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Abstract

:

The peptidoglycan cell wall that encloses the bacterial cell and provides structural support and protection is remodeled by multiple enzymes that synthesize and cleave the polymer during growth. This essential and dynamic structure has been targeted by multiple antibiotics to treat gonococcal infections. Up until now, antibiotics have been used against the biosynthetic machinery and the therapeutic potential of inhibiting enzymatic activities involved in peptidoglycan breakdown has not been explored. Given the major antibiotic resistance problems we currently face, it is crucial to identify other possible targets that are key to maintaining cell integrity and contribute to disease development. This article reviews peptidoglycan as an antibiotic target, how N. gonorrhoeae has developed resistance to currently available antibiotics, and the potential of continuing to target this essential structure to combat gonococcal infections by attacking alternative enzymatic activities involved in cell wall modification and metabolism.






Keywords:


peptidoglycan; Neisseria gonorrhoeae; lytic transglycosylase












1. Introduction


Neisseria gonorrhoeae (gonococcus, GC) is the organism responsible for the sexually transmitted disease gonorrhea. Gonococcal infections cause inflammation that normally manifests as cervicitis in women and urethritis in men. Lack of treatment can lead to infection ascending to the upper part of the reproductive system in women and complications such as pelvic inflammatory disease (PID), chronic pelvic pain, and ectopic pregnancy. A wide variety of antibiotics has been used to treat gonorrhea over the years, but the emergence of resistance has presented a major problem. N. gonorrhoeae has shown the ability to develop resistance to all designed antibiotics and the large number of cases of gonococcal infections that occur every year has led the CDC to catalog GC as an urgent threat to public health [1,2,3,4,5,6]. Problems with antibiotic resistance have become increasingly concerning because of the appearance of highly resistant strains in several countries and reports of treatment failures. Highly resistant strains have been identified in Japan, Australia, France, Spain, and the United States (USA) [7,8,9,10,11]. Among the various families of antibiotics implemented, beta-lactam antibiotics targeting the bacterial cell wall have been the most effective for treating gonococcal infections due in part to their longer period of efficacy relative to other antibiotics [6,12]. The expanded spectrum cephalosporins (ESCs) cefixime and ceftriaxone have been the last resorts for monotherapy, but GC strains with decreased susceptibility to these antibiotics and failure of treatment have been recently reported [8,10,11,13,14,15,16,17,18,19]. Widespread antibiotic resistance in N. gonorrhoeae in combination with the lack of progress in developing new treatments is threatening our ability to combat gonococcal infections.



The purpose of this article is to review the mechanisms employed by GC to circumvent the activity of currently available antibiotics that target peptidoglycan. We explore the potential of developing new therapeutics that continue to act on this effective target by blocking enzymatic activities involved in modification and metabolism of this essential cellular structure.




2. Antibiotic Resistance Related to Peptidoglycan


The peptidoglycan (PG) cell wall has been the target of multiple antibiotics due to its essential role in providing the cell structural support and protection against osmotic stress. PG is a linear polymer comprised of repeating disaccharide units of N-acetylmuramic acid (MurNAc) β-1,4 linked to N-acetylglucosamine (GlcNAc) with peptide stems attached to each MurNAc residue. PG transpeptidases crosslink peptide stems from adjacent strands and give the PG layer a mesh-like structure. β-lactam antibiotics mimic the substrate of PG transpeptidases, which prevents it from binding to the active site and PG from being cross-linked [20]. N. gonorrhoeae has two essential high molecular mass penicillin binding proteins (PBPs) that contain transpeptidase domains and are the main targets of these antibiotics. These biosynthetic enzymes are the class A PBP1 and class B PBP2.



Comparisons between clinical isolates displaying a reduced susceptibility to antibiotics and sensitive strains has allowed for the identification of various factors that contribute to beta-lactam resistance. Multiple studies have shown that alterations in penA, which is the gene encoding PBP2, are among these important factors [21,22]. Alignment of penA sequences from GC strains recovered from gonococcal infections show the presence of mutations in several positions [23,24]. Given that multiple factors can influence antibiotic resistance, some of the most common penA mutations observed have been introduced into sensitive GC strains to assess the specific contribution of alterations in this gene. Most GC strains with reduced susceptibility to β-lactam antibiotics have a mosaic penA with up to 60 amino acid changes. This mosaic structure appears to be the result of N. gonorrhoeae acquiring portions of penA from Neisseria commensals since segments in the sequence have been shown to be identical or highly similar to species such as N. sicca, N. flavescens, and N. cinerea [21,25,26,27]. Introduction of mosaic penA alleles from these strains confers resistance to otherwise sensitive strains. Some studies have attempted to identify the specific mutations within the mosaic structure that are responsible for this resistance by introducing individual mutations into sensitive strains or reverting mutated residues to wild-type (WT) in resistant GC. Results from these studies show that substitutions in the C terminal region between residues 500–580 have the biggest impact with regard to antibiotics, which is not surprising given that the targeted transpeptidase domain is encoded in this portion of the sequence [24,28,29]. Epistatic mutations such as I312M, V316T, and G545S do not appear to have an impact when introduced into sensitive GC strains but do significantly affect the resistance to antibiotics when reverted to WT in resistant GC, which were also identified [28]. A similar approach was used to determine which of the additional mutations found in a high level resistant strain are responsible for the transition from intermediate resistance. Mutations A311V, T316P, and T483S were found to account for the increase in antibiotic resistance in strain H041 isolated from Japan [30]. Substitutions in these residues have been observed in other highly resistant GC strains F89 and A886 isolated from France and Australia, respectively [31].



Not all GC strains with reduced susceptibility to antibiotics have a mosaic penA. Some important non-mosaic mutations have been identified. The insertion of an aspartic acid residue between residues 345 and 346 was shown to play an important role in the decreased susceptibility to penicillin [32]. More recently, the substitution of the alanine in position 501 was determined to be particularly important in resistance to the expanded spectrum cephalosporin cefixime without requiring additional mutations [26,33].



The mechanism by which mutations observed in penA result in the resistance to antibiotics is not well understood. Limited structural information has been obtained for PBP2 from resistant GC strains to evaluate how different mutations affect the protein structure. Crystal structures from N. gonorrhoeae CDC84-060418, 6140CT (ommiting Asp345 insertion), and 6140CT-A501T (substitution A501T inserted) show only subtle differences when compared to WT [33,34]. The lack of drastic changes in the structure is not surprising given that the enzyme is essential and must, therefore, remain active against PG substrates. Unfortunately, structures have only been solved for PBP2 containing four to six mutations in the C-terminal portion. A mosaic PBP2, which might display bigger structural changes, has not been successfully crystallized. The C-terminal transpeptidase domain comprises two subdomains including an α subdomain and an α/β subdomain with the active site cleft located between them [20]. The α/β subdomain that forms the lower face of the active site contains a structurally disordered region within its antiparallel β-strands core. The most notable change in the solved structures of mutated PBP2 is the ordering of the B3-B4 loop located in this region [20,33,34]. This more ordered loop appears to increase rigidity in the vicinity of the active site, which could interfere with the ability of the enzyme to undergo conformational changes. A slight shift that brings B3 closer to the active site could also contribute to the decreased susceptibility by a difficult access to the active site.



Predictions have been made based on the available structures regarding the effect that other known mutations could have in the structure and the response to antibiotics. Most of the mutations consistently observed in resistant strains are found in proximity to the active site where some of them can participate in hydrogen bonds with residues from conserved motifs [28,30,32,33,34]. Substitutions in these residues could perturb these interactions and even create new contacts that interfere with the enzyme’s affinity for the antibiotic or de-stabilize the transition state, which lowers the acylation rate.



