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Oxidative Cleavage of DNA by a New Ferromagnetic Linear Trinuclear
Copper(ll) Complex in the Presence of H,O,/Sodium Ascorbate

M. Gonzalez-Alvarez,! G. Alzuet,” J. Borras,*" B. Macias,* and A. Castifieiras®

Departamento de Qmica Inorganica, Universidad de Valencia, &la. Vicent Andre Estells, s/n,
46100 Burjassot, Spain, Departamento de'iQiga Inorganica, Universidad de Salamanca,
Avda. Campo Charro s/n, 37007 Salamanca, Spain, and Departamento ‘d@c@unorganica,
Universidad de Santiago de Compostela, Campusélsitario Sur,

15703 Santiago de Compostela, Spain

Received October 9, 2002

A new trinuclear copper(Il) complex has been synthesized and structurally characterized: [Cus(L)2(HCOO),(OH)].
(HL = (N-pyrid-2-ylmethyl)benzenesulfonylamide). In the complex, the central copper ion is six-coordinated. The
coordination spheres of the terminal copper atoms are square pyramidal, the apical positions being occupied by a
sulfonamido oxygen of the contiguous trimer. As a consequence, the complex can be considered a chain of trinuclear
species. The three copper atoms are in a strict linear arrangement, and adjacent coppers are connected by a
hydroxo bridge and a bidentate syn—syn carboxylato group. The mixed bridging by a hydroxide oxygen atom and
a bidentate formato group leads to a noncoplanarity of the adjacent basal coordination planes with a dihedral angle
of 61.4(2)°. Susceptibility measurements (2-300 K) reveal a strong ferromagnetic coupling, J = 79 cm™1, leading
to a quartet ground state that is confirmed by the EPR spectrum. The ferromagnetic coupling arises from the
countercomplementarity of the hydroxo and formato bridges. The trinuclear complex cleaves DNA efficiently, in the
presence of hydrogen peroxide/sodium ascorbate. tert-Butyl alcohol and sodium azide inhibit the oxidative cleavage,
suggesting that the hydroxyl radical and singlet oxygen are involved in the DNA degradation.

Introduction Copper exists as a copper ion coupled to four nitrogen atoms

Polynuclear copper complexes are attracting attention and/or a trinuclear cluster wherein copper ions are ferro-
because of their interesting magnetic properties and their Magnetically coupled.
relevance to the active centers of a number of metallo- Besides the interest of polynuclear copper compounds
proteinst2 A recent discovery that adds importance to the related to multicopper centers in biological systems, poly-
biological role of polynuclear copper species and provides nuclear copper compounds have attracted much attention due
the impetus for further investigations of complexes contain- 0 their ability to perform DNA strand scission. Transition
ing three copper atoms is the recognition that the 15 Coppermetal complexes have been extensively studied for their
atom active center of particulate methane monooXygenasenuclease-like activity. Chemical nucleases present some
(pPMMO) from Methylococcus capsulat(Bath) is organized advantages over conventional enzymatic nucleases in that
into two types of five trinuclear aggregates of yet unknown they are smaller in size and thus can reach more sterically
structures Also, the pMMO ofMethylosinus trichosporium hindered regions of a macromolecule. Many of these utilize

consists of 12.8 copper and 0.9 iron atoms per molecule. the redox properties of the metal and dioxygen to produce
reactive oxygen species that oxidize DNA, yielding direct
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Oxidative Cleavage of DNA

are capable of both reactions, although neither exhibit
significant nucleotide sequence specificity. The best studied
of these is bis(orthophenanthroline)copper which in the
presence of hydrogen peroxide induces direct strand scission.

