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Abstract: Background: Medusozoans utilize explosively discharging penetrant nematocysts to inject
venom into prey. These venoms are composed of highly complex proteins and peptides with extensive
bioactivities, as observed in vitro. Diverse enzymatic toxins have been putatively identified in the
venom of jellyfish, Nemopilema nomurai and Cyanea nozakii, through examination of their proteomes
and transcriptomes. However, functional examination of putative enzymatic components identified
in proteomic approaches to elucidate potential bioactivities is critically needed. Methods: In this
study, enzymatic toxins were functionally identified using a combined approach consisting of in gel
zymography and liquid chromatography tandem mass spectrometry (LC-MS/MS). The potential roles
of metalloproteinases and lipases in hemolytic activity were explored using specific inhibitors. Results:
Zymography indicated that nematocyst venom possessed protease-, lipase- and hyaluronidase-class
activities. Further, proteomic approaches using LC-MS/MS indicated sequence homology of
proteolytic bands observed in zymography to extant zinc metalloproteinase-disintegrins and astacin
metalloproteinases. Moreover, pre-incubation of the metalloproteinase inhibitor batimastat with
N. nomurai nematocyst venom resulted in an approximate 62% reduction of hemolysis compared
to venom exposed sheep erythrocytes, suggesting that metalloproteinases contribute to hemolytic
activity. Additionally, species within the molecular mass range of 14–18 kDa exhibited both egg yolk
and erythrocyte lytic activities in gel overlay assays. Conclusion: For the first time, our findings
demonstrate the contribution of jellyfish venom metalloproteinase and suggest the involvement
of lipase species to hemolytic activity. Investigations of this relationship will facilitate a better
understanding of the constituents and toxicity of jellyfish venom.

Keywords: zymography; LC-MS/MS; enzymatic toxins; hemolysis; jellyfish metalloproteinase
inhibitors; PLA2 inhibitors; Nemopilema nomurai; Cyanea nozakii

1. Introduction

Jellyfish belong to the phylum Cnidaria, and comprise hydrozoans, scyphozoans and
cubozoans [1,2]. Cnidae are characteristic features of all cnidarians, and also the means with which
cnidarians capture prey and defend themselves. The number of jellyfish blooms occurring in the coastal
areas of the world has been increasing in recent decades [3,4]. A negative consequence of this massive
increase in jellyfish is the increasing number of jellyfish envenomations, one of the most commonly

Toxins 2017, 9, 47; doi:10.3390/toxins9020047 www.mdpi.com/journal/toxins

http://www.mdpi.com/journal/toxins
http://www.mdpi.com
http://www.mdpi.com/journal/toxins


Toxins 2017, 9, 47 2 of 18

occurring marine envenomations. The symptoms induced by jellyfish stings vary depending on the
jellyfish species. For instance, stings from a cubozoan, such as Chironex fleckeri, may induce rapid,
life-threatening respiratory and cardiovascular arrest [5–7]. Jellyfish nematocyst venom, composed
of highly complex and toxic mixtures of proteins and peptides, is the underlying basis of severe
envenomations. To date, some biological activities of these proteinaceous mixtures have been observed,
including hemolytic [8,9], insecticidal [10,11], cardiotoxic [12,13] and cytotoxic [14,15] activity.

The jellyfish Nemopilema nomurai and Cyanea nozakii are the major blooming species along the
coast of China in the Yellow Sea. Although they are not as toxic as cubozoans, severe envenomations
by these jellyfish are common, and the public concern regarding human health related to these
envenomations in China’s coastal areas during the summer is increasing. Clinical manifestations
include itching, swelling, acute pain, local erythrosis, and inflammation, and in severe cases,
victims may die within hours [16]. However, the principal pathophysiological components and
mechanisms of action have yet to be determined. Numerous efforts have been made to bridge this
knowledge gap. Applications of proteomics and transcriptomics to elucidate jellyfish venom have
suggested that many proteins in jellyfish venom exhibit notable sequence homologies with known
enzymatic toxins, such as metalloproteinase and phospholipase A2 (PLA2) toxins, at the proteomic
and transcriptomic levels [16,17]. In accordance with these proteomic and transcriptomic data,
previous study demonstrated that N. nomurai and C. nozakii nematocyst venom possessed significant
metalloproteinase and PLA2-like activities by biochemical and kinetic analysis [18]. Interestingly,
metalloproteinases and PLA2s from other venomous animals, such as snakes and scorpions, have been
found to mediate the toxic effects that occur after envenomation [19]. These findings suggest that toxin
species with homology to known enzymes may contribute to the envenomation related pathogenic
sequelae. However, while proteomic and transcriptomic data provide important information, direct
experimental studies are needed to explore whether these enzymatic constituents play a functional
role in jellyfish envenomation.

To explore the potential role of the enzymatic toxins in jellyfish venom cocktails in biological
activities in vitro, we chose hemolytic activity, which is the most well characterized activity in jellyfish
venom research, as a core functional assay. In this study, a liquid chromatography tandem mass
spectrometry (LC-MS/MS) paired structure function study was performed to characterize bands
obtained from in gel zymography. Specifically, nematocyst venoms from N. nomurai and C. nozakii
were separated on non-reducing gels to assay for protease, lipase, and hyaluronidase as well as
cytolytic constituents. Additionally, class specific inhibitors were used to begin to clarify the precise
biochemical activities of species with sequence homologies to metalloproteinases, PLA2. Our findings
suggest that diverse functional proteases were included in jellyfish nematocyst venom, and they
were putatively identified as metalloproteinases. Moreover, the metalloproteinases and PLA2-specific
inhibitor sensitive species were found to contribute to the hemolytic activity of jellyfish venom by
employing selective inhibitors, batimastat and varespladib.

2. Results and Discussion

2.1. Evaluation of the Molecular Mass of the Enzymatic Components by Zymography Assays

Figure 1 shows that N. nomurai nematocyst venom (NnNV) and C. nozakii nematocyst venom
(CnNV) utilized gelatin, casein and fibrin as substrates in a venom-concentration dependent manner.
In addition, various zymolytic band patterns were detected in the zymograms of proteolytic enzymes,
which imply variations between the enzymatic components of NnNV and CnNV. More activity was
detected with the substrate gelatin than casein (Figure 1A). In gelatin zymogram, the intensity of the
band with a molecular weight of ~57 kDa was the highest among all detected zymolytic bands, even
when the substrate gel was loaded with ~7 µg of CnNV protein. In contrast to gelatin zymogram, fewer
bands emerged for caseinolytic activity, and the intensities of the zymolytic bands were markedly
decreased (Figure 1B). Comparative zymography using casein as the substrate, showed less activity in
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CnNV samples than that in NnNV. In Figure 1C, both NnNV and CnNV showed weak proteolytic
activity toward 0.12% (w/v) fibrin at a venom concentration range of 7 µg~29 µg. CnNV exhibited
fibrinolytic activity at about 57 kDa while NnNV exhibited slight activity at ~66 kDa.
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Figure 1. Zymograms of proteolytic enzymes in jellyfish nematocyst venom. In the protease
zymograms, three different substrates: gelatin (0.2% w/v) (A); casein (0.2% w/v) (B); and fibrin
(0.12% w/v) (C), were used and the protease activity appeared as clear bands or regions. White arrow
indicates that only CnNV exhibited fibrinolytic activity at ~57 kDa and NnNV exhibited slight activity
at ~66 kDa. M, marker.

The zymograms of the venom revealed a high abundance of gelatinases, caseinolytic enzymes and
fibrinases in NnNV and CnNV, most of which possessed relatively high molecular masses ranging from
~45 kDa to ~200 kDa. The current findings are consistent with the findings of previous reports [20] and
highlight the proteases with high molecular masses.

A venom-concentration dependent zone of egg yolk lysis was observed in Figure 2A, in both
NnNV and CnNV samples with an approximate molecular mass of 14–18 kDa. Egg yolk is not a specific
substrate for PLA2, and it can be hydrolyzed by many types of lipases, including phospholipases such
as phospholipase A (PLA) and phospholipase C (PLC) [21], so the nature of the protein responsible for
egg yolk lysis remains unknown. Based upon the molecular mass and previous published findings,
another possible contributor to egg yolk hydrolysis is the small (13~19 kDa) secretory PLA2 class
lipases. PLA2-like activity has been extensively reported using 14C-labelled arachidonic acid in the sn-2
position or 4-nitro-3-octanoyloxybenzoic acid as substrates in various cnidarians, including Cyanea
capillata, Cyanea lamarckii (Pe′ron and Le′slieur) and Olindias sambaquiensis [22–24]. Moreover, when
sheep erythrocytes were added into the substrate gel, marked hemolysis occurred at the location where
the lipase hydrolyzed the egg yolk substrate (Figure 2B).