Other aspects besides structural changes have been evaluated in order to better understand the mechanism behind antibiotic resistance. Mutations that increase minimum inhibitory concentrations (MIC) have been further studied to assess their effect on the acylation rate and protein stability. Interaction of the enzyme with the antibiotic leads to formation of an intermediate acyl-enzyme complex and the kinetics of this reaction can be measured using radiolabeled penicillin. The acylation rate constants k2/Ks serve as a direct measure of enzyme inactivation efficiency, which depends on the rapid formation and accumulation of the acyl-enzyme. Calculation of these constants for multiple PBP2 variants has shown the varying degree to which different mutations affect acyl-enzyme kinetics and how changes in acylation rate differ depending on the antibiotic. Changes in the acylation rate have been measured for penicillin and other important antibiotics like the ESCs cefixime and ceftriaxone. Results mostly correlate with the reported changes in MIC. These comparative studies showcase the contribution of specific residues to the resistance of a particular antibiotic. For example, experiments that address the importance of A501 substitutions in PBP2 for antibiotic response led to the observation that adding substitutions results in an increase in the acylation rate of penicillin. However, it has an opposite effect with cefixime [33]. A similar approach has been taken with high level resistance strains to evaluate the impact that additional mutations have on the kinetics of enzyme-antibiotic interaction. Results from these experiments confirmed the previously mentioned key role of substitutions A311V, V316P, and T483S in the transition from intermediate to high level resistance in strain H041 [30]. A final aspect that has been investigated for some mutations is how they affect thermal stability. This analysis has been accomplished by collecting thermal stability curves for wild-type and mutated PBP2. Results show that mutations affecting PBP2 lead to a lower melting temperature, which indicates a destabilizing effect of the amino acid substitutions on the protein [33,34].



As previously mentioned, N. gonorrhoeae encodes another PBP that contains a transpeptidase domain and could be targeted by β-lactam antibiotics, PBP1. PBP2 has been the main focus in antibiotic resistance studies because PBP1 has a lower affinity for developed antibiotics and, unlike penA, major changes in the sequence of ponA, which is the gene encoding PBP1, have not been observed in resistant GC strains [35,36]. However, one point mutation has been consistently detected in gonococci that are highly resistant to penicillin, L421P [21,37,38,39]. This one mutation has been shown to reduce affinity to penicillin and contribute to the transition from intermediate resistance when introduced in strains containing other antibiotic resistance determinants. The combination of mutations in both penA and ponA results in GC strains with high level antibiotic resistance.




3. Peptidoglycan-Degrading Enzymes as Potential Antibiotic Targets


PG is a dynamic structure that is constantly being remodeled to accommodate cell growth and division. Multiple enzymes responsible for cleaving PG and synthesizing PG are involved in this process [40,41,42]. Up until now, antibiotics used against the process of cell wall remodeling have targeted enzymes involved in the synthesis of the polymer instead of the breakdown. Despite no single enzyme being essential for cell survival, PG-degrading enzymes carry out required functions in the cell. Thus, researchers should take a closer look at these enzymes in the search for potential new targets for the treatment of gonococcal infections.



Several classes of peptidoglycanases act on PG to cleave the different bonds that hold the mesh-like structure together (Figure 1). Carboxypeptidases shorten the peptide stem attached to the MurNAc residue while amidases are responsible for cleaving the stem off the sugar moiety. Endopeptidases cleave the crosslinks between peptide stems from adjacent PG strands generated by PG transpeptidases, and lytic transglycosylases separate the GlcNAc and MurNAc sugar moieties that are brought together by PG transglycosylases. The activity of all these different enzymes during growth leads to the production of diverse PG fragments that can be recycled back into the cell or can be released to the environment. Relative to other organisms, gonococcus releases a large percentage of the produced fragments instead of recycling them [43,44,45,46].



PG degradation enzymes have been studied in N. gonorrhoeae because they are required for cell septation and separation as well as because the PG fragments generated are toxic to the host tissue. PG fragments released during bacterial growth have been shown to replicate the pathology observed in patients during gonococcal infections. Using human fallopian tubes in organ culture, Melly, McGee, and Rosenthal demonstrated that exposure to PG fragments leads to the sloughing of ciliated cells [47]. These observations sparked the interest of researchers and prompted further research to elucidate the mechanism behind the damage caused by the fragments. Recently, it was discovered that released (muro)peptides can be sensed by a pair of intracellular pattern recognition molecules known as NOD receptors in multiple bacterial infections [47,48,49,50]. Recognition of PG fragments by receptors NOD1 and NOD2 induces expression of inflammatory cytokines associated with tissue damage such as IL-1, IL-6, IL-8, and TNF-α [51,52,53,54,55].



It was discovered that human NOD1 (hNOD1) receptors, which are expressed by many different cell types, recognize PG fragments with a terminal mDAP in the peptide stem [54,56,57]. However, hNOD2 receptors expressed by a limited set of cell types bind to muramyl dipeptide, whole sacculi, or monomeric PG fragments with a reducing end. Gonococcus normally releases PG dimers, monomers, free peptides, and free disaccharide [58]. Of special interest are tripeptides and tripeptide monomers because they are the most abundant PG fragments released by GC and they have been shown to act as hNOD1 agonists.



The inflammatory response to gonococcal infection appears to be responsible for disease. For this reason, NOD1 activation represents an important pathogenic function in gonococcal infections. Production of the tripeptide monomer requires lytic transglycosylases (LT) to cleave the glycan backbone while tripeptide production requires amidase activity to cleave the peptide stem off the sugars. Even though N. gonorrhoeae encodes for seven to nine lytic transglycosylases that can cleave the bond between MurNAc and GlcNAc, only two of them, LtgA and LtgD, are involved in the production of monomers that get released [59,60,61]. On the other hand, GC only has one periplasmic N-acetylmuramyl L-alanine amidase, AmiC. Both AmiC and the LTs LtgA and LtgD were found to contribute to hNOD1 activation [62]. Approximately 70% to 80% of the peptide stems in the gonococcal sacculus are tetrapeptides [46]. This is in stark contrast to the composition of the PG fragments released during growth, which mainly contain a tripeptide stem. The differences in the structural composition of PG in the sacculus and liberated fragments point to the requirement of carboxypeptidase activity to shorten the peptide stem in order to produce both hNOD1 agonists. The identity of the L,D-carboxypeptidase responsible for converting tetrapeptides into tripeptides was revealed to be LdcA [63]. Inactivation of LdcA leads to a shift in the proportion of PG monomers released relative to the wild-type from mostly tripeptide monomer to almost completely tetrapeptide monomer. More importantly, elimination of LdcA activity significantly decreases not only NOD1 but also NOD2 activation and attenuates the host inflammatory response to GC. GC has approximately 40% of its PG crosslinked, which suggested that endopeptidases could affect the amount of hNOD1 agonists released [64]. Enzymes PBP3 and PBP4 encoded by N. gonorrhoeae have been shown to have endopeptidase activity [65,66]. A strain with both these enzymes inactivated displays a very large decrease in PG monomers released and the complete elimination of free peptides. These changes in the PG fragments produced impaired GC from activating the NOD1 pathway. Endopeptidases playing such a key role in hNOD1 agonist production was surprising given that more than half of the PG in the sacculus is uncrosslinked.



The role of peptidoglycanases in the creation of bacterial products that influence the host response is not the only aspect that points to PG degrading enzymes as potential targets for treatment. Previous work has shown that some of these enzymes are particularly critical for proper daughter cell separation. Absence of the lytic transglycosylase LtgC or the amidase AmiC results in bacterial cell aggregates sharing a single cell wall and outer membrane [67,68]. It was later shown that the absence of another protein that functions as an amidase activator, NlpD, leads to the same deficiency in cell separation [69]. Studies conducted with other organisms have shown that infection with mutants that have aberrant cell separation does not lead to disease development. The inability of an N. meningitidis strain defective in cell separation to establish bacteremia and attenuation of a Y. pestis nlpD mutant suggest that this process may be a good target for new therapeutics [70,71]. It has also been shown that these mutants have increased permeability to antibiotics, which means that interfering with the activity of these enzymes could potentially improve the efficacy of currently available antibiotics.



