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ABSTRACT: G-quadruplexes are the most important non-canonical DNA architectures. Many 
quadruplex-forming sequences, including the human telomeric sequence d(GGGTTA)n, have 
been investigated due to their implications in cancer and other diseases, and because of their 
potential in DNA-based nanotechnology. Despite availability of atomistic structural studies of 
folded G-quadruplexes, their folding pathways remain mysterious, and mutually contradicting 
models of folding coexist in the literature. Recent experiments convincingly demonstrated that 
G-quadruplex folding often takes days to reach the thermodynamics equilibrium. Based on 
atomistic simulations of diverse classes of intermediates of the G-quadruplex folding, we have 
suggested that the folding is an extremely multi-pathway process combining kinetic partitioning 
mechanism with conformational diffusion. However, complete G-quadruplex folding is far 
beyond the time scale of atomistic simulations. Here we for the first time use high-resolution 
coarse-grained simulations to investigate potential unfolding intermediates, whose structural 
dynamics are then further explored with all-atom simulations. This multiscale approach indicates 
how various pathways are interconnected in a complex network. For the first time, events of 
spontaneous conversions between different folds are observed. We demonstrate the inability of 
simple order parameters, such as radius of gyration or the number of native H-bonds, to describe 
the folding landscape of the G-quadruplexes. The study also provides information relevant to 
further development of the coarse-grained force field. 

 
INTRODUCTION 
A guanine quadruplex (GQ) is a non-canonical DNA or RNA structure, which can be formed 

by nucleotide sequences rich in guanine. Awareness of the importance of such structures has 
been increasing, mainly because GQ-forming sequences appear to be widespread in biological 
systems, and they are attractive for nanotechnology. In cells, potential GQ-forming sequences 
are found in gene expression regulatory regions, such as gene promoters or mRNA, and at 
chromosome ends in telomeres.1-9 Human telomeres are formed from the repeat sequence 
d[GGGTTA].d[CCCTAA]n, and terminate with up to 250 nts in single-stranded G-rich 
overhangs,10-11 which can fold back on themselves and form GQs.12-13 The length of telomeres is 
shortened during every DNA replication until a critical length is reached and apoptosis is 
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triggered.14-16 Telomerase is an enzyme known to prolong telomeres, thus maintaining their 
length,17 with overexpression in the majority of immortal cancer cells.18 Since GQs may 
downregulate telomerase activity,19 their stabilisation in vivo might help in cancer treatment.18, 20 
Understanding thermodynamics and kinetics of GQ folding is a cornerstone not only for drug 
targeting, but also for designing artificial GQs with predefined properties in other fields of 
science. 

GQs are composed of stacked quartets of Gs (Figure 1). The quartet is a roughly planar 
assembly of four cyclically cis-Watson-Crick-Hoogsteen (cWH)21 paired Gs. Four oxygens point 
towards the centre, creating a pocket of negative electrostatic potential. Upon stacking of the 
quartets, their centres form a GQ channel, which binds cations. The presence of cations inside 
the channel is essential for GQ stability. Mutual orientation of G-stretches in GQs can be either 
parallel or antiparallel and connecting loops can be lateral (edgewise), diagonal or propeller 
(double-chain reversal) (Figure 1). The mutual antiparallel orientation of two G-stretches 
requires, in any specific GG base-pair, one G with the glycosidic torsion angle χ in anti 
orientation and the other in syn orientation. Parallel strand orientation needs the paired Gs in the 
same orientation, either both syn, or both anti. If two consecutive Gs of a G-strand involved in 
two consecutive quartets adopt the same χ orientation, then the quartets are of the same 
directionality (either clockwise or counter-clockwise). If one G is anti and the other is syn 
oriented, the quartets are of opposite directionality.22-23 These rules are an important aspect of 
GQ folding principles.  

Page 2 of 56

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

 
Figure 1. GQ structure. Top: A G-quartet with a sodium cation coordinated in its centre (it can 
either be coplanar with the quartet or reside between two consecutive quartets; potassium cation 
can only reside between two quartets). R stands for the sugar-phosphate moiety. Bottom: 
Schematic intramolecular three-quartet GQ. Quartets are simplified as yellow squares. Blue G-
strands are mutually parallel, while the black one is antiparallel to them. The cyan loop is lateral, 
the mauve loop is diagonal. They connect antiparallel G-stretches. The green loop is propeller 
and it connects parallel G-stretches. Ions are not shown in the scheme. Although not shown in 
the Figure, a given GQ topology is interconnected with characteristic patterns of anti and syn 
orientations of the G-nucleotides.23 

 
Human telomeric GQs are known for their structural polymorphism. Six different topologies 

have been elucidated in thermodynamic equilibrium so far.24-32 The dominant conformation 
depends on many factors, among them the sequence of flanking residues at the 5′ and 3′ ends of 
the oligonucleotide, salt concentration and cation type, DNA strand concentration, or presence of 
cosolvents.24-40 Coexistence of multiple species in equilibrium is common.25, 28, 40-44 

There have been numerous studies of the GQ folding and unfolding processes. In contrast to 
earlier experiments suggesting fast millisecond GQ folding rates, many recent investigations 
have revealed that the folding takes hours to days, depending on the exact conditions of the 
experiment, and thus the dominant equilibrium structure.45-52 Nevertheless, the principles of GQ 
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folding emerging from the available experimental literature are in many aspects ambiguous. 
Different studies suggest different time scales of the process as well as different types of 
intermediates. The ambiguity may reflect real variability in the GQ folding processes depending 
on the exact sequence and experimental conditions. In addition, since many experimental 
methods have limited structural and temporal resolution, the interpretation of the primary 
experimental data might be sometimes over-simplified.39, 47, 53-54 Measurement times in some GQ 
folding experiments (such as many smFRET studies) are orders of magnitude shorter than the 
folding kinetics suggested by some other studied. It had been often anticipated that GQ folding 
happens from the unfolded state via a small number of distinct intermediates directly to the 
folded state in a simple funnel-like manner.46, 55 Triplex and hairpin intermediates have been 
suggested, with some experimental support.46, 55-60 In contrast, other works have argued that the 
folding likely follows a kinetic partition mechanism,45, 48, 53 with competing and kinetically 
unrelated long-living intermediates. This is consistent with the long folding time scales and 
common coexistence of multiple GQ species in solution.40, 43, 45, 48, 50-51, 61 Although involvement 
of G-hairpins and G-triplexes is likely, the most prominent competing substates primarily 
causing the extremely slow kinetics could rather be alternative four-stranded structures, i.e., 
alternatively folded GQs.45, 48, 53 They may include four-stranded structures known from the 
atomistic experiments as well as other alternative folds that have not yet been experimentally 
detected.51, 62 Four-stranded intermediates should have long lifetimes and are best-suited to serve 
as the dominant kinetic traps, explaining the long time scale of many folding experiments.48, 51, 53 
Assuming a simple funnel-like mechanism is contradictory to long folding timescale, as a funnel 
assumes fast unobstructed folding through a smooth folding landscape directly to one native state 
ensemble. An important factor, which might lead to apparently contradictory results for different 
experimental techniques, is that they work with different unfolded ensembles.63 Chemically 
denatured, thermally denatured or force-denatured ensembles may explore very different regions 
of the free energy folding landscapes.63 We have argued recently that an idealised (entirely 
unstructured single strand) unfolded ensemble of the human telomeric GQ sequence would 
populate all 4096 different combinations of syn–anti G-patterns, which can then initiate folding 
into a countless number of intermediate structures.53 A fast folding process to one native fold 
would likely require that this broad syn–anti distribution is somehow narrowed already before 
the onset of the measurement in favour of the native syn–anti pattern.  

To complement and interpret the experimental data, computational effort has been applied to 
study various aspects of GQ folding. Fully-atomistic molecular dynamics (MD) simulations are 
often a useful tool since they offer a good compromise between computational speed and 
accuracy. However, they are limited to the microsecond or perhaps millisecond time scale,64 
which is not sufficient when compared to the folding times of GQs. Thus, atomistic MD could 
only address faster stages of folding rather than the whole process. Full GQs,65-69 hypothetical 
four-stranded intermediates with strand slippage,62, 70 G-triplexes46, 55, 71-72 and G-hairpins53, 55, 73 
have been investigated by MD simulations. The simulations revealed a kinetic obstacle posed by 
necessity to achieve a correct mixture of syn and anti Gs,62 and hitherto unresolved difficulties in 
the formation of the propeller loops.53 Enhanced sampling atomistic MD methods have also been 
used,53, 71, 74-78 because they can achieve greater sampling of the conformational space. However, 
these methods have their own drawbacks, which are connected to the particular choice of 
sampling acceleration and which are not always sufficiently discussed. Thus the results should be 
interpreted with caution.79-80 All methods using collective variables (CVs) such as metadynamics 
accelerate sampling of movements associated with the CVs.80 The CVs represent low-
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dimensional projections of the full coordinate space and if the real folding processes include 
slow motions not included in the CV space, the results may become inadequate. Thus, CV-based 
methods cannot sample transitions between diverse folds of GQs contributing to the kinetic 
partitioning and also adequate sampling of the unfolded state is challenging. Insufficient 
sampling of the unfolded state can cause spurious stabilisation of the initial folded state in the 
simulation. Simulations tearing GQs apart by pulling force inherently sample low-entropy 
ensembles; in addition the pulling is much faster than in the experiments. Thermal-acceleration 
methods (e.g. T-REMD) do not require CV-based description of the process but work with an 
ensemble denatured at high temperatures, which might differ from the experimental conditions 
and, in addition, the kinetic information is lost. Further, to depict folding, such simulation would 
have to be strictly initiated from the unfolded state and would be extremely time-consuming. 
This has so far been achieved only for G-hairpins and still not with a quantitative convergence.53  

At first sight, atomistic simulations represent an ideal computational method to study the 
folding. However, closer inspection reveals that this approach has considerable limitations. First, 
the cost of atomistic simulations (even with enhanced sampling) is enormous, preventing 
investigations of the full biomolecular folding except for fast-folding biopolymers with 
evolutionary minimised frustration of the free energy folding landscape with simple funnel-like 
properties (e.g. some small proteins).81 This is definitely not the case of GQs,53 where formation 
of G-quartets, i.e. non-local contacts in the short sequences, partitions the folding landscape. 
GQs have extremely slow kinetics of folding compared to the number of residues. Although the 
atomistic force fields aim to mimic physical description of the studied molecules, they are based 
on fundamental and unphysical approximations such as lack of polarisation, atom-centred point 
charges, etc.82 Despite continuous efforts to improve the atomistic force fields for nucleic acids it 
appears that their improvements have been reaching some plateau in the past years.79, 83 Many 
important physical terms, significantly contributing to the total energy, are principally non-
includable.84-85 This may question our capability to accurately describe atomistic GQ folding 
even with unlimited computer resources. In a foreseeable future, the atomistic simulations will 
always be too slow and the atomistic force fields always insufficiently accurate. This justifies 
searching for alternative options.  

