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The folding of RNA and DNA strands plays crucial roles in biological systems and bionanotechnology. However,
studying these processes with high-resolution numerical models is beyond current computational capabilities
due to the timescales and system sizes involved. In this article, we present a new coarse-grained model for
investigating the folding dynamics of nucleic acids. Our model represents 3 nucleotides with a patchy particle
and is parametrized using well-established nearest-neighbor models. Thanks to the reduction of degrees of
freedom and to a bond-swapping mechanism, our model allows for simulations at timescales and length scales
that are currently inaccessible to more detailed models. To validate the performance of our model, we conducted
extensive simulations of various systems: We examined the thermodynamics of DNA hairpins, capturing their
stability and structural transitions, the folding of an MMTYV pseudoknot, a complex RNA structure involved
in viral replication, and also explored the folding of an RNA tile containing a k-type pseudoknot. Finally, we
evaluated the performance of the new model in reproducing the melting temperatures of oligomers and the
dependence on the toehold length of the displacement rate in toehold-mediated displacement processes, a key
reaction used in molecular computing. All in all, the successful reproduction of experimental data and favorable

comparisons with existing coarse-grained models validate the effectiveness of the new model.

I. INTRODUCTION

RNA and DNA molecules play critical roles in biological
systems and have become increasingly important in construct-
ing nanoscale architectures'?. Successful bionanotechnology
designs include DNA origami”, a nanostructure consisting
of a long (about 7000 bases) scaffold single-stranded DNA
strand, which is compacted into the target shape by designed
shorter staple strands that connect different regions on the
scaffold. More recently, DNA bricks® consisting just of short
strands have been shown to assemble both into 2D and 3D
target shapes. Finally, single-stranded DNA and RNA origami
and tile structures®” have been designed and shown to be able
to also fold into 2D or 3D shapes. These designs consist of a
single strand of length ranging from hundreds to thousands
of bases, where different regions are complementary to each
other, designed to fold into a compact structure consisting of
duplex regions and crossovers. DNA and RNA nanostructures
have found a range of applications, ranging from material sci-
ence to biomedicine?.

The nucleic acid nanostructure designs are, for the most
part, based on DNA and RNA thermodynamics, where the tar-
get design maximizes the number of Watson-Crick (and wob-
ble) base pairs present in the system. However, understanding
the kinetics of the folding processes of these designs is essen-
tial for unraveling their assembly mechanism and optimizing
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yields, since kinetic traps can prevent access to the conforma-
tions corresponding to global free-energy minima. Access to
effective simulation of the folding pathway will facilitate the
design of new and more complex nanoscale structures, with
applications ranging from nanomanufacturing of plasmonic
and photonic devices, molecular robotics, and computing, to
the design of more sophisticated tools for biomedical diagnos-
tics and therapeutics.

An additional area of interest is the folding of nucleic
acids in biological systems, such as single-stranded genomes
of viruses, contranscriptional folding of nascent RNA® as
well as folding of functional RNA molecules, such as de-
signed mRNA for optimized vaccine applications®. Under-
standing folding pathways enables the rational design of func-
tional RNA structures with desired properties, such as en-
hanced catalytic activity or improved binding affinity to spe-
cific targets V1L,

Computational models have been developed to explore the
processes involved in RNA and DNA folding. These mod-
els range from atomistic to coarse-grained resolutions, each
offering unique advantages and insights into the dynamics of
folding. The all-atom model is a commonly employed ap-
proach that explicitly represents individual atoms and their
interactions. Atomistic force fields such as AMBER! and
CHARMMYZ have been extensively used to investigate the
folding of nucleic acids!#1>. While these models accurately
capture atomistic details and provide valuable insights into the
structural and energetic aspects of RNA and DNA, their sim-
ulations are computationally demanding and offer limited ac-
cess to the timescales of interest.

To overcome the limitations of all-atom models, coarse-
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grained models, which simplify the representation of nucleic
acids by grouping multiple atoms into a single particle or
bead, have emerged as powerful tools for studying longer
lengths and timescales. Several coarse-grained models have
been specifically developed for studying DNA and RNA1637,

Coarse-grained models typically treat the solvent and sol-
vated ions implicitly and represent groups of atoms in the
DNA/RNA structure with effective interactions. This simpli-
fication enables the study of larger and more extended molec-
ular systems for longer times. Coarse-graining techniques can
be broadly categorized as either bottom-up or top-down, each
aiming to capture specific aspects of the system. The bottom-
up approach formally maps the statistical behavior of a more
detailed model into a coarse-grained description, while the
top-down approach aims to reproduce as many experimentally
relevant properties as possible=®.

Many of the models mentioned above are parametrized us-
ing nearest-neighbor (NN) models. Initially introduced by
Poland and Scheraga to investigate duplex denaturation phase
transitions=, this approach has been meticulously developed
in subsequent years*"*? to describe binding equilibria for
oligonucleotides. Nearest-neighbor models calculate the free
energy change (AG) associated with forming a duplex by sum-
ming the contributions of individual base pair interactions.
These interactions are characterized by experimentally deter-
mined enthalpy (AH;;) and entropy (AS;;) values for each pos-
sible combination of adjacent base pairs (i, j). Different base
pair combinations have different thermodynamic parameters,
reflecting variations in hydrogen bonding, stacking interac-
tions, and other factors.

In a NN framework, the binding equilibrium between two
isolated strands A and B and their associated fully-bound du-
plex product AB is fully characterised by the equilibrium con-
stant (K), which is defined as the ratio of the concentration of
the product [AB] to the concentrations of the individual strands
[A] and [B]:

K= [ﬁ%o«exm—mw—m», M)

where AH and AS are the total enthalpy and entropy change
upon binding, and B = 1/kgT. By considering nearest-
neighbor interactions along the entire sequence length, the
model predicts the stability of duplexes and provides insights
into their melting temperatures, binding affinities, and overall
thermodynamic properties.