The proposed mechanism for this process requires 3 equiv

of the Cu(ll) species to produce a nondiffusible intermediate
equivalent to a hydroxyl radical. This fact has focused large
attention on multinuclear Cu(ll) compounds due to their
potential for efficient intramolecular activation of bound O

and for binding in a selective manner to particular nucleic

by the reaction of the metal formate tetrahydrate (1 mmol in 25
mL DMF) with the HL ligand (1 mmol in 25 mL dmf}® Slow
evaporation of the resulting solution at room temperature provides
blue crystals of the compound suitable for X-ray diffraction.
Microanalysis of dried crystals was satisfactorygtGeCusN4O10S,
(809.28) Calcd: C, 38.59; H, 3.24; N, 6.92; S, 7.92. Found: C,
38.20; H, 3.35; N, 7.04; S, 7.68. IR(KBr) (cr): 3548, 3497
v(O—H); 15891,{CO0); 1444v{(COO0); 1251, 112%(S0O,), 964
v(S—N). The electrospray mass spectrum in positive mode(ESI
gives a peak am/z 866.94 corresponding to the ion,dEl,e
CU3N40;|_082‘CH3CN‘H30+.

acid conformations. These features were demonstrated by X-ray Structure Determination. A blue prismatic crystal of

polynuclear copper complexes reported by Karlin étaf

Recently, we have begun to explore the nuclease activity
of copper(ll) ternary complexes witR-substituted sulfon-
amides'* Moreover, because of our interest in polynuclear
copper(ll) complexes, we have reported the crystal structures
and spectroscopic and magnetic properties of lineazetato,
u-hydroxo trinuclear copper(ll) complexes witlsulfon-
amides derivative¥:1®Here, we present the crystal structure
and chemical properties of a new linear ferromagnetic
trinuclear copper(ll) complex, [G(L)2(HCOO)(OH),]«
[HL= N-(pyrid-2-ylmethyl)benzenesulfonylamide], with for-
mato and hydroxo bridges which efficiently cleaves DNA
in the presence of #D,/ascorbate.

Experimental Section

Material and Physical Methods. The variable temperature
magnetic susceptibility measurements were carried out on a
microcrystalline sample (4 mg) using a Quantum Design MPMS2
SQUID susceptometer equipped with a 55 kG magnet and operating
at 10 kG in the range 1-8400 K. The susceptometer was calibrated
with (NH4)oMn(SQy),-12H,0. Corrections for the diamagnetism
were estimated from Pascal constants. The infrared spectra (
400-4000 cntl) were obtained on a Mattson Satellite FTIR

spectrophotometer. Elemental analyses were performed by a Carlo

Erba AAS instrument. An electrospray mass spectrum, in positive
mode (ESt), of the compound dissolved in acetonitritwater (70:
30) was obtained from an ESQUIRE 3000 Plus (Brucker) ion trap
mass spectrometer. EPR spectra of ground crystals were carrie
out at X-band with a Bruker ELESYX instrument. UWis spectra
were recorded on a Shidmazu 2101 PC spectrophotometer.

All chemicals were used as purchased without further purifica-
tion.

Synthesis of [Cy(L)2(HCOO),(OH),)w. [HL = N-(pyrid-2-
ylmethyl)benzenesulfonylamide]. The copper complex was prepared

(9) Sigman D. S.; Chen, C.-H. B. Chemical Nuclease Activity of 1,10-
Phenantrolinecopper. INetal-DNA ChemistryTullius, T. D., Ed.;
ACS Symposium Series 402; American Chemical Society: Washing-
ton, DC, 1989; Chapter 2.
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Acta 1996 242, 329.
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2001 123 5588.
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2002 124, 6009.
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Inorg. Chem.2002 7, 835.

(14) GonZéez-Alvarez, M.; Alzuet, G.; Borrs, J.; Macas, B.; del OImo,
M.; Liu-Gonzdez, M.; Sanz, FJ. Inorg. Biochem2002 89, 29.

(15) Gutierrez, L.; Alzuet, G.; Real, J. A.; Cano, J.; Batrd.; Casfiniras,
A. Inorg. Chem.200Q 39, 3608.

(16) Gutierrez, L.; Alzuet, G.; Real, J. A.; Cano, J.; Batrd.; Casfiniras,
A. Eur. J. Inorg. Chem2002 2094.

