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Abstract: A series of DNA oligomers was prepared containing an anthraquinone derivative linked'to a 5
end, acis—syn[2 + 2]thymine dimer and strategically located GG steps. These compounds were designed to
test the claim that one-electron oxidation of the DNA leads to repair of remote thymine dimers. Irradiation of
the anthraquinone leads to remote damage at't@&d& GG steps that are positioned both before and after the
thymine dimer, but there is no detectabte32) repair of the thymine dimer. These findings are in contrast

to a previous series of reports in which repair of the thymine dimer is reported to occur 40 times more efficiently
than reaction at GG steps when the remote one-electron oxidation is initiated by irradiation of a covalently
linked Rh-containing metallointercalator.

Introduction pothesis of this extensive investigation has been that irradiation
of the bound Rh compound with visible light (400 nm) causes
long-distance reactions mediated by electron transport through
the DNA helix. This ability of DNA to facilitate rapid, long-
range electron transfer led them to characterize it asaay"

or "molecular wire"141622.28.32.353%9 Other investigators study-

Photolesions are formed in DNA when it is exposed to
ultraviolet light. The most prevalent lesion is this—synthy-
mine dimer resulting from the [2 2] cycloaddition of adjacent
thymines. These lesions are mutagénand a gene having a
single unrepaired dimer can be fatal to an orgarfi$mnature,
these lesions are repaired by e.nzyme Sy.StemS’ which excise the (14) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossman,
dimer or reverse the cycloaddition reactib®hotolyase oper- s {-"Turro. N. J.: Barton, J. KSciencel993 262 1025-1029.
ates in the latter mode. It is an unusual enzyme because it is (15) Murphy, C. J.; Arkin, M. A.; Ghatlia, N. D.; Bossmann, S.; Turro,
inactive until irradiated with visible light. The light-activated - N. (31-6)‘3::&?””" ’3'-_ Ef?gr-]k’?':‘s“’- @?ﬁuéﬁ'}-”%_Sﬁ?rgu‘lrrg’lvN???‘Bf;?éi N
enzyme tr_ansfers_ an electron to the thymine dimer formmg itS « Mechansitic Bioinorg. Chenioos 246 449469,
radical anion, which then reverts, eventually, to two thymines.  (17) Stemp, E. D. A.; Arkin, M. R.; Barton, J. KI. Am. Chem. Soc.
The thymine dimer can also be repaired chemically. Deep-UV 1993 117, 2375-2376. )
irradiation reverses the [2 2] cycloadditionf and photoinitiated (18) Dandiliker, P. J.; Holmlin, R. E.; Barton, J. RASEB J1996 10,
electron transfer from chemical sensitizers also repairs the dimer.” " (19) shields, T. P.; Barton, J. iochemistryl995 34, 15037-15048.
Effective chemical sensitizers may either donate one electron (20) Stemp, E. D. A; Barton, J. Kletal lons Biol. Syst1996 33, 325—
to the dimer,~® mimicking the reaction of photolyase, or remove
one electron from the dimer to form its radical catién!?
Anthraquinone derivatives, in particular, are among the light-
activated sensitizers that have been reported to repagishe
synthymine dimer by one-electron oxidatiéh'?

Barton and co-workers are examining the photochemistry of
Rh metallointercalators bound to DNA:36 The central hy-
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Figure 1. Structures of the DNA conjugates used in this work. Shown schematically are duplexes containing a tethered anthraquinone derivative

serving as the oxidant and other duplexes containingcigiesynthymine dimer and '5sGG-3 doublets.

ing the ability of DNA to transport charge have not observed thymine dimer repair and cleavage at G using the covalently

molecular wire-like behaviat®=45 Our examination of long-  linked Rh(phi}(bpy)*2 system. They report that repair of the
range radical cation transport through DNA led to the formula- thymine dimer is 40 times more efficient than guanine damage
tion of the phonon-assisted polaron-hopping mdéet® In this and that incorporating a thymine dimer in the DNA sequence

view, introduction of a radical cation into the DNA helix causes reduces damage at remote GG steps by a factor3ef 2.
a local structural distortion (the polaron) which hops through ~ We have developed an anthraquinone derivative that is
the duplex by thermally (phonon) activated processes. On thecovalently linked to a 5end of duplex DNA through a four-
basis of models used for other synthetic polymers, Conwell and atom tethef8-48:5253The anthraquinone group is associated with
Rakhmanova recently concluded that a radical cation could form the DNA by end-capping, and its irradiation efficiently injects
a polaron in a DNA stack® a radical cation into the DNA duplex. We have employed this
Barton and co-workers examined the effect of the thymine system to assess the remote repaicisf-synthymine dimers
dimer on oxidative charge transfer in DNA assemblies contain- and to determine the effect of this dimer on oxidative damage

ing tethered metallointercalatof%?1:2%30They report that ir- at GG steps. Irradiation of an unbound analogue to the bound
radiation of a tethered Rh(ph{bpy)*2 derivative (phi is 9,10- anthraquinone derivative induces conversion of the thymine
phenanthrenequinone dimine, bpis a 4,4-dimethyl-2,2- dimer to thymine monomers, but there is no measurable repair

