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Abstract: The production of guanine radicals in DNA via the flasfuench technique is shown to cause the
formation of covalent adducts between DNA and histone protein. In the-fljasbnch experiment, the DNA-

bound intercalator Ru(phemppZ" (phen= 1,10-phenanthroline, dppz dipyridophenazine) is excited with

442 nm light and quenched oxidatively by Co(}sCI>", methyl viologen (MV?), or Ru(NH)e®* to produce
Ru(phen)dppZ™, a strong oxidant+1.6 V) that can oxidize a nearby guanine basé.@ V). The guanine

radical thus produced is vulnerable to nucleophilic attack and can react with amino acid side chains to form
DNA—protein cross-links. Evidence for DNAprotein cross-linking was provided by the chloroform extraction
assay, a filter binding assay, and gel electrophoretic analysis. Afterftaginch treatment, pUC19 plasmid

DNA undergoes a dramatic decrease in mobility that is reversed upon digestion with proteinase K, as seen by
agarose gel electrophoresis. In polyacrylamide gel electrophoresis (SDS-PAGE) experiments, the histone protein
shows similar mobility shifts. Cross-linking is observed with poly(dG-dC) and mixed sequence DNA, but not
with poly(dA-dT), indicating that the reaction requires guanine bases. Measurements of emission quenching
indicate that for a given quencher, the amount of cross-linking is correlated to the amount of quenching.
When comparing different quenchers, however, the amount of cross-linking is inversely related to the amount
of quenching and decreases in the order CofNEI?"™ > MV 2" > Ru(NHg)s®". This trend in cross-linking
correlates instead with the lifetime of the guanine radical measured by transient absorption spectroscopy, and
suggests that the cross-linking reaction require$00 us. These results demonstrate that the ftesmtench
technique is an effective approach for the study of covalent adducts between DNA and protein formed as a
result of guanine oxidation, and suggest one possible fate for oxidatively damaged DNA in vivo.

Introduction radicals in solution. However, it is more difficult to form
S ) ] ) ) ~ 1-electron-oxidized guaniria double-stranded DNAwvhere the
Oxidative damage to DNA is a major factor in aging and in  gtacked bases enjoy some protection from solvent-borne oxi-
many molecular diseases such as Parklnson’g and Alzhelmer’sdams, without ionizing radiatidnor photolysis by UV laser
diseases, as well as canéeks the DNA base with the lowest  ight 8 while photosensitizers can create guanine radicals, there
oxidation potentiaf,guanine plays a special role because it has is typically considerable interference frof®,, since only a
the greatest susceptibi_lity to oxidgtive damage. Oxidation of select few appear to oxidize G solely by a type | mechafism.
guanine leads to formation of 7,8-dihydro-8-oxoguanine (8-0x0- Ngnetheless, some direct photooxidants have proven useful in
G) and other damage produét§ut such lesions are not the guanine oxidation studies; thus far, these include phenanthrene-
only fate for guanine radicals. DNAprotein cross-linking is quinone diimine (phi) complexes of rhodium(If9,naphthal-
another possible consequence of guanine oxidation, as will beamideslyl cationic anthraguinonég, and riboflavini3 Other
described here. approaches profitably applied to guanine oxidation include the
Although oxidative damage to DNA is a subject of tremen- use of nucleosides with a sugar moiety modified at thé C4
dous physiological relevance, the study of guanine radicals in
DNA presents a challenge to researchers. Many techniques, (GE_RaVJangt, (J: 5.; Bﬁrhger, l;]/l Beprﬂardb,Fl.l;gbangISOigbgR-; Quellet, R.;
including pulse radiolysié, laser photolysi$, and type | Va??)lg;'mbns': Mf";.t'ci gfgm?rgbc”‘l’:tgr;gay _I?ram';%?‘ 83 1L
photochemical oxidatiorfshave been shown to generate guanine () Candeias, L. P.; O'Neill, P.; Jones, G. D. D.; Steenkenng.J.
Radiat. Biol.1992 61, 15. (b) Melvin, T.; Plumb, M. A.; Botchway, S.;
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methyl\'-nitro-N-nitrosoguanidine (MNNGJ? peroxidized pro-
teins3! magnetic field$? ultraviolet light33 X-rays3* y-rays3®
and visible light with!O, sensitizers® Unfortunately, given the
proteins!® the flash-quench technique has proven to be ideal nonspecific nature of many of these reactions, there is little
for studying reactions of guanine radicals in DNA. In the flash ~ known about such lesions at the molecular level.
quench technique, a photosensitive intercalator is excited by Oxidative damage of DNA can lead to the formation of
visible light and converted to a strong oxidant by an oxidative DNA—protein cross-link§;24-27:36 and guanine is particularly
guenching reaction; the oxidized intercalator can then remove vulnerable to cross-link formation, because it is the only base
an electron from a nearby guanine base. Dunn et al. first appliedthat can be oxidized photochemically by both type | and type
this technique, also called photochemical cosensitization, to || mechanism$.The guanine cation radical can be hydrated en
demonstrate selective damage at guanine bases in DNA uporroute to formation of 8-oxo-@%1337and the 1-electron-oxidized
quenching of excited ethidium by methyl violog€hUsing guanine base is susceptible to attack from other nucleophiles
Ru(phenydppZ* as the photosensitive intercalator and Ru- as well383°Given that DNA is typically bound to protein, and
(NH3)e*" as the quencher, we detected the guanine radical inthat proteins have many nucleophilic side chains, one likely
poly(dG-dC) by transient absorption spectroséépynd showed  consequence of guanine oxidation in vivo is the formation of
its UV—visible spectrum to be similar to that of the deprotonated DNA—protein cross-links. In well-characterized model systems,
neutral form, as reported by Candeias and Steefikdime Morin and Cadet have shown that 1-electron-oxidized 2
formation of the neutral guanine radical, hereafter denoted deoxyguanosine readily forms covalent adducts with nucleo-
simply as the guanine radical, was shown to occur rapieQ( philes8:32Using benzophenone as a type | photosensitizer, they
ns)!® The extent of permanent damage at G was tuned by the oxidized 2-deoxyguanosine in solution and demonstrated cross-
choice of quencher, and was shown to decrease in the ordeflinking with both hydroxyl- and amino-based nucleophiles,
Co(NH)sCI?* > methyl viologen> Ru(NHs)e**, indicating that  jllustrating that DNA-protein cross-links could be effected by
the amount of damage is controlled by the reactivity of the reactions of guanine radical with Ser, Thr, and Lys. Morin and
reduced quencher. Later work using the flasfuench tech-  Cadet found that covalent bond formation with the nucleophile
nique’2%and other approach®s214has demonstrated thatthe occurred at C8 of guanine. This result is noteworthy, given that
guanine radical is highly mobile in DNA, able to migrate up to  this position should be at least somewhat accessible to agents
200 A from the site of damage. Allowing both spectroscopic bound in the major groove of DNA and that most DNArotein
detection of reactive intermediates and observation of permanentinteractions occur in the major groove of DNA.
damage products, the flasiquench technique is particularly As an established method for selectively generating guanine
well-suited for investigations of guanine oxidation chemistry. ragicals in DNA, the flashquench technique shows particular
DNA—protein cross-links,_covalent adducts between DNA promise for the study of DNAprotein adducts caused by
and protein, represent a major form of DNA damabg&hese guanine oxidation. In contrast to ionizing radiatfihe flash-
adducts are not as readily repaired as other DNA Ie%?ca‘rsj. quench technique produces a single reactive species on the
can be lethal to the cell when appropriate repair mechanismspnA, which should impart some specificity to the cross-linking
are compromised DNA—protein cross-links have been shown  reaction and thereby limit the number of products. Moreover,
to result from a variety of sources, including cisplati(IV), >* the mobility of the electron hole allows for reaction between
Ni(ll), 2> Cr(VI),?® phenanthroline-Cu(Il}/ Fe(ll)*® Fe(lll) DNA and protein to occur far from the initial site of oxidation,
bleomycin” organic carcinogens such as aldehydes N- so that the cross-linking agent need not interfere with the BNA
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Glasgow, K. C.; Thorp, H. HJ. Am. Chem. Sod.995 117, 8933. expected for a process involving guanine radicals formed by
the quenching event. The choice of quencher strongly influences

