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Values for p, the decay of electronic coupling 
with distance (1 l),  ranging from 50.1 k1 to 
1.4 P\-' have been reported. Reactions using 
intercalating or well-stacked probes proceed 
on a fast time scale and exhibit shallow dis- 
tance dependences (P 5 0.1 to 0.4 k') 
(4-6). Moreover, a profound sensitivity to 
stacking has been observed; in the presence 
of base mismatches or other stacking pertur- 
bations, long-range ET is essentially turned 
off (4- 6). Other studies of donors and accep- 
tors interacting with the DNA base stack 
through a-linkages or limited stacking have 
revealed much slower ET kinetics and steeper 
distance dependences (P = 0.6 to 1.4 k') 
(7-10). 

We have studied photoinduced ET be- 
tween DNA bases incorporated within syn- 
thetic duplexes to evaluate ET through DNA 
directly without the structural ambiguity as- 
sociated with pendant donors and acceptors. 
We present a systematic series of fluores- 
cence quenching measurements within struc- 
turallv well-characterized DNA assemblies 
that illustrate the large range of reactivity that 
results from subtle changes in the stacking or 
orientation of reactants within the helix. 
Moreover, we present results indicating that 
reactant energetics also affect the distance 
dependence of ET through DNA; these stud- 
ies may provide an experimental demonstra- 
tion of tunneling energy effects in DNA- 
mediatcd ET rcactions. 

The reactivity of two fluorescent analogs 
of adenine, 2-arninopurine (A,) (12) and 
1 ,N6-ethenoadenine (A,) (1 3), with DNA nu- 
cleotides was first explored in quenching ti- 
trations in aqueous solution (see supplemen- 
tary material available at www.sciencemag. 
org/feature/data/984892.~hl). A, and A, both 
emit strongly from 'rr-rr* excited states not 
populated in the natural DNA bases (14, 15) 
(Scheme 1). The fluorescence of both of these 
bases is efficiently quenched by deazagua- 
nine (Z) and guanine (G), with only small 

Scheme 1. Structure of fluorescent analogs of 
adenine, AE and A,. 

amounts of quenching observed with inosine 
(I) and the other DNA bases with significant- 
ly higher redox potentials (1619). For A,, 
Stem-Volmer quenching rate constants (k,) 
of 2.2(4) X lo9 M-ls-l for guanosine 
triphosphate (GTP) and 5.2(3) X lo9 
M-'s-I for ZTP were derived from these 
titrations. For AF and GTP, kq = 1.9(2) X lo9 
M-ls-l , and for AE and ZTP, kq = 4.6(4) X 

lo9 M-'SK' (numbers in parentheses indicate 
standard errors in the last digit). Both fluoro- 
phores are quenched by these nucleotides in 
the order anticipated on the basis of the driv- 
ing force (as deduced from oxidation poten- 
tials, EO) for ET (I?,,, < IF',,, < IF',,). 
Moreover, transient absorption studies pro- 

vide strong evidence for charge-separated 
products in these photoinduced reactions 
(20). Along with the lack of spectral overlap 
between these donors and acceptors, these 
data support ET as the source of this fluores- 
cence quenching. The similarity among the 
quenching constants obtained for these two 
different fluorescent bases shows that the re- 
actions have comparable driving forces, con- 
sistent with the excited-state potentials for A, 
and A, calculated from electrochemical mea- 
surements and spectral properties (21). 

Having identified base analogs that undergo 
photoinduced ET reactions, we could prepare 
DNA assemblies through chemical synthesis in 
which the positions of donor and acceptors 
were known precisely and varied systematical- 
ly. DNA-mediated photooxidations of G by A, 
and A, were therefore examined in a series of 
12-base pair (bp) DNA duplexes at donor- 
acceptor separations of 3.4 to 13.6 A. In the 
duplexes, the donor (G) and acceptor (A, or A,) 
were located on the same strand. The remaining 
heterogeneous sequences were composed of 
I-C and A-T pairs that do not react with pho- 
toexcited 4 or A, (22). 

Table 1. Steady-state quantum yields and quenching efficiencies for As-C duplexes. Distances were 
calculated as in Fig. 3. Samples were prepared as in (39). Quantum yields (@) for 100 pM duplex samples 
in 100 mM phosphate (pH 7) were measured at 20°C relative to 100 pM AeTP, @ = 0.60 (13). All 
solutions exhibited identical absorbances. Steady-state fluorescence intensity measurements were made 
at 20°C unless otherwise specified on an SLM 8000 spectrofluorimeter or a ISS K2 spectrofluorimeter. 
Sample excitation was performed with A,, = 335 nm. and spectra were integrated from 355 to 525 nm. 
Normalized fluorescence spectra of quenched and unquenched samples were identical. All fraction 
quenched (F, = 1 - @,I@,) values obtained from steady-state fluorescence measurements were 
calculated from four to six sets of samples and least three independent oligonucleotide syntheses. 
Numbers in parentheses represent standard deviation values. 

Duplex A,-Y distance (A) @V=I @Y=G Fg 

5'-TAIEYITITTATIA 
ATCTCCACAATACT 3.4 0.26 (4) 0.04 (2) 0.85 (7) 

5'-TAIEAYITATTAIA 
ATCTTCCATAATCT 6.8 0.34 (4) 0.28 (4) 0.1 8 (4) 

5'-TAIEAAYITITAIA 
ATCTTTCCACATCT 10.2 0.34 (5) 0.34 (4) 0.01 (1) 

Fig. 1. Fluorescence decay profiles for A, and 
A, obtained by TCSPC; sets shown were ob- I! "D 

tained by collecting counts for 120 s under 
conditions of steady laser power (a.u., arbitrary 8 
units). Data shown in (A) for A, and (B) for A, E: la 
(intrastrand reaction) correspond to A,-C or 
A,-C separations of 3.4 A (red) and 6.8 A (blue) 
compared with an unquenched I-containing du- 
plex (black). Data shown in (C) for A, (inter- 
strand reaction) correspond with A - C  separa- 
tions of 5.0 A (red) and 7.8 A (blue5 compared 0 2 4 8 8 1 0  

