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The mechanical properties of double-stranded RNA (dsRNA) are involved in many of its biological func-
tions and are relevant for future nanotechnology applications. DsRNA must tightly bend to fit inside viral
capsids or deform upon the interaction with proteins that regulate gene silencing or the immune
response against viral attacks. However, the question of how the nucleotide sequence affects the global
mechanical properties of dsRNA has so far remained largely unexplored. Here, we have employed state-
of-the-art atomistic molecular dynamics simulations to unveil the mechanical response of different RNA
duplexes to an external force. Our results reveal that, similarly to dsDNA, the mechanical properties of
dsRNA are highly sequence-dependent. However, we find that the nucleotide sequence affects in a strik-
ingly different manner the stretching and twisting response of RNA and DNA duplexes under force. We
find that the elastic response of dsRNA is dominated by the local high flexibility of pyrimidine-purine
steps. Moreover, the flexibility of pyrimidine-purine steps is independent of the sequence context, and the
global flexibility of the duplex reasonably scales with the number of this kind of base-pair dinucleotides.
We conclude that disparities of the mechanical response of dinucleotides are responsible for the differ-
ences observed in the mechanical properties of RNA and DNA duplexes.

Introduction

Double-stranded RNA (dsRNA) molecules perform a wide variety of
functions inside the cell. For example, dsRNA molecules carry the
genetic information in some viruses, trigger gene silencing or acti-
vate the immune response against viral attacks." In addition,
dsRNA helices are ubiquitous in the 3D structure of regulatory
RNAs and in the ribosome.®® Indeed, the formation of double-
helices is often a prerequisite for the folding of RNA into complex
tertiary and quaternary structures.'”'" Not surprisingly, it has been
estimated that over one half of the nucleotides in structured RNAs
are engaged in canonical Watson-Crick (WC) base pairing.'*"?
Many of the biological processes involving canonical dsRNA
helices interrogate the mechanical properties of the duplex.
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This occurs both at a global scale - e.g. during packaging of a
kilo-base-pair long dsRNA molecule inside the viral capsid -
and at a local level - due to proteins that distort the dsRNA
structure over distances of a few base pairs.'*'® Furthermore,
the formation of tertiary RNA structures involving contacts
between canonical dsRNA helices are greatly affected by the
sequence-dependent flexibility of these duplexes.'® Therefore,
a complete understanding of sequence-dependent dsRNA flexi-
bility might pave the way to designing complex 3D structures
from canonical helices with well-characterized mechanical pro-
perties. Recent single molecule experiments have assessed the
mechanical properties of long dsRNA molecules of random
sequence, revealing two striking differences with DNA.'”°
Firstly, dsRNA stretches ~3 times more under an external force
than its DNA counterpart. Namely, dsRNA has an effective
stretch modulus of Sgna ~ 400 pN, much lower than that of
dsDNA (Spna ~ 1200 pN). Secondly, dsRNA unwinds upon elonga-
ting,'® whereas DNA overwinds when stretched.”® Nevertheless,
an important aspect of dsRNA flexibility remains elusive: how its
mechanical response depends on the nucleotide sequence.
Molecular dynamics (MD) and Monte Carlo (MC) simulations
are an excellent complement to single-molecule methods in the
study of the mechanical properties of nucleic acids (NA) and
allow in depth exploration of sequence effects.”*® In the case
of dsDNA, extensive MD studies have unveiled and characterized
a complex sequence-dependent

scenario of mechanical
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properties.”’ >* However, in contrast to the vast literature on
dsDNA flexibility, much less is known about how sequence
affects the mechanical properties of dsRNA. Based on 150 ns
long MD simulations, Faustino et al. concluded that sequence pat-
terns of dinucleotide flexibility are reasonably similar for dsRNA
and dsDNA.*” Nevertheless, this local approach lacked a systematic
analysis of sequence effects on the overall mechanical response of
the duplexes. In parallel, a recent MC simulation based on crystal-
lography derived structural parameters explored sequence effects
on the global flexibility of long RNA and DNA duplexes.*® Although
this work provided insightful predictions of the mechanical pro-
perties of these molecules, it was unable to reproduce the charac-
teristic opposite twist-stretch coupling of dsDNA and dsRNA.

