Peptide synthesis
3.5.1 Recombinant synthesis of anuroctoxin in E. coli
3.5.1.1 Cloning of anuroctoxin into pPAL7 vector.

It is widely used to produce recombinant peptideg&.icoli in the form of fusion proteins.
Fusion proteins contain a fusion partner and tlo¢epr of interest in the same reading frame
and produced as one protein. Fusion partners,dcallgs’ (GST (glutathione-s transferase),
MBP (maltose binding protein) or poly His tag) give the ability to purify the fusion protein
with affinity chromatography methods. The tag carsbparated by enzymatic digestion from
the protein of interest after affinity chromatogngpor during the process (on column

cleavage) and finally a tag-free recombinant protein be obtained
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3.5.1.2 Purification of anuroctoxin with HPLC technique

Analytical examination and semi-preparative puaifion of anuroctoxin was done on Vydac
218TP54 0,46 X 25 cm C18 reverse phase column €GEeerfield, I, USA). Mobile phase

was water-TFA/acetonitrile gradient where soluti®dn0,12% trifluor acetic acid in water,

solution B: 0,10% trifluor acetic acid in acetoitétr Concentration of solution B was

increased in a linear gradient from 0 to 30 % im#Butes.

3.5.2 Chemical synthesis of Anuroctoxin

Wild type anuroctoxin (SAnTx WT), and its mutantigtatives (SAnTx N17A, sAnTx F32T,
sAnTx n17A/F32T) were synthesized by Prof. GabothTand colleagues at the Department
of Medical Chemistry, Faculty of Medicine, Univeysof Szeged.
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4 RESULTS
4.1 Phar macological characterization of novel scorpion toxins

With the help of our collaboration partners our kgroup has the opportunity to take part in
the characterization of the pharmacological prapemf novel toxins isolated from scorpion
venoms. The extraction and purification of the mexis carried out by our collaborators while
the effect of the molecules on different ion chdsmemostly characterized by our workgroup
with electrophysiological experiments.

In my thesis | describe the pharmacological charaztion of two novel peptides, OcyKTx2

and urotoxin.

411 OcyKTx2

OcyKTx2 toxin is isolated from the venom of the Bhan scorpion Opisthacanthus
cayaporum by our collaborators (Prof. Elisabeth F. Schwaltaboratério de Toxinologia,
Universidade de Brasilia, Brasilia, Brasilia), whis a peptide of 34 amino acids with a
molecular weight of 3807 Da. The tertiary structurfethe molecule is stabilized by 4
disulfide bridges. The sequence of the toxin isfetlewing:
IRCQGSNQCYGHCREKTGCMNGKCINRVCKCYGC

(reference no.: UniProtKB/Swiss-Prot: P86116.2)

OcyKTx2 toxin inhibited Shaker and Kv1.3 channelsireversible way. The half inhibiting
concentrations were determined by both the LineeeBurk and the two-parameter Hill
equation methods resulting in half inhibiting comications on Shaker and Kv1.3 channel
93.5 nM and 18.0 nM, respectively (Lineweaver-Bud)d 96.6 nM and 17.7 nM,
respectively (Hill).

The toxin had no effect on the activation threshuil&v1.3.

Since the amount of native peptid was limited waldmot test its effect on other channel
types. Measurements on Shaker channel were caiely our collaborators (Prof. Lourival
Domingos Possani and his colleagues, Instituto dseBnologia, UNAM, Cuernavaca,
Mexico)
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4.1.2 Urotoxin

Urotoxin was isolated from the venom of the AusaralscorpionUrodacus yaschenkoi, by
our collaborators (Prof. Lourival Domingos Possdnstituto de Biotecnologia, UNAM,
Cuernavaca, Mexico). The peptide consists of 3Taracids and stabilized by 4 disulfide
bridges. Its molecular weight is 4012.75 Da. Thguseice of the toxin is the following:
GDIKCSGTRQCWGPCKKQTTCTNSKCMNGKCKCYGCV

The pharmacological characterization of the toxaswlone on the hKv1.1, hKv1.2 hKv1.3,
hKvl.5 and KCa3.1 channels. Measurements on hKwiete carried out by our
collaborators (Prof. Lourival Domingos Possani, titnto de Biotecnologia, UNAM,
Cuernavaca, Mexico). The toxin blocked hKv1.1 clesmexpressed in CHO cells reversibly.
The half inhibiting concentration was determinedtiy two parameter Hill equation resulted
in 1Cso = 253.5 nM. Since Kv1.1 shows high sequence hogyoto Kv1.2 and Kv1.3 we
tested the effect of the peptide on these charaslsell. 10 nM toxin inhibited the Kv1.2
channel dramatically therefore with further meamaets in lower concentrations we
determined the half inhibiting concentration, whigas 160.5 pM.

