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ABSTRACT 

The NMR solution structures of human telomeric (Htel) G-quadruplexes (GQs) are characterized 

by the presence of two lateral loops complemented by one either diagonal or propeller loop. 

Bases of the loops can interact within the loops, between loops as well as with flanking bases to 

form base alignments above and below the GQ stems. These base alignments are known to affect 

the loop structures and relative stabilities of different Htel GQ folds. We have carried out a total 

of 217 µs of classical (unbiased) molecular dynamics (MD) simulations starting from the 

available solution structures of Htel GQs to characterize structural dynamics of the lateral and 

diagonal loops, using several recent AMBER DNA force-field variants. As the loops are 

involved in diverse stacking and H-bonding interactions, their dynamics is slow and extended 

sampling is required to capture different conformations. Nevertheless, although the simulations 

were far from being quantitatively converged, the data suggest that multiple 10 µs-scale 

simulations can provide a quite good assessment of the loop conformational space as described 

by the force field. The simulations suggest that the lateral loops may sample multiple co-existing 

conformations, which should be considered when comparing simulations with the NMR models 

as the latter include ensemble averaging. The adenine-thymine Watson Crick base pairing was 

the most stable base pairing in the simulations. Adenine-adenine and thymine-thymine base pairs 

were also sampled but were less stable. The data suggest that description of lateral and diagonal 

GQ loops in contemporary MD simulations is considerably more realistic than the description of 

propeller loops. 

INTRODUCTION 
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Telomeres form the linear ends of eukaryotic chromosomes and protect them from end-to-end 

fusion and degradation.1, 2 They comprise of short DNA repeats and specialized associated 

proteins.3, 4 In normal human cells, telomeric DNA shortens at every cycle of replication, 

ultimately reaching the Hayflick limit and thus leading to replicative senescence.4-7 The 

ribonucleoprotein telomerase provides a compensatory mechanism as it can preserve telomere 

length shortening by using its intrinsic RNA as the template.3, 6, 8-11 Telomerase is inactive in 

normal cells but in 85% of all primary tumors, germ line cells, stem cells, hematopoietic cells 

and other rapidly dividing cells, high telomerase activity is observed.8, 12-17 Therefore, telomerase 

inhibition is considered as an attractive selective therapy for cancer.18-20 The 5' to 3' strand of 

human telomeric DNA (Htel) consists of tandemly repeated d(TTAGGG) sequence which 

extends beyond the duplex DNA producing a 3' single-stranded overhang of 100-280 nucleotides 

in length.21, 22  

It has been shown by diverse experiments that guanine-rich sequences have unusual aggregation 

properties and can form four-stranded structures containing G-quartets, in a cyclic co-planar 

arrangement of four guanines stabilized by a Hoogsteen type hydrogen bonding.23, 24 Formation 

of such secondary structures by G-rich sequences found at the chromosomal telomeres can 

prevent the telomerase binding and arrest cell division.25 Therefore, G-rich telomeric sequence is 

considered an important target for small molecule drug design in cancer treatment.26, 27 The 

guanine quartet is the basic structural unit of a G-quadruplex (GQ) and is formed when guanines 

utilize both Watson Crick (WC) and Hoogsteen edges to form square planar alignment.28 Several 

G-quartets stack to form GQ stems (GSs) and cations between the quartets shield the electrostatic 

repulsion between the centrally facing carbonyl oxygen atoms of the guanines.28, 29 The 

intervening sequences between the guanines (TTA in Htel GQs) form the loops of the GQ.28  
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Many DNA GQs are polymorphic in nature as their sequences can lead to different GQ 

topologies in different experimental conditions or even several folds can co-exist. The guanines 

in the quartet can adopt either -syn or -anti glycosidic orientation. The syn-anti distributions in 

the G-strands are interrelated with the overall topological variability of the GQs, because base-

paired guanines belonging to parallel and antiparallel G-strands must have the same and opposite 

orientations, respectively.  

The Htel GQ sequence possesses extreme topological variability (Table S1 in the Supporting 

Information). Till date, Htel GQs in crystallographic conditions have been observed as parallel-

stranded GQ which is characterized by the presence of only propeller loops (PLs).23 PLs link 

bases in the GSs that are not in the same quartet but share a groove (Figure S1a). They are also 

known as chain reversal loops as they orient the following guanine strand parallel to the 

preceding connected strand. In the solution conditions, in addition to parallel stranded, two- and 

three-quartet antiparallel, (2+2) antiparallel and (3+1) hybrid-1 and hybrid-2 topologies have 

been reported at the atomistic resolution (Figure 1).30-36 For clarification, three-quartet 

antiparallel and (2+2) antiparallel GQ refers to antiparallel GQ with diagonal and propeller as the 

middle loop, respectively. Many more GQ folds may exist on the Htel folding landscape and 

those are yet to be visualized by experimental techniques.37  

All the presently-known solution structures of Htel GQs are characterized by the presence of two 

lateral loops (LLs) and one either propeller (PL) or diagonal loop (DL). The PLs span medium 

grooves of GQ while LLs can span both wide and narrow grooves. The LLs link bases of the 

same quartet that share a hydrogen bond while the DLs link bases of the same quartet that do not 

share hydrogen bonds (Figure S1b and c in the Supporting Information).  
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Along with experimental techniques, molecular dynamics (MD) simulations have also been used 

to study the structural dynamics, ligand binding and folding/formation of GQs.37-74 Obviously, 

the reliability of simulation studies of GQs depends on the completeness of sampling and 

specific accuracy of the force-field description of various aspects of the GQ structures. Several 

studies indicated that quality of the MD description of the quartet cores of the GQs and of the 

single-stranded loop regions differ. The accuracy of the force-field description of the single-

stranded loops is in general inferior to the description of the GSs. The GSs and loops also 

represent a distinct sampling problem. In the MD simulations, cation-stabilized GSs are (with 

properly chosen solute force field) largely stable and show only some backbone substates and ion 

fluctuations. In contrast, the loop regions may sample numerous conformations with diverse 

lifetimes, depending on the specific interactions within the loops and with the other parts of the 

structures.62-65, 71 It has also been shown that alignments formed by the loops along with the 

flanking bases may be important.65, 71 With the increasing computational power as one can carry 

out multiple µs-scale simulations, the force field emerges as the major limitation in the GQ 

simulations.64, 65, 71 For example, the following GQ-specific force-field limitations have been 

discussed in the literature: local imperfectness of the description of the ion-quartet interactions,62, 

75, 76 excessive ion-ion repulsion in the GS within the approximation of the pair additive force 

field,77 lack of sampling of gamma trans conformations in PLs62, 64, 71 and underestimated 

stability of the GG base pairing.37, 76 In our previous analysis of Htel and c-kit promoter GQ 

PLs,64, 65, 71 we noticed that the crystal-structure-like conformation of these loops could not be 

sampled in the simulations.65, 71 Benchmark unbiased 1-10 µs MD simulations supplemented by 

some enhanced-sampling simulations revealed that it is presently possible to capture by MD the 

most significant structures on the free-energy landscapes of the PLs, as defined by the force 
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field.71 However, the sampled structures indicated serious force-field imbalances in the 

description of the PLs.  

