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A dinuclear copper(ll) complex [Cu',(PD'0™)(H;0),](ClO,)s (5) with terminal Cu(ll)-H,O moieties and a Cu-+-Cu
distance of 4.13 A (X-ray structure) has been synthesized and characterized by EPR spectroscopy (ferromagnetic
coupling observed) and cyclic voltammetry. Dizinc(Il) and mononuclear copper(ll) analogues [Zn"y(PD'O~)(H,0),J**
(7) and [Cu'(mPD’OH)(H,0)]** (6), respectively, have also been synthesized and structurally characterized. Reacting
5/MPA/O, (MPA = 3-mercaptopropionic acid) with DNA leads to a highly specific oxidation of guanine (G) at a
junction between single- and double-stranded DNA. Mass spectrometric analysis of the major products indicates
a gain of +18 and +34 amu relative to initial DNA strands. The most efficient reaction requires G at the first and
second unpaired positions of each strand extending from the junction. Less reaction is observed for analogous
targets in which the G cluster is farther from the junction or contains less than four Gs. Consistent with our previous
systems, the multinuclear copper center is required for selective reaction; mononuclear complex 6 is not effective.
Hydrogen peroxide as a substitute for MPA/O, also does not lead to activity. Structural analysis of a [Cu',(PD'O~)(G)]**
complex (8) and dizinc analogue [Zn",(PD'O~)(G)](ClO4); (9) (G = guanosine) reveals coordination of the G 06
and N7 atoms with the two copper (or zinc) centers and suggests that copper—G coordination likely plays a role
in recognition of the DNA target. The Cu,—O; intermediate responsible for guanine oxidation appears to be different
from that responsible for direct-strand scission induced by other multinuclear copper complexes; the likely course
of reaction is discussed.

Introduction copper-phenanthroline [CL(OP)]?t have remained the
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I"Roosevelt University. Chem. Soc2006 128 3198-3207.
§ University of Delaware. (9) Hirohama, T.; Kuranuki, Y.; Ebina, E.; Sugizaki, T.; Arii, H.; Chikira,
# Current address: Department of Chemistry and Biochemistry, Univer- M.; Selvi, P. T.; Palaniandavar, M. Inorg. Biochem2005 99, 1205~
sity of California San Diego, La Jolla, CA 92093. 1219.
* University of Maryland. (10) zaid, A.; Sun, J. S.; Nguyen, C. H.; Bisagni, E.; Garestier, T.; Grierson,
(1) O'Neill, M. A;; Barton, J. K.Top Curr. Chem2004 236, 67—115. D. S.; Zain, R.Chembiochen2004 5, 1550-1557.
(2) Cowan, J. ACurr. Opin. Chem. Biol2001, 5, 634-642. (11) Oyoshi, T.; Sugiyama, H.. Am. Chem. So200Q 122 6313-6314.
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DNA backbone without sequence selectivity and thus create
a complex array of DNA fragments. To achieve targeted 3 5

strand scission, reagents such as Fe@pTA or [Cu'-

(OP)Z]?+ have peen conjugated to compounds that direct their [Cu',(DO)(CI),]2* (3) was sufficient to abolish the selective
association with DNA®™" In a complementary manner,  gyand scission of DNA? Activities observed for di- and
ligands surrounding the metal can be mOd'f'edgtO alter the yin,clear complexes were furthermore not mimicked by their
type of chemistry that is promoted by the méal® Future mononuclear analogues such as [TMPA)(H.0)]2* (4),

success in designing a broad platform of complexes exhibit-j, \ving that DNA cleavage occurs via a multi-metal-
ing predictable chemio- and regiospecificity in reactions with mediated reactioft22

nucleic acids depends on our ability to understand the An alt tive dinucl | DO
determinants controlling the diverse activities of many h alternative dinuciear copper compiex P.G(P )-
(H20),]*" (5) (Chart 2) was described in a preliminary report

existing examples. . : S .
Certain multinuclear r complexes that were originall to promote reaction at purine-rich junctions of ss/ds DNA
ertain muttinuciear copper complexes that were onginatly ., analogy to the other multinuclear copper complekes.

dtervtelcc)iped tto nTOgSI rr}eta;il\lloenéi)lliltl étsha\l/e 3|S?h d(laamoknb n However, the oxidation promoted Wyis unique to these
strated a potent and selective abiity to cleave the alc ONCmultinuclear copper complexes. The presence of 3-mercap-
of DNA by oxidation. Two species in particular, [E4D7)- topropionic acid (MPA) and ambient concentrations of O
4+ I a4+
(H20)1*" (1) and [CUs(TP1)(FO)(NOs)I ™ (2) (Chart 1), iy oy support strand scission, as evident witfand 2.
promote strand scission at junctions of single- and double- L . L
: o e Instead, these conditions resulted in the oxidation of G to
stranded (ss/ds) DNA with exquisite sensitivity to the o - -
. o3 o e . . 2,6-diamino-5-formamidino-4-hydroxypyrimidine (FAPy-G)
nucleotide sequencé:?: Site specificity derives in part by . . : .
S . ., as a major product wittb. The synthesis and physical
the coordination of at least one copper to a guanine (G)-rich : : . = .
o ; . properties of this complex and its reactivity with DNA are
region?*and the subsequent chemistry depends on the ligand . . .
now described in a more comprehensive manner. The crystal

structure. The addition of only one more spacer atom linking . :
L - . . . structures ob in the presence and absence of guanine have
the individual binding sites of copper in the dinuclear

compound [ClUx(D)(H20),]*"(1) to generate the complex
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475.
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York, 2001; Vol. 38, pp 213254.

(18) Thorp, H. H.Adv. Inorg. Chem1995 43, 127-177.

(19) Burrows, C. J.; Muller, J. @Chem. Re. 1998 98, 1109-1151.

(20) Hatcher, L. Q.; Karlin, K. DJ. Biol. Inorg. Chem2004 9, 669—
683.

(21) Humphreys, K. J.; Karlin, K. D.; Rokita, S. B. Am. Chem. Soc.
2002 124, 6009-6019.

(22) Humphreys, K. J.; Karlin, K. D.; Rokita, S. B. Am. Chem. Soc.
2002 124, 8055-8066.

(23) Humphreys, K. J.; Karlin, K. D.; Rokita, S. B. Am. Chem. Soc.
2001, 123 5588-5589.

(24) Ito, T.; Thyagarajan, S.; Karlin, K. D.; Rokita, S. Enem. Commun.
2005 4812-4814.

also been characterized, and its solid-state and solution
properties are compared to related phenoxo-bridged dinuclear
copper(ll) complexes.

The initial DNA target used to characterize the reactivity
of 5 contained four Gs distributed at theandn + 1 position
of the single-stranded DNA directly extended from the
duplex region as illustrated in Chart 3. This was chosen as
a likely target of oxidation by a multinuclear complex on
the basis of our previous experience with such complexes.
Now, the roles of the ss/ds junction and the proximal
guanines have been investigated independently. Additionally,
the mechanism of reaction has been examined for its
dependence on molecular oxygen, sensitivity to quenching
agents, response to,8, and thiols, product formation, and
the activity of [Cl (mPDOH)(H,0)]?" (6), a newly prepared
mononuclear analogue &f

