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Abstract: We previously demonstrated that Nemopilema nomurai jellyfish venom metalloproteinases
(JVMPs) play a key role in the toxicities induced by N. nomurai venom (NnV), including dermotoxicity,
cytotoxicity, and lethality. In this study, we identified two full-length JVMP cDNA and genomic DNA
sequences: JVMP17-1 and JVMP17-2. The full-length cDNA of JVMP17-1 and 17-2 contains 1614 and
1578 nucleotides (nt) that encode 536 and 525 amino acids, respectively. Putative peptidoglycan (PG)
binding, zinc-dependent metalloproteinase, and hemopexin domains were identified. BLAST analysis
of JVMP17-1 showed 42, 41, 37, and 37% identity with Hydra vulgaris, Acropora digitifera, Megachile
rotundata, and Apis mellifera venom metalloproteinases, respectively. JVMP17-2 shared 38 and 36%
identity with H. vulgaris and A. digitifera, respectively. Alignment results of JVMP17-1 and 17-2
with other metalloproteinases suggest that the PG domain, the tissue inhibitor of metalloproteinase
(TIMP)-binding surfaces, active sites, and metal (ion)-binding sites are highly conserved. The present
study reports the gene cloning of metalloproteinase enzymes from jellyfish species for the first time.
We hope these results can expand our knowledge of metalloproteinase components and their roles in
the pathogenesis of jellyfish envenomation.

Keywords: jellyfish venom; metalloproteinase; sequencing

Key Contribution: This study reports the gene cloning of metalloproteinase enzymes from jellyfish
species for the first time.

1. Introduction

In general, the venom of poisonous animals is a cocktail of bioactive proteins, peptides,
and small molecules that incapacitate or digest their prey. The hundreds of proteins found
in venom include toxins, nontoxic proteins, and many different enzymes. In particular,
metalloproteinases, which are are highly abundant in snake venoms [1-3] and jellyfish
venoms [4,5], are involved in venom-associated pathogenesis. The toxicological effects
of snake venom metalloproteinases (SVMPs) include local and systemic hemorrhages [6],
anti-coagulation [7], and inflammation and necrosis [8]. SVMPs are typically organized
into three main groups (P-I to P-III) based on their domain organization [8,9]. Class P-I is
the smallest SVMP, with only a metalloproteinase (M) domain, P-II contains an M domain
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and a disintegrin (D) domain, and P-IIl includes M, D, and cysteine-rich (C) domains. P-III
SVMPs are further divided into subclasses based on their post-translational modifications,
such as dimerization (P-IIlc) or proteolysis between the M and D domains (P-IIIb). P-IIId
SVMP contains an additional C-type lectin-like domain [10].

Over the last few decades, Nemopilema nomurai jellyfish (Phylum Cnidaria) have
bloomed in the seas of Korea, China, and Japan, causing substantial damage to the fishing
industry as well as causing numerous jellyfish stings to sea bathers. Jellyfish stings can
cause redness, local edema, a burning sensation, and vesicular eruption [11]. In addition,
venom can infrequently cause systemic reactions such as hyperventilation, shock, paralysis,
cardiovascular collapse, and even death [12]. Recently, we have suggested that N. nomurai
jellyfish venom metalloproteinases (JVMPs) play a key role in the toxicities induced by N.
nomurai venom (NnV), including dermotoxicity, cytotoxicity, and lethality [4,13-15]. Similar
to snake venom, jellyfish venom also contains phospholipases [16-18]. We have previously
reported that NnV demonstrates phospholipase, hyaluronidase, and metalloproteinase
activity and that it can induce cytotoxicity in numerous cell types [4]. Here, we report the
identification of the full-length cDNA and gene structures of two isoforms of JVMPs from
the scyphozoan jellyfish N. nomurai for the first time.

2. Results
2.1. Metalloproteinases Components of NnV

The proteolytic activity of NnV was investigated by zymography analyses using
gelatin as the substrate. Figure 1A shows the gelatinolytic activity at various molecular
masses, with particularly strong signals at approximately 25 kDa and in the range of
50-70 kDa. Most of the gelatinolytic activities of NnV were significantly abolished by treatment
with conventional metal chelators, suggesting that this was caused by metalloproteinases.

A

z 16
1
¥
”
o
37 - E
s
2 4
15
10
™M + + + + NnV
-

phen +Tetra +EDTA  MMP inhibitor - +phen +Tetra +EDTA  MMP inhibitor

Relative density

NnV

B

<4pGEM-T vector

<RT-PCR product

Figure 1. JVMP metalloproteinase activity (A) and JVMP 17-1 and 17-2 cDNA clones (B). (A) Anal-
ysis of the metalloproteinase activity in N. nomurai jellyfish venom (NnV) using gelatin zy-
mography assays performed in the presence or absence of several metalloproteinase inhibitors
(1,10-phenanthroline, tetracycline, and EDTA, 10 mM). Quantification of the metalloproteinase activity.
Data represent mean =+ SD of the three fields. ** p < 0.01 compared to the NnV group. (B) Agarose gel
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electrophoresis of the pGEM-T/JVMP c¢DNA after EcoRI digestion. M: 100-bp size marker; lane 1:
pGEM-T/JVMP17-1 cDNA; lane 2: pGEM-T/JVMP17-2 cDNA.