The issue of slow sampling, limiting efficient exploration of GQ folding landscape, can be 
overcome by the means of coarse-graining. Coarse-grained (CG) MD simulations simplify the 
atomistic description of DNA by reducing the number of particles of the solute to a few beads 
per nucleotide.86 In addition, CG models are usually parametrised for implicit solvent 
environment, which dramatically speeds up the computations (note that implicit solvent is 
unsuitable for atomistic simulations of GQs with standard force fields87). At first sight, the CG 
description is even less physical than the atomistic force field. However, the CG methods can be 
specifically tuned to include the key aspects to the folding process while disregarding less 
important details. Moreover, if a CG approach correctly captures the balance between important 
competing free energy basins (i.e. various GQ topologies and possibly other long-living 
intermediates), the description of fine details of transient regions may be less important. Indeed, 
striking insights and concepts have emerged from previous CG studies of protein and RNA 
folding.81, 88

 

Several CG nucleic acid models have been proposed in the past few years for various purposes, 
from studying the large-scale properties of DNA nanostructures to addressing RNA folding.88-95 
Some models have been used specifically to simulate whole GQs and their assemblies96 and even 
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 6

full GQ folding.97 Nevertheless, the folding was achieved by driving the molecule from the 
unfolded state to the folded state, not through a spontaneous process. 

In CG models, the significant speed-up is balanced by a more or less severe loss of accuracy of 
molecular interactions depending on the details preserved in the CG model. Among the possible 
CG models, the adaptation of HiRE-RNA version 3 to DNA (hereafter designated simply as 
HiRE-DNA)98 employed in the present work is particularly suited for the study of GQs because 
of the relatively high detail retained in the description of the bases, allowing us to properly 
describe the non-canonical base-pairs formed in quartets and therefore capture the fundamental 
interactions in GQs.99 

Here, we combine the advantages of CG simulations and standard atomistic simulations. A set 
of fixed-temperature and simulated tempering (ST) CG simulations are employed to unfold 
various human telomeric GQs to obtain physically plausible partially unfolded configurations. 
These structures are then subjected to standard fully-atomistic simulations for refinement and 
further exploration of the free energy basins associated with them. Similar strategy has been used 
earlier to investigate partially unfolded GQ structures obtained either by applying no-salt 
denaturing conditions,62, 100 or using specific biases constructed via bias-exchange 
metadynamics.75 We show that the CG approach can be used to efficiently initiate unbiased 
unfolding of the GQs from the folded state and also to achieve transitions of the DNA strand into 
another GQ topology with different strand orientation and anti-syn pattern. Such transitions have 
never been observed in the preceding computational studies on the human telomeric GQ.75, 100 
Albeit the present model remains far from being able to describe the full converged and unbiased 
GQ folding from the unfolded state, our work proves that CG methods can in the near future 
become a powerful tool in the portfolio of methods to search through folding landscapes of the 
GQs. 

 
METHODS 
G-quadruplex systems. Four human telomeric GQs and one mutated human telomeric GQ 

were considered (Figure 2): 1) three-quartet parallel-stranded d[A(GGGTTA)3GGG] (PDB ID: 
1KF1),27 2) three-quartet antiparallel basket-type d[A(GGGTTA)3GGG] (PDB ID: 143D, first 
frame),26 3) three-quartet hybrid (3+1) type-1 d[TA(GGGTTA)3GGG] (PDB ID: 2JSM, first 
frame),32 4) two-quartet antiparallel basket-type d[(GGGTTA)3GGGT] (PDB ID: 2KF8, first 
frame),24 and 5) antiparallel chair-type with mutated sequence d[A(GGGCTA)3GGG] (PDB ID: 
2KM3, first frame).101 
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 7

 
Figure 2. Top view (top) and side view (bottom) of the studied GQs. Gs are in mauve, loop 
residues and the backbone in black, and channel ions in blue. Cs in the case of 2KM3 are 
depicted in green. 
 

Coarse-grained model. GQs are very stable structures at physiological conditions, when 
structural ions are present, and would not spontaneously unfold on the time scales accessible to 
atomistic simulations.40, 62, 65, 100, 102 To generate partially unfolded states we used a CG 
representation of the system coupled to enhanced sampling techniques. This framework allows 
us to explore the conformational space more fully, including partially unfolded and completely 
unfolded states, while respecting a physical behaviour of the molecule. 

The simulations were performed using the HiRE-DNA model and force field, having adapted 
version 3 of HiRE-RNA model for the study of DNA molecules.98-99 HiRE-RNA has been 
presented in all detail in ref.99 and in this section we are going to give a summary of its main 
features and the modifications that made it suitable for the study of single stranded DNA. Each 
nucleotide is represented by 6 or 7 beads, corresponding to the backbone heavy atoms P, O5′, 
C5′, C4′, and C1′, and to the centre of mass of each of the aromatic rings of the bases (G1, G2, 
A1, A2, C1, U1 or T1) (Figure 3). 
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 8

 
Figure 3. CG representation of a guanine nucleotide and a G-quartet. Top left: CG guanine 
nucleotide superposed to the atomistic structure. Bottom left: CG representation of syn (τ = 30°) 
and anti (τ = -150°) G-nucleotide conformations with τ equilibrium values in the dihedral 
potential (τ corresponds to the χ glycosidic torsion angle). Right: Atomistic and CG view of a G-
quartet. 

 
The force field of the model is composed of local interactions accounting for the local 

stereochemistry, an excluded volume interaction giving a physical size to the beads, and non-
local interactions accounting for base pairings, base stacking and electrostatics. Each interaction 
is given by an energy potential (and related forces) weighted by a constant ε, allowing to gauge 
the relative contribution of each term. Equilibrium values for the variables considered by the 
potentials were extracted by a statistical analysis of 200 PDB structures, including a wide range 
of different folds. Optimisation was carried out for the energetic constants in order to train the 
model to recognise correctly folded structures over unfolded, incorrectly folded or partially 
unfolded structures, using a training set of 16 RNA structures and 20 decoys each.99  

Our representation corresponds to a reduction of 70% in number of particles compared to an 
atomistic description without hydrogens. The molecule's volume is preserved by the choice of 
the size of the beads implemented through a repulsive potential ensuring a minimal distance of 
approach of the beads corresponding to atomistic distances. The excluded volume potential is 
given by Eq. (1) 
 ������ � 	 	
���
�� (1) 

with � � ������ � ���� � ���� and d0 a reference distance that also controls the coupling strength. 
Parameters are chosen such that the potential increases rapidly when the two particles approach 
an inter-penetration distance.  

As in most force fields, local interactions are described as the sum of harmonic potentials for 
distances of two successive particles Eb, for angles of three connected particles Ea, and sinusoidal 
potentials for torsions of four connected particles Ed. Geometric parameters controlling bond 
distances, equilibrium angles and dihedrals, are specific for each type of nucleotide (A, G, C, U) 
given by Eq. (2) 
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 ����� � 	 ������ � ���� (2) 

with d the instantaneous beads distance, d0 the equilibrium bond length, kb the coupling constant, 
specific for the pair in question, and �b the optimised weight coefficient. Similarly, the potential 
for the bond angle θ is expressed by Eq. (3) 
 ����� � 	 ϵ����� � ���� (3) 

with θ0 the equilibrium angle, ka the coupling constant, and �a the weight coefficient. 
The torsion potential is given by Eq. (4) in terms of the dihedral angle φ as 

 ����� � 	 ϵ���[1 + cos�� � ���] (4) 

with kd the coupling constant, �d the weight coefficient, φ0 the equilibrium angle. 
In physiological conditions, the phosphate groups of nucleic acids are negatively charged. We 

therefore associate a fix -1 charge at the bead representing the phosphate group. In the absence of 
explicit ions and water molecules, phosphate beads interact with one another through a Debye-
Hückel potential expressed by Eq. (5) 
 

�%&��� � ��'
1

4)*�*+

	
� ,-⁄

�
 (5) 

with � � ������ � ���� � ���� the distance between the charged particles. This form of the 
electrostatic potential accounts only for ionic screening, and not for tightly-bound ions 
occupying specific positions in the molecule. Even though this constitutes a severe limitation for 
molecules such as G-quadruplexes, where quartets are stabilised by cations, it is worth 
mentioning that a proper description for ions in tight contact with the molecule is challenging for 
all models not giving a quantum description of the systems, including commonly used atomistic 
force fields.  

A specific feature of HiRE-RNA is to give a detailed description of base-pairing and stacking 
by defining planes for the bases. Energies and forces depend on the relative orientations and 
positions of the planes. Given the analytical complexity of these two potentials and the fact that 
for the work we present here no modifications were introduced to their previous form, we refer 
the reader to the original publication in which they are explained in depth.99 Here we present 
only a schematic overview focusing on the behaviour they induce on the bases relevant for the 
discussion of G-quadruplexes.  

In our description stacking occurs if two nearby bases are vertically aligned and their planes 
have a parallel orientation. The stacking potential is the product of three terms enforcing the 
relative positions of two stacked bases (short-ranged Gaussian function), orientation of the plane 
of the bases (quadratic sinusoidal function), and bases vertical alignment (higher-order sinusoidal 
function). The effect of the three terms is illustrated in Supporting Figure S1. Equilibrium values 
for each term were extracted from the analysis of PDB structures averaging over all stacked 
bases, independently of their species. At this stage, the stacking potential has no sequence 
specificity. 