In this work we study the sequence-dependent mechanical
properties of dsRNA by using constant-force molecular
dynamics (CFMD) simulations, which were previously shown
to reproduce the experimental mechanical parameters of
dsRNA.*? Interestingly, when applied to dsRNA molecules con-
sisting of repeating dinucleotides, our microsecond-long
CFMD simulations revealed a strongly sequence-dependent
mechanical response. A top-bottom analysis allowed us to
identify the high local flexibility of pyrimidine-purine steps as
a critical factor in modulating the global elastic response of
these duplexes. Consistently, when inserted in dsRNA mole-
cules of random sequences, these pyrimidine-purine steps sof-
tened the mechanical response of the entire duplexes. These
results motivate the exploration of sequence effects on dsRNA
flexibility by means of single-molecule manipulation.

Results
DsRNA mechanical properties are sequence-dependent

The sequence-dependent mechanical properties of dsRNA
were studied using constant-force molecular dynamics (CFMD)
simulations following a previously reported protocol.”® We first
considered six duplexes with sequences G,(NN)sG,4, where NN
= AA, AC, AG, AU, CG, GG (see Table 1). Five CFMD simulations

Table 1 DsRNA sequences simulated in this work. The sequences are
written from the 5 end to the 3’ end. All nucleotides in the duplexes
form canonical Watson—Crick base pairs with their complementary
strand. YR-steps have been underlined in the random sequences

Label Sequence % GC # YR Steps
Benchmark sequences

Poly-CG G4(CG)G,4 100 7
Poly-AC G4(AC)sG, 0 7
Poly-AU G4(AU)sG, 0 7
Poly-A G4(AA)sG, 0 0
Poly-AG G4(AG)sG, 50 0
Poly-GG G4(GG)sG, 100 0
Random sequences

Seq-1 G,CCUAACAUCGAUUCGCG, 50 4
Seq-2 G,UACUGCACUAACGCGAG, 50 6
Seq-3 G,CCGGUAGCCAGGCCGUG, 75 4
Seq-4 G,AUCUUAAUGAAUCAGAG, 25 3
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were run for each of the sequences at forces F = 1, 5, 10, 15, 20
pN. Further details on simulations and data analysis are pro-
vided in the Materials section.

As a measure of the mechanical response of RNA duplexes,
we obtained the force-induced change in extension and helical
twist divided by the extension at F = 1 pN.>* The results,
represented in Fig. 1, reveal three important features. Firstly,
for all studied sequences, both the elongation and change in
helical twist show a linear dependence on the force, as pre-
dicted by the widely accepted elastic rod model.'*?%°
Secondly, as evidenced by the negative slopes of Fig. 1b, all
sequences show the unwinding-when-stretched behavior
characteristic of dsRNA."® Finally, we found that the mechani-
cal response of dsRNA is strongly affected by the sequence.

a T T T T
s it poly-A = poly-AC v e
poly-AG e poly-CG  » s
poly-AU A poly-G o e

XIL (%)
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Force (pN)
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Fig. 1 Mechanical force response of the benchmark RNA duplexes. (a)
Elongation as function of the applied force. (b) Change in twist as func-
tion of the applied force. Elongation and change in twist were divided by
the value of the extension at 1 pN. Color legend is the same for both
panels. Data analysis was done as described in Materials and methods
section. All the errors were computed by splitting the data into five
windows of 200 ns and calculating the standard error of the mean (SEM)
of these five measurements.
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Interestingly, a very similar trend is observed in both the
extension and twisting response of the RNA duplexes under
force. Namely, sequences that are more stretched under an
external force (larger slope in Fig. 1a) are more prone to force-
induced unwinding (Fig. 1b). This finding is consistent with
previous works reporting simple deformability patterns in
dsRNA.>>*! According to their force response, the poly-CG is
the softest molecule, followed by the poly-AC (see Fig. 1). On
the other hand, the poly-A, poly-G and poly-AG are the stiffest,
all three showing an approximately similar degree of flexibility.
Therefore, in terms of response to an external force, the bench-
mark sequences consisting of alternating purine-pyrimidine
(RY) and pyrimidine-purine (YR) steps are softer than those
where all steps are purine-purine (RR). A full quantitative
description of the mechanical parameters of these benchmark
dsRNA sequences in the context of the elastic rod model can
be found in the ESL.}

The local flexibility of pyrimidine-purine steps dominates the
elastic response of homogenous RNA duplexes

In the previous section we unveiled a significant sequence
dependence of the global mechanical properties of the RNA
duplex. To gain further insight into how dsRNA sequence
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affects its global flexibility, we analyzed the force response of
the duplexes at a local level. We computed the force-induced
variations in helical rise and helical twist for each base pair
step, which quantify the contribution of a given dinucleotide
to the force response of the entire duplex. We then averaged
these quantities over the steps of the same kind, e.g. all the CG
dinucleotides, see Fig. 2.

