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Abstract: To explore the structure-dependent hydrogen abstraction in antiparallel and parallel G-quartet
DNA structures, the photochemical reactivity of 5-iodouracil (U)-containing human telomeric DNA 22-mers
was investigated under the 302 nm UV irradiation conditions. We discovered that only antiparallel ODN 4,
in which the second T residue in the diagonal loop of the antiparallel G-quartet is substituted with 'U, was
rapidly consumed as compared with parallel ODN 4 and the other 'U-containing 22-mers under the irradiation
conditions. Product analysis of the photolyzate of antiparallel ODN 4 indicated that a 2'-deoxyribonolactone
residue was effectively produced at the 5’ side of the 'U residue in the diagonal loop. Photochemical 2'-
deoxyribonolactone formation was also found in the 'U-containing diagonal loop of antiparallel G-quartets
d(GGGGTTT'UGGGG), and d(GGGGTT'UTGGGG),, whereas the reaction did not occur at other DNA
structures, including the single-stranded form, the loop region of the hairpin, and linear four-stranded
G-quartets. The results clearly indicate that this type of 2'-deoxyribonolactone formation efficiently occurrs
only in the diagonal loop of the antiparallel G-quartet. Furthermore, we found that 2'-deoxyribonolactone
was formed at the 'U-containing G-rich sequence of the 1gG switch regions and the 5' termini of the Rb
gene, suggesting the formation of an antiparallel G-quartet with a diagonal loop in these sequences. These
results suggest that the present photochemical method can be used as a specific probe for the antiparallel
G-quartet with the diagonal loop.

Introduction The DNA of human telomeres consists of repeats of the nucleo-
tide sequence TTAGGG, ending in a single-stranded segment
that overhangs at the end of the double-stranded DNA helix.
The single-stranded repeats can form four-stranded G-quartet
structures3-16 The solution structure of d[AGGG(TTAGGE})

in the presence of Naions has been elucidated by NMR
analysist’ This showed an antiparallel G-quartet structure in
which the opposing GGG columns are antiparallel with one
diagonal and two lateral TTA loops (Figure 1). On the other
hand, the same four-repeat human telomere sequence adopts a
completely different G-quartet architecture in a crystal grown
in the presence of Kions8 In the crystal structure, four core

DNA tetraplexes, otherwise known as DNA quadruplexes or
G-quartets, are four-stranded DNA structures formed by G-rich
sequences:.® Although G-quartets have thus far been studied
only in vitro, they are attracting increasing attention because
of their postulated involvement in a variety of biological pro-
cesses. For example, telomeric DNA is fundamental in protect-
ing the cell from recombination and degradatféDisruption
of telomere maintenance leads to eventual cell death, which can
be exploited for therapeutic intervention in cancer treatrfiet.

T Tokyo Medical and Dental University.

#Kyoto University. GGGs are parallel, with the three linking external loops posi-
8 ggﬂd%“.isé ”\é\/érlt-:mg,t lﬁé\lfggg! 532941?)%481245—529- tioned on the exterior of the G-quartet core. These results suggest
(3) Kang, C.; Zhang, X.: Ratliff, R.; Moyzis, R.; Rich, Aature 1992 356, that d[AGGG(TTAGGGj] can form both antiparallel and

