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Abstract

:

Antimicrobial resistance threatens the effective prevention and treatment of an increasingly broad spectrum of infections caused by pathogenic microorganisms. This pressing challenge has intensified the search for alternative antibiotics with new pharmacological properties. Due to the chemical synergy between the biological activity of antimicrobial peptides (AMPs) and the different modes of action, catalytic properties, and redox chemistry of metal complexes, metallopeptides have emerged in recent years as an alternative to conventional antibiotics. In the present investigation, peptide ligands conjugated with 5-carboxy-1,10-phenanthroline (Phen) were prepared by solid-phase peptide synthesis (SPPS), and the corresponding copper(II) metallopeptides, Cu-PhenKG and Cu-PhenRG (where K = lysine, R = arginine, and G = glycine), were synthesized and characterized. The antimicrobial activities of these compounds toward Gram-positive and Gram-negative bacteria, evaluated by the broth microdilution technique, indicate that the metal center in the metallopeptides increases the antimicrobial activity of the complexes against the conjugated peptide ligands. Minimum inhibitory concentration (MIC) values of 0.5 μg/mL for S. aureus with the Cu-PhenKG complex and 0.63 μg/mL for S. typhimurium with the Cu-PhenRG complex were obtained. The MIC values found for the conjugated peptides in all microorganisms tested were greater than 1.5 μg/mL. The interactions of the conjugated peptides and their metallopeptides with plasmid DNA were evaluated by agarose gel electrophoresis. Alterations on the replication machinery were also studied by polymerase chain reaction (PCR). The results indicate that the complexes interact efficiently with pBR322 DNA from E. coli, delaying the band shift. Furthermore, the resulting DNA–metallopeptide complex is not a useful template DNA because it inhibits PCR, since no PCR product was detected. Finally, molecular dynamics and molecular docking simulations were performed to better understand the interactions of the obtained compounds with DNA. The Cu-PhenRG complex shows a significantly higher number of polar interactions with DNA, suggesting a higher binding affinity with the biopolymer.
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1. Introduction


In the last twenty years, global antimicrobial resistance has increased significantly, to the point that the World Health Organization (WHO) considers this phenomenon a public health problem [1]. According to the WHO, the COVID-19 pandemic has led to an increase in the use of non-prescribed antibiotics, and therefore, an increase in antimicrobial resistance rates is expected after the pandemic, which will affect morbidity and mortality rates. The WHO also reported that 700,000 people die each year from drug-resistant infections, and if the current rate is maintained, it is estimated that this figure could increase to ten million by 2050, with a cost of more than USD 3 billion per year [2].



Currently, resistance to antibiotics is among the phenomena posing the greatest risks to human health. Every day, new and varied resistance mechanisms emerge and spread, posing a threat to people’s capacity to effectively address common infectious diseases. As antimicrobials lose efficacy, infections such as pneumonia, tuberculosis, septicemia, and gonorrhea are becoming increasingly difficult, and sometimes impossible, to treat [3]. Despite great efforts, the number of people affected is still too high, so it is necessary to develop new alternatives to this problem to protect human health. Antimicrobial peptides (AMPs) act as a natural defense mechanism against pathogens and invaders, and are produced by both prokaryotes and eukaryotes, representing an appealing antimicrobial model due to their broad spectrum of activity, a low likelihood for bacteria to develop resistance compared to conventional antibiotics, and extensive synergy with commonly used antimicrobials [4]. AMPs target mainly bacterial membranes. However, it has been reported that at a low MIC, such as 2 µg/mL, some AMPs can kill bacteria without altering the integrity of the membrane [5]. Instead of directly interacting with the membrane, AMPs with basic residues kill bacteria by having greater affinity for intracellular targets such as DNA phosphate groups [6]. The ability to translocate across the cell membrane depends on the presence of cationic residues such as arginine [7].



Antimicrobial macromolecules that contain metal ions have been shown to be effective against multiple microorganisms. The development of prodrugs whose active principles are organic ligands bound to transition metals has increased [8]. This interest is inspired, for example, by the known anticancer properties of cisplatin and its derivatives, or ferroquine, which is currently in clinical trials [9].



Metallopeptides combine the DNA-binding properties of metal complexes through electrostatic interactions, van der Waals interactions and/or covalent bonding with the specific binding possibilities offered by peptides through specific contact between the side chains of the peptide backbone and base pairs of DNA. The conformation of the peptide has a substantial impact on the coordination equilibria in the metal–peptide system, from both a thermodynamic and a structural perspective [10]. Aliphatic or aromatic chains form a spatial shield that prevents the hydrolysis of N-metal bonds and increases the structural strength of the complex molecule [11].



The inhibition of DNA synthesis is an important and widely used therapeutic strategy to treat hyperproliferative diseases such as bacterial infections, autoimmune disorders, and cancer. There are therapeutic agents used to inhibit DNA synthesis such as the cisplatin complex and its derivatives, which modify the composition and structure of nucleic acid [12]. Studies with modified copper and zinc tripeptides derived from M(II)-GlyGlyHis have reported various applications in the field of nucleic acid recognition and the design of selective cleavage agents, due to the unique structures of these metallopeptides and the contribution of the metal center [13]. Derivatives of phenanthroline and its metal complexes have been used as DNA intercalating agents due to their chemical characteristics, such as planarity, rigidity and hydrophobicity. For example, metal complexes incorporating 1,10-phenanthroline and other ligands were effective against multidrug-resistant strains of Pseudomonas aeruginosa, Salmonella typhi, Staphylococcus aureus and Salmonella paratyphi, or against fungi such as Candida albicans and Cryptococcus neoformans [14].