bipyridine derivative) catalyzed the quantitative repair of a of the thymine dimer when the remote, covalently bound
remote thymine dimer but that the quantum efficiency of this anthraquinone is irradiated. We also find that the presence of a
reaction is extremely lowd = 2 x 1079). Injection of a radical thymine dimer in the duplex DNA has only a very small effect
cation into duplex DNA leads to oxidative damage that is on the efficiency of strand cleavage at remote GG steps. These
revealed as strand cleavage primarily at tHeG5of GG findings highlight the care required in the interpretation of low
steps’®°051 Barton assessed the competition between remote quantum efficiency photochemical reactions.
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Figure 2. Autoradiogram demonstrating gel mobility and the repair
by DNA photolyase of thecis—synthymine dimer in AQ-DNA(7)/
T<>T-DNA(9). All experimental samples (@M in DNA) were treated
first with KMnO,4 and then with piperidine: Lane 1, AQ-DNA(7)/
T<>T-DNA(9) treated with photolyase but not irradiated (dark control);
lane 4, AQ-DNA(7)/T<>T-DNA(9) treated with photolyase and
irradiated for 10 min; lane 2, AQ-DNA(7)/TT-DNA(8) irradiated for
10 min; lane 3, AQ-DNA(7)/&>T-DNA(9) untreated with photolyase
and irradiated for 10 min.

The thymine dimer-containing oligonucleotides,<¥T-
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Figure 3. Absorption spectra of DNA(1)/TT-DNA(2) and AQ-DNA-
(1)/TT-DNA(2) duplexes (2.xM in DNA, phosphate buffer solution).
The unique absorption of the linked anthraquinone in duplex AQ-DNA-
(1)/TT-DNA(2) is clearly visible.
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The melting temperature§, the data are summarized in
the Supporting Information) of the duplex DNA structures were
determined to assess the effect of the thymine dimers and the
anthraguinone groups on their thermal stabilities. Generally,
conversion of two adjacent thymines to the dimer low&fs
and adding the anthraquinone group increases this value by
~3°C. This behavior, which is typical of that observed for other
covalently linked anthraquinone groups, is attributed to associa-
tion of the AQ with the terminal base pairs of the DNA by
end-capping®485359The absorption spectra of DNA(1)/DNA-

(2) and AQ-DNA(1)/DNA(2) are shown in Figure 3. The
difference in these spectra is the result of the covalently attached
AQ, which absorbs at > 310.

Our experimental design is revealed by the structures of the
duplex DNA sequences. DNA(1)/DNA(2) contains an AQ group
tethered to the'send of the DNA(1) strand. The DNA(2) strand
contains a single GG step, which follows the TT sequence. We
have shown previously in related experiments that irradiation
of tethered AQ groups leads to selective reaction at t@ 6f
GG steps, which is revealed as strand cleavage following
treatment with piperidindé—485253These reactions are attributed
to injection of a radical cation into the DNA by the excited
sensitizer. The radical cation migrates through the DNA and is
trapped at remote GG steffs3%-52 Surprisingly, the distance

DNA(3,6,9), were prepared using solid-phase methods from dependence for radical cation migratiop € 0.02 A is

authenticcis—synthymine dimer phosphoramidite, which was
synthesized according to the procedure described by T&¥lor.

relatively insensitive to the base sequefict.*8
A primary goal of our investigation is to assess the ability of

The thymine dimer-containing compounds were purified by a radical cation injected at one end of duplex DNA to repair a
HPLC and then characterized by mass spectrometry andremotecis—synthymine dimer. Reactions observed at the GG
sequenced by modification of the Maxai@ilbert methock® step of AQ-DNA(1)/DNA(2,3) will confirm injection of the

The location of the dimer was confirmed in each oligonucleotide radical cation and measure its ability for migration past the

by its repair withE. coli photolyasé®’-%8 Figure 2 shows an
autoradiogram of the polyacrylamide (PAGE) gel for3%P-

labeled TT-DNA(8) and ¥>T-DNA(9). Lane 3 shows the
results of treatment of DNA(9) with KMng) as expected, there

thymine dimer. Duplexes AQ-DNA(4)/DNA(5,6) also contain
the TT pair and its dimer, but they each have two GG steps
(proximal, GG, and distal, G@ surrounding a symmetrical
sequence containing the TT pair and its dimer. These compounds

is no strand cleavage at the dimerized bases. Lane 4 reveals thavere examined to assess the effect of the thymine dimer on the

effect of treating DNA(9) with photolyase: the thymine-dimer
is repaired and KMn@Qtreatment yields strand cleavage with
efficiency comparable to that seen (lane 2) for TT-DNA(8). This
experiment unambiguously identifies the location and the
stereochemistry of the dimer in DNA(857 Related experiments
with DNA(2,3) and DNA(5,6) give similar results.
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Scheme 1. Anthraquinone-Sensitized Oxidation of Thymine  etry. The yield of the thymine monomer decreases as the reaction

Dimer proceeds. After 30 min of irradiation (35% consumption of the
Oy e O thymine dimer), the yield of the thymine monomer is or$%.
HN NH )jcm cnfL The high reactivity of the thymine monomer under these
conditions may explain why its formation has been difficult to
o N h 0 —hv 350 m confirm. However, photosensitization by anthraquinone clearly
Q O¢O)k does cause the conversion of thymine dimer to thymine
. ‘:_0 monomers in modest yield. A modest yield is not unexpected.
s The triplet state of anthraquinone is known to abstract hydrogen
atoms rapidly from suitable donofs72 and the deoxyribose
Thymine "Dimer" (1) Thymine "Monomer™ (2) units on the thymine dimer and monomer possess suitable

hydrogen atoms. Furthermore, the radical cation of the thymine

thymine dimer?®3° We investigated them to assess the pos- and its dimer are expected to undergo rapid proton tautomer-
sibility that remote dimer repair is somehow very strongly ization;/2which may lead to side reactions. Finally, we verified
sequence dependent. that conversion of thymine dimer to monomers proceeds through

