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1. Introduction

The ability of oligonucleotides to mediate charge transfer is the basis
of novel molecular devices and plays a role in the processes of sensing
and/or repair of molecular damage. Charge transfer along or through
these molecules has been investigated by various experimental tech-
niques for over a decade, sometimes with contradictory results [1-15].
Oligonucleotides conduct electric charge via various mechanisms
[6-9,16-28] (depending on many parameters) and their characteriza-
tion and understanding is a very important and complicated task.

High charge transfer rate between elaborated donor-acceptor pairs
in DNA [3,10,13] has triggered a series of direct electrical transfer
measurements [1-5,15-31]. As far as the biological importance of oligo-
nucleotide charge transfer is concerned Barton and co-workers found
that the repair of a damaged base is controlled from a remote site via
long-distance charge transfer [12,15] — DNA charge transfer can serve
as an antenna for DNA damage, allowing proteins to monitor oxidation
events that occur far away and respond to them quickly [32]. The extent
of delocalization and the character of electronic states in DNA are
believed to play an essential role in probing the electronic properties
of a substrate during DNA repair; even its subtle deviations from normal
DNA could probably be detected with different charge carrier mobility
[1-5,10-16]. Specifically, the detection of oxidative damage in the
regulation of tumor-suppressor genes such as p53 is believed to be
controlled by charge transfer [10-16]. It has been also shown that the
conductance of DNA is important for the functioning of enzymatic
activity with possible biological consequences [13].

Here, we extended our previous studies [9,17] of charge transfer in
DNA oligonucleotides with various base-pairing patterns. The main
goal of this contribution was to compare the charge transfer mechanism
of the standard DNA/DNA and hybrid DNA/RNA duplexes. We wanted
to show how the states and conformations of oligonucleotide chains
might affect charge transfer. For this purpose we employed temperature
dependence of steady state fluorescence spectroscopy, time-resolved
fluorescence spectroscopy [33], melting temperature measurements,
as well as theoretical approaches within Density Functional Theory
(DFT) and proposed how short distance charge transfer efficiency in
oligonucleotides is affected by molecular structure, temperature stabil-
ity of the systems, chain flexibility, holes, base interactions, and charge
distributions [28-56]. Our results highlighted in detail the interplay
between the efficiency of charge transfer and basic physico-chemical
properties of natural oligonucleotides, which has a significance not
only for biochemistry and biology but also for the future utilization of
these materials in nanotechnology [48-62].

2. Materials and methods
2.1. Sample preparation

Four general types of duplexes were prepared: DNA/DNA composed
of two DNA strands, and RNA/DNA composed of complementary RNA
and DNA strands, where the donor-acceptor pairs: 2-aminopurine
(Ap)-guanine (G), were separated by two or three bases (long oligonu-
cleotides in our nomenclature) - Table 1, chemical structure - Fig. S1 in
Supporting materials. The duplexes containing the Ap-G pair are called
redox active. In all measurements, Ap represented an optically excited
fluorescent redox probe introduced into the DNA chain as a hole
donor [20,21]. The charge developed upon excitation transferred from
Ap to the redox counterpart was trapped by hole acceptor G. The
DNA/DNA and RNA/DNA duplex contained one Ap paired with thymine
(T) and uracil (U), respectively [20,22]. The fluorescence spectroscopy
measurements performed for the redox active duplexes were compared
with measurements of redox inactive duplexes in which the hole
acceptor G was replaced by redox-inactive inosine (I).

The oligonucleotides listed in Table 1, Fig. S1 Supplementary material
were synthesized using the standard phosphoramidite protocol. The

Table 1

The DNA/DNA and RNA/DNA duplexes for optical spectroscopy measurements. In the
redox active duplexes, the hole acceptor was guanine (G) and the hole donor was 2-
aminopurine (Ap). In the redox inactive duplexes, G was replaced by redox-inactive
inosine (I). Other symbols indicate normal nucleic acid bases in the oligonucleotide
sequences.