2.2. Full-Length cDNA Sequence Analysis of N. nomurai [VMP17-1 and 17-2

The full-length the cDNAs of the N. nomurai JVMP isoforms JVMP17-1 and JVMP17-2
were amplified with an oligo(dT);g primer and primers based on the partial transcript se-
quences. The full-length cDNAs of the JVMP17-1 and 17-2 isoforms contain 1614 (GenBank
accession no. MW727214) and 1578 nucleotides (nt) (GenBank accession no. MW727215),
respectively, and the deduced amino acid (aa) sequences encode 537 aa and 525 aa, respec-
tively (Figure 2). Cleavage of the putative signal peptide of JVMP17-1 occurs between
aa 24 and 25 and between aa 18 and 19 in JVMP17-2. BLAST analysis of the JVMP17-1
gene sequence showed 42, 41, 37, and 37% identity with H. vulgaris, A. digitifera, M.
rotundata, and A. mellifera venom metalloproteinases, respectively. JVMP17-2 showed
38 and 36% identity with H. vulgaris and A. digitifera, respectively (data not shown).
Alignment analysis of these two genes revealed that they have PG-binding, zinc-dependent
metalloproteinase, and hemopexin domains. Furthermore, nine TIMP-binding surfaces,
metal-binding sites, and active sites were found to be highly conserved. The zinc-binding
motif (HExxHxxxxxH) sequence was also highly conserved (Figure 2).
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Figure 2. Alignment analysis of JVMP17-1 and 17-2 compared to that of other metalloproteinases.
XP_012564333.1: Hydra vulgaris; XP_012143607.1: Megachile rotundata; XP_006561299.1: Apis mellifera;
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shaded letters: signal peptides; green letters: PG binding surface; red letters: active site of metallo-
proteinase; blue letters: zinc-dependent metalloproteinase domain; (¥): TIMP-binding surfaces; (V):
metal (ion)-binding sites; (V): disintegrin motif. Identical, similar, and weakly similar amino acids
are indicated by asterisks, colons, and dots, respectively. Gaps are indicated by dashes.

2.3. Genomic DNA Sequences of N. nomurai [VMP17-1 and 17-2

To determine the gene sequences of JVMP17-1 and JVMP17-2, PCR was performed
using specific primers designed using the full-length cDNA sequences. The PCR products
were cloned into the pGEM-T Easy Vector and the clones were confirmed by EcoRI digestion.
The whole genome sequences of JVMP17-1 and JVMP17-2 comprised 5687 (Figure 3A) and
6661 base pairs (bp) (Figure 3B), respectively. The JVMP17-1 gene contained seven distinct
exons, while JVMP17-2 only contained six distinct exons. The classical 5" donor (GT) and 3’
acceptor (AG) splice sites were present at each exon/intron boundary (Figure 4A,B).
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ATGGACAAGATACCATTCAAAGTTATTTTTGGAATCAGCCTIGTTITGAGGAGT TTTCAATTTGCAATGGCAACTCCAGTAA "COGCACCGATGTCACGGCOCGATACGATGGE ACTTCTTGTS
T TACACCCT \GOO0GCAAATCAACAATCAACTTTCTTCAAATCTCAAGGATT TTGTAGAAC “AATTAACTTAAATAG: TCTITICT CCTTTCTITAATICAC
{TTOCTOCAGCATOGTAACTCGTTCGCAAA, AC \c GACTCCCGCTCTE TGTTATCTOGATCAATATTGGGTICTAC
{TCAACTTGTAAACCACACA \GATA ATCATCG: ACGTGGT: \G
TOOCG \CATOGAC TAGGGTATCATTTGAAGTCCTCAACY TTAAGTTGATTCTGAT AT TIATCTTTAACGTG TATAATAATICAG
CTTCTAGTCATTTTCCTACATTTT TIGTTATTGACTAT TATCAGTTATT TATTGOCGATATTTT TAGGACTTTT AA TCGGATACCTGCAGAAGCCC
‘GACCCAAGAGCTGGGAAATTGTTGAGCCAAGAGGATATAGTCGAAGCCGTGAAGAAAGTGCAGCAGTTTGCTGGTTIGCCTCCGACCGGACTAGTGGACAGTGAGACGTCGAAACTGCTGAAAACGCCCAGGTGCGGAATGTCGGACAT
TGGACGATCGGACAGCGCTAAA. AACGOGCAGGGGAC ACAAACAGGT: TTAGITCITACATAACTIT T TAIGTOGTGITGT
Gt \GGGGGGCGAAAGTTTA \0GAAAGAATTGAGCTATT TITGICAGGOGTT aTC oy ACTTTTA
AAGAGTTACAACTACT GATT TICTTTGAGTTTTICTGGACTTGTTT TCAGIT DTACCTTT ATTTCAAAACTAATCAGTCTGAAATA! TGATTTGCAGAAAATCACGTG
‘GCGTGTAGAGAATTTCGGAAACGATGGCCTAAGCCCOGGAACGAGTCAAAATGGTGTTTGAAAATGCGCTCGGCAAATGGTCCGGOGTTACAAACATCGAATTCGAGGAAATCAAGACAGGAGAGCCGGACATTIGGTTCCGGTTCGTTCG
CGGTGCCCACGGTGATCCGTACCCGTTCOGGACTCCTGGAAGCACTGTCTIGGCGCATGCGTTCTACCCCTICGACAGCAGGACGCGI AGCAAGTAGGOC
TIGAATGTGTTT TCTTCTTCTATGAAATTTGGGAAACA A “AGOCATCTOCAATCTCTTCAG TGTTTEAT
CGTOGTCX TTACCTGOCACTTGAATAAATTTOGGTAACY
seee \ACTTTCAAC ACATTAGCTCTCTCGGGTGACGTTCACTTCAACGACGAC

