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1. Definition 
-     “toxikon”, Greek for bow poison

· protein molecules that are synthesized and “released” by the bacterium and are toxic for target cells or experimental animals (“exotoxins”)

· excludes intracellular or cell-associated toxins that are released only with bacterial lysis, or LPS of gram-negative bacteria (“endotoxin”)

2. Classification:


a. Clinical
-
toxins which appear totally responsible for the disease in the host (e.g. diphtheria, tetanus, botulism, cholera)


-
toxins which only enhance the development of the disease process (e.g. pertussis, shigellosis, enterohaemorrhagic E. coli (“Hamburger’s disease”), anthrax)


b. Target cells:
-
enterocytes (e.g. enterotoxins of E. coli, cholera toxin)




-
neurons (e.g. neurotoxins of tetanus & botulism)




-
leukocytes (e.g. lymphocytosis promoting toxin of pertussis)




-
red blood cells (e.g. haemolysins of gas gangrene)




-
vascular endothelial cells (e.g. verotoxins of E. coli)


c.  Biologic effect:
-  dermonecrotic toxin (e.g. S. aureus toxin)





-  edema-producing toxin (e.g. edema factor toxin of anthrax





-  haemolytic toxin (e.g. clostridial toxins)





-  lymphocytosis-promoting toxin (e.g. pertussis toxin)





-  superantigen toxins (e.g. staphylococcal & streptococcal toxins)


d.  Mechanism:
-
 ADP-robosylating toxins (e.g. cholera toxin, diphtheria toxin, pertussis toxin, heat-labile enterotoxins of  enterotoxigenic E. coli)



- 
 Adenylate cyclase toxins (e.g. adenylate cyclase toxin of pertussis; edema factor toxin of anthrax) 



-
 RNA glycosidase toxins (e.g. shiga toxin of S. dysenteriae, verotoxins of enterohaemorrhagic E. coli)



-   Metallo protease toxins (e.g. tetanus toxin, botulinum toxin, lethal factor     toxin of anthrax)

3. General Properties of Toxins


a.  Structure:
-  commonly as A-B subunits or components:

-  “A” for active; enzymatically attacks host structure or function




-  “B” for binding; binds to host cell glycolipid or glycoprotein



-  A/B: single protein with A & B domains (e.g. diphtheria toxin)

-  A-5B: separate subunit proteins associated non-covalently (e.g. shiga toxin of S. dysenteriae, verotoxin of E. coli)


-  A + B: separate proteins that interact at target cell surface (e.g. protective antigen & edema factor toxin of anthrax; protective antigen & lethal factor toxin of anthrax)

-  Signal or leader sequence: N-terminal stretch of 14-20 hydrophobic amino acids ; anchors in bacterial cytoplasmic membrane; cleaved when toxin is secreted; chaperonins (HSP60) may be required during transport


b.  Control:
-
involves multiple genes; may be chromosomal (e.g. pertussis toxin), plasmid-mediated (e.g. tetanus toxin), or phage-mediated (e.g. diphtheria toxin)


-
tightly controlled by regulatory (two-component) systems; often coordinately expressed (e.g. accessory gene regulator, agr, for staphylococcal enterotoxins)

· responds to environmental factors (e.g. iron depresses diphtheria toxin production; osmolarity regulates cholera toxin production; bacterial density regulates staphylococcal enterotoxin production; contact-dependent or type III secretion of E. coli enterotoxins)

c. Attachment & Entry:  receptor-mediated endocytosis



e.g.
Ganglioside (GM1) of enterocytes (cholera toxin)



Ganglioside (GT1) of GABA neurons (tetanus toxin)



Ganglioside (GD1b) of motor neuron (botulinum toxin)



Epidermal growth factor precursor of myocytes (diphtheria) 

Globotriaosylceramide (GB3) of enterocytes, red blood cells, renal cells (E. coli verotoxins) 

4.  
Mechanisms of Major Toxins and Role in Disease

a. Toxins that help bacteria spread in tissues: e.g. hyaluronidase and streptokinase of streptococci; DNase of staphylococci; collagenase and elastase of Pseudomonas

b. Toxins that lyse cells (either as lipases or pore-forming proteins):

e.g.
-

lecithinase (e.g. -toxin in clostridial gas gangrene ( breaks down phosphatidylcholine  (lecithin) in cell membrane ( cell death & haemolysis)

· Membrane-damaging toxin (e.g. -toxin of S. aureus ( pores in erythrocyte membranes ( lysis and haemolysis by osmotic shock)

· streptolysin O (“oxygen-labile”) of streptococcus – binds to cholesterol in erythrocyte membranes and lysosomes ( cell lysis & death

