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The association of oligopyrimidine (OPD) short strands to the [ qfrm 2na] "L -ﬂd
DNA duplex by Hoogsteen hydrogen bonding has been shown to T ;11-" L -
generate DNA triplexe3These DNA triplexes, producing a cationic i— aoy
environment and altered stacking interactions of DNA bases at the ! Time

duplex-triplex junctions, have been presumed to arrest the hole Figure 1. (a) Sequences and structures of ODNs used in this study. (b)

transport; in accord with experimental evidence that photooxidative Photocurrent response &fuplex 1 immobilized on a gold electrode, as

cleavage at remotely located guanine residues of DNA strands ol_)served at an a_pplled potential of 500 mV vs SCE upon photoirradiation

beari l t f it . iderabl d b with 365+ 5 nm light (13.0 mW cm?) at 15°C. (c) Photocurrent response
earing several types of sensitizers is considerably suppressed by o031 under the same conditions.

the triplex formation. However, the effect of triplex formation on

the hole transport is still a controversial issue because it has been;,q experiment, hybridization of a 9-mer OPD strand-CET-
studied with experiments based on photosensitized DNA Clea"ageTCCTTC-:s) to the AQ-linkedDuplex 1 at 4 °C formedTriplex

and not by direct electrochemical measurements of current response s (Figure 1a) on the surface of the electrode [(1:4D.18) x
from DNA triplexes relative to duplexes. 10'3 DNA cm~7.

In this study, an electrochemical approaeising photocurrent e initially conducted comparative photoelectrochemical mea-
measurements was taken to characterize effects of the formationg,rements fobuplex 1 on the gold electrode and its modification
of a partial triplex with OPD short strands on the hole transport i Triplex 1 possessing a 9-mer partial triplex region in 10 mM
through a DNA dupleX.We designed a 20-mer oligodeoxynucle-

X ' > o X sodium cacodylate buffer (pH 5.5), using 365 nm UV light at
otide (ODN) with an anthraquinone (AQ) photosensitizer linked 4 power density of 13.6- 0.3 mW cnm2 and an applied potential
to the 3-end and hybridized it to a complementary ODN im-

o ) o of 500 mV vs SCE. Figure 1b and c shows representative cathodic
mobilized at the thiol-modified’&nd on a gold electrode to produce  pnotocurrent responses, which appeared immediately upon irradia-
Duplex 1 (Figure 1a). Injection of holes (radical cations) to the

" - tion of a common AQ photosensitizer linked to b@hplex 1 and
AQ-linked end ofbuplex 1was performed by AQ-photosensitized

T - Triplex 1. It is striking that the photocurrent responseToiplex
one-electron oxidatioff” The resulting photocurrents due to hole 1 was reduced by half relative to the responseDaplex 1; the

transport were measured in the absence and presence of three typesgtocurrent densities (current per electrode area) observed for
of OPD short strands that were designed to associatelvifiiex Duplex 1 and Triplex 1 were 296+ 26 and 167+ 11 nA cnt2

1 at specifie_d structural _regions to fo_rWriplexeS 1-3 (l_:igure respectively. By reference to the background photocurrent density
1a). Alternating duplextriplex conversion was accomplished by (141 + 36 nA cnm?) observed upon similar UV irradiation (365
regulating the temperatures around the characteristic meltingg nm:- 13.04+ 0.3 mw cn2) of a control duplex with the same
temperatures ofriplex 1. _ o base sequences asDuplex 1 but not the linked AQ photosensi-
After the spontaneous formation of a monolayer consisting of @ {izer the partial triplex structural region could substantially arrest

thiolated ODN single strand on the surface of a gold electrode, the {4 transport of the hole that was photochemically injected and
electrode was immersed in a solution of 6-mercapto-1-hexanol migrated through the DNA duplex on the electrode.

(MCH) to avoid possible nonspecific adsorption of the thiolated 14 gptain further structural insight into the effects of triplex
ODN® The formation ofDuplex 1 was achieved by hybridization  formation on the hole transport through a DNA duplex, we
of the thiolated ODN single strand immobilized on the gold measured the photocurrent densities Taiplex 2 possessing a
electrode with the AQ-linked complementary ODN. In a representa- yjnjex region formed by the association with a longer 15-mer OPD
* Department of Energy and Hydrocarbon Chemistry. (see Figur.es 1la and 2djyiplex 2 further decreased the photocur-
* Department of Synthetic Chemistry and Biological Chemistry. rent density (143t 12 nA cnr?) relative to that ofTriplex 1,
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Figure 2. (a) Effect of hybridization on photocurrent density, as evaluated
for various AQ-linked ODNs immobilized on gold electrodes at an applied
potential of 500 mV vs SCE. Solutions of the AQ-linked ODNs in 10 mM
sodium cacodylate buffer (pH 5.5) containing 2 mM Mg@iere photoir-
radiated (365t 5 nm light at 13.0+ 0.3 mW cn1?) at 15°C. Each error

