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ABSTRACT 

G-quadruplexes (GQs) are four-stranded non-canonical DNA and RNA architectures that can be 

formed by guanine-rich sequences. The stability of GQs increases with the number of G-quartets 

and three G-quartets generally form stable GQs. However, the stability of two-quartet GQs is an 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 25, 2020. ; https://doi.org/10.1101/820852doi: bioRxiv preprint 

https://doi.org/10.1101/820852


 2

open issue. To understand the intrinsic stability of two-quartet GQ stems, we have carried out a 

series of unbiased molecular dynamics (MD) simulations (~505 µs in total) of two- and four-

quartet DNA and RNA GQs, with attention paid mainly to parallel-stranded arrangements. We 

used AMBER DNA parmOL15 and RNA parmOL3 force fields and tested different ion and 

water models. DNA two-quartet parallel-stranded GQs unfolded in all the simulations while the 

equivalent RNA GQ was stable in most of the simulations. GQs composed of two stacked units 

of two-quartet GQs were stable for both DNA and RNA. The simulations suggest that a 

minimum of three quartets are needed to form an intrinsically stable all-anti parallel-stranded 

DNA GQ. Parallel two-quartet DNA GQ may exist if substantially stabilized by another 

molecule or structural element, including multimerisation. On the other hand, we predict that 

isolated RNA two-quartet parallel GQs may form, albeit being weakly stable. We also show that 

ionic parameters and water models should be chosen with caution because some parameter 

combinations can cause spurious instability of GQ stems. Some in-so-far unnoticed limitations of 

force-field description of multiple ions inside the GQs are discussed, which compromise 

capability of simulations to fully capture the effect of increase of the number of quartets on the 

GQ stability. 

INTRODUCTION 

DNA and RNA can form diverse stable secondary structures depending on their sequence and 

environment.1, 2 Guanine-rich sequences can adopt G-quadruplex (GQ) structures by guanine-

guanine Hoogsteen base pairing.3 Potential GQ-forming sequences have been found at telomeres, 

gene promoters, immunoglobulin heavy chain switch regions, hypervariable repeats and in 

genomically unstable and recombination-prone regions.4 The abundance of GQ-forming 

sequences at functional and gene controlling sites suggest their potential role in gene expression.5 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 25, 2020. ; https://doi.org/10.1101/820852doi: bioRxiv preprint 

https://doi.org/10.1101/820852


 3

Therefore, there is considerable interest in studying and modulating the formation of GQs as a 

means for controlling gene expression and other cellular processes.6 

GQs are formed by stacking of two or more planar guanine quartets, creating the G-stem. The O6 

atoms of all the guanines face to form a central electron-rich channel within the GQ where 

cations bind and coordinate with the O6 atoms. This coordination is essential for GQ stability.7 

Bases not involved in G-stem belong to bulges, flanking nucleotides or participate in the loops 

linking the G-strands of the GQs.3  

The GQs can be monomolecular, bimolecular or tetramolecular depending on the number of 

DNA or RNA molecules that form the GQ.8, 9 The topologies of GQs are highly variable as the 

G-strand orientation can be parallel or antiparallel and based on that GQs can fold into a parallel, 

antiparallel or hybrid topology.10, 11 The guanines in the DNA GQs can adopt syn or anti 

orientation.10, 12, 13 In the RNA GQs, the 2� -hydroxyl group in ribose allows for more 

interactions with the bases, cations and water molecules thereby increasing their stability, as 

common in RNA molecules.14-19 It also restricts the orientation of the guanine bases favouring 

the anti-orientation. Therefore, the majority of the RNA GQs have been observed in the parallel-

stranded topology with all bases in the anti-orientation.15-18  

The loops further add to the diversity as the GQs can have propeller, lateral or diagonal loops.8, 

20-27 The parallel-stranded GQ have propeller (double-chain reversal) loops as they are necessary 

to orient the following and preceding G-strands in a parallel arrangement.8 The antiparallel and 

hybrid GQs can have various combinations of the three loop types.20-27 The overall GQ topology 

dictates the loop combination as well as the allowable syn-anti patterns of the guanines. Na+ ions 

tend to coordinate within the plane while K+ ions coordinate between the planes of the G-
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quartets.28, 29 The cation-quadruplex interactions can influence kinetic and equilibrium 

differences between the different topologies.28, 30, 31  

Stability of GQs is affected by the number of G-quartets in the stem.14, 32-34 It is commonly 

assumed that increasing the number of G-quartets usually stabilizes the GQ structure.12, 14, 34, 35 In 

DNA, stable GQ structures generally involve three quartets or more, although stable antiparallel 

two-quartet GQs with loop alignments or stacked triads have also been observed.21, 36 27 In such 

GQs, additional interactions formed by the loops or triads above and/or below the G-stems 

contribute to their stabilization.21, 27, 36 The solution structure of a two-quartet stacked dimer of 

RNA GQs has been solved, arguing that stabilization is provided by the dimerization of the two 

GQ units.37 Various experiments have suggested increased stability of RNA GQs over their DNA 

counterparts.14, 38 On the other hand, it was shown that substitution of even one guanine in the 

three-quartet telomere DNA quadruplex by abasic site or by any non-G base prevents its parallel 

folding under dehydrating conditions which otherwise favour parallel-stranded arrangement.39, 40 

This could indicate low stability of two-quartet parallel-stranded DNA GQs. However, the 

intrinsic stability of isolated two-quartet G-stems cannot be fully clarified by the experiments, 

due to difficulty to separate the G-stem stability from the influence of additional interactions as 

well as due to structural resolution limits of the experiments. Still, understanding the stability of 

two-quartet G-stems is important. They may for example transiently occur during folding 

processes of larger GQs, in the initial fast phase of folding into the early distribution of GQs as 

well as in later transitions between different GQ folds towards the thermodynamics 

equilibrium.41 Thus, two-quartet GQs can have an impact on the folding processes. They also 

may provide regulatory functions due to possible equilibrium between the folded and unfolded 

state at physiological temperatures. In addition, the existence of these two-quartet GQs is of 
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fundamental importance for all bioinformatics searches as their inclusion greatly increases the 

number of putative GQ-forming sequences in the genome.42, 43 

The goal of this study was to assess the stability of the smallest two-quartet G-stems, with 

emphasis on the parallel arrangement. We have carried out a series of unbiased explicit-solvent 

molecular dynamics (MD) simulations (total of 505 µs). The two-quartet DNA and RNA G-

stems are studied in isolation as well as in the context of GQ dimers. MD methodology, when 

wisely applied, can provide useful insights into various aspects of GQ structural dynamics and 

folding.44 While the contemporary MD is not robust enough to quantitatively evaluate the 

absolute stability of the GQs in a thermodynamic sense, the simulations should fairly well reflect 

different relative structural stabilities of GQ arrangements. It requires that the simulation time 

scale is sufficient to see structural perturbations and unfolding in the simulations, i.e., to assess 

the lifetimes (1/koff) of the studied arrangements.  

We suggest that the all-anti parallel-stranded two-quartet DNA G-stem is not stable per se, and 

explain the reason for this behaviour. Nevertheless, such G-stems may still be involved in the 

formation of larger GQ structures. We also suggest that the RNA two-quartet G-stem is more 

stable. Simulations were further done for two-quartet DNA antiparallel G-stem to explain the 

difference in stability of various two-quartet G-stems.  

To obtain additional insights into the balance of forces in the G-stems and the consequences of 

the force-field approximations, we have also carried out simulations of tetrameric parallel-

stranded all-anti DNA three and four-quartet G-stem. We compared the performance of several 

water models and ionic parameters. Strikingly, our simulations show that several water-ion 

combinations lead to visible destabilization of G-stems, especially when using the more 

advanced four-site water models. Together with our previous study on three-quartet G-stems,29 
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these results illustrate the complexity of the choice of water models and ionic parameters in 

simulations of nucleic acids; it appears that no combination could be generally recommended as 

the best one. In addition, our simulations indirectly suggest that the pair-additive molecular 

mechanics (MM) description generally does not properly capture the stabilizing effect due to 

increasing the number of G-quartets in the stem. 

