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The gene structure and amino acid sequences of the precursor
proteins of the sea anemone Heteractis magnifica neurotoxin
Rpll, a modulator of voltage-gated sodium channels, have
been determined. A technology has been developed for the
recombinant production of Rpll in the Escherichia coli
BL21(DE3) expression system based on the pET32b vector
containing the thioredoxin gene, which opens up the possibility
of obtaining a pure neurotoxin for further structural and/or
pharmacological studies. The neurotoxin exhibits a neurotropic
effect when administered intravenously to mice in doses greater
than 1 mg kg™, but is not lethal in doses up to 6 mg kg™ and,
in addition, Rpll in the nM range does significantly increase
the metabolism of human malignant glioblastoma U87-MG.
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\oltage-gated sodium channels (Nay,), responsible for the initiation
and propagation of action potentials in excitable cells of the heart,
nervous system and skeletal muscle of living organisms,* are molecular
targets for afairly large number of compounds, including neurotoxins
isolated from animal venom. Abnormal functional activity of Na,,
underlies diseases such as epilepsy, neuropathic pain, long QT
(the time from the start of the Q wave to the end of the T wave on an
electrocardiogram report) syndrome and others.23 To treat these
diseases, low molecular weight Nay, blockers are used, the dis-
advantage of which is side effects that affect the functioning of the
cardiovascular, musculoskeletal or nervous systems due to their
low selectivity and high toxicity. Peptide neurotoxins produced
by venomous animals, including sea anemones, are distinguished
by their ability to selectively bind to ion channels and modulate
their functional activity.* Sea anemone neurotoxins are classified
into four structural types based on amino acid sequence identity.
The most represented and studied toxins are types | and 1, containing
45-54 amino acid residues and presumably having the same ancestor
gene.* High selectivity, which is achieved through the interaction
of neurotoxins of various origins with the variable region of the
channel, makes it possible to reduce side effects when used as
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drugs. In addition, neurotoxins have great potential as molecular
tools for studying the structure, mechanism of action, localization
and physiological role of ion channels in health and disease.

The sea anemone neurotoxin Rpll (8-SHTX-Rpala, UniProt
ID: P01534) was first isolated from Radianthus paumotensis® in
1985 and discovered as a major component of Heteractismagnifica
venom® in 2018, while its electrophysiological profile on Nay,1
expressed in Xenopus laevis oocytes was studied” in 2020.
Rpll isolated from Heteractis crispa (8-SHTX-Hcrlf) slows
down the inactivation of mammalian Na,, channels expressed in
the central nervous system, such as Na,,1.1, Na,/1.2 and Na,,/1.6, but
not Nay,1.3, and does not have the same effect on skeletal muscle
Nay1.4 channels, cardiac Nay1.5 channels and PNS Na,1.8
channels.” At the same time, Rpl| activates the insect BgNa,,1 and
arachnid VdNay, 1 channels, being the most potent modulator of
Nay, channels among other H. crispa neurotoxins: its preferred
targets, in descending order, are the channels Na,/1.2 >Na,/1.6 >
> BgNay1 (ECy, 79.5-226.1 nM). According to the results of
molecular modeling, the binding site of Rpll is apparently localized
in the extracellular region of the voltage-sensing VSD-IV domain
of the rNa,,1.2 channel (Figure 1).”
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Figure 1 Interaction of Rpll with rNay/1.2. Ribbon diagram of the complex
of Rpll (yellow) with rNa,/1.2 (dark orange) embedded in a dipalmitoyl-
phosphatidylcholine lipid bilayer (stick representation).

The selectivity for ion channels makes Rpll a promising tool to
probe Nay, while the low toxicity in in vivo models (LDsg
4.2 mg kg™t in mice®) allows it to be considered for further drug
development and, in combination with effects on insect channels,
as a potential insecticide. Both potential applications require the
development of a recombinant Rpll production scheme. Therefore,
the task of developing a method for obtaining a peptide with high
yield for further study of its biological activity is urgent.

For the first time, the structure of genes encoding Nay, channel
modulators of the type 11 sea anemone toxins has been established.
Amplification of cDNA and gDNA using gene-specific primers
resulted in fragments of 300 and 750-850 bp in length, respectively.
This indicates the presence of several neurotoxin genes, the intron
length of which varies within the same organism. It was found
that the neurotoxin genes are organized as follows: the intron
(470-520 bp) is located in the middle of the propeptide coding
sequence.