position}* electrochemical oxidation by Ru(bpy) [bpy =
bipyridine] 1®> and the flask-quench techniqu&:1’
Originally developed for the study of electron transfer in
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the yield of cross-linking and the lifetime of the guanine radical, array spectrophotometer. The fraction of DNgrotein cross-linking
as determined by transient absorption spectroscopy, suggestingvas determined by using the equation below:

that the guanine radical must persist for longer than A96r
adducts to form. These results demonstrate the utility of the
flash—quench technique as a way to study cross-links between
DNA and protein that result from oxidative damage of guanines
in DNA.

Experimental Methods

Materials. Isopentyl alchohol, sodium phosphate, sodium chloride,
and sodium hydroxide were obtained from Mallinckrodt. Chloroform,
ethidium bromide, hexaammineruthenium(lll) chloride, pentaammine-
cobalt(l11) chloride, and methyl viologen were from Aldrich. Ultrapure
agarose was obtained from Gibco BRL. Urea was from ICN. Sodium
dodecyl sulfate (SDS, BioRad) was of electrophoresis grade. [Ru-
(phen)dppz]ChL was prepared as described previodsliistone I11-S
from calf thymus was obtained from Sigma. pUC19 plasmid was from
New England Biolabs. Proteinase K, sonicated calf thymus DNA (CT
DNA), poly(dG-dC), and poly(dA-dT) were purchased from Amersham

fraction cross-linked= [A(0) — A(t)]/A(0) 1)
whereA(0) is the absorbance of the unirradiated control sample and
A(t) is the absorbance of a sample irradiated for time

Filter Binding Assay. This assay is based on the preferential binding
of protein to nitrocellulose membranes. Irradiated samples were adjusted
to a final concentration of 1.5 M NaCl/0.5 M urea and vortexed for 10
s. The samples (200L) were then passed through a nitrocellulose
membrane filter (Millipore type HA, 2.5 cm), prewetted with water,
by means of a vacuum sampling manifold (Millipore model 1225). The
filters were washed twice with 1.5 M NaCl/0.5 M urea (300). The
amount of free DNA passed by the membrane was measured by means
of UV-spectroscopy, and the fraction of DN#rotein cross-linking
was determined by eq 1.

SDS-PAGE. An aliquot of the irradiated sample was mixed with
H.O and a loading buffer (NUPAGE LDS sample buffer, Novex) to
give a sample containing 24/mL protein. The samples (Li&/well)
were then analyzed by electrophoresis through a 10% polyacrylamide

Pharmacia. The average lengths of the DNA polymers, as reported bygel (Novex), with a running buffer of 50 mM Tris-MOPS, 1 mM EDTA,

the manufacturer, were3000 base pairs (bp) for CT DNA;750 bp

for poly(dG-dC), and~1000 bp for poly(dA-dT). Prior to use, solutions

of DNA polymers were exchanged into a buffer of 10 mM sodium
phosphate (NaPi), 20 mM NaCl (pH 7) via multiple rounds of
ultrafiltration using Centricon 30 microconcentrators (Amicon). Stock
solutions were prepared utilizing the following extinction coefficients:
€276 = 0.460 mMt cmt for RU(NH)e®", €240 = 21.0 mM* cm? for
Ru(phen)dppZ*, €257 = 20.7 mM* cm~! for methyl viologen 260 =

6.60 mM cm* for calf thymus and pUC19 DNAgzs2 = 6.60 mM*

cm* for Poly(dA-dT), andezss = 8.40 mM* cm? for Poly(dG-dC);
concentrations of DNA are given in nucleotides (nuc). Cog)¥El;

and histone were quantified by weight. Because the cobalt complex
slowly decomposes in solution, fresh solutions were made prior to each
set of experiments.

Preparation of Oligonucleotides. Oligonucleotide strands were
synthesized on an ABI DNA/RNA synthesizer. Following initial
purification by an oligo purification cartridge (OPC, Applied Biosys-
tems) or by reversed-phase HPLC in the trityl-on form, the strands
were then purified to homogeneity by reversed-phase HPLC in the trityl-
off form. Oligonucleotide duplex was formed by heating a solution
containing the strands in a 1:1 ratio to 9D, followed by slow cooling
over several hours to room temperature.

Sample Irradiation. Samples (46100 uL) containing Ru-
(phen)dppZ* (10uM), quencher (10@M), DNA (1 mM nucleotides),
and histone (25@g/mL type IlI-S protein) in an aerated buffer of 10
mM NaPi and 20 mM NaCl (pH 7) were prepared. DNA was added

0.1% SDS, pH 7.7 (Novex). At the completion of the run, the gel was
fixed with a 4:5:1 water:methanol:acetic acid solution (Novex) and then
stained with Coomassie dye (Colloidal Blue Kit, Novex). Images of
the gels were obtained using a 1IS-1000 CCD camera (Alpha Innotech)
or an HP 4C scanner (Hewlett-Packard), and were digitized using UN-
SCAN IT software (Silk Scientific). When large DNAs were used,
cross-linked material was unable to enter the gel, even at polyacrylamide
concentrations as low as 3%. Thus, to ensure that the cross-linked
material could enter the gel, this experiment was carried out with a
20-mer oligonucleotide duplex comprised dfGCAATCGTGCG-
TAGCAGAGC-3 and its complement.

