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Abstract: Enterococcus faecalis is a Gram-positive commensal member of the gut 

microbiota of a wide range of organisms. With the advent of antibiotic therapy, it has 

emerged as a multidrug resistant, hospital-acquired pathogen. Highly virulent strains of  

E. faecalis express a pore-forming exotoxin, called cytolysin, which lyses both bacterial 

and eukaryotic cells in response to quorum signals. Originally described in the 1930s,  

the cytolysin is a member of a large class of lanthionine-containing bacteriocins produced 

by Gram-positive bacteria. While the cytolysin shares some core features with other 

lantibiotics, it possesses unique characteristics as well. The current understanding of 

cytolysin biosynthesis, structure/function relationships, and contribution to the biology of 

E. faecalis are reviewed, and opportunities for using emerging technologies to advance this 

understanding are discussed.  
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1. Introduction: The Enterococci as Emergent Hospital Pathogens 

Enterococci are ancient members of the animal microbiome that are believed to date back at least to 

the last common ancestor of mammals, reptiles, birds and insects in the early Devonian period,  

412 million years ago [1]. These bacteria thrive in the nutrient-rich, oxygen-depleted environment of 

the intestinal tract, and at least in part because of shedding from animal hosts, are readily found in the 

environment [2]. They are core members of the commensal intestinal microbiota, which is densely 
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colonized with up to 1011 bacterial cells/gram feces [3,4]. Enterococci are the predominant Gram-positive 

cocci found within this niche, and in humans they can be isolated at concentrations of 105 to 107 

CFU/gram feces [5,6]. Bacteriophage induction in response to environmental cues is emerging as one 

strategy for enterococcal colonization and control in the intestinal ecosystem [7]. The presence of 

enterococci in the complex ecology of the gastrointestinal tract provides an ample reservoir where 

genetic exchange and selection can occur. 

Enteroccoci are low-GC, Gram-positive, non-sporulating, facultative anaerobes that currently rank 

among the most prevalent multidrug resistant hospital pathogens worldwide [1]. They are the third 

most commonly isolated healthcare pathogen [8], and are capable of causing a variety of infections 

including endocarditis, sepsis, surgical wound infections, and urinary tract infections [5,9,10]. The 

genus Enterococcus consists of over 40 ecologically diverse species [5,11], yet more than 90 percent of 

enterococcal infections are caused by two species: E. faecalis and E. faecium [8,10,12]. The genomes 

of multidrug resistant enterococci consist of more than 25 percent mobile elements, which reflect a 

rampant accumulation of drug resistance elements and virulence factors [13]. Many enterococcal 

mobile elements are transferable by conjugation on pheromone-responsive plasmids, broad host range 

conjugative plasmids, or conjugative transposons [14,15]. The production of sex pheromone peptides 

by plasmid-free strains allows conjugative pheromone-responsive plasmids to transfer at rates as high 

as 10−3 to 10−1 per donor cell [16], efficiently disseminating virulence and antibiotic resistance genes 

between strains [17,18].  

The horizontal transfer of mobile elements has contributed much to the evolving fitness of 

enterococci in hospital settings [11,18]. Since the 1960’s, hospital-associated enterococcal infections 

have become increasingly antibiotic resistant [19]. Antibiotic treatment results in a loss of protection 

from host colonization as well as reduced microbial species diversity among the intestinal microbiota. 

This provides an opportunity for drug resistant enterococci to invade the intestinal niche and 

proliferate uncontrollably [3,20]. Horizontally acquired antimicrobial resistances were first described 

in the 1970’s [21]. Analysis of an outbreak of multidrug resistant enterococcal bacteremia in the  

mid-1980s determined that half of all isolates were from the same hemolytic clone [22]. Subsequently, 

the first vancomycin-resistant clinical isolate of E. faecalis, strain V583, was isolated in the United 

States from the bloodstream of an infected patient [23]. Hospital endemic and epidemic multidrug 

resistant enterococcal infection rates have since continued to increase worldwide [24–26]. 

Enterococcal disease was first described in detail in the late 19th century, when an abundant  

Gram-positive diploccocus was isolated from patients with intestinal diseases that was similar to an 

organism isolated from healthy patients [27]. This saprophytic microbe, named ‘Enterocoque’, was 

initially difficult to culture, most likely due to now-appreciated nutrient auxotrophies [27,28]. 

Pathogenicity was reproduced in rabbit and mouse models, in which inoculation lead to severe 

infection and fatality [27]. A further report from Thiercelin [29] described translocation of the bacteria 

from the gastrointestinal tract to the bloodstream, resulting in septicemia. At about the same time, 

MacCallum and Hastings described a death due to enterococcal infection causing acute endocarditis [30]. 

Originally designated as Micrococcus zymogenes, the bacterium isolated from the blood and cardiac 

vegetations of the patient was used to intraperitoneally infected mice, rabbits and dogs, and was found 

to recapitulate the same endocarditis symptoms [30], satisfying Koch’s Postulates and establishing 

Enterococcus as the cause of the patient’s death. 
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The observation that some E. faecalis strains produced zones of hemolysis on blood agar plates led 

to the first comprehensive study of the hemolysin molecule [31]. Subsequently, hemolysis was found 

to be caused by a unique toxin, now termed cytolysin, as it lyses a broad range of target cells including 

both Gram-positive bacteria and eukaryotic cells [31–35]. The cytolysin is now known to make a large 

contribution to the pathogenicity of E. faecalis [36,37]. 

2. Cytolysin and Toxicity of Enterococcal Infections 

The cytolysin toxin of E. faecalis, termed a “streptolysin” since it was produced by Lancefield 

group D Streptococcus and caused a zone of hemolysis on blood agar, was first experimentally 

characterized in 1934 [31]. E. faecalis (then called Streptococcus faecalis) was first considered to be 

pseudo-hemolytic, as hemolytic activity could rarely be detected in liquid broth but was readily seen 

on blood agar [31]. A gradient of erythrocyte susceptibilities, depending on species of origin, was 

observed, with human, horse, dog, rabbit and mouse erythrocytes being susceptible, and sheep and 

goose erythrocytes being resistant to lysis. A horse flesh infusion was derived that supported 

production of cytolysin in liquid culture, allowing for its characterization as a heat-labile, oxygen 

stable molecule (in contrast to the family of thiol-activated, cholesterol dependent cytolysins produced 

by other Gram-positive bacteria) [31]. In addition, hemolysin-producing enterococcal strains  

were observed to have bacteriocin activity against streptococcal strains and other Gram-positive 

bacteria [38–40]. The bactericidal and hemolytic phenotypes were experimentally characterized to be 

due to a single molecule. Brock et al. [39] showed that the hemolytic and bactericidal activities were 

both lost after UV irradiation and that restoration of one activity reestablished the other. The molecule 

was termed E. faecalis cytolysin to reflect the dual bactericidal and cytolytic activities exhibited [41].  

