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1. Introduction

Single-stranded DNA (ssDNA) plays an essential
role in processes such as recombinant DNA repair
and transcription, which are vital for cell survival.
They are also commonly used as aptamers, synthetic
strands of nucleic acids designed for binding specific
target molecules, functioning as drug molecules or
drug delivery systems [1]. Understanding how these
functions are performed requires studying the spe-
cific structural properties of ssDNA and how they
can be changed under different conditions.

The functions of ssDNA involve interactions with
other molecules which place it under force, and it is
well established that the reaction of ssDNA to exter-
nal force is more complex than unstructured poly-
mer models can explain. For example, when ap-
plying a force to extend a polyA strand of ssDNA,
rather than the force simply increasing with exten-
sion, force plateaus over a specific range of exten-
sions can be observed where the force required to
maintain the extension remains constant regardless
of an increase or decrease in extension [2]. More
recently, the binding and dissociation of ssDNA to
other molecules have also been shown to occur only
under specific force ranges [3]. Understanding these
responses to force requires identifying the atomic
pathways and quasi-stable states involved.

Molecular dynamic (MD) simulations can give in-
sights into such pathways and quasi-stable states,
but identifying them can be difficult due to the large
number of atoms in the molecule and number of
time-steps produced by any given simulation. It is
also necessary to distinguish those atomic pathways
which significantly affect the dynamics of the ssDNA
from thermal noise. This is where unsupervised ma-
chine learning can help identify prevalent and per-
sistent spatial-temporal motifs formed by ssDNA.

2. Are there structural motifs in sSDNA?

Our understanding of the function of double-
stranded DNA is already based on the stable motif
of the double helix formed as a result of comple-
mentary base-pairing between DNA strands. Apart
from the canonical Watson-Crick base pairing, non-
canonical motifs such as the alternative Hoogsteen
base pairing and the G-quadruplex observed be-
tween 4 guanine residues also play significant roles
in cell biology. MD simulations have successfully
been used to study the atomic pathways leading to
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these motifs, and by extension should also be appli-
cable to study such motifs in ssDNA.

In order to extract those persistent motifs rele-
vant to the function of ssDNA, suitable featuriza-
tions of atomic clusters in these simulations must
be identified. For such features to be effective, they
should be translationally and rotationally invariant
while still capturing the atomic configuration of the
target molecule. An example of one such featur-
ization previously used in MD simulations are the
dihedral angles between key atoms in simulations
of both proteins and nucleic acids. Applying Prin-
cipal Component Analysis (PCA) to these featuriza-
tions have been shown to successfully distinguish
between the different conformations the molecule
can take (a procedure referred to as dPCA) [4]. As
such, identifying the featurization which best cap-
tures the most significant movements of molecules
ssDNA under force should also pick out the relevant
motifs.

3. Generating Molecular Dynamic Trajectories

In order to study how ssDNA changes in response
to external mechanical force, MD simulations of 16
base ssDNA strands (including polyA, polyT, polyC,
polyG and a sequence of randomly chosen bases)
were used to generate trajectories of the polymers
under force. For each strand, the ssDNA was first
stretched to its full contour length in order to break
any secondary structures that might have formed.
A spring force was applied to each end in order to
maintain the extension along the z-axis (as shown
in Fig.A2) and the simulation was run for 200 ns.
The extension would then be compressed by about
1nm, and the spring force would be adjusted to hold
the ssDNA at the new extension for another 200 ns.
The process was then repeated until the full range of
force-dependent extensions were sampled.