Hyaluronic acid zymogram analysis further revealed two molecular weight species (~48 kDa
and ~105 kDa) exhibiting concentration-dependent lysis of hyaluronic acid (Figure 3). However,
no hyaluronidase activity was detected in CnNV hyaluronidase zymogram. These current findings
are, however, contradictory to a previous study in which N. nomurai venom was unable to degrade
hyaluronic acid [20]. This discrepancy, we think, may partially result from the venom variation and
nematocyst purity used for venom extraction.



Toxins 2017, 9, 47 4 of 18
Toxins 2017, 9, 47  4 of 17 

 

 

Figure  2.  (A)  lecithinolytic  activity  of  N.  nomurai  nematocyst  venom  (NnNV)  and  C.  nozakii 

nematocyst venom (CnNV). The lecithinolytic activity was assayed using egg yolk as substrate. After 

electrophoresis  under  non‐reducing  conditions,  the  resolving  gel was  further  overlaid  onto  the 

substrate gel containing egg yolk lecithin, instead of staining with Coomassie blue R‐250, to allow the 

diffusion of lipase‐class enzymes into the substrate gel and then incubated at 37 °C to visualize the 

transparent zone against the yellow background. (B) Hemolysis zymogram on a gel containing 10% 

egg yolk and 3% sheep erythrocytes. This hemolysis zymogram was used  to analyze  the possible 

involvement of lipase‐class enzymes in NnNV and CnNV in hemolytic activity. Arrows indicate the 

lecithinolytic activity or hemolysis. (C) SDS‐PAGE profiles of NnNV and CnNV under non‐reducing 

conditions and stained with 0.25% Coomassie blue R‐250. 

 

Figure 3. Zymogram of hyaluronidase. In hyaluronidase zymogram, 0.17 mg/mL hyaluronic acid was 

incorporated  into  the resolving gel  for electrophoresis  together with 10–50 μg of NnNV or CnNV 

under non‐reducing conditions. The substrate gel was stained with 0.1% alcian blue and the presence 

of clear translucent bands against the dark blue background reveals the existence of hyaluronidase. 

CnNV was  found  incapable  of degrading hyaluronic  acid under  the  experimental  conditions.  In 

addition, as negative controls, 20 μg of NnNV and CnNV were boiled for 10 min at 100 °C to inactivate 

the hyaluronidases. Arrows indicate the existence of hyaluronidases. M, markers. 

2.2. Venom Protein Profiling by LC‐MS/MS 

Figure 2. (A) lecithinolytic activity of N. nomurai nematocyst venom (NnNV) and C. nozakii
nematocyst venom (CnNV). The lecithinolytic activity was assayed using egg yolk as substrate. After
electrophoresis under non-reducing conditions, the resolving gel was further overlaid onto the substrate
gel containing egg yolk lecithin, instead of staining with Coomassie blue R-250, to allow the diffusion
of lipase-class enzymes into the substrate gel and then incubated at 37 ◦C to visualize the transparent
zone against the yellow background. (B) Hemolysis zymogram on a gel containing 10% egg yolk and
3% sheep erythrocytes. This hemolysis zymogram was used to analyze the possible involvement of
lipase-class enzymes in NnNV and CnNV in hemolytic activity. Arrows indicate the lecithinolytic
activity or hemolysis. (C) SDS-PAGE profiles of NnNV and CnNV under non-reducing conditions and
stained with 0.25% Coomassie blue R-250.
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2.2. Venom Protein Profiling by LC‐MS/MS 

Figure 3. Zymogram of hyaluronidase. In hyaluronidase zymogram, 0.17 mg/mL hyaluronic acid was
incorporated into the resolving gel for electrophoresis together with 10–50 µg of NnNV or CnNV under
non-reducing conditions. The substrate gel was stained with 0.1% alcian blue and the presence of clear
translucent bands against the dark blue background reveals the existence of hyaluronidase. CnNV
was found incapable of degrading hyaluronic acid under the experimental conditions. In addition,
as negative controls, 20 µg of NnNV and CnNV were boiled for 10 min at 100 ◦C to inactivate the
hyaluronidases. Arrows indicate the existence of hyaluronidases. M, markers.
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2.2. Venom Protein Profiling by LC-MS/MS

To investigate the structural basis of the function observed in the zymography assays, LC-MS/MS
analysis of tryptic peptides was performed after one-dimensional SDS-PAGE separation of jellyfish
nematocyst venom under non-reducing conditions. Gel slices (n = 9) bearing different enzymes
according to the zymography assays were excised as shown in Figure 4A. Figure 4B shows an
overview of the results of the proteomic identification of the potential enzymatic and non-enzymatic
toxins obtained by searching tryptic peptides in the UniProt animal venom and toxins database [25].
The putative enzymes identified from tryptic digests of NnNV and CnNV (45–66 kDa) are listed
in Tables S1 and S2. The potential proteases responsible for the proteolytic activity observed in the
zymography assays showed some homology to zinc metalloproteinase-disintegrin-like and astacin-like
metalloproteinases. Disintegrin-like and astacin-like metalloproteinases have been suggested in
scyphozoan [16,17,26], cubozoan [27] and hydrozoan [28,29] jellyfish venom, which indicates the
extensive distribution of these toxin families among cnidarians.

Interestingly, one potential toxin metalloproteinase identified in CnNV-2 (~55 kDa) was
homologous with zinc metalloproteinase-disintegrin-like VAP2A from Crotalus atrox, which has a
molecular mass of approximately 55 kDa in the absence of a reducing regent [30]. Since CnNV
showed significant proteolytic activity at ~57 kDa, this homologue was strongly suggested to have
contributed to the proteolysis observed in the protease zymograms (Figure 1). Moreover, putative
metalloproteinases that were homologous with zinc metalloproteinase carinactivase-1 (Q9PRP9) from
Echis carinatus and astacin-like metalloprotease toxin 1 (A0FKN6) from Loxosceles intermedia, which
had previously been suggested in the N. nomurai proteome [17], were also detected at 35–46 kDa,
corresponding to the gel bands NnNV-2–NnNV-4 (Table S2). Combining the protease zymograms with
LC-MS/MS identification suggested a group of active metalloproteinases in scyphozoan venom, but
the biological significance of the abundant metalloproteinases in the stinging nematocysts remains
unclear. The metalloproteinases in jellyfish nematocyst venom might serve to digest prey through
their proteolytic effects on various protein substrates or might function as toxins. Snake venom
metalloproteinases (SVMPs) are multifunctional proteins and important sources of new enzymes
with therapeutic potential. In this study, various proteases with relatively high molecular masses
were observed in zymography assays, and are in contrast to the lower molecular weight rattlesnake
venom metalloproteinases species (e.g., 19–37 kDa and 53 kDa) [31]. Therefore, the high abundance of
metalloproteinases in jellyfish venom may provide a new source of novel metalloproteinases.

In addition to the lipase-class enzymes indicated by zymography (Figure 2), other lipases,
including the phospholipases D (PLD) and phospholipase A1 (PLA1), as suggested at the proteomic
level, are potential constituents of jellyfish nematocyst venom (Tables S1 and S2). PLD, known as
dermonecrotic toxin, is the most well characterized toxin in spider venom and is mainly responsible for
local and systemic spider-bite-induced symptoms, including dermonecrosis and intense inflammatory
reactions [32,33]. Of note, the PLD family has been identified in the C. capillata transcriptome [34], and
the present study provides the first indication that PLD-like toxins might exist in NnNV and CnNV at
the proteomic level.

Hyaluronidases in snake venom are known to be an important group of enzymes that degrade
hyaluronic acid in the extracellular matrix of local tissues and therefore facilitate the spreading of
venom in prey or humans after a snake bite [35]. In this study, hyaluronidases were identified
functionally by in gel zymography as well as using proteomic approaches in N. nomurai venom for
the first time. The distribution of these enzymes in the gel slices was much lower than those of
the metalloproteinases and phospholipases (Figure 4B). This result agrees with the zymogram of
hyaluronidase, which only showed two transparent bands against the blue background above 45 kDa
(Figure 3).
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Figure 4. (A) SDS-PAGE profile of NnNV and CnNV under non-reducing conditions. The resulting
gels were excised into nine sections, as indicated by the dashed line. These sections demonstrated
protease and phospholipase activities in zymography. (B) Overall view of the LC-MS/MS identification
results of enzymatic and non-enzymatic components in the digests of NnNV and CnNV band
slices. The distribution and proportions (%) of potential enzymatic components in different band
slices of NnNV and CnNV are indicated by different colors. (C) Representative MS2 spectrum and
corresponding sequences of peptide fragments from CfTX-1 or CfTX-2 identified in tryptic peptides of
NnNV-3–NnNV-4 or CnNV-2–CnNV-3.

Apart from the metalloproteinases, lipases and hyaluronidases revealed in the zymography
assays, other toxin enzymes, such as serine proteases and L-amino acid oxidases (LAAOs), were also
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detected in NnNV and CnNV (Figure 4B). Increasing number of reports focus on the experimental
characterization of toxin enzymes in jellyfish venom. The functional activity and cDNA sequence of N.
nomurai chymotrypsin protease has recently been reported [36]. Moreover, nematocyst venom from the
hydrozoan jellyfish O. sambaquiensis was also observed to have considerable serine protease activity,
which was comparable to that of Bothrops snakes venom [24].

