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DNA-minor groove binding agents as anti-tubercular probes. Old tools for a new challenge?
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Abstract: Tuberculosis, an ancient infectious disease caused by Mycobacterium tuberculosis, ranks as one of the top ten killers worldwide. The limited number of validated targets and scarce therapeutic options demand that renewed efforts should be made to identify tuberculosis drugs with novel mechanisms of action. To this end, mycobacterial DNA might represent a potential target for the development of effective anti-tubercular compounds. In particular, the minor groove of DNA offers an important recognition site for small-molecules that can be programmed to bind to this region in a sequence-selective manner to disrupt mycobacterial transcription factors activity and ultimately cause bacterial cell death.

This review describes the structural features of the DNA-minor groove, the requirements for small-molecules to bind to this site and the remarkable biophysical and antibacterial properties of DNA-minor groove binding agents, including netropsin, distamycin and their poly-heterocyclic analogues, diamidines, benzimidazole-containing molecules, duocarmycins and pyrrolo[2,1-c][1,4]benzodiazepines (PBDs). Furthermore, the ability of selected heterocyclic-polyamides and PBDs to significantly inhibit the growth of pathogenic, slow-growing M. tuberculosis and other non-pathogenic mycobacterial strains is highlighted. In summary, DNA-minor groove binding agents may serve as molecular scaffolds for the design of highly efficient probes to treat M. tuberculosis infections. 

Keywords: DNA-minor groove; Mycobacterium tuberculosis; pyrrolobenzodiazepine; heterocyclic polyamides; netropsin; distamycin; tuberculosis drug discovery.
1. INTRODUCTION


Tuberculosis (TB) is a serious infectious disease caused by the Mycobacterium tuberculosis (Mtb) bacterium and ranks as one of the top ten leading causes of death worldwide [1, 2]. The World Health Organisation (WHO) estimated that in 2016 10.4 million people were infected with TB and 1.7 million people died from this disease [1, 2]. The majority of cases and deaths occurred in India, which bears the highest TB burden, followed by Indonesia, China, Philippines, Pakistan, Nigeria, and South Africa [1]. In recent times, Europe has also witnessed a TB resurgence [3] that is partially ascribable to migrants’ fluxes from high-incidence TB regions [4]. In UK alone, 6000 new cases were reported in 2014 and large outbreaks in London contributed to the high TB incidence in this capital city [5]. 

The eradication of TB is particularly problematic in low- and middle-income countries [6] due to the rise of HIV-TB co-infection, and multi-drug (MDR) and extensively-drug (XDR) resistant TB. The treatment of drug-sensitive, pulmonary TB is lengthy and complex, consisting of a combination of isoniazide (INH), rifampin (RIF), pyrazinamide (PZA) and ethambutol (EMB) given daily over a period of 6-9 months. As patients often do not strictly adhere to this drug regimen, Mtb strains can easily acquire resistance, resulting in over 480 000 cases of MDR-TB occurring every year globally [1, 6].
One of the targets set by WHO with its newly adopted Sustainable Development Goals is to end the TB epidemic by 2035 [7, 8]. Therefore, new, cost-effective therapeutic agents with novel mechanisms of action for drug-susceptible and drug-resistant TB need to be discovered and tested in Phase II or Phase III trials. Low commercial interest, poor funding availability and few drug discovery efforts were behind the lack of new medicines to treat TB for over forty years [9]. However, the trend has now changed and two new drugs, bedaquiline [10] and delamanid [11], were approved in 2012 by FDA and 2013 by EMA, respectively. A critical mass, comprised of research and development capacity and funds, is currently being generated by collaborative public–private partnerships led by, amongst others, the Lilly foundation [12], GSK [13] and non-profit organisations, such as the TB Alliance, with the aim to kick-start new models of conducting TB drug discovery campaigns.