AAAGTCTTCACCATTGAGTCTCCCAGTGGCAAAGACCTCTTGIGGATTTCTGTCCATGAGCTAGGTCACTCCATCGGACTGGACCACTCTGACGTCAAAAGCTCCATCATGTATCCATACTACAGGGGATACCCAGGCTTGGATTTCGAATTG

ACCCCTGATGACGTAAGAGGGGCCCAGGCCT GI TGTTCTGITIAACTTTTTCATGTTTT TICATGGIATTAGTTGT A \ATTGCAAATC TT AAAGCAATGCTOGAACTTGTIATTTTIAATCAATAA
TTITCCTG TOCTTACTC A

AGAAATCTTGCAATAGTTTTCAGITICTT AGGCGAAAAAACAGCGACGACACCGAAAATCCCCGCCGTAACTATCAAACCGTACGATGCTCGATGCTTCAGCAAAATG
‘GGGGCTGTATTCCTTGGTAACGACAAGAGAACCTACGTCTTCAATTCGGATAAGCTGTATATCTTGAAGACAACACTTGGTATCGATAAGGGGCCTATCCTGGTTTCTGACGTGT TCATTGGAGCGCTGTCAGTCGATGCAGCGTTIAAAAGG
C AGGAGCACTATCATTTTTAGTGGCAAAAGGT: AATATIAAGCAAATCATTGTTAATCATOGAAATCAGT TG T T ATCATTOGTA cTaceAT
AAGGATGGAT TAATGAATTAAAATCCATTATAATAATTCCCTACTIACTGTTAGTT (CTCATAAACACTAACATGAAGTATTTCAAGATACTTTOGTTATTIATTAAGTTATT TACAGOCTCATTGGTTT ATCTTOG ATTTG

TIATTOCATTTGTAATAGAATTCCAAATCTT \CCTTTCAACACAA, TTOCTOG: ATATCCATCAAAC TIAITTIAGT ATAAATTTGTTCTTCICCTTTICAGCTACTATGTGT
ATAGCAGTGATTACGATTTTGTTICTGGCCCGGCCCCCATCAGCGATGGCTTCCTGGGATTTCCCGCCAATTITGGCGACATCGATGCTGCCTTTGTTTIGGCCCGGCAACAACCTGATGTACATCTICAAAGGCTCTGACTACTGGCGTGTTT
ACCAGCGTGGAAACATGTACCGTGCTGC CCACGGAAA. "CTCTGOGTGGATTGGAATTCCAGATAATATCGATGCTGTGACAACATGGGCGAATGGAGTTACATACTTCTTCAAAGGIATTGCTTIGTTCTTTCAAAGTTIACCACTGTTT
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TCACAAAAGCCT: ACTGT T TTATANTGC ATTCTAACCATAATGCAT: AGGAAGCAAATACTACCGTCTCAATCAGAATCTCCATGTG

‘GAGCCTGGGTATCCTAAAAACATAACCCGTGCGTGGATAAGATCTGGAGAATGCCAATCGTCGTCTGGAAGAGTTGTTGATGGAGGACAGCAGACGAATGGCGCGAAGTCTGTTGTTCACGTGACCACGGTTTCACTGATGATGTCACTGC
TIGGAAGTGTCCTTCAGGTTTCGCGGIAG

ATGTCCCTATACGCAGTCCTGTTCATTATTGTCCAAGCGACTTCCCTCTACAGCTTCCCGATTGATTTATCGACAAACATCGACCAGGAAGGACT TGIAAGI TTCTTAT XCAGACTAATCCTOGTACGGITIC
SGOGGATT ACGAG! AT ATTATTTOGAATCTATTTT: \ACCCOGGAATACAGOCAATOUGTG \ACGAACTTCTCATG!
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TATTGIAANTATTTAACAAGGATGTTTTTIACAGAACTGTCCGGAGATGTTCACTATGATGACGATGAAGTTTTCTCAATAAAGTCATCACAGGGGAGAGATCTGTTGTGGATTACAGTACATGAAGT TGGACATAGTCTTY

AGGGTCCGTAATGAATGCCTTCTATAGAGAAACGAAAGGACTAGATTTCAACCTTCATGCAGATGACATCAAGGGGGCCCAATCGCTT 3GL TIAAGGATTAAC!
ACTAAGACAGAGTAACATGGGAATTY oo “AGOCCTATTGGAGCATTTOGCAAAACTGTCACAGOCCGIATTTGCCTTCCGTTTTOGGGATG Wy ATGCTAAATATTTOGCATTTAAGATAACTAGTCAGCAGACCTTGIC

GIAACATTIAACATTATTCTTTTTIOGATTAGGAGTGAGAGACCAGCCTGCAACTTCAAGTCCTCCACCTGAACCTGGCAATCGGTTCGATAAAGAGGCAAAGCCTTTGCAATTGTGCCTAAATAAGGTACAGGCCTCAGTGCTGACAGCAAACAAGGAAAC
CTACATCGTAAACGGTGACAAATCATACATACTCAACCGATACTTGAGGGGCACAAAAGGCCCGATTCTCACGTCAAAACTCTTCGGGGGATTGAACAAAATCGATGCCATCTTTAGACGACAATGGGATCAGAAGCTIGTTGCATTCAGCGG

