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A B S T R A C T   

Sea anemone venoms are complex mixtures of biologically active compounds, including disulfide-rich peptides, 
some of which have found applications as research tools, and others as therapeutic leads. Our recent tran
scriptomic and proteomic studies of the Australian sea anemone Telmatactis stephensoni identified a transcript for 
a peptide designated Tst2. Tst2 is a 38-residue peptide showing sequence similarity to peptide toxins known to 
interact with a range of ion channels (NaV, TRPV1, KV and CaV). Recombinant Tst2 (rTst2, which contains an 
additional Gly at the N-terminus) was produced by periplasmic expression in Escherichia coli, enabling the 
production of both unlabelled and uniformly 13C,15N–labelled peptide for functional assays and structural 
studies. The LC-MS profile of the recombinant Tst2 showed a pure peak with molecular mass 6 Da less than that 
of the reduced form of the peptide, indicating the successful formation of three disulfide bonds from its six 
cysteine residues. The solution structure of rTst2 was determined using multidimensional NMR spectroscopy and 
revealed that rTst2 adopts an inhibitor cystine knot (ICK) structure. rTst2 was screened using various functional 
assays, including patch–clamp electrophysiological and cytotoxicity assays. rTst2 was inactive against voltage- 
gated sodium channels (NaV) and the human voltage-gated proton (hHv1) channel. rTst2 also did not possess 
cytotoxic activity when assessed against Drosophila melanogaster flies. However, the recombinant peptide at 100 
nM showed >50% inhibition of the transient receptor potential subfamily V member 1 (TRPV1) and slight 
(~10%) inhibition of transient receptor potential subfamily A member 1 (TRPA1). Tst2 is thus a novel ICK in
hibitor of the TRPV1 channel.   

1. Introduction 

Sea anemones are largely sessile, predatory marine animals 
belonging to class Hexacorallia, one of eight venomous classes from 
phylum Cnidaria [1,2]. Like other members of this phylum, sea anem
ones possess specialised venomous cells called cnidocytes, which are 
distributed across various morphological structures in the body of the 
animals [3]. Cnidocytes are, in turn, equipped with subcellular organ
elles called cnidae or nematocysts, which comprise folded threads that 
forcibly evert to inject their venom, which plays an important role in 

processes such as feeding, prey capture and avoiding potential preda
tors, all of which increase the survival of sea anemones in their habitats 
[1,4–10]. 

Sea anemones, in common with other venomous animals, produce 
venoms that are complex mixtures of bioactive molecules, including 
both non-proteinaceous (polyamines and salts) and proteinaceous 
components (disulfide-rich peptides and large proteins) [5,8–10]. Some 
of these disulfide-rich peptides are known to selectively inhibit or 
modulate ion channels, including voltage-gated sodium (NaV) and po
tassium channels (KV) [5,11–14]. Numerous venom-derived peptides 
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have been approved as medications for the treatment of medical con
ditions such as type 2 diabetes, neuropathic pain and hypertension, 
whereas others are currently in clinical development [15–21]. Hence, 
venom-derived peptides continue to be the focus of significant interest 
as potential pharmacological tools and therapeutic leads [17,22,23], as 
well as bioinsecticides [24]. 

Recent progress in genomics, transcriptomics, and proteomics, 
together with advanced bioinformatics, has resulted in the identification 
of many novel peptides from sea anemones [4,25–31]. Identifying the 
function of these peptides, however, remains a significant challenge. 
While the peptide ShK [12] is a potent blocker of voltage-gated potas
sium channels [13], and an analogue is in clinical trials for the treatment 
of autoimmune diseases [19], there are many other peptides, including 
some in the ShKT family, that show little or no activity against a range of 
ion channels [32–37], and for which the endogenous function therefore 
remains unknown. Mass spectrometry imaging can provide clues as to 
the endogenous function of peptides, as exemplified by the weak KV 
inhibitor Ate1a, which is produced by nematocysts and thought to be 
used primarily for prey capture [38]. 

The sea anemone Telmatactis stephensoni (order Actiniaria, super
family Metridioidea) is commonly found in tropical waters of the Great 
Barrier Reef (Queensland, Australia) and is dangerous to humans, 
causing skin rashes and lesions that take weeks to heal [39,40]. These 
extreme reactions associated with T. stephensoni suggest the presence of 
components that are biologically active in humans, and thus provide a 
strong motivation for identifying new peptides in T. stephensoni that 
might show novel biological activities. 

U-IPTX-Tst2, a 38 amino acid residue peptide, was identified from a 
recent transcriptomic and proteomic study of T. stephensoni [28]. The 
peptide was designated U-IPTX-Tst2 based on the nomenclature pro
posed by Oliveira et al. [41], but the truncated name Tst2 will be used 
here. Since Tst2 showed sequence homology (in the UniProt database 
[42]) with previously identified peptide toxins known to interact with 
ion channels such as NaV, KCa, CaV and ASIC, we hypothesised that it 
might show similar biological activities. In this study, Tst2 was produced 
by recombinant periplasmic expression in Escherichia coli. The three- 
dimensional solution structure of Tst2 was determined using multi- 
dimensional nuclear magnetic resonance (NMR) spectroscopy and its 
biological activity was screened in multiple functional assays, including 
electrophysiological and cytotoxicity assays. 

2. Materials and methods 

2.1. Identification of Tst2 

The peptide was found in the milked venom proteome reported by 
Ashwood et al. [28] (ProteomeXchange Consortium dataset 
PXD029717). T. stephensoni individuals were sourced from the Great 
Barrier Reef by Cairns Marine Pty Ltd. Venom was collected from 
T. stephensoni using electrical stimulation and fractionated using 
reversed phase high performance liquid chromatography (RP-HPLC) 
[28]. Subsequently, secreted venom peptides were identified from 
digested RP-HPLC fractions using the bottom-up proteomic approach 
described in [28]. Secreted venom peptide sequences containing a signal 
peptide were then searched against Tox-Prot database using BLASTP 
[43]. One of the putative venom peptides identified in the milked venom 
of T. stephensoni, Tst2, is the focus of the current study. 

To localise the Tst2 peptide to a specific morphological region in 
T. stephensoni, we used the mass spectrometry imaging (MSI) protocol 
described previously in Surm et al. [44], with spectra of interest inves
tigated using SCiLS Lab. 

2.2. Expression and purification of recombinant Tst2 in E. coli 

A codon-optimised nucleotide sequence encoding the mature peptide 
sequence of Tst2 was synthesised by GenScript (USA), then subcloned 

using BamHI and EcoR1 restriction sites into a pET21a expression 
plasmid (Novagen) that was previously modified by GenScript to 
contain the following (as shown in Fig. S1A): a MalE signal sequence to 
deliver the fusion protein to the E. coli periplasm, an N-terminal poly
histidine (His6) tag to facilitate purification using nickel (Ni)-affinity 
chromatography, a maltose binding protein (MBP) fusion tag (for pep
tide solubility), and a tobacco etch virus (TEV) protease recognition 
sequence (ENLYFQ) just before the peptide coding region to allow 
cleavage and isolation of the oxidised peptide. 

