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Variations in DNA Charge Transport with Table 1. Long-Range Oxidative Damage in DNA Sequences
Nucleotide Composition and Sequence Functionalized with the Tethered Photooxidant Rh(imy 3"
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Long-range oxidative damage to DNA has been demonstrated !
in experiments using a variety of remotely bound oxidants. 3! -TGL CTCGGCAMLALICOGEATA-S "¢ AR3 35405
However, the mech.anism(s) by Whjch charge is. transported ,,;‘%mcmmmmm_y AT 10402
through the base pair stack needs still to be established. Recen 3'-??;‘ ;“““Cﬂ'ff‘”'m“’im‘-s”
theoretical proposals bring together tunneling and hopping mech- 'AC"} GAGCCGAAAAAAAIGCCGTAT-3 " T4 22404
anisms to describe charge transgo@n the basis of measure- 3"_“:;"5““““”“"‘”““““’5"
ments of damage vyield, it has been proposed that charge transpor ac] Gacecs? TGCCGTAT-3 AA4 28401
occurs by hopping between guanine sites and tunneling through S'i‘ﬁ' ;“GGWW“““““
TA steps’ In accord with guanine hopping, oxidative damage - M‘B-Gmsmm-,--ﬂ_mwm_g, ATa 18502
over long distances was not observed wheéfarATATA-3’ 3100 T CICOOCATATATATCOCCATR-3 T R
intervened between G sités?honon-assisted polaron hopping 'na‘ra’c'mcwa,-.;_ AMIGCCOTAT-3' oo 04403
has been suggested as an alternative mechdnisithis model, 3“_?_‘3 ;‘“ ***** TTTCAGCATA=5 "
the sequence-dependent conformational dynamics of DNA are I'm’ﬁanaccaf;";";'-r-r-rf;rfrmccaTnT‘3' AAS 12401
expected to aid in charge transport. 31-18 ;“““‘W"‘“'A“"“"C““““'s”
These different proposals have led us to investigate systemati- “:’J;ﬂ GAGCCGTATATATATAGOCGTAT-3' )= 13401
cally the effect of intervening base composition and sequence on 3'-T6 ~ CTCGCATATATATATCAGCATA-S " ! T
i Aati i ; Q0
long-range oxidative DNA damage. Here, we vary the intervening (0w, cceararaceraraccearar—s: TAGC 06401

sequence between two oxidatively sensitive sites without varying 3'-me 0 ezcascaraTcaaTarcacchTa-5 "+

overall base composition. Oxidative damage can occur up t0 200 “a'gequences isolated and purified as described previéu@yly

A from the site of hole injection; sequence-dependent effects were e A diastereomer was used. The photooxidant is shown intercalated

attributed to variations in sequence-dependent structure andinto its primary binding site based on the photocleavage patterns. *

flexibility. 1° Recent ultrafast spectroscopic studies have shown denotes the site 6P labeling. ® Conditions are described in Figure

that base dynamics may gate charge transparid fluorescence 1. Values represent averages of three trials.

studies on DNA assemblies containing bound donors and accep-

tors have underscored the sensitivity of fluorescence quenching(phi = phenanthrenequinone diimin®)the rhodium complex

to stacking'? promotes damage to the-& of the guanine doublet by photo-
Table 1 shows substrates designed to examine long-rangeinduced electron transfer. Irreversible trapping of the guanine

charge transport through sequences rich in AT base pairs. Eachradical by HO and Q, once generated, is assumed to be

sequence contains tw&-6G-3 doublets!® one proximal and one  independent of variations in the global DNA sequence, since each

