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Tailoring the Properties of Quadruplex 

Nucleobases for Biological and Nanomaterials 

Applications
† 

Jan Novotný,a,b Yevgen P. Yurenko,a Petr Kulhánek,a,b Radek Marek a,b,c*  

Guanine DNA quadruplexes are interesting and important biological objects because they represent 

potential targets for regulatory drugs. Their use as building blocks for biomaterial applications is also 

being investigated. This contribution reports the in silico design of artificial building blocks derived from 

xanthine. Methods of quantum chemistry were used to evaluate the properties of xanthine structures 

relative to those containing guanine, the natural reference used. Tailoring the xanthine core showed 

that the base stacking and the ion coordination were significantly enhanced in the designed systems, 

while the ion-transport properties were not affected. Our study suggests that the 9-deaza-8-

haloxanthine bases (where the halogen is fluorine or chlorine) is highly promising candidate for the 

development of artificial quadruplexes and quadruplex-active ligands. 

Introduction 

The G-quadruplexes, guanine-rich repetitive oligonucleotide 

sequences with a tetrahelical structure are interesting 

biologically because of their crucial role in the cellular 

genome.1 G-quadruplexes have also been recognized as suitable 

motifs for various applications in nanoscience.2 In addition, 

several structures built from nucleobases other than naturally 

occurring guanine, but manifesting the same key non-covalent 

interactions as those seen in G-quadruplexes have been 

reported. Most notably xanthine assemblies with 

supramolecular structures similar to those of guanine have been 

characterized experimentally and theoretically.3–7 In this work, 

we investigate the key interactions in systems composed of 

xanthine and its derivatives to gain deeper insight into the 

interactions that govern the quadruplex structural and dynamic 

properties.8 Their potential applications provide further 

motivation for screening and developing these systems. These 

structures might serve as binding domains of smart ligands that 

adhere specifically to the external faces of quadruplexes in 

cellular DNA.9 The ligands we describe may enable the in vivo 

detection/visualization10 or functional modulation of adjacent 

elements of the genome.11,12 Materials science and 

biotechnology are other interesting areas where these 

compounds might be employed, e.g., as the building units of 

nanowires and biosensors.13 They might also be used as ion-

transport channels14 and as ion-induced switches.15 

The ideal prototype of a nucleobase should fulfil several 

fundamental requirements derived from the nature of the 

dominant binding forces in the quadruplex architecture: i) it 

should form a planar cyclic system containing stable hydrogen 

bonds (HBs) between the individual base units of the tetrad, ii) 

it should form helical stacks of tetrads (S) connected in 

oligonucleotide sequences by relaxed backbone, and iii) it 

should accommodate a cation (M+) in the central pore of the 

system (for a general arrangement showing two stacked tetrads 

with one cation, see Figure 1).16 

 
Figure 1. General arrangement of two stacked xanthine tetrads accommodating 

a monovalent cation in the inter-plane region. Hydrogen bonds are depicted 

using fine green lines. 

This paper demonstrates the rational design of artificial 

nucleobases with desirable characteristics such as increased 

stability or ion-transport properties. We present a strategy for 

evaluating the potential ability of xanthine derivatives to adopt 

quadruhelical structures analogous to that of the guanine-based 

archetype. Particularly investigated are those systems derived 

from xanthine wherein the N3 atom (in contrast to the N9 atom 

in guanine) is accessible for a glycoside bond in an 

oligonucleotide or ligand application. For reference purposes, 

we employ systems composed of guanine or xanthine, that have 

been characterized experimentally.3,17,18 

Single tetrad - B4, two-stacked tetrads - (B4)2, and three-

stacked tetrads - (B4)3 systems (without a sugar-phosphate 
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backbone) coordinating the cations Na+ or K+ are studied at 

various levels of complexity using density functional theory 

(DFT). Finally the stability of a four-stranded parallel 

quadruplex that contains both the most promising nucleobase 

candidate and a sugar-phosphate backbone is investigated by 

means of molecular dynamics (MD) simulations. 