I 
with an unquenched I-containing duplex nm@ (m) mm (MI m e  
(black). For A,, the quenching observed by 
steady-state emission spectroscopy is reflected as changes in the fluo- obsewed in steady-state measurements (27). The interstrand quench- 
rescence decay profile (23) which can be satisfactorily described by a ing reaction between A, and C ,  in  contrast t o  the mainly static 
biexponential f it [G, 3.4 A: T, = 0.06 ns (70%), T, = 2.0 ns (30%); C ,  6.8 quenching observed when the donor and acceptor were located on the 
A: T, = 0.65 ns (75%), T, = 6.9 ns (24%); 1, 6.8 A: T, = 0.77 ns (73%), same strand, is manifested as dynamic quenching. The decay profiles 
T, = 7.3 ns (27%)]. Changes in decay lifetimes are also observed in the are complex, as both changes in  lifetimes and percentages are ob- 
A,-C duplexes [C,  3.4 A: T, = 1.9 ns (46%), T = 0.070 ns (54%); C ,  served, but can be fit t o  a biexponential decay [G, 5.0 A: T, = 1.8 ns 
6.8 A: T, = 1.3 ns (56%), T = 0.18 ns (44%5; 1, 6.8 A: T, = 3.1 ns (40%), T, = 0.12 ns (60%); C ,  7.8 A: T, = 1.8 ns (46%), T, = 0.20 ns 
(74%), T, = 0.54 ns (26%)f but must be considered along with the (54%); 1, 7.8 A: T, = 2.2 ns (63%) T, = 0.79 ns (37%)]. See (40) for 
large amounts of static quenching t o  account for all of the quenching further description of methods. 
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Steady-state emission spectroscopy, reflect- 
ing the extent of ET, revealed different behavior 
for the two fluorescent bases incorporated with- 
in DNA duplexes (Tables 1 and 2). Although 
both bases were highly quenched by G at the 
shortest donor-acceptor distance [Fq (3.4 A): 
A, = 0.93(2), A, = 0.85(7)], only A, showed 
significant levels of ET quenching at larger 
separations [Fq (13.6 A) = 0.21(1)]. Indeed, AE 
was only slightly reactive at 6.8 A [F, = 

0.18(4)] and exhibited essentially no quenching 
at longer distances. Time-correlated single-pho- 
ton counting (TCSPC) measurements further- 
more revealed a difference in the rates of the 
G-dependent reaction for A, as compared with 
A, (Fig. 1, A and B). At 3.4 A ,  where donor 
and acceptor are located at adjacent positions 
within the DNA helix, A, undergoes ET man- 
ifested as static quenching [a decrease in initial 
intensity, which indicates that the quenching 
reaction is faster than the time scale measured 
by this apparatus (100 ps) (k,, 2 10'' s-I)]. In 
contrast, decreases in the measurable fluores- 
cence lifetimes for AE completely account for 
the quenching of this base by G, indicating that 

ET takes place on a slower time scale (kT - 
lo9 s-') (23). Because the quenching of AE is 
dynamic, the distance dependence of the A,-G 
reaction provides a measure of P; on the basis 
of steady-state quantum yields, a value of 1.0(1) 
Acl was obtained for this parameter (Fig. 2). 
Because the quenching reaction between A, 
and G occurs on a time scale faster than that 
predicted by a Stem-Volmer analysis, the dis- 
tance dependence of this reaction calculated 
from steady-state quantum yields is not purely a 
reflection of p. The distance dependences of 
this and other ultrafast reactions must therefore 
be interpreted within the context of a different 
model (see below). 

The reactivities toward GTP of A, and A, 
are essentially identical in solution. However, 
once incorporated into duplex DNA, there are 
striking differences. Fast ET initiated by pho- 
toexcited A, occurred over a range of distanc- 
es, indicating that DNA provides strong cou- 
pling between reactants. A, exhibits slower 
ET with a steep distance dependence, indi- 
cating that DNA here acts as an insulator. 
High-resolution nuclear magnetic resonance 

Fig. 3. Molecular models of A, 
assemblies used to  evaluate in- 
trastrand (left) and interstrand 
(right) quenching reactions of 
A, by C. Structures were min- 
imized as described (26). The 
positions shown lead to  donor- 
acceptor distances of 3.4, 6.8, 
10.2, and 13.6 A for the assem- 
blies containing both donor 
and acceptor on the same 
strand, and A,-C distances of 
5.0, 7.8, 10.8, and 13.9 A for 
duplexes with reactants locat- 
ed on opposite strands, if mea- 
sured directly through space 
from the 2-NH, of A, to  the 
2-NH, of C. 

Fig. 2. Distance dependence of ET between As 
and G. Steady-state quantum yields for un- 
quenched (a,), I-containing duplexes were 
compared with quenched (a), G-containing du- 
plexes t o  evaluate the dependence of this re- p 0.0 
action on distance. On the basis of the expres- A 
sions k,, = 1/[~,(@,/@) - 11 and k,, = koecPr, ,g 
(7, = unquenched lifetime, r = distance in & -2.0 
angstroms, k, = rate of ET at r = O), and the 
observation that the changes in quantum yield -4.0 
are reflected in the fluorescent decay lifetimes, 
the analysis of data in this manner yields an 

m 
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p = 1.0(1) Am' 

(NMR) studies of duplexes containing A, 
(24) and AE (25) provide insight into a clear 
difference between these modified bases: 
stacking within the DNA helix. A, is steri- 
cally bulky, does not pair with T, and adopts 
a nonrigid, poorly stacked conformation 
within the base stack (26). A, undergoes 
normal Watson-Crick pairing with T and is 
stacked within the DNA helix quite similarly 
to the natural bases (26). The extent of stack- 
ing among these bases and the DNA base- 
pair stack affects the reaction kinetics and 
distance dependences of these ET processes 
mediated by the DNA helix. Indeed, subtle 
distinctions in stacking lead to large differ- 
ences in reactivity. The very different dis- 
tance dependences for these reactions may 
indicate that different pathways are accessed. 