Availability of the complete M. tuberculosis genome in 1998 [14] has led to the discovery of crucial biochemical targets and novel hit-compounds continue to be identified through target-based screenings [15]. However, very few hits are progressed as leads in clinical trials and several targets, which were deemed promising, failed to be therapeutically viable options [16]. As a result, there is still a limited number of validated TB targets for anti-tubercular probes [17]. These include, but are not limited to, cell wall biosynthesis enzymes, such as the enoyl-acyl carrier protein reductase InhA (inhbited by isoniazide) [18], and decaprenylphosphoryl-β-D-ribose oxidase Dpre1 (inhibited by benzothiazinones) [19]. The DNA-directed RNA polymerase enzyme (inhibited by RIF) [20] and the b subunit of the respiratory cytochrome bc1 complex QcrB [21] (inhibited by lansoprazole [22] and imidazopyridine Q203 [23]). The trehalose monomycolate membrane transporter MmpL3 [24] (inhibited by EMB-diamine derivative SQ109) [25] and the ATP synthase proton pump (inhibited by bedaquiline) [26]. 
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Mycobacterial DNA, on the other hand, is a target not fully explored in TB drug discovery [27]. In particular, the DNA-minor groove represents a remarkable site of recognition, offering a number of hydrogen bond donor and acceptor moieties that can be attacked by small-molecule anti-infective agents, ultimately leading to transcription factors blockade [28]. During the past three decades, the DNA-minor groove has been the focus of in-depth investigations [29] and, capitalising on the wealth of structural information generated on this target, one can employ DNA sequence-selective programmable molecules [30] to develop novel anti-tubercular drugs. There are, however, apparent drawbacks related to the potential use of DNA-minor groove binding agents against mycobacterial infections. These compounds cannot readily discriminate between host and bacterial nucleic acids and it has been estimated that a ligand should unequivocally recognise 14-16 base pairs in order to target a single gene promoter [31, 32], thus resulting in high molecular-weight compounds with unfavourable physicochemical properties and poor bioavailability. Nevertheless, mycobacterial-DNA selectivity can be obtained by incorporating minor groove binding agents in to drug delivery systems that allow them to selectively kill the tubercle bacilli within infected macrophages, resulting in null toxicity to the host cells. In addition, smaller ligands, such as hairpin pyrrole-imidazole polyamides, which have reduced site specificity (4-6 base pairs) and enhanced cell-permeability, are still capable of recognising a number of DNA motifs and repress gene transcriptions [33, 34, 35]. More importantly, the main strength of DNA-minor groove ligands lies in their intrinsic ability to form close interactions with the groove’s walls and floor and remain undetected by DNA repair enzymes. This factor might overcome drug-resistance issues normally related with front-line anti-tubercular drugs.  

This review focuses on the structural features of the DNA minor-groove and the salient factors affecting its recognition by small-molecules.  The antimicrobial profiles of selected DNA-minor groove binding agents will be discussed and the potential of these remarkable “chemical tools” as promising anti-tubercular probes will be highlighted. 

1.1. DNA minor-groove structure and factors affecting recognition 

DNA is a flexible macromolecule consisting of two right-handed polynucleotide chains running in opposite directions to form a double-stranded helix, giving rise to the major (11.6 Å-wide and 8.5 Å-deep) and minor (6.0 Å-wide and 8.2 Å-deep) grooves (Figure 1) [32]. In the predominant and most stable intracellular form of DNA, B-DNA, each base pair is rotated at an angle of 36° with respect to adjacent pairs, resulting in ten base pairs per helical turn spaced by 3.4 Å [37]. The floors of both grooves are comprised of the edges of consecutive base pairs running along the helical axis, whilst the two sugar phosphate backbones form the walls on either side. The wider major groove is richer in information compared to the minor groove, with the former offering more hydrogen bond donating (HBD) and accepting (HBA) functional groups. Most of DNA-binding regulatory proteins selectively bind into the major groove, although this rule is not obeyed by RNA polymerases and the TATA binding protein (TBP) that utilise the minor groove as a binding site [38].
The floor of the minor groove offers fewer recognition sites for bulky proteins and its narrower size allows for a preferential association with DNA-binding ligands of less than 1000 Da in size. Therefore, synthetic or naturally-occurring small molecules engage more favourably with the usually unoccupied DNA-minor groove, only causing subtle changes in the three-dimensional structure of the DNA helix [39, 40]. 