Therefore, considering the potential therapeutic uses of AMPs [15], in this study, we designed and synthesized metallopeptides incorporating AMPs along with their metal complexes, including Cu(II) and phenanthroline complexes, aiming to identify novel compounds with antimicrobial properties. The biological activity of these compounds was then evaluated against six pathogenic bacteria. Additionally, the interactions between DNA–peptide and DNA–metallopeptide were analyzed, along with an examination of the impact of the compounds on PCR, in order to ascertain their functionality and efficacy against pathogenic bacteria.




2. Materials and Methods


2.1. Synthesis and Characterization


SPPS for short peptides was performed with the synthetic strategy Fmoc-tBu described by Meienhofer et al. [16]. Two compounds were synthesized, each consisting of two amino acids. The protected amino acids Fmoc-Gly-OH (99.0%, Novabiochem, Darmstadt, Germany), Fmoc-Arg(Pbf)-OH and Fmoc-Lys(Boc)-OH (98.0%, Sigma-Aldrich, St. Louis, MO, USA), and a derivative of phenanthroline, 5-carboxy-1,10-phenanthroline (Phen, Sigma-Aldrich), were used to form the conjugated peptide sequences presented in Figure 1 (Supplementary Materials Figure S2).



PhenRG. 1H NMR (400 MHz, D2O): δ 1.76–1.82 (m, 2 H, 1 × CH2(22)-Arg), δ 1.82–2.01 (m, 2 H, 1 × CH2(21)-Arg), δ 3.24–3.27 (m, 2 H, 1 × CH2(23)-Arg), δ 3.96–4.07 (m, 2 H, 1 × CH2(28)-Gly), δ 4.62 (t, J = Hz 1 H, 1 × CH(18)-Arg), δ 7.79–7.82 (q, J = 4.0 Hz, 2 H, 2 × CH(10,13)-Fen), δ 8.01 (s, 1 H, 1 × CH(5)-Phen), δ 8.45–8.47 (d, J = 8.0 Hz, 1 H, 1 × CH(11)-Phen), δ 8.60–8.62 (d, J = 8.0 Hz, 1 H, 1 × CH(14)-Phen), δ 8.91–8.92 (d, J = 4.0 Hz, 2 H, 2 × CH(9,12)-Phen). MS (FAB+): PhenRG (C21H24N8O3, MW: 436.48, m/z: 437), ([C21H24N8O3–H2NCNH], MW: 408.46, m/z: 409), Phen-NH2 ([C21H24N8O3–RGNH2 + NH2], MW: 223.24, m/z: 224). EA %(Calc.): %H = 5.49 (5.54), %C = 57.84 (57.79), %N = 26.63 (25.67).



PhenKG. 1H NMR (400 MHz, D2O): δ 1.62–1.68 (m, 2 H, 1 × CH2(22)-Lys), δ 1.79–1.85 (m, 2 H, 1 × CH2(23)-Lys), δ 1.99–2.08 (m, 2 H, 1 × CH2(21)-Lys), δ 3.10 (t, J = 8.0 Hz, 2 H, 1 × CH2(24)-Lys), δ 4.14–4.02 (m, 2 H, 1 × CH2(27)-Gly), δ 4.67 (t, J = 8.0 Hz, 1 H, 1 × CH(18)-Lys), δ 7.87–7.90 (q, J = 4.0 Hz, 2 H, 2 × CH(10,13)-Phen), δ 8.08 (s, 1 H, 1 × CH(5)-Phen), δ 8.53–8.55 (d, J = 8.0 Hz, 1 H, 1 × CH(11)-Phen), δ 8.67–8.69 (d, J = 8.0 Hz, 1 H, 1 × CH(14)-Phen), δ 8.98–8.99 (d, J = 4.0 Hz, 2 H, 2 × CH(9,12)-Phen). MS (FAB+): PhenKG (C21H24N6O3, MW: 408.46, m/z: 410), ([C21H24N6O3–(CH2)3NH2–2O–H–NH2], MW: 306.15, m/z: 307), Phen-NH2 ([C21H24N6O3–RGNH2 + NH2], MW: 223.24, m/z: 224). EA %(Calc.): %H = 5.88 (5.92), %C = 61.63 (61.75), %N = 20.66 (20.58).



The metallopeptides were obtained according to Scheme 1. The resin NovaPEG Rink Amide (35–100 mesh, 0.42 mmol/g, Sigma-Aldrich, St. Louis, MO, USA) was used for PhenRG [17], and Rink Amida (100–200 mesh, 0.55 mmol/g, Sigma-Aldrich) was used for PhenKG; the resins were previously swollen with N,N-dimethylformamide (DMF) to bind the first amino acid of each of the conjugated peptides. For activation of the carbonyl group, the reagent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) (99%, Alfa Aesar, Ward Hill, MA, USA) was used in combination with N,N-diisopropylethylamine (DIEA) (99.5%, Sigma-Aldrich) [18]. For deprotection of the amino group, piperazine was added at concentrations of 10–20% in DMF/ethanol (9:1) [16,18,19]. Washing with DMF [19], isopropanol (IPA) and dichloromethane (DCM) was performed during coupling and deprotection.



