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Abstract
In recent years, research efforts have increased to develop new therapeutics aimed at combating antibiotic-
resistant bacterial infections. These efforts focus on inhibiting the virulence factors bacteria secrete to 
proliferate. This review aims to highlight the advances in these antivirulence therapies, with a particular 
emphasis on those utilizing peptides to inhibit toxin activity. Specifically, we will review the mechanism of 
action of a group of toxins known as Repeat in ToXins (RTX) and the progress made regarding the use of 
peptides to inhibit their action. Notably, we will discuss the use of peptides mimicking either cholesterol 
recognition/interaction amino acid consensus (CRAC) or CARC motifs, which are similar to CRAC motifs but 
have the opposite orientation, to reduce their interaction with cholesterol in target cells. We will present 
results corresponding to the inhibition of three characteristic toxins of this group: HlyA from Escherichia 
coli, LtxA from Aggregatibacter actinomycetemcomitans, and CyaA from Bordetella pertussis. While these 
advances are very recent, they are promising for the development of new therapies. The advantage of this 
type of therapy is that it reduces the selective pressure for the growth of resistant bacteria.
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Introduction
The global advance of infectious diseases is alarming. By 2050, it is projected that more people will die 
annually from infectious diseases than those dying from diseases with high mortality rate, such as cancer 
and diabetes [1]. This alarming growth is multifactorial. On one hand, the excessive and uncontrolled use of 
antibiotics has led to the selective proliferation of antibiotic-resistant strains and the potential exchange of 
these resistance-encoding genes among bacteria. On the other hand, the development and production of 
new antibiotics have decreased in recent years. Additionally, the rising average age of the population 
results in immunosuppressive conditions in patients due to neurodegenerative and cardiological disease, 
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chemotherapy, dialysis, or organ transplantation and/or entering healthcare environments, where resistant 
organisms are prevalent [2]. The increase in immunosuppression has also risen in underdeveloped 
countries, where poor housing and healthcare conditions further facilitate bacterial infections [1].

The development of antibiotics involves finding a substance that can inhibit bacterial growth without 
affecting the host’s eukaryotic cells. To achieve this, molecules have been synthesized that inhibit bacterial 
cell wall synthesis, protein synthesis, or bacterial proliferation [3]. Because bacteria replicate quickly, this 
creates a “selection pressure”, leading to the survival of the fittest. In other words, the few bacteria resistant 
to antibiotics will survive, and these resistant strains will rapidly proliferate due to their quick 
reproduction rate.

In recent years, research efforts have increased to develop new therapeutics aimed at combatting 
antibiotic-resistant bacterial infections. These efforts focus on inhibiting the virulence factors that bacteria 
secrete to proliferate, evade the immune system, and infect eukaryotic cells [4, 5]. This review aims to 
highlight the advances in these antivirulence therapies, with a particular emphasis on those utilizing 
peptides to inhibit toxin activity.

Virulence factors
Virulence factors include a wide range of molecules that facilitate infection, proliferation, and dissemination 
of pathogenic microorganisms (such as bacteria, viruses, fungi, and parasites) that enable them to cause 
disease in a host organism. Examples of virulence factors may include adhesion molecules for attachment to 
host cells, toxins that damage host tissues, enzymes that facilitate invasion into host cells or tissues, and 
mechanisms for evasion of immune responses. The presence and expression of virulence factors play a 
crucial role in determining the severity and outcome of an infectious disease. Some characteristic virulence 
factors of different microorganisms are listed in Table 1. These are just a few examples of virulence factors, 
highlighting some of those implicated in various well-known bacterial infections. It is important to note that 
each microorganism can secrete a distinct pool of virulence factors.

Table 1. Some characteristic virulence factors of pathogenic bacteria

Virulence factor Activity Bacteria Reference

Diphtheria toxin Clostridium diphtheriae [6]
Choleric toxin Vibrio cholerae [7]
CyaA Bordetella pertussis [8]
HlyA, CNF-1

Toxins

Escherichia coli [9]
Type I fimbria Escherichia coli [10]
Pili

Adhesins
Neisseria gonorrhoeae [11]

Coagulase, hialurodinase Degradative enzymes Staphylococcus aureus [12]
Enterobactin Siderophore Escherichia coli [10]
Polysaccharide Streptococcus pneumoniae [13]
Polyribosyl-ribitol phosphate

Capsule
Haemophilus influenzae [14]

Protein A Staphylococcus aureus [15]
Protein M

Immune evasion proteins
Streptococcus pyogenes [16]

Flagellum Helicobacter pylori [17]
ActA

Motility
Listeria monocytogenes [18]

HlyA: alpha-hemolysin; CNF-1: cytotoxic necrotizing factor 1

In this review, we will focus on describing the mechanism of action of certain toxins, as key virulence 
factors secreted by bacteria, and the synthesis of various peptides to inhibit their cytotoxic effects.

Toxins
Toxins encompass a wide range of proteins whose goal is to eliminate or damage the cells of the infected 
organism to promote bacterial development. They are secreted by both Gram-negative and Gram-positive 
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bacteria. Often, toxins play an important role in the pathophysiology of infections, but in some cases, they 
are the main cause of pathology, as seen with enterotoxigenic Escherichia coli (E. coli) or Bordetella 
pertussis (B. pertussis) [8, 19]. Toxins are not only released by bacteria; plants and animals also produce 
them [20].

The mechanisms of action of toxins are diverse, but they always require an initial contact with the 
plasma membrane of the target cell, either to permeabilize it or to interact with a membrane protein to 
alter some signal transduction pathway. Sometimes their action is limited to the membrane (pore 
formation, destabilization of the membrane barrier with detergent-like effects), while in other cases they 
need to be translocated to the cytoplasm to disrupt an intracellular pathway [21].

For the development of antivirulence therapies, specifically against toxins, it is essential to have a 
detailed understanding of their mechanisms of action. Several interesting reviews and books have been 
published concerning the mechanism of action of different groups of toxins [20–25]. In this review, we will 
focus on certain toxins from the Repeat in ToXins (RTX) group, as our research team has extensive 
experience in studying the mechanism of action of alpha-hemolysin (HlyA) from E. coli, a prototype of this 
family [9, 26–28].

RTX toxins

RTX toxins are exoproteins secreted by Gram-negative bacteria, grouped into this family due to shared 
structural characteristics: i: RTX toxins are encoded in an operon along with other genes necessary for their 
post-transcriptional activation and secretion. Figure 1 provides a general schematic of this operon. The rtxA 
genes encode the inactive protoxin (ProRTX), which is activated intracellularly by acylation of internal Lys 
[29]. This process is catalyzed by an acyltransferase encoded by the rtxC genes that transfers the fatty acids 
from an acyl-carrier protein (ACP) to ProRTX. The rtxB and rtxD genes encode bacterial membrane proteins 
that form a “channel-tunnel” facilitating toxin export via a Type I secretion system, which is ATP-dependent 
[30–33]; ii: RTX toxins possess a secretion signal peptide towards the C-terminal end [9, 34, 35]; iii: RTX 
toxins contain the characteristic glycine- and aspartate-rich repeats (GGXGXDXUX) that bind numerous 
calcium ions, typically in the carboxy-terminal portions of the molecule [9, 36]. The large multifunctional 
autoprocessing RTX (MARTX) toxins also bear similar repeats in the N-terminal segments. RTX toxins thus 
require physiologically high (> 1 mM) Ca2+ concentrations for proper folding and biological activity on host 
cells. This so-called RTX motifis the one that defines this class of toxins.

It is important to highlight that the crystallization or exact structural determination of RTX toxins has 
not yet been achieved, neither in solution nor when bound to membranes. Current knowledge is based on 
the interpretation of biophysical experiments, molecular dynamics (MD), and potential structures predicted 
by AlphaFold.

