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The hybrid atomistic structure-based model has been validated to be effective in investigation of G-quadruplex folding.
In this study, we performed large-scale conventional all-atom simulations to complement the folding mechanism of human
telomeric sequence Htel24 revealed by a multi-basin hybrid atomistic structure-based model. Firstly, the real time-scale
of folding rate, which cannot be obtained from the structure-based simulations, was estimated directly by constructing a
Markov state model. The results show that Htel24 may fold as fast as on the order of milliseconds when only considering the
competition between the hybrid-1 and hybrid-2 G-quadruplex conformations. Secondly, in comparison with the results of
structure-based simulations, more metastable states were identified to participate in the formation of hybrid-1 and hybrid-
2 conformations. These findings suggest that coupling the hybrid atomistic structure-based model and the conventional
all-atom model can provide more insights into the folding dynamics of DNA G-quadruplex. As a result, the multiscale
computational framework adopted in this study may be useful to study complex processes of biomolecules involving large

conformational changes.

Keywords: molecular dynamics simulation, structure-based model, all-atom model, DNA G-quadruplex

PACS: 87.18.Nq

1. Introduction

Functions of proteins and nucleic acids are supported by
their folded structures. Therefore, correct folding is a cru-
cial step for them to achieve their physiological significance.
In recent years, the folding problem of DNA G-quadruplex
(GQ) structures,!'! a family of noncanonical four-stranded
helices built by G-quartets (Fig. 1(a)), has attracted much

4251 One of the most controversial systems is the

attention. |
human telomeric (Htel) GQ, which plays relevant roles in
genome stability and anticancer therapies.!?028 It is well
known that the Htel GQ is extremely polymorphic.!*! In-
fluenced by the kind of monovalent cations and other fac-
tors, the Htel sequence can fold into a parallel, antiparallel
or hybrid GQ topology (Fig. S1 in the Supplementary Mate-
rial).[3%42] This outcome indicates that the folding landscape
contains several well-separated deep basins, and multiple dif-
ferent folds may coexist at the thermodynamic equilibrium.
As a result, Htel GQ folding is expected to follow a typical
kinetic partitioning or multiple-pathway model, according to
which only a fraction of the molecules fold to the native struc-
ture rapidly and the other fractions become trapped in various
competing basins of attraction. 4!

For Htel GQ, the identification of competing folds is

DOI: 10.1088/1674-1056/abela7

difficult in experiments, since their measurable signals may
mutually overlap. However, several studies have indeed de-
tected the kinetic partitioning folding behavior involving dif-
ferent folds.!**# In a study conducted by Marchand and
coworkers on the folding of various Htel and c-myc sequences,
using electrospray mass spectrometry and CD experiments,
they suggested a competition between four three-quartet GQs
and two two-quartet GQs.!**! In another study reported by
Bessi et al., the sequence Htel24 (dTTGGG[TTAGGG]3A)
was straightly demonstrated by real-time NMR spectroscopy
to fold via a kinetic partitioning between the hybrid-1 (HI)
and hybrid-2 (H2) GQs in the presence of K* (Fig. 1(b)).[46]
Of particular interest is that the H2 conformation was unveiled
to be kinetically more accessible. Despite of these explicit ex-
perimental demonstrations, understanding of the detailed ki-
netic partitioning folding process is still largely incomplete
in experiments due to the temporal and spatial limits of tech-
niques. Molecular dynamics (MD) simulations are deemed to
be powerful methods to provide complementary information
for experiments. Accumulated studies have demonstrated that
such simulations indeed provide basic insights into the struc-
tural dynamics by focusing on specific regions of the confor-
mational space.[*’!l For instance, by conducting extensive

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11504043, 61671107, 31670727, and 61771093), the Science Foundation
of Shandong Province of China (Grant No. ZR2016JL027), the Taishan Young Scholars Program of Shandong Province of China (Grant No. tsqn20161049),
and the Youth Science and Technology Innovation Plan of Universities in Shandong, China (Grant No. 2019KJE007).

fCorresponding author. E-mail: bianyungiang @ gmail.com
fCorresponding author. E-mail: jhw25336@126.com
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

