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Redox Pathways in DNA Oxidation: Kinetic Studies of Guanine and Sugar Oxidation by
Para-Substituted Derivatives of Oxoruthenium(IV)
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The oxidation of nucleotides and DNA by a series of complexes based on Ru(tpy)&i)Qvas investigated

(tpy = 2,2:6',2"-terpyridine; bpy= 2,2-bipyridine). These complexes were substituted with electron-donating

or -withdrawing substituents in the para positions of the polypyridyl ligands so that the oxidation potentials of the
complexes were affected but the reaction trajectory of the oxo ligand with DNA was the same throughout the
series. The prepared complexes were (VEi(Ill/11) and Ei»(IV/11I) values in volts versus Ag/AgCl) Ru(4
EtO-tpy)(bpy)CG™ (2; 0.47, 0.60), Ru(4Cl-tpy)(bpy)G* (3; 0.55, 0.63), Ru(tpy)(4,4Ve,-bpy) P+ (4; 0.48, 0.62),

and Ru(tpy)(4,4Cly-bpy)C** (5; 0.58, 0.63). The complexes oxidized deoxycytosihenbnophosphate at the

sugar moiety K = 0.24-0.47 M~! s71) and guanosine'&monophosphate at the base moigty« 6.1-15 M1

s71). The rate constants increase across these ranges in theorder- 4 > 2, which is the same order as the

redox potentials of the complexes. The effect of the base on these reactions was also studied, and xanthine was
found to react withl much faster than guanine while hypoxanthine was less reactive than the sugar moiety. The
complexes all oxidized oligonucleotides to generate base-labile lesions at guanine and a combination of spontaneous
and base-labile scission at the sugar functionalities. The selectivity of cleavage in duplex and single-stranded
DNA was not a strong function of the substituents on the metal complex.

Introduction ways!? The first involves oxidation of the'IC—H bond to
generate a combination of spontaneous and base-labile scission

Oxidizing metal complexes that damage DNA have been according té?

studied intensively: 2 The details of investigation in this field
are in a mature state where detection of products and analysisz, o B

of single sites of reaction by high-resolution electrophoresis are —\S—7<H v . o +B
common?~6 This level of mechanistic detail has provided insight OTRUPVIERY =" \_/" " \,0-Rutpy)bopy®*
into the general mechanisms by which nucleic acids are damaged RO )
by radiation, natural mutagens, and chemotherapeutic atfefits.

Among the many systems characterized in this manner are \ye have detected the 5-methylenefuranone product and
oxomanganese porphyrifgxochromium complexes, high- shown by isotopic labeling that a majority of the ketone oxygen
valent nickel species and oxidizing excited states based on s gerived from the oxo ligand of the ruthenium compléXhe
polypyridyl complexes of rhodium(lIf).We have studied the  parajiel guanine oxidation pathway is less well characterized,
DNA oxidation chemistry of complexes based on Ru(tpy)(PPY)- but produces alkali-labile scission with significantly greater
O*" (bpy = 2,2-bipyridine; tpy = 2,2:6',2"-terpyridine)*** efficiency than the sugar oxidation pathwdBecause the sugar
which have the advantages that the redox kinetics can beoyigation pathway is attenuated by polar substituents on'the 2
followed independently by optical spectroscopy and that au- position, only guanine oxidation is observed in RNA where there
thent|_c samples of the oxidizing form can be prepared and j5 5 2.0H group®? In addition, we have shown that the guanine
quantitated. _ oxidation reaction is more sensitive to the secondary structure,
In previous studies, we have shown that complexes basedand there is a high selectivity for guanines in single-stranded
on Ru(tpy)(bpy)@" oxidize DNA via two competing path-  regions, such as loops and bulges, in nucleic acids of complex
structures3 For example, the simple Ru(tpy)(bpyjOcomplex
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Electrochemistry. Cyclic voltammetry was carried out on a PAR
Model 273A potentiostat scanning from 100 to 900 mV at 20 mV/s
using a glassy carbon working electrode and Ag/AgCl reference and
Pt wire counter. Solutions of the RuG¥ form were made by
dissolving a small amount of RuQH in 50 mM sodium phosphate
buffer, pH 7.8. The concentration of ruthenium was determined using
the extinction coefficient at the maximum of the MLCT band at around
480 nm. Values o, were determined from averages of the peak
potentials or by fitting to two redox couples with the COOL algorithm;
experimentally identical values were determined by either method.

