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Abstract: The photoreactivities of 5-halouracil-containing DNA have widely been used for analysis of
protein—DNA interactions and have recently been used for probing charge-transfer processes along DNA.
Despite such practical usefulness, the detailed mechanisms of the photochemistry of 5-halouracil-containing
DNA are not well understood. We recently discovered that photoirradiation of 'U-substituted DNA efficiently
produced 2'-deoxyribonolactone at 5'-(G/C)AABTUBU-3' and 5'-(G/C)AB'UPU-3' sequences in duplex DNA.
Using synthetic oligonucleotides, we found that similar photoreactivities were maintained at the 5'-(G/C)-
AAB'UT-3' sequence, providing ribonolactone as a major product with concomitant release of adenine base.
In this paper, the photoreactivities of various oligonucleotides possessing the 5'-'UT-3' sequence were
examined to elucidate the essential factors of this photoreaction. HPLC product analysis indicated that the
yield of 2'-deoxyribonolactone largely depends on the ionization potential of the purine derivatives located
5'-upstream of 5'-8'UT-3', as well as the electron-donating ability of their pairing cytosine derivatives.
Oligonucleotides that possess G in the complementary strand provided the ribonolactone with almost the
same efficiency. These results clearly suggest that the photoinduced charge transfer from the G-5' upstream
of 5'-B'lUT-3' sequence, in the same strand and the complementary strand, initiates the reaction. To examine
the role of intervening A/T base pair(s) between the G/C and the 5'-B'UT-3' sequence, the photoreactivities
of a series of oligonucleotides with different numbers of intervening A/T base pairs were examined. The
results revealed that the hotspot sequence consists of the electron-donating G/C base pair, the 5'-8'UT-3'
sequence as an acceptor, and an appropriate number of A/T base pairs as a bridge for the charge-transfer
process.

Introduction 5-yl is atom specific and highly dependent on the local DNA
conformation, such as A-form, B-form, Z-form, and bent DNA

) . . -
5-Halouracils such as bromourach () and iodouracil {U) and G-quadruplexéswWe have proposed that the photoreactivity

2{; g gggrzigtl\éi er?clg?L:g: ecgrihhynq%ﬂsn?;iﬁ;e gﬁ;%;;es emof B_VU is useful as a photochemical method for the detection of
replaced with a 5-halouracil, and the resulting 5-halouracil- various DNA structures.

substituted DNA remains functional in vivdThis replacement In addition to hydrogen abstraction by the uracil-5-yl radical,

of thymine in DNA by 5-halouracil enhances the photosensitivity 2'U has been used recently as an electron acceptor in a probe
of the cell with respect to DNAprotein cross-linking, DNA of excess electron-transfer processes, because the anion radical
strand breakage, and the creation of alkali-labile sites by the of B'U rapidly eliminates the bromide ion to generate a uracil
formation of uracil-5-yl radical under irradiation conditiohs.
5-Halouracil-based photocross-linking and photofootprinting 3y (a) xu, Y.; Sugiyama, HAngew. Chem., IntEd. 2006 45, 1354.
methods have_k_)een effectn_/e_ly used_ for the investigation of gti)zsg?lzy&m(iv) gagiTyZuntf;mﬁ.;stagﬁ?ﬁi’ﬂyfn;uj%gg- E?Cj-s%?% .
sequence-specific DNAprotein interaction$ For several years, J. Am. Chem. Socl993 115 4443. (d) Sugiyama, H.; Fujimoto, K.;
we have examined the photoreactions of 5-halouracil-containing fgagg' 3'7-,? l*é%"gés(gmsadgggmi"fkmfylzljji;ngg‘d& gg{g”‘qri‘t’rfgﬁe&r%%
DNA and demonstrated that hydrogen abstraction by uracil- Lett. 1997 38, 8057. (f) Kawai, K.; Saito, I.; Sugiyama, H. Am. Chem.

Soc 1999 121, 1391. (g) Kawai, K.; Saito, I.; Kawashima, E.; Ishido,
R.; Sugiyama, H.Tetrahedron Lett.1999 40, 2589. (h) Oyoshi, T.;

