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Abstract: DNA assemblies containing 4-methylindole incorporated as an artificial base provide a chemically
well-defined system in which to explore the oxidative charge transport process in DNA. Using this artificial
base, we have combined transient absorption and EPR spectroscopies as well as biochemical methods to
test experimentally current mechanisms for DNA charge transport. The 4-methylindole radical cation
intermediate has been identified using both EPR and transient absorption spectroscopies in oxidative flash-
guench studies using a dipyridophenazine complex of ruthenium as the intercalating oxidant. The
4-methylindole radical cation intermediate is particularly amenable to study given its strong absorptivity at
600 nm and EPR signal measured at 77 K with g = 2.0065. Both transient absorption and EPR
spectroscopies show that the 4-methylindole is well incorporated in the duplex; the data also indicate no
evidence of guanine radicals, given the low oxidation potential of 4-methylindole relative to the nucleic
acid bases. Biochemical studies further support the irreversible oxidation of the indole moiety and allow
the determination of yields of irreversible product formation. The construction of these assemblies containing
4-methylindole as an artificial base is also applied in examining long-range charge transport mediated by
the DNA base pair stack as a function of intervening distance and sequence. The rate of formation of the
indole radical cation is =107 s~ for different assemblies with the ruthenium positioned 17—37 A away from
the methylindole and with intervening A—T base pairs primarily composing the bridge. In these assemblies,
methylindole radical formation at a distance is essentially coincident with quenching of the ruthenium excited
state to form the Ru(lll) oxidant; charge transport is not rate limiting over this distance regime. The
measurements here of rates of radical cation formation establish that a model of G-hopping and AT-tunneling
is not sufficient to account for DNA charge transport. Instead, these data are viewed mechanistically as
charge transport through the DNA duplex primarily through hopping among well stacked domains of the
helix defined by DNA sequence and dynamics.

Introduction over a short distance regime<20 A) using transient absorption
and fluorescence spectroscopie® DNA charge transport
chemistry over longer distances has been primarily examined
using biochemical methods, by analyzing the vyield of the
resultant DNA damag®1® Through these studies, oxidative
damage mediated by double helical DNA has been demonstrated
over a distance of 200 A:17Such damage depends sensitively
upon the intervening DNA sequence and structure and can be

Charge transport through double helical DNA has been the
subject of extensive studies owing to its relevance to our
understanding of oxidative damage within the cell and its
potential application in the development of DNA-based serisérs.
With both goals as a focus, a mechanistic understanding of the
charge transport process is essential.

Discrete, well-defined chemical assemblies containing either
pendant donors and acceptors or nucleic acid base substitutions(7) Kelley, S. O.; Barton, J. KSciencel999 283 375.
have been most useful in probing DNA charge transhdtie R gc,eﬁ2§n§97Y277Leé§'gger R. L Greenfield, S. R

kinetics of DNA-mediated charge transport have been probed (9) Wan C.; Fiebig, T.; Kelley, S. O.; Treadway, C. R.; Barton, J. K.; Zewalil,
A. H. Proc Natl. Acad Sciu. SA 1999 96, 6014.

. Wan C.; Fiebig, T.; Schiemann, O.; Barton, J. K.; Zewail, A.Rfoc.
*To whom correspondence should be addressed. E-mail: jkbarton@ (19 Natl. Acad. s(:i_gu_s_Azooq 97, 14052.

caltech.edu. (11) Hess, S.; Gotz, M.; Davis, W. B.; Michel-Beyerle, M. E.Am. Chem.
(1) (a) Nunez, M. E.; Barton, J. KCurr. Opin. Chem. Biol200Q 4, 199. (b) Soc 2001, 123 10046.
Kelly, S. O.; Barton, J. KMet. lons Biol. Syst1998 26, 211. (12) Kawai, K.; Takada, T.; Tojo, S.; Ichinose, N.; Majima.J..Am. Chem.
(2) Schuster, G. BAcc. Chem. Ref00Q 33, 253. Soc.2001, 123 12688.
(3) Giese, BAcc. Chem. Re200Q 33, 631. (13) Hall, D. B.; Holmlin, R. E.; Barton, J. KNature 1996 382, 731-735.
(4) Lewis, F. D,; Letsinger, R. L.; Wasielewski, M. Rcc. Chem. Re2001, (14) (a) Meggers, E.; Kusch, D.; Spichty, M.; Wille, U.; GieseABgew. Chem.,
34, 159. Int. Ed. 1998 37, 460-462. (b) Giese, B.; Wessely, S.; Spormann, M.;
(5) (a) Kelly, S. O.; Jackson, N. M.; Hill, M. G.; Barton, J. Kngew. Chem., Lindemann, U.; Meggers, E.; Michel-Beyerle, M. Engew Chem., Int.
Int. Ed.1999 38, 941. (b) Boon, E. M.; Ceres, D. M.; Drummond, T. G.; Ed. 1999 38, 996-998.
Hill, M. G.; Barton, J. K.Nat. Biotechnol200Q 18, 1096. (c) Boon, E. (15) Gasper, S. M.; Schuster, G. B.Am. Chem. Sod 997, 119 12762.
M.; Barton, J. K.Curr. Opin. Struct. Bial 2002 12, 320. (16) Nunez, M. E.; Hall, D. B.; Barton, J. KChem. Biol.1999 6, 85.
(6) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossman, S.; (17) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, Brd8.
Turro, N. J.; Barton, J. KSciencel993 262 1025. Natl. Acad. SciU.S.A.1999 96, 8353.
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perturbed by DNA-binding protein$2! Mechanistically, on

the basis of the spectroscopic studies at short range and

biochemical studies at long range, a mixture of tunneling and
hopping mechanisms have been propd3etf.

In our laboratory, we have exploited primarily intercalators
as pendant donors and acceptors; their stacking within the DNA
helix offers an effective probe of the electronics of thetacked
base paird.Metallointercalator- DNA conjugates have, more-
over, proven to be particularly valuable. Complexes of Ru(ll)
containing the dipyridophenazine (dppz) ligand bind avidly to
DNA by intercalation and provide sensitive luminescent probes
of DNA.26 Rhodium intercalators, structurally characterized
bound to DNA?” serve as potent photooxidants and permit
studies of long-range oxidative DNA damage on nucleosémes
and within the cell nucleu®.

Several kinetic experiments have been carried out over short
distance regimes using artificial DNA bases. In particular, using
2-aminopurine as a fluorescent adenine analogue,tizesse
electron transfer has been probdéd? Artificial bases can
closely mimic the shape of the natural nucleosides and nucleo-
tides. Furthermore, the steric as well as electrochemical proper-
ties of such molecules can be finely tuned by varying hetero-
atoms or substituen8. Such artificial bases are usually
incorporated into the DNA for studying their cytotoxic behavior
or influence on the structure of DN&.

