Angewandte o
Communications

DOI: 10.1002/anie.201204901
Electron Transfer /

Photoinduced Reductive Electron Transfer in
LNA:DNA Hybrids: A Compromise between
Conformation and Base Stacking**

Ulrike Wenge, Jesper Wengel, and Hans-Achim Wagenknecht*

Angewandte
Chemie

10026 %XLLEJ?A@ © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 10026 —10029



Nucleic acids and their synthetic analogues are fascinating
architectures with respect to molecular electronics owing to
the spontaneous self-assembly into networks and complex 2D
and 3D structures.!! Photoinduced charge-transfer reactions
through DNA have been studied thoroughly; the oxidative
mode mainly in the 1990s,? and the reductive type in the last
decade.>** Hopping mechanisms have been elucidated, not
only experimentally over long ranges,* but also theoret-
ically over short ranges.”) Hole transfer is accompanied by
oxidative guanine damage. This major disadvantage makes
reductive electron transfer (ET) through DNA much more
promising for nanoelectronics.”® In fact, ET rate constants
for charge hopping over thymines are faster (4 x 10'°s~")["*!
than the rate constants for hole hopping (10*-10'°s~1) (1112
However, rates show only how fast an ET process occurs, but
do not indicate much about the efficiency of ET. The
efficiency gives information how much charge arrives (in
comparison) at the acceptor, which is an important parameter
for molecular electronics.

The efficiency of ET through natural DNA is too low to be
considered seriously for nanoelectronics.” Current research
focuses how the ET can be improved while keeping the
spontaneous self-assembly as the most attractive feature of
nucleic acid architectures. It is known that ET in DNA is
gated by the conformation of the double helix.[*>4 A-type
double helices are an important and promising alternative. It
been shown that charge transfer in RNA can be more efficient
than in DNA.!"! Other studies with RNA ! including those
with opposite results!'” (also with LNA:DNA hybrids!"),
bring about the question as to whether the more flexible
structure is solely responsible for possibly higher ET effi-
ciency. The helix conformation (A-type) with its shorter base
stacking distance could bring also an advantage. On the other
hand, the chemical instability of RNA diminishes its great
potential for electronics. To solve these issues, we present
herein ET experiments with locked nucleic acid (LNA)
between 5-(2-pyrenyl)-2’-deoxyuridine (2PydU) and S5-
bromo-2'-deoxyuridine (BrdU) as the electron donor-
acceptor pair.'”” In LNA the sugar pucker is locked in the
C3'-endo type, thereby stabilizing the A-type helix in
LNA:DNA hybrids. 40% LNA nucleotides in one strand
diminish the average rise to 2.8 A and the twist to 32 +1 A
Further modifications leads to smaller twist, but the rise
remains constant.’!!. With respect to base stacking,
LNA:DNA hybrids are structurally very similar to
DNA:RNA helices, however the flexibility is reduced.
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Owing to the methylene bridge in particular, the phosphate
backbone of LNA is very rigid.

Wel?2 and others®®! have used 5-(1-pyrenyl)-2'-deoxyur-
idine (1PydU) to study reductive ET. The strong electronic
coupling between the two aromatic parts, however, yields
intramolecular exciplex states® that interfere with electron
injection into DNA. 2PydU™ is a better electron injector, as
the attachment at the 2-position decouples the pyrene. On the
acceptor side, BrdU has been applied very often for probing
reductive ET in DNAP73%] because the chemical reactivity
of the BrdU radical anion is fast enough to resolve differences
of ET efficiencies.”

