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Brazil
⊥
Department of Chemistry, The Chinese University of Hong Kong, Shatin, Hong Kong, China
S Supporting Information
*

ABSTRACT: Palythoa caribaeorum (class Anthozoa) is a
zoanthid that together jellyﬁshes, hydra, and sea anemones,
which are venomous and predatory, belongs to the Phyllum
Cnidaria. The distinguished feature in these marine animals is
the cnidocytes in the body tissues, responsible for toxin
production and injection that are used majorly for prey capture
and defense. With exception for other anthozoans, the toxin
cocktails of zoanthids have been scarcely studied and are
poorly known. Here, on the basis of the analysis of P.
caribaeorum transcriptome, numerous predicted venomfeatured polypeptides were identiﬁed including allergens,
neurotoxins, membrane-active, and Kunitz-like peptides
(PcKuz). The three predicted PcKuz isotoxins (1−3) were
selected for functional studies. Through computational processing comprising structural phylogenetic analysis, molecular
docking, and dynamics simulation, PcKuz3 was shown to be a potential voltage gated potassium-channel inhibitor. PcKuz3 ﬁtted
well as new functional Kunitz-type toxins with strong antilocomotor activity as in vivo assessed in zebraﬁsh larvae, with weak
inhibitory eﬀect toward proteases, as evaluated in vitro. Notably, PcKuz3 can suppress, at low concentration, the 6-OHDAinduced neurotoxicity on the locomotive behavior of zebraﬁsh, which indicated PcKuz3 may have a neuroprotective eﬀect. Taken
together, PcKuz3 ﬁgures as a novel neurotoxin structure, which diﬀers from known homologous peptides expressed in sea
anemone. Moreover, the novel PcKuz3 provides an insightful hint for biodrug development for prospective neurodegenerative
disease treatment.
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■

INTRODUCTION
The Phylum Cnidaria comprises approximately 13 000 species
distributed in ﬁve diﬀerent classes: Anthozoa (sea anemones,
corals, zoanthids), Scyphozoa (true jellyﬁshes), Cubozoa (box
jellyﬁshes), Hydrozoa (hydras, hydroids, hydromedusae, and
siphonophores), and Staurozoa (stalked jellyﬁsh).1,2 In general,
all of them are considered to be toxic.3 The distinguishing
feature of cnidarian is the presence of cnidocytes (cnidoblasts
or nematocytes) in the body tissues for prey capture and
survival. Along the sting, the cnidocytes ﬁre the cnidocysts
(cnidae) that convey numerous toxins such as neurotoxins,
cytolysins, toxic phospholipases.4
Zoanthids are hexacorallian anthozoans belonging to the
order Zoantharia.2 They are characterized by colonies of clonal
polyps comprising two rows of tentacles and a single ventral
siphonoglyph linked together by a coenenchyma.5 Conserva© 2017 American Chemical Society

tively, the toxic secretion (venom) stored in the nematocysts of
tentacles is a complex of substances, composed of a diversity of
molecules including large proteins, peptides, polyamines, and
salts, among others. In combination, these components disrupt
the physiological homeostasis of prey animals upon cnidarianvenom injection.6 Over the past decade, several toxins such as
cytolysins and protease inhibitors have been mostly characterized, in their basic and applied aspects, from the sea
anemones and jellyﬁshes.7,8 For instance, from the beadlet
anemone Actinia equina Equinatoxin II (EqT II), a poreforming toxin was puriﬁed and shown to have a signiﬁcant
cytotoxicity against Ehrlich ascites tumor, L1210 leukemia cell
lines,9 and diploid lung ﬁbroblasts of the Chinese hamster.10
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Another A. equine toxin, namely Equistatin, was shown to be a
potent inhibitor of papain-like cysteine proteinase and aspartic
proteinase cathepsin D.11 Interestingly, the overexpression of
papain-like cysteine proteases and cathepsin D has been
reported in diseases of central nervous system12 and breast
carcinoma,13 which open a window of medical applications for
inhibitors. Progress on “omics” research has allowed the
improvement of our knowledge about the components of the
toxic content of cnidarians.14,15 However, with exception of a
recent report on the transcriptome of P. variabilis,16 the
comprehension of venom-related polypeptides and peptide
toxins from anthozoans other than sea anemones have received
less attention. In fact, only extracts and some countable isolated
compounds have been characterized from zoanthids, of which
they exhibit several and interesting biological activities, such as,
neurotoxicity,17 cardiotoxicity,18 citotoxicity, and antioxidant,
hemolytic, and antimicrobial activity.19
Therefore, the disclosure of novel toxins from zoanthids will
have a signiﬁcance to oﬀer a range of molecular tools to study
cell physiology and provide promising sources of pharmacological lead or active agents to include in the therapeutic arsenal
to investigate and ﬁght human pathologies.
In the present work, we aimed to analyze the transcriptome
of the zoanthid Palythoa caribaeorum (class Anthozoa, subclass
Hexacorallia, order Zoantharia, family Sphenopidae) to
investigate the presence of venom-related polypeptides and
peptide toxins that have the potential to be developed into a
lead-compound in pharmaceutical biotechnology. A diverse
array of predicted venom toxin polypeptides was found and
now reported. Three Kunitz-type peptide isotoxins, namely
PcKuz1 to 3, were identiﬁed in the transcriptome data set of P.
caribaeorum, and they were selected for in silico structural and
binding studies, including protein−protein docking, as well as
in vivo toxicity test in zebraﬁsh larvae. Additionally, the 6hydroxydopamine (6-OHDA)-induced neurotoxicity in zebraﬁsh model20−22 was employed to examine the neuroprotective
eﬀect of the most neuroactive PcKuz peptides, the PcKuz3.

■

RNA deep sequencing (RNA-seq) was performed on a HiSeq
2500 automatic sequencing platform at the BGI (Shenzhen,
China). The transcriptome shotgun assembly (TSA) project
was previously deposited at DDBJ/EMBL/GenBank under the
accession GESO00000000, associated with the BioProject
PRJNA320984 and bioasmple SAMN04961660,
SAMN04961665.
Bioinformatic Processing

