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ABSTRACT. Flash-quench experiments were carried out to explore peptide/DNA electron-transfer reactions.
DNA-bound [Ru(phen)dppz)f* (phen= 1,10-phenanthroline; dppz dipyridophenazine) and [Ru-
(phen)(bpy)(dppz)F" [bpy = 4-(4-methyl-2,2-bipyridyl)valerate], generated in situ by flash-quench
methodology, are powerful ground-state oxidants, capable of oxidizing guanine or tyrosine intercalated
in DNA. In flash-quench experiments with mixed-sequence oligonucleotides in the presence of Lys-Tyr-
Lys, transient absorption spectroscopy yielded a spectrum with a sharp maximum at 405 nm assigned to
the tyrosine radical. Experiments with poly(e€) suggested the intermediacy of the guanine radical,
since the rise of the 405 nm signal occurred with the same kinetics as the disappearance of the guanine
radical, as monitored at 510 nm. In oligonucleotide duplexes containing [Ru(pheNjdpmz)F+ tethered

at one end, damage to distant guanines was observed by gel electrophoresis, consistent with the mobility
of the electron hole through the DNA duplex; the presence of the peptide did not inhibit but instead
altered the distribution of guanine damage. Covalent adducts of the DNA and Lys-Tyr-Lys were detected
as final irreversible products of this peptide-to-DNA electron-transfer chemistry by mass spectrometric
and enzymatic digestive analysis. From these different assays and comparison of reactions of Lys-Trp-
Lys and Lys-Tyr-Lys, the reactivity of the DNA-bound tyrosine radical was found to differ considerably
from that of the tryptophan radical. These results establish that Lys-Tyr-Lys and Lys-Trp-Lys can participate
in long-range electron-transfer reactions through the DNA from a distinct binding site. On that basis,
proposals for functional roles for these peptide radicals may be considered.

Electron transfer reactions through DNA have generated the DNA duplex, can potentially cause damage at other
tremendous interest, largely because oxidative damage tolocations far away in the genome. Importantly, long-range
DNA has been implicated as a major factor in aging and charge transfer is dependent on distance and appears to be
molecular diseases. Furthermore, it is important to considermodulated by the intervening sequence of the ba&el).
radical migration through the DNA double helix as a route DNA-mediated charge transport can also be modulated by
to mutagenesis and carcinogenedjs During the past few  pound proteins. The methylase Whal forms a base-flipped
years, enormous effort has been invested to clarify how complex with each target cytosine in a transient extrahelical
charge migrates through the DNA duple®).( In our conformation and fills the intrahelical space by a glutamine
laboratory, we have systematically probed long-range chargeside chain, leaving the overall structure of the DNA free of
migration through DNA by fluorescence quenchir®),(  significant distortions. Due to this significant interruption
transient absorption spectroscopy, €), electrochemical  of the DNA 7-stack, MHhal bound to DNA inhibits long-
methods §), biochemical methods7}, and, most recently,  distance charge transfetd). In contrast, by use of a mutant
by electron paramagnetic resonance spectroscapylt(is of M.Hhal, containing a substitution of glutamine by
now well-established that DNA-mediated charge migration tryptophan, long-range oxidation was restorét) ( Interest-
is highly dependent on the-stacking of the electron donor  ingly, DNA interaction with this tryptophan mutant of
and acceptor, as well as the intervening DNA bases. M.Hhal gave rise also to oxidative damage at the central

Gel electrophoretic analysis of oxidative lesions formed enzyme binding site that was not observed with the wild-
through photoinduced charge migration has shown thattype enzyme; the insertion of tryptophan with a lower
guanines can be oxidized from distances of about 208)A ( oxidation potential (1.0 V)2) in comparison to guanine

This has important implications for the study of DNA (1.3 V) (12) may perturb the overall oxidation potential of
damage and repair. Radicals, generated at one location inhe site.
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Scheme 1: Diagram of the Flash-Quench Techriique
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aG = guanine, @& = oxidized guanine products, & quencher, @9 = reductive state of Q, W= DNA-bound tryptophan, W = oxidized
tryptophan products, ¥= DNA-bound tyrosine, ¥* = oxidized tyrosine products.

cesses in proteind §). Studies in our laboratory have shown for Escherichia coliDNA; 21) is favored with an AT
that the flash-quench technique is a very useful method to alternating sequenc&[= 3.5 x 104 M for poly(dA-dT;
generate guanine radicals in duplex DNA (Scheme 1), 21] or in the presence of an abasic site£ 1.9 x 104 M
detectable by both transient absorption spectroscepgm(d for apurinic DNA; 22).

