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Radiation-induced and photosensitized reductive splitting of stereocisometi€&48inked dihydrothymine
dimers (ab[mesd, meso compound of B59- and (55R)-bi-5,6-dihydrothymineslab[rac], racemic
compound of (R5R)- and (5,5 9-hi-5,6-dihydrothymines) in aqueous solution were studied to compare
with the one-electron oxidative splitting mechanism and the photorepair reaction of cyclobutane pyrimidine
photodimers. Reacting with radiation-chemically and photochemically generated hydrated electrons or with
photoexcited reduced form of flavin adenine dinucleotide (*FADHhe C5-C5-linked dihydrothymine
dimers 1a,b produced the corresponding 5,6-dihydrothymine derivatiBssb] along with the thymine
monomers 2a,b) in minor yields. Both the product and laser flash photolysis studies indicated that one-
electron adducts of the C8C5-linked dimerslab undergo C5-C5-bond cleavage to generate the 5,6-
dihydrothymin-5-yl radicalsab) and the 5,6-dihydrothymine C5-anior@a(b) resulting in the formation

of 3a,b by facile protonation at C5. In the reduction by *FADHsplitting of the 5,6-dihydro-1-methylthymine
dimer 1almes® into the monomer2a was more efficient than that of the racemic isonisrac].
Conformational analysis by NMR dfafmesg and 1g[rac] in solution suggested thdie]mesd may favor a
“closed-shell” conformation and undergo one-electron reduction to &&and6a, whereasla[rac] may be

in a “opened-shell” conformation and undergo successive two-electron reduction by *FADptoduce 2

equiv of 6a as a precursor o3a.

Introduction todimer radical anions, followed by electron transfer back to

lonizing radiation and ultraviolet (UV) light are the etiological  the flavin, reproduces the monomeric pyrimidines. Previous laser
agents of gene carcinogenesis and mutagenesis that give rise t§2sh photolysis and photoinduced CIDNP spectroscopic studies
a variety of DNA-base modificatiori&2 Pyrimidine cyclobutane have detected the radical anion intermediates in the reductive
photodimers are among the most representative DNA-baseSPlitting reaction, indicating that the splitting of the photodimer
lesions, being produced as a consequence &f B photocy- radical anion involves a concerted but nonsynchoronous frag-

cloaddition at a tandem pyrimidine moiety in the DNA duplex Mentation of C5CS5 and C6-C6 bonds with a rate constant

upon exposure to UV light The base residues thus modified ©f the order 1x 10° s~1.4° o .
are subjected to an intracellular repair process of photoreacti- AN alternative [2+ 2] photocycloaddition between adjacent

vation by a photoenzyme, DNA photolyase, consisting of a pyrim!dil_’]es is simulte_meouslyin(_juced by UV exposure to _result
deprotonated reduced flavin adenine dinucleotide (FAD&hd in a similar mutagenic photolesion of pyrimidine{8)pyrimi-

an antenna chromophore of methenyltetrahydrofolate (MTHF) done [(6-4)photoadduct]. A photoenzyme-t@)photolyase that

or 8-hydroxy-5-deazaflavin (8-HDF). While both radical cation  Shows & specific repairing ability toward the-{8)photoadduct
and radical anion of the photodimer undergo facile fragmentation Nas also been identifi€dAs characterized more recently by a
into monomers as confirmed by the model photochemical Seéduénce analysis of the genes, the4fphotolyase has a high
electron-transfer reactions, the enzymatic photoreactivation maydegree of structural identity to the DNA photoly@selhese
favor a reductive fragmentatiGriThus, a likely mechanism of ~ results strongly suggest a similarity of the repair mechanism
the photoreactivation has been drawn from extensive biochemi-Petween the (64)photolyase and DNA photolyase, involving
cal and photochemical studidshe antenna chromophore of & common electron-transfer process from the excited state of
the photolyase complexed to the photodimer in DNA absorbs the €nzyme to the UV-damaged DNA baSes. .