The main members of the RTX toxin family are: HlyA from uropathogenic E. coli (UPEC), CyaA from B. 
pertussis, leukotoxin (LtxA) from Aggregatibacter actinomycetemcomitans, EhxA from enterohemorrhagic E. 
coli, ApxIA from Actinobacillus pleuropneumoniae, VcRtxA from Vibrio cholerae, among others [35].

RTX toxins interact with a wide range of cells, leading to extensive research on the existence of specific 
protein receptors for these toxins in target cells. Traditionally, RTX toxins have been subdivided in two 
categories (namely, hemolysins and LtxAs) due to their range of activity against different cell types. The so-
called hemolysins were initially found to be active toward many different cell types from a wide variety of 
species, while cytotoxins and LtxAs display toxicity toward a narrower range of cell types and species [38–
40]. The hemolytic effect, although significant for the biochemical and genetic characterization of these 
toxins, is not highly relevant physiologically. More significant are the sublytic effects produced by these 
toxins on both erythrocytes and leukocytes [21, 41–43]. The physiologically relevant target cells of most 
RTX toxins are leukocytes that express β2 integrins, which serve as specific receptors for many RTX toxins. 
Although recently, Ristow et al. [44] have demonstrated that both HlyA and LtxA interact with the 
extracellular domain of β2 integrins, downstream signaling from this interaction is not implicated in the 
sublytic effects on cells expressing these proteins. At high concentrations, RTX toxins can cause direct lysis 
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Figure 1. Scheme of the synthesis, activation and secretion of RTX toxins. rtxC gene encodes for an acyltransferase that 
transfer fatty acids from the acyl-carrier protein (ACP) to the ProRTX protein encoded by rtxA gene. Rtx B and Rtx D are part of 
the secretory machine with tolC. AlphaFold structures were included in the scheme using as example for the RtxA polypeptide, 
HlyA from E. coli (UniProtKB P09983), and for RtxC, the acyltransferase ApxC from Actinobacillus pleuropneumoniae (PDB 
4WHN). Image HlyA from E. coli was adapted from UniProt of UniProtKB P09983. CC BY, and the image acyltransferase ApxC 
from Actinobacillus pleuropneumoniae was adapted from RCSB PDB (RCSB.org) of PDB 4WHN [37]. CC0. RTX: Repeat in 
ToXins; HlyA: alpha-hemolysin

of the target leukocytes. Alternatively, when present at sublytic concentrations (which is most likely the 
case during in vivo infection), they can alter membrane permeability, resulting in calcium entry, potassium 
efflux, or both. This can trigger various signaling cascades that may alter cell physiology, eventually leading 
to apoptosis. Ultimately, these damages result in inflammation and contribute to tissue or organ lesions, 
consequently enhancing the pathogenicity of the bacterial hosts.

On the other hand, glycophorin had been characterized as a protein receptor for HlyA in erythrocytes 
[45], and it was demonstrated that the region between amino acids 914–936 was involved in this 
interaction [46]. Recently, our group has shown that human erythrocytes lacking glycophorin A and B 
(GPAnull/GPBnull variant) are equally sensitive to the toxin as normal erythrocytes, indicating that the 
presence of glycophorin is not essential for the lytic effect [26].

Bearing in mind the concept introduced by Skals et al. [47], that none of the RTX cytolysins meet the 
strict pharmacological requirement of specific binding to a membrane protein to exert their effect, it is 
noteworthy that HlyA, CyaA, and LtxA, for instance, can disrupt protein-free liposomes [48–50]. Therefore, 
the authors propose the existence of “proximal molecules” in the membrane that facilitate the approach of 
the toxins to the cells, allowing them to insert into the membrane in the correct conformation to exert their 
effect. These “proximal molecules” could include glycophorins, integrins, etc.; but it can also include lipids, 
such as cholesterol [47].

Role of cholesterol in the mechanism of action of the RTX toxins

In recent years, it has been demonstrated that the activity of many RTX toxins depends on the cholesterol 
content in membranes. For example, the hemolytic activity of HlyA decreases when erythrocytes are 
depleted of cholesterol using methyl-β cyclodextrin. Furthermore, a reduction in the oligomerization of this 
toxin in the membrane was observed [51]. Additionally, the release of fluorophores from liposomes varies 
according to their cholesterol content [52]. This was observed for both HlyA and CyaA [50, 52, 53]. 
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Similarly, it was demonstrated that reducing the cholesterol content in J774A.1 macrophages decreases the 
translocation capacity of the adenylate cyclase (AC) domain of CyaA [54].

In the case of LtxA from A. actinomycetemcomitans, its ability to kill Jurkat clone Jn.9 and THP-1 cells 
(monocyte and T lymphocyte cell lines, respectively) decreases when these cells are depleted of cholesterol. 
Once cholesterol is restored to their membranes, these immune cells regain sensitivity to the toxin [55]. 
The hemolytic activity of RtxA from Kingella kingae (K. kingae) also showed a dependence on cholesterol 
content [56]. All these findings suggest that cholesterol binding may be another structural characteristic of 
this toxin family. Moreover, cholesterol interaction domains have been identified in the sequences of all 
these toxins. The cholesterol recognition/interaction amino acid consensus (CRAC) motifs have the 
consensus sequence: L/V-(X1-5)-Y-(X1-5)-R/K. This sequence consists of a branched apolar residue (L or 
V) followed by a variable segment containing 1 to 5 residues of any amino acid, then an aromatic residue Y, 
followed by another 1 to 5 residues of any amino acid, and finally a basic residue (K or R) [57, 58]. The 
CARC sites are similar to CRAC motifs but have the opposite orientation, with the sequence K/R-(X1-5)-Y/F-
(X1-5)-L/V [59]. This domain contains basic residues that ensure the correct positioning of the CARC motif 
at the polar/apolar interface of a transmembrane domain, exactly where cholesterol is presumed to be 
located and can accept tyrosine (T), phenylalanine (F) or tryptophan (W) as the central amino acid residue 
[58]. Table 2 shows a list of the CARC and CRAC found in several RTX toxins, together with the number of 
residues of each protein. This information was obtained from [60].

Table 2. Total number of CRAC/CARC motifs identified in the primary structure of RTX toxins [60]

RTX toxin Bacterium CRAC motif CARC motif

EhxA Enterohemorrhagic (EHEC)
Escherichia coli

16 15

LktA Mannheimia haemolytica 15 13
PILktA Mannheimia varigena 21 16
PaxA Pasteurella aerogenes 19 21
MmxA Morganella morganii 13 15
HlyA UPEC 13* 13
CyaA Bordetella pertussis 22 18
LtxA Aggregatibacter actinomycetemcomitans 24 20
ApxIA Actinobacillus pleuropneumoniae 18 16
ApxIIA A. pleuropneumoniae 16 16
ApxIIIA A. pleuropneumoniae 22 19
MbxA Moraxella bovis 25 18
RtxA Kingella kingae 12 14
* The differences observed from results published by Vazquez et al. [52] are due to the flexibility impair to the sequence of the 
CRAC domain. CRAC: cholesterol recognition/interaction amino acid consensus; RTX: Repeat in ToXins; HlyA: alpha-
hemolysin; UPEC: uropathogenic Escherichia coli; LtxA: leukotoxin. Adapted from [60]. © 2024 by the authors. CC BY

Peptides for the treatment of bacterial infections
Peptides have emerged as promising therapeutic agents for the treatment of bacterial infections due to 
their unique mechanisms of action, specificity, and reduced potential for resistance development [61].

