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Abstract: The Kv1.3 channel has become a therapeutic target for the treatment of various diseases.
Several Kv1.3 channel blockers have been characterized from scorpion venom; however, exten-
sive studies require amounts of toxin that cannot be readily obtained directly from venoms. The
Pichia pastoris expression system provides a cost-effective approach to overcoming the limitations
of chemical synthesis and E. coli recombinant expression. In this work, we developed an efficient
system for the production of three potent Kv1.3 channel blockers from different scorpion venoms:
Vm24, AnTx, and Ts6. Using the Pichia system, these toxins could be obtained in sufficient quantities
(Vm24 1.6 mg/L, AnTx 46 mg/L, and Ts6 7.5 mg/L) to characterize their biological activity. A
comparison was made between the activity of tagged and untagged recombinant peptides. Tagged
Vm24 and untagged AnTx are nearly equivalent to native toxins in blocking Kv1.3 (Kd = 4.4 pM
and Kd = 0.72 nM, respectively), whereas untagged Ts6 exhibits a 53-fold increase in Kd
(Kd =29.1 nM) as compared to the native peptide. The approach described here provides a method
that can be optimized for toxin production to develop more selective and effective Kv1.3 blockers
with therapeutic potential.
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1. Introduction

Voltage-gated potassium (Kv) channels regulate the selective efflux of K* through the
plasma membrane, thereby shaping the action potentials in excitable cells and regulating
many other cellular functions in non-excitable cells [1]. The Kv channel family includes
12 subfamilies (Kv1-Kv12). The Kv1 (Shaker) subfamily consists of eight voltage-gated
potassium channels belonging to the delayed rectifier class (Kv1.1-Kv1.8) [2]. Of this Kv
subfamily, the Kv1.3 channel is mainly expressed in neurons and immune cells [3], and
therefore, channel inhibition in these cells may be useful in the therapy for various dis-
eases, such as T-lymphocyte-mediated autoimmune diseases, chronic renal failure, asthma,
obesity, type II diabetes mellitus, cognitive disabilities, cardiac arrhythmia, and some can-
cers [4-7]. Kv1.3 channel activity can be modulated by metal ions, small organic molecules,
and the peptides isolated from venoms [8], which affect Kv channel function by blocking
the ion-conducting pore from the inside or outside or by modifying the channel gating by
binding to the voltage sensor domain or auxiliary subunits [9]. To date, about 460 toxins
are known exclusively for their Kv channels [10]. Some toxins block the Kv1.3 channel in
the nanomolar range, e.g., charybdotoxin [11] and noxiustoxin [12], and others can even
reach the picomolar range, e.g., Vm?24 [13], ShK [14], margatoxin [15], and HsTx1 [16]. The
exploration of the therapeutic potential of these toxins, including their extensive investi-
gation and use in preclinical and clinical studies, is mainly hindered by the low yield of
purified toxins from milked venom. Therefore, the production of toxin peptides either by
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chemical synthesis or heterologous expression is the strategy followed to overcome this lim-
itation [17]. The chemical synthesis is complex and not cost-effective for producing mutant
toxins for structure—activity relationship studies [18]. It also requires extensive screening
of in vitro folding conditions [19]. To date, Escherichia coli (E. coli) is the best-known het-
erologous expression system, in which recombinant peptides frequently accumulate in
the cytoplasm, leading to misfolding and aggregation in some cases [20]. The solution
to these problems is the periplasmic expression or the use of genetically modified E. coli
strains, which can enhance disulfide bond formation, but with very low yields [21]. Yeast
is a heterologous expression system that has important advantages, including the ability to
perform multiple eukaryotic post-translational modifications, fast growth, high biomass
concentration, the ability to produce a high amount of recombinant protein, both intra-
cellularly and extracellularly, scalable fermentation, and pathogen-free production [22,23].
Sixty-nine percent of the total scorpion venom components recombinantly expressed in
bacteria or yeast correspond to neurotoxins with three to four disulfide bridges. Eighty
percent of these neurotoxins were expressed in E. coli and twenty percent in yeast. In half of
the reports, a yield of 1 to 2 mg/L was observed for the E. coli expression system, whereas
a yield of more than 9 mg/L was obtained in yeast. In addition to this difference in yield,
the misfolding of the peptide in E. coli had to be overcome in some cases [22]. It should be
noted that in our research group, there were cases in which peptide expression succeeded
with Pichia pastoris (recently reclassified as Komagataella phaffii) but without biological ac-
tivity (unpublished data), which is similar to the results reported for the expression of the
I5A toxin using the same recombinant expression system [24]. Therefore, further studies
on the expression of these peptides in yeast are needed to improve the comparative anal-
ysis of these two expression systems (bacteria and yeast). These results will lead to the
improvement in the recombinant production of peptides in sufficient amounts that retain
their biological activity in the performance of studies for the development of new drugs,
bioinsecticides, antibodies, etc.

In this work, we report the recombinant production of three potent Kv1.3 pep-
tide blockers with four disulfide bridges (anuroctoxin, Ts6, and Vm?24) using the yeast
Pichia pastoris as an expression system. Anuroctoxin (AnTx, a-KTx 6.12) is a small peptide
consisting of 35 amino acids (4109 Da). It was isolated from the venom of the Mafia scor-
pion (Anuroctonus phaiodactylus), and it exhibits a Kd = 0.73 nM for the block of Kv1.3 [25].
Ts6 (-KTx 12.1) consists of 40 amino acids with a molecular mass of 4506 Da. Ts6 was
isolated from the venom of the scorpion Tytyus serrulatus and inhibits hKv1.3 currents
with a Kd = 0.55 nM [26]. Vm24 (x-KTx 23.1) is a 36-residue peptide (3864 Da) isolated
from the venom of the scorpion Vaejovis mexicanus smithi [27]. It has the highest affinity for
Kv1.3 among these peptides; it inhibits Kv1.3 with a Kd = 2.9 pM [13]. After recombinant
expression of the peptides, they were characterized by mass spectrometry, and the activity
was tested by a patch clamp to compare the Kd value of the recombinant peptides with the
activity previously reported for the native peptides.

2. Materials and Methods
2.1. Chemicals

All chemicals, unless stated otherwise, were purchased form Sigma-Aldrich
(Budapest, Hungary).

2.2. Plasmid Construction

Pichia pastoris X-33 (Invitrogen, Waltham, MA, USA, Cat. No. K1740-01) was used
as the expression host. The amino acid sequences of AnTx, Ts6, and Vm24 were re-
trieved from the Uniprot database https:/ /www.uniprot.org/ (accessed on 10 March 2021)
(AnTx: POC166, Ts6: P59936, and Vm?24: PODJ31). The sequences were reverse translated,
and the gene cassettes were designed by adding the coding sequence of the 6x-HisTag at
the N-terminus to facilitate the protein purification by Ni-NTA affinity chromatography.
In addition, a factor Xa protease site (IEGR) was added in the case of Vm24, and an en-
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terokinase protease site (DDDDK) was added in the case of AnTx and Tsé6 to remove the
His-tag of the expressed toxin if needed. The gene cassettes were codon-optimized for
P. pastoris according to the codon usage database available at www.kazusa.or.jp/codon
(accessed on 10 March 2021) and synthesized by Integrated DNA Technologies, Belgium.
The designed gene sequences were cloned into the yeast expression vector pPICZoA (Invit-
rogen, Waltham, MA, United States) using Pst] and Sall for AnTx and Vm?24, and Kpnl and
EcoRI for Ts6. The in-frame ligation and nucleotide sequence of AnTx, Ts6, and Vm24 were
confirmed by DNA sequencing.

