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Abstract: The Kunitz/BPTI peptide family includes unique representatives demonstrating various
biological activities. Electrophysiological screening of peptides HCRG1 and HCRG2 from the sea
anemone Heteractis crispa on six Kv1.x channel isoforms and insect Shaker IR channel expressed in
Xenopus laevis oocytes revealed their potassium channels blocking activity. HCRG1 and HCRG2
appear to be the first Kunitz-type peptides from sea anemones blocking Kv1.3 with IC50 of 40.7 and
29.7 nM, respectively. In addition, peptides mainly vary in binding affinity to the Kv1.2 channels.
It was established that the single substitution, Ser5Leu, in the TRPV1 channel antagonist, HCRG21,
induces weak blocking activity of Kv1.1, Kv1.2, and Kv1.3. Apparently, for the affinity and selectivity
of Kunitz-fold toxins to Kv1.x isoforms, the number and distribution along their molecules of charged,
hydrophobic, and polar uncharged residues, as well as the nature of the channel residue at position
379 (Tyr, Val or His) are important. Testing the compounds in a model of acute local inflammation
induced by the introduction of carrageenan administration into mice paws revealed that HCRG1 at
doses of 0.1–1 mg/kg reduced the volume of developing edema during 24 h, similar to the effect of
the nonsteroidal anti-inflammatory drug, indomethacin, at a dose of 5 mg/kg. ELISA analysis of the
animals blood showed that the peptide reduced the synthesis of TNF-α, a pro-inflammatory mediator
playing a leading role in the development of edema in this model.

Keywords: sea anemone; Kunitz fold; type 2 potassium channel toxins; electrophysiology;
anti-inflammatory activity

1. Introduction

Peptides of the Kunitz/BPTI family contain one of the most evolutionarily ancient and conserved
structural motifs, i.e., the Kunitz fold, which is widely distributed among both venomous terrestrial
and marine organisms [1]. Historically, the firstly discovered representative of this family, the bovine
pancreatic trypsin inhibitor (BPTI) [2], is known as an inhibitor of different serine proteases and capable
of carrying out an anti-inflammatory function participating in proliferation and angiogenesis [3–5].
Kunitz-type peptides from snake, spider, scorpion, and sea anemone venoms are encoded by multigene
families and form combinatorial libraries of homologous peptides [6–10]. Differing by single amino
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acid substitutions, some of these peptides not only exhibit protease inhibitory activity, but also can
block voltage-gated potassium (Kv) [10–19], calcium (Cav) [20], acid-sensing ion (ASIC) channels [21],
and transient receptor potential vanilloid 1 (TRPV1) [22–24]. Furthermore, some of them can interact
with integrins [25] and vasopressin receptor 2 [26] as well.

Sea anemone Kv toxins are represented by six unique peptide folds: ShK (type 1), Kunitz-domain
(type 2), β-defensin-like (type 3), boundless β-hairpin (type 4), an unknown fold predicted to form an
inhibitor cystine knot (type 5), and the PHAB fold (type 6) [27,28]. Type 2 toxins, having the Kunitz fold,
include κ1.3-ATTX-As2a-c (AsKC1–AsKC3 or kalicludines 1–3) from Anemonia sulcata [16], APEKTx1
from Anthopleura elegantissima [17], κ1.3-SHTX-Sha2a (SHTX III) from Stichodactyla haddoni [18],
and ShPI-1 from Stichodactyla helianthus [19]. Kalicludines block Kv1.2 in µM concentrations and
strongly inhibit trypsin [16]. APEKTx1, similarly to dendrotoxins (DTX), selectively blocks Kv1.1
channels along with effectively inhibiting trypsin [17]. It was determined that SHTXIII also inhibited
trypsin and competed with the binding of α-DTX (alpha-dendrotoxin from mamba snake) in rat
synaptosomal membranes at the level of Kv1.1, Kv1.2, and Kv1.6 channels [18]. Since SHTXIII paralyzes
crabs, it can block not only mammalian but also crustacean Kv channels [18]. A pseudo wild-type
variant of the natural peptide ShPI-1, rShPI-1A, known as an inhibitor of serine, aspartate, and cysteine
proteases, was shown to bind to Kv1.1, Kv1.2, and Kv1.6 channels with IC50 values in the nM range [19].
Therefore, all known type 2 toxins block Kv channel subtypes widely expressed in neurons of the
central nervous system (CNS), in particular Kv1.1, Kv1.2, and Kv1.6 [29].

