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bstract

Photoirradiation of various 10-methylacridinium ions (AcrR+, R = H, iPr, and Ph) intercalated in DNA results in ultrafast intramolecular electron
ransfer, followed by rapid back electron transfer between AcrR+ and nucleotides in DNA. The electron-transfer dynamics in DNA were monitored
y femtosecond time-resolved transient absorption spectroscopy. Both acridinyl radical and nucleotide radical cations, formed in the photoinduced
lectron transfer in DNA, were successfully detected in an aqueous solution. These transient absorption spectra were assigned by the comparison
ith those of DNA nucleotide radical cations, which were obtained by the intermolecular electron-transfer oxidation of nucleotides with the

• •+ +
lectron-transfer state of 9-mesityl-10-methylacridinium ion (Acr –Mes ) produced upon photoexcitation of Acr –Mes. Photoinduced cleavage
f DNA with various acridinium ions (AcrR+, R = H, iPr, Ph, and Mes) has also been examined by agarose gel electrophoresis, which indicates
hat the rapid intramolecular back electron transfer between acridinyl radical and nucleotide radical cation in DNA suppresses the DNA cleavage
s compared with the intermolecular electron-transfer oxidation of nucleotides with Acr•–Mes•+.

2008 Published by Elsevier B.V.

d
t
a
i
i
e
f
a
m
c
H
o
m

eywords: DNA; Electron transfer; Nucleotide; Radical; Laser flash photolysis

. Introduction

The DNA double helix consists of a linear array of �-
tacked, aromatic heterocyclic nucleobases within a polyanionic
ugar-phosphates backbone, providing a unique medium for
nvestigation of electron-transfer reactions [1–12]. Recent inves-
igations of the dynamics of photoinduced electron transfer in
NA have employed probe chromophores that are �-stacked
ith an adjacent base pair [13–15]. For example, the dynam-

cs of charge separation and charge recombination in DNA
ave been examined using a chromophore as a linker of two
omplementary oligonucleotides containing donor nucleotides
13]. Alternatively, noncovalently bound species (DNA interca-

ators) have also been used as chromophores in DNA to initiate
hotoinduced electron transfer between nucleotides in DNA
16,17]. Acridinium ions are also intercalated into the DNA

∗ Corresponding author. Tel.: +81 6 6879 7368; fax: +81 6 6879 7370.
E-mail address: fukuzumi@chem.eng.osaka-u.ac.jp (S. Fukuzumi).
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ouble helix [18,19]. The occurrence of photoinduced elec-
ron transfer from nucleotides to singlet excited state of various
cridinium ions has been confirmed by fluorescence quench-
ng experiment and emission decay profiles [19,20]. Acridinium
ons are known to have the small reorganization energy (λ) of
lectron transfer [21], which results in efficient electron trans-
er [22,23]. The observation of both radical anions of electron
cceptors and radical cations of donor DNA bases provides a
ethod for investigation of the dynamics of charge separation,

harge recombination, and hole migration processes in DNA.
owever, there has so far been no report on direct observation
f nucleotide radical cations in DNA by laser flash photolysis
easurements because of the lack of reference for assignment

nd suitable chromophores for detection. On the other hand,
he DNA cleavage results from the electron-transfer oxida-
ion of DNA bases, followed by hole transfer to guanine part

n vivo, which is known to be most readily oxidized among
our DNA bases [24–31]. Although extensive efforts have so
ar been made to detect guanine radical cation [32,33], there
as been no report on direct observation of radical cations

mailto:fukuzumi@chem.eng.osaka-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.12.024
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f the other DNA bases, i.e., adenine, cytosine, and thymine
34].

We report herein ultrafast photoinduced electron transfer and
apid back electron transfer between nucleotides and interca-
ated acridinium ions (AcrR+, R = H, iPr, and Ph) in DNA.
oth acridinyl radical and nucleotide radical cation produced
y the photoinduced electron-transfer reactions in DNA have
een detected by femtosecond laser flash photolysis measure-
ents. These transient absorption spectra of oxidized DNA

y photoexcited acridinium ions in DNA were assigned by
he comparison with those of DNA nucleotide radical cations,
hich were obtained independently by intermolecular electron-

ransfer oxidation of DNA bases with the electron-transfer state
f a donor–acceptor dyad, 9-mesityl-10-methylacridinium ion
Acr•–Mes•+), produced upon photoexcitation of Acr+–Mes.

e also report the photoinduced DNA cleavage activity of
crR+.

