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Abstract Copper(Il) ternary complexes based on the
novel benzothiazole-N-sulfonamides, HL1 (N-2-(4-
methylbenzothiazole)benzenesulfonamide) and HIL2
(N-2-(6-nitrobenzothiazole)naphthalenesulfonamide)
ligands, and pyridine have been synthesized and char-
acterized. Complexes [Cu(L1),(py),] (1) and [Cu(L2),
(py)2l (2) were chemically characterized and their struc-
tures determined by means of single crystal X-ray
analysis. In both compounds the Cu(Il) ion is coordi-
nated to four N atoms in a nearly square planar
arrangement. The Cu-N bond distances are similar to
those of Cu,Zn,SOD. The SOD mimetic activity of the
complexes was determined both in vitro and in vivo. For
determining the SOD-like activity of the complexes in
vivo, we have developed a new method based on the
complexes’ protective effect on a Asodl mutant of Sac-
charomyces cerevisiae against free radicals generated by
hydrogen peroxide and menadione as well as free radi-
cals produced in the cellular respiration process. The
results have shown that complex 1 presents a protective
action against oxidative stress induced by menadione or
H,0, and that both complexes 1 and 2 protect against
free radicals generated in cellular respiration.
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Introduction

The superoxide anion radical is a highly reactive toxic
species found in many biological systems. It is involved
in DNA damage, lipid peroxidation, radiation injury,
and vascular diseases, among others [1, 2]. Superoxide
dismutase (SOD) catalyzes O, dismutation very effi-
ciently [3], thus serving as an important means of defense
against oxygen toxicity. In this reaction the copper(Il)
active site undergoes reduction to copper(l), followed by
reoxidation to copper(Il). The Cu(Il) center has a dis-
torted square pyramidal structure with a D,; distortion
toward a tetrahedral structure for the four His-N ligands
in the equatorial plane [4]. During the catalytic process
the metal center of SOD changes the square planar ge-
ometry [typical of Cu(II)] to assume a tetrahedral ge-
ometry [typical of Cu(I)]. Actually the ‘plasticity’ of
copper(1l) and the tetrahedral preference of copper(I)
are the reasons for the uniqueness of SOD in protecting
cells against an O, attack.

Cu,Zn,SOD has been proposed for clinical uses [5, 6],
but it has many shortcomings, including its short life-
time, high cost, tissue impermeability and immunoge-
nicity. In contrast, the stable, non-toxic metal complexes
which catalyze the dismutation of superoxide anion
show considerable promise as SOD mimics for phar-
maceutical application and have attracted much atten-
tion [7]. Although many SOD mimics, including
copper(Il) complexes of polypeptides [8, 9], polydentate
Schiff bases [10, 11], mixed ligands [12, 13], and imi-
dazolate-bridged heterobinuclear Cu-Zn complexes [14,
15] or binuclear copper complexes [16, 17] have been
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reported, only a few are highly active in the range of
physiological pH. Some factors have been proposed
which may discriminate among the dismutation abilities
of the copper complexes and these may include:

1. A limited steric hindrance to the approach of the
superoxide anion is considered an essential require-
ment for the successful binding of the superoxide [18]

2. The flexibility of the copper(Il) arrangement, which
facilitates the interaction of the superoxide radical,
followed by the rapid electron transfer reaction which
results in reduction to copper(I) species [19]

3. The favorable response of m-electrons of the coordi-
nated ligands in stabilizing the Cu-O,  interaction so
the presence of co-ordination sites belonging to
nitrogen heteroaromatic rings such as imidazoles or
pyridines is important for high SOD activity [20]