METHODS 

Starting structures 

We took the 28-mer two-quartet stacked DNA GQ (PDB id 2N3M45, first model; Figure 1a), 

which is a solution structure of a synthetic construct d[(TGG)3TTGTTG(TGG)4T] that exhibits 

anti-proliferative activity in vitro. It consists of a dimer of two-quartet parallel-stranded GQ units 

stacked by their 3�-5� interface and connected by a linker nucleotide. The simulations were 

carried out with the whole 2N3M structure, 2N3M with no bond between G15 and T16 of first 

and second GQ unit and also for its individual two-quartet GQ units (Figure 1a, 1b and 1c). The 

individual GQ units are called first and second GQ starting from the 5′-end of 2N3M. The model 

of parallel-stranded DNA G-stem d[GG]4 was made using the first two quartets of PDB structure 

1KF1 (Figure 1d). The model of parallel-stranded DNA G-stem d[GG]4 with all 5′-guanines in 

syn orientation (Figure 1e) was made using the first two quartets of PDB structure 3TVB.46 The 

antiparallel DNA G-stem d[GG]4 was obtained from the solution structure of the thrombin 

binding aptamer (TBA) sequence d[(GGTTGGTGTGGTTGG)] GQ (PDB id 148D, first frame; 

Figure 1f).21  

The coordinates for parallel- and antiparallel-stranded three-quartet system d[GGG]4 were 

obtained from the human telomeric DNA quadruplex (PDB ids 1KF1, chain A and 143D,  model 

1; Figure 1g and 1h).8, 22 For four-quartet tetramolecular DNA G-stem d[GGGG]4 simulations, 
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we took the coordinates of guanine core from the X-ray structure of the d(TGGGGT) sequence 

(PDB id 4R44, chains A-D; Figure 1i).47 It is a tetramolecular GQ with three K+ in the GQ as the 

stabilizing ions; the structure is virtually identical to other available d[TGGGGT]4 structures.48  

The coordinates for the dimer and monomer of two-quartet RNA GQ were taken from a solution 

structure of a dimer of two-RNA GQ units formed by the sequence 5′-r(GGA)4-3′ stacked 

through the 5′-5′ interface (PDB id 2RQJ, first model; Figure 1j).37 The head-to-head stacking 

means that quartets of the two subunits are of opposite directionality. For simulations of the 

monomer, we took the first GQ unit (Figure 1k). The hypothetical antiparallel RNA G-stem 

r[GG]4 was prepared directly from the DNA variant d[GG]4 (extracted from TBA, see above) by 

changing deoxyribose into ribose. Atomistic representations of the starting structures are shown 

in Figure S1 in Supporting Information. 

Comment on potential end effects caused by truncation 

Simulations of nucleic acids are known to suffer from a not fully correct description of the helix 

termini, which leads to likely excessive end-fraying of double helices.49, 50 A similar concern can 

also be voiced about our simulations where we introduce some truncations of structures which 

lead to quartets containing chain termini. This should be taken into consideration when 

interpreting the results. However, terminal G-quarters in GQ simulations are more stable than 

terminal base pairs in duplex simulations, due to the stiffness of GQs and richer network of 

interactions. The “end fraying” issue for GQs is therefore less severe compared to duplex 

simulations. In addition, as our goal was to assess the intrinsic structural stability of G-stems in 

isolation, these simulations represent a key part of the simulation set. These structures may be 

experimentally relevant when considering tetramolecular complexes which do not involve any 

loop. Such intermolecular complexes may have anti-HIV activity for example as shown in ref.51 
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Understanding the stability of the core/stem is therefore of interest per se. We did not attempt 

adding (or keeping) 5�-terminal or 3�-terminal flanking nucleotides in the simulations of the 

truncated structures as these could be susceptible to excessive fluctuations and could introduce 

more uncertainty into the simulations compared to the presently studied systems. Note also that 

flanking bases in experimental studies of tetrameric quadruplexes are generally introduced to 

prevent multimerization rather than to stabilize the GQs per se.14, 33, 34 

MD simulations 

The GQs were solvated in a truncated octahedral box with a minimal distance of 10 Å of solute 

from the box border, mostly in either SPC/E52 or OPC53 water model; some simulations were 

carried out in TIP4P-D water model.54 The simulations were carried out in 0.15 M excess NaCl 

or KCl, using mostly SPC/E specific (for SPC/E water model) or TIP4Pew specific (for OPC and 

TIP4P-D) Joung and Cheatham (JC) parameters.55 A minority of simulations was performed with 

Amber-adapted CHARMM22 parameters54, 56, 57 (for TIP4P-D), SPC/E specific (for SPC/E) and 

HFE or IOD OPC specific (for OPC) 12-6 LJ parameters developed by Li, Merz and coworkers 

(LM).58 The channel cations, when intended, were manually placed between the quartets and in 

the cavity between the stacked GQs. System preparation was done in xleap module of 

AMBER16.59 The list of structures and specific conditions of each simulation are presented in 

Table 1 and Tables S1 and S2 in the Supporting Information. 

We used OL1560 and OL3 (known also as χOL3)
61 AMBER force field for DNA and RNA, 

respectively. These force-field versions include also earlier essential DNA62-64 and RNA62 

modifications of the original AMBER Cornell et al. nucleic acids force-field;65 for more details 

see refs.44, 66  
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The starting structures were equilibrated using standard protocols. The system was first 

minimized with 500 steps of steepest descent followed by 500 steps of conjugate gradient 

minimization with 25 kcal mol-1 A-2 position restraints on DNA (or RNA) atoms. It was then 

heated from 0 to 300 K during 100 ps with constant volume and position restraints of 25 kcal 

mol-1 A-2. Minimization with 5 kcal mol-1 A-2 restraints followed, using 500 steps of steepest 

descent method and 500 steps of conjugate gradient. The restraints of 5 kcal mol-1 A-2 were 

maintained on DNA (or RNA) atoms and the system was equilibrated for 50 ps at constant 

temperature of 300 K and pressure of 1 atm. An analogous series of alternating minimizations 

and equilibrations followed using decreasing position restraints of 4, 3, 2 and 1 kcal mol-1A-2 

consecutively. The final equilibration was carried out with position restraints of 0.5 kcal mol-1A-2 

and starting velocities from the previous equilibration, followed by a short free MD simulation of 

50 ps. Temperature and pressure coupling time constant during equilibration was set to 0.2 ps 

and for the last MD phase, it was set to 5 ps. 

The simulations were performed with the PMEMD CUDA version of AMBER16.59 The 

electrostatic interactions were calculated using the Particle mesh Ewald method.67  The cut-off 

distance for nonbonded interactions was set to 9 Å. Covalent bonds involving hydrogen atoms 

were constrained using the SHAKE algorithm with a tolerance of 0.0001 Å.68 Hydrogen mass 

repartitioning of solute atoms was utilized allowing for an integration time step of 4 fs.69 

Berendsen weak coupling thermostat and barostat were used to maintain constant temperature 

and pressure of 300 K and 1 atm, respectively.70 Langevin thermostat with a friction coefficient 

of 2 ps-1 was used in a few simulations. The final production runs without restraints were carried 

out for continuous length specified in Table 1 and Tables S1 and S2. Analyses of trajectories 

were performed using cpptraj71 module of AMBER and VMD72 program was used for 
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visualization. An in-house script was used to identify cations residing in the binding sites of the 

GQs. Details of the script are provided in the Supporting Information. Gnuplot (Version 5) and 

Grace (Version 5.1.22) programs were used to produce the graphs. 

Justification of the sampling strategy 

We have carried out 120 individual simulations. Rather than trying to repeat a small number of 

equivalent simulations multiple times to get standard statistics of events, we performed an as 

diverse set of simulations as possible. The diversity includes both the simulated systems and the 

water/ion parameters. We suggest that although a few individual simulations in the dataset may 

exhibit some rare behaviour (though we have no indication of that), all the reported trends 

consistently emerge from the overall set of simulations and are backed up by multiple 

simulations. This includes both the analysis of relative structural stabilities of different GQ 

systems as well as the assessment of properties of different water/ion parameter combinations. In 

other words, simulations of different GQ systems give a consistent relative ranking of different 

parameter combinations and simulations with different parameter combinations give a consistent 

assessment of relative stabilities of different simulated GQ systems. 

