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based on [(DAMP)(L)Ré&Ohave been prepared where DAMP

= 2,6-bis((dimethylamino)methyl)pyridine and E 2,2-bipyridine (bpy), 1,10-phenanthroline (phen), or
dipyridophenazine (dppz). The structures of [([DAMP)(bpy)RUQind [(DAMP)(phen)RuG] were determined
by X-ray crystallography. The RtO bond lengths (1.805(3) and 1.814(4) A, respectively) are indicative of

multiple bonding, as expected for oxorutheniu

m(lV), and clear steric protection of #s©Ruoiety is provided

by the DAMP ligand. Cyclic voltammetry shows that the tertiary amine functionalities of the DAMP ligand
stabilize both the RUO?* and RY' OH?" redox forms relative to other (polypyridyl)oxoruthenium(lV) complexes.
As a result, the oxidations of bottecphenylethanol andrans-stilbene are~100 times slower for [(DAMP)-

(bpy)RuO¥F* than for [(bpy}(py)RUuOF+. Accor

dingly, the reaction mechanisms involve oxidation of substrate

only by the R 02" form with no contribution from direct oxidation by the R@OH2" intermediate, which greatly

simplifies the kinetic analysis. The R@®?"

forms are not effective oxidants of the sugar moiety of

mononucleotides; however, the base functionality of guanosimeoBophosphate is oxidized at detectable rates.

In contrast, cleavage of a hairpin oligonucleotide is detected at both guanine and sugar functionalities, indicating
that the oligomer promotes sugar oxidation by increasing the local concentration of the metal complex. The
Ru""OH?* form of the DAMP complexes is stable in the absence of DNA but is reduced following a zero-order
rate law in the presence of calf thymus DNA. Analysis using a model that resembles MietMdetigen kinetics

indicates that the binding domain on DNA cat

alyzes the disproportionation of the complex. The model yields a

binding constant and a calculated first-order rate constant that are in good agreement with independent

measurements.

The ability of DNA to promote chemical reactions has been
noted in a number of systems. Diffusive, bimolecular electron

observed in previous examples of DNA catalysis of which we
are aware. We report here on an oxoruthenium(lV) system

transfers between two cationic metal complexes are acceleratedvhere the conversion of a R®H?" intermediate to the

by condensation on the DNA polyaniéné and nondiffusive
electron transfer can occur over relatively large distances
between covalently or intercalatively bound partrfers.Label-

ing of GG sites in single stranded oligomers by cationic platinum
complexes is promoted by incorporation of the GG site in longer
oligomers? and binding of intercalators to platinated DNA sites
is also promoted specifically by double-stranded DNA.
Recognition of binding sites by DNA-binding proteins is
believed to occur through facilitated diffusion of the prot&in.

If DNA is a true catalyst, then the time dependence of the
reaction should be zero-ord€ra feature that has not been
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thermodynamically more stable RDH,2" state does exhibit a
zero-order time dependence in the presence of DNA. This time
dependence was masked by efficient DNA oxidation by the
RuU"OH2* form in earlier studies of complexes based on [(tpy)-
(bpy)RUOF (bpy = 2,2-bipyridine; tpy= 2,2,2"-terpyridine);
however, substitution of a tertiary amine ligand for tpy limits
the reactivity of the RUOH" form to disproportionation to
RU'OH2* and R O%*, which directly oxidizes DNA or itself

to yield another equivalent of ROH,?*. In this latter scenario,

the kinetics of disproportionation can be monitored directly via
the appearance of the strongly colored"Rul,%" form and
clearly show a zero-order time dependence that is DNA-
catalyzed. Studies of model substrates show that the new
complexes are simply less oxidizing than the parent [(tpy)(bpy)-
RuOR*t complexes and that the tertiary amine ligand has
stabilized the higher oxidation states but has not altered the
available oxidation pathways. While we demonstrate here the
appropriate kinetic behavior, a true catalyst in the enzyme sense
would also exhibit transition-state stabilizatibrhut we do not
examine that point here.

An advantage of the oxoruthenium(lV) and oxoosmium(IV)
systems is that the kinetics of the reduction of the complex that
occurs concomitantly with DNA oxidation can be determined
in real time from optical spectfd-17 Previous kinetics studies
of DNA oxidations by complexes of oxoruthenium(P)and
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Electron-Rich Oxoruthenium(lV) Cleavage Agents

Scheme 1
MIV)0%* M(IV)0*+DNA

kX l 1 kX+kOX

M(I)OH,** + DNA <——= M(II)OH,?**DNA

+DNA ——

oxoosmium(lV}®é have shown these reactions to conform
partially to the model in Scheme 1, whesgis the rate of self-
inactivation,kox is the rate of DNA damage, and M Os, Ru.
The high-valent form is pregenerated either chemically or
electrochemically from the corresponding M(Il) aqua complex

and, in the presence of nucleic acid, partitions between bound

and free forms according to a characteristic binding con&ta#tt.
The synthetic versatility of the group 8 metals allows construc-
tion of complexes of the general formula [(tpy)(L)MG"
where L is bpy, 1,10-phenanthroline (phen), or dipyridophena-
zine (dppzy~22 This set of bidentate aromatic ligands influ-
ences the binding affinities for the complexes but retains similar
redox potentials for the M(I)OR/M(IV)O2" couple. The

Inorganic Chemistry, Vol. 36, No. 21, 1994813

to published proceduré$. Complete preparations of the DAMP
complexes are given in the Supporting InformatieecPhenylethanol

was purchased from Lancaster. Solvents were purchased from Fisher.
Calf thymus DNA and nucleotides were purchased from Sigma. The
hairpin oligonucleotide was prepared by automated synthesis in the
UNC Department of Pathology. Procedures for the hairpin cleavage
reaction and electrophoresis are given in the Supporting Information.

Instrumentation. Optical spectra were obtained using a Hewlett-
Packard HP8452 diode array spectrophotometer. Kinetics experiments
were carried out using the diode array spectrophotometer thermostatted
to 25 °C except for determinations of activation energies, where the
circulating water bath was used to vary the temperature over the
indicated range. All kinetics experiments were conducted using the
perchlorate salts of the metal complexes in 50 mM phosphate buffer
unless otherwise noted. Electrochemical measurements were performed
in a cell that has been described previo’#8lyThe working electrode
was edge-oriented pyrolytic graphite in cyclic voltammetry experiments.
Bulk electrolysis was performed in a three-compartment cell using a
reticulated vitreous carbon working electrode. The potential was
applied using a platinum wire auxiliary electrode and a Cypress Systems
Ag/AgCI electrode as a reference. Voltammograms were collected
using an EG&G Princeton Applied Research 273A potentiostat.

simplicity of Scheme 1 is not realized in these reactions because DNA Binding Constants. Binding constants for [(tpy)(L)RUO#F*

of comproportionation according to the following:

RUYO* 4+ RU'OH,*" = 2RU"OH*" @)

In the case of the tpy complexes, the "RdbH?* form is a
competent oxidant of DNA itself, which significantly compli-
cates the kinetic analysis.