Antimicrobial peptides

Antimicrobial peptides (AMPs) are a diverse group of natural or synthetic molecules capable of targeting a 
broad spectrum of pathogens, including antibiotic-resistant bacteria [62, 63]. AMPs typically exert their 
antibacterial effects by disrupting the bacterial cell membrane, leading to cell lysis and death. This is 
primarily driven by electrostatic interactions between the cationic peptides and the negatively charged 
components of the bacterial envelope. Once the peptide reaches the bacterial membrane, it can penetrate 
through various models, including the barrel-stave, carpet, annular pore, aggregation channel, and sinking 
raft models [63]. The five main proposed mechanisms of action include the interruption of quorum sensing, 
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disruption of membrane potential, inhibition of alarm systems, degradation of biofilm matrix and 
polysaccharides, and inhibition of transporter expression [64]. Additionally, the role of AMPs in inhibiting 
biofilm formation is significant. Bacteria within biofilms are able to evade the immune system and survive, 
often causing chronic infections. Conventional antibiotics are frequently unable to penetrate these biofilms; 
hence, the development of peptides that inhibit biofilm formation and enhance antibiotic penetration is 
promising. AMPs with these properties have been tested against biofilms of Staphylococcus aureus (S. 
aureus) [64] and Pseudomonas aeruginosa (P. aeruginosa) [65].

In recent years, AMPs have emerged as potential alternatives to traditional antibiotics due to their 
unique and complex antibacterial mechanisms, offering a promising solution to combat multi-drug resistant 
bacteria [61]. Additionally, the probability of drug resistance to peptides generated by gene mutation is 
low; therefore, drug resistance is more difficult to develop in AMPs than antibiotics [62, 65].

Antivirulence peptides

As mentioned earlier, in recent years, the design of peptides and molecules inhibiting virulence factors of 
various bacteria has increased to reduce antibiotic resistance [2]. The synthesis of peptides that inhibit 
these factors is not as widely disseminated as AMP. Therefore, I will describe some of these peptides, 
particularly those targeting RTX toxins.

The main goal of these therapies is to inhibit the interaction of the toxin with its target cell, either by 
preventing its interaction with a membrane protein or a lipid. As described above, the presence of a protein 
receptor for RTX toxins is quite controversial. However, CRAC and CARC motifs that interact with 
cholesterol have been detected in several of them [60]. For three of them, including LtxA from A. 
actinomycetemcomitans [66], HlyA from E. coli [67], and CyaA from B. pertussis [68], the possibility of 
synthesizing peptides that inhibit the interaction of these domains with cholesterol in target cells has been 
studied. In fact, the application arose from studying various peptides synthesized from CRAC/CARC 
sequences of the toxins to understand the molecular mechanism of these toxins’ binding to the membrane. 
Once this interaction was characterized, they were tested as potential inhibitor.

LtxA

A. actinomycetemcomitans is associated with aggressive forms of periodontitis as well as systemic 
infections, including endocarditis. Strains of A. actinomycetemcomitans that are most closely associated 
with diseases have been shown to secrete the most LtxA, which has led to the description of this toxin as a 
“key” virulence factor of the organism.

HlyA

UPEC are responsible of the 80% of urinary tract infections. The hlyA gene was detected in ~50% of the 
isolated UPECs, with the toxin’s expression in those cases being associated with complications in patients 
with urinary infection, such as the appearance of septic symptoms associated with bacteremia [69–71].

CyaA

B. pertussis is the etiological agent causative of whooping cough, a highly contagious, acute respiratory 
illness in humans. Among its virulence factors is CyaA, a distinct member of the RTX toxin family, due to its 
bifunctional activity. It possesses an AC domain in addition to the core structural features common to other 
RTX hemolysins [72]. CyaA exhibits the same hemolytic activity as other RTX toxins [72, 73], and can 
deliver its catalytic AC domain into the cytosol of target cells, where it is activated by calmodulin (CaM).

Figure 2 shows the AlphaFold structure of the three toxins. In HlyA structure the main charateristic 
domains of the RTX toxins are marked, but as well as the LtxA, the binding calcium domain is the region 
predicted with high confidentiality (blue region). Instead the insertion region presents less confidentiality 
(orange-yellow region).
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Figure 2. AlphaFold structure of LtxA (UniProtKB P16462), HlyA (UniProtKB P09983) and CyaA (UniProtKB J7QLC0). 
The main structural domains of HlyA were highlighted with different colours as in [67]. HlyA image was adapted with permission 
from [67]. © 2023 American Chemical Society, and LtxA and CyaA images were adapted from UniProt (UniProtKB P16462 and 
UniProtKB J7QLC0). CC BY. LtxA: leukotoxin; HlyA: alpha-hemolysin

In the case of LtxA, 44 CARC and CRAC motifs were identified in its sequence (Table 2). Brown and 
colleagues [49] demonstrated that the domain located between amino acids 334–340 is specifically 
involved in the interaction with cholesterol and inhibits LtxA’s ability to lyse Jurkat cells (Jn.9). Based on 
this finding, they synthesized a peptide containing this domain (display in bold):

327-FDRARMLEEYSKRFKKFGY-346

Using isothermal titration calorimetry (ITC), they showed that the peptide binds with high affinity to 
cholesterol-containing membranes and does not disrupt membrane packing, suggesting that it primarily 
resides near the membrane surface [74]. The peptide undergoes a conformational change upon binding to 
cholesterol. In solution, the peptide consists of 25% α-helices and 25% β-sheets, with the remaining 
structure being random coils or disordered regions. When bound to a cholesterol-containing membrane, 
there is a large decrease in helicity and a significant increase in β-sheet structure [74].

Preincubating giant unilamellar vesicles (GUVs) containing cholesterol with the peptide showed a 
decrease in LtxA binding. Additionally, pretreating THP-1 cells with the peptide resulted in reduced toxin 
internalization, demonstrating its efficacy in mitigating the toxin’s effects.

In HlyA, 26 CRAC/CARC motifs were identified according to Table 2, while Vazquez et al. [52] found 20. 
That is because the two groups used different consensus motif sequences. Researchers who compiled the 
data in Table 2 used the following sequence: (L/V)-X1,5-(Y/F)-X1,5-(R/K) [60], whereas Vazquez et al. [52] 
required that the central aromatic amino acid has to be only tyrosine (Y). Based on the location of these 
domains in the HlyA sequence, Cané et al. [67] synthesized two peptides:

341-RFKKLGYDGDSLL-353 (PEP 1), located in the pore-forming domain, and

639-VVYYDK-644 (PEP 2), located between the two acylated lysines (K563 and K689).

The authors explored the interaction of both peptides with membranes of different lipid compositions 
(pure POPC and POPC/CHOL at 4:1 and 2:1 molar ratios) using surface plasmon resonance (SPR) and MD 
simulations. They showed that both peptides preferentially interact with cholesterol-containing 
membranes, presenting a higher affinity PEP 2 than PEP 1 in all the membranes tested. However, only the 
peptide located between the fatty acids (PEP 2) was able to inhibit hemolysis caused by HlyA (Figure 3A) 
and did not exhibit lytic activity per se. Instead, PEP 1 presented hemolytic activity at high peptide 
concentration, and it did not inhibit toxin activity. These differences might be due to the location of the 
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peptides in the membrane as predicted in MD snapshots in Figure 3B. In this case, two inhibition strategies 
were tested: 1) pre-treating erythrocytes with the peptide, and 2) adding the peptide and toxin together. 
The latter strategy would be more akin to an in vivo situation if these peptides were to be used as a 
treatment. Unfortunately, inhibition of toxin binding to erythrocyte ghosts was only observed when the 
erythrocytes were pre-treated with the peptide Figure 3C [67].