(25) Li, L.; Karlin, K. D.; Rokita, S. E.J. Am. Chem. SoQ005 127,
520-521.
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Experimental Section green powder in MeOH/ED. UV—vis (acetone): 385 nm (sh, 600
M~1cm™1), 690 nm (160 M?! cm™1). Anal. Calcd for (G4H4sClz-
General Materials. Oligodeoxynucleotides were purchased from CwN110:6)-6H,0: C, 38.85; H, 4.45; N, 11.33. Found: C, 38.67;
Gibco BRL. T4 kinase and the appropriate buffer were obtained H, 4.01: N, 11.40.
from New England Biolabs and/{32P]JATP (3000 Ci/mmol) was [Zn" (PD'O-)(guanosine)](ClQy)s-5H,0 (9). A MeOH solution
obtained from Amersham. Solutions of the metal complexes and (10 mL) of 7 (90 mg, 0.094 mmol) was mixed with a 15 mL MeOH
o_tht_ar reage_nts_ for strand scission were preparec_:l fresh daily usingggution of guanosine (28 mg, 0.1 mmol). A clear yellow solution
distilled—deionized water (18 I2 cm). Stock solutions of 3-mer-  \ya5 obtained after stirring for0.5 h under ambient temperature.
captopropionic acid (MPA, Aldrich), 2-mercaptoethanol (ME), and  The addition of 100 mL of EO to this solution yielded a yellow
dithiothreitol (DTT) were titrated with Ellman’s reagent to deter- powder (102 mg, 81%). A single crystal suitable for X-ray crystal-
mine their free thiol concentration. All other chemicals were used lographic analysis was obtained by recrystallization of this powder
as supplied by the manufacturer. BVis spectra were recorded MeOH/EO. Anal. Calcd for (GsHsgClsCuN11019)-5H,0: C,
with a Varian Cary-50 spectrophotometer. Elemental analyses weresg 26: H, 4.34: N, 11.45. Found: C, 39.17: H, 4.00: N, 11.14.
performed by Quantitative Technologies, Inc. (QTI, Whitehouse,  Ejectrochemistry. Cyclic voltammetry was carried out with a
NJ), and Desert Analytics (Tucson, AZt NMR spectra were  gjoanalytical Systems BAS-100B electrochemical analyzer. The
recorded at 300 MHz on a Bruker AMX-300 instrument. Chemical ¢g|| was a standard three-electrode system with a platinum wire
shifts were reported a3 values relative to an internal standard g xjliary as the counter electrode. A glassy carbon electrode (GCE,
(Me,Si) and the residual solvent proton. BAS MF 2012) was used as the working electrode and saturated
PD'OH and [Cu" »(PD'O~)(H20)2](ClO 4)3:3H20 (5). The bi- calomel as reference electrode. The measurements were performed
nucleating ligand P®H and its corresponding dicopper(ll)  at room temperature in DMF containing 0.1 M tetrabutylammonium
complex, [Cy"(PD'O7)(H20):(ClO,)s:3H,0, were synthesized  hexafluorophosphate (TBAHP) and either the copper or zinc
according to published procedur®s. complex (£0.1 mM). The solvent was deoxygenated by bubbling
mPD'OH. 4-tert-Butyl-2-aminophenol (7.7 g, 46.6 mmol) was argon through the solution.
dissolved in 100 mL of methanol. Then, 2-picolyl chloride (12.9 EPR Spectroscopy and Simulations of Copper Complexes.
g, 102 mmol) in degassed methanol (50 mL, bubbled with argon Electron paramagnetic resonance (EPR) spectra were recorded on
for 20 min) containing triethylamine (10.5 g, 103 mmol) was added a Bruker EMX spectrometer controlled with a Bruker ER 041 X G
dropwise. The resulting solution was stirred for 3 days-66 °C microwave bridge operating at the X-band9.4 GHz) at room
under an argon atmosphere. The product "d@Dwas purified temperature and in the 307 K range. The low-temperature EPR
by column chromatography (silica gel). Elution with ethyl acetate measurements were carried out via either a continuous-flow liquid-
removed the unreacted 2-picolyl chloride, and elution with ethyl helium cryostat and ITC503 temperature controller made by Oxford
acetate/hexane (1:1) yielded the desired product (13.2 g, 82%) asinstruments, Inc., or a liquid-nitrogen finger dewar. EPR spectra
a brown-yellow solid R = 0.21, silica gel, ethyl acetate:hexane were recorded for 1:1 DMF:toluene solutions®&nd6 at 34 K;
1:1). '"H NMR (CDCls, 300 MHz): ¢ 1.23 (s, 9H), 4.37 (s, 4H), experimental conditions are given in the relevant figure captions.
6.77-6.90 (m, 3H), 6.966.99 (m, 2H), 7.03-7.07 (m, 2H), 7.38 Computer simulations of EPR spectra were performed using the
7.43 (m, 2H), 8.488.51 (m, 2H). g77 FORTRAN program DDPOWJHE, available from J. Telser.
[Cu" (mPD'OH)(H;0)](ClO 4)»*H,0 (6). A blue solution of6 This program has been employed previously for a dinuclear Mn-
was obtained by the dropwise addition of 10 mL of an aqueous (Il) system?® DDPOWJHE uses as a basis set a system of two
solution of Cu(ClQ),*6H,0 (0.17 g, 0.44 mmol) to a 10 mL EtOH  electronic spins$, S), each coupled to two nuclear spiris, (2).
solution of mMPDOH (0.15 g, 0.44 mmol). Blue crystals (0.25 g, For the dinuclear comple, § = $ = 1/2,1; = I, = 3/2 is used,
78%) suitable for X-ray crystallographic analysis were obtained along with an approximation of 100%8Cu. Effects of the natural
by the slow evaporation of this solution under reduced pressure. isotopic abundance ¢fCu is masked by the EPR line width in
UV-vis (acetone): 450 nm (sh, 50 Nem™%), 677 nm (75  solution. For the mononuclear compléxS, = 1/2,$, =0, I, =
M~lcm2). Anal. Caled for (GoH2sCl,CuN:O19): C, 40.91; H, 4.53; 3/2,1, = 0. A standard spin Hamiltonian for a coupled spin system

N, 6.51. Found: C, 40.98; H, 4.36; N, 6.41. was employed that includes, in order of increasing interaction
[Zn",(PD'O")(H;0):](ClO4)5:3H,0 (7). A degassed ethanol ~ €nergy, i§otr0pic puclear Zpeman coupling to e&u nucleus,
solution (8 mL, bubbled with argon for 20 min) of RDH (109 anisotropic hyperfine coupling between e&&bu nucleus and each

mg, 2 mmol) was mixed with a degassed aqueous solution (8 mL, Cu(ll) electronic spin, anisotropic electronic Zeeman coupling to
bubbled with argon for 20 min) of Zn(Cl-6H,0 (149 mg, 4 each Cu(ll) §pin,.and anisotropic exchange coupling between the
mmol) under an argon atmosphere and ambient temperature. AWO electronic spins
clear, light yellow solution formed, and yellow crystalline needles
(205 mg, 80%) suitable for X-ray analysis were obtained from this H = §;-J-S, + Z[ﬁB-gi-S + SAL+BOBL (=1,2)] (1)
by slow evaporation'H NMR (CDs;OD, 300 MHz): 6 1.23 (s,
9H), 4.37 (s, 8H), 6.77#6.90 (m, 3H), 6.96:6.99 (m, 2H), 7.03- The electron spirelectron spin coupling can be separated into an
7.07 (m, 2H), 7.38.7.43 (m, 2H), 8.48:8.51 (m, 2H). Anal. Calcd  jsotropic (HeisenbergDirac—van Vleck) exchange interaction
for (CaHaeZnNeO15)-3H0: C, 39.77; H, 4.02; N, 8.18. Found:  scalar,J, and an anisotropic, dipolar interaction matrix,
C, 39.34; H, 3.79; N, 7.98.

[Cu",(PD'O~)(guanosine)](ClQy)s6H,0 (8). A MeOH solution Hexen=JSS, + S;°D-S,,
(10 mL) of 5 (60 mg, 0.059 mmol) was mixed with a 15 mL MeOH whereD, = —D/3+ E, D, = —D/3 — E, D, = (2/3)D
solution of guanosine (17 mg, 0.06 mmol). After stirring f00.5
h under ambient temperature, we observed a clear green solution:
The addition of 100 mL of BO to this solution yielded a light ~ (26) Howard, T.; Telser, J.; DeRose, V.Idorg. Chem200Q 39, 3379~

. . 3385.
green powder (62 m91_76%)- A S'hgle crystal Su'ta_ble .for X-ray (27) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
crystallographic analysis was obtained by recrystallization of this Transition lons Dover Publications: New York, 1986.
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whereD is the axial term in the spiaspin dipolar interaction and

E is the rhombic term in this interaction. These definitions are
analogous to those for single-ion second-rank zero-field splitfing,
the effects of which need not be considered for dinuclear C§(ll)
=1/2, in contrast t&§ = 5/2 for Mn(ll).26

The program DDPOWJHE (using EISPACK software) diago-
nalizes the entire 64 64 (forS, = S, = 1/2,1; = |, = 3/2) spin
Hamiltonian matrix to provide eigenvalues and eigenvectors, from
which the EPR transition energies and magnetic-dipole-allowed
transition probabilities are calculated in the standard way. An EPR
powder pattern is generated by an “igloo” metiéd.

Purification and Labeling of DNA. Oligodeoxynucleotides were
purified prior to use by denaturing (7 M urea) polyacrylamide gel
electrophoresis and elution into 50 mM NaOAc and 1 mM EDTA
(pH 5.2). The resulting solution was extracted with phenol/
chloroform. DNA was then precipitated by the addition of 3 M
NaOAc and 95% ethanol, dried under reduced pressure, and
redissolved in water. Concentrations were determined by absorption
at 260 nm and the extinction coefficients provided by the
manufacturer. DNA was radiolabeled by incubation wigh*{P]-

ATP and T4 kinase according to protocols provided by the supplier.
The B-3?P-labeled DNA was isolated by passage over a Micro-
BioSpin P-6 column (Bio-Rad). Duplex structures containing ss/
ds junctions were formed by annealing a®%-labeled oligode-

oxynucleotide (100 nM, 90 nCi) and its (partially) complementary
sequence (200 nM) in sodium phosphate (10 mM, pH 7.5) by
heating to 95°C followed by slow cooling to room temperature.

DNA Oxidation by Copper Complexes.Various concentrations
of the dinuclear complex [GU(PD O~)(H20),](Cl04)3-2H,0 (5)
or its mononuclear analogue [({mPDOH)(H,0)](ClOg)2*H,0 (6)
were combined with labeled DNA samples (100 nM, 90 nCi) in
sodium phosphate (10 mM, pH 7.5), and the reaction was initiate
by the addition of 5L of MPA (5 mM) to yield a total volume of
50 uL. Reaction was quenched after incubation for 15 min under
ambient temperature by the addition of 10 mM diethyl dithiocar-
bamic acid («L). The DNA was isolated by ethanol precipitation
and dried under high vacuum. As indicated, certain samples were
further treated with 2L of piperidine (0.2 M) for 30 min at 90
°C. These samples were dried under reduced pressure, twic
redissolved with 2@L of water, and subsequently dried to remove
trace quantities of piperidine. The isolated DNA was re-suspended
in 10 uL of water, normalized to 45 nCi per sample, and mixed
with 3 uL of loading buffer (0.25% bromphenol blue, 0.25% xylene
cyanole, 3% sucrose, dn7 M urea). These samples were then
analyzed by denaturing (7 M urea) polyacrylamide (20%) gel

d

€

Scheme 1

Ha/Pt
MeOH

NH,
OH

o
-N

MeOH

(B)

N/\PY

oH \py

monoPD'CH

NH,
OH

volume of 5QuL. Product analysis followed the standard procedures
described above.

Reaction Between DNA and Complex 5 in the Presence of
Radical Scavengers.The quenching agents (10 mM), ethanol,
p-mannitol, andtert-butyl alcohol, were alternatively added to
standard reaction mixtures of DNA ai&d The reaction was again
initiated with MPA, quenched, and analyzed as described above.

HPLC and ESI/MS Analysis. Reaction mixtures (1630 nmol
DNA) were separated by reverse phase HPLC, (C-18, Varian
Microsorb-MV, 300 A pore, 250 mm) using a gradient (60 min, 1
mL/min) of 5—-18% acetonitrile in aqueous triethylammonium
acetate (10 mM, pH 6.5) as controlled by a Jasco PU-980 system
(Jasco, Easton, MD). Individual products were manually collected,
lyophilized, and then redissolved b M ammonium acetate. This
solution was incubated fd3 h under ambient temperature before
ethanol was added to precipitate the DNA-&80 °C. The process
of dissolving, lyophilizing, and precipitating the DNA was repeated
six times. Samples were then analyzed by nanospray ionization mass
spectroscopy (NSI-MS, Thermo Finnigan LCQ, University of
Maryland, Mass Spectroscopic facility) using direct injection with
an applied voltage of-1.0 kV and a capillary temperature of 150

electrophoresis and visualized by autoradiography and Phospho-Results

rimagery (Molecular Dynamics). Product profiles were quantified
with ImageQuant and ImageJ software.

