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Efficient Electron Transfer in i-Motif DNA with a Tetraplex

Structure**

Jungkweon Choi,* Atsushi Tanaka, Dae Won Cho, Mamoru Fujitsuka, and Tetsuro Majima*

The oxidation and reduction of DNA is closely related to the
damage of DNA and the repair of damaged DNA, respec-
tively. DNA has been also regarded as an excellent material
for developing DNA-based molecular electronic devices
because of its ability as electron carrier and its electrical
conductance. Thus, understanding DNA-mediated charge
transfer is a prerequisite for the application of DNA in
biomedical science and bio-nanotechnology. DNA-mediated
charge transfer has been extensively studied by theory and
experiments.!!l. However, most studies on DNA-mediated
charge transfer have focused on the oxidative hole transfer in
DNA, whereas relatively few studies have been done on
reductive electron transfer.

Generally, DNA-mediated hole transfer occurs over
a distance longer than 200 AP and hole transfer along DNA
involves many steps of short-distance charge transfer between
stacked guanine (G) bases because G among the four natural
DNA bases is most sensitive to oxidation.”! The hole transfer
rate depends on the inserted nucleobase between G-C base
pairs. In addition, delocalization of the charge over the
stacked G bases along the DNA stem has been reported.
Meanwhile, the distance for transfer of an excess electron is
shorter than that for a hole in DNA. Recently, our group
confirmed that an excess electron can migrate over 34 A
through base pairs® and the hopping rate of the excess
electron among consecutive thymines (T) is faster than the
hole trapping rate among adenines (A) and Gs.”! Further-
more, we showed that single-step electron transfer (through
a superexchange mechanism) between a donor (D) in the
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singlet excited state and an acceptor (A) efficiently occurs
and depends on the D-A distance in the nicked-dumbbell
DNA sequence.”

DNA-mediated electron transfer by a superexchange
mechanism occurs dominantly in DNA sequences with one
to three base pairs between D and A, whereas charge transfer
by the hopping mechanism takes place in a DNA sequence
with a long D-A distance. In this study, we investigated the
electron transfer in i-motif DNA using fluorescence up-
conversion and transient absorption spectroscopic measure-
ments. The i-motif DNA, which is formed from cytosine (C)-
rich sequences at slightly acidic pH, has a tetraplex structure
formed by the antiparallel intercalation of two parallel
hemiprotonated C:C* base-paired duplexes® (Figure 1).
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Py-C=C-dU (MU) AQ-dU (*oU)

Structure Sequences
i-motif-0 Tetraplex : 5-CCCTAACCCTAACCC- TAACCC- T-3
Py-i-motif Tetraplex i 5-CCCTAACCCTAACCC-UAA CCC- T-3'
Py-i-motif-AQ : Tetraplex i 5'“CCCTAACCCTAACCC-UAA CCC-AU-3"
PyasonAQ Dupln | §-CSCTIMCCTTAACEC AR S0

Figure 1. The reversible pH-induced conformational change of i-motif
DNA (Py-i-motif-AQ) used in this study. Py and AQ are used as D and
A, respectively.

Recently, i-motif DNA was considered as promising material
for application in nanotechnology, for example as a nano-
electronic device, because of its reversible pH-induced
conformational change as depicted in Figure 1.7 Especially,
this structural change between an extended structure
(ssDNA) and a compact structure (i-motif) can be used as
a reversible electronic switch. To the best of our knowledge,
however, electron transfer occurring in i-motif DNA has not
been studied.
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For studying electron transfer in i-motif DNA, we used
the modified human  telomeric sequence  (5'-
(CCCTAA),CCC-UAA  CCC-4°U-3', Py-i-motif-AQ).
Pyrene (Py) and anthraquinone (AQ) are used as D and A,
respectively (Figure 1). In the present study, we clarified the
electron transfer occurring in i-motif DNA conjugated with
Py and AQ. The result provided herein clearly shows that
direct electron transfer from Py in the singlet excited state
("Py*) to AQ in the i-motif rapidly occurs with a rate constant
of 6.9x 10" s7!, whereas the electron injection yielding the
contact ion pair (CIP) state takes place with a rate constant of
4.0x 10" s7!. Electron transfer between 'Py* and AQ occurs
more efficiently in the i-motif than in the duplex DNA
because of the compact structure of the i-motif. This is the
first report for the photoinduced electron transfer in the i-
motif with a tetraplex structure.