. Experimental

.1. Materials

Calf-thymus deoxyribonucleic acid, sodium salt (CT DNA)
as purchased from Sigma Chem. Co., USA. Stock solution
f DNA (18 mg in 25 mL sol.) was prepared by dissolution
vernight in 5 mmol dm−3 Tris–HCl buffer (pH 7.0) contain-
ng 5 mmol dm−3 sodium sulfate (Na2SO4). Supercoiled DNA,
BR322 was purchased from Wako Pure Chemical Indus-
ry, Japan. 9-Mesityl-10-methylacridinium (Acr+–Mes), 10-
ethylacridinium (AcrH+), and 9-phenyl-10-methylacridinium

AcrPh+) perchlorate salts were purchased from Tokyo
asei Organic Chemicals. 9-iso-Propyl-10-methylacridinium

AcriPr+) perchlorate salt was prepared by the reported pro-
edures [21,22b]. Purification of water (18.3 M� cm) was
erformed with a Milli-Q system (Millipore; Milli-RO 5 plus
nd Q plus).

.2. Femtosecond laser flash photolysis

Ultrafast transient absorption spectroscopy experiments were
onducted using an ultrafast source: Integra-C (Quantronix
orp.), an optical parametric amplifier: TOPAS (Light Conver-

ion Ltd.) and a commercially available optical detection system:
elios provided by Ultrafast Systems LLC. The source for the
ump and probe pulses were derived from the fundamental out-
ut of Integra-C (780 nm, 2 mJ/pulse and fwhm = 130 fs) at a
epetition rate of 1 kHz. 75% of the fundamental output of the
aser was introduced into TOPAS which has optical frequency

ixers resulting in tunable range from 285 to 1660 nm, while
he rest of the output was used for white light generation. Prior
o generating the probe continuum, a variable neutral density
lter was inserted in the path in order to generate stable contin-
um, then the laser pulse was fed to a delay line that provides

n experimental time window of 3.2 ns with a maximum step
esolution of 7 fs. In our experiments, a wavelength between
50 and 450 nm of TOPAS output, which is fourth harmonic of
ignal or idler pulses, was chosen as the pump beam. As this
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OPAS output consists of not only desirable wavelength but
lso unnecessary wavelengths, the latter was deviated using a
edge prism with wedge angle of 18◦. The desirable beam was

rradiated at the sample cell with a spot size of 1-mm diame-
er where it was merged with the white probe pulse in a close
ngle (<10◦). The probe beam after passing through the 2-mm
ample cell was focused on a fiber optic cable that was con-
ected to a CCD spectrograph for recording the time-resolved
pectra (410–800 nm). Typically, 2500 excitation pulses were
veraged for 5 s to obtain the transient spectrum at a set delay
ime. Kinetic traces at appropriate wavelengths were assembled
rom the time-resolved spectral data. All measurements were
onducted at room temperature, 295 K.

.3. Nanosecond laser flash photolysis

For the nanosecond laser flash photolysis experiments,
egassed aqueous buffer solutions were excited by Nd:YAG
aser (Continuum, SLII-10, 4–6 ns fwhm, 30 mJ/pulse) at
55 nm. Time courses of the transient absorption spectra were
easured by using a continuous Xe-lamp (150 W) and an In
aAs-PIN photodiode (Hamamatsu 2949) as a probe light and
detector, respectively. The output from the photodiodes and
photomultiplier tube was recorded with a digitizing oscillo-

cope (Tektronix, TDS3032, 300 MHz). The transient spectra
ere recorded using fresh solutions in each laser excitation. All

xperiments were performed at 298 K.

.4. Fluorescence lifetime measurements

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

nd. Ltd., Japan) as a laser dye.

