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Abstract

Cyclodextrin derivatives can be utilized as anti-infectives with pore-forming proteins as the
targets. The highly efficient selection of potent inhibitors was achieved because per-substituted
cyclodextrins have the same symmetry as the target pores. Inhibitors of several bacterial toxins
produced by B. anthracis, S. aureus, C. perfringens, C. botulinum and C. difficile were identified
from a library of ~200 CD derivatives. It was demonstrated that multi-targeted inhibitors can be
found using this approach and could be utilized for the development of broad-spectrum drugs
against various pathogens.

Introduction

The a-, B-, and y-cyclodextrins (a-, B-, and y-CDs) are natural cyclic oligosaccharides,
consisting of six, seven, and eight D-glucopyranose residues, respectively, linked by a-1,4
glycosidic bonds into a macrocycle [1] (Fig. 1).

Cyclodextrins and their derivatives are known to encapsulate organic molecules in aqueous
solutions and have been widely used in the pharmaceutical industry for decades to enhance
the solubility, bioavailability and stability of drug molecules [2°, 3,4]. Many of the known
cyclodextrins and their derivatives exhibit low toxicity and resistance to degradation by
enzymes in biological fluids and have GRAS (generally regarded as safe) status from the
FDA. The methods for selective modifications of cyclodextrins are very well developed and
offer excellent opportunities for the synthesis of various derivatives [5].

CDs have been utilized for the encapsulation of antibiotics [6,7], but their direct use as anti-
microbials was suggested only recently with bacterial pore-forming toxins as targets [8°°,
9,10°,11°,12, 13°,14°,15°, 16-20].

Bacterial virulence factors, in general, are considered by many as valid targets for the
discovery of new therapeutics [21]. It is known that many pathogens utilize the formation of
transmembrane pores in target cells in the process of infection [22°,23]. They are important
virulence factors and can serve as good targets for drug discovery. For example, the well-
known anti-influenza drugs amantadine and rimantadine act by blocking the transmembrane
channel formed by the viral protein M2 [24,25].

Table 1 shows some of the pore-forming proteins, both bacterial and viral, with known
functions. They can act using different mechanisms of action. Making a pore in the
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membrane of the target cell may cause osmotic shock or it can lead to a change of pH, which
is required for the pathogen's replication. In some bacteria, the transmembrane pores are
used for the delivery of various enzymes inside the target cells that kill the cell. The precise
mechanisms of action can be different, but the key step is the formation of the
transmembrane pore.

A novel approach suggested by Karginov et a/. [8°] utilizes the blocking of homooligomeric
pores with molecules having the same symmetry as the pores and comparable dimensions. It
was successfully tested on various bacterial toxins forming heptameric transmembrane pores
with the use of B-cyclodextrin derivatives as pore blockers that had the same seven-fold
symmetry (Fig. 1).

Anthrax toxins

First, this approach was tested on anthrax toxin, which plays a key role in the pathogenesis
of Bacillus anthracis and is regarded as a potential bioterrorism tool. Currently, there is no
effective treatment for inhalational anthrax beyond the administration of antibiotics shortly
after exposure. However, time delay dramatically reduces the effectiveness of antibiotic
treatment. In the 2001 mail-based attacks, 5 out of 11 patients succumbed to inhalational
anthrax despite antibiotic therapy (CDC MMWR). Antibiotic administration is ineffective if
provided after bacterial exposure has led to the production of sufficient levels of toxins to
kill the host. Therefore, the development of direct anti-toxin therapeutics that can be
provided after exposure as a supplement to traditional antibiotic intervention is crucial for
the treatment of this disease.

The mechanism of anthrax intoxication has been intensively investigated and its main steps
and details have been described in various reviews [26-28]. The two anthrax toxins: lethal
toxin (LeTx) and edema toxin (EdTX), are formed by three different proteins: protective
antigen (PA, 83 kD) either combines with lethal factor (LF, 90 kD) to form lethal toxin
(LeTx), or with edema factor (EF, 89 kD) to form edema toxin (EdTx). A trans-membrane
pore created by PA facilitates the transport across the cell membrane of LF and EF, both of
which are enzymes targeting substrates within the cytosol. LF is a metalloprotease that
cleaves mitogen-activated protein kinase kinase (MAPKK), triggering an intracellular
signaling cascade, leading to the death of macrophages. EF is a calmodulin-dependent
adenylate cyclase that causes edema and impairs neutrophil function.

