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(1)(1) PorinPorin--like toxinslike toxins

(2)(2) Toxins that bind to or modify existing ion channelsToxins that bind to or modify existing ion channels

(3)(3) ToxinsToxins with intracellular target that form      with intracellular target that form      

a channel and a channel and translocatetranslocate a second a second 

component, i.e. binary toxinscomponent, i.e. binary toxins

Bacterial ToxinsBacterial Toxins
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The toxin contains both enzyme The toxin contains both enzyme 

(A) and transport function (B), (A) and transport function (B), 

for example for example adenylateadenylate cyclasecyclase

toxin (ACT, toxin (ACT, CyaACyaA) of ) of BordetellaBordetella

pertussispertussis..

Toxin and transport function are Toxin and transport function are 

secreted separately, e.g. C2secreted separately, e.g. C2--

and Anthrax toxinand Anthrax toxin

Binary ToxinsBinary Toxins

AA BB

BBAA
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-- C2C2--Toxin*Toxin* Clostridium botulinum Clostridium botulinum (A; B)(A; B)

-- IotaIota--ToxinToxin Clostridium perfringens Clostridium perfringens (A; B)(A; B)

-- Toxin A/BToxin A/B Clostridium Clostridium difficiledifficile (A(A--B)B)

-- EpsilonEpsilon--ToxinToxin Clostridium perfringens Clostridium perfringens (A?; B)(A?; B)

-- AnthraxAnthrax Toxin Toxin Bacillus anthracis  Bacillus anthracis  (A1, A2; B)(A1, A2; B)

-- VIPVIP--ToxinToxin** Bacillus thuringiensis  Bacillus thuringiensis  (A; B)(A; B)

Bacillus cereus Bacillus cereus (A; B)(A; B)

-- CyaACyaA (ACT)   (ACT)   BordetellaBordetella pertussispertussis (A(A--B)B)

Binary Toxins Binary Toxins –– Overview Overview 
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Binary Toxins Binary Toxins –– Our Working Model Our Working Model 

side view top view
Adapted from: Song Adapted from: Song et alet al, 1996, 1996
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Binary Toxins Binary Toxins –– Our Working Model Our Working Model 
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Binary Toxins Binary Toxins –– Our Working Model Our Working Model 

HeptamericHeptameric binding binding 
component (B) inserted in component (B) inserted in 
artificial bilayer membraneartificial bilayer membrane

Enzymatic component (A) to Enzymatic component (A) to 
be delivered into target cellsbe delivered into target cells

??
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First recognized and isolated in First recognized and isolated in 18961896 by by 

Emile van Emile van ErmengemErmengem

GramGram--positive, spore forming, rodpositive, spore forming, rod--shaped,                                   shaped,                                   

anaerobic soil bacteriaanaerobic soil bacteria

The spores can survive in most environments and are hard to killThe spores can survive in most environments and are hard to kill

C. botulinumC. botulinum produces various types of extremely potent produces various types of extremely potent 

neurotoxins (neurotoxins (BoNTBoNT). Beside these neurotoxins, certain strains ). Beside these neurotoxins, certain strains 

produce the produce the exotoxinexotoxin C2 and the C2 and the exoenzymeexoenzyme C3C3

C2C2--Toxin of Toxin of Clostridium Clostridium botulinumbotulinum

CenterCenter for Disease Control and Prevention, for Disease Control and Prevention, 
Department of Health and Human Services USDepartment of Health and Human Services US
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C2C2--toxin seems not to be involved in                               toxin seems not to be involved in                               

botulism but also acts lethal when applied                      botulism but also acts lethal when applied                      

to animals (LDto animals (LD5050 ((i.vi.v.) for mice is less                                          .) for mice is less                                          

than 50 than 50 fmolfmol))

Main effect after Main effect after i.vi.v. application is a decrease in vascular        . application is a decrease in vascular        

barrier functions of the endothelium, resulting in decreased barrier functions of the endothelium, resulting in decreased 

blood pressure and edemablood pressure and edema

C2C2--Toxin of Toxin of Clostridium Clostridium botulinumbotulinum

CenterCenter for Disease Control and Prevention, for Disease Control and Prevention, 
Department of Health and Human Services USDepartment of Health and Human Services US
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Enzymatic component: C2IEnzymatic component: C2I

