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Abstract

:

Clostridioides difficile is a spore-forming enteric pathogen causing life-threatening diarrhoea and colitis. Microbial disruption caused by antibiotics has been linked with susceptibility to, and transmission and relapse of, C. difficile infection. Therefore, there is an urgent need for novel therapeutics that are effective in preventing C. difficile growth, spore germination, and outgrowth. In recent years bacteriophage-derived endolysins and their derivatives show promise as a novel class of antibacterial agents. In this study, we recombinantly expressed and characterized a cell wall hydrolase (CWH) lysin from C. difficile phage, phiMMP01. The full-length CWH displayed lytic activity against selected C. difficile strains. However, removing the N-terminal cell wall binding domain, creating CWH351—656, resulted in increased and/or an expanded lytic spectrum of activity. C. difficile specificity was retained versus commensal clostridia and other bacterial species. As expected, the putative cell wall binding domain, CWH1—350, was completely inactive. We also observe the effect of CWH351—656 on preventing C. difficile spore outgrowth. Our results suggest that CWH351—656 has therapeutic potential as an antimicrobial agent against C. difficile infection.
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1. Introduction


Clostridioides difficile (formerly known as Clostridium difficile) is a Gram-positive anaerobic spore-former that is the causative agent of toxin-mediated colitis in humans [1]. In recent decades, C. difficile infection (CDI) has become a worldwide health threat that has a high incidence in both hospital and community settings, with increased morbidity and mortality [2]. It has recently been reported that there are nearly 462,100 CDI cases annually in the United States, leading to at least 12,800 fatalities [3,4]. The estimated annual cost of healthcare associated with C. difficile infection in the USA is $5 billion and €3 billion in Europe [5,6]. Part of the problem can be attributed to the spores produced by this pathogen that are resistant to some disinfectants, leading to long-term contamination of hospital environments. Disruptions to the gut microbiome, most often because of protracted antibiotic therapy, allows C. difficile spore germination, growth, and toxin production in the colon [7]. The pathogenesis of C. difficile is typically mediated by two major exotoxins, TcdA and TcdB, that cause intestinal epithelial damage and diarrhoea [8]. Further, spore formation, germination, and outgrowth in C. difficile are key elements of CDI transmission and relapse. Recurrency is a common problem in C. difficile infection (approximately 60% of patients suffer after three or more infectious episodes) [9,10]. Recurrent CDI has increased over time, with 189% increase in incidence between 2001 and 2012 [11]. A report published in 2019 by CDC concluded that C. difficile is among the top three antibiotic-resistant bacteria classified as an urgent threat, and they highlighted the need for development of novel therapeutics and prevention of CDI [3].



Currently, antibiotic therapy remains the treatment of choice for CDI [12]. Oral antibiotics such as metronidazole and vancomycin are commonly prescribed for the first-line treatment of CDI [13]. These two antibiotics significantly impact the commensal gut microbiota and increase the possibility of post-treatment relapse [14]. Another option is fidaxomicin, a narrow-spectrum antibiotic [15]. It is less toxic to obligate anaerobic commensal bacteria and more effective against recurrent C. difficile infection, but the high cost associated with this antibiotic limits its clinical use [16]. Other efforts towards the prevention of CDI are faecal microbiota transplantation (FMT), probiotic therapy, and an intravenous infusion of bezlotoxumab (a monoclonal antibody against TcdB). The most effective treatment for recurrent CDI is faecal microbial transplantation. However, donor selection, stool processing, route of administration, timing of transplantation, and screening for potentially transmissible pathogens make this a complicated process [14,17]. Probiotic therapy is promising, but further comprehensive research and studies are essential [18]. Monoclonal antibody treatment is still in clinical trials [19]. Therefore, the development of new drugs is vital. An ideal candidate would be a bactericidal agent with targeted activity against C. difficile without causing collateral damage to the indigenous gut microbiota.



Bacteriophages (phages) are viruses of bacteria. Phage therapy involves the targeted application of phages that infect and kill specific pathogenic bacteria [20]. Phage therapy has been used sporadically to eradicate specific bacteria responsible for a wide range of animal and human infections [21,22]. Bacteriophage based therapy offers several advantages over conventional antibiotics, including a narrow spectrum host range [23,24]. While phage therapy has potential, only temperate (lysogenice) C. difficile bacteriophages have been isolated to date, limiting the use of phage therapy in CDI [25,26,27]. Bacteriophage-derived lytic enzymes, or endolysins, are potential antimicrobial candidates. Endolysins or lysins rapidly degrade cell wall peptidoglycan (PG) at the end of the lytic cycle to allow for bacteriophage progeny release [28]. Bacteriophage endolysins have been widely investigated as potential antimicrobials via their ability to degrade Gram-positive cell walls when applied externally [29]. Although C. difficile lysin research still is in its early stages, it has sparked interest as a therapeutic alternative for CDI [30,31,32,33,34,35]. In the current work, we explored published C. difficile genomes and complete bacteriophage sequences that are infecting C. difficile. We found a cell wall hydrolase (CWH) lysin encoded by the C. difficile phage phiMMP01 that is unique in domain architecture compared to other characterized C. difficile lysins. The majority of the reported C. difficile lysins are amidases, whereas the CWH comprises two different catalytic domains and one tentative binding domain. We produced truncated constructs and measured their lytic activity in vitro. We conclude that the catalytic domains (CWH351—656) were significantly more active than the full-length CWH or any other truncated constructs of CWH. More importantly, CWH351—656 inhibits spore outgrowth in vitro, which would be critical in preventing the spread and recurrence of C. difficile infection.