126-131. - i -
(4) Hackett, J. A.; Feldser, D. M.; Greider, C. \@ell 2001, 106, 275-286. parallel G-quartets and_these wo Coniormatiggos can be modu
(5) Lei, M.; Podell, E. R.; Baumann, P.; Cech, T.Rature2003 426, 198~ lated by the concentration of Naand K" ions!®:
203.
(6) Han, H.; Langley, D. R.; Rangan, A.; Hurley, L. . Am. Chem. Soc.
2001, 123 8902-8913. (11) Shay, J. W.; Zou, Y.; Hiyama, E.; Wright, W. Bum. Mol. Genet2001,
(7) Tuntiwechapikul, W.; Jeong, T. L.; Salazar, M.Am. Chem. SoQ001, 10, 677— 685
123 5606-5607. (12) Blackburn, E. HNature 1991, 350, 569-573.
(8) Mergny, J. L.; Lacroix, L.; Teulade-Fichou, M. P.; Hounsou, C.; Guittat, (13) Smith, F. W.; Feigon, Nature 1992 356, 164—168.
L.; Hoarau, M.; Arimondo, P. B.; Vigneron, J. P.; Lehn, J. M,; Riou, J. F.;  (14) Wang, Y.; Patel, D. Biochemistry1992 31, 8112-8119.
Garestier, T.; Helene, Rroc. Natl. Acad. Sci. U.S.£001, 98, 3062- (15) Horvath, M. P.; Schultz, S. Q. Mol. Biol. 2001, 310, 367—377.
3067. (16) Schaffitzel, C.; Berger, |.; Postberg, J.; Hanes, J.; Lipps, H. Jkiun,
(9) Mergny, J.-L.; Riou, J.-F.; Malilliet, P.; Teulade-Fichou, M. P.; Gilson, E. A. Proc. Natl. Acad. Sci. U.S.£001, 98, 8572-8577.
Nucleic Acids Res2002 30, 839-865. (17) Wang, Y.; Patel, D. Structure1993 1, 263—-282.
(10) Arthanari, H.; Bolton, P. HChem. Biol.2001, 8, 221—230. (18) Parkinson, G. N.; Lee, M. P.; Neidle, SBature 2002 417, 876-880.

6274 m J. AM. CHEM. SOC. 2004, 126, 6274—6279 10.1021/ja031942h CCC: $27.50 © 2004 American Chemical Society



Photochemical 2'-Deoxyribonolactone Formation ARTICLES

. - -
a b Lateral loop thymine at the 5side®* In the present study, the photoreactivity

of 5-iodouracil {U)-containing telomeric DNA was investigated

to explore the structure-dependent hydrogen abstraction in
antiparallel and parallel G-quartets. The results demonstrate that
'U in the diagonal loop of antiparallel G-quartets undergoes an
extremely facile photoreaction to produce’ad2oxyribonolac-
tone residue with the release of a nucleic acid base. This study
has determined the detailed relationship between the G-quartet
structure and photoproduct so that the potential of this photo-

T A chemical method can be realized for detecting the G-quartets.
External TTA loop A T
5 5'A Diagonal loop Experimental Section
Figure 1. Schematic representations of the folded structures of {AG . . . . . .
(T2AGs)d. (a) The K-stabilized crystal structure, with TTA external loops Synthesis of OligonucleotidesU-containing oligonucleotides were

abutting the sides of the G-quartet and parallel GGG columns. (b) The Na prepared by the phosphoramidite method on controlled pore glass
stabilized solution structure, with one diagonal and two lateral TTA. The supports (xmol) by using a Beckman OLIGO1000 DNA synthesizer.

blue and red boxes represent guanine base in the anti and syn conformationsafter automated synthesis, the oligomers were detached from the
respectively. support, deprotected, and purified by HPLC. The oligomers were

Several other G-rich sequences have also been proposed aiglentifit_ed by electrospray ionization mass spectrometry (E_SI—MS) on
showing biological functions through the formation of a a Perkin-Elmer SCIEX API 165 mass spectrometer (negative mode).

G-quartet. For instance, G-quartets have been associated WithThe purity and concentrations of these oligomers were determined by

it ifi i bination in i lobuli itch complete digestion of the oligomers with alkaline phosphatase and P1
site-specific genetic recombination in immunoglobulin switch - 0 ‘adeoxymononucleosides.

