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Scomion venom comprises a cocktail of toxins that have
proven to be useful molecular tools for studying the pharma-
cological properties of membrane ion channels. HelaTx1, a
short peptide neurotoxin isolated recently from the venom of
the scompion Heterometrus laoticus, is a 25 amino acid pep-
tide with two disulfide bonds that shares low sequence homol-
ogy with other scomion toxins. HelaTx1 effectively decreases
the amplitude of the K™ currents of voltage-gated Kv1.1 and
Kv1.6 channels expressed in Xenopus oocytes, and was iden-
tified as the first toxin member of the k-KTx5 subfamily, based
on a sequence comparison and phylogenetic analysis. In the
present study, we report the NMR solution structure of
HelaTx1, and the major interaction points for its binding to
voltage-gated Kv1.1 channels. The NMR results indicate that
HelaTx1 adopts a helix-loop-helix fold linked by two disulfide
bonds without any B-sheets, resembling the molecular folding
of other cysteine-stabilized helix-loop-helix (Cs o/a) scorpion
toxins such as k-hefutoxin, HeTx, and OmTx, as well as cono-
toxin pl14a. A series of alanine-scanning analogs revealed a
broad surface on the toxin molecule largely comprising posi-
tively-charged residues that is crucial for interaction with voltage-
gated Kv1.1 channels. Interestingly, the functional dyad, a key
molecular determinant for activity against voltage-gated potas-
sium channels in other toxins, is not present in HelaTx1. [BMB
Reports 2020; 53(5): 260-265]
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INTRODUCTION

Envenomation from poisonous animals usually results in pain,
paresthesia, and swelling, attributed mainly to marked over-
activity of the autonomic nervous system (1, 2). Scorpion venom
contains various toxins that block membrane ion channels
responsible for either sodium, potassium, calcium or chloride
membrane permeation (3-5). These scorpion toxins are clas-
sified into several families according to target channel type,
the structural topology of toxins, and the type of response
induced (3-5). Among them, scorpion toxins affecting K* chan-
nels (KTxs) are divided into four families (o, B-, y-, and k-KTxs)
based on the length of the amino acid sequence and the
number of cysteine residues present (3, 5-7). Additionally,
k-type toxins are further subdivided into x¥-KTx1, 2, 3, 4, and 5
subtypes based on K* channel subtype specificity (5, 6, 8).
These diverse KTxs are useful tools for structural and func-
tional characterization of K* channels, and many studies have
investigated interactions between KTxs and the surfaces of
channels, providing insight for the rational design of potential
lead compounds and therapeutic drug candidates to treat ion
channel-related diseases (6).

HelaTx1, a peptide neurotoxin isolated recently from the
venom of the scorpion Heterometrus lacticus, consists of 25
amino acid residues with two disulfide bonds, and is the first
identified toxin member of the k-KTx5 subfamily, most active
against voltage-gated Kv1.1 and Kv1.6 channels (8). Many
scorpion toxins have a key molecular determinant, termed the
functional dyad, that acts on voltage-gated potassium channels
(7, 9). This functional dyad, consisting of a basic lysine and an
aromatic amino acid (mostly Phe or Tyr), has been widely
used as a working concept to explain how peptide toxins are
able to specifically interact with their targeting ion channels.
Although HelaTx1 interacts specifically with voltage-gated Kv1-
type channels, the key aromatic amino acid of the functional
dyad is not present, and there are numerous basic residues in
its primary sequence. Interestingly, it was previously reported
that a single amino acid (Ser1) at the N-terminal end of
HelaTx1 is more important for exerting its blocking activity
than the C-terminal hexapeptide (Asn20-His25), hence a func-

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



tional role for the basic central region constrained by disulfide
bonds remains to be proven (10).

In the present study, we report the NMR solution structure of
HelaTx1, together with an in-depth structure-activity relation-
ship analysis of this unique scorpion toxin. To address the
structural and functional contributions of the cysteine-rich
central region, we synthesized a series of alanine-scanning
analogs of HelaTx1(1-19) and examined their inhibitory activ-
ities against voltage-gated Kv1.1 channels. The results suggest
a unique binding mode as an alternative for the functional
dyad in the interaction of the peptide with voltage-gated potas-
sium channels.