To monitor the coupling and deprotection reactions of the amino groups of amino acids, a qualitative test for the detection of primary amines (Kaiser test) [20] and a test for SPPS using bromophenol blue as an indicator of free amino groups were carried out. Subsequently, the peptide was released from the resin with preliminary cleavages at 60–200 °C to determine the optimal time for the cleavage of the peptides. Once this value was obtained, the final cleavage was carried out using a “cleavage cocktail” containing phenol, TFA (99%, ReagentPlus, St. Louis, MO, USA) and radical scavengers such as triisopropylsilane (98%, Alfa Aesar), thioanisole (99%, ReagentPlus) and 1,2-ethanedithiol (98%, Sigma-Aldrich, St. Louis, MO, USA). Free peptide was precipitated using cold ethyl ether and collected by decantation after continuous centrifugation at 3000 rpm in a Clay Adams™ Compact II centrifuge [21]. The compounds were purified by dissolution in water and recrystallization from methanol. Analytical thin layer chromatography (TLC) was developed on TLC silica gel 60 F254 plates under a 254 nm UV source. The conjugated peptides were pure according to the TLC criteria, and were therefore used in the next step without purification.



Complexation with the ligand was carried out using copper chloride CuCl2 (97%, Sigma Aldrich, St. Louis, MO, USA) dissolved in water, which was mixed with the peptides synthesized above with a metal–ligand ratio of 2:1 solubilized in a water/methanol (7:3) mixture and allowed to react under constant stirring and at room temperature for five hours [8]. The resulting solution was crystallized by evaporation of the solvent until the complexes were obtained.



Cu-PhenRG. MS (FAB+): Cu-PhenRG (C21H24Cl2CuN8O3, MW: 570.92): (C21H24ClCuN8O3, m/z: 534), (C21H24CuN8O3, m/z: 499), (C20H22CuN6O3, m/z: 460), (C18H18N4O, m/z: 307). EA %(Calc.): %H = 4.30 (4.24), %C = 43.97 (44.18), %N = 19.27 (19.63).



Cu-PhenKG. MS (FAB+): Cu-PhenKG (C21H24Cl2CuN6O3, MW: 542.91): (C21H24ClCuN6O3, m/z: 506), (C21H24CuN6O3, m/z: 471), (C21H24N6O3, PhenKG, m/z: 409). EA %(Calc.): %H = 4.51 (4.46), %C = 46.37 (46.46), %N = 15.63 (15.48).



For the characterization of the compounds, 1H-NMR spectra were taken at 25 °C using deuterated water (D2O) as a solvent in a Bruker Avance II 400 spectrometer. Elemental (C, H and N) analyses were carried out on a Flash EA 1112 Series CHN Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). MS-FAB experiments were carried out on the compounds to find out their molecular weights. The results were recorded with a JEOL SX 102A mass spectrometer (JEOL, Peabody, MA, USA). ATR-Fourier transform infrared (FTIR) vibrational spectroscopy was used to elucidate the functional groups according to the main vibrational modes of the ligands and their complexes [8]. The collection of infrared spectra was performed within the wavenumber range of 4000 cm−1 to 600 cm−1 utilizing a Shimadzu Affinity 1 device (FT-IR) equipped with an attenuated total reflectance (ATR) accessory (Shimadzu, Columbia, SC, USA).




2.2. Assessment of Biological Activity and Interactions with Biomolecules


The MIC was determined by the broth microdilution method according to protocols for antimicrobial susceptibility tests [22,23]. The conjugated peptides PhenRG and PhenKG and their corresponding complexes were analyzed against six bacteria, Staphylococcus aureus ATCC 25923, Bacillus cereus ATCC 10876, Listeria monocytogenes ATCC 19115, Pseudomonas aeruginosa ATCC 27853, Salmonella typhimurium ATCC 14028 and Escherichia coli ATCC 25922, with final inoculums of 5 × 106 CFU/mL and incubation at 37 °C for 18–24 h. The microplates (Ness Biotech Co., Ocala, FL, USA) included serial dilutions of the compounds in the range of 0.002–2 (µg/mL). In addition, a positive control (C+) and negative control (C−) were added to each microplate, with C+ consisting of Mueller–Hinton broth (MHB) with tetracyclin and C− containing only MHB. Ciprofloxacin (Cip) and Vancomycin were used as reference standards. All tests were performed in duplicate.



Interactions of Peptides and Metalloconjugates with Bacterial DNA


The interactions of the conjugated peptides and their metal complexes with bacterial DNA were evaluated by molecular biology assays using electrophoresis with 1% (p/v) agarose gel (Fisher BioReagents, Thermo Fisher Scientific, Waltham, MA, USA), 1× TAE buffer (pH 7.5) and 1 kb DirectLoad™ as molecular weight markers [24]. The Owl™ EasyCast™ B1 mini gel electrophoresis system and a power supply (C.B.S. Scientific EPS-300×, C.B.S Scientific, San Diego, CA, USA) providing 100 V and 500 mA were used. The low- and medium-molecular-weight polymers polyethyleneimine (PEI), sodium dodecyl sulfate (SDS) and cetyl trimethylammonium bromide (CTAB) were used as reference standards in a 1:1 ratio with pBR322 plasmid DNA from E. coli (Sigma Aldrich). Each of the samples was incubated at 37 °C for 30 min using the Eppendorf ThermoMixer® C system. The gels were developed with GelGreen™ at a 1.2× concentration with a MaestroGen UltraBright® transilluminator (MaestroGen Inc., Hsinchu, Taiwan).