O, Dependence of the Reaction by Multinuclear Copper
Complex 5. A solution containing target DNA (100 nM) and 100
UM [Cu",(PDO™)(H20),](ClO4)3-2H,0 (5) was degassed by bub-
bling with prepurified nitrogen using a syringe needle for 15 min
prior to reaction initiated by the addition ofd8. of MPA (5 mM,
not degassed). The reaction mixture was blanketed with nitrogen
gas over a 15 min incubation. Product analysis then followed the
standard procedures described above.

DNA Reaction in the Presence of HO, and Complex 5.
[Cw'(PD'O™)(H20),](ClO4)3:2H,0 (5, 5 uL of a 1 mM solution)
was combined with labeled DNA samples (100 nM, 90 nCi) in
sodium phosphate buffer (10 mM, pH 7.5), and strand scission was
initiated by the addition of &L of H,0, (5 mM) to yield a total

(28) Mombourquette, M. J.; Weil, J. A. Magn. Resorl1992 99, 37—44.

(1) Synthesis and Characterizations of Cu and Zn
Complexes. Synthesis of Metal ComplexesThe sym-
metrical binucleating ligand PDH was synthesized in two
steps as shown in Scheme 1. The product of the first step,
4-tert-butyl-2,6-diaminophenol (Scheme 1, A), was not stable
in air; thus, its synthesis was carried out under an argon
atmosphere. Reaction of commercial 2-amintedt-bu-
tylphenol with 2 equiv of picoyl chloride gave the mono-
nuclear analogue mPDH (Scheme 1, B).

Copper(Il) complexes [Cy(PD O)(H.0),](ClO,)s (5)%°
and [CU (mPDOH)(H,0)](ClOy). (6) were synthesized by
mixing the appropriate ligand with 2 and 1 equiv of Cu-
(ClOy)2:6H,0, respectively. Both compounds are relatively
stable as solids. However, solutionssathanged from green
to reddish brown over several days. The copper(ll) centers
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most likely promote slow oxidation of its ligand, because
solutions of the analogous dizinc analogue'lRDO")-
(H20)2](ClOg)3 (7) appear unchanged under the same condi-
tion. All solutions of copper complexes were prepared fresh
daily for the studies described below.

X-ray Structural Analysis of [Cu"(PD'O™)(H20),]%"
(5), [Cu"(mPD'OH)(H,0)]?" (6), and [Zn",(PD'O")-
(H20),]3" (7). Perspective views of the cationic portion of
complexess—7, along with8 and 9 (discussed below) are
shown in Figures £4.2° Crystal and refinement data and
selective bond distances and angles are all given in the
Supporting Information. The structure ®{Figure 1) consists
of two crystallographically independent moieties with very
similar Cu(ll) coordination environments. The copper atoms
are bound by a bridgehead amine and two nitrogen atoms
from the pyridyl ligand donors. The endogenous bridging
phenolate (O1) and an exogenous water molecule (0O2)

complete the penta-coordination. The geometry around each
copper can be described as being slightly distorted square

pyramidal, with the phenolate (O1) occupying the axial
position of both copper(ll) ions, each possessing a N0
basal plane. Structural analysis of [GIPD'O~)(H.0),]3*

(5) by the method defined by Reedijk and Addison reveals
a7 = 0.09 for each copper atom, where= 0.0 represents

a perfect square pyramid (SP) ane- 1 represents a perfect
trigonal bipyramidal (TBP) geomet#).This 7 value (Table

1) compares very well with those determined from related
complexes ([C{x(PDO")("OMe),]*, [Cu'(PDO")("HCOY)]?t,
[CU'x(XYL —O7)("OH)J?", and [CU(UN—O)("OH)J?")
(Chart 4), indicating that this slightly distorted SP copper-
() coordination geometry is favored with these dinucleating
ligands containing phenolat&.®® However, the phenoxo
oxygen atom in5 occupies the axial position, whereas in
the other four complexes, one of the pyridyl nitrogen atom
fills this role. Probably, the “short” pyridyl methyl arms and
the altered juxtaposition of the donor groups in the¢ ®D
framework (compared to longer-armed chelates in the other
complexes, Chart 4) causes the change in position of axial
vs equatorial ligands.

The structure of [Cip(PD'O™)(H20)2]%" (5) can be further
described by delineating three planes. The central plane is
defined by the phenol ring of this binucleating ligand and
further extended by the in-plane phenolate oxygen atom, the
two copper ions, and the two bridgehead amino nitrogen
atoms. (A and B of Figure 1). The other two planes are
defined by the tridentate dipicolylamine (PY1) moieties,

because each chelating tridentate group possesses two pyridyl

units that are nearly coplanar. Thus, the copper(ll) ion lies
very close to the plane established by the two pyridyl groups,
whereas the amino nitrogen-g0.4 A above this plane and

(29) See the Supporting Information.

(30) Addison, A. W.; Rao, T. N.; Reedijk, J.; Vanrijn, J.; Verschoor, G.
C. J. Chem. Soc., Dalton Tran£984 1349-1356.

(31) Murthy, N. N.; Mahroof-Tahir, M.; Karlin, K. DInorg. Chem2001,

40, 628-635.

(32) Karlin, K. D.; Hayes, J. C.; Gultneh, Y.; Cruse, R. W.; Mckown, J.
W.; Hutchinson, J. P.; Zubieta, J. Am. Chem. So&984 106, 2121~
2128.

(33) Murthy, N. N.; Mahroof-Tahir, M.; Karlin, K. DJ. Am. Chem. Soc.
1993 115 10404-10405.
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Figure 1. ORTEP views of the structure of the cationic portion of
[CU'(PDO™)(H20)]%" (5) with selected distances: (A) view from the angle
perpendicular to the phenolate plane; (B) rotate2D° from the position
of view A; (C) rotated 90 from the position of view A. Cu(fyO(1) =
2.1519(12) A, Cu(1r0O(2) = 1.977(3) A, Cu(1yN(1) = 2.043(4) A, Cu-
(1)—N(2) = 2.000(4) A, Cu(1)N(3) = 2.000(4) A, Cu(1y-Cu(2)= 4.13

29

the coordinated water oxygen-€0.8 A below this (Figure
1A). The dihedral angle between the central plane and each
PY1 plane is 98.2 indicating that they are almost perpen-
dicular to each other. The dihedral angle between the two
PY1 planes is 45%
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Figure 2. ORTEP views of the structure of the cationic portion of
[Zn"y(PD'O)(H20)2]3" (7) with selected distances. Zn@P(1) = 2.037-
(2) A, Zn(1)-0(2) = 2.004(3) A, Zn(1)-N(1) = 2.066(3) A, Zn(1)}-N(2)
=2.050(3) A, Zn(1)¥-N(3) = 2.196(3) A, Zn(1A)-0O1= 2.034(2) A, Zn-
(1A)—0(02A) = 2.000(3) A, Zn(1AXN(1A) = 2.069(3) A, Zn(1Ax-
N(ZA?& = 2.050(3) A, Zn(1AXN(3A) = 2.195(3) A, Zn(1):Zn(1A) =
3.80 A2®

Figure 3. ORTEP views of the structure of the cationic portion of f€u
(MPDOH)(H,0)]2* (6) with selected distances. ED(1) = 2.260(2) A,
Cu—0(2)=1.980(2) A, Cu-N(1) = 1.990(2) A, Cu-N(2) = 2.000(2) A,
Cu—N(3) = 2.041(2) A2°

The 7 value for the copper(ll) ions in [Cu(PDO")-
(H20),)*" (5) is almost identical to those in [¢yPDO")-
("OMe)]", [Cu';(PDO)("HCO,)J?t, [CU'y(XYL—-0O")- Figure 4. (A) ORTEP diagram showing the cationic portion of complex

- 2+ | —_O-\(— 2+ [CU'(PDO™)(G)](ClOy)3 (8, G = guanosine, the ribose entity is disordered)
(COH)I*", and [Cu(UN—O")("OH)*" (Table 1). However, withzselected distanc4e§. CuD2 = 1.955(4) A, Cu(2-N7 = 1.990(5) A,

only one central _plane defined by the phenolate group cancyyy--cu(2)= 3.81 A2 (B) ORTEP diagram showing the cationic portion
be used to describe the four latter compounds. UrSikall of complex [Zh'z(PDO’)(G)](CI)C;\h)g 9 G= guanosinel)& with selected
is[2-(2-pvri ine distances. Zn(}}N7 = 2.041(6) A, Zn(2)-02 = 1.997(4) A, Zn(1y--Zn-

these conjp!exe-s possess the bis[2-(2-pyridyl)ethyllamine 2) = 3.62 A29 Normally/conventionally, the keto-oxygen that binds''Cu
(PY2) moieties instead of PY1. The extra carbon of each o zui in these structures is referred fo as O6.

chelate arm changes the nature of copper chelation (Chart

4). The Cu(lly--Cu(ll) distances in these compounds (Table bet th . i ‘ d phenolat
1) are noteworthy. The largest Cu¢HCu(ll) separation was No Spacers between the amino nitrogén atoms and phenolate

found to be 4.13 A i, followed by 3.74 A in [Cl,(PDO")- ring; in addition, its arms between the bridgehead amino
(“OMe),]* and 3.65/3:in [CU,(PDO")("HCO,)J2+ 3 [Cu'',- nitrogens and pyridyl units are also shortened (i.e., they

