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Single-Molecule Electrical Conductance in Z-form DNA:RNA

Mauricio R. Aguilar, Jesus Jover, Eliseo Ruiz, Albert C. Aragoneés,* and Juan M Artés

Vivancos*

Nucleic acids have emerged as new materials with promising applications in
nanotechnology, molecular electronics, and biosensing, but their electronic
properties, especially at the single-molecule level, are largely underexplored.
The Z-form is an exotic left-handed helical oligonucleotide conformation that
may be involved in critical biological processes such as the regulation of gene
expression and epigenetic processes. In this work, the electrical conductance
of individual Guanine Cytosine (GC)-rich DNA:RNA molecules is measured in
physiological buffer and 2,2,2-Trifluoroethanol (TFE) solvent, corresponding to
the natural (right-handed helix) A-form typical in DNA:RNA hybrids and the
(left-handed) Z-form conformations, respectively. Single-molecule
conductance measurements are performed using the Scanning Tunneling
Microscopy (STM)-assisted break-junction method in the so-called “blinking”
approach, recording the spontaneous formation of single-biomolecule
junctions and performing statistical analysis of the signals. Circular
Dichroism (CD) experiments and ab initio calculations are also done to
rationalize the measured molecular conductivity with a simple structural and
electronic model. These results show that the electrical conductivity of the
Z-form is one order of magnitude lower than that of the more compact
A-form. The longer molecular length and higher energy for the Highest
Occupied Molecular Orbital (HOMO) of the Z-form account for the
differences in single-molecule conductance observed experimentally.

Research  has focused on  both
the  mechanical®®!  and  electrical
properties!'21l of DNA and RNA, as
well as the biological importance of these
biomolecules. RNA has recently come
into the spotlight of research for several
reasons;!?2 Tt plays a crucial role in gene
expression,!”®)  regulating  biochemical
reactions,?!] acting as the messenger be-
tween DNA and ribosomes and proteins, ]
and also in immunological responses.!26:%]
RNA can form hybrids with complemen-
tary DNA strands, which are essential
for biological processes such as DNA
replication, %] transcription,[?) reverse
transcription,3!l and more recently are an
essential key for biotechnological tools in
gene editing.[?6%7] Although RNA and DNA
are chemically similar, they differ in their
bases and backbones. RNA contains uracil
bases instead of thymine in DNA, and the
backbones are different, with RNA having a
ribose group instead of the deoxyribose that
is present in DNA. RNA:DNA hybrids form
a double helix similar to double-stranded
(ds)DNA, and they can have different
conformations. RNA:DNA hybrids are pre-
dominantly in the A-form (as is dsRNA),
while dsDNA is mainly in the canonical

1. Introduction

Nucleic acids are essential biomolecules!!! and important
new materials for nanotechnology>>! due to their unique
structural,l®] electronic,l’] and self-assembly properties.!®!

B form.*?] In addition, local environment conditions can affect
their conformation, and the oligonucleotides can be switched be-
tween these and to more exotic conformations, such as the left-
handed Z-form.[?}! The structural differences between these con-
formations make it feasible for the electronic overlap between
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the 7z orbitals in the bases to vary, which could lead to substan-
tial differences in the electronic and charge transport (CT) prop-
erties of RNA:DNA hybrids in different conformations.['718] Tt
is important to explore the electronic properties of these sys-
tems for not only both molecular electronics®**! and biosensor
applications,*>3%] but also because these properties may under-
lie biophysical properties and biological activity.