2.2.1. Expression of unlabelled U-IPTX-Tst2 
The plasmid containing the gene of interest was transformed into 

competent cells of E. coli strain BL21(DE3) using heat shock [45]. The 
cells were grown in Luria-Bertani (LB) culture medium plus 100 μg/mL 
of ampicillin at 37 ◦C and with shaking at 150 rpm until the optical 
density at 600 nm (OD600) reached 0.8 (i.e., during the log-phase of the 
cell growth). 1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG, 
Sigma-Aldrich, MO, USA) was then added to induce expression, and the 
culture was incubated overnight at room temperature and 180 rpm. The 
culture was harvested by centrifugation for 15 min at 5000 rpm and 
4 ◦C, and the cell pellets were stored at − 80 ◦C. 

Periplasmic expression of unlabelled Tst2 expression was also per
formed using an auto-induction approach. To investigate the optimal 
conditions for fusion protein expression via auto-induction, a starter 
culture was prepared by incubating the cells in LB overnight at 37 ◦C 
with 220 rpm agitation. The parent starter culture was split into four 
cultures (2.5 mL each) and used to inoculate four flasks each with 250 
mL of the auto-induction medium ZMS-80155 [46] supplemented with 
100 μg/mL ampicillin. The auto-induction medium was prepared by 
supplementing autoclaved LB with 1 mM MgSO4, trace metals mix [46], 
1 mL/L BME vitamin solution (100×; Sigma-Aldrich), 50 mM Na2HPO4, 
50 mM K2HPO4, 25 mM (NH4)2SO4, 0.5% (w/v) glycerol, 0.05% (w/v) 
glucose and 0.2% (w/v) α-lactose monohydrate. The four flasks were 
incubated at 37 ◦C with shaking at 170 rpm until an optical density 
(OD600) of ≈ 0.8 was achieved, then the temperatures of the flasks were 
adjusted to 16, 25, 30 and 37 ◦C, and incubation continued for a further 
48 h at 170 rpm. Heterologous protein expression in the four cultures 
was compared after 12, 24, 36 and 48 h by SDS-PAGE analysis of a cell 
pellet from 1 mL of each culture (normalized for cell density) to deduce 
the optimum conditions resulting in the highest His6-MBP-Tst2 fusion 
protein expression (Fig. S1B). 

2.2.2. Expression of 13C, 15N–labelled Tst2 
For NMR structural studies, uniformly 13C,15N–labelled Tst2 was 

produced by E. coli expression using the dual media approach [47,48]. 
Cell cultures were grown in LB media supplemented with 100 μg/mL of 
ampicillin at 37 ◦C with shaking at 180 rpm, until the OD600 reached ≈
0.8–1.0. The cells were harvested by spinning down in sterile centrifuge 
bottles for 15 min at 5000 rpm and 4 ◦C. The supernatant was discarded, 
and the cells were then resuspended in M9 minimal medium, supple
mented with 2 g/L 13C–glucose (Cambridge isotope laboratories [CIL], 
Tewksbury, MA, USA) and 1 g/L 15N–ammonium chloride (CIL, 
Tewksbury, MA, USA) as the only carbon and nitrogen sources, 
respectively. The volume of M9 medium used to resuspend the cells was 
equivalent to one quarter of the initial LB media volume used for cell 
growth. The cells were grown for a further 1–1.5 h at 37 ◦C with shaking 
at 180 rpm, then induced by adding 1 mM of IPTG, and incubated 
overnight at room temperature with shaking at 180 rpm. The labelled 
culture was harvested by centrifugation for 15 min at 5000 rpm, and the 
cell pellets were used for purification of the labelled peptide. 

2.2.3. Fusion protein purification 
The His6-MBP-Tst2 fusion protein was extracted from the E. coli 

periplasm by osmotic shock. The cell pellet was thawed for 20 min on ice 
to avoid lysis, then resuspended in 60 mL of 100 mM Tris, 30% sucrose, 
2 mM ethylenediaminetetraacetic acid (EDTA) buffer at pH 8.0, and 
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incubated for 10 min at 4 ◦C. The suspension was centrifuged for 15 min 
at 4 ◦C and 8000 rpm, the supernatant was discarded, then the pellets 
were resuspended in 60 mL of ice-cold water and 5 mM MgCl2 (MgCl2 is 
to protect the inner cell membrane from lysis) and incubated for a 
further 10 min at 4 ◦C before centrifugation for 15 min at 4 ◦C and 
16,000 rpm. The supernatant (periplasmic extract) containing soluble 
His6-MBP-Tst2 fusion protein was diluted in 20 mM Tris, 150 mM NaCl, 
5% glycerol, pH 7.5 (TNG buffer) and incubated for 30 min with 5 mL 
Ni-nitrilotriacetic acid (Ni-NTA) Fast Flow resin (GE Healthcare, 
Uppsala, Sweden) in a gravity-fed column to capture the fusion protein 
via its affinity to Ni-NTA. Then, 25 mM imidazole was used for washing 
the resin to facilitate the removal of non-specifically bound proteins. The 
His6-MBP-Tst2 fusion protein was eluted with a 100–400 mM imidazole 
gradient and the fractions containing the fusion protein (as assessed by 
SDS-PAGE) (Fig. S2) were concentrated by centrifugal filtration (Ami
con® Ultra, Millipore). Imidazole was removed from the concentrated 
sample using a PD-10 column (GE Healthcare, Pittsburg, PA, USA). 
Fig. S3 shows a schematic representation of Tst2 periplasmic expression 
in E. coli and His6-MBP-Tst2 fusion protein purification. 

2.2.4. TEV cleavage and removal of the cleaved His6-MBP and His6-TEV 
protease 

TEV protease was able to cleave the His6-MBP-Tst2 fusion protein 
without the addition of thiol reagents, which had the advantage of 
minimising potential shuffling of the pre-formed disulfide bonds in the 
peptide. Note that TEV cleavage leaves an additional Gly residue at the 
N-terminus of the recombinant peptide, which is designated Gly-1 to 
distinguish it from the native N-terminal residue Cys1; this peptide will 
be referred to as rTst2 to distinguish it from the native peptide. SDS- 
PAGE was used to monitor fusion protein cleavage (Fig. S4). The 
cleavage mixture was then passed over Ni-NTA Fast Flow resin to 
remove the cleaved His6-MBP and His6-TEV protease, and the eluate 
containing the cleaved rTst2 was collected for further purification by 
RP-HPLC. 

2.2.5. RP-HPLC purification and LC–MS analysis 
RP-HPLC purification was performed on a Vydac C18 column (300 Å, 

10 μm, 250 × 10 mm) using a flow rate of 4 mL/min and a gradient of 
0%–100% solvent B (0.1% trifluoroacetic acid (TFA) in 90% acetoni
trile) in solvent A (0.1% TFA in water) over 60 min, with absorbance 
monitored at 214 nm. Fractions corresponding to rTst2 were collected 
and assessed by liquid chromatography–mass spectrometry (LC-MS). 
Fractions containing pure rTst2 (>99%) with the correct molecular mass 
(4022.68 Da) were lyophilised for NMR structural studies and functional 
assays. 

2.3. NMR spectroscopy 

The rTst2 sample for NMR experiments was prepared by dissolving 
lyophilised peptide at a final concentration of 0.55 mM in 90% H2O/ 
10% 2H2O, and the pH was adjusted to 4.7. For deuterium exchange 
experiments, a lyophilised sample of rTst2 (whose pH had been pre- 
adjusted to 4.7 in H2O) was dissolved in 100% 2H2O at a concentra
tion of 0.55 mM. 