In contrast to type 2, toxins of types 1, 3, and 5 [30,31] block also the Kv1.3 channelsubtype.
Since Kv1.3 channels are expressed in the CNS and immune cells, including microglia, dendritic
cells, T (TEM cells), B lymphocytes, and macrophages [32], they mediate autoimmune diseases [33],
participate in chronic inflammatory diseases and cancer progression (due to its double role in
proliferation and apoptosis regulation) [34]. The most selective toxin ShK from S. helianthus with
high affinity to Kv1.3 channel (11 pM) [35] has been the subject of intense research, both fundamental
and clinical [30,31]. Its designed analog, ShK-186 (Dalazatide), is now undergoing clinical trials
on psoriasis [36]. Blocking of Kv1.3 channels decreases the expression levels of pro-inflammatory
mediators and may be used in many conditions like neurodegenerative, autoimmune, and chronic
diseases accompanied by inflammation. It has been established that the treatment of autoreactive
T-lymphocytes by ShK-186 decreases the levels of IL-2, interferon-γ, TNF-α, and IL-4 [37]. Therefore,
peptide inhibitors of Kv1.x channels can be assumed as promising compounds for drug design, as well
as valuable tools for the investigation of these channels.

Here we report an in vivo anti-inflammatory activity and potassium channel blocking the activity
of Kunitz peptides of the sea anemone Heteractis crispa by the electrophysiological screening on six
isoforms of Kv1.x channels and insect Shaker IR channel expressed in Xenopus laevis oocytes.

2. Experimental Section

2.1. Purification and Characterization

The native peptides HCRG1 and HCRG2 were isolated as described in [38]. In brief, the peptides
were precipitated from a water extract of the sea anemone Heteractis crispa (collected by dredging) with
80% acetone; next gel filtration chromatography on an Akrilex P-4 column was carried out, followed
by cation-exchange chromatography on a CM-32 cellulose column, with a final purification step using
an RP-HPLC Nucleosil C18 column.

The mutant peptide HCRG21 S5L was made using the QuikChange® Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA), based on the wild type plasmid pET32b-HCRG21 using gene-
specific primers (dir 5′-CGTGGTATCTGCTTAGAACCGAAAGTTG-3′; rev 5′-CAACTTTCGGTTCT
AAGCAGATACCACG-3′). The resulting mutant plasmid was verified by DNA sequencing, and the
target peptide was expressed and purified using the same conditions as was reported for the recombinant
peptide HCRG21 [23]. The target peptide was isolated by HPLC on a Jupiter C4 column (10 × 250 mm,
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Phenomenex, Torrance, CA, USA), equilibrated by 0.1% TFA, pH 2.2, and eluted in gradient of
acetonitrile concentration (Solution B) for 70 min at 3 mL/min.

2.2. MALDI-TOF/MS Analysis

MALDI-TOF/MS spectra of peptides were recorded using an Ultra Flex III MALDI-TOF/TOF mass
spectrometer (Bruker, Bremen, Germany) with a nitrogen laser (SmartBeam, 355 nm), reflector and
potential LIFT tandem modes of operation. Sinapinic acid was used as a matrix. External calibration
was employed using a peptide InhVJ with m/z 6107 [39] and its doubly-charged variant at m/z 3053.

2.3. NMR Spectroscopy

The NMR spectrum was acquired at 30 ◦C on a Bruker Avance III 700 MHz spectrometer (Bruker
Biospin, Billerica, MA, USA) equipped with a triple resonance z-gradient TXO probe. Peptide HCRG21
S5L was dissolved in 90% H2O/10% D2O (Deutero GmbH, Kastellaun, Germany) at a concentration of
2 mg/mL. Excitation sculpting with gradients [40] was applied to suppress strong solvent resonance,
the chemical shift of their signal was arbitrary chosen as 4.7 ppm. TopSpin 3.6 (Bruker Biospin, Billerica,
MA, USA) was used for spectrum acquisition and processing.

2.4. Inhibitory Activity

The trypsin inhibitory activity of HCRG21 S5L was tested through the standard procedure [41]
using N-α-benzoyl-D,L-arginine p-nitroanilide hydrochloride (BAPNA). Determination of the peptide
trypsin inhibition constant was performed according to the method of Dixon [42] using substrates
concentrations of 0.1, 0.16, and 0.256 mM. The concentration of trypsin in the reaction mixture was
50 nM and the tested peptide ranged from 0 up to 512 nM. The inhibitory constants were calculated
based on the results of three parallel experiments.