078702-1


http://dx.doi.org/10.1088/1674-1056/abe1a7
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a7
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a7
bianyunqiang@gmail.com
mailto:jhw25336@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 30, No. 7 (2021) 078702

atomistic simulations, Stadlbauer et al. have systematically
investigated the structural stability and lifetimes of various po-
tential folding intermediates of GQs, such as G-hairpins, 7]
G-triplexes[*®] and late-stage intermediates.[*°! However, be-
cause the kinetic partitioning folding landscape is consider-
ably rugged, contemporary all-atom simulations are still not
sufficient to sample the full folding landscape. Interestingly,
in recent studies, coarse-grained models have been validated
to be effective in investigation of Htel GQ folding.>*4 For
example, using a high-resolution coarse-grained DNA model,
Cragnolini et al. provided a direct view of the interconversion
between different GQ folds.!>3! Another example is the hy-
brid atomistic structure-based model, a variant of the structure-
based model or Go-like model which is widely used to study
the folding of proteins and nucleic acids.> =38 We have vali-
dated the effectiveness of the hybrid atomistic structure-based
model in the investigation of GQ folding.>*%% This model is
more appropriate to study the folding of DNA GQs than the
traditional structure-based model. It is known that the reori-
entation of glycosidic configurations is an important aspect to
complicate the folding of DNA GQs.
based models cannot correctly characterize this conforma-

Traditional structure-
tional transition because local conformations are strongly bi-
ased to the native conformations.
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Fig. 1. Schematic illustration for the G-quartet and the two GQ topologies
formed by human telomeric sequence Htel24. (a) The structure of a G-quartet
stabilized through eight Hoogsten bonds between four guanine bases. Also
shown are the syn and anti glycosidic configurations of a guanine base de-
pending on the ) dihedral. (b) The sequence and two GQ folds of Htel24.
The red and blue squares denote the guanine nucleotides with syn and anti
configurations, respectively.

In contrast, the hybrid atomistic structure-based model re-
moves the favor of local native conformations as it borrows

descriptions of local interactions from classical force fields,
and thus it is capable of describing the reorientation of glyco-
sidic configurations more accurately. By developing a double-
basin hybrid atomistic structure-based model, we studied the
competition between H1 and H2 conformations in the folding
of Htel24 and successfully reproduced the experimentally ob-
served kinetic preference of H2.[6"]

As mentioned above, exploring the full folding landscape
of Htel GQ is still unaffordable for conventional atomistic sim-
ulations. Although coarse-grained models can improve the
sampling efficiency, they are suffered from the problem of
low accuracy in comparison with conventional atomistic mod-
els. To alleviate this problem, employing a multiscale frame-
work that merges the high accuracy of all-atom models and the
high efficiency of coarse-grained models becomes a reason-
able way. Developing such multiscale methods has also been
an attractive issue in the field of biophysics. Available exam-
ples are the resolution-exchange MD simulations®-%?! and the
atomic interaction-based coarse-grained (AICG) model. 1631 1
the resolution-exchange method, multiple replicas with dlffer—
ent levels of coarse-graining are employed and they are al-
lowed to exchange with each other through a metropolis cri-
terion. This strategy is able to largely improve the sampling
efficiency of all-atom models because the conformation space
sampled by the low-resolution replica can also be visited by
the all-atom replica during the simulation. Similar methods
include the multigraining MD!%] and the multiscale essen-
tial sampling.!%¢%71 Compared with the strategy of coupling
coarse-grained and atomistic models directly in a simulation
as in the resolution-exchange method, the AICG model adopts
a different strategy that refines the coarse-grained potential
function by performing a set of all-atom simulations. For
example, one can define new coarse-grained angle and dihe-
dral potentials to characterize the flexibility of protein chains
more accurately by extracting structural information from

164] Several

all-atom simulations on corresponding fragments.
other methods, such as the Bolzmann inversion[®®! and the
force-match, 7% also employ this refine framework. Other
multiscale simulation strategies can be found elsewhere.[”1-7>]
In this study, we developed a multiscale simulation framework
to couple the hybrid atomistic structure-based model and the
all-atom model by two steps. First, a large number of con-
formations were acquired by performing structure-based sim-
ulations. Then, a set of conformations were selected as seeds
to conduct large-scale conventional all-atom simulations after
reconstructing the structures to atomistic models. It is worth
noting that the reconstruction is easy because only hydro-
gen atoms are not considered in the atomistic structure-based
model. Afterwards, the folding thermodynamics and kinetics
were analyzed by applying a combination of the Markov state
model (MSM)!76l and the transition path theory (TPT).l”7]

