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Self-Repairing DNA Based on a Reductive
Electron Transfer through the Base Stack**

Anja Schwogler, Lars T. Burgdorf, and Thomas Carell*

DNA photolyases utilize light energy to initiate the repair
of highly mutagenic UV-induced cyclobutane pyrimidine
dimers that form the major photolesions in DNA.I"2 The
basis of the repair reaction, which rescues many insects, fish,
amphibians, and plants from UV-induced cell death and
mutagenesis,?l is a light-induced electron transfer from a
reduced and deprotonated flavin coenzyme to the DNA
lesion.!l The lesion undergoes a spontaneous cycloreversion
as its radical anion to the corresponding monomers.P!
Although the general mechanism of the light-driven repair
process is known, no information is currently available about
the critical electron-donation process from the flavin donor to
the dimer acceptor in the DNA strand.l% In particular, the
question as to what extent the DNA double strand is able to
mediate the transport of the electron in the base stack is still
under debate (Scheme 1).[ This question is directly linked to
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Scheme 1. Schematic depiction of the hole-transfer process (oxidative
electron transfer) via guanosine bases and of the proposed reductive
electron-transfer event leading to the self-repair of the DNA.

investigations of the electron hole transport properties of
DNA. Bl Hole transfer was recently shown to proceed over
relatively large distances in an undisturbed DNA double
strand.® 11 Experiments carried out recently provided com-
pelling evidence that a hopping process in which guanosine
bases (which react to form guanosine radical cations) act as
stepping stones in the DNA double helix (Scheme 1) could be
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one basis for the seemingly “distance independent” hole
transfer.[''-1]

A deeper understanding of oxidative damage to DNA and
the design of DNA-based bioanalytical devices is crucially
dependent upon the elucidation of the electron- and hole-
transfer properties of double-stranded DNA.I!% 7] Herein we
report the preparation of DNA strands containing a flavin
building block and a cyclobutane thymidine dimer lesion.[' 1]
These doubly modified DNA strands show light-induced self-
repairing properties and allowed insight to be gained into the
ability of DNA to mediate a reductive (“surplus”) electron-
transfer reaction.?*-??

The oligonucleotides 1 and 2 were synthesized for studying
the reductive self-repairing electron transfer and the repair
process (Scheme 2). All the DNA double strands investigated
contain the riboflavin coenzyme nucleobase 3 and the
thymidine dimer DNA lesion 4 as central units. The synthesis
and the incorporation of both building blocks into DNA was
performed as recently described.['s 1% 2 The melting temper-
atures and fluorescence spectra of the double strands were
measured to investigate whether the flavin and dimer
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1A 5'-d(GCGCA-Fla-T=TAACGC) -3"
3'-d(CGCGT - A - A-ATTGCG) -5
oT 5'-d (GCGCA-Fla-AT=TACGC) -3 "'
3'-d(CGCGT - T - TA-ATGCG) -5
2c 5'-d (GCGCA-Fla-AT=TACGC) -3 "'

3'-d(CGCGT - C - TA-ATGCG) -5

Scheme 2. Electron-transfer initiated cycloreversion of an analogue of the
thymidine dimer lesion in DNA. The six flavin- and dimer-modified DNA
double strands are also indicated. R shows the continuation of the DNA
strands.
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containing oligonucleotides?? form stable double-stranded
DNA, which was found to be crucial for the transfer of a hole
through DNA. Figure 1 A shows as an example the melting
curves determined at 275 nm for the flavin- and dimer-
containing double strand 2T. The normal melting behavior
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Figure 1. A) Melting curve of 2T showing both the heating and the cooling
curve measured at 275 nm (cpna =3 uM, 150 mm NaCl, 0.01m Tris pH 7.5).
The inset depicts the melting curve of 1T at 460 nm. This double strand has
a Fla-T “base pair” and a formacetal-linked thymidyl and thymidine bases
(T(T; cpna =30 pum, 0.01M Tris, pH 7.5, 150 mm NaCl). B) Dependence of
the fluorescence of strand 1T on temperature

of the doubly modified DNA double strands is clearly
evident; no hysteresis between the heating and the cooling
curve is observed. Double-strand melting was also detectable
at 460 nm, where only the flavin coenzyme absorbs light
(Figure 1 A inset). This hypochromicity effect of the flavin
base supports our assumption that the coenzyme is positioned
inside the DNA double helix.'®! The melting points of all
flavin-containing DNA strands were found to depend on the
flavin counterbase chosen; for example, the following melting
points were measured for strand 1 with the various counter-
bases: 1T: 58°C,1C: 56°C,1G: 51°C, and 1A: 53°C (cpya =
3 uM, 150 mm NaCl, 0.01m Tris pH 7.5). The highest melting
points were measured when thymidine and cytidine were
used, and hence were consequently chosen as the flavin
counterbases in this study.

