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BACTERIAL TOXINS: DESCRIPTION

D. Michael Gill

INTRODUCTION

Bacterial exotoxins are soluble agents thal, in small amounts, damage living cells or
organisms. They are usuvally secreted and can be recovered from the culture medinm or can
be found at some distance from bacterial colonies on agar. The Greek origin of the word
(toxicon pharmakon) referred to the poison used on arrow tips. Although *‘toxin™’ is used
for animal and plant poisons of any chemical type, when applied to bacteria the word is
used only for proteins (except for endotoxins, see elsewhere in this series), There is no
accepted lower limit to the toxicity that gualifies a prolein as u toxin, but as can be seen
from the accompanying Table of Lethal Amounts the majority are dangerous at 100 pg/kg
or less.

Classification Based on Mechanisms of Action

The degree of association with bacterial cells is no longer considered to be a useful basis
for classifying the protein toxins. Classifications based on the physiological effect (e.g.,
enterotoxin, cardiotoxin, neurotoxin} may be useful but do not reflect common fundamental
properties. With recent advances in understanding the mechanisms of damage, however, a
more informative grouping can be made with respect to the type of interaction the toxin
makes with targel cells (or organisms). In principal a toxin might (1) pass across plasma
(or vesicular) membranes and affect cytosolic metabolism, (2) bind to a transmembrane
component in such a way that the toxin remains outside but a signal is generated internally,
(3) alter the properties of the plasma membranes or internal membranes of cells without
passing across, or (4) alter some extracellular material. It simplifies the description of
individual toxins to discuss some general properties of the four groups here.

A-B Toxing Which Cross Cell Membranes

The plasma membrane is an effective barrier to the passage ol proteins, but a few toxins
(and bacteriocins) possess the unusual ability to pass efficiently from the extracellular space
to the cytosol — the inverse of secretion. Such toxins possess separable functional com-
ponents that are usually designated A and B, The B (binding) camponents bind to the exterior
cell surface, and in some cases also intercalate into the phospbolipid bilayer of the plasma
membrane or its endocytosed derivative, to form sites at which the A components cross
from the outside to the inside. The A (enzymicaily active) components are enzymes that
catalyze various changes within the cytosol. Full details of the passage mechanism are
usually lacking, but it is thought that the A components pass as unwound polypeptide chains
that spontaneously regain their enzymically active three-dimensional configurations inside.
This ability to casily regain their functional configuration means that most A components
are only temporarily inactivated by denaturing conditions. (Reference 7 is a general reference
on entry mechanisms.)

The various A-B toxins exhibit a variety of organizations of the A and B components.’
Some are domains of a single polypeptide chain. Others are separate polypeptides connected
by disulfide bonds or only noncovalently as subunits of multimers. A few seem to be distinct
proteins that only come together on the surfaces of target cclls. When proteolysis or disulfide
bond reduction is necessary to separale the components in vitro, such events seem zlso to
occur at the cell surface before, or while, the A component makes its passage.

The first three toxins listed below all inhibit protein synthesis. They modify components
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of the ribosomal machinery that are different [rom those in eubacteria. The next five all
elevate target cell eyclic AMP by means that do not operate in the parent bacteria. The
selective advantage of raising cyclic AMP may be, or may have been during their evolution,
that cyclic AMP diminishes phagocyte activities such as chemotaxis, ingestion, and super-
oxide production.'®"" Those with asterisks all catalyse ADP-ribosylations of the type

NAD* + Protein —— ADPR-Protein + Nicotinamide + H*

Examples include diphtheria toxin®*, Pseudomonas aeruginosa exotoxin A*, Shigella toxin;
chalera toxin®* and other heat-labile enterotoxins®*, Bordetella pertussis pertussigen*® and
adenylate cyclase and Bacitlus anthracis “‘edema factor™.

Toxins That Signal Across Cell Membranes

There is no well-established example, Candidates are the heat-stable enterotoxins (§Ta)
of E. coli and other enterobacteriaceae which seem to bind to the outsides of intestinal cells
and to signal an increase of guanylate cyclase activity inside the cells,

Toxins Thai Disrupt Cellular Membranes

Cytolysins are common. Those that lyse erythrocytes are often termed hemolysins, but
this term may reflect the usual mode of detection (on blood agar plates) rather than the true
role of the toxin. In most cases leukocytes are more sensitive than erythrocytes and the
primary role of the toxin in pathogenesis may be to combat immune cells of the host. Among
phagocyles, polymorphonuclear leukocytes are usually more sensitive than menonuclear
cells.

Most cytolysins increase membrane permeability and (if lysis is important) induce lysis
osmotically. The membrane first becomes permeable to ions which equilibrate, but the
intracellnlar excess of macromolecules which cannat equilibrate generates a net influx of
water that first swells, then bursts, the cell. In some cases, endacytosis of the toxin followed
by disruption of lysosomal membranes may be more important than disruption of the plasma
membrane. At sublytic doses of toxins, the increased flux of ions may cause damage
indirectly. In particular the entry of calcium ions has profound pharmacologic consequences,
including the inappropriate production of inflammatory mediators. The loss of potassium
blocks protein synthesis. Too great a flux of sodium and potassium depletes ATP.

Enzymes — Many of the osmotically active cytolysing are phospholipases; that is, enzymes
which remove the hydrophilic head groups from phospholipids. The most important substrates
are phosphatidylcholine (lecithin) and sphingomyelin, for these tend to be the most abundant
lipids of the outer leaflet of the plasma membranes. (For a review see References 12.)
Examples include Clostridium perfringens alpha toxin and Staphylococcal beta toxin.

