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Electron transfer from a protein to oxidatively damaged DNA, specifically from ferrocytochcdm#he guanine

radical, was examined using the flastpuench technique. Ru(phedppZ* (dppz = dipyridophenazine) was
employed as the photosensitive intercalator, and ferricytochmfRe?t cyt c), as the oxidative quencher. Using
transient absorption and time-resolved luminescence spectroscopies, we examined the electron-transfer reactions
following photoexcitation of the ruthenium complex in the presence of poly(dA-dT) or poly(dG-dC). The
luminescence-quenching titrations of excited Ru(psappZ" by FE™ cyt c are nearly identical for the two DNA
polymers. However, the spectral characteristics of the long-lived transient produced by the quenching depend
strongly upon the DNA. For poly(dA-dT), the transient has a spectrum consistent with formation of a [Ru-
(phen)dppZ*, Fe* cyt c] intermediate, indicating that the system regenerates itself via electron transfer from
the protein to the Ru(lll) metallointercalator for this polymer. For poly(dG-dC), however, the transient has the
characteristics expected for an intermediate df"Feyt ¢ and the neutral guanine radical. The characteristics of

the transient formed with the GC polymer are consistent with rapid oxidation of guanine by the Ru(lll) complex,
followed by slow electron transfer from Fecyt ¢ to the guanine radical. These experiments show that electron
holes on DNA can be repaired by protein and demonstrate how the-ftagnch technique can be used generally

in studying electron transfer from proteins to guanine radicals in duplex DNA.

Introduction only an intercalator, quencher, and visible light. In the ftash
guench technique, visible light is used to excite a DNA-bound
intercalator, which, upon electron transfer to an oxidative
guencher, can oxidize G. Using ethidium as the intercalator and
methyl viologen as the quencher, Dunn et al. showed that
guanine-specific damage occurs in plasmids and restriction
fragments’. Employing Ru(phenjippZ" as the intercalator and
Ru(NHg)s®" as the quencher, we generated the guanine radical
in double-stranded DN®and showed its spectrum to be similar
to that of the neutral radicaby transient absorption spectros-
copy. In this study with poly(dG-dC), the formation of guanine
radical was found to be concomitant with formation of the Ru-
h(III) intercalator, occurring inr~50 ns® Moreover, the radical

Electron-transfer reactions of DNA have generated tremen-
dous interest because oxidative damage to DNA has been
implicated as a major factor in aging and molecular diséase.
The heterocyclic bases are the most reactive moieties of the
nucleic acids, and guanine (G) is the most easily oxidizable
base and the ultimate resting site for electron holes in BNA.
Determining the fates of oxidized guanine is thus a fundamental
component of understanding oxidative damage in a cell. While
it is well-established that 8-oxoguanine is a major product of
guanine oxidation, this lesion is not the only possible fate for
oxidized guaniné.In particular, the guanine radical could also
be repau_red by electron tr_ansfer with redox-active species suc was found to be mobile: damage has been observed up to 198
as proteins, as we describe here. & from the site of oxidatior

The flash-quench methodology, first developed for the study Given that the electron-tr.ansfer reactions of protéirsmd
of electron transfer in proteirfspffers an excellent platform of DNAZ2 are both areas of intense research, there have been

for _studylng electron-transfer reactions qulvmg guanine surprisingly few studies addressing electron transfers between
radicals. Other approaches such as pulse radidlgsiphoto-
ionizatiorf can lead to multiple damage sites on the DNA. In  (5) (a) Symons, M. C. RFree Radical Biol. Med1997, 22, 1271. (b)
contrast, the flashquench method allows for the selective Symons, M. C. RJ. Chem. Soc., Faraday Tran$987 83, 1. (c)

oxidation of the guanine base in double-stranded DNA, using Sgﬂgglﬁnféé F(i:e_'dsecnﬁufhm'\gﬁd’ﬁ g::%ﬁh Eg’d"icljgeéigf'sig@éi)
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proteins and DNA. Perhaps the best example is the enzyme Here, we employ the flashquench technique to study

photolyase, which, upon absorption of visible light, repairs
pyrimidine—pyrimidine dimers by injection of an electron into
the cyclobutane adduét.Other researchers have shown that

electron transfer from a protein to DNA, specifically fron?Fe
cyt c to the guanine radical. Using time-resolved luminescence
spectroscopy, we show that¥ecyt c quenches photoexcited

oxidized guanosine can be reduced by tyrosine and tryptophanRu(phen)dpp2* in the presence of DNA. Using transient
in solution!* suggesting that these aromatic residues could repair absorption spectroscopy, we also monitor the products of the

electron holes in DNA; indeed, electron holes generateg by

redox quenching and find that the composition of these species

radiation in the guanine bases of chromatin appear to be depends on the sequence composition of the DNA used. With

transferred to the nearby histori€sMoreover, we recently
showed that guanine radicals in duplex DNA readily oxidize
tryptophan or tyrosine in the intercalating tripeptides, Lys-Trp-
Lys or Lys-Tyr-Lys® Clearly, electron transfer between proteins
and DNA is relevant to the repair of DNA damage, and there
will surely be more examples of such reactions.

