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Scientific article for use with Question 7

Adapted from: Venom: The secrets of nature’s deadliest weapon, R Jenner and E Undheim, The Natural 
History Museum , 2017.

Dissecting the Power of Venom

1. Venoms are extraordinarily potent.  Tiny spiders from the genus Zodarion pounce on ants that are 
more than 30 times heavier.  The spider delivers a single quick bite to an ant’s leg and then retreats 
to a safe distance to wait for the venom to take effect.  The bite causes the ant to stand motionless 
with gaping mandibles as the bitten leg contracts.  As the spider venom spreads through its body, 
the ant convulses and contorts into the shape of a comma, as its abdomen bends tightly underneath 
its thorax.  After several minutes the ant is completely paralyzed and falls over, enticing the spider 
to approach again and start its meal.  How can a tiny volume of venom be so powerful?

2. The answer is extreme target selectivity.  To maximize the power of a weapon it is crucial to aim it 
at a vulnerable target.  For example, a cheetah throttles an antelope with a throat bite; a secretary 
bird aims its deadly kicks at a snake’s head.  The same is true for venomous animals.  To maximize the 
debilitating effect of its venom, a centipede prefers to bite an insect’s head or thorax, and a spitting 
cobra will target an assailant’s eyes.

3. A venomous animal under attack by a predator is unlikely to have time to choose where to land its 
teeth or stinger, and even agile predators may not be able to aim their strike with perfect precision 
at fast-moving prey.  Luckily, most venoms work even if they are delivered to sub-optimal locations.  
The most important factor determining the target selectivity of venom is not how well venomous 
animals can aim their bites or stings, but the biochemical affinity that venom toxins have for specific 
targets in the body.

Targeting organs

4. Target selectivity can be considered on two levels: the higher level of entire organs and physiological 
systems; and the lower level of molecules.  To understand the biological role of a venom — roughly, 
to answer what a venom has evolved to achieve, and why — it is instructive to consider its higher 
level targets.  To appreciate how a venom manages to achieve its effects, you need to study it on 
the molecular level.  Applying this strategy to predatory and defensive venoms, what is the quickest 
and most reliable way of deterring or debilitating an adversary or potential prey? The answer is 
to target the neuromuscular system — the nerves and muscles that control locomotion — or the 
cardiovascular system that controls blood flow.

5. Indeed, many venoms have evolved to attack these physiological Achilles’ heels.  Toxins that 
attack the neuromuscular system are generally referred to as neurotoxins, and disruptions of this 
system are referred to as neurotoxic effects.  Common neurotoxic effects caused by venoms are 
rigid or spastic paralysis, caused by uncontrollable muscle contraction, or flaccid paralysis caused 
by blocking muscle contraction.  Similarly, toxins that disrupt the flow or clotting of blood are 
known as haemotoxins, and their effects as haemotoxic effects.  Other common labels used for 
toxins and their effects are myotoxic (damages muscles), cardiotoxic (affects the heart), cytotoxic 
(toxic to cells), necrotic (kills cells by rupturing cell membranes), haemorrhagic (causes bleeding), 
haemolytic (destroys red blood cells) and nephrotoxic (damages kidneys).
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6. Although these labels describe the physiological effects of venom toxins, they do not demarcate 
neat and non-overlapping categories.  For example, a haemolytic toxin that destroys red blood 
cells is cytotoxic and haemotoxic at the same time.  Some toxins fall into multiple categories.  The 
peptide crotamine, for instance, is a neurotoxin present in many rattlesnake venoms that causes 
spastic paralysis of the hind limbs of rodent prey.  But this neurotoxic effect, which it exerts through 
acting on nerves, is not the only damage it causes.  It is also cytotoxic as it penetrates and kills cells, 
and it is myotoxic and necrotic as well, as it can cause severe muscle necrosis.

7. It is unwise to use labels uncritically to characterize entire venoms because venoms are complex 
toxin cocktails that can cause harmful effects across different physiological systems.  To label 
cone snail venoms as neurotoxic is relatively unproblematic because, although they are very 
complex cocktails, the vast majority of venom components attack the neuromuscular system 
to cause paralysis.  An extreme opposite of this neat neurotoxic scalpel is the venom of the sea 
wasp, Chironex fleckeri.  This shockingly painful jellyfish venom delivers a seemingly indiscriminate 
battering ram assault on multiple fronts, and causes inflammation, neurotoxic, haemotoxic, 
cytotoxic, cardiotoxic, myotoxic and dermonecrotic (kills the cells of the skin) injuries.