2.3. Hemolytic Activity and the Roles of Metalloproteinase- and Lipase-Class Species in Hemolysis

The hemolytic effects of NnNV and CnNV were assessed using a sheep erythrocyte suspension.
Figure 5A shows that NnNV, with an HU50 value equal to 75.4± 1.0 µg protein/mL (n = 3, R2 = 0.9989),
was more hemolytic than CnNV toward sheep erythrocytes. However, the HU50 value of CnNV was
not determined because even high concentration of CnNV (protein concentration, 937.5 µg/mL) only
induced 62.5% ± 0.5% (n = 3) erythrocyte lysis (Figure 3A).Toxins 2017, 9, 47  9 of 17 
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Figure 5. (A) Hemolytic activity of NnNV and CnNV assayed with 1% sheep erythrocytes. The
error bars are within the symbol. The dotted line represents 50% hemolysis of 1% sheep erythrocytes.
(B) Effects of class-specific inhibitors on hemolytic activity. EDTA (3.85 mM, final concentration), EGTA
(3.85 mM), 1,10-PHE (3.85mM), DTT (3.85 mM), BMT (40 µM), and p-BPB (2.5 mM) were pretreated
with NnNV for 30 min at 37 ◦C, and the residual hemolytic activity was then measured. (C) Effects of
metalloproteinase inhibitors, EDTA and BMT, on the metalloproteinase activity of NnNV. Assays were
conducted using a common protease substrate azocasein. (D) Effect of PLA2 inhibitor, varespladib, on
the phospholipases activity of NnNV assayed with a chromogenic substrate NOBA. The inhibitory
effects of: varespladib (E); or varespladib in combination with EDTA (F) at different concentrations
on hemolytic activity of NnNV. All the results are expressed as the mean ± S.E.M. and at least three
replicates were set for each assay. * p < 0.05 and *** p < 0.001 are considered significant. Abbreviations:
EDTA, ethylenediaminetetraacetic acid; BMT, batimastat; EGTA, ethylene glycol-bis(β-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid; 1,10-PHE, 1,10-phenanthroline; DTT, dithiothreitol; Ve, varespladib.

The potential roles of NnNV metalloproteinases and lipase-class enzymes in hemolytic activity
were examined for the first time in this study. Although extensive hemolysis was observed in
jellyfish venom extracted from the whole tentacle tissues or isolated nematocysts, the chemical
nature of the toxins underlying the hemolytic effects was unclear. Previous studies have suggested
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that cytolysins or pore-forming toxins, such as CfTX-1/2, CaTX-A, CrTXs and CqTX-A, possess a
highly conserved transmembrane spanning region (TSR1) and might act through a pore-forming
mechanism to exert hemolytic effects [37–39]. The correlation between hemolytic activity and the
enzymatic properties of jellyfish venom has rarely been investigated. In an earlier study, crude
venom from the jellyfish Carybdea alata, now classified as Alatina alata [40,41], that was incubated with
20 mM of ethylenediaminetetraacetic acid (EDTA) lost all its hemolytic activity, and the authors
addressed the importance of divalent ions, such as Ca2+ and Mg2+, in hemolytic activity [42].
The effects of divalent ions on hemolytic effects have been extensively investigated and found to
vary depending on the jellyfish species. Among these ions, metal ions, such as Cu2+ and Mn2+,
have been reported to inhibit the hemolytic activity of jellyfish venom, whereas determination of
the effects of other divalent ions, such as Ca2+, Mg2+, Sr2+, and Ba2+ was inconclusive, with varying
effects depending on the jellyfish species and ion concentration [8,42,43]. Ca2+ was found to increase
hemolytic activity in a concentration-dependent manner below 1 mM, while appearing to exert
no influence at relatively higher concentrations (1–2 mM and 10 mM). Mg2+, Sr2+, and Ba2+ were
found to have similar effects on the hemolytic activity of C. nozakii venom, while 10 mM Mg2+

and Ba2+ inhibited the hemolytic activity of Pelagia noctiluca venom to different extents. Whether
divalent ions modulated hemolytic activity by influencing the enzymatic activity of jellyfish venom
remains unknown. To investigate the potential roles of metalloproteinases and PLA2-like toxins in
hemolytic activity in vitro, NnNV was incubated with metalloproteinase inhibitors, EDTA, EGTA,
1,10-phenanthroline and batimastat, or PLA2 inhibitors, p-bromophenacyl bromide and varespladib,
at 37 ◦C for 30 min, and the hemolytic activity was measured. Metalloproteinase inhibitors, EDTA,
EGTA and 1,10-phenanthroline [44], significantly protected sheep erythrocytes from lysis (Figure 5B),
which suggests that enzymatic components, such as metalloproteinases and PLA2-like toxins, might
contribute to the hemolytic effects towards sheep erythrocytes. Because metalloproteinase inhibitors,
such as EDTA, inhibited metalloproteinases, PLA2s [45,46] as well as many other potential venom
components such as pore forming toxins, a highly specific metalloproteinase inhibitor, batimastat,
was used. When NnNV was pre-incubated with 40 µM of batimastat, only 38.3% ± 2.4% (n = 3)
lysis occurred, which was significantly lower than that observed in the untreated venom (p < 0.0001)
and with other metalloproteinase inhibitors (p < 0.05). Moreover, EDTA and batimastat were found
to concentration-dependently inhibit NnNV metalloproteinases, and batimastat is observed to have
higher inhibitory efficiency than EDTA below 200 µM (Figure 5C). Although the biofunctional role of
the high abundance of metalloproteinases in scyphozoan venom remains elusive, the current findings
indicate that metalloproteinases might be involved in hemolysis in vitro. Studies have revealed that
metalloproteinases in snake venom mediate various pathological symptoms, including hemorrhage,
edema, inflammation, and muscle necrosis [47]. Previous studies have also demonstrated that
scyphozoan jellyfish metalloproteinases might be involved in cytotoxicity [20] and severe TE-induced
liver and kidney hemorrhagic injuries [48]. These observations highlight the multi-functionality of
metalloproteinases from various animal toxins. To further understand the medical relevance of the
enzymatic components of jellyfish envenomations, much work is needed, including the identification
and separation of additional jellyfish metalloproteinases.

As reported, the PLA2 inhibitor p-bromophenacyl bromide (p-BPB) can modify the His48
residue, which is conserved in PLA2s and is essential for enzymatic activity [49]. However,
in this study NnNV modified by p-BPB still exhibited considerable hemolysis (Figure 5B). To
determine the potential involvement of secretory PLA2 in hemolytic activity, a specific secretory
PLA2 inhibitor, varespladib [50], is used in this study. Figure 5D shows that varespladib exhibited
concentration-dependent inhibition against NnNV lipases from 400 µM to 1000 µM, however the
inhibitory effect was almost negligible below 400 µM. The effect of varespladib to inhibit hemolysis
was also examined. Potent inhibition of sheep erythrocyte hemolysis was observed after venom
pre-incubation with very low concentrations of varespladib (Figure 5E). The minimum concentration
was 1.6 µM. This finding is most remarkable and unprecedented. In phospholipase inhibition assay,
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the specific PLA2 substrate, chromogenic 4-nitro-3-octanoyloxybenzoic acid (NOBA) was used [51–53],
to provide clarification to the egg yolk zymography data since egg yolk may be hydrolyzed by
many types of lipases. NOBA was originally used to measure the PLA2 activity in snake venom
research, however this chromogenic substrate was not very specific to PLA2 because PLA1 and
phospholipase B (PLB) also utilize NOBA as substrate [54]. The phenomenon that relatively high
and presumably non-specific concentrations of varespladib (>400 µM) were needed in phospholipase
inhibition assay may be explained by the possible involvement of other phospholipases in degrading
the substrate NOBA. Alternatively, the venom PLA2 exhibits differential sensitivity to this specific
inhibitor. The concentration difference that varespladib shows in inhibiting phospholipase activity
and hemolytic activity of NnNV may also indicate the key role of PLA2-specific inhibitor sensitive
species in NnNV-induced hemolysis. Whether this PLA2-specific inhibitor sensitive species is a
member of the secretory PLA2 family, porins or other yet to be determined proteins requires further
investigation. Interestingly, we observed that varespladib in combination of different concentrations of
EDTA significantly inhibited the hemolysis while EDTA (<0.5 mM) alone failed to exhibit any hemolysis
inhibitory effects (Figure 5F). In fact, the hemolytic effects of many PLA2s from other venomous animals,
including snakes, corals, and scorpions, have been extensively documented [55–57]. However, PLA2s
that lack hemolytic activity were also found in the nematocyst venom of a sea anemone [46,58]. These
findings highlight the variations and versatility of PLA2s from different venomous species. Jellyfish
and sea anemones constitute a sister group of the Cnidaria. However, no PLA2s had been previously
isolated from jellyfish venom and their biological activities were still unknown. The observation that
N. nomurai PLA2-like toxins are hemolytic underlines the necessity to investigate the PLA2 in jellyfish
nematocyst venom.

