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Abstract

:

The cell wall is an indispensable element of bacterial cells and a long-known target of many antibiotics. Penicillin, the first discovered beta-lactam antibiotic inhibiting the synthesis of cell walls, was successfully used to cure many bacterial infections. Unfortunately, pathogens eventually developed resistance to it. This started an arms race, and while novel beta-lactams, either natural or (semi)synthetic, were discovered, soon upon their application, bacteria were developing resistance. Currently, we are facing the threat of losing the race since more and more multidrug-resistant (MDR) pathogens are emerging. Therefore, there is an urgent need for developing novel approaches to combat MDR bacteria. The cell wall is a reasonable candidate for a target as it differentiates not only bacterial and human cells but also has a specific composition unique to various groups of bacteria. This ensures the safety and specificity of novel antibacterial agents that target this structure. Due to the shortage of low-molecular-weight candidates for novel antibiotics, attention was focused on peptides and proteins that possess antibacterial activity. Here, we describe proteinaceous agents of various origins that target bacterial cell wall, including bacteriocins and phage and bacterial lysins, as alternatives to classic antibiotic candidates for antimicrobial drugs. Moreover, advancements in protein chemistry and engineering currently allow for the production of stable, specific, and effective drugs. Finally, we introduce the concept of selective targeting of dangerous pathogens, exemplified by staphylococci, by agents specifically disrupting their cell walls.






Keywords:


peptidoglycan; bacterial cell wall; antibiotic; endolysin; lysostaphin; Staphylococcus aureus; Gram-positive bacteria; peptidoglycan hydrolase












1. Introduction


In May 2024, the WHO published the updated version of the Bacterial Priority Pathogen List, containing 24 drug-resistant pathogens. Among them are Gram-positive bacteria, such as Staphylococcus aureus, Enterococcus faecium, and Streptococci, that are resistant to cell-wall-targeting antibiotics. Moreover, many Gram-negative pathogens resistant to drugs affecting peptidoglycan layer synthesis are of the highest threat to public health [1]. This creates an urgent need for novel antibacterial agents against these drug-resistant pathogens. On the other hand, it points to the bacterial cell wall, especially the peptidoglycan, as a target for many antibiotics currently used for the treatment of drug-sensitive pathogens. Although bacteria are able to develop resistance to this type of antibiotics, the cell envelope is still one of the primary targets for novel antimicrobials for many reasons. Firstly, the cell wall is not present in animal and human cells, which argues for the safety of drugs targeting this structure for the infected host. Moreover, differences in the structure of the cell wall, primarily exemplified by Gram-positive and Gram-negative bacteria, enable selective targeting within these two groups (Figure 1). Furthermore, in the case of Gram-positive bacteria, the thick peptidoglycan layer differs in the composition of the peptide part among genera, species, and even strains, which provides a basis for designing even more specific antibacterials. This is of special importance for at least two reasons. First, the complexity of the microbiota of the host is tremendous. Dozens of various bacteria reside not only in the gastrointestinal tract but also on the skin and in the urogenital system. Dysbiosis, induced by a broad range of antimicrobials used to treat infection, may have serious negative consequences for the host. Secondly, the application of such antibiotics puts pressure on the whole microbiota to develop resistance, which may be further spread by horizontal gene transfer. Therefore, high specificity should be a key factor in the development of new antibacterial agents. Here, we review agents acting on the bacterial cell wall, both the widely used antibiotics as well as other high-molecular-weight agents of peptide and protein nature. Historically, progress in antibiotic discovery, modifications, and refinements has reflected a constant arms race in which we are currently facing multidrug-resistant pathogens with, at best, very limited treatment options. Therefore, the use of alternative agents, such as bacteriocins, autolysins, and phage lysins, is increasingly being considered to overcome the shortage of new antibiotics and the already developed resistance mechanisms. Moreover, we discuss the concept of microbiota-friendly antibacterials, exemplified by the lysostaphin variant specifically targeting S. aureus.




2. Structure, Synthesis, and Remodeling of Peptidoglycan


Peptidoglycan (PG), also known as murein, is a crucial element of the bacterial cell wall. Although the morphology of the cell wall is a major factor dividing bacteria into Gram-positive (monoderm) and Gram-negative (diderm) ones, the molecular structure and synthesis of PG are similar. The main difference comes from the thickness of the PG layer and its localization within the cell envelope. Gram-positive bacteria have a thick (30–100 nm) PG multilayer surrounding the cell membrane, which forms a protective shell [2]. Gram-negative bacteria are surrounded by a thin (<10 nm) PG layer, which is itself surrounded by an outer membrane containing lipopolysaccharide.



PG is composed of linear strands of repeating disaccharide units cross-linked by short peptide side chains (Figure 2). The disaccharide subunit is conserved and consists of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues linked by β-1,4 glycosidic bonds [3]. The unique bacterial sugar MurNAc in the glycan strand is bonded to the N-terminus of a five-amino-acid linear peptide (stem-peptide) via an amide bond. The first L-alanine of this pentapeptide is typically followed by D-isoglutamine. In the third position is either L-lysine (in S. aureus, S. pneumoniae, E. faecalis, and E. faecium) or meso-diaminopimelate (m-DAP) (in B. subtilis), followed by the dipeptide D-Ala-D-Ala. Typically, the ε-amino group of L-Lys is bound to an interpeptide bridge (branching/cross-linking peptide) ranging from one to seven amino acid residues. In the case of S. aureus, the cross-linking peptide is pentaglycine, in S. pneumoniae, it is the dipeptide L-Ala-L-Ser or L-Ala-L-Ala, whereas in E. faecalis, it is L-Ala-L-Ala. The cross-linking of individual glycan strands generally occurs via the formation of an amide bond between the L-Lys/m-DAP-attached cross-linking peptide and the backbone carbonyl of the fourth amino acid of another stem peptide, with the loss of the terminal D-Ala [4].



PG biosynthesis takes place in several stages (Figure 2). The first steps start in the cytoplasm with the transformation of UDP–GlcNAc to UDP–MurNAc, followed by the stepwise addition of amino acids, resulting in the UDP–MurNAc–pentapeptide. These reactions are catalyzed by MurA–F enzymes. Next, these stages are followed by the assembly of the phosphor–MurNAc pentapeptide with a membrane-embedded undecaprenyl phosphate lipid carrier (Und–P) to produce a lipid-linked monosaccharide intermediate known as Lipid I, which is then glycosylated with GlcNAc to form the disaccharide compound, namely Lipid II. Then, amino acids of the cross-bridge peptide, if present, are added to the third position of the pentapeptide stem-chain, and Lipid II is translocated across the membrane by flippase MurJ. At the final step of PG biosynthesis, Lipid II monomers are polymerized outside the cell. This process requires transglycosylation and transpeptidation, which are catalyzed by enzymes commonly referred to as penicillin-binding proteins (PBPs). The enzymes may have peptidoglycan glycosyltransferase or transpeptidase activity or be bifunctional. The Und–P lipid carrier released during glycan chain polymerization is then recycled back to the inner side of the membrane by the UndP flippases UptA and/or PopT to enable another round of precursor synthesis [5,6,7].



At the same time, the cell requires the mechanisms to allow it to rearrange and reassemble synthesized mature PG to provide cellular expansion during the cell cycle. These processes are controlled by a group of enzymes termed autolysins, including glycan hydrolases (degrading within the glycan strands), amidases (digesting the amide bond between MurNAc and the stem peptide), endopeptidases (cleaving the peptide bond in crosslinking or the stem peptide), and carboxypeptidases (cutting off the terminal residues of the stem peptide). The combined action of autolysins creates space in the covalently closed mesh of the peptidoglycan sacculus for the incorporation of newly synthesized peptidoglycan chains, which is an indispensable element of cell wall remodeling and turnover (Figure 2). Specificity and peculiarity in the case of PG expansion lie in the fact that crosslink-specific endopeptidases are essential for the expansion of the thin PG layer of Gram-negative bacteria, whereas monoderms expand their thick murein layer by cleaving within the stem peptide. Thus, successful cell wall assembly is dependent on the cooperation of both the synthesis and hydrolysis processes [3,8].



Because PG plays a fundamental and essential role in the bacterial life cycle, the enzymes involved in its synthesis, remodeling, and repair are highly conserved and may serve not only as primary targets of antibacterial agents but also represent possible new antibacterial agents in themselves.




3. Agents Targeting Peptidoglycan Synthesis


Cell wall biosynthesis is a complex process with multiple steps involving many proteins, each of which can be a target for antibiotics. Inhibitors of cell wall synthesis are one of the most effective and extensively used classes of antibiotics; among them are β-lactams and glycopeptides.



3.1. β-Lactams and Mechanisms of Resistance to Them


β-lactams comprise a group of antibiotics that contain a beta-lactam ring, consisting of three carbon atoms and one nitrogen atom, in their chemical structure. They are further divided into penicillins, cephalosporins, monobactams, and carbapenems. In response to exposure to β-lactams, bacteria have developed a number of mechanisms to avoid their harmful effects. β-lactamase-based resistance, altered penicillin-binding proteins (PBPs), and resistance mediated by impermeability or efflux are among them.



