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The kappa-KTx family of peptides, which is the newest K*-channel blocker family from scorpion venom,
is present in scorpions from the families Scorpionidae and Liochelidae. Differently from the other scor-
pion KTx families, the three-dimensional structure of the known kappa-KTxs toxins is formed by two
parallel a-helices linked by two disulfide bridges. Here, the characterization of a new kappa-KTx peptide,
designated kappa-KTx 2.5, derived from the Liochelidae scorpion Opisthacanthus cayaporum, is described.
This peptide was purified by HPLC and found to be identical to OcyC8, a predicted mature sequence pre-

{((ey words: cursor (UniProtKB C5]J89) previously described by our group. The peptide was chemically synthesized
appa-KTx . . . . . .

Liochelidae and the circular dichroism (CD) spectra of both, native and synthetic, conducted at different tempera-
Potassium channel blocker tures in water and water/trifluoroethanol (TFE), showed a predominance of a-helices. The kappa-KTx
Scorpion 2.5 is heat stable and was shown to be a blocker of K*-currents on hKv1.1, and hKv1.4, with higher
Venom affinity for Kv1.4 channels (ICso =71 wM). Similarly to the other kappa-KTxs, the blockade of K*-channels

occurred at micromolar concentrations, leading to uncertainness about their proper molecular target,
and consequently their pharmacologic effect. In order to test other targets, kappa-KTx2.5 was tested on
other K*-channels, on Na*-channels, on bacterial growth and on smooth muscle tissue, a known assay
to identify possible bradykinin-potentiating peptides, due to the presence of two contiguous prolines at
the C-terminal sequence. It has no effect on the targets used except on hKv1.1, and hKv1.4 expressed
in Chinese hamster ovary cells. Since the only plausible function found for kappa-KTx2.5 seems to be
the blockade of K*-channels, a discussion regarding the analysis of structure-function relationships is
included in this communication, based on sequence alignments of members of the kappa-KTx toxin
family, and on computational simulation of a structural model of the kappa-KTx2.5-Kv1.2 complex.

© 2011 Elsevier Inc. Open access under the Elsevier OA license,

1. Introduction

Ion channels are important targets for treatment of many dis-
eases or clinical abnormalities. Among them, K*-channels have
received much attention as they are widely spread in almost any
tissue and also due to the high diversity of K*-channels expressed in
mammalian cells. Some organic compounds and peptides derived
from animal venoms affect K*-channel function preventing cur-
rent flow, and they are functionally named potassium-channels
blockers. Among the venomous animals, scorpions [9,29,35,37] are
the main source of potassium-channels toxins (KTxs), followed by
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spiders [7,34], snakes [12], cone-snail [11,36] and sea anemone
[1,6] peptides. These KTxs show different arrangements of their
three-dimensional (3D) structures. The folding types earlier found
are: oo, o B33 and BB [14,22,23]. Despite the conformation dif-
ferences, most of these peptides have common residues which
promote the binding with the potassium-channel vestibule, such
as a lysine residue distant from an aromatic residue for 6.6 +1.0A
[3]. The scorpion KTxs are formed by 20-95 amino acid residues sta-
bilized by two, three or four disulfide bonds, making this structure
relatively stable. The scorpion KTxs were originally classified into
three families named o, 3 and «y [37], all of them have the highly
conserved secondary structural arrangement o/ stabilized by cys-
teines (CSa/B). More recently, scorpion KTxs presenting a different
structural arrangement, with only two a-helices stabilized by two
disulfide bonds, CSa/a,, were described, and these peptides were
named k-KTxs [2,32]. By possessing the functional dyad for KTxs
- the two amino acid residues (Y5 and K19) - their pharmacolog-
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ical targets are thought to be potassium channels. The first k-KTx
described was k-Hefutoxinl (systematically named k-KTx1.1),
isolated from the Scorpionidae Heterometrus fulvipes, and that
blocks Kv1.2 and Kv1.3 channels at wM concentrations [32]. The k-
KTx1.3, which shows 60% identity with the k-KTx1.1, was isolated
from Heterometrus spinifer, and had blocking activity on Kv1.1, 1.2,
and 1.3 channels [24]. The Om-toxins, isolated from Opisthacanthus
madagascariensis [2], had lower identities (about 20%) with the k-
KTx1.1, 1.2 and 1.3, and have been classified as k-KTx2.1, 2.2, 2.3
and 2.4. These peptides also have the CSa/a conformation and the
presence of the functional dyad - Y5 (or Y4) and K15 residues, but
as the k-KTx1.1 and 1.2, have low affinity to K*-channels. The k-
KTx2.3 caused 70% reduction of K* currents in Kv1.3 channels, but
the effects were obtained at very high concentrations (500 M) [2].
Using transcriptome approach, we identified in the venom gland
of Opisthacanthus cayaporum, two sequences showing high iden-
tity to the Omtoxins, OcyC8 and OcyC9 [31]. Here we describe the
purification and functional characterization of the mature peptide
coded by OcyC8 (GenBank ID: FM998750). This novel k-KTx is a 28
amino acid long peptide with two disulfide bridges, to which, due
to its structural characteristics, it was given the systematic name
k-KTx2.5. As the other k-KTxs, k-KTx2.5 was capable of blocking
reversibly K*-channels with a Kd at .M concentrations. Due to its
low affinity on K*-channels tested, we evaluated the effect of k-
KTx2.5 on other molecular targets. The results are presented and
discussed here with an analysis of structure-function relationship
considering the amino acid sequences and a computational simu-
lation of the structural model of the k-KTx2.5-Kv1.2 complex.