The ubiquitous electron carrier cytochromgcytc) is an
excellent model protein for illustrating protein-to-DNA electron
transfer. Cytochrome is a basic protein with a ring of lysines
surrounding its hem¥, and so the protein may associate with
DNA electrostatically, probably with a redox-active group near
the DNA surface. Cytochrome plays an important role in
apoptosisg activating proteolytic enzymes called caspases once
released from mitochondria into the cytosol. Under normal
conditions, interactions between cytochromand DNA are
unlikely, because the mitochondrial DNA is situated in the
matrix while the cytochrome resides in the intermembrane space
However, given that its basic face is rich in lysines, and that
some histones are also lysine-riéltyt ¢ could serve as a model
for DNA—histone interactions. Cytalso has a strongly colored
heme chromophof® ideal for monitoring electron-transfer
kinetics.
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poly(dA-dT), the system returns to the ground state via a
recombination reaction between?Feyt c and Ru(pheniippZ*.

In contrast, with poly(dG-dC), Ru(phexppZ* rapidly pro-
duces the guanine radical and the observed electron transfer is
from ferrocytochromee to the guanine radical. This electron-
transfer reaction illustrates how redox-active proteins could play
a role in the repair of oxidative damage in vivo.

Experimental Section

Materials. Hexaammineruthenium(lll) chloride, potassium antimonyl
tartrate, monobasic potassium phosphate, and potassium ferricyanide
were obtained from Aldrich and used as received. Tris base and SP
Sephadex C-25 and Sephadex G-25 resins were purchased from Sigma.
Ru(phenydppzC}h was prepared as described previogisind purified
by reversed-phase HPLC to remove trace impurites. The pure racemic
complex was resolved into its and A enantiomers by chromatography

.on an ion-exchange resin (SP Sephadex C-25) utilizing a chiral eluent

(potassium antimonyl tartrate), as described elsewBaieexperiments
were performed with thé\ enantiomer. Poly(dG-dC) and poly(dA-
dT) were purchased from Pharmacia and were exchanged into a buffer
of 5 mM Tris, 5 mM NacCl (pH 8) via ultrafiltration (Centricon 100,
Amicon) prior to use. Horse heart cytochromé¢Sigma), purified to
homogeneity by ion-exchange chromatographwas a gift from Dr.
Jason Telford. Complete conversion of the cytochrome to the oxidized
form was accomplished by treatment with Fe(@Bl), followed by
purification on Sephadex G-25 before use. Stock solutions were
prepared by utilizing the extinction coefficients;s = 0.460 mM?
cm! for RU(NHg)e®",24 €420 = 21.0 mM cm~ for Ru(phenydppz+,2®

€410 = 106 mM™t cm? for Fe* cytochromec,? ez, = 6.60 mM
cm* for poly(dA-dT), andezss = 8.40 mM cm? for poly(dG-dC),

as given by the manufacturer; concentrations of DNA are given in
nucleotides (nuc).

Spectroscopic MeasurementsTime-resolved emission and absorp-
tion experiments with cytochrome were carried out in a low ionic
strength buffer of 5 mM Tris, 5 mM NacCl (pH 8) to facilitate attraction
of the cationic protein to the anionic DNA. In titration experiments,
small aliquots of a concentrated protein solution were added to samples
containing the intercalator and DNA. Time-resolved luminescence and
absorption measurements utilized the 480 nm outpu2(inJ/pulse,
Coumarin 480) of an excimer-pumped dye laser or the 532 nm output
(5—10 mJ/pulse) of an Nd:YAG laser, as described elsew#ere.
Emission of the ruthenium lumiphore was monitored at 610 nm.
Emission intensities were obtained by integrating under the lumines-
cence decay curve and were corrected for cytochrome absorption at
the excitation wavelength. Luminescence lifetimes were obtained by
fitting the decay curves using in-house software. St&falmer plots
were used to obtain bimolecular quenching constakjs &ccording
to egs 1 and 2, wherk is the emission intensity in the absence of
quencher (Q)l is the emission intensity at quencher concentration [Q],
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I/l =1+ Kg[Q] 1) Scheme 1
kg = Ksv/Tavg ) *Ruz*, G Q

red
Ksv is the Sterr-Volmer constant (obtained from plots kfl vs [Q]), &\_’Q

andray is the average emission lifetime in the absence of quencher.
Plots of ¢/t were generated in an analogous manner, whgie the Ru3“, G
emission lifetime in the absence of quencher and the emission
lifetime at [Q].

