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Abstract

:

Antimicrobial peptides (AMPs) hold promise as alternatives to combat bacterial infections, addressing the urgent global threat of antibiotic resistance. COG1410, a synthetic peptide derived from apolipoprotein E, has exhibited potent antimicrobial properties against various bacterial strains, including Mycobacterium smegmatis. However, our study reveals a previously unknown resistance mechanism developed by M. smegmatis against COG1410 involving ClpC. Upon subjecting M. smegmatis to serial passages in the presence of sub-MIC COG1410, resistance emerged. The comparative genomic analysis identified a point mutation in ClpC (S437P), situated within its middle domain, which led to high resistance to COG1410 without compromising bacterial fitness. Complementation of ClpC in mutant restored bacterial sensitivity. In-depth analyses, including transcriptomic profiling and in vitro assays, uncovered that COG1410 interferes with ClpC at both transcriptional and functional levels. COG1410 not only stimulated the ATPase activity of ClpC but also enhanced the proteolytic activity of Clp protease. SPR analysis confirmed that COG1410 directly binds with ClpC. Surprisingly, the identified S437P mutation did not impact their binding affinity. This study sheds light on a unique resistance mechanism against AMPs in mycobacteria, highlighting the pivotal role of ClpC in this process. Unraveling the interplay between COG1410 and ClpC enriches our understanding of AMP-bacterial interactions, offering potential insights for developing innovative strategies to combat antibiotic resistance.
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1. Introduction


Drug-resistant tuberculosis poses a grave threat to global public health, exacerbating the burden of antimicrobial resistance and depleting substantial healthcare budgets and resources in many developing nations [1]. Regrettably, over the past decade, there has been no approval of novel drugs to combat multidrug-resistant TB (MDR-TB) or extensively drug-resistant TB (XDR-TB) except for Bedaquiline [2]. With Mycobacterium tuberculosis (MTB) rapidly developing antibiotic resistance, it becomes imperative to devise new anti-TB strategies to address the antimicrobial resistance crisis (AMR).



Antimicrobial peptides (AMPs) are short, predominantly cationic molecules found widely in nature [3]. They exert their potent antimicrobial effects by disrupting bacterial cell membranes or interacting with intracellular components, making them promising alternatives to traditional antibiotics [4]. AMPs have emerged as promising candidates for therapeutics to mitigate the escalating antimicrobial crisis [5], particularly in combating drug-resistant tuberculosis [6,7]. What sets AMPs apart are their unique mechanisms of action, which create a higher resistance barrier, reducing the likelihood of resistance development compared to conventional antibiotics [8,9]. Occasionally, AMPs also face challenges from bacteria. Assoni et al. summarized various resistance mechanisms to AMPs in Gram-positive bacteria, including alterations in cell envelope charge, extrusion by efflux pumps, and inhibition via binding to released capsular polysaccharides [10]. Remarkably, one of the most direct ways bacteria use to inactivate AMPs is by producing peptidases or proteases to degrade AMPs [11]. For instance, aureolysin, a protease produced by Staphylococcus aureus, can degrade human antimicrobial peptide LL-37 [12], and SerE, a serine protease in Enterococcus faecalis, can degrade GL13K, an AMP found in human saliva [13]. Therefore, proteases play a crucial role in protecting bacteria from AMPs’ attacks.



The caseinolytic protease (Clp) is a widely distributed multimeric degradation machinery found in bacteria, playing a crucial role in maintaining protein homeostasis and quality control [14]. Clp protease consists of the ATP-consuming hexameric Clp-ATPase (ClpC) and the barrel-shaped proteolytic core (ClpP) [15]. ClpC exhibits unfoldase activity and is responsible for substrate recognition, unfolding, and translocating the substrate to the degradation chamber of ClpP [16]. In mycobacteria, two unfoldases, ClpC and ClpX, associate with the proteolytic core ClpP, forming the active ClpCP or ClpXP protease, respectively [17,18,19]. In the context of the Clp system, the ATPases associated with diverse cellular activities (AAA+) play a key role in identifying and unfolding substrates. These substrates are then directed into the proteolytic chamber formed by barrel-shaped ClpP tetradecamers [20]. Further, these AAA+ ATPases are implicated in bacterial virulence, stress response, and genetic competence in cell physiology and differentiation [21,22,23,24,25,26]. The versatility of ClpC, coupled with its prevalence in Gram-positive bacteria, underscores its potential as a promising antibacterial drug target. Given its essential role in cell growth, ClpC has emerged as a promising target for anti-mycobacterial therapy.



Apolipoprotein E (ApoE), primarily associated with lipid metabolism within the central nervous system, harbors a range of cryptic bioactive peptides [27,28]. Some mimetic peptides derived from ApoE have demonstrated potent antimicrobial and immunomodulatory properties [29,30,31,32]. One such synthetic peptide is COG1410, comprising 12 amino acids, specifically residues 138–149 of the ApoE N-terminal domain with aminoisobutyric acid (Aib) substitutions at positions 140 and 145 [33]. In our previous study, we found that COG1410 effectively inhibited the growth of pandrug-resistant Acinetobacter baumannii [34] and M. smegmatis [27]. After 55 passages in the presence of sub-MIC COG1410, the MIC of COG1410 increased only 4-fold, compared to a 64-fold increase in polymyxin B [34]. However, in this study, using serial passages and genomic SNP analysis, we discovered that M. smegmatis developed significant resistance to COG1410, a resistance mechanism involving ClpC. Intriguingly, ClpC did not participate in AMP degradation via Clp protease but as an intracellular target of COG1410, which stimulated the ATPase activity of ClpC. Our study for the first time unveiled the mechanism of action for bactericidal activity of COG1410 and shed light on further refinement and enhancement of this anti-mycobacterial AMP.




2. Results


2.1. Induced Resistance of AMP Is Developed via Serial Passage in M. smegmatis


After serial passage in the presence of sub-MIC COG1410 or rifampicin (RFP), M. smegmatis demonstrated significant resistance to both antimicrobial agents. Notably, resistance to RFP increased gradually, while resistance to the AMP emerged between the 30th and 35th generations, maintaining this level until the 55th generation without a further increase (Figure 1A). The MIC of COG1410 against M. smegmatis changed from 16 μg/mL to 256 μg/mL. To explore the underlying resistance mechanism, we isolated single colonies, respectively from the cultures of the 30th generation (30g) and 35th generation (35g) and determined their susceptibility to COG1410. MIC and MBC assays confirmed that 30g still remained sensitive to COG1410, while 35g developed resistance, with an MIC of 256 μg/mL and an MBC exceeding 256 μg/mL (Table 1 and Figure 1B). The growth of 30g and 35g was similar to that of the wild-type strain (Figure 1C), indicating that acquiring resistance did not compromise bacterial fitness.




2.2. Point Mutation of ClpC Is Involved in High Resistance of COG1410


Comparative genome analysis revealed that the 30g strain had 73 insertions or deletions and 16 single nucleotide polymorphisms (SNPs) compared to the wild-type strain. Similarly, the 35g strain had 72 insertions or deletions and 15 SNPs compared to the wild-type strain (Supplementary Materials, Tables S3 and S4). In comparison with 30g, 35g had 4 differences. Interestingly, 35g only exhibited an additional point mutation in clpC (MSMEG_RS29385), where a T was replaced with a C, resulting in the substitution of serine at position 437 with proline.