light in the 306-500 nm range and transfers the excitation Recently, we have identified formation of sterecisomerie-C5
energy to the reduced flavin FADHmoiety, thereby splitting C5-linked dihydrothymine dimers, as fractionated into the meso
of the cyclobutane photodimer being induced via one-electron COMpounds of (B59)- and (55R)-bi-5,6-dihydrothymines
transfer from the excited state of FADHConcerted C5C5 (lab[mesg) and racemic mixtures of (& SR)- and (55'9)-

and C6-C6 bond splitting of the resulting cyclobutane pho- Pi-5,6-dihydrothymines ab[rac]), in the radiolytic one-
electron reduction of thymine derivatives [1-methylthymigie)(
* Corresponding author. Fax:+81(75)753-3351. E-mail: nishimot@  and 1,3-dimethylthymine2p)] in anoxic aqueous solutiofiThe

scl.kyoto-u.ac.jp. _ @n
¥ Graduate School of Engineering, Kyoto University. X-ray crystallography demonstrated that the @5 -linked

s Research Institute of Advanced Technology, University of Osaka dihydrothymine dimers are structurally similar to the cyclobu-
Prefecture. tane thymine photodimers. Especially, as in ttigsyn cy-
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CHART 1 C18 reversed-phase column (Wakosil5®.d. 4.6 mmx 150
o mm, Wako). The phosphate buffer solutions (10 mM, pH 3.0)
158 Q containing various concentrations of methanol-(28 vol %)
Ay g 1a:R'=CHy, RZ=H were delivered as the mobile phase. The column eluents were
09%;'1 10 AT = Ctly, R*=CHy monitored by the UV absorbance at 210 nm.
&R Radiolytic Reduction. Aqueous solutions of C5C5-linked
o 1a,b[meso| o dihydrothymine dimerdab (0.5 mM) containing 2-methyl-2-
R & L e R propanol (50 mM) were buffered at pH 7.0 with phosphate
j\%w“ RSN ¢ /"J; buffer, and then purged with Ar beforeirradiation. Steady-
RPN Py N“ o statey-irradiation was performed in sealed ampules at room
A ¥ ° 0° E, R' temperature with &#%Co y-ray source (dose rate: 0.75 Gy
min~1).

1a,b[rac]

Photosensitized ReductionTypically, solutions ofLla,b (0.5
mM) in phosphate buffer containing FAD (0.2 mM) were purged

clobutane thymine photodimers, the meso-dimer structure like with Ar before photoirradiation. For effective generation of the

e e e o B Sonae? e e, rdced frn of FAD (FADK) i i EDTA (20 mh) vis
9 yarog .~ _added to the solutions. The solutions in sealed Pyrex glass tubes
and the complementary adenine when formed by chance in a

. . were photoirradiatedi{yx > 280 nm) under magnetic stirring
DNA duplex. A remarkable observation with respect to the : . e
reactivity was that the C5C5'-linked dihydrothymine dimers (Shgoggg)m ) at 24C with a high-pressure Hg arc (450 W, Eiko
1ab gndergo oxidative sphttmg to regenerate the correqundmg Nanosecond Laser Flash PhotolysisThe laser flash pho-
thymine monomer&a,b via one-electron transfer from the dimer

. - : . tolysis experiments were carried out with a Unisoku TSP-601
to radiation chemically or photochemically generated oxid&nts. . . -
X L e . . flash spectrometer, as described previoglgueous solutions
Formally, this oxidative splitting oflab is a reverse reaction

- - Co Y of 1ab[mes@ and lab[rac] (1.0 mM) at pH 6.7 containing

of the _reduct|ve d|hydrod|mer|zat_|o_n @ab. DMA (0.16—0.50 mM) were deaerated by Ar bubbling prior
In view of the fact that the splitting of cyclobutane photo- he | flash photolvsi .
dimers into monomers occurs in principle by both oxidative to the laser flash photo ySIS e>§per|ments.
and reductive pathways, further attempt has been made to Fluorescence Quenchingvarious kinds of quenchers (0-1
. pathways, 1 Hemp . 4.0 mM) at varying concentrations were dissolved in phosphate

characterize reductive splitting reactivity of the-655-linked buffer (10 mM, pH 7.0) solutions of Ru(bpsf) (104M). Each
dihydrothymine dimerslab under conditions of generating P77 K-

hydrated electrons {g") or photoexcited state of dihydroflavin sample solution (2 mL) was purged with Ar for 10 min, sealed

~ . . ) P in a quartz cell (10x 10 x 35 mm) with a Teflon cap, and
FADH". Laser flash photolysis study usihgN-dimethylaniline then subjected to the measurement of the fluorescence spectrum

as a reducing photosensitizer has also been conducted to identif)(Nhich was recorded on a Hitachi F-2000 fluorescence spectro-
the mechanism and evaluate the kinetic parameters involved mphotometer (slit width: 1.0 NNex = 450 M Ag, = 600 nNm).