Nonenzymic ‘‘pore-forming’’ cytolysins — Other proteins that lyse osmotically are too
small to be enzymes or, if large, have not been shown to act enzymically. In general these
agents bind to the surface or the thickness of cell membranes and cause changes in structural
organization that increase permeabilities., Examples include Staphylococcal alpha toxin,
Streptolysin S and Streptolysin O,

Detergent-like cytelysins — A few agents cause direct solution of the plasma membrane.
Unlike osmotic lysis, detergent lysis cannot be prevented by placing high-molecular-weight
molecules in the medium. Siaphylococcal delta toxin is an example of a detergent-like
cytolysin,

Extracellular Enzymes
Enzymes that digest extracellular material are rarely particularly toxic in themselves but
more often assist the process of infection and contribute only indirectly fo tissue damage.

-
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Hyaluronidase, and proteases such as Streptokinase and Clostridium perfringens kappa toxin
(a collagenase) may assist bacterial spread. The elastase of Pseudomonas aeruginosa damages
the lung. Other proteases deplete complement components or cleave immunoglobulins and
may reduce bacterial clearance. Hydrolases such as amylase, NADase, or DNase, arc prob-
ably only digestive in function.

Aeromonas hydrophila

Enterotoxin (‘‘cytotonic enterotoxin’’}) — Causes intestinal fluid accurmnulation. It also
alters the shapes of certain tissue culture cells without cell death, but it is not related to
cholera toxin or LT. Its gene has been cloned. ' It is distinct from any lysin, and is synthesized
by all strains.

Aerolysin (beta lysin, cytotoxic lysin) — Causes complete hemolysis in blood agar and
kills Vero cells. Rat erythrocytes are the most sensitive. The mechanism of lysis and cy-
totoxicity is not clear. It is not a phospholipase. The cellular receptor may be a glycoprotein.
Gangliosides inhibit lysis. Purification,'+!'* Molecular weight is ~50,000. {ts gene is ad-
jacent to a regulatory gene. Produced also by A. sobria.

Other lysin(s} — Most Aeromonas isolates produce a zone of incomplete hemolysis as
well as the zone of complete hemolysis due Lo aerolysin. The responsible agent has been
called alpha lysin'? and hemolysin B. Culture filtrates contain a phospholipase .’ in a complex
with an acyltransferase.'® Their relationships to alpha lysin are not clear.

Bacillus anthracis

Toxin — Three easily separated proteins, probably constituting an A-B system in which
the protective antigen constifuies a common B component. Toxin is centrally important in
anthrax. Physiologically the primary effects of the mixtute are an increased vascular perme-
ability and a neurotoxicity that results in central respiratory failure, It is generally cytotoxic
and edema-producing. All three components are encoded on a large plasmid, loss of which
generates the '‘Pasteur strain’’. (For a review, see Reference 19.) The protein called pro-
tective antigen (Factor II) binds to target cells. 1t is harmless alone and can be used as a
vaccine. It is thought to act as a **B component’” that assists either of the other components
across a cell membrane. It may be prebound to target cells and later used to (ransport the
other factors. Possibly because they share sites upon the protective antigen, lethal factor
and edema factor antagonize the effects of each other. Molecular weight is 85,000. The
edema factor {Factor I) is a potent adenylate cyclase that absolutely requires calcium-
calmodulin for its activity®® and is effective only inside target cells {cf. Borderelia periussis
cyclase). It raises internal cyclic AMP levels profoundly in many types of cell (but not all);
thereby, it blocks phagocyte function. It requires the protective antigen for the effect on
intact cells and tissues. Molecular weight is 89,000. The *‘lethal factor’” (Factor 11I) also
requires the protective antigen, optimally in a fivefold excess, for its effect.?' It is not in
general cytopathic, but it kills certain cells (e.g., mouse macrophages) and it causes such
rapid pulmonary edema in rats, mice, etc. as to cause death in 40 min.*?* Molecular weight
is 83,000,

Bacillus cereus

For a general review, see Reference 23.

Enterotoxin (diarrheagenic toxin, Mouse lethal factor I) — Responsible for diarrheal-
type food poisoning. It causes intestinal fluid secretion and necrosis and is dermonecrotic
and lethal, It has a molecular weight of ~50,000. (NB an emetic agent responsible for
vomiting-type food poisoning, mol wt <<5,000, is probably not a protein).

Cereolysin — A thiol activated lysin (see *'Streptolysin O7); mol wt 60,000.

Lysin — An unrelated hemolysin congsists of two proteins mol wt 29,000 and 34,000.
Molecular cloning: see Reference 24.
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Phospholipase C — Responsible for the diagnostic lecithinase reaction but may not be
important in pathogenesis. Not hemaolytic.