3.1.1. Penicillins


Penicillins are the oldest discovered class of antibiotics, with the most notable representative being penicillin [9]. Here, the β-lactam ring is fused to a five-member thiazolidine ring (Figure 3A). This class contains both natural (e.g., benzopenicillin) and semisynthetic (e.g., methicillin and ampicillin) members. Methicillin was created to target penicillin-resistant staphylococci, yet within the first year of its introduction, the first methicillin-resistant S. aureus (MRSA) strains were identified [10]. The development of resistance against other semisynthetic penicillins, such as oxacillin, cloxacillin, and flucloxacillin, followed suit. Aminopenicillins were introduced as a third generation of compounds related to original penicillin, with the advantage of a broader spectrum of activity and decreased susceptibility to β-lactamases [11], enzymes opening the β-lactam ring. New penicillins consist of a chemically modified core molecule, 6-aminopenicillanic acid, leading to the creation of imine derivatives [12,13] that exhibit antibacterial activity more potent than that of ampicillin.




3.1.2. Cephalosporins


In cephalosporins, the β-lactam moiety is fused to a six-member dihydrothiazine ring (Figure 3A). Such a structure allows for multiple modifications of C3 and C7 carbons with various side chains, enhancing the antibacterial activities of those antibiotics [14]. Cephalosporins are divided into generations according to their respective spectrum of recognized bacteria, although they still remain an alternative to penicillins in mild to severe infections [15]. The first discovered and most widely used cephalosporin is cephalotin. Cephalotin and other first-generation cephalosporins primarily work against Gram-positive cocci, including methicillin-sensitive S. aureus (MSSA). The next generations of cephalosporins were successively developed in order to overcome growing resistance from previous generations. The newest fifth generation is represented by ceftaroline, which exhibits a broad spectrum of activity, covering both Gram-positive and Gram-negative bacteria, and has been proven to be effective in the clearance of MRSA [16,17]. In these bacteria, PBP2a is mutated to shield the active site from access by the majority of β-lactams. Only after PG binding does PBP2a undergo conformational changes, potentiating access to the active site. Ceftaroline possesses a side chain mimicking peptidoglycan structure, which can activate PBP2a and allow binding to the active site [18] and its inhibition. Two molecules of ceftaroline are needed for successful inhibition of PBP2a: one molecule binds to the allosteric site, triggering a change in conformation and permitting another molecule to enter the active site, creating a stable acyl–enzyme complex (Protein Data Bank [PDB] ID: 3ZFZ) [19]. Ceftobiprole is another fifth-generation cephalosporine exhibiting extremely high affinity towards the PBP2a-active site, creating a stable complex that slowly undergoes hydrolysis. Contrary to ceftaroline, ceftobiprole interacts with all staphylococcal PBPs [20], which causes its excellent activity against these bacteria. Moreover, ceftobiprole also binds PBPs in E. faecalis as well as many Gram-negative pathogens, which significantly broadens its antibacterial spectrum [21].




3.1.3. Carbapenems


Carbapenems are highly versatile antibiotics, able to kill a broad spectrum of bacteria regardless of their resistance profile. The β-lactam core of carbapenems is fused to a pyrroline (penem) ring, which undergoes tautomerization to form an imine highly resistant to hydrolysis (Figure 3A) [22]. Moreover, a characteristic conformation of the side chain in a trans position instead of a regular cis in other β-lactams results in decreased sensitivity of carbapenems to β-lactamases. Since they are one of the most effective compounds in infection treatment, carbapenems are used only as a last-resort drug in common infections [23]. Carbapenems disrupt cell wall synthesis via transpeptidation inhibition, and their principal targets are PBPs (1a, 1b, 2, and 3). The proteins differ between Gram-positive and Gram-negative bacteria, which have a reflection in their affinity to carbapenems. Meropenem binds PBP2 in E. coli, while in S. aureus, PBP1 and PBP4 are also recognized, which makes it an efficient antibacterial drug [24]. Current trends [25] in carbapenem research focus more on seeking mixtures with β-lactamase inhibitors than the development of novel molecules. Such combinations expand the effective range of each compound, resulting in the successful elimination of highly resistant pathogens. The approach was effective in treating infections where the application of other antibiotics was limited or impossible [26,27].




3.1.4. Monobactams


Contrary to other β-lactams, the central ring of monobactams is not fused to another heterocycle ring structure (Figure 3A). This unique feature makes monobactams more stable to hydrolysis by β-lactamases [28]. Monobactams, exemplified by the first and only admitted aztreonam, interfere with cell wall synthesis by forming covalent acyl–enzyme intermediates with PBP3. Therefore, these antibiotics are primarily used as antibacterial agents against Gram-negative pathogens, including Pseudomonas aeruginosa [29]. In the face of increasing resistance to aztreonam, new monobactam derivatives were synthesized. Among the novel synthesized compounds, there are AIC499 [30] and LYS288 [31], as well as monobactam sulfonates [32] 0073 and IMBZ18g [33] exhibiting resistance to extended-spectrum β-lactamases. Moreover, in the newest monobactams, “the Trojan horse” strategy was applied by conjugating aztreonam with a siderophore moiety, allowing the antibiotic to enter the cell via regular iron uptake systems [34].





3.2. β-Lactamase Based Resistance


β-lactamases are hydrolytic enzymes that recognize the β-lactam ring and degrade the amide bond in the center of the compound. The β-lactamase-based resistance appeared soon after the introduction of penicillin for wide use. The number of those enzymes steadily increases in response to the application of next-generation β-lactams [35]. This wide range of β-lactamases can be divided into many categories based on functional properties, affinity towards their targets, and response to inhibitors. According to similarities in amino acid sequence and exhibited activities, β-lactamases can be organized into four classes. Classes A, C, and D cover proteins with serine residue at their active site (serine-β-lactamases, SBLs), but with no significant structural similarities between the classes, while class B contains metallo-β-lactamases (MBLs), requiring a zinc cofactor for activity [36]. Class A represents a very diverse family of proteins; therefore, it contains several subclasses [37]. Usually, they are chromosomally encoded and highly prevalent in clinical isolates. Among them, there are well-known penicillinases, but also cephalosporinases and carbapenemases—one of the most dangerous β-lactamases due to the limited or lack of available inhibitors [38]. Class C [39], otherwise known as AmpC-type, covers multiple β-lactamases expressed mainly by Gram-negative bacteria. It also contains cephalosporinases, hence the historical name of the class [40]. Class D-lactamases were of less concern, until the emergence of plasmids containing class D-carbapenemases, oxacilinases OXA-23, and OXA-146 [41], with predominant occurrence in Pseudomonas aeruginosa [42] and subsequent transmission to Acinetobacter baumanii. OXA enzymes differ in activity, which may be restricted to penicillins and the first generation of cephalosporins or may have an extended spectrum to late-generation cephalosporins and even carbapenems [42]. Extended-spectrum β-lactamases (ESBLs) are also in class A. They are spread by horizontal gene transfer together with resistance genes to other classes of antibiotics, such as aminoglycosides, chloramphenicol, sulfonamides, and tetracyclines. Therefore, antibiotic options for the treatment of ESBL-producing organisms are extremely limited. Class B-lactamases (MBLs) differ significantly from SBLs since they rely on zinc cofactor to exhibit their activity. MBLs do not interact with substrates unless two zinc ions are bound to them. Substitution of zinc with other cations results in diverse substrate binding and affects catalysis [43]. Originally, they were chromosome-encoded, but plasmids carrying genes for carbapenemases–MBLs have been identified since 1990 [44]. To prevent the spread of antibiotic resistance via β-lactamases, various inhibitors are researched. The first discovered β-lactamase inhibitor was clavulanic acid, which irreversibly binds serine residue in the active site of many representants of class A-lactamases. To further enhance their efficacy, such inhibitors are used in combinations with β-lactam antibiotics, e.g., amoxicillin/clavulanate or ampicillin/sulbactam [45]. Currently, the most promising results relate to the use of avibactam combinations. In comparison to other clinically approved inhibitors [46], avibactam is structurally distinct since it does not contain a β-lactam ring. In addition, it has an unusual mechanism of inhibition. While the covalent inhibition proceeds in a similar manner via the opening of the avibactam ring, the reaction is reversible, whereby deacylation results in regeneration of the intact compound as opposed to hydrolysis and turnover of β-lactam core inhibitors (PDB ID: 4OOY) [47].