"Tokyo Medical and Dental University. Kawai, K.; Sugiyama, HJ. Am. Chem. So@003 125, 1526. (i) Xu, Y.;
* Kyoto University. Sugiyama, H.J. Am. Chem. Soc2004 126, 6274. (j) Tashiro, R.;
(1) (a) Howard-Flanders, F.; Boyce, R. P.; TheriotNature1962 195 51. Sugiyama, H.J. Am. Chem. Soc2003 125 15282. (k) Oyoshi, T.;
(b) Rupp, W. D.; Prusoff, W. HNature 1964 202 1288. Wang, A. H.-J.; Sugiyama, HJ. Am. Chem. Soc2002 124, 2086.
(2) (a) Blatter, E. H.; Ebright, Y. W.; Ebright, R. HNature 1992 359, 650. (I) Fujimoto, K.; Sugiyama, H.; Saito, [Tetrahedron Lett.1998 39,
(b) Willis, M. C.; Hicke, B. J.; Uhlenbeck, O. C.; Cech, T. R.; Koch, T. H. 2137-2140. (m) Xu, Y.; Tashiro, R.; Sugiyama, Nat. Protoc.2007, 2,
Sciencel993 262 1255. (c) Hicke, B. J.; Willis, M. C.; Koch, T. H.; 78—-87.
Cech, T. RBiochemistryl994 33, 3364. (d) Ogata, R.; Gilbert, WProc. (4) (a) Ito, T.; Rokita, S. EJ. Am. Chem. So003 125, 11480. (b) Ito, T.;
Natl. Acad. Sci. U.S.AL977, 74, 4973. Rokita, S. E.Angew. Chem., InEd. 2004 43, 1839.
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radical? We have demonstrated electron transfer from protein a ODN1
to DNA by using this property. 5-CZALUTGC-3

As the reactivity of®'U residues in DNA has been used in
much biochemical and chemical research, understanding the

detailed mechanisms of the photochemistraf-containing A
DNA is important to the development 8fU-based assays. It I
has been shown that the photoreactivity B8 is highly b DN

dependent on the DNA sequerf@é316.7 For example, we
found that photoirradiation of the self-complementary 5 5-COALUTGC3
(GCAP'UGC)-3 sequence efficiently produces&CLUGC)-

3 (L = ribonolactone), with concomitant release of an adenine A “ U
base3! Because efficient photoreaction &tJ was observed —* ODN5
when the A was located at a site on tHes#sle of the?’U in the C
duplex DNA, we initially proposed sequence-specific electron
transfer from the 5A to the®'U. Because the oxidation potential

of G is much lower than that of A, the' &P'U-3' sequence L

was expected to show more efficient photoreactivity. However, ~—A M\J

almost no reaction was observed in this sequence. Therefore, 1'0 2;) 0

we assume that the lack of photoreactivity aB35'U-3' is due Retention time (min)

to a rapid back electron-transfer mechanf$i. Figure 1. HPLC analysis of UV-irradiated ZAABIUTGC-3 (ODN1),
Recently, we found that the flanking sequence of thaBU- 5'-CGAABrUTGC-3 (ODN3), and 5CIAABrUTGC-3' (ODNS). L indi-

3 significantly affects the photoreactivity 8fU.6 We demon- cates the 2deoxyribonolactone. The reaction mixture containing BrU-

. L . modified ODNs (0.1 mM total base concentration) in 50 mM sodium
strated that photoirradiation 8fU-substituted DNA fragments cacodylate buffer (pH 7.0) in the presence of 50 mM NaCl was irradiated

efficiently generates ribonolactone residues &/ C)AAB'U- at 0°C using a monochromator (302 nm) for 10 min.
Bry-3' and 3-(G/C)AB'UB'U-3' sequence$.Using synthetic

oligonucleotides, we found that the same photoreactivities were Scheme 1 GO
maintained in the '5(G/C)AAB'UT-3' sequence, giving ribono- 5.CGAAB'UTGC-3'  hv " O%0 + A
lactone as a major product. Using synthetic oligonucleotides, 3-GCTT A ACG-5' Soutac

we found that not only A residues but also G residues are

important for this photoreaction. This observation led us 10 5 cGAABUTGC-3/5-GCAATTCG-3 (ODN3) provides a
propose a new mechanism in which the G residue is an eIECtronribonolactone-containing product,-6GALUTGC-3 (L =

donor for®U, with the A or AA residues between the donor  yih,nolactone residue) as a major product with an efficiency
and acceptor preventing back electron transfer. In this study, gimilar to that of d(CGARUB'UCG), (Scheme 1§, we
detailed analysis of the photoreaction® at these hotspot introduced a series of purine derivatives at N 6ICRAAB'-
sequences was performed using various types of modified yTGc-3 and examined their photoreactivities. HPLC profiles
oligonucleotides containing &-5'UT-3' sequence to elucidate 4 photoirradiated ODN1,3,5 are shown in Figure 1, the rest of
the essential factors in this photoreaction. HPLC profiles are shown in Figure S1, and the results of
guantitative analysis of the photoreactions are summarized in
Table 1.