RESULTS AND DISCUSSION

Synthesis of HelaTx1 and its analogs

Synthesis and oxidative folding of the linear precursor of
HelaTx1 resulted in a single major peak in analytical HPLC.
MALDI-TOF-MS analysis of the HelaTx1 yielded the expected
molecular mass (2917.2 Da) in good agreement with the
theoretical value. Similarly, The synthesis and oxidative folding
of HelaTx1(1-19) and its alanine-scanning analogs (residues
replaced with alanine, except for cysteine residues) were
straightforward, suggesting that deletion of the C-terminal part
(Asn20 to His25) of HelaTx1 and amino acid replacement in
the cysteine-rich region did not affect the molecular folding of
the peptides (10).

It was previously reported that trypsin digestion of HelaTx1
gave two major fragments: one with a Cys2-Cys19 disulfide
bond and another with a Cys6-Cys15 combination (8, 10).
Enzymatic fragmentation by trypsin or chymotrypsin digestion
showed that all synthetic alanine scanning analogs possessed
the same disulfide bond combination as native HelaTx1.

As shown in Fig. 1A, CD spectra for wild-type HelaTx1,
HelaTx1(1-19), and its four analogs (S1A, S9A, K13A, and
K14A) are quite similar to that of the parental HelaTx1,
indicating that HelaTx1 and its analogs have a similar overall
fold, with conserved disulfide connectivity.

NMR analysis and structural calculation
To better understand the structure-activity relationships of
HelaTx1, solution structures of HelaTx1 were determined by
using two-dimensional NMR technique. Sequence-specific assign-
ments were established using a combination of DQF-COSY
and TOCSY to identify the amino acid spin system based on
scalar coupling patterns. The identified spin system was aligned
along the peptide sequence through inter-residue NOEs ob-
served in the NOESY spectrum. The pattern of observed NOEs
was ultimately interpreted as the secondary structure element
of the HelaTx1 molecule. It is likely that the HelaTx1 toxin is
mainly organized into helical and long loop regions, based on
the presence of short- and medium-range NOEs, small J-coup-
ling constants, and slowly exchanging amide protons.

For structure calculation, we used 257 distance constraints
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derived from inter-proton NOE peaks, eight dihedral angle con-
straints from coupling constants, six hydrogen bond con-
straints, and six disulfide bond constraints, giving a total of
277 constraints. Using these constraints, we carried out
simulated annealing calculations starting from 100 initial
random HelaTx1 structures, and selected 20 final structures
that were in good agreement with the NMR experimental
constraints, for which NOE distance and torsion angle vio-
lations were < 0.5 A and < 5°, respectively. The low values
for van der Waals energy and the small deviations from
idealized covalent geometry indicate the absence of serious
bad contacts and distortions in the converged structures.
Average RMS deviations calculated for backbone heavy atoms
(N, Ca, and C) and all heavy atoms in residues 2-23 were
099 + 025 A and 203 + 029 A respectively.
Ramachandran analysis using the program PROCHECK-NMR
revealed that backbone dihedral angles for all residues in the
20 final structures fell either in most favored regions (76.2%)
or in generously allowed regions (23.8%). On the basis of
these results, it is likely that the HelaTx1 molecule is relatively
highly flexible due to the inherent flexibility of the N-terminal
helical region and a long loop region between helix | and helix
I, consistent with the lack of medium- and long-range NOE
constraints from both regions. Fig. 1B shows the best-fit super-
position of the 20 converged structures. Overall, the solution
structure of HelaTx1 (PDB: 2NDD) consists of two parallel
helices composed of residues Lys3—Cys6 (helix 1) and Cys15-
Gly24 (helix 1), which are held in position by two disulfide
bridges, Cys2-Cys19 and Cys6-Cys15, and a long loop between
helix I and helix Il, without any B-sheets (Fig. 1C0).

HelaTx1
— HelaTx1 (1-19)
s1A

[01x10°® (degree cm 2 dmol ")

190 200 210 220 230 240 250
Wavelength (nm)

C-term

Fig. 1. (A) CD spectra for HelaTx1, HelaTx1(1-19), and HelaTx1
(1-19) analogs expressed in terms of molar ellipticity [6]. (B) Super-
position of the 20 lowest energy HelaTx1 structures. (C) Ribbon
representation of the average structure of HelaTx1 (PDB: 2NDD).

BMB Reports 261



Structure-activity relationships of HelaTx1
Bong Gyu Park, et al.

