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Abstract. High-molecular weight protein toxins significantly contribute to envenomations by
certain marine invertebrates, e.g., jellyfish and fire corals. Toxic proteins frequently evolved
from enzymes meant to be employed primarily for digestive purposes. The cellular interme-
diates produced by such enzymatic activity, e.g., reactive oxygen species or lysophospho-
lipids, rapidly and effectively mediate cell death by disrupting cellular integrity. Membrane
integrity may also be disrupted by pore-forming toxins that do not exert inherent enzymatic
activity. When targeted to specific pharmacologically relevant sites in tissues or cells of the
natural enemy or prey, toxic enzymes or pore-forming toxins even may provoke fast and
severe systemic reactions. Since toxin-encoding genes constitute “hot spots” of molecular
evolution, continuous variation and acquirement of new pharmacological properties are guar-
anteed. This also makes individual properties and specificities of complex proteinaceous ven-
oms highly diverse and inconstant. In the present chapter we portray high-molecular weight
constituents of venoms present in box jellyfish, sea anemones, sea hares, fire corals and the
crown-of-thorns starfish. The focus lies on the latest achievements in the attempt to elucidate
their molecular modes of action.

Introduction

Besides small bioactive molecules (peptides, polyketides, terpenes, etc.) high-
molecular weight protein toxins (HMWPT) represent the multifunctional
molecular “pocket knives” in Nature’s “toxic toolbox”. They not only carry a
certain inherent “toxic principle” but also confer this principle to very specific
and susceptible structures (acceptor sites) present in target tissues of suscepti-
ble organisms. Upon arrival at tissue target sites, HMWPT can easily convert
from a water-soluble to a membrane-bound or membrane-penetrating form by
subtle modifications of their secondary, tertiary or quaternary structures. As
with real pocket knives, momentarily advantageous functions are individually
selectable from a wider repertoire that is on hold in the “standby” modus.

While structural variation of small non-proteinaceous biomolecules usually
requires substantial genetic reorganization of the biosynthetic pathway(s) in
charge (e.g., polyketide synthases, non-ribosomal synthetases), considerable
variation of protein functionality may be achieved by simple introduction of
only minor amino acid sequence alterations. Since protein toxins are employed
in activities that ensure existence and well-being of the producing organism,
i.e., feeding on prey and self-defense, structures are highly evolved and sophis-
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ticated in terms of efficiency and specificity toward the typical prey. However,
the spectrum of accessible prey may vary depending on environmental condi-
tions and thus the availability and storage of only single toxins with unique and
narrow specificity clearly proves disadvantageous. Gene duplication has wide-
ly been a way out of this dilemma. Driven by unbalanced chromosomal recom-
bination during meiosis, gene duplication facilitates the formation of gene
families (paralogs) and thus represents a driving force for constant supply with
weapons of new pharmacological properties by means of hidden evolution.
Protein toxins therefore often emerge in a range of several isoforms, each of
which confers remarkably unique pharmacological characteristics, that are all
produced within the very same species. A well-known example of this “evolu-
tionary strategy” is represented by phospholipase A2 (PLA2) enzymes present
in snake venom and several marine invertebrates (cf. below). In addition to
gene duplication, it has been shown that toxin-encoding genes often constitute
“hot spots” of modification (i.e., evolution) within genomes. Sequence analy-
sis of several snake venom PLA2 genes revealed that “Darwinian-type accel-
erated substitutions” are widely manifest within protein-coding exons [1].
Similarly, during cloning of a highly cytotoxic L-amino acid oxidase (LAAO)
from the “sea hare” Aplysia punctata a vast amount of slightly different DNA
sequences presumably originating from copious paralogous genes emerged
[2]. In direct comparison, however, the amino acid sequences varied only
slightly among paralogs, arguing for an extremely narrow and well-concen-
trated selection pressure in this particular case.

The inherent biological potencies of HMWPT vary substantially, with bot-
ulinum neurotoxins (BoNT, ~150 kDa) produced from bacteria of the genus
Clostridium at the very upper end, featuring a mouse intraperitoneal (i.p.) LD50

(lethal dosis 50%) of about 30 ng/kg [3]. On the other hand, according to pres-
ent knowledge, the polyketide maitotoxin, which is produced by the dinofla-
gellate Gambierdiscus spp., represents the most potent biogenetically pro-
duced toxin among all compounds outside the protein or peptide domain. Its
i.p. LD50 in mice has been determined at about the same range when compared
to BoNT, i.e., 50 ng/kg [4]. The cytolytic protein toxins discussed in the re-
mainder of this chapter exert mouse i.v. LD50 values in the range of micro-
grams per kilogram. This is well comparable to the toxicity level of snake
venom components such as textilotoxin (1 μg/kg) and crotoxin (110 μg/kg) [5],
or other important toxins like tetrodotoxin with 10 μg/kg [6].