Accurate measurement of the ability of a given SOD
mimic to catalyze the dismutation of superoxide is es-
sential for establishing a correlation between pharma-
cological effect and SOD activity. Two types of methods
— direct and indirect — are used for assaying the SOD-
like activity of these metal complexes. Fridovich and
McCord first discovered the activity of the SOD en-
zymes using an indirect method based on a cytochrome ¢
assay. In this assay, ferricytochrome c¢ is reduced by
superoxide to its reduced form affording a spectropho-
tometric change or a fluorescence. Inhibition of this re-
duction of cytochrome ¢ by scavenging or reducing the
superoxide concentration is taken as a measure of SOD
activity. In general, cytochrome ¢ or nitro blue tetrazo-
lium (NBT) are the most commonly used indicators in a
system using xanthine/xanthine oxidase to generate
steady state low levels of superoxide anion. Several
problems have been noted concerning the use of indirect
measurements to quantify SOD-like activity [21]. For
example, the indirect assays rarely mirror natural con-
ditions in that they are usually carried out with too little
substrate compared to putative catalyst. In fact, there is
often an excess of catalyst over the initial concentration
of superoxide. This can lead to a false interpretation of
catalytic activity in the case of a fast stoichiometric re-
action with superoxide. Still, these methods can indicate
whether a compound is an SOD mimic at lower levels of
activity than direct methods can. Moreover, even with
the aforementioned problems, the indirect method better
approximates the in vivo conditions than do direct
methods [22].

Direct methods, which are divided into the categories
of stopped-flow kinetic analysis and pulse radiolysis,
have been reported to be useful in properly assessing
SOD activity, albeit with several disadvantages. For
example, the stopped flow procedure is limited in
that the rates can only be determined for compounds
which possess catalytic activities greater than K., >
10> M~ ' s7' [21] that is due to a competition with
background SOD degradation. Thus far, none of the
assays currently employed can exactly replicate the
environment encountered by these SOD mimics in the
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body. In fact, several SOD mimics which showed very
efficient SOD-like activity in solution failed to do so in
vivo [23]. Since a complex which is to be considered an
efficient SOD mimic must be functional in vivo, having a
well-defined assay for determining the SOD-like activity
of low molecular weight metal complexes at conditions
similar to the in vivo systems is of utmost importance.
For these reasons we are interesting in developing a new
method for determining the SOD-like activity of metal
complexes in vivo.

One of the longstanding goals of our group has been
to gain insight into the coordination behavior of sulf-
onamides and N-substituted sulfonamides. To this end,
we have synthesized a variety of mono- and dinuclear
compounds and studied them extensively [24, 25, 26, 27,
28, 29, 30, 31, 32, 33]. Recently we have also become
interested in ternary sulfonamide complexes with SOD-
like activity. In this sense, a number of sulfathiazole
(4-amino-N-(thiazol-2-yl)benzenesulfonamide) copper
(IT) complexes with imidazole, imidazole derivatives, or
pyridine have been demonstrated to present high SOD-
like activity in vitro [28, 29, 31]. Although a structural-
SOD activity correlation for these copper(Il) complexes
was not clear enough, some structural features such as a
distorted co-ordination polyhedron, that favors the
reduction process from copper(Il) to copper(I), and the
different donor abilities of pyridine and imidazole could
explain their different SOD-like activity. As a continu-
ation of our study of sulfonamide derivatives and their
metal complexes, we have developed a new class of
aromatic sulfonamide ligands based on benzothiazole
units. The presence of a coordination site belonging to
nitrogen heteroaromatic and the possibility of accom-
modating the copper ion in different geometries are
important features of these ligands for obtaining cop-
per(Il) complexes with high SOD-like activity.

In this paper, we describe the synthesis of two
novel aromatic N-sulfonamide ligands [(N-2-(4-methyl-
benzothiazole)benzenesulfonamide (HL1) and N-2-
(6-nitrobenzothiazole)naphthalenesulfonamide (HL2)]
(Scheme 1) and their Cu(Il) complexes with pyri-
dine, [Cu(L1)>(py),] and [Cu(L2)>(py),]. The crystal

CHs
N
Lo )

N-2-(4-methylbenzothiazole)benzenesulfonamide (HL1)

IQuWa Y,
NHSO
OoN s ? O

N-2-(6-nitrobenzothiazole)naphtalenesulfonamide (HL2)

Scheme 1
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structures and chemical characterization of these com-
plexes and their SOD-mimetic activity are described.
An indirect method has been used for assaying the
SOD-like activity of our complexes, but due to the
above mentioned limitations of the in vitro assays we
propose a new in vivo method which is based on the
protection of the complexes against oxidative stress
over three different strains of Saccharomyces cerevisiae:
a wild type, a strain defective in the mitochondrial
manganese dependent SOD (Asod2), and a strain
defective in the copper dependent SOD (Asod]).