Figure 1. Structure distamycin (2) bound to a 12-mer DNA-duplex containing a central 5′-AAATAT-3′ region. The major and minor grooves are clearly visible, with distamycin attaining a good fit in the minor channel of the DNA-dodecamer [36].
There are many factors contributing to the molecular recognition in the DNA-minor groove, including the charge, shape, flexibility, chirality and functional groups of the ligands along with their DNA sequence-selectivity [40]. The DNA-minor groove floor, which is a convex surface formed by the base pairs edges, is complemented by the crescent-like shape of minor groove binders. As a result, the site recognition capabilities of these agents can be severely affected if their chirality is altered, with racemates often demonstrating poor binding. 
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Figure 2. A diagram showing hydrogen bonds formed between the Watson-Crick base pairs (dashed lines), potential hydrogen bond donating (HBD) and accepting (HBA) functional groups (circles) at the edges of AT and GC base pairs, and the guanine C2-NH2 group (squared box) protruding into the minor groove. Van der Waals interactions may also take place between the ligand and base protons such as adenine C2-hydrogen atoms (dashed circle).
The stereochemistry and availability of the ligands’ HBD and HBA groups also have an impact on minor groove recognition. Once the molecules are positioned in the minor groove, their HBD and HBA groups determine the correct alignment with specific base pairs. 

DNA-minor groove adenine-thymine (AT)-rich tracts are narrower compared to guanine-cytosine (GC)-rich regions and most of DNA-minor groove binding agents show general AT selectivity. Ligands snugly insert in the tighter AT environment and, since they are positively charged, are further attracted by the negative potential associated with AT-rich regions of the minor groove [31, 32, 41, 42]. Conversely, the negative potential of the major groove is located in GC-containing DNA stretches. Thermodynamic studies revealed that part of the binding energy for the groove binding process is produced by the displacement of water molecules from the minor groove [43]. AT-binding preference can also be influenced by steric factors, including base pairs groups’ stereochemistry and minor groove dimensions. For example, the protrusion of the guanine C2-NH2 groups into the DNA minor groove may cause severe steric hindrance to ligand binding, naturally favouring AT-sites recognition (Figure 2). At the same time, the guanine amino group represents an important minor-groove recognition element that can be targeted by ligands ad hoc designed to bind to this structural feature [40, 44, 45]. 

