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A B S T R A C T   

Protective antigen channel is the central component of the deadly anthrax exotoxin responsible for binding and 
delivery of the toxin's enzymatic lethal and edema factor components into the cytosol. The channel, which is 
more than three times longer than the lipid bilayer membrane thickness and has a 6-Å limiting diameter, is 
believed to provide a sophisticated unfoldase and translocase machinery for the foreign protein transport into the 
host cell cytosol. The tripartite toxin can be reengineered, one component at a time or collectively, to adapt it for 
the targeted cancer therapeutic treatments. In this review, we focus on the biophysical studies of the protective 
antigen channel-forming activity, small ion transport properties, enzymatic factor translocation, and blockage 
comparing it with the related clostridial binary toxin channels. We address issues linked to the anthrax toxin 
channel structural dynamics and lipid dependence, which are yet to become generally recognized as parts of the 
toxin translocation machinery.   

1. Introduction 

The focus of this review written for the thematic “Mechanisms of 
function and regulation of large transport membrane channels” issue of the 
Journal is on the protective antigen (PA) component of anthrax 
exotoxin, or rather on its 63-kDa fragment (PA63), which oligomerizes to 
form a translocation channel (Fig. 1, left) to transport the two ~90-kDa 
enzymatic components of the toxin into the cytosol of target cells. 
Because mushroom-like shape and oligomeric structure of PA63 re
sembles those of the well-known α-hemolysin (αHL) of Staphylococcus 
aureus [1] (Fig. 1, right), in the past these two bacterial toxin channel- 
forming proteins were frequently compared. An immediate practical 
purpose of such a comparison was to suggest moving aside from inves
tigating the PA63's role in the toxin uptake and exploring it as a potential 
model channel-forming protein in various biophysical applications 
focusing on its ion and macromolecule sensing and transport properties. 
Thus, at least within the community of ion channel researchers, αHL is 
recognized mainly not as an S. aureus virulent exotoxin but as a protein 
nanopore suitable for biosensing applications, with the nucleic acid 
sequencing studies being one of the most prominent examples [2–4]. 
Yet, despite some structural similarities, the molecular sensing proper
ties of PA63 and αHL are very distinct. The purpose of this review is to 
summarize the existing research on the anthrax toxin channel properties 
performed in planar lipid bilayers (PLM), to discuss the accumulated 
data on its role in the enzymatic component transport, and to highlight 

those unique characteristics of the channel that can foreordain its 
greater use as a model system to investigate molecular mechanisms of 
channel-facilitated ion and macromolecular transport. 

2. Anthrax toxin structure, assembly, and function 

Anthrax toxin is an AB type tripartite exotoxin secreted by a large 
Gram-positive, rod-shaped, spore-forming aerobic bacterium, Bacillus 
anthracis. The toxin is composed of two enzymatic A components, Lethal 
Factor (LF) and Edema Factor (EF), and one binding and translocation B 
component, Protective Antigen, that self-assemble at the host cell sur
face forming two “classic” binary toxins, lethal toxin (LT = LF + PA) and 
edema toxin (ET = EF + PA) contributing to the anthrax symptoms. 
Lethal Factor is a Zn-metalloprotease, which disturbs host cell signal 
transduction by cleaving mitogen-activated protein kinase kinases 
(MAPKKs) and Nlrp1 [6–8]. Edema Factor is a Ca2+ and calmodulin- 
dependent adenylyl cyclase that elevates intracellular cAMP level, 
contributing to the dissemination of B. anthracis in the host [9,10]. 
Protective Antigen, named because of its long-lasting use as an active 
component of the vaccine against anthrax, is a host cell receptor binding 
and translocation component responsible for the LF and EF intracellular 
entry, which occurs in several stages (Fig. 2). 

Host cell delivery of the anthrax toxin is achieved through clathrin 
[12] and receptor-mediated endocytosis [13]. First, an 83-kDa full- 
length PA (PA83) binds to its specific cellular tumor endothelial 
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marker-8 (TEM8) (also known as ANTXR1) and capillary morphogenesis 
gene 2 (CMG2) (also known as ANTXR2) receptors [14–20]. The re
ceptors discovered in the early 2000s (reviewed in refs. [21–23]), were 
recently shown to be linked to recessive autosomal diseases. CMG2 
mutations resulted in hyaline fibromatosis syndrome [24,25] and TEM8 
mutations in GAPO (growth retardation, alopecia, pseudo-anodontia, 
and optic atrophy) syndrome [26]. After cleavage to PA63 by the 
furin-like proteases and release of PA20 [27], receptor-bound PA63 self- 
assembles forming ring-shaped heptameric, (PA63)7, [28] and/or octa
meric, (PA63)8, prepores [29] on the host cell surface. The prepore for
mation generates three (in (PA63)7) [30] and four (in (PA63)8) [29] sites 
for the LF and/or EF binding. The anthrax toxin complexes are then 
endocytosed [31] and transited from the early to late endosomal mul
tivesicular compartments under the lowering endosomal pH environ
ment, first encountering the early endosome (EE) pH ~ 5.5–6.0 and then 
in the late endosome (LE) pH ~ 5.0–5.5. The acidic conditions trigger 
substantial conformational changes in the PA63 oligomeric prepores 
resulting in their insertion into endosomal membranes and formation of 
elongated transmembrane pores [5,28]. It was reported that the pH 
threshold required for the prepore – pore transition is different 
depending on the cellular receptor PA83 originally binds, with pH 6.3 
being sufficient to weaken the PA63/TEM8 contact but lower pH 5.2 
needed to weaken the PA63/CMG2 contact [16–18]. This finding may 
indicate a possibility for the TEM8-bound PA63 to form channels already 
at the early endosomal stages, whereas the lower late endosomal pH is 
probably required for the CMG2-bound PA63 transitioning to the 

channel [19,20]. The formed PA63 channel was described to work as an 
effective translocate, responsible for unfolding LF and EF and trans
locating them into the cytosol, where they catalyze the host cell dis
rupting reactions. The process is powered by the pH gradient across the 
endosomal limiting membranes [32,33]. 

Several alternative or complementary assembly and translocation 
mechanisms were suggested. Thus, PA63 was shown to oligomerize 
jointly with PA83 [34]. The authors detected the formation of 
LF1(PA83)2(PA63)5 and LF1(PA83)1(PA63)6 mixed complexes with 
retained cytotoxic effects. It was suggested that these functional com
plexes may form under the conditions of furin deficiency, e.g., under 
terminal stages of anthrax when the PA83 levels exceed those of the 
proprotein convertase. In another study, PA63 monomers were shown to 
bind directly to the full-length LF or LFN, although their binding affinity 
was lower compared to the oligomeric prepore interaction [35]. The 
authors also reported that it is possible that some PA20 fragments remain 
non-covalently bound to PA63, suggesting that PA20 may act as a hook to 
bind LF molecules pulling them in from extracellular surroundings. 
Apart from translocating LF across the endosomal limiting membranes, 
anthrax toxin complexes were also suggested to insert preferentially into 
endosomal intraluminal vesicles delivering LF into their lumen (Fig. 2) 
[36,37]. If so, these vesicles can fully protect LF from proteolytic 
degradation, delivering it into the cytosol via fusion at a much later time. 
Moreover, an alternative anthrax toxin uptake model suggests that 
instead of the PA-mediated LF and EF translocation, the toxin delivers its 
enzymatic cargo by catalyzing the endosomal membranes rupture [38]. 

Fig. 1. Bacillus anthracis PA63, 3J9C [5] (left), and Staphylococcus aureus αHL, 7AHL [1] (right) channel-forming exotoxin proteins plotted at the same scale.  
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3. PA63, an elongated channel with unique properties 

Protective antigen is the central component of the anthrax toxin, 
responsible for LF and EF translocation into the cytosol. A monomeric 
PA is a 735 amino acid (83 kDa) protein composed of four structural 
domains, D1-D4 [28]. An amino-terminal domain 1 (residues 1–249) 
contains two calcium ions and a furin protease cleavage site, which di
vides it into two sub-domains, a 20-kDa domain D1a, which diffuses 
away and an LF/EF binding domain D1b. A channel-forming domain D2 
(residues 250–487) contains a flexible loop associated with membrane 
insertion. Domain D3 is the smallest domain (residues 488–594) asso
ciated with oligomerization. Finally, domain D4 (residues 595–735) is a 
receptor-binding domain, which has little contact with the remaining 
domains. While the full-length PA83 binds to its cellular receptors, it 
cannot oligomerize forming a water-soluble channel because of steric 
hindrance between the D1a subdomains. After proteolytic cleavage and 
D1a removal, PA oligomerizes and, following (PA63)7(LF/EF)3 and 
(PA63)8(LF/EF)4 complex formation, undergoes endocytosis (Fig. 2). The 
oligomeric PA63 forms a water-filled single-tunnel channel connecting 
aqueous solutions on both sides of the endosomal membrane. Interest
ingly, the channel is more than 3 times longer than the thickness of a 
lipid bilayer membrane; PA63 is an extended ~180-Å-long 14-strand 
β-barrel [28] channel, which was compared to a flower a stem, with a 
75 Å-long bud and a 105 Å-long stem (Fig. 1, left) and internal radius 
varying from 3 Å to 16 Å [5]. Starting from 1989 [39], the PA63 channel 
properties have been studied extensively in vitro using the PLM tech
nique where PA, cleaved to PA63, was shown to spontaneously form 
stable highly cation-selective voltage-gated ion channels under the sub- 
acidic pH conditions [40–43]. In addition, recent technical advances in 
cryo-electron microscopy have allowed for determining high-resolution 
structures of (PA63)7 channel [5], (PA63)7LF3 prepores [44], (PA63)8(LF/ 

EF)4 prepores [45], and (PA63)7 channels with partially unfolded LF and 
EF bound [46]. 

3.1. PA63 channel formation 

The PA63 channel-forming activity was reported to be pH-dependent; 
generally, it required mildly acidic pH for the ion channels to form in 
vitro. Structural details of the prepore/pore conformational switch, 
together with numerous other aspects of the anthrax toxin formation 
and internalization, were reviewed recently by Liddington [47]. While 
the channel formation was detected between the pH range of 4 to 7.5 
[11], the channel activity was considerably increased at the sub-acidic 
pH range of 5 to 6.5 (cis - trans symmetric) and substantially 
decreased in neutral (pH: 7–7.5) and acidic (pH ≤ 4.5) solutions [11,39]. 
This finding is in agreement with the endosomal pH acidification needed 
for the PA63 channels to form. Yet, the transmembrane pH gradient, 
existing between the endosomal membranes, did not seem to be 
important for the channel reconstitution in the in vitro studies. More
over, neither the interaction with the host cell receptors nor the LF and 
EF component binding were required for the channel formation in PLMs 
[39]. 