.5. DNA cleavage

3 �L of aqueous solutions of DNA pBR322 (0.51 �g �L−1)
as dried in vacuo. Typically, 30 �L of deaerated aque-
us buffer solutions (10 mmol dm−3 CH3COOH/KOH (pH
.0) or 10 mmol dm−3 KH2PO4/NaOH (pH 7.0)) of AcrR+

1.0 × 10–4 mol dm−3) and dried DNA was mixed in microtest
ubes under N2. Deaerated aqueous buffer solutions were
repared after three freeze-pump-thaw cycles. Samples were
ncubated under irradiation with a monochromatized light
λ = 360 nm) from a Shimadzu RF-5300PC spectrophotome-
er at 298 K. The 3 �L of aqueous solutions of DNA pBR322
0.051 �g �L–1) were diluted by adding 27 �L of water, then
ixed with 3 �L of loading buffer (0.1% bromophenol blue
nd 3.75% ficol in TAE buffer) and loaded onto 1.4% agarose
el. The gel was run at a constant voltage of 130 V for 50 min
n TAE buffer using a Nihon Eido electrophoresis kit, then
ashed with distilled water, soaked into 0.1% ethidium bro-
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Fig. 1. Structure of 10-methylacridinium ions used in this study.

ide aqueous solution, visualized under a UV transilluminator,
nd photographed using a digital camera.

. Results and discussion

.1. Photoinduced electron transfer and back electron
ransfer between DNA and 10-methylacridinium ions in
NA

10-Methylacridinium ions, AcrH+, AcriPr+, and AcrPh+

shown in Fig. 1) are known to be intercalated into the DNA dou-
le helix [18,19]. The singlet excited state of AcrR+ can act as
strong oxidant (Ered = 2.47 V (1AcrH+*), 2.02 V (1AcriPr+*),

nd 1.93 V (1AcrPh+*) vs. SCE) in an aqueous solution [35,36].
hen AcrR+ is intercalated into DNA, the one-electron reduc-

ion of AcrR+ becomes easier as compared to that in an aqueous

olution [18]. As a result, the reduction potentials of the singlet
xcited states of AcrR+ in DNA are shifted to positive direc-
ion: 2.66 V (vs. SCE, 1AcrH+*), 2.16 V (vs. SCE, 1AcriPr+*),
nd 2.10 V (vs. SCE, 1AcrPh+*), respectively [36]. Since the

t
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ig. 2. Transient absorption spectra observed by the femtosecond laser excit
6.6 × 10−3 mol dm−3) and AcrR+: (a) AcrH+ (6.1 × 10−4 mol dm−3), (b) AcriPr+ (1
otobiology A: Chemistry 197 (2008) 206–212

ne-electron reduction potential of 1AcrR+* is more positive
han the one-electron oxidation potential of all nucleotides, elec-
ron transfer from nucleotides to the singlet excited state of
crR+ is energetically feasible [20]. Thus, the fluorescence of

AcrR+* are quenched via electron transfer by addition of DNA
ucleotides [19,20]. However, no transient absorption spectrum
as observed upon nanosecond laser excitation of a deaerated
eionized aqueous solution of AcrR+ in the presence of DNA.
his indicates that rapid back electron transfer occurs follow-

ng photoinduced electron transfer from DNA to 1AcrR+* at
he time scale of femtosecond. Thus, the photoinduced electron
ransfer between AcrR+ and DNA bases in DNA was studied by
emtosecond laser flash photolysis (vide infra).

Femtosecond laser excitation at 380 nm of a deaerated aque-
us solution containing CT DNA (6.6 × 10−3 mol dm−3) [37]
nd AcrH+ (6.1 × 10−4 mol dm−3) results in appearance of the
ransient absorption spectra as shown in Fig. 2a. The transient
bsorption bands may be assigned to AcrH• and DNA radical
ation, both of which are produced by photoinduced electron
ransfer from nucleotides in DNA to the singlet excited state
f AcrH+. The absorption band due to AcrH• is observed at
20 nm [21,38,39]. Free AcrH+, which is not inserted in DNA,
lso exists in an aqueous buffer solution under these exper-
mental conditions. The transient absorption around 680 nm,
hich remains at 110 ps after laser excitation, is assigned to the