Bacillus thuringiensis

Crystal toxins (delta endotoxins) — A set of related cytotoxins. Protoxins of mol wt
130,000 are produced during sporulation as single large insoluble bipyramidal crystals that
are released upon the dissolution of the spore mother cells. The protoxins are solubilized
and activated by partial proteclysis to insecticidal fragments of mol wt ~60,000. The toxins
or the cells are used commercizally as insecticides to kill the larvae of lepidoptera, coleoptera,
and diptera. Upon consuming the crystals these larvae suffer rapid destruction of their gut
linings. Large differences in the sensitivities of different insects 1o the different toxins seem
to be due mainly to differences in the mode of proteolytic processing by insect gut enzymes
and partly to different susceptibilities of targel cells. The gene is sometimes chromogsomal
bul is usually carried on a plasmid, loss of which leaves a microbe indistinguishable from
B. cereus. In B. thuringiensis var. isracliensis a soluble protein mol wt 27,000 to 28,000
has been identified that is broadly cytolytic but is not insecticidal, It is debated whether this
is a fragment of the crystal toxin or the product of a separate gene. For a general review,
see Reference 25.

Thuringiolysin — A thiol-activated cytolysin. (See *‘Streptolysin 0".)

Bacillus spp.
Qther thiol-activated lysins (see ““Streptolysin O'’) are produced by B. alvei (alveolysin)

and B. laterosporus.

Bordetella pertussis

The three toxing described, plus a dermonecrotic toxin and a tracheal cytotoxin are si-
multaneously lost or gained by a phase change.?®

Adenylate cycluse (heat-labile factor) — A soluble adenylate cyclase that is most active
in the presence of calcium-calmodulin that it finds inside target cells. Unlike the Bacillus
anthracis cyclase (qv) there is a calmodulin-independent form. The cyclase itsell mol wt
~70,000 (possibly an oligomer) may constitute the A component of an A-B toxin: a form
that penetrates many types of cells has a molecular size of —190,000.*” Penetration is
continuous and the cytosolic cyclase is fairly soon inactivated. Cyclic AMP levels rise
profoundly and impair the activities of phagocytes,® natural killer cells, platelets, and other
cells. Lymphocytes die. There is no penetration of human or rat erythrocytes or reticulocytes.
It is also praduced by Bordetella parapertussis and Bordetella bronchiseptica.

Pertussigen (pertussis toxin, islet activating protein, histamine sensitizing factor,
Ilymphocytosis promoting factor) — An A-B toxin with six subunits. The B (binding)
oligomer consists of two heterodimers ($2 + 5S4, 83 + S4). These interface with the
enzymically active A subupit (also known as S1) through a single C subunit (also known
as connecting subunit or 55; see Figure 1). A = 28,000; 52 = 23,000; 83 = 22,000; 54
= 11,500; 85 = 9,300, total = 105,700, The A subunit when activated by thiols and
provided with ATP catalyses the ADP-ribasylation of the o subunit of Ni,?® a membrane-
bound GTP-binding protein thai regulutes a variety of hormonal effects. These include
inhibitory effects on adenylate cyclase of hormones such as alpha adrenergic agents, cho-
linergic muscarinic agents, and opiates.?” ADP-ribosylation uncouples such inhibitory hor-
mones from adenylate cyclase.” However, several physiologic responses mediated by Ni
may not depend on rises in cyclic AMP but may for example be mediated by the mobilization
of calcium® and can even be the reverse of those anticipated from a cyclic AMP increase.
Physiologically, nanomolar concentrations of pertussigen enhance secretagog-stimulated in-
sulin secretion, increase the lethality of histamine, and inhibit macrophage chemotaxis and
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FIGURE t. Molecular arrangement of certain A-B toxins.

spreading. Micromolar amounts induce lymphocytosis and (probably thereby) act as an
adjuvant. This seems (o be aitributable to the mitogenic effect of the multivalent B assembly
alone,?!

Hemolysin — Less important for virulence.

Campylobacter jejuni
Enterotoxin, of the cholera toxin-L'T family, responsible for diarrhea.?®

Clostridium botulinum

Neurotoxins (Botulinum toxins, botulinal toxins) — Seven serologically distinct but
related neurotoxins (A, B, C, [formerly C], D, E, F, G). C. botulinum is classified by the
serotype of the toxin it produces. Most human discase is caused by types A, B, E, and F.
All are originally single chains of mol wt 140,000 to 160,000 that are nicked extracellularly
beneath the disulfide bridge to generate heavy (~100,000) and light (~50,000) chains linked
by a disulfide bridge (cf., tetanus toxin; see Figure 1). Type E bacteria lack a suilable
protease and so their toxin is usually recovered intact: tryptic nicking of intact E toxin
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increases its toxicity. They are possibly A-B toxins. Isolated heavy chains compete for
binding with whole toxin and also form channels in lipid bilayers. The toxins are taken up
at the presynaptic side of neuromuscular junctions and block the exocytosis of acetylcholine-
containing granules, This resulis in a flaccid paralysis. The toxin is considerably less effective
at inhibiting the exocytosis of noncholinergic transmitters. The biochemical basis ol the
antisecretory action is unknown, but it is believed that a stage subsequent to the entry of
calcium is affected. The botulinal neurotoxins are all exiremely potent but the serotypes
have differential toxicities among species. Oral toxicities are increased when the toxins are
complexed with other botulinal proteins. Types C, and D, and probably others are encoded
by lysogenic bacteriophages. For reviews see References 33 through 35.

C, toxin — Consists of a heavy chain {component I) (mol wt 105,000) and a light chain
(component II} (mol wt 55,000) which are not covalently linked. Toxicity is increased by
tryptic action on the heavy chain, Despite its structural resemblance to the botulinal neu-
rotoxins it is not peurctoxic. Rather it kills by increasing vascular permeability.* It can also
cause intestinal secretion.® It is possibly an A-B toxin: the heavy chain is thought to bind
to tissue receptors. The light chain catalyzes ADP-ribosylations. '2%!2%

Clostridium difficile ***

Enterotoxin (Toxin A) Elicits hemorrhagic diarthea. It is the major cause of the
damage and inflammation in the antibiotic-induced pscudomembranous colitis caused by C.
difficile.* 1t prohably acts at cell membranes,?

