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1 Methodology

Each system was build with use of NAB [1] and the sequence of the template is ”AUGGCACGGGCAGUC”.
The magnesium ion was placed in close proximity to the 3′O and P atoms. The deprotonated 3′OH group
was parametrized with the Antechamber program and the parameters for magnesium ions are taken from
https://doi.org/10.1021/ct3000734. The parameters for the imidazolium bridge have been published
in the following study: https://doi.org/10.1002/syst.202400086.

All systems were immersed in a truncated octahedral box of SPC/E water molecules [2], ensuring at
least 12 Å separation between the RNA and the box edges. The simulations employed the Amber force
fields OL3 (RNA) and OL24 (DNA). To achieve electroneutrality, three potassium (K+) counterions were
introduced, along with an additional 0.15 M concentration of KCl, following the parameters described
by Joung and Cheatham [3].

The equilibration began with energy minimization, consisting of 500 steps using the steepest descent
algorithm and 500 steps with the conjugate gradient method, while heavy atoms were restrained with a
force constant of 25 kcal·mol−1. Subsequently, the system was gradually heated from 100 K to 300 K over
a 100 ps simulation at constant volume, maintaining the same restraints. In the next phase, minimization
was repeated with reduced restraints of 5 kcal·mol−1, again using both steepest descent and conjugate
gradient (500 steps each). This was followed by 50 ps of equilibration at constant temperature (300 K)
and pressure (1 bar). The minimization and equilibration steps were repeated with stepwise reductions in
restraint strength (4, 3, 2, and 1 kcal·mol−1). In the final stage, restraints were lowered to 0.5 kcal·mol−1,
after which a 50 ps unrestrained MD simulation was performed under constant temperature and pressure.

For the production phase, six independent 0.5 µs simulations were performed for each system, starting
from distinct initial conformations, yielding a total simulation time of 3.0 µs per system. Throughout
these simulations, temperature and pressure were controlled using the Langevin thermostat [4] and the
Monte Carlo barostat [5], respectively. A 9 Å cutoff was applied for nonbonded interactions, and the
integration step was set to 4 fs. This was made possible by employing the SHAKE [6], SETTLE [7],
and hydrogen mass repartitioning techniques [8]. All production runs were carried out using the GPU-
accelerated pmemd engine from AMBER22 [1].

For trajectory analysis, every 10th frame was selected, excluding water and ions. Clustering was per-
formed using two RMSD-based approaches: DBSCAN [9] and K-means [10]. For DBSCAN, a minimum
of 25 points per cluster was required, and the ϵ parameter was optimized via k-distance analysis. In
contrast, the K-means algorithm, which partitions the data into a predefined number of clusters, was
executed iteratively with cluster counts ranging from 3 to 13. The optimal number was chosen based on
the ratio of SSR (sum of squares regression) to SST (total sum of squares). The analysis of helix type,
distances, and angles was performed using the Cpptraj module from AmberTools and the MDAnalysis
package.

2 Clustering results

In the figures, the primer is shown in purple, the helper in orange, and the template strand is displayed as
semi-transparent. The imidazolium-bridged dinucleotide is located between the helper and the primer.
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2.1 Protonated systems
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Fig. S 1: DNA structure
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Fig. S 2: RNA structure
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Fig. S 3: D/RNA A structure
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Fig. S 4: D/RNA B structure
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2.2 Deprotonated systems
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Fig. S 5: DNA structure
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Fig. S 6: RNA structure
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Fig. S 7: D/RNA A structure
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Fig. S 8: D/RNA B structure
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3 RMSD analysis of the cavity for the binding of the activated
dinucleotide

We performed RMSD analysis of all frames relative to the structures identified by clustering. In the case
of DNA, two analyses were carried out: one with respect to the frame where the activated dinucleotide
was located near the 3′ end of the primer, and another with respect to the structure where it was
positioned near the 5′ end of the helper. For RNA, the analysis was performed relative to the average
structure identified by the DBSCAN algorithm. For the analysis, we selected all carbon atoms from four
nucleotides: the 3′ terminal nucleotide of the primer, the activated dinucleotide, and the 3′ terminal
nucleotide of the helper strand. On the graphs is showed moving average for better visualization.

3.1 Protonated systems

3.1.1 RNA

Fig. S 9: RMSD anaylsis with respect to the average structure identified by the DBSCAN algorithm.

3.1.2 DNA

Fig. S 10: RMSD anaylsis with respect to the frame where the activated dinucleotide was located near
the 3′ end of the primer (K-means analysis cluster 0).
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Fig. S 11: RMSD anaylsis with respect to the frame where the activated dinucleotide was located near
the 5′ end of the helper (K-means analysis cluster 1).

3.2 Deprotonated systems

3.2.1 RNA

Fig. S 12: RMSD anaylsis with respect to the average structure identified by the DBSCAN algorithm.

11



3.2.2 DNA

Fig. S 13: RMSD anaylsis with respect to the frame where the activated dinucleotide was located near
the 3′ end of the primer (K-means analysis cluster 0).

Fig. S 14: RMSD anaylsis with respect to the frame where the activated dinucleotide was located near
the 5′ end of the helper (K-means analysis cluster 2).
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4 Angle of the attack - deprotonated systems

Fig. S 15: Probability distribution of O–P–N angle (attack angle). Dashed lines represents the median
values.

5 Distances analysis

DNA D/RNA B

Protonated 3′ end

D/RNA A RNA

DNA D/RNA B

Deprotonated 3′ end

D/RNA A RNA

Fig. S 16: Plots representing changes of the distances between O3′−P, O3′−Mg2+ and Mg2+−P atoms over
simulation time.
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6 Examination of the helix type - deprotonated system

Fig. S 17: Changes of inclination, x-displacement, and percentage of north puckering throughout the
simulation for deprotonated systems.

7 Correlation of sugar puckering and O3′−P distance - RNA

The north puckering is defined by angles less than 90◦ or greater than 270◦, while the south puckering
corresponds to angles between 90◦ and 270◦.

7.1 Protonated system

Fig. S 18: Density plots demonstrating the dependence of the puckering angle of 3′ terminal nucleotide
and the O3′−P distance generated for the MD simulation of the protonated system.
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Fig. S 19: Density plots demonstrating the dependence of the puckering angle of adjacent nucleotide and
the O3′−P distance generated for the MD simulation of the protonated system.

7.2 Deprotonated system

Fig. S 20: Density plots demonstrating the dependence of the puckering angle of 3′ terminal nucleotide
and the O3′−P distance generated for the MD simulation of the deprotonated system.
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Fig. S 21: Density plots demonstrating the dependence of the puckering angle of adjacent nucleotide and
the O3′−P distance generated for the MD simulation of the deprotonated system.
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