The Z-form may be the most intriguing and understudied
of the possible oligonucleotide conformations. It has a distinct
zigzag structure, which gives it its name. The Z-form is the only
known left-handed form, slightly more elongated compared to
the more common B-form(®! and can be found in both DNA and
RNA.[3] Although research is ongoing to determine the exact bi-
ological role of the Z-form, it has been shown to be involved in
regulation of gene expression,?”38] and epigenetic processes.!*!
With regard to its single-molecule electronic properties, a pio-
neering experimental work in dsDNA found that the Z-form has
lower conductivity respect to the B-form.[*’l Electrochemical ap-
proaches previously reported similar findings.[*!l However, struc-
tural insights!®*) and computational studies!“?! have suggested
that Z-form helices may support efficient CT. This is because
the bases are only slightly more separated than in the B-form
and may maintain adequate z stacking along the helix. Interest-
ingly, an early study estimated that a Guanine Cytosine (GC)-
rich elongated oligonucleotide, with well-aligned bases, could
exhibit conductance that is approximately an order of magni-
tude higher than that of the B-form.[*?] Although experimen-
tal reports in the last two decades have demonstrated progress
characterizing the electronic properties of oligonucleotides at the
single-molecule level, 15213540431 much more research is needed
to explore the rules behind the charge-transport mechanisms
in nucleic acids.[** Also, determining the single-molecule con-
ductance of DNA:RNA hybrids in the Z-form is crucial since it
is the prerequisite for emerging and future research in single-
biomolecule spin filters based on oligonucleotide helices with dif-
ferent or switchable chiralities.

In this work, we measure the single-molecule electrical con-
ductance of GC-rich DNA:RNA hybrid oligonucleotides in buffer
and in 2,2,2-Trifluoroethanol (TFE) solvent, corresponding to the
natural A-form and Z-form conformations, respectively. Our ex-
perimental results show that the electrical conductivity of the Z-
form is lower than that of the A-form.['78) Structural determina-
tion and ab initio electronic calculations allow to rationalize these
experimental result. These are the first single-molecule conduc-
tance experiments in a left-handed DNA:RNA oligonucleotide.

2. Results and Discussion

We perform single-molecule electrical measurements of differ-
ent conformations of DNA:RNA hybrids with identical sequence
(CC CGC GCG CCC and rGrGrG rCrGrC rGrCrG rGrG) us-
ing the Scanning Tunneling Microscope-assisted Break Junctions
method (STM-BJ),[** in the so-called “blinking” approach,!*!
recording the spontaneous formation of single-biomolecule
junctions.!*] These oligonucleotides can bind the gold electrodes
thanks to the 5’ and 3’ thiol terminal (-SH) groups introduced in
the DNA probe strand (see supporting methods and Figure S1,
Supporting Information, for details), a common approach in
single-molecule electrical conductivity experiments.['7-2035] The
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conformation of the oligonucleotides is controlled by using dif-
ferent chemical environments for the experiments; experiments
in physiological buffer favor the more compact right-handed A-
form (Figure 1A), while experiments in TFE solvent induce the
left-handed extended Z-form!*’! (Figure 1B). These different con-
formations are well documented in the literature,!*3! and we have
further tested this using Circular Dichroism (CD) measurements
on the oligonucleotides in the two different solvent conditions
(see below).

Figure 1 shows these single-molecule conductance experi-
ments. The setup displayed in 1A shows an idealized picture of
the transient binding of the A-form DNA:RNA hybrid between
the tip and the sample electrodes, while the electrical conduc-
tance in the junction is monitored in an experiment in buffer
solution. In contrast, panel 1B shows the same situation for ex-
periments performed on TFE solvent, which induces the Z-form
in the oligonucleotides. The static STM-B] blinking approach!*®]
was employed to characterise RNA:DNA hybrids conductance.
Briefly, a distance between the STM electrodes is fixed by the
tunneling current setpoint value. Once mechanical stability is
reached, the microscope’s feedback loop is turned off and the
current versus time is recorded, monitoring the blinking events,
which are telegraphic signals in the junction conductance caused
by stochastic connections and disconnections between the elec-
trodes and the molecule, resulting in an abrupt jump and fall
of the current from and to the tunneling current (see support-
ing methods and supporting figures, Supporting Information,
for more details and control experiments). Linear and semi-
logarithmic conductance histograms are built by the accumula-
tion of 80 of these individual blinks, in each case. Data acqui-
sition is done using a NI-DAQmx/BNC-2110 (National Instru-
ments analog-digital converter interface acquisition) and treated
using a custom LabView code, and plotted with Matplotlib.[*8] We
quantify the conductance by fitting a Gaussian curve on the his-
togram (dark blue trace in Figure 1C,D).

