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Abstract

Photoirradiation of various 10-methylacridinium ions (AcrR*, R =H, ‘Pr, and Ph) intercalated in DNA results in ultrafast intramolecular electron
transfer, followed by rapid back electron transfer between AcrR* and nucleotides in DNA. The electron-transfer dynamics in DNA were monitored
by femtosecond time-resolved transient absorption spectroscopy. Both acridinyl radical and nucleotide radical cations, formed in the photoinduced
electron transfer in DNA, were successfully detected in an aqueous solution. These transient absorption spectra were assigned by the comparison
with those of DNA nucleotide radical cations, which were obtained by the intermolecular electron-transfer oxidation of nucleotides with the
electron-transfer state of 9-mesityl-10-methylacridinium ion (Acr*-~Mes**) produced upon photoexcitation of Acr*—Mes. Photoinduced cleavage
of DNA with various acridinium ions (AcrR*, R=H, ‘Pr, Ph, and Mes) has also been examined by agarose gel electrophoresis, which indicates
that the rapid intramolecular back electron transfer between acridinyl radical and nucleotide radical cation in DNA suppresses the DNA cleavage

as compared with the intermolecular electron-transfer oxidation of nucleotides with Acr*~Mes**.

© 2008 Published by Elsevier B.V.
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1. Introduction

The DNA double helix consists of a linear array of -
stacked, aromatic heterocyclic nucleobases within a polyanionic
sugar-phosphates backbone, providing a unique medium for
investigation of electron-transfer reactions [1-12]. Recent inves-
tigations of the dynamics of photoinduced electron transfer in
DNA have employed probe chromophores that are w-stacked
with an adjacent base pair [13—15]. For example, the dynam-
ics of charge separation and charge recombination in DNA
have been examined using a chromophore as a linker of two
complementary oligonucleotides containing donor nucleotides
[13]. Alternatively, noncovalently bound species (DNA interca-
lators) have also been used as chromophores in DNA to initiate
photoinduced electron transfer between nucleotides in DNA
[16,17]. Acridinium ions are also intercalated into the DNA
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double helix [18,19]. The occurrence of photoinduced elec-
tron transfer from nucleotides to singlet excited state of various
acridinium ions has been confirmed by fluorescence quench-
ing experiment and emission decay profiles [19,20]. Acridinium
ions are known to have the small reorganization energy (A) of
electron transfer [21], which results in efficient electron trans-
fer [22,23]. The observation of both radical anions of electron
acceptors and radical cations of donor DNA bases provides a
method for investigation of the dynamics of charge separation,
charge recombination, and hole migration processes in DNA.
However, there has so far been no report on direct observation
of nucleotide radical cations in DNA by laser flash photolysis
measurements because of the lack of reference for assignment
and suitable chromophores for detection. On the other hand,
the DNA cleavage results from the electron-transfer oxida-
tion of DNA bases, followed by hole transfer to guanine part
in vivo, which is known to be most readily oxidized among
four DNA bases [24-31]. Although extensive efforts have so
far been made to detect guanine radical cation [32,33], there
has been no report on direct observation of radical cations
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of the other DNA bases, i.e., adenine, cytosine, and thymine
[34].

We report herein ultrafast photoinduced electron transfer and
rapid back electron transfer between nucleotides and interca-
lated acridinium ions (AcrR*, R=H, ‘Pr, and Ph) in DNA.
Both acridinyl radical and nucleotide radical cation produced
by the photoinduced electron-transfer reactions in DNA have
been detected by femtosecond laser flash photolysis measure-
ments. These transient absorption spectra of oxidized DNA
by photoexcited acridinium ions in DNA were assigned by
the comparison with those of DNA nucleotide radical cations,
which were obtained independently by intermolecular electron-
transfer oxidation of DNA bases with the electron-transfer state
of a donor—acceptor dyad, 9-mesityl-10-methylacridinium ion
(Acr*~Mes**), produced upon photoexcitation of Acr*—Mes.
We also report the photoinduced DNA cleavage activity of
AcrR*.

