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Preface to “Novel Pharmacological Inhibitors for 
Bacterial Protein Toxins” 

Many medically relevant bacteria cause severe human and animal diseases because they produce 
and release protein toxins that target mammalian cells. Because the toxin-induced cell damage is the 
reason for the clinical symptoms, the targeted pharmacological inhibition of the cytotoxic mode of action 
of bacterial toxins should prevent or cure the respective toxin-associated disease. Toxin inhibitors might 
be beneficial when the toxin acts in the absence of the producing bacteria (e.g., food poisoning), but also in 
combination with antibiotics in infectious diseases when the toxin-producing bacteria are present. The 
focus of this Special Issue of Toxins is on the development and characterization of novel inhibitors against 
bacterial toxins, e.g., toxin neutralizing antibodies, peptides or small compounds, as well as toxin pore 
blockers, which interfere with bacterial toxins and thereby protect cells from intoxication. 

Holger Barth 
Guest Editor 
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Bacterial AB-type protein toxins that consist of an enzymatically active subunit (A) and
a binding/transport subunit (B), are among the most toxic substances and represent the causative
agents for a variety of severe human and animal diseases, such as in the context of infections,
post-traumatic complications or food poisoning. Moreover, some AB-type toxins can be misused
as biological warfare agents and in the context of bio-terrorism activities. Therefore, novel
pharmacological inhibitors against such toxins are urgently needed. The remarkable toxicity of
AB-type toxins is due to their unique modular structure and mode of action. Their B subunit very
efficiently mediates the transport of the A subunit into the cytosol of mammalian target cells where
the A subunit modifies its specific substrate molecules resulting in cell damage. Thus, such toxins are
highly potent as well as being very substrate-specific enzymes that act inside cells, thereby causing
the characteristic diseases associated with the individual toxins and toxin-producing bacteria. In past
years, significant progress has been made in understanding the molecular mechanisms underlying the
cellular uptake of bacterial AB-type toxins. This process involves receptor-binding, receptor-mediated
endocytosis, intracellular transport in vesicles and finally the translocation of the enzyme subunit
across cellular membranes into the cytosol. It was discovered that some toxins form pores in endosomal
membranes and exploit host cell factors, such as chaperones, for the transport of their A subunit across
intracellular membranes into the cytosol. This translocation can occur either from acidified endosomes,
as first reported for Diphtheria toxin, or later in the cell from the endoplasmic reticulum, as described
originally for Cholera toxin and other AB5 toxins, including the Pertussis toxin and Shiga toxin.

Increasing knowledge about the cellular uptake has allowed for the development or screening of
pharmacological compounds that inhibit the individual steps of toxin uptake and protect cells from
intoxication, which is described in various chapters of this book. For all these inhibitors, the final
consequence is the same and independent of which state of toxin uptake or transport in the cell they
prevent. As long as the A subunit does not reach the cytosol, the cytotoxic effects do not occur if
the substrate for the respective toxin remains in the cytosol. In conclusion, compounds that act on
the level of the toxins rather than on the toxin-producing bacteria should have attractive therapeutic
perspectives, including the following:

� They can serve as anti-toxins when only the toxins, but not the toxin-producing bacteria, are
taken up and enter the body, such as botulinum neurotoxin (food poisoning).

� During infections, they would inhibit the mode of action of the toxins, which are already released
by the bacteria and therefore could be combined with antibiotics. This should be of particular
interest when the infection is caused by toxin-producing bacteria which are (multi-)resistant
towards the classical antibiotics.

Toxins 2017, 9, 160 1 www.mdpi.com/journal/toxins
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� In contrast to the toxin-neutralizing antibodies (antisera), they act on toxins that are already
internalized into their target cells, as long as the A subunit did not reach the cytosol. Neutralizing
antibodies are still not available for each toxin.

� Some compounds inhibit cellular uptake of toxin families (e.g., Adenosine diphosphate
(ADP)-ribosyltransferases, pore-forming toxins) and therefore could serve as potential
therapeutics against all toxins that are members of such toxin families.

As it becomes evident from the various chapters of this book, many different types of inhibitors
have been identified and their mode of action has been analyzed in detail on the biochemical and
cellular levels. Most of the presented research includes in vitro data with cell-based test systems,
animals or human organoids. Thus, further efforts are required to transfer this promising novel
knowledge into therapeutic strategies.

The first chapter of this book from Kirsten Sandvig’s group provides an excellent overview on
the uptake and intracellular transport of bacterial toxins with the focus on the Shiga toxins. These
AB5 toxins are produced by various bacteria and associated with severe human diseases, such as
the hemolytic-uremic syndrome (HUS). In this chapter, a variety of pharmacological inhibitors are
reviewed, which inhibit each individual step during the cell entry of Shiga toxins from receptor-binding
to translocation of the A subunit from the endoplasmic reticulum into the host cell cytosol [1].

In the second chapter, the Cheng group shows that treatment with several probiotic
micro-organisms, including Saccharomyces and Lactobacillus strains, but not with a non-probiotic
strain of Escherichia coli, inhibits the internalization of Clostridium botulinum neurotoxin serotype A
(BoNT/A) into human epithelial cells (CaCo-2) in vitro. The probiotic strains do not bind BoNT A or
cause its degradation, although the findings suggest that there is some competition between the strains
and BoNT/A for binding to the cell surface [2].

The third chapter from Bruce McClane’s group (Li et al.) suggests sialidase inhibitors as potential
novel therapeutics to treat/prevent intestinal infections caused by Clostridium perfringens. C. perfringens
causes histotoxic infections with traumatic gas gangrene and myonecrosis as well as intestinal infections
of humans and animals. C. perfringens produces up to three sialidases that are involved in the histotoxic
effects. The sialidases may also contribute to the intestinal infection, because they upregulate the
production of some toxins, their activity and their binding to the surface of target cells. Moreover,
there is some evidence that the sialidase, NanI, might contribute to the intestinal colonization by
C. perfringens, because strains that cause acute food poisoning lack the NanI gene while strains that
cause chronic intestinal infections carry this gene [3].

The fourth chapter from the Genth group [4] and fifth chapter from the Barth laboratory [5]
both describe compounds that inhibit the cellular uptake of single chain AB-type toxins, namely the
Clostridium sordellii Lethal toxin and Diphtheria toxin, respectively. After their receptor-mediated
endocytosis, both toxins deliver their A subunit from acidic endosomes into the cytosol. Schelle and
co-workers identified the p38alpha/beta MAP kinase inhibitor SB203580 as an inhibitor against the Lethal
toxin and found that this compound might inhibit the toxin uptake rather than the enzymatic reaction
in the cell, because it inhibits the Lethal toxin but not the related TcdB from C. difficile, which has the
same enzymatic mode of action. Schnell et al. identified EGA, a semicarbazone compound, as a potent
inhibitor against Diphtheria toxin and showed that EGA prevents the pH-dependent transport of the
A subunit of this toxin across cell membranes.

The last two chapters focus on compounds that block the heptameric trans-membrane pores
formed by the B subunits of binary toxins from Bacillus anthracis in addition to the C2 and iota
toxins from Clostridium botulinum and C. perfringens, respectively, in endosomal membranes under
acidic conditions. These pores serve as translocation channels for the A subunits of these toxins,
which unfold to translocate through the pores across endosomal membranes into the host cell cytosol.
Pharmacological pore-blockers prevent this step and protect cells from intoxication by anthrax and
clostridial binary toxins. The chapter from the Nestorovich group [6] describes pore-blockers, which
are directed against the PA63 pore of the anthrax toxins and are based on cyclic dendrimers. These
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compounds efficiently block the pores formed by the PA63 component of anthrax toxin in artificial
lipid bilayer membranes, which enables single molecule analysis in biophysical in vitro approaches.
The Benz and Barth groups [7] characterized compounds derived from chloroquine, which inhibit the
heptameric trans-membrane pores of the binary clostridial C2 and iota toxins in lipid bilayers in vitro,
and demonstrated the protective effects of the most efficient pore-blockers in cell-based experiments.
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Abstract: Shiga toxins consist of an A-moiety and five B-moieties able to bind the neutral
glycosphingolipid globotriaosylceramide (Gb3) on the cell surface. To intoxicate cells efficiently,
the toxin A-moiety has to be cleaved by furin and transported retrogradely to the Golgi apparatus
and to the endoplasmic reticulum. The enzymatically active part of the A-moiety is then translocated
to the cytosol, where it inhibits protein synthesis and in some cell types induces apoptosis. Protection
of cells can be provided either by inhibiting binding of the toxin to cells or by interfering with any of
the subsequent steps required for its toxic effect. In this article we provide a brief overview of the
interaction of Shiga toxins with cells, describe some compounds and conditions found to protect cells
against Shiga toxins, and discuss whether they might also provide protection in animals and humans.

Keywords: Shiga toxin; Stx1; Stx2; hemolytic uremic syndrome; inhibitors; chloroquine;
fluorodeoxyglucose; Mn2+

1. Introduction

Shiga toxins (Stxs) comprise a family of related bacterial protein toxins that are similar in structure
and mechanism of action, but are produced by different types of bacteria. Shiga toxin is secreted by
Shigella dysenteriae, whereas Shiga-like toxin 1 (Stx1) and Shiga-like toxin 2 (Stx2) are produced by
certain strains of Escherichia coli (Shiga toxin-producing E. coli (STEC)) and some other bacteria [1].
Prototypic Stx1 (Stx1a) differs from Shiga toxin only in one amino acid residue in the catalytic A-moiety
of the toxin, whereas Stx2 shares only ~60% sequence similarity with Shiga toxin and defines an
immunologically distinct subgroup comprised of at least seven subtypes of Stx2 [2]. Stx2 is more lethal
than Stx1 in animal models [3,4] and is thought to be the main cause of life-threatening infections
in humans. Some STEC produce only one toxin type, either Stx1 or Stx2, while others express a
combination of both types and different subtypes [5]. For simplicity, we will use the abbreviation Stx to
refer to the whole family of Shiga toxins when discussing general facts about the toxin and/or where
the exact type or variant is not known.

Infection with enterohemorrhagic STEC may cause hemorrhagic colitis, hemolytic uremic
syndrome (HUS), and death [6]. There is no approved treatment of STEC-induced HUS, and the
use of antibiotics may worsen the disease by increasing toxin formation and release by the bacteria [7].
In general, HUS occurs in 5%–15% of cases with STEC infection, with children having the highest
risk [8], although the large outbreak with a Stx2a-producing enteroaggregative STEC strain in Northern
Europe in 2011 demonstrated that there are bacterium-toxin combinations that can be as dangerous
to adults as to children [9]. HUS will most often occur 5–13 days after the onset of diarrhea, with a

Toxins 2017, 9, 44 4 www.mdpi.com/journal/toxins
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mortality of 3%–5% [10,11]. In addition to direct renal damage, neurological complications may also
occur in HUS patients and are important determinants of severity of the condition and mortality
rate [12–15]. Neurological symptoms may be caused by fatigue, cerebral microvascular thrombi,
ischemia-hypoxia, or the direct neuronal effects of Stxs [12,14,16].

One of the first specific therapeutic approaches against infections with Stxs was the idea of
sequestering the toxin once it is released in the gut. In this regard, a novel agent composed of
silicon dioxide particles covalently linked to the trisaccharide moiety of the globotriaosylceramide
molecule that mediates Stx binding (Synsorb® Pk, Synsorb Biotech) was developed. However, although
Synsorb® Pk was shown to bind and neutralize Stx1 (and Stx2, but less efficiently) in vitro [17], it failed
to improve the clinical course of diarrhea-associated HUS in pediatric patients when tested in a
randomized clinical trial [18]. The main drawback of neutralization of Stxs in the intestine for the
prevention of HUS is that only trace amounts of the toxin reaching circulation are sufficient to induce
HUS, and thus a more systemic treatment is required. Taking this into account, analogues of the
globotriaosylceramide (Gb3) receptor and Stx antibodies for systematic administration have been
developed and proven promising in in vivo models [19–21]. In addition, human serum amyloid
component P (HuSAP) has been found to neutralize Stx2, but not Stx1, in vitro [22], and to protect mice
against a lethal dose of Stx2 [23]. Moreover, eculizumab, an antibody directed against the complement
protein C5, was used in patients with HUS during the outbreak in Northern Europe in 2011 [24] in
order to counteract the activation of complement by the toxin [25]. These novel strategies based on
direct neutralization of Stx in the intestine and/or circulation and the inhibition of complement have
been well described in a recent review by Melton-Celsa and O’Brien [26] and thus are not further
discussed here. In this review we will first provide a short overview of the toxin structure, toxin
binding to the glycosphingolipid Gb3, and the intracellular transport, before we focus on the potential
therapeutic agents for treatment of STEC infections and HUS that target specific cellular functions and
protect cells against Stx by inhibiting toxin binding and/or intracellular trafficking.

1.1. Stx Structure

Stxs belong to the AB5 class of protein toxins and consist of an A-moiety (~32 kDa), which is
non-covalently attached to a homo-pentameric B-moiety (7.7 kDa per monomer) (Figure 1) [27,28].
Nearly all Stxs bind exclusively to the globotriaosylceramide Gb3 [29–31] with the exception of one Stx2
subtype, Stx2e, which has been shown to bind to Gb4 [32]. Each B subunit harbors three Gb3 binding
sites [33], making the toxin capable of binding up to 15 Gb3 molecules on the cell surface (Figure 1C).
However, not all binding sites have equal affinity for the carbohydrates of Gb3 [34,35] and, therefore,
not all sites might be required for binding to the cell surface, but might rather mediate additional
recognition. The B-moiety alone is not toxic to cells (with the exception of B cells, where it may induce
apoptosis [36]) and functions as a delivery tool for the enzymatically active A-moiety. It is still not
clear why Stx2 is more lethal to humans than Stx1, but crystallographic studies and investigations of
deletion mutants reveal important differences when it comes to the role of the C-terminal end of the
A-subunit for retrograde transport and complex stability [28,37,38].
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Figure 1. The schematic and structural models of Shiga toxins (Stxs). (A) Stxs consist of two non-covalently
linked moieties: an A-moiety of ~32 kDa (shown in red), and a B-moiety (shown in green), comprised
of five 7.7 kDa B-chains [27,28]. During intracellular toxin transport, the A-moiety is cleaved by the
protease furin [39] into two fragments: an enzymatically active A1 fragment (~27 kDa) and a carboxyl
terminal A2 fragment, which remain linked by a disulfide bond until arrival to the endoplasmic reticulum
(ER) [40]. (B) The structure of the holotoxin as determined by X-ray crystallography [28] (PDB ID:1DM0);
(C) The receptor-binding surface of the B-pentamer based on the structure of Stx1 complexed with the Gb3
analogue MCO-PK (methoxycarbonyloctyl glycoside of Pk trisaccharide) [33] (PDB ID:1BOS); the sugar
moieties of MCO-PK are shown in black. Structure images were prepared using PDB ProteinWorkshop 4.2.

1.2. Gb3 and Its Interaction with Stx

Globotriaosylceramide (Gal-α1→4Gal-β1→4Glc-β1→Cer, Gb3; Figure 2) is a glycosphingolipid
expressed on the surface of certain cell types. Gb3 is formed by the addition of one galactose residue
to lactosylceramide (LacCer), which is a common precursor for different classes of glycosphingolipids,
and the reaction is catalyzed by Gb3 synthase (lactosylceramide α-1,4-galactosyltransferase). Gb3 is
the first glycosphingolipid in the globo-series and thus serves as a precursor for the synthesis of more
complex globo-series glycosphingolipids, such as globotetraosylceramide (Gb4). Gb4 is formed after
addition of N-acetylgalactosamine (GalNAc) to the terminal galactose of Gb3. Although Gb3 is the
primary receptor for all Stxs, it has been suggested that Gb4 might facilitate Stx2 binding to colon
epithelium cells, which normally have no Gb3 or very low levels of Gb3 [41].

Figure 2. Chemical structure and biosynthesis of the Stx receptor globotriaosylceramide (Gb3).
Sphingosine most often contains 18 carbon atoms, whereas the fatty acyl chain of ceramide varies both
in length and saturation (here shown as C16:0). Gb3 is synthesized from LacCer by the addition of one
galactose, and the reaction is catalyzed by Gb3 synthase (lactosylceramide α-1,4-galactosyltransferase).
The sugar chain for Gb3 is: Gal-α1→4Gal-β1→4Glc-β1→Ceramide.

The sphingosine chain in the ceramide part of Gb3 is relatively invariable (most often it is
monounsaturated with 18 carbon atoms, i.e., d18:1), but the N-amidated fatty acyl chain varies both
in length (most common are 16–24 carbon atoms) and saturation resulting in multiple Gb3 species
present in cells. Importantly, the receptor function of Gb3 has been shown to depend on its species
composition [42–45], which in turn depends on cell type [46] and growth conditions [47], and might
change in response to certain treatments, like exposure to butyric acid and cytokines [43,48–52]. It has
been suggested that the production of butyric acid by the bacterial flora in the intestine may affect
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the expression and composition of Gb3 in the target cells and in turn lead to different susceptibility
to the toxin between individuals [53]. In addition, the turnover time of Gb3 in the cells depends on
its species, with longer fatty acyl chain-containing species having a longer half-life than the species
with short fatty acyl chain [54]. Thus, inhibition of Gb3 synthesis will primarily lead to changes in Gb3
species composition in cells [43,50]. Studies based on artificial systems, where Gb3 was immobilized
on thin layer chromatography (TLC) or ELISA plates, have shown that Stx1 and Stx2 have different
binding preferences for different Gb3 species [44,55], although a mixture of various Gb3 species was
required for the highest binding affinity [45]. Stx1 binding to Gb3 has also been shown to depend on
cholesterol levels in the membrane [56,57]. Stx2 has been shown to be more potent in mice [3] and
is more often associated with disease in humans [58], although the binding affinity of Stx2 to Gb3 is
lower than that of Stx1, when measured using Gb3 adsorbed on a microtiter plate [59], and Stx2 is less
toxic to Vero cells than Stx1 [60]. The different pathology observed for Stx1 and Stx2 might be caused
by differences in receptor binding and thus differential targeting to susceptible tissues [61–63], as well
as differences in intracellular transport of the toxins [37,64–66].

In the human body, the expression of Gb3 is restricted to only certain tissues. Normally, the highest
Gb3 content is found in the microvascular glomeruli and proximal tubule cells of the kidney, consistent
with the renal pathology of HUS [63,67–69]. Gb3 is also found in microvascular endothelial cells,
and during infection with STEC, main Stx-target sites are the vascular endothelium of the colon [70,71]
and the central nervous system [16,72]. Moreover, Gb3 is expressed in platelets [73,74], and in the
carbohydrate defined P histo-blood group system, Gb3 constitutes the rare Pk antigen present on
erythrocytes [75]. In the immune system, Gb3 represents a lymphocyte differentiation antigen, termed
CD77, which is expressed in a subset of germinal center B lymphocytes [76]. It should also be noted
that Gb3 expression is frequently increased in cancer cells [77]. However, the physiological role of
Gb3 is still unclear, and it is not known why Gb3 expression is restricted to certain tissues. In vivo
studies of Gb3 synthase knock-out mice, which displayed a total loss of Gb3 and other globo-series
glycosphingolipids, showed no changes in birth-rates and no apparent abnormalities over a year of
nurturing, with the exception of total loss of sensitivity to Stx1 and Stx2 as compared to wild-type
mice [78].

1.3. Intracellular Transport of Stx

Upon binding to cells, the toxin has been found to activate a number of tyrosine kinases, including
Syk [79], and the Src kinases Yes [80] and Lyn [81], as well as the serine/threonine protein kinase
Cδ (PKCδ) [82] and the mitogen-activated protein kinase (MAPK) p38α [83]. Although the exact
mechanism of how Stx mediates these signaling events is not yet fully understood, a recent study
from our group have shown that the activation of Syk depends on the multivalent cross-linking of
Gb3 at the plasma membrane, which in turn leads to an increase in cytosolic calcium levels and
phosphorylation of Syk [84]. In addition, StxB binding to the cells has been shown to induce the release
of cytoplasmic phospholipase A2 (cPLA2) from a cPLA2-annexin A2 complex, thereby facilitating
Golgi transport, which has been found to be dependent on cPLA2 [85]. Furthermore, binding of the
Stx B-moiety has been reported to stimulate remodeling of cytoskeleton components, such as actin,
ezrin and dynein [86–88]. Thus, Stx is able to induce cell signaling and to modulate various cellular
components to favor its uptake and intracellular transport.

Receptor-bound Stx becomes internalized by different endocytic mechanisms, including both
clathrin- and dynamin-dependent and independent pathways [1]. After internalization, the toxin is
transported from early/recycling endosomes directly to the Golgi apparatus [89] and then further to
the endoplasmic reticulum (ER) [90–93]. During the transport, the A-moiety is cleaved by the protease
furin, leaving two fragments, A1 and A2 (Figure 1), which remain linked to each other by a disulfide
bridge [39]. Cleavage of Stx is optimal at low pH [94], indicating that it can occur early in the transport
pathway. However, cells that lack furin can also cleave Stx, but less efficiently and at a later stage of
the transport [39,95]. In the ER, the disulfide bond between the A1 and A2 subunits is reduced and the
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A1-subunit is released from the toxin. Finally, the A1-subunit is translocated across the ER membrane
and inhibits protein synthesis by cleaving one adenine residue from the 28S RNA of the 60S ribosomal
subunit [1]. However, the action of Stx in the cells is not limited to the inhibition of protein synthesis,
and other cellular responses, such as cytokine expression and apoptosis, are triggered by the toxin
(for review see [96,97]). Thus, efficient intracellular Stx transport depends on various cellular proteins
and kinases, ER chaperones and other factors (for review see [1]). Drugs that affect any of these factors
might interfere with proper intracellular transport of Stx and protect cells against the cytotoxic action
of the toxin. In the next sections we will give an overview of compounds shown to protect cells against
Stx, and we will discuss mechanisms responsible for the protection against the toxin, as well as the
potential applicability of these drugs in vivo. An overview of the compounds discussed here and how
they might act against Stx is given in Table 1. The intracellular transport of Stx and which steps of the
transport are affected by the different compounds are shown in Figure 3.

Figure 3. Stx uptake and intracellular transport, and the steps affected by different compounds.
Stx binds to Gb3 on the cell surface and is taken up by various endocytic mechanisms. Following
endocytosis, the toxin is transported through early endosomes and recycling endosomes and to the
Golgi apparatus. From the Golgi, Stx is transported retrogradely to the ER, where its catalytically active
A1-subunit is released and translocated into the cytosol. The different compounds discussed in this
review are shown with their suggested action on different steps of Stx intoxication: 1—Stx binding;
2—Stx endocytosis; 3—Stx sorting to the Golgi; 4—Stx transport via Golgi to ER; 5—release and
translocation of StxA1; (a) predicted effect for Stx2; (b) no effect for Stx2; (c) predicted effect for
Shiga toxin.
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2. Compounds that Protect Cells against Stx

2.1. Chloroquine

Chloroquine (CQ; N′-(7-chloroquinolin-4-yl)-N,N-dietyl-pentane-1,4-diamine) is a weak base that
in its unprotonated form easily can diffuse across membranes and accumulate in acidic compartments
of the cell. There, CQ becomes protonated and trapped, leading to an elevated pH and swelling
of the compartments. CQ (first named resochin) was developed in 1934 by Bayer laboratories as a
synthetic antimalarial drug [113]. CQ was FDA-approved in 1949 and has proven to be one of the
most effective and best tolerated agents against malaria [113,114]. It was widely used throughout the
world in the 1950s and 1960s, and also later, but due to the emergence of the CQ-resistant malaria
parasites Plasmodium falciparum and Plasmodium vivax, CQ has been abandoned as a prophylactic drug
in most countries [115]. CQ and its analogues are also FDA-approved for the treatment of systemic
lupus erythematosus and rheumatoid arthritis, and are in clinical trials as an adjuvant for anti-cancer
chemotherapy and radiotherapy [115,116].

In short-term 3 h toxicity experiments in HEp-2 cells, a 2 h preincubation with 100 μM CQ gave a
15-fold increase in the Shiga toxin concentration needed to inhibit protein synthesis by 50% (IC50) [98].
In the retrograde pathway, the acidification decreases in the direction from early endosomes to the
Golgi and the ER, and one might therefore expect CQ to have the most prominent effect early in
the retrograde pathway. However, Shiga toxin transport to the Golgi apparatus was not affected by
CQ treatment, neither was release of the A1-moiety of the toxin in the ER, suggesting that transport
to the ER was also normal [98]. Thus, CQ might interfere with StxA1 translocation into the cytosol.
Other compounds that disrupt the pH gradient, such as the V-ATPase inhibitors bafilomycin A1 (Baf)
and concanamycin A (ConA) and the ionophore nigericin (Nig), also protect against Shiga toxin [98].
In contrast to CQ, the V-ATPase inhibitors interfere with Shiga toxin transport to the Golgi [98].
Even though all the compounds inhibit acidification, they interfere with different toxin transport
steps, suggesting that also pH-independent processes are affected. The V-ATPase inhibitors show poor
selectivity in vivo [117,118], and are therefore not suitable for clinical application.

Shiga toxin is shown to interact with the Sec61 channel [119,120], and the knockdown of Sec61B
has been shown to protect cells against Shiga toxin [119], suggesting that the translocation of StxA1 into
the cytosol is dependent on the Sec61 channel. Interestingly, CQ has previously been shown to block
several channels, such as the inward rectifier potassium channel Kir2.1 [121], and the translocation
pores of the pore-forming toxins anthrax and C2 toxin [122,123]. One can speculate that CQ might also
interact with the Sec61 channel to block the translocation of Shiga toxin. Importantly, as shown here,
CQ also protects against Stx2 (see below).

For acute treatment of malaria, the recommended dose of CQ is 10 mg/kg/day. CQ is rapidly
distributed in the body and reaches a peak plasma concentration within 3–12 h after an oral dose [124].
In most cases, CQ is slowly eliminated with a half-life median value of 40 days, but there are
big differences between individuals and the half-life of CQ has been reported to range from 1 to
157 days [124]. The plasma concentration is strongly dependent on the administered dose and the
duration of the treatment [124]. The therapeutic concentration in blood of hydroxychloroquine
(HCQ), a less toxic analogue of CQ with similar pharmacokinetics, has been reported to be between
0.03 and 15 mg/L; the toxic and lethal concentration ranges were 3–26 mg/L and 20–104 mg/L,
respectively [125]. CQ at high concentrations has been reported to have a number of effects in
cell cultures, but clinically safe and achievable doses are in the low micromolar range [116]. Thus,
it has been suggested that for clinical relevance, the CQ concentrations should not exceed 10 mg/L
or 31 μM [116]. As shown in Figure 4, in long-term toxicity experiments (24 h with toxin), a 1 h
preincubation with a concentration of 25 μM CQ gave approx. 20 fold protection against Stx2, indicating
that CQ doses within the therapeutic window might be sufficient to protect against the toxin. HCQ also
protected cells against Stx2 to a similar degree as CQ (Figure 4).
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It should be noted that in animal models, CQ was shown to strongly accumulate in tissues,
for instance in the uvea, liver, lungs, and kidneys [124]. A similar distribution has been reported in
humans [124]. Thus, the CQ concentration in the target cells of Stx might be a lot higher than the
plasma concentration.

Figure 4. Cell protection against Stx2 by CQ and HCQ. HEp-2 cells were treated with or without 25 μM
chloroquine (CQ) or 25 μM hydroxychloroquine (HCQ) in complete growth medium for 1 h prior to
incubation with 10-fold serial dilutions of Stx2 for 24 h in the presence or absence of the drugs. The cells
were then incubated in the presence of [3H]leucine for 20 min, and protein synthesis was measured
as described in [98]. The left panel shows relative protein synthesis as a percentage of the samples
without Stx2 added. The right panel shows relative fold protection against Stx2. The protection was
calculated as an increase in IC50 for treated samples compared to control. The error bars show SEM
(n = 4). One sample t-test was used for statistical analysis of the protection data, and obtained p values
are given in the figure.

2.2. The Glucose Analogues 2-Deoxy-D-glucose and 2-Fluoro-2-deoxy-D-glucose

2-Deoxy-D-glucose (2DG) is a structural analogue of glucose, and has been used in research as a
glycolytic inhibitor since 1950s [126,127]. 2DG differs from glucose only by the absence of one oxygen
atom at the second carbon. Similarly to glucose, 2DG is taken up through the glucose transporters
and phosphorylated by hexokinase to form 2DG-6-phosphate (2DG-6-P). However, 2DG-6-P is not
metabolized further and accumulates in the cells [127–129]. 2DG-6-P inhibits glycolysis by competing
with glucose-6-P for phosphoglucose isomerase [127], and by acting as a non-competitive inhibitor
of hexokinase [130]. However, although the inhibition of glycolysis has been a commonly exploited
effect of 2DG, this compound has a much broader spectrum of activities. In addition to inhibiting
glycolysis, 2DG inhibits N-linked protein glycosylation [131,132]. In turn, this leads to accumulation of
misfolded proteins and triggers the unfolded protein response in the ER, leading to ER stress [133,134].
Interestingly, Okuda et al. recently discovered that 2DG inhibits the expression of the Gb3 synthase by
yet unknown mechanisms, and thus reduces cellular Gb3 levels in the cells [135].

2-Fluoro-2-deoxy-D-glucose (FDG) is a structural analogue of glucose where the hydroxyl group
at the second carbon is replaced by a fluorine atom. Like glucose and 2DG, FDG is transported
into cells, where it is phosphorylated by hexokinase to yield FDG-6-P. However, FDG-6-P does not
undergo isomerization to fructose and thus cannot be further catabolized, leading to accumulation
of FDG-6-P in the cells [136]. Similarly to 2DG, FDG also inhibits glycolysis, but because the binding
energy of FDG-6-P for the allosteric site of the hexokinase is lower than that of 2DG-6-P, and closely
resembles the energy of glucose-6-P, FDG is a better inhibitor of glycolysis than 2DG [137]. FDG also
interferes with N-linked protein glycosylation [131,138,139], but in contrast to 2DG, FDG does not
become incorporated into dolichol-linked oligosaccharides [138]. FDG seems to slow down rather
than prevent the assembly of the dolichol-linked oligosaccharide, and thus is a weaker inhibitor of
N-glycosylation than 2DG. In addition, we have recently found that in contrast to 2DG, FDG does

11



Toxins 2017, 9, 44

not become incorporated into newly synthesized glycolipids [48]. [18F]FDG, which contains the 18F
radioisotope, is a commonly used imaging agent for positron emission tomography (PET). [18F]FDG
based PET is widely used for diagnosis and monitoring of oncological, neurological, and cardiological
diseases (for review see [140,141]).

We have recently discovered that both 2DG and FDG reduce cell sensitivity to both Shiga toxin
and Stx2. Four hours preincubation with either 10 mM 2DG or 1 mM FDG led to an increase in the
IC50 for Shiga toxin by 13-fold in HEp-2 cells [48,99]. In addition, 24 h preincubation with 10 mM 2DG
reduced cell sensitivity to Shiga toxin by 30-fold [99], while 24 h pretreatment with 1 mM FDG made
HEp-2 cells fully resistant to both Shiga toxin and Stx2 (maximal concentration tested was 100 ng/mL
with 3 h challenge) [48]. For FDG, we have also tested whether the protective effect is observed in
non-cancer originated cells, and found that immortalized human brain microvascular cells (HBMEC)
also became less sensitive to Shiga toxin after 4 h and 24 h pretreatment with 1 mM FDG [48]. However,
all these toxicity assays have been performed with a relatively short 3 h challenge with the toxin.
Thus, we have now also tested whether FDG protects HEp-2 cells against 24 h challenge with Stx2,
and observed an essentially similar protection as shown for 3 h incubation with the toxin (Figure 5).

Figure 5. Cell protection against Stx2 by FDG. HEp-2 cells were treated with or without 1 mM
2-fluoro-2-deoxy-D-glucose (FDG) in complete growth medium for 4 h or 24 h prior to incubation
with 10-fold serial dilutions of Stx2 for 24 h in the presence or absence of FDG. The cells were then
incubated in the presence of [3H]leucine for 20 min, and protein synthesis was measured as described
in [98]. The left panel shows relative protein synthesis as a percentage of the samples without Stx2
added. The right panel shows relative fold protection against Stx2. The protection was calculated as an
increase in IC50 for treated samples compared to control. In the samples treated with FDG for 24 h, the
highest toxin concentration tested (1 ng/mL) did not reduce protein synthesis down to 50%, therefore
the fold-protection could not be calculated and was estimated to be more than 100-fold (marked as #).
The error bars show SEM for 4 h treatment (n = 4) and the deviation from the mean of two independent
experiments for 24 h treatment. One sample t-test was used for statistical analysis of the protection
data for 4 h treatment, and the obtained p value is given in the figure.

Interestingly, although both 2DG and FDG were found to reduce cellular Gb3 levels by 50%
following 24 h treatment (Figure 6), it was only FDG that also led to reduction in Shiga toxin
binding [48,99]. The mechanisms by which 2DG and FDG inhibit Gb3 synthesis are still not clear
and seem to be different, as 2DG has been shown to inhibit the transcription of the Gb3 synthase
gene [99,135], while FDG has no effect on the expression of Gb3 synthase [48]. In addition, we have
found that cell treatment with FDG also reduces cellular levels of LacCer and glucosylceramide
(GlcCer) (Figure 6) [48], indicating that FDG inhibits the synthesis of GlcCer and thus depletes cells for
the precursors required for Gb3 synthesis, rather than inhibiting the synthesis of Gb3 directly.
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Figure 6. Effect of FDG and 2DG on total levels of Gb3 and its precursors. Cells were treated with or
without 1 mM FDG or 10 mM 2DG for 4 h or 24 h, and lipids were analyzed by mass spectrometry in
whole-cell lysates. The total amount of lipid was normalized to the total amount of protein in each
sample (protein content was measured by BCA assay). The graph shows the levels of Cer, GlcCer,
LacCer, and Gb3 in treated cells compared to control samples; the error bars show the deviation from
the mean of two biological samples. For a detailed method description and the raw data see [48,99].

Although the inhibition of Gb3 synthesis might be an important factor for the protection against
Stx by 2DG and FDG after long-term treatment, the protection observed after 4 h treatment with
drugs does not seem to be mediated by changes in Gb3 [48,99]. We have shown that following 4 h
treatment with either 10 mM 2DG or 1 mM FDG the intracellular transport of Shiga toxin is changed
and most likely accounts for the protection observed at this time point. Four hours pretreatment with
10 mM 2DG almost completely blocked the release of Shiga toxin A1-moeity in the ER in HEp-2 cells,
which correlated well with the depletion of calcium from the ER [99]. Although it has been proposed
that 2DG induces release of calcium from the ER via induction of ER stress [142], combined treatment
with mannose, which rescues 2DG-mediated ER stress [143], does not prevent calcium leakage from the
ER upon 2DG treatment and does not rescue cell sensitivity to Shiga toxin [99]. Three ER chaperones,
HEDJ (also called ERdj3), BiP (also called GRP78) and GRP94 (glucose-regulated protein of 94 kDa),
have been shown to bind the A-moiety of Stx1 [120], and thus are suggested to be involved in the
release of StxA1 in the ER. Substrate binding to GRP94 and BiP has been shown to be regulated by
calcium [144,145], suggesting that 2DG might prevent the release of StxA1 in the ER by inhibiting
Shiga toxin interaction with chaperones.

