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metalloproteins have shown that electron
transfer can occur over large distances
through protein interiors (2, 3). Theory
indicates that such factors as donor-acceptor
distance, thermodynamic driving force, and
the nature of the intervening medium are
critical in determining rates of electron
transfer (4, 5). Model compounds with vari-
able exothermicity and distance between do-
nor-acceptor pairs have been synthesized,
and the rates of intramolecular electron
transfer in these provide benchmarks for
studies in more complex polymeric systems
(6, 7).
We report that the double-stranded DNA

polymer may also mediate long-range elec-
tron transfer between bound donor-accep-
tor pairs. The apparent enhancement in
photoinduced electron-transfer rates for do-

nor-acceptor pairs bound to DNA versus
being free in solution is several orders of
magnitude (8, 9). This apparent rate en-
hancement in the presence ofDNA could be
attributed to (i) the increase in local concen-
tration of bound donor-acceptor pairs, (ii)
facilitated diffusion of the bound pair along
the DNA helix in a reduced dimensional
space, and (iii) long-range electron transfer
between donor and acceptor pairs with
DNA as the intervening medium. By vary-
ing temperature, viscosity, and driving
force, we show that DNA-mediated electron
transfer from Ru(phen)2+ to M(phen)3+,
where M = Rh, Cr, or Co, may occur, at
least in part, through long-range electron
transfer.
A current model for the interaction of

tris(phenanthroline) metal complexes with
DNA is shown in Fig. 1. The rigid metal
complex, Ru(phen)21, appears to bind to
double-stranded DNA primarily through
two distinct modes: (i) intercalation, in
which one of the phenanthroline ligands
may insert and stack in between the base
pairs, and (ii) surface or groove binding, in
which the hydrophobicity of the phenanth-
roline ligands as well as the electrostatic
charge of the ruthenium dication stabilize
binding against the helical groove of the
DNA polyanion (10, 11). These binding
modes have been characterized primarily
through photophysical experiments, such as
the differential quenching of two types of
ruthenium excited states by anionic quench-
ers, the retention of polarized emission for
the intercalative component when excited
with polarized light, and the observation of
two distinct lifetimes, 0.6 and 2.0 ,us, for the
surface-bound and intercalated ruthenium

Fig. 1. Model for Ru(phen)2' bound to a B-
DNA helix, showing (left) intercalation of the A-
isomer and (right) the surface-binding of the A-
isomer. For intercalated A-Ru(phen)3 , the inter-
calated ligand is shown pointed into the page.
The arrows indicate the alignment of the non-
intercalated ligands along the right-handed helical
groove. For the surface-bound A isomers, a side
view (top) and front view (bottom, with the third
ligand pointing out of the page) are shown.
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Accelerated Electron Transfer Between Metal
Complexes Mediated by DNA
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DNA-mediated long-range electron transfer from photoexated 1,10-phenanthroline
complexes of ruthenium, Ru(phen)"+, to isostructural complexes of cobalt(m),
rhodium(III), and chromium(E) bound along the helical strand. The effidency of
transfer depended upon binding mode and driving force. For a given donor-acceptor
pair, surface-bound complexes showed greater rate enhancements than those that were
intercalatively bound. Even in rigid glycerol at 253 K, the rates for donor-acceptor
pairs bound to DNA remained enhanced. For the series of acceptors, the greatest
enhancement in electron-transfer rate was found with chromium, the acceptor of
intermediate driving force. The DNA polymer appears to provide an efficient interven-
ing medium to couple donor and acceptor metal complexes for electron transfer.
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Fig. 2. Temperature dependence of the electron-
transfer rate constants between (0) surface and
(A) intercalated DNA-bound donors and accep-
tors. The donor is A-Ru(phen)"+* and the accep-
tor is rac-Co(phen)3+. Solution concentrations
were as those described in Table 1. Lifetime
measurements were made at least in triplicate.