2.5. Expression of Voltage-Gated Ion Channels in Xenopus laevis Oocytes

For the expression of rKv1.1, hKv1.2, hKv1.3, rKv1.4, rKv1.5, rKv1.6, and Shaker IR in Xenopus
laevis oocytes, the linearized plasmids were transcribed using the T7 or SP6 mMESSAGE-mMACHINE
transcription kit (Ambion, Austin, TX, USA). The harvesting of stage V–VI oocytes from anaesthetized
female X. laevis frog was as previously described [43]. Oocytes were injected with 50 nL of cRNA at a
concentration of 1 ng/nL using a micro-injector (Drummond Scientific, Broomall, PA, USA). The oocytes
were incubated in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 2; and HEPES,
5 (pH 7.4), supplemented with 50 mg/L gentamicin sulfate.

2.6. Electrophysiological Studies

The physiological activity in oocytes expressing heterologously the voltage-gated ion channel
proteins was determined by the two-electrode voltage-clamp technique, using a Geneclamp
500 amplifier (Molecular Devices, Austin, TX, USA) controlled by the pClamp database system
(Axon Instruments, Union City, CA, USA). The measurements were performed at room temperature
(18–22 ◦C). Whole-cell currents were recorded 1–4 days after the mRNA injection. The electrode
resistance was 0.7–1.5 MΩ. The signal was amplified, preliminarily filtered by the amplifier embedded
four-polar Besselian filter (cutoff frequency 500 Hz) after digitization of the signal at 2000 Hz. Recordings
obtained before the activation of the examined currents were used for subtraction of the capacitive
and leakage current. The cells were kept at a holding potential of −90 mV. The membrane potential
was depolarized to 0 mV for 250 ms with a subsequent pulse to −50 mV for 250 ms in the case of
the Kv1.1–Kv1.6 and Shaker channels. For statistical analysis, the Student’s coefficient (P < 0.05) was
used. All the results were obtained from at least three independent experiments (n ≥ 3) and are
expressed as mean value ± standard error. The use of the X. laevis animals was in accordance with the
license number LA1210239 of the Laboratory of Toxicology and Pharmacology, University of Leuven
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(Belgium). The use of X. laevis was approved by the Ethical Committee for animal experiments of
the University of Leuven (P186/2019). All animal care and experimental procedures agreed with the
guidelines of the European Convention for the protection of vertebrate animals used for experimental
and other scientific purposes (Strasbourg, 18.III.1986).

2.7. Acute Toxicity of HCRG1

The animal studies were performed under the European Convention for the human methods for
the animal welfare (Directive 2010/63/EU), the National Standard of the Russian Federation “Good
Laboratory Practice” (GOST P 53434-2009, Russia), and was approved by G.B. Elyakov Pacific Institute
of Bioorganic Chemistry (Far Eastern Branch, Russian Academy of Sciences) Committee on Ethics of
laboratory animal handling 2017/78-A protocol. Adult male ICR line white mice weighing 20–22 g were
kept at room temperature with a 12-h light/dark cycle and with ad libitum access to food and water.

HCRG1 was administered once intravenously at doses of 0.1 and 1 mg/kg, control group received
saline (0.9% NaCl) (10 mL/kg or 0.250 mL/mouse). Six mice in each group were used. Then, changes
in basic physiological parameters, such as motility, behavioral responses, and physical activity,
were registered in each group of animals within 24 h.

2.8. Carrageenan-Induced Paw Edema

Tests were performed on male ICR mice, with six individuals in each group. A peptide sample
was dissolved in sterile saline and administered intravenously at doses of 0.1 and 1.0 mg/kg. Control
animals received an equivalent volume of sterile saline. Indomethacin at a dose of 5 mg/kg was used as
a positive control and administered orally to animals. Each mouse received 20 µL of a 1% solution of
carrageenan in the hind paw pad after 30 min in the case of saline and tested peptide and after 60 min
in the case of indomethacin. Then, the resulting edema was measured at several time points (1, 3, 5,
and 24 h) using a plethysmometer (Ugo Basile, Gemonio (VA), Italy).