According to the broadly accepted mechanism of anthrax toxin action, the original 83 kD
form of PA (PAg3) binds to one of the cell surface receptors: tumor endothelial marker-8
(called TEMS8, ATR or ANTXR1) or capillary morphogenesis protein 2 (CMG2 or
ANTXR?2). Next, a furin-like protease removes the amino terminal 20 kD segment from
PAg3. The 63 kD form of PA (PAg3) oligomerizes to form a heptameric prepore, binds to LF
or EF, and the complex is trafficked into the endosome. The low pH in the endosomes
causes conformational changes of the prepore, which leads to its conversion to a
transmembrane pore followed by the translocation of LF and EF to the cytosol.

Significant progress has been achieved since the 2001 events in the discovery and
development of new inhibitors of anthrax toxins using various approaches to block the
critical steps of the intoxication mechanism. The most advanced products are the ones based
on monoclonal antibodies against PA [29], some of which have passed preclinical and Phase
I clinical trials. One product (Raxibacumab) has been delivered to the U.S. Strategic
National Stockpile. In the therapeutic-intervention studies of this mAb in cynomolgus
macaques challenged with anthrax (Ames) spores, the survival rate of the animals that
received the antibody by slow i. v. injection at a dose of 40 mg/kg was only 64% (http://
us.gsk.com/products/assets/us_raxibacumab.pdf). In addition, this approach utilizes high
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molecular weight proteins. Such inhibitors are less attractive as potential drugs in
comparison with low molecular weight compounds, which are more desirable given their
better bioavailability, lack of sensitivity to proteases and lower cost of production. In case of
a bioterrorism attack, an orally or inhalationally available small molecule drug would be the
first choice. Further efforts on the development of small molecule anthrax toxin inhibitors
are required.

A number of groups are involved in the search for small molecule inhibitors of anthrax toxin
but almost all of them are focused exclusively on the inhibition of LF protease activity.
None of these compounds would inhibit EF. Recent studies show that edema factor may
have a major role in shock during anthrax infection and that it may also be
immunosuppressive [26].

Small molecule inhibitors of anthrax toxins based on -cyclodextrin should inhibit both
LeTx and EdTx since they would block the transmembrane pore formed by PA required for
the delivery of LF and EF.

A library of ~ 200 B-CDs per-substituted at positions 6 (see Fig. 1) was synthesized. Most of
the compounds carried positively charged groups since it was suggested that they could be
more effective blockers of the PA pore because the lumen of the PA pore contains a
significant number of negatively charged amino acids. The hydroxyls at positions 2 and 3
form hydrogen bonds and are required for keeping the molecule rigid, making the 6-OH
group a favorable site for modifications.

The library was screened for the ability to inhibit the cytotoxicity of LeTx in a cell-based
assay utilizing mouse macrophage RAW 264.7 cells. The extraordinary effectiveness of this
approach was demonstrated by the fact that several dozen of the synthesized compounds
displayed inhibitory activity with I1Csq values in the low- and sub-micromolar range [9,10°,
19,20]. One of the inhibitors of LeTx was tested for its ability to block EdTx activity in
CHO-K1 cells [10]. The compound inhibited EdTx in the same concentration range as LeTx
providing additional support for the originally proposed mechanism of action, which
involves the blocking of PAg3 that is required for the delivery of both LF and EF into the
cytoplasm.

The ability of structurally related a-, B- and y-cyclodextrins carrying the same modifications
to inhibit Bacillus anthracis lethal toxin was compared. It was found that both - and y-
cyclodextrin derivatives effectively inhibited anthrax toxin action, whereas a-cyclodextrins
were ineffective [20]. That could be related to the recently reported observation of PA
octameric pores having the same eight-fold symmetry as y-CD [30].