3.2. PA63 channel oligomeric state 

For a long time, the population of oligomeric PA63 channels was 
believed to be exclusively heptameric, as detected using the X-ray PA63 
prepore [28] and cryo-EM PA63 channel [5] 7-fold symmetric atomic 
structures. Then, the formation of functional octameric, or 8-fold sym
metric form, was discovered and investigated [29,48–50]. Comparison 
of the heptameric and octameric prepore crystal structures showed that 
in the octamers there are two types of PA monomer conformations 

Fig. 2. Schematic representation of the anthrax toxin internalization process. 
Modified with permission from ref. [11].Copyright (2017) John Wiley and Sons and Copyright Clearance Center. 
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occupying alternating positions in the ring [29]. It is unclear if the wild 
type (PA63)8-WT channels were ever reconstituted and recorded in PLMs 
(see the related discussion in Section 3.3 below). However, Phillips et al. 
engineered anthrax toxin variants that complemented each other pair
wise to selectively and exclusively form octamers (Fig. 3) [51]. These PA 
variants were individually unable to form channels but demonstrated 
the channel-forming activity when combined with their complementary 
partners. The authors selected an oligomerization-deficient PA-D512K 
mutant (Fig. 3, top) and then designed a library of individually inactive 
complementary mutants (Fig. 3, middle) choosing four positively 
charged residues on the opposite face of PA within 6 Å of the D512K 
mutation looking for the “gain of function” mutations (Fig. 3, bottom). 
The engineered individually non-toxic PA-K245G/R252N and PA- 
K245N/R252S variants, referred to as PA-GN and PA-NS, when com
bined with PA-D512K, generated high toxicity comparable to that of the 
PA-WT. Evidence of assembly of the octamers was obtained using 
electron microscopy and electrophysiological measurements; the latter 
showed single (PA-GN + PA-D512K) and (PA-NS + PA-D512K) 8-fold 
symmetric constructs having, respectively, ~8% and ~16% greater 
conductance compared to the 7-fold symmetric PA-WT. The octamer 
strategy was designed to create tumor-targeting anthrax toxin constructs 
with high specificity and efficacy (see Section 3.7 below for more 
details). 

3.3. PA63 channel conductance 

In PLMs, PA63 has been shown to form approximately ohmic chan
nels with relatively small, compared to other β-barrel channels, 

conductance, ~180 pS in 1 M KCl at pH 6.6 [40]. Just to give a few 
examples, the single-channel conductances of the mitochondrial outer 
membrane VDAC, outer membrane trimeric OmpF of E.coli, and afore
mentioned α-HL of S. aureus, measured under similar conditions, are 
~4.0 pS [52], 1.4 nS (given per monomer) [53], and 1.0 nS [54] 
correspondingly. The low conductivity of PA63 was linked to the pres
ence of a steric bottleneck [55] formed by a narrow ring of hydrophobic 
phenylalanine 427 side chains (the so-called ϕ-clamp) [56] situated at 
the connection of the channel's bud and stem. Indeed, the PA63-F427A 
mutant's conductance is about three times higher compared to PA63-WT 
[56,57]. Moreover, the single PA63 current profile possesses several 
unique and very interesting features. 

3.3.1. The ‘maximum’ and ‘main’ conductance states and the two PA63 
insertion types 

PA63 channels were reported to exhibit spontaneous reversible 
stepwise transitions to a higher conductance state [40,58] (labeled as 
states ‘main’ and ‘max’ in Fig. 4A). The inserting channels were 
frequently detected as being in the ‘max’ conductance state but then 
quickly (seconds or faster) changing to the ‘main’ conductance state 
[11]. The ‘max’ state could later reappear, as seen at the pH 6.5 single 
PA63 channel current recording (Fig. 4A, top). The relative probabilities 
of the two conductance states varied significantly from channel to 
channel, but the ‘main’ state was typically predominant. Das and Krantz 
hypothesized [59] that the alternate PA63 conductance states represent 
the so-called ‘clamped empty’ and ‘unclamped empty dilated’ states of 
the channel, with the dilation occurring at the ϕ-clamp (Fig. 4B) [56]. 
The idea originated with an attempt to provide support for the allosteric 

Fig. 3. Design of PA63 mutants, exclusively forming octamers. Top: PA63-WT oligomerizes forming heptamers (left), however, PA63-D512K is oligomerization- 
deficient (right). Middle: A library of PA-D512K mutants with an additional gain of function mutation (left); the mutations are then separated between different 
PA monomers (right). Bottom: Combining the complementary PA63 variants allows for the formation of heterogenous 4:4 octamers. 
Reprinted with permission from ref. [51]. Copyright (2013) Elsevier. 
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helix compression model of LF translocation trough PA63 [60] (see 
Section 3.4 below for details). In particular, the authors used the Monod, 
Wyman, and Changeux allostery model fit [61] applied to data on the 
PA63 ion current blockage by LF peptides, however no direct statistical 
comparison of the peptide/PA63 interaction when the channel is in the 
‘max’ and ‘main’ conductance states was performed (see related dis
cussion in refs [62,63]). 

So far there is no direct evidence of any physiological importance of 
the two-conductance state channel behavior. In our view, the observed 
conductance pattern likely represents an artifact of the PA63 reconsti
tution attempted under non-physiological conditions. Thus, at pH 6.5 
the ratio between the ‘max’ and ‘main’ state conductances was signifi
cantly greater in 1 M compared to 0.1 M KCl solutions (Fig. 4A), (27 ± 4) 
% and (11 ± 1) % respectively [11]. Moreover, the difference between 
the two alternate conductance states, being quite significant at pH 7.5, 
becomes smaller with lowering pH from 7.4 to 6 and nearly disappears 
at pH ≤ 5.5 (Fig. 4A, bottom and 4C). At the same time, the monotonic 

change in the PA63 channel conductance with solution pH (Fig. 4C) in
dicates that at low pH, PA63 inserts directly to the ‘max’ conductance 
state. Moreover, at pH > 5.5, PA63 channels were frequently detected 
being in their ‘max’ conductance state without switching to the ‘main’ 
state (classified as type I and type II PA63 insertions in ref. [58]). 
Importantly, power density spectra of the current fluctuations at pH 4.5 
and pH 6.5 (the “max” state) were nearly identical, showing an ideal 1/f 
behavior (see Section 3.3.3 for details), whereas the power spectrum of 
the current fluctuation in the ‘main’ state had an additional high- 
frequency component (Fig. 4D) [11]. The authors also reported that in 
1 M KCl at pH 6.6, the “max” conductance state channels represented 
~40% of all the insertion in DPhPC but only ~8% in DPhPS bilayer 
membranes. Yet, in DPhPS the ‘max’/’main’ current step was signifi
cantly greater compared to DPhPC, representing about 30% of the total 
conductance. Importantly, PA63 selectivity remained nearly the same 
when the channel current was switching from the ‘max’ to ‘main’ 
conductance states (Fig. 4E). Thus, under the 0.5 M cis|1 M trans KCl 

Fig. 4. Two PA63 channel conductance states. (A) Single PA63 channel recordings taken at pH 6.5 (top) and pH 4.5 (bottom), 100 mV, 1 M KCl. (B) PA63 channel, side 
and top view; 3J9C [5]. The F427 residues are shown as red spheres. (C) Single PA63 channel ‘max’ state current decreases with lowering solution pH at 100 mV. The 
effect is more pronounced in 0.1 M KCl compared to 1 M KCl. At high pH values, the “main” conductance states were frequently detected. (D) Spectral density 
analysis of the current fluctuation through a single PA63 channel at pH 6.5 (both ‘max’ and ‘main’) and pH 4.5. At pH 4.5, the current spectra density changes linearly 
with frequency (slope ≈ − 1.0), showing typical characteristics of the so-called 1/f process. In the main conductance state at pH 6.5, the spectrum is similar; however, 
an additional high-frequency component that corresponds to the “noisy” sub-state of the channel is seen. At pH 6.5, spectral density analysis of the completely open 
state of the channel, collected from several opening events combined into a single fragment, showed an ideal 1/f type of behavior (slope ≈ − 1.1), similar to the one 
observed at pH 4.5. (E) Ion current vs. voltage relationship separately taken for the single PA63 channels when in the maximum and main conductance states using 
0.5 M cis | 1 M trans KCl gradient at pH 6.5. Note the similarity of reversal potentials in both states. (F) Two states of an open PA63 single-channel examined in PEG- 
free (left) and 1.2% (w/w) PEG400-containing (right) 1 M KCl solutions at pH 6.5 and 100 mV applied voltage. (G) AmPrβCD channel inhibitor blocks PA63 both when 
the channel is in the ‘main’ and ‘max’ states with similar blocked state probabilities. (H) Power spectral densities of AmPrβCD-induced PA63 current fluctuations in 
the ‘main’ and ‘max’ conductance states at frequencies <100 Hz can be fitted by a single Lorentzian. The increase in the current spectral density signal on the main 
state spectrum at >100 Hz is related to the open channel fluctuation intensity increase. (I) Power spectral density of MTP-induced PA63 current fluctuations in the 
‘main’ and ‘max’ conductance states are fitted by a single Lorentzian at 50 mV, 1 M KCl, pH 6.5. 
Reprinted with permission from ref. [11]. Copyright (2017) John Wiley and Sons and Copyright Clearance Center. 
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concentration gradient, the channel had approximately three times 
higher preference for cations compared to anions in both the ‘max’ (Erev 
= 9.1 ± 0.5 mV) and ‘main’ (Erev = 8.6 ± 0.4 mV) states. 