2. Results and Discussion


2.1. In Silico Analysis of C. difficile and Phages Infecting C. difficile in Search of Lytic Enzymes


We searched published genomes of C. difficile and bacteriophages infecting C. difficile, and we identified a putative phage lysin (NCBI Reference Sequence YP_009206142.1) from the phage phiMMP01 [36,37] and termed it CWH (cell wall hydrolase). A BLAST search of CWH using non-redundant protein sequences showed similarity with the C40 peptidase family of C. difficile. BLAST searches of the protein data bank (PDB) showed some identity (approximately 32 to 41% when the proteins were compared in pairs) to putative cell wall hydrolases encoded by a Tn916-like element in C. difficile 630 (4HPE), NlpC/P60 family protein of Bacillus cereus (3H41) and Trichomonas vaginalis (6BIQ), invasion protein (3PBI), and peptidoglycan endopeptidase (4Q4G) of Mycobacterium tuberculosis. Domain identification was carried out using the conserved domain database (CDD) [38], P-FAM [39], and profile-based HHpred server [40] searches indicate that CWH contains two catalytic domains, glucosaminidase and NlpC/P60 (Figure 1A). The N-terminal part of CWH (amino acids 1–350) has no significant similarity with known proteins. However, some similarities were identified with bacteriophage tail proteins using HHpred [40]. We tentatively assigned the N-terminal domain as a putative cell wall binding domain (CBD). The relationship between CWH, phage/prophage endolysins, and bacterial cell-wall modifying enzymes was visualized with Circoletto software [41], available through the Bioinformatics Analysis Team server (http://tools.bat.infspire.org). It is noteworthy that CWH does not resemble any other published characterized endolysin of C. difficile (Figure 1B). Bioinformatic analysis revealed similarity between CWH and cell-wall modifying enzymes, NlpC/P60 family protein, and N-acetylglucosaminidases of different bacterial pathogens (Figure 1B).




2.2. Homology Modelling


As no significant homology to the N-terminal part of CWH (amino acids 1–350) could be found, a three-dimensional homology modelling was only performed on amino acids 351–656 of CWH (see Section 3.3). The predicted 3D structure clearly shows two distinct domains connected by a linker peptide (Figure 2). The predicted model was validated using online quality evaluation tools PROCHECK and ERRAT. The Ramachandran plot (RC plot) of the generated model provided confidence in the model, as the majority of the residues were in the most favourable regions (Figure S1A). The ERRAT quality factor was 95% (Figure S1B), indicating that the model was relevant and reliable.




2.3. Expression and Lytic Activity of Endolysins


To assess the roles of the full-length CWH lysin and each of the predicted domains of CWH, different truncated forms of CWH were generated (Figure 3A). The constructs were overexpressed in E. coli and purified from the cell lysate proteins as described in the Section 3. The purity and molecular weight were verified on SDS-PAGE (Figure 3B). The relative activity of full-length CWH, putative cell wall binding domain (CWH1—350), glucosaminidase domain (CWH351—484), Nlp60 domain (CWH527—656), and the two catalytic domains together (CWH351—656) were analysed using turbidity reduction assays (Figure 3C). All constructs, except for the putative cell wall binding domain, showed lytic activity against C. difficile. Full-length CWH and the combined catalytic domains (CWH351—656) displayed higher activity than any other construct. Their lytic activity was further confirmed by zymogram assay. Clear lytic zones were observed in the gel, indicating the PG-degrading activity of the lysins (Figure 3B). However, CWH351—656 exhibited faster lysis of C. difficile cells compared to the full-length CWH lysin (Figure 3C). Generally, the binding domain plays a role in specific binding to cell wall receptors, and the adjacent catalytic domain participates in the cleaving of its substrate. In some lysins, the binding domains are essential for activity [42], whereas others have similar or better lytic activity without the binding domains [43,44,45]. Two previously characterized C. difficile lysins CD27L and PlyCD display similar characteristics, with truncated catalytic domains having significantly greater lytic activity [34,35]. Lysins are produced by the phage inside the cell, cleaving the peptidoglycan and releasing the intracellular virus particles. When lysins were applied from the outside, however, it is possible that the outer surface structures of the C. difficile cell could hamper peptidoglycan accessibility of the full-length CWH. The secondary structure of cell surface and non-steric cell wall factors may also play a role in preventing access the cell wall [35,46]. Previous studies reported a correlation between the positive charge on lysin’s catalytic domain and its bactericidal activity in the absence of CBD [47,48]. The net positive charge present in CWH351—656 could interact more efficiently with the negatively charged bacterial surfaces in the absence of CBD. Such reasoning may explain why CWH351—656 exhibits higher and more rapid lytic activity as compared to the full-length CWH. Further experiments were performed using CWH351—656.




2.4. Characterization of the Catalytic Domains (CWH351—656) of Cell Wall Hydrolase (CWH)


Turbidometric analysis provided a quantitative assessment of the lytic activity of CWH351—656 by using different concentrations of the lysin (Figure 4A). Addition of 2.25 µg mL−1 CWH351—656 did not have a strong effect compared to buffer alone; however, gradually higher activities were detected by increasing the lysin protein concentrations. Addition of 200 µg mL−1 CWH351—656 led to almost complete lysis of C. difficile cells. Furthermore, the addition of 200 µg mL−1 CWH351—656 to C. difficile cell suspensions began to clear the culture within 15 min with complete clearing achieved within 30 min (Figure 4B). In contrast, the C. difficile cell suspensions without lysin treatment exhibited no changes in turbidity within the 30 min time period (Figure 4B). This rapid and pronounced clearing of C. difficile cell suspensions indicate the promising antimicrobial effect of CWH351—656.



The optimal temperature and pH conditions for the bactericidal activity of CWH351—656 were tested by assessing turbidity reduction in C. difficile suspensions at OD600 over 60 min. As shown in Figure 5A, CWH351—656 was active across a broad range of temperatures between 22 and 37 °C. Optimal activity was observed at 37 °C, but the activity decreased dramatically at 42 °C. CWH351—656 was active from pH 4.0 to 8.0, with pH 7.0 observed to be optimal (Figure 5B). The results indicate that CWH351—656 has good pH and temperature stability and activity, a favourable feature for an antimicrobial agent that would be deployed in the gut.