· RTX toxins (repeats in toxin) (e.g. haemolysins in E. coli and other gram-negatives ( form pores in cell membranes ( lysis & cell death)

c. Toxins that block protein synthesis: most are A-B toxins, and catalyze the transfer of the adenosine diphosphate (ADP) group from the coenzyme NAD to target proteins




e.g.
-  diphtheria toxin (ADP-ribosylation of elongation factor II, a protein required for translocation of ribosomal mRNA ( inhibition of protein synthesis ( myocardial damage or central & peripheral motor paralysis)





-  exotoxin A of Pseudomonas aeruginosa (identical to diphtheria toxin, but binds to a2-macroglobulin/LDL receptor rather than ectodermal growth factor precursor as with diphtheria toxin ( cell & tissue damage)


· shiga toxin of Shigella dysenteriae & verotoxins of enterohaemorrhagic E. coli






(N-glycosidase cleavage of 60S rRNA ( inhibition of protein synthesis ( cell death of enterocytes ( dysentery or haemorrhagic colitis)


d.  Toxins that elevate or depress normal cell functions: (i.e. pharmacologic actions)




e.g.
-
 cholera toxin (ADP-ribosylation of Gs ( activates enterocyte adenylate






  cyclase ( ( cyclic AMP ( chloride & water secretion ( diarrhea; 






  process can be reversed with oral glucose and water replacement )

· heat-labile E. coli enterotoxins or LT (identical to cholera toxin) 

· heat-stable E. coli enterotoxins or ST (bind to and activate enterocyte guanylate cyclase ( ( cyclic GMP ( chloride & water secretion ( diarrhea)





-  adenylate cyclase toxin of pertussis (calmodulin-activated adenylate cyclase





    ( ( cyclic AMP in leukocytes ( inhibits chemotaxis)

· edema factor toxin of anthrax (identical to adenylate cyclase toxin of pertussis)



e.  Toxins that block nerve function: (binds to gangliosides specific to nervous tissue and cleaves synaptobrevin, proteins in neuronal synaptic vesicles that are responsible for the release of stimulatory or inhibitory neurotransmitters)


e.g. 
-   tetanus toxin (proteolytic cleavage of synaptobrevin in spinal cord 






(  inhibits release of inhibitory neurotransmitters (-aminobutyric acid)

·  imbalance of excitatory/inhibitory effects of motor neurons

(
rigid muscle contractions ( spastic paralysis of respiratory muscles)

· botulinum toxin (proteolytic cleavage of synaptobrevin in neuromuscular 






junction ( inhibits presynaptic release of excitatory  neurotransmitter






(acetylcholine) ( flaccid paralysis of respiratory muscles)


f.
Toxins that subvert the immune system: nonspecifically activate T cells and macrophages leading to massive release of proinflammatory cytokines




e.g.
-
Superantigen toxins (pyrogenic exotoxins) of S. aureus & Str. pyogenes binds to MHC class II of antigen presenting cells and activate T cell receptors






( massive & uncontrolled release of cytokines (e.g. TNF, IL-1, IL6, IFN-






( nitric oxide release ( capillary leak ( toxic shock & vascular collapse)

5.
Clinical Significance and Therapeutic Applications of Bacterial Toxins:

a. Bacterial toxins are among the most lethal proteins known to man (e.g. lethal dose of botulinum type A toxin is 1 ng/kg)

b. Bacterial toxins may only act locally (e.g. cholera toxin, E. coli heat-labile enterotoxins), or they may act systemically (e.g. diphtheria toxin, clostridial -toxin, etc.)

c. Antibiotics that kill bacteria may actually worsen the clinical condition by releasing more toxins; best results are obtained by combining an antibiotic that kills bacteria (e.g. penicillin by inhibiting cell-wall synthesis) with another antibiotic that blocks protein synthesis (e.g. clindamycin) – as shown in experimental models of gas gangrene and in toxic shock syndrome.

d. Toxins are extremely useful tools in cell biology for studying specific cellular functions.

e. Toxins can be modified to become non-toxic and used as vaccines (toxoid vaccines); most useful for the prevention of diseases caused by single toxins (e.g. diphtheria, tetanus), less effective for diseases caused by multiple toxins (e.g. pertussis).

f. Some toxins have gained therapeutic use (e.g. botulinum toxin for treating spastic disorders, strabismus, and for removing wrinkles)

g. Some subunit toxins are being developed to block holotoxin from entry (e.g. B subunit toxin bind to target receptors and prevent holotoxin from binding and cell entry); or to kill cancer cells (e.g. A subunit toxin fused to ligand-binding molecules, such as monoclonal antibody which targets the toxin to leukemia cells bearing tumor markers recognized by the monoclonal antibody) – diphtheria toxin constructs and staphylococcal enterotoxin A constructs are examples.
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