Surface profile of HelaTx1

As an approach to understand the specific mode of interaction
between peptide toxins and ion channels, it is very useful to
determine the degree of solvent exposure for each amino acid
residue in the toxin molecule. To this end, the solvent-access-
ible surface profile of the HelaTx1 structure was analyzed,
categorizing each residue as either buried or exposed. From
this analysis, more than half of the HelaTx1 amino acids
(~70%) appeared to be exposed to solvent, with the exception
of cysteine residues forming an intramolecular disulfide bond.
As would be expected, the majority of solvent-exposed amino
acids are hydrophilic. As shown in Fig. 2A and 2B, the surface
regions exposed to the external environment are composed
mainly of positively- (~60%; Lys3, Lys4, Arg10, Arg11, Lys13,
Lys14, Lys18, Arg21, His23, and His25) and negatively- (~10%;
Asp5 and Asp22) charged amino acids. By contrast, other
k-KTx family members, such as HefuTx1 and OmTx1, are
composed of positively- (~35.7% in HefuTx1 and ~23% in
OmTx1) and negatively- (~29% in HefuTx1 and ~24% in
OmTx1) charged residues.

As mentioned previously, HelaTx1 adopts a three-dimen-
sional structure that consists of an N-terminal short helix (helix
I) and a C-terminal long helix (helix 1), connected by a long
loop between helix | and helix II. Interestingly, most of the
basic residues are relatively equally distributed in a broad
region over the entire molecule from the N-terminus to the
C-terminus, and are not clustered on one side of the molecule
(Fig. 2A). It is noteworthy that the HelaTx1 molecule does not
contain any aromatic amino acids (Phe or Tyr), and hence
lacks a key determinant that forms the functional dyad together
with a lysine residue in related peptide toxins.

Biological assays of HelaTx1 and its analogs
HelaTx1, a 25-mer peptide toxin, is rich in positively-charged
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Fig. 2. Molecular surface of hydrophilic residues in HelaTx1. (A)
Ribbon representation and (B) surface profile colored according to
electrostatic potential (basic and acidic residues are colored blue
and red, respectively).
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amino acids. It lacks the sequence characteristics of a
functional dyad, and belongs to the fifth subfamily of the
K -scorpion toxins that act on voltage-gated potassium chan-
nels (3, 8). Competition experiments with tetraethylammonium
showed that the toxin acts as a pore blocker (8, 11). Pre-
viously, we reported that HelaTx1(1-19) and HelaTx1(2-19)
inhibit voltage-gated Kv1.1 channels with about three-fold and
five-fold less potency than wild-type HelaTx1, respectively,
indicating that only a single amino acid (Ser1) at the
N-terminus is relatively more important for functional activity
than the C-terminal hexapeptide (Asn20-His25). The ICso
value was 0.579 + 0.094 uM for HelaTx1, 1.937 + 0.34 uM
for HelaTx1(1-19), and 3.111 + 0.128 uM for HelaTx1(2-19)
(10). To further assess the structure-activity relationships of the
toxin, HelaTx1, HelaTx1(1-19) and HelaTx1(1-19) analogs
were synthesized in which amino acids at each position were
substituted by alanine. Although there may be local structural
differences around replaced residues, we assumed that alanine
replacement did not affect the overall conformation of
HelaTx1, based on their CD spectra (Fig. 1A). The inhibitory
effects of synthetic HelaTx1, HelaTx1(1-19) and HelaTx1(1-19)
alanine-scanning analogs were tested using Kv1.1 channels,
the most sensitive to HelaTx1 (10). Concentration-dependent
inhibitory curves and 1Cso values were obtained for all
synthetic peptides (Fig. 3A). As shown in Fig. 3A and 3B,
alanine replacement of both Lys13 and Lys14 resulted in a
marked loss of inhibitory activity, and alanine replacement of
other basic residues (Lys3, Lys4, Arg10, Arg11, and Lys18) and
Gly8 also reduced the inhibitory activity significantly, equating
to a > 10-fold reduction in potency. Four functionally import-
ant basic residues (Arg10, Arg11, Lys13, and Lys14) are part-
ially clustered on the edge of a long loop region between helix
I and helix 1l (Fig. 3C). Interestingly, alanine replacement of
Ser1 or Ser9 caused a slight enhancement in activity, while all
other alanine replacements except for Glu5 reduced the
inhibitory effect on Kv1.1 channels. The series of alanine-
scanning analogs revealed that a broad surface composed in
large part by positively-charged residues is crucial for inter-
action with Kv1.1 channels, and demonstrated that a func-
tional dyad is not the sole determinant in the interaction with
this ion channel.

