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DNA-mediated electron transfer from a modified base to 
ethidium: n-stacking as a modulator of reactivity 
Shana 0 Kelley and Jacqueline K Barton 

Background: The DNA double helix is composed of an array of aromatic 
heterocyclic base pairs and, as a molecular rc-stack, represents a novel system 
for studying long-range electron transfer. Because many base damage and 
repair processes result from electron-transfer reactions, the ability of DNA to 
mediate charge transport holds important biological implications. Seemingly 
contradictory conclusions have been drawn about electron transfer in DNA from 
the many different studies that have been carried out. These studies must be 
reconciled so that this phenomenon can be understood both at a fundamental 
level and in the context of biological systems. 

Results: The photoinduced oxidation of a modified base, 7-deazaguanine, has 
been examined as a function of distance, sequence, and base stacking in DNA 
duplexes covalently modified with ethidium. Over ethidium/deazaguanine 
separations of 6-27 A, the photooxidation reaction proceeded on a 
subnanosecond time scale, and the quenching yield exhibited a shallow 
distance dependence. The efficiency of the reaction was highly sensitive to 
small changes in base composition. Moreover, the overall distance-dependence 
of the reaction is sensitive to sequence, despite the constancy of photoexcited 
ethidium as acceptor. 
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Conclusions: The remarkable efficiency of deazaguanine photooxidation by 
intercalated ethidium over long distances provides new evidence for fast 
electron-transfer pathways through DNA. By varying sequence as well as 
reactant separation, this work provides the first experimental demonstration of 
the importance of reactant stacking in the modulation of long-range DNA- 
mediated electron transfer. 

Introduction 
The array of aromatic heterocycles within the DNA 
double helix is uniquely suited for the study of electron 
transfer mediated by an extended and well-defined 
n-stack. Reports of redox-induced base damage [l--8] and 
repair [9,10] highlight the importance of charge migration 
within DNA, and underscore the potential significance of 
DNA-mediated electron transfer in biology. Furthermore, 
radical migration and damage to DNA could have critical 
implications with respect to carcinogenesis and mutagene- 
sis. It is therefore of great interest to elucidate the role of 
the DNA helix both as a bridge and as a reactant in 
electron-transfer processes. 

Charge transfer through DNA has been the subject of 
diverse biophysical and biochemical studies [l-36]. Our 
work has focused on photoinduced electron-transfer reac- 
tions utilizing molecules intercalated into DNA, and has 
provided many examples of ultrafast, long-range charge 
transport through the base stack [l-4,9,11-18]. Most 
recently, we have investigated the distance dependence 
of photoinduced electron transfer through DNA using 

duplexes covalently modified with ethidium, an organic 
intercalator, and Rh(phi),bgy3+ [17]. Over donor-acceptor 
distances spanning 17-35 A, the ethidium excited state 
undergoes oxidative quenching on the subnanosecond 
time scale, indicating that electron transfer is remarkably 
efficient through the DNA double helix. 

In contrast, other studies of photoinduced electron trans- 
fer in DNA employing nonintercalated or partially inter- 
calated reactants have produced a wide range of results 
[Zl-261. For a DNA duplex modified with two metal 
complexes coordinated to functionalized sugars, slower 
electron-transfer kinetics comparable to those observed 
in proteins were reported [23]. In a DNA hairpin con- 
taining a bridging stilbene unit, distance-dependent 
electron-transfer kinetics between photoexcited stilbene 
and guanine were measured and a value for p (the decay 
of electronic coupling with distance) [37] was calculated 
as 0.4-0.6 A-r [24,25]. Although this value for p reflects 
more efficient electron transfer in DNA compared 
to o-bonded systems (p - 1 A-l) [38], it suggests a 
greater sensitivity to distance than implied by the fully 
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Figure 1 Table 1 
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Schematic diagram for proposed photooxidation of deazaguanine 
by intercalated ethidium. Et+, ethidium; *Et+, excited-state ethidium; 
Z, 7-deazaguanine. 

intercalated systems. Furthermore, recent studies of 
electron transfer between acridine covalently bound to 
the DNA backbone and guanine report a p value even 
greater than that observed in o-bonded systems 
(p = 1.4 A-l) [26]. Although these systems have sought to 
gain information about electron transport through the 
same medium, it is remarkable that such different results 
have been obtained. Clearly, from the very broad range 
of experimental results, it is evident that other parame- 
ters besides distance must also affect electron transfer 
through the DNA helix. 

To probe further the dynamics and distance dependence 
of electron transfer through DNA and to begin formulat- 
ing a consistent picture of the double helix as a medium 
for charge transport, we have investigated the efficiency 
of the photooxidation of a novel base analogue, 

Figure 2 

Reduction potentials for *Et, dGTP and dz-dGTP. 

Potential versus NHE* 

Et*‘O 
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dz-dGTP+‘O 
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*Potentials were obtained in 1 OOmM phosphate buffer, pH7 with a 
normal three-electrode configuration consisting of a glassy carbon 
working electrode, saturated calomel reference electrode, and platinum 
auxiliary electrode. +Calculated using expression EO(*‘O) = E,, - Eo(+‘O). 
)Irreversible peak potential. 

7-deazaguanine (dz-G, Z), by ethidium (Et; Figure 1) as 
a function of donor-acceptor distance, sequence and 
base stacking. We have observed extraordinarily fast 
(k,, 2 lOlo s-l) electron transfer over a large range of 
ethidium/7-deazaguanine separations (14-30 A). Impor- 
tantly, the distance dependence of the photooxidation 
reaction is sensitive to sequence and also appears to be 
modulated by base-base interactions. The results of this 
study provide the first experimental demonstration that 
the stacking of reactants within the double helix modu- 
lates efficient, long-range electron transfer through 
DNA, a factor overlooked in many previous studies of 
this phenomenon. 

Results 
Redox properties of 7-deazaguanine 
The base analogue 7-deazaguanine differs in structure 
from the natural guanine base by only one atom 
(Figure Z), a small change in structure that shifts the oxi- 
dation potential from - +1.3 V (versus normal hydrogen 
electrode [NHE]) for guanine to - +l.O V for 7-deazagua- 
nine (Table 1). The lowered potential for the modified 
base is apparent in the reactivity of the nucleotides 

(a) 
2 

(b) dNH2 
6-4 

STGCTACGACCTATCS- E--W-; 
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1 Structures of (a) guanine, 
(b) 7-deazaguanine, and (c) Et’-DNA, an 
ethidium-modified oligonucleotide. 
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Steady-state fluorescence quenching of 10 uM ethidium by dGTP (0) 
and dz-dGTP (0) in 5 m M  phosphate, 50 m M  NaCI, pH 7. I,,, initial 
intensity; I, intensity with added quencher. 

towards the fluorescent singlet excited state of ethidium 
in aqueous solution (Figure 3). No change in the ethidium 
quantum yield is observed in the presence of dGTP, 
whereas addition of dz-dGTP results in efficient fluores- 
cence quenching (K,, = 3 x lo2 M-l). Neither the absorp- 
tion of dGTP nor of dz-dGTP shows any spectral overlap 
with ethidium emission. Because these molecules differ 
only in oxidation potential, the mechanism of the fluores- 
cence quenching most likely proceeds by photoinduced 
oxidation of 7-deazaguanine by ethidium. 