(2) Photochemistry of AQ and the Thymine Dimer Radical the radical cation by carrying out a co-sensitization reaction
Cation. There have been numerous investigations of the one- modeled after that of Pac and co-work&3he co-sensitization
electron oxidation of thymine dimet$12:6370 One of the first reaction more closely models the remote repair of the thymine
studies in this field reported that tleés—synthymine dimer is dimer where an adjacent base is the oxidant. Irradiation (313
efficiently repaired by photosensitized oxidation with 2-an- nm) of an air-saturated acetonitrile solution of 1,4-dicyanoben-
thragquinone sulfonat®.However, a subsequent examination of zene and naphthalene results in the conversion of the dimer to
photosensitization by anthraquinone sulfonate indicates efficientthymine monomer in~60% yield at 9% conversion. This
repair of the 3,3N,N'-dimethylated thymine dimer but not for ~ reaction must involve oxidation of the dimer to its radical cation
the unmethylated “parent’ This failure of the parent to form  and cannot proceed through some other pathway such as triplet
monomeric thymines was attributed to the absence of steric energy transfer or hydrogen abstraction.
repulsion between juxtaposed methyl groups, which is proposed (3) Photochemistry of AQ Linked to DNA Containing
to drive the reaction in th-methyl substituted compound. Most  Thymine Dimer. Irradiation of AQ-DNA(1)/DNA(2) or AQ-
of the other studies of oxidation of thymine dimers have been DNA(1)/DNA(3) in air-saturated sodium phosphate buffer
performed on N-alkylated analogues, where conversion of the solutions (pH= 7.0) at 350 nm, where only the anthraquinone
dimer to monomers is regularly observed. Given these contra- chromophore absorbs light, leads to piperidine-requiring strand
dictory claims, we carried out a careful reinvestigation of the cleavage selectively at thé-& of the GG step in TT-DNA(2)
anthraquinone and radical cation sensitized reactions of theand in T<>T-DNA(3), but there is no detectable repair of the

nonmethylated thymine dimer. thymine dimer. Figure 5 shows the autoradiogram from this
The reaction we examined is outlined in Scheme 1. The experiment when DNA(2) or DNA(3) is'8Sabeled with3?P.
thymine dimer 1) was prepared from authentiis—syndimer Lanes 4 are controls; lanes 1 and 2 show that there is no

(see above). The structures of the dimer and the thymine “mono-strand cleavage for unirradiated DNA(2) or DNA(3), respec-
mer” (2) were verified by'H NMR spectroscopy. The reaction tively; and lanes 3 and 4 show that irradiation of DNA(1)/DNA-
was carried out in acetonitrile solution to mimic the environment (2,3), which does not have an AQ group, does not cause strand
of the core of duplex DNA. This necessitated using methyl cleavage. Lanes 5 and 6 show the results of 30 min of irradiation
2-anthraquinone carboxylate to sensitize the reaction, becaus®f AQ-DNA(1)/DNA(2,3) followed by piperidine treatment.
anthraquinone carboxylate salts are sparingly soluble. The resultsStrand cleavage selectively at tHe®of GG, is readily apparent

are shown in Figure 4 in the form of HPLC traces. The bottom in both DNA(2) and DNA(3) samples. Lanes 7 and 8 show the
trace shows, in order of elution, the sensitizer, the thymine results of treatment of these samples with KMriggfore their
monomer, the thymine dimer, and deoxycytidine, which is used reaction with piperidine. This process reveals thymines, but the
as the internal standard for quantification of the results. The cis—synthymine dimer is unreactiv®.Lane 7 clearly shows
middle trace shows a chromatogram of the reaction mixture strand cleavage at the TT pair of DNA(2), but cleavage at this
before irradiation at 350 nm in a ;Mpurged solution; signifi- site is absent, lane 8, in the irradiated sample of AQ-DNA(1)/
cantly, there is no detectable thymine monomer. The upper traceT <>T-DNA(3). Within the limit of detectability for this

in Figure 4 shows the chromatogram recorded after 5 min of experiment, there is no repair of the thymine dimer.
irradiation. At this time,~6% of the thymine dimer has been The radiolabeling procedure has remarkable sensitivity for
consumed and the yield of thymine monomeri25%. The revealing strand cleavage. We determined the limit of detection
identity of the monomer in this trace was confirmed by co-in- of TT-DNA(2) in samples of E>T-DNA(3) by preparing
jection with authentic material, and by UV and mass spectrom- authentic mixtures and treating them with KMp@nd piperi-
dine. The amount of cleavage at the TT pairs in these samples
was determined by quantitative measurement of the radioactivity

(63) Rosenthal, IBiochem. Biophys. Res. Comm@868 3, 599-601.
(64) Sasson, S.; Elad, D. Org. Chem1972 37, 3164-3167.

(65) Rosenthal, L.; Rao, M. M.; SalomonRlochim. Biophys. Acta975 in the$e .baHSjs.. The results, the gel is shown _in Figure 6
378 165-168. _ (quantitative findings are presented in the Supporting Informa-
21(2‘;)7'\"??513'8"3’ T.; C., P.; Kubo, J.; Sakurai, Hettrahedon Lett198Q tion) reveal that 3% repair of the thymine dimer is readily

(67) Wenska, G.; Paszyc, $. Photochem. Photobiol., B99Q 8, 27— detected. On th|§ basis, th.e |rrad[at|on of AQ-DNA(1<)(5FT- .
37. DNA(3) for 30 min results in readily measurable reaction at its

(68) Pac, C.; Miyamoto, I.; Masaki, Y.; Furusho, S.; Yanagida, S.; Ohno,

T.; Yoshimura, A.Photochem. Photoblol].990 52, 973-979. (71) Tanimoto, Y.; Shimizu, K.; ltoh, MPhotochem. Photobioll984

(69) Austin, R.; McMordie, S.; Begley, T. B. Am. Chem. S0d.992 39, 511-513.