AAATAAGE TATGGCAC AGGCTTTGAATTACTATTAAGGCTAAG TOCAGCTAATTGAATG! TCTTGGAGCCACTICCTTGAAGGCATCT CTTGTTTTOOCACC
GGTCATTGTGOCTCCTCTTTT \AGTTAAACAGAGGTGIC CAAAAANTTTATS TITTAAAGITGCTACTIATATTICY aa: TAAGGT:
AGOGH “ATAATAGCTOCGTAACATAGAAAATC
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GITGTIATTATTGITTTGTTGTTAAATTTTTT TGITTTIGICT TGITIT TGTTTTTGICT TGTTTTIGIC TGCTTTIGICT TGTTITIGICT TC
CTATTGICTIATACTAGCACCTIGCTTT CTTGTTTTTGICTTGGTIATAACGTCAACCTCT AGGTACTACGTATTTGAAGACACGAAACTGGTTGAAGGGCCTTACTACATTAGCGATGGCTTCAAAGGACTGCCGGCGAATTTCGCCGATATACGGG

CAGCCTTTATATGGCCTGGCAACAACCAACTGTACATATTCAAAC
CGATAGCGTCCTTGCGTGGAGGAGGGGCAAAGTCTACTTCTTCAAAGGCGATAAGTACTACAGATTTAGCAACACAAGGTTCAATGTAGAGTATGGATACCCAAGGAGCGTTTGGGAGGATTGGAGTGGATGCCCCTCCCAGTTAGC
GGTCACTGGAGCAGCCAATACTAGAACTGCTACGTCAACAATTGCTCTTTTACTGCCTITGCTGATTITCTTTCTATTTTGGAATTAA.

\COCAATCAGGATAAATATCAAATGGACTACTATTACCCACGAAAGACGCGTTATGCCTGGAGAGGAGT TCCGGAAGATTT

Figure 3. Whole genome sequences of JVMP17-1 (A) and JVMP17-2 (B).
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Splicing

[ Bal | B2 | B3 | Bou | EBos | Bos | Bar |

1 1614

Exon Length 5’ Splice Intron 3’ Splice

No. (bp) donor Length (bp) acceptor
1 114 ACGATG GTAAGA 1,099 CAATAG GACTTT
2 252 AAACAG GTATGG 535 TTGCAG AAAATC
3 247 GGACGC GTAAGT 703 CATTAG CTCTCTC
4 222 TATATG GTACGT 496 TTTCAG GCGAAA
5 268 CAAAAG GTATCA 597 TTTCAG CTACTA
6 293 TCAAAG GTATTG 643 TTATAG GAAGCA
7 218 CGGTAG

out [ s (RN v

1738 1990 3039 3274 4152 4374 4710 4999 6177 6661

l Splicing

‘Emlle2|Bm3|Em4|ch5|Bm6‘

1 1578

Exon Length 5’ Splice Intron 3’ Splice

No. (bp) donor Length (bp) acceptor
1 96 GGACTT GTAAGT 1,642 TTTTAG AACTAC
2 252 AAAAGG GTATGT 1,049 TTTTAG AATCTA
3 235 ATGATG GTAAGG 878 TTACAG AACTGT
4 222 TTITATG GTAAGT 336 GATTAG GAGTGA
5 289 AAATAA GTATGT 1178 GCGTAG GTACTA
6 484 AATTAA

Figure 4. Organization of N. nomurai JVMP17-1 (A) and JVMP17-2 (B) genes. The 5 acceptor and 3’
donor splice sites are underlined.

3. Discussion

To identify N. nomurai JVMP17-1 and 17-2 genes, we synthesized the first-strand
c¢DNA and used it to perform the rapid amplification of cDNA ends polymerase chain
reaction (RACE PCR). The complete open reading frame (ORF) of JVMP17-1 contained
1614 nucleotides, including a stop codon, and encoded 537 amino acids (Figure 4A). BLAST
analysis of the cDNA showed that it shared 42, 41, 37, and 37% identity with H. vulgaris,
A. digitifera, M. rotundata, and A. mellifera venom metalloproteinases, respectively. Accord-
ing to the SignalP 4.1 program, a putative signal peptide exists between amino acids 24
and 25. The primary structure of the protein predicted using InterProScan has PG-binding,
zinc-dependent metalloproteinases, and hemopexin domains. Furthermore, nine TIMP-
binding surfaces, metal-binding sites, and active sites were found to be conserved. The
zinc-binding motif (HExxHxxxxxH) sequence was also highly conserved (Figure 2).
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SVMPs are relatively well defined [19]. They have domain structures composed of
signal peptide, propeptide, zinc-dependent metalloproteinase (M), disintegrin (D), and
cysteine-rich (C) domains. Whereas, JVMP17-1 and 17-2 have signal peptide, PG-binding,
M, and hemopexin domains (Figure 5). There is very low homology between the M domain
of JVMP17-1 and 17-2 and the SVMP M domain sequences (GenBank accession number:
042138 of Agkistrodon contortrix laticinctus, C9E1S0 of Agkistrodon piscivorus leucostoma,
Q9w6MS of Deinagkistrodono acutus, Q8AWIS of Gloydius halys, ABG26979 of Sistrurus
catenatus edwardsi, ABQL59 of Naja atra, 093523 of Bothrops jararaca, Q8QG88 of Bothrops
insularis, Q90ZI3 of Protobothrops flavoviridis, ABN72537 of Bungarus multicinctus, CO9E1R8 of
Crotalus viridis, and Q9DGB9 of Crotalus atrox) (data not shown). In general, SVMPs have a
propeptide domain between the signal peptide and M domains that causes the activation
of the SVMP when hydrolyzed. In contrast, JVMP17-1 has a PG-binding domain. In many
enzymes, the PG-binding domain usually plays a role in binding to the peptidoglycan
in bacterial cell walls, inducing their degradation [20-22]. Eukaryotic matrix metallopro-
teinases (MMPs) have a similar PG-binding domain that can catalyze extracellular matrix
degradation in association with arthritis [23], tumor invasion [24], and immune defense
mechanisms [25]. The disintegrin domain of SVMP binds and inhibits the integrin of the
platelets or endothelial cell membrane in blood vessels. However, the disintegrin of our
novel JVMPs has a hemopexin domain (KGS and KGD motif), which is a heme-binding
moiety that plays an important role in cell migration [26] or in heme transfer to the liver for
the inhibition of oxidative stress [27] (Figure 5).

s | s | e R e
IVMP17-1/17-2 | Seeipgie B Pouine ] Zucdgeiei Vel 13 =

Figure 5. Comparison between SVMPs and N. nomurai JVMP17-1 and 17-2 proteins. Schematic

representation of JVMP17-1 and 17-2 protein domain structure exhibits the conserved domains. SVMP
shows domain structures composed of signal peptide, propeptide, zinc-dependent metalloproteinase
(M), disintegrin (D), cysteine-rich, and hemopexin domains.