ele_ctron paramagnetic resonance spectros@)piExcitation On the basis of thermodynamics, tyrosine should be
of intercalated [Ru(phep)dppz)F* (phen= 1,10-phenan-  qxidized by the guanine radical (1.3 VA2, since it has an
throline; dppz = dipyridophenazine) with visible light  oxjgation potential of 0.9 V3), which is comparable to
produces the corresponding excited ruthenium complex, that of tryptophan (1.0 V)12). We detected the intermediate
*[Ru(phen)(dppz)F*, which subsequently can be quenched tyrosine radical by transient absorption spectroscopy and also
via electron transfer to a nonintercalating quencher, like [RU- characterized the final irreversible products of this peptide-
(NHz)e]*", to yield [Ru(phen)dppz)P" as a ground-state  t5.DNA electron transfer chemistry. The kinetic behavior
oxidant (1.6 V) (6) and the reduced quencher. At this point,  of the DNA-bound tyrosine radical was compared with that
[Ru(phen)(dppz)P* can undergo back electron transfer with - yreviously observed for the DNA-bound tryptophan radical.
the reduced quencher or oxidize guanines within the DNA \ye find reactivities of the tyrosine and tryptophan radicals
double helix, generating guanine radicals. Due to a l6& p  within DNA to differ considerably. On that basis, functional
within the base pair with cytosinel(), only the neutral  rgjes for these radicals within DNA may be considered.
deprotonated guanine radical has been detected spectroscopi-
cally (5). Subsequently, the guanine radical can either be ExPERIMENTAL PROCEDURES
reduced by the reduced quencher to regenerate the whole
redox system or undergo further reactions with oxygen or  Materials.Lys-Tyr-Lys, Lys-Trp-Lys, and hexaammineru-
water yielding oxidative lesions. Piperidine-labile oxidative thenium(lll) chloride were obtained from Sigma or Aldrich
lesions at guanine sites of the DNA that have been formed and used as received. DNA polymers, poly(d&) and poly-
during flash-quench experiments have been visualized by gel(dG-dC), were purchased from Pharmacia and were ex-
electrophoretic analysisl 8). changed via ultrafiltration (Centricon 30, Amicon) into
Here we further describe flash-quench experiments carriedphosphate-buffered saline (NaHP® mM, and NaCl, 50
out to explore electron-transfer reactions between the trip- mM), pH = 8.5, prior to use. The oligonucleotidds-3
eptide Lys-Tyr-Lys and double-stranded DNA. Tyrosine (Chart 1) were prepared on an Applied Biosystems 394 DNA
within DNA-binding proteins, e.g., 3-methyladenine glyco- synthesizer by standard phosphoramidite chemis2d). (
sylase 19), often intercalates into DNA. The tripeptide Lys- After preparation, the resin was cleaved and the DNA was
Tyr-Lys exhibits similar electrostatic DNA interactions to deprotected by treatment with NBH at 55°C for 10 h,
those noted for Lys-Trp-Ly<20), with the positively charged  dried, and purified by HPLC (Hewlett-Packard HP1050) on
lysine side chains of each peptide associating with the a semipreparative reversed-phase C-18 column (Dynamax
negatively charged phosphodiester backbone. Additionally, C18, Rainin, 300 A) under the following conditions: A
each peptide bears an aromatic moiety capable of stackingNH,OAc buffer (50 mM), pH= 6.5; B= MeCN; gradient
within the DNA double helix 20). The binding of Lys-Tyr- = 0—15% B over 45 min to elute the DNA. The single
Lys or Lys-Trp-Lys and stacking of their aromatic side chains strands were lyophilized and quantified by their absorbance
(dissociation constant of Lys-Trp-Lys-G#y 5.9 x 104 M at 260 nm. Duplexes were formed by heating a solution
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Chart 1: DNA Substrate$—3
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containing equal concentrations of complementary strandsprotocols 28), purified by denaturing 5% PAGE, and
to 90 °C, followed by slow cooling. [Ru(pheg(dppz)]Ch hybridized to the complementary strands in phosphate buffer
was prepared as described previoud$)(and used as the (5 mM), pH = 9.0. Samples of 1@&L size containing the
enantiomeric mixture. The [Ru(phen)(Bidppz)F-modi- radioactively labeled RuDNA duplex2 or 3 (1 uM), [Ru-
fied oligonucleotide® and3 were prepared from the racemic  (NH3)g]Cls (15 uM), and Lys-Tyr-Lys (6-25 uM) in
metal complex [bpy= 4-(4-methyl-2,2-bipyridyl)valerate]. phosphate buffer (5 mM), pk 8.5, were irradiated at =
This tris(heteroleptic) complex was synthesized according 436 nm 6 mW) with a 1000-W Hg/Xe lamp equipped
to the general methods of Strouse et a6)(and Anderson  with a monochromator. After irradiation for 10 min, samples
et al. 7). The two isomers of [Ru(phen)(bP{dppz)F" were treated with a mixture of piperidine (12) and HO
(with the carboxylate arm axial or equatorial to the dppz (90 uL) at 90 °C for 30 min, lyophilized, resuspended in
ligand) were not separated. Both metal complex isomers weredenaturing gel-loading dye and analyzed by denaturing 20%
conjugated to the oligonucleotide by solid-phase methodol- PAGE. The extent of damage was quantitated by phospho-
ogy and purified as described earlid8]. The Ru-DNA rimagery (Imagequant).
conjugate was characterized by UV/Vis spectroscopy and  1q characterize the oxidation products of Lys-Trp-Lys,
matrix-assisted laser desorption ionization time-of-flight samples (6@iL) containingl (100xM), [Ru(phen)(dppz)]-
(MALDI-TOF) mass spectrometry. The complement was |, (100 uM), [Ru(NH2)sCl5 (1.5 mM), and Lys-Trp-Lys
prepared according to the procedure describedlfoFhe (2.0 mM) were irradiated for 30 min & = 436 nm and
single strands were lyophilized and quantified by their subsequently analyzed by HPLC (Hewlett-Packard HP1050).
absorbance at 260 nm. Duplexes were formed by heating toTne irradiated flash-quench samples were analyzed on a
90°C a solution containing equal concentrations of theRu  semipreparative reversed-phase C-18 column (Dynamax C18,
DNA strand and its complement, followed by slow cooling. 300 A, Rainin) under the following conditions: # NH.-
Laser Spectroscop¥ime-resolved emission and transient  OAc buffer (50 mM), pH= 6.5; B = MeCN; gradient=
absorption measurements used an excimer-pumped dye®—6% B in 60 min. After separation, the peptide-containing
(Coumarin 480) laser, as described previoudly (aser  fraction was lyophilized and dissolved in MeOH. The
powers atlexc = 480 nm ranged from 1 to 1.5 mJ/pulse. electrospray ionization (ESI) mass spectrometric analysis of
The emission of the dppz complexes was monitored at 610the peptide fraction showed only the correct mass of the
nm, and the emission intensities were obtained by integrating original peptide ifvz = 438.2) and no oxidized product. The
under the decay curve for the luminescence. DNA-containing fraction was analyzed by mass spectrometry
Assays of Oxidate Products.Oligonucleotide strands  (MALDI-TOF) and exhibited the mass of the original DNA
were labeled at the'%end with [-*?P]ATP by standard  single strandsnyz = 6121.6 and 6137.9) and the mass of
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the DNA—tripeptide adductrfyz = 6557.9).