[Cus(L)2(HCOO)(OH),].. was mounted on a glass fiber and used
for data collection. Crystal data were collected at 291(2) K, using
a Bruker SMART CCD 1000 diffractometer. Graphite monochro-
mated Mo Ko radiation ¢ = 0.71073 A) was used. The data were
processed with SAINY and corrected for absorption using
SADABS (transmissions factors: 1.080.637)! The structure was
solved by direct methods and refined by full-matrix least-squares
techniques againgt? using SHELXL-97%° Positional and aniso-
tropic atomic displacement parameters were refined for all non-
hydrogen atoms. The hydrogen atoms were included in geometri-
cally idealized positions employing appropriate riding motelsth
isotropic displacement parameters constrained ttJch.2f their
carrier atoms. Atomic scattering factors were taken frioner-
national Tables for X-ray Crystallograpt® Molecular graphics
were made with PLATON! A summary of the crystal data,
experimental details, and refinement results are listed in Table 1.
Absorption Titration of the Copper Complex Binding to
DNA. Absorption titration of [Cy(L) 2(HCOQO)(OH),].. binding to
DNA was performed by monitoring the absorbance spectra of the
complex (120uM) in cacodylate buffer (100 mM, pH= 6.0) in
the presence of increasing amounts of calf thymus DNA. As both
calf thymus DNA and the copper complex have overlapping
transitions below 320 nm, metal complex spectroscopic changes
are studied above this wavelength.
Viscosity Measurements.Viscosity experiments were carried
out on an Ubbelodhe viscometer at 20. The concentration of
DNA was 187.5uM in NP, and the flow times were determined
with a manually operated timer. Data are presentegigsversus
omplex]/[DNA] (n is the viscosity of DNA solution in the

c
C{)resence of the compound, anglis the viscosity of DNA alone).

Cleavage of pUC18 by the Cu(ll) ComplexA typical reaction
was carried out by mixing GL of 40 uM Cu(ll) complex solution
in 0.1 M buffer cacodylate (pH= 6.0), 1 uL of 750 uM (in
nucleotides) pUC18, #L of buffer cacodylate (pH= 6.0), 3uL
of 80 uM ascorbate, and 3L of 80 uM H,0,. After allowing the
sample to incubate at 3T for 60 min, 3uL of a quench buffer
solution (0.25% bromophenol blue, 0.25% xylene cyanole and 30%
glycerol) was added. Then, the solution was subjected to electro-
phoresis on 0.8% agarose gel in K.9BE buffer (0.045 M tris,
0.045 M boric acid, and 1 mM EDTA) containing2/100 mL of
a solution of ethidium bromide (10 mg/mL2 h at 80 V. The gel

(17) SMART and SAINTArea Detector Control and Integration Software
Bruker Analytical X-ray Instruments Inc.: Madison, WI, 1997.

(18) Sheldrick, G. M.SADABS, Program for Empirical Absorption
Correction of Area Detector DafdJniversity of Gdtingen: Gdtingen,
Germany, 1997.

(19) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal
Structures University of Gdtingen: Gidtingen, Germany, 1997.

(20) International Tables for X-ray CrystallographKluwer Academic
Publishers: Dordrecht, The Netherlands, 1995; Vol. C.

(21) Spek, A. LPLATON, A Multipurpose Crystallographic Todltrecht
University: Utrecht, The Netherlands, 2000.
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Table 1. Crystal Data and Structure Refinement for

[Cug(L)2(HCOOR(OH)]w
empirical formula GgH13CusN205S
fw 404.62
T 293(2) K
wavelength 0.71073 A

cryst syst, space group
unit cell dimensions

monoclinkR2:/c (No. 14)
a=9.9329(12) Ao = 90°
b=13.7791(16) Ap = 91.222(3}
c=11.0195(13) Ay = 90°

\Y 1507.9(3) B

Z, deaica 4,1.782 Mg/n%

abs coeff 2.298 mmt

F(000) 818

cryst size 0.12< 0.09 x 0.03 mn?