Figure 3. These results were extracted from the Cané et al. [67]. (A) Inhibition of alpha-hemolysin (HlyA) lytic activity by PEP 
1 and PEP 2. Hemolysis percentage of 2% v/v erythrocytes as a function of different toxin/peptide molar ratios. Black bars 
correspond to erythrocytes preincubated with PEP 1, and gray bars correspond to erythrocytes preincubated with PEP 2. (B) 
Representative snapshots of the final state of POPC/Cho (2:1 molar ratio) membranes in the absence and presence of PEP 1 
and 2. Tf = 200 ns. The polar headgroups of POPC (phosphate and choline groups) and Cho are represented as VDW. Peptides 
are represented in licorice, colored by the polarity of their residues. Water and hydrocarbon tails of POPC are not shown to 
improve visualization. (C) The binding percentage of HlyA was calculated as the optical density ratio between HlyA and β-actin 
bands of the Western blot membranes showed below. Figure A and B were reprinted with permission from [67], Figure C was 
adapted with permission from [67]. © 2023 American Chemical Society

CyaA contains 40 CRAC/CARC motifs in its sequence (Table 2). Masin and colleagues [75] reported that 
Y/F or Y/A substitutions in the respective central tyrosine residues of the four CRAC motifs (627–638, 
654–661, 721–728, and 732–741) predicted in the pore-forming domain of this toxin had no effect on the 
translocation or hemolytic activity of the toxin. However, recently, Amuategi et al. [76] found four 
CRAC/CARC motifs: two located in the transmembrane helices (413–420 and 481–487) and the other two 
in the first helices of the membrane insertion domain (518–527 and 527–534). Surprisingly, none of these 
four functional CRAC/CARC motifs are conserved in the rest of the RTX toxins [60]. Studies with point 
mutants where F residues 521 and 532 were substituted by A in the CRAC 518–527 and CARC 527–534 
motifs caused a potent inhibition of the ACT activity, while two mutants in the central F residue of the CARC 
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413–420 and CRAC 481–487 motifs caused a prominent inhibition of the ACT capacity to generate cAMP in 
the target cell cytosol. At the same time, these mutations augmented the toxin’s lytic capacity. This suggests 
that in cholesterol-rich membranes, such as the eukaryotic plasma membrane, binding to cholesterol 
through these CARC 413–420 and CRAC 481–487 drives h1 and h2 to embed into the membrane, and 
further, that this insertion is essential for AC translocation [76].

Additionally, Amuategi et al. [68] showed that a peptide containing the CRAC 481–487, 454-
ASAHWGQRALQGAQAVAAAQRLVHAIALMTQFGR-487, undergoes a conformational change upon binding 
to cholesterol-containing membranes and inhibits the hemolytic effect of CyaA and the generation of AC in 
J774A.1 cells.

As mentioned before, some of these toxins also interact with surface proteins such as β2 integrins and 
glycophorins [45, 77]. It has been demonstrated that these toxins’ activity diminishes when cells are 
depleted in cholesterol. However, their activity remains largely unaffected when the toxin-protein receptor 
is compromised [26, 51]. Furthermore, it was demonstrated that many RTX toxins interact with β2 
integrins, but intriguingly, the sublytic effects of the toxin do not involve β2 subunit downstream signaling 
[44].

Considering this evidence leads to a hypothesis proposing that these toxins first interact with proteins, 
which are in high concentration on membranes, acting as “proximating proteins”. Subsequently, they 
interact with membrane cholesterol through CRAC and CARC motifs, which stabilizes active conformations 
for further oligomerization or clustering in lipid rafts or facilitates toxin translocation. The mimicking CRAC 
peptides inhibit toxin interaction with cholesterol, affecting the adoption of the active conformation, 
altering in this way the action of the toxin.

Future prospects
Recent advances in peptide engineering have facilitated the creation of synthetic peptides with enhanced 
stability, efficacy, and selectivity. These engineered peptides are specifically designed to target bacterial 
strains, minimize toxicity to host cells, and resist degradation by host proteases [66]. Additionally, the 
application of peptide conjugates and delivery systems, such as nanoparticles and liposomes, has 
significantly enhanced the therapeutic potential of AMPs [67]. While the inhibition of RTX toxin activity by 
peptides is a novel approach, it shows great promise. Future studies could investigate whether some of 
these peptides can inhibit multiple toxins as their sequences are derived from broad and adaptable regions 
like the CRAC and CARC domains.

Nonetheless, much remains to be explored. Initially, in vivo assays with these CRAC/CARC peptides 
must be conducted. Additionally, the method of administration must be carefully evaluated, as peptides 
generally exhibit a short half-life and are readily degraded in the bloodstream and various tissues. Their 
permeability through the intestinal barrier is also typically low, presenting another challenge.

Conclusions
Clinical applications of AMPs are expanding, with several peptides currently undergoing clinical trials for 
the treatment of infections caused by multi-drug resistant bacteria, such as methicillin-resistant S. aureus 
and P. aeruginosa. Additionally, AMPs are being explored for their potential use in combination therapies 
with conventional antibiotics, enhancing the efficacy of existing treatments and reducing the likelihood of 
resistance development.

The synthesis of antivirulence peptides will also grow. It is necessary to continue researching the 
various virulence factors produced by microorganisms, aiming to diminish their action to eradicate these 
organisms. However, there is also a need for awareness regarding the rational use of antibiotics. Antibiotic 
therapy helps in the replication of microorganisms, while antivirulence therapies aid in reducing the effects 
produced by these microorganisms and facilitate their elimination by the immune system. Several 
disadvantages need to be addressed for the use of these peptides, such as reducing the cost of synthesis and 
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improving their half-life in circulation, as they are often susceptible to degradation by proteases. 
Furthermore, advancements in delivery systems are necessary.

In conclusion, peptides represent a versatile and promising class of therapeutic agents for the 
treatment of bacterial infections. Undoubtedly, the development of new therapies against the progression 
of infections caused by resistant microorganisms is necessary and very promising. However, the 
advancement of antibiotic-resistant strains can also be reduced if health policies are implemented to 
decrease the misuse of these drugs and to promote global collaboration on such policies. Given the current 
globalization and the movement of people around the world, the transfer of pathogens from one place to 
another facilitates the spread of resistance through genetic exchange.

Abbreviations
AC: adenylate cyclase

AMPs: antimicrobial peptides

B. pertussis: Bordetella pertussis

CRAC: cholesterol recognition/interaction amino acid consensus

E. coli: Escherichia coli

HlyA: alpha-hemolysin

LtxA: leukotoxin

MD: molecular dynamics

P. aeruginosa: Pseudomonas aeruginosa

RTX: Repeat in ToXins

S. aureus: Staphylococcus aureus

UPEC: uropathogenic Escherichia coli

Declarations
Acknowledgments

The author thanks Mario Ramos for the graphical designs.

Author contributions

VH: Conceptualization, Investigation, Writing—review & editing, Writing—original draft.

Conflicts of interest

The author declares that there are no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.



Explor Drug Sci. 2024;2:836–50 | https://doi.org/10.37349/eds.2024.00076 Page 846

Funding

This work was supported by Fundación Florencio Fiorini Grant [2023-2024] and by Universidad Nacional 
de La Plata (UNLP) Grant number [M247]. The funders had no role in study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

Copyright

© The Author(s) 2024.

References
O’Neill J. Antimicrobial Resistance: Tackling a crisis for the health and wealth of nations. London: 
Review on Antimicrobial Resistance; 2014. pp. 1–20.

1.     

Krueger E, Brown AC. Inhibition of bacterial toxin recognition of membrane components as an anti-
virulence strategy. J Biol Eng. 2019;13:4. [DOI] [PubMed] [PMC]

2.     