The base-pairing potential is the product of two terms, one ensuring the correct geometry 
adopted by the bases in terms of distance of the interacting beads (short-ranged Gaussian 
function) and angles formed with the rest of the base i.e. α: G1i-G2i-G2j (higher-order sinusoidal 
function), and the other ensuring that the bases forming the pair are on the same plane (short-
ranged Gaussian function) (Supporting Figure S2). HiRE-RNA currently accounts for 22 
different possible base-pairs minima, taken as the most frequent base-pairs found in the NDB for 
each possible base-type combination (Supporting Figure S3). In agreement with the Leontis 
base-pairing classification,21 in HiRE-RNA bases can form pairs on one of their three sides 
(Watson-Crick, Hoogsteen and Sugar edge), making it possible to form multiple base-pairs such 
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 10

as triplets and quartets. This property of HiRE-RNA makes it suitable for the study of G-quartets 
where guanine bases interact simultaneously with two other G bases, forming hydrogen bonds on 
their Watson-Crick and Hoogsteen sides. 
The coarse-grained HiRE-DNA model. The CG model described so far was developed to 

study folding of RNA molecules, but a version for DNA was already introduced in ref.98, where 
we studied the assembly of DNA and RNA double helices. The backbone equilibrium parameters 
for DNA were chosen to be those of a B-form helix, while RNA molecules are modelled with 
equilibrium parameters for A-form helices. Replica exchange MD simulations were able to 
predict the duplex corresponding to the experimental structure as the most stable configuration 
and correctly reproduced specific heat curves and melting temperatures (Tm). Moreover, we 
showed that atomistic simulations started from conformations extracted as low energy states of 
the CG trajectory behaved indistinguishably from simulations originated from experimental 
structures. 

The other significant difference introduced for the DNA is the presence of both anti and syn 
states for purines, which are modelled only as anti for RNA. In the case of G-quartet it is 
particularly important to make the distinction between anti and syn conformations of purines, 
leading to distinct organisation of the overall structure. In HiRE-DNA, dihedral parameters were 
modified from previous versions, where one equilibrium value was attributed to each torsional 
angle, to be able to make the distinction between anti and syn conformations of bases A and G. 
Anti and syn conformations are distinguished by the equilibrium value of τ for the dihedral C4-
C1-G1-G2 and C4-C1-A1-A2, with a value τanti = 150° for the anti conformation and τsyn =  –30° 

for syn (Figure 3). The sinusoidal form of the potential attributes the same energy to the two 
possible configurations, separated by an energy barrier of �d. 
Validity and limitations of the CG model. The high-resolution CG HiRE-RNA model was 

developed with the specific aim of studying nucleic acids folding and assembly, with emphasis 
on non-canonical (three-dimensional) structures. This is a different goal from many other CG 
approaches often aiming at prediction of secondary structures. Given that HiRE-RNA was 
trained to recognise folded structures and distinguish them energetically from partially unfolded 
structures, it is a good starting point to study also partially folded and misfolded states. It has 
been extensively tested on several benchmark molecules including hairpins, pseudoknots of 
various kinds, and double helices. For molecules up to 50 nucleotides long, folding was 
simulated without any addition of external sources of information, and for larger molecules, 
simulations were combined with other sources of information such as partial secondary 
structures.98-99, 103 Using enhanced sampling methods such as parallel or simulated tempering, the 
model was able to fold the benchmark molecules to their native structures and to detect partially 
folded intermediates in agreement with experimental evidence.  

The transferability of HiRE-RNA to high temperatures and to unfolded states remains still to 
be proven at this stage and it will be the focus of future work.  In principle, because of the 
reduction in degrees of freedom resulting in an under-estimation of the entropy, 
thermodynamically optimised model needs free energy potentials with explicit temperature 
dependence. The introduction of such a term was done successfully by OxDNA104 and Three-
Interaction-Site (TIS)105 CG models, where stacking depends explicitly on T in order to match 
Tm values of canonical duplexes over a wide range of temperatures (with a linear variation in 
strength of 6% over a range of 100 degrees for OxDNA). Such models thus work for canonical 
(Watson-Crick) duplexes. This procedure cannot be easily applied to systems dominated by non-
canonical and multiple bases interactions, among other reasons because of a lack of experimental 
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 11

data for a proper parameterisation. Indeed, the exhaustive thermodynamic parameterisation of 
OxDNA was based on SantaLucia’s free energies for canonical base pairing and stacking,106 but 
equivalent data do not exist for other kind of pairs, nor for triplets or quartets. Similarly, 
parameterisation of TIS was done based on experimental Tm values of dimers under the 
assumption of canonical base-pairings. To our knowledge, at the present state, because of the 
lack of suitable theoretical and experimental data on base pairs beyond canonical and on systems 
strongly departing from the double helix, no CG model exists that has both proper 
thermodynamic parameterisation and a full description of non-canonical and multiple base 
pairings. 

Despite these limitations, in the case of HiRE-RNA, though no thermodynamic optimisation 
was performed, the melting curves extracted from our simulations showed a qualitative 
behaviour and Tm in good agreement with other sources, both theoretical and experimental. 
Simulations with our « twin » protein model OPEP107 and with HiRE-RNA/DNA showed that 
we can predict heat capacity profiles similar to experiments with calculated Tm values within 
20K to the experimental ones, indicating that the overall shape of the fluctuations in the potential 
energy of the conformations as a function of T and the thermodynamic up to Tm+10 K are very 
reasonable although they are not perfect.  Calculated heat capacities of monomeric proteins 
above Tm are a bit smaller than the experimental values because the change in heat capacity 
upon unfolding results almost mostly from the increase in the hydration term and this cannot be 
accurately estimated using simplified beads for DNA bases and implicit solvent. This is a general 
problem intrinsic to the simplification introduced with coarse-graining and it is why we are very 
cautious about making any statement on thermodynamic behaviour of the system. Even for 
models with an explicit thermodynamic parametrisation such as OxDNA and TIS, Tm values are 
correctly predicted, but whether the behavior of the molecule at high temperatures is realistic or 
not remains to be shown. 

For small pseudoknots HiRE-RNA was able to detect the two-state behaviour between the 
native conformation and the partially folded state where only one of the stems is formed, in 
agreement with OxRNA predictions.108 For the more complex 50 nt triple helix pseudoknot of 
the human telomere, in addition to predicting the native triple helix as the most stable 
conformation, the model was able to propose two misfolded states and one partially folded 
intermediate in agreement with both experimental evidence and with prediction of the TIS 
model. 92, 109-110 Finally, our all-atom MD simulations starting from our list of CG partially 
unfolded states showed that 45 % of the atomistic simulations remained within the starting state 
for 1000 ns, with 30 % more stabilising on a state close to the starting state, providing evidence 
of the pertinence of the unfolded states predicted by our CG approach. 

Regarding the present work, it is important to keep in mind that the CG model is not used to 
extract any thermodynamic or kinetic information, but i) to generate plausible partially folded 
conformations to be further investigated using atomistic MD and ii) to visualise larger-scale 
transitions through the GQ folding landscape that are far beyond those observable by atomistic 
simulations. HiRE-DNA seems adequate for the study of GQs thanks to its ability to account for 
non-canonical and multiple base-pairing and to study the interconversions between native, 
partially folded and unfolded structures in times within reach of current simulation methods. The 
transitions visualised by the CG approach (see below) are indeed much larger than those which 
have been achieved by atomistic simulations. 
Simulated tempering coarse-grained simulations. CG MD simulations were performed for 

each of the GQs (1KF1, 143D, 2JSM, 2KF8 and 2KM3) using the HiRE-DNA force field. To 
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explore each conformational space around the native structure, simulated tempering (ST) was 
used to improve sampling with temperature ranging from 300 to 450K.107 ST trajectories cannot 
be interpreted as real dynamics because of the changing temperature, however, they can easily 
generate new conformations as less stable portions of the molecule lose their structure faster 
upon temperature perturbations than energetically more stable parts.  
Fixed temperature coarse-grained simulations. For each system we also performed a set of 

unfolding CG simulations at fixed temperatures, ranging from 300 to 400 K in steps of 10 K, 
each for 3 µs to follow the unfolding dynamics. The range was identified from the ST CG 
simulations of duplexes as appropriate for melting. In the absence of explicit solvent, a Langevin 
thermostat was used with a friction coefficient of 0.005 ns-1.107 Simulations were run using 
spherical reflective boundary conditions (non-periodic) and were started from the experimental 
configuration. The integration time step was set to 4 fs.  

Due to the implicit solvent and bead representation the dynamics cannot reproduce exactly the 
dynamics in explicit solvent. The relationship between the time measured in the CG model and 
the time of an all-atom explicit solvent simulation is not straightforward and depends on the 
properties in question (diffusion coefficients, transition times between diverse conformations, 
etc.). Our experience suggests a 10- to 100-fold speed up compared to all atom MD in explicit 
solvent for fast-folding systems. For example, typical CG folding times of a 10 base pairs hairpin 
are of a few hundred of ns, while predictions of hairpins folding times as a function of base pairs 
extrapolated from experiments, range in the few microseconds.111 This speed up is obviously still 
not sufficient to study full folding of GQs (with real times from hours to weeks) but represents a 
substantial improvement over the atomistic MD, as confirmed by the actual data presented 
below. 
Analysis of coarse-grained simulations. For the analysis of CG trajectories, we monitor the 

presence of base-pairs, triplets and quartets based on energy criteria, together with anti and syn 
conformations of Gs. The base-pairing analysis is performed on reduced trajectories, which are 
built by extracting one frame every 4 ns from the original trajectories. In order to detect the 
existence of base-pairs in the CG structures we compute the base-pairing energy as described 
above. However, because of the short-ranged, narrowly peaked nature of the HB potential, base 
positions fluctuate in such a way that the instantaneous energy of a base-pair would often 
indicate loss of a base-pair even when the pair is still present. Thus, to detect base-pairs more 
coherently, we perform averaging of the base coordinates over a shifting time window (of 10 
frames) to smear out fluctuations and we evaluate the base-pairing energy on the averaged 
coordinates. Indeed, a comparison between the instantaneous energy plots and the corresponding 
base-pairing plots shows that this procedure results in a much more reliable detection of formed 
pairs. We identify a pair as formed if the corresponding energy is in absolute value at least 10% 
of the maximum value that the specific pair can have. This cut-off is applied on the energy 
computed from the averaged coordinates. We have verified that small changes in the cut-off and 
in the number of frames over which we average do not affect the results. Base triplets and 
quartets are identified from base-pairs. 
Refolding fully-atomistic MD simulations. With standard atomistic MD we attempted 

refolding of some unfolded structures selected from the CG simulations after putting them back 
in their natural environment with explicit water and ions. The starting structures were carefully 
selected from trajectories of the ST CG unfolding simulations, based on our expectations of 
which structure could be stabilised or even refolded. Atomistic structures were obtained through 
a reconstruction algorithm based on database searches of possible nucleotide conformers.98 With 
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a full atomistic structure at our disposal, either one or two Na+ cations (depending on the degree 
of perturbation of the selected structure) were manually placed into sites that were expected to 
form the GQ channel. The molecules were then solvated by a truncated octahedral box of water 
with minimal distance between the solute and the box border of 10 Å, using the TIP3P water 
model.112 The simulation box was neutralised by Na+ cations and finally 0.15 M excess NaCl 
was added (total concentration of Na+ was thus about 0.35 M). The Joung and Cheatham TIP3P-
adapted parameters for ions were used.113 Solvation and addition of ions were performed in the 
xLEaP module of AMBER.114 