Similar to 2DG, FDG was found to deplete calcium from the ER and to inhibit release of the
A1-moiety from the holotoxin [48]. However, since the concentrations for FDG and 2DG used were
different, it is difficult to conclude whether the effect on ER calcium levels and the efficiency in blocking
StxA1 release are similar for these drugs. However, we have found that FDG also inhibits Stx1 transport
from the Golgi to ER [48], which did not seem to be the case for 2DG [99]. This additional block in the
Stx transport might explain why FDG is more efficient than 2DG in protecting cells against Shiga toxin
and Stx2 following short-term incubation. Furthermore, since the long-term preincubation (24 h) with
FDG, but not 2DG, also leads to reduced Stx1 binding, it makes FDG a promising candidate drug for
STEC infections. However, in vivo studies are required to test whether FDG could potentially be used
for treatment. The first challenge is to reach high enough concentrations of FDG in the Stx-targeted
cells. When [18F]FDG is used in the clinics for PET, the main limiting factor for the concentration of
[18F]FDG used in patients is the allowed maximal radiation dose. This is not the problem when using
stable nonradioactive FDG. There are no clinical studies describing maximal FDG doses that could
be safely achieved in human plasma/tissues, but there are several clinical studies that have analyzed
the safety of 2DG when used in combination with chemotherapy or radiation. Based on the study by
Raez et al. [146] the recommended daily dose of 2DG in combination with docetaxel was 63 mg/kg,
which resulted in a median maximum plasma 2DG concentration of 0.7 mM, and caused tolerable
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adverse effects. The tolerable concentration and adverse effects of FDG might differ from those shown
for 2DG and have to be assessed in the future, but if the achievable concentration is similar to that
shown for 2DG (0.7 mM), it is then in the same range as the concentration (1 mM) shown to protect
cells against Stx in vitro [48].

2.3. Retro-2 Substances

By performing a high-throughput screening of 16,480 drugs Stechmann et al. [100] identified
two low molecular weight substances that reduced sensitivity to Stx1, Stx2, and the plant toxin
ricin (which also follows a retrograde route to the ER), when added 30 min prior to challenge
with toxins in A459 and HeLa cells. These substances were called Retro-1 and Retro-2. They were
reported to inhibit retrograde transport of Stx1B from endosomes to the Golgi apparatus without
affecting compartment integrity and endogenous retrograde cargo transport [100]. Other compounds,
which may have similarities to the Retro compounds, have also been shown to block trafficking and
toxicity of Stx1 and ricin [147]. Both Retro-1 and Retro-2 have been found to relocalize the SNARE
proteins syntaxin 5 and, to a lesser extent, syntaxin 6 from their normal site of accumulation on
perinuclear Golgi membranes [100]. Thus, it has been suggested that the inhibition of Stx1B transport
by these compounds could be mediated by the relocalization of syntaxin 5 and 6, although additional
studies are required to confirm this. Retro-2 was found to be the most effective of these drugs,
and an intraperitoneal injection of 200 mg/kg Retro-2 given 1 h prior to toxin challenge completely
protected mice that were given a lethal nasal instillation of ricin (animal experiments with Stx were
not performed) [100]. Later, this group and others published data for several substances similar to
Retro-2, and showed that it was a cyclic form (Retro-2cycl) and not Retro-2 that was active [148–150].
Cyclization and modification of Retro-2 resulted in a compound with approx. 100-fold increased
efficacy in inhibiting Stx1, and only one enantiomer was found to be active with an EC50 value
(the concentration of the drug that gives 50% of its full inhibitory effect against the toxin) of approx.
300 nM in HeLa cells [149]. The most active of the Retro substances in counteracting the cytotoxicity of
Stx1 (named (S)-Retro-2.1) has been reported to have an EC50 value of 54 nM in HeLa cells [151].

Secher et al. has investigated whether Retro-2cycl could protect mice against the toxic effects
of infection with E. coli O104:H4, the strain that was responsible for the deadly outbreak in Europe
in 2011 [152,153]. The bacteria were given to mice by oral gavage, and on days 16 and 26 the mice
received intraperitoneal injections of 100 mg/kg of Retro-2cycl , which resulted in reduced mortality
rate in the treated group (29 and 16 mice were dead in control and treated group, respectively, out of
40 mice per group) [101]. The same authors recently published a review article about the use of
Retro-2 and similar compounds to protect against Stxs, ricin, multiple viruses, including different
polyomaviruses, Ebola virus and poxviruses, and intracellular parasites, such as Leishmania [154],
and we refer to this review for further discussions about these substances. The authors conclude that
these lead compounds now need to be developed as drugs for human use. As these drugs, as far as we
know, have not been given to humans or even been tested in formal preclinical drug safety studies,
that task will be ongoing for many years. Furthermore, it will be interesting to see which compound
will be selected for such a development as the most efficient compound may also be the most toxic.
Finally, it should also be investigated whether all of these compounds have similar effects on the
localization of syntaxin 5 as Retro-1 and Retro-2 [100], since targeting of a universal trafficking factor
such as syntaxin 5 may prove challenging in a clinical setting.

2.4. Manganese

Mn2+-ions have been described by several groups to protect cells against Shiga toxin [105] and
Stx1 [103]. Mukhopadhyay and Lindstedt reported that the protection was due to redirection of the
toxin to the degradative pathway; they also reported that mice injected with a lethal dose of Stx1 could
be rescued by a nontoxic dose of Mn2+ that was injected five days before the toxin [103]. However,
Mn2+ failed to protect cells against Stx2 under the same conditions [65]. These authors also showed
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that elevated levels of Mn2+ resulted in a down-regulation of GPP130, which in turn led to inhibition of
retrograde transport of Stx1, but not Stx2 [65]. Furthermore, this group later showed that the increased
Mn2+ levels induced GPP130 oligomerization and its sorting to lysosomes for degradation [102].

The protective effect of Mn2+ against Stx toxicity was also studied by another group, and there the
authors failed to see any protective effect of Mn2+ against Stx1 and Stx2 in cultured Vero cells and CD-1
outbred mice at Mn2+-doses that were not toxic to the cells and the animals [104]. They concluded that
the ability of Mn2+ to protect against Stx toxicity might be dependent on the cell line and mouse strain,
and that protection may be observed only at potentially toxic concentrations of Mn2+. These authors
and others have discussed that Mn2+-ions are neurotoxic; for reviews see [155,156]. Due to this
well-known toxic effect of Mn2+, we believe that it is unlikely that Mn2+ can be developed as a drug
against Stx toxicity.

2.5. Inhibitors of GlcCer Synthesis PDMP and C-9

The glycosphingolipid Gb3 is the sole functional receptor for Stx in humans, which makes it a
potential target for preventing Stx toxicity to cell. The drawback of the approach directed towards the
receptor is the time required to deplete Gb3 from cells, and this might limit the therapeutic potential.
However, although the expression of Gb3 is a prerequisite for cell sensitivity to Stx, a specific Gb3
species composition [42–45] is required for efficient Stx binding and intracellular transport, meaning
that a complete depletion of Gb3 might not be necessary to prevent Stx intoxication. To our knowledge,
there are no compounds available that would specifically block Gb3 synthesis in the cells. However,
multiple substances have been developed for inhibiting glucosylceramide synthesis, and thus prevent
formation of more complex glycosphingolipids, including Gb3. Two such compounds, PDMP [43] and
C-9 [106], have been shown to reduce cell sensitivity to Stx, and are discussed in this section.

PDMP (1-phenyl-2-decanoyl-amino-3-morpholino-1-propanol) is a ceramide analogue first
developed in a search for drugs to treat individuals with Gaucher disease [157], which are deficient
of the lysosomal enzyme glucosylceramidase and thus accumulate GlcCer in certain tissues [158].
PDMP has been shown to inhibit the synthesis of GlcCer and specifically affect the content and
composition of glycosphingolipids, without perturbing other lipid profiles [43,159], and without
significantly affecting the synthesis of glycoproteins in cells [159]. Raa et al. showed that treatment
with 1 μM PDMP for 24 h had only a small (20%–30%) effect on Shiga toxin binding to HEp-2
cells, but led to an approx. 50% reduction in the toxin uptake and almost completely blocked
(by 90%) the transport of StxB into the Golgi [43]. These effects were accompanied by a 6.5-fold
increase in the IC50 value for Shiga toxin in HEp-2 cells. After 24 h incubation with 1 μM PDMP,
the cellular levels of Gb3 and its precursors were reduced by approx. 50% in treated HEp-2 cells,
and the Gb3 species with the fatty acyl group 16:0 were found to be degraded faster and to a larger
extent than the Gb3 with the fatty acid 24:1 [43]. Results from studies on butyric acid-mediated
cell sensitization to Shiga toxin, and comparison of cell lines with different sensitivities to Stx,
have indicated that Gb3 with certain fatty acyl groups might be important for endosome-to-Golgi
transport [49,91,160,161]. Thus, the changes in Gb3 species composition may play an important role in
the PDMP-induced protection against Stx, at least at shorter treatment times, when the total Gb3 is
not yet completely depleted from the cells. However, in addition to GlcCer synthase, PDMP has been
found to target other lipid enzymes, such as ceramide glycanase and a lysosomal phospholipase A2
called 1-O-acylceramide synthase [162,163], which might limit the applicability of PDMP for specific
depletion of Gb3 in vivo. On the other hand, the development of PDMP has boosted the synthesis
of a variety of related compounds [162]. Some of these PDMP analogues exhibit a dramatic increase
in potency and specificity for the ceramide-specific glucosyl transferase [162], and have been tested
in β-galactosidase a-null mice (model of Fabry disease in which Gb3 accumulates in the vasculature
and kidneys) [164]. The mice were injected intraperitoneally with 2 mg/kg of the PDMP analogue
EtDO-P4 (D-threo-1-(3,4-ethylenedioxyphenyl)-2-(palmitoylamino)-3-(1-pyrrolidinyl)propanol) twice
a day for three days, which led to approx. 50% reduction in GlcCer levels in the kidney, liver, and heart.
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The reduction in Gb3 was little pronounced after three days of treatment, but following eight weeks
of treatment with 10 mg/kg of EtDO-P4 twice a day, the total levels of Gb3 were reduced by approx.
50% in the kidney, liver and heart. Importantly, the treatment did not show apparent toxicity to the
animals. However, a potential protection against Stx toxicity was not tested in this study.

The search for treatment of glycosphingolipid storage diseases has led to the development
of another ceramide analogue named C-9 [(1R, 2R)-nonanoic acid [2-(2′,3′-dihydro-benzo
[1–4]dioxin-6′-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt] (Genzyme
Corp., Waltham, MA, USA). Silberstein et al. has demonstrated that a 48 h pretreatment with 5 μM C-9
reduced cellular Gb3 levels by approx. 80% in human renal tubular epithelial cells (HRTEC), which was
accompanied by an almost complete cell protection against a 24 h challenge with 1 ng/mL Stx2 [106].
However, the drug had no effect on the cell sensitivity to Stx2 when added at the same time as the toxin
and a 24 h preincubation was required to obtain the protective effect [106]. Essentially similar protection
and reduction in Gb3 was also shown in human glomerular endothelial cells [108]. Silberstein et al.
also investigated the potency of C-9 against Stx2 in an in vivo model [107]. Rats received C-9 orally
two days prior and four days after the intraperitoneal injection of the supernatant from recombinant
E. coli expressing Stx2. The treatment reduced rat mortality by 50% and prevented intestinal and
renal tissue damage, which was observed in the group treated with Stx2 only. The failure of C-9 to
completely prevent rat mortality after Stx2 challenge was attributed to the possibility that C-9 does not
pass the blood- brain barrier, and thus the deaths in the C-9 group could be the outcome of neurological
injuries. However, no histological analysis was performed to support this [107].

A related compound, which differs from C-9 only in the fatty acid part (contains octanoic acid
instead of nonanoic acid), has been approved by FDA for treatment of Gaucher disease [165] and is now
sold under the name Cerdelga® (Eliglustat tartrate; Genzyme Corp., Cambridge, MA, USA). Eliglustat
tartrate (also called Genz-112638) is well tolerated and has a recommended dosing of 100 mg (contains
84 mg of eliglustat) twice daily in Gaucher patients [166,167]. When used at the recommended dosing,
the average concentration of free eliglustat in the plasma is 12–25 ng/mL (but there is a great variation
between individuals due to differences in the rate of metabolic degradation of eliglustat) (reviewed
in [165]). Thus, it would be interesting to see whether eliglustat provides similar protection against Stx
in cells and in animal models as C-9, and whether the tolerated dose leads to significant changes in
Gb3 levels and/or species, which would indicate its potential use for the treatment of STEC infections.
However, very little eliglustat is taken up into brain [164], which would limit its effect in the HUS
cases with neuronal damage.

2.6. HG

The alkylglycerol 1-O-hexadecyl-sn-glycerol (HG, also called chimyl alcohol) is a precursor for
ether-linked glycerophospholipids. HG enters the biosynthetic pathway of ether lipids after being
phosphorylated by alkylglycerol kinase [168]. Addition of HG was shown to alter the lipidome of
HEp-2 cells, with the most notable changes being an increase in the cellular level of ether-linked lipids
with 16 carbon atoms at sn-1 position, an increase in lysophosphatidylinositol (LPI) and a decrease in
all glycosphingolipid classes analyzed, amongst them the Stx receptor Gb3 [50].

We recently showed that a 24 h preincubation with 20 μM HG strongly protected HEp-2, HMEC-1
and HBMEC cells against Shiga toxin and Stx2, with an average 30-fold increase of IC50 [50]. There was
a moderate reduction in Stx1 binding to HEp-2 cells after HG treatment, presumably due to reduced
Gb3 levels, but this decrease was not sufficiently large to account for the strong protection against the
toxin. Immunofluorescence confocal microscopy revealed that HG treatment led to an accumulation
of Stx1 in the Golgi apparatus after 4 h of toxin challenge, while in control cells, the toxin clearly
colocalized with both the ER-marker PDI and the Golgi-marker TGN46 at the same time point,
suggesting that HG treatment inhibits Golgi-to-ER transport of Stx [50]. Thus, HG prevents Stx
intoxication primarily by interfering with the Golgi-to-ER transport of Stx, but also to some degree by
downregulating the Stx receptor Gb3.
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The 1-O-alkylglycerols, including HG, are naturally occurring ether lipids that are present in
human cells and body fluids, particularly in hematopoietic organs and in neutrophils and human
milk [169]. Alkylglycerols can also be obtained from the diet, with marine oils, especially shark liver
oil, being a good source [169,170]. Shark liver oil contains 9%–13% HG and has been used in traditional
medicine in the Nordic countries for beneficial health effects and for wound healing [169,170].
Shark liver oil and alkylglycerol supplementation have been reported to mediate several biological
effects, including the ability to boost the immune system and alleviate radiation therapy-induced
side effects [169,170]. However, to evaluate the potential of HG as an inhibitor of Stx intoxication,
further studies, first in animal models, are required.

2.7. Statins

Statins, also known as HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) reductase inhibitors,
are a class of compounds that inhibit cholesterol biosynthesis and prenylation of proteins (reviewed
in [171]). Statins are widely prescribed to lower serum cholesterol levels for the prevention of cardiac
diseases [172–174]. Recently, statins were found to inhibit Stx1B transport to the Golgi apparatus
and to protect cells against Stx1 and Stx2 [110]. ACHN (epithelial carcinoma from renal tubular
adenocarcinoma pleural metastasis) cells were pretreated with rosuvastatin (5–20 μM) for 24 h prior
to addition of Stx1 or Stx2, and the number of surviving cells was measured after 72 h. Treatment
with rosuvastatin increased cell survival by approx. 25% in the group treated with 5 μM rosuvastatin
and then challenged with 1 pg/mL of Stx1 or Stx2, but there was essentially no improvement in cell
survival in the group challenged with 100 pg/mL of the toxins. On the other hand, cell treatment with
10 μM of rosuvastatin increased cell survival by approx 70% in the groups challenged with 1 pg/mL
of Stx1 or Stx2, and by approx. 25% in the groups challenged with100 pg/mL of the toxins. Although
increasing the concentrations of rosuvastatin to 20 μM showed even better protection, there seemed to
appear a difference in protection against Stx1 and Stx2, with the protection against Stx2 being lower
than that against Stx1, especially at high toxin doses. As previously mentioned, Stx2 is suggested to
exploit an additional transport pathway [65] which might not be blocked by rosuvastatin. In addition,
a protective effect by lovastatin has previously been shown for several other protein toxins, including
ricin, modeccin, Pseudomonas toxin, and diphtheria toxin, suggesting that statins might have a potential
to be used against several toxins [175].

Cell treatment with statins was found to increase the protein level and activity of GlcCer synthase,
which in turn led to increased cellular levels of GlcCer [110]. The fact that the cells were maintained in
a medium containing cholesterol during the treatment with statins, and that the isoprenol precursor
counteracted the upregulation of GlcCer synthesis induced by statins, indicated that the effects
observed, at least for the upregulation of GlcCer synthesis, were mediated by the inhibition of
isoprenylation rather than by depletion of cellular cholesterol. In addition, by the use of specific
inhibitors of different prenylation enzymes, the authors were able to show that it was only the
inhibition of geranylgeranyl transferase II, also known as Rab geranylgeranyl transferase, that led
to similar upregulation of GlcCer as statin treatment. Rab prenylation facilitates their membrane
association and activity [176,177]. Rab GTPases regulate intracellular vesicular trafficking events,
and several Rabs have also been implicated in Stx retrograde transport (reviewed in [1]), suggesting
that rosuvastatin-induced protection against Stx is mediated via aberrant Rab prenylation.

Importantly, although for the prevention of cholesterol-related cardiac diseases statins are
prescribed in relatively low doses (recommended daily dose of lovastatin is 20–40 mg per day [174])
the achievable safe serum values might be as high as 0.2–12 μM (shown for lovastatin at doses of
133–412 mg/m2, which corresponds to approx. 200–650 mg) [178], and are within the dose range
found to protect cells against Stx1 and Stx2 [110].
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2.8. Furin Inhibitors

Furin is a type I transmembrane serine protease that activates precursors of different
physiologically important proteins. Although furin is mainly located in the Golgi and trans-Golgi
network, it also circulates through the endosomal system to the cell surface and back to the
Golgi [179], and may also be secreted as a soluble truncated active enzyme [180]. In addition
to its physiological role, furin activates numerous toxic proteins, including Stxs [95]. Moreover,
furin has been implicated in various human diseases, including cancer, osteoarthritis, atherosclerosis,
diabetes and neurodegenerative disorders [181–184]. Although the complete knockout of the fur gene,
which encodes furin, is embryonically lethal to mice, the specific inhibition of furin by polyarginine
inhibitors has been shown to be well tolerated in adult animals [185,186], indicating that short term
inhibition of furin might be exploited for treatment. Thus, various furin inhibitors have been developed
and investigated for their potential therapeutic applications during the last years [111,112,183,184,187].
For instance, the furin inhibitor hexa-D-arginine amide has been demonstrated to improve the survival
of mice challenged with Pseudomonas aeruginosa exotoxin A, which requires furin-mediated cleavage
for toxicity [185]. Later, the same compound was shown to delay anthrax toxin-induced toxemia both
in cells and in rats [186], supporting the therapeutic potential of furin inhibitors for the treatment of
infectious diseases.

A number of peptidomimetic furin inhibitors have been developed and optimized to improve
the activity and stability of the compounds [111], and some of these compounds have been
found to protect against Shiga toxin without showing significant toxicity to cells [111]. The most
effective analogue for the protection against Shiga toxin was 4-(guanidinomethyl)phenylacetyl-
Arg-Val-Arg-4-amidinobenzylamide (called No. 24 in the original article), which reduced HEp-2
cells sensitivity to Shiga toxin by approx. 6-fold, when added to the cells 30 min before a 4 h incubation
with unnicked Shiga toxin [111]. However, it has not yet been investigated whether cells are protected
against longer challenges with the toxin. It has been shown that the Shiga toxin may be processed by
other cellular proteases, but more slowly [39,95]. Thus, it is still not clear whether furin inhibitors help
to prevent or treat HUS in humans infected with Stx-producing bacteria.

3. Concluding Remarks

A number of compounds that protect cells against Stxs are known, and in some cases they have
also been found to protect animals against the challenge with purified toxin or toxic effects of infection
with STEC. Most of these compounds have not been used in humans and thus need to be carefully
evaluated for potential use in the clinic, and it is not clear to which extent one will be able to find
compounds that are safe in humans. There are, however, some exceptions, for instance chloroquine and
statins, which should be investigated for a possible protective effect in connection with Stx-induced
disease. In addition, there is an ongoing search for efficient inhibitors of glycosphingolipid synthesis
for the treatment of glycosphingolipid storage diseases [188] as well as cancer [189], meaning that new,
more potentially useful compounds will be investigated in the near future. Such new compounds
should not be overlooked for their potential in the treatment of STEC and Shigella infections.
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Abbreviations

ACHN epithelial carcinoma from renal tubular adenocarcinoma pleural metastasis
Baf bafilomycin A1
ConA concanamycin A
cPLA2 cytoplasmic phospholipase A2
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CQ chloroquine

C-9
(1R, 2R)-nonanoic acid [2-(2′,3′-dihydro-benzo [1–4]dioxin-6′-yl)-2-hydroxy-1-
pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt

EC50 the concentration of the drug that gives 50% of its full inhibitory effect against the toxin
FDG 2-fluoro-2-deoxy-D-glucose
Gal galactose
Gb3 globotriaosylceramide
Glc glucose
GlcCer glucosylceramide
GPP130 Golgi phosphoprotein of 130 kDa
HBMEC human brain microvascular endothelial cells
HCQ hydroxychloroquine
HG alkylglycerol 1-O-hexadecyl-sn-glycerol
HRTEC human renal tubular epithelial cells
HUS hemolytic-uremic syndrome
HuSAP human serum amyloid component P
IC50 Stx concentration needed to inhibit protein synthesis by 50%
LacCer lactosylceramide
LPI lysophosphatidylinositol
Nig nigericin
PDMP 1-phenyl-2-decanoyl-amino-3-morpholino-1- propanol
PET positron emission tomography
Retro-2cycl cyclic form of Retro-2
STEC Shiga toxin-producing E. coli
Stx Shiga toxins (when referring to the whole family and common features)
StxB B-moiety of Stx
Stx1 Shiga-like toxin 1
Stx2 Shiga-like toxin 2
TLC thin layer chromatography
UDP uridine diphosphate
[18F]FDG FDG which contains the 18F radioisotope
2DG 2-deoxy-D-glucose
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Abstract: Botulinum neurotoxins (BoNTs) are some of the most poisonous natural toxins known
to man and are threats to public health and safety. Previous work from our laboratory showed
that both BoNT serotype A complex and holotoxin can bind and transit through the intestinal
epithelia to disseminate in the blood. The timing of BoNT/A toxin internalization was shown to
be comparable in both the Caco-2 in vitro cell culture and in the oral mouse intoxication models.
Probiotic microorganisms have been extensively studied for their beneficial effects in not only
maintaining the normal gut mucosa but also protection from allergens, pathogens, and toxins. In this
study, we evaluate whether probiotic microorganisms will block BoNT/A uptake in the in vitro cell
culture system using Caco-2 cells. Several probiotics tested (Saccharomyces boulardii, Lactobacillus
acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus reuteri) blocked BoNT/A uptake in a
dose-dependent manner whereas a non-probiotic strain of Escherichia coli did not. We also showed
that inhibition of BoNT/A uptake was not due to the degradation of BoNT/A nor by sequestration of
toxin via binding to probiotics. These results show for the first time that probiotic treatment can inhibit
BoNT/A binding and internalization in vitro and may lead to the development of new therapies.

Keywords: botulinum toxin; foodborne toxins; probiotic bacteria; toxin absorption

1. Introduction

Botulinum neurotoxins are produced by the ubiquitous, gram-positive, anaerobic spore-forming
Clostridium species and are the causative agent of botulism [1,2]. There are at least seven, possibly
eight, different serotypes of BoNTs (A–H) of which A, B, E, and F are known causes of botulism in
humans [3–7]. BoNTs are highly poisonous to humans with a parenteral lethal dosage of 0.1–1 ng/kg
and an oral dose of 1 μg/kg. They are classified by the Centers for Disease Control and Prevention
(CDC) as among the highest threats for bioterrorism (Tier 1 Category A agents). Additionally, BoNTs
remain a public health and safety threat in the form of foodborne, wound, and infant botulism. Due
to its mortality and morbidity, there is a significant economic burden associated with the long-term
management of intoxication.

BoNTs are A-B dimeric toxins synthesized as ~150 kDa holotoxin with a heavy chain ~100 kDa
linked by a disulfide bond to the light chain ~50 kDa. There are three functional domains: a receptor
binding domain (HC), translocation domain (HN), and a catalytic domain (LC) [7]. The preferential
target cells for BoNTs are the peripheral cholinergic neurons. Binding of HC to carbohydrate and
protein receptors on the presynaptic membrane results in BoNT endocytosis [8–10]. Internalization
of BoNTs leads to HN pore formation in the endosomal membrane resulting in the translocation
of the catalytic domain LC into the cytosol [11–14]. The catalytic domain LC is a zinc-dependent
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Toxins 2016, 8, 377

endopeptidase that cleaves proteins associated with intracellular vesicular transport such as SNAP-25
(synaptosome-associated protein of 25 kDa), VAMP (vesicle-associated membrane protein), or
syntaxin [15–17]. Due to the cleavage of these mediators of intracellular transport, exocytosis
of the neurotransmitter acetylcholine from neurons is inhibited causing flaccid muscle paralysis.
In foodborne illnesses caused by BoNTs, toxins must be able to survive initially in the lumen of
the gastrointestinal tract, then bind and translocate through the intestinal epithelium to reach the
bloodstream. Previous work from our laboratory showed that the BoNT/A complex, comprised of the
combination of holotoxin with neurotoxin-associated proteins (NAPs), binds and transits through the
intestinal epithelia to disseminate in the blood faster than BoNT/A holotoxin alone [18]. Therefore,
understanding the mechanism(s) in which BoNTs bind to and breach this epithelial barrier is of great
scientific interest because of the potential development of new therapeutics to inhibit this required first
step of oral intoxication.

The gastrointestinal tract (GI) has evolved as one of the largest barriers to segregate the
extracellular milieu from mammalian cells. Colonization of the gastrointestinal tract by a variety of
commensal bacteria aid in not only the digestion and absorption of nutrients but also the development
and regulation of the mucosal immune system [19]. There are anywhere between 1010 to 1012

colony-forming units per gram of intestinal content in the colon and 60% of all fecal matter mass
in humans is due to bacteria [20]. The colonization of the GI tract with microbes carries with it the
risk of infection and inflammation if the barrier between the microorganisms and hosts is damaged.
The intestinal epithelium acts as a physical and biochemical barrier to not only commensal and
pathogenic bacteria but also to all other luminal contents including other injurious matter such as
toxins. Specialized intestinal epithelial cells (IECs) are able to sense and respond to these stimuli
with appropriate responses such as increasing their barrier function to activation of anti-pathogenic
immune mechanisms [19].

Probiotics, as defined by the World Health Organization (WHO), are live microorganisms that
provide health benefits to hosts when ingested in adequate amounts. They have been shown to have
potential significant therapeutic value for a range of diseases such as H. pylori infection, irritable
bowel syndrome, and inflammatory bowel disease (ulcerative colitis and Crohn’s disease) as well as
boosting the immune system of healthy individuals [21–26]. The most common probiotic strains used
are Lactobacillus, Bifidobacteria, and the yeast strain Saccharomyces cerevisiae var boulardii (SB). Lactic
acid bacteria and bifidobacteria have been shown to remove heavy metals [27], cyanotoxins [28], and
mycotoxin from in vitro aqueous solutions [29,30]. The probiotic effects seen are both strain and species
dependent indicating that combinations of different strains and species may need to be tailored to the
specific issue at hand rather than having one “universal” probiotic therapy. Though some beneficial
effects of probiotics have been shown in both in vivo and in vitro studies, the exact mechanism(s) that
is responsible for these beneficial effects remains to be fully elucidated. The mechanisms that have
been attributed to probiotics are: (a) maintenance of the gut epithelial barrier, (b) competitive exclusion
of pathogenic organisms, (c) secretion of antimicrobial products, and (d) regulation of the mucosal
immune system in favor of the hosts.

Since probiotics have been shown to block pathogen internalization as well as remove heavy
metals and some toxins, we wondered if probiotics may block entry and subsequent internalization of
BoNT/A in an in vitro cell based assay system using Caco-2 cells.

2. Results

2.1. The Effect of Pre-Treatment with Saccharomyces Boulardii on BoNT/A Uptake in Caco-2 Cells

Previous work in our laboratory established two in vitro Caco-2 cell models to test the entry
and subsequent internalization of BoNT/A holotoxin and BoNT/A complex (AC) [18]. This study
showed that BoNT/A entry and internalization was enhanced by the presence of neurotoxin-associated
proteins in the BoNT/A complex. Significant internalization of toxin complex was achieved by 4 h
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post-intoxication whereas holotoxin was slightly delayed. Since some probiotics have been shown
to be important for inhibition of pathogens as well as toxin binding to host mammalian cells, we
wondered if pre-treatment with the probiotic yeast strain Saccharomyces boulardii (SB) would have a
negative effect on BoNT/A binding and internalization in Caco-2 cells.

We chose a simple Caco-2 cell model to study the effect of probiotics on BoNT/A entry. This
in vitro model was shown to mirror results found through the in vitro polarized Caco-2 epithelial
cell and in the mouse oral intoxication model [18]. Caco-2 cells were either pre-treated with
media (control) or SB low (104 CFU) or high (108 CFU) concentrations for 30 min at 37 ◦C before
removal of non-adherent SB and subsequent washing with 1× HBSS three times. Cells were
then incubated with 50 ng/mL of BoNT/A toxin complex at 37 ◦C for 4 h. At the end of this
incubation, cells were washed and fixed with 4% paraformaldehyde. Immunostaining was performed
to detect BoNT/A toxin using a polyclonal rabbit anti-BoNT/A antibody with detection using a goat
anti-rabbit-IgG-Alexa-488. Additionally, these coverslips were stained with Rhodamine-Phalloidin to
delineate the actin cytoskeleton in mammalian cells. DAPI was used to stain nuclear DNA. Images
were obtained throughout the depth of the cells to measure the internalization of BoNT/A. Mean
fluorescence intensities were measured throughout the depth of each field of cells (Z stack) containing
the same area. Mean intensity multiplied by area for each Z section was calculated and the sum of the
total fluorescence was defined as BoNT/A signal indicating cellular uptake. The mean of the BoNT/A
signal was calculated and the statistical significance was determined for each condition.

A statistically significant cellular uptake of BoNT/A after 4 h incubation of BoNT/A toxin
complex as compared to the control treated with media alone (BoNT/A vs. control, p = 0.0004) is seen
in Figure 1A. BoNT/A present in Caco-2 cells was visualized with bright green fluorescence while
the actin cytoskeleton was stained in red and DAPI stained the cellular nuclei blue. Signal intensity
for the different conditions were quantified in Figure 1B. Figure 1 shows that pre-treatment with SB
30 min prior to toxin addition has a negative effect on BoNT/A uptake. The addition of 108 CFU of SB
reduces the BoNT/A fluorescence signal (decrease in green fluorescence) even more than 104 CFU,
indicating that there is a dose-dependent effect on internalization and that it is statistically significant
(BoNT/A vs. BoNT/A + Low SB, p = 0.0181; BoNT/A vs. BoNT/A + High SB, p = 0.0013).

Figure 1. Cont.
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Figure 1. Internalization of BoNT/A into Caco-2 cells is significantly reduced in a dose-dependent
manner by pre-treatment with the probiotic Saccharomyces boulardii. (A) Caco-2 cells were treated with
media (control) or BoNT/A complex for 4 h at 37 ◦C. Some Caco-2 cells were either pre-treated with
Saccharomyces boulardii (SB) for 30 min at 37 ◦C at either high SB (108 CFU) or low SB (104 CFU) before the
addition of BoNT/A. Cells were fixed and stained with Alexa-488 labeled antibodies to BoNT/A, DAPI
(nuclear), and Rhodamine-Phalloidin (actin cytoskeleton). Representative images at 40× magnification
are shown; (B) The cellular uptake of BoNT/A was quantified by determining the mean fluorescence
of three randomly chosen optical fields from each of four coverslips per experiment using ImageJ
software. Values represent means of four independent experiments ± SEM. Statistical significance was
determined using two-way ANOVA followed by the Tukey-Kramer test where multiple groups that
are compared with p-values < 0.05 are taken to indicate significant differences between groups (*).

2.2. The Effect of Pre-Treatment with Escherichia coli MG1655 on BoNT/A Uptake in Caco-2 Cells

Since we see a significant reduction on the internalization of BoNT/A into Caco-2 cells with SB in
a dose-dependent manner, one can argue that this decrease in cellular uptake may be inherently due to
non-specific interactions between any microorganism given in sufficient quantities. To assess whether
this hypothesis was true, we asked whether a non-probiotic strain of Escherichia coli K12 MG1655 (EC)
can reduce the uptake of BoNT/A in Caco-2 cells. As seen in Figure 2A,B, we show that EC does
not have any statistically significant effect on BoNT/A uptake either at a low dose (104 CFU) or a
high dose (108 CFU) unlike SB (Figure 1A,B). However, a statistical difference was seen between the
control media alone compared to the sample treated with BoNT/A complex (control vs. BoNT/A,
p < 0.0001). These results support the hypothesis that probiotics can have a beneficial effect on blocking
the internalization of the foodborne toxin botulinum neurotoxin serotype A.

2.3. The Effect of Pre-Treatment with Lactobacillus Acidophilus, Lactobacillus rhamnosus LGG, and
Lactobacillus Reuteri on BoNT/A Uptake in Caco-2 Cells

We showed in Figure 1 that the probiotic yeast strain SB has a beneficial effect on decreasing
the uptake of BoNT/A in our in vitro cell culture system. We wanted to ask if other probiotic strains
such as Lactobacilli would have a similar effect because some Lactobacilli strains such as Lactobacillus
acidophilus (LA), Lactobacillus rhamnosus (LGG), and Lactobacillus reuteri (Lr) have been shown to have
beneficial effects on host physiology against pathogen and toxin injuries.

Lactobacilli treatment severely reduces BoNT/A uptake into Caco-2 cells (Figure 3A,B). This
severe inhibition of BoNT/A internalization by LA, LGG, and Lr is more dramatic than with SB
(Figure 3A,B vs. Figure 1A,B). Additionally, the dose-dependent BoNT/A uptake decrease seen with
SB does not seem to happen with LA, LGG, or Lr. A low dose (104 CFU) of LA, LGG, and Lr is sufficient
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to almost completely block BoNT/A internalization to the levels seen in control cells which have not
seen toxin (BoNT/A vs. LA Low, p = 0.0018; BoNT/A vs. LGG Low, p = 0.0019; BoNT/A vs. Lr Low,
p = 0.0007). These results suggest that there may be differences in the ability of various probiotic strains
to efficiently block some foodborne toxins such as BoNT/A.