RNA sequencing, assembly, and assessment of P. caribaeorum
were as described in our recently published article.23 The raw
reads were processed to obtain clean reads by removing the
adapter sequences and low-quality sequences (i.e., reads in
which more than 50% of the bases had quality value s ≤ 5) by
an in-house C++ script. Next, de novo transcriptome assembly
was carried out using the short-read assembly program
Trinity. 24 The TIGR Gene Indices Clustering Tools
(TGICL) software25 was used to obtain the longest and most
complete consensus transcripts by clustering the assembled
data sets of the two samples. Raw data and clean data were
subjected to FastQC26 to evaluate sequence quality. Systematically similarity analyses were performed on the transcriptome
using BLASTX tools against UniprotKB database.27 The
standard cutoﬀ E-value of <1e-5 was used. The best matches
were selected to predict ORFs using TransDecoder v2.0.1
tool.24 The predicted proteome was searched against PFAM
database to identify the functional domains.28−30 On the basis
of the functional annotation, the peptides were classiﬁed into
diﬀerent toxin categories by an in-house Perl script.
Phylogenetic analysis was performed using the program
MEGA version 631 with the MUSCLE32,33 algorithm as the
multiple alignment method. Reliability of the tree was assessed
by the bootstrap method and the node support was determined
using 500 bootstrap replicates.
Structures of the candidate peptide toxins were predicted
using SWISS-MODEL server.34,35 The modeled structures were
subjected to energy minimization and molecular dynamics
(MD) simulations with CHARMM27 all-atom force ﬁeld using
the GROMACS 5.1 simulation software.36,37 Each system was
each system was solvated with TIP3P water then subjected to
energy minimization of 5 × 107 steps, equilibration in 310 K for
10 ns, and production run for 10 ns, with 2 fs time step and van
der Waals interaction cutoﬀ at 1.2 nm. Particle-meshed Ewald
was employed for the long-range electrostatics, 310 thermostat
and 1.0 barostat were used to generate the NPT ensemble. The
equilibrated structures were compared to dendrotoxins (PDB
1DTX and 1DEM), which were considered as homologous to
the candidate peptides. Molecular visualization and structure
alignment were achieved using the PyMOL program (version
1.8, Schrödinger, LLC).
The atomic coordinates of the potassium voltage-gated
channel subfamily A channels including member 1 (UniProt
ID: Q09470, Kv1.1) and member 2 (UniProt ID: P16389,
Kv1.2) were homology-modeled in the SWISS-MODEL server
taking the Kv1.2 crystal structure (PDB ID: 2R9R) as the
template. Only the transmembrane regions of the modeling
channels were retained for simulation studies. The protein−
POPC bilayer complexes were constructed using the
Membrane-builder tool38,39 in the CHARMM-GUI server.40
Then each system was fully solvated with TIP3P water and ions
were added to reach the physiological conditions of 150 mM.
Each system was subjected to energy minimization of 5 × 107
steps, equilibration in 310 K for 10 ns, and production run for

EXPERIMENTAL PROCEDURES

Sampling and Processing of Zoanthid P. caribaeorum

Description of P. caribaeorum sampling can be found
elsewhere.23 According to previously described, all specimens
were quickly washed in distilled water, chopped with scissors,
and dipped immediately into 10 volumes of RNAlater (Life
Technologies, USA) for ribonucleic acid preservation. After
storage at 4 °C for 48 h, the RNA-preserving solution was
drained and the tissue maintained at −80 °C until processing.
The minced tissue was powdered with a porcelain mortar and
pestle under liquid nitrogen and total RNA was puriﬁed using
TRIzol reagent (Life Technologies, USA) following the
manufacturer’s protocol.
Preparation of RNA Library and RNA-Sequencing

The library for whole RNA sequencing was prepared through a
standard protocol established by the Beijing Genomic Institute,
BGI (Shenzhen, China). Initially, polyadenylated RNA
sequences were isolated using oligo (dT). Single-stranded 5′
RNA adaptors were ligated to mRNA fragments using T4 RNA
ligase (Ambion, Austin, TX, USA) and then reversely
transcribed into cDNA using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). 3′ DNA adaptor
was ligated to the digested DNA fragments after digestion with
Mmel, and the products were ampliﬁed using PCR. Finally,
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10 ns. Each ﬁnal protein−membrane system consisted of about
315 POPC lipids and 29143 water molecules with the box
dimension of 12.35 × 12.35 × 10.31 nm3. The simulations were
run with 2 fs time step, with van der Waals interaction cutoﬀ at
1.2 nm. Particle-meshed Ewald was employed for the longrange electrostatics, 310 thermostat and 1.0 barostat were used
to generate the NPT ensemble. Molecular interactions were
described by the CHARMM27 force ﬁeld and simulations were
performed using GROMACS 5.1.
According to the annotations from Uniprot database, S4 to
S6 domains of the Kv1.1 and Kv1.2 channels that form
transmembrane regions were retained for docking prediction
(Figure 6a and Figure 6b). The fast Fourier transform (FFT)based, initial-stage rigid-body molecular docking algorithm
ZDOCK41−43 was applied to model the interactions between P.
caribaeorum kunitz toxin and the ion channels. All structures
visualization was achieved using the VMD program v1.9.2.44

video tracking system (Viewpoint, ZebraLab, LifeSciences,
France). The 96-well plates and camera were housed inside a
Zebrabox, and the swimming pattern of each ﬁsh was recorded
in ﬁve sessions of 10 min each. The total distance traveled was
calculated as the distance that zebraﬁsh larvae was capable of
swimming during one session (10 min). A statistical analysis of
the total distance traveled by each zebraﬁsh larva in the
diﬀerent treatment groups was performed using an ANOVA
and Dunnett’s test.
Assessment of Neuroprotective Eﬀect. Zebraﬁsh larvae
at 3dpf were treated with indicated concentrations of the
peptides in the absence or in the presence of 250 μM 6-OHDA
for 4 days, and then zebraﬁsh at 7 dpf were transferred into 96well plates (1 ﬁsh/well). Zebraﬁsh behavior was monitored by a
digital video tracking system (Viewpoint, ZebraLab, LifeSciences), as described above. The total moved distances and
swimming patterns were recorded in 10 min-long session. The
larvae were allowed to habituate to the environment of the
system for 30 min before the start of the data acquisition.
Protease Inhibitory Activity. The inhibitory activity of
PcKuz peptides toward serine proteases included trypsin, and
elastase. The test was conducted as suggested by Hergenhahn
et al.46 Trypsin, alpha-chymotrypsin, substilisin, elastase, the
chromogenic susbstrates N-benzoyl-Phe-Val-Arg-para-nitroanilide, N-succinyl-Ala-Ala-Pro-Phe-para-nitroanilide, and N-succinyl-Ala-Ala-Ala-para-nitroanilide were from Sigma-Aldrich.
Brieﬂy, increase concentrations (50 μM, 100 μM, 200 μM)
of PcKuz peptides were incubated with protease (62.5 μM
trypsin and 1.25 μM elastase) at 30 °C for 10 min. After
incubation, the respective substrates (500 μM of N-benzoylPhe-Val-Arg-para-nitroanilide as substrate for trypsin, 125 μM
N-succinyl-Ala-Ala-Pro-Phe-para-nitroanilide for alpha-chymotrypsin, and 125 μM of N-succinyl-Ala-Ala-Ala-para-nitroanilide
for elastase) diluted in 0.1 mM Tris-HCl buﬀer (pH 8.0) were
added into the mixture and again incubated at 30 °C for
additional 10 min. The total reaction volume was 80 μL. Then,
the reaction was stopped by adding 20 μL of 50% molecular
grade acetic acid. Finally, the extinction of para-nitroanilide
formation was determined at 405 nm using UV-spectrophotometer (NanoView). The percentages of remaining activity
were calculated and plotted against the molar ratios of protease
inhibitor to protease. The assay was performed in three
replicates and the average was considered.

