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1. INTRODUCTION
The focus of this review is on the biophysical studies of the channel-forming bacterial toxins
that shed light upon the mechanisms of their toxicity and propose new approaches to block
their virulent action. Extensive data on the structural features of these toxins, the
mechanisms of their secretion, proteolytic activation, extracellular receptors, enzymatic
intracellular action, and cellular responses will be mostly omitted here. We refer our reader
to several excellent specialized books and reviews that cover this material in the finest
detail1–15.

1.1. Channel-blocking and channel-forming toxins
In the course of evolution, Nature created numerous toxins, which selectively target ion
channels of excitable cells16–18. Regardless of which version of Cleopatra's self-poisoning is
true, the toxin-triggered modification of channel function was certainly involved. She either
suffered from intoxication following blockage of her ligand-gated channels by the Egyptian
cobra venom or from poisonous action of the chloride channel inhibitor extracted from
cicuta. Numerous studies of the neurotoxins' biological functions allowed not only for
deeper understanding of the structural and functional features of several channels of
excitable membranes, but also for developing the pharmaceutical approaches to use these
toxins for therapeutic purposes. Conversely, among the great variety of virulence factors
secreted by different organisms, there is a significant group of toxins (mostly bacterial) that,
instead of blocking channels, are able to form ion-conductive pores in membranes of the
targeted cells. For most of them, there are no antidotes or antitoxins developed and approved
for human use. At the same time, one of the possible ideas to target the bacterial exotoxins is
quite simple. Following Nature, which created the channel-inhibiting toxins, it should be
possible to design the potent antitoxins specifically blocking the conductive pathways of the
channel-forming toxins with an ultimate goal to defend from the cytotoxic action of these
agents. This idea is neither preposterous nor new. Indeed, amantadine, the small-molecule
blocker of the tetrameric proton-selective M2 channel from the viral envelope of influenza A
virus19–21 had been approved for human use back in 1965. Interestingly, even though
amantadine is no longer recommended by the CDC for use to treat seasonable influenza due
to developed antidrug resistance, the exact mechanism of the amantadine interaction with
the M2 channel is still a matter of debates22–29. Even so, the M2 channel is the main target
for virtual screening for powerful channel blockers30–34. Therefore, the idea to design and
develop the effective blockers of the channels formed by bacterial toxins in target
membranes enjoys a well-appreciated attention. Not being able to use the evolutionary path,
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we can employ the modern single-molecule biophysical approaches to study the pore-
forming toxins and their potential inhibitors.

1.2. Classification of channel-forming toxins
All bacterial toxins can be divided into two functionally different groups: endotoxins and
exotoxins13. The endotoxins are components of the outer membrane of Gram-negative
bacteria (i.e. lipopolysaccharide). The exotoxins are proteins secreted by a number of Gram-
positive and Gram-negative bacteria, which act on eukaryotic cells far off from the host
bacterium. A crucial property of many exotoxins is their ability to exist in two states: a
stable water-soluble conformation and an integral membrane pore1. There are several ways
to classify the channel-forming proteins. The classifications are usually based on the nature
of the toxin secreting organisms (e.g. clostridial toxins14), on the mechanism of their
cytotoxicity (e.g. membrane-damaging toxins35; ADP-ribosylating toxins36), or on their
structural types (e.g. α-helical and β-barrel pore-forming toxins7, 35). For the specific task of
this review, we will use a combined structural/functional classification to discriminate
between the following three groups of bacterial toxins (Figure 1).

Membrane-perforating bacterial toxins (Figure 1A)—Membrane-perforating
bacterial toxins represent more than one third of the protein toxins identified so far7, 35.
These toxins insert into target membranes and form aqueous ion-permeable pores.
Subsequently, these pores can compromise the membrane barrier function and cause ion
imbalance by allowing the flow of ions down their electrochemical gradient. In accordance
with the mechanism of their action, they are often called the pore-forming toxins (PFT).

AB-type bacterial toxins (Figure 1B)—In contrast to the PFTs that damage the target
cells membranes by forming ion-permeable pores, certain exotoxins act in the cytosol of
mammalian cells enzymatically modifying specific intracellular substrates. Many of them
are secreted in a so-called AB-type form, which contains at least two functionally distinct
domains. The binding B-domain docks to a receptor on the surface of the target cells and
mediates intracellular transport of the toxin, whereas the active/enzymatic A-domain
modifies certain components in the cytosol3.

Binary bacterial toxins (Figure 1C)—Several pathogenic species of Bacillus and
Clostridium secrete binary exotoxins which consist of two (or three) individual non-linked
proteins, an active/enzymatic A component and a binding/translocation B
component3, 13, 37, 38. The B component of these toxins binds to a receptor on the surface of
the target cells, self-assembles to form a ring-shaped oligomeric prepore able to bind the A
components, and, after receptor-mediated endocytosis, is converted into an ion-conductive
pore, which mediates A component translocation from acidified endosomal vesicles into the
cytosol. Note that even though formally the binary toxins can be placed among the AB-type
toxins, for the special purpose of this review we will describe these two groups separately.

This review aims to discuss the well-studied and/or intriguing channel-forming bacterial
toxins, for which electrophysiological measurements coupled with X-ray crystallography
provided important details of their structure and function. We do not intend to give
comprehensive description of all membrane-perforating, AB-type, and binary toxins but
prefer to focus on those examples of the channel-forming toxins that could serve as
attractive candidates for the targeted design of effective channel-blocking agents.

1.3. Planar lipid bilayer technique
The planar lipid bilayer technique is a unique approach allowing incorporating purified
bacterial protein toxins into artificial membranes formed across an aperture in a film (or
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wall) separating two compartments (cis and trans) of a bilayer chamber (Figure 2). The
alternative terms are “black lipid membrane” or “bilayer lipid membrane” (BLM)
techniques. Two versions of the technique are routinely used by different groups. First, the
bilayer membranes can be formed by brushing (or “painting”) a solution of lipid dissolved in
an organic solvent (often in decane) across the aperture39. In time, a lipid bilayer membrane
spontaneously forms across the aperture (for details see40). The second approach is often
referred to as the “solvent-free” monolayer opposition technique41. In that case, lipid
solution in an organic solvent (often in pentane) is applied on top of the bathing electrolyte
solution in cis and trans compartments of the bilayer chamber. A pair of syringes is used to
keep electrolyte solution level below the aperture. After pentane evaporates, lipid
monolayers are formed on top of the cis and trans electrolyte solutions. The aperture is
pretreated at this point with a small amount of a solution containing a less volatile
component (often with 1% hexadecane in pentane) to insure better contact of the bilayer
with the edges of the aperture42. Solution levels in the both compartments of the chamber
are then raised above the aperture, and a bilayer lipid membrane forms across the aperture
with both monolayers of lipid contributing. Each of the existing lipid bilayer techniques has
its advantages and weaknesses. Thus, due to presence of the islets of organic solvent and
larger sizes of the aperture (often 0.2–1 mm), channel incorporations is achieved easier with
the brushed/painted bilayer technique. This is especially important for multichannel
measurements, which often involve 100–1000 channels. On the other hand, the monolayer
opposition technique allows one to minimize the membrane area by reducing the aperture
size, so that a higher time resolution (e.g., 15 μs) of single-channel recordings can be often
achieved. The measurements are regularly performed using specially prepared Teflon films
with a diameter of the aperture not exceeding 50 μm. In many cases, these unique low-noise
high-resolution conditions allow for recording of the short individual events of a single
molecule metabolite and macromolecular transport across a channel reconstituted into the
planar membrane. Importantly, this technique also allows formation of asymmetrical
membranes in which cis and trans monolayers are formed from lipid mixtures of different
compositions.

2. CHANNEL-FORMING BACTERIAL TOXINS
A unique ability of a number of bacterial toxins to exist both in a stable water-soluble
conformation and in a membrane imbedded conformation allowed to perform numerous in
vitro studies on the purified toxins. It turned out that the channel-forming toxins or their
components are able to form stable ion-conductive structures in the bilayer lipid membranes
lacking any extracellular receptors, which are normally required for their binding in cell
assays or in vivo. The protein recombinant technology allowed for a large number of
different mutants to be synthesized, in which the various amino acids were mutated in order
to understand their possible role in the channel function. These studies not only provided the
essential channels' properties, such as single channel conductance, ion selectivity, and
current noise characteristics, but also allowed to reveal some interesting molecular details
defining their complex behavior. One of the most fascinating examples is the binary (or
tripartite) anthrax toxin where the meticulous biophysical studies yielded fine kinetics and
structural details of the A component translocation through the channel formed by the B
component43–50. Structure-based drug design approaches focused on single-channel single-
molecule interactions had also allowed for designing a number of very efficient blockers,
which act against several channel-forming toxins51–62. Moreover, a number of additional
applications, which are not directly related to the toxicity of the channel-forming proteins,
were developed. Perhaps one of the most notable applications involves the use of
Staphylococcus aureus α-hemolysin channel as a sensor for different analytes63–90.
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The largest group of bacterial toxins, PFTs act at the cell surface level. They are secreted as
water-soluble single proteins, which target eukaryotic cells by embedding into their cell
membrane and forming large water-filled ion-permeable pores. These pores can significantly
modulate one of the most important functions of the plasma membrane – its ability to
maintain the membrane potential. The latter is determined by movement of ions across the
cellular membrane, which is mostly regulated by a number of small highly ion-selective
channels. The formation of the large and, to a certain extent, nonspecific pores results in a
significant disturbance of the cell membrane integrity, which leads to a membrane
depolarization due to fast inflow of Na+ and efflux of Cl− across cell walls91. Larger
extraneous pores would also allow for the leakage of the intracellular macromolecules,
essential for the cellular metabolic integrity, which eventually leads to cell death91.
Structurally, the PFTs can be separated into two families: α-PFTs and β-PFTs1, 10, 92. α-
PFTs cross the membrane as α-helices and β-PFTs as β-sheets, which form β-barrels11. Note
that channel-forming domains or components of the bacterial AB-type or binary toxins can
be also ascribed to one of these groups.

2.1. Colicins as α-helix membrane-perforating toxins
Colicins represent a class of antibiotics produced by many strains of Escherichia coli in
times of stress. Colicins are lethal for other E.coli strains or closely related bacteria93–95.
The first colicin was discovered in 192596 and later named “colicine” because its activity
against E.coli. The host bacteria also produce small polypeptides, called immunity proteins,
to defend themselves from their own toxins95, 97. After secretion, the water-soluble colicin
molecules bind to specific outer membrane protein receptors of a target bacteria and are
subsequently translocated across the outer membrane98 into the intermembrane space using
one of the two distinct bacterial transport systems, Tol or TonB99. Once in the periplasmic
compartment, colicins cause bacterial cell death via variety of mechanisms100–104. Some
colicins, such as colicins A, N, Ia, and E1, form pores in the cytoplasmic membranes105,
while others translocate into the cytoplasm. They degrade peptidoglycan, inhibit protein
synthesis, or function as DNAse or RNAse (recently reviewed95). Regardless of the
cytotoxic mechanism, all colicins need to insert or pass through the inner membrane of a
bacterium they target1. Interestingly, several of them were shown to be able to mediate their
own transport across the inner membrane12, 106, 107. Therefore, it is not surprising that
different aspects of colicins' structure and function have been intensively investigated in the
last decades. A comprehensive 70-page review covering all the details of this research
published in 2007 contains more than 700 references95, and the numerous papers published
since then are reviewed in ref98. In particular, colicins were used as model systems for
understanding the basic principles of protein incorporation into the lipid membranes as well
as protein transmembrane transport1, 93, 108, 109. X-ray crystallography studies101, 110–118

revealed a three-domain structure of the colicins with several characteristic features of the
domain organization; each domain is involved in a certain step in its toxic activity such as
receptor binding, translocation, and cell death1 (Figure 3A). In pore-forming colicins, the
cell death domain corresponds to a channel-forming part that is highly conserved among all
pore-forming colicins. At that, no detectable sequence similarities were observed among the
receptor binding and translocation domains of these molecules. This difference explains the
narrow target range of each individual colicin that is usually able to bind only to specific
receptors at the surface of a particular E.coli strain95. The striking similarities in amino acid
sequence as well as the known crystal structures of colicin pore-forming domains suggest
that all of the pore-forming colicins employ similar mechanisms of inserting into the inner
membranes95. Interestingly, the pore-forming domains of the colicins101, 110, 114, 118, 119 are
able to embed into the bilayer membranes even in the absence of a transmembrane potential
when isolated from the rest of the protein1, 120, 121. However, despite the fact that the
structures of the pore-forming domains of colicins A, Ia, E1, N, and B were solved by
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crystallography and extensively studied in bilayer lipid membranes, the mechanism of the
transformation of a compact, water-soluble form of colicin into an ion channel in the inner
membrane is far from being clear95. It is known that colicin membrane insertion is
facilitated by an acidic pH, which may initiate a partial destabilization of the soluble colicin
molecules resulting in rearrangement of the protein tertiary structure into a membrane-
embedding configuration1, 121, 122. A single pore-forming colicin molecule is able to kill a
bacterial cell by single-hit kinetics1; therefore, one molecule has to be sufficient to form a
pore in the inner membrane or artificial bilayer. Formation of oligomeric transmembrane
colicin pores has been also reported123. When inserted in the bilayer, membrane-perforating
colicins form large stable voltage-gated ion pores122 permeable to both cations and
anions124–126 and allowing for the passage of organic molecules of up to 9 Å
diameter1, 124, 127, 128. Anomalous selectivity to protons over other cations (and anions) was
reported for the pore-forming colicin A129, 130.

Voltage-gated opening and closing of the colicin-formed pores is believed to be principally
different from that of both the “classical” small ion-selective channels94 and ion channels
formed by the β-barrels131, 132. Gating of the classical ion channels, including many channel
of excitable cells, is determined by a miniature conformational changes in the membrane
spanning fragments of these channels133. The picture is entirely different for the voltage-
gated colicin channels, where gating involves import of a large part of the protein molecule
from the membrane surface. This is considered to be an essential part of their translocation
across the membrane134–136. Structural organization and activity of pore-forming colicins
(primarily of colicin Ia) were qualitatively described by Finkelstein and coworkers in a
series of articles published in the last decades129, 135–154. Briefly, like many colicins studied
so far, colicin Ia has three distinct domains: the middle receptor binding region, the N-
terminal region which together with proteins on the target bacterial cells transports colicin
inside the cell, and C-terminal region, which is the channel-forming domain made of 10 α-
helices. All channel-forming domains carry a distinctive short hydrophobic segment near the
C-terminus with 31–49 consecutive uncharged residues identified as a hydrophobic hairpin
(helix 8 – helix 9, or H8–H9)153. The rest of the toxin is highly charged. Measurement with
colicin Ia in planar lipid membranes led to an intriguing finding135, 148. It was demonstrated
that a stretch of at least 31 amino acid residues (residues 474–541) of colicin Ia is
translocated back and forth across the bilayer, which is accompanied by channel opening
and closing. At the same time, residues 544–572 are moved in and out of the bilayer but not
entirely across it135, 148. Measurements were performed in a series of experiments in planar
lipid bilayers using cis and trans streptavidin trapping of biotin-labeled single-cysteine
mutants of the C-terminal channel domain of colicin Ia135. Both the whole colicin Ia and its
truncated C-domain are able to form voltage-gated ion channels with four membrane-
spanning segments, all contributed by a single protein molecule136. At that, channel
formation by colicin Ia in planar membranes was suggested to occur in several steps153.
Once colicin is added to the cis side of the membrane, the hydrophobic hairpin H8–H9
inserts into the membrane in a voltage-dependent manner forming two transmembrane
segments. Triggered by the positive voltage at the cis side, an additional part of the C-
domain inserts, contributing two transmembrane segments (helices H1 and H6–H7). The
helices H2–H5 are concurrently translocated across the membrane to the trans side (Figure
3B)153. This voltage-dependent insertion is recorded in the planar bilayer lipid membranes
as a step-like opening of a conductive colicin Ia channel136, 152, 153. Interestingly, channel
formation by the carboxyl-terminal colicin Ia fragment containing 345 residues is also
similar to channel formation by the whole colicin or by the isolated C-domain151, 152.
However, the portion of helix 1 is also translocated across the membrane and the channel is
formed by three transmembrane segments only. The ability of the large transmembrane
channel to be formed by only four (or even three) transmembrane segments created a
fundamental problem in understanding the nature of the colicin Ia pore structure (see related
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discussions in refs.1, 93, 94, 153). It is still hard to find an explanation for a paradox of
forming a channel permeable for large, folded proteins (up to 26 Å in diameter) by a small
protein152. Different models attempting to resolve this paradox either suggest that the
channel wall can be partially lined by membrane lipids155, 156 or advocate a possibility of
oligomer formation94. Note that formation of multimeric colicin Ia channels was directly
visualized recently with two-dimensional crystals of colicin Ia inserted into bilayer lipid
membranes by electron crystallography123. However, the authors emphasize that despite
their data indicate that colicin Ia channels exist as multimers, it does not imply that
formation of an oligomer is required for the channel to function.

2.2. β-barrel membrane-perforating toxins
β-PFTs are secreted as water-soluble proteins that, in order to form a pore, need to
oligomerize into multimeric complexes on the mammalian plasma membranes2. Each
monomer of this oligomeric complex contributes one or two amphipathic β-hairpins to the
pore thus forming a β-barrel. A hydrophobic outer surface of the β-hairpins favors insertion
of these oligomeric pores into the lipid membrane2, 92, 157. The number of subunits
composing the β-barrel can vary significantly ranging from 7 for α-hemolysin of
Staphylococcus aureus to 50 for a family of cholesterol-dependent cytolysins. The variety in
the subunit numbers results in a significant range of pore sizes2, from 2 to 50 nm.

2.2.1. Staphylococcal toxins—Along with Pseudomonas aeruginosa and Escherichia
coli, Staphylococcus aureus is the most frequently isolated bacteria in routine clinical
laboratory hospital testing1, 158. In recent years, significant attention has been attracted to
the toxins produced by S. aureus due to the wide spread of the multi-drug resistant type of
the bacterium, the so-called methicillin resistant Staphylococcus aureus, or MRSA159, 160,
which is often associated with high mortality161. Among numerous virulence factors, S.
aureus produces a number of pore-forming toxins (PFTs) that include α-hemolysin
(sometimes referred as α-toxin or α-haemolysin), γ-hemolysin, and leukocidins. The
cytolytic effect of these β-PFTs has been first described more than 100 years ago when the
ability of Panton-Valentine leukocidin (PVL) of S. aureus to lyse leukocytes was
demonstrated162, 163. The importance of each individual toxin secreted by S. aureus varies
dramatically between different strains of the bacterium. For instance, a role of the pore-
forming PVL in virulence of community associated MRSA (CA-MRSA) infection has been
a subject of significant debates in recent years159, 160, 164.