To explore the cross-linking reaction with Lys-Tyr-Lys,
the irradiated flash-quench samples were enzymatically
digested 29). After irradiation the DNA was separated by
EtOH precipitation. The resulting pellet was dried and
dissolved in NaOAc buffer (50 mM, 86L), pH = 5.5, and
water (120uL). The DNA was digested with nuclease P1
(Boehringer Mannheim, 1 unitl, 50 uL) for 2 h at 37°C.
Triethanolamine buffer (1 M, 40L), pH = 8.5, was added

and the sample was subsequently digested with alkaline

phosphatase (Boehringer Mannheim, 1 wit/10 uL) for

2 h at 37°C. The resulting deoxynucleoside mixture was
analyzed by HPLC under the following conditions: A
12.5 mM citric acid, 25 mM NaOAc, 30 mM NaOH, and
10 mM acetic acid buffer; B= MeCN; isocratic elution with
10% B in 60 min. The different peaks of the HPLC spectrum

have been assigned to the corresponding deoxyribonucleo-

sides by co-injections with solutions containing commercially
available deoxyribonucleosides. The modified nucleosides
T' and A were separated by HPLC on a semipreparative
reversed-phase C-18 column (Dynamax C18, 300 A, Rainin)
under the following conditions: A= 12.5 mM citric acid,

25 mM NaOAc, 30 mM NaOH, and 10 mM acetic acid
buffer; B = MeCN; gradient= 0—10% B in 45 min. The
collected fractions were lyophilized and analyzed by MALDI-
TOF mass spectrometry (z = 701.1; A m/z = 717.7).