In M. smegmatis, ClpC consists of 848 amino acids, classified into five domains: Clp N domain (2–144), ATPase domain (213–325 and 544–716), Clp lid domain (352–453), and Clp C domain (722–813) (Figure 2A). The 437th serine is located within the middle lid domain of ClpC (Figure 2B). Complementation of ClpC, but not ClpC (S437P), into 35g restored bacterial sensitivity to COG1410 (Table 1). Therefore, we inferred that the point mutation of ClpC conferred resistance to COG1410 in M. smegmatis.




2.3. Knockdown of clpC Leads to COG1410 Resistance


To elucidate whether ClpC is directly implicated in AMP resistance, we measured the MIC of COG1410 against clpC knockdown strains (kindly provided by Xue-Lian Zhang [35]). qPCR analysis indicated approximately a 50% suppression of clpC at the mRNA level (Figure 3A). Intriguingly, clpC (KD) strain displayed resistance to COG1410, with both MIC and MBC exceeding 256 μg/mL. Complementation of ClpC into the clpC (KD) strain elevated the expression level of ClpC (Figure 3B) and restored the MIC of COG1410 to 16 μg/mL (Table 1). Notably, the introduction of ClpC (S437P) did not reinstate bacterial sensitivity, suggesting that the point mutation of S437P in ClpC interfered with its normal function. Conversely, overexpression of ClpC in the wild-type strain did not confer resistance to COG1410 (Figure 3C and Table 1). These results indicate that ClpC, the unfoldase, is associated with COG1410 resistance in M. smegmatis.




2.4. ClpC Is Involved in Resistance of Other AMPs, but Not Conventional Antibiotics


To assess the specificity of ClpC’s interaction with COG1410, we evaluated the activity of two anti-TB AMPs, antiTB_1026 and antiTB_1080, sourced from the Anti-TB peptide database (AntiTbPdb), along with two ApoE mimetic AMPs, ApoE23 and COG133. All these synthetic short-cationic AMPs are recognized for their broad-spectrum antimicrobial activities against various bacterial pathogens [29,36]. Despite sharing similar sequences, COG133, one of the ApoE mimetic AMPs, did not demonstrate anti-mycobacterial activity, while ApoE23 exhibited bactericidal effects against M. smegmatis with a MIC of 128 μg/mL. Notably, both the 35g strain and the clpC (KD) strain displayed resistance to the two anti-TB AMPs despite their distinct sequences from COG1410 (Table 2). These results imply that ClpC may function as a shared intracellular target for cationic AMPs.



To address whether ClpC mutation affects the efficacy of conventional antibiotics, we selected several clinically relevant antibiotics known for their bactericidal activity against M. smegmatis, including azithromycin, amikacin, linezolid, ciprofloxacin, and cefoxitin. We determined their MIC and MBC against the wild-type strain, 35g strain, and clpC (KD) strain. Surprisingly, neither the point mutation nor knockdown of clpC had any discernible impact on the antimicrobial activity of these antibiotics (Table 3). These findings suggest that ClpC might exclusively play a role in the resistance to AMP and not affect the efficacy of conventional antibiotics.




2.5. ClpC Expression Is Induced by COG1410 in M. smegmatis


To investigate the impact of COG1410 on the expression of ClpC, we monitored the mRNA levels of clpC in the presence of different concentrations of COG1410. We observed a dose-dependent induction of clpC transcription upon the addition of COG1410. At 1/8 MIC (2 μg/mL) of COG1410, the mRNA level of clpC increased approximately fivefold compared to the control. Furthermore, at 1/2 MIC (8 μg/mL) of COG1410, bacterial growth was severely inhibited, and the mRNA level of clpC was enhanced up to 19-fold (Figure 3D). These findings suggest that M. smegmatis cells regulate the transcription of clpC in response to the threat posed by COG1410.




2.6. Transcriptome Analysis of M. smegmatis Response to COG1410


To comprehensively investigate the response of M. smegmatis to sub-MIC COG1410, we conducted a transcriptomic analysis using RNA-seq. Upon exposure to 1/8 MIC COG1410, 90 genes exhibited significant downregulation, while 36 genes displayed significant upregulation (Table S5). These differentially expressed genes were categorized into four types: metabolism, cellular process and signaling, information storage and processing, and poorly characterized. Notably, COG analysis revealed that the addition of COG1410 imposed a significant impact on genes associated with the transport and metabolism of amino acids, carbohydrates, and lipids (Table S5). Consistent with this, KEGG analysis highlighted the top three pathways affected by COG1410 energy metabolism, carbohydrate metabolism, and amino acid metabolism (Figure S1). Collectively, these findings strongly indicate that COG1410 causes the normal metabolic processes of M. smegmatis to be chaotic.




2.7. COG1410 Enters the Cytoplasm and Colocalizes with ClpC


To ascertain the relationship between COG1410 and ClpC, we decided to look into their localization. As expected, ClpC-mCherry displayed a diffuse distribution in the cytoplasm. However, even after incubation of 3 h, most FITC-1410 remained around the cell membrane, with only a small fraction penetrating the cytoplasm and colocalizing with ClpC (Figure 4). These data suggested that COG1410 is able to enter the cytoplasm of M. smegmatis and might interact with ClpC.




2.8. COG1410 Stimulates Its ATPase Activity


To investigate whether COG1410 directly influences the function of ClpC, we conducted in vitro assays to assess the ATPase activity of ClpC with or without COG1410. Interestingly, COG1410 significantly stimulated the ATPase activity of ClpC in a dose-dependent manner (Figure 5A). At 10 μM COG1410, the ATPase activity of ClpC increased approximately threefold compared to ClpC alone, a level comparable to that induced by another mycobacterium-killing AMP, ApoE23. In contrast, the addition of COG133 had no effect on ATPase activity, consistent with the ineffectiveness of COG133 against M. smegmatis (Figure 5B). These results suggest that COG1410 might exert its bactericidal effect on M. smegmatis by stimulating the ATPase activity of ClpC.



On the other hand, the ClpC (S437P) variant exhibited approximately a 1.6-fold increase in activity compared to its wild-type counterpart. Intriguingly, in the presence of 10 μM COG1410, the activity of ClpC (S437P) increased approximately 7.4-fold compared to ClpC alone. Similarly, the addition of ApoE23 also enhanced the ATPase activity of the ClpC variant (Figure 5B). These findings suggest that the S437P point mutation not only stimulates the ATPase activity of ClpC but also synergistically enhances its activity in the presence of COG1410.