The effects of peptides and their complexes on the DNA synthesis process were analyzed by PCR [25]. For PCR, the following gender-specific primers targeting the Y chromosome (Y-DNA) that amplify the Q-M3 (Q1b1a1a) haplogroup with a C > T mutation were selected: 5′-AGGGCATCTTTCATTTTAGG-3′ and 3′-GTGGATTTGCTTTGTAGTAGG-5′. The analyzed samples were amplified in a volume of 15 µL with the addition of 0.32 µM primer M3, 0.1 mM dNTP mix (10 mM, Novagen®, Burlington, NJ, USA), 0.05 U/µL DNA polymerase (5 U/µL genTaq® Taq polymerase; Laboratorio de Genética y Biología Molecular LTDA), 5 mM MgCl2, 5× buffer and 50 ng Y-DNA. The individual PCR amplicon (300 pb) was performed using 8% polyacrylamide gel in 1× Tris, borate and EDTA (TBE) buffer in a 50 V electrophoretic run for 10 min followed by a run at 120 V for 30 min.



The PCRs were carried out in a Veriti™ thermal cycler. The amplification program began with a 1 min warm-up at 96 °C for initial denaturation, followed by 35 successive cycles of denaturation for 30 s at 94 °C, hybridization at 68 °C for 1 min, and extension at 72 °C for 30 s.



The PCR tests and the collection of DNA samples were carried out in the Human Molecular Genetics Laboratory of the Universidad del Valle, following all the parameters of the institutional committee for the review of human ethics and genetic counseling of the Universidad del Valle.





2.3. Calculation of Molecular and Pharmacokinetic Parameters


In silico evaluation of the compounds was carried out on the Swiss Institute of Bioinformatics (SIB) [26] and Molinspiration Cheminformatics platforms to assess the compounds’ physicochemical parameters of absorption, distribution, metabolism, and excretion (ADME), their similarity to drugs and their pharmacokinetics. 3D models of the PhenKG, PhenKG-Cu, PhenRG and PhenRG-Cu compounds were constructed using SMILE code and Avogadro version 1.2 software (https://avogadro.cc/, accessed on 3 December 2023) to optimize the structures with the “steepest descent” algorithm and the universal force field (UFF) [27]. The positive control Mitoxantrone was downloaded in PDB format from PubChem and used as a DNA intercalator in the receptor interaction experiment, which was previously experimentally validated. The ligand structures and control were prepared with Autodock [28] using Gasteiger charges [29]. The receptor molecule was DNA, which was optimized and prepared with Kollman charges. The coordinates of the grid were obtained from each molecule in the PDBs of the receptors, and the grid box was confirmed with the CB-Dock online tool (http://cao.labshare.cn/cb-dock/, accessed on 10 December 2023) (docking blind) using the prepared ligands and DNA.



Molecular docking analysis was performed, and the structure with the lowest energy was selected from a total of 50 runs using Autodock. Discovery Studio Visualizer version 2021 Client software (http://accelrys.com, accessed on 15 December 2023) was used to analyze the ligand–receptor interactions. Molecular dynamics simulations were carried out with Gromacs version 2022, but before that, the system was built with CharmmGUI (https://www.charmm-gui.org/, accessed on 15 December 2023) [30]. A KCl concentration of 0.15 M was used, and the ions in the system were located by the Monte Carlo method with a water thickness of 22.5 Å using the CHARMM36m force field [31]. The systems were adjusted by slowly heating them to a temperature of 310 K for 75 ps. For equilibrium, 90,000,000 numsteps were used. Once the system was equilibrated to the desired temperature and pressure, the molecular dynamics simulations were performed for 20 ns, since the interactions between the DNA and the ligands lasted less than this time. PyMOL was used to extract the PDB molecules from the simulation and analyze the interactions with Discovery Studio every ns until 20 ns was reached.





3. Results and Discussion


3.1. Synthesis and Characterization


The IR spectra for each of the ligands show the main absorption bands of amides I, II and III in the regions of 1600–1700, 1500–1600, and 1200–1350 cm−1, respectively [32]. The amide I band is produced by bending vibrations of the C=O bond of the peptide coupled to the stretching vibrations of the C–N bond, the amide II band comes from N–H bending and CN stretching vibrations, and the absorption of amide III is assigned to C–N stretching vibrations linked to bending vibrations in the N–H plane, with weak contributions from C–C and C=O stretching [33]. Bands associated with the N–H bending of primary and secondary amines and amides are in the range of 3180–3500 cm−1, and bending vibrations for aromatics appear at 3100–3300 cm−1 (Figure S1).



