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Electron transfer (ET) through RNA duplexes possessing 2’'-O-pyrenylmethy uridine (Upy) and 5-bromo-
uracil (BrU) as an electron donor and accepter set was investigated. Reductive decomposition of the BrU
resulted from the ET over long distances (up to ten AU base pairs) was detected in the RNA conjugates.
The RNA mediated ET from the pyrene to BrU showed dual distance dependence. This is well consistent
with the previous observation for ET from Upy to nitrobenzene in RNA. In contrast, little or no reductive
decomposition of the BrU was observed in the DNA conjugates when the Upy and BrU were separated by
more than four AT base pairs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Electron transfer (ET) as well as hole transfer in DNA has
attracted considerable interest, because of their potential applica-
tion in DNA-based nanodevices,'~ and the relevance to the biolog-
ical consequences such as DNA damages.*® Through biochemical
and spectroscopic studies, it has been shown that both positive
and negative charges injected into DNA can migrate over long dis-
tances.”® The efficiency of ET through DNA can be modulated by
base sequences and its structural dynamics. In addition, the long-
lived charge separated state has been realized in the DNA possess-
ing a donor-accepter pair.°"'? These findings are particularly
important in the development of an electrical DNA sensor and a
photo-energy conversion device.

Initial evidence of ET through DNA over long distances was pro-
vided by using reductive cleavage of thymine dimers and reduced
flavins as an electron donor.? Several research groups reported the
long-distance ET in DNA that has been evident from the use of var-
ious electron acceptor and donor pairs.!4~2° It is now accepted that
the excess electron migrates by multi-step hopping on pyrimidine
bases.!>!® This mechanism was based on the trend of reduction
potentials of nucleobases (T~ U, dU >C >>A >G).2'?2 Pyrimidine
bases (T (U) and C) are reduced more easily than purine bases (G,
A). Hence, pyrimidine bases act as charge carriers in excess elec-
tron transfer process.

Until very recently, little attention has been paid for the charge
transfer in an RNA duplex. RNA duplexes have the base stacking
overlaps and dynamics that are significantly different from those
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of DNA-DNA as well as of DNA-RNA duplexes. RNA duplexes
may therefore be an attractive medium for charge transfer. We
have disclosed that excess electron can move through RNA -
stacks from pyrene to nitrobenzene over significant distance with
dual distance dependence.?® This study relied on pyrene fluores-
cence quantum Yyields to access the distance dependence. While
our results provide an important insight in developments of
RNA-based nanodevices, proof of the distance dependence in
RNA-mediated electron transfers should be given. Here, we report
electron transfer (ET) in RNA duplexes in which distance depen-
dence of ET has been analyzed from the chemical assay using a
system consisting of pyrene-modified uridine (Upy) as a photo-
excitable electron donor and 5-bromouridine (BrU) as a kinetic
electron trap. Reductive decomposition of the BrU resulted from
the ET over long distances (up to ten AU base pairs) was detected
in the RNA duplexes. The RNA mediated ET from the photo-excited
pyrene to BrU showed dual distance dependence, which is well
consistent with the fluorescence quenching experiments. In con-
trast, little or no reductive decomposition of the BrU was observed
in the DNA duplexes when the Upy and BrU were separated by
more than four AT base pairs.

2. Results and discussion

Our experiments for charge injection and transport in RNA and
DNA involves the use of continuing (rA),-(U), and (dA),~-(dT), se-
quences as a bridge, pyrene (Py) as a photo-excitable electron do-
nor, and 5-bromouridine (BrU) as an electron acceptor (Fig. 1). Py
was introduced via one-carbon linker at the specific 2’-O-position
of U- or T-strand. BrU was site-specifically incorporated into the
same strand. Since the free energies for electron transfer from
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Figure 1. (a) Scheme of excess electron transfer from Py to BrU mediated by RNA
duplex. (b) Chemical structures of pyrene-conjugated uridine (Upy) and 5-bromo-2’'-
deoxyuridine (BrU) used as an electron injector and a kinetic electron trap,
respectively. (c) Sequences for RNA (rPyBr-n) and DNA (dPyBr-n) designed for
analysis of the excess electron transfer. Py is separated from BrU by a variable
number of A-U (RNA) or A-T (DNA) base pairs. 2'-0-methyl-substituted nucleotides
(rA, U) are used for the RNA duplex.

excited-state pyrene (Py*) to uracil base and from Py* to BrU can be
estimated to be ca. —0.5 and —0.5 ~ —1.0 eV,24?> respectively, the
electron injection and the subsequent electron transfer processes
are expected to be exergonic. As a consequence of the electron
transfer, one electron reduction of BrU occurs.?® The resulting ura-
cil radical anion rapidly leads to the spontaneous decomposition of
BrU. By quantifying the decompositions of BrU, the electron trans-
fer reactions form Py* to BrU in RNA and DNA can easily be
monitored.!827-28