Despite the importance of the metalloproteinases and PLA2-like toxins in jellyfish venom in terms
of hemolytic effects, the roles of non-enzymatic components or other enzymatic constituents should not
be neglected considering the considerable hemolysis observed after the inhibition of NnNV by EDTA,
ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), batimastat and varespladib
(Figure 5). This remaining hemolysis might be attributed to other non-enzymatic components, such
as cytolysins. According to earlier reports, the molecular weights of the CfTX toxin family, including
CaTX, CrTX, and CqTX, were all approximately 45 kDa, as estimated by SDS-PAGE [37,39,59–61].
Accordingly, the CfTX toxin family was exclusively found in the gel bands of CnNV (~45–55 kDa) and
NnNV (~35–46 kDa) (Table S3, Figure 4C). Although the proteomic data used for the identification
of CfTX toxins were not of high quality, this result was unexpected because previous transcriptomic
and proteomic analyses of venom from the jellyfish S. meleagris did not reveal any members of this
toxin family [17,62]. However, in the tentacle transcriptome of the jellyfish C. capillata, researchers
identified a transcript (Unigene6213) with a predicted transmembrane spanning region (TSR1) that
had high similarity to other cnidarian cytolysins [34]. Moreover, increasing evidence has revealed that
homologues of the CfTX toxin family are not confined to cubozoan nematocyst venom but can also be
detected in the proteomes of scyphozoan nematocyst venom, including the jellyfish C. capillata [34],
Aurelia aurita [63], Chrysaora fuscescens [26] and Chrysaora quinquecirrha [61]. The current observations
support the idea that members of the CfTX-like toxin family could be constituents of NnNV and CnNV,
although their abundance was not high as that in the box jellyfish C. fleckeri.

3. Conclusions

In conclusion, LC-MS/MS identification data further elucidate the functional basis of jellyfish
venom on various substrates in zymography assays and an emerging picture suggests that
metalloproteinases, lipases and hyaluronidases are key components. Moreover, specific inhibitors,
batimastat and varespladib, were found to inhibit metalloproteinases and lipolytic enzymes in jellyfish
venom, which strongly suggest the provisional identities assigned by LC-MS/MS data. However,
these identity assignments are still tentative because we found the concentration range of varespladib
required for PLA2 inhibition was far higher than that required for snake secretory PLA2. These results
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may indicate the possible involvement of other types of lipases, such as PLD and PLA1, in catalytic
hydrolysis of egg yolk or NOBA by NnNV. Interestingly, when varespladib was used in hemolytic
assays, a significant loss of the hemolytic effects of NnNV was observed at micromolar concentrations.
Thus, PLA2-specific inhibitor sensitive species may be suggested as the key hemolysis-inducing
component in NnNV. Further, direct evidence that NnNV lipases (or another yet to be determined
varespladib-sensitive toxin), induce egg yolk lysis and sheep erythrocytes hemolysis with molecular
masses of 14–18 kDa was demonstrated. NnNV PLA2 may only exhibit limited catalytic activity yet
still insert into RBC lipid bilayer and effect hemolysis. Future studies are merited to clarify the role
of NnNV PLA2 and other lipase species. NnNV metalloproteinases were also found to contribute
to the hemolytic effects of NnNV by employing a panel of metalloproteinase inhibitors, batimastat,
EDTA and 1,10-phenanthroline. These data provide key clues in the elucidation of mechanistic basis of
jellyfish venom induced biological activities and will lead to potential therapeutic targets for treating
jellyfish stings.

Although we sought to elucidate the enzymatic constituents of scyphozoan venom and their
potential functional roles in hemolytic activity, these findings demonstrate the need for as well as
inform additional studies to further elucidate the key toxins involved. LC-MS/MS identification
of tryptic peptides offers limited information on the identities of enzymatic components in jellyfish
venom, so functional and inhibitor specific effects-guided isolation of specific enzymes, such as
metalloproteinase and PLA2, should be conducted in the near future.

4. Materials and Methods

4.1. Samples

All the jellyfish species used in this study, N. nomurai and C. nozakii, were collected in the village of
Huangshan in Qingdao, Shandong Province, China, in August 2013. After capture, the fishing tentacles
of both scyphozoans were excised immediately and pooled in plastic zip-pack bags for storage at
−80 ◦C. In China, the coastal waters usually gather numerous jellyfish during the summer, and the
number of jellyfish has been increasing [3]. Because jellyfish are not endangered or protected in China,
fishing for jellyfish is permitted by the department of fisheries.

4.2. Isolation of Nematocysts and Venom Extraction

The fishing tentacles of jellyfish were used to isolate the nematocysts, as described in the
literature [64,65] with a slight modification. Briefly, the frozen tentacles were taken out from −80 ◦C
freezer and thawed in seawater for one day to allow the autolysis of the tentacles at 4 ◦C. On the
second day, the supernatant of the mixtures was gently poured out, and fresh natural seawater
was added. This procedure was repeated for several days. Then, the remaining tentacle tissue was
removed by a 200-mesh plankton net. The filtrate was collected and then subject to centrifugation
at 1500× g for 10 min at 4 ◦C. Nematocysts were further obtained by collecting the resulting pellet.
Venom preparation was conducted from the resulting nematocysts using the methods described
by Rongfeng Li [66]. Briefly, the nematocysts were suspended in cold NEB (nematocyst extraction
buffer, 20 mM PO3−

4 , 150 mM NaCl, pH 7.4) and extracted employing Ultra-Turrax JY92-II (Scientz,
Ningbo, China) at 400 W for 90 cycles. The extraction condition was set as follows: each cycle
contains 10 s of sonication and 15 s of rest on ice. The venom extracts were pooled and centrifuged at
15,000× g for 20 min at 4 ◦C. The protein concentration of both venom samples was determined using
Folin-Phenol reagent (DingGuo ChangSheng Biotechnology Co. Ltd., Beijing, China) according to the
manufacturer’s instructions.

4.3. SDS-PAGE Analysis

Twelve percent SDS-PAGE electrophoresis was performed according to Laemmli’s method [67]
under non-reducing conditions. Briefly, under non-reducing conditions, 40 µL of NnNV (1.45 µg/µL)
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or CnNV (1.87 µg/µL) were treated with 10 µL of non-reducing 5 × sample buffer (0.5 M Tris-HCl,
pH 6.8, 50% (v/v); SDS, 100 mg/mL; glycerol, 30% (v/v); bromophenol blue, 0.5 mg/mL). These
samples were incubated at room temperature for 5 min in the absence of heat (100 ◦C for 10 min) and a
reducing agent (β-mercaptoethanol). Then, approximately 30 µg of protein from NnNV, CnNV and
10 µL of molecular weight standards were loaded onto Mini-PROTEAN® TGX™ gels (Bio-Rad,
Hercules, CA, USA) and run in electrophoresis buffer containing 25 mM Tris, 192 mM glycine and 1%
SDS under non-reducing conditions. Electrophoresis was carried out at 120 V for approximately 90 min
at 4 ◦C using a Mini-PROTEAN Tetra apparatus (Bio-Rad, Hercules, CA, USA). After electrophoresis,
the protein bands were visualized by staining with 0.25% Coomassie Brilliant Blue R-250. The following
molecular weight standards were used in this study: Bio-Rad broad range standards (aprotinin, 6.5 kDa;
lysozyme, 14.4 kDa; trypsin inhibitor, 21.5 kDa; carbonic anhydrase, 31.0 kDa; ovalbumin, 45.0 kDa;
serum albumin, 66.2 kDa; phosphorylase b, 97.4 kDa; β-galactosidase, 116.25 kDa; and myosin,
200.0 kDa) (Bio-Rad, Hercules, CA, USA) or unstained protein marker (lysozme, 14.4 kDa;
β-lactoglobulin, 18.4 kDa; REase Bsp98l, 25.0 kDa; lactate dehydrogenase, 35.0 kDa; ovalbumin,
45.0 kDa; bovine serum albumin, 66.2 kDa; β-galactosidase, 116.0 kDa) (Thermo Scientific, Waltham,
MA, USA).

4.4. In Gel Zymography of Proteases, Lipases and Hyaluronidases

4.4.1. Zymography of Proteases

The proteolytic enzymes in jellyfish venom were examined using zymography methods [68].
Briefly, the substrates gelatin and casein were polymerized into 12% SDS-PAGE gels at a final
concentration of 0.2% (w/v). The cross-linked fibrin gel was prepared by incorporating 100 µL
of thrombin (Sigma, St. Louis, MO, USA, 10 NIH/mL) into an SDS-PAGE gel matrix containing 0.12%
(w/v) fibrinogen from human plasma and polymerized overnight [69]. These substrate gels were
loaded with various amounts of NnNV or CnNV and run at 120 V and 4 ◦C for approximately 120 min
under non-reducing conditions. The gels were then washed twice for 40 min in 2.5% Triton X-100
followed by washing twice for 30 min in assay buffer (50 mM Tris-HCl, 200 mM NaCl, 5 mM CaCl2,
pH 8.8). After incubating in assay buffer for 24 h, the substrate gels were stained with 0.25% Coomassie
blue R-250 and then destained with a methanol:glacial acetic acid:distilled water (5:1:4) solution.