Molecular targets

8. The molecular interactions of venom components and their targets depend on such features as 
their electrical charge (positive and negative charges attract), the presence of hydrophilic and 
hydrophobic domains (parts of molecules that are attracted to and repulsed by water, respectively), 
and their 3-D molecular configurations.  For venom proteins, these traits are determined by their 
constituent amino acids.  For instance, arginine is a positively charged, hydrophilic amino acid that 
is often found on the surface of venom proteins where it is in contact with the watery environment.

9. In contrast, leucine is a hydrophobic amino acid that is repelled by water, and is therefore typically 
found buried in the hydrophobic core of the folded venom protein.

10. The clustering of such hydrophobic amino acids in a protein’s core is important for stabilizing its 
folding, while amino acids exposed on the protein’s surface are especially important for mediating 
interactions with other molecules.  A protein’s folding in space determines how and how strong it 
can interact with other molecules, and therefore determines how it functions.

11. A protein found in the Chinese scorpion, Mesobuthus  martensii, illustrates these ideas.  Scorpion 
haemolymph — the fluid that bathes the internal organs — contains a range of more or less related 
anti-microbial peptides collectively known as defensins.  Defensins are a potent weapon of the 
immune system of many arthropods, including scorpions.  One of the defensins of M. martensii is 
a potent killer of bacteria, but remarkably, it can also act as a neurotoxin by blocking ion channels.  
Ion channels are proteins wedged in the cell membrane.  They enclose a central pore that can 
be opened or closed to allow ions (charged particles) to enter or exit the cell.  The movement of 
ions, such as sodium, calcium and potassium ions, across the cell membrane of nerve cells drives 
the transmission of nerve impulses.  By regulating this flow of ions, ion channels regulate the 
conduction of nerve impulses in the nervous system.

12. The scorpion defensin can block a type of potassium ion channel by binding to the region of the 
ion channel pore that faces the outside of the cell.  This prevents potassium ions from travelling 
through the channel out of the cell, with the result that the nerve cell continues to generate nerve 
impulses.
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13. Neurotoxins such as this are common in scorpion venoms, and cause the continued generation 
of nerve impulses that lead to spastic or rigid paralysis of prey, characterized by uncontrollable 
muscle contractions.  This neurotoxic effect of the scorpion defensin depends crucially on just two 
of the defensin’s amino acids, which are critical for its binding to the ion channel.  One of them is 
an arginine residue that interacts with three amino acids of the extracellular pore region of the 
ion channel, and the other is a lysine residue that actually blocks the channel’s pore.  When these 
residues are experimentally changed to different amino acids, the defensin’s ability to bind to the 
ion channel drops by about 70 %.

14. This example shows that the selectivity of the interactions of proteins with other molecules 
is finely balanced.  Because each protein is comprised of a unique sequence of amino acids, 
with distinct properties, each protein has a unique fingerprint of molecular characteristics that 
determines whether and how it will interact with other molecules.  Consequently, a tiny change 
in a toxin can radically change its target selectivity and physiological effects.  Similarly, a small 
change to the molecular target of a toxin can protect it from attack.  The venom of the African 
tarantula, Augacephalus  ezenclami, contains an insecticidal neurotoxin that can paralyze insects.  
Experiments with cockroach neurons show that it achieves this by blocking sodium ion channels, 
which prevents the transmission of nerve impulses to the insect’s muscles.  Although it has 
this effect on neurons of the German cockroach, Blatella  germanica, neurons of the American 
cockroach, Periplaneta americana, are unaffected by the toxin.  Remarkably, this difference in toxin 
sensitivity is caused by a difference in just a single amino acid in part of the ion channel of the 
American cockroach.

15. On a molecular level venom toxins typically have narrow target selectivities, but these targets may 
be ubiquitous in a victim’s body.  The physiological effects of a toxin in a given situation therefore 
depend on the distribution of its molecular targets.  The ability of toxins to home in on very specific 
targets with a body-wide function explains why even a tiny amount of locally delivered venom 
can wreak systemic havoc.  After teeth, stingers, spines and claws have delivered their toxic cargo 
across the skin barrier, the venom encounters dense forests of nerves and sensory receptors and a 
rich supply of blood vessels.  These provide immediate targets for attack, but blood vessels, assisted 
by the lymphatic system, also provide an effective transport system to carry the destructive power 
deep into the body.  While spreading through the body of their victim, neurotoxic peptides such as 
those dominating the venoms of cone snails and elapid snakes (such as cobras, kraits and mambas), 
home in on nerves and the junction between nerves and muscles.  There they will activate or block 
ion channels and neurotransmitter receptors, dramatically increasing or reducing the transmission 
of nerve impulses, which can cause spastic or flaccid paralysis of the victim.