Figure 2 a shows the circular dichroism (CD) spectrum of
Py-i-motif-AQ measured in 100 mm sodium phosphate buffer
(pH 5.2). The formation of i-motif from the synthesized
oligonucleotide was ensured by its characteristic CD spec-
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Figure 2. a) Circular dichroism (CD) spectrum of Py-i-motif-AQ mea-
sured in 100 mm sodium phosphate buffer (pH 5.2). b) Absorption
and emission spectra of Py-i-motif-AQ measured in 100 mm sodium
phosphate buffer (pH 5.2; 1, =380 nm; Fl.=fluorescence).

trum, producing a positive band at 286 nm and a negative
band at 252 nm. The CD spectrum of Py-i-motif-AQ was
coincident with that of i-motif-0 measured in pH 4.8 (Fig-
ure S2). Moreover, this result is consistent with the results
reported by Li etal.,® suggesting that the formation and
structure of the i-motif is unaffected by the attachment of Py
and AQ. The melting temperature (7,,) of Py-i-motif-AQ in
pH 5.2 buffer was determined to be 315.4 £0.1 K, whereas
the T, of i-motif-0 was determined to be 318.0 £ 0.1 K under
the same experimental conditions (Figure S3). Although the
T, value of Py-i-motif-AQ was similar to that of i-motif-0, we
found that the structure was slightly destabilized by the
covalent attachment of Py. Substantially, the Gibbs free-
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energy change (AG=-11.7£02kJmol™) for Py-i-motif-
AQ at 25°C is slightly smaller than that of i-motif-0 (—13.9 +
0.2 kJmol"). Recently, in the study for the i-motif folding
process using the 5'-(CCCTAA);CCC-3' sequence, Lieblein
et al. reported that the kinetically favored minor conforma-
tion (3'E) is initially stabilized by stacking interactions and
then refolds into a major conformation (5'E) that is stabilized
by an extra T-T base pair.’! Considering their results, we
speculate that the destabilization of Py-i-motif-AQ compared
to i-motif-0 attributes to the weak T-T base pair by replacing
T with 5-(pyrenylethynyl)-2'-deoxyuridine (Py-C=C-dU).
Indeed, Py in the i-motif showed a relatively red-shifted
emission band compared to those bands in single-stranded
DNA and duplex DNA (Figure S4), indicating that Py in Py-i-
motif-AQ DNA is exposed to solvent because of a steric
hindrance. Consequently, the extra T-T base pair in Py-i-
motif-AQ becomes weakened compared with that in i-motif-
0, resulting in the destabilization of Py-i-motif-AQ.

The steady-state fluorescence spectrum of Py-i-motif-AQ
showed broad and structured emission bands at 412, 425, and
wavelengths longer than 453 nm (Figure 2b). The research
groups of Netzel and Wagenknecht reported that "YU with an
ethynyl linker (Py-C=C-dU) shows a mixed emission
spectrum because of 'Py* and a CIP state (Py"-C=C-
dU").l According to their studies, thus, the slightly struc-
tured emissions at 412 and 425nm for Py-i-motif-AQ
attribute mainly to 'Py*, whereas the broader emission at
wavelengths longer than 453 nm is assigned to the CIP state,
which is formed because of a strong electronic coupling
between Py and the deoxyuridine (dU) moiety. To confirm
the existence of two emissive states observed from Py-i-motif-
AQ, the fluorescence up-conversion technique was used to
measure the emission lifetime of Py-i-motif-AQ in 100 mm
sodium phosphate buffer (pH 5.2). As shown in Figure 3, two
emission decay profiles of Py-i-motif-AQ monitored at 460
and 480 nm were fitted by a double-exponential function with
two relaxation times of 0.9 +0.2 ps (1.11 x 10 s7!) and 9.4 +
2.4 ps. Meanwhile, Py-i-motif showed the longer decay times
than Py-i-motif-AQ (1.4+04ps (7.1+£1.6x10"s™") and
14.5 +7.3 ps), although the difference in two emission decay
times for Py-i-motif and Py-i-motif-AQ is small. These results
indicate that emissions measured from Py-i-motif and Py-i-
motif-AQ attribute to two emissive states, 'Py* and the
charge-separated (CS) state. The relative amplitude of the
slow-decay component increased when the monitoring wave-
length was increased (Table S1 and Figure S5), indicating that
the fast- and slow-decay components are assigned to the 'Py*
and CS states, respectively.