inglet–singlet absorption of AcrH+. Similar transient absorp-

ion bands are observed for the case of AcriPr+ (Fig. 2b). In
he case of AcrPh+ (Fig. 2c), the absorption band assigned to
inglet–singlet absorption of AcrPh+ [40] was not seen, because
he absorption band due to singlet–singlet absorption of AcrPh+

ation (λ = 380 nm) of deaerated aqueous solutions containing CT DNA
.8 × 10−4 mol dm−3), and (c) AcrPh+ (4.5 × 10−4 mol dm−3) at 295 K.
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s less intense and the band shape of the singlet–singlet absorp-
ion is different as compared to that of AcrH+. The intensities of
hese transient absorptions due to 1AcrR+* are scarcely changed
n this time scale because the lifetimes of these singlet excited
tates are longer than the time scale in Fig. 2. The fluorescence
ifetimes of AcrH+, AcriPr+, and AcrPh+ are determined as 31,
6, and 1.3 ns in deaerated buffer solutions, respectively (data
ot shown).

The transient absorption spectra of radical cations of DNA
ases were independently observed by intermolecular electron-
ransfer oxidation of DNA bases with the electron-transfer state
f a donor–acceptor dyad, Acr+–Mes (the structure is shown
n Fig. 1) [22,41–43]. No UV–vis absorption spectral change of
cr+–Mes in buffer solution was observed upon addition of more

han 30 equiv. of CT DNA [44]. Thus, there is no intercalation
etween a bulky Acr+–Mes and double-stranded DNA because
he dihedral angle between the Acr+ and the Mes moieties of
cr+–Mes is perpendicular [22].
Nanosecond laser excitation at 355 nm of a deaerated

uffer solution of Acr+–Mes results in formation of the
ong-lived electron-transfer state (Acr•–Mes•+) via photoin-
uced electron transfer from the Mes moiety to the singlet
xcited state of the Acr+ moiety [22]. Since the one-
lectron reduction potential of Acr•–Mes•+ (Ered = 1.88 V
s. SCE), is more positive than the one-electron oxidation
otential of all nucleotides, Eox = 1.07 V (GMP: guanosine-5′-
onophosphate), 1.18 V (AMP: adenosine-5′-monophosphate),

.21 V (TMP: thymidine-5′-monophosphate), and 1.26 V (CMP:
ytidine-5′-monophosphate), versus SCE, respectively [20],
lectron transfer from DNA nucleotides to the Mes•+ moiety
n Acr•–Mes•+ is energetically feasible. The addition of GMP
o a buffer solution of Acr+–Mes at pH 2.0 and the laser pho-
oirradiation result in formation of GMP radical cation (GMP•+:

max = 510 nm) [32,33,45]. The difference spectra obtained by
ubtracting the spectrum in the absence of GMP from those in the
resence of GMP at pH 2.0 is shown in Fig. 3 where the absorp-

ig. 3. Different transient absorption spectra of (GMP-H)• (�, pH 7.0),
MP•+ (©, pH 2.0), CMP•+ (�, pH 7.0), TMP•+ (�, pH 7.0),
MP•+ (�, pH 7.0) and oxidized form of CT DNA (�, pH 7.0),
btained by subtracting the transient absorption spectra of Acr+–Mes
6.0 × 10−5 mol dm−3) in the absence of GMP from those in the
resence of GMP (1.0 × 10−2 mol dm−3), CMP (7.0 × 10−2 mol dm−3),
MP (1.0 × 10−1 mol dm−3), AMP (1.0 × 10−1 mol dm−3), and CT DNA

1.0 × 10−3 mol dm−3), respectively. All transient absorption spectra were mea-
ured at 250 �s after laser excitation at λ = 355 nm at 298 K.
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.0; �, pH 7.0), [AMP] (�), [CMP] (♦) and [TMP] (�) for the formation of
ucleotides’ radical cation in the photoreaction of Acr+–Mes with nucleotides
n 5 mmol dm−3 KCl/HCl (pH 2.0) or Tris–HCl (pH 7.0) buffer at 298 K.

ion spectra of GMP•+ agree with those reported in literature
32,33].

