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Abstract

:

The emergence of multidrug-resistant (MDR) bacteria has risen rapidly, leading to a great threat to global public health. A promising solution to this problem is the exploitation of phage endolysins. In the present study, a putative N-acetylmuramoyl-L-alanine type-2 amidase (NALAA-2, EC 3.5.1.28) from Propionibacterium bacteriophage PAC1 was characterized. The enzyme (PaAmi1) was cloned into a T7 expression vector and expressed in E. coli BL21 cells. Kinetics analysis using turbidity reduction assays allowed the determination of the optimal conditions for lytic activity against a range of Gram-positive and negative human pathogens. The peptidoglycan degradation activity of PaAmi1 was confirmed using isolated peptidoglycan from P. acnes. The antibacterial activity of PaAmi1 was investigated using live P. acnes cells growing on agar plates. Two engineered variants of PaAmi1 were designed by fusion to its N-terminus two short antimicrobial peptides (AMPs). One AMP was selected by searching the genomes of Propionibacterium bacteriophages using bioinformatics tools, whereas the other AMP sequence was selected from the antimicrobial peptide databases. Both engineered variants exhibited improved lytic activity towards P. acnes and the enterococci species Enterococcus faecalis and Enterococcus faecium. The results of the present study suggest that PaAmi1 is a new antimicrobial agent and provide proof of concept that bacteriophage genomes are a rich source of AMP sequences that can be further exploited for designing novel or improved endolysins.
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1. Introduction


Antimicrobial resistance (AMR) is one of the most serious global threats of this century. The continuous increase in the emergence of multidrug-resistant (MDR) bacteria is estimated to raise the number of deaths to 10 million annually by 2050 [1,2]. The exploitation of endolysins is a promising approach for the treatment of infections caused by MDR bacteria [3,4,5,6,7]. Endolysins are hydrolytic enzymes encoded by bacteriophages and degrade the peptidoglycan (PG) layer of the host bacterial cell at the end of the lytic replication cycle, causing disruption of the cell’s integrity. Treatment of bacteria with endolysins provides major advantages over the administration of antibiotics, including immediate bactericidal activity, high target specificity, low toxicity to mammalian cells, and a low to minimum risk of developing resistance [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17].



The cell wall of the bacteria consists of the polysaccharide peptidoglycan (PG), which is composed of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues linked by β-1→4 bonds. The glycan strands are cross-linked via short peptides linked to each MurNAc residue [18,19,20]. The bacterial cell wall may also contain additional structural components, such as teichoic and lipoteichoic acids, as well as macromolecules like fatty acids, polysaccharides, and proteins. The exact composition of the cell wall depends on the bacterial strain and differs between Gram-negative, Gram-positive, and acid-fast bacteria [8,18,19,21,22,23].



Endolysins are classified into three major groups: amidases, peptidases, and glucosidases [19], based on the specific bond in the peptidoglycan layer of the host’s cell wall that they cleave. The structure of phage endolysins is different between those that cleave the PG of Gram-negative or positive bacteria as a consequence of the differences in the structure of their PG. Typically, endolysins that lyse Gram-positive bacteria consist of two distinct functional domains, namely the cell wall binding domain (CBD) and the enzymatically active domain (EAD). On the contrary, the enzymes that lyse Gram-negative bacteria are smaller and consist of a single EAD [3].



Propionibacterium acnes is an aerotolerant, anaerobic, Gram-positive bacterium that normally colonizes the sebaceous glands on human skin. It is characterized as a dominant human skin commensal. Over 80% of adolescents and an increasing number of adults are affected by acne vulgaris, a skin condition caused by Propionibacterium acnes. The intense use of antibiotics has led to the emergence of antibiotic-resistant P. acnes strains, which could transfer their antibiotic resistance genes to other commensal bacteria of the human skin microbiome through horizontal gene transfer [24,25,26,27,28]. A promising way to tackle the rising rates of antibiotic-resistant P. acnes strains is the use of endolysins [7,15,29,30].



The difficulty of the endolysins in attacking Gram-negative bacteria due to the outer membrane that prevents access to the peptidoglycan has already been overcome using different approaches. For example, modified forms of endolysins have been designed that have been fused with destabilizing peptide sequences [31,32,33]. On the other hand, some wild-type endolysins are able to interact with the surface of Gram-negative bacteria. Such inherent ability of some endolysins is connected with the presence of antimicrobial peptide (AMP)-like regions, which are, on their own, unexploited regions for engineering purposes and a significant source for novel antimicrobials.



In the present study, a putative endolysin (PaAmi1), derived from Propionibacterium acnes phage PAC1, was characterized. Bioinformatics analysis of PaAmi1 revealed a conserved N-acetylmuramoyl-L-alanine type-2 amidase (NALAA-2) catalytic domain. Type-2 amidases are zinc-dependent enzymes that catalyze the cleavage of the amide bond between N-acetylmuramoyl and L-amino acids in the PG layer of host cells [19]. The lytic and antimicrobial activities of PaAmi1 were studied and characterized. Two engineered variants of the enzyme were designed as N-terminal fusions with antimicrobial peptides (AMP), and their lytic activity and thermostability were investigated and compared with those of the wild-type enzyme.




2. Results and Discussion


2.1. In Silico Characterization of PaAmi1


Endolysins represent an exciting approach with the potential to offer a potent and safe treatment for acne with minimal side effects and a low risk of inducing drug resistance. Considering that these possibilities carry important therapeutic implications in the management of acne, the present work was undertaken in order to characterize and evaluate a new endolysin from a Propionibacterium acnes phage.



A putative endolysin (PaAmi1) in the genome of Propionibacterium acnes phage PAC1 (NCBI Accession Number: NC_028967.1) was identified (Accession Number: YP_009214894.1) and selected for further study. The PAC1 bacteriophage has been isolated from human skin microflora [34] and displays high lytic capacity towards cutaneous P. acnes strains. All known P. acnes phage genomes have a length of about 29 kbp and encode for 45–47 proteins. Among them, a single ORF encodes for an endolysin gene that is found in all genomes [33].



The endolysin gene from phage PAC1 (PAC1_20) is located at 15,505–16,362 bp in its genome. PaAmi1 is composed of 285 amino acids with a theoretical molecular mass of 31,883 Da and an isoelectric point of 8.7. A BLASTp search using as a query the PaAmi1 sequence showed that endolysins from different P. acnes bacteriophages are highly conserved, having >85% amino acid sequence identity. This high sequence homology between different endolysins from P. acnes phage genomes has also been observed by Liu et al. [35]. The authors sequenced forty-eight P. acnes bacteriophages from human skin follicles and found an 85–100% sequence identity between different strains and broad activity against seventy-four P. acnes skin isolates. The observed limited genetic diversity is probably a consequence of the bottleneck hypothesis or the evolutionary constraints imposed on phages and bacteria to maintain a single phage, thus limiting the spreading of phage resistance [35]. Another hypothesis for the restricted diversity of P. acnes bacteriophages may come from the niche in which they live, since P. acnes constitutes about 90% of the microbiota of the pilosebaceous unit [36].



Conserved Domains Database (CDD, https://www.ncbi.nlm.nih.gov/cdd/, accessed on 29 March 2022) analysis of PaAmi1 sequence and search in the InterPro (https://www.ebi.ac.uk/interpro/search/sequence/, accessed on 29 March 2022) indicated that PaAmi1 belongs to the peptidoglycan recognition proteins (PGRPs) superfamily (cl02712) and possessed a type-2 N-acetylmuramoyl-L-alanine amidase (NALAA-2, EC 3.5.1.28) domain (IPR002502) [37,38,39]. The conserved NALAA-2 catalytic domain (pfam01510) is located between 66 and 171 in the sequence. NALAA-2 are zinc-dependent enzymes that catalyze the hydrolytic cleavage of the amide bond between N-acetylmuramoyl and L-amino acids in the bacterial cell wall [19,37]. Phylogenetic analysis of PaAmi1 (Figure 1) confirmed that it is grouped with N-acetylmuramoyl-L-alanine amidases from Propionibacterium phages. All P. acnes endolysins contain a highly conserved N-terminal domain associated with NALAA-2 activity, coupled to a 111-residue C-terminal extension whose function is unknown but likely mediates cell wall binding.



