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We combined various experimental (scanning tunneling microscopy and Raman spectroscopy) and theoretical
(density functional theory and molecular dynamics) approaches to study the relationships between the base-
pairing patterns and the charge transfer properties in DNA 32-mer duplexes that may be relevant for
identification and repair of defects in base pairing of the genetic DNA and for DNA use in nanotechnologies.
Studied were two fully Watson-Crick (W-C)-paired duplexes, one mismatched (containing three non-W-C
pairs), and three with base pairs chemically removed. The results show that the charge transport varies strongly
between these duplexes. The conductivity of the mismatched duplex is considerably lower than that of the
W-C-paired one despite the fact that their structural integrities and thermal stabilities are comparable.
Structurally and thermally much less stable abasic duplexes have still lower conductivity but not markedly
different from the mismatched duplex. All duplexes are likely to conduct by the hole mechanism, and water
orbitals increase the charge transport probability.

1. Introduction

The protection of genetic information, the fundamental
biological function of the DNA molecule, is dependent on
infallible matching of complementary bases in the Watson-Crick
(W-C) pairs, and any errors in their recognition may lead to
the production of nonfunctional or even harmful RNA or protein.
The detection of the occurrence of non-W-C or otherwise
damaged or missing base pairs by cellular checking and repair
mechanisms is therefore of vital importance. However, base
pairing and its manifestations may not be of importance only
for biology, because the self-assembling ability of DNA is also
of great interest for material science where various nanoscale
objects could be constructed from properly designed self-
assembling oligonucleotides.

This work studies the consequences of structural perturbations
on charge transport in double-helical oligonucleotide DNA
caused by mismatched or missing base pairs. Charge transport
along or through DNA molecules has been investigated by
various experimental techniques for over a decade, sometimes
with contradictory results,1-11 so that understanding of the charge
transport through a polyelectrolyte aperiodic system as com-
plicated as double-helical DNA continues to be a major scientific
problem. Several mechanisms may contribute to the charge

transport in DNA, namely, electronic conduction along base pair
sequences, ionic conduction associated with the counterions at
the solvation shell surrounding the duplex, reorientation of the
water dipoles around the duplex,12-14 and also phonons resulting
from the structural fluctuations of the duplex.15,16

Charge migration along DNA double-helical molecules may
be of biological importance as the extended electronic states of
DNA could play a role in the processes of sensing and/or repair
of DNA damage.1,17-21 Barton and co-workers have brought firm
evidence that the double helix can serve as a bridge for electron
transfer22 and that rhodium intercalator noncovalently bound to
the duplex can catalyze repair of a thymine covalent dimer, a
common DNA lesion, at a distance of a few nanometers, and
that this long-range repair is mediated by hole transfer through
the DNA helix.23,24 Guanine, especially in short sequences, has
the smallest oxidation potential of all of the natural bases, and
Heller19 hypothesized that guanine-rich regions may function
as a cathodic protection of long DNA stretches. Localization
of oxidative damage has been studied at steps containing guanine
and other bases, and charge transfer has been clearly shown to
be sequence-dependent.17,25-28 Quite significantly, a DNA duplex
with non-W-C pairs can be recognized by its different electrical
behavior,29 for example, by its much lower conductivity than
that of a fully W-C-paired duplex.30

We combined various experimental techniques [scanning
tunneling microscopy (STM) and Raman spectroscopy] and
theoretical approaches [molecular dynamics (MD) and quantum
mechanics] to investigate the relationship between structural,
electronic, and charge transport properties of six types of double-
helical oligonucleotides: two duplexes with the “canonical” W-C
pairs and duplexes containing two types of DNA lesions, one
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containing mismatched base pairs and three with a few bases
removed so that three, four, or five of their base pairs were
missing. Exploration of the relationships between structural
consequences of a particular modification in the DNA base-
pairing pattern and its charge transport properties is apparently
complex, but their elucidation may help explain the biological
significance of charge transfer through DNA as well as facilitate
DNA utilization in nanotechnology.

2. Materials and Methods

The following paragraphs detail the DNA samples studied
as well as their preparation (section 2.1) and describe the
techniques used (section 2.2).

2.1. Materials. Six 32-nucleotide-long DNA duplexes of
various sequences and base-pairing patterns were studied (Table
1). The STANDARD duplex was assembled from two comple-
mentary single-stranded 32-mers containing all four types of
nucleotides in an equal proportion and in quasi-random nonself
complementary sequences restricting the formation of intrastrand
loops. This duplex served as the basic oligonucleotide model
of natural DNA, and its conductivity and structural properties
were compared to other 32-mer duplexes. The other canonical
duplex had an increased G-C content (STANDARD GC), and
the remaining four samples had impaired or missing W-C
pairing: One duplex contained three mismatched base pairs
(MSMCH3), and three duplexes had three, four, and five base
pairs, respectively, eliminated from their central parts (ABA-
SIC3, ABASIC4, and ABASIC5).

All of the duplexes were prepared from single-stranded
oligonucleotides synthesized in an ABI394 synthesizer using
standard phosphoramidite chemistry.31-33 The standard base
phosphoramidites (for A, G, C, and T) and dSpacer CE
Phosphoramidite (for abasic sites) were purchased from Glen
Research (United States) and used according to the manufac-
turer’s recommendations. Single-stranded oligonucleotides were
purified by reverse-phase chromatography and analyzed by high-
performance liquid chromatography (HPLC) and matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) for
quality control. The purity of all of the sequences was >98%
according to the HPLC and MALDI-TOF analyses.

The duplexes for Raman spectroscopy were prepared by direct
mixing of equimolar amounts of two complementary single
strands in phosphate-buffered saline (PBS, pH 7.5). The mixtures
were then incubated at 95 °C for 10 min and afterward left to
cool at 23 °C for 16 h. The equimolarity of the mixture and the
integrity of the formed duplexes were checked by polyacryla-
mide gel electrophoresis (PAGE) electrophoresis. The resulting

∼2 mM (in duplex) samples with a total ionic strength of 100
mM NaCl were also used for the Raman measurements.