In principle, the biological potencies of protein toxins correlate to their spe-
cific binding properties (specificity and affinity) at target cellular membranes
[5], and – in the case of BoNT – to their ability to penetrate through the mem-
brane and translocate into cell’s interior [3]. Intrinsic enzymatic activities,
such as phospholipid or peptide hydrolysis, often constitute the basic toxic
mechanism exerted by protein toxins. Of course, these effects only contribute
to acute local or systemic toxicities if toxins are capable of reaching the appro-
priate target tissues and structures in the body, e.g., the neuromuscular junc-
tions. Moreover, the systemic impact of the toxin can be tremendous if sus-
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ceptible target sites either encounter sustained levels of toxic mediators local-
ly produced via enzymatic turnover of an abundant substrate (e.g., hydrogen
peroxide from amino acids) or suffer from a sustained loss of essential physio-
logical factors (e.g., SNAP25 through proteolytic cleavage by BoNT). Con-
versely, a rather local reaction at the application site may be inflicted when the
proteinaceous toxin lacks systemically distributed targets. Here, local necrosis
and inflammation would be the most obvious effects.

The marine biosphere harbors some of the most toxic small molecules (e.g.,
maitotoxin), and also gives rise to the most rapidly acting lethal factors (e.g.,
the lethal factor of box jellyfish). The pronounced efficiency of marine com-
pounds is an essential prerequisite to simply overcome the diluting effects of
the watery environment. On the other hand, rapid paralysis of potential prey
prevents energy consuming pursuits in the aquatic space or damage to delicate
structures of the predator (e.g., tentacles of jellyfish) caused by fiercely escap-
ing attempts of the prey. By comparison, terrestrial venoms need to overcome
the protecting integument of the target organism first. Thus, evolution of
snakes, scorpions, insects and spiders produced elaborate means of penetration
such as fangs, stings or claws. This terrestrial commonplace necessity applies
only occasionally to the marine situation. For instance, the most sophisticated
injection mechanism – the cnidarian nematocyst – has evolved in the aquatic
environment. However, since many susceptible target structures of water
organisms, such as gills or chemosensors, are in direct contact with the sur-
roundings and thus easily accessible, marine venoms are often simply secret-
ed. In some cases the toxic secretion can be spattered toward an attacker by
means of a blowtube-like siphon. In other cases there is a simple release into
the surrounding water. Even then, however, lethal concentrations may be
reached. For instance, 0.5 μg of a 20 kDa sea anemone toxin per milliliter sea
water is sufficient to kill non-symbiotic fish [7].

There are estimates that humans have actually only encountered a small frac-
tion of relevant marine toxins. Many of these were discovered in the wake of
extensive screening programs for new drugs leads from marine sources stimu-
lated by successful identification of marine anticancer nucleosides in the 1950s
[8]. On the other hand, divers, swimmers, fishermen and gourmets enjoying
exotic and uncommon seafoods are likely of being particularly at risk of meet-
ing with up-to-now unexpected further challenges from nature’s “toxic toolbox”.

The pore-forming cytolysins of box jellyfish and sea anemones

Toxins of jellyfish

Most likely due to their unrivalled ambivalent nature, jellyfish (medusae) have
fascinated people for centuries [9]. These creatures feature an extremely deli-
cate, fragile gelatinous body plan and their mode of locomotion by slow repul-
sion chiefly constrains them to passive drifting with ocean currents, or winds
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in the case of neustonic forms such as “bluebottles”, also known as “Portu-
guese Man-of-War” (Physalia physalis, Fig. 1). From a toxicologist’s perspec-
tive, some members of the phylum cnidaria, e.g., the cubozoan medusa
Chironex fleckeri are considered among the most dangerous animals on earth
[10]. Especially on hot days that are overcast but calm, these predatory inver-
tebrates move into shallow subtropical waters along the Australian coastline to
pursue small prawns and fish. Because of their translucent bodies the “quiet
invasion of some popular swimming spots by C. fleckeri may go unnoticed”
[10]. The medusae have a cubic or box-shaped bell that achieves dimensions
of about 20 × 30 cm and leads to the name “box jellyfish”. Embedded into this
bell are four highly evolved sensory organs that contain numerous “eyes”,
vibration and motion sensors, and serve as a means of light-sensitive naviga-
tion [11]. Adjacent to the bell are four “fleshy arms” (pedalia), attached with
bundles of up to 15 translucent extensile tentacles that may stretch up to 3 m
but can also be contracted to one quarter of their actual length. The tentacles
form a deadly net covered with millions of “spring-loaded syringes” (nemato-
cysts) which discharge a highly potent venom into the skin of any creature
touching it by chance via a penetrating thread [10].

When an unprotected swimmer blunders into this deadly net of a box jelly-
fish he may be hit by some hundreds of thousands of micro-sized harpoon-like

Figure 1. Physalia physalis (“bluebottle”, also known as “Portuguese Man-of-War”); Systematics:
cnidaria, hydrozoa, siphonophora (courtesy of Belinda G. Curley).
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structures simultaneously, penetrating the epidermis by sharp tips. With an
acceleration of about 40 000 × g (gravitation force) the venom filled threads
are everted up to 1 mm into the dermis of the victim. Barbs at the basis of the
threads are capable of attaching the nematocysts tightly onto the integument. In
some jellyfish species, such as C. fleckeri, the nematocysts are anchored to the
tentacles of the animal by flexible fibers that act like “grappling hooks” [10].
Through this mechanism the tentacles are pulled even closer to the victim
resulting in much higher numbers of stinging cell batteries to be released into
the dermis of the victim, maintaining a constantly growing envenomation [12].