Absorbance Difference SpectraPhotoexcitation of DNA-bound
Ru(phen)dppZ* produces *Ru(pheadippZ*, which gives rise to a
long-lived transient upon quenching with Ru(j)ktt or FE* cytc.

To generate the absorbance difference spectra of kinetic transients,
individual data traces from single wavelengths were fit to an exponential
function at times>5 us and the absorbance changes were taken from
the zero-time absorbances predicted by the fits. For the spectrum of 21'
the guanine radical generated by quenching *Ru(pdepg™ with Ru- Ru“*, G
(NH3)e®" in poly(dG-dC), the data were taken from ref 8, where a

similar procedure was used. calated donorRu?") yields the excited-state donorRt2"),

ngg F§+_F€2+ di;rerence SF;‘:ICUU”Q for cy:)ochrorgavast talge?_ from " which can transfer an electron to a nonintercalating oxidative
ret 20, However, because ofhers have observeq perturbations in ey ,encher (Q) to produce the oxidized donBut*) and the
cytochrome structure upon complexation with ligider anionic

porphyrins?® we examined the absorbance spectra ¢f gt c and re_,duced quencher & At this point, Ru* thus_formt_ed can
Fe&* cytcin the presence and absence of DNA under the experimental €ither undergo a back-electron-transfer reaction w_|t?f' Q
conditions used in this study. DNA had no effect on any of the OXidize a nearby guanine (G) to generate the guanine radical,
individual spectra or upon the Fe-Fe?* difference spectrum. Within ~ shown as G because transient absorption measurerfiemes

the resolution of our HP8453 UWisible diode array spectrophotom-  consistent with rapid deprotonation to the neutral f8rifrhis

eter, the F& cytc and Fé* cyt ¢ spectra were not distinguishable from  guanine radical, in turn, can be reduced b§@ regenerate
those reported by Margoliash and Frohvifrin transient absorption  the system or can react further to give an irreversible oxidation
measurements, the 434 nm isosbestic point_ of the cytochrome was foundproduc? (not shown). Using the known differential absorption
manually by determining the wavelength of isoabsorbance fordse.c spectra of all the species involved in these reactions, it is possible

+ i ;
and Fé" cytc solutions of equal concentration. to demonstrate electron transfer fron?Feyt c to the guanine
Reduction Potentials and Driving Forces for Electron-Transfer . . .
radical by transient absorption spectroscopy.

Reactions. All values are given versus NHE. Ru(phgippZ*, the
photosensitive intercalator, h&(RW*/*Ru?") = —0.65 V andE°- Difference Spectra Observed in Poly(dA-dT) and Poly-
(RUPY/RW) = +1.6 V2 For the quenchers, Ru(N}4*" haseE°(RU*/ (dG-dC) with Quenching of Ru(phenkdppz?™ by Ru-

R#*) = +0.040 V¥ and cytochromes hasE°(Fe*/Fe) = +0.25 (NH3)6**. When *Ru(phenyppZ* intercalated in poly(dA-dT)

V.50 For the DNA bases, recently reported values inclEtg\ '/A) = is quenched by Ru(Ng®*, a long-lived transient is observed,
+1.4 V for the adenine radical ari&f(G*/G) = +1.3 V for the guanine corresponding to the Ru(phedppZ/Ru(NHs)s?* intermediate.
radical? the pyrimidine bases are considerably more difficult to oxidize. Because the hexaammine complex has negligible absorbance
Electrochemical potentials of DNA bases are strongly dependent upon above 300 nmAe < 100 M-t cm-1) 24 the observed spectrum

environmental conditions such as pHthus these values are only . . .
estimates for the potentials of DNA bases in double-stranded DNA (Figure 1) can be assigned solely to theRuR?* absorbance

hv
Kback Qred Ru2+, Ge

Q

polymers. Using these values and abbreviating Ru(ptpp} asRu, difference for the dppz complex. The spectrum is strongly

we depict the electron transfers under study as shown in e6s 3 negative in the 400500 nm region, owing to the loss of the
metal-to-ligand charge-transfer (MLCT) band that is character-

*Ru?” + Fe*" cytc— Ru®*" + Fe?* cytc istic of ruthenium polypyridyl complex€e®.lt is interesting to

—AG° =+0.90eV (3) note that, although oxidation of adenine by the Ru(lll) metal-
lointercalator is thermodynamically possible, the dominant path
for Ru(phen)dppZ™" reduction is the reaction with Ru(N§#>*;

no evidence for the adenine radical has been observed. Appar-

Ru* + FE" cytc— Ru?" + Fe¥ eyte
~AG®=+1.25eV (4)

