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Introduction
A nanomotor is described as a nanoscale device generating 
a linear or a rotational motion at the molecular range, which 
is capable of converting energy into acceptable controlled 
movement.1,2 In consequence, using nanomotors 
makes the transportation of molecules or nanodevices 
possible. With advancements in nanotechnology, the 
demand for nanomotors has significantly increased due 
to their potential applications in powering nanoscale 
devices across various fields, including biosensors, gene 

therapy, drug delivery, nanoscale manufacturing, and the 
regulation of chemical reactions.3,4 These applications 
have been of interest by recent demonstrations of a group 
of nanomotor designs that use a variety of methods and 
constructions including; organic molecules,5 protein 
motors,6 inorganic/protein hybrids7 and engineered DNA 
constructs.8,9 Most of the protein motors including myosin, 
kinesin, and F0F1 adenosine triphosphate (ATP) synthase 
are more “complex systems” and make their mechanical 
movement by an ATPase activity. Therefore, significant 
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Abstract
Introduction: G-rich DNA nanomotors 
function as nanoscale devices and 
nanoswitches powered by the conversion 
of chemical energy into mechanical motion 
through transitions between duplex (DU) 
and tetraplex (TE) conformations. The 
stability of the TE conformation, crucial for 
nanomotor function, relies on G-quadruplex 
structures formed by guanine quartets. 
However, the detailed factors influencing 
TE stability remain unclear. 
Methods: This study investigated the role of 
coordinated K + ion and Hoogsteen H-bonds 
in stabilizing the TE structure of a truncated 15-nucleotide G-rich DNA nanomotor with the 
sequence GGTTGGTGTGGTTGG using atomic-scale computational analysis. Three systems 
were simulated: TE1K with a crystal K+ ion, TE2K with a manually embedded K+ ion, and TE3 
lacking a K+  ion. All systems underwent molecular dynamics simulations using the Amber force 
field and TIP3P water model. 
Results: The simulations revealed a clear dependence of G-quadruplex rigidity and TE 
conformation stability on the presence of coordinated K+ ion. TE1K and TE2K, containing K+ ions, 
exhibited significantly lower RMSD values compared to TE3, indicating more excellent structural 
stability and rigidity. K+ ion coordination facilitated the formation of all eight Hoogsteen H-bonds 
within G-quartets, whereas the K + ion-free system (TE3) displayed distorted G-quadruplexes and 
a reduction in H-bonds, leading to a less stable "wobble TE*" state. The diameter of G-quartets and 
the radius of gyration (Rg) further supported these observations, with TE1K and TE2K maintaining 
compact structures compared to the more open and flexible "wobble TE*" conformation in TE3. 
Conclusion: These findings demonstrate that coordinated K+ ion play a critical role in stabilizing 
the TE conformation of G-rich DNA nanomotors by promoting G-quadruplex rigidity and 
facilitating Hoogsteen H-bond formation. This enhanced stability is essential for efficient DNA 
nanomotor function in the DU-TE nanoswitching process.
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effort has been devoted to the design and synthesis of 
"simple systems" for artificial nanomotors (devices that 
convert chemical energy into mechanical movement at 
the nanoscale). These systems aim to enhance efficiency, 
functionality, and adaptability for various applications.10 
While most synthetic nanomotors have relied on small 
molecules, recent progress has expanded this field to 
include DNA-based nanomotors, which offer novel 
functionalities.11,12

DNA nanomotors are highly efficient molecular 
devices, offering cost-effective synthesis and compatibility 
with biological systems.13,14 These nanomotors exhibit 
remarkable structural flexibility, adopting diverse shapes 
and conformations that can be precisely controlled at the 
nanoscale.15,16 A previously reported guanine-rich (G-rich) 
17-mer DNA nanomotor has demonstrated the ability to 
transition between two distinct conformational states: 
an intramolecular tetraplex (TE) and an intermolecular 
duplex (DU).8,13 The nanomotor transitions between these 
two conformations via alternating DNA hybridization and 
strand exchange reactions, which drive the inchworm-
like extending and shrinking motion of the nanomotor as 
represented in Fig. 1 (DU < = = > TE). The self-associating 
properties of guanine in G-rich oligonucleotide strands 
leads to the formation of planar G-quadruplexes, where 
four guanines (G-quartets) are stabilized through 
eight hydrogen bonds (H-bonds).17,18 The coplanar 
G-quartets are well-defined conformations and are highly 
polymorphic resulting in TE nanomotor.19,20 Therefore, 
the DNA nanomotor requires the consistency of higher-
order G-quadruplex conformations to operate. 