the reductive splitting ofLa,b.
Results

Splitting of C5—C5'-Linked Dihydrothymine Dimers by
Hydrated Electrons Generated in the Radiolysisy-Radioly-
ses of deoxygenated solutions of 1-methyl-5,6-dihydrothymine
dimers (a[mes¢ and 1g[rac]; 0.5 mM) and 1,3-dimethyl-5,6-
dihydrothymine dimers1p[mesd and 1b[rac]; 0.5 mM) in
phosphate buffer containing 2-methyl-2-propanol (50 mM) were
carried out to characterize the reductive splitting reactivity of
the C5-C5-linked dihydrothymine dimers. In the radiolysis of
a diluted agueous solution, water radicals such as oxidizing
hydroxyl radicals 1OH), reducing hydrated electrons{g), and
reducing hydrogen atom&H) are primarily generated with the
G value$ of G(*OH) = 2.8 x 107" mol J%, G(exq") = 2.8 x
1077 mol J°%, andG(*H) = 0.6 x 107 mol J! (reaction 1).
Under the present conditions, the OH radicals are scavenged
by excess amount of 2-methyl-2-propanol into substantially
unreactive 2-hydroxy-2-methylpropyl radical$CH,(CHs),-
COH) as in reaction 2. Consequently, the hydrated electrons
€xg » (E(NH20/e,q") = —2.9 V vs NHEC at pH 7.0) along with
smaller amount of the hydrogen atoniKi*/*H) = —2.4 V vs
NHEX at pH 7.0) are involved as the reductants in the reactions
of 1a,b.

Experimental Section

Materials. 1-Methylthymine 2a) and flavin adenine dinucle-
otide (FAD) disodium salt were used as received from Sigma
Chemical. Purified 1,3-dimethylthymin@l§) was kindly sup-
plied by Fujii Memorial Research Institute, Ohtsuka Pharma-
ceutical. Ethylenediaminetetraacetic acid (EDTAY,N-di-
methylaniline (DMA), and 2-methyl-2-propanol were purchased
from Nacalai Tesque and used without further purification.
N,N,N,N'-Tetramethylp-phenylenediamine (TMPD), 2leoxy-
thymidine, and reagents for high-performance liquid chroma-
tography (HPLC) including solvents, sodium dihydrogen phos-
phate (NaHPOy,), and methanol (HPLC grade) were used as
received from Wako Pure Chemical Industries. For fluorescence
guenching experiments, tris(2Ripyridyl)ruthenium(ll) chloride
hexahydrate (Ru(bpy¢l,6H,0; Aldrich Chemical), dimeth-
ylbenzoquinone (Aldrich Chemical), terephthalaldehyde (Kanto
Chemical), 1-methylnicotinamide chloride (Tokyo Chemical
Industries), 5-nitrouracil (Tokyo Chemical Industries), methyl
viologen (Nacalai Tesque), anthraquinone-2-sulfonate (Nacalai
Tesque), ang-benzoquinone (Nacalai Tesque) were used as
obtained commercially. G5C5'-linked dihydrothymine dimers
lab of 1-methylthymine2a and 1,3-dimethylthymin&b were
synthesized and purified following the methods reported previ-
ously’ Aqueous solutions for all experiments were prepared
using water purified with Corning Mega-Pure System MP-190
(>16 MQ cm). ‘OH + (CH,);COH— H,O + "CH,(CH,),COH  (2)

HPLC Analysis. Analytical HPLC was performed with
Shimadzu 6A HPLC system equipped with Rheodyne 7725  Analytical HPLC of they-irradiated solutions by reference
sample injector. Sample solutions were injected onto arb to authentic samples demonstrated that the-C5 linkages

H,0—"OH,’H, &, , H", H, H,0, (1)
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TABLE 1: Reductive Splitting of 1a,b (0.5 mM) in
Deoxygenated Aqueous Solution by Radiation-Chemically
Generated Hydrated Electrons

TABLE 2: Reductive Splitting of 1a,b (0.5 mM) by
Photoexcited Reduced Form of FAD (*FADH") in Phosphate
Buffer