We have been interested in developing chemical assemblie
that allow us to carry out both spectroscopic and biochemical
measurements so as to follow the charge transport proces
through DNA and characterize radical intermediates. The flash-
quench cycle with dppz complexes of ruthenium used to
generate ruthenium(lll) as the oxidant in situ has been extremely
valuable in this effor? The flash-quench technique was
originally developed to explore charge transport reactions in
proteing? but has been applied effectively in characterizing the
neutral guanine radical in duplex DNA (Scheme 1). Excitation
of the intercalated complex with visible light produces the
corresponding excited-state complex *Ru(ll), which can undergo
electron transfer to the nonintercalating oxidative quencher
[Ru(NHy)¢]3+. This yields the intercalated Ru(lll) complex, a

(18) Williams, T. T.; Odom, D. T.; Barton, J. K. Am. Chem. So200Q 122,
9048

(19) Hall, D. B.; Barton, J. KJ. Am. Chem. S0d 997, 119, 5045.

(20) (a) Rajski, S. R.; Kumar, S.; Roberts, R. J.; Barton, JJKAm. Chem.
Soc 1999 121, 5615. (b) Rajski, S. R.; Barton, J. Biochemistry2001,

40, 5556-5564.

(21) Bhattacharya, P. K.; Barton, J. &. Am. Chem. So@001, 123 8649.

(22) (a)Giese, B.; Amaudrut, J.; Keer, A.-K.; Spormann, M.; Wessely, S.
Nature 2001, 412, 318-320. (b) Giese, B.; Spichty, MChemPhysChem
200Q 1, 195.

(23) (a) Meggers, E.; Michel-Beyerle, M. E.; Giese, BAm Chem. Sod 998
120, 12950. (b) Bixon, M.; Giese, B.; Wessely, S.; Lagenbacher, T.; Michel-
Beyerle, M. E.; Jortner, Proc. Natl. Acad. SciU.S.A.1999 96, 11713.

(24) (a) Bixon, M.; Jortner, J. Am. Chem. So2001, 123 12556. (b) Grozema,
F. C.; Berlin, Y. A.; Siebbeles, L. D. AJ. Am. Chem. So200Q 122,
10903.

(25) Ly, D.; Sanii, L.; Schuster, G. Bl. Am. Chem. Sod 999 121, 9400.

(26) Friedman, A. E.; Chambron, J.-C.; Sauvage, J.-P.; Turro, N. J.; Barton, J.
K. J. Am. Chem. S0d99Q 112 4960.

(27) Kielkopf, C. L.; Erkkila, K. E.; Hudson, B. P.; Barton, J. K.; Rees, D. C.
Nat. Struct. Biol.200Q 7, 117.

(28) Nunez, M. E.; Noyes, K. T.; Barton, J. IChem. Biol, in press.

(29) Nunez, M. E.; Holmquist, G. P.; Barton, J.Biochemistry2001, 40, 12465.

(30) Kool, E. T.; Morales, J. C.; Guckian, K. Mingew. Chem., Int. E@00Q
39, 990.

(31) Moran, S.; Ren, R. X. F.; Sheils, C. J.; Rumney, S. IV; Kool, ENLg¢leic
Acids Res1996 24, 2044.

(32) Stemp, E. D. A.; Arkin, M. R.; Barton, J. K. Am. Chem. S0d997 119,
2921

(33) Charig, I. J.; Gray, H. B.; Winkler, J. R. Am. Chem. Sod 991, 113
7056.
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Scheme 1. Schematic of the Flash-Quench Technique?
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2 Ru(ll) = [Ru(dppz)(phen)** or [Ru(bpy)(dppz)(phenfit, G =
guanine, @& = oxidized guanine products, € quencher (e.g. [Ru(N3,
[Co(NH3)sCl]2H), Q&= reduced state of Q, X intercalated indole moiety
(e.g. tryptophan, 4-methylindole),°’X= oxidized indole products.

powerful ground state oxidant, that, based upon its electro-
chemical potential (1.5 V), can oxidize guanine. Guanine is the
base with the lowest oxidation potential (1.3 V) among the
naturally occurring nucleobas#s3® Given the low K within

the base pair with cytosine, only the neutral deprotonated
guanine radical has been detected spectroscopically at times
longer than 100 n%

Transient absorption spectroscopy and biochemical measure-
ments of oxidative damage have been combined in character-
izing protein radical intermediates generated by charge transport
through DNA using the flash-quench technig@&lhe DNA-

inding methylase MHhal is a base flipping enzyme that binds
specifically to the sequence-6CGC-3 and inserts a glutamine
side chain into the DNA, flipping out the internal cytosine base
to facilitate its methylatio” We had observed that DNA charge
transport to effect oxidative damage was inhibited upon binding
of M. Hhal; disruption of ther-stack through base flipping shuts
off the charge transport past the binding site of the enzifine.
Interestingly, we also observed that, in a mutant, in which the
glutamine is mutated to a tryptophan, long-range oxidative
damage is restored, consistent with the tryptophan side chain
restoring ther-stack with the indole moiety. Furthermore, in
mutant M.Hhal-bound DNA assemblies containing a pendant
ruthenium intercalator, using the flash-quench method, we
observed by transient absorption spectroscopy not only the
guanine radical but also a signal corresponding to the neutral
tryptophan radical® In this system, the intercalated indole of
the tryptophan has the lowest oxidation potential (3W)ithin
the DNA stack and hence can be detected spectroscopically as
an intermediate. The indole radical is easily identified owing
to its significant absorptivity centered at 510 Afin compari-
son, the guanine radical absorbs more weakly with a small
absorption feature centered at 390 nm. The guanine and
tryptophan radicals undergo subsequent reactions with water

(34) Steenken, S.; Jovanovic, S. ¥.Am. Chem. S0d.997, 119, 617.

(35) (a) Saito, I.; Takayama, M.; Sugiyama, H.; Nakatani, K.; Tsuchida, A.;
Yamamoto, MJ. Am. Chem. S0d.995 117, 6406. (b) Prat, F.; Houk, K.
N.; Foote, C. SJ. Am. Chem. S0d.998 120, 845.

(36) Wagenknecht, H. A.; Rajski, S. R.; Pascaly, M.; Stemp, E. D. A.; Barton,
J. K. J. Am. Chem. So2001, 123 4400.

(37) (a) Roberts, R. J.; Cheng, YAnnu. Re. Biochem1998 67, 181. (b) Cheng,
X.; Kumar, S.; Posfai, J.; Pflugrath, J. W.; Roberts, RCéll 1993 74,
299. (c) Klimasauskas, S.; Kumar, S.; Roberts, R. J.; ChenGeK 1994
76, 357. (d) O'Gara, M.; Klimasauskas, S.; Roberts, R. J.; Chengl. X.
Mol. Biol. 1996 261, 634. (e) Mi, S.; Alonso, D.; Roberts, R. Nucleic
Acids Res1995 23, 620.