1.2. DNA-minor groove binding agents: mode of action and antimicrobial activity

DNA-minor groove binding agents can be broadly divided in two main groups according to the type of interactions, i.e., non-covalent or covalent, established with the DNA base pairs [46, 47]. Ligands that bind non-covalently to DNA bases, through reversible electrostatic interactions, such as van der Waals forces, hydrogen bonding and hydrophobic effects, include heterocyclic peptides netropsin and distamycin, diamidines and benzimidazole-containing compounds. On the other hands, ligands such as pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) and duocarmycins bind to the DNA minor groove nucleobases in an irreversible manner via covalent binding. Netropsin [48] (1, net) and distamycin [49, 50, 51] (2, dis), isolated from cultures of Streptomyces netropsis and S. distallicus respectively, were the first agents discovered to selectively bind to the DNA-minor groove (Figure 3). The chemical structures of net and dis consist of N-terminal guanidine (net) or formyl (dis) groups, two (net) or three (dis) N-methylpyrrole carboxamide units and a C-terminal propylamidine tail. These polyamides bear the complementary crescent-shaped geometry and planar molecular structure required to follow the DNA helix curvature. As a result, net and dis tightly insert into the DNA minor groove [52] reversibly binding to four-five AT base pairs and causing minor distortion to the DNA structure. The high binding affinity of these molecules is derived from bifurcated hydrogen bonds between the amidic hydrogens of the N-methyl-pyrrole carboxamide units and N3 of adenines and O2 of thymines in AT stretches [53], thus providing the correct orientation for strong van der Waals interactions with the groove walls (Figure 4). Distamycin (2) exhibits concentration-dependent DNA binding modality, forming either non-covalent 1:1 or 2:1 ligand:DNA complexes. In the 2:1 motif, two molecules of distamycin bind side-by-side in the minor groove in an antiparallel head-to-tail orientation [54]. Conversely, netropsin (1) only forms 1:1 adducts with DNA.  This is probably due to the repulsion of the cationic ends of the molecule. 
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Figure 3. Examples of AT-sequence selective antimicrobial agents that non-covalently bind in to the DNA-minor groove. 
Although possessing remarkable DNA sequence-specificity and exhibiting a wide range of antibiotic activities against bacteria, fungi and viruses [55], 1 and 2 were revealed to be generally inactive as antitumour agents and too toxic for clinical use as antimicrobials. However, their molecular frameworks served as the starting point for the synthesis of reversible DNA-minor groove binding agents with enhanced antibiotic and anticancer activities, and improved DNA sequence-selectivity. Exploiting the antiparallel 2:1 binding mode of pyrrole-imidazole polyamides and their ability to discriminate between AT and GC base pairs, a large number of “lexitropsins”, or information-reading polyamides [39] were synthesised, resulting in molecules with binding affinity equivalent to native DNA-binding control proteins [31, 33, 37]. Lexitropsins emerged as a potential new class of antibiotics able to target bacterial promoters and artificially regulate gene expression. Many research groups and biotech companies produced DNA sequence-selective polyamides for antimicrobial therapeutic intervention. For example, AT-sequence heteroaromatic polyamides 3 and 4 synthesised in early 2000 by Genesoft showed encouraging anti-microbial activity against methicillin-resistant Staphylococcus aureus (MRSA) strains [56, 57], although they did not grant further clinical progression as antibiotics due to their poor pharmacology and toxicology profiles. Pentamidine (5) and berenil (6, diminazene aceturate), which are diamidines that reversibly bind to AT-sequences within the minor groove, have found significant clinical use against human and animal trypanosomiasis, respectively [58, 59]. Pentamidine’s analogue furamidine (7, DB75) was initially studied as an antiprotozoal probe to treat human African trypanosomiasis (HAT) and its N-methoxy prodrug pafuramidine (8) was the first HAT drug to enter clinical trials, although its development was halted due to severe renal toxicity [60]. Further examples of diamidines include bisamidine carbazole dication 9, which was active against opportunistic infections in immune-compromised subjects. Interestingly, this ligand, albeit containing a planar structure typical of DNA intercalators, acts as DNA-minor groove binding agents [61]. Benzimidazole-containing 4′,6′-diamidino-2-phenylindole (10, DAPI) and its derivatives Hoechst 33258 (11) and 33342 (12) are nucleic acids fluorescent stains with high binding affinity for AT-rich sequences spanning three AT base pairs. Since their discovery, these compounds exhibited interesting anti-microbial and anti-trypanosomal activities [62], although they were never been translated into drugs due to their significant side-effects in vivo [63]. 

PBDs have been extensively investigated over the last 40 years, due to their significant antitumour and antimicrobial properties. The first PBD to be isolated from Streptomyces cultures was anthramycin (13) [64, 65], and since then several other naturally-occurring PBDs have been discovered (Figure 5). Multiple synthetic routes were devised to access these remarkable compounds and a wide range of PBD monomeric and dimeric analogues were produced in the past decades, resulting in well-defined structure-activity relationship (SAR) data and extensive knowledge on their physicochemical characteristics [66].  
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Figure 4. Schematic representations of A) the binding of netropsin (1) to a duplex-DNA with bifurcated hydrogen bonds (HBs); and B) the 2:1 complex between distamycin (2) and a duplex-DNA with N-terminal formamido units of each distamycin molecule pointing toward the 5'-end of the contacted strand. Dashed lines indicate HBs between the polyamides NH-amide groups and N3 of adenines and O2 of thymines.
All PBD molecules are comprised of a tricyclic ring system, consisting of fused aromatic (A), diazepine (B) and a pyrrole (C) rings (Figure 5).  The C-ring can either be saturated, endo-unsaturated at C2-C3 position or exo-unsaturated at C2. Ring A can be either aromatic or heteroaromatic and the imine group at C11 can be removed to yield diones. All bioactive naturally occurring and synthetic PBDs possess (S)-stereochemistry at the chiral C11a position, providing the right-handed twist required to snugly fit in the DNA-minor groove [67, 68]. The mechanism by which PBDs interact with DNA involves an irreversible binding to guanine residues in the DNA-minor groove [69]. This results in the formation of a covalent aminal linkage between the C2-amino group of guanines and the C11 of PBDs and further non-covalent interactions with adjacent bases in the DNA minor groove. The PBD unit was demonstrated to bind with the C-ring positioned toward the 5’-end of the alkylated guanine and the A-ring positioned towards 3′-end, favouring a 5′-purine-guanine-purine motif [70].  