Role of Purine Derivatives on the Photoreactivity of the It was found that the yield of ribonolactone-containing
Hotspot Sequences.Our research group and others have products increased with decreasing ionization potentials (IP) of
proposed that a charge-transfer process is essential for thehe purine bases in ODN#4, B'G < G < MeOG < Z: almost
photoreactions of'U.3»3!7 Because the oxidation potential of  ng ribonolactone was observed in the case of A (ODN5) and |
G is the lowest among those of the four DNA bases (G, A, T, (ODN6) (Figure 2). These results clearly indicate that the G in
C=124,169, 1.9, 1.9V, respectivefve anticipated that  the 5-GAAB'UB'U-3' sequence acts as an electron donor, even
G was the putative electron donor in the hotspot sequences. Tothough it is not oxidized itself.
test this hypothesis, the photoreactivity of various oligonucle- Recently, Kawai and Majima demonstrated that charge
otides in which the putative electron donor G was replaced with ransfer from G is controlled by the introduction of a methyl or
various modified purine bases such as hypoxanthine (1), promo group at the C5 position of paired C’s through hydrogen
8-bromoguanine¥G), 8-methoxyguaniné’¢°G), 7-deazagua-  ponding of the G/C base paf.That is, electron-donating
nine (Z) with different oxidation potentials ¢ 1.40 V,M9G 5-methylcytosine \eC) enhances the charge-transfer process,
=1.08V, Z=0.95 V)??Because we have already shown that \yhereas electron-withdrawing 5-bromocytosifeC] reduces
the process. Thu¥!eC or B'C was introduced into the comple-

Results and Discussion

(5) Tashiro, R.; Wang, A. H.-J.; Sugiyama, Aroc. Natl. Acad. Sci. U.S.A.

2006 103 16655. mentary strand (ODN7 and ODNB8), and the resultant photore-
(6) Watanabe, T.; Bando, T.; Xu, Y.; Tashiro, R.; Sugiyama) HAm. Chem. activities were compared with that of ODN3 (Figure S1).
So0c.2005 127, 44. L . .
(7) (a) Cook, G, P.; Greenberg, M, M. Am. Chem. Sod.996 118 10025. Quantitative analyses of the photoirradiated ODNs are sum-

(b) Chen, T.; Cook, G. P.; Koppisch, A. T.; Greenberg, M.JMAm. Chem. marized in Table 1 and Figure 2. Significant enhancement and
S0c.200Q 122, 3861.

(8) (a) Lewis, F. D.; Letsinger, R. L.; Wasielewski, M. Rcc. Chem. Res.

2001, 34, 159. (b) Lewis, F. D.; Wu, YJ. Photochem. Photobiol.: 2001, (10) (a) Kawai, K.; Wata, Y.; Hara, M.; Tojo, S.; Majima, J. Am. Chem.
2, 1. S0c.2002 124, 3586. (b) Kawai, K.; Osakada, Y.; Fujitsuka, M.; Majima,
(9) Ikeda, H.; Saito, 1J. Am. Chem. So0d.999 121, 10836. T. Chem. Biol.2005 12, 1049.
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Table 1. Photoreactivity? of B'U-Containing Various
Oligonucleotides with Various Base Pairs

Adenine Ribonolactone Conversion

ODN Sequence (%) (%) (%) Egx(V)  IP(eV)®

1 5-CZAAPUTGC-3'
¥-GCTT A ACG-5'

S-CMOGAABUTGC-3 + b
3G C TT A ACG.S 13£1.0  12+0.5  19+0.5 1.08 5.20

3 5CANUIOCS 69802 56803  15:05 1248 550

16£0.5 14205 25205 095 512

[

4 5-CPGAARUTGC-3'
PO AATUTECT 51201 26402 89403 nd  5.69
5 SWCIAAPUTGC <0 <01 1.2¢04  140°  6.13
3-GCTT A ACG-5'
6 S-CAAABUTGC-3
TGIITAACGS 01 <01 05803 169 642
7 5-CGAABUTGCY
SCOANTUICCS 97403 10510 17410 nd 530
8 SCOAAPUTGCS 4604 38402 93:03  nd 559

3-GHCTT A ACG-5'

aQbtained from ref 8° Obtained from ref 9¢ Adiabatic IP values of
the various base pairs were calculated at HF/6-31G* levels using Gaussian
03 and Spartan 04.Reaction conditions were the same as in Figure 1.
The yields of reaction products and conversion$af-containing DNA
were determined based on AP of starting ODN by comparing their HPLC
peak areas.

16
Figure 3. Schematic presentation of base stacking of (BAGGAAB'-

14 UTC-3/5-GAATTCGT-3 and (b) 3ACCAABUTC-3/5-GAATTGGT-
3 (lower). Base stacking of 85A-3'/5'-TC-3 and 3-CA-3'/5'-TG-3 (top).
G, B'U, and A are shown in red, blue and white, respectively.