3.3. Penicillin-Binding Proteins (PBPs)


Penicillin-binding proteins (PBPs) are involved in the biosynthesis of peptidoglycan and are targets for β-lactam antibiotics. Bacteria possess varying numbers and types of PBPs, both essential and nonessential for their growth. Additionally, their different affinities for β-lactams affect the sensitivity of bacteria to these antibiotics. Proteins of the PBP family exhibit various activities, such as binding the elements (MurNAc and GlcNAc) of cell wall monomers and the assembly and crosslinking of peptidoglycan strands [48]. PBPs are classified by their enzymatic activity into three classes: class A, which gathers bifunctional PBPs with both glycosyltransferase and transpeptidase activities; class B, encompassing transpeptidases; and class C, which contains carboxypeptidases and endopeptidases [48]. If the binding of β-lactams to PBP does not disturb cell proliferation or cause cell death, these proteins are called low-affinity PBPs. S. aureus possesses four PBPs, namely PBP1, PBP3, and PBP4, which are transpeptidases, and PBP2, which is a bifunctional transpeptidase–transglycolase, all efficiently targeted by β-lactams. In contrast, MRSA has an additional transpeptidase, PBP2a, encoded by the mecA gene of staphylococcal cassette chromosome mec (SCCmec) [49]. The protein exhibits decreased affinity towards β-lactams, allowing S. aureus to continue peptidoglycan synthesis despite the presence of antibiotics. The crystal structure of PBP2s revealed a closed active site, which prevents the interaction with β-lactams but also peptidoglycan monomers. However, PBP2a also has an allosteric site, which, when occupied, opens the active site to permit substrate entry. Currently known allosteric ligands are peptidoglycan monomers (PDB ID: 3ZG5) [50]. β-lactam-resistant enterococci possess five genes encoding PBSs. While PBP1 and PBP2 are not essential for bacterial survival in the presence of antibiotics, a lack of PBP4 in E. faecalis and PBP5 in E. faecium leads to penicillin hypersensitivity [51]. In contrast to staphylococcal PBP2a, enterococcal PBP4 and 5 lack an allosteric site. However, the apparent low affinity for β-lactams is conferred not by the weak binding of the inhibitor but by the structure and dynamics of the active site, which facilitates the acyl–enzyme inhibitor complex hydrolysis, increasing β-lactam antibiotic turnover.




3.4. Resistance Mediated by Impermeability or Efflux


The third major mechanism in β-lactam resistance relies on the prevention of uptake or actively decreasing the amount of antibiotics inside the cell. The mechanism is limited to Gram-negative bacteria, where the PG layer is encircled by the outer membrane. A reduction in sensitivity to β-lactam antibiotic may result from the number and structure of outer-membrane transporters, porins, and efflux pumps, which up-take and pump out the drugs, respectively. Porins are trimeric channel proteins that enable the exchange of small polar molecules. Mutations in porins contribute to the development of antibiotic-resistant phenotypes. For example, a single-point mutation of PorB in Neisseria meningitidis reduces its size and alters its electrostatic properties, which results in reduced permeability for β-lactams [52]. Moreover, the upregulation of efflux pumps has been reported in clinical isolates of drug-resistant Gram-negative pathogens [53]. In P. aeruginosa, resistance was obtained due to ubiquitous mutations in the repressors of twelve efflux pumps [54]. Similar types of efflux pumps exist in Enterobacter spp. The AcrAB–TolC tripartite efflux system is responsible for the most efficient intrinsic and acquired resistance.




3.5. Glycopeptide Antibiotics


β-lactams are antibiotics of first choice, but patients with serious infections, those allergic to β-lactams or those infected with β-lactam-resistant pathogens may be treated with other inhibitors of peptidoglycan (PG) synthesis. Glycopeptide antibiotics (GPAs) are non-ribosomal glycosylated tricyclic or tetracyclic heptapeptides that may have additional lipophilic fatty acid side chains (Figure 3B) [55]. GPAs are large complex molecules containing functional groups (amino, carboxyl, hydroxyl) that enable their modification in order to overcome bacterial resistance [56,57]. GPAs inhibit the synthesis of bacterial cell walls by binding to their molecular target, the C-terminal of D-Ala-D-Ala terminus of the PG precursors (Lipid II), exposed on the external surface of the cytoplasmic membrane. This prevents the substrate from being subjected to transpeptidation and transglycosylation reactions by PBPs, resulting in inhibition of PG synthesis or weakening of its cross-linking, which destabilizes the cell wall integrity and makes the bacteria susceptible to lysis [57]. GPAs are effective against life-threatening infections caused by Gram-positive pathogens, particularly against clinical isolates of the Staphylococcus, Streptococcus, and Enterococcus genera, including drug-resistant strains, such as the intestinal anaerobe Clostridioides difficile [57]. The core of first-generation GPAs includes structurally closely related vancomycin and teicoplanin. The former was discovered in the 1950s and approved for the treatment of bacterial infections in 1958 [55,58], whereas teicoplanin was first reported in 1978 and approved in Europe in 1998, currently used in many countries but not in the United States [59]. The distinctiveness of these antibiotics lies in the lack of cross-resistance with other classes of antibacterial drugs, the significant delay between their discovery and the emergence of resistance, and their activity against penicillin-resistant Gram-positive bacteria [59]. Teicoplanin, compared to vancomycin, is additionally acylated with a fatty acid chain, which makes the molecule more acidic and lipophilic. This results in an increased half-life in serum and better tissue penetration, which improves pharmacokinetics and thus antimicrobial potency. Indeed, teicoplanin combined with conventional vancomycin therapy gave better results in the treatment of pulmonary infections caused by methicillin-resistant staphylococci [60]. Targeting the major building block (Lipid II) of PG with vancomycin makes it extremely difficult to develop resistance to GPAs. However, the extensive use of first-generation GPAs has resulted in the transfer of resistance genes from bacteria (actinomycetes) naturally resistant to GPAs, first to enterococci and then to staphylococci. The set of genes is responsible for the synthesis of a modified variant of Lipid II, in which the susceptible target (D-Ala-D-Ala) is replaced by a new insensitive one (D-Ala-D-Lac), thus reducing the affinity of vancomycin to its target by three orders of magnitude [61]. The emergence of vancomycin-resistant pathogens (especially VRSA, vancomycin-resistant S. aureus) has prompted research for second-generation glycopeptides [55,57]. Promising molecules include semi-synthetic lipoglycopeptide derivatives of natural GPAs such as telavancin, dalbavancin, and oritavancin and recently discovered natural compounds such as corbomycin and complestatin. Telavancin was derived from vancomycin by chemical modification, the addition of a (decylaminoethyl) hydrophobic tail on the vancosamine amino group, and a hydrophilic moiety [(phosphonomethyl)aminomethyl] group at the 4-position of the aromatic amino acid [55,56,59]. The introduction of a hydrophobic side chain serves as a membrane anchor, which not only leads to increased affinity to the pentapeptide termini of Lipid II but also creates a mechanism whereby the antibiotic dissolves into the membrane and makes it more permeable [56,57]. The hydrophilic substituent group has no direct effect on bacterial cells, but it enhances antibacterial potency and tissue distribution, increases the efficiency of elimination via the urinary system, and thus reduces liver and kidney accumulation [62]. Oritavancin, developed as semi-synthetic N–acyl derivative of the glycopeptide chloroeremomycin, differs from vancomycin in its glycosylation pattern. It has enhanced antimicrobial activity due to a dual-action mechanism. Firstly, by enhancing binding to the membrane-associated Lipid II, especially to the pentaglycyl-bridging segment of the PG (unique to staphylococci), thus maintaining an affinity for the modified Lipid II in vancomycin-resistant strains. Secondly, the lipophilic biphenyl moiety disrupts the integrity of the bacterial membrane, leading to depolarization and increased permeability [55,56,57,59]. Dalbavancin is derived from the natural glycopeptide A40926, a member of the teicoplanin family. Through the amidation of the C-terminal carboxyl group with an N,N-dimethylpropylamine group, the original drug undergoes modification. This enhances its antibacterial activity against staphylococci as it may easily interact with the negative phospholipid groups of the bacterial membrane [56]. Moreover, dalbavancin has a terminally branched dodecyl fatty acid chain linked to the glucosamine moiety via an amide linkage, which helps in membrane anchoring (Figure 3B). It binds to D-Ala-D-Ala, with higher affinity compared to its parent compound due to its ability to form dimers [55,57,59]. Using an in silico approach, based on phylogenic analysis of biosynthetic gene clusters (GBCs), it is possible to identify potential GPAs. However, to avoid the rediscovery of already known compounds or highly similar molecules, additional assumptions are necessary. The search for GBCs that lack known self-resistance genes resulted in the discovery of two novel compounds, corbomycin and complestatin, which are moderately related to vancomycin (Figure 3B). The major breakthrough is a completely different mode of action, although still related to peptidoglycan. In contrast to the above mentioned GPAs, corbomycin and complestatin block the action of autolysins—essential peptidoglycan hydrolases that are required for remodeling of the cell wall during growth. Interestingly, the inhibition results from an interaction between the antibiotic and the peptidoglycan, not between the antibiotic and the enzyme. Targeting the substrate for autolysins ensures low resistance development and makes these compounds an exciting avenue for future development [63].





4. Agents Decomposing the Bacterial Cell Wall


The agents described above, except for corbomycin and complestatin, act on the synthesis of PG, thus exhibiting antibacterial activity. Molecules from the second group remodel and disassemble PG. Within this group are proteins encoded in bacteriophages. Virion-associated lysins (VALs) locally “drill a hole” in PG to facilitate the injection of phage genetic material into bacteria, whereas endolysins cause massive degradation of PG, which, together with the lysis of the bacterial cell membrane by holins, results in the complete destruction of bacteria. Analogically, proteinaceous agents of bacterial origin, i.e., autolysins, enable controlled remodeling of PG, indispensable for bacterial cell division, whereas bacteriocins, exemplified by lysostaphins, are produced with the intention to kill other bacteria in the vicinity of bacteriocin’s producers. However, each of the proteins, regardless of their origin and biological role, when used in excess or without control, may have a deleterious effect on bacteria. This opens an avenue to use them as effective antibacterials and an alternative to low-molecular-weight antibiotics, especially to combat drug-resistant pathogens.