To verify whether the two conductance states represent the struc
turally distinct conformation of the channel, with dilation taking place 
at the ϕ-clamp [56], several molecular probes known to modify PA63 
channel conductance were tested [11]. First, partitioning of a water- 
soluble polymer, poly-(ethylene glycol) with a molecular weight of 
400 Da (PEG400), in the channel lumen was investigated (Fig. 4F) (see 
Section 3.3.5 for details). Because PEG400 was previously shown to 
generate the most significant reduction in PA63 ion current [64], the 
authors expected this polymer to be sensitive to the presumptive 
changes in the channel dimensions. PEG400-induced decrease in the 
‘max’ and ‘main’ state current, IPEG400

Ino PEG400 
= 0.24 ± 0.02 and 0.20 ± 0.01 

correspondingly, was hardly detectable (p-value = 0.03). Second, when 
the ‘max’ and ‘main’ states were probed using two efficient cationic 
aromatic blockers (see Section 3.5 for details), per-6-(3-amino
propylthio)-β-cyclodextrin (AmPrβCD) (Fig. 4G) and methyl
triphenylphosphonium ion (MTP), kinetic parameters of the PA63/ 
blocker interaction, examined using the power spectral density analysis 
(Fig. 4H and I) were nearly identical. AmPrβCD is known to interact with 
the Phe427 residue [57] and MTP ion not only was suggested to bind to 
Phe427 [56] but is also small enough to translocate through the channel 
[65]. With both AmPrβCD and MTP, the blocker-induced reversible 
current fluctuations were described as a two-state Markov process, 
manifested by a Lorentzian shape of the power spectral density (Fig. 4H 
and I). The PA63/AmPrβCD and PA63/MTP binding reaction kon and koff, 
when compared in the ‘max’ and ‘main’ states, were within the limits of 
experimental error [11]. Hence, if indeed the ‘max’ and ‘main’ switches 
represent the channel dilation at the ϕ-clamp region, it is unclear why 
the studied blockers, which are known to interact with the ϕ-clamp 
residues, are not sensitive to the changes in the region dimensions. Kalu 
et al. suggested that because at pH < 5.5 the PA63 channels are always 
detected in the ‘max’ conductance state (also known as type II insertion 
[58]) and because the channel is evolved to operate in the acidic 
endosomal environment, at pH ≥ 5.5 it forms but collapses to the more 
energetically favorable but not fundamentally different structural 
conformation [11]. There is no evidence that the supposed structural 
changes take place at the ϕ-clamp region. 

3.3.2. PA63 voltage gating 
Voltage gating was previously described as a fundamental feature of 

the β-barrel bacterial porins and channel-forming exotoxins in PLMs 
[66]. The process is manifested by switches in ion current through the 
channels to non-conductive or low-conductive states; the probability of 
channel closure increases with an increase in the transmembrane 
voltage. In PA63 channels, the voltage-dependent closures are complete 
(Fig. 5A) and highly asymmetric, being much more pronounced in cis- 
negative compared to cis-positive voltages (Fig. 5B) [39–41,58,67]. 
Similarly to many other β-barrel transmembrane channels, the PA63 
voltage gating events are quasireversible; PA63 shows a tendency to stay 
at a non-conductive state for minutes and, occasionally, hours, even 
when the applied voltage is reduced to zero [58]. Interestingly, the 
second-long pulses of opposite sign voltages as high as ±250 mV often 
made the channel reopening possible. The voltage-dependent gating of 
the cysteine-substituted PA63 channels was reported to be stopped by a 
reaction with a methanethiosulfonate reagent that catalyzes the for
mation of intersubunit disulfide bonds [68]. The voltage gating in PA63 
is lipid-dependent (Fig. 5C) [58,69]. The channels were much less sen
sitive to the applied voltage when reconstituted in DPhPS compared 
with DPhPC membranes [58], showed comparable voltage gating ac
tivity in DOPC, DOPS, and DOPE membranes, and significantly higher 
voltage sensitivity in DOBMP [69]. Unfortunately, origin and physio
logical significance of the voltage-dependent PA63 closures, more than 
30 years after being reported for the first time [39], are still unclear. At 

this moment, we can only suggest that the high asymmetry in the PA63 
gating toward the sign of applied voltage can prevent PA63 from the LF 
and EF off-target translocation by keeping the channel closed. The 
endosomal limiting membrane potential is known to be inside-positive 
[70,71], favorable for the open PA63 channel conformation. 

3.3.3. 1/f noise in PA63 current 
Apart from the ‘max’/’main’ current states switches and voltage- 

dependent closures, the intricate kinetic behavior of PA63 also in
cludes intense voltage-independent current flickering between 
completely open and closed states (Fig. 6A). In a wide, − 20 - +100 mV, 
range of applied voltages, power spectral density plots [72] of the PA63 
current fluctuations in the log10-log10 scale, can be fitted by a negative 
linear dependence (Fig. 6B). The slope of the linear dependences is equal 
to − 1 at frequencies < (100− 2000) Hz, which is typical for the so-called 
1/f noise. In contrast to the voltage gating, the 1/f noise events were 
time-independent and highly reproducible between the individual 

Fig. 5. PA63 voltage gating. (A) The single PA63 ion channel current track 
taken at 100 mV shows reversible voltage gating events (highlighted in green as 
V.G.). (B) Multichannel ion current recordings showing asymmetry in the 
channel gating toward the voltage sign. (C) Difference in PA63 voltage gating is 
nearly indistinguishable in DOPC, DOPE, and DOPS but showed a strong effect 
in DOBMP bilayers. 
Reprinted with permission from ref. [69]. Copyright (2018) Elsevier. 
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channels [62]. The 1/f fluctuations in PA63 current were observed in a 
variety of experimental conditions, including different bathing electro
lyte composition, concentration, purity, and pH, different lipid compo
sition, in both ‘max’ and ‘main’ conductance states, and in octameric 
and heptameric channels [11,51,58,62,65]. These factors do not have 
any measurable effect on the kinetic parameters of the 1/f fluctuations 
[73]. Importantly, removal of the ϕ-clamp resulted in complete elimi
nation of the 1/f noise behavior in experiments with the PA63-F427A 
mutant (Fig. 6C) [58], which may indicate that the process itself is 
generated at the narrow hydrophobic ϕ-clamp region of the channel. It 
was suggested that the current flickering process can be caused by the 
presence of “a contaminant small molecule, buffer ion, or peptide” that 
“momentarily binds and occupies the ϕ-clamp” [59]. However, this 
hypothesis was ruled out in the experiments where PA63 current noise 
was compared in KCl solutions of different purity; no change in density 
of the current power spectra was detected (Fig. 6D). It was also sug
gested that the 1/f noise in PA63 current occurs as a result of the so- 
called ‘hydrophobic gating’ [74] at the ϕ-clamp region [75] with or 
without stochastic movements of the F427 residues that may tempo
rarily create an impermeable physical barrier for the small ion current 
[73]. 

3.3.4. Solution pH and two distinct patterns of PA63 conductance 
dependence on KCl concentration 

When in the ‘max’ conductance state, PA63 current decreases 
monotonically with lowering solution pH (Fig. 4C) [11]. This effect, 
being more pronounced at low salt concentrations, was interpreted as a 
reversible protonation/deprotonation of the charged residues in PA63 
lumen. PA63 channel current also shows an unusual pH-dependent 
bathing electrolyte concentration dependence (Fig. 7A). At pH 6.5, 
both ‘max’ and ‘main’ conductance states follow very weak KCl 
concentration-dependent behavior [40,67]. At pH 4.5, the channel 
conductance changes linearly with the bathing solution concentration, 
showing nearly 1:1 dependence on the KCl solution conductivity [11]. 
These data may indicate that one or several amino acids in PA63 lumen 
change their ionization state with solution pH decrease. Thus, the 1:1 
channel conductance/bulk concentration dependence is expected for a 
neutral, nonselective channel, whereas conductance saturation at low 
supporting electrolyte concentrations is typical for the protein channels 
with ionizable residues [76,77]. This is not the case here; PA63 dem
onstrates a strong preference for cations both at low and high KCl, 
independently of the solution pH (Fig. 7B). Kalu et al. suggested that at 
pH 6.5, PA63 conductance is mainly determined by the distribution of 
the fixed charges in the channel lumen, most likely by one or several 
amino acids in proximity to the ϕ-clamp that create ionic-strength- 
dependent electrical potential attracting cations [11]. At pH 6.5, the 

Fig. 6. 1/f noise of single PA63 channel. (A) Typical ion current recordings through a single PA63 channel, taken at 100, 50, and − 20 mV; 1 M KCl, pH 6.0. (B) The 
power spectral densities of PA63 1/f noise current fluctuations, when plotted in the log-log scale, have slopes, which are close to − 1, when taken at different 
transmembrane voltages (− 20 − +100 mV) at a wide range of frequencies. (C) Removal of the ϕ-clamp disrupts 1/f noise behavior as seen on a typical single PA63- 
F427A channel recording (left) and power density spectra (right). (D) Power spectral densities of single PA63 current fluctuations measured in 1 M 99.0% pure (purple, 
green, and red spectra) and 99.99995% pure (black spectrum) KCl solutions. 
Reprinted with permission from ref. [62]. Copyright (2017) National Academy of Sciences. 
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cation can interact with the aromatic π-motif of the neutral forms of 
histidine residues via cation-π interactions or bind to anionic glutamic or 
aspartic acid residues, if their pKs are shifted toward higher numbers. 
When at pH 4.5 the suggested residues got protonated, PA63 conduc
tance at low salt concentration is largely determined by the access 
resistance of the narrow ϕ-clamp region of the channel. Because the 
channel selectivity is rather determined by a concerted action of many 
channel lumen residues, it does not change its pattern in the discussed 
pH range. 

3.3.5. Effect of PEG on the PA63 current conductance 
Another unusual property of the PA63 current was reported in a study 

where poly(ethylene glycol)s were used to size the limiting diameter of 
the channel (Fig. 8) [64]. The polymer partitioning into ion channels is 
an informative technique frequently used to estimate the size of the 
channel lumen, perform single-molecule sensing, and investigate 
polymer-assisted transport [78,79]. The addition of the nonelectrolyte 

polymers changes bathing electrolyte conductivity and interferes with 
ionic flow through channels in a polymer molecular weight-dependent 
manner. Upon addition of differently sized PEGs (Fig. 8A), PA63 chan
nels showed a clear transition between the polymer penetration and 
exclusion regimes (Fig. 8B) providing the PEG molecular mass cutoff of 
~1400 Da [64]. The authors determined the heptameric PA63 polymer- 
accessible aperture diameter being ≤20 Å, mentioning that the PEG- 
sizing method may overestimate the channel-limiting aperture diam
eter, provided the PA63 permeant PEGs do not transport completely 
through the limiting aperture of the channel. At the same time, it was 
demonstrated that small PEGs decreased the channel current to a much 
greater extent than they decrease the bulk solution conductivity. Thus, 
the authors had to perform their measurements using 1.2% (w/w) PEG 
concentrations instead of the 15% PEG solutions traditionally used for 
the ion channel sizing experiments. The suggestion was made that either 
PEG concentration inside the channel is significantly higher compared to 
its concentration in the bulk solutions or that the aqueous solution in the 
PA63 lumen is not bulk-like [64]. Thus, the small PEG, added at very 
small concentrations, can reduce the channel current because water 
inside the pore is organized differently compared to the bulk or to other 
channels, such as α-HL. It was also suggested that the channel limiting 
diameter can be so narrow that a single PEG molecule may nearly block 
the ion-conducting pathway. Moreover, at 10 mM ≥ concentrations, 
even the large, supposedly impermeant, PEG decreased the channel 
conductance (Fig. 8C), independently of the PEG molecular mass. 
Because the addition of a chemically different polymer, dextran 4900 
(Fig. 8C, insert) led to a very similar effect, the authors suggested that the 
conductance decrease is unlikely to be caused by highly specific chem
ical interactions between the polymers and PA63. 