Figure 2. Pre-treatment with Escherichia coli MG1655 does not affect the internalization of BoNT/A
into Caco-2. (A) Caco-2 cells were treated with media (control) or BoNT/A complex for 4 h at 37 ◦C.
Some Caco-2 cells were either pre-treated with Escherichia coli (EC) for 30 min at 37 ◦C at either
high EC (108 CFU) or low EC (104 CFU) before the addition of toxin. Cells were fixed and stained
with Alexa-488 labeled antibodies to BoNT/A, DAPI (nuclear), and Rhodamine-Phalloidin (actin
cytoskeleton). Representative images at 40× magnification are shown; (B) The cellular uptake of
BoNT/A was quantified by determining the mean fluorescence of three randomly chosen optical
fields from each of three coverslips per experiment acquired using a Zeiss Axio Observer.Z1 with
Apotome.2 and analyzed with Zeiss Zen Pro 2012 software. Values represent means of four independent
experiments ± SEM. Statistical significance was determined using two-way ANOVA followed by the
Tukey-Kramer test where multiple groups that are compared with p-values < 0.05 are taken to indicate
significant differences between groups (*). There is no statistical significance with pretreatment with EC.
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Figure 3. Pre-treatment with the probiotic Lactobacillus acidophilus, Lactobacillus rhamnosus, and
Lactobacillus reuteri blocks internalization of BoNT/A into Caco-2 cells. (A) Caco-2 cells were treated
with media (control) or with BoNT/A for 4 h at 37 ◦C. Some Caco-2 cells were either pre-treated with
Lactobacillus acidophilus (LA), Lactobacillus rhamnosus (LGG), or Lactobacillus reuteri (Lr) for 30 min at
37 ◦C at either high (108 CFU) or low (104 CFU) before addition of BoNT/A complex. Cells were fixed
and stained with Alexa-488 labeled antibodies to BoNT/A, DAPI (nuclear), and Rhodamine-Phalloidin
(actin cytoskeleton). Representative images at 40× magnification showing BoNT/A fluorescence are
shown; (B) The cellular uptake of BoNT/A was quantified by determining the mean fluorescence
of three randomly chosen optical fields from each of the four coverslips per strain per experiment
using ImageJ software. Values represent means of four independent experiments ± SEM. Statistical
significance was determined using two-way ANOVA followed by the Tukey-Kramer test where
multiple groups are compared with p-values < 0.05 are taken to indicate significant differences
between groups (*).
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2.4. Evaluation of the Mechanism Used by Probiotic Strains to Block BoNT/A Internalization

We have shown that treatment with SB, LA, LGG, and Lr strains prior to the addition of
BoNT/A complex reduced the internalization of BoNT/A toxin in a colonic adenocarcinoma cell
model. However, the mechanism(s) used by probiotics to block BoNT/A internalization is still unclear.
One potential mechanism of action would be for these probiotics to secrete proteases that could
degrade BoNT/A and hence there would be less BoNT/A to bind to and be internalized into the cells.
Another mode of action would be for non-specific binding of BoNT/A to the probiotics themselves
(i.e., cell walls) thus sequestering BoNT/A from its cellular receptors and not allowing for binding and
subsequent internalization. A third potential mechanism is for the probiotics to compete for binding
with BoNT/A to its cellular receptors, thus blocking binding and internalization.

We sought to answer this important question using a co-precipitation assay with the results
detected using an antibody that recognizes BoNT/A in Western blots. BoNT/A (2 μg/mL) was
added to an aliquot of washed overnight bacterial cultures (EC, SB, LA, LGG, and Lr) in 1× HBSS
and then incubated for 4 h at 37 ◦C. The samples were centrifuged to fractionate BoNT/A into
soluble supernatant (unbound) and insoluble pellet (bound). Protein samples from each fraction were
TCA-precipitated, solubilized in protein sample buffer, and prepared for SDS-PAGE electrophoresis.
Proteins were transferred onto PVDF membrane and immunoblotting was performed. A rabbit
polyclonal anti-BoNT/A was used to bind to BoNT/A and detection was enabled by the addition of a
goat anti-rabbit IgG conjugated to horseradish-peroxidase. Chemiluminescent substrate was added
and signal was detected using an AlphaImager. Densitometry was used to detect signal intensity using
the FluorChemSP.

In Figure 4B, full length BoNT/A is predominately detected in Western blots at the expected size
of ~150 kDa whether treated with EC, SB, LA, LGG, or Lr. This result suggests that the mechanism of
action with any of the probiotics to decrease BoNT/A internalization is not due to the degradation of
BoNT/A by secreted probiotic proteases (Figure 4A,B). As expected, treatment with EC, a non-probiotic
strain that does not decrease BoNT/A uptake in cells, fractionates the BoNT/A mainly in the soluble
supernatant unbound fraction ~83% with ~17% found in the insoluble bound pellet. BoNT/A is found
exclusively in the soluble supernatant fraction and not bound to SB in the pellet (EC pellet vs. SB pellet,
p = 0.0272). LA, LGG, and Lr were found to be even more efficient than SB in inhibiting BoNT/A
uptake and all three show BoNT/A is present predominately in the soluble supernatant fraction similar
to EC. These results suggest that probiotics themselves are not non-specifically sequestering toxins
from mammalian cells. Thus, the most likely mechanism of action is due to competition between the
probiotics and BoNT/A for the same cellular receptors either directly or via steric-hindrance.
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Figure 4. Decreased cellular uptake of BoNT/A complex is not due to the proteolytic degradation of
holotoxin nor binding of toxin to probiotics. BoNT/A was added to either Escherichia coli MG1655,
or probiotics and incubated for 4 h at 37 ◦C. Soluble supernatant (S) and insoluble pellet (P) fractions
were precipitated with trichloracetic acid (TCA). Precipitates were solubilized with sample loading
buffer and loaded onto 10% Bis-Tris NuPage gels. Gels were transferred onto PVDF membranes
and incubated with primary polyclonal antibody to BoNT/A (Metabiologics) and secondary goat
anti-rabbit-HRP. Western blot was developed using Pierce SuperSignal ECL substrate. (A) Mean
percent signal of BoNT/A in each fraction was quantified from four independent experiments ± SEM
using FluorChem SP (Alpha Innotech); (B) Representative Western depicting the presence of full length
BoNT/A. Statistical significance was determined by a two-tailed unpaired Student’s t-test, (*) p < 0.05.

3. Discussion

Botulinum neurotoxins, with their potential contamination of food, are bioterror threats as
well as public health hazards. Consumption of botulinum neurotoxins from food sources leads to
muscle paralysis and/or death for humans. There is a significant economic burden due to botulinum
intoxication because of the need for long term supportive care and intensive hospitalization associated
with this disease. Therefore, studies to elucidate the initial entry and internalization process of the
toxin in the gut is of critical importance because of the potential development of new therapies to
proactively block intoxication or in ameliorating the function of the toxin after ingestion.

BoNTs also cause infant botulism, which is usually associated with the ingestion of foods
contaminated with Clostridia spores. Ingestion and subsequent germination of these spores into
viable neurotoxigenic bacteria that are able to colonize the infant gastrointestinal system due to the lack
of a robust gut microbiota to outcompete Clostridia [1,31]. BoNTs after ingestion or in situ production
from bacteria must be able to survive in the lumen of the gastrointestinal tract and then traverse the
intestinal epithelium from the apical to the basolateral side to reach its target cells.

The mechanism(s) as to how this occurs has been a major focus in the field. Previous work
showed that the majority of toxin absorption occurs in the mouse upper small intestine [7,32]. One
model for the transit of BoNTs suggests that the holotoxin itself can transcytose through the intestinal
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epithelium [33–35]. A second model for the BoNT absorption from the epithelium implicates the
hemagglutin proteins (HA) in this process by binding cell surface receptors on the apical side,
transcytosis, and potential disruption of the epithelial barrier at the basolateral side to allow for
paracellular transport of the toxins in certain situations [33,36]. Our lab has shown in in vitro and
in vivo intoxication models that neurotoxin-accessory proteins enhanced the rate of entry of BoNT/A
in comparison to holotoxin alone, and entry was localized first to intestinal villi and subsequently to
the intestinal crypts [18].

The major defensive mechanism of the gut is thus the intestinal barrier, which maintains epithelial
integrity, and protects the host from the environment. In defense of this barrier, there are also the
mucous layer, antimicrobial peptides, secretory IgA, and the epithelial junction adhesion complex [37].
Disruption of this barrier allows for bacteria and food antigens to reach the submucosa, which can
induce an inflammatory response potentially leading to the intestinal disorders such as inflammatory
bowel disease [38,39]. Probiotic treatment has been shown to have many beneficial effects including:
(a) therapeutic treatment for human diseases, (b) inhibition of growth and toxin production for
pathogens, and (c) extraction of heavy metals and toxins (aflatoxin B1) from solution.

Studies have suggested that probiotics enhance the expression of genes involved in tight
junction signaling as a possible mechanism to reinforce the integrity of the intestinal epithelium [40].
An example of this is that Lactobacilli treatment in a T84 cell barrier model modulates several genes
such as E-cadherin and β-catenin that affect adherence cell junctions. Lactobacilli treatment of intestinal
cells also differentially regulates the phosphorylation of adherence junction proteins and the abundance
of protein kinase C (PKC) isoforms, such as PKCδ, thereby positively reinforcing epithelial barrier
function [41]. Not only is the epithelial barrier reinforced before damage, work with the probiotic
Escherichia coli Nissle 1917 strain (EcN1917) suggests that it can initiate repair of the mucosal barrier
after damage by enteropathogenic E. coli in T84 and Caco-2 cells by enhancing the expression and
redistribution of tight junction proteins of the zonula occludens (ZO-2) and PKC [42,43]. Similar repair
mechanisms have been reported with treatment with Lactobacillus casei DN-114001 [44] and VSL3
(a pre- and probiotics mixture) [45].

Studies have also shown that probiotics are able to modify their environment to make it more
hostile to their potential competitors. The production of antimicrobial substances such as lactic and
acetic acid is one example of this modification. Lactobacillus cocultivation with E. coli O157:H7 in broth
culture produced organic acids which lead to a decrease in both pH and stx2A expression [46].

We have shown that pre-treatment with the yeast strain Saccharomyces boulardii significantly
decreased BoNT/A binding and internalization in Caco-2 cells after 4 h in a dose-dependent
and specific manner whereas the control non-probiotic strain E. coli did not (Figure 1A,B vs.
Figure 2A,B). Treatment with Lactobacillus acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus
reuteri demonstrated an even greater protective effect than Saccharomyces boulardii by almost completely
abolishing BoNT/A binding and internalization at the lower 104 CFU dose (Figure 3A,B vs.
Figure 1A,B). We have also tested the inhibition of BoNT/A binding using different commercial
probiotic supplements, most showed inhibitory effects (data not shown). These results suggest
that, consistent with other probiotic studies, the beneficial effects of probiotics are strain- and
species-dependent [47,48]. The probiotic E. coli strain Nissle 1917 was however not available in
the U.S. for use in comparison testing at the time of study. Further research using probiotic E. coli
or comparable strains are needed to elucidate the mechanism of inhibition. Future studies are also
needed to determine the right formulation or combination of probiotic strains for optimal toxin entry
inhibition and the specific mechanisms of toxin entry inhibition.

What role do probiotic organisms play in the defense of the intestinal epithelium against toxic
invader and block BoNT/A entry? One hypothesis would be that the toxin itself could be degraded by
the probiotics via secretion of proteases, thus rendering the toxin unable to bind its cellular receptors.
An alternative theory would be that the probiotics would non-specifically bind BoNT/A itself due
to some constituent of their cell walls, thus titrating the toxin from the host cells. A third potential
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mechanism would competitive inhibition between the probiotics and BoNT/A for binding to the host
cell either through direct exclusion of BoNT/A from binding to the host cell receptors or indirect
exclusion of BoNT/A due to steric hindrance from probiotic binding to the cell membrane. The
adhesive properties due to the interactions between surface proteins and mucins may be utilized
by some probiotic strains as an antagonistic mechanism against gastrointestinal pathogens as well
as some toxins. Since binding to the mucous layer and intestinal cells is required for entry and
colonization by many pathogens and toxins, mechanisms that will inhibit this first required step are
critical for disease prevention. To prevent enteric infections, approaches such as (a) the development of
synthetic oligosaccharide-based anti-infectives such as Synsorb (inert silica particles-linked to synthetic
oligosaccharides) have been developed against the following: Stx1/2-Gb3, Stx2e-Gb4, Ctx-GM1,
LT-GM1, epsilon toxin-GM2, TcdA-Lewis X and Lewis Y, botulinum neurotoxin- GD1a, GT1b, E. coli
K88 ad fimbriae-nLc4, and E. coli P pili- Gb3 and Gb4) and (b) recombinant receptor mimics against
STEC [49].

There are a variety of mechanisms used by bacterial species to exclude or reduce the growth of
another species such as creation of a hostile environment, blocking available receptor sites, production
and secretion of antimicrobial products and specific metabolites, and competitive depletion of essential
nutrients [50]. Lactobacilli and bifidobacteria have been shown to inhibit a broad range of pathogens
including E. coli, Salmonella, Helicobacter pylori, Listeria monocytogenes, and Rotavirus [21,51–57]. It has
been shown that some lactobacilli and bifidobacteria compete for binding to host cell receptors
because they share the same carbohydrate-binding specificities with some enteropathogens [58–60].
Lactobacillus rhamnosus has been shown to inhibit the internalization of enterohemorrhagic E. coli
(EHEC) [61]. Generally, the ability of probiotic strains to inhibit pathogen attachment relies on steric
hindrance of enterocyte pathogen receptors [62].

In Figure 4A,B, westerns blots indicate the presence of full-length BoNT/A in the presence of
all strains including the probiotics. This suggests that degradation of BoNT/A is not the mechanism
used by the probiotics strains to interfere with BoNT/A entry. Densitometry analysis indicates that
BoNT/A remains mostly soluble in the supernatant rather than sedimenting with the bacterial/yeast
insoluble pellet (Figure 4A). Thus, the non-specific binding of probiotic bacteria to cell wall constituents
therefore blocking the accessibility of BoNT/A receptors could be a likely mechanism that needs
further investigation.

Our results suggest that the BoNT/A internalization could be blocked by the probiotics strains
of SB and some lactobacilli species. For the first time, we show a potential beneficial role that some
probiotics may have in blocking the development and/or limiting the effects of human botulism. These
results may lead to the development of new therapeutics for food-borne but especially relevant in
regards to infant botulism. Development of a probiotic “cocktail” to initially seed the undeveloped
infant gut to establish an environment of beneficial gut microbiota may protect against both Clostridia
colonization and/or toxin absorption.

4. Conclusions

We show that probiotics may be beneficial in preventing the binding and internalization of
botulinum neurotoxin serotype A to mammalian cells. The data suggests that the mechanism involved
in this process is competitive inhibition between the probiotic strains and BoNT/A for host cell
membrane receptors rather than degradation of BoNT/A or non-specific binding of toxin to the
probiotics themselves.

5. Materials and Methods

5.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM) (containing 4.5 g/L D-glucose and GlutaMAX),
penicillin and streptomycin (100×), fetal bovine serum (FBS), TrypLE Select, Hanks’ balanced salt
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solution (HBSS), and phosphate buffer solution (PBS) (10×) were purchased from Life Technologies
(Carlsbad, CA, USA). The human colon carcinoma cell lines (Caco-2 cells, ATCC, Manassas, VA, USA)
were grown in DMEM. Cells after 50–70 passages were used in the uptake study. L. rhamnosus LGG
(ATCC 53103), L. reuteri (ATCC 23272), L. acidophilus (ATCC 4356), and Saccharomyces boulardii (ATCC
MYA-796) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). All
other chemicals and reagents used were obtained from Sigma-Aldrich (St. Louis, MO, USA). Escherichia
coli K12 MG1655 (EC) was obtained from Dr. Lisa Gorski at the Western Regional Research Center.

5.2. Growth of Yeast and Bacterial Cultures

Escherichia coli K12 MG1655 (EC), L. rhamnosus (LGG), L. reuteri (Lr), L. acidophilus (LA), and
Saccharomyces cerevisiae var boulardii (SB) were grown overnight in growth broth (LB, YPD, and
MRS), washed two times with phosphate buffered saline (PBS) and resuspended in Hank’s balanced
salt solution (HBSS) at either 104 or 108 CFU/mL. The initial concentration was determined by
spectrophotometry at 600 nm and the numbers of bacteria were verified by pour-plate assay using (LB,
YPD, and MRS) agar and standard serial dilution techniques.

5.3. Caco-2 Culture and Pre-Treatment with Probiotic Cultures

Human colonic carcinoma Caco-2 cells were grown on acid-washed 25 mm glass coverslips
incubated in DMEM containing 10% FBS, 1× nonessential amino acid (NAA), and 1X penicillin and
streptomycin at 37 ◦C in a 90% humidity and 5% CO2 incubator (Sanyo, Osaka, Japan). Caco-2
cells were seeded at a density of 1.2 × 105 cells/well. The media was changed every two days.
After five days, the cell monolayers were observed by optical microscopy (Leica Microsystems,
Buffalo Grove, IL, USA) to ensure that the cells reached about 90% confluence. On the day of
experiment, Caco-2 cell monolayers were washed with 1X HBSS two times and pretreated either
with 104 or 108 EC, LGG, Lr, LA, or SC prepared in HBSS for 30 min. Non-adherent bacteria were
removed from the culture with three washes of HBSS. After pretreatment, glass coverslips containing
bacteria-bound Caco-2 monolayers were treated with BoNT/A complex, 50 ng·mL−1 (56 pM) in
HBSS for 4 h. After incubation, the coverslips were washed three times with 1X PBS and fixed in
4% paraformaldehyde (PFA, Affymetrix, Santa Clara, CA, USA) for 10 min and rinsed with 1X PBS
before immunofluorescence staining.

5.4. Immunofluorescence Staining

Fixed glass coverslips containing Caco-2 cells were rinsed twice with PBS and permeabilized
with 1% triton X-100 in PBS for 30 min. Cells were incubated with blocking solution (2% goat serum,
0.2% Triton X-100, and 0.1% Bovine Serum Albumin) for 1 h, and then incubated with 1:250 blocking
buffer diluted solutions of a polyclonal rabbit antibody against BoNT/A (2 mg·mL−1 of stock) and
Rhodamine-Phalloidin (actin stain, Molecular Probes; Life Technologies). After washing three times,
cells were incubated with Alexa Fluor 488 to rabbit IgG (1:500 dilution; Life Technologies) and mounted
onto glass slides using the hard-set DAPI mounting medium (Vector Laboratories). Fluorescence
signals from Z stacks representing the top to the bottom of optical fields were visualized with either the
Leica Microsystems confocal microscope (Leica TCS SP5) or with Zeiss Axio Observer.Z1 microscope
with Apotome.2 with the appropriate filters set at 40× magnification. Negative controls were prepared
by omitting the primary antibodies.

5.5. Western Blotting

Western blotting was performed to evaluate the probiotic mechanism of action with the BoNT/A
neurotoxin. E. coli, L. rhamnosus, L. reuteri, L. acidophilus, and Saccharomyces boulardii were grown
overnight in growth media (LB, YPD, and MRS). One mL of bacteria was washed three times with 1X
HBSS and resuspended in 1 mL of HBSS. Aliquots of 50 μL bacteria mixture were taken from each strain
and put in 1.5 mL Eppendorf Lo-bind tubes. Each tube containing bacteria was treated with 2 μL of
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1 mg/mL BoNT/A complex for 4 h at 37 ◦C in a 90% humidity and 5% CO2 incubator. After incubation,
the tubes were centrifuged at 2000 × g for 5 min and the supernatant and pellet were separated. Protein
samples were TCA precipitated and separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) with NuPAGE 10% Bis-Tris gels (Invitrogen) followed by Western blotting.
The resolved proteins were transferred to a PVDF membrane (Immobilon). The membrane was
blocked in 5% milk-Tris-buffered saline-0.05% Tween 20 buffer then probed with polyclonal rabbit
anti-BoNT/A antibody (2 mg·mL−1 of stock) diluted to 1:2000 with blocking solution followed by
secondary antibody (Horseradish peroxidase (HRP)-conjugated; 1:2000). The blot was incubated in
Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from peroxidase
activities to chemiluminescent substrates were developed and detected using the FluorChem SP
AlphaImager (Alpha Innotech, San Leandro, CA, USA). Molecular weight standards were purchased
from Invitrogen. Densitometry was performed using the FluorChem analysis software. Percent of
BoNT/A signal from the soluble and pellet was quantified from four independent experiments and
plotted using GraphPad Prism 6.

5.6. Statistics

For the cell culture studies, n = number of independent experiments, each independent experiment
contained triplicate culture wells with one coverslip per each study condition. BoNT/A signal,
representing the total fluorescence intensity in the cells calculated from area multiplied by mean
intensity, was quantified from at least 30 optical fields (Z stacks) taken from four independent
experiments. For quantification, the mean fluorescence was measured in at least three randomly
selected non-overlapping 40× fields with each containing approximately 100–150 Caco-2 cells. All data
were expressed as mean ± standard error of the mean (SEM) and assessed using two-way ANOVA
followed by the Tukey-Kramer test where multiple groups are compared with p values < 0.05 are taken
to indicate significant differences between groups. Western data was assembled from four independent
experiments and statistical significance was determined by two-tailed unpaired Student’s t-test.
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Abstract: Clostridium perfringens is a major cause of histotoxic and intestinal infections of humans
and other animals. This Gram-positive anaerobic bacterium can produce up to three sialidases
named NanH, NanI, and NanJ. The role of sialidases in histotoxic infections, such as gas gangrene
(clostridial myonecrosis), remains equivocal. However, recent in vitro studies suggest that NanI may
contribute to intestinal virulence by upregulating production of some toxins associated with intestinal
infection, increasing the binding and activity of some of those toxins, and enhancing adherence of
C. perfringens to intestinal cells. Possible contributions of NanI to intestinal colonization are further
supported by observations that the C. perfringens strains causing acute food poisoning in humans
often lack the nanI gene, while other C. perfringens strains causing chronic intestinal infections in
humans usually carry a nanI gene. Certain sialidase inhibitors have been shown to block NanI activity
and reduce C. perfringens adherence to cultured enterocyte-like cells, opening the possibility that
sialidase inhibitors could be useful therapeutics against C. perfringens intestinal infections. These
initial in vitro observations should be tested for their in vivo significance using animal models of
intestinal infections.

Keywords: Clostridium perfringens; intestinal infections; gas gangrene; toxins; sialidases; sialidase inhibitors

1. An Introduction to Clostridium perfringens

Clostridium perfringens is present throughout the environment, including soil, sewage, feces, foods,
and the normal gastrointestinal flora of animals [1,2]. This Gram-positive, anaerobic, spore-forming
bacterium is also a feared pathogen of both humans and other animals [2,3]. The most notable
C. perfringens histotoxic infection is the rapidly-fatal human disease named clostridial myonecrosis
(traumatic gas gangrene) [4,5]. This bacterium is also a preeminent cause of common, and sometimes
lethal, infections originating in the intestines of humans or livestock [2,6]. Those intestinal infections
often involve damage to the small intestine, or to both the small intestine and colon, which results
in enteritis or enterocolitis, respectively [1,2]. C. perfringens intestinal infections can also progress to
enterotoxemia, where a toxin(s) is produced in the intestines and then absorbed to affect extraintestinal
organs such as the brain [2,7].

The virulence of this bacterium involves its ability to produce a vast toxin armory [2,3,8].
Currently ~20 different C. perfringens toxins have been identified, with more likely awaiting
discovery [8–15]. Toxin production repertoires vary greatly among different C. perfringens strains,
permitting classification of these isolates into five types (A–E), based upon an isolate’s production of
four typing toxins (alpha, beta, iota, and epsilon toxins) (Table 1) [9,10].
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Table 1. C. perfringens typing table.

Type
Toxin Production a

α β ε ι

A + − − −
B + + + −
C + + − −
D + − + −
E + − − +

a + indicates production of that toxin, while – indicates no production of that toxin.

C. perfringens type designations correlate with disease causation, as shown in Table 2. Two typing
toxins, i.e., beta toxin (CPB) and epsilon toxin (ETX), have proven importance in C. perfringens intestinal
infections of mammalian livestock [3,16,17]. C. perfringens produces other toxins that, while not used
for typing classification, are nonetheless important for infections originating in the intestines of
agriculturally-important animals. The foremost example is necrotic enteritis B (NetB) toxin, which is
critical when C. perfringens causes avian necrotic enteritis in poultry [12].

Table 2. Diseases associated with the major types/subtypes of C. perfringens.

Toxinotypes a Subtype Most Significant Diseases b

A
No CPE c or NetB production Human and animal myonecrosis (gas gangrene)

NetB-producing Necrotic enteritis of poultry
CPE-producing Human food poisoning and non-foodborne gastrointestinal disease

B Necro-hemorrhagic enteritis of sheep (lamb dysentery)

C Human enteritis necroticans (Darmbrand, pigbel); necrotic enteritis of neonatal
individuals of several animal species (e.g., cattle, sheep, pigs)

D Enterotoxemia of sheep and goats

E Suspected association with gastrointestinal disease of cattle, sheep and rabbits
a All types of C. perfringens may also produce several other toxins, including, but not limited to, beta2 toxin
(CPB2), perfringolysin O (PFO), and toxin C. perfringens large cytotoxin (TpeL); b Only diseases that have been
confirmed to be associated with each type of C. perfringens and significant in terms of prevalence are included in
this table; c CPE is C. perfringens enterotoxin.

With respect to human C. perfringens infections, type A strains are responsible for causing most
histotoxic infections. During gas gangrene, alpha toxin (CPA) plays the major role in virulence.
A non-typing toxin named PFO also contributes to this disease [4,5].

To date, only type A and C strains of C. perfringens have been conclusively linked to human
diseases originating in the intestines [1–3,18]. Type C strains use their CPB to cause enteritis
necroticans (EN), which was first described in post-World War II Germany, where it was referred to
as darmbrand [18–20]. In the 1960s–1970s, EN, known locally as pigbel, was a major cause of death
of children in the Papua New Guinea (PNG) Highlands [20,21]. Pigbel develops in children with
reduced trypsin levels due to predisposing conditions, including malnutrition, a diet rich in sweet
potato (which contains a trypsin inhibitor), and/or intestinal infections with pathogens producing
a trypsin inhibitor [20,21]. Their low intestinal trypsin levels render these children susceptible to
infection by type C strains because normal trypsin levels would otherwise easily inactivate CPB when
it is produced in the intestines. Consequently, children suffering from pigbel develop CPB-induced
necrotic enteritis or enterotoxemia and often die rapidly. The only treatment for pigbel is resection of
the bowel; however, this surgical intervention is only effective if performed early after the onset of
infection [20,21]. A vaccine introduced in the 1980s dropped the incidence of pigbel dramatically in
PNG. Unfortunately, pigbel vaccination has since decreased and this illness may now be reappearing.

Although not used for typing classification, CPE is the toxin responsible for causing the
gastrointestinal symptoms of C. perfringens type A food poisoning (FP) [1,22]. This FP is currently
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the 2nd most common bacterial foodborne disease in the USA, where one million cases occur
annually and economic losses approach $500 million/year [1,23]. In people with fecal impaction
or severe constipation due to side-effects from medications used to treat other pre-existing conditions,
C. perfringens type A FP can be much more severe and is often fatal [1,24]. Studies with animal models
suggest this may be due to absorption of CPE from the intestines, resulting in an enterotoxemia that
involves the liver and kidneys [24]. CPE-producing type A strains also cause about 5%–15% of all
cases of nonfoodborne human GI diseases, most notably antibiotic-associated diarrhea (AAD) [1,25].

As discussed later, CPE-associated AAD cases are more severe and longer lasting than typical
cases of C. perfringens type A FP, which usually self-resolve within 24 h [1,25]. While the cpe gene
can be either chromosomal or plasmid-borne in type A strains, most (~70%) type A FP strains carry
a chromosomal cpe gene [1]. In contrast, nearly 100% of type A AAD strains carry a plasmid cpe
gene [1]. There are also many other genetic differences between these two groups of type A cpe-positive
groups. For example, type A strains carrying a chromosomal cpe gene produce a unique small acid
soluble protein (SASP4) variant that provides their spores with greater resistance to heat, cold, and
chemical treatment and probably facilitates survival of these bacteria in the food environment [1,26,27].
Other differences between type A chromosomal cpe strains and type A plasmid cpe strains, particularly
with regard to sialidase gene carriage, will be discussed later.

In addition to its essential role during intestinal infections by type A cpe-positive strains, CPE may
also contribute to some cases of human EN caused by type C strains [18]. However, CPB is clearly of
critical importance for the pathogenesis of this disease [16].

2. C. perfringens Sialidases

Sialic acids are a carbohydrate family containing about 40 different nine-carbon relatives of
neuraminic acid [28,29]. Under physiological conditions, sialic acids are negatively charged [29].
N-acetylneuraminic acid (Neu5Ac), whose amino group is acetylated, is the most widespread sialic
acid [29,30]. Sialic acids are important components of the serum and mucus and represent the terminal
sugar residue of many glycan chains on host cell surfaces, where they are involved in cell- cell
recognition. Sialic acids can also stabilize enzymes or cell membrane proteins. Finally, due to their
negative charge, sialic acids can mediate binding and transport of positively-charged molecules [28–30].

Sialidases, also referred to as neuraminidases (E.C.3.2.1.18), are key enzymes that hydrolyze the
α-linkage of terminal sialic acids on various sialoglycoconjugates to generate free sialic acid [28–31].
Sialidases are made by certain viruses, microorganisms, and vertebrate animals, but not by plants.
Included amongst the sialidase-producing viruses and bacteria are several prominent pathogens,
e.g., influenza virus, Vibrio cholerae, Streptococcus pneumoniae, and C. perfringens. Sialidases can have
a nutritional function for normal flora or pathogenic bacteria [28,29,31]. In addition, they often
function directly as virulence factors during bacterial pathogenesis [30,32], as will be discussed later
for C. perfringens.

C. perfringens produces three different sialidases, which are named NanH, NanI, and NanJ [33].
NanH (43 kDa) lacks a secretion signal peptide and thus has a cytoplasmic location in log-phase
cultures [33,34]. In contrast, NanI (77 kDa) and NanJ (129 kDa) are secreted exosialidases ([33],
Figure 1). The catalytic modules of all three sialidases show conserved amino acid sequence identity
and belong to the family 33 carbohydrate binding module (CBMs, Figure 1) [35]. Compared to
NanH, which only consists of a catalytic domain, NanI and NanJ also possess additional accessory
carbohydrate-binding modules [35]. It is thought that these carbohydrate-binding domains increase
the binding affinity between NanI and NanJ and their polyvalent substrates. NanJ has a complex
multimodular structure comprised of a central catalytic module and five accessory modules [35].
The two N-terminal modules show amino acid sequence identity with family 32 and family 40 CBMs.
NanI has a simpler structure consisting of a catalytic module and an N-terminal family 40 CBM [35].
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Figure 1. Modular organization of the C. perfringens sialidases. CBM32 is a carbohydrate binding
module (CBM) belonging to the family 32 CBM; CBM40 is a module having an amino acid sequence
identity with a family 40 CBM; GH33CM is a family 33 CBM; UNK is a module having unknown
function; X82 is a family 82 “X module” of unknown function; FN3 is a module sharing distant identity
with fibronectin type III domains. The red small boxes are secretion signals. Modified with permission
from [35]. Copyright 2007 American Chemical Society.

Most C. perfringens strains produce all three sialidases (further discussion below). However,
as discussed in more detail later, some C. perfringens strains produce only one or two of the three
sialidases. For strains producing all three sialidases, NanI is usually responsible for ~70% of total
exosialidase activity [33,34,36,37].

To characterize the properties of the three C. perfringens sialidases, a recent study constructed a
series of isogenic mutants, where two of the three sialidase genes present in C. perfringens type D strain
CN3718 were inactivated [33]. This strategy created mutants that were each expressing, at their native
levels, only NanJ, NanI, or NanH in a background free of contamination from the other two sialidases
to allow a precise characterization of the enzymatic properties of each sialidase. NanI was found to
be more heat-tolerant compared to NanJ or NanH, both of which exhibited greatly reduced sialidase
activity at temperatures above 43 ◦C [33]. In this experimental system, all three sialidases worked best
at low pH conditions (pH ~5). The enzyme activity of each sialidase was shown to vary in sensitivity
to various metal ions [33]. Furthermore, unlike the sialidases from Streptomyces spp., C. perfringens
sialidases were found to be sensitive to p-chloromercuribenzoate, which reacts with thiol groups
in proteins [33]. Finally, the three C. perfringens sialidases showed different substrate preferences.
NanI exhibited preferential activity in the order of α-2,3 > α-2,6 > α-2,8 sialic acid linkages and was
responsible for most of the activity in CN3718 supernatants that was directed against those sialic acid
linkages. NanJ showed a preference for α-2,6 > α-2,8 > α-2,3 sialic acid linkages. Finally, NanH activity
was strongest for α-2,8 > α-2,3 > α-2,6 sialic acid linkages [33]. This diversity in linkage preferences
suggests that, when present together, the three C. perfringens sialidases work in combination to generate
free sialic acid, even from complex substrates [33].

3. C. perfringens Sialidases: Genetics and Regulation of Expression

All three C. perfringens sialidases are encoded by chromosomal genes, although those genes
are located in different regions of the chromosome [38,39]. The sialidase-encoding ORFs in many
C. perfringens strains have now been sequenced. Those sequencing analyses indicated that, amongst
different C. perfringens strains, the NanJ sequence shares 96% to 100% identity, the NanI sequence has
98% to 100% identity, and the NanH sequence shares 93% to 100% identity [34,38,39].

As true for their toxin production, C. perfringens strains vary in their patterns of sialidase
production. Most strains produce all three sialidases, with NanI usually being responsible for most
of the sialidase activity in culture supernatants of those C. perfringens strains [34,36]. However, NanI
production is not essential for C. perfringens growth since some strains of this bacterium naturally
lack the nanI gene [36]. Interestingly, the nanI gene is consistently absent from the type A FP strains
carrying a chromosomal cpe gene, as well as the genetically related type C darmbrand strains [36].
In contrast, the nanI gene is carried by most plasmid cpe-carrying type A AAD strains, cpe-negative
type A normal human intestinal flora strains, and type C pig-bel strains [36]. Since NanI is usually the
major sialidase of C. perfringens, it is not surprising that exosialidase activity is typically significantly
lower for naturally nanI-negative strains compared to strains carrying a nanI gene [36]. The potential
pathogenic importance of these differences will be discussed later.
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Most type A FP strains with a chromosomal cpe gene lack the nanJ gene, as well as the nanI gene.
However, those typical FP strains do carry the nanH gene. It should be noted that occasional strains of
C. perfringens besides the type A chromosomal cpe FP strains or type C darmbrand strains also lack a
sialidase gene. For example, Strain 13 is a cpe-negative type A strain that can cause gas gangrene yet it
lacks the nanH gene [37,40].