Cytotoxin (Toxin B) — Much more ¢ytotoxic than toxin A.** At sublethal doses it causes
some cells to lose microfilaments and hence their shape. CHO cells clump and round with
long thin processes. They cannot divide further. The biochemical basis of the action of the
cytotoxin is unclear, but it seems to act within the cytosol and to get there via lysosomes.
EBoth toxins are probably also made by Clostridium sordelii since whole sordelii antitoxin
is protective.

Clostridium perfringens

The four major lethal toxins {(alpha, beta, epsilon and iota) are used to group the species
into five texigenic types. Type A produces mainly o toxin, B: f + €, C: B + vy, D: €, E:
. Fur a review see Reference 42.

Alpha toxin — A phospholipase C that digests lecithin as well as sphingomyelin, phos-
phatidylethanolamine, and phosphalidylserine. It requires that calecium be bound to the
substrate. It is cyctolytic, necrotic, and lethal. Erytihrocyte sensitivities: cattle, mice >
rabbits, sheep, men, pigeons > horses, goats, It is the main lethal agent of type A strains
that cause gas gangrene and is probably responsible for necrosis in infections. It gives “‘hot-
cald’’ hemolysis of certain erythrocytes (cf., Staphylococcal beta lysin). Commercial prep-
arations are contaminated with theta toxin. Puerification.*® Molecular weight is ~3400. For
a review sce Reference 44,

Beta toxin — Necrotizing and lethal. Thought to be invelved in necrotic enteritis of man
(““‘pig bel’’) and animals, particularly on diets low in pratein and rich in antitrypsin so that
the usual tryptic inactivation of the toxin does not occur. Intravenous toxin causes vascular
changes.*s Partial purification.”® Probably encoded by a plasmid.?” Molecular weight is
28,000.

Delta toxin — Cytolysin, Particularly active on sheep erythrocytes. Basic protein, mol
wt ~40,000 with amphiphilic properties. The receptor is suggested to be ganglioside G,;,.
Produced by young cultures of some strains of types B and C. Its role in diszase is unclear,
It causes gut fluid accumulation.

Epsilon toxin — A cytotoxin secreted by Clostridium perfrigens strains types B and D
as a nontoxic or almost nontoxic protoxin. This is activated by tryptic removal of the amino



Absender ZB MED Fax-Server 2 Tue Jan 27 12:32:48 2009 Seite 11 von 20

Voluma Vil 9

terminal 14 amino acids.” Responsible for entcrotoxemia of herbivores in which it is pro-
duced and activated in the intestine, itself increases intestinal permeability, escapes ta the
general circulation and causes various lesions by increasing vascular permeability. It also
damages some macrophages Molecular weight is 25,000 te 33,000.

Tota toxin — Released as a protoxin that has to be proteolytically activated. Necrotic and
lethal. Not purified.

Theta toxin (Perfringolysin O) — A thiol-activated cytolysin (see Streptolysin ),
Mechanism of lysis discussed in References 50 and 51. Purification.™ Molecular weight is
53,000.

Enterotoxin — Diarrheagenic agent of food-poisoning strains of types A, C, and D.
Membrane-damaging agent. Cytotoxic, lethal to mice. The cellular receptor is a protein. It
increases sodium chloride secrstion in the gut; an early effect on gut epithelium is an inhibition
of amino acid transport. Produced in the gut by ingested cells when they sporulate (stage
II or III sporulating cells) and seems to be a precursor of a spore coat protein.' Molecular
weight is 34,262 with one free SH group.®® Tryptic removal of the amino terminal 25
residues increases the activity threefold.

Clostridium tetani

Tetanus toxin (tetanospasmin) — A potent neurotoxin that inhibits transmitter release
from nerve terminals. Many types of synapses are affected, including neuromuscular junc-
tions, but the clinical effect is dominated by a central blockade of GABA and glycine relcase
at inhibitory synapses which results in a local or generalized spastic paralysis. Circulating
toxin enters the nervous system by endocytosis at peripheral junctions and is transported via
smooth vesicles up axons to the central nervous system (CNS). While muany vesicles fuse
with lysosomes and their contents are destroyed, some of the toxin-containing vesicles {use
with postsynaptic membranes and presumably discharge the toxin (or a modified form of
it) into synaptic clefts where it is able to bind and paralyse presynaptic terminals. The
biochemical basis of the paralysis is not known, but the extraordinary potency suggests that
the toxin affects the presynaptic terminals catalytically and possibly intraccllularly. It scems
to affect the process of exocytosis in the presynaptic neurone at a stage afier the entry of
calcium. It is possibly an A-B toxin. Molecular weight is ~ 146,000 (see Figure 1). It is
often already nicked when purified or can be experimentally nicked by trypsin. Reduction
by a thiol then yields a light (or @) chain, mel wt 31,5300, and a heavy {(or ) chain, mol
wt 95,000. Digestion at a second site by papain yields fragments B (96,500) and C (50,000).
(MNote that the nomenclature of the papain fragments does not conform to the A-B system.)
Fragment B in high concentration can cause a flaccid paralysis, The light chain is suspected
of carrying the postulated enzymic function. The central region {*'*H45"": 54} is hydrophobic,
makes conducting channels in artificia]l membranes, and is thought to be involved in mem-
brane-interaction in an acidic compartment.** Heavy chain and fragment C bind gangliosides
G,,,, and G,, and so are thought to be involved in cell receptor binding. However, it is not
certain that gangliosides constitute functional receptors, for their hinding is not sufficiently
tight to inactivate soluble toxin, and treatment with neuraminidase does not protect cells
against the toxin. Clinical disease can be entirely prevented by immunization with tetanus
toxoid (fermaldehyde-modified toxin) which is often administered with diphtheria toxoid
(qv). The toxin may be encoded by a plasmid.* For reviews, see References 56 and 57,