The 3D structure of PaAmi1 was predicted using the I-TASSER server [42,43,44]. The most reliable model (C-SCORE −1.05) was used for structural analysis (Figure 2a). The predicted structure of PaAmi1 adopts a fold similar to the structure of other NALAA-2 enzymes [45,46,47]. The catalytic zinc ion (Zn2+) is complexed with His23, His156, and Asp170. Ligand-binding site prediction using COFACTOR [43] and COACH [48] allowed the identification of Thr25, Trp76, and Glu88 as residues important for ligand-binding and catalytic activity (Figure 2b,c).




2.2. Expression and Purification of PaAmi1


The coding sequence of PaAmi1 was cloned to the expression vector pETite T7 [51], which was used to transform a range of competent E.coli strains [E.coli BL21(DE3); BL21(DE3)pLysS; BL21Rosetta™(DE3); BL21Rosetta™(DE3)pLysS; BL21OverExpress™ C41(DE3); BL21 Shuffle® T7 Express; BL21 Lemo21(DE3); BL21Origami™ (DE3); and BL21 Tuner™(DE3)] for selecting a strain capable of producing PaAmi1 at high levels. The last two strains showed no growth after the transformation, so seven strains were selected for further studies. The enzyme was expressed as an insoluble protein in inclusion bodies (Supplementary Figure S1). Among all tested strains, BL21OverExpress™ C41(DE3) and BL21 SHuffle® T7 Express displayed the highest expression level for PaAmi1. The enzyme contains nine cysteine residues; therefore, the BL21 SHuffle® T7 Express cells were selected as a suitable host, as typically this strain provides a suitable environment for Cys-rich proteins [52].



PaAmi1 was solubilized and purified as denatured protein from inclusion bodies (Figure 3). Inclusion bodies were isolated by centrifugation, washed with non-ionic detergent, and solubilized under denatured conditions using urea (2 M urea, 0.1 M Tris/NaOH, 1 mM DTT, pH 12). The protein was slowly refolded using dialysis in 20 mM Tris/HCl buffer, pH 9, and stored at 4 °C until further use.




2.3. Demonstration of Lytic Activity and Substrate Specificity of PaAmi1


The lytic activity of the enzyme was initially assessed employing turbidity reduction assays, using as substrate the Gram-positive bacterium M. lysodeikticus. This assay was used as a reference method for assessing lytic activity [53]. The results (Figure 4a) showed that PaAmi1 displayed high bacteriolytic activity towards M. lysodeikticus cells at 25 °C. The activity is strongly dependent on the incubation temperature. The enzyme appears to lose its activity after prolonged incubation (>15 min) at 37 °C and 47 °C (Figure 4a), indicating that thermal denaturation takes place.



The lytic activity of PaAmi1 was also demonstrated and compared with that of egg white lysozyme by employing a substrate suspension of Remazol Brilliant Blue-R-labeled Propionibacterium acnes cells (Figure 4b). The results showed that at equivalent concentrations, PaAmi1 displays higher lytic activity compared to that of egg white lysozyme. For example, at a 90 min assay, the turbidity of cell suspension was decreased by 50.42% using PaAmi1, whereas only 15.26% by lysozyme (Figure 4b).



Moreover, the activity was assessed using purified PG instead of cell suspension. Figure 4c shows the turbidity assay of PaAmi1using as substrate PG isolated from Propionibacterium acnes cells. PaAmi1 was able to reduce the turbidity by 43.7%, confirming that PaAmi1 catalyzes the lysis of the peptidoglycan layer of the host bacterial cell.



The specificity of PaAmi1 was examined by assessing its lytic activity against eight Gram-positive and two Gram-negative strains. The results are summarized in Figure 5. PaAmi1 exhibited a broad range of activity across different microbial strains. The enzyme exhibits significantly higher lytic activity against Streptococcus pyogenes and Bacillus cereus compared to other species. High lytic activity was also observed towards Propionibacterium acnes, the native host of the bacteriophage PAC1 [54].




2.4. The Effect of pH and Divalent Metal Ions on PaAmi1 Activity


To determine the conditions required for optimal enzyme activity, the effects of pH and divalent metal cations were investigated (Figure 6). PaAmi1 shows high lytic activity at pH values between 4.5 and 7.0 (Figure 6a,b). The optimum pH appears to be slightly dependent on the particular strain used as substrate (M. lysodeikticus vs. P. acnes) (for comparison, see Figure 6a,b). Using P. acnes, the enzyme displayed activity over a broader pH range compared to that displayed using M. lysodeikticus cells.



Considering that NALAA-2 are metal-dependent enzymes, the effect of a range of divalent metal ions (Zn2+, Ni2+, Mn2+, Mg2+, Co2+, Ca2+, and Cu2+) on lytic activity was evaluated (Figure 6c). Among all cations, Zn2+ appears to enhance significant (approx. 50%) lytic activity, confirming that PaAmi1 displays zinc-dependent catalytic activity, similar to other amidases [19]. Furthermore, Ni2+ increases lytic activity by 36%. A smaller effect on enzyme activity was observed by Mn2+, Mg2+, Co2+, and Ca2+. On the other hand, the enzyme activity was inhibited in the presence of Cu2+, presumably due to the ability of Cu2+ to cause the oxidation of Cys residues [55].



The addition of 5 mM ZnCl2 (Figure 6d) showed the highest effect (57.9% increase) on the enzyme’s lytic activity. The effect of 5 mM Zn2+ on the optimum pH was also evaluated (Figure 6e). The results showed a slight effect of 5 mM Zn2+ on the pH-activity profile. It appears that the metal cation mainly affects the enzyme activity at pHs between 6 and 7.




2.5. Evaluation of the Inhibitory and Bactericidal Activity of PaAmi1 against Live Cultures of P. acnes


The effect of different concentrations of purified PaAmi1 on live cultures of P. acnes was evaluated. Figure 7 shows a dose-response effect of PaAmi1 (50–1000 μg) on P. acnes growth. It is observed that the number of colonies significantly decreased as the quantity of PaAmi1 increased. Treatment with 50 μg of PaAmi1 had little effect on the growth of P. acnes cells, whereas using 1000 μg of PaAmi1 caused a dramatic effect.




2.6. ‘Artilysation’ of the Endolysin PaAmi1


A protein engineering strategy was undertaken, aiming to alter the enzyme’s specificity towards bacterial pathogens. The approach, so-called ‘artilysation’, was based on the fusion of short antimicrobial peptides with membrane penetrating activity to the enzyme’s N-terminus [31,32,33,34,35]. The engineering strategy aimed to combine the lytic activity of PaAmi1 with the membrane-penetrating activity of antimicrobial peptides.



Two different AMPs were fused at the N-terminus of PaAmi1. The first peptide, designated DS1, has the following amino sequence: RIRLLQRFNKR. DS1 was selected following searches in the DBAASP v3.0 database (Collection of Antimicrobial Peptides, [56]). DS1 has been experimentally validated to exhibit antimicrobial activity against Propionibacterium spp. and was selected based on its low IC50 and MIC values [57]. The second AMP, designated as PA1, was selected by searching the genomes of five Propionibacterium phages: PAC1 (NCBI Accession Number: NC_028967.1); QueenBey (NCBI Accession Number: NC_031005.2); G4, (NCBI Accession Number: NC_041895.1); B5, (NCBI Accession Number: NC_003460.1); and P2, (NCBI Accession Number: KY926793.1). With this approach, we evaluated the hypothesis that encrypted AMP-like regions exist in the genome of bacteriophages that can be exploited to design and develop novel engineering artilysins. We bioinformatically analyzed (Supplementary Figure S2) the genome of the five phages for potential AMP-like sequences using the MACREL algorithm [58]. A subset of 48 putative AMPs was predicted from the screening and further assessed using the CAMPR3 algorithm [59,60] for selecting shorter antimicrobial regions within the peptides. We focused on short peptides (e.g., less than <11 amino acids in length) for easy fusion with PaAmi1 without interfering with its catalytic activity. The derived short AMPs were assessed and ranked using the deep learning/physicochemical property-based Al4AMP algorithm and further validated employing the DBAASP v3.0 and AxPEP algorithms [59,61,62,63,64]. A comparative analysis of the predicted AMPs from the genome of Propionibacterium phages is shown in Supplementary Table S1. A candidate AMP with the amino sequence RVFRRAARIAQ (PA1) was selected for further study. The PA1 sequence is derived from the PAC1 genome, and based on all algorithms used (Al4AMP, DBAASP v3.0, and AxPEP), it was collectively predicted to display strong antimicrobial activity. The toxicity of the two selected AMPs (DS1 and PA1) towards mammals was examined using the HAPPENN algorithm [65], where the hemolytic activity of DS1 and PA1 was assessed and found to be negligible.