regions (IgG) and the insulin gene-linked polymorphic region  oyantitative HPLC Analysis of Photoirradiated Mixtures. The
(ILPR).2122 Furthermore, it is also suggested that G-quartets reaction mixture (total volume 10@L) contained'U-modified oligo-
form in the promoter regions of the retinoblastoma susceptibility nucleotides (0.3 mM total base concentration) in 2 mM sodium
genes (Rb) and the c-MYC oncogetie?® raising intriguing cacodylate buffer (pH 7.0) in the presence of 100 mM NaCl or 100
possibilities for controlling gene expression by G-quartet mM KCI in a microcentrifuge tube (0.6 mL). After irradiation with
formation. In most of these studies, the inaccessibility of the monochromatic 302 nm UV light (HM-5 hypermonochromator, Jasco)
N-7 position of guanines to dimethyl sulfate (DMS) and atO"C'for 10 min,_l()uL ofthe aliquotwa_s analyzed by HPLC. HPLC
anomalous electrophoretic mobility nondenaturing gels were analysis was carried out with a Cosmosil 5C18-MS column; for ODNs
used as diagnostics for the G-quartet forma#o#.Although 18 elution was done with 0.05 M TEAA containing-a1%
there have been many reports on the formation of various acetonitrile, in a linear gradient at a flow rate of 1.0 mL/min for 50

G hod of chemical . h disti . hmin, at 40°C; for ODNs 7 and 8, elution was done with 0.05 M
-quartets, a method of chemical reaction that can distinguis ammonium formate containing-L1% acetonitrile, in a linear gradient

antiparallel and parallel G-quartets has not been reported. FOr(30 min) at a flow rate of 1.0 mL/min, at 46C. Quantum vyield
several years, we have investigated the photoreaction of measurements were carried out at@® on the monochromator (302
5-halouracil-containing DNA as a probe of DNA local confor- nm). The photopower of this photoreaction at 302 nm was21%-3
mation. It has been found that hydrogen abstraction of the J/s. Each reaction mixture (10Q) was monitored by UV absorption
deoxyribose backbone by-#eoxyuridin-5-yl generated from  at 302 nm assuming extinction coefficientsegé, = 1200 Mt cm™!
5-halouracil under 302 nm irradiation is atom specific and highly (Na‘-form), 1060 M* cm™* (K*-form), andesoz = 910 M~* cm™* ('U
conformation dependent. For example, competitive- @hd modified the double-stranded telomeric DNA, Table 1). The reaction
C2a-hydrogen abstractions are observed in B-DRA mixture (10(_)ML) was irradiated at 302 nm at for 1_0 min, and 10
whereas selective Ghydrogen abstraction occurs in the A-like L of the aliquot was analyzed by HPLC, as described above.

. Characterization of the Photoproduct of 1. The reaction mixture
31 - -
structure of DNA-RNA hybrids:™ In Z-form DNA, stereospe (total volume 10QuL), which contained 0.3 mM (base concentration)

cific C2'-hydrogen abstraction gives rise to'Gzhydroxyla- ODN 4 in 2 mM sodium cacodylate buffer pH 7.0 in 100 mM NacCl,
tion:3233In protein-induced DNA kinks, photoirradiation causes  as irradiated at 6C for 10 min. The HPLC fractions df, eluted at
intrastrand hydrogen abstraction from the 5-methyl group of 30.1 min, were collected and concentrated. The residue was dissolved
in water (10 mM sodium cacodylate buffer pH 7.0), and then the
mixture was heated at € for 10 min. Aliquots of 1QL each, before

(19) zZhang, X. Y.; Cao, E. H.; Zhang, Y.; Zhou, C. Q.; Bai, C.J..Biomol.
Struct. Dyn.2003 20, 693-701.