Sample description

Sequence

DNA/DNA redox active
DNA/DNA redox inactive

5/-d(TIA ITAp AAG TTA IA)-3/
3'-d(ACT CAT TIC AAT CT)-5'

5'-d(TIA ITAp AAI TTA IA)-3'
3'-d(ACT CAT TTC AAT CT)-5'
5'-d(TIA ITAp AAG TTA 1A)-3'
3'-r(ACU CAU UUC AAU CU)-5'
5'-d(TIA ITAp AAI TTA IA)-3'
3/-r(ACU CAU UUC AAU CU)-5'
5'-d(TIA ITAp AAAG TTA IA)-3'
3'-d(ACT CAT TTTC AAT CT)-5'
5/-d(TIA ITAp AAAI TTA IA)-3'
3/-d(ACT CAT TTTC AAT CT)-5'
5'-d(TIA ITAp AAAG TTA IA)-3'
3/-r(ACU CAU UUUC AAU CU)-5/
5'-d(TIA ITAp AAAI TTA IA)-3'
3'-r(ACU CAU UUUC AAU CU)-5/

RNA/DNA redox active
RNA/DNA redox inactive

DNA/DNA long redox active
DNA/DNA long redox inactive

RNA/DNA long redox active
RNA/DNA long redox inactive

synthesis was performed on a 1 umol scale on a 5-O-dimethoxytrityl-
1-(6-N-benzoyladenin-9-yl)-3-D-ribofuranos-3-0-succinyl LCAA-CPG
using a GenSyn V02 RNA/DNA synthesizer. 2-aminopurine and inosine
units were incorporated using commercial phosphoramidites purchased
from Glen Research.

After the solid-phase synthesis, a column was inserted into the pres-
sure vessel and treated with gaseous ammonia (0.7 MPa) for 16 h to
remove the acyl protecting groups and to release the product from
solid support. Finally, unprotected molecules were washed out from
the column by 0.1 M TEAA buffer, purified, and characterized by prepar-
ative ionic exchange chromatography (DNAPac, Dionex). For details, see
Supporting material S4 and Fig. S2.

The melting temperature measurements were performed on a CARY
100 Bio UV Spectrophotometer (Varian Inc.) equipped with a Peltier
temperature controller and thermal analysis software (Fig. S2, in
Supporting material). The samples were prepared by mixing the comple-
mentary strands together in 100 mM NaCl, 50 mM NaH,PO,4, and 1 mM
EDTA (pH 7.2) to afford a final concentration of 4 uM. A temperature
gradient of 1 °C/min was applied. Tm values were determined from the
maximum of the first derivative of the absorbance/temperature plots
(Tm 4 0.5 °C).

For optical measurements the synthesized oligomers were dissolved
in 50 mM sodium phosphate buffer (pH = 7); the final duplex concen-
tration was 5 pM. UV-vis spectroscopy was performed with a Varian
Carry 50. As Ap made a band in the 300-340 nm range in absorption
spectra it was possible to selectively excite the Ap. On the basis of the
comparable Ap absorbance for all measured samples (0.023 + 0.001)
at 320 nm, the same oligonucleotide concentration was confirmed.

2.2. Fluorescence spectroscopy

Spectroscopic techniques were used to probe charge transfer effi-
ciency in DNA/DNA duplexes and RNA/DNA hybrids containing photo-
excited 2-aminopurine. DNA/DNA duplexes and RNA/DNA hybrid
fluorescence were measured at temperature scale from 10 to 40 °C in
a series of samples containing redox-inactive and redox-active du-
plexes. Specially, to distinguish the fluorescence quenching originating
from charge transfer and the fluorescence quenching arising from
different processes, the spectroscopic measurements were calibrated
against redox-inactive duplexes, where G was replaced by inosine.
The fluorescence spectroscopy was performed with Fluorolog Horiba
JY with double monochromators for excitation and emission. The steady
state emission spectra were obtained by exciting at 320 nm, the excita-
tion spectra were measured at 365 nm. The excitation in time-resolved
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fluorescence spectroscopy was performed at 329 nm with a laser diode
and a pulse duration <1 ns, and the fluorescence was recorded at the Ap
maximum, 365 nm.

The emission of photoexcited Ap was monitored over a 120-ns time
regime using the single photon counting method (TCSPC, Fluorocube
Horiba JY) for redox inactive and redox active oligonucleotides. The
decay of the time-resolved fluorescence of photoexcited Ap was fitted
in a three-exponential fashion in accordance with methodology pub-
lished in [20,21], yielding three lifetimes and three amplitudes. The
different lifetimes corresponded to different modes and/or efficiencies
of fluorescence quenching, which can, according to the literature
[18,19,63-66], be related to different conformers.

2.3. Computational details

The structural models in the theoretical calculations consisted of
four oligonucleotide base pairs: the base pair containing the G acceptor,
the pair containing the Ap donor, and the two base pairs between them
as they appeared in the redox active duplexes (Table 1).