bar represents the SE calculated from 10 experimental results that were
collected using different freshly prepared gold electrodes. (b and c)
Reversible regulation of the photocurrent respons®itglex 1immobilized

on a gold electrode by alternating dupteixiplex conversion, evaluated at

an applied potential of 500 mV vs SCE in the absence (b) and presence (c)
of a 9-mer OPD short strand, upon photoirradiation (365 nm light at
13.0+ 0.3 mW cnr?) at a temperature cycle between 15 and®@0Each

error bar represents the SE calculated from five experimental results that
were collected using different freshly prepared gold electrodes.

clearly indicating that the efficiency of photoinjected hole transport
through DNA triplexes is reduced as the length of third strand

temperature changes around tig value characteristic of the

triplex, may be featured in the switching function of the hole
transport efficiency of a DNA duplex immobilized on a gold
electrode.

In summary, we evaluated the effects of partial triplex formation
on the hole transport by direct measurement of the photocurrent
generated in an AQ-linked DNA duplex immobilized on a gold
electrode. The partial triplex structural region in the DNA duplex,
formed by the association with a third OPD short strand, was
demonstrated to substantially arrest the transport of an AQ-
photoinjected hole through the duplex. This is consistent with the
previous conclusion drawn from a photoinduced DNA cleavage
assay. More remarkable was that photoinjected hole transport
efficiency could be reversibly regulated by thermally induced
alternating duplextriplex conversion. Further exploration of on/
off switching methods for the DNA conductivity is in progress.

Supporting Information Available: Experimental data on the
photoelectrochemical assays, UV and CD spectra of the related DNA
samples (PDF) are available. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

increases. The photocurrent response was also confirmed to be (1) (a) Hall, D. B.; Holmlin, R. E.; Barton, J. KNature 1996 382, 731. (b)

slightly affected by the position of triplex. Thu$riplex 1, with
the partial triplex-forming region close to AQ at the hole photo-
injection end, suppressed hole transport more efficiently than did
Triplex 3 with a triplex remote from AQ but near the electrode. It
is most likely that the hole injection by photoexcited AQ may be
more effectively retarded by the triplex formation occurring more
closely to AQ. In a control experiment, we also measured the
photocurrent density for a mixture &fuplex 1 and a noncomple-
mentary third stran@DN 1 (Mixture 1; Figure 1a). As predicted,
Mixture 1 could not suppress the photocurrent respongaupiex
1, strongly indicating that the formation of perfectly matched triplex
is responsible for the retardation of hole transport through the DNA
duplex immobilized on the electrode. Similar suppression effects,
caused by the formation of a partial triplex, on the photocurrent
was confirmed for a duplextriplex couple with different base
sequencé?

In light of the above effect of triplex formation, further attempts
were made to regulate hole transport through a DNA duplex
the gold electrode by thermal conversion betw@&erplex 1 and
Triplex 1 in the presence of 9-mer OPD short strand (see Figure
2b and c). In view of the melting temperaturé,f of 29.5°C
assigned to the dissociation dfriplex 1 into Duplex 1° we
measured the varying photocurrent responses arising fildopgex
1-Triplex 1 structural conversion on the electrode upon cyclic
alternation of temperatures between 15 and@0Consistent with
the previously reported temperature effect on the long-distance hole
transport through a DNA duple®k the intrinsic current density for
Duplex 1 was enhanced to a relatively lesser extent by elevating
the temperature from 15 to 4. In contrast to this intrinsic hole
transport property dbuplex 1, the photocurrent density fdiriplex
1 was excessively suppressed at°Threlative to that oDuplex
1, but was recovered to the intrinsic level@fiplex 1 by alternative
photoirradiation at 40C. In view of the melting characteristics of
Triplex 1, the hole transport throudbuplex 1 could be effectively
retarded as a result of association with the third OPD short strand
to form Triplex 1 at 15 °C and was recovered along with
dissociation of the OPD short strand frafriplex 1 to regenerate
Duplex 1 at 40°C. These results demonstrate that an alternating
duplex-triplex conversion, which can be reversibly regulated by

Nlfez, M. E.; Barton, J. KCurr. Opin. Chem. Biol200Q 4, 199. (c)
Giese, BAcc. Chem. Re®00Q 33, 631. (d) Schuster, G. BAcc. Chem.
Res.2000 33, 253. (e) Lewis, F. D.; Letsinger, R. L.; Wasielewski, M.
R. Acc. Chem. Re®001, 34, 159.