6 range for data collection 2.05to 2802 )

limiting indices —13<h<10 Figure 1. Molecular structure of [CL)2(HCOOR(OH)2]c.
— < <
_ﬁ; :(; 111 Table 2. Selected Bond Lengths [A] and Angles [deg] for

reflns collected/unique
completeness t6

8472/343R(jnt) = 0.0760]
28.02, 94.0%

[Cus(L)2(HCOOR(OH)2]»*

3 Cu(1)-0(3) 1.887(4) Cu(2yO(3)#2 1.878(4)
abs correction SADABS Cu(L)-N(2)#1 1.967(6) Cu(2y0(3) 1.878(4)
max and min. transm 1.000 and 0.637 Cu(l)—N(l)#l 1979(6) cu(ao(z)#z 1968(5)
refinement method full-matrix least-squaresrn Cu(1)-O(1)#2 1.986(6) Cu(®0(2) 1.968(5)
data/restrjunts/params 3438/0/205 Cu(1)-0(11) 2.448(5) Cu(ay0(11)#2 2.668(4)
GOF onF* 0.889 Cu(l)-Cu(2) 3.1207(8) Cu(®o(11) 2.668(4)
final Rindices | > 20(1)] R1=0.0631
WR2=0.1261 O(3)-Cu(1)-N(2)#1 100.2(2)  O()#2Cu(2)-0(2) 90.0(2)
Rindices (all data) R% 0.1535 O(B)-Cu(l-N(1)#1  176.8(2) O(3yCu(2-0(2) 90.0(2)
WR2=0.1512 N(2)#1-Cu(l)-N(1)#1  82.03)  O(2)#2Cu(2)-0(2) 180.0(3)
largest diff. peak and hole 0.618 and®.621 eA—3 0O(3)-Cu(1)-O(1)#2 88.8(2) O(3)#2Cu(2-O(11)#2 80.56(15)
N@#1—Cu(l-O(1)#2 161.3(2) O(3Cu(2-O(11)#2 99.44(15)
; pri N(1) #1-Cu(1)-O(1)#2 89.8(2) O(2#2Cu(2-O(11)#2 94.07(18)
was p_h_otographed on a capturl_ng system Gel-printer le_Js TDI. O(3)-Cu(ly-0(11) 86.59(15) O(2yCu(2)-O(11)#2 85.93(18)
Quantification was performed using the Scion Image for Windows N#1-Cu(1)-0(11) 1032(2)  O@)#2Cu(2)-0(11) 99.44(15)
software program based on NHI Image. Supercoiled plasmid DNA n(1)#1-Cu(1)-0(11) 90.7(2)  O(3}Cu(2-0(11) 80.56(15)
values were corrected by a factor of 1.3 on the basis of average O(1)#2-Cu(1)-0O(11) 93.7(2)  O(2)#2Cu(2)-0(11) 85.93(18)
literature estimates of lowered binding of ethidium to this O@#2-Cu(2-O@)  180.0(3)  O(2yCu(2-O(11) 94.07(18)
structure2?-24 O(3)-Cu(2-0(2)#2 90.0(2) O(11)#2Cu(2-0(11) 180.0(3)
O(3)#2-Cu(2-0(2) 90.02)  Cu(1)O(11)}-Cu(2) 75.03(11)
Cu(2-0(3)-Cu(1) 111.9(2)

Results and Discussion
a Symmetry transformations used to generate equivalent atoms, #1
Crystal Structure. The trinuclear entity with the atomic -y +1,z— Yy #2—x+1,-y, —z
labeling scheme is shown in Figure 1. Selected bond
distances and angles are listed in Table 2. The polymer
compound consists of trinuclear copper fragmentss;{Cu
(L)2(HCOOX(OH),] [HL = N-(pyrid-2-ylmethyl)benzene-
sulfonylamide]. The central and terminal copper ions are
nonequivalent. The geometry around the terminal copper
atoms Cu(1) and Cu(1A) is distorted square pyramidal (
parameter= 0.26) with a CuNO,+--O chromophore. The
basal plane is described by the pyridyl N(1) and the | .
sulfonamidato N(2) atoms of the deprotonated ligand)(L mstegd of four-coordinated. . . .
and the O(3) and the O(1) from the hydroxo and the formate Adjacent copper centers are bridged in the equatorial plane
bridges, respectively. A sulfonamide O atom [O(11)] of PY the hydroxo oxygen atom, O(3), [CuP(3)-Cu(2)=

