G-Quadruplexes: Emerging Targets for the Structure-Based Design of Potential Anti-Cancer and Antiviral Therapies
Petar M. Mitrasinovic*
Center for Biophysical and Chemical Research, Belgrade Institute of Science and Technology, 11060 Belgrade, Serbia
*Correspondence: pmitrasinovic.ist-belgrade.edu.rs@tech-center.com
Abstract: G-quadruplexes (G4s) are noncanonical secondary structures that fold within guanine (G) rich strands of regulatory genomic regions. Recent evidence suggests their intimate involvement in important biological processes such as telomere maintenance, end-capping and protection, chromosome stability, gene expression, viral integration, and recombination. Mechanistic details of how and why G4 structures influence biological function indicate a rationale for treating G4s as emerging molecular targets for future therapeutics. In other words, the structural heterogeneity with well-defined binding sites, thermal stability and abundance of G4s in telomeres, oncogene promoter regions, and viral genomes make G4s attractive targets for small molecules, aimed to selectively recognize them over all other nucleic acids structures, particularly duplex forms that are most abundant in the genome. Herein, a critical survey of well-characterized G4-interactive ligands as potential tools in anti-cancer and antiviral therapies is presented. Effects that these ligands selectively exert in vitro and in vivo models are summarized. Unique ligands involved in specific G4 recognition are put forward. A key question, how to design and develop new G4 specific ligands that conform to the structural and physicochemical requirements for optimal biological activity, is discussed by considering both remarkable advances over the last few years and our recent contributions.
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1. Introduction
Even though nucleic acids structures are usually imagined as a double-helical DNA that is most abundant in the genome and plays a crucial role in genetic information storage,1 only 3% of the human genome is expressed in proteins.2 Nucleic acids are essentially dynamic structures that influence important biological functions.3-5 Besides folding into canonical duplex structures, single-stranded DNA may form various noncanonical structures, such as hairpin, triplex, G-quadruplex (or G-tetraplex), and i-motif structures. G-tetrad (or G-quartet) structure, defined by four Hoogsteen G-G base pairs (Figure 1a), was firstly noticed in 19106 and identified about fifty years later.7 G4s fold within G-rich tracts and consist of two or more stacked G-tetrads, being selectively stabilized by centrally coordinated potassium ions to O6 of the guanines at concentrations (10–50 mM) that are substantially below the 120 mM of KCl observed in most cells types.8-11 Stabilizing preference for monovalent cations follows the order K+ > Na+ > Li+.12 The intracellular monovalent cation concentration and the localized ion concentrations determine the formation of G4s and can potentially dictate their regulatory roles.13,14 G4s can be assembled in an intramolecular (backfolded) way or from two-, three-, or four DNA strands in intermolecular structures (Figure 1b) able to adopt a large diversity of conformations and folding energies.8 Most intramolecular G4 structures that are deposited in the public domain have been generated by nuclear magnetic resonance spectroscopy in solution.1,15 G4s are more compact structures than duplex DNAs and contain well-defined binding sites for selective recognition by small molecules.
The thermodynamic stabilities of G4s that can be comparable to those of the corresponding duplex structures do not indicate that the presence and function of G4s in vivo are quite clear.8 While consensus sequence for G4 folding has not been experimentally established, approximately 370,000 G-rich sequences that contain putative G4-forming motif (PQS) are present in the human genome,8,16,17 dispersed throughout regulatory genomic regions (human telomeres, oncogene promoter regions, immunoglobulin switch regions, ribosomal DNA)18-21 and some regions of RNA.22,23 Because of the self-complementary nature of duplex DNA, approximately the same number of cytosine (C)-rich motifs is present in the human genome and capable of folding into i-motif tetraplexes under slightly acidic conditions (pH=6).8,16,17 The biological relevance of i-motif DNA in vivo is mainly unknown, but the possibility of having i-motfs formed under physiological conditions due to molecular binding and/or crowding interactions has been highlighted.8,24,25 When G-C rich sequences exist as a mixture of G4/i-motif and canonical duplex DNA in vitro, the structural equilibrium (Figure 1c) can be affected in different ways, using DNA binding proteins,26 small-molecule binding,27-29 negative supercoiling,29-33 changes in pH and temperature,34 and molecular crowding24 respectively. Thus, cell-permeable and selective ligands may be viewed as potential tools for exploring the biological relevance and/or controlling the function(s) of one or more of these structures.8
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Figure 1. (a) G-tetrad structure. (b) Various G4 folding topologies. (c) One of several ways24,26-34 to affect the structural equilibrium between duplex and G4/i-motif is by small-molecule binding.8,27-29