The DNA/DNA and DNA/RNA duplexes were represented by struc-
tural models found in structural databases. The two structural models
for the DNA/DNA and RNA/DNA duplexes reflected the actual geometry
of oligonucleotides found in structural databases [30]. The DNA/DNA
model was derived from the structure of the DNA duplex with PDB ID
2G1Z the RNA/DNA one from the structure of a PDB ID 219D [31]. In
fact, only the backbone parts of selected molecules were adopted for
structural models while nucleobases were modified according to the
duplexes in Table 1. The structural fragment of the DNA/DNA backbone
of 2G1Z can be characterized as a B-form while the RNA/DNA backbone
fragment from 219D was characterized as conformational mixture of
A-forms.

The geometry of models was gradient optimized keeping the initial
backbone geometry fixed to preserve the B- and A-form of the DNA/
DNA and RNA/DNA models, respectively. The Density Functional Method
(DFT) employing the DFT-B97D [34] functional with the D3 Grimme's
dispersion correction [35] and atomic basis set def2-SVP [36,37] were
used in the geometry optimizations. The RI approximation [38] (the res-
olution of identity) employing the auxiliary basis sets [39] was imposed
in all B-97D calculations. Hydration effects were calculated by using the

implicit water solvent model COSMO [40] (the Conductor-like Screening
Model) or PCM [41] (Polarizable Continuum Model). The geometry opti-
mizations were performed using the Turbomole-6.3 quantum chemistry
program package [42]. The oligonucleotide sequences were set according
to Table 1. The hydrogen atoms were added and each model was
augmented with six Na™ ions coordinated to the backbone phosphates
(Fig. 1).

Electric dipole moment and electronic coupling were calculated
using the DFT functional M05-2X [43,44] and 6-31G(d) [45] basis set
(the Gaussian 09 program package [46]). The excited states, transition
moments, and molecular orbitals were calculated using the time depen-
dent DFT method (TD-DFT) [38] in the scope of the DFT B3LYP functional
[47,48]. Hole delocalization was calculated as the distribution of charge
and electron spin density. The optimized geometries of neutral oligonu-
cleotides (see Fig. 1) were used for the investigation of charge and spin
density distribution. For the Mulliken charge modeling the TD-DFT/
B3LYP/6-31G(d)/PCM calculation of excited states was used. From the
analysis of Mulliken charges for bases, the difference between the
charges for the ground and excited states was obtained. We supposed
that the differences in the Mulliken charge were indicative of the forma-
tion of a hole immediately after excitation. For spin density analysis we
used DFT/B3LYP/6-31G(d)/PCM single point calculations of the cation
radical state computed for the optimal geometry of the neutral duplex.
The spin density distribution in percents showed the delocalization of
holes at bases (specifically the G base/hole acceptor) — for details see
[49]. Our models of charge distribution show delocalization of charges
(holes) in DNA/DNA duplexes and RNA/DNA hybrids. Based on the
works of Conwell et al. [50-53] we can suppose that the delocalization
of hole and polaron (important phenomenon for charge transport in
organic materials) is closely related to each other.

The electronic coupling between two neighboring DNA bases was
calculated using the two-state Generalized Mulliken-Hush (GMH)
method [54-57]. For recent applications of the GMH method see studies
on photoinduced charge transfer in DNA hairpins [58] and m-stacked
porphyrin-bridge-quinone systems [59]. The electronic coupling was
calculated for the purine bases of the ApAAG DNA strand (actually
appeared in both models). Two tetramers and all dimers consisting of
adjacent consecutive pairs of bases were extracted from the optimized
geometries of the DNA/DNA and RNA/DNA duplexes. Only the local

DNA/DNA

HOMO

HOMO-1

HOMO-2

Fig. 1. Spatial distribution of the highest occupied molecular orbitals (HOMO) calculated in DNA/DNA and RNA/DNA model duplexes ordered according to their energies. The orbitals were
localized at the purine-rich ApAAG strand. The HOMO orbital was dominantly localized at G, HOMO-1 at Ap and neighboring A, and HOMO-2 at A next to the G base. The oligonucleotide
sequences were set according to Table 1. The hydrogen atoms were added and each model was augmented with six Na™ ions coordinated to the backbone phosphates.
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geometry of bases obtained in the geometry optimization of the whole
duplex was preserved in the GMH calculations. Within the two-state
GMH method, the electronic coupling for two adjacent bases B1 and
B2 is expressed as
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Fig. 2. a). The excitation spectra of DNA/DNA and RNA/DNA duplexes measured for both
redox active and inactive forms at 10 °C, normalized to curves maximum values. b). The
fluorescence emission spectra of DNA/DNA and RNA/DNA duplexes measured for both
redox active and inactive forms at 10 °C. c). Temperature dependent yield of charge trans-
fer for DNA/DNA and RNA/DNA duplexes with various separation of Ap (donor) and G
(acceptor) by adenosine units. 3 adenosine units: RNA/DNA long, DNA/DNA long, 2 aden-
osine units: RNA/DNA, DNA/DNA.