Double helices for the STM measurements were chemically
attached14 to self-assembled 40 nm thin monolayers of Au
(99.99% purity). The monolayers were vacuum-evaporated on
single crystalline silicon substrate 〈100〉 wafers, which were cut
into 1 cm × 1 cm pieces, and the substrates were blown using
pure nitrogen and exposed to a solution of thiolated oligonucle-
otides in a sodium chloride buffer. Five microliters of the 50
µM solution of 5′-thiol-modified single-stranded oligonucle-
otides was spotted onto the gold support, forming a drop of
approximately 3 mm in diameter. The spotted slides were kept
closed in a cartridge with a humidified atmosphere created by
water-filled basins. The cartridge was incubated at 50 °C for
16 h, after which the gold support was washed twice with
Milli-Q water. The spots were then treated with 5 µL of 1 mM
2-mercaptoethanol (2-ME). 2-ME was used to enhance the
accessibility of the immobilized single strands to their comple-
mentary sequences because 2-ME thiol groups rapidly displace
the weaker absorptive contacts between the nucleotides and the
gold support, leaving the single strands tethered primarily
through their thiol end groups. The single strands in the spots
are “self-aligned”, because the gold support is hydrophobic and
any water present on its surface concentrates in the oligonucle-
otide-containing spots. The slides were incubated in the same
humidified cartridge at 40 °C for 2 h, after which the slides
were washed five times with Milli-Q water and dried under
nitrogen. The duplexes were prepared by hybridization of the
immobilized single strands with their corresponding comple-
mentary oligonucleotides:14 The complementary strands (∼1
µM) were incubated in a hybridization buffer (100 mM Tris-
HCl/100 mM NaCl) at 80 °C for 10 min, and immediately after
that, 5 µL of the solution was dropped onto the corresponding
spots and incubated at 40 °C for 1 h. Subsequently, the spots
were washed twice by a washing buffer (100 mM Tris-HCl/
300 mM NaCl) and finally by Milli-Q water, and the slides were
dried under a stream of nitrogen. The entire process was
photographed for easier alignment of the STM tip onto the
duplex spots.

2.2. Experimental Section. 2.2.1. STM. Historically, two
basic experimental approaches have been pursued in investigat-
ing conduction through molecules: (i) contacting isolated single
molecules or molecules in thin films and (ii) studying transport
in thick films and devices. The optimal experimental setup is
to position isolated molecules between two electrical contacts,
but this is very difficult to implement and especially difficult
to verify. Working with the ordered arrays of parallel π-con-
jugated molecules, where in principle the binding to the substrate

TABLE 1: Investigated DNA Double Helical Samplesa

label sequence GC/AT experiments

STANDARD 5′-GTTAGCACGATAGTCCGATAGTCAGTCAGTCC-3′ 16GC/16AT STM, Raman
3′-CAATCGTGCTATCAGGCTATCAGTCAGTCAGG-5′

STANDARD GC 5′-CGGCAGCGGCAGGCGTGTGGGCGTCGGTCGTT-3′ 24GC/8AT STM, Raman
3′-GCCGTCGCCGTCCGCACACCCGCAGCCAGCAA-5′

MSMCH3 5′-GTTAGCACGATAGTCCGATAGTCAGTCAGTCC-3′ 13GC/16AT 3 mismatch STM, Raman
3′-CAATCGTGCTATCACCTTATCAGTCAGTCAGG-5′

ABASIC3 5′-GTTAGCACGATAGTXXXATAGTCAGTCAGTCC-3′ 13GC/16AT (3 abasic) STM
3′-CAATCGTGCTATCAXXXTATCAGTCAGTCAGG-5′

ABASIC4 5′-GTTAGCACGATAGXXXXATAGTCAGTCAGTCC-3′ 13GC/15AT (4 abasic) STM, Raman
3′-CAATCGTGCTATCXXXXTATCAGTCAGTCAGG-5′

ABASIC5 5′-GTTAGCACGATAXXXXXATAGTCAGTCAGTCC-3′ 12GC/15AT (5 abasic) STM, Raman
3′-CAATCGTGCTATXXXXXTATCAGTCAGTCAGG-5′

a The column “experiments” provides the experimental techniques used to measure the particular sample.
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can be precisely controlled, offers an opportunity to measure
the individual molecules by making use of a STM tip.34-36 STM
has also been used to investigate room temperature electronic
properties of dodecamer d(GC)12 attached to the gold surface
by a thiol link.37

We used the STM technique to study charge transport at
ambient conditions through these types of oligonucleotides:
canonical (STANDARD), canonical with majority of CG pairs
(STANDARD CG), mismatched (MSMCH3), and abasic (ABA-
SIC3, ABASIC4, and ABASIC5) nucleotides (Table 1). The
STM measurements were performed with the NTEGRA Prima
NT MDT system. Both topographic and spectroscopic data were
obtained using freshly cut Pt/Ir tips. Using STM, the topography
of the samples was observed for a set point of low voltage of
∼10 mV and a relatively high current of ∼0.5 nA and, therefore,
at quite a small tip-sample distance. The topographic images
showed a considerable difference between the bare gold
substrates and the samples with DNA molecules. In the case of
molecular layers, specific surface patterns were observed. The
occurrence of these patterns was attributed to the corrosion of
the bottom gold layers arising from the reaction of the thiol
groups with the gold atoms, forming dissolvable complexes.34,38

The orientation of DNA molecules at the gold surface was
investigated by variable angle spectroscopic ellipsometry (VASE,
J. A.Woollam & Co.) working in the rotating analyzer mode.
The measurements were carried out in a spectral range between
300 and 100 nm at three angles of incidence, namely, 65, 70,
and 75°. We constructed a structural model consisting of Si
substrate/Au layer/DNA layer. The Si substrate was considered
as a semi-infinite medium; the optical constants of the Si and
Au materials were taken from literature.39 The thicknesses of
both layers and the optical constants of the DNA layer were
determined using a direct fitting procedure applied to the
experimental ellipsometric data. The DNA molecules were
ordered in similar geometric structures with the nearest-neighbor
spacing being 1-2 nm. The thickness of the DNA layers
determined by ellipsometry was 8.5-9.0 nm. For 32-nucleotide-
long DNA molecules, this length corresponds to the average
distance between the neighboring bases of about 0.3 nm, which
in turn corresponds to the base-base stacking distance inter-
mediate between the B- and the A-DNA forms. The DNA
double helix is not likely to be completely straight; its deviation
from the vertical line for 32 base pairs is expected to be about
25° for a persistent length P of 150 base pairs. We therefore
conclude that DNA molecules are highly likely oriented
approximately perpendicularly to the Au substrate.