The selected AMPs (DS1 and PA1) were fused at the N-terminus of PaAmi1, and the engineered enzymes, DS1PaAmi1 and PA1PaAmi1, were expressed and purified as described for the wild-type enzyme. The lytic activity of the three enzymes was assessed against eight Gram-positive and two Gram-negative strains. In addition, their lytic activity was tested using isolated peptidoglycan from P. acnes cells or Remazol Brilliant Blue R-dyed P. acnes cells. The results showed (Figure 5b,c) that the engineered variants exhibited altered lytic activity and specificity towards the tested strains compared to the wild-type enzyme. PA1PaAmi1 and DS1PaAmi1 showed higher lytic activity towards P. acnes cells, which reached 56.9 ± 0.2% and 41.4 ± 3.5%, respectively, compared to the wild-type (39.7 ± 2.6%). In addition, both engineered variants exhibited improved lytic activity towards the Gram-negative Acinetobacter baumannii, which is considered today to be the most dangerous multidrug-resistant pathogen [66]. Similarly, improved activity was observed against the most common species of Enterococci, Enterococcus faecalis and Enterococcus faecium, which are the leading causes of enterococcal infections [67]. Noteworthy, the wild-type enzyme did not display lytic activity towards the E. faecium cells, whereas significant activity was found for both engineered variants and especially for PA1PaAmi1. This is an important outcome of the study since it provides clear evidence that mining AMPs from the bacteriophage genomes may represent an efficient and rapid approach for expanding the available antimicrobial resources. All these results point to the conclusion that our engineered strategy and the selected AMPs, fused at the N-terminus of PaAmi1, are an effective approach for engineering endolysins with altered or improved lytic activity. A relevant strategy has been adopted by Vázquez et al., 2021 [68]. They bioinformatically analyzed the C-terminal end of a collection of lysins from phages infecting the Gram-negative genus Pseudomonas. They selected and tested two putative membrane-interacting endolysins and found that they were active against Pseudomonas aeruginosa and other Gram-negative bacterial pathogens.




2.7. Thermostability of PaAmi1, DS1PaAmi1, and PA1PaAmi1


The effect of temperature on the operational stability of the wild-type and engineered variants was investigated by measuring the remaining enzyme activity after incubation (10 min) of the enzymes at different temperatures. The results (Figure 8) revealed that the activity of the wild-type enzyme was not affected at temperatures <30 °C; however, its activity rapidly declined at higher incubation temperatures. On the other hand, the engineered variants DS1PaAmi1 and PA1PaAmi1 exhibited much higher thermostability compared to the wild-type enzyme, as they showed catalytic activity even after incubation at 90 °C. This unexpected finding is presumable due to the presence of the AMP sequences. Both DS1 and PA1 sequences are positively charged; they possess four Arg residues, which may stabilize the N-terminal domain of the enzyme. The contribution of Arg residues to protein thermostability has been well established in several thermostable proteins [69]. A similar stabilization effect has been observed with other artilysins. For example, ‘artilysation’ of endolysin λSa2lys improves its structural stability [55].





3. Materials and Methods


3.1. Biocomputing Analysis


PaAmi1 homologue sequences were sought using BLASTp (Basic Local Alignment Search Tool) [70]. The resulting sequences were aligned using ClustalOmega [40,71]. The phylogenetic tree of PaAmi1 that was generated by ClustalOmega was analyzed and portrayed using the online tool iTOL [41]. The 3D structure of PaAmi1 was predicted using the I-TASSER server [42,43,44]. I-TASSER generated five models. The quality of the models was assessed using C-SCORE [42,43,44].



Biocomputing analysis for the selection of antimicrobial peptides was achieved by searching the DBAASP v3.0 database [56] and the CAMPR3 database (Collection of Antimicrobial Peptides, [59,60]). In addition, search of the genomes of five Propionibacterium phages [PAC1 (NCBI Accession Number: NC_028967.1), QueenBey (NCBI Accession Number: NC_031005.2), G4, (NCBI Accession Number: NC_041895.1), B5 (NCBI Accession Number:NC_003460.1), and P2 (NCBI Accession Number: KY926793.1)] for potential AMP sequences was achieved using the MACREL algorithm [58] and further analyzed using a range of antimicrobial prediction tools and algorithms: CAMPR3, DBAASP v3.0, AI4AMP and AxPEP (AmPEP and RF-AmPEP, 30) and APD3 [56,59,60,61,62,63,64,72,73,74]. Sequences were ranked according to AI4AMP scores, ranging from 0 to 1, with a threshold of 0.5 [62]. Sequences with scores <0.5 were discarded. The toxicity and hemolytic activity of the selected AMPs towards mammals were examined using the HAPPENN tool [65]. All databases were accessed on 14–15 March 2022.




3.2. Synthesis and Cloning of PaAmi1


The PaAmi1 gene was codon-optimized for E. coli expression and synthesized (Eurofins Genomics, Abersberg, Germany). Amplification of paAmi1gene was performed by PCR using the In-Fusion® HD Cloning Kit (Takara Bio USA Inc, Mountain View, CA, USA) and the following primers: PaAmi1F (5′-GAA GGA GAT ATA CAT ATG CGC TTC ATT CCG GCT-3′) and PaAmi1R (5′-GTG ATG GTG GTG ATG ATG CTT CTT CAG ACC ATT GAC CGC-3′). The PCR reaction was carried out in a total volume of 20 μL, containing the following: 10 μL Clone Amp HiFi PCR Premix, 0.5 μM forward and reverse primers, 20 ng template DNA, and 6 μL H2O. The conditions used in the thermocycler were an initial denaturation at 98 °C for 4 min. The PCR protocol comprised 35 cycles of 10 s at 98 °C, 15 s at 55 °C (annealing temperature), and 15 s at 72 °C (extension temperature). A final extension time of 10 min at 72 °C was performed after the 35th cycle. The PCR product was cloned into a T7 expression vector (pETite C-His Kan vector, Lucigen, Middleton, WI, USA) [51], which possessed a C-terminal hexahistidine (6-His) tag sequence. The resulting expression construct was sequenced and transformed into nine different competent E. coli expression strains [BL21(DE3), BL21(DE3)pLysS, BL21Rosetta™(DE3), BL21Rosetta™(DE3)pLysS, BL21OverExpress™ C41(DE3), BL21 Shuffle® T7 Express, BL21 Lemo21(DE3), BL21Origami™ B(DE3), and BL21 Tuner™(DE3)] in order to determine the best expression strain for PaAmi1.




3.3. Expression and Purification of PaAmi1


Overnight culture of E. coli BL21 Shuffle® T7 Express cells in LB medium containing ampicillin (100 μg/mL) was used to inoculate fresh 2xYT medium (ampicillin 100 μg/mL) and was incubated at 37 °C under shaking at 180rpm until OD at 600 nm reached 0.5 to 0.6 [52]. Furthermore, the expression of PaAmi1 was induced by the addition of 0.5 mM IPTG followed by incubation at 20 °C for 20 h at 160 rpm. Bacterial cells were suspended in Lysis buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, pH 8.0) and lysed under sonication. The suspension was centrifuged at 13,000× g for 7 min, and the supernatant was discarded since PaAmi1 was expressed as an insoluble protein in inclusion bodies (IBs). The pellet was washed three times with wash buffer [2% (v/v) Triton X-100] and two times with double-distilled water. Each time, the pellet was vortexed and centrifuged at 13,000× g for 15 min. Next, the pellet was solubilized with the following buffer: 2 M urea-0.1 M Tris-NaOH buffer, pH 12, containing 1 mM DDT. Protein refolding was carried out with overnight dialysis against 20 mM Tris, pH 9. The enzyme solution was stored at 4 °C until further use [75,76]. Protein purity was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, 12.5% separating gel; 6% stacking gel).