3.4. PA63 translocase activity 

A generally accepted model of LF and EF delivery from the endo
somal compartments into the host cell cytosol states that the enzymes 
are transported through the PA63 lumen with the channel playing an 
active role in their unfolding and translocation [80]. The channel- 
facilitated translocation model is supported by a number of carefully 
designed PLM experiments [32,33,56,60,81–91] where roles of the 
different factors, such as transmembrane voltage and pH gradient on the 
enzymatic factor translocation rates through the PA63-WT and mutant 
channels were investigated. Because of the steric constraints imposed by 
the PA63 lumen geometry, LF and EF components must unfold to 
translocate through the channel [36]. Our viewpoint on the PA63 
limiting diameter, at the ϕ-clamp region, has changed in 2015, when a 
heptameric structure of the channel was determined at a 2.9-Å resolu
tion using cryo-EM [5] (Fig. 4B). Prior to that, Finkelstein's group, using 
measurements on voltage-dependent tetraalkylammonium ion perme
ation, determined that the limiting diameter of the channel was close to 
12 Å [40]. In particular, based on the characteristic residence time vs. 
transmembrane voltage behavior (an increase followed by a steady 
decline) and independence of the residence time on the side of their 
addition (cis or trans), it was demonstrated that ~12 Å tetrahepty
lammonium ions were translocating through the channel. A very similar 
cut-off was recently detected using PA63 blockers; 7.7 × 10.8-Å MTP 
ions, but not 15-Å G0-PAMAM dendrimers, were shown to translocate 
through the channel [65]. The channel sizing experiments using PEGs 
(Fig. 8) [64], have estimated PA63 diameter being close to 20 Å, how
ever, the authors admitted that the value may represent a certain 
overestimation of the limiting region diameter provided the polymers do 
not go all the way through the channel (see Section 3.3.5 for details). 
Nevertheless, the atomic resolution structure of the channel showed the 
ϕ-clamp region being as narrow as 6 Å [5]. The authors however sug
gested that considering that the channel is able to translocate the 
enzymatic components with the side chains of various diameters, it is 
possible that the ϕ-clamp acts as an elastic sealed ‘O-ring’ able to change 
its dimensions and shape to transport its cargo effectively. From then on, 

Fig. 7. PA63 small ion transport properties. (A) Single PA63 ion current (both in 
max and main states) dependence on bathing KCl concentration is pH- 
dependent with a weak dependence observed at pH 6.5 and nearly linear 
change at pH 4.5. (B) Dependence of PA63 Erev on solution pH at high (top) and 
low (bottom) concentration gradients. 
Reprinted with permission from ref. [11]. Copyright (2017) John Wiley and 
Sons and Copyright Clearance Center. 
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the idea of the ϕ-clamp flexibility has gained increasing interest 
[59,75,92,93]. 

Distancing from the limiting PA63 diameter problem, it is important 
to mention that the anthrax toxin enzymatic components still need to 
unfold to traverse the channel constrictions sites, ϕ-clamp, and β-barrel 
stem. The LF and EF unfolding and translocation which starts from their 
N-terminal domains [32,94], is facilitated by the acidic endosomal 
environment [95]. Originally, the overall translocation mechanism was 
described as a ‘Brownian ratchet’, in which the protein gradient (ΔpH) 
and, possibly to some degree, electric potential gradient (Δψ) across the 
endosomal membranes, drive the LF and EF translocation 
[81,82,84,86,96–98]. A ΔpH appears to be sufficient to drive trans
location of LF, EF, and EFN [29,48,81], while LFN was shown to trans
locate under a pure Δψ [33,56,81,83]. The ϕ-clamp, being able to bind 
and transport cationic and aromatic residues, excludes anionic Asp and 
Glu residues. According to the model, when the LF and EF's anionic 
residues got protonated, even momentarily, at the acidic endosomal pH, 
they can traverse the ϕ-clamp seal and got instantly deprotonated facing 
the high cytosolic pH environment in the channel vestibule. As a result, 
the polypeptide chain gets trapped inside the channel, because the 
deprotonated negatively charged residues are not able to translocate in 
the opposite direction (reviewed in refs [47,87,99,100]). In addition to 
the Phe427 ring, Krantz's group has also identified several additional 

‘peptide clamps’ throughout the length of the channel (Fig. 9A), which 
were shown to catalyze the LF and EF translocation [48,60,83,84]. First, 
an α-clamp, the substrate docking surface on the top of the cap side of 
the channel was discovered [48]. Interactions with the α-clamp were 
shown to be critical to initiate some destabilization in the substrate 
structure [48]. Second, the charge-clamp formed by the anionic region 
in the β-barrel stem part of the channel was identified [84]. It was 
suggested that the charge-clamp repels the deprotonated anionic sub
strate fragments preventing their retro-translocation [84,98]. According 
to the suggested model, the α-, ϕ-, and charged-clamps of the channel 
nonspecifically bind the different segments of translocating natural 
enzymatic factors and their engineered variants via a variety of in
teractions. The functional clamps were also described as dynamic rather 
than static binding sites, which, instead of impeding protein trans
location, bind and release the translocating chains in a dynamic manner 
[100]. 

An interesting method to demonstrate that all the translocation 
machinery was contained inside the channel was developed by Zhang 
et al. using multichannel PLM experiments [32,33] and later was 
significantly advanced by Finkelstein, Collier, and Krantz group mem
bers (Fig. 9B). After insertion of several hundred or thousands of PA63 
channels into PLMs under low, e.g., +20 mV applied voltage and ion 
current stabilization, the enzymatic components or their variants were 

Fig. 8. PA63 channel response to PEG addition. (A) Single PA63 channel ion current in 1.2% (w/w) different molecular weight PEG solutions, 0.1 M KCl, pH 6.6, 100 
mV. (B) The effect of PEG molecules of different size on the anthrax toxin channel ionic current. The PEGs with molecular masses <2000 g/mol partitioned into PA63 
decreasing the current. (C) Single PA63 channel ion current dependence on PEG concentration with PEG400 (open squares), PEG1000 (open circles), PEG1500 (solid 
triangles), PEG2000 (solid down triangles), and PEG4000 (solid diamonds). (Inset) the effect of dextran4900 on the ion current through the channel. 
Reprinted with permission from ref. [64]. Copyright (2008) Biophysical Society. 

A B C

Allosteric helix-
compression model 

Extended-chain 
Brownian-ratchet model 

Fig. 9. PA63 channel acts as an unfoldase and translocase for its enzymatic substrates and their variants. (A) Protective antigen channel lumen with the peptide 
α-clamp, ϕ-clamp, and charge clamp shown, PDB ID 3j9c [5]. (B) Top: Typical PLM PA63 multichannel ion current recording showing changes in K+ current in 
response to PA63 channel reconstitution, LFN-induced binding and channel block, and ΔpH-induced LFN translocation at +10 mV [101]. Bottom: Changes in K+

current through a multichannel PLM in response to LFN-induced binding and change in transmembrane voltage gradient from +20 to 45 mV [87]. (C) Anthrax toxin 
channel allosteric helix compression (left) and extended-chain Brownian-ratchet (right) models [102]. 
Modified with permission from refs [87,101,102]. Copyright (2006) National Academy of Sciences, (2008) The Royal Society, (2017) Elsevier. 
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added to the cis solution, which resulted in a quick decrease of channel 
current. The effect was attributed to the binding and entry of enzymatic 
components inside the PA63 channels. After perfusing the unbound 
enzymatic components, a time-dependent increase in the ion current 
through the multichannel membrane time was initiated either by 
creating a pH (Fig. 9B, top) or voltage (Fig. 9B, bottom) gradient across 
the membrane [32,33,56,89]. The effect was interpreted as the channel- 
mediated protein translocation. Even though this conclusion is not ab
solute, it seems persuasive, because the current recovery rate, measured 
as the time for half of the protein to translocate, t1/2, correlated with 
cytotoxicity of the anthrax toxin complexes, when different PA63 mu
tants and LF and EF variants were investigated. The translocation ki
netics of the LF and EF constructs and even their shorter LFN and EFN 
fragments is complex; the S-shaped kinetics of the current recovery 
likely is a reflection of a multistep translocation mechanism [33]. Note, 
that the S-shaped kinetics was preserved even with only one LFN bound 
to the channel, which was driven by Δψ on a timescale of seconds [89]. 

In the “Electrophysiology of Unconventional Channels and Pores” 
book chapter dedicated to the PA63 channel, Bryan Krantz provided an 
excellent summary of the existing anthrax toxin translocation models 
[100] comparing a barrier-limited [82,98] and a barrier-less drift- 
diffusion [89] translocation models. The author suggests that the 
translocation is universally barrier limited [100] with unfolding being a 
major limiting barrier at voltages <50 mV [82,98]. At larger voltages, 
translocation is limited by the unfolded chain movement across the 
channel [82]. The S-shaped kinetics is preserved because the trans
locating unfolded chain needs to cross many barriers of equivalent 
height in consecutive order. In the book chapter, Krantz also compares 
the charge-state Brownian ratchet and helix-compaction models of the 
ΔpH-driven translocation (Fig. 9C) [100]. To explain the physical forces 
needed to move the substrate protein under the ΔpH across a highly 
cation-selective PA63 [39], the Brownian ratchet model suggests pro
tonation, probably short-lived, of the substrate Asp and Glu residues 
under the low pH conditions in the cis side of the bilayer chamber or 
inside the endosomal compartments [81]. The protein chain then moves 
across the cation-selective region due to Brownian motion and, after 
passing the major anion repulsive residues, gets deprotonated facing the 
high pH site of the membrane. The negatively charged chain is not 
repelled from the anionic PA63 regions the protein fragments have 
passed. As a result, the transmembrane pH gradient acts as a driving 
force preventing the protein retro-translocation. Pointing to some de
ficiencies of the original model [81], Krantz and colleagues suggested 
the two-phased force-transduction mechanism [60,84,98,100], with the 
first phase being a proton-binding step occurring in a force-generating 
power stroke manner to unfold the protein and the second phase 
revealing the charge-state Brownian ratchet features [103,104]. To 
describe the force transduction mechanics, two different views on the 
translocating polypeptide chain conformation were considered [100], 
the ‘extended chain model’ [90], where the substrate chain is supposed 
to remain in a single conformation, and the ‘helix compaction model’ 
[60], where the translocating chain gets over α-helical and extended 
conformations along its length in multiple ongoing steps [100]. 
Considering the large protein translocation, PA63 was also suggested to 
dynamically operate between several states with different levels of 
dilation [59,92], in particular, the ϕ-clamp region was reported to 
change its dimensions to accommodate the different fragments of the 
substrate chain [5,93]. Recently, Machen et al. reported two (3.1 and 
3.2 Å) cryo-EM snapshot of the PA63 channel caught in the act of 
translocating LFN [105]. The authors show that LFN unfolding starts near 
the α-clamp and then, after translocating through the ϕ-clamp, LFN be
gins refolding in the charge clamp. While there were no multiple distinct 
channel states captured, smeared density around the ϕ-clamps showed 
that it is likely dynamically moving up and down along the pore axis. 

