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Detecting and decoding genetic material is vital in a variety 
of fields and for innumerable applications ranging from 
cancer screening to pathogen detection. Reliable, efficient 

and inexpensive detection and identification of specific strains of 
microorganisms in dilute yet complex samples has thus emerged as 
a grand challenge for advancing the biological and health-related 
sciences1,2. Generally, microorganisms are detected through two 
main approaches: one based on detecting specific epitopes3 and the 
other based on identifying genetic information (DNA or RNA)4. 
Both approaches often require time-consuming cell-culturing steps 
before detection and identification, and, while nucleic acid-based 
methods provide better specificity (mutants, strains or patho-
genic serotypes can be differentiated), the detection of nucleic 
acids almost invariably requires enzymatic amplification through 
approaches such as PCR5. In this Article, we present the use of 
electrical conductance measurements using the single-molecule 
break junction (SMBJ) approach6,7 to directly detect and identify 
pathogenic bacterial strains from their transcribed RNA sequences. 
In recent years, SMBJ measurements have shown that the conduc-
tance of double-stranded (ds) DNA or RNA:DNA hybrids can be 
measured at the single-molecule level8,9. These measurements, in 
conjunction with other techniques for studying charge transport 
in oligonucleotides10–14, have demonstrated the sensitivity of charge 
transport in oligonucleotides to a variety of sequence15 and environ-
mental effects16,17, including single-base mismatches18,19. Here, we 
leverage this unique sensitivity to directly interrogate the conduc-
tance of RNA sequences of interest for a sensor platform.

To examine the utility of this method we focused on identifying 
specific strains of Escherichia coli20. Many strains of E. coli are patho-
genic and produce one or more forms of Shiga toxin (Stx)21. The Stx 
family consists of two primary subgroups, Stx1 and Stx2, which can 

cause haemorrhagic diarrhoea and complications such as kidney 
failure22. To detect and identify Stx-producing strains of E. coli we 
targeted a specific region of messenger RNA (mRNA) that partially 
encodes for the Shiga toxins. RNA was specifically targeted instead 
of DNA for the following reasons. (1) RNA transcription within the 
cells naturally amplifies these targets during the interphase of the 
cell cycle, thus naturally creating more RNA for detection, which in 
turn may remove the necessity of performing PCR-based amplifica-
tion or cell-culturing steps. (2) Many plant and animal pathogens 
have RNA genomes23, and targeting RNA obviates the need to con-
vert RNA into complementary DNA (cDNA) before detection. (3) 
RNA fragments can provide direct information about gene activity 
and cell viability24; if mRNA for Stx is detected, then the Shiga toxin 
is very probably present.

Using the SMBJ approach, we first examined the electrical con-
ductance properties of a 15 base pair (bp) mRNA sequence when 
bound to a complementary DNA probe (Fig. 1). We then measured 
the conductance of a series of three additional RNA sequences that 
identify other strains/microbes and differ from the initial target by 
only a single base. While it has been found that double-stranded (ds)  
nucleic acids such as dsDNA, dsRNA and RNA:DNA hybrids are 
capable of long-range charge transport through the π​-stack25–27, 
comparing the conductance properties of these four sequences 
demonstrates that the conductance of RNA:DNA hybrids is highly 
sensitive to small variations in the sequence, down to single nucle-
otide differences. The dominant cause for this sensitivity is the 
resulting changes in molecular conformation that accompany the 
modification, rather than the direct chemical substitution. We also 
explored the sensitivity and selectivity of this technique, and found 
that it is capable of detection at attomolar (aM) target concentra-
tions, capable of identifying multiple targets simultaneously, and 
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capable of detection even in the presence of background RNA. The 
combination of these features indicates that single-molecule con-
ductance measurements can be used to identify unique serotypes of 
pathogenic species, may preclude the need for enzymatic amplifica-
tion or cell culturing before detection, and can provide the specific-
ity to allow the detection and identification of nucleic acids at low 
concentrations, even in complex media.