Spectroscopy. Spectroelectrochemistry was carried out on the
RuOH?* complexes to determine the spectra of the three oxidation

Compound X Y states. A three-compartment cell with a quartz-tiis cell attached
to the middle cell was used. Slow cyclic voltammagrams were
1 H H performed on a PAR Model 273A potentiostat scanning from 0.200 to
2 CH,CH,0 H 0.900 V (vs Ag/AgCl) at 0.1 mV/s using a vitreous carbon working
3 al H electrode (middle compartment) and a platinum counter electrode (left
compartment) in 50 mM sodium phosphate buffer (pH 7.1), resulting
4 H CH, in a net bulk electrolysis. Visible spectra (34510 nm) were taken
5 H Cl on a Hewlett-Packard 8452A diode array spectrophotometer at 2 min
intervals during the voltage sweep. The resulting spectra were imported
Figure 1. Structures of complexes studied:= Ru(tpy)(bpy)G*, 2 into SPECFIT (Spectrum Software Associates, Chapel Hill, NC) and
= Ru(EtO-tpy)(bpy)@*, 3 = Ru(Cl-tpy)(bpy)G*, 4 = Ru(tpy)(Me- split into the forward and reverse waves. The data were then analyzed
bpy)3**, 5 = Ru(tpy)(Cb-bpy)C**. via an Evolving Factor Analysis algorithm incorporated in the program

SPECFIT to obtain spectra of the RiRU", and Rl for each of the
at the 4 position of the polypyridyl rings (Figure 1), changing  substituents. _ _ _ _ _
the electronic properties of the oxidant but minimally perturbing _ Kinetics. The reaction of the ruthenium oxo species with guanine
the coordination environment of the reactive oxo ligand. The 5-monophosphate was monitored using an OLIS-RSM stopped-flow
results further support our understanding of tHenyldride spectrophotometer scanning at 32 scans/s for 10 s. The reactions were
abstraction for sugar oxidation and electrophilic attack on the €27"€d out in 50 mM phosphate buffer (pH 7). The reactions were
guanine base. Although the guanine oxidation by Ru(tpy)(bpy)- observed to be first order with respect t6-{BMP], and rate constants

oy ¢ . . . : were obtained from plotting the initial rate vs {6&MP] and taking the
O?* is clearly an inner-sphere reaction, the trend in relative rates slope to beRUC?*]. Initial rates were obtained by using the kinetic

follows that of the one-electron ionization potentials. trace at the Ru(ll)/Ru(lll) isosbestic point around 410 nm, allowing
the loss of Ru®" to be observed directly. d[Rid)/dt was obtained
Experimental Section from dA/dt using the relation d[RuB]/dt = —{1/[(ey — ev)b]} dA/
dt. Heree; andey are the extinction coefficients of Ru(Il)QH and
Materials. 2,2:6',2"-Terpyridine (tpy), 2,2bipyridine (bpy), 4,4 Ru(IV)O?*, respectively, anth is the path length of the cell (1.8 cm).

Mez-bpy, RuCk-xH:0, and DO (99.9 atom %) were purchased from  The kinetics of 2deoxycytidine 5monophosphate oxidation were also
Aldrich Chemical Co. 4Cl-tpy and 4-EtO-tpy were prepared as  followed using an Olis-RSM spectrophotometer. Data were collected
demonstrated by Constable et'@#,4-Cl-bpy was prepared by the  over 30 min taking 1 scan/s in 50 mM phosphate buffer (pH 7). The
method published by Cook et Hl.NaHPQO, and NaHPO, were data were fit using the global analysis program SPECFIT using the
purchased from Mallinckrodt and used without further purification. model kinetic scheme

Water was house distilled and further purified by passage through a

Millipore Milli-Q water purification system. Glassy carbon working Kobe
electrodes were purchased from Bioanalytical Systems (BAS). Vitreous A—B (2
carbon working electrodes were purchased from The Electrosynthesis k.
Co. Ag/AgCI reference electrodes were purchased from Cypress A f
Systems. The [Ru(4X-tpy)(4,4-Y »-bpy)O](CIQs), complexes were
prepared analogously to the synthesis of [Ru(tpy)(bpy)O]¢z®
except Cf instead of Bf was used as the oxidant in the final st&p.
The resulting oxo complex was dried in vacuo fch toallow handling.
Warning! Perchlorate salts of metal complexes containing organic