Agarose Gel Electrophoresisin these experiments, pUC19 plasmid
DNA was used. Irradiated samples were diluted with buffer and
adjusted to a concentration of 1% SDS, with bromophenol blue and
xylene cyanol present as tracking dyes. Approximatelyg3f DNA
were added to each well of an 0.8% agarose gel. The gel was run at 70
V for ~3 h at room temperature, in a buffer of 45 mM Tris-borate, 1
mM EDTA, pH 8.3 (National Diagnostics), with the use of a HE99
horizontal submarine apparatus (Hoefer). The bands were visualized
by ultraviolet illumination after staining with ethidium, and images were
obtained by using a polaroid documentation device (Fotodyne) or via
an 1S-1000 imaging system (Alpha Innotech).

Photophysical Measurements.Time-resolved luminescence and
absorption measurements utilized the 480 nm outpu2(inJ/pulse,
Coumarin 480) of an excimer-pumped dye laser, as described else-
where® In titration experiments, individual samples were prepared for

last, and the samples were then kept under conditions of reduced |ight_each guencher concentration. Emission of the ruthenium lumiphore was
Irradiation was carried out using either a 1000 W Xe arc lamp or a Mmonitored at 610 nm, and the emission intensity was obtained by
1000 W Hg/Xe arc lamp as the light source. The Xe lamp beam was integrating under the luminescence decay curve. Luminescence lifetimes
passed through an infrared water filter, a dichroic mirror (4820 were obtained by fitting the decay curves to exponential functions by
nm), a long pass ultraviolet filter (GG 355), a 442 nm interference Using in-house software. Sterivolmer plots were used to obtain
filter, and a focusing lens to yield a final output at 442 nm& mWw. bimolecular quenching constantg)( according to egs 2 and 3:

Access to the Hg/Xe lamp assembly was graciously supplied by

Professor J. K. Barton; this lamp was outfitted similarly to the Xe lamp, I/l =1+ Kq\[Q] 2
except that it used a monochromator for wavelength selection and gave — K 3
a final output of 2-3 mW at 442 nm. kq = RsviTavg (©)

Chloroform Extraction Assay. In this assay, noncovalent associa- L o
wherel, = emission intensity in the absence of quencher (Qx

tions between DNA and protein are disrupted by dissociating conditions, ™ ">~ '0 7 X h . —th
and proteinaceous material is extracted from the samples with an organicEMiSSion intensity at quencher concentration [K4y = the Sterr-

solvent, leaving free DNA in the aqueous phase. Irradiated samples Y0Imer constant (obtained from plots &f!l vs [Q]) andzayg = the
were adjusted to concentrations of 1% sodium dodecyl sulfate and 1 2€rage emission lifetime in the absence of quencher.

M NaCl. The solution was vortexed vigorously for 15 s, mixed with
two volumes of chloroform:isopentyl alcohol (24:1), and vortexed again
for 30 s. The two phases were separated by centrifugation at 6000 rpm  Description of the Flash—Quench Technique The flash-

for 15 min, and the 260 nm absorbance of the aqueous phase wasyyench technique offers a simple way to produce guanine radical
measured by UV-spectroscopy, using a Hewlett-Packard HP8453 dlodeby using visible light to create a strong ground-state oxidant

Results and Discussion

(42) Amouyal, E.; Homsi, A.; Chambron, J.-C.; Sauvage, J-Ehem.
Soc., Dalton Trans199Q 841.

(43) Holmlin, R. E.; Stemp, E. D. A,; Barton, J. K. Am Chem. Soc.
1996 118 5236.
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Figure 1. DNA—protein cross-linking detected by the chloroform assay (A) and a nitrocellulose filter binding assay (B). Shown are samples
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containing Ru(pheniippZ*, Co(NHs)sCI>*, CT DNA, and histone (circles), Ru(phedppZ*, CT DNA, and histone (triangles), and Co(jk
CI?*, CT DNA, and histone (squares). Also shown (diamonds) in (A) are data for a sample treated with proteinasad{rL0for 1 h at 37°C)
prior to workup via the chloroform assay. Conditions: /20 Ru(phen)dppZ*, 100uM Co(NH3)sCI>*, 1 mM nucleotides sonicated CT DNA, and
250ug/mL type I1I-S histone in a buffer of 10 mM sodium phosphate, 20 mM sodium chloride, pH 7. Irradiation was carried out at 442515 at

mw.
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on the DNA. The potent oxidant, created in situ by oxidative

the flash—quench techniqgue were detected by using three
different methods: chloroform extraction, filter binding, and
gel electrophoresis. The chloroform extraction and filter binding
assays monitor the disappearance of free DNA, while the agarose
and polyacrylamide gel electrophoresis experiments allow one
to follow the fate of the DNA and protein, respectively.

Figure 1A shows DNA-protein cross-linking detected by the
chloroform extraction assay for samples containing Ru-
(phen}dppZ*, Co(NHs)sCI2t, histone, and CT DNA. For the
flash—quench samples containing all four reactants, the amount
of cross-linking increases smoothly as the irradiation time
increases, leveling off at85% at longer times. Over 50% of
the DNA is cross-linked to protein within 20 s, and 83% of the
DNA is cross-linked within 3 min of irradiation time. Control

quenching of a photoexcited intercalator bound to DNA, samples in which intercalator or quencher were omitted gave 5
removes an electron from guanine to make the guanine radical.ang 0.1% cross-linked at the longest irradiation times, respec-

In this method (Scheme 1), a ground-state intercaldmor,is
excited with visible light to form the excited statit , which
can then transfer an electron to quenc@erThe oxidant thus
formed, Int*, can either undergo back-electron transfer with
reduced quenche@™d or oxidize guanineG. The resulting

tively. The fact that substantial cross-linking was seen only in
samples with both intercalator and quencher is important and
suggests that cross-linking from direct photooxidation and
singlet oxygen sensitization is minimal under these conditions.
Moreover, the cross-linking requires an association between

guanine radical is depicted as the neutral deprotonated from,pNA and protein, since bovine serum albumin, an acidic protein,

Ge(-H™), because of its low,.4244This radical can either be
repaired by electron transfer fro@fed or react further to yield
permanent damage in the form®$* or aDNA—protein cross-
link. In the experiments described hetaf represents Ru-
(phen)dppZ2* and Q represents Co(NgsCIZT, MVZ™ or
Ru(NHs)s®t. Given thatE® (RU*/RU#T) = +1.6 V for Ru-
(phen)dppZ® and thatE® (GT/G) = +1.3 V2 formation of
the guanine radical by the flasiyuench technique is favorable
by ~0.3 V.

Detection of DNA—Protein Cross-Linking. For this inves-
tigation, we chose histone IlI-S, which is rich in basic residues
and makes up part of the nucleosome core partfas,a model
DNA-binding protein. DNA-protein cross-links generated with

does not exhibit cross-linking to DNA in the flaslquench
experiment’

A filter binding assay was also used to detect DNgotein
cross-links. As shown in Figure 1B, the amount of cross-linking
in the flash-quench samples increases smoothly with increasing
irradiation time. At 20 s, 30% of the DNA was cross-linked to
protein, and 75% is cross-linked within 3 min of irradiation
time. Again, control samples gave minimal amounts of cross-
linking.