In the present paper, we complement the preceding benchmark simulations on TTA PLs by 

analysis of LLs and DLs of the Htel DNA GQs. The sampling issue of these loops is complicated 

by the fact that both loop types can form alignments with bases of the other loops and with 

flanking bases, above and below the GS. As already noticed earlier,65 the alignments formed by 

the bases may stabilize specific loop conformations, which are different in diverse folds. We 

show that some alignments native to the structures remained stable in simulations while few new 

were also formed during the simulations. In general, the results suggest that contemporary MD 

simulations can provide a rather satisfactory modelling of the TTA LLs, which appear to be 

considerably better described by the force field than the TTA PLs. 

METHODS 

Starting structures 

We have simulated representatives of all LL- and DL-forming Htel GQ topologies (Figure 1 & 

Table 1), using the NMR structure coordinates for the three-quartet antiparallel (PDB id 143D),36 

two-quartet antiparallel (PDB id 2KF8),32 antiparallel (2+2) (PDB id 2MBJ),33 hybrid-1 (PDB id 

2HY9),31 and hybrid-2 (PDB id 2JPZ)30 topologies. We also carried out simulations for hybrid-1 

GQ topology using the NMR structure coordinates from PDB ids 2GKU and 2JSM.34, 35 For 

more sampling of hybrid-2 topology, we carried out simulations using 5MVB without the ligand 

as the starting structure.78 Note that 5MVB resembles 2JPZ in topology, sequence and loop 

succession. It has ligand stacked on the first quartet and due to this remodelling of second LL 

(LL2) bases have been observed. For all NMR structures, coordinates were taken from model 1. 
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Additional simulations were also carried out using model 4 of 143D as the LL2 of models 1 and 

4 has different conformational arrangement of bases.36 The results of 5MVB and model 4 of 

143D simulations are discussed in separate section for clarity. The brominated base was replaced 

by corresponding unmodified bases in the starting structure derived from PDB id 2MBJ.33 

Water and ionic conditions in standard simulations 

Most simulations were carried out in 0.15 M excess NaCl. Two cations were manually placed 

between the quartets in the GSs. The solvent molecules and additional ions for simulations were 

added using xleap module of AMBER12. The system was first neutralized by Na+ and then 

excess NaCl of 0.15 M concentration was further added to the system. SPC/E-adapted Joung and 

Cheatham parameters were used for Na+ (radius 1.212 Å and well depth of 0.3526418 kcal mol-

1) and Cl- ions (radius 2.711 Å and well depth 0.0127850 kcal mol-1).79 The systems were 

solvated in SPC/E water model and placed in truncated octahedral box with a minimal distance 

of 10 Å of solute from the box border.  

As demonstrated in our earlier studies, these ionic conditions should be sufficient for the purpose 

of the present paper. Within the force-field approximation, the properties of the Na+ ions inside 

the GSs should be somewhere in between real Na+ and K+ ions. Further, simulations of fully 

folded cation-stabilized GQs are known to be fairly insensitive to the chosen ion types, 

concentrations and water models; for a thorough discussion see the following review papers.37, 75 

In other words, uncertainties caused by the choice of a specific ion type and ion parametrization 

are expected to be smaller compared to the genuine sampling limitations of our investigations. 

To validate this further and for additional sampling, we carried out some simulations in excess 
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0.15 M KCl as well. Both SPC/E and TIP3P water models were tested with KCl to assess the 

simulation behaviour of GQ in different ions and water models.  

DNA Force fields 

We used three different variants of the AMBER DNA force field, starting from the parmbsc0 

(bsc0)80 modification of the Cornell et al.81 force field supplemented by the χOL4,
82 marked as 

bsc0χOL4 throughout the paper. χOL4 improves the behaviour of syn nucleotides of DNA GQs 

compared to simulations carried out with the bsc0 refinement alone and hence is essential in 

simulations of antiparallel and hybrid GQs. The χOL4 refinement modulates the χ anti-region and 

facilitates transition through the 120º χ region by decreasing the energy barrier through this 

region and increasing for transitions through the 350º χ region.82 Simulations were also carried 

out with εζOL1
83 as a further refinement added to the bsc0χOL4 force field, abbreviated as 

bsc0χOL4εζOL1. The εζOL1 modifies the equilibrium of BI and BII B-DNA conformations thereby 

improving the BI/BII populations and helical twists.83 Most simulation trajectories (cf. Table 1) 

were carried out with the latest OL15 version, i.e., upon adding the βOL1 modification84 and 

completing the dihedral reparametrization of the Cornell et al. force field. For an overview of 

DNA force fields see ref.85 Similar spectrum of AMBER force-field variants has been used in 

our preceding study of PLs,71 which are structurally much more homogenous than the presently 

investigated loops and for which a more convincing sampling could have been achieved with 

similar amount of simulations as used in the present work. The results were essentially 

insensitive to the details of the dihedral parametrization. Therefore, we assume that the results 

presented in this work should also not be dramatically affected by the chosen force-field variants, 

as all of them are modern versions of the AMBER DNA force field and differ only in the tuning 

of dihedral potentials. If differences of the same loop simulated in different force field versions 
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are seen, they appear to primarily reflect the effect of random sampling rather than any 

systematic force-field dependence. This suggestion is consistent with the observed differences in 

simulations. In other words, we consider simulations of a given loop executed with different 

force-field variants as being comparable and of equal validity. 

MD simulations 

The starting structures were equilibrated using standard protocols described in the Supporting 

Information. The final MD simulations were performed with PMEMD CUDA version of 

AMBER12 or AMBER14.86 The electrostatic interactions were calculated using Particle mesh 

Ewald method and periodic boundary conditions were used.87 The cut-off distance for non-

bonded Lennard-Jones interactions was set to 9 Å. Covalent bonds involving hydrogen atoms 

were constrained using SHAKE algorithm with a tolerance of 0.0001 Å, allowing us to use an 

integration time step of 2 fs. For simulations in AMBER14, hydrogen mass repartitioning of 

solute atoms was utilized and an integration time step of 4 fs was used. Berendsen weak coupling 

thermostat and barostat were used to maintain constant temperature and pressure of 300 K and 1 

atm, respectively. The final production runs without restraints were carried out for continuous 5 

or 10 µs and the frames were written at a time step of 10 ps.  Analyses of trajectories performed 

using cpptraj module of AMBER and VMD and pymol programs were used for visualization.  

Selected abbreviations 

Human telomeric, G-quadruplex and G-stem are referred to as Htel, GQ and GS, respectively. 