distal to the tethered intercalating photooxidant, Rhbipiy 3* 5'-CGGC-3 site is identical in its local sequence context. The
(1) Hall. D. B.. Holmlin. R. E.: Barton, J. KNature 1996 382 731735 ratio in ylelq of da_mage at the-@ of the B-GG-3 for th(_e distal
(2) Gasper, S. M.; Schuster, G. B. Am. Chem. Sod997, 119, 12762. versus proximal sites then provides a measure of relative transport
(3) (a) Hall, D. B.; Kelley, S. O.; Barton, J. KBiochemistry1998§ 37, efficiency through the intervening sequertlé@he damage yield
5333- (b) Arkin, M. R.; Stemp, E. D. A.; Barton, J. Khem. Biol.1997 4, is determined by treatment of th&3P-labeled oligonucleotide
(4) Meggers, E.; Kusch, D.; Spichty, M.; Wille, U.; Giese Ahgew. Chem.,  With piperidine, followed by polyacrylamide gel electrophoresis
Int. Ed. Engl.1998 37, 460-462. . . _ and phosphorimagert’1°
Sug’))/ asnfgoh'j '\,ﬂ(agﬁg% Té;og%gaatirgh}(iizggg]ﬁkeas'7Y'; Yamaguchi, K.; Figure 1 shows the phosphorimagery after photooxidation of
(6) (a) Bixon, M.; Jortner, . Phys. Chem. BO0Q 104, 3906. (b) Bixon, ~ AA-2, TT-2, and AT-2. For these assemblies, the base pair
M.; Giese, B.; Wessely, S.; Langenbacher, T.; Michel-Beyerle, M. E.; Jortner, composition between proximal and distal guanine doublets is
i~ _PFfeOCt- Nat:\-/IAZaJd- Fs)ﬁ'- U'CSHA%%R%%’ 01%‘1134‘(103) Bg”g" Y. 'I“-; _Bl;”?ty AA constant, although the sequence of bases varies. If the mechanism
K" Pollard, W. T.: Fricener. R. AJ. Phys. e o) See Ay Felts A of charge transport were strictly a function of hopping between

(7) (&) Meggers, E.; Michel-Beyerle, M. E.; Giese, B.Am Chem. Soc guanine site8/ one would expect the distal/proximal ratio of

1998 120, 12950. (b) Giese, B.; Wessely, S.; Spormann, M.; Lindemann, U.; oxidative damage for these assemblies to be equal. On the basis
Meggers, E.; Michel-Beyerle, M. Angew Chem., Int. Ed. Engl999 38,

996, of data obtained by others fol-BTAT-3'’ little distal oxidation
(8) Nakatani, K.; Dohno, C.; Saito,J. Am. Chem. So4999 121, 10854. might be expected for all assemblf@As is evident in Figure 1
(9) (a) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, G.

B. Proc. Natl. Acad. Sci. U.S.A999 96, 8353-8358. (b) Ly, D.; Sanii, L.; (15) Holmlin, R. E.; Dandliker, P. J.; Barton, J. Bioconjugate Chem.

Schuster, G. BJ. Am. Chem. S0d.999 121, 9400-9410. (c) Conwell, E. 1999 10, 1122-1130.

M.; Rakhmanova, S. VWProc. Natl. Acad. Sci. U.S.200Q 97, 4556-4560. (16) (a) Hall, D. B.; Barton, J. KJ. Am. Chem. S0d 997, 119 5045-
(10) Niflez, M. E.; Hall, D. B.; Barton, J. KChem. Biol.1998 6, 85—97. 5046. (b) Rajski, S. R.; Kumar, S.; Roberts, R. J.; Barton, J.lam. Chem.
(11) Wan, C.; Fiebeg, T.; Kelley, S. O.; Treadway, C. R.; Barton, J. K.; Soc 1999 121, 5615-5616.

Zewail, A. H. Proc. Natl. Acad. Sci. U.S.A.999 96, 6014-6019. (17) Chung, M.-H.; Kiyosawa, H.; Ohtsuka, E.; Nishimura, S.; Kasai, H.
(12) (a) Kelley, S. O.; Barton, J. KSciencel 999 283 375-381. (b) Kelley, Biochem. Biophys. Res. Commd®92 188 1—-7.