2. Materials and methods
2.1. Purification of the k-KTx2.5 and peptide synthesis

The crude venom was submitted to chromatography according
to [30]. Briefly, the crude venom was obtained by electrical stim-
ulation, freeze-dried, and then dissolved in water and centrifuged
at 10,000 x g for 10 min. The soluble supernatant was separated by
high performance liquid chromatography (HPLC) in a C18 reverse-
phase (RP) analytical column (Phenomenex, Inc., USA), using a
linear gradient from 0% solvent A (0.12% trifluoroacetic acid, TFA, in
water) to 60% solvent B (0.10% TFA in acetonitrile) run for 60 min,
at a flow rate of 1 mL/min. The fraction corresponding to the k-
KTx2.5 was further purified in the same column, in a gradient of
20-40% of acetonitrile in 40 min, at 1 mL/min. k-KTx2.5 was syn-
thesized by solid phase methodology using Fmoc chemistry by
GenWay Biotech, Inc. (San Diego, CA). Synthetic peptide was puri-
fied by reversed-phase high performance liquid chromatography
and characterized by mass spectroscopy and amino acid analysis by
GenWay Biotech, Inc. Considering the same disulfide bridge pattern
of k-KTx peptides, the disulfide pairings Cys1-Cys4 and Cys2-Cys3
were adopted for the chemical synthesis of k-KTx2.5. The purity of
synthetic peptide was verified by HPLC analysis and the correctness
of the sequence was assessed by MALDI-TOF mass spectrometry
measurements. Native and synthetic k-KTx2.5 were mixed and
submitted to HPLC separation using the same conditions used for
purification of the peptide. The structural identity between the
native and synthetic peptides was verified by RP-HPLC coelution.

2.2. Mass spectrometry

The peptide molecular mass was determined in an UltraFlex
Il MALDI-TOF/TOF Mass Spectrometer (Bruker Daltonics, Billerica,
MA). The peptide was dissolved in an a-cyano-4-hydroxycinnamic
acid matrix solution (1:3, v:v), spotted onto a MALDI target plate
and dried at room temperature for 15min. The monoisotopic
masses were obtained in reflector mode with external calibration,

using the Peptide Calibration Standard for Mass Spectrometry cal-
ibration mixture (up to 4000 Da mass range, Bruker Daltonics).

2.3. Circular dichroism of native and synthetic k-KTx2.5

CD spectra were recorded on a JASCO J-815 spectropolarime-
ter (Jasco, Tokyo, Japan) equipped with a Peltier type temperature
controller. The Far-UV spectra of the peptides in H,O and 10, 30
and 50% TFE (v/v) at 25°C were recorded using 0.1 cm pathlength
quartz cuvette. Thermal denaturation assays were performed rais-
ing the temperature at 0.5 °C/min, from 20 °Cto 95 °C. The observed
ellipticities were converted into molar ellipticity ([#]) based on
molecular mass per residue of 112 Da. The a-helix secondary struc-
ture content was estimated evaluating the signal at 208 nm using
the following equation [21]:

fue (6108 — 4, 000
H= 733,000 4,000

2.4. Electrophysiological measurements

2.4.1. K*-channels

Cell culture. Chinese hamster ovary cells (CHO) were routinely
cultured in DMEM (Gibco) containing 10% fetal calf serum (Gibco)
and maintained at 37°C in humidified atmosphere with 5% CO,.
Approximately 2 x 104 cells were transfected with 1-1.5ug of
human Kv1.1 or Kv1.4 pcDNA3.1 vector along with 0.2 ug of
green fluorescent protein (GFP) in pEGFP-C1 (Clontech, USA) using
lipofectamine reagent kit (Invitrogen) following the instructions
of the manufacturer. Currents were recorded 24-72h following
transfection.

Solutions. Standard extracellular solution contained (in mM):
NacCl 130, KCI 5, CaCl, 2, MgCl, 2, HEPES-NaOH 10, p-glucose 5,
adjusted at pH 7.40.