Both naturally occurring PBDs, such as porothramycin B (14) and RK-1441A/B isolated from Streptomyces spp. Cultures [71, 72], and PBDs of synthetic origin have been reported to exhibit remarkable antibacterial activity against aerobic and anaerobic Gram-positive, but not Gram-negative, bacteria. MRSA strains were found to be particularly susceptible to the antimicrobial activity of PBD dimers 15 (SJG-136) and 16 (ELB-21) and PBD-biaryl conjugates (i.e., 17, MPB-Im-PBD) [73 – 76]. PBD dimeric molecules are structurally based on tomaymycin (18) units tethered through inert alkyldioxy linkers and form DNA interstrand crosslinks [77], whereas PBD-biaryl conjugates consist of PBD units attached through a 4-hydroxybutyrate linkers to heterocyclic chains containing fused aromatic or heteroaromatic rings. 

Duocarmycins are highly potent antitumor antibiotics also isolated from cultures of Streptomyces spp. These compounds exert their biological effects through alkylation of adenine N3 at the 3′-end of AT-rich sequences in the DNA minor groove [78 – 81]. Recently, less toxic indolecarboxamide duocarmycin analogues, tafuramycin A [82] and centanamycin (19) [83], were synthesised and evaluated for anti-plasmodial activity. Centanamycin was significantly active against blood stage malarial infections, affecting the plasmodium genomic DNA modification [82].
1.3. Anti-tubercular activity of selected DNA-minor groove binding agents

Given their excellent antibacterial and antiparasitic activities, it is anticipated that DNA-minor groove binding agents can be utilised, with adequate improvements, to treat M. tuberculosis infections. As tuberculosis chemotherapeutic options are still scarce, the use of anti-tubercular probes that exclusively bind to mycobacterial DNA and disrupt the transcription factors machinery might represent an attractive therapeutic strategy [84]. Distamycin-related heterocyclic polyamides and PBD derivatives, such as PBD-dimers, PBD-5,11-diones (PBD-diones) and C8-linked PBD-heterocyclic polyamide conjugates (PBD-polyamide conjugates), were reported to have remarkable growth inhibitory activity against several mycobacterial strains (Figure 6). As PBDs’ mode of binding involves selective alkylation of guanine bases within the minor groove, these molecules are clearly predisposed to target the GC-rich mycobacterial DNA. Recently, we have screened a library of PBD-polyamide conjugates against slow-growing pathogenic Mtb H37Rv and Mycobacterium bovis strains, and a panel of Gram-positive and –negative bacteria, including Escherichia coli K12, Pseudomonas putida KT2442 and Rhodococcus sp. RHA1 [85]. 
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Figure 5. DNA-minor groove alkylating agents with reported antibiotic properties. Naturally-occurring, monomeric, dimeric and C8-polyamyde conjugated PBDs (13-18), and duocarmycin-derivative centanamycin (19).