RESULTS AND DISCUSSION

Emission Quenching Experiments with [Ru(ph@ppz)f+
and Lys-Tyr-Lys Bound Nongalently to Mixed-Sequence
Oligonucleotidesinitial investigations of the oxidation of
DNA-bound tyrosine exploited the mixed-sequence oligo-
nucleotide 1 and untethered [Ru(phef)ippz)]CL. The
oligonucleotidel contains an alternating AT sequence to
ensure that the tyrosine of Lys-Tyr-Lys has a possible
intercalation site (Chart 1)2(). Upon excitation of [Ru-
(phen}(dppz)F' at 480 nm, the emission decayed biexpo-
nentially withz; = 25 ns andr, = 259 ns, as monitored at
610 nm. The fraction quencheBd of this excited state by
the quencher [Ru(NgJs]®™ was 87% at 20 equiv of quencher
(equivalents relative to the amount df. The quenching
efficiency was not diminished in the presence of up to 20
equiv of Lys-Tyr-Lys.

Detection of the Tyrosine Radical by Transient Absorption
at 405 nm.Transient absorption spectroscopy was used to
monitor the intermediates formed upon oxidative quenching
of *[Ru(phen)(dppz)F" with [Ru(NHz)g]®". We monitored
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Ficure 1: Transient absorption at 405 nm for the sample containing
oligonucleotidel, observed on two different time scales, in the
absence (0 equiv) and in the presence of Lys-Tyr-Lys (800=
10 equiv; 600uM = 20 equiv). Samples contained [Ru(phgen)
(dpp2)ICL (30 uM), 1 (30 uM), and [Ru(NH)e]Cl3 (600 «M) in
phosphate buffer (5 mM), pkE 9.0, Aexc = 480 nm.

interferes with observation of the initial rise of the tyrosine
radical at 405 nm. However, electron transfer to the
intercalated [Ru(phern(dppz)F" occurs approximately over
20us, after which the 405 nm signal exhibits a positiva,
which then decays nearly completely within @3 ms
(Figure 1). The size of the positive signal increased with
increasing peptide concentration. It is noteworthy that the
signal was not observed upon omission of any one of the
ingredients of the flash-quench sample. Exclusion of Lys-
Tyr-Lys, [Ru(phen)(dppz)]Ch, [Ru(NHs)g]Cls, or the oli-
gonucleotidel abrogated signal formation, thus indicating
that the reaction is indeed DNA-mediated. We therefore
assigned this 405 nm signal to the DNA-bound tyrosine

the absorbance at 405 nm, the absorbance maximum of thdadical.

tyrosine radical 30). Excitation of DNA-bound [Ru(pher)
(dppz)Ft in the presence of [Ru(NgK]*" and Lys-Tyr-Lys
produces a signal that initially exhibits a negative change in
absorbanceAA) but then crosses over the baseline to give
a positive signal. The initial negative spike at short times

Spectral Characterization of DNA-Bound Radicals of
Tyrosine and TryptopharT.o confirm that the flash-quench
experiments with Lys-Tyr-Lys and Lys-Trp-Lys generate the
expected aromatic radicals, we generated absorbance differ-
ence spectra for the long-lived positive transient signals. With

can be attributed to absorbance changes of the dppz complexthe DNA substratd, the spectra of the transients with Lys-

since the hexaammine quencher exhibits only minimal
absorbance in the visible regiori§). In particular, the

Tyr-Lys (Figure 2) and with Lys-Trp-Lys (Figure 3) both
show a high degree of similarity to published spectra of the

negative signal arises from loss of the metal-to-ligand chargetyrosine and the tryptophan radicals in soluti@3)( These

transfer (MLCT) band in the 406600 nm region that is
characteristic of ruthenium polypyridyl complexes and is
consistent with the presence of *[Ru(phgdppz)f* and
[Ru(phen)(dppz)P*. This negativeAA from 400 to 500 nm