Figure 1 shows the conductance histograms obtained from 80
blinking traces in each case. The A-form DNA:RNA experiments
(Figure 1C) result in a conductance peak centered around 9.4 +
1.3 - 107*G,, one order of magnitude higher than the one ob-
tained for a comparable amount of traces in the TFE experiments
in Figure 1D, corresponding to the Z-form DNA:RNA (9.6 + 1.7
- 107°G,), where G, = 2¢*/h = 7.75 x 107> A/V(S) is the quan-
tum of conductance (e is the electron charge and h is the Planck
constant). The conductance value for the A-form is in good
agreement with previous reports for this oligonucleotide, and
within the experimental error of the value obtained from A-form
oligonucleotides single-molecule electrical conductance reports
using the current-distance so-called “tapping” approach.[!7:1820]
This indicates that the mechanical forces in the STM do not
significantly disturb the contacted biomolecule’s conformation.
The good agreement of the A-form results with published data
supports the reproducibility of the STM-BJ as a robust single-
molecule conductance measurement also in biomolecules.>*3]
The difference in conductance between A- and Z-forms is not
surprising since the Z-form is comparatively longer than the A-
form. Measuring end-to-end the molecular structures from ab
initio calculations (see below), one obtains around 4 nm for the
A-form versus 4.7 nm for the Z-form (see Figure 2 and 1). Re-
gardless of the charge-transport mechanism, the conductance
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Figure 1. A,B) Diagrams of the experimental setup showing the RNA:DNA hybrids in the A- and Z-form, respectively, connected between two gold
electrodes. C,D) Conductance histograms for the A- and Z-form of RNA:DNA hybrids in blue and orange, respectively. The dark blue traces are a
gaussian fitting of the peak to obtain the indicated statistical values for the center and broadness of the distributions, specifically the mean conductance
(u), deviation (), and full width at half maximum (FWHM). A total of 80 blinks were collected for each sample. Insets show typical blinks for each
form. Experiments were performed using a 10 nA V=! amplifier and an applied bias voltage of 50 mV. The A- and Z-form were induced using 100 mM
buffer solution (pH 7.4) or 2,2,2-Trifluoroethanol (TFE) solvent 60% in H,0 (v/v), respectively. E) Semi-logarithmic histograms for the A- and Z-form of
RNA:DNA hybrids normalized to the total amount of accumulated current traces.

of an oligonucleotide generally decreases with the length of the
molecule.'73*#] In fact, if one takes the distance decay factor
(B) as the typical figure of merit for comparing molecules and
biomolecules in molecular electronics, these measurements are
consistent with # = 0.2 — 0.3 nm™, in line with previous re-
ports of DNA and RNA conductance,!'®! and with electrochem-
ical results.[*) It is worth comparing the CT in the Z- versus the
B-form with identical sequence,'”] surprisingly, the molecular
conductance is similar. The Z-form in GC-rich DNA:RNA thus
may have a more efficient charge transport process, taking into
account its longer molecular length. This is in qualitative agree-
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ment with previous pioneering computational reports.[*?) Com-
paring the histograms in Figure 1E, the histogram for the Z-form
is also slightly broader than the one obtained for the A-form. This
could be consistent with the A-form being more rigid than the Z-
form, in an analogy with other single-molecule transport mea-
surements comparing single-stranded versus double-stranded
oligonucleotides, where the histograms also reflected informa-
tion about biophysical properties such as molecular flexibility.[2%!

We also perform Circular Dichroism (CD) experiments to con-
firm the conformations of these oligonucleotides in solution;
the resulting spectra are shown in Figure 2. CD is a technique
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Figure 2. A) Circular dichroism spectra of A- and Z-form RNA:DNA hybrids. The inset shows a zoom in of the CD spectra around 295 nm. B,C) Results
from DFT calculation: Isosurfaces of the occupied molecular orbitals close to the HOMO for A- and Z-form RNA:DNA hybrids, respectively. Isovalue =

2% 1072 au.