The regulation of sialidase production by C. perfringens is complicated (Figure 2). A number of
regulators influencing expression of one or more sialidase genes have been identified. For example,
the VirS/VirR two-component signal transduction system was shown to upregulate nanI and
nanJ expression [41]. Rather than a direct regulatory effect involving VirS binding to sialidase
gene promoters, this VirS/R two-component system positively controls expression of the vrr gene,
which encodes virR-regulated RNA (VR-RNA). This regulatory RNA then modulates sialidase gene
expression [42]. ReeS is another sensor kinase whose presence also increases nanI and nanJ sialidase
gene expression by a putative response regulator, referred to as ReeR [43]. In contrast, a transcriptional
regulator named RevR has different regulatory effects on nanJ and nanI expression, possibly via
a proposed sensor kinase named RevS. RevR increases nanJ expression, but negatively regulates
nanI expression [44]. Finally, using a codY null mutant of C. perfringens type D strain CN3718,
our group showed that CodY represses NanJ and NanH production, although it does not affect
NanI production [45].

Figure 2. A proposed model for regulation of expression of sialidase genes and the pathway for
sialic acid metabolism in C. perfringens. Exosialidases generate free sialic acid from mucus or host cell
surfaces [33,40]. The free sialic acid is then transported into C. perfringens where it is metabolized to
fructose-6-P [40]. There is evidence that VirS/VirR, RevR, ReeS, NanR, and CodY systems directly
or indirectly affect sialidase production, although inter-relationships between these regulators are
unclear [40,41,43–46]. The VirS/VirR two component system acts as a positive regulator of the vrr
gene, which encodes VR-RNA. VR-RNA is then a positive regulator of nanI and nanJ expression [41,42].
The ReeS sensor kinase positively regulates nanI and nanJ gene expression, presumably by a putative
transcriptional regulator named ReeR [43]. RevS positively regulates nanJ expression but negatively
regulates nanI expression [44]. CodY represses nanH and nanJ expression [45]. Based on sequence
homology comparisons with similar regulators in other bacteria, NanR may repress nanI expression
and the sialic acid metabolism pathway, but there is no direct experimental evidence yet to support
this hypothesis. Green lines indicate positive regulation while red lines indicate negative regulation.

No proven regulator has yet been identified that directly modulates sialidase production by
binding to the promoters of C. perfringens sialidase genes. However, gel mobility shift assays have
demonstrated high affinity binding of a purified protein named NanR to DNA from the promoter
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region of the nanI gene [40]. Since NanR has homology with the ribose-5-phosphate isomerase B
regulator (RpiR) family of transcriptional repressors known to control sialidase production in bacteria
such as E. coli, Vibrio vulnifcus, and Staphylococcus aureus, this result suggests that NanR may be
involved in nanI expression regulation [31,40,47]. Consistent with its potential involvement in sialic
acid generation and usage, NanR lies within a six-gene operon encoding the complete pathway for
transport and metabolism of sialic acid by C. perfringens [40]. As discussed in more detail below,
this operon also encodes NanE (epimerase) and NanA (sialic acid lyase) enzymes.

For the nanI and nanJ genes, primer extension analyses identified three or two putative
transcription start sites, respectively [40]. These promoters are located within ~500 bp of the start
codons of nanI and nanJ. This multiplicity of promoters may provide one explanation for why so many
different regulators control sialidase expression, although (as mentioned) detailed understanding of
regulator binding to these promoter sequences is currently lacking [40].

Only a limited number of bacterial species, mainly those having a close association with the
sialic acid-rich environment of the host, can utilize Neu5Ac [48]. C. perfringens was actually the first
bacterium demonstrated to be capable of utilizing a sialic acid (Neu5Ac) as a carbon source [31].
This result was later confirmed by another study showing that Neu5Ac can be used by C. perfringens
when growing in a semi-defined medium [31]. It was also recently found that NanI and NanJ,
but not NanH, can cause the release of sialic acid from Caco-2 cells [33]. This effect may contribute
to pathogenesis, since these sialidases could help C. perfringens obtain nutrients in vivo by releasing
sialic acid from glycolipids or glycoproteins on the host cell surface or in mucus. Interestingly, contact
with Caco-2 cells was shown to upregulate the expression of NanI [34], which could potentiate NanI
contributions during intestinal infections, as discussed later.

NanI, but not NanJ, production is induced by the addition of Neu5Ac to a medium [40].
As introduced earlier, NanR is part of an operon that encodes a complete pathway for the transport
and metabolism of sialic acid. After sialic acid is generated by sialidases, it is then transported and
metabolized by products of this operon, also referred to as the Nan cluster. This process involves an
initial conversion of sialic acid to N-acetyl glucosamine, followed by metabolism of that carbohydrate to
fructose-6-P, which C. perfringens can use as carbon sources and for energy production (Figure 2) [40,46].

Many other pathogenic and commensal bacteria found in the intestines carry a Nan
cluster for sialic acid utilization [48]. Examples of such bacteria include Vibrio cholerae and
Salmonella enterica [48,49]. Many of these bacteria capable of utilizing sialic acid also colonize the
human or animal intestinal tract. This correlation is probably not a coincidence since sialic acid is
a component of mucin, the major protein in mucus, which is abundant in the human and animal
intestines [48]. However, to generate free sialic acid from mucus for uptake and metabolism inside the
bacterial cell, extracellular sialidases must be present in the intestinal environment. Interestingly, some
pathogenic bacteria, e.g., C. difficile, have a Nan cluster but do not produce their own sialidase. Instead,
it is believed that C. difficile uses free sialic acid generated in the intestines by sialidases produced by
other bacteria, such as Bacteroides thetaiotaomicron [50,51].

4. Possible Contributions of Sialidases to C. perfringens Diseases

Some pathogens use sialic acids to coat their cell surface, the flagellum, the capsule polysaccharide,
or the lipopolysaccharide. This masks these bacteria so they can avoid the host immune system
defense [28]. Whether C. perfringens coats its surface with host-derived sialic acid has not been studied,
to our knowledge.

Sialidases can also promote in vivo growth and colonization of bacterial pathogens [30].
For extraintestinal infections, an example is the major human respiratory tract pathogen Streptococcus
pneumoniae, which encodes up to three sialidases, named NanA, NanB, and NanC. NanA is the
predominant sialidase that removes the sialic acid Neu5Ac from a variety of glycoconjugates. NanB is
an intramolecular trans-sialidase producing 2,7-anhydro-Neu5Ac selectively from α2,3-sialosides,
while NanC produces 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en), which can be
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hydrated to Neu5Ac. The three pneumococcal sialidases share a common catalytic mechanism up to
the final product formation step, and all three sialidases are implicated in pathogenesis, including
colonization, and are potential drug targets [52]. S. pneumoniae then takes up and metabolizes sialic
acid using a similar pathway as present in C. perfringens [40].

The contribution of sialidases to growth and colonization during extraintestinal infections caused
by C. perfringens is unclear. One study demonstrated that a nanJ and nanI double null mutant of
C. perfringens strain 13 remains fully virulent in the mouse myonecrosis model [37]. This result could
suggest that Neu5Ac metabolism is not essential for growth or colonization by C. perfringens in muscle.
However, as noted in that study [37], this result does not necessarily preclude subtle contributions of
sialidases to colonization or growth since the mouse myonecrosis model requires a massive inoculum
that may mask such contributions.

Increasing evidence indicates that sialidases and sialic acid often play significant roles in growth
and colonization of the intestines by bacterial pathogens [34,49,52,53]. For example, sialic acid appears
to be an important source of carbon and energy for survival, growth and adherence of E. coli in the
gastrointestinal system [54]. Similarly, catabolism of sialic acid by V. cholerae plays a significant
role in both in vitro and in vivo colonization and growth [49]. In addition, V. cholerae sialidase
enhances the binding and uptake of cholera toxin [55]. In V. vulnificus, a Nan utilization system
is also important for bacterial colonization and growth in the intestines [56]. The sialidase NanS play a
role in Clostridium sordellii adhesion and enhances Non-TcsL mediated cytotoxicity [53]. As mentioned
above, C. difficile uses sialic acid generated by sialidases of other bacteria to grow and persist in the
intestines [50,51].

As mentioned earlier, NanI may contribute to in vivo growth. Contact of C. perfringens with
Caco-2 cells increases the production of this enzyme [34] and NanI can induce the release of free
sialic acids from enterocyte-like Caco-2 cells [33]. Since C. perfringens possesses a sialic acid utilization
system, similar NanI-generated sialic acid in the intestines should be useful for in vivo growth of
this bacterium.

Earlier studies demonstrated that NanI production also impacts the production of several
C. perfringens toxins [34,37,57]. Specifically, inactivating the nanI gene in C. perfringens type A strain
13 caused a slight increase in supernatant activities of alpha toxin and perfringolysin O (PFO), which
are contributors to gas gangrene [37], but their role (if any) in most intestinal infections, particularly
human infections, is unsettled [3]. However, it was later demonstrated that inactivating the nanI gene
in type D strain CN3718 reduced ETX toxin production in vitro and that either genetic or physical
complementation could recover this ETX production [57]. NanI effects on ETX production involved
reductions in both codY and ccpA transcript levels, suggesting a model whereby NanI generates sialic
acid release in the intestines and that free sialic acid then alerts a type D strain of its presence in the
intestines, making it worthwhile for this bacterium to upregulate ETX production to induce disease.

There have been only limited studies to date on the effects of C. perfringens sialidase on toxin
action, particularly on those toxins important for intestinal infections. An exception is ETX, where
conclusions from early studies had been contradictory. One early study [58] reported that sialidases
enhance ETX cytotoxicity towards Madin-Derby Canine Kidney (MDCK) epithelial cells, while a
second study [59] reported that pretreating synaptosomal membranes with sialidases lowers their
subsequent ETX binding levels. Recently a study used purified NanI, as well as nanI, nanJ, or nanH
single null mutants, a nanI/nanJ double null mutant, and a triple sialidase null mutant, to study
possible sialidase enhancement of ETX action [34]. Results obtained [34] conclusively showed that
NanI sialidase increases the ETX sensitivity of MDCK cells and that this effect involves an increase in
ETX binding levels. The mechanism of this enhancement is not yet clear but it could involve either
NanI increasing the exposure of ETX receptors on the host cell surface or NanI modifying the host cell
surface charge to increase binding of this toxin. Whether a similar effect extends to other C. perfringens
toxins active during intestinal infections is not yet clear.
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Only limited studies have addressed the mechanism of C. perfringens adherence to host cells and
tissues [60–62]. For example, the adhesins used by C. perfringens in vivo remain unclear. However,
some strains produce a collagen adhesion protein (CNA), and/or fibronectin binding proteins (FbpA,
FbpB) that have been implicated in adhesion and colonization [60–63].

Sialidases are known to contribute to the ability of some bacterial pathogens to adhere to host
cells, tissues, or mucosal surfaces in the airways or intestines [30]. A recent in vitro study suggests
sialidase contributions to C. perfringens intestinal adherence [34]. That study [34] demonstrated that
type D strain CN3718 attaches to cultured Caco-2 enterocyte-like cells. This adhesion was specific since
this intestinal disease strain exhibited significantly less adherence to fibroblasts and kidney cells [34].
Interestingly, the attachment of CN3718 to Caco-2 cells is greatly facilitated by NanI production
(Figure 3). Wild-type CN3718 exhibited much more adherence to Caco-2 cells compared to an isogenic
triple mutant strain that does not produce any sialidase. Complementation studies showed that, of
the three sialidases made by CN3718, restoring NanI production to the triple sialidase mutant yielded
the greatest enhancement of adherence. That result indicated that NanI is of prime importance for
sialidase enhancement of CN3718 attachment to Caco-2 cells [34].

Figure 3. Adhesion of C. perfringens CN3718 to Caco-2 cells [34]. Caco-2 cells were incubated for 2 h
at 37 ◦C under anaerobic conditions. C. perfringens CN3718 produces all three sialidases. This wild-type
(WT) strain, and a complementing strain that produces only NanI, attach very well to Caco-2 cells as
detected by immunofluorescence microscopy (600×). In comparison, only a few cells of an isogenic
mutant with all three sialidase genes disrupted were able to attach to Caco-2 cells. Furthermore, when
the triple mutant was complemented to produce only NanJ or NanH, those bacteria remained poorly
adherent (not shown). Green: C. perfringens; Red: Caco-2 cells. Reproduced with permission from [34].
Creative Commons License 2011, Copyright J. Li and B.A. McClane.

However, NanI itself does not appear to be a significant adhesin since the CN3718 codY null
mutant shows 50% less adherence to Caco-2 cells compared to wild-type CN3718, despite this mutant
producing the same levels of NanI as the wild-type strain [45]. This result suggests a two-step
adherence mechanism. First, secreted NanI modifies the Caco-2 enterocyte-cell surface, which then
allows the unknown adhesin present on the surface of C. perfringens to more easily bind to the still
unidentified receptor(s) on the enterocyte-cell surface.

Sialidases may enhance C. perfringens adherence to host cells via both nonspecific and specific
mechanisms. Sialic acids, typically present at the distal ends of carbohydrate chains, are negatively
charged carbohydrates [28,30]. In addition, terminal sialic acids promote endothelial barrier integrity,
so treatment of epithelial monolayers with C. perfringens sialidases may lead to barrier disruption
and may increase access for C. perfringens so they can adhere [64]. Therefore, nonspecific effects of
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secreted NanI on both charge and epithelial barrier integrity could help to increase toxin binding and
C. perfringens colonization. A C. perfringens sialidase (not specified) has, in fact, been shown to affect
barrier resistance in some, but not all, host cells [64]. However, for some cell lines, nonspecific effects
do not appear to completely explain NanI enhancement of C. perfringens adherence. As mentioned,
C. perfringens CN3718 exhibits much greater adhesion for certain mammalian cells, such as Caco-2
and HT-29 intestinal cell lines, than for cell lines of nonintestinal origin [34]. Similarly, the toxins
involved in C. perfringens intestinal infections only bind to and affect certain cells. Those observations
suggest that NanI can also have specific effects in promoting C. perfringens adherence and toxin binding.
This could involve specific effects of NanI sialidase on modifying host cell surface adhesins/toxin
receptors and/or trimming back nearby molecules to better unmask the adhesin or toxin receptor on
host cell surfaces.

When C. perfringens causes diseases originating in the intestines, its secreted proteins come
into contact with host proteases, such as trypsin, that are present in the intestinal lumen. While
some C. perfringens proteins, e.g., CPB, are highly sensitive to intestinal proteases [16], other proteins
secreted by this bacterium are proteolytically-activated in the intestines. A prime example of a
proteolytically-activated C. perfringens protein is ETX, which is initially produced as an inactive
prototoxin and then activated by intestinal trypsin, chymotrypsin, and carboxypeptidases that remove
N- and C-terminus residues from the prototoxin [65]. Similarly, trypsin or chymotrypsin treatment of
CPE also increases cytotoxicity, in this case by removing N-terminal sequences from the native CPE
protein to facilitate toxin oligomerization during pore formation [66]. Interestingly, NanI (but not NanJ
or NanH) can also be proteolytically-activated by trypsin [33,34]. The increased enzymatic activity
of trypsin-activated NanI was shown to be substrate-specific [33]. Collectively, these observations
suggest that trypsin activation of NanI may contribute to C. perfringens intestinal diseases.

While NanI can enhance C. perfringens adherence and toxin binding, typical type A FP strains,
i.e., those with a chromosomal cpe gene, do not carry the nanI gene. Furthermore, those typical FP
strains possess very low exosialidase activities [36]. The limited production of sialidases by type A
FP strains obviously does not hinder their ability to cause food-borne intestinal diseases. Unlike the
typical FP strains, nearly all type A AAD strains do carry a nanI gene. When a nanI null mutant of a
type A AAD strain was characterized, this nanI null mutant was shown to enter the sporulation cycle
earlier and to produce more CPE than its wild-type parent. This finding supports the dispensability of
NanI for the typical FP strains, which cause an acute disease. During the acute FP, NanI would not
be needed for nutritional purposes or to enhance bacteria adherence or colonization since the typical
FP strains are ingested in very large numbers in contaminated food, then quickly sporulate in the
intestines to produce CPE, induce diarrhea via that CPE, and exit from the intestines via the flushing
action of diarrhea (Figure 4) [36]. In contrast, type A AAD or sporadic diarrhea (SD) strains with a
plasmid cpe gene cause chronic gastrointestinal disease lasting up to several weeks, so in vivo growth
and colonization is important for their persistence. Those Type A AAD or SD strains may use NanI
for their growth and colonization, as necessary to achieve the persistence required to cause a chronic
diarrhea (Figure 4) [36].
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Figure 4. Possible models for acute C. perfringens type A FP vs. chronic gastrointestinal diseases like
AAD. (A) C. perfringens type A FP does not require NanI production because strains are ingested in
large amounts, sporulate in vivo to produce CPE and are then quickly removed from the intestines by
diarrhea. (B) C. perfringens type A AAD does involve NanI production, which may promote adherence
and colonization, as required for chronic diarrhea. Modified with permission from [36]. Copyright
2014 American Society for Microbiology.

5. Sialidase Inhibitors: Potential Therapeutic Agents?

As described above, sialidases may offer several contributions to C. perfringens pathogenesis,
particularly during intestinal infections. C. perfringens diseases are challenging to treat with
antibiotics because already-synthesized toxins will continue to work even after the administration
of antibiotics. Similarly, it is often difficult to treat or prevent C. perfringens infections with vaccines
or neutralizing antibodies because some individual strains produce multiple (up to five) different
toxins [2,3]. Those factors suggest that sialidase inhibitors represent interesting potential candidates
for drug development.

Sialidase inhibitors have proven to be efficacious for the treatment of some infectious disease [67].
The most notable clinical application of sialidase inhibitors are several sialidase inhibitors (Zanamivir,
Oseltamivir, Peramivir (Rapivab)) that are currently used for treating infections involving influenza
virus [67]. However, there is also precedent for sialidase inhibitors interfering with bacterial growth
and adhesion. Oseltamivir reduced the growth and adherence of Tannerella forsythia, which causes
periodontitis, by two- to three-fold [68].

Two classic sialidase inhibitors, i.e., Siastatin B (SB) and N-acetyl-2,3-dehydro-2-deoxyneuraminic
acid (NADNA), have been tested against C. perfringens [33,36,57,69,70]. SB, a broad-spectrum sialidase
inhibitor isolated from a Streptomyces spp. culture, is an unusual 6-acetamido-3-piperidinecarboxy
late [70]. NADNA is an analogue of 2-deoxy-2,3-didehydro-N-acetylneuraminic acid that is modified
at the C-4 position. NADNA can inhibit the sialidase activity from influenza viruses A and B,
parainfluenza 2 virus, Vibrio cholerae, Arthrobacter ureafaciens, C. perfringens, and sheep liver [69].

A recent study measured the effects of SB and NADNA on sialidase activities of overnight culture
supernatants of C. perfringens CN3718 mutants ENanJ, ENanI, or ENanH, which contain natural levels
of only NanJ, NanI, or NanH, respectively [33]. NanI was the most sensitive sialidase to both NADNA
and SB, while NanH was the least sensitive sialidase to these inhibitors; IC50s for these inhibitors are
shown in Table 3 [33].
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Table 3. Effect of sialidase inhibition on sialidase activity (IC50).

Sample NADNA (IC50) Siastatin B (IC50)

CN3718 18.9 μM 42.2 μM
ENanJ 12.4 μM 15.1 μM
ENanI 13.4 μM 27.5 μM
ENanH 44.6 μM 50.9 μM

Reproduced with permission from [33]. Copyright 2014 American Society for Microbiology.

It was also shown that the adherence of C. perfringens AAD strain F4969 to Caco-2 cells can
be reduced by either SB or NADNA [36]. In addition, both NADNA and SB efficiently inhibited
sialidase activity in bacterial cell-free supernatants collected from C. perfringens type D strain CN3718.
Consistent with those results, CN3718 cultures grown in the presence of the SB inhibitor also exhibited
substantially reduced culture sialidase activity and ETX production. However, the NADNA sialidase
inhibitor did not inhibit sialidase activity in CN3718 cultures, even at very high doses of the inhibitor.
In the presence of NADNA, CN3718 cultures still possessed strong sialidase activity and also made
the same amounts of ETX as wild-type CN3718 grown in the absence of any sialidase inhibitor [57].
Collectively, these results suggest that at least some sialidase inhibitors may be potentially useful
therapeutics against C. perfringens infections.

6. Concluding Remarks and Future Directions

Most studies of C. perfringens virulence have, correctly, focused on toxin contributions. Only a
few in vivo studies have thus far examined the role of exoenzymes in C. perfringens pathogenesis and
their results have been equivocal. However, those studies examined the possible role of sialidases
in gas gangrene. Recent in vitro studies suggest that sialidases, particularly NanI, may be important
contributors to C. perfringens intestinal infections. Those contributions could include upregulated
production of some toxins relevant to intestinal infections, enhanced binding and activity of some of
those toxins, increased adherence of C. perfringens to host cells, and possibly generation of substrates
for growth and metabolism [33,34,36,57]. There is a clear need to move these promising findings into
appropriate animal models to firmly evaluate sialidase contributions to C. perfringens virulence.

In vitro studies also suggest that some sialidase inhibitors might be useful therapeutics for treating
C. perfringens infections originating in the intestines [57]. This possibility also needs to be evaluated
in animals. Identification of more potent inhibitors of C. perfringens sialidases may be helpful for
those studies.

Acknowledgments: Preparation of this review was supported, in part, by a grant from the National Institute of
Allergy and Infectious Disease (R21 AI125796-1).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McClane, B.A.; Robertson, S.L.; Li, J. Clostridium perfringens. In Food Microbiology: Fundamentals and Frontiers,
4th ed.; Doyle, M.P., Buchanan, R.L., Eds.; ASM Press: Washington, DC, USA, 2013; pp. 465–489.

2. McClane, B.A.; Uzal, F.A.; Miyakawa, M.F.; Lyerly, D.; Wilkins, T.D. The enterotoxic clostridia.
In The Prokaryotes, 3rd ed.; Dworkin, M., Falkow, S., Rosenburg, E., Schleifer, H., Stackebrandt, E., Eds.;
Springer: New York, NY, USA, 2006; pp. 688–752.

3. Uzal, F.A.; Freedman, J.C.; Shrestha, A.; Theoret, J.R.; Garcia, J.; Awad, M.M.; Adams, V.; Moore, R.J.;
Rood, J.I.; McClane, B.A. Towards an understanding of the role of Clostridium perfringens toxins in human
and animal disease. Future Microbiol. 2014, 9, 361–377. [CrossRef] [PubMed]

4. Rood, J.I. Clostridium perfringens and histotoxic disease. In The prokaryotes: A Handbook on the Biology of
Bacteria, 3rd ed.; Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E., Eds.; Springer:
New York, NY, USA, 2007; Volume 4, pp. 753–770.

54



Toxins 2016, 8, 341

5. Titball, R.W.; Rood, J.I. Clostridium pefringens: Wound indections. In Molecular Medical Microbiology;
Sussman, M., Ed.; Academic Press: London, UK, 2002; pp. 1875–1903.

6. Uzal, F.A.; Vidal, J.E.; McClane, B.A.; Gurjar, A.A. Clostridium perfringens toxins involved in mammalian
veterinary diseases. Open toxinol. J. 2010, 2, 24–42. [CrossRef]

7. Songer, J.G. Clostridial enteric diseases of domestic animals. Clin. Microbiol. Rev. 1996, 9, 216–234. [PubMed]
8. Hatheway, C. Toxigenic clostridia. Clin. Microb. Rev. 1990, 3, 66–76. [CrossRef]
9. McDonel, J.L. Toxins of Clostridium perfringens types A, B, C, D, and E. In Pharmacology of Bacterial Toxins;

Dorner, F., Drews, H., Eds.; Pergamon Press: Oxford, UK, 1986; pp. 477–517.
10. Petit, L.; Gilbert, M.; Popoff, M. Clostridium perfringens: Toxinotype and genotype. Trends Microbiol. 1999, 7,

104–110. [CrossRef]
11. Animoto, K.; Noro, T.; Oishi, E.; Shimizu, M. A novel toxin homologous to large clostridial cytotoxins

found in culture supernatant of Clostridium perfringens type C. Microbiology 2007, 153, 1198–1206. [CrossRef]
[PubMed]

12. Keyburn, A.L.; Boyce, J.D.; Vaz, P.; Bannam, T.L.; Ford, M.E.; Parker, D.; Di Rubbo, A.; Rood, J.I.;
Moore, R.J. NetB, a new toxin that is associated with avian necrotic enteritis caused by Clostridium perfringens.
PLoS Pathog. 2008, 4, e26. [CrossRef] [PubMed]

13. Mehdizadeh Gohari, I.; Parreira, V.R.; Timoney, J.F.; Fallon, L.; Slovis, N.; Prescott, J.F. NetF-positive
Clostridium perfringens in neonatal foal necrotising enteritis in kentucky. Vet. Rec. 2016, 178, 216. [CrossRef]
[PubMed]

14. Yonogi, S.; Matsuda, S.; Kawai, T.; Yoda, T.; Harada, T.; Kumeda, Y.; Gotoh, K.; Hiyoshi, H.; Nakamura, S.;
Kodama, T.; et al. BEC, a novel enterotoxin of Clostridium perfringens found in human clinical isolates from
acute gastroenteritis outbreaks. Infect Immun. 2014, 82, 2390–2399. [CrossRef] [PubMed]

15. Irikura, D.; Monma, C.; Suzuki, Y.; Nakama, A.; Kai, A.; Fukui-Miyazaki, A.; Horiguchi, Y.; Yoshinari, T.;
Sugita-Konishi, Y.; Kamata, Y. Identification and characterization of a new enterotoxin produced by
Clostridium perfringens isolated from food poisoning outbreaks. PLoS ONE 2015, 10, e0138183. [CrossRef]
[PubMed]

16. Sayeed, S.; Uzal, F.A.; Fisher, D.J.; Saputo, J.; Vidal, J.E.; Chen, Y.; Gupta, P.; Rood, J.I.; McClane, B.A. Beta
toxin is essential for the intestinal virulence of Clostridium perfringens type C disease isolate CN3685 in
a rabbit ileal loop model. Mol. Microbiol. 2008, 67, 15–30. [CrossRef] [PubMed]

17. Garcia, J.P.; Adams, V.; Beingesser, J.; Hughes, M.L.; Poon, R.; Lyras, D.; Hill, A.; McClane, B.A.; Rood, J.I.;
Uzal, F.A. Epsilon toxin is essential for the virulence of Clostridium perfringens type D infection in sheep,
goats and mice. Infect Immun. 2013, 81, 2405–2414. [CrossRef] [PubMed]

18. Ma, M.; Gurjar, A.; Theoret, J.R.; Garcia, J.P.; Beingesser, J.; Freedman, J.C.; Fisher, D.J.; McClane, B.A.;
Uzal, F.A. Synergistic effects of Clostridium perfringens enterotoxin and beta toxin in rabbit small intestinal
loops. Infect Immun. 2014, 82, 2958–2970. [CrossRef] [PubMed]

19. Ma, M.; Li, J.; McClane, B.A. Genotypic and phenotypic characterization of Clostridium perfringens isolates
from darmbrand cases in post-World War II Germany. Infect Immun. 2012, 80, 4354–4363. [CrossRef]
[PubMed]

20. Lawrence, G.W. The pathogenesis of enteritis necroticans. In The Clostridia: Molecular Genetics and Pathogenesis;
Rood, J.I., McClane, B.A., Songer, J.G., Titball, R.W., Eds.; Academic Press: London, UK, 1997; pp. 198–207.

21. Johnson, S.; Gerding, D.N. Enterotoxemic infections. In The Clostridia: Molecular Biology and Pathogenesis;
Rood, J.I., McClane, B.A., Songer, J.G., Titball, R.W., Eds.; Academic Press: London, UK, 1997; pp. 117–140.

22. Freedman, J.C.; Shrestha, A.; McClane, B.A. Clostridium perfringens enterotoxin: Action, genetics, and
translational applications. Toxins 2016, 8. [CrossRef] [PubMed]

23. Centers for Disease Control and Prevention (CDC). Posting date. CDC estimates of foodborne illness in
the United States: Clostridium perfringens. Available online: http://www.cdc.gov/foodsafety/diseases/
clostridium-perfringens.html (accessed on 28 July 2016).

24. Caserta, J.A.; Robertson, S.L.; Saputo, J.; Shrestha, A.; McClane, B.A.; Uzal, F.A. Development and
application of a mouse intestinal loop model to study the in vivo action of Clostridium perfringens enterotoxin.
Infect. Immun. 2011, 79, 3020–3027. [CrossRef] [PubMed]

25. Carman, R.J. Clostridium perfringens in spontaneous and antibiotic-associated diarrhoea of man and other
animals. Rev. Med. Microbiol. 1997, 8 (Suppl. S1), S43–S45. [CrossRef]

55



Toxins 2016, 8, 341

26. Li, J.; Paredes-Sabja, D.; Sarker, M.; Mcclane, B. Clostridium perfringens sporulation and sporulation-associated
toxin production. Microbiol. Spectr. 2016, 4. [CrossRef]

27. Li, J.; McClane, B.A. A novel small acid soluble protein variant is important for spore resistance of most
Clostridium perfringens food poisoning isolates. PLoS Pathog. 2008, 4, e1000056. [CrossRef] [PubMed]

28. Severi, E.; Hood, D.W.; Thomas, G.H. Sialic acid utilization by bacterial pathogens. Microbiology 2007, 153,
2817–2822. [CrossRef] [PubMed]

29. Traving, C.; Schauer, R. Structure, function and metabolism of sialic acids. Cell. Mol. Life Sci. 1998, 54,
1330–1349. [CrossRef] [PubMed]

30. Lewis, A.L.; Lewis, W.G. Host sialoglycans and bacterial sialidases: A mucosal perspective. Cell. Microbiol.
2012, 14, 1174–1182. [CrossRef] [PubMed]

31. Vimr, E.R.; Kalivada, K.A.; Deszo, E.L.; Steenbergen, S.M. Diversity of microbial sialic acid metabolism.
Microbiol. Molec Biol. Rev. 2004, 68, 132–153. [CrossRef]

32. Rohmer, L.; Hocquet, D.; Miller, S.I. Are pathogenic bacteria just looking for food? Metabolism and microbial
pathogenesis. Trends Microb. 2011, 19, 341–348. [CrossRef] [PubMed]

33. Li, J.; McClane, B.A. The sialidases of Clostridium perfringens type D strain CN3718 differ in their properties
and sensitivities to inhibitors. Appl. Environ. Microbiol. 2014, 80, 1701–1709. [CrossRef] [PubMed]

34. Li, J.; Sayeed, S.; Robertson, S.; Chen, J.; McClane, B.A. Sialidases affect the host cell adherence and epsilon
toxin-induced cytotoxicity of Clostridium perfringens type D strain CN3718. PLoS Pathog. 2011, 7, e1002429.
[CrossRef] [PubMed]

35. Boraston, A.B.; Ficko-Blean, E.; Healey, M. Carbohydrate recognition by a large sialidase toxin from
Clostridium perfringens. Biochemistry 2007, 46, 11352–11360. [CrossRef] [PubMed]

36. Li, J.; McClane, B.A. Contributions of NanI sialidase to Caco-2 cell adherence by Clostridium perfringens type
A and C strains causing human intestinal disease. Infect Immun. 2014, 82, 4620–4630. [CrossRef] [PubMed]

37. Chiarezza, M.; Lyras, D.; Pidot, S.J.; Flore-Diaz, M.; Awad, M.M.; Kennedy, C.L.; Cordner, L.M.;
Phumoonna, T.; Poon, R.; Hughes, M.L.; et al. The NanI and NanJ sialidases of Clostridium perfringens
are not essential for virulence. Infect Immun. 2009, 77, 4421–4428. [CrossRef] [PubMed]

38. Myers, G.S.; Rasko, D.A.; Cheung, J.K.; Ravel, J.; Seshadri, R.; DeBoy, R.T.; Ren, Q.; Varga, J.;
Awad, M.M.; Brinkac, L.M.; et al. Skewed genomic variability in strains of the toxigenic bacterial pathogen,
Clostridium perfringens. Genome Res. 2006, 16, 1031–1040. [CrossRef] [PubMed]

39. Shimizu, T.; Ohtani, K.; Hirakawa, H.; Ohshima, K.; Yamashita, A.; Shiba, T.; Ogasawara, N.; Hattori, M.;
Kuhara, S.; Hayashi, H. Complete genome sequence of Clostridium perfringens, an anaerobic flesh-eater.
Proc. Natl. Acad. Sci. USA 2002, 99, 996–1001. [CrossRef] [PubMed]

40. Therit, B.; Cheung, J.K.; Rood, J.I.; Melville, S.B. NanR, a transcriptional regulator that binds to the promoters
of genes involved in sialic acid metabolism in the anaerobic pathogen Clostridium perfringens. PLoS ONE
2015, 10, e0133217. [CrossRef] [PubMed]

41. Ohtani, K.; Hirakawa, H.; Tashiro, K.; Yoshizawa, S.; Kuhara, S.; Shimizu, T. Identification of a
two-component VirR/VirS regulon in Clostridium perfringens. Anaerobe 2010, 16, 258–264. [CrossRef]
[PubMed]

42. Ohtani, K.; Shimizu, T. Regulation of toxin gene expression in Clostridium perfringens. Res. Microbiol. 2014,
166, 280–289. [CrossRef] [PubMed]

43. Hiscox, T.J.; Harrison, P.F.; Chakravorty, A.; Choo, J.M.; Ohtani, K.; Shimizu, T.; Cheung, J.K.; Rood, J.I.
Regulation of sialidase production in Clostridium perfringens by the orphan sensor histidine kinase ReeS.
PLoS ONE 2013, 8, e73525. [CrossRef] [PubMed]

44. Hiscox, T.J.; Chakravorty, A.; Choo, J.M.; Ohtani, K.; Shimizu, T.; Cheung, J.K.; Rood, J.I. Regulation of
virulence by the RevR response regulator in Clostridium perfringens. Infect. Immun. 2011, 79, 2145–2153.
[CrossRef] [PubMed]

45. Li, J.; Ma, M.; Sarker, M.R.; McClane, B.A. CodY is a global regulator of virulence-associated properties for
Clostridium perfringens type D strain CN3718. mBio 2013, 4, e00770–e00713. [CrossRef] [PubMed]

46. Walters, D.M.; Stirewalt, V.L.; Melville, S.B. Cloning, sequence, and transcriptional regulation of the operon
encoding a putative N-acetyl-mannosamine-6-phosphate epimerase (nanE) and sialic acid lyase (nanA) in
Clostridium perfringens. J. Bacteriol. 1999, 181, 4526–4532. [PubMed]

47. Olson, M.E.; King, J.M.; Yahr, T.L.; Horswill, A.R. Sialic acid catabolism in Staphylococcus aureus. J. Bacteriol.
2013, 195, 1779–1788. [CrossRef] [PubMed]

56



Toxins 2016, 8, 341

48. Almagro-Moreno, S.; Boyd, E.F. Bacterial catabolism of nonulosonic (sialic) acid and fitness in the gut.
Gut Microbes 2010, 1, 45–50. [CrossRef] [PubMed]