RET+G—RU + G —AG®° =+0.30eV (5) ently, the lower driving force of the reaction of Ru(phgippZ"
. . a . with A does not allow base oxidation to compete effectively
Fé cytc+ G —Fe eytc+ G —AG°=+105eV (6)  against the back-reaction with the reduced quencher.
Results and Discussion In contrast, when *Ru(pheggppZ* is quenched l_:Jy Ru-
o ) (NH3)e" in the presence of poly(dG-dC), the resulting long-
Description of the Flash—Quench Experiment. The flash- lived transient does not show the spectral characteristics of

quench technique allows for the generation of the guanine radicalry|i|). Instead, the spectrum observed for the long-lived

in duplex DNA via 1-electron oxidation by intercalated Ru-  transjent (Figure 1) is indicative of the neutral guanine radital,
(phen)dppZ*. The reactions in this flashquench experiment  peing positive in the region 306600 nm with broad maxima
are summarized in Scheme 1. Visible excitation of the inter- near 380 and 550 nm. The decay of the signal corresponds to

27) @ S P, 1. R Watts, BiochemistryL091 30, 387L, (b) the reaction between Ru(N}4?*t and the guanine radical.
a pooner, P. J. R.] atts, msliochemistry A . . s i
Hildebrandt, P.: Stockburger, MBiochemistry1989 28, 6722. (c) Because the appearance of the guanine radical occurs concomi

Zhang, F.; Rowe, E. Biochim. Biophys. Actd994 1193 219. tantly with the decay of *Ru(phepjppZ*, it is clear that the
(28) Clark-Ferris, K. K.; Fisher, . Am. Chem. S0d.985 107, 5007. reaction of Ru(phemdippZ* with G is quite rapid and is limited
(29) (a) Murphy, C. J.; Arkin, M. R.; Ghatlia, N. D.; Bossmann, S.; Turro,

N. J.; Barton, J. KProc. Natl. Acad. Sci. U.S.A994 91, 5315. (b)

Arkin, M. R.; Kelley, S. O.; Hill, M. G. Unpublished results. (31) (a) Kalyanasundaram, iCoord. Chem. Re 1982 46, 159. (b) Juris,
(30) (a) Moore, G. R.; Pettigrew, G. V@ytochromes ;cSpringer-Verlag: A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Balser, P.; Von

New York, 1990. Zelewsky, A.Coord. Chem. Re 1988 84, 85.
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Figure 1. Absorbance difference spectra of species formed during the
flash—quench experiment. Shown are the spectrum for the guanine
radical (dotted line, adapted from ref 8), the?FeFe** difference
spectrum for cytochrome (dashed line, adapted from ref 20), and the
R R difference spectrum for Ru(phedppZ™ bound to DNA.
The R#*—RW?* difference spectrum was obtained by quenching *Ru-
(phen)dppZ* with Ru(NHg)¢*" in the presence of poly(dA-dT);
conditions were 2@&M Ru(phen)dppZ*, 200uM Ru(NHz)¢*", and 2
mM nucleotides in 5 mM NaPi, 50 mM NaCl (pH 7) at 2C. The
extinction coefficient of the guanine radical in duplex DNA is not
known; this spectrum is based on an estimate;@f= 2.6 mM*cm™?
(from ref 9) and is multiplied by a factor of 4 for purposes of
presentation.

300

by the quenching process. This means tat> kj[quencher]
(Scheme 1), with a lower limit of X 10® s71.8

Figure 1 also shows the Fe-Fée** difference spectrum for
cytochromec, as reported by Margoliash and Frohvdfit.
Features of note in this spectrum include a maximum at 550
nm (Ae = +19.6 mM1 cm™1) and isosbestic points at 339,
410, 434, 504, 526, 542, and 556 nm.

Quenching of DNA-Bound *Ru(phenkdppz?* by Fe**
cyt c. Electron transfer from excited-state Ru(pheippZ* to
Fe** cytc is favorable by~0.90 V, and ferricytochrome is
indeed an efficient quencher of *Ruemission in both poly-
(dA-dT) and poly(dG-dC). Figure 2A shows a Steiviolmer
plot of the steady-state emission quenching, with intensities
obtained by integrating under the time-resolved luminescence
decay curves. The quenching titrations give slightly upward-
curving I/l plots and are nearly identical for the two DNA%,
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Figure 2. Steady-state (A) and lifetime (B) quenching of *Ru-
(phen)dppZ* titrated with F&" cytc in the presence of poly(dA-dT)
or poly(dG-dC). (A) Shown are data for *Ru(phettppZ*" bound to
poly(dG-dC) (circles) and poly(dA-dT) (triangles). The data are plotted
aslo/l vs quencher concentration, whdres emission intensity anty

is emission intensity with no quencher. The lines represent linear fits
to the data. (B) Shown are lifetime quenching data for *Ru(plogpp2+
bound to poly(dG-dC) and poly(dA-dT}{= squaress, = diamonds).
Inset: Normalized 610 nm emission decay curves for *Ru(pdepg"
bound to poly(dG-dC), in the presence of 0, 20, an@/&DFe*" cyt c.
Conditions: 1Q«M Ru(phen)dppZ*; 1 mM nucleotides in a buffer of