Staphylococcal α-hemolysin (α-HL) is released from bacteria as a water-soluble 293-amino
acid monomeric polypeptide with molecular mass of 33 kDa. Upon binding to a cell
membrane, it oligomerizes and forms heptameric complexes on the surface of a target
cell165–170. Formation of hexameric α-hemolysin complexes has also been reported171–173.
α-hemolysin oligomers demonstrate the ability to insert into lipid bilayers forming large
water-filled pores that are slightly anion selective. Pioneering electrophysiological
recordings on α-hemolysin pores in bilayer lipid membranes were reported by Krasilnikov
and co-authors some thirty years ago171, 174 followed by further intensive studies of the
properties of the channel175–180. When inserted into a planar lipid bilayer, α-HL forms a
stable channel of about 1 nS conductance in 1 M KCl at room temperature. The crystal
structure of detergent-solubilized heptameric α-hemolysin has been solved to 1.9 Å
resolution167 showing a hollow 100 Å×100 Å heptamer. It was demonstrated that the
heptamer has a mushroom-like shape consisting of the stem, cap, and rim domains (Fig.
1A). The stem part of the α-HL is a 14-stranded β-barrel made from 7 β-hairpins each
contributed by an individual monomer. The cap, which together with the rim forms the core
of the protein, is composed of a β-sandwich and has a diameter of ~ 100 Å1. The internal
diameter of the α-HL pore ranges from ~ 6 to ~ 50 Å. Two apparent constrictions with radii

Nestorovich and Bezrukov Page 6

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 0.9 nm and 0.6 – 0.7 nm were reported to be present in the channel lumen, the larger one
being closer to the cis side. Measurements were performed using an asymmetrical (one-
sided) application of water-soluble polymers, polyethylene glycols (PEGs)178 as first
described in ref.128 This approach explores the ability of polymers to partition into the
channel lumen and reduce its conductance in a molecular weight-dependent way69, 181–190,
while reducing solution conductivity based only on their monomer concentration191.
Channel dimensions and robustness determine the wide usage of this PFT in a variety of
applications that are not directly related to the toxicity of this protein (see section 4).

The most interesting property of a family of Staphylococcal pore-forming cytolysins: γ-
hemolysin (Hlg), leukocidin (Luk), and PVL is their bi-component structural organization.
These toxins are formed as a result of interaction of two distinct polypeptides, so called class
F component and class S component192. First crystal structure of a β-barrel transmembrane
protein γ-hemolysin composed of two proteins was reported recently193 (Figure 4), showing
an octameric pore structure at 2.5 Å resolution. The measurements with planar lipid bilayers
performed on another bi-component pore-forming octameric leukocidin, Luk showed a
conductance of 2.5 nS in 1 M KCl, which is more than two-fold larger compared with that of
α-hemolysin72, 194, 195. At the same time, the pore diameter was estimated as 28 Å
indicating that geometrically an additional subunit contributes only slightly to the pore size
and conductance increase194.

2.2.2. Epsilon toxin of Clostridium perfringens—Epsilon toxin (ETX) is the major
virulence factor secreted by Gram-positive, spore-forming anaerobic bacteria Clostridium
perfringens types B and D196. In 2011, two excellent reviews discussing every known aspect
of ETX's toxicity were published197, 198. ETX is responsible for a rapidly fatal
enterotoxaemia in herbivores when their gastrointestinal tracts are colonized by this
bacterium leading to in situ toxin production14, 199, 200. ETX is secreted in a poorly active
form called prototoxin201 and is activated into a highly potent toxin by proteolytic removal
of 11 or 13 N-terminal and 29 C-terminal amino acid residues202. The activated ETX is one
of the most potent bacterial toxins after botulinum and tetanus neurotoxins203; an estimated
lethal human dose is 7 μg via the intravenous route199. Due to ETX's high potency and
lethality, it has been classified as a CDC category B agent. The structure of the monomeric
ETX204 has a similarity to aerolysin, a 100-fold less potent pore-forming protein produced
by the Gram-negative pathogen Aeromonas hydrophila (see section 2.2.3 below). ETX
consists of three structural domains: N-terminal domain, which may participate in receptor
binding, domain II, which is thought to contain a transmembrane stem involved in pore
formation and, probably, also takes part in oligomer formation, and C-terminal domain,
which likely helps to mediate ETX membrane insertion. ETX activation triggers its
oligomerization in the synaptosomal membrane within the detergent-insoluble
microdomains (lipid rafts) of MDCK cells205, 206. ETX was reported to form aerolysin-
like204 β-barrel heptameric205–207 transmembrane pores that increase cell permeability to
small molecules and ions14, 208–210. Surprisingly, in vitro, only a few cell lines such as
MDCK, mouse kidney cells, and human renal leiomyoblastoma G-402 cells were found to
retain susceptibility to ETX207, 209 due to the presence of specific ETX-binding receptors.
Moreover, several studies have reported that ETX was not cytotoxic for sensitive cell lines
at 4°C207, 208, 211–213. This finding was recently extended to provide an evidence of a
prepore stage in the channel formation by the ETX213. According to the suggested model,
the toxin, when bound to an uncharacterized receptor, is first assembled into a heptameric
prepore on the surface of the membrane. At 4°C, the process stops at this stage; however at
37°C, the heptameric prepore significantly changes its conformation and inserts into the
membrane, forming an active pore that rapidly depolarizes the membrane213. The sequence
of the assembly and membrane insertion steps represent one of the most significant
problems in toxicology. For instance, clear evidence of prepore formation was provided for
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the β-barrel channel-forming component of the anthrax toxin, PA63 and prepore's crystal
structure was resolved214. However, no prepore step was identified for membrane insertion
α-hemolysin, where the heptameric channel is believed to be assembled directly from the
monomers inserted into the membrane.

No receptors are needed for ETX incorporation into artificial lipid bilayers215, 216 or
liposomes217. In bilayer lipid membranes, ETX forms wide, slightly anion-selective general
diffusion pores with a single-channel conductance in the range of 440 – 640 pS in 1 M
KCl215, 216. Based on the structural and functional similarities with oligomeric aerolysin of
Aeromonas hydrophila and α-hemolysin of Staphylococcus aureus, ETX was supposed to
be permeable to solutes up to a molecular mass of at least 1 kDa215. Recently a polymer
partitioning study to access the ETX's pore functional shape and size has been conducted58.
It was shown that PEG partitioning was highly asymmetric, as revealed by the dependence
of ion current through the pore on the mode of asymmetric addition of polyethylene glycols
to the membrane-bathing solutions (Figure 5). The trans opening of the ETX pore allowed
for penetration of much larger polymer molecules than its cis opening (Figure 6A).
Therefore, the partitioning data are suggestive of an asymmetrical, e.g., conical shape of the
pore with the tentative radii of the openings of 0.4 nm and 1.0 nm on the cis and trans sides,
respectively. In addition, the ionic selectivity of the ETX pore was explored by measuring
reversal potentials in the oppositely directed gradients of potassium chloride aqueous
solutions58 (Figure 6B). As it was shown previously218, such measurements allow one to
judge upon the charge distribution along the channel pore. Interestingly, the asymmetry of
the reversal potential in the salt gradient was found to be opposite to what is reported for the
conical nanopores with a uniformly spread surface charge219, 220. In the case of the ETX
pore, the selectivity is salted-out more easily from the wide trans opening of the channel.
This suggests that the residues carrying the positive charge responsible for the anionic
selectivity of the ETX pore215, 216 are not localized at its cis opening but are shifted toward
the trans side.

2.2.3. Aerolysin of Aeromonas hydrophila—Aeromonads are gram-negative bacteria
frequently found in aqueous environments and mainly associated with gastrointestinal
diseases35. Among the variety of virulent factors secreted by these bacteria, the aerolysin is
one of the best-characterized pore-forming toxins. Aerolysin (for review see221) is produced
by Aeromonas hydrophila as a water-soluble inactive precursor named proaerolysin, which
can exist as a dimer or a monomer92, 222. It is known, that many toxins are synthesized by
pathogenic organisms in an inactive form most likely to protect the host bacterial cells from
self-destruction or to improve the efficiency of their delivery to the target cells223.
Proaerolysin specifically binds to glycosylphosphatidylinositol-anchored receptors on the
surface of target cells224, 225. Activation of the inactive aerolysin precursors involves
proteolytic removal of a C-terminal peptide226, 227. The activated aerolysin then
oligomerizes and incorporates into target cell membranes forming heptameric β-barrel
channels. The structure of the proaerolysin was solved by X-ray crystallography at a 2.8-Å
resolution228 showing a structural similarly to the ETX monomer described above. When
inserted into bilayer membranes, aerolysin makes stable, voltage-sensitive, slightly anion-
selective channels229–231. Even though the pore structure of aerolysin heptamers is not yet
well established, a statement about an α-HL-like organization of the aerolysin heptamer had
been recently formulated221. However, the structure and effective charge of aerolysin and α-
HL are significantly different (Figure 7). The electron microscopy studies of aerolysin
channels demonstrated that they lack the vestibule domain228, 232, resulting in a rivet-like
model of the channel92. Despite anionic selectivity possessed both by aerolysin and α-HL
channels, α-HL has a slightly positive global net charge (Z = +7e) whereas aerolysin is
essentially negative (Z = −52e). The aerolysin pore diameter was also reported to be smaller
compared with the α-HL, while their height is about the same231, 233. Due to the distinctive
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properties of the aerolysin, this PFT had recently been suggested232 as an alternative to α-
HL, which is traditionally used as a biological nanopore sensor to study peptide
translocation, peptide-pore interaction, and protein unfolding 75, 82, 234−236. The electrical
properties of the aerolysin channel in the presence of two different proteins, a wild-type
maltose-binding protein (MalEwt) and its destabilized variant (MalE219), were probed in
denaturing conditions in the presence of guanidium chloride232 (Figure 8). While MalE219
is completely unfolded at 0.7 M Gdm-HCl, MalEwt required 1.5 M Gdm-HCl; at that, the
aerolysin pore was proved to stay stable. After the addition of unfolded proteins, the authors
detected two types of ionic current blockages with different ion current amplitudes and
blockage duration. One was attributed to a situation when a protein chain diffuses close to
the pore (bumping or straddling event) and another one to the protein chain transportation
through the channel. The unfolded proteins were transported more slowly through the
aerolysin channel compared with α-HL channel, thus making aerolysin a promising
biological sensor for polymer analysis.

2.2.4. Vibrio cholerae cytolysin—Recently resolved 2.9-Å crystal structure of another
member of PFTs family, heptameric237Vibrio cholerae cytolysin (VCC) boosted interest to
this toxin (Figure 9)238. High degree of structural similarity with α-HL167 was observed; at
the same time, these two toxins display a rather weak sequence similarity (~15%). The
oligomeric VCC was purified and crystallized in the presence of detergent, which allowed
for determining the structure of the membrane-embedded oligomeric configuration of this
toxin238 – one of the main challenges in toxin's crystallography. Previously the same group
resolved a 2.3-Å structure of the VCC water-soluble monomer239. As a result, VCC
provides one of just a few examples of β-PFT for which both soluble and membrane-
assembled structures are resolved238, 239, which provides an excellent base for investigation
of the intermediate steps of VCC oligomerization and membrane assembly238. X-ray
crystallography revealed one interesting structural detail of the VCC pore – a narrow
constriction region formed by an unexpected aromatic tryptophan W318 ring of residues
within the pore that is rich in charged amino acid residues238. Authors compare this region
with the famous phenylalanine clamp (ϕ-clamp) of the β-barrel PA63 component of anthrax
toxin240 (see section 2.4.1). However, in the case of binary toxins, such as anthrax and
clostridial C2, the ϕ-clamp was shown to be essential in channel-mediated translocation of
the enzymatic components of these toxins. So far, there is no evidence indicating that VCC
serves as a transmembrane protein translocase238. The ability of VCC to form channels was
probed with the planar lipid bilayers241–246. The most interesting feature observed was a
superlinear dependence of the rate of VCC channel formation on the fraction of cholesterol
in the both monolayers of the membrane244, 246. Remarkably, methyl-β-cyclodextrin
(MβCD), which removes cholesterol from membranes, rapidly inhibited formation of the
VCC pores, even when MβCD was added to the side opposite to VCC addition244. This
cholesterol-dependence, however, was not observed in an earlier study247, which may or
may not be explained by the difference in the planar lipid membrane techniques used,
namely, the monolayer opposition versus painted membrane techniques (see section 1.3).

Note that VCC is distinct from the main virulent factor of the human pathogen Vibrio
cholerae, which is cholera toxin. The involvement of VCC in the pandemic of this
devastating disease remains unclear238. However, keeping in mind that Vibrio cholerae is
widespread in many parts of the globe and responsible for thousands of deaths every
year238, 248, it is important to focus on the secondary factors of virulence, such as the
membrane-perforating toxin, VCC. It is not unusual when evolution brings bacterial toxins
of secondary importance into the forefront. The binary CDT toxin secreted by hypervirulent
Clostridium difficile pathogen is an excellent present-day example249–253.
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2.2.5. Cholesterol-dependent cytolysins—The cholesterol-dependent cytolysins
(CDCs) (for review see refs.9, 254–256) belong to a large family of PFTs that have been
identified in five different genera of Gram-positive bacteria including Clostridium, Bacillus,
Streptococcus, Listeria, and Arcanobacterium1, 256, 257. Up to now, 20 members of the
CDCs family have been discovered that include perfringolysin O (PFO) from C.
perfringens, streptolysin O (SLO) from Streptococcus pyogenes, pneumolysin from S.
pneumonia, and listeriolysin O (LLO) from Listeria monocytogenes. The so far identified
CDCs share a high level of amino acid sequence homology (40–80%), which suggests a
certain degree of similarity in their structural and functional properties12, 256. The pore-
forming mechanism of the CDCs exhibits two unique features: an absolute requirement of
the presence of cholesterol in a membrane and formation of very large multimeric
transmembrane pores. Note that even though the rate of channel formation by Vibrio
cholerae cytolysin (section 2.2.4) and by several other toxins in planar lipid bilayers was
shown to be cholesterol-dependent, they do not belong to the CDC family of toxins. The
CDC pores are currently the largest known toxin pores. CDCs associate with the cholesterol-
enriched membrane domains118,119. It was initially suggested that cholesterol acted as a
receptor for a CDC binding, however, eventually it was shown that the exact step at which
cholesterol is required (cell surface binding, oligomerization or membrane insertion) can
vary between CDCs12. Thus, perfringolysin O can indeed bind to cholesterol directly258,
however cholesterol is not a receptor for listeriolysin O and intermedilysin CDCs.
Cholesterol is still required for pore formation by these two CDCs. The second hallmark
CDC feature mentioned above is the ability to form extraordinary large pores. The CDC
pores are composed of up to 50 monomers, though the number is somewhat variable259 and
more often ranges between 30 and 40 monomers254, and can achieve about 480 Å in
diameter1, 12. It is fascinating that the CDCs not only form oligomers with significantly
larger number of identical subunits compared with the other β-PFTs, but also that each
monomer contributes two β-hairpins to the transmembrane β-barrel channel259, 260. This
structural arrangement leads to the unique β-barrels composed of up to 200 β-strands261.

X-ray crystal structures of several monomeric CDCs in a water-soluble form are currently
available262–267. As was predicted from the sequence similarity, the CDCs share a similar
global structure12. CDCs are elongated molecules composed mostly of β-sheets and divided
into 4 distinct domains where domain 3 provides the segments that form the two
transmembrane β-hairpins. The numerous electron microscopy studies of CDC oligomers
revealed pores of 240 to 480 Å in diameter (Figure 10)268, that are big enough to allow the
passage of large macromolecules. The pore-forming mechanism of the CDCs has been an
object of intense studies and debates for the past two decades (recently reviewed in ref.254).
The initial interaction of the CDC molecules with the membrane surface is mediated by
hydrophobic loops on the tip of domain 4269–274. CDC membrane binding initiates changes
in the monomeric CDC, leading to the formation of intermolecular contacts between
different membrane-bound monomers275. The oligomeric complex continues to expand by
incorporating multiple additional monomers up to the point when it is locked to a ring-
shaped structure. This structure is usually referred to as a CDC “prepore complex” that has
not yet embedded into the bilayer membrane as a β-barrel channel. Prepore to pore transition
of CDC requires significant structural changes but proceeds in a cooperative and rapid
manner as was visualized by electron microscopy276. In vitro electrophysiological
measurements with CDCs are quite limited but those performed provide an interesting
insight into the pore's physical properties277–280. In particular, perfringolysin O (PFO), one
of the most studied members of the cholesterol-dependent cytolysin family, has been shown
to form channels in planar bilayers277. PFO was found to increase the ion current through a
lipid membrane by a number of discrete stepwise changes in current. These current steps
were associated with the consecutive insertion of the large preassembled pore complexes
into the bilayer. No small conductance patterns were ever recorded. At low PFO
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concentrations, when only a small number of channels were present, the conductivity values
did not show the insertion of small channels growing into larger channels35. This study
allowed the authors to support one of the two existing models of the cytolysins pore
formation (Figure 11), namely, oligomeric prepore to pore transition263versus a continuous
growth model281. Electrophysiological properties of the pores formed by another member of
the CDC family, pneumococcal toxin pneumolysin in the membranes of nucleated cells were
evaluated using a patch clamp technique278. Both the wild type pneumolysin and the lytic-
deficient pneumolysin mutant, W433F, were studied to investigate if the lytic deficiency
correlates with the absence of pore-forming capability. In contrast to the PFO study
discussed above, the authors reported that a spectrum of differently sized channels was
observed both with the WT and W433F pneumolysin.