Gromacs-4.6.2781 was used to conduct all the simulations,
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and PyEmma!’®! was employed to build the MSM and to per-
form the TPT analysis. For simplicity, four G-repeats in the
sequence were labeled as GGG;-GGGy in the 5'-3’ direc-
tion (Fig. 1(b)). Consequently, the substructure established by
GGG and GGG, was simplified to GGGy, and the other sub-
structures were similarly named. The results show that the all-
atom simulations can complement the findings of the hybrid
atomistic structure-based model and can provide more atom-
istic insights into the folding landscape.

2. Theoretical method
2.1. Hybrid atomistic structure-based model

In this section,
structure-based model briefly. Details have been presented
elsewhere.[>*%01 All the heavy atoms of the system are re-
tained in this model, and the solvent is implicitly modeled by
the Langevin dynamics. Since modeling ions explicitly is still
challenging in coarse-grained models, the current model does
not consider the roles of ions. The Hamiltonian includes two

we introduce the hybrid atomistic

parts:
Vhybrid = Vir + Vsb, (D

where Vi is the potential of local interactions and Vg, is the
potential of long-range structure-based interactions. Vj in-
cludes the bonded potential, the angular potential, the proper
and improper dihedral potential and the 1—4 short-range poten-
tial. In this study, descriptions of local interactions were bor-
rowed from the AMBER DNA force field OL15.13-82] This
force field was chosen because it merges all the newest mod-
ifications of DNA dihedral potential which guarantees us to
acquire more accurate results. To describe the coexistence of
two different folds of Htel24, which are characterized as the
H1 and H2 GQ conformations, Vg, merges the information of
these two structures:

NC(core) NC(H1)
Vo = Y, EoelUui+ Y, emUu
i<j i<j
NC(H2) NN
+ Y emUu+) fale, 2)
i<j i<j
0\ 12 0\ 6 12
r:. r:. o
Uy = (”) —2(”> y Uext = () )
V,'j }”,'j r,-j

Uy is a 12-6 Lennard—Jones attraction potential for the atom
pairs forming native contacts (NC), and Ugy is a generic hard-
core repulsion potential for the nonnative (NN) atom pairs.
It should be noted that the native contacts were defined as
those atom pairs within a cutoff of 0.4 nm in the native struc-
ture. The native contacts shared by the H1 and H2 confor-
mations were named “core” contacts, while those formed only
in one of the two conformations were called specific H1 or
0

Here, €core, €H1, €H2, Eexl, 1;

H2 contacts. ij and o are the

user parameters. Determination of these parameters can be
found in our previous study.[®" It is worth noting that vari-
ous models have been developed to study multi-state biolog-
ical processes.!3>-8] We built the double-basin Hamiltonian
by employing a mix-contact map strategy, (338881 which has
been validated to be successful in investigation of protein fold-
ing and allostery. In this framework, native contacts are classi-
fied into different libraries depending on whether they form in
both reference structures (core native contacts) or merely form
in one reference structure (“specific” native contacts). These
information are then integrated into the long-range interac-
tion term with different potential strengths. This is different
from the other widely used double-basin model developed by
Okazaki et al.'”) In that model, two structure-based single-
basin potentials are built as V(R|R1) and V(R|R2) +AV. R is
the coordinates of protein structure and R1 (R2) represents the
coordinates of the reference structure. AV is a parameter mod-
ulating the relative stability of the reference structures. Then,
a smoothed double-based potential Vg is obtained by solving
a secular equation.

To build the double-basin potential, the reference struc-
ture of HI1 conformation was directly taken from the Protein
Data Bank (PDB code: 2GKU), while the structure of H2 con-
formation was modified from a similar topology formed by
sequence Htel25 (5'-TAGGG[TTAGGG];TT-3’, PDB code:
2JSL). Using the Discovery Studio, the 3’-thymine in Htel25
was truncated, and the adjacent thymine was mutated to an
adenine nucleotide. Likewise, the 5’'-adenine was mutated to a
thymine nucleotide. Lastly, the modified structure was equili-
brated under 300 K with a 100 ns NPT all-atom MD simula-
tion.