The association of cytolysin expression and increased toxicity of enterococcal infections has  

been studied in multiple animal models, as well as in clinical outcomes (Table 1). Ike and Clewell  

first described enhanced virulence due to cytolysin expression in the mouse through dose-dependent 

intraperitoneal injection with E. faecalis strains harboring the plasmid pAD1, which encodes  

cytolysin [42]. After 7 days of infection with cytolysin negative strains (3 × 109 CFU) all mice 

survived, while mice injected with cytolysin positive strains (≥109 CFU) died within 4–5 h [43]. 

Subsequently, cytolysin positive variants were shown to lyse mouse erythrocytes, macrophages and 

polymorphonuclear neutrophils [44]. Toxicity due to cytolysin was also determined in a rabbit 

endocarditis model, whereby cytolysin and aggregation substance positive strains were lethal in  

55 percent of infections, versus 15 percent in animals infected with only aggregation substance 

positive strains [45]. In rabbit endophthalmitis, cytolytic strains readily destroyed organ function  

and were untreatable, compared to isogenic, non-cytolytic strains [46,47]. When C. elegans is fed on  

lawns of cytolysin positive E. faecalis, death occurs faster than when fed on isogenic non-cytolytic  

bacteria [48].  
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Table 1. Contribution of the E. faecalis cytolysin to virulence. 

Setting Effect of Cytolysin Reference 

Human bacteremia Cytolysin makes infection five times more acutely lethal [22] 

Rabbit endophthalmitis Cytolysin makes infection acutely destructive to retina and 
other ocular structures, and refractory to antibiotic treatment 

[46,47,49] 

Mouse intraperitoneal 
infection 

Cytolysin makes infection approximately one hundred times 
more acutely lethal 

[42,50] 

Rabbit endocarditis Cytolysin makes infection acutely lethal in synergy with 
aggregation substance 

[45] 

C. elegans ingestion Cytolysin makes infection acutely lethal following ingestion [48] 

The cytolysin has also been shown to be associated with increased toxicity in human infection.  

A retrospective study analyzed 190 clinical E. faecalis isolates and found that 45 percent of isolates 

were cytolysin positive. Furthermore, even after controlling for treatment modality and drug resistance, 

patients infected with cytolytic E. faecalis were at a five-fold increased risk of an acutely terminal 

outcome (death within three weeks of diagnosis) compared to patients infected with non-cytolytic 

strains [22]. E. faecalis can cause a severe postoperative endophthalmitis, and cytolytic strains have 

been found to be common in these infections [51]. Epidemiological studies from Japan found  

that 60 percent of E. faecalis isolates analyzed from two hospitals were cytolysin positive [52]. 

Another study found that hemolysis was common to all clinical enterococci isolates investigated 

(which is not typical), while only six percent of food isolates were hemolytic [53]. In addition to 

causing increased toxicity of infection, the bacteriocin activity of the cytolysin may well be an 

important colonization factor of E. faecalis in the intestine, prior to establishment of infection at 

another sterile body site. In vitro experiments showed that cytolytic strains can outcompete 

bacteriocin-sensitive enterococci and other Gram-positive bacteria in liquid broth culture [39]. 

Cytolysin was also observed to be produced by E. faecalis isolated from nine out of 31 healthy infants 

in Norway [54]. 

Although a broad understanding of the genetics and biosynthesis of cytolysin is fairly advanced, 

many of the details of its production, as well as the precise mechanism by which it contributes to the 

pathogenesis of infection, are not well known. Hypothetically, the ability to lyse intestinal epithelial 

cells may allow E. faecalis to access the blood stream in order to travel to and colonize distant sites, 

such as the heart valve. Additionally, the ability to lyse mouse neutrophils and macrophages might 

contribute to immune evasion [44]. Other E. faecalis products, such as gelatinase and capsular 

polysaccharides, have been shown to help the bacteria to circumvent host immunity [55,56], but the 

precise role that the cytolysin might play in immune evasion is still unknown. 

3. Cytolysin Structure and Function 

3.1. Overview of the Cytolysin 

A general scheme for cytolysin production, processing, secretion, and regulation is shown in Figure 1. 

Enterococci produce a wide array of bacterocins, but the cytolysin is the only well characterized 

lantibiotic produced by E. faecalis [57]. Cytolysin production is a variable trait among E. faecalis 
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isolates [16,52,58]. Among cytolysin-producing strains, the operon is either chromosomally-encoded 

within a 150-kilobase pathogenicity island (PAI) [43,59,60], or on a conjugative, pheromone-responsive 

plasmid, such as pAD1 [61–63]. The cytolysin operon consists of six genes related to toxin 

biosynthesis, as well as two divergently transcribed genes encoding regulatory proteins [41,64–67] 

(Figure 1A). In the inactive state, the cytolysin repressor protein CylR2 binds to the PLys (PL)  

promoter [68]. Low-level transcription of the operon is believed to result in basal production of a small 

amount of the cytolysin subunits [67]. Autoinduction via quorum sensing in the presence of target cells 

triggers an inferred change in the binding of the cytolysin promoter by the CylR2 protein, resulting in 

high-level expression of the cytolysin operon [67].  

Figure 1. E. faecalis cytolysin expression. (A) Cytolysin operon in the inactive and active 

states. In the inactive state, CylR2 binds to the PLys (PL) promoter [68]. Autoinduction  

via quorum sensing triggers an inferred change in the binding of the cytolysin promoter by  

the CylR2 protein, resulting in high-level expression of the cytolysin operon [67].  

(B) Cytolysin processing and secretion. Large and small subunits are post-translationally 

modified by CylM [65], secreted and trimmed by CylB [41], and further processed by 

CylA [64]. (C) Cytolysin activity, in the absence and presence of target cells. In the 

absence of target cells the subunits form inactive and insoluble multimeric complexes. In 

the presence of target cells they coordinate to form a pore in the target cell membrane [71]. 
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The functional cytolysin toxin consists of large and small subunit oligopeptides, encoded by the 

genes cylLL and cylLS, respectively [64] (Figure 1B). CylLL and CylLS primary translation products 

undergo extensive post-translational modification, including dehydration of serine and threonine 

residues, and subsequent formation of intramolecular lanthionine and methyllanthionine bridges 

between these dehydrated residues and nearby cysteine thiol groups within each subunit [69,70]. 

Dehydration of the toxin subunits in the initial modification step is inferred to be catalyzed by  

the CylM protein [65]. The ATP-binding cassette (ABC) transporter CylB secretes and trims the 

CylM-modified peptides CylLL
* and CylLS

* [41], resulting in externalization of CylLL’ and CylLS’ 

subunits. These trimmed and secreted subunits are further processed by the CylA serine protease to 

generate the active toxin subunits CylLL” and CylLS” [64,69]. The final gene in the cytolysin operon is 

cylI, which encodes the CylI immunity protein, a transmembrane protein of unknown function that 

confers self-protection to cytolysin-producing cells [66].  