The propeller, lateral and diagonal loops of the GQ are referred to as PL, LL and DL. The LLs 

are numbered such that the first and second LL starting from the 5’-end is called LL1 and LL2, 

respectively. The base pairing and stacking interactions are marked by symbols ‘:’ and ‘|’ in 
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between the bases. Majority of the simulations were carried out using NaCl and SPC/E water 

model (see above). However, when conditions other than these were used, they are mentioned 

specifically. List of all simulations is given in Table 1. 

RESULTS  

Classification of LLs in experimental structures of Htel GQs  

All the solution structures of Htel GQs have two LLs which show a wide range of specific 

geometries. We have categorized them into four main types based on the arrangement of bases 

and their stacking interactions (Figure 2). 

Type-1 LL is the most common TTA LL conformation class in Htel GQ experimental structures.  

The first thymine is exposed to the solvent and the second thymine and adenine are stacked 

above or below the GS, depending on the loop position, and interact with the other loops or 

flanking bases (Figure 2a and b). The LL2 of 143D (model 1), both the LLs of 2KF8, LL1 of 

2MBJ, LL2 of hybrid-1 (PDB ids: 2HY9, 2GKU and 2JSM) and LL1 of hybrid-2 (PDB ids: 

2JSL and 2JPZ) GQs belong to the type-1 LL class (Supporting Information Figure S2).  In the 

2KF8 structure, LL1 is longer with GTTA sequence but in this loop as well the first thymine is 

exposed to the solvent while the second thymine and adenine are stacked above the GQ. 

Therefore, we have categorized this LL also as type-1. In summary, type-1 structure has been 

identified for LLs spanning narrow grooves of all hybrid-1, three-quartet antiparallel, (2+2) 

antiparallel and two-quartet antiparallel GQs. It is also formed by LL spanning wide groove of 

two-quartet antiparallel and hybrid-2 GQs.  
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In type-2 LL, only the second thymine is stacked with the GS while the first thymine and adenine 

are exposed to the solvent (Figure 2c and d). The type-2 arrangement is formed by the LLs 

spanning the wide grooves of three-quartet antiparallel (LL1), (2+2) antiparallel (LL2) and LL1 

of hybrid-1 GQ structures 2HY9 and 2GKU (Supporting Information Figure S3).  

In the type-3 LL, the first thymine and adenine are stacked with the GS bases while the second 

thymine is exposed to the solvent. The LL1 (wide) of 2JSM and LL2 (narrow) of 2JSL are type-3 

LL (Figure 2e and f). Note that the 2JSL structure has not been simulated.  

In the type-4 LL, all the three loop bases are stacked with GS or the flanking bases aligned above 

or below the GS. The LL2 (wide) of 2JPZ is a type-4 LL (Figure 2g).  

The backbone dihedral angles of some Htel solution NMR structures have significant variability 

within the models of the same GQ structure. Therefore, we did not attempt to identify the LL 

types based on the backbone dihedral angles. The NMR data might not allow a confident 

assignment of the details of the loop backbone conformations. NMR structures are ensembles of 

multiple molecular models and the position of flexible bases can be different in the models. We 

compared primary NMR data and PDB structures along with their respective behaviour in 

simulations and some noted ambiguities are presented in the Supporting Information. 

Overall behaviour of LLs in simulations of the Htel GQs 

As shown in Tables 1 and 2, we have accumulated series of forty eight 5-10 µs trajectories of the 

individual LLs in twenty four separate MD simulations initialized from altogether thirteen 

different starting LL geometries (the 5MVB and 143D model 4 trajectories will be analysed 

separately). As discussed below, hydrogen bonding and stacking interactions of LL bases 
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appeared to be the major determinants of the structural stability of the LLs in the simulations. 

Although RMSD should not be used for a quantitative assessment of the structural developments, 

let us first present overview of the RMSD, as it gives a useful qualitative insight into the 

sampling of the LL conformational space.  

The overall backbone atom RMSDs of the whole GQs were broadly similar in the present 

simulations (Figures S4 and S5 in the Supporting Information), reflecting maintenance of stable 

GQ folds in all simulations, as expected.37, 75  

Figure 3 and Figures S6-S9 in the Supporting Information summarize RMSD developments of 

all the individual LL trajectories. Altogether, the data shows that although some simulations keep 

very low RMSD with respect to the start, indicating that the starting structure is frozen during the 

course of the simulations, majority of the trajectories show significant dynamics. In some cases, 

the starting structures were lost irreversibly. In other cases, we observe reformations of the 

starting structures on variable time scales after a perturbation or loss of the starting structures. 

For the LL type-1, some loops showed significant deviations from the starting structure while 

others remained close to the starting structures (Figure 3a and Figures S6, S8a and S9a in the 

Supporting Information). For the LL type-2, many simulations departed from the starting 

structures suggesting that the initial positions of loop bases were not stable in the simulations 

(Figure 3b and Figures S7, S8b and S9b in the Supporting Information). Note that in this loop 

type only the second thymine is stacked with the GS while the first thymine and adenine are 

exposed to the solvent. For the type-3 and type-4 LLs we have only two (Figure 3c and Figure 

S9c in the Supporting Information) and three trajectories (Figure 3d and Figures S8c and S9d in 

the Supporting Information), respectively.  
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We suggest that the data can be interpreted in the following way. First, we need to consider that 

the simulations correspond to a diverse set of thirteen LL starting structures embedded within 

diverse overall GQ folds and within different flanking base contexts, resulting in diverse 

possibilities to form additional interactions with other loops and flanking bases. Thus, the data 

for the individual LLs are certainly not converged and achieving a convergence for all the 

specific LLs would be extremely time-consuming. Nevertheless, it is evident that the LLs are 

capable to undergo structural rearrangements typically on µs time scale. Based on the 

simulations, and described in more detail below, we suggest that, when one needs to qualitatively 

characterize conformational landscape of a single specific LL, a series of ~10 µs standard 

simulations should be the minimal requirement. Consideration of several starting structures 

would be highly advisable to avoid initial trapping in one conformation. 

LL behaviour in specific simulations 

In majority of simulations, the loops maintained the initial loop type throughout the simulation 

(Table 2). It may reflect true stability of the initial arrangements as well bias due to the starting 

structure. To unambiguously differentiate between these two scenarios is not straightforward. In 

the following text, we will discuss the dynamics of those LLs that changed the LL type during 

the course of the simulation. In the Supporting Information, we provide a brief description of all 

the individual LL trajectories; note that in many simulations there has been visible structural 

dynamics without a change of the loop type. 