Based on our™! and others™ previous assumptions that
thymines are the major electron carrier, up to four interven-
ing T-A base pairs were placed between donor (2PydU) and
acceptor (BrdU) in DNA III-0 to I11-4 (Figure 1). DNA II is
the reference without BrdU, and DNAT is the reference
without any modification. Four different complementary
strands were used: DNA, RNA, 50 % LNA/50 % DNA (Ina),
and 100 % LNA.
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DNA 5'-GTG -CGA-AAA-AAA - AAT - AAT-GC-3'
RNA 5'-GUG - CGA-AAA-AAA-AAU-AAU-GC-3
Ina 5'-GTG - CGA - AAA - AAA - AAT - AAT-GC -3
LNA 5 -GTG-CGA-AAA-AAA-AAT-AAT-GC-3

Figure 1. Structure of 2PydU and BrdU, and oligonucleotide sequen-
ces. Underlined letters: LNA units (Fluo=fluorescein marker; see the
Supporting Information).

The duplexes were first characterized by their melting
temperatures (7,,; Table 1). The introduction of the 2PydU
modification causes a destabilization of approximately 5°C,
regardless if it is in pure DNA duplexes (I_DNA vs. II_DNA),
RNA duplexes (I_RNA vs. II_RNA) or hybrids with 50 %
LNA (I_Ina vs. II_Ina). This is a typical value for a modifica-
tion at the 5-position of dU. The second modification, BrdU,
does not introduce any additional destabilization. All of the
doubly modified duplexes in each set show comparable
thermal stability of ca. 58-59°C (III-0_DNA to III-4_DNA),
53-54°C (III-0_RNA to III-4_RNA), and 71-72°C (I1I-0_lna

www.angewandte.org

10027


http://dx.doi.org/10.1002/anie.201204901
http://www.angewandte.org

10028 www.angewandte.org

Angewandte

Communications

Table 1: Melting temperatures T,, of oligonucleotides.?!

Duplex T.[°Cl Duplex T.[°C Duplex T. [°C]
I_DNA 62.9 I_RNA 58.3 I_lna 75.4
II_DNA 58.1 II_RNA 52.8 Il_Ina 70.9
111-0_DNA 59.2 111-0_RNA 53.8 111-0_Ina 71.2
111-T_DNA 58.7 111-T_RNA 53.3 111-1_Ina 72.2
111-2_DNA 58.9 111-2_RNA 53.6 111-2_Ina 71.0
111-3_DNA 58.7 111-3_RNA 53.7 111-3_Ina 71.1
111-4_DNA 58.8 111-4_RNA 53.9 111-4_Ina 72.0

[a] A=260 nm, 20-90°C, rate 0.7°C min~', 2.5 um DNA in 10 mm NaP-
buffer (pH 7.0), 250 mm NacCl.

to III-4_Ina). All of the hybrids with pure LNA counter-
strands exhibit melting temperatures that are higher than
90°C.* The major differences between the T,, ranges of pure
DNA and DNA:LNA hybrids can be attributed to the
preorganization of the LNA single strand and better base
stacking. It is important to mention that the thermal stabilities
of all modified duplexes are sufficiently high to perform
irradiation at RT with guaranteed double stranded samples.

Irradiations were performed with a 200 W Hg/Xe lamp
using a 320 nm cutoff filter to ensure selective excitation of
2PydU outside both the nucleic acid and BrdU absorption
range. All of the oligonucleotides for ET (III-0 to I11-4) were
labeled at the 5'-terminus with fluorescein to allow quantifi-
cation by fluorescence after polyacrylamide gel electropho-
resis (PAGE) analysis. As expected, based on previous
reports,> %323 PAGE of photoirradiated samples that were
treated with piperidine showed the formation of cleavage
products at the BrdU site, which were combined in the
quantitative analysis (Table 2). Under these conditions, all of

Table 2: Strand cleavage of duplexes after 30 min of irradiation.