Experimental

General

Reagents and solvents were commercially available and were used
without further purification.

Elemental analyses were performed on a Carlo Erba AAS
instrument. IR spectra were recorded as KBr pellets on a Mattson
satellite FT-IR in the range 4000-400 cm '. FAB mass spectra
were obtained on a VG Autospec spectrometer as a solution in
3-nitrobenzyl alcohol. Diffuse reflectance spectra of the Nujol mulls
of the complexes were carried out on a Shimadzu UV-2101 PC
spectrophotometer. EPR spectra were taken at room temperature
with a Bruker ELEXSYS spectrometer operated at the X-band
frequency.

Synthesis

Ligands. A solution containing 1 g of 2-amino-4-methylbenzo-
thiazole or 1 g of 2-amino-6-nitrobenzothiazole and 2.5 g of the
benzenesulfonylchoride or 2.5 g of 2-naphthalenesulfonylchloride
in 6 ml of pyridine was heated at reflux for 1 h. The mixture was
added to 10 ml of cold water and stirred for several minutes. The
resulting solid was recrystallized from ethanol. Data for com-
pound  N-2-(4-methylbenzothiazole)benzenesulfonamide (HL1)
(yield 68%). C14H2N>0,S, (304.4): caled. C 55.2; H 4.0, N 9.2; S
21.1; found C 55.3; H 4.0; N 9.2; S 21.1; IR(KBr) (cm™"): 1550
(thiazole); 1290, 1145 »(SO-), 948 w(S-N). FAB: m/z 305 [M*];
UV(Amax)(nm): 310 (r—=n*). Data for compound N-2-(6-nitro-
benzothiazole) naphthalenesulfonamide (HL2) (yield 62%).
C7H{1N304S; (385.4): caled. C 53.0; H 2.9; N 10.9; S 16.6; found
C53.5;H2.8; N 11.1; S 16.5; IR(KBr) (cm™'): 1550 (thiazole); 1520,
1340 v(NOy); 1313, 1150, 1127 w(SO,); 960 v(S-N). FAB: m/z 386
[M*]; UV(Amayx)(mm): 310, 370 (n—n*).

[Cu(Ll1)5(py)>] (I). A solution of 4 mmol of CuSO,4.5H,0 in
20 ml of pyridine:H,O [v:v=1:1] was added dropwise under con-
tinuous stirring to a solution of the ligand (1 mmol) in 25 ml of
pyridine:H,O [viv=2:3]. The resulting solution was stirred for
several hours and then left to stand at room temperature. Prismatic
dark red crystals formed after a few days. Data for compound 1
(yield 89.5%). C3gH3,NqCuO4S,4 (828.5): caled. C 55.1; H 3.9; N
10.1; S 15.5; found C 55.0; H 3.9; N 10.1; S 15.3; IR(KBr) (cm™'):
1475d (thiazole); 1300, 1145 v(SO;), 980 v(S-N). UV-vis (Amay)(nm):
470, 640sh.

[Cu(L2)5(py)s] (2). This compound was obtained by using a
procedure similar to that described for complex 1. A solution of
4 mmol of CuSO4.5H,0 in 20 ml of pyridine:H,O [viv=1:1] was
added dropwise under continuous stirring to a solution of the
ligand (1 mmol) in 30 ml of pyridine:H,O [v:v=1:1]. The resulting
solution was heated to 50°C during stirring and then left to stand at
room temperature. Slow evaporation of this solution gave rise to
prismatic brown crystals. Data for compound 2 (yield 68.5%).
C44H30NgCuOgSy (990.6): caled. C 53.3; H 3.0; N 11.3; S 12.9;
found C 53.5; H 3.3; N 11.6; S 12.4; IR(KBr) (cm™!): 1460 (thiaz-
ole); 1515, 1335 v(NO,); 1310, 1150, 1125 v(SO,), 980 v(S-N). UV-
Vis (Amax)(nm): 490sh, 690sh.