NMR spectra were recorded at 20 ◦C using a Bruker 600 MHz spec
trometer (Billerica, MA, USA) equipped with a cryogenically cooled TCI 
probe. Multidimensional heteronuclear NMR spectra were obtained on a 
uniformly 13C,15N–labelled sample of rTst2 for establishing the back
bone and sidechain resonance assignments. The acquired NMR spectra 
included: One-dimensional (1D) 1H, two-dimensional (2D) [1H–1H] 
total correlation spectroscopy (TOCSY), 2D [1H–1H] nuclear Overhauser 
effect spectroscopy (NOESY), 2D double quantum filtered correlation 
spectroscopy (DQF-COSY), 2D 1H–15N (heteronuclear single quantum 
coherence) HSQC, 2D 1H–13C HSQC, 3D HNCACB, 3D CBCA(CO)NH, 
3D HNCO, 3D CC(CO)NH and 15N-edited NOESY-HSQC. NMR spectra 
were acquired using either conventional or non–uniform sampling 

(NUS) in order to reduce the data acquisition time [49]. Conventional 
NMR spectra were processed using Bruker TopSpin (version 3.6.3), and 
NUS spectra were constructed using the maximum entropy (MaxEnt) 
algorithm [50] and processed using NMRpipe [51], which is available 
via the NMRbox platform [52]. Resonance assignments were made using 
NMRFAM-Sparky Analysis (Version 3.134) [53]. 1,4-dioxane was used 
as a chemical shift reference in the 1H dimension by calibrating the 1,4- 
dioxane methylene peaks to 3.75 ppm, with the 13C and 15N dimensions 
being calibrated indirectly. Table S1 shows further details of the whole 
set of NMR experiments used for Tst2 structure calculations, and their 
acquisition parameters. 

For the pH titration, a set of 1D 1H NMR spectra of rTst2 was ac
quired over the pH range 2–7. A further set of 1D 1H NMR spectra was 
recorded over the temperature range 5–30 ◦C in increments of 5 ◦C for 
determination of the temperature coefficients of the amide protons in 
order to detect potential hydrogen bond donors [54]. Exchange of the 
amide protons with deuterium was monitored by the acquisition of a 
series of 1D 1H and 2D TOCSY spectra at 5 ◦C immediately after disso
lution of the lyophilised peptide in 100% 2H2O. 

2.4. Calculation of rTst2 structure 

The structure of rTst2 was calculated using experimentally generated 
distance restraints derived from intensities of NOEs in 2D NOESY and 
15N–edited NOESY spectra. In total, 691 NOE-derived distances were 
converted into unambiguous structural restraints. The 3JHNHα scalar 
coupling constants measured from 1D 1H or DQF-COSY spectra were 
used to determine the dihedral (torsion) angle constraints, using the 
following ranges: φ − 120 ± 40◦ when 3JHNHα ≥ 8 Hz and − 65 ± 25◦

when 3JHNHα ≤ 6 Hz [55]. Initial structures were calculated without 
defining the three disulfide bonds in order to define the disulfide con
nectivities according to the proximity of Cys SH groups and NOEs be
tween Hβs of Cys residues, which were then used as constraints in the 
subsequent rTst2 structure calculations. Three distance restraints were 
used for disulfide connectivity as follows: 2, 3 and 3 Å for S(i)-S(j), S(i)– 
Cβ(j), and S(j)–Cβ(i), respectively. Amino acid residues involved in 
hydrogen bonds were predicted from amide proton exchange rates and 
temperature coefficients [54], and were included as restraints in sub
sequent structure calculations. All of these restraints were used to 
calculate the structure of rTst2 using CYANA (version 3.98.13) [56]. 
CYANA generated an ensemble of 100 structures of rTst2, from which 
the 20 structures with the lowest energy values were selected for 
structure analysis. The structures generated using CYANA were refined 
by simulated annealing, first in vacuo, then in implicit solvent using the 
EEFx force field in XPLOR-NIH (version 2.48) [57]. All the figures of 
rTst2 structure were generated using PyMOL. (http://www.pymol.org). 

2.5. Electrophysiological assays 

Chinese hamster ovary (CHO) cells (American Type Culture Collec
tion) were grown in DMEM-high glucose supplemented with 10% foetal 
bovine serum, 2 mM L-glutamine, 100 μg/mL penicillin-g, and 100 μg/ 
mL streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 ◦C in a 5% CO2 
and 95% air humidified atmosphere. Cells were passaged twice per week 
following a 7-min incubation in phosphate-buffered saline containing 
0.2 g/L trypsin-EDTA (Invitrogen). 

CHO cells were transiently transfected with plasmids encoding 
hKV2.1, hNaV1.3, hNaV1.5, hNaV1.7, hTRPA1, or hHV1 using Lipofect
amine 2000 (Invitrogen) following the manufacturer’s protocol, then 
cultured under standard conditions. The cells were co-transfected with a 
plasmid encoding green fluorescent protein (GFP) at a molar ratio of 
10:1 except for hNaV1.5 for which a GFP-tagged ion channel vector was 
used. GFP-positive transfectants were identified with a Nikon Eclipse 
TS100 fluorescence microscope (Nikon, Tokyo, Japan) using bandpass 
filters of 455–495 nm and 515–555 nm for excitation and emission, 
respectively, and these cells were used for current recordings (>70% 
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success rate for transfection). Human embryonic kidney (HEK) 293 cells 
stably expressing hNaV1.4 were used. hTRPV1 channels were expressed 
in a stable manner in CHO cells. Cells were washed gently twice with 2 
mL of extracellular solution (ECS, see below) and re-plated onto 35-mm 
polystyrene cell culture dishes (Cellstar, Greiner Bio-One) for the patch- 
clamp experiments. In general, ionic currents were recorded 24–36 h 
after transfection. 

Standard whole-cell patch-clamp electrophysiology method [58] 
was used for recording ionic currents. Micropipettes were pulled in four 
stages using a Flaming Brown automatic pipette puller (Sutter In
struments, San Rafael, CA, USA) from GC 150F-15 borosilicate glass 
capillaries (Harvard Apparatus Co., Holliston, MA, USA) with tip di
ameters of 0.5–1 μm, and heat polished to a tip resistance of typically 
2–8 MΩ. All measurements were carried out by using Axopatch 200B 
amplifier connected to a personal computer using Axon Digidata 1550A 
data acquisition hardware (Molecular Devices, Sunnyvale, CA, USA). 
Current records were discarded when leak at the holding potential was 
>10% of peak current at the given test potential. For Na+ current re
cordings, series resistance compensation up to 70% was used to mini
mise voltage errors and achieve proper voltage-clamp conditions. 
Experiments were performed at room temperature (20–24 ◦C). Data 
were analysed with GraphPad Prism 8 (GraphPad, CA, USA) and 
ClampFit 10.5 (Molecular Devices Inc., Sunnyvale, CA, USA). Before 
analysis, whole-cell current traces were digitally filtered with a three- 
point boxcar smoothing filter. For hHV1, hTRPA1, and hTRPV1 only 
those currents were analysed for which the reversal potential fell into 
the range of the theoretical reversal potential ±5 mV (− 72.8 ± 5 mV for 
hHV1, and 0 ± 5 mV for hTRPA1 and hTRPV1). 