Standard pipette solution contained (in mM): K*-aspartate 130,
NaCl 10, MgCl, 2, EGTA-KOH 10, HEPES-KOH 10, at pH 7.30 and
nominal [CaZ*]i of ~50 nM. Peptides were added to the extracellular
solution from stock in distilled water.

2.4.2. Expression of voltage gated ion channels in Xenopus laevis
oocytes and electrophysiological recordings

For the expression of the VGPCs (rKy1.1, rKy 1.2, hKy 1.3, rKy 1.4,
rKy 1.5, 1Ky 1.6, Shaker IR, rKy 2.1, 1Ky 3.1, rKy4.2, rKy4.3, hERG) and
the VGSCs (rNay1.2, rNay 1.3, rNay1.4, rNay 1.8, DmNaV1) in Xeno-
pus oocytes, the linearized plasmids were transcribed using the
T7 or SP6 mMESSAGE-mMACHINE transcription kit (Ambion). The
harvesting of stage V-VI oocytes from anaesthetized female Xeno-
pus laevis frog was previously described [24]. Oocytes were injected
with 50nL of cRNA at a concentration of 1ng/nL using a micro-
injector (Drummond Scientific, USA). The oocytes were incubated
in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl,, 1.8; MgCl,,
2 and HEPES, 5 (pH 7.4), supplemented with 50 mg/l gentamycin
sulfate.

Two-electrode voltage-clamp recordings were performed at
room temperature (18-22°C) using a Geneclamp 500 amplifier
(Axon Instruments, USA) controlled by a pClamp data acquisition
system (Axon Instruments, USA). Whole cell currents from oocytes
were recorded 1-4 days after injection. Bath solution composition
was (in mM): NaCl, 96; KCl, 2; CaCl,, 1.8; MgCl,, 2 and HEPES, 5 (pH
7.4). Voltage and current electrodes were filled with 3 M KCl. Resis-
tances of both electrodes were kept between 0.7 and 1.5 MS2. The
elicited currents were filtered at 1 kHz and sampled at 500 Hz using
a four-pole low-pass Bessel filter. Leak subtraction was performed
using a -P/4 protocol. For Nay channels, representative whole-cell
currents were elicited by a 100 ms voltage pulse to 0 mV, from a
holding potential of —90 mV. For Ky channels, currents were evoked



T.S. Camargos et al. / Peptides 32 (2011) 1509-1517 1511

by 500 ms depolarizations to 0 mV followed by a 500 ms pulse to
—50mV, from a holding potential of —90 mV.

2.5. Guinea pig ileum

Adult male guinea pigs (Cavia porcellus) (180-250¢g) were kept
fast for 24 h, and then were deeply anesthetized using 100 mg/kg of
thionembutali.p. and euthanized by exsanguination. The ileum was
collected and rinsed with Tyrode solution (138 mM NacCl; 2.7 mM
KCI; 1 mM MgCl,; 0.36 mM NaH,;PO4; 12 mM NaHCOs3; 5.5 mM D-
glucose, pH 7.4). Pieces measuring 2 cm length were cut and kept
on aerated Tyrode solution. The segment was tied at one end to
an iron stick and submerged in a 10 mL total volume bath, kept
at 35°C. The other end was coupled to an isomeric transducer F-
60 connected to a polygraph, both from NARCO BioSystems. The
preparation was stabilized for 30 min, ventilated with carbogen
(5% CO, and 95 0;) and changing solution each 10 min. After sta-
bilized, bradykinin at concentrations 16 x 103 to 4 x 103 WM was
applied into the system, and the effects registered for 1 min. After
that, the preparation was rinsed with Tyrode solution for five times.
The bradykinin potentiating activity of kappa-KTx2.5 was evalu-
ated by adding the synthetic peptide at concentrations of 3.19, 6.38
or 9.58 uM to the bath 3 min before the application of 4 x 103 uM
bradykinin to the bath. The experiment was done in triplicate. The
experimental protocol was approved by the University of Brasilia
Animal Care and Use Committee (number 46594/2009).

2.6. Antimicrobial assay

The activity of kappa-KTx2.5 toward Gram-positive (Staphy-
lococcus aureus ATCC 29213) and Gram-negative (Escherichia coli
ATCC 25922) bacteria was tested by the broth microdilution assay.
The bacteria were grown in Luria-Bertani (LB) medium to the opti-
cal density of 0.5 at 600 nm. The highest concentration of the
peptide used was 256 M. Positive and negative controls were car-
ried out with the inoculums plus LB medium and medium only,
respectively. The spectrophotometric reading (630 nm) was per-
formed after 12 h incubation time at 37 °C.

