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Abstract: Donor/acceptor (D/A) interactions are studied in a series of doubly modified 19-mer DNA duplexes.
An ethynyl-linked Ru" donor nucleoside is maintained at the 5' terminus of each duplex, while an ethynyl-
linked Os" nucleoside, placed on the complementary strands, is systematically moved toward the other
terminus in three base pair increments. The steady-state Ru'-based luminescence quenching decreases
from 90% at the shortest separation of 16 A (3 base pairs) to ~11% at the largest separation of 61 A (18
base pairs). Time-resolved experiments show a similar trend for the Ru" excited-state lifetime, and the
decrease in the averaged excited-state lifetime for each duplex is linearly correlated with the fraction
guenched obtained by steady-state measurements. Analysis according to the Fdrster dipole—dipole energy
transfer mechanism shows a reasonable agreement. Deviation from idealized behavior is primarily attributed
to uncertainty in the orientation factor, «2. Analyzing D/A interactions in an analogous series of doubly
modified oligonucleotides, where the ethynyl-linked Ru" center is replaced with a saturated two-carbon
linked complex, yields an excellent correlation with the Farster mechanism. As this simple change partially
relaxes the rigid geometry of the donor chromophore, these results suggest that the deviation from idealized
Faorster behavior observed for the duplexes containing the rigidly held Ru" center originates, at least partially,
from ambiguities in the orientation factor. Surprisingly, analyzing both quenching data sets according to
the Dexter mechanism also shows an excellent correlation. Although this can be interpreted as strong
evidence for a Dexter triplet energy transfer mechanism, it does not imply that this electron exchange
mechanism is operative in these D/A duplexes. Rather, it suggests that systems that transfer energy via
the Farster mechanism can under certain circumstances exhibit Dexter-like “behavior”, thus illustrating the
danger of imposing a single physical model to describe D/A interactions in such complex systems. While
we conclude that the Fdrster dipole—dipole energy transfer mechanism is the dominant pathway for D/A
interactions in these modified oligonucleotides, a minor contribution from the Dexter electron exchange
mechanism at short distances is likely. This complex behavior distinguishes DNA-bridged Ru'"/Os" dyads
from their corresponding low molecular-weight and covalently attached counterparts.

Introduction donor/acceptor interaction has been demonstrated to be depend-

The DNA double helix has been shown to be an intriguing €Nt On the ligand bridging the two metal centerSaturated
medium for exploring charge transfer phenoméithe intrica- bridging ligands do not provide effective orbital overlap between
cies of these processes have widely been probed using photo-donor and acceptor chrpmophores. Consequently, energy transfer
active and redox-active transition metal coordination com- Petween the photoexcited donor and the ground-state acceptor
pounds? Much less attention has been given, however, to energy Proceeds primarily by a through-space dipetgpole interac-

transfer processes in similarly metal-modified DNA oligonucle- tion.® On the other hand, conjugated bridging ligands that
otides. The relatively complex excited-state manifold of poly- provide substantial electronic interaction between the donor and

pyridine RY and O¢ compounds can be engaged in multiple the acceptor can facilitate rapid energy transfer via a through-

relaxation mechanisms, InCIUdlng dlpddlpole (FGSter) and_ (2) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann, S.
electron exchange (Dexter) energy transfer processes (Figure ~ H.; Turro, N. J.; Barton, J. KSciencel993 262, 1025-1029. Meade, T.

: J.; Kayyem, J. FAngew. Chem., Int. Ed. Endl995 34, 352-354. Arkin,
1)'3’4 In Slmple heteronuclear Re-Os' dyads, the mode of the M. R.;y%ltemp, E. D.gA.; Holmlin, R. E.; Bartcgln J?K.;"Huann, A.; Olson,
- - E. J. C.; Barbara, P. FSciencel996 273 475-480. Dandliker, P. J.;
* Address correspondence to this author. E-mail: ytor@ucsd.edu. Holmlin, R. E.; Barton, J. KSciencel997, 275, 1465-1468. Ortmans, |.;
(1) For overview articles, see: Netzel, T.L.Chem. Educl997, 74, 646— Content, S.; Boutonnet, N.; Kirsch-De Mesmaeker, A.; Bannwarth, W.;
651. Diederichsen, LAngew. Chem., Int. Ed. Endl997, 36, 2317-2319. Constant, J.-F.; Defrancq, E.; LhommeChem—Eur. J.1999 5, 2712~
Holmlin, R. E.; Dandliker, P. J.; Barton, J. Kngew. Chem., Int. Ed. Engl. 2721. Niiez, M. E.; Hall, D. B.; Barton, J. KChem. Biol.1999 6, 85—
1997 36, 2714-1730. Netzel, T. LJ. Biol. Inorg. Chem1998 3, 210- 97. Rack, J. J.; Krider, E. S.; Meade, T.JJAm. Chem. SoQ00Q 122,
214. Priyadarshy, S.; Risser, S. M.; Beratan, D.JNBiol. Inorg. Chem. 6287-6288. Tierney, M. T.; Sykora, M.; Khan, S. I.; Grinstaff, M. \4/.
1998 3, 196-200. Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. Phys. Chem. R00Q 104, 7574-7576. Stemp, E. D. A.; Holmlin, R. E.;
1999 99, 2777-2795. Grinstaff, M. WAngew. Chem., Int. EA.999 38, Barton, J. K.Inorg. Chim. Acta200Q 297, 88—97. Schiemann, O.; Turro,
3629-3635. Schuster, G. BAcc. Chem. Ref00Q 33, 253-260. Nifiez, N. J.; Barton, J. KJ. Phys. Chem. B00Q 104, 7214-7220. Williams, T.
M. E.; Barton, J. K.Curr. Opin. Chem. Biol200Q 4, 199-206. T.; Odom, D. T.; Barton, J. KJ. Am. Chem. So000 122, 9048-9049.
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Figure 1. Schematic representation of two possible energy transfer

mechanisms between Rand O metal complexes. The Dexter mechanism
involves an electron exchange process, while thrstEomechanism involves
a nonradiative and indirect Coulombic dipeldipole interaction.

bond Dexter exchange mechanisftiow would DNA mediate
donor/acceptor interactions in related duplex-bridgeti-Ros!
dyads?