During cell wall remodeling, a balance between PG breakdown and synthesis is required to ensure cell integrity despite all the enzymatic activities involved in the process. Preserving cell integrity by maintaining this delicate balance and coordinating the various enzymatic activities is crucial for the bacterium to retain protection from host immune responses. Recent evidence comes from studies of gonococci interacting with neutrophils. A significant portion of N. gonorrhoeae is able to resist and survive the antimicrobial arsenal of neutrophils [72,73,74]. Studies showed that mutation of lytic transglycosylases ltgA and ltgD leads to a decrease in survival [75]. Decreased resistance in this double mutant was shown to be independent of PG monomer release because the addition of the monomer did not restore susceptibility. It was discovered that GC succumbs to neutrophils when the activity of these lytic transglycosylases is impaired due to increased susceptibility to lysozymes and elastase deployed by neutrophils. Lack of LtgA and LtgD activity compromises the integrity of the membrane barrier and allows for the access of these neutrophil antimicrobials to bacterial cells that would otherwise be protected by preventing access of these molecules. These results suggest that disturbing the integrity of the barrier that represents the bacterium’s first line of defense by blocking the activity of PG breakdown enzymes could assist the host immune system in the clearance of infection. It remains to be determined if inhibiting other PG breakdown enzymatic activities could also lead to an increased susceptibility to cells employed by the host immune system during infection to kill the pathogen. Another aspect that has not been assessed is the effect that impeding these enzymes could have in clearance by other immune cells. GC has also been shown to survive and replicate inside macrophages [76,77,78]. Identifying methods to prevent N. gonorrhoeae from evading killing by these immune cells is of great interest because this could be a mechanism that contributes to the persistence and resurfacing of gonococcal infections.



Another benefit has been reported to add to the therapeutic potential of targeting lytic transglycosylases. Preventing their activity does not only result in more susceptibility to the host immune system but also to β-lactam antibiotics. The lytic transglycosylase inhibitor bulgecin A provides an example of this phenomenon. Combination of the inhibitor with β-lactam antibiotics has been shown to decrease MIC of β-lactams such as penicillin G, amoxicillin, and cefotaxime [79]. Efficacy improvement of β-lactams by bulgecin A has also been observed in other organisms like Helicobacter pylori, E. coli, and Neisseria meningitidis [79,80,81]. These results demonstrate the therapeutic potential of lytic transglycosylase inhibitors due to their synergism with β-lactams. Experiments show that dual therapy with these inhibitors could restore the susceptibility of resistant GC strains to β-lactam antibiotics already developed. LT inhibitors like bulgecin A and NAG-thiazoline could provide insight for the design of therapeutics that could be used in a dual-therapy regimen for gonococcal infections [79,80,82].



As previously mentioned, PG is modified by several enzymes. Besides those in charge of breaking down and synthesizing the polymer during growth, there are other enzymes carrying out another important modification to PG composition known as PG O-acetylation. This modification is known to affect susceptibility to lysozyme degradation and virulence of some pathogens [83,84,85,86,87,88,89,90]. Studies have been done to understand the role this process and the enzymes involved play in Neisseria physiology and virulence. Results from these studies showed that preventing de-O-acetylation of PG by deleting the acetyl PG esterase 1 (Ape1) that fulfills this function leads to a drastic defect in virulence. Using a murine model of sepsis, it was shown that infection with an N. meningitidis strain lacking Ape1 leads to a significantly lower level of bacteremia [91]. De-O-acetylation appears to be an important process required for the invasiveness of the pathogen. Given the attenuation observed in N. meningitidis, Ape1 appears to be yet another possible target for new therapeutics to prevent disease and promote elimination by the immune system. Further work must be done to determine if inhibition of de-O-acetylation has a similar effect in the ability of N. gonorrhoeae to persist and cause disease.




4. Protein-Protein Interactions Involved in Cell Wall Remodeling as Potential Antibiotic Targets


It is not completely understood how bacteria coordinate the activity of enzymes cleaving PG and synthesizing it to ensure the integrity of the PG layer during growth and remodeling. A tight control must be in place to avoid autolysis or defects in cell separation. It has been proposed that the mechanism behind this regulation is the formation of multi-enzymatic complexes that allow for the coordination of the various activities [92,93,94,95]. Studying the presence and composition of these complexes is important for understanding how enzymes required for survival and others that appear to be important for disease development exert their activity. Along with shedding a light into how the cellular process of cell wall remodeling works, results from these studies could provide insight into alternative mechanisms that could be employed to continue to target the essential biosynthetic machinery and/or the yet-to-be targeted breakdown enzymes. There are peptidoglycanases encoded by GC that might be critical and affect survival, the production of toxic PG fragments, or proper daughter cell separation by regulating the activity of the enzymes directly involved in these processes through protein-protein interactions. Interfering with the formation of enzymatic complexes by peptidoglycanases represents another possible approach for new treatments.



Multiple studies have been conducted to identify protein-protein interactions to support the multi-enzymatic complex model. Most of these studies have focused on the proteins that are recruited to the division site early during cell division to constrict the cells and start the process of separation into two daughter cells, which has led to the elucidation of the divisome [96,97,98]. Other studies have been designed to identify interacting partners of enzymes involved in the release of toxic PG fragments, but they have only focused on the relationship between lytic transglycosylases and penicillin binding proteins (PBP). These enzymes have been at the center of many studies given their requirement for PG monomer release and the ability of monomers to cause tissue damage.



Research into the formation of multi-enzymatic complexes by peptidoglycanases has led to the detection of multiple interacting partners among not only enzymes responsible for cleaving PG but also among those involved in its synthesis. Interactions have been seen between enzymes responsible for cleaving PG at different sites. For example, an interaction between the lytic transglycosylase Slt70 and the endopeptidase PBP7 was detected in Escherichia coli [99]. Enzymes involved in assembling the polymer also appear to interact among themselves [94,95,100]. Using multiple techniques, the bifunctional transglycosylase-transpeptidase murein synthase PBP1B was shown to interact with the transpeptidase PBP3 in E. coli [100]. Not all the interactions that have been observed occur between enzymes involved in the same process of PG synthesis or breakdown. Some interactions connect these opposing functions with representatives from the contrasting groups coming together. Examples of interactions between synthetic and breakdown enzymes have been observed in various organisms. The interactions between lytic transglycosylases and the PBPs responsible for transglycosylation and transpeptidation have been detected in organisms such as E. coli, Pseudomonas aeruginosa, and N. meningitidis [101,102,103,104].



Some of the elucidated interactions are known to be vital for the activity of the enzymes because they are responsible for recruitment to the site of action. This function has been confirmed for the synthetic pair PBP1B and PBP3 in E. coli and for the PG amidase AmiC and its activator. PBP1B requires its interaction with PBP3 to localize to the division site [100]. In the case of PG amidases and their activators, there appears to be variation in the requirement of the activator for amidase localization among organisms. PG amidase AmiC in E. coli can localize to the division site independently of its activator NlpD while the homolog in Vibrio cholerae known as AmiB requires the presence of one of its activators NlpD or EnvC to localize [105,106]. This last result highlights the importance of caution when generalizing about protein-protein interactions and their role based on results from another organism.



A major obstacle for studying the interactions among peptidoglycanases has been the high level of redundancy in the organisms studied so far. This has also raised concerns regarding the potential of exploiting discovered interactions for the development of new treatments. However, contrary to other organisms, N. gonorrhoeae has a relatively small number of peptidoglycanases with fewer enzymes of each class and less redundancy of function. Further research is needed to address questions regarding the importance of these enzymes and enzymatic complexes in proper cell separation, in the production of toxic PG fragments, and in host tissue damage. The lack of redundancy observed in GC suggests that answers to these questions can lead to the discovery of new targets for the development of future treatments that affect cell integrity and impair the ability of N. gonorrhoeae to cause disease.