2.3. AB-type bacterial toxins
In contrast to the PFTs, a fundamental property of intracellularly active bacterial toxins,
such as AB-type toxins, is that the enzymatic A domain or component has to be specifically
delivered across the cell membrane into the cytosol of target cells7. AB toxins are secreted
by a variety of bacterial pathogens in two forms. First, single-chain AB toxins can be
comprised of two connected parts: part A, or an active enzymatic domain responsible for
targeting the specific substrates in the cytosol, and part B, or a binding domain, which docks
to certain cell surface receptors. The single-chain AB-type proteins will be reviewed in this
section. The second form of AB-type toxins is represented by the binary toxins (reviewed in
section 2.4) where the active and binding components are secreted as non-linked individual
proteins. It is noteworthy that the B components of the binary toxins not only bind to the cell
surface but also serve as receptors for the enzymatic A components. Moreover, following
receptor-mediated endocytosis, B components form oligomeric transmembrane channels that
facilitate translocation of the A components into cytosol of a target cell. The role of the B
domain in transport of the single-chain AB-type toxins is not so obvious, namely it is not
always clear if intracellular trafficking of these toxins involves formation of ion channels in
target cell membranes. However, there are a number of single-chain AB-type toxins, such as
botulinum neurotoxin, BoNT of Clostridium botulinum and diphtheria toxin, DT of
Corynebacterium diphtheriae, for which channel formation was documented. Therefore, in
this section of the review, we will focus on these two single-chain AB toxins. Investigation
of the AB toxin intracellular transport is related to one of the most important problems in
cell biology – understanding the mechanisms of protein transport across bilayer membranes.
Insights into this process that constitutes a crucial intoxication step could provide the lacking
knowledge needed for antidote/antitoxin discoveries282.

2.3.1. Diphtheria toxins of Corynebacterium diphtheriae—Diphtheria toxin (DT) is
a highly efficient toxin secreted by toxigenic strains of Corynebacterium diphtheriae
bacterium as a single-chain protein1, 283. It is the major virulent factor of diphtheria. It was
estimated that a single DT molecule is enough to kill a cell, which makes the diphtheria
toxin one of the most toxic proteins identified284. DT destroys human and animal cells by
inactivating elongation factor 2, EF-2, which is an essential protein of the translocation
machinery1. As many other bacterial toxins, DT is secreted in an inactive form that needs to
be activated by proteolysis to be able to cross the cellular membrane285–287. X-ray
crystallography studies on DT demonstrated that this single-chain protein consists of three
distinct domains, each domain responsible for a specific biological function (Fig.
1B)288–294. The N-terminal catalytic, or C-domain catalyzes the NAD+-dependent ADP-
ribosylation of EF-2, which completely shuts down protein synthesis and kills the cell295.
The C-domain consists of both α-helices and β-sheets. The part of the protein corresponding
to a fragment B of this AB-type toxin carries both the T- and R-domains289, 296–298. The A-
and B-fragments of the DT toxin are connected by a disulfide bonds, and their reduction is
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important for the C-domain transport across the membrane. The central translocational, or
T-domain (entirely α-helical) mediates protein translocation across the cell membrane. The
C-terminal receptor-binding, or R-domain is rich of the β-sheets, which allows it to adopt a
β-barrel-like conformation. The R-domain acts as the receptor-binding domain to the toxin
molecule interacting with a 20 kDa heparin-binding epidermal growth factor-like precursor
hb-EGF299. As with many other intracellularly acting toxins, this binding triggers receptor-
mediated endocytosis, the mechanism of which is not completely understood as of yet300. It
is generally accepted, that the acidification of the early endosomes triggers the unfolding of
the transmembrane translocation T-domain283, 301, 302 followed by its incorporation into the
endosomal membrane.

The precise mechanism for the catalytic domain translocation across the early endosomal
membrane is still debated. The discussions mainly swing between two possible scenarios of
C-domain transport. The first hypothesis suggests that the C-domain of DT is threaded
through the channel by a process, which is mediated by the Cytosolic Translocation Factor
complex303, 304. The second one assumes that the internal chaperone-like activity of the
partially unfolded channel-forming T-domain facilities the transmembrane delivery of the C-
domain303, 305. Somehow or other, it is widely accepted that the formation of the
transmembrane channels by the T-domain of DT is a critical step mediating C-domain
trafficking283. Furthermore, the transport of the catalytic domain is believed to be followed
by the disulfide bond reduction (the famous “weak link” in biology) between fragments A
(C-domain) and B (T- and R-domains), which leads to the release of the C-domain into the
cytoplasm283.

The first planar lipid bilayer measurements on DT channels suggested that a transmembrane
pH gradient was required to facilitate C-domain transport306–308. The diameter of the pore
was estimated to range between 18 and 22 Å. Studies with asolectin vesicles showed that no
additional proteins or factors were needed for the C-domain transmembrane trafficking: DT
was able to deliver its catalytic domain across the bilayer in a pH-dependent manner309. It is
remarkable that not only the full-length toxin, but also the T-domain alone and a mutant
lacking the receptor-binding R-domain were shown to form channels in planar membranes
under conditions of low pH (below 6) at the side of protein addition306, 307. Moreover, the
transmembrane channel formed by a T-domain in planar lipid bilayers was shown to be fully
functional, mediating translocation of the entire catalytic domain along with about 70
residues of the N-terminus of the T-domain across the membrane (Figure 12)305. The study
was performed using DT labeled with an N-terminal His (H6) tag in the presence of Ni2+

(which binds to polyhistidine) in the trans compartment (opposite to DT addition).
Alternatively, the authors used trans streptavidin addition when a residue near the 6
histidines was biotinylated. Ni2+ or streptavidin addition inhibited the rapid closure of the
DT channels. These results indicated that the H6 tag had been translocated from the cis to
trans side of the membrane. Since no additional cellular components or even the R-domain
of the toxin were used, this fascinating study clearly demonstrated that the T-domain
contains all of the required translocation machinery. However, the autonomous versus the
facilitated mechanisms of DT catalytic domain delivery to the cytosol are still under
discussion (recently reviewed283). The main argument against the autonomous mechanism
involves the notion regarding limitations of the planar bilayer technique, where influence of
the numerous membrane-associated proteins, known to serve as mediators of endocytosis
and vesicular trafficking, cannot be directly examined283. Still, we believe that the planar
lipid membrane approach is a powerful technique, which enables direct evaluations of the
intermolecular forces involved in translocation processes and interactions of proteins with
small molecules and other proteins.
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Indeed, several consecutive studies exploring the DT channel in planar bilayers contributed
significantly to the current understanding of the catalytic domain intracellular
transport310--327. One example includes an elegant study where a number of subunits of the
T-domain of diphtheria toxin composing the channel were determined328. The paradigm
addressed in that work dealt with the fact that the T-domain contributes only three
transmembrane segments; however, the channel is permeable to ions as large as
glucosamine+ and NAD−. To determine if the T-domain can form oligomeric channels in
planar membranes, mixtures of two T-domain constructs with distinct voltage-gating
characteristics were tried (Figure 13). One of the constructs contained an N-terminal H6 tag
that blocked the channel at positive voltages. The other one had an H6 tag at the C-terminal
end. If the channels could be assembled from multiple T-domain subunits, the authors
expected to see a population of single channels that are blocked both at positive and negative
voltages. The possibility of oligomer formation was completely ruled out since the observed
single channels were blocked at either negative or positive voltages but never at both.

2.3.2. Botulinum neurotoxin of Clostridium botulinum—Clostridial bacteria C.
botulinum and C. tetani produce two very potent neurotoxins, BoNT and TeNT that cause
serious neurological disorders, botulism and tetanus2, 14. Both toxins were reported to form
similar ion channel in the planar lipid bilayer membranes. Here we focus on the better
studied BoNT channels (recently reviewed282, 329). The BoNT is the most toxic protein
identified so far, which is characterized as a category A agent by the CDC. Moreover,
scientific interest to this toxin is explained by its wide use in cosmetic industry for facial
esthetics330, 331 and by the growing number of its applications in medicine332, 333. Just as
the DT, BoNT is an AB-type single-chain protein with little proteolytic activity. It is
activated to a dichain protein that is linked by a disulfide bond with AB structure-function
properties2, 334. The N-terminal catalytic A-domain (light chain) is a ~ 50 kDa zinc
metalloprotease335; the ~ 100 kDa C-terminal B domain (heavy chain) is made of two
functional domains that are required for the receptor recognition and A-domain translocation
across the endosomal membrane2, 334. As mentioned above, receptor-mediated endocytosis
is an important step in intracellular trafficking of the AB toxins. While in cytosol, the BoNT
proteases target their cytosolic SNARE (soluble NSF attachment protein receptor)
substrates336–338 that form a coil-coil, which underlies the assembly of the synaptic fusion
core complex important for synaptic vesicle assembly282. Cleavage of the SNARE
components by BoNT disrupts membrane fusion and neurotransmitter release282. The heavy
chains of the toxins were shown to form tetramers339 and to insert into the lipid membranes,
forming cation-selective channels340 permeable to small molecules (< 700 Da)337. The
mechanism of BoNT translocation is still not completely understood14. However, the
essential molecular details of the mechanism underlying BoNT translocation across
endosomal membranes were obtained from single-molecule studies in planar lipid
bilayers340–348. The nicked BoNT molecule is believed to act as a nanomachine349–353

where the B-domain formed by the heavy-chain fragment acts as a specific protein-
translocation chaperone for the light chain protease282, 342–345, 351, 354, 355. Translocation of
the BoNT light-chain catalytic domain by the heavy chain was observed in real time using
excised patches of BoNT-sensitive Neuro 2A343, 345 neuroblastoma cells. It manifested itself
by a progressive increase in membrane conductance: the channel formed by the B
component of BoNT was transiently blocked by the catalytic domain and then unblocked
after completion of translocation and release of the light chain fragment282. Maintaining the
right condition, namely mimicking the pH gradient across the endosome (acidic inside and
neutral in the cytosol) and inside-positive transmembrane potential was the central
requirement triggering the translocation.

The suggested consequence of events underlying BoNT transport across the membrane is
shown in Figure 14282, 345. Step 1 demonstrates free BoNT represented by its crystal
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structure351. The catalytic light chain and translocation- and receptor-binding fragments of
the heavy chain are shown in purple, orange, and red, respectively. Step 2 illustrates a
schematic representation of BoNT inserted into the membrane during an event of entry
where the enzymatic fragment (purple) is trapped within the channel formed by the heavy
chain. A series of further steps of the light chain trafficking (3–4) and release (5) are shown.
Remarkably, each step could be associated with the high-resolution real-time consecutive
single channel recordings. Similarly to the DT transport, the disulfide bridge (shown in
green) connecting the light and heavy chains of the toxin is stable at the low pH oxidizing
environment of the cis compartment of the bilayer chamber that mimic the acidic endosomal
pH. However, the disulfide bond is reduced by a reductant pH in the trans compartment
(mimicking the pH of the cytosol), which promotes the release of the light chain. The
authors observed the progressive stepwise increase in originally quite low single channel
conductance (Fig. 14, current tracks from left to right). After the enzymatic fragment
translocation is complete, the channel is free and shows a high (~66 pS) conductance value
(step 5) typical for the heavy chain BoNT channel formed by the B-domain only342, 343. The
half-time for the completion of one individual event of light chain translocation was found
to be ~10 s. Numerous additional details of BoNT intracellular transport studied on a single
channel level by Montal's group were recently reviewed and we address a zealous reader to
these publications282, 329.

It is clear that the planar lipid bilayer studies were able to provide an important insight into
the AB toxins translocation mechanism contributing significantly to our understanding of
the molecular events underlying protein-mediated protein transport. Several attempts to
explore these processes using single-chained AB toxins were performed. One study reported
measurements on a Pseudomonas exotoxin A secreted by Pseudomonas aeruginosa, where
the burst-like single channel events were seen356. Other studies include planar lipid bilayer
experiments with two major toxins of Clostridium difficile: Toxin A357, and Toxin B358.
Membrane insertion of the both toxins was shown to be facilitated by a low solution pH and
in the case of Toxin A turned out to be cholesterol-dependent. Despite of the evident
interaction with the lipid membrane manifested by the increased ion-current noise and
membrane conductance, no well-defined conductance steps representing consequent
insertion of the individual channels were recorded.

2.4. Binary toxins
Certain pathogenic species of Bacillus and Clostridium families employ a unique and
refined way for targeting mammalian cells – they produce binary exotoxins, which are
composed of two separate non-linked proteins, an active/enzymatic A component and a
binding/translocation B component (for detailed reviews see refs.3, 13, 37, 38). In contrast to
single-chain AB toxins, A and B components of the binary toxins are secreted as individual
unbound proteins. Each component itself does not exhibit toxic effect; however, together the
A and B components are cytotoxic. Note that as an exception from the rule, the binding/
translocation B component of clostridial Iota toxins was shown to produce cytotoxic activity
through necrosis with certain cell lines359. To gain access for their A components to the
cytosol, all binary toxins rely on a similar cellular uptake mechanism (Figure 15). The B
component of these toxins binds to a receptor on the surface of the target cells, self-
assembles to form a ring-shaped oligomeric prepore (usually heptameric) able to bind the A
components, and, after receptor-mediated endocytosis, is converted into an ion-conductive
pore, which mediates A component translocation from acidified endosomal vesicles into the
cytosol. Remarkably, the binding/translocation B components are structurally conserved
between the Bacillus and Clostridium families. They share a high level of amino acid
homology and numerous functional similarities 13, whereas the enzymatic A components of
these toxins are quite distinct and target different cell functions.

Nestorovich and Bezrukov Page 14

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.4.1. Anthrax toxin of Bacillus anthracis—Recent progress made in understanding of
anthrax toxin intracellular translocation is beyond any comparison. To the large extent, this
was due to the well thought-out and elegant experiments performed with the planar lipid
membranes, where protein translocation can be directly electrically monitored and managed,
and the pH and transmembrane voltage can be precisely controlled (recently reviewed in
refs.37,50, see also the subsequent publications46–49, 360–365). Anthrax toxin, as a member of
the bacterial AB exotoxin family, consists of three proteins that self-assemble at the surface
of the cell. It is comprised of two enzymatic A components: Lethal Factor (LF), a Zn-
metalloprotease that cleaves MAP kinase kinases and induces the cell death of macrophages,
and Edema Factor (EF) (sometimes named Oedema Factor, or OF), which is a Ca2+- and
calmodulin-activated adenylyl cyclase366–369, and one translocation/binding B-component
(83 kDa Protective Antigen, or PA). Note that the name of “protective antigen” originates
from its use as an active component of anthrax vaccine and does not refer to any protective
properties of this protein in the course of anthrax toxin intoxication. Because instead of one
A and one B component, Bacillus anthracis secretes three individual factors (two enzymatic
and one binding), anthrax toxin, being a member of binary toxin family, is often referred to
as a tripartite toxin. X-ray crystallography of the channel-forming B component of anthrax
toxin shows that PA contains four distinct domains involved in cellular receptor binding,
oligomerization, pore formation, and A component binding214, 370. Following proteolytic
activation by a furin-like protease of the host cell371, 372, the truncated B component, PA63,
forms ring-shaped oligomers, so called prepores, on the surface of eukaryotic cells or in
solution (Figure 16). The population of oligomeric PA63 prepores for a long time was
believed to be exclusively 7-fold symmetrical, or heptameric214; however, formation of 8-
fold symmetrical, or octameric forms both in solution and on cell surfaces was recently
discovered373 and investigated44, 364, 365. Once assembled, the oligomeric (PA63)7 and
(PA63)8 prepores can bind several copies of LF and EF45, 374 and undergo endocytosis being
transferred into an acidic compartment of the intracellular endosome. As discussed above,
the last step is critical for the toxicity of anthrax toxin375 as well as for several other
intracellularly acting toxins. Under the acidic endosomal environment, the PA63 prepore
endures substantial structural changes that allow it to embed into the endosomal membrane,
forming an elongated mushroom-like cation-selective channel. The protein wall of the
channel forms a single tunnel, a water-filled pore that connects solutions on both sides of the
membrane. The mushroom-like (125 Å diameter and 70 Å long cap, and 100 Å long stem)
membrane-spanning (PA63)7 pores were seen by the negative-stain electron microscopy376

(Fig. 1C, right). Instead of being a passive tunnel, PA then acts as an effective translocase,
which, using the proton gradient across the endosomal membrane (pHendosome < pHcytosol),
unfolds and translocates LF and EF into the cytosol of the target cell (Figure 17).

The peculiar molecular details of the PA63 channel acting as the translocase have emerged
as result of its intense studies in bilayer membranes, where anthrax toxin intracellular
transport was characterized as ΔpH-driven Brownian-ratchet mechanism48, 49, 377, 378.
Briefly, LF transport across the PA channel was directly observed by monitoring the
resumption of ion current, originally reduced by channel occlusion by LF, after LF was
translocated43, 44, 240, 377, 379, 380. Moreover, the translocation of LF was proven to be
initiated by entry of its N-terminus into the PA63 channel380 and driven through by either
transmembrane potential379 or by proton gradient377 across the membrane. Most
importantly, the transport of LF through the PA63 channel, and, as a result, the anthrax
toxin's toxicity was shown to be significantly suppressed by mutating phenylalanine residues
at position 427240. In general, the seven F427 residues are believed to form a narrow
constriction region inside the channel lumen (ϕ-clamp) that acts as a translocase active site
crucial for the A components transport.
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To address the fundamental question of the translocation driving force, a charge state-
dependent Brownian-ratchet model was suggested377. The PA63 channel is known to be
preferentially selective to cations. Therefore, acidic residues in the translocating polypeptide
are expected to protonate when entering the channel to avoid being repulsed by negatively
charged groups in the lumen of the channel cap381. Right after the protonated acidic groups
reach the cytosolic part of the membrane (or trans side of the bilayer membrane, where
higher pH value is intentionally maintained), they deprotonate becoming negatively charged
again. As a result, the negatively charged LF chain, emerging from the channel into the
cytosol, should be electrostatically repulsed from the cation-selective channel, which carries
negatively charged residues in the lumen. The authors of the model suggest that this
electrostatic repulsion in the presence of Brownian motion drives the translocation per se
and enforces its directionality50, 377. Remarkably, recent experiments with planar lipid
bilayers have imparted support to this model using semi-synthetic variant of LFN(12–263),
in which selected acidic residues were replaced with the unnatural amino acid, cysteic acid.
This acid has a negatively charged side chain protonated only at pH values below the
physiological range362. Depending on the number of acidic residues mutated, transport of
these variants was either significantly suppressed or completely inhibited, whereas their
binding and channel-blocking properties were comparable with those of WT LFN. In another
study, when an essentially non-titratable negatively charged SO3

− group was introduced at
most positions in LFN, the voltage-driven LFN translocation was drastically reduced382.