Specificity of the SMBJ technique
To determine whether the SMBJ technique is capable of measur-
ing the conductance of biologically relevant sequences, we began 
by measuring the conductance of a 15 bp mRNA sequence from the 
gene transcript of enterohaemorrhagic E. coli: O157:H7 EDL933 
(Fig. 1a, red; X =​ A, Y =​ U and Z =​ G)28, a strain that produces both 
Stx1 and Stx2, and is often the cause of food-borne illnesses. The 
RNA sequence was verified to originate in the Stx encoding region, 
and to have a low probability of interference from unrelated species, 
using BLASTn 2.6.1+​29 (see Methods for details; Supplementary 
Fig. 1). The target sequence was hybridized to a complementary 
DNA probe modified with thiol linkers at both 3′​ and 5′​ ends 
(see Methods for details; Supplementary Fig. 2). SMBJ measure-
ments were carried out by bringing an atomically sharp Au elec-
trode into and out of contact with a Au substrate with the hybrids 
in solution6. Conductance was monitored as the two electrodes 
were separated, and steps in the conductance versus distance trace 
in Fig. 1c indicate the formation of Au–RNA:DNA–Au junctions. 
The conductance traces show steps in the range of 1 ×​ 10−4G0 to 
4 ×​ 10−4G0 (where G0 =​ 2e2/h, the quantum conductance). A statisti-
cal analysis of these traces yielded a histogram that reveals the most 
probable conductance of an RNA:DNA junction (Fig. 1d, black 
histogram). Fitting several such histograms from independent 

measurements with a Gaussian distribution yielded a conductance 
value of 2.7 ±​ 0.2 ×​ 10−4G0 for this 15 bp hybrid. In contrast, when no 
molecules or only the single-stranded DNA probes are present, no 
detectable peaks in the conductance range are visible in the histo-
gram (Fig. 1d, light grey and blue, respectively).

Having found that biologically relevant sequences can be mea-
sured, we next examined the specificity of this approach. Specificity 
is defined as the ability to delineate between the desired target and 
other, possibly interfering, agents. In this case, proving that the 
system is specific means determining if it is possible to discrimi-
nate between the intended RNA target and other RNA sequences 
that could bind to the DNA probe. To investigate this effect, we 
measured several sequences that differed from our target mRNA 
by only a single base (Fig. 1d). Possible interfering sequences that 
are relevant to detection were identified by aligning our target in 
the BLASTn bacterial database to obtain candidates that differ by 
a single nucleotide. All of the mismatched RNA sequences were  
hybridized to the same DNA probe shown in Fig. 1a (blue sequence). 
Example histograms obtained from these sequences are shown  
in Fig. 1d.

In the first mismatched sequence, a G is substituted for the A at 
base 14 (position X in Fig. 1a). This corresponds to mRNA from 
O175:H28 E. coli (strain 02–04450), which only produces Stx230. 
The conductance of this sequence is approximately one-quarter 
(6.6 ±​ 0.7 ×​ 10−5G0) that of the perfectly matched O157:H7 case. The 
second sequence (position Y) has a C substituted for the T at the 
eighth base position. This sequence corresponds to a commensal 
strain of E. coli (ED1a) from phylogenetic group B2, which does not 
produce the Shiga toxin31. At 3.6 ±​ 0.5 ×​ 10−4G0, its conductance is 
~40% higher than the perfectly matched case. The final sequence, 
from Photobacterium damselae, has an adenine substituted for the 
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Fig. 1 | Break junction experiments on RNA:DNA hybrids. a, Schematic of the examined 15 bp RNA:DNA sequences. The blue side represents the DNA 
probe with thiol linkers, and the red side represents the RNA sequences targeted. For E. coli O157:H7 X =​ A, Y =​ U and Z =​ G (perfectly matched). In the 
other three cases a mismatch is present. For E. coli O175:H28 X =​ G, for E. coli ED1a Y =​ C and for Photobacterium damselae Z =​ A. b, Idealized schematic 
of the experimental set-up showing the RNA:DNA molecule bound between two gold electrodes. c, Representative conductance versus distance traces 
obtained from the O157:H7 hybrids during break junction measurements. The black curves (with steps) are measured when a molecule binds between the 
electrodes; and the grey curves occur when no molecules bind. The pulling distance of each curve is ~4 to 10 Å. All curves are offset horizontally for clarity. 
d, Conductance histograms for the four RNA:DNA hybrids and two control experiments performed for the single-stranded DNA probe and blank buffer. 
Histograms are offset vertically for clarity. A total of 5,000 traces were collected for each sample.
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guanine at the second (Z) position32. In this case, the conductance 
decreased to the point where it was not detectable within our cur-
rent range (down to ~1 pA). These changes in the conductance fin-
gerprint demonstrate that charge transport in RNA:DNA hybrids 
is extremely sensitive to single-base mismatches, that using a 
single DNA probe allows the detection of multiple microbes, that 
strains or serotypes can be differentiated, and that this technique 
is robust against false positives as even a single base difference can 
be detected.