In the absence of target cells, CylLL” and CylLS” strongly associate to form inactive and insoluble 

multimeric complexes. However, when target cells are present the subunits interact, presumably to 

form a pore in the target cell membrane [71] (Figure 1C). The large subunit CylLL” has a greater 

affinity for the target cell membrane than the small subunit, which in the presence of a target cell is 

believed to result in a transient accumulation of excess free CylLS”, generating a quorum  

sensing autoinduction signal that triggers release of CylR2 and high level expression of the cytolysin  

operon. The CylLS” induction signal is believed to be transmitted in some way via the cell surface  

protein CylR1 [67]. 

3.2. Cytolysin Structural and Molecular Properties  

The E. faecalis cytolysin components CylLL and CylLS have been classified as Type-A, pore-forming 

lantibiotics [72], and more recently as two-component, Class II lantibiotics [70]. Lantibiotics are 

complex polycyclic antimicrobial peptides, which are ribosomally synthesized by Gram-positive 

bacteria and are characterized by the presence of lanthionine and methyllanthionine bridges between 

dehydrated serine and threonine residues and cysteine thiols. Lantibiotics have extremely varied 

structures and functions, but they are all characterized by undergoing extensive post-translational 

modification and possessing either antibiotic or mophogenic activities [70]. Cytolysin appears to be 

unique among lantibiotics, in that it can lyse other bacteria as well as erythrocytes and other eukayotic 

cells [73]. The cytolysin subunits possess stretches of identity within the primary translation products, 

which likely target them through the same maturation pathways. They also show limited identity, but 

different bridging patterns, to beta-peptides (also called LanA2 peptides) of the two-component 

lantibiotics lacticin 3147 from Lactococcus lactis [74], and haloduracin from Bacillus halodurans [75].  

The positions of lanthionine linkages within the CylLL” and CylLS” peptides have recently  

been established [76] (Figure 2). Following ribosomal synthesis, the cytolysin subunit prepropeptides  

of 63 (CylLS) and 68 (CylLL) amino acids are modified post-translationally in the cytoplasm  

through reactions which are inferred to be catalyzed by CylM [65,72]. First, dehydration yields  

2,3-didehydroalanine (Dha) from serine, and (Z)-2,3-didehydrobutyrine (Dhb) from threonine [70]. 

Then, neighboring intrapeptide cysteine residues make a nucleophilic, Michael addition to the 

dehydrated side chains, resulting in thioether bonds between the Dha (or Dhb) and cysteine side chains, 
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creating the unusual amino acids lanthionine (when serine is the precursor) or methyllanthionine (when 

threonine is the precursor). Interestingly, the mature cytolysin peptides appear to adopt a unique 

stereochemistry, with CylLL” containing two lanthionine bridges in the unusual LL configuration, and 

CylLS” containing one [76]. Virtually all previously characterized lantibiotics contain bridges in the 

DL configuration. The functional consequence of this stereochemistry is currently unknown. The 

three-dimensional structures of the cytolysin peptides are also currently unknown, but recent advances 

in heterologous production of the subunits in E. coli will likely facilitate their determination [76]. 

Figure 2. Sequences and structures of the E. faecalis cytolysin subunits. (A) Primary 

amino acid sequences of the cytolysin subunits CylLL and CylLS. Arrows indicate sites of 

proteolytic cleavage by CylB and CylA [69], and brackets show the positions of 

lanthionine and methyllanthionine bridges. (B) Structures of the processed mature 

cytolysin subunits. Image is reproduced with permission from [76]. 
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Following modification of the cytolysin prepropeptides, the CylLL
* and CylLS

* propeptides are 

secreted from the cell by the product of the cylB gene [41]. During secretion, CylB removes 24 amino 

acids from the amino terminus of CylLL
* and 36 amino acids from the amino terminus of CylLS

*. This 

removal is believed to be catalyzed by a cysteine protease domain within CylB [41], and cleavage 

occurs within a nearly identical stretch of 26 amino acids in the otherwise structurally dissimilar 

subunits [69]. Whether all or part of these conserved 26 amino acid leader sequences constitutes a 

trafficking signal for CylM-mediated modification or CylB secretion remains to be explored. 

Precisely how the cytolysin modification enzymes CylM, CylB, and CylA are produced, processed 

and sent to their final destinations is unclear. The E. coli hemolysin A toxin (HlyA) is processed and 

secreted by a type 1 secretion system consisting of the inner membrane protein HlyB, the membrane 

fusion protein HlyD, and the outer membrane protein TolC, which form a continuous but  

transient translocator from the cytosol directly out of the cell to allow for HlyA secretion [77].

Complex natural products, including antibiotics, are also synthesized in processive steps by 

multienzyme megasynthase complexes as large as 2 MDa [78]. Experimental evidence suggests that 

the proteins involved in post-translational modification and secretion of the lantibiotic subtilin might 

also organize into a membrane bound complex [79]. Because of the need for processivity in the 

maturation of the cytolysin prepropeptides [65], it seems possible that CylM, CylB, and CylA may 

similarly be organized in a transmembrane complex that efficiently modifies, secretes and activates 

each subunit, but this remains to be shown.  

3.3. Cytolysin Regulation 

The cytolysin operon contains two promoters; the PL promoter regulates transcription of genes 

related to toxin structure and function (cylLL, cylLS, cylM, cylB, cylA, and cylI), while the PReg (PR) 

promoter overlaps with PL and regulates transcription of the regulatory genes cylR1 and cylR2, which 

are transcribed in the opposite direction from the rest of the operon [67,68] (Figure 1A). In the 

uninduced state, the cytolysin operon is believed to be transcribed at a low level, so that a small 

amount of all system components are available to respond to the presence of target cells when the need 

arises [67]. When target cells are present, the large subunit CylLL” preferentially binds to cell 

membranes with greater affinity than the small subunit CylLS”, leading to a transient accumulation of 

free small subunit in solution [71]. Once the concentration of free CylLS” exceeds a threshold, it 

induces transcription of the cytolysin operon from the PL promoter, presumably through altered 

association or dissociation of the CylR2 protein from the promoter region. The crystal structure of 

CylR2 was solved and the precise nature of its binding to PL has been determined in vitro [68]. It is 

also known that CylR1, a suspected membrane protein, is required for induction of the cytolysin 

operon [67]. However, the precise mechanism of how the accumulation of extracellular CylLS” is 

transmitted to intracellular CylR2, as well as the role of CylR1 in transmitting this signal, are not 

currently understood.  