5 mM tris, 5 mM NaCl (pH 8) at 20C.

dC). As the concentration of cytochrome increases, the
emission lifetime decreases, consistent with dynamic quenching.
That the quenching is dynamic is also evident from the fact
thatlo/l andzo/t increase by the same amount, both reaching a
value of~1.5 by the end of the titration (Figure 2B). For the
AT polymer, the quenching is also dynamic, although a
differential quenching of the two emission lifetimes makes a

Time-resolved luminescence measurements indicate that thisdirect correlation betweely/l andzo/z less obvious; with poly-

quenching process is dynamic, _i.e., occurring on the time Scale(dA-dT), the shorter component:} is quenched less efficiently
of the excited-state decay. The intercalated ruthenium compleXipan the longer component}.

has different emission decay kinetics in the two polymers, as
seen previously® The emission in poly(dG-dC) is well-
described by a monoexponential function with a lifetimedf

230 ns* whereas for poly(dA-dT), the luminescence decay is
biexponential, withr; = 120 ns (84%) and, = 690 ns (16%).

Figure 2B (inset) shows the luminescence decay curves of Ru-

(phen)dppZ* during a titration with F&" cytc in poly(dG-

(32) With Ru(NH)e" as surface-bound quencher, contrastingFest c,
we observed a strong difference in quenching between the polymers,
which we attributed to differences in access to the DNA-bound
metallointercalato? It is likely that smaller quenchers can more
intimately distinguish the different binding geometries of the metal-
lointercalator in these polymers than can the cytochrome.

(33) (a) Stemp, E. D. A.; Holmlin, R. E.; Barton, J. Kiorg. Chim. Acta
200Q 297, 88. (b) Jenkins, Y.; Friedman, A. E.; Turro, N.; Barton, J.
K. Biochemistry1992 31, 10809-10816. (c) Tuite, E.; Lincoln, P.;
Norden, B.J. Am. Chem. S0d.997, 119 239.

(34) Although we and others have observed a biexponential decay for the
emission ofA-Ru(phen)ydppZ* bound to poly(dG-dC§2 a monoex-
ponential function was sufficient to describe the emission under these
conditions.

The intensity qguenching data were used to estimate quenching
constants for ferricytochromein the two polymers. Linear fits
to the I/l plots give Stera-Volmer constants Ksy), here
yielding Ksy(AT) = 1.1 x 10* M~ for the AT polymer and
Ksy(GC) = 9.7 x 10° M1 for the GC polymer. Upon
conversion of the SterVolmer constants to quenching con-
stants k;) based upon the weight-averaged emission lifetimes,
one obtaink,(AT) = 5.2 x 101 M~ s andky(GC) = 4.2 x
109 M~1s1 (Table 1). These values indicate efficient quench-
ing of the DNA-bound intercalator by Fecyt c. However, they
do not indicate that the quenching occurs faster than diffusion.
In earlier studies where ruthenium polypyridyl complexes bound
to DNA were quenched by cationic complexes, the DNA

accelerated the reaction because the reactants concentrated in

the electrostatic field of the DNA A similar effect surely
applies here as well. Nonetheless, it should be noted that

(35) Orellana, G.; Kirsch-De Mesmaeker, A.; Barton, J. K.; Turro, N. J.
Photochem. Photobioll991, 54, 499.
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Table 1. Kinetic Constants for Electron-Transfer Reactions with
Cytochromec

Fe't — Fet Fet — Fet
DNA Ksv (10* M2 kq (101°MtsY)P Ky (10OM-LsY)e
poly(dA-dT) 11 5.2 28
poly(dG-dC) 0.97 4.2 2.0

a Stern—-Volmer constants were obtained from linear fits to thié
data (Figure 2A)° Quenching constants were calculated frégm=
Ksvitavg Whereraygis the average weighted lifetime of the luminescence;
Tavg = 232 ns for poly(dG-dC) and 211 ns for poly(dA-dF)Biomo-
lecular rate constantiyj for ferrocytochrome oxidation were obtained
from slopes in plots of A(550 nm) vs time (Figure 5).

bimolecular constants of10° M~1 s~! are possible for two
large reactants of opposite chaf§é.e., the positively charged
cytochrome and the negatively charged DNA holding the
intercalator.

