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The Cu(ll) complex of the ligand all-cis-2,4,6-triamino-1,3,5-trihydroxycyclohexane (TACI) is a very efficient catalyst
of the cleavage of plasmid DNA in the absence of any added cofactor. The maximum rate of degradation of the
supercoiled plasmid DNA form, obtained at pH 8.1 and 37 °C, in the presence of 48 uM TACI-Cu", is 2.3 x 102
s~1, corresponding to a half-life time of only 5 min for the cleavage of form | (supercoiled) to form Il (relaxed
circular). The dependence of the rate of plasmid DNA cleavage from the TACI-Cu" complex concentration follows
an unusual and very narrow bell-like profile, which suggests an high DNA affinity of the complexes but also a great
tendency to form unreactive dimers. The reactivity of the TACI-Cu" complexes is not affected by the presence of
several scavengers for reactive oxygen species or when measured under anaerobic conditions. Moreover, no
degradation of the radical reporter Rhodamine B is observed in the presence of such complexes. These results are
consistent with the operation of a prevailing hydrolytic pathway under the normal conditions used, although the
failure to obtain enzymatic religation of the linearized DNA does not allow one to rule out the occurrence of a
nonhydrolytic oxygen-independent cleavage. A concurrent oxidative mechanism becomes competitive upon addition
of reductants or in the presence of high levels of molecular oxygen: under such conditions, in fact, a remarkable
increase in the rate of DNA cleavage is observed.

Introduction able to induce an oxidative pathway. In the case of one of
the commonly used systems, Fe(EDTA)n the presence

of hydrogen peroxide or molecular oxygen and a reducing
agent, diffusible hydroxyl radicals produced via the Fenton
reaction are responsible for the DNA cleavd@gn the other
hand, in the case of Bleomycin, an antitumor antibiotic which
requires the presence of #¥ehydrogen peroxide or molec-

] - S . ular oxygen, and a reducing agent, nondiffusible metal
DNA is very sensitive to oxidative cleavage, and itis not , one species are involved in the process\ similar

surprising that the great majority of the studies on artificial \1,ochanism apparently operates also in the case of bis(L,-

DNAse; have bgen_focused on_molegules capable of Clea"inglO-phenanthroline)copper(l) comple®ther oxidative com-
DNA with an oxidative mechanismThis effort has brought
to development several efficient cleaving agents which (1) Recent reviews: (a) Hegg, E. L.; Burstyn, J.Gbord. Chem. Re

involve free radicals or other reactive oxygen species (ROS) 1998 173 133-165. (b) Komiyama, M.; Sumaoka, @urr. Opin.
Chem. Biol.1998 2, 751-757. (c) Komiyama, M.; Takeda, N.;

Shigekawa, H.Chem. Communl1999 1443-1451. (d) Ott, R,

The cleavage of nucleic acids is an important enzymatic
reaction involved in several biological processes as well as
in biotechnological manipulation of genetic material. Arti-
ficial DNA cleaving agents could find applications in several
fields, in nucleic acids structural studies, biotechnology, or
drug developmenit?
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pounds require the presence of an activation step that carChart 1. Ligands and Substrates
be granted by an oxidizing agent or lighThese systems NH; NH;
have found application in DNA footprinting, as probes for NH2 R
different DNA structures and to properly localize DNA R R

conformational variations as base mismatches or loops, and

TACH:R=H
TACI :R=0H
TMCA : R = OCH3

they have been proposed also as anticancer didgsiever, NO; NO2
despite their high efficiency and versatility, most of the O.N o, 0 OzNGO 0
oxidative cleavaging agents are subjected to severe limita- K K

: . . e . L EtO" OEt EtO" OH
tions in some important applications. In fact, their activity

usually depends on a cofactor such as light or an oxidizing DEDNP EDNP

or a reducing agent, and this hampers their use in vivo,

especially in the case of therapeutic applications. Moreover, tions!¢f Dinuclear complexes of Er(1113,Co(ll1),%° Zn(l1),**

in some instances, the cleavage is mediated by diffusible and particularly Ce(IV? and Fe(ll1}2 cleave hydrolytically
free oxygen or hydroxyl radicals that may cause undesirable plasmid DNA with accelerations of over 10 million folél.
and uncontrolled damages as well as cytotoxic effects. On the other hand, only few examples of successful DNA
Finally, they produce nonnatural fragments of DNA which hydrolytic cleavage by mononuclear complexes have been
are not suitable for further enzymatic manipulation like as reported. Remarkable rate accelerations have been achieved
labeling or ligationt2 As a consequence, their use as tools with mononuclear Zn(ll) complexes tethered to DNA inter-
in molecular biology is limited. To overcome, at least partly, calator$**> and with Co(lll) complexes of polyamine
these limitations, the attention has recently been addressedigands!®*® Also Cu(ll) complexes with lineaf or macro-

to the production of “self-activating” oxidative agents which cyclic polyamines? aminoglicosided? and even with simple

do not depend on cofactors, but the examples of systems ofhistidiné® show a good nuclease activity. Among these the

this type are still quite rare.
An alternative approach in the development of cleaving

agents which may be utilized in a wider range of applications,
including in vivo applications, relies on systems capable to

catalyze a hydrolytic DNA strand scission. Unfortunately,
the hydrolysis of DNA is exceedingly slow and the actual
challenge in this field is still the development of really
efficient cleaving systems. With inspiration from the obser-
vation that in living beings nucleophilic displacement reac-

tions on phosphate esters are mostly promoted by metal-

loenzyme$, attention is currently addressed to metal ion
based hydrolytic catalystsSome of the systems so far

realized have been proved very effective in the cleavage of

model phosphatésind RNAS but examples of application
on DNA are still relatively rare. Lanthanide ions, especially