To find out if the secondary structure of LF is preserved during the PA mediated transport, a
method of trapping the polypeptide chain of a translocating protein within the channel was
developed47. By attaching biotin to the N terminus of LFN and using molecular stoppers at
different positions, the authors determined the minimum number of residues that could
traverse the channel. Streptavidin added to the trans side of the bilayer chamber was used as
a probe. If the N terminus – stopper distance was long enough for LFN to emerge from the
channel, streptavidin was able to bind to the biotin. If the distance was not long enough, no
biotin binding was recorded (Figure 18). The conclusion that the polypeptide chain can
adopt a fully extended conformation as it translocates through the channel's stem was an
instructive result of this elegant study. A kinetic analysis of protein transport via the PA63
channels, performed both in macroscopic and single-channel experiments, shows that the
kinetics of channel-mediated translocation of a single LFN protein molecule are S-shaped49.
A simple drift-diffusion model of LFN transport was also reported49. In this model, LFN is
considered as a charged rod that translocates through the channel being governed by the
combined influence of random thermal motion and an applied transmembrane electrical
field.

Two types of PA63 channels insertions with slightly different conductances were reported in
several recent publications57, 373. The observation was explained by formation of both the
heptameric and octameric channels in planar lipid membranes44, 45, 364, 365, 373, 383.
However, the channels of lower conductance, when studied on a single-channel level, were
noticed to exhibit the spontaneous reversible stepwise transitions to a substate of higher
conductance (also observed in ref.384) that exactly corresponded to the conductance of the
higher conductive channels57. Kinetic characteristics of blockage of these two types of
channels by seven-fold positively charged cyclodextrins were indistinguishable. It is unclear
if these apparent discrepancies were caused by the different PA samples used in the above
studies. In addition to the two insertion types, two types of complex non-Markovian channel
gating were also reported. We will discuss these features below together with the similar
observations for clostridial binary toxins (see section 2.4.2). Nonelectrolyte polymers of
poly-(ethylene glycol) successfully used before to determine the diameter of several
channel-forming proteins incorporated into planar lipid membranes were also used to size
the PA63

189 giving the PEG molecular mass cutoff of ~1400 Da, which approximately
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corresponds to the limiting diameter of the PA63 channel being less than 20 Å (Figure 19).
This study is in a very close agreement with an all-atom model of the PA63 channel385 (Fig.
1C, left) and with planar lipid membrane measurements where channel diameter was
estimated with the tetraalkylammonium ions of different size384, 386. Interestingly, PEG
molecules were shown to strongly interact with the channel giving a dissociation constant of
9 mM.

2.4.2. Clostridial binary toxins' B components are close analogs of the PA
channel—Binary toxins secreted by a family of clostridial bacteria are closely related to
anthrax toxin. They include C2 toxin of Clostridium botulinum, Iota toxin of Clostridium
perfringens, CDT toxin of Clostridium difficile and CST toxin of Clostridium spiroforme,
with C2 and Iota toxin showing well-defined stable ion channels when incorporated into
planar bilayers. Therefore, here we will focus on these two binary toxins. In contrast to the
anthrax toxin, which is a tripartite toxin formed by the two enzymatic and one binding/
translocation components, clostridial C2 and Iota toxins are made of the two components
only. Moreover, their A components (C2I and Ia) act through mono-ADP-ribosylation of G-
actins, which causes a complete destruction of the actin cytoskeleton and caspase-dependent
cell death13, 387–395. Just as with PA, X-ray crystallography of the B component of C2 toxin
(C2II) has revealed four distinct domains involved in cellular receptor binding,
oligomerization, pore formation, and A component binding214, 370. No crystal structure of
the Iota toxin B component (Ib) is available, but there is a good reason to believe that the
important structural details of PA and C2II, such as 4-domain organization, are also relevant
for the Ib component. It has been shown that PA, C2II, and Ib share from 27% to 38% of
amino acid homology. Remarkably, there is relatively little homology of domains 1 (A
component binding) and 4 (cellular receptor binding) between PA, C2, and Ib, which is not
surprising taking into account that these proteins are evolved to dock significantly different
enzymatic A components and to bind to different cellular receptors. Thus, the amino acid
sequence similarity of these three components is primarily localized within two central
domains: domain 2, which participates in pore formation and A component translocation,
and domain 3, which is important for the oligomerization of the monomers. Following
proteolytic activation, the truncated B components of these toxins (C2IIa, and Ib) form ring-
shaped heptamers – so called prepores on the surface of eukaryotic cells or in solution396. In
contrast to the PA oligomer, formation of the 8-fold symmetrical C2IIa and Ib oligomers
was not reported. A model structure of the (C2IIa)7 prepore was constructed based on the
corresponding structural assembly of the (PA63)7 prepore214, 370. The cellular uptake
mechanism of these two toxins is also similar to that of anthrax toxin (Fig. 15) with several
distinctions reviewed elsewhere3, 13. Following the A component binding, the cell-bound
C2I/C2IIa and Ia/Ib complexes are internalized by receptor-mediated endocytosis397–400 and
reach endosomal vesicles where C2I and Ia translocate across the endosomal membranes
into the cytosol using the C2IIa and Ib pores as translocation corridors396, 400–405.
Interestingly, in vitro planar bilayer measurements showed that PA63 is able to bind C2I,
whereas C2II binds both EF and LF406. The authors also reported that PA, but not C2II, has
the ability to transport the non-native enzymatic component into target cells, where it causes
actin modification and cell rounding.

In mildly acidic conditions, the B components of C2 and Iota toxins form ion-permeable,
cation-selective oligomeric channels in planar lipid membranes401, 402, 407, 408. It is unclear
to what extend the C2IIa and Ib channels serve as the active translocase of the A
components, similarly to the PA function discussed above. However, the preserved
phenylalanine clamp (ϕ-clamp) in position 428 was found to catalyze the unfolding and
translocation of the C2I component moieties across the membrane409, 410. The Phe residue
at the corresponding position is also conserved in Ib410, but the importance of the ϕ-clamp
for the Iota toxin transport is not clear as of yet.
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It is interesting to compare the salt concentration dependence of the PA, C2IIa, and Ib
channel conductance because this dependence, together with ionic selectivity of the channel,
may report on the sign and effective number of fixed charges inside the channel pore. Note
that almost ideal cationic selectivity determined by the negative charges inside the PA63
channel lumen and, therefore, the requirements for the acidic residues of LF being
protonated in order to pass through the channel, were persuasively used in the Brownian
ratchet model of the PA-mediated LF transport (see discussion
above)37, 47, 48, 363, 377, 378, 382. As shown in Figure 20A, conductances of the PA63 and
C2IIa channels, in accordance with earlier studies384, 401, 411, demonstrate non-linear
dependence on salt concentration in the membrane-bathing solution, which is characteristic
of charged pores, whereas the Ib channel exhibits close to linear behavior. The data on the
reversal potential measurements for the three channels in changing KCl concentration
gradients are shown in Figure 20B. Two features are clearly seen: (i) the channel cationic
selectivity drops in the sequence PA63 < C2IIa < Ib, and (ii) all three channels exhibit
similar asymmetry. The channel selectivity is “salted out”218 more efficiently from the trans
side of the channel, which corresponds to the neutral-pH cytosolic side. The channel
selectivity is systematically smaller when the salt concentration is higher at the trans
compartment of the reconstitution chamber. Interestingly, the ability of small molecules
carrying one or two positive charges to block ion current through the PA63, C2IIa, and Ib
channels was shown earlier240, 384, 386, 402, 407, 410, 411 (see section 3.2.1 below) with the
equilibrium binding constants decreasing in the order PA63 > C2IIa >> Ib. The difference in
the affinity of cationic blockers towards these channels was earlier attributed to the
decreasing number of negatively charged amino acids in the lumens of these pores407, 410.
The conductance salt dependence and selectivity measurements summarized in Fig. 20
strongly support this observation. The question that remains open is if the ΔpH-driven
Brownian ratchet model is still relevant for the less cation-selective C2 and Ib toxins.
Remarkably, the host cell chaperone Hsp90 and the peptidyl-prolyl cis/trans isomerase
cyclophilin A were shown to be crucial for membrane translocation of the enzymatic
components of clostridial C2, Iota, and CDT toxins but not for LF of anthrax toxin412–415.
However, cyclophilin A and Hsp90 did facilitate translocation of the fusion protein
LFNDTA (where DTA is a catalytic domain of diphtheria toxins)414. These interesting
observations introduce some new details in the long-lasting discussion about autonomous
versus facilitated toxin intracellular delivery mechanisms.

The salt dependences of conductance and selectivity of PA63, C2IIa, and Ib are quite
different, however current noise characteristics are alike. Interestingly, the voltage-
independent flickering of the channels between open and completely closed states was
observed in high time-resolution recordings57, 384, 401, 407, 416. Typical ion currents through
the three single channels, reconstituted into planar lipid membranes are presented in Figure
21. For all three channels, the flickering was described by the complex non-Markovian
kinetics which are manifested by a 1/f-type shape of the current power spectra57. To the best
of our knowledge, the 1/f fast flickering between the open and completely closed states is
unique for the family of channel-forming B components of binary toxins. For instance, α-
hemolysin (see section 2.2.1 of this review), which similarly to PA63, C2IIa, and Ib forms
heptameric channels, does not show this type of gating417, 418 and neither do many other β-
barrel pore-forming proteins.

In addition, PA63, C2IIa, and Ib exhibited strong voltage-dependent gating that is observed
with many β-barrel channels including artificial ones131, 132, 419. This type of gating is
highly asymmetrical (more pronounced at cis-negative voltages)420 and decreases in the
order PA63 > C2IIa >> Ib. After the closure at negative voltages, the channels, especially
PA63, tended to stay in a low-conductive state for minutes, and in a number of cases
reopening was not observed on a timescale of several hours even after the applied voltage
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was reduced to zero. However, second-long pulses of voltages of −250 mV often made
channel reopening possible. Interestingly, the voltage-dependent gating of cysteine-
substituted PA63 channels was reported to be abolished by a reaction with a
methanethiosulfonate reagent that catalyzes the formation of intersubunit disulfide bonds421.
This perturbation was observed with cysteines substituted at sites all along the 100 Å length
of the β-barrel stem region, which allowed the authors to draw a conclusion that the
channel's entire β-barrel participates in the gating process. Moreover, the PA63 voltage
gating was found to be lipid-dependent57. The channels were much more sensitive to the
applied voltage if reconstituted in negatively charged PS membranes compared with
zwitterionic PC membranes. The rate of PA63 channel insertions was also dramatically
increased in the PS membranes.

3. INHIBITION OF CHANNEL-FORMING BACTERIAL TOXINS
Discovery and development of small-molecule antitoxins represent a high-priority task in
modern drug design and medicinal chemistry422, 423. A number of bacterial toxins, such as
BoNT of Clostridium botulinum can be aerosolized and directly used as biological weapons.
With several bacterial diseases, such as anthrax, flu-like symptoms appear only after
bacteria have multiplied inside the infected organism and started to produce the toxin that
eventually causes death424. Even though aggressive antibiotic therapy inhibits Bacillus
anthracis bacterium growth, patients can still die because of intoxication425. Moreover,
engineered strains of Bacillus anthracis resistant to the existing antibacterial agents had
been already developed422, 426. Besides the formation of the native toxic complexes, several
binary toxins are able to cross-react interchanging their A and B components, which creates
a danger of their potential misuse406, 427.

Most importantly, a number of existing and emergent multi-drug resistant bacteria, so-called
“superbugs”, such as Pseudomonas aeruginosa, Clostridium difficile, Staphylococcus
aureus, and Escherichia coli secrete a variety of highly potent exotoxins with no antitoxins
currently available on the market. Vaccination, clearly being one of the most significant
medical achievements of 20th century, is not always available, sometimes reactogenic428, or
economically unpractical. Therefore, to combat the emergent infectious diseases and to
counter a terrorist's deployment of bacteria whose pathogenicity relies upon secreted toxins,
stable broad-spectrum antitoxins must be stockpiled. Small molecules are especially
attractive as antitoxins, since their room temperature shelf-life far exceeds that of the current
solution, antisera to toxins. We will focus here on the existing efforts to design the antitoxins
counteracting the channel-forming bacterial toxins.

3.1. Role of interactions in channel-facilitated transport
Theoretical modeling of ion channels has long been recognized as an important tool in the
studies of channel-facilitated transport133. Progress in this direction, quite substantial
already, is being currently accelerated by the newly revealed three-dimensional structures of
many channels. The availability of the high-resolution structures allows researchers to
address and understand the structure-function relationships in channel functioning at the
atomic level429, 430. One of the most successful approaches is all-atom molecular dynamics
simulations, in which not only the molecules comprising the channel structure but also ions
and water are explicitly taken into account431–437. Though this methodology has brought a
number of important insights in ion channel functioning, in the present review, for the sake
of clarity, we will restrict ourselves to a simple model of channel-facilitated transport,
namely, the continuum diffusion model438–443. This model allows for analytical
consideration of the problem, leading, in a number of cases, to simple algebraic expressions
for the main transport characteristics. It does not involve any sofisticated state-of-the-art
molecular dynamics simulations or complex numerical solutions of electrodiffusion
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equations and, for this reason, is very transparent in what regards the assumptions and
approximations used in its formulation.

Interactions between particular solute molecules and the channel that define its major
transport characteristics can be separated into different types not only by the nature of the
underlying physical forces but also by their functional role. Perhaps the simplest one is
related to steric limitations. The straightforward sieving principle is that solute molecules,
which are smaller than the narrowest aperture of the channel pore, are able to partition into
the channel and use it as a pathway from one side of the membrane to the other. The
molecules that are too big are excluded from either any part of the pore or its constriction
region. However, in reality, even this simple picture is complicated by at least two factors:
(i) the dynamic structure of some pores whose aperture dimensions fluctuate and are able to
adjust to the solute size and (ii) the entropic cost of molecule partitioning into the pore. For a
hypothetical case of a regular cylinder of radius Rch and a spherical particle of radius r the
entropic cost can be described by the following potential of mean force

(1)

where kB and T have their usual meaning of the Boltzmann constant and absolute
temperature. To enter the channel, the particle has to climb up this potential barrier, which
could be quite substantial. For example, for a molecule whose radius is 10% smaller that the
radius of the channel, Eq. (1) gives a barrier height of 4.6 kBT or 2.7 kcal/mol. Such a
potential will deplete molecule concentration in the channel compared with its concentration
in the bulk by two orders of magnitude, rendering the channel inefficient.

To overcome this limitation, channels exhibit a significant affinity to the molecules they
evolved to transport. A straightforward strategy is to create some kind of attractive
interactions that would extend to the aqueous solutions at the channel entrances to increase
the effective concentration of the molecules. This kind of attraction was recently
demonstrated with the major β-barrel channel of mitochondria – voltage dependent anion
channel (VDAC) of the outer mitochondrial membrane – in the light of its interaction with
dimeric tubulin444. It was shown that phosphorylation of VDAC's cytosolic loops increases
the on-rate of VDAC blockage by tubulin by orders of magnitude. It is clear, however, that
the strength of such transport-facilitating interactions has an optimal value. When the
attraction between the molecule and the channel is too strong, the molecule stays in the
channel for too long, thus blocking translocation of other molecules.

Analytical considerations of the problem in the case when the attractive interaction is limited
to the channel interior was given in a series of publications based on the continuum diffusion
model of particle interaction with the channel438,439–443. The model describes particle
motion in the channel as one-dimensional diffusion with the position-dependent diffusion
coefficient D(x), where x is the particle coordinate measured along the channel axis, and the
position-dependent interaction potential U(x) of mean force. The nature of the physical
forces that could be responsible for the interaction potential is briefly discussed in Section
3.2.2. Motion of the particle in the channel is characterized by the Green's function G(x,t;
x0)which is the probability density of finding the particle at point x at time t on condition
that it was at x0 at t = 0 and it has not escaped from the channel during time t. The Green's
function satisfies the Smoluchowski equation

(2)
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with the initial condition G(x,0;x0) = δ(x−x0) and radiation boundary conditions at the
cylindrical channel ends, x = 0 and,x=L that take care of the three-dimensional nature of the
problem

(3)

where Db is the particle diffusion coefficient in the bulk. Introduction of the effective pore
radius, Reff=Rch−r, accounts for the entropic contribution discussed above. Analysis can be
easily extended to non-cylindrical, e.g., conical channels by including the position-
dependent entropic potential into U(x)445, 446.

This model has been used to derive general expressions for the particle translocation
probability439,Ptr, and the mean time of particle residence in the channel, τ. For the case of
zero external field,U(0)=U(L) (Figure 22A), we have

(4)

The general expression for the mean time of particle residence in the channel can be found
in refs.440, 447.˙ In the case of a deep rectangular potential well of depth ΔU occupying the
entire length of a cylindrical channel (Figure 22B) and a position-independent diffusion
coefficient in the channel,D(x)=Dch, the expression simplifies to the following

(5)

Then, assuming that the channel occupied by one molecule is blocked for other molecules,
for the unbiased diffusion we can write down the flux of molecules in a simple algebraic
form441, 442

(6)

The flux in Eq. (6) is driven by the difference in molecule concentrations on the cis and
trans sides of the membrane, ccis–ctrans. It is seen that the flux depends not only on the
geometric parameters of the channel,Reff and L, but also on the strength of the molecule-
channel attraction, ΔU, and on the molecule diffusion coefficients both in the bulk and in the
channel, Db and Dch. It is important that the flux is a non-monotonic function of the
interaction strength. The depth of the potential well that maximizes the flux at Ctrans= 0 is

(7)

This value of ΔU provides a compromise between sufficiently high translocation probability
and not too long blockage of the channel, Eqs. (4) and (5).

The non-monotonic behavior of the flux is shown in Figure 23441, 442. The parameters are: L
= 5 nm, to put it close to the thickness of a lipid bilayer, Reff= 0.2 nm, to account for the fact
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that many solutes exhibit a tight fit to the channel pore, and Db=2Dch=3×10−10 m2/s, to
follow the idea that a molecule in the channel moves slower than in bulk.