Photooxidation of 7-deazaguanine in DNA by 
noncovalently bound ethidium 
When incorporated into DNA duplexes, 7-deazaguanine 
is also oxidized by the ethidium excited state. Significant 
decreases in the fluorescence quantum yield are observed 
for ethidium noncovalently bound to DNA duplexes 
containing 7-deazaguanine relative to those containing 
guanine (Figure 4). No changes in the shape of the 
spectra are evident, but there are changes in the intensity 
of the spectra. Parallel spectral results were obtained 
using covalently bound ethidium (see below). A similar 
decrease in ethidium fluorescence in the presence of 7- 
deazaguanine was found in studies in which the modified 
base was incorporated into large DNA polymers [39]. In 
that case, the decreased fluorescence of deazguanine-con- 
taining sequences, relative to natural sequences, was not 
recognized as electron-transfer quenching, but was 
instead suggested to arise from an alteration in the ethid- 
ium electronic structure upon binding at sites adjacent to 
7-deazaguanine [39]. 

600 650 700 750 
Wavelength (nm) 
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Steady-state emission spectra for ethidium (5 PM) noncovalently 
bound to S’ACACTGCTGACGGTA (solid), S’ACACTGCTZACGGTA 
(long dash), and 5’ACACTZCTZACGGTA (short dash). Sequences 
were hybridized with appropriate complements and samples contained 
5 uM duplex DNA in 5 m M  phosphate, 50 m M  NaCI, pH 7. 

Photooxidation of deazaguanine in ethidium-modified 
duplexes 
The redox properties of 7-deazaguanine make this base 
analogue a suitable reactant for studying long-range elec- 
tron transfer in ethidium-modified duplexes of heteroge- 
neous sequence. Because the excited state of ethidium is 
not sufficiently oxidizing to react with any of the other 
DNA bases, electron transfer between an intercalator 
and a localized component of the base stack can be eval- 
uated in the absence of competing reactions. Moreover, 
because duplexes containing 7-deazaguanine differ from 
those containing guanine by only one out of over 800 
atoms, quenching effects can cleanly be attributed to 
redox processes. Thus, the photooxidation reaction has 
been studied using fluorescence-quenching measure- 
ments as a function of distance, flanking sequence and 
base pairing. Because the oxidation potential for 
7-deazaguanine differs from guanine by only -300 mV 
and quenching is only observed with 7-deazaguanine, it 
should be noted that the driving force for reaction is 
particularly small. 

Duplex characterization and linker-length optimization 
In order to investigate the long-range photooxidation of 
7-deazaguanine by ethidium as a function of distance it was 
necessary to construct a well-defined assembly. Duplexes 
containing covalently linked ethidium exhibit the structural 
properties expected for small cylindrical helices [17]. 
Steady-state polarization studies of ethidium-modified 
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Figure 5 
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Effect of linker and ionic strength on fluorescence intensity of ethidium 
covalently bound to the duplex (Et-NH-CO-(CH,),-CO-NH-(CH,),-NH- 
CO-5’CTACCAGACATCGT (n=2 (O), n = 6 (O), and n = 9 (0)). The 
dotted line represents fluorescence for free N-8-glycyl ethidium. 

duplexes have revealed that the covalently attached fluoro- 
phore is bound rigidly within the site of intercalation; these 
studies indicated little motion of the intercalator indepen- 
dent of the overall duplex dynamics [ 171. 

It has been noted in many of our studies of DNA-medi- 
ated electron transfer that the integrity of intercalative 
interactions appears to modulate reaction efficiencies and 
kinetics [l l-151. In choosing a linkage between ethidium 
and the DNA duplex, a tether that afforded the strongest 
intercalative binding mode for the intercalator was sought. 
Therefore, ethidium-DNA linkers of differing lengths (Et- 
NH-CO-(CH,),-CO-NH-(CH,),-NH-CO-j’CTACCAGA- 
CATCGT (n = 2 (CZ), 6 (C6), 9 (C9)) were investigated. 

Consideration of the three-dimensional structure of DNA 
duplexes containing tethered ethidium using CPK 
models revealed that only a C9 linker permitted uncon- 
strained ethidium intercalation. These models assume 
that the DNA duplex remains intact and is not denatured, 
which is a reasonable assumption given that the covalent 
attachment of ethidium increases the melting tempera- 
ture of the duplex by > 2°C. From these models, the pre- 
ferred intercalation site for ethidium tethered either with 
a C9 or C6 linker was identified as the second base step; 
it appeared that the C6 linker would encounter greater 
strain in this conformation, however. The models also 
revealed that ethidium attached by the C2 linker was 
substantially constrained and could only partially interca- 
late at the first base step. 

The fluorescence of ethidium was investigated in DNA 
duplexes featuring the different linkages (Figure 5). 
Ethidium-modified duplexes containing the C9 and C6 
linkers gave the highest overall fluorescence intensities, 
indicating efficient protection from solvent through tight 
binding of the fluorophore within the hydrophobic core of 
the DNA helix. Ethidium tethered via the C2 linker 
showed significantly less fluorescence, indicating that this 
linker must sufficiently constrain the intercalator to limit 
the extent of protection from solvent. These observations 
are fully consistent with the predictions from the CPK 
models described above. 

The binding mode(s) of the tethered intercalator can also 
be probed by examining fluorescence as a function of ionic 
strength (Figure 5): electrostatic associations that would 
stabilize a groove-bound form of ethidium are expected 
only at very low ionic strengths and intercalative binding is 
favored at higher ionic strengths [40-431. For the duplex 
containing the C9 linker, only small changes in the ethid- 
ium quantum yield are evident with increasing salt 
(Figure 5). Similar decreases in fluorescence with increas- 
ing ionic strength are commonly observed for intercalated 
ethidium [41]. The binding of ethidium to the duplex con- 
taining the C9 linker, therefore, appears to reflect only a 
small contribution from electrostatic interactions. 

Ethidium tethered by the C6 linker exhibits a much 
greater sensitivity to ionic strength compared with the C9 
linker, consistent with intercalation being more con- 
strained with the C6 tether and a greater electrostatic 
component contributing to the binding of ethidium in the 
context of the C6 linker. With the C2 linker, significant 
decreases in the already diminished quantum yield are 
also observed. Hence, from this line of experimentation 
and previous studies of the photophysical properties of 
duplexes modified with the linked intercalator [17], it 
appears that the C9 linker allows the most favorable inter- 
calative interactions to occur between ethidium and the 
derivatized duplex. 