excited states, respectively. Nuclear magnet-
ic resonance and photophysical studies sug-
gest that surface binding occurs from the
minor groove of DNA, whereas intercala-
tion of the complexes proceeds from the
major groove. Although both enantiomers
of the metal complexes bind to the helix
through the two modes, opposite chiral
selectivity is observed with these different
binding modes. The right-handed propeller-
like A-isomer intercalates preferentially into
the right-handed B-DNA helix because of
the reduced steric constraints between its
nonintercalated ligands and the phosphate
backbone, whereas for surface binding,
where the complex lies against the right-
handed helix, the A-isomer, which has a
symmetry that complements that of the he-
lix, is favored (12). The differing enantio-
meric selectivities and the different excited
state lifetimes for the two binding modes
allow us to probe the effect of donor bind-
ing mode on electron transfer, since the
photoinduced electron-transfer rate con-
stants for the two modes may be separately
determined in a time-resolved luminescence-
quenching experiment by using DNA-
bound cobalt, chromium, or rhodium com-
plexes as electron acceptors.

Emission decays were determined for the
ruthenium complexes by single-photon
counting with a nanosecond flash lamp (full
width at halfmaximum of 3 ns) as a function
of titration with the electron acceptors
M(phen)3+ (M= Rh, Cr, and Co) and
Co(bpy)31 (bpy= 2,2'-bipyridine). These
electron acceptors, like the ruthenium com-
plexes, bind to DNA noncovalently. For the
phenanthroline series, intercalation and sur-
face binding are possible, although
Co(bpy)31 binds only electrostatically to the
helix. The quenching mechanism with these
donor-acceptor pairs is predominantly elec-
tron transfer. Evidence for electron transfer

is supported by flash photolysis experi-
ments. In addition, no Ru(phen)2+-sensi-
tized emission was observed from
Cr(phen)3+ or Rh(phen)3+. Typical ruthe-
nium concentrations used were 4 to 8 ,uM,
with ruthenium to nucleotide ratios ranging
from 0.003 to 0.010, and acceptor con-
centrations varying from 0 to 80 ,uM. Ex-
cited state lifetimes for both intercala-
tive and surface-bound ruthenium were
measured by deconvolution of the biexpon-
ential emission decay traces, and the rate
constants were calculated for each compo-
nent with the Stem-Volmer equation,
TO/T = 1 + kqTO[Q], where r is the lifetime
of the luminescent species at quencher con-
centration [Q], To is the lifetime in the
absence ofquencher, and kq is the bimolecu-
lar rate constant for quenching by photoin-
duced electron transfer (13). Since binding
modes for the electron acceptors are not
distinguished in this experiment, the analy-
sis treats the acceptors as a single bound
form.

Results of several quenching experiments
with cobalt complexes as acceptors are sum-
marized in Table 1. The electron-transfer
rate constant from the surface-bound donor,
kq, is larger than kq, the rate constant for
electron transfer from the intercalatively
bound species, for both A-Ru(phen)2+ and
A-Ru(phen)32. Small increases in the rate
are apparent with Co(bpy)3+, the noninter-
calating and most weakly bound acceptor, in
contrast to Co(phen)i3+. These results all
point to a greater electron-transfer efficiency
through surface rather than intercalative
binding. In all cases, the rate constants for
A-Ru(phen)2+ are from 1.5 to 2 times
greater than for A-Ru(phen)2+, indicating
enantiomeric selectivity. This observed ster-
eoselectivity in electron-transfer rate con-
stants is in contrast with the relative binding
affinities of the complexes for DNA; phen-
anthroline complexes bind with greater af-
finity than bipyridyl complexes, and for

Ru(phen)2+, overall binding of the A-iso-
mer is preferred. Enantiomeric selectivities
for electron transfer that we observed differ
from those reported previously, in which the
donor-DNA ratio was much greater (1: 30)
(8). At the higher concentration ratios, the
observed rate constants were govemed
largely by the local concentrations ofdonors
and acceptors on DNA, and hence by rela-
tive binding strength. At low metal-DNA
concentration ratios, nearly all of the donor
molecules were bound, and the enhance-
ments in electron-transfer rates, which are
commensurately smaller, were not due to
the effect of increased local concentrations.
The observed stereoselectivity reflects fun-
damental differences in mechanisms for the
electron transfer on DNA for the intercalat-
ed and surface-bound species, as well as their
relative bound concentrations.
The fundamental differences between