results reveal that under the described conditions of the flash-
guench experiments (i) the aromatic peptide radicals are
formed bound to DNA and (ii) the absorbance signals at 405
nm (tyrosine radical) or 510 nm (tryptophan radical) can be
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FiIGURE 2: Absorbance difference spectrum1C® of the tyrosine
radical in its DNA-bound form. The long-lived positive portiors [
> r(*Ru)] of individual signals were fit to the monoexponential
function AA(t) = C + AA(t = 0)[exp(—kt)]. AA(t = 0) was plotted
against the wavelength Sample contained [Ru(phe(dppz)]Ch
(30 uM), 1 (30 uM), Lys-Tyr-Lys (600uM), and [Ru(NH;)g]Cl3
(600 uM) in 5 mM phosphate buffer, pH= 9.0, Aexc = 480 nm.
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Ficure 3: Absorbance difference spectruml®® of the tryptophan
radical in its DNA-bound form. The long-lived positive portiorts [
> r(*Ru)] of individual signals were fit to the monoexponential
function AA(t) = C + AA(t = 0)[exp(—kt)]. AA(t = 0) was plotted
against the wavelength Sample contained [Ru(phefdppz)]Ch
(30 uM), 1 (30 uM), Lys-Trp-Lys (300uM), and [Ru(NH)e]Cls
(600 «M) in 5 mM phosphate buffer, pH= 9.0, Aexc = 480 nm.
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FiIGURe 4: Transient absorption at 405 nm for the sample containing
oligonucleotide? (top) or3 (bottom), in the absence (0 equiv) and
presence of Lys-Tyr-Lys (30&kM = 20 equiv); the sample
contained2 or 3 (each 15uM), and [Ru(NH)e]Cls (300 M) in
phosphate buffer (5 mM), pi= 9.0, Aexc = 480 nm.

of about 13.6 A further away from the binding region of the
covalently tethered [Ru(phen)(bpfdppz)F" increased the
rise time of the DNA-bound tyrosine radical from about 75
us (for 2) to about 16Qus (for 3; Figure 5). Consistently,
the rise time observed with the untethered system and DNA
1is much shorter{30 us), presumably because under the
latter reaction conditions [Ru(phetdppz)f" is randomly
bound to the DNA and can assume distances closer to the
DNA-bound Lys-Tyr-Lys.

The rise time of the tyrosine radical observed for the DNA
substrated —3 in experiments with Lys-Tyr-Lys (e.g., 160
us with 2) is longer than the rise time of the tryptophan

used to discern the kinetic behavior of the generated peptideragical obtained in similar experiments with Lys-Trp-Lys

radicals.

Experiments with Cealently Bound Metallointercalator.
To define better the intercalation site for the Ru(Il) complex,
we prepared the DNA substrat2end3, bearing [Ru(phen)-
(bpy)(dppz)F' covalently tethered to theé-&nd distal to the
Lys-Tyr-Lys-binding region (Chart 1). Both DNA substrates
2 and3 contain a 3ATAT binding sequence for Lys-Tyr-

(e.g., 30us with 2; Table 1). On the basis of oxidation
potentials of tyrosine (0.9 V)1@) and tryptophan (1.0 V4,

the driving force for oxidation of tyrosine should be larger
than that for tryptophan. Thus, the observed trend in kinetics
does not correlate with the driving force. However, assuming
that the binding of Lys-Tyr-Lys occurs at similar locations
on the DNA as does Lys-Trp-Ly20), the poorer stacking

Lys but at two different positions. Flash-quench experiments properties of the intercalated phenol-type side chain of

with the duplexe and3 in the presence of [Ru(Ngk]>"

tyrosine in comparison to the larger indole-type side chain

and Lys-Tyr-Lys yielded transient absorption signals (Figure of tryptophan could be responsible for the differences in the

4) comparable to those seen with duplexHowever, the

observed rise times of the DNA-bound radicals. A similar

kinetic behavior was somewhat different (Table 1), with a sensitivity to stacking of donor and acceptor with the DNA

longer rise time and also a longer lifetime-Z00 us)

helix has been observed in other systems.

observed for the tethered samples. It is interesting to note Gel Electrophoretic AnalysisThe DNA substrate3

that a 4 base-pair shift of the binding site for Lys-Tyr-Lys

bearing covalently tethered [Ru(phen)(Bfdppz)F+ and the



5488 Biochemistry, Vol. 39, No. 18, 2000 Wagenknecht et al.

Table 1: Quenching Efficiencies and Spectroscopic Results of the Flash-Quench Experiments with Lys-Tyr-Lys (KYK) and Different
Oligonucleotides in Comparison with the Results of Experiments with Lys-Trp-Lys (KAWK)

tripeptide tripeptide radical
KWK or fraction rise time lifetime CONGnad guanine radical

line oligonucleotide KYK equivP guenchet(%) (us) (us) (uM) lifetime (us)

1 1 KYK 10 87 30+ 6 83+ 6 0.9+0.1 e

2 1 KYK 20 83 33+ 6 83+t 6 1.8+0.1 e

30 1 KWK 10 81 71 77+ 10 2.8+0.1 e

4 2 KYK 20 82 163+ 30 182+ 3 0.6+0.1 e

59 2 KWK 10 76 33+ 10 238+ 6 1.9+0.2 e

6 3 KYK 10 76 76+ 12 208+ 4 0.6+0.1 e

7 poly(dA-dT) KYK 20 83 n.o. n.o. n.o. n.o.