It is widely accepted that predicting or controlling quadruplex folding is a mainly intractable problem.35 G-rich DNA sequences are often intrinsically polymorphic in vitro and sensitive to pH variations, cation concentrations, or crowding conditions. An interest in the resolution of this issue is dictated by potential implementation of targeted design of quadruplexes in material, biotechnological, and therapeutic applications.35-37 Methodological advances at a much higher resolution and throughput in the identification and characterization of G4s in vivo as well as in vitro have well expanded the knowledge of G4 structure and function.38 Recent evidence has suggested involvement of G4s in key genome functions such as transcription, replication, genome stability, and epigenetic regulation, with many links to cancer biology.39,40 As far as folding topology (Figure 1b) is concerned, intramolecular G4 structures have been suggested to implicate in the regulation of gene expression and chromosome stability, while intermolecular G4s have been primarily seen as intermediates or precursors of recombination and/or viral integration.8 The mechanistic insights into G4 biology and protein interaction partners38,39 have helped to design and develop an arsenal of molecular and chemical tools for biomedical applications,38 with highlighting new opportunities for drug discovery.41
Given the vast number of predicted, either intramolecular or intermolecular, DNA/RNA quadruplex structures are currently available to the research community in the public domain, a growing number of small molecules are being designed, synthesized, and identified to target G4s, with a hope to achieve desired biological effects through receptor stabilization.42-46 Ligands with specificity toward certain G4s relative to others are useful for exploring the features and functions of individual G4s in the genome.44 Knowing that some small molecules directly bind to G4 and some others interfere with the binding between G4 structure and related binding proteins, tells that the insights into interaction with nucleic acids and into nucleic acid-protein interaction are very important.47 Most G4 studies consider only intramolecular G4 folding, but the potential prevalence of intermolecular DNA–RNA G4s in humans has been found by bioinformatics searches,48 indicating an urgent need for innovative research in order to be able to detect and characterize intermolecular G4 motifs in vivo.38 In other words, great experimental effort and robust analysis platforms are needed to reveal their structural conformational exchange with intramolecular G4s or other structural motifs, and their potential functions in cells,38 such as in transcription.48 A wide variety of experimental and computational methods are used to study biomolecular interactions. Experimental techniques include isothermal titration calorimetry (ITC), electrospray ionization-mass spectrometry (ESI-MS), X-ray crystallography, nuclear magnetic resonance (NMR), circular dichroism (CD), ultraviolet (UV) and fluorescence spectroscopies.49-55 Relevant computational approaches comprise virtual screening (VS), molecular docking, molecular mechanics (MM), molecular dynamics (MD), statistical thermodynamics, and bioinformatics.56-59 Taking into account that various conformations in static structures may be due to differences in experimental conditions or procedures, the applications of MD simulations have become particularly attractive,60-64 enabling to correlate substantial G4 domain motions and binding site rearrangements with complex formation.65-68
The structural heterogeneity, thermal stability and abundance of G4s in telomeres, oncogene promoter regions, and viral genome make them appealing targets for future therapeutics. In this paper, an up-to-date survey of well-characterized G4s and G4-preferred ligands as potential targets and tools in anti-cancer and antiviral therapies is given. Effects that these ligands selectively exert in vitro and in vivo models without appreciably affecting normal cells are summarized. Unique ligands involved in specific G4 recognition through different modes of noncovalent interaction (Figure 2a) are put forward. Future perspective in conjunction with a daunting challenge - how to design small molecules that can bind selectively to each of the many possible G4 structures is, to some extent, addressed too.
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Figure 2. (a) Different modes of noncovalent interaction between small molecules and G4. (b) Regulation of gene expression and/or inhibition of telomerase activity by G4 stabilization upon ligand binding.8 (c) Well-characterized G4 ligand structures having fused aromatic rings that are capable of stacking with the terminal G-tetrad.
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Figure 3. Gene promoters (Ps) with G4 folds.43 c-Myc has one putative G4-forming sequence (PQS) and one nuclease hypersensitive element (NHE III1). VEGF has one PQS that is close to the transcription start site (TSS) and one hormone response element (HRE) for regulating the transcription (SP1 - specific protein). BCL2 has two G4-forming elements that attenuate the BCL2 promoter activity. c-Kit has two PQSs that interact with transcription factors (MAZ, SP1). hTERT has a few PQSs, where the presence of two tandemly positioned G4s is proposed. KRAS has three PQSs, of which PQS1 acts as a stronger transcriptional suppressor. c-Myb has several PQSs (MZF1 – protein).