We report here preparations of the oxidants [(DAMP)(L)-
RuOF+, where L is bpy, phen, and dppz (DAMR 2,6-bis-
((dimethylamino)methyl)pyridine). Electronic structure and
crystallography data confirm that the RuO group is both
electron-rich and sterically protected compared to the tpy

and [(DAMP)(L)RuOH]?* where L was bpy or phen were determined
by an electrochemical method that uses normal pulse voltammetry to
determine the effective diffusion coefficient during DNA titration and
guantifies binding based on comparisions to the known diffusion
coefficients of free and bound complexésThe binding constant of
[(DAMP)(dppz)RuOH]?" was determined via absorption titration as
previously describeéf.

pKa, Determination. Metal complex salts were dissolved to a
concentration of 10&M in ~50 mL of distilled water. The pH was
raised in~%, pH unit increments by adding small amounts of 0.1, 1.0,
or 10.0 M NaOH with magnetic stirring. One milliliter of solution
was withdrawn after each addition, the BVisible absorption spectrum
was taken, and the aliquot was returned to the original container. The
pKa was determined from a plot of absorbance at ihg of the

analogues. These factors result in slower kinetics and more Ru"OH?" complex.

demanding activation parameters for theM#" forms as
determined in oxidations of small molecules, and the activation
of substrate by the RLOH2" form is no longer competitive
with disproportionation. Therefore, the ROH2" form can
oxidize substrate only via the RD?* state that is generated
by unfavorable disproportionation according to the reverse of
eqg 1. We show here that DNA oxidation by [(DAMP)(bpy)-
RU"OHJ?* is catalyzed by DNA with a zero-order time
dependence for the appearance of the [(DAMP)(bp{iRdy] 2"
product.

Experimental Section

Materials and Syntheses. Ligands and ligand starting materials
were purchased from Aldrich. Dipyridophenazine was synthesized
according to published procedures. Ruf&H,O was purchased from
Johnson-Matthey Aesar. (DMSf(RuUCL was synthesized according
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T. A,; Cory, M.; Thorp, H. H.J. Am. Chem. Sod.993 115 4423.
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X-ray Crystallography. Diffraction-quality crystals of [[DAMP)-
(bpy)RuO](CIQ). and [(DAMP)(phen)RuO](CIg). were grown by
diffusion of diethyl ether into concentrated acetonitrile solutions of the
respective salts at4C. X-ray intensity data were obtained on a Rigaku
diffractometer at-130 °C. Data for the bpy complex was collected
using thef—26 scan mode. Cell dimensions were obtained from 42
reflections with 2 values between 30 and 400ne of the perchlorate
groups was disordered and modeled as two superimposed tetrahedra
of isotropic oxygens. Data for the phen complex was collected using
thew scan mode. Cell dimensions were determined from 27 reflections
with 26 values between 30 and 40 Hydrogen atoms for both
complexes were placed in calculated positions in the final refinement
using a riding model.

Oxidation of Organic Molecules. Time-resolved visible spectra
of reaction solutions were aquired on a Hewlett-Packard HP 8452 diode
array spectrophotometer. Aliquots of oxoruthenium(lV) were added
to substrate solutiongia 3 mLstoppered cuvette and mixed by hand.
The temperature was controlled using a Fisher Isotemp Model 910
circulating ethylene glycol bath. Yields of acetophenone frego-
phenylethanol oxidation were determined by extraction into pentane
followed by quantitation by UV absorbance at 238 nm whege =
13000 Mt cm.

Fitting of Spectral—Kinetic Data. The time-resolved spectra taken
during oxidations of organic molecules and DNA were processed using
the program SPECFIT, whose algorithms are based on the work of
Zuberbinler et al?” The application of SPECFIT to the kinetics of
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Table 1. Selected Bond Distances and Bond Angles for
[(DAMP)(bpy)RuO](CIQy), and [(DAMP)(phen)RuO](CIQ):

[((DAMP)(bpy)-  [(DAMP)(phen)-
RuOp+

RuOp+
Selected Distances (A)
Ru(1)-O(1) 1.805(3) 1.814(4)
Ru(1)-N(11) 2.164(3) 2.177(5)
Ru(1)-N(22) 2.088(3) 2.095(5)
Ru(1)-N(23) 2.177(3) 2.170(5)
Ru(1)-N(32) 1.991(3) 1.990(5)
Ru(1)-N(34) 2.151(3) 2.145(5)
Selected Angles (deg)

O(1)-Ru(1)-N(11) 168.94(12) 168.81(19)
O(1)-Ru(1)-N(22) 92.62(13) 90.76(20)
O(1)-Ru(1)-N(23) 92.58(13) 93.26(19)
O(1)-Ru(1)-N(32) 91.79(13) 92.15(21)
O(1)-Ru(1)-N(34) 87.99(13) 88.42(20)
N(11)-Ru(1)}-N(22) 76.52(12) 78.06(18)
N(11)-Ru(1)-N(23) 87.40(12) 88.85(17)
N(11)-Ru(1)-N(32) 99.09(13) 99.03(19)
N(11)-Ru(1)-N(34) 95.70(12) 93.38(18)
N(22)-Ru(1)-N(23) 100.21(14) 101.10(19)
N(22)-Ru(1)-N(32) 175.57(12) 176.84(20)
N(22)—Ru(1)-N(34) 99.21(13) 98.95(20)
N(23)-Ru(1)-N(32) 79.99(14) 79.96(20)
N(23)-Ru(1)-N(34) 160.53(13) 159.86(19)
N(32)—Ru(1)-N(34) 80.53(13) 79.92(20)

are disposed at an angle ofL69 compared to the trans-tpy
nitrogens at 159in [(tpy)(bpy)RuOH]?*3° and, in the solid
state, exhibit a slight twist that is not apparent in the solution
NMR. The space-filling model of [[DAMP)(phen)Ru®]in
Figure 1. (A) ORTEP representation of the cation in [[DAMP)(bpy)- Figure 1B shows the view along the axis established by the
RuO](CIQy).. Thermal ellipsoids are drawn at 50% probability. tertiary amines and reveals the oxo group to be sterically