The C9 linkage was, therefore, the linker chosen to probe 
the long-range photooxidation of 7-deazaguanine. Estab- 
lishing that the ethidium tethered by the long linker is 
intercalated is an important issue, for if the linked fluoro- 
phore were groove-bound in a fully extended conforma- 
tion, it could directly contact the first five base pairs of the 
duplex (-17 A), albeit with substantial strain. The pho- 
tooxidation of 7-deazaguanine was studied with the 
quencher located from four (14 A) to ten bases (34 A) from 
the end of the duplex. Thus, if ethidium were bound in 
the groove, the fluorophore would be provided direct 
access to the quencher only in the first duplexes of the 
series. But, in fact, the C9 linkage allows the tethered 
ethidium to intercalate very strongly with the DNA helix, 
probably at the first or second base steps, and, therefore, 



direct contact with 7-deazaguanine is precluded in all of 
the assemblies we prepared. Instead, with intercalated 
ethidium, photoinduced reactions must occur over 
ethidium/7-deazaguanine separations of 6-27 A. 

Distance dependence 
The ability of the DNA base stack to facilitate the oxida- 
tion of 7-deazaguanine over extended distances was inves- 
tigated in 14 base-pair duplexes covalently modified with 
N-Cglycyl ethidium (Et’). By systematically replacing a 
guanine residue with a 7-deazaguanine residue along a 
DNA duplex, fluorescence-quenching experiments can be 
used to investigate the efficiency and time scale of the 
base-oxidation reaction as a function of donor/acceptor 
separation through the base stack. 

Steady-state fluorescence measurements were employed 
to determine the yield of ethidium excited state quench- 
ing by the photooxidation of 7-deazaguanine in each of 
the duplexes shown in Table 2. In these 14 base-pair 
DNA duplexes containing tethered ethidium, the posi- 
tion of 7-deazaguanine was systematically moved across 
the duplex to provide a range of donor/acceptor dis- 
tances. As described earlier, an ethidium-binding site 
located between the second and third base steps is postu- 
lated, based on the structural dimensions of the ethid- 
ium-modified duplex. Recent studies of base-damage 
reactions occurring within ethidium-modified duplexes 
upon irradiation with high-energy light indicate that the 
majority of binding occurs at the first base step. The 
assignment used here is conservative, however, as ethid- 
ium also intercalates to a much lesser extent at the 
second base step. It is worth noting that although a 
narrow distribution of possible binding sites might exist, 
the binding site was held constant throughout the series 
of duplexes used to evaluate the electron-transfer dis- 
tance dependence, allowing the effect of distance on the 
photooxidation efficiency and kinetics to be unambigu- 
ously evaluated. Therefore, with ethidium intercalated 
between the second and third base steps, and with 
7-deazaguanine contained within a 5’-TZG site (top half 
of Table Z), the different duplexes have ethidiuml 
7-deazaguanine distances of lo-27 A. 

In the series of duplexes shown in Table 2, fluorescence 
quenching was observed until the donor/acceptor separa- 
tion exceeded six base pairs. Over the range in which 
quenching was detected (lo-24 A), the amount of 
quenching decreased from 70% to 4%. Fluorescence 
quenching was also investigated as a function of 7-deaza- 
guanine flanking sequence, 5’-GZA (bottom half of 
Table 2). In this set of duplexes, which differ from those 
described above only in the sequence flanking 7-deaza- 
guanine, quenching yields varied from 55% to 0% over an 
ethidium/7-deazaguanine separation range of 6-20 A. 
Despite less efficient quenching at short distances for 
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Table 2 

Steady-state fluorescence quenching measurements for 
Et/dzG duplexes. 

Et/dz-G Fraction 
separation (A)* I(Et/G) I(Et/dzG) quenched+ 

ACCAGACATCGT + 

;‘CT AAGCTCCAGTCTg 
I GA TTCGAZGTCACA 

10 0.36 0.1 1 0.70(5) 

14 0.40 0.18 0.56(4) 

17 0.37 0.27 0.28(2) 

20 0.33 0.30 0.1 O(3) 

24 0.33 0.32 0.04(2) 

27 0.36 0.37 -0.03(3) 

6 0.40 0.18 0.55(3) 

10 0.40 0.23 0.43(4) 

14 0.38 0.25 0.32(2) 

17 0.37 0.30 0.16(4) 

20 0.38 0.38 -0.01(2) 

Steady-state fluorescence intensity (I) relative to 10 FM 
Rubpy),2+(~,,, = 480 nm, 20°C 5 KM duplex, 5 mM phosphate, 
50 mM NaCI, pH7). *Distances calculated with Et intercalated 
between second and third base step. +Fraction quenched 
(Fs = 1 -(IE~.~~&.G)) calculated from 3-4 sets of independent 
samples; approximate errors are listed in parentheses. 
Deazaguanine is contained within a 5’ TZG sequence (+) or a 
5’ GZA sequence (9). 

7-deazaguanine stacked within the 5’-GZA site, the 
photooxidation still proceeded over long distances. 

The quenching yields (Figure 6) in both sets of duplexes 
exhibit a shallow exponential dependence on distance, 
paralleling trends reported in studies of long-distance 
electron transfer between intercalators [ 171. Importantly, 
the distance dependence of the ethidium/7-deazagua- 
nine quenching reaction is sensitive to the sequence 
flanking the modified base. In the 5’-TZG site, the 
exponential function used to evaluate the dependence of 
the quenching efficiency on distance yields a slope (y) of 
0.33(3) A- . For a 5’-GZA site, a more shallow distance o 1 

dependence is observed with y = 0.20(4) A-l. By simply 
changing the flanking sequence, a change in the varia- 
tion of quenching yield with distance was detected. The 
most obvious difference between these two sites is the 
number of purines flanking deazaguanine, and thus, 
because the duplexes are otherwise identical, this effect 
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Figure 6 Figure 7 
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Exponential distance dependence for photoinduced oxidation of 
ethidium by deazaguanine. Data shown correspond to two different 
flanking sequences, 5’ TZG (0) and 5’ GZA (0). 

might result from more favorable stacking in the site 
containing two purines [44]. 

It should be noted that these results are fully consistent 
with intramolecular processes. At the micromolar 
(l-15 PM) concentration range, the quenching yield is 
constant. If ethidium were to intercalate intermolecularly, 
we would expect essentially equal quenching at all dis- 
tances. Indeed, when the concentration of ethidium-modi- 
fied duplexes is raised above 20 FM, the observed 
quenching is somewhat less sensitive to the ethidium/ 
7-deazaguanine separation. For duplexes modified only 
with ethidium, small amounts of self-quenching are also 
apparent at concentrations higher than 20 PM [ 171. 