NMR constitutes a useful analytical methodology for studying the structure, function and dynamics of molecules in solution, which is why this technique is used to characterize peptides. In the preliminary analysis, the most relevant signals were identified in the 1H-NMR spectra according to the numbering in Figure 1. The proton NMR spectrum for the PhenRG peptide is presented in Figure S3. The signals at δ 7.76–9.01 ppm refer to the shifts of the seven hydrogens in phenanthroline. Where H11 and H14 appear as doublets, it is considered that one of these two protons is closer to the C=O group of phenanthroline, since the three-dimensional arrangement of Phen can displace one of these hydrogens to a high field due to the adjacent electron-attracting group [34]. In contrast, H9 and H12 are shown as a doublet (d, 2H). The signals at high field were assigned to the peptide chain and the arginine side chain. The signal for the methylene group (αH) of the glycine residue was assigned at δ 3.96–4.05 ppm (m, 2H) and numbered H28. Regarding the R residue, the signals at δ 4.62 ppm (t, 1H) and δ 1.93–1.95 ppm (m, 2H) correspond to the methine in H18 and the methylene H21, belonging to αH and βH of the residue. Similarly, the shifts at δ 4.79 ppm and δ 2.01 ppm are related to the peaks of the residual solvents of D2O and acetic acid [35]. Similarly, in the spectrum corresponding to PhenKG (see Figure S4), the protons corresponding to the aromatic rings are observed; in the case of methine located in H5, its displacement appears at δ 8.07 ppm (s, 1H). The shifts at δ 4.67 ppm (t, 1H) and δ 2.01–2.03 ppm (m, 2H) were attributed to methine and methylene, H18 and H21, from lysine (αH and βH). Furthermore, H22 and H24 are proposed to exhibit signals at 1.95–2.06 ppm (m, 2H) and 1.59–1.69 ppm (m, 2H), respectively. Finally, the signals at δ 4.05–4.10 ppm (d, 2H) were assigned to H27, methylene from glycine.



Proteomic analysis was performed by fast atom bombardment (FAB) ionization mass spectrometry [36]. Figures S5–S8 indicate that for the peptides and the metallopeptides, the molecular ions [M + 1] coincide with the molecular weights. Likewise, a base peak at 154 m/z is observed for all compounds, including ligands and complexes. The results for these compounds confirm the presence of the peptide and complex.




3.2. Studies of Biological Activity and Interactions with Biomolecules


The biological activities of the obtained compounds were evaluated in three Gram-positive and three Gram-negative bacteria to determine the MIC, defined as the minimum concentration of an antimicrobial (μg/mL) that inhibits the visible growth of a microorganism after 18–24 h of incubation at 37 °C [37].



Table 1 shows that the PhenRG peptide and its metallopeptide are generally more effective against all bacterial strains tested than the PhenKG compound and its complex. It is inferred that the guanidinium group in Arg side chains forms bidentate interactions with the DNA phosphate groups.



The incorporation of metal ions in each of the peptides resulted in an increase in antimicrobial activity (Table 1); the activity of Cu-PhenKG against S. aureus was 0.5 μg/mL, and an MIC of 0.63 μg/mL against S. typhimurium was obtained for Cu-PhenRG. The MIC reduction could be associated with the interaction of the complex with DNA through insertion in the minor or major groove, which stabilized the adducts via hydrophobic effects between Phen and DNA, as well as C–H interactions involving the heteroatoms of the complex [40]. In addition, comparison of the MIC values against S. aureus of Cu-PhenKG and vancomycin, whose MIC is ≤4 μg/mL [41], suggests that the results obtained in this study are promising, since the reference antibiotic is a glycopeptide used as the primary treatment option for Gram-positive bacteria at strains of methicillin-resistant S. aureus (MRSA). Ciprofloxacin was also used as a reference in the tests, with MIC ≤ 0.5 μg/mL. A comparison of this value with that obtained for Cu-PhenRG against S. typhimurium also suggests that the results are promising because, although Cip is more effective, it should be taken into account that the rate of resistance emergence against ciprofloxacin is higher than that generated by AMPs [42].



To determine the interactions of the conjugated peptides and their metallopeptides with DNA, the change in electrophoretic mobility of the protein–nucleic acid complex was evaluated. Differences in the properties of the protein–nucleic acid complex, such as changes in the conformation of DNA, make its migration slower than that of the corresponding free nucleic acid [43]. Variations in migration are also attributable to external factors, which include the composition of the gel matrix and the electrophoresis temperature [38]. PEI, SDS and CTAB were used as references in the interaction of the compounds with DNA [44].



In Figure 2 and Figure 3, PEI formed a complex with the DNA showing null mobility, suggesting that the size of the PEI–DNA complex slows movement through the gel. Furthermore, its cationic property and the charge of PEI predominate, possibly covering the DNA through interactions between the phosphate groups of DNA and the amino groups of PEI. These interactions involve both electrostatic forces and hydrogen bonding [45], similar to the in vivo behavior of histones (cationic proteins) in chromatin of eukaryotic cells. In contrast, at the concentrations evaluated, SDS and CTAB did not generate a stable complex with DNA, thus leaving its mobility unchanged. This is possibly due to charge repulsion in the case of SDS and the formation of CTAB micelles that do not interact effectively with DNA.