Although these results are promising from a sensing or genotyp-
ing perspective, they are somewhat counterintuitive from a charge 
transport perspective for several reasons. First, the conductance 
of oligonucleotides is expected to increase as the guanine content 
increases because of its lower ionization potential33, and it has previ-
ously been demonstrated in dsDNA duplexes that a G·T mismatch 
can increase the conductance19. Alternatively, an A·C mismatch is 
expected to decrease the conductance of the duplex due to both the 
change in ionization potential33 and the decrease in stability due 
to decreased hydrogen bonding34. However, in the two A·C cases 
examined, no consistent trend is observed. For the ED1a sequence, 
an increase in conductance is observed, while for the P. damselae 
sequence, the conductance cannot even be measured within the 
experimental range.

Fundamentally, there are two possible reasons for the large con-
ductance differences observed. First, because each base has different 
HOMO–LUMO (highest occupied to lowest unoccupied molecular 
orbital) gaps and ionization potentials, the base substitutions signif-
icantly modify the electronic structure of the system, which results 
in the measured conductance change. Second, the mismatched 
bases may cause substantial alterations to the average conformation 
of the duplexes, which changes the electronic coupling throughout 
the system and results in the observed conductance change. Because 
of the counterintuitive nature of the results, we suspect that it is the 
latter that causes the observed conductance changes.

Structure–transport relationships in RNA:DNA hybrids
To examine the effects of structure on transport, we turned to a 
combination of melting temperature (Tm) and circular dichroism 
(CD) experiments, molecular dynamics (MD) simulations, density 
functional theory (DFT)-based electronic structure calculations, 
and charge transport calculations. CD spectra are one of the pri-
mary methods for understanding the structure of nucleic acids35.  
Figure 2a shows the CD spectra of all four RNA:DNA hybrids at 
room temperature. These spectra all show positive peaks near 
270 nm and a negative one near 210 nm, which indicates that the 
molecules are all in an A-form-like configuration36. However, 
there are some differences, especially at the peak position near 
270 nm, suggesting some differences in the helicity of the struc-
tures37. Moreover, for the P. damselae sequence, the 210 peak is far 
less intense than the other three, indicating a decrease in stability. 
Melting temperature measurements are capable of providing addi-
tional insights into the stability of the duplexes, so Tm values were 
extracted from temperature-dependent CD measurements (Fig. 2b).  
While all four sequences are stable at room temperature, the Tm of 
the P. damselae sequence is more than 10 °C lower than the per-
fectly matched, O157:H7 case. This decrease is larger than would be 
expected for a single mismatch within a duplex38, and suggests an 
important change in the overall structure that drastically decreases 
the overall hydrogen bonding in the hybrid.

To determine what causes these differences in Tm, and under-
stand how much the structure changes in the four cases, we per-
formed MD simulations for each of the hybrids. Each sequence was 
modelled without including the linkers or the gold electrodes so that 
contact effects were neglected (see Methods). Figure 2c shows the 
number of hydrogen bonds between each base pair for each of the 
hybrids at every 2 ps time interval using a 3.1 Å cutoff for hydrogen  

bond formation. For the O157:H7 and O175:H28 sequences, it is 
clear that A·T base pairs tend to have fewer hydrogen bonds than 
the G·C base pairs, as expected, but there are no other clear pat-
terns. These results indicate that there are no weak binding points 
in these sequences, and that a G·T wobble pair may form in the 
O175:H28 case39. Alternatively, in the ED1a E. coli sequence, there 
is an explicit zero hydrogen bond (purple) line at the A·C mis-
match point throughout the simulation. Notably, however, there 
is no significant influence on the adjacent base pairs. The case for  
P. damselae is pointedly different; not only is weak binding evident 
at the A·C mismatch point, but the neighbouring base pairs are also 
affected, and form fewer hydrogen bonds throughout the simula-
tion time, indicating that the end of the molecule is frayed, as can 
be seen in the characteristic structure shown in Fig. 2c (bottom). 
The characteristic structures, shown in Fig. 2c, are determined 
using the average purine pathway length40 for each of the molecules 
from the MD simulations (see Methods and Supplementary Fig. 3). 
This fraying would result in a lower Tm value and a decrease in the 
210 nm peak intensity, as seen experimentally. Thus, by combining 
these results, we can conclude that the reason for the conductance 
of the P. damselae hybrid not being measurable is because the bases 
on the end of the stack are not hydrogen-bonded. This fraying dis-
rupts the π​-stack, drastically increases the tunnelling barrier onto 
the molecule, and substantially decreases the overall conductance 
of the molecular system.