Barton has previously investigated DNA-mediated triplet

energy transfer using end-intercalating dimethyl-dpp2 &ud
Od' metal complexe8.A shallow distance dependency was

observed over a relatively narrow donor/acceptor (D/A) separa-
tion of 31—-44 A. The sensitivity of the observed luminescence
guenching to the stacking of the metal complexes and to duplex

integrity led the authors to conclude that triplet energy transfer g - '
¢ of six doubly modified duplexes that contain the'Rionorla

is effectively mediated by the DNA base stack. Since triple

energy transfer can be viewed as a charge transfer proces
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Figure 2. Structures of the ethynyl-linked Ru and O$-containing
nucleosidedaandlb, respectively, and the “saturated” dimethylene-linked
Ru' nucleoside2.

the DNA major groove (Figure 2). The rigid ethynyl linker that
connects the polypyridine moiety to the heterocyclic base
ensures that the metal complexes do not back-intercalate into
the duplex, and an unambiguous positioning of the donor and
the acceptot® In this contribution, DNA-bridged Ri+Os!
dyads, where the donor/acceptor separation is systematically
varied from three to eighteen base pairs, are investigated. To
minimize perturbations, a single DNA sequence is utilized and
only the internal positioning of the acceptor is varied. A series

and O4 acceptorlb is investigated and compared to an

where concerted hole and electron transfer processes take placBn2/0gous series, where the donor nucleosads replaced with

(Figure 1)1011 these results have been interpreted using the
Dexter exchange mechanism. This mechanism, however, re-

quires orbital overlap and operates at relatively short distarices. A ) X
A excited-state energy across the DNA bridge is analyzed.

The significant quenching observed at distances above 30
may require reinterpretation.

We have previously developed an effective method for the

site-specific incorporation of polypyridine Rand O4 com-

2 (Figure 2). Steady-state and time-resolved experiments reveal
a complex distance dependent behavior. The participation of
both the Foster and Dexter mechanisms in the transmission of

Results and Discussion

Duplex Design and SynthesisTo systematically study the

plexes into DNA oligonucleotides using solid-phase phosphor- jnteraction between a Budonor nucleosidda and an O%

amidite chemistry314In our novel nucleosides, a [(bp)-
(3-ethynyl-1,10-phenanthrolin@)] complex is covalently at-
tached to the 5-position of 2leoxyuridine and projected into

(3) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; Von
Zelewsky, A.Coord. Chem. Re 1988 84, 85-277. (b) Sauvage, J.-P.;
Collin, J.-P.; Chambron, J.-C.; Guillerez, S.; Coudret, C.; Balzani, V.;
Barigelletti, F.; De Cola, L.; Flamigni, LChem. Re. 1994 94, 993—
1019. (d) Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; Serroni, S.
Chem. Re. 1996 96, 759-833. (e) Barigelletti, F.; Flamigni, L.; Collin,
J.-P.; Sauvage, J.-Bhem. Commuril997 333-338.

(4) For the original formulation of the Fster and Dexter mechanisms, see:
(a) Faster, Th.Discuss. Faraday So0d.959 27, 7—-17. (b) Dexter, D. L.

J. Chem. Phys1953 21, 836-850.

(5) For review articles, see: Barigelletti, F.; Flamigni, Chem. Soc. Re

200Q 29, 1—12. Ward, M. D.; Barigelletti, FCoord. Chem. Re 2001,

216-217, 127-154.

Vogtle, F.; Frank, M.; Nieger, M.; Belser, P.; von Zelewsky, A.; Balzani,

V.; Barigelletti, F.; De Cola, L.; Flamigni, LAngew. Chem., Int. Ed. Engl.

1993 32, 1643-1646. See also: Belser, P.; Dux, R.; Baak, M.; De Cola,

L.; Balzani, V.Angew. Chem., Int. Ed. Engl995 34, 595-598.

Representative examples: Groshenny, V.; Harriman, A.; ZiessBhgew.

Chem., Int. Ed. Engl1995 34, 1100-1102. Barigelletti, F.; Flamigni, L.;

Guardigli, M.; Juris, A.; Beley, M.; Chodorowski-Kimmes, S.; Collin, J.

P.; Sauvage, J. Bnorg. Chem.1996 35, 136-142. Harriman, A.; Zies-

sel, R. Chem. Commun1996 1707-1716. Ziessel, R.; Hissler, M.;

El-ghayoury, A.; Harriman, ACoord. Chem. Re 1998 178-180, 1251~

1298. Harriman, A.; Romero, F. M.; Ziessel, R. Benniston, AJ(Phys.

Chem. A1999 103 5399-5408. El-ghayoury, A.; Harriman, A.; Khatyr,

A.; Ziessel, R Angew. Chem., Int. E@00Q 39, 185-189.
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M.; Ziessel, RJ. Chem. Soc., Faraday Trank996 92, 2223-2238.
(9) Holmlin, R. E.; Tong, R. T.; Barton, J. K. Am. Chem. S0d.998 120,
9724-9725.
(10) Closs, G. L.; Miller, J. RScience1988 240, 440-447. Closs, G. L,
Johnson, M. D.; Miller, J. R.; Piotrowiak, B. Am. Chem. So4989 111,
3751-3753.

Mixed behavior, where both mechanisms are operative, has also been
observed. See ref 5 and for example: Groshenny, V.; Harriman, A.; Hissler,

containing acceptor nucleosid® over a DNA bridge, a series

of six doubly modified 19-mer DNA duplexes has been
designed. A single Runucleoside is maintained at theé 5
terminus of each duplex, while the Oeucleoside, placed on
the complementary strands, is systematically moved toward the
other terminus in three base pair increments (Figure 3). The
donor/acceptor separation spanned in this series is from 16 to
above 60 A. Figure 3 lists “duplex codes” which describe the
modified duplexes in a concise manner, indicating the position-
ing of the acceptor with respect to the donor. For example,
URY(19)-U°(4) refers to duple-6, where the donor strand is
modified at the 19th (terminal) position from thé&énhd with

the RU'-modified deoxyuridinela, while the complementary
strand is modified at the 4th position with the'Qmucleoside

1b.

All metal-containing oligonucleotides were synthesized with
the epimeric A/A) metal-containing-ribose phosphoramidites,
utilizing standard solid-phase DNA synthe¥isAs previously
reported, the coupling efficiency of the metal-containing phos-
phoramidites during DNA synthesis can be greater than 90%
when high reagent purity is maintain&dlhe 3-DMT protected
oligonucleotides were treated with ammonia and purified by
reverse-phase HPLC. After deprotection using 80% acetic acid,

(13) Hurley, D. J.; Tor, Y.J. Am. Chem. S0d.998 120, 2194-2195.
(14) Hurley, D. J.; Tor, Y.J. Am. Chem. So@002 124, 3749-3762.

(11) Essentially an electron transfer phenomenon, the energy transfer rate is(15) The ethynyl linkage also leads to “localization” of the emissivé &«cited

expected to decrease exponentially with increasing D/A separdfpn (
Thus, the following relationship should hold = A exp[-/R].

(12) Turro, N. J.Modern Molecular PhotochemistryUniversity Science
Books: Sausalito, CA, 1991.
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state on the heterocycle-extended nucleoside (see ref 14).