RESULTS 

Dimer of DNA GQs is stable in simulations (Simulations 1a - 1e) 

We first performed simulations of the complete d[(TGG)3TTGTTG(TGG)4T] 2N3M structure. It 

forms a dimer of two-quartet parallel-stranded DNA GQs stacked by their 3′ / 5′ faces (Figure 

1a). The residues G2:G5:G8:G12 and G3:G6:G9:G15 form the guanine quartets of the first GQ 

unit. T4 and T7 form single nucleotide propeller loops and T10 and T11 form a dinucleotide 

propeller loop. The residues T13 and T14 form a bulge between the two quartets, while T16 links 

the two GQ units. In the second GQ unit, G17:G20:G23:G26 and G18:G21:G24:G27 form the 
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guanine quartets and T19, T22 and T25 form single-nucleotide propeller loops. Three cation 

binding sites in between the subsequent quartets are described further as Sites 1, 2 and 3 starting 

from the 5'-end. Additional cation binding sites were observed just above the 5′-quartet and 3′-

quartet and these are described as Sites 0 and 4, respectively. We carried out 10 μs long 

simulations of 2N3M in SPC/E and OPC water models with both Na+ and K+ initiated with three 

ions inside the GQ (see Figure S2 for the RMSD developments). 

The structure of 2N3M was maintained in the 10 μs SPC/E simulations with both Na+ and K+ 

(Simulations 1a and 1b). The Na+ ions were present in the three sites within the GQ (Figure 2a). 

Two ion exchange events were observed at 9.25 and 9.55 μs. In both events, Na+ ion entered 

from the solvent through the bottom of the stem (the fourth quartet) into Site 3 (Figure S3a). The 

approach of new cation to the bottom quartet was followed by a linear concerted upward 

movement of internal ions leading to escape of Na+ ion through the first quartet into the solvent 

and movement of the approaching cation into the channel. In the Simulation 1b, the K+ ion from 

Site 1 moved up at 1.2 μs and stayed on the top of the first quartet for further 300 ns and then 

escaped into the solvent. K+ from Site 2 moved to Site 1. Subsequently, Site 2 remained vacant 

(Figure S3b). Transient ion sites were formed just above and below the GQ (Figure 2b).  

The 2N3M structure was also maintained in the simulation carried out in the Na+ ions with OPC 

water model (Simulation 1c). An ion exchange event was observed at 80 ns as a new Na+ ion 

entered from the bottom and occupied the Site 3 causing linear movement of cations within the 

GQ expelling the cation from the top quartet. The second ion exchange event was observed at 

6.71 μs as a new Na+ ion entered into the Site 1 concurrently with the linear movement of cations 

and escape of a cation through the bottom quartet. Within 70 ns of this event, Na+ ion escaped 
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from Site 3 and Na+ ion from Site 2 moved to occupy Site 3. Then only two Na+ ions remained in 

the GQ (Figure S3c).  

In one OPC simulation carried out with K+ (Simulation 1d) the ion from Site 1 escaped into the 

solvent at 350 ns which was accompanied by a perturbation of the first quartet (Figure S3d). 

There was no concerted linear movement of K+ ions. At 1.45 µs, the first quartet was disrupted as 

G5 oriented to the solvent and the top quartet had only three guanines remaining (Figure S2f). 

The Site 1 remained vacant during the 10 µs long simulation. We carried out an additional 10 µs 

long simulation of 2N3M in OPC/K+ condition (Simulation 1e). The K+ ion from Site 1 moved to 

align in-plane with the first quartet within few ns of the start of the simulation and escaped into 

the solvent at 1.1 µs. This was followed by a subsequent movement of K+ ion from Site 2 to Site 

1. The GQ was stable and Site 2 remained vacant till the simulation end (Figures S2e and S3e).  

These results show several things. In the simulations with K+, the cation tends to leave the ion-

binding cavity between the two stacked GQs, leaving this site empty. Consistently with literature 

data,29, 73 observed ion exchanges with Na+ are typically concerted, i.e., an ion approach from the 

bulk to the channel entrance facilitates ion expulsion on the other side of GQ stem accompanied 

with a concerted shift of all ions. Loss of one quartet in the K+ OPC simulation, although not 

confirmed by the second simulation, is consistent with our recent preliminary tests showing, for 

model d[GGG]4 systems, that the OPC water model may under-stabilize the G-stems.29 In the 

present case, we observe a perturbation of GQ core of an experimentally determined structure, 

which is exceptionally rare in AMBER GQ simulations. 74-78 

Cations can quickly enter the two-quartet dimer through both top and bottom of GQ 

(Simulations 2a and 2b)  
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We also carried out 1 μs long simulations of 2N3M in the SPC/E water model but initially with 

no internally bound ions. In the simulation with Na+ ions in the bulk, an ion was trapped at Site 2 

during equilibration. A new ion entered Site 1 after 6 ns of the start of the simulation and pushed 

ion from Site 2 to Site 3. No further ion exchange was observed. In the K+ simulation, two K+ 

ions positioned near both ends of the G-stem during the equilibration. They entered the G-stem 

within the first ns and no further ion exchange was observed. While Sites 1 and 3 were occupied, 

Site 2 remained ion-free (Figure S4a and S4b). The G-stem was stable in both simulations. 

The linker is not required for the stability of GQ dimer (Simulations 3a-3b) 

We carried out Na+ and K+ SPC/E simulations of 2N3M upon cutting the bond between the G15 

and T16, with standard 3′-OH and 5′-OH chain termini and with initially three bound ions. The 

GQ dimer stacking was stable. As for the simulations of the complete 2N3M structure, Na+ ions 

were more dynamic than K+ (Figure S4c).29, 74-76, 79 In Simulation 3a, three Na+ ion-exchange 

events were observed between 440 ns and 2.28 μs (Figure S4c). These ion exchanges were linked 

to the entry of a cation from the top or bottom quartet concurrent with a concerted movement 

leading to the escape of the ion from the top quartet. All three sites remained occupied (Figure 

S4c). In Simulation 3b, the K+ ion initially resided just below the fourth quartet rather than in 

Site 3. At 1.08 μs, this ion escaped into the solvent followed by the movement of ion from Site 2 

into Site 3 (Figure S4d) and Site 2 remained unoccupied. The behaviour of cations was thus 

similar as in the complete 2N3M GQ.  

DNA two-quartet monomer GQs are unstable in simulations (Simulations 4a - 4h) 

We carried out simulations of both the GQ units. The two-quartet GQs were unstable and 

unfolded in both the SPC/E and OPC water models between 80 ns - 7 μs (Table 1). Several 

unfolding pathways were observed. This may be partly caused by the differences in the ions and 
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water models, though most likely it primarily reflects the known multidimensionality of the free-

energy landscape.44 The first GQ unit unfolded by strand slippage and rotation leading to the 

formation of cross-like structure in Na+ and K+ ions in SPC/E water model and K+ ions in OPC 

water model (Table 1 and Figure 3). Strand slippage is a movement of a strand by one step up or 

down, reducing the number of full quartets.80, 81 By cross-like structure we mean a perpendicular 

or at least significantly inclined arrangement of the G-strands.80-82 In the Na+ and OPC 

simulation, unfolding was initiated by the loss of second quartet after excessive buckling. The 

first quartet then disintegrated within 2-3 ns leading to the complete unfolding.  

In simulations of the second GQ unit as well, unfolding was marked by strand slippage and 

strand rotation in all the simulations (Table 1, Figures S5 and S6). Further details of the 

simulations are presented in the Supporting Information.   

The simulations suggest that parallel two-quartet DNA GQs are unstable per se as they unfolded 

in all conditions. Obviously, the result can be affected by the force-field approximations (see the 

Discussion) but the unfolding is so decisive that we conclude that all-anti parallel-stranded two-

quartet DNA GQs are intrinsically unstable. Hallmarks of the initial stages of unfolding events 

have been strand slippage and strand rotations.  

Tetramolecular two-quartet DNA GQs with 5′-syn guanines are more stable than all-anti 

two-quartet DNA GQ (Simulations 5a - 5d, 6a - 6d and 7a - 7k) 

We carried out two independent SPC/E simulations of two-quartet parallel-stranded d[GG]4 G-

stems with all guanines in anti orientation in both Na+ and K+ ion conditions. The G-stems were 

highly unstable as strand slippage events followed by structure loss were observed at 5 and 6 ns 

in the Na+ ion simulations and at 76 and 228 ns in the two K+ ion simulations (Figure S7). The 

strand slippage events were not linked to any ion exchange events.  
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Simulations were then carried out for parallel-stranded d[GG]4 G-stems with all four 5′-guanines 

in syn orientation (Simulations 6a - 6d). The GQ was maintained in all the simulations (Figure 

4a). As many as twenty ion-exchange events were observed in the simulations in Na+ ions while 

there was no cation exchange in the K+ ions simulations (Figures 4b-4e). The terminal syn-

specific 5′-OH – G(N3) H-bond was dominantly sampled (Figure S8), as expected.12, 83, 84 

We also carried out simulations of two-quartet antiparallel d[GG]4 G-stem which maintained its 

structure in all five 5 μs long Na+ SPC/E simulations (Simulations 7a - 7e), although there were 

several (>10 per microsecond) ion-exchange events (Figure 5). The bases in the quartets were 

staggered for most of the simulation time but the two-quartet arrangement was maintained. In the 

two 5 μs long K+ SPC/E Simulations 7f-7g, no cation exchange was observed and the GQ was 

maintained although the quartets were again not entirely planar (Figure S9).  