Though the analysis reviewed above pertains to translocating molecules, the results can be
easily extended to the channel blockage by non-penetrating molecules. The dynamics of the
molecules, whose trajectories in the channel are limited to lengthB, can be described by
assuming the reflecting boundary condition at x=LB, so that the mean residence time of the
molecule in the channel is twice the time given by Eq. (5) with the integration range limited
to LB. Assuming a square-well potential of depth ΔU occupying the entire blocker-accessible
length of the channel, we arrive at

(8)

The characteristic on-rate time τon, that is, the time between successive blockages, is given
by

(9)

where c is the blocker concentration in the bulk. It is reasonable to assume that the channel
is closed for translocation of any molecules of interest while it is occupied by a blocker.
Then for the efficiency of blockage, defined as an inverse probability to find the channel
open, PO=τon/(τon+τr), minus one, one can write

(10)

Defined this way, the efficiency of blockage changes from zero to infinity, grows linearly
with the bulk blocker concentration, and is exponential in the well depth.

Blockage by non-translocating molecules can be considered as an equilibrium process in
which distribution of the blocker molecules between the bulk and the channel is
characterized by equilibrium constants and thermodynamic potentials, which generally are
the functions of the transmembrane voltage, temperature, and salt concentration. The
equilibrium dissociation constant of the blockage is

(11)

which, using Eqs. (8) and (9), leads to

(12)

In the hypothetical case of the temperature-independent depth of the potential well, the first
term of the right-hand side of Eq. (12) allows evaluation of the enthalpy change ΔH, while
the second term – of the entropy change ΔS of the reaction, according to the main equation
of thermodynamic analysis of binding reactions used in the van't Hoff plots448

(13)

where R is the molar gas constant.
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3.2. Targeting bacterial binary toxins
With the binary anthrax toxin being an exception, no extensive studies searching for
effective therapies against the binary toxins have been reported. The similarities between the
channel-forming B components (see section 2.4 of this review) suggest that these channels
can be a specific universal target in the search for new broad-spectrum antitoxins against the
Bacillus and Clostridium pathogenic species.

3.2.1. Small cationic blockers—Nearly any tested compound, which is positively
charged at mildly acidic pH, was shown to interact with PA63 channels incorporated into
planar bilayers. Moreover, cells were shown to be protected from lethal and edema toxin
action by weak bases such as ammonium chloride or antimalarial drug
chloroquine375, 420, 449. The PA63 channel is permeable for and interacting with symmetrical
tetraalkylammonium ions (Table 1, compounds 1–6)384, 386, 450. The ability of
tetraalkylammonium ions to reversibly block the K+ current was used to determine the
physical size of the PA63 channel lumen – the value that was later confirmed with several
independent approaches189, 376, 385 and used for the rational design of anthrax toxin
blockers51. It was shown that the tetraalkylammonium binding site was accessible from
either cis or trans compartments of a bilayer chamber, showing the ability of these ions to
permeate through the channel. The tetraalkylammonium residence time as a function of
transmembrane voltage had a pronounced maximum, which is typical for the permeable
versus impermeable blocking compounds451–454. It was also determined that an ion as large
as tetraheptylammonium, which has a diameter of ~12 Å, could translocate through the
channel; there was an impetuous fall in the entry rate from tetrahexylammonium to
tetraheptylammonium ions420, 450. The interaction of tetraalkylammonium ions was
described as a diffusion-controlled binding reaction450.

The ability of small molecules carrying one or two positive charges to block ion
conductance through the channel-forming B components of the anthrax, C2, and Iota toxins
was reported in several publications240, 402, 407, 410, 411, 416. Moreover, antimalarial drug
chloroquine not only inhibited PA63 (KD

PA = 0.51 μM in 0.1 M KCl) and C2IIa (KD
C2IIa =

10 μM in 0.15 M KCl) channels in vitro but also prevented translocation of enzymatic
component of C2 toxin, C2I across the cell membrane when studied with intact cultured
cells. However, only a weak binding was reported for chloroquine with Iota toxin's channel
forming component, Ib in planar lipid bilayers (KD

Ib = 0.22 μM in 0.1 M KCl) and,
correspondingly, chloroquine did not efficiently protect cells from Iota toxin intoxication407.
Parameters of the binding kinetics of chloroquine and related compounds (Figure 24) to the
PA63 and C2II channels were obtained from the ligand-induced current noise on a multi-
channel level using the planar bilayer technique410, 411, 416. The measurements showed that
the spectral density of the open PA63 and C2IIa channels in the ligand-free solutions could
be described by 1/f noise at low frequencies not exceeding about 100 Hz. As described
above, this finding was later confirmed for the single PA63, C2IIa, and Ib channels (see Fig.
21), thus demonstrating that the origin of 1/f noise in the present systems is not related to
channel-channel interactions. Rather, it is an inherent property of individual channels455–457.
Analysis of the single-channel currents clearly shows that 1/f current noise of PA63, C2IIa,
and Ib channels is caused by voltage-independent flickering between their open and
completely closed states, which was never observed with β-barrel proteins of bacterial outer
membranes. It would be interesting to see if high-resolution single-channel recording of the
ϕ-clamp mutants of PA63, C2IIa, and Ib channels possess this type of fast flickering. The
addition of interacting ligands led to the current noise increase with the spectral density of
the Lorentzian type, characteristic of a single binding-site model411, 416. Strong dependence
of the binding reaction on-rate, characterizing the frequency of blockage events, on the ionic
strength was attributed to the involvement of ion-ion electrostatic interactions responsible
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for blocker binding. At that, the reaction off-rate, characterizing the residence time of the
blocker in the channel, was dependent on the structural properties of the blocker.
Interestingly, binding of chloroquine both to the PA63 and C2IIa channels was highly
asymmetrical when the ligand was added either to cis or trans side of the bilayer chamber.
Addition of chloroquine to the trans side of the membranes resulted in a significantly
diminished binding affinity. However, fluphenazine binding was quite symmetrical. Note
that the insertion of the channel into the planar lipid membranes is usually highly
unidirectional, so it is expected that the “cap” region of the channels (assuming a
mushroom-like shape for both PA63 and C2IIa) faces the cis side solution, the side of protein
addition, and the membrane-inserted β-barrel stem emerges on the trans side. Generally,
binding affinity of the cationic compounds decreases in the order PA63 > C2IIa >> Ib, which
was explained by a decreasing number of the binding sites formed by negatively charged
amino acid residues in the cis entry region of these channels.

An alternative explanation of the binding of positively charged compounds to the PA63 pore
was introduced in a study where the importance of the ϕ-clamp in PA63 translocase activity
was first described240. A library of 35 cationic quaternary ammonium and phosphonium ion
compounds was examined to compare their blocking activity towards the PA63 channel.
Several interesting observations were made. First, mutations in the ϕ-clamp were shown to
significantly affect binding affinity of hydrophobic cations, such as tetrabutylammonium
(TBA). For instance, TBA's affinity to F427A channels was greatly reduced from that of the
wild type (about 4000 times). Considering the hydrophobicity of the ϕ-clamp, authors
hypothesized that this site may also be a binding site for the hydrophobic cations such as
TBA. At that, the TBA blocking mechanism includes cation-π interactions between aromatic
residues interacting with cations through their delocalized negative π-electron cloud.
Second, it was shown that among the 35 compounds studied, the more hydrophobic ones
possessed higher binding affinity towards the PA63 channel. For instance, introduction of the
hydrophilic amide and ester groups to a TBA analog of a similar size, led to a 140-fold
reduction in the binding affinity of this molecule (Table 1, compound 7). At the same time,
the wild type PA63 channels preferred tetraphenylphosphonium to TBA by 160-fold (Table
1, compound 8). Across the studied library of compounds, the ϕ-clamp preferred aromatic
moieties by 0.7 kcal/mol per aromatic ring. Table 1 (compounds 8–13) illustrates examples
of the most effective (KD < 1 μM) small cationic blockers selected from the library of tested
35 compounds (for the full data see Table S1, supplemental material in ref.240). Several
compounds with multiple aromatic rings (3 or 4) were the ones that showed the nM-range
binding affinity towards the channel. Again, this activity was reduced drastically with the
F427A mutants. The authors made an interesting suggestion that the ϕ-clamp can be
exploited in the development of channel-blocking drugs as a binding site responsible for
nonspecific hydrophobic interactions, although its negative π-clouds could also contribute
through aromatic-aromatic π-π and cation-π interactions.

Amino acid residues involved in binding of cationic chloroquine to the C2IIa channel were
also investigated410. It turned out that mutation of the negatively charged amino acids leads
to a dramatic decrease in their affinity for binding chloroquine and its analogs, as well as the
ϕ-clamp mutations (F428A, F428D, F428Y, and F428W) do. Note that the ϕ-clamp is
preserved within the C2II as F428. The authors showed that residues Glu399, Asp426
(probably localized in the vestibule near the channel entrance), and Phe428, but not Glu272,
Glu280, Asp341, or Glu346 are important for biding of chloroquine and 4-aminoquinolones,
which act as C2IIa channel blockers. However the F428A mutation effect was the strongest,
increasing KD values by a factor of almost 400, which emphasized once again the important
role of the ϕ-clamp in binding of cationic compounds.
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3.2.2. Cationic cyclodextrin derivatives—A substantial progress in disabling anthrax
lethal toxin by the high-affinity blockage of the PA63 pore with cationic molecules was
achieved using a rational drug design approach51. The idea was to block the oligomeric pore
by a low-molecular non-peptide compound of the same symmetry as the target pore. In
particular, it was shown that tailor-made 7-fold symmetrical 7-positively charged derivatives
of β-cyclodextrin (7+ βCD) blocked the pore of anthrax's PA63 in planar bilayers (KD = 0.13
± 0.1 nM) and protected cultured macrophage-like cells from intoxication with anthrax
lethal toxin (PA + LF) (IC50 = 0.5 ± 0.2 μM)52, 62. As far as we are aware, these blockage
and inhibition parameters are the best among the published data for the small-molecule
blockers. Moreover, the most effective 7+βCD, per-6-S-(3-aminomethyl)benzylthio-β-
cyclodextrin (AMBnTβCD) completely protected Fisher F344 rats from intoxication with
lethal toxin and, in combination with the antibiotic ciprofloxacin, significantly increased the
survival of mice in an infection model of anthrax56. These findings demonstrate a value of
the 7+βCD as a potential scaffold for designing drugs against anthrax toxins, especially
when an appropriate lead optimization and pharmacokinetic studies are conducted.
Interestingly, about 2/3 of over 100 custom-synthesized 7+βCD compounds were protective
against the lethal toxins with cell assays and nearly all tested so far showed strong or
moderate channel blocking in planar lipid membranes. This finding once again showed an
advantage of the rational drug design approach over the traditional time- and money-
consuming high-throughput screening of libraries of thousands of compounds, which often
produces a hit rate lower than 1%.

The idea to use 7+βCD cationic derivatives as inhibitors of anthrax was based on the wealth
of earlier research51. First, as described in the Introduction, the high-affinity blockage of
transmembrane channels formed by infectious agents with the anti-influenza M2 channel-
blocking drug amantadine is the most prominent example19–21, 28. Second, in the particular
case of heptameric pores, it was shown that the pore of β-barrel PFT α-hemolysin of S.
aureus (see section 2.2.1) can be partially blocked by β-cyclodextrins65. Third, the
positively charged tetraalkylammonium ions were reported to block PA63
channels384, 386, 450 interacting with the negative charges on the channel walls. Finally, the
PA63 prepore internal diameter was estimated to be between 20 – 35 Å214 with the channel's
constriction region not exceeding 12 Å384, 386, 450. These findings guided the choice of the
~15 Å βCD molecule carrying seven positive charges covalently linked to a cyclodextrin's
core by a hydrocarbon links of the different length and nature (Figure 25A). From the point
of view of medicinal chemistry, it is important to emphasize that cyclodextrins, a cyclic
oligomers of glucose that can form water-soluble inclusion complexes with small molecules
and portions of large molecules, have a long history of usage in pharmaceutical,
agrochemical, environmental, cosmetic, and food industries458. The cyclodextrins do not
elicit immune response and have low toxicity in animals and humans. There are thousands
of variations of the CDs with different ring sizes and random or specific chemical
modifications; as a result, reliable methods for cyclodextrin syntheses and selective
modifications have been developed459.

Several 7-positively charged βCD derivatives as candidate antitoxins were custom-
synthesized53 and tested51 (see Figure 25B for two examples). As Figure 25C shows, the
addition of per-6-(3-aminopropylthio)- β-cyclodextrin (AmPrβCD, Fig. 25B, left) to the cis
side of a membrane containing about 60 PA63 channels in 0.1 M KCl inhibits the ion
channel activity in a step-like manner with a step amplitude of 87 ± 13 pS. This amplitude
coincides with the PA63 single-channel conductance in 0.1 M KCl, implying that AmPrβCD
acts on individual channels51. To identify more potent inhibitors of anthrax toxin compared
with the reported AmPrβCD, the effect of the positively charged pendant groups and the
length and nature of alkyl spacers on the activity of βCDs was estimated52, 60, 62 (Table 2).
β-cyclodextrin is a naturally occurring cyclooligosaccharide containing seven α-(1,4)-D-
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glucopyranose subunits linked through α-(1,4) glucosidic bonds460. The primary (C-6) and
secondary (C-2 and C-3) hydroxyl groups may be used as points of functionalization. The
hydroxyl groups at positions 2 and 3 form hydrogen bonds and are required to keep the
molecule rigid, making the 6-OH group a favorable site for modifications. First, a group of
hepta-6-thioaminoalkyl derivatives with alkyl spacers of various lengths was tested for their
ability to inhibit the cytotoxicity of lethal toxin and to block ion conductance through PA63
channels in planar lipid membranes (Table 2, compounds 1–11). From a combination of
measurements with planar lipid membranes and cell assays, it was shown that there is some
optimal length of the alkyl spacers (3–8 CH2-linkers) connecting an amino-group with the
cyclodextrin core. Shorter spacers were less effective in inhibition of the channels and
longer ones exhibited higher toxicity to the RAW cells, which was probably related to
derivative-induced instability of the membranes observed in the bilayer measurements52. In
order to check if the nature of the positively charged groups carried by the βCDs is an
important factor in compound's efficiency, a group of hepta-6-guanidine β-cyclodextrin
derivatives, in which positive charges were distributed between the nitrogens of the
guanidine moiety was tested (Table 2, compounds 11, 12). The activity of these compounds
was slightly decreased compared to their aminoalkyl analogs. Remarkably, hepta-6-
arylamine βCD derivatives, which in addition to the pendant positively charged amino-
groups contained one phenyl group carried by each thio-hydrocarbon linker, possessed
significantly enhanced binding affinity both in vitro and with cell assays. One of the
derivatives, per-6-S-(3-aminomethyl)benzylthio-β-cyclodextrin (AMBnTβCD) was chosen
for the further development. In most of the experiments performed on planar membranes
either AmPrβCD (Fig. 25B, left and Table 2, compound 3) or AMBnTβCD (Fig. 25B, right
and Table 2, compound 13) or both were used as model molecules to study physico-
chemical parameters of the blockage.

It was shown that in addition to inhibition of anthrax toxin, cationic β-cyclodextrin
derivatives were also effective against clostridial binary toxins. In particular, AMBnTβCD
efficiently protected cultured epithelial cells from intoxication with two clostridial binary
toxins (C2 and Iota) and blocked the ion current through heptameric channels formed by
C2IIa and Ib in planar lipid membranes in vitro61. The compound acted by inhibiting the
membrane translocation of C2 and Iota toxin A components (C2I and Ia) into the cytosol of
intact cultured cells showing that it might serve as a universal pharmacological inhibitor
against binary pore-forming toxins produced by pathogenic bacteria. To examine the nature
of the physical forces involved in the blocker interactions, the voltage and salt dependence
of the rate constants of binding and dissociation reactions for the two structurally different β-
cyclodextrins (AmPrβCD and AMBnTβCD) (Fig. 25B) and the PA63, C2IIa, and Ib channels
were recently investigated (submitted to Biophysical Journal). It turned out that with all
three channels, AMBnTβCD, carrying extra hydrophobic aromatic groups on the thio-alkyl
linkers of positively charged amino groups, showed significantly stronger binding compared
with AmPrβCD. This finding is in a good agreement with the data reported earlier on a
group of positively charged blockers. The blocking efficiency directly correlated with the
number of aromatic groups carried by the molecules240 (section 3.2.1). The effect of
increased affinity of the AMBnTβCD blocker to the channel is manifested by an increase in
the residence time of the blocker in the channels, whereas the time between blockages
(Figure 26A), which characterizes the binding reaction on-rate, stays practically unchanged.
This result indicated that the capture rate of the blocker molecules by the channels did not
significantly depend on the chemical structure of the blocker and probably was only
determined by the relative size of the blocker and the channel. However, the time the
blocker spends in the channel is significantly influenced by the structural changes in the
blocker molecule.
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Interestingly, the voltage sensitivity turned out to be practically the same for all six cases
studied. The logarithm of the blocker residence time plotted as a function of transmembrane
voltage, Figure 26B, displays practically identical slopes for both blockers and all three
channels. Note that in contrast to tetraalkylammonium studies384, 386, 450, the residence
times as functions of voltage lack any maxima, the circumstance that was used as a proof of
the “blockage without translocation” mechanism of ion channel inhibiting57. It was also
shown that the more effective AMBnTβCD blocker demonstrates weaker salt dependence of
the binding and dissociation rate constants compared with AmPrβCD. Moreover, PA63
channel behavior was explored under conditions in which the blocker was added only to the
trans side of the membrane57. Since the insertion of PA63 is always directional, the cis side
application of the blocker is the physiologically relevant one. The trans addition was shown
to irreversibly bring the channel to a low-conductance sub-state. This may indicate that the
blocker is able to enter the channel from either side, but binds to different sets of amino acid
residues without translocating through.

At moderate and low salts, the dependence of blockers' residence times on KCl
concentration (Figure 26C) revealed the contribution of long-range Coulomb interactions.
Particularly, at physiological salts, these interactions increase the binding efficiency by
orders of magnitude. At salt concentrations lower than 0.5 M, the AmPrβCD residence time
increases in the order Ib < C2IIa < PA63 (Fig. 26C), and so does the cationic selectivity of
the channels (Fig. 20B). This pattern is Ib ≈ C2IIa < PA63 for the AMBnTβCD binding. The
difference in the affinity of positively charged blockers towards the PA63, C2IIa, and Ib
channels was earlier attributed to the different number of negatively charged amino acids on
the lumen of these pores407, 410, 411. The preservation of the affinity pattern for the 7+βCD
binding may indicate that the positive charges of the βCD blockers interact with the
negatively charged amino acids in the channel lumen. At high salt concentrations,
interpolation of the residence time to zero voltage allowed for an estimation of the salt-
concentration-independent short-range interactions which predominate in all six cases
studied.