It is vital for the delicately-build slow jellyfish to immobilize its fast-moving
prey as rapid as possible to prevent serious structural damage to its soft tissues
that may occur during fierce and uncoordinated attempts of the prey to escape
from the scene. Therefore, the venoms of certain jellyfish species belong to the
most rapid acting pharmacological mixtures of biogenic origin that have ever
been characterized. When the toxic extract of about 50 000 nematocysts was
injected into prawns immediate paralysis did occur [13]. This number of dis-
charged nematocysts parallels a tentacle contact area of only about 33 mm2

[14]. The toxic extract of approximately 35 000 nematocysts was sufficient to
kill mice within 1–2 min when injected i.v. [13, 15, 16]. First rapid signs of sys-
temic envenomation consist of respiration distress and convulsive muscular
spasms. Since only local necrotic reaction was induced, much higher amounts
of toxic extract (up to 45 times higher than the i.v. LD50) were tolerated by mice
when injected via the i.p., sub- (s.c.) or intracutaneous (i.c.) route [15].

In humans an excruciating pain is induced immediately after contact with
the tentacles which are easily torn off the jellyfish and then adhere to the skin
by the “grappling-hook” mechanism described above, thereby continuously
discharging additional nematocysts. The pain constantly increases in mounting
waves during the first 15 min and the victim may scream and become irra-
tional. The concerned area of the skin exhibits clear signs of contact, i.e., mul-
tiple purple or brown colored lines featuring a pattern of transverse bars, rem-
iniscent of a rope ladder. Edema, erythema and vesiculation soon follow und
may persist for another 10 days. Areas of full-thickness necrosis leave behind
permanent scars [17].

The severity of envenomation depends on both the size of the C. fleckeri
specimen responsible and the area of contact. Amongst others, size dependen-
cy of the adverse reaction can be explained by variation of venom composition
during ontogenesis. Distinct differences in venom constituents between mature
and immature jellyfish have been reported in the related cubozoan species
Carukia barnesi. Apparently, venom profiles strongly correlate to the types of
prey, whether the jellyfish feeds on invertebrates or vertebrates [18]. In C.
fleckeri, smaller specimens with a bell diameter of 5–7 cm rather induce pain-
ful local reactions. Larger jellyfish featuring a bell diameter wider than 15 cm
may also induce extremely severe and systemic reactions [17], depending on
the total length of tentacles attached to the skin of the victim. When 2–4 m of
jellyfish tentacle tissue becomes attached to the body surface of a child, death
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is usually conceivable [19]. In adults, a total tentacle contact length of more
than 6–7 m may be fatal [20]. In extreme cases, death is induced within min-
utes after contact with C. fleckeri due to combined cardiovascular and respira-
tory failure resulting in hypotension, apnea, and cardiac arrest. Yet the exact
mechanisms underlying death in humans are not known with certainty [10].

As a result of more than four decades of biochemical, toxicological and
pharmacological research, some HMWPT that may inflict the severe respons-
es in jellyfish envenomation have been purified from several cubozoan species,
although their modes of action remain ambiguous [21, 22]. Due to the follow-
ing technical limitations, only few toxins could be isolated and characterized
to date. Proteins considered to contribute to jellyfish’ venom toxicity usually
are unstable and exhibit a tendency to aggregate and to adhere to surfaces.
Moreover, comparative studies have been hampered by huge variabilities in
the sources of the crude venom (tentacle extracts, milked venom, nematocyst
venom), in extraction methods, and analytical techniques applied. Please refer
to the literature for an excellent illustration of the varying and occasionally
contradictory results obtained in the attempts to characterize the venom of C.
fleckeri by independent research groups [22].

However, a variety of bioactive proteins/protein aggregates have been iso-
lated from C. fleckeri venom. The preparations differ in their molecular size
and their patterns of biological activities exerted in vivo and in vitro (e.g.,
lethal/hemolytic; lethal/dermonecrotic, etc.). The results obtained in vitro may
be imposed by the presence of different subunits in protein aggregates and/or
the cellular models applied. The best characterized proteins among this variety
belong to a group of labile basic proteins with apparent molecular sizes of
42–46 kDa. Proteins of this group exhibit potent hemolytic activity and repre-
sent the most abundant species present in nematocyst venom and tentacle
extracts [22]. Several orthologous members of the protein family have been
isolated and cloned from cubozoan species; i.e., CrTX-A and CrTX-B from
Carybdea rastoni; CaTX-A, CaTX-B and CAH1 from Carybdea alata;
CqTX-A from Chiropsalmus quadrigatus and CfTX-1 and CfTX-2 from
Chironex fleckeri. The in vivo toxicity of the CrTXs from C. rastoni has been
determined in mice [23]. The minimum i.v. lethal dose of purified CrTX-A in
mice was less than 20 μg/kg. An i.p. injection of 100 μg/kg killed mice within
8 min; 0.1 μg CrTX-A i.p. caused skin inflammation in mice comparable to the
reaction observed in humans stung by C. rastoni. Induction of hemolysis in
vitro was demonstrated for all family members [23–27].