S. O.; Holmlin, R. E.; Stemp, E. D. A,; Barton, J. K.Am. Chem. S04997, (18) Cullis, P. M.; Malone, M. E.; Merson-Davies, L. A. Am. Chem.

119 9861-9870. (c) Kelley, S. O.; Barton, J. KChem. Biol.1998 5, 413. So0c.1996 118 2775-2781.

(13) The 3G of 5-GG-3 sites is preferentially oxidizeti (19) These piperidine labile lesions correlate linearly with oxidative damage
(14) Sugiyama, H.; Saito, . Am. Chem. Sod 996 118 7063-7068. as revealed by enzymatic treatment; Rajski, S., unpublished results.
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oligonucleotide length from four to eight intervening base
pairs?4?>Furthermore, in contrast to that predicted by a guanine-
hopping model, insertion of a GC step into the otherwis& A
bridge actuallydecreasethe efficiency of charge transport (Table

1, TAGC). This result provides clear evidence that strict guanine
hopping cannot describe long-range DNA-mediated charge trans-
port in this systeni® Alternative mechanisms which involve
hopping also among other bases are requited.

We propose that the variations observed with sequence and
DIST. =G * - . Iength_ must _depend also upon the conformational dynamit_:s
- associated with these sequences. In contrast to hole hopping
Figure 1. Phosphorimagery of a denaturing 20% polyacrylamide gel. Models developed primarily for aromatic crystélibere electronic
Shown are the results from sequences containing four base pairscoupling between bases is dynamic and sequence-dependent. For
intervening between distal and proximal guanine doublets, AA-2, AT-2, the AA oligonucleotides, the efficiency of charge transport may
and TT-2. Sequence designations are as in Table 1. For each assemblygepend on the extensive overlap of the stacked purines. Moreover,
lanes are as f°"tF’WS:. 3"}*3 GH c *thT'fa”d c fh‘f)t"" Z"_axatmﬁ”tbeﬁt A-tracts are well known to adopt conformations that differ from
sequencing reactions, shows the fragment atter airect pholocleavagqy, oy 4t canonical B-form DNA! The increase in damage ratios

at 313 nm for 10 min without piperidine treatment; 365 nm shows the = ."" " . . . .
fragment after irradiation at 365 nmrfd h at 23°C, followed by with increasing length for TT sequences is consistent with the

piperidine treatment; DC (dark control) shows samples not irradiated but Cooperative formation of conformational domains in longer A-tract

treated with piperidine. All samples containedu® metal complex- DNA structures; bends seem to require a nucleating core of five
tethered duplex, 20 mM Tris-HCI, pH 8, 10 mM NacCl. Sites of proximal adenines? In our system, convergence of the oxidation ratios
and distal 5GG-3 damage are indicated. occurs in the duplexes containing six or moreTAbase pairs
‘- between the guanine doublets. Critically, the result we obtain with
—n— AR 5'-TATA-3', which may contrast previous repoftsan now be
=] o —+= TT . . . . .
B3 s . o AT viewed in a systematic conte®As with the A-tracts, the increase
- —~ A TAGC . . . . . .
g s v in transport efficiency with lengthening of this segment may also
?é § 2 reflect some conformational transition associated with the longer,
£X ordered sequence; no precedence for such a finding is available.
221 Rather than considering hopping from guanine to guanine, we
e g might considehopping between domain€ertainly, our results
Yo show that a simple guanine hopping model cannot account for

40 ; 45 50 55 60 " 65 charge transport through long sequences of DNA. These observa-
Distance from Site of Rh Intercalation (A) tions underscore the impact on DNA charge transport of sequence-

Figure 2. Plot of the distal/proximal guanine oxidation ratio versus the = gependent conformational domains and their dynamics.
distance from the intercalation site, based upon data in Table 1. Distances

are estimated from the primary intercalation site, established by direct
photocleavage at 313 nm, assuming 3.4 A stacking. Acknowledgment. We are grateful to the NIH for financial support
(GM49216). We also thank the NSF for a predoctoral fellowship for
and quantitated in Table 1, this is not the case. Instead, we find T.T.W. and the NRSA for a predoctoral training grant to D.T.O.
significant distal oxidation and the ratio to be consistently higher
for the AA assemblies and lower for the TT and AT assemblies.