2. G4-Preferred Ligands: Potential Tools in Anti-Cancer Therapy
The visualization of G4s by immunofluorescence has been enabled by the development of specific antibodies with extremely high affinity to G4s, and has shown the presence of G4s not only in human single-stranded telomeres, but also in duplex regions.44 G4-forming sequences are observed in the promoter regions of cancer-related genes such as c-Myc,69-72 VEGF,73 BCL2,74 c-Kit,75 hTERT,76 KRAS,77,78 and c-Myb79 (Figure 3).
The ends of linear chromosomes are protected by telomeres from unwanted DNA processing events that influence genome stability. Human telomeric DNA consists of 5–30 kb tandem repeats of (TTAGGG)n, which end up by a single-stranded, from-35-to-600 bases long 3′ overhang.1,80-82 Telomere binding proteins protect G-rich telomere repeat sequences that are prone to fold into G4 structures. Small energy differences between telomeric G4 structures have been generally observed.83,84 An intrinsic polymorphism of telomere DNA is particularly reflected through the sequence of TTA loop.85 The highly conserved telomeric sequence in higher eukaryotes means that potential formations of multiple G4s may be implicated in specific recognition of different structures by different proteins with the aim to control biology.1 In the majority of human cancers cells as highly proliferative cells, telomeres are maintained by telomerase. Telomerase and its telomere substrates are potential targets for developing novel anti-cancer drugs (Figure 2b). The discovery of the naturally occurring macrocyclic compound Telomestatin (Figure 2c) with telomerase-inhibiting activity due to binding to telomeric G4 structures indicated the existence of G4s in vivo.44 Telomere function, besides the inhibition of telomerase, might be influenced by targeting telomeric G4-DNA. The importance of telomere structure and its position during telomerase function, as well as its associated binding proteins has been experimentally dissected.20 Many proteins that bind to double-stranded and/or single-stranded regions of the telomeric DNA make a nucleoprotein complex that maintains the structural integrity of telomeres in vivo. The effect of telomere destabilization due to small-molecule binding to DNA and consequent displacement of proteins from the complex is known as possible genotoxicity, being in relation to many G4 ligands. How this effect might be cancer-specific is unclear.8
Contrary to the formation of telomeric G4s in the single-stranded 3′ overhang of telomeres, promoter G4s fold in the regions of double-stranded DNA. G4 formation in promoter regions is related to genes that are responsible for cell growth and proliferation (Figure 3). The clustering of putative G4-forming sequences (PQSs) is within 1 kb upstream of the transcriptional start site (TSS). The oncogene promoters are typically TATA-less with G-rich regions in vicinal promoters. Unlike telomeric DNA, the PQSs are substantially more diverse and frequently have more than four G-tracts. A sequence is capable of forming multiple G4s through a wide variety of combinations of G-tracts or different loop isomers. The presence of the G3NG3 motif is a conspicuous feature that might have been naturally selected as a basis for G4 formation. Since the determination of c-Myc G4, parallel G4 folds have been commonly detected; most of them contain three G-tetrads and three loops (the first and the third are 1 nucleotide long, the middle loop is of variable length). In other words, each parallel G4 structure is likely to adopt unique capping and loop structures by way of its specific variable middle loop and flanking segments. The propensity of promoter sequences to form multiple and stable G4s at equilibrium is quite intriguing. For example, in the overlapping region of BCL2, the presence of two distinct conformationally interchangeable G4s suggests a mechanism for the regulation of gene transcription through specific recognition of different G4 structures by different proteins.1 Many proteins with binding affinity to G4s have been identified.86 Gene modulation may also be influenced using different small molecules to recognize two distinct G4s. Thus, the targeting of G4s by small molecules, aimed to disrupt the interactions between G4s and their binding proteins, emerges as a potential anti-cancer strategy.61