Interestingly, at the same optical density of all DNA
sequences at 400 nm, the emission of Py-i-motif-AQ in acidic
solutions was significantly quenched compared with the
emissions of Py-ssDNA and Py-i-motif measured in neutral
and acidic pH solutions (Figure S4). These results indicate
that a different electron-transfer process occurs in the Py-i-
motif-AQ sequence in addition to the electron transfer within
the Py-dU moiety yielding the CIP state. Considering the
singlet excitation energy (E,, of about 3.1 eV) of 'Py* in the
™U nucleotide conjugate, the driving force (AGpy.aq) of the
intramolecular electron transfer from 'Py* to AQ is estimated
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Figure 3. Fluorescence decay profiles of Py-i-motif (top) and Py-i-motif-
AQ (bottom) monitored at 460 (black) and 480 nm (blue) with
Agex=400 nm in 100 mm sodium phosphate buffer (pH 5.2) measured
by the fluorescence up-conversion technique. Theoretical fitting curves
are shown as black solid line. Residuals and amplitudes of global
fitting results for Py-i-motif and Py-i-motif-AQ are shown in Table S1
and Figure S5 (IRF=instrument response function; Fl.=fluorescence).

to be AGpyrq=-091€V using the reported reduction
potential of —0.64 V for AQ.""! The negative value of AGp,.
Ao means that the electron transfer from 'Py* to AQ in i-motif
can efficiently occur. Considering the negative value of AGp,.
Ao, thus, it is suggested that the fluorescence quenching
observed for Py-i-motif-AQ is due to the formation of the CS
state through the electron transfer from 'Py* to AQ in i-motif
DNA.
To further elucidate the electron-transfer mech-
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assigned to the formation and decay of '(Py-C=C-dU)*,
whereas a negative signal at wavelengths shorter than 450 nm
attributes to the stimulated emission of Py. In contrast to Py-i-
motif, Py-i-motif-AQ showed only positive signals at about
510, 600, and longer than 670 nm wavelengths without any
negative signal as depicted in Figure 4b. Especially, upon
labeling of AQ to Py-i-motif, the negative signal observed at
<450 nm for Py-i-motif was converted to the positive signal in
Py-i-motif-AQ, supporting that AQ is involved in the electron
transfer occurring in i-motif DNA. Lewis et al. showed that
the radical anion of the AQ derivative, N-(hydroxypropyl)an-
thraquinone-carboxamide, displays weak bands centered at
406 and 575 nm in 100 mM phosphate buffer (pH 7.2).1'1 The
research group of Wagenknecht revealed that Py* exhibits
transient absorption band around 475 nm."™ 2 Therefore, the
positive signal around 450 nm observed for Py-i-motif-AQ
may be assigned to AQ~ or Py*. As explained above,
however, the positive signal around 450 nm was observed only
for Py-i-motif-AQ but not for Py-i-motif. Thus, we suggest
that the positive signal at wavelengths shorter than 450 nm
observed for Py-i-motif-AQ is assigned to AQ"".