Tetanolysin — A thiol-activated cytolysin (see *'Streptolysin O'").

Clostridium spp.
Thiol-activated lysins (see Streplolysin O) have been reported for C. bifermenians, C.
botwlinum, C. histolyticum (e-toxin), C. rovyi (y toxin), and C. septicum.)
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Corynebacterium diphtherine

Diphtheria toxin®-%* —- The archetypal A-B toxin. A single polypeptide chain of 535
residugs with an amino terminal A domain (21.150) and a carboxy-terminal B domain
(37,200) connected by the peptide backbone and a disulfide bond (see Figure 1). Both bonds
must be broken for activation. Thiol-reduced Fragment A catalyses the ADP-ribosylation of
elongation factor 2 (see *‘Introduction’’). ADP-ribosyl elongation factor 2 is unable to support
protein synthesis; hence, cellular death ensues. The amino acid residue that is ADP-ribo-
sylated is a modified histidine, ‘‘diphthamide’’% apparently unique to elongation factor 2.
The entry of {ragment A requires at least three functions of the B domain: the binding of a
carboxy terminal region to specific protein receptors, binding of a region near the center of
the toxin molecule to lipid head groups, and the insertion of a hydrophobic section into the
lipid bilayer. The latter event occurs fatlowing endocytosis and acidification of the endosome.
B forms voltage-sensitive channels through which fragment A presumably passes. The
passage requires a pH gradient across the vesicle membrane and the presence of permeant
anions such as chloride. Approximately 1 molecule of toxin is sufficient to kill a cell. Mutant
cells that are resistant to diphtheria toxin are either defective in the mechanism whereby
fragment A enters the cell or have aliered elongation factor 2, The toxin gene is carried by
various temperale corynebacteriophage. Double lysogens are common. lts expression is
reduced by iron. The DNA sequence is known.®'-%2 Diphtheria is a simple toxinosis: the
toxin is responsible for most aspects of the syndrome. Hence, immunization by diphtheria
toxaid is remarkably successful and has dramatically cut the incidence of diphtheria, Toxoid
is inactivated toxin generally formed by exposing the toxin to formaldehyde or a similar
agent. Diphtheria toxoid is wvsually administered in conjunction with tetanus toxoid, The
toxin affects most vertebrates, but rats and mice lack the toxin receptor and are resistant. It
was one of the first toxins discovered (Roux and Yersin 1888). Produced also by pathogenic
C. ulcerans.

Corynebacterium equi

Cytolysin — A phospholipase C which also hydrolyses ceramide phosphate, the product
of the reaction of spingomyelinase D, and thereby enhances the hemolysis by Corynebac-
terinm ovis.®

Corynebacterium ovis (C. pseudotuberculosis), C. vlcerans and C. hemolyticum

Qvis toxin (sphingomyelinase D). Hydrolyses sphingomyelin to ceramide phosphate plus
choline,* Weakly hemolytic, more lytic in acid conditions,® and hence hemolysis is en-
hanced by a reduced oxygen supply. In comnbination with Corynebacterium equi lysin (qv)
or Staphylococcal delta toxin, hemolysis is much enhanced. It inhibits the hemolysis by
Clostridium perfrigens alpha toxin and by Staphylococcal beta toxin by modifying their
substrates.

The toxin is important in establishing infections. It has been reported to increase vascular
permeability.®® It is presumably responsible for the hemoglobinurea seen, but its major effect
is probably on leukocytes. Experimentally it is dermonecrotic and lethal. Tt consists of a
single polypeptide chain, mol wt 31,000.%7

Corynebacterium pyogenes
Cytolysin. Lethal. Not known to affect abscess formation but it is adsorbed from abscesses
and causes generalized symptoms.®® Poorly characterized.

Escherichia coli
(Similar toxins are found widely among the enterobacteriaceae.)
Heat-labile enterotoxins (LT) -—— A-B toxins identical in action to cholera toxin (qv).



Absender ZB MED Fax-Server 2 Tue Jan 27 12:32:48 2009 Seite 13 von 20

Volume VIl 11

Several slightly different types have been identified among human and porcine E. coli. They
form a family with cholera toxin and LTs of other enteric organisms. The genes are generally
carried on plasmids with slightly overlapping cistrons for subunits A and B. Severai of the
genes have been sequenced (see, for example, Reference 69). An ““LT-like” enterotoxin
that elevates cyclic AMP but is not neutratized by anti-LT also has been reported.™

Heat-stable enterotoxins (STa, also calted ST;; subtypes 8T, 8T,.) — A set of small
methanol-soluble peptides, initially about 72 amino acid residues long, of which the func-
tional region consists of the carboxyl-terminal 18 residues. This region includes three di-
sulfide bridges required For activity. The stable toxins cause intestinal secretion in suckling
mice and piglets. They activate particulate guanylate cyclase (only) of intestinal epithelial
cells, or brush border vesicles, or membranes, with little or no lag and thereby cause a
prolonged cholera-like secretion. The intestine appears to have specific receptors distinct
from guanylate cyclase.”" The guanylate cyclase of other tissues does not respond. The
activation can be mimicked by hemin and certain divalent metal ions. Encoded on plasmids.
The ST,, gene is a transposon.” DNA sequences of ST : 72, of 8T,,: 73. For a review,
see Reference 74.