Since the spring is set to hold the ssDNA at a fixed
set of extensions, the force exerted by the ssDNA
at each extension could be measured by the result-
ing compression of the spring. The average force
and extension from each simulation could then be
used to map out a force-extension curve, identify-
ing which simulations involve conformations that
require force to maintain and which exhibit unique
behaviors such as the force-plateau. The atomic po-
sitions from the simulations could then be extracted
in order to identify the relevant motifs.
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4. Discussion: complex clusters of structures at
different extensions

Handcrafted features were used in order to
coarse-grain the ssDNA based on the atoms most
likely to contribute to significant motion. The atoms
chosen were based on the commonly used set of
fiducial atoms used to describe dPCA [5]. Those
atoms ignored involve rigid bonds which only af-
fect thermally driven local dynamics less conse-
quential to overall conformational changes. Reg-
ular dPCA assumes the variations due to dihedral
angles outweigh the effect of stretching bonds, but
since this might not be true for simulations where
the molecule is extended under force, we featurized
the structure of the entire ssDNA at each time point
using the list of pairwise distances between its afore-
mentioned fiducial atoms (D(t)).

Transforming the set of time-dependent features
of a single-stranded polyG (ssPolyG) into its UMAP
embedding [6], we observed clear separation be-
tween structural motif clusters (right-column of Fig.
1). Applying DBSCAN clustering [7] to the embed-
ding, we can then match the points in each cluster to
the simulation time and the corresponding end-to-
end distance of the ssDNA strand at that time-point
(left-column of Fig. 1).

Its UMAP embedding show that the initial highly-
extended states of the ssPolyG comprise multiple
clusters of structures, each of which highly local-
ized in simulation time. As the extension is abruptly
reduced, the ssPolyG tends to hop between these
smaller clusters. The hopping often occurs within
a given extension while other clusters span multiple
simulations, suggesting inherent quasi-stable struc-
tures which exist when the ssPolyG is overstretched
and cannot be identified based on measures of the
overall structure such as end-to-end distance alone.

The force plateau as shown in Fig. Al occurs
during the last four discrete steps of the end-to-end
distance over time (also highlighted by the semi-
transparent band in 1), during which the ssPolyG
continues to hop between different clusters before
settling into a single large cluster once it reaches
a stable helical conformation. This then suggests
the plateau is characterized by dynamic transition-
ing between multiple configurations, as suggested
by previous theoretical studies [2].

Upon reaching the more stable configuration of
a right-handed helix, the end-to-end distance then
fluctuates about a constant value, occasionally col-
lapsing to a shorter configuration distinguishable in
UMAP space as smaller clusters. Curiously, even
as the spring extension is lowered, very little force
on average is measured from the spring despite the
ssPolyG seeming to resist any change in end-to-end
distance. By the final simulation, the entire struc-
ture has collapsed into a more compact structure,
which the UMAP embedding is able to distinguish
from the transient collapsed states during the helical
structure by setting them into clearly separate clus-
ters.

5. Conclusion

Using translationally and rotationally invariant
features of ssDNA that capture its configuration, un-
supervised machine learning methods can identify
the stability of transient motifs that would not have
been detectable by average properties of the overall
structure. This demonstrates the utility of machine-
learning methods for studying transient motifs in ss-
DNA dynamics.
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Fig. 1: Pair-wise distance features captures the tran-
sient, frustrated folding states of single-stranded
polyG, as the end-to-end distance is abruptly re-
duced. Left column: shows the end-to-end dis-
tance of polyG as a function of simulation time.
In-sets show the characteristic fold of the polyG
strand, vertical lines separate the individual sim-
ulations, and the transparent band highlights sim-
ulations exhibiting the force-plateau shown in Fig.
Al. Right column: each point represents its UMAP
embedding of the pair-wise distance features of
the entire polyG.
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Fig. Al: The average force against the average exten-
sion of the polyG sequence, a force plateau is
observed at extensions highlighted in red cor-
responding to the last four discrete steps of the
end-to-end distance plots before the stable helix
shown in the left-column graphs of Fig. 1

Fig. A2: Schematic of the basic setup of the simu-
lation, where a spring force holds the terminal
nucleotides of the ssDNA at a set extension by
setting the equilibrium length 10 of the spring
to that extension. Given the k-constant of the
spring, the resulting extension x of the ssDNA
can then be used to measure the force F due to
the contraction of the spring. By allowing the
system to equilibrate for 200 ns at each exten-
sion, the average forces on the spring at each ex-
tension and the average extension of the ssDNA
can be used to plot out the curve shown in Fig.
Al
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