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RNA oligonucleotides are crucial for a range of biological
functions and in many biotechnological applications.
we measured, for the first time, the conductance of individual
double-stranded (ds)RNA molecules and compared it with
the conductance of single DNA:RNA hybrids. The average
conductance values are similar for both biomolecules, but the
distribution of conductance values shows an order of magnitude
higher variability for dsRNA, indicating higher molecular flexibility
of dsRNA. Microsecond Molecular Dynamics simulations explain
this difference and provide structural insights into the higher
stability of DNA:RNA duplex with the atomic level of detail. The
rotations of 2’-OH groups of the ribose rings and the bases in
RNA strands destabilize the duplex structure by weakening base
stacking interactions, affecting charge transport, and making
single-molecule conductance of dsRNA more variable (dynamic
disorder). The results demonstrate that a powerful combination
of state-of-the-art biomolecular electronics techniques and
computational approaches can provide valuable insights into

Herein,

biomolecules’ biophysics with unprecedented spatial resolution.

Oligonucleotides play essential roles in cell functions'’2 and
several biotechnological applications®#. In particular, RNA has
recently gained importance in the research focus for several rea-
sons. Not only do several pathogens (e.g., SARS-CoV2) have RNA
genomes, but many therapeutic, biotechnological, and modern
molecular technologies (e.g., gene editing™) also use RNA and its
biophysics. Additionally, nucleic acids have interesting electronic
and self-assembly properties that make them promising candi-
dates as building blocks for nanotechnological©? and sensory ap-
plications®?, For these reasons, it is crucial to characterize the
biophysical properties of RNA, particularly at the single-molecule
level.
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In the last decades, In the last decades, single-molecule tech-
niques have allowed biological and biophysical studies with un-
precedented resolutionl®12.  On the biomolecular electron-
ics side, the electronic and charge-transport (CT) properties of
short oligonucleotides have been reported!314, They have re-
sulted in proposing proof-of-concept sensors based on individual
biomolecule detection®.

Short double-stranded (ds)DNA and DNA:RNA hybrids have
been extensively characterized, including the lengthl31]
quenceI3H18 and conformational dependencel”? of the conduc-
tance of individual molecules. Although some controversy re-
mains regarding the role of the nucleic acid backbone in medi-
ating the CT1 there is a consensus that the CT process is mainly
mediated by base stacking in the double helix and deeply affected
by the delocalization length through the bases!#1712  Conse-
quently, changes in conformationl? or base mismatches that dis-
rupt the base stacking pattern; or the delocalization length®8/10
can modify the conductance value measured in experiments.
Also, despite its biophysical and biological importance, the single-
molecule electronic properties of dsRNA have not yet been re-
ported.

se-

Here, we use a combination of single-molecule conductance
experiments and computer simulations to explore, for the first
time, the conductance of individual dsRNA molecules. The con-
ductance histograms show that dsRNA has a conductance within
experimental error of DNA:RNA hybrids of the same nucleotide
sequence, in agreement with the notion that both biomolecules
are in the A-form2>!17, However, our results show differences in
the distribution of molecular conductance values for dsRNA vs.
DNA:RNA. The electrical conductance histogram for dsRNA is an
order of magnitude broader than the histogram for DNA:RNA,
suggesting higher molecular flexibility and lower stability for
dsRNA. To help provide dynamic structural insights into the bio-
physics of these molecules, we employed Molecular Dynamics
(MD) simulations of dsRNA and DNA:RNA duplexes, which show
that conformational transitions in the ribose rings and bases in
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RNA strands destabilize base stacking, affecting the CT process.
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Fig. 1 a) Schematic illustration of the experimental setup, showing an
oligonucleotide attached to two Au electrodes (solid strand: RNA probe,
semi-transparent strand: target RNA or target DNA). b) Raw conduc-
tance vs. distance curves (black for phosphate buffer blank, red for
DNA:RNA duplex, and blue for dsRNA). c¢) Conductance histogram for
RNA:DNA hybrid (red) showing the most probable conductance value
(i.e., conductance peak at 1.7x1073Gy). The background signals from
a control buffer experiment are shown in black. Experiments were per-
formed with a 100 mV applied bias voltage. d) Normalized Gaussian dis-
tribution of the conductance values for RNA:DNA hybrids showing stan-
dard deviations estimated as the full width at half maximum (FWHM).