89 poly(dA-dT) KWK 10 87 n.o. n.o. n.o. n.o.

9 poly(dGdC) KYK 20 93 15+ 5 185+ 3 1.7+0.2 0.5+ 0.05
100 poly(dGdC) KWK 10 93 31+ 6 100+ 1 1.0+0.2 8.0+ 0.6

aIn experiments with Lys-Tyr-Lys, the tyrosine radical was observeld=a405 nm and the guanine radicallat= 510 nm; in experiments with
Lys-Trp-Lys (KWK) (13), the tryptophan radical was observediat 510 nm and the guanine radical/at= 373 nm. [DNA]= 30uM (for 1-3),
[nucleotide]= 600uM [for poly(dA-dT) and poly(dGdC)], [[Ru(phen)(dppz)]Ch] = 30uM, [Q] = [[Ru(NH3)e]Cls] = 600uM, [peptide]= 300
uM (for Lys-Tyr-Lys and Lys-Trp-Lys), 5 mM Pouffer, pH= 9.0, lexc = 480 nm; n.o., not observableRelative to [DNA] or [nucleotide]/20.
€1 — ld/l, I andlp measured by luminescence decaylat= 610 nm.9¢ = 3.2 x 10* M~* cm* at A = 405 nm (tyrosine radical), and= 2.0
x 10 M~tcmt atA = 510 nm (tryptophan radicalB(). ¢ Due to overlapping absorbances of Ru(lll) and the guanine radical, the decay kinetics
could not be determined.Referencel3.
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FicuRe 5: Normalized data of the transient absorption at 405 nm T binding site
of samples containing the oligonucleotidgs?, or 3 on the same - A
time scale. The conditions are as in Figures 1 and 2.
oo . . - G5
Lys-Tyr-Lys binding site 12 base pairs from the Ru
intercalation site allowed us to investigate damage to the c

intervening DNA bases between the two redox partners. [Ru-
(phen)(bpy)(dppz)F+ can oxidize guanines within the DNA N o®m
from a distance X8). Oxidative damage to guanine bases ~r-re-co G3/G2

an be visoualized by treatment Wit M piperidine f‘?r 30 FIGURE 6: Gel electrophoretic analysis of RIDNA conjugate3

min at 90°C and subsequent analysis by denaturing 20% after irradiation and treatment with piperidine at elevated temper-
PAGE @1). A mixture of oxidative guanine products occurs ature in the presence of different concentrations of Lys-Tyr-Lys.
(32), some of which are not piperidine-labile, e.g., 8-oxo- Samples contained oligonucleoti@e(1 xM) and [Ru(NH)e|Cl3
7,8-dihydroguanine33). On the basis of similar experiments (15 #M) in phosphate buffer (5 mM), pt= 9.0. Samples were

. it is Kk h ineridi .. d irradiated atlexc = 436 nm for 10 min. After irradiation, samples
In-our group, It is known that piperidine-sensitive and \yere treated with 10% piperidine at 9 for 30 min and analyzed

piperidine-insensitive guanine damage occur in proportional on a denaturing polyacrylamide (20%) DNA sequencing gel.
amounts (S. R. Rajski and J. K. Barton, unpublished results).

Such gel electrophoretic analysis of flash-quench samplesreaction 84), no damage is observed at all at higher peptide
containing 6-25 equiv of Lys-Tyr-Lys and irradiated at 436  concentrations. Second, with increasing peptide concentra-
nm for 10 min showed that the damage to guanine bases intions (5-10 equiv), the damage to the guanine nearest to
the DNA double helix is modulated by the presence of the the peptide binding site (G3, Figure 6) increases at the
peptide (Figure 6). Two observations are noteworthy. First, apparent expense of the damage to the guanine proximal to
at higher peptide concentrations (205 equiv), Lys-Tyr- the Ru intercalator (G2, Figure 6). The binding of Lys-Tyr-
Lys competes with the quencher [Ru(§k** for binding Lys to DNA clearly alters the distribution of guanine damage
to DNA. Since contact of the quencher with DNA is crucial throughout the DNA base stack and therefore is able to
for the initiation of the DNA-mediated electron-transfer modulate DNA-mediated charge transfer, as shown previ-

5'
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ously with Lys-Trp-Lys (3). This observation can be
explained by a competition between guanine and tyrosine
for the electron hole. Oxidation of guanine (1.3 1) is

less favorable than that of tyrosine (0.9 \28J; therefore it

can be expected that the electron hole primarily resides on
the tyrosine, localizing the charge near the binding region
of the tripeptide. The guanine radical is expected to be
present only in small amounts relative to the concentration
of tyrosine radical but is more reactive, yielding irreversible
oxidation (@*, Scheme 1). This charge redistribution leads
to an increase of radical concentration in the vicinity of Lys-
Tyr-Lys and, if associated with guanine, irreversible DNA
damage occurs.