The genome structures of JVMP17-1 and JVMP17-2 were determined using specific
PCR primers designed using the full-length cDNA sequences. JVMP17-1 contains 5687 bp
(Figure 3A) and has seven distinct exons. Interestingly, the dinucleotide sequences at
the 5" donor (GT) and 3’ acceptor (AG) splice sites in the introns were highly conserved
(Figure 4A). JVMP17-2 contains 6661 bp (Figure 3B) and has six distinct exons. The 5" donor
and 3’ acceptor splice sites of JVMP17-2 were also highly conserved (Figure 4B).

4. Conclusions

In the present study, we identified the full-length cDNAs and gene sequences of the
novel proteins JVMP17-1 and JVMP17-2 from the scyphozoan jellyfish N. nomurai. To
determine the functions of these two enzymes in the future, it will be necessary to isolate
them from NnV or generate recombinant proteins using in vitro expression systems in
Escherichia coli or yeast. To the best of our knowledge, this study is the first to report the full-
length cDNAs, gene sequences, and the primary protein structures of two metalloproteinase
isoforms from jellyfish species.

5. Materials and Methods
5.1. Jellyfish Collection and Nematocyst Preparation

N. nomurai jellyfish specimens were captured near the coast of the Republic of Korea
and were immediately transferred to the laboratory on ice. Nematocysts were isolated
using a previously described method [28] with slight modifications. The dissected tentacles
were washed several times with ice-cold seawater to remove any debris. They were then
placed in three volumes (v/v) of cold seawater for 24 h at 4 °C with gentle swirling.
After autolysis, the supernatant was centrifuged at 1000x g for 5 min to harvest the
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nematocysts. The autolysis process for the tentacles was repeated for an additional 3—4 days,
and seawater was replaced daily. The harvested nematocyst pellets were stored in a deep
freezer and dried using a freeze dryer (lyophilizer), and the final powder was stored at
—70 °C until required.

5.2. Venom Preparation

Freeze-dried nematocyst powder was used to extract jellyfish venom using a previ-
ously described method [5] with a minor amendment. Briefly, venom was extracted from
70 mg of nematocyst powder using glass beads (approximately 8000 beads; 0.5 mm in
diameter) in 1 mL of cold phosphate-buffered saline (PBS, pH 7.4). The mixtures were
vortexed for 30 s, and this step was repeated five times with intermittent cooling on ice. The
venom extracts were then transferred to new microfuge tubes and centrifuged (22,000 g)
at 4 °C for 30 min. The supernatant was used as the NnV in the present study. The Bradford
assay (Bio-Rad, Hercules, CA, USA) was used to determine the protein concentration in the
venom [29].

5.3. Metalloproteinase Analysis of NnV

The metalloproteinase activity of NnV was analyzed by a proteolytic zymography
assay using gelatin as the substrate, as previously described [30]. To prepare the zymog-
raphy gels, gelatin (2 mg/mL) and thrombin (0.01 U/mL) dissolved in 20 mM sodium
phosphate buffer (pH 7.4) were copolymerized with 12% polyacrylamide. NnV (5 ug)
was loaded in a non-reducing sample buffer before electrophoresis at 15 mA/gel at 4 °C.
The SDS was removed by washing the gel twice in 2.5% Triton X-100 for 20 min. The gel
was then incubated in 20 mM Tris (pH 7.4) and in 0.5 mM calcium chloride at 37 °C for
16 h before staining with 0.125% Coomassie blue. Where required, the metalloproteinase
protease inhibitors 1,10-phenanthroline, tetracycline, and EDTA were added to the incu-
bation buffer of the appropriate gel at a final concentration of 10 mM. The zymography
assay was performed as previously described. Clear zones in the gel indicate regions with
proteolytic activity.

5.4. Total RNA Extraction

Total RNA was extracted using a previously described method [31]. Briefly, lyophilized
tentacle powder was dissolved in lysis buffer, and total RNA was purified by ethanol
precipitation. The pellet was dissolved in diethyl pyrocarbonate-treated, nuclease-free
water and treated with DNase I (NEB, Ipswich, MA, USA). The total RNA was used as a
template for RACE after heat treatment at 75 °C for 10 min to inactivate the DNase 1.