Using the above model, multiple unbiased simulations
around the folding temperature of H1 conformation (330 K)
were performed starting from an unfolded structure. The star-
ing structure was randomly selected from an ensemble of un-
folded structures obtained from a 300 ns conventional all-atom
simulation under 600 K. The time step was chosen as 2 fs, and
the inverse friction constant in Langevin dynamics was 1 ps.
Each trajectory was accumulated to 10! steps.

2.2. The Markov state model (MSM) and the transition
path theory (TPT)

MSM is powerful to identify metastable states during
the conformational changes of biomolecules. In an MSM,
by choosing reasonable features to characterize the conforma-
tions and reducing the dimension of conformational space with
dimension reduction methods, the space is first transformed
into a set of discrete microstates. Then, after selecting a lag
time under which jumps between these microstates can be re-
garded as a Markov chain, a few macrostates or metastable
states are identified with the usage of Perron cluster analysis
(PCCA+)3 or other methods. In addition, the transition time
between two metastable states is acquired by estimating the
mean first passage time (mfpt).
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On the basis of metastable states obtained from the MSM,
folding pathways can be identified using a TPT analysis. By
defining the reactant state and the product state, the probability
flux tween microstates i and j, f;;, is defined as

fii = miq; Tijq; “4)

where 7; is the stationary probability of microstate i; T;; is the
transition probability from microstate i to j; g;" is the forward-
committor that defines the probability of the system that will
reach the product state next rather than the reactant state from
microstate i, and ¢; is the backward-committor that is equal
to 1 —g;". The transition net flux ffj” from the reactant state to
the product state is defined as following:

i =max (0, fij — fii)- (5)

After lumping the conformational space into a set of
macrostates {M;}, the transition net flux Fl;“ is estimated as
FJ = max(0, F;j — Fj;), where F;j = Yiem, mem; fim- The net
fluxes can then be further decomposed into a set of pathways
with fluxes {f;}. The probability of pathway i is estimated by

pi=
L

(6)

2.3. Seeding conventional all-atom simulations

In the hybrid atomistic structure-based model, only hy-
drogen atoms are ignored. Therefore, conformations obtained
from structure-based simulations are easily converted to all-
atom structures. We borrowed a procedure in the construction
of an MSM to obtain a set of broadly distributed seeds. When
building the MSM, three metrics were used as input features
to characterize the conformational changes, including the root-
mean-square deviation (RMSD) with respect to the H1 confor-
mation, the RMSD with respect to the H2 conformation and
the twelve y dihedral of each guanine nucleotide. In the esti-
mation of RMSD, atoms P, C4’ and N1 were used for purine
bases, and the atoms P, C4’ and N3 were used for pyrimidine
bases. Using the time-lagged independent component analy-
sis (TICA)®! with a lag time of 1000 simulation steps, the
space was reduced by retaining 90% of the total kinetic vari-
ance. After that, 500 microstates were obtained by clustering
the conformations using the k-means algorithm. From each
of the 500 microstates, ten conformations were randomly se-
lected as starting conformations to conduct conventional all-
atom simulations.

The DNA force field AMBER OL15 was used in the all-
atom simulations. Each starting conformation was solvated
within a periodic cubic box, and the water molecules were ex-
plicitly modeled by the TIP3P model. K™ and Cl~ ions were
added to neutralize the system and to maintain a salt concen-
tration of 100 mM. The electrostatic interaction was treated
using the particle mesh Ewald (PME) method with a cutoff of
1.0 nm. The cutoff of the van der Waals interactions was also
selected as 1.0 nm. All bonds were constrained using the lin-
ear constrain solver algorithm, and the MD time step was set to

2 fs. The Berendsen algorithm was used for both temperature
and pressure coupling. The whole system was first subjected
to a minimization of 1000 steps, followed by an equilibrium
run with an NPT ensemble at 1 atm and 330 K for 2 ns. The
last conformation was used for an additional 20 ns NPT simu-
lation at 330 K. Overall, 5000 trajectories with a total simula-
tion time of 100 us were collected to construct the MSM.