4.1. Peptidoglycan Targeting Enzymes of Bacteriophage Origin


4.1.1. Endolysins


Endolysins comprise a group of bacteriophage-encoded enzymes produced by large double-stranded DNA viruses to break down the bacterial cell wall peptidoglycan (PG) for progeny virions release at the terminal stage [64,65]. Endolysins are synthesized inside the host–cell, but the vast majority of them lack signal peptide sequences and, therefore, are not actively translocated across the cell membrane to reach their substrate, PG. The release of these canonical endolysins is controlled by a second phage gene product in the phage lytic system, alpha-helix-type channel-forming proteins called holins [66,67]. The proteins are synthesized at a genetically programmed time window in the terminal stage of the phage lytic cycle. Upon reaching critical concentration, the hydrophobic holin monomers spontaneously assemble into oligomers and form membrane lesions or holes, through which endolysins accumulated in the cytoplasm are released. Their action leads to PG degradation, osmolysis, and the release of progeny phage particles [68,69,70,71]. A minor part of endolysins (referred to as exported endolysins or e-endolysins), exemplified by Lys44 encoded by Oenococcus oeni phage fOg44 and coliphage PI lysozyme Lyz, carry an N-terminal signal peptide that guides their secretion by engaging host transport machinery, most frequently the general secretion pathway (the Sec system) [67,72].



The classification of endolysins is based on their target site within the PG structure, with at least nine positions within murein where they are known or are proposed to cleave [73,74]. Depending on their enzymatic specificity, endolysins can be divided into five groups (I−V), targeting glycosidic, amide, or peptide bonds present in PG (Figure 4). Glycosidases (groups I–III) comprise (I) N-acetyl-β-d-muramidases (also termed lysozymes), which hydrolyze glycosidic bonds between MurNAc and GlcNAc (N-acetylmuramoyl-β-1,4-N-acetylglucosamine bond); (II) N-acetyl-glucosaminyl-β-d-glucosaminidases, which cleave linkages between GlcNAc and MurNAc (N-acetylglucosaminyl-β-1,4-N-acetylmuramine bond at the reducing end of GlcNAc), and thus both catalyze the hydrolysis of β-1-4 glycosidic bond in the glycan strand; and (III) lytic transglycosylases. The latter enzymes are not hydrolases, in contrast to lysozymes and glucosaminidases, since they do not require water to catalyze the reaction. They are very similar to muramidases, as they cleave the same β-1,4 bond between the MurNAc and GlcNAc but involve a nonhydrolytic intramolecular reaction that results in the formation of a 1,6-anhydro ring at the MurNAc residue. Group IV gathers N-acetylmuramoyl-l-alanine amidases, performing cleavage of the amide bond between MurNAc and the first highly conserved amino acid residue (L-Ala) of stem peptide. Finally, group (V) contains endopeptidases that cleave peptide bonds between amino acid residues and can be further classified as stem-peptide-specific (e.g., L-alanoyl-d-glutamate endopeptidases, γ-d-glutaminyl-l-lysine endopeptidases), cutting peptide bonds in the stem-peptide-, or interpeptide-bridge-specific endopeptidases (e.g., D-alanyl-glycyl, D-alanyl-L-alanyl endopeptidase), breaking bonds in the cross-bridge [4,74,75,76]. Among these classes, muramidases and amidases seem to be the most commonly found and universal enzymes, cleaving highly conserved bonds in the PG [77]. Typically, endolysins display only one type of enzymatic activity, but there are also bifunctional ones, harboring two independent muralytic activities [64,76]. This double activity (usually endopeptidase and amidase) is a common feature of endolysins (e.g., phi11, phi12, LysK, MV-L, and LysH5) encoded by staphylococcal phages [78,79,80,81].



Endolysins, to perform cleavage, first have to bind to their substrate. This is achieved by their modular structure, which is a typical feature for the enzymes encoded by phages infecting Gram-positive bacteria [77]. Most of the endolysins studied to date consist of two clearly separated functional domains: (I) the N-terminal enzymatically active catalytic domain (EAD), harboring the active site and catalyzing the breakdown of specific peptidoglycan bonds; and (II) the cell-wall-binding domain (CBD), located at the C-terminal and targeting the enzyme to its specific substrate by recognizing and binding non-covalently to certain ligands in the bacterial cell wall. Both domains are connected to each other by a flexible interdomain linker region of variable length, as exemplified by PlyGRCS endolysin (Figure 5A,B) [82,83,84].



Enzymatically active domains (EADs) have a number of structural motifs, which reflect their activity. The most common include glycosidases (GH24, GH25, GH108), globular muramidase (MURA), phage–lysozyme (LYSO), soluble lytic transglycosylase (SLT), transglycosylase (TRANG), glucosaminidase (GLUCO), amidases (AMI-2, AMI-3, AMI-5, AMI02-C), and peptidases such as cysteine/histidine-dependent amidohydrolase/peptidase (CHAP), NLPC/P60, and PET–M23 motifs. In the case of CBDs, various conserved binding motifs targeting murein or other components of the cell wall have also been found. They include PG-1 and PG-3 type motifs, LYSM domain, SH3 domains with different subtypes, various three-helical bundles (Cpl-7), choline-binding modules (Cpl-1), and others [85,86]. Except for endolysins with a classic domain arrangement, exemplified by enzymes encoded by phages infecting bacteria from Streptococcus, Listeria, Clostridioides, and Bacillus genera, [87,88] there are many non-canonical ones. These exhibit more complex architectures, featuring multiple EADs and/or CBDs in different positions (Figure 5A). The combination of two N-terminal EADs (endopeptidase followed by amidase) and one C-terminal CBD (SH3) is quite frequent for endolysins from staphylococcal phages origin [89]. Bifunctional streptococcal endolysin B30 has endopeptidase (CHAP) and muramidase catalytic domains, followed by the SH3b domain [90]. However, it has been shown for several dual-EAD endolysins that one of these catalytic domains is virtually inactive or silent, at least in vitro, whereas the other one is dominant and exhibits high lytic activity. For example, the amidase domain of the anti-staphylococcal endolysins phi11 and LysK and the muramidase domain of streptococcal lysin B30 have poor activity and slightly contribute to lysis, but their CHAP domains are highly active and even alone are sufficient to kill the target bacteria [78,90,91,92]. The Streptococcus agalactiae prophage endolysin λSa2 comprises two centrally located CBDs (2x Cpl-7) and two flanking EADs (N-terminal AMI-5 and C-terminal AMI-4) [93]. PlySK1249 endolysin has a similar architecture, which harbors a central CBD surrounded by an N-terminal amidase and a C-terminal CHAP domain [94]. Endolysins LysPBC2 and PlyG encoded by phages infecting spore-forming bacteria (Bacillus cereus and B. anthracis, respectively) have an extra spore-binding domain (SBD) within the frame of the catalytic domain (EAD), which specifically binds to spores but not vegetative cells [95]. S. pneumoniae phage endolysins, Cpl-1 and Cpl-7, have one EAD with N-acetylmuramidase activity and multiple CBDs with six and three choline-binding repeats, respectively [96,97]. LysIME–EF1 from Enterococcus faecalis phage exhibits a unique architecture in which one full-length LysIME–EF1 forms a tetramer with its three additional C-terminal CBDs synthesized as separate proteins from the alternative start codon within a single gene transcript (Figure 5B) [98]. In contrast, PlyC endolysin, encoded by antistreptococcal phages, is a unique multimeric protein consisting of two separate gene products. The holoenzyme is composed of PlyA, with two EADs exhibiting CHAP and glycoside hydrolase activity and eight PlyB cell-wall-binding subunits (PDB ID: 4F88) [99,100]. The described modular architecture is typical for endolysins from Gram-positive-bacteria-specific phages, whereas endolysins from Gram-negative-bacteria-specific phages are mostly small globular proteins with a single catalytic domain [101,102]. This reflects the differences in cell wall architecture between these major bacterial groups (Figure 5A). Endolysins from phages infecting Gram-negative bacteria (e.g., BcepC6gp22 from Burkholderia cepacia phage BcepC6B, P2gp09 from Escherichia coli phage P2, PsP3gp10 from Salmonella enterica phage PsP3, and K11gp3.5 and KP32gp15 from Klebsiella pneumoniae phages K11 and KP32, respectively) are released to the periplasmic space, and their further diffusion is restricted by the outer membrane [103]. But there are also exceptions, like KZ144, EL188, OBPgp279, and 201φ2-1gp229 endolysins, which are encoded by phages infecting bacteria from Pseudomonas genus or PVP–SE1gp146 (from S. enterica phage PVP–SE1) and exhibit a modular structure with an inverse orientation of domains, with an N-terminal CBD and a C-terminal EAD [104].