We used the Scanning Tunneling Microscope-assisted Break
Junction (STM-BJ)2% method to measure individual biomolecule
conductance (see the SI for detailed materials and methods).
Briefly, the electrodes of a Scanning Tunneling Microscope(STM)
are repeatedly brought into contact and retracted in the pres-
ence of a buffer solution containing the oligonucleotides modi-
fied with thiol binding groups at 5’ and 3’ ends so that they can
bind to the electrodes (Fig.1a). At the same time, the current
(D) in the molecular junction is measured by applying a mod-
erate bias voltage (V). The molecular conductance (G) can be
obtained from G =1/V by recording thousands of conductance
vs. distance traces and combining them into conductance his-
tograms (using an automatic selection algorithm®l). After saving
5000-1000 traces/experiment, selectivity (defined as the num-
ber of curves containing significant “steps”) ranged from less
than 1% in blank and control experiments to 5 to 10% in ex-
periments with nucleic acids. This assists in obtaining the most
probable molecular conductance and in accessing subpopulations
of molecular conformations1Z22, These characteristics provide
valuable information about the biophysical properties of oligonu-
cleotide molecules?217 and the molecular-electrode contacts they
form'2223 These experiments were performed by applying 100
mV bias voltage between the tip and the substrate in a phosphate
buffer media. For this reason, it is necessary to cover the STM tips
with Apiezon wax to isolate them from any leakage currents.

Fig. 1la shows an idealized schematic of the experimental
setup for the 11 base pairs (bp) DNA:RNA hybrid oligonucleotide
bridging between two gold electrodes. Fig. 1b shows raw data
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of conductance-distance measurements for dsRNA (blue traces),
DNA:RNA hybrids (red curves), and control measurements (clean
Au substrate in phosphate buffer, in black); see Supplementary
Fig. S1-S3 for more results from control experiments. The
blank phosphate buffer shows no detectable conductance events
or "steps", whereas dsSRNA and DNA:RNA duplexes show similar
features in the 0.001 G range (Gy is 2¢2/h, where e is the elec-
tron charge and # is the Planck constant), indicating the forma-
tion of biomolecular junctions. By analyzing thousands of indi-
vidual conductance-distance curves, we obtained the histogram-
based estimates of the conductance distributions. These can be
used to calculate the most probable conductance (peak conduc-
tance) and conductance variability quantified by the full width at
half maximum (FWHM). Figs. 1c and 1d show the conductance
histograms for an 11bp DNA:RNA hybrid (CCCGCGCGCCC) con-
structed with raw data with and without baseline subtraction and
normalization (to the highest number of counts in the histogram)
, respectively. Fig. 1d also includes a Gaussian curve fit centered
at 1.7x1073Gy, in agreement with previously reported values
for this DNA:RNA hybrid1> and other A-form oligonucleotides1Z,
This single-molecule conductance value is remarkably high for a
biomolecule around 2.5 nm long, but not surprising considering
this is an A-form GC-rich oligonucleotide sustaining a hopping
charge transport process with a high coherence length1>17,
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Fig. 2 a) Comparison of the normalized conductance histograms for
dsRNA (blue) and DNA:RNA (red) b) Average conductance values and
FWHM, their standard deviations for dsRNA duplexes and DNA:RNA
hybrids. All the experiments were done with a 100 mV applied bias
voltage.

The results of conductance measurements for an 11-bp dsRNA
and DNA:RNA hybrid with the same sequence (CCCGCGCGCCCQC)



are compared in Fig. 2, which shows the normalized conductance
histograms (Fig. 2a), as well as conductance statistics (Fig. 2b)
from the Gaussian curve fitting, i.e., the most probable conduc-
tance and standard deviations estimated as the FWHM.

Table 1 Statistics of single-molecule conductance for dsRNA and
DNA:RNA hybrids: average and standard deviations for conductance
and FWHM values.