(38) DeFelippis, M. R.; Murphy, C. P.; Broitman, F.; Weinraub, D.; Faraggi,
M.; Klapper, M. H.J. Phys. Chem199], 95, 3416.

(39) Pritz, W. A.; Land, E. Jint. J. Radiat. Biol.1979 36, 513.
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and oxygen to form irreversible products which are used to for EPR spectroscopy, and in 25 mM NBAc, pH 9 for the
visualize the location of DNA damage biochemicadye had biochemical experiments.

also carried out earlier experiments to characterize peptide For the synthesis of the ruthenated DNA oligonucleotides, a racemic
radical intermediates utilizing tripeptides (Lys-Trp-Lys and Lys- mixture of the tris(heteroleptic) complex [Ru(bjgippz)(phen)]Glwas
Tyr-Lys) for probing the oxidation of the intercalated aromatic "¢acted with the oligonucleotide on a solid-phase support. Details of
residue through DNA-mediated charge transpbrt. the reaction were taken from the literatdfePurification with C18

Radical int diates in DNA h Iso b lored usi reverse-phase HPLC yields four isomers, which were characterized by
adical Intermediates in ave aiSo been explored using ;i spectroscopy and MALDI-TOF mass spectrometry. Only one

EPR spectroscopi. ** These studies have focused on DNA isstereomer was used for the laser spectroscopy and biochemical
radicals generated through either steady state ionizing radiationeyperiments, but the mixture of diastereomers was used for EPR
or pulse radiolysis or using noncovalently bound radical dopants. measurements.
Without radicals generated at discrete positions within the Laser Spectroscopy.After annealing the DNA assemblies in 10
chemical assemblies, perhaps not surprisingly, these studies havenm TRIS, pH 8 buffer, the time-resolved emission and transient
yielded conflicting results regarding DNA charge transport.  absorption experiments were carried out in the same buffer and utilized
Here, we describe the characterization of a DNA assembly @ YAG-OPO laser for excitation of the ruthenium lumiphofg. (=
containing an artificial base, 4-methylindole, in which a radical 470 nm)* The emission of the intercalated ruthenium complexes was
intermediate within the base pair stack is generated using themonltored at 610 nm. Emission |nte_nS|t|es were obtained b_y lntegrgtlng
flash-quench technique. This system serves as a model forunder the decay curve for the Ium_mescence. The ruthe_murp lumines-
. . . o . cence was quenched with 20 equiv of [Ru(®dCls, resulting in the
peptlde rad!(’tals 'ntercala,ted within PNA' .Th.e methy“,ndo'e loss of 85-95% of the emission. Noncovalently bound intercalators,
radical, posﬂmngd at a dlscre.te position vylth|n the helix, has \ynen used, were added at a concentration ofuB0 after duplex
been characterized by transient absorption and EPR speCxunnealings were complete. The transient absorption spectrum was
troscopies, and the resultant irreversible damage has also beegenerated by fitting the decay of the transient absorption traces from
monitored biochemically. Using these chemical assemblies, single wavelengths at times5 us to a monoexponential functiog(t)
following the formation of the radical intermediate, we have = Co+ Ciexp(it)) usingks =2 x 10° s~* as the average rate constant.
examined the distance dependence of charge transport througfhe absorbance changes were extrapolated to the zero-time absorbances
the DNA duplex. These assemblies provide a powerful system calculated by the fit. _
for mechanistically delineating long-range charge transport —EPR Spectroscopy EPR spectra were recorded using an X-band

within the DNA 7-stack Bruker EMX spectrometer equipped with a standardio Eavity.
' Magnetic field calibrations were made against a degassed solution of
Experimental Section 1% perylene in HSO,. All measurements were made on photolyzed

frozen samples at 77 K employing a finger dewar filled with liquid
nitrogen designed to fit inside the EPR cavity. Photolysis was carried
out by illuminating a 10Q:L sample solution contained in quartz tubes
(4 mm o.d.) while freezing in an optical dewar filled with liquid
of the complexes [Ru(dppz)(phelGl2 and [Ru(bpi)(dppz)(phen)]G nitrogen. The light source used was a 300 W Xe-arc lamp (Varian
i 7
are described el.sewhe%.“. . . Eimac Division, Light R300-3) powered by an llluminator power supply
_DNA Synthesis.The oligonucleotides were prepared on an Applied  /arian Eimac Division, model PS 300-1). UV filters were employed
Biosystems 394 DNA synthesizer using standard phosphoramidite ;; ojiminate light<320 nm, and water was employed to eliminate IR
S . . :
chemistry’® 5'-Dimethoxytrityl-2-deoxy-4-methylindole-ribofuranosyl 5 giation. The experiments were carried out with a duplex concentration
and 3-dimethoxytrityl-2-deoxyinosine phosphoramidites were pur- ¢ o5 4M in 10 mM sodium phosphate, 10 mM NaCl, pH 7. The
chased from Glen Research. After HPLC purification and lyophilization, ¢ tion contained 40 equiv of [CO(N;DﬂC’l]Cb as quencr;er.
the oligonucleotides were characterized with MALDI-TOF mass Irradiation Experiments and Gel Electrophoresis. The oligo-
spectrometry. Single stranded DNA oligonucleotides were quantitated nucleotides were labeled at the-gnd usingy-*2P-ATP and poly-
by the]lr abszrba_?:e at1.2160 nT Dupflet>r(1es of thel DNA ;)Ilgontucle;tldbes nucleotide kinas&? After desalting, the reaction mixture was purified
Were forme lN' a 1.1 mixiure of the complementary strands by, 5 109 denaturing polyacrylamide gel. The desired band was cut
heating to 90°C for 5 min followed b_y slow cooling to amplent from the gel, soaked in 1 mL of 500 mM NBAc, and isolated by
tempera_tture overa timd h in 10 mMTris HCI, pH 8 for the transient use of Micro Bio-Spin columns. Samples used in irradiations were
absorption spectroscopy, in 10 mM Na0 mM NaCl, pH 7 buffer annealed by cooling to 8C using 25 mM aq NEDAc, pH 9 as solvent.
(40) Burrows, C. J.: Muller, J. GChem. Re. 1998 98, 1109. Irradiations (434 nm) were performed atG on 11ulL samples ¢ona

(41) (a) Wagenknecht, H. A.; Stemp, E. D. A.; Barton, JJKAm. Chem. Soc. = 5uM) using a 1000 W Hg/Xe-arc lamp equipped with a monochro-

200Q 122 1. (b) Wagenknecht, H. A.; Stemp, E. D. A;; Barton, J. K. mator. In experiments where intercalator was bound noncovalently to
Biochemistry200Q 39, 5483.