Walsh C. Molecular mechanisms that confer antibacterial drug resistance. Nature. 2000;406:775–81. 
[DOI] [PubMed]

3.     

Chen L, Yang J, Yu J, Yao Z, Sun L, Shen Y, et al. VFDB: a reference database for bacterial virulence 
factors. Nucleic Acids Res. 2005;33:D325–8. [DOI] [PubMed] [PMC]

4.     

Baron S, editor. Medical Microbiology. 4th ed. Galveston (TX): University of Texas Medical Branch at 
Galveston; 1996. [PubMed]

5.     

Sharma NC, Efstratiou A, Mokrousov I, Mutreja A, Das B, Ramamurthy T. Diphtheria. Nat Rev Dis 
Primers. 2019;5:81. [DOI] [PubMed]

6.     

Sanchez J, Holmgren J. Cholera toxin — A foe & a friend. Indian J Med Res. 2011;133:153–63. 
[PubMed] [PMC]

7.     

Sebo P, Osicka R, Masin J. Adenylate cyclase toxin-hemolysin relevance for pertussis vaccines. Expert 
Rev Vaccines. 2014;13:1215–27. [DOI] [PubMed]

8.     

Laura B, Sabina M, Romina V, Vanesa H. E. coli Alpha Hemolysin and Properties. In: Ekinci D, editor. 
Biochemistry. London: IntechOpen; 2012. [DOI]

9.     

Wiles TJ, Kulesus RR, Mulvey MA. Origins and virulence mechanisms of uropathogenic Escherichia coli. 
Exp Mol Pathol. 2008;85:11–9. [DOI] [PubMed] [PMC]

10.     

Wall D, Kaiser D. Type IV pili and cell motility. Mol Microbiol. 1999;32:1–10. [DOI] [PubMed]11.     
Peetermans M, Verhamme P, Vanassche T. Coagulase Activity by Staphylococcus aureus: A Potential 
Target for Therapy? Semin Thromb Hemost. 2015;41:433–44. [DOI] [PubMed]

12.     

Paton JC, Trappetti C. Streptococcus pneumoniae Capsular Polysaccharide. Microbiol Spectr. 2019;7. 
[DOI] [PubMed]

13.     

Ravi G, Venkatesh YP. Recognition of flavin mononucleotide, Haemophilus influenzae type b and its 
capsular polysaccharide vaccines by antibodies specific to D-ribitol-5-phosphate. Glycoconj J. 2014;
31:573–85. [DOI] [PubMed]

14.     

Rigi G, Ghaedmohammadi S, Ahmadian G. A comprehensive review on staphylococcal protein A (SpA): 
Its production and applications. Biotechnol Appl Biochem. 2019;66:454–64. [DOI] [PubMed]

15.     

Matsumoto M, Suzuki M, Hirose K, Hiramatsu R, Minagawa H, Minami M, et al. Variation in M protein 
production among Streptococcus pyogenes strains according to emm genotype. Microbiol Immunol. 
2011;55:379–87. [DOI] [PubMed]

16.     

Gu H. Role of Flagella in the Pathogenesis of Helicobacter pylori. Curr Microbiol. 2017;74:863–9. [DOI] 
[PubMed] [PMC]

17.     

Cossart P. Actin-based bacterial motility. Curr Opin Cell Biol. 1995;7:94–101. [DOI] [PubMed]18.     
Duan Q, Xia P, Nandre R, Zhang W, Zhu G. Review of Newly Identified Functions Associated With the 
Heat-Labile Toxin of Enterotoxigenic Escherichia coli. Front Cell Infect Microbiol. 2019;9:292. [DOI] 
[PubMed] [PMC]

19.     

https://dx.doi.org/10.1186/s13036-018-0138-z
http://www.ncbi.nlm.nih.gov/pubmed/30820243
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6380060
https://dx.doi.org/10.1038/35021219
http://www.ncbi.nlm.nih.gov/pubmed/10963607
https://dx.doi.org/10.1093/nar/gki008
http://www.ncbi.nlm.nih.gov/pubmed/15608208
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC539962
http://www.ncbi.nlm.nih.gov/pubmed/21413252
https://dx.doi.org/10.1038/s41572-019-0131-y
http://www.ncbi.nlm.nih.gov/pubmed/31804499
http://www.ncbi.nlm.nih.gov/pubmed/21415489
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3089046
https://dx.doi.org/10.1586/14760584.2014.944900
http://www.ncbi.nlm.nih.gov/pubmed/25090574
https://dx.doi.org/10.5772/33383
https://dx.doi.org/10.1016/j.yexmp.2008.03.007
http://www.ncbi.nlm.nih.gov/pubmed/18482721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2595135
https://dx.doi.org/10.1046/j.1365-2958.1999.01339.x
http://www.ncbi.nlm.nih.gov/pubmed/10216854
https://dx.doi.org/10.1055/s-0035-1549849
http://www.ncbi.nlm.nih.gov/pubmed/25973589
https://dx.doi.org/10.1128/microbiolspec.GPP3-0019-2018
http://www.ncbi.nlm.nih.gov/pubmed/30977464
https://dx.doi.org/10.1007/s10719-014-9539-5
http://www.ncbi.nlm.nih.gov/pubmed/25108762
https://dx.doi.org/10.1002/bab.1742
http://www.ncbi.nlm.nih.gov/pubmed/30869160
https://dx.doi.org/10.1111/j.1348-0421.2011.00329.x
http://www.ncbi.nlm.nih.gov/pubmed/21371090
https://dx.doi.org/10.1007/s00284-017-1256-4
http://www.ncbi.nlm.nih.gov/pubmed/28444418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5447363
https://dx.doi.org/10.1016/0955-0674(95)80050-6
http://www.ncbi.nlm.nih.gov/pubmed/7755995
https://dx.doi.org/10.3389/fcimb.2019.00292
http://www.ncbi.nlm.nih.gov/pubmed/31456954
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6700299


Explor Drug Sci. 2024;2:836–50 | https://doi.org/10.37349/eds.2024.00076 Page 847

Menestrina G, Dalla Serra M, editors. Pore-Forming Peptides and Protein Toxins. 1st ed. London: CRC 
Press; 2003. [DOI]

20.     

Alouf J, Ladant D, Popoff MR. The Comprehensive Sourcebook of Bacterial Protein Toxins. 4th ed. 
Elsevier; 2015. [DOI]

21.     

Alouf JE. Bacterial protein toxins. An overview. Methods Mol Biol. 2000;145:1–26. [DOI] [PubMed]22.     
Pazos Santos F, Álvarez Valcárcel C, editors. Estrategias y Avances en el Estudio de Toxinas de Interés 
para la Biomedicina. 1st ed. Puebla: Benemérita Universidad Autonoma de Puebla; 2015. Spanish.

23.     

Aktories K, editor. Bacterial Toxins: Tools in Cell Biology and Pharmacology. WILEY-VCH Verlag 
GmbH & Co. KGaA; 1997. [DOI]

24.     

Gonzalez MR, Bischofberger M, Pernot L, van der Goot FG, Frêche B. Bacterial pore-forming toxins: the 
(w)hole story? Cell Mol Life Sci. 2008;65:493–507. [DOI] [PubMed] [PMC]

25.     

Cané L, Saffioti NA, Genetet S, Daza Millone MA, Ostuni MA, Schwarzbaum PJ, et al. Alpha hemolysin of 
E. coli induces hemolysis of human erythrocytes independently of toxin interaction with membrane 
proteins. Biochimie. 2024;216:3–13. [DOI] [PubMed]

26.     