All salts and components of the solutions were purchased from Sigma 
Aldrich, Budapest, Hungary. For hKV2.1, hNaV1.3, hNaV1.4, hNaV1.5 
and hNaV1.7 the extracellular (bath) solution (ECS) contained 145 mM 
NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES and 5.5 mM 
glucose (pH 7.35 with NaOH). For KV2.1, the intracellular (pipette) 
solution (ICS) contained 140 mM KF, 2 mM MgCl2, 1 mM CaCl2, 11 mM 
EGTA and 10 mM HEPES (pH 7.22 with KOH). For recordings of Na+

currents, the composition of ICS was 105 mM CsF, 10 mM NaCl, 10 mM 
EGTA and 10 mM HEPES, (pH 7.2 with CsOH). For hHV1 (in mM) 60 L- 
Asp with Na, 80 MES, 5.5 glucose, 6 MgCl2 (pH 7.4 with CsOH) and an 
ICS of (in mM) 90 L-Asp with Na, 80 MES, 6 MgCl2, 3.3 glucose (pH 6.4 
with CsOH). For recordings of TRPA1 and TRPV1 currents, the ECS and 
ICS contained 150 mM NaCl, 2 mM Na-EDTA and 10 mM HEPES (pH 
7.35 with NaOH). The osmolarity of the ECS and ICS were 302–308 
mOsM and ~ 295 mOsM, respectively. Solutions containing rTst2 were 
made fresh in ECS supplemented with 0.1 mg/mL bovine serum albumin 
(BSA, Sigma-Aldrich Hungary, Budapest, Hungary) from 100 mM stocks 
stored at − 20 ◦C. Positive controls were applied at a concentration 
approximately equivalent to their IC50 values: 10 mM TEA+ for KV2.1, 
200 μM 5-chloro-2-guanidinobenzimidazole (ClGBI, Sigma-Aldrich, 
Hungary) for hHV1, 50 μM HC-030031 for TRPA1, and 50 μM cap
sazepine for TRPV1, respectively. For NaV channels a choline-based ECS 
was used as control, whose composition was (in mM) 145 choline-Cl, 5 
KCl, 10 Hepes, 5.5 glucose, 2.5 CaCl2 and 1 MgCl2. Bath perfusion 
around the measured cell with different extracellular solutions was 
achieved using a gravity flow micro perfusion system at a rate of 200 μL/ 
min. Excess fluid was removed continuously. The approximately 50% 
reduction in the current amplitude in the presence of the positive con
trols or a prominent change in the current kinetics (i.e., complete 
reduction of the sodium current in a choline-based ECS) were an indi
cator of both ion channel integrity and the proper operation of the 
perfusion system. 

For measurement of hKV2.1 current, 50-ms-long voltage steps to 
+50 mV were applied from a holding potential of − 120 mV every 15 s 
and the peak current was measured. For Na+ current recordings, 10-ms- 
long voltage steps from a holding potential of − 120 mV to 0 mV were 
applied every 10 s. Current through hHV1 was elicited every 10 s with 
voltage ramps to +60 mV from − 60 mV at a rate of 0.12 mV/ms. 

hTRPA1 and hTRPV1 currents were elicited every 5 s with 200-ms-long 
voltage ramps − 50 mV to +50 mV. The cells were held at 0 mV during 
the subsequent pulses. TRPA1 and TRPV1 currents were activated by 
100 μM allyl-isothiocyanate (AITC) and 1 μM capsaicin, respectively. 
The remaining current fraction (RCF) at a given molar concentration 
was calculated as I/I0, where I0 is the peak current in the absence, and I is 
the peak current in the presence of rTst2 at equilibrium block or in the 
absence of inhibition after ~2 min perfusion with rTst2. 

2.6. Injection assay in Drosophila melanogaster 

rTst2 activity in Drosophila melanogaster was assessed using an in
jection activity assay described previously [59]. The mass of female 
D. melanogaster used for this experiment ranged from 0.8 to 1.1 mg. Five 
doses of Tst2 (0.00005, 0.0005, 0.005, 0.05 and 0.5 μg per fly) were each 
administered to eight D. melanogaster (n total = 40), and paralysis and 
mortality were monitored at 2 and 24 h post-injection. Dose-response 
data were analysed as described previously [59]. Eight D. melanogaster 
were used as an injection control group and administered 50 nL of water. 

3. Results 

3.1. Identification of Tst2 

The precursor of Tst2 is an 84-residue peptide identified in Telma
tactis stephensoni. This putative venom peptide has a signal peptide of 25 
amino acid residues (MVQMKGFGILCLVFLVVFLMNVAES), a pro- 
peptide of 21 amino acid residues (RRYPEFPMPYNDDYDKPFVKR) and 
mature peptide of 38 amino acids residues with 6 cysteines 
(CKGQDAPCSKSKDCCGEASMCSKGADGKKTCMIDKLWG) (Fig. 1). The 
mature amino acid sequence of Tst2 has a predicted molecular mass of 
3965.59 Da, assuming the six cysteines form three disulfide bridges. 
MALDI-MSI showed that a spectral peak (3968.03 m/z ± 1.13 Da) close 
to the expected mass of the peptide was not localised to a particular 
morphological structure in the sea anemone (Fig. 2). Slightly higher 
expression of Tst2 was observed in the epidermis structures (column and 
pedal disc) (data not shown), consistent with this peptide having a role 
in predator deterrence in T. stephensoni [4]. 

A sequence similarity search against UniProtKB_SwissProt database 
using BLASTP 2.12.0+ [60] revealed that mature Tst2 sequence shares 
42.2% sequence similarity (E-value = 2.73 × 10− 4) with a voltage-gated 
sodium channel inhibitory (NaV) toxin U2-ctenitoxin-Pn1a (P29423) 
from the Brazilian armed spider Phoneutria nigriventer [61]. A multiple 
sequence alignment of the mature Tst2 peptide with sequences with 
significant similarity (E-value <0.05) is shown in Fig. 3. 

3.2. Recombinant expression and purification of His6-MBP-Tst2 fusion 
protein 

Periplasmic expression of Tst2 in E. coli was used in order to facilitate 
native disulfide formation without the need for subsequent oxidative 
folding in vitro. The His6-MBP-Tst2 fusion protein was the dominant 
protein expressed following IPTG/auto-induction (lane 2 in Fig. S2). 
His6-MBP-Tst2 fusion protein was extracted from the periplasmic space 
by osmotic shock in 5 mM MgCl2 and purified using immobilised metal 
affinity chromatography (IMAC) by passing over Ni-NTA Fast Flow resin 
to purify the peptide from the His6-tagged MBP. The majority of the 
His6-tagged MBP fusion protein was eluted in the 200 and 300 mM 
imidazole fractions of the eluting imidazole gradient (100–400 mM 
imidazole) (Fig. S2). A PD-10 gravity flow desalting column packed with 
Sephadex G-25 resin was used to remove imidazole from the samples. 