X-ray crystal structure determination

Data collection of [Cu(L1)(py),] (I). Data collection of 1 cov-
ered almost the whole sphere of reciprocal space with a complete-
ness of 78.1% in the maximum resolution shell (0.92-0.85 A) and
87.5% for all data. Crystal to detector distance was 2.9 cm. Crystal
decay was checked by observing the scale factors for all the frames
collected; no obvious decay was observed. The title compound
crystallized in the monoclinic system, space group P2,/n, as indi-
cated by the systematic absences. A total of 140 images were col-
lected, with an oscillation of 50 and an exposure time of 75 s per
image. Final mosaicity calculated was 0.884°. i for all reflections
between 20 and 0.85 A was 1.087; the ratio I:g was 3:1 for higher
resolution shell reflections (0.92-0.85 A) and 10:1 for all data
combined. Internal symmetry was observed in the molecules, with
an inversion center at the Cu position; therefore, only half of the
molecule was refined as the asymmetric unit.

Data collection: Nonius KCCD Diffractometer Control Soft-
ware [34]. Cell refinement: Scalepack [35]. Data reduction: Denzo
[35]. Program(s) used to solve structure: Patterson methods using
the program PATTY [36]. Program(s) used to refine structure:
SHELXL-97 [37]. Atomic Scattering Factors were taken from In-
ternational Tables for Crystallography [38]. Molecular Graphics:
EUCLID [39]. All calculations were made at the University of
Oviedo on the SGI-computers of the Scientific Computer Center
and X-Ray group. Experimental details are given in Table 1.
Data collection for compound [Cu(L2),(py),] (2). A monoclinic
orange crystal measuring 0.20x0.13x0.13 mm, space group P2;/c (as
determined from the systematic absences) was used for the data
collection. Data collection was performed at 200(2) K on a Nonius
Kappa CCD single crystal diffractometer, using Cu-Ko radiation
(A=1.5418 A). Crystal to detector distance was fixed at 29 mm, and
a total of 734 images were collected using the oscillation method
(both f and w oscillations were necessary to fill the Ewald Sphere)
with 2° oscillation and 40 s exposure time per image. Data collection
strategy was calculated with the program Collect [40]. Data reduc-
tion and cell refinement were performed with the programs DENZO
and SCALEPACK [35]. A total of 13599 reflections were collected
between 0 2° and 70°. Unit cell dimensions were determined from
8379 reflections. Multiple measured reflections were averaged,
Rineree =0.057, resulting in 7368 unique reflections (hkl range
0<h<20, 0<k<20, -17<1<17), of which 4464 were observed
with 1>2a(I). Final mosaicity was 0.38°. Data completeness was
89.9%. The intensity to error ratio for all reflections was 38.3:3.4.

The crystal structure was solved with the program DIRDIF-96
using Patterson methods [41]. Anisotropic least-squares refinement
was carried out with SHELXL-97 [37]. All non-hydrogen atoms
were anisotropically refined. All hydrogen atoms were treated
with a mixture of independent and constrained refinement. The
final cycle of full-matrix least-squares refinement based on 7368

Table 1 Crystal data and structure refinement for [Cu(L1),(py),]
(1) and [Cu(L2)x(py)2] (2)

1 2
Empirical formula C19H16CUOA5N302S2 C44H30CuNgOgS4
fw 414.24 990.54
Crystal system Monoclinic Monoclinic
Space group P2;/n P2,/c
a, A 13.6480(10) 16.6934(13)
b, A 9.8820(10) 17.8194(14)
¢, A 14.3190(10) 14.7844(12)
p (doeg) 106.058(10) 98.793(5)
vV, A 1855.8(3) 4346.2(6)
zZ 4 4
A A 1.54184 1.54184
p, mm! 3.345 3.050
0 caled gfem® 1.483 1.514
T, K 200(2) 200(2)
RI 0.0643 0.0450
wR2 0.1359 0.1033




reﬂectlons and 586 parameters converged to a final value of R1
(F?>>20(F?))=0.0450, wR2 (F>>20(F?)=0.1033, Rl (F)=
0.0810, wR2(F*)=0.1156. Final d1fference Fourier maps showed
no peaks higher than 0.330 e A7 or deeper than —0.407 e A
Atomic scattering factors were taken from the International Tables
for Crystallography [38].