(16) We have previously demonstrated that quenching by the racenfic Os
nucleosidelb is weakly dependent on the absolute configuration at the
Ru' donor metal center (see ref 14).
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Strand Sequence Duplex Code
A A T A T-A—T- - A TR
3 SAGCATORGTATGACTAGETS  Control-Comp
4 5T CGTAGTCATACTGATCGASD
5 SAGOATCAGTATGACTAGOUS  yRu(19)Comp
4 5-FCGTAGTFCATACTGATCGAS

5 3I_}:1'_(.}G_A_‘FC_)?‘_G_T_{\_T_G_A.\_C._T_'f‘_e-c._lr,_sl URU (1 9)_U05( 4)

6 5 FCGTAGTCATACTGAL CGAT

o8
5 3"“?"@'Q"%\‘T‘C"'?\'G‘T“?“TG'&‘Q‘T‘*G'G‘E*’*' URY(19)-U°%(7)
7 5-FCGTAGTCATACUGATCGAS

5 3'_'?"9'"v"?“""C"?"G‘T‘*?“T‘G'*?‘Q‘T‘A'G'G‘?ff URY(19)-U°5(10)

8 5-FCGTAGTCAUACTGATCGASD

5 3“’?\'6".31?\—?C'f:\'G‘T—f?\—TG'&'C—H'GCiS' RU 4qn 1 105

9 5-TC6TAGUCATACTEATCGAs U (19)U(13)
@

5 ?

3 AGCATCAGTATGACTAGCUS

10 NG CATORGTATGACTAGEY uRY(19)-u®s(16)
5 FCGUAGUCATACTGATCGAS

o
5 3‘—&-@-t.:-a—T—C-a-&T—a—re-a-c—mscﬁs
11 5-UCGTAGUCATACTGATCGAD

o8

Figure 3. Six doubly metal-modified DNA 19-mer duplexes§—5-11) contain a single donor Runucleosidela at the 5-end (red) and an acceptor'Os
nucleosidelb (green) on the complementary strand. The D/A separation is systematically varied in three base pair increments. Also shown are control
oligonucleotides3-4 and5-4 and “duplex codes” which describe the duplexes in a concise manner. Models of the doubly modified DNA duplexes are shown
on the right. The top view of each duplex emphasizes the angular change between the donor and the acceptor as a function of distance.

HPLC purification was repeated. All oligonucleotides used for modification is dependent on the location of the metal-containing
the study discussed below were98% pure by analytical nucleotide within the sequence. Modification at the end of the
HPLCZY? duplex, as seen in the 19-mer duplexe¥(W9)-Comp5-4 and
Stability of Doubly Modified Duplexes. Thermal denatur- URY(19)-U°%19) 5-11, results in a slight increase in duplex

ation experiments have been used to determine the stability ofstability (AT, = +0.7 and+0.2 °C, respectively) relative to
the modified DNA duplexes. Complementary combinations of that of the unmodified control 19-mer dupl&x4 (T, = 62.0
metal-modified oligonucleotides were hybridized in 10 mM °C). The incorporation of an ®snucleoside to the comple-
phosphate buffer at pH 7.0 containing 100 mM NaCl by slow mentary strand at an internal position results in a minimal
cooling from 90°C to either room temperature or°€. The decrease in duplex stabilitAlT, = —1 °C), except in duplex
dissociation of each duplex was monitored at 260 nm as a URY(19)-U°Y10) 5-8, where a small increase iy is observed
function of temperature. Th&, values of the control and the relative to the control duplex.
modified duplexes are summarized in Table 1. The presence of Steady-State Luminescence Quenching Experiment$he
a metal-containing nucleotide, at a terminal or internal position, steady-state transfer efficiency at each of the six donor/acceptor
has a minimal effect on duplex stability. The impact of the separations was determined by comparing the integrated emis-
sion between 525 and 850 nm of each duplex with that of the
(17) Enzymatic digestion using a cocktail of nuclease P1, alkaline phosp‘hatas‘e,URu(lg).Comp control duples-4 (Figure 4);8,19 The results

and snake venom phosphodiesterase was used to confirm both the integrity ] .

of the incorporated metal-containing nucleoside and the composition of are presented in Table 1 as the fraction quenched at each

the modified oligonucleotide strands. See Supporting Information for ; 0 I i i
experimental details and data. The metal-modified oligonucleotides were distance’? The level of RU-based luminescence quenChmg
also characterized by MALDI mass spectrometry. For example, the MS
data for the RUrmodified oligonucleotidé: calcd 6429.5 Da, found 6423 (18) Excitation of the Ru-only control and bis(heterometalated) duplexes was
+ 6 Da . The MS data of the ®anodified oligonucleotide§—11: calcd performed at 467 nm, an isosbestic point in the absorption spectrum of the
6509.6 Da, found 6516 6 Da. Ru' and O4 nucleosides.

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13233
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Table 1. Thermal Denaturation, Steady-State Luminescence Quenching, and Excited-State Lifetimes of DNA Duplexes Containing an
Ethynyl-Linked Ru" Donor 1a and an Ethynyl-linked Os'" Acceptor 1b?@

DIA

distance? fraction decrease in
duplex duplex code Tu® (°C) AT, (°C) A quenched® 71 us' (%) 72 us' (%) [#0us? %)
34 controtComp 62.0
54 URY(19)-Comp 62.7 +0.7 1.74(44) 1.03(56) 1.3+ 0.01
56 URY(19)-UCY4) 61.0 -1.0 16 0.89+ 0.01 1.075(16) 0.037(84) 0.200.06 85
57 URY(19)-U°Y7) 59.9 -1.1 21 0.80+ 0.01 0.960(18) 0.120(82) 0.270.01 79
5-8 URY(19)-UOY10) 62.7 +0.7 31 0.5+ 0.01 0.895(63) 0.345(37) 0.680.01 52
59 URY(19)-UOY(13) 61.0 -1.0 43 0.29+ 0.03 1.535(39) 0.745(61) 1.620.12 22
5-10 URY(19)-UCY16) 62.0 0.0 52 0.140.03 1.820(28) 1.05(72) 1.240.02 5
5-11 URY(19)-UOY(19) 62.2 +0.2 61 0.1+ 0.03 3.815(5) 1.19(95) 1.2# 0.01 3

a All measurements were performed withu®1 duplex solutions in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0. Steady-state and time-resolved
luminescence experiments were done with deoxygenated soldtith8.Absorbance-derived, values were calculated from the derivative of each thermal
denaturation curve. Standard deviations #r6.5 °C. ¢ AT, = T(metal-modified duplex)- Tm(control unmodified duplex)? Donor/acceptor separations
were calculated using a helical DNA modél ¢ Fraction quenched: Fg 1 — Iruodlre. The data are the average of three separate determinations. Transfer
efficiency was determined by comparing the integrated emission between 525 and 850 nm of each duplex with th&@3p€amp control duple-4.