2.3. Pichia Trasnformation

To generate the toxin-expressing strains, each expression plasmid was linearized
by digestion with the restriction enzyme Sacl at 37 °C overnight and transformed into
P. pastoris X-33 competent cells using the Pichia EasyComp Transformation Kit (Invitrogen,
United States, Cat. No. K173001) according to the protocol indicated by the manufacturer.
The transformed X-33 cells were spread on a YPD agar plate (1% yeast extract, 2% peptone,
2% dextrose, 2% agar, pH 7.0) containing 200 pug/mL Zeocin (Invitrogen, United States,
Cat. No. R25005). After 72 h incubation at 30 °C, the 15-25 biggest colonies were grown
on YPD plates supplemented with progressively increasing amounts of Zeocin (500, 1000,
and 2000 pg/mL) to select the clone that exhibited hyper-resistance to Zeocin. To confirm
the integration of the expression construct into the genome of the Pichia transformants, a
colony PCR using plasmid and gene-specific primers was performed on colonies grown on
2000 pg/mL Zeocin.

2.4. Protein Expression and Purification

Three to nine selected clones from the YPD plate containing 2000 pg/mL Zeocin
were grown overnight in 5 mL YPD medium (1% yeast extract, 2% peptone, 2% dextrose,
pH 7.0) and diluted in 10 mL BMGY medium (1% yeast extract, 2% peptone, 100 mM
potassium phosphate, pH 6.0, 1.34% YNB, 4 x 107°% biotin, and 2% glycerol) to an
ODggp = 0.2. The clones were incubated at 30 °C at 240 rpm for 24 h. The cells were
collected by centrifugation, resuspended in 2 mL of BMMY induction medium (the same
as BMGY with 1% methanol instead of glycerol), and grown for 72 h at 30 °C with constant
shaking (240 rpm). Absolute methanol was added every 24 h at a final concentration of 1%
to maintain protein induction. For each sample, 1 mL of supernatant was collected, and
protein was precipitated with the trichloroacetic acid protocol and analyzed on 16% tricine
SDS-PAGE [28] (in the case of AnTx, 30 pL of supernatant was loaded directly onto the
gel). The clone with the highest expression level of each toxin was selected and cultured in
100 mL BMGY (30 °C at 240 rpm for 24 h); then, the cells were collected by centrifugation
and resuspended in 50 mL BMMY. Protein production was induced for 72 h at 30 °C
with constant shaking (240 rpm). The cultured supernatant was separated by high-speed
centrifugation and diluted to two-fold in potassium phosphate buffer, and imidazole was
added at a final concentration of 30 mM. The filtered supernatant was loaded on a Ni
SepharoseTM 6 Fast Flow (Cytiva, Uppsala, Sweden AB, Cat. No. 17531801) manually
packed column pre-equilibrated with a binding buffer (25 mM potassium phosphate,
300 mM NaCl, 30 mM imidazole, pH 7.4) at a flow rate of 1 mL/min using a peristaltic
pump (miniplus 3, GILSON®). The column was washed with three column volumes (CVs)
of wash buffer (25 mM potassium phosphate, 300 mM NaCl, 40 mM imidazole, pH 7.4),
and the peptides were eluted by running three CVs of elution buffer (25 mM potassium
phosphate, 400 mM imidazole, pH 7). The fractions collected from the affinity column
were further purified by reverse-phase high-performance liquid chromatography (RP-
HPLC) using a C18 analytical grade reverse-phase column (4.6 mm x 250 mm, 5 uM bead
size, Vydac® 218TP) using a Prominence HPLC system (Shimadzu, Germany) at a flow
rate of 1 mL/min. The protocol for each toxin was performed as follows. Recombinant
anuroctoxin (AnTx) was purified using a linear gradient of 0-25% of solvent B (0.1% TFA
in 100% CH3CN) in solvent A (0.1% TFA in water) over 35 min. Recombinant Vm24 and
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Ts6 were purified using a linear gradient of 10-40% of solvent B in solvent A over 60 min.
To eliminate the salts, 100% solvent A was flowed (5 min for Vm24 and Ts6, and 3 min
for AnTx) before the gradient protocol. The absorbance at 230 nm was monitored with
a PDA detector. The peak fractions were collected manually and tested on 16% tricine
SDS-PAGE. After toxin characterization (mass spectrometry and electrophysiology), protein
production was performed on a large scale to obtain a sufficient peptide amount for further
experiments. The protocol used was the same as above with the following exceptions. The
clone was inoculated in YPD medium containing 200 pug/mL Zeocin and grown overnight.
Three 2 L flasks containing 500 mL BMGY medium were inoculated with the cells from
the YPD medium. Twenty-four hours later, the cells were centrifuged and resuspended in
330 mL BMMY to obtain 1 L of culture.

2.5. Cleavage of the His-Tag

The 6x-His-tag fused at the N-terminus of AnTx and Ts6 was cleaved with enterokinase
light chain (New England, Biolabs, Ipswich, MA, USA, Cat. No. P8070L). The reaction
mixture was prepared as follows. Twenty-five micrograms of peptide was mixed with
1 puL enterokinase at an enzyme-to-substrate ratio of 1:100 in TBS buffer (20 mM Tris-HCl,
50 mM NaCl, 2 mM CaCl,, pH 8.0) and incubated overnight at 25 °C. To separate the
untagged peptide from the tagged one, the reaction mixture was passed through a Ni
Sepharose manually packed column. The eluate was purified by RP-HPLC using the
protocols described under the heading of protein expression and purification.

2.6. Mass Spectrometry Analyses

Mass spectrometric determinations were performed using an ESI QTOF-MS instru-
ment (maXis II UHR ESI-QTOF MS, Bruker, Bremen, Germany). The mass spectrometer
was operated in positive ionization mode; 0.5 bar nebulizer pressure, 200 °C dry gas tem-
perature, 4 L/min dry gas flow rate, 4000 V capillary voltage, 500 V end plate offset, 1 Hz
spectra rate, and 5002500 m/z mass range were applied. ESI tuning mix (Agilent) calibrant
injected after each run enabled internal m/z calibration. Mass spectra were processed and
evaluated by Compass Data Analysis version 4.4 (Bruker).

2.7. Cells

Human venous blood from anonymized healthy donors was obtained from a blood
bank. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Histopaque1077 (Cat. No 10771). The obtained cells were resuspended
in RPMI 1640 medium containing 10% fetal calf serum, 100 ng/mL penicillin, 100 pg/mL
streptomycin, and 2 mL glutamine, seeded at a density of 5 x 10° cells per ml in a 24-well
culture plate and grown in a 5% CO, incubator at 37 °C for 2-5 days. Phytohemagglutinin
A (Cat. No. L1668) was added to the medium at concentrations of 5, 7, and 10 pg/mL to
increase the voltage-gated potassium ion channel expression.

2.8. Electrophysiology

Electrophysiological measurements were performed by using the patch clamp tech-
nique in a whole-cell configuration on voltage-clamped cells using the Axon Multiclamp
700B amplifier and the Axon Digidatal440 digitizer; the Clampex 10.7 software was used
for data acquisition (all from Molecular Devices, Sunnyvale, CA, USA). Micropipettes
were pulled from GC150F-15 borosilicate capillaries (Harvard Apparatus Kent,
Edenbridge, UK), resulting in 34 M() resistance in the bath solution. The extracellu-
lar solution (bath solution) contained 145 mM NaCl, 5 mM KCl, 1 mM MgCl,, 2.5 mM
CaClp, 5.5 mM glucose, and 10 mM HEPES, with a pH of 7.35 and an osmolarity between
302 and 308 mOsM/L. The pipette filling solution (intracellular) consisted of 140 mM
KF, 2 mM MgCl,, 1 mM CaCl,, 10 mM HEPES, and 11 mM EGTA, with a pH of 7.22
and an osmolarity of 295 mOsM/L. When the toxins were dissolved in bath solution at
different molar concentrations, they were supplemented with 0.1 mg/mL bovine serum al-
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bumin (BSA). To record hKv1.3 in activated human T lymphocytes (Kv1.3 overexpression),
15 ms-long depolarizing pulses were applied at +50 mV from a holding potential of
—120 mV every 15 s. Current traces were low-pass filtered by the analog four-pole Bessel
filters of the amplifiers, and the sampling frequency was set at 20 kHz, which was at least
twice that of the filter cutoff frequency. The control and test solutions were perfused into
the cell through a gravity flow perfusion system. The excess bath solution was constantly
removed with vacuum suction.