3.5. Inhibiting the PA63 translocation channel 

PA63 is not only an amazing tool to investigate different aspects of 
ion channel structure-function mechanisms but also a central compo
nent of the tripartite anthrax exotoxin believed to be actively involved in 
LF and EF translocation into the cytosol. The translocation channel 
formed by PA63 is an attractive and well-defined drug design target to 
explore (reviewed in refs. [106–109]) that can potentially be inhibited 
at the various stages of the toxin uptake (Fig. 2). Thus, the future anti
toxins may target monomeric PA83 receptor binding, its cleavage by 
extracellular furin to PA63, PA63 oligomerization to a prepore, LF/ and 
EF/prepore interaction, PA63 prepore-to-pore conversion, and the PA63 
pore translocation pathway (reviewed in ref. [107]). For the purpose of 
this review, we will consider only the last step describing the recent 
attempts to inhibit the anthrax toxin by blocking PA63-mediated trans
location of LF and EF components (Fig. 10A). 

There were two different types of approaches designed to disrupt the 
PA63 channel's translocation pathway. First, dominant-negative mutants 
of PA that co-assemble with the PA63-WT protein and constrain its 
ability to transport the enzymatic components have been proposed 
[110–113]. Importantly, a single dominant-negative subunit containing 
the key amino acid mutations, above all Phe427 mutated to any residue 
except Trp, Tyr or Leu, was sufficient to disrupt the PA63 heptamer 
translocation function [114]. 

Second, a significant number of structurally different non-peptide 
compounds directly obstructing the PA63 channel conductive pathway 
were designed and tested. PA63 channels are cation-selective (Figs. 4E 
and 7B) [85]. To the best of our knowledge, all tested positively-charged 
ligands (see Fig. 10B for several representative examples) reversibly 
blocked K+ current through the channel at a wide (nM-mM) range of 
their in vitro concentrations in PLMs [40–42,56–58,65,67,115–125]. The 
inhibitors were added to the endosomal cap-side of the channel. This 
observation suggests the availability of anionic binding sites in the PA63 
vestibule for the cationic ligands to bind. Yet, the most hydrophobic of 
those compounds, primarily those possessing aromatic moieties, were 
among the most effective anthrax toxin channel inhibitors [56,57,65]. 
Thus, the cationic ligands carrying several aromatic rings were the ones 
that had a low nM range of binding affinity to PA63 [56]. A significant 
decrease in the inhibitory concentrations of the cationic blockers was 
achieved when multiple copies of the positively charged ligands were 
attached to a centrosymmetric β-cyclodextrin scaffold via thio- 
hydrocarbon linkers [115,126,127]. Multivalency is one of the most 
promising recent approaches to convert the weak non-covalent mono
valent interactions into a strong binding by creating multiple points of 
contact between multivalent ligands and their binding sites [128]. The 
initial idea behind the design of these compounds was to benefit not only 
from their multivalency but also from symmetry match between the 
heptameric structure of the channel and 7-fold symmetry of the cyclo
dextrins. The expectation was that the attached cationic ligands would 
concurrently occupy matching symmetrical binding sites of the target 
channel. Yet even with these multivalent [109] cationic inhibitors, the 
introduction of an aromatic moiety, e.g. a phenyl group as a part of the 
linker groups (Fig. 10B, bottom), resulted in an increase in blocker ac
tivity, primarily due to the binding reaction off-time increase [57]. 
Remarkably, affinity of all the cationic blockers toward the channel was 
dramatically reduced when a single F427A mutation was introduced 
[56]. Inhibitory activity of another group of multivalent cationic sub
strates, which were based on a completely different, poly(amidoamine) 
PAMAM dendrimer scaffold was also investigated [109,122,123]. Den
drimers are repeatedly branched starburst-shaped polymers with all 
bonds emanating from a central core [129,130]. Each consecutive 
growth step represents a new ‘generation’ (G0 – G10) of dendrimers 
with an increased diameter and doubled number of functional groups. In 
PLMs, all but the smallest G0 dendrimers were reported to inhibit PA63 
channels at low-nM concentrations. Interestingly, not only the 15–45-Å 
G0 - G4 dendrimers but also 97-Å G8 and 135-Å G10 were effectively 
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Fig. 10. Inhibition of PA63 channel with cationic blockers. (A) Illustration of the idea: a cationic blocker as an effective inhibitor of PA63. (B) Schematic repre
sentation of MTP, G0-PAMAM, AmPrβCD, AMBnTβCD cationic blockers. (C) Modulation of single PA63-WT and PA63-F427A currents by cis addition of AmPrβCD and 
AMBnTβCD (top two panels) and MTP and G0-PAMAM (bottom two panels) at 50 mV transmembrane voltage, 1 M KCl, pH 6. (D) Residence times of AmPrβCD and 
AMBnTβCD binding to PA63-WT and PA63-F427A. (E) Residence times of MTP and G0-PAMAM as a function of voltage show a multiphasic behavior, different from 
the single-exponential increase observed for AmPrβCD and AMBnTβCD. (F) Residence times of MTP and G0-PAMAM are salt concentrations independent (50 mV), 
which is distinct from the effect observed with AmPrβCD and AMBnTβCD. (G) The residence time of AmPrβCD binding to PA63-WT shows exponential dependence on 
voltage both in 1 M and 0.3 M KCl solutions. In contrast, there is no (1 M KCl) or little (0.3 M KCl) dependence of the AmPrβCD/PA63-F427A binding reaction 
residence time on the applied voltage. (H) Residence times of AmPrβCD and AMBnTβCD binding reactions as functions of bulk KCl concentration show different 
degrees of salt dependence for PA63-WT (weaker) and PA63-F427A (stronger). The dwell times of the AmPrβCD and AMBnTβCD bindings to PA63-F427A are indis
tinguishable (circles) but differ in the case of PA63-WT (squares). The dashed lines indicated salt concentration-independent components of the blocker interaction. (I) 
Power spectral densities of the MTP (left) and G0-PAMAM-induced (right) fluctuations taken with PA63-WT. While the MTP-induced spectrum can be fitted by an ideal 
single Lorentzian at a wide, 0.2–1000 Hz, range of frequencies, the G0-PAMAM spectrum has an additional component at f > 100 Hz. (J) The on-rate constant of 
AmPrβCD/PA63-WT binding reaction is voltage-independent; the MTP on-rate shows only a moderate decrease; the G0-PAMAM binding reaction on-rate is voltage- 
dependent, with the values expanding over two orders of magnitudes. (K) The on-rate constant of the blocker/PA63-WT binding reaction decreases with the bulk KCl 
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inhibiting PA63 [122]. The authors explained the G8 and G10 PAMAM 
dendrimer activity by their conformational flexibility. 

Recently, to understand the physical basis of PA63 selectivity for a 
particular ligand Momben Abolfath et al. investigated several structur
ally distinct cationic blockers, namely per-6-S-(3-amino) propyl- 
β-cyclodextrin (AmPrβCD), per-6-S-(3-aminomethyl) benzyl-α-cyclo
dextrin (AMBnTαCD), per-6-S-(3-aminomethyl) benzyl-β-cyclodextrin 
(AMBnTβCD), per-6-S-(3-aminomethyl) benzyl-γ-cyclodextrin 
(AMBnTγCD), methyltriphenylphosphonium ion (MTP), and G0 poly 
(amidoamine) dendrimer (G0-PAMAM) against both heptameric and 
octameric PA63 variants and PA63-F427A mutant (Fig. 10B and C) [65]. 
The authors showed that the cationic blockers interact with PA63 
through a combination of forces instead of binding exclusively to the 
anionic residues or to the F427. The ϕ-clamp removal weakened the 
β-cyclodextrin (βCD) interaction with the channel by ~2 kcal/mol for 
AmPrβCD and 3 kcal/mol for AMBnTβCD and eliminated the MTP and 
G0-PAMAM binding (Fig. 10C and D). Moreover, while with PA63-WT 
AmPrβCD and AMBnTβCD residence times followed exponentiation 
dependence as a function of voltage, the blocker interaction with PA63- 
F427A was voltage-independent (Fig. 10D). At the same time, the life
times of MTP and G0-PAMAM interaction with PA63-WT (Fig. 10C, 
bottom) were voltage-dependent (Fig. 10E) pointing at the ϕ-claim as the 
major binding site responsible for the voltage-dependent component of 
the blocker binding. The detected crossover behavior (Fig. 10E) of 
residence times is often associated with the translocating particles, 
which are dragged through channels by high voltage displaying a 
reduction in tres. The observed voltage dependence indicates the blocker 
charge interaction with the applied transmembrane field [131], pointing 
out the electrostatic nature of the blocker binding. It was suggested 
[56,65] that the cationic compounds bind to the phenylalanines of the 
ϕ-clamp via cation-π interactions [132,133], which are the stabilizing 
interaction of a cation with an electron-rich π system. At the same time, 
AmPrβCD/PA63 and AMBnTβCD/PA63 interactions are salt 
concentration-dependent (Fig. 10F) [57,58,65], suggesting the addi
tional contribution of Coulomb interactions between the amino groups 
carried by the blockers and negatively charged residues in the channel 
lumen to the binding process. This effect represents the major force 
contributing to the cyclodextrin/PA63-F427A binding reaction off-rate 
[65]. While the salt concentration sensitivity of the Coulomb compo
nent of 7 + βCD binding to PA63 is straightforward: increase in salt 
concentration results in the screening of the charge-charge interactions, 
the salt concentration independence of the cation-π component as is seen 
with the MTP and G0-PAMAM blocker binding, is interesting. Both the 
MTP/PA63 and G0-PAMAM/PA63 binding reaction off-rates were salt 
concentration-independent (Fig. 10F) and both blockers showed no 
binding activity toward PA63-F427A (Fig. 10C), which indicates the 
absence of the Coulomb interaction contribution to the free energy of 
these blockers binding. While the electrostatic component of the cation- 
π interactions can be substantial [134], in the system under discussion it 
takes place at the narrow hydrophobic ϕ-clamp region of the channel. 
The blocker cationic moieties must dehydrate to enter the region. In 
addition, because of the high cation selectivity of PA63, anions are highly 
unlikely to enter the ϕ-clamp. Therefore, we cannot rule out the possi
bility that in the confined hydrophobic ϕ-clamp environment, the 
cation-π binding reaction does not obey the rules of simple electrostatics. 