Table 1 summarizes the melting temperatures (Ty,s) for Py- and
BrU-modified RNA (rPyBr-n) and DNA (dPyBr-n) duplexes used in
the present study. Judging from the T, values, the doubly modifi-
cations of RNA and DNA duplexes have little effect on the stability
of duplexes. The CD spectra show that the global conformations of
the RNA and the DNA duplexes are A- and B-forms, respectively
(Supplementary data). The induced CD observed at around
340 nm for the DNA indicates that the pyrene is intercalated into

Table 1
Melting temperatures (Ty,) and apparent relative decomposition rates (kapp) of rPyBr-
n and dPyBr-n

rPyBr-n dPyBr-n
n Tm?(°C) Kapp2(%min~") Tm(°C) Kapp>(%¥min~")
— 49.9¢ — 48.0¢ —
0 499 110 47.8 260
1 49.8 25 48.1 76
2 50.0 2.8 48.1 0.67
4 49.9 0.30 47.9 <0.01
8 499 0.19 48.0 <0.01
9 50.0 0.12 48.1 <0.01

2 5 uM duplexes in 20 mM Na phosphate buffer at pH 7 and 100 mM Nacl.

b Decomposition rates (kapp) were obtained from the slope of the decomposition
yields vs irradiation time.

€ Tny, values for unmodified RNA or DNA.

the base pairs of DNA. No induced CD was observed for RNA at
the same wavelength region, which is consistent with that the pyr-
ene is located outside the duplex. The local structures of the pyrene
covalently attached via the one carbon liker into RNA and DNA
have already been established?® and are consistent with the pres-
ent RNA and DNA duplexes.

The photo-induced electron transfer reactions were carried out
at room temperature by illumination of UV-light (365 nm) for the
solutions containing the Py- and BrU-modified duplexes (rPyBr-n
and dPyBr-n: 10 pM) in a phosphate buffer (pH 7). The resulting
solutions were enzymatically digested by treatment with phospho-
diesterase and alkaline phosphatase, and then analyzed by reverse-
phase HPLC. The some examples for the HPLC analysis are shown in
Figure 2. The amount of intact BrU was decreased with the photo-
irradiations, by which the yields of the BrU-decomposition could
be obtained. Plots of the reaction efficiency against the irradiation
time are shown in Figure 3. The reaction yields linearly increased
with increase in irradiation time, which can provide the apparent
electron transfer rates (k,pp) as summarized in Table 1. For both
the RNA and DNA containing Py and BrU of short distances (less
than two base pairs), the photoreaction proceeds efficiently. When
Py is separated from BrU by more than four base pairs, the reaction
of the BrU resulted from the electron transfer indeed occurred in
the RNAs. In contrast, littler or no reactions of the BrU were ob-
served in the DNAs containing Py and BrU with longer than four
base pairs.

The electron transfer rates (k,pp) dependent on the distance (r)
between Py as an electron donor and BrU as an accepter were
examined. Figure 4 shows the plots of In k,,, against r, where
the base pair distances are assumed to be 2.8 A for RNA and
3.4 A for DNA, respectively. In RNA, the analysis of the plot gave
two g values: ; is 0.7 A~ at the short distances (<10 A) and B,
is 0.1 A" at long distances (>10 A). The electron transfer from
photo-excited Py* to BrU is weakly depended on their distance
when the number of intervener rA-U base pairs is more than four.
The dual distance dependence in the electron transfer through RNA
is thus evident. In DNA, from the analysis of In k,,, versus r plot,
the g value of 0.8 A~! was obtained at short distances. As described
above, the electron tranfer to BrU from Py* hardly occur at the long
distances (>10 A), thereby a single f value could be obtained for the
distance dependent electron transfer from Py* to BrU in our DNA
system.