3.4. Lytic Activity Assays


Bacterial cells were suspended in appropriate buffer to a final OD600nm of 0.5–0.6, and the reduction of the turbidity of the cell suspension was monitored for 90 min at 25 °C in the presence of PaAmi1 (100 μg/mL, unless stated otherwise). The course of the reaction was monitored by taking the absorbance at specific time intervals. Likewise, in the control cuvette, the same components were added, but instead of PaAmi1, dialysis buffer was added. The lytic activity (%) was calculated after a 90 min reaction using Equation (1):


  [        Δ OD    0 –  90 min      test        initial   absorbance      test      × 100  ] − [      ( Δ OD    0 –  90 min      control      initial   absorbance      control      × 100  ]  



(1)







In that case, the reduction of the control assay (without enzyme) is subtracted, and the effect of the enzyme on the cell suspension is evident. The antimicrobial spectrum of PaAmi1 was assessed by measuring the turbidity reduction of different bacterial cell suspensions (Enterococcus faecalis, Bacillus cereus, Micrococcus lysodeikticus, Clostridium difficile, Streptococcus pyogenes, Staphylococcus epidermis, Staphylococcus aureus, Propionibacterium acnes, Enterococcus faecium, and Acinetobacter baumannii) at 600 nm using 50 mM KH2PO4/K2HPO4, pH 6.24. The lytic activity of PaAmi1 was evaluated using Equation (1). Lyophilized Micrococcus lysodeikticus cells were obtained from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA). DH5a E. coli was obtained by Thermo Fisher Scientific, Waltham, MA, USA. The other bacterial strains were much a appreciated gift from the Department of Microbiology, “Aghia Sophia” Children’s Hospital, Athens (Dr. A. Stathi) and described elsewhere [3]. The bacterial strains were autoclaved before use. Autoclaved bacteria were washed once with the reaction buffer (50 mM KH2PO4/K2HPO4, pH 6.24) before being used in the turbidity reduction assay.




3.5. Effect of pH, Divalent Metal Ions, and Temperature


The effect of pH (pH 3–9) on the activity of PaAmi1 was assessed using the turbidity reduction assay and employing Micrococcus lysodeikticus or Propionibacterium acnes cells as substrate. The following buffers (50 mM) were used: Glycine/HCl pH 3.0; CH3COOH/CH3COONa pH 4.0; CH3COOH/CH3COONa pH 4.5; CH3COOH/CH3COONa pH 5.0; MES/NaOH pH 5.5; MES/NaOH pH 6.0; MES/NaOH pH 6.5; HEPES, pH 7.0; HEPES pH 7.5; HEPES pH 8.0; and Na2B4O7/H3BO3 pH 9. The lytic activity of PaAmi1 was also evaluated in the presence of different divalent metal ions (1 mM): ZnCl2, NiCl2, MnCl2, MgCl2, CoCl2, CaCl2, and CuCl2 or 5 mM ZnCl2. The activity of PaAmi1 was performed in three temperatures (25 °C, 37 °C, and 47 °C) in order to determine the optimal temperature for lytic activity.




3.6. Turbidity Reduction Assays Using Isolated Peptidoglycan


Peptidoglycan from P. acnes cells was isolated according to Fukushima and Sekiguchi, (2016) [77]. Following purification, the isolated peptidoglycan was washed five times with Milli-Q water, lyophilized, and stored at −20 °C. Turbidity reduction assays using isolated peptidoglycan were performed as described above (using cell suspension), with the only exception that the absorbance of the peptidoglycan suspension was measured at 540 nm.




3.7. Turbidity Reduction Assays Using Remazol Brilliant Blue R-Dyed Cells


Autoclaved Propionibacterium acnes cells were dyed with Remazol Brilliant Blue R (RBB-dyed cells) according to Zhou et al., 1988 [78]. The RBB-dyed cell suspension after being washed with double-distilled water, was lyophilized and stored at −20 °C. The lytic activity was measured as described above (using cell suspension), with the only exception that the absorbance of the RBB-dyed cells was monitored at 595 nm.




3.8. Lytic Activity of PaAmi1 Using Live Propionibacterium Acnes Cells on Agar Plates


Propionibacterium acnes cells were cultivated, and then a 0.5 McFarland standard was prepared. Appropriate dilutions were made until approximately 104 cells were suspended in each reaction tube containing 50 mM MES/NaOH buffer, pH 6.0, and ZnCl2 (5 mM). Furthermore, different amounts of purified PaAmi1 were added (0.05–1.0 mg), and the reactions were left at room temperature and under stirring for 3.5 h. A control reaction was also prepared under the same conditions, but instead of PaAmi1, dialysis buffer (20 mM Tris, pH 9.0) was added. Following incubation, a sample (10 μL) of each reaction was transferred to an agar plate (COL S +) and incubated at 37 °C for 8 days under anaerobic conditions.




3.9. Fusion of PaAmi1 with Antimicrobial Peptides (AMP)


Fusion of the AMPs DS1 (RIRLLQRFNKR) and PA1 (RVFRRAARIAQ) at the N-terminus of PaAmi1 to give the engineered variants DS1PaAmi1 and PA1PaAmi1 was achieved by PCR. The amplification of the whole expression vector pETite C-HisKan vector (Lucigen, Middleton, WI, USA) was performed by PCR using the KAPA Taq PCR Kit (KAPA Biostystems Pty, Cape Town, South Africa) and the following forward primers:




	
ds1F(5′-ATGCGCATTCGCTTATTACAGCGCTTCAACAAGCGCCGCTTCATTCCGGCT-3′) and



	
pa1F(5′-ATGCGCGTATTCCGCCGCGCAGCACGCATTGCACAGCGCTTCATTCCGGCT-3′).








As a reverse primer in both PCRs, the pETite reverse primer was used (5′-CTCAAGACCCGTTTAGAGGC- 3′). The PCR reaction was carried out in a total volume of 15 μL, containing the following: 7.5 μL Clone Amp HiFi PCR Premix, 0.2 μM forward and reverse primers, 2 ng template DNA, and 6.6 μL H2O. The conditions used in the thermocycler were an initial denaturation at 98 °C for 4 min. The PCR protocol comprised 30 cycles of 10 s at 98 °C, 15 s at 62 °C (annealing temperature), and 16 s at 72 °C (extension temperature). A final extension time of 10 min at 72 °C was performed after the 30th cycle. The amplified PCR products were incubated with T4 DNA ligase (Takara Bio USA Inc, Mountain View, CA, USA) at 16 °C for 16 h. Following ligation, the plasmids were treated with the restriction enzyme Dpn I (FastGene, Nippon Genetics, Tokyo, Japan), and the recombinant constructs were used to transform competent E. coli stellar cells for sequencing, and E. coli BL21 OverExpress™ C41(DE3) cells for heterologous expression.




3.10. Expression, Purification, and Lytic Activity of DS1PaAmi1 and PA1PaAmi1


Overnight culture of E. coli BL21 OverExpress™ C41(DE3) cells in an LB medium containing ampicillin (100 μg/mL) was used to inoculate fresh 2 × YT medium (ampicillin 100 μg/mL) and was incubated at 37 °C under shaking at 180 rpm until the OD at 600 nm reached 0.5 to 0.6. The expression of DS1PaAmi1 and PA1PaAmi1 was induced with 0.5 mM IPTG, followed by incubation at 20 °C for 20 h at 160 rpm. Purification of DS1PaAmi1 and PA1PaAmi1 was performed as described for the wild-type enzyme PaAmi1. The bacteriolytic activity of DS1PaAmi1 and PA1PaAmi1 was achieved as described for the wild-type enzyme PaAmi1.