another L= ligand pertaining to a contiguous asymmetric unit é%jl.9(2)f] and tV\;O oxygen atolmsa.O(l) anq %(Zb) dOf 3
occupies the axial position (see Figure 2). The Cu(1) atom Identatesyn—synformato group leading to a mixed-bridge

is 0.1202 A up to the square plane formed by the N(L), N(2). noncoplanar coordinatior'l geometry [dihedral angle be-
0O(1), and O(3) atoms. The central Cu(2) is six-coordinated tween the mean equatorial planes N(l)N(Z)O(l,)O(S) and
with a distorted octahedral (NNOG- 20') geometry (see 0(3)0(2)0(2)9(3)’ 61.4(2). In the_ tnnucl«_aar _entlty, the_
Figure 3). The basal plane is realized with the O(3), O(3A), three copper ions are arranggd In a strict Imear f?Sh'O”
0O(2), and O(2A) atoms from the hydroxo and formate [Cu(l)~Cu(2)~Cu(1A)= 180] with Cu(2) on the inversion

bridging groups, respectively. The €0 and the Cu-N center and a Cu(l-).Cu(IZ) dista_nce qf 3'120.7(8) A.
The way of coordination of Lis an interesting structural

aspect of this compound. Lbehaves as a bridging ligand

between each of two trimer units coordinating to one trimer
in a bidentate fashion through the pyridyl and sulfonamidato
N atoms and to other trimer through the sulfonamidato O

metat-ligand equatorial distances are similar to those found
in the previously reported linear-acetate u-hydroxo tri-
nuclear copper(ll) complexé&! The apical positions are
occupied by oxygen atoms of two sulfonamidate anions at
the semicoordination lengths of 2.668(4) A. Compared with
the related trinuclear copper complexe& the main dif-
ference is found in the coordination polyhedron of the central

copper(ll) which, in this compound, is six-coordinated

(22) Hertzberg, R. P.; Derwan, P. .. Am. Chem. Sod 982 104, 313.

(23) Mirabelli, C. K.; Huang, C.-H.; Crooke, S. Tancer Res198(Q 40,
4173.

(24) Detmer, C. A, lll; Pamatong, F. V.; Bocarsly J.IRorg. Chem1996
35, 6292.
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Figure 2. Stereoscopic view of [GiL)2(HCOO)(OH),]. alongc axis.

Figure 3. Fragment of [Cy(L)2(HCOO)(OH);]. showing the bridging
atoms. Symmetry transformations to generate equivalent atoms:x(&)

L=y, =z ®0) =Xy~ =2+ (€)% —y+ 2= "> Figure 4. Temperature dependencey@fT for [Cus(L)2(HCOOR(OH)] .

atom, which also acts a bridge between two copper ions of cm® mol™* K, a value which is somewhat larger than that
the same trimer unit. The coordination of this O atom to expected for a magnetically uncoupled trinuclear Cu(ll)
two Cu(ll) ions is unusual taking into account the poor ability compound (1.23 cfmol™* K, g = 2.1). Upon cooling of
of this donor atom to bind metal ions. Up to now, this the sampleyu T increases and reaches a value of 2.08 cm
compound is the first example reported where the oxygen mol~* K in the 6-15 K temperature range. This behavior is
sulfonamidate acts as a bridge. indicative of strong ferromagnetic coupling between the
A strong intermolecular hydrogen bond is formed between adjacent Cu(ll) in the trinuclear species. Below 5y, T
the hydroxo O(3) and the sulfonamido O(12) [O¢3D(12), decreases rapidly down to 1.95 ¥mol~! K which is most