-
N

g
. 10
% Table 2. Photoreactivities? of Various B'U-Containing
2 8 | Oligonucleotides with Guanine Derivatives in the Complementary
2 Strand
< 6
2 Adenine Ribonolactone Conversion
e 47
g ODN Sequence %) %) %)
2 5'-C C AAPUTGC-3'
. ‘ . ‘ | ‘ 9 L GeGT TAACG.S 110.1 9.7+0.3 2120.5
Br, «Br, . -Me, MeO ' =1
A I ¥G GPC GC GMC MG Z 10 3CCAATUTGCS (601 46x0.1 1420.1
high > oW ) '
5'-CCAAPUTGC-3
IP (eV) 11 3.GTTTA A CG.5 <0.1 <0.1 <0.1
Figure 2. Plot of the oxidation potential of various base pairs vs yield of y o4 A B ,
ribonolactone. 12 ;_g é{?:% AHT&S'S% 8.240.4 7.4£0.2 17+1.0
reduction were observed with ODN7 and ODNS8, respectively. 13 S-CUCAAPUTGC3 43403 3.240.2 12+1.0

L ) o 3-G G TT A ACG-5'
These results clearly indicate that the electron-donating ability

of guanine determines the efficiency of the ribonolactone  aReaction conditions are the same as in Figure 1.

formation and gives further support that G acts as an electron

donor for the photoreaction at the hotspot sequences. with the electron-donating ability of C. These results clearly
Influence of Guanine in the Complementary Strand. indicate that the electron-donating properties of the G derivative

Polyacrylamide gel electrophoresis (PAGE) analysis of the in the complementary strand also directly affect the reactivity

photoirradiated 5-halouracil-containing DNA fragments indi- of the octanucleotides. These results strongly suggest that the

cated that 5CAP'UB'U-3' and 3-CAABrUB'U-3 sequences have G in the complementary strand of theGAAB'UT-3' sequence

photoreactivities similar to those of the GAB'UB'U-3' and 3- acts as an electron donor.

GAAB'UBU-3' sequence%.In fact, photoirradiation of 5 Similarly, we examined the effects of the electron-donating

CCAAB'UTGC-3/5-CGAATTGG-3 (ODN10) provided the properties of cytosine derivatives on the complementary strand

ribonolactone-containing octamer with the same efficiency as (ODN12, 13). As shown in Table 2, the amounts of ribonolac-

that of ODN3. These results clearly suggest that the G in the tone correlate well with the electron-donating ability of C, which

complementary strand can also act as an electron donBitfor are similar to the results shown in Table 1. The results clearly

To test this hypothesis, two oligonucleotides posses¥iiG indicate that the introduction of an electron-donating group to

(ODN9) and | (ODN11) were synthesized and their photore- C enhances the photoreactivity and further supports that the G
activities compared with that of £CAAB'UTGC-3 (ODN10). in the complementary strand is a source of electrons.

HPLC analysis of the photolyates of ODN2@2 is shown in In order to investigate why the G on the complementary strand

Figure S2. Quantitative analyses of the photoproducts, sum-acts as the electron donor f8itJ, the stacking interactions of
marized in Table 2, indicated that the amounts of ribonolactone the G’s on the same or complementary strand and those of A
from photoirradiated ODN9, ODN10, and ODN11 correlate well were examined. As shown in Figure 3, there is a considerable

J. AM. CHEM. SOC. = VOL. 129, NO. 26, 2007 8165
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Table 3. Photoreactivities of Various B'U-Containing Oligonucleotides with Different Numbers of A/T Bridges between the Donor and
Acceptor?@

5-CX(A),PUTATC-3 X=GorZ

3'-GC(T), A ATAG-5' n=0-6

X=0G X=z
n ODN adenine (%) ribonolactone (%) conversion (%) ODN adenine (%) ribonolactone (%) conversion (%)
0 14 <0.1 <0.1 <0.1 21 <0.1 <0.1 0.5+ 0.3
1 15 1.7+ 04 1.1+ 0.2 2.7+ 05 22 2.8+0.3 2.1+ 0.3 4.7+ 0.2
2 16 0.2 47+0.4 12+ 0.5 23 8.5+ 0.5 7.9+ 0.1 15+ 0.7
3 17 2.7+0.3 21+ 04 5.6+ 0.1 24 15+ 0.5 14+ 0.7 26+ 1.7
4 18 1.5+£0.1 1.0+ 0.2 2.7+0.1 25 3.3+0.3 2.3+0.2 5.8+ 0.1
5 19 <0.1 <0.1 <0.1 26 <0.1 <0.1 0.9+ 0.1
6 20 <0.1 <0.1 <0.1 27 <0.1 <0.1 0.4+ 0.2

aThe reaction conditions are the same as those for Figure 1, except for the irradiation period of 5 min.