2.9. Animals Euthanasia Procedure and Blood Sampling

Animals were terminally anaesthetized with sodium pentobarbital (40 mg per mouse i.p., Euthatal,
Merial Animal Health, Essex, UK) 24 h after carrageenan injection. Then the thoracic cavity was
opened and blood was collected in tubes with the ethylenediaminetetraacetic acid (EDTA) directly
from the right atrium of the heart. The whole blood was centrifuged at 2.5 × 103

× g for 10 min to
remove cells; the blood serum was then aliquoted and stored at −20 ◦C. These samples were analyzed
for TNF-α in the enzyme-linked immunosorbent assay (ELISA) using a diagnostic kit according to the
manufacturer’s protocol (CUSABIO BIOTECH Co., Ltd., Houston, TX, USA).

2.10. Molecular Modeling of Kunitz Peptides

The spatial structure models of HCRG1, HCRG2, HCRG21, and HCRG21 S5L were predicted
with I-TASSER server [44] and analyzed using UCSF Chimera program (http://www.cgl.ucsf.edu/

chimera) [45]. The ShPI-1 (PDB ID 1SHP) from the sea anemone S. helianthus was used as a template.

3. Results

3.1. Peptide Purification and Characterization

The peptides HCRG1 and HCRG2 were obtained following the final RP-HPLC step. According to
MALDI-TOF/MS data, their molecular weights were 6196 and 6148 Da, respectively, which is consistent
with our previously published results [38].

To obtain the mutant peptide HCRG21 S5L, a plasmid-based on pET32b-hcrg21 was generated
using the site-directed mutagenesis technique. The target peptide was expressed and purified
following the same conditions as reported for the recombinant peptide HCRG21 [23]. The retention
time of HCRG21 S5L differed from that of HCRG21 and was 36 min (Figure 1). According to the

http://www.cgl.ucsf.edu/chimera
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MALDI-TOF/MS spectra, the molecular weight of the peptide was 6254 Da, which is consistent with
the calculated value.
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Figure 1. RP-HPLC elution profile of mutant peptide HCRG21 S5L, obtained as the result of hydrolysis
of the fusion protein TRX-HCRG21 S5L by BrCN. The fraction containing the mature peptide is
underlined. The measured molecular mass of HCRG21 S5L after RP-HPLC is indicated.

To confirm the correct folding of the mutant peptide, the NMR spectroscopy technique was
applied. The 1H NMR spectrum (Figure 2) indicates that peptide has a well-defined fold, as evidenced
by the presence of resonance signals below 0 ppm and a wide chemical shift dispersion of amide
hydrogens (9–6 ppm).
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Peptide HCRG21 S5L was assayed for inhibitory activity against trypsin. The mutant peptide
inhibited the trypsin activity with a Ki value of 3.4 × 10−7 M (Figure 3) similar to HCRG21
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(2 × 10−7 M [23]) and one order higher than for HCRG1 and HCRG2 (2.8 × 10−8 and 5 × 10−8 M,
respectively [38]). This is due to the substitution of Thr to Lys in the P1 position which is functionally
important for the serine protease inhibition [8,41,46].
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Figure 3. Determination of HCRG21 S5L Ki for trypsin by Dixon method. Substrate concentrations
were 0.1 (♦), 0.16 (•), and 0.256 (#) mM. The constants were calculated based on the results of three
independent experiments (n ≥ 3).

Comparison of the amino acid sequences of Kv toxins adopting the Kunitz-type fold showed that
almost all these peptides contained six Cys residues in a typical pattern (I–VI, II–IV, III–V), except
for the scorpion toxin LmKTT-1a and the cone snail toxin Conk-S1, which only had four residues
(Figure 4). The sequence identities varied from 44% to 87% for sea anemone toxins and from 33% to
51% for snake, cone snail, spider, and scorpion toxins.
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Figure 4. Multiple alignment of Kunitz peptides, blockers of Kv channels and BPTI. APEKTx1 (P61541)
from the sea anemone A. elegantissima, AsKC1–AsKC3 (Q9TWG0, Q9TWF9, Q9TWF8) from A. sulcata,
ShPI-1 (P31713) from S. helianthus, SHTXIII (B1B5I8) from S. haddoni, HCRG1, HCRG2, HCRG21,
HCRG21 S5L, and InhVJ from H. crispa, HW11c4 (A0A023WBH6) from spider Ornithoctonus huwena;
LmKTT-1a (P0DJ46) from scorpion Lychas mucronatus, Hg1 (P0C8W3) from Hadrurus gertschi; DTX1
(P00979), DTX-K (P00981) from snake Dendroaspis polylepis, DTX-α (P00980), DTX-δ (P00982) from
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Dendroaspis angusticeps; Conk-S1 (P0C1X2) from cone snail Conus striatus; BPTI (P00974) from bovine
Bos taurus. Identical amino acids are shownondark-grey and conservative on light-gray background.
Hydrophobic amino acids are indicated by green, positively charged by blue, negatively charged by
red, and polar non-charged by pink letters. Frames highlight regions responsible for interaction with
Kv channels [19]. Asterisks indicate a reactive site with P1 residue and site of weak interaction with
serine proteases.