While it appears that the genes within the cytolysin operon are transcribed polycistronically, and 

that the operon contains at least two promoters, there is some experimental evidence to suggest that 

transcription may be more complex. Based on the behavior of transposon insertion mutants, the final 

two genes within the cytolysin operon, cylA and cylI, were originally thought to be transcribed 
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independently from the rest of the operon [64,66]. However, promoter elements besides PL and PR 

have yet to be identified. In the active state, transcripts from cylLL and cylLS are far more abundant 

than transcripts of any other cytolysin components, possibly due to a stem-loop structure between 

cylLL and cylM that may form a conditional terminator element [80]. Prior experiments that focused on 

quantifying transcription of the various cytolysin operon components have relied on PCR-based 

approaches [80], which can artificially simplify the picture through selective amplification of a 

preferred species. Newly developed technologies, such as RNA sequencing (RNA-seq), would allow 

more precise quantification of expression levels of all operon components simultaneously, and can 

distinguish the directionality of transcription as well as transcription initiation from processing sites [81].  

As noted above, CylR1 plays a role in transmitting the induction signal or otherwise facilitates 

induction of cytolysin operon transcription in the presence of target cells [37,67], but the mechanism is 

not obvious. One possibility is that CylR1 and CylR2 may form a novel two-component regulatory 

system that lacks the phosphorelay elements common to classical bacterial two-component systems [82]. 

CylR1 contains three predicted alpha-helical transmembrane domains, and is therefore believed to 

localize to the cell membrane, but this awaits verification. As a membrane protein, CylR1 could sense 

excess CylLS”, either in the environment or in contact with the membrane. Previous models have 

depicted CylR1 associating directly with CylR2, suggesting that a conformational change initiated by 

CylR1 causes CylR2 to dissociate with the PL promoter region [67,83]. Alternately, CylR1 could 

facilitate CylLS” internalization into the cytoplasm, perhaps in association with a cellular oligopeptide 

permease, similar to the mechanism of internalization in E. faecalis for pheromone signaling [84].  

3.4. Toxin Mechanism of Action 

Very little is currently known regarding the nature of the interaction between cytolysin toxin 

subunits, either in the presence or the absence of target cells. The large subunit CylLL” binds to target 

cells with about a seven-fold greater affinity than CylLS” [71]. Interestingly, the immediate precursors 

of the active toxin subunits, CylLL’ and CylLS’, are only six amino acids longer than the fully mature 

subunits, yet these precursors do not detectably associate with each other, and have no detectable 

hemolytic activity [69]. This suggests that the amino terminus of the fully processed toxin subunits is 

instrumental in their association with membranes and into polymers.  

Exactly how the CylLL” and CylLS” subunits compromise target cell membranes leading to lysis is 

unclear, but is likely to bear some similarity to pore formation by the well-studied lantibiotics nisin and 

lacticin 3147, both produced by Lactococcus lactis [85,86]. Nisin forms pores via a multi-step process 

involving: (1) binding to the bacterial cell wall precursor molecule lipid II; and (2) reorientation of 

nisin molecules from parallel to perpendicular to the membrane surface [87]. The amino-terminal rings 

of nisin bind to lipid II, and the carboxy-terminus interacts with the lipid bilayer of the target bacterial 

cell. Accumulation of lipid II and nisin in this way results in a pore formed by four lipid II and eight 

nisin molecules in an unknown structural arrangement [88]. Pore formation by lacticin 3147, a  

two-component lantibiotic, also involves multiple steps: (1) the LtnA1 subunit first associates with the 

membrane; (2) it forms a complex with the LtnA2 subunit in a 1:1 stoichiometry; and (3) LtnA2 in the 

complex then enters the membrane and forms a pore [89]. Whether the cytolysin subunits interact in a 

similar way, as well as their stoichiometry, remains to be determined. 
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Target cell surface receptor, or cell surface receptors, that enable cytolysin-mediated lysis are 

unknown. Cytolysin is unique among lantibiotics in its ability to lyse a broad range of cells, including 

bacteria, various mammalian erythrocytes, and other eukaryotic cells [90]. If there is a specific 

receptor, it would have to be highly conserved across widely divergent kingdoms. As noted above, 

nisin and many other lantibiotics use lipid II as a docking molecule [91,92]. This could be a possible 

candidate for cytolysin targeting of bacteria, but this would invoke different mechanisms for 

prokaryotic and eukaryotic cell lysis. A higher membrane phosphatidylcholine content has been found 

in those erythrocytes that are most susceptible to lysis by cytolysin [34], and both sphingomyelin and 

phosphatidylcholine inhibit the lysis of horse erythrocytes by cytolysin [44]. Finally, cytolysin activity 

could be due to general membrane properties, with susceptibility at least in part attributable to the 

absence of an inhibitor on the target cell surface, such as lecithin [39].  

The way in which cytolysin-producing cells are protected from self-lysis, and how immunity is 

transferred between cells, also are not well understood. Other lantibiotic-producing bacteria are 

protected from self-lysis by immunity proteins and/or ABC transporters that serve to decrease the local 

concentration of the lantibiotic [93,94]. In E. faecalis, the immunity factor CylI, an apparent 

transmembrane protein with possible zinc metalloprotease activity, was shown to be necessary and 

sufficient to confer protection from cytolysin-mediated bacterial cell death [66]. It is unknown whether 

CylI interacts with and/or cleaves one or both cytolysin subunits, but it seems possible that CylI could 

prevent pore formation by cleaving subunits that attempt to embed within the producer cell membrane, 

or by cleaving proteinaceous target cell receptors, should they exist. Because the cytolysin operon is 

encoded on transmissible plasmids and a mobile pathogenicity island, an important unanswered 

question remains as to how the operon encoding the cytolysin is transferred from an immune-producing 

cell to a susceptible recipient without first killing the recipient. One possible explanation for recipient 

cell protection might be the need for high bacterial cell levels to induce cytolysin expression [67]. 

Perhaps the pheromone quorum signaling pathway involved in pAD1 transfer is triggered at lower cell 

densities, before the threshold for derepression of cytolysin expression is reached. 

3.5. Biological Role of Cytolysin 

Many studies of the E. faecalis cytolysin are motivated by findings that this molecule exacerbates 

infection in humans and model systems [22,43,51]. However, because of the relative rarity of  

E. faecalis infection in comparison to its abundance as a commensal in the GI tract of diverse animals, 

it seems likely that this toxin evolved for a more common purpose, where positive selection is more 

likely to apply. For a commensal microbe that is dependent upon its host (and the microbial 

community that the host supports) to fulfill its auxotrophies, it seems probable that selection for the 

cytolysin occurred in an environment that was mutually beneficial to both E. faecalis and its host. 

Possible cytolysin activities that could benefit a host might include: providing a defense against 

something that is more harmful (such as an intestinal parasite), acting as a colonization factor, or 

facilitating nutrient acquisition from prokaryotic or eukaryotic sources. Perhaps the bacteriocin activity 

of the cytolysin allows E. faecalis to occupy a novel host niche that non-cytolytic bacteria cannot 

access. The impact that cytolysin production has on the host microbiome has not yet been investigated, 

although recent advances in microbial ecology and metagenomics should be able to readily address 
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this question in humans [95], or other natural hosts [96,97]. Additionally, E. faecalis can incorporate 

exogenous hemin into its cytochromes, and this was found to provide a growth advantage under 

aerobic conditions [11,98]. Perhaps the ability to co-opt extracellular hemin from a host or neighboring 

organism confers a large enough growth advantage to drive the evolution of target cell lysis by cytolysin.  