In the case of the more effective AMBnTβCD blocker, its binding to the PA63, C2IIa, and Ib
pores is further enhanced by the presence of the aromatic groups presumably interacting
with a certain conserved group of residues (for instance with the ϕ-clamp240) in the lumen of
these channels. Alternatively, the presence of aromatic groups could change the
conformation of the linkers creating additional stabilizing interactions. The blocker's
pharmacophoric pattern (three-dimensional arrangements of the several functional groups) is
most probably involved in a number of Coulomb and salt-concentration-independent short-
range interactions acting simultaneously within a single binding pocket of the channels.
Clearly, the strong short-range interactions, added to the relatively weak Coulomb ones,
determine enhanced affinity of the AMBnTβCD compound towards the Ib channel as well
as the inhibitory properties of this compound against Iota toxin in cell assays61.

To summarize, analysis of voltage- and salt-dependence of the blockage demonstrated that
even though both long-range Coulomb forces and interactions of the blocker charge with the
transmembrane field are able to significantly increase the residence time of the blocker in
the channel, the leading interactions are determined by salt-concentration-independent short-
range forces for both AmPrβCD and AMBnTβCD blockers. As for the particular origin of
these forces, the answer to this question will require further experimental and theoretical
effort. Many factors complicate quantitative interpretation of blocker-channel interactions.
Among them are the hydration state of the blocker molecule461, a sophisticated interplay
between the hydrophobic effects and different electrostatic components, as, for example, in
the case of polyamines binding to kainate subtype glutamate receptor channels462, and the
uncertainties in the interaction-induced changes in the blocker and channel structures. At
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this moment, guided by the structural features of the efficient cyclodextrin-based blockers of
Table 2, we can only speculate that in addition to hydrophobic interactions many others such
as aromatic-aromatic π-π and cation-π interactions, hydrogen bonding, van der Waals
interactions, etc. might be involved. We hope that careful Monte-Carlo and molecular
dynamics simulations and multi-scale modeling combined with the results of existing and
future experiments will shed light on the relative importance of different contributions.

The analysis given above accounts only for the reversible blockage obeying a two-state
Markov process. It was also reported that the presence of blockers enhanced voltage gating
(described in section 2.4.2) of these channels by making their closed state more favorable57.
The closed state of the channel possessed the characteristic properties of a typical voltage-
induced closed state of a β-barrel channel. For instance, it was hard to reopen the channel by
keeping it at 0 mV, but application of −250 mV pulses often allowed channel reopening.
Among the studied channels, the blocker-enhanced gating was minimal for Ib and maximal
for PA63. Moreover, with all three channels studied, the voltage gating increase was more
obvious with the more effective AMBnTβCD blocker. Thus with measurements on multi-
channel membranes, which did not discriminate between the two modes of action, for
AMBnTβCD this resulted in IC50 = (0.13 ± 0.1) nM for PA63, IC50 = (1.5 ± 0.5) nM for
C2IIa, and IC50 = (23 ± 10) nM for Ib channels in “physiological” 0.1 M KCl at +20 mV of
applied voltage. For the reason that the very nature of the voltage gating of β-barrel channels
remains vague, it is unclear to what extent this second type of 7+βCD action could influence
the blocker activity in vivo.

Finally, it was demonstrated that even though the 7-fold symmetry of the blocker molecules
complementing heptameric structure of binary toxins' translocation components was
important, it was not an absolute requirement for the effective blockage. Both 6-fold
symmetrical αCD carrying 6 positive charges and 8-fold symmetrical γCD carrying 8
positive charges were able to block the PA63 channel in planar lipid membranes62 (Table 2,
compounds 14–17). Note that 6- and 8-fold symmetrical compounds 14 and 15 are analogs
of the 7-fold symmetrical compound 1, whereas compounds 16 and 17 are αCD and γCD
analogs of the AMBnTβCD (compound 13). The activity of the 8+γCDs tested with cell
assays was equal or even higher compared with their 7+βCD analogs, whereas binding of
6+αCD was not strong enough to make these compounds protective against anthrax toxin.
Supposedly, the pronounced activity of the 8-fold symmetrical γCDs could be related to the
recently reported observation of PA63 octameric pores373: however, both positively charged
βCDs and γCDs were able to block any single PA63 channel incorporated into the planar
lipid bilayers. The cyclodextrin molecules serve as ring-shaped platforms carrying multiple
positive charges and aromatic groups that are able to interact with hydrophobic and
negatively charged groups provided by the seven subunits of the PA63 channel. The less
active derivative of αCD contributes only six substituents to the blocker-channel binding
reaction. Moreover, its 13.7 Å external diameter compared to the 15.3 Å βCD diameter may
not be large enough to allow for the strong interactions with the residues located in the
channel lumen. The situation is different for the 8+γCDs, the compounds showing similar
activity as their 7+βCDs analogs. The external diameter of γCD is 16.9 Å, which may limit
the flexibility of the blocker inside the channel. However, the presence of an additional
linker carrying the functional groups may increase the resultant strength of the channel-
blocker interactions. Recently, several new groups of potential βCD-based inhibitors
differing in the number, arrangement, and face location of the cationic elements were
reported and tested using cell assays (Table 2, compounds 18–29)60. The results indicated
that the development of new blocking agents couldn't rely exclusively on the symmetry and
the putative electrostatic interactions. First of all, the cationic compounds synthesized based
upon the symmetry complementarity concept alone did not provide an increased affinity
towards the PA63 pore60. Second, introduction of additional positive charges (14+βCD) did
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not lead to more potent compounds (IC50 > 100 μM), however significantly increased their
cytotoxicity (compounds # 19, 21, 23, 27)60. Interestingly, several derivatives, where
positively charged groups were introduced in the (C-2) and (C-3) positions of the each α-
(1,4)-d-glucopyranose subunit, turned out to be highly efficient as antitoxin agents (Table 2,
compounds 28, 29).

In contrast to the cyclodextrin-based neutral derivatives interacting with the α-HL pores in
planar lipid bilayers65, reversible blockages of the binary toxins' translocation components
by cationic cyclodextrins were always complete, that is, they showed fluctuations between
the current of the open state and zero. In the case of α-HL, the residual conductance that was
observed in the reconstitution experiments was explained by the ability of ions to pass
through the cyclodextrin cavity. This is obviously not the case for the blockage of the PA63,
C2IIa, and Ib pores by the cationic CD derivatives. It is not clear what the reason for such a
difference is. One tentative explanation would be that, in contrast to the α-HL – cyclodextrin
complex, the cationic cyclodextrins are oriented in the channel in a way that prevents the
ionic flow through their internal cavity. There is however no real evidence that would
support this explanation.

3.2.3. Other agents against anthrax toxin—The current situation, when a vaccine is
not available to the general public and only a limited number of antibiotics are approved by
the FDA for the treatment of inhalational anthrax, had stimulated intense search for potent
and selective antitoxins (see resent reviews)463, 464. Most of the efforts are focused on
neutralizing and inhibiting the different basic steps in a multi-stage cell journey of the lethal
and edema anthrax toxins (Fig. 15). In addition to the small molecule blockers directly
obstructing the translocation channel-forming component of the toxin reviewed above, the
therapies under development include employing toxin-neutralizing antibodies465–470,
receptor decoy-based antitoxins471, 472, blockers of PA cleavage and oligomerization473, and
inhibitors of LF and EF association with the PA63 prepore422, 474. Several interesting
approaches utilize targeting of the channel-forming component of the anthrax toxin by
means other than occluding it. PA as a potential target for the antitoxin therapy can be
inhibited in a number of ways; several promising anti-PA strategies had been reviewed
recently463, 464, 475, 476. For instance, a polyvalent peptide inhibitor that binds to the PA
prepore preventing its interaction with LF has been reported477. The screening of a phage
display library of mutant peptides able to interact with the heptameric component of anthrax
toxin revealed a novel peptide that can block toxin assembly478. A series of mutant peptides
were attached to polymer backbones to estimate their in vitro inhibitory activity. This
approach allowed for identification of a minimal peptide sequence, TYWWLD, that can be
used in developing of polyvalent anthrax toxin inhibitors. PA oligomer formation was
shown to be inhibited by the one of the most effective chemotherapeutic anticancer agent,
cisplatin that modifies PA in a reversible manner479. Dominant-negative mutants of
protective antigen that co-assemble with the wild-type PA63 protein and block its ability to
translocate the LF and EF components have also been developed474, 480–482. Interestingly, a
single dominant-negative subunit with the key amino acid residues mutated was sufficient to
block the translocase function of the PA63 heptamers. Moreover, dominant negative mutants
of anthrax toxin potentially can be used both as an anthrax vaccine and in therapy463. In
another study, the mouse monoclonal anti-PA antibody 1G3 was demonstrated to severely
perturb the receptor-bound heptameric PA63 complex creating a PA supercomplex, which
was directly visualized by electron microscopy483. De novo computer-aided drug design of
small molecule inhibitors of the PA heptamerization had been recently reported484. Two
molecular scaffolds were first identified using the CAVEAT molecular design package, and
then seven candidate inhibitors were synthesized based on the discovered scaffolds and
tested for their ability to inhibit anthrax toxin. Three of the designed agents demonstrated
modest inhibition of the anthrax toxin in murine J774A.1 macrophage cells.
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3.2.4. Polyvalent inhibitors of anthrax toxin—The idea of attaching multiple
interacting ligands onto a suitable scaffold, similarly to the one realized with cyclodextrin-
based molecules carrying 7 functional group clusters51, 52 or with the peptide-based
inhibitors477, 478, 485, seems to be very helpful for the drug design objectives. These multi-
ligand structures often possess an affinity toward multiple binding sites or receptors that is
significantly higher than that of a single functional group interacting with a single receptor
(recently reviewed in refs.486, 487). Different strategies exploring this approach had been
suggested488–497. The first strategy is based on neutralization of PA63 heptameric complexes
by peptide-functionalized liposomes of ~50 nm in size (Figure 27)489. The liposomes were
allowed to interact with a cysteine-derivatized version of a heptameric PA63 binding
peptide477, which acts by inhibiting lethal factor binding. Remarkably, peptide-
functionalized liposomes inhibited the intoxication of murine macrophage RAW264.7 cells
by the lethal toxins at extremely low concentrations (IC50 = 20 nM on a per-peptide basis),
whereas the monovalent peptide did not inhibit lethal toxin activity at concentrations as high
as 250 µM. Moreover, the peptide-functionalized liposomes were active in vivo protecting
rats from the lethal toxin intoxication. Because several liposome-based drug formulations
had already received an approval as vaccines adjuvants498 and the nanoparticles for drug
delivery499–501, liposome-based scaffolds represent a promising application in search for
polyvalent inhibitors including antitoxins. Furthermore, the liposome-based inhibitor
study489 also indicated the several important aspects of the biophysics of polyvalent
recognition, such as the influence of the density of the ligand and the membrane fluidity and
heterogeneity on polyvalent inhibition (reviewed in ref.486).

Another strategy used guided synthesis of polyvalent inhibitors of the controlled molecular
weight and ligand density and placement along an inert polymeric scaffold491, 495. Such
control was achieved by using reversible addition-fragmentation chain transfer
polymerization (so called RAFT technique)493–495. The advantage of designing polyvalent
inhibitors with the control over molecular weight and ligand spacing is illustrated in Figure
28. It is seen that the spacing between peptides on the inert linear framework is either too
short (left panel) or is sufficient (right panel) to allow for polyvalent inhibitors to bind at the
peptide-binding sites of the PA63 heptamer495.

In rational drug design of polyvalent inhibitors, once a biospecific ligand is identified, the
next important step is a search for a suitable and inert scaffold to attach the ligands486.
Recently, the idea about advantage of matching the symmetry of the target with the
symmetry of the interacting polyvalent molecule51 was developed further with β-
cyclodextrin chosen as the core for the inhibitor scaffold497 (Figure 29). However, in
contrast to the previous βCD-based studies, where the substituents consisted of positively
charged groups linked to the core via hydrocarbon and aromatic linkers, seven copies of
inhibitory peptide were linked to the cyclodextrin scaffold via polyethylene glycol linkers. A
linker length was manipulated to insure an optimal fit of the polyvalent inhibitor to the
heptameric PA63. The important objective of the study was to design the effective
polyvalent ligands by matching the pattern of binding sites on the heptameric PA63. To
achieve this goal, experimental mutagenic studies were accompanied by computational
docking experiments searching for a suitable binding site for the inhibitory peptide on the
heptameric component. The root-mean square distance from the center of cyclodextrin core
to the end of the PEG11 linker was estimated as 30 Å, which matched the distance from the
center of the PA63 oligomer to the identified peptide-binding residues. Note that unlike in
the previous studies on cyclodextrin-based blockers, in this application the heptavalent
inhibitors were designed to target lethal factor binding sites on the PA63 complex rather than
to block the channel translocation pathway497. Again, the idea of a 7-fold symmetrical
functional group placement allowed reaching the IC50 values as low as 10 nM on a per-
peptide basis in vitro by incubating RAW264.7 cells with lethal toxin. Most importantly, the
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heptameric inhibitor provided a more than 100,000-fold increase in the activity compared
with the monomeric peptide. At the same time, it did not show any major decline in activity
over a three-day period and was also effective in vivo protecting rats from intoxication by
the lethal toxin.

To summarize, several studies to design PA-based anthrax toxin inhibitors showed the value
of polyvalent interactions. These cooperative interactions can be significantly stronger than
the corresponding monovalent interactions of the same ligands486. The examples include
potent biospecific peptide-based or small-molecule ligands (or functional groups) attached
to a variety of scaffolds formed by the liposomes489, polymers491 or cyclodextrins51, 52, 497.
Note that the idea of using the polyvalent interactions was also explored in the design of
potent inhibitors for other bacterial toxins502–506.

Meanwhile a thermodynamic analysis of multivalent interactions aiming to clarify the
theoretical basis for the large enhancement in avidity as a result of multivalency had been
recently published507. In particular, the author investigates the influence of a linker – the
structural element that connects the binding fragments with the inert scaffold – on the
activity of a resulting multivalent compound to address the existing controversy about the
extent to which the loss of conformational entropy of the linker may influence the increase
in binding. The simple thermodynamic analysis of a heterodivalent ligand-receptor
interaction demonstrated that even if the loss in conformational entropy of the linker on
binding is extremely unfavorable, the dependence of the free energy of multivalent binding
on linker length can still be weak507. Most importantly, the predicted weak dependence of
the free energy is consistent with other studies showing that flexible linkers of different
length can be successfully used to design effective multivalent inhibitors.

3.3. Targeting membrane-perforating bacterial toxins
Surprisingly, the number of molecules under development that specifically target the pore-
forming toxins is relatively low. At the same time, experimental studies of these toxins,
particularly in the planar lipid bilayers, are significantly simplified by the fact that PFT's
biological action is based on permeabilization of the target cell membranes. As a result, the
complex multi-stage transport of enzymatic domains and components described above does
not apply to these toxins. For this reason, their disabling could simply imply a physical
obstruction of the “virulent” ion conductive pores formed by these toxins as opposed to the
more elaborate approaches to either single-chain AB (diphtheria toxin and botulinum
neurotoxins) or binary (anthrax) toxins.

3.3.1. Small molecule blockers of α–hemolysin and epsilon toxins—Currently
used approaches to prevent the toxic effects of α–hemolysin and epsilon toxin include
polyclonal and monoclonal antibodies508–517. Several compounds were shown to inhibit α–
HL production518, 519. Dominant-negative inhibitors of ETX were also reported520.
However, the studies searching for small-molecule channel-blocking inhibitors are very
limited.

As described above (section 2.2.1), α–HL is a heptameric pore-forming cytotoxin secreted
by gram-positive S. aureus bacterium, which is essential in the pathogenesis of
pneumonia521. The high-resolution crystal structure of the membrane form of α–HL (Fig.
1A) revealed a mushroom-like heptameric channel with a radius changing from 7 Å to 23 Å
in the cap diameter and about 100 Å in the total height167. Recently, the idea of enhancing
the blocking ability of compounds by having the same symmetry as the target pore was
extended to the design of βCD-based inhibitors of α–HL55. Interestingly, several
unsubstituted cyclodextrins were earlier used as molecular adapters docking into the β-barrel
of the α–HL65, 522. The approach allowed designing a new hepta-6-substituted β-
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cyclodextrin derivative, named IB201 (compound 31, Table 2), which was able to protect
rabbit red blood cells from α–HL-induced hemolysis in the low micromolar range55,
prevented α–HL-mediated alveolar epithelial cell lysis and mortality associated with S.
aureus pneumonia in a murine model of infection59. IB201 was assayed for its ability to
block ion conductance through the pores formed in artificial membranes by α–HL55. In
contrast to 7+βCD binding to the PA63, the α–HL interaction with IB201 was irreversible
within the limit of the time period of the experiment. Addition of this compound caused the
channel to switch to a weakly conductive sub-state (Figure 30). The residual conductance of
the closed state was between 1% and 15% of the open channel conductance and displayed a
current noise typical for the voltage-gated closed state seen commonly with α–HL at high
voltages. Thus, introduction of positive charges to the cyclodextrin molecule led to its ability
to block this anion-selective channel from the physiologically relevant cis side, not from the
trans side as in the case of molecular adapters65, 522. Since only a very limited number of
compounds from the available library of 7+βCDs acted similarly to IB201, it is unclear what
particular interactions are involved in the α–HL blocking. Remarkably, in contrast to PA63,
α–HL was selectively blocked only by β-cyclodextrin derivatives, whereas αCDs and γCDs
carrying the same substituents groups were not effective with cells assays and showed no
interaction with the channel in planar membranes62 (Table 2, compounds 30–32).

A different approach was used to search for the small-molecule inhibitors of epsilon toxin. A
cell-based high-throughput screening of a 151,616-compound library led to identification of
three compounds inhibiting ETX523. Those were N-cycloalkylbenzamide, furo[2,3-
b]quinoline, and 6H- anthra[1,9-cd]isoxazol. It appeared that none of these three compounds
inhibited ETX cell binding or oligomerization, making the authors to suggest that they might
act by blocking the ETX pores.

3.4. Blockage of ion-selective channels of neurophysiology: a comparison
It is interesting to compare the affinity of the blockers of the channel-forming toxins
discussed above with a wealth of data on the blockage of ion-selective channels of
neurophysiology. The well-being of a multi-cellular organism involves significant
coordination of the functions of many organs, which, in its own turn, relies on efficient
transmission of information between the various cells in different parts of the body. In
vertebrates, transduction of electrical signals and the corresponding calcium transients are
the major mechanisms of processing information in the brain and environment sensing. They
are also responsible for delivering signals from the brain to peripheral organs including
controlling muscle contraction and release of hormones. Unsurprisingly, the ion-selective
channels of neurophysiology, which are vital for the information transfer function, represent
the most extensively studied membrane proteins, in both functional and structural aspect133.