All chemical reagents and starting materials were purchased from
commercial sources and used as received. The ligandsabpydppz
were synthesized according to literature procedtiré@é The syntheses

(42) (a) Novais, H. M.; Steenken, S. Am Chem. Socl986 108 1. (b) the duplex, the concentration of the ruthenium intercalator was also 5
Graslund, A.; Ehrenberg, A.; Rupprecht, A.; Strom,BEochim. Biophys. uM. [Ru(NHz)g]®* (20 equiv) was used as a quencher. After irradiation,
é?t%}l%il 254, 172. (c) Barnes, J.; Bernhard, W. A.Phys. Chenl993 the samples were treated with piperidine/water (1:9), heated f€90

(43) (a)’ Pezeshk, A.: Symons, M. C. R.; McClymont, JJDPhys. Cher1996 for 25 min, and dried in vacuo. These samples were directly diluted
(l:%%r%Sgg% (E;rgggi;,Tfénﬁélaggﬂ%%lyggm, J. D.; Symons, M. C. R. into denaturing, gel Ioad_ing buffer conta_ining formamide. Sequencing

(44) Schiemann,‘ O.; Turro, N. J.; Barto’n, J. X.Phys. Chem. B200Q 104, 99|S were 20% der_1atur|ng p0|yacrylam|de COntegnihM urea' and
7214, ) after electrophoresis, samples were analyzed by phosphorimagery.

Ejgg Bﬁgﬁg{ﬁn% LM Hgg}?gg" JI.;Nhf]g%/ger,caén&?g%?cggrg%gsa 54,1731 Electrochemistry. Ground-state oxidation and reduction potentials

(47) (a) Amouyal, E.. Homsi, A.; Chambron, J.-C.; Sauvage, J-FChem. for 4-methylindole were obtained on a Bioanalytical Systems (BAS)

Soc, Dalton Trans.1990 1841. (b) Strouse, G. F.; Anderson, P. A.; model CV-50W electrochemical analyzer. A glassy carbon working
Schoonover, J. R.; Meyer, T. J.; Keene, Fliidrg. Chem1992 31, 3004.

(c) Anderson, P. A,; Deacon, G. B.; Haarman, K. H.; Keene, F. R.; Meyer,
T. J.; Reitsma, D. A.; Skelton, B. W.; Strouse, G. F.; Thomas, N. C.; (49) Holmlin, R. E.; Dandliker, P. J.; Barton, J. Rioconjugate Chenil999

Treadway, J. Alnorg. Chem.1995 34, 6145. 10, 1122.
(48) (a) Beaucage, S. L.; Caruthers, M. Fetrahedron Lett1981, 22, 1859. (50) Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular Cloning: A Laboratory
(b) Goodchild, JBioconjugate Cheml99Q 1, 165. Manual 2nd ed.; Cold Spring Harbor Laboratory: New York, 1989.
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Figure 1. DNA substratesl—4 and the structures of the ruthenium(ll) complexes used in this study. C and G denote the bases used as a complementary
base for the methylindole nucleoside.

electrode, Ag/AgCl reference electrode, and Pt auxiliary electrode were poorly with natural WatsorCrick bases in duplex DNA2 A

used in a single cell sample apparatus. A solution of 4-methylindole structurally similar artificial base (4-methylbenzimidazole) is

(1 mM) n dl'y acetonitrile (Fluka, stored over molecular SleVeS) nonselective in its base pa"f'ng, destab”'Z'ng the DNA by

containing 100 mM tetrabutylammonium hexafluorophosphate was roughly the same amount when paired with any of the four

degassed with Ar prior to use, and the voltammogram was collected natural bases. Accordingly, both guanine and cytosine were

using a 100 mV/s scan rate. The oxidation potential is reported in volts . ' ;

versus NHE. examined as complementary bases for 4-methylindole. Com-
pared to normal WatserCrick DNA, these oligonucleotides

exhibit a decreased melting temperature and a shallow melting

curve which reflects the effect of the 4-methylindole. For the

Synthetic Design of DNA AssembliesThe DNA assemblies ~ EPR studies, 4-methylindole was included within an AT-
we prepared include a 4-methylindole nucleoside at a discrete containing oligomer lacking any guanines. This is essential for
position within the duplex. The 4-methylindole was embedded the EPR experiments, because the signal of a guanine radical
between two G bases in the sequene6BIGC-3 analogously ~ Would dominate the spectrutfi. For control purposes, an
to our earlier study of an intercalated tryptophan of theH¥ial
mutant bound to a ruthenated DNA (F'iguré‘ixhe incorpora- (1) é%)sgué‘;i%o*ﬁ-I'E\{'-¥TX;’$‘§§'®J_~Bciébﬁ§§'v8'i56nfbl‘?fsgt-r lﬁg%%”f%%fi 5
tion of 4-methylindole into the DNA is known to destabilize  (52) (a) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.; Paris,
the duplex3:°v51 Although 4-methylindole exhibits reasonable P.L.; Tahmassebi, D. C.; Kool, E. J. Am. Chem. S0d.996 118, 8182.

. . . . X (b) Loakes, D.; Hill, F.; Brown, D. M.; Salisbury, S. A. Mol. Biol. 1997,
stacking ability within the DNA, the artificial base pairs very 270, 426.

Results and Discussion

9086 J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002
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Figure 2. Phosphorimagery following gel electrophoretic analysis of oligonucleofidésft) and2 (right) after irradiation and treatment with piperidine.
For sequencé&, samples contained DNA (@M), [Ru(dppz)(phen)?* (5 uM), and [Ru(NH;)e]3" (100uM) in 25 mM ag NHOAc at pH 9;1ex = 470 nm.
Using the Ru-DNA conjugate, samples contain@d5 uM) and [Ru(NH)e]3" (100 uM) in 25 mM aq NHOAC at pH 9;dex = 470 nm. Samples were
irradiated with a HeCd laser atx = 442 nm for 5, 10, or 20 min. The control samples contained all the listed components, butlghof quencher{Q)

was excluded. After irradiation, samples were treated with 10% piperidine &€ 36r 25 min and analyzed on a denaturing polyacrylamide (20%) DNA
sequencing gel.