that allows the study of the chirality of biomolecules using cir-
cularly polarized light and is normally used to distinguish sec-
ondary structures such as right- or left-handed helices.*3] The
spectra in Figure 2A agree with published results®**! and show
that this DNA:RNA hybrid forms a left-handed helix in the TFE
solvent,1>*>% while maintaining a right-handed A-form confor-
mation in the spectra resulting from 100 mM phosphate buffer
experiments. The inset in Figure 2A shows an enlarged ver-
sion of the region of the CD considered to reflect left-handed
or right-handed helicity in RNA oligonucleotides.l**! CD experi-
ments in TFE result in spectra with positive ellipticity in the 290—
300 nm range, consistent with published results for Z-form RNA
oligonucleotides.’) In contrast, CD spectra in buffer show nega-
tive ellipticities in this range, as expected for the A-form.**] These
results confirm the notion of measuring DNA:RNA in the left-

Small 2025, 21, 2408459

2408459 (4 of 7)

handed Z-form in experiments in TFE versus the right-handed
A-form in experiments in phosphate buffer.

Previous computationall®! and experimental!’”! approaches
have shown that single-molecule oligonucleotide conductance
can be highly dependent on the conformation. To have more
information about the CT process and to confirm the rational-
ization of the differences in conductance values, we turn to
electronic structure calculations for these molecules. Briefly,
A- and Z-form DNA:RNA hybrids are built with Avogadrol?!
and the w3DNAP3! applet, respectively. In both cases, all the
phosphate groups are protonated once to keep the fragments
neutrally charged. Subsequently, geometries are optimized using
the semi-empirical PM6 method!>*! as implemented in Gaussian
16.1%] Finally, Gaussian 16 is employed to carry out single-point
Density Functional Theory (DFT) calculations on the molecular
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Table 1. Orbital energy levels (in eV), molecular length, and obtained ex-
perimental results: y, o, and FWHM of the different DNA:RNA forms.

A Form Z Form
HOMO -5.01 =5.51
LUMO -1.65 -1.98
GAP 3.35 3.53
Molecular Length 4.05 4.69
Average experimental conductance 9.42 x 1074 9.63 x 107>
c 129 x 107 1.67 x 107
FWHM 3.20x 107* 3.54x 107

structures, using the B3LYPP*°! functional and the 6-
31+G(d,p)l®-%] basis set for all the atoms, to obtain the
molecular orbitals. Results are displayed in Figure 2.

Figure 2B,C shows the isosurfaces of the overlapping molec-
ular orbitals close to the Highest Occupied Molecular Orbital
(HOMO) for the A-form (from -6.23 to —5.01 eV) and the Z-
form (from —6.67 to —5.51 eV) obtained from DFT calculations
with an isovalue of 2 X 1072 au. These orbitals seem to over-
lap over the whole structure in the case of the A-form oligonu-
cleotide, probably favoring the electric conduction. On the other
hand, the Z-form clearly shows regions where the occupied or-
bitals do not overlap (void spaces between some base pairs, see
Figure 2C), which could be related to the worse conductance ob-
served for this oligonucleotide. These results seem to be con-
sistent with the higher electrical conductance obtained in the
A-form experiments. Another factor to consider here is the en-
ergy of these orbitals. Since the HOMO is supposed to be the
main mediator for the hopping CT process assumed to occur in
oligonucleotides,['*1743] the energy value of this orbital is key,
with higher values indicating enhanced conductance. Table 1
shows the values obtained for the DFT calculations using the
B3LYP/6-31+G(d,p) ensemble. Table 1 shows the Z-form HOMO
around -5.51 eV, while the A-form is found at -5.01 eV, much
closer to the energy level of the electrode injecting the charge in
the molecular bridge (considering the Fermi energy of the elec-
trodes in an electrolyte to be around —4.60 eV), resulting in a
higher molecular conductance (see Figure 1). Previous work has
shown that there may also be a significant tunneling contribution
in short oligonucleotides,['*}] even if the main mechanism is
hopping considering the low distance decay factors. In that case,
the tunneling barrier(s) will also be of important consideration.
For this qualitative discussion, one could approximate that bar-
rier to the molecular HOMO-LUMO gap obtained from the DFT
calculations. The gap for the Z-form (3.53 eV in Table 1) is higher
than that of the A-form (3.35 eV), which also supports a lower
molecular conductance. In addition, as discussed above, the Z-
form is known to be longer than the more compact A-form, and
this should result in lower conductance. Most likely, all of these
factors together contribute to the lower conductance observed in
the Z-form.