•• 50 50 kDakDa protein, 2 domains, ADPprotein, 2 domains, ADP--ribosyltransferaseribosyltransferase activityactivity

C2C2--ToxinToxin

AktoriesAktories & Barth, 2004& Barth, 2004
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Binding component: C2IIBinding component: C2II

•• 80 80 kDakDa protein, 4 domains, distinct homology to other binary toxinsprotein, 4 domains, distinct homology to other binary toxins’’

binding components, such as PA, Vip1Ac, Iota b, and to binding components, such as PA, Vip1Ac, Iota b, and to ββ--barrel barrel 

PFTsPFTs like like αα--HemolysinHemolysin..

C2C2--ToxinToxin

ActivationActivation

ActivationActivation

HomologyHomology No homologyNo homology

Binding of A moiety

Binding of A moiety

Receptor

Receptor--binding
binding

Oligomerisation

Oligomerisation

PorePore--formation

formation

PA PA ((B. anthracisB. anthracis))

C2II C2II ((C. botulinumC. botulinum))

TakenTaken fromfrom: T. Neumeyer, 2007: T. Neumeyer, 2007
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Intoxication Intoxication –– binding and internalization  binding and internalization  

C2C2--ToxinToxin

TakenTaken fromfrom: T. Neumeyer, 2007: T. Neumeyer, 2007
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Intoxication Intoxication –– enzymatic reaction of C2I enzymatic reaction of C2I 

C2C2--ToxinToxin

AktoriesAktories & Barth, 2004& Barth, 2004
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Inhibition of intoxication by Inhibition of intoxication by chloroquinechloroquine

C2C2--ToxinToxin

Titration experiments with Titration experiments with 
chloroquinechloroquine and related and related 
compounds resulted in acompounds resulted in a
decrease of membrane decrease of membrane 
conductance.conductance.

KKSS = 44 = 44 µµMM
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Inhibition of intoxication by Inhibition of intoxication by chloroquinechloroquine

C2C2--ToxinToxin

ChloroquineChloroquine is able to is able to 
prevent Vero cells from prevent Vero cells from 
toxin induced celltoxin induced cell
rounding and cell death.rounding and cell death.

KKSS = 23 = 23 µµM (% inhibition)M (% inhibition)
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Biophysical propertiesBiophysical properties

•• Single channel conductance depends on ionic strength of salt Single channel conductance depends on ionic strength of salt 

solution (single channel conductance in 150mM solution (single channel conductance in 150mM KClKCl = 40 = 40 pSpS).).

•• Channels are Channels are cationcation--selective (selective (PPcationcation/P/Panionanion = 11) = 11) 

•• Membrane inserted channels bind 4Membrane inserted channels bind 4--aminoquinolines, e.g. aminoquinolines, e.g. 

chloroquinechloroquine, which blocks the channel. This binding also is , which blocks the channel. This binding also is 

ionic strength dependent.ionic strength dependent.

•• ChloroquineChloroquine is twofold positive chargedis twofold positive charged

C2C2--ToxinToxin

Negatively charged amino acids are involved inNegatively charged amino acids are involved in
binding and contribute to biophysical properties.binding and contribute to biophysical properties.
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Biophysical propertiesBiophysical properties

•• Furthermore binding is asymmetric with respect to Furthermore binding is asymmetric with respect to 

the side of addition (binding resulting from addition the side of addition (binding resulting from addition 

of of chloroquinechloroquine to the to the ciscis side is much stronger).side is much stronger).

C2C2--ToxinToxin

Binding site is localized Binding site is localized 
inside the vestibule on the inside the vestibule on the 
ciscis side of the mushroomside of the mushroom--
shaped shaped heptamerheptamer..
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Sequence comparison Sequence comparison –– sitesite--directed mutagenesisdirected mutagenesis

C2C2--ToxinToxin
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Position of the mutated amino acids inside the Position of the mutated amino acids inside the preporeprepore

C2C2--ToxinToxin

TakenTaken fromfrom: T. Neumeyer, 2007: T. Neumeyer, 2007
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Single channel conductance of the C2IISingle channel conductance of the C2II--mutantsmutants
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Selectivity of the C2IISelectivity of the C2II--mutantsmutants