Agarose gel electrophoresis of pUC19 DNA was used to
further demonstrate DNAprotein cross-linking via the flash
guench technique (Figure 2). The plasmid alone (lane 1) exhibits
two bands, corresponding to the supercoiled form and the less

(44) Because we observed only the neutral deprotonated radical form in Mobile nicked form. A marked decrease in the mobility of the

earlier flash-quench experiments (ref 16), this is the form depicted in the
scheme. However, the guanine cation radical initially produced upon
1-electron oxidation can also be hydrated to form the 8-hydroxy-7,8-
dihydroguanyl radical (see refs 8d and 13).

(45) (@) 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.

(46) Mathews, C. K.; van Holde, K. Biochemistry2nd ed.; Benjamin-
Cummings, Menlo Park, CA, 1996.

plasmid is observed when samples containing intercalator,
quencher, histone, and DNA are irradiated with 442 nm light.
As the irradiation time increases from 0 to 240 s (laneg}

the main bands of the plasmid decrease in mobility and intensity,
with considerable broadening apparent. By the longest irradiation

(47) Steryo, M.; GonZaz, A.; Mah, D. A,; Assaf, N.; Stemp, E. D. A.
Unpublished results.
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Figure 2. Cross-linking between pUC19 DNA and histone analyzed
by agarose gel electrophoresis. Lane 1: DNA only, irradiated for 60 s.
Lane 2. DNA+ Ru(phen)dppZ* + histone, irradiated for 60 s. Lane
3: DNA + Co(NHs)sCI?" + histone, irradiated for 60s. Lanes-%:
DNA + Ru(phen)dppZ*" + Co(NH)sCI?" + histone, irradiated for 0,
15, 30, 60 s, respectively. Lane 8: DNA Ru(phen)dppZ* + Co- Figure 3. Denaturing polyacrylamide gel electrophoresis of histone
(NH3)sCI2* + histone, irradiated for 60 s, and treated with proteinase following cross-linking to a DNA 20-mer duplex by the flash quench
K as in Figure 1A prior to loading. Irradiated samples were diluted technique. (A) Samples shown are as follows: lane 1, histone irradiated
with water and loading buffer, and run on a 0.8% agarose gel7a for 240 s; lane 2, histoné¢ Ru(phenjdppZ* + Co(NHs)sCI?* irradiated
V for 3 h, with ~3 ug of DNA/well. Conditions for irradiation: same  for 240 s; lane 3, DNA+ histone+ Ru(phen)dppZ* irradiated for
as in Figure 1, but with 2.7 mW 442 nm light and pUC19 DNA. 240 s; lane 4, DNA+ histone+ Co(NHs)sCI?* irradiated for 240 s:
lane 5, DNA+ histone+ Ru(phen)dppZ* + Co(NHs)sCI?* irradiated

time, the pUC19 DNA is mostly confined to a tight band near for 0 s; lane 6, DNA+ histone+ Ru(phenjdppZ* + Co(NHs)sCI**
the well. As shown in lane 8, the cross-links were between DNA irradiated for 30 s; lane 7, DNA- histone+ Ru(phenydppz™ + Co-
and protein, since a heavily cross-linked sample regained most(NH2)sCI** imadiated for 120 s; lane 8 DNA+ histone + Ru-
of its mobility upon treatment with proteinase “K.This (phen)dppZ™ + Co(NHg)sCI** irradiated for 240 s. Conditions for

o . irradiation: same as in Figure 1, but with 2.7 mW 442 nm light and a
additionally shows that the altered mobility patterns observed 20-mer dupl
. . plex (25M) as the DNA.
in lanes 5-7 were not a result of DNA decomposition, but rather
of histone-DNA cross-linking. After formation of the adduct  ise 1o measurable, although diminished, levels of cross-linking.
and digestion of the proteinaceous material, the plasmid remainsrhs is not unexpected, given that Ru(phelpp2* is also

mostly in supercoiled form but shows a slight increase in the gyenched efficiently in other less-ordered structures, such as
amount of nicked form. Control samples omitting intercalator yicelless®

(lane 2), quencher (lane 3), or light (lane 4) all resembled the  comparison of Assays Used To Detect the Cross-Links.
lane containing only plasmid; a small decrease in mobility is |, g of the assays, it was seen that increasing irradiation time

observed for the sample containing Ru(phdppZ* without increases the amount of DN#protein cross-links when both
quencher, indicating a small amount of cross-linking, presum- jntercalator and quencher are present with DNA and histone.
ably induced by singlet oxygeti:*® _ _ When compared to the chloroform extraction assay, the filter
We also followed the fate of the histone protein by gel pinding assay appears to be less sensitive in detecting-DNA
electrophoresis. Figure 3 shows the results of a Bigfotein  rotein cross-links, as seen also by Mandel et al., who used

cross-linking experiment with a 20-mer oligonucleotide duplex, these assays to detect DNAistone cross-linking induced by
comprising 5GCAATCGTGCGTAGCAGAGC-3 and its UV light.332The chloroform extraction and filter binding assays
cpmplemgntary strand. Irradla'Fed samples of 20-mer duplex andpaye the advantages of being quick and quantitative, but do
histone, in the presence of |nt§rcalator and quencher, werent permit the direct observation of the cross-linked material.
analyzed by SDS-PAGE on a 10% polyacrylamide gel. Without |, contrast, the gel electrophoresis experiments allow one to
irradiation, the histone runs primarily as a double band (lane to)10w the disappearance of free DNA or protein and its
5). As the irradiation time increases, the in'gensity of the doublg appearance as cross-linked material. During these experiments,
band decreases, and other broad bands with decreased mobilityt hecame apparent that the cross-linked material was reluctant
appear (lanes-68). The control samples in lanes 4, irradiated to enter the gel matrix, possibly as a result of reduced solubility.
for 4 min, are all very similar. These results confirm that both  gjmilar observations were made by Gebicki and Gebicki, who
intercalator and quencher are required for the cross-linking foung that cross-linking experiments between plasmid DNA and
reaction. Use of the single-stranded oligonucleotides also gavepjsione protein failed to produce material detectable by agarose

(48) Itis not surprising that a full restoration of mobility is not observed, g€l electrophoresi$.
since the protease will likely leave a peptide fragment on the DNA, owing Requirement of Guanine for Cross-Linking. To confirm

to steric restraints. that guanine bases are necessary for cross-linking, we examined

(49) The metal-to-ligand charge-transfer excited states of Ru(jaipgd™ S . I, .
and other ruthenium polypyridyl complexes, which have considerable triplet the cross-linking as function of DNA composition. Figura 4

character, can damage guanine by a type Il mechanism, i.e., production ofshows cross-linking profiles for poly(dA-dT), poly(dG-dC), and
singlet oxygen. The involvement of singlet oxygen is indicated by an calf thymus DNA, using Co(NB)sCI?* as the quencher. As

enhancement of damage in the presence .[5ee refs 16 and 17, and: . .
(a) Mei, H.-Y.; Barton,Jq KJ. Am. Chern. S04986 108 7414. (b) Barton,  ©XPected, the polymer lacking guanine bases undergoes only