Counter-strand Strand cleavage [%]

11-1 11-2 11-3 111-4
DNA 44.6 7.3 6.1 4.7
RNA 58.4 40.5 19.2 18.7
Ina 67.4 242 83 7.4
LNA 76.5 9.7 1.9 1.9

the oligonucleotide samples with 2PydU and BrdU adjacent
to each other (III-0_DNA, III-0_RNA, I1I-0_Ina, IT1I-0_LNA)
showed no ET-induced strand cleavage, which is probably due
to very fast charge recombination. In the samples with
intervening base pairs between donor and acceptor, cleavage
drops with growing distance, regardless of which counter-
strand has been used. With four intervening T-A pairs, only
RNA:DNA hybrids show a strand decomposition of nearly
20 % . Hybrids with counterstrands that consist of 50 % LNA
units (III-3_Ina/III-4_Ina) exhibit higher strand breakage
yields than DNA, whereas those with pure LNA complements
(III-3_LNA/III-4_LNA) show lower yields.

A semi-quantitative analysis can be obtained from the
monoexponential fitting of the strand cleavage yields and the
subsequent linear fitting of the initial phase (see the
Supporting Information). These chemical rates are plotted

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

against distance between 2PydU and BrdU (Figure 2). It is
important to mention that these rates do not represent ET
rates but allow a simple analysis of ET efficiencies in our
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Figure 2. Analysis of the dependence of the strand cleavage rate r on
distance d. Helical rises: 3.4 for DNA; 2.9 for DNA:RNA,®" and 2.8
for DNA:LNA.PZ

experiments. First, the four hybrid sets show an initially
stronger distance dependence that changes to a weaker
dependence. This dual behavior has been observed previously
for oxidative hole transfer®™ and reductive ET.') The
distance dependence of strand cleavage rates in our
RNA:DNA hybrids is the weakest. More remarkable how-
ever is the observation that photoinduced cleavage at the
BrdU site is also enhanced in those hybrids with 50 % LNA in
the complement, whereas it is diminished in hybrids with
100% LNA.F

Previous results have revealed that electron injection
through the single C—C bond in 1PydU is very fast (2 ps 1)
and thus should not differ in the different hybrids. Second, it is
accepted knowledge that the amount of cleaved strands
reflects relative efficiencies of ET.P"#2%] Based on both
assumptions, the observed differences can be attributed solely
to the two parameters discussed at the beginning: The helix
type, A or B, influences ET by different base stacking; or the
different flexibility modulates the ET. In the literature,
efficient charge transfer in DNA:RNA hybrids was nearly
exclusively attributed to the more flexible structure in
comparison to pure DNA.I'! Our results show clearly that
this cannot be the single reason. DNA:LNA hybrids, regard-
less if they contain 50 or 100% LNA, are more rigid than
DNA, but III-1_Ina to III-4_Ina exhibit better ET efficiency
than III-1_DNA to III-4_DNA. Therefore, this difference
must be attributed to the key characteristics of the A-helix,
which are smaller base distance and helical twist®! together
causing better base stacking.”*?"* This property overrides
the negative effect of the locked sugar pucker in the double
helices with 50 % LNA units and yields better ET efficiencies
than in pure DNA of the B-type.

In conclusion, LNA helped to elucidate the different roles
of conformational flexibility and A-type base stacking with
respect to ET efficiency. Not surprisingly, the conformational
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locking of LNA units has clearly a negative effect on ET
ratel™ and efficiency (see the results of III-1_LNA to
IIT_4_ILNA). On the other hand, LNA forces the nucleic
acid structure into the A-type, which is very similar to RNA,
leading to better base stacking and thereby promoting ET. It
becomes clear that a good compromise between supporting
A-type double helix and conformational flexibility is provid-
ing the best architecture for increasing the ET efficiency
through nucleic acids architectures. This is an important result
for the future design of nucleic acids for ET and molecular
electronics, as the significant advantage of LNA in contrast to
RNA is the high chemical stability. Cleverly arranged LNA
nucleotides are able to improve the efficiency of ET over
short ranges and thereby potentially also over longer ranges.
Together with metal ions or chromophores as artificial
stepping stones for long-range ET, LNA provides great
potential for the development of nucleic-based architectures
for molecular nanoelectronics.
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