Ce(IV), and their complexes have been reported to hydrolyze (13

single- and double-strand DNA with very good accelera-

(5) (a) Borah, S.; Melvin, M. S.; Lindquist, N.; Manderville, R. A.
Am. Chem. Socl998 120, 45574562. (b) Baudoin, O.; Teulade-
Fichou, M.-P.; Vigneron J.-P.; Lehn, J.-MChem. Commun1998
2439-2350. (c) Melvin, M. S.; Tomlinson, J. T.; Saluta, G. R.; Kucera,
G. L.; Lindquist, N.; Manderville, R. AJ. Am. Chem. SoQ00Q
122 6333-6334. (d) Roelfes, G.; Branum, M. E.; Wang. L.; Que, L.,
Jr.; Feringa, B. LJ. Am. Chem. So00Q 122 11517-11518.

(6) (a) Serpersu, E. H.; Shortle, D.; Mildvan, A. Biochemistry1987,

26, 1289-1300. (b) Wilcox, D. EChem. Re. 1996 96, 2435-2458.

(c) Straer, N.; Lipscomb, W. N.; Klabunde, T.; Krebs, Bingew.

Chem., Int. Ed. Engl1996 35, 2024-2055. (d) Cowan, J. AChem.

Rev. 1998 98, 1067-1087. (e) Jedrzejas, M. J.; Setlow, Ghem.

Rev. 2001, 101, 608-618.

See for example: (a) Hendry, P.; Sargeson, APkbg. Inorg. Chem.

199Q 38, 201—-258. (b) Chin, JAcc. Chem. Re4.991, 24, 145-152.

(c) Morrow, J. R.Met. lons Biol. Syst1997 33, 561-592. (d)

Williams, N. H.; Takasaki, B.; Wall, M.; Chin, JAcc. Chem. Res.

1999 32, 485-493. (e) Kraner, R.Coord. Chem. Re 1999 182,

243-261. (f) Bashkin, J. KCurr. Opin. Chem. Biol1999 3, 752—

758. (g) Molenveld, P.; Engbersen, J. F. J.; Reinhoudt, DCiem.

Soc. Re. 2000 29, 75-86. (h) Kimura, E.Curr. Opin. Chem. Biol.

200Q 4, 207-213.

(8) Trawick, B. N.; Daniber, A. T.; Bashkin, J. KChem. Re. 1998 98,
939-960.

@)

most effective are the Cu(ll) complexes of kanamycin,
neaming? andcis,cis4,3,5-triaminocyclohexane (TACHj?
Recently, we reported a preliminary study on the cleavage
of plasmid DNA catalyzed by the zn(ll) and Cu(ll)
complexes ofall-cis-2,4,6-triamino-1,3,5-trihydroxycyclo-
hexane (TACI; see Chart 1) and afi-cis-2,4,6-triamino-
1,3,5-trimethoxycyclohexane (TMCA}.The most impres-
sive reactivity was observed using the Cu(ll) complex of

(9) Zhu, B.; Zhao, D.-Q.; Ni, J.-Z.; Zeng, Q.-H.; Huang, B.-Q.; Wang,
Z.-L. Inorg. Chem. Commuri999 2, 351-353.

(10) Hettich, R.; Schneider, H.-J. Am. Chem. Sod 997 119 5638-
5647.

(11) Sissi, C.; Rossi, P.; Felluga, F.; Formaggio, F.; Palumbo, M.; Tecilla,
P.; Toniolo, C.; Scrimin, PJ. Am. Chem. SoQ001, 123 3169-
3170.

(12) (a) Branum, M. E.; Que, L., Jd. Biol. Inorg. Chem1999 4, 593~

600. (b) Branum, M. E.; Tipton, A. K.; Zhu, S.; Que, L., Jt.Am.

Chem. Soc2001, 123 1898-1904.

(a) Schnaith, L. H.; Hanson, R. S.; Que, L.Rhoc. Natl. Acad. U.S.A.

1994 91, 569-573. (b) Liu, C.; Yu, S.; Li, D.; Liao, Z.; Sun, X.; Xu

H. Inorg. Chem 2002 41, 913-922.

(14) (a) Fitzsimons, M. P.; Barton, J. K. Am. Chem. Sod 997, 119
3379-3380. (b) Copeland, K. D.; Fitzsimons, M. P.; Houser, R. P;
Barton, J. K.Biochemistry2002 41, 343—356.

(15) Boseggia, E.; Gatos; M.; Lucatello, L.; Mancin, F.; Moro, S.; Palumbo,
M.; Sissi, C.; Tecilla, P.; Tonellato U.; Zagotto, G.Am. Chem. Soc.
2004 126, 4543-4549.