2.7. Docking

The docking of the k-KTx2.5 to the Kv1.2 was performed by
AutoDock 4 (http://autodock.scripps.edu/). The k-KTx2.5 was mod-
eled by Modeller9ve6, using the template PDB ID: 1TWQD [31]. The
Kv1.2 potassium channel coordinates were obtained from its crys-
tal structure PDB ID: 2A79 in its open conformation, and for the
docking only the S5 and S6 helices were selected. The interact-
ing portion channel-peptide of Kv1.1, 1.2 and 1.4 are similar. The
Kv1.2 channel has a crystal structure, which explains our choice
to modeling with the Kv1.2 channel, despite the biological assays
done in different in Kv1.1 and 1.4. Both molecules were submit-
ted to atomic charges calculation according to Gasteiger method
[10]. The affinity grid maps were built with X-126, Y-126 and Z-
126 dimensions, spacing by 0.6 A. The channel was remained rigid
while the peptide flexible, so the docking was carried out through
the Lamarkian Genetic Algorithm [20]. For each run were used 15
million evaluations, and the other parameters in default. The results
were analyzed with Pymol (http://www.pymol.org/) and the con-
tact maps by the server Sting (http://www.nbi.cnptia.embrapa.br).

3. Results
3.1. Peptide purification and sequencing

The fractionation of the crude soluble venom of O. cayaporum
by RP-HPLC yielded more than 80 fractions [30]. The component

that eluted at 25.9% acetonitrile/0.1% TFA was further purified by
analytical RP-HPLC as shown in Fig. 1. The component eluting at
retention time of 12.58 min (see inset Fig. 1) was found to be the
pure peptide here named k-KTx 2.5, which corresponded to the
predicted mature sequence for OcyC8, a precursor (UniProt ID:
C5]J89) previously described by our group [31]. This peptide had
its N-terminal sequence determined by Edman degradation in ear-
lier study [30]. Monoisotopic molecular mass of this peptide is
3132.26 Da, as expected based on its amino acid sequence.

Sequence similarity searches showed 17-62% identities (see
Fig. 2) of k-KTx2.5 to peptides from k-KTx family, such as k-KTx1.1-
1.2 (UniProt ID: P82850 and P82851, respectively) isolated from
Heterometrus fulvipes [32], k-KTx1.3 from Heterometrus spinifer
(UniProt ID: P83655) [24], and k-KTx2.1 and 2.3 (UniProt ID:
POC1Z3 and POC1Z4, respectively) from Opisthacanthus madagas-
cariensis [2].

On the basis of sequence similarities, number of disulfide
bridges, CSa/a conformation, and adopting the criteria first defined
in [37], implemented by the Swiss-Prot toxin annotation program
[15], this peptide constitutes the 8th member of the k-KTx family,
subfamily k-KTx2 (systematic number: k-KTx2.5).

3.2. Circular dichroism

The presence of a-helices in both native and synthetic k-KTx2.5
was confirmed by CD measurements, as indicated by the negative
dichroic bands at 208 and 222 nm. Low differences in the CD spec-
tra obtained for synthetic and native k-KTx2.5k-KTx2.5 in H,0 or
TFE in different concentrations were observed (Fig. 3A and 3B).
The fractional helicity, fy, calculated considering the molar residue
ellipticity at 208 nm, [f]y0s [18] were consequently similar for
native (60% and 79%) and synthetic (51% and 77%) peptides in water
and 50% TFE, respectively. These results indicate that native and
synthetic k-KTx2.5 are most likely to adopt a similar folding pat-
ternin a-helices secondary structure. The thermal stability was also
evaluated, and both native and synthetic remained predominantly
a-helix in the temperature ranging from 25 to 95°C.

3.3. Electrophysiology

The native k-KTx2.5 was tested on hKv1.1 and hKv1.4 channels,
transiently expressed in CHO cells (see Section 2.4). At 16 .M con-
centration, the peptide reduced approximately 20% of the hKv1.1
currents, whereas in hKv1.4 channels the reduction was about 50%
of the current (Fig. 4).

Since we noticed that the synthetic peptide had the same activ-
ity as that of native one, further experiments were performed
using only the synthetic peptide (labeled k-KTx2.5s). Another
reason to use the synthetic peptide was due to the fact that
the amount of native peptide available was not enough for con-
ducting the experiments at higher peptide concentration. The
concentration-response curves for the k-KTx2.5s were obtained
using hKv1.1 and hKv1.4 channels and the ICs¢ values obtained
were 217 +46 pM and 71 £ 8.9 uM, respectively (Fig. 5A and C).
Fig. 5B shows an example of the Kv1.4 currents obtained in a proto-
col using 10 mV increment steps from —80 mV to 80 mV, in control
(black) and after application of 64 wM of toxin (gray). The I/V ratio
in control (black squares) and after application of k-KTx2.5s (gray
circles) show the non-dependence of voltage for the blockage.