49. Almagro-Moreno, S.; Boyd, E.F. Sialic acid catabolism confers a competitive advantage to pathogenic
Vibrio cholerae in the mouse intestine. Infect. Immun. 2009, 77, 3807–3816. [CrossRef] [PubMed]

50. Ng, K.M.; Ferreyra, J.A.; Higginbottom, S.K.; Lynch, J.B.; Kashyap, P.C.; Gopinath, S.; Naidu, N.;
Choudhury, B.; Weimer, B.C.; Monack, D.M.; et al. Microbiota-liberated host sugars facilitate post-antibiotic
expansion of enteric pathogens. Nature 2013, 502, 96–99. [CrossRef] [PubMed]

51. Ley, R.E. Harnessing microbiota to kill a pathogen: The sweet tooth of Clostridium difficile. Nat. Med. 2014, 20,
248–249. [CrossRef] [PubMed]

52. Brittan, J.; Bucheridge, T.; Finn, A.; Kadioglu, A.; Jenkinson, H. Pneumococcal neuraminidase A: An essential
upper airway colonization factor for Streptococcus pneumoniae. Mol. Oral Microb. 2012, 27, 270–283. [CrossRef]
[PubMed]

53. Awad, M.M.; Singleton, J.; Lyras, D. The sialidase NanS enhances non-TcsL mediated cytotoxicity of
Clostridium sordellii. Toxins 2016, 8. [CrossRef] [PubMed]

54. Chang, D.E.; Smalley, D.J.; Tucker, D.L.; Leatham, M.P.; Norris, W.E.; Stevenson, S.J.; Anderson, A.B.;
Grissom, J.E.; Laux, D.C.; Cohen, P.S.; et al. Carbon nutrition of Escherichia coli in the mouse intestine.
Proc. Natl. Acad. Sci. USA 2004, 101, 7427–7432. [CrossRef] [PubMed]

55. Galen, J.E.; Ketley, J.M.; Fasano, A.; Richardson, S.H.; Wasserman, S.S.; Kaper, J.B. Role of Vibrio cholerae
neuraminidase in the fuction of cholera toxin. Infect. Immun. 1992, 60, 406–415. [PubMed]

56. Jeong, H.G.; Oh, M.H.; Kim, B.S.; Lee, M.Y.; Han, H.J.; Choi, S.H. The capability of catabolic utilization of
N-acetylneuraminic acid, a sialic acid, is essential for Vibrio vulnificus pathogenesis. Infect. Immun. 2009, 77,
3209–3217. [CrossRef] [PubMed]

57. Li, J.; Freedman, J.C.; McClane, B.A. NanI sialidase, CcpA, and CodY work together to regulate epsilon toxin
production by Clostridium perfringens type D strain CN3718. J. Bacteriol. 2015, 197, 3339–3353. [CrossRef]
[PubMed]

58. Shimanoto, S.; Tamai, E.; Matsushita, O.; Minami, J.; Okabe, A.; Miyata, S. Changes in ganglioside content
affect the binding of Clostridium perfringens epsilon-toxin to detergent-resistant membranes of Madin-Darby
canine kidney cells. Microbiol. Immun. 2005, 49, 245–253. [CrossRef]

59. Nagahama, M.; Sakurai, J. High-affinity binding of Clostridium perfingens epsilon-toxin to rat brain.
Infect. Immun. 1992, 60, 1237–1240. [PubMed]

60. Jost, B.H.; Billington, S.J.; Trinh, H.T.; Songer, J.G. Association of genes encoding beta2 toxin and a collagen
binding protein in Clostridium perfringens isolates of porcine origin. Vet. Microbiol. 2006, 115, 173–182.
[CrossRef] [PubMed]

61. Hitsumoto, Y.; Morita, N.; Yamazoe, R.; Tagomori, M.; Yamasaki, T.; Katayama, S. Adhesive properties of
Clostridium perfringens to extracellular matrix proteins collagens and fibronectin. Anaerobe 2014, 25, 67–71.
[CrossRef] [PubMed]

62. Katayama, S.; Tagomori, M.; Morita, N.; Yamasaki, T.; Nariya, H.; Okada, M.; Watanabe, M.; Hitsumoto, Y.
Determination of the Clostridium perfringens-binding site on fibronectin. Anaerobe 2015, 34, 174–181.
[CrossRef] [PubMed]

63. Wade, B.; Keyburn, A.L.; Haring, V.; Ford, M.; Rood, J.I.; Moore, R.J. The adherent abilities of
Clostridium perfringens strains are critical for the pathogenesis of avian necrotic enteritis. Vet. Microbiol. 2016,
197, 53–61. [CrossRef]

64. Cioffi, D.L.; Pandey, S.; Alvarez, D.F.; Cioffi, E.A. Terminal sialic acids are an important determinant of
pulmonary endothelial barrier integrity. Am. J. Physiol. Lung Cell. Mol. Physiol. 2012, 302, L1067–1077.
[CrossRef] [PubMed]

65. Freedman, J.C.; Li, J.; Uzal, F.A.; McClane, B.A. Proteolytic processing and activation of Clostridium perfringens
epsilon toxin by caprine small intestinal contents. mBio 2014, 5, e01994–e01914. [CrossRef] [PubMed]

66. Hanna, P.C.; Wieckowski, E.U.; Mietzner, T.A.; McClane, B.A. Mapping functional regions of
Clostridium perfringens type A enterotoxin. Infect. Immun. 1992, 60, 2110–2114. [PubMed]

67. Streicher, H. Inhibition of microbial sialidases-what has happened beyond the influenza virus? Curr. Med.
Chem. Anti-Infect. Agents 2004, 3, 149–161. [CrossRef]

68. Roy, S.; Honma, K.; Douglas, C.W.; Sharma, A.; Stafford, G.P. Role of sialidase in glycoprotein utilization by
Tannerella forsythia. Microbiology 2011, 157, 3195–3202. [CrossRef] [PubMed]

57



Toxins 2016, 8, 341

69. Holzer, C.T.; von Itzstein, M.; Jin, B.; Pegg, M.S.; Stewart, W.P.; Wu, W.Y. Inhibition of sialidases from viral,
bacterial and mammalian sources by analogues of 2-deoxy-2,3-didehydro-N-acetylneuraminic acid modified
at the C-4 position. Glycoconj. J. 1993, 10, 40–44. [CrossRef] [PubMed]

70. Knapp, S.; Zhao, D. Synthesis of the sialidase inhibitor siastatin B. Org. Lett. 2000, 2, 4037–4040. [CrossRef]
[PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

58



toxins

Article

Role of p38alpha/beta MAP Kinase in Cell Susceptibility to
Clostridium sordellii Lethal Toxin and
Clostridium difficile Toxin B

Ilona Schelle, Janina Bruening, Mareike Buetepage and Harald Genth *

Institute for Toxicology, Hannover Medical School, Carl-Neuberg-Str. 1, D-30625 Hannover, Germany;
ilona.schelle@t-online.de (I.S.); janina.bruening@twincore.de (J.B.); mbuetepage@ukaachen.de (M.B.)
* Correspondence: genth.harald@mh-hannover.de; Tel.: +49-511-532-9168

Academic Editor: Holger Barth
Received: 12 September 2016; Accepted: 19 December 2016; Published: 22 December 2016

Abstract: Lethal Toxin from Clostridium sordellii (TcsL), which is casually involved in the toxic
shock syndrome and in gas gangrene, enters its target cells by receptor-mediated endocytosis.
Inside the cell, TcsL mono-O-glucosylates and thereby inactivates Rac/Cdc42 and Ras subtype
GTPases, resulting in actin reorganization and an activation of p38 MAP kinase. While a role of
p38 MAP kinase in TcsL-induced cell death is well established, data on a role of p38 MAP kinase
in TcsL-induced actin reorganization are not available. In this study, TcsL-induced Rac/Cdc42
glucosylation and actin reorganization are differentially analyzed in p38alpha

−/− MSCV empty vector
MEFs and the corresponding cell line with reconstituted p38alpha expression (p38alpha

−/− MSCV
p38alpha MEFs). Genetic deletion of p38alpha results in reduced susceptibility of cells to TcsL-induced
Rac/Cdc42 glucosylation and actin reorganization. Furthermore, SB203580, a pyridinyl imidazole
inhibitor of p38alpha/beta MAP kinase, also protects cells from TcsL-induced effects in both p38−/−

MSCV empty vector MEFs and in p38alpha
−/− MSCV p38alpha MEFs, suggesting that inhibition

of p38beta contributes to the protective effect of SB203580. In contrast, the effects of the related
C. difficile Toxin B are responsive neither to SB203580 treatment nor to p38alpha deletion. In conclusion,
the protective effects of SB203580 and of p38alpha deletion are likely not based on inhibition of the
toxins’ glucosyltransferase activity rather than on inhibited endocytic uptake of specifically TcsL into
target cells.

Keywords: endocytosis; Ras; C. difficile Toxin B; mono-O-glucosylation; p21-activated kinase; actin

1. Introduction

Toxin-producing strains of C. difficile and C. sordellii cause intestinal infections, including
C. difficile-associated diarrhea (CDAD) in humans and horses, and C. sordellii-induced hemorrhagic
enteritis and enterotoxemia in cattle, sheep, and other ruminants [1–4]. The major virulence
factors involved in these infections are toxin A (TcdA) and toxin B (TcdB) of C. difficile,
and lethal toxin (TcsL) and hemorrhagic toxin (TcsH) from C. sordellii. These single chained
toxins exhibit an AB-like toxin structure with the C-terminal delivery domain mediating
cell entry of the N-terminal glucosyltransferase domain by receptor-mediated endocytosis [5,6].
The endocytosed glucosyltransferase domain associates with membrane phosphatidylserine
facilitating mono-O-glucosylation of small GTPases of the Rho and Ras subfamilies in a monovalent
and divalent metal ion-dependent manner [7–9]. The acceptor amino acid of toxin-catalyzed
mono-O-glucosylation is Thr-35 in Rac1, Cdc42, and (H/K/N)Ras and Thr-37 in Rho(A/B/C).
Mono-O-glucosylated Rho/Ras GTPases are incapable of coupling to their regulatory and effector
protein and thus are functionally inactive [10–13]. Treatment of cultured cells with the glucosylating

Toxins 2017, 9, 2 59 www.mdpi.com/journal/toxins
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toxins results in a breakdown of the actin-based cytoskeleton (“cytopathic effect”) and (at higher toxin
concentrations) in cell death (“cytotoxic effect”) based on inhibition of Rho/Ras-dependent signaling
pathways regulating actin dynamics [14], cell-matrix binding [15,16], cell cycle progression, and cell
survival [17–19].

The family of p38 MAPKs encompasses the four isoforms p38alpha, p38beta, p38gamma,
and p38delta. p38alpha and p38beta are ubiquitously expressed, while p38gamma and p38delta exhibit
a more restricted expression patterns. The best characterized isoform is p38alpha, which is involved
in the regulation of the main cellular functions, including actin dynamics, differentiation, and cell
death and survival [20,21]. TcsL (as well as TcdA and TcdB) has been shown to activate the family of
mitogen-activated protein kinases (MAPKs) involving ERKs (extracellular signal-regulated kinases),
JNKs (c-Jun-N-terminal kinases) and p38 MAPKs [22]. MAP kinase signaling cascades have been
shown to be involved in the cytopathic as well as the cytotoxic effects of the glucosylating toxins.
In particular, TcsL-induced activation of JNK has been suggested to facilitate TcsL-catalyzed GTPase
substrate glucosylation and subsequently TcsL-induced actin reorganization [22]. p38alpha MAP kinase
signaling has been implicated in TcsL-induced expression of the cell death-regulating GTPase RhoB [23].
Finally, TcsL-induced cell death has been shown to be responsive to inhibition by SB203580, a pyridinyl
imidazole inhibitor of p38alpha/beta MAP kinase, suggesting a role of p38alpha/beta in TcsL-induced cell
death [24].

In this study, TcsL-induced Rac/Cdc42 glucosylation and subsequent actin reorganization
were analyzed for an involvement of p38alpha in murine embryonic fibroblasts (MEFs). In this
study, TcsL-induced Rac/Cdc42 glucosylation and actin reorganization are differentially analyzed
in p38alpha

−/− murine stem cell virus empty vector MEFs (p38alpha
−/− MSCV EV MEFs) and

the corresponding cell line with reconstituted p38alpha expression (p38alpha
−/− MSCV p38alpha

MEFs) [25,26]. We show that genetic deletion of p38alpha as well as SB203580 protects cells from
TcsL-catalyzed glucosylation of Rac/Cdc42 subtype GTPases and TcsL-induced actin reorganization.

2. Results

2.1. Prevention of TcsL-Induced Actin Re-Organization upon Inhibition of p38alpha/beta

TcsL time-dependently induced actin reorganization in p38alpha-proficient p38alpha
−/− MSCV

p38alpha MEFs (Figure 1), with TcsL treatment for 4 h being sufficient for almost complete cell rounding
(Figure 1). In contrast, TcsL-induced rounding of p38alpha-deficient p38alpha

−/− MSCV EV MEFs was
clearly delayed, suggesting a reduced susceptibility of p38alpha

−/− MSCV EV MEFs to TcsL. Next,
TcsL-induced cell rounding was analyzed in p38alpha

−/− MSCV p38alpha MEFs treated with SB203580,
a pyridinyl imidazole inhibitor of p38alpha/beta MAP kinase [27]. SB203080 concentration-dependently
reduced TcsL-induced cell rounding, with a SB203580 concentration of 10 μM being sufficient for almost
complete prevention of TcsL-induced cell rounding (Figure 2A,B). A pronounced protective effect of
SB203580 was also observed in a time-dependent experiment (Figure 2C). SB203580 (10 μM) alone did
not change fibroblast morphology (Figure 2A). Finally, the protective effect of p38alpha inhibition was
analyzed in TcsL concentration-dependent experiments (Figure 3). Either genetic deletion of p38alpha
or SB203580 treatment delayed TcsL-induced cell rounding. Interestingly, SB203580 treatment of
p38alpha-deficient p38alpha

−/− MSCV EV MEFs further delayed TcsL-induced cell rounding, suggesting
a role of p38beta inhibition in the reduced susceptibility to TcsL.

TcdB is highly related to TcsL (identity of 75% at amino acid level), as both TcdB and TcsL
enter their target cells by receptor-mediated endocytosis and both cause changed actin dynamics
by mono-O-glucosylation of small GTPases. Interestingly, neither genetic deletion (Figure 4A,B)
nor treatment with the p38alpha/beta inhibitor SB203580 (Figure 4C,D) changed the kinetics of
TcdB-induced actin reorganization. p38alpha/beta inhibition thus mediates protection of fibroblasts from
TcsL-(not TcdB-) induced actin reorganization.
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Figure 4. Effects of genetic deletion of p38alpha and of SB203580 treatment on TcdB-induced changes of
cell morphology: (A,B) p38alpha

−/− MSCV p38alpha MEFs and p38alpha
−/− MSCV empty vector (EV)

MEFs were treated with TcdB (1 ng/mL) for the indicated times; and (C,D) p38alpha
−/− MSCV p38alpha

MEFs and p38alpha
−/− MSCV empty vector MEFs were treated with the indicated concentrations of

TcdB in the presence of SB203580 (10 μM) or DMSO alone for 4 h. Cell morphology was visualized
using phase contrast microscopy (10× amplification). TcdB-induced changes of the morphology were
quantified in terms of the number of rounded per total cells. Six representative microscopic fields were
chosen and 300 cells total were counted for characteristic cell rounding. Values are the mean ± SD
from three independent experiments performed in triplicates.

2.2. Prevention of TcsL-Induced Glucosylation of Rac/Cdc42 Subtype GTPases upon Inhibition of p38alpha/beta

Actin reorganization has been attributed to TcsL-/TcdB-catalyzed glucosylation of Rac/Cdc42
subtype GTPases and the subsequent loss of cell-matrix binding [15,28,29]. For the analysis of
TcsL-catalyzed glucosylation of Rac/Cdc42, lysates from p38alpha

−/− MSCV p38alpha MEFs were
analyzed by immunoblot analysis using the Rac1(clone 102) antibody. This antibody is specific
for non-glucosylated Rac/Cdc42 subtype GTPases [30,31]. Once Rac/Cdc42 subtype GTPases
are glucosylated by TcsL, the antibody does not detect its epitope, resulting in a lost signal.
TcsL-treated p38alpha

−/− MSCV p38alpha MEFs exhibited time-dependent glucosylation of Rac/Cdc42
subtype GTPases (Figure 5A). The cellular level of Rac1 was not changed upon TcsL treatment
(as analyzed using the Rac1(clone 23A8) antibody) (Figure 5A), confirming that decreasing detection
of Rac/Cdc42 subtype GTPases by the Rac1(Mab 102) antibody was due to glucosylation but not
due to degradation. TcsL-catalyzed Rac/Cdc42 glucosylation results in dephosphorylation of the
FA component p21-associated kinase1/2 (PAK1/2), which is a Rac/Cdc42 effector protein [15,16].
TcsL treatment time-dependently resulted in decreasing levels of pS144/141-PAK1/2 (Figure 5A),
indicating PAK1/2 deactivation [32]. The levels of total PAK2 also time-dependently decreased in
TcsL-treated cells (Figure 5), showing that PAK1/2 deactivation was based on both dephosphorylation
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and degradation. TcsL-catalyzed Rac/Cdc42 glucosylation (i.e., inactivation) was thus reflected by
deactivation of its effector kinase PAK1/2. Finally, p38 MAP kinase activity was tracked in terms
of phosphorylation of its downstream target MAPKAPK2. TcsL treatment resulted in a transient
increase of pT222-MAPKAPK2, indicating transient MAPKAPK2 activation. In p38alpha-deficient
p38−/− MSCV empty vector MEFs, in which MAPKAPK2 activation was hardly observed, Rac/Cdc42
glucosylation was clearly delayed as compared with p38alpha

−/− MSCV p38alpha MEFs (Figure 5).
In a TcsL concentration-dependent experiment, TcsL turned out to be at least three fold more potent in
inducing Rac/Cdc42 glucosylation (Figure 6) and PAK1/2 deactivation (Figure 6) in p38−/− MSCV
p38alpha MEFs as compared with p38−/− MSCV empty vector MEFs. In contrast to TcsL, the kinetics of
TcdB-induced Rac/Cdc42 glucosylation and of PAK1/2 deactivation were comparable in p38alpha

−/−

MSCV p38alpha and p38−/− MSCV empty vector MEFs (Figure 7). TcdB-catalyzed Rac/Cdc42
glucosylation was thus not susceptible to genetic p38alpha inhibition (Figure 7), consistent with above
observations on TcdB-induced actin reorganization (Figure 4). These observations show that genetic
p38alpha inhibition protects fibroblasts specifically from TcsL-(not TcdB-) induced cytopathic effects.

Figure 5. Effects of genetic deletion of p38alpha and of SB203580 treatment on TcsL-catalyzed
Rac/Cdc42 glucosylation (time-dependency). p38alpha

−/− MSCV p38alpha MEFs and p38alpha
−/−

MSCV empty vector (EV) MEFs were treated with TcsL (1 μg/mL) in the presence of SB203580
(10 μM) or DMSO alone for the indicated times. The cellular levels of non-glucosylated Rac/Cdc42,
total Rac1, pS144/141-PAK1/2, PAK2, pT222-MAPKAPK2, MAPKAPK2, and beta-actin were analyzed
by immunoblotting using the indicated antibodies. Quantifications of immunoblots were performed
using Kodak software and relative amounts of non-glucosylated Rac/Cdc42 versus the total levels
of Rac1, respectively, are expressed as mean ± SD of three independent experiments. * indicates
significant differences, p < 0.05, as analyzed using Student’s t-test.
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Figure 6. Effects of genetic deletion of p38alpha and of SB203580 treatment on TcsL-catalyzed Rac/Cdc42
glucosylation (TcsL concentration-dependency). p38alpha

−/− MSCV p38alpha MEFs and p38alpha
−/−

MSCV empty vector (EV) MEFs were treated with the indicated concentrations of TcsL in the presence
of SB203580 (10 μM) or DMSO alone for 4 h. The cellular levels of non-glucosylated Rac/Cdc42,
total Rac1, pS144/141-PAK1/2, PAK2, and beta-actin were analyzed by immunoblotting using
the indicated antibodies. Quantifications of immunoblots were performed using Kodak software
and relative amounts of non-glucosylated Rac/Cdc42 versus the total levels of Rac1, respectively,
are expressed as mean ± SD of three independent experiments. * indicates significant differences,
p < 0.05, as analyzed using Student’s t-test.

TcsL-induced Rac/Cdc42 glucosylation were next analyzed upon pharmacological inhibition
of p38alpha/beta. SB203580 treatment of either p38alpha

−/− MSCV p38alpha and p38alpha
−/− MSCV

empty vector MEFs resulted in an almost complete loss of pT222-MAPKAPK2, confirming effective
p38 inhibition (Figures 5 and 6). TcsL-catalyzed Rac/Cdc42 glucosylation and PAK1/2 deactivation
were responsive to SB203580 treatment in both p38alpha

−/− MSCV p38alpha and p38alpha
−/− MSCV

empty vector MEFs, both in time- (Figure 5) and concentration-dependent (Figure 6) experiments.
The observation that cell rounding and Rac/Cdc42 glucosylation in p38alpha

−/− MSCV empty
vector MEFs are responsive to SB203580 suggests that the protective effects of SB203580 involve
inhibition of both p38alpha and p38beta. Taken together, p38alpha/beta inhibition-mediated protection
of fibroblasts from TcsL-induced actin reorganization coincides with protection from TcsL-catalyzed
Rac/Cdc42 glucosylation.
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Figure 7. Effects of genetic deletion of p38alpha on TcdB-catalyzed Rac/Cdc42 glucosylation
(time-dependency). p38alpha

−/− MSCV p38alpha MEFs and p38alpha
−/− MSCV empty vector (EV)

MEFs were treated with TcdB (1 ng/mL) for the indicated times. The cellular levels of non-glucosylated
Rac/Cdc42, total Rac1, pS144/141-PAK1/2, and beta-actin were analyzed by immunoblotting using
the indicated antibodies. Quantifications of immunoblots were performed using Kodak software
and relative amounts of non-glucosylated Rac/Cdc42 versus the total levels of Rac1, respectively,
are expressed as mean ± SD of three experiments.

2.3. SB203580 Preserves TcsL-Induced Loss of Epithelial Barrier Function

C. sordellii-associated disease include necrotic and hemorrhagic enteritis, whereby TcsL has been
shown to alter epithelial permeability [33,34]. To check if SB203580-mediated inhibition of TcsL
might be useful with regard to disease treatment, TcsL-induced loss of epithelial barrier function was
next analyzed in terms of the loss of the transepithelial resistance (TER) of a Madin-Darby canine
kidney (MDCK-C7) monolayer [9,35]. TcsL treatment time-dependently decreased the TER of the
MDCK-C7 monolayer (Figure 8A). In the presence of SB203580, TcsL-induced loss of TER was markedly
attenuated (Figure 8A). SB203580 alone did not affect the TER (Figure 8A). In contrast, TcdB-induced
loss of the TER of the MDCK-C7 monolayer was not responsive to SB203580 treatment (Figure 8B),
consistent with above observations showing that TcdB-induced actin reorganization was not responsive
to SB203580 treatment (Figure 4). SB203580 treatment thus might be useful in the light of treatment of
the TcsL-induced loss of epithelial barrier function.
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Figure 8. SB203580 preserves TcsL-induced loss of epithelial barrier function. Madin-Darby canine
kidney (MDCK-C7) monolayers grown on Transwell filter inserts were treated with TcsL (30 μg/mL
(A)) and TcdB (30 ng/mL (B)) in the presence of SB203580 (10 μM) or DMSO alone as indicated.
Transepithelial electrical resistance (TER) was monitored for the indicated times. TER values are given
as means ± SD of three independent experiments.
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3. Discussion

In this study, SB203580, a pyridinyl imidazole inhibitor of p38alpha/beta MAP kinase, has been
presented to efficaciously prevent TcsL-induced loss of epithelial barrier function of MDCK-C7
monolayers and to prevent TcsL-induced cell rounding, Rac/Cdc42 glucosylation, and PAK
deactivation in murine fibroblasts. Furthermore, genetic deletion of p38alpha is also sufficient for
preventing TcsL-induced cell rounding, Rac/Cdc42 glucosylation, and PAK deactivation in murine
fibroblasts. Interestingly, p38alpha

−/− MSCV empty vector MEFs turn out to be still sensitive to
SB203580, suggesting that the protective effects of SB203580 involves inhibition of both p38alpha and
p38beta. How does p38 inhibition mediate the protective effect against TcsL?

TcdB and TcsL both are mono-O-glucosyltransferases that modify small GTPases. Their N-terminal
glucosyltransferase domains are structurally and functionally highly related, as they share Rac/Cdc42
as substrate GTPases (with threonine-35 being the acceptor amino acid) and UDP-glucose as a
sugar donor [36]. From the observation that TcdB-induced Rac/Cdc42 glucosylation is insensitive
to p38 inhibition, it can be concluded that SB203580 does not interfere with the intracellular
glucosyltransferase activity of the toxins. This leads to the new hypothesis that p38alpha/beta
inhibition affects endocytic uptake of TcsL into target cells. In fact, members of the p38 MAP
kinase family are important regulators of endocytosis, as they control endocytic trafficking via the
GDI-Rab5 complex [37]. In particular, p38 MAP kinase regulates stress-induced internalization of
the epidermal growth factor receptor (EGFR) and μ opioid receptor endocytosis [38–40]. Against
this background, inhibition of p38alpha/beta might prevent cell entry of specifically TcsL (not TcdB)
by receptor-mediated endocytosis. This hypothetic model implies that TcsL and TcdB enter their
target cells by exploiting distinct cell surface receptors, with the TcsL cell surface receptors being
internalized in a p38alpha/beta-dependent and the TcdB cell surface receptors being internalized in a
p38alpha/beta-independent manner.

In a former study, the responsiveness of TcsL-induced effects such as apoptotic cell death to
inhibition by SB203580 has been interpreted in terms of an involvement of p38alpha/beta in TcsL-induced
cell death [24]. The observations of this study have led to the conclusion that the protective effect of
SB203580 is based on rather inhibition of TcsL uptake than on a role of p38 in the cytopathic effects
of TcsL. Against this background, the responsiveness of TcsL-induced cell death to inhibition by
SB203580 must be re-interpreted in terms of reduced TcsL uptake and subsequently reduced GTPase
substrate glucosylation as the cause of cell death inhibition. In autophagy research, the pyridinyl
imidazole inhibitors SB203580 and SB202190 have been shown to interfere with the autophagic flux
independently of p38 MAP kinase [41]. These observations have led to the recommendation that
pyridinyl imidazole class inhibitors should not be used as pharmacological tools in the analysis of
MAPK11-MAPK14/p38-dependence [42]. The latter recommendation seems to be applicable also in
the field of protein toxins.

The protective effect of the pyridinyl imidazole SB203580 is most interesting with regard to the
development of non-antibiotic treatment for diseases caused by toxigenic C. sordellii. Further research
will address the characterization of those pathways mediating the protective effect against TcsL upon
inhibition of p38alpha/beta. Furthermore, a screening of additional pyridinyl imidazole compounds
capable of inhibiting the effects of TcsL is under way in our laboratory.

4. Conclusions

• Genetic deletion of p38alpha or treatment with SB203580 protects MEFs from Rac/Cdc42
glucosylation and actin reorganization induced by TcsL (not by the related TcdB).

• Treatment with SB203580 protects epithelial monolayer from loss of epithelial barrier function
induced by TcsL (not by TcdB).

• The protective effects of SB203580 treatment and of p38alpha deletion are likely based on inhibition
of endocytic uptake of TcsL rather than on inhibition of the toxins’ glucosyltransferase activity.
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5. Materials and Methods

5.1. Materials

The following reagents were obtained from commercial sources: SB203580 (4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole) (Calbiochem, Darmstadt, Germany); DAPI
(40.6-diamidino-2-phenylindole) (Sigma-Aldrich, St. Louis, MO, USA); and rhodamine-conjugated
phalloidin (Sigma-Aldrich, St. Louis, MO, USA).

Toxins: TcsL was prepared from C. sordellii IP82, which is the same strain as 6018, and TcdB from
C. difficile VPI10463. Toxins were produced and purified yielding only one band on SDS-PAGE as
previously described [43,44]. In brief, a dialysis bag containing 900 mL of 0.9% NaCl in a total volume
of 4 liters of brain heart infusion (Difco, BD Life Sciences, Heidelberg, Germany) was inoculated with
100 mL of an overnight culture of C. sordellii or C. difficile. The culture was grown under microaerophilic
conditions at 37 ◦C for 72 h. Bacteria were removed from the dialysis bag solution by centrifugation.
Proteins from the culture supernatant from were precipitated by ammonium sulfate (Merck Millipore,
Darmstadt, Germany) at 70% saturation. The precipitated proteins were dissolved in 50 mM Tris-HCl
pH 7.5 buffer and extensively dialyzed against 50 mM Tris-HCl pH 7.5 buffer for 24 h. The protein
solution was loaded onto an anion exchange column (MonoQ, GE Healthcare Europe, Freiburg,
Germany). Either TcsL or TcdB were eluted with 50 mM Tris-HCl, pH 7.5, at 500–600 mM NaCl and
were subsequently dialyzed against buffer (50 mM Tris-HCl pH 7.5, 15 mM NaCl). The absence of
TcdA (which eluted at 150–200 mM NaCl) in TcdB preparations was checked by immunoblot analysis.

5.2. Cell Culture and Preparation of Lysates

p38−/− MSCV empty vector MEFs and the corresponding p38−/− MSCV p38alpha MEFs (kindly
provided by Dr. Angel Nebreda, Institute for Research in Biomedicine, Barcelona, Spain) were
cultivated in Dulbecco’s modified essential medium supplemented with 10% FCS, 100 μg/mL
penicillin, 100 U/mL streptomycin and 1 mM sodium pyruvate at 37 ◦C and 5% CO2 according
to standard protocols [45]. Cells sub-confluently seeded in 3.5-cm dishes were treated with TcsL,
TcdB, and SB203580 for different times and concentrations as noted in the figures. Thereby, cells were
pretreated with 10 μM SB202580 dissolved in DMSO (final DMSO concentration in the medium 2%)
for 20 min and subsequently treated with the toxins or buffer. Upon incubation time, the cells were
rinsed with 5 mL of ice-cold phosphate-buffered saline and scraped off in 200 μL of Laemmli lysis
buffer per dish. The cells were disrupted mechanically by sonification (five times on ice). The lysate
were submitted to immunoblot analysis.

5.3. Immunoblot Analysis

Cells lysates were separated on 15% polyacrylamide gels and transferred onto nitrocellulose
for 2 h at 250 mA, followed by blocking with 5% (w/v) nonfat dried milk for 1 h. Blots were
incubated with the appropriate primary antibody with dilution according to the manufacturers’
instructions (beta-actin, Mab AC-40, Sigma-Aldrich, St. Louis, MO, USA; dilution 1:5000); MAPKAPK-2
(Cell signaling 3042, dilution 1:1000); pT222-MAPKAPK-2 (Cell signaling 3316, dilution 1:1000);
PAK2 (Cell signaling 2608, dilution 1:1000); phospho-S144/141-PAK1/2 (Abcam ab40795; dilution
1:2000); Rac1 (BD Transduction Laboratories 610650, clone 102; dilution 1:1000); Rac1(Millipore 05-389,
clone 23A8; dilution 1:1000) in buffer B (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM KCl,
0.05% (w/v) Tween 20) for 18 h and subsequently for 2 h with a horseradish peroxidase-conjugated
secondary antibody (mouse: Rockland 610-1034-121; dilution 1:3000; rabbit Rockland 611-1302;
dilution 1:3000). For the chemiluminescence reaction, ECL Femto (Fisher Scientific, Schwerte, Germany)
was used. The signals were analyzed densitometrically using the KODAK 1D software (2004, Rochester,
MN, USA).
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5.4. Visualization of the Actin Cytoskeleton

p38alpha
−/− MSCV empty vector MEFs and the corresponding p38alpha

−/− MSCV p38alpha MEFs
were grown on coverslips, fixed with formaldehyde (4%) in PBS and permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich, St. Louis, MO, USA). The actin cytoskeleton and the nuclei were labeled using
rhodamine-phalloidin and DAPI, respectively. Fluorescence images were recorded using a Zeiss
Axiovert M (Jena, Germany).

5.5. Transepithelial Resistance of Epithelial Monolayers

Madin-Darby canine kidney (MDCK-C7) cells were cultured under standard conditions
(37 ◦C, 5% CO2) as described [35]. Briefly, MDCK-C7 cells were cultured in minimum essential medium
(MEM) enriched with Earle’s salts, non-essential amino acids, glutamic acid and 10% fetal calf serum
(Biochrom, Berlin, Germany) and split twice weekly using standard culture techniques. MDCK-C7
cells were seeded onto 12 well filter transwell inserts (pore size 0.4 μM, BD Life Sciences, Heidelberg,
Germany). The transepithelial electrical resistance (TER) was determined by a Voltohmmeter equipped
with Endom 24 chamber (EVOM, World Precision Instruments, Berlin, Germany). MDCK-C7
monolayers were cultivated up to an initial resistance of >2 kΩ·cm2. The toxins and SB203580
(final DMSO concentration in the medium 2%) were applied on the basolateral site of the monolayer
and toxin-induced loss of TER was analyzed in a time-dependent manner.
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Abstract: Diphtheria toxin is a single-chain protein toxin that invades human cells by receptor-
mediated endocytosis. In acidic endosomes, its translocation domain inserts into endosomal
membranes and facilitates the transport of the catalytic domain (DTA) from endosomal lumen
into the host cell cytosol. Here, DTA ADP-ribosylates elongation factor 2 inhibits protein synthesis
and leads to cell death. The compound 4-bromobenzaldehyde N-(2,6-dimethylphenyl)semicarbazone
(EGA) has been previously shown to protect cells from various bacterial protein toxins which deliver
their enzymatic subunits from acidic endosomes to the cytosol, including Bacillus anthracis lethal
toxin and the binary clostridial actin ADP-ribosylating toxins C2, iota and Clostridium difficile binary
toxin (CDT). Here, we demonstrate that EGA also protects human cells from diphtheria toxin by
inhibiting the pH-dependent translocation of DTA across cell membranes. The results suggest that
EGA might serve for treatment and/or prevention of the severe disease diphtheria.