Pérez Vázquez K, Tau J, Leal Denis MF, Fader CM, Ostuni MA, Schwarzbaum PJ, et al. Alpha hemolysin 
of Escherichia coli induces a necrotic-like procoagulant state in platelets. Biochimie. 2024:S0300-
9084(24)00137-8. [DOI] [PubMed]

27.     

Pucci Molineris M, Schibert F, Lima M, Accialini P, Cané L, Pelinsky P, et al. Induction of human-fetal-
membrane remodeling in-vitro by the alpha hemolysin of Escherichia coli. Placenta. 2024;148:59–68. 
[DOI] [PubMed]

28.     

Stanley P, Koronakis V, Hughes C. Acylation of Escherichia coli hemolysin: a unique protein lipidation 
mechanism underlying toxin function. Microbiol Mol Biol Rev. 1998;62:309–33. [DOI] [PubMed] 
[PMC]

29.     

Cross MA, Koronakis V, Stanley PL, Hughes C. HlyB-dependent secretion of hemolysin by 
uropathogenic Escherichia coli requires conserved sequences flanking the chromosomal hly 
determinant. J Bacteriol. 1990;172:1217–24. [DOI] [PubMed] [PMC]

30.     

Koronakis E, Hughes C, Milisav I, Koronakis V. Protein exporter function and in vitro ATPase activity 
are correlated in ABC-domain mutants of HlyB. Mol Microbiol. 1995;16:87–96. [DOI] [PubMed]

31.     

Wang RC, Seror SJ, Blight M, Pratt JM, Broome-Smith JK, Holland IB. Analysis of the membrane 
organization of an Escherichia coli protein translocator, HlyB, a member of a large family of 
prokaryote and eukaryote surface transport proteins. J Mol Biol. 1991;217:441–54. [DOI] [PubMed]

32.     

Spitz O, Erenburg IN, Beer T, Kanonenberg K, Holland IB, Schmitt L. Type I Secretion Systems-One 
Mechanism for All? Microbiol Spectr. 2019;7. [DOI] [PubMed]

33.     

Felmlee T, Pellett S, Lee EY, Welch RA. Escherichia coli hemolysin is released extracellularly without 
cleavage of a signal peptide. J Bacteriol. 1985;163:88–93. [DOI] [PubMed] [PMC]

34.     

Zhang F, Yin Y, Arrowsmith CH, Ling V. Secretion and circular dichroism analysis of the C-terminal 
signal peptides of HlyA and LktA. Biochemistry. 1995;34:4193–201. [DOI] [PubMed]

35.     

Linhartová I, Bumba L, Mašín J, Basler M, Osička R, Kamanová J, et al. RTX proteins: a highly diverse 
family secreted by a common mechanism. FEMS Microbiol Rev. 2010;34:1076–112. [DOI] [PubMed] 
[PMC]

36.     

Greene NP, Crow A, Hughes C, Koronakis V. Structure of a bacterial toxin-activating acyltransferase. 
Proc Natl Acad Sci U S A. 2015;112:E3058–66. [DOI] [PubMed] [PMC]

37.     

Welch RA. Pore-forming cytolysins of Gram-negative bacteria. Mol Microbiol. 1991;5:521–8. [DOI] 
[PubMed]

38.     

Welch RA. RTX toxin structure and function: a story of numerous anomalies and few analogies in toxin 
biology. Curr Top Microbiol Immunol. 2001;257:85–111. [DOI] [PubMed]

39.     

Coote JG. Structural and functional relationships among the RTX toxin determinants of gram-negative 
bacteria. FEMS Microbiol Rev. 1992;8:137–61. [DOI] [PubMed]

40.     

https://dx.doi.org/10.1201/9780203986646
https://dx.doi.org/10.1016/c2013-0-14258-4
https://dx.doi.org/10.1385/1-59259-052-7:1
http://www.ncbi.nlm.nih.gov/pubmed/10820713
https://dx.doi.org/10.1002/9783527614615
https://dx.doi.org/10.1007/s00018-007-7434-y
http://www.ncbi.nlm.nih.gov/pubmed/17989920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11131829
https://dx.doi.org/10.1016/j.biochi.2023.10.008
http://www.ncbi.nlm.nih.gov/pubmed/37820991
https://dx.doi.org/10.1016/j.biochi.2024.06.001
http://www.ncbi.nlm.nih.gov/pubmed/38857695
https://dx.doi.org/10.1016/j.placenta.2024.02.001
http://www.ncbi.nlm.nih.gov/pubmed/38401207
https://dx.doi.org/10.1128/MMBR.62.2.309-333.1998
http://www.ncbi.nlm.nih.gov/pubmed/9618444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC98917
https://dx.doi.org/10.1128/jb.172.3.1217-1224.1990
http://www.ncbi.nlm.nih.gov/pubmed/1689714
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC208586
https://dx.doi.org/10.1111/j.1365-2958.1995.tb02394.x
http://www.ncbi.nlm.nih.gov/pubmed/7651140
https://dx.doi.org/10.1016/0022-2836(91)90748-u
http://www.ncbi.nlm.nih.gov/pubmed/1994034
https://dx.doi.org/10.1128/microbiolspec.PSIB-0003-2018
http://www.ncbi.nlm.nih.gov/pubmed/30848237
https://dx.doi.org/10.1128/jb.163.1.88-93.1985
http://www.ncbi.nlm.nih.gov/pubmed/3891742
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC219084
https://dx.doi.org/10.1021/bi00013a007
http://www.ncbi.nlm.nih.gov/pubmed/7703231
https://dx.doi.org/10.1111/j.1574-6976.2010.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/20528947
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3034196
https://dx.doi.org/10.1073/pnas.1503832112
http://www.ncbi.nlm.nih.gov/pubmed/26016525
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4466738
https://dx.doi.org/10.1111/j.1365-2958.1991.tb00723.x
http://www.ncbi.nlm.nih.gov/pubmed/2046545
https://dx.doi.org/10.1007/978-3-642-56508-3_5
http://www.ncbi.nlm.nih.gov/pubmed/11417123
https://dx.doi.org/10.1111/j.1574-6968.1992.tb04961.x
http://www.ncbi.nlm.nih.gov/pubmed/1558765


Explor Drug Sci. 2024;2:836–50 | https://doi.org/10.37349/eds.2024.00076 Page 848

Taichman NS, Iwase M, Lally ET, Shattil SJ, Cunningham ME, Korchak HM. Early changes in cytosolic 
calcium and membrane potential induced by Actinobacillus actinomycetemcomitans leukotoxin in 
susceptible and resistant target cells. J Immunol. 1991;147:3587–94. [PubMed]

41.     

Velásquez FC, Maté S, Bakás L, Herlax V. Induction of eryptosis by low concentrations of E. coli alpha-
hemolysin. Biochim Biophys Acta. 2015;1848:2779–88. [DOI] [PubMed]

42.     

Bhakdi S, Muhly M, Korom S, Schmidt G. Effects of Escherichia coli hemolysin on human monocytes. 
Cytocidal action and stimulation of interleukin 1 release. J Clin Invest. 1990;85:1746–53. [DOI] 
[PubMed] [PMC]

43.     

Ristow LC, Tran V, Schwartz KJ, Pankratz L, Mehle A, Sauer J, et al. The Extracellular Domain of the β2 
Integrin β Subunit (CD18) Is Sufficient for Escherichia coli Hemolysin and Aggregatibacter 
actinomycetemcomitans Leukotoxin Cytotoxic Activity. mBio. 2019;10:e01459–19. [DOI] [PubMed] 
[PMC]

44.     

Cortajarena AL, Goñi FM, Ostolaza H. Glycophorin as a receptor for Escherichia coli alpha-hemolysin 
in erythrocytes. J Biol Chem. 2001;276:12513–9. [DOI] [PubMed]

45.     