3.11. Thermostability Analysis


The thermostability of the wild-type and the engineered variants (DS1PaAmi1 and PA1PaAmi1) was evaluated by incubating the enzymes (for 10 min) at different temperatures (4–90 °C) in a 50 mM MES/NaOH buffer at pH 6. Following incubation, the remaining enzyme activity was measured using turbidity reduction assays (bacterial cell suspensions). The activity of PaAmi1 and PA1PaAmi1 was measured using M. lysodeikticus cells as substrates, while the activity of DS1PaAmi1 was measured using P. acnes cells. This is because DS1PaAmi1 displayed low lytic activity on M. lysodeikticus cells.





4. Conclusions


Enzyme therapy utilizing endolysins is a promising solution to the rising problem of antibiotic-resistant bacteria. In the present work, a new NALAA-2 from P. acnes phage PAC1 was identified, expressed, and characterized. The lytic activity of PaAmi1 was established using a range of bacterial pathogens as well as purified peptidoglycan from P. acnes. An engineering strategy based on the fusion of short antimicrobial peptides with their N-termini was employed, aiming at creating new variants with altered lytic activity and specificity. We evaluated the hypothesis that antimicrobial peptide (AMP)-like regions exist in the genome of bacteriophages that can be exploited to design novel artilysins. One AMP sequence that was in silico predicted from the genome of the PAC1 phage, when fused at the N-terminus of PaAmi1, gave an engineered variant with enhanced operational stability and lytic activity towards P. acnes and the enterococci species Enterococcus faecalis and Enterococcus faecium. The engineered enzyme can be further studied as a potential antimicrobial agent with applications in the cosmetic and pharmaceutical industries.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24108523/s1.





Author Contributions


C.V. performed all experiments, analyzed data, and wrote the manuscript; G.E.P. analyzed data; N.E.L. planned experiments, supervised the experiments, analyzed data, and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The research work was supported by the Hellenic Foundation for Research and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to support Faculty members and researchers and the procurement of high-cost research equipment grant” (Project Number: 4036).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are included in the article.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


PG, Peptidoglycan; AMP, Antimicrobial peptide; AMR, Antimicrobial resistance; CDD, Conserved Domains Database; DSF, Differential Scanning Fluorimetry; DAPI, 4′,6-diamidino-2-phenylindole; EthD-III, Ethidium Homodimer III; MIC, minimal inhibition concentration; MDR, Multidrug resistant; NALAA, N-acetylmuramoyl-L-alanine amidase; IBs, Inclusion bodies; IPTG, Isopropyl-β-D-thiogalactopyranoside; SDS-PAGE,Sodium dodecyl sulfate polyacrylamide gel electrophoresis; LB, Luria and Bertani medium; 2 × Yeast Tryptone medium, 2 × YT medium; OD, Optical density; RBBR, Remazol Brilliant Blue-R; WHO, World Health Organization; ORF, Open Reading Frame.




References


	



De Kraker, M.E.A.; Stewardson, A.J.; Harbarth, S. Will 10 Million People Die a Year Due to Antimicrobial Resistance by 2050? PLoS Med. 2016, 13, e1002184. [Google Scholar] [CrossRef] [PubMed]

	



Tagliabue, A.; Rappuoli, R. Changing Priorities in Vaccinology: Antibiotic Resistance Moving to the Top. Front. Immunol. 2018, 9, 1068. [Google Scholar] [CrossRef] [PubMed]

	



Premetis, G.E.; Stathi, A.; Papageorgiou, A.C.; Labrou, N.E. Characterization of a glycoside hydrolase endolysin from Acinetobacter baumannii phage AbTZA1 with high antibacterial potency and novel structural features. FEBS J. 2023, 290, 2146–2164. [Google Scholar] [CrossRef] [PubMed]

	



Pai, A.; Sudhakar, G.K.; Kamath, V. Enzybiotics—A Review. Int. J. Pharmacol. Res. 2013, 3, 69–71. [Google Scholar]

	



Villa, T.G.; Feijoo-Siota, L.; Rama, J.L.R.; Sánchez-Pérez, A.; de Miguel-Bouzas, T. Enzybiotics. Antimicrobial Food Packaging; Elsevier: Amsterdam, The Netherlands, 2016; pp. 491–502. ISBN 978-0-12-800723-5. [Google Scholar]

	



Brives, C.; Pourraz, J. Phage Therapy as a Potential Solution in the Fight against AMR: Obstacles and Possible Futures. Palgrave Commun. 2020, 6, 100. [Google Scholar] [CrossRef]

	



Golkar, Z.; Bagasra, O.; Pace, D.G. Bacteriophage Therapy: A Potential Solution for the Antibiotic Resistance Crisis. J. Infect. Dev. Ctries 2014, 8, 129–136. [Google Scholar] [CrossRef]

	



Murray, E.; Draper, L.A.; Ross, R.P.; Hill, C. The Advantages and Challenges of Using Endolysins in a Clinical Setting. Viruses 2021, 13, 680. [Google Scholar] [CrossRef]

	



Gondil, V.S.; Harjai, K.; Chhibber, S. Endolysins as Emerging Alternative Therapeutic Agents to Counter Drug-Resistant Infections. Int. J. Antimicrob. Agents 2020, 55, 105844. [Google Scholar] [CrossRef]

	



Dams, D.; Briers, Y. Enzybiotics: Enzyme-Based Antibacterials as Therapeutics. In Therapeutic Enzymes: Function and Clinical Implications; Labrou, N., Ed.; Springer Singapore: Singapore, 2019; Volume 1148, pp. 233–253. ISBN 9789811377082. [Google Scholar]

	



Love, M.; Bhandari, D.; Dobson, R.; Billington, C. Potential for Bacteriophage Endolysins to Supplement or Replace Antibiotics in Food Production and Clinical Care. Antibiotics 2018, 7, 17. [Google Scholar] [CrossRef]

	



Thummeepak, R.; Kitti, T.; Kunthalert, D.; Sitthisak, S. Enhanced Antibacterial Activity of Acinetobacter Baumannii Bacteriophage ØABP-01 Endolysin (LysABP-01) in Combination with Colistin. Front. Microbiol. 2016, 7, 1402. [Google Scholar] [CrossRef]

	



Taati Moghadam, M.; Khoshbayan, A.; Chegini, Z.; Farahani, I.; Shariati, A. Bacteriophages, a New Therapeutic Solution for Inhibiting Multidrug-Resistant Bacteria Causing Wound Infection: Lesson from Animal Models and Clinical Trials. Drug Des. Dev. Ther. 2020, 14, 1867–1883. [Google Scholar] [CrossRef]

	



Vázquez, R.; García, E.; García, P. Phage Lysins for Fighting Bacterial Respiratory Infections: A New Generation of Antimicrobials. Front. Immunol. 2018, 9, 2252. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Lee, D.-W.; Jin, J.-S.; Kim, J. Antimicrobial Activity of LysSS, a Novel Phage Endolysin, against Acinetobacter Baumannii and Pseudomonas Aeruginosa. J. Glob. Antimicrob. Resist. 2020, 22, 32–39. [Google Scholar] [CrossRef]

	



Son, B.; Yun, J.; Lim, J.-A.; Shin, H.; Heu, S.; Ryu, S. Characterization of LysB4, an Endolysin from the Bacillus Cereus-Infecting Bacteriophage B4. BMC Microbiol. 2012, 12, 33. [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]

	



Dörr, T.; Moynihan, P.J.; Mayer, C. Editorial: Bacterial Cell Wall Structure and Dynamics. Front. Microbiol. 2019, 10, 2051. [Google Scholar] [CrossRef] [PubMed]

	



Vermassen, A.; Leroy, S.; Talon, R.; Provot, C.; Popowska, M.; Desvaux, M. Cell Wall Hydrolases in Bacteria: Insight on the Diversity of Cell Wall Amidases, Glycosidases and Peptidases Toward Peptidoglycan. Front. Microbiol. 2019, 10, 331. [Google Scholar] [CrossRef] [PubMed]

	



Vollmer, W.; Blanot, D.; De Pedro, M.A. Peptidoglycan Structure and Architecture. FEMS Microbiol Rev. 2008, 32, 149–167. [Google Scholar] [CrossRef]

	



Neuhaus, F.C.; Baddiley, J. A Continuum of Anionic Charge: Structures and Functions of d-Alanyl-Teichoic Acids in Gram-Positive Bacteria. Microbiol. Mol. Biol. Rev. 2003, 67, 686–723. [Google Scholar] [CrossRef]