2.764(6) A] (see Figure 2). likely due to zero-field splitting (ZFS) within the quartet
Magnetic Properties. The temperature dependence of the ground state. _ _
ymT product for [Cu(L)2(HCOOX(OH)]. (ym being the The spin Hamiltonian appropriate to describe the exchange

magnetic susceptibility per trimer unit) in the temperature interaction in a linear symmetric trimer has the form
range 2-300 K is shown in Figure 4. As expected, the H=—J + _y +

magnetic behavior of the complex resembles that of related S5, + 55 S5
trinuclear compound¥:16 At room temperaturegy T is 1.4 DIS’, — S(S+ 1)/3] + gBHS (1)

Inorganic Chemistry, Vol. 42, No. 9, 2003 2995



Gonzdez-Alvarez et al.

Table 3. Electronic Spectroscopic Data of the Interaction between
[Cus(L)2(HCOO)(OH);].. and DNA

[DNAY/ Amax M absorbance
[complex} (e, M~tcm™?) hyperchromisn®o

0 740 (608)
1 738 (608) 0
2 734 (616) 1.3
5 730 (625) 2.7

10 722 (633) 4.2

15 718 (641) 55

20 716 (658) 8.2

a[Complex] = 120 uM.

Table 4. Data for DNA Viscosity in the Presence of the Complex

: T ‘ ‘ T T : [complex]/[DNAJ2 70
0 1000 2000 3000 4000 5000 6000 0.000 1,000
H gauss 0.059 1.080
Figure 5. X-band EPR spectrum at room temperature for C)p- 0.112 1.068
(HCOOX(OH)] . 0.134 1.046
0.188 1.023
0.280 1.011

where the occurrence of axial ZFS between #h#, and
+1/, Kramers doublets arising from tf&= 3/, ground state ?[DNA] = 187.5uM.

has been included. The exchange parametensdJ' refer )

to the interaction between two adjacent centers and thePoUnd can be observed through the data of hyperchromism
interaction between the terminal centers, respectively. The@Nd the short-wavelength shift of the-d maximum of the
resulting spin multiplets are two double8 £ %/,) and one complex (Table 3). I.t has been shown that the mteractlpn of
quartet 6 = 3,).15 D denotes the half energy gap between calf thymus DNA with [Cu(HO)g]?" leads to a small shift

the Kramers doublets. to short wavelengths and an increase of the absorption
The solid and broken lines in Figure 4 represent typical Intensity of the e-d maxima. Such types of changes have
fits with J = 79 cnmt, I = —4.6 cnt?, |D| = 1.7 e, g been explained considering that a small percentage of
=212 andR = 3 x 1075, [Cu(H0)¢]?" is inner-sphere bound by the substitution of
’ coordinated water molecules by nitrogen atoms of DRA.

R values are obtained from the expresdios { >i[(xmT)obsi heref he basi h i d ; bl
— G Deacal Y30 Dons] 3 - Therefore, on the basis on the spectroscopic data in Table

It is well-known that in dinuclear copper(ll) complexes 3+ SUch a mode of binding to DNA could be proposed for a
with syn—syncarboxylato bridges or hydroxo bridges, with Small amount of [Cy(L) (HCOO)X(OH),] compound. Prob-
an angle at the hydroxo bridge larger than 97antiferro- ably, donor atoms at longer distances in_our compound
magnetic coupling occuftherefore, the magnetic behavior [O(11) at Cu(2) and/or at Cu(1)] are substituted by N atoms
in the title compound should be antiferromagnetic. However, Of calf thymus DNA. - o
when the bridging ligands are different, as it occurs in the As a means for further clarifying the binding of the
complex, the two bridges may either increase or cancel outtrinuclear complex, viscosity measurements were carried out
this effect!® This phenomenon is known as orbital counter- on calf thymus DNA by varying the concentration of the
complementarity, and the reported complex is a good complex. A classical intercalative mode causes a significant
example of this magnetic behavior. increase in the viscosity of the DNA solution due to an
Recently, we proposed a correlation betwdemd thed increase in the separation of base pairs at intercalation sites
angle using DFT calculations for trinuclear Cu(ll) com- and hence an increase in overall DNA length. By contrast,

poundst® For the Cu-OH—Cu angle of 111.9(2)in the title complexes that bind exclusively in DNA grooves by partial
compound, al value ca. 70 cmt is obtained which agrees —and/or nonclassical intercalation under the same conditions

well with the experimental one. typically cause a less pronounced (positive or negative) or