The two-quartet antiparallel G-stem was also stable in simulations in OPC water model 

(Simulations 7h-7k). In the 5 μs long simulation in Na+ ions there were continuous ion exchange 

events (Figure S10) but in the 2 μs long simulation in K+ ions no ion exchange was observed 

(Figure S11). This behaviour of Na+ and K+ ions was thus consistent across SPC/E and OPC 

water models (Figures 5, S9-S11).  

In summary, all-anti parallel-stranded GQs unfolded in all the simulations. In contrast, greater 

stability of both parallel and antiparallel d[GG]4 G-stem with 5�-syn bases suggests that the 

opposite directionality of quartets hindering the strand slippage possibly aided also by the 

intramolecular 5�-OH – G(N3) H-bonds stabilizes the G-stem. 

Dimer of RNA two-quartet GQs is stable (Simulations 8a - 8f, 9a - 9b, 10) 

We have carried out six 6-10 µs SPC/E K+ simulations, two SPC/E Na+ simulations and one OPC 

Na+ simulation (the latter is the potentially least stable combination of parameters) of the dimer 
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of two-quartet RNA GQ 2RQJ. Various initial ion positions were considered (Table S1). 

Universally, all simulations were stable, the ions quickly occupied the Sites 1 and 3, Site 2 was 

vacant, and no ion exchanges occurred in the whole dataset once the final distribution of the ions 

was obtained (Figures S12 - S16). The results are described in details in Supporting Information. 

Two-quartet all-anti RNA GQ is more stable than the equivalent DNA GQ (Simulations 

11a -11d, 12a-12d, 13, 14a-14c, 15a-15c, 16a-16d, 17 and 18a-18d). 

We carried out four 10 μs K+ SPC/E simulations of a monomer of 2RQJ (Simulations 11a-11d). 

The two-quartet RNA GQ was stable in all the simulations and no ion exchange was observed 

(Figure 6). The terminal adenine (A12) was stacked below the strand 4 of the GQ as in the 

starting structure. The loop bases showed some dynamics but could not form any stable 

alignment with the G-stem. They either aligned in the groove of the GQ by forming transient 

hydrogen bonds with the G-stem bases or were exposed to the solvent.  

We also carried out simulations of a monomer of 2RQJ without the 3′ flanking base in Na+ and 

K+ ions and in both SPC/E and OPC water models (simulation series 12 - 15). The GQ was 

maintained in three out of four 5 μs long Na+ SPC/E Simulations 12a-12d (Figure S17). The GQ 

unfolded in one simulation at 4.27 μs (Figure S17b). The χ angle of G1 attained syn orientation at 

4.27 μs and G2 moved towards the solvent. The first propeller loop was lost as G2 moved to 

stack over G1 while G1 could not re-attain anti orientation till the end of the simulation. G1 also 

sampled the terminal syn-specific 5′-OH – G(N3) H-bond when it was in syn orientation. More 

than 20 ion exchange events were observed in all four of these simulations (Figure S18). The GQ 

also was stable in the 1 μs long K+ SPC/E Simulation 13. No ion exchange was observed in this 

simulation and the loop bases showed similar dynamics as in the Simulations 11a-11d (Figure 

S19).  
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We carried out three 1 μs long simulations (14a-14c) of the same RNA GQ in Na+ ions and OPC 

water model. In Simulation 14a, GQ was stable and loop bases behaved similarly to the 

equivalent stable SPC/E simulations (Figure S20). An ion exchange event was observed at 750 

ns. However, the GQ unfolded in Simulations 14b and 14c (Figure S20). In Simulation 14b, a 

cross-like structure was formed due to the buckling and rotation of strands 1 and 4 at 400 ns. In 

Simulation 14c, strand 4 formed a cross-like structure at 130 ns leading to the unfolding of GQ. 

The unfolding was not linked to any cation exchange movement. In contrast, the RNA GQ was 

stable in three 1 μs K+ OPC simulations (15a-15c) and no cation exchange event was observed 

(Figure S21).  

In brief, simulation series 11-15 suggests universally enhanced stability of parallel-stranded all 

anti two-quartet RNA GQs over DNA GQs. Previous works have shown that 2�-hydroxyl group 

in ribose sugar allows for more interactions with the bases, cations and water molecules thereby 

increasing the stability of the RNA GQ.14, 18 The GQ was stable in all K+ simulations. The two-

quartet RNA GQ was able to maintain its structure in Na+ SPC/E simulations despite the multiple 

ion exchange events. The simulations nevertheless reveal that the combination of OPC water 

model with JC TIP4Pew Na+ ions destabilizes the RNA GQ compared to the other water-ion 

combinations. The cation exchange events may alter the energy of GQ due to change in 

solvation, ion-coordination and structural rearrangements within the GQ.85 However, the 

unfolding of GQs in the present OPC Na+ simulations could not be linked to any cation 

movements. 

Supporting Information including Figures S22-S25 presents data of some less essential 

simulations, namely Simulations 16a-16d of 2RQJ RNA monomer using TIP4P-D water model 
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and CHARMM22 ions, Simulation 17 substituting thymine by adenine in the second GQ 

monomer of 2N3M and Simulations 18a-18d of antiparallel RNA G-stem.  

Tetramolecular three-quartet antiparallel DNA G-stem is more stable than parallel-

stranded G-stem (Simulations 19a - 19b, 20a - 20b and 21a - 21d) 

In order to see the effect in adding one quartet (and ion), we have carried out a set of parallel-

stranded d[GGG]4 simulations. In the two Na+ SPC/E simulations, strand slippage was observed 

at 1.6 μs and 530 ns, respectively (Figures S26a and S26b). However, the G-stem was entirely 

stable in the two 6 μs and 5 μs long K+ SPC/E simulations (Figures S26c and S26d). In 

Simulation 20a, a channel K+ was exchanged at the 5′-end at 4.8 μs while in the Simulation 20b 

it was exchanged at the 3′-end at 273 ns (Figures S27b). In both cases, the cation-leaving site 

was vacant for ~25-30 ns followed by the entry of new cation from bulk at the same site.  Thus, 

using the SPC/E water model the G-stem was stable in K+ ions but have shown a strand slippage 

in Na+ ion simulations.  

The d[GGG]4 antiparallel G-stem was fully stable in SPC/E simulations with both ion types 

(Figure S28). In the Na+ simulation <10 ion exchange events were observed while no ion 

exchange was observed in the K+ simulation (Figure S29). In the Na+ OPC simulation 

(Simulation 21c), ion between the middle and top quartet escaped into the solvent at 65 ns. This 

resulted in instability of the quartets and G12 from the first quartet moved towards the solvent at 

185 ns (Figure S28a). However, the G-stem was maintained in the Simulation 21d with K+ ions 

in OPC water model (Figure S28b).  

To summarize, the all-anti parallel-stranded three-quartet G-stem was more stable than 

equivalent two-quartet G-stem, as we have seen rapid complete unfolding in all simulations of 

parallel d[GG]4 (see above). There is, however, a tendency for strand slippage in the presence of 
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Na+ and for occasional K+ ion exchange. The antiparallel d[GGG]4 is evidently more stable than 

the all-anti parallel-stranded d[GGG]4.  Additional simulations of the all parallel all-anti [GGG]4 

in diverse conditions can be found in ref.;29 the SPC/E results are consistent with the present 

simulations while OPC simulations show lower stability compared to the SPC/E water model.  

Simulations of tetramolecular DNA four-quartet parallel-stranded all-anti G-stem show 

excessive ion dynamics (Simulations 22a - 22e, 23a - 23e, 24a - 24e, 25a - 25e and 26a - 26g) 

In order to obtain more insights into the balance of forces in GQs and also to better understand 

the force-field limitations, we have carried out a series of simulations of parallel-stranded all-anti 

d[GGGG]4 tetrameric G-stem with three ions in the channel. The d[GGGG]4 simulations can be 

compared with the 2N3M simulations (simulation series 1-3) and with d[GGG]4 simulations 

(simulation series 19-21). The d[GGGG]4 all parallel all-anti G-stem has not been studied 

extensively before by long time-scale MD and, intuitively, one would expect it to be very stable. 