In our study, we introduce a new coarse-grained descrip-
tion of nucleic acids where a single patchy particle represents,
in principle, n nucleotides, enabling efficient exploration of
RNA and DNA folding processes. We parametrize the model
using well-established nearest-neighbor models* %2 for
DNA and RNA thermodynamics, the oxDNA coarse-grained
modelP?, as well as estimates of DNA persistence length551‘52,
to capture essential interactions involved in folding dynam-
ics while maintaining computational efficiency. The new
model, named ANNaMo (Another Nucleic-acid Nanotechnol-
ogy Model), combines the strengths of existing coarse-grained
and patchy particle models, providing new possibilities for

investigating folding phenomena at previously inaccessible
time- and length-scales. This first iteration of the model has
been parametrized by fixing n = 3, and its thermodynamic per-
formance has been compared with available experimental and
numerical data.

II. MODEL DESCRIPTION
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Figure 1. [(a)] schematic representation of the interaction potentials
acting between beads in ANNaMo|[(b)| the diameter of the DNA/RNA
helix is approximately 2 nm. Here the bead diameter is o, and since
we set the distance between the patch and the bead surface to J,, =
0.650 and the patch diameter to r, = 0.2190, we can determine that
20 +206(6pp —0.5) +rp0 =2 nm. Therefore, we can deduce that
0 =2/(1+268p+rp), or 0.79 nm.

In ANNaMo, each DNA/RNA strand is modelled as a poly-
mer composed of N beads with diameter 0. Each bead is
decorated with an attractive spherical patch, having a radius
of 0.219¢ and positioned J,;, = 0.650 away from the center
of the bead, and represents n consecutive nitrogenous bases.
We incorporate several potentials to reproduce the thermody-
namic and mechanical characteristics of these biopolymers.

Figure [I] provides a visual summary of the notation and
different interaction terms used in our model, while the de-
tailed functional forms are reported in Appendix [A] The po-
tentials between topologically bonded beads linked through
the backbone include the Kremer-Grest force field>2, combin-
ing a Weeks-Chandler-Andersen (WCA) potential to model
excluded volume, and a finitely extensible nonlinear elas-
tic (FENE) potential to mimic the covalent bonds along the
strand. In addition, we introduce a term to add stiffness to
the structure: a three-body potential (Viemigex) that tends to
align three consecutive beads, resulting in a different persis-
tence length between single and double strands (see [[TC). To
model the stacking of bases in DNA/RNA, we incorporate a
term called Vi, cx, which promotes the alignment of the direc-
tions of consecutive beads that determine the patch positions
by using a cosine-angle potential.

For the non-bonded interactions, we used the WCA poten-
tial to account for excluded-volume interactions. Addition-
ally, we employ a patch-patch interaction potential, based on
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the functional form proposed by Stillinger and Weber™%, to
model the hybridization of nucleotides. The strength of the
attraction between two beads i and j, €;;, depends on the types
of nucleotides described by each interacting bead and is com-
puted with a nearest-neighbor (NN) model as described be-
low. To ensure that each bead can bind to only one other bead,
we implement a repulsive three-body interaction (Vap) that pe-
nalizes the formation of triplets of bonded beads®>. This re-
pulsive potential compensates for the gain associated with the
formation of a second bond and can be tuned to favor bond
swapping. More, specifically, the parameter A in V3 allows
to interpolate between the limits of swapping (A = 1) and non-
swapping (A > 1) bonds. Finally, the Vsticky potential is mod-
ulated by a term Ve that takes into account the @3 orienta-
tions of the beads to ensure that only antiparallel strands can
bind to each other. We note that one of the consequences of
the coarse nature of the model is that, differently from real
nucleic acids>?, single- and double-stranded chains modelled
with ANNaMo have similar contour lengths (as shown by the
bead-bead distance, which is the same for single- and double-
strands, see Appendix D).

In the following, all ANNaMo molecular dynamics simu-
lations are run at constant internal temperature 7; = 1°7 using
the open-source oxDNA simulation engine®®. Note that 7; is
different from the actual physical temperature 7' that we vary
in order to evaluate melting temperature and that controls the
strength of the bead-bead attraction, as described in the sec-
tion below. The equations of motion are integrated with a
velocity Verlet algorithm with a time step Ar = 0.002 (in in-
ternal units), a value that has been chosen by checking the
energy conservation in microcanonical test simulations. A
snapshot of the code used and examples linked to the sys-
tems investigated in this work are freely available online>”.
Most of the simulations were run for 10° steps, which took
a few hours on a single CPU core, while the tile was simu-
lated for 5x10° steps, which took around 30 hours on a single
core. In addition to ANNaMo simulations, we also run some
oxDNA2>! simulations to evaluate the melting curves of DNA
hairpins through umbrella sampling simulations exploiting the
Virtual Move Monte Carlo algorithm®. Each hairpin required
5 single-core simulations at different temperatures that lasted
for approximately 2 days each.

A. Bead design

The loss of resolution caused by dividing a strand into
beads of n nucleotides leads to a problem where native mo-
tifs (e.g. hairpins in natural RNAs or crossovers in origami
structures) may contain nucleotides from multiple beads or a
motif may occur in the middle of a bead. We do not want,
however, to make each bead correspond to a unique interac-
tion, thereby losing the ability to simulate unintended folds
caused by competing complementary sequences. To balance
these demands, our bead design is based on the native contacts
observed in folded or designed structures, with the aim of hav-
ing the majority of the beads representing the same number of
nucleotides, n. The optimal number of nucleotides per bead

is, in general, determined by the desired level of detail and
the specific system at hand. Here we optimise the model pa-
rameters for n = 3, which in the following will be used as the
standard size of the beads. However, we allow for a small
fraction of the remaining beads to deviate by one nucleotide,
either more or fewer, from the standard length, n. As a con-
sequence, the beads are composed of varying numbers of nu-
cleotides, requiring the establishment of a rule for calculating
interactions. Specifically, we use the strongest AG found by
pairing the shorter bead with all possible subsequences of the
same length contained within the longer bead.

In the future we will extend the model to make it possible to
simulate DNA and RNA structures at varying levels of detail
by providing n-dependent sets of parameters in the future.