LL type-1 is the most commonly observed loop arrangement in the Htel GQs. The first thymine 

of the loop is exposed to the solvent and in many cases stabilized by a hydrogen bond interaction 

between its O4 and hydrogen atoms of the GS guanine just preceding or following the loop. The 



 14 

second thymine and adenine of the loop are stacked with the GS. Out of the twenty seven 

(fourteen 10 μs and thirteen 5 μs long) LL type-1 simulations, with all the force fields combined, 

change in loop type was observed in only three simulations (Table 2). In the simulation of 2KF8 

in bsc0χOL4εζOL1 force field, the T4 of LL1 at ~2.8 μs moved to stack below the G3 of the same 

loop. T5 and A6 stacked below the T4 and GS, respectively (Figure 4a). The loop arrangement 

was thus similar to type-4 LL and was stable till the end of the simulation. Similarly, in the 

bsc0χOL4εζOL1 simulation of 2HY9, at ~ 0.9 μs T20 of LL2 oriented towards the solvent and 

stacked with T19 (Figure 4b). The T19|T20 stack was exposed to the solvent while A21 stacked 

below the GS. In the bsc0χOL4 simulation of 2JPZ, LL1 changed to type-4 as the T7, T8 and A9 

sequentially stacked below the G10 of third quartet. For the sake of completeness, in one of the 

simulations of 2MBJ in OL15 force field, LL1 fluctuated from type-1 to a new loop type when 

T8 from T8|A9 moved to stack with T7 in the solvent. Such conformation of LL has not been 

observed in the experimental structures of Htel GQs. Nevertheless, the loop re-attained type-1 

conformation after 600 ns. 

The type-2 LLs were very flexible in the simulations. This could be because in type-2 LL only 

second thymine is stacked with the GS bases and both the first thymine and adenine are exposed 

to the solvent which allowed flexibility to them. In the bsc0χOL4 simulation of 2MBJ, A21 of LL2  

at ~1.5 μs aligned in the same plane as T20, stacked over GS and formed a T20(O2)-A21(H8) 

bond.  T19 remain exposed to the solvent and the LL thus changed from type-2 to type-1 and 

was then stable till the end of the simulation (Figure 4c). In the OL15 simulation of 2HY9, T8 

moved to stack above A9 while T7 remained exposed to the solvent and attained type-1 like 

conformation.  
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The conformation of LL1 of 2GKU was changed in all the simulations (Table 2). In the 

bsc0χOL4εζOL1 simulation of 2GKU, at ~65 ns both the T12 and A14 of LL1 eventually moved to 

stack below the GS and formed a T12(O2)-A14(H62) hydrogen bond. T13 stacked below T12 

and the loop thus attained stable type-4 structure. In the simulation of 2GKU with K+ and SPC/E 

water model in OL15, early in the simulation A14 and T13 stacked below the GS and the loop 

attained type-1 conformation. At ~2.3 μs, T12 also stacked below the GS and the loop finally 

attained type-4 conformation which was stable till the end (5 μs) of the simulation (Figure 4d). 

However, in the equivalent simulation of 2GKU in TIP3P water model, only A14 moved to stack 

with GS along with T13. T12 remained exposed to the solvent and LL1 remained in the newly 

adopted type-1 conformation. In general, type-2 LLs have a visible tendency to convert to either 

type-1 or type-4 conformations.  

The LL1 of 2JSM represents type-3 conformation. In the bsc0χOL4εζOL1 simulation, LL1 of 2JSM 

changed from type-3 to type-4 in the equilibration stage as the T13 stacked along GS axis below 

the T12. T12 and A14 stacked with guanines of the third quartet, G11 and G15, respectively. In 

the OL15 simulation as well the LL1 of 2JSM changed to type-4 conformation as T12 and A14 

stacked below GS and T13 stacked below T12 (Figure 4e).  

The type-4 structure was represented by LL2 of 2JPZ and it was stable in two out of the three 

simulations. In the starting structure, T13 and A15 of the loop stack on the GS while the T14 of 

the loop is stacked over T2 which is stacked on GS. This structure was maintained in the 

bsc0χOL4 and bsc0χOL4εζOL1 simulations. In the OL15 simulation, T13 moved to the solvent in 

first 10 ns and loop attained type-1 confirmation which lasted till the end of the simulation 

(Figure 4f). 
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In summary, acknowledging the limits of sampling, simulations tentatively suggest that the 

force-field description supports clearly the most common experimental type-1 LL arrangement 

as well as the rare type-4 arrangement. The common type-2 and rare type-3 arrangements appear 

to be less stable since they have been often lost in simulations. 

Behaviour of LLs in simulations is biased by the starting structures and multiple 

simulations are required to study its dynamics 

To further test to what extent is the LL behaviour in simulations biased by the starting 

conformation, we carried out series of simulations with two different starting structures. In the 

first one, model 4 of PDB 143D was used as simulation start rather than model 1. LL2 in model 

1 is in the type-1 conformation but in model 4 both the thymines of LL2 are exposed to the 

solvent and only its adenine stacks below the GS. This conformation does not correspond to any 

established loop type. In the 3-5 μs long simulations of 143D model 4, LL2 could attain 143D 

model 1 like conformation (type-1) in four out of five simulations (Figure S10). In three 

simulations, type-1 conformation was attained within 200 ns and in one simulation it was 

attained at ~2.3 μs. In the simulation when type-1 conformation was unattained, both the 

thymines of the LL2 remained exposed to the solvent and the adenine also moved towards the 

solvent. LL2 did not sample type-1 conformation in this 5 μs long simulation and the final 

conformation still did not correspond to any of the established loop types (Figure S10f). 

Nevertheless, the simulations show a visible tendency to move towards the type-1 LL 

arrangement of LL2. 

In the second series of simulations, hybrid-2 structure 5MVB without the ligand was used as the 

starting structure. In 2JPZ, all the three bases of LL2 are stacked on the GS but in 5MVB the 
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LL2 bases could not stack on the GS due to the presence of the ligand. We carried out six 3-5 μs 

long simulations in this series. The unstructured LL2 of 5MVB transitioned to different classified 

LL types in independent simulations. In one simulation LL2 first attained type-4 conformation 

similar to 2JPZ at 50 ns and then shifted to type-1 at 200 ns and further to type-2 at 700 ns which 

lasted till the end of the 3 μs long simulation (Figure S11b). In three simulations, type-1 was the 

main conformation sampled during the simulation (Figure S11c, e and f). In one simulation, LL2 

was trapped in the type-3 conformation throughout the simulation (Figure S11d). In one 5 μs 

long simulation, T13 and T14 stacked on the GS but A15 remained aligned in the groove and 

was rather trapped by A15(H61)-G11(O3’) hydrogen bond (Figure S11g). The simulation thus 

moved in the direction of the type-4 conformation seen in the 2JPZ structure, but full transition 

appeared to be obstructed by the above-noted hydrogen bond. LL1 of 5MVB, which was not 

remodelled by the ligand behaved similarly to the LL1 of 2JPZ in all the simulations. Further 

details of the simulations are presented in the Supporting Information.  