EPR Spectra. The X-band EPR spectra of the complex No change in DNA solution viscosifif.In Table 4, the values
at room temperature (Figure 5) are dominated by a transitionOf 7/70 are collected against complex concentration/DNA
at 2047 G which identifies ai® = 3, ground state and ~ concentration. The results reveal that the presence of the
confirms the ferromagnetic behavior of the compound. trinuclear complex has no obvious effect on the relative
Interaction between DNA and the Copper Complex. viscosity of calf thymus DNA, indicating that the interaction
Absorption spectra of the [G{L)(HCOOX(OH),].. complex _Of the complex follows the pattern of complexes that bind
in the absence and in the presence of calf thymus DNA atin DNA grooves.
varied concentrations were obtained with the aim of studying
the binding of complex to DNA. An electronic interaction (26) Bregadze, V. G. Metal lon Interactions with DNA: Considerations
. . . on Structure, Stability and Effects from Metal lon Binding.Ntetal
between DNA and the trinuclear copper coordination com- lons in Biological System#; Sigel, A., Sigel, H., Eds.; Marcel Dekker
Inc.: New York, 1995; Vol. 32, Chapter 12.

(25) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. S0d.997, (27) Liu, J.; Zhang, T.; Qu, L.; Zhou, H.; Zhang, Q.; Liangniad.Jnorg.
119 1297. Biochem 2002 91, 269.
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Figure 6. Agarose gel electrophoresis of pUC18 plasmid DNA treated with complex and ascog@atelftubation time: 1 h (37C). Lane 1: A
DNA/EcoRI + Hindlll. Marker, 3. Lane 2: supercoiled DNA. Lane 3: ascorbat&@H30 uM, CuSQi-5H,O 36 uM. Lane 4: ascorbated®, 45 uM,
CuSQ-5H,0 54 uM. Lane 5: ascorbate#®, 60 uM, CuSQi-5H,0 72uM. Lane 6: ascorbated4®, 30 uM, complex 12uM. Lane 7: ascorbateA4®, 45
uM, complex 184M. Lane 8: ascorbate4®, 60 uM, complex 24uM. Lane 9: ascorbated®, 12 uM, CuSQ;-5H,0 36uM. Lane 10: ascorbated®, 18
uM, CuSQ-5H,0 54 uM. Lane 11: ascorbated®,; 24 uM, CuSQ-5H,0 72uM. Lane 12: ascorbated®, 12 uM, complex 12uM. Lane 13: ascorbate/
H20, 18 uM, complex 18uM. Lane 14: ascorbated®, 24 uM, complex 24uM.

Table 5. DNA Cleavage Activity of the Trinuclear Complex and the
Copper(ll) Salt

H,O,/ascorbate 2.5-fold [H20z/ascorbatef

excess relative to complex [complex]
% % % % % %

form| formlIl formlll form| formlIl formilll
36uM Cu(ll) 55.1 44.9 66.0 34.0
12uM complex 55.4 44.6 68.8 31.2
54 uM Cu(ll) 36.9 42.8 20.3 61.6 38.4
18uM complex 65.4 34.6 38.7 42.1 19.2
72 uM Cu(ll) 28.7 48.7 22.6 384 421 194
24uM complex a 50.2 49.8