Remarkably, the helical rise and helical twist response of
each step kind is linear with the force, as occurred for the
whole dsRNA helices, see Fig. 1 and 2. More importantly, there
is a strong variability among the base pair steps. YR steps (CG,
CA and UA) are highly deformable under force, whereas RR
and RY steps show a higher stiffness. Among the YR steps a
high variability is found, being CG the softest followed by CA
and UA in this order. On the contrary, smaller differences are
observed among the rest of dinucleotides. Our results suggest
that this disparate behaviour at the local level, concretely the
high flexibility of the YR steps, is responsible for the differ-
ences observed in the global mechanical properties of the
benchmark RNA duplexes (Fig. 1). Indeed, the poly-RY
duplexes, for which half of the steps are of the kind YR, were
systematically more flexible under an external force than their
poly-R counterparts, which lack YR steps (Fig. 1).
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Fig. 2 Force response of the ten kinds of base pair steps. The ten dinucleotide kinds were split into three families: pyrimidine-purine, purine-purine
and purine-pyrimidine to highlight differences in flexibility between these families. (Top panels) The force induced change in helical rise was com-
puted for each dinucleotide at each external force for the benchmark sequences. These values were then averaged for all base pair steps of the
same kind. (Bottom panels) The force induced change in helical twist was obtained for each dinucleotide at each value of the applied force and then
averaged over the dinucleotides of the same kind. To guide the eye, all data sets were fitted linear functions constrained to go through the (1, 0)

point. Error bars in all panels are the SEM.
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Fig. 3 Helical rise and helical twist standard deviation of all dinucleotides. The standard deviations were computed for all the base pair steps and
were then averaged for each base pair step kind. For comparison, this analysis was performed for the benchmark and random sequences separately.
The shaded regions delimit the different dinucleotide families: pyrimidine-purine in pink, purine-purine in green and purine-pyrimidine in gray. A line
connecting the points was included to guide the eye. Error bars in both panels are the SEM.

The enhanced flexibility of pyrimidine-purine steps is
independent of the sequence context

Our finding that pyrimidine-purine steps are highly flexible in
the context of the benchmark sequences raises the question of
whether this effect is also present in YR-steps of random
dsRNA sequences. To address this issue, we considered a set
of four randomly generated sequences with different values of
fixed GC-content, see Table 1. We performed 1 ps-long unrest-
rained MD simulations of these random sequences and
studied the conformational fluctuations of each base step. In
parallel, we simulated the benchmark sequences at zero force
and compared the results with the random sequences.

Consistent with their softer force response (Fig. 2), YR-steps
showed larger helical rise and helical twist fluctuations than
the rest of dinucleotides, see Fig. 3. These fluctuations were
quantified by computing the standard deviation of these para-
meters for all the base pair steps and by averaging over the
dinucleotides of the same kind, i.e. all the CGs. Importantly,
we found that the flexibility trends are similar for both sets of
sequences. This result reveals that the large flexibility of YR-
steps is not exclusive to the model benchmark sequences and
supports the so-called dinucleotide approximation, which
assumes that the sequence in which it is embedded has a
small effect on the flexibility of an individual dinucleotide.
This assumption holds better for helical rise fluctuations, as
quantified by the better agreement between the sets of
sequences and by the shorter error bars reflecting smaller vari-
ations within a given set. An extensive analysis of dsRNA dinu-
cleotide flexibility in the coordinate system of base pair step
parameters further supported the dinucleotide approximation,
see ESLIT

1Our base pair step parameters analysis exposed that, although YR-steps are
more generally more flexible, they can be relatively stiff with respect to certain
deformations such as slide. Throughout the text, when we describe YR-steps as
flexible, we implicitly refer to helical rise and helical twist deformations.