4.4.2. Zymography of Lipases

The molecular weights of the PLA2s-like toxins in jellyfish venom were evaluated by zymography
of lipases [70]. Briefly, various amounts of NnNV and CnNV were electrophoresed at 120 V and 4 ◦C
on a 12% polyacrylamide gel under non-reducing conditions. The gel was washed twice for 40 min
in 50 mM Tris-HCl, pH 7.6, containing 2.5% (v/v) Triton X-100. Then, the gel was washed twice for
30 min in 50 mM Tris-HCl, 100 mM NaCl and 5 mM CaCl2 (pH 8.0). The gel was then incubated for
12 h at 37 ◦C over a 1.0% (w/v) agarose gel prepared in 50 mM Tris-HCl, 100 mM NaCl and 5 mM
CaCl2 (pH 8.0) and 10.0% egg yolk. Clear zones against the yellow background may indicate the
presence of lipases in the jellyfish venom.

4.4.3. Zymography of Hemolytic Proteins

To detect the hemolytic components in jellyfish venom, a modified zymography method was
used according to the literature [71]. Briefly, various amounts of NnNV or CnNV was run (120 V,
4 ◦C, 120 min) under non-reducing conditions. The gel was then washed twice for 30 min with
20 mM Tris-HCl (pH 7.4) containing 2.5% (v/v) Triton X-100. Then, the gel was further washed twice for
30 min in 50 mM Tris-HCl, 100 mM NaCl and 5 mM CaCl2 (pH 8.0), to remove the SDS and Triton X-100.
After that, the gel was overlaid on a 1% agarose gel containing 10.0% egg yolk and 3% PBS-washed
sheep erythrocytes in 20 mM Tris-HCl, 5 mM CaCl2 (pH 7.4). After incubating the gel for 12 h at 37 ◦C,
the presence of clear bands in the agarose gel indicated the existence of hemolysins.
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4.4.4. Zymography of Hyaluronidases

Hyaluronidases in jellyfish venom were visualized by zymography as described by [72] with
slight modification. Briefly, the gel for electrophoresis was prepared by incorporating hyaluronic acid
at a final concentration of 0.17 mg/mL into a 12% SDS-PAGE gel matrix. Then, the substrate gel was
loaded with different concentration of NnNV or CnNV and run at 120 V and 4 ◦C for approximately
120 min under non-reducing conditions. After electrophoresis, the gels were washed twice with 2.5%
Triton X-100 for 40 min to remove SDS and incubated twice for 30 min in the assay buffer (100 mM
sodium acetate buffer containing 150 mM NaCl, pH 6.0) to remove the Triton X-100. After incubation
for 24 h at 37 ◦C in the assay buffer, the gel was then stained with 0.1% alcian blue for 3 h and destained
in 5% acetic acid until clear translucent bands appeared against the dark blue background.

4.5. Protein Identification by LC-MS/MS

Venom proteins were separated using 12% SDS-PAGE as described in Section 4.3 under
non-reducing conditions and stained with colloidal Coomassie Blue R-250. The resulting gel was
cut into pieces according to the protease or lipase zymograms. Nine pieces of gel were obtained: 3
from CnNV (~45–66 kDa) and 6 from NnNV. Then, the venom proteins were digested in the gel and
extracted as follows: each gel band was placed in 1.5 mL tubes, and de-stained twice for 10 min with
50% acetonitrile and 25 mM ammonium bicarbonate, and then dehydrated with 100% acetonitrile.
After removing the solvent, the gel bands were reduced and alkylated with 10 mM dithiothreitol and
55 mM iodoacetamide, respectively. Then, the samples were dehydrated with neat acetonitrile and
dried under reduced pressure. A trypsin solution (1 µg/µL) was diluted in 25 mM ammonium
bicarbonate and then added for digestion. Mixtures containing trypsin and the samples were
incubated overnight at 37 ◦C. The extracted tryptic peptides were then run on a MicrOTOF-Q II mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) for analysis. Briefly, 10 µL of tryptic peptides was
separated using a prominence nano 2D HPLC system (Shimadzu, Kyoto, Japan) equipped with a C18
reversed-phase column (5 µm, 150 Å, Eprogen). The mobile phase consisted of solvent A (0.1% v/v
formic acid) and solvent B (100% acetonitrile in 0.1% formic acid v/v) and the separation conditions
were set as follows: 0–4 min, 5% B; 5–30 min, 5%–40% B; and 31–35 min, 40%–80% B. The eluted
peptides were analyzed in positive ion mode, and the capillary voltage was set at 1500 V. The full scan
ranged from m/z 50 to 2000, and the 20 most-intense peptide ions were automatically selected for
tandem mass spectrometry using collision-induced fragmentation in the linear ion trap. The Mascot
search engine version 2.3.01 (Matrix Science, London, UK) was used for database searching against an
online Swiss-Prot toxin database (http://www.uniprot.org/program/Toxins).

4.6. Hemolytic Activity In Vitro

The hemolytic activity of crude NnNV and CnNV was determined using a sheep erythrocyte
microplate assay described in the previous literature [73]. Heparinized sheep blood (Penlish
Technology Co. Ltd., Beijing, China, batch number, 201601011) was centrifuged (3000× g, 4 ◦C,
10 min), and the pellet erythrocytes were washed three times in sterile phosphate-buffered saline (PBS,
20 mM PO3−

4 , 150 mM NaCl, pH 7.4) and centrifuged (3000× g, 4 ◦C, 10 min). The erythrocytes were
diluted in PBS and adjusted to set the absorbance at 540 nm equal to 0.8~1.0 when 100% hemolysis
occurred. Aliquots (200 µL) of PBS-diluted erythrocytes were added to 50 µL of 2-fold diluted samples
of NnNV in quadruplicate in 1.5 mL microcentrifuge tubes on ice and then incubated at 37 ◦C for
30 min. The samples were chilled on ice for 5 min and centrifuged at 3000× g for 5 min at room
temperature, and the supernatants (200 µL) were transferred to a 96-well plate. The absorbance of
released hemoglobin was measured at 540 nm. References included 1% Triton X-100 in PBS and PBS
alone to represent 100% and 0% lysis, respectively. Hemolysis rates were calculated as the percentage
relative to complete lysis. HU50 values, defined as the concentration of protein that causes 50% lysis
of sheep erythrocytes, were determined for the crude venom. The concentration–response curves of

http://www.uniprot.org/program/Toxins
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hemolysis were each fitted with a four-parameter logistic curve in GraphPad Prism 6.0 (GraphPad
software, San Diego, CA, USA).

The potential roles of metalloproteinases and lipases in hemolytic activity were revealed by
pre-incubation of NnNV with class-specific inhibitors (3.85 mM EGTA, 3.85 mM EDTA, 3.85 mM
1,10-PHE, 40 µM BMT, 3.85 mM DTT, 2.5 mM p-BPB) for 30 min at 37 ◦C. To determine the effect
of varespladib on the hemolysis induced by NnNV, varying concentrations of varespladib (final
concentration, 0.016 µM–1000 µM) was preincubated with NnNV, then 200 µL of sheep erythrocyte
was added and the hemolysis was measured as described above. In addition, the effect of varespladib
in combination with EDTA on hemolysis was also determined. The relative hemolysis rate of NnNV
that had been pre-incubated with inhibitors was calculated as the percentage relative to the hemolysis
induced by NnNV in the absence of inhibitors.

4.7. Metalloproteinase Inhibitory Activity

The effects of metalloproteinase inhibitors, EDTA and batimastat, on the metalloproteinase
activity of jellyfish venom were measured with azocasein [74]. Briefly, 100 µL of the reaction mixture
contained 10 µL of EDTA (final concentration, 31.2 µM–10000 µM) or batimastat (final concentration,
6.5 µM–209.4 µM), 10 µL of NnNV (3.16 µg/µL) and 80 µL of azocasein (5 mg/mL) resuspended
in assay buffer (50 mM Tris, 100 mM NaCl, 5 mM CaCl2, pH 8.8). The reaction mixture was then
allowed for reaction at 37 ◦C for 90 min. Then, the assay was terminated by addition of 200 µL of 5%
trichloroacetic acid at room temperature and centrifuged at 15,000× g for 15 min. After centrifugation,
150 µL of the supernatant was added into a 96-well plate and same volume of 0.5 M NaOH was also
added into each well. Then, the absorbance was measured at 450 nm using an Infinite M100 plate reader
(Tecan Group Ltd., Männedorf, Switzerland). A negative control was set to represent the inhibition of
0% by adding 10 µL of assay buffer into the reaction mixtures. Assays were performed in triplicate
and the metalloproteinase inhibitory activity was calculated according to the following formula:

Metalloproteinase Inhibitory Activity (%) = 100× (1−
Abs450nm, inhibitor

Abs450nm, negative control
)

The concentration–response curves of the inhibitory activity were plotted in GraphPad Prism 6.0
(GraphPad software, San Diego, CA, USA).