The cloned cDNAs of the toxins display no significant amino acid sequence
homology to any other known and characterized protein family and thus rep-
resent a novel group of bioactive proteins [22, 25, 27]. Moreover, similar pro-
teins are not encoded in the genomes of related cnidarian species (sea ane-
mones/class anthozoa or sea firs/class hydrozoa), nor have they been isolated
from other jellyfish (class scyphozoa). The lack of comparable and homolo-
gous sequences in related species suggests that the cubozoan toxin family may
have evolved uniquely within this class of cnidaria [22].
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Some structural features have been proposed through applying in silico
analyses to protein toxins. According to these analyses α-helices and loop
structures predominate at the N-terminal region, whereas the C terminus con-
sists of β-strands and again loop structures [27]. Furthermore, the N-terminal
portion is predicted to contain an amphiphilic helix and, adjacently, a common
transmembrane-spanning region (TSR1) consisting of one or two hydrophobic
α-helices. According to the proposed secondary structure, the cubozoan pro-
teins may act as α-pore-forming toxins. Whether this alleged pore-forming
capacity – that plausibly predisposes them to being hemolysins – takes respon-
sibility for their lethal effects in mice has as yet not been clarified. When rat
cardiomyocytes were treated with whole C. fleckeri venom in vitro, a sustained
and irreversible cellular Ca2+ influx was first observed and then inhibited by
nonspecific channel blocking lanthanum ions (La3+), but not by verapamil
[28]. Subsequent analysis by transmission electron microscopy confirmed the
presence of pore-forming components in the venom. Whether this activity
relies on specific properties of the proteins (rather than on unspecific precipi-
tations triggered by cell culture medium) has still to be demonstrated via
experiments using recombinant mutant proteins [29]. Similarly, specific inter-
actions between protein toxins and membrane constituents of target cells
require experimental proof.

The pore-forming capacity in cell membranes has also been demonstrated
with nematocyst-derived venom from “bluebottles” (Physalia physalis, class
hydrozoa, siphonophora, Fig. 1) [30]. The amount of assembled pores per unit
of membrane area was shown to depend on the venom concentration charac-
terized best by a hyperbolic function. The authors suggest that this form of
dependency indicates the limiting role of a particular component (binding site)
within the target membrane. Furthermore, the amount of venom necessary to
induce pore formation varies among different cell types (excitable versus non-
excitable). Likewise, lysis efficiency induced by P. physalis toxin in target
cells varies considerably [30]. The component of the venom most likely
responsible for pore formation was isolated about 20 years ago [31]. Physali-
toxin, a large heterotrimeric glycoprotein, is the major component found in P.
physalis nematocyst venom that features a pronounced hemolytic capacity.
Acute renal failure due to severe intravascular hemolysis and hemoglobinuria
actually has been responsible for the death of a 4-year-old girl that had touched
the tentacles of P. physalis [32, 33]. Unfortunately, the cloned cDNA and
amino acid sequence of the protein toxin are still not available, thus hamper-
ing the precise and detailed elucidation of the structure-function relationship.

Toxins of sea anemones

Despite considerable efforts, the lethal principle of cubozoan venom has not
yet been unequivocally identified. However, modern molecular biology and, in
particular, the cloning and heterologous expression of alleged lethal proteins
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will eventually reveal the responsible factor(s). These techniques indeed have
been employed with great success to elucidate the interactions of cytolytic pro-
tein toxins from sea anemones with target cell membranes, as briefly discussed
in the remainder of this section. No less than 32 species of sea anemones have
been reported to produce lethal cytolytic peptides and proteins [7], some
exhibiting i.v. LD50 values as low as 35 μg/kg when injected into mice [34].
Presumably, however, due to a lower incidence of contact and a milder sting
severity, the sedentary sea anemones – unlike their pelagic sibling taxons dis-
cussed above – have proven rather harmless to humans. Among the sea
anemone’s lethal proteins is a group of ~20 kDa pore-forming basic proteins
whose cytolytic activity can be blocked by addition of sphingomyelin. The
cDNAs of several members of this family, entitled actinoporins, have been
cloned and the recombinant proteins have been functionally expressed in bac-
teria [7]. Determination of the three-dimensional structures of two family
members in combination with site-directed mutagenesis studies revealed their
elaborate structural organization that allows for target-specific pore formation
in sphingomyelin-rich membranes.

The model cytolytic actinoporin is composed of a tightly folded β-sandwich
core that is flanked on both sides by α-helices oriented perpendicular to each
other. The N terminus including the upstream α-helix (amino acid residues
10–28) can undergo conformational changes without disturbing the structure
of the central domain. Site-directed mutagenesis or gradual truncation of this
amphiphilic portion of the molecule resulted in substantial decreases of its
hemolytic activity, despite an unimpaired binding activity toward erythrocytes
[35]. Upon removal of the entire N terminus, actinoporin completely lost its
red blood cell lytic activity, demonstrating that this part of the protein actual-
ly is responsible for pore formation. The remaining sequence, however, was
still capable of binding specifically to sphingomyelin. Located at the “bottom”
of the β-sandwich, a patch of aromatic amino acids, together with some neu-
tral residues, form a binding pocket for sphingomyelin. Site-directed mutage-
nesis highlighted the role of Trp112 for protein’s initial contact with the mem-
brane and the recognition of sphingomyelin [36]. Most intriguing, actinoporin-
producing sea anemones incorporate sphingolipids other than sphingomyelin
in their cell membranes, i.e., phosphonosphingolipids that differ in their phos-
pholipid headgroups, thereby protecting themselves from the binding and
cytolytic action of actinoporins.