J. K.; Goldberg, J. M.; Kumar, C. \d. Am. Chem. Sod.98§ 108 2081. minimal cross-linking, whereas both poly(dG-dC) and CT DNA
(c) Jenkins, Y. C. Ph.D. Thesis, California Institute of Technology, 1996. show substantial cross-linking. Clearly, cross-linking requires
The yield for damage of guanine bases fréda via DNA-bound Ru(phen)
dppZ* is very small, and thus observed only at much longer irradiation (50) Arkin, M. R.; Stemp, E. D. A;; Turro, C.; Turro, N.; Barton, J. K.
times than are used in the cross-linking experiments. J. Am. Chem. S0d.996 118 2267.
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Figure 4. Dependence of cross-linking (A) and emission quenching (B) upon DNA composition. Shown are data for CT DNA(circles), poly(dG-
dC) (squares) and poly(dA-dT) (triangles). The fraction of cross-linked DNA was determined by the chloroform extraction assay. The emission
data are plotted als/l vs [quencher], wheré is the emission intensity and is the emission intensity in the absence of quencher. The lines are
linear fits to the data, and the slopes represent the Stéoimer constantsKsy). The excitation wavelength was 480 nm (2.4 mJ/pulse), and
emission was monitored at 610 nm. Conditions: @M Ru(phen)dppZ*, 100uM Co(NHz)sCI>*, 1 mM nucleotides DNA, and 250g/mL type

I1I-S histone in a buffer of 10 mM sodium phosphate, 20 mM sodium chloride, pH 7.

Table 1: Quenching Parameters for DNA-bound Ru(phdppZ*

@ Q= Co(NH;)sCI?*, -histone
Ksv kq Tavg 7F | O  Q=Co(NH,)sCI?, +histone [ ]
DNA quencher  histong10° M~%)2 (1° M~1s )P (nsf A Q=MVZ - histone
CT CO(N H3)5C|2+ + 1.8 7.8 231 A Q=MV? +histone
CT MV2* + 2.1 9.1 231 B Q=Ru(NHy)*, - histone
CT RuU(NH)&t + 27 120 231 STl O @=RuiNHyE, +histone
CT Co(NH)sCIP™ — 1.9 9.5 201 =
CT MV 2+ - 4.7 23 201
CT RuU(NH)e3" - 29 140 201 3
poly(dA-dT) Co(NH)sCI?+  + 0.79 37 211
poly(dG-dC) Co(NH)sCI>+ + 2.7 11 238
poly(dG-dC) M2+ + 4.3 18 238 N
poly(dG-dC) Ru(NH)s*" + 30 130 238 1r
a Stern-Volmer constants were obtained from linear fitd ¢ plots . P 00 150 200
of the quenching data, whefre= emission intensity anth = emission quencher (uM)

intensity in the absence of quench&Quenching constants were ) o N
obtained fromk, = Ksv/7ars Whereray s the average weighted lifetime Figure 5. Emission quenching titrations of DNA-bound Ru(pheppZ*

of the unquenched emission. Individual emission lifetimes were de- in the presence (open symbols) and absence (filled symbols) of histone.

termined from fits of the decay curves lt) = I(t = 0) [f exp (~t/11) Shown are data for Co(N§$CI?* (circles), MV#* (triangles), and Ru-

+ (1 — f) exp (t/r2)]. Uncertainties in lifetimes are estimated to be  (NH3)s®" (squares). The analysis of the emission data was the same as
~10%.° The lifetimes used to calculatg,gare: with CT DNA,71 = in Figure 4. Conditions: 1M Ru(phen)dppZ*, 1 mM sonicated

122 ns (83%) and> = 590 ns (17%); with CT DNA and histone,  CT DNA, and either 0 or 25@g/mL type III-S histone in a buffer of

71 = 108 ns (73%) and, = 562 ns (27%); with poly(dA-dT)7, = 10 mM sodium phosphate, 20 mM sodium chloride, pH 7.

122 ns (84%) and, = 680 ns (16%); with poly(dG-dC), = 238 ns,
as the unquenched emission was adequately described by a single- . .
exponential decay. that it is only 42% GC and has a smaller quenching constant.

This observation may reflect the greater localization of the
guanine bases, as expected for a reaction involving guanineguanine radical in the natural DNA. If one considers the electron
radical as an intermediate. hole in terms of the polaron model of Schustethe energy of

In a recent repoft the quenching of intercalated Ru- the polaron would certainly vary less in poly(dG-dC), which
(phen)dppZ* by Ru(NHy)e3* was shown to rely on composi-  Should facilitate hopping. In contrast, the sequence heterogeneity
tion, with more efficient quenching by the groove-bound of the CT DNA should better localize the radical by providing
acceptor seen in poly(dG-dC) than in poly(dA-dT). Hence, one lOW-energy sites such as GG or GGG, known to be especially
might consider whether the observed difference in cross-linking Susceptible to damagé>*Given the slow nature of the cross-
is simply a result of the less efficient quenching in the AT linking reaction (vide infra), this decrease in polaron-hopping
polymer, since luminescence quenching titrations of Ru- efficiency would probably lead to more efficient cross-linking.
(phen)dppZ*+ with Co(NHs)sCI2+ show a similar trend with Quenching Titrations. To determine whether the quenchers
DNA composition (Figure 4B). However, this difference in function efficiently in the presence of histone on DNA,
quenching does not account for the lack of reactivity in the AT lUminescence quenching fitrations were carried out by means
polymer, since the quenching constant in CT DNA, where qf t|me.-resolved emgssmn gpectroscopy. Figure 5 shows titra-
considerable cross-linking is observed, is orB.5 times greater  tions with Co(NH)sCI**, MV2*, and Ru(NH)** of Ru(phen;-
than for poly(dA-dT) (Table l).. Indeed, it is interesting Fhat (52) Henderson, P. T.; Jones, D.; Hampikan, G.; Kan, Y. Z.; Schuster,
the CT DNA shows more cross-linking than poly(dG-dC), given G. B. Proc. Natl. Acad. Sci. U.S.A4999 96, 8353.