2.5. Host Specificity of Full-Length CWH and CWH351—656


Although some lysins exhibit broad host range activity [49], most lysins kill specific bacterial taxa [32]. The antimicrobial activity of the full-length CWH and CWH351—656 were evaluated against Gram-positive bacteria, including different C. difficile strains, Clostridium species, and non-Clostridium species (Table 1). All species were cultured until mid-exponential phase, washed, and resuspended in PBS at pH 7.0. After mixing with lysins, the OD600 values of each culture were recorded over 60 min. CWH351—656 retained the same specificity as the full-length CWH when tested against different C. difficile strains, including two clinical strains (APC1401 and APC1412). However, the full-length CWH showed only moderate lytic activity against C. difficile 630 and C. difficile APC 1401, as compared to CWH351—656 that showed strong lytic activity against these strains. This indicates that CWH351—656 has broader lytic activity against a wider spectrum of C. difficile strains. Both CWH and CWH351—656 lacked lytic activity against two other clostridia species tested, C. perfringens and C. symbiosum. However, CWH and CWH351—656 exhibited low and moderate lytic activity against C. scindens. To determine if full-length CWH and CWH351—656 are effective against other non-Clostridium species, strains of Bacillus, Enterococcus, Lactobacillus, Lactococcus, Listeria, and Staphylococcus were also tested. B. cereus was sensitive to lysis by CWH, with CWH351—656 showing greater activity. Furthermore, CWH351—656 showed low lytic activity against E. faecalis and L. innocua. The catalytic domains present in CWH include glucosaminidase and Nlp60. The glucosaminadases cleave the glycosidic bond of the sugar backbone, whereas Nlp60 has a diverse range of catalytic activity including cleavage of the N-acetylmuramate-l-alanine linkages and the 4–3 linkages between d-Glu and m-DAP residues [32]. C. difficile and some other species that were sensitive to lysis with CWH and CWH351—656 all possess peptidoglycan type A1γ, where a meso-diaminopimelic acid (meso-A2pm) residue at position 3 of the peptide is directly cross-linked to a D-alanine at position 4 of the neighbouring peptide [50]. However, other species described as having the same type of peptidoglycan structure appeared to be resistant to lysis. This variation of specificity may be due to other factors, for example, the sugar backbone has been shown to differ between species [51], also the structural requirement for sensitivity may be different [34]. Moreover, accessing the peptidoglycan from the outside of the cell may be affected by the presence of other cell wall structures. Although CWH351—656 showed a higher level of activity against some other commensal gut microbiota tested, removal of the cell wall binding domain did not greatly increase the host range. The truncation of other described C. difficile endolysins has also resulted in a wider activity spectra [34,35]. The strong lytic activity of CWH351—656 against different ribotypes and toxin types of laboratory reference and clinical C. difficile strains is crucial in suggesting it has promise as a suitable antimicrobial candidate.




2.6. Optical Microscopy of Lytic Activity


The lytic activity of CWH351—656 was visualized using optical microscopy with exponentially growing C. difficile cells treated with the lysin at its optimal pH (pH 7.0) and room temperature (Figure 6). Lysis was recorded within 7 min, and complete lysis was observed at 27 min. These observations are consistent with the optical drop and turbidity observation assays.




2.7. Effect of CWH351—656 on C. difficile Spore Outgrowth


The effect of CWH351—656 on C. difficile spore outgrowth was observed by taking OD600 values over a 24h time period. Spores were isolated using Clospore medium (see Section 3) from C. difficile stains APC43 and APC1401. On the basis of spore quality, we selected APC1401 spores for further experimentation. Spore outgrowth was observed in untreated control samples, as indicated by an increase in OD600 starting at 2h (Figure 7). However, the CWH351—656 treated (200 µg mL−1) sample completely inhibited spore outgrowth, as no increase in absorbance was observed. The CWH351—656 treated sample displayed an initial decline in the OD600 compared to the control sample, indicating possible inhibition of spore germination. These results suggest that CWH351—656 inhibits C. difficile vegetative cells growth from newly germinated spores. This is notable, as inhibition of spore gemination and outgrowth could have clinical relevance, minimising the transmission and relapse of CDI [52,53].





3. Materials and Methods


3.1. Bacterial Strains and Growth Conditions


C. difficile strains APC43 (alternative name ATCC 43255 and ribotype 087, a high-level toxin-producing strain isolated from an abdominal wound), C. difficile 630 (ribotype 012), C. difficile APC1401 (Ribotype R126, isolated from cystic fibrosis patient stool), and C. difficile APC1412 (Ribotype R046, isolated from cystic fibrosis patient stool) were obtained from APC Microbiome Ireland’s culture collection. C. difficile 28196, Clostridium scindens 5676, and Clostridium symbiosum 934 were purchased from DSMZ. The other strains used in this study were Bacillus cereus DPC 6087, Clostridium perfringens, Enterococcus faecalis DPC 5152, Enterococcus faecium DPC 5137, Lactobacillus paracasei 338, Lactococcus lactis MG1363, Listeria innocua, Listeria monocytogenes 1028, and Staphylococcus aureus DPC 5247 were obtained from the APC Microbiome Ireland culture collection. All strains were stored at −80 °C and cultivated at 37 °C. Clostridioides and Clostridium strains were grown anaerobically in BHIS medium (Oxoid brain heart infusion (BHI) supplemented with yeast extract (0.5%, wt/vol) and L-cysteine (10%, wt/vol)). Escherichia coli was grown in Luria-Bertani (LB) broth shaken at 37 °C. Staphylococcus, Listeria, Enterococcus, Pseudomonas, Bacillus, and Lactococcus strains were cultivated in BHI broth. Lactobacillus strains were cultivated in de Mas, Rogosa, and Sharpe (MRS) broth (Oxoid).