STM experiments were carried out for pairs of samples on
one chip, and all 15 combinations of two different oligonucle-
otides were measured so that each of the studied duplex was
compared with all of the others. The tip-sample distance was
controlled by combining two experimental setups. First, we
worked in the constant height mode on a very small area on
both sides of the compared oligonucleotide type border. Second,
beside the current-voltage [I(V)] characteristics, we also
measured I(h) curves (where I is the current and h is the distance
between the tip and the surface) at the same points. I(h) curves
have the advantage of being normalized and allow the reading
of a sequence of a DNA molecule via tunnel-current decay.40

The I(h) decay consists of two regions: an area of very short-
range chemical interactions between the end of the tip and the
termination of the molecule plus an area of tunneling through
the barrier between the tip and the sample. The current initially
decays slowly and then more rapidly; the I(h) curves are
normally fitted with two exponentials:

The value of �2 was found in the literature22,39,40 as correspond-
ing to the decay constant of the tunneling current. It can
therefore be assumed that the interactions with the tip extremely
close to the substrate are broken and the tunnel current becomes
dominant at the breakpoint, hc. The same position of the
breakpoint and the same values of decay constants (�2 and �1)
indicate the same tip-surface interaction conditions, so that
working with different set points, we were able to position the
tip in the proper interaction territory and the distance between
the tip and the DNA termination was under control. We
controlled the position of the tip above the samples by
comparing the histograms of the decay constants and the
breakpoints (hc) of the I(h) curves measured for various DNA
samples.

We measured the current passing through the molecules so
close to the tip that their contribution at the set voltage was
higher than the noise. When the tip is very close to the molecules
(defined by the set point value) at very low voltages, the number
of the molecules contributing to the total current is low. The
current-voltage characteristics were recorded for various
feedback voltage and current set points, that is, for different
initial sample-tip distances. In all experiments, the STM tip
acted as the electrical contact on the “top” side of the assembled
monolayer of the DNA molecules, whereas the supporting gold
substrate acted as the other “bottom” contact. The distance
between the top of the molecules and the STM tip for all of the
set points was estimated as 2.5-4 Å.

The I(V) and I(h) curves were measured at three different set
points, 0.1 nA and 0.1 V, 0.2 nA and 0.1 V, and 0.5 nA and
0.1 V, and three different sample-tip separations for all samples.
The experimental conditions were controlled using the I(h) decay
analysis, which enabled us to distinguish between the area of
tunneling current and the current passing through chemically
interacting systems. The experimental setup (tip very close to
the surface) allows us to expect that the current flows mainly
through the molecule nearest to the tip without significant lateral
intermolecular contribution to conduction. Two hundred con-
secutive I(V) sweeps in both voltage directions were taken for
each sample, and the presented results are based on the average
of a set from the collected I(V) curves. Only those curves that
were not affected significantly by the drift of the STM were
included in the statistics.

2.2.2. Raman Spectroscopy. To relate the intrachain con-
ductivity of the DNA duplexes to the structural and conforma-
tional perturbations caused by the presence of mismatched base
pairs and extensive abasic lesions, the Raman spectra of the
canonical (STANDARD and STANDARD GC) and modified
(MSMCH3, ABASIC4, and ABASIC5; Table 1) duplexes were
studied in aqueous solutions at varying temperatures. Nonreso-
nance Raman spectroscopy was applied, because Raman spectra
without resonance enhancement of the aromatic bases also
exhibit bands sensitive to the stacking and pairing of the bases,
as well as conformationally sensitive Raman bands of the sugar
phosphate backbone.

Raman spectra were excited with the 532 nm line of a
continuous-wave solid-state Nd:YVO4 laser (Verdi 2, Coherent)
using 200-300 mW of power at the sample. The spectra were
collected in the 90 °C scattering geometry using a multichannel
Raman spectrograph (Jobin Yvon-Spex 270 M) equipped with

i ) i0 exp(-�1h), 0 < h < hc

i ) i(hc) exp[-�2(h - hc)], hc < h
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a holographic notch-plus filter (Kaiser) to reject Rayleigh
scattering and a liquid nitrogen-cooled CCD detector (Princeton
Instruments). The measurements were carried out in a stationary
temperature-controlled quartz microcell (5 µL of volume). The
spectra were taken as a function of the temperature in a range
of 2-98 °C, with a temperature step of 3-10 °C. Before taking
a spectrum, the temperature of the sample was stabilized for 5
min, and reversibility of the temperature-induced changes was
tested at several temperatures. Raman spectra for a given
temperature were recorded as six consecutive 100 s long
accumulations. In such a way, it was possible to distinguish
potential spectral changes because of laser illumination from
the changes induced by a temperature increase. Wavenumber
scales of the Raman spectra were precisely calibrated using the
emission spectra of a neon glow lamp taken before and after
each Raman measurement. The Raman contribution from the
buffer was carefully subtracted, and the spectra were corrected
for their background using advanced methods of factor analysis.
Afterward, all of the spectra were normalized to the peak height
of the 1093 cm-1 band associated with the PO2

- symmetric
stretching mode, reported previously to be largely invariant to
the melting of DNA duplexes.41

2.3. Computer Modeling. 2.3.1. MD Simulations. Three
double-stranded 32-mer long oligonucleotides were studied as
follows: the canonical STANDARD, MSMCH3 with three
mismatched base pairs, and ABASIC3 with three central pairs
of nitrogenous bases replaced by methyl groups. MD simulations
were carried out with the AMBER program, version 8, with
the parmbsc0 force field.42,43 The charge of DNA molecules was
compensated by Na+ cations, and all of the three duplexes were
embedded in a box of dimensions 47 Å × 47 Å × 133 Å filled
with TIP3P water molecules. The simulations started for
molecular models with the sugar phosphate backbone in the
fiber conformation as furnished by the AMBER program. Prior
to the MD simulations, a six-step equilibration was carried out
when the solvent geometry was relaxed and the DNA geometry
kept rigid, after which both solvent and DNA geometries were
relaxed, and finally, a heating/equilibration simulation was
performed at a constant volume with rigid DNA and temperature
increased from 0 to 300 K. The actual MD simulation was run
for 10 ns using the periodic boundary conditions at a temperature
of 300 K and a cutoff at 10 Å.