However, the results show a surprisingly complex picture. 

The G-stem was maintained in all ten 1 µs long simulations in the SPC/E water model with 

either Na+ (Simulations 22a-22e) or K+ (Simulations 23a-23e). However, in four out of five Na+ 

simulations, <10 ion exchange events were observed (Figure S30a and S30c-30d) while no ion 

exchange was seen in one simulation (Figure S30b). All the ion movements were concerted. The 

Na+ ions in the channel were mobile, confirming that the stems sample diverse subtly different 

heterogeneous substates, interconnecting the detailed ion dynamics/distribution with modest 

differences in the internal G-stem conformation.83 The Na+ ions were mostly residing close to 

rather than in between the quartet planes (Figures S30 and S31). 

In all the SPC/E simulations with K+ there has been a visible tendency to reduce the number of 

the ions in the channel to two (Figure S32), indicating structural stress associated with the three 
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closely-spaced cations (see Discussion). This has not been observed in the above (simulation 

series 19-21) and earlier29 simulations of the d[GGG]4 with the same force-field parameters, i.e., 

two K+ are stable in d[GGG]4. In early stages of the d[GGGG]4 K
+ simulations, the ion between 

quartet 1 and 2 (Site 1) was pushed above the stem (above its 5′-end). After the first shift of 

cation from Site 1, Site 2 cation moved to occupy Site 1 in one simulation and in another one the 

K+ ion returned back to Site 1 (Figures S32d & S32e). Otherwise, the cations stayed above the 

first quartet throughout the simulations (Figures 7 and S32). As this newly formed “outer” ion-

binding site was exposed to the solvent, four to >20 cation exchanges with bulk ions were 

observed in the 1 µs simulations (Figure S32). Additionally, in one simulation, the bottom ion 

was lost to the solvent. Then the ion from the central cavity Site 2 moved to Site 3 and the 

middle site remained vacant for most of Simulation 23e (Figure S32e), thus resulting in only two 

ions in the stem. The K+ ions that remained within the G-stems mostly stayed in the inter-quartet 

cavities, as expected for the K+ ions.   

We also carried out five 1 μs long simulations of d[GGGG]4 in OPC with Na+ (Figure S33). The 

systems were visibly distorted in three out of five simulations as strand slippage events were 

observed. In one simulation the GQ was stable and no ion exchange event was observed while in 

the last simulation, four cation exchange events were observed but the stem was stable. The 

strand slippage events in this series of simulations were initiated by melting of the terminal 

quartet. One guanine left the quartet, stacked on the remaining G-triad, and it eventually 

enforced strand slippage, as the lone stacked guanine pulled the whole G-strand by one level 

(Figure S34). Substantially non-planar G-quartets were sampled from the onset of the 

simulations (because of the apparently imbalanced G(O6)-Na+ attraction resulting in buckling of 

Gs), but that was likely a prelude to the described strand slippage. Considering the short 
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simulation time scale, the simulations suggest substantial volatility of the d[GGGG]4 (see 

Discussion).   

In the 1 μs long simulations of d[GGGG]4 in K+ and OPC water model, the G-stem was stable in 

only two out of five simulations (Figure S35). In the Simulations 25a - 25c, Site 1 became vacant 

and a transient cation binding site over the first quartet was observed. The first (5′-end) quartet in 

these simulations was disrupted at 180 ns, 280 ns and 350 ns, respectively, by the movement of 

one or two guanines over the remaining bases of the quartet. The other three quartets of the G-

stem did not fully disintegrate but exhibited substantial fluctuations. The cations at Sites 2 and 3 

were retained in these simulations (Figure S36a - S36c). In Simulation 25d, the number of ions in 

the stem was reduced to two, Site 2 became vacant and additional transient cation binding sites 

were formed above and below the G-stem (Figure S36d). In Simulation 25e, the ion from Site 1 

was pushed above the first quartet. Re-entry of this cation back into Site 1 pushed the cation 

from Site 3 below the G-stem and when the latter ion returned back to Site 3 the ion from Site 1 

moved again above the stem (Figure S36e). Ion exchange was also observed at Site 3. These 

results indicate the difficulty in stable incorporation of three ions in the channel. 

We also tested LM Na+ and K+ ions in the SPC/E water model in the Simulations 26a-26c for the 

d[GGGG]4 G-stem. The G-stem was stable in the Na+ Simulation 26a but disruption of a quartet 

was observed in one of the two simulations in K+ ions, (Simulation 26b, Figure S37a). The 

SPC/E adapted LM Na+ ions showed similar behaviour as the JC Na+ ions as three ions stabilized 

the G-stem and ~20  ion exchange events were observed (Figure S38a). In the Simulation 26b 

with the SPC/E adapted LM K+ ions, ion from Site 3 was lost to the solvent at 90 ns and guanine 

from the last quartet moved towards the solvent, disrupting the quartet. The other three quartets 

were maintained albeit with substantial fluctuations. In the second simulation in SPC/E adapted 
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LM K+ ions (Simulation 26c), ion from Site 1 was pushed over the first quartet until the 

movement of ion from Site 2 to Site 1 at 0.7 μs (Figure S38b). Cations at Sites 1 and 3 stabilized 

the G-stem and no cation was present in Site 2 for the remaining of the simulation time. Thus, 

the LM Na+ and K+ ions in Simulations 26a and 26c behaved similarly to JC ions.  

In Simulation 26d with OPC water model and HFE Na+ ions, GQ was stable but multiple ion 

exchange events were observed (Figures S37b and S38c) and the fourth quartet was buckled. In 

the OPC water model and HFE K+ ions (Simulation 26e), 5′-quartet was disrupted at 1.7 μs 

(Figures S37b and S38d). Disruption of 5′-quartet was also observed in the Simulations 26f and 

26g with OPC water model and IOD Na+ and K+ ions at 1.0 μs and 400 ns, respectively (Figure 

S37c).  

Additional simulations 

We have carried out simulations of d[GGGG]4  using TIP4P-D water with JC and CHARMM22 

Na+ and K+ ions (simulation series 27). The results are presented in Supporting Information 

including Figures S39 and S40.  

We also ran simulations of two quartet parallel and antiparallel G-stems (Simulations 28a -28f) 

and RNA two-quartet dimer and monomer (Simulations 29a - 29f) using the Langevin 

thermostat. The GQ system behaved similarly as with the Berendsen thermostat, within the limits 

of sampling (Figures S41 - S44). Further details are presented in Supporting Information.  

Complex dynamics of water molecules inside the channel of four-quartet GQs (Simulation 

series 1-3, 8-10, 22-27) 

The trajectories of both RNA and DNA four-quartet GQs showed that water molecules may enter 

the channel via its 5′ or 3′ end. These waters may then be pushed further into the channel by an 

incoming cation. Then they may leave the channel concurrently with another ion exchange 
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through the channel ends. In the case of four-quartet GQs with discontinuous strands (2RQJ, 

2N3M), we rarely observed that waters could escape from Site 2 (the middle one) into the 

groove. This process is facilitated by the incorporation of leaving water molecule into a G-

quartet, which then hosts one water-mediated G:G base pair (Figure S45). Such a G-quartet 

perturbation may last for microseconds, but it apparently does not destabilize the GQ. In one 

case we saw the process in reverse, since a water molecule penetrated into the channel from the 

groove. In tetramolecular GQs with continuous strands (d[GGGG]4), water molecules could 

escape the channel via incorporation into a quartet, but only the terminal ones; we did not see 

escape through the middle quartets into the groove. The analysis again confirms that the 

ensembles of the simulated G-stem structures are not homogeneous83 and contain diverse long-

living substates. Interaction of long-residency water molecules in G-triads participating in a G-

stem core has been characterized by NMR and MD simulations.86 However, incorporation of 

water molecules into a G-quartet appears to be a new observation. It may lead to rare 

conformational substates of the G-stems which might affect their interactions with other 

molecules. 