Keywords: diphtheria; diphtheria toxin; cellular uptake; membrane transport; EGA

1. Introduction

Corynebacterium diphtheriae produces the single-chain diphtheria toxin (DT, 58 kDa), which is
the causative agent of diphtheria [1]. DT is efficiently taken up into human cells and its catalytic
domain (DTA, 21 kDa) acts as an extremely potent enzyme in the cytosol. DTA covalently transfers
ADP-ribose from cellular NAD+ onto a modified histidine residue (diphthamide) of the elongation
factor 2 (EF-2) thereby inhibiting protein synthesis and causing cell death [2,3], which can be monitored
in terms of cell-rounding using HeLa cells [4,5]. DTA is located in the N-terminal domain of DT [6]
while the C-terminal part (DTB, 37 kDa) mediates binding of the toxin to susceptible cells and the
subsequent transport of DTA into the cytosol. DTB contains a receptor-binding (B) domain, which
binds to the heparin-binding epidermal growth factor-like growth factor precursor (HB-EGF) [7,8]
and a translocation (T) domain [9], which inserts into the membranes of acidified endosomes [10,11]
allowing the membrane translocation of DTA from the endosomal lumen into the cytosol [12–18].
This process is prevented by bafilomycin A1, an inhibitor of endosomal acidification [19] and can be
experimentally mimicked on the surface of cultured cells by exposure of cell-bound DT to an acidic
pulse [20]. This triggers the insertion of DTB directly into the plasma membrane and the translocation
of DTA into the cytosol where it modifies its substrate [21–23].
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Translocation of DTA across endosomal membranes is facilitated by host cell factors including the
chaperone heat shock protein (Hsp) 90 [24,25] and thioredoxin reductase [5,24,26]. DTA is separated
from DTB by cleavage prior or during DT uptake [27] but these two subunits remain linked via an
interchain disulfide between Cys-186 of DTA and Cys-201 of DTB [28]. The integrity of the interchain
disulfide bond is essential during toxin uptake into endosomes, as well as DTA translocation across
the membranes [27,29] but its reduction is necessary for the subsequent release of DTA on the cytosolic
side [23] and this process is the rate-limiting step during DT uptake [30]. Reduction of the disulfide
bond likely happens after membrane insertion of the T-domain [30] during or after DTA translocation
to the cytosol [31]. Thioredoxin 1 reduces this disulfide under acidic conditions in vitro [32] and
we recently demonstrated that pharmacological inhibition of thioredoxin reductase prevents DTA
transport across cell membranes and protects cells from intoxication [5], implicating that this enzyme
is crucial for the reduction of the disulfide bond and the subsequent release of DTA in the cell cytosol
of living cells.

The compound 4-bromobenzaldehyde N-(2,6-dimethylphenyl)semicarbazone (EGA) was
previously identified as a potent inhibitor that protects cells from toxins and viruses which enter the
cytosol of cells via acidified vesicles [33,34], such as the Bacillus anthracis lethal toxin and DT [34], as well
as the binary actin ADP-ribosylating toxins C2 from Clostridium (C.) botulinum, iota from C. perfringens
and CDT from C. difficile [35]. EGA also protects neuronal cells from C. botulinum neurotoxins [36] and
it was suggested that this compound might modulate intracellular toxin trafficking [34–36]. Prompted
by these findings, we analyzed the effect of EGA on the intoxication of HeLa cells with DT in more
detail. Here, we demonstrate that EGA significantly delays intoxication of cells with DT in a time- and
concentration-dependent manner and analyzed the underlying molecular mechanism.

2. Results and Discussion

EGA protects HeLa cells from intoxication with DT. In a first set of experiments the possible
inhibitory effect of EGA on the intoxication of HeLa cells by DT was investigated. To this end, cells
were pre-incubated for 1 h with increasing concentrations of EGA and then challenged with DT. After
different incubation periods, the number of round cells was determined because this is an established,
highly specific and sensitive endpoint to monitor the intoxication process [5]. As shown in Figure 1,
EGA significantly delayed the DT-induced cell-rounding in a time- and concentration-dependent
manner, indicating that EGA interferes with the mode of action of DT in these cells. EGA delayed
intoxication with DT even when cells were not grown to confluence and therefore more susceptible to
DT. Importantly, EGA alone had no effects on the cells under such conditions (Figure 1A). Adverse
effects on the cells were observed at concentrations of 500 μM EGA and above (not shown). The usage of
100 μM instead of 50 μM was still tolerated by the cells but did not result in a relevant improvement of
the inhibitory effect (Figure 1B). Therefore, for the following investigation of the underlying molecular
mechanism of the EGA-mediated protection of cells from DT, an EGA concentration of 50 μM was used.
A prolonged pre-incubation period with EGA (up to 6 h) did not significantly enhance the inhibitory
effect of EGA towards DT compared to an 1 h pre-incubation period. Moreover, EGA showed some
protective effect towards DT, even when applied 15 min after DT (not shown).

EGA did not completely inhibit intoxication with DT but delayed it, which was expected from
our earlier results with EGA and binary clostridial toxins [35] and with DT and other pharmacological
inhibitors of toxin uptake [5]. The reason is most likely related to the extreme potency of AB-toxins in
cells, as few molecules of their catalytic moieties in the host cell cytosol is usually sufficient to exhibit
the full cytotoxic effects [37]. A pharmacological inhibition might therefore not be able to completely
prevent the uptake of some DTA molecules into the cytosol over longer incubation periods.
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Figure 1. EGA protects HeLa cells from intoxication with DT. Cells were pre-incubated for 1 h at 37 ˝C
with EGA or the solvent DMSO for control. Thereafter, DT (0.86 nM) was added and cells were further
incubated at 37 ˝C. For control, cells were left untreated (con) or incubated with DT in the absence
of EGA (DT). At the indicated time points, phase contrast pictures were taken and for quantitative
analysis, the percentage of rounded cells was determined. Values are gives as mean ˘ SD (n = 3).
(A) Protective effect of 50 μM EGA on the intoxication of cells with DT. Representative pictures after 4 h
are shown; (B) Concentration-dependent inhibition of DT-intoxication after 4 h by EGA, determined
in a separate experiment. The maximum dosage of EGA (100 μM) was tested on cells without DT
to exclude any morphological alteration of the cells in response to EGA alone. In addition, a DMSO
solvent control of the maximum dosage was performed; (C) Time-dependent inhibitory effect mediated
by 50 μM EGA, determined in a separate experiment with confluent cells.

EGA inhibits the membrane transport of DTA in cells. The effect of EGA on the membrane
transport of DTA was investigated by using a well-established assay where the endosomes acidic
environment is mimicked on the surface of cultured HeLa cells. DT was allowed to bind to the
receptor at 4 ˝C where no endocytosis occurs and the normal toxin uptake via acidic endosomes was
inhibited by bafilomycin A1 treatment. When such cells are exposed to warm acidic medium, DTB
inserts into the plasma membrane and mediates the translocation of DTA into the cytosol where it
ADP-ribosylates EF-2 leading to cell-rounding, as shown in Figure 2. No cell-rounding was observed
under neutral conditions, by incubation of cells in the acidic medium in the absence of DT, or in the
presence of EGA without DT (Figure 2), indicating that cell-rounding is indeed specifically induced
by the action of DTA, as described earlier [5,20]. Importantly, the DT-induced cell-rounding was
significantly reduced when cells were pre-treated with EGA (Figure 2). Given that this inhibitor did
not inhibit the in vitro enzymatic activity of DTA (Figure 3A) nor the binding of DT to HeLa cells
(Figure 3B) and it leads to inhibition of intoxication also when applied after receptor-binding of nicked
DT (i.e., DT that was proteolytically activated in vitro prior to its application to the cells) (Figure 3C),
our results strongly suggest that EGA interferes with the toxin pH-dependent transport. In addition,
the results obtained by performing the translocation assay with nicked DT also exclude an effect of
EGA on the proteolytic activation of DT during cellular uptake on the cell surface and/or in endosomal
vesicles. To demonstrate that the observed inhibitory effect of EGA was mediated by the molecule
itself, in each experiment a vehicle control (DMSO) was performed in parallel to EGA treatment.
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In contrast to EGA, DMSO did not inhibit the intoxication of cells with DT (see Figure 1B,C) or the
translocation of cell-bound DT (Figure 2).

Figure 2. EGA inhibits the pH-dependent transport of the enzyme component DTA of DT across the
cytoplasmic membranes in living cells. HeLa cells were pre-incubated for 1 h at 37 ˝C in serum-free
medium with 100 nM bafilomycin (Baf) A1. In addition, some cells were also treated with 50 μM
EGA or the corresponding solvent DMSO for control. Subsequently, cells were kept on ice for 10 min.
Thereafter, nicked DT (13 nM) was added and cells were incubated for 40 min at 4 ˝C to enable
toxin-binding to the receptors on the cell surface. Cells were further incubated for 15 min at 37 ˝C and
pH 3.7 to trigger the pH-driven membrane transport of DTA. For control (con), cells were incubated at
pH 7.5 (not shown) or at pH 3.5 (shown). During this step, there was no EGA present in the medium.
Thereupon, all cells were further incubated at 37 ˝C in neutral medium (pH 7.5) containing serum,
Baf A1 ˘ EGA. At the indicated time points, phase contrast pictures were taken and for quantitative
analysis, the percentage of rounded cells was determined. Representative pictures are shown after
3.25 h. Values are gives as mean ˘ SD (n = 3).

Figure 3. Cont.
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Figure 3. Treatment with EGA has no effect on the in vitro enzymatic activity of DTA nor on the
receptor-binding of DT to cells. (A) DTA (100 ng) was pre-incubated with 50 μM EGA for 10 min at
37 ˝C. For control (con), a sample of DTA was left untreated. Thereupon, HeLa lysate protein (20 μg)
as well as biotin-labelled NAD+ were added followed by an incubation of the samples for 10 min at
37 ˝C. Thereafter, samples were subjected to SDS-PAGE, blotted and biotinylated (i.e., ADP-ribosylated,
indicated as ADP-rib.) EF-2 was detected (upper panel). A sample of HeLa lysate with biotin-labelled
NAD+ (1) and one of only HeLa lysate (2) were additionally analyzed. As control of equal protein
loading, the SDS-gel was stained with Coomassie after the blotting process (lower panel). Noteworthy,
there was no obvious difference in the amount of ADP-ribosylated EF-2 when lysate from EGA-treated
cells was used (not shown), indicating that EGA-treatment does not interfere with the generation of the
diphthamide in EF-2; (B) HeLa cells were pre-treated with EGA (50 μM) for 1 h at 37 ˝C in serum-free
medium or left untreated for control. Thereupon, cells were kept on ice for 10 min. Then, DT (34.4 nM)
was added followed by further incubation for 1 h 10 min at 4 ˝C to enable binding of DT to the cell
surface. Thereafter, three washing steps with ice-cold PBS were performed to remove unbound toxin
and cells were scraped off in 2.5-fold SDS sample buffer containing 10% DTT. Proteins were separated
by SDS-PAGE, blotted and bound DT was detected using a specific primary and a peroxidase-coupled
secondary antibody and the ECL system (upper panel). For loading control, two dilutions of DT were
analyzed on the left side of the same blot. Comparable amounts of total protein were confirmed by
Coomassie staining of the proteins in the SDS-gel after the blotting process (lower panel); (C) Cells
were kept on ice for 10 min before addition of nicked DT (3.4 nM) and further incubation at 4 ˝C for
30 min. Thereafter, the medium was removed and warm, serum-free medium containing EGA (50 μM)
or DMSO was added followed by further incubation at 37 ˝C. For control (con), cells were left untreated
or treated only with EGA without toxin. At the indicated time points, phase contrast pictures were
taken and for quantitative analysis, the percentage of rounded cells was determined. Values are gives
as mean ˘ SD (n = 3).

3. Conclusions

In conclusion, our results demonstrate that EGA protects cultured human cells from intoxication
with DT because it interferes with the uptake of DTA into the host cell cytosol. Moreover, our findings
suggest that EGA inhibits the pH-dependent transport of DTA across membranes into the cytosol.
This step was also inhibited by EGA in the case of clostridial binary toxins, which also deliver their A
subunit from acidic endosomes to the cytosol [35]. All toxins which were inhibited by EGA, exploit
acidic endosomal vesicles for cellular trafficking, suggesting a common inhibitory mode of action
for EGA in cells. The binary anthrax toxins and the binary clostridial actin ADP-ribosylating toxins
share an overall comparable mechanism to deliver their enzymatically active components through
pores formed by their separate heptameric transport components across endosomal membranes into
the cytosol. Thus, a common mechanism by which EGA inhibits the membrane transport of these
binary toxins seems plausible. However, EGA inhibits the membrane transport of DT, as shown in
this present study, but it did not inhibit the translocation of botulinum neurotoxins across the plasma
membrane [36], suggesting that the protective effect of EGA towards both single-chain toxins might
not be mediated via the same molecular mechanism. Thus far, the molecular mechanisms by which
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EGA interferes with the membrane transport of DT are not known and it can be speculated that EGA
might block the transmembrane pore formed by the translocation domain of DT or might inhibit host
cell factors which are involved in translocation of DTA across endosomal membranes.

However, although the precise mode of action how EGA inhibits the transport of the enzymatically
active moieties of bacterial toxins into the cytosol requires further elucidation, this compound inhibits
a series of the most powerful and medically most relevant bacterial toxins including DT, botulinum
neurotoxins and anthrax toxin, and thus might have very attractive clinical applications. In previous
studies [36] the treatment of mice with EGA by multiple intraperitoneally injections were well tolerated.
It should be taken into account that higher concentrations of DT might be used in the experimental
approach compared to the situation in patients. Moreover, EGA could represent a lead compound and
chemical modifications may result in even more efficient compounds for future clinical applications.

4. Experimental Section

4.1. Materials and Reagents

Cell culture media (MEM) and fetal calf serum (FCS) were obtained from Invitrogen
(Karlsruhe, Germany) and cell culture materials from TPP (Trasadingen, Switzerland). The protein
molecular weight marker Page Ruler prestained Protein ladder® was purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). Complete® protease inhibitor was supplied by Roche
(Mannheim, Germany). Biotinylated NAD+ was from R&D Systems GmbH (Wiesbaden-Nordenstadt,
Germany). Bafilomycin (Baf) A1 was purchased from Calbiochem (Bad Soden, Germany),
2-(4-bromobenzylidene)-N-(2,6-dimethylphenyl)hydrazinecarboxamide (EGA) was synthesized as
described [36]. The quality of EGA was tested by HPLC-MS analysis. The purity is >95% [36].

Streptavidin-peroxidase was obtained from Roche (Mannheim, Germany), the enhanced
chemiluminescence (ECL) system from Millipore (Schwalbach, Germany) and the nitrocellulose
blotting membrane from Whatman® (Dassel, Germany). Diphtheria toxin antibody was obtained from
GeneTex Inc. (Irvine, CA, USA) and goat anti-mouse IgG-HRP secondary antibody from Santa-Cruz
Biotechnology Inc. (Heidelberg, Germany). Diphtheria toxin (DT) was supplied by Calbiochem
(Bad Soden, Germany). DT was proteolytically activated in vitro with trypsin to yield nicked DT as
described in Section 4.4. and DTA was expressed and purified as described earlier [5].

4.2. Cell Culture and Cytotoxicity Assays

HeLa cells were cultivated at 37 ˝C and 5% CO2 in MEM containing 10% heat-inactivated
FCS, 1 mM sodium-pyruvate, 2 mM L-glutamine, 0.1 mM non-essential amino acids and 1%
penicillin-streptomycin. Cells were trypsinized and reseeded for at most 30 times.

For cytotoxicity experiments, cells were grown in 96-well plates and pre-incubated with EGA or
the vehicle DMSO in serum-free medium for 1 h at 37 ˝C. For control, cells were incubated without
inhibitor. Thereafter, DT (0.86 nM) was added and cells were further incubated with toxin plus inhibitor
at 37 ˝C. For analysis of the cellular effect of EGA when added after DT-binding to cells, cells grown
in 96-well plates were kept on ice for 10 min in serum-free medium before addition of nicked DT
(3.4 nM). After incubation for 30 min at 4 ˝C, medium was removed and warm, serum-free medium
containing EGA (50 μM) or the vehicle DMSO was added followed by further incubation at 37 ˝C. After
the indicated incubation periods, a Zeiss Axiovert 40 CFL microscope (Oberkochen, Germany) with
a Jenoptik progress C10 CCD camera (Jena, Germany) was used to visualize the cells to analyze the
DT-induced morphological changes. The characteristic rounding up of the cells was taken as specific
endpoint to monitor the intoxication process. For quantitative analysis, cells were counted per picture
(ImageJ software; NIH, Bethesda, MD, USA) and the amount of rounded cells was determined in percent.
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4.3. SDS-PAGE and Western Blotting

For immunoblot analysis, according to the method of Laemmli [38], equal amounts of protein
were subjected to SDS-PAGE. Afterwards, the proteins were transferred to a nitrocellulose membrane
which was then blocked for 1 h at RT with 5% dry milk powder in PBS containing 0.1% Tween-20
(PBS-T) or alternatively overnight at 4 ˝C. For detection of the biotin-labelled EF-2 or DT, the samples
were either probed with streptavidin-peroxidase or a specific antibody against DTA, respectively, for
1 h followed by washing steps with PBS-T. Subsequently, in case of DT, the membrane was probed
with anti-mouse secondary antibody coupled to horseradish peroxidase for 1 h followed by further
washing steps with PBS-T. Thereafter, the proteins were visualized using the ECL system according to
the manufacturer’s instructions. Ponceau S staining of the membrane and Coomassie staining of the
gel were used to confirm equal amounts of protein.

4.4. Proteolytic Activation (Nicking) of DT

To activate DT, the toxin was treated with trypsin (3 μg/mL) for 3 h at 37 ˝C and then kept on ice.
Following this, trypsin was neutralized by incubation with trypsin inhibitor (30 μg/mL) for 80 min at
4 ˝C and the concentration of nicked DT was determined using SDS-PAGE.

4.5. ADP-Ribosylation of EF-2 by DTA in a Cell-Free System

DTA (100 ng) was pre-incubated for 10 min at 37 ˝C with EGA (50 μM) or left untreated for control
followed by the addition of HeLa lysate protein (20 μg) and biotin-labelled NAD+ (10 μM). After
further incubation of the samples for 10 min at 37 ˝C, the proteins were subjected to SDS-PAGE, blotted
onto a nitrocellulose membrane. Finally, biotin-labelled (i.e., ADP-ribosylated) EF-2 was detected
using Western blotting.

4.6. Binding of DT to Its Cell Surface Receptor

HeLa cells were pre-incubated in serum-free medium with EGA (50 μM) for 1 h at 37 ˝C.
For control, cells were left untreated. Following this, cells were kept at 4 ˝C for 10 min. Then,
DT (34.4 nM) was added and cells were further incubated at 4 ˝C for 1 h and 10 min to enable binding
of DT to its specific cell surface receptor. Three washing steps with ice-cold PBS were used to remove
unbound toxin and cells were subsequently scraped in 2.5-fold concentrated sample buffer containing
10% DTT [38]. SDS-PAGE was used for protein separation and after blotting, bound DT was detected
using a specific antibody against DT and peroxidase-coupled secondary anti-mouse antibody.

4.7. DTA Translocation Assay across the Cytoplasmic Membrane of Living Cells

The pH-dependent translocation of DT across endosomal membranes was experimentally
mimicked on the cytoplasmic membranes of intact cells and performed as described earlier [5]. In brief,
HeLa cells were pre-incubated in serum-free medium with Baf A1 (100 nM) plus EGA (50 μM) or the
vehicle DMSO for 1 h at 37 ˝C. Then, the cells were kept on ice for 10 min followed by an incubation
with nicked DT (13 nM) for 40 min at 4 ˝C to allow binding of the toxin to the cell surface. Thereafter,
to trigger pH-driven toxin-translocation across the surface membrane, cells were exposed to an acidic
pulse (pH 3.7) for 15 min at 37 ˝C. Additional wells with toxin-treated cells were treated with neutral
medium (pH 7.5) for control. Subsequently, all cells were further incubated at 37 ˝C in neutral medium
containing FCS, Baf A1 (100 nM) ˘ EGA (50 μM). After the given incubation periods, DT-induced
cell-rounding was monitored using photography. From these, the amount of rounded cells was
determined in per cent of total cell count per picture.

4.8. Reproducibility of the Experiments

All experiments were independently performed at least two times and in the figures, results
from representative experiments are shown. Quantification was performed by calculating the values
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(n = 3; n = 3 refers to three fields of view in one experiment and several independent experiments were
performed, all with comparable results) as the means ˘ standard deviation (S.D.) using the Prism4
Software (Version 4.0, GraphPad Software Inc., La Jolla, CA, USA, 2003).
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Abstract: Nearly all the cationic molecules tested so far have been shown to reversibly block K+

current through the cation-selective PA63 channels of anthrax toxin in a wide nM–mM range
of effective concentrations. A significant increase in channel-blocking activity of the cationic
compounds was achieved when multiple copies of positively charged ligands were covalently linked
to multivalent scaffolds, such as cyclodextrins and dendrimers. Even though multivalent binding
can be strong when the individual bonds are relatively weak, for drug discovery purposes we often
strive to design multivalent compounds with high individual functional group affinity toward the
respective binding site on a multivalent target. Keeping this requirement in mind, here we perform a
single-channel/single-molecule study to investigate kinetic parameters of anthrax toxin PA63 channel
blockage by second-generation (G2) poly(amido amine) (PAMAM) dendrimers functionalized with
different surface ligands, including G2-NH2, G2-OH, G2-succinamate, and G2-COONa. We found
that the previously reported difference in IC50 values of the G2-OH/PA63 and G2-NH2/PA63 binding
was determined by both on- and off-rates of the reversible dendrimer/channel binding reaction.
In 1 M KCl, we observed a decrease of about three folds in kon and a decrease of only about ten
times in tres with G2-OH compared to G2-NH2. At the same time for both blockers, kon and tres

increased dramatically with transmembrane voltage increase. PAMAM dendrimers functionalized
with negatively charged succinamate, but not carboxyl surface groups, still had some residual activity
in inhibiting the anthrax toxin channels. At 100 mV, the on-rate of the G2-succinamate binding
was comparable with that of G2-OH but showed weaker voltage dependence when compared to
G2-OH and G2-NH2. The residence time of G2-succinamate in the channel exhibited opposite voltage
dependence compared to G2-OH and G2-NH2, increasing with the cis-negative voltage increase.
We also describe kinetics of the PA63 ion current modulation by two different types of the “imperfect”
PAMAM dendrimers, the mixed-surface G2 75% OH 25% NH2 dendrimer and G3-NH2 dendron.
At low voltages, both “imperfect” dendrimers show similar rate constants but significantly weaker
voltage sensitivity when compared with the intact G2-NH2 PAMAM dendrimer.

Keywords: multivalency; planar lipid bilayer technique; Bacillus anthracis; protective antigen;
pore blockage

1. Introduction

Many bacterial exotoxins oligomerize during invasion to form ion-conductive channels or pores
in the host cell or organelle membranes. This oligomeric centrosymmetric organization represents
an ideal multivalent receptor target to explore a variety of multivalent channel-blocking ligands
with a controlled number of preassembled functional groups (reviewed in [1]). In the past decade,
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Toxins 2016, 8, 337

two classes of multivalent compounds, cationic cyclodextrins (CDs) and dendrimers have been
reported to directly block the channel-forming B components of the AB type anthrax, C2, iota, and
CDT toxins [2–5], PA63, C2IIa, Ib, and CDTb, respectively. The potency of these multivalent blockers
compares well with the most effective blockers of the classical channels of electrophysiology (Table 3
in ref. [6]) and exceeds activities of the small-molecule cationic ligands [7–11]. A key advantage of
cyclodextrins (reviewed in [12]) is their arrangement into rigid 6-, 7-, and 8-fold centrosymmetric
structures with controlled number and position of potential attachment sites and the ability to
form water-soluble “host-guest” inclusion complexes with poorly soluble small molecules and
macromolecule fragments. The poly(amido amine) (PAMAM) dendrimers (reviewed in [13]) are
repeatedly branched polymers with all bonds forming amidoamine branches emanating from a central
alkyldiamine core, where each consecutive growth step represents a new dendrimer “generation”
with an increased diameter and doubled number of reactive surface functional groups. PAMAM
dendrimers form monodispersed, starburst-shaped polymers that are synthesized in generations
with a growing but well-controlled number of attachment sites (Figure S1). While many details
of the biophysical mechanisms of cyclodextrin interaction with the channel-forming components
of anthrax, C2, and iota AB type toxins are known [14,15], the physical forces involved in the
dendrimer/channel binding reaction require further analysis. In this small-scale study written for
the special issue of Toxins (Basel) on “Novel Pharmacological Inhibitors for Bacterial Protein Toxins”,
we perform a single channel investigation of the PAMAM dendrimer/PA63 channel binding reaction
focusing on two specific aspects of the dendrimer-induced channel blockage. Firstly, we perform
a single-channel analysis of the kinetic parameters of the dendrimer/PA63 binding reaction using
generation 2 amino-terminated (G2-NH2), hydroxyl-terminated (G2-OH), succinamate-terminated
(G2-SA), and carboxyl-terminated (G2-COONa) PAMAM dendrimers (Figure 1A and Figure S1). The
amino-terminated PAMAM dendrimers of different generations were recently reported to effectively
block the PA63 channel lumen in multichannel experiments under near-physiological conditions [5].
This effect was explained by the direct electrostatic interaction of the positively-charged terminal
amino-groups on the PAMAM dendrimers with the negatively charged lumen of PA63. However,
second and third generation (G2 and G3) PAMAM dendrimers functionalized with surface hydroxyl
groups were reported to have an avidity decrease of only 20 and 9 times compared to the G2 and
G3 amino-terminated dendrimers, respectively. This difference is comparable with the variation
observed between different PAMAM dendrimer generations. Moreover, even PAMAM dendrimers
terminated with negatively charged carboxylic and succinamic surface groups showed some residual
PA63 binding. When fine-tuned, some of these dendrimers may offer the advantage of being effective
channel inhibitors with decreased cytotoxicity. In fact, while all dendrimers are less toxic than linear
polymers [16,17], the cationic amino-terminated PAMAM dendrimers have been reported to display
concentration- and generation-dependent cytotoxicity, and are therefore less biocompatible compared
to their neutral and negatively charged analogues [18,19]. Secondly, we analyze the kinetic parameters
of the blockage of a single PA63 channel by G2 75% OH 25% NH2 PAMAM dendrimer and G3-NH2

dendron (Figure 1B). It has been demonstrated that a favorable therapeutic window for dendrimers
can also be achieved by either partial surface modification, aiming to lower amino group density, or by
degradation of the dendrimers to “imperfect” dendrimers or fractured dendron-like branches [20]. The
channel-blocking activity of these two types of the “imperfect” dendrimers was previously investigated
on a multichannel level [5]. The mixed-surface G2 75% OH 25% NH2 PAMAM dendrimer that, on
average, had only four surface positive charges was about 17 times less active (IC50 = 122 nM vs. 7 nM)
than the 16+ charged G2-NH2 dendrimer, and its activity was comparable (IC50 = 122 nM vs. 128 nM)
with the 4+ charged G0 dendrimer. The structurally incomplete 4+ charged G1 dendron was about
26 times more effective (IC50 = 4.9 nM) than the 4+ charged G0 dendrimer (IC50 = 128 nM). The 8+
charged G2 dendron and G1 dendrimer had similar inhibitory activity. The five different commercially
available generation 2 dendrimers and one generation 3 dendron, investigated in this study, were
chosen with the purpose of specifically focusing on blocker terminal group chemistry and dendrimer
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flexibility. The number of terminal amino, hydroxyl, succinamate, carboxyl, or mixed OH/NH2 surface
groups was fixed and equal to 16.

B 

Figure 1. Inhibition of anthrax toxin by poly(amido amine) (PAMAM) dendrimers. (A) Oligomeric
PA63 channel, produced by B. anthracis (left), is responsible for translocation of lethal factor (LF) and
edema factor (EF) into the host cell. The cartoon is a simplified illustration of the early/late endosomal
stages of the LF and EF host cell transport. Second generation (G2) PAMAM dendrimers (right) tested
in this study. All shown G2 dendrimers have 16 terminal groups that could be charged positively
(G2-NH2), negatively (G2-COONa, G2-SA) or are neutral (G2-OH); (B) Schematic representation of
the mixed-surface G3-NH2 dendron (left) and G2 75% OH 25% NH2 dendrimer (right). Note that
in contrast to all other dendrimers, G2 75% OH 25% NH2 is not monodisperse and contains 75% of
terminal OH groups and 25% of terminal NH2 groups on average.

In this study, we investigated the oligomeric channel-forming B component of the anthrax toxin,
protective antigen (PA), as a multivalent target for the multivalent dendrimer binding. Traditionally,
PA, because of its main role in anthrax toxin uptake, has been one of the key targets for small
molecule and multivalent antitoxin development [21]. The AB type anthrax toxin is composed of three
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individually nontoxic proteins. The two A components, lethal factor (LF) and edema factor (EF), are
the intracellularly active enzymes. LF is a Zn-metalloprotease that cleaves MAP kinase kinases [22,23]
and Nlrp1 [24]. EF is a Ca2+ and calmodulin-activated adenylyl cyclase [25,26]. Protective antigen
(PA), named this way for its ability to elicit protective antibodies (the property utilized in the anthrax
vaccines), is a receptor for LF/EF binding, which mediates their translocation. The anthrax toxin
intracellular delivery occurs in several stages. After binding to its cellular CMG2 and/or TEM8
receptors and proteolytic cleavage to PA63, by extracellular furin, PA oligomerizes on the host cell
surface to form heptameric [27] and/or oligomeric ring-shaped pre-pores [28,29] creating three [30]
or four [28] LF and/or EF binding sites. After receptor-mediated endocytosis [31], the anthrax
toxin AB complexes are delivered to the acidic environment of the early endosome. There, the PA
oligomers undergo substantial conformational changes leading to their insertion in endosomal limiting,
and possibly in intraluminal vesicle membranes [32], eventually forming an extended 180-Å long
“flower-on-a-stem” cation-selective [33] channel with a 75 Å long bud and a 105 Å long stem and
radius varying from 16 Å to 3.5 Å [34]. This channel is generally believed to work as an effective
translocase that unfolds and allows for translocation of LF and EF into the cytosol under a pH gradient
across the late endosomal limiting membrane (pHendosome < pHcytosol) [35,36]. An alternative model
suggests that the anthrax toxin catalyzes the rupture of the endosomal membranes, which leads to the
consequent delivery of the toxin complexes into the cytosol [37].

2. Results

2.1. Two Modes of G2-NH2 PAMAM Dendrimer Inhibition of PA63 Channel

Figure 2 illustrates the bimodal effect of G2-NH2 PAMAM cis-solution addition on the ionic
current through a single PA63 channel incorporated into planar lipid bilayer membranes. To obtain
reliable statistics on G2-NH2/PA63 interaction, we performed the single channel measurements in
1 M KCl. A decrease in salt concentration led to a dramatic increase in the blocker lifetimes, suggesting
the involvement of the long-range Coulomb interactions. Quantitative analysis of the process at
lower, e.g., physiological salt concentrations, proved impossible over the course of our experiments.
Previously, the PAMAM dendrimers were reported to be ~100–900 times more effective when added
to the cis-side of the membrane, which is also the side of PA63 addition [5]. PA63 insertion was shown
to be almost exclusively unidirectional [2,9,33], with the bud, LF/EF binding part of the channel,
facing the cis-side solution (corresponding to the endosome interior), and the stem part facing the
trans-side solution (corresponding to the cytosol or ILV interior). The single channel current recordings
show that, in a manner similar to the cationic β-cyclodextrin [14] and G1-NH2 PAMAM dendrimer
blockers [5], the G2-NH2 inhibitive action is bimodal (Figure 2A). Firstly, G2-NH2 addition generates
complete but reversible blockages of ion current through a single channel (marked with two blue ovals,
Figure 2A). Frequency of these events increases in a concentration-dependent manner and is a strong
function of the applied transmembrane voltage (Figure 2B). Note: cis-positive sign of the applied
transmembrane voltages corresponds to the inside-positive voltage gradient across endosomal limiting
membranes. Secondly, G2-NH2 addition led to a dramatic increase in the voltage-dependent gating of
PA63 channels (Figure S2), seen as prolonged closing events (marked with red ovals, Figure 2A, middle
and right). Higher concentrations of G2-NH2 and higher voltages compared to the ones reported
earlier (KD = (7.2 ± 4.7) × 10−9 M at V = 20 mV) in the multichannel systems were needed because of
the increased supporting electrolyte concentrations (1 M vs. 0.1 M) that, by electrostatically screening
charges on both the blocker and the channel, weakened blocker binding.
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Figure 2. Modulation of a single PA63 channel current by G2-NH2 PAMAM dendrimer. (A) Two modes
of G2-NH2 action on a single PA63 channel. In the absence of G2-NH2 (left), PA63 remains in an open
state. Fast flickering between the open and closed states (the so-called 1/f noise) is mostly but not
completely removed by averaging over a time interval of 50 ms. In the presence of two different
G2-NH2 concentrations (middle and right), both blocker-induced reversible blockage and prolonged
voltage gating events are seen. Recordings were taken at 100 mV applied voltage; (B) First mode of
action. In the absence of the blocker (top) the ion movement is determined by the geometry and surface
properties of the PA63 pore. In the presence of G2-NH2 in the cis compartment of the bilayer chamber
(three following rows), the channel gets reversibly blocked. At higher concentrations of G2-NH2

(bottom) the blockages, which are seen as downward spikes, are more frequent. The probability of
finding PA63 in the blocked state increases with cis-positive transmembrane voltage increase (50, 70,
and 100 mV are shown). Current tracks were averaged over a time interval of 2 ms; (C) Power spectral
densities of the G2-NH2–induced PA63 current fluctuations (spectrum in grey) can be fitted by a single
Lorentzian at frequencies of <1000 Hz in contrast to 1/f noise in the absence of G2-NH2 (spectrum in
green). A clear deviation from a single Lorentzian dependence at f > 100 Hz could to some degree be
explained by the 1/f noise and the partial dendrimer degradation and breakage with formation of the
imperfect cationic substrates, capable of blocking PA63 channels with shorter lifetimes (mass spectra
and NMR characterization is given in Figures S5 and S6). Inserts: 1-s current tracks averaged over
a time interval of 0.2 ms for blocker-free (bottom left) and 8.5 μM G2-NH2 (upper right) recordings.
All-point histograms are shown to the right of the recordings; popen and pbl denote the probability of
the PA63 channel being in conductive and non-conductive states, respectively. Applied voltage was
100 mV; dashed lines represent zero current levels.