	



Kamisango, K.; Saiki, I.; Tanio, Y.; Okumura, H.; Araki, Y.; Sekikawa, I.; Azuma, I.; Yamamura, Y. Structures and Biological Activities of Peptidoglycans of Listeria Monocytogenes and Propionibacterium Acnes12. J. Biochem. 1982, 92, 23–33. [Google Scholar] [CrossRef] [PubMed]

	



Schleifer, K.H.; Kandler, O. Peptidoglycan Types of Bacterial Cell Walls and Their Taxonomic Implications. Bacteriol. Rev. 1972, 36, 407–477. [Google Scholar] [CrossRef] [PubMed]

	



Coates, P.; Vyakrnam, S.; Eady, E.A.; Jones, C.E.; Cove, J.H.; Cunliffe, W.J. Prevalence of Antibiotic-Resistant Propionibacteria on the Skin of Acne Patients: 10-Year Surveillance Data and Snapshot Distribution Study. Br. J. Derm. 2002, 146, 840–848. [Google Scholar] [CrossRef] [PubMed]

	



Blaskovich, M.A.T.; Elliott, A.G.; Kavanagh, A.M.; Ramu, S.; Cooper, M.A. In Vitro Antimicrobial Activity of Acne Drugs Against Skin-Associated Bacteria. Sci. Rep. 2019, 9, 14658. [Google Scholar] [CrossRef] [PubMed]

	



McDowell, A.; Patrick, S.; Eishi, Y.; Lambert, P.; Eady, A. Propionibacterium Acnes in Human Health and Disease. BioMed Res. Int. 2013, 2013, 493564. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Lu, Z.; Ma, Y. Draft Genome Sequences of Three Multidrug-Resistant Cutibacterium (Formerly Propionibacterium) Acnes Strains Isolated from Acne Patients, China. J. Glob. Antimicrob. Resist. 2017, 11, 114–115. [Google Scholar] [CrossRef]

	



Fitz-Gibbon, S.; Tomida, S.; Chiu, B.-H.; Nguyen, L.; Du, C.; Liu, M.; Elashoff, D.; Erfe, M.C.; Loncaric, A.; Kim, J.; et al. Propionibacterium Acnes Strain Populations in the Human Skin Microbiome Associated with Acne. J. Investig. Dermatol. 2013, 133, 2152–2160. [Google Scholar] [CrossRef]

	



Cogen, A.L.; Nizet, V.; Gallo, R.L. Skin Microbiota: A Source of Disease or Defence?: Skin Microbiota. Br. J. Dermatol. 2008, 158, 442–455. [Google Scholar] [CrossRef]

	



Alkhawaja, E.; Hammadi, S.; Abdelmalek, M.; Mahasneh, N.; Alkhawaja, B.; Abdelmalek, S.M. Antibiotic Resistant Cutibacterium Acnes among Acne Patients in Jordan: A Cross Sectional Study. BMC Dermatol. 2020, 20, 17. [Google Scholar] [CrossRef]

	



Briers, Y.; Walmagh, M.; Van Puyenbroeck, V.; Cornelissen, A.; Cenens, W.; Aertsen, A.; Oliveira, H.; Azeredo, J.; Verween, G.; Pirnay, J.-P.; et al. Engineered Endolysin-Based “Artilysins” To Combat Multidrug-Resistant Gram-Negative Pathogens. mBio 2014, 5, e01379-14. [Google Scholar] [CrossRef]

	



Gerstmans, H.; Rodríguez-Rubio, L.; Lavigne, R.; Briers, Y. From Endolysins to Artilysin®s: Novel Enzyme-Based Approaches to Kill Drug-Resistant Bacteria. Biochem. Soc. Trans. 2016, 44, 123–128. [Google Scholar] [CrossRef]

	



Rodríguez-Rubio, L.; Chang, W.-L.; Gutiérrez, D.; Lavigne, R.; Martínez, B.; Rodríguez, A.; Govers, S.K.; Aertsen, A.; Hirl, C.; Biebl, M.; et al. ‘Artilysation’ of Endolysin ΛSa2lys Strongly Improves Its Enzymatic and Antibacterial Activity against Streptococci. Sci. Rep. 2016, 6, 35382. [Google Scholar] [CrossRef] [PubMed]

	



Brown, T.L.; Petrovski, S.; Dyson, Z.A.; Seviour, R.; Tucci, J. The Formulation of Bacteriophage in a Semi Solid Preparation for Control of Propionibacterium Acnes Growth. PLoS ONE 2016, 11, e0151184. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Yan, R.; Zhong, Q.; Ngo, S.; Bangayan, N.J.; Nguyen, L.; Lui, T.; Liu, M.; Erfe, M.C.; Craft, N.; et al. The Diversity and Host Interactions of Propionibacterium Acnes Bacteriophages on Human Skin. ISME J. 2015, 9, 2078–2093. [Google Scholar] [CrossRef]

	



Jończyk-Matysiak, E.; Weber-Dąbrowska, B.; Żaczek, M.; Międzybrodzki, R.; Letkiewicz, S.; Łusiak-Szelchowska, M.; Górski, A. Prospects of Phage Application in the Treatment of Acne Caused by Propionibacterium Acnes. Front. Microbiol. 2017, 8, 164. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song, J.S.; et al. CDD/SPARCLE: The Conserved Domain Database in 2020. Nucleic Acids Res. 2020, 48, D265–D268. [Google Scholar] [CrossRef]

	



Paysan-Lafosse, T.; Blum, M.; Chuguransky, S.; Grego, T.; Pinto, B.L.; Salazar, G.A.; Bileschi, M.L.; Bork, P.; Bridge, A.; Colwell, L.; et al. InterPro in 2022. Nucleic Acids Res. 2023, 51, D418–D427. [Google Scholar] [CrossRef]

	



Jones, P.; Binns, D.; Chang, H.-Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; et al. InterProScan 5: Genome-Scale Protein Function Classification. Bioinformatics 2014, 30, 1236–1240. [Google Scholar] [CrossRef]

	



Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast, Scalable Generation of High-quality Protein Multiple Sequence Alignments Using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539. [Google Scholar] [CrossRef]

	



Letunic, I.; Bork, P. Interactive Tree of Life (ITOL) v5: An Online Tool for Phylogenetic Tree Display and Annotation. Nucleic Acids Res. 2021, 49, W293–W296. [Google Scholar] [CrossRef]

	



Zhang, Y. I-TASSER Server for Protein 3D Structure Prediction. BMC Bioinform. 2008, 9, 40. [Google Scholar] [CrossRef]

	



Zhang, C.; Freddolino, P.L.; Zhang, Y. COFACTOR: Improved Protein Function Prediction by Combining Structure, Sequence and Protein–Protein Interaction Information. Nucleic Acids Res. 2017, 45, W291–W299. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhang, Y. I-TASSER Server: New Development for Protein Structure and Function Predictions. Nucleic Acids Res. 2015, 43, W174–W181. [Google Scholar] [CrossRef] [PubMed]

	



Firczuk, M.; Bochtler, M. Folds and Activities of Peptidoglycan Amidases. FEMS Microbiol. Rev. 2007, 31, 676–691. [Google Scholar] [CrossRef] [PubMed]

	



Kerff, F.; Petrella, S.; Mercier, F.; Sauvage, E.; Herman, R.; Pennartz, A.; Zervosen, A.; Luxen, A.; Frère, J.-M.; Joris, B.; et al. Specific Structural Features of the N-Acetylmuramoyl-l-Alanine Amidase AmiD from Escherichia coli and Mechanistic Implications for Enzymes of This Family. J. Mol. Biol. 2010, 397, 249–259. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.; Artola-Recolons, C.; Carrasco-López, C.; Martínez-Caballero, S.; Hesek, D.; Spink, E.; Lastochkin, E.; Zhang, W.; Hellman, L.M.; Boggess, B.; et al. Cell-Wall Remodeling by the Zinc-Protease AmpDh3 from Pseudomonas Aeruginosa. J. Am. Chem. Soc. 2013, 135, 12604–12607. [Google Scholar] [CrossRef]