stacking interaction between G and A in theGAABUT-3'/ photolysates are shown in Figures-S9.. Analogous to the
5-AATTC-3' and B-CAABUT-3/5-AATTG-3' sequences, reaction of ODN17, no formation of ribonolactone &CGz8'-
which may explain the similar reactivities of these sequences. UTATC-3'/5-GATAACG-3' (ODN21, without an A/T bridge)
These results suggest that a base-stacking overlap is importantvas observed. The amount of ribonolactone increased as the
for charge transfer: for efficient charge transfer the two purines, number of A/T bridges increased from one to three, and
G and A, or A and A, are not necessarily on the same strand gradually decreased with more than four, as shown in Figure
but the A and®'U should be on the same strand. 4. These results clearly indicate that the optimal numbers of

Effect of Number of Adenines between the Electron Donor  A/T bridges for G and Z as electron donors are two and three,
and Acceptor in the Hotspot SequencesThe above examina-  respectively. The reason for the different numbers of A/T bridges
tion suggests that in the hotspot sequences thé @péiream  for G and Z is presumably due to the different rates of back
of 'U acts as an electron donor and #6T sequence acts as  electron transfer. Thg-values were evaluated as 0.20 and 0.53
an electron acceptor. The charge transfer between donor and -1 respectively (Figure 5). Analogoysvalues for G and Z
acceptor along DNA is known to depend on the sequence andhave been reported previoudy.

distance’™ ¢ Therefore, the efficiency of charge transfer  pocron Density of the AT Bridges. Using the modified
between the elef:tron donor (G or ) gnd th_e acceptGft oligonucleotides, we demonstrated that the (Afirjdge gives
separated by various numbers of (A/bJidges in double strands o st efficient reaction, with charge separation between G
was examined. ODNs 140 were synthesizéd and their (gjactron donor) and'U (electron acceptor). However, the

pholtorgactfiviges ﬁompar(ejrq. 'I(;he results (:f Hgl,‘c prk())lduct sequencing experiments clearly demonstrated that the cleavage
analysis of the photoirradiated ODNs are listed in Table 3. at the 5-(G/C)AAB'UB'U-3' site is almost the same as that at

Consiert i e provus esuls o PIOOTAAGA | e S-GICPSUSUS st I the PCR-ampfied DA -

. ) o ' ments used, A always pairs witfiU, and we thought that'u
of trrllborlolactz;l_? zt %CGBfUTATg-S 5 'S'AIQACG'S (?D:c\ll,ﬁ) might change the oxidation potential of A to alter the efficiency
without-an rlage was observed. 1he amount of rbono- - ¢ o charge separation. To assess this hypothesis, we next

:c?g;?gi;ntgrteasegngm;;geaﬂu?:frré;;gT 'tt)rrll?rgsrse 'tr;](;r??ﬁ:gg examined the effect of a base opposite the A bridge by using
WO, gradually ed wi "uracil (U) and 5-bromouracil®{U). As shown in Table 3, the
as shown in Table 3. The yield of ribonolactone from the . oL . .
. . o . photoirradiation of ODN15 gave ribonolactone with a 1.1%
oligonucleotides with different numbers of A/T bridges ¢an ield. which anifi vl han that of ODN16. Wh
be explained by the different rates of back electron transfer yield, which was sign! |cqnty owgrt an that of O 6. en
"the T was replaced with uracil (ODN28) or bromouracil

which are distance dependent (see Figure 4). Wher0D or 1, . .
back electron transfer is much faster than the release of bromide(ODNzg)’ acceleration of the photoreactivity was observed

. : (Figure S12). The yields of' 5I(CGLUTAC)-3 from ODN28
ions, whereas fon > 2, the back electron transfer is slow .

o - - and ODN29 were 2.0% and 3.5%, respectively (Table 4). These
enough to allow release of bromide ions from anion radicals of results stronal t that the electronic_effect of pairin
BrU, the lifetime of which was estimated as 7%i¢Jnder such tﬁsu ts stro gby tsugges_tt dat tﬁ eilc ° Ctﬁ ec hoh %a 9
conditions, the charge-transfer process depends on the distanceb. yrg{ne C_?rr]] s ransmlbet.t 0 i N acgmrf]?h roug ty rogen
The 8 value was evaluated as 0.20A(Figure 5). Iontlng. € t_romo s f ' uein dotr;w ho ytmlne acts as an