Molecule Average conductance (x107°Gy) FWHM (x107>Gy)
dsRNA 1.63+0.43 1.75+0.98
DNA:RNA hybrid 1.72%+0.18 0.083+0.02

The single-molecule conductance for dsRNA is 1.6x 103Gy vs.
1.7x1073G, for DNA:RNA, without statistically significant differ-
ences. This is not surprising since dsRNA is an A-form oligonu-
cleotide with a similar structure to DNA:RNA and is consistent
with the notion that the conformation of the oligonucleotide plays
a crucial role in defining the electronic and CT propertiesi’. How-
ever, the distribution of conductance values is broader for dSRNA
than for DNA:RNA by one order of magnitude (Fig. 2a; see
also Table 1). Higher standard deviations for dsRNA indicate a
larger dispersion in the molecular conductance values for dsRNA.
Since single-molecule conductance is mainly influenced by the
base stacking, which depends on the oligonucleotides’ molecular
conformation, these results point to a more considerable extent
of conformational fluctuations for dsRNA (larger dynamic disor-
der) and increased molecular flexibility. This is remarkable be-
cause a subtle difference in the oligonucleotide composition (RNA
vs. DNA) translates into a noticeable change in measured single-
molecule conductance. Notably, the results obtained demonstrate
that STM-BJ is a sensitive technique capable of detecting small
changes in the conformation-dependent biophysical properties of
individual biomolecules2,

To provide a structure-based interpretation for the single
biomolecular conductance experiments, we turned to computa-
tional molecular modeling. Molecular Dynamics (MD) simula-
tions play an increasingly important role not only in complement-
ing experimental techniques but also in helping to understand the
physical properties of single biomolecules at an atomic level of
detail2428, Here, we employed MD simulations, accelerated on
Graphics Processing Units (GPUs)22, to explore and directly com-
pare the conformational dynamics of dsRNA vs. DNA:RNA hy-
brids in a long timescale spanning a few microseconds to explain
the difference in their electrical conductance characteristics.

Molecular modeling of dsRNA and DNA:RNA hybrids, includ-
ing the sequence reconstruction, MD simulation protocol, and
analyses of the output from MD simulations, are described in
detail in SI. Briefly, SImRNA software? was utilized to model
RNA and DNA sequences. The MD simulations for dsRNA and
DNA:RNA were performed for 1 us using the CUDA version of
pmemd=Y and GPU accelerated versionZ of AMBER 20 software
package®?. The force fields bsc0,0;3°% and bsc0®> used for RNA
and DNA strands are a part of ff14SBS°. The TIP3P model was
used to describe water molecules explicitly>Z. A total of 3,730
water molecules were included in the solvation box with volume

143.4A. The phosphate groups in the backbone of RNA and DNA
strands were neutralized using 20 Na™ ions, and excess ions (0.1
M) were added to mimic the experimental conditions (9 Na™ ions
and 9 CI~ ions). We carried out two independent sets of MD sim-
ulations of dsDNA and DNA:RNA molecules. In the first set, the
ends of the molecules were not constrained. To mimic the effect
of experimental constraints on the molecular flexibility of dsRNA
and DNA:RNA hybrid due to coupling to junctions, in the sec-
ond set, we clamped (harmonically constrained) the 5-end and
the 3’-end phosphorus atoms in dsDNA and DNA:RNA molecules.
The two strands forming the dsSRNA and DNA:RNA duplexes were
found to be stable during 1-us MD simulations.

(a)

(b) DNA:RNA
® o
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Fig. 3 Atomic structures and maps of intra-strand (base stacking) and
inter-strand (base pairing) interactions in dsRNA (in blue; panel a) and
DNA:RNA (in red; panel b). Transient structures are superimposed with
the average structures (displayed in the background), showing the sec-
ondary structure (blue and red ribbons) and chemical bonds. In interac-
tion maps, vertical arrows and horizontal lines denote base stacking and
base pairing arrangements. The color code reflects the strength of base
stacking bonds; the darker (lighter) color, the more (less) persistent or
stronger (weaker) the bond is. Bounded regions show the weakest base
stacking bonds at the 5'- and 3'-ends in dsRNA and DNA:RNA duplexes.

First, we compared the conformational variability in dsRNA
vs. DNA:RNA structures (see S5 and S6). Fig. 3 shows both
structures undergoing large-amplitude conformational fluctua-
tions while preserving the duplex arrangement of RNA and DNA
helical structure. Because the intra-strand interactions (base
stacking) and inter-strand interactions (base pairing) are known
to reinforce the duplex structure of RNA and DNA molecules,
we, first, qualitatively described the strength of base stacking and
base pairing in dsRNA and DNA:RNA hybrid (see SI). We found
that the most robust base stacking bonds, i.e., the most persistent
(longer-lasting) base stacks, form in DNA and RNA strands in the
center of dSRNA and DNA:RNA molecules (Fig. 3b). The weakest
(or short-lasting) base stacking bonds are formed at the 3’- and
5’-ends (Fig. 3b). This agrees well with the results of previous
experimental studies on other sequences'2®,