Several 3-CD derivatives displaying inhibitory activity were tested for their ability to block
conductance through PA channels incorporated into a bilayer lipid membrane. They blocked
the PA pore at low nanomolar concentrations. Also, a correlation between the 1Csq values
obtained in cell-based and ion conductance experiments was observed despite the
tremendous difference in these two methods [10]. This finding supports the concept that p-
CDs inhibit anthrax toxins by means of blocking the PA channel.

The involvement of electrostatic interactions is suggested by the strong dependence of
blockage parameters on salt concentration which screens out charges on both the blocker
and the protein. Experiments with f-CD derivatives carrying extra aromatic groups
performed with the F427A mutant of PAg3z which lacks the functionally important
“phenylalanine clamp” [31], demonstrated the potential role of phenylalanine 427 with
regards to the PA channel interaction with the blockers [18].
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To check if LeTx inhibitors can bind to the PA prepore, preliminary crystallographic studies
were performed by Dr. Liddington at the Sanford-Burnham Medical Research Institute. The
binding mode of the anthrax PA heptamer to compound AMBNTRCD (Table 2) was defined
by crystallography at a resolution of ~3.5 A using a synchrotron source. The inhibitor is
observed to bind about half-way along the lumen axis, making polar and charged
interactions between the benzylamine groups of AMBNnTBCD and the 14 loops (2 per PA
monomer) close to the region implicated in the prepore-to-pore conversion that creates the
“phenylalanine clamp” (unpublished data).

Some additional insight on the mechanism of LeTx inhibition was obtained utilizing
fluorescent tracers based on LFn, a catalytically inactive fragment of LF capable of PA-
dependent binding and internalization into cells. With the use of fluorescent microscopy, it
was demonstrated that a f-CD based blocker of PA did not prevent the formation of the PA
prepore, it's binding to the cell surface nor the binding of the LFn based tracer, but did
inhibit LFn translocation into cells [12].

These data show that, in addition to blocking the already formed transmembrane pore, B-
CDs may bind to the pre-pore (probably to the same area of the amino acid sequence located
close to the “phenylalanine clamp™) and prevent its transformation into the transmembrane
channel.

Some of the most active inhibitors of LeTx were tested /n vivo. The toxicity of these
derivatives of -cyclodextrin were tested in mice, rats and rabbits and it was found that the
animals tolerated up to a 20 mg/kg dose of the compounds administered intravenously
(unpublished data).

A preliminary evaluation of the pharmacokinetic properties of the cyclodextrin derivative
AMBNTBCD was performed in rabbits using a competitive ELISA assay with antibodies
against this compound [32]. The obtained results showed that the apparent half-life of
elimination (t%2) was 4.7 hours and the total plasma clearance of the compounds were
approximately equal to the glomerular filtration rate, suggesting that the elimination
occurred via the kidneys and most likely the compounds had limited distribution into the
tissues, which is in agreement with previous reports for other cyclodextrins [2°].

The efficacy studies were performed first in Fischer 344 rats challenged with LeTx. It was
demonstrated that f-CDs completely protected rats from a deadly dose of LeTx at as low a
dose as 85 ug/rat [14°]. The protective properties of compound AMBNTBCD was tested in
mice challenged with Bacillus anthracis (Sterne strain) in a delayed treatment study. The
animals were infected with 10 LDg of anthrax spores. At day 1 post-challenge, the mice
received the compound (i.v.) at a dose of 2.5 mg/kg alone or in combination with the
antibiotic ciprofloxacin (50 mg/kg, i.p.). AMBNnTBCD and ciprofloxacin were administered
once daily for 10 days. The combination treatment saved up to 90% of the mice while all
untreated animals or those treated with antibiotic or antitoxin died [14°].

A similar approach for the search for inhibitors of anthrax toxins has been developed using
the design of polyvalent inhibitors consisting of multiple copies of an inhibiting peptide
attached to B-cyclodextrin. It utilized the peptide HTSTYWWLDGAPC that inhibits the
binding of LF and EF to PA. Seven copies of this peptide were attached to the 3-
cyclodextrin molecule via polyethylene glycol linkers of various lengths. Several of the
heptavalent molecules inhibited the LeTx-induced death of RAW 264.7 cells at low
nanomolar concentrations. One of the best inhibitors carrying the PEG14 linker was tested /n
vivo in Fischer 344 rats and it prevented 6 of 7 animals from becoming moribund when co-
injected with LeTx at a 300 nmol dose of the peptide (~0.7 mg of the heptameric inhibitor
per animal) [33].
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S. aureus a-hemolysin