5. Discussion


Antibiotic resistance is making treatment of gonococcal infections increasingly difficult. The efficacy of antibiotics currently used for treatment is declining and, without new therapeutics in sight, we currently face the threat of untreatable gonorrhea [107]. Multiple antibiotics used to combat N. gonorrhoeae target PG by blocking the activity of the essential biosynthetic enzymes PBP1 and PBP2. There are PG breakdown enzymes whose activity is also important for the bacterium to maintain the integrity of the cell during growth and that represent unexplored avenues for treatment. As discussed in this paper, the activity of these enzymes causes the production and release of small PG fragments including some which can be detected by intracellular pattern recognition receptors NOD1 and NOD2. Therefore, these enzymes should be considered not just as virulence factors but also as immunomodulatory. Their inhibition would lead to a different immune response and possibly to better clearance of the bacteria. Special attention should be given to the gonococcal carboxypeptidases and endopeptidases required for the production of both hNOD1 agonists given that results suggest that the release of both the tripeptide monomer and the tripeptide must be affected to impair activation of the NOD1 pathway. One of the reasons that antibiotics have not been designed to target the PG breakdown enzymes is because they are not essential for growth. Even though these enzymes are not individually essential for growth under laboratory conditions, it is unknown if they are required for the bacterium to survive in the host in the context of infection. The reason for GC releasing PG fragments that assist the host in detecting the pathogen is not understood but results suggest that they fulfill an important function because N. gonorrhoeae has modifications in its recycling machinery that cause the changes in the proportion of recycled and released PG fragments [108]. The importance of some PG breakdown enzymes during infection has been demonstrated in N. meningitidis where a lytic transglycosylase and an endopeptidase mutant were unable to cause disease in the infant rat model [67,71,109]. Addressing the importance of peptidoglycanases for gonococcal infections has been difficult because GC is an obligate human pathogen and animal models do not replicate most aspects of human disease.



Organisms that have been used to study the enzymes involved in cell wall remodeling like E. coli show a lot of redundancy. This redundancy makes it more difficult to target the PG degrading enzymes because the bacterium can make up for the loss of activity of individual enzymes. Unlike these organisms, N. gonorrhoeae appears to have a more streamlined machinery with fewer members from the different classes, which highlights the potential of targeting the process of cell wall remodeling by blocking the activity of additional enzymes involved in the process. LdcA, PBP3, and PBP4 appear to be good candidates for future therapeutics given their requirement for producing toxic PG fragments. Studies have shown an inability of GC to activate the NOD1 pathway and a decrease in NOD2 activation when these peptidoglycanases are absent [63]. Further work is needed to better understand the importance of released PG fragments and the activation of these pathways for infection and disease development.



Blocking activity of PG breakdown enzymes like lytic transglycosylases compromises the integrity of the bacterium’s membrane barrier and facilitates the access of antimicrobials [75,79]. This disturbance has demonstrated therapeutic potential by restoring the efficacy of β-lactams in resistant GC strains. Alterations in the PG composition appear to influence the pathogen’s ability to persist in the host and cause disease, which makes the enzymes involved in PG modification and metabolism potential targets for new therapeutics. The enzyme Ape1 responsible for de-O-acetylation of PG represents a great example given that deficiency in this process has been shown to impair the mutants from causing disease in other organisms [91].



There are other PG hydrolases that do not impact the composition or the amount of PG fragments released but are important for proper daughter cell separation. AmiC, LtgC, and NlpD are essential for this process in the gonococcal cell and their absence leads to bacterial growth in clusters with multiple cells sharing an outer membrane [67,68,69]. More research should be done with cell separation mutants to address the impact that this defect has in the susceptibility to the host immune response and to antibiotics.



Peptidoglycanases appear to be regulated by the formation of multi-enzymatic complexes that allow for the coordination of the diverse activities on PG [92,93,94,95]. This represents another largely unexplored path that could be exploited for treatment. The composition of these enzymatic complexes must be elucidated to address their importance for proper activity of the individual enzymes. Enzymes that are not directly and actively involved in processes essential for the survival of the bacterium and essential for disease might turn out to be critical because they control the activity of the enzymes involved. Results from multiple studies showing protein-protein interactions among different classes of peptidoglycanases support the multi-enzymatic complex hypothesis [94,100,101,102,103,104]. Most of the protein-protein interaction studies have not investigated beyond the identification of interacting partners, which means many questions remain unanswered regarding the importance and the role of these interactions for disease.



More research is needed to assess the potential of the enzymes discussed in this paper as targets for future antibiotics. Promising results have been obtained from work with lytic transglycosylases, which show that a lytic transglycosylase inhibitor increases the efficacy of β-lactam antibiotics [79]. It remains to be determined if targeting activity of these and other gonococcal peptidoglycanases could prevent disease or increase the susceptibility of the pathogen to the host immune response and established antibiotics. Work in this area could lead to the design and development of new therapeutics that would effectively combat gonococcal infections as monotherapies or therapeutics that increase the efficacy of currently available antibiotics.







Author Contributions


K.M.P.M. and J.P.D. wrote the paper.




Acknowledgments


This work was supported by the NIH grant R01AI097157 to JPD. KMPM was supported by the NIH National Research Service Award T32 GM007215.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bolan, G.A.; Sparling, F.; Wasserheit, J.N. The emerging threat of untreatable gonococcal infection. N. Engl. J. Med. 2012, 366, 485–487. [Google Scholar] [CrossRef] [PubMed]

	



Centers for Disease Control. Antibiotic Resistance Threats in the United States. 2013. Available online: https://www.cdc.gov/drugresistance/threat-report-2013/index.html (accessed on 16 April 2018).

	



Centers for Disease Control. 2015 Sexually Transmitted Diseases Surveillance. Available online: https://www.cdc.gov/std/stats15/gonorrhea.htm (accessed on 16 April 2018).

	



Fifer, H.; Natarajan, U.; Unemo, M. Failure of dual antimicrobial therapy in treatment of gonorrhea. N. Engl. J. Med. 2016, 374, 2504–2506. [Google Scholar] [CrossRef] [PubMed]

	



Unemo, M. Current and future antimicrobial treatment of gonorrhea—The rapidly evolving Neisseria gonorrhoeae continues to challenge. BMC Infect. Dis. 2015, 15, 364. [Google Scholar] [CrossRef] [PubMed]

	



Unemo, M.; Shafer, W.M. Antimicrobial resistance in Neisseria gonorrhoeae in the 21st century: Past, evolution, and future. Clin. Microbiol. Rev. 2014, 27, 587–613. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.A.; Lee, M.V.C.; O’Connor, N.; Iverson, C.J.; Ohye, R.G.; Whiticar, P.M.; Hale, J.A.; Trees, D.L.; Knapp, J.S.; Effler, P.V.; et al. Multidrug-resistant Neisseria gonorrhoeae with decreased susceptibility to cefixime-Hawaii, 2001. Clin. Infect. Dis. 2003, 37, 849–852. [Google Scholar] [CrossRef] [PubMed]

	



Unemo, M.; Golparian, D.; Nicholas, R.; Ohnishi, M.; Gallay, A.; Sednaouie, P. High-level cefixime- and ceftriaxone-resistant Neisseria gonorrhoeae in France: Novel penA mosaic allele in a successful international clone causes treatment failure. Antimicrob. Agents Chemother. 2012, 56, 1273–1280. [Google Scholar] [CrossRef] [PubMed]

	



Whiley, D.M.; Limnios, E.A.; Ray, S.; Sloots, T.P.; Tapsall, J.W. Diversity of penA alterations and subtypes in Neisseria gonorrhoeae strains from Sydney, Australia that are less susceptible to ceftriaxone. Antimicrob. Agents Chemother. 2007, 51, 3111–3116. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ohnishi, M.; Golparian, D.; Shimuta, K.; Saika, T.; Hoshina, S.; Iwasaku, K.; Nakayama, S.I.; Kitawaki, J.; Unemo, M. Is Neisseria gonorrhoeae initiating a future era of untreatable gonorrhea?: Detailed characterization of the first strain with high-level resistance to ceftriaxone. Antimicrob. Agents Chemother. 2011, 55, 3538–3545. [Google Scholar] [CrossRef] [PubMed]

	



Cámara, J.; Serra, J.; Ayats, J.; Bastida, T.; Carnicer-Pont, D.; Andreu, A.; Ardanuy, C. Molecular characterization of two high-level ceftriaxone-resistant Neisseria gonorrhoeae isolates detected in Catalonia, Spain. J. Antimicrob. Chemother. 2012, 67, 1858–1860. [Google Scholar] [CrossRef] [PubMed]

	