(16) Dixon, N. E.; Geue, R. J.; Lambert, J. N.; Moghaddas, S.; Pearce, D.
A.; Sargeson, A. LChem. Commurl996 1287-1288.

(17) Scarpellini, M.; Neves, A.; Holrner, R.; Bortoluzzi, A. J.; Szpoganics,
B.; Zucco, C.; Nome Silva, R. A.; Drago, V.; Mangrich, A. S.; Ortiz,
W. A.; Passos, W. A. C.; de Oliveira, M. C. B.; Terenzi, Horg.
Chem 2003 8353-8365.

(18) (a) Hegg, E. L.; Burstyn, J. Nnorg. Chem.1996 35, 7474-7481.

(b) Itoh, T.; Hisada, H.; Sumiya, T.; Hosono, M.; Usui, Y.; Fujii, Y.
Chem. Commurl997 677—-678. (c) Chand, D. K.; Schneider, H.-J.;
Bencini, A.; Bianchi, A.; Giorgi, C.; Ciattini, S.; Valtancoli, BEhem—
Eur. J.200Q 6, 4001-4008. (d) Deck, K. M.; Tseng, T. A.; Burstyn,
J. N.Inorg. Chem.2002 41, 669-677.

(19) (a) Sreedhara, A.; Cowan, J. 8Bhem. Commurl998 1737-1738.
(b) Sreedhara, A.; Freed, J. D.; Cowan, JJAAmM. Chem. So200Q
122 8814-8824.

(20) Ren, R.; Yang, P.; Zheng, W.; Hua,|Borg. Chem200Q 39, 5454
5463.

(21) Sissi, C.; Mancin, F.; Palumbo, M.; Scrimin, P.; Tecilla, P.; Tonellato,
U. Nucleosides Nucleotides Nucleic Ac2i30Q 19, 1265-1271.
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TACI and, quite important, under “hydrolytic conditions” pH 8.1. Reactions were performed incubating DNA (A2 base

i.e., in the absence of any reducing agent. This paper is thepairs) at 35°C in the presence/absence of increasing amount of
full account of our studies of the reactivity of the Cu(ll) metal complex for the indicated time. When required, the incubation
complex of TACI as DNA cleaving agent, aimed at defining Was carried out in the same buffer but in the presence of proper

the parameters influencing its activity and at clarifying its 2mount of scavengers (1 mM NaN100 U/mL superoxide
mechanism of action. dismutase, 0.8 MM DMSO, or 0.8 mkrt-BuOH). To assess the

presence of apurinic sites the reaction products were additionally
incubated fo 1 h at 35°C in 0.1 M KCI, 50 mM HEPES, 10 mM
MgCl, and 50 mM lysin&>

General Methods and Materials.UV —vis spectra and kinetic Reaction products were resolved on a 1% agarose gel in TAE
traces were recorded on a Perkin-Elmer Lambda 16 spectropho-buffer (40 mM TRIS base, 20 mM, acetic acid, 1 mM EDTA)
tometer equipped with a thermostated cell holder. NMR spectra containing 1% SDS to dissociate the ligands from DNA. The
were recorded using a Bruker AV300 (300 MHz) spectrometer; resolved bands were visualized by ethidium bromide staining and
the operating frequency fot'P experiments was 121.5 MHz. photographed. The relative amounts of different plasmid structures
Cu(NO,), was an analytical grade product. Metal ion stock solutions were quantified using a BioRad Gel Doc 1000 apparatus interfaced
were titrated against EDTA by following standard procedures. The to a PC workstation. The intensity of the band relative to the plasmid
buffer component, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic supercoiled form has been multiplied for 1.43 to take account of
acid (HEPES, Sigma, pH 7-&7.5), 4-(2-hydroxyethyl)-1-pipera- its reduced affinity for ethidium bromide. Kinetic profiles were fitted
zinepropanesulfonic acid (EPPES, Sigma, pH-&®), 2-(\- with a two consecutive and independent first-order processes model
cyclohexylamino)ethanesulfonic acid (CHES, Sigma, pH-9.6), with the program MicroMath Scientigt.
and 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS, Sigma, pH  Procedure for DNA Ligation Experiments. After incubation
10.0-10.5) were used as supplied by the manufacturer. The diethyl of pBR 322 with increasing concentration of metal complex for 3
2,4-dinitrophenyl phosphate (DEDNP) and the ethyl 2,4-dinitro- h at 35°C, the cleavage reactions were purified on a G-25 column.
phenyl phosphate (EDNP) lithium salt were prepared by following The plasmid was then incubated for 17 h at’@with 10 U of T4

Experimental Section

literature procedure®. Ligands TACH?Z® TACI,2* and TMCA3® ligase (Gibco BRL) in the buffer provided by the supplier. In control
were synthesized as reported. experiments, the T4 ligase reactions were carried out also on
Kinetic Measurements with Model Substrates.The kinetic pBR322 previously linearized with ECO RI. The reaction products

traces were recorded on a Perkin-Elmer Lambda 16 spectropho-were resolved on a 1% agarose gel in TAE buffer (40 mM TRIS
tometer equipped with a thermostated multiple cell holder. Reaction base, 20 mM, acetic acid, 1 mM EDTA) in the presence/absence
temperature was maintained at2%.1°C. Stock metal complexes ~ of 2 uM ethidium bromide.

