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We performed classical molecular dynamics simulations for DNA
self-replication on an RNA template with phosphoroimidazole
activation. We demonstrate that the RNA template imposes
A-type helicity on the hybrid DNA/RNA helix, as opposed to the
B-type helix of pure DNA-based systems. Based on structural
analyses, we conclude that helicity type is the primary factor
responsible for the feasibility of nonenzymatic primer extension.

Over the past four decades, prebiotic nonenzymatic primer
extension has been extensively studied and considered as a
crucial aspect of the origin of life on Earth.' These efforts have
primarily focused on RNA self-replication, since RNA is con-
sidered a prebiotic predecessor of DNA,' and the efficiency of
the reaction was reported to be significantly higher for RNA
than for DNA.” Generally, such reactions require nucleotide
activation, e.g. by the formation of phosphoroimidazolides
involving the well-studied 2-aminoimidazole, which facilitates
nucleophilic substitution at the phosphate center and enables
primer extension.® Metal cations such as Mg”" are essential for
the process, although their catalytic function is not yet fully
understood.” Elucidating this reaction mechanism is essential
to identify the most efficient variants of prebiotic RNA self-
replication. However, relatively bad performance of DNA in
non-enzymatic self-replication with phosphoroimidazolides is
likely the result of the differences in the secondary structure
when compared to RNA and the way it affects the reactive
conformations in the reaction centre.””

The effect of the structural arrangement of the double helix
on nonenzymatic RNA self-replication was first reported by Leu
and co-workers.® RNA typically adopts an A-type helical struc-
ture, while DNA predominantly forms a B-type double helix.”
These secondary structures can be distinguished by several
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structural parameters, such as sugar puckering. In A-type
helices, the sugar ring favors the north (C3’-endo) conforma-
tion, whereas in B-type helices the south (C2’-endo) conforma-
tion is more common.® This affects the spatial positioning
of the key atoms involved in the primer extension reaction.
That is, the O3’ atom is positioned closer to the incoming 5’
phosphate group of the bound activated nucleotide in A-type
helices, which facilitates the formation of a new phosphodie-
ster bond. In contrast, greater distance between these atoms in
B-type helices makes the reaction less efficient.’

Despite the low efficiency of nonenzymatic DNA self-
replication, it remains an attractive potential alternative
method for DNA synthesis. The two most common approaches
to DNA synthesis, PCR (polymerase chain reaction)'® and solid-
phase synthesis,"" are well established but have several draw-
backs. These methods are complex, time-consuming, require
costly enzymes and large volumes of solvents, and can produce
significant amounts of waste.'”> Recently, the Ellis lab demon-
strated that the DNA self-replication process can be enhanced
by introducing an RNA template.” Replacing the DNA template
with RNA resulted in a 4.5 fold increase in maximum rate
and fidelity of primer extension compared to the DNA-only
system. The authors suggest that this enhancement is due to a
conformational shift in the sugar puckering of nucleotides,
from C2’-endo to C3’-endo, specifically at the 3’ terminus of
the primer and in the adjacent activated imidazolium-bridged
dinucleotide.’

In this work, we employed classical molecular dynamics
(MD) simulations to investigate the key structural factors
governing nonenzymatic DNA primer extension on an RNA
template and to determine the structural properties of the
involved nucleotides that can facilitate this process. We also
explored the role of Mg?" cations in the reaction mechanism,
particularly their involvement in the deprotonation of the
terminal 3’-OH group of the primer, which is believed to be
crucial for the primer extension reaction.”

We focused on four systems: pure RNA, pure DNA, and two
hybrid structures in which the templating strand is RNA, while
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Fig. 1 Panels (a) and (b) present the average structures of the most populated clusters obtained from the K-means analysis for protonated DNA and RNA.
The population of each cluster is indicated below the corresponding figure. Panel (c) shows the nucleotide labelling used in this study.

the primer, activated dinucleotide, and helper oligonucleotide
are composed of DNA. One of these hybrid systems initially
adopted an A-type helical conformation (D/RNA A), whereas the
MD simulations for the other one were started from B-type
helicity (D/RNA B). Each strand consisted of 15 nucleotides, and
the activated imidazole-bridged cytidine dinucleotide is posi-
tioned after the sixth nucleotide of the primer. These simula-
tions were performed with a single Mg>* cation placed in
between the terminal 3’-OH group of the primer and the
neighbouring phosphoroimidazolide group of the activated
dinucleotide (see Fig. 1). Since we also investigated the effect
of 3-OH deprotonation on the reactive conformations, we
performed eight 3.0 ps-long simulations covering the four
systems in total, each with protonated or deprotonated 3’ ends
of the primer (see Fig. 2).