2. Experimental
2.1. Materials

Calf-thymus deoxyribonucleic acid, sodium salt (CT DNA)
was purchased from Sigma Chem. Co., USA. Stock solution
of DNA (18mg in 25mL sol.) was prepared by dissolution
overnight in 5 mmol dm~3 Tris—HCI buffer (pH 7.0) contain-
ing 5 mmol dm~3 sodium sulfate (NaS0y). Supercoiled DNA,
pBR322 was purchased from Wako Pure Chemical Indus-
try, Japan. 9-Mesityl-10-methylacridinium (Acr*-Mes), 10-
methylacridinium (AcrH*), and 9-phenyl-10-methylacridinium
(AcrPh™) perchlorate salts were purchased from Tokyo
Kasei Organic Chemicals. 9-iso-Propyl-10-methylacridinium
(Acr’Pr*) perchlorate salt was prepared by the reported pro-
cedures [21,22b]. Purification of water (18.3MQcm) was
performed with a Milli-Q system (Millipore; Milli-RO 5 plus
and Q plus).

2.2. Femtosecond laser flash photolysis

Ultrafast transient absorption spectroscopy experiments were
conducted using an ultrafast source: Integra-C (Quantronix
Corp.), an optical parametric amplifier: TOPAS (Light Conver-
sion Ltd.) and acommercially available optical detection system:
Helios provided by Ultrafast Systems LLC. The source for the
pump and probe pulses were derived from the fundamental out-
put of Integra-C (780 nm, 2 mJ/pulse and fwhm=1301s) at a
repetition rate of 1 kHz. 75% of the fundamental output of the
laser was introduced into TOPAS which has optical frequency
mixers resulting in tunable range from 285 to 1660 nm, while
the rest of the output was used for white light generation. Prior
to generating the probe continuum, a variable neutral density
filter was inserted in the path in order to generate stable contin-
uum, then the laser pulse was fed to a delay line that provides
an experimental time window of 3.2ns with a maximum step
resolution of 7fs. In our experiments, a wavelength between
350 and 450 nm of TOPAS output, which is fourth harmonic of
signal or idler pulses, was chosen as the pump beam. As this

TOPAS output consists of not only desirable wavelength but
also unnecessary wavelengths, the latter was deviated using a
wedge prism with wedge angle of 18°. The desirable beam was
irradiated at the sample cell with a spot size of 1-mm diame-
ter where it was merged with the white probe pulse in a close
angle (<10°). The probe beam after passing through the 2-mm
sample cell was focused on a fiber optic cable that was con-
nected to a CCD spectrograph for recording the time-resolved
spectra (410-800 nm). Typically, 2500 excitation pulses were
averaged for 5s to obtain the transient spectrum at a set delay
time. Kinetic traces at appropriate wavelengths were assembled
from the time-resolved spectral data. All measurements were
conducted at room temperature, 295 K.

2.3. Nanosecond laser flash photolysis

For the nanosecond laser flash photolysis experiments,
degassed aqueous buffer solutions were excited by Nd:YAG
laser (Continuum, SLII-10, 4-6ns fwhm, 30m]/pulse) at
355 nm. Time courses of the transient absorption spectra were
measured by using a continuous Xe-lamp (150 W) and an In
GaAs-PIN photodiode (Hamamatsu 2949) as a probe light and
a detector, respectively. The output from the photodiodes and
a photomultiplier tube was recorded with a digitizing oscillo-
scope (Tektronix, TDS3032, 300 MHz). The transient spectra
were recorded using fresh solutions in each laser excitation. All
experiments were performed at 298 K.

2.4. Fluorescence lifetime measurements

Time-resolved fluorescence spectra were measured by a
Photon Technology International GL-3300 with a Photon Tech-
nology International GL-302, nitrogen laser/pumped dye laser
system, equipped with a four channel digital delay/pulse gener-
ator (Stanford Research System Inc. DG535) and a motor driver
(Photon Technology International MD-5020). The excitation
wavelength was 420 nm using POPOP (Wako Pure Chemical
Ind. Ltd., Japan) as a laser dye.