where (E; — Eq) is the vertical excitation energy, 7 and b, are the dipole
moments for the ground and electronic excited state calculated for the
dimer cation. L, is the transition dipole moment calculated for transition
between two electronic states (ground and first excited state) of dimer
cation. In this approach, HOMO and HOMO-1 (for neutral dimer system)
were transformed to HOMO(p) and LUMO(P) and HOMO(«) and
HOMO-1(a) (for cation dimer system). The electron was transferred
(excited) from HOMO(3) to LUMO() orbital. In a system where charge
transfer between donor and acceptor was mediated by a bridge, such
as by the middle AA segment in our case, the electronic coupling Vpa
between donor base D and acceptor base A was calculated by using the
superexchange approach [56,60,61],

Vp1V12V24
VonlSE) = (E E ) (B ) ?)
where the energy E; is average of HOMO and HOMO-1 energies (donor
and acceptor levels of neutral tetramer system), E; and E, are the
HOMO-2 and HOMO-3 (bridge states for neutral tetramer system) and
Vb1, V1o, and Va4 are electronic couplings for adjacent D (donor), 1 and
2 (bridge), and A (acceptor) bases.

3. Results
3.1. Fluorescence spectroscopy

The excitation spectra of both active and inactive duplexes were
composed of two main bands. The longer wavelength band (maximum
at 309 nm) represents the main excitation pathway and overlaps the
absorption of Ap (Fig. 2). The shorter wavelength excitation band with
a maximum around 275 nm arose from singlet-singlet energy transfer
from bases adjacent to Ap [23-25]. The stronger the relative intensity
of this band was, the better the base stacking interaction of Ap within
the DNA strand could be anticipated, which means that Ap was better
incorporated in the double helix [18,19]. The intensity measured for
the RNA/DNA hybrid was slightly smaller than that for the DNA/DNA.
From measured fluorescence emission spectra (Fig. 2b) the relative
fluorescence intensities (with respect to the intensity obtained for free
Ap) were expressed for redox active (d¢) and inactive molecules (&).
The redox inactive duplex contained just the hole donor Ap while the
redox active one contained the donor-acceptor pair Ap—G. The fluores-
cence quenching efficiencies (Table 2) were calculated as Fq = 1 —
&g / &y Fluorescence emission intensities were measured at tempera-
tures from 10 to 40 °C for DNA/DNA and RNA/DNA duplexes with vari-
ous distance (2-3 adenosine units) between the donor and acceptor
(Fig. 2c, Table 2). All studied duplexes had a higher overall quenching
of fluorescence (indicating better charge transfer properties) for the hy-
brid RNA/DNA rather than the DNA/DNA sequences of corresponding
lengths. Importantly, the lowering of redox active fluorescence as com-
pared to redox inactive fluorescence confirmed donor-acceptor charge
transfer for DNA/DNA and RNA/DNA. At the same time, longer distance
between the Ap and G leads in all cases to smaller charge transfer
yield — this effect also confirmed donor-acceptor charge transfer [29].

Table 2
The temperature dependence of quenching efficiencies (F,) for DNA/DNA and RNA/DNA
duplexes with two or three (long) adenosine units between the donor and acceptor.

Temp DNA/DNA DNA/DNA long RNA/DNA RNA/DNA long
°C Fq Fq Fq Fq

10 0.2006 0.1271 04218 03171

15 0.1906 0.1258 04154 03114

20 0.1838 0.1321 0.2307 0.1372

25 0.2431 0.1565 0.0186 0.0444

30 0.2108 0.1197 —0.0099 0.0010

35 0.1212 0.0345 0.0181 —0.0132

40 0.005 0.0012 0.0091 —0.0038
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Fig. 3. The time resolved luminescence of DNA/DNA and RNA/DNA duplexes measured for
redox inactive and redox active forms at 10 °C. The luminescence measured with the Time
Correlated Single Photon Counting method is depicted on a semi-logarithmic scale.