Efficient cell wall cleavage by endolysins involves CBD-dependent recognition and binding to specific carbohydrate ligands of conserved modules in the bacterial cell wall, which positions the catalytic domain for the particular substrate. This ensures a certain degree of specificity of the target enzyme, since the binding substrates occur only in endolysin-sensitive bacteria, thus significantly influencing the range of activity of the entire enzyme. CBD targets include intact PG or its subunits, or secondary cell-wall polymers like N-acetylglucosamine, choline, polyrhamnose, (lipo)teichoic acids, neutral polysaccharides, and proteins [85,105,106]. The presence of a specific target for CBDs within the cell wall is often restricted to particular bacterial species or even strains, imposing a level of specificity and thus activity of endolysins [107]. CBDs attach to these ligands noncovalently with high specificity and affinity, which is comparable to the affinity of antibodies [108]. This high binding-specific recognition property was elegantly demonstrated on CBDs of Listeria monocytogenes phage endolysins, Ply118 and Ply500, and CBD from antistaphylococcal LysP108 fused with green fluorescent protein [108,109]. Also, likely because of the high affinity of the enzymes to their substrates in the cell wall, antibodies against phage endolysins obtained from immunized animals have little or no neutralizing effect on the antibacterial activity of endolysin, as shown in many studies, both in vitro and in vivo [80,110,111]. Nevertheless, there are also numerous reports on C-terminally truncated lysin constructs where the N-terminal lytic domain maintains its activity, or is even higher than in full-length endolysin, showing that CBD is not always essential for its antibacterial activity. This was demonstrated for the anti-staphylococcal endolysins LysK and phi11 [91,112,113]. The loss in CBDs may decrease access of the truncated endolysins to the cell wall targets and result in limited activity, but on the other hand, it could also lead to the broadening of the lytic spectra against non-host organisms, such as related species or serovars, by alleviating the limitations of CBD specificity [114]. For example, full-length endolysin LysPBC1 from a phage infecting only some B. cereus strains showed stronger lytic activity against the host cells than the truncated LysPBC1; however, the EAD showed higher lytic activity than the full-length LysPBC1 against nonnative targets, such as B. subtilis, B. pumilus, and B. licheniformis [115]. The activity and efficiency of the catalytic domains, regardless of the presence of CBD, can be explained by their net positive charge and affinity for the generally negatively charged surface of Gram-positive cells. Negatively charged EADs without CBDs may not efficiently bind and hydrolyze negatively charged PG. Even with functional CBDs, lysins with negatively charged EADs may be less active than those that carry net positive charges [114,116,117]. Thus, endolysin activity and specificity are not conferred solely by CBD, as EAD may also contribute to them, provided that there is a molecular target for EAD in the cell wall.




4.1.2. Virion-Associated Lysins


Besides endolysins, viral cell-wall-targeting agents also include exogenous trans-acting virion-associated lysins (VALs), which could be considered as a possible source of next-generation antibacterial agents as well. These peptidoglycan-degrading enzymes, compared to endolysins, have not been as extensively studied and systematically analyzed regarding their biochemical properties, PG-degrading activity, and therapeutic application as potential antibacterials [118]. VALs are also known as virion-associated peptidoglycan hydrolases (VAPGHs), tail-associated muralytic enzymes (TAME), tail-associated lysins (TAL), or exolysins. These enzymes are encoded by some double-stranded DNA phages infecting both Gram-negative and Gram-positive bacteria. In contrast to endolysins, they participate in local peptidoglycan degradation during phage particle adsorption on the bacterial surface, which triggers major virion conformational changes that place VALs in close contact with the bacterial cell wall, allowing the phage to inject its DNA into the host–cell [119].



The vast majority of VALs do not have recognizable CBDs. The presence of this domain is, however, dispensable because the contact between VAL and cell wall PG substrate is guaranteed by the interaction of other phage proteins and host–cell surface receptors [67]. Although VALs act on PG ‘from without’ and endolysins ‘from within’, EADs of VALs share a high degree of amino acid similarity to endolysins’ EADs, suggesting a similar mode of action in cleavage mechanisms and hydrolyzing specific and highly conserved bonds in murein [120,121]. The majority of VALs have a single lytic domain fused to the phage capsid structural protein, which can be located at the N-terminus (Gp3 of phage φ29) or C-terminus (Gp36 of phage φKMV) (Figure 5A) [119]. The most common EADs in VALs exhibit glycosidase and endopeptidase activities [67]. However, in phages infecting Gram-positive bacteria, there are also VALs carrying two catalytic domains with distinct cleavage specificities [119,122]. For example, S. aureus phage DW2 has a VAL THDW2, with an N-terminus CHAP domain followed by a muramidase. Interestingly, the phage also encodes bifunctional LysDW2 endolysin with CHAP and amidase activity [123].





4.2. Peptidoglycan Targeting Enzymes of Bacterial Origin


4.2.1. Autolysins


Autolysins comprise a group of bacterial-origin cis-acting enzymes targeting PG. Bacterial cells utilize autolysins for different physiological functions, which include cell wall remodeling during cell growth, separation and division, biofilm formation, toxin release, sporulation, germination, peptidoglycan recycling, and programmed death (autolysis). Therefore, these enzymes are not only redundant but also tightly controlled in bacteria [118,124]. Autolysins have a modular architecture and contain a catalytic domain (EAD) and a cell-wall-binding domain (CBD). However, in contrast to endolysins, they also contain a signal peptide (SP) sequence at the N-terminus for their export outside the cell or to the periplasm (Figure 5A) [4,120]. Since autolysins locally disassemble PG, their EADs have to possess an activity reversing events during PG synthesis. These include glucosaminidases, muramidases, lytic transglycosylases, amidases, and peptidases with NlpC/P60, CHAP, or PET–M23 motifs. Among CBDs, the most frequent are LysM, choline-binding domain (ChBD), SH3b, and GW modules [125]. An autolysin, Acd24020, from C. difficile, possesses a C-terminal endopeptidase catalytic domain belonging to the NlpC/P60 family and three SH3b CBDs at the N-terminus. However, the truncated form of Acd24020 with only EAD also has full lytic activity (PDB ID: 7CFL) [124]. S. aureus autolysins LytU (PDB ID: 5KQB) [126] and LytM (PDB ID: 1QWY) [127] also have EAD with endopeptidase activity. Autolysins with transglycosylase and N-acetylglucosaminidase EADs are present in Cwp19 and AtlA from C. difficile and E. faecalis, respectively [128,129]. In contrast, the major autolysin (Atl) of S. epidermidis (AtlE) and S. aureus (AtlS) is bifunctional, with N-terminal amidase and C-terminal glucosaminidase domains and repeat domains, R1a, R1b, R2a, R2b, R3a, and R3b, located between EADs. Some of these domains have been shown to bind to lipoteichoic acids, thus performing the role of CDBs. The full-length Atl undergoes proteolytic processing to generate two independent extracellular peptidoglycan hydrolases involved in the partitioning of daughter cells after cell division [130]. There are also non-modular enzymes, having EAD only, as exemplified by Lactococcus lactis autolysin YjgB with the NlpC/P60 domain [131].



Although autolysins degrade PG, they are essential for the functioning of bacteria. As such, they may be a target for antibacterial drugs that inhibit their activity. On the other hand, if not tightly controlled or used exogenously, autolysins might also be considered highly specific antimicrobials acting by massively lysing PG, reducing bacterial virulence, or modulating the response of the host immune system. In S. aureus, disruption of autolysin LytN results in cell wall structural alterations, affecting cellular morphology and growth defects. In contrast, its overexpression causes cell lysis and death [132]. Pneumococcal LytA autolysin was successfully applied to treat mice with β-lactam-resistant pneumococcal peritonitis–sepsis [133,134]. Certain autolysins have been pointed out as virulence factors in Gram-positive bacteria. In the case of S. aureus, the major autolysin Atl has been associated with bacterial cell adhesion to different host ligands. Atl-mediated PG hydrolysis, in particular during daughter cell separation, was shown to be critical for maintaining optimal levels of S. aureus surface cell-wall-anchored proteins (e.g., fibronectin-binding proteins (FnBPs) and IgG-binding protein A (Spa)) important for virulence. It was shown that disrupting Atl function with the glycopeptide antibiotic complestatin, which binds to peptidoglycan and blocks autolysins’ activity, or by using a catalytically inactive Atl mutant reduced the level of surface cell-wall-anchored proteins and consequently decreased the affinity of S. aureus for host–cell ligands. This negatively impacted the early stages of bacterial colonization in a systemic model of S. aureus infection [135]. Moreover, Atl was shown to trim the exposed ends of the peptidoglycan molecules on the surface of the cell wall, which could otherwise be detected by the host. In the fruit fly Drosophila-infection model, the S. aureus Δatl mutant had a decreased ability to kill flies due to its binding by peptidoglycan-recognition proteins and induction of the host immune response. However, the mutant bacteria were able to evade the immune system after they had been treated (“shaved”) with the purified autolysin [136]. Barriers to therapeutic applications of endogenous autolysins are their tightly regulated, lower intrinsic activity, and suboptimal targeting of the bacterial cell wall compared to endolysins [137]. However, these limitations can be overcome by creating modified molecules by domain shuffling or fusion with other CBDs. Enhancing the antibacterial potential of chimeric endogenous autolysins was demonstrated on S. aureus LytM, a zinc-dependent glycyl–glycine endopeptidase lacking CBD, which was fused to the CBD from lysostaphin LSs (see below). While native LytM exogenously added to S. aureus is only marginally bactericidal, its fusion with the lysostaphin CBD enhances its anti-staphylococcal activity over 500 times [138]. Recently, a bioinformatics pipeline called LEDGOs (lytic enzyme domains grouped by organism) has been developed. The algorithm was applied to systematically find, analyze, and characterize autolysin-building blocks and their architectures within and across a set of different important pathogenic bacteria. Moreover, the analysis indicates sequences that would likely benefit from experimental characterization, highlighting potential targets for chemotherapeutic intervention and suggesting strategies for creating next-generation autolysins [139].