21474 | Nanoscale, 2019, 11, 21471-21478

The local flexibility of pyrimidine-purine steps affects the
overall elastic response of dSRNA molecules of random
sequence

Having proved the high flexibility of YR-steps in random
dsRNA sequences, we then turned our attention to the effect of
this local flexibility on the global force response of the
duplexes. We performed CFMD simulations of the random
sequences at F = 1, 5, 10, 15, 20 pN and measured the force-
induced changes in extension and helical twist, as done in
Fig. 1. Naively, one would expect that the random sequences
with larger number of YR-steps will present a softer force
response, as happened for the benchmark sequences. Indeed,
the degree of elongation and untwisting under force reason-
ably correlated with the number of YR-steps of the duplexes
(Fig. 4 and Table 1). Seq-2, which contains the largest number
of YR steps, showed the softest response to an external force;
and Seq-4, which has the fewest YR steps, was the most rigid
duplex. Seq-3 and Seq-1, which have an intermediate number
of YR-steps presented an intermediate force response. Based
on these results we propose that the overall mechanical
response of a given RNA duplex can be thoroughly tuned by
modulating the relative abundance of YR-steps in the nucleo-
tide sequence.

Comparison of sequence effects in dsDNA and dsRNA

The comprehensive study of dsRNA flexibility presented here
revealed significant differences with the sequence-dependent
dsDNA mechanical properties reported in the literature.
Concretely, the nucleotide sequence affects the stretching
response of dsDNA and dsRNA to an external force in a strik-
ingly different manner. This can be seen in Fig. 5a, where we
compare the values of the effective stretch modulus of our
benchmark dsRNA sequences with the ones reported in our
previous work for their DNA counterparts.”’ Note that the
poly-CG RNA duplex is exceptionally flexible, while in the DNA
case experiments and simulations show that this sequence is
highly stiff;>'**** the poly-G DNA is very soft,”"** but one of
the stiffest RNA sequences here studied; and the poly-A DNA is

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Mechanical force response of the random RNA duplexes. (a)
Elongation as function of the applied force. (b) Change in twist as func-
tion of the applied force. Elongation and change in twist are divided by
the value of the extension at 1 pN. Errors were obtained as described in
Fig. 1.
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known to be extremely rigid,”*? whereas the poly-A RNA
duplex has a standard mechanical response.

This discrepancy between dsDNA and dsRNA mechanical
response can be rationalized by looking at the dinucleotide
deformability of both duplexes. We analyzed the DNA
helical rise dinucleotide fluctuations of the benchmark
sequences from a previous simulation work®" and compared
the results with dsRNA (Fig. 5b). Although both nucleic acids
share certain features, such as the exceptional flexibility of
YR-steps, the patterns of dinucleotide flexibility are indeed
quite distinct for dsDNA and dsRNA. For example, the AA
dinucleotide is one of the stiffest DNA steps, but is relatively
flexible in the dsRNA case; and the opposite occurs for the
GG step: it is soft in the DNA duplex, but rigid in dsRNA.
We propose that such disparities at the local level are respon-
sible for the differences observed in the mechanical response
of the entire duplexes. Importantly, other measurements of
dinucleotide flexibility, namely the helical twist fluctuations
and the conformational volume, also showed remarkably
different sequence-dependence patterns in both nucleic acids

(Fig. S17).

Discussion
A novel difference in the mechanics of dsDNA and dsRNA

Despite their similar chemical composition, dsDNA and
dsRNA have been recently shown to exhibit two remarkable
differences in their elastic response.'®'® Firstly, dsDNA is
around three times stiffer than dsRNA with respect to stretch-
ing deformations.'®***> Secondly both duplexes possess an
opposite twist-stretch coupling."®***® Here we propose a third
fundamental difference between dsDNA and dsRNA: the role
of the nucleotide sequence on the overall flexibility of the
duplex.