Although Na+ is not the native cation of most of the simulated GQs in thermodynamic 
equilibrium, the difference between Na+ and K+ can be neglected in our MD simulations. This 
can be justified by several reasons. First, the ions are merely described by their radius and 
potential well, thus no polarisability is included and the difference between Na+ and K+ is 
captured imperfectly. In the force-field approximation, Na+ ions inside the GQ channel have 
properties (such as the effective ion size) that are roughly in-between those expected for real Na+ 
and K+ ions.115 On the other hand, force-field K+ ions may be somewhat over-sized. Second, both 
Na+ and K+ promote folding of GQs in real systems and readily stabilise GQs. Although ion-
replacement sometimes may shuffle relative stabilities (populations) of different GQ folds 
(different conformational basins) in the thermodynamic equilibrium, it does not lead to any 
immediate disruption of the folded structures and does not obviate their basins from the 
landscape. The kinetics of ion replacement in the GQ channel is much faster than the GQ 
unfolding kinetics and eventual shifts of the GQ equilibrium populations after the salt change are 
thus slow. Therefore, both Na+ and K+ are equally suitable to attempt re-folding of partially 
unfolded GQ structures which still keep significant structural features of the target structures. 
One of the reasons why we have chosen Na+ is that in some of our preceding studies we have 
noticed occasional expulsions of K+ from the GQ channel,115 though it remains to be seen if such 
problems may occur also with Joung and Cheatham TIP3P-adapted parameters. Thorough 
discussion of the inclusion of monovalent ions in simulations of GQs can be found elsewhere.82, 

100 
The bsc0116 + χOL4

117 + εζOL1
118 version (bsc0χOL4εζOL1) of the Cornell et al. force field119-120 

was used. The basic bsc0 modification suppresses detrimental non-canonical γ-trans substates,116 
χOL4 improves the shape of the χ torsion profile so that it rebalances syn/anti conformations and 
εζOL1 balances the BI/BII substates of DNA backbone; the last two modifications have proved 
useful both in B-DNA and GQ simulations.117-118 For parameters, see AmberTools starting from 
May 2015 update or http://fch.upol.cz/ff_ol/. For overviews of DNA force fields, see refs.64, 79 

The simulations were performed in the NPT ensemble, with the pressure held at 1 atm and 
temperature at 300 K using a Berendsen weak-coupling barostat and thermostat.121 A 2 fs 
integration time step was used and all bonds involving hydrogen were constrained using 
SHAKE.122 The particle-mesh Ewald method was used to calculate electrostatic interactions,123-

124 and the non-bonded cut-off was set to 9 Å. The equilibration protocol is given in the 
Supporting Information. The production phase was performed using the GPU CUDA version125 
of the pmemd module of AMBER 12.114 The initial simulations were run for 200 ns and then the 
stable or improving trajectories (based on visual inspection) were prolonged to 1000 ns. The 
trajectories were post-processed in the ptraj module of AMBER126 and visualised in VMD.127 
Description of the trajectories. At first sight, it might seem desirable to visualise the 

simulation behaviour by simplified order parameters or some reaction coordinates. However, this 
common approach is not applicable to the presently-studied GQ folding landscape due to its 
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extreme degree of kinetic partitioning. There are no simple order parameters that could describe 
the GQ systems appropriately. Even a combination of several parameters, sometimes useful, 
cannot be interpreted intuitively, because the folding landscape of GQ is so complex that its 
description is principally not reducible to a few order parameters. Projection of such complex 
folding landscapes into simple order parameters may lead not only to physically incorrect models 
of folding mechanisms, but also to erroneous free-energy estimations, typically in cases, when 
the order parameter cannot distinguish between different kinetically unrelated free-energy 
minima. Note that cases where order parameters, transition states and reaction pathway become 
unsuitable for description of folding landscapes have been discussed in the literature.128-135 The 
GQ folding landscape is an extreme example of such cases.  

For the sake of demonstration, for each simulation we performed, we have calculated the 
evolution of order parameters often used as collective variables (CVs) in enhanced-sampling 
simulations, namely, RMSd (shown in the form of 2D RMSd), distance RMSd, total number of 
native hydrogen bonds, number of O6 – Na+ contacts and radius of gyration. However, given the 
amount of the data, its complexity, and unsuitability of the order parameters, throughout the 
paper we have opted for a qualitative and schematic description of the simulation behaviour, 
representing the main features emerging from the detailed analyses. To present the data we 
mostly use idealised schemes that are standardly utilised in the GQ literature. Note that our 
simplified schemes do not show the helical twist of the GQ stems. Numerous quantitative graphs 
documenting the development (and unsuitability) of the order parameters are shown in the 
Supporting information appendix. 

 
RESULTS 
Simulated tempering coarse-grained simulations. All five systems unfolded during the 1.4 

to 1.7 µs of ST CG simulations (corresponding to 48 hours real-time per trajectory on an Intel i5-
4670 PC with 8GB of RAM). Next, we describe data for each system, focusing on the first steps 
leading to loss of the GQ organisation. The native structures and early unfolding stages of the 
GQs are shown in Figure 4. 
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Figure 4. Schemes of native structures (top) and initial stage of unfolding (bottom) of GQs in ST 
CG simulations. First step of unfolding is disruption (loss of pairing) of one terminal quartet. G 
bases represented in yellow are in anti conformation while bases in orange are in syn 
conformation. Cyan bases fluctuate between anti and syn. Ions and loop residues are not shown. 
Cytosines in 2KM3 are shown as green squares. G-quartets (Q) are numbered from the 5′-end. 
2KF8 contains a triplet (T). Numbering of Gs is shown by blue numbers. 
 

1KF1 is composed of three all-anti quartets Q1, Q2, and Q3. Unfolding occurred almost 
simultaneously for all three Qs (Figure 5). In the experimental crystal conformation the T and A 
bases in each loop are tightly packed by stacking. Unfolding initiated with a destabilisation of the 
loop connecting G10 and G14 with the higher temperatures causing a loss of stacking and the 
unpaired bases orienting towards solvent. Upon unfolding G bases are free to fluctuate between 
anti and syn conformation (Figure 5). A transiently stable partially folded structure composed of 
two stacked triplets (G2-G9-G15 and G3-G8-G16) is also observed.  
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Figure 5. ST CG unfolding of 1KF1. Top: All base pairs detected during the simulation. Bottom: 
Anti-syn dynamics of the G bases. The native GQ unfolds in the first few tens of ns. After 1.1 µs, 
a transient triplex is formed for about 100 ns. See Supporting Information Figures S4-S7 for data 
for the remaining systems. 
 

143D is composed of three stacked quartets, each one with two G bases in anti conformation 
and two bases in syn conformation. The main unfolding process was a destabilisation of the Q1 
quartet (Figure 4) that partially opened and closed several times before complete unfolding (see 
Supporting Figure S4 for details). The quartet first opened briefly twice and both times came 
back to its native conformation to then open irreversibly. In the first two opening events all bases 
preserved their native anti and syn conformations, while after the third event, the bases fluctuated 
between anti and syn for the remainder of the trajectory (Figure S4). Opening of Q2 and Q3 
occurred simultaneously. Once all the quartets unfolded, all Gs fluctuated freely between anti 
and syn conformations. 

2JSM is composed of three stacked quartets, with mixed syn and anti conformations. Before 
complete unfolding (Supporting Figure S5) Q3 exhibited brief openings and closings (Figure 4). 
Q1 and Q2 were stable until complete unfolding occurred. The anti and syn conformations of all 
bases of the quartets were stable until unfolding occurred, and they fluctuated freely between the 
two states once the molecule adopted an open conformation (Figure S5). A short-lived structure 
containing a triplet (G2-G11-G16) and pairs of loop bases was also observed. 

2KF8 comprises two stacked quartets, each with two syn and two anti Gs and a triplet T 
stacked with Q1. Unfolding occurred with the two quartets opening almost simultaneously 
(Supporting Figure S6). Prior to unfolding, the triplet fluctuated rapidly between stacked and 
unstacked states (Figure 4), and broke completely at unfolding. While the bases in Q1 and Q2 
preserved their anti or syn conformation until unfolding occurred, the bases in the triplet changed 
from one state to the other several times (Figure S6). 

2KM3 is composed of two stacked quartets with mixed anti and syn conformations. In 
addition, C5-G20 and G8-C17 canonical base-pairs are stacked with Q2, and C11-G14 pair is 
stacked with Q1. Unfolding occurred with Q1 (Figure 4) and Q2 opening almost simultaneously 
(Supporting Figure S7). Prior to unfolding, Q1 was unstable with G3 and G10 fluctuating 
between paired and unpaired positions. G3 briefly switched conformation between syn and anti 

Page 16 of 56

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 17

two times before unfolding, while all other G bases constituting the quartet remained in their 
native τ conformation until unfolding took place (Figure S7). The GC base pairs remained 
formed for some time after the loss of the GQ structure, with C5-G20 breaking, reforming, and 
breaking. G8-C17 broke to form G9-C17, followed by G10-G17 at 800 ns. Other non-native 
pairs were also formed (Figure S7). 
Fixed temperature coarse-grained simulations. In this section we analyse the overall 

behaviour of the molecules at different temperatures in 3µs-long fixed-temperature CG MD 
simulations. For each system, we run eleven simulations: at 300, 310,… , 390 and 400 K.  