Urotoxin also blocked Kv1.3 however with lower affy. Half inhibiting concentration was
determined with the Lineweaver-Burk method whickiega result of 1= 90.9 nM.

Since well known inhibitors of Kv1.2 such as chalgtoxin and maurotoxin block the
KCa3.1 channel as well we tested urotoxin on thanokl. Urotoxin blocked hKCa3.1
channel in 10 nM reversibly. To determine the hakfibiting concentration we conducted
measurements in higher concentrations (30 and M) Wrotoxin blocked hKCa3.1 with
ICso= 69.9 NM.

We measured the effect of urotoxin on hKv1.5 buhlDtoxin had no effect on the channel.

42 M easuring the selectivity of margatoxin with electrophysiological methods

Recombinant margatoxin (rMgTx, Alomone Labs, Isrderusalem) was tested on mKv1.1,
hKvl.1, hKv1.2, hKv1.3, hKv1l.4, hKv1l.5, hKv1.6, hKv, rKv2.1, Shaker-IR, hKCal.1,

hKCa3.1, hKv11.1 (hERG) and hNav1.5 channels.

Since margatoxin (rMgTx) in 1 nM concentration lMed the mKv1.1, hKvl.1, hKvl.2 and

hKv1.3 channels, further measurements were cawigdto determine the half inhibiting
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concentrations on these channels. The effect on.JKehannels was lower, margatoxin
blocked mKv1l.1 with I1G, = 1.7 nM, hKv1.1 with IG, = 4.7 nM In case of hKv1l.2 and
hKv1.3 channels 1nM margatoxin completely inhibitda currents, the half inhibiting

concentrations were 6.4 pM and 11.7 pM, respegtivel

4.3 Effect of the recombinant anuroctoxin (rAnTx) on Kvl1.2 and Kv1.3
channels

Effect of the recombinant anuroctoxin (refoldednm) was measured on Kv1.3 and Kv1.2.
The half inhibiting concentrations were 0.2 nM a@nhd nM for Kv1.3 and Kv1.2 channels,
respectively.

44 Solid phase chemical synthesis of wild type and mutant anuroctoxin
variants

441 Designing the mutationsto improve the selectivity of anuroctoxin

To design the mutations we compared the linear araid sequences of anuroctoxin and
other toxins with known ion channel selectivity.d8d on the typical common amino acid
residues observed we designed the following mutatidN17A, F32T and a double mutant
including both mutations N17A/F32T.

Wild type anuroctoxin and its mutant derivativesreveynthesized by Prof. Gabor Toth and
colleagues at the Department of Medical Chemidaaculty of Medicine, University of

Szeged.

442 Effect of the wild type and mutant anuroctoxin variants produced by
chemical synthesison Kv1.2 and Kv1.3 channels

Synthetic wild type anuroctoxin (SAnTx WT) blockka1.2 channel with 16, = 5.2 nM and
Kv1.3 with 1G5 = 0.3 nM. These values match well with the valoethe native anuroctoxin
where 1Gy = 6.1 nM (Kv1.2) and 1§ = 0.7 nM (Kv1.3).

Exchange of phenylalanine in position 32. to treenfF32T) decreased the affinity to Kv1.3
ICs0 = 6.2 NM, but the toxin lost its affinity to Kv1ds it was not effective in 100 nM.

15



The exchange of asparagine in position 17. to aéa(iN17A) decreased the affinity to both
Kv1.3 and Kv1.2 to the same extentd& 1.2 nM and 20.0 nM, respectively. The mutation
did not affect the selectivity.

The double mutant toxin (N17A/F32T) blocked Kv1.BhnCsy = 0.6 nM and did not inhibit
Kv1.2 in 100 nM.

443 Effect of the wild type and mutant anuroctoxin variants produced by
chemical synthesison Kv1.1 and KCa3.1 channels

Since the applied mutations changed the affinitgrafroctoxin to Kv1.2 and Kv1.3 we tested
the toxins on Kv1.1 and KCa3.1 channels as wellesimutations may develop new binding
capabilities to other potassium channels. Applting toxins in 100 nM we did not observe
blocking effect on hKv1.1 and hKCa3.1 channels.

5 DISCUSSION
51 Phar macological characterization of novel scorpion toxins

With the isolation and characterization of OcyKTw2 described a novel potassium channel
blocker scorpion toxin which has the systemic nark€Tx6.17. Since the amount of natural
toxin was limited we could not characterize its nphacological properties completely.
OcyKTx2 inhibited Shaker and Kv1.3 channels. Corigoer of the linear amino acid
sequence of the toxin with other toxin’s with knowam channel selectivity could give the
possibility to estimate possible further targetstiod toxin. Since OcyKTx2 shows lower
sequence similarity to other toxins with known s#léty we could not identify further
possible targets of the peptide with this method.