G valuesx 10/mol J* conversioe  Yield%  raio/
substrate -1 2 3 isomerizn substrate additive -1 2 3 2/3
lafmesd 2.2  0.59(13%) 2.1(48%)  0.25 (11%) lames§  FAD 4 17 34 50
14[rac] 23 0.36 (8%) 2.0(43%)  0.32 (14%) FAD/EDTA 30 1 79 1
lbmesd 2.7  0.80 (15%) 2.8(52%)  0.17 (6%) ldrac] FAD 5 5 72 7
1b[rac] 29  0.96 (17%) 2.9(50%)  0.31(11%) FAD/EDTA 26 1 75 1
a o . 1b[mesd FAD 11 7 97 7
Selectivities based 06 values for decomposition dfa,b. FAD/EDTA 42 2 86 2
1b[rac] FAD 11 8 93 9
of stereoisomeric dimersab[mesd and lab[rac], split via FAD/EDTA 28 2 9 2

one-electron reduction by hydrated electrons to produce the

corresponding 5,6-dihydrothymine derivative3a,p) as the

major products along with relatively smaller amounts of thymine

gave only3aas a major product, suggesting that the intermediate
5-yl radical is one-electron reduced almost quantitatively by
TMPD into C5-anion which undergoes protonation at C5 to form

monomer2a,b (Scheme 1). The one-electron reductive splitting
of 1a,b to 2a,b and3ab was accompanied to a lesser extent by
isomerization from meso dimefs,b[mesg to racemic dimers isomerization may be suppressed in the presence of TMPD.
labl[rac] or vice versa. Apart from the distribution of product Splitting of C5—C5'-Linked Dihydrothymine Dimers by
yields (see Table 1), the apparent reaction characteristics of onePhotoexcited Reducing Sensitizert has been suggested that
electron reductive splitting are essentially the same as in thein the DNA photorepair process the cyclobutane photodimer
one-electron oxidative splitting reported recertiffigure 1 flips out of the DNA helix to fit into the “hole” domain of
shows linear doseresponses of the dimer decomposition and photolyase*—° and the fully reduced form of FAD cofactor
the product formation in the radiolytic reduction, the slopes of (FADH™) can catalyze the splitting reaction. In view of the
which gave the respectiv& values as listed in Table 1.  photorepair reaction, FADHsensitized photoreductive splitting
Comparing with theG value of hydrated electron§(eyq) = reaction of the C5C5-linked dihydrothymine dimeréab was

2.8 x 107" mol J'1) as the substantial species for one-electron performed as a related model reaction. Upon photoexcitation
reduction, it is apparent that the stereoisomeric 1,3-dimethyl- of FAD (0.2 mM) in deoxygenated phosphate buffer containing
5,6-dihydrothymine dimergb underwent reductive decomposi-  1ab (0.5 mM) in the presence of EDTA (20 mM), splitting of
tion almost quantitatively@(—1b) = (2.7—2.8) x 10~ mol 1lab occurred to afford 5,6-dihydrothymine derivativésb in

J 1), while the stereoisomeric 1-methyl-5,6-dihydrothymine considerably high yieldX 75%) along with the minor yield
dimerslashowed somewhat smaller reactivity toward hydrated (<10%) of monomeric thymine8a,b, in which the formation
electrons G(—1a8) = (2.2-2.3) x 107 mol J71). In these of 3a,b were more efficient than that in the radiation chemical
radiolytic reductions, the major products of 5,6-dihydrothymines reductions (Table 2). In the presence of a secondary reductant
3a,b and thymine=2a,b accounted for about 50% and 15% of EDTA that converts FAD into a fully reduced form FADHn

the decomposed dimers, respectively. The minor isomerizationsitu, hydrogen transfer from EDTA to intermediate 5,6-
occurred in 6-14% yields, which is comparable to the isomer- dihydrothymin-5-yl radicalssa,b is possibly involved in the
ization in the previously reported one-electron oxidative split- enhanced formation o8a,b. To remove the influence of the

3a (Scheme 2). Consequently, the restoration2afand the

ting 8

secondary reaction by EDTA, photoreactivity of the dimers in

The above results are rationalized by a mechanism involving pPhosphate buffer was also investigated in the absence of EDTA.

the primary intermediates of electron-dimer addudtsly) that
undergo splitting at the C5C5 linkages into 5,6-dihydrothymin-
5-yl radicals Ba,b) and C5-anionsga,b), as outlined in Scheme
4. The formation of the 5-yl radicasa,b is common to both

the one-electron reductive and oxidative splittings, while the

counterparts in the latter splitting are C5-catiofig|f).8 It has

been established thgt-oxoalkyl radicals possess oxidizing
property for several aromatic amines; e.g., 6-hydroxy-5,6-

dihydrothymin-5-yl radical oxidizes TMPD EP(TMPD**/
TMPD) = 0.16 V vs NHE} readily to form 6-hydroxy-5,6-
dihydrothymine C5-anion and TMPD radical cation (TMP2