16. The reception of nerve impulses in skeletal muscles is mediated by a neurotransmitter receptor, 
known as the nicotinic acetylcholine receptor.  One of the krait’s most potent paralytic neurotoxins, 
called alpha-bungarotoxin, has such a strong affinity for this receptor that it was instrumental in 
isolating it and allowing scientists to understand the receptor’s structure and function.

17. Blood vessels not only provide an efficient transport system for the spread of toxins, they are 
also targets themselves.  Natriuretic peptides are vertebrate hormones that are potent regulators 
of blood pressure, and they act by binding to receptors in the walls of blood vessels, leading to 
relaxation of the smooth muscles in the blood vessel walls.  They are also found in the venoms 
of a range of snakes, such as mambas and taipans, where they cause a rapid drop in blood 
pressure that assists in quickly immobilizing prey.  Interestingly, the toxic saliva of the vampire bat, 
Desmodus rotundus, also contains natriuretic peptides that play a role in causing the relaxation of 
blood vessels to facilitate blood feeding — the blood flows more easily from the site where the bat 
has pierced the animal it is feeding on.
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18. Another class of fast-acting neurotoxins, known as sarafotoxins, have the opposite effect of 
natriuretic peptides.  Sarafotoxins occur uniquely in the venoms of the enigmatic burrowing asps, 
snakes in the genus Atractaspis that are sometimes also referred to as stiletto or side-stabbing 
snakes.  These cardiotoxic peptides cause acute high blood pressure by the powerful contraction of 
coronary and other arteries. 

19. Enzymes are proteins that convert a substrate into one or more products.  Although enzymes 
usually do not bind to specific receptors in the manner of many neurotoxins, they are usually 
highly specific, and each enzyme only modifies particular molecules.  Venom enzymes grab onto 
their preferred molecules wherever they can, and in breaking them down disrupt physiological 
processes, destroy cells, tissues and organs, and cause a plethora of symptoms.  The enzyme 
hyaluronidase, for instance, breaks down hyaluronic acid and chondroitin sulphate, major 
components of the extracellular matrix that embeds the tissues and organs of vertebrates and most 
invertebrates.  Hyaluronidase is present in the defensive and predatory venoms of a wide range of 
species, including centipedes, spiders, cephalopods, fish and reptiles.  The damage done by this 
enzyme is indirect.  By disrupting the integrity of tissues, it acts as a spreading factor that facilitates 
the penetration of toxins throughout the victim’s body.

20. Venom enzymes with particularly devastating direct effects are the snake venom metalloproteases 
(SVMPs) that are especially prevalent in viper venoms.  Although SVMPs can cause a variety 
of symptoms, most of them are strongly haemorrhagic.  They break down components of the 
extracellular matrix that surrounds blood vessels, thereby destroying their structural integrity, and 
leading to internal bleeding that can quickly immobilize and kill prey.  Because enzymes can remain 
active for long periods of time, venoms largely composed of enzymes, such as those of rattlesnakes 
and other vipers, can cause massive damage as shown above.

21. The blood-curdling venom of Stephen’s banded snake contains a high concentration of enzymes 
that activate the blood-clotting pathway.  In a small mammal this would rapidly cause a massive 
and deadly clot.  But when diluted by a human’s large blood volume, the snake venom’s 
blood-clotting enzymes create an enormous number of tiny clots that spread through the victim.  
Because the venom uses up all clotting factors the victim is left with blood that cannot clot.  
One of the blood-clotting factors in Stephen’s banded snake venom, called hopsarin D, converts 
the inactive precursor of thrombin into the active blood-clotting enzyme.  Remarkably, it is a 
weaponized version of a normal blood coagulation factor (factor Xa) that was already present in the 
last common ancestor of snakes and mammals.  Mammals have retained it in its original role, but 
Stephen’s banded snake has recruited this enzyme to function as a toxin in its venom.