Based on sequence homology urotoxin was classidfiedi-KTx 6.21according to the
nomenclature of K channel blocking scorpion peptides. We could measie activity of
urotoxin on many different ion channels with eleptiysiological methods. The toxin was
not effective on Kv1.4, Kvl1.1, Kv12.2 (measuremsenere carried out by our collaborators)
and Kv1.5 channels.

The peptide inhibited Kv1.2 with high affinity (§¢ = 160 pM), and with much lower
affinities the Kv1.1, Kv1.3 and KCa3.1 channels evalso blocked. It is commonly accepted

that aa toxin can be considered a selective irgnilifitit blocks a given channel with at least
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100 fold higher affinity than other channels. Usdtomeets this criteria therefore we can
consider urotoxin a high affinity and selective ibitor of Kv1.2 since the half inhibiting
concentrations on other channels measured show east 1400 fold differences
(ICsoKV1.3/ICsKV1.2 = 562, IGeKVL.1/ICsKv1.2 = 1579 and IGKCa3.1/IGeKv1.2 =
435). Comparing the pharmacological propertiesrofaxin to maurotoxin, a well known and
widely used inhibitor of Kv1.2 (I = 0.8 nM) we can state that urotoxin is a higHénity
inhibitor of the channel. Moreover, maurotoxin inits the Kv1l.1 channel kg = 45 nM,
Kv1.3 channel IG, = 180 nM and the KCa3.1 channels§G= 14 nM thus in case of
maurotoxin the criteria of selectivity to Kv1.2 doenot meet the requirements
(ICsoKV1.3/ICsoKV1.2 = 225, IGgKV1.1/ICsoKV1.2 = 56 and 1§KCa3.1/IGKv1.2 = 18).
Consequently urotoxin can be a useful tool in thaermacological studies of Kv1.2. Since the
role of Kvl.2 was shown in the decreased signaistrassion in demielination illnesses

urotoxin can be useful in the studies aiming teatment of such diseases.

5.2 M easuring the selectivity of margatoxin

Linear amino acid sequence of margatoxin showshtgkest sequence homology (>75%),
which inhibit both Kv1.3 and Kv1.2 with similar &ifties. We examined the effect of
margatoxin on several channels (mKv1.1, hKvl.1, hRy hKv1l.3, hKv1.4-IR, hKv1l.5,
hKv1.6, hKv1.7, rKv2.1, Shaker-IR, hKv11l.1, hKCallKCa3.1 and hNavl.5) and we
found that the toxin inhibits Kv1.1 in nanomolarncentration and the Kv1.2 and Kv1.3
channels in picomolar concentrations.

Our results show that the margatoxin is indeedyh hffinity inhibitor of Kv1.3 however it is
not selective to the channel since it blocks Kwdith similarly high affinity and Kv1.1 with
lower but still significant affinity. The toxin deenot meet the criteria of selectivity because
the relation of half inhibiting concentrations ¢&v1.2/IC50Kv1.3 = 0.54) does not reach the
100 fold difference.

53 Synthesis and pharmacological characterization of wild type and
mutant anuroctoxin variants

We produced the wild type anuroctoxin with reconalintechnique expressedBncoli cells

followed by affinity chromatography purificationh& analytical examination of the peptide
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showed that the oxidation of the toxin in prokaryatlls is not proper. Refolding the sample
is necessary for the desired biological activitykouri.3 since the effect of the peptide before
refolding is far lower (IG = 65.9 nM) than that of the natural anuroctoxi@sgl= 0.7 nM).
Reduction and oxidation of the sample greatly iaseel the effect on Kv1.3 (4= 0.2 nM)
thus we determined the dose dependence of theitibhion Kv1.2 as well with a result of
IC50 = 1.4 nM which in case of natural anuroctoxin Wag, = 6.1 nM.

Comparing the effect of recombinant and naturak@etoxin we can conclude that the effect
of the peptides are within the same order of mageittherefore the synthesis is suitable for
the production of peptide toxins.

Efficiency of the wild type anuroctoxin produced $ylid phase chemical synthesis was also
measured with patch-clamp technique. The biologieffect of synthetic wild type
anuroctoxin (sAnTx WT) is similar to that of thetaaal toxin therefore the efficacy of the
synthesis is proper for such peptides.