4.2.2. Lysostaphins—Staphylococcus-Genus-Specific Bacteriocins


A number of strains belonging to the Staphylococcus genus eliminate other competing staphylococci by secreting peptidoglycan hydrolases called lysostaphins into their environment. Those enzymes are specifically glycylglycine (Gly–Gly) endopeptidases that target the pentaglycine bridge of the staphylococcal peptidoglycan, consequently leading to cell wall lysis. In terms of protein architecture, lysostaphins always possess an N-terminal signal peptide (SP), which directs the protein for secretion outside the cell. In most known lysostaphins, the SP is followed by a propeptide (PP) that is removed in the extracellular environment to render a mature and active enzyme [140,141]. The last two domains, which are the only ones present in the mature enzyme form, are enzymatically active and cell-wall-binding domains separated by a short linker (EAD–CBD) [140,141,142,143]. The EAD is a zinc metallopeptidase M23 domain (PF01551) responsible for peptidoglycan hydrolysis, while the C-terminally located CBD is an SH3b domain (PF08460), which binds to the cell wall [144,145,146,147,148]. The prevalence of lysostaphin producers among staphylococci is not high and has, to date, been reported for only a limited number of strains belonging to five staphylococcal species. The longest-known lysostaphin (Lys–Ss) was originally described by Schindler and Schuhardt [149]. It was reported to be a factor secreted by a Gram-positive coccus, distinctive from lysozyme and bacteriolytic towards S. aureus. The producer was soon after identified as S. simulans [150], and Lys–Ss was found to be encoded in the pACK1 plasmid [151]. Lys–Ss protein architecture is the most typical for lysostaphins (Figure 6A,B), consisting of an SP followed by a relatively long PP and the EAD–CBD region [140,143]. Notably, Lys–Ss PP contains 14 repeats of a 13-amino-acid-long motif. The activities of Lys–Ss EAD and CBD domains have been studied in detail. It was demonstrated that EAD targets the pentaglycine bridge [152,153] and CBD binds to the entire peptide part (the peptide stem and the pentaglycine bridge) of the staphylococcal peptidoglycan [154,155,156,157]. Over three decades after the discovery of Lys–Ss, no other distinctive lysostaphin had been reported. Then, the plasmid-encoded ALE-1, originating from S. capitis, was purified and reported to be a glycylglycine endopeptidase [142]. ALE-1 has a similar architecture to Lys–Ss; however, its PP is much shorter and contains only 5 repeats of a 13-amino-acid-long motif, the sequence of which is different from that of Lys–Ss (Figure 6A). Markedly, ALE-1 PP does not undergo any processing [142]. Nevertheless, the EAD–CBD regions of Lys–Ss and ALE-1 display quite a high similarity (Figure 6C). Recently, our group characterized a lysostaphin, Lys–Sp222, which originates from S. pseudintermedius. Notably, Lys–Sp222 displays moderate activity against human skin commensal S. epidermidis while being highly active against the notorious human pathogen S. aureus [158]. In contrast to previously described lysostaphins, Lys–Sp222 is encoded in the bacterial chromosome. Architectonically, Lys–Sp222 is similar to Lys–Ss and ALE-1; however, it does not contain any PP (Figure 6A). The similarity of the EAD–CBD regions of Lys–Sp222 to the corresponding regions of Lys–Ss and ALE-1 is moderate (Figure 6C). The year we discovered Lys–Sp222, a study on SpM23_A and SpM23_B was released. Both lysostaphins are chromosome-encoded and occur in S. pettenkoferi and the closely related S. argensis [141]. Interestingly, SpM23_A and SpM23_B are reported to contain an MSCRAMM family domain located between the SP and the EAD–CBD region. However, our search of the InterPro database does not indicate any domain to be present in this region, and a search of NCBI Conserved Domain Database (CDD) reports such domains as non-specific and partial hits. Moreover, the authors demonstrate this region to have inhibitory activity on SpM23_A and SpM23_B, which suggests it is simply a PP. However, the PPs of these two lysostaphins do not contain any repeats, making them clearly different from the corresponding regions found in Lys–Ss and ALE-1. Nevertheless, the architecture of SpM23_A and SpM23_B corresponds well to the general architecture of lysostaphins. The similarity of the EAD–CBD regions between both lysostaphins, as well as the similarity of this region to the corresponding ones in other lysostaphins, is moderate (Figure 6C). Lysostaphin producers utilize a very straightforward immunity mechanism against their own weapon. Since the pentaglycine bridge is the target, immunity is achieved by altering this structure. There are three major staphylococcal peptidyl transferases involved in the synthesis of the pentaglycine bridge. All of them use glycyl–tRNA as a substrate to sequentially add glycine residues to the growing bridge [159]. FmhB, also known as FemX, adds the first glycine residue to the peptide stem [160]. The second and third residues are added by FemA, while the fourth and fifth residues are added by FemB [161,162,163]. The mechanism of lysostaphin immunity has been particularly well-studied for Lys–Ss. In the vicinity of the Lys–Ss gene, a gene coding for a lysostaphin immunity factor (lif), also known as the endopeptidase resistance gene (epr), is located. Lif is an enzyme that complements FemB activity, meaning that in the presence of Lif, the activity of FemB is redundant. Similarly to FemB, Lif utilizes aminoacyl–tRNA to introduce subsequent amino acid residues to the pentaglycine bridge. However, Lif utilizes seryl–tRNA and introduces serine instead of glycine residues. This simple alternation renders the cell wall of a Lys–Ss producer immune to the enzyme [143,164,165,166,167]. Similar immunity factors have been reported to accompany lysostaphins other than Lys–Ss [141,142,158,167,168]. Taking all five known lysostaphins into consideration, it is worth mentioning that most of the research on lysostaphins has been primarily undertaken on Lys–Ss. More recently characterized lysostaphins, such as Lys–Sp222 and SpM23_A and B, have not yet been directly demonstrated to target the pentaglycine bridge, although their activity is assumed based on homology. Moreover, Lys–Ss is the only lysostaphin whose complete molecular structure has been determined so far [147].






5. Enzymes Targeting Cell Wall as Potential Antibacterials: Spectrum of Activity and Advantages over Antibiotics


5.1. Resistance to Peptidoglycan Hydrolases


Most bacteria can develop resistance mechanisms to protect themselves against the action of antibacterial agents. These mechanisms tend to inactivate the agents by degradation, decreasing their intracellular concentration either by reduced membrane permeability or active efflux pumps. Moreover, bacteria may modify targets of antimicrobial agents, making them insensitive to their action [169]. At the moment, based on numerous studies, developing bacterial resistance to the activity of the endolysins is unlikely to readily emerge de novo, giving the hope that these enzymes could be a long-term solution in the treatment of antibiotic-resistant pathogens. The attempts to generate and identify resistant bacterial strains were based on experiments where cells were repeatedly exposed to low concentrations of native or engineered endolysins, and were performed on different bacterial cells and enzymes [65,83]. For instance, Streptococcus pneumoniae were repeatedly subjected to low concentrations of the Pal endolysin either on agar plates or in liquid culture, but no strains with resistant phenotypes emerged even after numerous cycles [170]. Similar experiments were conducted with PlyG endolysin and Bacillus anthracis [171]. Also, attempts to create methicillin-resistant S. aureus (MRSA) resistant to the chimeric endolysin ClyS were unsuccessful. Bacteria exposed to this enzyme did not develop any resistance, nor did ClyS lose potency with repeat administration [172]. Though sub-lethal exposure of S. aureus to LysK and lysostaphin increased their minimal inhibitory concentration (MIC) 42 and 585-fold, respectively. However, treatment of the bacteria with different variants of chimeric proteins formed by the fusion of two catalytic domains from LysK; one of lysostaphin showed hardly any increase in resistance [173] and neither did the successive exposure of S. aureus to subinhibitory concentrations of the chimeric Ply187 endolysin [174]. Even the random mutagenesis of endolysin-sensitive strains could not promote the development of resistant cells, while the approach easily induced bacterial resistance to classical antibiotics [121]. This suggests that the coevolution of phages and their hosts over the millennia has led to the selection of endolysins binding to and cleaving unique, highly conserved, and immutable targets in the cell wall, which are essential for cell viability. This allows phages to avoid becoming trapped inside, and to guarantee escape from the host cells, presumably making the formation of endolysin-resistance quite unlikely or more difficult compared to conventional antibiotics [75,116]. Moreover, the extracellular nature of the target PG also limits the number of possible mechanisms of resistance to endolysins. However, single examples of bacteria losing sensitivity to endolysins applied exogenously (‘lysis from without’) have been described [175].