Cortajarena AL, Goni FM, Ostolaza H. A receptor-binding region in Escherichia coli alpha-haemolysin. J 
Biol Chem. 2003;278:19159–63. [DOI] [PubMed]

46.     

Skals M, Praetorius HA. Mechanisms of cytolysin-induced cell damage – a role for auto- and paracrine 
signalling. Acta Physiol (Oxf). 2013;209:95–113. [DOI] [PubMed]

47.     

Ostolaza H, Bartolomé B, Ortiz de Zárate I, de la Cruz F, Goñi FM. Release of lipid vesicle contents by 
the bacterial protein toxin alpha-haemolysin. Biochim Biophys Acta. 1993;1147:81–8. [DOI] [PubMed]

48.     

Brown AC, Balashova NV, Epand RM, Epand RF, Bragin A, Kachlany SC, et al. Aggregatibacter 
actinomycetemcomitans leukotoxin utilizes a cholesterol recognition/amino acid consensus site for 
membrane association. J Biol Chem. 2013;288:23607–21. [DOI] [PubMed] [PMC]

49.     

Martín C, Requero MA, Masin J, Konopasek I, Goñi FM, Sebo P, et al. Membrane restructuring by 
Bordetella pertussis adenylate cyclase toxin, a member of the RTX toxin family. J Bacteriol. 2004;186:
3760–5. [DOI] [PubMed] [PMC]

50.     

Herlax V, Maté S, Rimoldi O, Bakás L. Relevance of fatty acid covalently bound to Escherichia coli 
alpha-hemolysin and membrane microdomains in the oligomerization process. J Biol Chem. 2009;284:
25199–210. [DOI] [PubMed] [PMC]

51.     

Vazquez RF, Maté SM, Bakás LS, Fernández MM, Malchiodi EL, Herlax VS. Novel evidence for the 
specific interaction between cholesterol and α-haemolysin of Escherichia coli. Biochem J. 2014;458:
481–9. [DOI] [PubMed]

52.     

González Bullón D, Uribe KB, Amuategi J, Martín C, Ostolaza H. Cholesterol stimulates the lytic activity 
of Adenylate Cyclase Toxin on lipid membranes by promoting toxin oligomerization and formation of 
pores with a greater effective size. FEBS J. 2021;288:6795–814. [DOI] [PubMed] [PMC]

53.     

González Bullón D, Uribe KB, Amuategi J, Martín C, Ostolaza H. Bordetella adenylate cyclase toxin 
mobilizes its β2 integrin receptor into lipid rafts to accomplish translocation across target cell 
membrane in two steps. PLoS Pathog. 2010;6:e1000901. [DOI] [PubMed] [PMC]

54.     

Fong KP, Pacheco CMF, Otis LL, Baranwal S, Kieba IR, Harrison G, et al. Actinobacillus 
actinomycetemcomitans leukotoxin requires lipid microdomains for target cell cytotoxicity. Cell 
Microbiol. 2006;8:1753–67. [DOI] [PubMed] [PMC]

55.     

Osickova A, Balashova N, Masin J, Sulc M, Roderova J, Wald T, et al. Cytotoxic activity of Kingella kingae 
RtxA toxin depends on post-translational acylation of lysine residues and cholesterol binding. Emerg 
Microbes Infect. 2018;7:178. [DOI] [PubMed] [PMC]

56.     

Strandberg E, Killian JA. Snorkeling of lysine side chains in transmembrane helices: how easy can it 
get? FEBS Lett. 2003;544:69–73. [DOI] [PubMed]

57.     

Fantini J, Barrantes FJ. How cholesterol interacts with membrane proteins: an exploration of 
cholesterol-binding sites including CRAC, CARC, and tilted domains. Front Physiol. 2013;4:31. [DOI] 
[PubMed] [PMC]

58.     

http://www.ncbi.nlm.nih.gov/pubmed/1940358
https://dx.doi.org/10.1016/j.bbamem.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26301569
https://dx.doi.org/10.1172/JCI114631
http://www.ncbi.nlm.nih.gov/pubmed/2189890
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC296636
https://dx.doi.org/10.1128/mBio.01459-19
http://www.ncbi.nlm.nih.gov/pubmed/31289186
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6747720
https://dx.doi.org/10.1074/jbc.M006792200
http://www.ncbi.nlm.nih.gov/pubmed/11134007
https://dx.doi.org/10.1074/jbc.M208552200
http://www.ncbi.nlm.nih.gov/pubmed/12582172
https://dx.doi.org/10.1111/apha.12156
http://www.ncbi.nlm.nih.gov/pubmed/23927595
https://dx.doi.org/10.1016/0005-2736(93)90318-t
http://www.ncbi.nlm.nih.gov/pubmed/7682112
https://dx.doi.org/10.1074/jbc.M113.486654
http://www.ncbi.nlm.nih.gov/pubmed/23792963
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3949334
https://dx.doi.org/10.1128/JB.186.12.3760-3765.2004
http://www.ncbi.nlm.nih.gov/pubmed/15175289
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC419970
https://dx.doi.org/10.1074/jbc.M109.009365
http://www.ncbi.nlm.nih.gov/pubmed/19596862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2757223
https://dx.doi.org/10.1042/BJ20131432
http://www.ncbi.nlm.nih.gov/pubmed/24351077
https://dx.doi.org/10.1111/febs.16107
http://www.ncbi.nlm.nih.gov/pubmed/34216517
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9290974
https://dx.doi.org/10.1371/journal.ppat.1000901
http://www.ncbi.nlm.nih.gov/pubmed/20485565
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2869314
https://dx.doi.org/10.1111/j.1462-5822.2006.00746.x
http://www.ncbi.nlm.nih.gov/pubmed/16827908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3404838
https://dx.doi.org/10.1038/s41426-018-0179-x
http://www.ncbi.nlm.nih.gov/pubmed/30405113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6221878
https://dx.doi.org/10.1016/s0014-5793(03)00475-7
http://www.ncbi.nlm.nih.gov/pubmed/12782292
https://dx.doi.org/10.3389/fphys.2013.00031
http://www.ncbi.nlm.nih.gov/pubmed/23450735
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3584320


Explor Drug Sci. 2024;2:836–50 | https://doi.org/10.37349/eds.2024.00076 Page 849

Baier CJ, Fantini J, Barrantes FJ. Disclosure of cholesterol recognition motifs in transmembrane 
domains of the human nicotinic acetylcholine receptor. Sci Rep. 2011;1:69. [DOI] [PubMed] [PMC]

59.     

Ostolaza H, Amuategi J. Membrane Interaction Characteristics of the RTX Toxins and the Cholesterol-
Dependence of Their Cytolytic/Cytotoxic Activity. Int J Mol Sci. 2024;25:3131. [DOI] [PubMed] [PMC]

60.     

Hancock REW, Sahl H. Antimicrobial and host-defense peptides as new anti-infective therapeutic 
strategies. Nat Biotechnol. 2006;24:1551–7. [DOI] [PubMed]

61.     

Flórez-Castillo JM, Ropero-Vega JL, Perullini M, Jobbágy M. Biopolymeric pellets of polyvinyl alcohol 
and alginate for the encapsulation of Ib-M6 peptide and its antimicrobial activity against E. coli. 
Heliyon. 2019;5:e01872. [DOI] [PubMed] [PMC]

62.     

Xuan J, Feng W, Wang J, Wang R, Zhang B, Bo L, et al. Antimicrobial peptides for combating drug-
resistant bacterial infections. Drug Resist Updat. 2023;68:100954. [DOI] [PubMed]

63.     