Base-base ET chemistry also provides an 
opportunity to examine coupling between do- 
nors and acceptors located on the same strand 
of DNA duplexes compared with that be- 
tween reactants located on opposite strands 
(Fig. 3). Table 2 shows steady-state emission 
results for assemblies in which the interstrand 
reaction analogous to the intrastrand reaction 
described above was studied. Here, at the 
shortest distance studied for the interstrand 
reaction of A,, 5.0 A, 52(4)% of the emission 
intensity was quenched in a G-containing 
duplex.-The yields of ET were again attenu- 
ated with increasing donor-acceptor separa- 
tion but were much less sensitive to distance 
than for the intrastrand quenching reaction. 
Measurement of reaction kinetics by TCSPC 
revealed another important distinction be- 
tween these reactions (Fig. 1C): The reaction 
kinetics were found to be significantly slower 
for the interstrand ET compared with the 

average ison, data value points for p of obtained 1.0(1) A-'. by quantitating For compar- -6.0 2'0: 2 \ 4 6 8 10 12 

quenching from the weight-averaged lifetimes A,-G distance (A) 
determined in TCSPC experiments are also 
shown (indicated by crosses) (23). Although a discrete ET rate cannot be calculated because the 
fluorescence decay is multiexponential, the dependence of each component on distance is 
consistent with this value for p. Average lifetimes for unquenched samples were used for 7,. 

AzCilL distance (A) 

Fig. 4. Distance dependence of interstrand ET 
between A, and C (circles) or Z (squares). As 
the fluorescence quenching observed with do- 
nors and acceptors located on opposite strands 
on a DNA duplex are fully accounted for by 
changes in decay profiles, steady-state quench- 
ing yields can be evaluated as described in Fig. 
2 t o  yield average values for P of 0.14(2) A-' 
(A,-G) and 0.36(4) A- l  (A,-Z ). For comparison, 
data points obtained by quantitating quenching 
from the weight-averaged lifetimes determined 
in TCSPC experiments are also shown (indicat- 
ed by crosses) (28). 
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intrastrand reaction. Indeed, \vhereas a large 
proportioil of the quenchiag is unresolvable 
with 100-ps resolution for tlie iiltrastrand re- 
action, the ET quenching for A, and G local- 
ized on different strands is coinpletely re- 
solved on the time scale observable in this 
experiment (27). Thus, ET is slower for the 
bases in this orientation. Because the distance 
dependence of the interstrand reaction results 
in measurable changes iii ET rates, a value of 
0.14(2) A p '  for P call be determined (Fig. 4). 

Thus. ET proceeds preferentially down 
one strand in double-helical DNA. Within 
B-form DNA, essentially only iiltrastraild 
stacking occys (28). When reactants are di- 
rectly coupled through stacking along one 
strand. fast reaction kinetics result. If 
H-bonded base pairs must be traversed, the 
ET kinetics slow considerably. Nonetheless, 
a shallow distance dependence with P = 0.1 
Ap '  is observed. Comparably low values of 
@ have been observed only for fully conju- 
gated systeins (29). 

We also examined tlie effect of "cuttiag" a 
proximal interstrand connection by inco~po- 
rating A2 n~ispairs that lack H-bonding inter- 
actions. A, does not foim a stable base pair 
with G: results of previous spectroscopic 
studies indicate a dynamic extrahelical con- 
formatioil for the G of this pair (30. 31). A 
con~parison of quenching yields for the in- 
trastraild and interstrand reactions for tlie 
Watson-Crick paired and mispaired fluoro- 
phore are depicted graphically in Fig. 5. 
Quenching yields for the intrastrand reaction 
decreased in the presence of an A2-G mispair, 
but the overall distance dependence of the 
reaction was essentially identical to that ob- 
served with the A,-T pair. However. for the 
interstrand reaction, the quenching yield de- 
creased by -50% at tlie shortest donor ac- 
ceptor distance (5.0 A), and the overall dis- 
tance dependence is increased dramatically 
(p - 1.7 k l ) .  When the donor and acceptor 
are coupled through an intrastrand pathway. 
the direct stacking that facilitates the elec- 
tronic interactioil between the reactants ap- 
pears to be only slightly perturbed by the 
mispair, leading to decreased yields of fast 
ET. 

For donors and acceptors coupled thro~1g11 
an interstrand pathway, H-bonding coiltacts 
between strands are essential for long-range 
react~vity, and thus. the overall distance de- 
pendence was shaiply attenuated by the pres- 
ence of an A, base pair with limited H bond- 
ing. The efficiency of the interstrand reaction 
at 5.0 A was also measured in the presence of 
A,-C and A,-A pairs, and the quenching 
yields for these pairs [A,-C: Fq = 0.41(2), 
TIn(320 nin) = 25°C; A,-A: Fcl = 0.54(3), 
T,,,(320 nni) = 28"CI paralleled the strength 
of base-pairing interactioiis indicated by 
melting temperatures for the duplexes. These 
results implicate the H-bond-mediated inter- 

strand connection between A, and its coin- 
plelnentary thglmine as an iliiportant compo- 
nent in the overall ET pathway for the inter- 
strand reaction. The magnitude of the ob- 
served effect is somewhat surprising, as 
many other interstrand H bonds could poten- 
tially compensate for the disruption of the A, 
base pair; efficieiit interstrand reactions niay 
require the excited state of A, to be directly 

coupled to the opposite strand (32). 
The effect of driving force and reactant 

energetics on DNA-mediated ET has re- 
mained largely unexplored because of the 
difficulty of varying redox potentials without 
significantly changing the structure of syn- 
thetic assen~blies. Base-base ET cliemistry 
offers a means to examine this issue as well. 
Here, by simply substihlting Z for G as the 

Table 2. Steady-state quantum yields and quenching efficiencies for A,-G/Z duplexes. Quantum yields 
(a) for 100 KM duplex samples in 100 mM phosphate (pH 7) were measured at 20°C relative t o  100 KM 
A,, = 0.32 (12). Samples were prepared as in (39). All solutions exhibited identical absorbances. Sample 
excitation was performed with A,,, = 325 nm, and spectra were integrated from 340 t o  500 nm. The 
emission spectra of quenched A,-G samples displayed a more prominent emission shoulder at -400 nm 
than other samples, likely because of a tautomeric form of A, with a lower energy excited state that could 
not react with G (41). Therefore, emission intensities were determined by monitoring emission at 360 nm, 
the maximum of the main peak, for a 60-5 interval. Numbers in parentheses represent standard deviation 
values. The emission spectra of A,-Z samples were distinctly sharper than others, again possibly because 
of a tautomeric form of A, with a lower energy excited state that is preferentially quenched. These 
spectral differences did not affect the quenching yields in this case more than 5%, and thus the entire 
spectrum was used. 