In this study, a previously synthesized and efficient 17-
mer DNA nanomotor was truncated to a 15-mer variant 
(depicted in Fig. 1). Through atomic-scale computational 
analysis, we investigated the stability of the TE 

conformation, focusing on the G-quadruplex structure, 
which holds potential for applications in nanosystems. 
The advantages of the 15-mer G-rich DNA nanomotor 
in this investigation lie in its single strand DNA 
composition, small molecular weight, and the minimal 
number of G-quartets (two G-quartets) required to form 
the TE structure. We extensively explored the significance 
of a coordinated single K + ion positioned between the 
planes of guanine-O6 quartets. This comprehensive 
investigation revealed the essential role played by this 
coordinated K + ion in enhancing the stability of the TE 
conformation within the nanomotor structure.

Theoretical Methods
Initial G-rich TE nanomotor geometries
The G-rich TE nanomotors effectively convert 
noncovalent binding energies into mechanical force 
through an opening-closing process.15 We obtained 
primary coordinates for two different crystal structures 
of TE nanomotors from the Protein Data Bank (http://
www.rcsb.org/). The used PDB codes for the 15-mer 
oligonucleotide G-rich TE nanomotor, with the sequence 
d(GGTTGGTGTGGTTGG), are 4DII (TE1K), containing 
a single K + ion between the planes of neighboring 
G-quartets, and 1HUT (TE3), representing an ion-free 
conformation. Both 4DII (TE1K) and 1HUT (TE3) 
15-mer nanomotors form intramolecular antiparallel 
G-quartets, as shown in Fig. S1 (Supplementary file 1). 

To comprehensively study the role of the K + ion in the 
action of the TE nanomotor, we manually embedded 
the crystal K + ion between the planes of neighboring 
G-quartets in 1HUT. This was achieved by superimposing 
the coordinates of the K + -bound conformation from 4DII 
onto the corresponding regions of 1HUT. This process 
involved aligning the structural features of 4DII to ensure 

Fig. 1. 15mer α-strand DNA nanomotor (G1G2T3T4G5G6T7G8T9G10G11T12T13G14G15) can adopt an intramolecular tetraplex (TE) conformation. Two 
G-quadruplexes are presented in the TE conformation state as G-quartet 1 (G1G6G10G15) and G-quartet 2 (G2G5G11G14). Three lateral linker loops 
including loop-1 (T3T4), loop-2 (T12T13) and loop-3 (T7G8T9) are connecting strand and supporting the G-tetrad core in G-quartets. The nanomotor 
transitions into a duplex (DU) state upon hybridization with a complementary β-strand and reverts to its contracted form (TE) through the process of β-strand 
exchange or removal

http://www.rcsb.org/
http://www.rcsb.org/
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that the K + ion was accurately positioned to maintain 
the spatial integrity of the G-quartets. The resulting 
conformation, now containing the K + ion, was designated 
TE2K (Fig. S1).

Force field 
We considered the all-atom Amber parm99 force field 
parameters,21,22 for nucleobases into the following MD 
simulations. The standard Amber parm99 force field was 
modified by incorporating parameters from the developed 
parmbsc0 set,23 specifically tailored for G-quadruplex 
DNA structures.24 Notably, torsional parameters 
involving the α and γ torsions were refined to better 
model the interactions within the G-rich sequences. All 
other parameters were retained at their standard parm99 
values.21 This modified force field not only accurately 
simulates the structural and dynamic properties of various 
nucleic acids but also provides reliable representations of 
G-quadruplex DNA structures.24 