The fast reversible current fluctuation induced by G2-NH2 in the parts of current tracks with
excluded voltage-dependent gating can be described as a two-state memoryless Markov process, where
both the residence time in the blocked state and the channel lifetime in the unblocked state (the time
between blockages) are described by exponential distributions. This is demonstrated by the Lorentzian
shape of the power spectral density of G2-NH2-induced current fluctuations at f < 1000 Hz (Figure 2C,
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spectrum in grey fitted by the smooth blue solid line through the experimental curve). This relatively
straightforward kinetic analysis was to a certain extent complicated by a number of factors, namely the
two types of complex non-Markovian channel gating described in detail previously [14,15]. The first
type of gating is induced by the applied voltage that brings the PA63 channel into a nonconductive
state, which seems to be characteristic for β-barrel channels in general [38]. This voltage dependent
gating was especially prominent at cis-side negative voltages [33]; thus applied voltages as low
as − (10–20) mV led to the prolonged channel closures. The fact that the β-barrel PA63 channel tends to
stay closed when positioned under non-physiological inside-negative voltage gradients, adds fuel to
the little rusty but still very interesting debate about the significance [39] and mechanism [40] of voltage
gating for the unconventional channel [41] function. Note that while some researchers show that the
voltage-dependent β-barrel channel closure represents nothing more than an artifact of bilayer lipid
experiments [42], others report clear evidence of physiological significance of voltage gating in β-barrel
channels [43,44]. In one way or another, this circumstance has largely limited our ability to collect
reliable statistics on channel/blocker binding reaction at negative and high positive voltages, especially
because in many cases the dendrimer addition has significantly enhanced the voltage sensitivity of
the channel. The second type of PA63 non-Markov gating is the so-called voltage-independent fast
flickering 1/f noise between the open and completely closed states that was earlier described as a
universal intrinsic property of the pore-forming components of AB type toxins, PA63, C2IIa, and Ib,
both at the single [2,3,14,15] and multi-channel [8,9] level. The current noise power spectrum of the
non-modified PA63 channel contains a 1/f -like voltage-independent [14,15] component (Figure 2C,
see the spectrum in green and the corresponding current track (left insert) shown at 0.2 ms time
resolution). Even though the 1/f flickering is not among the immediate points of interests of the
current publication, the universality of the 1/f flickering and the fact that the F427A mutant of PA63,
which lacks the φ-clamp [7] and therefore A-component translocation functionality, was devoid of the
1/f noise behavior, deserves to be studied more closely. Within the limits of this study, we had to be
very careful to uncouple the 1/f fast-flickering events and the dendrimer-induced reversible blockages,
especially under conditions where the closed time distributions of these events partially overlap. For
example, in Figure 2A (left) we show several relatively long 1/f flickering events that are still seen
even at low, 50 ms time resolution. To quantify kinetic parameters of the G2-NH2-induced reversible
blockages, we primarily used current noise spectral analysis (Figure 2C) instead of the direct counting
of open and closed event durations. The direct counting approach does not allow us to distinguish
between open times of the 1/f noise closures and the dendrimer-induced reversible blockages, because
a combined open time distribution for these two processes was single-exponential, which may be
explained by the fact that there is only one open state of the channel. The average lifetime of G2-NH2

in the channel pore (tres) and average time between blockages (ton) were found correspondingly as
tres = 1/2π fc (1 − pbl) and ton = 1/2π fc pbl, where fc is the corner frequency of Lorentzian and pbl is the
probability of finding PA63 in the blocked state [45]. Ideally, the probability of the channels being in
the blocked state could be directly determined as pbl =

I0−Iave
I0

, where I0 is the ion current through the
completely open channel, and Iave is the average ion channel current modified by the blocker. However
here, to account for the 1/f fast flickering, the equation was corrected, assuming independence of

these two processes as follows: pbl =
I f ree
ave −Iave

I f ree
ave

, where I f ree
ave is the average current through the PA63

channel measured in blocker-free solutions [14]. Note: to determine I f ree
ave and Iave, the prolonged

voltage gating closures (both intrinsic and dendrimer-induced) were excluded from the open and
closed states probability analysis.

The second mode of dendrimer-induced current inhibition was hard to describe quantitatively
because the blocker-induced channel closures often appeared to be irreversible, lasting for minutes
or longer. To reopen the channel, we either had to apply 0 mV or to reverse the voltage sign (shown
in Figure 2A, middle) which did not allow us to collect reliable statistics on kinetic parameters of the
second mode of channel blockage. Moreover, as described above, the voltage-induced closures were
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also recorded in the absence of blocker, and voltage-sensitivity and probability of finding a channel in
the closed state varied from channel to channel. However qualitatively, this process evinced all the key
characteristics of the voltage-induced gating of β-barrel channels, such as strong voltage dependence,
prolonged closures (minutes), and difficulties in reopening channels even when voltage was reduced
to zero. Paradoxically, channel reopening was often possible with abrupt second-long pulses of high
voltages of opposite sign (marked in Figure 2A, middle track), that, in turn, also induced voltage
dependent closures if applied longer.

2.2. Role of PAMAM Dendrimer Surface Chemistry in PA63 Blockage

The common mechanism of inhibiting cation-selective PA63 involves blockage of the channel’s
lumen by positively charged molecules [2,3,5,7,9,10,14,33,46,47]. However, on a multichannel level
in 0.1 M KCl, it has been demonstrated that G2 and G3 PAMAM dendrimers functionalized with
surface hydroxyl groups (G2-OH and G3-OH) inhibited PA63 channels in a concentration-dependent
manner [5]. The IC50 values were about 20 (Table 1) and 9 times lower compared to those of G2-NH2

and G3-NH2, respectively. Typical multichannel titration curve analyses are given in Figure S3.
Interestingly, even in the presence of PAMAM dendrimer functionalized with negatively charged
carboxyl surface group (G1-COONa, but named G0.5 by the manufacturer), some small current
decrease was recorded, though compound activity was not high enough to reach 50% inhibitory
concentrations. In order to understand how the PA63 channel selects among the PAMAM dendrimer
blockers, here we investigated kinetic parameters of the binding reaction directly comparing G2-NH2,
G2-OH, G2-SA, and G2-COONa PAMAM dendrimers binding to PA63 on a single channel level
(Figure 3 and Figure S4). As before, the single channel measurements are performed in 1 M KCl
(Figure 3).

Table 1. Inhibition of PA63 channel ion current by intact G2 PAMAM dendrimers and G3 PAMAM
dendron expressed as experimental IC50 values.

PA63/PAMAM Dendrimer Binding Reaction, IC50

G2-NH2 G2-OH G2-SA G2-COONa G2 75% OH 25% NH2 G3-NH2 Dendron

0.1 M KCl 7.2 ± 4.7 nM 142 ± 36 nM 879 ± 50 μM >14 mM 122 ± 35 nM 16.4 ± 4.0 nM
1 M KCl 5.1 ± 2.6 mM >30 mM 1.7 ± 0.2 mM not determined 7.7 ± 0.2 mM 7.8 ± 1.0 mM

All data were calculated as means from at least two separate multichannel experiments; the errors are standard
deviations. 0.1 M and 1 M KCl solutions at pH 6 were buffered by 5 mM MES. Recordings were taken at 20 mV
applied voltage, which was cis-side positive. Note: because G2-COONa activity in 0.1 M KCl was too low to
reliably detect IC50, we did not attempt to perform experiments in 1 M KCl bathing solutions, where charges on
both the channel and the dendrimer were to a certain extent screened by the bathing solution counterions.

Figure 3A gives four representative recordings of a single PA63 channel current modified by
different concentrations of G2-NH2, G2-OH, G2-SA (three lower rows) compared to dendrimer-free
solution (top). When added to the cis compartment solutions, all dendrimers reversibly blocked
the channel, with cis-positive transmembrane voltages significantly enhancing the blockage with
G2-NH2 and G2-OH, but not G2-SA (Figure 3B,C). Two modes of G2-NH2-induced current blockage
are evident at a very low sub-μM blocker concentration at 100 mV applied voltage. In the presence of
0.35 μM of G2-NH2, probability of finding the channel in the closed state increases to 35% (second row)
compared with 0.3% in the dendrimer-free solution (first row). G2-OH dendrimer addition (third row)
causes similar complete but reversible channel closures (first mode of blockage), however more
than 2000 times higher blocker concentrations were required to increase probability of the closed
state to 20%. At voltages ≥100 mV, we also detected the second mode of channel closure (voltage
gating events), however this effect was significantly less pronounced compared to the one observed
for G2-NH2. At comparable sub-mM concentrations and 100 mV, G2-SA, modified with negatively
charged surface groups, (fourth row) shows only weak interaction with probability of closed state
equal to 2%. We could not detect any concentration-dependent channel fluctuations upon addition of
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G2-COONa to the cis compartment of the bilayer chamber. Instead, high concentration of G2-COONa
(3 mM) caused membrane instability and, eventually, breakage (Figure S4).

Figure 3. Influence of the PAMAM dendrimer surface chemistry on the PA63 single channel current
inhibition. (A) PA63 channel current tracks in the absence (top) and presence of G2-NH2, G2-OH,
and G2-SA PAMAM dendrimers in the cis side of the bilayer chamber (three lower rows). In the
dendrimer-free solution, the channel remains open with only 0.3% probability of being in the closed
state (pbl) due to intrinsic 1/f noise flickering (mostly filtered). Addition of G2-NH2 (second row)
induces two modes of PA63 current blockage, fast reversible fluctuations and longer voltage gating
type of closures (marked by “*”). At 0.35 μM G2-NH2, the probability of finding the channel in
the closed state increases to 35%. The addition of 800 μM G2-OH (third row) causes fast reversible
blockages, whereas the voltage gating events are less pronounced; the probability of finding PA63 in
the closed state is 20%. G2-SA addition (bottom row) causes reversible blockages at similar sub-mM
concentrations, with a 2% probability of finding PA63 in the closed state. Applied voltage was 100 mV;
current tracks were averaged over a time interval of 10 ms. The dashed lines represent zero current
levels; (B) Residence times of dendrimer binding reaction plotted as functions of transmembrane
voltage. While residence time of G2-OH (filled squares) increases exponentially with voltage (solid line
through the data points), residence times of G2-NH2 (filled circles) and G2-SA (open triangles) show
more complex progression, increasing and decreasing with the voltage increase respectively. The data
were split into two voltage intervals and fitted with two separate exponents (solid lines) (C) On-rate
of dendrimer blockage defined as the inverse of the average open channel life time as a function of
voltage for G2-NH2 (filled circles), G2-OH (filled squares), and G2-SA (open triangles) blockers. Note
the voltage sensitivity of kon for all three dendrimers and the significantly higher absolute values of the
on-rate constant in the case of G2-NH2.
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2.3. The Rate Constants of Dendrimer’s First Mode of Binding Reaction are Voltage Dependent

For all three blockers, the on- and off-rate constants of the PA63/dendrimer binding reaction
varied with the applied voltage (Figure 3B,C). The shown data were obtained with power spectral
analysis of the reversible current fluctuations, using the fitting by single Lorentzian spectra as described
above (Figure 2C). For voltages ≥130 mV, when strong blocker-induced voltage gating (second type
of blockage) prevented us from collecting long current recordings suitable for the power spectral
analysis, the data were analyzed by averaging over direct measurements of blocked and open event
durations. The on-rate was calculated as kon = 1/toncPAMAM, where ton is time between successful
blockages, and cPAMAM is dendrimer bulk concentration. While in the case of G2-OH, the dendrimer
with the positively charged tertiary amine interior and neutral hydroxyl surface groups, tres was shown
to increase exponentially (linear fit in the semi-logarithmic scale in Figure 3B), in the case of the “highly”
cationic G2-NH2 binding, we observed non-exponential voltage dependence of tres (fitted with two
linear dependences in Figure 3B). The binding time in the presence of G2-SA, the dendrimer that is
made of the positively charged PAMAM core and 16 negatively charged succinamate surface groups,
was shown to have inverse voltage dependence, with the tres binding time decreasing with cis-positive
voltage decrease. Figure 3C shows the on-rate dependence of the PAMAM dendrimer/binding reaction
on the applied voltage. Interestingly, for all three dendrimers we observed a voltage-dependent
increase in the binding reaction rate constants (Figure 3C), which indicates that high voltages make
PAMAM dendrimer capture by the PA63 easier. At the same time, kon, and, therefore the number of
individual blockage events, was drastically higher for G2-NH2 compared with both G2-OH and G2-SA.

2.4. PA63 Blockage by Imperfect Cationic PAMAM Dendrimers

Activity of PAMAM dendrimers was previously shown to increase dramatically when they were
degraded at the amide linkage, to a heterodisperse population of dendrimers of different molecular
weights [20]. These less sterically constrained and hence, more flexible, “imperfect” dendrimers were
reported to show significantly enhanced transfection activity compared to the intact dendrimers.
To test if a similar effect could be achieved with the pore blockage, we previously investigated the
channel blocking activity of two different types of “imperfect” PAMAM dendrimers. First, we tested a
mixed-surface G2 75% OH 25% NH2 charge-dispersed PAMAM dendrimer, where the proportion of
the positively charged surface amino groups was only 25% on average. In 0.1 M KCl, this dendrimer
was about 17 times less active against PA63 compared to G2-NH2. A notable increase in the blocker’s
activity was achieved with the structurally incomplete 8+ charged G2 dendron, which was about
26 times more active, compared to the 8+ charged G1-NH2 dendrimer [5]. Here we investigate the
G2 75% OH 25% NH2 dendrimer activity and also use the 16+ charged G3-NH2 dendron to directly
compare their activity with the 16+ charged G2-NH2 dendrimer on a single-channel level (Figure 4).
In a manner similar to G2-NH2 intact dendrimers, the inhibitive action of the G2 75% OH 25% NH2

dendrimer and G3-NH2 dendron was bimodal. Both the short reversible blockage events and the
prolonged closures were detected after the addition of sub-μM concentrations of either of these two
imperfect dendrimers to the cis-compartment solutions (Figure 4A). While the effective concentrations
were comparable to those used for G2-NH2 (and significantly lower compared to G2-OH and G2-SA),
the voltage sensitivity of the binding reaction on-rates was substantially different (Figure 4B,C).
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CB 

Figure 4. Modulation of a single PA63 channel current by imperfect G2-75% OH 25% NH2 dendrimer
and G3-NH2 dendron. (A) The sub-μM addition of G2 75% OH 25% NH2 dendrimer (middle) and
G3-NH2 dendron (bottom) to the cis-side of the bilayer chamber results in PA63 current inhibition.
Two modes of the blocker action are clearly seen. In the absence of a blocker (top), the channel is open;
the intrinsic 1/f flickering events are mostly filtered by averaging over a time interval of 50 ms. Applied
voltage was 100 mV, measurements were performed in 1 M KCl. The dashed lines represent zero
current levels; (B) Residence time of imperfect G2 75% OH 25% NH2 dendrimer (open hexagons) and
G3 dendron (filled diamonds) binding increases exponentially with voltage increase. Residence time
for G2-NH2 dendrimer (filled circles) is as discussed in Figure 3B; (C) On-rate constant as a function
of voltage increases and then shows saturation at V > 100 mV in the case of G2 75% OH 25% NH2

dendrimer and G3 dendron, but not with G2-NH2 where it continues increasing.

3. Discussion

3.1. Two Modes of G2-PAMAM Dendrimer Inhibition of PA63 Channel

In this paper, we used the single channel planar lipid bilayer technique to present evidence
that second generation PAMAM dendrimers inhibit the PA63 channel of anthrax toxin by ion current
blockage. For all tested G2 PAMAM dendrimers and the G3-NH2 PAMAM dendron, the channel
current inhibition was bimodal. The first mode of the ion current inhibition was observed in the form
of complete (100% of total channel conductance) but reversible ion current fluctuations that were
described by a two-state Markov process, with one state being an open, dendrimer-free state and
second state being a blocked, dendrimer-bound state. Interestingly, not only the three tested cationic
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blockers (intact G2-NH2, mixed surface 75% OH 25% NH2 dendrimers, and G3-NH2 dendron) but
also G2-OH and G2-SA dendrimers (functionalized, respectively, with neutral and negatively charged
terminal groups) reversibly blocked the K+ current through PA63, apparently physically entering the
channel’s permeation pathway. Figure 5 summarizes the equilibrium dissociation constants for all
five blockers that were calculated using the blocker/channel binding reaction kinetic constants shown

in Figures 3 and 4 as KD =
ko f f
kon

, where ko f f = 1
tres

. It can be seen (Figure 5) that G2-NH2 activity
significantly exceeds (lower KD values) that of G2-OH and G2-SA, which is mostly determined by
the dramatically higher on-rates of the G2-OH/PA63 and G2-SA/PA63 binding reactions rather than
by the reactions’ off-rates. Thus, under 50 mV of applied voltage, tres of G2-OH was about 10 times
lower, and tres of G2-SA was comparable with that of G2-NH2 (Figure 3B). The on-rates were about
three-fold and two-and-a-half-fold higher for G2-NH2 compared with G2-SA and G2-OH, respectively
(Figure 3C). In contrast, the on-rate of the binding reaction was nearly identical when G2 75% OH 25%
NH2 dendrimer and G3-NH2 dendron were investigated and compared with G2-NH2 dendrimer at
50 mV (Figure 4C).

g

Figure 5. Equilibrium dissociation constants of the PAMAM dendrimer binding reaction to a single
PA63 pore plotted as a function of applied transmembrane voltage. Note that only first mode of
blockage type events were considered. KD values significantly decrease with voltage (stronger binding)
for all the shown blockers, except G2-SA. The G2-OH dendrimer KD values are significantly higher
(less effective binding) compared to those for G2-NH2, G2 75% OH 25% NH2 dendrimers and the
G3-NH2 dendron. The experiments were performed in 1 M KCl at pH 6.

In addition to the reversible two-state Markov process blockage events, all five blockers caused
long voltage-dependent PA63 closures that, in many aspects, resembled the typical characteristics of
the classical voltage gating of β-barrel ion channels [42] (Figure S2). The quasi-irreversible character
of the voltage gating allowed us to perform only qualitative analysis of this type of blocker-induced
closure. In a manner similar to the reversible Markov PA63 blockage process, the voltage gating type
of closures appeared to be stronger when the dendrimers were decorated with positively-charged
terminal groups and was very weak in the case of G2-SA (see e.g., Figure 3A where no voltage
dependent closures are seen in the presence of 660 μL of G2-SA over ~50 s recording). Previously, we
described the two similar modes of the blocker-induced channel inhibition with the 7-fold symmetrical
β-cyclodextrin inhibitors [14,15]. Because the molecular mechanism, possibly a universal one, of the
voltage gating observed for many functionally distinct β-barrel channels in planar lipid bilayers has
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yet to be clarified [40] and its physiological relevance has been called in question [39], we cannot
make a strong judgement on the biological importance of the second mode of the dendrimer-induced
PA63 current inhibition. However, we want to emphasize that when we attempted to study the
dendrimer and cyclodextrin binding reaction single-channel kinetics at low, close to physiological salt
concentrations (e.g., in 0.1 M solutions), the second type of the current inhibition was very strong. This
led to prolonged and complete channel closures at very low, (20–50) mV applied voltages, precluding us
from performing kinetic investigation of the PA63/multivalent blocker binding reaction. For the same
reason, we had difficulties studying the first type of the blockages at voltages >(150–180) mV, because
the quasi-irreversible voltage gating events were observed at extremely low blocker concentrations
(0.01–0.1 nM) when the number of the first type of reversible blockage events was too low compared to
the natural 1/f current fluctuations of this very complex channel. Previously we reported a reasonably
good linear correlation (R = 0.84) between activity of the PA63 channel cyclodextrin inhibitors in RAW
264.7 cells and in the multichannel reconstitution assays [48], allowing us to suggest that the second
voltage gating type of closures is physiologically relevant. Moreover, the strong asymmetry that we
and others observed in non-modified PA63 voltage gating with the voltage sign (the channel tends
to close even at very low cis-negative voltages) [33,49], suggests that the voltage gating could be an
internal tool for PA63 to stay closed when being occasionally inserted into off-target bilayers.

Note that the KD data in Figure 5, when approximated to 20 mV, are higher compared with the
equilibrium IC50 values measured at 20 mV (Table 1). All the blockers appear to be more effective
when used at the multichannel level. The explanation of this apparent discrepancy is simple and
identical to the one previously suggested for the PA63/7+β-CD binding reaction [14]. The IC50 values
measured at the multichannel level contain both the fast reversible dendrimer-induced blockage events
(first mode of dendrimer action) and the prolonged voltage gating closures (second mode of action),
whereas the voltage gating events were intentionally excluded from binding reaction kinetics analysis
at the single channel level. As discussed before, we believe that the second mode of PA63 current
inhibition is related to the voltage gating of β-barrel channels, well-known to any electrophysiologist
who works with these channels. It appears that β-CD and dendrimer addition significantly lowers the
so-called “critical voltage” needed for the channel gating. Because we currently lack understanding
of the voltage gating mechanism, we cannot comment on the physiological relevance of this second
mode of current blockage (frequently a more intense one) in anthrax toxin inhibition. Note that the
β-CD and dendrimer blockers were previously shown to effectively protect cells [2,3] and animals [50]
against the anthrax toxin.

3.2. Voltage Dependence of the Reversible Dendrimer/PA63 Interaction

With all previously tested β-cyclodextrin PA63 blockers, nearly exponential (linear in semi
logarithmic scale) voltage dependence of tres was reported with almost identical voltage sensitivity
between two tested 7+ charged β-CD blockers, whereas the kon values were only weakly
voltage-dependent [14,15]. Moreover, it was the off-rate and not the on-rate that mainly determined
the earlier reported difference in 7+β-CD potency. Details of the mechanism of the PAMAM
dendrimer-induced PA63 current blockage are different. Thus in the case of G2-OH, the dendrimer
with a positively charged tertiary amine interior and neutral hydroxyl surface groups, tres was shown
to increase exponentially with voltage (linear fit in the semi-logarithmic scale in Figure 3B, filled
squares) with the slope of the logarithm of the lifetimes versus voltage dependence dlgtres/dV =

(25 ± 0.6)× 10−3 (mV)−1. In contrast, with the “highly” cationic (16 terminal amino groups) G2-NH2,
we observed a non-exponential tres increase with voltage. The tres voltage dependence data were
broken into two intervals and each was fitted with a single exponent (shown as two linear dependences
in the semi-logarithmic scale in Figure 3B, filled circles). The slopes of the logarithm of the lifetimes
versus voltage dependence for low and high voltages were: dlgtres/dV = (22 ± 2)× 10−3 (mV)−1

at low cis-positive voltages and dlgtres/dV = (35 ± 2)× 10−3 (mV)−1 at high cis-positive voltages.
The binding time in the presence of G2-SA, the dendrimer that is made of the positively charged
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PAMAM core and 16 negatively charged succinamate surface groups, was shown to have inverse
voltage dependence, with the tres decreasing with cis-positive voltage decrease. The G2-SA residence
time voltage dependence was also approximated with two separate single exponential dependences
(Figure 3B, open triangles), one at lower voltages (dlgtres/dV = −(12 ± 1) × 10−3 (mV)−1) and
another at higher voltages (dlgtres/dV = −(4.2 ± 0.9) × 10−3 (mV)−1). It appears that the high
cis-positive and high cis-negative applied voltages increase voltage sensitivity of the PA63/G2-NH2

and PA63/G2-SA binding reactions, respectively. Thus, the tres/voltage dependence data could be
used to determine the so-called effective “gating charge” [51], a parameter characterizing sensitivity of
the blockage reaction to voltage [52], as δz = kBT d2.303lgtres

dV . Here, δ is the dimensionless “apparent
electrical distance” to the blocking site, z is the blocker charge, V is the applied voltage, and kB and T
have their usual meaning as the Boltzmann constant and absolute temperature (in degrees Kelvin),
respectively. The G2-OH binding could be characterized by δz = 1.50 ± 0.03 elementary charges,
the G2-NH2 binding by δz = 1.3 ± 0.2 (low voltage) and δz = 2.10 ± 0.07 (high voltage) elementary
charges, and G2-SA binding by δz = −0.72 ± 0.08 (low voltage) and δz = −0.25 ± 0.05 (high voltage)
elementary charges. The twisted residence time voltage dependence observed with G2-NH2 and
G2-SA but not with G2-OH could tentatively be explained by structural reorientation of the terminal
amino and succinamate groups or solvation structure (shell water and counterions) reorganization
under the applied electrostatic field. Interestingly, kon increases as a function of voltage (Figure 3C)
showing that high voltages facilitate dendrimer delivery to the binding site, in contrast to the very
weak voltage dependence of the binding reaction on-rate reported earlier for 7+β-CDs but in a manner
similar to that reported for alpha-synuclein/α-hemolysin binding reaction [53]. Surprisingly, we also
observed a slight increase in the on-rate with cis-positive voltage increase even for G2-SA dendrimer,
which carries 16 negatively-charged terminal groups.

We have also investigated the role of the so-called “imperfect” dendrimers in the PA63 blockage
dynamics using G2 75% OH 25% NH2 dendrimer which, on average, has only four terminal positive
charges and G3-NH2 dendron decorated with 16 positively-charged terminal groups. The residence
times of the blockers inside the channel changed exponentially with voltage showing more shallow
slopes compared with those earlier discussed for G2-NH2: dlgtres/dV = (16.8 ± 1.5)× 10−3 (mV)−1

for the G3-NH2 dendron and dlgtres/dV = (9.1 ± 0.3) × 10−3 (mV)−1 for G2 75% OH 25% NH2

dendrimer (Figure 4B). These two systems can be characterized by the effective “gating charge”
δz = 0.92 ± 0.16 (G2-NH2 dendron) and δz = 0.53 ± 0.03 (G2 75% OH 25% NH2) elementary charges
showing weaker residence time voltage sensitivity compared to G2-NH2. At the same time at voltages
<80 mV, G3-NH2 dendron lifetime is comparable and G2 75% OH 25% NH2 lifetime is even higher
than that for G2-NH2 (Figure 4C). At V < 120 mV the binding reaction on-rates are comparable
for all three blockers, however at V > 120, ton shows only weak voltage dependence for both the
imperfect dendrimers.

4. Conclusions

Since their discovery in 1985 by Tomalia [54,55], PAMAM dendrimers have been the subject
of thorough theoretical and experimental investigation in soft-matter physics, not only due to their
seemingly high commercial potential but also because of their unique “ultrasoft colloid” properties
bridging the gap between polymers and hard spheres [56]. PAMAM dendrimer conformational
flexibility in solutions and the effect of solvent and pH on their structure, swelling, charge, counterion
distribution, degree of protonation, and deformability have been addressed in a significant number of
publications [57–71]. At the same time, single channel studies investigating specifics of the dendrimer
dynamics in ion channel confinement are limited. In 2000, a rapid nuclear pore sizing patch-clamp
method based on the calibrated fluorescently-labeled amino-terminated dendrimers was described [72].
In 2007, sulfhydryl-reactive poly(amido amine) G2, G3, and G5 dendrimers of second, third and fifth
generations decorated with a mixed surface of terminal hydroxyl and amine groups were designed to
interact with α-hemolysin channels that contained engineered cysteine residues [73], with the ultimate
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goal of modifying the stochastic-sensing properties of α-hemolysin upon addition of the charged
and dense dendrimers into its lumen. The dendrimers acted as both an ion-selectivity filter and a
molecular sieve, regulating the passage of small- and macromolecules. In 2013, polypropylenimine
dotriaconta-amine G3 and G4 dendrimers were tested against the E. coli E69 pore-forming Wza K30
capsular polysaccharide transporter; however, no detectable inhibitory activity was reported [74].
In 2014, PAMAM dendrimers were reported to effectively block the ion-channel forming components
of the anthrax and C2 toxins using planar lipid bilayer measurements and cell assays [5]. More
recently, α-hemolysin/PAMAM dendrimer system was used to investigate the molecular process of
ion channel confinement and its effect on dendrimer conformation using single channel measurements
and molecular dynamics simulations [75]. The authors have shown that the electrophoretic migration
of the polycationic dendrimers into a confined space is determined by the generation-dependent
compressibility of the dendrimers rather than by their diameter. The ion channel nanoscale confinement
had also reduced the PAMAM dendrimer protonation. Just recently, fully atomistic molecular dynamics
simulations were used to investigate pH-dependent blockage (the authors call it “gating”) of the
cytolysin A pore by PAMAM dendrimers [76]. The protonated dendrimers were able to adapt a
more extended conformation, effectively blocking about 91% of the channel current, whereas the
non-protonated dendrimers were more compact, which created some void space for water and ion
passage and about 31% reduction in current.

In this study, we investigated the effect of the PAMAM dendrimer surface chemistry and structural
integrity on their ability to enter and block the ion (and probably lethal and edema factor) translocation
pathway of the anthrax toxin channel. Considering the electrostatic nature of the cationic blocker
interaction with the strongly cation-selective PA63 pore, it comes as no surprise that the residence time
of the dendrimer/channel binding reaction turned out to be dependent on both blocker chemistry
and transmembrane voltage. One of the unforeseen findings made in this study is the increase in the
dendrimer capture rate (the binding reaction on-rate) with the trans-negative voltage increase and the
strong on-rate dependence on dendrimer surface chemistry. Indeed, the on-rate, which is proportional
to the number of effective binding events, is traditionally believed to be determined by a correlation
between the particle size and the channel entry area (or squared radius). The applied electrical field that
falls primarily across the channel (traditionally, across the membrane) is not expected to significantly
influence the capture kinetics at distances greater than 3 Å away (1 Debye length in 1 M KCl) from
the channel entrance. Thus, previously reported strong voltage sensitivity of a particle capture for the
tubulin/VDAC [77] and alpha-synuclein/α-hemolysin [53] binding reactions was explained by the
tubulin and alpha-synuclein interaction with the bilayer lipid membranes as an essential first step
before the channel lumen binding. This explanation is clearly not appropriate for dendrimer/PA63

binding because of its compact nature. The size of the blocker (29 Å) and extremely elongated structure
of the PA63 channel [34] means that it may extend to a distance greater than 100 Å above the membrane
surface. Nevertheless, PAMAM dendrimers were previously shown to interact with the bilayer lipid
membranes [78,79], and this therefore leaves room for the possible membrane-binding related effects
on the ion channel conductance. For example, the blocker-induced PA63 voltage gating (the second
mode of action), shown to depend on both the multivalent blocker [5] addition and the bilayer lipid
composition [14], may originate from the dendrimer/membrane interaction process. At the same time,
with the exception of G2-COONa (Figure S4), we did not observe any significant membrane instability
upon PAMAM dendrimer addition to the membrane bathing solutions.

5. Materials and Methods

5.1. Reagents

PA63 was purchased from List Biological Laboratories, Inc., (Campbell, CA, USA). The following
chemical reagents were used: KCl, MES, KOH, and HCl (Sigma-Aldrich, St. Louis, MO, USA), “purum”
hexadecane (Fluka, Buchs, Switzerland), diphytanoylphosphatidylcholine, (DPhPC, Avanti Polar lipids,
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Inc., Alabaster, AL, USA), pentane (Burdick and Jackson, Muskegon, MI, USA), and agarose (Bethesda
Research Laboratory, Gaithersburg, MD, USA). MQ water was used to prepare solutions. Primary
amine (generation 2) and hydroxyl (generation 2) PAMAM dendrimers, commercially available at
Dendritech, Inc., (Midland, MI, USA) as w/w H2O solutions, were a kind gift from Dr. Sergey Bezrukov.
G3 primary amino dendrons, mixed-surface 75% OH 25% G2-NH2 dendrimers, G2 carboxylate-Na
terminated PAMAM dendrimers and G2 succinamic acid terminated PAMAM dendrimers were
purchased from Dendritech, Inc. (Midland, MI, USA) as w/w H2O solutions. Note that G2-COONa
dendrimers were named G1.5 by the manufacturer because instead of only the terminal amino groups
(like in the case of G2-NH2 vs. G2-OH substitution), all –NH–CH2–CH2–NH2 end groups were
replaced with the COONa substituents, shortening the terminal chain of each branch by about a
half. Dendritech, Inc has provided us with the analytical measurements on their PAMAM dendrimer
products which are given in Figures S5 and S6. However even though mass spectrometry is often
considered as the main method to characterize the presence and nature of defects in the dendrimer
structure, it was demonstrated that “dendrimer purity needs to be interpreted with care and may be
misleading in the sense that falsely negative results are obtained” [80].

5.2. Channel Reconstitution into Planar Lipid Bilayers

To form solvent-free planar lipid bilayers with the lipid monolayer opposition technique [81],
we used a 5 mg/mL stock solution of diphytanoylphosphatidylcholine (DPhPC) in pentane. Bilayer
lipid membranes were formed on a 60-μm-diameter aperture in the 15-μm-thick Teflon film that
separated the electrolyte chamber into two compartments, as described in detail elsewhere [14]. The 0.1
and 1 M aqueous solutions of KCl were buffered at pH 6 (5 mM MES) at room temperature (23 ± 0.5 ◦C).
Single channels were formed by adding 0.5 to 1 μL of 20 μg·mL−1 solution of PA63 to the 1.5 mL
aqueous phase in the cis-half of the bilayer chamber. Under this protocol, PA63 channel insertions
were always directional, as judged by channel conductance asymmetry in the applied transmembrane
voltage. Multichannel experiments were performed in 0.1 M and 1 M KCl solutions, buffered at pH 6
by 5 mM MES, at 20 mV applied voltage; ∼1−2 μL of 1 mg·mL−1 stock PA63 solution was added to
the cis-side of the chamber. The electrical potential difference across the lipid bilayer was applied
with a pair of Ag-AgCl electrodes in 2 M KCl, 1.5% agarose bridges. In all experiments, the PAMAM
dendrimers were added to the cis-compartment of a bilayer chamber, which was the side of PA63

addition. The cis compartment is believed to correspond to the endosome-facing “flower” side of the
channel. Single-channel measurements were performed at −50 to +180 mV. Multichannel experiments
were performed at 20 mV. The applied potential is defined as positive if it is higher on the side of
protein addition (cis-side). Conductance measurements were done using an Axopatch 200B amplifier
(Molecular Devices, LLC., Sunnyvale, CA, USA) in the voltage clamp mode. Signals were filtered
by a low-pass 8-pole Butterworth filter (Model 9002, Frequency Devices, Inc., Haverhill, MA, USA)
at 15 Hz for multichannel and 15 kHz for single channel systems and sampled with a frequency of
50 Hz and 50 kHz for multichannel and single channel experiments respectively. Amplitude, lifetime,
and fluctuation analysis was performed with ClampFit 10.2 (Molecular Devices, Sunnyvale, CA,
USA) and OriginPro 8.5 (OriginLab, Northampton, MA, USA) software, as well as with software
developed in-house.