We next performed clustering analysis of the MD trajec-
tories. For all investigated systems, the activated cytidine
dinucleotide consistently maintains canonical Watson-Crick
hydrogen bonding with complementary guanosine nucleotides
in the templating strand and is positioned in near proximity
to the 3’-terminus of the primer, with the Mg>" ion located
between the 3’ oxygen and the phosphorus atoms. However, a
noticeable difference is observed in how the activated dinucleo-
tide fits into A-type versus B-type helices. In RNA (A-type
helicity), the imidazolium-bridged dinucleotide is positioned
near both the 3’-terminus of the primer and the 5’-terminus of
the helper strands (see Fig. 1b)). In contrast, in DNA (B-type
helicity), the dinucleotide is located either near the 3’ end of
the primer or the 5’ end of the helper, but not both simulta-
neously (Fig. 1a)). The RMSD analysis (see Section S3 of the SI)
of the binding cavity shows that the RNA-activated dinucleotide
exhibits relatively small movements on the A-RNA template
(average RMSD value of 1.1 A for the protonated system),
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Fig. 2 Proposed mechanism of self-replication after 3’ OH deprotonation.
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whereas the DNA-activated dinucleotide displays considerably
larger displacements on the B-DNA template (the average
RMSD value of ~1.6 A for the protonated system). In other
words, the cavity for the binding of the activated dinucleotide is
tighter in the A-type double helix, which may contribute to
more efficient Sy2 reaction and primer extension.

The main structural parameters determining the efficiency
of the phosphate-centered Sy2 reaction leading to a phospho-
diester bond are the distance between the 3’-oxygen and the
phosphate atom, as well as the angle of nucleophilic attack.*"?
The proposed reaction mechanism is schematically shown in
Fig. 2. The first step involves deprotonation of the 3’-OH group
of the primer, and the negatively charged O3’ atom can be
coordinated by the Mg®" cation. This is followed by nucleo-
philic attack of O3’ on the phosphate group of the adjacent
activated nucleotide. Throughout the simulations, we moni-
tored the associated reactive O3’ - -P distance. Fig. 3 shows the
probability distribution of this distance for the protonated
structures, ranging from 3.1 A to above 7.0 A. For RNA, the
highest populated distance is ~3.7 A, with a median value of
4.1 A. This demonstrates that the reactive substrate complex for
the primer extension of RNA is stable and highly populated,
which explains the high yield and efficiency of the self-
replication process. In contrast, pure DNA exhibits a different
pattern, with the highest populated distance of ~5.1 A and a
median of 5.2 A, which does not favor an efficient replication
process. The hybrid D/RNA A system behaves similarly to pure
RNA, showing the highest peak at 3.6 A and a median of 3.9 A,
while D/RNA B displays a wide range of populated distances,
with a median of 5.5 A. These results indicate that the system
starting from a B-form helical structure exhibits worse results
than the system starting from the A-form.

Another parameter characterizing the Sy2 reaction is the
attack angle, defined by the O3’, P, and N atoms (see Fig. 1c)).
As shown in Fig. 3, the protonated systems exhibit attack angles
ranging from 130° to 180°, with median values of 151° (DNA),
149° (RNA), 147° (D/RNA A), and 140° (D/RNA B). DNA and D/
RNA B exhibit a wide range of attack angles, whereas RNA and
D/RNA A display a distinct peak around 150°-160°, indicating
the highest population within that angle range. A similar
analysis was conducted for the deprotonated structures (see
Fig. S15). However, we believe that following the deprotonation,
the Sy2 reaction proceeds rapidly, and the O-P-N angle

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Probability distribution of O3’—P distance and O-P-N angle (attack angle) for protonated systems. Dashed lines represent the median values.

becomes less significant compared to its role prior to the
deprotonation step.

To determine the type of helix, we analysed three para-
meters: the overall percentage of the north pucker conforma-
tion of the sugar rings, the X-displacement, which reflects the
size of the central cavity of the double helix relative to its central
axis, and the inclination of the nucleobases. The A-form is
characterized by a nucleobase inclination of approximately 20°,
an X-displacement of about —5 A, and north-type puckering of
the sugar ring. In contrast, the B-form typically exhibits south-
type sugar puckering, minimal X-displacement, and an inclina-
tion close to 0°.% As shown in Fig. 4 and Fig. S17, the DNA
structure (green line) exhibits a low proportion of north-type
puckering (10-30%), X-displacement values fluctuating around
—1 A, and inclination angles ranging from —5° to ~10°, all of
which are indicative of B-type helicity. In contrast, RNA struc-
tures (red lines) exhibit the opposite behaviour: the inclination
ranges from 10° to 20°, the X-displacement is approximately
—4 A, and the north-type puckering dominates throughout the
simulations. These are clear indicators of the A-form helix. The
hybrid D/RNA A systems (blue lines) exhibit A-type helicity, as
their sugar rings are predominantly in the north conformation
(70-80%), the inclination fluctuates around 13°, and the