The broader applicability of this approach was tested using as a target a-hemolysin (a-HL),
also known as a-toxin, of Staphylococcus aureus which is one of the key virulence factors
produced by this bacteria. S. aureus is one of the most significant causes of serious hospital-
and community-acquired bacterial infections, contributing to morbidity and mortality in
individuals of all ages. Increasing antimicrobial resistance among S. aureus strains and the
appearance of particularly virulent isolates of this pathogen within the community have
rendered historic antimicrobial therapies obsolete, resulting in increased mortality and cost
of care [34-37]. Novel approaches to both prevent and treat S. aureus-mediated infection,
especially methicillin resistant S. aureus (MRSA), are necessary.

S. aureus relies on various virulence factors that act in concert to facilitate the survival and
multiplication of the organism within the human host [38]. A number of earlier studies have
highlighted the importance of S. aureus a-HL in disease and validated this protein as a
viable target for the development of small molecule inhibitors [39-42].

o-Hemolysin is a single polypeptide chain with a molecular weight of 33 kDa. Water-
soluble toxin monomers, secreted by S. aureus, bind to target membranes and oligomerize
into a heptameric, nonlytic prepore complex. Subsequent conformational changes allow for
the stem domain of the toxin to extend from the globular monomer through the host cell
membrane. The coordinate insertion of the stem domains from each heptamer permit the
formation of the lytic channel or pore that causes the loss of membrane integrity,
culminating in cellular injury and eventual death. The pore formation also triggers secondary
events within the host cell that could promote the development of pathologic conditions
[43,44].

The crystallographic structure of the fully assembled a-hemolysin pore was resolved [45].
The diameter of the a-hemolysin channel lumen, which is 14 — 46 A according to X-ray
analysis data, is comparable with the outside diameter of p-CD — 15.3 A [1].

The library of B-CD derivatives that was used to find inhibitors of anthrax toxins was
screened against a-HL employing a standard rabbit erythrocyte hemolysis assay adapted to a
96-well plate format. Several compounds that inhibited a-hemolysin's cytotoxicity at low
micromolar concentrations were identified [11°]. One compound (ANBOBCD, table 2) was
tested using the human monocyte cell line THP-1 and it was found that this -CD derivative
protected the cells against a-HL cytotoxicity.

Similarly to above described LeTx studies, the ability of structurally related a-, - and y-
cyclodextrins carrying the same modifications to inhibit a-HL were compared. It was found
that both a- and y-CD derivatives did not display any activity [20]. This difference in the
activities of y-CD derivatives against anthrax and staphylococcal toxins could be explained
by the fact that in contrast to a-HL, PA presumably can form octameric pores [30]. These
data show that size and conformation as well as a match in symmetry of the blocking
molecule and pore play important roles in the activity of the inhibitors of pore-forming
toxins.

Compound ANBOBCD (Table 2) was tested for its ability to block conductance through a-
hemolysin channels incorporated into a bilayer lipid membrane. They blocked the a-HL
pore at low micromolar concentrations but the mechanisms of blocking the PA and a-HL
transmembrane pores were different. In contrast to the PA pore blockers, compound
ANBOQBCD blocked the a-HL channels irreversibly [11°]. For PA pore blockers, the binding
was reversible and the involvement of electrostatic interactions is suggested by the strong
dependence of blockage parameters on salt concentration.
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Based on the preliminary computer modeling performed by Molsoft, LLC, compound
ANBOQBCD appears to be interacting with the a-HL pore via its t-butyl moiety which fits
well into small pockets formed by the belt of hydrophobic side-chains of residues V149 and
the main-chain surface of the beta-sheet in between. The charged amino-group of the ligand
is not engaged in any direct receptor interactions and appears instead to stabilize a particular
conformation of the side-chain moiety via hydrogen bonds (unpublished data).