Hydrogen atoms are in calculated positions. (B) Space-filling repre- protected in three of the four directions perpendicular to the
sentation of the cation in [(DAMP)(phen)RuO](C)@ Non-hydrogen oxometal axis

atoms are in positions from the X-ray structure. Hydrogen atoms are . .
in calculated gositions. Y yerog The cyclic voltammetry of a 10@M solution of [(DAMP)-

(bpy)RUOH]?" is presented in Figure 2. Only using an edge-

oxoruthenium(IV) oxidations has been described in detail elsevifiere. Oriented pyrolytic graphite working electrode at a scan rate of
For the kinetic analyses described here, the time-resolved spectra weré MV S™* was it possible to observe two waves over a broad
subjected to singular value decomposition, and the significant eigen- range of pH values. The two waves represent the sequential
vectors were selected. A mechanism was input into the program, which proton-coupled oxidations of the aquaruthenium(ll) complex to

generated the appropriate set of differential rate equations. After fitting the oxoruthenium(IV) form via eqs 1 and 2 at 0.34 and 0.48 V
of the rate equations to the spectral data, the output spectra of the

colored species were then compared with known spectra that could be, 24

obtained independently. In all of the cases described here, all of the [(DAMP)(bpy)RUOH]"™" —

output spectra corresponded to one of the three oxidation states [(DAM P)(bpy)RuOH]2+ +H + e (2)
[(DAMP)(bpy)RuvVOJ?*, [(DAMP)(bpy)RU"OHJ?*, and [(DAMP)-

(bpy)RU'OH;]2". [(DAMP)(bpy)RUOHF ™ —

Results [(DAMP)(bpy)RUOE" + HT + e (3)

Structure and Properties. The crystal structures of two of
the oxoruthenium(lV) forms are presented in an ORTEP
represention of [(DAMP)(bpy)Ru@} and a space-filling
representation of [(DAMP)(phen)Ru®] in Figure 1. The
crystal data for both structures and the atomic fractional
coordinates are given in the Supporting Information. Selected

bond distances and angles are given in Table 1. The ruthenium from the agua complex via bulk electrolysis at 0.4 and 0.8 V

oxygen bond lengths of 1.805(3) and 1.814(4) A for the bpy versus Ag/AgCl, respectively. Figure 3 shows the-ti\sible

and phen complexes, respectively, are comparable to the value : g ot
1.815(6) A reported for [(MEACN)L)RUOR2® When absorption of a 10M solution of [(DAMP)(bpy)RuOH

compared to the average RO distance in several [(tpy)(L)- and the spectra after exhaustive electrolysis at 0.4 and 0.8 V,
RUOH]?* complexes of 2.14 &23031these lengths reflect a which generates the Ru(lll) and Ru(lV) states, respectively. The

. . . extinction coefficients and absorption maxinmia.4y) are listed
higher metak-oxygen bond order. The tertiary amino groups in the Supporting Information and are vitally important in the

kinetic analysis.

vs Ag/AgCl, respectively. The Pourbaix diagram, also presented
in Figure 2, shows the 60 mV per pH unit dependence typical
of proton-coupled electron transter3-32with loss of this effect

for the (II/Il) couple above pH 11.5, theKp af the aqua-
ruthenium(ll) complex. The complexes [(DAMP)(bpy)RuGH]
and [(DAMP)(bpy)RuOi™ can be prepared in aqueous buffer

(28) sStultz, L. K.; Binstead, R. A.; Reynolds, M. S.; Meyer, TJJAm.
Chem. Soc1995 117, 2520-2532.

(29) Cheng, W.-C.; Yu, W.-Y.; Cheung, K.-K.; Che, C.-W.Chem. Soc., (31) Grover, N.; Gupta, N.; Singh, P.; Thorp, H. kiorg. Chem.1992
Dalton Trans.1994 57—62. 31, 2014.

(30) Seok, W. K. Thesis, University of North Carolina at Chapel Hill, 1988. (32) Moyer, B. A.; Meyer, T. Jinorg. Chem.1981, 20, 436.
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150 — | J | , Table 2. Electronic Structure and DNA Binding Properties of
E 1 DAMP Complexes
1.00 [ E
C ] E (V vs Ag/AgCI) MLCT Kp
0.50 [ ] complex E(I/I)  E(NNV) pKa Amax(nm) (M™1)
’g: 0.00 b 1 [(DAMP)(bpy)RUOH]?*  0.34 048 115 512 920
5 : ] [(DAMP)(phen)RuOH]*  0.39 0.49 111 480 1480
§ 050 F ] [(DAMP)(dppz)RUOH] 2+ 0.3% 10.7 476 930000
3 £ 3 [(tpy)(bpy)RUOH)]?+ 0.49 0.62 9.7 508 900
-1.00 [ 3 [(tpy)(phen)RuOH]?*+ 0.48 0.58 10.2 510 1 600
F ] [(tpy)(dppz)RUOH]?+ 0.59 8.6 730008
150 3 E a Determined by electrochemical titration as described in reference
DY) S N R T B 26.° Only one wave was resolved; the indicated potential is probably
1.000 0.800 0.600 0.400 0.200 0.000 that of the II/11l couple.® Determined by absorption titration as described
Potential (V vs Ag/AgCl) in ref 25.9 Reference 262 Reference 19.
1.00 i _ ) ) )
! ' ‘ ‘ ' ' ] oxometal bond. This shift ifEy, is consistent with a change
0.580 i ] in driving force of a proton-coupled electron transfer equal to
U ] ~3.0 kcal motl. Thus, from a thermodynamic standpoint,
8 I [(tpy)(bpy)RUOHF' and [(DAMP)(bpy)RuOit should be
% 060 5 comparable hydrogen atom abstraction agents.
? i The DNA binding constantd<, eq 4) for the aquaruthenium-
é 0.40 |- (I forms of the DAMP complexes were determined by
mﬁ [ K
020 |- RU'OH,2" + DNA == Ru'OH,2"-DNA (4)
0.00 0" o ‘4' — 'é o é — '1‘0- : -1’2‘ : '1'4 established methoéfsand are given along with those for the
pH tpy complexes in Table 2. As observed with the tpy family,

Figure 2. Cyclic voltammetry of a 10QM solution of [(DAMP)- the binding affinity of the gqmplexes increases |n.th'e order bpy
(bpy)RUOHJ* in 50 mM pH 7 phosphate buffer (top) and Pourbaix - Phen< dppz. The affinity of the complexes is important
Diagram (bottom). Conditions: EOPG working electrode, Pt auxiliary, for understanding how an increase in the effective concentration
Ag/AgCI reference, 2 mV & scan rate, scanned positively from an  due to condensation on the DNA helix influences the reduction
initial potential of O V. kinetics. We have shown previously that the affinities of the
similarly charged RUOH,2", RU"OH?*, and R O?* forms