Further evidence for the presence of the flavin in the DNA-
base stack was obtained from fluorescence studies. The
fluorescence of the flavin in a double strand is strongly
quenched if a guanosine acts as the counterbase (1G). The
reason for the decreased fluorescence is that a light-induced
electron transfer occurs from the guanosine to the flavin,
which yields a transient G**--- Fla'~ zwitterion. The reduced
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fluorescence is consistent with the hypothesis that both
heterocycles are in contact, which is only possible if the flavin
is positioned in the DNA stack. Furthermore, studies of the
temperature dependence of the fluorescence of the DNA
double strand 1G show a strong increase in the flavin
fluorescence upon melting the double strand (Figure 1B).
The hypochromicity observed in the UV-melting experiments
and the temperature-dependence of the fluorescence data
provide evidence for our assumption that the flavin coenzyme
is positioned inside the DNA double helix.

In order to investigate the reductive electron transfer from
the flavin to the dimer in the DNA base stack the DNA
strands 1T, 1C, 2T, and 2C were dissolved in Tris buffer
(pH 75, 150 mm NaCl) and transferred into fluorescence
cuvettes and stoppered with a rubber septum. After purging
the cuvettes with nitrogen for 10 min, sodium dithionite
solution was added to reduce and deprotonate (pK, = 6.8) the
flavin coenzyme. The fluorescence arising from the flavin
disappeared after reduction. This was monitored during
irradiation to ensure complete reduction of the flavin during
the whole experiment.” The fluorescence cuvettes were
finally exposed to monochromatic light in a fluorimeter at
360 nm or to daylight. Nitrogen was slowly bubbled through
the DNA solution during its exposure to light to ensure the
irradiation conditions were homogenous. Small aliquots were
removed from the assay solution with a microsyringe and
immediately reoxidized by shaking the samples in the
presence of air. Analysis of the samples by reversed-phase
HPLC (Figure 2) showed that the dimer lesions in the DNA
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Figure 2. HPLC traces of the aliquots taken during an irradiation experi-
ment with strand 2C showing the clean conversion of the damage-
containing DNA strand into the repaired strand.

double strands were cleanly repaired. The appearance of only
one new oligonucleotide was detected, which was proved to
be the repaired DNA strand by co-injection. It is clear from
Figure 2 that the photo reaction induces a self-repair of the
lesion-containing DNA strand into the repaired strand. No
other oligonucleotides are formed, which means that side
reactions causing DNA degradation do not occur. In fact,
complete self-repair of the lesion-containing oligonucleotides
under our conditions was accomplished after just 30 min of
irradiation. No repair was observable in the absence of
light.?*28] Further experiments, in which a flavin-containing
DNA strand was reduced and irradiated in the presence of a
DNA strand containing a noncomplementary thymine dimer
showed no repair either. Both control experiments prove that
the self-repair process is a light-driven reaction that proceeds
intramolecularly inside the DNA double strand.
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To obtain insight into the ability of DNA to mediate the
reductive electron-transfer process all four DNA double
strands 1T, 1C, 2T, and 2 C, which contain either a Fla-T or a
Fla-C base pair and two different flavin—dimer distances,
were investigated for their self-repairing capabilities. The data
(Table 1) show that the double strands 1T and 2T having a
Fla-T base pair (highest melting points) show a faster self-
repair than 1C and 2C, possibly because they form the most
undisturbed double helices.

Table 1. Repair yield data (£10%) and quantum yields (+50%) of the
photo process in the DNA strands 1T, 1C, 2T, and 2C.1?

DNA double strand Repair yield Quantum
(5 min) [%] Yield @

1T 5-d(GCGCA-Fla-T=TAACGCG)-3' 35 0.004
3-d(CGCGT-T-A ATTGCGC)-5'

1C 5-d(GCGCA-Fla-T=TAACGCG)-3' 35 0.004
3-d(CGCGT-C-A ATTGCGC)-5'

2T 5-d(GCGCA-Fla-AT=TACGCG)-3' 20 0.003
3-d(CGCGT-T-TA ATGCGC)-5'

2C 5-d(GCGCA-Fla-AT=TACGCG)-3' 15 0.002

3-d(CGCGT-C-TA ATGCGC)-5'

[a] epna =40 pm, 360 nm, 150 mm NaCl, 0.01m Tris, pH 7.5, the photon flux
was measured with a United Detector Technology Dual Channel Optom-
eter, &gayinn- = 4900 LM~'cm™!.

In addition, the repair of the double strands 1T and 1C
were found to proceed to about 35 % completion after 5 min.
This is just a factor of two more efficient than 2T and 2C (20
and 15 %, respectively), in which an additional A-T base pair
separates the electron-transfer partners. This small difference
is a very surprising result to us, because the distance between
the flavin and the dimer unit increases from 11 (in 1Tand 1C)
to 17 (in 2T and 2 C) single bonds. In the case of the oxidative
hole transfer in DNA such an additional A-T base pair
between the electron hole and the next donating guanosine
base would result in an approximately tenfold decrease in the
reaction yield.['!]

The data show that a reductive electron transfer through
the base stack from a flavin electron donor to a UV dimer
lesion, as performed by the enzyme DNA photolyase, is
possible.?> 2! The light-driven electron transfer leads exclu-
sively to the cycloreversion of the dimer lesion. This process is
effective even when the DNA lesion and the flavin donor are
separated by an intervening base pair. The results open a new
avenue for the development of the therapeutic repair of
thymine dimers and shows that the arming of DNA with flavin
coenzymes allows functional oligonucleotides with, in our
case, self repairing properties to be created.
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