Garcia-Fernandez R. et al. suggested that functionally important amino acid residues for Kv
blocking activity in the Kunitz-type toxin sequences were located in the N- and C-terminal parts of the
molecule, in particular around CysI and CysV−CysVI, respectively (Figure 4) [19]. The differences in
HCRG1 and HCRG2 were limited only by point substitutions: Ser5Leu, Gly16Arg, Glu28Lys, Lys30Thr,
Lys38Gly, and Lys41Gly. Noteworthy, amino acid substitutions of HCRG1 near CysIII and CysIV,
Glu28Lys, Lys30Thr, Lys38Gly, and Lys41Gly, were non-conservative replacement in comparison
with HCRG2, which might influence the functional activity of these peptides. The main differences
between HCRG1, HCRG2, HCRG21, and its mutant were three substitutions: Ser5Leu, Lys14Thr,
and Lys/Gly38Glu.

3.2. Electrophysiological Experiments

The native peptides HCRG1 and HCRG2 were screened on a panel of six mammalian
voltage-gated potassium (Kv1.1–Kv1.6) and the insect Shaker IR channels expressed in X. laevis
oocytes. Electrophysiological testing revealed that the peptides, at a concentration 1 µM, inhibited
approximately 100% of the Kv1.1, Kv1.3, Kv1.6, and Shaker IR channel currents. Interestingly,
the potassium current through Kv1.2 channels was inhibited by HCRG1 and HCRG2 with 10% and 80%
respectively (Figure 5). Notably, HCRG1 and HCRG2 appeared to be the first Kunitz-type peptides
from sea anemones blocking Kv1.3. According to the dose–response curves, peptides HCRG1 and
HCRG2 mainly differed in binding affinity to the Kv1.2 (Figure 6, Table 1).
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Figure 5. Electrophysiological analysis of HCRG1 and HCRG2 activities on several cloned voltage-gated
potassium channel isoforms expressed in X. laevis oocytes. Representative whole-cell current traces
in control and toxin conditions are shown. The blue line marks steady-state current traces after the
application of 1 µM of peptides. Traces shown are representative traces of at least three independent
experiments (n ≥ 3).

We tested the mutant peptide HCRG21 S5L on Kv1.1, Kv1.2, and Kv1.3 channels. It was found
that, in comparison with HCRG21 which did not exert any activity on the Kv channels, the mutant
peptide at a concentration of 10 µM blocked Kv1.1, Kv1.2, and Kv1.3 currents with approximately
33%, 11%, and 14%, respectively (Figure 7). The IC50 value on Kv1.1 was much higher than the value
obtained for HCRG1 and HCRG2 (Table 1).
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Table 1. Kunitz-type voltage-gated potassium channel toxins from animal venoms.

Peptide IC50 (nM)
ReferenceKv1.1 Kv1.2 Kv1.3 Kv1.6 Shaker IR

Sea anemones

HCRG1 142.6 ± 28.1 52,199.0 ± 2751.7 40.7 ± 4.1 154.9 ± 20.4 433.1 ± 43.9
This workHCRG2 12.6 ± 1.72 181.7 ± 38.5 29.7 ± 1.3 43.9 ± 1.3 114.9 ± 13.9

HCRG21 - - - - - [23]
HCRG21 S5L 15,600 ± 0.24 - - n.d. n.d. This work

ShPI-1 117 ± 15 9 ± 2 - 9 ± 2 - [19]
APEKTx1 0.9 - - - - [17]