40000 g ] are indistinguishabl&, a point that will be important in the
F 1 kinetic analysis described below.
35000 - ] secPhenylethanol andtrans-Stilbene Oxidation. Prior to
L ] studies of DNA oxidation, it is useful to determine the
30000 |- . mechanisms of oxidation of small molecules where larger
C ] concentrations of reactive sites can be achieved and where the
25000 L 3 available redox pathways and their relative rates can be readily
- L ] assessed. In particular, we wanted to determine whether both
ﬁg 20000 | E RuvVO?" and RU'OH?" were competent oxidants of model
s C 1 substrates and whether stabilization of the higher oxidation
w r b states, which is apparent in the electrochemistry, simplifies the
15000 - p kinetics of reduction. Because théfdosition of deoxyribose
f ] is adjacent to the aromatic basscphenylethanol has been
10000 - ] chosen as a model substrate in aqueous solution, as the weak
i ] C—H bond is benzylié® Initial oxidation of guanine is very
5000 [ 3 efficient and is thought to involve more direct oxygen atom
X \ ] transfert4 we have therefore examined oxo transfettrans
N A AT DSt 1] stilbene in acetonitrile as a model for this reaction. Both
200 300 400 500 600 700 800 oxidations are very efficient with [(bpx()py)RuOE+.28 These
Wavelength (nm) model reactions allow comparison of the reactivity of the various
Figure 3. UV—visible spectra of 10@M solutions of [[DAMP)(bpy)- ~ RuO complexes; the rate constants for [(tpy)(bpy)RiGéll
RuOH,)?" (sM), (DAMP)(bpy)RUOH}+ (- —), and (DAMP)(bpy)- in the order GMP> phenylethanol transstilbene (the rates
RUOF* (- - -). for [(tpy)(bpy)RuOF+ and [(bpy)(py)RUOF" are similar).

Determining whether the rate constants for [(DAMP)(bpy)-
RuOP fall in the same order provides a useful test of whether
the DAMP ligand simply lowers the overall reactivity or changes
the available redox pathways in terms of the accessible multiple-
electron redox couple¥.

Figure 4 shows the spectral changes observed during the
freaction of 10QuM [(DAMP)(bpy)RuOF+ with 100 mM sec-

The electronic properties of the DAMP complexes are
summarized in Table 2 along with those of the tpy analogues.
Given the similarity in K3's for the three bidentate ligand types,
[(DAMP)(dppz)RuO?+ probably shares the same thermo-
dynamic oxidizing potential as the bpy and phen complexes.
Substitution of DAMP for tpy in bpy and phen complexes
consistently results in a decrease in the oxidation potentials o
approximately 140 mV that must be attributed to the ability of e . )

DAMP to provide strongeo coordination to the metal while (33) éﬁf,ﬁ?fgg,xvgﬁgg’fﬁi'gl%;M" Malinsky, J. E.; Thorp, H. Horg.
eliminatingsr back-bonding along one axis perpendicular to the (34) Meyer, T. JJ. Electrochem. Sod.984 131, 221C.
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1.50 T — T 16000 T T T ]
0-12 ey 14000 § 3
L 0.10 - k
125 0.08 | 12000 :
0.06 - _ ~ 10000 ]
i k| ]
.00 0.04 - 4 S 8000 | 3
I 0.02 682 Lt = : “ N ]
g L 0.65 T w 6000 1 -7 \ E
8 i 0.55 E \ 1
2 1 2000 [ 3
b 0.50 C e
B 0.45 ] o L. L P R e -
050 0.40 300 350 400 450 500 550
0'35 PR Wavelength (nm)
i 0 5000 1000015000] 1.2 10*
0.25 Time (s) - A L B R B
1.0 10*[ 7
0.00 v -
300 350 400 450 500 550 g s8010° .
Wavelength (nm) g
8 -5
Figure 4. UV —visible spectral changes at 1200 s intervals during the & 6.010 7]
reaction of 10«M [(DAMP)(bpy)RuOF+ with 100 mM phenylethanol g 5
in 50 mM phosphate buffer at pH 7. Inset: Absorbance vs time traces g 4010 .
at 368 and 486 nm (symbols) and predicted changes from the fit to the © :
global model described in the text. 2.0 10° ]
r ]
0.0 10° ..

phenylethanol over the course of 4 h. The changes consist of

a prompt return of absorption at 368 nm followed by a patrtial 0 5000 Time (s)
recovery of the Ru(ll) MLCT band at 486 nm. The inset plots rig e 5. Predicted spectra from the global model for the oxidation
of absorbance versus time reveal a sigmoidal appearancé'of Ru of secphenylethanol described in the text for complexes of Ru(Il)OH
OH,2*, and the absorbance at 368 therefore contains kinetic (- -), Ru(lll)OH (— —) and Ru(IV)O ($1) (top) and the predicted
information for both the RIOH2+ LMCT and high-energy ~ concentration profiles (bottom).

RU'OH,?" MLCT bands. Because the isosbestic points for the
three complexes are all close to 340 nm, it was not possible to
determine separately the kinetics for interconversion of any two

of the three available redox forms from single-wavelength plots, \where keops is the pseudo first-order rate constant for the
as has been done previously for [(tpy)(bpy)R&CG¥F3¢there- oxidation of secphenylethanol and, and ks are the second-
fore, all rate constants were determined from singular value order rate constants for comproportionation and disproportion-
decomposition of the complete time-dependent spectra. Only ation. The predicted spectra for the three complexes are shown
in the case ofecphenylethanol was a complex mechanism (egs in Figure 5 along with the concentration profiles over the course
5 and 6) required to fit the data; all other cases were fit to the of the reaction. In the initial stage of the reaction, the reduction
conversion of a single reactant to a single product by either a of Ru(IV) to Ru(ll) is followed by rapid comproportionation
first-order or zero-order process. of Ru(ll) with the excess Ru(lV) to yield Ru(lll). The
The time-dependent spectra for the oxidatiorsetphenyl- concentration of_R_u_(III) ach_ieves a maximum value _but then
ethanol were subjected to singular value decomposition, which falls as these oxidizing equivalents are lost via the dispropor-
returned three sets of significant spectral and evolutionary tionation to Ru(ll) and Ru(1V).Unlike with the tpy complexes,
eigenvectors corresponding to three colored species linked byr€actions inolving direct oxidation of substrate by the Ru(lll)
two kinetic processes. In all of the cases described here, theform were not required in the model to fit the datenich greatly
psuedo-first-order reactions were fit to a simple first-order A Simplifies the kinetic analysis and requires only a single rate
— B model, and the second-order rate constants were thenconstant.that involves sgbstrate oxidation (eq 5).
determined from plots Okeps Versus substrate concentration, 19 Verify the pseudo first-order nature of eq 5, the returned
An alternative method would have been to input the substratevalues Of Ka,0bs were plotte_d Versus concentration séc-
concentrations and have SPECFIT determine second-order rat henylethanol to give a straight line whose sI?pelcorresponded
constants directly; this approach has been used in other cases,O a second-order rate constantef= 0.014 M s for eq 7
mostly where more complicated mechanisms are operétite. N K | oy
In the case obecphenylethanol, Marquardt minimization was Ru’O*" + PhCH(OH)CH — Ru'OH,?" + PhCOCH (7)
performed to fit the data to the following model:

k.
RUYO*" + RU'OH2" k=3 2RU"OH?* (6)