The different modes of noncovalent G4-ligand interaction include external stacking, intercalation, and groove/loop binding (Figure 2a). Experimental87,88 and computational61 reports have identified the π-π stacking of ligand at the end of G4 as the most stable mode. Groove/loop has also been suggested to be a viable binding site of particular importance for blocking the interaction between G4 and its binding proteins in aqueous solution. The structural design of optimal groove/loop binders is a challenge, as this interaction is nonspecific due to its dependence on the particular topology of groove/loop (the particular arrangement of groove/loop residues).61
There are two distinct mechanisms to inhibit cancer growth through the selective stabilization of G4s by ligand molecules (Figure 2b). The first refers to the inhibition of the over-expression of oncogenes by promoter deactivation,8,89 while the second refers to the inhibition of telomerase, a ribonucleoprotein complex that catalyzes the 3’ extension of telomeric DNA.8,90-95 The second mechanism has been more extensively studied.8
Well-characterized G4-interactive ligands, BRACO-19, CX-3543 (Quarfloxin), TMPyP4, and Telomestatin that have negligible binding affinities to duplex DNAs44 are given in Figure 2c. The chemical structure of BRACO-19 is composed of fused aromatic rings that are capable of stacking with the terminal G-tetrad and of three side chains that branch out of its heteroaromatic core. Many similar ligands (like CX-3543) have one or more cationic side chains that are inclined to interact with G4 grooves/loops. An early idea that an optimal G4-preferred ligand structure contains large, planar, symmetric and cyclic rings, such as those of TMPyP4 and Telomestatin (Figure 2c) in order to maximize stacking interactions with the external G-tetrad has been closely associated with the low specificity for intramolecular G4s.1 BRACO-19 is one of the most studied G4 ligands so far. The studies of BRACO-19 have greatly contributed to the treatment of telomeric G4s as potential therapeutic targets. BRACO-19 has shown high anti-cancer activities in vivo, such as in a UXF1138L uterus carcinoma xenograft and in a DU-145 prostate cancer xenograft. Despite all these favorable functional features, the lack of membrane permeability and small therapeutic window have been identified as the major limitations of BRACO-19, which must be resolved before any attempt to develop an effective clinical agent.42 Quarfloxin was the first-in-class ligand with considerable therapeutic window that had completed Phase II trials as a drug candidate, well tolerated in patients against neuroendocrine tumors, carcinoid tumors, and lymphoma. Quarfloxin targets a G4 from the c-Myc promoter region to disrupt the G4-nucleolin complexes, and its G4-binding was reported as inhibiting RNA biogenesis. The Phase III of human cancer clinical trials is not currently proceeding due to high albumin binding.43
G4s and G4-interactive ligands as potential targets and tools in anti-cancer therapy are given in Table 1. In general, small molecule-mediated stabilization of the G4 structure(s) effectively inhibits telomerase activity or oncogene over-expression, and when applied to cells, most G4 ligands initiate antiproliferative effect (apoptosis) and/or replicative senescence.8 Ni-P, Quercetin, TH3, IZCZ-3, Benzofuran derivative, and Furopyridazinone derivative cause negligible cytotoxicity to normal somatic cells in vivo, respectively. By avoiding many of the problems underlying the therapeutic use of oligonucleotides, the G-rich VEGFq oligonucleotide has contributed to a novel approach to specific inhibition of gene expression in vivo, which can be applied to the wide array of genes whose promoters contain quadruplex-forming sequences.96
The chemical structure of each ligand, underlined with its respective target topology is displayed in Figure 4. Among these fifteen ligands, eleven prefer parallel, three prefer hybrid, and one prefers dimeric G4 binding. It is known that the induction of a quadruplex or change of a quadruplex conformation upon binding may be one of the most powerful methods to exert a desired biological effect.51 If any of these ligands (Figure 4) selectively binds to the different forms of G4s (e.g. antiparallel and parallel/hybrid), that particular ligand is expected to easily regulate the from-antiparallel-to-parallel/hybrid conformational switch by surpassing the energy barrier between two structures in Na+ or K+ solution. Successful methodologies for the development of ligands for specific G-quadruplex recognition have been extensively reviewed, with a conclusion that specific targeting of G4s by small molecules is and will be a promising strategy in order to study the function of targets inside a living cell without influencing their intact states.44
Table 1. G4 ligands with anti-cancer activities. Updated data previously reported.43
	Target
	G4 topology
	Cell Line
	Cancer Type
	LigandRef.
	Effect