(XYL —0")("OH)J?* and [CU,(UN—O")("OH)J?* possess possess a one-methylene £k a two-methylene CHCH,

a CUu-phenoxou-hydroxo core and have short Cu- chelate arm). Both effects tend to force the copper(ll) ions
(I1)...Cu(ll) separations, 3.08 and 3.04 A, respectivéfy, ~ aPart. Thus5 does not possess the second single-atom
The significant elongation of the GuCu distance irb likely bridging unit such as the bridging hydroxyl group in its

results from the rigid nature of its ligand fra}mework. In (34) Nasir, M. S.; Karlin, K. D.. Mcgowty, D.. Zubieta, J. Am. Chem.
contrast to its structural analogues, the'®H ligand has S0c.1991, 113 698-700.
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Table 1. Selected Structural Information &fand Its Analogues present. The dihedral angle between these is"9@Bich is
complexes M-M distance (A) . ref slightly §ma_|ler than that ir5._ However, the phen_ol group
[Cu', (PDO)(H,01]% (5) 213 0.09 this work of 6 retains |.ts h_ydrogen, unlike that for the bridging pheno-
[CU'(mPDOH)(H.0)]>* (6) 0.23 this work late groups in binuclear complexB®r 7. The K, value of
[gn'l'lz(l;gg )g%a)z]3++(7) ggg 8'22’ 0.86 égis work  phenol has been reported to decrease from 10.0 in free phenol
EcﬂllzngO;E—HCgS]]er 365 028 33 to 9.2 when coordinated to a.s.;ingle Cu(ll) 8?8 thus, at
[CU'x(XYL —O7)(-OH)]2+ 3.08 0.07,0.04 32 neutral pH, or under the conditions of the synthesis and iso-
[Cu',(UN—O7)("OH)>* 3.04 0.05,0.15 34 lation of crystalline compoun@, the phenolic proton stays
[Cu', (PDO)(G)P (8) 3.81 0.18,0.50 this work iate@ 42 The phenol K. is ex ted to decr ven
[zn'", (PDO-)G)P (9) 362 095 081 thiswork  associated e pheno ais expecte o decrease eve
more when an additional metal center binds and leads to
Chart 4 deprotonation, as evident in the structure$,6f, and nearly
1* 2+ all phenol(ateY-dicopper(ll) complexes. The negative charge
N’Q\ /Q\ of the phenolate group in turn draws the positively charged
/\[/1 O ﬁ\ /fhf &Tﬁw metal ions closer, as evident by thed.1 A shorter Ctr
Py —Cu “‘?Ut'?py PYL—C U CU%TPY Ophenotacbond in dinucleas compared to that (COpheno)
PY O o PY PY O\C PY in 6. Ther value for the copper(ll) ion 6 is found to be
CH; CH, H 0.23. Although this indicates a distorted SP geometry for
[Cu'2(PDO7)(OMe),]* [Cul,(PDO)(HCO )P copper(ll) (more so than i, with z = 0.09), the phenol
oxygen atom occupies the axial position, as it does i {Cu
2+ 12+ (PDO")(H20),]3" (5). Given the similar coordination envi-
N ronment for copper ions iB and6, we conclude that it is

(/\—-N\ II,0\ fN—/\\ PY/: / \ A J,N—\ the longer Ct-Opnenoibond that triggers the copper geometry
By ./\Pu\o P Il F;Y"“Cu
PY
H

US—Ipy N /Cull:-}«p\( change from a near-perfect SP5no a twisted one ir6.
PY ﬁ PY Coordination to Guanosine (G) in [CU'(PD'O™)(G)]3*
[Cully(XYL-O)¢-OH)]2* [Cu''5(UN-O")(OH)2* (8) and [Zn",(PD'O7)(G)]®" (9). To provide insight into
the possible binding of [Cy(PD'O~)(H20),]*" (5) to donors
structural analogue3*Instead, each copper(ll) ion acquires IN DNA (in particular to guanine), we prepared complexes
a water molecule as a fifth ligand. with guanosine [Ciy(PDO™)(G)]*" (8) and its dizinc
A dizinc(1l) analogue of [Cl(PD'O")(H.0),]3" (5) was  analogue [Zi(PDO™)(G)J*" (9). Although the ribose entity
synthesized to compare and contrast a non-redox-active metaln [Cu'2(PDO7)(G)** (8) is disordered, its solid-state
in the PDO- ligand framework. Structure analysis reveals Structure clearly shows that G bridges the copper centers via
that [Zr',(PD'O~)(H,0),]** (7) remains a phenolate-bridged coordination to its O6 (labeled O2 in the X-ray structure)
dinuclear center in which each zinc ion is pentacoordinated keto group and N7 (Figure 4A). Each copper ioBiremains
with a phenoxo oxygen, three nitrogen atoms from the PY1 Pentacoordinated, as described earlier for'"[RD'O")-
unit, and exogenous water as ligands (Figure 2). However, (H20)]*" (5), but now guanosine replaces the water mol-
the coordination geometry of the two zinc ions is no longer €cules as the exogenous fifth ligand. Because of the O6
equivalent and also very different from that of the Cu(ll) (labeled O2 in the X-ray structure) or N7 coordination, the
ions in5. Whereas the copper ionsfrie close to the plane WO copper ions ir8 are no longer equal. Thevalues for
defined by the amine atoms N3 and N3A and the phenoxo the two copper ions are found to be 0.18 (N7 as chelate)
oxygen atom O1 of its phenolate (Figure 1), the zinc ions in @nd 0.50 (O6 (O2) as chelate), respectively, with the latter
7 are displaced and on the opposite side of this plane by indicating a hybrid copper coordinating geometry of SP and
~0.55 A (Figure 2). Ther values (0.83 and 0.86) for the ~TBP. The Cu--Cu distance is 3.81 A iB, ~0.22 A shorter
zinc centers reveal slightly distorted TBP geometry, with the than that in7.
axial positions being occupied by the bridgehead nitrogen  The dizinc(ll) analogue [Zf(PD'O")(G)I** (9) formed
(N3, N3A) and exogenous water oxygen (02, O2A) atoms. Under the same conditions used to generate'{Cu
In fact, Zn(ll) ions often favor trigonal bipyramidal geometry, (PDO7)(G)I** (8) and was found to possess a similar
whereas Cu(ll) favors the SP geometries, which are both bridging structure containing O6 (labeled O2 in the X-ray
consistent with the structures observed HéféFinally, the ~ Structure) and N7 of guanosine and the dizinc center (Figure
Zn-+-Zn distance irv is 3.799 A, about 0.2 A shorter than o070 C =0 1 o tchi, Grorg. Chem 1989 28, 624
the Cu...Cu distance ih. 625.
The coppe() fon coornaton geomeny of [Gu (3 K T s o St T s 1
(MPDOH)(H0)]** (6), the mononuclear analogue &f K. K. Eur. J. Inorg. Chem2004 4633-4639, T
closely mimics its half structure (Figure 3). The planes (40) de Oliveira, M. C. B.; Scarpellini, M.; Neves, A.; Terenzi, H.;

: : Bortoluzzi, A. J.; Szpoganics, B.; Greatti, A.; Mangrich, A. S.; de
defined by the central phenol and the PY1 group are still Souza, E. M.: Fernandez, P. M. Soares, Mfrg. Chem 2005

44, 921-929.
(35) Ohtsu, H.; Shimazaki, Y.; Odani, A.; Yamauchi, O.; Mori, W.; Itoh,  (41) Shimazaki, Y.; Huth, S.; Hirota, S.; Yamauchi,®@Chem. Soc. Jpn.
S.; Fukuzumi, SJ. Am. Chem. So@00Q 122 5733-5741. 200Q 73, 1187-1195.
(36) Canary, J. W.; Allen, C. S.; Castagnetto, J. M.; Chiu, Y. H.; Toscano, (42) Ito, S.; Nishino, S.; Itoh, H.; Ohba, S.; Nishida, Rolyhedron1998
P. J.; Wang, Y. Hinorg. Chem.1998 37, 6255-6262. 17, 1637-1642.
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Simulation
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Figure 5. Cyclic voltammogram of compound [¢tx(PD O~)(H20)z]3+
(5) (1 mM) in DMF under an inert atmosphere. Scan rate0.1 V/s;
supporting electrolyte was 0.1 M TBAHP (tetrabutylammonium hexafluo-
rophosphate).
4B). In this example, the ribose moiety is also clearly Pgrpen-
resolved. The zinc ions i® possess nearly perfect TBP dlCl}lal‘
geometry, as indicated by values of 0.95 and 0.80, region
respectively (Table 13 These values are also quite similar [ T ] T T T T [ T 1 ]
to those of [ZH,(PD O™)(H,0).]3" (7). The Zn--Zn distance 0.1 0.2 03 0.4
in 9is even shorter (3.62 A) than the ZrZn distance ir7 Magnetic Field (T)

(3.80 A) and Cer-Cu distance ir8 (3.81 A), suggesting that  Figure 6. Experimental (blue traces) and simulated (red traces) X-band
the bridging guanosine again brings the dizinc centers close.EPR spectra d. Experimental conditionsT = 30 K; microwave frequency

: : : = 9.475 GHz; microwave power 0.201 mW; 100 kHz field modulation
Electrochemistry. The electrochemical behavior of amplitude, 2.5 mT (10 G= 1 mT); time constant 10.24 ms; scan time

[Cu'y(PDO7)(H20)]%" (5) was investigated in DMF under = 20.97 s. Simulation parameters: coupled two-spin system Syith S

an inert atmosphere. The CV 6&fis characterized by two =" (i)sgtégpic efcgange COUP"?Q,: —1hOO et (JSS); dipglgg goungg%,
. . . . = 0. cnt+. Parameters for each spimgs, = = |4 y £ ,
successive, one-electron quasireversible electrochem|caf§_274]; A(Cug) = A(BCug) = [50, 50, 52(?] MHz. cg:fussi[an single-crystal

processes (Figure 5). The firdEy, = —0.76 V vs Fc/Fc) line widths (hwhm)= 80 MHz. The different regions of the spectrum are
can be assigned to a ou'/Cu'Cu redox couple, and the  indicated and the inset shows a 20@xpansion of the “half-field” region.

second E;», = —1.03 V) corresponds to a subsequent-Cu
CU/CuCuU redox proces$>*4(Note: the extra peak beyond
the second reduction may result from absorption of the
mixed-valence form to the electrode surface, or possibly
further reduction of the dicopper(l) form to @u’

The phenolate group may also be oxidized to give a Cu-
(IN)-coupled phenoxo radical (Cu(bh-*OAr). However, such
oxidations usually occur at more positive potentfdis? and
no redox process could be detected3an the more positive
potential region. To supplement this conclusion, we also
examined the redox behavior of dizinc analogué' @D O")-
(H20),]3" (7). As expected, no redox process was observed
within the —1.6 to +0.4 V (vs Fc/F¢) potential window,

suggesting that the phenolate group is not involved in redox
processes under these experimental conditions. Thus, the
redox behavior of [Cip(PD'O™)(H,O),]3" (5) is due to the
coupled dinuclear copper centers. EPR data described below
further support the formulation of a wholly Cu-centered
paramagnetic system.