solutions (1 mM) were prepared by mixing equimolar amounts of ~ Anaerobic and Pure Oxygen Atmosphere ReactionsThese

the desired ligand and Cu(NJR in water and adjusting the pHto  experiments were performed by following the protocol reported
a value close to 7 with 0.1 M NaOH. The reactions were started by Burstyn and co-worker$2 Deoxygenated water was prepared
by adding 20uL of a (1-2) x 1072 M solution of DEDNP (in by five freeze-pump-thaw cycles, and before each cycle the water
acetonitrile) or ENDP (in water) to a 2-mL solution of metal was equilibrated with argon under sonication to favor the deoxy-
complex in the appropriate buffer and monitored by following the genation process. Deoxygenated water was used immediately after
absorption of 2,4-dinitrophenolate at 400 nm. The initial concentra- preparation. All anaerobic stock solutions were prepared in a
tion of substrate was 42) x 10-° M, and the kinetics were in nitrogen-filled glovebag. Reaction mixtures were immediately
each case first order up to 90% of the reaction. The pseudo-first- prepared in the same glovebag by addition of the appropriate
order rate constantk,() were obtained by nonlinear regression amounts of stock solutions to the reactions tubes, which were
analysis of the absorbance vs time data, and the fit error on the subsequently sealed and incubated afG5All other conditions

rate constant was always less than 1%. Cu(ll) complex dimerization were the same as reported in the previous paragraph. Reactions
(Kgim) constants were obtained by nonlinear regression analysis of under pure oxygen atmosphere were performed in the same way
the pseudo-first-order rate constants vs total complex concentrationas the ones under anaerobic conditions except that water was
(Cy) data according to the following equatioky, = ky'(1/Kgim)(— equilibrated with oxygen instead of argon. Reaction mixtures were
1/2 + 1/2(1/4 4+ 2CKgm)¥?), wherek,' is the apparent second-  quickly prepared on the benchtop open to the atmosphere, and the
order rate constant of the reaction. T¥evalues were also obtained  reaction tubes were filled with oxygen before sealing and incubation.
by the linear fit of the pseudo-first-order rate constants previously All other conditions were the same as reported in the previous

obtained at low Cu(ll) complex concentrations ¥1107°—1 x paragraph.
10~4M). The rate constants' obtained with the two methods were
always identical within the experimental error. KineKg values Results

and second-order rate constakiswere obtained by nonlinear
regression analysis of thg vs pH data according to the following
equation: k' = kKy/(Ka + [H*]).

Procedure for DNA Cleavage Experiments.Stock solutions

Model Studies. The reactivity of the Cu(ll) complexes
of TACI and, for comparison, of TACH and TMCA has been
first studied toward the model phosphate triester DEDNP
of TACI and Cu(NG), were prepared in water, and the pH was and diester EDNP (see Chart 1). The results obtained closely

adjusted to 7-8 by addition of NaOH. DNA cleavage experiments Cllow the behavior of other Cu(ll) complexes repofieahd,

were performed using pBR 322 (Gibco BRL) in 10 mM HEPES, In the case of the TACH complexes, are similar to those
previously reported by Fuji The products of the reactions,

(22) Moss, R. A.; Jhara, YJ. Org. Chem1983 48, 588-592.
(23) Bowen, T.; Planalp, R. P.; Brechbiel, M. Bioorg. Med. Chem. Lett. (25) Lindahl, T.; Andersson, ABiochemistryl972 11, 3618-3623.

1996 6, 807-810. (26) Scientist 2.01Micromath Scientific Software: Salt Lake City, UT,
(24) Hegetschweiler, K.; Erni, |.; Schneider, W.; SchmalleHdlv. Chim. 1995.
Acta 199Q 73, 97—105. (27) Deal, K. A.; Burstyn, J. Nlnorg. Chem.1996 35, 2792-2798.
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0.0 ——
0.0 04 0.8
[TACI-Cu(ll)], mM
Figure 1. Complex concentration dependence of the pseudo-first-order
rate constant(,) for the TACI-Cu' promoted hydrolysis of DEDNP. (The

line shows the fit of the data.) Conditions: pH 8.1 (0.05 mM HEPES buffer);
25°C.

1.2

Table 1. Complex Formation/{;) and Dimerization Constant&gm),
Metal Coordinated Water Molecule Acidity Constant&{p and
Second-Order Rate Constanks)(for the Reaction of DEDNP and
EDNP with the Cu(ll) Complexes of TACH, TACI, and TMCA in
Water at 25°C with Literature Data in Parentheses

ko(DEDNP), k(EDNP),

ligand logB:®  log Kaim pKa M-1s1 M-1s1
TACH 10.7 7.9(7.7-8.2) 1.1(L.2} 0.02
TACI 121 3.6(4.6-4.8p 8.0(8.0-8.4f 1.5 0.06
TMCA 144 29 8.0 1.1 0.05

apata from ref 302 From potentiometric titratioA? ¢ From potentio-
metric titration3! 9 From potentiometric titratio”® © Data from ref 28.