DNA simulations were seen to be particularly sensitive 
to the treatment of electrostatics. Early simulation 
approaches often neglected electrostatic interactions 
or limited them to short-range truncation, with typical 
cut-off distances around 10 Å. The implementation of 
techniques like the 'twin-range' cut-off allowed for the 
extension of these interactions to larger distances, such 
as 15 Å.25 Herein to account for long-range electrostatic 
interactions, the particle mesh Ewald (PME) algorithm 
was used with a cut-off 14 Å. This value is a widely 
accepted standard in molecular dynamics simulations, 
particularly for nucleic acid structures, which possess 
charged phosphate backbones. The selection of this 
cutoff was made to balance computational efficiency 
with the need for accurate representation of long-range 
interactions, ensuring that the majority of significant 
electrostatic interactions are captured while minimizing 
computational cost. While the 14 Å cutoff may limit 
the representation of some long-range interactions, we 
mitigated this by employing the PME method to treat 
long-range electrostatics more rigorously, thus enhancing 
the accuracy of the simulations without excessively 
increasing computational demands. 

Molecular dynamics
Simulations provide a practical approach to addressing 
specific questions regarding the properties of a model 
system and the underlying biological mechanisms, often 
simplifying the investigation compared to experiments 
conducted on actual systems.26-28 Molecular dynamics 
(MD) simulations serve as an effective means of 
elucidating the conformational stability and atomic-scale 
orientations of G-quartets. For MD simulation we applied 
three systems including TE1K, TE2K and TE3. Both of 
TE1K and TE2K have single crystal K + ion between the 
G-quartets that related to 4DII and manually embedded 

K + ion in 1HUT, respectively. The system TE3 is ion-free 
structure that related to 1HUT. The structures of TE1K, 
TE2K, and TE3 were individually enclosed in a periodic 
box filled with water molecules, modeled using the 
equilibrated TIP3P (three-point charge) potential. The 
systems were placed in the center of the simulation boxes 
(Fig. S2) with the number of explicit water molecules 5165, 
3235, and 3236 for TE1K, TE2K, and TE3, respectively. 
To neutralize the negative charge on the DNA backbone, 
additional positively charged K + ions (13 K + for TE1K 
and TE2K, and 14 K + for TE3) were incorporated into the 
systems as represented in Fig. S2. The cations were initially 
placed into the most negative locations of the electrostatic 
potential using Coulombic potential terms with the 
LEAP module of Amber. To minimize the energy of each 
system and relax the solvent molecules, a steepest-descent 
algorithm was employed. MD simulations for each system 
were conducted in two stages, with a 2 fs integration time 
step. In the first stage, a position-restrained simulation 
was performed, wherein the DNA molecule's atoms 
were fixed while allowing the solvent molecules to 
move freely to achieve equilibrium. The second stage 
involved simulating each system for a total of 15 million 
steps. During the simulations, the Berendsen coupling 
algorithm was employed to maintain constant pressure 
and temperature conditions across all components. By 
weakly coupling the system to an external thermal bath, 
the algorithm ensures that deviations from the target 
temperature are corrected through velocity rescaling, 
enabling the system to reach the target temperature 
exponentially. The coupling parameter controls the 
speed of this adjustment, ensuring efficient temperature 
regulation. Although it does not rigorously reproduce 
the temperature fluctuations typical of canonical or 
isothermal-isobaric ensembles, the Berendsen algorithm 
is highly efficient and well-suited for large systems, 
especially during initial equilibration, providing smooth 
convergence with minimal computational cost.29 All 
simulations were performed using the Gromacs 5.0.4 
software package.