The left panel of Fig. 5D illustrates the superimposed traces
obtained with hKv1.1 channels recorded with a single 50 mV step
depolarization from and holding potential of —80 mV, in control
(black) and in the presence of 145 M of toxin (gray line). An
additional trace was obtained by scaling up the toxin current to
the control level as shown by the dotted light gray trace. At 50 mV,
the running time of the activation process was fitted with a double
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Fig. 1. Purification of k-KTx2.5 by HPLC. Soluble venom from O. cayaporum (1 mg protein content) was separated by RP-HPLC as described in Section 2. The fraction labeled
with asterisk (*) contained peptide k-KTx2.5, which was further separated as shown in the inset and marked with an arrow.

Name Sequence %$Identity
k-KTx1.1 GHACYRNCWREGNDEETCKERC—————-— 27
K-KTx1.2 GHACYRNCWREGNDEETCKERCG————- 26
K=KTx1.3 GFGCYRSCWKAGHDEETCKKECS—==== 17
k—-KTx2.1 -DPCYEVCLQQHGNVKECEEACKHPVE- 61
k—KTx2.2 —DPCYEVCLQQHGNVKECEEACKHPVEY 59
K—KTx2.3 NDPCYEVCLOQHTGNVKACEEACQ————— 52
k-KTx2.4 —DPCYEVCLQQHGNVKECEEACKHP——-— 62
K—-KTx2.5 YDACVNACLEHHPNVRECEEACKNPVPP 100

Fig. 2. Sequence alignment of known k-KTX peptides. This figure shows the amino acid sequences and systematic names of all known members of the k-KTx family. The
identity percentage with respect to k-KTx2.5 is listed on the last column.
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Fig. 3. CD spectra of the k-KTx peptides. Letter A shows the circular dichroism spectra of native k-KTX2.5, whereas B shows the spectra of the synthetic peptide, in water
(solid black line), 10% TFE (black trace), 30% TFE (solid gray) and 50% TFE (dotted gray). The peptides showed a pattern of ellipticity characteristic of a-helices. 6: ellipticity,
A: wavelength.
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Fig. 4. Blockade of K*-ion-channels by k-KTx2.5. Effects of native k-KTx2.5 on hKv1.1 and hKv1.4 channels. At 16 uM concentration k-KTx2.5 was able to reversibly reduce

the K*-currents in hKv1.1 (A), and hKv1.4 (B) ion-channels expressed in CHO cells.

exponential equation. For the control, the fast time constant
(Tfast) found was 1.8 £0.3 ms and the slow time constant (Tgow)
was 34+ 0.4ms. During toxin application no significant change
was noticed for Tg,g (3.3 £1.2ms), whereas the toxin was able to
increase significantly the 74,,, (76 8 ms), as it can be seeing on the
bar diagram of Fig. 5D (right panel). A similar effect was previously
reported for k-KTx1.1 in K* currents of the type Kv1.3 [32].
Interestingly, in the electrophysiology bioassays done by het-
erologous expression of ion channels in Xenopus laevis oocytes,
the synthetic k-KTx2.5 did not show any blocking activity at a
concentration of 250 wM in rKv1.1, rKv1.2, rkv1.3, rKv1.4, rKv1.5,
rKv1.6, hERG, Shaker, rKv2.1, rKv3.1, rKv4.2, and rKv4.3 potassium
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channels, nether in Nav1.2, Nav1.3, Nav1.4, Nav1.8, and DmNav1,
sodium channels (at concentration of 2.5 wM).

3.4. Antimicrobial and guinea pig ileum assays

At the concentration of 128 wM, the k-KTx2.5s had no activity
against E. coli and S. aureus. In the guinea-pig ileum assay, the addi-
tion of bradykinin promoted a dose-dependent contraction (data
not shown). The k-KTx2.5s did not induce any effect on segments
of guinea-pig ileum by itself. When the ileum segment was pre-
incubated with the k-KTx2.5s, the response to bradykinin was not

hKv 1.1
Qe .
b ~
0.8 — \
0.6 Ll
. \
0.4 — b
0.2 Kd=217+46
p=18+06
0.0 R R e e ) e e
10 100
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k-KTx2.5s scaled