electron transfer from surface-bound and
intercalated donors is even more dramatic
upon examination of the temperature de-
pendence of k'q and kWqwith A-Ru(phen)3+ as
donor and Co(phen)3+ as acceptor bound
to DNA. The temperature dependence for
these two cases is shown in Fig.. 2. The
surface-bound and intercalated Ru(phen)'+*
behave quite differently with respect to elec-
tron transfer. The value of kq increased lit-
tle with temperature from 274 to 308 K.
There was little variation in the value of kq
between 274 and 298 K, but above 298 K the
quenching rate constant increased rapidly
with increasing temperature. No change in
DNA conformational state over this tem-
perature range was detected by circular di-
chroism (CD). An Arrhenius plot of the
data yields AHt of -2 kcallmole for the
intercalative electron transfer, and -1 kcal/
mole and -16 kcal/mole for the two tem-
perature regimes in the surface-bound case.
Most simply, Fig. 2 provides verification of
our model for intercalative and surface bind-
ing of tris(phenanthroline) metal complexes

Table 1. Electron-transfer rate constants (M-' s-') from A- and A-Ru(phen)2+ to rac-CoL"+(L=
phen, bpy). The driving force for the excited-state electron-transfer quenching reaction is approximately
+ 1.29 and + 1.24 V with Co(phen)3+ and Co(bpy)3+ as quenchers, respectively (20). Samples were 4
,uM Ru(phen)2+ and 1.2 mM calf thymus DNA in 50 mM NaCl and 5 mM tris buffer (pH 7.2).
Lifetime measurements were made with a PRA single photon counting unit that used a Model 510
nitrogen-filled nanosecond flash lamp with a pulsewidth of 3 ns and interfaced with a Digital RX02
minicomputer. Excitation and emission wavelengths were at 447 and 600 nm, respectively. Data were
deconvoluted with a PRA data analysis package. The rate constants k', k', and k' are for the surface-
bound and intercalated donor on DNA, and free donor in solution, respectively. The average er-
rors in rate constants are approximately +20%. The control data were obtained with rac-Ru(phen)"3
donor in the absence of DNA.

Acceptor

Donor rac-Co(phen)3+ rac-Co(bpy)3+
ks kq kc kq kiq kc

A-Ru(phen)3+ 1.7 x 1010 9.0 x 109 1.4 x 109 2.4 x 10'0 1.2 x 10'0 2.0 x 109
A-Ru(phen)2+ 3.9 x 10"° 1.6 x 1010 1.4 x 109 4.7 x 10"° 1.7 x 1010 2.0 x 109
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to DNA, and also indicates that at least two
distinct mechanisms for DNA-mediated
electron transfer between bound metal com-
plexes must operate.

In order to minimize collisional pathways
for electron transfer, and thus distinguish
between diffusion and long-range electron-
transfer mechanisms, we also used high-
viscosity glycerol solutions in a series of
quenching experiments. The CD spectra of
DNA solutions at these glycerol concentra-
tions indicated no gross change in confor-
mation from the B-form (14). At low tem-
perature (T < 273 K), these solutions are
sufficiently rigid to significantly reduce mo-
lecular transport (15). The local viscosity
around the metal complexes when bound to
DNA might be different from the bulk
viscosity. However, a significantly lowered
viscosity relative to the bulk would be re-
quired over many solvent layers, because of
the diameters of the metal complexes them-
selves, to permit diffusion. Moreover, bind-
ing to DNA appears in itself to diminish the
mobility ofthe complex, rather than increas-
ing its mobility, as would be required for a
diffusion mechanism. For example, the
steady-state luminescence polarization for
Ru(phen)2+ in 90% glycerol solution at 293
K is increased from 0.001 to 0.103 (both
values ±0.002 SEM) in the presence of
DNA; the limiting polarization for Ru-
(phen)"3 in a solid matrix is 0.14 (16). With
decreasing temperature, still greater de-
creases in the mobility of the bound com-
plex would be expected. Quenching results
for ruthenium-cobalt pairs in glycerol solu-
tions are summarized in Table 2. The rate
for intercalated donors decreases by a factor
of 5 upon the addition of glycerol, and no
further with increasing viscosity. The value
of kq remains constant at -2 x 10'0M-1
s even in the highest viscosity regime at
low temperature. With Co(bpy)3+ as a sur-
face-bound acceptor, no decrease in surface-
bound rate was apparent even at high glyc-
erol concentrations and low temperature.
Thus, under conditions where diffusion is
restricted, DNA-mediated electron transfer