B ©)

This model was used because it is kinetically identical to the proposed
oxidation mechanisffi

ligands are potentially explosé when subjected to rigorous drying. + — g +, -
Anal. Found (Calcd): [Ru(4EtO-tpy)(bpy)O](CIQ). (2)] C, 42.27 RuG™ + dCMP RuG™"-dCMP )
(43.2); H, 3.27 (3.09); N, 8.93 (9.34). [[Ru(€I-tpy)(bpy)O](CIQ)), RUGF -dCMP LY RuOH22+ + dCMPOXZ* )

(3)] C, 40.13 (40.6); H, 2.52 (2.50); N, 9.39 (9.50). [Ru(tpy)(4@Hs)--
bpy)O](CIQy), (4)] C, 43.47 (44.21); H, 3.35 (3.16); N, 9.40 (9.54). ks
[RU(PY)(4,4-Clrbpy)OICIQH:O ()] C. 37.4 (37.8); H, 2.27 RUC™" + RUOH,*" <= 2RUOH" (6)
(2.41); N, 8.71 (8.83).Note: [Ru(tpy)(4,4-(CHs).-bpy)O](CIOy), and
[Ru(4-EtO-tpy)(bpy)O](ClQ). were sent in a desiccator to Atlantic

) under pseudo-first-order conditions in [R&fQand rapid equilibration
Microlab, Inc.)

of the preassociation complex in eq 4. If [dCR1Pis low enough that
saturation of Ru® does not occur, egs 4 and 5 can be estimated as a
(16) Constable, E. C.; Thompson, A. Mew J. Chem1992 16, 855~ single second-order step (whégsfor low [dCMP?] is equivalent to
867. Kpk]CMP?27)). Values for the comproportionation and disproportionation
(17) Cook, M. J.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson,  rate constantsk. and ks, were taken from data previously reported.

A. J.; Glasper, J. L.; Robbins, D. J. Chem. Soc., Perkins Trans. 2 ; ;
1084 1293-1301. kopsWas then plotted against [dCMR, and the slope of this plot was

(18) Takeuchi, K. J.; Thompson, M. S.; Pipes, D. W.; Meyer, Tndrg. taken to be the second-order rate constat
Chem.1984 23, 1845.

(19) Welch, T. W.; Neyhart, G. A,; Goll, J. G,; Ciftan, S. A,; Thorp, H. H.  (20) Neyhart, G. A.; Cheng, C.-C.; Thorp, H. Bl. Am. Chem. S0d.995
J. Am. Chem. S0d.993 115 9311-9312. 117, 1463-1471.
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Table 1. Properties of Oxoruthenium(lV) Complexes and Rate Constants for Reaction with Nucleotides in Aqueous Solution at Room
Temperature

compound EQIIAT (V) 2 EQVAIN (V) 2 AmaRU(IT)) (NM) ks (M~1s1)b Keug (M1 572)° ko/Ksug
RuU(EtO-tpy)(bpy)3* (2) 0.47 0.60 480 6.1 0.4 0.24+ 0.02 26
Ru(tpy)(Me-bpy)O?* (4) 0.48 0.62 478 6.6£0.6 0.29+ 0.02 22
Ru(tpy)(bpy)G* (1) 0.49 0.62 476 8.1 0.6 0.31+ 0.01 26
Ru(CI-tpy)(bpy)G* (3) 0.55 0.63 478 151 0.47+0.03 22
Ru(tpy)(Chk-bpy)O** (5) 0.58 0.63 492 d d d

aDetermined by cyclic voltammetry and fitting with two oxidation processes; see theé?Bmtermined by initial rate analysis from mixing the
Ru(IV)O?" complex with guanosine "Bnonophosphate.Determined from fitting spectral changes in the reaction of the oxo complex with
deoxycytosine Smonophosphate to the mechanism shown in eqs 11 an$iTk& spontaneous decomposition of Ru(tpy){apy)C*+ was faster
than the reaction with nucleotides and precluded determination of the reaction rate constants.