Z 60
! S
I ~— J
! z
| 230
e
= J 5nA i 7
50 ms f 0
| L
Q! S
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Fig. 5. Dose-response curves of blockade. (A) Concentration dependence for k-KTx2.5 s inhibition of hKv1.4. Data were fitted with a logistic equation (dash gray curve) giving
alICsp of 71 +£1.9 uM and Hill coefficient of 1.9 +0.4. (B) Traces of hKv1.4 currents elicited with a 10 mV increment protocol from —80 mV to 60 mV, with holding potential of
—80mV, in control (black traces) and after 64 .M toxin application (gray traces). The inset shows the I/V relation in control (black square) and after toxin application (gray
circle). The blocking effect is not voltage dependent. (C) Concentration dependence for k-KTx2.5s inhibition of hKv1.1. Data were fitted with a logistic equation (gray curve)
giving a ICso of 217 +46 wM and Hill coefficient of 1.8 +0.6. (D) Superimposed hKv1.1 current traces in control (black trace), in 145 wM toxin (gray trace) and toxin trace
normalized to the control (dotted light gray). Current were elicited with a single depolarization step at 50 mV. At this potential, the time course of current activation is well
fitted with a double exponential equations being T, (1.8 0.3 ms) and 740w (34 £ 0.4 ms) the time constants of the process. During toxin application there is no significant
changes on the Ty, (3.3 £ 1.2), but the toxin is able to slow the 744 (76 £8 ms), as shown in the right panel.
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Fig. 6. Guinea pig ileum assay. The graphic (A) shows the record after the addition of bradykinin (br) at 4 x 103 WM; whereas in (B) is the trace obtained after application of
k-KTx2.5s at 6.39 wM (pep), and application of bradykinin 4 x 103 wM after pre-incubation with k-KTx2.5s 6.39 WM.

Table 1
Putative interactions between k-KTx2.5 and Kv1.2 channel obtained by docking
method.

k-KTx2.5 Kv1.2 Distance (A)
Residue Atom Residue Atom

Ala-7 CB GIn-326 CB 3.6

Asn-24 CG Asp-348 CG 3.7

Pro-25 CD Asp-348 CA 31

Pro-27 CD Met-349 CB 3.5

Lys-23 NZ Glu-319 OE2 29

Lys-23 NZ Asp-348 0D2 5.1

Lys-23 NZ Thr-352 0G1 3.0

CA, Alpha Carbon; CB, Beta Carbon; CG, Gamma Carbon; CD, Delta Carbon; NZ, Z
Nitrogen; OG1, Gamma Oxygen 1; OD2, Delta Oxygen 2; OE2, Epsilon Oxygen 2.

altered significantly (Fig. 6), based on the average of three experi-
ments.

3.5. Docking

As shown in Fig. 7, docking of k-KTx2.5 to the vestibule of Kv1.2
suggests that the interacting residues of the channel are situated
at the extracellular loop between the transmembrane segments S5
and S6 of the channel (the P-region of the pore of the channel),
whereas the amino acids of the scorpion peptide are mostly located
at the C-terminal part of the toxin, which lacks structural restraints
and may present a higher mobility in solution. The N24 residue of
k-KTx2.5 seems to interact with the D348 residue of the K-channel
Kv1.2, with adistance of 3.7 A, and it happens with only one subunit,
leaving the other subunits and the pore free. The toxin K23 residue
probably helps the recognition and anchoring to the K*-channel.
The docking shows an interaction between the peptide K23 residue
and the channel D348 residue, with the distance of 5.1 A. Additional
interaction suggestions are presented in Table 1.

4. Discussion

The present study reports the purification and some struc-
tural and functional characteristics of a new scorpion peptide of
the family k-KTX, named k-KTx2.5. Using whole soluble venom,
this peptide elutes from the HPLC column at the retention time
25.93 min (25.9% acetonitrile/0.1% TFA), and it is obtained in homo-
geneous form after purification by RP-HPLC in a different gradient,
as described. The amino acid sequence of the first 22 amino acid
residues of this peptide was previously reported in the manuscript
describing the mass spectrometry analysis of O. cayaporum venom
[30]. However, the full amino acid sequence was identified after

sequencing the gene OcyC8 from a cDNA library of the same scor-
pion, where a precursor (UniProt ID: C5]89) with the same sequence
was found [31]. The molecular mass determined for native k-
KTx2.5 (3132.26 Da) was consistent with the expected amino acid
sequence identified by DNA sequencing, but was also consistent
with the fact that this peptide has four cysteines forming two disul-
fide bonds. In the two publications previously reported by our
group [30,31] the full sequence was not directly verified and no
functional activity whatever was described for this peptide. The
present communication describes for the first time the full struc-
tural features and functional characteristics of k-KTx2.5. Based on
sequence similarities (Fig. 2) a strong suggestion supported the
idea that this peptide could be a K*-channel blocker, belonging to
the new k-KTx family, which was confirmed, as discussed below.
Additional confirmation of similarity between native and synthetic
peptides came from CD analysis, which indicated similar folding
pattern for both molecules (Fig. 3). The secondary structure con-
tents of native and synthetic k-KTx2.5 peptide, evaluated by CD
in water and water/TFE, are similar, presenting high content of o-
helices at 50% TFE concentration. The thermal stability of native
and synthetic k-KTx2.5 was tested in temperature ranged from
25 to 95°C at 10°C intervals. The CD spectra and unfolding curves
(data not shown)revealed no secondary structure variation neither
unfolding pattern in the whole temperature range, as indicative of
high structural stability of both peptides.