EPR SpectroscopyThe X-band EPR spectrum of mono-
nuclear copper(ll) complex [GgmPDOH)(H.0)]?" (6) at
34 K is presented in the Supporting Information (Figure S6)
together with a simulation. The spectrum is typical for Cu-
(I in a tetragonally distorted environment, with the fol-
lowing spin Hamiltonian parametergy = 2.055,g, = 2.070,
g, = 2.274 (defined ag; = Gmax = Gi, Gy = Gmid» Gx = Gmin),
(43) Belle, C.; Beguin, C.; Gautier-Luneau, I.; Hamman, S.; Philouze, C.; Axy (An) = 50 MHz (estimated)A, (A) = 530 MHz. These

Pgi)erre, J. L.; Thomas, F.; Torelli, $norg. Chem.2002 41, 479~ values forA; andg, are exactly within the range described
491, . . .
(44) Torelli, S.; Belle, C.; Gautier-Luneau, |.; Pierre, J. L.; Saint-Aman, by Peisach and Blumbdggfor Cu(ll) with an equato”fal
E.; Latour, J. M.; Le Pape, L.; Luneau, Morg. Chem.200Q 39, N3O, donor set and an overall charge of 2The electronic
3526-3536. ion ir6 i i
(45) Michel, F.; Torelli, S.; Thomas, F.; Duboc, C.; Philouze, C.; Belle, structure of the Cu(ll) ion ir6 is thus q“'te. usual.
C.; Hamman, S.; Saint-Aman, E.; Pierre, JAngew Chem. Int. Ed. In contrast, the EPR spectrum of dinuclear complex
) 2T005“_44S, 4gﬁ44(1:. 9y T —— [CU';(PDO™)(H20),)%" (5) recorded at 30 K and its simula-
orelll, 5.5 belle, C.; Hamman, o.; Plerre, J. L.; salnt-Amannarg. - . H H H
Chem.2002 41, 3983-3980. tion are quite remarkable (Figure 6). Qualitatively, the

(47) Koval, I. A.; Huisman, M.; Stassen, A. F.; Gamez, P.; Roubeau, O.;
Belle, C.; Pierre, J. L.; Saint-Aman, E.; Luken, M.; Krebs, B.; Lutz, (48) Blumberg, W. E.; Peisach,Arch. Biochem. Biophy4974 162, 502—
M.; Spek, A. L.; Reedijk, JEur. J. Inorg. Chem2004 4036-4045. 512.
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spectrum exhibits a doubling of the perpendicular region and Chart 5
a multiline pattern in the parallel region. Additionally, there

is a weak but well-resolved multiline pattern at the “half-

field” position (~0.16 T, effectiveg ~ 4.2).

As explained more than fifty years ago by Bleaney and
co-workerd’ for the case of copper(ll) acetate, such an EPR
spectrum results from magnetic exchange coupling between
two electronic spins, here both Cu(l§= 1/2 as in Cy
(OAc),, to give a coupled effective spin tripleg, = 1. In
the case of COAc),, the coupling is antiferromagnetid (
> 0 using thelSS, formalism) because of a direct orbital
overlap pathway. There is also a pseudo metattal bond
so that the ground-state manifoldN&s: = O and the EPR
spectra are visible only at higher temperatures. In the case
of 5, EPR spectra are visible at low temperature$@0 K),
indicating that coupling must be ferromagnetic{ 0 using
the JSS; formalism) and the ground-state manifoldMit
= 41 (in zero field). The magnitude of the isotropic ex-
change coupling is not known and not significant for our
purposes here. Observing the strong coupling (i.e., greater
than the Zeeman splitting and hyperfine and dipolar cou-
plings) is sufficient. Accordingly, for the EPR simulations,
we arbitrarily setJ = 100 cmt (JSS formalism). The
splitting in the perpendicular region allows an estimate for
the magnitude of the dipolar couplinB, Use of single-ion
spin Hamiltonian parameters identical to those determined ) ,
for mononuclear comple® and refinement of the dipolar reasonably close to the experimental coupling of 0.065(5)

coupling allowed a very good fit to the observed spectrum cm™t considering the very simplified collinear, purely
(Figure 6)% through-space dipolar coupling nature of the calculation.

A frozen solution EPR spectrum of the guanosine-
containing complex [Cl(PD'O™)(G)]*" (8) (see the Sup-
porting Information, Figure S?is very similar (although
with less resolution) to the distinctive spectrum of [Gu
(PDO7)(H20),](ClOy)s (5) (Figure 6). Both exhibit a seven-
line half-field region signal with g~ 4.2. This, in addition
to the X-ray structural analysis (Figure 4A), indicates Bat
retains its dinuclear structure in solution, including a—Cu

OOO=HOO- &

OOPOOO—
APA

BOO—HOPOO—HAOOPO— -
—=HOOPO-HOOPOOO—HO>

v

€3

OO—+HH

9 BOOOOOOO— -~
Le-a

v

W -HOOOOOOO>

a o>
W O-HPO

OD1A OD2A OD3 O0OD4

by use of equations developed by Snetsinger &t\alith a
crystallographic CtCu distance of 4.126 A, these equations
yield a maximum coupling of~0.055(5) cm?, which is

The simulation also reproduces the intensity and splitting
pattern of the half-field multiline signal (Figure 6, inset).
The observed hyperfine splitting in the half-field feature (as
well as in the parallel feature) in the EPR spectrun® a$
half the magnitude observed f& (~80 vs ~160 G,
respectively) and exactly as expected for a spin-coufjed
= S = 1/2 system on the basis of spin vector (Clebsch

rdan lin fficients. Thi rr ndence i
St?ogg (lv?(;) etjnpce gth;??h ec Epﬁé spes(:tfuomgjq‘f);n okl)eesct:ebes CL_J juxtaposition and Cu-Cu distance similar to those 6&f
represented as the result of ferromagnetic coupling between(FIgure D. e .
two mononuclear analogues such @&slLast, the dipolar (_2) IQennﬁcatloq of Guan_me as _the_Target of DNA
Oxidation. Selective Guanine Oxidation Induced by

coupling determined by simulatio®, = 0.065(5) cm?, can o . .
be related to the distance between the two Cu(ll) ions in [Cu"o(PD'O7)(H20)2)(ClO4)s'3H-O (5). Selective oxidation
of guanine residues by [Cx(PD O™)(H,0),](ClO,)s3H,0

(49) The fit is not perfect; there are many reasons for this, which we will (5) was discovered by Surveying its reaCtiVity with the

briefly enumerate. Complexé&sand6 do not have identical coordina-  oligodeoxynucleotide system of OD1A/OD2A (Chart 5). This
tion geometry about the Cu(ll) ion(s). As described above, the Cu(ll) ; ; _ _ ; ; ;
ions in the former are in a more ideal square pyramidal geometry and DN_A conta}lns a single- and dQUble Stra,mded junction in
the phenol ligand is protonated in the latter. Such geometrical and Which the first and second unpaired positionstdn + 1)
electronic differences could affect the spin Hamiltonian parameters gre both occupied by guanines. Little direct strand scission

for Cu(ll). However, to make the problem tractable, we had to assume : . .
that there were no changes in single ion paramegeral(ies, hyperfine was observed after incubating OD1A/OD2A with 10M1

COUEIigg(s,)ar_ld line éNidhhs) beredeg the Singlel CU(fII)(ijorﬁilar;]d 5and 5 mM MPA (MPA= 3-mercaptopropionic acid) for
each Cu(ll) site irb. Ideally, a mixed CuZn complex of PO~ might B B :

provide the desired information, but given that the Zn geometi® in 15 min at ambient temperatqre (Flgure 7’.|ane 4). ',"OW,eYer'
is different from that of Cu ir, such a putative complex could well ~ Subsequent treatment of this mixture with hot piperidine

be a less-than-ideal model for single ion sitebinVe also assume i icaj i i i i i
that the two sites i are electronically identical, which is likely, but induced scission prlmarlly at the Gs in the junction, a result

is not imposed by crystallographic symmetry. Equally important, for of their selective oxidation (Figure 7, lan§.4No equivalent
simplicity, we assume that the dipolar coupling between the two reaction is evident in the absence of any one component of

Cu(ll) ions in 5 is strictly axial (i.e.,E = 0) and that the single- . . .
ion electronic coordinate systems of the two are collinear. Despite the mixture, OD1A, OD2A5, or MPA (Flgure 7)' Equwalent

these caveats, the simulation of the X-band EPR spectruf isf
successful and yields a dipolar couplingf= 0.065(5) cm* (Figure (50) Snetsinger, P. A.; Chasteen, N. D.; van Willigen,JHAm. Chem.
6). Soc.199Q 112 8155-8160.
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Figure 7. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
urea) of products formed by incubation (15 min) of 100 nM#-labeled
OD2A in the presence of OD1A5, and MPA in sodium phosphate at

ambient temperature (10 mM, pH 6.8) without (lanes4} and with (lanes 1000 1050 1130 1150 1200 1250 1300 1350 1430 1450 1500

1'—4") subsequent piperidine (Pip) treatment. Lanes 1 4n@D2A alone; m/z

lanes 2 and 2 OD1A/OD2A with 5 mM MPA, lanes 3 and'30D1A/ Figure 8. ESI/MS analysis of OD4 incubation (aerobic, 2 h) wittand
OD2A with 100uM 5; lanes 4 and 4 1004M 5 with 5 mM MPA and MPA in the presence of OD3 at ambient temperature. ESI/MS spectra of
OD1A/OD2A. material eluting from the HPLC (A) between 25.8 and 27 min (OD4) and

(B) between 22.1 and 23.5 min for isolation of the two major oxidation
products. Only 3 charged mass spectrometric signals are shown. The
data had previously been observed for the Gs of OD1A in calculated (instrument deconvolution program) molecular weights are 3742.2
the i tions (= 3:[1246.5+ H*]) for OD4 in (A), 3759.8 for (FAPy-G)OD4+18 amu),
€ junctiorr. and 3777.5 for (5,8-di-OH-G)OD4H34 amu).