The 1KF1 system was the least stable of the studied GQ topologies, as it completely unfolded 
at 330 K and at all higher temperatures. At the same time, this system provided the most 
interesting dynamics and we have observed two rare cases of its folding to alternative GQ 
topologies.  

Already at 300 K, short openings of Q1 and Q3 were observed, with one base detaching and 
returning. Simulations at 310 and 320 K showed the rare unfolding-alternative folding events 
(Figure 6).  
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Figure 6. Unfolding-folding events in fixed temperature CG simulations of the parallel stranded 
GQ 1KF1 at 310 K and 320 K. At 310 K, a new two-quartet hybrid (3+1) type GQ with double 
strand-slippage is formed (in the blue box). At 320, a new three-quartet antiparallel alternative 
basket-type GQ is formed (in the red box). Folding mechanism of the two GQs is different. The 
structural schemes (yellow, orange and cyan bases) are visualised as in the Figure 4; numbering 
of Gs is shown by blue numbers inside the bases. The number next to each scheme denotes time 
(ns), when the structure appears in the simulation. In the structural snapshots of the two newly 
folded GQs, bases in mauve belong to the first quartet (Q1) in the original 1KF1 structure, those 
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in orange to Q2 and those in green to Q3. The remaining bases (flanking and loop Ts and As) are 
in blue. 
 

At 310 K, opening of Q3 was immediately followed by simultaneous strand slippage of two 
strands, so that two quartets Q1' (G2-G9-G15-G20) and Q2' (G3-G10-G16-G21) were formed. 
Unfolding continued by disruption of Q2', the second G-strand turned upside down and two new 
quartets were formed: Q1* (G2-G9-G15-G20) and Q2* (G3-G8-G16-G21). G9 gained its syn 
conformation by the strand reorientation and G8 became syn after a while. Together with the 
formation of Q2*, a base-pair G10-G14 was formed and remained stable for the rest of the 
simulation (Figures 6 and 7). The resulting GQ was similar to the hybrid (3+1) type-2 GQ, 
however, with only two quartets. It formally corresponds to a hybrid (3+1) structure with double-
strand slippage. Note that structures with slipped strands have been suggested to be commonly 
populated intermediates during the GQ folding processes.62 

 

 
Figure 7. Fixed-temperature CG simulation of 1KF1 at 310K and 320 K. Top row: Overall 
energy of base-pairing of the quartets as a function of time computed as the sum of the energies 
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of the single pairs, where each pair's energy has been normalised to its maximum possible 
absolute value (the 10% cutoff on the pairs' energies is shown as a dashed line). Middle row: All 
base pairs observed in the simulations coloured as a function of the quartet they belong to. 
Bottom row: Anti-syn conformation of all G bases. Structural development in the two simulations 
is depicted in the Figure 6. 
 

At 320 K, the 1KF1 molecule unfolded completely by the quartet-by-quartet disruption. In the 
unfolded state, all Gs fluctuated between syn and anti. After undergoing several unsuccessful 
folding attempts, a sudden reorganisation led to formation of a nucleation centre, which finally 
evolved to an antiparallel three-quartet GQ topology, stable for the rest of the simulation. Upon 
reaching the new structure, the bases adopted a mixed anti-syn organisation, different from the 
all-anti conformation of the starting structure of 1KF1 (Figures 6 and 7). The new conformation 
had an alternative basket-type topology, with strand progression opposite to 143D. During its 
folding, transient base-pairs formed between As and Ts, and between Gs and Ts. These base-
pairs helped to navigate the system through the folding landscape towards further structuring. 
Two consecutive pairs seemed to be enough to stabilise the structure for some time, and allowed 
other parts to come close and to start forming some transient GG pairs, and eventually a first 
transient quartet G3-G8-G15-G21. This served as a nucleation centre for the other Gs to 
approach through stacking. Once the overall structure was compact again and all Gs were close 
to one another in the middle of the folded strand, the second G-stretch slipped by one level and 
two new quartets (Q2* and Q3*) formed. Q1* formed after a while, because G22 first needed to 
switch from syn to anti. 

In the light of these results, we ran ten new CG simulations of this system, hoping to evidence 
additional unfolding-folding events. Unfortunately, no other unfolding-folding events were 
observed, illustrating the rarity of successful folding attempts. 

No folding was achieved for the other systems after unfolding. The 143D molecule unfolded 
completely at temperatures above 360 K. Starting at 310 K transient openings of Q1 and Q2 
were observed, becoming longer-lived as the temperature increased. There seemed to be a loss of 
stability related to a loss of stacking between Q1 and Q2. The 2JSM structure unfolded at 350 K. 
At lower temperatures the two external quartets, Q1 and Q3, exhibited some opening, becoming 
longer-lived as the temperature increased. The 2KF8 unfolded at 380 K. Both Q1 and Q2 
remained closed until 350 K where they started exhibiting some openings and closings. The 
triplet was disrupted already at 300 K. The 2KM3 system was either stable as a GQ or converted 
to a hairpin at higher temperatures. At the lowest temperatures the GQ was mainly fully folded, 
with transient openings of Q1. At temperatures above 350 K the stable configuration was the 
hairpin formed by G10-G15, G9-G16, G8-C17, A7-T18, T6-A19, C5-G20, and G4-G21 base-
pairs (Figure 8). GG pairs did not form quartets at these temperatures. The hairpin structure was 
irregular, but appeared to be rather stable. 
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Figure 8. Hairpin intermediate in unfolding of 2KM3. G bases forming the first quartet (Q1) in 
2KM3 are represented in light green and of Q2 in orange. 
 

Stabilising fully-atomistic MD simulations. We have carried out a series of explicit-solvent 
atomistic simulations (Table 1) using starting structures selected along the CG unfolding 
trajectories. 
 

Table 1. The fully-atomistic MD simulations and their outcome (see Supporting Information 
appendix for time development of selected order parameters). 
 
Simulation 
name 

Time when the starting 
structure was taken from the 
ST CG simulation (ns) 

Simulation 
length (ns) 

Main simulation outcome 

1KF1 – see Figure 9, Supporting Information appendix Figures SA1-SA6 
A 19.21 1000 Stabilisation of a slipped GQ 
B 19.32 200 Unfolding to coil 
C 20.42 1000 Stabilisation of the starting structure 
143D – see Supporting Figure S9, Supporting Information appendix Figures SA7-SA20 
A 103.74 1000 Stabilisation of the starting structure 
B 103.76 1000 Stabilisation of the starting structure 
C 105.82 1000 Stabilisation of the starting structure 
D 108.02 1000 Stabilisation of the starting structure 
E 140.12 1000 Stabilisation of the starting structure 
F 140.14 1000 Stabilisation of the starting structure 
G 266.38 200 Unfolding to coil 
2JSM – see Supporting Figure S10, Supporting Information appendix Figures SA21-SA32 
A 85.02 1000 Modest improvement 
B 85.04 1000 Stabilisation of the starting structure 
C 96.80 1000 Completely refolded GQ 
D 89.98 1000 Stabilisation of the starting structure 
E 122.84 1000 Unfolding to coil 
F 138.26 200 Unfolding, a parallel G-hairpin 

survived 
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2KF8 – see Figure 10, Supporting Information appendix Figures SA33-SA40 
A 492.90 1000 Almost refolded GQ 
B 492.92 1000 Unfolding to coil 
C 492.94 200 Unfolding to various G-triplexes 
D 493.00 200 Unfolding to coil 
2KM3 – see Supporting Figure S11, Supporting Information appendix Figures SA41-SA50 
A 326.72 200 Unfolding to an antiparallel G-triplex 
B 326.96 200 Unfolding to coil 
C 328.48 200 Stabilisation of the starting structure 
D 328.76 1000 Unfolding to an antiparallel hairpin 
E 332.48 200 Stabilisation of the starting structure 

 
1KF1. Three different snapshots of the ST CG simulation for the parallel stranded GQ were 

selected. All three structures were modestly unfolded and similar in shape, with two quartets 
preserved (Q1 and Q2) and one quartet disrupted (Q3). The molecule did not regain the native 
folded state in any of the three simulations (Figure 9). Stabilisation of the Q1+Q2 stem was 
observed in one run (1KF1-C) (Supporting Figure S8). A different structure with two quartets 
was stabilised in another simulation (1KF1-A): the Q1+Q2 stem was stable till 125 ns, then the 
first G-stretch slipped by one level so that G2 was expelled from the stem, G3 became part of Q1 
and G4 was incorporated into Q2. This slipped arrangement was stable to the end of the run. The 
simulation 1KF1-B led to loss of the stem by the strand slippage mechanism62 within 20 ns.  

 
Figure 9. 1KF1 – unfolding ST CG simulation followed by a set of stabilising all-atom MD 
simulations. The black box contains intermediates occurring in the unfolding CG simulation. 
Development of the CG simulation goes vertically down from the experimental structure and 
continues in the right part of the Figure. Black numbers next to the intermediates depict the time 
when the structure was observed in the CG simulation. These intermediates served as starting 
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structures in subsequent all-atom MD simulations. Their progression is shown by blue arrows 
and the numbers show the time in ns at which the given structure occurred. The green numbers 
mean that the particular structure remained stable till the simulation end and blue numbers mean 
that the depicted structure was subsequently lost. Simulation B leads to complete structure loss 
after 10 ns. The structural schemes are visualised as follows: Gs are depicted as rectangles; 
yellow and orange mean anti and syn conformation, respectively. Solid red lines denote two GQ-
like H-bonds, while dashed lines any other H-bonding. The colours of the rectangle edges are 
used to visualise the way how the Gs mutually interact. Gs that have the same colour of their 
edge are either stacked together or coplanar and H-bonded. The remaining Gs, either lacking any 
direct interactions, or H-bonded, but not coplanar, are indicated by a red edge. Flanking residues, 
loop bases and ions are not shown. See the Supporting Information appendix Figures SA1-SA6 
for development of selected order parameters. 