B. Tuning of the bead-bead attraction strength

The strength of the sticky interaction between any two
beads i, j is controlled by a term B¢;; that depends on the nu-
cleotide sequences present in each bead. This term models
the pairing of the nucleotides that compose the two beads by
taking into account the standard-state Gibbs free energy, mul-
tiplied by B, as provided by the nearest-neighbor model. In
the following, we will consider systems simulated at a fixed
monovalent salt concentration of 0.5 M, but any other condi-
tion can be considered, as long as the NN model’s parameters
support it.

In order to properly account for temperature variations, we
need to separate the contributions from enthalpy and entropy.
This can be achieved by rewriting —AG®/kgT as follows:

AG® (mﬁ AW)

kgT  \ kT kg
= ( AH® Tret _ ASS) )
kpTet T kp

where T.¢/T quantifies the temperature difference between
the simulation temperature and the temperature T used to
estimate the values of AH®, AS®, AG® as reported in NN mod-
els. Typically, as it is the case here, T, = 37 °C.

In NN models, the stability of each base pair is influenced
by its nearest neighbours (hence the name). Here we incor-
porate this effect by taking into account the nucleotide base
steps at the boundaries, i.e. the last nucleotide of the pre-
vious bead and the first nucleotide of the following bead,
for each pair of beads involved in the interaction calcula-
tion. However, in order to obtain the correct free-energy
difference for duplex formation, the contributions due to nu-
cleotides outside of the considered beads, which are counted
twice, are halved. As an example, consider two sequences:
5" — (.A)(CGG)(C..).....((..G)(CCG)(U..) — 3’ (see Figure
). The AH® and AS® for the interaction between the two mid-
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Figure 2. Contributions to the interaction strength between the two
colored (red) beads, illustrating the base steps involved. The blue
boxes surround base steps made of nucleotides within the beads,
while the green boxes surround the two boundary base steps (i.e. base
steps comprising nucleotides both inside and outside of the consid-
ered beads).

dle beads will have the following contributions:

5 —A)(CGG)(C -3
(3/ —U)(GCC)(G— 5/)

1AC+CG+GG+1GC 3)
2\UG GC cc 2\CG)"

In order to establish a meaningful correspondence between
the potential used in our simulations and the NN parameters,
the attraction strength between two beads i and j, &;, is com-
puted by equaling the free-energy change due to a bond with
that predicted by the NN model, AH — TAS%, which for the

form and parameters of the bead-bead attraction used here
gives

1 [(AHe Ty AS®

L— o= e <377
Boi=—3 | (fore 2 - o ) 0o @

where p® = [6]#4 = 6.022 x 10*m~3 is the standard num-
ber density, ¢ is the diameter of the beads and corresponds
to 0.79 nm (see Figure , while Vj, = 0.0019 and o = 0.89
are computed numerically (see Appendix [B]for additional de-
tails).

We note that ¢;; is the only parameter affected by the type
and nature of the nucleotides: in ANNaMo the geometry and
structure of the strands are otherwise independent of the nu-
cleic acid modeled (DNA or RNA) and bead sequence.

We also include the AH® and AS® associated with the initi-
ation and the terminal penalties estimated by NN models#4°.
The implementation of the terminal correction is straightfor-
ward: given two terminal beads, if the first bead initiates a
base step with the last two nucleotides of the second bead,
forming a base step tabulated in NN models, we include the
associated AHZ . . and ASy . . By contrast, the initia-
tion term cannot be assigned to two specific beads for each
pair of strands, since it is not known beforehand which pair of
beads will bond first. As a result, we distribute the initiation
contribution evenly among all potential duplex beads: when
computing the strength of the interaction between two beads
belonging to different strands, we add to it AH;,, and ASj ;.

as given by NN models, divided by the length (expressed in

number of beads) of the shorter strand. In this way, the total
free-energy difference between each pair of strands is always
equal to that estimated by the NN model, without having to
resort to ad-hoc simulation procedures (where e.g. the attrac-
tion strength between two beads depends on the simulation
state and it is therefore time-dependent).

C. Tuning of the parameters

In addition to the bead-bead attraction strengths, ANNaMo
features three more free parameters: the strength, denoted as
ks, and width parameter, &, of the Viemiiex potential, as well
as the stacking strength, 7, of the Viucring potential. We fit
the values of these quantities by optimising the melting tem-
peratures of DNA hairpins with respect to the predictions of
the empirically-parameterized oxDNA model, and to the per-
sistence lengths of single- and double-stranded DNA, making
ANNaMo a top-down model. For the thermodynamic data,
we focus on two sets of hairpins: twelve hairpins with a stem
length of six nt and a loop length of six nt, and twelve hair-
pins with a stem length of six nt and a loop length of nine
nt. We keep the loop sequence constant, while each hairpin’s
stem is randomly generated. The melting temperature is de-
fined as the temperature at which the yield of the closed hair-
pin is 0.5, where a hairpin is considered closed in oxDNA
simulations when at least 3 nucleotides are bonded, and for
ANNaMo when at least one bead-bead bond is present. The
estimation of the persistence lengths is carried out by sim-
ulating 200-bead hairpins with stems of 98 beads, and 100-
bead single strands. In both cases, we define the unit vector ¥;
connecting each pair i and i+ 1, and define cos(6;;) = V; -,
where i and j are separated by m beads. Averaging over all
pairs (excluding the terminal 10 beads), we obtain an angu-
lar correlation, (cos(6;;)), which is a function of m only. For
worm-like chains, such a correlation decays as

(cos(6;)) = e ™. (5)

We apply Eq. (B to extract the persistence length from our
simulations. While the potential we use yields persistence
lengths that are sensibly different between single- and double-
stranded molecules, it also overestimates the presence of kinks
in double strands, which decreases their persistence length.
Therefore, we perform the analysis described above with and
without kinks, which are defined as i,j neighboring pairs
for which Viemifiex (6ij) — ks > —kpT; (see also Appendix .
While the proper persistence length requires that all angles
are taken into account, excluding kinks provides an estimate
of the rigidity of double-stranded parts that are mechanically
stabilised by neighbouring motifs of the structure they are
part of, which are common in complex nanostructures such
as origami. Therefore, we argue that the two values of the
persistence length (with and without kinks) provide an esti-
mate of the range of the rigidity of double strands modelled
with ANNaMo.