2.3.2. DFT Quantum Mechanics Calculations. Molecular
models for quantum mechanics calculations included only the
central part of the DNA duplexes that the MD simulations had
shown to be the most flexible. Three models were built based
on the STANDARD, MSMCH3, and ABASIC3 oligonucleotide,
respectively: The STANDARD′ duplex consisted of five base
pairs [5′-d(TCGGA)-3′ ·5′-d(AGCCT)-3′]; the ABASIC3′ model
contained 5′-d(TXXXA)-3′ ·5′-d(AXXXT)-3′ with two flanking
A-T pairs and three base pairs substituted by methyl groups in
the center; the MSMCH3′ model contained three mismatches
in the duplex [5′- d(TCCGA)-3′ ·5′-d(ACCTT)-3′]. Electronic
characteristics of each molecular model were calculated for six
coordinate sets that were extracted from the MD simulations at
0, 1, 2, 3, 4, and 5 ns. To examine the electronic structure of
DNA under various structural and solvation conditions, each
coordinate set of each model was considered at three levels of
solvation: Nonhydrated (“isolated”) system and two systems
containing 50 and 110 water molecules, respectively. All DFT
calculations were performed directly using the molecular
geometries from the MD calculations as single-point calculations
without any further structure optimization. The positions of the
Na+ counterions were fixed relative to the PO4

- groups: The

Na · · ·P distances were kept at 2.22 Å, a value obtained from
the geometry optimization of the single-stranded pentanucle-
otide. The test calculations with the STANDARD′ model
showed a decrease of the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) gap
with an increase of the Na · · ·P distances, and for distances larger
than 5.0 Å, the calculations did not converge.

The quantum chemical calculations were performed using the
Gaussian 03 software package.44 The 6-31G* polarized double-�
basis sets together with M05-2x functional45 designed for the
study of weak interactions and π-π interacting systems were
used in the density functional theory (DFT) calculations.

3. Results

3.1. STM. Using the STM technique, we found that the
conductivity of the duplexes decreases with the extent of their
structural perturbations in the following order: STANDARD
CG > STANDARD . MSMCH3 > ABASIC3 > ABASIC4 >
ABASIC5 (Figure 1).

Both canonical duplexes are expected to be structurally similar
and the most ordered of all samples; their conductivity does
not differ significantly. A relative change of conductivity

Figure 1. Typical STM I(V) curves of DNA 32-mer oligonucleotide
double strands. (a) STANDARD (black), STANDARD GC (red), and
MSMCH3 (green). (b) ABASIC3 (black), ABASIC4 (yellow), ABA-
SIC5 (blue), and STANDARD (red). The STM set points were 0.1 nA
and 0.1 V, and the I(V) curves were measured in both voltage directions.
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between two samples measured on one chip was estimated as
the ratio of their currents measured at 1 V. This ratio between
STANDARD CG and STANDARD is 1.2, indicating no
significant difference. The introduction of three mismatched base
pairs resulted in a pronounced conductivity decrease as com-
pared to STANDARD: The conductivity ratio STANDARD/
MSMCH3 was about 2.7. Elimination of three, four, and five
base pairs in the ABASIC3, ABASIC4, and ABASIC5 sample,
respectively, resulted in a large conductivity decrease as
compared to STANDARD: The conductivity ratio between
STANDARD and ABASIC3 was 3.3, a further drop in charge
transfer with more base pairs removed is however slower
(ABASIC3/ABASIC5, 1.3). The conductivity decrease from
MSMCH3 to ABASIC3 is perhaps surprisingly small (MSMCH3/
ABASIC3, 1.2); the difference is shortly discussed in the light
of structural results by Raman, MD, and DFT approaches below.

The applied potential eV drops entirely between the tip of
the STM probe and the DNA molecule, whereas the molecular
electrochemical potential remains fixed with respect to the gold
substrate (assuming a sufficiently small capacitance of the
interface between the table electrode and the DNA). For a
positive substrate voltage, the molecule starts to conduct when
the electrochemical potential of the tip reaches the level of the
LUMO; for negative substrate voltage, the molecule conducts
as the potential of the tip approaches the HOMO. Therefore,
the I(V) characteristics are expected to be asymmetric for
molecules coupled to the gold surface by the thiol link since
the HOMO is a sulfur-based level that couples strongly to gold,
whereas the LUMO couples only weakly and the current should
be smaller for positive substrate voltage (LUMO conduction)
than for negative substrate voltage (HOMO conduction). It
should be emphasized that this asymmetry is not present if there
is a shift in the molecular energy levels under applied bias.14

The STM method using the setup with one end of DNA
connected by a chemical bond to the conductive gold surface
and with an air gap between the other end of the DNA molecule
and the metallic tip provides an alternative way to determine
the polarity of the prevailing charge carriers. The voltage in
the Ntegra Prima setting is applied to the table, and the electric
current (conventional direction) flows from the table to the tip.
Provided that standard models of nanodevices47 are applied and
the contact capacitances are neglected, the chemical potential
of the measured DNA samples is much closer to the top of the
valence-state energy band (HOMO) than to the bottom of the
conduction band-state energies (LUMO), which corresponds to
a material with prevailingly p type (hole) electric conductivity.48

3.2. Raman Spectroscopy. Normalized Raman spectra (Fig-
ure S1 of the Supporting Information) of five studied duplexes
(STANDARD, STANDARD GC, MSMCH3, ABASIC4, and
ABASIC5) exhibit features typical of the thermal disordering
of double-stranded nucleic acids.46 The final disorder reached
at 98 °C evidently converges for all of the duplexes, but low-
temperature regularities and details of their melting profiles do
differ between samples. Using more detailed analyses, noticeable
differences between the canonical, the mismatched, and the
abasic duplexes can be found in the melting profiles of their
prominent Raman bands, as shown in Figure 2 and in the
Supporting Information.