 

COMPUTATIONAL DETAILS 

The stability of the system was evaluated by using the energy 

of formation. The formation energy was calculated using the 

Turbomole v6.3 package19 with BLYP functional20,21 and the 

def2-TZVPP basis set22 and with a dispersion energy correction 

(D3) employing Grimme’s scheme.23 The calculation of the 

coulomb integrals was accelerated by using the Resolution of 

Identity (RI) approximation.24,25 The polar contribution to the 

energy of solvation was included by using the COSMO solvent 

model26 with the default atomic radii. The dielectric constant 

was set to 78.4 and the radius of the solvent probe to 1.93 Å in 

order to simulate the characteristic of an aqueous environment 

on the formation energy.27,28 No counterpoise correction was 

applied to DFT-D3 formation energies because the small BSSE 

effects were shown to be absorbed by the dispersion 

potential.29,30 The formation energies were calculated by using 

the formulas specified in the captions of the corresponding 

figures. If not stated otherwise, all geometries were fully 

optimized at the level of theory used to calculate the formation 

energies. Cartesian coordinates of the selected optimized 

models are available in Supporting Information.  

To calculate the energy barrier to ion-transport through (B4)3 

system, we prepared models optimized with constrained 

planarity. Subsequently, for each position of the ion, the 

Cartesian coordinates of the atoms of both of the outer tetrads 

were constrained and only the atoms of the central tetrad were 

allowed to relax (in contrast to a previous study, in which all of 

the tetrads were fixed31). For technical details, see Supporting 

Information. 

Molecular dynamics simulations were carried out using the 

pmemd program of the AMBER 11 package.32 The production 

simulations were performed at a constant temperature of 298 K 

and a constant pressure of 1 bar, using a 2 fs integration time 

step. Bonds involving hydrogen atoms were constrained. The 

simulated quadruplex was described by the ff99bsc0 force 

field.33,34 The RESP charges of the modified nucleoside were 

derived using a procedure described in our previous work.5 All 

simulations were carried out using the explicit water solvent 

described by the TIP3P model.35 Counter ions were described 

by the parameterization of Joung, et al.36 Further details of the 

MD simulations can be found in Supporting Information. 

 

RESULTS AND DISCUSSION 

Building blocks 

The chemical structures of the xanthine derivatives investigated 

in this paper are shown in Figure 2. Their binding abilities were 

first qualitatively assessed by using partial atomic charges 

derived from the electrostatic potential by employing the Merz-

Kollman scheme37 (Figure 2, Table S2 in Supporting 

Information). We focused mainly on the O6 atom because we 

expected that the strength of the inner hydrogen bonds and the 

cation binding should be strongly influenced by the electron 

density at this atom. 

 

Figure 2. Structures and abbreviations for some modified xanthines (X, MX, FX, 

daX, FdaX, CldaX, and AdaX). The donor and acceptor sites for the inner and 

outer hydrogen bonds are highlighted. The values of the ESP atomic charge at 

the O6 atom are presented on the last line. 

The values of the ESP atomic charge at the O6 atom were 

lower than that of the reference xanthine system for all of the 

derivatives except AdaX. This change is most noticeable for 9-

deazaxanthine (daX, ∆q = -0.020) and its fluorinated derivative 

(FdaX, ∆q = -0.024). However, it should be noted that the 

accumulation of negative charge on O6 could generate 

repulsive forces between the oxygen atoms in the tetrads and 

the higher-order structures that would hinder aggregation in the 

absence of a cation. Moreover, these simple qualitative criteria 

neglect the effects of polarization and the cooperativity of 

hydrogen bonds within the quartets in addition to all of the 

other interactions within the higher-order assemblies.  

The above-mentioned charge analysis indicates that the 

derivatives daX and FdaX are best suited to act as building 

blocks, but it is difficult to evaluate the suitability of the 

remaining derivatives by using such a simple assessment. We 

therefore investigated the stabilities of B4, (B4)2, and (B4)3 

assemblies in the presence or absence of a monovalent cation 

(Na+ or K+) by analyzing the formation energies. 