Impressive advances in the structure-inspired design of new drugs that modulate properties
of the ion-selective channels are reviewed in a number of recent instructive
publications524–535, which discuss a variety of blockers and activators of different channel
species. Most of the modulators discovered up to date are used as versatile research tools,
but quite a remarkable number have found their way into pharmacology for treating a broad
spectrum of diseases such as epilepsy, chronic pain, cardiac arrhythmia, ischemia, memory
disorders, hypertension, type 2 diabetes, and many others. For example, in the case of
potassium channels, the effect of the blocker is to increase cell excitability, which may
facilitate signal transduction. On the contrary, channel activation leads to a decreased
excitability, which could help in certain disorders. In the light of the present review, we are
mostly interested in the channel blockers. Moreover, among the modulators of different
nature we will restrict ourselves to the non-peptide “small-molecule” blockers only.
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The comprehensive list of available IC50 values for blockers of potassium, sodium, and
calcium channels is quite lengthy, even if restricted to non-peptide compounds. Because of
this, in Table 3 we give only representative examples of the blockers, which, however, are
intended to include the most efficient ones. It is seen that the IC50 values for the small-
molecule blockers of ion-selective channels of neurophysiology are higher than that for
compound #13 interaction with the anthrax PA63 channel (Table 2), characterized by IC50 =
0.13 ± 0.10 nM. The hepta-6-arylamine β-cyclodextrin derivative has nearly an order-of-
magnitude stronger affinity to the PA63 channel than the most potent small-molecule
blockers in Table 3 to their corresponding channels with only one exception of UCL1684
interaction with the calcium-activated potassium channel KCa2.2, which is characterized by
about the same affinity.

4. DOUBLE LIFE OF CHANNEL-FORMING BACTERIAL TOXINS
Unique intrinsic properties inherent to the channel-forming bacterial toxins, such as their
ability to respond to electrical, chemical, or mechanical stimuli536, were utilized in several
nanobiotechnological applications (recently reviewed in ref.537). The potential applications
range from molecular sensing and detection, DNA sequencing, monitoring chemical and
biochemical reactions, and development of biocompatible nanotransistors to drug delivery
and targeted killing of cancer cells537. It is remarkable that most applications are not
necessarily based on toxic pathways these pores are involved in, but rather benefit from their
unique electrical properties. These applications truly bring about “second life” for these
biological toxins, where genetic engineering and covalent attachments or non-covalent
adapters are often used to generate desired novel features.

4.1. Bacterial toxins as biosensors
Without any doubt, of all the PFTs, α-hemolysin of S. aureus, suggested to serve as a
“nanoscopic cuvette” to study reaction dynamics some 20 years ago417, 418, is an absolute
leader in this field. The crystal structure of this heptameric pore resolved more than 15 years
ago,167 as well as its ability to form large stable ion channels in bilayers174, 538 contributed
to the wide usage of this toxin in the various biotechnological applications under
development. Wild type or genetically engineered α-HL serves as a molecular sensor for the
detection of ionic species and organic molecules including divalent metal ion64, 539,
phosphate anions73, trinitrotoluene74, styryl dyes87, proteins78, 81, 90 and nitrogen mustards,
which are chemical warfare agents80.

In another remarkable application, β-cyclodextrin-based molecular adapters were shown to
reversibly interact with the β-barrel of the α-HL channel65, 522, 540. As a result, modification
of the channel by βCD created a binding site for a number of small organic molecules.
Transient formation of the host-guest complexes of small organic compounds with the
cyclodextrin (Figure 31) by embedding into its internal cavity could be registered through
conductance fluctuations. In particular, the α-HL channel – βCD complex allowed for
stochastic sensing of adamantane derivatives and other small therapeutic molecules65, 541.
This approach also allowed studying the changes in preferential solvation during association
reactions at the singe-molecule level542, 543. Cyclodextrin adapters within the modified α-
HL pores were used to discriminate between the S- and R-enantiomers of the ibuprofen and
thalidomide drug molecules77. The enantiomers of these small chiral molecules generated
distinctly different current signals upon their reversible binding to the α-HL-βCD complex.
Keeping in mind that thalidomide, which is responsible for one of the most tragic medical
failures of the 20th century, is now brought back to market for the treatment of leprosy and
certain types of cancer544, the ability to rapidly distinguish between the chiral forms of the
drug molecules is very important. Note that teratogenic and antitumor properties of this
compound are sometimes attributed to the thalidomide S-enantiomer545. Novel α-HL-βCD
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based adapter systems with the asymmetrical cavity have been suggested recently88.
Besides, α-HL was engineered to accommodate two different cyclodextrin molecules (βCD
and hepta-6-sulfato βCD) simultaneously at the different binding sites541. As a result, the
space between these adapters formed a nanocavity able to trap organic molecules, which
shuttled back and forth between the adapters for hundreds of milliseconds.

Figure 32 illustrates the use of the cyclodextrin-based molecular adapters to study the
dynamic aspects of the Hofmeister effect542. The thermodynamic and kinetic parameters of
the adamantane binding to a cyclodextrin molecule residing in the β-barrel of the α-HL
channel were explored as functions of addition of different salts to the initial membrane-
bathing solution of 1.0 M KCl (or NaCl). The linearity of the changes in the free energy of
the adamantane-cyclodextrin complexation with solution osmolarity (Fig. 32B) allowed the
authors to characterize the reaction by a constant preferential hydration coefficient Δnwater,
shown in the uppermost Table on the right. Similar formal procedure was applied to describe
the sensitivity of the kinetic parameters to the added salts (Figs. 32C, D). It was found that
not only the off-rate, characterized by the residence time of adamantane in cyclodextrin (τr),
but also the on-rate, characterized by the times between consecutive complexations when
channel is open (τo), are changed by salt addition. The change in the on-rate induced by KBr
is small and might be well within the measurement error, but the effect of KCl and,
especially, of Na2SO4 is clear. Thus, the change in the free energy of the complexation is
due to both the change in the complex stability, as quantified by the off-rate, and the change
in the accessibility of the complexation site, as quantified by the on-rate.

Sensing with biological nanopores was also exploited to detect the DNA and RNA
biopolymers with an ultimate goal of ultrafast sequencing (reviewed in refs.536, 537, 546–550).
Since first electrical recording of polynucleotides passing through the α-HL pore were
pioneered more than 15 years ago63, this application had been significantly
advanced66–68, 70, 71, 76, 79, 83–85, 89, 551–555 mostly focusing on overcoming serious
challenges related to the ability of α-HL (and other biological and engineered nanopores) to
detect current signals generated by individual nucleotides. While α-HL undoubtedly bears
the palm, pore-forming bacterial toxin aerolysin of Aeromonas hydrophila (see section 2.2.3
of this review) and heptameric channel-forming component of anthrax toxin, PA63 had been
suggested for use as molecular biosensors232, 234, 556. The use of biological nanopores as
molecular biosensors has been challenged by the emergent technology of synthetic solid-
state nanopores, including the first demonstration of DNA sensing557 (recently reviewed in
ref.536, 549). At the same time, biological nanopores, including bacterial toxins, bring several
important advantages to the biosensing field. Among those is an atomic level of similarity
between individual molecules of the same protein that often can be investigated with X-ray
crystallography. Besides, modern genetic tools, such as site-directed mutagenesis, allow for
specific modification of physico-chemical properties of the channel-forming proteins. On
the other hand, the lipid bilayers are mechanically less stable compared to the solid-state
nanopores. An interesting new approach that combines the advantages of two techniques (so
called “hybrid biological-solid state nanopores) suggested incorporating a genetically
engineered α-HL channel into a small nanopore fabricated within a thin SiN membrane 85.

4.2. Bacterial toxins for cancer treatment
Many existing cancer therapies have significant limitations because of the side effects on the
fast-growing healthy cells. Several therapeutic agents, which specifically target cancer cells,
are under development558. One of the novel emergent approaches involves the application of
channel-forming bacterial toxins, rationally modified to selectively destroy cancer cells
(reviewed in refs.537, 559). The later can be achieved by either genetic engineering or
chemical modification of the bacterial toxins to provide these proteins with the cell-selective
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ligands or domains allowing them to effectively recognize certain membrane receptors or
antigens that are typically overexpressed by malignant cells560. For this reason, many
bacterial toxins for cancer cell targeting were designed as the fusion proteins composed of
several parts with different functions. In a way, AB-type bacterial toxins are naturally made
“fusion” proteins, where membrane binding domain translocates enzymatic domain into the
cytosol. The same idea is exploited with the engineered “tailor-made” fusion therapeutic
proteins13, where the cell specificity of one fragment can be successfully combined with the
toxicity of another. Naturally, the mechanism of self-mediated delivery of the foreign
proteins into the cytosol of mammalian cells is sometimes compared with the famous Trojan
Horse5, 13. There are several strategies to generate fusion proteins, also termed “chimeras”
(recently reviewed in refs.13, 561–565). One approach presumes integration of the enzymatic
and binding components of different bacterial toxins, which allows for generation of the
novel fusion proteins with a desired property being enhanced. The very first fusion protein
that effectively destroyed cancer cells was generated from diphtheria toxins of
Corynebacterium diphtheriae and exotoxin A of Pseudomonas aeruginosa566. Alternative
(and often less toxic to the healthy cells) approach involves substitution of toxin's binding
and/or enzymatic domains with eukaryotic proteins. Thus, the B-domain is intended to be
replaced by a specific cell-binding protein that selectively targets the malignant cells only.
Alternatively, specific antibodies are sometimes fused into the A-domains creating the
chimeras referred as “immunotoxins”562, 563, 565. In several studies, epidermal growth
factors or interleukin 2 as binding domains were conjugated with diphtheria toxin; a number
of these chimeras are very effective for the treatment of hematopoietic malignancies567–570.

A series of interesting anthrax fusion toxins for targeting cancer or intracellular delivery of
macromolecules were generated571–574, 574–577. Clostridial binary ADP-ribosylating toxins,
which share many structural and functional similarities with the anthrax toxin (mostly at the
stages of their cell binding and intracellular trafficking), represent another ideal system for
transporting foreign molecules into the cell (recently reviewed in ref.13). In particular, the
chimera toxin, based on the clostridial C2 toxin delivery system and enzymatic activity of
C3 transferase from C. limosum, C2I1–255-C3lim + C2IIa, effectively delivers the C3
transferase into all targeted vertebrate cells, making this chimeric toxin 300-fold more active
compared to C3lim transferase alone578, 579. Moreover, the binary Iota toxin of C.
perfringens was also used to transport the C. botulinum C3 enzyme580. Besides AB and
binary toxins, PFTs are also considered as functional components of the chimeric toxins. For
instance, certain mutations of the pore-forming α-HL made this protein sensitive to
activation by the tumor-specific protease, cathepsin B, which triggered the pore formation
selectively in the cancer cells581. Recently, aerolysin of Aeromonas hydrophila was coupled
as an inactive precursor of this protein to a peptide that could be cleaved by a prostate cancer
cells protease582.

Detailed description of various chimeric toxins made of the enzymatic, binding, or channel-
forming domains or components of bacterial toxins is beyond the scope of this review. The
additional applications not mentioned above include targeted drug delivery, for instance to
generate protective antiviral immunity583–585. Besides biomedical applications, chimeric
proteins are of significant scientific interest, for instance the clostridial C2 toxin fused with
the virulence factor SpvB of Salmonella enterica, C2I1–255 – C/SpvB is used to study the
consequences of actin-ADP-ribosylation by SpvB in mammalian cells36, 564, 586, 587.

5. CONCLUDING REMARKS
For the last several decades, the structure-inspired drug design has been successfully used to
develop small-molecule modulators of classical ion-selective channels of
neurophysiology524–535. The emerging structural details of potassium, sodium, chloride, and
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various ligand-gated channels are crucially important in the virtual screening of molecular
libraries and creating new compounds. Relatively recently51, the structure-inspired drug
design was extended to include the pores of “virulence” – those of the channel-forming
bacterial toxins. The newly synthesized compounds, which mimic the symmetry of the pores
and are complementary to their structures in charge, size, and hydrophobicity, are quite
effective in channel-blocking activity; by the potency (Table 2) several of these compounds
compare well with the blockers of classical channels of electrophysiology (Table 3).

At the same time, the general approach to the development of efficient blockers of toxin
pores is considerably different. Indeed, while one of the main goals of designing blockers of
ion-selective channels of excitable cells is to achieve high specificity, with only one type of
the channels targeted, the toxin pore blockers are expected to be universal. The first
successful steps in the search for such wide-spectrum blockers have been reported recently
in a study where cationic βCD-based compounds were shown to be protective against the
cytotoxicity induced by the anthrax, C2, and Iota toxins61. The universality requirement is
easy to appreciate, because a potent wide-spectrum antidote would be expected to be active
against a number of different toxic agents. In the search for such a compound, researchers
rely on the knowledge of the structure and function of bacterial toxins, focusing on the
mechanisms of those shared intoxication steps that could be directionally targeted. For
instance, formation of the β-barrel transmembrane pores by the membrane-perforating
(section 2.2 and 3.3) and binary toxins (section 2.4 and 3.2) can be considered as a
targetable universal property. On the other hand, such an ideal antidote is expected to be
harmless against mammalian channels, including the β-barrel voltage dependent anion
channel (VDAC)588–590 of the outer mitochondrial membrane, based on the fundamental
differences in their structural organization. According to numerous studies, VDAC is a wide
monomeric channel591, which does not possess the symmetry features characteristic of the
oligomeric toxin channels discussed above. VDAC's functional properties can be modulated
by a number of factors, including the membrane lipid composition and cytosolic
proteins444, 592–596, but the effect of the cyclodextrin blockers on VDAC is negligible
(Philip Gurnev, private communication). This leaves us with a hope that the inhibitive action
of the advanced, wide-spectrum antidotes of the future will be mostly limited to toxin
channels, thus paving the way for the eventual use of these drugs in clinical settings.
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Figure 1.
Typical membrane-perforating, AB-type, and binary bacterial toxins α-hemolysin of
Staphylococcus aureus, diphtheria toxins of Corynebacterium diphtheriae, and the channel-
forming PA63 component of anthrax toxin of Bacillus anthracis. A: Ribbon representation
of 1.9 Å crystal structure of heptameric α-hemolysin 167. PDB ID: 7AHL. B: 2.3 Å
nucleotide-free crystal structure of monomeric single-chain diphtheria toxin292. PDB ID:
1SGK. C, left: Molecular model of the heptameric PA63 pore. Reprinted with permission
from ref385. Taylor & Francis Copyright 2004. C, right: Three-dimensional reconstruction of
the PA63 pore based on the electron microscopy structure. Reprinted with permission from
ref376. Copyright 2008. Nature Publishing Group.
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Figure 2.
Schematic illustration of planar lipid bilayer membrane formation (1, 2) and high-resolution
single-channel recordings (3, 4).
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Figure 3.
Pore-forming colicin Ia. A: Colicin Ia crystal structure at the 3 Å resolution114. PDB ID:
1CII. B: Schematic diagram of the open state of the whole colicin Ia molecule inserted into a
planar bilayer. Reprinted with permission from ref151. Copyright 2000. The Rockefeller
University Press.
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Figure 4.
Ribbon representation of the 2.5Å crystal structure of bi-component octameric γ-
hemolysin193. PDB ID: 3B07. Side (A) and top (B) views are shown.
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Figure 5.
A: The effect of symmetrical addition of polyethylene glycol (PEG) of different molecular
weights in 15% w/w concentration on the ion current through a single ETX channel. It is
seen that PEGs not only change the average conductance but, depending on molecular
weight, induce significant fluctuations. B and C: Experiments performed under
asymmetrical PEG additions demonstrate that these fluctuations are mostly caused by
permeant PEGs added to the trans side of the membrane. Time resolution was 0.1 ms,
transmembrane voltage −100 mV. Reprinted with permission from ref58. Copyright 2010.
Biophysical Society.
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Figure 6.
A: The relative change in ETX channel conductance as a function of PEG molecular weight.
The trans and cis side applications of polymers of varying molecular weights, solid triangles
and open squares, respectively, have different effects on the channel conductance. The
impermeant PEG 8000 was on the opposite side of the membrane. The effect of symmetrical
addition of PEG is shown by open circles. Dotted line at 0.6 corresponds to the ratio of bulk
solution conductivities with and without polymers. B: Channel reversal potential as a
function of the concentration ratio for two series of measurements with the oppositely
directed gradients. Erev was obtained in the series of experiments where ccis was kept
constant at 0.1 M KCl and ctrans was varied from 0.01 M KCl to 3 M KCl (solid circles). –
Erev was measured in the reversed gradient where ctrans = 0.1 M KCl and ccis was changed
from 0.01 M KCl to 3 M KCl (open squares). The channel is asymmetric: the absolute value
of the reversal potential is smaller when the more concentrated solution is on the trans side
of the membrane. Open triangles show the difference. Reprinted with permission from ref58.
Copyright 2010. Biophysical Society.
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Figure 7.
Schematic representation of the single oligomeric aerolysin (left) and α-hemolysin (right)
pores incorporated into planar lipid bilayers with linear α-helical peptides traversing the
channels. Adapted with permission from ref234. Copyright 2006. American Chemical
Society.
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Figure 8.
Single-channel current recordings showing unfolded protein transport across the aerolysin
pore as a function of applied voltage: V = 80 mV (middle), V = 110 mV (top), and V = 130
mV (bottom), for the wild-type protein MalEwt (black), and mutant protein, MalE219
(blue). The stem domain of the aerolysin pore was on the cis side of the lipid bilayer, and the
proteins entered by the stem side. Analysis of the current tracks (top) shows the difference
between bumping or translocation events. An increase in the applied voltage results in the
increase of the frequency of single channel ionic current blockades (middle and bottom).
Reprinted with permission from ref.232 Copyright 2011. American Chemical Society.
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Figure 9.
Ribbon representation of the 2.88 Å crystal structure of heptameric Vibrio cholerae
cytolysin238. Side (A) and top (B) views are shown. PDB ID: 3044.