Taken together, the above-mentioned data, along with additional insights on
structure-function relationships, suggest a multi-step process in pore forma-
tion. The toxin first binds to the membrane via specific recognition of sphin-
gomyelin by its aromatic binding pocket. The amphiphilic N-terminal segment
comprising the upstream α-helix is then transferred to the lipid-water interface
of the outer leaflet of the target membrane. When the amount of toxin bound
to the membrane reaches sufficient levels, oligomerization of three to four
monomers occurs and all of the N termini are concertedly pushed through the
membrane to form an ion conductive pore with cation selectivity [36]. The
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remaining part of the protein, the β-sandwich core and the downstream
α-helix, does not contribute to the physical structure of the pore but presum-
ably is required to anchor the N terminus in the right orientation.

All actinoporins are highly cytotoxic by inducing lysis of a variety of cells,
but certain cell types seem particularly susceptible. Isolated cardioventricular
cells were demonstrated to be sensitive to the actinoporin family member EqtII
at concentrations below 10–11 M (0.01 nM). Direct cardiotoxicity of EqtII at
the isolated Langendorff heart has been proven in a detailed study, even at con-
centrations below 1 nM [37]. Perfusion with 10 nM EqtII lowered the coronary
flow rate in a rat heart model by more than 90%, followed by arrhythmia and
cardiac arrest. Although these acute adverse effects have not so far been
described in humans, as a model for cytolytic protein toxins, actinoporins may
eventually also help to uncover the deadly mode of action of the cubozoan
nematocyst venom exerted in human victims (cf. above) [38].

Recycling of nematocysts

The data presented in this section clearly suggest that cnidarian nematocysts
and their venom load are uniquely elaborate weapons. Coevolution of cnidar-
ians and their predators resulted not only in the resistance against the venom
of those animals that feed on cnidarians, but also in the means of recycling
nematocysts from digested prey and subsequent storage of the fully function-
al weapons within specialized appendices (“cnidosacs”) of the predator.
Marine sea slugs (ophistobranchia) of the suborder of aeolidina are equipped
with and protected by stolen nematocysts from cnidarian prey. The neustonic
sea slug Glaucus atlanticus, for example, floats right under the surface of the
open sea and feeds on “bluebottles” (Physalia physalis). This species is capa-
ble of recycling the strongly venomous nematocysts of its prey [39]. In
Australia there were several reported incidents with children being stung while
playing with the invertebrate slugs [40]. Besides adopting venomous organ-
elles or accumulating low-molecular weight marine biotoxins, many species of
marine snails are also endowed with means to produce their own toxins; snails
belonging to the genus Conus that produce a wide range of toxic peptides rep-
resent famous examples. Other outstanding examples are “sea hares” that have
been shrouded in legends for centuries (see next section).

A membrane disrupting oxidase from the multifunctional ink secretion
of sea hares

“This hare doth cause terror in the sea; on land he is as the poor little hare,
fearful and atrembling”

Olaus Magnus, 1555 [41]
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Sea hares are marine snails (ophistobranchia, anaspidea) that populate various
coastal habitats worldwide in great numbers. This fact is especially notewor-
thy, as these soft-tissued invertebrates lack any obvious defense mechanisms
that would protect them against numerously emerging predators such as sea
anemones, crustaceans and fish. Sea hares such as Aplysia spp. (Fig. 2) appear
without a hard outer shell, have not lined their skin with adopted venomous
nematocysts from cnidaria, nor have taken a shape that hides them from atten-
tion. However, in spite of their vulnerable appearance they can readily escape
even if already engulfed by sea anemones (as documented in a video by Tom
Nolen, NY, http://www.seaslugforum.net/showall.cfm?base=seahatac, see also
[42]). The key of their success is the production of a multifunctional compos-
ite ink that can be spattered toward an attacker by means of a blowtube-like
siphon. This composite ink consists of the secretions of two separate glands –
the ink (purple or mantle) gland and the opaline gland – that are mixed within
animal’s mantle cavity just before ejection [43]. The antipredatory effects of
the purple fluid have well been documented [44–46], and rely on the concert-
ed action of several high- and low-molecular weight compounds that target
various perceptive structures of the attacking animal. With regard to its com-

Figure 2. Aplysia californica (“sea hare”); Systematics: mollusca, opisthobranchia, anaspidea. The
substrate of the aplysia ink enzyme LAAO (L-amino acid oxidase), L-arginine, is present at high con-
centrations in the secretion of the opaline gland. Just before ejection toward an attacker, the product
of this gland is mixed with the one from the ink gland that contains the enzyme, eventually resulting
in the formation of hydrogen peroxide (H2O2), ammonia, and the arginine-derived α-keto acid (cour-
tesy of Genevieve “Genny” Anderson).
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plex composition and multifunctionality, mollusc ink from sea hares (and
cephalopods such as octopus, cuttlefish and squid) therefore equals other ven-
oms produced by different groups of marine invertebrates [47, 48]. Apart from
producing an ink deleterious to attackers, sea hares also accumulate marine
biotoxins from their food, e.g., the strongly toxic non-ribosomal peptide dolas-
tatin 10 from the cyanobacterium Symploca spp. VP642 [49]. These low-mole-
cular weight toxins are stored predominantly in the skin and in digestive
glands of the animal. The unpleasant “chemical” smell released by sea hares
when touched and handled most likely results from the presence of brominat-
ed compounds secreted together with a mucous slime. It may have been this
startling odor of the animals that made Pliny the Elder report nausea and vom-
iting being induced by sea hares immediately on the very first touch [9].