2.9. Patch Clamp Data Analyses

The effect of the toxin at a given molar concentration was calculated as the remaining
current fraction (RCF =1/Iy, where I is the peak current in the absence of the toxin and I is
the peak current at the equilibrium block at a given toxin concentration). The data points
on the dose-response curves represent the mean of 3-5 individual measurements. The data
points were fitted with the Hill equation,

KH
RCF=-———9
Kg + [toxin]

where [toxin] is the concentration of the toxin and H is the Hill coefficient. The best fit
curve gave the K4 value of a given toxin.

2.10. Bioinformatics

The structural visualization was conducted with the software PyMol v2.3.2. Vm?24
(2K90), and the Ts6 (1C56) structures were retrieved from the Protein Data Bank (PDB)
https:/ /www.rcsb.org/ (accessed on 17 August 2022).

2.11. Statistics

Data are expressed as means £+ SEM. Statistical analyses and graph plotting were
executed in GraphPad Prism software (version 8.0.1) (San Diego, CA, USA).

3. Results and Discussion

In this work, the recombinant expression of three peptides from scorpion venom in
the P. pastoris expression system is reported (AnTx, Vm24, and Ts6). Previously, our group
attempted to express the AnTx peptide using E. coli. Soluble expression of the peptide
was not achieved in the cytoplasm, and periplasmic expression yielded only a very low
amount of the toxin. The expression of these disulfide-rich peptides in E. coli may result in
misfolding, causing peptide aggregation so that the protein is formed in inclusion bodies
rather than in soluble form [29,30]. Therefore, the expression of AnTx was tested in Pichia,
and based on the yield observed, we decided to use the same model for the expression of
the other peptides, Vm24 and Tsé6.

3.1. Plasmid Construction

After digestion of the toxin genes and the empty pPICZxA vector with the restriction
enzymes (PstI and Sall for AnTx and Vm?24, and Kpnl and EcoRI for Ts6), the toxin genes
were cloned downstream of the P. pastoris AOX1 promoter and in-frame with the a-factor
of the pPICZuxA vector (Figure 1). The resulting recombinant vectors (pPICZxA-AnTx,
pPICZaA-Vm?24, and pPICZxA-Ts6) were sequenced to verify the nucleotide sequence of
the toxin and to confirm that the sequence was inserted in-frame with the «-factor secretion
signal. Competent P. pastoris X-33 cells were transformed with the linearized plasmid,
and it yielded approximately 20 to 30 Zeocin resistance colonies upon 72 h incubation at
30 °C. The largest colonies were selected for testing for hyper-resistance to Zeocin. A colony
PCR was performed on the colonies, showing the best growth at 2000 pg/mL Zeocin. The
colonies with the best growth that showed an expected PCR amplicon were selected for the
protein expression assay.
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His-Tag

CYC1 terminator—

- la-factor secretion signal
EcoRI

His-Tag
Kpnl 1‘

AOX1 terminator

Figure 1. Graphical representation of recombinant plasmid pPICZxA-Vm?24, -AnTx, and -Ts6.

3.2. Peptide Expression and Purification

For each toxin, 3-9 clones were selected to evaluate the protein expression. Figure 2
shows the tricine SDS-PAGE, where the expression of the recombinant peptides was con-
firmed. The bands of the recombinant peptides were expected at ~6 kDa. For Vm24
(Figure 2a), a band below 6.5 kDa can be seen. However, for AnTx (Figure 2b) and Ts6
(Figure 2c), the band indicates a molecular weight of around 10 kDa. This effect of reduced
electrophoretic mobility has been observed in other similar peptides that also have a high
proportion of basic amino acids [30,31]. Moreover, as discussed later, the masses of the
recombinant peptides determined by mass spectrometry agreed with the expected masses
calculated for the fully oxidized peptides.

C
MM
(kpa) 1 11 13 16 18 19 23 24

Figure 2. Tricine SDS-PAGE analysis of the different clones expressing the recombinant peptides.
MM: molecular marker (kDa). The figure shows the 16% tricine SDS-PAGE analysis of the expression
of recombinant Vm24 (a), AnTx (b), and Ts6 (c) by the clones growing at 2000 pug/mL zeocin (numbers
above the lines refer to the clone numbers). The red circle indicates the selected clones that showed
the highest protein expression.

The selected clones of each toxin were grown in a larger culture (50 mL BMMY).
The His-tagged peptides were separated from the supernatant by Ni-NTA affinity chro-
matography. The obtained samples were then loaded into an RP-HPLC column to purify
the recombinant peptides. The HPLC fractions obtained in this purification step were
analyzed using SDS-PAGE. Figure 3 shows the HPLC fraction corresponding to each re-
combinant peptide. These fractions were characterized by mass spectrometry and their
biological activity on the Kv1.3 channel was assayed. The experimental molecular mass of
the three recombinant peptides was consistent with the expected theoretical molecular mass
(Table 1) (Figure S1).
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Figure 3. RP-HPLC purification of Vm24, AnTx, and Ts6. (a) RP-HPLC chromatograms of the recom-
binant peptides. Chromatograms show the fractions that are biologically active on the hKv1.3 channel.
Acetonitrile % of elution and retention time for recombinant peptides were: Vm24 23.4%/31.8 min,
AnTx 21.2%/32.7 min, and Ts6 25.9%/36.8 min. The inset in each chromatogram represents an ESI-
QTOEF-MS spectrum showing the monoisotopic mass of the respective fraction. (b) Sixteen percent
tricine SDS-PAGE of the purified peptides. MM: molecular marker (kDa), line 1: Vm24, line 2: Ts6,
and line 3: AnTx.

Table 1. Initial characterization of the recombinant Vm24, AnTx, and Ts6.

Peptide RT (min) CH3CN % TMM (Da) EMM (Da)  Activity on hKv1.3

Tag-Vm24 31.8 234 5656.549 5656.500 Positive
Tag-AnTx 327 21.2 6025.615 6025.644 Positive
Tag-Ts6 36.8 259 6189.546 6189.490 Positive

RT: retention time in RP-HPLC chromatogram; CH3CN %: acetonitrile % of elution in RP-HPLC chromatogram;
TMM: theoretical molecular mass; EMM: experimental molecular mass.

3.3. Biological Activity of the Recombinant Peptides on the Kv1.3 Channel

In the preliminary experiments to evaluate the biological activity of the recombinant
toxins, peptide concentrations slightly higher than the reported Kd values for the native
toxins were used. As can be seen in Figure 4, the concentrations of Vm24 (10 pM) and
AnTx (10 nM) blocked more than 50% of the current (reported Kd = 2.9 pM and 0.73 nM,
respectively). However, this effect could not be replicated with 100 nM Ts6 toxin (180 times
the Kd for the native toxin. To determine whether the recombinant Ts6 was biologically
active, a concentration of 300 nM (a concentration well above the reported Kd = 0.55 nM)
was tested, which blocked ~22% of the Kv1.3 current. It should be noted that all these
measurements were conducted with 6x-His-tagged peptides. Although this tag has some
advantages, such as small size, no electrical charge, low toxicity, and immunogenicity, it
also has the disadvantage that it can sometimes affect protein structure and function [32,33].
Therefore, the effect of the His-tag on the interaction between the peptides and the channel
was evaluated by calculating and comparing the Kd values for the tagged and untagged
recombinant toxins.
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Current (nA)

— Control {No blocker) — Tag-Vm24 10pM — Tag-AnTx 10nM — Tag-Ts6 300nM
2.5+ 2.0- 2.0q
2.0 4
154 1.5
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1.0 1.0
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0.5 0.5 0.5+
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Figure 4. Inhibition of hKv1.3 currents by tagged recombinant Vm?24, AnTx, and Ts6. These peptides
are indicated in the figure as Tag-Vm24, Tag-AnTx, Tag-Ts6. Whole-cell currents through hKv1.3 were
evoked from activated human peripheral T lymphocytes by depolarization to +50 mV from a holding
potential —120 mV for 15 ms duration. Test pulses were applied every 15 s. Representative traces
show the K* current before the application of toxin (control) and after reaching the equilibrium block
in the presence of Tag-Vm?24 (blue), Tag-AnTx (green), and Tag-Ts6 (purple).