It is interesting that only the supposed cation-π component of the 
βCD binding was voltage sensitive, whereas the Coulomb component 
had only a subtle effect at low, 0.3 M KCl concentrations (Fig. 10G). To 
interpret this finding, the authors applied Tikhonov and Magazanik's 
approach [135] developed as an extension of the classical Woodhull 
model [131] to take into account an asymmetry in the location of the 
permeation barrier. The effect of applied voltage on the residence time 

of a charged blocker has been traditionally described in the framework 
of the Woodhull model, which applies a two-barrier model to describe 
the blocker particle binding and transport through the membrane field 
[131]. Both the on- and off-rates of the binding reaction are assumed to 
have an identical dependence on the applied transmembrane potential. 
Tikhonov and Magazanik suggested a modification of this model, which 
allows for both a barrier and a minimum to change differently with 
voltage, where δb and δm are fractions of the membrane field, which 
respectively correspond to the location of the barrier and the minimum. 
With the non-translocating blockers, such as βCDs, two extreme sce
narios exist. When δb ≈ δm, only the binding reaction on-rate is voltage- 
dependent. Alternatively, when δb ≈ 0, only the off-rate is voltage- 
dependent. Note that the Woodhull model is developed for δb ≈ 0.5δm 
[131]. Using this approach, Momben Abolfath et al. suggested that the 
Coulomb component of the 7 + βCD/PA63-F427A interaction takes place 
under the δb ≈ δm conditions when fractions of the membrane field 
corresponding to a barrier and a minimum are nearly identical. As a 
result, with PA63-F427A, when only the Coulomb component of the 
interaction remains, the on-rate is voltage-dependent whereas no (in 1 M 
KCl) or little (0.3 M KCl) off-time dependence on the applied voltage is 
detected (Fig. 10G). In the case of 7 + βCD/PA63-WT binding reaction, 
δb ≈ 0, therefore the off-rate of the suggested cation-π interaction is 
voltage-dependent but the on-rate is voltage-independent. 

The 7 + βCD binding was also enhanced by introduction of aromatic 
groups [56], in particular with replacing AmPrβCD by AMBnTβCD 
(Fig. 10B-F) [57,65,125]. The observed difference in the off-time be
tween these blockers was lost in PA63-F427A (Fig. 10H). The effect could 
be due to aromatic group π-π interaction with F427 or formation of 
hydrophobic contacts, which increase the binding affinity of the aro
matic blockers. The authors also claimed that in addition to the sug
gested cation-π interaction, blocker binding to PA63 can include a variety 
of intermolecular forces, such as hydrophobic, π-π (stacking or T), CH-π, 
ion-dipole, dipole-dipole, and hydrogen bond interaction [65]. In the 
case of chemically distinct cationic MTP and G0-PAMAM binding, these 
forces are expected to be quite different. It is suggested that four- 
positively charged hydrophilic G0-PAMAM mostly binds to the 
ϕ-clamp region via cation-π interactions, while being stabilized by 
hydrogen bond interaction with the polar residues in the PA63 lumen. 
G0-PAMAM dendrimers may also interact with the channel's negative 
charges via Coulomb interaction, most likely represented by a fast in
dependent process at f > 100 Hz (Fig. 10I). In contrast, the hydrophobic 
MTP, which carried three aromatic moieties and a single positive charge, 
has only one hydrogen bond acceptor and no hydrogen bond donors. 
Therefore, with this blocker, the hydrophobic or π-π interaction may 
predominate. 

The on-rates of the AmPrβCD/PA63-WT and AMBnTβCD/PA63-WT 
blocker associated reactions were practically voltage-independent, 
which corresponded to the described δb ≈ 0 conditions [65]. Consid
ering the wide cis-opening PA63 vestibule and its complementary 
negative charge, the authors suggested the barrier-free transition of the 
blockers to the binding site. Yet, with PA63-F427A the on-rate of the 
remaining Coulomb component of the 7 + βCD binding shows some 
weak voltage dependence, probably due to a change in the voltage drop 
profile along the channel with the ϕ-clamp [65]. Interestingly, the MTP 
binding association rate constant voltage dependence was similar to that 
observed with 7 + βCDs with only a slight decrease at high voltages 
related to the voltage-driven blocker permeation (Fig. 10J). At the same 
time, applied transmembrane field significantly facilitated the G0- 
PAMAM dendrimer delivery to the binding site, which might be due 
to increasing flexibility of the G0-PAMAM dendrimer. The association 
reaction rate constant was found to be salt concentration-dependent 
with all the studied blockers (Fig. 10K) changing in the following 

concentration increase. 
Reprinted with permission from ref. [65]. Copyright (2019) Elsevier. 
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order: MTP < AmPrβCD < G0-PAMAM. The authors describe the 
observed effect by screening the blocker positive charges with the 
counterions at a high salt concentration as well as screening the surface 
charge of the negatively charged PA63 lumen, which decreases the 
attraction of the blockers to the channel changing their ability to reach 
the blockage site. Not surprisingly, the described effect was stronger for 
the most hydrophilic G0-PAMAM blocker. 

Finally, in the current system the original 7-fold symmetric blocker 
against the heptameric channel symmetry match idea [115] has faced an 
interesting new development. The efficiency of both 7-fold symmetric 7 
+ βCD and 8-symmetric 8 + γCD against both the PA63-WT heptamers 
and PA63-(D512K + K245G-R252N) octamers [51] was comparable 
[65,119]. The sixfold symmetric 6 + αCD blockers binding was signifi
cantly weakened. Commenting on the universality of the 7 + βCD and 8 
+ γCD, which can inhibit interchangeably (PA63)7 and (PA63)8 variants, 
the authors suggested that their original strict symmetry match 
requirement needs to be facilitated [65]. 

3.6. PA63 lipid-dependent properties 

The PLM study on the anthrax toxin translocation is one of the most 

outstanding success stories of channel-mediated protein transport [100]. 
Yet, the technical details of these model experiments represent an 
essential simplification of the natural toxin pathway mechanism. One of 
the examples of such a simplification is the fact that the anthrax toxin 
translocation experiments were performed exclusively using the syn
thetic non-mammalian DPhPC membranes. This branched-chain 
lamellar lipid is commonly used in model PLM experiments due to its 
high chemical and physical stability and low water and ion permeability 
[136–138]. At the same time, lipids with the branched hydrocarbon 
chains are detected in archaebacterial membranes, which are tuned to 
provide a selective barrier against the harmful environment of hot 
springs, salt lakes, and extreme acidic and alkaline surrounding 
[139,140]. Archaebacterial membrane lipid structural and physico
chemical properties can be quite different from those of mammalian 
membrane lipids. In addition, the mammalian membrane lipid compo
sition varies at different stages of the anthrax toxin internalization, e.g., 
intraluminal vesicle membranes contain ~70% of anionic bis(mono
acylglycerol) phosphate lipid (BMP). The anthrax toxin channel was 
suggested to insert into the endosomal intraluminal vesicle membranes 
transporting LF inside the vesicles [37]. 

Recently, using PLM measurements and all-atom molecular 

Fig. 11. Influence of membrane lipids on PA63 channel properties. (A) PA63 formation rate (left) and voltage gating (right) are lipid dependent. While the channel 
formation rate is high in DOBMP, the voltage gating was very strong leading to a quick closure of the channels. The curves were taken in 0.1 M KCl at pH 5.5, under 
20 mV applied voltage and normalized by dividing by the maximum current. (B) Secondary structure comparison for residues 280–350 of a single monomer in the 
last 50 ns of DOBMP (top) and DOPC (bottom) trajectories. Coil (white), β-sheet (red), β-bridge (black), bend (green), turn (yellow), α-helix (blue), 3-helix (gray). (C) 
Structural alignment of the final frames for the DOPC and DOBMP trajectories, respectively highlighted in blue and green. The highlighted residues were selected to 
illustrate the differences in the conformations of residues with high RMSF values versus residues with low RMSF. (D) Final snapshot of PA63 simulations in DOPC, 
DOPE, DOPS, and DOBMP. (E) Mean values of the channel profile in all four lipids as calculated by the HOLE software for the last 100 ns of each of the trajectories. 
(F) Average SCD order parameters of the sn1 (top) and sn2 acyl (bottom) chains (sn1′ for DOBMP) in each of the four simulated bilayers. (G) Electrostatic potential of 
the simulated bilayers with the inserted all-atom model of PA63. (H) Left: A typical PA63 multichannel LFN titration experiment. The shown recording was taken in 
0.1 M KCl at pH 5.5 in DPhPC membrane; time resolution is 1 s. Right: In DOPC, DOPE, DOPS series, the LFN/PA63 binding reaction is significantly affected by lipid 
nature, with IC50 changing as IC50 (DOPC) < IC50 (DOPE) ≪ IC50 (DOPS). In DOPS, IC50 could not be reached as increasing concentrations of LFN over 100 nM 
resulted in membrane instability and rupture. 
Reprinted with permission from ref. [69]. Copyright (2018) Elsevier. 
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dynamics simulations, it was shown that the anthrax toxin channel 
properties can be significantly influenced by different membrane lipids, 
including BMP (Fig. 11) [69]. In particular, PA63 channel-forming ac
tivity and structural dynamics were shown to be lipid dependent. The 
channel insertion rate was ~6.5 times and ~ 3 times lower in negatively 
charged 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, DOPS, and non- 
lamelar 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, DOPE, mem
branes compared to zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocho
line, DOPC. Remarkably, the highest insertion rate was detected in bis 
(monooleoylglycero)phosphate (S, R isomer), DOBMP, (~1.7 times 
higher than in DOPC), which is a negatively charged lipid with an un
usual sn-1:sn-1′ stereoconfiguration (Fig. 11A). Despite the high rate of 
insertion, PA63 channels reconstituted into DOBMP membranes were 
unstable, quickly undergoing through the voltage-dependent closures 
(Fig. 11B, left), observed even at 20 mV (Fig. 11A, right). Moreover, MD 
simulations revealed distinct conformational properties of the PA63 
channels reconstituted in DOBMP (Fig. 11B-D). In particular, the protein 
SASA profile showed a decrease in the average solvent accessible area of 
PA63 in DOBMP compared to DOPC, DOPE, and DOPS lipids (Fig. 11B). 
At the same time, the average solvent-accessible areas of several specific 
residues along the pore lumen (F313 and F314) and the globular regions 
(K213, N209, N537, N570, and E650) were increased. In DOBMP, the 
secondary structure of sections of the channel β strands located between 
residues 280–350 was found to be perturbed near the globular region, 
which leads to an about 10% loss of the total β-strand content (Fig. 11B) 
and different conformation of the channel compared to all other lipids 
(Fig. 11C). At residues 280–350, the channel radius was ~2.4 Å larger in 
DOBMP compared to the other lipids (Fig. 11E). At the same time, the 
DOBMP membrane thickness was also somewhat lower, ~35 Å 
compared to 39–40 Å, which may explain the detected increase in PA63 
channel formation rate. When the local carbon‑deuterium order pa
rameters (SCD) were computed to get a distinct 7-fold axis ordering 
pattern of the lipids affected by PA63, DOBMP had lower SCD order pa
rameters values than those determined for DOPC, DOPE, and DOPS and 
a unique form (Fig. 11F). The electrostatic membrane potential 
computed for each of the four simulated systems showed significantly 
lower values and a distinct profile for DOBMP (Fig. 11G). 