Formation of a single tetrad – B4·M
+ 

The formation of a single tetrad (B4) and its coordination with 

an ion (M+) as expressed in terms of energy is shown in Figure 

3. The formation energy of this first step serves as a measure of 

the strength of the base pairing in tetrads. The contribution of 

base pairing to the stability of the system is enhanced (as 

compared to xanthine, the natural reference) by incorporating a 

halogen atom at position 8 (in FX, FdaX, and CldaX), probably 

due to increased polarization of the N7-H7 bond. Surprisingly, 

the attachment of electron-donating methyl group at position 8 

(MX) had a similar stabilizing effect, which can be rationalized 

by the hyperconjugation and/or redistribution of the electron 

density at the carbonyl oxygen atoms. The negligible difference 

in the formation energy between the tetrads composed of AdaX 

and X (the reference system) correlates well with the previously 

demonstrated atomic charges. 

One of the crucial steps in the formation of guanine-based 

quadruplexes is the chelation of a monovalent cation between 

the oxygen atoms.38 This process was found to be almost 5 kcal 

mol-1 less efficient for tetrads composed of xanthine than for 
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those containing guanine. The incorporation of a halogen atom 

attached to position 8 (FX) does not improve the coordination 

properties. However, replacing N9 with CH to yield the 9-

deazaderivative (daX) enhances the ion binding by 2 kcal mol-1. 

Combining the substituent effects on the energy of base 

pairing and ion coordination suggests that the derivatives FdaX 

and CldaX are the most promising candidates for the design of 

artificial quadruplex-binding ligands or quadruplex systems 

with increased stability. 

 
Figure 3. Contributions to the formation energy (∆E) of the B4∙Na

+
 system in 

water. The total values of the formation energy are marked in bold. The other 

two values represent the individual contributions of the base pairing, calculated 

as ∆� � ����� � 4 
 ����, and the ion coordination, calculated as ∆� �

���� � �
�� � ������ � ���

���. 

 

Formation of two stacked tetrads – (B4)2·M
+ 

Stacking interactions play a crucial role in stabilizing DNA 

structures, including quadruhelical systems.39 All of the stacked 

models analyzed in this work are characterized by parallel 

polarity of the hydrogen bonds, which corresponds to the 

parallel arrangement of the strands in four-stranded nucleic 

acids. The final structure (B4)2·M
+ does not include a sugar-

phosphate backbone, and we are therefore able to break the 

formation energy down according to the individual interactions. 

The formation of stacked tetrads is depicted in three steps in 

Figure 4. The trends observed for the base pairing and the ion 

coordination correlate nicely with those demonstrated for 

single-tetrad systems (compare Figure 3 and 4). Modifying the 

imidazole core (AdaX) has a rather marginal effect on the 

magnitude of the stacking interactions. However, substitution at 

position 8 of the xanthine scaffold (MX, FdaX, and CldaX) 

strengthens the stacking interactions. The significant 

modulation of the stacking observed for CldaX (8 kcal mol-1) is 

assumed to originate in the great polarizability of the chlorine 

atom and the efficient redistribution of electrons when a 

stacked system is formed. 

 
Figure 4. Contributions to the formation energy (∆E) of the (B4)2∙Na+ system in 

water. The total values of the formation energy are marked in bold. The other 

three values represent the individual contributions of the base pairing, 

calculated as ∆� � 2 
 ������ � 4 
 �����; the stacking calculated as 

∆� � �������� � 2 
 �����; and the ion coordination, calculated as ∆� �

������� � �
�� � ��������� � ���

���. 

The stacking energy depends on the mutual orientation (twist) 