 
143D. Seven snapshots taken from the ST CG simulation were used for atomistic MD. The 

starting structures for 143D-A to F contained a stem with two quartets (Q2 and Q3), and the 
quartet Q1 was disrupted. In all six simulations, the Q2+Q3 stem was stable throughout, with a 
channel cation between Q2 and Q3. Four runs exhibited an additional channel cation above Q2. 
This ion binding site was created with the aid of Hoogsteen edges of some Gs of the disrupted 
Q1 and exhibited, albeit infrequent, ion exchanges with the bulk on the simulation time scale. 
Nevertheless, Q1 never reformed (Supporting Figure S9). The starting structure of the simulation 
143D-G possessed no full quartets, Q1 was completely disrupted and Q2 and Q3 were in a form 
of imperfect triplet close to the fourth G, keeping the GQ-like shape. The arrangement was lost 
immediately and the structure adopted a coil-like conformation. 

2JSM. Six snapshots from the ST CG simulation were chosen for atomistic MD simulations. 
The GQ was successfully refolded in one run, the intermediates (the initial arrangements) were 
stabilised in three cases, and further degradation was observed in two runs (Supporting Figure 
S10). The starting structures in the simulations 2JSM-A to D contained a two-quartet stem 
Q1+Q2. In two simulations (2JSM-B and 2JSM-D), no improvement was achieved. In one 
simulation (2JSM-A), a G-triplet was formed instead of Q3 and was sampling several local G-
triplet substates described in the literature.72 The fourth G, whose incorporation into the Q3 
would mean full refolding of the GQ, remained stacked on the triplet. In the run 2JSM-C, a G-
triplet was formed at Q3 immediately after the simulation started, and at 200 ns, the fourth G was 
incorporated so that the GQ was fully refolded. In the simulation 2JSM-E, the structure 
possessing Q1 and misfolded Q2 further unfolded. Right after the start, it split into two hairpins, 
one with a propeller loop and one with a lateral loop. During the course of the run a transient 
triplex-like structure was observed. The simulation 2JSM-F started from an arrangement with 
only Q1 preserved. The structure quickly split into two hairpins, one with the propeller loop and 
one with the lateral loop. The one with the lateral loop had imperfect base-pairing and unfolded. 
The one with the propeller loop remained stable, probably due to adjacent bases stacked on both 
sides of the hairpin. 

2KF8. Four structures generated in the ST CG simulation were selected for atomistic 
simulations. The GQ structure was nearly restored in one run, the intermediate stabilised in 
another, and in two runs the intermediates were lost (Figure 10). The simulation 2KF8-A led to a 
quite spectacular restoration of Q1 and Q2 (Figure 11). In the starting structure, no quartets were 
present, but the respective bases were close in space and in favourable orientation for cWH base-
pairing. Indeed, immediately after the start, the quartets refolded and remained stable. On the 
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other hand, the G-triplet near the 5′-end, which is present in the native 2KF8 structure, was not 
reformed. The simulation 2KF8-B started with Q2 formed and Q1 lacking one G. After 340 ns, 
Q2 was broken and the structure unfolded. In the simulation 2KF8-C, Q2 was slightly perturbed 
in the starting structure. Various G-triplets (including misfolded ones) were formed in the course 
of the run, but no quartet formation occurred. The simulation 2KF8-D led to entire unfolding of 
the starting structure. 

 
Figure 10. 2KF8 – unfolding ST CG simulation followed by a set of all-atom MD simulations. 
The simulation A leads to almost refolded native GQ. The structural schemes are visualised as in 
the Figure 9. See the Supporting Information appendix Figures SA33-SA40 for development of 
selected order parameters. 

Page 24 of 56

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 25

 
Figure 11. Top and side view of the final structure in the simulation 2KF8-A. Bases of Q1 are 
shown in cyan, Q2 in mauve, G-triplet bases in orange, G3 is red, cations are blue, and loop 
nucleotides and the backbone are black. 

2KM3. Five snapshots from the ST CG simulation were chosen as starting points for refolding 
attempts. All the initial structures were either triplexes or triplex-like structures, but none of the 
runs led to formation of quartets (Supporting Figure S11). In the simulations 2KM3-A, C and E, 
the starting structures slightly deteriorated. The run 2KM3-B led to full unfolding of the triplex 
into a coil-like structure. At 150 ns of the run 2KM3-D, the triplex-like arrangement transformed 
into a long hairpin structure that was stable till the end of the simulation (having the same base-
pairing as the hairpin shown in Figure 8). Pairing occurred between the G-stretches 1 and 4 and 
between the G-stretches 2 and 3. Such a structure could be a potential intermediate for a quick 
folding event. Nevertheless, if some GQ folded from this hairpin, it would be severely misfolded 
compared to the 2KM3 fold, because some Gs changed χ conformation during the transition to 
the hairpin.  

 
DISCUSSION 
Coarse-grained (CG) simulations do not aspire to give detailed quantitative information. 

Rather, they provide valid qualitative insights allowing exploration of molecular rearrangements 
to an extent currently unreachable for atomistic MD. New configurations are obtained following 
a physical description of the relevant interactions to which the molecule is subject, and are 
therefore worth exploring further with atomistic MD as belonging to possible free-energy basins 
along the folding pathways. 

Several recent studies attempted to unfold three-quartet GQs in atomistic simulations and then 
investigate properties of the potential intermediates along the unfolding pathways.62, 75, 100 One 
approach utilised the no-salt environment, i.e., ion depletion. This method resembles (reversed) 
stop-flow experiments and is justified by the assumption that real GQ rearrangements are likely 
to take place when the GQs are temporarily destabilised during the genuine ion-exchange 
processes.62, 100 Another study unfolded the human telomeric GQ using bias-exchanges 
metadynamics, which required a priori selection of collective variables alongside which the 
unfolding then progressed.75 

In the present work, we have achieved the unfolding using unbiased CG simulations followed 
by a posteriori reconstruction of atomistic structures for explicit solvent simulations. Despite the 
simplified CG model, the CG method is a powerful complement to the other techniques. It 
reaches much further into the unfolded ensemble than the atomistic approaches since it allows 
extensive sampling of the anti ↔ syn transitions, which is absolutely essential to describe the GQ 
folding landscape.53, 62 We have evidenced, albeit as very rare single-molecule events, 
spontaneous unfolding-folding events from one GQ topology to another (Figure 6).  
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Initial stages of unfolding: quartet loss or strand slippage/departure? The ST CG 
unfolding simulations reveal a preferred unfolding mechanism with consecutive disruption of 
quartets, starting from the outer quartets. Such rearrangements may be relevant to the real 
molecules as they may mimic one-by-one loss of channel cations correlated with quartet-by-
quartet disruption of the GQ core (although the ions are not explicitly present in the CG model, 
the ion effects can be included implicitly). The process could resemble melting of the GQ, 
mimicked by the temperature jumps in ST CG simulations or elevated temperature in fixed-
temperature CG simulations. The CG simulations performed here preserve, in their simplified 
description, the chemical environment.  

The CG simulations complement previous atomistic MD studies, where unfolding was induced 
by complete ion depletion,62, 100 i.e., by a drastic change of the molecular chemical environment 
at the beginning of the computer experiments. The atomistic no-salt simulations initiated 
unfolding via strand-slippage for all-parallel all-anti GQs. For the other types of GQ topologies, 
the no-salt simulations initiated unfolding either by splitting the GQ stems into two two-stranded 
halves or by single strand unbinding.  

The initial parts of unfolding pathways suggested by atomistic no-salt62, 100 and elevated 
temperature CG (present work) simulations differ and may lead to different unfolded ensembles. 
In the case of the CG simulations, the driving force is elevated temperature, while it is chemical 
denaturation in no-salt simulations. Nevertheless, we suggest that all observed mechanisms of 
unfolding initiation, i.e., outer quartet loss, G-strand departures and strand slippages may co-
exist for real GQ systems. For example, the outer quartet loss may occur during periods of 
reduction of the number of the ions in the channel (one ion for three quartets), which is a much 
more likely event than the complete ion depletion. Let us reiterate that folded GQ molecules 
often have single-molecule lifetimes of minutes to hours (depending on the fold and 
environment).39, 47 This indicates that in real molecules only a tiny fraction of initial unfolding 
attempts (major structural fluctuations) crosses the energy barrier for unfolding and progresses to 
full unfolding. 

Previous MD studies have shown that strand slippage may be the dominant mechanism of 
(un)folding for all-anti parallel-stranded GQs, because all their quartets are of the same 
directionality.62, 70, 100 Vertical strand-slippage movements were not observed in the other folds as 
they would lead to syn – anti conflicts.62, 72 Here we show that strand-slippage movements can be 
relevant also for the other folds, when one of the G-quartets melts and the remaining two have 
the same directionality (Supporting Figure S12). Strand slippage can thus facilitate restructuring 
of partially folded intermediates, as demonstrated by the CG simulation of 1KF1 at 320 K 
(Figure 6, the transition 1074 → 1075). Here, the slippage occurred in the partially folded 
antiparallel intermediate with one quartet and one triplet. Although all four G-strands contained 
both syn and anti Gs, those Gs that would form a quartet of opposite directionality (G2, G10, 
G14 and G22) were not yet part of the transient GQ core. This allowed the strand slippage 
resulting ultimately in formation of the Q1* quartet.  
Sampling of syn/anti distributions. The CG model was able to deal with the challenge of 

sampling syn and anti Gs. Note that the twelve Gs in the nucleotide sequence can adopt 212 = 
4096 syn/anti combinations, which are compatible with numerous diverse GQ folds.53  
New mechanism for strand re-orientations. The CG model not only showed that syn-anti 

sampling is allowed when G is not H-bonded with other nucleotides, but also that χ (τ in the CG 
model) torsion can be flipped by rotation of a whole G-strand when one quartet is present (cf. 
Figure 6, the transition 265 → 266 at 310 K). It remains to be seen if such strand rotations would 
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be possible at the atomistic level of description, but we do not see any obvious steric hindrance 
that would prohibit them. Such rearrangements would allow strand reorientations while keeping 
one of the quartets fully paired. This may allow substantial structural transitions between 
different GQ folding basins without the need of a full unfolding. At the atomistic description, 
such transitions could involve a series of consecutive intermediates stabilised by various sets of 
non-native H-bonds, through which the molecule would diffuse from one fold to another.  
GQ folding cannot be monitored by simple order parameters and collective variables. 

