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Sea anemones are a rich source of peptide toxins spanning a diverse range of biological activities, typically
targeting proteins such as ion channels, receptors and transporters. These peptide toxins and their analogues are
usually highly stable and selective for their molecular targets, rendering them of interest as molecular tools,
insecticides and therapeutics. Recent transcriptomic and proteomic analyses of the sea anemone Aulactinia
veratra identified a novel 28-residue peptide, designated Avtl. Avtl was produced using solid-phase peptide
synthesis, followed by oxidative folding and purification of the folded peptide using reversed-phase high-per-
formance liquid chromatography. The liquid chromatography-mass spectrometry profile of synthetic Avtl
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. The solution structure determined by NMR revealed that Avtl
adopts an inhibitor cystine knot (ICK) fold, in which a ring is formed by two disulfide bonds with a third disulfide
penetrating the ring to create the pseudo-knot. This structure provides ICK peptides with high structural, thermal
and proteolytic stability. Consistent with its ICK structure, Avtl was resistant to proteolysis by trypsin,
chymotrypsin and pepsin, although it was not a trypsin inhibitor. Avtl at 100 nM showed no activity in
patch—clamp electrophysiological assays against several mammalian voltage-gated ion channels, but has struc-
tural features similar to toxins targeting insect sodium ion channels. Although sequence homologues of Avt1 are
found in a number of sea anemones, this is the first representative of this family to be characterised structurally
and functionally.

1. Introduction

Sea anemones are ancient venomous marine animals belonging to
the phylum Cnidaria, class Anthozoa, and order Actiniaria. A distinctive
characteristic of cnidarians is the presence of numerous specialised
stinging cells called nematocytes that are found mainly in tentacles but
are distributed throughout the animal body. The nematocysts contain a
complex venom discharged upon chemical or mechanical stimulation to
capture prey and/or defend against predators [1-3]. The venoms of sea
anemones are rich sources of biologically active compounds, including

disulfide-rich peptides [4-8]. These peptides are potentially valuable
molecular research tools and therapeutic leads as they selectively target
various ion channels and receptors [9-12], while others exhibit anti-
microbial, insecticidal and haemolytic properties [13-18]. Several
venom-derived drugs are clinically approved to treat diseases, such as
hypertension, diabetes mellitus, severe chronic pain, and myocardial
infarction [19-23]. ShK-186 (Dalazatide) [24], based on the sea anem-
one toxin ShK [10,25], is currently in clinical trials as a new treatment
for autoimmune diseases [26].

In recent years, genomic, transcriptomic, and proteomic analyses
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with advanced bioinformatic analyses have been widely utilised to
investigate the molecular diversity of venom components, identifying
many novel peptide sequences from sea anemones [27-33]. However, it
remains a significant challenge to identify the target(s) of these peptides,
as many display little or no activity against a range of characterised ion
channels and receptors, and their endogenous functions are yet to be
determined [34-39]. Techniques such as mass spectrometry imaging
(MALDI-MSI) can potentially determine the tissue distribution of pep-
tides, which can improve our understanding of their likely functions
[40,41], as in the case of the predatory Kv PHAB toxins [42].

The sea anemone Aulactinia veratra (also known as the green
snakelocks anemone), in the family Actinidae, is distributed widely in
waters around the west, south, and east coasts of Australia and in New
Zealand. It was reported that human contact with this sea anemone
causes severe skin allergic reactions and lesions that take weeks to heal
[43]. In the course of unpublished transcriptomic and proteomic studies
[44] of Aulactinia veratra we identified a novel 28 amino acid peptide
with three disulfide bonds in the milked venom. This peptide was
designated U-AITx-Avtl according to the nomenclature proposed by
Oliveira et al. [45], but the short name Avtl will be used here. In this
study, Avtl was synthesised using solid-phase methods and its solution
structure determined using nuclear magnetic resonance (NMR) spec-
troscopy. In addition, its biological activities, including effects on a
range of mammalian ion channels, resistance against proteolytic en-
zymes and haemolytic activity, were investigated.

2. Materials and methods
2.1. Identification of U-AITX-Avtl (Avtl)

The putative toxin, Avtl, was identified in the previously assembled
transcriptome for Aulactinia veratra [44]. The Avtl sequence was then
used to search assembled transcriptomes in several actiniarian species
(11 actinioidean, seven metridioidean and two edwardsioidean species;
Table S1) [44,46-48] for homologous sequences with a signal peptide
and a significant match (P-value <1.0e-6) to the Avtl amino acid
sequence using Blast+ [49]. Sequences were filtered to ensure the
presence of the canonical KR cleavage site preceding the mature peptide,
a 6-cysteine framework, and a mature peptide length of 28 residues.

Further validation of Avtl was obtained from the secreted venom
proteome using previously established protocols [3,41,50]. Briefly,
secreted venom was desalted using Biotech CE Tubing (MWCO:
100-500 Da; Spectrum Laboratories, Inc.), then reduced and alkylated
using dithiothreitol (10 mM) and iodoacetamide (40 mM), respectively,
before overnight tryptic digestion at 37 °C. A SCX resin (Empore) Stage-
tip was used for the desalting digest, before resuspension in a mass
spectrometry (MS) buffer (2% acetonitrile, 0.1% formic acid) containing
indexed retention time peptides. Peptide spectra were obtained on a
TripleTOF 5600+ mass spectrometer (Sciex), and raw data were
matched to the transcriptome using ProteinPilot (v5.0) and Skyline
(v23.1) to search for high confidence (conf >95 and 1% FDR) peptide
matches for the Avtl sequence.