Peptide Sequences and Synthesis

All peptides in this study were a priori linear without preformed
disulﬁde bonds, namely PcKuz1 to 3, were synthesized by solid
phase chemistry and obtained at a purity grade over 90% and
conﬁrmed by the presence of a single peak in analytical reversephase HPLC (RP-HPLC) and electrospray ionization mass
spectrometry (ESI-MS) analysis (Cellmano Biotech Limited,
Hefei, China). Complete deprotection and cleavage was carried
out essentially with triﬂuoroacetic acid in water. The crude
peptides were precipitated out by the addition of chilled ether.
Then the crude peptide was puriﬁed by HPLC, freeze-dried,
and retested by HPLC to make sure that it is qualiﬁed (Figure
S1). The peptide was solubilized in 7% dimethyl sulfoxide to
make a 1 mM stock solution and stored at −20 °C until
required.
Toxicity Experiments toward Zebraﬁsh Larvae

Zebraﬁsh Maintenance. Wild-type zebraﬁsh, which were
used in this study, was manipulated as described in the
Zebraﬁsh Handbook.45 Brieﬂy, the zebraﬁsh was maintained in
standard conditions at the temperature of 28 °C with a 14 h/10
h light/dark cycle. The zebraﬁsh was fed twice daily with brine
shrimp and occasionally with general tropical ﬁsh food. The
embryos were generated by natural pairwise mating (3−12
months old) and were raised at 28.5 °C in embryo medium
(13.7 mM NaCl, 540 μM KCl, 25 μM Na2HPO4, 44 μM
KH2PO4, 300 μM CaCl2, 100 μM MgSO4, and 42 μM
NaHCO3, pH 7.4). Ethic approval for the animal experiments
was granted by the Animal Research Ethics Committee in
University of Macau.
Assessment of Survival Rate. Zebraﬁsh larvae at six-day
postfertilization (6-dpf) were separated into a 24-well plate and
exposed to 2-logs (from 5 to 100 μM) of P. caribaeorum Kunitzlike (PcKuz) peptides. The acute toxicity and mortality of
zebraﬁsh exposed to PcKuz peptides were determined by
monitoring the absence of a heartbeat, as observed under a light
microscope.
Assessment of Locomotion Toxicity. Zebraﬁsh embryo
at 6-dpf were incubated with diﬀerent concentration of only
PcKuz3 at 5 μM, 10 μM, and 15 μM for indicated durations.
Zebraﬁsh larvae at 6-dpf were transferred into 96-well plates
(one larva per well and 12 larvae per group). Zebraﬁsh showing
signs of excessive stress upon handling (such as rapid and
disorganized swimming or immobility for 2 min) were
discarded. The experiments were performed in a calm, sealed
area. The swimming behavior was monitored by an automated

■

RESULTS
RNA sequencing data processing, assembly, and assessment of
P. caribaeorum transcriptome were conducted as detailed in our
previous study.23 Brieﬂy, RNA sequencing of pair-end 90 bp
was conducted with sample from whole bodies of healthy
colonies and from colonies undergoing bleaching, resulted in a
total of 63 914 343 and 55 523 043 reads, respectively. The
transcripts of each sample were ﬁrst assembled using Trinity
and then clustered together using TGICL to obtain the
consensus transcript sequences. A data set of 136 654
transcripts, with a mean sequence length of 874 bp and N50
equaling 1391 bp, was obtained for the combined transcriptomes of healthy P. caribaeorum tissue and tissue
undergoing bleaching. All these unigenes were blasted against
the Tox-Prot database in the SWISS-PROT. A total of 1350
unigenes was selected after e-value-stringent ﬁltration and 2279
predicted ORFs were got after proteome prediction. Finally, a
total of 47 predicted toxin-related polypeptides were found.
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Figure 1. Classiﬁcation of putative P. caribaeorum toxins according to PFAM domain database scan. Two categories of toxins, including neurotoxin,
hemostatic, and hemorrhagic toxins, comprise 11 peptides each, respectively. These contain the most abundant numbers of all putative peptides.
Within neurotoxin, there are three toxin types: Kunitz-like peptides, cysteine-rich secretory peptides, and ShK-like peptides. The third most
abundant toxins were protease inhibitors contain Kazal-type serine protease inhibitor domain. The fourth most abundant toxins were peptides
related to allergens and innate immunity components. The left two categories were membrane-active peptides and mixed function enzymes.

10%. None of the zebraﬁsh survived when the PcKuz3
concentrations was 20 μM or higher. Therefore, PcKuz3
showed the highest acute lethal toxicity to the zebraﬁsh larvae,
exhibiting a LD50 value between 10 to 20 μM, which was
recognized as the most potent peptide. The bioactivity
validation was consistent with the phylogenetic analysis, seen
that PcKuz3 grouped with potent snake-type Kunitz-like animal
toxins, like mamba dendrotoxin and taicotoxin (Figure 2).
From survival test, LD50 value of PcKuz3 is the lowest among
the three P. caribaeorum candidate Kunitz peptides within 1 hwindow of treatment, which indicated PcKuz3 is able to cause
acute toxicity at very low concentration. Therefore, PcKuz3 was
selected for the test of locomotion using zebraﬁsh as model of
screening (Figure 5). The locomotion test showed that the
total distance traveled by zebraﬁsh larvae decreased signiﬁcantly
after exposure to 5 μM of PcKuz3 for 20 min. The traveled
distance proportionally decreased, while concentration increased, indicating that PcKuz3 disrupted the zebraﬁsh
neurophysiology in a dosage-dependent manner. Interestingly,
the distance began to increase after 40 min of exposure, which
indicated the toxicity might be reversible. These data suggest
that the PcKuz3 ﬁgures as a potent neurotoxin that severely
disturbed the locomotion of zebraﬁsh at concentration as low as
5 μM.
In neuroprotective eﬀect assessment on zebraﬁsh larvae,
injury of dopaminergic (DA) neurons aﬀects mobility. As
shown in Figure 8, 6-OHDA signiﬁcantly reduced the
swimming distance of zebraﬁsh larvae (from 813 mm to 373
mm), compared with the control group. Under the same
conditions, PcKuz3 peptide (2.5 and 5.0 μM) inhibited the 6OHDA-induced movement, which was then decreased in a
concentration-dependent manner (530 mm, 639 mm, respectively). These data suggest that PcKuz3, at low concentration,
can suppress 6-OHDA-induced deﬁcits in the locomotive
behavior of zebraﬁsh.
Again, the PcKuz3 model superposes spatially well with
known Kunitz-like toxins, particularly from snakes, like αdendrotoxin and dendrotoxin I, with rmsd value is 0.924 and
1.698 Å, respectively (Figure 6c,d). There is experimental