	



Yang, J.; Roy, A.; Zhang, Y. Protein–Ligand Binding Site Recognition Using Complementary Binding-Specific Substructure Comparison and Sequence Profile Alignment. Bioinformatics 2013, 29, 2588–2595. [Google Scholar] [CrossRef]

	



Zhang, Y. TM-Align: A Protein Structure Alignment Algorithm Based on the TM-Score. Nucleic Acids Res. 2005, 33, 2302–2309. [Google Scholar] [CrossRef]

	



Gouet, P. ESPript/ENDscript: Extracting and Rendering Sequence and 3D Information from Atomic Structures of Proteins. Nucleic Acids Res. 2003, 31, 3320–3323. [Google Scholar] [CrossRef]

	



Steinmetz, E. Expresso® Cloning and Expression Systems: ExpressioneeringTM Technology Streamlines Recombinant Protein Expression. Nat. Methods 2011, 8, 3–4. [Google Scholar] [CrossRef]

	



Lobstein, J.; Emrich, C.A.; Jeans, C.; Faulkner, M.; Riggs, P.; Berkmen, M. SHuffle, a Novel Escherichia Coli Protein Expression Strain Capable of Correctly Folding Disulfide Bonded Proteins in Its Cytoplasm. Microb. Cell Fact. 2012, 11, 753. [Google Scholar] [CrossRef]

	



Shugar, D. The Measurement of Lysozyme Activity and the Ultra-Violet Inactivation of Lysozyme. Biochim. Biophys. Acta 1952, 8, 302–309. [Google Scholar] [CrossRef] [PubMed]

	



Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; Mcveigh, R.; O’Neill, K.; Robbertse, B.; et al. NCBI Taxonomy: A Comprehensive Update on Curation, Resources and Tools. Database 2020, 2020, baaa062. [Google Scholar] [CrossRef] [PubMed]

	



Cavallini, D.; De Marco, C.; Duprè, S.; Rotilio, G. The Copper Catalyzed Oxidation of Cysteine to Cystine. Arch. Biochem. Biophys. 1969, 130, 354–361. [Google Scholar] [CrossRef] [PubMed]

	



Pirtskhalava, M.; Amstrong, A.A.; Grigolava, M.; Chubinidze, M.; Alimbarashvili, E.; Vishnepolsky, B.; Gabrielian, A.; Rosenthal, A.; Hurt, D.E.; Tartakovsky, M. DBAASP v3: Database of Antimicrobial/Cytotoxic Activity and Structure of Peptides as a Resource for Development of New Therapeutics. Nucleic Acids Res. 2020, 49, D288–D297. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, M.; Saito, K.; Nomoto, T.; Namae, T.; Ochiai, A.; Saitoh, E.; Tanaka, T. Identification and Characterization of Multifunctional Cationic and Amphipathic Peptides from Soybean Proteins: Multifunctional Cationic and Amphipathic Peptides from Soybean Proteins. Biopolymers 2017, 108, e23023. [Google Scholar] [CrossRef] [PubMed]

	



Santos-Júnior, C.D.; Pan, S.; Zhao, X.-M.; Coelho, L.P. Macrel: Antimicrobial Peptide Screening in Genomes and Metagenomes. PeerJ 2020, 8, e10555. [Google Scholar] [CrossRef]

	



Waghu, F.H.; Barai, R.S.; Gurung, P.; Idicula-Thomas, S. CAMP R3: A Database on Sequences, Structures and Signatures of Antimicrobial Peptides: Table 1. Nucleic Acids Res. 2016, 44, D1094–D1097. [Google Scholar] [CrossRef]

	



Waghu, F.H.; Idicula-Thomas, S. Collection of Antimicrobial Peptides Database and Its Derivatives: Applications and Beyond. Protein Sci. 2020, 29, 36–42. [Google Scholar] [CrossRef]

	



Lin, T.-T.; Yang, L.-Y.; Lu, I.-H.; Cheng, W.-C.; Hsu, Z.-R.; Chen, S.-H.; Lin, C.-Y. AI4AMP: Sequence-Based Antimicrobial Peptides Predictor Using Physicochemical Properties-Based Encoding Method and Deep Learning. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Lin, T.-T.; Yang, L.-Y.; Lu, I.-H.; Cheng, W.-C.; Hsu, Z.-R.; Chen, S.-H.; Lin, C.-Y. AI4AMP: An Antimicrobial Peptide Predictor Using Physicochemical Property-Based Encoding Method and Deep Learning. mSystems 2021, 6, e00299-21. [Google Scholar] [CrossRef]

	



Yan, J.; Bhadra, P.; Li, A.; Sethiya, P.; Qin, L.; Tai, H.K.; Wong, K.H.; Siu, S.W.I. Deep-AmPEP30: Improve Short Antimicrobial Peptides Prediction with Deep Learning. Mol. Ther. Nucleic Acids 2020, 20, 882–894. [Google Scholar] [CrossRef] [PubMed]

	



Bhadra, P.; Yan, J.; Li, J.; Fong, S.; Siu, S.W.I. AmPEP: Sequence-Based Prediction of Antimicrobial Peptides Using Distribution Patterns of Amino Acid Properties and Random Forest. Sci. Rep. 2018, 8, 1697. [Google Scholar] [CrossRef] [PubMed]

	



Timmons, P.B.; Hewage, C.M. HAPPENN Is a Novel Tool for Hemolytic Activity Prediction for Therapeutic Peptides Which Employs Neural Networks. Sci. Rep. 2020, 10, 10869. [Google Scholar] [CrossRef] [PubMed]

	



Harding, C.M.; Hennon, S.W.; Feldman, M.F. Uncovering the Mechanisms of Acinetobacter Baumannii Virulence. Nat. Rev. Microbiol. 2018, 16, 91–102. [Google Scholar] [CrossRef]

	



García-Solache, M.; Rice, L.B. The Enterococcus: A Model of Adaptability to Its Environment. Clin. Microbiol. Rev. 2019, 32, e00058-18. [Google Scholar] [CrossRef]

	



Vázquez, R.; Blanco-Gañán, S.; Ruiz, S.; García, P. Mining of Gram-Negative Surface-Active Enzybiotic Candidates by Sequence-Based Calculation of Physicochemical Properties. Front. Microbiol. 2021, 12, 660403. [Google Scholar] [CrossRef]

	



Kumar, S.; Tsai, C.-J.; Nussinov, R. Factors Enhancing Protein Thermostability. Protein Eng. Des. Sel. 2000, 13, 179–191. [Google Scholar] [CrossRef]

	



Sayers, E.W.; Bolton, E.E.; Brister, J.R.; Canese, K.; Chan, J.; Comeau, D.C.; Connor, R.; Funk, K.; Kelly, C.; Kim, S.; et al. Database Resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2021, 50, D20–D26. [Google Scholar] [CrossRef]

	



Goujon, M.; McWilliam, H.; Li, W.; Valentin, F.; Squizzato, S.; Paern, J.; Lopez, R. A New Bioinformatics Analysis Tools Framework at EMBL-EBI. Nucleic Acids Res. 2010, 38, W695–W699. [Google Scholar] [CrossRef]

	



Wang, G.; Li, X.; Wang, Z. APD3: The Antimicrobial Peptide Database as a Tool for Research and Education. Nucleic Acids Res. 2016, 44, D1087–D1093. [Google Scholar] [CrossRef]

	



Wang, G.; Li, X.; Wang, Z. APD2: The Updated Antimicrobial Peptide Database and Its Application in Peptide Design. Nucleic Acids Res. 2008, 37, D933–D937. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z. APD: The Antimicrobial Peptide Database. Nucleic Acids Res. 2004, 32, 590D–592D. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Upadhyay, V.; Upadhyay, A.K.; Singh, S.M.; Panda, A.K. Protein Recovery from Inclusion Bodies of Escherichia Coli Using Mild Solubilization Process. Microb. Cell Fact. 2015, 14, 41. [Google Scholar] [CrossRef]

	



Singh, S.M.; Upadhyay, A.K.; Panda, A.K. Solubilization at High PH Results in Improved Recovery of Proteins from Inclusion Bodies of E. Coli. J. Chem. Technol. Biotechnol. 2008, 83, 1126–1134. [Google Scholar] [CrossRef]