(plot given in the Supporting Information). The activation
parameters determined from an Eyring plot &&cphenyl-
ethanol areAH* = 7 kcal mol! and ASF = —70 cal deg?
mol~! (plot given in the Supporting Information). The values
returned fork, andks were uncorrelated with concentration and
of similar magnitude{10* M~ s71) to those reported for the
corresponding comproportionation reactions for other Ru(tpy)-
(bpy)O*" derivativess® and the ratid,/ks remained constant at

kl‘obs

RUVOZH Ru“OH22+ (5)

(35) Thompson, M. S.; Meyer, T. J. Am. Chem. Sod.982 104, 5070.

(36) Thompson, M. S.; Meyer, T. J. Am. Chem. S0d.982 104, 4106.

(37) Johnston, D. H.; Glasgow, K. C.; Thorp, H. Bl. Am. Chem. Soc.
1995 117, 8933-8938.
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Table 3. Rate Constants and Activation Parameters for OxidatiorseoPhenylethanol anttans-Stilbene

complex substrate k(M~1s™h AH* (kcal mol?) AS' (cal deg! mol?)
[(DAMP)(bpy)RUOFP* phenylethanol 0.014 7 =70
[(bpy)(py)RUOF* phenylethanol 2.63 5.7 —38
[(DAMP)(bpy)RuOP*+ transstilbene 0.0014 8 —70
[(bpy)(py)RUOE* trans-stilbene 0.280 4.4 —46

2304+ 10, which agrees with the value predicted by the Nernst Table 4. Representative Rate Constants during Oxidation of

equation for comproportionation of two redox couples separated
by 140 mV. The values fok; ops kz, andks as a function of
substrate concentration are given in the Supporting Information.

We have discussed in detail elsewhere the mechanisms of ppy

nonproductive self-inactivation of oxoruthenium(lV) com-
plexes!® This reaction has particularly profound implications
in DNA reactions, where local concentrations are increased by
binding of the cationic complexes to the polyanion. We have
discussed these implications as a model for the self-inactivation
of activated iron bleomycif® The plot ofk; gpsversus thesec-
phenylethanol concentration exhibited a nonzero intercept at 4.8
x 1075 s71, which represents the first-order rate constant for
self-inactivation of the oxoruthenium(lV) form:

ke
RUVO? = RU'OHZ @8)

As expected, the self-inactivation rate constaky) (was

Nucleic Acids by 10quM [(DAMP)(L)RuO]?" Where L= bpy,
phen, and dppz

L nucleic acid [nucleic acid] (mM) 15 00s(s™)
none 0 4.8 0.2

CT-DNA 1.0 7.6+ 0.2

1.5 7.7£0.2

2.0 9.7+ 0.2

2.5 10.0+£ 0.2

3.0 11.0+ 0.2

5-dCMP 50 6.9+ 0.2

5-dTMP 50 6.2+ 0.2

5-dAMP 50 11.1+0.2

phen CT-DNA 1.0 18.¢: 0.2
dppz 1.0 2.10.2

The rate constants and activation parameters for the oxidations

described above are listed in Table 3 along with similar
parameters for [(bpyfpy)RuOE*.
Oxidation of Nucleic Acids by [(DAMP)(L)RuQ] 2~ Com-

ind“e/pggqlent of metal concentration, and the disappearance ofyjexes. Oxidations of polymeric and monomeric nucleic acids
RUYO*" in the absence of substrate was a single-exponential,\yere monitored via changes in the visible absorption spectra

consistent with a first-order rate constantar In the reactions
with secphenylethanol andransstilbene, the substrate con-

during the initial phase of the reaction in which the concentration
of RU'OH,2" is negligible. The spectral kinetics data were

centration under pseudo-first-order conditions was kept large subjected to singular value decomposition and fit to the first-

enough so that could be neglected in determining the second-
order rate constants for substrate oxidation.

The oxidation ofsecphenylethanol by oxometal complexes
is believed to occur through hydride abstraction to yield
acetophenon# For 5 mM [(DAMP)(bpy)RuO}t, a 914+ 5%
yield of acetophenone was observed when a large excess (10
mM) of substrate was present, indicating that the complex is
an effective two-electron oxidant. At lower substrate concentra-
tions, however, much lower (2640%) yields were obtained
due to competition from self-inactivation (eq 5). A table of
yields of acetophenone obtained at different substrate:metal
ratios is given in the Supporting Information.

Similar spectral changes were observed during the oxidation
of transstilbene by [(DAMP)(bpy)RuGj" in acetonitrile (spec-
tra given in the Supporting Information). The changes are
characterized by the growth of MLCT absorptions of [[DAMP)-
(bpy)RUNCMef" centered at 352 and 454 nm. These gross
features are similar to the observations with [(BaW)-
RuOF*;22 however, no evidence for any substrate-bound
complex intermediates was obtained in the case of the less
oxidizing DAMP complex. Singular value decompostition of
the time-dependent spectra confirmed the presence of only two
significant sets of eigenvectors consistent with a simple pseudo-
first-order A— B mechanism:

4,0bs

RUVO? k_, Ru”OH22+ )
The second-order rate constant obtained from a pld efs
versus frans-stilbene] isk, = 0.0014 M1 s71, and the activation
parameter\H* and AS* are 8 kcal mot! and—70 cal deg?
mol~1, respectively (plots given in the Supporting Information).
trans-Stilbene oxide was detected by GC-MS, but the high

order A— B case:

RUVO? %% R/l OH2* (10)

he measured rates therefore monitor the conversion %IRu

o RU"OH?* regardless of whether this conversion occurs via
direct hydrogen atom transfer or via hydride transfer followed
by rapid comproportionation (i.e. eqs 5 and 6). The values of
ks obsin various nucleic acid solutions are presented in Table 4.