These predicted toxic peptides were classiﬁed into six
functional categories (Figure 1, Table S1).
After toxin classiﬁcation, Kunitz-type isotoxins (PcKuz
peptides) were initially annotated as inhibitors of serine
proteases, which exert their action on living processes, such
as hemostasis,47,48 neurotransmission,49 or both.50−52 These
PcKuz peptides were selected for multiple sequence comparison and phylogenetic analysis. From the Neighbor-joining tree,
the candidate PcKuz peptides were phylogenetic related to the
snake-type Kunitz-like toxins. The PcKuz peptides have similar
sequence characteristics with snake-type Kunitz-like toxins, that
is, they are basic peptides with 50 to 60 amino acids, containing
six predicted cysteine residues, that could fold by means of
three highly conserved disulﬁde bridges (C1−C6, C2−C4,
C3−C5) (Figure 2). Indeed, the PcKuz peptide sequences
splitted in two phylogenetic branches. One comprises PcKuz1
and PcKuz2 and the other the PcKuz3, which group together
with other known Kunitz-like toxins mostly originated from
snakes, indicated that PcKuz3 is more evolutionary related to
snake-type Kunitz-like toxins. Notably, PcKuz3 grouped very
close with the Mamba dendrotoxin, which has been validated as
a peptide ligand of several members of potassium voltage-gated
channel subfamily A channels such as Kv1.1 or Kv1.2.49,53
After obtaining the homology models of the candidate
peptides, MD simulations were employed to reﬁne the
modeling structures. As shown in Figure 3, the root-meansquared deviation (rmsd) values after 10 ns simulation of
PcKuz1 and PcKuz2 reached a plateau at about 0.2 and 0.6 Å
respectively, while PcKuz3 remains at or below 0.2 Å over the
course of simulation. These indicate that structures of all three
peptides obtained from the homology modeling are quite
stable.
The sequences of PcKuz peptides (PcKuz1, PcKuz2, and
PcKuz3), their molecular weights, pI values, and LD50 values for
zebraﬁsh larvae are listed in Table 1. In a biological activity
screening (Figure 4) of PcKuz1, PcKuz2, and PcKuz3, no
signiﬁcant eﬀect on the survival rate was observed in zebraﬁsh
groups that were exposed to PcKuz2. Treatment of zebraﬁsh
with 30 μM of PcKuz1 after 1 h resulted in a survival rate of
894
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Figure 2. Multiple sequence alignment and Neighbor-joining tree of predicted Kunitz-like peptides of P. caribaeorum. (A) Multiple sequences
alignment of P. caribaeorum Kunitz-like peptides and toxins originated from diﬀerent species of marine and terrestrial organisms including snake, sea
anemone, scorpion, spider, gastropod, and wasp. PcKuz peptides were diﬀerent from sea anemone toxins that have Kunitz-domain in their structure,
and also they cannot be clustered well with Kunitz-like toxins from scorpion, spider, gastropod, and wasp. Notably, PcKuz3 is most closely similar to
neurotoxic dendrotoxin originated from Dendroaspis (Mamba) snakes. Residues highlighted in blue are cysteine and the region in red was marked as
β-turn, which blocks the active sites of ion-channels. The arrow symbols represent β-sheet, semicircle is β-turn and cylinder, α-helix. Sequence
homology were presented. The homology value highlighted in red were the templates used for modeling. (B) Neighbor-joining tree of phylogenetic
analysis. The P. caribaeorum Kunitz-like peptides (PcKuz1 to 3) split in two branches. One groups together PcKuz1 and PcKuz2, the other PcKuz3
and most snake-type Kunitz-like toxins, indicating that PcKuz3 is more evolutionary related to Kunitz-like toxins from snake venom.

zebraﬁsh locomotion test and the structurally homology with
dendrotoxins, PcKuz3 was hypothesized to block potassium ion
channels and, thus, to act as neurotoxin. The ZDOCK docking

evidence that both dendrotoxins have the ability to block the
activity of Kv1.1 and Kv1.2 subtypes of K-channels, which was
conﬁrmed in docking analysis (positive control). Through
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Figure 3. Structural model visualization of P. caribaeorum Kunitz-like peptides. Reﬁnement was achieved by 10 ns simulation after minimization and
equilibration steps. Structures were recognized as stable when rmsd value was lower than 0.3 Å. Molecules were displayed in the Cartoon style and
colored according to their secondary structure: α-helix in purple, β-sheet in yellow, and coil in cyan.

Table 1. Primary Sequences, Physicochemical Characteristics, and Toxicity Levels of Kunitz-like Peptides from P. caribaeoruma

a

peptides

primary sequences

MW

pI

net charge (z)

LD50 (μM)

PcKuz1
PcKuz2
PcKuz3

CMEPKKVGPCRAAMPRFYFNSASNKCEGFTYGGCDANHNNFQSEADCKKAC
CKIPANAGNCNNHQERWFYNSHNRKCETFLYSGCGANPNNFKSEKQCESTC
CQQPVKPGLCEAYIPRFFYNTSSKQCEKFIYGGCGGNSNRFLTMKACQDKC

5628.35
5845.42
5761.66

8.3
8.1
8.9

1.7
1.8
3.6

25
>100
10−20

LD50 denotes the concentration of Kunitz-like peptides that cause 50% of death in zebraﬁsh larvae.

score of α-dendrotoxin to Kv1.1 and Kv1.2 is 1753.276 and
1524.983, respectively (Figure 6f,i). Meanwhile, the score of
dendrotoxin I to Kv1.1 and Kv1.2 is 1680.996 and 1811.671,
respectively (Figure 6g,j). After docking analysis of dendrotoxins, PcKuz3 was selected to dock with Kv1.1 and Kv1.2 and the

score is 1604.786 and 1663.898, respectively (Figure 6e,h).
These data conﬁrmed what was experimentally observed in the
bioactivity assays.
Finally, the protease inhibitor activity of the P. caribaeorum
Kunitz-type peptides (PcKuz1, PcKuz2, and PcKuz3) was
896
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remaining activity was still higher than 50% even though the
concentration of PcKuz peptides was as high as 200 μM (at a
3:1 and 160:1 ratio of peptide over trypsin and elastase,
respectively). The results showed that the PcKuz peptides
displayed a weak inhibitory trypsin and elastase activity, even
with the increase of peptide concentration (Figure 7).

■

DISCUSSION
On the basis of transcriptomics analysis of the zoanthid P.
caribaeorum, a soft coral that has a large distribution in benchrocks of Atlantic coast, numerous predicted venom-featured
polypeptides and toxin peptides were found. These putative
peptides and proteins structurally and categorically ﬁtted in
diﬀerent toxin families, comprising neurotoxins, protease
inhibitors, hemostatic, and hemorrhagic toxins, membraneactive peptides, toxins related to allergen and innate immunity,
as well as mixed function enzymes. Of particular interest in the
present study, the novel anthozoan Kunitz-domain-containing
peptide sequences were retrieved and they are related to
proteins that can inhibit the activity of serine proteases54 or can
act as ion-channel blockers.55
Usually, venom-type Kunitz proteins play important roles in
envenomation by inhibiting serine proteases, which play as role
in vital living process like the hemostatic system47,48 or by
blocking potassium channels, in neurotransmission.49 There are
two families of venom Kunitz-like peptides that are classiﬁed
based on the diﬀerent cysteine frameworks. One family retains
the typical Kunitz-domain architecture with three highly
conserved disulﬁde bridges such as kappa-theraphotoxinHh1a56,57 from spider, dendrotoxin-K58,59 from snake, and
kalicludines50 from sea anemone. The other family has member
with only four or ﬁve cysteine residues that result in loss of a
conserved disulﬁde bonding such as conkunitzin-S160,61 from
cone snail. On the basis of the topology of the phylogenetic tree
(Figure 2), the P. caribaeorum Kunitz-domain containing
peptides were evolutionary and closely related to snake-type
Kunitz-like peptides, which display the three highly conserved
disulﬁde bridges.
It is suggested that the genetic and functional evolutionary
process of Kunitz-type toxins probably occurred in three stages
which give rise to toxins that could be categorized in three
diﬀerent groups: “old functional proteins” with serine protease
inhibition activity, which was suggested to represent all Kunitzdomain containing proteins; “bi-functional toxins” with both
capabilities to inhibit the activity of serine proteases and
potassium-channels; and “new functional toxins”, which seemed
to have lost their ability to act as serine protease inhibitor, but
display selective action on the inhibition of K+-channel
subtypes.62,63 Thus, some Kunitz-type toxin structures have
been selected in the course of the molecular evolution to
possess neurotoxic function.
Herein, despite the disulﬁde bonds in PcKuz peptides were
not experimentally annotated, the experimental data from the
toxicity test with zebraﬁsh larvae show that the LD50 value of
PcKuz3 was below 20 μM, which pointed out that this P.
caribaeorum Kunitz-type peptide might be characterized as
neurotoxin. Moreover, the zebraﬁsh locomotion test conﬁrmed
that PcKuz3 signiﬁcantly decreased the zebraﬁsh larvae
swimming distance, at concentration as low as 5 μM. Both
sequence and structure alignment analyses provide more
evidence that PcKuz3 is phylogenetically and structurally
homologous to dendrotoxins, like α-dendrotoxin and dendrotoxin I (1DTX and 1DEM). Therefore, PcKuz3, a positively