of the two tetrads and their separation (rise). Different 

nucleobases and their derivatives exhibit different optimal 

values of twist that may not be fully compatible with the 

requirements of a sugar-phosphate backbone. To investigate 

this factor in detail, the stacking ability was evaluated by using 

two-dimensional potential energy scans employing the mutual 

separation (rise) and orientation (twist) of two B4 replicas, each 

having C4h symmetry, with an Na+ ion incorporated in the 

central inter-plane position of the (B4)2. The obtained results 

(Figure 5; for systems containing K+, see Figure S1) show one 

notably broad and shallow central minimum around 45° for 

(G4)2·Na+, which is in agreement with a very recent 

computational study40 performed on a parallel arrangement of 

(G4)2·K
+ in the gas phase at the MP2/6-31G*(0.25) level of 

theory. In contrast to the G-system, two equivalent minima (~ 

30° and ~ 60°), separated by a barrier of ~3 kcal mol-1, were 

identified for (FdaX4)2·Na+. The most abundant experimental 

value of the helical twist for parallel G-quadruplexes reportedly 

corresponds to a region of partly overlapping 5- and 6-

membered rings (~ 60°).40 We found such an arrangement to be 

the most stable for all of the xanthine derivatives, even in the 

absence of sugar-phosphate backbone, indicating that these 

systems are ideally prearranged for constructing quadruhelical 

nucleic acids. 
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Figure 5. The impact of the twist and rise parameters on the stacking energy of 

the systems A) (G4)2∙Na
+
 and B) (FdaX4)2∙Na

+
. The energy contours are separated 

by 1 kcal mol
-1

. 

The potential use of xanthine and its derivatives as drugs 

would be greatly dependent upon their ability to stack properly 

onto guanine-based systems. Because the tetrads of guanine and 

xanthine exhibit different values of twist, they are not 

geometrically fully compatible. However, the potential energy 

scans show that the penalty associated with this difference in 

twist is rather small (ca ~3 kcal mol-1) in comparison with the 

total stacking energy (ca ~25 kcal/mol). Thus  mixed systems, 

such as G4·[FdaX]4 and G4·[CldaX]4 may still be sufficiently 

stable. The stacking energies calculated for these two mixed 

systems were 26 and 28 kcal mol-1, respectively. These values 

correspond approximately to the average stacking energies 

determined for the (G4)2 and (FdaX4)2 and (G4)2 and (CldaX4)2 

assemblies, respectively. It follows from this dependence that 

any modification of the xanthine core that would strengthen the 

stacking in a B4·B4 homo-assembly would most likely also 

improve the stacking in a mixed B4·B’4 system. These findings 

provide a tool for estimating the stability of potential ligands9 

based on the modified xanthine tetrad. 

The base-cation binding is another interaction that is essential 

for the formation of G-based quadruplexes.38 Our previous 

calculations showed that this kind of interaction is somewhat 

less important for X-based systems.5,6 In this work, we have 

found difference in energy of approximately 10 kcal mol-1 for 

the (B4)2-ion interaction between guanine and 9-deaza-8-

haloxanthine systems. However, this deficiency of the xanthine 

systems is balanced by the increased energy of stacking 

interactions. Thus the calculated total formation energies for the 

G (-147 kcal mol-1) and FadX (-145 kcal mol-1) systems are 

almost equal at the selected level of theory.  

To check the effect of the terminate group at the position of 

the glycosidic bond, we compared trends in the formation 

energies for selected systems ending with H or CH3 (Figure S2 

in Supporting Information). Despite the different electronic 

properties of H and CH3, the trends for the two systems are 

similar justifying the use of simple bases ending with H in this 

study. 

Calculations employing the COSMO water model indicate 

only a moderate difference between the energies of Na+ and K+ 

coordination with (B4)2. The energies calculated for the binding 

of K+ to (B4)2 composed of G, X, or FdaX were 2-3 kcal mol-1 

less than those for Na+. This contrasts with the experimental 

finding that G-quadruplexes preferably bind K+ ions.41 Detailed 

analysis shows that the COSMO solvent model is able to 

properly determinate the difference in solvation energies of the 

isolated ions Na+ and K+. The calculated difference is -17.2 

kcal mol-1, in good agreement with the value obtained from the 

experimental ion solvation energies (-16.7 kcal mol-1).42 

Moreover, the solvation energies of (B4)2·M
+ are practically 

identical for these two ions (difference < 0.2 kcal mol-1). This 

behavior could be expected because the cation is buried in a 

central pocket formed by the two tetrads and is thereby 

effectively screened off from the solvent. The discrepancy 

found between the ions is then probably related erroneous 

values of the energies of interaction of the ions with (B4)2 

resulting from the DFT functional that was used. The COSMO 

solvent model is capable of describing only the polar 

contribution to the solvation energy. It completely neglects any 

non-polar contribution that might have an impact on the correct 

description of the formation of B4 and (B4)2, which can expect 

to see a significant reorganization of the first solvent shell. 