3.2. Cloning, Expression, and Purification of CWH and Its Subdomains


The gene sequence of CWH within the genome of C. difficile phage phiMMP01 was obtained from the NCBI database (NCBI Reference Sequence YP_009206142.1) and optimized by Gen Script codon optimization software (http://www.genscript.com/) for E. coli expression. The sequence was synthesized and inserted into the pET28b(+) vector by GenScript. The putative cell wall binding domain (CWH1—350), glucosaminidase domain (CWH351—484), Nlp60 domain (CWH527—656), and glucosaminidase and Nlp60 domains together (CWH351—656) were produced by PCR from GenScript synthesized CWH-pET28b(+) plasmid. The primers used for PCR amplification are listed in Table S1. After amplification, the products were subcloned into pET28b(+). All pET28b(+) constructs were transformed into E. coli TOP10 cells for sequence confirmation. The pET28b(+) plasmids were then introduced into E. coli BL21 (DE3) cells, which were grown at 37 °C in LB containing kanamycin (50 µg/mL). The culture was then induced for 2–3 h with 0.1 mM IPTG once the OD600 reached 0.6–0.8. Cells were then pelleted, resuspended in binding buffer (50 mM sodium phosphate pH 7.4, 300 mM sodium chloride, 10 mM imidazole), and lysed by FastPrep (MP Biomedicals, Solon, OH, USA) or sonication. Cells were pelleted by centrifugation and purification with His-Spin Protein Miniprep™ Columns (Zymo Research, Irvine, CA, USA). The purified lysins were analysed by SDS-PAGE.




3.3. Structural Modelling of CWH351—656


To identify the optimal template for homology modelling, the amino acid sequence of CWH351—656 was submitted to the HHPred server [40]. The closest phylogenetic relative whose model is well characterized in the RCSB Protein Data Bank (PDB) [54] was selected from the resulting HHPred hit list based on the percent of identity. The putative cell wall hydrolase (PDB ID: 4HPE) from C. difficile 630 was selected with 25% identity (E-value = 5.9 × 10−10). Homology modelling was carried out using the Robetta Server (http://robetta.bakerlab.org/) to design the three-dimensional (3D) structure. The predicted model was subjected to energy minimization and refinement using ModRefiner [55]. The stereochemical quality of the predicted model was assessed using PROCHECK [56] and ERRAT [57]. Finally, the 3D structure was visualized using Chimera software [58].




3.4. Lytic Activity Assays


Turbidity reduction assays were conducted as previously described [35] to analyse the lytic activities of C. difficile phage lysin against C. difficile strains and other bacterial species. Briefly, under anaerobic conditions, C. difficile strains were grown to mid-log phase, and cells were collected by centrifugation (3000× g for 5 min). The bacterial pellets were washed twice and resuspended in phosphate-buffered saline (PBS). Before performing analysis, the optical density at 600 nm (OD600) was adjusted to approximately 0.9–1.1. The final concentration of 200 µg mL−1 of lysin was added for the lytic activity assay. The reduction in OD600 was measured every 5 min for 60 min using a microplate reader (Thermo Fisher, Waltham, MA, USA). Lytic activities were also detected by zymography as described previously [28,59] using SDS-polyacrylamide gels containing heat-killed C. difficile cells.



To determine the effect of temperature on lysin activity, the same experimental conditions and turbidity reduction assays described above were performed using C. difficile strain APC43 at the following temperatures: 22, 27, 32, 37, and 42 °C. To determine the optimal pH for lysin, turbidity reduction assays were performed using strain APC43 in buffers of pH 4.0, 5.0, 6.0, 7.0, and 8.0.




3.5. Optical Microscopy of Lytic Activity


Exponentially growing C. difficile APC43 cells were washed twice in PBS by centrifugation and resuspension in the same buffer. Subsequently, the cell pellet was mixed with CWH351—656 to a final concentration of 200 µg mL−1. The mixture was immediately transferred from an agarose pad (2% dissolved in 20 mM PBS (pH 7.0)) to a cover glass for imaging. Images were captured immediately using the Leica AirLab App for Leica Microsystem (Model ICC50 W) and using 1000x magnification.




3.6. C. difficile Spore Preparation


Clostridioides difficile spores were prepared as previously described, with slight modifications [60]. Briefly, single colonies of C. difficile APC1401 were separately inoculated into BHIS medium and cultured overnight at 37 °C under anaerobic conditions. The next day, 20 mL culture was transferred into 500 mL of Clospore medium [61] and grown for 5–7 days at 37 °C anaerobically. Spores were collected by centrifugation at 1500× g for 20 min at 4 °C and washed with cold, sterile, distilled water 3–5 times to ensure spore purity. Spore stocks were stored at 4 °C in sterile water until use. Viable spores were enumerated by plating for colony-forming units (c.f.u.) mL−1 on BHIS agar plate supplemented with 0.1% sodium taurocholate (Sigma).




3.7. Effect of CWH351—656 on C. difficile Spore Germination and Outgrowth


The effect of CWH351—656 on C. difficile spore germination was determined by adding 25 µL of a suspension containing 107 spores mL−1 to the wells of a 96-well plate containing 250 µL of pre-reduced BHIS supplemented with 0.1% sodium taurocholate (Sigma). To this 200 µg mL−1 of lysin was added inside the anaerobic workstation. BHIS without spore suspensions or spore suspensions alone were included as controls. For monitoring the anaerobic environment, 0.1 mg mL−1 resazurin was included in one well. The plate was sealed with a sealant inside the anaerobic chamber. The microplate reader (Thermo Fisher, Waltham, MA, USA) was used to monitor the OD600 for 24 h in 5 min time intervals and was expressed as a percentage of the initial OD600 (t/t0). The initial loss of OD600 indicates the spore germination and spore outgrowth was measured by the increase in OD600 following spore germination, as mentioned previously [62,63].