Structural dynamics of DLs of Htel GQs 

The GQs 143D and 2KF8 have DL as the middle loop. In 143D, T11 is exposed to the solvent 

while T12 and A13 are arranged on the GS (Figure 5a). The 5’-flanking base A1 is aligned over 

G2 of the first quartet, the A13 is stacked over G22 of the first quartet and A1:A13 form cis 

Hoogsteen-Hoogsteen base pair. In all the simulations, T11|T12 stack was formed early and was 

sampled for majority of the simulation time (Figure 5b). The alignment or stacking of T11|T12 

over A1 or A13 dominated the subsequent dynamics of the DL.  

In the bsc0χOL4 simulation of 143D, A1 and A13 rearranged early in the simulation to form trans 

WC-Hoogsteen base pair that was stable till 4.2 μs (Figure S12a). Also, T11|T12|A1 stack was 
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observed till ~4.2 μs and then T11|T12 moved to stack over A13. The T11|T12|A13 stack was 

stable till the end of the simulation. 

The DL bases of 143D were more flexible in the simulation in bsc0χOL4εζOL1 force field where 

the A1:A13 base pair was not sampled. The T11|T12 stack arranged perpendicularly to the GS 

and their backbone hydrogen atoms formed CH/π interaction and hydrogen bonds with A13 

(Figure S13). This affected the alignment of A13 and it could not stack on G22 but rather moved 

along with T11|T12 (Figure S13). The backbone interactions locked the loop in one 

conformation till the end of the simulation (Figure S14). The dynamics of 143D DL in bsc0χOL4 

and bsc0χOL4εζOL1 simulations is shown in Figure S15a and b, respectively.  

In the 5 μs long simulation of 143D in OL15, T12 formed an A1(H62)-T12(OP2) hydrogen bond 

and CH/π interaction with A1 through its CH3 group up to 2.2 μs of the simulation (Figure S16). 

This fixed the position of T11|T12 perpendicularly to the GS. A1 and A13 stacked on G2 and 

G22 during this time but no hydrogen bond interaction was observed between them. T11|T12 

then showed some fluctuations as A1 moved to stack over G14. A1:A13 sampled cis WC/sugar 

edge pair from 2.6 to 4.6 μs (Figure S12b). T11|T12 could stack on either A13 or A1 such that 

the -CH3 of T12 was oriented towards the GS. The dynamics of DL in this simulation is shown 

in Figure 5b. 

The DL of 143D sampled similar dynamics in the simulations with K+ as the stabilizing ions. In 

the simulation with SPC/E and K+, T11|T12 stacked on A13 early in the simulation to form 

stable T11|T12|A13 structure resembling an untwisted ladder formed by partial stacking of bases. 

A1:A13 formed cis WC/sugar edge interactions in the simulation (Figure S12c). The 

T11|T12|A13 structure was also established in the simulation with TIP3P and K+. A1:A13 
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formed cis Hoogsteen/Hoogsteen base pair in this simulation similar to the starting structure 

(Figure S12d). Thus, the dominant interactions in all the simulations were broadly similar but not 

identical.  

The DL of 2KF8 is a five-nucleotide loop with GTTAG sequence. Both the guanines of the loop, 

G9 and G13 are aligned over the first quartet to form a base triple with G21 (Figure 5c). T10 is 

exposed to the solvent while A12|T11 stack over guanine (G9) of the loop. T11 also forms a 

symmetric base pair with 3’-thymine, T22 (Figure 5c).  

In the bsc0χOL4 force field, all the diagonal loop alignments, as in the starting structure, were 

maintained throughout the simulation. T11 and T22 base pair in the starting structure is formed 

by mutual hydrogen bond interactions between O4 and H3 atoms of both the thymines. However, 

in the bsc0χOL4 simulation, different interactions, T11(O4)-T22(H1’) and T11(H3)-T22(O2) 

formed the T11:T22 pair. The positions of G9, T11, A12 and G13 were stabilized by various 

interactions. Only the solvent exposed first thymine (T10) showed some flexibility (Figure 

S15c). 

In the bsc0χOL4εζOL1 simulation, T11 and T22 interacted by one or more hydrogen bonds till 5.4 

μs after which A12 moved to stack between the two thymines such that T11|A12| T22 stack was 

formed. This stack lasted till 6.9 μs and then again a hydrogen bond between T11 and T22 was 

formed which lasted till 9.7 μs. The DL of 2KF8 was slightly more flexible in bsc0χOL4εζOL1 

simulation (Figure S15d). In the simulation of 2KF8 with OL15, T10 remained exposed to the 

solvent while T11 and A12 stacked on G9 throughout the simulation (Figure 5d). The T11:T22 

base pair was maintained in the simulation. 

Thymine:Adenine (TA) base pairs of the loops were typically stable in the simulations  
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In the solution structures of Htel GQs, many base alignments are present above and below the 

GSs (Table 3). TA is the most common base pair formed by the interaction of loops and flanking 

bases, usually by WC base pairing (Figure 6a). Such base pair is observed between T6 of LL1 

and A19 of LL2 in the 143D and was stable in all the force fields (Figure S17). In the 2KF8, no 

stable TA base pairing was observed in any of the force fields. In the 2MBJ, A3:T20 WC base 

pair and A21 of the LL2 align over the first quartet. A21 formed a hydrogen bond with T20 and 

A3:T20:A21 triple was sampled in the bsc0χOL4 simulation while A3:T20 WC base pair was 

sampled in all the other simulations (Figure S18). In the starting structure of 2MBJ, A15:A9:T25 

triple is present below the GS. This triple was also sampled in the bsc0χOL4 simulation (Figure 

S19a). Also, T8 of LL1 formed trans WC base pair with the flanking 3’-terminal adenine (A27) 

below the triple in bsc0χOL4 simulation (Figure 6b, Figure S19b). In all the other simulations, 

A15 did not interact with either A9 or T25 and only A9:T25 WC base pair was sampled (Figure 

S19c-f). A27 interacted with sugar hydrogen of T25 in OL15 simulation in K+ and SPC/E water 

model (Figure S19e). 

In the 2HY9, A3:A9:A21 triple is present on the top of the GS. In all the simulations A9 moved 

away and the native A3:A21 base pair between 5’-flanking base A3 and adenine of LL2 was 

sampled (Figure S20). In 2HY9, along with the WC and trans WC base pairing, Hoogsteen base 

pairing was also observed in the bsc0χOL4 and OL15 simulations as new TA interaction between 

T20 of LL2 and the flanking base A2 was formed above the GS (Figure 6c and Figure S21a and 

b in the Supporting information). T14 of LL1 and 3’-flanking base A25 form trans WC base pair 

below the GS which was mostly stable in bsc0χOL4 and bsc0χOL4εζOL1 but not in the OL15 

simulation (Figure S21). 
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Similarly, 5’-terminal thymine T1 forms WC base pair with A20 of LL2 above the first quartet in 

the 2GKU. This base pair was also stable in all the simulations (Figure S22a, c, e in the 

Supporting Information). In the 2GKU, T13 of LL1 forms trans WC base pair with 3’-flanking 

base A24 but in the bsc0χOL4εζOL1 and one of the OL15 simulations instead of T13:A24, T12:A24 

base pair was sampled (Figure S22b, d). In the OL15 simulation with K+ and TIP3P water 

model, native T13:A24 base pair was sampled (Figure S22f).  