Through extensive analysis, we found that the closest re-
sults to the oxDNA predictions and the estimated persistence
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length for single- and double-stranded DNA are obtained
when using Bk; =4, £ = 0.07 and B = 6. The resulting
melting temperatures are shown in Table [ comparing very
well to those extracted from oxDNA simulations. Indeed, the
two data sets differ by an average of just about two kelvins.

Figure 3] illustrates the persistence lengths of double and
single strands expressed in number of beads. Since our model
does not distinguish between ss- and ds-chain we used the
same conversion rule to express the persistence length in nm
(refer to Appendix D). The persistence length of the double
strand is approximately 27.7 beads with kinks and 65.9 with-
out kinks, equivalent to around 21.2 and 50.5 nm. In contrast,
the derived persistence length of single strands is approxi-
mately 3 beads, corresponding to 2.3 nm. These values align
well with estimates for real DNA, where the persistence length
of double-stranded DNA is approximately 50 nm>!, and that
of single-stranded DNA is approximately (1.98 +0.72) nm?2.

6nt stem 6nt loop oxDNA ANNaMo A
hl: GCGTTGCTTCTCCAACGC 66 67 1
h2: TTGGCGCTTCTCCGCCAA 72 72 0
h3: AGGCTCCTTCTCGAGCCT 64 66 2
h4: CTCAGGCTTCTCCCTGAG 61 59 -2
h5: GGACGTCTTCTCACGTCC 64 67 3
h6: CGTGGACTTCTCTCCACG 64 62 -2
h7: CGCAACCTCTTCGTTGCG 68 64 -4
h8: AACCGCCTCTTCGCGGTT 71 71 0
h9: TCCGAGCTCTTCCTCGGA 63 66 3
h10: GAGTCCCTCTTCGGACTC 60 59 -1
h11: CCTGCACTCTTCTGCAGG 65 64 -1
h12: GCACCTCTCTTCAGGTGC 65 68 3

6nt stem 9nt loop oxDNA ANNaMo A

hl: GCGTTGCTATGCTTCCAACGC 62 65 3
h2: TTGGCGCTATGCTTCCGCCAA 66 68 2
h3: AGGCTCCTATGCTTCGAGCCT 60 62 2
h4: CTCAGGCTATGCTTCCCTGAG 57 56 -1
h5: GGACGTCTATGCTTCACGTCC 60 64 4
h6: CGTGGACTATGCTTCTCCACG 59 60 1
h7: CGCAACCTACGTTTCGTTGCG 61 62 1
h8: AACCGCCTACGTTTCGCGGTT 65 67 2
h9: TCCGAGCTACGTTTCCTCGGA 59 63 4
h10: GAGTCCCTACGTTTCGGACTC 56 56 0
h1l: CCTGCACTACGTTTCTGCAGG 59 62 3
h12: GCACCTCTACGTTTCAGGTGC 60 65 5
TaD
2.3

Table I. Melting temperatures of selected hairpins (in °C), as obtained
with 0xDNA and ANNaMo. |A| is the absolute value of the differ-
ence between the oxDNA and ANNaMo predictions, and (|A|) is its
average.

A

= ® Double-stranded DNA without kinks |
=) B Double-stranded DNA

2 i # Single-stranded DNA |
v

0.1

Figure 3. Angular correlation as a function of the chemical distance
m for double-stranded and single-stranded DNA molecules. Points
are simulation data, lines are exponential fits performed in the m €
[0,5] interval. Note that, as for real DNA and RNA, single strands do
not behave as worm-like chains and therefore the angular correlation
decays only approximately as an exponential.

lll. RESULTS

A. DNA hairpins
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Figure 4. Comparison of the melting curves predicted by oxDNA
(points) and ANNaMo (lines) for selected DNA hairpins with a stem
length of six nt and a loop length of six nt[(a)] and selected DNA
hairpins with a stem length of six nt and a loop length of nine nt[(b)
The resulting melting temperatures are listed in Table[l]

We start by comparing the melting curves of DNA hairpins
simulated with oxDNA and ANNaMo. We use the same def-
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inition of a closed hairpin as in Section A representative
set of these results, taken from the dataset used to tune the
model parameters (see Table I, is shown in Figure ] For all
the hairpins considered, the agreement is almost quantitative
for a large temperature range, with oxDNA hairpins exhibiting
a somewhat narrower transition, i.e. slightly steeper melting
curves. At high temperatures the ANNaMo data seems to fall
off more slowly compared to oxDNA, demonstrating a slight
overestimation of the stability of the double-stranded parts.
We ascribe this behavior to the fact that the bonding volume of
bead-bead interactions is rather large: even at very high tem-
perature, where the attraction is negligible, we find a sizeable
number of configurations in which two compatible beads are
mutually positioned and oriented such that they result bonded,
especially for small chains like the ones investigated here.

We use hairpin systems to also estimate the performance
difference between oxDNA and ANNaMo. Specifically, we
run single-core molecular dynamics simulations of hairpins at
the melting temperature and count the number of transitions
between the two states (open and closed). Dividing the re-
sulting number by the simulation wall time yields a factor of
~ 100, which we use to estimate the sampling speed-up of
the new model compared to oxXDNA. While the precise figure
should (and will) depend on the system at hand, it is reason-
able to expect the speed-up to be of the same order of magni-
tude, independently on the specific conditions.