Figure 7. Agarose gel electrophoresis of pUC18 plasmid DNA treated
with 24 uM complex and potential inhibitors. Incubation time: 1 h (37

ili °C). Ascorbate/HO, 24 uM. Lane 1: A DNA/EcoRI + Hindlll. Marker,
DNA _Cleavage by [Cu(L) A(HCOO)o(OH)z]... The ability 3. Lane 2: supercoiled DNA. Lane 3: complex. Lane 4: compte0D
of the title compound to perform DNA cleavage has been (15 ynits). Lane 5: complex NaN; (20 mM). Lane 6: complex EDTA

studied by gel electrophoresis using supercoiled pUC18 DNA (20 mM). Lane 7: complext DMSO (1 M). Lane 8: complext tert-
in cacodylate buffer (pH= 6.0). The linear trinuclear  Putyl alcohol (1 M). Lane 9: complex without ascorbatgl

2|t could not be determined by smearing.

complex on reaction with DNA in the presence of a0 Table 6. DNA Cleavage of pUC18 by the Trinuclear Complex (24

ascorbate mixture as reducing agent presents high nucleasgm) in the Presence of Potential Inhibitars

activity (Figure 6). In fact, a comparison of lane 4 [ %form| %formlil % form Il

Cu(Il)] with lane 7 [18uM complex_] shows that the complex DNA 743 257

cleaves completely the supercoiled DNA (form 1), nicked complex 58.6 41.4

DNA (form II), and linear DNA (form II1) while the Cu(ll) Comp:exi 20’\?88(5) Un’\i/lt?) 517 fg-g 39.3
. . . complex+ Nal m . .

only breal_<s DNA in the nicked form. The same gffect IS Complex+ EDTA (20 mM) 729 271

observed in lanes 11 and 14 where the concentration of the complex+ DMSO (1 M) 66.1 33.9

reductant HO./ascorbate is equal to that of the complex. ~ complex+ tert-butyl alcohol (1 M)~ 49.1 32.6 18.3

. . lex without HO»/Ascorbat 75.4 24.6
The amounts of supercoiled form I, nicked form Il, and complex without HOZ/Ascorbate

linear form Il were quantitated and are listed in Table 5. It  ®Hz0z/ascorbate 24M.
is noteworthy that the complex at 181 produces the same
amount of forms Il and Ill as the copper(ll) at Z&1. This
result suggests a possible synergy among the three metal ion
that contributes to its relatively high nucleolytic efficienéy.
The existence of diffusible radical species in the nuclease
mechanism can be inferred by monitoring quenching of DNA
cleavage in the presence of alternative H-atom donors, which
would scavenge radicals (such*&H) in solution. To this
end, standard scavengers of reactive oxygen intermediate
were included in the electrophoretic process (Figure 7).
Quantification of the gel afforded the data in Table 6. The
SOD enzyme had no effect on the cleavage reaction (lane
4) suggesting that the superoxide anion is not involved in
the cleavage process. Azide (lane 5) inhibits, to some extent,
DNA cleavage by the compound indicating thdd, is Acknowledgment. J.B. and G.A. acknowledge financial
involved in the reaction. The hydroxyl radical scavengers, support from the Spanish CICYT (BQU2001-3173-C02-01).
speciallytert-butyl alcohol (lane 8), diminish significantly  M.G.-A. acknowledges Ministerio de Ciencia y Tecndkngi
the nuclease activity of the compound which is indicative for a doctoral fellowship. The authors thank Dr. Real
of the involvement of the hydroxyl radical in the cleavage (University of Valencia) for the magnetic measurements.

process. In conclusion, the active oxygen species involved
in the reaction aréO, and*OH although the involvement of
the superoxide anion along the reaction pathway cannot be
ruled out since the reaction of SOD with,Oproduces
hydrogen peroxide which appears to be required for the
reaction. One can only suggest that superoxide is not itself
the active species. Moreover, since the complex is not able

er se to induce any effect of double stranded DNA (lane

), it appears that a reducing agent is required for producing
the cleavage process.

We also plan to continue to screen other copper(ll)
complexes in the hope of discovering other potentially
practical inorganic complex nucleases.
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