To investigate whether the disruption of pore conductance and lytic function of a-HL by
ANBOPBCD results from an alteration in the heptameric state of the assembled toxin, the
effects of this compound on a-HL oligomerization using [35S]methionine-labeled a-HL was
examined. When the toxin was incubated with rabbit red blood cells in the presence of
ANBOPCD, a stable oligomer formed in a fashion identical to that seen without treatment,
suggesting that the inhibitor does not disrupt the toxin oligomerization, its binding to the cell
membranes nor the formation of the heptameric transmembrane channel [15°]. Together,
these data provide additional support to confirm that the principal mechanism by which
ANBOQCD protects against a-HL-induced lysis is to block the transmembrane pore that is
formed by the toxin. As a consequence, cell lysis is impaired, despite the fact that the toxin
is membrane-bound in the fully functional oligomeric form.

It was demonstrated that this a-HL inhibitor protects human alveolar A549 epithelial cells
from S. aureusinjury. To ensure the protection is in fact due to its ability to antagonize the
toxin and not merely the result of an inhibitory effect on bacterial growth, the growth of S.
aureus Newman in tryptic soy broth supplemented with either control PBSD or 5 uM of
ANBOPBCD was analyzed. It was shown that the presence of the compound did not alter
bacterial growth kinetics. These results demonstrated the efficacy of compound ANBOBCD
in protecting human alveolar epithelial cells against cell death caused by a-HL [15°].

The Jin vivo protective properties of compound ANBOBCD were tested in a pneumonia
model of S. aureus infection in mice [15°]. It was evaluated whether a single dose of
compound ANBOBCD would be able to prevent or treat S. aureus pneumonia when given at
various times prior to and following infection. A single 10 mg/kg dose (i.v.) of the
compound was given to mice at 2 hours prior to infection or 2, 6, or 12 h after infection with
S. aureus. Mortality was then observed over a 72-h time course. Mortality was significantly
reduced when the compound was given 2 h before or 2 h after infection, highlighting the
role of this compound in mitigating the early stages of the disease. Treatment with repeated
injections (2 h after infection and every 12 h thereafter) of compound ANBOBCD at a 10
mg/kg dose afforded complete protection against mortality caused by both the antibiotic
sensitive Newman strain and the highly virulent MRSA USA 300 (LAC) strain [15°].

Compound ANBORCD also significantly decreased the corneal pathology in rabbit eyes
caused by S. aureus infection [46]. B-CD based inhibitors of a-HL can be potentially used
for the treatment of S. aureus skin infections similarly to anti-a-HL monoclonal antibodies
that were successfully tested in mice for immunoprophylaxis against staphylococcal skin
and soft tissue infections [47,48].

C. perfringens g-toxin

Epsilon toxin (ETX) of Clostridium perfringens is one of the most lethal bacterial toxins. It
is considered as a potential biological weapon and is included in the list of category B
priority agents. No specific therapy exists for e-toxin; therefore, a great need exists for the
development of effective therapeutics against this biodefense toxin.

Besides their biodefense importance, ETX-producing C. perfringens type B and D isolates
are also important natural veterinary pathogens causing enterotoxemias in sheep, goats and
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other animals [49,50]. While antibiotics can Kill or inhibit the growth of C. perfringens, they
do not protect against the toxins, such as ETX, already present in the circulation. These
observations indicate that therapeutic efforts should be directed against ETX to protect
against natural type B and D infections.

ETX is produced as a 33 kDa prototoxin, which is relatively inactive in terms of toxicity.
However, the ETX prototoxin can be quickly converted to a highly-lethal mature toxin by
intestinal proteases, such as trypsin or chymotrypsin, which removes 13 amino acid residues
from its N-terminus and 22 amino acids from its C-terminus [51].

ETX action begins when the toxin binds to a specific receptor of unknown identity. The
bound toxin then uses lipid rafts to form heptameric pores in sensitive cells (e.g., Madin-
Darby Canine Kidney [MDCK] cells) or artificial membranes [52]. ETX shows sequence
homology with some other pore-forming toxins [51] and its 3D structure was solved by
Basak's group [53].

A library of ~200 B-cyclodextrin derivatives was screened using the MTS bioreduction cell
viability assay and the Roche XCELLigence System impedance measurement assay, which
provides a real-time status of cellular activity. Several compounds that protected MDCK
cells from e-toxin-induced cytotoxicity in the low micromolar range were identified [54]. It
is interesting to note, that one of the most active inhibitors of €- toxin (NPBCD in Table 2)
also inhibited anthrax LeTx.