Results and Discussion
G-quartets’ rigidity dependency on coordinate K + ion
The more increased G-quadruplex structures rigidity, 
the more improved nanomotor efficiency by forming the 
stable TE conformation in extending-shrinking motion, 
DU < = = > TE switching (Fig. 1).13 The root mean-
square deviation (RMSD) was calculated throughout the 
simulation to assess the conformational equilibration of 
the system.26,28 The RMSD values for the atoms of 15-mer 
DNA nanomotors were shown in Fig. 2. The total RMSD 
values are equilibrated after 10 000 ps simulation, which 
means almost all systems are stable and maintaining TE 
conformation. Additionally, it shows that the sequential 
stability of the TE conformation is TE1K > TE2K > TE3. 
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The crystal ion-free conformation, TE3, exhibited a 
significant increase in RMSD value, approximately 0.5 
nm, whereas the RMSD value for the conformation 
with the crystal ion, TE2K, remained around 0.3 nm. 
This suggests that the absence of the K + cation leads to 
structural rearrangement and instability in the higher-
order G-quadruplex. Also, the RMSD value in TE1K with 
crystal ion, is fluctuated and relaxed around ~0.2 nm 
after 10 000 ps simulation meaning the high stability of 
TE1K. These findings about the role of K + in keeping the 
higher-order G-quadruplex structures are also obvious 
by separately analyzing the RMSD values of G-quartets 1 
and 2. Both G-quartets are highly rigid with the minimum 
RMSD value for TE1K (RMSDmean < 0.1 nm). Moreover, 
adding K + in the core of G-quartets caused decreasing 

of RMSD values in TE2K comparing with RMSD values 
of TE3. Please note the almost similarity among RMSD 
of loop-1, loop-2 and loop-3 in all three systems of 
TE1K, TE2K, and TE3. This observation suggests that 
the predominant contributors to the total RMSD in all 
three systems are the orientations and rearrangements of 
G-quartet 1 and G-quartet 2. This observation suggests 
that the predominant contributors to the total RMSD in 
all three systems are the orientations and rearrangements 
of G-quartet 1 and G-quartet 2. 

Upon the addition of a coordinated ion in TE2K, 
the system demonstrates improved stability in the 
tetraplex conformation, with RMSD values that align 
more closely with those of TE1K (with crystal ion at the 
core of the G-quartets). However, all systems exhibit 

Fig. 2. RMSD analysis of the 15-mer DNA nanomotors TE1K, TE2K and TE3 during 30,000 ps dynamics runs. A; total RMSD of the systems, B; RMSD 
values for G-quartets 1 and 2, C; RMSD for loop-1, loop-2 and loop-3. Further details regarding the quartets and loops can be found in Fig. 1. All systems 
reached equilibrium during the 30 000 ps MD simulations
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flexibility in the loop regions, particularly in the TE1K 
and TE2K configurations. Therefore, the stability of 15-
mer nanomotor structure is correlated in G-quadruplex 
conformational rigidity under coordinated K + ion. It can 
be proposed that the 15-mer G-rich DNA needs K + ion 
to induce a “compact rigid TE” state. Thermal energy 
can destabilize the higher-order G-quadruplex structure 
without K + ions resulting in a less stable “wobble flexible 
TE” conformation. The importance and stability of the 
G-quadruplex structure in inducing compact or wobble 
TE conformations were assessed through: a) examining 
the interaction between guanine-O6 carbonyl groups and 
K + ion, b) quantifying the number of Hoogsteen hydrogen 
bonds, and c) analyzing the diameter of G-quartets and 
the radius of gyration (Rg) values of the TE structures (as 
discussed in the following sections).

Coordinated K + preserves high-order G-quadruplex 
compactness
The formation and stabilization of G-quadruplexes,30 
alternative DNA structural motifs, are considered not 
only to be functionally important in the biological point of 
view such as genome stability but also in nanotechnology 
making the DNA nanomotor practically useful for 
powering nanosystems’ application. G-quadruplex 
stability relies on monovalent cations, particularly 
K + and Na + , which position themselves within the core of 
G-quartets formed by the coplanar arrangement of four 
guanines.31-33 The K + cation is attached to guanine-O6 
carbonyl groups between the neighboring G-quartet that 
is represented in Fig. S3. The G-quadruplexes are mainly 
stabilized by cyclic Hoogsteen H-bonding between 
4 guanines, forming G-quartets in the presence of 
monovalent metal ions especially K + .34,35 As indicated in 
Fig. S3 the G-quartet is coordinated and stabilized by the 
association of K + with four guanine O6 carbonyl groups, 
resulting in the formation of 8 Hoogsteen H-bonds 
between the O6… (NH)1 and N7… (NH)2 groups. 
Therefore, in the presence of K + , G-quartets readily form 
quadruplex structures. Experimental stability assessment 
of telomeric G-quadruplexes revealed the favorable 
stability of TE structure in the presence of potassium.35,36 
The K + ‏ion is well preserved in the G-quadruplexes 
structures of TE1K and TE2K through simulations as 
indicates in Fig. 3 with visual inspection. It shows that 
the coordination of K + ‏ion in the core of G-quartet 1 and 
G-quartet 2 is constant with strong interactions in TE1K 
(see guanine-O6----K + distances). Almost similar results 
were achieved for TE2K instead of some distortion in 
G-quartet 2. Nevertheless, both of G-quartets 1 and 2 are 
distorted in crystal ion-free TE3 system. Each G-quartet 
sheet contains a number of four G nucleotides in the 
short space, thus, the steric hindrance between adjacent 
four guanine-O6 carbonyl groups caused to distort the 
G-quartet sheets in TE3. The coordinated ion situated 