114, 1886-1887. (72) Tanimoto, Y.; Uehara, M.; Takashima, M.; Itoh, Bull. Chem.

(70) Butenandt, J.; Epple, R.; Wallenborn, E.-U.; Eker, A. P. M.; Soc. Jpn1988 61, 3121-3127.
Gramlich, V.; Carell, T.Chem. Eur. J200Q 6, 62—72. (73) Gebicki, J.; Bally, TAcc. Chem. Red997, 31, 477-485.
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Figure 4. HPLC trace for the anthraquinone sensitized oxidative repakigsfsyn thymine dimer {). Bottom trace (retention times are in
parentheses): sensitizer (3.1 min), thymine monor@gb.0 min), thymine dimer, 6.9 min) and internal standard, 2-deoxycitidine (11.7 min).
Middle trace: reaction mixture before irradiation. Upper trace: after 5 min of irradiation at 350 nm.

GG; step, but there is< 3% repair of the thymine dimer. This  reaction at the GG step of TT-DNA(8) can be assessed by
result is expanded using quantitative HPLC in experiments with HPLC. Figure 9 shows chromatograms recorded for AQ-DNA-
AQ-DNA(7)/DNA(8,9), see below, which is the precise se- (7)/IDNA(8) after piperidine treatment following irradiation for
guence used in previous experiments reported to show remote0, 0.5, 1 and 2 h. Nearly all of the DNA(8) is consumed after
thymine dimer repaif? 2 h of irradiation. These experiments clearly show that remote
We assessed the effect ofcs—synthymine dimer on the oxidative reaction at GG steps is far more efficient than remote
ratio of radical cation-induced strand cleavage at preceding andrepair of the thymine dimer, which is essentially nonexistent.
following remote GG steps by examination of the photochem- This result contrasts previous findings that oxidative dimer repair
istry of AQ-DNA(4)/DNA(5) and AQ-DNA(4)/DNA(6). Figure initiated by a Rh metallointercalator is 40 times more efficient
7 shows the resultsfd h of irradiation followed by treatment  than oxidative damage at GG stefs.
with KMnO,4 and then piperidine. Repetition of this experiment ~ We determined the quantum efficiency of DNA disappearance
and quantification of the amount of cleavage by measurement(strand cleavage) for AQ-DNA(7)/TT-DNA(9) by HPLC using
of the radioactivity in the bands for& cleavage shows that  anthraquinone-2,6-disulfonate as an actinomé&térmadiation
replacement of the TT pair with theis—synthymine dimer of optically matched samples in identical cells gi¥Bspna =
results in no more than5% reduction in cleavage at the GG 1%. This is a minimum quantum yield for reaction of the DNA,
step compared with the amount of cleavage at Gl@is is in since not all products of oxidative damage at guanine lead to
contrast to previous reports of a factor of 2 reduction in distal strand cleavage when treated with piperidiné@Nevertheless,
GG cleavage by conversion of an intervening TT to its differ.  the efficiency of reaction for the AQ-linked compound is about
Figure 8 shows the results of irradiation of DNA(7)/DNA(8) 200 000 times greater than that reported for the Rh metalloin-
and AQ-DNA(7)/DNA(9) for 3 h. As shown by HPLC analysis, tercalator-linked compound§:3°
see below3 h ofirradiation causes essentially complete reaction _
at the GG step of this sequence. In contrast, inspection of lanes Discussion

3 and 4 of Figure 8 reveals essentially no repair of the thymine e central issue exposed in this investigation is a discrepancy
dimer. Analysis of authentic mixtures of DNA(8) and DNA(9)  petween the report that irradiation of a remote Rh metalloin-
by the procedure described above shows that 3% repair of thetercalator quantitatively repairs thymine dimers and our observa-
thymine dimer can be detected in these compounds by thistjon that there is no measurable repair when an excited
method. anthraquinone derivative is the remote one-electron oxidant. In
The results of iradiation of AQ-DNA(7)/DNA(8,9) were also  fact, absence of dimer repair was observed by Barton when a
analyzed by HPLC on a Microsorb-MV C18 reverse-phase Ry metallointercalator was substituted for the Rh compdfind.
column at 65°C. At this temperature the DNA is denatured, This behavior was attributed to the difference in oxidizing power
and under these conditions<FT-DNA(9) elutes firstand is  petween the Ru and Rh metallointercalators. Oxidation of the
followed by TT-DNA(8). The complementary anthraquinone thymine dimer was calculated to be exothermic for the Rh com-

containing strand, AQ-DNA(7), elutes much later and does not pound and endothermic for the Ru compound. This explanation
interfere with this assay for dimer repair. Analysis of irradiated

_ ; (74) Harriman, A.; Mills, A.Photochem.Photobiol981 33, 619-625.
Samples of AQ DNA(7)/DNA(9) by HPLC ?O.nflrms the .res”"s (75) Cullis, P. M.; Malone, M. E.; Merson-Davies, L. 8. Am. Chem.
of the PAGE experiment. Afte2 h of irradiation, there is N0 goc 1996 118 2775-2781.