(20) Phan, A.'T.; Patel, D. J. Am. Chem. SoQ003 125 1502}-15027. (Figure 4b) and after heating (Figure 4c), were analyzed by HPLC.
(21) Sen, D; Gilbert, WNature 1988 334, 364-366. HPLC analysis was carried out with a Cosmosil 5C18-MS column:
(22) Catasti, P.; Chen, X. m.; Moyzis, R. K.; Bradbury, E. M.; Gupta,JG. . . o L .
Mol. Biol. 1996 264, 534-545. 0.05 M ammonium formate containing—A5% acetonitrile, linear
(23) Murchie, A. I. H.; Lilley, D. M. Nucleic Acids Res1992 20, 49-53. gradient (30 min) at a flow rate of 1.0 mL/min, at 0. The formation
(24) f|1n71<2)nsson, T.; Pecinka, P.; Kubista, Micleic Acids Resl998 26, 1167 of products2 and3 as major peaks together with a minor peak eluted
(25) Siddiqui-Jain, A.; Grand, C. L.; Bearss, D. J.; Hurley, L.Rioc. Natl. at 10 min was observed. The minor peak is assumed to be 5-methyl-
Acad. Sci. U.S.A2002 99, 11593-11598. enefuranone which comigrated with the product generated from
(26) Henderson, E.; Hardin, C. C.; Walk, S. K.; Tinoco, I.; Blackburn, E. H. . - ! R
Cell 1987 51, 899-908. ribonolactone containing the hexamer, d(GCLUGC)~L2'-deoxyri-
27) E\3/;/3i(l)liamson, J. R.; Raghuraman, M. K.; Cech, T.Gell 1989 59, 871— bonolactone$® The HPLC fractions o and 3 (retention times 18.5

(28) Sugiyama, H.: Tsutsumi, Y.: Saito L Am. Chem. S0499Q 112, 6720~ and 19.1 min) were collected and concentrated. The mixtu&awfd
6721.

(29) Sugiyama, H.; Tsutsumi, Y.; Fujimoto, K.; Saito,J. Am. Chem. Soc. (32) Kawai, K.; Saito, I.; Sugiyama, H.. Am. Chem. S0d.999 121, 1391~
1993 115 4443-4447. 1392.

(30) Sugiyama, H.; Fujimoto, K.; Saito, I.; Kawashima, E.; Sekine, T.; Ishido, (33) Oyoshi, T.; Kawai, K.; Sugiyama, H. Am. Chem. So2003 125 1526—
Y. Tetrahedron Lett1996 37, 1805-1808. 1531.

(31) Sugiyama, H.; Fujimoto, K.; Saito, Tetrahedron Lett1997 38, 8057 (34) Oyoshi, T.; Wang, A. H.-J.; Sugiyama, Bl. Am. Chem. So002 124,
8060. 2086-2087.
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Table 1. Product Analysis in the Photoreaction of 5-lodouracil-Containing Oligonucleotides for Different Structures?

¥ /—\
Structure
I
Sequence d(GTGCT'UACG) d(AG3T,AG;TIUAG;T,AG3)/ 1y T CGTCGT-5
d(TC3A;TC3A;TC3A,TCs) A GCAGCA-3'
2'-deoxyribonolactone 0(2%) 0(1%) 0(2%)
in Na* ions (%)
2'-deoxyribonolactone 0(1%) 0(1%) 0(1%)

in K* ions (%)

f 1 1 1 (\ /\ /\
—_ " T ~ ""FI —
= ] i sl

[d(T'UG,T))4 [d(G4TTTIUGY),, [dG,TTUTGYL, d(AG;T,AG;TIUAG;3T,AG3)
0(1%) 90 (50%) 89 (35%) 95 (60%)
0(2%) 90 (51%) 90 (35%) 0(2%)

aThe reaction mixture that containéld-modified ODNs (0.3 mM total base concentration) in 2 mM sodium cacodylate buffer (pH 7.0) in the presence
of 100 mM NacCl or 100 mM KCI was irradiated at°@ with a monochromator (302 nm) for 10 min. The numbers in parentheses are the consumption of

ODNSs.
70 I ODN 1:5'-AGGG UTAGGGTTAGGGTTAGGG-3'
2] ODN 2: 5/ TFUA 3
ODN 3: 5 TUTA 3
&0 / [HIODN 4: 5" TUA 3
[T T A 77y S—
- Ty -
& 50l
0
5
S 40
5
5 30
g
E 90
w
f =y
o
3 10
ol
ODN1 ODNZ ODN3 ODN4 ODNG ODNE ODN1 ODNZ2 ODN3 ODN4 ODNG ODNE

NaCl KCI

Figure 2. HPLC analysis of the degree of consumed ODN$10.3 mM
base concentration) in 2 mM sodium cacodylate buffer (pH 7.0) in the
presence of 100 mM NaCl or 100 mM KClI after 10 min irradiation by UV
light (302 nm) at 0°C. The inset indicates the position 'bf.