Next, we compared conformational fluctuations in dsRNA and
DNA:RNA by analyzing the root-mean-square deviations (RMSD)
and end-to-end distance X. These metrics of molecular flexibility
can be accessed using the simulation output (see SI). The RMSD
was calculated for the backbone heavy atoms of the RNA or DNA
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Fig. 4 Dynamic properties of the RNA:RNA vs. DNA:RNA duplex:
RMSD of atomic positions (left y-axis) and end-to-end distance X (right
y-axis) displayed in panel a; number of base stacking interactions stabiliz-
ing the duplex structure (panel b), and relative orientations of nucleotide
bases in RNA strand with C3’-endo ribose and in DNA strands with C2'-
endo ribose (panel ¢). The C-, N-, O- and H-atoms are represented by
blue, cyan, red, and gray balls, respectively. Also displayed in panel c are
the dihedral angles 6 and x, which quantify, respectively, the rotations
of ribose rings and bases resulting in 3.7A and 4.6A shift in the positions
of NH;- and CO-groups.

C2’-endo

strands. The end-to-end distance X was calculated as the dis-
tance between the first (at the 5’-end) and the last (at the 3’-end)
P-atoms in the complementary strand in dsRNA or DNA strand in
DNA:RNA (SI). The time-dependent profiles of RMSD and X are
compared in Fig. 4a. The RMSD profile for dsRNA lies above the
RMSD profile for DNA:RNA by ~1A, which shows that dsRNA is
characterized by a more considerable molecular flexibility than
DNA:RNA. Interestingly, the profile of X for dsRNA is lower than
that for DNA:RNA by ~0.5 nm, which means that dsRNA is on
average a shorter duplex than DNA:RNA. We also analyzed the
statistics of RMSDs and X (averages and standard deviations; see
Table 2). The average RMSDs with standard deviations comes to
2.040.2A for dsRNA vs. 1.2+0.1A for DNA:RNA. The average X
is 2.9+0.1 nm for dsRNA vs. 3.3+0.1 nm for DNA:RNA (Table
2).  The statistics of RMSD and X did not change upon con-
straining the 5’-end and the 3’-end phosphorus atoms in dsRNA
and DNA:RNA. Therefore, these numbers show that our conclu-
sions about the differences in molecular flexibility for dsRNA vs.
DNA:RNA are statistically significant.

The results of MD simulations demonstrate a larger extent of
conformational fluctuations in dsRNA compared to DNA:RNA.
These findings correlate well with more significant standard devi-
ations observed for the experimental values of molecular conduc-
tance (see Table 1 and Fig. 2b). Because the base-stacking inter-
actions influence the conductance of oligonucleotides, we next
analyzed the dynamics of base-stacking interactions in dsRNA
and DNA:RNA hybrids. The time profiles of the number of base-
stacking bonds are compared for dsSRNA and DNA:RNA in Fig.
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4b, which shows that fewer base-stacking bonds reinforce the du-
plex structure in dsSRNA duplex than in DNA:RNA duplex. The
average number of base stacks N,; comes to 13.640.6 for dsRNA
vs. 15.04+0.8 for DNA:RNA (Table 2). Interestingly, the average
number of base pairs N, is 11.340.3 for dsRNA vs. 10.7+0.8 for
DNA:RNA (Table 2), which are not statistically different. These
results show that the weaker base-stacking bonds do not imply
the weaker base-pairing bonds in the dsRNA duplex. The statis-
tics of N, and Nj, did not change upon constraining the 5-end
and 3’-end of dsRNA and DNA:RNA duplexes.