Figure 4. Survival rate of zebraﬁsh larvae after 1-h exposure to three P.
caribaeorum Kunitz-like peptides (PcKuz1, PcKuz2, and PcKuz3). The
survival rate reached 10% when zebraﬁsh larvae was exposed to
PcKuz1 (30 μM) for 1 h. Any zebraﬁsh larvae survived at higher
concentration. The survival rate was higher than 80% after zebraﬁsh
larvae was exposed to PcKuz2 (100 μM). Notably, the death rate
reached 100% when zebraﬁsh larvae were exposed to PcKuz3 at 20 μM
after 1 h.

Figure 5. PcKuz3 disturbs the locomotion and swimming of zebraﬁsh
larvae. (A) Movement trajectory of zebraﬁsh larvae was recorded every
10 min after 20 min of exposure to PcKuz3 at concentration of 5 μM,
10 μM, 15 μm. (B) Calculation of travel distance of zebraﬁsh. The
total traveled distance was computed at every 10 min. Each treatment
group contained 12 larvae, and three independent trials were
performed for each experimental set. The results represent the mean
distance traveled by the larvae. The values are expressed as the means
± SD ∗P < 0.05 and ∗∗∗P < 0.001 versus control (no exposure to the
peptide) were considered statistically signiﬁcant.

assessed with trypsin and elastase and their respective
chromogenic substrates, which by spectrophotometrically
measuring the ability of remaining free protease (trypsin or
elastase) to release para-nitroaniline. Figure 7 showed that the
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Figure 6. Spatial structural peptide overlap and peptide−protein docking visualization. (a) S4, S5, and S6 domain of Kv1.1; (b) S4, S5, and S6
domain of Kv1.2; (c) Structure overlap of PcKuz3 and α-dendrotoxin (1dtx), rmsd = 0.924 Å, PcKuz3 is colored as green and 1dtx as blue; (d)
structure alignment of PcKuz3 and dendrotoxin I (1dem), rmsd = 1.698 Å, PcKuz3 is colored in green and 1dem in yellow; (e) PcKuz3 and Kv1.1
docking complex, ZDOCK score is 1604.786; (f) α-dendrotoxin and Kv1.1 docking complex, ZDOCK score is 1753.276; (g) dendrotoxin I and
Kv1.1 docking complex, ZDOCK score is 1680.996; (h) PcKuz3 and Kv1.2 complex, ZDOCK score is 1663.898; (i) α-dendrotoxin and Kv1.2
complex, ZDOCK score is 1524.983; (j) dendrotoxin I and Kv1.2 complex, ZDOCK score is 1811.671.

Figure 7. Inhibition assay of serine-protease with P. caribaeorum Kunitz-like peptides. Data are presented as mean ± SD. Asterisks indicate residual
activity of protease that were statistical signiﬁcantly (p < 0.05) in comparison with control group.

tissue.65 The IC50 values for dendrotoxin I to block voltagegated potassium channels (Kv1.1, Kv1.2, and Kv1.6) are known
to be between 0.13 nM to 50 nM,53 while the values for αdendrotoxin lie in the range of 0.4 nM to 150 nM.49,55 The
active binding sites of dendrotoxin were residues Lys28, Lys29,
Lys30 form narrow β-turn region. This region is believed to
play a critical role in the interaction of toxin with the potassium
channel.66 Here, the scores from the docking analysis using
ZDOCK server indicated that PcKuz3 has hypothetically a
similar binding mode and conﬁguration that dendrotoxins have.

charged cationic peptide, appears to act as a neurotoxin by
presumably interacting selectively with a potassium ion-channel
region, which is composed of negative charged residues (the
amino acid stretch −TTVGYG−). As a matter of comparison,
mamba dendrotoxins are about 7 kDa proteins, consisting of a
single peptide chain of approximately 57−60 amino acids and
three disulﬁde bonds. Several homologues of α-dendrotoxin
have been isolated, which possess slightly divergent sequences.58,59,64,65 Dendrotoxin has been proved to block several
subtypes of voltage-gated potassium channels in neuronal
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activity of PcKuz peptides is suggestive that in P. caribaeorum
Kunitz-like structure have been recruited to act as neurotoxins,
especially PcKuz3.
Noteworthy, potent neurotoxins with Kunitz-type motif are
particularly restricted, for unknown biological reasons, to
snakes,51,69 while sea anemone, scorpion and spider toxins
have preserved the dual-function Kunitz-type toxins, frequently
with weak potassium channel blocking activity.54 Indeed, only
potassium channel blockers with Kunitz-type motif have been
characterized from snake venoms so far.55 In our study,
multiple sequence alignment, spatial overlapping and phylogenetic analysis indicated that predicted P. caribaeorum Kunitzlike peptide 3 (PcKuz3) shares structures that are evolutionary
closer to Kunitz-domain toxins from snakes rather than from
sea anemones. Also, molecular docking analysis has predicted
that PcKuz3 peptide has the potential to block potassium ionchannels through the narrow β-turn region that selectively
interact to the binding region (−TTVGYG−). Besides,
experimental data from the bioactivity validation of both the
antilocomotion test in zebraﬁsh and the inhibitory protease
assay, demonstrate that the synthesized P. caribaeorum peptides,
particularly PcKuz3, act as a neurotoxin rather than a protease
inhibitor. More importantly, PcKuz3 acts by a similar binding
mode like dendrotoxin, which has a high potency to block Kv1,
as observed through peptide−protein docking analysis.
Notably, some evidence showed that some Kv blockers can
display neuroprotective eﬀects. For instance, Peng and
colleagues70 found ShK-170, which has the ability to block
Kv1.3, could protect mice from radiation-induced brain injury.
Ogita and collaborators71 demonstrate that in vivo treatment
with the K+-channel blocker 4-aminopyridine protects neural
tissue against kainite induced neuronal cell death through
activation of NMDA receptors in murine hippocampus.
Furthermore, Taherian and co-workers72 reported that 4aminopyridine decreases MPTP-induced behavioral disturbances. Hence, in our study, we tested and found that PcKuz3 is
additionally able to suppress 6-OHDA-induced neurotoxicity
caused in the locomotive behavior of zebraﬁsh. Interestingly, 6OHDA can enhance the voltage-dependent potassium currents
in dopaminergic neurons.73 Meanwhile, 6-OHDA toxicity in
dopaminergic neurons can be blocked by Stromatoxin, which is
a Kv2.1 selective blocker. These facts and ﬁndings have allowed
us to hypothesize that PcKuz3 may act by means of a similar
mechanism to block the 6-OHDA toxicity, that is, via Kvchannel, and therefore exhibiting the neuroprotective eﬀect at
low concentration (<5 μM). To further conﬁrm that P.
caribaeorum Kunitz-like peptides act as potent ion-channel
blockers, more reﬁned molecular neurobiology methods, like
patch clamp, for the assessment of electrophysiological
response of subtypes of voltage-dependent K+-channel upon
PcKuz3 peptide action will be further necessary. Altogether, the
present study has reported the transcriptomic of P. caribaeorum