These changes are reflected in increased entropy as the water 

molecules from the first solvation shell are released to the bulk 

solvent. To estimate the role of non-polar solvation contribution 

roughly, we employed an alternative implicit solvent model 

(SMD)43 that is able to account for such effects. Although we 

are aware of limitations of such implicit solvent models in 

accounting for specific solute-solvent interactions, the results 

summarized in Figure S3 demonstrate that the trends in the 

stability of xanthine-derived systems are preserved, thereby 

supporting the selection of 9-deaza-8-halogen derivatives as 

prospective building blocks. 

 

Formation of three stacked tetrads – (B4)3·2M+  

Investigating stoichiometric variants of quadruplex-cation 

systems or the energy profile of the cation moving along the 

axis of the quadruplex, requires a model that includes at least 

three stacked tetrads. We therefore investigated selected the 

larger (G4)3, (X4)3, (FdaX4)3, and (CldaX4)3 systems in the 

absence as well as the presence of one or two identical cations 

(Na+ or K+; for data involving K+, see Table S2). The 

breakdown of the formation energy shown in Figure 6 clearly 

demonstrates that an empty (B4)3 is characterized by a larger 

formation energy for X and its derivatives than for G, which 

indicates that the stacking interaction is a very significant 

stabilizing force for the X-based systems. The insertion of one 

or two cations between the planes of the tetrads balances the 

differences in the stacking energy between the G and the FdaX 

(or CldaX) systems, and the total formation energy calculated 

for the (FdaX4)3·2Na+ system (-256 kcal mol-1) is comparable to 
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that for the (G4)3·2Na+ (-258 kcal mol-1). A very similar value is 

also calculated for the (CldaX4)3·2Na+ system (-257 kcal mol-1). 

Upon forming quadruhelical structures, these two 9-deaza-8-

haloxanthine systems are expected to match the energy 

characteristics of natural guanine systems. 

The suitability of the method used to calculate the formation 

energies in implicit solvent was supported by a study 

comparing selected xanthine derivatives using other quantum 

chemical methods and solvent models. Single-point RI-

MP2/def2-TZVPP calculations corrected for BSSE (see Figure 

S4 in Supporting Information) provide the same qualitative 

picture of the formation energies in vacuo as the RI-BLYP-

D3/def2-TZVPP method used in this work. The same 

qualitative picture of the formation energies in water as that 

calculated at the BLYP-D3/def2-TZVPP level of theory using 

the COSMO solvent model has also been obtained using the 

SMD solvent model (see Figure S5 in Supporting Information). 

It is noteworthy that the SMD solvent model yields 

significantly increased formation energies for the xanthine 

derivatives in comparison to guanine because of more favorable 

non-polar contributions. 

 
Figure 6. Contributions to the formation energy of the (B4)3·Na

+
 system in water. 

The total values of the formation energy are marked in bold. The other four 

values represent the individual contributions of the base pairing, calculated as 

∆� � 3 
 ������ � 4 
 �����; the stacking, calculated as ∆� � �������� � 3 


�����; the first-ion coordination, calculated as ∆� � ������� � �
�� �

��������� � ���
���; and second-ion coordination, calculated as ∆� �

������� � 2�
�� � �������� � �

�� � ������. 

Two cations are located in inter-tetrad positions between the 

three planes (Table S3). Its smaller radius allows Na+ to bind 

closer to the terminal quartets than K+, to minimize the mutual 

repulsion of cations. Thus, the binding energy related to 

capturing two cations in the (B4)3 system favors Na+. 