There have been rumors about the venomousness of sea hares for human
health for centuries. It has been reported that ancient rulers routinely killed their
political enemies with toxic extracts of these specimens [50]. In modern times,
however, there have only been anecdotal reports of human poisoning after inges-
tion of sea hares, predominantly characterized by acute liver damage [51–53].
Although the causing agent has never been unequivocally revealed, it most like-
ly consists mainly of various accumulated low-molecular weight biotoxins. In
addition, HMWPT (e.g., enzymes) may also play a role in adverse reactions
triggered by sea hare tissues and its secretions. For instance, the presence of an
enzyme capable of disrupting cellular membranes of a wide range of human
cells in vitro has been demonstrated in sea hare ink and eggs. This enzyme, an
L-amino acid oxidase (LAAO) catalyzes oxidative deamination of the basic
amino acids L-lysine and L-arginine. Products from this reaction are hydrogen
peroxide (H2O2), ammonia and the corresponding α-keto acids (Fig. 2) [54, 55].
When added to cells in culture, the cytotoxic effects elicited by the enzyme
occur rapidly. Within minutes the cell’s metabolic activity is severely impaired,
and after a few hours the plasma membrane integrity is lost and nucleic acids
are degraded. This enzyme-induced cell death has been shown to be triggered
by oxidative damage to cellular structures. It also became clear that the pathway
functions independently of regular cellular apoptotic signaling. Thus, removal
of enzymatically produced H2O2 by catalase rescued treated cells from demise,
whereas caspase inhibitors such as zVAD did not show any beneficial effects on
cellular survival. However, even if rescued by H2O2-scavenging catalase in first
place, cells may eventually die due to consumption and subsequent shortage of
essential amino acids in the media and the formation of toxic ammonia. This
delayed cell death then occurs in a rather typical apoptotic, caspase-dependent
manner [54, 55]. The amounts of H2O2 required to induce the observed effects
in cells are extremely high. A concentration of ≥200 μM H2O2 in the cell cul-
ture medium was neccessary to mimic LAAO-induced effects. By contrast, at
concentrations below 100 μM H2O2 the classical hallmarks of apoptosis could
be observed [2, 54]. This agrees well with reports on the varying effects of H2O2

on key initiation and effector molecules of apoptosis, i.e., caspases. It has been
shown that addition of H2O2 to cells at low concentrations (50 μM) triggers
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apoptosis via activation of caspases; at higher concentrations, however, caspas-
es become inhibited, and above 200 μM caspase activity is virtually nil [56].

The main substrate of the aplysia ink LAAO, L-arginine, is present at high
concentrations in the secretion of its opaline gland. Just before ejection toward
an attacker, the product of this gland is mixed with the one from the ink gland
that contains the enzyme. It has been reported that incubation of the two com-
ponents (enzyme and its substrate) at naturally occurring concentrations and
conditions produces H2O2 levels in the millimolar range and also other reac-
tion products within seconds [47, 48]. Therefore, the immediate effects
observed in vitro can be substantiated and clearly recapitulate the situation
given in the marine environment and in vivo. Elsewhere in the natural world,
by employing reactive oxygen species, an attack can even be directed exactly
against defined cellular structures of the predator. Thus, for several LAAOs
present in snake venom (svLAAOs) a pinpoint interaction with cells by bind-
ing to specific acceptor sites at the plasma membrane could be demonstrated
[57, 58]. However, the identity of the particular surface structures responsible
for binding those snake venom enzymes has not been clarified yet. In the
aplysia ink LAAO, the FAD binding site is preceded by a short stretch of pos-
itively charged amino acids interspersed with cysteine residues that are highly
conserved among orthologs from other ink-producing sea hares. Upon release,
this stretch becomes the uttermost part of the N terminus of the enzyme after
processing of a signal sequence, and may structurally be qualified to mediate
the binding to negatively charged acceptor domains in the cell membrane [2].
Given the extremely fast and high dilution effects in the natural habitat, local
production of high amounts of H2O2 in the proximity of susceptible sites with-
in target membranes seems perspicuous. For HMWPT, the importance of spe-
cific acceptor sites and structures as part of the cellular membranes of target
cells has also been highlighted by another exemplary group of very effective
venom compounds, the phospholipase A2 (PLA2) enzymes (see next section).

