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Since the initial report of long-range charge transfer through T+
DNA,! a body of research has been amassed that supports the
conclusion that duplex DNA is able to transport charge over long

. . N &5 ~_N 7 \N , %
distance$.Various applications of the long distance charge transport Hu\% § § §
by DNA have been explored, including electrochemical sensors of % %
selected DNA sequences, hybridization, and base pair mismatches. L [Ru( bpy)z(tpphz i L [F*U(bpy)z(taptp)]z+
In addition, DNA may have potential applications as a template or Figure 1. Molecular structures of and2.
as an element in DNA-based nanocircuits and molecular electron-
ics including photoelectronicsA requirement for the latter is a
means to switch the photoactive molecule on and off, otherwise
irradiation always results in charge transgort.

The emission of [Ru(LXdppz)F" (L = bpy (2,2-bipyridine),
phen (1,10-phenanthroline); dppz dipyrido[3,2a:2',3'-c]phena-
zine) is enhanced (“turned on”) upon DNA intercalation. These
and related systems, commonly known as “DNA light-switch”
complexes$, may prove to be useful in applications such as
molecular-scale logic gates, DNA sensing, detection of mismatches,
and in the signaling of DNAprotein binding’ Although other
DNA light-switch complexes have appeared in the literatuiee
steady-state photophysical properties and DNA binding of [Ru-
(L)2(dppz)E* (L = bpy, phen) remain the most widely investi-
gated®® It was proposed that two or three Rl dppz low-energy
SMLCT excited states give rise to the DNA light-switch effect in
these systems, one of which is nonemisdf@alculations on these
and related complexes support the presence of multiple low-lying
triplet states?

The emission properties of Ru(ll) complexes possessing ligands.
with a phenazine unit provide a means to turn their Iumlnescence
on and off2 In the present work, we report two DNA light-switch
complexes, one of which can be repeatedly cycled on and off
through the addition of external agents. The molecular structures
of [Ru(bpyk(tpphz)F" (1) and [Ru(bpy)(taptp)F+ (2) are shown
in Figure 1 (tpphz= tetrapyrido[3,2a:2',3-c:3",2"-h:2"",3""-j]-
phenazine, taptg 4,5,9,18-tetraazaphenanthreno[9Kl@iphen-
ylene).

The absorption spectra @éfand2 exhibit ligand-centereézz*
transitions at~285 nm (bpy) and in the 3560400 nm region (tpphz
or taptp), as well as Ru> bpy and Ru— L (L = tpphz, taptp)
MLCT transitions in the visible region. These assignments are
supported by time-dependent density functional theory (TDDFT)
calculations (Supporting Information). A 59-fold decrease in
emission quantum yieldbem was measured fdk in H,O (®em =
1.7 x 1074 relative to CHCN (®¢r, = 0.010)1112 Similarly, for
2, ®¢ny increases from 5.9« 1074 in H,O to 9.0 x 1073 in
CHsCN.

For 1 (5 mM Tris, pH= 7.5, 50 mM NacCl), addition of calf-
thymus DNA, ct-DNA, results in 38% hypochromicity of ther*
absorption at 380 nm, together with a shift to 387 nm. Less

pronounced changes were observed for solutio2smthe presence

of ct-DNA. As a consequence afstacking aggregation df and

2 in aqueous medi® fitting of the absorption changes of each
complex as a function of DNA concentration to obtain binding
constants was not possible. An increase in the relative viscosity of
herring sperm DNA solutions similar to that measured for the
intercalator ethidium bromide was observed upon addition of each
metal complex (Supporting Information), consistent with their DNA
intercalation*