remained enhanced compared with rates in
the absence ofDNA. For the surface-bound
donor, in particular, the rate constant was
two orders of magnitude greater compared
with solution rates, and this enhancement
could be increased even further if higher
donor-DNA ratios were used.
That DNA accelerates electron transfer

between bound metal complexes under con-
ditions of substantially restricted mobility is
illustrated further in Fig. 3, in which the
quenching of Ru(phen)3 by Co(phen)3 +
is plotted for the surface-bound component,
the intercalated component, and for DNA-
free solutions, in 92% glycerol at 253 K.
The linearity of the plots supports the no-
tion that the complexes are randomly dis-
tributed along the strand with no sequester-
ing or cooperative association of the com-
plexes on the polymer (17). In this essential-
ly rigid system with low concentrations of
donors and acceptors on the DNA (at these
concentrations, the average separation be-
tween metal centers is in the range of 15 to
35 A), surface-bound and, to a lesser extent,
intercalated Ru(phen)2+* continue to trans-
fer electrons to bound Co(phen)3+, indicat-
ing that DNA promotes long-distance elec-
tron transfer between bound donors and
acceptors. In the absence of DNA, the rate
drops to below 107M-I S-5, too low to be
measured satisfactorily with this technique.
The logarithm ofthe decay trace for emis-

sion from the ruthenium excited state in the
absence of DNA, in the presence of DNA,
and with DNA and 32 ,uM Cr(phen)3+ at
253 K in glycerol solution is shown in Fig.
4. As for higher temperature experiments, in
the absence of DNA a single exponential
decay was observed. Upon addition of
DNA, a biexponential decay was apparent,
consistent with the two binding modes, and
with the addition of Cr(phen)3+, quenching
by electron transfer was observed for the
two components. The shorter lived surface-
bound component was quenched apprecia-
bly faster than the long-lived component.
Since the metal complexes, although fixed
on the strand, are separated by a range of

Table 2. Electron-transfer rate constants in viscous media. Solutions were 4 FM Ru(phen)"+ and 400
SM calf thymus DNA for measurement of k' and k,, and with no DNA for kq. Average errors in the
ratio constants are approximately 20%.

Conditions Rate constants
Acceptor Glycerol Temper- n kq x 1010 k' x 1010 kc x 1010

content (%) ature (K) (cP) (M-l s-') (M-' s_') (M-' s_')
Co(phen)33 0* 274 1.8 1.7 0.9 0.15
Co(phen)31 60 274 25 1.6 0.2 0.03
Co(phen)3+ 84 274 349 1.8 0.2 0.04
Co(bpy) 3 84 274 349 2.4 0.2 0.02
Co(phen)3+ 92 253 12,163 2.4 0.2 (<0.001)t
*Data from A-Ru(phen)i+ donor. tToo low to be measured by SPC lifetime quenching.
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[Co(phen)3+] (,uM)

Fig. 3. Stem-Volmer plot of rac-Ru(phen)"3
quenching by rac-Co(phen)3+ in rigid glycerol
solution (92% glycerol) at 253 K. Measurements
were done with 4 ,M of Ru(phen) 3 and 400
,uM of calf thymus DNA (0, surface, and A,
intercalated), with the DNA excluded in the
control experiments (A). Lifetime measurements
were done in triplicate.