The PBD-conjugates showed a notable degree of selectivity towards the mycobacterial strains and possessed significant anti-tubercular properties. Py-Py-PBD (20) produced MICs of 0.08 and 0.04 µM against Mtb and M. bovis, respectively. Py-Py-Th-PBD (21), which also inhibited the growth of both mycobacterial strains at sub-micromolar level, bound with high affinity, at a concentration of 0.5 µM, to the 5′-AAACGT region of a DNA fragment [86] containing symmetrical hexonucleotide sequences with a broad range AT and GC base pair combinations. Remarkably, PBD-conjugate 21, which was tested against Mtb grown in aerobic and hypoxic conditions in both acidic and pH-neutral media, showed growth inhibitory activity at 5.1 µg/mL against 19-day-old hypoxic non-replicating (NR) Mtb cultures with 1.8 log10 CFU reduction on day 21 at pH 7.3. PBD 21 was particularly effective against 5-day-old aerobic cells at pH 7.3, with CFU reduction (>6.8 log10) on day 21 at 5.1 µg/mL being identical to that of rifampin at 8 µg/ml, thus qualifying this compound as a promising lead against aerobic and NR, dormant Mtb [87]. Further examples of mycobacterial-active PBDs include PBD dimers and PBD-diones, which lack the alkylating N10-C11 imino-group and therefore bind non-covalently into the DNA-minor groove. PBD-dione 22, synthesised through solid-phase combinatorial approaches, effectively arrested in vitro the growth of both Mtb H37Rv and isoniazid-resistant Mtb strains, with MIC values in the range of 1.0 µg/mL [88]. PBD-dimer 16 showed cidal activity against a range of nontuberculous, rapidly growing mycobacteria including Mycobacterium aurum, M. smegmatis, M. fortuitum, M. abscessus, and M. phlei with MICs of 0.5 µg/mL [89]. As part of our ongoing efforts to investigate the recognition properties and biological activity of novel heterocyclic peptides, we have synthesised and evaluated the anti-tubercular activity of a library of polyamides containing biaryl-units placed at the N-terminal of the distamycin structure [36, 90]. The biaryl-motifs were introduced to cause minimum distortion to the DNA helix and meet the requirement of “phasing”, which is the three-dimensional matching between the repeating units of the ligand and corresponding DNA bases [39, 91]. Biaryl-units are also considered privileged structures that might confer antibacterial activity [92] and specific DNA-recognising capabilities (i.e., affinity to DNA G-quadruplex structures) [93] to suitable molecular frameworks. Our experiments showed that dithiophene-containing polyamide 23 inhibited the growth of Mtb H37Rv and M. bovis producing MICs of 5.2 µM and 40 µM, respectively, whereas thiazole-pyrazole-including polyamide 24, albeit showing less efficacy against the H37Rv strain, bound with strong affinity to the 5′-ACATA sequence of a DNA fragment with diverse AT / GC base pair arrangements [36, 86]. One of the latest advances in the deployment of DNA-minor groove binding agents as anti-tubercular probes is represented by the distamycin-derived polyamides designed by Suckling and co-workers [94 – 99]. These compounds bind non-covalently in the groove [100] and are known to display bactericidal activity against a wide range of infectious organisms, such as Gram-positive bacteria, Clostridium difficile, chloroquine-susceptible and -resistant Plasmodium falciparum and Trypanosoma brucei brucei [101]. Recently, H37Rv-active heterocyclic polyamides were encapsulated in non-ionic surfactant vesicles to improve the delivery of the compounds in Mtb-infected macrophages. Vesicle-bound polyamides 24 and 25 exhibited notable intracellular Mtb growth inhibitory efficacy, with MIC50 values in the region of 4 µM, and minimum macrophage cytotoxicity [102].
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Figure 6. Covalent and non-covalent DNA-minor groove binding agents with reported anti-tubercular activity.
CONCLUSION


DNA-minor groove represents an attractive and well-characterised intracellular target that is presently underexploited in tuberculosis drug discovery. Small-molecule ligands endowed with antimycobacterial activity and DNA sequence-selectivity might effectively be employed to recognise functional groups offered by the DNA-minor groove and exert bactericidal effects in a unique manner different from existing TB drugs. This could be a successful strategy in fighting tuberculosis, as directing efforts at mycobacterial targets not currently used might overcome TB drug resistance. Ligands snugly inserted in to DNA-minor groove escape repair surveillance mechanisms of enzymes that sense DNA-duplex helix distortions, causing DNA replication blockade and bacterial cell death. DNA-minor groove agents can be programmed to bind with high affinity to predetermined DNA regions and have crucial prerequisites required by anti-tuberculosis drugs, including the ability to penetrate the M. tuberculosis thick cell envelope, evade potential efflux pump activity and metabolic inactivation, reach the target and elicit whole-cell growth inhibitory activity. Indeed, it is not infrequent that active-hits emerged from target-based screening as potent M. tuberculosis enzymes’ inhibitors were lately found to lack whole-cell growth inhibitory activity, due, for instance, to the inability to permeate the tubercle bacillus membrane barrier. Furthermore, drug-delivery systems specifically designed to decrease promiscuous host/bacterial DNA interactions might enable DNA-minor groove binding agents to attain therapeutic selectivity by only targeting the tubercle bacilli with no toxicity to the cellular hosts. 

The significance of DNA-minor groove binding agents in anti-infective therapy is growing and these well-established chemical tools, which have long been studied to “read” DNA sequences and modulate transcription factors activity, can be effectively applied to develop new DNA-targeted TB drugs.
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