The kinetics of the photoinduced oxidation of ‘I-deaza- 
guanine in these assemblies were investigated using time- 
correlated single photon counting (TCSPC; Figure 7). In 
all of the ethidium/7-deazaguanine duplexes, fluores- 
cence quenching occurred on a subnanosecond time 
scale, that is, all of the observed quenching was mani- 
fested only as a decrease in initial intensity (static 
quenching), and not as a decreased ethidium excited state 
(“Et) lifetime. For example, in a duplex in which ethid- 
ium and the site of 7-deazaguanine modification were 
separated by - 14 A, the ethidium excited state exhibited 
a biexponential decay with tl = 8.7 ns (38%) and 
t2 = 2.6 ns (62%) for the duplex containing guanine. In 
the analogous deazaguanine-modified duplex, in which 
55% quenching of excited-state ethidium emission is 

400- *f 
: 
I 
‘;( 

300 - * ‘i 

10 20 30 

Time (ns) 

Cb) 

I I I I I I I I 
0 10 20 30 

Time (ns) Chemistry & Biology 

(a) Time-correlated single photon counting measurements for Et-5’. 
CTATC(C/G)AGCATCGT (top trace) and Et-5’ 
CTATC(C/Z)AGCATCGT (lower trace) illustrating static quenching on 
a nanosecond time scale (instrument response -150 ps). Samples 
contained 5 FM duplex in 5 mM phosphate, 50 mM NaCI, pH 7; 
sequences indicated were hybridized to complements containing 
guanine or 7-deazaguanine at positions denoted in bold (see the top 
half of Table 2, 14 A ethidium/7-deazaguanine separation for full 
duplex). (b) Normalized single photon counting for sequences listed 
above. The following lifetimes were obtained for the duplexes listed in 
Table 2: Et/G = 10 8, 7, = 6.4 ns (300/o), f2= 2.7 ns (70%); 
Et/dz-G = 10 A, T, = 6.4 ns (25%), z2= 2.3 ns (750/o]; Et/G = 14 8, 
7, = 8.7 ns (380/o), 72 = 2.6 ns (62%); Et/dz-G = 14 A, 7, = 9.4 ns 
(310/o), z2 = 2.2 ns (69%); Et/G = 17 A, 7, = 8.5 ns (32%), TV= 2.2 ns 
(68%); Etldz-G = 17 i\, 7, = 9.0 ns (260/o), TV= 2.1 ns (74%); 
Et/G = 24 A, 7, = 8.4 ns (250/o), Q= 23 ns (75%); Etldz-G = 24 A, 
t, = 8.4 ns (250/o), t2= 2.3 ns (75%). Fluorescence decay profiles for 
ethidium-modified single strands were multiexponential. 

observed in steady-state measurements, the fluorescence 
decay profile is quite similar with tl = 9.4 ns (31%) and 
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t2 = 2.2 ns (69%). Equivalent profiles were measured for 
all duplexes. Figure 7, depicting representative raw and 
normalized SPC data, graphically illustrates that the 
quenching is almost entirely static on the time scale of 
this experiment and is not reflected in large changes in 
measurable lifetimes or in the percentages of these com- 
ponents. As the resolution of this experiment is - 150 ps, 
these measurements indicate that the quenching process 
occurs faster than this time response at all donor-acceptor 
separations. Thus, consistent with our earlier studies, 
electron transfer in DNA can proceed across a range of 
extended distances on very fast time scales. 

It is noteworthy that the excited-state decay profiles we 
observed are inconsistent with the presence of a signifi- 
cant concentration of free ethidium. N-8-glycyl ethidium 
has an excited-state lifetime of 440 ps in Ha0 (which is 
shorter than that of ethidium because of the modification 
at the exocyclic amine), a decay component that would be 
easily detected in this experiment. The intrinsic lifetime 
of N-8-glycyl ethidium is shorter than that of underiva- 
tized ethidium (- 2 ns), and, consistent with this observa- 
tion, lifetimes for ethidium-modified duplexes are shorter 
than for ethidium bound to DNA. Both cases reveal 
similar degrees of fluorescence enhancement upon 
binding of the fluorophore within the hydrophobic 
environment of the base stack. 

Sequence dependence 
To explore in more detail the effect of the sequence envi- 
ronment surrounding 7-deazaguanine, duplexes were syn- 
thesized containing each of the four bases on either side of 
the modified base (Table 3). In this study, the base adja- 
cent to 7-deazaguanine was varied in each duplex and the 
effect of these sequence changes on the quenching yield 
was monitored. Only very small perturbations in the 
quenching yield were observed when the adjacent base on 
the 5’-side was varied. Dramatic changes in the efficiency 

Table 3 

Effect of flanking sequence on Et/&G quenching yield. 

Fraction Fraction 
5’variation quenched 3’variation quenched 

Et 0.24(6) Et 
3’-TZG-5’ 

0.35(3) 

Et 
3’-AZT-5’ 0.26(3) FJ-G~G-~, 0.48(l) 

o.32(2) F- CZGs5 0.26(l) 

Et 
3’-AX-5, 

0.26(2) 

of photooxidation resulted when the 3’-sequence was 
altered, however. For instance, when 7-deazaguanine is 
located 3’ adjacent to cytosine, about 26% of the ethidium 
fluorescence is quenched; changing the 3’-site to guanine 
nearly doubled the quenching yield to 48%. 

The variation in quenching with sequence observed may 
reflect small changes in oxidation potential of deazagua- 
nine within the DNA helix. Theoretical studies have pre- 
dicted that the ionization potentials for stacked base pairs 
should increase in the order 5’ GG < 5’ GA 5 5’ GT < 5’ 
GC [45]. In the series of duplexes we examined, a parallel 
trend in quenching efficiency was observed: 5’ dz-GG > 5’ 
dz-GT 2 5’ dz-GA > 5’ dz-GC. Interestingly, for the pho- 
toinduced electron-transfer reaction studied here, it 
appears that the sequence 3’ of the 7-deazaguanine is 
most crucial in determining the reactivity of 7-deazagua- 
nine, consistent with theoretical prediction [45]. These 
results provide experimental evidence that stacked DNA 
bases have redox properties distinct from monomeric 
species in solution. 

Effect of base mismatches 
Single-base mutations were incorporated into ethidium/ 
7-deazaguanine duplexes to monitor the effect of different 
7-deazaguanine base pairings on the oxidation efficiency 
(Table 4). In a duplex featuring deazaguanine paired to its 
natural partner, cytosine, the quenching yield was 28%. 
When the modified base was paired to any other base, 
however, the efficiency of the oxidation reaction was signif- 
icantly diminished (fraction quenched = 7-10%). These 
results indicate that the photoinduced reaction is mediated 
by the DNA base stack. If the photooxidation was 
occurring on the periphery of the helix, the instability of the 
stacking for 7-deazaguanine introduced by the presence of a 
mispair would surely enhance the fluorescence quenching. 