The MD simulations also indicate that the characteristic struc-
tures (Fig. 2c) of the other three hybrids are subtly yet significantly 
different, which is consistent with the CD observations. To exam-
ine the effects that these structural differences have on the charge 
transport properties, we use DFT and Green’s functions approaches 
to determine the density of states (DoS) and transmission probabil-
ity through the nucleotide blocks (see Methods and Supplementary 
Fig. 4). Additionally, because holes typically dominate transport in 
oligonucleotides40,41, we focus on the HOMO through HOMO-N 
levels for the following discussion. Figure 3d–f presents the two-
dimensional (2D) DoSs for each of the three measured sequences, 
with the horizontal axis representing the sequence along the length 
of the molecule. In these plots, the molecular orbitals appear as 
slightly broadened, high-density, horizontal stripes. The first such 
stripe in each plot represents the HOMO level for that sequence. 
From these plots, several clear trends emerge. First, the HOMO 
level for the ED1a sequence appears at the highest energy. Second, 
it is more delocalized spatially than the HOMO of the other two 
sequences, which can also be seen from the HOMO iso-surface 
plots in Fig. 3a–c (left images). Third, there are more energy levels 
(HOMO-1 through HOMO-N) above −​5.0 eV in this case than the 
other two, some of which are nearly degenerate and extend through 
the entire molecular structure. Finally, the DoS at any given energy 
above the HOMO level is greater for the ED1a case than the other 
two. This can be seen in the plots shown in Fig. 3a–c (right images), 
which display the projected DoS for each molecule at an illustrative 
energy (−​4.64 eV, grey dashed lines in Fig. 3d–f) that is above the 
HOMO level for all of the molecules. The projected DoSs at other 
energies within an appreciable range (−​5 eV to −​4 eV) have a simi-
lar trend (Supplementary Fig. 5).

Recently, it has been suggested that transport through A-form-
like oligonucleotides is dominated by a partially coherent transport 
process42. Under this framework, these calculations suggest that the 
conductance of the ED1a sequence should be higher than the other 
two, for two reasons. First, the energy levels are more spatially dis-
tributed and have a greater density (in energy), indicating that once 
a charge is placed on the bridge, it will move more easily through-
out the structure. Second, the HOMO (and other) energy levels  
are higher, decreasing the activation energy for a charge to move 
between the electrodes and the bridge. To substantiate these con-
clusions we calculated the transmission through the molecules with 
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decoherence included (Fig. 3g). In the region above the HOMO level, 
the ED1a case has the highest transmission probability, followed  
by the perfectly matched O157:H7, and the O175:H28 sequence  
has the lowest conductance despite having the largest number of 
guanines. We note that these observations do not rule out possible 
contributions from changes in contact between the cases, which 
could be important, but instead indicate that the changes in con-
ductance can arise from inherent changes in the internal structure.

To confirm that the observed changes arise from differences in 
the most probable conformation rather than the chemical differ-
ences, we also calculated the electronic structure and transmission 
probability using the idealized structures provided by the Nucleic 
Acid Builder software package. Here, the structures of all three 
sequences are almost identical, and the primary difference is due 
to the chemical differences of the substituted bases. In this case, the 
energy levels and transmission probability of all three sequences are 

nearly identical. These results imply that it is not the alteration in 
the sequence or chemical formula (primary structure) that causes 
the conductance differences, but instead the effect of the base mis-
match on the entire molecular conformation (tertiary structure), in 
line with our hypothesis above.