2.5. DNA cleavage

3 pL of aqueous solutions of DNA pBR322 (0.51 pg uL™")
was dried in vacuo. Typically, 30 nL of deaerated aque-
ous buffer solutions (10 mmoldm—3 CH;COOH/KOH (pH
5.0) or 10mmoldm—3 KH,PO4/NaOH (pH 7.0)) of AcrR*
(1.0 x 10°* moldm™?) and dried DNA was mixed in microtest
tubes under N,. Deaerated aqueous buffer solutions were
prepared after three freeze-pump-thaw cycles. Samples were
incubated under irradiation with a monochromatized light
(A=360nm) from a Shimadzu RF-5300PC spectrophotome-
ter at 298 K. The 3 pL of aqueous solutions of DNA pBR322
(0.051 wg pL~!) were diluted by adding 27 pL of water, then
mixed with 3 pL of loading buffer (0.1% bromophenol blue
and 3.75% ficol in TAE buffer) and loaded onto 1.4% agarose
gel. The gel was run at a constant voltage of 130V for 50 min
in TAE buffer using a Nihon Eido electrophoresis kit, then
washed with distilled water, soaked into 0.1% ethidium bro-
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Fig. 1. Structure of 10-methylacridinium ions used in this study.

mide aqueous solution, visualized under a UV transilluminator,
and photographed using a digital camera.

3. Results and discussion

3.1. Photoinduced electron transfer and back electron
transfer between DNA and 10-methylacridinium ions in
DNA

10-Methylacridinium ions, AcrH*, Acr’Pr*, and AcrPh*
(shown in Fig. 1) are known to be intercalated into the DNA dou-
ble helix [18,19]. The singlet excited state of AcrR* can act as
a strong oxidant (Ereq =2.47V (!AcrH**), 2.02V ( Acr'Prt*),
and 1.93 V (! AcrPh**) vs. SCE) in an aqueous solution [35,36].
When AcrR* is intercalated into DNA, the one-electron reduc-
tion of AcrR* becomes easier as compared to that in an aqueous
solution [18]. As a result, the reduction potentials of the singlet
excited states of AcrR* in DNA are shifted to positive direc-
tion: 2.66 V (vs. SCE, ' AcrH**), 2.16 V (vs. SCE, ' Acr’Pr**),
and 2.10V (vs. SCE, lAchh+*), respectively [36]. Since the
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one-electron reduction potential of 'AcrR** is more positive
than the one-electron oxidation potential of all nucleotides, elec-
tron transfer from nucleotides to the singlet excited state of
AcrR* is energetically feasible [20]. Thus, the fluorescence of
'AcrR** are quenched via electron transfer by addition of DNA
nucleotides [19,20]. However, no transient absorption spectrum
was observed upon nanosecond laser excitation of a deaerated
deionized aqueous solution of AcrR* in the presence of DNA.
This indicates that rapid back electron transfer occurs follow-
ing photoinduced electron transfer from DNA to 'AcrR** at
the time scale of femtosecond. Thus, the photoinduced electron
transfer between AcrR* and DNA bases in DNA was studied by
femtosecond laser flash photolysis (vide infra).

Femtosecond laser excitation at 380 nm of a deaerated aque-
ous solution containing CT DNA (6.6 x 1073 mol dm~3) [37]
and AcrH* (6.1 x 10~* mol dm—3) results in appearance of the
transient absorption spectra as shown in Fig. 2a. The transient
absorption bands may be assigned to AcrH® and DNA radical
cation, both of which are produced by photoinduced electron
transfer from nucleotides in DNA to the singlet excited state
of AcrH*. The absorption band due to AcrH® is observed at
520nm [21,38,39]. Free AcrH*, which is not inserted in DNA,
also exists in an aqueous buffer solution under these exper-
imental conditions. The transient absorption around 680 nm,
which remains at 110 ps after laser excitation, is assigned to the
singlet-singlet absorption of AcrH*. Similar transient absorp-
tion bands are observed for the case of Acr’Pr* (Fig. 2b). In
the case of AcrPh* (Fig. 2c), the absorption band assigned to
singlet—singlet absorption of AcrPh* [40] was not seen, because
the absorption band due to singlet-singlet absorption of AcrPh*
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Fig. 2. Transient absorption spectra observed by the femtosecond laser excitation (A=380nm) of deaerated aqueous solutions containing CT DNA
(6.6 x 1073 moldm~3) and AcrR*: (a) AcrH* (6.1 x 10~* mol dm—3), (b) Acr’Pr* (1.8 x 10~* moldm~3), and (c) AcrPh* (4.5 x 10~* mol dm~3) at 295 K.
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is less intense and the band shape of the singlet—singlet absorp-
tion is different as compared to that of AcrH*. The intensities of
these transient absorptions due to ! AcrR** are scarcely changed
in this time scale because the lifetimes of these singlet excited
states are longer than the time scale in Fig. 2. The fluorescence
lifetimes of AcrH*, Acr’Prt, and AcrPh* are determined as 31,
26, and 1.3 ns in deaerated buffer solutions, respectively (data
not shown).