Duplex A,-Y distance (A) , F,(G) F,(Z) 

5'-TAIAYITITTATIA 
ATCTCCACAATACT 

5'-TAIAAYITATTAIA 
ATCTTCCAT.i4TCT 

5'-TAIwAYITITAIA 
ATCTTTCCACATCT 

5'-TAIA~IAYITATIA 
ATCTTCTCCATACT 

5'-TAIACITITTATIA 
ATCTYCACAATACT 

5'-TAIAACITATTAIA 
ATCTTYCATAATCT 

5'-TAIAAACITITAIA 
ATCTTTYCACATCT 

5'-TAIAAIACITATIA 
ATCTTCTYCATACT 

lntrastrand ET 

0.067 (3) 0.005 (1) 0.93 (2) 

0.051 (4) 0.027 (3) 0.47 (4) 

0.055 (4) 0.043 (8) 0.21 (1) 

Interstrand ET 

0.052 (5) 0.025 (3) 0.52 (4) 

Fig. 5. Comparison of 
quenching yields for in- 
trastrand (left) and in- 
terstrand (right) quench- 
ing between A, and G 
when A, is paired wi th 
T (black bars) or G 
(white bars). For the in- 
trastrand quenching re- 
action, the mispairing 
of A, significantly de- 
creases the ET efficien- 
cy but does not drasti- 
cally affect the overall 
distance dependence. 
However, both the effi- 
ciency and distance de- 
~endence of the inter- Distance (A) 

"." 
5.0 7.8 10.8 13.9 

Distance (A) 

strand reaction are af- 
fected by the mispairing, wi th no quenching observed when the donor and acceptor were separated by 
more than t w o  base pairs. I t  is therefore apparent that the H bonding between A, and its partner is 
critical for the propagation of long-range electronic coupling for reactions that involve donors and 
acceptors localized on different strands. Duplexes used in this experiment were analogous t o  those 
shown in Table 2, wi th the exception of G being substituted for T across from A,. Melting temperatures 
for these mismatched duplexes were decreased by - 5°C relative t o  fully paired duplexes. The intensity 
of fluorescence for A,, paired wi th G was 1.5 times that wi th T, consistent wi th a conformation of A, 
less well stacked w i t h ~ n  the helix. 
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electron donor in the A, assemblies (a change 
of one atom), the effect of lowering the oxi- 
dation potential of this reactant by -300 mV 
can be monitored. In duplexes containing A, 
and Z either on the same or opposite strands. 
large amounts of fluorescence quenching 
were again obselved (Table 2). The quench- 
ing yields at short distances were greater than 
for the analogous G-containing duplexes, 
consiste~lt with the higher driving force for 
this reaction, but the overall distance depen- 

gated oligomers have provided evidence for 
eilhanced electronic coupling with small tun- 
neling energies (35). Indeed, by decreasing 
the donor oxidation potential here, we might 
be able to increase the energetic gap between 
this reactant and the bridge (36). 

Reactant energetics clearly modulate the 
distance dependence of ET in DNA. but these 
effects canilot completely explain the broad 
range of results obtained in systems with 
different reactants. Many of the photoexcited 

dences for the A,-Z reactions were steeper. acceptors used in different studies react se- 
The kinetic profiles for the intrastrand versus lectively with G. indicating that these reac- 
interstraud Z reactions were generally analo- tions have similar tunneling energies, yet 
gous to t h o ~ e  observed for the G reaction markedly different distance dependences are 
(33); hence. the distance dependence of the observed (@ - 0.6 to 1.4 A ') (8, 10). More- 
interstrand reaction yields another value of @ over. the reactions of ethidium with Z or 
in DNA. Here. for the interstrand A,-Z reac- intercalators that have larger tunneling ener- 
tion. @ = 0.36(4) A-' (Fig. 4). gies also have shallow distance dependences 

The steeper distance dependence for the (P 5 0.1 to 0.4 k') (4, 5). We observed 
reaction of Z compared with G may confiim distance dependences differing by an order of 
the importance of a parameter proposed in magnitude for the reactions of A, and AE, 
theoretical models for ET: tunneling energy which have excited-state energies differing 
(34). Because this DNA-mediated reaction, by no more that 100 mV. Therefore, although 
and most of the others studied to date. use tunneling energies may somewhat modulate 
reactants with potentials close to those of the the efficiency of ET through DNA, the strong 
DNA bridge (4, 5,. 8-1 0). a mechanism may stacking interactions between reactants and 
be operative where the energetic gap between the DNA bases that are present In all of the 
reactant orbltals and brldge orbltals (refened systems with shallow distance dependences 
to as tunneling energy) becomes a ci-uclal must also be esseiltial 
factor modulating the distance dependence of Table 3 summarizes the dlstance depen- 
ET. Recent studies of ET in synthetic conju- dences for base-base ET reactions described 

Table 3. Summary of distance dependences for base-base ET reactions. Dashes indicate not applicable. 