	telomere
	hybrid
	MDA-MB-231
	breast cancer

(adenocarcinoma)
	Ni-P105,106
	Cancer stem cell-specific apoptosis, bulk cancer-specific apoptosis and senescence, negligible cytotoxicity to normal somatic cells

	
	
	MCF-7
	breast cancer

(adenocarcinoma)
	
	

	telomere
	dimeric G4s
	SiHa
	squamous cell

carcinoma
	IZNP1107
	Apoptosis, senescence

	telomere
	parallel
	A549
	lung adenocarcinoma
	MM4197
CM0397
	Antiproliferative activity (apoptosis), BCL2 and KRAS as secondary targets

	
	
	MCF-7
	breast cancer (adenocarcinoma)
	
	

	
	
	MIA PaCa-2 PANC-1
	pancreatic ductal adenocarcinoma
	
	

	c-Myc
	parallel
	HeLa
	cervical cancer
	Quercetin108
	Apoptosis, mild cytotoxicity to normal cell line

	c-Myc
	parallel
	A549
	lung cancer
	TH3109
	Antiproliferative effect (apoptosis), negligible cytotoxicity to normal somatic cells

	
	
	HeLa
	cervical cancer
	
	

	c-Myc
	parallel
	SiHa
	squamous cell

carcinoma
	IZCZ-3110
	Antiproliferative effect (apoptosis), negligible cytotoxicity to normal somatic cells

	
	
	HeLa
	cervical cancer
	
	

	
	
	Huh7
	liver cancer
	
	

	
	
	A375
	malignant melaoma
	
	

	c-Myc
	parallel
	L363, MM1S, MM1R etc.
	myeloma
	Benzofuran

derivative111
	Antiproliferative effect (apoptosis), negligible cytotoxicity to normal cells

	c-Myc
	parallel
	HCT116
	colorectal

carcinoma
	Tz 1112
	Apoptosis

	VEGF
	parallel
	A549
	lung cancer
	VEGFq96
	Autophagic apoptosis

	BCL2
	hybrid
	Jurkat
	human acute T cell leukemia
	Furopyridazinone

derivative113
	Antiproliferative effect (apoptosis), negligible cytotoxicity to normal cells

	c-Kit
	parallel
	MCF-7
	breast adenocarcinoma
	AQ1114
	Antiproliferative effect (apoptosis)

	
	
	HGC-27
	gastric carcinoma
	
	

	hTERT
	hybrid with stem loop
	MCF7
	breast adenocarcinoma
	GTC365115
	Apoptosis, senescence