DNA Oxidation. DNA was 5-end-labeled as described elsewh@re. The electrochemistry of the RUQH compounds consists
Single- and double-stranded DNA stock solutions were prepared by of two one-electron oxidations both coupled to proton loss to
m|X|ng 50 IML of 5"32P'end'|abe|ed3NAl sequence (EA\TGCC' ultlmately glve the ruthenlum 0XO0 Compoun@s
CTTGCG;TAT-3'), 10uL of 100uM unlabeledDNA1, and 20uL of
50 mM sodium phosphate buffer (pH 7) with either00of water (in Ru(II)OH22+ - Ru(III)OH” +e +H @)

the case of single-stranded DNA) or L1 of 100 uM DNA2 (5'-
ATACGCAAGGGCAT-3) and 9uL of water (in the case of double- o ot -~ n
stranded DNA) for a final DNA concentration of 33/ in nucleotide Ru(llOH"" = Ru(IV)O"" +e +H (8)

phosphate. For double-stranded DNA, the solution was heated to 90 . . .
°C and allowed to cool slowly to the temperature of the experiment. Both of these reactions are reversible, so when bulk electrolysis

The extent of hybridization was checked by adding1.0of a 30 M is performed on solutions of the Ru(I)QH complexes, the
competitive complementary strand in 10 mM sodium phosphate buffer optical spectra of all three oxidation states can be obtained. The
(pH 7) and comparing the volume of the respective bands on a 20% redox potentials for eqs 7 and 8 of all the substituted complexes
polyacrylamide nondenaturing gel. A stock solution of [ReX4tpy)- were measured by spectroelectrochemistry, and the results for
(4,4-Y2-bpy)O](CIQy). was made by dissolving a small amount of the - hH 7 are given in Table 1. The reduction potentials obtained
complex in 50 mM sodium phosphate buffer (pH 6.8). This solution  py this method were similar to those obtained by conventional
was held at a potential of0.85 V (vs Ag/AgCl, Pt wire counter, cyclic voltammetry and show that the potential of the IlI/II
vitreous carbon working) to ensure the absence of lower oxidation state . " .

couple is more sensitive to the substituents than that of the 1V/

Ru. This solution was then diluted by a factor of 5 with water (final . L
buffer concentration 10 mM). This solution4Q0 uL) was added to IIl couple. This observation is presumably due to the greater

a solution of 10uL of oligonucleotide (14«M) in water and 1QuL electron-donating ability of the oxo ligand compared to that of
sodium phosphate buffer (pH 6.8), a total solution volume of:20 the hydroxo ligand, which overwhelms the electronic effect of
The reaction was allowed to proceed for 10 min at room temperature the more distant substituent.

when 80QuL of cold (—4 °C) ethanol was added to quench the reaction. ~ The complete optical spectra of all three oxidation states for
Sodium acetate (1.5 M, 2.) was added, and the solution was placed each complex are given in the Supporting Information, and the
on dry ice for 30 min to precipitate the DNA. After centrifugation, the 3 . values for the Ru(ll) species are given in Table 1. Of the
SO'”“‘;”S "Verel_'y"ph”ized tohpg’;uce ?_White IFI’e”et that ‘(’j"_as plipe(;i(_“”e four substituted complexes studied, the only significant deviation
treated using literature methotfsResulting pellets were dissolved in ]
10 uL of gel loading buffer (80% formamide in water with 0.0025% gt?trtjgaz;?;;:;?( I?Su(fltl))r f%rﬂt;;)a?gz?bg;)thgI-Z?ler\]/;[/hﬂ(r:]s ub

bromophenol blue and 0.0025% xylene cyanol FF) and run on a 20% L . -
polyacrylamide denaturing gel using an established profdcthe exhibits an MLCT band at 492 nm. This red shift supports an

resulting polyacrylamide gels were imaged using Molecular Dynamics aSSig_nmem of_the bipyridine as th_e acceptor of the MLCT. The
phosphorimaging screens. The screens were scanned using a Moleculzghlorine substituents on the bipyridine ligand lower the energy
Dynamics Storm 840 phosphorimager. Analysis of the resulting images of thez* orbitals, decreasing the energy gap between the filled
was performed using ImageQuant by drawing equivalent rectangles dyy x.,y0rbitals and ther* orbital accepting the charge transfer.
around each of the cleavage bands and integrating the band intensity ~Kinetics of Nucleotide Oxidation. Oxoruthenium(IV) poly-
within the rectangle. The volumes were then plotted against fRUO  pyridyl complexes oxidize nucleic acids at both the base and
and slopes of the lines were taken as an indicator of the relative ratesSugar moietied.Base oxidation occurs primarily at guanine to
of reaction of the nucleofides with RO produce base-labile lesions, and sugar oxidation occurs via