Geometrical calculations were made with PARST [42]. The
crystallographic plots were made with PLATON [43]. All calcula-
tions were made at the University of Oviedo on the Scientific
Computer Center and X-Ray group computers. Experimental de-
tails are given in Table 1.

Crystallographic data without structure factors for the two
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary publi-
cationsno. CCDC 163318 and CCDC 163319. Copies of the data can
be obtained free of charge from the CDCC, 12 Union Road, Cam-
bridge CB2 1EZ, UK; e-mail deposit@cdcc.cam.a.uk; www: http://
ccde.cam.ac.uk; tel +44-1223-336408; fax: + 44-1223-336003.

In vitro evaluation of SOD-like activity

The in vitro SOD activities of the compounds [Cu(L1)>(py)-] (1) and
[Cu(L2)x(py)2] (2) were evaluated with the Oberley and Spitz
method with minor modifications [44]. Xanthine (1.5x10 * mol/l)
and xanthine oxidase in 50 mmol/l potassium phosphate buffer,
pH=17.8, were used to generate a reproducible and constant flux of
superoxide anions. Superoxide radical anions generated by this
enzymatic system were detected by the reduction of nitro blue tet-
razolium (NBT) (5.6x10°° mol/l) to blue formazane which was
followed spectrophotometrically at 560 nm. The appropriate
amount of xanthine oxidase to give in the control assays an AAsg
rate of 0.05/min was used. This AAsg rate of 0.05/min corresponds
to a rate of production of superoxide radical of 1.2 pmol/lI'min.
Solutions of the copper complexes 1 and 2 at different concentra-
tions were prepared in 50 mmol/l Tris-HCI buffer, pH=7.8, and
added to the assay mixture in a volume representing one-tenth of the
total. In a typical experiment 0.1 ml of the solution of the complex
to be assayed and 0.1 ml of xanthine oxidase were added to 0.8 ml
of a solution containing 0.69 ml of potassium phosphate buffer
(pH=17.8), 0.025 ml of NBT, and 0.085 ml of xanthine. The per-
centage inhibition of NBT reduction was used as a measure of SOD
activity of the compounds. The enzymatic system was also tested
against a possible inactivation caused by the copper(I) complexes.
The formation of uric acid from xanthine was followed at 310 nm to
evaluate if the assayed complexes affect the generation of superoxide
anions by directly interacting with the enzymatic system. The inhi-
bition percentage of enzyme activity was subtracted from that of
NBT. The concentration of complex required to yield 50% inhibi-
tion of NBT reduction (named ICsy) was determined from a plot of
percentage inhibition vs complex concentration. Assays were car-
ried out both with and without bovine serum albumin (BSA).
Xanthine, xanthine oxidase, NBT, and superoxide dismutase (bo-
vine erytrocyte) and BSA were from Sigma Chemical Co.