Despite these encouraging results with endolysins, it should be noted that similar exposures to other antibacterials targeting PG resulted in the generation of mutants resistant to vancomycin, lysozyme, and lysostaphin [176,177,178]. The resistance mechanism is based on chemical and structural modifications of PG, which could include N-deacetylation of GlcNAc and/or MurNAc sugars, O-acetylation or N-glycolylation of MurNAc, and D-alanylation/O-acetylation of teichoic acids. Moreover, alterations in envelope charge and integrity and in crosslinking of the peptide stem is responsible for resistance to lysozyme. Modifications within the pentaglycine cross-bridge of several S. aureus strains drives resistance to lysostaphin [165,176].



However, the likelihood of the development of antimicrobial resistance could be theoretically decreased by using enzymes with two catalytic domains with different peptidoglycan specificity. This would require two simultaneous compensatory mutations in the same cell and is believed to be a rare event. This also gives room for designing and engineering new chimeric proteins, to improve the properties of natural lysins, increasing their activity, modifying specificity spectrum, and improving physico-chemical properties [179]. Furthermore, the use of different antimicrobials, preferably acting synergistically, increases the effectiveness against the target bacteria and allows for a reduction in the required dose of each antimicrobial compound [180,181].




5.2. Lysins as Potential Antibacterials


By digesting PG, endolysins cause immediate lysis of bacteria, especially in regard to Gram-positive cells. When applied exogenously, as recombinant proteins, to bacterial cells, they become potent, alternative antibacterials, frequently called enzybiotics [179,182,183]. Endolysins are generally active against the bacterial genera associated with their phages, i.e., an endolysin originating from a streptococcal phage will specifically target streptococci, and endolysin from a staphylococcal phage will act against staphylococci, etc. Such specificity and high lytic effectiveness open up the possibility of their application against many well-known and fatal Gram-positive infectious bacteria, as reported for Streptococcus spp. (S. gordonii, S. equi, S. mutans, S. sanguinis, S. pyogenes, S. agalactiae, S. dysgalactiae, S. pneumoniae, S. infantis, S. anginosus, S. suis, S. oralis, S. mitis, S. uberis) [88,111,184]; Staphylococcus spp. (S. aureus, S. epidermidis) [89,185]; Enterococcus spp. (E. faecalis, E. faecium) [186,187]; Clostridioides spp. (C. difficile, C. perfringens, C. tyrobutyricum. C. sporogenes) [188,189,190]; Bacillus spp. (B. anthracis, B. cereus) [171]; Mycobacterium spp. [191]; and Listeria monocytogenes [192]. Endolysins inhibiting the growth of Gram-negative pathogens, including Pseudomonas aeruginosa, Acinetobacter baumannii, Escherichia coli, Salmonella Typhimurium, Stenotrophomonas maltophilia, Burkholderia spp., Klebsiella pneumoniae and Helicobacter pylori, are also known [193,194].



However, there are also endolysins with a broader spectrum of lytic activity. The canonical example is the enterococcal endolysin PlyV12 (from Enterococcus faecalis phage φ1), which, in addition to the host strain, is capable of lysing clinical and laboratory E. faecalis and E. faecium strains, streptococci (S. pyogenes, group B and C streptococci) and staphylococci (S. aureus) [186]. LysAB2 endolysin from the Acinetobacter baumannii phage also has a wide spectrum of antibacterial activity, including not only the host but also S. aureus, B. subtilis, S. sanguis, E. coli, Citrobacter freundii, and Salmonella enterica [195]. Similarly, endolysin Mur-LH exhibits lytic action mainly against thermophilic lactobacilli but also lactococci, pediococci, B. subtilis, Brevibacterium spp., and E. faecium [196]. λSa1 and λSa2 enzymes lysed the cell walls of S. agalactiae, S. pneumoniae, and S. aureus [93]. LysPBC2 showed very broad lytic activity against bacteria from Bacillus, Listeria, and Clostridioides genera [95]. It is worth noting that endolysins’ lytic activity also extends to antibiotic-resistant bacterial strains [80,110,186,197,198].



This potential use of lysins as antibacterial therapeutic agents has been demonstrated successfully in a variety of studies, ranging from the killing of drug-resistant bacteria in simple antibacterial assays to the effective elimination of bacterial biofilms in vitro and in vivo, ending with the eradication of pathogens in animal models of bacterial infection. PG-targeting enzymes can be applied alone or in synergistic mode with other lysins having different enzymatic specificities or antibacterial agents such as bacteriocins and classical antibiotics [169,199,200].



Analogically to antibiotics, generations are also distinguished among lysins. First-generation ones are natural enzymes, some of which are currently ongoing in the first clinical trials. The second-generation lysins are enzymes with improved antibacterial and biochemical properties, such as expanded activities towards Gram-negative pathogens and higher stability. In the third-generation lysins, protein-engineering efforts focus on improving properties relevant for in vivo application, such as pharmacokinetics and/or pharmacodynamics, in addition to improvements in bioavailability, antibacterial activity, half-life, and reducing pro-inflammatory responses [201]. Improving physico-chemical and antimicrobial properties can be achieved by mutagenesis, and domain shuffling, thus creating chimeric proteins (chimerolysins and artificial lysins) with novel and desired properties [179]. In the post-antibiotic era where a number of multi-drug-resistant strains increase, described peptidoglycan hydrolases, both wild-type and their engineered variants, serve as a source of potential novel antimicrobial agents.



The specificity of most endolysins and lysostaphins to particular species or genera is a key advantage over conventional antibiotics, which tend to have broad antimicrobial effects across multiple species. Therefore, PG-targeting lysins, as a novel class of antibacterial agents, display a number of highly desirable properties and advantages over antibiotics. First, they offer a new mode of antimicrobial action as “enzybiotics” with high target selectivity, low effective molar dosages, extremely high efficiency, and rapid killing kinetics. Second, the lysins exhibit activity against bacteria regardless of their antibiotic sensitivity, including multidrug-resistant pathogens, and synergy with other antibacterial agents (including conventional antibiotics). Furthermore, they display narrow-spectrum antibacterial activity without affecting the commensal microbiota and potentially beneficial micro-organisms. At the same time, the lysins retain the ability to kill pathogens that colonize mucosal surfaces, tissues, and blood, as well as those that form biofilms, regardless of the physiological state of these bacteria. In addition, they demonstrate relative safety, no/low toxicity and immunogenicity, and efficacy without apparent side effects. Importantly, there is a low likelihood of bacteria developing resistance to PG-targeting lysins. Finally, their modular structure and potential for domain shuffling through genetic engineering allow for their further optimization and refinement.




5.3. Lysostaphins as Potential Antibacterials


The idea of Lys–Ss as an antibacterial agent to complement or replace classic antibiotics in the therapy of staphylococcal infections emerged soon after its discovery. An important advantage of Lys–Ss is the efficacy against non-diving cells, which are usually insensitive to antibiotics, as well as against encapsulated ones [202,203]. Since the discovery of Lys–Ss, dozens of studies demonstrating its efficacy in eradicating pathogenic S. aureus in animal models have been published [204,205]. The first in vivo studies were performed on mice infected either intraperitoneally or intravenously and administered with Lys–Ss intravenously. These studies indicated high anti-staphylococcal activity of Lys–Ss in vivo and showed efficacy exceeding that of antibiotics, even when the antibiotics were administered multiple times following the infection. Moreover, no adverse immunological effects from repeated intravenous administration of Lys–Ss were observed in mice or rabbits [206,207,208]. An investigation conducted decades later on the in vivo activity of Lys–Ss in rabbit models of keratitis and aortic valve endocarditis caused by methicillin-resistant S. aureus (MRSA) supported these findings. In the latter study, Lys–Ss proved to be more effective than vancomycin; however, the combination of both was found to be the most effective. Lys–Ss also demonstrated greater efficacy than vancomycin in clearing MRSA infections in a neonatal mouse model. Similar to the initial studies that used animal infection models, no adverse immunological reactions caused by Lys–Ss administration were observed, even when subjects were immunized against Lys–Ss prior to the experiments [209,210,211]. The development of anti-staphylococcal drugs based on Lys–Ss may be accelerated by recent advances in recombinant lysostaphin production, engineering a non-immunogenic Lys–Ss with T cell epitopes removed, creating conjugates of Lys–Ss and PEG that are characterized by significantly improved serum half-life, and manufacturing Lys–Ss-coated materials [212,213,214,215,216]. Notably, S. aureus is not only a clinically relevant human pathogen but also a species that causes significant economic losses in the food industry, particularly as a causative agent of mastitis in dairy cattle. It has been proposed that transgenic animals producing Lys–Ss might be a solution to limit staphylococcal infections in livestock. For instance, transgenic mice secreting engineered non-glycosylated Lys–Ss into milk have been demonstrated to be substantially resistant to intramammary staphylococcal infections [217]. Undoubtedly, utilizing Lys–Ss as an anti-staphylococcal drug will be of high importance not only in human healthcare but also in global food production. Nevertheless, regarding clinical applications of Lys–Ss, the number of studies in animal models greatly exceeds the number of actual clinical trials in humans. There are two studies from the time of Lys–Ss discovery demonstrating its efficacy when administered topically to nasal carriers [218,219]. Only one case study describes a systemic administration of Lys–Ss in a neutropenic patient suffering from staphylococcal pneumonia with metastatic abscesses, who died three days after receiving Lys–Ss. The death was not related to the staphylococcal infection, and samples collected ante- and post-mortem demonstrated eradication of MRSA infection [220]. Regarding more recent research, information on only one clinical trial focused on Lys–Ss application in humans can be found on the WHO International Clinical Trials Registry Platform (CTRI/2016/09/007277, last refreshed in 2021). This Phase IIb/III randomized study, funded by Bharat Biotech International Ltd. in India, aims to evaluate the efficacy and safety of a topical recombinant lysostaphin gel formulation in subjects with uncomplicated S. aureus (including MRSA) skin and skin structure infections. Given the rapidly growing multidrug resistance among bacteria [1], it is expected that the number of clinical trials focused on lysostaphins will increase significantly in the near future. Lysostaphins other than Lys–Ss are still awaiting investigation of their activity in animal models and humans. Lys–Sp222 is particularly interesting in this context due to its high activity against S. aureus, a notorious pathogen of both humans and livestock, and its much lower activity towards the commensal S. epidermidis [158].