2.9. COG1410 Stimulates the Proteolytic Activity of Clp Protease in M. smegmatis


To assess the impact of COG1410 on Clp proteolytic activity, we conducted in vitro proteolytic assays using FITC-casein. In the ClpCP1P2 system, the addition of 10 μM COG1410 led to a fourfold increase in proteolytic activity. Notably, the S437P variant of ClpC exhibited higher activity compared to the wild-type ClpC. Furthermore, consistent with the ATPase activity results, the addition of COG1410 in the S437PP1P2 system significantly enhanced protein degradation efficiency, reaching approximately sevenfold compared to the control with ClpC alone. ApoE23 exhibited a similar pattern to COG1410, showing a substantial increase in proteolytic activity. In contrast, COG133 had no influence on proteolytic activity (Figure 5C). In summary, COG1410 stimulated the proteolytic activity of Clp protease in M. smegmatis.




2.10. COG1410 Directly Binds with ClpC


Surface plasmon resonance (SPR) experiments showed that COG1410 binds to ClpC with a KD of 2.03 μM (Figure 6). The association constant (ka) and dissociation constant (kd) were 5.78 × 103 M−1s−1 and 1.17 × 10−2 s−1, respectively. To our surprise, the S437P mutation exhibited comparable affinity with COG1410, with a KD of 1.31 μM, ka of 9.9 × 103 M−1s−1, and kd of 1.19 × 10−2 s−1. Docking analysis showed that COG1410 bonded with ClpC at its N terminus and interacted with a few residues, including Phe 2, Gln 17, His 77, Phe 80, and Lys 85 (Figure 7). Therefore, these data suggest that COG1410 directly binds to ClpC, and the S437P mutation does not affect binding.





3. Discussion


AMPs present a promising solution to the pressing issue of antimicrobial resistance in the face of bacterial pathogens. Understanding bacterial resistance mechanisms against AMPs proves beneficial in revealing their mechanisms of action, as well as further refinement and enhancement. COG1410 has garnered significant acclaim for its neuroprotective and anti-inflammatory effects in vitro and clinically relevant models of brain injury [33,37]. Notably, recent reports highlight COG1410’s capacity to mitigate blood–brain barrier injury in a rat model of ischemic stroke [38]. In cellular contexts, COG1410 is established to bind to the SET protein, a potent physiological inhibitor of protein phosphatase 2A (PP2A). This interaction enhances endogenous PP2A phosphatase activity, leading to a reduction in levels of phosphorylated kinases, signaling, and inflammatory responses [39]. In this study, for the first time, we identified ClpC as the intracellular target of COG1410 in bacteria. Previously, we observed COG1410’s broad-spectrum antimicrobial activity, primarily centered on disrupting the integrity of bacterial cell membranes. Compared with untreated cells, the release of cell contents increased transparency in the treated cells in M. smegmatis [27]. Meanwhile, we noticed that the major part of COG1410 stagnated around the cell membrane. Therefore, we hypothesize that COG1410 may employ a dual mechanism, targeting both the bacterial cell membrane and ClpC, to achieve its bactericidal activity.



Given the Clp system’s imperative role, bacteria usually regulate their proteolytic activity precisely [15]. Deviations, whether toward suppression or enhancement of this activity, pose threats to bacterial survival. For example, the natural cyclic peptide cyclomarin A targets ClpC1 in M. tuberculosis, interfering with its ATPase function to induce excessive proteolysis [40]. In contrast, lassomycin, another anti-mycobacterial AMP, targets ClpC1 to stimulate its ATPase activity, uncoupling it from ClpP proteolysis [41]. Recently, a novel group of AMPs called rufomycins was reported to bind with ClpC1, decreasing the proteolytic capabilities of the Clp protease without significantly affecting the ATPase activity of ClpC1 [42]. In our study, COG1410 represents a novel mechanism of action, which binds with ClpC, stimulates its ATPase activity, and enhances ClpCP1P2-catalyzed protein breakdown. Consistently, transcriptome analysis confirmed that the addition of COG1410 interferes with the normal metabolic processes of M. smegmatis.



On the other hand, it is noteworthy that COG1410 stimulated the transcription of clpC. To the best of our knowledge, this is the first report on the regulation of clpC at the transcriptional level. Previous studies by Taylor et al. indicated that ClpC levels remained relatively constant over an 8 h timeframe in M. smegmatis. They also reported that the ClpC analog, ClpC2, is inducible when exposed to AMPs [43]. Thus, we hypothesize that the expression level of clpC is subject to regulation besides its activity. COG1410 not only interferes with ClpC’s activity but also affects its expression level. The regulatory mechanisms through which ClpC modulates its own expression require further investigation.



The N-terminal domain (NTD) of ClpC1 in M. tuberculosis is known to interact with adaptor/regulatory proteins responsible for modulating Clp protease activity [44,45]. Mutations in the NTD of ClpC1, resulting in resistance to certain AMPs, have been previously documented [41,42]. Our study is the first to report a mutation in the middle domain of ClpC that confers resistance to anti-mycobacterial AMPs. The 437th serine, located in the middle domain, is implicated in this resistance mechanism. Cryo-EM analysis has revealed that four ClpC hexamers interact via their coiled-coil M domains, forming a network of helix pairs that hold the particle together [46]. These findings suggest that the middle domain plays a crucial role in maintaining ClpC’s normal function. The intricate regulation and functional dynamics of the Clp protease system, particularly the central role played by ClpC and its interaction with AMPs, offer valuable insights that not only contribute to our understanding of bacterial physiology but also hold promise for the targeted development of antibacterial drugs.



In our study, there are several intriguing observations and paradoxes that need further investigation and clarification. At first, we observed that the spontaneous mutant, 35g strain, was resistant to COG1410 and exhibited a growth curve similar to that of the wild-type strain. This suggests that the S437P mutation of ClpC does not adversely affect cell growth but rather demonstrates an antagonistic effect against COG1410’s bactericidal activity. Compared with ClpC alone, ClpC (S437P) exhibited an approximately 1.6-fold increase in activity. In the presence of COG1410, the ATPase activity of ClpC and ClpC (S437P) increased by about 3-fold and 7.4-fold, respectively. If the mechanism of action of COG1410 involves excessive proteolysis of Clp protease by stimulating ClpC’s ATPase activity, binding of COG1410 with ClpC (S437P) should lead to more death, given its higher ATPase activity. However, the actual situation is the opposite, with the strain containing ClpC (S437P) showing resistance to COG1410. On the other hand, the knockdown of clpC conferred resistance to COG1410, indicating that ClpC is necessary for COG1410’s bactericidal effect. SPR assays confirmed that COG1410 directly binds to ClpC. In other words, ClpC is the target of COG1410 in vivo. The point of contention arises from the fact that when the amount of ClpC in the cytoplasm is reduced, less COG1410 is needed to interfere with the remaining ClpC’s normal function, making the bacterium more sensitive to COG1410. Similarly, overexpression of ClpC would accumulate more ClpC, requiring more COG1410 to deal with the surplus ClpC. One example is ClpC2, which absorbs more compounds like a sponge to counteract the toxic effects of AMP [43]. However, the actual situation contradicts this expectation, as overexpression of ClpC did not affect the MIC of COG1410. Therefore, how S437P mutation leads to resistance warrants further investigation.