Here, we consider the CS processes occurring in i-motif
DNA. First, in Py-i-motif-AQ, the CS state, Py""---AQ"", can
be formed through two processes: direct electron transfer
from 'Py* to AQ (superexchange mechanism) and electron
transfer from dU*" in the CIP state to AQ by a hopping
mechanism. Using pyrene-1-yl-2’-deoxyuridine (Py-dU) sub-
stituted DNA, the research group of Wagenknecht showed
that most conformers undergo intramolecular electron trans-
fer from 'Py* to dU to form Py*-dU*~ within a few pico-
seconds and that only dT~ (or dU™) but not dC~ can
participate as an intermediate charge carrier for the excess
electron transfer in DNA.I™123] Fyrthermore, they also
suggested that the protonated dC~ can interrupt the excess
electron transfer in DNA. Considering results reported by the

anism occurring in i-motif DNA, we measured the 0.10- Py-i-motif a) 0.012- c)
femtosecond-transient absorption spectra for Py-i- 0.08 i 00101 e Pps e -
motif and Py-i-motif-AQ at 100 mm sodium phos- | 0.06 0.0081 & he
. . 0.006] ¢
phate buffers (pH 5.2). The transient absorption §0.04 § 000a] |
spectrum of Py-i-motif DNA observed after the 0.02 t 0.002] |
400 nm laser excitation consisted of positive signals 0001z 0.000 _/
at about 510, 600, and longer than 700 nm regions, Ry TR reaar s S raary I M T T I R T R
and a negative signal in the wavelength range Alnm—> t/ps —
shorter than 450 nm (Figure 4a). According to 0.8, Py-i-motif-AQ ! b oo1s] . d)
studies of the Wagenknecht research group for To.os 0.010] S t—
pyrene-1-yl-2’-deoxyuridine- (Py-dU-) substituted  _ g4q a 0.005] e -
DNA, strong absorption peaks at about 510 and 2 0.000
- 0.02 -000
600 nm attribute to the CIP state (Py"-dU) 0,005
formed by electron transfer from 'Py* to dU, and 000 Jpm"" 0010
the absorption band with a maximum around 440 480 520 560 600 640 680 o 8 10 15 20 25 30
Al nm— t/ps —

700 nm is assigned to !(Py-C=C-dU)*.'12] They
suggested that the Py radical cation (Py"") and U
radical anion (dU"") in the CIP state reveal strong
and broad absorption spectral signatures because
of a strong electronic coupling between Py and
dU ™. Thus, we suggest that the positive absorption
signal at wavelengths longer than 675nm is
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Figure 4. Transient absorption spectra observed after 400 nm laser excitation
during femtosecond-laser flash photolysis of a) Py-i-motif and b) Py-i-motif-AQ in
100 mm sodium phosphate buffer (pH 5.2) in the time range of 0.5 ps to 2030 ps
at room temperature, respectively (OD = optical density). c) Decay profile of Py-i-
motif monitored at 475 nm. d) Decay profiles of Py-i-motif-AQ monitored at 440
(0) and 475 nm (e). Theoretical fitting curves are shown in gray. Residuals for the
fitting results for Py-i-motif and Py-i-motif-AQ are shown in Figure S6.
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research group of Wagenknecht, therefore, the CS state
cannot be formed by electron transfer from dU~ in the CIP
state to AQ because of the hemiprotonated C:C* base pairs of
i-motif DNA. Consequently, we conclude that the CS state is
formed by direct electron transfer from 'Py* to AQ. The rate
constant for the superexchange process (k,) in Py-i-motif-AQ
was directly determined from the rise profile of the absorp-
tion band at 440 nm corresponding to AQ*™ to be k,=6.9 +
1.0x 10" s7! (Figure 4d). Considering the distance depend-
ence on the rate constant for the superexchange process (k;),
the observed k, value for i-motif DNA, which has three
consecutive C:C+ base pairs embedded between D and A
(Figure 1), is distinctly large. Indeed, Park et al. showed that
the electron transfer occurs at the rate constants of (3.5-1.8) x
10" 57" in the nicked-dumbbell DNA sequences with one to
four base pairs between D and A.["Y Lewis et al. reported rate
constants of 1.7x10%3.7x10"s™! for the bridge-mediated
electron transfer in hairpin DNA sequences.™™ Although the
rate constant for the electron transfer in DNA strongly
depends on the kind of photosensitizing chromophore, the
rate constant measured in the present study (k,=6.9x
10" s7") is distinctly larger than those reported in several
previous studies.>'*1% This indicates that the direct electron
transfer from 'Py* to AQ in i-motif DNA occurs faster than in
a duplex DNA including hairpin DNA. Moreover, Py-
dsDNA-AQ at pH 7.0 did not show a positive absorption
signal in the wavelength range shorter than 450 nm, indicating
that the electron transfer from 'Py* to AQ in a duplex DNA
does not take place (data not shown). Comparing two
structures of i-motif and duplex DNA, i-motif DNA has less
consecutive base pairs embedded between D and A than the
duplex DNA; five consecutive base pairs (two A-T and three
G-C base pairs) for a duplex DNA and three consecutive
C:C" base pairs for i-motif DNA. Furthermore, it is known
that the stacking distance between C:C* base pairs in i-motif
DNA is 3.1 A% whereas the distance between two bases in
dsDNA is 3.4 A. Therefore, the structural change from
dsDNA (or ssDNA) to i-motif results in a significant decrease
in the D-A distance. On these grounds, we conclude that the
fast electron transfer observed in i-motif DNA (k;=6.9 x
10" s7") did not result from electron transfer from dU*" in
the CIP state but from the direct electron transfer from 'Py*
to AQ because of the hemiprotonated C:C" base pairs as well
as the relatively compact structure of i-motif.