The native T1:A20 WC and T12:A14 Hoogsteen base pairings of 2JSM were stable in the 

simulations (Figure S23). The WC base pairing between A20 of LL2 and 5’ base T1 was mostly 

stable in both the OL15 and bsc0χOL4εζOL1 simulations (Figure S23a and c). In the bsc0χOL4εζOL1 

simulation of 2JSM, T12 and A14 Hoogsteen base pair in LL1 was stable till 3.6 μs of the 

simulation. The nucleotides showed some fluctuations between 3.6-4.5 μs and then T12(O2)-

A14(H61) and A14(N1)-T12(H1’) hydrogen bonds were formed which lasted till the end of the 

simulations (Figure S23b). In the OL15 simulation as well, native T12:A14 lasted till 3.8 μs and 

then interactions similar as in bsc0χOL4εζOL1 simulations were formed (Figure S23d). 

In the 2JPZ, base triples are present both above and below the GS. At the top of the GS, the triple 

is formed by 5’-flanking base A3 and T13 and A15 of LL2. This triple was mostly stable in 

bsc0χOL4 (Figure S23 a and b) and bsc0χOL4εζOL1 simulation (Figure S23d) but in the OL15 

simulation T13 moved away and only A3:A15 base pair was sampled (Figure S24f).  Below the 

GS, T8 and A9 of LL1 and flanking base T25 form a TAT triple.  In the bsc0χOL4 simulation of 

2JPZ, this triple was not stable and A9 and T26 formed WC base pair at 2.5 μs of the simulation 

(Figure S24c). Once formed, this base pair was stable throughout the simulation. The triple was 

sampled in the bsc0χOL4εζOL1 and OL15 simulations (Figure S24e, g).  
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TT interactions were not very stable in the simulations 

TT base pairing between the thymines of two loops or flanking bases are less common than the 

TA base pairs in the GQ experimental structures. Consistent behaviour was observed in MD 

simulations. TT base pairing is present above the GS in the 2KF8 between second thymine of the 

diagonal loop (T11) and the 3’-thymine (T22) (Figure 7a). In the 2JPZ, LL1 base T8 and 3’-

flanking base T25 formed a base pair as a part of triple below the GS (Figure 7b). In the 2GKU 

and 2JSL, single hydrogen bond was observed in between LL thymine and flanking thymine 

bases (Figure 7c and d).  

In the simulations of 2KF8, T11 and T22 base pairing was maintained in the bsc0χOL4 force field 

but was intermittent in the bsc0χOL4εζOL1 and OL15 simulations (Figure S25). In the simulations 

of this GQ, below the GS, thymines of LL1 and LL2 also formed base pair. In the bsc0χOL4 and 

OL15 simulations, T5 and T17 formed base pair while in bsc0χOL4εζOL1 it was formed by T4 and 

T17 (Figure S26). In 2MBJ, T8 and T26 interact by a single intermittent hydrogen bond (Figure 

S27). In 2GKU, T2(O4) and T19(H3) form a single hydrogen bond in the starting structure 

which was sampled in a similar way in all three simulations (Figure S28). In the bsc0χOL4εζOL1 

simulation of 2JPZ, T8 and T25 formed hydrogen bonds, T8(H3):T25(O2) and 

T25(O2):T25(H3) but these were intermittent and not very stable. Additional T2:T14 interaction 

was sampled in the OL15 simulation (Figure S29). No TT interactions were observed in the 

simulations of 143D, 2HY9 and 2JSM.  

DISCUSSION AND CONCLUSIONS 

Lateral and diagonal loops represent common structural features of GQs and it is thus important 

to understand their structural dynamics in GQs as well as the reliability of their modelling in MD 
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simulation studies. We have analysed behaviour of LLs and DLs of the Htel GQs in a series of 5-

10 µs explicit solvent MD simulations, complementing our earlier analysis of the propeller GQ 

loops.71 Before discussing the main outcome of our benchmark simulations, let us mention 

several limitations that unavoidably affect our study. These limitations in many cases preclude us 

to reach unambiguous conclusions. 

In the studies of LLs, the only experimental data that we have is a set of solution NMR studies. 

This contrasts the numerous X-ray structures available for the TTA PLs. Although, in principle, 

solution data should be more suitable than X-ray data to study the loop conformations due to 

absence of crystal packing, we also need to take into consideration that some of the loop 

conformations may be underdetermined due to paucity of the primary NMR data. Thus, it is fair 

to expect that the available experimental structures can suffer from some uncertainties. Further, 

the observed LLs belong to different GQ folds possessing also different 3’ and 5’ flanking bases, 

creating structure-specific contexts for the individual studied cases of LLs. In other words, the 

LLs are involved in omnipresent and variable molecular interactions, and it is not straightforward 

to suggest any reference LL conformation that could be used as a clear benchmark. As indicated 

by the MD simulations, at least some of the loops may in reality sample coexisting 

conformations which would be difficult to capture by the NOE-based ensemble-averaged NMR 

experiments unambiguously. For the DLs, we have an even more limited amount of experimental 

information to draw any firm conclusions about their conformational properties.  

On the other side, also the simulation technique has its genuine limitations. Although we suggest 

(see below) that the description of the LLs by the force field may be quite realistic, it certainly is 

not perfect. The second limitation is the simulation time scale. Although we have seen a number 

of structural transitions in our simulations, they are certainly not converged. Due to the above-
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noted limits of the experimental data and of the force-field description, we decided to not push 

the simulations to longer time scale. Likewise, we did not use any enhanced sampling technique. 

It is worth mentioning that in our previous study on PL71 we employed the RECT88 enhanced 

sampling method but its efficiency was not fully convincing. Sampling of the LLs is complicated 

by the numerous molecular interactions described throughout this work.  

Despite all the limitations, our study allows several conclusions. It is evident, that the force-field 

description of the LLs is considerably more realistic than in case of the TTA PLs, for which the 

experimentally observed geometries were essentially entirely un-sampled.71 For the LLs, many 

simulations neatly keep key aspects of the starting structures and even when departing from the 

starting structures, they sample geometries that are broadly consistent with the experimentally 

suggested LL conformations. We do not suggest that the MD description of the LLs is flawless, 

but certainly MD simulations can be used to provide qualified predictions of potential LL 

interactions for example in the GQ – ligand complexes.  