The formation rate of GMP•+ obeyed pseudo-first-order
inetics and the pseudo-first-order rate constant (kobs) increases
inearly with increasing concentration of GMP at pH 2.0 as
hown in Fig. 4. The second-order rate constant (ket) of elec-
ron transfer from GMP to the Mes•+ moiety of Acr•–Mes•+

s determined as 4.3 × 107 dm3 mol−1 s−1 in the buffer solution
t 298 K. At pH 7.0, a transient absorption at long wavelength
egion ca. at 650 nm appears because of the deprotonation of
MP•+ (GMP-H)• [33] as also shown in Fig. 3.
Transient absorption spectra of radical cations of CMP, TMP

nd AMP are also detected in the photoirradiation of Acr+–Mes
n the presence of CMP, TMP and AMP (Fig. 3 and Scheme 1).
he absorption maxima of the radical cations of CMP, TMP
nd AMP in the range from 450 to 550 nm are similar to that
f GMP•+, although the absorption intensity varies depending
n DNA nucleotides. The ket values of electron transfer from
MP (pH 7.0 and 2.0), CMP (pH 7.0), TMP (pH 7.0) and
MP (pH 7.0) to the Mes•+ moiety of Acr•–Mes•+ are deter-
ined as listed in Table 1 [34]. The rate of electron-transfer

xidation of GMP is two to three orders of magnitude faster
han those of other nucleotides at pH 7.0. To clarify the site
f electron-transfer oxidation of stacked double helix DNA,

ransient absorption measurements were also carried out using
T DNA with Acr+–Mes. CT DNA was also efficiently oxi-
ized by the electron-transfer state of Acr+–Mes. The transient

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

DNA base Eox (V vs. SCE) ket (dm3 mol−1 s−1)

GMP 1.07 2.7 × 108

AMP 1.18 7.6 × 105

TMP 1.21 1.2 × 105

CMP 1.26 2.2 × 105
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Table 2
Rate constants of photoinduced electron transfer (PET) and back electron trans-
fer (BET) and ratios of decay components

Intercalator kPET (s−1) kBET (s−1)

AcrH+ >3.0 × 1012 5.8 × 1011 (76%)
A
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the presence of AcrR+ as shown in Fig. 5. Although all DNA

F
1
b

T DNA 4.8 × 107

bsorption spectrum of oxidized CT DNA measured at pH
.0 is similar to that of (GMP-H)• (Fig. 3). The ket value of
he electron-transfer oxidation of CT DNA was determined as
.8 × 107 dm3 mol−1 s−1. The electron-transfer oxidation of CT
NA may occur mainly at the guanine unit, because the ket value
f GMP is much larger than those of other DNA bases (Table 1).
his may be the reason why the transient absorption spectrum
f oxidized CT DNA at pH 7.0 is similar to that of (GMP-H)•.

The transient absorption spectrum in Fig. 2c is similar to
hose of DNA base radical cations in Fig. 3. The difference in
he absorption maximum in the range from 450 to 550 nm in
ig. 2c from those of DNA base radical cations in Fig. 3 results
rom the overlap of the absorption band due to AcrPh•, which has
he absorption maximum at 520 nm [46]. The absorption band
f AcrR• (R = H, iPr) is also observed at 520 nm [21,38,39,47].
hus, the transient absorption spectra in Fig. 2 are the super-
osition of those of DNA radical cations (DNA•+) and AcrR•
48]. At the time scale in Fig. 2 (0–140 ps), no deprotonation
f guanine radical cation occurs, because the deprotonation rate
onstant was reported to be 1.8 × 107 s−1 (the corresponding
ifetime of the radical cation is 56 ns) at pH 7.0 [32].

The rate constant (kPET) of photoinduced electron transfer
rom DNA bases to various 1AcrR+* in CT DNA is estimated
s faster than 3.0 × 1012 s−1, which is the limitation of our
emtosecond laser flash photolysis measurements. On the other
and, the decay process consists of at least two exponential
omponents. The rate constants of the faster decay compo-
ent (kBET1) for AcrH+, AcriPr+, and AcrPh+ are determined as
.8 × 1011 s−1 (76%), 4.5 × 1011 s−1 (70%), and 5.0 × 1011 s−1

70%), respectively. These results are summarized in Table 2.