Larger amounts of recombinant peptides were needed to determine the equilibrium
dissociation constant (Kd) values of the toxins for the interaction with the hKv1.3 ion
channel. The yeast culture was scaled up to 1 L. The yields after the RP-HPLC purification
of the tagged Vm?24, Ts6, and AnTx produced in P. pastoris were 1.6 mg/L, 7.5 mg/L, and
46 mg/L, respectively. The yield of Ts6 was similar to that of other toxins also expressed in
yeast, such as TxVIA (10 mg/L) [34], margatoxin (12 mg/L), and agitoxin-2 (14 mg/L) [31].
The outliers were AnTx with a high yield and Vm24 with a low yield. Vm?24, AnTx, and
Ts6 were previously either isolated directly from venoms or chemically synthesized; there-
fore, the yields obtained in this study cannot be compared with other studies using the
recombinant expression of these peptides. However, as mentioned earlier, higher yields
are usually obtained in the recombinant production of neurotoxins when yeast is used as
the expression system. Two clear examples are the toxins LqhIT2 and MgTXx, for which
the yields in P. pastoris were 18- [35,36] and 10-fold [15,37] higher, respectively, than in
E. coli. The heterologous expression of proteins in insect or mammalian cell cultures is
complex and expensive and generally results in minute amounts of recombinant proteins.
For example, the yield of Psalmotoxin 1 in a Drosophila S2 cell culture was reported to be
0.48 mg/L [38]. On the other hand, cell-free protein synthesis (CFPS) could result in yields
ranging from pg to mg per ml in general [39]. For example, Ramm et al. reported that the
expression of ABs toxins (cholera toxin, heat-labile enterotoxin) in a CFPS system varies
between 7 and 20 ug/mL in mammalian CHO cell lysate or insect-based Sf21 lysate [40].
Moreover, CFPS is an expensive approach, which is usually exploited to circumvent the
limitations of cell-based systems [41,42]. It should be noted that repetition and optimiza-
tion of the process (1 L culture) were not performed in this work because the amounts
of toxins produced were sufficient for the evaluation of the biological activity. However,
it is well known that the optimization of the protocols would lead to an increase in the
production of this kind of toxins by P. pastoris as this has already been observed in the pro-
duction of margatoxin, where the optimization of the protocol increased the yield threefold
(36 mg/L) compared to the previously reported yield [37]. The His-tag of AnTx and
Ts6 was removed using enterokinase. After overnight digestion, the untagged peptides
were purified using RP-HPLC with yields of untagged peptides ranging from 60 to 75%.
The fractions were analyzed by tricine SDS-PAGE (Figure S2) and mass spectrometry
(Figure S3). The monoisotopic experimental masses of the HPLC-purified peptides agreed
well with the expected masses for the untagged peptides (AnTx: predicted = 4097.806 Da,
experimental = 4097.7831 Da; Ts6: predicted = 4502.879 Da, experimental = 4502.8256 Da).

The onset and recovery from the block of hKv1.3 currents at various concentrations of
tagged or untagged recombinant toxins are shown in Figure 5. Normalized peak currents
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(Inorm = It/Ip, where It is the peak current in the presence of the toxin at time t, and I is
the peak current in the absence of the toxin) were plotted as a function of time. In the case
of Tag-Vm?24, the association kinetics were very slow; ~25 min was needed to achieve an
equilibrium block at a 10 pM concentration (Figure 5a), whereas ~5 min (Figure 5b) was
needed to reach equilibrium at the 1 nM concentration. The block was not reversible upon
perfusing the cell with the Tag-Vm?24-free solution (Figure 5a,b). These data show that
the binding kinetics of Tag-Vm24 were similar to those reported for native and synthetic
Vm24 [13,27]. In the case of AnTx, the association and dissociation rates were moderate;
the application of 1 nM of Tag-AnTx or Untag-AnTx developed the steady-state block
in a similar time course within ~2.5 min, and the full recovery of the peak current was
attained after perfusing the cell with toxin-free solution (Figure 5c,d). However, in the case
of Ts6, the association and dissociation kinetics were very fast; the onset of the equilibrium
block at progressively increasing concentrations of either Tag-Ts6 (Figure 5e) or UnTag-Ts6
(Figure 5f) and complete recovery of peak current happened in a few seconds. Moreover,
the apparent association rate was becoming faster with the increasing concentration of
Ts6 (either tagged or untagged), which is also in agreement with the assumption of a
simple bimolecular reaction between the toxin and the channel, as described for classi-
cal Kv1.3 pore blocker toxins [43]. As Tag-Vm24 is an irreversible blocker, a cumulative
concentration-response was obtained for this peptide. In contrast, because of the faster ki-
netics and reversible blocking effect of AnTx and Ts6, the concentration-response curve was
determined by repeatedly perfusing the same cell with the control solution or containing
different concentrations of toxin.

The Kd values for Tag-Ts6, Tag-AnTx, and Tag-Vm24 were 886.9 &+ 27 nM, 1.29 £ 0.14 nM,
and 44 £ 0.6 pM, respectively, as determined by fitting the Hill equation to the
concentration—response relationships (Figure 6). Tag-Ts6 showed a 1600-fold decrease in po-
tency on the hKv1.3 channel compared with the Kd value reported for native Ts6
(0.55 nM). This was the highest difference between the tagged and the native versions of the
three peptides. For the other two peptides, the Kd values were slightly different; Tag-AnTx
showed a 1.8-fold increase (native Kd = 0.72 nM), whereas Tag-Vm?24 showed a 1.5-fold
increase (native Kd = 2.9 pM) in the Kd.

Gurrola et al. reported that there are significant differences between native Vm24 and
synthetic Vm24 in the blocking effect on the hKv1.3 channel at concentrations below 3 pM
but not at 10 pM or higher [27]. This effect is due to the extremely slow blocking kinetics of
Vm?24 at low picomolar concentrations, where equilibrium is reached only after 0.5 to 1 h of
toxin application, which may lead to an overestimation of the Kd value [13]. For this reason,
and because Tag-Vm?24 showed biological activity at picomolar concentrations, as well as
the fact that the Kd value determined from the fit to the data points was very close to the
previously reported value, we decided not to proceed with the evaluation of Untag-Vm?24.
The Kd values for Untag-AnTx and Untag-Ts6 were 0.72 £ 0.06 nM and 29.1 £ 2.2 nM,
respectively. Untag-AnTx showed a slight, 1.8-fold decrease in Kd value compared with
Tag-AnTx. This means that His-tag practically did not affect the interaction of recombinant
AnTx with the hKv1.3 channel. Even more interesting is that the Kd values of Untag-
AnTx and the native AnTx were essentially the same (0.72 nM and 0.73 nM, respectively).
Native AnTx has a pyroglutamic acid at the N-terminus region and an amidated C-terminal
residue [25]. It has been reported that several scorpion toxins require C-terminal amidation
for full biological activity, without which their potency is severely limited. This has been
tested either by comparing two related native toxins (with or without amidation) [44] or
by comparing the activity of recombinant non-amidated peptide with its native amidated
version [45]. It seems that C-terminal amidation could be involved in molecular recognition
processes or could reduce the negative charge of the carboxyl group and the peptide as a
whole [46]. However, as shown in this work, the interaction of recombinant AnTx with the
hKv1.3 channel does not require this posttranslational modification, which is consistent
with the similar results reported when comparing the effect of native maurotxin [47] and
its synthetic version [48].