4.8. Phospholipase Inhibitory Activity

The effect of varespladib on lipolytic activity of NnNV was determined using a monodisperse
synthetic chromogenic substrate 4-nitro-3-octanoyloxybenzoic acid (NOBA) [75]. Briefly, 20 µL
of NnNV was premixed with 20 µL of various amounts of varespladib (final concentration,
25 µM–1000 µM) at 37 ◦C for 60 min. Then, 200 µL of assay buffer (50 mM Tris-HCl, 5 mM CaCl2,
100 mM NaCl, pH 8.0) was further added. The reaction was initiated by adding 20 µL of NOBA
(1 mg/mL in acetonitrile) into each well. The mixtures were then incubated for another 60 min at
37 ◦C, and the absorbance at 405 nm was recorded. In negative control, 20 µL of assay buffer was
added into 20 µL of NnNV to represent the inhibition of 0%. As a compound control, 20 µL of
varespladib was mixed with same volume of assay buffer without adding NnNV, and the absorbance at
405 nm was measured. Assays were performed in triplicate and two replicates were set for compound
control at each concentration. The phospholipase inhibitory activity was calculated according to the
following formula:

Phospholipase Inhibitory Activity (%)

= 100 × (1− Abs405nm, inhibitor−Abs405nm, compound control
Abs405nm, negative control

)
(1)

The concentration–response curve of the inhibitory activity were plotted in GraphPad Prism 6.0
(GraphPad software, San Diego, CA, USA).
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4.9. Statistical Analysis

All of the tests are repeated at least three times and results are presented as the mean ± S.E.M.
The significance of differences between the means of various experimental groups is analyzed by
one-way analysis of variance, followed by a Tukey multiple comparisons test build in GraphPad Prism
6.0 (GraphPad software, San Diego, CA, USA). * p < 0.05, ** p < 0.01, and *** p < 0.001 are considered
statistically significant.

Supplementary Materials: The following materials are available online at www.mdpi.com/2072-6651/9/2/47/s1:
Table S1: Identification of the enzymatic constituents in C. nozakii nematocysts venom (CnNV) indicated in
Figure 4A by liquid chromatography tandem mass spectrometry (LC-MS/MS), Table S2: Identification of the
enzymatic constituents in N. nomurai nematocyst venom (NnNV) indicated in Figure 4A by liquid chromatography
tandem mass spectrometry (LC-MS/MS), Table S3: CfTX-like toxins identified in two scyphozoans N. nomurai
and C. nozakii by liquid chromatography tandem mass spectrometry (LC-MS/MS).

Acknowledgments: This work was supported by the National Natural Science Foundation of China (41406152
and 41376004), Science and Technology Development Plan Project of Shandong Province (2015GSF115022
and 2015GSF115034), and Youth Innovation Promotion Association CAS and the Scientific and Technological
Innovation Project (No. 2015ASKJ02).

Author Contributions: H.Y. and P.L. conceived and designed the experiments; Y.Y. and R.L. performed
the experiments; H.Y., R.L., K.L., and X.W. analyzed the data; R.X., S.L. and X.C. contributed
reagents/materials/analysis tools; and Y.Y. and H.Y. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References

1. Badre, S. Bioactive toxins from stinging jellyfish. Toxicon 2014, 91, 114–125. [CrossRef] [PubMed]
2. Turk, T.; Kem, W.R. The phylum Cnidaria and investigations of its toxins and venoms until 1990. Toxicon

2009, 54, 1031–1037. [CrossRef] [PubMed]
3. Dong, Z.; Liu, D.; Keesing, J.K. Jellyfish blooms in China: Dominant species, causes and consequences.

Mar. Pollut. Bull. 2010, 60, 954–963. [CrossRef] [PubMed]
4. Condon, R.H.; Duarte, C.M.; Pitt, K.A.; Robinson, K.L.; Lucas, C.H.; Sutherland, K.R.; Mianzan, H.W.;

Bogeberg, M.; Purcell, J.E.; Decker, M.B.; et al. Recurrent jellyfish blooms are a consequence of global
oscillations. Proc. Natl. Acad. Sci. USA 2013, 110, 1000–1005. [CrossRef] [PubMed]

5. Tibballs, J. Australian venomous jellyfish, envenomation syndromes, toxins and therapy. Toxicon 2006, 48,
830–859. [CrossRef] [PubMed]

6. Currie, B.J.; Jacups, S.P. Prospective study of Chironex fleckeri and other box jellyfish stings in the “Top End”
of Australia’s Northern Territory. Med. J. Aust. 2005, 183, 631–636. [PubMed]

7. Barnes, J.H. Observations on jellyfish stingings in North Queensland. Med. J. Aust. 1960, 47, 993–999.
[PubMed]

8. Marino, A.; Morabito, R.; Pizzata, T.; La Spada, G. Effect of various factors on Pelagia noctiluca (Cnidaria,
Scyphozoa) crude venom-induced haemolysis. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2008, 151,
144–149. [CrossRef] [PubMed]

9. Lassen, S.; Helmholz, H.; Ruhnau, C.; Prange, A. A novel proteinaceous cytotoxin from the Northern
Scyphozoa Cyanea capillata (L.) with structural homology to cubozoan haemolysins. Toxicon 2011, 57, 721–729.
[CrossRef] [PubMed]

10. Yu, H.; Yue, Y.; Dong, X.; Li, R.; Li, P. The acaricidal activity of venom from the jellyfish Nemopilema nomurai
against the carmine spider mite Tetranychus cinnabarinus. Toxins 2016, 8, 179. [CrossRef] [PubMed]

11. Yu, H.; Li, R.; Chen, X.; Yue, Y.; Xing, R.; Liu, S.; Li, P. Effect of venom from the jellyfish Nemopilema nomurai
on the silkworm Bombyx mori L. Toxins 2015, 7, 3876–3886. [CrossRef] [PubMed]

12. Winter, K.L.; Fernando, R.; Ramasamy, S.; Seymour, J.E.; Isbister, G.K.; Hodgson, W.C. The in vitro vascular
effects of two Chirodropid (Chironex fleckeri and Chiropsella bronzie) venoms. Toxicol. Lett. 2007, 168, 13–20.
[CrossRef] [PubMed]

www.mdpi.com/2072-6651/9/2/47/s1
http://dx.doi.org/10.1016/j.toxicon.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25286397
http://dx.doi.org/10.1016/j.toxicon.2009.06.031
http://www.ncbi.nlm.nih.gov/pubmed/19576920
http://dx.doi.org/10.1016/j.marpolbul.2010.04.022
http://www.ncbi.nlm.nih.gov/pubmed/20553695
http://dx.doi.org/10.1073/pnas.1210920110
http://www.ncbi.nlm.nih.gov/pubmed/23277544
http://dx.doi.org/10.1016/j.toxicon.2006.07.020
http://www.ncbi.nlm.nih.gov/pubmed/16928389
http://www.ncbi.nlm.nih.gov/pubmed/16336157
http://www.ncbi.nlm.nih.gov/pubmed/13687108
http://dx.doi.org/10.1016/j.cbpa.2008.06.013
http://www.ncbi.nlm.nih.gov/pubmed/18619552
http://dx.doi.org/10.1016/j.toxicon.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21333668
http://dx.doi.org/10.3390/toxins8060179
http://www.ncbi.nlm.nih.gov/pubmed/27294957
http://dx.doi.org/10.3390/toxins7103876
http://www.ncbi.nlm.nih.gov/pubmed/26404374
http://dx.doi.org/10.1016/j.toxlet.2006.10.011
http://www.ncbi.nlm.nih.gov/pubmed/17141433


Toxins 2017, 9, 47 15 of 18

13. Choudhary, I.; Lee, H.; Pyo, M.-J.; Heo, Y.; Bae, S.K.; Kwon, Y.C.; Yoon, W.D.; Kang, C.; Kim, E. Proteomics
approach to examine the cardiotoxic effects of Nemopilema nomurai jellyfish venom. J. Proteom. 2015, 128,
123–131. [CrossRef] [PubMed]

14. Qu, X.; Xia, X.; Lai, Z.; Zhong, T.; Li, G.; Fan, L.; Shu, W. Apoptosis-like cell death induced by nematocyst
venom from Chrysaora helvola brandt jellyfish and an in vitro evaluation of commonly used antidotes.
Comp. Biochem. Physiol. C-Toxicol. Pharmacol. 2016, 180, 31–39. [CrossRef] [PubMed]