AsKC1 n.d. 2800 n.d. n.d. n.d. [16]
AsKC2 n.d. 1100 n.d. n.d. n.d. [16]
AsKC3 n.d. 1300 n.d. n.d. n.d. [16]

SHTXIII 270 * 270 * n.d. 270 * n.d. [18]

Snakes

DTX-α 1.1 0.4 - 9 n.d. [47]
DTX-I 3.1 0.13 n.d. + n.d. [48]
DTX K 0.03 - n.d. - n.d. [48]
DTX-δ 0.01 n.d. n.d. n.d. 1000 [49]

Cone snail

Conk-S1 n.d. n.d. n.d. n.d. 1.33 [15]

Scorpions

LmKTT-1a >1000 >1000 1580 ± 73 n.d. n.d. [50]
Hg1 - - 6.2 - - [10]

Spider

HW11c4 >10, 000 - - n.d. n.d. [14]

* 125I α-DTX dendrotoxin binding to synaptosomal membranes, n.d. not determined, - no or weak activity.
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Figure 7. (a) Electrophysiological analysis of HCRG21 S5L activity on Kv1.1–Kv1.3 isoforms expressed
in X. laevis oocytes. Representative whole-cell current traces in control and toxin conditions are
shown. The blue line marks steady-state current traces after the application of 10 µM of peptide.
(b) Dose–response curve for HCRG21 S5L on Kv1.1 channels. Traces shown are representative traces of
at least three independent experiments (n ≥ 3).

3.3. Anti-Inflammatory Activity of HCRG1

Carrageenan-induced paw edema is widely used as an in vivo acute inflammatory response
model [51]. Since HCRG1 is more specific to Kv1.3, it was tested in a model of acute local inflammation
induced by carrageenan administration into mice paws. Before testing, we studied HCRG1 acute
intravenous toxicity. After administration of the peptide, the animals exhibited normal behavior and
external signs of intoxication (convulsions, asphyxia) or mortality were not detected.

It was found that HCRG1 at doses of 0.1 and 1 mg/kg reduced the volume of developing edema
during 24 h. Its effect was close to that of the nonsteroidal anti-inflammatory drug, indomethacin, at a
dose of 5 mg/kg (Figure 8A). ELISA analysis of blood taken from animals showed that indomethacin
and HCRG1 reduced the synthesis of TNF-α, a proinflammatory mediator that played a leading role in
the development of edema and hyperalgesia in that model (Figure 8B) [51].
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Figure 8. Effect of peptide HCRG1 on (a) paw swelling and (b) TNF-α production in mice with acute
local inflammation induced by carrageenan administration. Control animals received a similar volume
of saline (negative control) or indomethacin solution at a dose of 5 mg/kg (positive control). Intact
animals on (b) were not subjected to any manipulation. The reliability of differences is calculated by
the Student’s t-criterion. The value * p < 0.05, ** p < 0.01 is considered reliable in comparison with the
saline group.

4. Discussion

Kunitz-type toxins are members of an ancient family that have been identified in many animal
venoms, such as those of snakes, scorpions, spiders, cone snails, and sea anemones. Kunitz-type sea
anemone type 2 toxins retained the ability to inhibit serine proteases which might be a venom defense
mechanism against the prey’s proteases, similar to the toxins found in the venom of scorpions [52].
These peptides are believed to protect their own toxins from self-digestion by proteases. Moreover,
they act synergistically with other peptide compounds of the venom and as such, they help to
immobilize and kill the prey [1].
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Up to now, more than a dozen Kunitz-type peptides produced by sea anemones of Heteractis
genus (Stichodactylidae) have been described. Moreover, it has been determined that these peptides
are encoded by a multigene superfamily composed of distinct GS-, GG-, GN-, and RG-gene families
which are produced via a combinatorial library [8]. HCRG1, HCRG2, and HCRG21 are members of
HCRG-family which includes 33 mature peptides. HCRG21 shares a high percentage of sequence
identity with HCRG1 (82%) and HCRG2 (86%). Moreover, these peptides contain conserved amino
acids at the N- and C-termini. Besides trypsin, Kunitz-type peptides from sea anemone H. crispa
are also able to interact with other serine proteases (chymotrypsin, elastase, kallikrein) [19,39,53],
modulate or block TRPV1 channel [22–24], revealing different kind of biological effects such as
analgesic [22,54–56], anti-inflammatory [9,41,54,57], antihistamine [41,58], as well as neuroprotective
activity [59,60]. However, despite their high degree of homology with the known bifunctional peptides,
like kalicludines, SHTXIII, APEKTx1, and ShPI-1 [16,18,19], none of them has shown potassium
channels blocking activity.