Heat-stable enterotoxin STh (also called STII) — Methancl insoluble, Active in suckling
piglets and weaned pigs, but not in suckling mice or in adult ileal loops. Effective with no
apparent lag. The effect is largely reversed by washing. The secretion does not involve
cyelic GMP or cyclic AMP.”S Anion secretion is not iphibited by furosemide {that of LT
and STa is) and probably involves bicarbonate rather than chloride. The gene has been
sequenced and shows no relation to STa. The protein has 71 amino acid residues.

Hemolysin (alpha hemolysin) -—— Made late in log phase. Important in systemic infection
but not in enteric infections. It is active as a complex with a phospholipid and is inactivated
by phospholipases. Complex genetic organization: the hlyA genc is adjacent to hiyBa, hlyBb,
and hiyC genes, the products of which are required for the secretion of the hemolysin. There
are usually one or two chromosomal copies of the gene cluster that are located in large
“islands’” that also encede other virulence factors. It is sometimes carried as a transposon
on a plasmid (76). Molecular weight is 107,000,

Cytotoxin (Shiga-like toxin, Vero cell toxin) — Widely distributed but is often synthe-
sized in very small amounts. Substantial amounts are made by human and animal strains
that cause hemorrhagic colitis.”” 1t has the same effects on cells in culture as does Shigella
toxin and it is newtralized by antiserum against Shigelly toxin, but it is not genctically
identical. Produced under iron stress. Sometimes encoded by phage.™

Fusobacterium necrophorum
Leucocidin — Assists the establishment of Corynebacterium pyogenes in the combined
infection **foot rot’’.

Klebsiella — STa (see ‘“‘Lscherichia coli’").

Legionella pnexmophila
Cytolysin™

Listeria Ivanorii
Listeriolysin A, Listeriolysin B

Listeria monocyfogenes
Listeriolysin -— A thiol-activated lysin (see ‘‘Streptolysin O”'). There s also a
phospholypase.”™

Plesiomonas shigelloides
Enterotoxin — Encoded by a plasmid.
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Pseudomonas aeruginasa

For a review see Reference B1.

Exotexin A — Lethal A-B toxin consisting of a single polypeptide chain mol wt 66,583
with four disulfide bonds. Activated either by partial proteolysis of reduced toxin, ¢.g., by
elastase or by chymotrypsin plus NAD which release C-terminal fragment a: mol wt ~26,000*?
or by urea denaturation of the reduced toxin without proteolysis.** The activated toxin. or
fragment a, catalyses the same ADP-ribosylation of elongation factor 2 as does diphtheria
1oxin,* but the toxin is unrelated to the latter and uses a different cellular receptor. Exotoxin
A seems important in infections but other toxins and enzymes contribute. Single copy
chromosomal gene, Sequence: 85. The level of expression is governed by a positive regulator
gene, Transcription is reduced by high iron unless there are muitiple copies of the regulator
gene. Protein purification: 86. Found in 80 to 90% of isolates.

Cytotoxin {Lencocidin) — Membrane active on most cells. Synergized by calcium and
possibly acts by altering phosphalipid metabolism.*” Molecular weight is ~25,000.

Other toxins — Includes a lecithinase, a possible enterotoxin and several proteases of
low toxicity that necrotize skin and eyes. Among activities of clastase that seem important
are degradation of elastin, IgG, and serum proteinase inhibitors. An ADP-ribosyl transferase
calied exoenzyme S may be foxic. A toxin Z mentioned in the older literature turned out to
be exotoxin A.

Shigella dysenteriae

Shigella toxin (Shiga toxin, Shigella dysenteriae type 1 toxin, Vero cell toxin (also
called ‘‘Shigella neurotoxin’ but this is a misnomer for the clinical neurotoxicity is secondary
to vascular damage) — An A-B toxin. The A subunit (inol wt 31,244) can be proteolytically
nicked to an A, peptide (—27,000) and A, (~35000) (Figure 1). A, inhibits protein synthesis
by inactivating an umidentified component of 60S ribosomes.®® There are five identical B
subunits of mol wt 3782. Thus, as for cholera toxin, the delivery system seems to consist
of A..5B. The target cell receptor may be a glycoprotein terminating in N acetyl glucosamine
or a protein or lipid containing digalactose. The toxin is cytotoxic for several cell lines
including Vero cells, a variety of epithelial cells, and some intestinal epithelial cell lines,
This cytotoxicity may contribute to the colonic epithelial damage in shigellosis, but the exact
rale in pathogenesis is controversial, The susceptibilities of different HeLa cell clones vary
by over 10°-fold. The same toxin causes fluid secretion from the small intestine (without
cell death) and may be responsible for the diarrhea in shigellosis. The mechanism of this
secretion induction is not clear. A suggested involvement of cyclic AMP is disputed. A
similar or identical toxin is produced by other species of Shigella, by some strains of E.
cofi (gqv) and rarely by Salmonella, and other Enterobacteriaceae. Encoded on the chro-
mosomme. Production is increased by iron stress. For a review see Reference 89.