between guanines in the G-quadruplex helps mitigate 
repulsive forces between the O6 atoms, resulting in 
a more compact and stable TE conformation. Visual 
inspection of different snapshots of TE1K, TE2K and 
TE3 in Fig. S4- Fig. S6, indicates the importance of crystal 
K + ‏ion in the compactness of TE structures. The K + cation 
is coordinated to guanine-O6 carbonyl groups between 
the planes of neighboring quartets in all snapshots of 
TE1K and TE2K. It is evident that the tetraplex structures 
in TE1K and almost in TE2K remain intact during 
simulation meaning quartet-ion interaction plays a 
significant role in the stabilization of the G-quadruplex 
structures resulted in compact tetraplex state. In free-ion 
TE3 system, the TE conformation was almost changed 
and the compactness decreased throughout simulation 
(see snapshots in Fig. S6). We emphasize the particular 
state of TE in ion-free state for the 15-mer G-rich DNA 
as “wobble TE” state. Folding of a G-rich oligonucleotide 
into an intramolecular G-quartets leads to a compact 
structure stabilized by K + in TE1K and TE2K. Fig. S4-Fig. 
S6 indicate that the neutralized K + ‏ions are unable to enter 
in G-quartets’ core while the coordinated crystal K + ‏ion is 
well preserved in the structures TE1K and TE2K during 
MD simulations. Similar results about neutralized ions 
were achieved for sodium, Na + (data not shown). It is 
obvious to conclude that the behavior of solution K + ion ‏is 
entirely different from crystal ion.

Coordinated K + ion induces Hoogsteen H-bonds 
consistency
The stability of the quadruplex structures in TE1K, 
TE2K, and TE3 was evaluated by monitoring changes 
in Hoogsteen hydrogen bonds during MD simulations. 
These bonds, formed between O6…H1-N1 and N7…H2-
N2 groups, are crucial for maintaining the G-quadruplex 
structure and provide insight into the conformational 
integrity of the system (see Fig. S3 and Fig. 3). The 
strength of these Hoogsteen H-bonds is the primary 
force promoting G-quadruplex stability. The formation 
of hydrogen bonds in G-quartets 1 and 2 was tracked 
throughout the simulation, as shown in Fig. 4. The average 
H-bond occupancy in G-quartet 1 for TE1K, TE2K, and 
TE3 was 8.6, 7.6, and 5.3, respectively, while in G-quartet 
2, the occupancies were 7.9, 6.4, and 3.6, respectively. In 
TE1K, all eight Hoogsteen hydrogen bonds remained 
consistently intact in both G-quartets, resulting in a 
compact and stable tetraplex configuration. However, 
in TE3, due to the absence of the crystal ion, several 
Hoogsteen H-bonds were lost, particularly in G-quartet 
2, leading to a reduction in the overall stacked stability of 
the G-quadruplex. As shown in Fig. 3, steric hindrance 
caused the distortion of G-quartet sheets, leading to the 
displacement of the 2-amino groups from the core of the 
G-tetrads. This disruption impaired the planar stacking 
of the G-quartets, breaking some Hoogsteen H-bonds 
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and leading to the formation of bifurcated hydrogen 
bonds, thereby contributing to the wobble TE structure. 
In contrast, the coordinated K + ion in TE2K supported 
the establishment of Hoogsteen bonds similar to those 
in TE1K, ensuring consistent H-bond formation. The 
presence of the K + ion within the core of the G-quartets 
reinforced structural stability, maintaining the high-order 
G-quadruplex conformation. 