3.3. Optimisation of the yield of recombinant Tst2 

The periplasmic expression of rTst2 in E. coli via IPTG induction 
yielded approximately 0.4–0.5 mg of soluble peptide per liter of culture. 
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Fig. 1. Identification of Tst2 peptide in the sea anemone Telmatactis stephensoni. A. T. stephensoni individual. B. Full-length amino acid sequence of the Tst2 peptide. 
Signal peptide highlighted in black, propeptide in grey, mature peptide in blue. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Localisation and abundance of the Tst2 peptide across morphological structures of Telmatactis stephensoni. A. Schematic of the envenoming morphological 
structures. B. Haematoxylin and eosin-stained longitudinal section. C. Mass spectrometry imaging (MSI) data showing that a putative peptide observed at 3968 m/z 
(± 1.13 Da) is not localised to a particular morphological structure. c = club-tips, t = tentacles, p = pharynx, b = body column, m = mesenterial filaments, pd = pedal 
disc, a = acontia. 

Fig. 3. Amino acid sequence alignments of Tst2 peptide. Peptides with sequence similarity were identified by searching against UniProtKB_SwissProt database using 
BLASTP 2.12.0+. Sequences used in the alignment are indicated by UNIPROT ID, short name, source organism and ion channel targeted. Residues identical to Tst2 
main chain sequence are bolded in black. Cysteine residues shared with Tst2 peptide are bolded in blue, additional cysteine residues are bolded in red. Sequence 
alignment was performed using Clustal Omega (v.1.2.4, https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed in December 2022) [62–64]. * indicates conserved 
amino acid residues in all peptide toxins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In an attempt to achieve a higher yield of unlabelled rTst2, the auto- 
induction approach was used to express the His6-MBP-Tst2 fusion pro
tein. An initial expression experiment was performed on a small scale of 
culture (4 × 250 mL mini cultures) to determine the optimum cell 
growth conditions used in subsequent cultures. When the optical density 
(OD600) of the cultures reached ≈ 0.8, the temperatures of the flasks 
were adjusted to 16, 25, 30 and 37 ◦C, and allowed to proceed over 48 h 
at 170 rpm. By comparing the His6-MBP-Tst2 fusion protein expression 
in the four cultures over 48 h in 12 h time points, it was observed that 
culture at 25 ◦C after 36 h produced the most intense fusion protein band 
on SDS-PAGE (Fig. S1B), and the final yield of soluble peptide was 0.9 
mg/L of cell culture, whereas the yield of soluble peptide was 0.6 mg/L, 
0.7 mg/L and 0.3 mg/L at 16, 30 and 37 ◦C respectively. Hence, auto- 
induction at 25 ◦C was used in subsequent cultures to express unla
belled rTst2. 

3.4. RP-HPLC purification of Tst2 and verification of the identity and 
purity with LC-MS 

rTst2 was purified using RP-HPLC, and a major peak was eluted at 
34.38 min (equivalent to 31% solvent B) using a 60 min linear gradient 
of 0–100% solvent B (0.1% TFA in acetonitrile) (Fig. S5). The fractions 
corresponding to the rTst2 peak were analysed by LC-MS to check purity 
and identity. The LC-MS profile displayed a single pure peak with a 
molecular mass (MH+ m/z = 4022.7 Da) that is 6 Da less than that of the 
predicted mass of the reduced form of rTst2 (MH+ m/z = 4028.67 Da) 

and closely matching the expected mass of the oxidised peptide (theo
retical MH+ m/z = 4022.68 Da) (Fig. S6A), thus confirming formation of 
three disulfide bonds. This molecular mass (MH+ m/z = 4022.7 Da) 
corresponds to the oxidised form of rTst2 following cleavage with TEV 
protease, which includes a residual glycine from the TEV cleavage site at 
the N-terminus of the recombinant peptide. Similarly, a major pure peak 
was observed in the LC-MS profile of the oxidised form of the uniformly 
13C,15N–labelled rTst2 (Fig. S6B) after being purified by RP-HPLC. 

3.5. NMR spectroscopy and sequence-specific resonance assignments of 
rTst2 

The 1D 1H NMR spectrum of rTst2 at pH 4.7 and 20 ◦C (Fig. 4A), 
showed that rTst2 exhibited well dispersed sharp peaks in the amide 
region with narrow line widths (Fig. 4B), indicating that the recombi
nant Tst2 adopted a single major conformation with a well-defined 
tertiary structure. 

A pH titration was performed using 1D 1H NMR spectra acquired 
over the pH range 2–7 (Fig. S7). Above pH 5, some amide protons started 
to show peak broadening owing to exchange with the solvent (90% 
H2O/10% 2H2O) [65]. Initially, therefore, all spectra used for sequential 
assignments were recorded at pH 5 and 20 ◦C, but after partial assign
ments had been performed, it was observed that cross-peaks from Asp5 
and Ser11 were overlapping as shown in the 2D 1H–15N HSQC 
(Fig. S8A), whereas at pH 4.7 they were well resolved (Fig. S8B), so 
subsequent spectra were recorded at pH 4.7 and 20 ◦C. Sequential 

Fig. 4. 1D 1H NMR spectrum of rTst2 in 90% H2O/10% 2H2O, acquired on a Bruker 600 MHz NMR spectrometer at pH 4.7 and 20 ◦C. A. Full spectrum of rTst2. B. 
Expanded amide/aromatic region. 
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backbone and side chain resonance assignments of rTst2 were per
formed utilising 2D and 3D NMR spectra acquired on 0.5 mM unlabelled 
and 0.55 mM 13C–15N labelled peptide samples, respectively, as fol
lows: 2D [1H–1H] TOCSY, 2D [1H–1H] NOESY, 2D [1H–1H] DQF-COSY, 
2D [1H–15N] HSQC, 3D HNCACB, 3D CBCA(CO)NH, 3D HNCO, 3D CC 
(CO)NH and 15N–edited NOESY–HSQC. Examples of assignment strip 
plots from 3D HNCACB and 3D CBCA(CO)NH spectra are shown in 
Fig. S9. 2D DQF-COSY and TOCSY spectra were used for side-chain as
signments, while stereospecific resonance assignments were obtained 
from 2D NOESY and 15N–edited NOESY–HSQC spectra. 

Table S2 displays the 1H, 15N and 13C chemical shifts of rTst2, which 
have been deposited in BioMagResBank [66] (BMRB id 51901). A fully 
assigned 2D [15N–1H]–HSQC spectrum with backbone and sidechain 
resonance assignments is shown in Fig. 5. Cross peaks for the backbone 
correlations in the [15N–1H]–HSQC were observed for all amino acid 
residues except for the N-terminal Gly-1 and Pro7. A total of 40 cross 
peaks was observed in the [15N–1H]–HSQC spectrum; 37 backbone 
correlations, Gln4 side chain (two) and one Trp37 indole NH. 

3.6. rTst2 disulfide bond connectivity 

The LC-MS data for rTst2 confirmed that all six cysteine residues 
were involved in three disulfide bonds (Fig. S6). Moreover, the Cα and 
Cβ chemical shifts of the six cysteines were in the ranges of 53.5–56.2 
ppm and 39.2–47.0 ppm, respectively (Fig. S10), consistent with oxi
dised Cys residues [67]. The rTst2 disulfide bond connectivity was un
equivocally determined from preliminary structure calculations 
calculated by CYANA using NOE distance restraints without defining 
disulfide connectivities [68]. The disulfide connectivities Cys1-Cys15, 
Cys8-Cys21, and Cys14-Cys31 were identified based on the proximity 
of Cys residues and were consistent with NOEs between Hβ resonances 
of Cys residues. These connectivities were used as restraints in the 
subsequent rTst2 structure calculations. 