The simulation behaviour of LLs was visibly dependent on their starting structures and 

interactions with other loops, with flanking bases, with the GSs and within the loops themselves. 

The AT WC interactions (or other AT base pairs) likely play a dominant role in shaping up 

specific LL conformations. These interactions have been observed in nearly all of the solution 

structures of Htel GQs and were mostly stable in the simulations (Table 3). The adenine-adenine 

and thymine-thymine base pairings were also sampled in the simulations but they were not as 

stable and common as AT base pairs.  

The available structural experimental data for DLs are quite scarce. This also limited our 

capability to characterize the DL by simulations. Nevertheless, we hypothesise that the 
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suggestions and conclusions presented above for simulating the LLs should be well transferable 

to the Htel DLs, as their simulations typically sampled geometries that in many aspects 

resembled those suggested in the experimental solution structures. 

All the topologies of Htel GQs other than the parallel-stranded GQ have two LLs. These loops 

are important for the process of folding of GQs as antiparallel hairpins compatible with LLs are 

one of the most easily folded structural elements in the Htel GQ folding landscape.69, 89 These 

antiparallel hairpins can act as a scaffold as they can readily participate in the further folding of 

the GQ. It has been noted in our previous studies of Htel hairpins that interactions within the 

loop, such as stacking of the second thymine with adenine of the loop, stabilize the conformation 

of LLs and antiparallel hairpin as a whole.69 Such stacking interactions have been widely 

observed in our current simulations and it has been noted that LLs tend to maximise such 

interactions. Specific molecular interactions involving the LLs may contribute to the rules 

determining relative stabilities of different GQ topologies. Thus using extensive sampling, our 

study provides an overview or a catalogue of interactions that could stabilize the LL 

conformations of the GQs, some of which have not yet been observed in the experimental 

structures. 

In conclusion, our study shows that force-field description of Htel LLs and likely also of DLs is 

considerably more realistic than description of the PLs. It does not mean that the force field is 

quantitatively accurate regarding its ability to correctly predict relative stabilities of different 

competing substates and interactions on the LL free-energy landscapes which appear to be quite 

rich. Nevertheless, structures closely resembling those suggested by experiments are readily 

sampled. The simulations clearly support type-1 and type-4 LL arrangements. On the other hand, 

it appears that representative sampling of the free-energy landscape of LLs (as described by the 
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force field) is significantly hampered by their interactions with other elements of the GQ 

structures. Based on the simulations we suggest that to achieve a qualitative characterization of 

conformational landscape of a single specific LL, i.e., to identify the main conformations on the 

landscape, an extended series of ~10+ µs standard simulations should be the minimal 

requirement. It should be noted that in the present work we did not attempt to reach that level of 

sampling for any specific Htel LL, as we intentionally studied their full spectrum. When 

investigating a specific LL, consideration of several starting structures would be highly advisable 

to avoid initial trapping in one conformation. This should be taken into account when assessing 

the literature data and when designing further studies of GQ loops, since conclusions are often 

derived from much shorter simulation time scales; to the best of our knowledge, none of the 

available studies is anywhere close in sampling to this work. We intentionally did not apply any 

enhanced sampling techniques, since their application may be complicated by 

multidimensionality of the LL intrinsic conformational space and variability of the context-

dependent interactions that affect the LL conformations. This could make utilization of 

collective-variable-based methods challenging.  

SUPPORTING INFORMATION 

The method of equilibration, comparison of MD simulations with primary structures and 

description of individual MD trajectories is presented in the Supporting Information. Supporting 

results are also presented in Figures S1-S29 and Table S1. This material is available free of 
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Figure 1: Schematic representation of Htel GQs with diagonal and lateral loops used in the 

present study. The backbone is shown as black lines. White, magenta and cyan circles mark the 

guanine, thymine and adenine nucleotides, respectively. Yellow and orange rectangles show 

guanines in anti and syn orientation. The PDB ids are shown above the respective structures.  
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Figure 2: Type of LLs observed in experimental structures of Htel GQs. Each LL type is shown 

in separate panel. Panels A, B, C and D show type-1, 2, 3 and 4 LLs respectively. The PDB code 

and LL number is shown below each structure. Only the GS, backbone and loops of interest are 

shown. The GS and backbone are shown in grey transparent cartoon. The first thymine, second 

thymine and adenine of loops of interest are shown in green, yellow and blue sticks, respectively. 

  



 41 

 

Figure 3: All-atom RMSDs of (a) type-1 (b) type-2 (c) type-3 and (d) type-4 LLs of Htel GQs in 

selected OL15 simulations carried out in Na+ (i.e., NaCl) and with SPC/E water model. Type-1 is 

represented by LL2 of 143D and LL1 of 2MBJ and 2HY9. Type-2 is represented by LL1 of 

143D and LL2 of 2MBJ and 2HY9. Type-3 and type-4 are represented by LL1 of 2JSM and LL2 

of 2JPZ, respectively. For complete data see Supporting Information.  
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Figure 4: Dynamics of some LLs that changed loop types during the simulations. Top view of 

GQ is shown to highlight the loop dynamics. The backbone is shown in tan cartoon and GS is 

shown in lines. The LLs of interest are shown in sticks and the bases are labelled in the figures. 

Within the loop, base/bases showing significant dynamics are colored according to the trajectory 

time progression; red is the starting conformation and blue is the end conformation. The stable 

bases of the same loop are shown in tan sticks.  (a) LL1 of 2KF8 in bsc0χOL4εζOL1 simulation 

with dynamics of T4, (b) LL2 of 2HY9 in bsc0χOL4εζOL1 simulation with dynamics of T20, (c) 

LL2 of 2MBJ in bsc0χOL4 simulation with dynamics of A21, (d) LL1 of 2GKU in OL15 

simulation in K+ with dynamics of T12 and A14, (e) LL1 in 2JSM in OL15 with dynamics of 

T13 and (f) LL2 of 2JPZ in OL15 with dynamics of T13.  
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Figure 5: Diagonal loops of Htel GQs. Panels (a) and (c) show the experimental structures 143D 

and 2KF8, respectively while (b) and (d) show their dynamics in 5 μs long OL15 simulation in 

Na+ and SPC/E water model at a time step of 500 ns. In panels (a) and (c), the backbone and GS 

are shown in grey cartoon. The diagonal loop nucleosides are shown in sticks, the first thymine, 

second thymine and adenine are shown in green, yellow and blue sticks, respectively. The 

terminal adenine of 143D interacts with adenine of diagonal loop and is shown in red in panel a. 

The diagonal loop guanines of 2KF8 are shown in cyan sticks while T22 that interacts with 

second thymine of diagonal loop is shown as red cartoon in panel c. In panels (b) and (d) the 

diagonal loop bases are colored according to the trajectory time progression; red is the starting 

conformation and blue is the end conformation. 