To further investigate the role of hydrogen bonding 
in stabilizing the TE1K, TE2K, and TE3 structures, the 
intra- and intermolecular hydrogen bonding networks 
were also analyzed using the HBAT 1.1 program.37 This 
tool facilitated a detailed evaluation of hydrogen bond 

interactions within the molecular structures and between 
the structures and surrounding solvent molecules. 
The HBAT analysis applied default parameters, with 
bond angles ranging from 90° to 180° and distances 
between 1.2 Å and 3.2 Å. As presented in Table 1, TE3 
exhibited a greater number of hydrogen bonds in both 
intramolecular (N-H...O, N-H...N) and intermolecular 
(TE3-H2O) interactions, including N-H...O and O-H...N 
bonds. These findings suggest that in the absence of the 
K + ion, the Hoogsteen bond network in TE3 undergoes 
substantial rearrangement, forming new hydrogen 
bonds, particularly with water molecules. The additional 
intermolecular and intramolecular hydrogen bonds in 

Fig. 3. The G-quadruplexes conformations in TE1K, TE2K and TE3. The K + cation is attached and maintained to guanine-O6 carbonyl groups between the 
planes of neighboring quartets of TE1K, TE2K. The Hoogsteen H-bonds and coordinated K + in initial step and after 30 ns MD simulations are separately 
presented for quartet 1 and quartet 2
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TE3 may disrupt the native Hoogsteen bond pattern, 
undermining G-quadruplex stability and promoting the 
wobble conformation of the G-tetrads.

Conversely, TE1K and TE2K exhibited a similar 
hydrogen bonding network, further supporting the 
stabilizing role of the K + ion in these structures by 
preserving the consistency of Hoogsteen hydrogen bonds 
and maintaining the G-quadruplex configuration. These 
findings underscore the critical role of the core K + ion 
in stabilizing G-quadruplex structures by sustaining the 

integrity of Hoogsteen hydrogen bonds, thus reinforcing 
the structural order and stability of the quadruplex.

Compact/wobble TE by G-quartets’ diameter and Rg 
assessment
The diagonal diameter distance (Ddis) changes in G-quartet 
planes were evaluated to discover the compactness of 
G-quadruplex in TE structure. Fig. 5 shows that the Ddis 
values of G-quartets 1 and 2 in TE1K stay very constant in 
the whole simulation. Almost similar results were achieved 
for TE2K but the Ddis values were increased in TE3. The 
increased quartets’ diagonal diameter distance in TE3 is 
because of augmentation distances in the same direction 
of quartet 1 and quartet 2 between G6-G15 and mainly 
G5-G14 (see Figs. 1 and 5). Maximum compactness 
in TE is derived from the high-ordered G-quadruplex 
structures with the consistency of G-quartet sheets’ size. 
Any changes in G-quartets’ size and G-quadruplex’s order 
could be resulted in wobble TE conformers with smaller 
radius of gyration (Rg) as represented in Fig. 6. The radius 
of gyration shows the global shape of systems during the 
simulation. This figure indicates that TE1K and TE2K 
stay at nearly the same proportions during the simulation 
with a radius of gyration of 0.95-1 nm. It should be noted 

Fig. 4. The number of H-bonds for G-qurtet 1 (A) and G-quartet 2 (B) in TE1K, TE2K and TE3 complexes as a function of simulation times

Table 1. Hydrogen bond profiles in TE1K, TE2K, and TE3 systems

System N-H...O N-H...N O-H...N Total

TE1K 11.8 12 - 23.8

TE1K-H2O 23.2 - 27 50.2

TE2K 16.4 7.6 - 24

TE2K-H2O 20.7 - 28.3 49

TE3 17 12.8 - 29.8

TE3-H2O 27.25 - 27.75 55

Note: Intra- and intermolecular hydrogen bond types (NH···N, OH···N, 
and NH···O) were quantified using HBAT 1.1. Distinctions include 
intramolecular (within DNA) and intermolecular (DNAwater) interactions 
based on distanceangle criteria from optimized structural models.
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that tetraplex structures in TE1K and TE2K are cubic-
like shape but increasing Ddis in TE3 resulted in globular 
coil-like (wobble tetraplex) as monitored in Fig. S4-S6. 
Therefore, TE3 has smaller Rg than TE1K and TE2K 
because of deflection of rectangular quartet sheets in TE3. 
Hence, the wobble TE conformation is accompanying 
with decreased Rg and augmented Ddis values. 