Results oxidation of the :-hydrogen in a base-independent maniiéf.
. , The kinetics of this latter reaction were investigated with the
Syntheses and Properties of Ru(4X-tpy)(4,4'-Y >-bpy)O]- substituted complexes using@oxycytosine 5monophosphate

(ClO4)2. The 4-chloroterpyridine is commercially available, and (dCMP2) as a model nucleotide, since the reaction of Ru(IV)-
the 4-ethoxyterpyridine and 4,4ichlorobypyridine can be g2+ with the cytidine base is negligibf.Under conditions
prepared using known reactiotfs’ The syntheses of [RU(4  \yhere [dCMP-] is small enough that the formation of the
X-tpy)(4,4-Y >-bpy)O](CIQs), were then carried out similarly  gcmp2--RuC?+ ion pair can be neglected (eq 4), the appropriate
to the published procedure for [Ru(tpy)(bpy)O](G)® by kinetic scheme is

reaction of the bpy derivative with the Ru(tpy}Qerivative

under reducing conditions followed by conversion to the aqua RuG*" + dCMP” — RuOH*" + dCMP, >~ (9)
complex with AgCIQ.18 The resulting Ru(4X-tpy)(4,4-Y »- o
bpy)OH2" complexes were then oxidized to the oxo complexes RuGH + RuOI—52+ — 2RUOH (10)

using chlorine gas as an oxiddfit.

(21) Maniatis, T.; Fritsch, E. F.; Sambrook, Nlolecular Cloning: A Fortunately, the@izqumbrlum F;ODStam for ion-pair formation
Laboratory Manual 2nd ed.; Cold Spring Harbor Press: Plainview, Detween Ru(IV)G" and dCMP™ is low enough that pseudo-
NY, 1989. first-order conditions can be realized (where dCWRs in
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Figure 2. Kinetic trace of the absorbance at 414 nm for the oxidation
of dCMP (3.0 mM) by Ru(Cl-tpy)(bpy)® (3) (120 uzM). The solid 014 T~ T 7 T
line is the fit determined using the mechanism shown in eqs 11 and :
12. 0.12 |
excess), while still avoiding significant ion-pair formation. In , L
this case, the kinetics can be described by - 01T
"0 [ 4
KopddCMP] = 0.08 [
RuC?" ———RuOH*" (11) g |
K O, 0.06
RuO™" + RUOH,*" = 2RUOH" (12) = -
kg
0.04
Since k. and kg have been independently obtairf@dit is [
straightforward to obtairk,,JdCMP?~] using global analysis 0.02 T
and observing the change in the visible absorbance spectrum
over time. A sample fit is shown in Figure 2 f8r By varying 0
[dCMP2], a series of first-order rate constants can be obtained 0 0002 0004 0006 0008 001 0012
and plotted linearly against [dCMF] to yield a slope okops [GMP] (M)
Dataucdo.:(lfec'[ed on four of the five Cor_np(;undrsa(Flgu;’e 35) show Figure 3. (A) Pseudo-first-order rate constants for oxidation of AdCMP
small differences in rate constants in the oréler 1 > 4 > 2. by compoundsl—4 in 50 mM sodium phosphate buffer (pH 7). (B)
The rate constants for these complexes are shown in Table 1,nitial rates for oxidation of GMP by compounds-4. Lines are best
The strongly oxidizing Ru(tpy)(4;4Cl,-bpy)O*™ (5) complex linear fits to the experimental data that were used to determine the

decomposed faster than the sugar oxidation and is not includedsecond-order rate constants in both (A) and (B).

in the series. Although the difference between the rate constants

is small, the trend shown in Table 1 further supports a mechanisn®® Thus, initial rate analysis yields a rate constant
mechanism where oxo addition to the sugar produces significantfor guanine oxidation that is identical within experiment error
cationic character at the position. to that found from fitting the entire kinetic trace.