The 50- and 4-fold increases in the emission intensitiesarfd
2in the presence of ct-DNA (5 mM Tris, pH 7.5, 50 mM NacCl),
respectively, also point at the intercalation of the compléx&#
shift in the emission maxima of 82M 1 from 634 nm ¢ ~ 10
ns) to 628 nm¥ = 640 ns) is observed upon addition of up to 80
uM ct-DNA. In addition, the luminescence of 10 2 (lem =
623 nm,7 = 178 ns) shifts to 609 nm in the presence of:80
ct-DNA, with the appearance of a biexponential decay with=
31 ns (40%) and, = 569 ns (60%), similar to results reported for
related Ru(ll) dppz complexés.Fits of the changes in the emission
|ntenS|ty as a function of ct-DNA concentration fband2 result

=88x 1P M1 (s=2.22)andK, =3.6 x I ML (s=
0.69), respectively® Equilibrium dialysis ofl and2 with ct-DNA,
results inK, = 3.5 x 1® M1 and K, = 4.2 x 106 M1,
respectively, which are typical for intercalatdfs.

The emission of DNArintercalated. (switch on) can be statically
quenched by various transition metal ions, thus turning the light
switch off. The addition of an equimolar concentration ofCto
9 uM 1 bound to 90uM DNA (5 mM Tris, pH = 7.5, 50 mM
NaCl) results in the static quenching of 95% of the luminescence
(Supporting Information). Relative viscosity measurements of 50,
100, and 20«M 1 bound to 1 mM herring sperm DNA (5 mM
Tris, pH= 7.5, 50 mM NacCl) in the presence of 1:2, 1:1, and 2:1
[1]:[Co?"] indicate thatl remains intercalated in the presence of
the ion (Supporting Information). No quenching of DNA
intercalated2 by Cd*" is observed under similar experimental
conditions. Static quenching of intercalatédvas also observed
upon addition of Z&", Ni2*, and C@* ions!2cd

The Lz* transition of the tpphz ligand in intercalatédshifts
from 387 to 383 nm in the presence of €pwhich provides
additional evidence for the coordination of the ion to the tpphz
ligand. Many intercalating octahedral Ru(ll) and Rh(lll) complexes
£ The Ohio State University. have been shown to intercalate from the major groove of BNA.

T Texas A&M University. If 1 intercalates from the major groove, then the transition metal
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Figure 2. (a) Molecular docking model ok-1 intercalated from the major
groove between the central base pairs of @&BCGAC-3 palindromic
duplex with C8* coordinated to the tpphz ligand. (b) Relative emission
intensity of a solution containing 2V 1 and 120uM DNA (5 mM Tris,

pH = 7.5, 50 mM NaCl) upon successive additions oPCand EDTA
(Aexc = 450 nm,Aem = 628 nm).

ion quenchers must bind to the tpphz ligand from the minor groove,
as depicted in the model shown in Figure 2a.

The metal-centered oxidation potentialslodind2 observed at
+1.58 andt+1.57 V vs NHE and bpy-centered reductions-dt17
and —1.14 V vs NHE in CHCN, respectively, are typical for
Ru(ll) complexes with polypyridyl ligand$ The reduction waves
at —0.73 and—0.85 V vs NHE are consistent with the reduction
of the tpphz and taptp ligands ih and 2, respectively*? Upon
binding of C&" and Zri#*, the tpphz ligand is easier to reduce by
~0.13 V in 1, and no shift of the reduction potential of the taptp
ligand is observed ir2. Owing to the high oxidation potential of
Co?" and Zi#t (Eyp(M3/2t) > 1.7 V vs NHE (M= Co, Zn) in
1:1 M?*:1in CHsCN), reductive quenching of the excited states of
1 (Eyp(RU¥ET*/T) ~ +1.5 V vs NHE) by these ions is unfavorable.
The coordination of transition metal ions to the distal nitrogen atoms
of the tpphz ligand irl results in changes to the electronic structure
of the complex and affects the electronic transitions and reduction
potential of the tpphz ligand. The quenching of the emission by
the d°® Zn2" ion indicates that the coordination of transition metals
to the tpphz nitrogen atoms @faffects the relative energies of the
emissive and nonemissivLCT excited states. It is likely that,
in the case of the Co ion, both energy transfer and electronic

changes to the tpphz ligand result in the decrease in luminescence.