DISCUSSION 

Potential roles of two-quartet GQs 

GQs are often assumed to need three consecutive G-quartets to be stable. On the other hand, the 

formation of stable two-quartet DNA or RNA GQs would imply that GQs could be far more 

widespread in the genome.87 In addition, RNA is single-stranded and in principle could form GQ 

whenever the right conditions are met.88-94 It has been shown that RNA GQs formed by 5′-

untranslated regions of mRNAs could modulate translation in vitro.95-99 The stability of two-

quartet RNA GQs would imply that shorter RNA molecules such as microRNAs may form GQs 
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under physiological conditions and modulate cellular functions.100 In addition, these less stable 

GQs could have interesting dynamic properties, as they can quickly fold and unfold, and 

sensitively respond to the changes in cellular conditions. Various two-quartet GQs could be 

transiently formed during folding of larger GQs. The current experimental data are not sufficient 

to unambiguously assess the intrinsic stability of two-quartet GQs, albeit they show that very 

stable two-quartet GQs can form if stabilized by additional structural features such as favourable 

loop alignments or adjacent G-triads. Two most known cases are the DNA Thrombin binding 

aptamer (TBA) stabilized by the loops and the two-quartet form of the DNA human telomeric 

GQ stabilized by a G-triad,21, 27 both being anti-parallel GQs. More recent two-quartet DNA GQs 

have also been discovered in anti-parallel conformation.36, 101  

Stability of two-quartet GQs as captured by MD simulations 

We investigated the potential to form two-quartet GQs with minimal or no support by additional 

stabilizing elements. We have performed a series of standard 1-10 µs long atomistic explicit 

solvent MD simulations assessing the intrinsic structural stability of two-quartet DNA and RNA 

GQs starting from the folded state. Such computations aim to capture the unfolding process, i.e., 

the lifetime (1/koff) of a given GQ when folded, as described by the simulation force field. 

Although the computations do not address directly the thermodynamic stability, it is plausible to 

assume that species with too short lifetimes cannot significantly contribute to the folding 

landscape. Due to many force-field approximations discussed below, we assume that the 

simulations underestimate the lifetimes of the studied species, but should provide a fairly good 

estimate of their relative structural stabilities. Most of our efforts were devoted to the more 

elusive parallel-stranded all-anti arrangements. 
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Our simulations predict that two-quartet parallel-stranded all-anti DNA G-stems are intrinsically 

very unstable, and cannot be formed (except very transiently) without extensive support by 

additional structural elements (Simulations 4a-4h and 5a-5d, Figures 3, S5 and S7). Parallel-

stranded G-stems with 5′-syn bases and antiparallel two-quartet DNA G-stem are evidently more 

stable (Simulations 6a-6d and 7a-7k, Figures 4, 5 and S9-S11). This is consistent with the fact 

that the solution structures of antiparallel two-quartet DNA GQs with alignments on both sides 

of the G-stems are known.21 Similarly, the two-quartet RNA GQ is predicted to be more stable 

than its parallel DNA two-quartet counterpart, which is consistent with experiments suggesting 

larger stability of RNA over DNA GQs (simulation series 11 -15, Figures 6 and S17-S21).38, 88, 91, 

102  Mergny and colleagues studied the kinetics and thermodynamics of tetramolecular DNA and 

RNA quadruplexes and concluded that RNA quadruplexes are more stable than their DNA 

counterparts as a result of both faster association and slower dissociation.34 Note, however, that 

all these comparisons were based on tetramolecular structures involving at least three quartets. 

The simulations reveal the origin of short lifetimes of unsupported two-quartet all-anti DNA G-

stems (Table 1). They are volatile due to the ability of unobstructed vertical movements 

(slippage) of the strands caused by common thermal fluctuations.80, 81 In contrast to longer stems, 

any strand slippage event within a two-quartet stem leads to a weak structure with only one 

quartet that is prone to immediate disintegration. In the case of antiparallel G-stems, mutual 

vertical movements of the strands are hindered by the mixture of syn and anti residues in the 

stem. Additionally, where relevant, the terminal syn-specific 5′-OH – G(N3) H-bond may also 

provide stability to the antiparallel G-stem. In the case of RNA GQs, we suggest that their larger 

rigidity due to the presence of the 2 �-OH hydroxyl group reduces their propensity to vertical 

strand slippage.  
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Force-field approximations and their effect on G-stem simulations 

The simulations are influenced by diverse force-field imbalances.66 Generally, outcomes of 

simulation studies of fully folded cation-stabilized GQ structures are often unaffected by these 

imbalances, due to the extraordinary stability and stiffness of GQs.44 Simulations with 

appropriate force fields starting from fully folded cation-stabilized GQs are usually entirely 

stable, as their lifetimes, even as described by the force field, extend far beyond the simulation 

time scale. In contrast, any larger perturbation of the quartets in simulations of GQ structures 

derived from experiments indicates that an inadequate force field has been used.44, 103 Still, even 

with appropriate force fields, subtle details of the structures (details of quartet′s H-bonds,29, 78 

cation distribution,29 backbone substates63 and loop conformations74, 75, 77) may be sampled 

imperfectly.  

Force-field imbalances may impact considerably more simulations of GQ folding 

intermediates44, 82 and other weak structures such as the two-quartet stems studied here. Such 

simulations may be already visibly affected by force-field approximations. Our above-presented 

analysis of different stabilities of two-quartet GQ stems has been made based on primary MD 

data with consideration of the known systematic errors in the force-field description. Thus, we 

suggest that our interpretation of the simulation data is justified. Let us now explicitly comment 

on the imbalances, explain how they influence the presented primary simulation results and what 

new insights were learnt from the simulations about force-field limitations.   

i) Stability of the GG H-bonding is generally assumed to be underestimated44 with the presently-

used non-bonded terms.66 This problem can be partly corrected, for example, by adding a 

specific term to stabilize the H-bonds.104 Note that it does not mean that the H-bonding is 

uniformly underestimated in MD simulations of nucleic acids; there are other H-bonds which are 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 25, 2020. ; https://doi.org/10.1101/820852doi: bioRxiv preprint 

https://doi.org/10.1101/820852


 27

over-stabilized by the force field, especially in RNA.66, 104 No means to enhance the stability of 

GG base pairing was used in this study. 

ii) There are many indications that the base stacking is often over-stabilized in simulations of 

nucleic acids with the presently-used non-bonded terms, though this effect is likely context-

dependent and non-uniform (reviewed in ref.66). For GQs, some over-stabilization of G-quartet 

stacking may be helpful since it compensates for some other force-field deficiencies. Stability of 

H-bonding and stacking in nucleic acids simulations is determined not only by the solute-solute 

interactions but mainly by the balance with the water model.105-107 

iii) The force fields are suspected to provide an inaccurate description of the propeller loops.74, 76, 

77 They are unable to sample the experimentally-determined (if known unambiguously)74 

propeller loop geometries in otherwise stable simulations of fully folded GQs and are assumed to 

excessively destabilize the parallel G-hairpins and G-triplexes which affects simulations of 

folding intermediates.41, 82 The exact origin and magnitude of this imbalance remains unknown.74 

The description of lateral and diagonal loops appears to be more realistic.75  

iv) With commonly used force-field parameters, the pair additive force field underestimates the 

strength of the O6-cation interaction and thus also direct cation binding to the G-quartets.77, 108 In 

addition, when using monovalent cations that have parameters optimized to reproduce solvation 

energies with current water models, the cations inside the G-stem channel appear as too large 

(having a too large radius or too steep onset of the van der Waals repulsion).77, 108 These 

inaccuracies, together with approximate description of the base-base H-bonds, probably 

contribute to common sampling of bifurcated GG H-bonds in the simulated G-stems.29, 78 

v) When two or more cations are lining up in the G-stem, yet another and likely severe 

imbalance arises, which has been noticed only quite recently.109 It is manifested as an excessive 
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inter-cation repulsion because the ions are modelled as having fixed +1 charges. In real GQs, the 

inter-cation repulsion is weakened due to a complex interplay of polarization effects between the 

ions and the G-quartets, which is strongly geometry-dependent.109 This problem thus cannot be 

fixed when using the formalism of pair-additive force fields.  

Due to the latter two imbalances, we remain rather sceptical with respect to MD simulation 

studies aiming at quantitative (free-energy) description of ion binding inside GQs, including 

studies attempting to explain the Na+ vs. K+ stabilization difference. In addition, as shown here 

and elsewhere,83 binding of ions in GQs includes diverse local substates which have a dramatic 

impact on results of free-energy calculations using the approximate MM-PBSA (or similar) 

methods. These methods magnify the free-energy differences among the substates while the 

simulation time scale is not sufficient to provide their converged populations.83 Recent literature 

data suggest that polarizable force fields could substantially improve the description of ions in 

GQs,103 though they may still require careful calibration and it is not yet clear if they do not 

introduce other hitherto not identified problems. However, G-stems stabilized by cations are 

genuine systems for application of the polarizable force fields.103, 110-113 Well-calibrated 

polarizable force fields should be capable to simultaneously balance parameters for the bulk and 

bound ions as well as to correctly describe the inter-cation repulsion inside the GQs. 