2.2. Peptide synthesis

Avtl peptide was synthesised on an automated peptide synthesiser 3
(PS3; Protein Technologies Inc.) using the standard Fmoc strategy.
Chlorotrityl chloride (CTC) resin (0.3-0.8 mmol/g, 200-400 mesh) was
used to yield a C-terminal carboxylic acid peptide. Coupling reactions
were carried out for 50 min and utilised mixtures of three equivalents of
Fmoc-amino acid, three equivalents of O-(1H-6-chlorobenzotriazolel-
yD-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and 7%
N,N-diisopropylethylamine (DIPEA) in N,N-dimethylformamide (DMF).
After each coupling reaction, 20% piperidine in DMF was used to
remove the Fmoc protecting group by agitating the resin in the piperi-
dine solution twice for 5 min, followed by three washes with DMF. The
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complete peptide-containing resin was washed three times with DMF,
methanol, and diethyl ether separately and then dried under a vacuum.
Peptide was cleaved from the resin with simultaneous removal of side
chain protecting groups using a cleavage mixture containing 92.3%
trifluoroacetic acid (TFA), 1.2% 1,2-ethanedithiol (EDT), 1.2% triiso-
propylsilane (TIPS), 2.5% thioanisole and 2.8% HO, incubated with
agitation for 3 h at room temperature. The mixture was then filtered to
separate the peptide from the resin, and TFA was removed using a ni-
trogen stream. The crude peptide was precipitated and washed three
times with cold diethyl ether, dissolved in 50% acetonitrile in HoO and
then lyophilised.

2.3. Reversed-phase high-performance liquid chromatography (RP-
HPLC)

The crude peptide was resuspended in 95% buffer A (0.1% TFA in
H,0) and 5% buffer B (0.1% TFA in acetonitrile), filtered with a 0.22 ym
syringe filter, and loaded onto a Vydac C18 column (250 x 4.6 mm,
particle size 5 pm) operating on an Agilent 1260 Infinity II liquid
chromatography system. The peptide was eluted using a flow rate of 4
mL/min and a linear gradient of 5-85% buffer B over 50 min. Collected
fractions were analysed by liquid chromatography-mass spectrometry
(LC-MS) for identity and purity on a Shimadzu 2020 LC — MS fitted with
a Phenomenex Luna C8 reverse-phase column (100 x 2.0 mm, 3 pm,100
10\), using a gradient of 0-80% buffer B (buffer A: 0.05% TFA in H,0) and
buffer B (0.05% TFA in acetonitrile) at a flow rate of 0.2 mL/min over
15 min, with absorbance monitored at 220 nm. Fractions containing
pure reduced peptide (>95%) were lyophilised and stored at —20 °C.

2.4. Oxidative refolding

The purified reduced peptide was dissolved in an oxidation buffer
containing 50 mM Tris pH 8.0, 0.1 mM reduced glutathione (GSH), and
0.2 mM oxidised glutathione (GSSG) to a final peptide concentration of
0.1 mM (molar ratio of GSH/GSSG/peptide was 1:2:1). The solution was
stirred slowly for 18 h to allow air oxidation of the peptide before TFA
was added at a final concentration of 0.1% to stop the reaction. RP-
HPLC, as described above, was used to purify the folded peptide. Frac-
tions with a purity of >95% and the correct mass for the oxidised pep-
tide were pooled, lyophilised and stored at —20 °C.

2.5. NMR spectroscopy

Avtl samples for NMR experiments were prepared by dissolving the
lyophilised peptide to a final peptide concentration of 1.5 mM in 95%
H,0 and 5% 2H,0, adjusted to pH 5.0. The sample for hydro-
gen-deuterium exchange experiments, whose pH was pre-adjusted to
5.0 in H50, was dissolved in 100% 2H,0 at a final concentration of 0.5
mM. NMR spectra were acquired on a Bruker Avance III 600 MHz NMR
spectrometer equipped with a cryogenically cooled TCI cryoprobe.

One-dimensional (1D) 'H spectra, two-dimensional (2D) n—'H
total correlation spectroscopy (TOCSY) and 2D 'H—'H nuclear Over-
hauser effect spectroscopy (NOESY) were recorded at 20 °C. TOCSY
spectra were acquired with a spin lock time of 100 ms at 20 °C, and
NOESY spectra with a 300 ms mixing time. 2D *H—'°N HSQC (with two
different spectral widths, 35 and 50 ppm) and 2D *H—'3C HSQC spectra
were also recorded at 20 °C at *°N and '3C natural abundances. The 2D
experiments were acquired with 512 and 2048 complex data points in
the t1 and t2 dimensions, respectively, and 64 scans per increment. All
NMR data were processed using NMRpipe [51] and analysed using
CcpNmr Analysis (version 2.5.2) [52] accessed via the NMRbox platform
[53] to obtain a complete assignment of resonances. 1,4 dioxane at 3.75
ppm was used as an internal chemical shift reference in the 1D 'H
dimension, while the 'H—'3C and 'H—'°N spectra were calibrated
indirectly [54].

A series of 1D 'H spectra of Avt1 was recorded over the pH range of
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2.0 to 7.0, where the pH of the sample was measured both before and
after the acquisition of each spectrum. A further set of 1D H NMR
spectra was recorded over the temperature range 10-25 °C in in-
crements of 5 °C. Amide proton exchange with deuterium was moni-
tored by acquisition of a series of 1D 'H and 2D TOCSY spectra at 10 °C
immediately after dissolving the lyophilised peptide in 100% 2H,0.

2.6. Structural restraints and structure calculation

The structure of Avtl was calculated using distance restraints
derived from NOE intensities in 2D '"H—'H NOESY using ARIA version
2.3 [55,56], accessed via NMRbox [53]. Peptide backbone dihedral
angles (¢ and ) were calculated from the chemical shifts of the residues
using the prediction program TALOS-N [57]. Amino acid residues
involved in hydrogen bonds were predicted from both TALOS-N and the
hydrogen-deuterium exchange experiments described above. Rapidly
exchanging amide protons were not considered to be involved in
hydrogen bonds or ordered secondary structure, while slowly
exchanging amide protons that were visible in the spectrum 12 h after
dissolution were identified as possible hydrogen bond donors in the
secondary structure. Initial structures were calculated without defining
the disulfide bond restraints in order to determine their connectivity
based on the proximities of the Cys SH groups and NOEs between Cys
residue sidechains. The three inferred disulfide bonds were used as re-
straints in the subsequent structure calculations. ARIA generated an
ensemble of 100 structures of Avtl, from which the top 20 structures
with the lowest energy values were selected for structure analysis using
protein structure validation software suite (PSVS) [58]. All structure
figures were generated using PyMOL (http://www.pymol.org).