Yasir M, Willcox MDP, Dutta D. Action of Antimicrobial Peptides against Bacterial Biofilms. Materials 
(Basel). 2018;11:2468. [DOI] [PubMed] [PMC]

64.     

Sadelaji S, Ghaznavi-Rad E, Sadoogh Abbasian S, Fahimirad S, Abtahi H. Ib-AMP4 antimicrobial peptide 
as a treatment for skin and systematic infection of methicillin-resistant Staphylococcus aureus 
(MRSA). Iran J Basic Med Sci. 2022;25:232–8. [DOI] [PubMed] [PMC]

65.     

Brown AC, Koufos E, Balashova NV, Boesze-Battaglia K, Lally ET. Inhibition of LtxA toxicity by 
blocking cholesterol binding with peptides. Mol Oral Microbiol. 2016;31:94–105. [DOI] [PubMed] 
[PMC]

66.     

Cané L, Guzmán F, Balatti G, Millone MAD, Molineris MP, Maté S, et al. Biophysical Analysis to Assess 
the Interaction of CRAC and CARC Motif Peptides of Alpha Hemolysin of Escherichia coli with 
Membranes. Biochemistry. 2023;62:1994–2011. [DOI] [PubMed]

67.     

Amuategi J, Alonso R, de la Arada l, Ostolaza H. Membrane-penetrating peptide from the translocation 
region of Bordetella Adenylate Cyclase Toxin prevents toxin cytotoxicity on target cells. BioRxiv 
2023.04.18.537300 [Preprint]. 2023 [cited 2024 Jul 19]. Available from: https://www.biorxiv.org/con
tent/10.1101/2023.04.18.537300v1 [DOI]

68.     

Marrs CF, Zhang L, Tallman P, Manning SD, Somsel P, Raz P, et al. Variations in 10 putative 
uropathogen virulence genes among urinary, faecal and peri-urethral Escherichia coli. J Med 
Microbiol. 2002;51:138–42. [DOI] [PubMed]

69.     

O’Hanley P, Lalonde G, Ji G. Alpha-hemolysin contributes to the pathogenicity of piliated digalactoside-
binding Escherichia coli in the kidney: efficacy of an alpha-hemolysin vaccine in preventing renal 
injury in the BALB/c mouse model of pyelonephritis. Infect Immun. 1991;59:1153–61. [DOI] 
[PubMed] [PMC]

70.     

Marrs CF, Zhang L, Foxman B. Escherichia coli mediated urinary tract infections: are there distinct 
uropathogenic E. coli (UPEC) pathotypes? FEMS Microbiol Lett. 2005;252:183–90. [DOI] [PubMed]

71.     

Glaser P, Sakamoto H, Bellalou J, Ullmann A, Danchin A. Secretion of cyclolysin, the calmodulin-
sensitive adenylate cyclase-haemolysin bifunctional protein of Bordetella pertussis. EMBO J. 1988;7:
3997–4004. [DOI] [PubMed] [PMC]

72.     

Bellalou J, Sakamoto H, Ladant D, Geoffroy C, Ullmann A. Deletions affecting hemolytic and toxin 
activities of Bordetella pertussis adenylate cyclase. Infect Immun. 1990;58:3242–7. [DOI] [PubMed] 
[PMC]

73.     

Koufos E, Chang EH, Rasti ES, Krueger E, Brown AC. Use of a Cholesterol Recognition Amino Acid 
Consensus Peptide To Inhibit Binding of a Bacterial Toxin to Cholesterol. Biochemistry. 2016;55:
4787–97. [DOI] [PubMed] [PMC]

74.     

Masin J, Roderova J, Osickova A, Novak P, Bumba L, Fiser R, et al. The conserved tyrosine residue 940 
plays a key structural role in membrane interaction of Bordetella adenylate cyclase toxin. Sci Rep. 
2017;7:9330. [DOI] [PubMed] [PMC]

75.     

https://dx.doi.org/10.1038/srep00069
http://www.ncbi.nlm.nih.gov/pubmed/22355588
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3216556
https://dx.doi.org/10.3390/ijms25063131
http://www.ncbi.nlm.nih.gov/pubmed/38542105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10970614
https://dx.doi.org/10.1038/nbt1267
http://www.ncbi.nlm.nih.gov/pubmed/17160061
https://dx.doi.org/10.1016/j.heliyon.2019.e01872
http://www.ncbi.nlm.nih.gov/pubmed/31194071
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6551476
https://dx.doi.org/10.1016/j.drup.2023.100954
http://www.ncbi.nlm.nih.gov/pubmed/36905712
https://dx.doi.org/10.3390/ma11122468
http://www.ncbi.nlm.nih.gov/pubmed/30563067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6317029
https://dx.doi.org/10.22038/IJBMS.2022.61043.13508
http://www.ncbi.nlm.nih.gov/pubmed/35655604
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9124539
https://dx.doi.org/10.1111/omi.12133
http://www.ncbi.nlm.nih.gov/pubmed/26352738
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4712104
https://dx.doi.org/10.1021/acs.biochem.3c00164
http://www.ncbi.nlm.nih.gov/pubmed/37224476
https://www.biorxiv.org/content/10.1101/2023.04.18.537300v1
https://www.biorxiv.org/content/10.1101/2023.04.18.537300v1
https://dx.doi.org/10.1101/2023.04.18.537300
https://dx.doi.org/10.1099/0022-1317-51-2-138
http://www.ncbi.nlm.nih.gov/pubmed/11863265
https://dx.doi.org/10.1128/iai.59.3.1153-1161.1991
http://www.ncbi.nlm.nih.gov/pubmed/1671776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC258381
https://dx.doi.org/10.1016/j.femsle.2005.08.028
http://www.ncbi.nlm.nih.gov/pubmed/16165319
https://dx.doi.org/10.1002/j.1460-2075.1988.tb03288.x
http://www.ncbi.nlm.nih.gov/pubmed/2905265
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC455007
https://dx.doi.org/10.1128/iai.58.10.3242-3247.1990
http://www.ncbi.nlm.nih.gov/pubmed/2401563
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC313645
https://dx.doi.org/10.1021/acs.biochem.6b00430
http://www.ncbi.nlm.nih.gov/pubmed/27504950
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5945288
https://dx.doi.org/10.1038/s41598-017-09575-6
http://www.ncbi.nlm.nih.gov/pubmed/28839199
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5571180


Explor Drug Sci. 2024;2:836–50 | https://doi.org/10.37349/eds.2024.00076 Page 850

Amuategi J, Alonso R, Ostolaza H. Four Cholesterol-Recognition Motifs in the Pore-Forming and 
Translocation Domains of Adenylate Cyclase Toxin Are Essential for Invasion of Eukaryotic Cells and 
Lysis of Erythrocytes. Int J Mol Sci. 2022;23:8703. [DOI] [PubMed] [PMC]

76.     

Lally ET, Kieba IR, Sato A, Green CL, Rosenbloom J, Korostoff J, et al. RTX toxins recognize a β2 integrin 
on the surface of human target cells. J Biol Chem. 1997;272:30463–9. [DOI] [PubMed]

77.     

https://dx.doi.org/10.3390/ijms23158703
http://www.ncbi.nlm.nih.gov/pubmed/35955837
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9369406
https://dx.doi.org/10.1074/jbc.272.48.30463
http://www.ncbi.nlm.nih.gov/pubmed/9374538

	Abstract
	Keywords
	Introduction
	Virulence factors
	Toxins
	RTX toxins
	Role of cholesterol in the mechanism of action of the RTX toxins

	Peptides for the treatment of bacterial infections
	Antimicrobial peptides
	Antivirulence peptides
	LtxA
	HlyA
	CyaA


	Future prospects
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