ESI-MS Analysis of Guanine Oxidation Products.

T hart
Because piperidine-induced strand cleavage may result from<"art 6

many products, mass spectrometry was used to characterize o H 0 O/HH

the DNA products formed by in detail. This approach HN N\(O N N H
benefits from use of a minimal molecular weight of DNA, )\ | H )|\ ><OH
thus, a new oligodeoxynucleotide pair (OD3/0OD4) (Chart HNT N7 TNH H,NT N7 N

5) was selected. This target retained the Gs at the junction drR drR
and exhibits the same reaction pattern as OD1A/OD2A with FAPy-G 5,8-di-OH-G?

[CU',(PDO™)(H20),](ClO4)3-3H,0 (5)/MPA/O,.?5 Reaction .

of OD3/0D4 was also extendedrfd h toincrease the yield ~ unstable and may undergo a rearrangement to yield a more
of oxidation products. The oligodeoxynucleotide products Stable Isomer.

were isolated by reverse-phase HPLC, desalted, and analyzed Guanine Oxidation by Mononuclear Complex 6.Selec-

by ESI-MS. Two major species were detected for each strandtive and efficient oxidation of DNA by multinuclear copper
(OD3 and OD4). One species revealed a mass gainlaf complexes had not previously been supported under equiva-
amu over the parent compound whereas the other exhibited€nt conditions by their mononuclear analogées,and the

a mass gain of-34 amu by comparison to the parent strand generality of this observation now extends as well to'[Cu
(Figure 8). Several minor products were also detected (see(MPDOH)(H:0)*" () (Chart 2), the mononuclear analogue
Figure 8B and the Supporting Information, Table S7). The ©f 5. Complex6 promoted only background oxidation of
+18 amu mass gain is consistent with the formation of 2,6- ODTA/OD2A without regard to sequence or structure and
diamino-5-formamidino-4-hydroxy-pyrimidine (FAPy-G, Chart still required a secondgry treatment of plpe_ndme to det_ect
6). Little precedence is available for the species with a mass2nY strand gragmentatmn (see the Supporting Information,
gain of+34 amu, but Meunier and co-workers proposed this F19ure SOF° Such a result is likely caused by diffusible
to be 5,8-dihydro>.(y—7,8.—dih.ydrggu'anine (5,8-di-OH-G., Chart (51) Vialas, C.; Claparols, C.; Pratviel, G.; Meunier,BAm. Chem. Soc.
6).5! However, this derivative is likely to be hydrolytically 200Q 122, 21572167.
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radicals generated by in the presence of MPA and OIf 3 5 5 3 5
the radical remains associated with the copper, the mono-
nucleqr complex Igcked the ability .t(.) bin_d DNA selectively (% rx) %) (%) %rg (%) % x)
and direct its oxidant to a specific site. A comparable 20% 6%  15% g 2% 1% 9%
nonspecific background level of reaction is also generated 3% A% 8% 19% 8%
with 5 concurrently with its targeted reaction at a ss/ds
junction. All multinuclear copper complexes that support
selective oxidation of DNA to date similarly induce a low
level of nonspecific reaction as wél232°
(3) Sequence and Conformation Dependence of Gua-
nine Oxidation. Dependence on Guanine at the Junction
of Single- and Double-Stranded DNA. Both di- and 5'
trinuclear copper complexek and 2 described previously oDtA 0D2
demonstrated specific requirements for purines in general,
and guanine most commonly, to support selective reaction
of DNA at junctions of single- and double-stranded (ss/ds)
DNA.224The presence of four unpaired Gs extending from (% rx) (%g;:)
the duplex formed by OD1A/OD2A offered an optimum 7% 12%
target to begin characterizing [(A(PD O~)(H,0).](ClO,)3 ’:|
5
D1A

5 3 5 3
OD1A OD2B OD1A OD2C
(A) (8) (€

(5) and the significance of each G became apparent after

their successive replacement by A or C. Under standard

conditions,5 consumed approximately 1% of OD1A and 5%

of OD2A after 15 min in the presence of MPA and.O

Substituting A for G at position of OD2A, the first unpaired

site on the 5extension, reduced the overall consumption of ' .

OD1A and OD2B to 0.6 and 3.6%, respectively, under 0015;\ OSQD

equivalent conditions (see the Supporting Information, D)

Figures S10 and S1%j.Further substitution of G resulted Figure 9. Relative selectivity for oxidation promoted Byat the indicated

in an additional decrease in consumption of the DNA to a sites (see the Supporting Information, Figures S10 and S11).

basal level of 0.5%. This level represents the nonspecific

background oxidation distributed throughout the oligode- 5 (A vs B in Figure 10). Additional intervening Ts further

oxynucleotide and common to the mono-, di-, and trinuclear reduced the yield of selective oxidation (C and D of Figure

copper complexes. This loss of site-selective reaction is also10). However, preferential reaction at the unpaired Gs was

reflected in the relative yield of oxidation at each site within not completely eliminated by the presence of three interven-

the ss/ds junction. First, the site-selective reaction remaineding Ts (Figure 10D). The overall consumption of the

specific for G, and replacement of G by an A or C resulted oligodeoxynucleotides decreased only from 1.4 to 1.1% for

in a decreased yield of scission to background levels at theOD1A to OD1H and 6.7 to 1.8% for OD2A to OD2H.

sites of substitution. Second, the Gs surrounding the sites of Preferential reaction of Gs in the ss/ds junction suggested

the substitution reaction were oxidized less efficiently. For that the reactive assembly wihrequires some structural

example, the relative yield of oxidization diminished by constraints because the G cluster at a distance from the

~37% at the two unpaired Gs in OD1A across from'a 5 junction or in single-stranded DNAis a weak target of

GA extension in OD2B (Figure 9B). An alternative substitu- reaction. A cluster of four Gs was also embedded within a

tion of a 3-AG extension in OD2C diminished reaction of duplex by annealing OD1A with OD5 in order to test the

the G in this extension and supported the same diminishedeffect of the most restrictive environment (Figure 11). This

yield of reaction of OD1A as that with the original-GA pair of oligodeoxynucleotides allowed for direct comparison

extension. (Figure 9C). Substitution of both Gs extending between oxidation of Gs in a ss/ds junction and those

from the duplex region of OD2A or complete loss of this surrounded by duplex structures. No oxidation of G above

extension suppressed reaction of the Gs in OD1A extendingbackground was detected under standard conditions&with

from the duplex to almost-background levels (D and E of for the Gs held by adjacent duplex regions, whereas the Gs

Figure 9). of the ss/ds junction reacted quite prominently and with
Dependence on a Junction between Single- and Double- efficiencies equivalent to those measured for the OD1A/

Stranded DNA. The role of the DNA junction in directing  OD2A pair (Figures 11 and the Supporting Information,

selective reaction was examined with a series of oligode- Figure S14%°

oxynucleotide pairs that maintained the optimum four Gs at  (4) Reactants Required for Guanine Oxidation. De-

an increasing distance from the duplex region (Figure 10). pendence on MPAThiols in general and MPA in particular

Insertion of a single pair of pyrimidines between the duplex are typically used to reduce copper(ll) to their copper(l)

and the four extrahelical Gs decreased the selective oxidationderivatives in sitd: 2 The copper(l) intermediates then

of G by a little less than 25% under standard conditions with combine with ambient concentrations of, @ form the

w>
P ey &
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3 5 3 5
(% rx)L J(% )
(% )} (% rx) 18% G G 31%
20% 36% 22%G G 27%
31% G 33% L C

]

L L} 5I 3I
OD1A OD2A OD1F OD2F
(A) (B)

i 5| ! ‘

(% ) (% )
(% rx)L J(% ) 12% G L J 18%
6% G G 11% Zng &%
e &l T T
T T T T
L T L T
5! 3' 5] 3!
OD1G OD2G OD1H OD2H
© (D)

Figure 10. Relative reactivity of Gs progressively moved farther from
the duplex region in the presence of compExXMPA, and Q (see the
Supporting Information, Figures S12 and S13).

ultimate oxidant used to react with DNA. To explore the
possible influence of MPA in guanine oxidation promoted
by 5, we also used two alternative thiosmercaptoethanol
(ME) and dithiothreitol (DTT), as well as ascorbate as
reductants to initiate reaction. Neither ME nor DTT supported
reaction of the di- and trinuclear copper completemnd?2

as efficiently as MPA in previous studiés?? In contrast,

Pip ---A+++
OD1A  OD5 123G123
¥ 5 L
T I &
G G g
¢ ¢
A g 8
> G G - A
L g s it
AT P-NSC
& @ :
. s By,
g § . --c
G. G @ A
G G C
AT
C G T
T A
G C G
C G o~
AT c
AT G
& 1 A
c ¢ ®
5 3 e A
(A) (B)

Figure 11. Autoradiogram of a 20% polyacrylamide denaturing gel (7 M
urea) showing strand scission of 100 nM38P-labeled OD1A in the
alternative presence of OD2A and ODS5 after standard aerobic incubation
with 5 and MPA for 15 min. Lane 1,"1OD1A without reactants; lane 2,

2', OD1A/OD2A; Lane 3, 3 OD1A/OD5; Lanes -3 were treated with

0.2 M piperidine treatment (Pip) at 9C for 30 min after isolation from

the reaction mixture.