2.7. Electrophysiological assays

2.7.1. Cell cultures and heterologous expression of ion channels

Chinese hamster ovary (CHO) cells (ATCC, Germany) were cultured
in DMEM medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum, r-glutamine (2 mM), penicillin-g (100 pg/
mL), and streptomycin (100 pg/mL). Cells were maintained in a hu-
midified incubator at 37 °C and 5% CO», and passaged twice weekly
following a 7 min incubation in 0.05% trypsin—-EDTA solution. CHO cells
were transiently transfected with plasmids encoding the following ion
channels using Lipofectamine 2000 kit (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s protocol: hKyl.1 and hKy1.2 in pCMV6-
AC-GFP plasmid, hKy1.5 in pEYFP-C1 plasmid, hK¢,3.1 in pEGFP-C1
plasmid, hNayl.5 in pcDNA 3.1 plasmid and hHyl in pQBI25-fC3
plasmid. GFP-positive transfectants were identified using Nikon TE
2000 U fluorescence microscope (Nikon, Tokyo, Japan) and currents
were recorded 24 h after transfection. Human embryonic kidney (HEK)
293 cells stably expressing mouse Kca1.1, hKy11.1 or hNay1.4 channels
were used. hTRPV1 channels were expressed in a stable manner in CHO
cells. Human Ky1.3 currents were recorded from activated T lympho-
cytes. For this, mononuclear cells from healthy donors’ blood were
separated through Histopaquel077 (Sigma-Aldrich, St. Louis, MO, USA)
density gradient centrifugation and cultured in RPMI 1640 medium
containing 2 mM L-glutamine, 10% fetal bovine serum (FBS), 100 pg/mL
streptomycin and 100 U/mL penicillin-g at a density of 5 x 10° cells per
mL in a humidified incubator at 37 °C and 5% CO5. Phytohemagglutinin
A was added to the medium at a concentration of 2, 5, 10 pg/mL to
enhance the expression of K™ channels. Ky1.3 currents were recorded
after 3-6 days of activation.

2.7.2. Current recording conditions and solutions

Standard whole-cell patch-clamp electrophysiology method was
used as described previously [12,39]. All current recordings were made
using a Multiclamp 700B or Axopatch 200B amplifier connected to a
computer with Axon Digidatal440 or 1550 A digitiser. For data acqui-
sition, Clampex 10.7 software was used (Molecular Devices, Sunnyvale,
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CA, USA). Micropipettes were pulled from Borosilicate Standard Wall
with Filament glass (Harvard Apparatus Co., Holliston, MA, USA) in four
stages using a Flaming Brown automatic pipette puller (Sutter In-
struments, San Rafael, CA, USA), with a tip resistance of usually 3-6 MQ
in the bath solution. Only those current records were used for data
analysis when the leak current at holding potential (V) was <10% of
peak current at a given test potential.

All the salts and components of the solutions were purchased from
Sigma Aldrich, St. Louis, MO, USA. The extracellular (bath) solution
(ECS) for recording Kyl.x, K¢, and Nay currents consisted of (in mM)
145 NaCl, 5 KCl, 2.5 CaCly, 1 MgCly, 10 HEPES and 5.5 glucose, pH 7.35.
The ECS for Ky11.1 consisted of (in mM) 140 choline-Cl, 5 KCl, 2 MgCly,
2 CaCly, 10 HEPES, 20 glucose, 0.1 CdCly, pH 7.35 and for Hy1 (in mM)
75 NMDG, 3 MgCly, 1 EGTA, 15 glucose and 180 HEPES, pH 7.4. For the
measurement of TRPV1 currents, the ECS and intracellular (pipette)
solution (ICS) contained (in mM) 150 NaCl, 2 Na-EDTA and 10 HEPES,
pH 7.35. The ICS for Kyl.x or Kgal.1 consisted of (in mM) 140 KF, 2
MgCly, 1 CaCly, 11 EGTA and 10 HEPES pH 7.22. The composition of ICS
for Na™ current recording was (in mM) 10 NaCl, 105 CsF, 10 HEPES, 10
EGTA, pH 7.22; for Ky11.1 (in mM) 140 KCl, 2 MgCl,, 10 HEPES, 10
EGTA, pH 7.3, and for K¢,3.1 (in mM) 150 K-Asp, 5 HEPES, 8.5 CaCly, 2
MgCly, 10 EGTA, pH 7.22. ICS for Hy1 constituted of (in mM) 75 NMDG,
3 MgCly, 1 EGTA, 15 glucose and 180 MES, pH 6.4. The osmolarities of
the ECS and ICS were 302-308 mOsM and ~ 295 mOsM, respectively. In
the HK-150 and Na'-free ECS all the Na™ ions were substituted by K"
ions or choline-Cl, respectively; other ingredients remained unchanged.
In the various TEA'-containing solutions, Na™ was substituted by
tetraethylammonium-chloride in equimolar concentration. Avtl peptide
and positive controls were dissolved in ECS supplemented with 0.1 mg/
mL bovine serum albumin. The measured cell in the recording chamber
was perfused with test solutions using a gravity flow micro-perfusion
system and AutoMate Perfusion Pencil Multi-Barrel Manifold Tip
(AutoMate Scientific, Berkeley, CA, USA), and extra ECS was removed
continuously using vacuum suction. The complete exchange of solution
in the recording chamber, i.e., the proper operation of the perfusion
apparatus, was confirmed frequently using either fully reversible in-
hibitors (TEA™ for Ky1.1, Ky1.3 and mKc,1.1, charybdotoxin (ChTx) for
Kyl.2, E4031 for Ky11.1, Cm39 [59] for Kc,3.1 and capsazepine for
TRPV1) or ECS (HK-150 solution for Ky1.5, pH 6.4 solution for Hy1l or
Na™ free solution for Nay channels) as positive controls.