Similarly, the effects on photoreactivity of the number of A/T electron-accepling group 1o retard the charge-ransport process.

bridges between the donor Z and acceftIT were investi- These results clearly_ explain .the disprepancy between the
gated. Quantitative analyses of the products from photoirradiatedOllgomer and sequencing experiments, in that the (AbTige

ODN21—27 are summarized in Table 3. HPLC profiles of the 'S OPtimal in the oligonucleotide experiments and tha(&

C)AAB'UB'U-3' and 3-(G/C)AB'UB'U-3' are the hotspot se-

(11) Kelley, S. O.; Barton, J. KSciencel999 283 15. quences irf'U-containing DNA fragments.
(12) Vvalis, L.; Wang, Q.; Raytchev, M.; Buchvarov, |.; Wagenknecht, H. A,; . .
Fiebig, T.Proc. Natl. Acad. Sci. U.S./2006 103 10192. Proposed Mechanism for the Photoreaction at the Hotspot

(13) Lewis, F. D.; Liu, J.; Weigel, W.; Rettig, W.; Kurnikov, I. V.; Beratan, D. i i i i i~
N, Proc. Natl. Acad. St U.S./2005 99, 12536, SequenceF?rewous investigations demonstrated that an .eff|C|ent
(14) Senthilkumar, K.; Grozema, F. C.; Guerra, C. F.; Bickelhaupt, F. M.; Lewis, photoreaction at the hotspot sequence occurred with three
Bo0s e, aoq Ramer. M. A; Siebbeles, L. D. 4. Am. Chem. Soc. - elements: G as the electron donor, the stackifl as the
(15) Rivera, E.; Schuler, R. H.. Phys. Chem1983 87, 3966. electron acceptor, and A/T as a bridge between the electron

8166 J. AM. CHEM. SOC. = VOL. 129, NO. 26, 2007
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Ll Scheme 2

5 3 5 3 5 3
1471
12+ -G - —G.+ - —G.+ .
10 —A - —A = — A -

8r €
— =A = —|-A == -

— T_ 0 )

4: 7z \‘. U - oy ] BT = U
GJ i B — T == T | - — T =
z2r N
J i S
o] 1 2 3 4

Yield of ribonolactone (%)

0 E 3 5 3 5' 3 5
n 5| 3! 51 3: 5! 3-
Figure 4. Amount of ribonolactone produced with different numbenrs ( ¢t - G e
of intervening bridge bases (A/T)s. B B - bl
L A€ —A == — A -—
9 o lA 9 o A H,0 0.
— . mm — jj_', - Y O o
o o A ©
U [ — U = U [
\ T - . - T -
=
—_— 3 5' 3 5 3' 5'
of the guanine cation radical by back electron transfer frorh C1
radical is more favorable than oxidation of guanine after charge
. . separation in the hotspot sequence.
oo L E‘ o7 T8 The ESI-Mass analysis demonstrated the incorporati#0of
Distance (A) atoms into the ribonolactone wheRGGAAABUB'UCG-3 was
Figure 5. In(K) plotted against the G (blue) and Z8'U (pink) distance. photoirradiated in K808 These results clearly demonstrated

The linear fit with data points give® = 0.20 A1 for G andg = 0.53 A1 ; ;
for Z. The value of doneracceptor distance is obtained from ref 16. The that HO is the source of the Cbxygen of the ribonolactone.

yield of ribonolactoneK) is obtained from Table 3. The reaction of the ribose Ckation with HO generates
ribonolactone with concomitant release of free adehiReevi-

Table 4. Photoreactivities® of Various *U-Containing ously, we found specific charge transfer within a four-base

Oligonucleotides with Different Bridges between the Donor and

Acceptor s-stack in Z-form DNASI Similar activation of charge transfer
was observed withMeOG substitution. HoweverMeOoG is
ODN Sequence Ad(‘:/f’;"e Ribﬂfi‘;'?cw“c Cﬂﬂ(‘%ﬂio" effectively oxidized to imidazolone within the four-basestack.
> - > The different reactivities in these two cases is presumably due
5'-CGAPUTATC-3' 30401 2.040.1 4.6£0.5 to the different distances between and reactivities of the forming

28 3, .
3-GCU A ATAG-5 . ) -
radicals and cation radical of G.