J. Fungi 2022, 8, 1215 10 of 15
a b
1 ol PM Tag-vm24 _ 1_0_91 nM Tag-Vm24
— . o
2 < "'f.
o 0.8 2 084 le
g g .
£ 06- 5 067 e
o Wash-out ': [
E 0.4 & 049 X
.TT! © L Wash-out
£ 0.2 E 024 (% |
o =]
2 2
0.0 T T T 1 0.0 o]
0 500 1000 1500 2000 0 200 400 600 800
Time (s) Time (s)
c d
1nMTag-AnTx 1 nM Untag-AnTx
= 10 Mp& = 1.0d0
— ® h = .
- - —
c 08| e Wash-out = T oooo°°°°°°:
g ™ 000 § 08 . Wash-out Oo
2 064 c....“.“ o § oed e o
- ®0e® - LR
ﬁ 047 9 0.4 "0  e0e
2 =
E 02 £ ool
S S
Z T T T T T =
0 100 200 300 400 500 0 160 260 360 4(‘}0 5(']0
Time (s) Time (s)
e f
= 10 Th? M 61? céwoo Control 3 1p4m g? O Control
= o 30 nM = } ‘ﬂ @ M 3nM
[ "’f ° 100nM  E 087 $. 0 & Ow 10 nM
= e
5 061 R o ©300nM  E . . i o o e 30nM
o J ° 1000 M o vV ., * 100 nM
g 044 1t TegTs6 | e 3000nM & 044 o * 300 nM
— ® =
E 0.2 #Wash—out o E 0.9- T Untag-Ts6
3 g l Wash-out J
0.0 — 1 - 1 T T - 1 0.0+r—r——T"v71T7v7r T 1T T 7T T 1T TT7
0 200 400 600 800 0 200 400 600 800 1000 1200 1400
Time (s) Time (s)

Figure 5. Blocking kinetics of recombinant Vm24, AnTx, and Ts6 on hKv1.3. Whole-cell currents
through hKv1.3 were evoked from activated human peripheral T lymphocytes by depolarization

to +50 mV from a holding potential

—120 mV for 15 ms duration. Test pulses were applied every

15 s. Time courses of the development and recovery of the hKv1.3 current inhibition are shown for

each peptide. Normalized peak K* currents (I/Iy) were determined and plotted as a function of

time. Down and up arrows indicate the start and the end of perfusion with the recombinant peptide

containing solution or toxin-free solution, respectively. Data points in blue, green, or purple shades
represent the addition application of recombinant Tag-Vm?24 (panel (a,b)), AnTx (panel (c,d)), and
Ts6 (panel (e,f)), respectively, in their tagged or untagged version, as indicated.
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Figure 6. Concentration-dependent block of hKv1.3 by recombinant Vm24, AnTx, and Ts6. A Hill
equation (see Materials and Methods for details) was fitted to the averaged remaining current fraction
(RCF) values calculated at different toxin concentrations as indicated. The best fit resulted in the
Kd values shown at the top of each graph. Hill coefficients were H = 0.92 for Tag-Vm24 (panel (a)),
H =091 for Tag-AnTx, H = 0.95 for Untag-AnTx (panel (b)), H = 1.06 for Tag-Ts6, and H = 1.03 for
Untag-Ts6 (panel (c)). Solid lines represent tagged peptide, dashed lines represent untagged peptides.
Error bar represents SEM and n = 3-5.

On the other hand, Untag-Ts6 showed a drastic change in Kd value when the His-
tag was removed (Kd = 29.1 nM). The Kd value of Untag-Ts6 was 30-fold lower than
that calculated for Tag-Ts6 (Kd = 886.9 nM). This implies that the additional amino acids
at the N-terminus of Tag-Ts6 drastically affect its biological activity compared with the
other two peptides (Tag-Vm24 and Tag-AnTx). The amino acid sequences of the three
peptides and the structures of Ts6 and Vm24 (the only structures reported so far) were
compared to reveal the potential connections between the effects of the peptides on Kv1.3
and the presence of the His-tag. Figure 7a shows the alignment of the Vm?24, Ts6, and AnTx
amino acid sequences. As shown in Figure 7a, the three peptides exhibit well-conserved
disulfide bridges as well as the functional dyad characteristic of this type of toxin. The dyad
consists of two highly conserved amino acid residues, lysine and a neighboring aromatic or
aliphatic residue, in this case tyrosine or phenylalanine. The 3-sheet side of the toxin faces
the entrance of the channel pore, and the lysine side chain faces the selectivity filter, in this
way occluding the pore [49]. Vm24 and AnTx have a fourth disulfide bridge conserved
between them. The structural studies of AnTx show a three-dimensional structure virtually
identical to that of Vm24, which may explain why the His-tag had the same effect in both
recombinant peptides [25,50]. Figure 7b shows the structural alignment between Vm?24 and
Ts6, in which the functional dyad in both toxins is oriented in the same direction, indicating
that the mechanism of interaction with the channel should be very similar. However, as
shown in Figure 7c, the N-terminus of Ts6 has two differences from the N-terminus of
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Vm24: it is longer and has a disulfide bridge. Therefore, the length of the N-terminus,
together with the disulfide bridge that could make it less flexible, may result in the His-tag
physically hindering the entry of the toxin to its receptor site and the subsequent interaction
of the dyad Lys (Lys30) with the channel pore. The functional dyad of AnTx, Vm?24, and Ts6
is located (as in many other related toxins) at the C-terminus, which is the region that plays
an important role in the interaction with the channel and thus leads to the blocking of the
channel. As observed in this work, although the His-tag was expressed at the N-terminus
of the toxins, it had a very different effect depending on which toxin it was conjugated to.
There are also other types of affinity tags that can be used in the expression of peptides, e.g.,
GST, MBP, FLAG, etc. [33], which may or may not affect their biological activity. Finding a
pattern between the features of the toxin and the features of the desired affinity tag could
be useful in obtaining a conjugated toxin where the tag has little or no effect on biological
activity (as in the case of Tag-Vm24 and Tag-AnTXx), thus eliminating the need for tag
removal and the subsequent purification steps.

a
6 12 16 21 26 31 33 36
Vm24 =-=-=-—-AAATSCVGSPECPPKC-RAQGCKNGKCMNRKCECYYC-
1
2 5 10 16 20 31 36 38
Ts6 WCSTCLDLACGASRECYDPCFRKAFGRAHGKCMNNKCRCYT--
4 10 14 19 24 29 31 34
AnTx @~ ————-- QKECTGPQHCTNFC-RKNKCTHGKCMNRKCKCFNCK
b C ‘ :
B/ A ' “
G \ L
\ ‘V.j ‘ \ z‘ - < L
) )‘-.\'-" f e 3
g | h1
i% e g
Tyr N-Terminus N-Terminus

Figure 7. Structural analysis of Vm24, Ts6, and AnTx. (a) Sequence alignment of Vm?24, Ts6, and
AnTx. Conserved Cys between the three peptides are highlighted in yellow; the functional dyad
is highlighted in blue and pink. Conserved disulfide bridges are shown in red; the extra disulfide
bridges are shown in green. (b) Structural alignment between Vm24 and Ts6. Vm24 structure is
shown in yellow (PDB:2K90); Ts6 structure is shown in green (PDB:1C56); functional dyads are
shown in the structural alignment as sticks, lysine (blue) and tyrosine (pink). (c) Disulfide pattern of
Vm?24 and Ts6. Conserved disulfide bridges are shown in red sticks; the other disulfide bridges are
shown in green. The red arrow points to the disulfide bridge found in the N-terminus of Ts6.