According to the results of the electrophoretic mobility shift assay (Figure 2), a two-phase interaction between plasmid DNA and the compounds PhenRG and Cu-PhenRG can be observed: at low compound concentrations (initial phase), it acts cleaving the phosphodiester bond, stabilizing form II (nicked circular) [46,47]. Thus, the DNA of form I decreases in quantity, and that in form II increases (Figure 2B, bands in lanes 6 and 7 compared to those of lane 5 or control DNA). Since III form is not detected, this indicates that the DNA may not have been permanently broken, or if it was, only single strand breaks occurred, maintaining circularity [46,47]. Then, in the second phase, compound concentrations equal to or greater than ~0.5 µM cause most of the DNA to acquire form II, and the interactions between plasmid DNA and conjugated peptides increase, resulting in complexes with a growing number of compound molecules. This is probably due to the fact that DNA form II, given its open structure, becomes more accessible to the conjugated peptides, favoring the formation of ionic, polar or even intercalation interactions with the aromatic moiety of the synthesized compounds. Hence, the generated complexes tend to have gradually less negative charge as more compound molecules are incorporated, thus losing their electrophoretic mobility until it becomes null, similarly to the effect caused by PEI.



The two-phase interaction behavior appears to manifest with PhenKG and its complex with Cu(II) as well (Figure 3). The distinctions lie in the fact that the transition between phases occurs at a higher concentration (~2 µM), possibly due to the weaker H-bonding interaction of the lysine residue (monodentate) with the DNA phosphodiester groups compared to that of the arginine residue (bidentate) [48]. These results are consistent with the antibacterial activity (Table 1), for which it was described that the presence of Arg slightly increases the reactivity against E. coli. Additionally, for Cu-PhenKG, the metal appears to favor the stabilization of DNA complexes with lower mobility (see Figure 3A,B, lanes 11 to 13; notice that in 3b DNA disappear completely), unlike what happened with Cu-PhenRG, where the metal seems to contribute in this in a lower degree. Therefore, the results suggest that the metal contributes to increasing the interaction of the complex with DNA. Most of the transition metals react chemically with the N7 atom of purine or N3 of pyrimidine, and perturb the double helix, since they usually disrupt base pare–hydrogen bonding and destabilize the double helix [49].



PCR is a technique that exploits the natural catalytic properties of a DNA polymerase during DNA replication to amplify a specific DNA segment in vitro. Assessing the yield of a PCR reaction in the presence of test compounds can provide insights into their mechanisms as potential antimicrobial agents, such as inhibiting the in vivo DNA replication process [50].



PCR inhibitors may interfere with the DNA amplification process through DNA degradation processes, nucleic acid binding, interaction with Mg2+ ions, or by preventing binding with the DNA polymerase [51]. The activity of inhibitory substances in PCR can be studied by monitoring the presence or absence of PCR products at the end of thermal cycling using gel electrophoresis, high-pressure liquid chromatography or microtitering [52].



In this context, we evaluated the potential effects of the synthesized compounds in a standard PCR by examining their impacts under varying concentrations of PhenRG and PhenKG, along with their respective Cu complexes. Figure 4, Figure 5, Figure 6 and Figure 7 show the polyacrylamide gel electrophoresis obtained for each of the tests with PCR products corresponding to a 300 bp amplicon. Noticeable PCR inhibition was observed from ~2.5 µM for PhenKG and from ~1.7 µM for Cu-PhenKG (Figure 4 and Figure 5). For PhenRG and Cu-PhenRG, the values were from ~1.7 µM and from ~2.0 µM, respectively (Figure 6 and Figure 7). Again, the presence of the metal implies different effects, these being slightly positive (lower inhibition concentration) for the peptide containing K and slightly negative for that with R as PCR inhibitors. Similar to the electrophoretic mobility shift assay, we observe a two-phase behavior in the PCR inhibition, and see that the conjugated peptides containing R were more effective than their counterparts containing K. This suggests a potential causal link between the observed effects, namely, that the formation of specific DNA complexes above a critical initial concentration of conjugated peptides makes the DNA template nonfunctional by the polymerase. It has long been known that some compounds that interact with DNA can prevent the binding of DNA polymerase [50]. However, we cannot exclude the possibility of compounds also interfering with the function of the oligonucleotides used as primers, or with the polymerase itself.



Finally, considering that PCR as a process analogous to DNA replication requires in vivo during cell division, it is suggested that the synthesized conjugated peptides and metallopeptides could impact not only the cell membrane, but also cell reproduction.



Table 2 shows the different binding energies between the compounds studied and the receptor (DNA). Mitoxantrone is used as a control, which is a drug with anticancer activity, and which binds irreversibly to DNA. When the binding energy values are compared, it is observed that Cu-PhenKG and Cu-FhenRG have significantly stronger bonding energies compared to free ligands, so the presence of the metal has a determining effect on the bond to DNA. This is consistent with the results of electrophoretic mobility shift and PCR inhibition assays, especially for the peptide containing K. These data could be important for understanding the ability of different molecules to interact with DNA, which could have implications in a variety of fields, such as medicinal chemistry or gene therapy.



In Figure 8, the hotspots or points of greatest number of interactions of the PhenKG and Cu-PhenKG compounds with DNA can be analyzed. These hotspots correspond to the DNA residues with which the ligands have a greater affinity, and are related to their biological activity. In the case of Cu-PhenKG, it is observed that it establishes a complex interaction with DNA, forming eight hydrogen bonds, one halogen interaction, and two hydrophobic interactions. This diversity in interaction types suggests a multifaceted and robust binding mode, which could be the key behind its high negative binding energy, indicating a strong affinity for DNA.