5.5. Rapid Amplification of cDNA Ends (RACE)

The 3'-RACE PCRs used for the two genes were performed with specific forward
primers (JVMP17-1: 5-GATGGAGGACAGCAGACGAATGGC-3'; JVMP17-2: 5'-GGATAC-
CCAAGGAGCGTTTGGGAG-3') designed based on the transcriptome sequence data and
an oligo (dT);g primer. The 5'-RACE PCRs were performed using the SMARTer RACE
c¢DNA Amplification Kit (Clontech, Mountain View, CA, USA) according to the manufac-
turer’s instructions. First-strand cDNA for 5'-RACE was synthesized from total RNA with
gene-specific primers (JVMP17-1: 5-GTCCATCGTATCGGCCGTGACATC-3'; JVMP17-2:
5-GCGAGGTAGTTAAGTCCTTCCTGG-3') and the SMARTer II A oligonucleotide. The
5-RACE PCR was performed using an Advantage® 2 PCR Enzyme Kit (Clontech, Moun-
tain View, CA, USA). All PCR products were purified using an Expin™ PCR SV purification
kit (cat. no. 103-102; GeneAll Biotechnology Co., Ltd., Seoul, Republic of Korea), cloned
into the pGEM-T® Easy Vector System (Promega, Madison, WI, USA), and sequenced using
an ABI PRISM 3739 XL Genetic Analyzer (Applied Biosystems, Waltham, MA, USA).
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5.6. Genomic DNA Sequences of N. nomurai JVMP17-1 and JVMP17-2

Genomic DNA was purified from the whole body of the jellyfish using the cetyltrimethyl
ammonium bromide method [31]. Specific primers for the JVMP17-1 and JVMP17-2 ge-
nomic DNA sequences were designed based on their full-length cDNA sequences.

5.7. Nucleotide Sequence Analysis

A homology search of full-length cDNA sequences was performed using the NCBI
BLAST program (http:/ /www.ncbi.nlm.nih.gov/BLAST/, accessed date (10 March 2021)).
Protein domains were predicted using the InterProScan search tool (www.ebi.ac.uk/Tools/
InterProScan/, accessed date (5 June 2022)). The signal peptide cleavage site in the deduced
amino acid sequences was predicted using SignalP 4.1 (http:/ /www.cbs.dtu.dk/services/
SignalP, accessed date (5 June 2022)). The sequence identity values for the deduced amino
acid sequences are available on the EMBL-EBI website (http://www.ebi.ac.uk/Tools/
emboss/align/, accessed date (5 June 2022)).

All data used for statistical material can be found in the Supplementary Material
Figure S1 and Table S1.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/toxins14080519/s1, Figure S1. Alignment analysis of JVMP17-1 and 17-2
M domains compared to that of other SVMPs M domain. A8QL59: Naja atra, ABN72537: Bungarus
multicinctus, Q90ZI3: Protobothrops flavoviridis, Q8 AWI5: Gloydius halys, Q9DGB9: Crotalus atrox,
042138: Agkistrodon contortrix laticinctus, ABG26979: Sistrurus catenatus edwardsi, Q9w6Mb5:
Deinagkistrodono acutus, C9E1S0: Agkistrodon piscivorus leucostoma, C9E1RS8: Crotalus viridis,
093523.2: Bothrops jararaca, Q8QGS88: Bothrops insularis. Identical, similar, and weakly similar
amino acids are indicated by asterisks, colons and dots, respectively. Table S1. Comparison of N.
nomurai JVMP 17-1 and JVMP 17-2 deduced amino acid sequence with a BLAST analysis.

Author Contributions: E.K.: investigation, supervision, and project administration; D.H.H. mainly
performed the experiments and wrote the manuscript; Y.H., and Y.C.K., analyzed and interpreted the
data; K.K. and H.O. obtained the resources and carried out the validation; R.L.M.P,, R.S., and A.M.
interpreted and discussed the data. C.K. analyzed and discussed the data. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Research Foundation of Korea (no.
NRF-2021R111A306005711) from the Korean government and by a grant from the National Institute
of Fisheries Science (R2022052).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. El-Safory, N.S; Fazary, A.E.; Lee, C. Hyaluronidases, a Group of Glycosidases: Current and Future Perspectives. Carbohydr. Polym.
2010, 81, 165-181. [CrossRef]

2. Ramos, O.H.P; Selistre-de-Araujo, H.S. Snake Venom Metalloproteases—Structure and Function of Catalytic and Disintegrin
Domains. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2006, 142, 328-346. [CrossRef] [PubMed]

3.  Williams, H.E; Mellows, B.A.; Mitchell, R.; Sfyri, P; Layfield, H.J.; Salamah, M.; Vaiyapuri, R.; Collins-Hooper, H.; Bicknell, A.B.;
Matsakas, A.; et al. Mechanisms Underpinning the Permanent Muscle Damage Induced by Snake Venom Metalloprotease. PLoS
Negl. Trop. Dis. 2019, 13, e0007041. [CrossRef] [PubMed]

4. Lee, H,;Jung, ES.; Kang, C.; Yoon, W.D.; Kim, ].S.; Kim, E. Scyphozoan Jellyfish Venom Metalloproteinases and Their Role in the
Cytotoxicity. Toxicon 2011, 58, 277-284. [CrossRef] [PubMed]

5. Choudhary, I.; Hwang, D.H.; Lee, H.; Yoon, W.D.; Chae, J.; Han, C.H.; Yum, S.; Kang, C.; Kim, E. Proteomic Analysis of Novel
Components of Nemopilema Nomurai Jellyfish Venom: Deciphering the Mode of Action. Toxins 2019, 11, 153. [CrossRef]

6. Moura-da-Silva, A.M.; Baldo, C. Jararhagin, a Hemorrhagic Snake Venom Metalloproteinase from Bothrops jararaca. Toxicon 2012,