(2) (a)Long-Range Charge Trasfer in DNASchuster, G. B., Ed.; Springer:
Heidelberg, Germany, 2004. (bpng-Range Charge Trasfer in DNA II
Schuster, G. B., Ed.; Springer: Heidelberg, Germany, 2004.

(3) Saenger, WPrinciples of Nucleic Acid Structur&pringer-Verlag: New
York, 1984.

(4) (a) Kan, Y.; Schuster, G. Bl. Am. Chem. Sod 999 121, 11607. (b)
Nlfez, M. E.; Noyes, K. T.; Gianolio, D. A.; McLaughin, L. W.; Barton,

J. K. Biochemistry200Q 39, 6190. (c) Okamoto, A.; Tanabe, K.; Dohno,
C.; Saito, I.Bioorg. Med. Chem2002 10, 713.

(5) For recent reports on the redox-active materials for electroanalytical
chemistry, see: (a) Tissot, P.; Huissoud,Eectrochim Acta1996 41,
2451. (b) Han, S. W.; Joo, S. W.; Ha, T. H.; Kim, Y.; Kim, K. Phys.
Chem. B200Q 104, 11987. (c) Ossowski, T.; Pipka, P.; Liwo, A.; Jeziorek,
D. Electrochim. Acta200Q 45, 3581. (d) Salimi, A.; Banks, C. E;
Compton, R. GPhys. Chem. Chem. PhyZ003 5, 3988.

(6) Okamoto, A.; Kamei, T.; Tanaka, K.; Saito,J. Am. Chem. So2004
126, 14732.

(7) (a) Armitage, BChem. Re. 1998 98, 1171. (b) Alegia, A. E.; Ferrer,

A.; Santigo, G.; Sefueda, E.; Flores, WJ. Photochem. Photobiol. A
1999 127, 57. (c) Mothilal, K. K.; Inbaraj, J. J.; Gandhidasan, R.;
Muragesan, RJ. Photochem. Photobiol. 2004 162 9.

(8) Excess amount of a blocking agent MCH could replace unfavorable thiol-
modified ODNs with nonspecific and weak interactions between their
nucleotide bases and the surface of gold electrode, thus forming effectively
the MCH monolayer that would also minimize a direct contact of AQ
photosensitizer at the-8nd of ODN with the gold electrode. See: Herne,
T. M.; Tarlov, M. J.J. Am. Chem. Sod.997 119, 8916 and ref 6.

(9) The formation ofTriplex 1 in aqueous solution was confirmed by the
measurements of thermal denaturation profiles (Figure S1) and CD spectra
(Figure S2). The melting curve dfriplex 1 showed two transitions at
the temperatures &, = 29.5 and 67.2C. The transition at lowefy, is
assigned to the dissociation of a third 9-mer OPD strand ffoiplex 1
to form Duplex 1, and the highefl, corresponds to the denaturation of
Duplex 1into single strands. In the CD spectra, the negative band at ca.
210 nm characteristic of the triplex was observed at°C5 which
disappeared clearly at elevated temperatures (Figure S2 and see ref 4a).
The UV thermal dissociation spectra of the other triplexes were also
consistent with the assignment of triplex structures.

(10) Photocurrent densities of a tripleX{BAGAGAGGGAGAGGG—(CHy)s—
SAu—3/5'-CCCTCTCCCTCTERUA-3'/5-TCTCCCTCT-3) and the cor-
responding duplex were evaluated to be 519 and 311 31 nA cni?,
respectively.

(11) For recent reports on modulation of the hole transport efficiency in DNA,
see: (a) Rajski, S. R. Kumar, S.; Roberts, R. J.; Barton, 1J.KAm.
Chem. Soc1999 121, 5615. (b) Nakatani, K.; Dohno, C.; Ogawa, A.;
Saito, I.Chem. Biol.2002 9, 361. (c) Fahlman, R. P.; Sen, D. Am.
Chem. Soc2002, 124 4610. (d) Tashiro, R.; Sugiyama, Bl.Am. Chem
Soc 2005 127, 2094.

(12) Ninez, M. E.; Hall, D. B.; Barton, J. KChem. Biol.1999 6, 85.

JA0568244

J. AM. CHEM. SOC. = VOL. 128, NO. 3, 2006 693