In accord with such an oxidizing property, the 5,6-dihy-

drothymin-5-yl radicalssa,b could one-electron oxidize 5,6-
dihydrothymine dimerd.ab to regenerat®&ab along with the
formation of C5-cationgab that produce thymine2ab via

protonation, as reported recentlyseparate experiments with

deoxygenated solution d&[mesgd containing TMPD (0.6 mM)

In a separate pulse radiolysis study, we confirmed that phosphate
buffer is a weak reductant toward several radiéalst is
therefore likely that FAD may undergo photoreduction by
phosphate buffer even in the absence of EDTA to produce
FADH™.4 As shown in Table 2, while the efficiencies for
decomposition ofla,b were decreased to significant extent, the
yields of 2a,b relative to3ab became higher upon excluding
hydrogen-donating EDTA. It is also remarkable that the
restoration efficiency oRa from 1lamesg in the absence of
EDTA is much greater than those froha[rac] 1b[mes@, and
1b[rac], and is comparable to those in the reductiveadiolysis
(see also Table 1).

For comparing the reduction potentials of the four-Z5 -
linked isomeric dimers investigated, a fluorescence quenching
kinetic study was carried out using tris(2(pyridyl)ruthe-
nium(ll) complex as a fluorescent electron donor. Recently, the
reduction potentials of pyrimidine bases were successfully
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Figure 1. Reductive splitting ofLg[rac] (0.5 mM) in they-radiolysis

of deoxygenated phosphate buffer containing 2-methyl-2-propanol (50
mM): (O) decomposition ola[rac]; formation of (@) 1-methylthymine

2a, (@) 5,6-dihydro-1-methylthymine8a, and ©) isomeric dimers
lamesg.

TABLE 3: Ru(bpy) 3" Fluorescence Quenching Rate
Constants and Reduction Potential (vs SCE) of Various
Quenchers in Aqueous Solution

quencher EredV kq/10° dm®* mol~t st
p-benzoquinone -0.1¢ 6.32
dimethylbenzoquinone —0.32 4.56
nitrofurantoin —0.5¢ 11.4
3,5-dinitrobenzoic acid —0.58 7.16
anthraquinone-2-sulfonate  —0.63 6.73
methyl viologen —0.6% 5.13
5-nitrouracil —0.7” 4.58
1-methylnicotinamide —-1.0P 0.323
terephthaldialdehyde —1.04 1.40
1,4-dimethylpyridinium —1.39 0.0379

aReference 10® Reference 19. The reduction potentials vs NHE
are converted to the values vs SCE.

estimated from the rate constants of electron-transfer fluores-

cence quenching of several electron donors with varying
oxidation potentiald® In general, electron transfer from an
excited-state fluorescent molecule (electron donor D*) to a
qguencher molecule (electron acceptor A) proceeds as follows:
D and A diffuse to encounter at a distance where electron-
transfer becomes favorable, and thereafter an ion-pair state (D
A*7) forms to undergo dissociation into free radical ions D
and A~.

D+A

ky o L ke
D* + A === (D--A)* == (D"" A")
—diff —et

— D" +A"

Upon 450 nm excitation of Ru(bpy) (10uM; E*ox = —1.29
V1119 in aqueous solution, the characteristic fluorescence was
observed with a maximum wavelength of 600 nm. The
fluorescence quenching rate constakgg ¢f [Ru(bpy)?t1* by

a series of electron-accepting quenchers (see Table 3) were,

determined by a SterrVolmer analysis.’ Figure 2 shows a
plot of ky against the reduction potentials of quenchers, in which
the Rehm-Weller relationship (eqs-36)!® was fitted to the
experimental data.

kdiff
k—diff

(o)
kKol TART

ke = ®3)

1+
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Figure 2. Rehm-Weller plot of the fluorescence quenching rate
constantkg) in agueous solution as a function of the reduction potential
(Ered of quencher. The solid curve is obtained from a best fit of
experimental data to the Rehreller empirical expression (see eqs

3-7).
AG\2 2|2 AG
£ et A et
(5 R I S
q2

AG, = 96.5(sz =Eeq— E) (5)

Kt 1
- == 6
I<dif‘f Keq ( )

whereA refers to solvent reorganization energyg/re is the
Coulomb energy of the incipient ion pair formed after electron
transfer, andk, (=kewn) is the preexponential term of the
expression for the rate constant of electron transfer.