As mentioned earlier, the Kd values of Tag-Vm24 and Untag-AnTx were very similar
to those reported for the native toxins. However, the Kd value of Untag-Ts6 was increased
53-fold compared with its native version (Kd = 0.55 nM). The Kd value of the native Ts6 was
determined using Xenopus oocytes expressing rat Kv1.3 (rKv1.3). In this work, recombinant
Vm?24, AnTx, and Ts6 were tested on hKv1.3 expressed in activated PBMCs (the identical
model used for reporting the data for the native Vm24 and AnTx toxins). Differences in the
type of cell expression system as well as the use of a channel from different species could
be the cause of the discrepancy in the results. This phenomenon has been also reported for
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maurotoxin. While the Kd value for rKv1.3 expressed in the oocytes was 180 nM [37], the
hKv1.3 expressed in the CHO cells was almost insensitive to maurotoxin at a concentration
of 100 nM [51]. Table 2 summarizes the Kd values calculated for the recombinant peptides.

Table 2. Comparison of tagged and untagged peptide Kd values on hKv1.3.

Peptide Tagged Untagged Native
AnTx 1.29 nM 0.73nM 0.72nM [25]
Vm?24 4.4 pM NC 29 pM [13]
Ts6 886.9 nM 29.1 nM 0.55 nM [26]

NC: Not calculated.

Our results support the proposal that Pichia pastoris is a reliable heterologous expres-
sion system for the expression of toxins from scorpion venoms. It is worth noting that the
expression protocols can still be optimized to increase the yield, especially in the case of
Vm?24. However, as described here, Pichia expresses the toxins Vm24, AnTx, and Ts6, which
inhibit the hKv1.3 channel in a similar manner to their native versions, thereby confirming
the power of Pichia as a recombinant expression system for cysteine-rich peptides.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof8111215/s1, Figure S1: Mass spectrometry analysis of the
tagged peptides; Figure S2: Tricine SDS-PAGE analysis of tagged and untagged Ts6 and AnTx;
Figure S3: Mass spectrometry analysis of the untagged peptides.

Author Contributions: Conceptualization, ].B. and M.U.N.; formal analysis, ].B.,, M.U.N., K.S. and
C.N.,; funding acquisition, Z.V. and G.P; investigation, ].B., M.U.N., AN.A.S., LR.P, K.S. and
C.N.; methodology, ].B. and M.U.N.; resources, A.G., Z.V. and G.P.; validation, ].B. and M.U.N.;
visualization, J.B.; writing—original draft, J.B. and M.U.N.; writing—review and editing, G.P. All
authors have read and agreed to the published version of the manuscript.

Funding: The grants from Hungarian National Research, Development, and Innovation Office
(K143071 to G.P. and K127931 to A.G.), the Stipendium Hungaricum Scholarship by the Tempus
Public Foundation (to M.U.N. and A.N.A.S.), and the Richter Gedeon Talentum Foundation (to K.S.)
supported this work.

Institutional Review Board Statement: Not applicable.

Informed Consent 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.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: The authors thank the expert technical assistance of Cecilia Nagy and Adrienn Bagosi.

Conflicts of Interest: The authors declare no conflict of interest.

1. Yu, FH,; Catterall, W.A. The VGL-chanome: A protein superfamily specialized for electrical signaling and ionic homeostasis. Sci.
STKE 2004, 2004, rel5. [CrossRef] [PubMed]

2. Perez-Verdaguer, M.; Capera, ].; Serrano-Novillo, C.; Estadella, I.; Sastre, D.; Felipe, A. The voltage-gated potassium channel
Kv1.3 is a promising multitherapeutic target against human pathologies. Expert Opin. Ther. Targets 2016, 20, 577-591. [CrossRef]

3. Gutman, G.A.; Chandy, K.G.; Grissmer, S.; Lazdunski, M.; McKinnon, D.; Pardo, L.A.; Robertson, G.A.; Rudy, B.; Sanguinetti,
M.C,; Stithmer, W,; et al. International Union of Pharmacology. LIII. Nomenclature and molecular relationships of voltage-gated
potassium channels. Pharmacol. Rev. 2005, 57, 473-508. [CrossRef]

4. Teisseyre, A.; Palko-Labuz, A.; Sroda-Pomianek, K.; Michalak, K. Voltage-Gated Potassium Channel Kv1.3 as a Target in Therapy
of Cancer. Front. Oncol. 2019, 9, 933. [CrossRef] [PubMed]

5. Panyi, G.; Beeton, C.; Felipe, A. Ion channels and anti-cancer immunity. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014, 369, 20130106.

[CrossRef]


https://www.mdpi.com/article/10.3390/jof8111215/s1
https://www.mdpi.com/article/10.3390/jof8111215/s1
http://doi.org/10.1126/stke.2532004re15
http://www.ncbi.nlm.nih.gov/pubmed/15467096
http://doi.org/10.1517/14728222.2016.1112792
http://doi.org/10.1124/pr.57.4.10
http://doi.org/10.3389/fonc.2019.00933
http://www.ncbi.nlm.nih.gov/pubmed/31612103
http://doi.org/10.1098/rstb.2013.0106

J. Fungi 2022, 8, 1215 14 0of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Hofschroer, V.; Najder, K.; Rugi, M.; Bouazzi, R.; Cozzolino, M.; Arcangeli, A.; Panyi, G.; Schwab, A. Ion Channels Orchestrate
Pancreatic Ductal Adenocarcinoma Progression and Therapy. Front. Pharmacol. 2020, 11, 586599. [CrossRef] [PubMed]

Yang, K.C.; Nerbonne, ].M. Mechanisms contributing to myocardial potassium channel diversity, regulation and remodeling.
Trends Cardiovasc. Med. 2016, 26, 209-218. [CrossRef]

Waulff, H.; Zhorov, B.S. K+ Channel Modulators for the Treatment of Neurological Disorders and Autoimmune Diseases. Chem.
Rev. 2008, 108, 1744-1773. [CrossRef]

Waulff, H.; Castle, N.A.; Pardo, L.A. Voltage-gated potassium channels as therapeutic targets. Nat. Rev. Drug Discov. 2009, 8,
982-1001. [CrossRef]

Borrego, J.; Feher, A.; Jost, N.; Panyi, G.; Varga, Z.; Papp, F. Peptide Inhibitors of Kv1.5: An Option for the Treatment of Atrial
Fibrillation. Pharmaceuticals 2021, 14, 1303. [CrossRef]

Garcia, M.L.; Garcia-Calvo, M.; Hidalgo, P; Lee, A.; MacKinnon, R. Purification and characterization of three inhibitors of
voltage-dependent K+ channels from Leiurus quinquestriatus var. hebraeus venom. Biochemistry 1994, 33, 6834—6839. [CrossRef]
[PubMed]

Grissmer, S.; Nguyen, A.N.; Aiyar, ].; Hanson, D.C.; Mather, R.J.; Gutman, G.A.; Karmilowicz, M.].; Auperin, D.D.; Chandy, K.G.
Pharmacological characterization of five cloned voltage-gated K+ channels, types Kv1.1, 1.2, 1.3, 1.5, and 3.1, stably expressed in
mammalian cell lines. Mol. Pharmacol. 1994, 45, 1227-1234. [PubMed]

Varga, Z.; Gurrola-Briones, G.; Papp, F.; Rodriguez de la Vega, R.C.; Pedraza-Alva, G.; Tajhya, R.B.; Gaspar, R.; Cardenas, L.;
Rosenstein, Y.; Beeton, C.; et al. Vm24, a natural immunosuppressive peptide, potently and selectively blocks Kv1.3 potassium
channels of human T cells. Mol. Pharmacol. 2012, 82, 372-382. [CrossRef] [PubMed]

Pennington, M.W.; Byrnes, M.E.; Zaydenberg, I.; Khaytin, I.; de Chastonay, J.; Krafte, D.S.; Hill, R.; Mahnir, V.M.; Volberg, W.A.;
Gorczyca, W.; et al. Chemical synthesis and characterization of ShK toxin: A potent potassium channel inhibitor from a sea
anemone. Int. J. Pept. Protein Res. 1995, 46, 354-358. [CrossRef]

Garcia-Calvo, M.; Leonard, R.J.; Novick, J.; Stevens, S.P.; Schmalhofer, W.; Kaczorowski, G.J.; Garcia, M.L. Purification, charac-
terization, and biosynthesis of margatoxin, a component of Centruroides margaritatus venom that selectively inhibits voltage-
dependent potassium channels. J. Biol. Chem. 1993, 268, 18866-18874. [CrossRef]