B. RNA pseudoknot

A pseudoknot is a folding pattern that involves the forma-
tion of additional base pairs between distant regions of the
RNA sequence, resulting in a knot-like structure. Pseudo-
knots are known to have crucial functions in various biolog-
ical processes such as regulation of gene expression and ri-
bosome function®!, and viral replication®®. They have also
been proposed to have a notable influence on RNA folding
pathways®?. The thermodynamics of pseudoknot base-pairing
remains poorly characterized due to their enormous diversity
and complexity. Furthermore, the fact that they are composed
of non-nested base pairs means that they cannot be computed
using the efficient dynamic-programming approaches which
dominate in the RNA secondary structure prediction field®*.
Therefore, exact and heuristic coarse-graining methods have
mainly focused on pseudoknot-free secondary structures.

We test our model by exploring the melting curve of the
well-known MMTYV pseudoknot®®. We divide the sequence
in beads as depicted in Figure [5a] and we compare our pre-
dictions with experimental calorimetry measurements® and
oxRNA simulations?®, in Figure The yields of the two
pseudoknot-precursor motifs (hairpin 1 and 2, highlighted in
blue and red in Figure[5a) display the same qualitative trends
observed in 0XRNA (reported in Ref?%), although the peaks
for hairpin 1 and hairpin 2 are higher and lower in ANNaMo
compared to 0xRNA, respectively. Summing up the yields of
the two intermediate hairpins we obtain a curve (gold points in
the figure) whose intersection with the open strand and pseu-
doknot data identifies the two transition temperatures, 83 °© C
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Figure 5. [(@)] A schematic representation of the secondary structure
of the MMTYV pseudoknot, showing the bead division used to sim-
ulate the strand with ANNaMo. Nucleotides inside the same box
belong to the same bead, while nucleotides outside the box belong
to the bead that follows. ANNaMo equilibrium yields for the
MMTV pseudoknot. Filled symbols represent the results of simula-
tions without swapping, while empty symbols represent those with
swapping. The transition temperatures determined experimentally®>
and numerically, with oxRNA2%, are indicated by violet dashed lines
and cyan dash-dotted lines, respectively.

and 92 °C. Compared to the experimental temperatures (74 °C
and 95 °C), these values are at least as good as the ones ob-
tained with oxRNA simulations (68 °C and 85 °C) which,
given the lower resolution and much higher computational ef-
ficiency of the ANNaMo compare to the latter, is an excellent
result.

We have also run simulations without the swap mechanism,
which when enabled serves the purpose of speeding up equi-
libration and sampling, by setting A = 10. As shown in Fig-
ure[5b] the results obtained with and without the swap (empty
and full symbols, respectively) overlap perfectly, demonstrat-
ing that the thermodynamics is not affected by the value of

A.

C. RNA tile

Drawing inspiration from the idea of molecular tiles, which
are individual units that self-assemble to create intricate pat-
terns or structures®, we simulated the assembly of a single-
stranded RNA tile containing a k-type pseudoknot®”Z,

Unfortunately, no comparison with oxRNA is possible, as
observing the folding of such a structure, composed of 132
nucleotides, is currently out of reach from the computational
point of view. As before, we split the sequence into beads of
average size 3, but optimize the division by hand so that nu-
cleotides that are supposed to be paired in the native structure
belong to the same beads.

We simulate the tile for different temperatures, evaluating
the fraction of bonds between any two beads, and between
beads that should be bonded in the native structure. The re-
sults are shown in Figure [} The ANNaMo model predicts a
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Figure 6. The RNA tile composed of 132 nucleotides®” we simu-
late, as represented by oxRNA. @A ANNaMo configuration simu-
lated at 28°C. The highlighted (green) patches form kissing loops
Melting curve of the RNA tile simulated with the ANNaMo model.

melting temperature (i.e. a temperature at which half of the
native contacts are formed) around 65°, and that below = 50°
nearly all bonds are formed.

At low temperatures, on top of the native contacts, which
are always formed, we observe additional bonds that link
beads that are not fully compatible with each other. Figure[7]
shows the tile sequence, the splitting into beads and the native
contacts (blue lines), as well as the most probable misbonds
observed (red lines). It is clear that most misbonds happen
between beads that are part of hairpin loops, thereby form-
ing so-called kissing loops (highlighted in figure [6b). Kissing
loops complexes are known to play an important role in RNA-
RNA interactions, both in the biological and nanotechnology
contexts®8-70, Although it is hard to estimate the stability of
these motifs within the tile with oxRNA or similar coarse-
grained models, the tile arms of the real system should be rigid
enough to disfavour these particular kissing loops. Therefore,
it is possible that the ANNaMo model overestimates their sta-
bility.

D. DNA double strands

Without further parameter optimizations, we compared the
melting temperatures of DNA oligomers with that predicted
by the Santal.ucia’s NN model. We simulated duplexes of
varying lengths, ranging from 2 to 8 beads made of 3 nu-
cleotides each, equivalent to 6 to 24 base pairs (refer to Table
M) for detailed DNA sequences and the corresponding simu-
lation box sizes utilized in the study). As we simulate small

44

33
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. e 1z oz
4 I\
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Figure 7. Circular representation of the RNA tile structure and of its
sequence, alongside the adopted division into beads (numbers) and
the bonds that we observe at low temperature (lines). Blue lines in-
dicate native bonds, while red lines indicate the most probable bonds
that connect beads that are not fully complementary but are never-
theless observed in simulations.
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Figure 8. Melting temperatures (7,,) predicted by ANNaMo as a
function of the corresponding predictions of the SantalLucia model
for 70 duplexes of 6 to 24 bp in length. The average absolute devia-
tion is = 3°C.

systems where a single assembly can form, in order to miti-
gate finite-size effects resulting from the suppression of con-
centration fluctuations, we employed the approach introduced
in Ref/7l,

The results, reported in Figure 8] show that the ANNaMo
melting temperatures are always rather close to those pre-
dicted by NN models, with an average absolute deviation of
~ 3°C, comparable to that observed for the hairpins investi-
gated earlier. The model tends to underestimate melting tem-
peratures of short strands, and overestimate those of longer
strands, with oligomers of length 3 and 4 beads (9-12 bp),
which is a range of common domain sizes in DNA nanotech-
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nology, performing best.