Cytotoxic phospholipases in marine invertebrates

Similar to the LAAOs discussed above, toxic PLA2 enzymes are ubiquitous
across all ranges of venomous snakes and significantly contribute to the phar-
macological effects that result from a snake bite [58]. This class of HMWPT
features a great structural, biochemical and functional variety while still shar-
ing a common enzymatic route. In general, they catalyze the cleavage of glyc-
erophospholipids (phosphoglycerides) such as phosphatidylcholine or -inositol.
These lipids represent structural constituents of cellular membranes that origi-
nate from condensation of fatty acids with glycerol and a polar head group.
PLA2-mediated cleavage of its substrates generates lysophospholipids and free
fatty acids, e.g., arachidonic acid. The latter molecule represents the physiolo-
gical precursor of prostaglandins, thromboxanes and leukotrienes, all of which
control a great variety of cellular functions including inflammation and pain.
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The pharmacological effects of snake venom PLA2 (svPLA2) enzymes are
numerous. They exhibit neuro-, myo- and cardiotoxicity, affect platelet aggre-
gation and induce anticoagulation and hemolysis. Overall, these enzymes
induce damage to several tissues and organs [59], although most toxic effects
seem to depend only partly on their enzymatic activity. For instance, some of
the most lethal neurotoxic svPLA2 variants, i.e., taipoxin and textilotoxin, dis-
play only extremely low enzymatic activities [5]. Binding to specific high-
affinity protein receptors (acceptors) or to lipid domains within the plasma
membrane have been identified as the toxicologically crucial event [5, 58]. The
binding specificity seems to be extremely variable among different svPLA2

enzymes and constitutes the predominant factor in the particular pharmaco-
logical impact of the enzymes. It has been shown, for instance, that coagula-
tion factor Xa is bound by potently anticoagulant svPLA2 enzymes [60],
whereas presynaptic membrane K+ channels of peripheral nerves are predom-
inantly targeted by neurotoxic β-bungarotoxin [61]. The so-called “pharmaco-
logical site” of the enzyme that is responsible for its high-affinity binding to
the acceptors of specific cells has been shown to be structurally independent
of the enzyme’s active site, but sometimes overlaps with the latter [62]. Bio-
informatic analysis of aligned svPLA2 protein sequences, along with chemical
modification studies, offered some valuable clues about conserved amino acid
residues that may be involved in structurally forming certain subsets of this
pharmacological site, such as the “anticoagulant site” [59, 63]. An unambigu-
ous identification of the constituting residues, as has been achieved in the case
of actinoporins (see above), however, has yet to be done.

Besides snake venoms, PLA2 enzymes also have been found in several
marine invertebrates like corals, crown-of-thorns starfish, sea cucumbers and
sponges [64]. In particular, high levels of activity were demonstrated in crude
extracts from the fire coral Millepora spp. and the stone coral Pocillopora spp.
that are notorious for their capacity to induce skin irritation upon contact [65].
Fire corals, like jellyfish, belong to the phylum cnidaria and thus possess
nematocysts that can fire miniature projectiles to penetrate the skin and inject
their venom (cf. above). Although not being members of the group of “true
corals”, fire corals are important cohabitants of reef-building communities
(class anthozoa) [66]. When unprotected human skin encounters the abundant
and innocuous looking reef organism, an immediate burning sensation might
be induced, ranging from mild to intense pain [67]. Within 1 day after contact
a skin lesion may emerge that can progress toward erythematous urticarial
wheals. It is unusual, however, for a fire coral sting to persist much beyond the
acute painful phase [66].

Activity guided fractionation of the nematocyst venom from the Red Sea
fire coral Millepora platyphylla yielded a 32.5 kDa protein factor that account-
ed for most of the crude extract’s PLA2 activity [68]. This protein, termed
milleporin-1, also lysed human red blood cells at microgram per milliliter con-
centrations (maximum effect at 75 μg/mL). The hemolytic activity was great-
ly inhibited by addition of phosphatidylcholine – a finding that may suggest
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that the enzymatic activity of the protein directly relates to its hemolytic activ-
ity. Another protein similar to milleporin-1 was purified from a Caribbean rel-
ative, the fire coral M. complanata [69]. The hemolytic activity of this cnidar-
ian PLA2, however, could be inhibited by addition of cholesterol. Although not
yet proven experimentally, the fire coral PLA2 orthologs may be the molecu-
lar cause for the above-mentioned local skin reactions in response to a sting.
Human divers and swimmers are regularly affected by fire coral stings.
However, those organisms that actually should be stopped from touching (and
devouring) the corals, e.g., the crown-of-thorns starfish portrayed below, have
often evolved resistance to the fire coral’s weapons.

A cell-intruding and hepatotoxic DNase from the crown-of-thorns
starfish

The crown-of-thorns starfish Acanthaster planci is a very large (up to 60 cm
in total diameter) invertebrate predator that feeds on corals [70]. It is infamous
for its dramatic population explosions (“outbursts”) that have regularly devas-
tated coral reefs throughout the Indo-Pacific [71]. The starfish devours its prey
by everting its stomach and imposing it on the coral surface [72]. The diges-
tive enzymes are then released and break down the soft tissue of coral polyps,
leaving the skeleton (made from calcium carbonate) intact [73]. Subsequently
the enzymatically digested tissue is ingested via the imposed stomach surface.
This type of food intake, i.e., external digestion of nutrient-rich soft parts,
seems advantageous when feeding on animals such as corals and mussels
armed with hard and defensive spines or shells [74]. A serious drawback, how-
ever, is the slowness of the process. Feeding crown-of-thorns starfishes have to
remain motionless for hours exposing delicate body structures within tropical
shallow waters where the predation pressure is extremely high [74]. For
instance, here the animals need to cope with a fish bite frequency of about
150 000/m2 per day [75].