5-CG A BrUTATC-3'

29 3 7GCMU A ATAGLS' 47£02  3.520.1 7.4x0.1 Conclusion
5-CG A A BUTATC-3' . . . - . .
0 S GeRUnU A ATAGS  1E08  3.0:01 7,902 In this study, using various modified oligonucleotides, the

mechanism of ribonolactone formation if+(®&/C)AABUT-3'

_ o _ and 3-(G/C)AP'UT-3 was extensively investigated. The results

aThe reaction conditions are the same as those for Figure 1, except for .
the irradiation period of 5 min. clearly demonstrated that hotspot sequences consist of a G
donor, 88'UT acceptor, and an A/T bridge. The photoreactivity

donor and acceptdrFrom these observations, the proposed was influenced by the base stacking of ig-T,® the oxidation
mechanism for the efficient photoreaction &&AAB'UB'U-3' potential of the donor, and the number of A/T bridges. These
sequences is as shown in Scheme 2. Initial charge transfer occursesults suggest that the photoreactivity may be controlled using
from G to electron-deficient stack&fUT to provide the anion nucleic acid derivatives with different oxidation potentials and
radical. Release of the bromide ion generates a uracil radical,by adjusting the distance between the electron donor and
which abstracts the Clhydrogen from the adjacent'-2 acceptor. Moreover, at the hotspot sequence, the photoreaction
deoxyadenosine at the-8ide. Oxidation of the Clradical by was very efficient compared to that at other sequences under
the guanine cation radical gives rise to a'Q@htion and irradiation conditions. Therefore, these results suggest an
regeneration of the guanine. It has been suggested that trappingmportant finding that can lead to a basic understanding of
of the guanine radical cation by oxygen is very slow (in photocross-linking between 5-halouracil-containing DNA and
milliseconds).’ This may explain the reason why the reduction -DNA-binding proteins. Moreover, as the guanine is an electron

(16) Wagenknect, H.-ACharge Transfer in DNAWiley-VCH: Weinheim, (17) Stemp, E. D. A,; Arkin, M. R.; Barton, J. K. Am. Chem. S0d997, 119,
Germany, 2005; pp #91. 2921.
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donor at the hotspot sequence and the structure of 5-halouracil Analysis of Photoirradiated Oigonucleotides Containing 5-Bro-
is similar to thymine, substantial DNA conformational change mouracil. The reaction mixture (total volume 1) contained 100
does not result. Therefore, the hotspot sequence found in thes¢M S-bromouracil-containing deoxyoligonucleotide, 50 mM sodium
studies is useful for understanding the nature of charge transferc@codylate (pH 7.0), and 50 mM NaCl. Irradiation was performed with
along DNA. These results indicate that in duplex structures, 302 nm mc_:nochromauc UV light at @ for 10 min. After |_rrad|at|on,
uracil-5-yl is not generated in a sequence-independent mannerre“;1Ct|0n mllxt.ures were afnalyzsd b?’] HPLC equipped W't? a 5-ODS-H
but is selectively generated at-@/C)AATT-3' or 5-(G/C)- tolumn. Elution was performed with 50 mM ammonium formate (pH

By ? ) . = 6.5) containing 8-12% acetonitrile over a linear gradient for 40 min
ATT-3"in ®'U-substituted DNA under UV-irradiation conditions. 4t 4 flow rate of 1.0 mL/min at 46C. The yields of reaction products

Informgtiqn on such sequence de.pen(-jenci%hbfcontaining and conversions dfU-containing DNA were determined based on 10
DNA is important information in discussing the hotspot M solution of starting ODN by comparing their HPLC peak areas.
sequences for photoinduced damagePtf-substituted DNA Characterization of Ribonolactone-Containing Oligonucleotides.

as well as foP'U-containing DNA-protein photocross-linking. ~ The HPLC fractions of putative ribonolactone-containing oligonule-
The activation mechanism 8fU through charge transfer from otides were collected and concentrated. The residue was dissolved in
guanine derivatives is also important for the application of the 50 4L of 10 mM sodium cacodylate buffer (pH 7.0), and then the

photoreactivities of'U. The present results also suggest that MXture was heated at S for 20 min; 1QuL aliquots of each, before
the incorporation of Z at a specific sequence enhances theand after heating, were analyzed by HPLC. Elution was performed with

- . L 50 mM TEAA (pH 7.0) containing 9% acetonitrile over a linear
efficiency of DNA_prOtem .phOtocrOS.S'lmkmg' gradient for 50 min at a flow rate of 1.0 mL/min at 4. Formation

The predominant formation of uracil-5-yl at@5/C)AATT- of 5-methylenefuranone from each sample was observed. Authentic
3' or 5-(G/C)ATT-3 sequences iA'U-substituted DNA might 5-methylenefuranone was generated from ribonolactone containing the
have significant biological impact. Recently, we have demon- hexamer, d(GCLUGC) (L= 2'-deoxyribonolactone). ESI-TOF MS
strated that a tryptophan residue of a protein acts as an electror{negative**¢ESI-MS (negative) for 5SCZALUTGC-3 (ODN1) calcd
donor for8U. The modulation of the sequence specificity of 2274.38, found 2274.59; for "EV*OGALUTGC-3 (ODN2)