If one begins with 1M 1 and 254«M Co?" in the presence of
120 uM DNA (5 mM Tris, pH = 7.5, 50 mM NacCl), which
represents conditions wherein the DNA light switch is off, the
emission can be recovered completely (turned back on), by addition
of 17 uM EDTA. It should be noted that the concentrations ofCo
ions and EDTA required to turn the emission off and on are not
equimolar due to the different binding constants of Cior tpphz
and EDTA Figure 2b shows the changes in the relative emission
intensity of 1 bound to DNA as C& and EDTA are added
successively, thus flipping the DNA light switch on and off over a

series of cycles. In this system the emission quenching and recovery

is observed immediately following the addition of €mr EDTA,
respectively. Similar behavior was also observed for th& Zons,
but in the case of Ni, complete recovery of the emission following
the addition of EDTA required several hours, consistent with the
greater affinity of N#* for the tpphz ligand inl relative to Cé"
and Zr#t.1°

In summary, cycling of the DNA light switch off and on has
been accomplished fdrthrough the successive introduction ofACo

ions and EDTA, respectively. To our knowledge, this work presents
the first example of a reversible DNA light switch.

Acknowledgment. C.T. thanks the National Institutes of Health
(RO1 GM64040-01) and the Ohio Supercomputing Center. K.R.D.
thanks the State of Texas for an ARP Grant (010366-0277-1999)
and the Welch Foundation (A1449) for financial support. We also
thank Dr. Lisa Perez for assistance with molecular modeling studies.

Supporting Information Available: Synthesis and characterization,
relative viscosity measurements, quenching, electronic structure calcula-
tions. This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Purugganan, M. D.; Kumar, C. V.; Turro, N. J.; Barton, J.3¢ience
1988 241, 1645.

(2) (a) Lewis, F. D.; Wasielewski, M. RTop. Curr. Chem2004 236, 45.

(b) O'Neill, M. A.; Barton, J. K.Top. Curr. Chem2004 236, 67. (c)
Schuster, G. B.; Landman, Jop. Curr. Chem2004 236, 139.

(3) (a) Boon, D. M.; Barton, J. KCurr. Opin. Struct. Biol.2002 12, 320.
(b) Drummond, T. G.; Hill, M. G.; Barton, J. KNat. Biotechnol2003
21, 1192. (c) Wong, E. L. S.; Erohkin, P.; Gooding, JElectrochem.
Commun2004 6, 648.

(4) (a) Dupraz, C. J.-F.; Nickels, P.; Beierlein, U.; Huynh, W. U.; Simmel,
F. C. Superlattices Microstruct2003 33, 369. (b) Endres, R. G.; Cox,
D. L.; Singh, R. R. PRev. Mod. Phys2004 76, 195.

(5) Okamoto, A.; Kamei, T.; aTanaka, K.; SaitoJI.Am. Chem. So2004
126, 14732.

(6) (a) Friedman, A. E.; Chambron, J. C.; Sauvage, J. P.; Turro, N. J.; Barton,
J. K.J. Am. Chem. S0d.99Q 112, 4960. (b) Hartshorn, R. M.; Barton,
J. K. J. Am. Chem. S0d.992 114, 5919.

(7) (a) Ling, L.-S.; He, Z.-H.; Song, G.-W.; Zeng, Y. E.; Wang, C.; Bai,
C.-L.; Chen, X.-D.; Shen, PAnal. Chim. Acte2001, 436, 207. (b) Ling,
L.-S.; He, Z.-K.; Chen, F.; Zeng Y.-Halanta2003 59, 269. (c) de Silva,

A. P.; McClenaghan, N. DChem. Eur. J2004 10, 574. (d) Jiang, Y.;
Fang, X.; Bai, CAnal. Chem2004 76, 5230.

(8) (a) Holmlin, R. E.; Barton, J. Kinorg. Chem1995 34, 7. (b) Moucheron,
C.; Kirsch-De Mesmaeker, A.; Choua, Borg. Chem.1997 36, 584.