Sensitivity of the SMBJ approach
To evaluate the sensitivity of this system we estimated the limit 
of detection (LoD), as this is a measure of the minimum concen-
tration that can be confidently distinguished from the case when 
no targets are present. To test the LoD we performed a titration 
study using different concentrations of the hybrids in solution. 
As shown in Fig. 4a,b, we performed conductance measurements 
on the 15 bp O157:H7 hybrid with concentrations ranging from 
~3 zM to 10 μ​M. To determine the LoD, we first defined the sig-
nal-to-noise ratio (SNR) for our measurements by examining the 
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ratio of the peak height at the molecule’s conductance value to 
the average number of counts obtained at that conductance value 
when measuring only buffer (using data sets of 2,000 traces for 
all cases). Assuming that an SNR of 3 is required to positively 
detect a target yields an LoD of ~20 aM (Supplementary Fig. 6). 
At concentrations in the low aM range and below, the selection 
percentage drops to values similar to those obtained in the control 
experiments, and detection becomes unreliable. A concentration 
of 20 aM corresponds to having ~180 molecules in the experimen-
tal cell in our system. We further note that this detection thresh-
old confirms the single molecule nature of this measurement: 
even with only a few hundred molecules in a 50 μ​l sample vol-
ume, there is still a reasonable probability of binding a molecule 
between the two electrodes and obtaining a statistically meaning-
ful conductance measurement.

In addition to estimating the LoD, we also explored the abil-
ity of this system to operate in less ideal conditions. First, we per-
formed conductance measurements on the O157:H7 hybrid in a 
complex RNA environment by spiking the hybridized sequence 
into an approximately nM concentration solution of synthetic, 
non-complementary, 149 bp RNAs to simulate measurements in an 
RNA extract. As shown in Fig. 4c, the conductance for the O157:H7 
sequence is still clearly visible, while measurements performed 
in only the RNA media (no DNA probes in solution) yielded few 
counts and no features in the histogram (Fig. 4c). Second, we con-
sidered the case when two different, possibly interfering sequences 
were present that were capable of binding to the same DNA probe. 
Here, we included both E. coli O157:H7 and O175:H28 sequences in 
the sample, and were able to resolve the peaks for each in the con-
ductance histogram (Fig. 4d). These measurements indicate that the 
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system can still detect targets in moderately complex environments, 
and opens up the possibility of multiplexed detection.

Conclusions
In this work, we have investigated the utility of single-molecule 
conductance measurements for detecting biologically relevant oli-
gonucleotides that encode a fragment of the E. coli Stx mRNA. We 
demonstrate that the conductance is extremely responsive to small 
changes in the sequence, down to single-base modifications. This 
specificity allows differentiation of multiple targets with a single 
DNA probe, and can provide strain-level information. Moreover, 
we found that the underlying reason for this specificity originates 
in the effects the mutated bases have on the molecular confor-
mation rather than the implicit chemical changes. This observa-
tion may enable in silico design of DNA probes with enhanced 
stability and structural integrity when targeting specific RNA 
sequences for genotyping. In addition to this specificity, the tech-
nique is also highly sensitive, providing a limit of detection in the 
aM regime (~20 aM). Finally, we demonstrated that the system is 
capable of detection in complex solutions as well as simultaneous 
detection of multiple targets. If such short sequences can be reli-
ably extracted from complex solutions, then this combination of 
aptitudes will make single-molecule conductance measurements 
an interesting platform for electrical detection and identification 
of RNA and DNA sequences without requiring amplification or 
cell-culturing for a myriad of applications including detection of 
pathogens, antimicrobial resistant strains, cancer biomarkers and 
miRNA, as well as monitoring of gene expression and microbi-
ome analysis.

Online content
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0285-x
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Methods
BLASTn 2.6.1+ sequence analysis on E. coli O157:H7 RNA. Supplementary 
Fig. 1a shows that the sequence of interest, 5′​-CGACCCCTCTTGAAC-3′​ (green 
dashed box), is part of the Shiga toxin subunit A encoding sequence in E. coli 
O157:H7. During gene expression, the genetic information on DNA is transcribed 
to mRNA. The red ribbon in Supplementary Fig. 1 represents the mRNA for 
protein translation, with the arrows indicating translation direction. The studied 
RNA fragment, 5′​-CGACCCCUCUUGAAC-3′​ (red dashed box), is presented 
within the mRNA sequence, which is used as a template to assemble the protein 
and produce the toxin. Supplementary Fig. 1b shows that the target sequence 
is present not only in E. coli, but also in a few insect species (Monomorium 
pharaonis, Megachile rotundata and Atta cephalotes), fungi (Saprolegnia diclina 
and Coprinellus xanthothrix) and some bacteriophage that also produce the Stx. 
These results indicate the specificity of the target sequence (from a proper sample) 
to strains producing Shiga toxins. In cases where the target sequence is present 
in multiple species, confounding the identification problem, one can increase the 
length of the single-stranded DNA probe.