(53) (a) Sugiyama, H.; Saito, J. Am. Chem. S0d.996 118 7063. (b)

(51) Stemp, E. D. A,; Holmlin, R. E.; Barton, J. kaorg. Chim. Acta Ly, D.; Kan, Y. Z.; Armitage, B.; Schuster, G. B. Am. Chem. S0d996
200Q 297, 88. 118 8747.
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Figure 6. Correlation between cross-linking and quenching. The
fraction cross-linked (triangles) and fraction quenched (circles) were

determined as a function of quencher concentration, and are plotted a:
f/fmax, Where the fraction of quenching/cross-linking has been normalized

to the maximal fraction observed. The fraction cross-linked was
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by the flash-quench technique has been shown to be modulated
by the choice of quenchéf,the dependence of cross-linking
yield upon quencher identity was examined. Figure 7A shows
the dependence of DNAprotein cross-linking upon quencher
with calf thymus DNA. Using Co(NB)sCI?™ as the quencher,
~70% of the DNA is cross-linked to protein within 10 s and
~90% within 3 min of irradiation time. When M is used as
the quencher, DNAprotein cross-links formed more slowly;
only 40% is cross-linked at 10 s, and only 70% is cross-linked
at 3 min. Samples with Ru(Ng&3+ as quencher gave signifi-
cantly less cross-linking, with less than 4% of the DNA cross-
linked to protein within 10 s and only20% within 3 min of
irradiation time. Similar results were obtained with poly(dG-
dC), as seen in Figure 7B. Thus, the yield of DNprotein
cross-linking decreases in the order Co@yal?+ > MV 2+ >
Ru(NHz)e®", mirroring earlier results correlating the amount of

&uanine damage as a function of quencher.

To understand this trend with quencher, one must consider
the reactions that follow the quenching event. While the

determined by the chloroform extraction assay for samples irradiated quenching efficiency decreases in the order RufhH >

for 30 s with 442 nm light (2.5 mW). Conditions: 160M Ru-
(phen)dppZ*, 100 uM Co(NH3)sCI>*, 1 mM nucleotides sonicated
CT DNA, and 250ug/mL type IlI-S histone in a buffer of 10 mM
sodium phosphate, 20 mM sodium chloride, pH 7.

dppZ* bound to calf thymus DNA in the presence of histone.
For all three quenchers, plots bfl vs [quencher] are linear,
and linear regression yields Sterolmer constantsKsy) of
18 x 10 M1 2.1 x 1 ML, and 2.7x 10* M1 for
Co(NHz)sCI?t, MV2t, and Ru(NH)et, respectively (Table 1).

MV 2+t > Co(NHs)sCI?H, the opposite is observed for the cross-
linking reaction. Thus, to identify the quencher that is most
effective in cross-link generation, the amount of quenching is
not the determining factor. Instead, the trend in cross-linking
corresponds well with the lifetime of the guanine radical
expected from the reactivity of the reduced quencher with the
radical®® Although Ru(NH)e*" quenches the most, it gives the
least damage because of the efficient reaction between Ru-
(NH3)¢>t and the guanine radical. MV does not quench as

The decrease in emission intensity tracks well with the decreaseWell as Ru(NH)e**, but more guanine damage is observed

in emission lifetimes (data not shown), indicating that the

because reaction of MV with guanine radical is less efficient;

quenching process is dynamic, that is, that it occurs on the timethe methyl viologen cation reacts with @ produce superoxide,
scale of the measurement. The quenching efficiency decrease§2,°® which reacts more slowly with the anionic DNA to

in the order RU(NH)e>" > MV2+ = Co(NHs)sCI?*, in agree-
ment with earlier results using oligonucleotide duple¥es.
Converting the SteraVolmer constants to quenching constants
by dividing by the average emission lifetime, one obtdins
78x10°M1s191x 10°M1s ! and 1.2x 10" M 1st

for Co(NHs)sCI2T, MV2*, and Ru(NH)6®t, respectively. These
values indicate efficient quenching of the DNA-bound metal-
lointercalato®* When the titrations are carried out in absence
of histone, the values d{sv andky are somewhat higher, but

regenerate the guanine b&3gAlthough it is the least efficient
guencher, Co(Ng)sCI?™ is the most efficient at producing
damage at G. A sacrificial quencher, Co(NsCI2" rapidly
decomposes to Co@d)s>" upon reduction of the metal center
to the labile d configuration3” preventing further reaction.
Evidence for a Redox Quenching Mechanism.Using
emission and transient absorption spectroscopies, the quenching
of Ru(phen)dppZ" by MV2+ was shown to occur via electron
transfer. The appearance of the electron-transfer intermediate

comparable to those obtained in the presence of histone; thewas monitored at 373 nm, a wavelength near the”*Ru Ru?+

organic acceptor methyl viologen shows the largest difference.

and RE" — RUZ" isosbestic points for the metal complex, so

Thus, under these conditions, the histone does not deny accesas to minimize any potential interference from excited state or

of the intercalator to the quencher.
Correlation between Quenching and Cross-Linking.To

Ru(lll) intercalator. With poly(dG-dC), the quenching of *Ru-
(phen}dppZ* by MV2" results in a positive signal at 373 nm

demonstrate that the quenching leads to cross-linking, the (Figure 8A). This 373 nm signal rises on the same time scale

amount of quenching was compared with the amount of cross-

linking at various concentrations of Co(NJsCI2". The quench-
ing and the cross-linking profiles (Figure 6) clearly show a

as the emission of *Ru(phenlppZ" decays, indicating that the
intermediate is a product of the quenching.

The absorbance difference spectrum of the long-lived signal

similar dependence upon quencher concentration. Given thatwas generated (Figure 8B, circles), with the amplitude at various
previous work has demonstrated that the amount of emissionwavelengths determined from fits of the long-lived portion of

quenching also tracks well with the amount of guanine dam-
agel’ the correlation between quenching and cross-linking

the signal to an exponential function. The spectrum closely
resembles that reported for MV, with maxima at~395 nm

supports the hypothesis that oxidative damage to guanine, causegind ~610 nm®8 confirming that M\2* quenches *Ru(pheg)

by the flash-quench technique, results in the formation of
DNA—protein adducts.
Dependence of Cross-Linking Yield upon QuencherSince

dppZ" by electron transfer. It is noteworthy that the difference
spectrum is positive in the 466600 nm region. The metal-to-

the amount of permanent damage generated at guanine bases (55) All of these quenchers typically function as 1-electron acceptors.

(54) Indeed the quenching here is more efficient than for oligonucleotide

Thus, the regeneration of guanine from the neutral guanine radical is likely
to involve a 1-electron reduction, followed by protonation of the resulting

duplexes in the absence of histone. This can be attributed to the fact thatguanine anion. Guanine has Ejof 9.5 (See ref 2b).

the quenching process, which requires diffusion of the quencher to the

metallointercalator along the DNA, is more efficient for longer strands of
DNA.