4. Conclusions


C. difficile infection has emerged as a worldwide major health problem. Antibiotics disrupt the normal gut microbiota by altering its composition and the gut’s metabolic functions, decreasing its colonization resistance and increasing the risk of CDI. Development of alternative treatment strategies for CDI is currently receiving increasing attention. Bacteriophage-derived lysins are of increasing interest as antibacterial agents, especially against multi-drug resistant pathogens. We have exploited the modular structure of a cell wall hydrolase lysin derived from a C. difficile phage. In vitro tests suggest this lysin has potential in the control of CDI. We report that a truncated lysin consisting of the two catalytic domains, CWH351—656, displayed faster lytic action against C. difficile. Most importantly, CWH351—656 can inhibit C. difficile spore outgrowth. The results of the current study indicate that CWH351—656 is a promising therapeutic option against C. difficile, effective in targeting growth and preventing spore outgrowth. In vivo studies using a valid animal model are warranted to confirm the findings presented in this study.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22115690/s1.





Author Contributions


Conceptualization, S.I.M., L.A.D. and C.H.; methodology and data curation, S.I.M. and A.A.; writing—original draft preparation, S.I.M. and A.A.; writing—review and editing, C.H., R.P.R., L.A.D. and S.I.M.; supervision, C.H. All authors have read and agreed to the published version of the manuscript.




Funding


S.I.M. have received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement number 754535.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Weese, J.S. Clostridium difficile in food: Innocent bystander or serious threat? Clin. Microbiol. Infect. 2010, 16, 3–10. [Google Scholar] [CrossRef]

	



Kuijper, E.J.; Coignard, B.; Tüll, P. Emergence of Clostridium difficile-associated disease in North America and Europe. Clin. Microbiol. Infect. 2006, 12, 2–18. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States; U.S. Department of Health and Human Services: Atlanta, GA, USA, 2019. [CrossRef]

	



Guh, A.Y.; Mu, Y.; Winston, L.G.; Johnston, H.; Olson, D.; Farley, M.M.; Wilson, L.E.; Holzbauer, S.M.; Phipps, E.C.; Dumyati, G.K.; et al. Trends in U.S. Burden of Clostridioides difficile Infection and Outcomes. N. Engl. J. Med. 2020, 382, 1320–1330. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Prabhu, V.S.; Marcella, S.W. Attributable Healthcare Resource Utilization and Costs for Patients with Primary and Recurrent Clostridium difficile Infection in the United States. Clin. Infect. Dis. 2018, 66, 1326–1332. [Google Scholar] [CrossRef]

	



Bouza, E. Consequences of Clostridium difficile infection: Understanding the healthcare burden. Clin. Microbiol. Infect. 2012, 18, 5–12. [Google Scholar] [CrossRef]

	



Vaishnavi, C. Clinical spectrum & pathogenesis of Clostridium difficile associated diseases. Indian J. Med Res. 2010, 131, 487–499. [Google Scholar]

	



McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, J.S.; Carroll, K.C.; Coffin, S.E.; Dubberke, E.R.; Garey, K.W.; Gould, C.V.; Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis. 2018, 66, e1–e48. [Google Scholar] [CrossRef] [PubMed]

	



Khanna, S. Defending against a difficult clostridioides with a vaccine. Lancet Infect. Dis. 2021, 21, 157–158. [Google Scholar] [CrossRef]

	



Deakin, L.J.; Clare, S.; Fagan, R.P.; Dawson, L.F.; Pickard, D.J.; West, M.R.; Wren, B.W.; Fairweather, N.F.; Dougan, G.; Lawley, T.D. The Clostridium difficile spo0AGene Is a Persistence and Transmission Factor. Infect. Immun. 2012, 80, 2704–2711. [Google Scholar] [CrossRef]

	



Ma, G.K.; Brensinger, C.M.; Wu, Q.; Lewis, J.D. Increasing Incidence of Multiply Recurrent Clostridium difficile Infection in the United States. Ann. Intern. Med. 2017, 167, 152–158. [Google Scholar] [CrossRef]

	



Leffler, D.A.; Lamont, J.T. Treatment of Clostridium Difficile-Associated Disease. Gastroenterology 2009, 136, 1899–1912. [Google Scholar] [CrossRef]

	



Monaghan, T.; Boswell, T.; Mahida, Y.R. Recent advances in Clostridium difficile-associated disease. Postgrad. Med. J. 2009, 85, 152–162. [Google Scholar] [CrossRef]

	



Abt, M.C.; McKenney, P.T.; Pamer, E.G. Clostridium difficile colitis: Pathogenesis and host defence. Nat. Rev. Genet. 2016, 14, 609–620. [Google Scholar] [CrossRef]

	



Venugopal, A.A.; Johnson, S. Fidaxomicin: A Novel Macrocyclic Antibiotic Approved for Treatment of Clostridium difficile Infection. Clin. Infect. Dis. 2012, 54, 568–574. [Google Scholar] [CrossRef]

	



Bartsch, S.M.; Umscheid, C.A.; Fishman, N.; Lee, B.Y. Is Fidaxomicin Worth the Cost? An Economic Analysis. Clin. Infect. Dis. 2013, 57, 555–561. [Google Scholar] [CrossRef]

	



Rohlke, F.; Stollman, N. Fecal microbiota transplantation in relapsing Clostridium difficile infection. Ther. Adv. Gastroenterol. 2012, 5, 403–420. [Google Scholar] [CrossRef]

	