The structural perturbations at the level of the base pair
arrangement can be monitored via bands assigned to the
vibrations of the purine and pyrimidine bases that undergo a
significant increase of intensity and/or frequency shifts as the
bases become unstacked and/or unpaired.41,46 As an example
of temperature-induced Raman changes, the melting curve of

the thymine band at 1238 cm-1 sensitive to unstacking and/or
unpairing is shown in Figure 2. The linear increase of the
intensity at 1238 cm-1 observed for the canonical duplexes
below 45 °C is considered to be a typical Raman signature of
the DNA premelting phase, when the regular double helix is
structurally altered but not dissociated into single strands. The
spectral changes reflecting cooperative transition in a temper-
ature interval of 70-80 °C (Tm ) 76 ( 1 °C) are followed by
subsequent postmelting temperature-dependent structural alter-
ations of the base arrangement within the separated single
strands. The cooperative melting profile is thus superimposed
on the premelting/postmelting linear background (Figure 2). In
the case of the canonical and mismatched duplexes, a similar
behavior was observed for the majority of the bands assigned
to the vibrations of the bases, providing mean median melting
temperatures of 76 ( 2 and 56 ( 2 °C, respectively. The spectral
characteristics of the purine and pyrimidine bands in both abasic
DNAs seem to be changed much more gradually with hardly
perceptible (ABASIC5, Tm ) 33 ( 3 °C), if any (ABASIC4),
cooperativity.

Although the height of the band at 1093 cm-1 was postulated
to be temperature insensitive46 and was therefore used as an
internal intensity standard also in the present study, its half-
width (fwhm) was found to increase with temperature (Figure
S2 of the Supporting Information). The same broadening
reported previously upon the melting of various DNA duplexes
was attributed to changes in the PO2

- environment,46 likely due

Figure 2. Melting profiles of the representative Raman bands from
the normalized spectra of STANDARD (blue triangles facing up),
MSMCH3 (pink triangles facing down), ABASIC4 (red circles), and
ABASIC5 (green squares). Normalized intensities of the thymine band
at 1238 cm-1 (left) and the phosphodiester band at 834 cm-1 (right)
are shown as a function of temperature.
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to altered interactions with water and metal ions. Taking the
fwhm of the 1093 cm-1 band as a quantitative measure, the
average environment experienced by the phosphate groups in
the abasic duplexes at 2 °C resembles that in the considerably
disordered canonical or mismatched oligomers (Figure S2 of
the Supporting Information). Like the melting profiles of the
bands indicating changes of base stacking and pairing discussed
above, the cooperative character of the PO2

- melting profiles
of the STANDARD (Tm ) 77 ( 1 °C, ∆fwhm ) 5.5 cm-1)
and mismatched (MSMCH3, Tm ) 58 ( 1 °C, ∆fwhm ) 4.7
cm-1) duplexes contrast with gradual thermal denaturation of
the abasic DNAs that shows hardly perceptible (ABASIC5, Tm

) 35 ( 3 °C, ∆fwhm ) 2.2 cm-1), and virtually no (ABASIC4,
∆fwhm ) 3.1 cm-1), cooperativity.

The gradual elimination of the regular B-DNA structure with
increasing temperature can also be monitored by the intensity
decrease of the Raman band at 834 cm-1 (Figure S1 of the
Supporting Information), assigned to the phosphodiester
(C3′-O-P-O-C5′) stretching, diagnostic of the geometry
typical of B-DNA.46 As the population of the B-ordered
phosphodiester groups decreases with increasing temperature,
the 834 cm-1 band is replaced by a broad and weak distribution
of Raman intensity extending from 800 to 850 cm-1.46 This band
is considerably weaker and broader in the abasic duplexes even
at 2 °C, which signifies greater conformational heterogeneity
of their phosphodiester backbones than the heterogeneity of the
canonical or mismatched duplexes at temperatures as high as
50 °C. Even though sugar phosphate backbones of the abasic
duplexes are partially disordered even at the lowest temperatures,
they still belong to the B-DNA conformational family.

The Raman experiments showed that the absence of a few
consecutive base pairs in the middle of duplexes (ABASIC4
and ABASIC5) represents a considerably greater structural
disturbance than the presence of mismatched base pairs, and
the missing base pairs have a much more pronounced effect on
the overall duplex structure than the base pair mismatches. Using
the melting profiles of the bands of DNA nucleotides and those
of the sugar phosphates separately as a measure of the relative
irregularity with respect to canonical DNA, the base pair
arrangement of both abasic oligomers at low temperatures seems
to be more preserved than the regularity of their sugar phosphate
backbones. The regularity of the low-temperature state (2 °C)
of abasic DNAs considered in terms of nucleotide vibrations
corresponds to the end of premelting phase of the canonical
duplex, whereas the characteristics of the sugar phosphate
backbone suggest a more progressed disorder approaching the
level of the melting/postmelting phase. This finding may reflect
the persistence of base pairing and base stacking within the intact
parts of the abasic duplexes despite a considerable irregularity
of their sugar phosphate backbones. Alternatively, the phos-
phates from the abasic part may be exposed to a different
environment than phosphates in the parts with bases, shifting
the mean spectral features toward a seemingly more disordered
structure.