f Samples were excited at 467 nm, and emission decays were monitored at 630 nm. Decays were analyzed according to the biexponentigk(tnction:
= Arexp(—t/t1) + Asexp(—titz). 9 Weighted average lifetimegliwere calculated by the equatidtil= Ajr; + Agto.

is substantially smaller than that observed in the bis(hetero-
metalated) DNA duplexe.
Additional support was obtained by titrating the complemen-
tary 19-mer strand ©(10) 8 into a solution of U’Y(19) 19-mer
5. The RU-based luminescence was monitored at each incre-
ment23 Importantly, the sample was heated to @ between
additions of the complementary oligonucleotide to facilitate
duplex rehybridization. Figure 5B plots the fraction of quenched
emission as a function of acceptor oligonucleotide concentration.
The fraction quenched grows with increasings10) comple-
ment concentration and levels off at 0.59 after the addition of
precisely 1 equiv. of the quencher oligonucleotide. A similar
57% luminescence quenching was observed from the direct
formation of the same duplex with a 1:1 mixture oRYIL9)
and WPY10) 19-mer complement (Table 1). It is informative to
note that the addition of another full equivalent oP10)
oligonucleotide results in only a 4% increase in quenching. This
550 600 650 700 750 800 correlates well with the intermolecular quenching for a “soluble”
Wavelength (nm) Od' complex discussed above (Figure 5A).
Figure 4. Steady-state emission spectra of the control obgb(a) and In the last control eXperiment' the luminescence spectra of
the D/A oligonucleotides-6—5-11 (g—b, respectively). See Experimental  the Ru/Os duplex B4(19)-U%Y10) 5-8 and the control duplex
Section for conditions. URY(19)-Comp5-4 were monitored as a function of temperature,
starting at 25°C and ending at 78C, well above the melting
decreases from 90% at the shortest separation of 16 A (3 basepoim of either duplexT, = 62.7°C). Thermal denaturation of
pairs) to~11% at the largest separation of 61 A (18 base the duplex should effectively disrupt any intraduplex D/A
pairs)?! interaction. The luminescence of dupleX@{19)-Comp 5-4
Control Experiments: Intraduplex Nature of D/A Inter- shows a steady decrease in luminescence intensity with increas-
actions. To confirm the intraduplex nature of the observed ing temperature, dropping to 27% of its initial intensity (Figure
luminescence quenching, three distinct control experiments havegA). This behavior is anticipated, as the emissive properties of
been conducted. The interaction of a'Ruodified duplex polypyridyl RU' complexes are known to be temperature
URY(19)-Comp5-4 with a soluble, noncovalently attached and  dependent* The emission profile of the bis(metalated) duplex
non-intercalating [Os(bpyphenf* was first examined. Figure  URY19)-U°510)5-8 shows a similar steady loss in luminescence
5A shows the fraction of Ruemission quenched as a function intensity with increased temperature up to approximatel§&5
of increasing concentrations of tOsThe addition of 1 equiv. (Figure 6B). At this temperature, however, the duplex begins
of an O¢ complex resulted in only 4% intermolecular quench-

ing. It is apparent that the amount of intermolecular quenching (22) Note that a small and constant contribution to quenching) in the
doubly modified duplexess-6—5-11 may result from intermolecular

interactions, as illustrated for [Os(bpghenf" in Figure 5A.
(19) The luminescence emission resulting from the direct excitation of the (23) Each measurement was corrected with respect to a control sample to which

250 +

200 -

150 -

100

Emission Intensity (a.u.)

50 A

acceptor was monitored with the corresponding'-Osly duplex and an equivalent amount of the nonmetalated complement had been added to
subtracted from the emission of the donor but was found to be negligible correct for quenching that resulted simply from duplex formation (see also
due to the extremely low emission of the'Quicleoside (see also ref 14). ref 14).

(20) Distances were calculated using a helical model of the DNA duplex. See (24) The emissiveMLCT state of the metal complex is in thermal equilibrium
Supporting Information for details. with an3MC (metal-centered) level at a slightly higher energy from which

(21) It i1s important to emphasize that the quenching observed is highly the excited state can undergo fast, radiationless decay. Thus, thermally
reproducible over several sample preparations and multiple measurements, activated crossing into th#/C level results in reduced Ruuminescence
suggesting minimal photodeterioration of the samples. at higher temperatures. See ref 3a.

13234 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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Figure 5. (A) Fraction quenched of the photoexcited duple¥(@9)-Comp5-4 in the presence of increasing concentrations of [Os¢ph@nF' in degassed
100 mM NacCl, 10 mM phosphate buffer at pH 7.0. (B) Fraction quenched of the photoexcited single S#@8J%in the presence of increasing concentrations
of complementary strand(10) 8 (2 M in 100 mM NaCl, 10 mM phosphate buffer at pH 7.0). Dashed line represents the 0.57 threshold.
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Figure 6. Emission of the control 84(19)Comp5-4 duplex (A) and ’Y(19)-U°Y10) duplex5-8 (B) as a function of temperature (@M air equilibrated
samples in 100 mM NacCl, 10 mM phosphate buffer at pH 7.0).

to thermally denature and the donor/acceptor distance increasedifetime is likely a result of partial protection of the Raomplex

This leads to emission enhancement that peaks at around 65rom the agueous environment and is characterized by nearly
°C. A further increase in temperature results in decreased equal distribution between a longer-lived excited state (&sj4
emission, resulting from thermal deactivation of the! Rxcited and a slightly shorter-lived excited state (1.88)1* In the
state. It is worth noting that the “melting temperature” obtained heterometalated duplexes, the closer thé @sncher is to the
from the temperature-dependent luminescend0(°C) agrees Ru' complex, the shorter the averaged'Rucited-state lifetime
well with the Ty, obtained by monitoring the absorption of the [@[(Table 1)%® Very importantly, the decrease in the averaged
duplex at 260 nm as a function of temperature (6ZY. When excited-state lifetime for each duplex is linearly correlated with
taken together, we conclude that the"Ramission quenching

observed in duplexe$-6—5-11 represents an intraduplex (25) Detecting the sensitization of D@mission would have provided an
additional support for an energy transfer process (vs, for example, a

25
eve_nt. . . reductive quenching). This has been found to be technically challenging
Time-Resolved Luminescence ExperimentsThe donor because of the low emission guantum yield of thé @scleosidelb (¢
; T ; e < 0.0001)* Following a procedure analogous to that used by Clegg (Clegg,
excited-state lifetimes in the metal-modified duplexes were R. M.. Murchie, A. .. Zechel, A Lilley. D. M.Proc. Natl. Acad. Sci.
measured by monitoring the decay of the''Riased emission U.S.A.1993 90, 2994-2998), one can subtract a normalized donor signal