Cu-PhenRG, on the other hand, has a unique set of interactions, with four hydrogen bonds, two halogen interactions, and one hydrophobic interaction (Figure 9). While Cu-PhenKG has a greater number of hydrogen bonds than Cu-PhenRG, the presence of an extra-halogen interaction has a notable impact. The different molecular architecture of this compound may be an important reason for its strong attraction to DNA, illustrating how differences in the type and number of molecular interactions directly impact the compound’s ability to bind DNA.




3.3. Calculation of Molecular and Pharmacokinetic Parameters


Potential drug compounds possess adequate ADME properties and defined physicochemical properties. The synthesized compounds were submitted to the SwissADME and Molinspiration Cheminformatics platforms to verify their properties. Table 3 shows the obtained molecular weight, number of rotating bonds, number of hydrogen bond acceptors (O and N atoms), number of hydrogen bond donors (groups OH y NH), solubility (Log S), topological polar surface area (TPSA), n-octanol/water partition coefficient (log Po/w, MLOGP) and Lipinski filter. PhenRG has a low probability of being an oral drug since it violates two of the five Lipinski rules: one is related to the number of nitrogens or oxygens, and the second is related to the NH and OH groups in the structure, which influence the absorption and permeability potential in the intestinal epithelium [26].



Regarding the bioavailability radars, the following properties were considered, where the area in pink represents the optimal range for each property: XLOGP3 lipophilicity (−0.7, +5.0), molecular weight, polarity, solubility (log S) < 6, saturation (sp3 hybridizing carbons) > 0.25 and flexibility < 9 bonds with rotation. Thus, the radar graph of a compound must be completely within the pink area to be considered similar to a drug. As seen in Figure 10, the predictive models indicate that radars a and b show a pharmacokinetic behavior that is not totally suitable for the design of an oral drug, so the compounds are not bioavailable because they are polar and too flexible [26], especially PhenRG.



Regarding the pharmacokinetics described in Table 4, none of the peptides are well absorbed in the gastrointestinal tract (GI). Furthermore, PhenKG is a substrate for p-glycoprotein (P-gp), which affects its efficacy as a drug. The interaction with cytochrome P450 is important for the elimination of drugs through metabolic biotransformation, which suggests that the inhibition of these isoenzymes is one of the main causes of pharmacokinetic interactions with toxic and other unwanted effects due to the lower clearance and the accumulation of the drug. No evidence of inhibition was observed for any of the five main isoforms CYP1A2 (cytochrome P450 1A2), CYP2C19 (cytochrome P450 2C19), CYP2C9 (cytochrome P450 2C9), CYP2D6 (cytochrome P450 2D6), and CYP4A4 (c 3), thus reducing possible drug interactions.



In summary, the chemoinformatic analysis of the synthesized compounds indicates that the PhenRG peptide is less likely to be an oral drug than PhenKG because it violates two Lipinski rules. The accuracy of predictions based on the Lipinski rule is up to 73%, and 20% of the drugs approved to be used orally violate at least one of the parameters of rule 5 [53].





4. Conclusions


The synthesis and characterization of short conjugated peptides and metallopeptides were carried out. The results of characterization techniques such as IR, NMR, and MS confirm the presence of the expected compounds. Molecular biology tests show that peptides and complexes that contain arginine present better results as potential antibacterial agents than do those that have a lysine residue, even achieving values of 1.26 µM (0.63 μg/mL), as in the case for S. typhimurium with Cu-PhenRG.



Regarding the interaction with DNA, a two-phase interaction mechanism is suggested; concentrations equal to or higher than 0.5 µM for PhenKG and Cu-PhenKG and 2 µM for PhenRG and Cu-PhenRG generated important alterations in DNA structure. Likewise, the PCR tests show that the compounds lowered the amplicon yield, suggesting the inhibition of DNA replication as a possible mechanism of inhibition of cell proliferation.