BrU in the presence of protein needs to be addressed in the futurec@lcd 2303.58, found 2305.57; fof-6GALUTGC-3 (ODN3) calcd
2275.37, found 2275.55; for'&B"GALUTGC-3 (ODN4, -7, -8)

Experimenta| Section calcd 2353.28, found 2353.60; fof-6CALUTGC-3 (ODN9, -10)
calcd 2236.43, found 2236.55; for6M*CALUTGC-3 (ODN12) calcd
General Methods. Deoxyoligonucleotides were purified by high  2249.38, found 2249.42; for' & CALUTGC-3 (ODN13) calcd
performance liquid chromatography (HPLC) with a Jasco PU-980 2313.28, found 2313.35; for £GLUTATC-3 (ODN15, -28, -29)
HPLC pump, a UV-975 HPLC UV/vis detector, and a Chemcobond calcd 2250.24, found 2250.61; fo-6GALUTATC-3' (ODN16, -30)
5-ODS-H column (4.6< 150 mm) (Chemco Scientific, Osaka, Japan). calcd 2563.59, found 2563.72; for-6GAALUTATC-3' (ODN17)
A-, G-, C-, and T-3-cyanoethyl phosphoramidites were purchased from calcd 2876.77, found 2876.91; fol-6GAAALUTATC-3' (ODN18)
Applied Biosystems (Forster City, CA). Cyanoethyl phosphoramidites calcd 3189.54, found 3189.11; fol-6ZLUTATC-3' (ODN22) calcd
of modified nucleotides such as 5-bromee2oxyuridine, 5-iodo-2 2249.37, found 2249.22; for 'ELZALUTATC-3' (ODN23)
deoxyuridine, 7-deaza-2leoxyguanosine, 8-methoxy-@eoxygua- calcd 2562.43, found 2562.76; for6ZAALUTATC-3' (ODN24) calcd
nosine, 2deoxyinosine, 8-bromo-zleoxyguanosine, 5-methyl-2 2875.49, found 2875.88; for £ZAAALUTATC-3' (ODN25) calcd
deoxycytidine, and 5-bromo-2leoxycytidine were purchased from  3188.55, found 3188.72.
Glen Research (Sterling, VA). Syntheses of deoxyoligonucleotides were  Method of Calculations. The DNA models were built up using
performed on an ABI 3400 DNA synthesizer (Applied Biosystems). |nsight Il (Accelrys, San Diego, CA) program with standard B form
Concentrations of DNA were determined by Beckman DU650 spec- helical parameters (pitch, 3.38 A; twist, B6ilt, 1°). Molecular orbital
trophotometer (Fullerton, CA) of UV absorption at 260 nm. Electrospray calculations were performed at HF/6-31G* levels utilizing Gaussian
ionization time-of-flight mass spectrometry (ESI-TOF-MS) was per- (03 and Spartan 04. The adiabatic IPs were calculated by computing
formed on a Bruker Bio TOF Il (Bruker Daltonics, Billerica, MA). the difference in energies between the neutral base pair system and the
Photoirradiation at 302 nm was performed in Eppendorf tubes using cation radical with the energy minimized structures.

(Ubes were postioned § mm fom he-ouler f the gase fher and | /\cknowledgmen. We thank Prof. K. Kawal (Osaka Un'-
irradiated for 5 or 10 min (1.1% 10 photons/s). The number of versity) for useful comments Qn thls manu_sc_rlpt. This study was
partly supported by a Grant-in-Aid for Priority Research from

incident photons was measured using a 75l multimeter (Fluke . . . .
Corporation, Everett, WA). The photoreactions were carried out under the Ministry of Education, Science, Technology (JST). R.T. is

aerobic conditions. a research fellow of the Japan Society of the Promotion of
Synthesis of DeoxynucleotideOligonicleotides were prepared by ~ Science. This paper is dedicated to the memory of Prof.
solid-phase DNA synthesis on a controlled-pore glass supparn(i) Yoshihiko Ito.

by using DNA synthesizer and were purified by reverse-phase HPLC.  sypporting Information Available: HPLC analysis of pho-

Synthesized oligonucleotides were confirmed by enzymatic digestion girradiated ODNSs. This material is available free of charge via
and by ESI-MS. Enzymatic digestion is performed with endonuclease the Internet at http:/pubs.acs.org

P1 (0.3 units/mL, Boehringer Mannheim, Germany) and alkaline
phosphatase (1000 units/mL, Boehringer Mannheim). JA0692736
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