3 was dissolved in water, and then the solution was subjected to
enzymatic dephosphorylation with alkaline phosphatase (100 units/ml).
HPLC analysis of the hydrolysate indicated the formation of d(AGGGT-
TAGGG) and d(UAGGGTTAGGG) by comparison with the authentic
oligomers. Structures ol, d(AGGGTTAGGG), and d(UAGGGT-
TAGGG) were further confirmed by ESI-MS. ESI-MS (negative) for
1, calcd 6684.2, found 6684.1; for d(AGGGTTAGGG), calcd 3148.1,
found 3148.0; for A(UAGGGTTAGGG), calcd 3438.2, found 3438.0.

Results and Discussion

studies®36 Although different monovalent cations dramatically
alter the G-quartet topologdi,#° the reasons for the remarkable
difference are yet to be fully elucidatét.However, it is
assumed that K ions (ionic radius of 1.51 A) are invariably
sandwiched between adjacent guanine tetrads, whereaipina
(1.18 A) can sometimes be coordinated within a tetfad/e

also investigated the photoreactivities of antiparallel and parallel
ODNs 1-6 under the 302 nm irradiation. HPLC analysis of
photolyzate indicated that the amount of consumed ODNS 1
after 10 min photoirradiation varied significantly with the
orientation of the G-quartet and the incorporated positiotJof
(Figure 2). Surprisingly, more than 60% of antiparallel ODN 4
was consumed whenyTn the middle of the diagonal loop was
substituted witHU. Antiparallel ODN 3 in which T at the 5

side of the diagonal loop was substituted withwas slightly
consumed (7%). Other antiparallel ODNs witli in a lateral
loop were not consumed<@%), indicating thatU residues in

the diagonal loop are photoreactive; in particular, 'thén the
middle of the diagonal loop has significant photoreactivity. In
marked contrast to the photoreactivity of the antiparallel ODN,
the parallel ODNs 16 were not consumed<@%) under the
same irradiation conditions. Under 30 min irradiation, most of
the antiparallel ODN4 was consumed, whereas consumption of
parallel ODN4 and other ODN possesslibgat different places
was found to be less than 10% (data not shown). The observa-
tions indicated that such a highly efficient photoreaction
uniguely occurs in the diagonal loop. The results suggest that
the photoreactivity ofU-containing G-quartets highly depends

To explore the structure-dependent hydrogen abstraction inon differences in the loop structures of the G-quartet conforma-

antiparallel and parallel G-quartets, one of the six thymine (T)
residues in 22-mer human telomeric DNAEAGGGT; T,
AGGGT;T/AGGGTsT(AGGG)-3 was substituted withU to
generate six kinds of oligodeoxynucleotides, ODN$XFigure

2). The CD spectra of ODNs-16 and unsubstituted 22-mer

tions.

To understand the molecular basis of the high photoreactivity
of the antiparallel ODN 4, product analysis of photoirradiated
ODN 4 in the presence of Naor K* ions was investigated in

exhibit a positive band at 295 nm and a negative band around(35) Nakatani, K.; Hagihara, S.; Sando, S.; Sakamoto, S.; Yamaguchi, K.;

265 nm in the presence of 100 mM Nadons, which is
characteristic of an antiparallel G-quartet structirén the
presence of 100 mM Kions, these showed a negative band

Maesawa, C.; Saito, 1. Am. Chem. SoQ003 125, 662-666.

(36) Balagurumoorthy, P.; Brahmachari, S.JXBiol. Chem1994 269 21858~
21869.