Distance dependence 
Reaction Acceptor Donor Conclusions 

P Y 

lntrastrand A, G 1.0 A-'  - Weak coupling 
'ET < 'base dynamcs  

lntrastrand A, G - 0.4 A '  Direct coupling 
lntrastrand A, z - 0.6 k1 'ET 'base dynam~cs  

lnterstrand A, G 0.1 k1 - Indirect coupling 
Interstrand A, z 0.4 A - ~ '  - 'ET < 'base dynam~cs  

Fig. 6. Distance dependences (y) for intrastrand 
reactions between A, and G (closed circles) o r  
Z (open circles). As quenching reactions for 
donors and acceptors localized on  the  same 2.0 

strand include significant contributions f rom 
fast static quenching, the distance dependence 
o f  these processes, just as those previously 
measured for oxidative quenching o f  ethidium 
by Rh(phi),bpy3' and the photooxidation o f  Z 
by ethidium, are no t  direct measurements o f  P. 
These distance dependences instead represent 
lower l imits for this parameter and include -3.0 

differing effects o f  stacking probabilities for o 10 20 30 40 
reactants and the intervening DNA bases. The DIA distance (A) 
reaction between t w o  intercalators has the 
most shallow distance dependence (closed diamonds, y = 0.1 k'), followed b y  the reaction 
between one intercalator and a modified base (closed squares, y = 0.4 A?), w i th  reactions 
between t w o  bases exhibiting the steepest distance dependences [A,-G, y = 0.38(3) k'; A,-Z, 
y = 0.59(2) kl]. These results indicate t h a t  the  reactants in teract ing w i t h  the  base stack w i t h  
larger surface areas m a y  be more strongly coupled in to  t h e  stack, possibly because o f  slower 
exchange dynamics. 

here as well as our interpretations of these 
data. The very fast intrastrand reactions of A, 
with G or Z resemble those observed with 
intercalating reactants (4, 5). Static quench- 
ing, indicative of ET with rates ~ 1 0 ' ~  s-', 
dominates these reactions at all donor-accep- 
tor distances. Hence, the attenuation of 
quenching yields as a function of distance 
does not appear to reflect only a competitioil 
between the rate of ET and the excited-st, e 
decay. We have previously proposed that 
base and reactailt dynamics may effectively 
"gate" the yields of these reactions, thereby 
influencing the overall distance dependence 
because more intervening base pairs would 
result in a higher probability of a destacked 
duplex. Internal motions have been detected 
within DNA on picosecond time scales (37). 
Therefore. if ET were to occur on this time 
scale or faster. only molecules in a limited 
range of conformations leading to the strong 
coupling required for this fast reaction may 
be active. The distance dependences for the 
A,-G and A,-Z intrastrand reactions (Fig. 6) 
do not provide tl-ue measures of @ because of 
the extent of static quenching at all donor- 
acceptor distances despite decreasing ET 
yields. We represent these distance depen- 
dences as y, which is a measure of the expo- 
nential dependence of ET yield. rather than 
rate, on distance. These values, y = 0.38(3) 
A-1 for A,-G and y = 0.59(2) k' for A,-Z, 
may represent upper limits for @. The obser- 
vation of steeper distance dependences for 
the fast intrastraild reactions compared with 
the slower interstrand reactions is consistent 
with the proposal that base destaclting dy- 
namics limit the efficiency of the faster reac- 
tions and contribute to the overall distance 
dependence. Interestingly. the distance de- 
pendences for the intrastrand reactions of A, 
with G as compared with Z also show a 
sensitivity to reactant energetics. 

The distance dependences of the intras- 
trand A,-G and A,-Z reactions can be direct- 
ly compared with those measured previously 
for the oxidative quenching of ethidium by a 
rhodium i~ltercalator (4). where y = 0.1 k', 
and the photooxidation of Z by ethidium ( j ) ,  
where values for y from 0.2 to 0.4 A-' were 
measured (Fig. 6). This range of distance 
dependences for these fast reactions, where 
y(interca1ator intercalator) < y (intercalatorl 
base) < y(base1base). appears to reflect the 
different extents of interaction between these 
reactants with the DNA base stack, contrib- 
uting either to stronger coupling between re- 
actants, or higher reaction probabilities. ET 
on fast time scales occurring over significant 
distances is a general phenomenon that can 
be obsen~ed when intercalators and modified 
bases are used as reactants. 

Our data clearly show that (i) strong reac- 
tant stacking is essential for fast long-range 
ET through DNA, (ii) ET proceeds preferen- 
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tially tllrough directly stacked intrastralld 6. 8. 0. Kelley, N. M. Jackson, M. C. Hill, J. K. Barton, 25. T.M. Norlund e t  a/., ibid. 28, 9095 (1989). 
Angew. Chem, lnt. Ed., in  press. 26. I t  is wel l  established that  A& assumes a nonplanar pathways "lnpared with path- 7, T, J, Meade and I. F, Kayyem, Angew, Chem, Int, Ed, orientation wi th in  the helix and is poorly stacked 

ways, and (iii) the distance dependence of ET 34, 352 (1995), w i th  the other DNA bases (24). In addition, force- 
in DNA varies with donor energy. We can 8. F. D. Lewis e t  a/., Science 277, 673 (1997): F. D. Lewis field calculations on Ae-containing duplexes also re- 

conclude that a collerent, well-stacked path- a" RR. L. Letsinger, 1. Bioinorg. Chem. 3, 215 (1998). veal significant perturbations in  stacking at the site of 
9. E. Meggers, D. Kusch, M. Spichty, U. Wille, B. Ciese, this modif ied base (see below). These features of the 

way within the DNA helix is associated with Chem, Int, Ed, 37, 460 (1998), conformation of A& are consistent w i th  physical and 
an extrelnely low value of p, 0.1 A ' .  values 10. K. Fukui and K. Tanaka, ibid., p. 158. photophysical characteristics of the duplexes we pre- 

of p approacllillg 1.0 A- 1 are associated with 11. R. A. Marcus and N. Sutin, Biochim. Biophys. Acta pared containing this base. Significant decreases 
811, 265 (1985). (-5OC) in the thermal denaturation temperatures are 

pathways 'lot strong 12. D. C. Ward, E. Reich, L. Strver, 1. B;o/. Chem. 244, observed for duplexes containing A compared w i th  
2 - - 

stacking interactions. and it is not clear in 1228 (1969). adenine, and n d  hypochromism or transitions upon 

those cases the nathwav is even me- 13. J. R. Barrio, J. A. Secrist, N. j. Leonard, Biochem. thermal denaturation in  the 310-nm absorption as- 

diated bJ, tile base l-lle impirical ob- B 'oP~Y~.  Res. Commun. 46, 597 (1972); 1. A. Secrist, sociated wi th  A& is detected. Moreover, very low 
J. R. Barrio, N. j. Leonard, G. Weber, Biochemistry 11, steady-state fluorescence polarization values (-0.01) 

servation of low values of p in well-stacked 3499 (19721: R. D. Spencer, C. Weber, C. L. Tolman, were observed for A duplexes. We found that A, 
DNA does not imply a mechanism, however. j. R. ~ ' a r r i o , ' ~ .  J. Leonard, Eur. j. Biochem. 45, 425 exhibits much higher l&els'of steady-state polarization 