Goire, N.; Lahra, M.M.; Chen, M.; Donovan, B.; Fairley, C.K.; Guy, R.; Kaldor, J.; Regan, D.; Ward, J.; Nissen, M.D.; et al. Molecular approaches to enhance surveillance of gonococcal antimicrobial resistance. Nat. Rev. Microbiol. 2014, 12, 223–229. [Google Scholar] [CrossRef] [PubMed]

	



Ison, C.A.; Hussey, J.; Sankar, K.N.; Evans, J.; Alexander, S. Gonorrhoea treatment failures to cefixime and azithromycin in England, 2010. Eurosurveillance 2011, 16, 19833. [Google Scholar] [PubMed]

	



Unemo, M.; Golparian, D.; Hestner, A. Ceftriaxone treatment failure of pharyngeal gonorrhoea verified by international recommendations, Sweden, July 2010. Eurosurveillance 2011, 16, 19792. [Google Scholar] [PubMed]

	



Unemo, M.; Golparian, D.; Stary, A.; Eigentler, A. First Neisseria gonorrhoeae strain with resistance to cefixime causing gonorrhoea treatment failure in Austria, 2011. Eurosurveillance 2011, 16, 19998. [Google Scholar] [PubMed]

	



Unemo, M.; Golparian, D.; Syversen, G.; Vestrheim, D.F.; Moi, H. Two cases of verified clinical failures using internationally recommended first-line cefixime for gonorrhoea treatment, Norway, 2010. Eurosurveillance 2010, 15, 19721. [Google Scholar] [CrossRef] [PubMed]

	



Unemo, M.; Golparian, D.; Potoènik, M.; Jeverica, S. Treatment failure of pharyngeal gonorrhoea with internationally recommended first-line ceftiaxone verified in Slovenia, September 2011. Eurosurveillance 2012, 17, 20200. [Google Scholar] [PubMed]

	



Tapsall, J.; Read, P.; Carmody, C.; Bourne, C.; Ray, S.; Limnios, A.; Sloots, T.; Whiley, D. Two cases of failed ceftriaxone treatment in pharyngeal gonorrhea verified by molecular microbiological methods. J. Med. Microbiol. 2009, 58, 683–687. [Google Scholar] [CrossRef] [PubMed]

	



Yokoi, S.; Deguchi, T.; Ozawa, T.; Yasuda, M.; Ito, S.I.; Kubota, Y.; Tamaki, M.; Maeda, S.I. Threat to cefixime treatment for gonorrhea. Emerg. Infect. Dis. 2007, 13, 1275–1277. [Google Scholar] [PubMed]

	



Zapun, A.; Macheboeuf, P.; Vernet, T. Penicillin-binding proteins and β-lactam resistance. FEMS Microbiol. Rev. 2008, 32, 361–385. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lindberg, R.; Fredlund, H.; Nicholas, R.; Unemo, M. Neisseria gonorrhoeae isolates with reduced susceptibility to cefixime and ceftriaxone: Association with genetic polymorphisms in penA, mtrR, porB1b, and ponA. Antimicrob. Agents Chemother. 2007, 51, 2117–2122. [Google Scholar] [CrossRef] [PubMed]

	



Sparling, P.F.; Sarubbi, F.A.; Blackman, E. Inheritance of low-level resistance to penicillin, tetracycline, and chloramphenicol in Neisseria gonorrhoeae. J. Bacteriol. 1975, 124, 740–749. [Google Scholar] [PubMed]

	



Spratt, B. Hybrid penicillin binding proteins in penicillin resistant strains of Neisseria gonorrhoeae. Nature 1988, 332, 173–176. [Google Scholar] [CrossRef] [PubMed]

	



Kubanova, A.A.; Kubanov, A.A.; Kozhushnaya, O.S.; Vorob’ev, D.V.; Solomka, V.S.; Frigo, N.V. The role of some individual amino acid substitutions in penicillin-binding protein (PBP2) of Neisseria gonorrhoeae in the emergence of resistance to ceftriaxone. Mol. Biol. 2014, 48, 858–863. [Google Scholar] [CrossRef]

	



Ameyama, S.; Onodera, S.; Takahata, M.; Minami, S.; Maki, N.; Endo, K.; Goto, H.; Suzuki, H.; Oishi, Y. Mosaic-like structure of penicillin-binding protein 2 gene (penA) in clinical isolates of Neisseria gonorrhoeae with reduced susceptibility to cefixime. Antimicrob. Agents Chemother. 2002, 46, 3744–3749. [Google Scholar] [CrossRef] [PubMed]

	



Osaka, K.; Takakura, T.; Narukawa, K.; Takahata, M.; Endo, K.; Kiyota, H.; Onodera, S. Analysis of amino acid sequences of penicillin-binding protein 2 in clinical isolates of Neisseria gonorrhoeae with reduced susceptibility to cefixime and ceftriaxone. J. Infect. Chemother. 2008, 14, 195–203. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, M.; Nakayama, H.; Huruya, K.; Konomi, I.; Irie, S.; Kanayama, A.; Saika, T.; Kobayashi, I. Analysis of mutations within multiple genes associated with resistance in a clinical isolate of Neisseria gonorrhoeae with reduced ceftriaxone susceptibility that shows a multidrug-resistant phenotype. Int. J. Antimicrob. Agents. 2006, 27, 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Tomberg, J.; Unemo, M.; Davies, C.; Nicholas, R.A. Molecular and structural analysis of mosaic variants of penicillin-binding protein 2 conferring decreased susceptibility to expanded-spectrum cephalosporins in Neisseria gonorrhoeae: Role of epistatic mutations. Biochemistry 2010, 49, 8062–8070. [Google Scholar] [CrossRef] [PubMed]

	



Whiley, D.M.; Goire, N.; Lambert, S.B.; Ray, S.; Limnios, E.A.; Nissen, M.D.; Sloots, T.P.; Tapsall, J.W. Reduced susceptibility to ceftriaxone in Neisseria gonorrhoeae is associated with mutations G542S, P551S and P551L in the gonococcal penicillin-binding protein 2. J. Antimicrob. Chemother. 2010, 65, 1615–1618. [Google Scholar] [CrossRef] [PubMed]

	



Tomberg, J.; Unemo, M.; Ohnishi, M.; Davies, C.; Nicholas, R.A. Identification of amino acids conferring high-level resistance to expanded-spectrum cephalosporins in the penA gene from Neisseria gonorrhoeae strain H041. Antimicrob. Agents Chemother. 2013, 57, 3029–3036. [Google Scholar] [CrossRef] [PubMed]

	



Deguchi, T.; Yasuda, M.; Hatazaki, K.; Kameyama, K.; Horie, K.; Kato, T.; Mizutani, K.; Seike, K.; Tsuchiya, T.; Yokoi, S.; et al. New clinical strain of Neisseria gonorrhoeae with decreased susceptibility to ceftriaxone, Japan. Emerg. Infect. Dis. 2016, 22, 142–144. [Google Scholar] [CrossRef] [PubMed]

	



Brannigan, J.; Tirodimos, I.; Zhang, Q.; Dowson, C.; Spratt, B. Insertion of an extra amino acid is the main cause of the low affinity of penicillin binding protein 2 in penicillin resistant strains of Neisseria gonorrhoeae. Mol. Microbiol. 1990, 4, 913–919. [Google Scholar] [CrossRef] [PubMed]

	



Tomberg, J.; Fedarovich, A.; Vincent, L.R.; Jerse, A.E.; Unemo, M.; Davies, C.; Nicholas, R.A. Alanine 501 mutations in penicillin-binding protein 2 from Neisseria gonorrhoeae: Structure, mechanism, and effects on cephalosporin resistance and biological fitness. Biochemistry 2017, 56, 1140–1150. [Google Scholar] [CrossRef] [PubMed]

	



Powell, A.J.; Tomberg, J.; Deacon, A.M.; Nicholas, R.A.; Davies, C. Crystal structures of penicillin-binding protein 2 from penicillin-susceptible and -resistant strains of Neisseria gonorrhoeae reveal an unexpectedly subtle mechanism for antibiotic resistance. J. Biol. Chem. 2009, 284, 1202–1212. [Google Scholar] [CrossRef] [PubMed]