37) Ren, J.; Qu, X.; Trent, J. O.; Chaires, J.Micleic Acids Re2002 30,
2307—-2315.

around 240 nm and a remarkable increase in the 260 nm CD(38) Philiips, K.; Dauter, Z, Murchie, A. I. H.; Lilley, D. M.; Luisi, BJ. Mol.

band as compared with the CD spectra in 100 mM NacCl,
indicating a parallel G-quartet structure (Figure 1S, Supporting
Information). Similar CD spectra have been reported in other

6276 J. AM. CHEM. SOC. = VOL. 126, NO. 20, 2004

Biol. 1997, 272, 171-182.

(39) Wyatt, J. R.; Davis, P. W.; Freier, S. Biochemistry1996 35, 8002~
8008.

(40) Oliver, A. W.; Kneale, G. GBiochem. J1999 339, 525-531.

(41) Neidle, S.; Parkinson, G. Nurr. Opin. Struct. Bial2003 13, 275-283.



Photochemical 2'-Deoxyribonolactone Formation ARTICLES

(a) (b)

0 min ODN 4 0 min ODN 4

10 min 10 min ODN 4
1
ODN 4
;T
) J |
A | S
T T T T T I I I T T
0 10 20 30 40 5 o 10 20 30 40 50
retention time (min) retention time (min)

Figure 3. HPLC analysis of UV-irradiated ODN 4 in 2 mM sodium cacodylate buffer (pH 7.0) in the presence of (a) 100 mM NacCl (antiparallel) or (b)
100 mM KCI (parallel). (top) Before irradiation; (bottom) after 10 min of irradiation (302 nm) &€.0

detail. Before irradiation, a single peak of ODN 4 was observed (a) ;
at a retention time of 37.1 min in both cases (Figure 3). In the d(AGGGTTAGGGp

antiparallel G-quartet, 10 min irradiation resulted in the forma- >0

tion of a new peak at 30.1 min (produt} with concomitant OpUAGGGTTAGGG

release of free thymine, which eluted at 2.7 min (Figure 3a).
Quantitative analysis indicates that the yieldldfom photoir-
radiated ODN 4 in the antiparallel structure wa85% based ’

on the consumed ODN 4 with a quantum yield of %903 /
relative to the double-stranded telomeric DNA with a lower Wh_aﬁﬁ_ﬁ” !
quantum yield of 1.3x 107°> M~ cm~%32 On the other hand, b ,

the consumption of parallel ODN 4 in the presence ofiéns 3

was low (2%), with almost no generation of such product (Figure d(AGGGTTAGGGP) d(PUAGGGTTAGGG)

3Db). To elucidate the structure of proddg¢the HPLC fractions
containing productl were collected and lyophilized. Upon
heating at 9C°C for 10 min at neutral pH 7.0, 70% df was
found to decompose t@ and 3 with retention times of 18.5 1

and 19.1 min, respectively (Figure 4b). TreatmenRaind 3 L\_A

with alkaline phosphatase produced d(AGGGTTAGGG) and | e
d(UAGGGTTAGGG), indicating tha? and 3 are their phos-

phorylated DNA fragments (Figure 4c). The structure efas © d(UAGGGTTAGGG)

further confirmed by ESI-MS analysis (Figure 2S, Supporting
Information). These results indicate tHaits a 2-deoxyribono-
lactone-containing 22-mer produced from the'-@fdrogen
abstraction of adjacentsTby the 2-deoxyuridin-5-yl radical
(Scheme 1). The high photoreactivity of ODN 4 in antiparallel
G-quartet and the poor photoreactivity of ODN 4 in parallel |

d(AGGGTTAGGG) 1

G-quartet can be explained by comparison of the two structures —
(Figure 5)1718 |n the parallel G-quartet, the adenine in TTA 16 2‘0 3'0
linking the external loop is swung back so that it intercalates retention time (min)

between the two thymines. It is reasonable to assume that therigure 4. HPLC of (a) isolatedl, (b) the productsZ, 3) of heating
intercalated adenine base prevents hydrogen abstraction. Irfréatment, and (c) the dephosphorylation product2ainds3 after treatment
contrast, there is no such intercalation of adenine base in theWIth alkaline phosphatase.