Break junction measurements on RNA:DNA hybrids. All experiments were 
performed using a Molecular Imaging Pico-STM head connected to a modified 
Digital Instruments Nanoscope IIIa controller at room temperature. A 10 nA V−1 
preamplifier was used in the experiments. A laboratory-developed LabView 
(National Instruments) program was used to control the movement of the STM tip 
using a PCIe-6363 DAQ card (National Instruments) during the measurements.

All the experiments were performed at room temperature. Preliminary control 
measurements were taken in buffer solution before adding RNA:DNA hybrids into 
the sample cell, which allowed us to verify that no contamination was present  
(Fig. 1d, grey histogram). A small volume of RNA:DNA hybrids were then 
injected into the cell to achieve approximately μ​M final concentrations (or target 
concentration in titration experiments) for the conductance measurements.

In SMBJ measurements, a bias within the range of 50–300 mV was applied 
between two gold electrodes, and one atomically sharp electrode (the tip) was 
brought toward a second electrode at a rate of ~ 80 nm s−1 until the current 
saturated the amplifier. The tip was then retracted at the same rate while the 
current was recorded using an automated LabView program, until the current 
reached the lower limit of the preamplifier (~10 pA; note that this lower limit 
typically caused an additional peak in the histogram at low conductance values, 
as seen in Fig. 1d). After this cycle was completed, the process was repeated. 
During the measurements, thousands of current–distance traces were recorded for 
each molecule. Most of the traces simply show exponential decay without steps, 
which indicates that no molecules link between the two electrodes. Some of them 
(typically 10–20%) show steps, indicating the presence of oligonucleotide junctions 
between tip and substrate. To collect ~5,000 current versus distance traces for one 
measurement data set required ~1 h from the time the RNA:DNA sample was 
injected in the cell until collection finished.

During the data analysis process, an automated LabView program used two 
criteria to identify traces with steps. First, it performed a linear fitting to each 
current trace on a semi-logarithmic (current versus distance) plot, and then it 
rejected traces when the fitting residual was below the specified criterion  
(typically 0.5). This component filtered clean exponential decays from the data 
set. Second, a logarithmically binned histogram was created for each trace, and 
if the histogram did not have peaks above a specified threshold (typically 10–13 
counts) then it was also rejected. If a trace was not filtered by these two tests it was 
added to the overall conductance histogram, which revealed the most probable 
conductance of that molecular junction type. Processing a single data set to obtain 
a conductance histogram typically took 15–30 min.

RNA:DNA sample preparation. DNA and RNA oligonucleotides were purchased 
from Biosynthesis and purified by high-performance liquid chromatography. 
Both the 5′​ and 3′​ ends of the DNA strand were functionalized with thiol linkers 
via a spacer (a six-carbon chain at the 5′​ end and a three-carbon chain at the 3′​ 
end). The mercaptopropanol-group-protected disulfide bond in the thiolated 
DNA was reduced using tris(2-carboxy-ethyl)phosphine (TCEP) (10 mM) for 
3 h at room temperature. The unreacted TCEP was then removed using 7,000 
molecular-weight cutoff desalting columns (#89882 Zeba spin). All measurements 
were carried out in a 100 mM sodium phosphate buffer solution. The buffer was 
prepared by combining Na2HPO4 and NaH2PO4 (Sigma-Aldrich) in a 8.1:1.9 
vol/vol ratio to obtain a solution pH of 7.4. Milli-Q water (18 MΩ​) was used to 
prepare all solutions. RNA:DNA hybrids were obtained by hybridization of the 
complementary strands in the phosphate buffer. The mixture was heated to 80 °C 
in a water bath and then cooled to room temperature over several hours.

To limit the degradation of RNA, we stored all RNA samples at −​80 °C, and 
cleaned all glassware and Teflon sample cells using a piranha solution (98% 
H2SO4 +​ 30% H2O2 in a 3:1 vol/vol ratio)43. Note that piranha solution is extremely 
aggressive toward organic materials and should be used with extreme caution.