It is evident in Figure 2 thaky approaches the diffusion
control limit (kg = 6.5 x 10° dm® mol™! s7! in aqueous
solution) as the reduction potential becomes increasingly positive
(Figure 2). The best fit of the RehaWeller relationship in
Figure 2 was obtained with kinetics parameter&#f.q = 5.0
x 102 dm? mol~! s™t andA = 117 kJ mot . The rate constants
of quenching bylab[mes¢ andlab[rac] were also determined
by a Stera-Volmer analysis (Figure 3), from which the
corresponding redox potentials were estimated based on the best
fitted Rehm-Weller relationship. Thus, almost the sarke
values for isomers dfa (ks(1almesd) = 5.48 x 10° dm?® mol~*

s L, ky(larac]) = 6.66 x 10 dm® mol™! s1) and 1b
(kq(1b[mesd) = 2.50x 10° dm® mol~! s7%, ky(1a[rac]) = 2.58

x 108 dm? mol~ s71) were obtained, respectively, leading to
the reduction potentials dred(18) ~ —1.15 andEq1b) ~
—1.25 V vs SCE independent of isomeric structures. Tlkgse
values are slightly positive compared to those of thymmgy(

= —1.34V vs SCE) and thymidin&{q= —1.33 V) in aqueous
solution?® It follows that the difference in restoration efficiency
between the isomeric dimers cannot be explained in terms of
the reduction potentials.

Laser Flash Photolysis StudyLaser flash photolyses with

e fourth harmonic at 266 nm of aqueous solutions of the
stereoisomeric dimerka,b (1.0 mM) containingN,N-dimethyl-
aniline (DMA; 0.5 mM) as a reducing sensitizer were attempted
to detect transient absorptions originating from the splitting
reaction. Previous laser flash photolysis study has shown that
DMA possessing an excited-state oxidation potentiat-8t3

V is a good electron donor for splitting of the cyclobutane
photodimers by a single-electron-transfer mecharfismthis
study, upon laser photolysis of DMA in deoxygenated aqueous
solution, hydrated electrons and radical cations of DMA
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25 TABLE 4: Rate Constants for One-Electron Reductions of
la,b and 5a,b with Hydrated Electrons (g;") and DMA,
Respectively
20 1ajrac] k/dm® mol~t st
substrate & +1 DMA +5
- 15 1a[meso] 1a[mes¢ 4.4 x 103 3.1x 109
= 1g[rac] 3.7x 10 4.8x 10°
1b[mesd 2.6 x 1¢° 7.1x 10
1b[rac] 3.0x 1 6.7 x 10°
1.0
SCHEME 3
05 | | ) ) 1a,b 6a,b
0 0.5 1.0 15 2.0 25 DMA®
| k=26~44x10° =3.1~7.1x10°
[a]/ mM Sag [K=2O~ e T ol &
Figure 3. Stern-Volmer plots of the fluorescence quenching of DMA
*Ru(bpy)?" by (@) 1almesdand ©) 1a[rac]. Relative intensity Ip/l) o) ol , ¢ = Q
of the emission at 600 nm was measured in the presence gML0 RZ\N A NKRZ R \N)‘j./ “N o
Ru(bpy)?* in deoxygenated phosphate buffer solution (10 mM, pH Py PY PN A
7 07N N oo
: A KN R'
0.05 4a,b 5a,b 6a,b
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0.04 ®
3
8 15 |
o 003 -
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Figure 4. Time courses of the absorbancies at 460 nm in the 266 nm [DMA] / mM

laser photolysis of DMA (0.5 mM) in phosphate buffer containing
1b[rac] (1.0 mM): in the ©) presence and®) absence oflb[rac].
Inset: Kinetic plot of the absorption at 650 nm due tg €n the
presence of DMA.

Figure 5. Dependence df,sof differential absorption growth at 460
nm on the concentration of DMA.