(e
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Fig. 5 Comparison between dsDNA and dsRNA stretching flexibility. (a) The values obtained in this work for the stretching flexibility of the bench-
mark dsRNA sequences were compared with the ones reported for the same DNA sequences (changing U by T) in ref. 21. The effective stretch
modulus of the dsRNA molecules was obtained as the inverse of the slopes of the force-extension curves (Fig. 1a). The number of dinucleotides
comprising the sequences, N, is equal to 8 for dsRNA and 5 for dsDNA. The two data sets, i.e. dsSDNA and dsRNA effective stretch moduli, were
approximately uncorrelated as quantified by a Pearson correlation factor of r = —0.31. (b) Helical rise fluctuations in DNA and RNA dinucleotides. We
analyzed simulations of benchmark DNA sequences (ref. 21) and simulations of benchmark dsRNA sequences (this work) and calculated the helical

rise standard deviation of each dinucleotide as described in Fig. 3.
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At first sight, this result might seem controversial: one may
argue that because the nucleotide bases are the same in both
nucleic acids - excepting uracils/thymine -, their effect on the
flexibility of the double-helix should be similar. However, this
argument can be rejected in simple terms by resorting to the
geometry of the RNA and DNA double-helices, namely the A-
and B-forms. In the A-form, consecutive base pairs are highly
inclined with respect to each other, whereas in the B-form they
are approximately parallel. As a result of these disparate geo-
metries, the chemical interactions between the stacked base
pairs are strongly affected, altering their flexibility. For
example, the conformations of a given base pair in a highly
inclined A-form configuration might be constrained due to
steric clashes with its neighbor. Since these steric clashes rely
on the geometry of the stacking, they might not be present
when this dinucleotide has a B-form planar stacking, which
could now explore a broader conformational space. In this
case, the dinucleotide would be rigid when found in dsRNA
but flexible in dsDNA. Furthermore, even if the local dinucleo-
tide deformability were similar for both molecules, the projec-
tion of these deformations on the helical axis would likely
differ in the two helical geometries. This idea is introduced in
ref. 37. In the case of an RNA A-form helix with inclined base
pairs, sliding deformations parallel to the base pairing can
substantially elongate the duplex. On the contrary, these very
same base pair step deformations can barely stretch the
B-form helix, where these sliding movements are practically
orthogonal to the helical axis. Consequently, a dinucleotide
with high slide flexibility is likely to play a more important role
in the force response of dsRNA when compared to dsDNA.

Conclusions

We performed constant-force atomistic molecular dynamics
simulations on dsRNA duplexes and found that their global
mechanical properties are strongly sequence-dependent. This
finding was rationalized from a local perspective: the
enhanced flexibility of pyrimidine-purine dinucleotides plays a
critical role in the global deformability of the duplex.
Consistently, when inserted in dsRNA molecules of random
sequences, the number of YR-steps correlated with the overall
flexibility of the helix. Our results pave the way towards the
design of dsRNA sequences with predefined mechanical pro-
perties for biophysical and nanotechnology applications.

Methods

Molecular dynamics simulations

Molecular dynamics simulations were performed as described
in previous works.”"*° Double-stranded RNA molecules were
built using the NAB software.*® The duplexes were neutralized
with sodium counterions and no additional salt was added.
The neutralized systems were then placed in an approximately
cubic box of ~110 A of size that was filled with explicit water
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molecules, totaling ~120.000 atoms for each system. Energy
minimization was then performed in a stage of 5000 steps
with restrains on the RNA followed by a second stage of 5000
steps of unrestrained minimization. The systems were then
heated up to 300 K and equilibrated for 20 ns in the isobaric-
isothermal (NPT) ensemble at P = 1 atm and T = 300 K.
Afterwards, starting from the final configuration of the equili-
bration six production simulations were performed for each
sequence: one unrestrained simulation and five constant-force
simulations at F = 1, 5, 10, 15 and 20 pN. Each of these pro-
duction simulations were extended to 1 ps of simulation time.

Simulations were run using the AMBER software suite®®
with NVIDIA GPU acceleration.**™*' We used parmbs0*® with
the yOL3 modification®® of the Cornell ff99 force field** to
parameterize the RNA molecules. TIP3P model*> was used to
describe water and Joung/Cheatham parameters*® were used
for the sodium counterions. We used periodic boundary con-
ditions and Particle Mesh Ewald (with standard defaults and a
real-space cutoff of 9 A) to account for long-range electrostatic
interactions. We resorted to the SHAKE algorithm to constrain
bonds involving hydrogen. This allowed us to use an inte-
gration step of 2 fs. Coordinates were saved every 1000 simu-
lation steps.

Trajectory analysis

Trajectories were analyzed over the entire 1 ps simulation
time. The G, handles were not included in the analysis of all
sequences. Helical rise, helical twist and base pair step para-
meters (shift, slide, rise, tilt, roll and twist) were obtained
using the software 3DNA,*” unless otherwise stated.
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