CD and Tm experiments. CD experiments were performed using an Olis DSM 
20 circular dichrometer with a cylindrical cell (2 ml) with 5 mm path length. 
We performed temperature-dependent CD spectroscopy with the temperature 

ramping up from 21 °C to 69 °C (step size of 3 °C). Before the measurements for 
the four hybrids, a blank spectrum was collected and then subtracted from the 
experimental data. A 30 μ​l volume of 150 μ​M RNA:DNA hybrids was added to 
2 ml of 100 mM phosphate buffer in the cell. CD spectra at 21 °C were plotted 
and smoothed using the adjacent averaging method with a 10-point window. To 
obtain the melting temperature for each hybrid, the delta absorbance intensity at 
260 nm as a function of temperature was plotted for each case (Fig. 2b). Sigmoidal 
fitting of the experimental data gave Tm (which matched the calculated values 
using Integrated DNA Technologies OligoAnalyzer 3.1 in Supplementary Table 1) 
(https://www.idtdna.com/calc/analyzer).

MD simulations. The 15 bp A-form RNA:DNA hybrid structures were generated 
using the Nucleic Acid Builder web server (http://structure.usc.edu/make-na/
server.html). All structures were neutralized with 28 Na+ counter ions and solvated 
with a 10 Å barrier of TIP3P45 water from all boundaries in an octahedral periodic 
box44. The same minimization, heating, equilibration and MD procedures were 
applied using AMBER 1644 software package to all structures.

The water molecules and counter ions were first minimized using 500 steps 
of steepest decent followed by 500 steps of conjugate gradient minimization 
with a constant 25 kcal mol−1 restraint force on the RNA:DNA hybrid. The 
whole system (RNA:DNA hybrid, water and ions) was then minimized using 
1,500 steps of steepest decent followed by 1,500 steps of conjugate gradient. 
After minimization, the system was heated to 300 K with a 3 K ps−1 heating 
rate and the water molecules were equilibrated for 50 ps while keeping the 
RNA:DNA hybrid under the same restraint force. Finally, the entire system 
was simulated for 52.5 ns and the latter 50 ns was used for analysis. During 
the simulations, ff99OL346,47 and Bsc148 force fields, respectively representing 
the RNA and DNA strands of the hybrids, were used. The SHAKE algorithm49 
was applied to constrain all bonds to hydrogen within the structure of the 
RNA:DNA hybrid. The time step used for MD simulations was set to 2 fs, which 
is an accurate approximation when used with the SHAKE algorithm49. Long-
range electrostatic interactions were treated using the particle-mesh Ewald 
(PME) method50.

Determination of characteristic structures and the purine pathway. It has 
been demonstrated that the purines (A and G) contribute more to the transport 
properties of nucleic acids than the pyrimidines (C, T and U)40. We therefore 
examined the electronic structure and transport calculations in relation to the 
so-called ‘purine pathway’. This pathway represents the distance through the 
molecule if the charge primarily resides on the purines when transporting through 
the structure. The characteristic structures used for the electronic structure 
calculations were determined by finding the structure most closely representing 
the average length of the purine pathway for each of the molecules from the MD 
simulations. The length of the purine pathway was calculated every 2 ps over 
the course of the 50 ns MD simulation. The types of atom and their coordinates 
within the six-member ring of the purine bases were used to determine the 
centre of mass of the bases. The total purine pathway length was then calculated 
going from first to last ring centres. Finally, we generated purine pathway length 
histograms showing how individual RNA:DNA hybrid molecules behave over 
time (Supplementary Fig. 3). The distinct behaviour of the P. damselae structure 
throughout the simulation time is due to the separation of three adjacent base pairs 
at the 5′​ RNA–3′​ DNA end of the molecule. The other three hybrids stay stable 
over the course of the simulation. The structure with the mean purine pathway 
length was selected as the characteristic structure for further DFT and transport 
calculations for the three stable hybrids.