identified by'H and3P NMR, were those expected for a

hydrolytic mechanism, namely 2,4-dinitrophenolate and
diethyl phosphate or ethyl phosphate. With both DEDNP and
EDNP, the substrate dependence is first order in the

concentration range explored, while the complex concentra-

tion dependence is first order in the case of TACH'
complex and half-order in the case of TACU' and TMCA:

Cu' complexes (Figure 1). As clearly demonstrated by the
work of Burstyn and co-workers on Cu(ll) complexes of
related tripodal poliaminic ligands, such behavior indicates
the dimerization of the mononuclear complexes to form
unreactiveu-hydroxo-bridged systen#$In the case of TAGI

Cu' complexes, the existence of such dimers have been also
postulated by Hegetschweiler and co-workers on the basis

of potentiometric experiment8. Dimerization constants
(Kgim) obtained from kinetic experiments (see Experimental
Section) are reported in Table 1 and correlates well with
those reported for the TAGTU' complexes.

Apparent second-order rate constaitd) for the reaction

between the metal complexes and the substrate were obtaine

at low complex concentrations at different pH values. The

pH dependence of the second-order rate constants follows

in each case a sigmoidal profile (Figure 2): such behavior
is diagnostic of the deprotonation of a metal-coordinated
water molecule to form the active nucleophile. Fitting of the
reactivity versus pH data yielded th&pvalues of the water
molecule and the second-order rate constakisfor the

reaction between the hydroxo complex and the substrates

(Table 1). The results obtained compare well with the data

(28) ltoh, T.; Hisada, H.; Usui, Y.; Fujii, Ylnorg. Chim. Actal998 283
51-60.

(29) Hegetschweiler, K.; Gramlich, V.; Ghislett, M.; Samaras |itrg.
Chem.1992 31, 2341-2346.

1.6
_ 12-
'O
(]
- 08
< O
£ 0.4 -
O | T T
6.5 7.5 8.5 95
pH

Figure 2. pH dependence of the apparent second-order rate conghts (

for the TACI-Cu'-promoted hydrolysis of DEDNP. (The line shows the fit
of the data.) Conditions: [buffeds 0.05 mM; 25°C.

Figure 3. Agarose gel of pBR 322 (12M in bp) incubated fo3 h at pH

8.1 (10 mM HEPES) and 3%C with increasing concentrations of TACI
Cu": lane C, control DNA; lane L, plasmid DNA linearized with ECO RI.

available in the literature, and in particular, the kinetiG,p

values are in good agreement with the thermodynamic ones

obtained by potentiometric titrations. This result further
confirms the identification of the metal bound hydroxide as

the nucleophile promoting the substrate cleavage.

Inspection of Table 1 indicates that there are not significant
differences in the reactivity of the three complexes toward
phosphate esters. This may be reasonably explained by
considering that the substitution on the cyclohexane ring

strongly influences the formation constant of the complexes

but not the acidity of the metal ion-coordinated water
molecule. In fact the log: values increase from 10.3 to

%4.6 on going from TACH to TMCA while the [K, values

of the metal-coordinated water molecule are close to 8 for
all the three complexes. Therefore, the nucleophilicity of the
coordinated hydroxide anion is little influenced by the ligand

structure at least in the series here considered.

Cleavage of Plasmid DNAIncubation of plasmid DNA
pBR 322 with the Cu(ll) complex of TACI at pH 8.1 for 3
h at 35°C results in extensive cleavage of DNA as shown
in Figure 3. The supercoiled form | is first degraded to form
Il (relaxed circular) and then to form Il (linear). The
cleavage is really efficient, and form | is totally transformed
into form Il in the presence of 28M TACI-Cu' complex

(30) Weber, M.; Hegetschweiler, K.; Kuppert, D.; Gramlich, Morg.
Chem.1999 38, 859-868.
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Figure 4. Time course of pBR 322 plasmid DNA (12 bp) cleavage by TAGCU' 60 uM at pH 8.1 (10 mM HEPES) and 3%. (A) Agarose gel of
the reaction products: lane C, plasmid DNA incubated for 300 min in the absence of metal complex. (B) Quantification of pBR 322 plasmid form$edsupercoi
(®@); nicked ); linear O); fitting of the data (lines).

only. Form Il is detectable only after all the supercoiled Table 2. First-Order Kinetic Constants for the Degradation of Form |
plasm|d has been n|Cked, whereas no DNA Cleavage Was(kl) and Form Il ((2) of PBR 322 Plasimd DNA in the Presence of