On the basis of energetic consideratims well as poor stacking Supporting Information Available: Phosphorimagery of a denaturing

. 0% polyacrylamide gel showing long-range oxidative damage in DNA
overlap, the TT sequences m.'ght be expecte(_j to be the poores ssemblies (PDF). This material is available free of charge via the Internet
conduits for charge transpaftSimilar considerations dictate that at http://pubs.acs.org

adenine tracts should yield efficient charge transport, and duplexes
containing AT-tracts might be expected to show damage in the JA001552K

intermediate range.

. Table.l also shows thehefLECt. of flncreasmg tt:]e le.ngtl:ﬁg;tﬁ]e (24) Local denaturation might arise in longer AT segments. However,
intervening segment. On the basis of a guanine hopping €l,  parallel experiments carried out a6 yielded analogous results.
increasing the number of adenines or thymines between the (25) Interstrand electron transfer may occur in longer sequences.

guanine doublets should result in marked decreases in long-range , (26) The rhodium excited state appears to be sufficiently potent to oxidize
all of the bases’ Nonetheless, hole hopping must be fast relative to thermal

guanine oxidation; indeed, with this mechaniSrane would relaxation at a site to account for oxidative damage at a distal gu#hine.
expect negligible oxidative damage at the distal site. However,  (27) Turro, C.; Evenzahav, A.; Bossman, S. H.; Barton, J. K.; Turro, N. J.
as is evident in Figure 2, it is treequencef bases that is critical. ~ Inorg. Chim. Actal996 243 101-108.

. . (28) Dee, D.; Baur, M. EJ. Chem. Physl974 60, 541-560.
Increasing the length of the AA sequence only slightly decreases  (59) our data provide neither support nor refutation of the phonon-assisted

the guanine oxidation ratio, consistent with the shallow distance polaron hopping model.

dependence expected for hole hopping throagjhthe bases. Ri c(gO)S(a& !—% Ecl)?ng, IO'..J%‘r]t-n(e:PeJm-C igﬁﬂ%?]bs?i%G%Zgg- {%)856‘”’ J. L
Remarkably, in the case of the TT and AT assemblies, there (31) Crothers, D. M. Drak, J.: Kahn, J. D.. Levene, SMathods Enzymol.

appears to be aimcreasein oxidation ratios with increasing 1992 212 3-29.
(32) (a) Crothers, D. M., personal communication. (b) Price, M. A.; Tullius,

(20) Sequence contexts, oxidants, and reaction conditions vary. T. D. Biochemistry1993 32, 127-136. (c) Nadeau, J. G.; Crothers, D. M.
(21) (a) Steenken, S.; Jovanovic, S.¥ Am. Chem. S0d 997, 119 617. Proc. Natl. Acad. Sci. U.S.A989 86, 2622-2626.
(b) Seidel, C. A. M.; Schultz, A.; Sauer, M. H. Phys. Chem1996 100, (33) The low charge transport efficiency for AT-2 seen here, on a relative
5541. basis, may be consistent with earlier repéft$he explanation may rest instead
(22) We assay charge transport to the strand containing't8&53. Phi upon the increased flexibility and poor overlap associated WiHRAS A-
complexes intercalate over both straftiEhus, hole injection into both strands 3.3
and interstrand charge transfémay occur. (34) (a) Dickerson, R. ENucleic Acids Res1998 26, 1906-1926. (b)

(23) Kielkopf, C. L.; Erkkila, K. E.; Hudson, B. P.; Barton, J. K.; Rees, D.  Kim, J. L.; Nikolov, D. B.; Burley, S. K.Nature 1993 365, 520-527. (c)
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