3. Results

3.1. Efficiency of the hybrid atomistic structure-based
simulations

Examination of structure-based simulations shows that
the system hopped among three ensembles, which were de-
termined to be the unfolded state, the H1 state and the H2
state (Fig. 2). This is an indication that the hybrid atomistic
structure-based model enabled us to sample a broad range of
the folding landscape of Htel24. Consequently, conventional
all-atom simulations seeded from these structure-based simu-
lations could also cover a large enough conformational space
to investigate the folding mechanism and could be used to es-
timate the real time scale of the folding dynamics.

3.0
2.5
2.0

1.5

Rmsd (nm)

1.0
0.5

0 5000 10000 15000
Time (5X10° steps)

20000

Fig. 2. A typical trajectory of the hybrid atomistic structure-based model with
a double-basin potential. The RMSDs of all the heavy atoms with respect to
the H1 and H2 conformations are colored red and green, respectively.

3.2. MSM

From the conventional all-atom simulations, we built a
high-resolution MSM. The RMSD with respect to the HI con-
formation, the RMSD with respect to the H2 conformation and
the twelve x dihedrals were used as input features. The def-
inition of RMSD can be found in the section of theoretical
methods. Using the TICA method with a lag time of 2 ps,
the conformational space was projected onto an §-dimension
space by retaining 90% of the total kinetic variance. After that,
the conformations were clustered into 300 microstates with the
usage of k-means clustering algorithm. Because the implied
time scales reached plateaus after about 3 ns (Fig. 3(a)), this
lag time was used to build the MSM. Moreover, since there ex-
ists a gap between the zero-based seventh and eighth implied
time scales (Fig. 3(b)), 300 microstates were lumped into nine
macrostates using the hidden MSM method, ! which were
labelled as states 1-9.
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components. Also shown are the centers of the nine metastable states. (d) Transition rates from the unfolded state to the H1 and H2 GQ

topologies estimated from the TPT analysis.

Figure 4(a) and Figs. S2 and S3 in the Supplemen-
tary Material demonstrate the representative structure of each
metastable state. State 1 is shown to be highly heterogeneous
in terms of structure (Fig. S2). Since it grouped various ran-
dom coils together, this state was denoted as the unfolded state.
States 2 and 3 are partially folded as implied by the structures
and can be named as the hairpin state and triplex state, re-
spectively. In state 2 the two terminal G-repeats GGG; and
GGGy built a stable hairpin GGG4; in state 3, the G-repeat
GGG3 docked upon the hairpin and formed a triplex structure
GGGy34. All the remaining states adopted well-formed four-
stranded topologies. It is clear that state 4 is a two-quartet
GQ state, which has been suggested to be an important inter-
mediate participating in the formation of three-quartet DNA

GQs. Structures of state 5 through state 8 are equivalent to

the topology of H1 conformation. However, deep analysis
shows that state 5 through state 7 can be looked at as misfolded
states (misfolded-1 to misfolded-3), since their distributions of
syn/anti glycosidic configurations were incorrect in compari-
son with the native H1 structure. As shown in Fig. 4(b) and
Fig. S4, guanine nucleotide G10 in state 5 took a syn config-
uration, which should be anti in the native state. Similarly, in
states 6 and 7, G11 and G23 adopted the nonnative syn config-
urations, respectively (Fig. 4(b), Figs. S5 and S6). In compar-
ison with the three misfolded states, all guanine nucleotides
adopted the native configurations in state 8 (Fig. S7). There-
fore, state 8 is characterized as the native state of H1. The
competition of the misfolded H1 states and native H1 state is
also clearly shown in the free energy profile (Fig. 4(c)). For
the last state, i.e., state 9, the representative structure resem-

078702-5


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a7
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a7

Chin. Phys. B Vol. 30, No. 7 (2021) 078702

bles the topology of H2 conformation, and the distribution of
glycosidic configurations is demonstrated to be the same as
that of the native state of H2 (Fig. S8). As a result, state 9 is
denoted as the native H2 state.

After identifying the metastable states, the real time-scale
transition rate from the unfolded state to the H1 state or the
H?2 state was obtained by estimating the mftp. In good agree-
ment with the experimental demonstration, the H2 conforma-
tion was shown to be kinetically more favorable. It is interest-
ing to note that the ratio of k; and ky (k| /ky) estimated in this
study is on the same magnitude of order with that calculated
by the previous simulations (0.20 vs 0.25).1° Therefore, the
all-atom simulations reproduced the folding dynamics discov-
ered by the hybrid atomistic structure-based model.