The molecular mechanism for guanine oxidation is complex,  Plots of the initial rate vs [GMP] for all the complexes are
since guanine can donate at least four electrons, and many ofshown in Figure 3B, and the results are given in Table 1. The
the oxidation products are more reactive than guanine #8éf. ~ guanine oxidation rate constants show the same trend as the
The kinetics for the oxidation of guanine by oxoruthenium(lV) sugar oxidation rate constants wh> 1 > 4 > 2, indicating
have been fit previously to a complicated model involving that a more electron-deficient oxo group increases the rate of
overoxidation of guanine and direct reactions of both Ru(IV)- reaction. Also shown in Table 1 are the ratios of the guanine
02 and Ru(ll)OH*.2° We show here that analysis of the and sugar rate constante{/ksug)-
kinetic data can be simplified by considering only the initial |pjtia| rate analysis was also performed for oxidation by Ru-
rate of the reaction and that the results for the rate-determining (tpy)(bpy)** of xanthosine 2monophosphate (XMP) and
step are identical to those obtained using the complex model.jnosine 5-monophosphate (IMP). The structures of xanthosine
Initial rate analysis performed for data on the ffils s of  and hypoxanthine are similar to that of guanosine except in the
oxidation of 3-GMP by Ru(tpy)(bpy)®" gave a rate for the 2 position of the purine ring where xanthine contains a carbonyl
initial step of 8+ 2 M™* s™* (Figure 3B). This initial rate  group and hypoxanthine contains only a hydrogen (Scheme 1;
constant compares favorably with that of® M~* s, which note that the base moiety of inosine is called hypoxanthine).
was found when the entire kinetic system was fit to the multistep |Mp exhibits a higher ionization potential due to the absence
of the electron-donating amino group than guarsthand we

(22) Farrer, B. T.; Thorp, H. Hinorg. Chem.1999 38, 2497-2502.
(23) Doddridge, Z. A.; Cullis, P. M.; Jones, G. D. D.; Malone, M. E.
Am. Chem. Sod 998 120, 10998-10999. (24) Hush, N. S.; Cheung, A. £hem. Phys. Letfl975 34, 11-13.
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have shown that inosine is a much poorer one-electron donor >
than guanosin& In contrast, xanthine exhibits a lower known ‘ . l l
ionization potential than guaniffé26 Reaction of XMP with 0 . s '10 " = 20 2 20
Ru(tpy)(bpy)G* proceeded with a much higher initial rate than [RUOT (uM)

GMP (k= 85+5M"1s%), and IMP had a significantly slower
rate. In fact, the reaction of IMP fit to the sugar oxidation .
mechanism (egs 11 and 12) with a rate very similar to that of ~ 1210 p———"T——————T T
CMP. This finding suggests that oxidation of the hypoxanthine '
base is not competitive with oxidation of thé @—H bond.
Oligonucleotide Oxidation. The oxidation of oligonucleo-

tides and polynucleotides by oxoruthenium(lV) complexes
produces direct strand cleavage resulting from the oxidation of
the I C—H bond and base-labile lesions resulting from guanine

1"
-
-
o

-

Volume of Band G
[-3
=

oxidation. In random coil DNA, the ratio of cleavage resulting 410
from base and sugar oxidation corresponds to the ratio of the 2 10°
oxidation rates measured by stopped-flow spectrophotometry r
in experiments similar to those discussed abBveor double- o L
stranded B-form DNA, formation of the three-dimensional

structure occludes the¢ T—H bond and the guanine base to [RuO] (uM)
different extents, which increases the ratio of sugar oxidation Figure 4. Integrated intensities at (A) d&and (B) G; for oxidation
to guanine cleavag®. This effect is evident in comparing by Ru(tpy)(Me-bpy)CG** as a function of ruthenium concentration.
sequencing gels for the same oligonucleotide as a single strand
or hybridized to its complement. This idea has been exploited so the total concentration of the DNA in the double-stranded
in using these compounds to recognize highly reactive structuresreactions was a factor of 2.1 greater than in the single-stranded
such as guanines in single-stranded loops and bulges withinreactions (1.1 equiv of the unlabel@&NA2 complement was
individual DNA or RNA moleculed#2? used). The extent of oxidation at each nucleotid®MA1 by