Lebrun, B.; Romi-Lebrun, R.; Martin-Eauclaire, M.F.; Yasuda, A.; Ishiguro, M.; Oyama, Y.; Pongs, O.; Nakajima, T. A four-
disulphide-bridged toxin, with high affinity towards voltage-gated K+ channels, isolated from Heterometrus spinnifer (Scorpi-
onidae) venom. Biochem. J. 1997, 328 Pt 1, 321-327. [CrossRef]

Boldrini-Franga, J.; Cologna, C.T.; Pucca, M.B.; Bordon, K.C.E; Amorim, E.G.; Anjolette, F.A.P.; Cordeiro, F.A.; Wiezel, G.A.; Cerni,
F.A.; Pinheiro-Junior, E.L.; et al. Minor snake venom proteins: Structure, function and potential applications. Biochim. Biophys.
Acta (BBA)-Gen. Subj. 2017, 1861, 824-838. [CrossRef]

Andersson, L.; Blomberg, L.; Flegel, M.; Lepsa, L.; Nilsson, B.; Verlander, M. Large-scale synthesis of peptides. Biopolym.-Pept. Sci.
Sect. 2000, 55, 227-250. [CrossRef]

Jensen, J.E.; Durek, T.; Alewood, PF.,; Adams, D.J.; King, G.E; Rash, L.D. Chemical synthesis and folding of APETx2, a potent and
selective inhibitor of acid sensing ion channel 3. Toxicon 2009, 54, 56-61. [CrossRef]

Geron, M. Production and Purification of Recombinant Toxins. Methods Mol. Biol. 2020, 2068, 73-84.

Klint, ].K; Senff, S.; Saez, N.J.; Seshadri, R.; Lau, H.Y,; Bende, N.S.; Undheim, E.A.; Rash, L.D.; Mobli, M.; King, G.F. Production of
recombinant disulfide-rich venom peptides for structural and functional analysis via expression in the periplasm of E. coli. PLoS
ONE 2013, 8, €63865. [CrossRef] [PubMed]

Amorim, EG.; Cordeiro, F.A.; Pinheiro-Junior, E.L.; Boldrini-Franca, J.; Arantes, E.C. Microbial production of toxins from the
scorpion venom: Properties and applications. Appl. Microbiol. Biotechnol. 2018, 102, 6319-6331. [CrossRef] [PubMed]

Baghban, R.; Farajnia, S.; Rajabibazl, M.; Ghasemi, Y.; Mafi, A.; Hoseinpoor, R.; Rahbarnia, L.; Aria, M. Yeast Expression Systems:
Overview and Recent Advances. Mol. Biotechnol. 2019, 61, 365-384. [CrossRef]

Pang, S.-Z.; Oberhaus, S.M.; Rasmussen, ].L.; Knipple, D.C.; Bloomquist, ].R.; Dean, D.H.; Bowman, K.D.; Sanford, J.C. Expression
of a gene encoding a scorpion insectotoxin peptide in yeast, bacteria and plants. Gene 1992, 116, 165-172. [CrossRef]

Bagddany, M.; Batista, C.V.F,; Valdez-Cruz, N.A.; Somodi, S.; de la Vega, R.C.R; Licea, A.F,; Varga, Z.; Gaspar, R.; Possani, L.D.;
Panyi, G. Anuroctoxin, a New Scorpion Toxin of the «-KTx 6 Subfamily, Is Highly Selective for Kv1.3 over IKCal Ion Channels of
Human T Lymphocytes. Mol. Pharmacol. 2005, 67, 1034-1044. [CrossRef]

Cerni, FA.; Pucca, M.B,; Peigneur, S.; Cremonez, C.M.; Bordon, K.C.F; Tytgat, J.; Arantes, E.C. Electrophysiological Characteriza-
tion of Ts6 and Ts7, K+ Channel Toxins Isolated through an Improved Tityus serrulatus Venom Purification Procedure. Toxins
2014, 6, 892-913. [CrossRef] [PubMed]

Gurrola, G.B.; Hernandez-Lopez, R.A.; Rodriguez de la Vega, R.C.; Varga, Z.; Batista, C.V.; Salas-Castillo, S.P.; Panyi, G.; del
Rio-Portilla, F.; Possani, L.D. Structure, function, and chemical synthesis of Vaejovis mexicanus peptide 24: A novel potent blocker
of Kv1.3 potassium channels of human T lymphocytes. Biochemistry 2012, 51, 4049-4061. [CrossRef] [PubMed]

Schagger, H. Tricine-SDS-PAGE. Nat. Protoc. 2006, 1, 16-22. [CrossRef]

Alvarado, D.; Cardoso-Arenas, S.; Corrales-Garcia, L.L.; Clement, H.; Arenas, I.; Montero-Dominguez, P.A.; Olamendi-Portugal,
T.; Zamudio, E; Csoti, A.; Borrego, J.; et al. A Novel Insecticidal Spider Peptide that Affects the Mammalian Voltage-Gated Ion
Channel hKv1.5. Front. Pharmacol. 2020, 11, 563858. [CrossRef]


http://doi.org/10.3389/fphar.2020.586599
http://www.ncbi.nlm.nih.gov/pubmed/33841132
http://doi.org/10.1016/j.tcm.2015.07.002
http://doi.org/10.1021/cr078234p
http://doi.org/10.1038/nrd2983
http://doi.org/10.3390/ph14121303
http://doi.org/10.1021/bi00188a012
http://www.ncbi.nlm.nih.gov/pubmed/8204618
http://www.ncbi.nlm.nih.gov/pubmed/7517498
http://doi.org/10.1124/mol.112.078006
http://www.ncbi.nlm.nih.gov/pubmed/22622363
http://doi.org/10.1111/j.1399-3011.1995.tb01068.x
http://doi.org/10.1016/S0021-9258(17)46707-X
http://doi.org/10.1042/bj3280321
http://doi.org/10.1016/j.bbagen.2016.12.022
http://doi.org/10.1002/1097-0282(2000)55:3&lt;227::AID-BIP50&gt;3.0.CO;2-7
http://doi.org/10.1016/j.toxicon.2009.03.014
http://doi.org/10.1371/journal.pone.0063865
http://www.ncbi.nlm.nih.gov/pubmed/23667680
http://doi.org/10.1007/s00253-018-9122-2
http://www.ncbi.nlm.nih.gov/pubmed/29858954
http://doi.org/10.1007/s12033-019-00164-8
http://doi.org/10.1016/0378-1119(92)90512-N
http://doi.org/10.1124/mol.104.007187
http://doi.org/10.3390/toxins6030892
http://www.ncbi.nlm.nih.gov/pubmed/24590385
http://doi.org/10.1021/bi300060n
http://www.ncbi.nlm.nih.gov/pubmed/22540187
http://doi.org/10.1038/nprot.2006.4
http://doi.org/10.3389/fphar.2020.563858

J. Fungi 2022, 8, 1215 150f 15

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Borrego, J.; Clement, H.; Corrales-Garcia, L.L.; Arenas, I.; Corzo, G. Key amino acid residues involved in mammalian and
insecticidal activities of Magi4 and Hv1b, cysteine-rich spider peptides from the delta-atracotoxin family. Amino Acids 2020, 52,
465-475. [CrossRef]

Anangi, R.; Koshy, S.; Huq, R.; Beeton, C.; Chuang, W.J.; King, G.F. Recombinant expression of margatoxin and agitoxin-2 in
Pichia pastoris: An efficient method for production of KV1.3 channel blockers. PLoS ONE 2012, 7, €52965. [CrossRef] [PubMed]
Booth, W.T.; Schlachter, C.R.; Pote, S.; Ussin, N.; Mank, N.J.; Klapper, V.; Offermann, L.R.; Tang, C.; Hurlburt, B.K.; Chruszcz, M.
Impact of an N-terminal Polyhistidine Tag on Protein Thermal Stability. ACS Omega 2018, 3, 760-768. [CrossRef] [PubMed]
Waugh, D.S. Making the most of affinity tags. Trends Biotechnol. 2005, 23, 316-320. [CrossRef]