It is reasonable to assign the primary quenching mechanism
as electron transfer, given (i) the high driving force for the
reaction, (ii) the observation of redox quenching in ruthenated
cytochromesc,1911.37 and (iii) our detection of the electron-
transfer products (vide infra). However, some fraction of energy-
transfer quenching probably occurs, given the overlap between
the Ru(phenydppZ" emission and the 695 nm charge-transfer
band of ferricytochromec. Such energy transfer has been
proposed to occur in ruthenated cytochrastfeand was recently
demonstrated for Ru(bpy)abeled substrates bound to cyto-
chrome P45@?

Difference Spectra Observed in Poly(dA-dT) and Poly-
(dG-dC) with *Ru(phen).dppz?™ Quenched by F&" cytc.

The quenching reaction we observe results in the formation of
long-lived transient species, readily monitored by transient

Stemp and Barton
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Figure 3. Long-lived transients at 550 and 434 nm formed upon
quenching of *Ru(phendippZ* by FE* cyt c in the presence of poly-
(dA-dT) (A) and poly(dG-dC) (B). 550 nm represents a maximum in
the Fét—Fe** difference spectrum of cy, while 434 nm is an
isosbestic point; the former wavelength thus allows for detection of
the oxidation state of the cgf while the latter wavelength permits the
monitoring of the other species present, without interference from the

absorption spectroscopy, for which the spectral characteristicscytochrome. The data traces at 434 nm have a large negative spike

depend on the identity of the DNA polymer. In Scheme 1,
we consider F& cytc as the oxidative quencher of Ru-
(phen}dppZ*, then an intermediate consisting of Ru(lll) and
Fet cyt c would be formed. This intermediate would have two
possible fates: (i) it could decay by direct back-reaction of Ru-
(1) with Fe?* cyt ¢, or (i) the Ru(lll) intercalator could oxidize

a nearby guanine to form the guanine radical, leavirrg F&*
cytc] as the intermediate. For this latter intermediate, the
resulting electron transfer from Fecytc to G is favored by
~1 V and would constitute repair of a hole on guanine by a
redox-active protein.

It is useful to first consider the transients formed in the
presence of poly(dA-dT). Figure 3A shows the long-lived
transients at 550 and 434 nm formed by quenching *Ru-
(phen)dppZ2* with Fe* cytc. The signal is positive at 550
nm, where the FPé—Fe* cytc difference spectrum has a
maximum due to absorption of the band of the ferrocyto-
chrome. In contrast, the signal is negative at 434 nm, where
the FéT—Fe** cyt ¢ difference spectrum has an isosbestic point
and where the RO—RW2" difference spectrum is negative
(Figure 1).

Upon comparison with Figure 1, it is apparent that the
difference spectrum of the long-lived transient in poly(dA-dT)
(Figure 4, circles) is essentially the sum of théFeFe** cytc
difference spectrum and the Ru-RU2t spectrum. In particular,

(36) Berg, O. G.; von Hippel, P. HAnnu. Re. Biophys. Biophys. Chem
1985 14, 131.

(37) Mines, G. A; Bjerrum, M. J.; Hill, M. G.; Casimiro, D. R.; Chang,
1.-J.; Winkler, J. R.; Gray, H. BJ. Am. Chem. S0d.996 118 1961.

(38) Mines, G. Ph.D. Thesis, California Institute of Technology, 1997.

(39) Dmochowski, I. J.; Crane, B. R.; Wilker, J. J.; Winkler, J. R.; Gray,
H. B. Proc. Natl. Acad. Sci. U.S.A999 96, 12987.

if owing to the excited-state decay of *Ru(phgippZ™; the data were

truncated to emphasize the portion of the signal that persists beyond
the time scale of the excited state. Conditions;uROF€e*" cyt c; others
as for Figure 2.
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Figure 4. Absorbance difference spectra of long-lived transients formed
upon guenching of *Ru(phesppZ* by FE* cytcin the presence of
poly(dA-dT) (circles) and poly(dG-dC) (triangles). To generate the
transient absorption spectra, individual data traces from single wave-
lengths were fit to an exponential function at time$ us and the
absorbance changes were then obtained from the zero-time absorbance

predicted from the fit. The lines through the data points are simply
visual guides. Conditions: 40M Fe*" cytc; others as for Figure 2.

the spectrum of the transient resembles that otaytthe region
from 500 to 600 nm, where the absorbance changes owing to
the ruthenium complex are small, whereas the spectrum of the
transient from 430 to 500 nm is dominated by the negatipe

in the spectrum of the ruthenium complex observed upon
oxidation. This difference spectrum, coupled with the fact that
the signals at 550 nm (Fe cytc) and 434 nm (R¥) are
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Figure 5. Kinetics of ferrocytochrome oxidations monitored at 550 poly (dAdT) /Kpack
nm. The decays of the 550 nm signals, representing the disappearance
of F&#* cytc, were plotted as inverse absorbance vs time to determine
the orders of the reactions. To eliminate interference from the *Ru-
(phen)dppZ* excited state, the portions of the signals occurring before

3 us were deleted from the data set. The slopes were converted to
bimolecular rate constant&} using Aesso = +19.6 mM* cm? for 2+ 3+ 2+ 2+
poly(dA-dT) andAesso= +21 mM~ cm? for poly(dG-dC); this gave Ru®™ +Fe™ cytc Ru™ + G+ +Fe™ cytc
k,=2.8x 10" M~1tstand 2.0x 10°°M~* s for the GC and AT
polymers, respectively. Conditions: 40/ Fe** cytc; others as for
Figure 2.