	KRAS
	parallel
	HCT16 SW620
	colorectal

carcinoma
	Indoloquinoline derivatives116
	Apoptosis

	c-Myb
	parallel
	MCF7
	breast adenocarcinoma
	Topotecan117
	Repressed expression, specificity issue
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Figure 4. Chemical structures of G4 ligands (with denoted target topologies) that exhibit anti-cancer activities (Table 1).
The way of intellectual thinking in which CM03 (Figure 4) was designed to target multiple effector pathways in pancreatic ductal adenocarcinoma (PDAC) deserves more attention.97 The co-crystal structure of MM41 (Figure 4) with an intramolecular human telomeric parallel G4 has been the starting point for CM03 design. Even though the nature and structures of target G4s are unknown, NMR and crystal structures illustrate that some features are common to all G4s, particularly a core of stacked G-tetrads with small-molecule binding at the end of the core. The chromophore of MM41 has been somewhat asymmetrically stacked to the terminal G-tetrad. Indeed, one of the four substituent chains has not been positioned as the other three side chains with respect to G4 due to its orientation away from the G4 surface. The particular side chain has not been capable of making effective contacts with a G4 groove, so that its contribution to overall binding has been minimal. Relative to MM41, an optimal compound has been hypothesized to contain three substituents and bind with similar affinity, as well as have the advantage of lower molecular weight and reduced overall cationic charge. Thus, MM41 has been a suboptimal drug candidate due to its higher molecular weight and four positive charges, while CM03 has been an improved rationally designed derivative of MM41 and a novel lead candidate compound for potential therapy against human PDAC. Any particular promoter G4s have not been assumed as targets initially. Global genome transcriptome profiling has been employed to determine which genes are affected by a rationally designed G4-interactive small molecule. Consequently, potential targets at the whole genome level in two pancreatic cancer cell lines have been determined. CM03 has been identified as a highly selective and potent G4-binding small molecule, with in vitro cell assays and in vivo models for human PDAC.97
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Figure 5. External stacking of BRACO-19, TMPyP4 and CX-3543 to apo (ligand-free) G4 from the c-Myc promoter in the stable regime of molecular dynamics (MD) simulation. In a representative set of structurally diversified ligands, these three molecules were established to have the highest affinity for G4. Only BRACO-19 was shown to be a thermodynamically favorable binder by increasing the conformational flexibility of G4 in the asymptotic (t→∞) regime of MD simulation.68
The dynamics of noncovalent interaction between a structurally representative set of small molecules (BRACO-19, TMPyP4, CX-3543, 10074-G5, Telomestatin,  Tetrahydropalmatine, Sanguinarine, Hoechst 33258, Benzophenanthridine derivative, Nitidine Chloride, Piperine, 12459, Quercetin, Quindoline, Berberine, and Flavopiridol) and a G-quadruplex formed in the c-Myc oncogene promoter region  was recently explored in a systematic fashion from a rigorous biophysical point of view.68 In fact, the thermodynamic consequences of apo (ligand-free) G4 conformational flexibility change upon ligand binding have been investigated in the asymptotic regime (t→∞) of MD simulation, obtained by extrapolating the stable regime to infinitely long MD simulation. BRACO-19, TMPyP4 and  CX-3543 have shown the highest affinity to the G4 by stacking to the bottom G-quartet of G4 (Figure 5). However, only BRACO-19 has been found to be a thermodynamically preferable binder by increasing the conformational flexibility of G4 (Figure 5), with a somewhat larger (by about 3 kcal mol-1) contribution to the additional flexibility of G4 from the sugar-phosphate backbone than from the complete system of nucleobases. In addition, Tetrahydropalmatine, Sanguinarine and Hoechst 33258 have exhibited the highest affinity to the target by groove binding (Figure 6). However, only Tetrahydropalmatine has been found to be a thermodynamically favorable binder by increasing the conformational flexibility of G4 (Figure 6), mainly through the complete system of nucleobases. Therefore, two distinct mechanisms by way of which small molecules interact with G4 are associated with increased conformational flexibility and increased conformational rigidity of apo G4 upon ligand binding respectively.68
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Figure 6. Groove binding of Tetrahydropalmatine, Sanguinarine and Hoechst 33258 to apo (ligand-free) G4 from the c-Myc promoter in the stable regime of molecular dynamics (MD) simulation. In a representative set of structurally diversified ligands, these three molecules were established to have the highest affinity for G4. Only Tetrahydropalmatine was shown to be a thermodynamically favorable binder by increasing the conformational flexibility of G4 in the asymptotic (t→∞) regime of MD simulation.68
Even though pure quartet-binding mode is more stable than groove/loop binding mode, groove/loop is a viable binding site that is of interest for the structure-based drug design. Grooves/loops with distinct environments help in tuning ligand specificity among many types of G4s without affecting binding affinity.44 Thus, multiple binding modes, which include external stacking and/or intercalation and/or groove/loop binding of two or more ligands simultaneously, have attracted certain attention.61 This type of binding is less stable than external stacking, likely due to the ability of groove/loop-binding ligand to induce loop rearrangement and destabilize overall binding by displacing the interaction of the side chains of G-quartet-binding ligand with the grooves/loops of G4. There are indications that a combined - G-quartet and groove binding of ligands enhances G4 conformational rigidity, reflected through the decreased conformational flexibility of both G-quartets and the backbone.61 For rationalizing this aspect in the case of G4 from the c-Myc promoter region, a relevant structural basis was proposed to include two unique - thermodynamically preferred small molecules: the external stacking of BRACO-19 and the groove binding of Tetrahydropalmatine simultaneously.68
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Figure 7. Proposal of lead candidate structure to interact with the c-Myc promoter G4 through external stacking and groove binding simultaneously. This proposal was based on HTVS experiments employing the key pharmacophore features of BRACO-19 for the search of the KEGG databases.98
Binding sites defined by the surface features of the groove/loop regions can be used to stimulate selective binding interactions, even between closely related G4 structures.8 Subtle variations of G4 topologies, groove widths, and loop sequences are associated with a highly dynamic nature of G4 structures, which have propensity to lose conformational entropy upon ligand binding.99 This factor in determining specificity is important in order to distinguish G4s with lower ligand affinities that exist as a dynamic mixture of conformations in the unbound state (human telomere) from G4s that adopt a single conformation.8 A small molecule, with binding affinity to increase the conformational entropy of G4 by stacking at the end of G4 from an oncogene promoter region, can be hypothesized as a unique, specific pharmacophore for the identification of new lead candidates by high-throughput virtual screening (HTVS).68,98 A lead candidate compound (Figure 7), with ability to recognize the c-Myc promoter G4 through external stacking and groove binding at the same time, was designed by HTVS experiments in combination with analog design.98 The key pharmacophore features of BRACO-19 had been used for the search of the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases in order to generate hit-to-lead candidates. Two crucial features rationalize the visible G4-stabilizing advantages of the concomitant external stacking and groove binding of the lead candidate over the external stacking of BRACO-19. The first is a flexible aromatic core of the lead candidate relative to a rigid one of BRACO-19. The second is a more polar surface of the lead candidate (by about 51 Å2) than that of BRACO-19. The conformational flexibility of small molecules is generally more preferable compared to their locking in a presumed bioactive G4 conformation.98 Structure-based virtual screening and cell-based screening approaches, as well as biophysical and/or biological assays define an acceptable framework for the determination of completely new types of bioactive G4-interactive ligands.44,100
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Figure 8. G4s that are identified in viral genomes (G4 = ●). Updated data previously reported.46
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Figure 9. Chemical structures of ligands that prefer G4s in viral genomes.
3. G4-Preferred Ligands: Potential Tools in Antiviral Therapy