The efficiency of DNA nanomotor dependency on 
compact TE
The mechanical force for G-rich 17-mer oligonucleotide 
of DNA nanomotor with DU and TE formation 
possibility was calculated to be 20.7 pN (~10 times 
larger than kinesin/myosin forces) in switching between 
DU and TE conformations.38 This remarkable property 
of G-rich DNA nanomotor is because of the unusual 
structures of high-ordered G-quadruplexes containing 
coplanar G-quartets.13 So, the mechanical efficiency of 
G-rich 15-mer DNA nanomotor depends on the energy 
changes between TE < = = > DU switching conformation 
(extending-shrinking motion). This energy is directly 
changed by changing the critical conformation of TE 
or DU. This property is illustrated in Fig. 7, where any 
alterations in the higher-order G-quadruplex structure 
indicate a disordered TE state, leading to the formation of 

the wobble TE* intermediate. The disordering state of TE 
is accompanying with losing some Hoogsteen hydrogen 
bonds, increasing Ddis, decreasing Rg. All of them are 
affected from coordinated monovalent K + ion. 

Consequently, the stability of TE conformation with 
high-ordered quadruplexes in G-rich nanomotors is 
essential in converting chemical energy to mechanical 
work by producing twisting or opening-closing 
movements. Disordering in G-quadruplex causes less 
efficiency of DNA nanomotor in DU < = = > TE process. 

Fig. 5. The diagonal diameter distance (Ddis) changes in “G-quartet 1” (left panels) and G-quartet 2 (right panels) in 15-mer DNA nanomotors of TE1K, TE2K 
and TE3 during 30 000 ps.
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The stability of the TE conformation arises from the 
intrinsic Hoogsteen hydrogen bonds and the external 
coordination of the K + cation within the central channel 
of the stacked G-tetrads. 

Conclusion
The stability of G-quadruplex structures in G-rich DNA 
nanomotors is essential for the design and utilization 
of these molecular nanomotors in nanotechnology. 
G-quadruplexes are 3-D structures formed in nucleic 
acids by sequences rich in guanine. Different TE modes 
and the stability of G-quadruplexes structure in a guanine-
rich 15-mer DNA nanomotor have been systematically 
investigated through MD simulations. It was clearly 
shown that the ion-free system prefers to form wobble TE* 

structures with G-quadruplex distorting and attenuating 
intrinsic Hoogsteen H-bonds. Also, the action of solution 
countourion K + is entirely different from crystal ion that 
cannot spontaneously moves into the central core of the 
quartets.
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Fig. 7. Schematic representation of G-rich 15-mer DNA nanomotor efficiency (W) dependence on the energy changes ΔE between TE < = = > DU exchanging 
conformation. The ion-free TE conformer is shifting to TE* intermediate results in decreasing the nanomotor efficiency by splitting ΔEtot into ΔE1 and ΔE2 
(W = ΔE2 then W < ΔEtot). The value of ΔE1 is useless energy in nanomotor operating system denote the TE* as a waste product of TE. The coordinated 
monovalent K + ion highly increases the nanomotor operating system (W ≈ ΔEtot).

What is the current knowledge?
• G-rich DNA nanomotors function through transitions 

between duplex and tetraplex conformations.
• The stability of the tetraplex conformation relies on 

Hoogsteen H-bonds and G-quadruplex structures.

What is new here?
• The study theoretically investigates the stabilization of 

Hoogsteen H-bonds by coordinated K + ions in a 15-
mer G-rich DNA nanomotor.

• It demonstrates that coordinated K + ions transition the 
wobble TE state to a more stable compact TE state.
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