3.3. Computer Modeling. 3.3.1. MD. MD calculations were
carried out to model global structural changes and dynamical
behavior of the DNA duplexes with mismatches (MSMCH3)
or missing base pairs (ABASIC3) and to compare the results
with global topology and flexibility of the canonical B-DNA
(STANDARD). The MD simulations of all three models started
from the same fiber DNA, but their conformations began to
differ within the first 2 ns: The root mean square deviations
(rmsd) related to the initial structure reached the values around
4 Å for STANDARD and MSMCH3, while they were around

9 Å for the ABASIC3 (Figure S3 of the Supporting Informa-
tion). The global structural change of the ABASIC3 molecule
is significant, and its structural behavior differs from the
canonical and mismatched DNA structures because the three
missing base pairs in the central part of the duplex destabilize
the duplex and increase its flexibility up to a point where the
two strands approach each other at the site of the structural
perturbation (Figure S3 of the Supporting Information). In
contrast, global structural perturbations in MSMCH3 measured
by the rmsd statistics are small, but the local structural changes
near the three mismatched base pairs are quite large, as shown
below.

The local changes occurring at the site of the structural
perturbationssthree mismatches in MSMCH3 and three missing
base pairs in ABASIC3swere estimated by calculating the
distances between the C1′ atoms of the facing sugar rings at
the opposite strands (Figure 3; C1′ is a carbon atom belonging
to the sugar ring making a link to the nucleobase). The distances
in the STANDARD model fluctuated in a very confined interval
around 11 Å, indicating a compact and regular structure along
the whole 10 ns trajectory. In MSMCH3, the distances are also
fairly stable, but their values are different for different mis-
matches. Of the three mismatched pairs, only G-T is isometric
with the W-C pairs, and its C1′-C1′ distance is indeed near 11
Å like in STANDARD. The other two mismatches are formed
by C-C pairs and have smaller C1′-C1′ distances, about 7 Å.
The ABASIC3 model behaves differently from the previous two;
the C1′-C1′ distances between the missing bases vary from 5
to 25 Å, and their wild fluctuations (they doubled in the second
part of the MD trajectory) indicate disorder of the central part
of the model. Large structural fluctuations in the noncanonical
segment of ABASIC3 indicate local instability that presents itself
by formation of a sharp and variable kink between the two
terminal W-C-paired segments (Figure S3 of the Supporting
Information). It should be, however, noted that these two
terminal segments sustain a relatively stable double-helical
structure. The fluctuations cause shortening of the effective
length of the ABASIC3 molecule as compared to STANDARD
or MSMCH3.

Despite the regular double-helical nature at both ends of
ABASIC3, the disordered central part disrupts the long-range
regularity of the structure in its base stacking but also in the
backbone part. The regularity and stability of MSMCH3 are
diminished to a much smaller but measurable extent when
compared to the STANDARD sample and is less regular and
more flexible.

3.3.2. DFT Calculations. DFT quantum mechanics calcula-
tions were performed in a time evolution as had been modeled
by the MD simulations to highlight the electronic and structural
factors that may impact the charge carrier transport in the studied
molecules. Table 2 and the Supporting Information (Tables
S1-S6) summarize the orbital energies and the character of
the frontier orbitals for the isolated and hydrated models (the
geometries correspond to the MD snapshots at 0 and 5 ns). Table
3 shows that the presence of water molecules decreases the
averaged HOMO-LUMO gaps for all of the models. The
LUMOs are localized at the Na+ counterion in all of the cases
examined. The highest lying molecular orbitals HOMO and
HOMO-1 (molecular orbitals lying nearest to HOMO in the
energetic scale) for all of the systems with 50 water molecules
are depicted in Figure S4 of the Supporting Information.

Results of the previous works on single- and double-stranded
DNA4,7,47-49 have pointed to the hole conductivity occurring
through the set of highest occupied orbitals. The electron transfer
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integral that indicates the measure of charge transport probability
can be estimated as one-half of the HOMO and HOMO-1 orbital
energies.48,50 Values of the integral suggest that the charge
transfer is likely through HOMO orbitals localized on the DNA
bases in STANDARD′ and MSMCH3′ (Supporting Information,
Figure 4). Water molecules increase the charge transport
probability because their π-orbitals contribute to the high-energy
orbitals, including HOMO. The HOMO and HOMO-1 orbitals
of the isolated (nonhydrated) STANDARD′ and MSMCH3′ are
formed by guanine and cytosine π-orbitals but in systems

containing water are contributed or formed by water orbitals
(see Tables S1-S4 in the Supporting Information). The time-
averaged HOMO-HOMO-1 gap of the STANDARD′ molecule
was smaller (0.19 eV) than that of the MSMCH3′ system (0.31
eV, Table 3), and the HOMO orbitals of MSMCH3′ were less
uniformly spread in real space than those of STANDARD′. Both
facts relate to a lower probability of charge transport with
possible creation of traps on mismatched chains.

The situation differs in the ABASIC3′ model. Molecular
orbitals localized on water molecules contribute to the ABA-
SIC3′ conductivity even at 0 ns because of a small difference
between the energies of the orbitals at the bases and water; they
can therefore more effectively mediate the charge transfer
(Figure S5 of the Supporting Information). The time-averaged
separation between HOMO and HOMO-1 in ABASIC3′ varies
with different levels of hydration more than for MSMCH3′ and
STANDARD′. Geometries at longer times of the MD simula-
tions have lower energies of the adenine-based molecular
orbitals (Tables S5 and S6 of the Supporting Information), and
the HOMOs are formed by localized water states. As the
distances between the bases in ABASIC3′ enlarge with time of
the MD simulations from 11.5 Å at 0 ns to 16.4 Å at 5 ns,
water orbitals represent the only possible pathway for charge
transport. The role of the solvent on the structure relaxation is
in the case of abasic DNA very large: After 5 ns, the change of
physical structure estimated by MD and electronic structure
estimated by DFT in the solvent is by far the largest of all
investigated models.

Results of the DFT calculations can be summarized for the
STANDARD′ and MSMCH3′ models as follows:

• The charge transfer via HOMO orbitals is localized on the
DNA bases, and water molecules increase the charge
transport probability.