Inspection of the values d&§ onsfor reduction of [([DAMP)-

(bpy)RuUOF* in calf thymus DNA solution reveal only a slight
enhancement beyond the self-inactivation rate constant. How-
ever, consideration of only the rate enhancembggut — k)
as a function of DNA concentration reveals a saturation response
reminiscent of the binding isotherm for weakly binding com-
plexes (see the Supporting Informatidff%31 There is no
evidence of a pre-steady-state “burst fraction” upon mixing that

would indicate immediate reduction of complexes upon binding

as observed in the tpy family of oxidaris.The ratios ofks ops
in the absence and presence of DNA predict that at least half
the available oxidizing equivalents are lost to self-inactivation
(eq5). The kinetics of reduction of [[DAMP)(bpy)RuDlwere

also examined in the presence of the nucleotidesIs1P, 5-
dCMP, and 5dAMP, which can only undergo sugar oxidation
chemistry. Even at very high nucleotide concentrations, the
enhancement iks opsiS at most equivalent to the self-inactivation
rate constank.

The oxidation of 5dGMP by [(DAMP)(bpy)RuGi*™ does
proceed with a pseudo-first-order rate constant that is strongly
dependent on nucleotide concentration. The ploksQhs Vs
[5'-dGMP] in Figure 6 reveals a curved response consistent with
a rapid preequilibrium due to binding of the dicationic complex

substrate:metal ratios required prohibited accurate quantitation.yith the dianionic nucleotide:

(38) Worth, L., Jr.; Frank, B. L.; Christner, D. F.; Absalon, M. J.; Stubbe,
J.; Kozarich, J. WBiochemistryl993 32, 2601.

Ke
RUO?" + 5-dGMP—= RUV0O*"-5-dGMP  (11)
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2.010* [
] and aromatics by oxoruthenium, although the kinetics of
g ST AP EPEFES DR EFEFE WP RS oxoruthenium reduction in nucleic acid solution overwhelmingly
0.010% 4 000 0.020 0.040 0.060 0.080 0.100 0.120 reflect self-inactivatiori416.28.35.36
(5-dGMP1 (M) Just as the different nucleotides exhibit different reactivities
. with a given oxidant, reactivity of polymeric nucleic acids varies
1.2 10* F—r-r—r—Tr—-r—T"rTT T . 7
‘B 1 widely based on base composition and secondary struc-
Lo10t | R 1 ture14.16:39.40 |t has been demonstrated that [(tpy)(bpy)R#O]
' : 1 cleaves the mRNA from the iron recognition element (IRE) at
8.010° [ ] only a single G in a hairpin loop in an 80-nucleotide fragment
' : . but cleaves the 16-nucleotide DNA analogue of the loop'{d[5
@ 60100 [ 1 TTCAACAGTGTTTGAA]) at nearly every sité*4142 The
& ’ : 1 cleavage efficiencies vary widely at each site on the hairpin,
40 10° [ b which has therefore been chosen as a basis to compare the
g - * .. . .
: v ] reactivities of the different oxoruthenium complexes. The
00 10° [ ] cleavage pattern for [[DAMP)(bpy)Ru®]is very similar to
’ ; 1 that for [(tpy)(bpy)RuOqt, although a 20-fold larger concentra-
00100 Lo v 1w v vt e v vy tion of the DAMP complex resulted in only 10% of the cleavage
" 70.000  50.000 100.000 150.000 200.000 250.000 observed with the tpy analogue (Scheme 2; cleavage intensities

1/[5-dGMP] (M ™) given in the Supporting Information). Frank, nonspecific
Figure 6. Plot of ks s Vs [5-dGMP] (top) and inverseinverse plot cleavage is observed with a significant piperidine enhancement,
for oxidation of 3-dGMP by 10Q:M [(DAMP)(bpy)RuOF+ in 50 mM which is consistent with sugar oxidation at thepbsition16:43
phosphate buffer (bottom). The enhanced cleavage at G residues is realized only after
ke piperidine treatment, which is consistent with base oxidation
RUVO?"-5-dGMP— RU'OH,”" + 5-dGMP,, (12) as observed in numerous systetffi& The cleavage chemistry
of the DAMP and tpy complexes differ only in the relative rates

Also presented in Figure 6 is an inverse-inverse plot kf &4 and not in the intimate mechanism or reaction products.
versus 1/[5dGMP]. A value forkgvp of 0.0014 s can be The larger concentrations required are consistent with the
determined from the reciprocal of tiyeintercept, and &eq for lower reactivity of the DAMP complex. Importantly, significant

eq 11 of 16 M1 can be determined from theintercept. Similar ~ cleavage of the hairpin by the DAMP complex was observed
values ofKeq have been measured for analogous reactions of at A and T sites, where the oxidation mechanism involves
[(tpy)(bpy)RUOR* with mononucleotide$* The product hydrogen abstractioH;16 even though reduction of [[DAMP)-
Kedkawmp Yields a second-order rate constankef= 0.022 M1 (bpy)RuO?* by 5-TMP and 5-AMP was not competitive with
s~1 for oxidation of 3-dGMP by [(DAMP)(bpy)RuOj*. The self-inactivation. This result implies that sugar oxidation in the
analogous oxidation of 5IGMP by [(tpy)(bpy)RuG}" proceeds hairpin is a result of catalysis of the<E bond activation by
with an estimated second-order rate constant of ¢ bt to the oligomeric DNA.
yield a putative 8-oxoguanosine monophosphate that is itself ~Oxidation of DNA by [(DAMP)(bpy)RuOH] 2*. The kinet-
more easily oxidized than 8IGMP14 Unlike oxidations with ics of reduction of [(DAMP)(bpy)RuOHY} in aqueous DNA
[(tpy)(bpy)RUOE*, oxidations with [(DAMP)(bpy)RuC" fail solution were studied after visible absorption spectroscopy
to yield any products with UV spectra similar to 8-oxoguanine, revealed thaincubation of this complex in the presence of DNA
nor is there any kinetic evidence for overoxidation of any led to quantitatie recaery of the RUOH;** complex een
products. though the RYOH?" complex is kinetically stable in buffer.
Hairpin Oligonucleotide Oxidation. In the case of [(tpy)-  Changes in the visible absorption of 1M [(DAMP)(bpy)-
(bpy)RUOPF+, the oxidant is competent in hydride abstractions RUOHP' in the presence of 1.0 mM calf thymus DNA are
at 1 sugar carbons and oxidations of guanine via an oxygen presented in Figure 7. The changes are characterized by return
atom transfer mechanist16 Oxidation at the ‘1 position of the MLCT bandsat a rate that is unchangedwver at least
results in base release to yield &d2oxyribonolactone that  three quarters of the lifetime of the reactiofihis disappearance
provides a combination of frank and base-labile strand scission
while guanosine is thought to be oxidized initially to 8-oxo- (39) Tullius, T. D.; Dombroski, B. AScience (Washington, D.C1p85
guanosine, which is itself easily oxidized by oxoruthenium. 230 679.