2.7.3. Voltage protocols and data analysis

For recording the currents of Ky1.x channels, 15-300 ms long voltage
pulses to +50 mV were applied from a Vi of —120 mV every 15 s and
peak currents were measured. For measuring the Kyl11.1 currents, a
voltage step to +20 mV for 1.25 s from a V} of —80 mV followed by a
step to —40 mV for 2 s was applied every 30 s, and the peak (tail) cur-
rents were recorded during the latter step. mKc,1.1 currents were
evoked by depolarizing the cells to +100 mV for 600 ms from a Vy, of
—100 mV and test pulses were delivered every 15 s. For K¢,3.1 currents,
150-ms-long voltage ramps from —120 mV to +50 mV were applied
every 10 s and the Vi, was set to —85 mV. For sodium currents through
Nay channels, 15-ms-long voltage steps from a Vi, of —120 to 0 mV were
applied every 10 s. Currents through Hy1 channel were elicited every 15
s with voltage ramps from —60 mV to +100 mV at a rate of 0.16 mV/ms.
TRPV1 currents were elicited every 5 s with 200-ms-long voltage ramps
from —50 mV to +50 mV. The cells were held at 0 mV during the sub-
sequent pulses. TRPV1 channels were activated by 1 pM capsaicin prior
to the application of capsazepine or Avtl, with the capsaicin-activated
current serving as a control.

Patch-clamp records were analysed with pClamp 10.7 software
package (Molecular Devices, Sunnyvale, CA, USA). Ionic current traces
were digitally filtered with a three-points boxcar smoothing filter and
corrected for ohmic leakage when needed. The inhibitory effect of the
peptide at a given concentration was calculated as remaining current
fraction (RCF = 1/1j, where I is the peak current in the absence of the
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toxin, and I is the peak current recorded after 3 min perfusion by 100 nM
of Avtl. Representative graphs were prepared using GraphPad Prism
software (version 8.0.1, La Jolla, CA, USA).

2.8. Haemolysis assay

To assess potential haemolytic activity of the peptide, a 0.5% sus-
pension of erythrocytes obtained from heparinised peripheral venous
blood of a healthy rat was co-incubated with 1 mM Avt1. The erythro-
cyte suspension was centrifuged using 5 mL heparinised blood for 5 min
at 3000 rpm. The plasma and the buffy coat were discarded, and the
erythrocytes were washed thrice with PBS at pH 7.2 (Gibco Dulbecco’s
Phosphate Buffered Saline (1 x)). For the negative control, 0.5% (v/v) of
erythrocyte suspension was prepared using PBS, whereas the positive
control was prepared in MilliQ water. The samples were incubated at 37
°C for 30 min with gentle shaking. After incubation, the samples were
centrifuged at 3000 rpm for 5 min and the supernatant was separated
from the pellet. The absorbance was measured at 540 nm using the
Pharmacia type Novaspec II spectrophotometer. Haemolysis was
expressed as the following formula:

Hemolysis ratio = (ODs4o (peptide)— ODs4o (negative control))
/(ODs4o (positive control)
— ODsyo (negative control) ) x 100

2.9. Proteolysis assays

Proteolysis assays were performed as described previously [34]. The
enzymes trypsin (EC 3.4.21.4), a-chymotrypsin (EC 3.4.21.1) and pepsin
(EC 3.4.23.1), all with 100 pM concentration stocks, were used in the
proteolysis assays at 250:1 peptide/enzyme molar ratio. The reactions
for trypsin and a-chymotrypsin were performed in 50 mM Tris-HCI (pH
7.4) buffer containing 100 mM NaCl and 2 mM CaCl,. The reaction for
pepsin was performed in 1 mM HCl (pH 2.0). The Avtl sample was
prepared at 25 pM and incubated with enzymes at 37 °C and the reaction
was monitored and analysed by LC-MS (0-60% acetonitrile gradient, 10
min) after 0, 0.5, 1, 2, 4 and 16 h of incubation. Trypsin and a-chymo-
trypsin reactions were halted by adding 1% TFA, and the pepsin reaction
was halted by adding 100 mM ammonium bicarbonate (pH 7.4). A
cleavable substrate (Ac-SSKSFS) was synthesised in-house and used as a
control in the proteolysis assays.

The trypsin inhibitory assay was conducted as described previously
[60]. The assay buffer contained 50 mM Tris, 20 mM CaCly, pH 8.2. 4 mg
of bovine pancreatic trypsin was dissolved in 1 mL of 1 mM HCI then
diluted into 200 mL of assay buffer and stored on ice. The substrate L-
BAPNA (Sigma Aldrich, USA) was prepared in 99% buffer and 1% DMSO
at 0.4 mg/mL. Avtl and the positive control (aprotinin, a bovine
pancreatic trypsin inhibitor) were prepared in buffer at 0.3 mM and 0.1
mM concentrations, respectively. To each sample, 5 mL of the substrate
solution was added, and samples were incubated at 37 °C for 30 min. 2
mL of trypsin solution then was added to the samples and they were
incubated for a further 10 min at 37 °C. The reactions were terminated
by adding 1 mL of 30% acetic acid and the absorbances for the sample
readings (OD4;0s) were measured at 410 nm. The reaction was also run
in the absence of inhibitors by replacing the sample with water and the
corresponding absorbance was the reference reading symbolised as
ODy410r. In addition, reagent blanks for the sample readings (OD4;0sp)
and reagent blank for the reference reading (OD4;0grp) Were also run by
adding the acetic acid solution before the substrate L-BAPNA. All
absorbance readings were measured using a Pharmacia Novaspec II
spectrophotometer with deionised water as reference. The trypsin
inhibitory activity (TIA), which is expressed in trypsin units inhibited
(TUD per mg of sample and % trypsin inhibition were calculated as
follows:

TIA (TUI/mg) = [(OD410R - 0D41RB) — (OD41()S - OD4153)} X 100/ms
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where, mg is the mass of the sample in mg per 1 mL of final sample
solution.