Finally, the outcomes of both the in vivo and in vitro experiments reveal a synergistic effect on the metallopeptides, which aligns with the observations made in the in silico assessments, where the affinity energy between the metallopeptides and DNA is found to be reduced. These findings could be important for understanding the abilities of different molecules to interact with DNA, which could have implications in a variety of fields, such as medicinal chemistry or gene therapy.
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Figure 1. (a) Structure of 5-carboxy-1,10-phenanthroline, arginine, glycine (PhenRG). (b) Structure of 5-carboxy-1,10-phenanthroline, lysine, glycine (PhenKG). 
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Scheme 1. Synopsis of the reaction process for SPPS and complex formation. 
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Figure 2. Agarose gel electrophoresis of E. coli pBR322 with the synthesized conjugated peptides and metallopeptides. Lane 1: Molecular weight standard, M (1 kb). Lane 2: DNA/PEI (1:1). Lane 3: DNA/SDS (1:1). Lane 4: DNA/CTAB (1:1). Lane 5: plasmid DNA pBR322 (9 ng/µL). Lanes 6 to 13: DNA with increasing concentrations of the compound (0.125, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 μM). (A) PhenRG; (B) Cu-PhenRG. 
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Figure 3. Agarose gel electrophoresis of E. coli pBR322 with the synthesized conjugated peptides and metallopeptides. Lane 1: Molecular weight standard, M (1 kb). Lane 2: DNA/PEI (1:1). Lane 3: DNA/SDS (1:1). Lane 4: DNA/CTAB (1:1). Lane 5: plasmid DNA pBR322 (9 ng/µL). Lanes 6 to 13: DNA with increasing concentrations of the compound (0.125, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 μM). (A) PhenKG; (B) Cu-PhenKG. 
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Figure 4. Results of 8% polyacrylamide gel electrophoresis. Lane 1: PCR negative control, C1. Lane 2: PCR positive control, C2. Lane 3: peptide negative control, C3. Lane 4: molecular weight marker, M (25 bp). Lanes 5 to 14: increasing concentrations of the PhenKG peptide (0.2, 0.5, 0.7, 1.0, 1.2, 1.5, 1.7, 2.0, 2.5, 3.0 µM). 
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Figure 5. Results of 8% polyacrylamide gel electrophoresis. Lane 1: PCR negative control, C1. Lane 2: PCR positive control, C2. Lane 3: peptide negative control, C3. Lane 4: molecular weight marker, M (25 bp). Lanes 5 to 14: increasing concentrations of the Cu-PhenKG peptide (0.2, 0.5, 0.7, 1.0, 1.2, 1.5, 1.7, 2.0, 2.5, 3.0 µM). 
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Figure 6. Results of 8% polyacrylamide gel electrophoresis. Lane 1: PCR negative control, C1. Lane 2: PCR positive control, C2. Lane 3: peptide negative control, C3. Lane 4: molecular weight marker, M (25 bp). Lanes 5 to 14: increasing concentrations of the PhenRG peptide (0.2, 0.5, 0.7, 1.0, 1.2, 1.5, 1.7, 2.0, 2.5, 3.0 µM). 
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Figure 7. Results of 8% polyacrylamide gel electrophoresis. Lane 1: PCR negative control, C1. Lane 2: PCR positive control, C2. Lane 3: peptide negative control, C3. Lane 4: molecular weight marker, M (25 bp). Lanes 5 to 14: increasing concentrations of the Cu-PhenRG peptide (0.2, 0.5, 0.7, 1.0, 1.2, 1.5, 1.7, 2.0, 2.5, 3.0 µM). 
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Figure 8. Interaction hotspots. Figure (A) presents the interaction hotspots for the PhenKG molecule, highlighting the hydrogen, hydrophobic, and halogen bonding sites. In the two-dimensional representation, hydrogen bonds are indicated by blue dashed lines, hydrophobic interactions by red dashed circles, and halogen bonds by green dashed circles. Figure (B) presents the interactions for the Cu-PhenKG molecule. The color intensity of the circles ranges from green to red, corresponding to the number of interactions, with green representing a single interaction and red signifying up to eight interactions. 
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Figure 9. Interaction hotspots. Figure (A) presents the interaction hotspots for the PhenRG molecule, highlighting the hydrogen, hydrophobic, and halogen bonding sites. In the two-dimensional representation, hydrogen bonds are indicated by blue dashed lines, hydrophobic interactions by red dashed circles, and halogen bonds by green dashed circles. Figure (B) presents the interactions for the Cu-PhenRG molecule. The color intensity of the circles ranges from green to red, corresponding to the number of interactions, with green representing a single interaction and red signifying up to eight interactions. 
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Figure 10. Bioavailability radars. (a) PhenKG and (b) PhenRG. Each axis of the radar represents a distinct property that affects the bioavailability of the molecules. “LIPO” reflects lipophilicity, important for absorption and cellular permeability. “SIZE” denotes molecular size, which is crucial for diffusion through biological barriers. “POLAR” measures polarity, influencing the molecule’s solubility and transport. “INSOLU” indicates insolubility, a critical aspect for drug formulation and oral administration. “TU” is understood as insaturation, which can affect chemical reactivity and molecular interactions. “EX” assesses molecular flexibility, which can impact how the molecule binds to its target and its overall bioactivity. 
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Table 1. Antibacterial activity of the synthesized compounds.






Table 1. Antibacterial activity of the synthesized compounds.





	
Compound

	
MIC (µg/mL)




	
S. aureus

	
B. cereus

	
L. monocytogenes

	
P. aeruginosa

	
S. typhimurium

	
E. coli




	
ATCC 25923

	
ATCC 10876

	
ATCC 19115

	
ATCC 27853

	
ATCC 14028

	
ATCC 25922






	
PhenKG

	
>2

	
>2

	
>2

	
>2

	
>2

	
>2




	
Cu-PhenKG

	
0.5

	
>2

	
2

	
>2

	
2

	
2




	
PhenRG

	
>1.25

	
>1.25

	
>1.25

	
>1.25

	
>1.25

	
>1.25




	
Cu-PhenRG

	
1.25

	
>1.25

	
1.25

	
>1.25

	
0.63

	
1.25




	
Cip

	
≤0.5

	
≤0.5

	
≤0.5

	
≤0.5

	
≤0.5

	
≤0.5




	
Vancomycin

	
≤4 *

	
3 *

	
≤2 *

	
-

	
-

	
-








* Reference values not included in this research [38,39].













 





Table 2. Binding energies between compounds and the DNA receptor.
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	Compound
	Binding Energy (kJ/mol)





	Mitoxantrone
	−6.8



	PhenKG
	−6.8



	Cu-PhenKG
	−11.2



	PhenRG
	−6.