. . . . . (40) Burkhoff, A. M.; Tullius, T. D.Nature (London)1988 331, 455.
Neither of these lesions is stable in base, and treatment with(41) Thorp, H. H.; McKenzie, R. A.; Lin, P.-N.; Walden, W. E.; Theil, E.

piperidine therefore results in strand cleavage to yield unmodi- C. Inorg. Chem.1996 35, 2773-2779.
fied 3 and B phosphate termini to mark the locus of the “2) ggsrtfr' P.J.; Cheng, C.-C.; Thorp, H.IRbrg. Chem1996 35, 3348~

damaged nucleoside. The fundamental chemical reactions arqQss) Goyr;e’ T. E.; Sigman, D. 9. Am. Chem. Sod.987, 109, 2846.
analogous to many reported for oxidations of alcohols, olefins, (44) Burrows, C. J.; Rokita, S. BAcc. Chem. Res.994 27, 295-301.
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Figure 7. UV—uvisible spectral changeg & h intervals during the _§ 0.80
reaction of 10«M [(DAMP)(bpy)RUOHF" with 1.0 mM calf-thymus S
DNA in 50 mM phosphate buffer at pH 7. g 070
0.60
of [[DAMP)(bpy)RUOHF" with a zero-order rate law suggests 0.50 b ]
a mechanism involving a catalyst under substrate-saturation ’
conditions. o ] ] 048010° 5010 1010° 1510° 2010° 2510°
The spectral kinetics data were subjected to singular value Time (s)

decomposition using the SPECFIT program to yield tWo figyre 8. Predicted spectra from analysis of the raw data in Figure 7
significant sets of spectral and evolutionary eigenvectors. Thesefor the reduction of [(DAMP)(bpy)RUOHT by calf thymus DNA for
data were fit to a zero-order model: [(DAMP)(bpy)RUOHE* and [(DAMP)(bpy)RuOH]|?* from the fit to

the zero-order model (top) and absorbance at 486 nm vs time (bottom).

ks
Ru"OH*" — Ru'OH,** (13) concentration is therefore the concentration of territories avail-
able for binding, which is the same as the concentration of total
—d[Ru”' OH2+]/dt = kg (14) bound metal complex in any oxidation state. We have measured

independently the binding constant for [[DAMP)(bpy)Rus#
The global analysis of the raw data shown in Figure 7 returned (T?\Plez 2), arllld We can assume tzhat the binding constants of the
the predicted spectra shown in Figure 8 (top) and a reaction RU”O?", RU'OH", and RUOH,*" forms are the same since
rate of 5.1x 10-°M s1. The bottom panel of Figure 8 shows all three fo'rms have the same chaf§ePrevious kinetic studies
a plot of absorbance at 486 nm versus time with the predicted SUPPOrt this assumptiof. We can therefore use the measured
values overlaid and confirms good time-based adherence to thed<o for the Ru(ll) form to estimate the mole fraction of total
zero-order model. Because eq 13 involves the interconversionound rutheniumy), which is the same as the concentration
of only two species, the absorbance versus time traces appeaf! available binding territories:
identical for all wavelengths except for the magnitude of the
change in absorbance.

To determine whether DNA plays a catalytic role, the
concentration dependences of both nucleic acid and metal
complex on the reaction rate were determined. The kgja@é
a function of added DNA (Figure 9, top) in the presence of
100uM [(DAMP)(bpy)RUOHE" exhibits the curved response
as function of added nucleotide phosphate typical of a rapi
preequilibrium involving DNA binding. Because classical
enzyme kinetics states that rate should be directly proportional
to enzyme concentratidii,we hypothesized that the territory
occupied by the metal complex on the DNA strand must
correspond to the enzyme in this model. The enzyme concen-
tration must remain constant during the reaction, which will
occur as long as the DNA is in pseudo-first-order excess.
Further, while the DNA territories in heterogeneous calf thymus
DNA are not all identical, the sequence variations in the binding
mode are too small to affect the kinetic analysis, especially for
complexes that bind only electrostatically; this point is supported
by other reactions we have reporféd® The effective enzyme

X, = K,[DNAJ/( K [DNA] + 1) (15)

The plot of reaction rate versu§, calculated from eq 14 for
Ky = 920 M1 is linear as shown in Figure 9 (top).

The linear dependence of the reaction rate on the amount of
bound metal complex suggested a rapid preequilibrium involving
d binding of the metal complex to DNA, and the metal-complex
concentration dependence was found (via a double-reciprocal
plot) to support the rate law (Figure 9, bottom):

rate= kX,[RUOH]/(K,, + [RUOH'],)  (16)

The double-reciprocal plot yields a slope equattgRUOH o/

Km and intercept equal tok¥[RUOH?"]o)~1. From the plot

shown in the lower panel of Figure 9, we measure a slope of

79 100 M2 s and an intercept of 1.69 10° M~! s correspond-

ing to values okX,[RUOH**]o andKy equal to 5.9x 107°M

s 1 and 2100 M1, respectively. The observed maximum rate

in the presence of 3.0 MM DNA is 1.8 10°° M s~1, which is

in reasonable agreement with tk,[RuOH*], value, which

(45) Stryer, LBiochemistry3rd ed.; W. H. Freeman and Co.: New York, IS calculated as an inverse. Further, the binding const)t (
1988. obtained from the double-reciprocal plot is in reasonable
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Figure 9. Top: Dependence d on DNA concentration at 100M
[(DAMP)(bpy)RUOF" plotted as a function oX, calculated from eq

15 and the measured DNA binding constant for [([DAMP)(bpy)RuO]
Bottom: Dependence d&¢ on [(DAMP)(bpy)RuO}" concentration at
1.0 mM DNA plotted as a double-reciprocal plot. All rate constants
measured in 50 mM phosphate buffer, pH 7. Error bars are determine
from standard deviations of the individual rate constants.

agreement with that of 920 M shown in Table 2. Finally,
the value ofkX,[RUOH?"]o implies a value ok = 1.3 x 107>

s1, which compares favorably with the first-order rate constant
for self-inactivation of [[DAMP)(bpy)RuG]". Because of this
similarity, we conclude that the DNA strand catalyzes the
unfavorable disproportionation of B®H?** to RUYO?" and
RU'OH2" (eq 1). The RIYO?" complex then loses the two
oxidizing equivalents in a rate-limiting step through either self-
or DNA oxidation with a first-order rate constantefl0~> s™2.