%trypsin inhibition = [(OD410R - 0D41RB)
— (OD410s — OD4158) | /(OD410r — OD41gs) X 100

3. Results
3.1. Identification and amino acid sequence homology of Avtl
The full open-reading frame for Avtl (MNSKAIISV-
FLIMLVVVSCTQATYETEDDDEPGPRHSEKR-
SCARGCGGDSDCPCPGWHCPSPGGRCEP) was first identified in the
transcriptome of Aulactinia veratra and the mature peptide sequence
(SCARGCGGDSDCPCPGWHCPSPGGRCEP) was identified in the prote-
ome of the secreted venom. Two high quality peptides were found in the
MS data which covered 85.7% of the Avtl sequence, although 100% of
the sequence had high confidence (conf >95) matches (Table S2). Of the
20 sea anemone transcriptomes analysed (Table S1), eight sequences
with similarity to Avtl were found in five species (Table S3). Each
species had two gene copies, except for Condylactis gigantea, and se-
quences were only found in the superfamily Actinioidea. Alignment of
the mature peptide sequences revealed strong conservation of three
tandem motifs: Asp-Ser between the second and third Cys residues, Pro-
Gly-Trp-His between the fourth and fifth Cys, and Gly-Gly between the
fifth and sixth Cys (Fig. 1).

3.2. Synthesis and folding of Avtl

The mature Avtl peptide sequence contains 28 amino acid residues
that include six cysteines with a theoretical molecular mass of 2786.04
Da, assuming the formation of three disulfide bonds. Following the solid-
phase synthesis of Avtl, the mass of the linear peptide was confirmed
using LC-MS (observed mass 2791.58 Da, theoretical mass 2792.09 Da).
The crude peptide was purified using RP-HPLC, and fractions were
analysed by LC-MS to confirm the identity and purity of the peptide
(Fig. S1). Following oxidation of the pure reduced peptide, the folded
peptide was re-purified by RP-HPLC and a major peak was eluted with
29% of buffer B (Fig. S2A). LC-MS revealed a pure peak with a molecular
mass 6 Da less than the mass of the crude peptide in the reduced form
(Fig. S2B), confirming the formation of three disulfide bridges.

3.3. NMR and sequence-specific resonance assignments

The 1D 'H NMR spectrum of Avtl at pH 5.0 and 20 °C (Fig. 2A)
showed that the peaks in the amide/aromatic region are sharp and well-
dispersed, indicating that synthetic Avtl adopts a single major confor-
mation with well-defined tertiary structure (Fig. 2B). Minor peaks
visible in the amide and aromatic region may indicate the presence of
isomers with cis or trans conformations about the X-Pro bonds since the
sequence contains five prolines; of these, the C-terminal Pro28 is the
most likely to have the conformational freedom to enable the co-
existence of both isomers.

A series of 1D NMR spectra was then recorded over the pH range
3.0-6.0 (Fig. S3A) to determine the best conditions for resonance as-
signments and structure calculations. Several backbone amide reso-
nances showed minor changes in chemical shift values as a function of
pH, with the best dispersion of the overlapped cross peaks over the
amide and aromatic region, specifically between 7.5 and 8 ppm, being
observed at pH 5.0 (Fig. S3B). 1D spectra of Avtl were also recorded at
different temperatures from 10 to 25 °C with a 5 °C difference (Fig. S4A
and B) at pH 5.0, and the spectrum at 20 °C showed a better peak
dispersion through the amide and aromatic region. Therefore, all spectra
used for sequential assignments were recorded at pH 5.0 and 20 °C.

Sequential backbone and sidechain chemical shift assignments were
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1 10 3031
Consensus RS C-SKWCWKDIS FCT - CPG]WF[CPKR[G_GRCIP
Avt1 (Aulactinia veratra 1) SC-ARGCGGDSDCP-CPGWHCP S PGGRCHEP
Anemonia sulcata 1 SC-EGSCTVIDSHCR-CPGEWHCPRRGGRCHP
Condylactis gigantea 1 RISC-ISTSCTADSHCK -CPGWHCPN | GGV CHEP
Anthopleura buddemeieri 1 SC-SKWCWKDSFCT-CPGWHCPKRGGNCIHHEP
Anthopleura buddemeieri 2 SC-SKWCWKDSFCT-CPGWHCPKPGGNCHES
Anemonia sulcata 2 SC-SVWCWKIDISFCT-CPGWHCP VRIGE HCQP
Entacmaea quadricolor 1 DCVGKKCWTIDIS FCN-CPGWHCPKRIGGYCAP
Entacmaea quadricolor 2 NTC-NVACYGS CP-CPGEWHC LIGGRC | D
Aulactinia veratra 2 GIC-'SRWCSGDRLCRSCTGEWHC VNNRCHP

Fig. 1. Alignment of the mature peptide sequences for Avtl and eight homologous sequences found in sea anemones. The consensus sequence represents the
dominant amino acid residue for each position in the sequence. NCBI accession numbers are SRX971488, PRJEB21970, PRINA313244, PRINA313244, SRX971488,

PRJEB21970, PRJEB21970 and PRINA313244, respectively (Table S1).
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Fig. 2. 1D 'H NMR spectrum of Avt1 in 95% H,0 and 5% 2H,0, acquired on a Bruker 600 MHz NMR spectrometer at pH 5.0 and 20 °C. A. Full spectrum of Avt1. B.