60, 280-289. [CrossRef]


http://www.ncbi.nlm.nih.gov/BLAST/
www.ebi.ac.uk/Tools/InterProScan/
www.ebi.ac.uk/Tools/InterProScan/
http://www.cbs.dtu.dk/services/SignalP
http://www.cbs.dtu.dk/services/SignalP
http://www.ebi.ac.uk/Tools/emboss/align/
http://www.ebi.ac.uk/Tools/emboss/align/
https://www.mdpi.com/article/10.3390/toxins14080519/s1
https://www.mdpi.com/article/10.3390/toxins14080519/s1
http://doi.org/10.1016/j.carbpol.2010.02.047
http://doi.org/10.1016/j.cbpc.2005.11.005
http://www.ncbi.nlm.nih.gov/pubmed/16434235
http://doi.org/10.1371/journal.pntd.0007041
http://www.ncbi.nlm.nih.gov/pubmed/30695027
http://doi.org/10.1016/j.toxicon.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21718715
http://doi.org/10.3390/toxins11030153
http://doi.org/10.1016/j.toxicon.2012.03.026

Toxins 2022, 14, 519 90f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

Bjarnason, J.B.; Fox, ].W. Hemorrhagic Metalloproteinases from Snake Venoms. Pharmacol. Ther. 1994, 62, 325-372. [CrossRef]
Fox, J.W,; Serrano, S.M. Structural Considerations of the Snake Venom Metalloproteinases, Key Members of the M12 Reprolysin
Family of Metalloproteinases. Toxicon 2005, 45, 969-985. [CrossRef] [PubMed]

Fox, J.W.; Serrano, S.M. Insights into and Speculations About Snake Venom Metalloproteinase (SVMP) Synthesis, Folding and
Disulfide Bond Formation and Their Contribution to Venom Complexity. FEBS J. 2008, 275, 3016-3030. [CrossRef] [PubMed]
Clemetson, K.J.; Morita, T.; Kini, R.M. Scientific and Standardization Committee Communications: Classification and Nomencla-
ture of Snake Venom C-Type Lectins and Related Proteins. ]. Thromb. Haemost. 2009, 7, 360. [CrossRef] [PubMed]

Uri, S.; Marina, G.; Liubov, G. Severe Delayed Cutaneous Reaction Due to Mediterranean Jellyfish (Rhopilema Nomadica)
Envenomation. Contact Dermat. 2005, 52, 282-283. [CrossRef] [PubMed]

Xiao, L.; He, Q.; Guo, Y.; Zhang, J.; Nie, F; Li, Y.; Ye, X.; Zhang, L.; Capillata, C. Cyanea Capillata Tentacle-Only Extract as a
Potential Alternative of Nematocyst Venom: Its Cardiovascular Toxicity and Tolerance to Isolation and Purification Procedures.
Toxicon 2009, 53, 146—152. [CrossRef] [PubMed]

Kang, C.; Jin, Y.B.; Kwak, J.; Jung, H.; Yoon, W.D.; Yoon, T.].; Kim, J.S.; Kim, E. Protective Effect of Tetracycline Against Dermal
Toxicity Induced by Jellyfish Venom. PLoS ONE 2013, 8, e57658. [CrossRef]

Hwang, D.H.; Lee, H.; Choudhary, I.; Kang, C.; Chae, ].; Kim, E. Protective Effect of Epigallocatechin-3-Gallate (EGCG) on Toxic
Metalloproteinases-Mediated Skin Damage Induced by Scyphozoan Jellyfish Envenomation. Sci. Rep. 2020, 10, 18644. [CrossRef]
[PubMed]

Mohan Prakash, R.L.M.; Hwang, D.H.; Hong, I.H.; Chae, ].; Kang, C.; Kim, E. Danio rerio as an Alternative Vertebrate Model for
Jellyfish Venom Study: The Toxinological Aspects of Nemopilema Nomurai Venom. Toxicol. Lett. 2020, 335, 91-97. [CrossRef]
Nevalainen, T.J.; Peuravuori, H.J.; Quinn, R.J.; Llewellyn, L.E.; Benzie, ]J.A.; Fenner, P.J.; Winkel, K.D. Phospholipase A2 in
Cnidaria. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2004, 139, 731-735. [CrossRef] [PubMed]

Helmholz, H.; Ruhnau, C.; Schiitt, C.; Prange, A. Comparative Study on the Cell Toxicity and Enzymatic Activity of Two Northern
Scyphozoan Species Cyanea capillata (L.) and Cyanea lamarckii (Péron & Léslieur). Toxicon 2007, 50, 53—64. [CrossRef]
Radwan, EE; Burnett, ].W.; Bloom, D.A.; Coliano, T.; Eldefrawi, M.E.; Erderly, H.; Aurelian, L.; Torres, M.; Heimer-de la Cotera, E.P.
A Comparison of the Toxinological Characteristics of Two Cassiopea and Aurelia Species. Toxicon 2001, 39, 245-257. [CrossRef]
Takeda, S.; Takeya, H.; Iwanaga, S. Snake Venom Metalloproteinases: Structure, Function and Relevance to the Mammalian
ADAM/ADAMTS Family Proteins. Biochim. Biophys. Acta 2012, 1824, 164-176. [CrossRef] [PubMed]

Krogh, S.; Jergensen, S.T.; Devine, K.M. Lysis Genes of the Bacillus subtilis Defective Prophage PBSX. J. Bacteriol. 1998,
180, 2110-2117. [CrossRef] [PubMed]

Dideberg, O.; Charlier, P; Dive, G.; Joris, B.; Frere, ].M.; Ghuysen, ]. M. Structure of a Zn 2 -Containing D-Alanyl-D-alanine-
Cleaving Carboxypeptidase at 2.5 A Resolution. Nature 1982, 299, 469—470. [CrossRef] [PubMed]