Significant dependence of charge transfer yield on temperature was
also observed. As the temperature increased, the enhanced dynamics
affected/improved the DNA/DNA mediated charge transfer — the
DNA/DNA charge transfer efficiency increased continually. At the
temperature near the melting point (30.5-32 °C, see Fig. S2) charge
transfer dropped down — this could be attributed to conformation
changes during melting of the duplex. For the DNA/RNA hybrids, charge
transfer yield began to decrease at lower temperatures, near 20 °C, in
good correlation with lower melting temperatures (24-25 °C, see
Fig. S2) of these duplexes.

Our interpretation of fluorescence decay data (Fig. 3) was based on
multiexponential fit. Recently, the multiexponential analysis of fluores-
cence decays has been preferred (in similar cases) [26,27]. For our data
which were obtained with resolution of TCSPC apparatus (Fluorocube
Horiba JY) the three-exponential fit gave best results: satisfactory
reduced chi-square and weighted residuals uniformly distributed
about zero. Either four/two exponential fit or continuous distribution
of decay times led to unsatisfactory precision.

Based on previous works [2,26,27] we could suppose that for param-
eters obtained from multiexponential fit of fluorescence decays the
shortest fluorescence lifetime (7; in Table 3) should reflect the hole
donor/Ap fraction that is best incorporated into the duplex [2,26,27]
and non-radiative recombination could play a dominant role due to
Ap being well incorporated into the double helix. The second lifetime
(T, in Table 3) is assumed to capture the fraction of partially stacked
Ap, and the longest one, the fraction of Ap incorporated less well into
the helix [2,26,27]. According to this hypothesis, the difference between
redox free and redox active RNA/DNA relative fractions A;—As can be as-
sociated with duplex conformational flexibility: the relative amount of
worse stacked Ap, As, was lower for RNA/DNA active duplexes, which
indicates the higher conformational flexibility of RNA/DNA duplexes
compared to DNA/DNA ones. Smaller differences between redox inac-
tive and redox active relative fractions for the DNA/DNA duplexes are
coherent with their more compact structures and less conformational
flexibility. This is in accord with the previous studies [18,19,28,29]. It

Table 3
The fluorescence lifetimes (T; T2, T3) and relative amplitudes (A, A,, A3) fitted as a three-
exponential function of the measured overall decays in Fig. 3, measured at 10 °C.

Duplex 71 (ns) Aq (%) 75 (ns) A, (%) 73 (ns) As (%)

DNA/DNA 0.11 4470 2.18 26.17 6.60 29.14
redox inactive

DNA/DNA 0.09 67.62 191 13.74 6.48 18.65

RNA/DNA 0.23 19.69 2.68 36.61 713 43.70
redox inactive

RNA/DNA 0.06 64.65 240 17.86 6.54 17.49

should be noted that the best Ap stacking in active DNA/DNA duplexes
(the mostly pronounced shorter excitation wavelength band, see Fig. 2a,
the fastest fluorescence decay, see Fig. 3) could influence/cause the
specific active DNA/DNA emission spectrum (Fig. 2b).

The introduction of redox active G into sequences resulted in a
change of the lifetimes and relative amplitudes of fluorescence
(Table 3). The most pronounced effect was fitted for the shortest lifetime
that decreased (and the relative amplitude increased) in both redox
active duplexes. The effect is more pronounced for the RNA/DNA hybrid
showing that the charge transfer was more effective through the hybrid
than DNA/DNA duplexes. All fits of these measurements indicated an
enhancement of the Ap quenching connected with charge transfer.

3.2. Melting temperature measurements

Typically, the DNA/DNA duplex is a B-type duplex and the RNA/DNA
duplex is an A-type duplex. In RNA/DNA hybrids the RNA strand induces
the duplex conformation into the A-form [47-49, 67]. Our melting tem-
perature measurements showed that in both cases the RNA/DNA hybrid
(active) melted at lower temperatures than the DNA/DNA (active)
duplexes (Supporting material, Fig. S2). The higher melting tempera-
tures of the DNA/DNA duplexes correspond to their higher stability
and more effective stacking in the B-form [18,19].

3.3. Computer modeling

The calculated energies of HOMO orbitals and their appearance and
localization in the model structures were indicative of the charge trans-
fer efficiency between the donor Ap and the acceptor G. The HOMO,
HOMO-1, and HOMO-2 orbitals were localized exclusively at the
purine-rich ApAAG DNA strand (Fig. 1). The AA segment was specially
designed in this study to bridge the donor with the acceptor, as purine
bases form a better electronic bridge in comparison with pyrimidines.
Because the sequences of DNA strands appearing in both DNA/DNA
and RNA/DNA molecules were the same, the calculated differences in
HOMO orbitals had to be induced by the complementary CTTT DNA
and CUUU RNA strands.