nearest-neighbor distances, the simple biex-
ponential decays in emission were somewhat
unexpected. The well-behaved binding iso-
therms, the absence of ruthenium self-
quenching, and the high positive charges on
both donors and acceptors all indicate that
there was no clustering of metal complexes
at the closest possible separation distance (4
base pairs), and thus a very shortlived com-
ponent in emission corresponding to the
particular contribution of donor acceptor
reactions at the very closest distance was not
observed. However, if the distribution of
nearest-neighbor distances of donors and
acceptors is broad (even for one type of
donor), as occurs in a random distribution
of donors and acceptors fixed in three-
dimensional space, one might still expect a
nonexponential decay in emission from the
donor species (18). We determined the
probability distribution for donors and ac-
ceptors fixed in one dimension along the
DNA lattice (19) based upon equilibrium
binding isotherms, previously obtained
(10), which showed the metal complexes to
be randomly distributed over 4-base-pair
sites. Using this probability distribution of
acceptor distances, we then calculated the
expected sum ofexponential decays in donor
emission expected. We found that this sum
of exponentials may be reasonably approxi-
mated by a single exponential in emission
using the mean nearest-neighbor separation.
Calculated decay traces based upon our
probability distribution showed only a slight
deviation from a single exponential, a devi-
ation too small to be detected experimental-
ly. Moreover, the best line fit through these
calculated traces yielded donor lifetimes
within 10% of experimental value. The
good fit and close approximation ofthe sum
ofexponentials to a single exponential decay

REPORTS I64.7



may be a function both of the fact that the
distribution is over a one-dimensional lattice
(with a reduced number of nearest neigh-
bors compared with that in multidimension-
al space) and the fact that there may be a
weak dependence of rate on distance.
The application of transition metal com-

plexes to these electron-transfer studies
makes varying the thermodynamic driving
force and examining the effect of such varia-
tion on the electron-transfer rate conve-
nient. If reactions between the metal com-
plexes were diffusion limited, then little sen-
sitivity in electron-transfer rate to free ener-
gy change between donor and acceptor
would be expected. Table 3 shows electron-
transfer rates for photoinduced electron
transfer from Ru(phen)2+* to phenanthro-
line complexes of Rh, Cr, and Co in the
presence of DNA in glycerol solutions at
293 and 253 K. In the absence ofDNA at
298 K, with Ru(phen)2+* as donor and the
acceptors Rh(phen)3+, Cr(phen)3+, and
Co(phen)3+, AE0 is estimated to be 0.22,
0.64, and 1.29 V, respectively (20). In ac-
cord with Marcus theory, for this range of
driving forces in the absence of DNA, the
electron-transfer rate constants increase with
increasing driving force (21). In the presence
of DNA, however, the rate constants vary
substantially with driving force and not as
expected. The ratios of rate constants in the
presence ofDNA to the absence ofDNA at
293 K with a surface-bound Ru donor and
Cr or Rh acceptor are -250 and -50,
respectively. At 253 K in rigid medium, for
the series of acceptors Co(phen)3+,
Cr(phen)3 , and Rh(phen)3+, the electron-
transfer rate constants with surface-bound
Ru(phen)2+* are 2.4 x 1010, 5.0 x 1010,
and 0.14 x 10°'M-' s-i, respectively. For
intercalated Ru(phen)2+*, enhancements
vary similarly. This variation in enhance-
ment for the series of metal complexes indi-
cates that the accelerated rates on DNA
cannot be a local concentration effect. The
different M(phen)3+ complexes bind equally
well to DNA. Furthermore, DNA-facilitat-
ed diffiision cannot account for the enhance-
ments, since the greatest change should be
seen for the diffusion-limited Co acceptor,
with relatively reduced enhancements for
those reactions of lesser driving force. These
variations in rate constant with free energy
based upon a simple adiabatic reaction be-
tween the metal complexes are difficult to
interpret with Marcus theory based on sol-
vent reorganization energies for systems free
in solution. Binding to DNA may alter these
reorganization energies. In addition, the
large rate enhancements seem to require that
the DNA serves as an intervening medium,
one which facilitates the electron transfer
(22). The remarkable rate enhancement evi-
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Fig. 4. Logarithmic decay traces obtained by single-photon counting for emission from Ru(phen) 3+
at 253 K in 90% glycerol (A) in the absence of DNA, (B) in the presence of 600 ,M DNA and 4 ,uM
Ru(phen) 3, and (C) with 480 ,uM DNA and 32 ,M Cr(phen)3+.