Table 4 

Effect of base pairing on Et/&G quenching yield. 

Fraction O/o Hypochromism 
quenched* T,t (260 nm)t 

Et5’- c - 0.28(3) 51.5 24 

Et5’- T - 0.07(2) 41 .o 19 -p- 

Et5’- A - 
-z- 

0.09(l) 40.1 19 

Et5’- G - 0.10(l) 37.8 19 
-z- 

Quenching yields obtained in Table 2. Full sequence used in study: 
Et’+-CTAAXCYAGCTCGT, X/Y = T,A,G,C (C is base-paired with 
deazaguanine). All sequences displayed very similar amounts of 
hypochromicity (23(2)0/o) at 260 nm. 

Full sequence used in this study: Et’-5’-CTAATCXAGCTCGT, X = C, 
T, A, G (across from 7-deazaguanine). *Quenching yields calculated as 
described in Table 2. tApproximate error for melting temperatures (T,) 
-0.8’C. tApproximate error for O/o hypochromism - 1 Vo. 
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An analysis of the helix melting profiles obtained via 
absorbance spectroscopy reveals that these mismatched 
duplexes have lower melting temperatures and reduced 
hypochromicity at 260 nm compared to the full Watson- 
Crick paired duplex. As hypochromicity is directly related 
to base-base interactions [46], it can be inferred that the 
presence of the mismatch causes a significant perturbation 
in the stacking of 7-deazaguanine within the duplex. 
These results, therefore, provide further evidence that the 
efficiency of long-range electron-transfer reactions within 
DNA is very sensitive to n-stacking effects. 

Effect of linker length on photooxidation 
The remarkably fast time scale and shallow distance 
dependence of the described reaction necessitates a 
more detailed examination of the interaction of tethered 
ethidium with the helix. Is there any direct contact possi- 
ble between the tethered ethidium and the 7-deazagua- 
nine? It is well established that ethidium binds to DNA 
primarily via intercalation {40-431, and, on the basis of 
the physical and photophysical properties of the ethid- 
ium-modified duplexes, it appears that the ethidium is 
similarly intercalated when covalently tethered. If teth- 
ered ethidium were instead groove-bound, direct contact 
between the fluorophore and the modified base might be 
permitted, and hence this possibility required experi- 
mental consideration, Here again, the variation of the 
ethidium-DNA linker length and ionic strength provides 
a means to assess the contribution of a nonbase-stack- 
mediated pathway. 

On the basis of the dimensions of the duplexes employed 
in this study, the C9 linker was the only tether suffi- 
ciently long to allow direct contact between ethidium and 
the 7-deazaguanine incorporated at the fifth base position 
from the tethered end. Such an interaction could only 
occur if the fluorophore were in a strained, extended 
position bound in the groove of the duplex. Even with 
the C9 linker, no direct contact appears possible between 
ethidium and any base position six or more sites from the 
tethered end on the complementary strand, where 
quenching yields up to 55% are observed. Moreover, for 
the C6 and C2 linkers, even if ethidium is fully extended 
along the DNA groove, no direct contact is permitted 
between ethidium and 7-deazaguanine when the modi- 
fied base is located at the fifth base step (or further down 
the duplex). In fact, although these linkers appear to be 
quite long when extended, they are attached to the 5’ 
end of the DNA backbone, pointed away from the helix, 
and, in three-dimensional space, actually provide access 
to a very limited region of the duplex. 

The quenching of ethidium by 7-deazaguanine is affected 
by linker length and ionic strength (Figure 8). At low ionic 
strengths (5 mM phosphate, O-Z.5 mM NaCl), smaller 
quenching yields are observed relative to those observed 

Figure 8 

Concentration of NaCl (M) ChemistrV & aiolocl, , 

Effect of linker and ionic strength on fluorescence quenching by 
7-deazaguanine for ethidium covalently bound to the duplex (Et-NH- 
CO-(CH,)s-CO-NH-(CH,),-NH-CO-5’CTACCAGACATCGT (n=2 (O), 
n = 6 (O), and n = 9 (0). 7-deazaguanine is located at the fifth base 
step from the ethidium modified terminus. 

at higher ionic strengths (5 mM phosphate, 25-100 mM 
NaCl). Because groove binding has only been character- 
ized for ethidium at low ionic strengths (< 0.01 M), these 
results appear to indicate that binding in the groove 
inhibits, rather than facilitates, the quenching reaction. It 
is interesting that in the duplexes containing C6 or C9 
linkers, essentially identical levels of quenching are 
observed at all ionic strengths, even though the shorter C6 
linker cannot directly contact the deazaguanine in the 
duplex (even if fully groove bound). The similar levels of 
quenching for these two linkers instead suggest that the 
fluorophore is intercalated at the same site in these two 
assemblies, a result also consistent with modeling. Ethid- 
ium tethered to the duplex by the C2 linker shows no 
quenching at very low ionic strength and is only quenched 
by 7-deazaguanine in the presence of sufficient ionic 
strengths to favor intercalation. Overall, lower levels of 
quenching are observed with the CZ-modified duplex, 
probably a result of poorer ethidium stacking within the 
duplex, due to the constraints of the linker. The lower flu- 
orescence of ethidium-modified duplexes containing the 
C2 linker supports this conclusion. 

Discussion 
This study of the long-range photoinduced oxidation of 
deazaguanine by ethidium represents a systematic investi- 
gation of a DNA-mediated electron-transfer reaction 
between a tethered intercalator and a modified DNA base 
in mixed sequence DNA using fluorescence spectroscopy. 



Research Paper Electron transfer in DNA Kelley and Barton 421 

The dynamics, distance and sequence dependence of a 
base-oxidation reaction can be directly monitored in this 
system. We find that the reaction between ethidium and 
7-deazaguanine occurs over extended distances through 
DNA on a remarkably fast time scale. Over distances of 
6-24 A, the reaction occurs within 150 ps, demonstrating 
that the DNA base stack can mediate efficient electron 
transport with little sensitivity to distance. 