Experiments on the blocking of ion conductance through the ETX pore were unsuccessful
(unpublished data). Apparently, the cyclodextrin inhibitors bind only to the prepore form of
the toxin and don't bind to the transmembrane pore. That causes the inhibition of the
cytotoxic activity of ETX but not the blockage of ion conductance through the pore.

Other pore-forming toxins

It was discovered recently that one of the best blockers of anthrax LeTx (AMBNTBCD) also
inhibited the cytotoxicity of binary actin-ADP-ribosylating C2 toxin from C. botulinum and
iota toxin produced by C. perfringens, respectively. The inhibitor blocked the pores formed
by the binding/translocation components of the toxins in artificial lipid bilayer membranes
in vitro. It also inhibited membrane translocation of the enzyme moieties of the toxins
through the pores across cell membranes and thereby the cellular uptake of the toxins in
intact cells. The underlying molecular mechanism of the inhibitor action was identified,
which seems to be widely comparable to the inhibition of anthrax toxin [13°,17].

Preliminary experiments on the ability of AMBnTRCD to inhibit C. difficile toxins CDT,
TcdA and TedB in Vero cells using the cell rounding assay were performed by Dr. Barth at
the University of Ulm (Germany). These experiments showed that the cytopathic activity of
all three toxins was neutralized by 20 yM AMBNTBCD (unpublished data).

Conclusions

Cyclodextrins derivatives can be effective blockers of pore-forming toxins and utilized as
inhibitors of toxins and anti-infectives.

The use of molecules having the same symmetry as the target pores allowed for the highly
efficient selection of potent inhibitors. This would be impossible with the standard high
throughput screening of libraries of random compounds.
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A number of inhibitors of various toxins have been identified from a small library of ~200 f-
cyclodextrin derivatives. The list includes a—hemolysin of S. aureus, e-toxin and 1—toxin
produced by C. perfringens, C. botulinum C2 toxin and C. difficile toxins A, B and CDT.

It was demonstrated that one 3-CD derivative can specifically block different pore-forming
toxins simultaneously, meaning that this approach allows for the finding of multi-targeted
inhibitors that could be used for the development of broad-spectrum drugs.

This approach may result in a pipeline of products since it can be used for the discovery of
new therapeutics that may target a wide array of other bacterial and viral pathogens that
utilize pore-forming proteins as virulence factors.

The three inhibitors of the various toxins that are presented in Table 2 were deposited at
ATCC and are available for the scientific community (www.beiresources.org), catalog #'s
NR-33151, NR-33152, NR-33153).
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Figure 1.

Schematic illustration of a-, - and y-cyclodextrin molecules in comparison with
staphylococcal a-HL channel (left) and anthrax PA (right) prepore. The sizes of
cyclodextrin molecules are taken from [1].
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Table 1

Pore-forming proteins.

Pore-Forming Protein

Pathogen

1. Protective Antigen
2. a-Hemolysin
3. &-Toxin

4. Toxin C2

6. Aerolysin
7. VacA

8. p7 protein
9. Vpu

10. M2 protein

5. Toxins A, Band CDT  Clostridium difficile

Bacillus anthracis
Staphylococcus aureus
Clostridium perfringens

Clostridium botulinum

Aeromonas hydrophilia
Helicobacter pylori
Hepatitis C Virus

HIV

Influenza virus
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Table 2

Inhibitors of the cytotoxic activity of bacterial toxins.

o
R
o
o
O HO
° OH
R
OH
o OH

[¢)

Compound R Targets
—F AMBNTBCD Anthrax toxins LeTx and EdTx
o —s NH C. botulinum C2 toxin
Ho _ o 2 | ¢ perfringens iota toxin
Yy H C. difficiletoxins A, B and CDT
H R
. NPBCD SN S S-CHs | Anthrax toxins LeTx and EdTx
C. perfringens e-toxin
HO
o ANBOBCD | — ™ NHBoc S. aureus alpha-toxin (a-hemolysin)
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