Kalakuntla, A.S.; Nalakonda, G.; Nalakonda, K.; Pidikiti, C.V.; Aasim, S.A. Probiotics and Clostridium difficile: A Review of Dysbiosis and the Rehabilitation of Gut Microbiota. Cureus 2019, 11, e5063. [Google Scholar] [CrossRef] [PubMed]

	



O’Horo, J.C.; Jindai, K.; Kunzer, B.; Safdar, N. Treatment of recurrent Clostridium difficile infection: A systematic review. Infection 2013, 42, 43–59. [Google Scholar] [CrossRef]

	



Abedon, S.T.; Kuhl, S.J.; Blasdel, B.G.; Kutter, E.M. Phage treatment of human infections. Bacteriophage 2011, 1, 66–85. [Google Scholar] [CrossRef]

	



Nilsson, A.S. Phage therapy—constraints and possibilities. Upsala J. Med. Sci. 2014, 119, 192–198. [Google Scholar] [CrossRef] [PubMed]

	



Loc-Carrillo, C.; Abedon, S.T. Pros and cons of phage therapy. Bacteriophage 2011, 1, 111–114. [Google Scholar] [CrossRef]

	



Hargreaves, K.R.; Clokie, M.R.J. Clostridium difficile phages: Still difficult? Front. Microbiol. 2014, 5, 184. [Google Scholar] [CrossRef]

	



Zucca, M.; Scutera, S.; Savoia, D. Novel avenues for Clostridium difficile infection drug discovery. Expert Opin. Drug Discov. 2013, 8, 459–477. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Zhang, Y.; Dong, K.; Kuo, C.J.; Li, C.; Zhu, Y.Q.; Qin, J.; Li, Q.T.; Chang, Y.F.; Guo, X.; et al. Isolation and Characterization of the Novel Phage JD032 and Global Transcriptomic Response during JD032 Infection of Clostridioides difficile Ribotype 078. mSystems 2020, 5, e00017–e00020. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Spencer, J.; Hargreaves, K.R.; Buckley, A.M.; Trzepiński, P.; Douce, G.R.; Clokie, M.R.J. Bacteriophage Combinations Significantly Reduce Clostridium difficile GrowthIn Vitroand Proliferation In Vivo. Antimicrob. Agents Chemother. 2016, 60, 968–981. [Google Scholar] [CrossRef] [PubMed]

	



Nale, J.Y.; Redgwell, T.A.; Millard, A.; Clokie, M.R.J. Efficacy of an Optimised Bacteriophage Cocktail to Clear Clostridium difficile in a Batch Fermentation Model. Antibiotics 2018, 7, 13. [Google Scholar] [CrossRef]

	



Schmelcher, M.; Donovan, D.M.; Loessner, M.J. Bacteriophage endolysins as novel antimicrobials. Futur. Microbiol. 2012, 7, 1147–1171. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, D.; Loomis, L.; Fischetti, V.A. Prevention and elimination of upper respiratory colonization of mice by group A streptococci by using a bacteriophage lytic enzyme. Proc. Natl. Acad. Sci. USA 2001, 98, 4107–4112. [Google Scholar] [CrossRef]

	



Peng, Z.; Wang, S.; Gide, M.; Zhu, D.; Patabendige, H.M.L.W.; Li, C.; Cai, J.; Sun, X. A Novel Bacteriophage Lysin-Human Defensin Fusion Protein Is Effective in Treatment of Clostridioides difficile Infection in Mice. Front. Microbiol. 2019, 9, 3234. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, K.K.; Paskaleva, E.E.; Wu, X.; Grover, N.; Mundra, R.V.; Chen, K.; Zhang, Y.; Yang, Z.; Feng, H.; Dordick, J.S.; et al. Newly identified bacteriolytic enzymes that target a wide range of clinical isolates of Clostridium difficile. Biotechnol. Bioeng. 2016, 113, 2568–2576. [Google Scholar] [CrossRef]

	



Mondal, S.I.; Draper, L.A.; Ross, R.P.; Hill, C. Bacteriophage endolysins as a potential weapon to combat Clostridioides difficile infection. Gut Microbes. 2020, 12, e1813533. [Google Scholar] [CrossRef]

	



Mayer, M.J.; Narbad, A.; Gasson, M.J. Molecular Characterization of a Clostridium difficile Bacteriophage and Its Cloned Biologically Active Endolysin. J. Bacteriol. 2008, 190, 6734–6740. [Google Scholar] [CrossRef]

	



Mayer, M.J.; Garefalaki, V.; Spoerl, R.; Narbad, A.; Meijers, R. Structure-Based Modification of a Clostridium difficile-Targeting Endolysin Affects Activity and Host Range. J. Bacteriol. 2011, 193, 5477–5486. [Google Scholar] [CrossRef]

	



Wang, Q.; Euler, C.W.; Delaune, A.; Fischetti, V.A. Using a Novel Lysin To Help Control Clostridium difficile Infections. Antimicrob. Agents Chemother. 2015, 59, 7447–7457. [Google Scholar] [CrossRef] [PubMed]

	



Meessen-Pinard, M.; Sekulovic, O.; Fortier, L.C. Evidence of In Vivo Prophage Induction during Clostridium difficile Infection. Appl. Environ. Microbiol. 2012, 78, 7662–7670. [Google Scholar] [CrossRef]

	



Boudry, P.; Semenova, E.; Monot, M.; Datsenko, K.A.; Lopatina, A.; Sekulovic, O.; Ospina-Bedoya, M.; Fortier, L.C.; Severinov, K.; Dupuy, B.; et al. Function of the CRISPR-Cas System of the Human Pathogen Clostridium difficile. mBio 2015, 6, e01112-15. [Google Scholar] [CrossRef]

	



Marchler-Bauer, A.; Bo, Y.; Han, L.; He, J.; Lanczycki, C.J.; Lu, S.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; et al. CDD/SPARCLE: Functional classification of proteins via subfamily domain architectures. Nucleic Acids Res. 2017, 45, D200–D203. [Google Scholar] [CrossRef]