Because our probe is a modified base, we can examine 
electron-transfer reactions across a range of sequences 
using all four natural bases. We find that the efficiency 
of the electron-transfer reaction is remarkably sensitive 
to the flanking sequence surrounding 7-deazaguanine. 
Neighboring bases may serve to promote small changes 
in redox potential of the stacked deazaguanine [45], and 
these changes could lead to significant variations in 
quenching yield. Our observations agree with studies of 
oxidative damage to DNA that have identified correla- 
tions between base-oxidation potential as a function 
of sequence and preferred sites of damage [l-7]. The 
base pairing of 7-deazaguanine also modulates the effi- 
ciency of the photooxidation reaction. Paired to any base 
other than its natural mate, 7-deazaguanine is a much 
less efficient reductive quencher for the ethidium 
excited state. These observations indicate that the pho- 
tooxidation reaction occurs through the base stack and 
that even very small changes (even a single base) in the 
composition of the stack can significantly alter the effi- 
ciency of the electron-transfer reaction. Perhaps most 
dramatically, the distance dependence of electron trans- 
fer differs depending upon the base(s) neighboring the 
reactant. This observation requires a more detailed con- 
sideration of the electronic coupling in double helical 
DNA; significant deviations arise with small, but obvi- 
ously not insignificant, energetic differences within the 
base-pair stack. 

In fact, the sensitivity of the photooxidation of 7-deaza- 
guanine to very subtle changes in the structure of the base 
stack underscores the unique features of this medium. 
The DNA double helix is unlike any other structure 
through which long-distance electron transfer has been 
investigated. Protein biopolymers in solution provide pri- 
marily o-bonded pathways for charge transport. Although 
structurally similar to the base stack of DNA, n-stacked 
arrays in the solid state [47] do not offer the dynamic fluc- 
tuations afforded to DNA molecules in solution. II-stack- 
ing offers significant stabilization to the double helix [48], 
and depends upon both sequence and environment. The 
enthalpic contribution of rc-stacking to the overall stability 
of DNA arises largely from a combination of dipolar and 
induced dipolar interactions between heterocyclic base 
pairs. Because the most direct electron-transfer pathway 
through DNA proceeds through the n-stacked bases, any 
model to explain these long-range processes must take 

into account how these stacking interactions influence the 
electronic structure of DNA. 

Consideration of alternate mechanisms 
Because in this study ethidium was attached to the DNA 
duplexes by a long and flexible tether, a thorough investi- 
gation of the binding geometry of ethidium within these 
duplexes was necessary to establish that the electron- 
transfer reaction was in fact mediated by the DNA base 
stack. The interactions of ethidium with DNA have been 
studied extensively [40-431, and the intercalation of 
ethidium is typically the benchmark by which the 
binding modes of other molecules are determined. 
Nonetheless, by examining the photophysics of the 
ethidium-modified duplexes with different linkers and as 
a function of ionic strength, the interactions between 
ethidium and the DNA helix in these assemblies can 
be better understood. 

Direct contact between 7-deazaguanine and ethidium in 
these assemblies is only possible if the tethered fluo- 
rophore is not intercalated, but is instead extended into 
the groove of the helix. Yet, ionic strength conditions that 
should have maximized groove binding instead inhibited 
the quenching reaction. Based upon CPK modeling, direct 
contact is only possible with a C9 linker and even with 
this tether, only at the smallest donor-acceptor separation 
investigated in this study. Significant quenching on a fast 
time scale is apparent across a range of donor-acceptor 
separations with the C9 linker, however, and with a C6 
analog (where direct contact with 7-deazaguanine is 
precluded even at the closest donor-acceptor separation 
employed) equivalent quenching is observed. Ethidium- 
modified duplexes containing a C2 linker show substan- 
tially lower levels of quenching in the presence of 
deazaguanine, but also exhibit reduced fluorescence 
quantum yields, indicating that the binding allowed by 
the C2 tether does not provide a high degree of protection 
from solvent. The constrained binding with this tether 
might also limit the coupling of the fluorophore into the 
DNA base stack. 

In addition, if some percentage of ethidium were groove- 
bound, a distinct excited-state population should be 
detected, and this population should likewise be selec- 
tively quenched. Photoexcited ethidium bound within 
these duplexes exhibits a biexponential decay profile with 
lifetimes on the order of 7 and 2 ns. Both lifetimes reflect 
significant enhancements relative to free N-S-glycyl ethid- 
ium (400 ps), and the average ratio of z(free)/x(interca- 
lated) for free ethidium (the ratio is 11) [43] parallels that 
observed with intercalated ethidium (T(free)/T(interca- 
lated) = 12). Lifetimes intermediate between free and 
intercalated are typically observed for groove-bound 
ethidium [43] with levels of enhancement lower than 
either of the components described for the covalently 
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bound fluorophore. If the shorter of the observed lifetimes 
did correspond to groove-bound ethidium, then this com- 
ponent should be selectively quenched, but instead, both 
lifetimes are equally quenched on a fast time scale. 

The contribution of dynamic exchange between a groove- 
bound and intercalated form of ethidium to the quenching 
reaction might also be considered as a possible explana- 
tion for the results described here. The fast kinetics of the 
quenching observed across the entire range of donor/ 
acceptor distances appear to preclude such a dynamical 
process. On the picosecond time scale of the quenching, 
essentially only static conformations of ethidium within 
the duplexes can be considered. Moreover, previous 
studies of steady-state fluorescence polarization trends for 
ethidium tethered to DNA duplexes [17] indicated rigid 
binding of this species to the duplex. 

Based on the experimental evidence presented, it 
appears that this remarkably fast electron-transfer reac- 
tion occurs between intercalated ethidium and deazagua- 
nine and is facilitated by the base stack, not through 
space contacts. The significant effects of local sequence 
within the duplexes also indicate that the photooxidation 
reaction must occur through the helix, as opposed to on 
the periphery. 

Models for distance dependence 
The photooxidation of deazaguanine is relatively in!ensi- 
tive to distance: it proceeds up to distances of 30 A and 
occurs on a subnanosecond time scale over this entire 
range. The ultrafast time scale of the electron-transfer 
kinetics observed here over all distances precludes the cal- 
culation of p. It is nonetheless clear that p must be low 
(I 0.2 A-i), because rate constants less than lo9 s-l were 
not observed over a large range of distances (6-24 A). 
Thus, for reactants that are well-stacked within the helix, 
the distance dependence of electron transfer must be 
exceedingly shallow. 

Moreover, the change in photooxidation efficiency with 
distance without appreciable changes in electron-transfer 
dynamics indicates that a mechanism unique to the 
double helix as a stacked array in solution is operative. In 
studies of electron transfer between intercalators cova- 
lently bound to DNA, the same behavior was observed 
[17]. In that case, the observed distance dependence was 
proposed to result from conformational heterogeneity 
arising from the internal dynamics of the DNA helix. This 
heterogeneity within the base stack could be envisioned 
to give rise to disruptions in x-stack mediated coupling 
and determine the yield of electron transfer at a given dis- 
tance. Because the probability of having a properly 
stacked duplex on the time scale of the photoinduced 
experiment would depend exponentially on the number 
of intervening base pairs, this model provides a reasonable 

explanation for the distance dependences of the quench- 
ing yields in these DNA-mediated reactions. Thus, if such 
motions serve to gate electron transfer through the base- 
pair stack, this reaction might offer a new measurement of 
base-pair dynamics. 