In addition to possible roles in colonization and nutrient acquisition, the cytolysin appears to 

function at least in part as a signaling molecule that can monitor bacterial population size and probe  

the environment for target cells [83,99]. Cytolysin subunits are produced and secreted into the 

environment, but their relative abundance is also monitored by the producer cell and when target cells 

are close by, the small subunit CylLS” becomes a signaling molecule that induces a change in gene 

expression, turning on production of additional cytolysin subunits [71]. The ability to recognize the 

presence or absence of target cells allows E. faecalis to respond to its environment in a more nuanced 

way, and may contribute to the successful colonization of many different environmental niches. 

4. Conclusions  

The recent evolution of E. faecalis strains that are both hypervirulent and multidrug resistant 

underscores the need for a better understanding of the biology of this important pathogen. The 

cytolysin forms a critical part of this understanding, as it contributes more to infection toxicity than 

any other E. faecalis factor studied, and it likely also allows E. faecalis to colonize new ecologies.  

A better understanding of the E. faecalis cytolysin may aid in understanding the biological 

mechanisms of other lantibiotics, as well as deepen our knowledge of how Enterococcus evolved this 

molecule in the first place. Application of the latest genomics-age technologies will certainly shed new 

light on the biology of the E. faecalis cytolysin, and will provide a more complete understanding of the 

structure and function of this important molecule. 

Acknowledgments 

Portions of this work were supported by the NIH/NIAID supported Harvard-wide Program on 

Antibiotic Resistance (AI083214), and by NIH research grants to examine different aspects of the 

pathogenesis of enterococci (AI072360, EY08289). The authors also thank current and former 

members of the Gilmore Laboratory for input and feedback during the preparation of this manuscript. 

Conflict of Interest 

The authors declare no conflict of interest.  

References 

1. Gilmore, M.S.; Lebreton, F.; van Schaik, W. Genomic transition of enterococci from gut 

commensals to leading causes of multidrug-resistant hospital infection in the antibiotic era.  

Curr. Opin. Microbiol. 2013, 16, 10–16. 

2. Mundt, J.O. Occurrence of enterococci in animals in a wild environment. Appl. Microbiol. 1963, 

11, 136–140. 

3. Lawley, T.D.; Walker, A.W. Intestinal colonization resistance. Immunology 2013, 138, 1–11. 



Toxins 2013, 5 906 

 

 

4. Whitman, W.B.; Coleman, D.C.; Wiebe, W.J. Prokaryotes: The unseen majority. Proc. Natl. 

Acad. Sci. USA 1998, 95, 6578–6583. 

5. Jett, B.D.; Huycke, M.M.; Gilmore, M.S. Virulence of enterococci. Clin. Microbiol. Rev. 1994, 7, 

462–478. 

6. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; 

Nelson, K.E.; Relman, D.A. Diversity of the human intestinal microbial flora. Science 2005, 308, 

1635–1638. 

7. Duerkop, B.A.; Clements, C.V.; Rollins, D.; Rodrigues, J.L.; Hooper, L.V. A composite 

bacteriophage alters colonization by an intestinal commensal bacterium. Proc. Natl. Acad. Sci. USA 

2012, 109, 17621–17626. 

8. Hidron, A.I.; Edwards, J.R.; Patel, J.; Horan, T.C.; Sievert, D.M.; Pollock, D.A.; Fridkin, S.K. 

Nhsn annual update: Antimicrobial-resistant pathogens associated with healthcare-associated 

infections: Annual summary of data reported to the national healthcare safety network at the 

centers for disease control and prevention, 2006–2007. Infect. Control Hosp. Epidemiol. 2008, 29, 

996–1011. 

9. Richards, M.J.; Edwards, J.R.; Culver, D.H.; Gaynes, R.P. Nosocomial infections in combined 

medical-surgical intensive care units in the united states. Infect. Control Hosp. Epidemiol. 2000, 

21, 510–515. 

10. Maki, D.G.; Agger, W.A. Enterococcal bacteremia: Clinical features, the risk of endocarditis, and 

management. Medicine 1988, 67, 248–269. 

11. Huycke, M.M.; Sahm, D.F.; Gilmore, M.S. Multiple-drug resistant enterococci: The nature of the 

problem and an agenda for the future. Emerg. Infect. Dis. 1998, 4, 239–249. 

12. Murray, B.E. The life and times of enterococcus. Clin. Microbiol. Rev. 1990, 3, 46. 

13. Paulsen, I.T.; Banerjei, L.; Myers, G.S.; Nelson, K.E.; Seshadri, R.; Read, T.D.; Fouts, D.E.; 

Eisen, J.A.; Gill, S.R.; Heidelberg, J.F.; et al. Role of mobile DNA in the evolution of 

vancomycin-resistant enterococcus faecalis. Science 2003, 299, 2071–2074. 

14. Dunny, G.M.; Leonard, B.A.; Hedberg, P.J. Pheromone-inducible conjugation in enterococcus 

faecalis: Interbacterial and host-parasite chemical communication. J. Bacteriol. 1995, 177,  

871–876. 

15. Clewell, D.B.; Gawron-Burke, C. Conjugative transposons and the dissemination of antibiotic 

resistance in streptococci. Annu. Rev. Microbiol. 1986, 40, 635–659. 

16. LeBlanc, D.J.; Lee, L.N.; Clewell, D.B.; Behnke, D. Broad geographical distribution of a 

cytotoxin gene mediating beta-hemolysis and bacteriocin activity among streptococcus faecalis 

strains. Infect. Immun. 1983, 40, 1015–1022. 

17. Dunny, G.M.; Leonard, B.A. Cell-cell communication in gram-positive bacteria. Annu. Rev. 

Microbiol. 1997, 51, 527–564. 

18. Palmer, K.L.; Kos, V.N.; Gilmore, M.S. Horizontal gene transfer and the genomics of 

enterococcal antibiotic resistance. Curr. Opin. Microbiol. 2010, 13, 632–639. 

19. Toala, P.; McDonald, A.; Wilcox, C.; Finland, M. Susceptibility of group d streptococcus 

(enterococcus) to 21 antibiotics in vitro, with special reference to species differences. Am. J. Med. Sci. 

1969, 258, 416–430. 



Toxins 2013, 5 907 

 

 

20. Lawley, T.D.; Clare, S.; Walker, A.W.; Stares, M.D.; Connor, T.R.; Raisen, C.; Goulding, D.; 

Rad, R.; Schreiber, F.; Brandt, C.; et al. Targeted restoration of the intestinal microbiota with a 

simple, defined bacteriotherapy resolves relapsing clostridium difficile disease in mice.  

PLoS Pathog. 2012, 8, e1002995. 