3.7. Three-dimensional structure of rTst2 

The rTst2 structure calculations were performed by CYANA using 
691 NOE-derived distance restraints derived from NOESY spectra 

recorded at 600 MHz, eight dihedral angle restraints, seven hydrogen- 
bond restraints derived from deuterium exchange experiment, and 
nine disulfide bond restraints, resulting in a total of 715 restraints 
(corresponding to an average of 18.3 restraints per residue). Slowly 
exchanging amide protons observed 1 h and 8 h after dissolution of 
unlabelled rTst2 sample in 100% 2H2O (Fig. S11) and having tempera
ture coefficients less negative than − 4.6 ppb/K (Table S3) were included 
as hydrogen-bond constraints in structure calculations. rTst2 structural 
constraints and statistics are summarised in Table 1. 

Fig. 6A shows a stereo view of the final ensemble of 20 lowest energy 
structures from 100 initial structures calculated by CYANA. Fig. 6B 
displays a stereo view of the closest-to-average structure of rTst2 high
lighting the disulfide bonds and the key secondary structure elements. 

Fig. 5. Two-dimensional [1H–15N]-HSQC spectrum of rTst2 with resonance assignments. The spectrum was acquired at pH 4.7 and 20 ◦C on a Bruker Avance III 
600 MHz spectrometer. A horizontal line connects the Gln4 side chain amide cross-peaks. 

Table 1 
Summary of NMR restraints and structure statistics for rTst2.  

NMR distance and dihedral constraints 

Total NOEs 
Intra-residue 
Inter-residue 
Sequential 
Medium-range 
Long-range  

Disulfide bond restraints 

691 
333  

175 
52 
131  

9 
Hydrogen bond(s) 7 
Dihedral angles 

Backbone (φ angle)  8  

Structure statistics  
RMSD between 20 conformers (Å) 

Average pairwise RMSD (Å) 
All backbone atoms (Å) (N, Cα, C) 
All heavy atoms (Å) 
Backbone atoms (Residues 1–14, 19–23, 27–34) 
Heavy atoms (Residues 1–14, 19–23, 27–34)   

0.7 ± 0.25 
1.06 ± 0.2 
0.29 ± 0.06 
0.77 ± 0.12 

Ramachandran analysis 
Residues in most favoured regions (%) 
Residues in additionally allowed regions (%) 
Residues in generously allowed regions (%) 
Residues in disallowed regions (%)  

60.9 
38.9 
0.2 
0.0  
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While the Cys1-Cys15 disulfide bond is likely to be critical in main
taining the high degree of order at the N-terminus of rTst2, the C-ter
minal region is flexible, leading to a high overall backbone atom root- 
mean-square deviation (RMSD) of 0.7 ± 0.25 Å. The backbone RMSD 
is much lower (0.29 ± 0.06 Å) for the relatively rigid regions (residues 
1–14, 19–23 and 27–34). 

The structure consists of a hairpin motif formed by two antiparallel 
β-strands encompassing amino acid residues 20–23 and 29–32. This was 
evidenced by the large 3JHNHα (≥ 8 Hz) coupling constants (e.g. Met20, 
Cys21, Lys29 and Met32), strong sequential dαN, inter-strand NH-NH (e. 
g. Ser22 NH-Thr30 NH, Met32 NH-Met20 NH and Met32 NH-Ser22 NH 
[Fig. S12]) and NH-CαH connectivities, and slowly exchanging amide 
protons (e.g. Met20, Ser22, Thr30, Cys31, and Met32 [Fig. S11]). The 
two antiparallel β-strands are linked by a hairpin loop (Gly24, Ala25, 
Asp26, Gly27 and Lys28). Additionally, residues 11–13 form a single 

turn of 310-helix (α1). The Ala6-Pro7 peptide was assigned as trans based 
on the strong dαδ NOEs between Ala6 and Pro7 (Fig. S13A). Further
more, the chemical shift difference between the Pro7 Cβ and Cγ reso
nances (Δβγ) is <5 ppm (4.6 ppm), supporting the trans-conformation of 
the Ala6-Pro7 peptide bond (Fig. S13B) [71]. The final structures of 
rTst2 have been deposited in the Protein Data Bank [72] with id 8SEM. 

In common with many disulfide-rich peptides, the disulfide them
selves make up the core of the rTst2 structure, which therefore lacks a 
significant hydrophobic core. The side chain of Ile33 is largely buried 
and could be considered part of the core, but Met20 is exposed to solvent 
and close in space to Met32 (Fig. 7). Leu36 and Trp37 form a small 
hydrophobic cluster at the C-terminus (Fig. 7A, B). The loop encom
passing residues 23–29 is highly charged, with three Lys and Asp26. As 
shown in Fig. 7C and 7D, there is an uneven distribution of charge on the 
surface of the peptide, with one face being largely negatively charged 
and the opposite face largely positive; it would be of interest to inves
tigate the functional significance of this charge distribution in future 
studies. 

A search for structural homologues in Dali [74] revealed that rTst2 
has similar topology to several peptide toxins having the ICK scaffold 
(Fig. 8). The rTst2 structural homologues are ω-atracotoxin (ACTX)-HVI, 
hainantoxin-III (HNTX-III) and tachystatin B1. ω-atracotoxin (ACTX)- 
HVI (PDB; 1AXH), a 37 amino acid residue peptide isolated from the 
Blue Mountains funnel web spider Hadronyche versuta, inhibits an insect 
voltage-gated calcium channel [75]. Hainantoxin-III (HNTX-III, PDB; 
2JTB), a 33 amino acid residue peptide isolated from the venom of the 
spider Ornithoctonus hainanaz, is a selective antagonist of neuronal 
tetrodotoxin-sensitive voltage gated sodium channels [76]. Tachystatin 
B1 (PDB; 2DCV), an antimicrobial ICK-containing peptide with 42 
amino acid residues, was isolated from the Japanese horseshoe crab 
Tachypleus tridentatus [77]. 

3.8. Functional assays 

Guided by the structural homologies documented above, rTst2 was 
tested against voltage-gated potassium, sodium and proton channels. 
Whole-cell currents were recorded sequentially on the same transiently 
or stably transfected CHO cell, before (control, black) and after perfu
sion of the cell with 100 nM rTst2 (red) (Fig. 9A). We observed slight 
potentiation of the hKv2.1 current: at equilibrium, rTst2 caused a ~ 10% 
increment in current amplitude. This weak potentiation, which did not 
modify the activation kinetics of the channel (data not shown), was 
almost fully reversible upon washing the perfusion chamber with rTst2- 
free solution. Interestingly, the observed effect did not show concen
tration dependence: RCF values were 1.1 ± 0.03 at 100 nM (n = 5), and 
1.1 ± 0.04 at 1 μM (n = 4), respectively. rTst2 was also tested against the 
voltage-gated sodium channels NaV1.3, NaV1.4, NaV1.5, and NaV1.7, but 
none was inhibited significantly by rTst2 at 100 nM (Fig. 9B-E). 