diagonal loop structure of the antiparallel G-quatfahereby 5-yl radical in the lood?43 Furthermore, the NMR structure
allowing the C1-hydrogen abstraction by thé-&eoxyuridin- suggests that thé-Beoxyuridin-5-yl is close to the Ghydrogen

J. AM. CHEM. SOC. = VOL. 126, NO. 20, 2004 6277
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Na*-form

Diagonal loop External loop

Figure 5. (top) Structure of photoirradiated oligonucleotide d(AGGGTTAGBEAGGGTTAGGG) (ODN 4) based on the X-ray crystal structure{K
form) and NMR structure (Naform), and (bottom) a close-up view of the loop region. Guanines are in blue, C5 of U is in pink, abstracted-hydrogen of
Tisin cyan, and T, U, and A are in red, yellow, and green, respectively.

Scheme 1 examined (Table 1). These structures included the single-
d(AGGGTTAGGGT'UAGGGTTAGGG) (ODN 4) stranded form of d(GTGCUACG), the double-stranded telo-
meric sequenced (AGGTTAGGBIAGGGTTAGGG)/d(CCCT-
hv (302 nm) l 10 min AAC-CCTAACCCTAACCCT), the hairpin duplex of d(TGCT-
T GCTUAGCAGCA), and the linear G-quartet [d{GUG4T)]4
d(AGEGTTAGGEPO— 5 o in the presence of Kor Na" ions. We found that these oligo-
uﬁ\. NH mers did not efficiently producée-2leoxyribonolactone residues,
C|> | ,go and the consumption of the starting oligomers was very low
-0— I|3| (¢} o N under the present irradiation conditions (Table 1). In contrast,
0 p the dodecamer d(GGGGTTTTGGGG), which is known to form
/1 OPAGGGTTAGGG) an_a_ntiparallel G-quartet in the presence of &t Ng* ions
l efficiently produced the "2deoxyribonolactone residues when
T; or Tg in the diagonal loop was substituted with (Figure
d(AGGGTTAGGGPO 3S, Supporting Information). As control experiments, the
—p‘ photoreactivities of d(AGGGTTAGGGUAGGG) and d(GGG-
OPUAGGGTTAGGG) T'UAGGGTTAGGG) where one loop and strand was deleted

from d(AGGGTTAGGGTUAGGGTTAGGG) were investi-
of the adjacent 3as compared with the other hydrogens in the gated in the presence of'kor Na“ ions. Neither consumption
diagonal loop (Figure 5, Naform). Moreover, under irradiation  of the starting oligomers 2%) nor formation of the "2
conditions for the ODNs%6 in the presence of 100 mM  deoxyribonolactone residue was observed in both cases. These
2-propanol, the photoreduced uracil (U)-containing 22-mer was experiments further confirmed that this type 6d2oxyribono-
obtained in 56-80% vyield, indicating that the'zleoxyuridin- lactone formation efficiently and specifically occurred in the
5-yl radical was generated frotty at all sites. In the case of  diagonal loop of antiparallel G-quartets and did not depend on
ODN 4, the 2-deoxyribonolactone residue was competitively monovalent cations present in the photoreaction. The above
formed with U-containing 22-mer under these conditions. The results suggest an intriguing possibility that this type of
results clearly indicate that the Chydrogen in the diagonal  photoreaction can be used as a specific probe for parallel
loop of ODN 4 is located at a favorable position for hydrogen G-quartets with a diagonal loop.

abstraction by the 'Zeoxyuridin-5-yl radical. These results IgG switch regions participate in a process of regulated DNA
further confirmed that hydrogen abstraction in the antiparallel deletion, during which one or more constant regions are excised
G-quartets by 2deoxyuridin-5-yl generated froh is highly to join the expressed variable to a new constant retfidine
conformation dependent. Rb gene encodes a nuclear phosphoprotein that acts as a tumor

To elucidate the structural requirement for the efficient suppressor by affecting the cell cyéfeThese G-rich sequences
formation of 2-deoxyribonolactone in loop regions, the pho- have been proposed to form G-quartet structures by DMS
toreactivity of various'U-containing DNA structures was  protection experiments and nondenaturing gel electrophoresis.