Charlier, P.; Dideberg, O.; Jamoulle, J.; Frere, J.; Ghuysen, J.; Dive, G.; Lamotte-Brasseur, J. Active-Site-Directed Inactivators of the
Zn2-Containing D-Alanyl-D-alanine-Cleaving Carboxypeptidase of Streptomyces albus G. Biochim. |. 1984, 219, 763-772. [CrossRef]
Smeets, T.].; Barg, E.C.; Kraan, M.C.; Smith, M.D.; Breedveld, EC.; Tak, P.P. Analysis of the Cell Infiltrate and Expression
of Proinflammatory Cytokines and Matrix Metalloproteinases in Arthroscopic Synovial Biopsies: Comparison with Synovial
Samples from Patients with End Stage, Destructive Rheumatoid Arthritis. Ann. Rheum. Dis. 2003, 62, 635-638. [CrossRef]
Hornebeck, W.; Maquart, EX. Proteolyzed Matrix as a Template for the Regulation of Tumor Progression. Biomed. Pharmacother.
2003, 57, 223-230. [CrossRef]

Van den Steen, PE.; Wuyts, A.; Husson, S.J.; Proost, P.; Van Damme, J.; Opdenakker, G. Gelatinase B/MMP-9 and Neutrophil
Collagenase/MMP-8 Process the Chemokines Human GCP-2/CXCL6, ENA-78/CXCL5 and Mouse GCP-2/LIX and Modulate
Their Physiological Activities. Eur. J. Biochem. 2003, 270, 3739-3749. [CrossRef] [PubMed]

Dufour, A.; Sampson, N.S.; Zucker, S.; Cao, J. Role of the Hemopexin Domain of Matrix Metalloproteinases in Cell Migration.
J. Cell. Physiol. 2008, 217, 643-651. [CrossRef] [PubMed]

Tolosano, E.; Altruda, F. Hemopexin: Structure, Function, and Regulation. DNA Cell Biol. 2002, 21, 297-306. [CrossRef] [PubMed]
Bloom, D.A.; Burnett, ] W.; Alderslade, P. Partial Purification of Box Jellyfish (Chironex Fleckeri) Nematocyst Venom Isolated at
the Beachside. Toxicon 1998, 36, 1075-1085. [CrossRef]

Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Heussen, C.; Dowdle, E.B. Electrophoretic Analysis of Plasminogen Activators in Polyacrylamide Gels Containing Sodium
Dodecyl Sulfate and Copolymerized Substrates. Anal. Biochem. 1980, 102, 196-202. [CrossRef]

Heo, Y.; Kwon, Y.C; Bae, S.K,; Hwang, D.; Yang, H.R.; Choudhary, I; Lee, H.; Yum, S.; Shin, K.; Yoon, W.D; et al. Cloning a
Chymotrypsin-Like 1 (CTRL-1) Protease cDNA from the Jellyfish Nemopilema Nomurai. Toxins 2016, 8, 205. [CrossRef] [PubMed]


http://doi.org/10.1016/0163-7258(94)90049-3
http://doi.org/10.1016/j.toxicon.2005.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15922769
http://doi.org/10.1111/j.1742-4658.2008.06466.x
http://www.ncbi.nlm.nih.gov/pubmed/18479462
http://doi.org/10.1111/j.1538-7836.2008.03233.x
http://www.ncbi.nlm.nih.gov/pubmed/19036075
http://doi.org/10.1111/j.0105-1873.2005.00582.x
http://www.ncbi.nlm.nih.gov/pubmed/15899003
http://doi.org/10.1016/j.toxicon.2008.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19026672
http://doi.org/10.1371/journal.pone.0057658
http://doi.org/10.1038/s41598-020-75269-1
http://www.ncbi.nlm.nih.gov/pubmed/33122740
http://doi.org/10.1016/j.toxlet.2020.10.012
http://doi.org/10.1016/j.cbpc.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15581805
http://doi.org/10.1016/j.toxicon.2007.02.014
http://doi.org/10.1016/S0041-0101(00)00121-5
http://doi.org/10.1016/j.bbapap.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21530690
http://doi.org/10.1128/JB.180.8.2110-2117.1998
http://www.ncbi.nlm.nih.gov/pubmed/9555893
http://doi.org/10.1038/299469a0
http://www.ncbi.nlm.nih.gov/pubmed/7121588
http://doi.org/10.1042/bj2190763
http://doi.org/10.1136/ard.62.7.635
http://doi.org/10.1016/S0753-3322(03)00049-0
http://doi.org/10.1046/j.1432-1033.2003.03760.x
http://www.ncbi.nlm.nih.gov/pubmed/12950257
http://doi.org/10.1002/jcp.21535
http://www.ncbi.nlm.nih.gov/pubmed/18636552
http://doi.org/10.1089/104454902753759717
http://www.ncbi.nlm.nih.gov/pubmed/12042069
http://doi.org/10.1016/S0041-0101(98)00096-8
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/0003-2697(80)90338-3
http://doi.org/10.3390/toxins8070205
http://www.ncbi.nlm.nih.gov/pubmed/27399771

	Introduction 
	Results 
	Metalloproteinases Components of NnV 
	Full-Length cDNA Sequence Analysis of N. nomurai JVMP17-1 and 17-2 
	Genomic DNA Sequences of N. nomurai JVMP17-1 and 17-2 

	Discussion 
	Conclusions 
	Materials and Methods 
	Jellyfish Collection and Nematocyst Preparation 
	Venom Preparation 
	Metalloproteinase Analysis of NnV 
	Total RNA Extraction 
	Rapid Amplification of cDNA Ends (RACE) 
	Genomic DNA Sequences of N. nomurai JVMP17-1 and JVMP17-2 
	Nucleotide Sequence Analysis 

	References