. . . . - TACI-Cu' Complexe3
observed under identical experimental conditions in the

absence of either Cu(ll) or TACI (data not shown). [TACI-CW*], uM kst K st
The activity remarkably increases with the concentration 12 8.5x 10°° 4.8x 10°°
of metal ion complex up to a maximum at approximately o 53 1&2 o5 ig:
60 uM. At this concentration, the bands corresponding to 60 7% 104 6.8 % 10°5
form 1l and Il are ill-defined and a considerable amount of 120 3.1x 10 16x10°

smearing, resulting from the generation of smaller fragments  a[pnAJ,, = 12 4M, 35 °C, pH 8.1.
of DNA, is visible. By further increase of the complex

concentration, the reaction slows down and the amount of 25
DNA damage decreases substantially. 20 4
To better define the behavior of this system, we investi-
gated the kinetics of DNA cleavage by the TACU' T 10
complexes. Reactions were followed by gel electrophoresis 210
in the presence of a constant concentration of plasmid DNA 05
and increasing concentrations of the metal ion complex. ‘
Figure 4a shows a typical agarose gel generated by incubating 0.0 - ‘
the pBR 322 (12 mM in bp) plasmid DNA in the presence 0 60 120 180
of 60 uM TACI-Cu". [TACICu(ID], uM

Densitometric quantification of the different products Figure 5. First-order rate constant versus the metal complex concentration
allowed the evaluation of the kinetic parameters describing for the nicking process of supercoiled pBR 322 at pH 8.1 (10.0 mM HEPES)
the decrease of form | and the increases of form Il and 111, 29 35°C by Cu(ll) complexes of TACI.

as shown n F|_g_ure 4b' .These CLfrv_es have been .analyzedsupercoiled and linear DNA present after the reaction. The
using two simplified kinetic models: (i) two consecutive and

independent first-order processes, in which form Il is first amount of double strand scissions experimentally observed

. (np) is not significantly greater than the theoretical amount
roduced from form | k) and then is cleaved to form Il ; : . .
?kz); (i) three indepenl((jznt first order processes, in which (') calculated from the FreifeldefTumbo relationshif for

form Il can be produced either directly from formK or a completely random process.

. i . The values for the kinetic rate constdétandk? that can
from form 11 (k?), which can in turn be formed by degradation : : | .
A - . thus be estimated at different TACIU' concentrations are
of form | (k). The first model involves the occurrence of

sole single-strand scission events: as a consequence doubler?IoorteOI in Table 2. Thie values obtained from this kinetic
strand cgleavage is observed onI;l/ when two c?uts rar; domly analysis, as expected, are lower than those of corresponding

- k! by factors ranging from 10 to 40, depending on the
occur sufficiently close on the two strands. The second model y ging P 9

implies the possibility of nonrandom double-strand scission complex concentration.
P € P y . ) Figure 5 shows the dependence of the rate of disappearance
events. Fitting of the data gave satisfactory results only with

. ) ) . _—~ of form I (k%) from the [TACI-CU'] concentration. The profile
the first model (_Ilnes of Figure 4b), ruling out any substantial describes a very narrow bell-shaped curve with the maximum
direct conversion of form | to form Il and, as the

entered at a metal ion complex concentration ofud\8
consequence, the occurrence of nonrandom double-strand . | :
. A : . which corresponds to a [TAGCU'/[DNA] ratio of 4. At
scissions. This is in agreement with the results obtained by

applying the StatiStical_ test developed .by PO\{il’k. an(_j CO- (31) Childers, R. F.; Wentworth, R. A. D.; Zompa, LIdorg. Chem1971,
workers3? Such analysis assumes a Poisson distribution of - 10, 30k2—306_- ok - Kohnie _ . eic Acid
the strands cuts and calculates the average number of singl&? Eg‘s’"lé;‘ﬁ’ \é\é‘;}e;é\é\éj Kohnlein, W.; Hutchinson, fucleic Acids

(ny) and double 1fy) strands cuts from the fraction of (33) Freifelder, D.; Trumbo, BBiopolymers1969 7, 681—693.
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Figure 6. Agarose gel of pBR 322 (12M in bp) incubated with 6@xM TACI-Cu' or 100uM Fe'-EDTA in 10 mM HEPES, pH 8.1, at room temperature
for increasing time (6:60 min). Gels in the upper part are relative to reactions performed under nitrogen atmosphere using deaerated solutions; those in the
lower part are relative to reactions performed with no modification in the atmosphere composition.