Expanded amide and aromatic region.

completed by analysis of 2D ['H—'H] TOCSY, 2D ['H-!H] NOESY, 2D
[*H-15N] HSQC and 2D ['H-13¢] HSQC spectra. Fig. 3 shows the 2D
[1H—15N] HSQC spectrum with the assignment of the backbone cross
peaks of the residues except for the N-terminal Serl and proline residues
(Prol3, Prol5, Pro20, Pro22 and Pro28). Two different spectral widths
in the >N dimension were used (35 ppm in green and 50 ppm in blue) as
Arg4 and Arg25 side chain folded peaks were identified with the
increased !°N spectral width. Fig. S5 shows an assigned and labelled 2D

[lH—13C] HSQC spectrum. Table S4 summarises the lH, 15N and 3¢
chemical shifts of Avtl. The chemical shift were deposited in the Bio-
MagResBank with accession number 52543 [61].

3.4. Disulfide determination and structure calculation

The solution structure of synthetic Avtl was calculated using a total
of 801 NOE-derived distance restraints as follows: 358 are intra-residue,
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Fig. 3. 2D ['H-'°N] HSQC spectra of Avt1 with resonance assignments. The spectra were acquired on a Bruker 600 MHz NMR spectrometer at pH 5.0 and 20 °C. Two
different spectral width in >N dimension were used: 35 ppm in red and 50 ppm in blue. Folded peaks are boxed. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

183 sequential, 92 medium-range (2 < |i - j| < 5) and 168 long-range (|i
—j| > 5) restraints (Table 1). Twelve dihedral restraints as well as eight
hydrogen bond restraints derived from hydrogen-deuterium exchange
experiments (Fig. S6) and TALOS-N prediction [57] were included.
Altogether, the final experimental set corresponded to an average of 28
restraints per residue.

The initial structures were calculated based on NOE restraints

Table 1.
List of restraints and statistical analysis of Avtl structure at pH 5.0 and 20 °C.

Number of experimental restraints

Total NOE distance restraints 801
Intra-residue 358
Inter-residue
Sequential 183
Medium range (2 < |i - j| < 5) 92
Long range (]i - j| > 5) 168
Torsion angle (phi/psi) 12
H-bond restraints 8

RMSD from average structure
All backbone atoms, all residues (N, Ca, C) (A) 0.5
All heavy atoms, all residues A 0.9
RMS deviation for bond angles (°) 0.6
RMS deviation for bond lengths A 0.004

Ramachandran statistics (Molprobity) of ordered residue
Most favoured regions (%) 85.00

Additionally allowed regions (%) 14.10
Generously allowed regions (%) 0.30
Disallowed regions (%) 0.60

Ramachandran statistics (Procheck) of ordered residues
Most favoured regions (%) 93.70
Allowed regions (%) 5.20
Disallowed regions (%) 1.20

without specifying the disulfide connectivity. Following the conver-
gence of the initial structures, the disulfide bond connectivities were
well-defined based on the proximity of the cysteine residues and the
NOEs of the sidechains, and were included in the subsequent runs.
Accordingly, the disulfide linkage was determined as I-IV, II-V and III-VI
which is found in inhibitory peptides from diverse biological sources
[62,63]. Fig. 4A shows a stereo view of the final ensemble of 20 lowest
energy structures that were energetically refined through MD simulation
in explicit water using ARIA. The structures are well-defined, with
backbone (N, C and Ca) and all heavy atom root mean square deviation
(RMSD) values over all residues of 0.5 and 0.9 A, respectively. Table 1
summarises the structural statistics.

Avtl has a well-defined core structure stabilised by three disulfide
bonds adopting an inhibitor cystine knot (ICK) motif in which two di-
sulfide Cys2- Cys14 and Cys6- Cys19 form a closed ring with a third
disulfide Cys19- Cys26 penetrating the ring to create the pseudo-knot
[63]. Four loops emerge from this compact disulfide core (Ala3-Gly5,
Gly7-Aspll, Prol5-His18 and Pro20-Arg25), in addition to N and C
termini (Fig. 4B). The p-sheet motif typically present in peptides
adopting an ICK scaffold was not observed in Avtl. The flexible N-ter-
minus adopts an extended conformation up to residue seven followed by
a short turn of 3;¢ helix spanning residues Asp9-Asp11. The five proline
residues (Prol3, Prol5, Pro20, Pro22 and Pro28) were observed in the
trans conformation and assigned clearly by the strong sequential
dys NOEs between the proline residues and their preceding a-protons
(Fig. S7). Furthermore, the 2D *H-13¢] HSQC spectrum showed that the
chemical shift difference between Cp and Cy of Prol5, Pro20 and Pro22
was less than 5 ppm, supporting the trans geometry of those proline
peptide bonds [64]. Avtl has three positive residues (Arg4, His18 and
Arg25) and three negative residues (Asp9, Aspll and Glu27) that are
evenly distributed throughout the peptide surface (Fig. 5). Like other
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Fig. 4. Avtl solution structure. A. Stereo view (cross-eyed) of the structure of
Avtl. The top 20 structures of Avtl with lowest energy overlaid for the best fit
over the backbone heavy atoms of residues 1-28, represented as ribbon in blue
and the three disulfide bonds in yellow. B. Cartoon representation of the lowest
energy Avtl structure. The single turn of 3;¢-helix is coloured green. N and C
are labelled and the position of Cys residues are indicated as C2-C14, C6-C19
and C12-C26. C. The cystine knot of Avtl comprises a ring formed by two di-
sulfide bonds (C2-C14 and C6-C19) with a third disulfide bond (C12-C26)
penetrating the ring to create a pseudo-knot. D. The lowest energy structure of
Avtl showing all side chains, with the disulfides in yellow, Pro-Gly-Trp-His in
purple, Asp-Ser in red and Gly-Gly in orange. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

180°

Fig. 5. Surface representation of Avtl showing the negatively charged side
chains (Asp9, Aspl1 and Glu27) in red, the positively charged (Arg4, His18 and
Arg25) in blue, the hydrophobic residue (Trp17) in magenta, non-polar residues
in green and all others in grey. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

disulfide-rich peptides, Avtl lacks the classical hydrophobic core found
in structured peptides and proteins as the disulfide bonds themselves
comprise the core [65]. The sidechain of Trpl7 is largely solvent
exposed and cannot be considered as a part of the hydrophobic core,
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while Ala3 is partially buried.