The above-listed imbalances explain why we suggest that the structural stability of the two-

quartet GQs is underestimated by the present simulations. It is affected by under-stabilization of 

the ion-quartet interactions and the GG base pairs, which is only partly compensated for by the 

likely overestimated stacking. Further, the intra- and bimolecular parallel GQs may be 

destabilized by the description of the propeller loops. 
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Our simulations of the larger systems are further affected by the exaggerated description of the 

inter-cation repulsion. This can contribute to the observation that in the simulations of the 2N3M 

structure, Site 2 of ion is often not occupied (Table 1). This specific prediction should thus be 

taken with care. 

The force field does not capture the increase of stability upon increasing the number of G-

quartets correctly 

Consideration of the excessive inter-cation repulsion also explains the quite frequent and likely 

excessive exchanges and ion shifts seen in simulations of the d[GGGG]4 all parallel tetrameric 

GQ (Figure 7). It also explains why the ion exchanges are not attenuated in the present 

d[GGGG]4 simulations compared to the earlier simulations of d[GGG]4.
29 While at first sight, 

one might expect a major stabilization/rigidification of the system when moving from three 

quartets to four quartets, the force-field imbalance of the inter-cation interaction is getting more 

severe for the latter system. In other words, we suggest that the fact that we see more ion 

dynamics, exchanges and expulsions for the d[GGGG]4  than for d[GGG]4 is a simulation 

artefact. Note that in some of our simulations we have even seen modest perturbations of the 

stems. It indicates that simulations with pair-additive force-fields do not properly capture the 

increase of stability of GQs upon the increase of the number of G-quartets, which could be 

several orders of magnitude per one added G-quartet.33, 34, 114 Although direct calculation of free-

energy differences between GQs with different number of quartets are not realistic due to 

sampling limitations, even structural-dynamics simulations can be affected when smooth lining 

up of the multiple ions in the channel is disturbed, as evidenced above. Fortunately, there are 

indications that the ion dynamics is attenuated in simulations of complete GQs compared to 

simulations of just the G-stems.29, 83  
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We did not see any preference for cation exchanges through the 5′-end and 3′-end quartets. 

Previous MD studies also indicated that in all-anti parallel-stranded GQ, the energy barriers for 

cations escaping the G-stem is approximately equal for both the 5′- and 3′-end.115 

Simulations with more sophisticated water models may under-stabilize G-stems 

The above-noted imbalances also provide clues about the lesser structural stability of the 

simulated systems when using more sophisticated four-site OPC (the Main text) and TIP4P-D 

(Supporting Information) water models. The OPC water model is becoming very popular in 

simulations of RNA molecules since it appears to weaken the base stacking and spurious H-

bonds;66, 104-106 overstabilization of these interactions with simple water models is a result of the 

balance of solute-solvent and solvent-solvent interactions. TIP4P-D enhances dispersion 

interactions and it was developed to balance the populations of compacted and loosely ordered 

states of disordered proteins because the widely used three-site TIP3P model overstabilizes the 

compacted state.54 TIP4P-D has also been suggested to improve the conformational behaviour of 

RNA tetraloops.57 However, as shown in the present work, the OPC and TIP4P-D water models 

(at least with the used ion parameters) are suboptimal for GQ simulations. They can lead to 

destabilization of at least some GQ systems, probably due to the loss of fortunate compensation 

of errors present with some more simple water models such as SPC/E. It appears that finding a 

universal water model for nucleic acids simulations is a complex problem and that the SPC/E 

water model with JC ions is a reasonable albeit not ideal compromise for GQ simulations. It 

should be noted that we do not want to a priori disregard the more sophisticated water models 

from GQ simulations, as they can bring potential benefits in the description of loop stacking, 

ligand binding or some other aspects of the simulations. The instabilities reported in the present 

work for several systems may be attenuated for complete intramolecular GQs with three loops. 
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However, one should be aware that these water models may under-stabilize the G-stems and lead 

to occasional spurious perturbations of simulated GQ structures, especially in longer simulations. 

The success of these water models has been related to a reduction of excessive compaction of 

biomolecular chains mostly due to weakening of some H-bonding and stacking interactions.54, 66, 

104-106 This property, however, can for some other systems lead to undesirable under-stabilization 

of native folds. 

CONCLUSIONS 

Nearly 250 GQ structures are currently accessible in the PDB database. The majority of the 

crystallised GQs are parallel-stranded and have three quartets. Solution structures of antiparallel 

two-quartet DNA GQs have also been observed.21, 36 The antiparallel two-quartet DNA GQs 

have extensive loop alignments above and below the guanine quartets or other stabilizing factors 

which could provide stability to the GQ. However, it remains to be explored if independent 

parallel-stranded two-quartet DNA GQs are unstable per se or are yet to be discovered.  

Diverse experimental evidence suggests larger stability of RNA over DNA GQs. The 2� -

hydroxyl group in ribose sugar allows for more interactions with the bases, cations and water 

molecules thereby increasing the stability of the RNA GQs.14 It also restricts the orientation of 

the base favouring the anti-orientation. Therefore, the majority of the RNA GQs have been 

observed in the parallel-stranded topology with all bases in the anti-orientation.  

Based on the simulations we suggest that parallel-stranded all-anti two-quartet DNA G-stems are 

intrinsically very unstable due to the propensity of strand slippage, leading to very short life-

times. Such stems can be stably formed only with the help of additional stabilizing interactions, 

such as dimerization or linking of two-quartet parallel-stranded DNA GQs.45 Nevertheless, it 

does not preclude the occurrence of parallel-stranded two-quartet stems in transitory ensembles41  
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during folding processes. Antiparallel DNA two-quartet stems, as well as RNA two-quartet 

stems, are structurally considerably more stable than the parallel DNA two-quartet stems, 

although even these species likely require additional stabilizing elements to achieve detectable 

thermodynamic stability. 

On the methodological side, we identify a visible consequence of exaggerated inter-cation 

repulsion in the G-stems caused by the force-field approximation.109 This leads to an enhanced 

rate of cation exchanges and even expulsions of ions in the d[GGGG]4 parallel all-anti G-stem 

compared to the d[GGG]4. This has been an entirely unexpected and counterintuitive result, 

considering the experimentally known sharp (several orders of magnitude) increase of GQ 

stability and life-times with the number of G-quartets.33, 34, 114 Although there is no direct 

experimental evidence of ion dynamics in these constructs, we assume that on µs time scale the 

ion-exchange dynamics in d[GGGG]4 should be minimal, the stem should be fully occupied by 

ions and entirely stable. This suggests that the force fields do not capture the increase of G-

quadruplex stability with the number of G-quartets. The simulations also show differences 

among the tested water and ion parameters, confirming an earlier suggestion29 that improved 

water models such as OPC may be non-optimal for simulations of GQs. 
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Figure 1. Starting structures used in the simulations. (a) 2N3M GQ with nucleotide numbering 

of guanines, (b) two-quartet GQ extracted from upper half of 2N3M, (c) two-quartet GQ 

extracted from lower half of 2N3M, (d) all anti parallel-stranded d[GG]4 G-stem, (e) parallel-

stranded d[GG]4 with 5′-guanines in syn orientation, (f) antiparallel d[GG]4 extracted from 148D, 

(g) parallel-stranded d[GGG]4 from 1KF1, (h) antiparallel d[GGG]4 from 143D and (i) parallel-

stranded d[GGGG]4  from 4R44. The RNA simulations were carried out using the dimer of (j) 

2RQJ with nucleotide numbering of guanines and (k) monomer of 2RQJ GQ. The anti and syn 
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guanines are shown in yellow and orange, respectively. The 5′-end of RNA structures is shown 

in tan. The loops are shown in thin lines while dark arrows show the backbone of G-stem. The 

yellow, magenta and orange circles show guanine, thymine and adenine bases, respectively. The 

solid red lines represent the Hoogsteen base pairing. Cation binding sites numbering of two-

quartet, three-quartet and four-quartet GQs are marked in the panels (d), (g) and (i), respectively. 

Supporting Information Figure S1 shows the atomistic structures. 
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Figure 2. Cation binding sites (densities) observed in the MD simulations of 2N3M. (a) Three 

Na+ ions stabilized the GQ in the Simulation 1a while (b) two K+ ions stabilized the GQ for the 

majority of the Simulation 1b. The Na+ and K+ binding sites are shown in orange and pink, 

respectively. The backbone of the GQ is shown in tan tube. The guanine nucleotides of GQ are 

shown in silver ribbons and blue lines. The backbone of 5′-end of the GQ is shown in cyan. In 

the simulation in K+ ions, transient cation binding sites were developed above and below the GQ.  