E. Toehold-mediated strand displacement

Toehold-mediated strand displacement (TMSD) processes
are a key mechanism used in molecular computing’?. It con-
sists of an invader strand that displaces an incumbent strand
that was previously bound to a substrate strand. The substrate
can be longer than the incumbent strand, resulting in a single-
stranded region (toehold) to which the invading strand can
bind. The length of the toehold can be used to tune the kinetics
of DNA- and RNA-nanotechnology systems’®. Especially in
larger reaction cascades consisting of many strand species, us-
ing the toehold length to fine-tune the kinetics of the individ-
ual strand-displacement reactions can be required to achieve
good performance of the molecular circuit’. The biophysics
of the process has been investigated in detail with both exper-
iments and coarse-grained simulations"ZZ. However, most
off-lattice 3D coarse-grained models are too detailed to di-
rectly probe TMSD events in an unbiased fashion, and rare-
event techniques, such as umbrella sampling or forward-flux
sampling (FFS)’®', have to be deployed in order to obtain
reliable estimates of thermodynamic and kinetic quantities.

Here we use the three-strand system studied in Refs 270: a
20-nucleotide-long incumbent strand is complementary (and
bound) to a substrate that has an additional toehold of vari-
able length (ranging from O to 15 nucleotides); the third strand
is perfectly complementary to the substrate. If the toehold
is present, then the stable thermodynamic state is the one
where the invader is bound to the substrate after having dis-
placed the incumbent. If no toehold is present, the incumbent-
substrate and invader-substrate states have the same free en-
ergy. The main kinetic quantity of interest is the displacement
rate, which can be estimated through experiments, as well as
through numerical simulations of coarse-grained models”> 72,

Here we use ANNaMo to evaluate the displacement rate as
a function of toehold length (up to 5 beads, corresponding to
15 nucleotides) with and without the bond-swapping mecha-
nism. As done in RefZ® for oxDNA, we use an interaction
matrix where the only non-zero entries are those relative to
the native contacts, and we do not take into account the time
spent in three-stranded complexes to evaluate rates in order to
make it possible to compare results with experiments. For the
swapping case and for the non-swapping cases with non-zero
toehold length, the dynamics of ANNaMo is fast enough that
brute-force calculations are possible. In the other cases we
resort to performing FFS calculations.

Figure[9]shows the relative displacement rates as a function
of toehold length as obtained with ANNaMo and compared
with experiments and oxDNA simulations (Fig. E}a), as well
as a comparison between the relative displacement rates with
and without bond swapping (Fig. [Op).

It is striking to note that the ANNaMo results are at least as
good as those obtained with oxDNA, but at a fraction of the
computational cost: with the new model, the average (single-
CPU-core) walltime required by unbiased MD simulations to
observe displacement in systems with toeholds longer than
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Figure 9. (a) Displacement rates as a function of toehold length
(in number of nucleotides) as computed in simulations (via brute-
force or FFS calculations) and experiments’, relative to the longest-
toehold case (7 nucleotides for the oxDNA datd”® 15 nucleotides
in all other cases). (b) The same quantity evaluated with ANNaMo,
with and without bond swapping. Errors are always smaller than
symbol size.

one bead is smaller than one minute at a strand concentra-
tion of ~ 1 mM. However, for shorter toeholds even with AN-
NaMo TMSD processes become hard to probe due to the ex-
ponential dependence of the rate and, unless bond-swapping is
enabled, FFS or equivalent techniques are needed. However,
as shown in Fig. Op, if bond-swapping is enabled, the time-
dependence of the displacement rate is weaker, and displace-
ments in one-bead-long toehold are only marginally slower
than in the case of longer toeholds. Such a high sampling effi-
ciency makes it possible to investigate, and possibly optimise
the kinetics of, more complicated systems featuring many dif-
ferent strand displacement gates®C.

IV. DISCUSSION AND CONCLUSIONS

This study presents a novel coarse-grained model aimed at
simulating folding processes of DNA and RNA nanostruc-
tures, ANNaMo. By representing n = 3 nucleotides with a
single patchy particle, we have achieved a balance between
computational efficiency and the ability to capture the inter-
actions that govern folding dynamics, as demonstrated by
simulations of DNA hairpins, an RNA pseudoknot, and an
RNA tile. The model is parametrized using well-established
nearest-neighbor models, and can offer insights into the sta-
bility and thermodynamics of nucleic acid structures, while
opening avenues for the exploration of larger systems and
longer timescales.
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We showed that the thermodynamic performance of the
model is comparable with those of the best nucleotide-level
coarse-grained models (0xDNA and oxRNA), while being
two orders of magnitude faster. From the kinetic point of view,
ANNaMo reproduces the dependence of the rate of toehold-
mediated strand displacement processes on toehold length as
observed with experiments or nucleotide-level simulations.

While the model focuses on thermodynamics, some struc-
tural properties of nucleic acids, such as the different persis-
tence length between single- and double-stranded molecules,
are also retained, even if we observe a somewhat large ten-
dency of ANNaMo dsDNA to kink in simple cases like hair-
pin structures, where the system lacks sufficient constraints
to reduce the likelihood of kinking. Finally, we showed that
with ANNaMo it is possible to straightforwardly obtain melt-
ing curves of larger structures, such as an RNA tile, via unbi-
ased simulations. However, in this case we have observed a
likely overestimation of the stability of some specific motifs,
such as kissing loops.

Possible future applications of the model are the explo-
ration of folding pathways, optimization of single-stranded
motifs and origami designs>®, vaccine design®'82, and viral
RNA folding and packaging®*®%. Although the possibility of
simulating multi-stranded systems makes it possible to sim-
ulate the formation of complex nanostructures such as DNA
origami with the aim of understanding and optimising their
folding pathways, doing so may require adding additional
(coaxial) stacking interactions between the domains®218¢,
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DATA AVAILABILITY

The code used to run all simulations, together with selected
example input files can be found in Ref>”. The data that sup-
port the findings of this study are available from the corre-
sponding author upon request.