Percentage of North Pucker
100

X-displacement

X-displacement remains below —3 A. In contrast, the D/RNA
B systems (pink lines) undergo a rapid transition from B-type to
A-type helicity at the beginning of each simulated MD trajec-
tory. This is evidenced by an increased prevalence of north
puckering (from 40% up to 60-85%), a sharp decrease in
X-displacement to approximately —3 A, and a rise in inclination
to around 15°. However, these parameters do not reach the
range observed for pure RNA or D/RNA A, suggesting that more
time is required for a full transition between B and A helicities.
Overall, these observations confirm that the RNA template
promotes A-type helicity in the hybrid duplex.

A more detailed investigation of sugar puckering in two key
nucleotides: the 3’-terminal and adjacent residue of the acti-
vated dinucleotide, revealed a surprising pattern. Deprotona-
tion of the 3’ end strongly promotes north-type puckering of the
3/-terminal sugar, while adjacent nucleotides predominantly
adopt the south conformation, except for D/RNA B (see
Table 1). This effect is particularly evident in RNA structures:
in the protonated state, the 3’-terminal and adjacent nucleo-
tides display north puckering in 85.39% and 79.50% of frames,
respectively, whereas after deprotonation these values shift
t0 99.99% and 7.12%. This shift correlates with the shortening
of the O3’-P distance upon deprotonation and suggests that
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Fig. 4 Changes of inclination, X-displacement, and percentage of north puckering throughout the simulation for protonated systems. Each 3.0 ps
simulation consists of six 500 ns runs, and each 0.5 ps point marks the beginning of a new simulation.
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Table 1 Proportion of north-type sugar puckering in the 3’-terminal
nucleotide and the adjacent activated nucleotide
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Data availability

Data for this article, including trajectories and clustering
results are available at Figshare at https://doi.org/10.6084/m9.

The data supporting this article have been included in part
of the supplementary information (SI). The SI contains compu-
tational methods and additional analyses of the trajectories.
See DOI: https://doi.org/10.1039/d5cc05343a.
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Protonated

Nucleotide ~ DNA (%) RNA(%) D/RNAA(%) D/RNAB (%) figshare.29625755.v2.
3’ Terminal 82.21 85.39 77.35 35.14

Adjacent 28.62 79.50 17.08 27.94

Deprotonated

Nucleotide DNA (%) RNA (%) D/RNAA (%) D/RNAB (%)

3’ Terminal 99.38 99.99 99.84 98.60

Adjacent 28.68 7.12 12.31 56.93

deprotonation of the 3° OH group is an important step in the
reaction mechanism (see Fig. S18-521). However, the exact cause
of this conformational shift remains uncertain. More intriguing is
the fact that the 3’ terminal nucleotide of the pure DNA structure
favours the north geometry of the sugar ring (82.21%). These
results challenge the assumption that efficient primer extension
requires both the 3’ terminal and adjacent nucleotides to adopt
the north conformation.” While this hypothesis may be valid for
the 3’-terminal nucleotide, our MD simulations show that the pure
DNA system predominantly adopts a north conformation of the
3’-terminal nucleotide, which is insufficient for an efficient primer
extension reaction to occur.

Our results demonstrate that introducing an RNA template
for DNA self-replication induces A-type helicity. Moreover, the
parameters describing the Sy2 reaction indicate that A-type
helicity clearly facilitates nonenzymatic primer extension with
phosphoroimidazole activation. In both hybrid D/RNA systems,
the helix consistently maintained A-type characteristics throughout
the simulation. Moreover, the 3’-terminal nucleotide exhibits a
strong preference for the north-type sugar pucker, particularly in
deprotonated structures. This is associated with a shorter distance
between the reactive atoms (e.g., 03’ and P), which could facilitate
primer extension. However, the geometries of the 3’ -terminal
and adjacent sugar rings do not support the hypothesis that the
C3’-endo conformation is strictly responsible for efficient self-
replication. The DNA exhibits north-type sugar puckers of the
3’-terminal nucleotide even in the absence of an RNA template.
Overall, the results indicate that the stability of the A-type helical
conformation is the primary structural factor enabling efficient
nonenzymatic self-replication of nucleic acids.
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