A search using RCSB PDB [66] identified the ICK toxins Magi 5,
®-conotoxin GVIA and EETI-II (Fig. 6) as the closest structural homo-
logues. Magi 5 (PDB id 2GX1), a 29-residue peptide from the hexathelid
spider Macrothele gigas, targets voltage-gated sodium channels [67].
®-Conotoxin GVIA (PDB id 1TTL), a 27-residue peptide isolated from the
venom of the cone shell Conus geographus, is a N-type calcium channel
inhibitor [68]. EETI-II (PDB id 2IT7), a 28-residue peptide isolated from
seeds of the jumping cucumber Ecballium elaterium, is a potent trypsin
inhibitor [69]. While these four structures are similar, with all of them
having an ICK fold, it is evident from Fig. 6 that they have distinct
secondary structures.

It is of interest to compare the solution structure determined in this
study with that predicted by AlphaFold2 [70]. The top-scoring predicted
structure matched the experimental structure quite well (RMSD over
backbone heavy atoms of 0.82 10\), but other predicted structures that
lacked one of the three native disulfide bridges had confidence scores
that were not significantly worse than the correct structure, implying
that experimental structure determination was warranted.

3.5. Ion channel activity

To identify potential targets of this peptide, Avtl was tested against a
wide range of mammalian ion channels using electrophysiological as-
says. The whole-cell currents were recorded under controlled conditions
and then the micro-perfusion system functionality was confirmed using
reversible blockers of the respective channels. After confirming proper
solution exchange, cells were perfused with Avtl and the whole-cell
currents were recorded (Fig. 7A-K). The peptide was investigated on
human voltage-gated potassium channels (Ky1.1, Ky1.2, Ky1.3, Ky1.5
and Ky11.1) expressed in various expression systems (see Materials and
Methods). None of the different Ky channel isoforms was inhibited by
100 nM Avtl. The peptide was also tested against two human voltage-
gated sodium channels (Nayl.4 and Nayl.5) and no inhibition was
detected by 100 nM Avtl. The screening was then expanded to study

Fig. 6. Structural homologues of Avtl peptide. A. Avtl in blue. B. Magi 5 in red
(PDB id 2GX1) isolated from the hexathelid spider Macrothele gigas. C. ®-Con-
otoxin GIVA in orange (PDB id 1TTL) from the cone shell Conus geographus. D.
Squash trypsin inhibitor EETI-II (PDB id 2IT7) isolated from seeds of the
jumping cucumber Ecballium elaterium. (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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Fig. 7. Avtl is ineffective against several mammalian ion channels including K*, Na*, H" and TRP channels. A-K. Representative current traces of various ion
channels recorded before application of Avtl (control, black traces) and after 3 min perfusion with 100 nM of Avt1 (red traces). The complete solution exchange in
the recording chamber was confirmed before each experiment with specific inhibitors of the respective channel (blue traces, TEA': tetraethylammonium chloride;
ChTx: charybdotoxin; E4031; Cm39 toxin; capsazepine) or ECS solutions as control (green traces, HK: HK-150 solution with 150 mM extracellular K*; Na*-free ECS
solution: Na™ substituted by choline-Cl; pH 6.4 ECS: ECS with pH 6.4 for hHy1). The horizonal dashed line shows the zero-current level. Voltage protocols are shown
above the current traces in each panel. For details on the expression systems, external and internal solutions, and voltage protocols, see the Materials and methods.
For hK¢,3.1, hHy1 and hTRPV1, the currents were evoked in response to a voltage ramp, corrected for ohmic leakage and showed as a function of test potential (Ey,).
The vertical dashed line in panels G and K indicate the expected reversal potential of the currents based on the Nernst eq. L. Bar graph represents the summary of Avtl
effect at 100 nM; error bars represent SEM, circles indicate individual data points, n = 3-4. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)



R.A. Albar et al.

other ion channels including mKc,1.1, hK¢,3.1, hTRPV1 and hHy1, but
none was inhibited significantly by Avtl at 100 nM (Fig. 7L).

3.6. Haemolytic assay

Several toxins adopting cystine knot structures exhibit haemolytic
activity [71,72]. Therefore, the haemolytic effect of Avtl was investi-
gated in healthy rat erythrocytes, but the peptide showed no haemolytic
activity when tested at 1 mM (Fig. S8). This could be due to the lack of a
significant solvent-exposed hydrophobic patch that is commonly found
in haemolytic peptides such as kalata B1 (PDB id 1NB1) and others, as
this feature is proposed to be important for peptide binding to the
erythrocyte membrane [71].

3.7. Proteolysis assays

The stability of Avtl peptide was tested upon treatment with the
proteases trypsin, chymotrypsin and pepsin. Avtl showed high stability
in the presence of trypsin or chymotrypsin over 16 h of incubation at 37
°C (Fig. S9A and B). The peptide was not cleaved by trypsin, which
cleaves peptide bonds at the C-terminus of Arg and Lys residues, or
chymotrypsin, which cleaves the C-terminal side of aromatic and hy-
drophobic residues, despite the presence of cleavable sites in Avtl such
as Arg and Trp, consistent with the fact that these sites are partially
buried in the structure. In the presence of pepsin, which cleaves peptide
bonds N-terminal to aromatic residues, Avtl was not affected over 16 h
of incubation at 37 °C (Fig. S9C), despite the presence of Trp as a po-
tential cleavage site. The activity of the enzymes was confirmed using a
small cleavable substrate containing Lys and Phe as a control.