In this work, we identified a new activity of two previously characterized Kunitz peptides, HCRG1
and HCRG2, from H. crispa [38], using electrophysiological screening on six isoforms of Kv1 channels
and insect Shaker IR channel expressed in X. laevis oocytes. Similar to toxin ShPI-1 from S. helianthus
(Stichodactilidae) [19], HCRG1 and HCRG2 have also been shown to be active against more than one
isoform of Kv1.x channels (Figure 5, (Table 1). The main difference compared to all sea anemone
type 2 toxins is the ability of HCRG1 and HCRG2 to block Kv1.3 channels. Hence, and to the best of
our knowledge, these peptides are the first Kunitz-type sea anemone toxins with activity towards
Kv1.3 channels.

Among known Kunitz-type toxins produced by poisonous animals (Table 1), HCRG1 and HCRG2
turned out to be the least selective with respect to Kv1.x isoforms. Kunitz-type toxins from snake and
scorpion venoms are more selective and usually modulate Kv1.x isoforms at lower concentrations (Table 1).
Notably, HCRG1 inhibits Kv1.3 currents with an IC50 value of 40.7 nM, being about 3.5 and 1200 times
more powerful blocker for it than for Kv1.1 and Kv1.2, respectively. As for HCRG2, the IC50 values differ
by 2.5–6 times for all tested channels (Table 1). It is worth noticing that a large amount of a less selective
peptide, identical to HCRG2, was found in the mucus of the closely related sea anemone Heteractis
magnifica during proteomic analysis, which indicates its important place in the venom composition
within the genus [9]. For many snake and scorpion toxins, as well as for sea anemone type 1 toxins with
the Shk-fold, the amino acid determinants responsible for binding to Kv channels have already been
identified. However, for sea anemone type 2 toxins, this question remains unresolved. The importance
of a key basic residue (Lys or Arg) associated with a 6.6 ± 1 Å distant key hydrophobic residue (Leu,
Tyr or Phe), together with a functional ring of basic amino acids, has been established [17]. Nevertheless,
there are known examples of toxins lacking the dyad that still demonstrate blocking activities against Kv
channels, suggesting that other epitopes are involved in the high-affinity interaction between the toxin
and its target [17,61,62]. It seems that for type 2 toxins with the Kunitz fold, the number and distribution
of charged, hydrophobic, and polar uncharged residues are important.

Functionally important amino acid residues in the sequences of sea anemones and other venomous
animals Kunitz-type toxins are located in the N- and C-terminal regions of the molecule, in particular
around CysI and CysV−CysVI respectively [19]. These amino acid residues form a molecular
recognition surface for interaction with Kvs, thanks to the conservative disulfide bond CysI–CysVI
which brings together the N- and C-terminal regions of the molecule. Thus, Arg1, Ser5 or Leu5, Arg51,
and Arg55 can be responsible for the activity of HCRG1 and HCRG2 (Figure 9). The side chain of
Arg1, similar to Arg5 of the peptide Hg1 and Arg4 of the peptides DTX1 and DTX-α, can also make
a significant contribution to the binding to Kv. However, HCRG21 and InhVJ which have the same
amino acid residues at the indicated positions as HCRG1, HCRG2, and ShPI-1, do not demonstrate
activity against Kv channels. Apparently, this is due to the presence in these peptide sequences of
the residues Gly1 (for InhVJ), Thr14 and Glu38 (for both) (Figure 4) that impede interaction with the
studied Kv channels and, possibly, make them specific to other ion channels [19].
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In the HCRG1 and HCRG2 sequences, unlike those of the Kunitz type peptides AsKC1 and AsKC2
from A. sulcata, there is no distinct key residue identifiable for the interaction with Kv channel epitopes,
similar to the dyad Lys5/Leu9 typical for dendrotoxins [13,47]. It can be surmised that this role might
be partially fulfilled by Arg1/Leu5 residues in HCRG2 (Figure 9), since the affinity of this peptide to
Kv1.1 is an order of magnitude higher than for HCRG1. HCRG21 is a full blocker of the TRPV1 channel
but completely inactive against Kv1.x channels [23]. Interestingly, a single point mutation, Ser5 to
Leu5, introduced for HCRG21 the properties of a weak blocker of Kv1.1, Kv1.2, and Kv1.3 channels
(Figure 7). Using site-directed mutagenesis and chemical synthesis, it has been shown that the dyad
Lys5 and Leu9 of DTX-α are crucial for channel blockage activity of this toxin [13,47]. We believe that
for the peptides HCRG2 and HCRG21 S5L, the Arg1 and Leu5 residues can play the role of such a
dyad. According to the results of molecular modeling, these residues are separated by 7.7 Å (HCRG2)
and 6.2 Å (HCRG21 S5L) (Figure 9).