The generation rate of Py (kp,-) in Py-i-motif-AQ was
estimated to be kp.=1.05+£0.28x10"s™" from the rise
profile of the absorption band at 475 nm corresponding to
Pyt (Figure 4d). This value is larger than that measured for
Py-C=C-dU-substituted =~ DNA  molecules  (3.3-5.0 x
10" s71)." As shown in Figure 5, the generation of Py can
be attributed to two pathways, that is, the electron injection
yielding the CIP state and electron transfer from 'Py* to AQ
with rate constants of kp and &, respectively. Therefore, kp,-
is the sum of kcp and k, kpy- = kcp + K, Tesulting in a large
kpy-. Furthermore, kp,-. of 1.05x 10" s™" is well consistent with
the 'Py* lifetime of Py-i-motif-AQ determined by the
fluorescence up-conversion technique.

To accurately determine k¢ in i-motif DNA, we mea-
sured the formation time of the CIP state by electron transfer
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Figure 5. Energy diagram for the photoinduced electron transfer in Py-
i-motif-AQ DNA.

from 'Py* using Py-i-motif, which shows only the electron
injection process yielding the CIP state. From analysis of the
time profile at 475 nm (Figure 4c) kcep=4.0+£0.4x10"s7!
was determined for Py-i-motif to be close to the 'Py* lifetime
of the Py-i-motif as shown by fluorescence up-conversion
within the experimental error. This value is also consistent
with that reported by the research group of Wagenknecht.!'"!
Based on the determined kc;p and k values, kpy of 1.09 x
10" 57! was calculated for Py-i-motif-AQ to be well consistent
with the experimentally determined kp,. = 1.05 x 10" s™". This
consistency supports that kp,.- determined in the present study
is very reasonable value for the generation rate of Py** in Py-i-
motif-AQ and that no excess electron transfer occurs from
dU"" in the CIP state to AQ but the direct electron transfer
occurs efficiently from 'Py* to AQ in i-motif DNA.

Molecular electronic devices incorporating i-motif DNA
have been developed for nano-biotechnological applications
because of the pH-induced reversible conformational change
of i-motif DNA. In this regard, we studied the electron
transfer in i-motif DNA conjugated with Py and AQ as D and
A, respectively, in acidic solutions. The results clearly show
that the direct electron transfer from 'Py* to AQ in i-motif
DNA with a tetraplex structure occurs at k,=6.9x 10" s™!,
whereas the electron injection yielding the CIP state takes
place at kcp=4.0x10"s™'. However, the direct electron
transfer from 'Py* to AQ does not take place in a duplex
DNA in neutral solutions, indicating that the fast electron
transfer from 'Py* to AQ (superexchange mechanism) in i-
motif DNA with kp,.. =1.05x10”s™" is due to the hemi-
protonated C:C* base pairs as well as its compact structure.
No excess electron transfer occurs from dU" in the CIP state
to AQ. The result provided herein reveals that i-motif DNA is
a good electron carrier and that its structural change between
ssDNA (or dsDNA) and i-motif is expected as a reversible
electronic switch in nanoelectronic devices.
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