Both native and synthetic k-KTx2.5 showed blocking activity
of K*-channels (expressed in CHO cells) at micromolar concentra-
tions. The IC5q for the synthetic k-KTx2.5 was about 71 wM on Kv1.4
channels and 217 wM on Kv1.1 channels. This high concentration
required for channel blockade suggests that the real biological tar-
gets of k-KTxs could be other subtypes of K*-channels or even more
distinct molecular targets. Attempts to clarify this situation were
conducted with k-KTx2.5s, using the following ion-channels het-
erologously expressed in Xenopus oocytes: rKv1.1, rKv1.2, rkv1.3,
rkv1.4, rKv1.5, rKv1.6, hERG, Shaker, rKv2.1, rKv3.1, rKv4.2, and
rKv4.3 potassium channels, and in Nav1.2, Nav1.3, Nav1.4, Nav1.8,
and DmNav1, sodium channels. At the concentrations assayed
no important modifications where found for none of the above
channels, using this system. We will come back to this point
latter.

All the k-KTx peptides previously described possess the func-
tional dyad commonly described for the K*-channel blockers
[2,24,32]. This dyad is usually composed of a Lys residue and an
aromatic residue (Y, F) [3] distant to each other by 6-7 A. They
are thought to take part in the interaction with the channel, being
determinant to the affinity of the peptide, and contributing to the
blockage of the potassium flux across the channel [14]. As observed
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Fig. 7. Modeling of the possible surface contacts between k-KTX2.5 and the Kv1.2 ion-channel. This cartoon represents the results of docking the toxin in three distinct
areas of the channel: the top view in (A) which is the most external surface of the channel, the side view (B) which is the vertical cross-section of the channel and the (C)
view, which is a sliced segment of the channel showing only two enlarged subunits of the channel. In the (C) picture, the most probable amino acid residues making contacts
between the channel and toxins are indicated, using the stick model The arrows show the contact position of N24 and D348), which correspond to the conserved interaction
between a scorpion toxin and a Shaker potassium channel described before (N30/D386) by [17]. Additional amino acids are also indicated, as putative contacts originated by

the docking procedure used.

in the alignment with the others k-KTxs (Fig. 2), the k-KTx2.5 pos-
sesses the amino acid residue V in the position corresponding to
the Y, and in the place of the Lys residue, it possess another amino
acid in which the side chain has positive charge at pH 7.0, the R15,
which could comply with the chemical characteristics required for
the binding, as it has been proposed for the K15/K19 present in the
others k-KTxs. Interestingly, from a cone snail species some pep-
tides were described with a tertiary structure that resembles the
Csa/a scorpion toxins, and where the functional dyad is absent,
with indicative K*-channel blocking activity [19].

Despite these differences in the amino acid composition
between k-KTx2.5 and the others k-KTxs, the native k-KTx2.5
(16 M) reduced K* currents through Kv1.4 and Kv1.1 by 50 and
20%, respectively. The absence of the functional dyad, the K15/K19
and the aromatic residue (Y5 in k-KTxs), in this case, did not caused
the affinity loss for voltage-gated K*-channels, and is not neces-
sarily essential for the Kv1.1, and Kv1.4 blockage as shown for
the k-KTx2.5 data. For this reason a simulation of the interaction
between k-KTx2.5 and the Kv1.2 channel, whose structure has been
solved, was done by an in silico docking. The docking suggests an
interaction between the K*-channel D348 residue and peptide N24
residue, with the distance of 3.7 A, but it happens only with one
channel subunit, and left the remainder subunits free. The pep-
tide stands up one subunit, leaving the channel pore unbarred.
A second k-KTx2.5 added to the docking simulation interacted to
another channel subunit (data not shown), and could then clogged
the pore mainly by toxin-toxin interactions. This could be sustained
by the Hill coefficients experimentally obtained of almost 2. Assum-
ing this is a reasonable mode of interaction between k-KTx2.5 and

Q09470 |KCNAL HUMAN hKvl.1l
P16389 | KCNA2 HUMAN hKvl.2 E;ES
P22001 |[KCNA3_HUMAN hKv1l.3
P22459 |KCNA4_HUMAN hKvl.4

AEAEEAESHFSSIPDAFWWAVVSMTTVGYGDMY PVTIGGK
AEADERESQFPSIPDAFWWAVVSMTTVGYGDMVPTTIGGK E;(S
AEADDPTSGFSSIPDAFWWAVVTMTTVGYGDMHPVT IGGK
AEADEPTTHFQSIPDAFWWAVVTMTTVGYGDMKPITVGGK

K*-channels, it could explain the great amount of toxin needed to
reduce K*-currents through the channels. It is worth mentioning
that the recognition sites of Kv1.x (the loop between S5 and S6
segments) are highly conserved in Kv1.1, Kv1.2, Kv1.3, and Kv1.4
(Fig. 8), particularly the D348 residue, allowing us to extrapolate
the experimental data obtained with Kv1.1 and Kv1.4 to the in silico
studies.