In addition to the insertion rate and voltage gating, PA63 small ion 
transport characteristics were also lipid dependent [69]. However, the 
effect was mostly determined by the lipid headgroup charge. Thus, in 
negatively charged DPhPS, DOPS, and DOBMP bilayers, single PA63 
channel conductance was (20–25) % higher compared to DPhPC, DOPC, 
and DOPE. However, the cation/anion permeability ratios were shown 
to be (25–60) % lower in the anionic compared to zwitterionic lipids. 
Remarkably, PA63 selectivity for cations measured in DOBMP (PK+

PCl−
= 7.5 

± 0.2) was more than twice as low as in DOPC (PK+

PCl−
= 17.4 ± 2.8) (KCl: 

0.1 M cis|1 M trans gradient at pH 5.5). 
Another finding, which requires clarification is related to a signifi

cant decrease in PA63/LFN interaction strength in negatively-charged 
DPhPS and DOPS bilayers (Fig. 11H) [69]. Unfortunately, the strong 
voltage gating made it impossible to perform similar experiments in 
DOBMP. The most intriguing detail of the observed ≥100 times increase 
in IC50 values of LFN binding in DOPS compared to DOPC is related to the 
fact that the initial binding occurs at the α-clamp cap region of the 
channel located >100 Å above the membrane surface and therefore the 
lipid head group charges. The mechanism of the observed effect is 
currently unclear. The authors suggested that it can be related to the 
conformational differences in PA63 channel structure in different lipid 
membrane or interaction of LFN with lipid bilayers leading to the bulk 
LFN concentration depletion. While the currently accepted anthrax toxin 
internalization model does not include any data on membrane activity of 
the enzymatic factors, there were several studies that reported such an 
effect [141–144]. Considering that during the natural internalization 
process, the enzymatic components interact with the membrane 
receptor-bound PA63 prepores, not the channels, the physiological 

importance of the observed effect remains to be determined. 

3.7. PA63 as a tumor-targeting agent 

Bacterial exotoxins are naturally cytotoxic, which opens numerous 
possibilities for targeted therapies [145]. The next-generation strategies 
of the anticancer drug discovery focus on the agents designed to selec
tively target the unique features of malignant cells, such as specific 
tumor antigens, carbohydrate structures, growth factor receptors, or 
cancer-specific proteases [146]. The anthrax toxin, which is composed 
of three separate proteins that can be tuned independently to target 
cancer cells, is an excellent candidate for the targeted toxin design 
(reviewed in ref. [147]). The Bacillus anthracis infections are very un
common and only a very limited group of people is currently required to 
receive the anthrax vaccine; therefore, most people lack preexisting 
immunity to anthrax. 

Research on the anthrax toxin tumor therapeutic progresses in 
several directions [147]. First, the monomeric PA can be retargeted 
toward the tumor-cell-specific receptors. The approach feasibility was 
shown in a study when the C-terminus of the PA-WT was fused to the 
410–419 residues of the human p62c-Myc epitope using a (G2S)2 linker to 
redirect PA to p62 (c-Myc)-specific hybridoma cell line 9E10 [148]. As a 
result, the PA-c-Myc variant interacted with the ac-Myc IgG receptor but 
was still active against its endogenous receptors. The later binding had 
to be inhibited by the addition of a competitive inhibitor SNKEΔFF made 
of 1–254 residues of LF and the ADP-ribosylation domain of Pseudo
monas exotoxin. In another study, a double N682A and D683A mutation 
[149] was introduced into domain 4 of PA (mPA) with a goal to disrupt 
its receptor-binding activity [150]. The C terminus of resulting mutated 
PA protein was then fused to one of two heterologous receptor-binding 
proteins, human epidermal growth factor or the receptor-binding 
domain of the diphtheria toxin. Importantly, the resulting PA variants 
with the altered receptor specificity were still able to oligomerize and 
eventually mediate the active components of the toxin cell entry. A 
similar approach was also successfully tested to retarget the anthrax 
toxin to the HER2 tyrosine kinase receptor, which is a marker expressed 
at the surface of many breast and ovarian tumor cells [151]. In particular 
ZHER2:342 [152] affibody, specific for the HER2 receptor, was fused to 
the C terminus of receptor recognition-deficient PA. The affibodies are 
small (~6 kDa), pH and thermo-stable targeting polypeptides derived 
from the Z domain of Staphylococcus aureus protein A, which lack Cys 
residues, are able to fold independently and reversibly and may be 
rapidly evolved in vitro to monoclonal-antibody-like levels of affinity 
[153]. The resulting mPA-ZHER2 variant displayed no off-target toxicity 
against HER2-negative cell lines and was effective in delivering LF 
constructs to a panel of different HER2-positive tumor cell lines 
[151,154]. It was also demonstrated that by introducing certain muta
tions, in particular I656Q, it is possible to redesign PA to make it CMG2 
but not TEM8 specific [155]. The endogenous CMG2 receptor was 
shown to play an important role in tumor targeting by the tailored 
anthrax toxin components [156,157]. More recently, PA was reengi
neered by fusing a designed ankyrin repeat protein to ablate binding to 
its own receptor and secure binding to a receptor of choice [158]. This 
modification allowed for the prepore/pore transition to be delayed 
taking place in late endosomes specifically. As a result, the variants 
could have been administered at much higher concentrations, without 
showing any toxicity, which is very beneficial for the desired cargo 
intracellular delivery. 

The second approach to tailor PA is to substitute the furin cleavage 
site with cleavage sites for cancer-cell-specific proteases, which are 
overexpressed in a variety of tumor tissues and tumor cell lines [159]. In 
2000, by constructing two PA variants, in which the furin protease 
recognition site was replaced by matrix metalloproteases (MMP) sus
ceptible GPLGMLSQ (PA-L1) and GPLGLWAQ (PA-L2) sequences [160], 
Liu et al. showed that these MMP-targeted PA constructs can be acti
vated selectively at the surface of MMP-overexpressing tumor cells. The 
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tailored PA -L1 and PA-L2 oligomers were successfully used to deliver LF 
variants to different tumor cells, including human fibrosarcoma, breast 
cancer, melanoma, and thyroid carcinoma [160–165]. In another study, 
the furin protease activation site in PA was replaced by urokinase 
plasminogen activator (uPA, not to be confused with PA) recognition 
GSGRSA and GSGKSA sequences to get PA-U2 and PA-U3 constructs 
[166]. Eventually, PA specificity was increased by the design of its 
mutated PA-L1 and PA-U2 variants, which required both MMP and uPA 
proteases to form functional heteroheptamers [167]. The approach was 
further refined by constructing the PA-D512K mutants that exclusively 
and selectively formed heterooctamers (Fig. 3) with either PA-GN or PA- 
NS mutants (describe in Section 3.2) [51]. More recently to low the cost 
and simplify clinical testing, PA-L1 and PA-U2 constructs were chemi
cally conjugated to create cross-linked dimers, which also could only 
assemble into the octameric complexes [168]. 

The third direction relies on the unique ability of PA63 channel 
translocation machinery to transport not only native LF and EF com
ponents but a diversity of engineered LFN- and EFN-based variants 
known as fusion proteins constructed using the so-called “cut and paste” 
approach [147,169,170]. To increase the therapeutic benefit of the 
natural LF and EF components, the chimeric proteins were designed, 
which contained the PA63 binding N-terminal LFN and EFN domains 
fused with the so-called toxophores, namely Pseudomonas exotoxin A 
enzymatic domain, Shiga toxin enzymatic domain, diphtheria toxin A 
chain, tetanus toxin light chain, Clostridium difficile B toxin glycosylating 
domain, Haemophilus ducreyi cytolethal distending toxin B subunit, Bcl- 
XL protein, ricin toxin A chain, flagellin, beta-lactamase, A isoform of 
the enzyme nucleoside diphosphate kinase, antisense peptide nucleic 
acids, and epidermal growth factor [151,171–183]. Many of these 
constructs were successfully delivered into the cytosol when applied 
together with the WT or mutated PA. Some of those that failed, likely 
were not capable to unfold in the acidic endosomal environment to 
translocate through the channel. Detailed description of different ap
proaches designed to overcome this and other challenges is beyond the 
scope of this review and could be found elsewhere [147]. 