A 2500 Å-3 threshold was used for density representation. 
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Figure 3. Simulations of the first GQ unit of 2N3M. The two-quartet structure unfolded in all the 

Simulations 4a-4d irrespective of the water model and stabilizing ion. Schematic and atomistic 
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(both side and top) representations of (a) starting structure and main transient structure occurring 

during the unfolding in (b) Na+/SPC/E, (c) K+/SPC/E, (d) Na+/OPC and (e) K+/OPC are shown. 

See legend to Figure 1 for further details of the schematic representations. The solid red lines 

represent native Hoogsteen base pairing while dash red lines indicate any other hydrogen 

bonds. In the atomistic representations, the backbone of GQ is shown as tan tube with the 5′-end 

shown in cyan. The first, second, third and fourth strands of the GQ are shown in pink, blue, 

green and orange sticks, respectively. Cations are not shown in the figure. PDB files of the 

structures can be found in the Supporting Information.  
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Figure 4. Backbone RMSD (a) and plots monitoring the cation binding (b-e) in parallel-stranded 

d[GG]4 with all 5′- bases in syn configuration in the Simulations 6a - 6d. Simulations 6a and 6b 

were carried out with Na+ ions and SPC/E water model while Simulations 6c and 6d were carried 

out with K+ ions and SPC/E water model. The cation binding site 1 corresponds to the typical 

position of cations in the channel of GQ between the two quartets. The sites 0 and 2 stand for the 

positions over the 5′-quartet and below the 3′-quartet, respectively. See panel (d) of Figure 1 for 

the representation of these sites. Distinct ions are represented by di�erent colors and symbols, 

and any change in the color/symbol indicates an exchange of an ion in the site. In the panels b - 

e, the numbers on the right show occupancies of the respective sites. Frequent cation exchange 

events were observed in the simulations carried out with Na+ ions while there was no cation 

exchange in the simulations carried out with K+ ions.  
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Figure 5. Backbone RMSD (a) and plots monitoring the cation binding (b-f) in antiparallel 

d[GG]4 G-stem in the Simulations 7a – 7e in the presence of Na+ ions and the SPC/E water 

model. The plots (b-f) reveal very fast cation exchanges in all the simulations. The cation 

binding site 1 corresponds to the typical position of cations in the channel of GQ between the 

two quartets. The sites 0 and 2 stand for the positions over the 5′-quartet and below the 3′-

quartet, respectively. In the panels b - f, the numbers on the right show occupancies of the 

respective sites. For more details see the legends of Figure 4.  
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Figure 6. Backbone RMSD (a) and plots monitoring the cation binding (b-e) in the K+/SPC/E 

Simulations 11a - 11d of two-quartet GQ unit of 2RQJ. (a) The backbone RMSD of the GQ is 

shown in different colors for each simulation; the minor RMSD fluctuations are due to the loop 

dynamics. The plots (b-e) reveal that no cation exchange was observed at Site 1. The cation 

binding site 1 corresponds to the typical position of cations in the channel of GQ between the 

two quartets. The sites 0 and 2 stand for the positions over the 5′-quartet and below the 3′-

quartet, respectively. In the panels b - e, the numbers on the right show occupancies of the 

respective sites. For more details see the legends of Figure 4.  
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Figure 7. Cation binding sites (densities) observed in the K+/SPC/E Simulations (a) 23a, (b) 23b, 

(c) 23c, (d) 23d and (e) 23e of d[GGGG]4. The backbone of the G-stem is shown in tan tube and 

the 5′-end of the GQ backbone is shown in cyan. The guanine nucleotides are shown in silver 

lines and the K+ binding sites within the G-stem are shown in blue. Cation densities were 

developed above the G-stem due to the movement of cation from Site 1 to above the 5′-quartet. 

Cation densities were also developed below the G-stem as solvent cations were transiently 

trapped below the 3′-quartet. The figure shows that mostly two cations were present in the 

channel due to repulsion between the closely spaced cations. A 300 Å-3 threshold was used for 

density representation.  
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Table 1. List of 2N3M and two-quartet DNA GQ simulations carried out in the present study 
Simulation  Structure Length of 

simulation 

(µs) 

Conditions 

(force field /ion/ 

water model, 

initial ion 

position)a 

Summary 

Number subcategory 

1 a 2N3M 10 OL15/Na+/SPC/E three ions stabilized the GQ, two  
ion-exchange events seen after 9 
µs.  
 

b 10 OL15/K+/SPC/E two ions stabilized the GQ, the 
middle ion is missing 
 

c 10 OL15/Na+/OPC three ions stabilized GQ from 0-
6.71 µs and two ions from 6.71-10  
µs (middle ion missing) 
 

d 10 OL15/K+/OPC first quartet was disrupted as there 
was no ion in between quartets 1 
and 2 and therefore a guanine 
from the first quartet moved 
towards the solvent at 1.45 µs.  
 

e 10 OL15/K+/OPC K+ from Site 1 escaped into the 
solvent at 1.1 µs and ion from Site 
2 moved to Site 1. Two ions 
stabilized GQ for remaining time, 
middle ion missing.  
 

2 a 2N3M 1  OL15/Na+/SPC/E; 
initially no ions 
inside 

Ion trapped at Site 2 during 
equilibration. New ion entered at 
Site 1 at 6 ns of the simulation and 
pushed ion from Site 2 to Site 3. 
No further ion exchange was 
observed; Site 2 remained vacant. 
 

b  1 OL15/K+/SPC/E; 
initially no ions 
inside 

Ions positioned near the G-stem 
(both above and below) during the 
equilibration and entered the G-
stem within the first ns of the 
simulation; no further ion 
exchange was observed. Site 2 
remained vacant. 
 

3 a 2N3M without 
linker 

5 OL15/Na+/SPC/E GQ stable; three Na+ ion exchange 
events were observed from 440 ns 
- 2.28 µs. 
 

b   5 OL15/K+/SPC/E GQ stable; no ion exchange. Two 
K+ ions stabilized the GQ for 
majority of the simulation time. 
 

4 

 

a first GQ unit of 
2N3M 

10 OL15/Na+/SPC/E unfolded at ~400 ns 

b 10 OL15/K+/SPC/E unfolded at 1.83 µs 
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c 10 OL15/Na+/OPC unfolded at 1.08 µs 

d 10 OL15/K+/OPC unfolded at 6.58 µs 

e second GQ unit 
of 2N3M 
  
  

10 OL15/Na+/SPC/E unfolded at ~880 ns 

 
f 

 
10 

 
OL15/K+/SPC/E 

 
unfolded at ~4.65 µs 

g 10 OL15/Na+/OPC unfolded at ~85 ns 

h 10 OL15/K+/OPC unfolded at ~1.3 µs 
 

5 a-d 
 

parallel-stranded 
all anti d[GG]4  

2 (2 
simulations) 

OL15/Na+/SPC/E strand slippage at 5 ns and 6 ns, 
then structure loss 

2 (2 
simulations) 

OL15/K+/SPC/E strand slippage at 76 ns and 228 
ns, then structure loss 
 

6 a-d parallel-stranded 
d[GG]4 with 5'-
syn 

1 (2 
simulations) 

OL15/Na+/SPC/E G-stem was stable but frequent 
ion exchanges were observed in 
both the simulations 

1 (2 
simulations) 

OL15/K+/SPC/E G-stem was stable; no ion 
exchange  
 

7 a-k antiparallel 
d[GG]4 (from 
PDB 148D) 

5 (5 
simulations) 

OL15/Na+/SPC/E Several ion exchange events but 
G-stem was stable. 

5 (2 
simulations) 

OL15/K+/SPC/E G-stem stable; no ion exchange 

5 (2 
simulations) 

OL15/Na+/OPC Several ion exchange events but 
G-stem was stable. 

2 (2 
simulations) 

OL15/K+/OPC G-stem stable; no ion exchange 

a fully occupied channel at the beginning if not mentioned otherwise. JC ions used in all simulations.  
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Synopsis: We have carried out extended unbiased atomistic simulations using different ion and 

water parameters to study the stability of two and four quartet G-quadruplexes (GQs). The all-

anti parallel-stranded two-quartet DNA GQs are highly unstable compared to their RNA 

counterpart in all the ion and water conditions. GQs composed of two stacked units of two-

quartet GQs were, however, stable for both DNA and RNA. 
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