The ratio of formation energies for the binding of the second 

Na+ to that of the first can be used to demonstrate the abilities 

of individual xanthine derivatives to partially shield the ions 

occupying neighboring inter-plane positions and thereby 

diminish the mutual repulsion of the cations. For the FdaX and 

CldaX derivatives, these ratios are 0.78 and 0.77, respectively, 

indicating that the binding of the second ion is about 22 % less 

favorable than that of the first. A similar value (0.79) was found 

for guanine. This shows that these two modified xanthine 

nucleobases are nearly as potent as the natural guanine 

reference and significantly better than unmodified xanthine 

(0.71). 

The most suitable systems derived from xanthine are FdaX 

and CldaX. All of our results show that assemblies composed 

of these two systems exhibit the highest formation energies. We  

selected the FdaX derivative for further study. It has a slightly 

lower formation energy than CldaX but it contains fever 

electrons, and this enables faster QM calculations. It can also be 

expected that classical molecular mechanics can describe the 

fluorine atom more accurately than the more polarizable 

chlorine atom. A molecular mechanics description of the FdaX 

quadruplex was employed to validate the quadruplex stability 

using molecular dynamics. 

 

Ion transfer in (B4)3·M
+ 

The transfer of a cation was investigated in (B4)3 systems 

containing only a single cation. The cation was moved from 

one inter-plane position to the other through a pore in the 

central tetrad. The outer tetrads were fixed at positions derived 

from the geometry of a (B4)3 system containing two ions. This 

model (Figure S6) better describes the increased rigidity of the 

outer tetrads that results from their stabilization in longer 

quadruhelical systems. Optimization through a series of steps 

that allowed only the central quartet to relax at each point of the 

transfer of the cation, resulted in the profiles shown in Figure 7. 

 
Figure 7. Energy profiles of transfer of the cations through the central tetrad of 

selected (B4)3 systems. The vertical lines refer to the original positions of the 

cations in the initial (B4)3∙2M
+
 geometry, and the gray band indicates the range of 

positions of the central tetrad enforced during the ion transfer. For a detailed 

description of the model, see Supporting Information. 

The barrier to the transfer of Na+ was found to be about 6 kcal 

mol-1, and it does not depend significantly on modification of 

the xanthine nucleobase. A higher barrier (about 16 kcal mol-1) 

was found for the transfer of K+, which is assumed to result 

from the larger radius of this ion. Again in this case, 

modification of the nucleobase was found to have only a 
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marginal effect. The positions of the energy minima, which 

identify the optimal distances of the cations from the central 

tetrad, also reflect the difference in the radii of the two cations. 

The position of the energy minimum of the sodium cation is 

about 1.2 Å, whereas that of the potassium cation is 1.6 Å. The 

opposite situation is found for the system (B4)3·2M+, containing 

two cations (depicted in Figure 7 by vertical lines). In this case 

the sodium cations are separated by a longer distance (d/2 = 2.0 

Å) than the potassium cations (d/2 = 1.8 Å). The observed 

change can be explained by cation repulsion. Because of their 

smaller radius, the sodium ions can get closer to the outer 

tetrads, resulting in greater separation of the ions from each 

other and lower ion-ion repulsion. 

In larger assemblies of (B4)n·(n-1)M+ containing more than 

two cations, competition between limiting situations such as the 

two described above can be expected. Systems containing 

sodium cations will deviate significantly from both of these 

cases because of the large difference in the position of this ion 

in the limiting topologies (0.8 Å). Systems containing 

potassium cations will probably see smaller changes because 

this difference is only 0.2 Å. Thus it seems that the radius of K+ 

makes this ion more compatible with both of the limiting cases, 

which may be essential to the assembly of (B4)n·(n-1)M+. 

The large difference between the positions of the ion in the 

limiting cases may also explain why a different mechanism for 

transfer of Na+ in d(X4)4 is observed for MD simulations in 

explicit water solvent. The specific hydration of Na+ with two 

molecules of water shifts the positions of the energy minima 

from an in-plane to an inter-plane arrangement (see Figure S8 

in Supporting Information).5 

The transfer of a cation is accompanied by several structural 

changes. Two of these, the base inclination (expressed as the 

distance between the center of all of the O6 atoms and the 

original geometrical center of the whole system) and the pore 

size (the average distance between opposite O6 oxygen atoms 

within one tetrad), are shown in Figure S7. The pore is about 

0.5 Å larger for in-plane than for the inter-plane position of K+. 