That shorter dsRNA is more flexible and has fewer base-
stacking bonds than DNA:RNA hybrids prompted us to explore
the structural origin underlying these differences. We carried out
a detailed analysis of transient structures of dsSRNA and DNA:RNA
as observed in the course of 1-us MD simulations. We analyzed
and compared the statistics of dihedral angles, namely the torsion
angle § formed by a quartet of heavy atoms C5-C4’-C3’-O3’and
the glycosidic angle y formed by heavy atoms 0O4’-C1’-N9-C4 in
purine bases and atoms O4’-C1’-N1-C2 in pyrimidine bases (see
Fig. 4c). The torsion angle § quantifies rotation of the ribose ring
with respect to the backbone, whereas glycosidic angle x quanti-
fies rotation of the base with respect to the ribose ring (Fig. 4c).
The statistics of § and x are compared for dsRNA vs. DNA:RNA
in Table 2, which shows large statistically significant differences:
6 is 116+23 deg for DNA:RNA vs. 7847 deg for dsRNA; and y is
236124 deg for DNA:RNA vs. 197+8 deg for dsRNA. The statis-
tics of dihedral angles 6 and y did not change upon constraining
the 5’- and 3’-ends of dsRNA and DNA:RNA duplexes.

Table 2 Comparison of dynamic structural properties and excluded vol-
ume interactions in dsRNA vs. DNA:RNA. Shown are the root-mean-
square deviations (RMSD) of atomic positions, end-to-end distance (X),
number of base pairs (N,,) and base stacks (Nj;), dihedral angles § and
X, and van der Waals energy E,qw .

Molecule dsRNA DNA:RNA hybrid
RMSD, A 2.0x+0.2 1.2+0.1

X, nm 2.9+0.1 3.3+0.1

Npp 11.3+0.3 10.7+0.8

Nis 13.6+0.6 15.0+0.8

0, deg 78=%7 116+23

X, deg -197+8 236+24

E,qw, kcal/mol -179+4 -162+4

Structural analysis of RNA and DNA strands in dsRNA and
DNA:RNA hybrid revealed essential differences in the packing of
nucleobases in RNA:RNA vs. DNA:RNA duplexes. Due to the C3’-
endo arrangement of ribose rings in the RNA strand; the ribose
ring is rotated Ad~116 — 78 = 38 deg with respect to the phos-
phate backbone as compared to C2-endo arrangement of ribose
ring in the DNA strand, and the base is rotated Ax~236— 197 =39
deg with respect to the ribose ring (Fig. 4c). These rotations re-
sult in the 1.9A shift in the C3’-atom position, 3.7A shift in the
position of NH,-group, and 4.6A shift in the position of CO-group



(Fig. 4c). We hypothesized that a driving force for these large-
amplitude structural rearrangements is the propensity of dsRNA
to minimize steric clashes in RNA strands. Therefore, we cal-
culated the values of van der Waals energy E,,, which quanti-
fies the excluded volume interactions, for an RNA strand in the
RNA:RNA duplex and in DNA:RNA duplex (SI). The more nega-
tive value of E,; implies smaller steric clashes and weaker ex-
cluded volume interactions. E,;y came to -179+4 kcal/mol for
dsRNA vs. -162+4 kcal/mol for DNA:RNA hybrid (see Table 2).
Hence, the structural rearrangements in dsRNA, i.e., rotations of
ribose rings and bases described above result in lowering the en-
ergy associated with excluded volume interactions in RNA:RNA
duplex by AE,; =179-162=17 kcal/mol. This conclusion did
not change when we analyzed the results of MD simulations for
dsRNA and DNA:RNA with constrained ends. This agrees with
the notion that the presence of OH-groups in RNA results in lower
chemical stability of RNA compared to DNA, thus, making DNA
more tailored for the long-term storage of genetic information?
and making RNA more capable of carrying out various regulatory
functions4?,

In summary, for the first time, we explored the single-molecule
electrical conductance of dsRNA and compared the dsRNA con-
ductance with that for DNA:RNA hybrids formed by identical se-
quences. The average conductance values were similar for both
biomolecules, but the dsRNA conductance was more variable.
The conductance distribution for dsRNA is one order of magni-
tude broader than that for DNA:RNA hybrids, which indicates
that dsRNA is a more flexible duplex. We employed computa-
tional molecular modeling to uncover the structural underpin-
nings of the experimental results. The MD simulations of dsSRNA
and DNA:RNA both without and with constrained ends confirmed
higher flexibility of dsRNA and illuminated, in atomic detail, the
molecular mechanism of this effect. The results obtained demon-
strate that the CT process in oligonucleotides is mainly mediated
by base stacking. Our experiments also show that single-molecule
conductance is a sensitive parameter and that STM-BJ is a pow-
erful method capable of detecting even slight differences in the
dynamic structural properties of biomolecules. Our results are a
good starting point to motivate future biophysical characteriza-
tion of single biomolecules of larger complexity.
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