(42) Tronche, C.; Goodman, B. K.; Greenberg, M. ®hem. Biol.1998 5, (44) Schultze, P.; Hud, N. V.; Smith, F. W.; FeigonNiicleic Acids Res.999
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Figure 6. HPLC analysis of UV-irradiated ODN 7 (left) and ODN 8 (right)
in 2 mM sodium cacodylate buffer (pH 7.0) in the presence of 100 mM
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Figure 7. Schematic showing the kinduced G-quartet forms of I1gG (a),
and Rb (b), that are consistent with photochemical probing results. (c)
Generic G-quartet-forming sequence, om four G-rich tracts hydrogen

that photoproductd and5 (~90% yield) were obtained as the
major products with release of free guanine or thymine (Figure
6). The photoproductd and5 were found to be 2deoxyribo-
nolactone-containing oligomers, confirmed by the same method
as described in the characterizatioridfFigure 4S, Supporting
Information). This highly efficient 2deoxyribonolactone pro-
duction strongly suggests the formation of an antiparallel
G-quartet with a diagonal loop for these G-rich sequences.
Figure 7a,b shows the proposed G-quartet structure based on
the present photochemical method. It consists of two stacked
G-tetrads and a diagonal four-base loop for both IgG and Rb.
It is noted that our proposed structures are consistent with the
previous results of gel electrophoresis and DMS protection
experimentg123 Previously used methods, such as CD spec-
troscopy, gel electrophoresis, and small molecular probes, can
be applied to studying the structure of DNA, but they report
the average conformation of the entire sample and cannot be
used to pinpoint local conformational differendéddere, the
photochemical reactivity depends on an intrinsic property of
the G-quartet; the yield of the photoproducts can reflect the
conformation of G-quartet during irradiation, even the detailed
loop structure in the G-quartet.

It has been pointed out that there are numerous potential
G-quartet forming sequences in many important géhdhe
sequence motif required for intrastrand G-quartets can be written
GrNmGrNmeGrNmsGr, wheren is the number of guanine tetrads
andml, m2, andm3 are the loop lengths, where the diagonal
loop (Np) is common in the sequence motif (Figure 7c). We
found that the photoreactivity &f)-containing telomeric DNA
depends on the orientation of the G-quartet, in which the 2
deoxyribonolactone residue is effectively produced only in the
diagonal loop of the antiparallel G-quartet. The present photo-
chemical method could be used as a conformational probe to

bond to form tetrads, which then stack to form the G-quartet stem; 1, 2, detect G-quartets with the diagonal loop in vitro.

and 3 form the three loops.

Supporting Information Available: CD measurement (Figure

However, the detailed structures have not been elucidated. TOlS), ESMS analysis (Figure 2S), HPLC analysis of UV-irra-
test the efficacy of the present photochemical method, the giated variousU-containing DNA structures (Figure 3S), and

photoreactions of thitJ-substituted IgG switch regions and the  Hp|_C profile of 3—12 (Figure 4S). This material is available
5' termini of the Rb gene were examined. The photoirradiation free of charge via the Internet at http:/pubs.acs.org.

(302 nm) of 5d(AGGGGAGCTGGGMAGGTGGGA)-3
(ODN 7) (IgG) and 5d(CGGGGGGTIUTGGGCGGC)-3
(ODN 8) (Rb) in the presence of 100 mM KCl in 2 mM sodium
cacodylate buffer (pH 7.0) was performed at® for 30 min.
HPLC analysis of the photolyzate of ODN 7 and 8 indicated
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