detectable repair of the TT-dimer. In addition, the extent of  (76) Burrows, C. J.; Muller, J. GChem. Re. 1998 98, 1109-1154.
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Figure 5. Autoradiogram from UV irradiation of AQ-DNA(1)/DNA-
(2,3). Samples are8M in duplex DNA in a phosphate buffer solution
and were irradiated at 350 nm for 30 min (where indicated) at@0

All samples were piperidine-treated, the samples in lanes 7 and 8 were

thermally denatured at 90C prior to reaction with KMnQ@ and
treatment with piperidine: Lane 1, AQ-DNA(1)/TT-DNA(2) dark
control; lane 2, AQ-DNA(1)/&k>T-DNA(3) dark control; lane 3,
DNA(1)/TT-DNA(2) light control; lane 4, DNA(1)/k>T-DNA(3),
light control; lane 5 is AQ-DNA(1)/TT-DNA(2) and lane 6 is AQ-
DNA(1)/T<>T-DNA(3) irradiated for 30 min; lane 7 is the same as
lane 5 but treated with KMn@lane 8 is the same as lane 6 but treated
with KMnOg,.
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Figure 6. Autoradiogram revealing the detection limit of thymine dimer
repair using authentic mixtures of AQ-DNA(1)/TT-DNA(2) and AQ-
DNA(1)/T<>T-DNA(3). Samples were treated with KMnCand
piperidine. Lane 1, 100% DNA(1)A>T-DNA(3) (light control); lane

2: 100% AQ-DNA(1)/TT-DNA(2); lanes 39: are mixtures of AQ-
DNA(1)/T<>T-DNA(3) and AQ-DNA(1)/TT-DNA(2) in the following
proportions: lane 3, 100: O; lane 4, 99:1, lane 5, 97:3, lane 6, 95:5,
lane 7, 90:10, lane 8, 83:17, lane 9, 50:50.

radical anion formed in this reaction is converted back to the
starting AQ group by reaction with £ which, in turn, is
converted to superoxide (0).”8 This process leaves a radical
cation in the DNA with no partner for charge annihilation. This
radical cation migrates through the duplex DNA by the process
we identified as phonon-assisted polaron hopping and causes
oxidative damage at GG stefy/s'®

Significantly, the triplet anthraquinone group is a strong

cannot accommodate the absence of repair for the linked enough oxidant to oxidize theis—synthymine dimer. Empirical

anthraquinone derivative.

observations support this assertion. In particular, we showed

It has been established experimentally that a radical cation that jrradiation of a noncovalently linked anthraquinone initiates

introduced at one location in DNA will migrate and cause
oxidative reactions at remote guanirfé46-485253.7"The DNA-

linked anthraquinone derivatives we are examining are particu-

larly well-suited for investigation of this process. Irradiation of

dimer repair through a radical cation intermediate. The oxidation
potential of thecis—synthymine dimer in DNA is unknown.
Pac and co-worket8report that cyclic voltammetry reveals a
peak in the oxidation wave at 1.69 V vs SCE for ttie-syn

the AQ group generates a singlet excited state that rapidly dgimer of N,N'-dimethythymine in CHCN solution. This value
intersystem crosses to the triplet. The triplet state of the js not the standard oxidation potential of the thymine dimer, as
anthraquinone is a powerful one-electron oxidant. The anthra- it js purported to b&° nor can it reliably be converted to that

guinone group has a measured triplet enekgy 6f 2.76 eV'8
and a ground-state reduction potentigl.f) of —0.58 V vs
SCE/® which gives a calculate&eq for the triplet state AQ
equal to 2.18 V vs SCE Application of the RehmWeller
equatioi! indicates that the triplet anthraquinone has sufficient
oxidizing power to convert any of the four DNA bases to their
radical cation in an exothermic reacti&The anthraquinone

(77) Meggers, E.; Giese, Glucleosides Nucleotidd999 18, 1317-1318.

(78) Armitage, B. A.; Yu, C.; Devadoss, C.; Schuster, GJBAm. Chem.
So0c.1994 116, 9847-9859.

(79) Breslin, D. T.; Schuster, G. B. Am. Chem. So4996 118 2311~
2319.

value. Considering the likely effect of tié-methyl substituents
and the irreversibility of the observed oxidation wave, it can
be concluded only thaE.y for the thymine dimer is>1.69 V
vs SCE.

It is revealing to compare reduction potentials of the
covalently linked oxidants that have been used to examine

(80) All potentials have been converted to an SCE reference electrode:
Wayner, D. D. M.Redox PropertiesScaiano, J. C., Ed.; CRC Press: Boca
Raton, Fl, 1989; Vol. Il.

(81) Rehm, D.; Weller, Alsr. J. Chem.197Q 8, 259.