Appendix A: The functional forms of the interaction potential

The potentials between topologically bonded beads (beads
linked through the backbone) are:

e The Kremer-Grest force field>> Vkg, which is the sum
of a WCA potential and a FENE potential (see Figure
[TO). This spring-like potential guarantees excluded vol-
ume (WCA component) and attraction (FENE compo-
nent) that mimic the covalent bonds along the strand.
In particular, defining r as the distance between bonded

I T I T I T I
— Viyea®
801 — Veene® B

/G

Figure 10. The different potentials acting between bonded beads.

beads, the WCA potential is

4[(2)" - (5)] e r=20

Vivea(r) = { (A1)

0, r>2/6¢q

where € and o are the units of energy and length re-
spectively (both set to 1 in our simulations), while the

FENE potential is
1\ 2
- = A2
GIEE

where dy = 1.50 and K = 30¢/0>.

1
VFENE (7‘) = —EKdg 11’1

A three-body potential that tends to align three consec-
utive beads (see Figure[TT):

Vsemiﬂex(e) = _ks |f<l_c§me) - 1] . (A3)

where 0 is the angle defined by a triplet of bonded par-
ticles.

* A term Vi, that models the stacking of base in
DNA/RNA, acting on the d; directions of consecutive
beads:

Vi@, @y =n=a?.a"". (s

Non-bonded beads interact through the following poten-
tials:

* A WCA potential, Eq. (AI), to model the excluded-
volume interaction;

* An attractive potential that models the hybridization of
nucleotides, Viticky - Vdirecr- Each patch has a position
that is given by the position of the bead it is attached
to plus &p,d;, where 6y, = 0.650, and Vygicky (7p) acts
between any two patches, Its functional form was pro-
posed by Stillinger and Weber”* (see Figure and

reads
. o\ 4
‘/SltjiCky(rpp) :AEU B (rp‘;> _ 1‘| eO’S/("pp*ry) (AS)
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Figure 11. Plot depicting a potential designed to simulate the distinct
behaviors of DNA/RNA in single- and double-stranded configura-
tions (black curve). A widely used cosine-angle potential to intro-
duce structural rigidity is included for comparison (red curve). The
advantage of our potential is that when there are fewer constraints

like in the single-stranded case, the polymer is more likely to rotate
freely.

where 7 and j are the bead types and r,, is the distance
between the patches and

1
B=— .
1+4(1—ry)
11 (A6)
A= CB—1lel/1-n’
Fe = OgTs.

The coefficient &; modulates the strength of the sticky
attraction and depends on what nucleotides are in-
side the considered beads (see Section [[TB). We set
& = 0 between beads i and j that are first neigh-
bors since loops with lengths shorter than 3 are steri-
cally prohibited®. This potential depends essentially
on two parameters: Og, which defines the minimum of
the potential (i.e. the radius of the patch) and is set to
0.218750, and r,, which defines the steepness of the
potential between the minimum and r, (set to 0.35), af-
ter which Vieky = 0. Thus, two particles are bonded if
the relative distance between their patches is less than
re. The directionality of DNA/RNA is enforced by mul-
tiplying Vigicky by a term acting on the @3 directions of
beads:
~(i) | =())
Vdirect(ﬁgl)vﬁgj)) = %
This term makes sure that only antiparallel strands can
bind to each other.

(AT)

* V3, To ensure the single-bond-per-bead condition, we
implement a repulsive three-body interaction V3, which
penalizes the formation of triplets of bonded beads>>. In
particular, V3, is designed to almost exactly compensate
the gain associated with the formation of a second bond,
originating an almost flat energy hypersurface that fa-
vors bond swapping even when the bonding energy is

T T T
- Vslicky(r) 1
3 —V,o A

L | L
0.15 0.2 0.25 0.3
/G

Figure 12. The different potentials acting between non-bonded
beads.

much larger than the thermal energy. This repulsive po-
tential is defined as

Vap = A Zmin(gija € )V3(rij)Va(ri)
ik

(A8)

where the sum runs over all triplets of bonded particles
(bead i bonded both with k and j), ;; is the distance be-
tween bead i and j, and the minimum between &; and
&, is chosen to favor the removal of the more loosely
bonded bead. The value of the parameter A allows to
interpolate between the limits of swapping (A = 1) and
non-swapping (A > 1, which here we set to 10) bonds.
The pair potential V3(r) is defined in terms of the nor-
malized Viicky (7) as

1, r < O
VS(r) = vsll]icky (r)
_T,

(A9)

o, <r<re

where o; is the distance at which Vi

ticky () has a mini-
mum.

Appendix B: Mapping

Here we show how the free-energy differences prescribed
by NN models are mapped onto the strengths of the bead-bead
sticky interactions in ANNaMo. In order to do so we adopt the
procedure of Ref°?: the equilibrium constant associated with
the chemical equilibrium of a dimer AB and two beads A and
B is given by:

K=

AB)/ls]  pap”
RN~ paps ~ P(7PAGY). BD

where [e] = I mol dm~? is the standard state concentration,
p® = [e]44 = 6.022 x 10> m~3 is the standard number den-
sity and AG® is the standard Gibbs energy for the transforma-
tion A + B = AB where 50% of the beads have hybridized.
Since the functional units of the model are undeformable
spheres, they do not possess any internal degree of freedom
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and therefore their partition functions can be set equal to 1,
and therefore the right-hand side of eq[BT|can be written as

qapp° = exp (—BAG"). (B2)

where g4p is the internal partition function of AB. Knowing
that:

qap =47 / rdr / d{a} / d{b}e PVir (B3)

where Vio is the total interaction potential between the two
beads, we evaluate the right-hand side of Eq. [B3] through a
Monte Carlo integration, finding that, for € 2 3, gap ~ Vy,e®Pe,
where Vj, = 0.001963 and o = 0.89 are fitting parameters.
Substituting this relation in eq[B2] we find

V,e®Peii g3 p° = ¢ PAC” (B4)

so that

In(p°0*V,) + afe;; = —BAG®
1 ~
Beij = - [BAG® +1n(p°c°V})|  (BS)

Since AG® = AH® — T AS®, we can rewrite the previous equa-
tion as:

171 o A
Beij = o [kBT(AHQTASe) +1In(p G3Vb)} . (Bo)
Finally, using eq[2] we obtain:

1 [/ AH® Ty AS® A
= D12 ) . (B7
ﬁgf o |:(kBT37 T kB > =+ n(p ) Vb):| ( )

Appendix C: Duplex sequences

The sequences used for studying the melting temperatures
of the duplexes [[ITD] are listed in Table [l We reported just
one of the strands forming the duplexes since the other one is
just its complementary strand. For each set of sequences, it is
specified the size of the simulation box in internal units.