6. Conclusions


The antibiotics and proteins mentioned above have different origins and natural functions. Virion-associated lysins (VALs) are responsible for phages entering their bacterial hosts, while endolysins enable them to escape. Antibiotics and bacteriocins participate in “microbial warfare” against each other, and autolysins are involved in physiological cell wall remodeling. They all target the peptidoglycan (PG), which is essential for the proper functioning of bacteria. Classical low-molecular-weight antibiotics, although still widely used, are ineffective against a growing number of multi-drug-resistant bacteria. A gap in the discovery of novel antibiotics has led to a focus on proteinaceous agents produced by bacteria themselves or encoded by bacteriophages with potential antibacterial activity. PG, as the outermost layer of Gram-positive bacteria, is an attractive target for novel antibacterials. Unlike antibiotics, which work by suppressing the synthesis of PG, peptidoglycan hydrolases applied externally attack the polymer directly, leading to its degradation. Because the bonds targeted by these enzymes are often crucial for maintaining the PG structure and are highly conserved, it is unlikely that bacteria will develop resistance to their action.



Peptidoglycan-targeting enzymes have a modular organization with a wide variety of enzymatically active domains (EADs) and cell-wall-binding domains (CBDs) acting as “building blocks” with different catalytic and binding properties. This, combined with the extensive number and variety of these enzymes from natural sources, provides almost unlimited opportunities for searching and engineering these proteins as potential new biotherapeutics. These proteins could have broad activity or species-specificity, offering a way to combat clinically relevant multi-drug-resistant bacteria from Staphylococcus, Streptococcus, and Enterococcus genera.
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Figure 1. Antimicrobial agents acting on the bacterial cell wall. Classic antibiotics, low-molecular-weight compounds, and non-ribosomal peptides interfere with peptidoglycan synthesis, which is the main building material of the bacterial cell wall. The peptidoglycan layer in Gram-positive bacteria is thick and exposed to the outer environment. In contrast, in Gram-negative bacteria, the peptidoglycan layer is considerably thinner and covered by an outer membrane, which limits the penetration of antimicrobial agents, particularly those with high molecular weight. High-molecular-weight agents are proteinaceous and may be divided into two groups: lysins of phage origin (virion-associated lysins [VALs] and endolysins) and enzymes of bacterial origin (autolysins and bacteriocins). These antimicrobial agents are responsible for the enzymatic lysis of the bacterial cell wall. 






Figure 1. Antimicrobial agents acting on the bacterial cell wall. Classic antibiotics, low-molecular-weight compounds, and non-ribosomal peptides interfere with peptidoglycan synthesis, which is the main building material of the bacterial cell wall. The peptidoglycan layer in Gram-positive bacteria is thick and exposed to the outer environment. In contrast, in Gram-negative bacteria, the peptidoglycan layer is considerably thinner and covered by an outer membrane, which limits the penetration of antimicrobial agents, particularly those with high molecular weight. High-molecular-weight agents are proteinaceous and may be divided into two groups: lysins of phage origin (virion-associated lysins [VALs] and endolysins) and enzymes of bacterial origin (autolysins and bacteriocins). These antimicrobial agents are responsible for the enzymatic lysis of the bacterial cell wall.



[image: Molecules 29 04065 g001]







[image: Molecules 29 04065 g002] 





Figure 2. Biosynthesis and disassembly of peptidoglycan (PG). The synthesis of PG begins in the cytoplasm, where GlcNAc–UDP is transformed into MurNAc–UDP by MurA and MurB enzymes. It is followed by a stepwise addition of five amino acids (the stem peptide) by MurC, MurD, MurE, and MurF. MurNAc–pentapeptide (MurNAc–pp) is anchored by two phosphate molecules to membrane-bound undecaprenyl lipid carrier (Und–P), creating Lipid I. MurG then adds GlcNAc to MurNAc–pp, which together form Lipid II. FemA, FemB, and FemX enzymes add an interpeptide bridge to the third amino acid in the stem peptide. The finished monomer is translocated to the outer edge of the membrane by MurJ flippase, where penicillin-binding proteins (PBPs) perform binding of Lipid II to the previous glycan strand by the transglycosylase (TG) domain. The transpeptidase (TP) domain crosslinks peptidoglycan by joining strands with interpeptide bridges. The activity of PBPs is inhibited by conventional antibiotics (penicillin, carbapenems, monobactams, cephalosporins). Acquisition of resistance results in mutated forms of PBPs; therefore, another approach is the use of glycopeptides such as vancomycin and dalbavancin (which interact with the stem peptide, preventing transglycosylation) or corbomycin and complestatin (which interfere with autolysins by preventing PG remodeling). Antibiotics and glycopeptides interfere with PG biosynthesis, whereas endolysins and lysostaphins activities affect mature cell walls. 
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Figure 3. The structural formulas of the cell-wall-targeting antibiotics. (A) The structures of the cores of β-lactam antibiotics. The β-lactam ring is colored in red. The bond hydrolyzed by β-lactamases is marked with an arrow. R, R1, and R2, variable functional groups. (B) The structural formulas of exemplary glycopeptide antibiotics. 
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Figure 4. Degradation of peptidoglycan is carried out by endolysins and lysostaphins. The singular monomer of PG contains several glycosidic, amide, and peptide bonds undergoing hydrolysis. Depending on enzymatic activity, endolysins can be divided into five groups. Muramidase (N-acetyl-β-d-muramidase) targets the N-acetylmuramoyl-β-1,4-N-glucosamine bond between MurNAc and GlcNAc (within a single monomer). The same bond is recognized by lytic transglycosylase, but this enzyme’s activity involves non-hydrolytic breakage of the β-1,4-glycosidic bond. Glucosaminidase (N-acetyl-glucosaminyl-β-d-glucosaminidase) disrupts glycan strands by cleaving the β-1,4-glysosidic bond between MurNAc and GlcNAc at the reducing end of GlcNAc. Amidase (N-acetylmuramoyl-l-alanine) cleaves the peptide bond linking MurNAc with the stem peptide, and endopeptidases also target peptide bonds, but between amino acids of the stem peptide. Interpeptide bridges can be targeted by either endopeptidases or lysostaphins. 
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Figure 5. The diversity of different groups of peptidoglycan hydrolases (PGHs). (A) Various architectures of PGHs with the names of their representatives. SP, signal peptide; EAD, enzymatically active domain; CBD, cell-wall-binding domain; SBD, spore-binding domain. (B) The molecular structure of PlyPSA and LysIME–EF1 endolysins. PDB ID: 8H1I and 6IST, respectively. The coloring corresponds to the first panel. For clarity, three of the four CBDs of LysIME–EF1 are colored yellow. The catalytic Ca2+ ions located within CHAP domains are depicted as gray spheres. 
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Figure 6. Structure and similarity of staphylococcal lysostaphins. (A) The most common lysostaphin architecture includes an N-terminal signal peptide (SP) followed by a propeptide (PP), which contains short 13-amino-acid-long repeats (R) or a putative MSCRAMM domain. The essential part of each lysostaphin comprises an enzymatically active domain and a cell-wall-binding domain, separated by a short linker (EAD–CBD). (B) The molecular structure of the mature form of Lys–Ss includes the EAD and CBD domains (M23-SH3b), with a Zn2+ ion located within the M23 metalloproteinase domain, depicted as a gray sphere. The coloring corresponds to the first panel. PDB ID: 4LXC. (C) Sequence identity and similarity of the EAD–CBD regions among known staphylococcal lysostaphins. Lys–Ss and ALE-1 sequences are highly similar, while sequence similarity among other lysostaphins is moderate. SP, signal peptide; PP, propeptide; R, repeat; EAD, enzymatically active domain; CBD, cell-wall-binding domain. 
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