Figure 8. Eﬀect of PcKuz3 on 6-OHDA-induced deﬁcits in the
locomotor behavior of zebraﬁsh. Zebraﬁsh at 3 days post fertilization
were exposed to PcKuz3 with 250 μM 6-OHDA for 4 days. Then
zebraﬁsh were collected, and the locomotor activity of each group was
monitored using the Viewpoint Zebrabox system; total distance
traveled in 10 min was calculated. (A) Representative patterns of
zebraﬁsh locomotion traced from control and diﬀerent treatment
groups. (B) Statical analysis of total distance moved of diﬀerent
treatment groups, eight ﬁsh larvae per group from three independent
experiments. ###p < 0.005 versus control group, ∗p < 0.05 versus 6OHDA group.

Notably, dendrotoxin molecule associates reversibly with
potassium channels, mediated by electrostatic interactions
between the positively charged residues in the cationic domain
and the negatively charged residues in the ion channel pore, to
exert its inhibitory eﬀect.67 In case of PcKuz3 peptide, the
swimming distance, in the experimental locomotion test
(Figure 5b), increased after 40 min exposure, which indicated
the toxicity exerted by PcKuz3 might be reversible. The
inhibitory activity of Kunitz-like peptides, discussed above, is
summarized in Table 2, particularly for PcKuz3, and compared
with data from snake dendrotoxins and sea anemone actitoxin.
The protease inhibition ratios of all the three novel P.
caribaeroum Kunitz-type peptides, using the serine proteases
trypsin and elastase, showed that less than 50% of inhibition
were reached, even when the peptide concentration was high
(200 μM) (at a 3:1 and 160:1 ratio of peptide over trypsin and
elastase, respectively). It presented the protease inhibitory
activity of PcKuz peptide were as weak as that of dentrotoxins,
which also could not inhibit the trypsin activity even at a 6:1
ratio of toxin over trypsin.68 The weak inhibitory proteolytic

Table 2. Comparison of PcKuz3 Peptide and Known Kunitz-like Toxins from Snake Venom and Sea Anemone
serine protease inhibitory activity

voltage-gated potassium ion channel blocker activity
Kv 1.1

species
snake
sea anemone
P. caribaeorum

Kv 1.2

Kuntiz-like toxins

trypsin

α-chymotrypsin

elastase

IC50 (nM)

ZDOCK Score

IC50 (nM)

ZDOCK score

ref

α-dendrotoxin (P00980)
dendrotoxin I (P00979)
actitoxin (P0DMW7)
PcKuz3

−
−
+
±

−
−
+
−

−
−
−
±

0.4−150
2.5
0.9 ± 0.1

1753.276
1680.996
1733.451
1604.786

0.4−150
10

1524.983
1811.671
1729.802
1663.898

49
53
68,74
this study
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and the functional data of novel Kunitz-like peptides. The
overall data provide an insightful perspective to characterize
neuroactive peptide sequences in zoanthid corals, with potential
neurotoxic activity that will serve to develop molecular biotools
for the investigation and prospective treatment of neurodegenerative diseases that arise from ion-channel dysfunctions.
In the present study, the synthetic peptides used biological
evaluation are free folding form. As experimentally tested, the
free folding peptide ﬁgures as a potent neurotoxin that severely
disturbed the locomotion of zebraﬁsh at concentration as low as
5 μM. It can suppress 6-OHDA-induced deﬁcits in the
locomotive behavior of zebraﬁsh at concentration lower than
5 μM. A challenge in this study is that S−S bond connectivity
of these novel peptides was only predicted by the sequence
homology to the related peptides (Figure 2A) but the S−S
bond attribution of each peptide was not determined. The S−S
bond connectivity usually leads to speciﬁc 3-D structure, which
is very important because of deep relation to biological
activities. Thus, S−S bond pattern after synthesized the
peptides will be validated by chemical evidence. Moreover,
the peptide with preformed disulﬁde bonds and short derivates
with dissected structures will be evaluated in terms of the
bioactivity scanning in the future work.
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Program on Toxinology (Issue 2010), the Coordination for the
Improvement of Higher Education Personnel (CAPES), the
Ministry of Education of the Federal Government of Brazil, and
the Brazilian National Council for Scientiﬁc and Technological
Development (Marine Biotechnology Network, Proc. 408835/
900