The presence of G4s in viruses has attracted more attention during the last few years. The viruses include those involved in recent epidemics, such as the Zika and Ebola viruses. Putative G4-forming sequences are usually located in regulatory regions of the viral genome and implicated in key viral processes, and have been involved in viral latency too. G4 ligands are tools that have been developed and tested in order to study the complexity of G4-mediated mechanisms in the viral life cycle. They have been also viewed as potential therapeutic agents.46 G4s and their locations in viral genomes, as well as G4 ligands that display antiviral effect are summarized in Figure 8. The chemical structures of the ligands are shown in Figure 9. Promising antiviral activity of G4 ligands has been generally related to G4-mediated mechanisms of action both at the genome level and at transcriptional level.46 G4-forming oligonucleotides as antiviral agents have been reviewed in great detail,101,102 so that they have not been considered in the present review article.
Experimental research based on ESI-MS, CD spectrometry, and DMS footprinting indicated the formation of a G4 within a G-rich sequence that is located between –76 and –57 bp in the HIV-1 promoter.103 The CD melting experiment also showed that, among eight natural small molecules (Nitidine Chloride – NC, Benzophenanthridine derivative – BPD, Jatrorrhizine, Tetrahydropalmatine, Toddalolactone, Coptisine, Piperine, and Astragalin), NC and BPD have the highest and nearly equal affinity to the HIV-1 promoter G4.103 The binding modes of NC and BPD were elaborated using sophisticated computational methods,66 demonstrating that NC is a thermodynamically unfavorable binder by increasing the conformational rigidity of apo G4, and that BPD is a thermodynamically favorable binder by increasing the conformational flexibility of apo G4 in the asymptotic (t→∞) regime of MD simulation (Figure 10).
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Figure 10. Among eight natural small molecules, NC and BPD were shown to have the most pronounced (and mutually comparable) affinity for G4 from the HIV-1 promoter.103 NC is a thermodynamically unfavorable binder by increasing the conformational rigidity of apo G4, while BPD is a thermodynamically favorable binder by increasing the conformational flexibility of apo G4 in the asymptotic (t→∞) regime of MD simulation.66
In addition to HTVS methods or structure-based design with ahead-presumed features, fragment-based drug discovery (FBDD) may be a valuable approach to the generation of new pharmacophores that specifically recognize G4 structures. This approach is based on the generation of molecular fragment small libraries screened against the receptor in order to further synthetically elaborate them into lead compounds. For example, one of the heterocyclic molecules (Figure 11) was shown to specifically recognize G4 from the HIV-1 long terminal repeat (LTR) promoter region and to represent a potential pharmacophore for the development of novel ligands with unexpected chemical features.104 Size and poor pharmacokinetics are main obstacles in the development of G4-interactive ligands. FBDD can be a relevant approach to the development of compounds that have smaller size and more drug-like properties.
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Figure 11. One of the heterocyclic molecules was shown to prefer G4 from the HIV-1 LTR promoter region and to represent a potential pharmacophore for the development of novel ligands with unexpected chemical features. These compounds were developed using a FBDD approach.104
4. Conclusions and Future Perspective