As reviewed by [28], at least three modes of interaction of K*-
channels and scorpion toxins have been proposed: (1) amino acids
residues located in the (-hairpin of the toxin interacting with
residues near to the selectivity filter of the channels; (2) amino
acid residues of the peptide a-helix interact with residues of the
loop between S5 and S6 segments; (3) amino acids residues of both
B-hairpin and a-helix of scorpion y-KTxs interact with the external
mouth of the pore region of the Kv11.1 channel, leaving the peptide
setting up in the channel. Although the docking data presented here
are preliminary, we could suppose that there are new possibilities
for interaction and recognition of K*-channels by scorpion toxins.

Considering the low affinity of k-KTxs to Kv1 channels, other
molecular targets were tested in the present work. The synthetic
K-KTx2.5 was not able to affect K*-currents through rkv2.1, rkv3.1,
rKv4.2, or rKv4.3 potassium channels, nether to alter the function
of Nav1.2, Nav1.3, Nav1.4, Nav1.8, and DmNav1, sodium channels
using ion-channels heterologously expressed in Xenopus oocytes.
As the toxin did not blocked rKv1.1 and rKv1.4 expressed in Xeno-
pus oocytes even though it blocked human Kv1.1 or Kv1.4 expressed
in CHO cells, we suppose the toxin is not a true pore blocker like
TTX or several a-KTxs, nor a turret blocker like y-KTxs, but that it
interacts with the phospholipid(s) of the cell membrane surround-

Fig. 8. Amino acid sequence alignment of the pore region of the Kv1.1, Kv1.2, Kv1.3, and Kv1.4 K*-channels (S5-S6 linker).
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ing the K*-channel protein. Even in the absence of a clear crystal
structure of the toxin bound on the channel, or in the absence of
mutagenesis data, it can be speculated that k-KTx2.5 interacts to
the outer region of the channel. It can be seen from the top view in
Fig. 7A and the docking, the toxin is not located that far away from
the lipid environment. Given the fact that the composition of the
cell membrane in oocytes is different, it is possible that oocytes rep-
resent not the ideal cell system for proper pharmacology of these
toxins. In fact, they may be ‘absorbed’ in the vast surface of cell
membrane in oocytes, precluding any block as seen in the case of
CHO.

The k-KTx folding pattern is unusual in scorpion toxins, but it
was described for cytotoxic thionin proteins purified from plants,
such as the viscotoxins [25]. For this reason, k-KTx2.5 was tested
against bacterial growth. The k-KTx2.5 has a net negative charge
and pl of4.92, and although most antimicrobial peptides are usually
cationic so that the interaction between the helix and negatively
charged membrane of bacteria is facilitated, there are some anionic
peptides capable of acting as bactericidal [5,33]. We tested the
effect of k-KTx2.5 on E. coli and S. aureus, but up to the con-
centration of 128 wM, it did not inhibit growth of both types of
bacteria.

The presence of two prolines in the C-terminus of k-KTx2.5 is
characteristic of bradykinin potentiating peptides, such as those
from snakes [8,13], and from the scorpion Tityus serrulatus [38].
Despite the presence of proline-proline at the C-terminal, the k-
KTx2.5, in micromolar concentrations, did not show any direct
effect in segments of guinea-pig ileum, neither potentiated the
bradykinin-stimulated contraction. It is known that bradykynin
contracts the ileum by a direct action [4] and part of this effect
occurs through production of IP3 [26] which by in turn reduces cal-
cium intracellular levels. The classical potassium blockers -TEA and
4-AP - stimulated the tonic activity of intestine slices by blocking
Ca%*-dependent K*-channels [16]. The lack of direct effect on the
smooth muscle could also evidence that k-KTx2.5 does not have
activity on Ca%*-dependent K*-channels.

In conclusion this communication describes structural and func-
tional characteristics of a new member of the k-KTx scorpion toxins
purified from the venom of a scorpion of the family Liochelidae,
whose only function found thus far is the blockade, at micromolar
concentration, of Kv1.1 and Kv1.4 ion channels. Based on our dock-
ing models, it could be that they represent a novel manner by which
these peptides interact with ion-channel, although the possibility
that there is a different target for the action of these peptides is not
discarded. It is known that scorpion and spider peptides are promis-
cuous in their action [27]. However, a better target candidate is not
known yet.
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