3. Conclusion

In summary, all the structural and electronic results obtained
from the simulations support the experimental finding of a lower
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molecular electronic conductance for the Z-form versus the A-
form. This is in contrast with previous computational approaches
suggesting a lower conductance for A-form oligonucleotides due
to a poorer alignment of the orbital bases.'"*l Both our experi-
mental findings and DFT calculations, as well as previous com-
bined experimental /computational reports,['”:182] show that the
length of the molecule, the delocalization of the orbitals, and
its energies are important for the molecular conductance and
that the more compact A-form results in a higher conductance
than longer molecular conformations. The longer Z-form shows
a conductance slightly lower than the one reported for the B-
form,[718] indicating a comparatively more efficient CT process
in these longer GC-rich RNA left-handed oligonucleotides. Al-
though this simple structural and electronic rationalization is
sufficient to explain the molecular conductance findings, further
single-molecule experiments and simulations are needed to dis-
cern the possible effect of the chirality of the helix,|®’] if any. These
results pave the way for spin-dependent single-molecule stud-
ies on these biomolecules that could result in groundbreaking
molecular electronics applications.

4. Experimental Section

Reagents and Solution Preparation: A Goodfellow Au(111) single crys-
tal was utilized as the STM sample electrode for the deposition of thio-
lated DNA:RNA oligonucleotide samples in solution. Before each exper-
iment, the Au single crystal was cleaned using piranha solution. Com-
plementary DNA probe (CC CGC GCG CCC) and RNA targets (rGrGrG
rCrGrC rGrCrG rGrG) obtained from Biosynthesis inc (USA) were al-
ready modified on the 5’ and 3’ termini with C6 spacers and thiols link-
ers in the case of the DNA probe sequence. Once hybridized and de-
salted, the A-form or Z-form were induced using 100 mM phosphate
buffer solution or TFE 60% in H,0 (v/v), respectively. Melting temper-
atures for the oligonucleotides were estimated to be between 57.2 and
59.7 °C using the IDT oligoanalyzer tool. The STM tips were coated with
Apiezon wax (Apiezon) to insulate them from any leakage current caused
by ions in the medium, thereby preventing interference with the molec-
ular conductance measurements (see Supporting Information for more
details).

Single-Molecule Conductance Measurements: Experiments were done
using a Molecular Imaging Pico-STM head connected to a Digital Instru-
ments Nanoscope llla controller with a 10 nA V= current preamplifier and
bias voltage of 50 mV for all experiments. See Supporting Information for
additional information and results from control experiments.

Circular Dichroism Measurements: ~ All experiments were conducted us-
ing a JASCO J-1500 CD spectrometer equipped with a 1-mm path length
quartz cell. Before each measurement, a blank spectrum (phosphate
buffer or TFE) was collected and subtracted from the sample data. A 40 uL
aliquot of a 150 mM oligonucleotide sample was added to the cell prior
to spectrophotometry data collection. The final spectra were smoothed by
averaging three scans.

Computational Details: A- and Z-form oligonucleotide hybrids were
constructed using Avogadrol®2] and the w3DNA[>3] applet. In each case,
all phosphate groups were protonated once to maintain a neutral charge
on the fragments. The geometries were then optimized using the semi-
empirical PM6 method implemented in Gaussian 16.1°1 Finally, single-
point DFT calculations were performed on the molecular structures using
Gaussian 16, with the B3LYP functional and the 6-31+G(d,p) basis set ap-
plied to all atoms, to obtain the molecular orbitals. In order to plot the
isosurfaces an isovalue of 2 x 1072 au. was employed.

Statistical Analysis: For each experiment, blinks were manually col-
lected using a customized LabView-based program.[®8] Histogram plot-
ting and calculation of mean conductance (u), deviation (¢), and full width
at half maximum (FWHM) using a Gaussian model were performed with
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the Python libraries MatPLotLibl%] and LMFIT,7%l respectively. See Sup-
porting Information for more details.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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