3.8. Clostridial binary toxin channels as close analogs to PA63 

The anthrax toxin is a tripartite exotoxin with two A components, LF 
targeting MAPKKs and Nlrp1 and EF leading to increase in cAMP level. 
Both components are actively transported into the cytosol by a sole B 
component, PA. Remarkably, many properties of PA, and especially of 
PA63 channel, resemble those of the B components of a family of clos
tridial binary exotoxins [184]. They include C2 toxin of Clostridium 
botulinum and iota toxin of Clostridioides difficile. The B components (C2II 
and Ib) of these toxins were reported to form stable and well-defined ion 
channels when incorporated into PLMs [185–189]. At the same time, the 
A components of the toxins (C2I and Ia) act through mono-ADP- 
ribosylation of G-actin at arginine-177, which triggers the actin cyto
skeleton distraction and caspase-dependent cell death [190–194]. Many 
details of the channel-mediated cellular uptake of the C2 and iota toxins 
are similar to the anthrax toxin. PA, C2II, and Ib share from 27% to 38% 
of amino acid homology, mostly localized within the two central do
mains, domain 2 involved in the transmembrane channel formation and 
A component transport and domain 3 important for heptamer forma
tion. In contrast to PA63, there were no octameric C2II and Ib variants 
reported. There is a little homology between PA, C2II, and Ib's domains 1 
and 4, which are responsible respectively for the A component and 
cellular receptor binding. This finding is not entirely unexpected 
considering that the B components are evolved to bind to the different 
cellular receptors and dock substantially distinct A components of the 
binary exotoxins [195–199]. The C2II binds asparagine-linked carbo
hydrates at the cell surface receptor [195] and Ib the lipolysis-stimulated 
lipoprotein receptor [197,200]. Similarly to PA, after receptor binding 
and proteolytic activation, the truncated B components of the C2 and 
iota toxins (C2IIa and Ib) form ring-shaped heptameric prepores on the 

host cell surface [201–203]. Following the C2I and Ia components 
binding, the binary toxin complexes are endocytosed where C2IIa and Ib 
incorporate into endosomal membranes forming ion channels respon
sible for C2I and Ia component translocation into the cytosol 
[185,201,204–208]. Recently reported high-resolution cryo-EM struc
ture of the heptameric Ib channel [209] showed that the overall Ib 
structure is similar to PA63 (Fig. 12A). Briefly, both in PA63 and Ib 
domain 2 forms an elongated 14-stranded β barrel stem with ~15 Å 
inner diameter. The structure showed Ib having one clamp and four 
constriction sites. The ϕ-clamp configuration is also preserved in Ib; 
earlier residues F454 in Ib and F428 in C2IIa were shown to be critical 
for the binary toxin activity [210,211]. Importantly, even though the 
overall structure, constriction sites, and the channel lumen electrostatic 
potential were similar between Ib and PA63, Ia binding mode was 
unique. In contrast to the reported 3:7 and 4:8 LF/EF:PA63 complex 
stoichiometries [29,30,44,45,212–214], only one Ia component was 
found to bind to Ib (see ref. [209] for further details of the reported 
structures and their comparison with the anthrax toxin complexes). 
Similarly, in the related Clostridioides difficile binary transferase toxin 
(CDT) only a single molecule of an enzymatic CDTa component was 
shown to interact with a CDTb channel-forming component [215]. We 
chose not to discuss the CDTb channels in the current review because of 
ambiguity about their variants [216]. 

In PLMs, the activated C2IIa and Ib components were shown to form 
cation-selective channels with ion conductance changing as Ib < C2IIa 
< PA63 (Fig. 12B) [57,185,186,205]. While the C2IIa channel conduc
tance also followed the non-linear dependence on the bathing solution 
concentration, the Ib channel conductance dependence was close to 
linear (Fig. 12C). Remarkably, fast current fluctuations described by a 1/ 
f noise spectrum discussed earlier for PA63, were also observed in C2IIa 
and Ib single-channel recordings (Fig. 12B). While all three channels 
remained selective for cations, the cationic selectivity changed as Ib <
C2IIa < PA63; yet with all three channels, the selectivity was systemat
ically smaller when the salt concentrations were higher at the trans 
compartment of the bilayer chamber [106]. Many small-molecule and 
multivalent cationic blockers, successfully tested against PA63 channels 
in PLMs, also were shown to reversibly block C2IIa and Ib channels; their 
binding activity changed as PA63 > C2IIa ≫ Ib 
[57,67,121,122,124,186,205,211,217–219]. While in in vitro PLM 
measurements, C2IIa and Ib channel block by their C2I and Ia compo
nents was reported [186,206], the enzymatic factor translocation ex
periments were so far unsuccessful. At the same time, Kronhardt et al. 
reported that in PLM PA63 is able to bind C2I, while C2IIa binds both LF 
and EF [220]. PA was also effective in promoting the non-native enzy
matic C2I component uptake into target endothelial cells, where it 
caused actin modification and cell rounding. 

4. Concluding remarks 

Our current understanding of the anthrax toxin internalization, 
while still being incomplete, is arguably unparalleled in the bacterial 
exotoxin field. Many molecular details of channel-mediated anthrax 
lethal and edema toxin uptake were clarified largely because of the well- 
thought-out and neat experiments performed using the PLM technique. 
The powerful method allows for direct monitoring of changes in the ion 
current through the anthrax toxin PA63 channel in response to its 
interaction with LF and EF [32], the enzymatic toxin release, interpreted 
as the translocation [33], and channel inhibition by the blockers 
[56,67,115]. New knowledge on the anthrax toxin uptake is essential 
not only for the development of the toxin inhibitors but also for the 
design of the effective targeted toxin constructs for cancer therapies 
[147]. Nevertheless, there are several peculiar properties of the anthrax 
toxin, and the PA63 channel explicitly, that, in our view, need clarifi
cation. Particularly, while the channel-mediated enzymatic factor 
translocation was investigated and interpreted under a variety of 
experimental conditions (Section 3.4) (reviewed in ref. [100]), many 
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aspects of the PA63 channel behavior are yet to be explained and 
whether there is a link between these properties and the channel 
translocase function is undetermined. After the resolved cryo-EM 
structure of the (PA63)7 has shown the channel limiting diameter 
being as narrow as 6 Å [5], the idea of PA63 channel regions dynamically 
switching between several conformational states quickly gained popu
larity [59,92,93]. At the same time, despite the notional ability of the 
cryo-EM technology to capture various short-lived transient protein 
conformations, only a single high-resolution ‘frozen flower on a stem’ 
structure of the anthrax toxin channel has so far been reported. How
ever, the actual model membrane PA63 channel dynamic is very complex 
showing three distinct modes of behavior: (1) two open (max and main) 
conductance states (Section 3.3.1) (Fig. 4), (2) voltage-gating (Section 
3.3.2) (Fig. 5), and (3) 1/f noise (Section 3.3.3) (Figs. 6) [39,59,115]. 
Notably, voltage gating and 1/f fluctuations are observed in the channel- 
forming components of clostridial binary C2 and iota toxins, which share 
functional and structural similarities with the anthrax toxin channel 
(Section 3.8) (Fig. 12). Similar to PA63, they are evolved to translocate 
the enzymatic components of the toxins into the cytosol. While the 
highly asymmetric voltage gating is easy to rule out, we cannot help but 
wonder whether the 1/f noise property, absent in the PA63-F427A 
mutant, is linked to the translocase activity of the binary toxin channels. 
The unique properties of PA63 also include the two patterns of the 
channel conductance change with KCl concentration observed at pH 6.5 
and 4.5 [11] (Section 3.3.4) (Fig. 7A), the atypically strong effect of the 
PEG addition on the channel conductance (Sections 3.3.1 and 3.3.5) 
(Figs. 4F and 8) [64], and the dependence of the channel-forming ac
tivity, structural dynamics, small ion transport characteristics, and 
enzymatic factor binding on the membrane lipid composition (Section 
3.6) (Fig. 11) [69]. It remains to be seen if these recent in vitro findings 
are associated in any way with the anthrax toxin in vivo assembly and 
translocation. 

Abbreviations 

PA protective antigen 
PA83 83-kDa full-length PA 
PA20 20-kDa fragment cleaved off protective antigen 
PA63 63-kDa fragment of protective antigen 
(PA63)7 PA63 heptamer 
(PA63)8 PA63 octamer 
αHL α-hemolysin 
OmpF outer membrane protein F 
VDAC voltage dependent anion channel 
PLM planar lipid membranes 
LF lethal factor 
EF edema factor 
LT lethal toxin 

ET edema toxin 
MAPKKs mitogen-activated protein kinase kinases 
cAMP cyclic adenosine monophosphate 
TEM8/ANTXR1 tumor endothelial marker-8 receptor 
CMG2/ANTXR2 capillary morphogenesis gene-2 receptor 
EE early endosome 
LE late endosome 
WT wild type 
PEG400 poly(ethylene glycol), with a molecular weight of 400 Da 
βCD β-cyclodextrin 
AmPrβCD per-6-(3-aminopropylthio)-β-cyclodextrin 
AMBnTαCD per-6-S-(3-aminomethyl) benzyl-α-cyclodextrin 
AMBnTβCD per-6-S-(3-aminomethyl) benzyl-β-cyclodextrin 
AMBnTγCD per-6-S-(3-aminomethyl) benzyl-γ-cyclodextrin 
MTP methyltriphenylphosphonium ion 
G0-PAMAM G0 poly(amidoamine) dendrimer 
MTPP methyltriphenylphosphonium chloride 
DPhPS 1,2-diphytanoyl-sn-glycero-3-phospho-L-serine 
DPhPC 1,2-diphytanoyl-sn-glycero-3-phosphocholine 
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 
DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
DOBMP bis(monooleoylglycero)phosphate (S, R isomer) 
Erev reversal potential 
Phe phenylalanine 
Ib the binding/translocation components of Clostridioides 

botulinum iota-toxin 
Ia the enzymatic components of Clostridioides botulinum iota- 

toxin 
C2II the binding/translocation components of Clostridium 

botulinum C2 toxin 
C2I the enzymatic components of Clostridium botulinum C2 toxin 
MMP matrix metalloproteases 
RMSF root-mean-square fluctuation 
Cryo-EM cryo-electron microscopy 
MD molecular dynamics 
SASA solvent accessible surface area 
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Fig. 12. Binary bacterial anthrax, C2, and iota toxin channel-forming components. (A) Cryo-EM structures of PA63 (PDB ID: 6PSN [46]) and Ib (PDB ID: 6KLW [209]) 
channels in complex with one molecule of LF and Ia correspondingly. (B) Ion currents through single PA63, C2IIa, and Ib channels show fast fluctuations between 
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viations from linearity for the PA63 and C2IIa. (B) and (C) are reprinted with permission from ref. [106]. 
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