3.3. Formation pathways of H1 and H2 conformations

The TPT analysis identified multiple formation pathways
for the H1 state and one formation pathway for the H2 state
(Fig. 5). Four pathways, which have probabilities greater than
10%, are discussed for the formation of H1 state. In the dom-
inant pathway (pathway-1), the DNA folded into the H1 state
by successively traversing through the ensembles of hairpin
GGGy4, triplex GGG134 and two-quartet GQ state without vis-

iting the misfolded states.
5
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Fig. 5. Formation pathways of the H1 and H2 states. The four major
pathways in which H1 forms are colored by violet, red, blue and brown,
respectively. Also shown are the probabilities of the pathways. Indi-
cated by arrows are the guanine nucleotides adopting nonnative con-
figurations. The syn and anti glycosidic configurations are colored by
red and blue as in Fig. 1(b). The gradient color indicates a fluctuating
configuration between syn and anti.

In contrast, in each of the other three competing path-
ways, the system was observed to be trapped in a misfolded

state before forming the native structure. For example, in

pathway 2, the formation of the H1 state proceeded through
the hairpin ensemble GGG4 into the triplex state GGG134 fol-
lowed by the formation of the misfolded-2 state in which G11
adopted an incorrect configuration. At the end, the process
continued through the nonnative glycosidic configuration re-
oriented to find the correct pattern. Pathways 3 and 4 are sim-
ilar to pathway 2 except that different misfolded states were
visited. In comparison with the formation of H1 state, the H2
state is demonstrated to form with a higher cooperativity. As
shown in the formation pathway of H2 state, the DNA directly
folded to the native H2 conformation after going through the
GGGy hairpin ensemble. This indicates that the substructures
GGGy, GGGy3 and GGG34 can form cooperatively during the
formation of H2 state, which has also been observed in the
structure-based simulations. It is thus another evidence that
the all-atom simulations recovered the folding dynamics re-
vealed by the hybrid atomistic structure-based simulations.

4. Discussion and conclusion

The combined power of the conventional all-atom model,
MSM and TPT allows us to complement the folding mecha-
nism of Htel24 revealed by the double-basin hybrid atomistic
structure-based model. The relevance of current results to the
findings of previous studies is discussed in the following.

The set of all-atom simulations conducted in this study
provided an estimation of the real time-scale for the fold-
ing dynamics revealed by the hybrid atomistic structure-based
model. As shown in Fig. 3(b), the folding time of Htel24 un-
der 330 K was estimated to be 6.53 ms. In the absence of di-
rect experimental measurement for the folding time under this
temperature, concrete conclusions cannot be made regarding
this issue. However, on the one hand, due to the structure-
based model favors the H1 and H2 topologies, some potential
kinetic traps (such as alternative GQ folds) were eliminated
during the simulations. Consequently, the folding time scale
estimated here may represent a lower limit and gives a hint
of how fast Htel24 may fold if potential competing folds can
be avoided by a careful design of experiments. On the other
hand, experiments showed that the folding time of Htel24 de-
creases as the temperature increasing. Since the experimental
folding time under 316 K was demonstrated to be on the order
of seconds,®! the time-scale predicted here may be reason-
able. This argument can be further verified by an experiment
that measures the folding rate.

In comparison with the results of hybrid atomistic
structure-based simulations, [°! the all-atom simulations iden-
tified more metastable states, including a hairpin state, a
triplex state and two misfolded states (misfolded-2 and
misfolded-3). Of interest is the triplex state, which was not
stable enough to be characterized as a folding intermediate