The transient absorption spectra of radical cations of DNA
bases were independently observed by intermolecular electron-
transfer oxidation of DNA bases with the electron-transfer state
of a donor-acceptor dyad, Acr'—Mes (the structure is shown
in Fig. 1) [22,41-43]. No UV-vis absorption spectral change of
Acr*—Mes in buffer solution was observed upon addition of more
than 30 equiv. of CT DNA [44]. Thus, there is no intercalation
between a bulky Acrt*—Mes and double-stranded DNA because
the dihedral angle between the Acr™ and the Mes moieties of
Acr*—Mes is perpendicular [22].

Nanosecond laser excitation at 355nm of a deaerated
buffer solution of Acr*—Mes results in formation of the
long-lived electron-transfer state (Acr®~Mes®*) via photoin-
duced electron transfer from the Mes moiety to the singlet
excited state of the Acr® moiety [22]. Since the one-
electron reduction potential of Acr®~Mes®* (Eq=1.88V
vs. SCE), is more positive than the one-electron oxidation
potential of all nucleotides, Eox =1.07 V (GMP: guanosine-5'-
monophosphate), 1.18 V (AMP: adenosine-5'-monophosphate),
1.21 V (TMP: thymidine-5’-monophosphate), and 1.26 V (CMP:
cytidine-5’-monophosphate), versus SCE, respectively [20],
electron transfer from DNA nucleotides to the Mes®* moiety
in Acr*~Mes®*™ is energetically feasible. The addition of GMP
to a buffer solution of Acrt-Mes at pH 2.0 and the laser pho-
toirradiation result in formation of GMP radical cation (GMP**:
Amax =310nm) [32,33,45]. The difference spectra obtained by
subtracting the spectrum in the absence of GMP from those in the
presence of GMP at pH 2.0 is shown in Fig. 3 where the absorp-
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Fig. 3. Different transient absorption spectra of (GMP-H)* (H, pH 7.0),
GMP** (O, pH 2.0), CMP** (O, pH 7.0, TMP** (A, pH 7.0),
AMP** (v, pH 7.0) and oxidized form of CT DNA (@, pH 7.0),
obtained by subtracting the transient absorption spectra of Acr*—Mes
(6.0 x 107> moldm™3) in the absence of GMP from those in the
presence of GMP (1.0 x 1072 moldm™3), CMP (7.0 x 10~2 moldm™3),
TMP (1.0 x 107! moldm—3), AMP (1.0 x 10~ moldm~2), and CT DNA
(1.0 x 1073 mol dm~3), respectively. All transient absorption spectra were mea-
sured at 250 ws after laser excitation at A =355 nm at 298 K.

[GMP], mol dm™

0 0.002 0.004 0.006 0.008

T

0.010

3.0

25

GMP (pH 7.0)
20

AMP (pH 7.0)

10 %K gpe, 871

1.0
CMP (pH 7.0)

0.5

1
0 0.1 0.2 0.3
[AMP], [CMP] and [TMP], mol dm~3

Fig. 4. Plots of the pseudo-first-order rate constants (kobs) vs. [GMP] (O, pH
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nucleotides’ radical cation in the photoreaction of Acrt*—Mes with nucleotides
in 5 mmol dm—3 KCI/HCI (pH 2.0) or Tris—HCI (pH 7.0) buffer at 298 K.

tion spectra of GMP** agree with those reported in literature
[32,33].

The formation rate of GMP** obeyed pseudo-first-order
kinetics and the pseudo-first-order rate constant (kobs) increases
linearly with increasing concentration of GMP at pH 2.0 as
shown in Fig. 4. The second-order rate constant (ke) of elec-
tron transfer from GMP to the Mes®** moiety of Acr*~Mes®*
is determined as 4.3 x 107 dm® mol~! s~ in the buffer solution
at 298 K. At pH 7.0, a transient absorption at long wavelength
region ca. at 650 nm appears because of the deprotonation of
GMP** (GMP-H)*® [33] as also shown in Fig. 3.