DOI: 10.1021/acs.jproteome.7b00686
J. Proteome Res. 2018, 17, 891−902

Article

Journal of Proteome Research
R. H.; Viana, F. A.; Sampaio, A. H.; Saker-Sampaio, S. Antioxidant,
hemolytic, antimicrobial, and cytotoxic activities of the tropical
Atlantic marine zoanthid Palythoa caribaeorum. An. Acad. Bras.
Cienc. 2015, 87 (2), 1113−23.
(20) Chong, C. M.; Zhou, Z. Y.; Razmovski-Naumovski, V.; Cui, G.
Z.; Zhang, L. Q.; Sa, F.; Hoi, P. M.; Chan, K.; Lee, S. M. Danshensu
protects against 6-hydroxydopamine-induced damage of PC12 cells in
vitro and dopaminergic neurons in zebrafish. Neurosci. Lett. 2013, 543,
121−5.
(21) Zhang, L. Q.; Sa, F.; Chong, C. M.; Wang, Y.; Zhou, Z. Y.;
Chang, R. C.; Chan, S. W.; Hoi, P. M.; Yuen Lee, S. M. Schisantherin
A protects against 6-OHDA-induced dopaminergic neuron damage in
zebrafish and cytotoxicity in SH-SY5Y cells through the ROS/NO and
AKT/GSK3beta pathways. J. Ethnopharmacol. 2015, 170, 8−15.
(22) Zhang, Z. J.; Cheang, L. C.; Wang, M. W.; Li, G. H.; Chu, I. K.;
Lin, Z. X.; Lee, S. M. Ethanolic extract of fructus Alpinia oxyphylla
protects against 6-hydroxydopamine-induced damage of PC12 cells in
vitro and dopaminergic neurons in zebrafish. Cell. Mol. Neurobiol.
2012, 32 (1), 27−40.
(23) Huang, C.; Morlighem, J. R. L.; Cai, J.; Liao, Q.; Perez, C. D.;
Gomes, P. B.; Guo, M.; Radis-Baptista, G.; Lee, S. M. Identification of
long non-coding RNAs in two anthozoan species and their possible
implications for coral bleaching. Sci. Rep. 2017, 7 (1), 5333.
(24) Haas, B. J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood,
P. D.; Bowden, J.; Couger, M. B.; Eccles, D.; Li, B.; Lieber, M.;
Macmanes, M. D.; Ott, M.; Orvis, J.; Pochet, N.; Strozzi, F.; Weeks,
N.; Westerman, R.; William, T.; Dewey, C. N.; Henschel, R.; Leduc, R.
D.; Friedman, N.; Regev, A. De novo transcript sequence
reconstruction from RNA-seq using the Trinity platform for reference
generation and analysis. Nat. Protoc. 2013, 8 (8), 1494−512.
(25) Pertea, G.; Huang, X.; Liang, F.; Antonescu, V.; Sultana, R.;
Karamycheva, S.; Lee, Y.; White, J.; Cheung, F.; Parvizi, B.; Tsai, J.;
Quackenbush, J. TIGR Gene Indices clustering tools (TGICL): a
software system for fast clustering of large EST datasets. Bioinformatics
2003, 19 (5), 651−2.
(26) FastQC: A Quality Control Tool for High Throughput Sequence
Data; Babraham Bioinformatics, 2014. https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed April 1, 2014).
(27) Leinonen, R.; Nardone, F.; Zhu, W.; Apweiler, R. UniSave: the
UniProtKB sequence/annotation version database. Bioinformatics
2006, 22 (10), 1284−5.
(28) Bateman, A.; Finn, R. D. SCOOP: a simple method for
identification of novel protein superfamily relationships. Bioinformatics
2007, 23 (7), 809−14.
(29) Mistry, J.; Bateman, A.; Finn, R. D. Predicting active site residue
annotations in the Pfam database. BMC Bioinf. 2007, 8, 298.
(30) Schaeffer, R. D.; Liao, Y.; Cheng, H.; Grishin, N. V. ECOD: new
developments in the evolutionary classification of domains. Nucleic
Acids Res. 2017, 45 (D1), D296−D302.
(31) Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S.
MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol.
Biol. Evol. 2013, 30 (12), 2725−9.
(32) Edgar, R. C. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 2004, 32 (5), 1792−
7.
(33) Edgar, R. C. MUSCLE: a multiple sequence alignment method
with reduced time and space complexity. BMC Bioinf. 2004, 5, 113.
(34) Biasini, M.; Bienert, S.; Waterhouse, A.; Arnold, K.; Studer, G.;
Schmidt, T.; Kiefer, F.; Gallo Cassarino, T.; Bertoni, M.; Bordoli, L.;
Schwede, T. SWISS-MODEL: modelling protein tertiary and
quaternary structure using evolutionary information. Nucleic Acids
Res. 2014, 42 (W1), W252−8.
(35) Kopp, J.; Schwede, T. The SWISS-MODEL Repository: new
features and functionalities. Nucleic Acids Res. 2006, 34, D315−8.
(36) Pronk, S.; Pall, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.;
Apostolov, R.; Shirts, M. R.; Smith, J. C.; Kasson, P. M.; van der Spoel,
D.; Hess, B.; Lindahl, E. GROMACS 4.5: a high-throughput and
highly parallel open source molecular simulation toolkit. Bioinformatics
2013, 29 (7), 845−54.

(37) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. GROMACS: fast, flexible, and free. J. Comput.
Chem. 2005, 26 (16), 1701−18.
(38) Ghahremanpour, M. M.; Arab, S. S.; Aghazadeh, S. B.; Zhang, J.;
van der Spoel, D. MemBuilder: a web-based graphical interface to
build heterogeneously mixed membrane bilayers for the GROMACS
biomolecular simulation program. Bioinformatics 2014, 30 (3), 439−
41.
(39) Wu, E. L.; Cheng, X.; Jo, S.; Rui, H.; Song, K. C.; DavilaContreras, E. M.; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R. M.;
Klauda, J. B.; Im, W. CHARMM-GUI Membrane Builder toward
realistic biological membrane simulations. J. Comput. Chem. 2014, 35
(27), 1997−2004.
(40) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: a webbased graphical user interface for CHARMM. J. Comput. Chem. 2008,
29 (11), 1859−65.
(41) Chen, R.; Li, L.; Weng, Z. ZDOCK: an initial-stage proteindocking algorithm. Proteins: Struct., Funct., Genet. 2003, 52 (1), 80−7.
(42) Pierce, B.; Tong, W.; Weng, Z. M-ZDOCK: a grid-based
approach for Cn symmetric multimer docking. Bioinformatics 2005, 21
(8), 1472−8.
(43) Pierce, B. G.; Hourai, Y.; Weng, Z. Accelerating protein docking
in ZDOCK using an advanced 3D convolution library. PLoS One 2011,
6 (9), e24657.
(44) Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graphics 1996, 14 (1), 33−8 27−8..
(45) Westerﬁeld, M. A Guide for the Laboratory Use of Zebraﬁsh
(Danio rerio) Eugene, 4th ed.; University of Oregon Press, 2000; pp
1.1, 9.7, 10.16.
(46) Hergenhahn, H. G.; Aspan, A.; Soderhall, K. Purification and
characterization of a high-Mr proteinase inhibitor of pro-phenol
oxidase activation from crayfish plasma. Biochem. J. 1987, 248 (1),
223−8.
(47) Choo, Y. M.; Lee, K. S.; Yoon, H. J.; Qiu, Y.; Wan, H.; Sohn, M.
R.; Sohn, H. D.; Jin, B. R. Antifibrinolytic role of a bee venom serine
protease inhibitor that acts as a plasmin inhibitor. PLoS One 2012, 7
(2), e32269.
(48) Masci, P. P.; Whitaker, A. N.; Sparrow, L. G.; de Jersey, J.;
Winzor, D. J.; Watters, D. J.; Lavin, M. F.; Gaffney, P. J. Textilinins
from Pseudonaja textilis textilis. Characterization of two plasmin
inhibitors that reduce bleeding in an animal model. Blood Coagulation
Fibrinolysis 2000, 11 (4), 385−93.
(49) Harvey, A. L. Twenty years of dendrotoxins. Toxicon 2001, 39
(1), 15−26.
(50) Schweitz, H.; Bruhn, T.; Guillemare, E.; Moinier, D.; Lancelin, J.
M.; Beress, L.; Lazdunski, M. Kalicludines and kaliseptine. Two
different classes of sea anemone toxins for voltage sensitive K+
channels. J. Biol. Chem. 1995, 270 (42), 25121−6.
(51) Yang, W.; Feng, J.; Wang, B.; Cao, Z.; Li, W.; Wu, Y.; Chen, Z.
BF9, the first functionally characterized snake toxin peptide with
Kunitz-type protease and potassium channel inhibiting properties. J.
Biochem. Mol. Toxicol. 2014, 28 (2), 76−83.
(52) Chen, Z. Y.; Hu, Y. T.; Yang, W. S.; He, Y. W.; Feng, J.; Wang,
B.; Zhao, R. M.; Ding, J. P.; Cao, Z. J.; Li, W. X.; Wu, Y. L. Hg1, novel
peptide inhibitor specific for Kv1.3 channels from first scorpion
Kunitz-type potassium channel toxin family. J. Biol. Chem. 2012, 287
(17), 13813−21.
(53) Robertson, B.; Owen, D.; Stow, J.; Butler, C.; Newland, C.
Novel effects of dendrotoxin homologues on subtypes of mammalian
Kv1 potassium channels expressed in Xenopus oocytes. FEBS Lett.
1996, 383 (1−2), 26−30.
(54) Ranasinghe, S.; McManus, D. P. Structure and function of
invertebrate Kunitz serine protease inhibitors. Dev. Comp. Immunol.
2013, 39 (3), 219−27.
(55) Mourao, C. B.; Schwartz, E. F. Protease inhibitors from marine
venomous animals and their counterparts in terrestrial venomous
animals. Mar. Drugs 2013, 11 (6), 2069−112.
(56) Jiang, L.; Peng, L.; Chen, J.; Zhang, Y.; Xiong, X.; Liang, S.
Molecular diversification based on analysis of expressed sequence tags
901