Staphylococcal aureus™!

General — A master regulator gene agr on the chromosome regulates the expression of
several of these toxins.,

Alpha lysin (alpha toxin) — Hemolytic, cytotoxic to leukocytes, paralytic to the inner-
vation of smooth muscle, and lethal, Acute lethality may be neurologic in origin and need
not be accompanied by hemolysis. All of the actions may involve the disorganization of
cell membranes by the formation of ring-like hexameric ‘‘pores’® 2 to 3 nm in diameter.%?
Rabbit ervthrocytes are particularly sensitive and their lysis by low doses (50 to 100 ng/mf)
entails binding fo a specific proteinaceous receptor which may provide a model for more
relevant effects on the nervous system. Effects on myelin also involve specific binding,
possibly to a similar receptor as that on rabbit erythrocytes. Much higher doses (30 to 100
pg/me) lyse a variety of cells and protein-free liposomes ‘‘nonspecifically’’. Alpha toxin
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appears important in the formation of abscesses. It causes aggregalion of platelets and
stimulates the constriction of small vessels thus promoting ischemia and necrosis. It is toxic
to macrophages, and at sublytic doses reduces phagocytosis and the respiratory burst.” There
are similar effects on neutrophils.” Molecular weight is 33,000. For gene sequence see
Reference 95. For a review see Reference 96. Before about 1975 many functional studies
were performed with impure alpha toxin conlaminated with delta toxin.

Beta lysin (B toxin) — A cylolytic sphingomyelinase. It is toxic to most tissue culture
cells and to macrophages, neutrophils, and platelets. It causes the leakage of lysosomal
enzymes, It is hemolytic, particularly to sheep erythrocytes, Hemolysis exhibits the hot-
cold phenomenon: after exposing erythrocytes to toxin in the warm, hemolysis is only
complete during a further period in the cold, or upon removing membrane-bound magnesium
ions. The hemolytic zone around colonies then has a sharp margin (that of alpha toxin has
a diffuse margin). Hemolysis is also enhanced by the so-called **CAMP factor’®, a protein
secreted by group B Streptococci. Present in most straing. There is some variety in sequence,

Gamma lysin (v toxin) — Cytolytic, probably leukotoxic. Hemolysis requires Na™ and
Ca' ™. Molecular weight is 32,000, Molecular cloning: 97. Reviewed in Reference 91.

Delta lysin (& toxin) — Causes detergent-like digsorganization of membranes. It Iyses
erythroeytes of all species, and all lipid vesicles. It increases vascular permeability, and is
inactivated by various lipids. A small amphiphilic protein with a molecular weight of 2977.
For sequence see Reference 98. Stable to boiling. Soluble in lipid solvents. Poor immunogen.

Enterotoxins (SEA, SEB, etc.) — Cause vomiting when injected to monkeys. Respon-
sible for all of the symptoms of Staphylococcal food poisoning including emesis and diarrhea.
Mitogenic. Seven related serological types (A, B, C,, C,, C,, D, E) which compose two
groups: A, D, E and B, C,, C,, C,. Molecular weight is from 26,000 to 29,000. A, B und
C, have been sequenced. Enteratoxin B contains a disulfide loop enclosing a nicking site,
Trypsin and pepsin resistant. The genc for enterotoxin A is associated with a variable genetic
element ¥ that can be plasmid borne or chiromosomal. The protein once called enterotoxin
F is now called toxic shock syndrome toxin 1 (TSS8T-1). Some of the enterotaxins, particularly
B, are also associated with cases of toxic shock. For a review see Reference 100.

Pyrogenic exotoxins A and B — Both are proteins of mol wt 12,000 that exhibit properties
of agents which induce interleukin-1 production (fever, mutagenesis, etc.).'”'"* The sub-
stance formerly known as pyrogenic exotoxin C is now called TSST-1.

Toxic Shock Syndrome Toxin(s) — One (TSST-1), or perhaps several, proteins w1th
pleiotropic effects. Many cffects are mediated by the induction of interleukin- | production
by mononuclear phagocytes.'™ Thus the toxin indirectly causes fever, B and T cell mito-
genesis, headache, arthralgiaz, and neutropenia. May also cause the rash of toxic shock
syndrome (cf., Streptococcal erythrogenic toxins}. Molecular weight is 29G00. For genetic
organization, see Reference 104.

Exfoliatin (epidermolytic toxin) — Toxin that causes generalized sloughing of skin ——
the ‘‘scalded skin syndrome’ —— in babies and, experimentally, in young mice." The
epidermis splits at the level of the stratum granulosum. Unknown mechanism. Exfoliatin A
is chromosomal, mol wt 30,000, and its gene has been cloned. '™ Exfoliatin B is controlled
by a plasmid found in phage group II staphylococei. Mol wt: 29,500.