. . from the donor/acceptor luminescence {Rand O4) at all wavelengths
at 630 nm (Figure 7 and Table 1). While the decay of the free to leave only the sensitized acceptor emission signal. The large difference

RU' nucleosidela is monoexponential with an excited-state between the quantum yields of the'Rand O8 nucleosides precluded the

e - . . . . study of 1:1 donor/acceptor duplexes. We instead monitored the steady-
lifetime of 1.13us in agueous solutions, incorporation of the state emission of the (sacceptor strand in the presence of low
nucleoside into DNA (single or double stranded) results in a ~ concentrations of the complementary'Rionor strand (typically 1:10 vs

. . . acceptor strand). Even under such conditions and with D/A pairs at short
biexponential decadf The decays are characterized by a longer- distances (where energy transfer is effective), the emission spectrum is
lived component 7(]_) accompanied by a shorter lived decay dominated by the Ruemission. Subtraction of the normalized donor signal

X ! . from this spectrum gives a corrected emission spectrum identical to that
(z2). The weighted average lifetini@éCof the LRY19)-Comp of the control O% acceptor strand, indicating that under these conditions
duplex is 1 3Lus slightly longer than the monoexponential 1.13 the potential sensitized emission is likely to be within the experimental
' ! : error.

us lifetime of the free nucleoside (Table 1). The increased (26) See Supporting Information for additional data.
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mentally determined one (32.5 A) is likely to result from an
uncertainty in the orientation facte?. «2 can range between 0
and 4 but typically is assigned a value &g when the
orientations of the transition dipole moments of both the donor
and acceptor molecules are randomizedince the metal
complexes are linked to the DNA duplex through a rigid ethynyl
linker, this assumption is not valfd.As illustrated in Figure

10, considerably better correlations are obtained when the
predicted Foster behavior is recalculated using the experimen-
tally determinedR, value.

The deviation of certain data points from thérgter curve
recalculated foR, = 32.5 A is not surprising. Since the rigidly
linked O¢' complexes precess about the helix with increasing
separation from the Runucleotide,a different«? value is
expected for each donor/acceptor péee Figure 3). Nonethe-
less, in view of the orientational approximations involved and
on the basis of the reasonable agreement between the experi-
mental steady-state quenching results and the corrected theoreti-
cal Faster curve (particularly for duplexeés7—5-10, where

0.8 -

o
]
1

©
i
1

Intensity (630 nm)

0.2 -

0.0 7

Time (us)

Figure 7. Time-resolved luminescence decay of tH&(9)-Comp control

duplex5-4 (a) and the D/A oligonucleotidés6—5-11 (g—b, respectively). . . .
The luminescence decay exhibits a decrease in intensity and lifetime as a20 < DI/A <50 A)' it appears that the Fster mechanism can

function of decreasing RUOS' nucleotide separation (M duplex account for a significant component of the observed energy
concentration in degassed 100 mM NaCl, 10 mM phosphate buffer at pH transfer. To further examine this possibility, an additional set
7.0). of D/A duplexes was prepared, where the ethynyl moiety linking

the fraction quenched obtained in the steady-state experimentghe RU complex to the heterocycle has been replaced by a

(Figure 8A).
Analysis: Forster Mechanism. The efficiency of a nonra-

flexible two-carbon chain. This modification was expected to

partially relax the rigid geometry of the donor chromophore,

diative Fasster energy transfer decreases with increasing donor/ thus, bringing the orientation factaf closer to &/ value®

acceptor distanceR}, according to 1/[1+ (RIRy)%. R, is the
critical Farster radius, the distance at which 50% of the donor’s

Duplexes Containing a Saturated RU—U Linker. Figure
11 shows a series of modified DNA duplexes that contain

excited-state energy is transferred to the acceptor. The magnitudenucleoside2, where the Rlidonor is linked to the heterocycle
of R, depends on the spectral characteristics of the donor andvia a saturated two-carbon linker (see Figuré2Jhis is the

acceptor complexes, as well as their relative orientafgican
be calculated from eq 1, whergis the refractive index of the
medium separating the donor and the accepfdg a geometric
factor associated with the relative orientation of the donor/
acceptor transition dipole®y is the quantum yield of the donor
molecule in the absence of the acceptor, ans the spectral
overlap integral between donor emission and acceptor absor-
bance (see Figure 9j.
R,= (8.79x 10 ° I’y ‘@) ® A (1)

Using the photophysical characteristics of out /Rag' system
and an initial orientational parametet = %/3, we estimateR,
to be 26 A. A calculated Fster curve is then plotted next to
the experimentally determined quenching data (Figure 10A).
A significant deviation is observed. On the basis of the
experimental data, an appardftvalue of 32.5 A is obtained.

only structural difference that distinguishes duplese®—5-
11from the seried2-6—12-11. The oligonucleotides’ sequence

is unchanged, and the complementary strands all contain the
same O% complex that is linked via the unsaturated ethynyl
linkage. The six bis(heterometalated) DNA duplexes are char-
acterized by similar donor/acceptor separations of 21, 24, 34,
46, 54, and 64 A calculated using the helical model of DRA.

All form stable duplexes witl, values above 60C in a 10

mM phosphate buffer at pH 7.0 containing 100 mM NaCl (Table
2).

Energy transfer between the DNA bound'Rionor and O%
acceptor inl2-6—12-11 was monitored using both steady-state
and time-resolved techniques. The steady-state transfer ef-

ficiency at each of the six donor/acceptor separations was

determined by comparing the integrated emission area over
500-825 nm with that of the URY(19)-Comp control duplex

Similarly, a theoretical Fster plot of In(1E — 1) versus InR,
where the expected slope is 6.0, shows significant difference
(Figure 10B). A least-squares analysis of the experimental data
gives a slope and exponential term of 3.5, indicating a shallower
distance dependence than that theoretically predicted by the
Forster theory.
As R, is largely determined by the invariable photophysical

characteristics of the donor and acceptor molecules, the dis-
crepancy between the calculated value (26 A) and the experi-

(27) To calculater, for the RY and O4 D/A pair 1a/1b, we used the following
parameters:y = 1.33 (index refraction of water)] = 3.9 x 10 nmP
mol~* (see Figure 9), and>q = 0.045. See text for discussion related to
the value ofi?.
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(28) This is a valid assumption when fluorophores are covalently linked to the
DNA via long and flexible linkers.