• HOMO orbitals are less uniformly distributed in space in
mismatched than in W-C models.

• Both solvation models of STANDARD′ have a smaller
time-averaged HOMO-HOMO-1 energy gap and a higher
probability for the complex type of charge transport than
the MSMCH3′ models.

For the ABASIC3′ models:

Figure 3. Distances calculated between the carbons C1′ of deoxyriboses 15 and 17 as a function of the simulation time for STANDARD (black),
MSMCH3 with the mismatched pairs (blue), and ABASIC3 with three abasic nucleotides (red). The projections on the right side show views along
the molecular axis after 10 ns of MD simulations. The ABASIC3 molecule is shown twice from the “top” and “bottom” to emphasize that both of
its ends are well-preserved B type double helices and that only the central region is highly disordered.

TABLE 2: Orbital Energies of the Frontier Orbitals and
Their Main Contributions for the STANDARD′, MSMCH3′,
and ABASIC3′ Models Solvated by 110 Water Molecules at
the MD Simulation Time of 5 ns

orbitals energy (eV) main component of the orbital

STANDARD
LUMO -0.93 Na + PO4

- (weak) + water (weak)
HOMO -6.31 guanine + water (very weak)
HOMO-1 -6.53 guanine

MSMCH3
LUMO -1.11 Na + PO4

- (weak) + water (weak)
HOMO -4.79 guanine + cytosine (weak)
HOMO-1 -5.42 cytosine + sugar (very weak)

ABASIC3
LUMO -1.29 Na + PO4

- (weak) + water (weak)
HOMO -6.56 water
HOMO-1 -6.65 water

TABLE 3: Differences between Energies of the Frontier
Orbitals HOMO, HOMO-1, and LUMO Averaged over the
Modeled MD Simulation Times of 0, 1, 2, 3, 4, and 5 ns

model HOMO-LUMO (eV) HOMO-HOMO-1 (eV)

STANDARD
nonhydrated 3.92 0.21
110 water molecules 3.61 0.19

MSMCH3
nonhydrated 3.64 0.31
110 water molecules 2.68 0.31

ABASIC3
nonhydrated 5.66 0.18
110 water molecules 4.71 0.38
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• The charge transport probability is the lowest of all of the
three solvation models mainly due to the low interaction
of orbitals localized at distant bases.

• The time-averaged HOMO-HOMO-1 separation is larger
than in STANDARD′ and MSMCH3′ and changes with
hydration levels.

• Water molecules either contribute to or even form the
HOMO orbitals and consequently strongly influence the
charge transport across the abasic lesion, making a bridge
between the noninteracting bases.

4. Discussion

The position of DNA among the biological and man-made
polymers is quite unique due to its ability to preserve, transfer,
and transmit information. All of these functions depend on the
ability of the DNA molecule to self-assemble by forming an
antiparallel double helix stitched by W-C pairs of complemen-
tary bases. Results of recent research have suggested that
changes in charge transfer properties may serve as an indicator
of DNA damage or even be used to repair some of its
lesions.10,17-21,23 Moreover, if charge transport through DNA is
fully understood, it may be of great interest for applications in
the area of nanotechnology.

Two extreme mechanisms of charge transport in DNA can
be considered. The prevailing DNA architecture, antiparallel
double helix, has well-stacked bases with overlapping π-electron
systems, and it is widely assumed that nearly parallel bases with
overlapping π-electrons have highly delocalized molecular
orbitals that are good candidates for long-distance, one-
dimensional (linear) charge transport.8 The second possible
charge transport mechanism in DNA is charge hopping that
presumes localized molecular orbitals and no significant elec-
tronic overlap between adjacent base pairs. Unlike π-electrons
that can form extended molecular orbitals, the DNA backbone,
water molecules, and counterions in the solvation shell create
localized states resulting in charge conduction by the phonon-
assisted (thermally activated) hopping.11,13,51-54 There is one
phenomenon that is important for charge transport in organic
molecules: a polaron. A polaron is a radical charge self-trapped
by a structural distortion of its containing medium.12,13,55 A
polaron may migrate by tunneling or by phonon-assisted
(thermally activated) hopping.56 Electronic overlap between
bases within the polaron is larger, because it is formed in
response to a need for electron donation. As a consequence,
the charge becomes delocalized within the base pairs in a
polaron-like distortion, and its transport therein might appear
to occur by a superexchange mechanism.57 Structural fluctua-
tions of base pairs transferred to their π-stack interactions have
experimentally been shown to influence charge transfer of DNA
duplexes.58

Regardless of its exact mechanism, charge transfer through
DNA duplex strongly depends on base composition. Preferential
trapping of charge in the isolated guanine base,17 or more
markedly at the GG steps, has been confirmed by several works.
One-electron oxidation was mostly observed at the GG steps
in the mixed GG/A/T sequences25 with a proposed charge
transfer mechanism by phonon-assisted polaron hopping. Quan-
tummechanicalcalculationsconfirmedbyexperimentalfindings28,59

indicate that one-electron oxidation of the 5′-guanine from the
GG step is modulated by the flanking sequence due to steric
effects.

Introduction of mismatches, non-W-C base pairs, to a DNA
duplex changes its electrical properties. Signals from redox
intercalators embedded in duplexes immobilized on gold

surfaces have shown marked sensitivity to the presence of base
mismatches.29 Mismatch detection was accomplished irrespec-
tive of DNA sequence and mismatch identity. Individual
mismatches have also been identified by single-molecule
fluorescence spectroscopy in solution60 as a function of the DNA
sequences. Single-particle measurements of electrical conductiv-
ity on DNA duplexes30 have shown a large decrease of
conductivity for duplexes with mismatched pairs, and lower
charge transport and its distinct kinetic parameters can even be
used to identify the kind of mismatch.61 All of these observations
demonstrate that charge transfer characteristics of DNA duplex
are able to reveal the presence of mismatches in the sequence,
which may help elucidate possible mechanisms of mismatch
identification in the cell as well as for mismatch identification
in technological applications.