The remarkable characteristics of DNA-mediated electron 
transfer have often prompted discussion of DNA as a mol- 
ecular ‘wire’ [15,24,25,49,.50]. From the work described 
here and elsewhere [l l-181, it is increasingly clear that the 
DNA base-pair stack can facilitate long-range, ultrafast 
reactions. Given the apparent sensitivity to base-pair 
stacking dynamics, if double-helical DNA can function as 
a ‘wire’, it does so transiently. Thus, the base-pair stack 
provides remarkable long-range coupling, but also limits 
the range over which this type of reactivity can proceed 
because of its dynamical nature. 

Other factors may also modulate the trends observed in 
this study. This DNA-mediated electron-transfer reaction 
is slightly more sensitive to distance (y= 0.20-0.35 A-l) 
than the oxidative quenching reaction observed between 
ethidium and Rh(phi)2bpy3+ (y = 0.10 A-l) [17], but other 
differences between these reactions exist. The ethid- 
ium/7-deazaguanine reaction might proceed through an 
occupied orbital state of the DNA bridge, as ethidium is 
being reductively quenched, whereas the ethidium/ 
Rh(phi),bpy3+ reaction might involve an unoccupied bridge 
orbital state for the oxidative quenching reaction. These 
states have different electronic structures and different 
energy gaps relative to the ethidium excited state. In addi- 
tion, the driving forces for these two reactions vary signifi- 
cantly (ethidium/7-deazaguanine: AG - -200 mV, ethidium/ 
Rh(ph+bpy3+: AG - -800 mV). In addition, it is worth 
noting that these systems employ reactants (metallointerca- 
lator versus DNA base) that might interact with the base 
stack differently, and this might also affect the efficiency of 
the reaction. More systematic studies exploring the effects 
of these parameters on DNA-mediated electron transfer 
reactions are necessary to determine the origin of the differ- 
ent distance dependences observed in these systems. 

Certainly, how the donor and acceptor are coupled into the 
DNA base stack is a critical issue, and the application of a 
modified base as probe of long-range electron transfer has 
permitted us directly to monitor the effect of subtle 
changes in stacking on the reactivity of this molecule 
within the helix. The incorporation of 7-deazaguanine in a 
base mismatch, for example, significantly decreases the 
yield of fluorescence quenching. Generally base mis- 
matches do not result in gross structural changes within the 
DNA helix [48], but instead are known to cause only local 
disruptions in stacking. This result, therefore, underscores 
the exquisite sensitivity of the electron-transfer phenome- 
non to small perturbations in stacking. Here, the presence 
of the mismatch also causes a measurable decrease in the 
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hypochromicity of these duplexes, confirming that stack- 
ing of deazaguanine within the base stack is significantly 
altered. Therefore, although the reactants still retain the 
same through-space separation, the change in stacking for 
7-deazaguanine results in a dramatic decrease in the effi- 
ciency of this electron-transfer reaction. 

Stacking also appears to dramatically modulate the dis- 
tance dependence of DNA-mediated electron transfer. For 
the photooxidation of deazaguanine, the variation in the 
yield with donor/acceptor separation (r) clearly depends 
upon the sequence surrounding the modified base. A more 
shallow distance dependence is observed for deazaguanine 
stacked within a purine-purine site, perhaps indicating 
that greater stacking stabilization within a given sequence 
provides more favorable electronic coupling for this long- 
range reaction. Importantly, this result provides the first 
demonstration that the distance dependence of a DNA- 
mediated electron transfer reaction is not only sensitive to 
the identity of donor and acceptor, but is also affected by 
the stacking environment of the donor and acceptor. 

Reconciliation of previous studies: stacking as a parameter 
governing electron transfer through DNA 
As evident from the above discussion, base stacking 
affects many aspects of the photooxidation of 7-deazagua- 
nine by ethidium. Base stacking may determine the elec- 
tron-transfer yield at a given distance, influence the ability 
of this modified base to serve as an electron donor within 
base mismatches, and also modulate the overall distance 
dependence for this reaction. The stacking interactions 
available within the DNA helix distinguish this medium 
structurally from any other examined in systematic studies 
of electron transfer. 

Different studies of electron-transfer processes within 
DNA have reached conclusions very distinct from those 
discussed with respect to our system [Zl-261. Much 
slower electron-transfer kinetics and steeper distance 
dependences have been observed, leading to a great deal 
of controversy concerning the nature of DNA as an elec- 
tron-transfer medium. It is now clear that there are factors 
other than donor/acceptor distance that must be consid- 
ered in order to make any conclusions concerning the effi- 
ciency of charge transport in DNA. The results described 
here underscore that point, 

When intercalators or components of the base stack are 
used to probe DNA-mediated electron transfer, very fast 
reactions can be observed over extended distances. In 
systems employing groove-bound reactants, or partially 
stacked molecules, the time scales and reaction distances 
are diminished significantly [l&21-25].. In our own 
studies, we have observed very different reactivities for 
intercalating versus groove-bound species, and even 
among intercalators of different chiralities [l l-151. The 

electron-transfer kinetics in a stilbene-modified DNA 
hairpin must depend in part upon the interaction of this 
chromophore with the DNA bases [24,25]. As stilbene is 
not a molecule that naturally binds to DNA without being 
covalently constrained, it is likely that stilbene is not favor- 
ably stacked in a conformation analogous to intercalation; 
in fact, no hypochromism is associated with the interaction 
between stilbene and the DNA base stack. Significantly, 
still slower electron-transfer kinetics were observed with 
reactants attached to DNA only through o-bonded link- 
ages [23]. Most recently, a p value of 1.4 A-r was obtained 
for a DNA-mediated electron-transfer reaction between an 
acridine-based fluorophore and guanine [26]. The level of 
electronic coupling through DNA indicated by this experi- 
ment was extremely poor, even when compared to the stil- 
bene hairpin assembly. Biophysical studies [51] have 
indicated that substantial changes in fluorescence, 
hypochromicity, and thermal stability arise with small 
changes in the acridine assembly. How the acridine deriva- 
tive is actually accommodated within the base stack and 
what local base-pair disruptions arise still need to be estab- 
lished for proper interpretation of these results. 