Selectivity             Selectivity             
PPcc/P/Paa

ZeroZero--current membrane current membrane 
potential potential VVmm (mV)(mV)
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Selectivity of the C2IISelectivity of the C2II--mutantsmutants

SelectivitySelectivity
PPcc/P/Paa

Zero potentialZero potential
VVmm (mV)(mV)

Selectivity             Selectivity             
PPcc/P/Paa

ZeroZero--current membrane current membrane 
potential potential VVmm (mV)(mV)
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Selectivity of the C2IISelectivity of the C2II--mutantsmutants

SelectivitySelectivity
PPcc/P/Paa

Zero potentialZero potential
VVmm (mV)(mV)

Selectivity             Selectivity             
PPcc/P/Paa

ZeroZero--current membrane current membrane 
potential potential VVmm (mV)(mV)
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VoltageVoltage--dependence of the C2IIdependence of the C2II--mutantsmutants
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding



Department of Biotechnology

41MB-JASS 2007 – Properties of Channels Formed by Bacterial Porins and Toxins – March 11.-21. 2007 – Moscow, Russia 

HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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HalfHalf--saturation concentrations of 4saturation concentrations of 4--aminoquinoloneaminoquinolone--bindingbinding
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SummarySummary
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Bacillus Bacillus thuringiensisthuringiensis was first discovered                                     was first discovered                                     

in flour silos in Thuringia (German federal                     in flour silos in Thuringia (German federal                     

state) in 1911   state) in 1911   

GramGram--positive, spore forming, rodpositive, spore forming, rod--shaped,                                   shaped,                                   

soil bacteriasoil bacteria

Belongs to the family of Belongs to the family of BacillaceaeBacillaceae, closely related to , closely related to Bacillus Bacillus 

cereus cereus and and Bacillus Bacillus anthracisanthracis

Pathogen for flour moths (Pathogen for flour moths (EphestiaEphestia kuehniellakuehniella))

VIPVIP--Toxins of Toxins of Bacillus Bacillus thuringiensisthuringiensis
(and (and B. cereusB. cereus))

AndrupAndrup et al.et al., 1996 , 1996 
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Bacillus Bacillus thuringiensisthuringiensis is well known for its                                       is well known for its                                       

insecticidal insecticidal δδ--endotoxinsendotoxins, targeting different                              , targeting different                              

corn pests, such as the European corn                           corn pests, such as the European corn                           

borer (borer (OstriniaOstrinia nubilalisnubilalis) and ) and thethe Western                                    Western                                    

corncorn rootwormrootworm ((DiabroticaDiabrotica virgiferavirgifera virgiferavirgifera LeConteLeConte) ) 

VIPVIP--Toxins of Toxins of Bacillus Bacillus thuringiensisthuringiensis

http://www.syngenta.comhttp://www.syngenta.com

http://www.bba.de/veroeff/popwiss/diabrotica.pdfhttp://www.bba.de/veroeff/popwiss/diabrotica.pdf

http://whttp://www.syngenta.comww.syngenta.com
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δδ--endotoxinsendotoxins

•• ParasporalParasporal crystals, produced during                                      crystals, produced during                                      

sporulationsporulation phase of the bacteriaphase of the bacteria

•• PorePore--forming proteins, that target the                               forming proteins, that target the                               

insectsinsects’’ midgutmidgut cells and cells and lyselyse themthem

•• Already used in transgenic corn since 1996Already used in transgenic corn since 1996

Bacillus Bacillus thuringiensisthuringiensis is also capable of producing insecticidal is also capable of producing insecticidal 

proteins during its vegetative growth phaseproteins during its vegetative growth phase

VVegetative egetative IInsecticidal nsecticidal PProteins roteins VIPVIP--ToxinsToxins

VIPVIP--Toxins of Toxins of Bacillus Bacillus thuringiensisthuringiensis

http://helios.bto.ed.ac.uk/bto/microbes/bt.htmhttp://helios.bto.ed.ac.uk/bto/microbes/bt.htm
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Enzymatic component: Vip2AcEnzymatic component: Vip2Ac