15. Winter, K.L.; Isbister, G.K.; McGowan, S.; Konstantakopoulos, N.; Seymour, J.E.; Hodgson, W.C. A
pharmacological and biochemical examination of the geographical variation of Chironex fleckeri venom.
Toxicol. Lett. 2010, 192, 419–424. [CrossRef] [PubMed]

16. Li, R.; Yu, H.; Yue, Y.; Liu, S.; Xing, R.; Chen, X.; Li, P. Combined proteomics and transcriptomics identifies
sting-related toxins of jellyfish Cyanea nozakii. J. Proteom. 2016, 148, 57–64. [CrossRef] [PubMed]

17. Li, R.; Yu, H.; Xue, W.; Yue, Y.; Liu, S.; Xing, R.; Li, P. Jellyfish venomics and venom gland transcriptomics
analysis of Stomolophus meleagris to reveal the toxins associated with sting. J. Proteom. 2014, 106, 17–29.
[CrossRef] [PubMed]

18. Yue, Y.; Yu, H.; Li, R.; Xing, R.; Liu, S.; Li, K.; Wang, X.; Chen, X.; Li, P. Biochemical and kinetic evaluation of
the enzymatic toxins from two stinging scyphozoans Nemopilema nomurai and Cyanea nozakii. Toxicon 2016,
125, 1–12. [CrossRef] [PubMed]

19. Zychar, B.C.; Dale, C.S.; Demarchi, D.S.; Goncalves, L.R.C. Contribution of metalloproteases, serine proteases
and phospholipases A(2) to the inflammatory reaction induced by Bothrops jararaca crude venom in mice.
Toxicon 2010, 55, 227–234. [CrossRef] [PubMed]

20. Lee, H.; Jung, E.-s.; Kang, C.; Yoon, W.D.; Kim, J.-S.; Kim, E. Scyphozoan jellyfish venom metalloproteinases
and their role in the cytotoxicity. Toxicon 2011, 58, 277–284. [CrossRef] [PubMed]

21. Rossignol, G.; Merieau, A.; Guerillon, J.; Veron, W.; Lesouhaitier, O.; Feuilloley, M.G.; Orange, N. Involvement
of a phospholipase C in the hemolytic activity of a clinical strain of Pseudomonas fluorescens. BMC Microbiol.
2008, 8, 189. [CrossRef] [PubMed]

22. Helmholz, H.; Ruhnau, C.; Schuett, C.; Prange, A. Comparative study on the cell toxicity and enzymatic
activity of two northern scyphozoan species Cyanea capillata (L.) and Cyanea lamarckii (Peron and Leslieur).
Toxicon 2007, 50, 53–64. [CrossRef] [PubMed]

23. Nevalainen, T.J.; Peuravuori, H.J.; Quinn, R.J.; Llewellyn, L.E.; Benzie, J.A.H.; Fenner, P.J.; Winkel, K.D.
Phospholipase A2 in Cnidaria. Comp. Biochem. Physiol. B-Biochem. Mol. Biol. 2004, 139, 731–735. [CrossRef]
[PubMed]

24. Knittel, P.S.; Long, P.F.; Brammall, L.; Marques, A.C.; Almeida, M.T.; Padilla, G.; Moura-da-Silva, A.M.
Characterising the enzymatic profile of crude tentacle extracts from the South Atlantic jellyfish Olindias
sambaquiensis (Cnidaria: Hydrozoa). Toxicon 2016, 119, 1–7. [CrossRef] [PubMed]

25. Jungo, F.; Bairoch, A. Tox-prot, the toxin protein annotation program of the Swiss-Prot protein knowledgebase.
Toxicon 2005, 45, 293–301. [CrossRef] [PubMed]

26. Ponce, D.; Brinkman, D.L.; Potriquet, J.; Mulvenna, J. Tentacle transcriptome and venom proteome of the
pacific sea nettle, Chrysaora fuscescens (Cnidaria: Scyphozoa). Toxins 2016, 8, 102. [CrossRef] [PubMed]

27. Brinkman, D.L.; Jia, X.; Potriquet, J.; Kumar, D.; Dash, D.; Kvaskoff, D.; Mulvenna, J. Transcriptome and
venom proteome of the box jellyfish Chironex fleckeri. BMC Genom. 2015, 16, 407. [CrossRef] [PubMed]

28. Weston, A.J.; Chung, R.; Dunlap, W.C.; Morandini, A.C.; Marques, A.C.; Moura-da-Silva, A.M.; Ward, M.;
Padilla, G.; da Silva, L.F.; Andreakis, N.; et al. Proteomic characterisation of toxins isolated from nematocysts
of the South Atlantic jellyfish Olindias sambaquiensis. Toxicon 2013, 71, 11–17. [CrossRef] [PubMed]

29. Balasubramanian, P.G.; Beckmann, A.; Warnken, U.; Schnolzer, M.; Schuler, A.; Bornberg-Bauer, E.;
Holstein, T.W.; Ozbek, S. Proteome of hydra nematocyst. J. Biol. Chem. 2012, 287, 9672–9681. [CrossRef]
[PubMed]

30. Masuda, S.; Hayashi, H.; Araki, S. Two vascular apoptosis-inducing proteins from snake venom are members
of the metalloprotease/disintegrin family. Eur. J. Biochem. 1998, 253, 36–41. [CrossRef] [PubMed]

31. Mackessy, S.P. Evolutionary trends in venom composition in the Western Rattlesnakes (Crotalus viridis sensu
lato): Toxicity vs. Tenderizers. Toxicon 2010, 55, 1463–1474. [CrossRef] [PubMed]

32. Such, D.R.; Souza, F.N.; Meissner, G.O.; Morgon, A.M.; Gremski, L.H.; Ferrer, V.P.; Trevisan-Silva, D.;
Matsubara, F.H.; Boia-Ferreira, M.; Sade, Y.B.; et al. Brown spider (Loxosceles genus) venom toxins: Evaluation
of biological conservation by immune cross-reactivity. Toxicon 2015, 108, 154–166.

http://dx.doi.org/10.1016/j.jprot.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26193491
http://dx.doi.org/10.1016/j.cbpc.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26538054
http://dx.doi.org/10.1016/j.toxlet.2009.11.019
http://www.ncbi.nlm.nih.gov/pubmed/19945518
http://dx.doi.org/10.1016/j.jprot.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27461980
http://dx.doi.org/10.1016/j.jprot.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24747124
http://dx.doi.org/10.1016/j.toxicon.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27826020
http://dx.doi.org/10.1016/j.toxicon.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19646466
http://dx.doi.org/10.1016/j.toxicon.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21718715
http://dx.doi.org/10.1186/1471-2180-8-189
http://www.ncbi.nlm.nih.gov/pubmed/18973676
http://dx.doi.org/10.1016/j.toxicon.2007.02.014
http://www.ncbi.nlm.nih.gov/pubmed/17428515
http://dx.doi.org/10.1016/j.cbpc.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15581805
http://dx.doi.org/10.1016/j.toxicon.2016.04.048
http://www.ncbi.nlm.nih.gov/pubmed/27169682
http://dx.doi.org/10.1016/j.toxicon.2004.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15683867
http://dx.doi.org/10.3390/toxins8040102
http://www.ncbi.nlm.nih.gov/pubmed/27058558
http://dx.doi.org/10.1186/s12864-015-1568-3
http://www.ncbi.nlm.nih.gov/pubmed/26014501
http://dx.doi.org/10.1016/j.toxicon.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23688393
http://dx.doi.org/10.1074/jbc.M111.328203
http://www.ncbi.nlm.nih.gov/pubmed/22291027
http://dx.doi.org/10.1046/j.1432-1327.1998.2530036.x
http://www.ncbi.nlm.nih.gov/pubmed/9578458
http://dx.doi.org/10.1016/j.toxicon.2010.02.028
http://www.ncbi.nlm.nih.gov/pubmed/20227433


Toxins 2017, 9, 47 16 of 18

33. Appel, M.H.; da Silveira, R.B.; Chaim, O.M.; Paludo, K.S.; Silva, D.T.; Chaves, D.M.; da Silva, P.H.;
Mangili, O.C.; Senff-Ribeiro, A.; Gremski, W.; et al. Identification, cloning and functional characterization
of a novel dermonecrotic toxin (phospholipase D) from brown spider (Loxosceles intermedia) venom.
Biochim. Biophys. Acta (BBA) Gen. Subj. 2008, 1780, 167–178. [CrossRef] [PubMed]

34. Liu, G.; Zhou, Y.; Liu, D.; Wang, Q.; Ruan, Z.; He, Q.; Zhang, L. Global transcriptome analysis of the tentacle
of the jellyfish Cyanea capillata using deep sequencing and expressed sequence tags: Insight into the toxin-
and degenerative disease-related transcripts. PLoS ONE 2015, 10, e0142680. [CrossRef] [PubMed]

35. Kemparaju, K.; Girish, K.S. Snake venom hyaluronidase: A therapeutic target. Cell Biochem. Funct. 2006, 24,
7–12. [CrossRef] [PubMed]

36. 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]