Kox poly (dGdC)

(3x10" M's") (>2x10%s™)

Krep | 2x10% M's*!

opposite in sign but exhibit the same kinetics, suggests that the
oxidation of F&" cytc is synchronous with the reduction of
Ru(phen)dppZ™, i.e., that the observed electron transfer is from Ru?* + G +Fe**cytc
Fe** cyt ¢ to the oxidized metallointercalator. The fact that the
metal complex directly oxidizes the ferrocytochrome rather than that the guanine radical is the other absorbing species, since
adenine (A) is not surprising, given the expected low driving the G—G difference spectrum is positive throughout this
force for oxidation of A by Ru(phem)ippZ* and that oxidation =~ wavelength rang&.Thus, upon the quenching of *Ru(phen)
of A was not apparent when *Ru(phedppZ* was quenched  dpp2* by Fé* cytc in poly(dG-dC), electron transfer from
by Ru(NH)e®". Fe*t cytc to the guanine radical is observed. This represents
Different results are seen for the GC polymer. In this case, one of the few directly observable electron transfers, thus far,
the individual signals at 550 and 434 nm are both positive between DNA and a protein.
(Figure 3B). If the transient species contained ad RIRUZ" Kinetics of Ferrocytochrome c Oxidation. With each DNA
component, a negative signal would be observed at 434 nm (videpolymer, the oxidation of ferrocytochronues a second-order
supra). The presence of a small positive signal is instead process, as indicated by the linear plots &A(550 nm) versus
consistent with the presence of & the other absorbing species. time (Figure 5). Extracting the bimolecular rate constaki}y (
Since oxidation of G by Ru(phespp2* has already been from linear fits to the data, one obtaikg(AT) = 2.8 x 10"
shown to occur synchronously with the oxidation of *Ru- M™! st andky(GC) = 2.0 x 10 M~ s71, the latter value
(phen)dppZ™ by Ru(NHs)s®" (in ~50 ns)® one would expect  giving the kinetics of the reaction between the guanine radical
that oxidation of G by Ru(phegppZ™ might also occur and ferrocytochrome. As for the quenching reactions, the large
quickly upon quenching of *Ru(phesgppZ* by Fe* cyt c.4° magnitudes of their rate constants reflect not that the reactions
The difference spectrum of the intermediate supports this are faster than diffusion but rather the reduction in dimensional-
notion. The spectrum of the transient formed in poly(dG-dC) ity associated with the concentration of reactants in the
(Figure 4, triangles) is roughly the sum of the-& and Fé"— electrostatic field of the DNA polyméP.Nonetheless, even with
Fe* cytc difference spectra. The spectrum is understandably micromolar concentrations of protein, this bimolecular chemistry
dominated by the cytochrome, since its absorptivity at most occurs for the most part in less than 1 ms, suggesting that such
wavelengths is typically an order of magnitude larger than that reactions, even between nonphysiological partners, could com-
of the guanine radical. Hence, it is not possible to obtain a full pete in vivo with formation of DNA lesions such as 8-oxogua-
spectroscopic characterization of the guanine radical. Nonethe-nine:!
less, careful selection of the monitoring wavelength allows for ~ Whereas the quenchings of intercalated Ru(plilpZ* by
the detection of the weak chromophore in the presence of theF€*" cytc are very similar for poly(dG-dC) and poly(dA-dT),
stronger chromophore. In this case, the absorbance signals werghe kinetics for ferrocytochromeoxidation vary by 1 order of
monitored at the P&—Fe&* difference spectrum isosbestic magnitude. This 10-fold difference in rate may result from the
pointg? in order to eliminate interference from the strongly fact that there are different partners for reaction with cytochrome
absorbing cytochrome. Thus, the observation of positive signalsc in the two polymers: the protein reacts with the intercalated
at the F&*—Fe&** cytc difference spectrum isosbestic points metal complex in poly(dA-dT) and with the guanine radical in
of 339, 410, 434, 504, 526, 542, and 556 nm indeed indicates poly(dG-dC). It is reasonable to consider that closer contact
between the ferrocytochrome and its oxidant might be more