the point of maximum activity thé® value is 2.3x 1073 in the amount of nicked and linear forms of plasmid DNA,
s 1. Although a rigorous comparison is made difficult by diagnostic of the presence of apurinic sites, was detected
the different experimental conditions employed, this value after the treatment with lysine.
is one of the highest ever reported for simple mononuclear Molecular oxygen is the essential coreactant in oxidative
Cu(ll) complexes of polyamine ligands in “hydrolytic processes. To probe its role in the TACU' cleavage of
conditions”1""2%j.e., in the absence of added cofactérs. plasmid DNA, we performed reactions under strictly anaero-
Cleavage Mechanism.Copper complexes can cleave bic condition. Furthermore, to assess the effective elimination
DNA both by hydrolytic and oxidative chemistry. In the of oxygen under the conditions used, we investigated also
second case, they have been shown to react with moleculathe reactivity of the well-known oxidative system Fe(EDTA)
oxygen or hydrogen peroxide to produce a variety of active DTT which, in the presence of molecular oxygen, rapidly
oxidative intermediates (reactive oxygen species, ROS),degrades plasmid DNA by producing diffusible hydroxyl
including diffusible hydroxyl radicals and nondiffusible radicals via the Fenton reacti8f The results of parallel
copper-oxene speciesNormally, a reducing agent (a thiol — experiments with the same deoxygenation protocol (see
or ascorbic acid) is required to initiate and sustain the radical Experimental Section) using the TACIU' complex and the
reaction, but particularly with the employment of DNA Fe(EDTAY /DTT system as cleaving agents are shown in
derived from biological sources, the presence of adventitious Figure 6. While in the case of the Fe(EDPADTT system
reducing agent is always possible. the cleavage of DNA is completely suppressed under the
To verify if reactive oxygen species are, at least in part, anaerobic condition used, no effect is observed with the
responsible for the cleavage of DNA promoted by the TACI TACI-Cu' complex and the reaction proceeds at comparable
Cu' complex, reactions were performed in the presence of rates both under aerobic and anaerobic conditions. Therefore,
scavengers for singlet oxygen (Nal mM), for superoxide =~ molecular oxygen is not required in the DNA cleavage
(superoxide dismutase, SOD, 100 U/mL), and for hydroxyl Process mediated by the TACIU'. The enzymatic religation
radical (0.8 mM DMSO and 0.8 mNert-BuOH). None of of the linearized plasmid DNA with T4 DNA ligase was
the above additives has any effect on the rate of plasmid also attempted, but we were unable to evidentiate religation
DNA cleavage by the TAGCU' complex ruling out the ~ Products.
involvement of these reactive oxygen species, at least in a The formation of hydroxyl radicals due to TAQU'
free and diffusible form. The presence of apurinic sites on complexes was also ruled out by using the Rhodamine B
the cleaved DNA, which are easily formed in an oxidative dye as reporter molecul® In a typical experiment,
cleavage process, was also investigated. After the reactionRhodamine B (1&M) was incubated fol h in thepresence
with the TACIFCU' complexes, the DNA samples containing 0f TACI-Cu' (0.5 mM) monitoring the absorbance at 552
the cleaved products were incubated in the presence of lysinenm. The degradation of the dye provides a direct measure
followed by electrophoresis and quantitation. No increase of the concentrations of hydroxyl radicals in the reaction
mixture. The absorbance versus time profiles are reported

(34) With other metal ions a similar or higher reactivity has been reported
only for Ce(lV) and Fe(lll) bimetallic complexes; see refs 12b and (35) Detmer, C. A,, lll; Pamatong, F. V.; Bocarsly, J. Rorg. Chem
13b. 1996 35, 6292-6298.
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Figure 7. Rhodamine B degradation followed by decrease of the
absorbance at 552 nm at pH 8.1 in 10 mM phosphate buffer: (a) in the
presence of 0.1 mM TACGCU'; (b) in the presence of of 0.1 mM TACI
Cu', 10 mM H0O,, 1 mM ascorbic acid.

in Figure 7 and show the absence of any variation of the
absorbance of the dye in the presence of the T&QGI. As
a counterproof, under the same conditions but after the

Sissi et al.

phosphate esters and the potentiometric titrations reported
by Hegetschweiler and co-workét$ave highlighted that
TACI-CU' complexes have a high tendency to form such
dimers (logKgim = 3.6), while the corresponding TACH
complex does not show any appreciable presence of dimeric
species up to millimolar concentration. This different ten-
dency of the two complexes to form-hydroxo dimers
correlates very well with their different reactivity profiles
with DNA. In fact, in the case of the TACIEU' complexeg&®
a saturation profile is observed which is diagnostic of the
sole binding of the complexes to the DNA backbone without
any appreciable dimer formation.

Interestingly, the reactivity of the TAGTU' complexes
is much greater than that of the closely related TACH and
TMCA complexesi®21 The experiments performed with
model phosphate esters indicate that this reactivity order
cannot be related to any chemical-physical property of the
complexes. Hence, a key role is apparently played in the

addition of ascorbic acid as a reducing agent, we observedcase of TACI by the three hydroxyl groups that could
a remarkable degradation of Rhodamine B. The last observa-ncrease the complex affinity for the DNA. In fact, there are

tion suggests that ROS can be produced by the T&Q!
complex under redox conditions.

several indications, and among them the high DNA affinity
of the neamineCu' complexes? that suggest that a sugar

Thus, we carried out experiments aimed at Chal’aCteriZing or aminog"coside_type structure may lead to a Strong

the reactivity of the TACICU' complexes under redox

recognition of nucleic acids.

conditions. On one hand, we added to the reaction mixture Several mononuclear Cu(ll) complexes of polyamine

2-propanol, which is known to initiate and to propagate the
radical chain, and as a result, we observed a large increas
in the reaction rate so that, after the usual time of incubation,

extended cleavage occurs and only smearing is visible on

the electrophoretic gel. On the other hand, a high level of

molecular oxygen also seems to drive the reaction mechanism

toward oxidative pathways. Indeed, when the DNA cleavage
experiment is performed using a buffer saturated withaD

fast and complete degradation of DNA is observed even at

a stoichiometric DNA/metal complex ratio.