analogous DNA duplex lacking 4-methylindole was also of [Ru(NH3)¢Cls, oxidative damage to the DNA can be
synthesized, where the 4-methylindole was substituted with visualized by treatment with piperidine and subsequent analysis
cytosine. by 20% denaturing PAGE. The experiments show that damage
The oxidation potential of 4-methylindole in acetonitrile was to the DNA occurs preferentially at the 4-methylindole site
found to be approximately 1.0 V versus NHE, similar to other (Figure 2) and that the formation of this damage requires both
methylindoles and tryptophans. How the environment within light and quencher. With the untethered [Ru(dppz)(pséh)
the duplex may perturb this value is not known. Nonetheless, bound indiscriminately on the DNA, extensive damage at the
we expect that, within these assemblies, 4-methylindole is the 4-methylindole site is evident. With [Ru(bp¢dppz)(phenf*
site of lowest oxidation potential. covalently tethered near the duplex terminus and 4-methylindole
Ruthenium intercalators were employed as oxidants in theselocated 8 base pairs away from the Ru intercalation site, long-
experiments. [Ru(bpy(dppz)(phenf™ was tethered to the'5 range charge transport leads also to oxidative damage exclu-
end of oligomers; earlier work established that this tethered sively at the artificial base (Figure 2).
complex intercalates 23 base pairs from the end of the As observed in earlier studies, the efficiency of oxidation is
duplex®® Some experiments were carried out using non- higher with noncovalent oxidad®53 This higher efficiency is
covalently bound [Ru(dppz)(pheij*, which intercalates non-  consistent with more effective stacking and the longer excited
specifically at sites across the duplex. state lifetime of the noncovalent intercalator. In the assemblies
The incorporation of 4-methylindole into these DNA as- containing 4-methylindole, the difference in efficiency for
semblies provides several advantages over earlier systems withoxidation with covalent versus noncovalently bound ruthenium
bound peptide or proteitf:** Most importantly, with the indole  may be further enhanced owing to specific binding of non-
moiety incorporated as an artificial base, the exact location is covalent ruthenium at the 4-methylindole site. Such binding may
now unambiguous. Additionally, the elimination of the enzyme serve to stabilize the artificial base within the helix; variations
allows for the experiments to be carried out at different salt in efficiency as a function of distance separating the intercalator
concentrations and temperatures. Moreover, the oxidative from the 4-methlindole are small (vide infra) and cannot account
guenching is more efficient when there is no peptide or protein for the differences seen.
to compete with the quencher for binding sites on the DNA.  Assemblies with guanine or cytosine as complementary base
Biochemical Analysis of 4-Methylindole Oxidation in DNA for 4-methylindole were also examined. The results clearly show
Duplexes using the Flash-Quench MethadWe examined  that the extent of damage of the artificial base does not depend
oxidative damage within the DNA assembly using both non- on its complementary base. With both guanine and cytosine,
covalently and covalently bound ruthenium intercalator. A 16 approximately the same amount of oxidative damage of the
base pair DNA duplex was used for photoirradiation experi- 4-methylindole has been observed.
ments. After irradiation at 434 nm in the presence of 20 equiv Attempts were made to further characterize the damage at

(53) Arkin, M. R.; Stemp, E. D. A.; Coates Pulver, S.; Barton, J.Gfem. the _4-m?thy“_nd0|e position usmg HPLC analysis after enzy-
Biol. 1997, 4, 389. matic digestiorf! These experiments were not successful,
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however. Only one 4-methylindole could be incorporated within
an oligomer to maintain duplex stability, a key requirement for W/\/VW 3C
long-range oxidative damage, but this limited the quantity of
material being examined. The HPLC experiments, however,
revealed no appreciable damage above that seen by gel T N A e AT

electrophoresis after piperidine treatment.

In these experiments, no significant damage is observed at
guanines on the strand that contains the 4-methylindole. In
earlier studies with intercalated tryptophan, oxidative damage
at the guanine positioned on thé-$de of the indole was
evident, and transient absorption experiments revealed a mixture
of both tryptophan and guanine radic#l$Ve proposed in those
cases that stacking of the tryptophan might lower the oxidation Field[G]
potential of the 5G as with the 5G within guanine doublets.  fg.re 3 EPR spectra of R4DNA conjugatesSC and3G recorded at 77
Here, however, the stacking orientation differs. Certainly, accessK upon flash-quench oxidation. The top trace is the spectrum of a duplex
for trapping of the guanine radical to yield oxidative products containing guanine opposite 4-methylindo), the middle is that of an

: - AT rich oligo, and the bottom is that of a duplex with a cytosine opposite
would be expected to be greater in the present assemb“e%?]e 4-methylindole 3C). Samples for the EPR measurement contain 25

compared to those with bound peptide or protein. In any case, ;M Ru-DNA conjugate and 808M [Co(NHz)sCl]2* in 10 mM potassium
it is apparent that in these assemblies the oxidation potential of phosphate, pH 7, 50 mM NaCl. Spectrometer settings= 9.84 GHz,

the indole moiety must be sufficiently low compared to that of micécr'g\',\‘;‘g\cl’g pfxv%linecg ml\(/)vo tiﬁezborgtc;l:‘zt(i)og4 "’r‘n”;p"ctgg\:rsiloon t(iEn’ne
the_neighboring guapine so that no appreciable radical density_ ¢ 4, ms, 100 scans. ' ' ’
resides on the guanine site.

These experiments show that 4-methylindole is well incor-
porated into the DNAw-stack despite the fact that it cannot
form hydrogen bonds with its complementary base. Damage
from a distance through long-range charge transport does occur—— —
to promote oxidative lesions centered at the 4-methylindole site. luminescence lifetime of 7. = 55 ns (72%); 71 =40 ns (51%);

*[Ru(dppz)(phen)]?*®  7,=265ns (28%) 12 =232 ns (39%)

EPR Spectroscopy on DNA Assemblies Containing 4-Meth- decay of Mad® 15x 10Pst 1.5x 1(fs?
ylindole. An organic radical within the DNA duplex containing ~ formation of Mad*® 2x10Ps™ 1x10°s™

4-methyI|ndoI_e, once _generatec_i by the flash-quench method, a All samples contained 3aM DNA, 30 M [Ru(dppz)(phery?+, 5
can be monitored directly using EPR spectroscopy. EPR mm Tris HCI, pH 8." The luminescence traces were fit to a biexponential
measurements were made on a 15 mer duplex covalentlyfunction (t) = 100[C, exp(-t/z1) + (1 — Cy)exp(=t/z2)]) by nonlinear

s : : : least-squares method with convolution of the instrument response function.
modified at one end with a ruthenium complex (Figure 1, Uncertainties in values aret10%. ¢ Sample contained 20 equiv of

sequenced). The sequence of this duplex contains only ATS [Ru(NHs)s3" as quenched The transient absorption decay at 600 nm

with a single 4-methylindole moiety located approximately 17 corresponding to the 4-methylindole radical was fit to a monoexponential
. . . . . function by nonlinear least-squares methods. Uncertainties in values are

A (5 base pairs) frpm the _S'te of 'ntercalat'on of the _rUthen'um +10%.° The rise of the signal at 600 nm was fit to a monoexponential

complex. The choice of this sequence without guanines avoidsfunction by nonlinear least-squares method; with the bandwidth used and

any complications in assignment associated with oxidation of region fit, these values represent lower limits.

guanines concomitantly to 4-methylindole; guanine radicals

would produce overlapping signéfts.