In conclusion, we identified the intracellular target of COG1410 in M. smegmatis, which directly binds with ClpC and stimulates its ATPase activity. Despite the similarities between ClpC1 in M. tuberculosis and ClpC in M. smegmatis, COG1410 did not exhibit bactericidal activity against M. tuberculosis. We hypothesize that this discrepancy may be attributed to the thicker cell walls and reduced porins in the M. tuberculosis membrane, hindering COG1410 entry. Uncovering the direct target of COG1410 represents a significant advancement that holds the potential to expedite the development of COG1410 derivatives. These derivatives could overcome the challenges posed by the robust cell walls in M. tuberculosis, paving the way for more effective antimicrobial strategies.




4. Methods and Materials


4.1. Bacterial Strains and Growth Conditions


Bacterial strains and plasmids used in this study are listed in Table S1. The Mycobacterium smegmatis strains were grown in Middlebrook 7H9 broth (BD Bioscience, San Diego, CA, USA) supplemented with 10% Middlebrook oleic acid dextrose and catalase enrichment (OADC, (BD Bioscience, San Diego, CA, USA)), 2% (w/v) glycerol (Aladdin, Shanghai, China), and 0.08% (v/v) Tween80 (Biosharp, Anhui, China) at 37 °C without shaking, or streaked on the Middlebrook 7H10 agar (BD Bioscience, San Diego, CA, USA) supplemented with 10% OADC. The E. coli strains were routinely cultured in LB medium or on LB agar at 37 °C. When necessary, 100 μg/mL hygromycin (ACMEC, Shanghai, China) or 50 μg/mL carbenicillin (Sango, Shanghai, China) was supplemented in the media.




4.2. Peptides


All the peptides were purchased from GL Biochem (Shanghai, China) Ltd., with purity over 95%. The trifluoroacetic acid (TFA) was replaced by acetate, and the remaining TFA was less than 1%. The amino acid sequences of peptides used in this study are listed in Table 2.




4.3. Plasmid Construction and Transformation


All oligo primers used in this study are listed in Table S2. To construct the expression plasmid for ClpC or ClpC (S437P) in M. smegmtis, the shuttle vector pSMT3 was linearized by restriction with BamHI and HindIII. Subsequently, clpC and clpC (S437P) were amplified using the primers clpC-F and clpC-R from the genomic DNAs of the wild-type strain and the 35g strain, respectively. The resulting fragments were purified and then fused with the linearized pSMT3 using the In-Fusion® HD Cloning Kit (Takara Bio, Beijing, China), generating pSMT3-clpC and pSMT3-clpC (S437P). To express ClpC, ClpC (S437P), ClpP1, and ClpP2, their open reading frames (ORFs) were amplified with respective primers from the genomic DNAs of the wild-type strain and the 35g strain. These fragments were then cloned into pET28a using the In-Fusion assay. All plasmids were confirmed via sequencing.



The transformation of M. smegmatis with pSMT3 and its derivatives was accomplished through electroporation, as previously described [47]. Confirmation of all transformants was conducted using colony PCR and sequencing.




4.4. Drug-Resistance Development Assay


The drug-resistance development assay was conducted in accordance with our previously established protocol [27]. In brief, spontaneous AMP-resistant mutants of M. smegmatis were generated by initially exposing the culture of the wild-type strain to sub-lethal MIC of COG1410. Subsequently, a small volume of the culture was extracted daily and introduced into a fresh medium containing COG1410. The concentrations of COG1410 were incrementally doubled every ten passages, and the cultures were harvested every five passages over a span of 60 passes. Rifampicin served as the positive control for drug resistance. The susceptibility of the collected bacteria to COG1410 and rifampicin was assessed using micro-dilution methods. The fold change in MIC was recorded and analyzed.



4.4.1. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC)


The log-phase cultures of mycobacteria were prepared, diluted, and dispensed into 96-well plates, with each well containing a final McFarland (MCF) unit of 0.05 (approximately 105 CFU/mL) and 100 μL per well, with four wells allocated for each sample. Various concentrations of antimicrobial agents were prepared via a 2-fold gradient dilution and added to the wells in equal volumes. Drug-free medium served as the growth control. Medium without bacteria served as a negative control. The plates were sealed with parafilm and incubated at 37 °C for 48 h. Optical density (OD) values were measured spectrophotometrically at 600 nm. Simultaneously, for MBC determination, 10 μL of culture was extracted from each well, dropped onto 7H10 agar, and incubated at 37 °C for 48 h. The MIC is defined as the minimum concentration of antimicrobial agents that inhibits 90% of bacterial growth, while the MBC is defined as the minimum concentration that completely inhibits bacterial growth. Both MIC and MBC assays were conducted in triplicate.




4.4.2. Genomic SNP/InDel Analysis


To analyze the putative mutations responsible for AMP resistance, genome sequencing was conducted on the wild-type strain, 30 g and 35 g, followed by SNP/InDel analysis. Genomic DNAs were extracted from each strain, and sequencing libraries were prepared using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) according to the manufacturer’s recommendations. The entire genomes of three M. smegmatis strains were sequenced using Illumina NovaSeq PE150 at Beijing Novogene Bioinformatics Technology Co., Ltd. SNP/InDel (Joint Calling) Detection GATK 4.0.5.1 was employed for the detection of individual SNPs, as well as insertions and deletions of small fragments (<50 bp). Additionally, the analysis of SNP/InDel variations in functional regions of the genome was performed. The raw data from the genome analysis were deposited in the SRA database with accession number PRJNA1030525.




4.4.3. qRT-PCR


The exponential phase culture was harvested, and the total RNA was extracted using RNAprep Pure Cell/Bacteria Kit (TIANGEN (Beijing, China), Cat. No. DP430), which was converted to cDNA by reverse transcription using HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme (Nanjing, China), Cat. No. R223-01). qRT-PCR was performed to measure the expression level of clpC using ChamQ SYBR qPCR Master Mix (Vazyme, Cat. No. Q311-02) in the ABI 7500 Real-Time system. The qPCR conditions were as follows: denaturation steps at 95 °C for 30 s, followed by 40 cycles including denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 60 °C for a duration of 60 s. M. smegmatis 16S rDNA gene served as the internal control for normalization. Three replications were set up for each sample. The relative expression levels of the target gene were determined using the 2−ΔΔCt method. Three independent experiments were conducted. The results were presented as mean ± SD.



To determine the effect of COG1410 on the transcription level of clpC, different concentrations of COG1410 were added to the log-phase culture of M. smegmatis WT strain and incubated for 2 h, and then the cultures were harvested for qPCR.




4.4.4. RNA-Seq Analysis


To determine the response of M. smegmatis to the presence of COG1410, 1/8 MIC COG1410 was added to the log-phase culture of M. smegmatis WT strain and incubated for 2 h. Three replicates were set up for each sample. The cultsseures were harvested using centrifugation, frozen in liquid nitrogen, and shipped with dry ice to Shanghai Majorbio Bio-pharm Technology Co. Ltd. (Shanghai, China). Total RNA was extracted from the tissue using the CTAB method, and genomic DNA was removed. Only a high-quality RNA sample was used to construct the sequencing library, which was sequenced using the Illumina Novaseq 6000 (Illumina Inc., San Diego, CA, USA). All of the analyses were performed using the free online platform of Majorbio Cloud Platform (https://www.majorbio.com, accessed on 9 March 2024). The differentially expressed genes were identified using the edgeR. Goatools (https://github.com/tanghaibao/GOatools, accessed on 9 March 2024) is used to identify statistically significantly enriched GO terms using Fisher’s exact test. KOBAS 2.0 (http://kobas.cbi.pku.edu.cn, accessed on 9 March 2024) is used to identify statistically significantly enriched pathways using Fisher’s exact test. The raw data have been deposited to the SRA database with the accession number PRJNA1056343.