The HOMO orbital was dominantly localized at acceptor G in both
duplexes, but its partial localization at the adjacent A base was also cal-
culated especially for the RNA/DNA molecule. The HOMO-1 was mainly
localized at donor Ap and partially also at the AA bridge. The partial
delocalization was again more pronounced for the RNA/DNA duplex.
The HOMO-2 was dominantly localized at the bridging A base next to
G, and in the RNA/DNA molecule it was also localized on acceptor Ap.
The ordering of HOMO orbitals in both molecules was the same as
regards their orbital energies and also their localizations at individual
bases were similar (Table 4, Fig. 1). However, the HOMO orbitals in
RNA/DNA were all more delocalized along the strand as compared
with those in normal DNA/DNA. We can therefore assume that the elec-
tronic perturbation induced by the complementary DNA or RNA strand
in the ApAAG DNA strand was relatively modest.

The electronic couplings for the pairs of adjacent bases and also
those for the donor-acceptor pair in the ApAAG strand of DNA/DNA
and RNA/DNA molecules differed (Table 5). The electronic coupling
between Ap and the adjacent A base V4, in RNA/DNA was smaller by
0.045 eV than that in DNA/DNA. The rest of the electronic couplings in
RNA/DNA were larger, V44 by 0.082 eV and Vg4 by 0.079 eV. Also, the
donor-acceptor coupling Vap(SE) in the RNA/DNA molecule was larger
by 0.038 eV. The V¢4,(SE) coupling depended on all couplings for adja-
cent pairs (Eq. (2)) and its larger value in the RNA/DNA molecule can be
thus explained with larger values of V44 and Vpa, couplings. Similar
values of V44 couplings were calculated previously by Reha et al. [62]:
0.11 eV in the A-DNA duplex, while in B-DNA, where bases overlapped
less, it was only 0.09 eV. Bases in the A-form have a larger overlap than
bases in the B-DNA, which may explain the calculated trends in elec-
tronic couplings.
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Table 4

The orbital energies of HOMO and LUMO orbitals in eV calculated using the B3LYP/6-31G(d) method in model duplexes. The dominant orbital localization is shown in parenthesis (and
depicted Fig. 1) for the individual bases of the Ap-A1-A2-G DNA or the complementary strand.

Duplex LUMO +1 LUMO HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4
DNA/DNA —1.12 (Ap) —115(C+T) —548 (G) —5.64 (Ap + Al) —5.75 (A2) —6O2(T+T+T) —6.05 (Ap + Al)
RNA/DNA —1.14 (Ap) —116 (U + U) —551(G) —568 (Ap + Al + A2) —5.81 (Ap + A2) —6.01 (Ap + Al) —632(C)

To describe the local geometry and arrangement of bases in DNA/
DNA and RNA/DNA molecules, we measured the distances of a few
selected atoms in one base from the idealized plane defined by inner-
ring atoms of an adjacent base. The distances for C8, N9, N7, N1, 06
and N3 inner-ring atoms measured in adjacent pairs of the ApAAG
strand roughly revealed their mutual orientation (Fig. S3 in Supporting
materials). The standard IUPAC numbering of atoms for purine bases
was used. Two geometrical characteristics can be estimated from the
measured distances: the overall distance and the mutual inclination of
the bases. In addition, the mutual spatial overlap of the bases can be
seen roughly in Fig. S3, when considering the projections of selected
atoms into an idealized plane.

The distances between the inner-ring atoms of the G and neighbor-
ing A bases in two duplexes were similar and ranged from 3.0 Ato 3.3 A.
The distance between the bases in DNA/DNA was somewhat larger,
which may explain the larger V¢, coupling, the distance between the
bases of the AA pair was much larger with distances ranging from
42 A to 3.0 A in RNA/DNA and from 3.3 A to 2.9 A in DNA/DNA. The
mutual overlap of the AA bases was larger in RNA/DNA, which
explained the larger Va4 coupling. The mutual orientation of the AAp
bases was nearly parallel, their distances ranged from 3.2 A to 3.4 A in
RNA/DNA and from 3.1 A to 3.2 A in the DNA/DNA molecules. However,
the spatial overlap was greater in DNA/DNA. The slightly closer proxim-
ity of bases in the AAp pair and their better overlap in DNA/DNA
explained the larger Vaap, coupling.