Structural comparison between HelaTx1 and other toxins

Peptide toxin blockers interacting with voltage-gated potas-
sium channels can be classified into cysteine-stabilized
o-helix/B-sheet (CS o/B), cysteine-stabilized a-helix-loop-o-helix
(CS o/or), and inhibitor cysteine knot (ICK) groups according to
their three-dimensional structures (5, 12). The solution struc-
ture of HelaTx1 used in this study adopts the CS o/a fold with
a helix-loop-helix linked by the two disulfide bonds, and
shares this fold with other scorpion toxins including HefuTx1
from the scorpion Heterometrus fulvipes, k-KTx1.3 from Hetero-
metrus spinifer, OmTx1 from Opisthacanthus madagascarienses,
HeTx203 and HeTx204 from scorpion cDNA libraries, and
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pl14a from Conus planorbis venom (Fig. 4) (13-16). A number
of peptides with this fold have been identified in venom from
scorpions and cone snails (3, 7, 17, 18). It is noteworthy that
the CS o/a fold is an evolutionarily conserved structural motif
shared by a large group of polypeptides acting as functional
modulators against various membrane ion channels.

HefuTx1, the first k-KTx to be described that adopts the CS
o/a scaffold, effectively blocks both Kv1.2 and Kv1.3 channels
at micromolar levels, while OmTx1 differentially inhibits
Kv1.1, Kv1.2, and Kv1.3 channels, and HeTx204 is most
sensitive toward Kv1.3 and KCNQT1 channels. HelaTx1 used in
this study effectively decreases the amplitude of the K* cur-
rents of the Kv1.1 and Kv1.6 channels. Although all of these
toxins share the same molecular topology, their pharma-
cological effects against Kvi-type channels differ. Based on
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Fig. 3. (A) Dose-response curves for
HelaTx1, HelaTx1 (1-19), and HelaTx1
(1-19) analogs. (B) 1Cso values for
HelaTx1(1-19) and HelaTx1(1-19) ana-
logs against the Kv1.1 channel. The
dotted line indicates the 1Cso value of
HelaTx1(1-19). (C) Representative K*
currents showing the inhibitory effect
of HelaTx1, HelaTx1(1-19), and HelaTx1
(1-19) analogs (R10A, R11A, KI13A,
and K14A).

Fig. 4. Comparison of the surface
profiles of HelaTx1, other «-KTX family
members, and conotoxin pl14a. Note
the conserved structural motif with a
CS o/o fold. Ribbon and surface
representations of (A) HelaTx1, (B)
HefuTx1, (C) OmTx1, and (D) pli4a
are shown. Amino acid sequences of
these toxins are shown at the bottom
of the figure. Hydrophobic residues
are colored green, and basic and
acidic residues are colored by blue
and red, respectively.

sequence comparison and phylogenetic analysis, HefuTx1 was
classified as a toxin member of k-KTx1 subfamily, OmTx1 and
HeTx are members of the k-KTx2 subfamily, and HelaTx1 is
the first toxin member of the k-KTx5 subfamily (8).

HefuTx1 specifically interacts with Kv1-type channels through
a so-called functional dyad, consisting of a hydrophobic
residue and a lysine residue (Tyr5 and Lys19), which is fully
exposed from a flat surface formed by the edge of the two
parallel helices (13). Interestingly, this functional dyad is con-
served in many other toxins targeting voltage-gated potassium
channels, such as charybdotoxin, hanatoxin, and k-conotoxin,
and is used as a working concept to explain how toxins are
able to recognize and block their specific ion channels (16,
17, 19, 20). Although HelaTx1 effectively blocks voltage-gated
Kv1-type channels, the functionally important site of the toxin
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molecule is composed of a number of basic residues without
an aromatic amino acid, and thus lacks a key factor of the
functional dyad, indicating that the mode of action of HelaTx1
differs from that of HefuTx1 (21). Unlike other peptide toxins,
the molecular surface of HelaTx1 is highly enriched in
positively-charged basic residues (Lys3, Lys4, Gly8, Argl0,
Argl1, Lys13, Lys14, and Lys18), which are functionally
important and broadly distributed over the entire molecule.
These results may indicate a unique binding mode involving
an intimate interaction between negatively-charged channel
residues and positively-charged toxin residues. Interestingly,
although acidic scorpion toxins (OmTx and HeTx) and
conotoxin pl14a share very low sequence homology with
HelaTx1, except for cysteine residues, they share a similar
structural topology and functional ability to block Kv1-type
channels (Fig. 4) (13-15).