To prevent fish and other attackers from “nibbling”, the back of the starfish
is covered with thousands of sharp thorn-like spines that also bring about the
name “crown-of-thorns”. The tips of these up to 28-mm-long structures are
shaped like triangular spears [74]. One corner of the triangle features a razor-
sharp edge that may aid in penetration of the attackers integument.
Furthermore, the spines are covered with glandular tissue that is stripped off
and remains in the wound after penetration [76]. The gland cells of this tissue
produce a venom that contains several bioactive HMWPT, i.e., multiple
hemolytic and myotoxic PLA2 enzymes [77, 78], the anticoagulant peptide
plancinin [79], and the plancitoxins I and II, shown to be lethally toxic in
mice [80, 81]. When a swimmer is accidentally stung by these spines, severe
pain, local swelling and redness occurs immediately [81, 82]. Although nau-
sea and protracted vomiting may occur, the symptoms usually cease within
few hours.
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Among the toxic proteins present in the starfish venom, the plancitoxins I
and II are most peculiar. Both purified protein toxins caused lethality in mice
at an i.v. LD50 of about 140 μg/kg [78]. Treated mice suffered from severe
hepatotoxicity, i.e., enlargement and necrosis of hepatocytes, elevated serum
levels of glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic trans-
aminase (GPT). Separation by gel electrophoresis and purification revealed
that the 37 kDa proteins are composed of two subunits (10 and 27 kDa) linked
by a disulfide bridge. Intriguingly, the amino acid sequence of plancitoxin I,
deduced from the cloned cDNA, featured highest homology with mammalian
DNase II (40–42%) [80]. Although this low grade of homology may not nec-
essarily indicate functional accordance, plancitoxin I also shares two specific
HxK motifs that together form the single active site in the mammalian enzyme
[83]. In addition to active histidine residues, the mammalian enzyme requires
N-glycosylation at several sites to exhibit nucleolytic activity [83]. By con-
trast, only one putative N-glycosylation site has been identified in the amino
acid sequence of plancitoxin [84]. Whether or not the functional toxin is
N-glycosylated has not yet been experimentally established. No dependency
between the presence of sugar residues in the protein and its toxicity has been
determined so far either.

Prompted by the molecular biology data mentioned above, the nuclease
activity of plancitoxin was assayed. As proposed, the toxin was capable of
digesting DNA in vitro. Its pH optimum of 7.2 is similar to physiological intra-
cellular conditions, but deviates substantially from preferences known for all
common DNase II isoforms. The latter are required for DNA “waste” removal
and auxiliary apoptotic DNA fragmentation in higher eukaryotes, thereby
being adapted to work in lysosomes at low pH values [83].

When rat liver cells were incubated with plancitoxin I, chromosomal DNA
fragmentation was observed about 3 hours after addition of the toxin [81].
Treated cells died within 1 day apparently through caspase 3-independent
apoptosis. Whether DNA fragmentation was instrumental in inducing cell
death or rather a secondary effect of cell death-triggered nucleolytic processes
remains to be clarified. In a confocal laser scanning microscopic study the
authors describe the accumulation of plancitoxin I in the nuclei of treated cells.
In order to accumulate within nuclei, the toxin needs to enter cells either by
employing an active endocytotic internalization process or – much less likely
– by simply penetrating the cellular membrane.

Some bacterial toxins such as the cytolethal distending toxins (Cdts) [85]
share several peculiarities with plancitoxin. Three different monomers (CdtA,
B, C), ranging from 20 to 30 kDa, may assemble to the fully active holotoxin
capable of entering target cells by receptor-mediated endocytosis. Sub-
sequently, CdtB is actively transported into the nucleus where it attacks chro-
mosomal DNA, thus eventually causing cell cycle arrest and/or apoptosis [86].
Similar to plancitoxin, CdtB features position-specific homologies with mam-
malian DNase I and displays nucleolytic activity in vitro and in vivo. The cyto-
toxic activity of CdtB could be abolished by introducing point mutations at
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certain conserved amino acid residues localized within the active site and
required for DNase activity [87]. Toxicity in cells was also completely inhib-
ited under conditions that block fusion of early endosomes with downstream
compartments, or upon disruption of the Golgi complex. Thus endocytotic
transport across membranes toward the nucleus represents an indispensable
process required for Cdt-mediated toxicity [88]. Whether the toxicity of
plancitoxin actually depends on its DNase II activity and the way by which the
toxin enters the cell, has yet to be determined. If the conclusions drawn by
Shiomi and co-workers [80] on the toxic principle of plancitoxin are con-
firmed, this marine toxin would substantially broaden our understanding of the
repertoires of enzymes employed in the marine world for defense or aggres-
sion.

Conclusion

HMWPT are widely produced in invertebrate animals. They have usually
evolved from enzymes that are employed for digestive purposes. The products
of this enzymatic activity, e.g., reactive oxygen species or lysophospholipids
and free fatty acids, rapidly and effectively mediate adverse cell reactions by
disrupting cellular integrity. Membrane integrity may also be more directly tar-
geted by pore-forming toxins that actually lack enzymatic activity. In the nat-
ural world, the specific effects of complex venoms are highly diverse and
inconstant. Nevertheless, up-to-date molecular biology techniques, particular-
ly the cloning and mutational analyses of alleged lethal proteins, provide the
tools to uncover the molecular basis for specific pharmacological signatures of
individual toxins. Most importantly, research into the fundamental aspects of
biogenic toxins will inevitably lead to the development of specific antidotes
and causal therapies in the future.
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