G-quadruplexes are naturally forming structures under physiological conditions, stabilized by monovalent cations present in cells. Over two hundreds quadruplex structures, either intramolecular or intermolecular, are currently deposited in the public domain such as the Protein Data Bank. Most G4 studies consider only intramolecular G4 folding. However, the potential prevalence of intermolecular DNA/RNA G4s in humans has been indicated by bioinformatics searches. It means that innovative research is urgently needed with the aim to detect and characterize intermolecular G4 motifs in vivo, that is, their structural conformational exchange with intramolecular G4s or other structural motifs, and their potential functions in cells.38 The structural diversity, thermal stability and abundance of G4s in telomeres, oncogene promoter regions, and viral genome make them attractive targets for potential anti-cancer and antiviral therapies.
Although the nature and structures of target G4s are unknown, NMR and crystal structures show that some features are common to all G4s; e.g. a core of stacked G-tetrads with small-molecule binding at one of the ends of the core. Such an additional feature has been recently revealed by molecular dynamics simulations,66,68 as distinct conformations in static structures may be due to differences in experimental conditions or procedures. The thermodynamic consequences of apo (ligand-free) G4 conformational flexibility change upon complex formation have been observed in the asymptotic regime (t→∞) of MD simulation. Two dissected mechanisms of G4-small molecule interaction are associated with increased conformational flexibility and increased conformational rigidity of apo target upon ligand binding, thereby being thermodynamically favorable and unfavorable respectively. A small molecule with binding affinity to increase the conformational flexibility of G4 through π-π stacking at the end of G4 can be conceivable as a unique, specific pharmacophore for designing novel lead candidate compounds by high-throughput virtual screening.66,68 Virtual screening has been demonstrated to be effective in reducing the initial number of potential candidates.44 A lead candidate structure was, in this way, designed to target a G4 from the c-Myc promoter region through external stacking and groove binding simultaneously.98 This approach would have useful implications for overcoming the challenge of designing specific groove/loop binders – the interaction mode depends on the particular arrangement of residues. The use of grooves/loops offers distinct environments aimed to gain specificity among many types of G4s without influencing binding affinity.44
In contrast to HTVS methods or structure-based design with pre-set features, fragment-based drug discovery, which is based on the generation of molecular fragment small libraries screened against the receptor to further synthetically convert them into lead compounds, may be a valuable approach to the generation of new pharmacophores that specifically recognize G4 nucleic acid structures. The size and poor pharmacokinetic properties of G4-interactive ligands are main glitches in their development. By adding up fragments to singly recognize the target, FBDD can be seen as a relevant approach to the development of compounds that have smaller size and more drug-like properties.104
Structure-based virtual screening and cell-based screening approaches would be currently regarded as an appropriately defined framework for identifying totally new types of bioactive G4-interactive ligands.44,104 Specific targeting of G4s by small molecules is and will be a promising tool for studying the behavior of targets inside a living cell without influencing their intact states.44
Particular promoter G4s should not be assumed as prior targets, indicating that single G4 promoter targeting strategy is not quite a suitable approach. In fact, the knowledge of potential targets at the whole genome level is needed. Global genome transcriptome profiling can be exploited for the determination of which genes are affected by a rationally designed G4-interactive small molecule. As a consequence, the selectivity and potency of a new G4-preferred compound can be evaluated using in vitro cell assays and in vivo models. A relevant example is the successful design, synthesis and identification of CM03 as a novel lead candidate for potential therapy against human pancreatic cancer.97
This review article is imagined to inspire ongoing efforts of modern chemists and pharmacists to target G4 structures.
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