Bruce, C.; Fitches, E.C.; Chougule, N.; Bell, H.A.; Gatehouse, J.A. Recombinant conotoxin, TxVIA, produced in yeast has
insecticidal activity. Toxicon 2011, 58, 93-100. [CrossRef] [PubMed]

Li, H.; Xia, Y. Expression, antiserum preparation and bioactivity assays of insect neurotoxin LqhIT2. Sheng Wu Gong Cheng Xue
Bao 2008, 24, 1761-1767. [PubMed]

Turkov, M.; Rashi, S.; Noam, Z.; Gordon, D.; Ben Khalifa, R.; Stankiewicz, M.; Pelhate, M.; Gurevitz, M. In vitro folding and
functional analysis of an anti-insect selective scorpion depressant neurotoxin produced in Escherichia coli. Protein Expr. Purif. 1997,
10, 123-131. [CrossRef]

Naseem, M.U.; Tajti, G.; Gaspar, A.; Szanto, T.G.; Borrego, J.; Panyi, G. Optimization of Pichia pastoris Expression System for
High-Level Production of Margatoxin. Front. Pharmacol. 2021, 12, 733610. [CrossRef]

Escoubas, P; Bernard, C.; Lambeau, G.; Lazdunski, M.; Darbon, H. Recombinant production and solution structure of PcTx1, the
specific peptide inhibitor of ASICla proton-gated cation channels. Protein Sci. 2003, 12, 1332-1343. [CrossRef]

Carlson, E.D; Gan, R;; Hodgman, C.E.; Jewett, M.C. Cell-free protein synthesis: Applications come of age. Biotechnol. Adv. 2012,
30, 1185-1194. [CrossRef]

Ramm, E; Jack, L.; Kaser, D.; SchloShauer, J.L.; Zemella, A.; Kubick, S. Cell-Free Systems Enable the Production of AB(5) Toxins
for Diagnostic Applications. Toxins 2022, 14, 233. [CrossRef]

Dondapati, S.K.; Stech, M.; Zemella, A.; Kubick, S. Cell-Free Protein Synthesis: A Promising Option for Future Drug Development.
BioDrugs 2020, 34, 327-348. [CrossRef] [PubMed]

Khambhati, K.; Bhattacharjee, G.; Gohil, N.; Braddick, D.; Kulkarni, V.; Singh, V. Exploring the Potential of Cell-Free Protein
Synthesis for Extending the Abilities of Biological Systems. Front. Bioeng. Biotechnol. 2019, 7, 248. [CrossRef] [PubMed]
Goldstein, S.A.; Miller, C. Mechanism of charybdotoxin block of a voltage-gated K+ channel. Biophys. J. 1993, 65, 1613-1619.
[CrossRef]

Coelho, V.A.; Cremonez, C.M.; Anjolette, FA.; Aguiar, ]J.F; Varanda, W.A.; Arantes, E.C. Functional and structural study
comparing the C-terminal amidated beta-neurotoxin Ts1 with its isoform Ts1-G isolated from Tityus serrulatus venom. Toxicon
2014, 83, 15-21. [CrossRef]

Luna-Ramirez, K.; Csoti, A.; McArthur, ].R.; Chin, YK.Y.; Anangi, R.; Najera, R.d.C.; Possani, L.D.; King, G.F; Panyi, G.; Yu, H,;
et al. Structural basis of the potency and selectivity of Urotoxin, a potent Kv1 blocker from scorpion venom. Biochem. Pharmacol.
2020, 174, 113782. [CrossRef]

Estrada, G.; Restano-Cassulini, R.; Ortiz, E.; Possani, L.D.; Corzo, G. Addition of positive charges at the C-terminal peptide
region of Cssll, a mammalian scorpion peptide toxin, improves its affinity for sodium channels Nav1.6. Peptides 2011, 32, 75-79.
[CrossRef]

Kharrat, R.; Mansuelle, P.; Sampieri, F; Crest, M.; Oughideni, R.; Van Rietschoten, J.; Martin-Eauclaire, M.E; Rochat, H.; El
Ayeb, M. Maurotoxin, a four disulfide bridge toxin from Scorpio maurus venom: Purification, structure and action on potassium
channels. FEBS Lett. 1997, 406, 284-290. [CrossRef]

Kharrat, R.; Mabrouk, K.; Crest, M.; Darbon, H.; Oughideni, R.; Martin-Eauclaire, M.E,; Jacquet, G.; el Ayeb, M.; Van Rietschoten,
J.; Rochat, H.; et al. Chemical synthesis and characterization of maurotoxin, a short scorpion toxin with four disulfide bridges that
acts on K+ channels. Eur. . Biochem. 1996, 242, 491-498. [CrossRef] [PubMed]

Bartok, A.; Panyi, G.; Varga, Z. Potassium Channel Blocking Peptide Toxins from Scorpion Venom. In Scorpion Venoms; Springer:
Dordrecht, The Netherlands, 2015; pp. 493-527.

Bartok, A.; Fehér, K.; Bodor, A.; Rakosi, K.; Téth, G K.; Kovér, K.E.; Panyi, G.; Varga, Z. An engineered scorpion toxin analogue
with improved Kv1.3 selectivity displays reduced conformational flexibility. Sci. Rep. 2015, 5, 18397. [CrossRef]

Castle, N.A.; London, D.O.; Creech, C.; Fajloun, Z.; Stocker, ].W.; Sabatier, J.-M. Maurotoxin: A Potent Inhibitor of Intermediate
Conductance Ca2*-Activated Potassium Channels. Mol. Pharmacol. 2003, 63, 409-418. [CrossRef]


http://doi.org/10.1007/s00726-020-02825-4
http://doi.org/10.1371/journal.pone.0052965
http://www.ncbi.nlm.nih.gov/pubmed/23300835
http://doi.org/10.1021/acsomega.7b01598
http://www.ncbi.nlm.nih.gov/pubmed/29399652
http://doi.org/10.1016/j.tibtech.2005.03.012
http://doi.org/10.1016/j.toxicon.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21640131
http://www.ncbi.nlm.nih.gov/pubmed/19149189
http://doi.org/10.1006/prep.1997.0724
http://doi.org/10.3389/fphar.2021.733610
http://doi.org/10.1110/ps.0307003
http://doi.org/10.1016/j.biotechadv.2011.09.016
http://doi.org/10.3390/toxins14040233
http://doi.org/10.1007/s40259-020-00417-y
http://www.ncbi.nlm.nih.gov/pubmed/32198631
http://doi.org/10.3389/fbioe.2019.00248
http://www.ncbi.nlm.nih.gov/pubmed/31681738
http://doi.org/10.1016/S0006-3495(93)81200-1
http://doi.org/10.1016/j.toxicon.2014.02.010
http://doi.org/10.1016/j.bcp.2019.113782
http://doi.org/10.1016/j.peptides.2010.11.001
http://doi.org/10.1016/S0014-5793(97)00285-8
http://doi.org/10.1111/j.1432-1033.1996.0491r.x
http://www.ncbi.nlm.nih.gov/pubmed/9022673
http://doi.org/10.1038/srep18397
http://doi.org/10.1124/mol.63.2.409

	Introduction 
	Materials and Methods 
	Chemicals 
	Plasmid Construction 
	Pichia Trasnformation 
	Protein Expression and Purification 
	Cleavage of the His-Tag 
	Mass Spectrometry Analyses 
	Cells 
	Electrophysiology 
	Patch Clamp Data Analyses 
	Bioinformatics 
	Statistics 

	Results and Discussion 
	Plasmid Construction 
	Peptide Expression and Purification 
	Biological Activity of the Recombinant Peptides on the Kv1.3 Channel 

	References