Irreversible Product AnalysisThe tyrosine radical is a
phenol-type radical3b) and therefore would be expected to
show different reactivity in comparison to the DNA-bound
tryptophan radical 3). The flash-quench samples contain
several potential reactants, including oxygen, water, and the
DNA bases. To investigate the reactivity of the DNA-bound
tyrosine radical toward these reactants, we irradiated flash-
guench samples at 436 nm containing DNA substtafBu-
(phen)(dppz)F", [Ru(NHs)e]®", and Lys-Tyr-Lys and ana-
lyzed the products by HPLC and mass spectrometry. It was
possible to separate the peptide fraction from the DNA
fraction via reversed-phase HPLC. ESI mass spectrometry
of the peptide fraction showed only the mass of the original
peptide (Wz = 438.2), thus indicating that the tyrosine
radical, once generated in its DNA-bound form, seems to
be unreactive toward oxygen or water. Significantly, close
examination of MALDI-TOF mass spectrometric analysis
of the DNA fraction revealed a peak atz = 6557.9, the
mass expected if one of the DNA strands were cross-linked
to Lys-Tyr-Lys. Formation of this covalent adduct was
clearly dependent upon all components of the flash-quench
reaction, including Lys-Tyr-Lys. Moreover, analysis of
unirradiated samples ruled out that these DNA-peptide
adducts are formed under MALDI-TOF measurement condi-
tions. It was not possible to separate reaction constituents
by HPLC.

Instead, the DNA fraction of irradiated flash-quench

samples was enzymatically digested by use of nuclease P1

and, subsequently, alkaline phosphat®8. (The resulting
deoxyribonucleosides were then analyzed by HPLC (Figure
7). The different peaks of the HPLC chromatogram have

been assigned to the corresponding deoxyribonucleosides by

co-injections with solutions containing commercially avail-
able deoxyribonucleosides. Two additional product peaks
occurred only in irradiated samples that contained Lys-Tyr-
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FIGURE 7: HPLC analysis of the mixture of deoxyribonucleosides
after enzymatic digestion of the flash-quench sample monitored at
260 nm (A) and 290 nm (B). The sample contained [Ru(pfen)
(dppz)]Chk (100 uM), 1 (200 uM), [Ru(NH3)¢Cl3 (1.5 mM), and
Lys-Tyr-Lys (2.0 mM) in phosphate buffer (5 mM), pH 9.0.

The sample was irradiated &ty = 436 nm for 30 min and then
digested with nuclease P1 and alkaline phosphatase as described
under Experimental Procedures.
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FIGURE 8: Transient absorption at 510 and 405 nm of the solution
containing poly(dGdC) in the presence of Lys-Tyr-Lys (600/).
Sample contained [Ru(phefdppz)]Ck (30 «M), poly(dG-dC) (600

Lys. The corresponding HPLC fractions were collected and #M nucleotides), and [Ru(N]Cl3 (6004M) in 5 mM phosphate

analyzed by MALDI-TOF mass spectrometry. Both peaks

buffer, pH= 9.0, Aexc = 480 nm.

showed the mass of the corresponding nucleoside peptideflash-quench experiments, we were able to detect the guanine

adduct (dAm/z= 717.7 [M+ 23]*; dT' m/z= 701.1 [M

+ 23]"). It is noteworthy that these adducts occur only with
adenosine and thymidin&®). This result, together with the
different rise time of the tyrosine radical observed with DNA
substrated —3 (Figure 5), establishes that Lys-Tyr-Lys binds
preferentially to the AT alternating sequence. Lys-Tyr-Lys

radical spectroscopically5). In experiments with poly-
(dG-dC) and Lys-Tyr-Lys, the transient absorption signal at
405 nm for the tyrosine radical displayed a similar kinetic
behavior as for the DNA substratés 3 (Table 1). However,

a transient absorption at 510 nm could be detected on a faster
time scale (Figure 8). This signal at 510 nm decayed on the

therefore undergoes long-range electron-transfer reactionssame time scaler(~ 450 ns) on which the signal of the

through the DNA from a distinct binding site.