Transient absorption spectra of radical cations of CMP, TMP
and AMP are also detected in the photoirradiation of Acrt*—Mes
in the presence of CMP, TMP and AMP (Fig. 3 and Scheme 1).
The absorption maxima of the radical cations of CMP, TMP
and AMP in the range from 450 to 550 nm are similar to that
of GMP*™, although the absorption intensity varies depending
on DNA nucleotides. The kg values of electron transfer from
GMP (pH 7.0 and 2.0), CMP (pH 7.0), TMP (pH 7.0) and
AMP (pH 7.0) to the Mes®** moiety of Acr®*~Mes®* are deter-
mined as listed in Table 1 [34]. The rate of electron-transfer
oxidation of GMP is two to three orders of magnitude faster
than those of other nucleotides at pH 7.0. To clarify the site
of electron-transfer oxidation of stacked double helix DNA,
transient absorption measurements were also carried out using
CT DNA with Acr*-Mes. CT DNA was also efficiently oxi-
dized by the electron-transfer state of Acr*—Mes. The transient

AT AT T
G C Gt

hv N i‘ .
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Intermolecular ET

Scheme 1.
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Table 1
One-electron oxidation potentials (Eox) of nucleotides and rate constants of
electron-transfer reactions (ke) at pH 7.0

M. Tanaka et al. / Journal of Photochemistry and Photobiology A: Chemistry 197 (2008) 206-212

Table 2
Rate constants of photoinduced electron transfer (PET) and back electron trans-
fer (BET) and ratios of decay components

DNA base Eox (V vs. SCE) ke (dm? mol—!s™1) Intercalator kper (s71) kger (571

GMP 1.07 2.7 x 108 AcrH* >3.0 x 1012 5.8 x 10'1 (76%)
AMP 1.18 7.6 x 10° Acr'Pr* >3.0 x 1012 4.5 x 101 (70%)
TMP 1.21 1.2x10° AcrPh* >3.0 x 1012 5.0 x 10! (70%)
CMP 1.26 22x10°

CT DNA 4.8 x 107

absorption spectrum of oxidized CT DNA measured at pH
7.0 is similar to that of (GMP-H)® (Fig. 3). The ke value of
the electron-transfer oxidation of CT DNA was determined as
4.8 x 107 dm> mol~! s~!. The electron-transfer oxidation of CT
DNA may occur mainly at the guanine unit, because the k¢ value
of GMP is much larger than those of other DNA bases (Table 1).
This may be the reason why the transient absorption spectrum
of oxidized CT DNA at pH 7.0 is similar to that of (GMP-H)®.

The transient absorption spectrum in Fig. 2c is similar to
those of DNA base radical cations in Fig. 3. The difference in
the absorption maximum in the range from 450 to 550 nm in
Fig. 2¢ from those of DNA base radical cations in Fig. 3 results
from the overlap of the absorption band due to AcrPh®, which has
the absorption maximum at 520 nm [46]. The absorption band
of AcrR* (R=H, iPr) is also observed at 520 nm [21,38,39,47].
Thus, the transient absorption spectra in Fig. 2 are the super-
position of those of DNA radical cations (DNA®*) and AcrR®
[48]. At the time scale in Fig. 2 (0—140ps), no deprotonation
of guanine radical cation occurs, because the deprotonation rate
constant was reported to be 1.8 x 107 s™! (the corresponding
lifetime of the radical cation is 56 ns) at pH 7.0 [32].

The rate constant (kpgr) of photoinduced electron transfer
from DNA bases to various ! AcrR** in CT DNA is estimated
as faster than 3.0 x 10251, which is the limitation of our
femtosecond laser flash photolysis measurements. On the other
hand, the decay process consists of at least two exponential
components. The rate constants of the faster decay compo-
nent (kggr;) for AcrH*, Acr’Pr*, and AcrPh* are determined as
5.8 x 10! s71 (76%), 4.5 x 10! s71 (70%), and 5.0 x 10! s~!
(70%), respectively. These results are summarized in Table 2.