Acridinium ions are known to be intercalated between GC

ase pairs more easily than AT base pairs [19]. Thus, the main
ecay component with the faster rate may correspond to the back

n
(
o

ig. 5. Agarose gel electrophoresis of photoinduced cleavage of supercoiled pBR3
.0 × 10−4 mol dm−3) in (a) a nitrogen-saturated 10 mmol dm−3 KH2PO4/NaOH b
uffer (pH 5.0) at 298 K after 5 min photoirradiation of monochromatized light (λ = 3
criPr+ >3.0 × l012 4.5 × 1011 (70%)
crPh+ >3.0 × l012 5.0 × lO11 (70%)

lectron transfer from AcrR• to the radical cation of GC base pair
o which AcrR+ is inserted, whereas the minor decay component
ith the slower rate may result from the back electron transfer

rom AcrR• to the radical cation of an AT base pair. The slower
ack electron transfer from AcrR• to the radical cation of an AT
ase pair may result from the weaker interaction of AcrR• with
he radical cation of an AT base pair as compared with that of a
C base pair.
Judging from the fast electron-transfer rate (kPET > 3 ×

012 s−1) with a large driving force of photoinduced electron
ransfer from DNA bases to 1AcrH+* [1.59 eV for photoin-
uced electron transfer from GMP (Eox = 1.07 V vs. SCE) [20]
o 1AcrH+* (Ered = 2.66 V vs. SCE)], the λ value of PET in DNA

ay be estimated as ca. 1.6 eV. In such a case, the back electron
ransfer from AcrH• to the radical cations of DNA bases is in the

arcus normal region, because the driving force of back electron
ransfer (1.18 eV) is smaller than the reorganization of electron
ransfer (1.6 eV), when the rate of back electron transfer is slower
han the PET rate. The kBET1 value of AcrH+ (5.8 × 1011 s−1)
s the largest, resulting from the strongest interaction with DNA
ases because of the least steric effect on the intercalation into
NA as compared with other AcrR+ compounds with large

ubstituents [19].

.2. DNA cleavage induced by inter- vs. intramolecular
hotoinduced electron transfer to 10-methylacridinium ion

We also examined the DNA-photocleavage activity of AcrH+,
criPr+, and AcrPh+ as compared with Acr+–Mes. The agarose
el electrophoresis was performed after 5 min photoirradiation
f pBR322 with the monochromatized light (λ = 360 nm) in
ucleotides can be oxidized by the Mes•+ moiety of Acr•–Mes•+

Fig. 3), the largest ket value of the electron-transfer oxidation
f GMP together with the lowest oxidation potential of GMP

22 DNA (7.8 × 10−5 mol dm−3) with 9-substituted acridinium ions (AcrR+:
uffer (pH 7.0) and (b) a nitrogen-saturated 10 mmol dm−3 CH3COOH/KOH
60 nm).
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mong nucleotides (vide supra) indicate that guanine is eventu-
lly oxidized in electron transfer from DNA to the Mes•+ moiety
f Acr•–Mes•+, leading to the efficient DNA cleavage. The
igher DNA cleavage activity at pH 5.0 as compared with that at
H 7.0 suggests that guanine radical cation has a higher reactiv-
ty for the DNA cleavage than the deprotonated radical judging
rom the pKa value of guanine radical cation (pKa = 3.9) [33].

The reactivity of DNA cleavage increases in the following
rder: AcrPh+ < AcrH+, AcriPr+ � Acr+–Mes. The low reac-
ivity of AcrH+, AcriPr+, and AcrPh+ for DNA cleavage in
omparison with Acr+–Mes results from the rapid back electron
ransfer from acridinyl radicals to nucleotides radical cations in
NA (vide supra) [49].

. Conclusions

The transient absorption spectra of DNA nucleotides rad-
cal cations in DNA have been successfully detected in the
lectron-transfer oxidation of DNA with the singlet excited
tate of AcrR+ (AcrH+, AcriPr+, and AcrPh+) by femtosecond
aser flash photolysis measurements. The results of agarose gel
lectrophoresis of photoinduced cleavage of DNA with various
cridinium indicate that the rapid back electron transfer from
crR• to nucleotides radical cations in DNA suppresses the
NA cleavage.
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