5.3. Reproducibility of the Experiments and Statistics

All multichannel planar lipid measurements, performed to obtain the IC50 data shown in
Table 1, were repeated at least two times. Values are given as the means ± standard deviations.
The single-channel statistical analysis with G2-NH2, G2-OH, G2-SA dendrimers and G3 dendron was
performed with the power spectral analysis of hundreds of dendrimer-induced current fluctuation
events. At voltages >150 mV, because of the strong intrinsic and blocker-induced voltage gating,
collection of a significant number of the reversible binding events proved to be difficult. Therefore the
on- and off-rates were determined by averaging over lifetimes of several dozen events. Because
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of the wide distribution of lifetimes in the case of non-homogeneous G2 75% NH2 25% OH
dendrimer, the recordings were analyzed by averaging over the event lifetimes at all voltages.
The standard deviation for tres (SDtres ) and kon (SDkon ) were then determined by averaging over
2–6 recordings taken independently from different PA63 channel reconstitution experiments. The
standard deviations for KD values were calculated from SDs determined for the on- and off-rates as

SDKD = 1
treskon

√(
SDtres

tres

)2
+

(
SDkon

kon

)2
.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/11/337/s1,
Figure S1, Chemical structures of the PAMAM dendrimers used in this study. (A) Cationic PAMAM dendrimers
G2-NH2, with 16 positively charged terminal groups (left), G2-OH, with positively-charged PAMAM core and
neutral OH terminal groups (right). (B) G2 PAMAM dendrimers with negatively charged succinamate (left) and
carboxyl (right) terminal groups, G2-SA and G2-COONa respectively. (C) Imperfect G2 PAMAM dendrimers
G2 75% OH 25% NH2, with 12 neutral OH and 4 positively charged NH2 terminal groups on average (left), and
G3-NH2 dendron, with a fractured more flexible structure and 16 positively charged terminal groups (right).
Similar to the Figure 1B color coding, terminal primary amines are colored in red; core tertiary amines are colored
in green; terminal hydroxyl groups are colored in blue. The images were created using chemical drawing software
ChemDoodle 8.1.0, iChemLabs, LLC. Note that in contrast to all other dendrimers, G2 75% OH 25% NH2 is not
monodisperse and contains 75% of terminal OH groups and 25% of terminal NH2 groups on average. Figure S2,
Second mode of G2-NH2-induced modulation of a single PA63 channel current. At the relatively low applied
voltages (70 and 80 mV), PA63 mostly remains in an open state in the blocker-free solutions (left, two upper rows).
Fast flickering between the open and closed states (the so-called 1/f noise) is mostly removed by averaging over a
time interval of 100 ms. At 90 mV (left, low row), several pronounced voltage gating events are seen; pbl = 0.12.
In the presence of 0.35 μM of G2-NH2 (right), the voltage gating of the channel is significantly increased. Multiple
fast current blockages (first mode of dendrimer-induced current inhibition) are observed but they are partially
filtered over a time interval of 100 ms. Figure S3, Influence of the PAMAM dendrimer terminal group chemistry
on the PA63 channel inhibition studied on a multichannel level. (A) A typical dendrimer-induced PA63 inhibition
curve (shown for G2-OH dendrimer). G2-OH additions are marked with the downward arrows; total bulk
dendrimer concentration is indicated. The dashed line represents zero current level; (B) Typical multichannel
titration curves of the PA63 channel inhibition by G2-NH2, G2-OH, and G2-SA dendrimers. The dashed line
represents 50% of the original current level. The recordings were taken in 0.1 M KCl solutions at pH 6 under 20 mV
applied voltage. Figure S4, Effect of G2-COONa cis-side addition on a single PA63 channel. Both in blocker-free
solution and in presence of 3 mM G2-COONa, PA63 mostly remains in an open state. The 1/f events are to a large
extent removed by averaging over a time interval of 10 ms. G2-COONa addition causes lipid bilayer instability
(upward events) and, eventually, breakage. Recordings were taken in 1 M KCl solutions at pH 6 and 100 mV
applied voltage. Figure S5, MALDI-TOF mass spectra of G2-NH2 (A); G2-OH (B); G2-SA (C); G2-COONa (D)
dendrimers and G3-NH2 dendron (E). The data were provided by Dendritech, Inc. (Midland, MI, USA). Figure S6,
Characterization of generation 2 PAMAM dendrimers and generation 3 PAMAM-NH2 dendron by 13 C NMR.
The data were provided by Dendritech, Inc. (Midland, MI, USA), (A) 13 C NMR of G2-NH2. (B) 13 C NMR of
G2-OH; (C) 13 C NMR of G2-SA; (D) 13 C NMR of G2-COONa; (E) 13 C NMR G3-NH2 dendron.
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Abstract: C2-toxin from Clostridium botulinum and Iota-toxin from Clostridium perfringens belong both
to the binary A-B-type of toxins consisting of two separately secreted components, an enzymatic
subunit A and a binding component B that facilitates the entry of the corresponding enzymatic
subunit into the target cells. The enzymatic subunits are in both cases actin ADP-ribosyltransferases
that modify R177 of globular actin finally leading to cell death. Following their binding to host cells’
receptors and internalization, the two binding components form heptameric channels in endosomal
membranes which mediate the translocation of the enzymatic components Iota a and C2I from
endosomes into the cytosol of the target cells. The binding components form ion-permeable channels
in artificial and biological membranes. Chloroquine and related 4-aminoquinolines were able to
block channel formation in vitro and intoxication of living cells. In this study, we extended our
previous work to the use of different chloroquine analogs and demonstrate that positively charged
aminoquinolinium salts are able to block channels formed in lipid bilayer membranes by the binding
components of C2- and Iota-toxin. Similarly, these molecules protect cultured mammalian cells
from intoxication with C2- and Iota-toxin. The aminoquinolinium salts did presumably not interfere
with actin ADP-ribosylation or receptor binding but blocked the pores formed by C2IIa and Iota
b in living cells and in vitro. The blocking efficiency of pores formed by Iota b and C2IIa by the
chloroquine analogs showed interesting differences indicating structural variations between the types
of protein-conducting nanochannels formed by Iota b and C2IIa.

Keywords: C2-toxin; iota-toxin; binding components; chloroquine; black lipid bilayer;
aminoquinolinium salts

1. Introduction

Binary A-B type protein toxins are potent virulence factors of certain gram-positive bacteria (for reviews
see refs [1–3]). The most prominent example of this type of toxins is the anthrax toxin produced by Bacillus
anthracis, which is also known as a possible biological weapon [4–6]. Other prominent examples are
C2-toxin of Clostridium botulinum and Iota-toxin of Clostridium perfringens. Both toxins consist of two
distinct components that are secreted separately into the extracellular media: an enzymatically active
component A—which acts as an actin-specific ADP-ribosyltransferase—and a separate component
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B, which is the binding/translocation subunit needed for binding of the toxins to target cells and
responsible for translocation of the enzymatic subunits into the cytosol of target cells [4,7–12].

After the proteolytic activation the B components C2II of Clostridium botulinum and also Iota b of
Clostridium perfringens form ring-shaped heptamers similar to the B component of the anthrax toxin
PA [11,13–16]. These heptamers (C2IIa, Iota b) are the biologically active species of the B components
and mediate two different functions during cellular uptake of the toxins: First, they bind to their
receptors on the surface of target cells and form complexes with their A components. These complexes
are subsequently taken up into cells via receptor-mediated endocytosis and thereby reach early
endosomal vesicles. The acidic conditions in such endosomes trigger a conformational change of the
compound B heptamers, which insert into endosomal membranes to form trans-membrane pores.
These pores serve as translocation channels for the subsequent transport of the unfolded A components
of these toxins from the endosomal lumen into the host cell cytosol. Treatment of cells with bafilomycin
(Baf) A1, a compound that prevents acidification of the endosomes, inhibits pore-formation by the B
components, and therefore the translocation of the A components across endosomal membranes into
the cytosol and thus protects cells from intoxication with these toxins [1,17–20]. Such a translocation
mechanism is common to other binary toxins, including anthrax toxin from Bacillus anthracis [1,21].

The enzymatic components develop their activity in the cytosol of the target cells where they
ADP-ribosylate monomeric G-actin at position arginine 177 with NAD as co-substrate leading to actin
depolymerization, cell rounding, and eventually cell death [1,22–26]. Similarly, other members of the
family of binary toxins act also as ADP-ribosylating toxins. These are CDT (Clostridium difficile binary
toxin) of Clostridium difficile [27–29], Clostridium spiroforme toxin [30], and the vegetative insecticidal
proteins (VIPs) of Bacillus cereus and Bacillus thuringiensis [31,32].

The inhibition of channel function by binding components and intoxication of target cells by
compounds that bind to the binding components is of considerable interest because of the possible use
of A-B type of toxins as biological weapons. Possible candidates are tailored azolopyridinium salts and
tailored cyclic dextrines [33–36]. In previous studies, we have demonstrated that low concentrations
of chloroquine were able to inhibit intoxication of target cells by C2-toxin in cell-based assays and
pore-formation by C2IIa in lipid bilayer membranes [37,38]. Similarly, blockage of iota b channels by
chloroquine was also observed in reconstitution experiments with lipid bilayers but at much higher
concentrations than those needed in experiments with C2IIa [39,40]. The binding site for chloroquine
and related compounds in the channel formed by C2IIa was identified in the vestibule on the cis-side of
the mushroom-sized heptamers that corresponds to the cell surface exposed side [41]. It is presumably
the same binding site that also interacts also with the positively charged N-terminus of the enzymatic
subunits C2I and Iota b and directs them to the channel lumen and further on into the cytosol of the
target cells [1,3,40]. This means that binding is the prerequisite for transport. Site-directed mutagenesis
of E399, D426, and F428 (corresponding to the Φ–clamp in PA [42,43]) in C2IIa has clearly demonstrated
that these three amino acids are elements of the binding site within the vestibule of the channel formed
by C2II [41]. These amino acids are also present in the primary sequence of Iota b in similar positions
(D386, D413, and F415) and there exists no doubt that they are also involved in the binding site of
the heptameric Iota b channel [40]. Besides these amino acids that are directly involved in binding
of Iota a and chloroquine the sequence of Iota b also contains several threonines (T292 and T320)
that are probably involved in the structure and stability of the pore-forming heptamers of Iota b.
Their replacement by other amino acids leads to misfolded Iota b channels that have completely
different properties than the ones formed by wildtype Iota b [40].

In this study, we investigated the binding of different chloroquine analogs to the channels
formed by the binding components C2IIa and Iota b. The interaction between the protein-conducting
nanopores and the different ligands was performed by titration experiments with artificial membranes
containing C2IIa and Iota b channels. This type of investigation using the dose-dependent decrease of
membrane conductance allowed a rapid and meaningful investigation of the affinity of the different
chloroquine analogs to the binding site inside the vestibule of the heptameric channels. Similarly,
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we investigated the effect of the chloroquine analog with the highest affinity for binding to C2IIa and
Iota b on the pH-dependent trans-membrane transport of the A components of C2- and Iota-toxin
through the trans-membrane pores formed by the B components of these toxins in living cells.
The results suggested indeed that this compound blocked the trans-membrane transport of these
binary toxins with much higher efficiency than chloroquine.

2. Results

2.1. Binding of Different Aminoquinolinium Salts to the Channels Formed by the Binding Components
C2IIa and Iota b

The channels formed by the binding components C2IIa and Iota b are fully oriented in artificial
and presumably also in biological membranes when they are added to only one side of an artificial
and biological membrane [37,39]. Most of the water-soluble part of the mushroom-sized heptamer is
localized on the cis-side of the membrane (the side of addition of the binding components). Only a
few amino acids at the end of the beta-barrel cylinder of 14 beta-strands are directed to the trans-side
of the membrane. The structure is similar to that of α-toxin of Staphylococcus aureus and the recently
elucidated 3D-structure of the membrane-spanning form of the PA63-channel, which forms also a
heptamer with some sort of vestibule on the cis-side [16,44]. In previous studies we demonstrated that
reconstituted C2IIa channels as well as Iota b channels can be blocked in lipid bilayer membranes by
the addition of 4-aminoquinolines [38,39,45] and identified the binding site for chloroquine to C2IIa
channels on the cis side of the C2IIa heptamer within the vestibule of the channels [41]. The binding
affinity strongly depends on negatively charged amino acids and also on the Φ-clamp within the
vestibule of the C2IIa and Iota b channels. The stability constant K for ligand binding to the C2IIa and
the Iota b channels was calculated by multi-channel titration experiments [37–40]. Similar experiments
were performed here with the chloroquine analogs C 23, C 164, C 268, and C 280. Figure 1 shows an
experiment of this type. Activated Iota b was added in a concentration of about 20 ng/mL to the cis-side
(the side of the applied potential) of a black lipid bilayer membrane while stirring. The reconstitution of
Iota b channels led to a substantial increase of membrane conductivity by several orders of magnitude
caused by insertion of Iota b channels in the membrane monitored by a strip chart recorder. After about
30 min to several hours, when the membrane conductance was virtually stationary, the titration
experiments started. Small amounts of concentrated solution of C 164 were added after about two
hours after the start of the experiment to the aqueous phase on the cis-side of the membrane while
stirring to allow equilibration. Subsequently, the Iota b channels were blocked and the dose-dependent
decrease of conductance was measured as a function of time (see Figure 1).

The analysis of the data of Figure 1 indicated that the Iota b channels were not fully blocked by the
addition of C 164 at a concentration of 4.03 mM. This was caused by the problem to reach sufficiently
high concentrations of the chloroquine analog, which are limited by its solubility in aqueous salt
solution. The fit of the titration data shown in Figure 2A suggest in principle that the Iota b channel
was only blocked by about 50%. However, when the concentration of C 164 was extrapolated to higher
ones (see Figure 2B), then it was clear that compound C 164 was also able to almost fully block the Iota
b channel. The stability constant of binding of C 164 to the Iota b channels was about (348 ˘ 48) 1/M
and the channel block was at maximum 92% ˘ 7%. This was a very low stability constant for binding
of a channel blocker to one of the binding component channels. However, the data of binding of all
chloroquine analogs and chloroquine itself demonstrates that the iota b channel is not a good target for
binding of chloroquine and the different chloroquine analogs (aminoquinolinium salts) (see Table 1).
Only chloroquine itself and C 280 had a reasonably high affinity to the Iota b channel. Chloroquine
analog C 280 that has a permanent positive charge and a bulky side chain was used for the study of
the inhibition of cell cytotoxicity by Iota-toxin (see Figure 3).

The affinity of chloroquine and the chloroquine analogs to the channels formed by C2IIa was
definitely more substantial as the summary of stability constants and half saturation constants of
Table 1 clearly demonstrates. Chloroquine and all aminoquinolinium salts used in this study have a
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higher affinity to the C2IIa channel than to that formed by Iota b. With the aminoquinolinium salts,
the affinity to the C2IIa channels increased in the series C 23, C 164, C 268, and C 280 by factor of more
than 4000. C 268 had already a binding constant to C2IIa channels that was about twofold higher than
chloroquine. The highest stability constant for binding to the C2IIa channel was C 280, which had a
half saturation constant of 0.16 μM. This low KS value for binding of C 280 to C2IIa is about a factor
of 60 smaller than that of chloroquine binding which is remarkable and suggested indeed that C 280
could serve as an inhibitor of intoxication by C2-toxin.

Figure 1. Titration experiment of Iota b-induced membrane conductance with C 164. The membrane
was formed from diphytanoyl phosphatidylcholine/n-decane. The aqueous phase contained 20 ng/mL
Iota b (Ib) protein (added to the cis-side of the membrane at the time of the left side arrow), 150 mM
KCl, 10 mM MES, pH 6.0. The temperature was constantly 20 ˝C and the applied voltage was 50 mV.
The two bars at the base line indicate the time interval of about 1h and 50 min between the addition of
Ib and the start of the titration experiment. The membrane contained about 70 Iota b-channels (single
channel conductance G = 15 pS) when C 164 was added at the indicated concentrations to the aqueous
phase. The bottom line represents zero level of conductance (at begin of the experiment) or also zero
level of current when voltage was switched off (at the end of titrations). Note that the high noise of the
current recording during the titration experiment was caused by stirring in the membrane cell to allow
rapid equilibration of C 164 in the aqueous phase.

Table 1. Stability constants K for the block of binding components channels formed by C2II and Iota
b by chloroquine and related aminoquinolinium salts in lipid bilayer membranes a. * The results of
similar titration experiments performed with C2IIa channels and chloroquine are given for comparison.

Chloroquine Analog K/103 M´1 KS/μM K/103 M´1 KS/μM

- C2II Iota b
Chloroquine 110 * 9.1 * 7.1 ˘ 1.7 140

C 23 1.5 ˘ 0.4 710 0.82 ˘ 0.21 1200
C 164 18.5 ˘ 2.5 54 0.39 ˘ 0.13 2400
C 268 198 ˘ 15 5.1 2.5 ˘ 0.4 400
C 280 6200 ˘ 40 0.16 12.5 ˘ 2.1 80

a The data represent means ˘ SD of at least three individual titration experiments. The membranes were
formed from diphytanoyl phosphatidylcholine/n-decane. The aqueous phase contained 150 mM KCl, 10 mM
MES-KOH, pH 6, and about 10 ng/mL activated C2II or about 20 ng/mL Iota b; T = 20 ˝C. * The stability constant
K for binding of chloroquine to C2IIa channels is given for comparison and was taken from Bachmeyer et al.
(2003) [45].
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Figure 2. (A) Langmuir isotherm of the inhibition of Iota b-induced membrane conductance (about 70
Iota b-channels) by the aminoquinolinium salt C 164. The fit line corresponds to the data points
taken from the titration experiment in Figure 1. The fit of the data was performed using Equation (2).
The stability constant, K, for binding of C 164 to the Iota b-channels was (348 ˘ 48) 1/M (The channel
block was at maximum 92% ˘ 7%; KS = 2.9 mM (r2 = 0.997645)); (B) Because of the low degree of
inhibition in C 164 concentration range, we extrapolated its concentration to about 33 mM and used
the same fit parameters as in A. The fit curve indicates that high concentration of C 164 almost fully
blocked the Iota b channels.

Figure 3. Structures of chloroquine and the chloroquine analogs (aminoquinolinium salts) used in this
study). The chloroquine analogs were designated as suggested by Lödige (2013) [46].
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2.2. C 280 Inhibited pH-Dependent Membrane Translocation of C2 and Iota Toxin

Prompted by the observation that C 280 interfered with the C2IIa and Iota b pores in vitro, we
addressed the question whether C 280 also inhibits translocation of the enzyme components C2I and
Iota a through their respective toxin pores across the membranes of intact cells. To this end, we used an
established assay, which mimics the acidic conditions of endosomes on the surface of intact cells and
allows direct translocation of the C2I and Iota a enzyme components into the cytosol through CIIa and
Iota b pores, respectively, which were inserted in the plasma membrane under acidic conditions [34].
All steps of this assay were performed in the presence of Baf A1 to block the normal uptake of C2 and
Iota toxins into the cytosol via acidified endosomes.

Vero cells were exposed to either C2 or Iota toxin under acidic conditions in the presence and
absence of C 280 and subsequently the cells were further incubated under neutral conditions also
with or without C 280. As shown in Figure 4, C2- and Iota-treated cells rounded up consequently to
the acidic pulse. However, significantly less cells were rounded in the presence of C 280, indicating
that less C2I or Iota a reached the cytosol. This result strongly suggests that C 280 inhibits membrane
translocation of C2I and Iota a through the lumen of the C2IIa and Iota b pores, respectively. This result
suggested that chloroquine-analogs similar to the structure of C 280 might provide interesting tools
for the further study of aminoquinolinium salts as blockers for intoxication by C2-toxin. The block of
intoxication of Iota-toxin by the same molecules does not look so promising because of the possible
different structure of the Iota b channel (see Discussion).

Figure 4. Inhibitory effect of C 280 on the pH-dependent trans-membrane transport of the C2 and iota
toxins in living cells. (A) Baf A1-treated Vero cells were incubated for 30 min at 4 ˝C with C2 toxin
(100 ng/mL C2I + 200 ng/mL C2IIa) to enable toxin binding. Noteworthy, Baf A1 was present to inhibit
in a later step the “normal” transport of the A components of the internalized toxins into the cytosol via
acidified endosomes, which is a prerequisite to investigate the toxin transport across the cytoplasmic
membrane in this approach. For control (con), cells were incubated without toxin. Subsequently, cells
were exposed for 5 min at 37 ˝C to acidic medium (pH 4.5 or to neutral medium pH 7.5 for control) and
subsequently incubated at 37 ˝C in neutral medium containing Baf A1. During the acidic pulse, the B
components insert as pores into the cytoplasmic membrane and the A components translocate through
these pores into the cytosol of the cells and induce ADP-ribosylation of actin and cell-rounding. In this
approach, the toxin-induced cell-rounding serves as an established specific and sensitive endpoint to
monitor the uptake of the A components into the cytosol in the presence and absence of the inhibitor.

108



Toxins 2016, 8, 237

To test the effect of C 280 on toxin translocation, the indicated concentrations of C 280 were present
in the medium during acidic pulse and the subsequent incubation periods. Pictures were taken after
1 and 2 h to document cell rounding, i.e., intoxication of cells (shown in A for 2 h and 1 mM C 280);
(B) The percentage of intoxicated cells was determined after 1 h, and values are given as mean ˘ S.D.
(n = 3). Significance was tested between cells, which have been treated with C2 toxin either in the
absence or presence of C 280 by using the student’s t-test (*** p < 0.0005, ** p < 0.005); (C) To test the
influence of C 280 on membrane translocation of iota toxin, Baf A1-treated Vero cells were exposed for
15 min at ph 4.0 to Iota toxin (100 ng/mL Ia + 200 ng/mL Ib) in the presence or absence of 1 mM C 280.
Cells were incubated for further 2 h at 37 ˝C in neutral medium containing Baf A1 in the presence or
absence of C 280. Pictures were taken and the percentage of round cells was determined (D) Values are
given as mean ˘ S.D. (n = 3). Significance was tested between cells, which have been treated with iota
toxin either in the absence or presence of C 280 by using the student’s t-test (*** p < 0.0005, ** p < 0.005).

3. Discussion

3.1. The Structure of the Aminoquinolinium Salts Allows an Interesting Insight in Structural Elements
Required for Efficient Binding Protein Channel Blocking

The experiments with different aminoquinolinium salts to block the C2IIa channel allow an
interesting insight in the structural requirement for efficient channel blocking, which can be considered
as important tool for further in vivo and in vitro studies. The simplest chloroquine analog in the study
here is C 23 (4-amino-7-chloroquinoline) which represents only the heterocyclic (bicyclic) part of the
chloroquine molecule without side chain. C 23 has the smallest binding affinity to the C2IIa channels
with a half saturation constant of about 700 μM for binding to C2IIa. The addition of n-butylamine to
the amino group at the bicyclic molecule C 23 decreased the half saturation constant KS for binding to
C2IIa by a factor of more than 10 to 54 μM. The further addition of an acetyl group to the amino group
of C 164 led to an additional decrease of the half saturation constant for the resulting C 268 molecule to
about 5 μM. The half saturation constant is already below that of chloroquine, which means that C 268
is already a more efficient blocker of C2IIa channels than chloroquine. Another big step to improve
binding of the aminoquinolinium salts to the C2IIa channel is the attachment of the bulky side chain to
the nitrogen in the pyridine ring of C 23 (see Figure 3). The resulting chloroquine analog (C 280) has
the highest affinity for binding to C2IIa but also for binding to Iota b. The half saturation constant for
C 280 binding to C2IIa drops down to 0.16 μM, which is about 60-times lower than the half saturation
constant for chloroquine binding.

The situation is in the case of binding of the aminoquinolinium salts to the Iota b channel not such
straightforward as in the case of C2IIa. The reason for this is that the half saturation constant for binding
shows some increase from C 23 to C 164 and then starts to become smaller in the series C 164, C 268,
and C 280 (see Table 1). However, all half saturation constants for binding of the aminoquinolinium
salts to Iota b were considerably higher than those for their binding to C2IIa. Even C 280, which had
the highest binding affinity to Iota b with a half saturation constant of 80 μM showed a half saturation
constant that was about 500 times higher than the corresponding constant for binding to C2IIa, which
is remarkable. Similarly, the half saturation constant for binding of C 280 to the Iota b channel (80 μM)
is only little smaller that for binding of chloroquine to the channel (140 μM), which looks a little strange
when the situation is again compared to that of C2IIa. Nevertheless, the binding of C 280 to the Iota b
channel is still strong enough that inhibition of the translocation of Iota a through Iota b is blocked
in cell-based assays. This means that also certain aminoquinolinium salts could serve as blockers for
intoxication of cells by Iota-toxin.

3.2. What Could Be the Reason That Blockers of Channel Function Have a Much Smaller Affinity to Iota b
Than to C2IIa?

The results presented here and in previous studies demonstrated that chloroquine had much
lower binding affinity to Iota b channels as compared to binding to C2IIa heptamers [37–40]. Similarly,
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the affinity of the aminoquinolinium salts to both binding protein channels differed considerably
(see Table 1). The reason for this discrepancy is not quite clear because many structural elements that
probably contribute to the binding site in the vestibule of the two channels are present in both primary
sequences. There are the two rings of—at maximum—seven negatively charged residues in the binding
site of the heptamer (D386 in Iota b corresponding to E399 in C2IIa and D413 in Iota b corresponding
to D426 in C2IIa [41]). The only difference is that Iota b contains aspartate in position 386 whereas
C2IIa has in the corresponding position 399 a glutamate. However, this very conservative exchange
should not interfere much with the properties of the binding site in the vestibule of the two heptamers.
Similarly, both cannels contain an Φ-clamp (F415 in Iota b and F428 in C2IIa), which is also an important
structural element in both channels [40,41]. Thus, it is only slightly understandable that they differ so
substantially in binding of the aminoquinolinium salts. The only remarkable difference between Iota b
and C2IIa is the number of negatively charged groups within the channel-forming domain itself [41].
Whereas the membrane-spanning beta-sheet structure of C2IIa contains one glutamate (E307), there
are no charges in the membrane spanning part of Iota b. This could represent the difference. However,
experiments with a C2IIa mutant where E307 was replaced by lysine demonstrated that the E307K
C2IIa mutant channel had approximately the same affinity for chloroquine as wildtype C2IIa [47].
This means presumably that charges within the pore-forming domain of the binding protein heptamers
are most likely not essential for aminoquinolinium salt binding. This has to do with the strong image
force along the channel that is created by the many negatively charged groups within the vestibule
of the channels [47]. Taken together, it seems moreover that the structure of the binding site within
the vestibule of the Iota b heptamers shows some structural differences to those of C2IIa and PA that
result in a lower affinity for binding of chloroquine and its analogs [41,48].

3.3. The Aminoquinolinium Salts Inhibit the Trans-Membrane Transport of the A Components of the Binary C2
and Iota Toxins Through the Pores Formed under Acidic Conditions by the B Components in Membranes of
Living Cells and Protect Cells from Intoxication with These Toxins

As expected from the in vitro results with lipid bilayers, the compounds inhibited the
pH-triggered trans-membrane transport of the enzyme components of C2-toxin and Iota-toxin through
the pores formed by the B-components of these toxins in cell membranes under acidic conditions,
thereby protecting the cells from intoxication. This was tested in a well-established experimental
approach where the situation of acidic endosomal vesicles was experimentally mimicked on the
surface of living cultured epithelial cells. Vero cells were pre-treated with Baf A1 to inhibit endosomal
acidification and thereby prevent the “normal” uptake of the binary C2 and iota toxins via acidic
endosomes [17–19]. Then, the cells were incubated for 30 min at 4 ˝C with the respective toxin to
enable toxin binding to the cell surface receptors but not receptor-mediated endocytosis, which does
not occur at 4 ˝C. Subsequently, the cells were exposed to a short acidic pulse at 37 ˝C to trigger the
conformational change of the cell-bound B components, which then form pores in the cytoplasmic
membrane and mediate the transport of their bound A components through these pores across the
cytoplasmic membrane into the cytosol of the cells. This transport of the A components into the cytosol
results in ADP-ribosylation of actin and cell-rounding, which serves as a highly specific and sensitive
endpoint to monitor the uptake of the A components into the cytosol in the presence and absence
of the inhibitor. No cell-rounding was observed without toxin, indicating that the acidic conditions
alone had no effect on cell morphology, or when cells were exposed to neutral medium because
in this case, Baf A1 prevented the toxin uptake into the cytosol (Figure 4). As shown in Figure 4,
cells only rounded up when the toxin was bound prior to the acidic pulse, indicating translocation
of the A components into the cytosol. Significantly fewer cells rounded up under such conditions
in the presence of C 280, clearly indicating the inhibitory effect of this compound on the membrane
transport of the binary toxins C2 and iota in living cells. The aminoquinolinium salts had no effect
on cell morphology under the experimental conditions used in this study. They have also the unique
advantage that their toxicology is known from malaria treatment. In conclusion, these compounds
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should represent attractive lead compounds for development of novel pharmacological inhibitors
against binary clostridial actin ADP-ribosylating toxins and may further be used against related binary
toxins from pathogenic bacteria.

4. Experimental Procedures

4.1. Materials

The recombinant components of C2 toxin, C2I and C2II, were expressed as GST fusion proteins in
Escherichia (E.) coli BL21 cells and purified as described [8]. To obtain biologically active C2IIa, C2II
was treated with trypsin as reported earlier [8]. Iota a and Iota b were kind gifts of Dr. Michel R. Popoff
(Institut Pasteur, Paris, France) [11]. Iota a and Iota b were activated by α-chymotrypsin as described
previously [11,40,49]. The heterocyclic chloroquine analogs (aminoquinolinium salts) C 23, C 164,
C 268, and C 280 (see Figure 3) were kind gifts of Dr. Gerhard Bringmann and Dr. Melanie Lödige,
Institute for Organic Chemistry, University of Würzburg, 97074 Würzburg, Germany. The chloroquine
analogs were termed and synthesized as was described in detail recently [46]. The chloroquine analogs
were dissolved in ultrapure water supplemented with 10% (v/v) ETOH. Cell culture media (DMEM,
MEM) and fetal calf serum were obtained from Invitrogen (Karlsruhe, Germany) and cell culture
materials from Techno Plastic Products. (Trasadingen, Switzerland). Complete® protease inhibitor and
streptavidin-peroxidase were from Roche (Mannheim, Germany), Baf A1 from Calbiochem (Bad Soden,
Germany), and biotinylated NAD+ from R&D Systems GmbH (Wiesbaden-Nordenstadt, Germany).

All salts (analytical grade) were obtained from Sigma-Aldrich Chemie GmbH (München,
Germany) and were dissolved in ultrapure H2O (Milli-Q® systems, Merck Millipore, Darmstadt,
Germany). Diphytanoyl phosphatidylcholine (DiPhPC) was obtained from Avanti Polar Lipids
Alabaster AL and n-decane (analytical grade from Merck, Darmstadt, Germany).

4.2. Methods

4.2.1. Cell Culture and Cytotoxicity Tests

African green monkey kidney (Vero) cells were cultivated at 37 ˝C and 5% CO2 in MEM
containing 10% FCS, 1.5 g/L sodium bicarbonate, 1 mM sodium-pyruvate, 2 mM L-glutamine,
0.1 mM non-essential amino acids. Vero cells were reseeded twice a week for, at most, 15–20 times.
The macrophage-like murine J774A.1 cells were cultivated at 37 ˝C and 5% CO2 in DMEM containing
10% FCS and 4 mM L-glutamate. For cytotoxicity experiments with C2-toxin or Iota-toxin, Vero cells
were incubated at 37 ˝C in 1 mL serum-free medium containing both components of C2 toxin
(200 ng/mL C2IIa + 100 ng/mL C2I) or iota toxin (200 ng/mL Iota b + 100 ng/mL Iota a). After different
incubation periods, the toxin-induced cell-rounding was documented with a Zeiss Axiovert 40CFl
microscope (Zeiss, Oberkochen, Germany) containing a Jenoptik progress C10 CCD camera (Carl
Zeiss GmbH, Jena, Germany) and the percentage of round cells was determined from the pictures [19].
Inhibitory effects of C 280 were analyzed by incubating the cells with toxin in the presence of C 280.

4.2.2. Toxin-translocation Assay with Intact Vero Cells

The pH-dependent translocation of C2 toxin across the cytoplasmic membranes of intact Vero
cells was performed as described earlier [8]. In brief, Vero cells were pretreated for 30 min at 37 ˝C with
Baf A1 (100 nM) to prevent normal internalization of the toxin via acidified endosomes. Subsequently,
cells were incubated at 4 ˝C in serum-free medium with C2IIa (200 ng/mL) and C2I (100 ng/mL)
to enable toxin binding. Cells were washed and exposed for 5 min to warm acidic medium (37 ˝C,
pH 4.5, Baf A1) to trigger insertion of cell-bound C2IIa into the cytoplasmic membrane and subsequent
translocation of C2I through the pores across the membrane. Subsequently, the cells were further
incubated at 37 ˝C in complete medium under neutral conditions in the presence of Baf A1 and
C2I-toxin induced cell-rounding was documented by photography. The pH-driven translocation of
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cell-bound Iota toxin across the cytoplasmic membrane of Vero cells was performed as described earlier
by Blöcker et al. (2001) [50]. Baf A1-treated cells were exposed for 15 min at 37 ˝C to acidic medium
(pH 4.0) containing Iota toxin (100 ng/mL Iota a + 200 ng/mL Iota b) and subsequently incubated at
37 ˝C in neutral medium containing Baf A1. The number of round cells was determined to document
the cytopathic action of Iota toxin. To test an inhibitory effect of C 280 on membrane translocation of
C2- and Iota-toxins, C 280 was applied to the medium during the acidic pulse and the subsequent
incubation periods, pictures from the cells were taken and the number of round cells was determined
from the pictures.

4.2.3. Lipid Bilayer Experiments

The experiments with planar lipid bilayers were performed as has been described previously
in detail [51]. In brief membranes were formed by the painting method using DiPhPC dissolved to
1% (w/v) in n-decane. The membrane hole had an area of about 0.4 mm2 in the thin wall separating
two 5 mL compartments in a Teflon cell. The different binding components (C2IIa and Iota b)
were added from concentrated solutions to the aqueous phase either immediately before membrane
formation or after the membranes had turned black in concentrations of about 1 to 10 ng/mL. The
temperature was maintained at 20 ˝C during all experiments. The membrane conductance induced by
channels formed by the binding components C2IIa and Iota b was measured after application of fixed
membrane potentials with a pair of silver/silver chloride electrodes with salt bridges inserted into
the aqueous compartments on both sides of the DiPhPC membranes. The electrodes were connected
in series to a voltage source and a homemade current-to-voltage converter made with a Burr Brown
operational amplifier. The amplified signal was monitored on a digital storage oscilloscope (OWON)
and recorded on a strip chart recorder.

4.2.4. Titration Experiments with the Different Aminoquinolinium Salts

The binding of the compounds C 23, C 164, C 268, and C 280 (see Figure 3) to the channels
formed by the binding components was investigated with titration experiments similar to those used
previously to study the binding of carbohydrates to the LamB-channel of Escherichia coli [52] and
the binding of tailored azolopyridinium salts to channels formed by protective antigen (PA) [33]
and C2IIa [34]. About 30 min after start of the reconstitution of the binding components into lipid
bilayer membranes, their reconstitution rate in the membranes became very small. Then concentrated
solutions of different aminoquinolinium salts were added to both sides of the membranes while stirring
to allow equilibration. The results of the titration experiments were analyzed in a similar way as has
been performed previously for the binding of azolopyridinium salts to channels formed by protective
antigen (PA) [33] and C2IIa [34]. The conductance, G(c) of the membrane at a given concentration, c,
of the different aminoquinolinium salts C 23, C 164, C 268, and C 280 relative to the initial conductance,
Gmax (in the absence of the ligands), was analyzed using the following equation, which corresponds
to Langmuir adsorption isotherms [33,34]:

% of fraction of blocked channels “ pGmax ´ G pcqq
Gmax

“ 100 ¨ K ¨ c
pK ¨ c ` 1q (1)

K is the stability constant for the binding of aminoquinolinium salts to channels formed by Iota b
and C2IIa [33]. The half saturation constant, KS of this process is given by the inverse stability constant
1/K. K can be derived from the titration experiments by a fit of the experimental data to Equation (1).
We did not observe full channel blockage in all titration experiments. In cases of only partial blockage
of the C2IIa and Iota b channels, Equation (1) had to be modified to account for the reduced maximum
blockage given by A in percent (the maximum degree A of blockage was in all cases between 85%
to 100%):

% of fraction of blocked channels “ pGmax ´ G pcqq
Gmax

“ K ¨ c
pK ¨ c ` 1q (2)
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