(1974). (-0.15) and a smaller destabilizing effect on duplex CelTainl~l descri~tiolls of ET 14, A, ~ ~ l ~ ~ ~ ,  8, Norden, B, Albinsson, j, Am, Chem, Sot, stability (1" t o  2°C) compared wi th  Ac. Furthermore, 
weakly coupled systems are illsufficiellt to 119, 31 14  (1997); A. Broo,]. Phys. Chem. A 102, 526 thermal denaturation of A,-containing duplexes can be 
describe the DNA bridge with such a low (1998). monitored in the 3 1 0 - n i  absorption unique to  this 

,,slue of p. and tile sensitivity of p to dollor 15. A. ~ o i m e "  B. Norden, B. Albinsson, j. Phys. Chem. base, because i t  is red-shifted when this base is within a 
98, 13460 (1994). hybridized duplex. This change may result from a more 

energies Suggests that this ET reaction lnay 16, The potentials of Z, and I are - V, 11,0 V, nonpolar environment for the base, or as the result of 
be better described within the adiabatic re- and l 1 . 5  V versus NHE, respectively (5). H-bonding interactions. Thermal denaturation transi- 

Bilne (38).  ~ l t l ~ ~ ~ ~ l ~  lloppillg mecllanisms 17. C. A. M. Seidel, A. Schultz, M. H. M. Sauer, I. Phys. tions can therefore be monitored at this wavelength 
Chem. 100, 5541 (1996); 8. Steenken and 8. V. and are observed t o  occur 2" t o  3°C before the transi- 

account at least in part for the longer lovanovic. 1. ~ m .  Chem. jot. 119, 617 (1997). tions monitored at 260 n m  corresponding to  the melt- 
< ,  , 

range chemistry observed in our laboratory 18. i h e  equal& l ow  levels of quenching observed w i th  ing of the entire duplex. Duplexes containing either A& 

and elsewhere (2, 9), where a shallow dis- 
tance dependence is observed by monitoring 
einissioil from the excited-state acceptor. oth- 
er direct coupling mechanisms may need to 
be invoked. ~ 

Here, a range of reactivity was obser\-ed 
in ailalogous DNA assemblies with exponen- 
tial distance dependences for ET spanning a 
full order of magnitude. The range of results 
we obtained with reactants so similar, or even 

deoxyinosine triphosphate, deoxyadenosine triphos- 
phate, deoxycytidine triphosphate, and deoxythymi- 
dine triphosphate were not  sensitive t o  the redox 
potentials of these bases (17), and therefore do not  
appear t o  be the result of ET. 

19. In these titrations, the A, free base and Ae nucleotide 
triphosphate were used. For the nucleotide triphos- 
phate form of A,, smaller k ,  values would be expect- 
ed as a result of higher electrostatic repulsions w i th  
the nucleotide triphosphate quenchers and an in- 
crease in  the reduction potential of the alkylated 
base. 

20. Upon flash photolysis of solutions containing 100 

or A, were constructed wi th  commercial software 
(Macromodel) and minimized wi th  the AMBER force 
field. These calculations revealed structures for the du- 
plexes consistent wi th  those obtained from NMR stud- 
ies (24, 25), wi th  a nonplanar, poorly stacked orienta- 
t ion for A& incorporated across from T within the DNA 
helix. In contrast, A,-T pairs were essentially indistin- 
guishable from A-T pairs. 

27. The fluorescence decay kinetics for A, are also mul-  
tiexponential. For the interstrand A,.C reaction, good 
agreement is obtained between the dynamic quench- 
ing quantitated f rom TCSPC and the to ta l  quenching 
observed using steady-state methods, hence steady- 

identical ill structure but llot in staclting ori- PM A2 a" ' 5 0  dCTP, long-lived signals-were state quantum yields can be utilized for the calcula- 
observed on the microsecond t ime  scale b y  transient t ion o f  p. The same agreement is not  observed for  

entation, suggests that the various results with characteristics the intrastrand A,-C reaction because of the sienifi- 

found wlth different types of reactants call be wavelength hmZ, = 310 nm, 380 nm, 550 nm) con- cant amount of static quenching, and therefore, the . - 

ullderstood in terms of seilsitivity to stacking, sistent w i th  tKhel l -character ized neutral C radical dependence o f  these quenching yields on distance 
[L. P. Candeias and 8. Steenken, 1. Am. Chem. Soc. does not  solely reflect p. An analysis of the fluores- 

and ellergetics (3p10). The as- 111, 1094 ,7989): E. D. A. stemp, M. R. Arkin, ]. K. cence decay data is available www.sciencemag.org/ 
sessillellt of DNA as a medium for ET cailllot Barton. ibid.' 119.'2921 11997)l. similar results were feature/da~/984892,shl  as supplementarv material. 

- ,~ , -  - \ - ,, 
be made simply from measurements of the obtained w i th  Ae. 28. W. Saenger, Principles of ~ u c i e i c  ~ c i i  Structure 

effect of distance, but also requires con- 21. US'" excited-state energies approximated f rom (Springer-Verlag, N e w  York, 1984). 
intersection points o f  absorption and emission 29. 8. Woitellier, j. P. Launay, C. W .  Spangler, Inorg. 

sideration of parameters that are unique to spectra (EL )  and electrochemical potentials IE "("1 Chem. 28, 758 (19891 
~ " U S  ~ ~ 

this T-stacked molecular assemblv. Para- ')], w e  calculated the  excited state reduction po-  30. C. R. Guest, R. 'A ~&hstrasser ,  L. C. Sowers, D. P. 

diglns de\reloped to describe lollg-range ET temials o f  A2 and A& f rom the  expression E "(^/-)  Millar, Biochemistry 30, 3271 (1991). 
= E,, - E " ( " I - )  as i 1 . 5  and 11.4 V versus NHE, 31. Wi th in the A,-C-mispair-containing duplexes, the A, 

in a-bonded systems such as proteins cannot respectivelv. 310-nm absorption is not  red-shifted. Furthermore, 
be simply applied to describe the exquisite 
sensitivity of charge transport in DNA to 
T-stacking illteractions and energetics. 