The difference in the decomposition yields of BrU between DNA
and RNA conjugates may be rationalized by considering the rela-
tive position of the Py in the duplex (Fig. 5). As mentioned above,
the position of the Py attached to 2’-O position in the duplex de-
pends on the structural conformation of the duplex. The Py inter-
calates into the duplex in B-form conformation, whereas the Py
is located outside of the duplex in A-form conformation. Namely,
there are differences in distance and stacking interaction between
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Figure 2. HPLC profiles monitored at 280 nm for the reaction mixtures (rPyBr-2)
digested by enzymatic reaction before (black) and after photoirradiation (red).
Inset: 0-20 min irradiation. The HPLC peaks observed at 7.6, 8.6, 10.6 min were
assigned to uridine, adenine, and 5-bromo-2’-deoxyuridine.
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Figure 3. Reaction efficiency of BrU decomposition through excess electron transfer
for (a) rPyBr-n and (b) dPyBr-n (Black: n =0, red: n =1, green: n = 2, blue: n = 4, sky
blue: n =8, magenta: n=9). The reaction efficiency was calculated from ratio of
peak areas of BrU before and after photoirradiation.
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Figure 4. Distance dependence of apparent decomposition rates (kapp) for (a) rPyBr
and (b) dPyBr. Distance between the Py and BrU are calculated assuming the
distance of 3.4 A between bases for DNA and 2.8 A for RNA.

Figure 5. Plausible mechanism of electron injection and excess electron transfer in
DNA (right) and RNA (left). EET and BET represent excess electron transfer and back
electron transfer, respectively.

the Py and nucleobases. In DNA conjugates, the intercalated Py is
directly stacking with pyrimidine bases (T and U). The escape of
the excess electron from the contact ion pair (Py-*-dU*~ or Py-*-T-")

is ineffective because of very rapid charge recombination in the
ion pair (picosecond time scale), resulting in no reductive decom-
position of BrU in DNA conjugates at long distances. In the case
of hole transfer in DNA, the escape of a positive charge (hole)
from the contact ion pair can be achieved in specific sequences
where hole transfer is very rapid and competitive with charge
recombination.’’%3! In addition, the excess electron generated
in an opposite side to BrU may cause inefficiency for the reduction
of BrU. Unlike DNA conjugates, the Py in RNA conjugates is spa-
tially separated from nucleobases without direct interaction, lead-
ing to the slow charge recombination. This slow charge
recombination in RNA conjugates allow an excess electron on uri-
dine to escape from initial charge separated state and lead to the
efficient excess electron transfer over long distances. Probably, dif-
ferences in stacking interaction and conformational dynamics be-
tween DNA and RNA are also related to the efficiency of excess
electron transfer.323> Previous spectroscopic studies demon-
strated that A-form RNA:DNA hybrids is better medium for charge
transfer compared with DNA hybrids because of increased struc-
tural flexibility and base motion of DNA:RNA hybrids on the nano-
second timescale,>® which is consistent with our results in RNA
conjugates. Therefore, slow charge recombination due to the spa-
tial separation between positive and negative charges, and fast
electron transfer in A-form conformation is the origin of excess
electron transfer observed in RNA.

3. Conclusion

We have shown dual dependence of electron transfer (ET) from
photo-excited pyrene (Py*) to 5-bromouridine in RNA. The result is
consistent with the previous analysis of ET from Py* to nitroben-
zene through the m-stacks of RNA. We anticipate that, in addition
to DNA, RNA is promising material for several applications such
as in functional nanodevices

4. Experimental
4.1. General method

DNA and RNA oligonucleotides were synthesized on an ABI DNA
Synthesizer using standard solid-phase phosphoroamidite chemis-
try. All DNA and RNA synthesis reagents were obtained from Glen
Research. 2’-OMe RNA phosphoramidites were used for RNA synthe-
sis. Pyrene-modified oligonucleotides were synthesized according to
previous reports.>637 5-0-dimethoxytrityl-2'-0-(1-pyrenylmethyl)
uridine 3’-0-(2-cyanoet’yl)-N,N'-diisopropyl-phosphoramidite was
used for the modification of pyrene. The DNA and RNA samples were
prepared by annealing the mixtures of complementary strands in
20 mM Na phosphate buffer (pH 7.0) and 100 mM Nacl. The duplex
concentration was 5 pM.

4.2. Photoreaction experiment

The DNA or RNA samples (10 pM in 20 mM Na phosphate buffer
(pH 7) and 100 mM NaCl were prepared by mixing equimolar
amounts of the complementary strand and gradually annealing
with cooling from 80 °C to room temperature. The photoreaction
of Py and BrU-containing DNA and RNA duplex were irradiated
using a UV transilluminator (365 nm) at various times. The irradi-
ated samples were digested by adding enzymatic solution of the
snake venom phosphodiesterase and alkaline phosphatase at
37 °C. The digested samples were analyzed by reverse phase HPLC
(JASCO) on a MS-II ODS 4.6 mm x 150 mm column using the fol-
lowing conditions: flow rate, 1.0 mL/min, elution with a solvent
mixture of CH3;CN/ammonium formate (50 mM), and linear
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gradient over 15 min from 2 to 8% CH3CN. The decomposition effi-
ciency of BrU was determined from the peak areas of BrU before
and after photoirradiation.
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