(82) Steenken, S.; Jovanovic, S.¥.Am. Chem. S0d997, 119, 617—

618.
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Figure 7. Autoradiogram from irradiation of AQ-DNA(4)/TT-DNA- -
(5) and AQ-DNA(4)/T<>T-DNA(6)at 350 nm (~30 °C) for 1 h.
Samples contained duplex oligonucleotides (&®1) in sodium 59_32P
phosphate buffer (pH 7.0, 16.0 mM). Samples in lanes 1 and 2 were

thermally denatured at SC before treatment with KMng£and reaction

with piperidine. ] ] o
Figure 8. Autoradiogram from UV irradiation of AQ-DNA(7)/DNA-

. . . . : . (8,9). Samples are 8M in duplex DNA in a phosphate buffer solu-
remote repair of the thymine dimer wity, of the dimer. It is tion (16.0 MM, pH= 7.0) and were irradiated at 350 nmrf h at

_repor_ted that photoexcitation of Rh_(pj(bpy)” generates an 30 °C. Sample lanes 3 and 4 were thermally denatured &Cbe-
interligand Charggétsransfer state with &pq estimated t0 be  fore treatment with KMnQ@ All lanes are piperidine-treated. Lane 1,
~1.76 V vs SCE?% The Ereq Of the tethered Ru(phen)(biy AQ-DNA(7)/TT-DNA(8), no KMnO, treatment; lane 2, AQ-DNA(7)/
(dppzf*™ complex is reported to be-1.4 V vs SCEP Thus, T<>TDNA(9), no KMnO, treatment; lane 3, AQ-DNA(7)/TT-DNA-
the reduction potentials of the Rh and Ru metallointercalators (8), KMnOg-treated; lane 4, AQ-DNA(7)/¥>TDNA(9), KMnO;-
could bracket thé, of the thymine dimer, which leads to the treated.

reasonable expectation that the Rh compound can initiate repalrimmeasurably small remote dimer repair even when the reaction
by one-electron oxidation and the Ru compound cafh®he

. . A at guanine has reached completion.
Ereq Of the excited tethered anthraquinone derivative is 2.18 V S i )
vs SCE, which is above that of excited Rh(pfipy)*3, and, The results reported above indicate that for the AQ-DNA

. . . A . (4)/IDNA(5,6) system, replacement of the TT pair witltia—
therefore, the triplet AQ is certainly able to oxidize the thymine ) : S
dimer if excited Rh(phiXbpy)*® can. Thus, the discrepancy synthymine dimer causes only a very modest reduction in the

between our findings and those previously reported cannot beefﬁciency of strand cleavage at the of GG, which follows
attributed to the inability of the linked anthraquinone to oxidize the dimer in the duplex. This finding should be compared with

the thvmine dimer the previous report that this change results in a 2-fold reduction
! O i ) in the efficiency of cleavage at a following GG st&3° The
[Itis informative to compare thé&o of the thymine dimer  gitference between these results may be attributed to sequence
with that of guanine. The oxidation potentials of the DNA bases gffects since the DNA duplexes examined are different. But

in DNA are not known, and these values will surely be different gjnce the quantum yields of the reactions induced by irradiation
from those that have been determined for free nucleosides inuf the Rh metallointercalators are so small, the difference may

solution. Steenken and Jovand¥ideterminedto, of guanosine e attributed to factors that cannot be specified precisely.

in H0 at pH=7to be 1.34 V vs SCE. Itis unreasonable 0 The modest reduction in relative reaction efficiency at;GG
expect that incorporating guanosine in DNA will causeis seen with the thymine dimer in the duplex is consistent with
to increase to a greater extent than does incorporating theqy previous work, which showed that introduction of an abasic
thymine dimer into DNA. Consequently, we expect thatie site before a remote GG step does not cause a measurable
of guanine will be at least 0.35 V below that of the thymine oqction in cleavage at it$-6.46 This may be a consequence
dimer. Therefore, simply based on an expected Boltzman ot an extrahelical conformation for the thymine dimer and
distribution, it is not likely that there will be a significant collapse of the DNA around the gap, as has been sugg®sted.
population of thymine dimer radical cations in a DNA sequence |ier.strand hopping of radical cations migrating in DNA has
that contains guanines. This conclusion is consistent with the 5155 peen observed#8and it is possible that the radical cation
analysis of long range repair in DNA recently presented by migrates through the AA sequence regardless of whether the
Giese, Jortner and co-workétsand with our finding of  complementary strand contains a TT or a thymine dimer.

(83) Turro, C.; Evenzahav, A.; Bossman, S. H.; Barton, J. K.; Turro, N. (84) Bixon, M.; Wessley, S.; Langenbacher, T.; Michel-Beyerle, M. E.;
J. Inorg. Chim. Actal996 243 101-108. Jortner, JProced. Natl. Acad. Sci. U.S.A999 96, 11713-11716.
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Figure 9. Reverse-phase HPLC traces of AQ-DNA(7)/TT-DNA(8)

Dotse et al.

elsewhere on an Applied Biosystems DNA synthedfzer purchased
from Midland Certified Reagent Company. Ttis—synthymine dimer
was synthesized, purified, and characterized as previously desétibed.
The thymine dimer was site-specifically incorporated into DNA
oligomers by using standard solid-phase automated DNA synthesis
procedures. The extinction coefficients of the oligomers were calculated
using the Biopolymer Calculator Online, and the absorbance was
measured at 260 nm. The concentrations of anthraquinone-modified
oligomer solutions were determined the same way as that of the
unmodified oligomers except that the anthraquinone was replaced with
adenine in the extinction coefficient determination. A value of zero
was substituted for the thymine dimer in calculating extinction
coefficients for the thymine dimer-containing oligomers. Reverse-phase
HPLC was performed on a Hitachi system using a Microsorb-MV C18
reversed-phase column (4.6 mm ix.25 cm length, 300 A) from
Rainin with an oven temperature maintained at’65 Normal-phase
HPLC was performed on a Hypersil normal-phase silica gel column
(4.6 mm i.d. x 25 cm length, 5.Qum) from Phenomenex. HPLC/
atmospheric-pressure electron impact ionization mass spectrometry
(HPLC/APCI-MS, positive and negative mode) of the thymidines was
performed at the School of Chemistry and Biochemistry of Georgia
Tech, Atlanta. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry of the oligomer strands was per-
formed at the Midland Certified Reagent Company. All oligonucleotides
gave the expected mass spectrum. UV melting and cooling curves were
recorded on a Cary 1E spectrophotometer equipped with a multicell
block, temperature controller, and sample transport accessory.
Melting Temperature (Tn), Thermal Denaturation Measure-
ments. Samples consisted of equimolar concentrations of DNA
oligomers (2.5¢M) in sodium phosphate buffer (1.0 mL, 10.0 mM,
pH 7.0). Samples were placed in cuvettes (1.5 mL capacity, 1.0 cm