4.4.5. Determination of Co-Localization between COG1410 and ClpC


To investigate the entry of COG1410 into the cytoplasm and its colocalization with ClpC, 2 μg/mL (1/8 MIC) FITC-labeled COG1410 was applied to treat M. smegmatis containing pSMT3-clpC-mCherry. Cultures were sampled at various time points, and 5 μL of each culture was spotted on a clean slide coated with a thin layer of 1% agarose. Fluorescence was observed using a Confocal Microscope ZEISS LSM 900 (ZEISS, Oberkochen, Germany). For FITC, excitation and emission were set at 488 nm and 525 nm, respectively. For mCherry, the excitation and emission were set at 587 nm and 610 nm, respectively.




4.4.6. Protein Purification for Functional Assay


The plasmids pET28a-ClpC, pET28a-ClpC (S437P), pET28a-ClpP1, and pET28a-ClpP2 were transformed into E. coli BL21 (DE3) (Novagen, Beijing, China) and cultivated in LB medium supplemented with 30 μg/mL kanamycin. Recombinant protein expression was induced by the addition of IPTG, and the proteins were subsequently purified using immobilized metal affinity chromatography (IMAC) using the Ni Sepharose™ 6 FF column in the ÄKTA avant chromatography system. The collected proteins were subjected to buffer exchange, including 20 mM Tris-HCl (pH 7.4) and 50 mM NaCl, using a desalting column. The purity of the proteins was monitored via SDS-PAGE, and the protein concentration was determined using the Bradford Protein Assay Kit (Beyotime (Haimen, China), Cat. No. P006).




4.4.7. In Vitro ATPase Activity Assay


The ATPase activity of purified ClpC and ClpC (S437P) was assessed using the ATPase activity detection kit (Sangon (Shanghai, China), Cat. No. D799642-0100), following the manufacturer’s instructions. ATPase catalyzes the hydrolysis of ATP, producing ADP and inorganic phosphate as byproducts. In this kit, the generated inorganic phosphate was quantified to determine ATPase activity. Each reaction included 64 nM ClpC or ClpC (S437P). To evaluate the impact of COG1410 on ATPase activity, various concentrations of COG1410 were introduced into the reaction. ApoE23 and COG133 served as controls. The experiments were conducted in triplicate, and the results were presented as mean ± SD.




4.4.8. In Vitro Protease Activity Assay


The proteolytic activity assay was conducted following a previously established protocol [42,48]. The reaction buffer consisted of 100 mM Tris, 200 mM KCl, and 8 mM MgCl2 (pH 7.5), with a total volume of 100 μL. In the reaction mixture, the final concentrations of ClpC and ClpC (S437P) were set at 1 μM, while ClpP1 and ClpP2 were maintained at 2 μM. Additionally, 100 μM ATP and 1 μM FITC-casein (Sigma-Aldrich (St. Louis, MO, USA), Cat. No. C0528) were added. To evaluate the impact of COG1410 on Clp proteolytic activity, various concentrations of COG1410 were introduced into each reaction. Six replicates were established for each treatment in the 96-well plate. ApoE23 and COG133 were served as controls. The reaction was incubated for 1 h at 37 °C, and green fluorescence was measured with excitation at 485 nm and emission at 535 nm. The experiments were conducted in triplicate, and the results were presented as mean ± SD.




4.4.9. SPR Assay


Surface plasmon resonance (SPR) experiments were performed using a Biacore 8K (GE Healthcare, Chicago, IL, USA). 20 μg/mL recombinant protein ClpC and its variant ClpC (S437P) were immobilized onto a Series S Sensor Chip CM5 (GE Healthcare) with Amine Coupling Kit (GE Healthcare) at pH 4.0 (10 μL/min, both around 6500 RU). The binding of COG1410 was measured with a continuous flow of PBS, pH 7.4, 0.05% tween-20 at 25 °C (30 μL/min, association 120 s, dissociation 120 s, additional 30 s for regeneration). The 2-fold serial dilutions of COG1410 were flowed through with a concentration ranging from 2000 to 125 nM. All the binding data were double-referenced by blank cycle and reference flow cell subtraction. The resulting data fit a 1:1 Langmuir binding model using Biacore Insight Evaluation Software 4.0 (GE Healthcare).




4.4.10. Docking


To further understand the interactions between 1410 and ClpC, an in silico procedure was performed. The residues 138–149 of ApoE (PDB: 1B68) were extracted using PyMOL 2 software and then opened in Schrodinger 2023-4 software. The residues 140 and 145 were replaced by aminoiso-butyric acid (Aib) along with the acylation of the N terminus and amidation of the C terminus. The structure of the M. tuberculosis ClpC1 N-domain was obtained using the Protein Data Bank (PDB: 3WDB). Schrodinger 2023-4 software was used to perform the peptide-protein docking runs.




4.4.11. Statistical Analysis


Statistical analysis was performed using GraphPad Prism software 9.3.0. The statistical differences among different groups were assessed using One-way ANOVA with multiple comparisons.










Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics13030278/s1, Table S1. Strains and plasmids in this study; Table S2. Primers used in this study; Table S3. InDel differences between the wild-type strain and induced mutants; Table S4. SNP differences between the wild-type strain and induced mutants; Table S5. Transcriptome analysis of M. smegmatis treated with sub-MIC COG1410; Figure S1. KEGG analysis of DEGs affected by COG1410 in M. smegmatis. Reference [49] is mentioned in the Supplementary Materials.





Author Contributions


Conceptualization, C.-M.H.; Methodology, C.W., Y.-Y.R., L.-M.H., P.-C.Y., W.-X.W., C.-Y.Z., X.-Z.C. and M.-Z.C.; Validation, W.-X.W.; Investigation, C.W.,Y.-Y.R., P.-C.Y., C.-Y.Z. and A.W.; Resources, M.-Z.C.; Data curation, W.-X.W. and X.-Z.C.; Writing—Original draft, C.W. and Y.-Y.R.; Writing—Review and editing, W.C. and C.-M.H.; Supervision, W.C.; Funding acquisition, W.C. and C.-M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (82272340), the Natural Science Foundation of Jiangsu Province (BK20221172), the Innovation Center for Infectious Diseases of Jiangsu Province (CXZX202232), and “333 Talent Project” of Jiangsu province.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Acknowledgments