Dependence on @ A requirement of @for oxidation of
DNA by a range of copper complexes including the multi-
nuclear complexe$ and2 has already been confirméef?5253
To test this requirement fds, we repeated the reaction of
OD1A/OD2A under an @limited environment. These
conditions suppressed the overall reaction of OD1 by 90%
and reduced the selective oxidation of Gs at the ss/ds junction
to nearly background levels (Figure 12 and the Supporting
Information, Figure S173° Thus,5 appears to combine with
O to generate an oxidant capable of selective reaction with

ascorbate dramatically accelerated reaction of these com-G.

plex?t?2 The enhanced activity promoted by ascorbate is
likely due to its lack of binding (versus thiol) to the
multinuclear complexes in competition with the DNA target.
Surprisingly, guanine oxidation by was completely sup-

Sensitivity of Guanine Oxidation to Radical Scavengers.
The selectivity of DNA oxidation byb is most consistent
with generation of reactive intermediates that are not highly
diffusible. The ultimate oxidant of DNA generated byvas

pressed when ME, DTT, or ascorbic acid was used insteadalso found to be insensitive to competitive hydrogen-atom
of MPA under otherwise standard reaction conditions (see donors. The presence of 10 mM ethamsmannitol, ortert-

the Supporting Information, Figure S15). Guanine oxidation

butyl alcohol led to scavenging of radicals such@sl, but

was similarly not detected when the standard concentrationthis treatment did not significantly effect consumption of
of MPA (5 mM) was supplemented with 2.5 mM DTT (see OD1A/OD2A (Figure 12 and the Supporting Information,
the Supporting Information, Figure S16). Either MPA plays Figure S17° This insensitivity to radical traps is consistent
a unique role in the activation d or its chemical and
physical properties provide an essential balance needed t
reduce the Cly, but not the Cl,O, derivative of5.

652) Sigman, D. S.; Mazumder, A.; Perrin, D. i@hem. Re. 1993 93,
2295-2316.
(53) Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089-1107.
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80 a rational explanation for selective reaction of DNA and
70 suggest likely intermediates involved in the reactionsof

60 Target Recognition by [CU' ,(PD'O~)(H20),](CIO 4)3 (5).

50 The similarity of DNA sites oxidized by multinuclear copper

0 complexesl, 2, and5 suggest a common mode of recogni-

= tion. All of these complexes act preferentially at junctions
of single and double strands (ss/ds) of DNA. Efficient

2 reaction is not observed for ss or ds DNA aléhes32556

0 The myriad of conformations available to ss DNA may

L 3 : — effectively compete against its productive association with

N

© & & ov the metal compl d dupl d
Q & & o plex, and duplex DNA may not accommodate

Q (\0 X e t\ . . .. . . .

G Y & \,Q;‘\" the conformation required for localizing and orienting this
mplex. A junction m niquely offer the proximit

Figure 12. Effect of radical scavengers and limiting ©n strand scission compie ssfds junctio ayu .que y_o_ erihe p O y
of 32P-OD1A/OD2A promoted by complex [¢(PDO-)(H,0)]* (5) of two DNA strands and yet retain sufficient flexibility to
under standard conditions in the absence and presence of radical scavenge@ssemble with the copper complex for reaction. Such
(10 mM) (see the Supporting Information, Figure S17, for experimental jntaractions do not appear to compete with Wats6nick
details). Overall consumption of OD1 is indicated by the light gray shading b .. b ial ithin duol
and the percentage of specific strand scission at-6Gy1 by the dark ase pamng, ecause potentia target Sequ?n?es wit !n. _Up ex
shading. DNA remain protected from reaction. The limited flexibility
of a GG/GG mismatch surrounded by a duplex formed by

with results of the other multinuclear copper complexes and OD1A/OD5 was also not sufficient for recognition &

% of cleavage

suggests the formation of copper-bound oxidfafit:>%3 (Figure 11). Furthermore, this mismatch region did not act
) . as an entry for unwinding DNA in the presence of the

Discussion multinuclear copper complex, because the potential ss/ds
Coordination Chemistry of [Cu" {(PD'O-)(H:0)4]** (5). junction was not susceptible to oxidation.

The X-ray structure of [Cl(PD'O~)(H.0),]*" (5) shows that The efficiency of DNA oxidation is also sensitive to
the two copper ions are closely linked via a phenolate oxygen inc_remental _changes in the flexibility of target sequences.
bridging atom. Electrochemical and EPR spectroscopic 1HiS result is most clearly demonstrated w#hby the

studies also reveal close electronic communication. Crosstalkd€crease in the oxidation of GG sequences that are not
between copper(ll) centers fis indicated by the observa-  directly adjacent to a duplex (OD1G/OD2G vs OD1A/
tion that reduction of one copper ion (ZGU process) is ~ OD2A) (Figure 10). The trinuclear copp@r(Chart 1) had

followed by reduction of the second center but at a different previously exhibited a similar sensitivity to the restrictions

(by 0.29 V) potential. This characteristic is not exhibited by Placed on a ss/ds junction. In this case, reaction was
non-phenolate-bridged complexes, for example,"}(DA)- suppressed as the flexibility of the single-stranded extensions
(H,0)]** (1) (Chart 1), for which only one peak (¢4Cu from a ss/ds junction was decreased by joining their termini

process) is observedin this latter example, the two copper {0 form a loop of 11 residue?.
ion sites act independently. The EPR spectroscopic analysis Each multinuclear complex investigated to date has shown
of [CU',(PD'O~)(H,0);]3* (5) also highlights a coupling of @ unique dependence on nucleotide sequence surrounding
the two copper ions through the phenolate oxygen bridge. its target junction, but all are related by a requirement for
The distinctive half-field line with seven-line pattern (each Multiple purines in general and guanines most oteff.25
copper ion withl = 3/2) leads to the conclusion that the This type of dependence is typically indicative of metal
copper(ll) ions are ferromagnetically couplédH 1, ground purine coordination. G N7 is a strong ligand for transition
state) through the phenolate oxygen. metals such as coppéP® and has the potential to control
The synthesis and X-ray structural determinations of @Ssociation and orientation of a metal oxidant. Replacing a
guanosine (G) adducts with dicopper(ll) and dizinc(lly Single G with 7.—de_a.zaguanine in a re_active ss/ds junction of
complexes of PID-, [Cu',(PDO-)(G)]** (8), and [Zr- DNA severely inhibited target o>.<|<_jat|on tg/even though
(PDO")(G)J** (9) also provide insight into the reaction of mult!ple Gs are necessary for efficient react?é_ﬁ.hls result
5 with DNA. An EPR spectrum oB (see the Supporting ~ Provided the flrst(jlrect ewdgnce that the rnulltlnuclegr copper
Information) reveals a coordination and electronic structure COmplexes are indeed guided by their interaction with
very similar to that of [Cli(PD'O~)(H.0),]3" (5), i.e., with guanine. However, _asmgle guanine alone is still not adequate
ferromagnetically coupled copper ions. More importantly, for directing reaction of5 (Figure 9) or, as described
the structures 08 and 9 reveal that the dicoppeiPD O~
framework can readily bind and bridge a guanine moiety. (5% kirl'_--} gg{éerﬁga AA NG vance, M. JA-;AﬁqakgﬁLOrX, ':C;O'\(‘é?oggeliggo'dv
Taken together, these structures and the knowoh®mistry 15360-15361. A ’ '

of the reduced form d,>® [Culz(PD'OH)(RCN)Z]H' provide (56) Humphreys, K. J.; Johnson, A. E.; Karlin, K. D.; Rokita, SIBBiol.
Inorg. Chem.2002 7, 835-842.
(57) Sabat, M.; Lippert, BMet. lons Biol. Syst1996 33, 143-176.
(54) Lee, D. H.; Wei, N.; Murthy, N. N.; Tyeklar, Z.; Karlin, K. D.; Kaderli, (58) DeRose, V. J.; Burns, S.; Vogt, M.; Kim, N.-K. lBomprehensie
S.; Jung, B.; Zuberbuhler, A. 3. Am. Chem. So&995 117, 12498~ Coordination Chemistry |IMcCleverty, J. A., Meyers, T. J., Eds,;
12513. Elsevier: Oxford, 2003; pp 787813.
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previously,1 and2.21-2356 A cluster of four guanines appears Scheme 2
optimal for 5. This may reflect the ability of the dicopper

complex to coordinate two proximal Gs. The crystal struc-

tures of [CU(PDO™)(G)*t (8) and [ZA,(PDO™)(G)J* (9)

demonstrate the ability of the metals to act cooperatively in

Prevented by
2-mercaptoethanol

N>=O

N

(o)
HN

H2NJ\

O2 _Pip labile

N IrClgz Products

coordination to a single G, and a similarly cooperativity can o 1 8-ox0-GR
be expected for the N7 positions of neighboring Gs. Related MY N>—OH Not Pip labile Pip = piperidine
dimetal coordination of guanine has previously been detected " NJ\ N
in complexes of Rh, Ru, Mo, and 2f.%! z RSH N o
L - 8-hydroxy-7,8- HN ~

Target Oxidation by [Cu' 2(PD'O™)(H.0)2](CIO 4)3 (5). dihydroguanyl « NHH
The multinuclear copper complexes exhibit remarkably radical HNT N
different oxidative chemistry with DNA despite their simi- E’;P,’;ﬁe

larities in target recognition. Both complexteand?2 promote

direct strand scission of DNA that is consistent with proguction (Scheme 2). Partitioning to FAPyY-G is dominant
hydrogen-atom abstraction at the phosphoribose back-for 5 most likely because of the presence of excess thiol
bone?'~2356The efficiency of this reaction is also very high. ;sed to reduce the dicopper(Il) moiety within [GPD'O-)-

For example_, 14% of a target strgnd aull is consumed  (H,0),](ClO,); (5) to a dicopper(l) species that in turn
over 15 min in the presence of as little 8sMl 1 and excess  jpjtiates the activation of © These processes provide a direct
MPA.2 Under these conditions, 79% of the oxidation occurs conrast to the reactions promoted by fred €aits and KO,

at the single nucleotide that is targeted for oxidation by this 4t appear to generate 8-oxoguanine through a mechanism
complex. No reaction is observed under equivalent conditions jyolving singlet oxyger§é?

when OD1A/OD2A is incubated in the presence of a 20-
fold greater concentration &f(see the Supporting Informa-
tion, Figure S8%° Even after increasing the concentration
of 5to 100uM, only between 2 and 7% of its target strands
are consumed (Figure P.