	



Barbour, A.G. Properties of penicillin-binding proteins in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 1981, 19, 316–322. [Google Scholar] [CrossRef] [PubMed]

	



Dougherty, T.J.; Koller, A.E.; Tomasz, A. Competition of beta-lactam antibiotics for the penicillin-binding proteins of Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 1981, 20, 109–114. [Google Scholar] [CrossRef] [PubMed]

	



Ropp, P.A.; Nicholas, R.A. Cloning and characterization of the ponA gene encoding penicillin-binding protein 1 from Neisseria gonorrhoeae and Neisseria meningitidis. J. Bacteriol. 1997, 179, 2783–2787. [Google Scholar] [CrossRef] [PubMed]

	



Ropp, P.A.; Hu, M.; Olesky, M.; Nicholas, R.A. Mutations in ponA, the gene encoding penicillin-binding protein 1, and a novel locus, penC, are required for high-level chromosomally mediated penicillin resistance in Neisseria gonorrhoeae. Antimicrob. Agents Chemother. 2002, 46, 769–777. [Google Scholar] [CrossRef] [PubMed]

	



Shigemura, K.; Shirakawa, T.; Massi, N.; Tanaka, K.; Arakawa, S.; Gotoh, A.; Fujisawa, M. Presence of a mutation in ponA1 of Neisseria gonorrhoeae in numerous clinical samples resistant to various β-lactams and other, structurally unrelated, antimicrobials. J. Infect. Chemother. 2005, 11, 226–230. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.T.; Uehara, T. How bacteria consume their own exoskeletons (Turnover and recycling of cell wall peptidoglycan). Microbiol. Mol. Biol. Rev. 2008, 72, 211–227. [Google Scholar] [CrossRef] [PubMed]

	



Van Heijenoort, J. Peptidoglycan hydrolases of Escherichia coli. Microbiol. Mol. Biol. Rev. 2011, 75, 636–663. [Google Scholar] [CrossRef] [PubMed]

	



Vollmer, W.; Joris, B.; Charlier, P.; Foster, S. Bacterial peptidoglycan (murein) hydrolases. FEMS Microbiol. Rev. 2008, 32, 259–286. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Woodhams, K.L.; Chan, J.M.; Lenz, J.D.; Hackett, K.T.; Dillard, J.P. Peptidoglycan fragment release from Neisseria meningitidis. Infect. Immun. 2013, 81, 3490–3498. [Google Scholar] [CrossRef] [PubMed]

	



Goodell, E.W.; Schwarz, U. Release of cell wall peptides into culture medium by exponentially growing Escherichia coli. J. Bacteriol. 1985, 162, 391–397. [Google Scholar] [PubMed]

	



Rosenthal, R.S. Release of soluble peptidoglycan from growing gonococci: Hexaminidase and amidase activities. Infect. Immun. 1979, 24, 869–878. [Google Scholar] [PubMed]

	



Sinha, R.K.; Rosenthal, R.S. Release of soluble peptidoglycan from growing gonococci: Demonstration of anhydro-muramyl-containing fragments. Infect. Immun. 1980, 29, 914–925. [Google Scholar] [PubMed]

	



Melly, M.A.; McGee, Z.A.; Rosenthal, R.S. Ability of monomeric peptidoglycan fragments from Neisseria gonorrhoeae to damage human fallopian-tube mucosa. J. Infect. Dis. 1984, 149, 378–386. [Google Scholar] [CrossRef] [PubMed]

	



Mavrogiorgos, N.; Mekasha, S.; Yang, Y.; Kelliher, M.A.; Ingalls, R.R. Activation of NOD receptors by Neisseria gonorrhoeae modulates the innate immune response. Innate Immun. 2014, 20, 377–389. [Google Scholar] [CrossRef] [PubMed]

	



Nigro, G.; Fazio, L.L.; Martino, M.C.; Rossi, G.; Tattoli, I.; Liparoti, V.; De Castro, C.; Molinaro, A.; Philpott, D.J.; Bernardini, M.L. Muramylpeptide shedding modulates cell sensing of Shigella flexneri. Cell Microbiol. 2008, 10, 682–695. [Google Scholar] [CrossRef] [PubMed]

	



Viala, J.; Chaput, C.; Boneca, I.G.; Cardona, A.; Girardin, S.E.; Moran, A.P.; Athman, R.; Memet, S.; Huerre, M.R.; Coyle, A.J.; et al. Nod1 responds to peptidoglycan delivered by the Helicobacter pylori cag pathogenicity island. Nat. Immunol. 2004, 5, 1166–1174. [Google Scholar] [CrossRef] [PubMed]

	



McGee, Z.A.; Jensen, R.L.; Clemens, C.M.; Taylor-Robinson, D.; Johnson, A.P.; Gregg, C.R. Gonococcal infection of human fallopian tube mucosa in organ culture: Relationship of mucosal tissue TNF-α concentration to sloughing of ciliated cells. Sex Transm Dis. 1999, 26, 160–165. [Google Scholar] [CrossRef] [PubMed]

	



Maisey, K.; Nardocci, G.; Imarai, M.; Cardenas, H.; Rios, M.; Croxatto, H.B.; Heckels, J.E.; Christodoulides, M.; Velasquez, L.A. Expression of pro-inflammatory cytokines and receptors by human fallopian tubes in organ culture following challenge with Neisseria gonorrhoeae. Infect. Immun. 2003, 71, 527–532. [Google Scholar] [CrossRef] [PubMed]

	



McGee, Z.A.; Clemens, C.M.; Jensen, R.L.; Klein, J.J.; Barley, L.R.; Gorby, G.L. Local induction of tumor necrosis factor as a molecular mechanism of mucosal damage by gonococci. Microb. Pathog. 1992, 12, 333–341. [Google Scholar] [CrossRef]

	



Girardin, S.E.; Boneca, I.G.; Carneiro, L.A.M.; Antignac, A.; Jéhanno, M.; Viala, J.; Tedin, K.; Taha, M.K.; Labigne, A.; Zähringer, U.; et al. Nod1 detects a unique muropeptide from Gram-negative bacterial peptidoglycan. Science 2003, 300, 1584–1587. [Google Scholar] [CrossRef] [PubMed]

	



Dokter, W.H.A.; Dijkstra, A.J.; Koopmans, S.B.; Stulp, B.K.; Keck, W.; Halie, M.R.; Vellenga, E. G(Anh)MTetra, a natural bacterial cell wall breakdown product, induces interleukin-1beta and interleukin-6 expression in human monocytes: A study of the molecular mechanisms involved in inflammatory cytokine expression. J. Biol. Chem. 1994, 269, 4201–4206. [Google Scholar] [PubMed]

	



Laroui, H.; Yan, Y.; Narui, Y.; Ingersoll, S.A.; Ayyadurai, S.; Charania, M.A.; Zhou, F.; Wang, B.; Salaita, K.; Sitaraman, S.V.; et al. l-Ala-γ-d-Glu-meso-diaminopimelic acid (DAP) interacts directly with leucine-rich region domain of nucleotide-binding oligomerization domain 1, increasing phosphorylation activity of receptor-interacting serine/threonine-protein kinase 2 and its interaction with nucleotide-binding oligomerization domain 1. J. Biol. Chem. 2011, 286, 31003–31013. [Google Scholar] [PubMed]

	



Strober, W.; Murray, P.J.; Kitani, A.; Watanabe, T. Signalling pathways and molecular interactions of NOD1 and NOD2. Nat. Rev. Immunol. 2006, 6, 9–20. [Google Scholar] [CrossRef] [PubMed]

	



Schaub, R.E.; Lenz, J.D.; Dillard, J.P. Analysis of peptidoglycan fragment release. Methods Mol. Biol. 2016, 1440, 185–200. [Google Scholar] [PubMed]

	



Chan, Y.A.; Hackett, K.T.; Dillard, J.P. The lytic transglycosylases of Neisseria gonorrhoeae. Microb. Drug Resist. 2012, 18, 271–279. [Google Scholar] [CrossRef] [PubMed]