Discussion

The dependence of the rate of plasmid DNA cleavage on
the TACI-CuU' complex concentration follows an unusually
narrow bell-like profile. The steep increase of the reactivity
in the first part of the curve could indicate a very high affinity
of the complex for the DNA backbone, although the shape
of the same curve does not allow the evaluation of the affinity
constant for the DNA backbone. On the other hand, the

ligands show a DNA cleaving reactivity which has been

Gttributed to a hydrolytit—2% mechanism, and both the

structure and the reactivity of the TA@U' complexes
closely resemble those of some of these systems. In fact,
the DNA cleaving reactivity of TAGICU' complexes does
hot decrease under anaerobic conditions, while oxidative
DNA cleaving agents need molecular oxygen or hydrogen
peroxide to form the reactive oxygen species. This observa-
tion points toward the occurrence of a hydrolytic process in
the TACICu'-promoted DNA cleavage at least in the
absence of added reducing agents. Such hypothesis is also
supported by the failure of the Rhodamine B test in detecting
any radical formation. Moreover, the negative results of the
experiment of DNA cleavage in the presence of the different
radical scavengers indicate that diffusible ROS are not
formed and the absence of apurinic sites indicates that no
oxidative mechanism, involving the attack of the reactive
species to the DNA nucleobases, is at play.

comparably fast decrease that follows suggests the concen- Unfortunately, all the above strong evidence for a hydro-
tration-dependent formation of an unreactive species. A lytic mechanism is not further substantiated by successful

similar behavior has been reported by Burstyn and co- gnzymatic religation of the linearized DNA. Such behavior
workers for the plasmid DNA hydrolysis promoted by Cu- 'S Not unprecedented in the case of Cu(lI)_—based hydrolytic
(I) complexes of 1,4,7-triazacyclononane ahgN',N''- systemsl,7 as this type_ of experiment may fail for many other
trisopropyl-1,4,7-triazacyclononat§éand is attributed to the different reasons beside the presence of nonnatural fragments
formation of unreactive-hydroxo dimers that may compete derived from oxidative damages. As a matter of fact, the
with the reactive monomeric complexes for the binding to failure may be due to an exceedingly large number of breaks
the substraté® According with such hypothesis, both the ©On the DNA chain that in the present case may be justified

results obtained by the kinetic experiments with model PY the high reactivity of the system, to the moderate double
strand cleavage efficiency, or to the formation of fragments,

produced in a hydrolytic process, which do not end with the
required 5phosphate and ®H (ribose) termini. However,
also the occurrence of an oxygen-independent oxidative

(36) Bimetallic complexes are known to have a higher affinity for the
negatively charged phosphate backbone of DNA; see for example:
Kesicki, E. A.; DeRosch, M. A.; Freeman, L. H.; Walton, C. L.;
Harvey, D. F.; Trogler, W. Clnorg. Chem 1993 32, 5851-5867.
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cleavage, even if unprecedented, cannot be completely ruledn the presence of 48M TACI-CU', is 2.3x 103s% a
out on the basis of the present results. value which corresponds to a half-life time for the form | of
On the other hand, an undoubtedly oxidative and much only 5 min. However, at variance with other highly efficient
more efficient DNA cleavage can be induced with TACI  system&?1%the systems lack the highly desirable require-
Cu' complexes under proper conditions, i.e., by the addition ment of activity at low concentrations, i.e., in the presence
of a reducing agent or of molecular oxygen at high of anexcess of DNA. The results of a number of experiments
concentrations. The Rhodamine B test clearly indicates that,aimed at defining the mode of action of the complex point
under these conditions, the increase of the cleavage reactivityto a hydrolytic pathway as the main mechanism under
is related to the presence of reactive radicals. “normal” aerobic conditions, although a nonhydrolytic
The observations so far discussed suggest that with theoxygen-independent cleavage cannot be completely ruled out.
TACI-Cu' complexes two different cleaving mechanisms are On the other hand, a clearly oxidative pathway becomes
possible, depending on the operative conditions employed:highly competitive under high levels of molecular oxygen
one Q-independent and probably hydrolytic and the other Or in the presence of reducing agents.
O,-dependent and oxidative. A similar behavior has been Beside the mechanistic speculations, which need to be
reported for other Cu(ll) complexé®3’However, molecular ~ supported by further investigations, the main feature of the
oxygen appears to be the limiting reagent in thed@pendent  present system is the very high reactivity in the absence of
pathway at such extent that, under normal aerobic conditions,cofactors which makes the TA@U' complex a very
this mechanism adds no detectable contribution to the overallpromising candidate for biological applications in vivo,

reactivity. especially in the therapeutic area, and for all those applica-
tions which are not compatible with the use of cofactor
Conclusions activated DNA-cleaving agents.
The results here reported demonstrate that the T&@!I Acknowledgment. Financial support for this research has

complex is extremely efficient in promoting the cleavage of peen partly provided by the Ministry of Instruction, Uni-
plasmid DNA under hydrolytic conditions, i.e., in the absence versity, and Research (MIUR Contracts 2003030309 and
of oxygen and added reductants. The maximum rate of 2002031238), by the University of Padova (Young Research-
degradation of the supercoiled plasmid DNA form, obtained ers Grant CPDG022585), and by the Associazione Italiana
per la Ricerca sul Cancro, Milan, Italy.

(37) Zhu, L.; dos Santos, O.; Koo, M. Rybstein, C. W.; Pape, L.; Canary,
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