	



Fukushima, T.; Sekiguchi, J. Zymographic Techniques for the Analysis of Bacterial Cell Wall in Bacillus. In Bacterial Cell Wall Homeostasis; Hong, H.-J., Ed.; Springer New York: New York, NY, USA, 2016; Volume 1440, pp. 87–98. ISBN 978-1-4939-3674-8. [Google Scholar]

	



Zhou, R.; Chen, S.; Recsei, P. A Dye Release Assay for Determination of Lysostaphin Activity. Anal. Biochem. 1988, 171, 141–144. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 08523 g001 550] 





Figure 1. Phylogenetic analysis of PaAmi1. Sequence alignments were performed using ClustalO [40] and analyzed using the Interactive Tree of Life (iTOL) v6 [41]. The phylogenetic tree is composed of nine different groups. The PaAmi1 is clustered in the green group and is marked with italics. The majority of sequences in this group are annotated as N-acetylmuramoyl-L-alanine amidases and are derived from bacteriophages that infect Propionibacterium spp. Abbreviations: PGN, peptidoglycan; PGRPs, peptidoglycan recognition proteins; M23 peptidase_PGRPs, the M23 metallopeptidase family, which is also known as beta-lytic metallopeptidase; PGN DD-metalloendopeptidase,peptidoglycan DD-metallo endopeptidase family protein; GH25 muramidases, family of endo-N-acetylmuramidases that contain a glycosyl hydrolase family 25 (GH25) catalytic domain; AmpD_NALAA_PGRPs, AmpD amidases that belong to the NALAA family and PGRPs; DUF1906 domain, includes proteins that contain a domain of unknown function that is found in a set of uncharacterized hypothetical bacterial proteins. 
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Figure 2. (a) Visualization of the predicted 3D structure of PaAmi1. The zinc-binding residues (His23, His156, and Asp170) are shown in a stick representation and labeled; (b) Structural alignments of the predicted PaAmi1 structure that is colored beige with that of the zinc-amidase from Pseudomonas aeruginosa AMPDH3 [47] colored purple. Important substrate-binding residues (Thr25, Trp76, and Glu88) are shown in a stick representation and labeled; (c) Sequence alignments of PaAmi1 with two structurally homologous amidases (as identified by TM-align, [49]). AMPDH3: zinc-amidase from Pseudomonas aeruginosa (PDB accession number: 4BXD; [47]). AmiD: N-acetylmuramoyl-L-alanine amidase from Escherichia coli (PDB accession number 2WKX; [46]). Alignment was performed using ClustalO [40] and displayed using ESPript 3.0 [50]. Conserved areas are shaded. A column is framed if more than 70% of its residues are similar according to physicochemical properties. The conserved zinc-binding residues (His23, His156, and Asp170) and other important substrate-binding residues (Thr25, Trp76, and Glu88) are labeled with stars. 
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Figure 3. SDS-PAGE (12.5%) analysis of the purified PaAmi1. Lane 1: PaAmi1 in the solubilization buffer (2 M urea, 0.1 M Tris-NaOH, 1 mM DTT). Lanes 2–4: Solubilized PaAmi1 was dialyzed against 20 mM Tris/HCl buffer, pH 9 (4 °C), on days 1, 3, and 7, respectively. Protein bands were stained with Coomassie Brilliant Blue R-250. 
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Figure 4. Demonstration of the lytic activity of PaAmi1 using turbidity reduction assays. The following assays were performed in triplicate. (a) The turbidity reduction at 600 nm using M. lysodeikticus cell suspension. Absorbance was measured at specific time intervals for 90 min at three different temperatures (25 °C, 37 °C, and 47 °C). In all three cases, the reduction of the turbidity of a control assay (without PaAmi1) was subtracted. The % lytic activity was calculated by taking the initial absorbance (600 nm) of the untreated sample (without PaAmi1) as 100%; (b) Turbidity reduction assays of egg white lysozyme and PaAmi1 using Propionibacterium acnes cells, previously stained with Remazol Brilliant Blue R dye. In both cases, assays were performed using 100 μg of enzymes (egg white lysozyme or PaAmi1), and measurements were taken at 595 nm. In all cases, the % of lytic activity was calculated by taking as 100% the initial absorbance (595 nm) of each tested cuvette (control, egg white lysozyme, PaAmi1); (c) Turbidity reduction assay of PaAmi1 at 540 nm using purified Propionibacterium acnes peptidoglycan. All assays were performed for 90 min. The % of lytic activity was calculated by taking the initial absorbance (540 nm) of each tested cuvette (control and PaAmi1) as 100%. 
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Figure 5. (a) Lytic activity of PaAmi1 using turbidity reduction assays (ABS at 600 nm) under optimal conditions at 25 °C for 90 min. The study involved eight Gram-positive and two Gram-negative bacterial strains. Lytic activity was also demonstrated using isolated peptidoglycan from P. acnes cells or Remazol Brilliant Blue R-dyed dead P. acnes cells. In the case of PaAmi1, the missing bar that corresponds to E. faecium cells indicates the absence of detectable activity towards this strain. Error bars represent the estimated standard deviation. The % lytic activity was calculated using Equation (1); (b,c) Lytic activity of the engineered variants (DS1PaAmi1 and PA1PaAmi1) using turbidity reduction assays (600nm) under optimal conditions at 25 °C for 90 min. Error bars represent the estimated standard deviation. The % of lytic activity was calculated using Equation (1). Bars represent the means and standard deviations of independent experiments. Statistical analysis of the (%) lytic activity of the enzymes was performed by one-way ANOVA using Dunnett’s test (GraphPad Prism 7.00 software). Bars with an asterisk are statistically different from the control bars (lytic activity of PaAmi1). * Represent statistical significance with p-value ≤ 0.05; ** Represent statistical significance with p-value ≤ 0.01; *** Represent statistical significance with p-value ≤ 0.001. 
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Figure 6. Effect of pH on the lytic activity of PaAmi1. Enzyme activity was measured at 25 °C for 90 min using the turbidity reduction assay (600 nm). (a) Assays were performed using M. lysodeikticus cells as substrates in the absence of ZnCl2. The (%) lytic activity was calculated using Equation (1); (b) Assays were performed using P. acnes cells as substrates in the absence of ZnCl2. The % lytic activity was calculated using Equation (1); (c) Lytic activity of PaAmi1 in the presence of different divalent metal ions (1 mM). Relative activities (%) are defined as a percentage of the lytic activity of 100 μg PaAmi1 toward M. lysodeikticus cells in MES/NaOH, pH 6; (d) Relative activities of PaAmi1 in the presence of different concentrations of ZnCl2 using as substrate M. lysodeikticus cells in 50 mM MES/NaOH, pH 6.0; (e) Effect of pH on lytic activity of PaAmi1 using M. lysodeikticus cells in the presence of 5 mM ZnCl2. The (%) lytic activity was calculated using Equation (1). In all cases, error bars represent the standard error of the mean (SEM). 
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Figure 7. (a) Evaluation of different concentrations of PaAmi1 (0.05–1.0 mg) on P. acnes growth. The control plate corresponds to growth in the absence of PaAmi1. (b) Graphic demonstration of the number of colonies (CFU) of P. acnes cells that were formed on COL S+ plates after 3.5 h of incubation of P. acnes with different concentrations of PaAmi1 under optimal conditions. Plates were incubated at 37 °C for 8 days under anaerobic conditions, and the colonies were counted and the data normalized. The number of colonies that were grown on the control plate was taken as 100%. Normalized data were analyzed using GraphPad Prism 7.00. Error bars represent standard deviations (± SDs). 
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Figure 8. The effect of temperature on the lytic activity of the wild-type enzyme PaAmi1 on M. lysodeikticus cells (a) and the engineered variants DS1PaAmi1 on P. acnes cells (b) and PA1PaAmi1 on M. lysodeikticus cells (c). The thermostability was evaluated by incubating the enzymes for 10 min at different temperatures (4–90 °C). Absorbance measurements were taken at 600 nm, and the lytic activity was calculated using Equation (1). In all cases, error bars represent the means ± SDs of independent experiments. 
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