The precursor protein sequence was amplified from the
H. magnifica cDNA using gene-specific primers. As a result, two
isoforms of Rpll precursors were obtained, consisting of a signal
peptide, a propeptide ending with a Lys—Arg hydrolysis site and
aGly residue at the C-terminus. The Gly residue at the C-terminus
has been shown to undergo hydrolysis, which is widespread among
animal toxins.8-10 They differ by two synonymous substitutions in
the signal peptides, with the mature Rpll sequence being conserved.

The Escherichia coli BL21(DE3) expression system was
chosen to produce the recombinant peptide because it is convenient
and widespread. However, there is a serious problem with the
expression of eukaryotic proteins in E. coli cells, especially
cysteine-rich peptides. Rpll has a B-defensin fold with six cysteine
residues, so to ensure its correct folding, the plasmid expression
vector pET32b containing the thioredoxin sequence was used
(Figure 2). A methionine residue (for cleavage of thioredoxin
using cyanogen bromide!) introduced before the first amino
acid of the peptide, as well as a stop codon introduced before Gly
at the C-terminus of the peptide, made it possible to obtain a
mature peptide without additional residues.

Expression conditions (temperature, inducer concentration and
cell culture time) were selected experimentally. The fusion protein
isolated from cell lysate by metal affinity chromatography was
hydrolyzed with CNBr and then Rpll was purified by RP-HPLC.
Its molecular mass according to MS data is 5291 Da, which
corresponds to the calculated value. The presence of the fold was
confirmed by *H NMR. The average yield of the target peptide
reaches 2.5 mg per 1 liter of cell culture. It is a very significant
yield, considering that usually the production of thioredoxin-fused
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Figure 2 (a) Map of the pET32b(+)-Rpll expression plasmid. The gene
encoding Rpll and Met for CNBr hydrolysis was cloned using EcoRI and
Xhol restriction sites. (b) Schema of the Trx-Rpll fusion protein and the
amino acid sequence of mature Rpll showing disulfide bond topology
(UniProt ID: P01534).

cysteine-rich peptides requires refolding steps® or purification from
inclusion bodies,®® which increases labor and material costs for
obtaining the substance. Thus, a fairly simple and effective method
for obtaining pure neurotoxin Rpll was developed.

Rpll activity was assessed using an in vivo acute toxicity assay.
At all tested doses from 0.5 to 6 mg kg™%, Rpll had no lethal
effect. However, after intravenous administration of the toxin in
doses of more than 1 mg kg™, animals showed signs of a neurotropic
effect, manifested in the form of shortness of breath, lethargy
and an inhibited reaction to external stimuli, which is consistent
with previously published data.® The normal physical condition
of the animals was restored after two hours. When the dose of the
toxin was reduced to 0.5 mg kg™, no obvious manifestations of
neurotropic effects were observed.

The pharmacological potential of neurotoxins is due, in
particular, to their effect on tumor cells. Roles of Nay, related to cell
migration, invasiveness,*-'7 proteolytic degradation of extracellular
matrix and cell-cell adhesion'®1° in cancer cells have been
reported. We tested Rpll on human malignant glioblastoma U87-MG
cells obtained from the American Type Culture Collection (ATCC,
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Figure 3 Effect of Rpll on the viability of human malignant glioblastoma
U87-MG cells. Results of MTT assay of U87-MG cells incubated with
increasing concentrations of Rpll (0.625-10 um) for 5 days. All data are
presented as mean +S.E.M. (n = 8). “*” indicates adjusted p-value < 0.0001.
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Manassas, VA, USA). Metabolic activity was assessed using the
MTT assay [MTT stands for 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide]. It was unexpected that Rpl| significantly
increased the metabolism of U87-MG cells (ANOVA/Dunnett’s
test, p-value <0.0001, n=8) at concentrations up to 10 um
(Figure 3), but did not affect the viability of Neuro 2a cells (ATCC,
CCL-131, Manassas, VA, USA) or RAW264 cells at the same
concentrations (data not shown). Interestingly, the Na,, channel
blocker tetrodotoxin (TTX), which inhibits the invasiveness of
prostate and breast cancer cell lines,2°-22 was not able to reduce
the invasiveness of U87-MG at concentrations 10 and 30 pm;
moreover, 30 uM TTX increased the migration of glioblastoma.?

As a result, we determined the structure of the Rpll precursor
and developed a technology for producing the folded and
biologically active sea anemone neurotoxin in the prokaryotic
expression system. Recombinantly produced Rpll may be useful
as a tool to study the functions of ion channels, and due to its low
toxicity in mammals, it may be considered for detailed study of
its pharmaceutical potential.
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Supplementary data associated with this article can be found
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