078702-6



Chin. Phys. B Vol. 30, No. 7 (2021) 078702

previously. During the structure-based simulations, the fold-
ing temperature was chosen with the aim to sample sufficient
folding and unfolding events. However, native contacts, which
are the most important interactions stabilizing the structures in
the structure-based model, could be broken easily under this
temperature. As a result, the lifetime of a triplex structure was
largely shortened. In contrast, in the conventional all-atom
simulations, more factors increasing the stability of the struc-
tures can be considered, such as the nonnative interactions and
the metal ions. With the formation of these additional impor-
tant interactions, the stability and lifetime of a triplex state can
be significantly increased. The participation of triplex state in
the formation of Htel GQ is consistent with several previous
studies.[%21:39921 However, whether the G-triplex structure
can be characterized as a stable folding intermediate of GQs
still remains controversial. While many experimental studies
support the involvement of G-triplex structures as intermedi-
ates in the folding of GQs, computational studies have demon-
strated that such structures are unstable and thus cannot be
characterized as intermediates. For example, Li ef al. detected
the existence of a G-triplex state by investigating the folding
kinetics of Htel GQ using a magnetic tweezer.!'”) However, by
performing large-scale atomistic MD simulations, Stadlbauer
et al. reported that the G-triplex structures have lifetimes be-
low 1 ps, which is an indication that these structures are ther-
modynamically unstable.!**! Therefore, the structural stability
of a G-triplex structure requires further investigation to recon-
cile the contradictions between previous studies.

The all-atom simulations also provided another possible
explanation for the kinetic preference of H2 conformation. In
the structure-based simulations, the H2 conformation was re-
vealed to fold by two steps, while the H1 conformation was
suggested to fold by three steps. The higher cooperative fold-
ing manner of H2 conformation was believed to be a reason
of its kinetic preference. Here, the all-atom simulations also
showed the similar high cooperative formation of H2. More-
over, it was revealed that misfolded states adopting inappro-
priate combinations of syn/anti guanine nucleotides prefer to
participate in the formation of H1 conformation. This pref-
erence may also be a potential factor inducing the slower ki-
netic accessibility of H1, since such misfolded structures have
been suggested to profoundly influence the folding processes
of DNA GQs.[?>#1 However, why guanine nucleotides pre-
fer to adopt nonnative syn/anti configurations during the for-
mation of H1 state remains an interesting issue required fur-
ther investigation. It is the major reason leading to the multi-
pathway formation mechanism of H1 state and one-pathway
formation mechanism of H2 state. In addition, two-quartet
GQ structures were suggested to merely participate in the for-
mation of HI1 state, which is another possible illustration for
the different formation mechanisms of H1 and H2 states. In

future, we will systematically explore different preference of
misfolded states and two-G-quartet GQs during the formation
of H1 and H2 states by performing large-scale molecular sim-
ulations.

It is worth noting that the role of metal ions was not dis-
cussed. The influence of metal ions during the folding of
biomolecules is an important issue.”*! Especially, for Htel
DNA GQ, monovalent metal ions (typically K™ and Na*) can
determine the final type of folded structure.!”l However, the
hybrid atomistic structure-based model is essentially a high-
resolution coarse-grained model, in which explicitly modeling
of ions still remains a challenge. To our knowledge, there is
not any coarse-grained model that can address the question
of nucleic acids folding with ions explicitly modeling at this
stage. Therefore, we did not consider the influence of ions in
the structure-based model and validated our results by com-
paring with known experimental observations. As discussed
above, the structure-based model enabled us to reproduce the
experimental observed two-native-state folding thermodynam-
ics and kinetics of Htel24. This is a validation that simulations
based on the structure-based model have captured most of the
folding properties. It should be noted that, although we per-
formed conventional all-atom simulations with ions explicitly
modeled in this study to complement the results of structure-
based model, the simulation time is very limit which is only
20 ns for each trajectory. Particularly, the metal ions may not
enter to the center of the adjacent G-quartets in such a short
time scale. Consequently, using present all-atom simulations
to describe the influence of ions is inaccuracy. To alleviate this
problem, we are performing additional long time-scale simu-
lations to explore the important role of monovalent ions and
the results will be discussed in our future work.

In conclusion, performing large-scale conventional all-
atom simulations, we have complemented the results of the hy-
brid atomistic structure-based model for the two-native-state
kinetic partition folding of Htel24. The real folding time-scale
has been estimated and more details of the folding landscape
are acquired. Moreover, the all-atom simulations also provide
a possible illustration for the experimentally observed differ-
ent kinetic accessibility of HI and H2 conformations. These
findings suggest that the multiscale computational framework
coupling the multiple-basin hybrid atomistic structure-based
model and the conventional all-atom model is a potential use-
ful method to study the complex kinetic partitioning folding
process of Htel GQ and the other DNA GQs.
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