We would like to thank Xue-Lian Zhang at Fudan University for generously providing the clpC knockdown strain. Additionally, we express our appreciation to Chuan Wang at Fudan University for providing the plasmid pSMT3. We also want to thank Zhi Feng in ReadCrystal Biotechnology Co., Ltd. for guidance and help in the SPR analysis.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Liebenberg, D.; Gordhan, B.G.; Kana, B.D. Drug resistant tuberculosis: Implications for transmission, diagnosis, and disease management. Front. Cell. Infect. Microbiol. 2022, 12, 943545. [Google Scholar] [CrossRef]

	



Petersen, E.; Hui, D.S.; Nachega, J.B.; Ntoumi, F.; Goletti, D.; Aklillu, E.; Sharma, A.; Nyirenda, T.; Yeboah-Manu, D.; Satta, G.; et al. End of the Bedaquiline patent—A crucial development for moving forward affordable drugs, diagnostics, and vaccines for infectious diseases in low- and middle-income countries. Int. J. Infect. Dis. 2023, 131, 180–182. [Google Scholar] [CrossRef]

	



Huan, Y.; Kong, Q.; Mou, H.; Yi, H. Antimicrobial Peptides: Classification, Design, Application and Research Progress in Multiple Fields. Front. Microbiol. 2020, 11, 582779. [Google Scholar] [CrossRef] [PubMed]

	



Benfield, A.H.; Henriques, S.T. Mode-of-Action of Antimicrobial Peptides: Membrane Disruption vs. Intracellular Mechanisms. Front. Med. Technol. 2020, 2, 610997. [Google Scholar] [CrossRef] [PubMed]

	



Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.J. Antimicrobial host defence peptides: Functions and clinical potential. Nat. Rev. Drug Discov. 2020, 19, 311–332. [Google Scholar] [CrossRef] [PubMed]

	



Baindara, P.; Singh, N.; Ranjan, M.; Nallabelli, N.; Chaudhry, V.; Pathania, G.L.; Sharma, N.; Kumar, A.; Patil, P.B.; Korpole, S. Laterosporulin10: A novel defensin like Class IId bacteriocin from Brevibacillus sp. strain SKDU10 with inhibitory activity against microbial pathogens. Microbiology 2016, 162, 1286–1299. [Google Scholar] [CrossRef]

	



Usmani, S.S.; Kumar, R.; Kumar, V.; Singh, S.; Raghava, G.P.S. AntiTbPdb: A knowledgebase of anti-tubercular peptides. Database 2018, 2018, bay025. [Google Scholar] [CrossRef]

	



Spohn, R.; Daruka, L.; Lazar, V.; Martins, A.; Vidovics, F.; Grezal, G.; Mehi, O.; Kintses, B.; Szamel, M.; Jangir, P.K.; et al. Integrated evolutionary analysis reveals antimicrobial peptides with limited resistance. Nat. Commun. 2019, 10, 4538. [Google Scholar] [CrossRef]

	



Yu, G.; Baeder, D.Y.; Regoes, R.R.; Rolff, J. Predicting drug resistance evolution: Insights from antimicrobial peptides and antibiotics. Proc. Biol. Sci. 2018, 285, 2687. [Google Scholar] [CrossRef]

	



Assoni, L.; Milani, B.; Carvalho, M.R.; Nepomuceno, L.N.; Waz, N.T.; Guerra, M.E.S.; Converso, T.R.; Darrieux, M. Resistance Mechanisms to Antimicrobial Peptides in Gram-Positive Bacteria. Front. Microbiol. 2020, 11, 593215. [Google Scholar] [CrossRef]

	



Moravej, H.; Moravej, Z.; Yazdanparast, M.; Heiat, M.; Mirhosseini, A.; Moosazadeh Moghaddam, M.; Mirnejad, R. Antimicrobial Peptides: Features, Action, and Their Resistance Mechanisms in Bacteria. Microb. Drug Resist. 2018, 24, 747–767. [Google Scholar] [CrossRef] [PubMed]

	



Sieprawska-Lupa, M.; Mydel, P.; Krawczyk, K.; Wójcik, K.; Puklo, M.; Lupa, B.; Suder, P.; Silberring, J.; Reed, M.; Pohl, J. Degradation of human antimicrobial peptide LL-37 by Staphylococcus aureus-derived proteinases. Antimicrob. Agents Chemother. 2004, 48, 4673–4679. [Google Scholar] [CrossRef]

	



Hirt, H.; Hall, J.W.; Larson, E.; Gorr, S.-U. A D-enantiomer of the antimicrobial peptide GL13K evades antimicrobial resistance in the Gram positive bacteria Enterococcus faecalis and Streptococcus gordonii. PLoS ONE 2018, 13, e0194900. [Google Scholar] [CrossRef] [PubMed]

	



Kress, W.; Maglica, Z.; Weber-Ban, E. Clp chaperone-proteases: Structure and function. Res. Microbiol. 2009, 160, 618–628. [Google Scholar] [CrossRef] [PubMed]

	



Illigmann, A.; Thoma, Y.; Pan, S.; Reinhardt, L.; Brötz-Oesterhelt, H. Contribution of the Clp Protease to Bacterial Survival and Mitochondrial Homoeostasis. Microb. Physiol. 2021, 31, 260–279. [Google Scholar] [CrossRef] [PubMed]

	



Frees, D.; Savijoki, K.; Varmanen, P.; Ingmer, H. Clp ATPases and ClpP proteolytic complexes regulate vital biological processes in low GC, Gram-positive bacteria. Mol. Microbiol. 2007, 63, 1285–1295. [Google Scholar] [CrossRef] [PubMed]

	



Benaroudj, N.; Raynal, B.; Miot, M.; Ortiz-Lombardia, M. Assembly and proteolytic processing of mycobacterial ClpP1 and ClpP2. BMC Biochem. 2011, 12, 61. [Google Scholar] [CrossRef] [PubMed]

	



Akopian, T.; Kandror, O.; Raju, R.M.; Unnikrishnan, M.; Rubin, E.J.; Goldberg, A.L. The active ClpP protease from M. tuberculosis is a complex composed of a heptameric ClpP1 and a ClpP2 ring. EMBO J. 2012, 31, 1529–1541. [Google Scholar] [CrossRef]

	



Leodolter, J.; Warweg, J.; Weber-Ban, E. The Mycobacterium tuberculosis ClpP1P2 Protease Interacts Asymmetrically with Its ATPase Partners ClpX and ClpC1. PLoS ONE 2015, 10, e0125345. [Google Scholar] [CrossRef]

	



Olivares, A.O.; Baker, T.A.; Sauer, R.T. Mechanistic insights into bacterial AAA+ proteases and protein-remodelling machines. Nat. Rev. Microbiol. 2016, 14, 33–44. [Google Scholar] [CrossRef]

	



Frees, D.; Chastanet, A.; Qazi, S.; Sorensen, K.; Hill, P.; Msadek, T.; Ingmer, H. Clp ATPases are required for stress tolerance, intracellular replication and biofilm formation in Staphylococcus aureus. Mol. Microbiol. 2004, 54, 1445–1462. [Google Scholar] [CrossRef] [PubMed]

	



Frees, D.; Gerth, U.; Ingmer, H. Clp chaperones and proteases are central in stress survival, virulence and antibiotic resistance of Staphylococcus aureus. Int. J. Med. Microbiol. 2014, 304, 142–149. [Google Scholar] [CrossRef]