Due to complexity of the folding landscape of GQs, their folding cannot be monitored or 
visualised by simple order parameters and collective variables. We have explicitly documented 
this for a number of common order parameters such as the RMSd criteria, number of native H-
bonds and several others. An example is shown in the Figure 12. All the results are in details 
shown in Supporting Information appendix. Specifically, the number of native H-bonds is an 
unsuitable parameter as different GQ folds that are competing on the folding landscape have very 
different sets of native H-bonds (see Figures 4 and 7). For example, while the 1KF1 and 143D 
structures both have 24 native H-bonds, they share only 2 of them. Thus, a common order 
parameter based on the number of native H-bonds is absolutely unsuitable to describe 
competition between these two structures. Note that the GQ folding landscape (see Introduction) 
may contain enormous numbers of major competing folds. Six of them actually have already 
been visualised as thermodynamic minima in structural experiments under different conditions, 
while detectable coexistence of multiple folds is common.  

We suggest that human telomeric DNA GQ folding is principally non-describable by a limited 
set of order parameters and any such attempt would result in erroneous model of folding. The 
exceptionally complex kinetic partitioning folding landscape of GQs prevents any meaningful 
low-dimensional projections.129 These would misrepresent or even remove barriers. Integrating 
over all but one or two degrees of freedom may produce population distributions where the 
connectivity information that determines transition rates is lost. If we choose an order parameter 
that averages over states on different sides of a high barrier, then kinetically isolated 
configurations can appear to be connected. In other words, GQ folding, with kinetics occurring 
on a time scale of days, is based on entirely different principles than funnel-like folding of fast-
folding proteins or simple RNA and DNA hairpins. There is ~7-8 orders of magnitude difference 
in the folding rate between GQs and the fast-folding systems. Concepts of transitions states 
ensembles, transition paths and reaction coordinates are to our opinion inappropriate to describe 
GQ folding as a whole. GQ folding landscape could, in principle, be in future described by some 
comprehensive Markov State Model128, 136 or disconnectivity graphs.129 
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Figure 12. Development of various order parameters in the simulation 1KF1-A. The graphs are 
shown along with representative conformations found in the simulation, the rightmost being 
dominant till the end of the simulation, except of a temporary unfolding between 700 and 800 ns. 
The development of various quantities does not reflect the structural changes. For example, the 
partial unfolding is evident only in the graph monitoring the number of hydrogen bonds. On the 
other hand, the CV monitoring the number of native H-bonds has its own severe limitations, for 
example the decrease in the number of native bonds at ~120 ns cannot distinguish between 
quartet melting and strand slippage. It is absolute unsuitable to monitor transitions from one 
topology into another, as it does not differentiate most of the other folded structures from the 
unfolded state. 
 

CG model allows changes of the GQ topology. The fixed temperature CG simulation was 
able to turn partially unfolded parallel stranded all-anti GQ 1KF1 into a two-quartet hybrid (3+1) 
GQ with mixed syn and anti Gs. It was also able to fully unfold the parallel stranded structure 
and fold it into an antiparallel alternative basket-type GQ (Figure 6). This is the first time that 
GQ structures were spontaneously formed in a simulation. Obviously, both new GQs have a 
combination of syn/anti nucleotides that do not correspond to any known human telomeric GQ 
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structure. However, it is not surprising because there could be many possible GQ architectures 
yet to be discovered experimentally, as pointed out in previous studies.23, 46, 51, 53, 62 Many of them 
can be present only transiently in the process of folding and evade direct experimental 
observation with the available techniques.48 Thus, the CG model is capable of investigating 
transitions between different GQ topologies, though the number of possible structures would 
require enormous computer resources to get a converged picture of the transitions. Also, fine-
tuning of the CG potential will be necessary to appropriately balance relative stability of the 
different folds. The hairpin structure (Figure 8) may also potentially represent a new type of 
intermediates in the folding, though its formation might have been facilitated by the three T → C 
substitutions in the sequence, enhancing possibility of formation of canonical base pairs. 

The results obviously might indicate that the newly formed GQ topologies are more stable in 
the CG description than the native 1KF1 structure. However, because we have seen only one 
transition event in each case, no thermodynamic conclusions can be made at this point. In 
addition, the 1KF1 structure is known to be preferred by crystal packing and in presence of 
certain cosolvents,36 so the result may even be correct. Nevertheless, it may be necessary to 
specifically refine the CG DNA model based on known experimental data about GQ topology 
rules and other sources of data.22-23, 69 
Atomistic simulations. Atomistic MD simulations aiming to stabilise intermediates obtained 

during unfolding ST CG simulations provided three basic scenarios: stabilisation of the 
intermediates with no further changes, partial or even complete GQ refolding, and progressive 
unfolding. In the parallel-stranded GQ simulations, strand slippage was the characteristic 
mechanism for unfolding and refolding (Figure 9). If further unfolding occurred in the 
antiparallel and hybrid GQs simulations, triplexes, hairpins and coil arrangements were observed 
(Figures S9 – S11). These data are quite consistent with previously published atomistic MD 
studies.62, 70 In the cases of refolding of the antiparallel and hybrid species, slow restoration of 
quartets was observed (Figures 10, S10). The number of observed refolding trajectories was 
much lower than the number of steady or unfolding evolutions, confirming that spontaneous 
quartet formation is a rather rare event at the time scale of contemporary unbiased atomistic 
simulations. 
Diversity of GQ rearrangements evidenced so far in computational studies. The events of 

unfolding for the parallel stranded GQ, its change into the antiparallel basket-type GQ via quartet 
nucleation, reversal of direction of one strand and formation of the hybrid (3+1) type GQ (Figure 
6), gradual melting of the GQs (Figure 4), and scarce quartet reformation in the atomistic 
simulations (Figures 10, S10) point to high diversity of the (un)folding pathways (Figure 13). 
The folded GQs may be structured from (partially) unfolded, kinetically trapped, conformations 
by rare transition events.63 The other (un)folding pathways observed in this work involve triplex 
and hairpin intermediates, whose existence has been suggested from experimental and previous 
computational data.46, 53, 55, 58-60, 72-73 These intermediates could in principle participate in fast 
folding tracks with only a few intermediates as well as in the slow diffusive movements through 
the rugged free energy landscapes.53  
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Figure 13. Sketch of various main types of structures and folding/unfolding interconversions 
between various intermediates for human telomeric GQs observed in simulation studies that have 
been carried here and elsewhere.53, 62, 72, 75 For the sake of simplicity, the G-stem is marked only 
by two quartets, irrespective of whether it consists of two or three consecutive quartets. Gs are in 
cyan, Hoogsteen H-bonds are shown as red lines. Vertical strand slippage (top right) is possible 
only when all involved quartets have the same directionality (see also Figure S12). Mauve 
guanine in the bottom right scheme means that its glycosidic χ torsion angle is inverted upon the 
strand reversal (rotation) transition, i.e. it changes either from syn to anti or vice versa, while 
continuously keeping unperturbed G-quartet base-pairing. Syn to anti dynamics of unpaired Gs 
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(not shown) has been observed in the earlier T-REMD simulations53 and in the present CG 
simulations. 

 
Figure 13 summarises types of movements and interconversions between various potential 

intermediates in (un)folding of human telomeric GQs directly observed in this work and in 
previous atomistic MD studies.62, 72, 75 Although the simulation description remains far from 
providing a full description of folding, the Figure suggests an enormous complexity of the 
folding landscape. We assume that all kinds of movements (and many others) coexist in 
structural dynamics of real GQ-folding sequences, leading to very complex folding landscape, 
which has been so far obscured by structural and temporal resolutions of the available 
techniques. 
Advantages and limitations of the CG approach. Evolution of the CG trajectories is 

typically much faster compared to the atomistic simulations, due to the decreased number of 
particles and reduced spectrum of possible interactions in our CG model. Certainly, lack of 
explicit solvent plays a role. Taken together, these effects significantly reduce available 
conformational space, and thus avoid trapping the molecules in many deep free-energy basins 
and speed up sampling. Nevertheless, this is a double-edged sword and one should always be 
aware of what the model is able to describe and what is beyond its resolution. Every 
approximation may compromise the accuracy and excessive simplification can lead to physically 
meaningless simulation outcomes. Finding an optimal balance between computational speed and 
desired accuracy is a cornerstone of a successful CG model. As mentioned in the Methods 
section, one of the limitations of the current CG model is that only selected base-pairs are 
included in the potential function (Figure S3) and base-phosphate interactions are not defined at 
all. In addition, explicit ions are not considered. Hence, G-hairpin intermediates with reversed 
Watson-Crick GG base-pairs could not be attained, although they are suggested to form during 
folding of various GQ forming sequences.48, 137 53 As the inclusion of other types of base-pairs 
not yet accounted for in HiRE-DNA can be easily achieved, modelling of base-phosphate 
interactions, and inclusion of explicit ions in the model, are our future most challenging 
development goals. On the other hand, the model in its current form showed qualitative match of 
GQ disintegration temperatures with melting temperatures found experimentally, though 
experimental GQ melting temperatures should in general be treated with caution.138-142 

Our CG representation can certainly be improved. A common issue observed in our 
simulations was a loss of helical twist and non-systematic swelling of GQ cores, where the 
distance between one terminal quartet and the middle quartet was approximately 1.5 times 
greater than the distance between the other terminal quartet and the middle quartet (Figure 14). 
Preliminary results suggest that swelling is related to a combination of backbone dihedral 
interactions and lack of base rigidity. When bases are made more rigid by potentials favouring 
positioning of all nucleotide particles in the same plane, swelling is realistically reduced. 
Untwisting is most likely due to our representation of the stacking potential, where the energetic 
minimum is given by the bases piled precisely on top of each other, not including the shift 
typically observed in nucleic acids helices. Work is in progress to represent this term in the 
stacking energy. Nevertheless, already with the present model we have been able to observe 
many exciting structural developments and successfully reconstruct atomistic models of the CG 
trajectories for further analysis in atomistic simulations. The CG model can certainly be 
specifically trained for GQs, taking into account for example different free energies of different 
syn-anti patterns in the GQ stems69 and other data. 
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Figure 14. Underestimation of helical twist and non-systematic swelling in the CG model 
(converted to atomistic structures). Top and side view of the input structure for the simulation 
2KF8-C shows underestimated helical twist of the stem and unphysical prolongation of the 
stacking distance between G1 (orange) and the bases of Q2 (mauve). The other Q1 bases (cyan) 
are in correct distance to Q2. Loop residues and the backbone are black. 