The voltage-gated proton channel (HV1) is a relatively recently 
identified ion channel that differs structurally from most voltage-gated 
ion channels due to the lack of a pore domain. At 100 nM, rTst2 
neither inhibited HV1 nor interfered with activation gating of the 
channel (Fig. 9F). 

As T. stephensoni can cause painful stings and skin rashes, rTst2 was 
also tested against channels involved in pain recognition, such as the 
transient receptor potential channels TRPA1 and TRPV1 (Fig. 9G, H). 
TRPA1 and TRPV1 channels were activated by 100 μM AITC and 1 μM 
capsaicin, respectively, then rTst2 was added after complete activation 
of the current. We found that TRPA1 was only slightly inhibited by rTst2 
at 100 nM (by ~10%, RCF was 0.92 ± 0.01, n = 4), but a prominent 
inhibition was observed for the TRPV1 current: at equilibrium inhibi
tion, 100 nM Tst2 caused >50% reduction in current amplitude (RCF 
was 0.48 ± 0.08, n = 4) (Fig. 9H, I). The block was partially reversible; 
after 6 min wash-out the current amplitude was ~80% of the control. 

rTst2 was also assayed for insecticidal activity by being injected in a 
dose of 0.5 μg/fly into D. melanogaster, but there were no signs of 

Fig. 6. A. Stereo view (cross-eyed) of the best 20 converged structures of rTst2, 
superimposed over the backbone heavy atoms N, Cα and carbonyl carbon for 
amino acid residues 1–38, with disulfide bonds shown as yellow sticks. B. 
Stereo view (cross-eyed) of a cartoon representation of the closest to average 
structure of rTst2. The two antiparallel β-strands are shown in magenta, while 
the single turn of 310-helix is colored in green. N and C indicate N– and 
C–termini, respectively. Numbers indicate the positions of Cys residues. C. The 
closest-to-average rTst2 structure is rotated such that the ICK motif [69,70] is 
clearly visible. The ICK ring (shown in blue) is formed by two disulfide bonds 
(Cys1-Cys15 and Cys8-Cys21) and the third ICK disulfide bond (Cys14-Cys31) 
passing through this ring. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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paralysis or death observed within 24 h. In comparison, neurotoxic 
spider-venom peptides with insecticidal properties caused paralysis and 
death at a much lower dose of 0.005 μg per fly in D. melanogaster [59]. 

4. Discussion 

In this study, we characterised a novel peptide, Tst2, by employing 
both structural (NMR) and functional (electrophysiology and cytotox
icity assays) approaches. Tst2 was identified in a recent proteo- 
transcriptomic analysis of the venom from the Australian sea anemone 
Telmatactis stephensoni [28], a highly venomous species that causes 
prolonged skin rash and lesions [39,40]. Tst2, the second peptide 
identified and characterised from T. stephensoni after SA8 (a 49-amino 

acid residue peptide that is a member of the sea anemone 8 family) 
[28,30], was tentatively designated U-IPTX-Tst2 in accordance with the 
naming system suggested by Oliveira et al. [41]. As Tst2 showed inhi
bition of TRPV1, it could now be designated TRPV1-IPTX-Tst2 [41], 
although we have opted to use the shorter name Tst2 throughout our 
study, pending further functional characterisation. 

Tst2 was produced using recombinant expression in E. coli periplasm, 
which proved to be a cost-effective method for peptide production that 
enabled disulfide formation [47] and uniform labelling for multi- 
dimensional heteronuclear NMR studies [65]. The three-dimensional 
solution structure of rTst2, determined using NMR spectroscopy, 
revealed the presence of an ICK motif, which is commonly found in 
peptides from venomous animals, including cone snails, spiders, plants, 
and fungi [69,70,78]. The acid-sensing ion channel (ASIC) toxin 
PhcrTx1 and the KV type 5 toxin BcsTx3 were the first ICK peptides 
identified in cnidarians, found in the venom of Phymanthus crucifer and 
Bunodosoma caissarum, respectively [79,80]. Both peptide toxins display 
cysteine patterns characteristic of ICK fold (CXnCXnCCXnCXnC, where 
X is any amino acid residue and n indicates a variable number of amino 
acid residues), but their disulfide framework and 3D structures remain 
to be determined [81,82]. As the ICK motif is also highly stable, resistant 
to denaturation and proteolysis [83], Tst2 may have potential as a 
molecular tool or therapeutic lead once its selectivity and toxicity pro
files are established. 

TRPV1 is a non-selective cation channel that is widely expressed in 
the peripheral and central nervous systems, activated by a range of 
stimuli, including heat and chemical irritants [84]. It has a significant 
role in detecting and transmitting noxious stimuli and regulating pain 
and inflammation [85]. There is growing interest in its involvement in 
the pathogenesis of neurodegenerative disorders and cancers, where it 
regulates cell proliferation, migration, and apoptosis. Blocking TRPV1 
has proven to be analgesic in various preclinical pain models, including 
arthritic [86,87] and cancer pain [88]. Sea anemones have yielded 
several inhibitors of TRPV1, including APHC1 (τ-SHTX-Hcr2b), APHC2 
(τ-SHTX-Hcr2c) and APHC3 (τ-SHTX-Hcr2d) from Heteractis crispa. 
These polypeptides have 56 amino acid residues cross-linked by three 
disulfide bridges, and have been shown to modulate TRPV1 receptor 
activity in vitro and provide analgesic effects in vivo [89,90]. APHC1 
(200 nM) showed ~32% inhibition of capsaicin-induced currents with 
half-maximal effective concentration of 54 nM [90], whereas weaker 
inhibition (25%) was observed with 300 nM of APHC3 [91]. Another 
TRPV1 inhibitor, HCRG21, from the same sea anemone (Heteractis 
crispa), demonstrated 95% inhibition of capsaicin-induced currents 
through TRPV1, with a half-maximal inhibitory concentration of 6.9 μM 
[92]. Recombinant rHCRG21 is the first peptide to fully inhibit TRPV1, 
even though it has a lower affinity for the channel than other known 

Fig. 7. Surface representation of rTst2. The two 
views in A and B (obtained by a 180◦ rotation on the 
indicated axis) show the surface exposure of the key 
amino acid residues. Leu36 and Trp37 (forming the 
hydrophobic cluster) are green olive, Met20 and 
Met32 are yellow, Ile33 is cyan, and basic and acidic 
residues are blue and red, respectively. The remaining 
amino acid residues are shown in light grey. C and D 
are two views of the electrostatic potential map of 
rTst2 at 180◦ rotation around its longitudinal axis. 
The rTst2 electrostatic potential map was calculated 
with Adaptive Poisson-Boltzmann Solver (APBS) [73] 
and mapped onto the solvent-accessible surface of the 
molecule, at contouring levels of ±5 kT/e (blue/red). 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Fig. 8. rTst2 and structure homologues. A. rTst2 (blue). B. ω-atracotoxin-HV1 
(ω-ACTX-HV1, PDB 1AXH, green), isolated from the Blue Mountains funnel web 
spider Hadronyche versuta, inhibits insect voltage-gated calcium channels. C. 
Hainantoxin-III (HNTX-III, PDB 2JTB; brick red), isolated from the Chinese Bird 
Spider Ornithoctonus hainana, is a potent and specific antagonist of neuronal 
tetrodotoxin-sensitive voltage-gated (NaV) channels. D. Tachystatin B1 (PDB 
2DCV; magenta), an antimicrobial peptide isolated from the Japanese horse
shoe crab Tachypleus tridentatus. All disulfide bonds are shown as yellow sticks. 
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ligands [92]. All of these peptides have Kunitz-type folds and are larger 
than Tst2. 