We used experimental and theoretical methods to study
relationships between conductivity (STM), structure, thermal
stability (Raman spectroscopy and MD), and the influence of
the solvent water (DFT) in standard and modified DNA
molecules to improve the understanding of the very complicated
phenomenon of charge transport through DNA. Comparison of
W-C-paired natural oligonucleotides with oligonucleotides
containing various perturbations and mismatched and missing
base pairs showed unexpected and interesting effects that extend
the picture of the charge transfer mechanism through the DNA
molecule.

The STM measurements presented here show a sequence-
dependent manner of charge transfer through the duplex with
GC-rich double strands having the largest conductivity. The
STM data also show that any disruption of the canonical W-C
base pairing or introduction of chemical modification to the
DNA backbone or removal of base(s) leads to a lower
conductivity; single-stranded DNA always has a lower conduc-
tivity than duplexes.14,62 A decrease of the conductivity in the
sample MSMCH3 with three mismatched base pairs relative to
STANDARD with all W-C pairs may seem large considering
the preserved vertical π-stacking and overall stability of the
MSMCH3; both properties are comparable in both samples as
revealed by the analysis of Raman spectra and suggested by
MD simulations. A possible explanation may be offered by the
DFT calculations that show that the mismatched pairs constitute
isolated electronic states requiring greater activation energy and
their HOMO orbitals are less uniformly dispersed than regularly
ordered W-C base pairs, further diminishing the charge transport
probability. The abasic samples had still lower conductivity than
the mismatched sample, but the decrease from MSMCH3 to
ABASIC4 was moderate. It is perhaps surprising especially
considering the complete removal of several base pairs that had
dramatic consequences for the duplex stability and structural
regularity, demonstrated clearly by the Raman experiments:
While MSMCH3 with three non-W-C base pairs was only
slightly less stable than the canonical duplexes and it melted in
a cooperative way, the structural regularity and thermal stability
of abasic duplexes were strongly affected.

One possible mechanism of charge transport in the abasic
samples is by mixing DNA and solvent orbitals. The DFT
calculations and MD simulations allow formulation of the
hypothesis that water molecules entering the otherwise hydro-
phobic duplex interior at the abasic sites can partially compen-
sate for the loss of overlap between the base orbitals and increase
the conductivity. Considering substantial structural distortions
around the abasic part of the duplexes, evidenced by Raman
spectroscopy and supported by the MD simulations, charge
transport solely through the base pairs would be highly
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ineffective, if possible at all. Furthermore, albeit indirect, support
for solvent-mediated charge transport comes from our DFT
calculations that show mixing of the base and water HOMO
orbitals. It is consistent with low temperature (-78 °C)
measurements of radiation-induced conductivity of W-C-paired
DNA,15 providing strong evidence that charge transport is not
mediated merely by overlapping π-orbitals of the bases in the
core of the double-helical DNA but also by its outer mantle,
that is, the sugar phosphate backbone and the first hydration
shell. Further suggestion that hydration is of utmost importance
for charge transport in DNA has been provided by calculations63

of a lower potential barrier for the hole transfer between the
hydrated rather than the “dry” W-C pairs. Moreover, the
π-electron density redistribution activated by hydration is
enhanced by the intrastrand interactions.

5. Conclusion

We combined various experimental and theoretical ap-
proaches (STM, Raman spectroscopy, MD, and DFT quantum
mechanics) to study the relationships between the base pairing
patterns and the charge transfer properties in DNA double-
helical oligonucleotides. The STM measurements indicate that
the best conductor is DNA in its biologically relevant double-
stranded form with W-C base pairs: All modified duplexes, that
is, DNA with mismatched (non-W-C) pairs and duplexes with
abasic nucleotides, have a considerably lower conductivity. The
STM-measured current-voltage characteristics point to a ma-
terial with predominating hole type electric conductivity.

Analysis of conformationally and microenvironmentally
sensitive Raman bands revealed that the structural regularity
and thermal stability of duplexes decrease from the canonical
W-C-paired double helix to the mismatched duplex and still
significantly more to abasic duplexes. The MD simulations
present the same picture with large conformational fluctuations
of the sugar phosphate backbone at the abasic sites.

The DFT calculations show that water orbitals strongly
influence charge transport for all of the models. For the W-C-
paired and mismatched models alike, the HOMO orbitals are
localized on the bases, and the water orbitals increase the charge
transport probability. The lower conductivity and transport
probability of the mismatched model can be explained by its
less uniformly dispersed HOMO orbitals. The abasic samples
had still lower conductivity than the mismatched sample, but
the decrease from MSMCH3 to ABASIC4 was moderate. We
assume that water is solely responsible for charge transport
across the abasic lesion because only its orbitals can bridge the
distant bases flanking the abasic site. Design of particular DNA
sequences with chain or base modifications and/or noncanonical
base pairing, enabling partial hydration of the interior of the
duplexes, can be envisioned for future use of molecular wires
of defined conductivity.

To summarize, comparison of natural W-C paired oligo-
nucleotides with oligonucleotides containing perturbations
caused by mismatched or missing base pairs showed unexpected
and interesting effects. On the basis of our results, we can
conclude that the charge transport depends not only on the base
composition (and is mediated by overlapping π-orbitals of bases)
but also on the DNA sugar phosphate backbone and the first
hydration shell. Our theoretical studies explain the surprising
experimental findings: (i) A decrease of the conductivity in the
mismatch sample (as compared to standard DNA) was relatively
large considering the preserved vertical π-stacking and overall
stability, and (ii) the conductivity difference between mis-
matched and abasic samples was contrariwise surprisingly small

provided that the Raman experiments plus MD calculations
showed that the absence of a few consecutive base pairs in the
middle of duplexes represents a considerably greater structural
disturbance than the presence of mismatched base pairs. We
found that a potential barrier is lower for the hole transfer
between the hydrated and the “dry” W-C pairs. In the case of
mismatched pairs, isolated electronic states require greater
activation energy and their HOMO orbitals are less uniformly
dispersed than the regularly ordered W-C base pairs.
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