(40) The amplitudes of the long-lived portion of the 550 nm signal and of
the short-lived negative spike in the 434 nm signal can be used to (41) Transient absorption measurements suggest that the guanine radical

obtain approximate concentrations ofFeyt ¢ and *Ru(phernydppZ*, in duplex DNA can persist for hundreds of milliseconds, a result also
respectively. From these concentrations and the observed quenching, consistent with EPR detection of the guanine radical (Schiemann, O.;
we estimate that 40% of the quenched *Ru(phedppZ* produces Turro, N. J.; Barton, J. K. Submitted for publication). It is interesting
a long-lived Fé" cytc transient and thus a guanine radical; the that reaction of the guanine radical with micromolar concentrations
remaining 60% either undergoes a fast back electron transfer or is of protein appears to be faster than reaction wittnd Q to form

guenched by another mechanism. irreversibly oxidized products such as 8-oxoguanine.
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facile for the bulky, solvent-exposed metal complex than for with the DNA. Besides hemes, redox-active groups capable of
the guanine radical. reducing the guanine radical include the easily oxidizable side
A summary of these results is given in Scheme 2 and Table chains of tyrosine and tryptoph&hUsing the flask-quench
1. Quenching of Ru?™ by FE" cytc is fast and occurs with  method to study interactions of Lys-Trp-Lys with the guanine
similar efficiencies in both poly(dA-dT) and poly(dG-dC), with  radical, we recently found that intercalated tryptophan reduces
kg ~ (4=5) x 10'°°M~1 s In the case of poly(dA-dT)Ru3t the guanine radical quite efficient}§).One could imagine such
then oxidizes F& cytc to regenerate the resting state, with aromatic residues in proteins bound to DNA functioning as
Koack= 3 x 10"* M~1 s, However, with poly(dG-dC), the back-  relays, transferring oxidative damage from DNA to a redox
reaction between oxidized metallointercalator and ferrocyto- cofactor. This notion is particularly intriguing, given that there
chromec is not observed. InsteaBu®" rapidly oxidizes G with are several DNA-binding proteins that contain FeS clugtefs.
a rate constank., which has a lower limit of 2< 108 s718 Whether such proteins can function in part to repair guanine
The guanine radical is then repaired by electron transfer from radicals in vivo needs now to be determined.
Fe?* cytc, with rate constanke, = 2 x 1019 M1 sL
Itis perhaps surprising that there is any reaction at all between
ferrocytochromec and the guanine radical. The guanine base
is located in the interior base stack of the DNA, while the X X )
ferroheme of cyt is mostly protected from solved2 with (to E.D.A.S.) for financial support of this work. We also thank

the metal center several angstroms from the protein surface.Prof- E. Margoliash, Dr. J. Rack, and Dr. 1. Dmochowski for
Clearly, these conditions are not optimal for close contact N€lPful discussions and Dr. O. Schiemann, Dr. H.-A. Wagen-

between donor and acceptor. Perhaps the mobility of the guaninekNecht, and C. Treadway for carefully reading the original

radical in double-stranded DN helps to facilitate reaction ~ Manuscript.
with the cytochrome, eliminating the necessity for the protein 1c0000698
to search the entire DNA surface for its redox partner.

Implications for DNA Repair. Using cytochromee as the (43) (a) Kim, S. T.; Heelis, P. F.; Sancar, Redox-Act. Amino Acids Biol
oxidative quencher of a DNA-bound metallointercalator, an 1995 258 319. (b) Jovanovic, S. V.; Harriman, A.; Simic, M. G.
electron hole created on a guanine base was therefore shownto ~ Fhys. Chem1986 90, 1935. (c) DeFillipis, M. R.; Murthy, C. P.;

. . o . Broitman, F.; Weinraub, D.; Faraggi, M.; Klapper, M. H.. Phys.

be filled by protein. Whlle_lntergctlons between (_:yind DI_\IA Chem 1991, 95, 3416.
may not have direct physiological relevance, this experimental (44) (a) Cunningham, R. P.; Asahara, H.; Bank, J. F.; Scholes, C. P.;
approach could be extended to any protein that has a redox- SbaleFrnovd._ %’;HSurglrus, g gunqk, ﬁ‘OCheg“'?r}’lﬁig 28, 4:\145“?}{
active group near the protein surface to undergo electron transfer $3i2)|. Léherﬁ.lggggﬁgyiﬂés.unnmg am, = ., Jonnson, :

(45) Porello, S. L.; Cannon, M. J.; David, S. Biochemistry1998 37,
(42) Bushnell, G. W.; Louie, G. V.; Brayer, G. D. Mol. Biol. 1990 214 6465.
585. (46) Unden, G.; Trageser, M.; Duchene, Mol. Microbiol. 199Q 4, 315.
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