Table 3. Electron-transfer rate constants with Ru(phen)2+* as donor, illustrating variations with
thermodynamic driving force. For an explanation of the determination ofAE' in the absence ofDNA,
see (20). Average errors are approximately 20%. Solutions with DNA contained 4 FLM Ru(phen)2' and
600 ,uM calf thymus DNA.

Temper- Rate constants (M- s l)
Acceptor ature AE0

(K) (V) x 101 k x k0iq x 10"°

No DNA or glycerol
Co(phen)3+ 293 1.29 0.14
Cr(phen)33 293 0.64 0.05
Rh(phen)3+ 293 0.22 0.02

DNA and 90% glycerol
Cr(phen)33 293 11.7 0.96
Rh(phen)33 293 0.8 0.17
Co(phen)3+ 253 <0.001* 2.4 0.2
Cr(phen)3+ 253 5.0 0.64
Rh(phen)3+ 253 0.14 0.086

*Too low to be measured by SPC lifetime quenching.

dent with Cr(phen)3+ as acceptor may indi-
cate a particularly close matching of the
electronic states ofDNA coupling the excit-
ed donor to the Cr complex.
Enhancements in diffusion-limited reac-

tion rates for processes that occur on macro-

molecules have been reasonably attributed
to enhanced diffusion of the reactants along
the macromolecular surface (23). In several
systems involving DNA-binding proteins,
reductions in the dimensionality of space in
which the reaction occurs can increase the
rate by several orders ofmagnitude (24, 25).
We initially thought that such one-dimen-
sional diffusion along the DNA would also
account primarily for the enhancements in
DNA-mediated quenching rate between
bound donor-acceptor pairs, as described
here. Such a mechanism for slipping along
the strand may serve, at least in part, to

enhance the rates of DNA-bound electron
transfer at higher temperatures.

Experiments in rigid solution and with
variations in driving force, however, point
to another mechanism for DNA-mediated
electron transfers. The persistence of en-

hanced reaction rates upon binding to DNA

under conditions sufficient to minimize the
translational motion of the bound species
indicates that long-range electron transfer
may proceed through the DNA. Surprising-
ly, the more mobile surface-bound rutheni-
um complex appears to promote long-range
transfer with greater efficiency than the in-
tercalated species, despite the proximity of
the latter to the extensive wr framework of
the stacked bases. This difference in electron
transfer for the two bound forms may result
in part from the differing orientations of the
bound species on the DNA strand. Addi-
tionally, the results suggest that the sugar-
phosphate backbone may play a significant
role in electron transport (26). The solvent
medium, oriented by the DNA polyanion,
may provide a particularly low barrier for
tunneling (27). The strong electronic cou-

pling may also be a consequence of the
accessibility of low-lying excited states on

the DNA. The sensitivity of the rate to

thermodynamic driving force supports this
notion. Thus the efficiency of electron trans-
fer depends upon binding mode, that is,
orientation of donor and acceptor on the
polymer, as well as upon the electronic states
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of donor and acceptor, and how well these
electronic states couple with the intervening
DNA. It is not clear that nature has taken
advantage of the DNA polymer as a media-
tor of electron transfer, but in fact oligonu-
cleotides and polynucleotides should serve

well as vehicles that may be readily manipu-
lated to examine systematically the effects of
medium, orientation, and separation dis-
tance on electron transfer in a polymeric
system.
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Imaging of Phosphorescence: A Novel Method for
Measuring Oxygen Distribution in Perfused Tissue

WILLIAM L. RUMSEY,* JANE M. VANDERKOOI, DAVID F. WILSON

The imaging of phosphorescence provides a method for monitoring oxygen distribu-
tion within the vascular system of intact tissues. Isolated rat livers were perfused
through the portal vein with media containing palladium coproporphyrin, which
phosphoresced and was used to image the liver at various perfusion rates. Because
oxygen is a powerful quenching agent for phosphors, the transition from well-perfused
liver to anoxia (no flow of oxygen) resulted in large increases of phosphorescence.
During stepwise restoration of oxygen flow, the phosphorescence images showed
marked heterogeneous patterns of tissue reoxygenation, which indicated that there
were regional inequalities in oxygen delivery.