Acridinium ions are known to be intercalated between GC
base pairs more easily than AT base pairs [19]. Thus, the main
decay component with the faster rate may correspond to the back

(8 AcR(R=) Mes H 'Pr
Atomsphere N, N, N,
pH 70 70 7.0

Form Il

Form |

Ph
Ny
7.0

electron transfer from AcrR*® to the radical cation of GC base pair
to which AcrR™ is inserted, whereas the minor decay component
with the slower rate may result from the back electron transfer
from AcrR® to the radical cation of an AT base pair. The slower
back electron transfer from AcrR*® to the radical cation of an AT
base pair may result from the weaker interaction of AcrR® with
the radical cation of an AT base pair as compared with that of a
GC base pair.

Judging from the fast electron-transfer rate (kpgr >3 X
10'2s~1) with a large driving force of photoinduced electron
transfer from DNA bases to ' AcrH** [1.59eV for photoin-
duced electron transfer from GMP (Eqx =1.07 V vs. SCE) [20]
to ' AcrH** (Eyeq =2.66 V vs. SCE)], the  value of PET in DNA
may be estimated as ca. 1.6 eV. In such a case, the back electron
transfer from AcrH® to the radical cations of DNA bases is in the
Marcus normal region, because the driving force of back electron
transfer (1.18 eV) is smaller than the reorganization of electron
transfer (1.6 eV), when the rate of back electron transfer is slower
than the PET rate. The kggri value of AcrH* (5.8 x 10'! s_l)
is the largest, resulting from the strongest interaction with DNA
bases because of the least steric effect on the intercalation into
DNA as compared with other AcrR* compounds with large
substituents [19].

3.2. DNA cleavage induced by inter- vs. intramolecular
photoinduced electron transfer to 10-methylacridinium ion

We also examined the DNA-photocleavage activity of AcrH™,
Acr’Pr*, and AcrPh* as compared with Acr*—Mes. The agarose
gel electrophoresis was performed after 5 min photoirradiation
of pBR322 with the monochromatized light (A=360nm) in
the presence of AcrR* as shown in Fig. 5. Although all DNA
nucleotides can be oxidized by the Mes®* moiety of Acr®*~Mes®*™*
(Fig. 3), the largest ke value of the electron-transfer oxidation
of GMP together with the lowest oxidation potential of GMP

(b) Mes H Pr Ph
N Nz N N
50 5.0 50 5.0

[ R W

s

[I—

Fig. 5. Agarose gel electrophoresis of photoinduced cleavage of supercoiled pBR322 DNA (7.8 x 107> mol dm—?) with 9-substituted acridinium ions (AcrR*:
1.0 x 10~ moldm™3) in (a) a nitrogen-saturated 10 mmol dm~3 KH,PO4/NaOH buffer (pH 7.0) and (b) a nitrogen-saturated 10 mmol dm~3 CH3COOH/KOH
buffer (pH 5.0) at 298 K after 5 min photoirradiation of monochromatized light (A =360 nm).
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among nucleotides (vide supra) indicate that guanine is eventu-
ally oxidized in electron transfer from DNA to the Mes®** moiety
of Acr*~Mes*”, leading to the efficient DNA cleavage. The
higher DNA cleavage activity at pH 5.0 as compared with that at
pH 7.0 suggests that guanine radical cation has a higher reactiv-
ity for the DNA cleavage than the deprotonated radical judging
from the pK, value of guanine radical cation (pK, =3.9) [33].

The reactivity of DNA cleavage increases in the following
order: AcrPh* < AcrH*, AcriPrt « Acr*—-Mes. The low reac-
tivity of AcrH*, Acr’Pr*, and AcrPh* for DNA cleavage in
comparison with Acr*—Mes results from the rapid back electron
transfer from acridinyl radicals to nucleotides radical cations in
DNA (vide supra) [49].

4. Conclusions

The transient absorption spectra of DNA nucleotides rad-
ical cations in DNA have been successfully detected in the
electron-transfer oxidation of DNA with the singlet excited
state of AcrR* (AcrH*, Acr’Pr*, and AcrPh*) by femtosecond
laser flash photolysis measurements. The results of agarose gel
electrophoresis of photoinduced cleavage of DNA with various
acridinium indicate that the rapid back electron transfer from
AcrR* to nucleotides radical cations in DNA suppresses the
DNA cleavage.
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