•• 46 46 kDakDa protein, 2 domains,                                            protein, 2 domains,                                            

ADPADP--ribosyltransferaseribosyltransferase activityactivity

•• Highly homologous to C2I and                                    Highly homologous to C2I and                                    

IaIa ((C. C. perfringensperfringens))

•• ~90 % homology to Vip2 from                                     ~90 % homology to Vip2 from                                     

B. cereus B. cereus AB78AB78

VIPVIP--ToxinToxin

Vip2

HanHan et alet al, 1999, 1999

Binding component: Vip1AcBinding component: Vip1Ac

•• 96 96 kDakDa precursor protein, precursor protein, chymotrypsinchymotrypsin cleavage leads to active cleavage leads to active 

monomers (66 monomers (66 kDakDa) that can form ) that can form oligomersoligomers

•• Highly homologous to C2II, PA and other Highly homologous to C2II, PA and other ββ--barrel barrel PFTsPFTs
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Binding component: Vip1AcBinding component: Vip1Ac

VIPVIP--ToxinToxin

3 4

6 % SDS6 % SDS--PAGEPAGE

1 1 B. thuringiensisB. thuringiensis gelgel--eluted Vip1Ac, nativeeluted Vip1Ac, native

22 B. thuringiensis B. thuringiensis gelgel--eluted Vip1Ac, boiledeluted Vip1Ac, boiled

oligomericoligomeric

Vip1AcVip1Ac1 M 1 M KClKCl

pHpH 5.55.5
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Binding component: Vip1AcBinding component: Vip1Ac

VIPVIP--ToxinToxin
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1 M 1 M KClKCl

pHpH 5.55.5

1 M 1 M KClKCl, , pHpH 5.55.5

300 300 mMmM KClKCl, , pHpH 5.55.5

350 350 pSpS
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200 200 pSpS
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Vip1Ac single channel conductanceVip1Ac single channel conductance

VIPVIP--ToxinToxin

3 4

400 400 pSpS220 220 pSpS1 M KF1 M KF

300 300 pSpS160 160 pSpS1 M 1 M LiClLiCl

1900 1900 pSpS960 960 pSpS3 M 3 M KClKCl

700 700 pSpS350 350 pSpS1 M 1 M KClKCl

300 300 pSpS160 160 pSpS500 500 mMmM KClKCl

200 200 pSpS300 300 mMmM KClKCl

150 150 pSpS150 150 mMmM KClKCl

75 75 pSpS50 50 mMmM KClKCl

Conductance state Conductance state 
22

Conductance state Conductance state 
11

ElectrolyteElectrolyte
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Vip1Ac voltageVip1Ac voltage--dependence dependence 

VIPVIP--ToxinToxin

3 4
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Vip1Ac voltageVip1Ac voltage--dependence dependence 

VIPVIP--ToxinToxin

3 4

1 M 1 M KClKCl, , pHpH 5.55.5
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AnionAnion--selective (Pselective (Pcc/P/Paa = 0.36 ) channels in artificial lipid = 0.36 ) channels in artificial lipid bilayersbilayers
with two conductance states at higher salt concentrationswith two conductance states at higher salt concentrations

≠≠ other known binary toxins, e.g. C2other known binary toxins, e.g. C2-- and Anthraxand Anthrax--toxintoxin

Asymmetric, voltage dependent closure of the channel at high Asymmetric, voltage dependent closure of the channel at high 
positive voltages applied to the positive voltages applied to the ciscis sideside

≠≠ other known binary toxins, e.g. C2other known binary toxins, e.g. C2-- and Anthraxand Anthrax--toxintoxin

No binding of the enzymatic component Vip2Ac & No binding of the enzymatic component Vip2Ac & chloroquinechloroquine
≠≠ other known binary toxins, e.g. C2other known binary toxins, e.g. C2-- and Anthraxand Anthrax--toxintoxin

VIPVIP--Toxin Toxin –– why so interesting?why so interesting?

3 4

Different mode of interaction despite the Different mode of interaction despite the 
high homology to other binary toxins ?high homology to other binary toxins ?
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Binary Bacterial Toxins
C2- and VIP-Toxin

Michael Leuber
Biotechnology

University Würzburg

Thank you for your attention !Thank you for your attention !
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