	



Cloud-Hansen, K.A.; Hackett, K.T.; Garcia, D.L.; Dillard, J.P. Neisseria gonorrhoeae uses two lytic transglycosylases to produce cytotoxic peptidoglycan monomers. J. Bacteriol. 2008, 190, 5989–5994. [Google Scholar] [CrossRef] [PubMed]

	



Schaub, R.E.; Chan, Y.A.; Lee, M.; Hesek, D.; Mobashery, S.; Dillard, J.P. Lytic transglycosylases LtgA and LtgD perform distinct roles in remodeling, recycling and releasing peptidoglycan in Neisseria gonorrhoeae. Mol. Microbiol. 2016, 102, 865–881. [Google Scholar] [CrossRef] [PubMed]

	



Lenz, J.D.; Stohl, E.A.; Robertson, R.M.; Hackett, K.T.; Fisher, K.; Xiong, K.; Lee, M.; Hesek, D.; Mobashery, S.; Seifert, H.S.; et al. Amidase activity of AmiC controls cell separation and stem peptide release and is enhanced by NlpD in Neisseria gonorrhoeae. J. Biol. Chem. 2016, 291, 10916–10933. [Google Scholar] [CrossRef] [PubMed]

	



Lenz, J.D.; Hackett, K.T.; Dillard, J.P. A single dual-function enzyme controls the production of inflammatory NOD agonist peptidoglycan fragments by Neisseria gonorrhoeae. MBio 2017, 8. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, R.S.; Wright, R.M.; Sinha, R.K. Extent of peptide cross-linking in the peptidoglycan of Neisseria gonorrhoeae. Infect. Immun. 1980, 28, 867–875. [Google Scholar] [PubMed]

	



Stefanova, M.E.; Tomberg, J.; Olesky, M.; Höltje, J.V.; Gutheil, W.G.; Nicholas, R.A. Neisseria gonorrhoeae penicillin-binding protein 3 exhibits exceptionally high carboxypeptidase and β-Lactam binding activities. Biochemistry 2003, 42, 14614–14625. [Google Scholar] [CrossRef] [PubMed]

	



Stefanova, M.E.; Tomberg, J.; Davies, C.; Nicholas, R.A.; Gutheil, W.G. Overexpression and enzymatic characterization of Neisseria gonorrhoeae penicillin-binding protein 4. Eur. J. Biochem. 2004, 271, 23–32. [Google Scholar] [CrossRef] [PubMed]

	



Cloud, K.A.; Dillard, J.P. Mutation of a single lytic transglycosylase causes aberrant septation and inhibits cell separation of Neisseria gonorrhoeae. J. Bacteriol. 2004, 186, 7811–7814. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, D.L.; Dillard, J.P. AmiC functions as an N-acetylmuramyl-l-alanine amidase necessary for cell separation and can promote autolysis in Neisseria gonorrhoeae. J. Bacteriol. 2006, 188, 7211–7221. [Google Scholar] [CrossRef] [PubMed]

	



Stohl, E.A.; Lenz, J.D.; Dillard, J.P.; Seifert, H.S. The gonococcal NlpD protein facilitates cell separation by activating peptidoglycan cleavage by AmiC. J. Bacteriol. 2016, 198, 615–622. [Google Scholar] [CrossRef] [PubMed]

	



Tidhar, A.; Flashner, Y.; Cohen, S.; Levi, Y.; Zauberman, A.; Gur, D.; Aftalion, M.; Elhanany, E.; Zvi, A.; Shafferman, A.; et al. The NlpD lipoprotein is a novel Yersinia pestis virulence factor essential for the development of plague. PLoS ONE 2009, 4, e7023. [Google Scholar] [CrossRef] [PubMed]

	



Adu-bobie, J.; Lupetti, P.; Brunelli, B.; Norais, N.; Ferrari, G.; Grandi, G.; Granoff, D.; Rappuoli, R.; Pizza, M. GNA33 of Neisseria meningitidis is a lipoprotein required for cell separation, membrane architecture, and virulence. Infect. Immun. 2004, 72, 1914–1919. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, M.B.; Criss, A.K. Resistance of Neisseria gonorrhoeae to neutrophils. Front. Microbiol. 2011, 2, 77. [Google Scholar] [CrossRef] [PubMed]

	



Criss, A.K.; Seifert, H.S. A bacterial siren song: Intimate interactions between Neisseria and neutrophils. Nat. Rev. Microbiol. 2012, 10, 178–190. [Google Scholar] [CrossRef] [PubMed]

	



Simons, M.P.; Nauseef, W.M.; Apicella, M.A. Interactions of Neisseria gonorrhoeae with adherent polymorphonuclear leukocytes. Infect. Immun. 2005, 73, 1971–1977. [Google Scholar] [CrossRef] [PubMed]

	



Ragland, S.A.; Schaub, R.E.; Hackett, K.T.; Dillard, J.P.; Criss, A.K. Two lytic transglycosylases in Neisseria gonorrhoeae impart resistance to killing by lysozyme and human neutrophils. Cell. Microbiol. 2017, 19, e12662. [Google Scholar] [CrossRef] [PubMed]

	



Château, A.; Seifert, H.S. Neisseria gonorrhoeae survives within and modulates apoptosis and inflammatory cytokine production of human macrophages. Cell. Microbiol. 2016, 18, 546–560. [Google Scholar] [CrossRef] [PubMed]

	



Zughaier, S.M.; Kandler, J.L.; Shafer, W.M. Neisseria gonorrhoeae modulates iron-limiting innate immune defenses in macrophages. PLoS ONE 2014, 9, e87688. [Google Scholar] [CrossRef] [PubMed]

	



Leuzzi, R.; Serino, L.; Scarselli, M.; Savino, S.; Fontana, M.R.; Monaci, E.; Taddei, A.; Fischer, G.; Rappuoli, R.; Pizza, M. Ng-MIP, a surface-exposed lipoprotein of Neisseria gonorrhoeae, has a peptidyl-prolyl cis/trans isomerase (PPlase) activity and is involved in persistence in macrophages. Mol. Microbiol. 2005, 58, 669–681. [Google Scholar] [CrossRef] [PubMed]

	



Williams, A.H.; Wheeler, R.; Thiriau, C.; Haouz, A.; Taha, M.K.; Boneca, I.G. Bulgecin A: The key to a broad-spectrum inhibitor that targets lytic transglycosylases. Antibiotics 2017, 6, 8. [Google Scholar] [CrossRef] [PubMed]

	



Templin, M.F.; Edwards, D.H.; Holtje, J.V. A murein hydrolase is the specific target of bulgecin in Escherichia coli. J. Biol. Chem. 1992, 267, 20039–20043. [Google Scholar] [PubMed]

	



Bonis, M.; Williams, A.H.; Guadagnini, S.; Werts, C.; Boneca, I.G. The effect of bulgecin A on peptidoglycan metabolism and physiology of Helicobacter pylori. Microb. Drug Resist. 2012, 18, 230–239. [Google Scholar] [CrossRef] [PubMed]

	



Reid, C.W.; Blackburn, N.T.; Legaree, B.A.; Auzanneau, F.I.; Clarke, A.J. Inhibition of membrane-bound lytic transglycosylase B by NAG-thiazoline. FEBS Lett. 2004, 574, 73–79. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Aubry, C.; Goulard, C.; Nahori, M.A.; Cayet, N.; Decalf, J.; Sachse, M.; Boneca, I.G.; Cossart, P.; Dussurget, O. OatA, a peptidoglycan O-acetyltransferase involved in Listeria monocytogenes immune escape, is critical for virulence. J. Infect. Dis. 2011, 204, 731–740. [Google Scholar] [CrossRef] [PubMed]

	



Rae, C.S.; Geissler, A.; Adamson, P.C.; Portnoy, D.A. Mutations of the Listeria monocytogenes peptidoglycan N-Deacetylase and O-acetylase result in enhanced lysozyme sensitivity, bacteriolysis, and hyperinduction of innate immune pathways. Infect. Immun. 2011, 79, 3596–3606. [Google Scholar] [CrossRef] [PubMed]