Leukocidin — Unlike the o, (B, 7y, and & lysins, leukocidin is specific for granulocytes,
macrophages and mast cells of man and rabbit. No effect on erythrocytes, lymphocyles, or
cell lines in culture. Two fractions: F (mol wt 32,000) and S (mol wt 31,000) act synerg-
istically to increase cation permeability.'” Details are lacking. The role of leukocidin in
disease is unclear,

Streptococcus pneumoniae
Pneumolysin — A thiol-activaled cytolysin (see **Streptolysin O'"). Molecular weight is
~53,000. Purification.'®® Only weak antigenic cross-reactivity with Streptolysin O,'%®
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Sireptocaccus pyogenes

Streptolysin O (SLO) — The best characterized of a group of thiol-activated (oxygen-
Iabile) lysins thal each interact with membranes containing cholestero] and are inactivated
by free cholesterol."™ They are also inactivated by oxidation of free SH groups, and can be
reactivated by reducing agents such as thiols. They are cytolytic, cardiotoxic, and lethal.''”
They are thought to generate channels in membranes,’'" and the damage may be exacerbated
by the deposition of complement on the membrane of the target cell.''* The SLO gene has
been cloned.'* Although various thiol-activated lysins share common antigenic sites, the
extent of DNA homology is limited. Molecular weight is 52,600,

Streptolysin S (SL.S)''*-''* — Oxygen-stable cytolysin. Antiphagocytic. Nonspecific for
white cells, but T cells are especially sensitive. The principal cause of the aerobic ‘‘beta
hemolysis’ of many pyogenic streptococci. Small protein of approximately [S amino acid
residues with a tendency to aggregate. Not antigenic. Needs to form a complex with some
carrier molecule for stability (e.g., RNA, BSA, triton, lipoteichoic acid).

Erythrogenic toxins (scarlet fever toxins, pyrogenic exotoxins) —— Specific to scarlet
fever strains. Pyrogenic, T cell mitogenic, transiently immunosuppressive; these effects may
be mediated by interleukin-1 released from mononuclear phagocytes. They damage small
vessels to give the rash of scarlet fever. Three antigenic types: A, B, and C. Genes carried
by bacteriophage are expressed in lysogenic and vegetative states. The Dick test, the injection
of a small quantity of toxin i.d., tests [or immunity to these toxins.

Vibrio cholerae®'®- 1%

Cholera toxin (choleragen) — A-B toxin of six subunits: A5SB (Figure 1). Subunit A
consists of fragment A, (mol wt 21,817) and fragment A, (mol wt 5398) joined initially by
a peptide backbone (easily nicked) and a disulfide bond. A, is linked noncovalently to a
ring of five identical B subunits (mol wt 11,677 each), each of which binds ganglicside
GM, on cell surfaces. The 5B assembly is known as choleragenoid. Thus the complex A.5B
constitutes the delivery system. The nicking of A accelerates the effect on cells. Thiol-reduced
A, is an enzyme that catalyses the intracellular ADP-ribosylation of the o subunit of Ns,
the GTP-binding rcgulatory subunit of adenylate cyclase, The Ns modification results in
hormone-independent activation of adenylate cyclase. In intestinal epithelium the resulting
high intracellular cyclic AMP leads to electrolyte secretion and hence diarrheua. Cholera is
thus a simple toxinasis and can be effectively combated solely by reversing the [luid loss
caused by the toxin. Intestinal toxin is lethal only as a result of the fluid loss. The toxin
generally contacts the intestinal lining only, but experimentally it raises cyclic AMP in most
cell types, with a variety of physiological consequences, mostly nonlethal. Efficient ADP-
ribosylation requires (1) reduction of A,, (2) concurrent or prior binding of GTP to a
membrane site ‘8™ distinct from Ns,''" (3) a membrane-environment for Ns, and (4) the
absence of complete activation of cyclase by GTP+S. At much lower efficiencies the toxin
alsa ADP-ribosylates many other proteins. The gene is chromosomal, Operon organization:
promoter-A-A.-B with a 2-bp overlap between A and B. A and B have separate SD
sequences, That for B is more elficient and allows B:A franslation ratios of at least five.
The gene appears to be on a transposon that is often duplicated at separated points on the
chromosome (Classical strains) or in tandem (some El tor strains) and can be further amplified
by animal passage.''® Closely related to the heat-labile enterotoxins (LTs) of E. ceoli and
various other organisms including non-01 Vibrio cholerae, and V. mimicus.

Hemolysin — In El tor strains. Single gene copy.

Shiga-like toxin — See *‘Escherichia coli”.

Vibrio fluvialis
Enterotoxin — Also causes shape changes in cultured cells. '
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Vibrio parahemolyticus

““‘Enterotoxin’’ of unknown mechanism. Also causes CHO cells to elongate.

Cytolysin (thermostable divect hemolysin, Kanagawa lysin) — Cardiotoxic, cytotoxic.
Responsible for hemolysis on a special medium (Wagatsuma medium); the ‘‘Kanagawa
phenomenon’” . Heat stable when crude. Receptor may be a trisialoganglioside.’*' Probably
unimportant in food poisoning by this orgunism. Molecular weight is 45,000. Other lysins
arc also present.'??

Shiga-like toxin — See “‘Escherichia coli.”’

Vibrio vulnificus
Cytolysin, mol wt ~56,000.'%

Yersinia enterocolitica

Heat-stable enterotoxin -— Clinical isolates produce material resembling STa of E.

C'f)[i. 124,125

Yersinia pestis

“Murine roxin’’ rapidly kills mice and rats especially at low temperatures. It is suggested
to act as an antagonist of epinephrine but the biochemical mechanism is not known.'*® Not
well characterized, possibly a membrane protein. Probably unimportant in human plague.
For a review see Reference 127.
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