	



Carroll, P.; Faray-Kele, M.C.; Parish, T. Identifying vulnerable pathways in Mycobacterium tuberculosis by using a knockdown approach. Appl. Environ. Microbiol. 2011, 77, 5040–5043. [Google Scholar] [CrossRef] [PubMed]

	



Raju, R.M.; Unnikrishnan, M.; Rubin, D.H.; Krishnamoorthy, V.; Kandror, O.; Akopian, T.N.; Goldberg, A.L.; Rubin, E.J. Mycobacterium tuberculosis ClpP1 and ClpP2 function together in protein degradation and are required for viability in vitro and during infection. PLoS Pathog. 2012, 8, e1002511. [Google Scholar] [CrossRef]

	



Sassetti, C.M.; Boyd, D.H.; Rubin, E.J. Genes required for mycobacterial growth defined by high density mutagenesis. Mol. Microbiol. 2003, 48, 77–84. [Google Scholar] [CrossRef]

	



Singh, L.K.; Dhasmana, N.; Sajid, A.; Kumar, P.; Bhaduri, A.; Bharadwaj, M.; Gandotra, S.; Kalia, V.C.; Das, T.K.; Goel, A.K.; et al. clpC operon regulates cell architecture and sporulation in Bacillus anthracis. Environ. Microbiol. 2015, 17, 855–865. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.Y.; Wang, C.; Wang, W.X.; Han, L.M.; Zhang, C.; Yu, J.Y.; Chen, W.; Hu, C.M. ApoE Mimetic Peptide COG1410 Exhibits Strong Additive Interaction with Antibiotics against Mycobacterium smegmatis. Infect. Drug Resist. 2023, 16, 1801–1812. [Google Scholar] [CrossRef]

	



Zanfardino, A.; Bosso, A.; Gallo, G.; Pistorio, V.; Di Napoli, M.; Gaglione, R.; Dell’Olmo, E.; Varcamonti, M.; Notomista, E.; Arciello, A.; et al. Human apolipoprotein E as a reservoir of cryptic bioactive peptides: The case of ApoE 133-167. J. Pept. Sci. 2018, 24, e3095. [Google Scholar] [CrossRef]

	



Wang, C.Q.; Yang, C.S.; Yang, Y.; Pan, F.; He, L.Y.; Wang, A.M. An apolipoprotein E mimetic peptide with activities against multidrug-resistant bacteria and immunomodulatory effects. J. Pept. Sci. 2013, 19, 745–750. [Google Scholar] [CrossRef]

	



Pane, K.; Sgambati, V.; Zanfardino, A.; Smaldone, G.; Cafaro, V.; Angrisano, T.; Pedone, E.; Di Gaetano, S.; Capasso, D.; Haney, E.F.; et al. A new cryptic cationic antimicrobial peptide from human apolipoprotein E with antibacterial activity and immunomodulatory effects on human cells. FEBS J. 2016, 283, 2115–2131. [Google Scholar] [CrossRef]

	



Puthia, M.; Marzinek, J.K.; Petruk, G.; Erturk Bergdahl, G.; Bond, P.J.; Petrlova, J. Antibacterial and Anti-Inflammatory Effects of Apolipoprotein E. Biomedicines 2022, 10, 1430. [Google Scholar] [CrossRef] [PubMed]

	



Petruk, G.; Elven, M.; Hartman, E.; Davoudi, M.; Schmidtchen, A.; Puthia, M.; Petrlova, J. The role of full-length apoE in clearance of Gram-negative bacteria and their endotoxins. J. Lipid Res. 2021, 62, 100086. [Google Scholar] [CrossRef] [PubMed]

	



Laskowitz, D.T.; McKenna, S.E.; Song, P.; Wang, H.; Durham, L.; Yeung, N.; Christensen, D.; Vitek, M.P. COG1410, a novel apolipoprotein E-based peptide, improves functional recovery in a murine model of traumatic brain injury. J. Neurotrauma 2007, 24, 1093–1107. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Zhang, F.W.; Wang, W.X.; Zhao, Y.Y.; Sun, S.Y.; Yu, J.H.; Vitek, M.P.; Li, G.F.; Ma, R.; Wang, S.; et al. Apolipoprotein E mimetic peptide COG1410 combats pandrug-resistant Acinetobacter baumannii. Front. Microbiol. 2022, 13, 934765. [Google Scholar] [CrossRef]

	



Bai, J.-C.; Chi, M.-Z.; Hu, Y.-W.; Hao, M.; Hao, X.-L. Construction and Biological Characteristics of ClpC and ClpX Knock-down Strains in Mycobacterium smegmatis. China Biotechnol. 2021, 41, 13–22. [Google Scholar]

	



Ramón-García, S.; Mikut, R.; Ng, C.; Ruden, S.; Volkmer, R.; Reischl, M.; Hilpert, K.; Thompson, C.J. Targeting Mycobacterium tuberculosis and other microbial pathogens using improved synthetic antibacterial peptides. Antimicrob. Agents Chemother. 2013, 57, 2295–2303. [Google Scholar] [CrossRef] [PubMed]

	



Kaufman, N.A.; Beare, J.E.; Tan, A.A.; Vitek, M.P.; McKenna, S.E.; Hoane, M.R. COG1410, an apolipoprotein E-based peptide, improves cognitive performance and reduces cortical loss following moderate fluid percussion injury in the rat. Behav. Brain Res. 2010, 214, 395–401. [Google Scholar] [CrossRef]

	



Xue, Y.; Gu, M.; Chen, C.; Yao, Y.; Li, Y.; Weng, G.; Gu, Y. Apolipoprotein E mimetic peptide COG1410 alleviates blood-brain barrier injury in a rat model of ischemic stroke. Mol. Med. Rep. 2023, 27, 85. [Google Scholar] [CrossRef]

	



Christensen, D.J.; Ohkubo, N.; Oddo, J.; Van Kanegan, M.J.; Neil, J.; Li, F.; Colton, C.A.; Vitek, M.P. Apolipoprotein E and peptide mimetics modulate inflammation by binding the SET protein and activating protein phosphatase 2A. J. Immunol. 2011, 186, 2535–2542. [Google Scholar] [CrossRef]

	



Schmitt, E.K.; Riwanto, M.; Sambandamurthy, V.; Roggo, S.; Miault, C.; Zwingelstein, C.; Krastel, P.; Noble, C.; Beer, D.; Rao, S.P.; et al. The natural product cyclomarin kills Mycobacterium tuberculosis by targeting the ClpC1 subunit of the caseinolytic protease. Angew. Chem. Int. Ed. 2011, 50, 5889–5891. [Google Scholar] [CrossRef]

	



Gavrish, E.; Sit, C.S.; Cao, S.; Kandror, O.; Spoering, A.; Peoples, A.; Ling, L.; Fetterman, A.; Hughes, D.; Bissell, A.; et al. Lassomycin, a ribosomally synthesized cyclic peptide, kills mycobacterium tuberculosis by targeting the ATP-dependent protease ClpC1P1P2. Chem. Biol. 2014, 21, 509–518. [Google Scholar] [CrossRef] [PubMed]