Detection of the Guanine Radical Intermediate in Peptide-
to-DNA Electron TransferWith [Ru(phen)(dppz)ft non-
covalently bound to poly(d@C) as the DNA substrate in

tyrosine radical at 405 nm rose. It is important to note that
the tyrosine radical has no significant absorbance at 510 nm.
On the basis of its kinetic behavior in comparison to

previously published flash-quench experiments, we assign
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Scheme 2: Summary of the Two Observed Peptide-to-DNA Electron-Transfer Reactions and Reactivity of the Generated
DNA-Bound Peptide Radicals toward Oxygen, Water, or the DNA Bases

Peptide-to-DNA Reactivity of the
electron transfer DNA bound peptide radical
DNA-bound O,
G"(-H" Lys-Tyr-Lys Lys Lys
A=510 nm H,N
DNA-bound with O,: no Lys-Tyr*-Lys
G Lys-Tyr-Llys = — > with Hy0: no Lys-Tyr™*-Lys
A=405 nm with DNA:
o/'— Lys-Tyr-Lys-DNA adducts
DNA-bound o}
G"(-H" Lys-Trp-Lys Lys_ Lys
A=373 nm H/N
DNA-bound with O,: Lys-Trp®*-Lys
G Lys-Trp™-Lys = b — = with HyO: no Lys-Trp®*-Lys
A=510 nm N with DNA:

no Lys-Trp-Lys-DNA adducts

this signal to the guanine radical. This result suggests thattrations in its DNA-bound form. The tryptophan radical
the guanine radical is the key intermediate of the observedexhibits no reactivity toward the DNA bases. In contrast,
peptide-to-DNA electron-transfer reactions. the tyrosine radical in its DNA-bound form shows no
Experiments without DNA do not provide sufficient reactivity toward oxygen or water, but cross-links selectively
controls for the intermediacy of the guanine radical since to adenine and thymine at the binding site. This pattern of
the excited *Ru(ll) complex is quenched by water on a very reactivity of the two peptide radicals is consistent with spin
fast time scale (200 ps) in the absence of DI®&)( Instead, density calculations. In the tryptophan radical, the unpaired
we repeated the transient absorption experiments with poly-electron is located predominantly on the five-membered ring
(dA-dT) as the DNA substrate. Poly(ddT) provides many  of the indolyl system38). For steric reasons it is very likely,
favorable binding sites for Lys-Tyr-Lys. Although the excited then, that the aromatic part of tryptophan is intercalated
state of *[Ru(phen)dppz)F was efficiently quenched by  mainly with the six-membered ring. As a result, the unpaired
[Ru(NH3)e]3" (Fq = 83%, Table 1), we did not detect a electron of the DNA-bound radical is accessible to reactants
transient absorption signal at 405 nm, the absorbancein solution, mainly oxygen. In contrast, the tyrosine radical
maximum of the tyrosine radical, in the presence of the spin density is located at or near the phenol oxygen of the
tripeptide. It is clear, then, that electron transfer from Lys- aromatic ring 85). Assuming significant stacking with the
Tyr-Lys to [Ru(phenydppz)F*, despite the favorable ther- DNA bases, cross-linking reactions with the DNA bases at
modynamics, is not direct but requires the intermediacy of the binding site are very probable and, in fact, are detected.

the guanine radical (vide supra). Perhaps the deprotonation |t is surprising that small peptides with only three amino
of the guanine radical makes it an effective hole trap within acids, such as Lys-Tyr-Lys and Lys-Trp-Lys, are able to
DNA. participate in DNA-mediated electron-transfer reactions over
By use of the mixed-sequence oligonucleotides3, it long distances. Thus, they can serve as models for DNA-
was not possible to detect the guanine radical as thebinding proteins.The observed reactivity of DNA-bound
intermediate of the DNA-mediated charge migration, becausearomatic peptide radicals is interesting to consider with
the negative signal from the Ru(lll) intercalator persists for regard to oxidative damage occurring within the cell. Indeed,
tens of microseconds. In the oligonucleotide duplexes, the given the facility of DNA-mediated charge transfer and of
[Ru(phen)(dppz)F" generated is not completely and rapidly peptide-to-DNA electron transfer, it is tempting to suggest
converted to guanine radical, as is the case with polyda that such redox reactions play some role in DNA repair
Comparison between DNA-Bound Tyrosine and Tryp- processes. On the basis of these data, aromatic side chains
tophan Radicals and Implicationg/e have now shown that  could serve as electron-transfer relays in prot&NA redox
both the tyrosine radical and the tryptophan radical can be reactions.
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