21. Clewell, D.B.; Franke, A.E. Characterization of a plasmid determining resistance to erythromycin, 

lincomycin, and vernamycin balpha in a strain streptococcus pyogenes. Antimicrob. Agents 

Chemother. 1974, 5, 534–537. 

22. Huycke, M.M.; Spiegel, C.A.; Gilmore, M.S. Bacteremia caused by hemolytic, high-level 

gentamicin-resistant enterococcus faecalis. Antimicrob. Agents Chemother. 1991, 35, 1626–1634. 

23. Sahm, D.F.; Kissinger, J.; Gilmore, M.S.; Murray, P.R.; Mulder, R.; Solliday, J.; Clarke, B. In vitro 

susceptibility studies of vancomycin-resistant enterococcus faecalis. Antimicrob. Agents Chemother. 

1989, 33, 1588–1591. 

24. Mutnick, A.H.; Biedenbach, D.J.; Jones, R.N. Geographic variations and trends in antimicrobial 

resistance among enterococcus faecalis and enterococcus faecium in the sentry antimicrobial 

surveillance program (1997–2000). Diagn. Microbiol. Infect. Dis. 2003, 46, 63–68. 

25. De Fatima Silva Lopes, M.; Ribeiro, T.; Abrantes, M.; Figueiredo Marques, J.J.; Tenreiro, R.; 

Crespo, M.T. Antimicrobial resistance profiles of dairy and clinical isolates and type strains of 

enterococci. Int. J. Food Microbiol. 2005, 103, 191–198. 

26. McBride, S.M.; Fischetti, V.A.; Leblanc, D.J.; Moellering, R.C., Jr.; Gilmore, M.S. Genetic 

diversity among enterococcus faecalis. PLoS One 2007, 2, e582. 

27. Thiercelin, M.E. Sur un diplocoque saprophyte de l’intestin susceptible de devenir pathogen.  

C R Soc. Biol. 1899, 5, 269–271. 

28. Niven, C.F.; Sherman, J.M. Nutrition of the enterococci. J. Bacteriol. 1944, 47, 335–342. 

29. Thiercelin, M.E. Morphology and mode of reproduction of the ‘microbe enterocoque’. C. R. Soc. Biol. 

1899, 11, 551–553. 

30. Maccallum, W.G.; Hastings, T.W. A case of acute endocarditis caused by micrococcus 

zymogenes (nov. Spec.), with a description of the microorganism. J. Exp. Med. 1899, 4, 521–534. 

31. Todd, E.W. A comparative serological study of streptolysins dervived from human and from 

animal infections, with notes on pneumococcal haemolysin, tetanolysin and staphylococcus toxin. 

J. Pathol. Bateriol. 1934, 39, 299–321. 

32. Kobayashi, R. Studies concerning hemolytic streptococci: Typing of human hemolytic 

streptococci and their relation to diseases and their distribution on mucous membranes.  

Kitasato Arch. Exp. Med. 1940, 17, 218–241. 

33. Brock, T.D.; Peacher, B.; Pierson, D. Survey of the bacteriocines of enterococci. J. Bacteriol. 

1963, 86, 702–707. 

34. Roelofsen, B.; de Gier, J.; van, D. Binding of lipids in the red cell membrane. J. Cell. Physiol. 

1964, 63, 233–243. 

35. Basinger, S.F.; Jackson, R.W. Bacteriocin (hemolysin) of streptococcus zymogenes. J. Bacteriol. 

1968, 96, 1895–1902. 

36. Elsner, H.A.; Sobottka, I.; Mack, D.; Claussen, M.; Laufs, R.; Wirth, R. Virulence factors of 

enterococcus faecalis and enterococcus faecium blood culture isolates. Eur. J. Clin. Microbiol. 

Infect. Dis. 2000, 19, 39–42. 



Toxins 2013, 5 908 

 

 

37. Karen Carniol, M.S.G. Enterococcus faecalis cytolysin toxin. In The Comprehensive Sourcebook 

of Bacterial Protein Toxins, 3rd ed.; Joseph, E., Alouf, M.R.P., Eds.; Academic Press: Burlington, 

MA, USA, 2006; pp. 717–727. 

38. Sherwood, N.P.; Russell, B.E. New antibiotic substances produced by beta hemolytic 

streptococci. J. Infect. Dis. 1949, 84, 88–91. 

39. Brock, T.D.; Davie, J.M. Probable identity of a group d hemolysin with a bacteriocine. J. Bacteriol. 

1963, 86, 708–712. 

40. Stark, J.M. Antibiotic activity of haemolytic enterococci. Lancet 1960, 1, 733–734. 

41. Gilmore, M.S.; Segarra, R.A.; Booth, M.C. An hlyb-type function is required for expression of the 

enterococcus faecalis hemolysin/bacteriocin. Infect. Immun. 1990, 58, 3914–3923. 

42. Ike, Y.; Hashimoto, H.; Clewell, D.B. Hemolysin of streptococcus faecalis subspecies zymogenes 

contributes to virulence in mice. Infect. Immun. 1984, 45, 528–530. 

43. Ike, Y.; Clewell, D.B. Evidence that the hemolysin/bacteriocin phenotype of enterococcus faecalis 

subsp. Zymogenes can be determined by plasmids in different incompatibility groups as well as 

by the chromosome. J. Bacteriol. 1992, 174, 8172–8177. 

44. Miyazaki, S.; Ohno, A.; Kobayashi, I.; Uji, T.; Yamaguchi, K.; Goto, S. Cytotoxic effect of 

hemolytic culture supernatant from enterococcus faecalis on mouse polymorphonuclear 

neutrophils and macrophages. Microbiol. Immunol. 1993, 37, 265–270. 

45. Chow, J.W.; Thal, L.A.; Perri, M.B.; Vazquez, J.A.; Donabedian, S.M.; Clewell, D.B.; Zervos, 

M.J. Plasmid-associated hemolysin and aggregation substance production contribute to virulence 

in experimental enterococcal endocarditis. Antimicrob. Agents Chemother. 1993, 37, 2474–2477. 

46. Jett, B.D.; Jensen, H.G.; Nordquist, R.E.; Gilmore, M.S. Contribution of the pad1-encoded 

cytolysin to the severity of experimental enterococcus faecalis endophthalmitis. Infect. Immun. 

1992, 60, 2445–2452. 

47. Stevens, S.X.; Jensen, H.G.; Jett, B.D.; Gilmore, M.S. A hemolysin-encoding plasmid contributes 

to bacterial virulence in experimental enterococcus faecalis endophthalmitis. Investig. Ophthalmol. 

Vis. Sci. 1992, 33, 1650–1656. 

48. Garsin, D.A.; Sifri, C.D.; Mylonakis, E.; Qin, X.; Singh, K.V.; Murray, B.E.; Calderwood, S.B.; 

Ausubel, F.M. A simple model host for identifying gram-positive virulence factors. Proc. Natl. 

Acad. Sci. USA 2001, 98, 10892–10897. 