The reaction of the Ru(tpy)(bpyf® derivatives with the 14-  the ruthenium oxo compounds was determined by gel electro-
mer oligonucleotide SATGCCCTTGCGTAT DNA1) was phoresis (gels are given in the Supporting Information). As an
studied by high-resolution electrophoresis. Hybridization of example, the absolute intensities of cleavage ata®d G for

DNAL1 to its complement, SATACGCAAGGGCAT (DNA2), Ru(tpy)(4,4-Mez-bpy)O** are shown in Figure 4 as a function
was confirmed by following the absorption hypochromicity upon of the metal concentration fdbNA1 and theDNA1-DNA2
denaturation and rehybridization, which gava@aof 35 + 3 duplex. As shown, the slopes are decreased by approximately

°C. Competitive hybridization experiments were done with 5  a factor of 2 in the hybridized case, which we assign to a simple
ATACGCAAGGGCATTACGGGACGCATA DNA3) as a doubling of the DNA concentration because there are two
competitive complementary strand wh&BBA1 was hybridized strands present.
to either DNA2 or DNA3 by heating to 90°C and slowly Slopes for the extent of cleavage as a function of metal
cooling (1 h) to 10°C. The other strand was then added to the concentration were determined for the nucleotides-G- for
solution, and the products were separated on a 20% nondenaeach metal complex as shown in Figure 4. The slopes for each
turing gel. The results demonstrate that less than 5%NAL nucleotide were normalized to that fog {3which was generally
is single-stranded under the conditions used for the RuO the most reactive, and the results are given in the Supporting
cleavage reactions and that transfer of the DNA from one Information (Table S1). There is relatively little systematic
complement to another occurs more slowly than the time scale change across the series of complexes with regard to selectivity
of the RuG cleavage experiment, which is 10 min (gel given for a given site. Comparison of the extent of guanine oxidation
in the Supporting Information). (G11and G) with that of the sugar oxdiation g Ts, T7) shows

The extent of cleavage was determined by varying the amountan increase in the relative contribution of sugar oxidation in
of ruthenium oxidant and determining the change in cleavage the duplex form, as we have observed in other sequences and
with respect to ruthenium concentration. The resulting plots of secondary structurés.
cleavage intensity vs [RU] were linear as long as the
ruthenium concentration was kept sufficiently low. Throughout Discussion

all experiments, the concentration@NAL remained constant, ) o )
We have discussed the mechanistic aspects of the reaction

(25) Napier, M. E.; Loomis, C. R.; Sistare, M. F.; Kim, J.; Eckhardt, A.  Of the Ru(IV)3** complexes with the guanine base elsewhére.

E.; Thorp, H. H.Bioconjugate Cheml997 8, 906-913. Small amounts of 8-oxoguanine have been detected in these
(26) Gsltge”ke”' S.; Jovanovic, S. ¥..Am. Chem. S0d997 119, 617~ reactions, although overoxidation by additional equivalents of
(27) Carter, P. J.; Cheng, C.-C.; Thorp, H.Ihorg. Chem1996 35, 3348- both Ru(IV)G* and Ru(lI)OH" prohibits assignment of

3354, 8-oxoguanine as the sole prodé&fThe low potential of the
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Table 2. Second-Order Rate Constants for Oxidation of Nucleotide sugar oxidation or oxidation of the sugar at multiple sites. For

Monophosphates by Ru(tpy)(bpy)O example, the oxomanganese porphyrins oxidize DNA at both
rate constant the I and 5 sites®38and oxochromium complexes exhibit base
nucleotide (M1sh mechanism and sugar reaction pathwa¥fsLikewise, complexes based on
guanosine Smonophosphate & 22 base oxidation Ru(tpy)(bpy)G™* exhibit parallel guanine and $ugar oxidation
xanthosine 5monophosphate 8% 52 base oxidation pathways that compete on the basis of their innate relative rates,
inosine 5-monophosphate 0.1 0.0 sugar oxidation the binding preferences of the complex, and the solvent
adenosine Smonophosphate 0.38 0-03; sugar oxidation accessibility of the oxidized site. We have demonstrated
deoxycytosine Smonophosphate  0.180.0P  sugar oxidation  o5e\vhere that when a relatively large number of nucleotides
aDetermined by initial rate analysis; see the téxDetermined by in a single-stranded oligomer are followed, that the ratio of