	



El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.; Salazar, G.A.; Smart, A.; et al. The Pfam protein families database in 2019. Nucleic Acids Res. 2018, 47, D427–D432. [Google Scholar] [CrossRef]

	



Gabler, F.; Nam, S.; Till, S.; Mirdita, M.; Steinegger, M.; Söding, J.; Lupas, A.N.; Alva, V. Protein Sequence Analysis Using the MPI Bioinformatics Toolkit. Curr. Protoc. Bioinform. 2020, 72, e108. [Google Scholar] [CrossRef]

	



Darzentas, N. Circoletto: Visualizing sequence similarity with Circos. Bioinformatics 2010, 26, 2620–2621. [Google Scholar] [CrossRef]

	



Porter, C.J.; Schuch, R.; Pelzek, A.J.; Buckle, A.M.; McGowan, S.; Wilce, M.C.; Rossjohn, J.; Russell, R.; Nelson, D.; Fischetti, V.A.; et al. The 1.6 Å Crystal Structure of the Catalytic Domain of PlyB, a Bacteriophage Lysin Active Against Bacillus anthracis. J. Mol. Biol. 2007, 366, 540–550. [Google Scholar] [CrossRef]

	



Low, L.Y.; Yang, C.; Perego, M.; Osterman, A.; Liddington, R.C. Structure and Lytic Activity of a Bacillus anthracis Prophage Endolysin. J. Biol. Chem. 2005, 280, 35433–35439. [Google Scholar] [CrossRef]

	



Horgan, M.; O’Flynn, G.; Garry, J.; Cooney, J.; Coffey, A.; Fitzgerald, G.F.; Ross, R.P.; McAuliffe, O. Phage Lysin LysK Can Be Truncated to Its CHAP Domain and Retain Lytic Activity against Live Antibiotic-Resistant Staphylococci. Appl. Environ. Microbiol. 2008, 75, 872–874. [Google Scholar] [CrossRef]

	



Cheng, Q.; Fischetti, V.A. Mutagenesis of a bacteriophage lytic enzyme PlyGBS significantly increases its antibacterial activity against group B streptococci. Appl. Microbiol. Biotechnol. 2007, 74, 1284–1291. [Google Scholar] [CrossRef]

	



Meroueh, S.O.; Bencze, K.Z.; Hesek, D.; Lee, M.; Fisher, J.F.; Stemmler, T.L.; Mobashery, S. Three-dimensional structure of the bacterial cell wall peptidoglycan. Proc. Natl. Acad. Sci. USA 2006, 103, 4404–4409. [Google Scholar] [CrossRef]

	



Low, L.Y.; Yang, C.; Perego, M.; Osterman, A.; Liddington, R. Role of Net Charge on Catalytic Domain and Influence of Cell Wall Binding Domain on Bactericidal Activity, Specificity, and Host Range of Phage Lysins. J. Biol. Chem. 2011, 286, 34391–34403. [Google Scholar] [CrossRef]

	



Shang, X.; Nelson, D.C. Contributions of Net Charge on the PlyC Endolysin CHAP Domain. Antibiotics 2019, 8, 70. [Google Scholar] [CrossRef]

	



Gilmer, D.B.; Schmitz, J.E.; Euler, C.W.; Fischetti, V.A. Novel Bacteriophage Lysin with Broad Lytic Activity Protects against Mixed Infection by Streptococcus pyogenes and Methicillin-Resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 2013, 57, 2743–2750. [Google Scholar] [CrossRef]

	



Schleifer, K.H.; Kandler, O. Peptidoglycan types of bacterial cell walls and their taxonomic implications. Bacteriol. Rev. 1972, 36, 407–477. [Google Scholar] [CrossRef]

	



Cummins, C.S.; Johnson, J.L. Taxonomy of the Clostridia: Wall Composition and DNA Homologies in Clostridium butyricum and Other Butyric Acid-producing Clostridia. J. Gen. Microbiol. 1971, 67, 33–46. [Google Scholar] [CrossRef]

	



Barbut, F.; Menuet, D.; Verachten, M.; Girou, E. Comparison of the Efficacy of a Hydrogen Peroxide Dry-Mist Disinfection System and Sodium Hypochlorite Solution for Eradication of Clostridium difficile Spores. Infect. Control. Hosp. Epidemiol. 2009, 30, 507–514. [Google Scholar] [CrossRef]

	



Burns, D.A.; Heap, J.T.; Minton, N.P. Clostridium difficile spore germination: An update. Res. Microbiol. 2010, 161, 730–734. [Google Scholar] [CrossRef]

	



Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [Google Scholar] [CrossRef]

	



Xu, D.; Zhang, Y. Improving the Physical Realism and Structural Accuracy of Protein Models by a Two-Step Atomic-Level Energy Minimization. Biophys. J. 2011, 101, 2525–2534. [Google Scholar] [CrossRef]

	



Laskowski, R.; MacArthur, M.W.; Moss, D.S.; Thornton, J. PROCHECK: A program to check the stereochemical quality of protein structures. J. Appl. Crystallogr. 1993, 26, 283–291. [Google Scholar] [CrossRef]

	



Colovos, C.; Yeates, T.O. Verification of protein structures: Patterns of nonbonded atomic interactions. Protein Sci. 1993, 2, 1511–1519. [Google Scholar] [CrossRef]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef]

	



Westbye, A.; Fogg, P.; Beatty, J. Endolysin Expression, Purification and Activity Determination by Zymography. Bio-protocol 2014, 4, e1208. [Google Scholar] [CrossRef]

	