with a first-order decay profile for DMX generated by
(DMA**) were generated with the characteristic transient photoionization (Figure 4). It is therefore most likely that the
absorptions atlmax = 460 and 650 nm, respectivel)?! oxidizing 5-yl radicalssa,b, which should be generated by the
Therefore, the hydrated electron generated by the direct pho-C5—C5 bond splitting of the primary intermediate radical anions
toionization of DMA (reactions 7 and 8) may be responsible of 1ab (reaction 9), are spontaneously reduced by DMA to form
for reductive splitting of the C5C5-linked dimers, rather than  the corresponding C5-anions and DMA(reaction 10), as in

the photoexcited DMA (DMA¥). the reaction obab with TMPD (Scheme 3}2
DMA + hv —DMA™ + e, 7 T-T" =T +T (9)
T-T+e, ~T-T" (8) T+ DMA (TMPD) — T~ + DMA*" (TMPD'™) (10)
Transient absorption spectra of DMA(Amax = 460 nm) and In accord with the secondary one-electron oxidation of DMA

hydrated electroniax = 650 nm) were detected immediately in the ground state, the slow buildup component of DA
after the laser flash photolysis of deoxygenated aqueouscould be obtained by subtracting the contribution from the decay
solutions of 1ab and DMA. As shown in Figure 4, the of primarily photogenerated DMA, as occurred within s
absorption at 650 nm due to hydrated electrons decayedafter the laser flash, from the apparent overall absorption at 460
following pseudo-first-order kinetick (= 2.6—-4.4 x 10° dm? nm in the presence of the dimers. Thus, the slow buildup of
mol~ts™1, [1a,b] = 1.0 mM), possibly as a consequence of the DMA** was of the pseudo-first-order kinetics, and the corre-
diffusion-controlled reaction withhab (Table 4). Previous pulse  sponding formal rate constant was in proportion to the concen-
radiolysis and laser flash photolysis studies have demonstratedration of DMA (Figure 5). The slope of the linear plot in Figure
that N-substituted 5,6-dihydrothymin-5-yl radicag,b show 5 gives the intrinsic rate constants for reaction 10, as listed in
broad absorption spectra at around 400 & (Amax = 400 Table 4. The rate constants thus evaluated are almost in a
nmg5b: Amax= 430 nn?d, but such transient absorption spectra diffusion-controlled rate limit and are in good accordance with
of 5ab were not observed in this study. Alternatively, a slow the literature value for the one-electron oxidation of TMPD by
buildup component of the transient absorption of DMAvas 5,6-dihydro-6-hydroxythymin-5-yl radicak (= 1.3 x 10° dm?®
observed about bs after the laser flash excitation, concomitant mol~! s%) as derived from pulse radiolysis.
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Discussion

Reductive Splitting Mechanism of C5-C5'-Linked Dihy-
drothymine Dimers. In light of the proposed mechanisms for
the photorepair of cyclobutane pyrimidine dime@nd the
oxidative splitting of the C5C5-linked dihydrothymine dimers,
possible pathways for the reductive splitting of-@55-linked

J. Phys. Chem. A, Vol. 104, No. 13, 2002891

to a pair of C5-aniorba,b and C5-cationq{a,b) is involved in
the reductive splitting pathway (Scheme 4, path 2), which is a
common reaction with the oxidative splitting mechanfsm.

Flavin-Photosensitized Splitting of C5-C5'-Linked Dihy-
drothymine Dimers. Because of the existence of multiple
protonation-reduction states of the flavin chromophore, the
photoreactivation mechanism of photodimers has not been fully
understood. The most likely mechanism involves initiation by
exoergic one-electron transfer from the excited state of FADH
in DNA photolyase to the photodimerAGe; = —1254+ 30 kJ
mol~1)24 with rate constants ok = (5.5-6.5) x 10° s71.%°
The Rehm-Weller analysis on the flavin-photosensitized split-
ting of C5-C5-linked dimers gave reasonable reduction
potentials E,eqg = —1.15-1.25 V, which are slightly more
positive than those of the monoméab. Taking into account
the reduction E(FADH*/FADH™) = —0.364 V at pH 7.0%8
and the excitation energ¥go(*FADH ~/FADH™) = 2.58 V¥’
of FADH™, the free energy for the electron transfer from
*FADH ~ to the dimerslab is calculated from eq 5 aAGe; =
—79.4 kJ mot?, which shows exothermicity of the reaction.