fitting to the sugar oxidation mechanism given in egs 11 and 12. Note cleavage at guanine and sugar is similar to the ratio of rate
that the experiments in this table are for ribonucleotides while the results -y stants for guanine and sugar oxidation in mononucleotides
for sugar oxidation in Table 1 are fof-deoxyribonucleotides. (ie., Table 1)27 Here, we show that, at low ruthenium
I/l and 111/l couples for outer-sphere electron transfer (Table concentrations, the extent of cleavage depends linearly on the
1) precludes contribution from simple electron-transfer path- ruthenium concentration, as would be expected if the chemical
ways?® as we have observed for Ru(bgy)?°*°and many other  oxidation step is rate-limiting. We have shown previously that
groups have observed for other, equally potent outer-spherethis behavior persists when substitutions are made on 'the 2
oxidants®3-3* Thus, guanine oxidation by Ru(tpy)(bpyjOand position of the sugat! and here we show that similar linear
related complexes must involve an inner-sphere pathway andbehavior is observed when substitutions are made at the metal
not just simple outer-sphere electron transfer. Nonetheless, thecomplex.
trend in ionization potentials observed for the three guanine A final noteworthy point centers on the parallels between
derivatives examined here (Scheme 1) follows the order xanthinethe changes in the guanine and sugar pathways observed in
< guanine< hypoxanthin€;* which is the same order observed mononucleotides and on the sequencing gels. We have shown
for oxidation by Ru(tpy)(bpy)®" in Table 2. So the reaction  previously that changes in the available oxidizing pathways of
must involve a concerted action of the electrophilic oxo ligand the metat-oxygen functionality that produce detectable changes
and the oxidizing metal center. This idea is supported by the jn the guanine and sugar oxidation rates are readily detected in
observation that the oxidation rate constants increase with thethe sequencing gel2.For example, reaction of Ru(lll)OH
redox potentials, as shown in Table 1. The correlation of reaction analogues produces only guanine oxidation, and in parallel, the
rate with driving force for inner-sphere oxidation of organic Ru(Ill))OH2* species are only competent to oxidize guanine in
substrates by oxo complexes is well-kno#r¥® mononucleotides and not sudarLikewise, attenuation of the
The sugar oxidation reaction proceeds with attack of the 1 sugar pathway by addition of a polar substituent at the
C—H bond to form methylenefuranone (eq 1). We have shown 2'position of the sugar shuts off the sugar oxidation both on
previously that this reaction proceeds with transfer of labeled sequencing gels and in kinetics studi@d’ Here we show that
oxo ligand from Ru(tpy)(bpy)& into the organic producé oxidation of hypoxanthine is not competitive with sugar
Further, we have demonstrated that polar substituents orl the 2oxidation in kinetics studies (Table 2), and we have shown
position of the nucleic acid reduce the reactivity in a manner e|sewhere that substitution of hypoxanthine for guanine elimi-
consistent with a polar Hammett correlatign= —1.7) 3" Here nates base oxidation by Ru(tpy)(bpy)on sequencing gefs.
we show that substituents on the polypyridyl rings of the oxidant Finally, we show that the substitutions on the metal complex
exert a relatively modest effect on the rate constant, far lower |ead to modest changes in the overall reactivity and in the
than the influence of substituents at thig®sition in the nucleic guanine/sugar ratio in kinetic studies (Table 1) and similarly to
acid. Again, this finding supports a reaction mechanism where modest changes in the guanine/sugar ratio observed on sequenc-
inner-sphere addition of the oxo ligand is coupled to the effect jng gels. Thus, the observation of extents of cleavage on
of the multielectron metal oxidant. sequencing gels is a reliable measure of the true reactivity of

A number of oxidants, especially oxometal species, oxidize the Ru(tpy)(bpy)®@" complexes in solution determined using
DNA via multiple pathways, often including parallel base and real-time methods.
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