	



Shimada, T.; Park, B.G.; Wolf, A.J.; Brikos, C.; Goodridge, H.S.; Becker, C.A.; Reyes, C.N.; Miao, E.A.; Aderem, A.; Götz, F.; et al. Staphylococcus aureus evades lysozyme-based peptidoglycan digestion that links phagocytosis, inflammasome activation, and IL-1β Secretion. Cell Host Microbe. 2010, 7, 38–49. [Google Scholar] [CrossRef] [PubMed]

	



Bera, A.; Biswas, R.; Herbert, S.; Götz, F. The presence of peptidoglycan O-acetyltransferase in various staphylococcal species correlates with lysozyme resistance and pathogenicity. Infect. Immun. 2006, 74, 4598–4604. [Google Scholar] [CrossRef] [PubMed]

	



Bera, A.; Herbert, S.; Jakob, A.; Vollmer, W.; Götz, F. Why are pathogenic staphylococci so lysozyme resistant? The peptidoglycan O-acetyltransferase OatA is the major determinant for lysozyme resistance of Staphylococcus aureus. Mol. Microbiol. 2005, 55, 778–787. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, C.; Clarke, A.J. Dependence of lysozyme-catalysed solubilization of Proteus mirabilis peptidoglycan on the extent of O-acetylation. Eur. J. Biochem. 1991, 195, 763–769. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, R.S.; Blundell, J.K.; Perkins, H.R. Strain-related differences in lysozyme sensitivity and extent of O-acetylation of gonococcal peptidoglycan. Infect. Immun. 1982, 37, 826–829. [Google Scholar] [PubMed]

	



Swim, S.C.; Gfell, M.A.; Wilde, C.E.; Rosenthal, R.S. Strain distribution in extents of lysozyme resistance and O-acetylation of gonococcal peptidoglycan determined by high-performance liquid chromatography. Infect. Immun. 1983, 42, 446–452. [Google Scholar] [PubMed]

	



Veyrier, F.J.; Williams, A.H.; Mesnage, S.; Schmitt, C.; Taha, M.K.; Boneca, I.G. De-O-acetylation of peptidoglycan regulates glycan chain extension and affects in vivo survival of Neisseria meningitidis. Mol. Microbiol. 2013, 87, 1100–1112. [Google Scholar] [CrossRef] [PubMed]

	



Höltje, J.V. A hypothetical holoenzyme involved in the replication of the murein sacculus of Escherichia coli. Microbiology 1996, 142, 1911–1918. [Google Scholar] [CrossRef] [PubMed]

	



Höltje, J.V. Growth of the stress-bearing and shape-maintaining murein sacculus of Escherichia coli. Microbiol. Mol. Biol. Rev. 1998, 62, 181–203. [Google Scholar] [PubMed]

	



Alaedini, A.; Day, R.A. Identification of two penicillin-binding multienzyme complexes in Haemophilus influenzae. Biochem. Biophys. Res. Commun. 1999, 264, 191–195. [Google Scholar] [CrossRef] [PubMed]

	



Bhardwaj, S.; Day, R.A. Detection of intra-cellular protein-protein interactions: Penicillin interactive proteins and morphogene proteins. In Techniques in Protein Chemistry VIII; Academic Press: Cambridge, MA, USA, 1997; pp. 469–480. [Google Scholar]

	



Karimova, G.; Dautin, N.; Ladant, D. Interaction network among Escherichia coli membrane proteins involved in cell division as revealed by bacterial two-hybrid analysis. J. Bacteriol. 2005, 187, 2233–2243. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Y.; Li, Y.; Dillon, J.A.R. The distinctive cell division interactome of Neisseria gonorrhoeae. BMC Microbiol. 2017, 17, 232. [Google Scholar] [CrossRef] [PubMed]

	



Di Lallo, G.; Fagioli, M.; Barionovi, D.; Ghelardini, P.; Paolozzi, L. Use of a two-hybrid assay to study the assembly of a complex multicomponent protein machinery: Bacterial septosome differentiation. Microbiology 2003, 149, 3353–3359. [Google Scholar] [CrossRef] [PubMed]

	



Romeis, T.; Höltje, J.V. Specific interaction of penicillin-binding proteins 3 and 7/8 with soluble lytic transglycosylase in Escherichia coli. J. Biol. Chem. 1994, 269, 21603–21607. [Google Scholar] [PubMed]

	



Bertsche, U.; Kast, T.; Wolf, B.; Fraipont, C.; Aarsman, M.E.G.; Kannenberg, K.; von Rechenberg, M.; Nguyen-Distèche, M.; Den Blaauwen, T.; Höltje, J.V.; et al. Interaction between two murein (peptidoglycan) synthases, PBP3 and PBP1B, in Escherichia coli. Mol. Microbiol. 2006, 61, 675–690. [Google Scholar] [CrossRef] [PubMed]

	



Von Rechenberg, M.; Ursinus, A.; Höltje, J.V. Affinity chromatography as a means to study multienzyme complexes involved in murein synthesis. Microb. Drug Resist. 1996, 2, 155–157. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, G.T.; Savine, S.; Marchetti, E.; Arico, B.; Kast, T.; Baldi, L.; Ursinus, A.; Holtje, J.V.; Nicholas, R.A.; Rappuoli, R.; et al. GNA33 from Neisseria meningitidis serogroup B encodes a membrane-bound lytic transglycosylase (MltA). Eur. J. Biochem. 2002, 269, 3722–3731. [Google Scholar] [CrossRef] [PubMed]

	



Vollmer, W.; von Rechenberg, M.; Höltje, J.V. Demonstration of molecular interactions between the murein polymerase PBP1B, the lytic transglycosylase MltA, and the scaffolding protein MipA of Escherichia coli. J. Biol. Chem. 1999, 274, 6726–6734. [Google Scholar] [CrossRef] [PubMed]

	



Legaree, B.A.; Clarke, A.J. Interaction of penicillin-binding protein 2 with soluble lytic transglycosylase b1 in Pseudomonas aeruginosa. J. Bacteriol. 2008, 190, 6922–6926. [Google Scholar] [CrossRef] [PubMed]

	



Peters, N.T.; Dinh, T.; Bernhardt, T.G. A fail-safe mechanism in the septal ring assembly pathway generated by the sequential recruitment of cell separation amidases and their activators. J. Bacteriol. 2011, 193, 4973–4983. [Google Scholar] [CrossRef] [PubMed]

	



Möll, A.; Dörr, T.; Alvarez, L.; Chao, M.C.; Davis, B.M.; Cava, F.; Waldor, M.K. Cell separation in Vibrio cholerae is mediated by a single amidase whose action is modulated by two nonredundant activators. J. Bacteriol. 2014, 196, 3937–3948. [Google Scholar] [CrossRef] [PubMed]

	



Unemo, M.; Nicholas, R.A. Emergence of multidrug-resistant, extensively drug-resistant and untreatable gonorrhea. Future Microbiol. 2012, 7, 1401–1422. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chan, J.M.; Dillard, J.P. Neisseria gonorrhoeae crippled its peptidoglycan fragment permease to facilitate toxic peptidoglycan monomer release. J. Bacteriol. 2016, 198, 3029–3040. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Bakshi, S.; Chalmers, R.; Tang, C.M. Functional genomics of Neisseria meningitidis pathogenesis. Nat. Med. 2000, 6, 1269–1273. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 07 00064 g001 550] 





Figure 1. Cleavage site of gonococcal peptidoglycanases. Lytic transglycosylases cleave the β-1,-4 link between the N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) sugar moieties. DD-carboxypeptidases and a LD-carboxypeptidase shorten the peptide stem. The LD-carboxypeptidase can only act on four amino acid peptide stems. An N-acetylmuramyl L-alanine amidase cleaves the stem off the MurNAc residue. Endopeptidases cut the crosslinks between peptide chains from adjacent PG strands. A PG de-O-deacetylase removes the O-acetyl group from MurNAc. Without de-acetylation, the lytic trans-glycosylases cannot cleave the MurNAc bond. 
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