	



Choules, M.P.; Wolf, N.M.; Lee, H.; Anderson, J.R.; Grzelak, E.M.; Wang, Y.; Ma, R.; Gao, W.; McAlpine, J.B.; Jin, Y.Y.; et al. Rufomycin Targets ClpC1 Proteolysis in Mycobacterium tuberculosis and M. abscessus. Antimicrob. Agents Chemother. 2019, 63, e02204-18. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, G.; Cui, H.; Leodolter, J.; Giese, C.; Weber-Ban, E. ClpC2 protects mycobacteria against a natural antibiotic targeting ClpC1-dependent protein degradation. Commun. Biol. 2023, 6, 301. [Google Scholar] [CrossRef] [PubMed]

	



Lau, J.; Hernandez-Alicea, L.; Vass, R.H.; Chien, P. A Phosphosignaling Adaptor Primes the AAA+ Protease ClpXP to Drive Cell Cycle-Regulated Proteolysis. Mol. Cell 2015, 59, 104–116. [Google Scholar] [CrossRef] [PubMed]

	



Kirstein, J.; Schlothauer, T.; Dougan, D.A.; Lilie, H.; Tischendorf, G.; Mogk, A.; Bukau, B.; Turgay, K. Adaptor protein controlled oligomerization activates the AAA+ protein ClpC. EMBO J. 2006, 25, 1481–1491. [Google Scholar] [CrossRef] [PubMed]

	



Morreale, F.E.; Kleine, S.; Leodolter, J.; Junker, S.; Hoi, D.M.; Ovchinnikov, S.; Okun, A.; Kley, J.; Kurzbauer, R.; Junk, L.; et al. BacPROTACs mediate targeted protein degradation in bacteria. Cell 2022, 185, 2338–2353.e18. [Google Scholar] [CrossRef] [PubMed]

	



Parish, T. Electroporation of Mycobacteria. In Mycobacteria Protocols; Parish, T., Kumar, A., Eds.; Springer: New York, NY, USA, 2021; pp. 273–284. [Google Scholar] [CrossRef]

	



Twining, S.S. Fluorescein isothiocyanate-labeled casein assay for proteolytic enzymes. Anal. Biochem. 1984, 143, 30–34. [Google Scholar] [CrossRef]

	



Carroll, P.; Schreuder, L.J.; Muwanguzi-Karugaba, J.; Wiles, S.; Robertson, B.D.; Ripoll, J.; Parish, T. Sensitive detection of gene expression in mycobacteria under replicating and non-replicating conditions using optimized far-red reporters. PLoS ONE 2010, 5, e9823. [Google Scholar] [CrossRef]








[image: Antibiotics 13 00278 g001] 





Figure 1. Resistance development of M. smegmatis in the presence of sub-MIC COG1410. (A) Bacterial resistance was induced via serial passage in the presence of sub-MIC antimicrobial agents. Rifampicin (RFP) was used as a positive control. (B) 35g strain exhibited high resistance against COG1410. (C) Resistance development did not sacrifice bacterial fitness. The growth curves of the wild-type strain and two mutants were determined in a plate reader. 
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Figure 2. Schematic representation of AAA+ unfodase ClpC functional domains in M. smegmatis. (A) InterPro analysis shows that ClpC is composed of four domains. (B,C) Swiss model analysis reveals the protein structure of ClpC. The 437th serine is located at the coil-coil middle domain. * represents the location of the mutation site. 
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Figure 3. qRT-PCR analysis of expression level of ClpC. (A) clpC was suppressed using the CRISPRi method. (B) Complementation of ClpC in the clpC knockdown strain. (C) Overexpression of ClpC in the wild-type strain. (D) clpC was suppressed in the presence of COG1410. One-way ANOVA with multiple comparisons was used to analyze the differences between different groups and the control group. ***, p < 0.001; ****, p < 0.0001. 
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Figure 4. Colocalization of FITC-1410 and ClpC. FITC-1410 was incubated with M. smegmatis containing ClpC-mCherry expression plasmid and observed by Confocal microscopy. The white arrow indicates the overlap between COG1410 and ClpC. Scale bar, 5 μm. 
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Figure 5. COG1410 interferes with ClpC’s activity. (A) COG1410 stimulates the ATPase activity of ClpC in a dose-dependent manner. (B) Addition of COG1410 enhances the ATPase activity of ClpC and exhibits a synergistic effect with S437P point mutation. (C) Addition of COG1410 enhances the proteolytic activity of the Clp protein and exhibits a synergistic effect with S437P point mutation. One-way ANOVA with multiple comparisons was used to analyze the differences between different groups and the no AMP control group. *, p < 0.05; **, p < 0.001; ***, p < 0.001; ****, p < 0.0001. 
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Figure 6. Confirmation of COG1410 binding with ClpC (A) and ClpC (S437P) (B) by SPR. 
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Figure 7. Image of a Docking analysis. COG1410 (purple) binds with M. smegmatis ClpC at the N-domain (green). The corresponding residues involved in the interaction were labeled. 
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Table 1. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of COG1410 against different M. smegmatis strains.
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	Strains
	MIC (µg/mL)
	MBC (µg/mL)





	WT
	16
	32



	30g
	16
	32



	35g
	256
	>256



	35g/pSMT3
	256
	>256



	35g/pSMT3-ClpC
	16
	64



	35g/pSMT3-ClpC (S437P)
	256
	>256



	clpC (KD)
	>256
	>256



	clpC (KD)/pSMT3
	>256
	>256



	clpC (KD)/pSMT3-ClpC
	8
	16



	clpC (KD)/pSMT3-ClpC (S437P)
	>256
	>256



	WT/pSMT3
	16
	32



	WT/pSMT3-ClpC
	16
	32







Note: WT, wild type; KD, knockdown.













 





Table 2. MIC of other AMPs against different M. smegmatis strains.
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	Peptides
	WT
	35g
	clpC (KD)
	Sequences
	Sources





	COG1410
	16
	256
	256
	AS(Aib)LRKL(Aib)KRLL
	[31]



	ApoE23
	128
	>128
	>128
	LRKLRKRLVRLASHLRKLRKRLL
	[35]



	COG133
	>256
	>256
	>256
	LRVRLASHLRKLRKRLL
	[28]



	antiTB_1026
	32
	256
	>256
	WKWLKKWIK
	[34]



	antiTB_1080
	32
	128
	>256
	IRMRIRVLL
	[34]







Note: Aib, 2-Aminoisobutyric acid; KD, knockdown.













 





Table 3. MIC of conventional antibiotics against M. smegmatis mutants.






Table 3. MIC of conventional antibiotics against M. smegmatis mutants.





	Antibiotics
	WT
	35g
	clpC (KD)





	azithromycin
	2
	2
	2



	amikacin
	0.5
	0.5
	0.5



	linezolid
	1
	1
	1



	ciprofloxacin
	0.5
	0.5
	0.5



	cefoxitin
	16
	16
	16







Note: KD, knockdown.
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