The larger Vgap(SE) coupling in the RNA/DNA molecule was
obtained due to the V4 coupling for the AA bridge, which was explained
by the better overlap of AA bases. The calculated electronic couplings
depended on the overlap of bases and their mutual declination and
distance. Because all these geometrical parameters were on average
more favorable in RNA/DNA, the respective donor-acceptor electronic
coupling Va,(SE) was larger than that for DNA/DNA. The trend calcu-
lated for Viap(SE) couplings in the two duplexes was consistent with
the measurements of charge transfer.

The HOMO orbitals and the electronic couplings are both indicative
of charge transfer efficiency in molecules. The HOMO orbitals calculated
in DNA/DNA and RNA/DNA molecules were exclusively grouped along
the purine-rich ApAAG DNA strand. In the RNA/DNA molecule, the
HOMO orbitals were more delocalized as compared to those in the
DNA/DNA molecule. The local geometries of the ApAAG strand in
DNA/DNA and RNA/DNA were different. The spatial overlap of adjacent
bases and their mutual declination and distances in the RNA/DNA
molecule were overall more favorable with respect to the calculated
electronic coupling. The Vg4 and Vg electronic couplings were larger
in the RNA/DNA molecule, while the Va4, was larger in the DNA/DNA
molecule. The donor-acceptor Vga,(SE) electronic coupling was larger
in the RNA/DNA molecule. The measured trends in charge transfer for
normal DNA/DNA and hybrid RNA/DNA molecules were in agreement

Table 5
The electronic couplings in eV calculated for the adjacent pairs of bases in the ApAAG
strand in DNA/DNA and RNA/DNA duplexes.

Duplexes 7% Vaa® Varp® Viap(SE)"
DNA/DNA 0.031 0.080 0.287 0.010
RNA/DNA 0.110 0.162 0.242 0.048

2 Eq. (1) in Computational details.
b Eq. (2) in Computational details.

with the values of the calculated electronic coupling Viap(SE). The calcu-
lations suggested more efficient hole transfer in the RNA/DNA hybrid
molecule owing to the more delocalized nature of HOMO orbitals
along the purine-rich ApAAG DNA strand and the better electronic
coupling between donor and acceptor.

Low-lying excited states involved electronic transitions mainly
between the HOMO-1 and LUMO+1 molecular orbitals (Table S1).
The calculated electronic transitions for DNA/DNA (320 nm) and RNA/
DNA (315 nm) corresponded to the experimental value ~ 320 nm.
Electron excitation occurred essentially at the Ap and A1 bases; how-
ever, in the case of RNA/DNA, it even occurred at the A2 base. The excited
state was preferably localized at the Ap base (Table 4).

The spin density distribution for the cation radical state showed a
hole dominantly localized at G, but its delocalization was quite large,
involving also the Ap, A1, and A2 bases (Table S2). Both charge and
spin density calculations showed a slightly more delocalized hole in
the case of the RNA/DNA hybrid. The more delocalized hole increases
the hole transfer rate due to a smaller reorganization energy [52].
According to these results, hole transfer through the RNA/DNA hybrid
should be more efficient than that through the DNA/DNA duplex.

4. Discussion

Our experimental and theoretical data highlighted details between
charge transfer efficiency, local geometry, conformational flexibility,
and the electronic structure of the duplexes. The fluorescence spectros-
copy detected higher fluorescence quenching of the RNA/DNA hybrid
duplex indicating its better charge transfer compared to DNA/DNA
(of corresponding lengths). The longer distance (3 adenosine units) be-
tween the Ap and G leads in all cases to smaller charge transfer yield —
this effect confirmed charge transfer between donor and acceptor and
support the superexchange charge transfer model [29]. With increasing
temperature (below melting point) the temperature enhanced base dy-
namics affected (improved) the DNA/DNA mediated charge transfer
[29]. The charge transfer efficiency dropped down to negligible values
near and above the melting temperature, apparently because of the dis-
ruption of the regular double helical structure.

For RNA/DNA hybrids charge transfer yield decreased from 20 °C to
melting point — RNA/DNA hybrids have at low temperatures best
setting for charge transfer (confirmed by DFT modeling — interstrand
stacking, more delocalized HOMO orbitals, more delocalized charge
and holes, and better electronic coupling) which is at relatively low
temperatures destroyed by changes connected with specific melting
procedure. It was shown that RNA/DNA and DNA/DNA charge transfer
temperature sensitivities are connected with temperature enhanced
system dynamics, different temperature stabilities and different melting
procedures of both systems. Charge transfer in this situation works as
probe of even tiny changes in original system setting.