The remarkably high efficiency of thymine restoration in the
photoreduction oflalmesd by *FADH ~, compared with those
of the other dimersl{@rac], 1b[mesd, and1b[rac]), could not
be explained by the difference in the initial electron transfer

dihydrothymine dimers are proposed as illustrated in Schemesefficiency. As a possibility, this feature may be related to the
4 and 5. Under the present experimental conditions of photo- X-ray crystal structures dfefmesd that are distinct from those
chemical and radiation-chemical generation of hydrated elec- of 1arac] 1b[mesg, and 1b[rac].” For better understanding,

trons, the splitting is likely to be initiated by one-electron
reduction of the C5C5'-linked dimers into the dimer radical

the frame structures dfalmesd and 1arac] are illustrated in
Figure 67° In a crystal,1almesg has a stacked conformation

anions4ayb, although direct observation of the corresponding by which the two pyrimidine rings face each other, while the
transient absorption spectra was unsuccessful in the presenpyrimidine rings oflarac] are separated to reduce the mutual
nanosecond laser flash photolysis. In view of the earlier results overlapping. In view of these structureka[rac] may allow
that the formation of radical anion intermediate of cyclobutane successive two-electron reduction by FADkScheme 5, path

pyrimidine photodimer (Pys>Pyr~) could not be confirmed

4), whereadalmesdwould favor one-electron reduction, rather

clearly by nano- and picosecond laser flash photolysis, suchthan two-electron reduction, because of the generation of an

radical anion intermediatedab may have much shorter
lifetimes*23 Subsequent C5C5-bond cleavage ofiab pro-
duces the Cb5-anionsgb) and the 5,6-dihydrothymin-5-yl
radicalsba,b, as confirmed by the redox reaction with reducing
aromatic amines (DMA and TMPD). The isomerization of-C5
C5'-linked dimers supports the formation &b (Scheme 4,
path 3). Concomitant formation a?ab in the absence of
aromatic amines suggests that disproportionatidsegdf leading

electrostatic repulsion between the one-electron-reduced dihy-
dropyrimidine rings. The intermediated’d,b) derived from
successive two-electron reduction are expected to afford 2 equiv
of C5-anionsa,b, thus resulting in exclusive formation 8&,b

by protonation at C5. To characterize the conformatiothaph

in solution, NMR spectra were measured in dimethyl sulfoxide-
ds at room temperature (Figure 7). In accord with the results of
X-ray crystallography, the NOE difference spectra between H6
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Figure 6. Frame structures of (é)ames¢ and (b) 1&rac] obtained “(
by X-ray crystallography (see ref 7b). 1-Me

- imidi i 6-H ‘
protons and N1-methyl protons of the two pyrimidine rings )

6-H
respectively. This result suggests thkdmesd exhibits a 40 35 30 fbﬁm

:closed-shell"n Conformation in_solution in contrast to the Figure 7. 400 MHz'H NMR spectra (lower trace) and NOE difference
(_)pened-shell conformation dfa[rac]. Fu_rtherm_oreZ the NOE  gpectra (upper trace) of (a)ajmesd and (b) 1arac] in dimethyl
difference spectra fdtbjmes and1b[rac] in solution increased sulfoxideds at 303 K. Arrows show irradiated H6 peaks.

to a much lesser extent and there was no substantial difference
between these stereoisomers (data not shown), although théng thymine monomer&ab. The efficiency for the reductive
dihydropyrimidine rings oflb[mes¢ and 1b[rac] are stacked  restoration int2ab was significantly lower than those in the
in a similar manner as those bi{mesdin the crystal’® Hence, previously reported oxidative splitting reaction. According to
due to the conformational preference in solution that may relieve the proposed reductive splitting mechanism, electron adducts
the intramolecular electrostatic repulsion between the pyrimi- of the dimers undergo the E&5-bond cleavage to produce
dine—electron adducts when formedp[mes¢ and 1b[rac] the 5,6-dihydrothymin-5-yl radicaBa,b and the C5-anion&a,b.
could undergo successive two-electron reduction similar to Disproportionation oba,b is the most likely reaction pathway
14[rac]. In this context, previous EPR spectroscopic studies have for regeneration of the monomeBab. The relatively high
demonstrated that the radical aniont@tns-synl,3-dimethyl- efficiency of restoration into2a in the photoreduction of
uracil dimer, pyrimidine rings of which are likely to be separated 1gmesg by *FADH ~ suggested that the stacked pyrimidine
to each othef?is relatively long-lived in contrast to the radical  rings of 1ajmesd does not favor a successive two-electron
anions of the stacked conformations @g-synthymine and reduction as in the other dimersrac], 1b[mesg and1b[rac])
uracil dimers that are unstable to split into monomer anions with a common conformation of separated pyrimidine rings.
spontaneousl$? This is in accord with the conformational studies by NOESY
Another possibility is that the “closed-shell” conformation and X-ray crystallography.
of 1almes¢ may produce a relatively stable complex state with
*FADH ™, thereby the 5-yl radical intermediatsa formed Acknowledgment. This work was supported by the Grant-
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