Our recent investigations have not only focused on 
stacked reactants, but have also included tests of whether 
the DNA base stack represents the intervening pathway. 
Other studies have not addressed this issue. In fact, in 
cases where reactants are not directly interacting with the 
base stack, electron transfer might proceed through alter- 
nate pathways with higher intrinsic values of p. Indeed, 
even in fully stacked systems, we see here that very small 
sequence changes that alter local stacking interactions 
cause marked changes in the overall distance dependence 
of the reaction. It is reasonable, therefore, that reactants 
which do not have direct contact with the base stack, or 
have limited interactions, would display drastically differ- 
ent behavior. The results obtained in all of these systems 
may therefore be reconciled if the detailed interactions 
between the reactants and the base stack, as well as the 
structure of the base stack, are considered. The structural 
complexity of DNA, and the now apparent sensitivity of 
electron transfer through DNA to the stacking of reactants 
with the DNA bases, necessitates that careful considera- 
tion be given to all factors that might affect experimental 
results obtained in these types of experiments. 

Significance 
The base stack contained within the DNA helix is again 
implicated in the facilitation of long-range charge trans- 
port. This study of photooxidation of 7-deazaguanine, a 
modified base, by ethidium not only provides another 
example of a fast, long distance electron-transfer reac- 
tion mediated by the DNA helix, but also underscores 
the importance of another parameter besides distance: 
stacking. Base-stacking interactions determine the efft- 
ciency of long-range electron transfer in DNA and might 
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also determine the overall distance dependence of the 
electron-transfer process. This work establishes that the 
behavior of the DNA helix as a bridge and reactant in 
electron-transfer processes is contingent upon stacking 
interactions within the structure of DNA itself. Previ- 
ous studies which suggest that DNA is a poor mediator 
of charge transport can now be reconciled within this 
context. Reactants that are not well-stacked within the 
DNA helix have repeatedly revealed much less efficient 
electron transfer than those that interact with the base 
stack via intercalation. We have demonstrated here that 
changing the stacking of a given reactant attenuates the 
reaction efficiency. The interaction of reactants with the 
DNA base stack, therefore, must be carefully consid- 
ered when drawing conclusions about DNA-mediated 
electron transfer. It is becoming increasingly clear that 
to assess properly the nature of charge transfer in 
nucleic acids, and apply this knowledge to an under- 
standing of base damage and repair mechanisms, the 
detailed. structure of the biopolymer must be considered. 

Materials and methods 
Ma ferials 
Unless otherwise noted, all reagents were purchased from Aldrich or 
Fluka and used without further purification. Reagents for oligonu- 
cleotide synthesis were obtained from Glen Research. Triphosphate 
nucleotides were obtained from Pharmaicia. 

Preparation of efhidium/7-deazaguanine duplexes 
N-8-glycyl ethidium and ethidium-modified oligonucleotides (Et- 
NHCO(CH,),CONH(CH,),-5’-DNA, n = 2,6,9) were prepared as previ- 
ously described [171. Oligonucleotides containing deazaguanine were 
synthesized on a 394 ABI synthesizer using standard automated tech- 
niques [52], with the exception of a 3 min oxidation step employing 
1 0-camphorsulfonyl oxaziridine (1 g/l 0 ml CHaCN). All conjugates and 
unmodified oligonucleotides were purified using reversed-phase high- 
performance liquid chromatography (HPLC). For the hybridization of 
duplex samples, appropriate amounts of complementary materials based 
on the extinction coefficient for ethidium-modified sequences 

(%34 = 4000 M-t cm-‘) and calculated extinction coefficients for unmodi- 
fied sequences (&zs,, (M-l cm-l): dC= 7.4 x 1 03; dG = 12.3 x 1 03; 
dzG = 10.5 x 1 03; dT= 6.7 x 1 03; dA= 15.0 x 1 03), were combined at 
1 :l stoichiometry and dissolved in 5 mM phosphate, 50 mM NaCl (pH 7) 
to yield a final duplex concentration of 5 PM. The resulting solutions were 
heated to 90% and slowly cooled to ambient temperature over 2-3 h to 
anneal the duplex. 

Characterization of modified duplexes 
As previously described [17], ethidium-modified sequences were char- 
acterized as single strands using mass spectrometry, base-digestion 
analysis, phosphate analysis, and ultraviolet-visible absorbance. In 
double-stranded form, thermal-denaturation measurements monitored 
by absorbance at 260 nm were used to confirm the integrity of modi- 
fied duplexes (see above). The fluorescence intensities of the 14 base- 
pair duplexes used in this study were comparable to those observed 
for the variable-length series previously reported [l 71. 

Electrochemical measurements 
The reduction potential of ethidium was measured via cyclic voltam- 
metry on a BAS CV-SOW potentiostat in 0.1 M TBAH/CH,CN. Poten- 
tials for P’-deoxyguanosine triphosphate (dGTP; Pharmacia) and 
7-deaza-2’-deoxyguanosine triphosphate (dz-dGTP; Pharmacia) were 
obtained on the same apparatus in 0.1 M phosphate buffer, pH 7. 

Cyclic voltammetry was carried out at 20°C with a normal three-elec- 
trode configuration consisting of a glassy carbon working electrode, 
saturated calomel reference electrode, and platinum auxiliary elec- 
trode. The ethidium excited-state reduction potential (Eo(“‘J)) was cal- 
culated using the expression Eo(*‘e) = E,, - Eo(+‘O). Values of E,, were 
approximated both by averaging absorption and emission maxima and 
examining intersection points of absorption and emission spectra. 
Both methods yielded equivalent results for ethidium. Potentials are 
reported versus NHE. 

Photophysical measurements 
Steady-state fluorescence experiments. Steady-state fluorescence 
measurements were made at 20% with excitation at 480 nm on an 
SLM 8000 spectrofluorimeter. Fluorescence intensities were inte- 
grated from 520 to 800 nm. Samples with identical absorbance at the 
wavelength of excitation were measured at a duplex concentration of 
5 FM in 5 mM phosphate, 50 mM NaCI, pH 7. Quenching yields for 
modified duplexes obtained by steady-state fluorescence measure- 
ments were calculated from 3-4 samples sets. 

Time-correlated single photon counting (TCSPC). TCSPC was 
carried out using facilities described previously [16] with 
I,,,,= 335 nm obtained by doubling the 670 nm fundamental line; data 
fitting was accomplished using least-squares methods in a commer- 
cial software program (Axum). Data sets contained 5,000-10,000 
counts, except in cases when small time windows were necessary to 
ensure constant laser power. Steady-state quenching yields obtained 
with he,,=480 nm were identical to those observed with 
A,,,= 335 nm. Sample conditions and concentrations were identical 
in time-resolved and steady-state measurements. No photodegrada- 
tion was observed, as confirmed by UV-Vis absorption spectra taken 
before and after irradiation. 

Melting profiles 
Thermal denaturation experiments were performed on a HP8452A 
diode-array spectrophotometer with samples at a duplex concentration 
of 5 ~.LM in 5 mM phosphate, 50 mM NaCl (pH 7). Absorbance at 
260 nm was monitored every 2’C with 3 min equilibration times. 
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