DFT and transport calculations. Ab initio (DFT) calculations of the RNA:DNA 
hybrid structures with the mean purine pathway lengths were performed 
using B3LYP/6–31G(d,p) as the basis set42,51–58 in Gaussian 0959 to obtain the 
Hamiltonian (H0) and overlap matrices (S0). B3LYP was used to calculate the 
ionization potential of the nucleobases, either as a main calculation method54,55 
or as part of methods comparison and benchmarking56,57. These calculations 
demonstrated that B3LYP/6–31G(d,p) yields the correct trend as the experiments, 
with an offset in values of about 300 meV, which also depends on the sequence56. 
Other computationally more expensive methods, such as CCSD54 and MP258, 
have been proposed to give more accurate ionization potential results, but what 
makes B3LYP/6–31G(d,p) a method of choice is its reasonable computational 
cost and relatively good accuracy. Because the primary aim here is to examine 
the trends of conductance changes with mismatches rather than to calculate 
precise conductance values, and the molecular system under consideration is 
very large (15 bp, ~1,000 atoms), the B3LYP/6–31G(d,p) basis set provides a 
balance between memory requirements, computational time and accuracy. For 
all structures, the charge of the system is taken as −​28 and the counter ions are 
not included explicitly. It has been shown that the electronic structure calculation 
of biomolecules in vacuum displayed vanishing HOMO–LUMO gaps60, so one 
has to use either implicit or explicit solvation models. Here we assumed that the 
only effect of the solvent is to modify the equilibrium electronic structure of 
the RNA:DNA hybrid, and so we used the implicit solvation method IEFPCM 
(‘integral equation formalism polarizable continuum model) within Gaussian 0959.  
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A unitary Löwdin transformation61 was implemented to convert H0 into a 
Hamiltonian H in an orthogonal basis set via the following equation:

= − −
H S H S (1)

0

1
2

0 0

1
2

Here, the diagonal elements of H represent the energy levels at each atomic 
orbital, and the off-diagonal elements correspond to the coupling between the 
different atomic orbitals. Transmission through the molecule was then calculated 
using Green’s function method. To account for decoherence, the Büttiker probe 
formalism62,63 was implemented. The retarded Green’s function (Gr) was found by 
solving the following equation:

Σ Σ Σ− + + + =E H G I[ ( )] (2)L R B
r

where E is the energy level and H is the Hamiltonian defined in equation (1). ΣL(R)
is the left (right) contact self-energy, which represents the coupling strength of 
the DNA to the left (right) contacts by which charge enters and leaves the DNA. 
The self-energy of the phase-breaking Büttiker probe is defined as ΣB, which also 
represents the coupling strength between the DNA and the Büttiker probes.

The self-energy of the contacts is defined as Σ Γ= −L(R)
i
2 L(R) , where i is the 

imaginary unit and Γ = 600 meVL(R)  is treated as an energy-independent coupling 
parameter (several values were tested, ranging from 100 meV to 1 eV). The Büttiker 
probe self-energy is defined as Σ Γ= ∑ −i iB

i
2

, where i represents the ith probe, and 
Γi represents the coupling strength between the probe and the coherent system, 
also taken as an energy-independent parameter of value Γ = 10 meVi . Note here 
that the Büttiker probes are added to the energy levels at the atomic orbitals of each 
block of atoms (as per the definition of diagonal elements of H).

The Büttiker probes are attached to each nucleotide (backbone +​ base) as 
shown in Supplementary Fig. 4. In a structure consisting of N =​ 30 bases, the total 
number of Büttiker probes is calculated as Nb =​ N −​ 2 =​ 28. In the low-bias region, 
the current at the ith probe is

∑ μ μ= − = . . .
=

I e
h

T i N2 ( ), 1, 2, 3, , (3)i
j

N

ij i j
1

where Γ Γ=T G Gij i j
r a is the transmission probability between the ith and jth probes, 

and = †G G( )a r  is the advanced Green’s function.
The net current at each Büttiker probe should be zero; this yields Nb 

independent equations from which the following relation can be derived:












∑μ μ μ μ− = − = . . .
=

−W T i N( ), 1, 2, 3, , (4)i
j

N

ij jL
1

1
R R L b

b

Here, −Wij
1 is the inverse of δ δ= − − −W R T(1 ) (1 )ij ii ij ij ij , where Rii is the reflection 

probability at probe i, and is given by = − ∑ ≠R T1ii i j
N

ij. The currents at the left (IL) 
and right (IR) contacts are not zero, because they are governed by the conservation 
of electron number, IL +​ IR =​ 0. This yields the equation for the current at the left 
contact as

μ μ= −I e
h

T2 ( ) (5)L eff L R

Comparing equation (3) to equation (5) yields the effective transmission term:

∑ ∑= +
= =

−T T T W T (6)
i

N

j

N

i ij jeff LR
1 1

L
1

R

b b

In equation (6), TLR is the coherent transmission from the left electrode to the right 
electrode. The second term is the decoherence contribution into the transmission 
via the Büttiker probes. From equation (5), the zero bias conductance can be 
approximated as G =​ G0Teff, where the quantum conductance, G0, can be calculated 
as Ω= ≈ . × − −G 7 75 10e

h0
2 5 12

.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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