The total mechanism consistent with the kinetic observations

is as follows:

RuU"OH?" + DNA = RU"OH*"-DNA (17)

2RU"OH?*-DNA = RUY0O*"-DNA + Ru'OH,”"-DNA
(18)

RuY0O*"-DNA — RU'OH,*"-DNA (19)

Here eq 19 is rate-limiting.

Discussion

Redox Mechanisms. There are two important conclusions
from the electronic properties and small molecule oxidations
that relate to the DNA kinetics. The first is that reactions
involving the direct oxidation of substrate by ROH>" are not
required to fit the kinetics data. This point is strikingly apparent
in the secphenylethanol case, where the only reactions con-
sidered are two-electron oxidation of substrate by Ré&" and
the disproportionation reaction. Considerably more complex

Welch et al.

RuU"OH?* can directly oxidize substraté?® The reason that
the RUWOH?" reactivity has been shut off is apparent in the
structural and electronic properties. The electrochemical data
show that the Ru(lll) state is stabilized by 0.15 V relative to
the tpy analog, and the crystal structures show clear protection
of the reactive oxygen functionalilty by the methyl groups of
the damp ligand. So the high-valent forms of the complex are
stabilized both kinetically and thermodynamically.

The second important point is that the available mechanistic
pathways for the RMO?" oxidant were not changed by
substitution of DAMP for tpy. The second-order rate constants
fall in the order GMP> secphenylethanol> transstilbene
for both the tpy case or the DAMP complex. Stabilization of
the RW'OH2™ form naturally results in similar stabilization of
the RUYO?* state; however, the trends in reactivity for the oxo
complex were not altered.

DNA Catalysis. The oxidation kinetics and relative yields
of cleavage at sites on the DNA strand can now be rationalized
in terms of binding affinity and reactivity. Comparision of the
kinetics of reduction of [(tpy)(bpy)Ru®} and [(DAMP)(bpy)-
RuOP* upon mixing with DNA reveal the importance of the
relative values of the rate constants for binding, dissociation,
DNA oxidation, and self-inactivation. Neyhart et al. showed
that, upon mixing solutions of [(tpy)(L)Ru®j with DNA, a
significant fraction proportional to the binding affinity governed
by L was immediately reducéd. These studies relied on
absorbance changes at the isosbestic point for tHECRE"
and RUOH,2" complexes, but presumably this “burst fraction”
represents the establishment of equilibrium concentrations of
RUuVO?+, RU"OH2*, and RUOH,2" in the vicinity of the DNA
strand according tok, and ks (eqs 5 and 6). The remaining

4dRUVO?" in solution must be reduced after exchange with a

bound complex, and this rate constant therefore does not depend
on DNA or metal complex concentration. No burst fraction is
observed upon mixing [(DAMP)(bpy)Ru®]with DNA, thereby
showing that high local concentrations of 'RD?" can be
maintained in the vicinity of the DNA strand. The value of
ksobs — kx, the pseudo-first-order rate constant for DNA
oxidation, therefore follows an isotherm dependence on DNA
concentration consistent with a rate proportiona&fggplot given

in the Supporting Information).

Oxidation of free TMP by [(DAMP)(bpy)RuGf was not
observed, indicating that the complex is not a competent oxidant
of free sugar. However, cleavage of the hairpin was clearly
observed at A and T sites that must react via sugar oxidation.
The oligomeric structure of the hairpin is therefore promoting
the sugar oxidation. This effect presumably arises through an
increase in the local concentration due to DNA binding.
Accordingly, more sugar oxidation is observed in the stem and
stem-loop junction regions of the hairpin, where binding of
the cationic complex should occur with higher affinity than in
the single-stranded loop region.

A number of features of the kinetics of reduction of
[(DAMP)(bpy)RUOHE" are noteworthy. First, zero-order
kinetics are observed, consistent with true catalytic behavior.
Second, the kinetics can be analyzed using a model analogous
to the Michaelis-Menton model, where the territory of DNA
that binds the metal complex is analogous to the enzyme. Since
calf thymus DNA contains many sequences, the ensemble of
territories are all slightly different from a sequence point of view;
however, the reactivity of the bound complex does not vary
enough to allow reaction in different binding modes or
sequences to be differentiated. This behavior is consistent with

models are needed for the more oxidizing tpy complex where simple electrostatic binding, as we have discussed in detail
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elsewheré®17.19.46 The catalysis is readily apparent in that the origin of the catalysis is very similar to that observed in
the RY'OH?+ complex is kinetically stable in buffer; however, promotion of bimolecular electron-transfer reactieh® and
guantitative conversion to ROH,2" is observed in the presence covalent labeling of GG sites in oligomersNamely, the effect
of DNA. This effect likely arises from catalysis of the arises from an increase in the local concentration of the metal
disproportionation to R4O?" and RUOH,?* by enhancement  complex due to electrostatic condensation. In the present case,
of the local concentration of [[DAMP)(bpy)RuO#] Accord- we have shown that the enzymsubstrate complex is analogous
ing to calculations by Manninty,territorial electrostatic binding  to the RU#'OH2"-DNA adduct, which is the species that
of anN-valent cation displaces two sodium counterions from a decomposes in the rate-limiting step. Accordingly, the overall
volume about the double strand to yield a local concentration reaction proceeds with zero-order kinetics and can be analyzed
given by according to an enzyme model (Figures 8 and 9). Determination
of the appropriate first-order rate constant from the fitted model
CN'OC = (103/Vp)(Cb/[DNA]) (20) is in good agreement with the measured rate constant for self-
inactivation and DNA oxidation by [(DAMP)(bpy)Ru®j, and

where V,, (646 cn?# mol-t for double-stranded DNA) is the the mode_l yields a binding constant in gqod agreement \{vith
volume of the region within which the cation is said to be bound, that from independent measurement. This information provides
Cp is the bulk concentration of complex bound, and the DNA @ firm quantitative basis for the concept of DNA catalysis by
concentration is the molarity of the nucleotide phosphate. Given €lectrostatic condensation; however, true enzymatic catalysis
a binding constant of 900 M, 1004M [(DAMP)(bpy)RUOHE* would mvolve_ not _only favorable orientation of _the reactants
will partition to 47 uM bound and 53:M free in the presence but a]go stablllzatlorj_ of .the.transmon .sté?e.I.Ewdt_ance for
of 1.0 mM DNA. Substitution of the appropriate values @y trans[non-state st§b|llzat|on is not ava!lable in this case and
and [DNA] in eq 15 vields a value dEy°¢ equal to 73 mM. remains an attractive target in developing DNA catalysis.
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