(56) Atherton, S. J.; Beaumont, P. €. Phys. Chem1987 91, 3993.
(57) Simic, M; Lilie, J.J. Am. Chem. Sod 974 96, 291.
(58) Watanabe, T.; Honda, K. Phys. Chem1982 86, 2617.
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Figure 7. Dependence of DNAprotein cross-linking yield upon quencher, for calf thymus DNA (A) and poly(dG-dC) (B). Shown are data for
samples employing Co(NgCI?* (triangles), MV?* (squares) or Ru(Ng)s*" (circles) as quencher. Conditions: A8 Ru(phen)dppZ*, 100uM
guencher, 1 mM DNA, and 250g/mL type IlI-S histone, in a buffer of 10 mM sodium phosphate, 20 mM sodium chloride, pH 7. Irradiation was
carried out at 442 nnm~5.5 mW), and DNA-protein cross-links were detected using the chloroform extraction assay.
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Figure 8. Detection by transient absorption spectroscopy of the intermediate formed upon quenching photoexcited Rpfateim) poly(dG-
dC). (A) With methyl viologen as quencher, this plot shows the rise of the absorbance signal at 373 nm, overlaid with the emission decay signal
for *Ru(phen)dppZ* at 610 nm. Both signals were normalized to the largest data value; the absorbance diffasneale for the 373 nm
signal was~0.02 before normalization. (B) Spectra of long-lived transients produced when Rufites) bound to poly(dG-dC) is quenched
with methyl viologen (M\Z*, circles) or Ru(NH)e®* (triangles). Inset: The spectrum of the transient produced by Rg)gXiHjuenching is shown
on an expanded scale; this spectrum is adapted from ref 16 and closely resembles that of the neutral guanine radicAAreéldas were
obtained from the raw data traces by fitting the data atz(*Ru(phen}dppZ™) to an exponential function and extrapolating the fit back to time
zero. For the spectrum of the guanine radiged values were then converted A& values by assumingezes = 2.3 x 108 M~ cm? (ref 4a). For
the spectrum of the intermediate produced byquenching, absorbance difference values were convertdd v@alues using\ezgs = 4.4 x 10*
M~ cm™ for the methyl viologen intermediate, as would be expected for an intermediate comprisitig(Mdes = 4.2 x 10* M~cm2, ref 57)
andAezgs = 2 x 10° M~ cm™? for the guanine radical. Conditions: 480 nm excitation (2 mJ/pulse)N@Ru(phen)dppZ*, 200uM MV 2*, 2
mM nuc poly(dG-dC), in a buffer of 10 mM sodium phosphate, 20 mM sodium chloride, pH 7.

ligand charge transfer (MLCT) band of ruthenium polypyridyl radical with M\2* as quencher, because the spectrum is
complexes absorbs strongly in this range, so that th& Ru dominated by the MV" chromophore. However, at310 nm,
RW* spectrum shows a negative absorbance there. Thus, awhere the MVt — MV 2" spectrum has an isosbestic péint
~450 nm, where the MY spectrum is nearly zero, and the and the guanine radical shows a positive absorb&htee
MLCT absorbance of Ru(phemppZ" is near a maximum, one  spectrum (Figure 8B) remains positive, consistent with the
would expect a large negative signal if Ru(lll) were pre$é€nt. presence of the guanine radical as the other absorbing species.
The fact that Ru(lll) is not observed reflects the fact that, as  Transient Absorption Measurements of the Guanine
observed with Ru(Np)e** as quencher, the oxidized metal- Radical Decay as a Function of QuencherThe observed
lointercalator is rapidly reduced by a guanine base. With Ru- dependence of cross-linking yield upon quencher thus provides
(NH3)¢*™ as quencher, the resulting intermediate in poly(dG- information about the kinetics of the cross-linking reaction.
dC) has the spectrum of the neutral guanine radical (Figure 8B, Using transient absorption spectroscopy, we monitored the 373
triangles and Figure 8B, inset), with broad maxima near 390 nm signal for the guanine radical in poly(dG-d@)produced
and 550 nnif It is difficult to obtain direct evidence for guanine by quenching photoexcited Ru(phetppZ+ with Ru(NHs)e*

59) With poly(@A-dT), The qusnching of RUGhadin®™ by Ve or Co(NH)sCI2T, Upo_n photogxcitation, the rise of the 37§ nm
gives rise to g n)&/agative s'ignal qat 440 nr?l and popsitive gignal}s/aas nm signal occurs concomitantly with the decay of *Ru(phappz”,

and ~610 nm, consistent with formation of a Ru(phgippZ/MV indicating that the quenching reaction is rate-limiting in the
intermediate. formation of the guanine radical in poly(dG-d&®)As shown
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Figure 9. Transient absorption measurements of the guanine radical
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data and the average size of a sonicated calf thymus DNA
molecule (~3000 bp), the average number of cross-links/DNA
molecule was estimated to be68; this number corresponds to
one protein per 44 base pairs of DNA. Thus, while the guanine
radical can also form other produtter undergo repair by
oxidizing the proteirf! DNA—protein cross-linking appears to
be a significant reaction pathway.

Decay Pathways of the Guanine RadicalThe 1-electron
oxidation of guanine leads initially to the guanine cation
radical?® In the nucleoside form, the guanine cation radical
rapidly deprotonates in solution, even when froé€Because
we observed only the neutral form in poly(dG-dC) by transient
absorption spectroscop§and because the cross-linking reaction
appears to be slow relative to deprotonation (vide supra), it is
reasonable to suggest that cross-linking occurs primarily via the
| neutral radical rather than the cation radical. However, there is

Shown are long-lived transients at 373 nm formed upon quenching of SOMe evidence to suggest that the guanine cation radical may
photoexcited Ru(phemppz* with Ru(NHs)6*" or Co(NH)sCI2* in persist in DNA% In a model system for lysireguanine cross-
poly(dG-dC). Inset: Same as above, except that histone was preseniinking, Morin and Cadet observed two different adducts upon
at a concentration of 25@y/mL. Samples containing histone transmitted photooxidation in aqueous solution, which they attributed to
much less probe light, likely owing to scattering, resulting in a decreased the two forms of the guanine radicEP Thus, DNA—protein
signal-to-noise ratio. Conditions: 480 nm excitation (2.6 mJ/pulse), cross-linking via attack of the guanine cation radical cannot be

20 uM Ru(phen)dppZ*, 2 mM nuc poly(dG-dC), and either 200V
Ru(NHs)s*" or 500uM Co(NHz)sCI?*, in a buffer of 10 mM sodium
phosphate, 20 mM sodium chloride, pH 7.

in Figure 9, the guanine radical is efficiently reduced by Ru-
(NH3)e2", with only a small fraction of signal persisting beyond
100 us. In contrast, when the sacrificial quencher CogkH
CI?* is used, the signal does not decay appreciably in the 500
us time window, and persists well into the millisecond regime.

Moreover, the presence of the histone does not appear to affec

the kinetics of guanine radical reduction, as similar signals were
observed (Figure 9, inset); this result is consistent with the fact

that the histone does not influence the quenching reaction mucht

either, and suggests that the cross-linking reaction is slow
relative to the time scale of the measurement. Given that only
a small amount of cross-linking is observed with Ru@Wi"

as quencher, the time required for cross-linking must be longer
than that required for reaction of Ru(Nf#" with guanine
radical, that is;~100us. With the sacrificial quencher Co(NJ4

CI?*, the guanine radical has a much longer lifetime, and more
cross-linking is observed. These results illustrate one clear
advantage of the flashgquench approach, the production of a
long-lived guanine radical for which the lifetime can be tuned.
This permits the observation of both the permanent adducts
resulting from guanine oxidation and of the guanine radical
intermediate, making the flastguench technique a powerful
tool for determining the fates of the guanine radical.