(29) Anisotropy data are unlikely to provide useful information regarding the
orientational restriction of the metal complexes attached to the DNA. The
experimentally measured anisotropy values for out-Bantaining duplexes
are extremely low £0.006 for both the end- and internally modified
duplexes), most likely because of the long lifetime of thé Baromophore
relative to the tumbling rate of the oligonucleotides.

(30) Note that saturating the linker also electronically “disconnects” the metal
center and the nucleobase.

(31) See Supporting Information for the synthesis of the “saturated™ Ru
containing nucleosid@ and its phosphoramidite.

(32) The helical model of DNA for oligos containing was slightly altered
from that used for théa/1b system, in that RUOS' distance was calculated
from the R metal center in the metalated nucleoside rather than from the
carbon analogous to the thymidine 5-methyl group because of the nearly
symmetrical distribution of the excited over the diimine ligands (helical
parametera = 6,d = 11,L = 2 A). See Supporting Information for details.
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Figure 8. Excellent linear correlation is observed between the steady-state emission quenching and the decrease in the average excited-state lifetime in

duplexes5-6—5-11 (A) and 12:6—12-11 (B). In both cases;2 = 0.995.
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Figure 9. UV —vis absorption spectrum of the Osucleosidelb (green)
compared to the emission spectra of thé' Rlonor nucleotide in duplex
URY(19)-Comp5-4 (red). Both are taken in aqueous solution. The region
of donor/acceptor spectral overlap is shaded.

12-4.33 The results are presented in Table 2 as the fraction

Decrease in Lifetime <t> (%)

characterized by a longer-lived decayl(= 1.23 us) ac-
companied by a shorter-lived deca & 0.57us) 35 The longer
averaged excited-state lifetime, the biexponential decay, and its
distribution are likely to results from random intrastrand stacking
interactions with heterocyclic bases. Further support is obtained
by duplex URY19)}Comp (12-4), where the excited state is
characterized by a strictly monoexponential decay with a lifetime
of 0.59us. This suggests that the flexibly tethered'Romplex

only weakly interacts with the DNA duplex, either electronically
or through groove binding. The introduction of an'"©s
nucleoside on the complementary strand results in the modula-
tion of the excited-state lifetime (Table 2). At the farthest' Ru
Os! separation (64 A), no reduction in the excited-state lifetime
is observed® As before, the closer the ®sjuencher is to the
Ru' complex, the shorter the averaged'Rucited-state lifetime
Z0(Table 2). Similarly to duplexeS-6—5-11, the decrease in
the averaged excited-state lifetime for duplet@6—12-11is
linearly correlated with the steady-state quenching results (Figure
8B).

Plotting the steady-state quenching data obtained 2¢8—
12-11 against distance results in a sigmoidal correlation (Figure
12A). In this case, the data points fall closer to"aster curve
calculated fork?2 = 2/3 (R, = 24 A) than for the rigidly held
system discussed above (Figure 1GA)A corrected curve
recalculated for the experimentally obsenRg(31 A) shows

guenched at each distance. As with the “unsaturated” duplexgood correlation for distances between 20 and 55 A (Figure

series $-6—5-11), a decrease in quenching efficiency was

12A). Similarly, a theoretical linear Fster plot of In(1E — 1)

ob§gwed with increasing donor/acceptor separation. The transfen;,ersuS IR, where the expected slope is 6.0 (Figure 12B), better
efficiency decreases from a value of 90% at the shortest correlates with the data when compared to the unsaturated

separation of 21 A and levels off t86% quenching by 64 A,
a donor/acceptor separation of 18 base pHirs.

The excited-state lifetimes of the metal-modified duplexes
were measured by monitoring the decay of the'fRased

systemb-6—5-11. The observations of the duplexes containing
a “relaxed” Rl donor2 thus strongly suggest that the deviations
from idealized Foster behavior observed with the duplexes
containing the rigidly held Rucenterla originate, at least

emission at 607 nm and are listed in Table 2. While the decay patially, from ambiguities in the orientation facto?.

of the RU' nucleoside? is monoexponential with an excited-
state lifetime of 0.73s, the incorporation of the nucleoside
into a DNA single strand 2 results in a biexponential decay,

(33) Note that this “deconjugation” changes the photophysical properties of the

RuU' complex. Nucleoside displays a shorter emission wavelength when
compared to that afa (607 vs 630 nm, respectively) and a lower quantum
yield than that ofla (®4 = 0.042 vs 0.045, respectively).

(34) The residual 6% quenching observed for the longest D/A separation can
mainly be attributed to interduplex interactions, as demonstrated above for

the soluble quencher [(bp@s(phenit (see Figure 5A).

(35) The contribution of each decay is 50%, which is similar to the biexponential
decay distributions observed in the single strands containing the conjugated
nucleosidela

(36) This further supports that the 6% quenching observed at the largest D/A
separation is interduplex static quenching (see ref 34 above).

(37) Note that because of the electronic change in the chromophore, the integral
overlap has slightly changed and, as a result, the calculated valBe of
The overlap integral we obtain for tl#1b system is] = 3.8 x 10714 nn¥
mol~1, nearly identical to the value obtained fte/1b. The lower quantum
yield and the slightly smaller overlap integral lead to a smaller calculated
value of R, (see also ref 33 above).
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Figure 10. (A) Luminescence quenching observed for the doubly modified dupléxés $-11) plotted as a function of &/U°s distance (calculated using
the helical model of DNA; error bars represefito).26 The solid lines represent the theoreticétdter curves foRy = 26 A (red) andRy = 32.5 A (blue).
(B) log—log correlation between energy transfer efficiency and distance. The solid line represents the thedrsteatliistance dependency (slopes.0)
for Ry = 26 A (red) andRy = 32.5 A (blue).

Is the Dexter Mechanism Involved?The deviation of the has been systematically varied in three base pair increments
quenching data from the idealizedrster curves warrants an  over a wide distance range(38 base pairs). Photoinduced
evaluation of other quenching mechanisms. This is particularly energy transfer, determined by steady-state and time-resolved
imperative, since Barton has exclusively attributed observations techniques, was analyzed according to thestes dipole-dipole
with related R#/Os' duplexes to a triplet energy transfer and the Dexter electron exchange mechanisms. Surprisingly,
mechanisn?:38 Plotting the natural log of our experimentally the two radically distinct mechanisms yield a reasonable
determined steady-state energy transfer efficiency for duplexescorrelation for duplexes containing the rigidly held '"Rand
5-6—5-11 against distance gives a linear correlation (Figure OS' nucleosides (duplexe®6—5-11) as well as for duplexes