Reaction between DNA anflis surprisingly sensitive to
the choice of added thiol. Only MPA supports target-selective
modification of DNA, and neither ME nor DTT are effective
substitutes (see the Supporting Information, Figure $16).

. St ] Whereas the strong reducing potential of DTH0(33V vs

More importantly, oxidation of DNA by compleXin the NHE)8 may quench the reactive 6D, intermediate gener-
presence of MPA and Odoes not promote spontaneous ateqd hys, a similar proposal for ME could not be made on
strand scission (Figure 7). Instead, fragmentation of the DNA {16 pasis of the redox potential. ME and MPA share similar
is observed only after treatment with piperidine after oxida- potentials ¢0.196 and—0.20 V vs NHE, respectively.°
tion by 5. The sites of fragmentation indicate that reaction Tpe ability of MPA to quench intermediates ®formed on
localizes to the Gs within the ss/ds junction, but this assay {he surface of DNA may be limited by electrostatic repulsion
does not provide conclusive evidence on the exact nature ofpanween the anionic MPA and DNA. However, equivalent
the oxidation product(s), because a variety of derivatives are repulsion would also be expected to hinder reduction of the

sensitive to piperidine treatmeltThe nucleobase guanine
is most easily oxidized, and its products often exhibit lability
under piperidine treatment; however, oxidation of thé C1
position of deoxyribose to form the ribonolactone also
exhibits a similar lability:® Unambiguous identification of
the DNA products generated &y was achieved by ESI-
MS. Both chemical characterizati®nand MS identified
FAPy-G as the major product of the reaction (Figure 8). A
minor product with a mass 34 amu greater than that of the

parent dicopper(ll) complex on DNA as wélThe role of
thiol is undoubtedly complex because of its multiple func-
tions and strong ability to coordinate copper in competition
with DNA and Q. A more limited dependence on thiol
structure had previously been observed for reaction of
complexesl and2,'2?but nonspecific background oxidation
of DNA in the alternative presence @f 2, or 5 is not very
sensitive to the choice of thiol (Figure S16).

Formation of a Cu,—O; Intermediate for DNA Oxida-

parent strand was also detected, but no trace of the MOStion. Multinuclear copper complexes significantly lower the

common product of G oxidation, 8-oxoguanine, was discov-
ered.

One mechanism by which FAPy-G has been previously
suggested to form involves the initial addition of a hydroxyl
radical to G followed by a second addition of a hydrogen
atom (or E/1H").62785 The initial radical reaction generates
an intermediate common to both 8-oxoguanine and FAPy-G

(59) Zamora, F.; Sabat, Mnorg. Chem.2002 41, 4976-4977.

(60) Crawford, C. A.; Day, E. F.; Saharan, V. P.; Folting, K.; Huffman, J.
C.; Dunbar, K. R.; Christou, @Chem. Commurl996 1113-1114.

(61) Dunbar, K. R.; Matonic, J. H.; Saharan, V. P.; Crawford, C. A.;
Christou, G.J. Am. Chem. S0d.994 116 2201-2202.

(62) (a) Neeley, W. L.; Essigmann, J. @hem. Res. ToxicoR00§ 19,
491-505. (b) Pratviel, G.; Meunier, BChem—Eur. J. 2006 12,
6018-6030.

entropic barrier and reduce the time scale for activation of

(63) Cadet, J.; Delatour, T.; Douki, T.; Gasparutto, D.; Pouget, J. P.;
Ravanat, J. L.; Sauvaigo, $lutat. Res1999 424, 9—-21.

(64) Cadet, J.; Berger, M.; Douki, T.; Ravanat, JRev. Physiol. Biochem.
Pharmacol.1997, 131, 1-87.

(65) Cadet, J.; Douki, T.; Frelon, S.; Sauvaigo, S.; Pouget, J. P.; Ravanat,
J. L. Free Radical Biol. Med2002 33, 441—449.

(66) Yamamoto, K.; Kawanishi, S. Biol. Chem1989 264, 15435-15440.

(67) Frelon, S.; Douki, T.; Favier, A.; Cadet,Ohem. Res. Toxica2003
16, 191-197.

(68) Cleland, W. W Biochemistry1964 3, 480.

(69) Keire, D. A,; Strauss, E.; Guo, W.; Noszal, B.; Rabenstein, Dl. L.
Org. Chem.1992 57, 123-127.

(70) Millis, K. K.; Weaver, K. H.; Rabenstein, D. L. Org. Chem1993
58, 4144-4146.

(71) Thederahn, T. B.; Kuwabara, M. D.; Larsen, T. A.; Sigman, O1.S.
Am. Chem. Sod989 111, 4941-4946.
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O, through the formation of GO, intermediates (i.e.,
peroxide and hydroperoxide derivatives) relative to their
equivalent formation with mononuclear complexég.he
significance of this effect is illustrated by the consistent lack
of DNA modification when the multinuclear complexés
2, and now5 are replaced by their mononuclear derivatives
(for example, comple¥, see the Supporting Information,
Figure S9¥122Ligand chemistry and geometry also dramati-
cally affect the nature of the GQ;, intermediate®374As a
predictive understanding of these variables develops, metal
complexes may be designed to modify specific functional
groups, conformations, or nucleotide sequences of DNA on
demand?®

The versatility of copper complexes is evident by compar-
ing the reaction of DNA supported by complexesnd 2
vs complex5. Differences in the reaction efficiency of
complexesl and2 vs 5 may result from variation in either
of their affinities for DNA targets or in the chemistry of their
Cu',0;, intermediates. In contrast, differences in the products
formed by these complexes likely reflects only the varying
chemistry of the intermediates. An alternative explana-
tion on the basis of restricted orientation of the ultimate
oxidant to favor either nucleobase or phosphoribose back-

bone reaction is unlikely, because the targeted junctions are

expected to be dynamic and adopt a range of conforma-
tions.

Model studies on the copper(l) forms of bothand 5
reveal significant differences in their intermediates formed
after the addition of @ In organic solvents at-80 °C, the
copper(l) form ofl reacts with Q@ to yield an end-on Ct
O—0—Cu peroxide dicopper(ll) speci&s>>7>An additional

series of dicopper complexes has been found to generate a

side-on peroxo-dicopper(ll) complex under protic conditions,
and its formation correlates with an ability to promote direct
strand scission of DNA by phosphoribose oxidatibin a
complementary study, the copper(l) analogue 5ofvas
exposed to @at low temperature in nitrile solvents and found
to produce au-hydroperoxo dicopper(ll) species [Gu
(PDO™)(TOOH)P* (Scheme 3 This species is capable of
oxidizing the nitrile solver? and may also be responsible
for oxidation of guanine described in the current investiga-
tion.

An alternative bis species, (Ea¢OOH), (Scheme 3), was
formed by reaction 0b and HO,.”” This pair of mononuclear
Cu'—0OOH species is not likely to be a good oxidant because
of an unfavorable © 0 cleavage proce$&/°Consistent with
these predictions, no reaction of DNA was detected after

(72) Karlin, K. D.; Kaderli, S.; Zuberbuhler, A. DAcc. Chem. Red.997,
30, 139-147.

(73) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. Ehem. Re. 2004
104, 1013-1045.

(74) Lewis, E. A.; Tolman, W. BChem. Re. 2004 104, 1047-1076.

(75) Karlin, K. D.; Lee, D. H.; Kaderli, S.; Zuberbuhler, A. EChem.
Communl1997 475-476.

(76) Thyagarajan, S.; Murthy, N. N.; Karlin, K. D.; Rokita, S. E.Am.
Chem. Soc2006 128 7003-7008.

(77) Li, L.; Sarjeant, A. A.; Karlin, K. DInorg. Chem 2006 accepted for
publication, pending minor revision.

(78) Evans, J. P.; Ahn, K.; Klinman, J. B.Biol. Chem2003 278 49691~
49698.

(79) Chen, P.; Solomon, E. J. Am. Chem. So2004 126 4991-5000.
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treatment with5 and HO, (10 mM) in place of MPA/Q
(see the Supporting Information, Figure S8Jhe forma-
tion of mononuclear Cli-OOH species may also explain
the lack of reactivity observed for the mononuclear analogue
of 5. Such poor reactivity may be overcome by bridging the
hydroperoxo species between two coppers, such as in
[CU';(PDO™)("OOH)P" (Scheme 3%°

Thus, the unique reactivity & in the presence of MPA/
O, appears to derive from the initial generation of' £,
(and not5/H,0;,) and subsequent generation of a hydroper-
oxide species [C(PD'O™)("OOH)** that coordinates to
two guanine residues (Scheme 4). Thé' £tOOH complex
may either add a hydroxy radical directly to the guanine C8
position or extract an electron from guanine to generate the
guanine radical cation. Hydration of this radical cation would
also led to the same intermediate as direct hydroxy radical
addition8® Reduction of these intermediates by a hydrogen
atom (or proton-coupled electron transfer) in the presence
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multiple coordination to guanine and formation of an end-
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