3G

3320 3340 3360 3380 3400 3420 3440

Table 1. Kinetic data for [Ru(dppz)(phen)2]>™ and the
4-Methylindole Radical (Mag)?

sequence 4C sequence 4G
(M=C pair) (M=G pair)

Also shown in Figure 3 is the EPR spectrum for sequence

. 3 sh h ded f 3G, in which a G ispositioned opposite the 4-methylindole.
Figure 3 shows the EPR spectrum recorded at 77 K after spectrum is identical to that wieea C is theopposing

flasrll-quendch_oxidation ﬁf asiﬁmtﬂyt:)ulsing [C(IJ(NH‘)5CI]C|2d base. We expect that a guanine radical is not contributing to
as the oxidative quencher. The cobalt complex was used as gy;q signal, given, first, that the spectrum is identical to that of

quencher _to_enhance the lifetime of the radical, because this3C and, second, that the biochemical experiments (vide supra)
qguencher in its reduced form aquates and back electron tranSfelbrovide no indication of the formation of a guanine radical in

i 2,53 1 1 . .. . R

is precluded ’I,'\S can be seen, a broad ,S'gn,al with no assemblies containing 4-methylindole as an artificial base.
resolvable hyperfine features is observed. This signal hgis a Emission and Transient Absorption Studies on DNA
value qf 2.0065 with a peak t(.) trough W.idth of 20 and 6_0 Gin Assemblies Containing 4-Methylindole. A 12 base pair
total W|dth._Quen_cher, _ruthenlum, and light are all required to oligonucleotide duplex (sequend€ and4G) and untethered
p!roduce this radlc_al S|gnal.. We aIsp examined spectra from [Ru(dppz)(phen)2* (ratio 1:1) were used for luminescence
h|gher. concentr.atlon SOIUt'OnS, using noncovalently boupd investigations. Time-resolved luminescence measurements at
ruthenium as oxidant. In those mstgnce_s, as well, no hyperfine 610 nm upon excitation at 470 nm indicate that the excited-
features could be resolved. The radical is apparently stable onlystate Ru complex, *[Ru(dppz)(phel?, decays biexponentially

in frozen solutions; warming the solution to ambient tempera- | ... 7, =55ns an’otz = 265 ns for the’ 4-methylindole-cytosine

.turefs and refreezing results in a total Ioss.of signal. Also shpwn pair (Table 1). With guanine as complementary base opposing
in Figure 3 IS the control taken on an.ol|go.mer ,(AT) lacking the 4-methylindole, similar values; = 40 ns and, = 232 ns,

the 4-methylindole; here, no distinct signal is evident. Hence,
we can assign the signal to the 4-methylindole radical cation. (54) (a) Moan, J.; Kaalhus, Q. Chem. Phys1974 61, 3556. (b) Dibilio, A,
The shape and overall width are consistent with those observed s €rane. B. R.; Wehbi, W. A.; Kiser, C. N.; Abu-Omar, M. M., Carlos,

i X . N R. M.; Richards, J. H.; Winkler, J. R.; Gray, H. B. Am. Chem. Soc.
with tryptophan radical in a frozen mediuth. 2001, 123 3181.
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are observed. These values also resemble those reported earlier a
for dppz complexes of Ru(ll) bound to DNX. Therefore, 200
significant quenching of the ruthenium(ll) excited state by e R - RUET
4-methylindole does not occur. Addition of 10 equiv of e, —o—Mradical
[Ru(NH3)g]3t quenches the luminescence by 85% to 95%, 1004 \
permitting further experiments utilizing the flash-quench method. |

Transient absorption spectroscopy was used to monitor the
intermediates formed upon oxidative quenching of *[Ru(dppz)-
(phen}]2" with [Ru(NHz)e]3+. To identify the aromatic radical
generated via the flash-quench experiments, absorbance differ-
ence spectra for the long-lived positive transient signals were
obtained. With DNA substratdC, the generated spectrum
(Figure 4a) shows a characteristically sharp and intense positive
absorbance at 340 nm as well as a broad absorbance of lower
intensity centered at 556650 nm. A broad negative absorbance ~200-
is apparent at 440 nm.

As a reference, we also synthesized a DNA substrate in which 300 400 500 500 700
4-methylindole was replaced by cytosine. Employing the flash- wavelength (nm)
guench technique with [Ru(dppz)(phgaj on this duplex yields
a spectrum that is dominated by the broad and intense negative
absorbance at 440 nm (Figure 4a), owing to the loss of the metal- 5, b
to-ligand charge-transfer (MLCT) band that is characteristic for
ruthenium polypyridyl complexe®:56 This spectrum in par- s .
ticular lacks the broad positive absorbance between 550 and i / \
650 nm seen for assembiC. However, the spectrum also ]
exhibits a positive absorbance feature at 340 nm. With these
features, the observed spectrum can be assigned solely to the
Ruw*—Rw" absorbance difference for the dppz compiex.

After normalization, subtraction of the ruthenium difference
spectrum from the transient absorption spectrum of sequence
4C yields a spectrum with absorbances at 340 nm and-550
650 nm (Figure 4b). The recorded spectrum corresponds closely
to the spectrum of the 4-methylindole radical cation obtained
using pulse radiolysis experimertayhere characteristic bands ] \ J
at 335 and 560 nm were observed. Hence, we assign this e
resultant spectrum to that of the 4-methylindole radical cation
formed in the DNA assembly. Such a shift of UVis
absorption bands to longer wavelengths is commonly observed
upon intercalatiort->8 The bathochromic shift observed in the Figure 4. (a) Absorbance difference spectrum observed4fGrobtained
transient absorption spectrum of the 4-methylindole radical ;T%Z‘:gr:‘cg‘ggéiﬂ:;g“;??gs‘ﬁgggz'g‘(ﬁgy' ﬁlgstgisggvv\cﬂijz(thg.ﬁ;gi;y
cation therefore suggests that this artificial base is well of the transient absorbances of individual signals was fit to the mono-
incorporated into the DNAm-stack. The absorbance signal exponential functiol\(t) = C + A(t = 0)[exp(—kt)] with k=2 x 1P sL.

between 550 and 650 nm can be used to discern the kineticA(t = 0) was plotted against the wavelength. The sample conti@4@0

. _ . . - uM), [Ru(dppz)(pher)?" (30 uM), and [Ru(NH)g]*" (6004M) in 5 mM
behavior of the gerlerated 4 m?t.hy“ndme radl(fal cation. TRIS buffer at pH 8;tex = 470 nm. (b) Absorbance difference spectrum
Under our experimental conditions, two species are detectedobtained after subtraction of the ruthenium difference spectrum from the

in solution, which results in the mixture of positive and negative spectrum obtained with 4-methylindole containing DM&. Prior to the

absorbance signals: the 4-methylindole radical cation Con,[l,ibutescalcuIation, both spectra were normalized to the most negative absorbance
AR ; . . at 450 nm).