Conformationally more flexible RNA/DNA hybrids have larger
interstrand stacking, more delocalized HOMO orbitals, more delocalized
charge and holes, and better electronic coupling which all mean better
conditions for charge transfer [17,68]. Enhanced mobility of the bases
within the RNA/DNA hybrids gives the bases greater access to confor-
mations and thus increases the probability of achieving conditions for
charge transfer [2,64]. The larger conformational flexibility of the hybrid
duplexes also causes larger delocalization of the holes that have a strong
impact on the charge transfer process. The electronic overlap between
bases within the hole is even larger, because the hole is formed in
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response to a need for electron donation. As a consequence of all these
effects, the charge in RNA/DNA hybrids becomes more delocalized. In
this case, charge is more effectively transferred coherently from
“donor” to “acceptor” through the intervening “bridging” nucleobases.
But for temperatures above 20 °C due to RNA/DNA hybrids very specific
properties (interstrand stacking, more delocalized HOMO orbitals,
more delocalized charge and holes, better electronic coupling, confor-
mational flexibility) the system setting is destroyed (related to melting
procedure) and the charge transfer ability of the hybrids is falling down.

In contrast, DNA/DNA duplexes have not so conformationally
flexible chain as RNA/DNA hybrids, more localized nature of HOMO
orbitals, localized charge and hole plus worse electronic coupling.
Under these conditions the DNA/DNA charge transfer could be with
high probability more incoherent then charge transfer through RNA/
DNA. The DNA/DNA charge transfer efficiency change with temperature
in different way: charge transfer is rising up with temperature up to the
melting point where the chain charge transfer efficiency of destroyed
duplex falls down.

As possible applications of this work is concerned, strong relation-
ship between fine deviations of base settings, phonons (temperature
dependent dynamics) and oligonucleotide charge transfer conditions
should be taken into consideration. Charge transfer measurements/
fluorescence spectroscopy can be used as a probe of even tiny and
quick changes of oligonucleotide structure, setting and interactions
coming from various (biological/biochemical) origins.

5. Conclusions

In this work, experimental and theoretical approaches (temperature
dependent time-resolved and steady state fluorescence spectroscopy,
melting point measurements, and Density Functional Theory) were
combined to gain insight into the process of charge transfer in DNA/
DNA and RNA/DNA duplexes with various separation of Ap (donor)
and G (acceptor) by adenosine units. The fluorescence spectroscopy
measurements detected higher fluorescence quenching, indicating
better charge transfer for the RNA/DNA hybrid duplex. The longer dis-
tance between the donor and acceptor caused lower charge transfer
yield — this effect also confirmed charge transfer between donor and
acceptor and support possible superexchange charge transfer model
[24]. For DNA/DNA samples the charge transfer efficiency increased
(due to temperature enhanced dynamics) up to temperatures close to
the melting point where the charge transfer efficiency dropped as the
duplex conformations change. RNA/DNA hybrids have different temper-
ature stabilities — we observed charge transfer yield temperature
dependence without significant increase but with charge transfer
yield decrease practically from 20 °C to melting points. RNA/DNA and
DNA/DNA charge transfer temperature sensitivities are connected
with temperature enhanced dynamics, different temperature stabilities
and different melting procedures of both systems. Charge transfer in
this situation works as probe of even tiny changes in original system
setting.

DFT modeling showed that in the case of hybrid duplex HOMO
orbitals were more delocalized along the strand and that spatial overlap
between adjacent bases was better, which all resulted in large values of
electronic coupling. Also, charge and spin density analysis suggested a
more delocalized hole in the RNA/DNA hybrid duplex. All the theoretical
data obtained consistently indicated better charge transfer properties
for the RNA/DNA hybrids. Based on our results, we suggested that
charge could be transferred from donor to acceptor according to these
mechanisms: in DNA/DNA duplexes, less effective incoherent charge
transfer plays more important role; in RNA/DNA hybrids more effective
coherent charge transfer should predominate.

Our results highlighted in detail the interplay between the efficiency
of charge transfer and basic physico-chemical properties of natural
oligonucleotides, which has a significance not only for biochemistry
and biology but also for the future utilization of these materials in

nanotechnology [69]. Charge transfer measurements can be used as
very sensitive probe of oligonucleotide states and their changes coming
from a wide range of (biological/biochemical) origins.
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