DOI: 10.1021/acs.jproteome.7b00686
J. Proteome Res. 2018, 17, 891−902

Article

Journal of Proteome Research
from the venom glands of the Chinese bird spider Ornithoctonus
huwena. Toxicon 2008, 51 (8), 1479−89.
(57) Yuan, C. H.; He, Q. Y.; Peng, K.; Diao, J. B.; Jiang, L. P.; Tang,
X.; Liang, S. P. Discovery of a distinct superfamily of Kunitz-type toxin
(KTT) from tarantulas. PLoS One 2008, 3 (10), e3414.
(58) Smith, L. A.; Lafaye, P. J.; LaPenotiere, H. F.; Spain, T.; Dolly, J.
O. Cloning and functional expression of dendrotoxin K from black
mamba, a K+ channel blocker. Biochemistry 1993, 32 (21), 5692−7.
(59) Wang, F. C.; Bell, N.; Reid, P.; Smith, L. A.; McIntosh, P.;
Robertson, B.; Dolly, J. O. Identification of residues in dendrotoxin K
responsible for its discrimination between neuronal K+ channels
containing Kv1.1 and 1.2 alpha subunits. Eur. J. Biochem. 1999, 263
(1), 222−9.
(60) Bayrhuber, M.; Vijayan, V.; Ferber, M.; Graf, R.; Korukottu, J.;
Imperial, J.; Garrett, J. E.; Olivera, B. M.; Terlau, H.; Zweckstetter, M.;
Becker, S. Conkunitzin-S1 is the first member of a new Kunitz-type
neurotoxin family. Structural and functional characterization. J. Biol.
Chem. 2005, 280 (25), 23766−70.
(61) Dy, C. Y.; Buczek, P.; Imperial, J. S.; Bulaj, G.; Horvath, M. P.
Structure of conkunitzin-S1, a neurotoxin and Kunitz-fold disulfide
variant from cone snail. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2006, 62 (9), 980−90.
(62) Dai, S. X.; Zhang, A. D.; Huang, J. F. Evolution, expansion and
expression of the Kunitz/BPTI gene family associated with long-term
blood feeding in Ixodes Scapularis. BMC Evol. Biol. 2012, 12, 4.
(63) Schwarz, A.; Cabezas-Cruz, A.; Kopecky, J.; Valdes, J. J.
Understanding the evolutionary structural variability and target
specificity of tick salivary Kunitz peptides using next generation
transcriptome data. BMC Evol. Biol. 2014, 14, 4.
(64) Katoh, E.; Nishio, H.; Inui, T.; Nishiuchi, Y.; Kimura, T.;
Sakakibara, S.; Yamazaki, T. Structural basis for the biological activity
of dendrotoxin-I, a potent potassium channel blocker. Biopolymers
2000, 54 (1), 44−57.
(65) Gasparini, S.; Danse, J. M.; Lecoq, A.; Pinkasfeld, S.; Zinn-Justin,
S.; Young, L. C.; de Medeiros, C. C.; Rowan, E. G.; Harvey, A. L.;
Menez, A. Delineation of the functional site of alpha-dendrotoxin. The
functional topographies of dendrotoxins are different but share a
conserved core with those of other Kv1 potassium channel-blocking
toxins. J. Biol. Chem. 1998, 273 (39), 25393−403.
(66) Swaminathan, P.; Hariharan, M.; Murali, R.; Singh, C. U.
Molecular structure, conformational analysis, and structure-activity
studies of Dendrotoxin and its homologues using molecular mechanics
and molecular dynamics techniques. J. Med. Chem. 1996, 39 (11),
2141−55.
(67) Imredy, J. P.; MacKinnon, R. Energetic and structural
interactions between delta-dendrotoxin and a voltage-gated potassium
channel. J. Mol. Biol. 2000, 296 (5), 1283−94.
(68) Peigneur, S.; Billen, B.; Derua, R.; Waelkens, E.; Debaveye, S.;
Beress, L.; Tytgat, J. A bifunctional sea anemone peptide with Kunitz
type protease and potassium channel inhibiting properties. Biochem.
Pharmacol. 2011, 82 (1), 81−90.
(69) Zupunski, V.; Kordis, D. Strong and widespread action of sitespecific positive selection in the snake venom Kunitz/BPTI protein
family. Sci. Rep. 2016, 6, 37054.
(70) Peng, Y.; Lu, K.; Li, Z.; Zhao, Y.; Wang, Y.; Hu, B.; Xu, P.; Shi,
X.; Zhou, B.; Pennington, M.; Chandy, K. G.; Tang, Y. Blockade of
Kv1.3 channels ameliorates radiation-induced brain injury. Neuro
Oncol 2014, 16 (4), 528−39.
(71) Ogita, K.; Okuda, H.; Watanabe, M.; Nagashima, R.; Sugiyama,
C.; Yoneda, Y. In vivo treatment with the K+ channel blocker 4aminopyridine protects against kainate-induced neuronal cell death
through activation of NMDA receptors in murine hippocampus.
Neuropharmacology 2005, 48 (6), 810−821.
(72) Taherian, R.; Ahmadi, M. A. 4-aminopyridine decreases MPTPinduced behavioral disturbances in animal model of Parkinson’s
disease. Int. Clin. Neurosci. J. 2016, 2 (4), 142−146.
(73) Redman, P. T.; Jefferson, B. S.; Ziegler, C. B.; Mortensen, O. V.;
Torres, G. E.; Levitan, E. S.; Aizenman, E. A vital role for voltage-

dependent potassium channels in dopamine transporter-mediated 6hydroxydopamine neurotoxicity. Neuroscience 2006, 143 (1), 1−6.
(74) Ishida, M.; Minagawa, S.; Miyauchi, K.; Shimakura, K.;
Nagashima, Y.; Shiomi, K. Amino acid sequences of Kunitz-type
protease inhibitors from the sea anemone Actinia equina. Fish. Sci.
1997, 63 (5), 794−798.

902

DOI: 10.1021/acs.jproteome.7b00686
J. Proteome Res. 2018, 17, 891−902