after irradiation at 350 nm for: 0, 0.5, 1, and 2 h. All samples were path length) and sealed with tape to prevent evaporation of water during
treated with piperidine, and then AQ-DNA(1) was added as an internal heating/cooling cycles. The absorbance of the samples was measured

standard before analysis at 6& by HPLC. The sample under
investigation, TT-DNA(8), elutes at 11.3 min, and the internal standard,
at 18.1 min. The AQ-containing strand, AQ-DNA(7), elutes at 32.3
min and does not interfere with the analysis.

It is not possible to be definitive about the cause of the
discrepancy between our finding of negligible thymine dimer

repair compared with oxidative damage at guanine and the

previous report that the former is 40 times more efficient than

at 260 nm as a function of temperature for four consecutive runs:
heating from 20 to 90C at the rate of 0.8C/min and then cooling
followed by reheating and cooling at 0°&/min. Data obtained from
cooling curves were found to be the same as those obtained from
heating. T, the temperature at which half of the molecules are
hybridized, was obtained as a first-order derivative using Microcal
Origin software.

Cleavage Analysis by Radiolabeling and Polyacrylamide Gel
Electrophoresis (PAGE).DNA oligonucleotides were radiolabeled at

the latter. One clear difference between these systems is the€ 3-end. 3-OH labeling involved the use of {**P]ATP and bacterial

nature of the initial oxidant. However, once a radical cation
has been introduced into the DNA, its behavior should be

independent of the initial oxidant. A second difference between «.q 4

T4 poynucleotide kinase. The labeling was performed according to
standard procedures. Radiolabeled DNA was purified by 20% PAGE.
Samples for irradiation were prepared by hybridizing a mixture of
(5.0 or 8.0uM) and radiolabeled (10 000 cpm) oligonucleotides

the systems examined is in the measured quantum yields. Th&yith AQ- or non-AQ complementary strands (5.0 or 81) in sodium
mechanistic interpretation of reactions having very low quantum phosphate buffer (pH= 7.0) and water (to a total volume of 200
yields is challenging because of the possible intervention of each). Hybridization was achieved by heating the samples %€ 96r

unanticipated minor pathways.

Conclusions

Injection of a radical cation into duplex DNA from a
covalently linked AQ yields immeasurably little repair @é—

5 min, followed by slow cooling to room temperature overnight.
Samples were irradiated in microcentrifuge tubes in a Rayonet
photoreactor (Southern New England Ultraviolet Company, Barnsford,
CT) equipped with 8« 350 nm lamps at 30C. After irradiation, the
samples were precipitated once with cold ethanol (ZQ) in the
presence of glycogen (04L), washed with 80% ethanol (1QaL),

synthymine dimers compared with oxidative damage caused dried (speedvac, low heat) and treated with piperidine (1001 M

at the 5-G of remote GG steps. This finding is in contrast to

solution) at 90°C for 30 min. After evaporation of the piperidine

reports that irradiation of a linked Rh metallointercalator causes (speedvac, medium heat), lypholization twice with water 42§} and

thymine dimer repair 40 times more efficiently than damage at
remote guanines.

Experimental Section

Materials, Instrumentation, and Methods. Preparation and
Purification of DNA Containing AQ-Modified and Thymine Pho-
todimer Oligomers. [y-3P]ATP radioactive isotope was purchased

suspension in denaturing loading buffer, the samples (3000 cpm) were
electrophoresed on a 20% 19:1 acrylamide:bis-acrylamide gel containing
urea (7 M) at 1500 V for 3 h. The gels were dried, and the cleavage
sites were visualized by autoradiography. Quantitation of cleavage bands
was performed on a phosphorimager.

Analysis of cis—syn-Thymine Photodimer Repair by Photolyase.
The thymine dimer oligonucleotides were labeled wih at the 5
end using standard techniques as described above. A “cold” (5.0 or

from Amersham Bioscience. T4 polynucleotide kinase was purchased 8.0 uM) and radiolabeled (10 000 cpm) oligonucleotide were mixed

from Pharmacia Biotec and stored a0 °C. Unmodified DNA
oligomers (both gel filtration and HPLC grades) and AQ containing

with AQ- or non-AQ complementary DNA (5.0 or 8M) in phosphate
buffer (2.0 or 3.2uL, 100 mM solution) containing enzyme assay buffer

complementary oligomers (HPLC grade) were synthesized as described(50 mM Tris-HCI, 10 mM NaCl, 1.7 mM DTT, and 1 mM EDTA at
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pH 7.4)8687to give a total volume of 2QL. Hybridization was carried
out by heating the sample to 9€C and then allowing it to cool to
room temperature overnight. Photolyase (2.01.0 «M solution) was

J. Am. Chem. Soc., Vol. 122, No. 29, @888

Determination of Quantum Yield for Guanine Damage.The light
flux of the Rayonet photoreactor was determined by using sodium
9,10-anthraquinone-2,6-disulfonate (AQDS(2,6)) actinometry at pH

added to the sample, which was then incubated in the dark for 30 min 13.574in triplicate before each experiment. The actinometer solutions
to ensure complex formation and then irradiated for 10 min in a Rayonet had an optical density at 330 nm 6f0.5 and were degassed by the

photoreactor (8x 350 nm lamps) light source at15—-20 °C.
Denaturation was accomplished by adding cold oligomer 4L,aL00
uM solution) and heating at 98C for 10 min followed by cooling on
ice.