Phenylalanine in position 32 is similar in struetuo tyrosine as both have aromatic side
chains. Most of the peptides with affinity to Kvlp@ssess tyrosine in the equivalent position
however Kv1.3 selective toxins have treonine orassgine. In the case of anuroctoxin the
substitution of phenylalanine to treonine in pasitB2. dramatically increased the selectivity
of the peptide to Kv1.3 however the somewhat deemgtshe affinity to the channel compared
to the wild type toxin.

In position 17. anuroctoxin has a polar side chiasidue, asparagine. In many cases Kv1.2
inhibitors have the polar glutamine or the posliiveharged arginine in the equivalent
position of their sequences. On the contrary thdrdghobic alanin is typical for Kv1.3
selective peptides. Although with the mutation N1%& expected the improvement of the
selectivity to Kv1.3, this parameter of the peptiié not change but the affinities to Kv1.2
and Kv1.3 both decreased slightly. This decreasledraffinity was not as significant as in the
case of F32T mutant.

In the case of the simultaneous application of natiations we expected to get a toxin which
has a high selectivity to Kv1.3 due to the mutai@2T and has an affinity closer to the wild
type toxin by the mutation N17A. Fulfilling our exgtations the double mutant anuroctoxin
(N17A/F32T) blocked the Kv1.3 selectively and wisimilar affinity as the wild type

molecule.
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Based on its selectivity and affinity to Kv1.3 tNe7A/F32T double mutant toxin can be a
suitable tool inin vitro and in vivo experiments that aim the treatment of autoimmune
diseases. Our further goal is to determine and epenfne exact NMR solution structures of
the wild type and mutant toxins for the better ustinding of the molecular elements that

determine the selectivity of the toxin.

The comparison of the linear amino acid sequenndspharmacological parameters of the
peptides which were presented in my work underlihesstatement that the essential dyad
plays key role in the potassium channel bindinditghdf the toxins. OcyKTx2, urotoxin,
margatoxin and anuroctoxin all possess amino adfd aromatic side chain in the dyad
together with the lysine. All of them except OcyKTklock both Kv1.2 and Kv1.3 channels
which may suggest that OcyKTx2 is also a possitiiéitor of Kv1.2.

The substitution of the aromatic residue of theddi@ treonine in the case of anuroctoxin
resulted in the loss of affinity to Kv1.2 while tpeptide could inhibit Kv1.3 with nanomolar
affinity. As the conclusion of our findings we catate that the role of the essential dyad is
not only the establishment of the general connediietween the channel and the peptide but

also an important determinant of the ion channlelcseity of the peptides.
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6 Summary

The Kv1.3 channel plays a key role in the activatmocess of effector memory T-cells
(Tem), which are the main causatives of various autaimendiseases. Inhibition of the"K
current through the channel can block the actimatib Tgy cells. The potential of Kv1.3
inhibitors in the treatment of autoimmune diseds®s been shown in severalvitro andin
Vivo experiments.

We investigated toxins of 30-40 amino acids staédi by disulfide bonds isolated from
scorpion venoms, which are high affinity inhibitafsdifferent K* channels.

The aims of our research were to isolate and ctexiae new scorpion toxins, to perform a
detailed screening of the selectivity of the preriy isolated and characterized margatoxin,
to synthesize the scorpion toxin, anuroctoxin améhiprove its pharmacological properties
with directed mutations. The effect of toxins oretfon channels was measured with
electrophysiological measurements using the pdtrmztechnique.

With the help of our collaboration partners we cbidolate two novel scorpion toxins,
OcyKTx2 (@-KTx 6.17), which is a non-selective inhibitor 8faker and Kv1.3 channels and
urotoxin (@-KTx 6.21), which is a high affinity and selectiwvenibitor of Kv1.2. Margatoxin is
considered a high affinity and selective inhibitdrKv1.3. Our results show that margatoxin
blocks the Kv1.3 and Kv1.2 channel with similarligtn affinity (pM concentration) and the
Kv1.1 channel with lower affinity (nM concentratiporwWith recombinant technique and solid
phase chemical synthesis we could successfullyhegize the previously characterized
anuroctoxin. This peptide naturally inhibits botlvlk2 and Kv1.3 channels which is not
advantageous for the therapeutic application iroieuhune diseases. With site directed
mutations we could design and synthesize a vadhanhuroctoxin, which is a high affinity
and selective inhibitor of the Kv1.3 channel.

As the result of our work with scorpion toxins, whiinhibit Kv1.3 we could identify amino
acid residues that influence the affinity and silég of toxins for Kv1.3. Our results provide
us valuable data to understand the interactionwdest toxins and ion channels, which is
crucial for the design and synthesis of future jigst highly selective for Kv1.3 in the

therapy of autoimmune diseases.
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