The modulation of the pore size is related mainly to out-of-

plane distortions of the base that have amplitudes of ~ 0.2 Å 

(see Figure 7 and Figure S7). The transfer of Na+ causes 

negligible changes in both parameters, in keeping with its 

smaller ionic radius. 

 

FdaX unit in a four-stranded DNA quadruplex 

To check the steric and electronic compatibility of a designed 

modification with the sugar-phosphate backbone in 

quadruhelical oligonucleotides, we incorporated one of the 

most promising candidates - FdaX - into a tetramolecular 

deoxyribonucleotide (further abbreviated as d(FdaX4)4) and 

examined the dynamic data provided by a Molecular Dynamics 

(MD) simulation. First, the initial structures contained K+ in all 

three inter-plane positions. In this case the two outer potassium 

ions were released out of the pore during MD simulations of 

both the X and the FdaX systems. Second, initial structures 

containing K+ in only the two outer inter-plane positions were 

subjected to unbiased MD simulation. The simulation of the 

quadruplex composed of unmodified xanthine resulted in a 

system containing only a single K+ because one of ions was 

released during the equilibration procedure. However, the 

system based on FdaX and containing two potassium cations 

(Figure 8) remained stable during the entire 200 ns long 

simulation (Figure S9). The presence of two cations in 

d(FdaX4)4, which makes the system more rigid, can be 

explained by the ion-coordination energy gained by modifying 

xanthine. However, this stabilization does not affect the barrier 

to transport of the cation (Figure S8). Geometrical analysis 

further reveals that the C9-H fragment, which replaces the N9 

atom in the xanthine structure, does not induce any steric 

clashes with the neighboring atoms of the deoxyribose unit 

(Figure 8).  

 
Figure 8. The average structure of d(FdaX4)4 quadruplex with two K

+
 in inter-

plane positions from the last 5 ns of unbiased 200 ns MD simulation. 

It should be noted that position C9 allows the alternative 

incorporation of the FdaX block into the DNA quadruplex. This 

bonding is analogous to the natural glycosidic bonding of a 

guanine base to deoxyribose but via a C-C bond. However, the 

simulated quadruplex involving an FdaX unit bound to C9 

exhibits greater instability than does FdaX bound to N3 and, 

similar to an N3-X system, only a single K+ remains in a 

channel compartment. Generally, the overall stability of the 

quadruplex based on FdaX bound to C9 was somewhat lower 

than that involving FdaX bound to N3 but notably larger than 

that based on the N3-bonded xanthine base (Figure S10). 
 

Conclusions 

In this contribution, we report the in silico design of xanthine 

derivatives as promising candidates for constructing 

quadruplex-binding ligands suitable for medical applications 

and for the development of artificial DNA quadruplexes for 

bio-nanotechnology. We demonstrate that tailoring the 
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properties of the xanthine core can significantly enhance the 

base stacking and interactions with ions with almost no effect 

on the barrier to ion transport through the central tetrads. Our 

calculations indicate that 9-deaza-8-haloxanthine systems 

(containing fluorine or chlorine) should form more stable 

quadruplexes as compared to the xanthine reference, and with 

greater affinity for Na+ and K+. In addition, unbiased MD 

simulations show that the substitution of CH for the N9 atom in 

xanthine unit does not introduce any steric clashes between the 

artificial base and the sugar-phosphate backbone in parallel, 

four-stranded DNA quadruplexes. 

It would be extremely interesting to see experimental data for 

9-deaza-8-haloxanthine systems incorporated into quadruhelical 

DNA or in smart quadruplex-selective ligands. We encourage 

organic and biological chemists to synthesize and investigate 

these molecules because our work shows that the properties of 

9-deaza-8-haloxanthine systems should be superior to those of 

xanthine and comparable to those of guanine, the natural 

reference. In addition, the significantly different spectroscopic 

properties of these artificial systems, as compared to those of 

the natural guanine, can be used to develop selective detection 

probes.44 
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