37. Nagai, H.; Takuwa, K.; Nakao, M.; Sakamoto, B.; Crow, G.L.; Nakajima, T. Isolation and characterization of a
novel protein toxin from the Hawaiian box jellyfish (sea wasp) Carybdea alata. Biochem. Biophys. Res. Commun.
2000, 275, 589–594. [CrossRef] [PubMed]

38. Nagai, H.; Takuwa, K.; Nakao, M.; Ito, E.; Miyake, M.; Noda, M.; Nakajima, T. Novel proteinaceous toxins
from the box jellyfish (sea wasp) Carybdea rastoni. Biochem. Biophys. Res. Commun. 2000, 275, 582–588.
[CrossRef] [PubMed]

39. Brinkman, D.; Burnell, J. Identification, cloning and sequencing of two major venom proteins from the box
jellyfish, Chironex fleckeri. Toxicon 2007, 50, 850–860. [CrossRef] [PubMed]

40. Bentlage, B.; Cartwright, P.; Yanagihara, A.A.; Lewis, C.; Richards, G.S.; Collins, A.G. Evolution of box
jellyfish (Cnidaria: Cubozoa), a group of highly toxic invertebrates. Proc. Biol. Sci. R. Soc. 2010, 277, 493–501.
[CrossRef] [PubMed]

41. Ames, L.C.; Yanagihara, A.A.; Keil, D.; Lawley, J.W.; Van Blerk, J.; Gillan, B.; Bentlage, B.; Bely, A.; Collins, A.G.
Establishing the neotype of the enigmatic oceanic box jellyfish Alatina alata (Reynaud 1830) (Cnidaria:
Cubozoa). Integr. Comp. Biol. 2013, 53, E126.

42. Chung, J.J.; Ratnapala, L.A.; Cooke, I.M.; Yanagihara, A.A. Partial purification and characterization of a
hemolysin (CAH1) from Hawaiian box jellyfish (Carybdea alata) venom. Toxicon 2001, 39, 981–990. [CrossRef]

43. Feng, J.; Yu, H.; Xing, R.; Liu, S.; Wang, L.; Cai, S.; Li, P. Partial characterization of the hemolytic activity of the
nematocyst venom from the jellyfish Cyanea nozakii kishinouye. Toxicology In Vitro Int. J. Publ. Assoc. BIBRA
2010, 24, 1750–1756. [CrossRef] [PubMed]

44. Boukhalfa-Abib, H.; Laraba-Djebari, F. Ccmp-ii, a new hemorrhagic metalloproteinase from Cerastes cerastes
snake venom: Purification, biochemical characterization and amino acid sequence analysis. Comp. Biochem.
Physiol. C-Toxicol. Pharmacol. 2015, 167, 65–73. [CrossRef] [PubMed]

45. Gomes, M.S.R.; Naves de Souza, D.L.; Guimaraes, D.O.; Lopes, D.S.; Mamede, C.C.N.; Gimenes, S.N.C.;
Ache, D.C.; Rodrigues, R.S.; Yoneyama, K.A.G.; Borges, M.H.; et al. Biochemical and functional
characterization of bothropoidin: The first haemorrhagic metalloproteinase from Bothrops pauloensis snake
venom. J. Biochem. 2015, 157, 137–149. [CrossRef] [PubMed]

46. Romero, L.; Marcussi, S.; Marchi-Salvador, D.P.; Silva Jr, F.P.; Fuly, A.L.; Stábeli, R.G.; da Silva, S.L.;
González, J.; Monte, A.d.; Soares, A.M. Enzymatic and structural characterization of a basic phospholipase
A2 from the sea anemone Condylactis gigantea. Biochimie 2010, 92, 1063–1071. [CrossRef] [PubMed]

47. Takeda, S.; Takeya, H.; Iwanaga, S. Snake venom metalloproteinases: Structure, function and relevance to the
mammalian ADAM/ADAMTS family proteins. Biochim. Biophys. Acta-Proteins Proteom. 2012, 1824, 164–176.
[CrossRef] [PubMed]

48. Wang, B.; Liu, D.; Liu, G.; Zhang, X.; Wang, Q.; Zheng, J.; Zhou, Y.; He, Q.; Zhang, L. Protective effects of
batimastat against hemorrhagic injuries in delayed jellyfish envenomation syndrome models. Toxicon 2015,
108, 232–239. [CrossRef] [PubMed]

49. Soares, A.M.; Giglio, J.R. Chemical modifications of phospholipases A(2) from snake venoms: Effects on
catalytic and pharmacological properties. Toxicon 2003, 42, 855–868. [CrossRef] [PubMed]

50. Lewin, M.; Samuel, S.; Merkel, J.; Bickler, P. Varespladib (LY315920) appears to be a potent, broad-spectrum,
inhibitor of snake venom phospholipase A2 and a possible pre-referral treatment for envenomation. Toxins
2016, 8, 248. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbagen.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/18082635
http://dx.doi.org/10.1371/journal.pone.0142680
http://www.ncbi.nlm.nih.gov/pubmed/26551022
http://dx.doi.org/10.1002/cbf.1261
http://www.ncbi.nlm.nih.gov/pubmed/16245359
http://dx.doi.org/10.3390/toxins8070205
http://www.ncbi.nlm.nih.gov/pubmed/27399771
http://dx.doi.org/10.1006/bbrc.2000.3352
http://www.ncbi.nlm.nih.gov/pubmed/10964708
http://dx.doi.org/10.1006/bbrc.2000.3353
http://www.ncbi.nlm.nih.gov/pubmed/10964707
http://dx.doi.org/10.1016/j.toxicon.2007.06.016
http://www.ncbi.nlm.nih.gov/pubmed/17688901
http://dx.doi.org/10.1098/rspb.2009.1707
http://www.ncbi.nlm.nih.gov/pubmed/19923131
http://dx.doi.org/10.1016/S0041-0101(00)00237-3
http://dx.doi.org/10.1016/j.tiv.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20156548
http://dx.doi.org/10.1016/j.cbpc.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25251459
http://dx.doi.org/10.1093/jb/mvu058
http://www.ncbi.nlm.nih.gov/pubmed/25261583
http://dx.doi.org/10.1016/j.biochi.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20562011
http://dx.doi.org/10.1016/j.bbapap.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21530690
http://dx.doi.org/10.1016/j.toxicon.2015.10.022
http://www.ncbi.nlm.nih.gov/pubmed/26546696
http://dx.doi.org/10.1016/j.toxicon.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15019487
http://dx.doi.org/10.3390/toxins8090248
http://www.ncbi.nlm.nih.gov/pubmed/27571102


Toxins 2017, 9, 47 17 of 18

51. Petrovic, N.; Grove, C.; Langton, P.E.; Misso, N.L.A.; Thompson, P.J. A simple assay for a human serum
phospholipase A(2) that is associated with high-density lipoproteins. J. Lipid Res. 2001, 42, 1706–1713.
[PubMed]

52. Bonfim, V.L.; Ponce-Soto, L.A.; de Souza, D.M.; Souza, G.H.M.F.; Baldasso, P.A.; Eberlin, M.N.; Marangoni, S.
Structural and functional characterization of myotoxin, Cr-IV 1, a phospholipase A(2) D49 from the venom
of the snake Calloselasma rhodostoma. Biologicals 2008, 36, 168–176. [CrossRef] [PubMed]

53. Diz, E.B.S.; Marangoni, S.; Toyama, D.O.; Fagundes, F.H.R.; Oliveira, S.C.B.; Fonseca, F.V.; Calgarotto, A.K.;
Joazeiro, P.P.; Toyama, M.H. Enzymatic and structural characterization of new PLA2 isoform isolated from
white venom of Crotalus durissus ruruima. Toxicon 2009, 53, 104–114.

54. Birch, M.; Denning, D.W.; Robson, G.D. Comparison of extracellular phospholipase activities in clinical and
environmental Aspergillus fumigatus isolates. Med. Mycol. 2004, 42, 81–86. [CrossRef] [PubMed]

55. Arce-Bejarano, R.; Lomonte, B.; Maria Gutierrez, J. Intravascular hemolysis induced by the venom of the
Eastern coral snake, Micrurus fulvius, in a mouse model: Identification of directly hemolytic phospholipases
A(2). Toxicon 2014, 90, 26–35. [CrossRef] [PubMed]

56. Radwan, F.F.Y.; Aboul-Dahab, H.M. Milleporin-1, a new phospholipase A(2) active protein from the fire
coral Millepora platyphylla nematocysts. Comp. Biochem. Physiol. C-Toxicol. Pharmacol. 2004, 139, 267–272.
[CrossRef] [PubMed]

57. Valdez-Cruz, N.A.; Batista, C.V.F.; Possani, L.D. Phaiodactylipin, a glycosylated heterodimeric phospholipase
A(2) from the venom of the scorpion Anuroctonus phaiodactylus. Eur. J. Biochem. 2004, 271, 1453–1464.
[CrossRef] [PubMed]
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