13)1139 | east-squares analysis gives a slope—@f.05 AL, that contain a flexibly linked Rudonor (duplexed2-6—12
suggesting an extremely shallow distance depend#hcy. 11). We conclude that the primary mechanism responsible for
Intriguingly, an analogous “Dexter” plot for duplexéd®-6— mediating energy transfer in these donor/acceptor oligonucle-
12-11 also shows a linear correlation with a slope-60.07 otides is the Fister dipole-dipole interactiorf3 The extremely

A~ (Figure 13). Although these respectable linear fits can be shallow distance dependency observed with the Dexter model
interpreted as strong evidence for a Dexter triplet energy transferfor a wide distance window (D/A separation of 16 to above 60
mechanism, they do not imply that this exchange mechanism A) is unlikely to have a true physical meaning, as this electron
is necessarily operative in these D/A duplexes. In particular, exchange mechanism operates at short distances. It is difficult,
while oligonucleotide$-6—5-11 may exhibit some long-range  however, to unequivocally exclude a minor contribution from
orbital coupling (because of the conjugation of the' Ranter the Dexter mechanism at short D/A distances; yet, it remains
to the heterocyclic base), this is an unlikely situation for difficult to envision a physical model that brings the donor and
oligonucleotided 2-6—12-11, where the Rlicenter is connected - - - ——

to the nucleobase via a saturated linker. The linear correlation 1)  €os€ lhepecton of e e te a0 a0 A s amall and constamt
with the Dexter model observed for both series, thus, suggests reduction in emission intensity is observed relative to the control strand

e . luminescence. In contrast, at shorter separations (©/20 A), this static
that systems that transfer energy via thesker mechanism can quenching is distance dependent and much more profound, reaching

under certain circumstances exhibit Dexter-like “behaviér2 approximately 55% of intensity loss at the closest chromophore separation
. . . . of 16 A. At a’D/A separation of 32 A, this intensity loss drops to 6%. A
The satisfactory correlation of the experimental data with both plot correlating the log of this “static” quenching efficiency versus the short
the Foster and Dexter energy transfer models, part|cu|ar|y for D/A distances is linear (see Figure S5 in the Supporting Information). The
. . . . slope of this correlation provides a measure analogous to the electronic
duplexesl2-6—12-11, illustrates the danger of imposing a single coupling parametef that was marked ag by Barton (ref 9). This may
physical model to describe D/A interactions in such complex ~ suggest some involvement of triplet energy transfer in mediating D/A
interactions, although it remains difficult to propose a physical model that
systems. brings the donor and the acceptor to sufficient proximity, unless partial
fraying of the duplex is invoked. The loss of emission intensity and changes
Summary in the excited-state lifetime at relatively short D/A separations, therefore,

suggest a complex behavior in which duplex dynamics may play an
i i i i important role. Note that conformational effects on energy transfer in simple
Dpnor/acceptor mteractlorjs have been explored In a series Ru'/Od' dyads have been observed. See: Belser, P.; von Zelewsky, A.;
of oligonucleotides that contains Rand O4 nucleosides placed Frank, M.; Seel, C.; Vagtle, F.; De Cola, L.; Barigelletti, F.; Balzani, \J.
inimi i i Am. Chem. Sod 993 115 4076-4086.
on Complementary strapds. To minimize pe.rturbatlons,.all Slngle (42) It is interesting to add that Fster, in discussing transfer mechanisms for
DNA sequence was utilized and only the internal positioning electronic excitation (ref 4a), demonstrates that in certain circumstances
; ; the curve for dipole-dipole energy transfer can be approximated by a simple
of the O4 acceptor was adjusted. The donor/acceptor separation exponential relationship.
(43) Investigating oligonucleotides that contain a bulged A or an A:C mismatch

(38) See Supporting Information for an analysis of Barton’s system (ref 9) between the metal centers in botR419)-U°Y7) 5-7 and U-RY(19)-U°K7)
according to the Fster energy transfer mechanism. 12-7 shows no significant changes in steady-state luminescence quenching

(39) Plotting the same data using the function utilized by Barton (ref 9), when compared to the case of the parent doubly modified duplex (see
correlating In(r/Iruos — 1) against distance, gives similar results. Supporting Information). These observations further suggest that nonra-

(40) Note that this is similar to the slope Barton obtained in analyzing the data diative dipole-dipole interactions mediate energy transfer in these donor/
reported in ref 9. acceptor oligonucleotides.

13238 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002



Ru'-0s" Oligonucleotide Donor/Acceptor Interactions ARTICLES

Strand Sequence Duplex Code

?

3—A-G-C-A-T-C-A-G-T-A-T-G-A-C-T-A-G-C-U-5' ~
12 Poor Ty n ey e U™RY(19)-Comp
5—F-C-G-T-A-G-TC-A-T-A-C-T-G-A-T-C-G-A-3

9
12 3-AGGATCAGTATGACTAGCUS
§C6TAGHCATACT G U-CEAD
)
12 3'—A—G-(;—A—T—Q-A—G—T—A—T—G-A—(;—T—A—G-C}—%B—S'

u™RY(19)-u%%(7)
5—F-C-G-T-A-GTC-A-T-AC-U-G-ATC-GA3

?

3—A-G-C-ATC-AGTATGACTAGCUS ~
12 N OAT A GT AT G AGTAGCY URY(19)-u°s(10)
5—T-C-G-T-A-G-T-C-A-U-A-C-T-G-A-T-C-G-A-3

\o:

12 @
9

U RY(19)-U0%(4)

3-AGCATCAGCTATGACTAGCUS
5—F-C-EF-A-G-U-EATACTG-ATC-G-AD

?

U™RY(19)-U°3(13)

12 3—A-G-C-A-T-C-A-G-T-A-T-G-A-C-TAG-C-U-5 -

S s Lo URU(19)-UOS(16)
10 5—F-C-G-Y-AGU-CATACTGATCGAS
12 3I_‘:q_G_(.:_A_T_(.:_a—G_FA_T_G_A_Q_T_A_G_G_:?_S' U"RU(-I 9) U03(1 9)
1M 50 0ot AGCUCATACTGAT oA

Figure 11. Six doubly metal-modified DNA 19-mer duplexek%6—12-11) that contain the dimethylene-linked donor'Rwicleoside? (red) at the 5end
and an O% acceptor nucleosidéb (green) on the complementary strand. Also shown is a control oligonucleiffideand “duplex codes” which describe
the D/A relationship within the duplexes in a concise manner.

acceptor to a sufficient proximity, unless temporary partial expected for each D/A pair. This renders the calculation of a
fraying of the duplex is invoked. Duplex dynamics may, “single” inclusive Faster curve essentially impractical. This
therefore, play an important role in mediating such interactions notion has been experimentally supported by an analogous series
and needs to be further explored. This complex behavior of oligonucleotides (duplexe42-:6—12-11) that contains a
highlights an important feature that differentiates noncovalently “relaxed” RU' donor. This modification partially “randomizes”

assembled RUOs' dyads from their corresponding low mo-  the D/A relative orientation and brings the orientation fagfor
lecular weight, covalently attached counterparts. closer to & value.