Nestorovich and Bezrukov Page 65

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Perforin pore structure. A: Negative stain and cryo-electron microscopy images of perforin-
containing liposomes. Surface (B) and cut-away (C) views of a cryo-electron microscopy
reconstruction of the perforin pore with 20-fold symmetry. The map resolution was 28.5 Å.
Reprinted and modified with permission from ref268. Copyright 2002. Nature Publishing
Group.
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Figure 11.
Two models of membrane insertion for the cholesterol-dependent cytolysins. A: the prepore
model263 for the assembly and insertion of CDC. B: continuous growth model281. The
number of monomers comprising the multimer is designated as (n). Reprinted with
permission from ref277. Copyright 2000. American Chemical Society.
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Figure 12.
Schematic representation of the diphtheria toxin transmembrane domain incorporated into
the endosomal vesicle membrane, which results in the formation of a transmembrane pore.
Reprinted with permission from ref283. Copyright 2011. MDPI AG.
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Figure 13.
Gating characteristics of the different T-domain constructs studied on a single-channel
level 328. A: A single channel formed by wild-type T-domain (lacking H6 tag) remains open
at both +60 and −60 mV, with irresolvably brief flickerings to a zero-conductance closed
state. B: A single channel formed by T-domain with an N-terminal H6 tag remains open at
+65 mV but rapidly closes to zero conductance at −65 mV. C: A single channel formed by
T-domain with a C-terminal H6 tag spends a good deal of time in the zero-conductance
closed state at +65 mV and remains open at −65 mV like the wild-type channel. D: A single
channel formed by T-domain with both N- and C-terminal H6 tags is blocked at both +65
and −65 mV. At positive voltages, the channel fluctuates rapidly between the open and
closed states, spending about half of its time in each. At negative voltage pulses, the channel
remains open briefly, before fully closing for the duration of the pulse. Reprinted with
permission from ref328. Copyright 2001. The Rockefeller University Press.
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Figure 14.
Sequence of events showing BoNT light chain translocation through the heavy chain
channel. Step1. BoNT/A holotoxin prior to insertion in the membrane (grey bar with
magenta boundaries); BoNT/A is represented by the crystal structure rendered on YASARA
using PDB accession code 3BTA351. Step 2. Schematic representation of the membrane
inserted BoNT/A during an entry event. Steps 3 and 4. A series of transfer steps. Step 5. An
exit event. Segments of typical single channel recordings are displayed under the
corresponding interpretation for each step. Reprinted with permission from ref282. Copyright
2009. Elsevier.
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Figure 15.
Basic mechanisms of cell intoxication by Clostridium and Bacillus binary toxins. Cell-
binding B-precursors are first activated by proteolytic cleavage in solution or on the cell
surface (B. anthracis PA83 only). Subsequently, activated B components interact with
specific cell surface receptors as either preformed ring-shaped heptamers or monomers that
form heptamers on the cell surface. The enzymatic A components bind to the cell-associated
B heptamer, and the receptor-toxin complex then undertakes receptor-mediated endocytosis.
An acidic endosomal environment is essential for translocating the A components into the
cytosol. Reprinted with permission from ref3. Copyright 2004. ASM Press.
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Figure 16.
Ribbon representation of 3.6 Å crystal structure of heptameric prepore of channel-forming
component of anthrax toxin, PA63.607 Side (A) and top (B) views are presented. PDB ID:
1TZN.
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Figure 17.
A: Schematic representation for anthrax toxin receptor-mediated cell assembly and entry
into a target cell50. First, proteolytically activated PA monomers (PA63) oligomerize into the
ring-shaped heptameric, (PA63)7, or octameric, (PA63)8, complexes, which are able to dock
3 or 4 enzymatic A components, LF and/or EF, respectively. These oligomeric prepores are
then endocytosed and, under the acidic endosomal pH, converted to the transmembrane
channels, which transport LF and EF into the cytosol. B: A possible protein unfolding and
translocation pathway for anthrax toxin depicted in three successive steps: docking, protein
unfolding, and translocation of the unfolded chain. Adapted with permission from ref.50

Copyright 2011. Wiley.
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Figure 18.
Representative example of a truncated H6-LFN construct (LFN 1–83), whose N terminus
reached the trans solution47. The N-terminal H6 tag is depicted in blue. The recording starts
at the moment when an appropriate level of PA63-induced current is reached and the cis
compartment is perfused to remove the unbound (PA63)7 from the solution. The voltage
protocol of + 80 mV for 5 s and −40 mV for 15 s was then applied. At the first arrow, the
LFN (1–83), with the YFP stopper (depicted as a β barrel) attached to the C-terminus and
biotin (orange) attached at residue 1, is added to the cis solution, and a constant level of
unblocking is obtained. At the second arrow, streptavidin (four green balls) is added to the
trans compartment. A dramatic decrease of unblocking over time is recorded, thus
demonstrating that the biotin at residue 1 has reached the trans solution and has been
grabbed by streptavidin, thereby preventing those channels from becoming unblocked at −40
mV. Reprinted with permission from ref47. Copyright 2011. The Rockefeller University
Press.
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Figure 19.
A: The molecular mass cutoff of the single heptameric PA63 channel as estimated from the
effect of differently sized PEG molecules in planar bilayers189. It is seen that the PEGs with
MM <2000 Da are able to enter into the channel, which results in conductance decrease. The
PEG concentration was 1.2% (w/w), and the applied potential was V = +70 mV. B: A cross-
sectional view of the heptameric PA63 channel model385 and spherical representations of
PEG 400, 1000, and 1500 molecules. Reprinted with permission from ref189. Copyright
2008. Biophysical Society.
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Figure 20.
A: Conductances of the PA63, C2IIa, and Ib channels as functions of salt concentrations
demonstrate different behaviors at small salts. The dependences are close to linear for Ib but
show significant deviations from linearity for the PA63 and C2IIa channels. B: Single
channel reversal potentials as functions of the ratio of salt concentrations on the different
sides of the membrane for two series of measurements with oppositely directed gradients.
Open circles: Reversal potential (Erev) obtained in the series of experiments where KCl
concentration in the cis compartment exceeds that in the trans compartment; at that ctrans =
0.1 M KCl. Solid circles: The values of the reversal potential (-Erev) obtained for the
reversed gradient ctrans > ccis = 0.1 M KCl. The sign of the reversal potential is inverted in
the latter case to facilitate comparison; the selectivity stays cationic in both cases. The
channels are asymmetric because the absolute value of the reversal potential is greater when
the more concentrated solution is on the cis side of the membrane. Membranes were formed
from the DPhPC at pH 6.
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Figure 21.
A: In the absence of blockers, ion currents through the PA63, C2IIa, and Ib single channels
reconstituted into planar lipid membranes demonstrate fast flickering between the open and
closed states. The currents are given at 1 ms time resolution. B: Power spectral densities of
the currents shown in panel A display 1/f behavior. Measurements were taken in 1 M KCl
solutions at pH 6 buffered by 5 mM MES. The applied voltage was 50 mV.
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Figure 22.
Schematic view of the particle's potential of mean force in a membrane channel. A: An
arbitrary potential demonstrating different level of interaction with different parts of the
channel along its axis (x coordinate). B: A hypothetical square-well potential.
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Figure 23.
Non-monotonic behavior of the flux given by Eq. (6) as a function of potential well depth at
three different concentrations of translocating molecules and = 0. Reprinted with c2
permission from ref441. Copyright 2005. Biophysical Society.
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Figure 24.
A: Structures of chloroquine and related compounds, which are able to block channel-
forming B components of the binary toxins in the planar bilayers. B: Titration of membrane
conductance induced by C2II with fluphenazine in 1 M KCl at the applied voltage of 20 mV.
Reprinted with permission from ref416. Copyright 2003. Elsevier.
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Figure 25.
A, top: Blocking anthrax on a single-channel level. A heptameric mushroom-like channel of
PA63 produced by Bacillus anthracis believed to be a translocation pathway for lethal and
edema factor, LF and EF, inside the cell under attack. The idea is to design complementary
heptameric low-molecular weight compounds – cationic cyclodextrins (A, bottom) that enter
the pore and block it as molecular plugs. Note that the cartoon is a simplified illustration of
the LF and EF penetration into the mammalian cell. In reality, the process is much more
complex (Figs. 15 and 17). Adapted with permission from ref57. Copyright 2010.
Ciophysical Society. B: Two 7-fold symmetrical synthetic molecules, per-6-S-(3-
aminomethyl)thio-β-cyclodextrin (AMBnTβCD), left panel, and per-6-S-(3-
amino)propylthio-β-cyclodextrin (AmPrβCD), right panel, were used as blockers of the
PA63, C2IIa, and Ib pores. C: Planar lipid bilayer membrane containing about 60 PA63
channels in 0.1 M KCl. The downward arrow indicates the addition of AmPrβCD to the cis
side of the membrane (side of PA addition). The dashed line shows zero current level.
Adopted with permission from ref51. Copyright 2005. National Academy of Sciences.
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Figure 26.
A: Ion currents through single PA63, C2IIa, and Ib channels in the absence (upper row of
tracks) and in the presence of 0.135 μM AmPrβCD (middle row) and AMBnTβCD (bottom
row) blockers in the cis side of the chamber. Measurements were taken in 1 M KCl solutions
at pH 6 and 50 mV applied voltage. Recordings are shown at 10 ms time resolution.
AMBnTβCD displays a significantly longer binding lifetime with all channels compared
with AmPrβCD, whereas the time between the blockage events, characterizing the on-rate of
the binding reaction, seems to be practically unchanged. B: Residence times of blocker
binding to the channels plotted as functions of the transmembrane voltage reveal exponential
voltage dependence. C: Residence times of blocker binding to the channels as functions of
bulk salt concentration show different degrees of salt dependence for the three channels and
two blockers. The salt dependence is most pronounced for AmPrβCD interacting with the
PA63 pore. For the more efficient AMBnTβCD, the dependence is weaker.
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Figure 27.
Neutralization of the PA63 heptameric complexes by peptide-functionalized liposomes of
about 50 nm in size489. Left: The structure of the enzyme-binding face of heptameric PA63.
Residues 197, 200, 207, 210 and 214, which form part of the LF-binding site, are
highlighted in red. Approximate distances between residues 200 (30 Å) on adjacent
monomers and residues 210 (40 Å) on adjacent monomers are indicated. Right: A schematic
representation of a liposome-based anthrax toxin inhibitor. Reprinted with permission from
ref489. Copyright 2006. Nature Publishing Group.
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Figure 28.
Design of polyvalent inhibitors with control over the molecular weight and ligand
spacing491. The linear polyvalent inhibitors displaying peptides (black ovals) are shown
bound to the PA63 heptamer at the peptide-binding sites (circles). The spacing between
peptides on the linear scaffold is either too short (left panel) or is sufficient (right panel) to
allow a polyvalent interaction. Reprinted with permission from ref491. Copyright 2006.
American Chemical Society.
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Figure 29.
Structure-based design of the heptavalent anthrax toxin inhibitors497. A: The structure of the
LF-binding face of heptameric PA63. Residues 184, 187, 197, and 200, which form part of
the peptide-binding site are shown in purple. B: The structure of 7-fold symmetrical β-
cyclodextrin, which was used as a scaffold for the heptameric inhibitor. C: A scheme
illustrating the binding of a heptavalent inhibitor, synthesized by the attachment of seven
inhibitory peptides to the β-cyclodextrin via an appropriate PEG linker, to heptameric PA63.
Reprinted with permission from ref497. Copyright 2011. American Chemical Society.

Nestorovich and Bezrukov Page 85

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 30.
Modulation of the ion current through a single α-HL channel by 7-fold symmetrical βCD
IB201 (Table 2, compound 31). In the absence of βCD, the current through the single α-HL
channel is rather stable (no significant current fluctuations at 10 ms time resolution are
seen). IB201 addition leads the channel to switch to a weakly conductive blocked sub-state.
Reprinted with permission from ref55. Copyright 2007. Elsevier.
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Figure 31.
Bilayer recordings showing the interaction of a single α-HL pore with βCD and the model
analytes 2-adamantanamine (A1) and 1-adamantanecarboxylic acid (A2) at −40 mV applied
voltage65. α-HL was added to the cis compartment of the chamber and βCD and the
adamantine derivatives were in the trans compartment. A: Control, single α-HL pore is
unblocked (level 1). B: 20 mM trans-addition of βCD generates transient partial blockages
of the channel (level 2). C: 80 mM trans-addition of 2-adamantanamine does not affect the
fully open channel (level 1), but produces an additional block of α-HL- βCD complex (level
3). D: 20 mM trans-addition of 1-adamantanecarboxylic acid produces additional blockades
(level 4), of the longer duration than those produced by 2-adamantanamine (level 3).
Reprinted with permission from ref65. Copyright 1999. Nature Publishing Group.

Nestorovich and Bezrukov Page 87

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 32.
The single-molecule nanopore approach illustrated in Fig. 31 was used to study the dynamic
side of the Hofmeister effect542. A: Cartoon of the complexation process between the
cyclodextrin hosted by the α-HL pore and adamantane carboxylate. B: Changes in the free
energy of cyclodextrin– adamantane complexation, δΔG, versus changes in salt osmolarity.
C: Effect of increasing osmolarity on the average residence time of adamantane in the
channel-bound cyclodextrin, τr. D: Effect on the average time between the successive
complexation events, τo. Both times are normalized by their values measured prior to extra
salt addition. Tables on the right show the effective numbers of excluding water molecules.
It is seen that not only the complex stability, as measured by the average adamantane
residence time, but also the on-rates, represented by inverse τo, are influenced by salt
addition and thus contribute to the changes in the complexation free energy. Reprinted with
permission from ref542. Copyright 2009. Wiley.

Nestorovich and Bezrukov Page 88

Chem Rev. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nestorovich and Bezrukov Page 89

Table 1

PA63 conductance block by small cationic compounds

# Cationic Compounds Structure IC50

1 Tetramethylammonium 1.6 mM

2 Tetraethylammonium 224 μM

3 Tetrapropylammonium 350 ± 10 nM

4 Tetrabutylammonium 7.3 ± 0.2 μM

5 Tetrapentylammonium 2 μM

6 Tetrahexylammonium 3.8 ± 0.3 μM

7 (2-acetylamino-2,2-bis-ethoxycarbonyl-ethyl)-trimethyl-ammonium 1 ± 0.1 mM

8 Tetraphenylphosphonium 46 ± 2 nM

9 Chloroquine 510 ± 30 nM
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# Cationic Compounds Structure IC50

10 Quinacrine 60 ± 5 nM

11 Benzyltriphenylphosphonium 110 ± 30 nM

12 Butyltriphenylphosphonium 88 ± 5 nM

13 Isoamyltriphenylphosphonium 35 ± 6 nM

14 Methyltriphenylphosphonium 370 ± 60 nM
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Table 2

PA63 conductance block and cytotoxicity inhibition by cationic cyclodextrins

# n R1 R2, R3 Inhibition of conductance IC50,
nM

Inhibition of cytotoxicity IC50,
μM

I. Hepta-6-aminoalkyl β-cyclodextrin derivatives 52

1 7 -NH2 -H 140 ± 90 20 ± 9

2 7 -S(CH2)2NH2 -H 3.5 ± 0.9 7.8 ± 2.4

3 7 -S(CH2)3NH2 -H 0.57 ± 0.39 2.9 ± 1.0

4 7 -S(CH2)4NH2 -H 1.1 ± 0.5 5.1 ± .2.4

5 7 -S(CH2)5NH2 -H 3.8 ± 1.0 7.5 ± 2.4

7 7 -S(CH2)6NH2 -H 0.97 ± 0.38 0.6 ± 0.3

8 7 -S(CH2)7NH2 -H 4.6 ± 3.2 1.9 ± 1.1

9 7 -S(CH2)8NH2 -H 2.4 ± 0.95 0.3 ± 0.1

10 7 -S(CH2)10NH2 -H 27.0 ± 17.0 2.6 ± 0.1

II. Hepta-6-guanidinealkyl β-cyclodextrin derivatives 52

11 7 -H 5.3±3.2 8.9±6.0

12 7 -H 12.6±9.0 12.2±2.9

III. Hepta-6-arylamine β-cyclodextrin derivative 52,62

13 7 -H 0.13±0.10 0.8±0.5

IV. Cationic α- and γ cyclodextrin derivatives 62

14 6 -NH2 -H 1200 ± 300 >100

15 8 -NH2 -H 170 ± 50 12 ± 3

16 6 -H 29±5 45±13
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# n R1 R2, R3 Inhibition of conductance IC50,
nM

Inhibition of cytotoxicity IC50,
μM

17 8 -H 2.8±1.3 5.4±0.8

V. Novel β-cydodextrin derivatives 60

18 7 -H n/a >100

19 7 -H n/a >100

20 7 -H n/a >100

21 7 -H n/a >100

22 7 -H n/a >100

23 7 -H n/a >100

24 7 -H n/a 26 ± 21

25 7 -H n/a 3.2 ± 1.9

26 7 -H n/a 20 ± 14

27 7 -H n/a >100

28 7 -H n/a 4.1 ± 0.4
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# n R1 R2, R3 Inhibition of conductance IC50,
nM

Inhibition of cytotoxicity IC50,
μM

29 7 -H n/a 2.1 ± 0.2

VI. α-, β-, and γ-cyclodextrin derivatives tested against α-hemolysin 62

30 6 -H >5000 >100

31 7 -H ~50 3.3±2.3

32 8 -H >5000 >100
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TABLE 3

Some of the most potent non-peptide blockers of classical ion-selective channels

Channel Compound IC50 Comments

Potassium, KV4.3 Nicotine 34 nM ref.597*

Potassium, KV11.1 Astemizole 48 nM ref.598*

Potassium, KV11.3 Sertindole 43 nM ref.599*

Sodium, NaV1.1 Tetrodotoxin 6 nM ref.527,600

Sodium, NaV1.6 Tetrodotoxin 1 nM ref. 527,601

Calcium, CaV1.2 Devapamil 50 nM ref.528,602

Inwardly Rectifying Potassium, Kir2.1 Spermine 0.9 nM ref.534,603

Calcium-Activated Potassium, KCa1.1 Paxilline 1.9 nM ref.532,604

Calcium-Activated Potassium, KCa2.1 UCL1684 0.8 nM ref.532,605

Calcium-Activated Potassium, KCa2.2 UCL1684 0.28 nM ref.532,606

*
Additional information can be found in a recent review533; however, it has to be used with caution as is contains a number of confusing

misprints. The original papers cited there should be consulted to avoid misleading conclusions.
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