Macromolecular docking and full atom molecular dynamics simu
lations performed on the rHCRG21–TRPV1 complex [92] revealed that 
the positively charged residues (Arg1, Arg18, Lys 28, Arg48, Arg51, and 
Arg55) interact with acidic amino acid residues lining the TRPV1 pore. 
In addition, the negatively charged amino acid residues of the peptide 
could interact with the positively charged extracellular loops of the 
TRPV1 channel, which further stabilises the rHCRG21-TRPV1 complex. 
Tst2 contains seven positively charged lysines (Lys2, 10, 12, 23, 28, 29 
and 35) and five negatively charged amino acid residues (Asp5, 13, 26 
and 34 and Glu17). These charged amino acid residues could play a 
pivotal role in the interaction between Tst2 and TRPV1, and mutational 
studies would be informative. rTst2 at 100 nM demonstrated a 
remarkable inhibition of the TRPV1 current: at equilibrium inhibition, 
100 nM rTst2 caused >50% reduction in current amplitude (RCF was 
0.48 ± 0.08, n = 4). Therefore, Tst2 appears to be a relatively potent 
inhibitor of TRPV1, making it a promising tool for studying TRPV1 
channels and potentially an interesting lead for the development of 

novel analgesics and anti-inflammatory drugs. 
Our structural homology search showed that Tst2 possesses a to

pology similar to that of antimicrobial ICK-containing peptide tachys
tatin B1 (PDB: 2DCV), from the Japanese horseshoe crab Tachypleus 
tridentatus [77]. Tachystatin B1 has been shown to possess significant 
antimicrobial activity against various fungi such as Candida albicans and 
Pichia pastoris and gram-positive bacteria (e.g. Staphylococcus aureus) 
[77]. Tachystatin B1 is highly cationic (with a calculated isoelectric 
point of 12.0) due to the presence of eight Arg residues that form a 
positively charged patch on its surface and hydrophobic amino acid 
residues in its core. Such characteristics are widely accepted as impor
tant for antimicrobial activity [93]. Tst2, although less cationic than 
tachystatin B1, is also a cationic peptide, with seven Lys residues and a 
calculated isoelectric point of 8.39. Furthermore, Tst2 contains several 
hydrophobic amino acid residues, including Met20, Met32, Ile33, 
Leu36, and Trp37. The structural homology between Tst2 and tachys
tatin B1 suggests that Tst2 may exhibit antimicrobial properties, and 
evaluating its antimicrobial activity would be of interest. 

In conclusion, we have shown that Tst2 adopts an ICK motif 

Fig. 9. rTst2 has no inhibitory effect on several voltage-gated ion channels, except TRPV1. Current traces recorded before application of rTst2 (control, black), after 
1–2 min perfusion with 100 nM rTst2 (red), and after perfusing the recording chamber with control solutions (Na+-free ECS solution or specific inhibitors of the ion 
channel, colored traces). Data are shown for the following channels: hKV1.2 (A), hNaV1.3 (B), hNaV1.4 (C), hNaV1.5 (D), hNaV1.7 (E), hHV1 (F), hTRPA1 (G), and 
hTRPV1 (H). For details on the expression systems, solutions, and voltage protocols, see materials and methods. For hHV1, hTRPA1, and hTRPV1, the currents were 
recorded in response to a voltage ramp, corrected for ohmic leakage and then displayed as a function of test potential (Em). The horizonal dashed line shows the zero 
current level and the vertical dashed line indicates the expected reversal potential for the currents (based on the Nernst equation). (I) Bars represent the mean of 4–6 
independent measurements; error bars indicate SEM. 
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structure. The structure was very similar to the structure of several 
peptide toxins that target ion channels, but, while Tst2 did not show 
activity against a range of NaV and KV channels, or cytotoxic activity 
against D. melanogaster flies, it did show significant inhibition of the 
TRPV1 channel. The slightly higher expression of Tst2 in epidermis 
structures (column, pedal disc) is consistent with this peptide having a 
role in predator deterrence in T. stephensoni [4,28]. Furthermore, the 
activity of Tst2 on the TRPV1 channel suggests that this peptide may 
play a defensive ecological role by inducing pain, although further work 
would be needed to confirm this. Mutational studies will also be of in
terest to identify the key amino acid residues responsible for the 
promising TRPV1 inhibitory activity. 

Accession codes 

The NMR chemical shifts have been deposited in BioMagResBank 
with id 51901 and the solution structure has been deposited in the 
Protein Data Bank with PDB id code 8SEM. 
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[12] O. Castañeda, V. Sotolongo, A.M. Amor, R. Stocklin, A.J. Anderson, A.L. Harvey, 
A. Engstrom, C. Wernstedt, E. Karlsson, Characterization of a potassium channel 
toxin from the Caribbean Sea anemone Stichodactyla helianthus, Toxicon 33 (1995) 
603–613. 

[13] K. Kalman, M.W. Pennington, M.D. Lanigan, A. Nguyen, H. Rauer, V. Mahnir, 
K. Paschetto, W.R. Kem, S. Grissmer, G.A. Gutman, E.P. Christian, M.D. Cahalan, R. 
S. Norton, K.G. Chandy, ShK-Dap22, a potent Kv1.3-specific immunosuppressive 
polypeptide, J. Biol. Chem. 273 (1998) 32697–32707. 

[14] M.W. Pennington, S.C. Chang, S. Chauhan, R. Huq, R.B. Tajhya, S. Chhabra, R. 
S. Norton, C. Beeton, Development of highly selective Kv1.3-blocking peptides 
based on the sea anemone peptide ShK, Mar. Drugs (2015) 529–542. 

[15] J.L. Lau, M.K. Dunn, Therapeutic peptides: historical perspectives, current 
development trends, and future directions, Bioorg. Med. Chem. 26 (2018) 
2700–2707. 

[16] V. Herzig, B. Cristofori-Armstrong, M.R. Israel, S.A. Nixon, I. Vetter, G.F. King, 
Animal toxins — Nature’s evolutionary-refined toolkit for basic research and drug 
discovery, Biochem. Pharmacol. 181 (2020), 114096. 

[17] M.W. Pennington, A. Czerwinski, R.S. Norton, Peptide therapeutics from venom: 
current status and potential, Bioorg. Med. Chem. 26 (2018) 2738–2758. 

[18] G. Tajti, D.C.C. Wai, G. Panyi, R.S. Norton, The voltage-gated potassium channel 
KV1.3 as a therapeutic target for venom-derived peptides, Biochem. Pharmacol. 
181 (2020), 114146. 

[19] E.J. Tarcha, C.M. Olsen, P. Probst, D. Peckham, E.J. Muñoz-Elías, J.G. Kruger, S. 
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