22. Equally destructive are the non-enzymatic pore-forming toxins that are important components of 
the venoms of scorpaeniform fishes (including scorpion fish, lion fish and stonefish), cnidarians, 
assassin bugs, centipedes, some spiders and honeybees.  As their name suggests, pore-forming 
toxins are proteins that causes the formation of pores in cell membranes.  The pore-forming 
toxins of the stonefish Synanceia  horrida, and the box jellyfish, Chironex  fleckeri, for instance, 
wedge themselves into cell membranes, destroying the cells and causing a range of symptoms, 
including excruciating pain, inflammation, tissue necrosis and death.  Alpha-latrotoxin, which is a 
pore-forming toxin present in the venom of black widow spiders, Latrodectus spp., causes severe 
pain by inserting itself into neuronal cell membranes where it acts as an ion channel.  These ion 
channels allow an influx of calcium ions, triggering a massive neurotransmitter release by the nerve 
cells, and leading to generalized pain and muscle cramps.
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23. The major pain-causing toxin in honeybee venom is likewise a pore-forming toxin.  It is a peptide 
called melittin that makes up about 50% of the dry weight of honeybee venom.  By puncturing 
holes in cells, it triggers the release of pain-causing substances such as serotonin, but it can also 
directly activate the heat-sensitive pain receptor commonly known as the capsaicin receptor.  This is 
an ion channel that can also be opened by the active ingredient of hot chilli peppers, which results 
in the sensation of heat.

The speed of venom

24. Most situations that require the deployment of venom require it urgently.  When a small fish, 
known as the fangblenny, suddenly finds itself in the mouth of a larger fish it relies on its painful 
venomous bite to be spat out.  Remipede crustaceans are blind and slow swimming predators of 
the pitch black waters of submarine caves.  Their venom helps them to quickly overpower more 
agile crustacean prey, which is envenomated by a pair of powerful stabbing appendages.  The toxic 
secretions of feeding mosquitoes and leeches as well as the peculiar blood-sucking vampire snail, 
Colubraria  reticulata, must act swiftly enough to prevent their blood meals from curdling before 
they are fully ingested.  And when a blue coral snake, Calliophis bivirgatus, comes face to face with a 
king cobra in a Malaysian rainforest, its exceptionally fast-acting venom becomes a matter of life or 
death, as these rivals are both highly venomous specialist snake eaters.  Clearly, the need for speed 
has been an important factor in the evolution of venom.

25. Of course this doesn’t mean that the enduring effects of venoms are devoid of adaptive value 
for the envenomator*.  Lingering pain may help to permanently imprint upon a predator’s brain 
the message to steer clear of a particular venomous prey.  The destructive power of enzymes in a 
predator’s venom may also offer vital assistance to its digestive processes.  And the ability of many 
hymenopteran and spider venoms to cause long-lasting immobility or complete paralysis of prey 
without killing it, is essential for providing a reliable meat larder for the animals or their larvae.

26. Venomous animals have also evolved special toxins to target the pain pathway.  The venom of 
honeybees, as well as that of several species of spiders, sea anemones and scorpions, contains 
peptides that cause immediate pain by activating the capsaicin pain receptor.  Bites of the Texas 
coral snake, Micrurus tener, cause acute and intense pain.  This is unusual for venoms in the group 
of snakes to which the Texas coral snake belongs (a group including cobras, mambas, taipains and 
kraits), which have evolved primarily as offensive weapons that cause rapid paralysis, often without 
producing pain at all.  The venom of the Texas coral snake, however, contains a neurotoxin that 
potently activates acid-sensing ion channels that are present in the sensory neurons of skin and 
muscles.  Activation of this acid-sensor causes intense and long-lasting pain in any mammal, bird, 
or reptile predator of the snake.  Surprisingly, toxins recently discovered in the venoms of black 
and green mambas block these acid-sensing receptors, offering promising new avenues for the 
development of new painkillers.

27. The fastest venoms have been forged in the fires of the extreme selection pressures involved in 
the arms race between predators and their agile or dangerous prey.  Predators such as fish-hunting 
cone snails, bird-hunting mambas and the snake-hunting blue coral snake, Calliophis  bivirgatus, 
have venoms that strike with the speed of a nerve impulse by activating sodium ion channels in 
nerve cells.  This causes immediate, prolonged and uncontrollable muscle contractions that result 
in spastic or rigid paralysis.  A fish that is harpooned by a cone snail has only a second or two before 
its fins are paralyzed, followed by full body paralysis just seconds later.

* Organism that produces the venom

Source from: ‘Venom: The secrets of nature’s deadliest weapon’, R Jenner and E Undheim, First edition 
(26 Oct. 2017), Natural History Museum
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