Theriot, C.M.; Koenigsknecht, M.J., Jr.; Carlson, P.E.; Hatton, G.E.; Nelson, A.M.; Li, B.; Huffnagle, G.B.; Li, J.Z.; Young, V.B. Antibiotic-induced shifts in the mouse gut microbiome and metabolome increase susceptibility to Clostridium difficile infection. Nat. Commun. 2014, 5, 3114. [Google Scholar] [CrossRef]

	



Perez, J.; Springthorpe, V.S.; A Sattar, S. Clospore: A Liquid Medium for Producing High Titers of Semi-purified Spores of Clostridium difficile. J. AOAC Int. 2011, 94, 618–626. [Google Scholar] [CrossRef]

	



Paredes-Sabja, D.; Bond, C.; Carman, R.J.; Setlow, P.; Sarker, M.R. Germination of spores of Clostridium difficile strains, including isolates from a hospital outbreak of Clostridium difficile-associated disease (CDAD). Microbiology 2008, 154, 2241–2250. [Google Scholar] [CrossRef] [PubMed]

	



Allen, C.A.; Babakhani, F.; Sears, P.; Nguyen, L.; Sorg, J.A. Both Fidaxomicin and Vancomycin Inhibit Outgrowth of Clostridium difficile Spores. Antimicrob. Agents Chemother. 2013, 57, 664–667. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 05690 g001 550] 





Figure 1. Modular structure and relationship analysis of cell wall hydrolase (CWH). (A) Schematic presentation of full-length lysin CWH depicting the putative cell wall binding (CBD) domain (light grey), glucosaminidase domain (orange), and Nlp60 (purple). (B) Relationship between CWH and bactericidal enzymes derived from C. difficile phages or prophages and other bacterial species visualized by Circoletto software. The ribbons represent the local alignments produced by BLAST (with an E-value cut off 10−2), and with colours, blue, green, orange, and red representing bit scores of 25%, 50%, 75%, and 100%, respectively. Previously characterised endolysins from C. difficile and phages infecting C. difficile are shown here in red text. Protein names shown in parentheses. 
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Figure 2. Homology modelled structure of the CWH351—656. The 3D structure of the protein is represented as a cartoon, with domain and linkers coloured as follows: orange (glucosaminidase), blue (linker), and purple (Nlp60). The model was generated using the Robetta server and visualized using Chimera software. 
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Figure 3. Lytic activity of CWH and its different truncated forms. (A) Different truncations of CWH were generated. The numbers above the rectangles correspond to amino acid residue positions. (B) (I) SDS-PAGE of purified CWH and its different truncated forms. (II) Zymogram gel with embedded C. difficile cells. Arrows indicating the lytic activity of CWH and CWH351—656, seen as a clear zone in the blue background. (C) Effect of truncation on lytic activity. Turbidity reduction assays of truncated lysins (200 µg mL−1) were performed using C. difficile 43255, and error bars represent standard deviations (SD) from duplicate assays. 
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Figure 4. Measurement of CWH351—656 lytic activity. (A) Relative lytic activity of CWH351—656 against C. difficile, observed as being dose-dependent. Relative activity of 200 µg mL−1 of CWH351—656 was determined as 100%. Error bars represent the standard deviations of two independent assays. (B) Appearance of C. difficile cell suspensions with lysin (C+L) or without lysin (C), photographed over time at room temperature. 
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Figure 5. Identifying the optimal temperature and pH for CWH351—656 lytic activity. (A) The effects of temperature on the lytic activity of CWH351—656. The stability was tested by heating the protein at different temperatures (22–42 °C) for 60 min using C. difficile cells. (B) Influence of pH on the bactericidal activity of CWH351—656 incubated with PBS buffer with different pH (4.0–8.0) values. Relative lytic activity was obtained by comparing the lytic activity of each test with the maximal lytic activity among the dataset. Each column represents the mean of duplicate experiments, and error bars indicate the standard deviation. 
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Figure 6. Optical microscopy of the action of CWH351—656 on C. difficile. Cells are mixed with CWH351—656 and were sequentially photographed at subsequent time intervals until complete lysis was observed (27 min). 
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Figure 7. Effect of lysin CWH351—656 on germination and outgrowth of C. difficile spores. Purified spores, with heat activation, containing 107 spores/mL were added to pre-reduced BHI supplemented with 0.1% sodium taurocholate and mixed with 200 µg mL−1 CWH351—656 inside an anaerobic chamber. Spore germination and outgrowth were monitored by measuring the OD600 of the culture and expressing it as a percentage of the initial OD600 (t/t0). Germination was measured as the initial loss of OD600, and spore outgrowth was measured by recording the increase in OD600 following spore germination. Values are averages ± standard deviations for duplicate determinations. 
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Table 1. Antimicrobial activity of Cell Wall Hydrolase (CWH) and CWH351—656 on Gram-positive species.
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Clostridioides Strains

	
Lysin Activity #




	
CWH

	
CWH351—656






	
Clostridioides difficile 43255

	
+++

	
+++




	
Clostridioides difficile APC 1401

	
++

	
+++




	
Clostridioides difficile 630

	
++

	
+++




	
Clostridioides difficile APC 1412

	
+++

	
+++




	
Clostridioides difficile 28196

	
+++

	
+++




	
Non-Clostridioides Strains




	
Bacillus cereus

	
+

	
++




	
Clostridium perfringens

	
–

	
–




	
Clostridium scindens

	
+

	
++




	
Clostridium symbiosum

	
–

	
–




	
Enterococcus faecalis

	
–

	
+




	
Enterococcus faecium

	
–

	
–




	
Lactobacillus paracasei

	
–

	
–




	
Lactococcus lactis

	
–

	
–




	
Listeria innocua

	
–

	
+




	
Listeria monocytogenes

	
–

	
–




	
Staphylococcus aureus

	
–

	
–








# Degree of OD reduction; >0.6 +++, 0.4 to 0.6 ++, 0.2 to 0.4 +, <0.2 –.
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