Deviations from the idealized Fster behavior in duplexes
5-6—5-11 are illuminating. A small and constant contribution
to quenching results from intermolecular interactiéthiNotably,
an accurate assessment of the orientation factis difficult.

In this unique system, where the donor and the acceptor are
rigidly held in the major groove and the orientation vector
precesses around the double helix, a differehtvalue is

Our studies with DNA-bridged D/A arrays reveal the fol-
lowing: (a) the DNA double helix is an intriguing platform for
the study of charge transfer processes; (b) the double helix serves
as an electronically indifferent scaffold for mediating dipele
dipole Faster energy transfer (particularly for D/A separation
between 20 and 50 A); (c) DNA dynamics and end effects may
facilitate closer contacts between the D/A pair, leading to the
(44) Note we cannot unequivocally exclude minor contributions from redox- possible involvement of electron exchange processes at short

mediated quenching processes, although unpublished results from our lab /A separations; (d) comparison with idealizett$ter behavior

show minimal strand or sequence dependence on D/A interactions in related o L . i .
oligonucleotides (to be published). suffers from difficulties in correctly determining the orientation

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13239



ARTICLES

Hurley and Tor

Table 2. Thermal Denaturation, Steady-State Luminescence Quenching, and Excited-State Lifetimes of DNA Duplexes Containing a

“Saturated” Dimethylene-linked Ru'" Donor 2 and an Ethynyl-linked Os" Acceptor 1b?@

DIA

distance? fraction decrease in
duplex duplex code Tu® (°C) AT, (°C) A quenched® 71 us' (%) 72 us' (%) #us? %)
34 controtComp 62.5
12-4 U~RY19)-Comp 63.1 +0.6 0.59(100) 0.5% 0.01
12:6 U~RY(19)-UCY4) 60.4 21 21 0.90+ 0.01 0.71(5) 0.03(95) 0.0% 0.01 88
12-7 U~RY(19)-UOY7) 61.0 —-1.5 24 0.7+ 0.01 0.65(12) 0.10(88) 0.18 0.01 70
12-8 U~RY19)-U°K10) 61.8 —-0.7 34 0.38t 0.01 0.37(100) 0.3#0.01 37
129 U~RY19)-U°Y13) 63.4 +0.9 46 0.14t 0.04 0.52(100) 0.5z 0.01 12
1210 U~RY(19)-U°Y16) 62.8 +0.3 54 0.0 0.01 0.58(100) 0.58 0.01 2
12-11 U~RY19)-U°¥19) 63.1 +0.6 64 0.06t 0.02 0.59(100) 0.5% 0.01 0

a All measurements were performed withu®1 duplex solutions in 100 mM NacCl, 10 mM phosphate buffer at pH 7.0. Steady-state and time-resolved
luminescence experiments were done with deoxygenated soldtith8.Absorbance-derived,, values were calculated from the derivative of each thermal
denaturation curve. Standard deviations 4r6.5 °C. ¢ ATy, = T(metal-modified duplex)- Tm(control unmodified duplex)? Donor/acceptor separations
were calculated using a helical DNA modél € Fraction quenched: Fg 1 — Iruodlre The data are the average of three separate determinations. Transfer
efficiency was determined by comparing the integrated emission between 500 and 825 nm of each duplex with that®(1BgCbmp control duplex
12-4. f Samples were excited at 467 nm, and emission decays were monitored at 630 nm. Decays were analyzed according to the biexponential function:
lem(t) = Asexp(—t/z1) + Aexp(—t/zy). 9 Weighted average lifetimegOwere calculated by the equatidhil= Ajz1 + Asto.
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Figure 12. (A) Luminescence quenching observed for the doubly modified dupleb@6-12-11) plotted as a function of tRYU®s distance (calculated
using the helical model of DNA; error bars represeriis).26 The solid lines represent the theoreticafster curves foRy = 24 A (red) andRy = 31 A
(blue). (B) log-log correlation between energy transfer efficiency and distance. The solid line represents the thedrsteratiistance dependency (slope
= 6.0) for Ry = 24 A (red) andR, = 31 A (blue). Note a better correlation than observed with the ethynyl-linked D/A duplexes shown in Figure 10.
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Figure 13. Plot of the distance dependence of energy transfer in dup®ge$-11 (A) and12-6—12-11 (B) according to the Dexter mechanism. A linear
correlation is obtained when the natural logarithm of the steady-state fraction quenched is plotted against distance. Least-squares arsablsisegofe
—0.05 and—0.07 A1 for parts A and B, respectively.

factor «?; (e) polypyridine Rl and O4 complexes, known to
have ambiguous and complex excited-state manifolds, canacceptor interactions.

involvement of multiple mechanisms in mediating donor/

participate in dipole-dipole mediated resonance energy transfer

process, typically associated with “pure” singlet excited states;

and (f) it is critically important to examine charge transfer
processes over a large distance window to reveal the potentialnucleotides. The synthesis of nucleosidesa and 1b and their

13240 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002

Experimental Section

Synthesis of Metal-Containing Phosphoramidites and Oligo-
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corresponding phosphoramidites has previously been rep@ritthe Time-Resolved Emission Spectroscopyhe excited-state lifetimes
syntheses of the Rcontaining nucleosid2 and its phosphoramidite of the emissive complexes were measured at room temperature (22
are outlined in the Supporting Information. All oligonucleotides were °C) using the same samples used for the steady-state luminescence
prepared on a 0.2mol scale on a 500-A CPG solid support using a studies. The degassed solutions were excited by a 4-ns pulsed dye-
Milligen Cyclone Plus DNA synthesizer as previously repoffet. laser. For duplexes containing both'Gsd Ru-modified nucleotides,
Analytically pure oligonucleotides were obtained using PAGE and RP- the laser was tuned to 467 nm. At this wavelength, the ratio of the
HPLC purification. Enzymatic digestion and MS were utilized to extinction coefficients for the Runucleosidelaand the Osnucleoside
confirm the oligonucleotide compositidh?8 1bis 1.0 (note, however, that excitation at 450 nm yielded identical
Thermal Denaturation Studies.All hybridizations and UV melting results). The emitted light was collected at°%hd focused into a
experiments were carried out in 2100 mM NacCl, 10 mM phosphate buffer monochromator. A photomultiplier tube connected to a LeCroy
at pH 7.0 containing a 1:1 ratio of complementary oligonucleotides at Digitizing Oscilloscope was used for signal detection. The data from
2 uM duplex concentration (concentrations were evaluated by measuringthe scope were transferred to a PC and processed using routine software
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