Appendix D: FENE distance

We report the study of the study of the FENE distances for
both ds-DNA and ss-DNA. As shown in Figure[I3] our model
does not distinguish between ss- and ds-chain, both charac-
terized by the same FENE distance. We used this result to
convert the persistence length from number of beads to nm:
lp(nm) = 0-97Glp(#beads)-

Appendix E: Kink evaluation

Figure[T4]reports the cosine angle distribution between ad-
jacent beads found in the study of the persistence length of
the ds-DNA. As mentioned in the main text, we define a kink
when cos 6;; is such that Viemifiex (6ij) — ks > —kgT;.

L5 T T T T
. — Double strand R
- - Single strand
2 I .
=
s |
°
o
—
A 0.5 —
1 1
985 0.9 0.95 I 105 T1

FENE distance (o)

Figure 13. The average FENE distance is (0.97 & 0.03)c for both
ssDNA and dsDNA.
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Figure 14. Cosine angle distribution between adjacent beads for ds-
DNA. The red line is the threshold below which we consider a kink
to have formed. The inset shows the same data on a semi-log scale.
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2 beads (Lp,x = 80) SantaLucia ANNaMo A 3 beads (Lp,x = 80) SantalLucia ANNaMo A
TTTTCG 44 41 -3 CCTTGTTGT 66 66 0
GCAATA 42 42 0 TCTTGGCCT 75 75 0
CGGGCT 68 64 -4 CTTCTTTGG 62 62 0
GGACAG 52 48 -4 CTGTGCACA 72 73 1
AGTAGG 45 43 -2 ACTATTAGG 56 59 3
ATTCTG 40 37 -3 ACCATTCTG 65 66 1
TAGTAC 36 37 1 GGATTAGTA 56 59 3
GCACGT 62 58 -4 ACCGGCTCC 82 82 0
CATCGG 54 51 -3 GTCGGTTGT 72 72 0
GAGAAA 40 36 -4 AACCGCCCC 83 85 2

4 beads (Lp,, = 80) SantaLucia ANNaMo A 5 beads (L, = 100) SantalLucia ANNaMo A

GGTTGTTCGTAT 73 77 4 CTGGACCGGTGAGTG 85 91 6

TAGCGACATAGA 73 79 6 TCCGCCTTCAATTCC 83 82 -1

ACGGCGCTATGG 85 87 2 GCGACTAAAGGGACT 81 80 -1

GTGCAGGTCGTC 82 85 3 TGGATGGACGCCGAC 88 92 4

ATGAGAGGATAC 70 75 5 ATGTCGTGCAATGTG 80 83 3

ACGATATCCCGG 79 75 -4 GATGATTTAACGCTA 72 77 5

GCCTTTACGCTT 78 77 -1 GAGGCTGTCCCCTCC 88 94 6

TAGAATGGTTAG 66 72 6 TGGCAACTTCGAAAT 79 82 3

CCTCAGTGAAAC 74 76 2 GAGTTAAGCATGCCA 79 76 -3

AGACTGCCTACG 79 84 5 CATCTGCAGTCGGGA 85 88 3

6 beads (Lp,x = 100) SantalLucia ANNaMo A 7 beads (Lp,x = 160) SantalLucia ANNaMo A

TCTGGAGACCGCCATGAC 88 93 5 GCCGGAGGGTTTTAGTCATTC 84 85 1
AATGAGCCCGCCGCTTAA 90 95 5 GAGTTTGAGCGCCTCATAAAT 81 82 1
TCGTTAAAGATACTGGTT 77 82 5 GCTACCTTCCCGGTCATCCCA 89 92 3
TGCGGGAGACCTAGCCGA 93 94 1 AACCTTAAGCAGGTGAGTGAT 82 91 9
ACCTACGAAATGATGAAC 78 86 8 AACCATTCATGGTTGCCGGAG 86 89 3
TACGCGAAAGGAAAGTGT 83 82 -1 GCCCTGATGCCGAGCAAGCCT 93 93 0
ATCCAGCATGATTTCTCC 81 83 2 AGACTGAGTATCGTCATACCA 80 84 4
TGTATCGAGCTATTACAG 76 80 4 TAGTTGGTCTGCACATTTTGT 81 86 5
GAGGTAGTAGATCCGGTT 81 87 6 ATTAACAGACATGATTTCTTA 73 80 7
TTACTGAAACGGATCCAG 80 83 3 GCCTGCTACTGGTCCGCGACC 92 95 3
8 beads (Lpx = 160) SantalLucia ANNaMo A
GCGCGTCCCCGGTAACGGCGCAGC 99 104 5
CGTCTAGGGGGGTCTGAACCCTCC 91 91 0
AGTTACCTTACCGCTAAACTTGTT 82 87 5
TAGCACGTGCGGCACAACGGTCCA 94 98 4
TGGAGATAGCACCGCTAAGTCATA 84 91 7
CGCACGCCCGTGCACGCCCGGAAG 99 106 7
TCCTGTTTTGAAAGTCTGGCTCGT 86 87 1
GTCCGACAATTTTAGACGATTGGT 82 83 1
CATATCAGAGTTGGAGGAGGCTGC 86 91 5
GTGGCTGCTACGCGTAGGCCTAGG 92 101 9

Table II. Sequences used to simulate duplexes. We have only reported one of the strands since the other is its complement. L, represents the

size of the simulation box
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