Most likely, the higher affinity of HCRG1 for Kv1.3 among the other Kv1 channels is caused by the
residues Glu28, Lys30, Lys38, and Lys41, which sets this peptide apart from other sea anemone type 2
toxins (Figure 4). It has been well-established that there is a difference between residues forming the
selective channel filter of Kv1.x channels: Asp377-Met378-Tyr379 for Kv1.1, Asp377-Met378-Val379
for Kv1.2, and Asp377-Met378-Hys379 for Kv1.3. The selectivity of different toxins to Kv1.x channel
isoforms is dictated by the nature of the residue at position 379 [63]. Structural and functional studies
using the site-directed mutagenesis method will further determine the functional significance of the
designated amino acids of HCRG1 and HCRG2.

Kv1.3 channels have gained a prominent role for their possibility to control neuroinflammatory and
autoimmune diseases [33,64–66]. Inflammation involves several processes including the activation of
inflammatory cells, the secretion of pro-inflammatory cytokines and the release of various inflammatory
mediators, leading to symptoms of inflammation such as redness, swelling, fever and pain [67].
Previously, we have shown that the peptides HCRG1 and HCRG2 are able to reduce the synthesis
of pro-inflammatory mediators, pro-IL-1β, IL-6, and TNF-α, induced by the addition of bacterial
lipopolysaccharide to J774A.1 macrophages [36]. These effects can be achieved by inhibiting the
proteases linked to inflammatory processes, as well as by blocking of Kv1.3 channels. On one hand,
an anti-inflammatory effect was shown for BPTI, known as an inhibitor of different serine proteases,
and bikunin, a human Kunitz-type peptide that inhibits the production of thromboxane B2, TNF-α,
and IL-8 in macrophages treated with LPS [68]. On the other hand, it has been established that the
treatment of autoreactive T-lymphocytes by ShK-186 (analog of ShK from S. helianthus) decreased the
levels of IL-2, IL-4, interferon-γ, and TNF-α [37]. In this work, we have shown that HCRG1 mice
pretreatment (at doses of 0.1 and 1 mg/kg) significantly reduces (~40%) paw edema during 24 h after
carrageenan administration. In addition, HCRG1 at a dose of 0.1 mg/kg inhibits the synthesis of TNF-α
similar to indomethacin after 24 h (Figure 8B). These data indicate that HCRG1 has an anti-inflammatory
effect by inhibiting the secretion of TNF-α, a pro-inflammatory mediator that demonstrates a leading
role in the development of edema and hyperalgesia in this model.

In summary, we found out that HCRG1 and HCRG2 from the sea anemone H. crispa are new
representatives of type 2 toxins demonstrating Kv inhibitory activity similar to other members.
Furthermore, they are the first Kunitz-type peptides blocking the activity of prospect pharmacological
channel Kv1.3. We first showed the ability of Kunitz-type peptides with dual inhibitory activity, namely
towards Kv and serine proteases, to demonstrate anti-inflammatory effects during acute inflammation.
We cannot clearly conclude which of the two activities results in the observed effect, but presumably,
both can contribute or enhance the peptide action in the organism. Artificial mutant HCRG21 S5L is
a curious example of how the substitution of one amino acid residue changes the specificity of sea
anemone Kunitz-type toxin from the channel of TRP to Kv family. It shows a fine line between a
specific inhibitor of TRPV1 channel and a toxin with a broader function. This manuscript is the starting
point for a deeper investigation of the importance of single amino acid residues and the establishment
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of the evolutionary patterns of Kunitz-type peptides from sea anemones, so similar in their amino acid
sequences and so different in the activities.
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