(c) Arounaguiri, S.; Maiya, B. Gnorg. Chem1999 38, 842. (d) Zhang,
Q.-L.; Liu, J.-H.; Ren, X.-Z.; Xu, H.; Huang, Y.; Liu, J.-Z.; Ji, L.-N..
Inorg. Biochem2003 95, 194.

(9) (a) Holmlin, R. E.; Tong, R. T.; Barton, J. K. Am. Chem. S0d.998
120 9724. (b) Nair, R. B.; Murphy, C. Jl. Inorg. Biochem1998 69,
129. (c) Tuite, E.; Lincoln, P.; Norden, B. Am. Chem. S0d.997, 119,
239.

(10) (a) Olson, E. J. C.; Hu, D.; Hoermann, A.; Jonkman, A. M.; Arkin, M.
R.; Stemp, E. D. A.; Barton, J. K.; Barbara, P. >.Am. Chem. Soc.
1997 119 11467. (b) Coates, C. G.; Olofsson, J.; Coletti, M.; McGarvey,
J. J.; Onfelt, B.; Lincoln, P.; Norden, B.; Tuite, E.; Matousek, P.; Parker,
A.W. J. Phys. Chem. B00J, 105 12653. (c) Brennaman, M. K.; Alstrum-
Acevedo, J. H.; Fleming, C. N.; Jang, P.; Meyer, T. J.; Papnikolas, J. M.
J. Am. Chem. So@002 124, 15094. (d) Olofsson, J.;i@elt, B.; Lincoln,
P.J. Phys. Chem. 2004 108 4391.

(11) Pourtois, G.; Beljonne, D.; Moucheron, C.; Schumm, S.; Kirsch-De
Mesmaeker, A.; Lazzaroni, R.; Bias, J.-L.J. Am. Chem. So2004
126, 683.

(12) (a) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, Jlffarg. Chem 1996
35, 2937. (b) Zhen, Q.-X.; Ye, B.-H. Zhang, Q. L.; Liu, J.-G.; Li, H.; Ji,
L.-N.; Wang, L. J.Inorg. Biochem 1999 76, 47. (c) Tysoe, S. A.;
Kopelman, R.; Schelzig, Dnorg. Chem 1999 38, 5196. (d) Zhang, Q.-
L.; Liu, J.-H.; Ren, X.-Z.; Wei, B.; Huang, Y.; Zhang, P.-X.; Liu, J.-Z,;
Ji, L.-N. Chin. J. Inorg. Chem2003 19, 660.

(13) (a) Ruva, E.; Hart, J. R.; Barton, J. Klorg. Chem2004 43, 4570. (b)
Angeles-Boza, A. M.; Bradley, P. M.; Fu, P. K.-L.; Wicket, S. E.; Bacsa,
J.; Dunbar, K. R.; Turro, Clnorg. Chem.2004 43, 8510.

(14) Suh, D.; Oh, Y.-K.; Chaires, J. Brocess Biochen2001, 37, 521.

(15) (a) Carter, M. T.; Rodriguez, M.; Bard, A. J. Am. Chem. Sod.989
111, 8901. (b) Smith, S. R.; Neyhart, G. A.; Kalsbeck, W. A.; Thorp, H.
H. New J. Chem1994 18, 397.

(16) (a) Paoletti, C.; Le Pecq, J. B.; Lehman, [.JRMol. Biol. 1971, 55, 75.

(b) Tang, T.-C.; Huang, H.-Electroanalysis1999 11, 1185.

(17) (a) Yun, B. H.; Kim, J.-O.; Lee, B. W.; Lincoln, P.; Norden, B.; Kim,
J.-M.; Kim, S. K.J. Phys. Chem. B003 107, 9858. (b) Erkkila, K. E.;
Odom, D. T.; Barton, J. KChem. Re. 1999 99, 2777.

(18) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(19) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum Press:
New York, 1974.

JA052648N

J. AM. CHEM. SOC. = VOL. 127, NO. 31, 2005 10797