Cross-Link Density. To estimate the density of cross-linked
protein on the DNA, we carried out a flasiquench experiment,
irradiating a sample of CT DNA, histone, Ru(phgipp2* and
Co(NHg)sCI?* with 442 nm light (6.2 mW). Image analysis of
the protein bands from an SDS-PAGE experiment yielded the
amount of free histone lost to cross-linking, while the chloroform
extraction assay was used to obtain the fraction of cross-linked
DNA. For a 2 min irradiation time, 63% of the free protein
was lost, and 92% of the DNA was cross-linked. From these

(60) Since the quenchers have different quenching efficiencies, the rise
time of the electron-transfer intermediate, i.e., guanine radical and reduced
quencher, varies somewhat with the quencher. It is fastest with R{)§NH
as quencher and slower with methyl viologen (Figure 8A) and the cobalt
complex. The rate constant for oxidation of G by Ru(pheéppZ* is not
known, but from measurement with Ru(Mkf* as quencher, a lower limit
of 2 x 10" s! has been estimated (see ref 16).

i

ruled out.

Nature of the Cross-Link. While the proteinase K experi-
ments clearly indicate that protein is the species cross-linked
to DNA, the amino acids participating in the cross-linking
reaction have not been determined. The work of Morin and
Cadet83°suggests that possibilities include Ser, Thr, Lys, and
Arg, with Lys a particularly likely candidate since the histone
is a lysine-rich protein. They have shown that 1-electron
oxidized guanine is susceptible to attack at C8, a position
accessible to agents binding in the major groove of DNA, as is
the case for many DNA-binding proteifs.Using a 2-
deoxyguanosine model compound containing-arBino group,
hey found that this amine nucleophile attacks C8 of the radical
to form a cyclic nucleosidé®@This adduct is analogous to that
which would be formed with amino side chains of proteins,
such as Lys. Indeed, upon tethering a lysine residue from the
5' position of 2-deoxyguanosine, they again observed cross-
linking to C8 of the guanine base following type | photo-
oxidation3%° Two adducts were characterized, one arising from
the cation radical and the other from the neutral radical.
Moreover, type | photooxidation of an acetylatéed2oxygua-
nosine leads to addition of methanol at C8, possibly via a
guanine radical intermediate formed upon addition pt@the
neutral radicaf’ For both nucleophiles, further reactions involv-
ing H20 lead to the final product. In the case of DNAistone
cross-linking described here, it is not clear whether the solvent
accessibility of the modified guanine bases will be sufficient
for such reactions to occur; thus, the final products could be
different. Investigations of the structure of the lesions, and the
effects of Q thereon, are underway.

(61) (a) Cullis, P. M.; Jones, G. D. D.; Symons, M. C. R.; Lea, J. S.
Nature 1987, 330, 773. (b) Stemp, E. D. A.; Barton, J. K., submitted for
publication. (c) Wagenknecht, H.-A.; Stemp, E. D. A.; Barton, J. XK.,
Am. Chem. So@00Q 122, 1. (d) Transfer of the electron hole from guanine
to protein may produce reactive intermediates on the protein that could
participate in cross-linking reactions. We are investigating this possibility.

(62) (a) Ravkin, B.; Herak, J. N.; Voit, K.; Htermann, J.Radiat.
Environ. Biophys.1987 26, 1. (b) Hole, E. O.; Nelson, W. H.; Close, D.
M.; Sagstuen, EJ. Chem. Phys1987, 86, 5218.

(63) Two of the competing pathways for decay of the guanine cation
radical are deprotonation and hydration. Formation of 8-oxo-G, which
proceeds via hydration of the cation radical, is greatly enhanced when the
guanine is in DNA rather than in solution as a free nucleoside. Hydration
apparently competes more favorably with deprotonation once the guanine
base is part of the DNA polymer. See refs 8d, 13 and 37.
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Recently, Hickerson et al. reported cross-linking of MutY to flash—quench approach also generates Dipkotein cross-
DNA via oxidation of 8-o0xo-G with KIrCls.2* The cross-link links, as observed in assays monitoring both the DNA and the
formed between the amino group of Lys 142 and C5 of the protein. Guanine is required for the reaction, as is the presence
8-0x0-G. In earlier experiments using the flagfuench tech- of both the intercalator, Ru(phedppZ*, and the quencher.
nique, 8-oxo-G was detected as a product when *Ru(ptheof ™ Moreover, the fact that neither the intercalator nor the quencher
was oxidized with Ru(Nk)¢*", and thus DNA-protein cross- alone cause cross-linking indicates that neither direct photo-
linking via oxidation of 8-0xo-G could occur. However, reaction oxidation nor singlet oxygen sensitization occur to a significant
of protein with the guanine radical rather than an 8-oxo-G radical extent. All of these results are consistent with cross-link
seems more likely, given that cross-linking is observed under formation via guanine oxidation by the flasquench technique.
irradiation conditions that produced single-hit conditions in gel o _
electrophoresis experiments used to quantify guanine dam-!mplications and Conclusions
age164 Here, we have demonstrated for the first time that the

Some other ruthenium(ll) polypyridyl complexes actually formation of electron holes on guanine bases causes -DNA
participate in cross-linking reactions with DNAHowever, we  protein cross-linking. Given that cellular DNA is intimately
do not anticipate a ruthenium-containing cross-link, since the associated with proteins and incurs hundreds of oxidative hits
metal complex does not possess easily displaced lig&hds,  each day®® such adducts are likely to be a major form of
nor does it directly photooxidize the DN%®&2 the oxidized DNA damage?! This damage appears to be particularly
intercalator returning to its stable Ru(ll) ground state after important in view of recent findings pertaining to the status of
oxidation of guanine. Indeed, because of the mobility of the histone acetylation/deacetylation processes, which play a key
guanine radical in DNA, the protein need not be near the binding role in transcriptional viabilit$? While cells do repair DNA-
site of the intercalator. If such a requirement did exist, then the protein cross-links, there is a scarcity of knowledge regarding
quenching would likely be far less efficient because of competi- the structure of the lesions and their repair, in part because cross-
tive binding of protein and metal complex to the DNA. Thus, linking methods typically generate a plethora of products. As a
the chemistry involved in the flastquench reaction, as well  route to selective oxidation of guanine bases in DNA, the flash
as the efficiency of quenching and cross-linking observed, is quench technique should elucidate an understanding of these
not consistent with a metal-containing cross-link. guanine-containing adducts at the molecular level.
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