In summary, previous structure-activity relationship studies
on various scorpion toxins that act on voltage-gated K*
channels suggest that a pair of well-defined basic and aromatic
residues, referred to as the functional dyad, plays a key role in
toxin action toward these channels (7, 9, 22). Herein, we
determined the three-dimensional structure of HelaTx1, which
adopts a helix-loop-helix tertiary structure, and we examined
the relative contribution of each amino acid in HelaTx1 to
toxin action against voltage-gated Kv1.1 channels. Functional
characterization showed that both Lys13 and Lys14 are
essential for inhibition of Kv1.1 channel activity (Fig. 3). In
addition, residues Lys3, Lys4, Gly8, Arg10, Arg11, and Lys18
are also important for activity. Many of the basic residues
essential for HelaTx1 activity are broadly distributed over the
entire molecule from the N-terminal to the C-terminal regions,
and there is a distinct basic cluster on the edge of the loop
region that connects the two helices. Our results indicate that
the integrity of the functional dyad is not a full prerequisite for
toxin action on Kv1.1 channels, suggesting a unique binding
mode as an alternative for the functional dyad in the inter-
action between peptide toxins and Kv1-type channels. HelaTx1
can thus be considered an interesting lead compound for the
design of novel compounds targeting voltage-gated Kv-type
channels.

MATERIALS AND METHODS

Peptide synthesis

For synthesis of HelaTx1, HelaTx1(1-19), and other HelaTx1
(1-19) analogs, Solid-phase peptide synthesis was performed
using solid-phase Fmoc chemistry as previously described (10).
The peptides were purified by RP-HPLC and confirmed by
MALDI-TOF-MS measurements.

CD and NMR experiments

CD spectra were recorded on a J-1100 spectropolarimeter
(JASCO, Tokyo, Japan). The results are expressed as molar
ellipticity [0]. Spectra were measured in wavelength ranging
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from 190 to 250 nm.

NMR spectra for HelaTx1 were recorded on a Bruker DMX
600 MHz spectrometer (Bruker, Billerica, USA). Peak assign-
ments were determined using traditional two-dimensional
NMR sequential assignment techniques. Ambiguities in the
assignments due to peak overlap were resolved by comparison
of NOESY and TOCSY spectra, and through the use of NOE
constraints obtained at two different temperatures (288 K and
298 K). Slowly exchanging amide protons were identified in a
series of TOCSY experiments with time scales of 2.5, 5, 7.5,
10, 12.5, 15, and 24 h.

Structure calculations

A set of 20 energy-minimized stable structures were chosen as
the low-energy structures among a total of 100 structures. The
structure of the peptide was calculated based on distance
constraints derived from NOESY spectra using X-PLOR version
3.1 (22). Backbone dihedral angle restraints derived from 3 Ntat
coupling constants were measured from a one-dimensional
spectrum or from the DQF-COSY spectrum. We observed
RMS deviations from the experimental distance and dihedral
constraints, from the energetic statistics, and from the idealized
geometry. Validation of the final structures was accomplished
using  PROCHECK-NMR, Structures were analyzed using
MOLMOL and PYMOL. The distributions of backbone dihedral
angles in the final converged structure were evaluated by
representation of the Ramachandran dihedral pattern.

Expression in Xenopus oocytes

For expression of rkKV1.1 channels in Xenopus oocytes,
linearized plasmids were transcribed using a T7 mMESSAGE-
MMACHINE transcription kit (Ambion, Texas, USA). Stage
V-VI oocytes were harvested from an anesthetized Xenopus
laevis frog as previously described (23-25). Oocytes were then
injected with 50 nl of cRNA at a concentration of 1 ng/nl using
a micro-injector (Drummond Scientific, Broomall, USA).

Electrophysiological recordings

Two-electrode voltage-clamp recordings were performed by
using a Geneclamp 500 amplifier (Molecular Devices, San
Jose, USA) controlled by a pClamp data acquisition system
(Axon Instruments, Foster City, USA). Whole-cell currents
were recorded from oocytes 1-4 days after injection. To deter-
mine the current-voltage relationship, currents were evoked by
depolarizing cells from —90 mM to +50 mV in a series of 10
mV increments. All data represent at least three independent
experiments (n = 3) and are presented as the mean + stand-
ard error.
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