 
CONCLUSIONS 
We have carried out a first coarse-grained (CG) simulation study of unfolding of several 

topologies of human telomeric GQs, using the DNA version of the high-resolution CG model 
HiRE-DNA, supplemented by a series of explicit-solvent atomistic simulations. Our work 
confirms the clear potential of the CG methodology to be used in studies of GQs. 

This simulation study has revealed additional complexity in the free-energy surface of the 
human telomeric sequence. New transition mechanisms between GQ topologies were observed, 
such as gradual melting of GQs initiated by loss of one of the outer quartets and strand slippage 
of partially unfolded GQs with antiparallel strands. The most interesting observations are 
probably two cases of the full conversion of the parallel-stranded all-anti GQ into alternative 
topologies, namely a two-quartet hybrid (3+1) GQ with a double-strand slippage and an 
antiparallel three-quartet basket-type GQ, albeit with opposite strand progression compared to 
the experimentally known basket topology. Each transition followed a significantly different 
folding pathway, nucleation from fully unfolded molecule vs. strand reversal in a partially folded 
GQ (Figure 6). The strand reversal is a large scale movement changing the direction of the strand 
while preserving one fully paired quartet via an anti - syn guanine flip (Figure 13). The results 
further support the unprecedented complexity of the folding landscape of the GQ-forming DNA 
sequences anticipated in preceding computational studies, which apparently is beyond the 
resolution of available experimental techniques. The very rugged folding landscape likely 
contains numerous individual free energy basins with diverse stabilities, lifetimes and routes to 
the unfolded ensemble. Some of them may act as long-living kinetic traps, in a highly complex 
network of folding and rearrangement pathways. The CG simulations thus further support the 
model of kinetic partitioning and diverse conformational diffusion processes taking place during 
GQs folding.  

Combining CG sampling with fully-atomistic MD simulations appears to be a promising 
approach in studying principles of folding of GQs in future. Time scales affordable by CG will 
help us study events that are beyond the reach of classical atomistic MD. All-atom MD instead 
keeps its central role in the refinement of structures obtained by the CG model and in their 
detailed local analysis.  
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Supporting Information. Equilibration protocol, ST CG methodology, Figures S1 – S12 and 
Figures SA1 – SA50 summarising development of selected order parameters are available free of 
charge via the Internet at http://pubs.acs.org. 
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Figure 1. GQ structure. Top: A G-quartet with a sodium cation coordinated in its centre (it can either be 
coplanar with the quartet or reside between two consecutive quartets; potassium cation can only reside 

between two quartets). R stands for the sugar-phosphate moiety. Bottom: Schematic intramolecular three-

quartet GQ. Quartets are simplified as yellow squares. Blue G-strands are mutually parallel, while the black 
one is antiparallel to them. The cyan loop is lateral, the mauve loop is diagonal. They connect antiparallel G-

stretches. The green loop is propeller and it connects parallel G-stretches. Ions are not shown in the 
scheme. Although not shown in the Figure, a given GQ topology is interconnected with characteristic 

patterns of anti and syn orientations of the G-nucleotides.23  
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Figure 2. Top view (top) and side view (bottom) of the studied GQs. Gs are in mauve, loop residues and the 
backbone in black, and channel ions in blue. Cs in the case of 2KM3 are depicted in green.  
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Figure 3. CG representation of a guanine nucleotide and a G-quartet. Top left: CG guanine nucleotide 
superposed to the atomistic structure. Bottom left: CG representation of syn (τ = 30°) and anti (τ = -150°) 

G-nucleotide conformations with τ equilibrium values in the dihedral potential (τ corresponds to the χ 
glycosidic torsion angle). Right: Atomistic and CG view of a G-quartet.  
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Figure 4. Schemes of native structures (top) and initial stage of unfolding (bottom) of GQs in ST CG 
simulations. First step of unfolding is disruption (loss of pairing) of one terminal quartet. G bases 

represented in yellow are in anti conformation while bases in orange are in syn conformation. Cyan bases 

fluctuate between anti and syn. Ions and loop residues are not shown. Cytosines in 2KM3 are shown as 
green squares. G-quartets (Q) are numbered from the 5′-end. 2KF8 contains a triplet (T). Numbering of Gs 

is shown by blue numbers.  
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Figure 5. ST CG unfolding of 1KF1. Top: All base pairs detected during the simulation. Bottom: Anti-syn 
dynamics of the G bases. The native GQ unfolds in the first few tens of ns. After 1.1 µs, a transient triplex is 

formed for about 100 ns. See Supporting Information Figures S4-S7 for data for the remaining systems.  
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Figure 6. Unfolding-folding events in fixed temperature CG simulations of the parallel stranded GQ 1KF1 at 
310 K and 320 K. At 310 K, a new two-quartet hybrid (3+1) type GQ with double strand-slippage is formed 
(in the blue box). At 320, a new three-quartet antiparallel alternative basket-type GQ is formed (in the red 
box). Folding mechanism of the two GQs is different. The structural schemes (yellow, orange and cyan 

bases) are visualised as in the Figure 4; numbering of Gs is shown by blue numbers inside the bases. The 
number next to each scheme denotes time (ns), when the structure appears in the simulation. In the 

structural snapshots of the two newly folded GQs, bases in mauve belong to the first quartet (Q1) in the 
original 1KF1 structure, those in orange to Q2 and those in green to Q3. The remaining bases (flanking and 

loop Ts and As) are in blue.  
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Figure 7. Fixed-temperature CG simulation of 1KF1 at 310K and 320 K. Top row: Overall energy of base-
pairing of the quartets as a function of time computed as the sum of the energies of the single pairs, where 
each pair's energy has been normalised to its maximum possible absolute value (the 10% cutoff on the 

pairs' energies is shown as a dashed line). Middle row: All base pairs observed in the simulations coloured as 
a function of the quartet they belong to. Bottom row: Anti-syn conformation of all G bases. Structural 

development in the two simulations is depicted in the Figure 6.  
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Figure 8. Hairpin intermediate in unfolding of 2KM3. G bases forming the first quartet (Q1) in 2KM3 are 
represented in light green and of Q2 in orange.  
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Figure 9. 1KF1 – unfolding ST CG simulation followed by a set of stabilising all-atom MD simulations. The 
black box contains intermediates occurring in the unfolding CG simulation. Development of the CG 

simulation goes vertically down from the experimental structure and continues in the right part of the 
Figure. Black numbers next to the intermediates depict the time when the structure was observed in the CG 
simulation. These intermediates served as starting structures in subsequent all-atom MD simulations. Their 
progression is shown by blue arrows and the numbers show the time in ns at which the given structure 

occurred. The green numbers mean that the particular structure remained stable till the simulation end and 
blue numbers mean that the depicted structure was subsequently lost. Simulation B leads to complete 

structure loss after 10 ns. The structural schemes are visualised as follows: Gs are depicted as rectangles; 
yellow and orange mean anti and syn conformation, respectively. Solid red lines denote two GQ-like H-

bonds, while dashed lines any other H-bonding. The colours of the rectangle edges are used to visualise the 
way how the Gs mutually interact. Gs that have the same colour of their edge are either stacked together or 

coplanar and H-bonded. The remaining Gs, either lacking any direct interactions, or H-bonded, but not 
coplanar, are indicated by a red edge. Flanking residues, loop bases and ions are not shown. See the 
Supporting Information appendix Figures SA1-SA6 for development of selected order parameters.  
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Figure 10. 2KF8 – unfolding ST CG simulation followed by a set of all-atom MD simulations. The simulation A 
leads to almost refolded native GQ. The structural schemes are visualised as in the Figure 9. See the 
Supporting Information appendix Figures SA33-SA40 for development of selected order parameters.  
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Figure 11. Top and side view of the final structure in the simulation 2KF8-A. Bases of Q1 are shown in cyan, 
Q2 in mauve, G-triplet bases in orange, G3 is red, cations are blue, and loop nucleotides and the backbone 

are black.  
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Figure 12. Development of various order parameters in the simulation 1KF1-A. The graphs are shown along 
with representative conformations found in the simulation, the rightmost being dominant till the end of the 
simulation, except of a temporary unfolding between 700 and 800 ns. The development of various quantities 

does not reflect the structural changes. For example, the partial unfolding is evident only in the graph 
monitoring the number of hydrogen bonds. On the other hand, the CV monitoring the number of native H-
bonds has its own severe limitations, for example the decrease in the number of native bonds at ~120 ns 

cannot distinguish between quartet melting and strand slippage. It is absolute unsuitable to monitor 
transitions from one topology into another, as it does not differentiate most of the other folded structures 

from the unfolded state.  
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Figure 13. Sketch of various main types of structures and folding/unfolding interconversions between 
various intermediates for human telomeric GQs observed in simulation studies that have been carried here 

and elsewhere.53, 62, 72, 75 For the sake of simplicity, the G-stem is marked only by two quartets, 
irrespective of whether it consists of two or three consecutive quartets. Gs are in cyan, Hoogsteen H-bonds 
are shown as red lines. Vertical strand slippage (top right) is possible only when all involved quartets have 
the same directionality (see also Figure S12). Mauve guanine in the bottom right scheme means that its 
glycosidic χ torsion angle is inverted upon the strand reversal (rotation) transition, i.e. it changes either 

from syn to anti or vice versa, while continuously keeping unperturbed G-quartet base-pairing. Syn to anti 

dynamics of unpaired Gs (not shown) has been observed in the earlier T-REMD simulations53 and in the 
present CG simulations.  
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Figure 14. Underestimation of helical twist and non-systematic swelling in the CG model (converted to 
atomistic structures). Top and side view of the input structure for the simulation 2KF8-C shows 

underestimated helical twist of the stem and unphysical prolongation of the stacking distance between G1 

(orange) and the bases of Q2 (mauve). The other Q1 bases (cyan) are in correct distance to Q2. Loop 
residues and the backbone are black.  
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