References and Notes 
1. R. E. Holmlin, P, J. Dandliker, J. K. Barton, Angew. 

Chem. Int. Ed. 36, 2714 (1997); 8. 0. Kelley and J. K. 
Barton, Met, ions Biol. Sys., in  press. 

2. D. B. Hall, R. E. Holmlin, j. K. Barton, Nature 382, 731 
(1996); D. B. Hall and J. K. Barton, j. Am. Chem. Soc. 
119, 5045 (1997); M .  R. Arkin, E. D. A. Stemp, J. K. 
Barton, Chem. Biol. 4, 389 (1997); P. J. Dandliker, R. E. 
Holmlin, j. K. Barton, Science 275, 1465 (1997); 5. M. 
Casper and C. B. Schuster, 1. Am. Chem. Soc. 119, 
12762 (1997); P. J. Dandliker, M. E. Nunez, J. K. 
Barton, Biochemistry 37, 6491 (1998). 

3. C. J. Murphy e t  a/., Science 262, 1025 (1993); C. J. 
Murphy e t  ai., Proc. Natl.  Acad. Sci. U.S.A. 91, 5315 
(1994); M .  R. Arkin e t  al., Science 273, 475 (1996). 

4. 5. 0. Kelley, R. E. Holmlin, E. D. A. Stemp, J. K. Barton, 
1. Am. Chem. Soc. 119, 9861 (1997). 

5. 8. 0. Kelley and j. K. Barton, Chem. Biol. 8, 413 
(1997). 

22. ~ecause  the fluorescence of A, is sensitive t o  its 
environment wi th in  the base stack, the quantum 
yields of unquenched I-containing duplexes were 
carefully monitored to  delineate the effect of the 
subtle variations in  sequence in the duplexes (Table 
2). The first duplex of the series consistently exhib- 
i ted a higher quantum yield than the others of this 
series, presumably because o f  poorer stacking of A, 
w i th  I. However, throughout the rest o f  the series, 
constant quantum yields were obtained, indicating 
that  (i) the environment o f  A, is essentially identical, 
and (ii) I-dependent reactions were not  occurring. 

23. Because the decays of A& are multiexponential, as 
expected for  a DNA-bound probe, the f i ts of the 
fluorescence decay profiles do  not  yield single rate 
constants for the ET reaction between A= and G. 
However, t he  integration of the decay curves for  the 
G-containing and I-containing duplexes provides a 
measure of dynamic quenching that  is independent 
o f  any data-f i t t ing routine. These quenching yields 
are identical t o  those observed in  steady-state mea- 
surements, al lowing the  calculation of p. An analysis 
o f  the fluorescence decay data is available www. 
sciencemag.org/feature/data/984892.shl as supple- 
mentary material. 

24. M. Kouchakdijan e t  ai., Biochemistry 30, 1820 (1991). 

although the dve ra~ l  melt ing o f  the A,-C duplex can 
be observed at 260 n m  [melt ing temperature Tm(260 
nm) = 24°C (A,-C); T, = 30°C (A,-T)], no transition 
can be detected in  the A, absorption. I t  therefore 
appears that  A, is neither H-bonded nor wel l  stacked 
wi th in  the A,-C mispair, consistent w i th  photophysi- 
cal studies (29). Furthermore, almost twofo ld in- 
creases are observed for the steady-state quantum 
yields of A,-C duplexes compared w i th  those w i th  
Watson-Crick pairs, again indicating that  the fluoro- 
phore is not  wel l  stacked wi th in  the duplex. The high 
quantum yields observed in these samples also indi- 
cate that  C and A, do  no t  participate in  efficient ET 
when incorporated wi th in  a mispair and therefore do 
not  interact strongly. 

32. Consistent w i th  these observations, A? (which is not  
H bonded when incorporated across f rom T )  shows 
only very small amounts of interstrand quenching 
w i th  C (< lo%) 5.0 A away. 

33. For the ET between A, and Z, large amounts of static 
quenching are again observed for  the intrastrand 
reaction, but  ful l  resolution of the quenching kinetics 
is achieved for  the interstrand reaction w i th  -100-ps 
resolution. Although the decay profiles are complex, 
it is evident f rom these data that  the kinetics of ET 
for the interstrand A,/Z reaction are faster than 

380 15 JANUARY 1999 VOL 283 SCIENCE www.sciencemag.org 



REPORTS 

those of the analogous A,IC reaction, as expected for 
the higher driving force reaction. 
J. W. Evenson and M. Karplus, Science 262, 1247 
(1993); 5. Priyadarshy, S. M. kisser, D. N .  Beratan, 
1. Bioinorg. Chem. 3, 196 (1998); J. J. Regan et al., 
Chem. Bioi. 2, 489 (1995). 
W. B. Davis, W. A. Svec, M. A. Ratner, M. R. 
Wasielewski, Nature 396, 60 (1998). 
Alternatively, the nitrogen-to-carbon substitution in 
Z compared wi th the natural base may decrease the 
strength of stacking interactions for this modified 
base. However, the use of deazaadenine (which has 
an oxidation potential quite similar t o  that of C) as 
an electron donor in analogous experiments pro- 
duced an interstrand distance dependence almost 
identical t o  that observed wi th C (S. 0. Kelly and j. K. 
Barton, data not  shown). Therefore, i t  appears that 
the increased distance dependence for the A,-Z re- 
action result< from energetic effects. 
S. Ceorghih,  T. D Bradrick, A. Philippetis, j. M. 
Beechem, Biophys, 1. 70, 1909 (1996). 
J. Jortner, M. Bixon, T, Langenbacher, M. E. Michel- 
Beyerle, Proc. Nati. Acad. Sci. U.S.A. 95, 12759 
(1998); A. K. Felts, W. T. Pollard, R. A. Freisner, 1. Phys. 
Chem. 99, 2929 (1995); A. Okada, V. Chernyak, S. 
Mukamel, idib. 102, 1241 (1998). 
Ah, A,, I, and Z phosphoramidites were all obtained 
from Glen Research. Oligonucleotides were prepared 

by standard automated techniques (with the excep- 
tions described below) on a 394 ABI synthesizer and 
purified by reverse phase high-performance liquid 
chromatography. For Z, the oxidation step was car- 
ried out wi th 10-camphorsulfonyl oxaziridine as pre- 
viously described (5). Base deprotection of etheno- 
adenine-containing oligonucleotides was carried out 
for 24 hours at room temperature. Oligonucleotides 
containing modified bases were characterized by 
electrospray mass spectroscopy. Samples were pre- 
pared as follows: on the basis of the calculated 
extinction coefficients for DNA sequences [e,,, (M-' 
cm-'): dC = 7.4 X lo3;  dC = 12.3 X l o 3 ;  dT = 