to the two positive signals, while the strongly negative signal ( )

in the 400-500 nm region is derived from the remaining  ahsorhance maximum is observed. The signal at 600 nm initially
unreacted Ru(lll). , _is negative, owing to residual *[Ru(dppz)(phgiR} emission,
Figure 5 shows the formation and decay of the transient p the signal crosses over the baseline to give a positive signal,

absorption signal2 at 600 nm generated with sequéi@and corresponding to the formation of the 4-methylindole radical.
[Ru(dppz)(phen)®". The short-lived transient at 600 nM  Thjs radical forms on a time scale 6f5 us (Table 1). This

corresponds to the generated 4-methylindole radical, where anme scale for radical formation is similar to that seen in earlier
experiments with the DNA-binding proteffi.The initial nega-

.\. x5 .’.‘._._.,040-oro-t-o-f-.oj.‘:.N.:.-.\
0 L\ oo

absorbance (AU)

-100

N

normalized absorbance
v
el

T T T T T T T T T
300 350 400 450 500 550 600 650 700 750
wavelength (nm)

(55) (a) Delaney, S.; Pascaly, M.; Bhattacharya, P.; Han, K.; Barton,ldokg.

Chem 2002 41, 1966. (b) Lincoln, P.: Broo, A.: Norden, B. Am. Chem. tive spike at short times can be attributed to emission from the
Soc 1996 118 2644. dppz complex, because neither the hexaammine quencher nor
(56) Stemp, E. D. A.; Barton, J. Knorg. Chem 200Q 39, 3868. pp. P ! q
(57) Solar, S.; Getoff, N.; Surdar, P. S.; Armstrong, D. A.; Gingh,JAPhys. the intercalator absorbs at 600 nm.

(58) e O 08, 30 3. ey AN Trumble. W. R. Bohach G. A The signal of the 4-methylindole radical cation decays with

Czuchajowski, L.Biochim. Biophys. Actd997, 1354 252—260. a rate constant of 1.5 1C° s~L. This decay of the 4-methyl-
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Figure 5. Time-resolved transient absorption traces at 600 #yfér the
sample containing oligonucleotid€. The sample consisted 4€ (30uM),

[Ru(dppz)(pher)?" (30 uM), and [Ru(NH)e]3" (6004M) in 5 mM TRIS
buffer, pH= 8; Aex = 470 nm.

60 80

indole radical cation occurs an order of magnitude faster than
in earlier experiments with a DNA binding protein which inserts
a tryptophan side chain into the DN¥ This may reflect the
higher solvent accessibility of the indole radical in these
chemical assemblies compared to the DN#otein complexes.

Additionally, 4-methylindole does not bear any acidic protons,

and thus, the radical cation is not depleted by proton transfer.
The deprotonation of the radical cation would have a stabilizing
effect, yielding an uncharged radical which is longer lived and

therefore more susceptible for subsequent reactions with di-
oxygen or water.

Pairing 4-methylindole with cytosine or guanine influences
the spectra of the generated radicals. Both spectra were obtained
with [Ru(dppz)(phen)? which is noncovalently bound to the
DNA duplex. The signals decay with the same rate constant of
k=1.5x 10 s L The transient absorption spectrum of duplex
4G with a M—G base pair differs slightly in intensity (data not
shown). The overall intensity is lower, and the absorption
features are less well pronounced. This is a result of a lower
yield of the generated transient 4-methylindole radical cation.
We attribute this lower yield to the fact that in this duplex
4-methylindole is less well incorporated into the DNAstack.
Guanine is a sterically more demanding base pairing partner
and has therefore a more disruptive effect on the 4-methylindole
stacking than does the smaller pyrimidine base cytosine.
However, the lifetime of the 4-methylindole radical spectrum
measured for duplexe$C and4G at 600 nm does not differ
significantly (Table 1).

Distance Dependence of Charge Transport through Meth-
ylindole-Containing DNA. The incorporation of 4-methylindole

17.0 A
T—C—A——G—T—T—G—M—G—T—C—A—G—A—C*
E O > T T T T S R S S S S
sA—F—T—/C—-A—A—C—C—C—A—G—T—C—T—GCs
___Ru
\\._ \// Cs
238 A
p T—C—A—G— T T—T—T—G—M—G—T—C—A—C
{53_1_%4 | C— A—A—A—A—C—C—C—A—G—T—Cy
Ru
; D Ty
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Figure 6. Schematic illustration of the DNA assemblies functionalized with the tethered photooxidant [R(dppy)(phenfi™ used in this study.

4-methylindole nucleoside,# inosine nucleoside.
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a Table 2. Rates of Formation of the 4-Methylindole Radical Cation

0.003 in Ru—DNA Sequences 5—8

0,002+ no. intervening
) assembly? G-++G distance® thymines in bridge rate constant®
0001 5 136 A 2 35x 107s 1
0.000 6 20.4 A 4 3.0x 107s1
7 27.2A 6 29x 10°st
8 34.0A 8 2.7x 10°st

a All samples contained 20M Ru-DNA, 200uM [Ru(NH3)e)3*, and 5
mM Tris HCI, pH 8, with Aex= 470 nm. Power of the YAG-OPO laser
ranged from 3 to 3.5 mJ/pulskThe distance here corresponds to that
between the proximal single guanine base and th@ 8f the 3-GMG-5
triplet assuming 3.4 A basébase stacking: For formation of 4-methyl-
indole radical cation (600 nm). The transient absorption traces at 600 nm
| correspond to absorptivity of the 4-methylindole radical and were fit to a
0,005 monoexponential function by nonlinear least-squares methods. These values,
] close to the instrument response and emission decay rate, represent lower
-0.0074 limits in the rate of radical formation. At 440 nm, reflecting charge injection,
the R#"—RU2" recovery rate was 107 s~1 for all assemblies.