 44 

 
 

 

Figure 6: Example of TA base pairs in simulations of LLs. (a) Stable WC base pairing in 

simulations of 143D, (b) trans WC base pairing formed in 2MBJ in bsc0χOL4εζOL1 simulation and 

(c) Hoogsteen base pair formed in 2HY9 in bsc0χOL4 simulation. 
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Figure 7: TT base pairs in LL of Htel GQ experimental structures. (a) T11:T22 in 2KF8, (b) 

T8:T25 in 2JPZ, (c) T2-T19 in 2GKU and (d) T24-T7 in 2JSL 
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Table 1: List of simulations carried out on in the present study 

 

  

PDB id of the starting 

structure 

Force-field 

variant 
Ion type Water model 

Length of the 

simulation ( μs) 

143D 

bsc0χOL4 Na+ SPC/E 10 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 Na+ SPC/E 5 

OL15 K+ SPC/E 5 

OL15 K+ TIP3P 5 

143D model 4 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 5 

2KF8 

bsc0χOL4 Na+ SPC/E 10 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 K+ SPC/E 5 

2MBJ 

bsc0χOL4 Na+ SPC/E 10 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 Na+ SPC/E 5 

OL15 K+ SPC/E 5 

OL15 K+ TIP3P 5 

2HY9 

bsc0χOL4 Na+ SPC/E 10 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 Na+ SPC/E 5 

2GKU 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 K+ SPC/E 5 

OL15 K+ TIP3P 5 

2JSM 
bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 Na+ SPC/E 5 

2JPZ 

bsc0χOL4 Na+ SPC/E 10 

bsc0χOL4εζOL1 Na+ SPC/E 10 

OL15 Na+ SPC/E 5 

5MVB,ligand removed 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 3 

OL15 Na+ SPC/E 5 
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Table 2: Summary of LL behaviour in the simulations carried out in the present study 

Loop 

type 
Loop  groove force field behaviour in the simulations 

Type-1 

143D_LL2 

narrow bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 no change in loop type 

OL15 no change in loop type 

OL15 _K no change in loop type 

OL15_TIP3P_K no change in loop type 

2KF8_LL1 

wide bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 changed to type-4 

OL15 no change in loop type 

2KF8_LL2 

narrow bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 
no change in loop type; first thymine of the loop was 

flexible but remain exposed to the solvent 

OL15 no change in loop type 

2MBJ_LL1 

narrow bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 no change in loop type  

OL15 no change in loop type 

OL15 _K no change in loop type 

OL15_TIP3P_K 
second thymine also moved towards the solvent for 600 

ns and then re-attained type-1 

2HY9_LL2 

narrow bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 

changed to a new loop type in which the second 

thymine also moved towards the solvent and stacked 

with first thymine of the LL 

OL15 no change in loop type 

2GKU_LL2 

narrow bsc0χOL4εζOL1 no change in loop type 

OL15 _K no change in loop type 

OL15_TIP3P_K no change in loop type 

2JSM_LL2 
narrow bsc0χOL4εζOL1 no change in loop type 

OL15 no change in loop type 

2JPZ_LL1 

wide  bsc0χOL4 changed to type-4 

bsc0χOL4εζOL1 no change in loop type 

OL15 no change in loop type 

Type-2 

143D_LL1 

wide  bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 no change in loop type 

OL15 no change in loop type 

OL15 _K no change in loop type 

OL15_TIP3P_K no change in loop type 

2MBJ_LL2 

wide bsc0χOL4 changed to type-1 

bsc0χOL4εζOL1 no change in loop type 

OL15 no change in loop type 

OL15 _K no change in loop type 

OL15_TIP3P_K no change in loop type  
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2HY9_LL1 

wide bsc0χOL4 no change in loop type 

bsc0χOL4εζOL1 no change in loop type 

OL15 changed to type-1 

Type-2 

(contd) 

2GKU_LL1 

wide bsc0χOL4εζOL1 changed to type-4 

OL15_ K changed to type-4 

OL15_TIP3P_K changed to type-1 

Type-3 2JSM LL1 

wide bsc0χOL4εζOL1 changed to type-4 

OL15 changed to type-4 

Type-4 2JPZ-LL2 
narrow bsc0χOL4 no change in loop type  

bsc0χOL4εζOL1 no change in loop type 

OL15 changed to type-1 
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Table 3: Comparison of base pairsa formed by the LL and flanking bases in the Htel GQ 

experimental structures and MD simulations 

 

  

a Gaps indicate that the base pair is not observed in the experiment or simulation. This applies to 

the base pairs which are sampled in some and not all of the simulations. 

  

PDB 

structure 

Experimental  bsc0χOL4 bsc0χOL4εζOL1 OL15 

 

SPC/E SPC/E_K TIP3P_K 

143D T6:A19 

A1:A13  

T6:A19 

A1:A13  

T6:A19 

 

T6:A19 

A1:A13 

 

T6:A19 

A1:A13  

T6:A19 

A1:A13  

2KF8 T11:T22 

 

 

 

 

 

 

 

T11:T22 

 

 

T5:T17  

 

 

 

 

T11:T22 

intermittent 

bonds 

T5:T17 (till 

3.1 μs) 

T4:T17 (3.1-

10 μs) 

T11:T22 

intermittent  

 

T5:T17 

intermittent 

 

no 

simulation 

no 

simulation 

2MBJ A3:T20:A21 

A15:A9:T25 

A3:T20:A21 

A15:A9:T25 

T8:A27 

A3:T20 

A9:T25  

A3:T20 

A9:T25   

A3:T20 

A9:T25:A27 

T8:T26 

intermittent 

A3:T20 

A9:T25  

T8:T26 

intermittent 

2HY9 A3:A21:A9 

 

T14:A25 

A3:A21 

A2:T20 

T14:A25 

A3:A21 

 

T14:A25 

A3:A21 

A2:T20 

 

no 

simulation 

no 

simulation 

2GKU T1:A20  

T2:T19 (single 

HB) 

 

T13:A24 

no 

simulation 

T1:A20 

T2:T19 

(Single HB) 

intermittent 

T12:A24 

no 

simulation 

T1:A20  

T2:T19 

(single HB) 

T13:T24 

(46%) 

T12:A24 

(54%) 

T1:A20  

T2:T19 

(single HB) 

T13:A24 

2JSM T1:A20:A2  

 

T12:A14 

no 

simulation 

T1:A20 

A2:T19 

T12:A14 

T1:A20  

 

T12:A14 

no 

simulation 

no 

simulation 

2JPZ A3:T13:A15 

A9:T8:T25 

A3:T13:A15 

A9:T26  

A3:T13:A15 

A9:T8:T25 

A3:A15  

A9:T8:T25 

T2:T14 

no 

simulation 

no 

simulation 

2JSL T12:A14 

A8:T25 

no 

simulation 

no simulation no 

simulation 

no 

simulation 

no 

simulation 
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