49. Jett, B.D.; Jensen, H.G.; Atkuri, R.V.; Gilmore, M.S. Evaluation of therapeutic measures for 

treating endophthalmitis caused by isogenic toxin-producing and toxin-nonproducing enterococcus 

faecalis strains. Investig. Ophthalmol. Vis. Sci. 1995, 36, 9–15. 

50. Singh, K.V.; Qin, X.; Weinstock, G.M.; Murray, B.E. Generation and testing of mutants of 

enterococcus faecalis in a mouse peritonitis model. J. Infect. Dis. 1998, 178, 1416–1420. 

51. Booth, M.C.; Hatter, K.L.; Miller, D.; Davis, J.; Kowalski, R.; Parke, D.W.; Chodosh, J.; Jett, B.D.; 

Callegan, M.C.; Penland, R.; et al. Molecular epidemiology of staphylococcus aureus and 

enterococcus faecalis in endophthalmitis. Infect. Immun. 1998, 66, 356–360. 

52. Ike, Y.; Hashimoto, H.; Clewell, D.B. High incidence of hemolysin production by enterococcus 

(streptococcus) faecalis strains associated with human parenteral infections. J. Clin. Microbiol. 

1987, 25, 1524–1528. 



Toxins 2013, 5 909 

 

 

53. Semedo, T.; Almeida Santos, M.; Martins, P.; Silva Lopes, M.F.; Figueiredo Marques, J.J.; 

Tenreiro, R.; Barreto Crespo, M.T. Comparative study using type strains and clinical and  

food isolates to examine hemolytic activity and occurrence of the cyl operon in enterococci.  

J. Clin. Microbiol. 2003, 41, 2569–2576. 

54. Solheim, M.; Aakra, A.; Snipen, L.G.; Brede, D.A.; Nes, I.F. Comparative genomics of 

enterococcus faecalis from healthy norwegian infants. BMC Genomics 2009, 10, 194. 

55. Park, S.Y.; Kim, K.M.; Lee, J.H.; Seo, S.J.; Lee, I.H. Extracellular gelatinase of enterococcus 

faecalis destroys a defense system in insect hemolymph and human serum. Infect. Immun. 2007, 

75, 1861–1869. 

56. Thurlow, L.R.; Thomas, V.C.; Fleming, S.D.; Hancock, L.E. Enterococcus faecalis capsular 

polysaccharide serotypes c and d and their contributions to host innate immune evasion.  

Infect. Immun. 2009, 77, 5551–5557. 

57. Nes, I.F.; Diep, D.B.; Holo, H. Bacteriocin diversity in streptococcus and enterococcus.  

J. Bacteriol. 2007, 189, 1189–1198. 

58. Dunny, G.M.; Clewell, D.B. Transmissible toxin (hemolysin) plasmid in streptococcus faecalis 

and its mobilization of a noninfectious drug resistance plasmid. J. Bacteriol. 1975, 124, 784–790. 

59. Sussmuth, S.D.; Muscholl-Silberhorn, A.; Wirth, R.; Susa, M.; Marre, R.; Rozdzinski, E. 

Aggregation substance promotes adherence, phagocytosis, and intracellular survival of 

enterococcus faecalis within human macrophages and suppresses respiratory burst. Infect. Immun. 

2000, 68, 4900–4906. 

60. Shankar, N.; Baghdayan, A.S.; Gilmore, M.S. Modulation of virulence within a pathogenicity 

island in vancomycin-resistant enterococcus faecalis. Nature 2002, 417, 746–750. 

61. Clewell, D.B.; Tomich, P.K.; Gawron-Burke, M.C.; Franke, A.E.; Yagi, Y.; An, F.Y. Mapping of 

streptococcus faecalis plasmids pad1 and pad2 and studies relating to transposition of tn917.  

J. Bacteriol. 1982, 152, 1220–1230. 

62. Ike, Y.; Clewell, D.B.; Segarra, R.A.; Gilmore, M.S. Genetic analysis of the pad1 

hemolysin/bacteriocin determinant in enterococcus faecalis: Tn917 insertional mutagenesis and 

cloning. J. Bacteriol. 1990, 172, 155–163. 

63. Clewell, D.B. Bacterial sex pheromone-induced plasmid transfer. Cell 1993, 73, 9–12. 

64. Segarra, R.A.; Booth, M.C.; Morales, D.A.; Huycke, M.M.; Gilmore, M.S. Molecular characterization 

of the enterococcus faecalis cytolysin activator. Infect. Immun. 1991, 59, 1239–1246. 

65. Gilmore, M.S.; Segarra, R.A.; Booth, M.C.; Bogie, C.P.; Hall, L.R.; Clewell, D.B. Genetic 

structure of the enterococcus faecalis plasmid pad1-encoded cytolytic toxin system and its 

relationship to lantibiotic determinants. J. Bacteriol. 1994, 176, 7335–7344. 

66. Coburn, P.S.; Hancock, L.E.; Booth, M.C.; Gilmore, M.S. A novel means of self-protection, 

unrelated to toxin activation, confers immunity to the bactericidal effects of the enterococcus 

faecalis cytolysin. Infect. Immun. 1999, 67, 3339–3347. 

67. Haas, W.; Shepard, B.D.; Gilmore, M.S. Two-component regulator of enterococcus faecalis 

cytolysin responds to quorum-sensing autoinduction. Nature 2002, 415, 84–87. 

68. Rumpel, S.; Razeto, A.; Pillar, C.M.; Vijayan, V.; Taylor, A.; Giller, K.; Gilmore, M.S.; Becker, S.; 

Zweckstetter, M. Structure and DNA-binding properties of the cytolysin regulator cylr2 from 

enterococcus faecalis. EMBO J. 2004, 23, 3632–3642. 



Toxins 2013, 5 910 

 

 

69. Booth, M.C.; Bogie, C.P.; Sahl, H.G.; Siezen, R.J.; Hatter, K.L.; Gilmore, M.S. Structural 

analysis and proteolytic activation of enterococcus faecalis cytolysin, a novel lantibiotic.  

Mol. Microbiol. 1996, 21, 1175–1184. 

70. Willey, J.M.; van der Donk, W.A. Lantibiotics: Peptides of diverse structure and function.  

Annu. Rev. Microbiol. 2007, 61, 477–501. 

71. Coburn, P.S.; Pillar, C.M.; Jett, B.D.; Haas, W.; Gilmore, M.S. Enterococcus faecalis senses 

target cells and in response expresses cytolysin. Science 2004, 306, 2270–2272. 

72. Sahl, H.G.; Jack, R.W.; Bierbaum, G. Biosynthesis and biological activities of lantibiotics with 

unique post-translational modifications. Eur. J. Biochem. 1995, 230, 827–853. 

73. Coburn, P.S.; Gilmore, M.S. The enterococcus faecalis cytolysin: A novel toxin active against 

eukaryotic and prokaryotic cells. Cell. Microbiol. 2003, 5, 661–669. 