-0.005

time pis) tially at this base. The guanine on the Ru-complex bearing DNA
strand was also replaced by inosine (I) to ensure hole injection
only to the proximal guanine. Importantly, the bridge contained
exclusively adenine and thymine bases, with thymine bases of
variable number on the strand containing the 4-methylindole.
Gel electrophoresis studies of the damage products generated
upon irradiation of these assemblies reveal that neither the

0.002

guanine close to the Ru-complex intercalation site nor guanine
bases surrounding the indole are damaged (data not shown).
P ] As with earlier experiments (vide supra), only damage to the
4-methylindole base is observed, and the level of damage is
-0.0024 —5 comparable in these assemblies. It is noteworthy that all of these
_? experiments have been conducted at ruthenated duplex concen-
8 trations<25 uM, where no interduplex reactions are detected.
 — Figure 7 shows the transient absorption traces generated with
-0.004 Ru—DNA sequence8—8 recorded at 600 nm. The short-lived
transient observed at this wavelength could be assigned (vide

T - T T . . supra) to the 4-methylindole radical cation. Kinetic data for the
. recovery of the Ru(ll) signal and the formation of the 4-meth-
ime ¢s) ylindole radical are listed in Table 2. The signal at 600 nm is
Figure 7. Time-resolved transient absorption traces at 600 nm. Shown are 'r!'t'a”y negative pUt crosses over _the baseline W|th.'PS]-t0
the results from sequencBs 8. Sequence designations are shown in Figure give a positive signal, corresponding to the formation of the
6. () Trﬁces reC?rded 0\/_6?4% (b) TfaAC‘?%ecl\%de% ?;ef(mg- ]F?gf(ggg‘ 4-methylindole radical cation. The traces were fit to a mono-
traces, the samples consiste ofHN u an u 6] . . . f . . .
4M) in 5 mM TRIS buffer, pH= 8: Je = 470 nm. exponentlal funct!on indicating that the formation of the radical
cation occurs with a rate constant &f = 3 x 107 s?,

as an artificial base permits the systematic evaluation of DNA indistinguishable from the time scale of the emission of
charge transport as a function of distance in these assemblies [RU(dppz)(phenj]*" bound to DNA.

Figure 6 shows the DNA sequences used to examine the distance The decay of the radical can be observed on a longer time
dependence of charge transport. The lengths of the duplexesscale (10Qus). Fitting the decay of the 4-methylindole radical
varied from 15 to 19 base pairs. As the photooxidant, [Rufbpy ~ cation to a monoexponential function reveals a rate 6fstd
(dppz)(phenfi' is tethered to the'Send of 1 oligonucleotide for all assemblies. Compared to the lifetime of the guanine
single strand. In the complementary strand, 4-methylindole is radical, the lifetime of the 4-methylindole radical cation is, again,
embedded between 2 guanine nucleosides. Earlier studies havat least an order of magnitude shorter.

shown that the ruthenium complex intercalates between the 3rd  The recovery of Ru(ll) was also examined by following the
and the 4th base paif.Hence, the length of the DNA bridge transients at 440 nm (data not shown). Monitoring at this
between the ruthenium intercalation site and the position of the wavelength allows us to probe the kinetics of the hole injection
4-methylindole was varied from 17 A, with two intervening Ts  into DNA. These traces initially exhibit a negative spike due to
in 5, to 37 A, with 8 intervening Ts irB, assuming 3.4 A bleaching of the Ru(lkligand MLCT band. Fitting a mono-
stacking distances. We also included a single guanine base orexponential function to these traces reveals a rate of at least
the proximal side of the bridge close to the bound ruthenium. 10’ s™%. On the basis of the weak signal observed in this regime,
Because this is the base closest to the Ru-complex intercalatiorhowever, it is clear that faster time components must also exist.
site with the lowest oxidation potential, one might anticipate = Thus, the rates generated from the kinetic traces of the four
that hole injection into the DNA bridge would occur preferen- sequences clearly show no distance dependence in the formation
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of the indole radical cation. For the formation of the 4-methyl- of effective coupling of the ruthenium intercalator within the
indole radical cation monitored at 600 nm, the same kate base pair stack. Lewis and co-workers have utilized stilbenes
10" s * for all four assemblies was determined (Table 2). Thus, as photooxidantéand in the case of Giese’s studies, the radical
the rate of radical cation formation is coincident with quenching is generated first on the sugaiNeither is expected to be as

of the ruthenium excited state to form the Ru(lll) oxidant. well coupled into the base pair stack as an intercalator.
Charge transport through the DNA, remarkably, with as many  another issue to consider is the pathway for such charge
as 8 intervening Ts, is not rate-limiting. What may instead be ransport. Energetically, thymine bridges are significantly
rate-limiting here is diffusion of the quencher. disfavored compared to adenine bridges. It has been proposed,
~ These data also show that the yield of generated 4-methyl-\qever, that intrastrand thymiathymine coupling is effective
indole radical cation is not influenced by the length of the g that interstrand and intrastrand aderiadenine couplings

intervening bridge. Figure 7b show_s the transient_absor_ption are comparablé Our experimental data on baskase electron
traces recorded at 600 nm on a J@0time scale. The intensity  y5nfer indicated, however, a penalty in rate of 3 orders of

of the signal appearing within approximately.s is the same magnitude in interstrand versus intrastrand transfer. Intra- and

for aI.I four sequences. Therefore, no distance dependence Minterstrand rates may converge, however, over longer molecular
the yield of radical could be observed. distances

Mechanistic Considerations.These data require consider- The studies d ibed h in fact " i iled
ation in the context of current models for DNA charge transport. € studies described nere are in fact most easily reconciie

The original model of G-hopping and AT-tunneling, as proposed with thes?0 earlier ultrafast measurements of DNA charge
by Giese and Jortn@?2* clearly is not sufficient to account ~ 1@nspor&:?We have proposed that charge transport through

for these data; assuming a decay facfyrequal to 0.6 AL DNA occurs primarily through hopping among domains dgfined
the rate of tunneling through 8 AT base pairs would be by DNA sequence and dynamig$>1¢-*Schuster has described

vanishingly small. We had, however, already shown, through PNA charge transport in terms of an analogous, although
measurements of the yield of long-range oxidative damage to distinct, polaron domain hopping model but without proposals
GG doublets, that hopping through domains containing AT- for the kineticsi"® Base-base hopping, gated by base pair

tracts was necessal§The measurements here of rates of radical dynamics, or tunneling has been found in ultrafast measurements
cation formation confirm that conclusion. to occur with rates of 19 s71.910 Such hopping and tunneling

More recently, Giese and co-workers have carried out times would account well for the data obtained here.

experiments in which oxidative damage yields were measured Currently, however, the flash-quench method allows us only
that pointed to a mixture of tunneling and hopping regimes; to establish the lower limit in the rate of radical formation
consistent with theoretical proposals of Jortner, tunneling through DNA-mediated charge transport at a distance of 37 A,
through 2-3 AT base steps was expected with hopping over and this rate appears to be simultaneous with the rate of
longer AT regiong? Our data, strictly taken, also do not provide intercalated oxidant formed upon excited-state quenching by
direct support for this proposal. Such a proposal would predict the diffusing quencher. Just as classic attempts to map out the
over short distances, in particular for assenfjlyhat the rate inverted Marcus region for electron transferdirsystems were
of charge transport would be 2010° times faster compared first thwarted by the diffusion limi¢2 so too are current studies
to those of assemblieB—8 with longer distances of charge of rates of DNA charge transport over long molecular distances.
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