Sequencing by KMnQs. The T sequencing by means of KMaO
was a modified version of the standard procedfi@ligomer samples
(5.0 or 8.0uM) were added to calf thymus DNA (1 4L, 0.5 mM),
phosphate buffer (2.0 or 3;4_, 100 mM solution), and water (to a 20
uL total volume), and were mixed by vortexing for 15 s and then
centrifuged for 10 s at 12 000 rpm. A freshly prepared solution of
KMnO4 (0.5uL, 0.5 M or 1.0uL, 20 mM) was added to the samples.

freeze-pump-thaw technique at high vacuum. The extent of reaction
of the actinometer was monitored by UV spectroscopy at various time
intervals. Conversion was kept below 50%, where the extent of reaction
was linear with irradiation time. The slope of a plot of extent reaction
vs irradiation time yielded a light flux= 1.02+ 0.1 x 10°° Einstein/

min. The actinometer system was shown to be linear for AQDS(2,6)
concentrations from 9.2 to 92M.

AQ-DNA(7)/TT-DNA(8) samples (9.2M in air-saturated phosphate
buffer solution) were irradiated in a 1.0-cm path length UV cell in the
calibrated Rayonet photoreactor-aB0 °C. Aliquots were withdrawn
and treated with piperidine at various time intervals. After evaporation

The reaction proceeded for 45 s and was then quenched by addingof the piperidine, the sample was lyophilized with water(20 uL)

DNA precipitating buffer. The precipitated DNA was washed with 80%
ethanol, dried, and subjected to piperidine treatment ¢d00f 1 M
piperidine fa 1 h at 90°C). Loading buffer was added to the samples,
and the samples were analyzed by 20% PAGE (19:1 acrylamide:
bisacrylamide), followed by autoradiography.

Measurement of the Limit of Detection for TT-repairin T <>T-
DNA(9). Samples of duplex DNA were prepared by combining
unlabeled (5.0 or 8.2M) and radiolabeled (10 000 cpm) TT-DNA(8)
or T<>T-DNA(9) with their complementary strand (5.0 or &)
AQ-DNA(7) in phosphate buffer solution (2.0 or 3.2, 100 mM), to
a final volume of 2QuL. The samples were annealed by heating to 90
°C and then cooled to room temperature overnight. The duplex DNA
samples were irradiated in a Rayonet photoreactor 850 nm lamps)
for 30 min at~20 °C. Denaturation was accomplished by adding
unlabeled oligomer (1.@L, 100 uM solution) and heating at 9¢C
for 10 min followed by cooling on ice. A freshly prepared solution of
KMnO4 (1.0 uL, 20 mM) was immediately added to the irradiated,

and then suspended in water. A unique DNA oligomer for use as an
internal standard was added to the sample, and its total volume was
adjusted to 25:L. This mixture was analyzed by HPLC on a C-18
reverse-phase column under denaturing conditions°@pusing a
gradient of 20 mM NHAc/CH3;CN. The extent of reaction of the TT-
DNA(8) was monitored and found to be linear with irradiation time.
The quantum yield of disappearance of TT-DNA(8) was determined
at 50% reaction.

Methyl Anthraquinone Carboxylate AQC(OMe) Sensitized Re-
pair of cis,synThymine Dimer A N.-purged solution ofcis,syn
thymine dimer {, 4.04 mmol) and AQC(OMe) (5.@mol) in dry
acetonitrile (1 mL) was irradiated at 350 nm (Rayonet reactor, 8 lamps).
The extent of reaction was monitored by normal-phase HPLC with
2-deoxycytidine as internal standard (gradient: 13 to 30% MeOH in
EtOAc, flow rate= 1.0 mL/min). The identity of the peak assigned to
thymine monome® was established by UV spectroscopy, co-injection,
and by HPLC/APCI-MS mass spectrometry.

denatured samples. After 45 s, the reaction was quenched by addition

of DNA precipitating buffer. The precipitated DNA was washed with
80% ethanol, dried, and treated with piperidine (120of 1 M for 1

h at 90°C). Loading buffer was added to the samples, and they were
combined volumetrically to produce mixtures (3000 cpm each) of TT
and thymine photodimer in amounts: 100% TT, 100%>TT, 99%
T<>T,97% T<>T, 95% T<>T, 90% T<>T, 83.3% T<>T to 50%
T<>T. The amount of TT-DNA(8) in each mixture was determined
by 20% PAGE (19:1 acrylamide:bisacrylamide), and visualized by
autoradiography and quantitated by counting the radioactivity with a
phosphorimager.

(85) Pyle, A. M.; Chiang, M. Y.; Barton, J. Knorg. Chem.199Q 29,
4487-4495.

(86) Sancar, G. B.; Smith, F. W.; Sancar, Biochemistry1985 24,
1849-1855.

(87) Kim, S.-T.; Sancar, ABiochemistry1991 30, 8623-8630.
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