The trypsin inhibitory activity of Avtl then was assessed because of
its structural homology to the trypsin inhibitory peptide EETI-II (PDB id
2IT7), as documented above. Avtl did not inhibit trypsin when tested at
0.3 mM and obtained a low TIA value of 0.5 TIU/mg when compared to
the TIA value of the bovine pancreatic trypsin inhibitor Aprotinin, 106
TUI/mg. The trypsin inhibition activities of Avtl and Aprotinin were
0.75 and 99.90%, respectively (Fig. S10).

4. Discussion

Transcriptomic and proteomic data showed the presence of the Avtl
peptide in milked venom of the sea anemone Aulactinia veratra, and
homologues of this peptide are found in sea anemone species from su-
perfamily Actinioideae. Multiple copies of the gene encoding this pep-
tide were found in these species, indicating that it has undergone a gene
duplication event like several other sea anemone peptide toxins
[73-75]. Avtl was synthesised and folded using an in vitro oxidative
folding method, and its solution structure was determined using NMR
spectroscopy.

Avtl adopts an ICK fold, which is one of the most widespread con-
vergently recruited disulfide-rich peptide scaffolds in venomous ani-
mals, such as scorpions, spiders and cone snails [76,77]. The disulfide
connectivity in an ICK motif has a C1-C4, C2-C5 and C3-C6 pattern,
which provides a compact and highly stable scaffold [78,79]. The major
conformations of the peptide bonds preceding all five proline residues in
Avtl were found to be trans. The minor peaks visible in the amide and
aromatic region of the 1D *H NMR spectrum may be due to the presence
of the cis isomer of one of these proline residues. As the least structurally
constrained proline is the C-terminal Pro28, we anticipate that the minor
conformer may be the cis conformer of the peptide bond preceding this
proline.

Proteolytic stability is an important consideration in the develop-
ment of peptides as molecular tools, therapeutic leads or bioinsecticides.
For peptides that function in venoms, proteolytic stability is believed to
contribute to their ability to function in hostile environments (such as
the circulation systems of prey organisms). Avtl was resistant to three
proteases despite the presence of multiple potential cleavage sites in the

BBA - Proteins and Proteomics 1873 (2025) 141050

peptide sequence (Arg4, Arg25 and Trpl7). These cleavage sites are
presumably protected from proteases binding by the compact folding of
the cystine knot. Similar high proteolytic stability was reported for
ProTx-II (PDB id 2N9T), a spider ICK toxin that also lacks the typical
B-sheet motif [80], despite the presence of several potential digestion
sites in the sequence. The removal of one disulfide linkage in another
ICK peptide appeared to compromise the resistance of these peptides to
proteolysis without affecting the three-dimensional structure [81]; it
seems that the remarkable resistance of ICK peptides to proteolysis is
mainly a consequence of the disulfide-stabilised structure rather than
their amino acid sequence or even cyclisation [82]. The resistance to
proteolysis is consistent with a role for Avtl in defence and/or the
capture of prey by Aulactinia veratra, but our functional studies have not
yet identified what that role might be.

The Avtl structure is the first representative of a new family of sea
anemone peptides to be characterised structurally and functionally. As
shown in Fig. 1, this family has strong conservation of three tandem
motifs: Asp-Ser between the second and third Cys residues, Pro-Gly-Trp-
His between the fourth and fifth Cys, and Gly-Gly between the fifth and
sixth Cys. Based on the locations of these sequences in the structure
(Fig. 4D), it is likely that the conserved Asp-Ser sequence (in red) may
have a functional role given that these two side chains are solvent-
exposed, the conserved Pro-Gly-Trp sequence (in purple) probably has
a structural role, although the conserved His (also in purple) may have a
functional role, while the conserved Gly-Gly sequence (in orange) is
most likely to have a structural role.

Although Avtl was found in the milked venom of Aulactinia veratra,
it was not active against several mammalian ion channels in electro-
physiological assays. Structurally, Avtl is closely related to the sodium
channel toxin Magi 5 from the spider Macrothele gigas [67], which has
been found to bind specifically to receptor site 4 in mammalian Nay
channels and compete with scorpion p-toxins, such as Css4 from Cen-
truroides suffusus suffusus [67,83]. Magi 5 has an interactive surface that
is highly charged on one side, with five Lys residues, and hydrophobic
residues on the other, as well as a negatively charged residue (Glu)
involved in voltage sensor trapping [67]. These characteristics are
widely described as important for interaction with receptor site 4 on
mammalian Nay channels [84,85]. Although Avtl contains positively
charged residues and one Glu, it was not active against several subtypes
of the mammalian Nay channels. It is well established that highly
positively charged surfaces are crucial for binding to several mammalian
ion channels, as seen in many toxins including ICK toxins [67,86,87].
The less cationic nature of Avtl, with only three positive residues (Arg4,
His18 and Arg25) (Fig. 5), may be at least partially responsible for the
lack of activity against mammalian sodium channels.

In the Avtl structure, Glu27 is surrounded by a hydrophobic residue
(Trpl7) and a non-polar region (Ala3, Pro20, Gly24, Pro28), adjacent to
positively charged amino acids (His18, Arg25) forming a patch at the C-
terminus (Fig. 5). A similar spatial arrangement with at least one hy-
drophobic residue in a non-polar region is found in scorpion p-toxins
that specifically target insect sodium channels, such as Bj-xtrIT from
Hottentotta judaicus and AahIT from Androctonus australis hector [88,89].
A comparison of Bj-xtrIT structure with other scorpion f-toxins that are
active on mammals, showed that this functional cluster at the C-termi-
nus is conserved among toxins specifically targeting insects [90]. This
suggest that Avtl might exhibit an effect against insect sodium ion
channels.

In conclusion, Avtl was identified from transcriptomic and proteo-
mic studies of Aulactinia veratra. The solution structure of Avtl was
determined to adopt an ICK fold, which is very similar to several peptide
toxins from venomous animals that target ion channels. While Avt1 was
not active against a range of mammalian ion channels, including Ky and
Nay channels, it possessed structural features similar to toxins specif-
ically targeting Nay channels in insects.
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