74. Dougherty, B.A.; Hill, C.; Weidman, J.F.; Richardson, D.R.; Venter, J.C.; Ross, R.P. Sequence 

and analysis of the 60 kb conjugative, bacteriocin-producing plasmid pmrc01 from lactococcus 

lactis dpc3147. Mol. Microbiol. 1998, 29, 1029–1038. 

75. McClerren, A.L.; Cooper, L.E.; Quan, C.; Thomas, P.M.; Kelleher, N.L.; van der Donk, W.A. 

Discovery and in vitro biosynthesis of haloduracin, a two-component lantibiotic. Proc. Natl. 

Acad. Sci. USA 2006, 103, 17243–17248. 

76. Tang, W.; van der Donk, W.A. The sequence of the enterococcal cytolysin imparts unusual 

lanthionine stereochemistry. Nat. Chem. Biol. 2013, 9, 157–159. 

77. Thanabalu, T.; Koronakis, E.; Hughes, C.; Koronakis, V. Substrate-induced assembly of a 

contiguous channel for protein export from e.Coli: Reversible bridging of an inner-membrane 

translocase to an outer membrane exit pore. EMBO J. 1998, 17, 6487–6496. 

78. Khosla, C.; Tang, Y.; Chen, A.Y.; Schnarr, N.A.; Cane, D.E. Structure and mechanism of the  

6-deoxyerythronolide b synthase. Annu. Rev. Biochem. 2007, 76, 195–221. 

79. Kiesau, P.; Eikmanns, U.; Gutowski-Eckel, Z.; Weber, S.; Hammelmann, M.; Entian, K.D. 

Evidence for a multimeric subtilin synthetase complex. J. Bacteriol. 1997, 179, 1475–1481. 

80. Shankar, N.; Coburn, P.; Pillar, C.; Haas, W.; Gilmore, M. Enterococcal cytolysin: Activities and 

association with other virulence traits in a pathogenicity island. Int. J. Med. Microbiol. 2004, 293, 

609–618. 

81. Croucher, N.J.; Fookes, M.C.; Perkins, T.T.; Turner, D.J.; Marguerat, S.B.; Keane, T.;  

Quail, M.A.; He, M.; Assefa, S.; Bahler, J.; et al. A simple method for directional transcriptome 

sequencing using illumina technology. Nucleic Acids Res. 2009, 37, e148. 

82. Perraud, A.L.; Weiss, V.; Gross, R. Signalling pathways in two-component phosphorelay systems. 

Trends Microbiol. 1999, 7, 115–120. 

83. Roux, A.; Payne, S.M.; Gilmore, M.S. Microbial telesensing: Probing the environment for friends, 

foes, and food. Cell Host Microbe 2009, 6, 115–124. 

84. Leonard, B.A.; Podbielski, A.; Hedberg, P.J.; Dunny, G.M. Enterococcus faecalis pheromone 

binding protein, prgz, recruits a chromosomal oligopeptide permease system to import sex 

pheromone ccf10 for induction of conjugation. Proc. Natl. Acad. Sci. USA 1996, 93, 260–264. 
  



Toxins 2013, 5 911 

 

 

85. Van Den Hooven, H.W.; Doeland, C.C.; van de Kamp, M.; Konings, R.N.; Hilbers, C.W.;  

van de ven, F.J. Three-dimensional structure of the lantibiotic nisin in the presence of  

membrane-mimetic micelles of dodecylphosphocholine and of sodium dodecylsulphate.  

Eur. J. Biochem. 1996, 235, 382–393. 

86. Islam, M.R.; Nagao, J.; Zendo, T.; Sonomoto, K. Antimicrobial mechanism of lantibiotics. 

Biochem. Soc. Trans. 2012, 40, 1528–1533. 

87. Van Heusden, H.E.; de Kruijff, B.; Breukink, E. Lipid ii induces a transmembrane orientation of 

the pore-forming peptide lantibiotic nisin. Biochemistry 2002, 41, 12171–12178. 

88. Hasper, H.E.; de Kruijff, B.; Breukink, E. Assembly and stability of nisin-lipid ii pores. 

Biochemistry 2004, 43, 11567–11575. 

89. Wiedemann, I.; Bottiger, T.; Bonelli, R.R.; Wiese, A.; Hagge, S.O.; Gutsmann, T.; Seydel, U.; 

Deegan, L.; Hill, C.; Ross, P.; et al. The mode of action of the lantibiotic lacticin 3147--a complex 

mechanism involving specific interaction of two peptides and the cell wall precursor lipid ii.  

Mol. Microbiol. 2006, 61, 285–296. 

90. Cox, C.R.; Coburn, P.S.; Gilmore, M.S. Enterococcal cytolysin: A novel two component peptide 

system that serves as a bacterial defense against eukaryotic and prokaryotic cells. Curr. Protein 

Pept. Sci. 2005, 6, 77–84. 

91. Wiedemann, I.; Benz, R.; Sahl, H.G. Lipid ii-mediated pore formation by the peptide antibiotic 

nisin: A black lipid membrane study. J. Bacteriol. 2004, 186, 3259–3261. 

92. Bauer, R.; Dicks, L.M. Mode of action of lipid ii-targeting lantibiotics. Int. J. Food Microbiol. 

2005, 101, 201–216. 

93. Stein, T.; Heinzmann, S.; Solovieva, I.; Entian, K.D. Function of lactococcus lactis nisin 

immunity genes nisi and nisfeg after coordinated expression in the surrogate host bacillus subtilis. 

J. Biol. Chem. 2003, 278, 89–94. 

94. Stein, T.; Heinzmann, S.; Dusterhus, S.; Borchert, S.; Entian, K.D. Expression and functional 

analysis of the subtilin immunity genes spaifeg in the subtilin-sensitive host bacillus subtilis 

mo1099. J. Bacteriol. 2005, 187, 822–828. 

95. Consortium, H.M.P. Structure, function and diversity of the healthy human microbiome. Nature 

2012, 486, 207–214. 

96. Sudakaran, S.; Salem, H.; Kost, C.; Kaltenpoth, M. Geographical and ecological stability of the 

symbiotic mid-gut microbiota in european firebugs, pyrrhocoris apterus (hemiptera, 

pyrrhocoridae). Mol. Ecol. 2012, 21, 6134–6151. 

97. Kautz, S.; Rubin, B.E.; Russell, J.A.; Moreau, C.S. Surveying the microbiome of ants: Comparing 454 

pyrosequencing with traditional methods to uncover bacterial diversity. Appl. Environ. Microbiol. 

2013, 79, 525–534. 

98. Ritchey, T.W.; Seeley, H.W. Cytochromes in streptococcus faecalis var. Zymogenes grown in a 

haematin-containing medium. J. Gen. Microbiol. 1974, 85, 220–228. 

99. Bassler, B.L.; Losick, R. Bacterially speaking. Cell 2006, 125, 237–246. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