6.7 X lo3;  dA = 15.0 X l o3 ;  dZ-C = 10.5 X l o3 ;  
dl = 11.0 x l o 3 ;  ~ ( A J  = 4.5 x 103; ;(A,) = 2.5 x 
lo3] ,  appropriate amounts of complementary mate- 
rials were combined at 1 : l  stoichiometry and dis- 
solved in 100 m M  sodium phosphate (pH 7) t o  give a 
final duplex concentration of 100 p M .  The resulting 
solutions were heated t o  90°C and slowly cooled t o  
ambient temperature over 2 t o  3 hours t o  anneal the 
duplex. The ultraviolet-visible spectra of the duplex 
samples were carefully measured t o  ensure that the 
absorbance at the excitation wavelength was identi- 
cal for every sample. Thermal denaturation experi- 
ments were performed on a HP8452A diode array 
spectrophotometer wi th samples at a duplex concen- 
tration of 25 p M  in 100 m M  phosphate (pH 7). 

Absorbance was monitored every 2°C wi th 3-min 
equilibration times. All duplexes used in these exper- 
iments exhibited cooperative thermal denaturation 
profiles wi th melting temperatures >25"C wi th 25 
p M  duplex and therefore were fully hybridized under 
the conditions of all fluorescence experiments (100 
pM,  20°C). 

40. Measurements were performsd on a TCSPC appara- 
tus previously described (4). Excitation was per- 
formed at 325 nm, and emission was monitored at 
350 n m  for A, and 400 n m  for Ah. Two data sets were 
obtained for each sample, one containing >10,000 
counts for the determination of decay lifetimes, and 
another taken over a 120-s t ime interval t o  quanti- 
tate static quenching. Experiments were otherwise 
performed under the same conditions as steady-state 
experiments (100 p M  duplex, 100 m M  sodium phos- 
phate, pH 7). 
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Emergent Properties of works consisting of up to four signaling path- 
ways to determine if the network has proper- 

Networks of Biological 
Signaling Pathways 

Upinder S. Bhalla and Ravi lyengar* 

Many distinct signaling pathways allow the cell to receive, process, and respond 
to information. Often, components of different pathways interact, resulting in 
signaling networks. Biochemical signaling networks were constructed with 
experimentally obtained constants and analyzed by computational methods to 
understand their role in complex biological processes. These networks exhibit 
emergent properties such as integration of signals across multiple time scales, 
generation of distinct outputs depending on input strength and duration, and 
self-sustaining feedback loops. Feedback can result in bistable behavior with 
discrete steady-state activities, well-defined input thresholds for transition 
between states and prolonged signal output, and signal modulation in response 
to transient stimuli. These properties of signaling networks raise the possibility 
that information for "learned behavior" of biological systems may be stored 
within iritracellular biochemical reactions that comprise signaling pathways. 

Studies on the cyclic adenosine monophos- 
phate (CAMP) signaling pathway led to the 
ideiitificatio~l of several general mechanisms 
of signal transfer. such as regulation by pro- 
tein-protein interactions, protein phosphoryl- 
ation; regulation of eiizymatic activity. pro- 
ductio~l of second messengers, and cell sur- 
face sigiial transduction systems ( 1 ) .  These 
mechanisms of signal traiisfer have subse- 
quently been show~l to o c c ~ ~ r  in niany path- 
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ways, including Ca2+ signaling pathways (2);  
tyrosine kinase pathways (3) ,  and other pro- 
tein kinase cascades, and recently in the in- 
tracellular protease cascades in apoptosis (4). 
Initially. signaling pathways were studied in 
a linear fashion, and it was shown that many 
impoi-tant biological effects are obtained 
through linear illformation transfer. However. 
it has become increasingly clear that signal- 
ing pathways interact with one another and 
the final biological response is shaped by 
interaction between pathways. These interac- 
tions result in networks that are quite coni- 
plex and may have properties that are nonin- 
tuitive. A systematic analysis of interactions 
between signaling pathways could be useful 
in understanding the properties of these net- 
works. We developed models for simple net- 

ties that the individual pathways do not and if 
nehirorking results in persistent activation of 
protein kinases after trallsieiit stimulus. Per- 
sistent activation of protein kinases is a gen- 
eral inechanism for eliciting biological ef- 
fects. Cholera toxin coiltinuously elevates 
CAMP, resulting in persistent activation of 
protein kinase A (PICA), inhibition of intes- 
tinal water reabsoiption, and diaishea, key 
pathological manifestations of cholera (5).  
Since this original demonstration; persistent 
activation of protein kinases has been impli- 
cated in diverse processes such as neoplastic 
transformation (6) and learning and memory 
(7). Although mutations or altered gene ex- 
pression can result in persistent activation of 
protein kinases. we wished to ask the follo\v- 
ing question: Do connections between preex- 
isting signaling pathways result in persistent- 
ly activated protein kinases capable of elicit- 
ing end-point biological effects? 

To develop models of signaliiig pathways; 
it is necessary to consider the mechanisms by 
which signal transfer occurs. In biological 
systems, sigiial transmission occurs mostly 
through two mechanisms: (i) protein-protein 
interactions and enzymatic reactions such as 
protein phosphoiylation and dephosphoryl- 
ation (ii) or protein degradation or production 
of intracellular messengers. In an approach 
that \vould include all of these reactions, we 
used the basic chemical reaction schemes of 
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