In vivo evaluation of SOD-like activity

The in vivo SOD-like activities of the complexes [Cu(L1),(py),] (1)
and [Cu(L2),(py).] (2) were evaluated over three different strains of
Saccharomyces cerevisiae: W303-1A, wild type (MATa ade2-1
ura3—1 his3—11 trpl leu2-3 leu2—112 canl-100); ATCC96687, strain
defective in the copper dependent SOD (M ATa ura3—-52 trpl-289
his3-Al leu2-3 leu2—112 sodl::URA3), and ATCC96688, strain
defective in the mitochondrial manganese dependent SOD (MATa
ura3—52 trp1-289 his3-Al leu2-3 leu2—112 sod2::TRPI). The strains
were purchased from American Type Culture Collection (ATCC).
The protective action of the complexes against free radicals pro-
duced in the respiratory process as well as those generated by
menadione or H,O, was determined. The parameters used as a
measure of the protective effect of the compounds in both types of
experiments are indicated below.
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In vivo evaluation of the protective effect of the complexes against
free radicals produced in respiration. Solutions of compounds
[Cu(L1)x(py)2] (1) and [Cu(L2)>(py),] (2) in DMSO:EtOH (1:4) at
increasing concentrations were added to 15 ml of melted YPgly
medium (1% yeast extract, 2% peptone, 2% glycerol, 1.5% agar,
and 2% ethanol) kept at 45°C. Media were poured in Petri dishes
and allowed to solidify at room temperature. Different dilutions of
cell cultures were grown overnight at 28°C in stirred liquid YPD
reach medium (1% yeast extract, 2% peptone, and 2% glucose).
Then 5-pl drops of each of the three stralns at decreasing concen-
trations (1072, 107, 10*, 10 and 10°°) were added to the Petri
dishes, which were then incubated at 28°C for four days. Untreated
cultures (without the copper(I) complexes 1 and 2) were incubated
in parallel. The increase of growth of cells found in presence of the
copper(Il) compounds compared with cell growth in absence of the
complexes was taken as a qualitative estimate of the protective
effect based on serial dilution drops assays.

In vivo evaluation of the protective effect of the complexes against
free radicals produced by oxidative agents. Yeast cells were grown
in YPD reach medium (1% yeast extract, 2% peptone, and 2%
glucose). Solid media contained 1.5% agar. Cell density from cul-
tures grown overnight was determmed by cell counting in a
“Nebauer” hematimetre. Then 10° cells were resuspended in 15 ml
of melted solid YPD media kept at 45°C. Solutions of the com-
plexes [Cu(L1),(py).] (1) and [Cu(L2),(py).] (2) in a mixture of
DMSO: EtOH (1:4) at increasing concentrations were added to the
growth medium. Cell suspensions were poured into Petri dishes and
allowed to solidify at room temperature. Paper disks measuring
6 mm in diameter (Antibiotica test Bldttchen) and containing dif-
ferent solutions for the different strains were placed over the media.
For the wild (W303-1A) and Asod2 (ATCC96688) strains, 15 pl of
a 40 mmol/l menadione solution in ethanol or 5 ul of 35% H,O,
was used, whereas 5 pl of a 5 mmol/l menadione solution in eth-
anol or 5ul of 17.5% H,O, was employed for the Asodl
(ATCC96687) strain. Differences in the amounts of oxidants used
depended on the differences in sensibility of the different strains
[45]. The diameters of the clear zones around the disks, measured
after three days of incubation at 28°C, were taken as a quantitative
estimate of the protective action.

Toxicity assays

The putative toxicity of the complexes [Cu(L1),(py)>] (1) and
[Cu(L2)x(py)2] (2) on the wild, the Asodl, and the Asod2 Sacchar-
omyces cerevisiae strains was determined using the following pro-
cedure: solutions of complexes in DMSO:EtOH (1:4) were added to
15 ml of melted YPD medium (1% yeast extract, 2% peptone, 2%
glucose, 1.5% agar) kept at 45°C. Media were poured into Petri
dishes and allowed to solidify at room temperature. Different di-
lutions of cell cultures were grown overnight at 28°C in stirred
liquid YPD reach medium (1% yeast extract, 2% peptone, and 2%
glucose). Then 5-pl drops of the three strdms at decreasing con-
centrations (1072, 1073, 10%, 107> and 10°°) were poured into the
Petri dishes wh1ch were then incubated at 28°C for four days.
Untreated cultures (without the copper(II) complexes 1 and 2) were
incubated in parallel. Cells viability in the presence of complexes 1
and 2 compared with that in absence of these compounds was
taken as a qualitative measure of the putative toxicity of the cop-
per(IT) complexes assayed.

Results and discussion

Crystal structures of compounds [Cu(L1),(py).] (1)
and [Cu(L2)x(py)2] (2)

The crystal structures of compounds 1 and 2 are shown
in Figs. 1 and 2, respectively. Significant bond lengths
and angles are listed in Table 2.
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Fig. 1 ORTEP drawing of the [Cu(L1),(py)>] (1) complex

The crystal structures of the compounds consist of a
metal center surrounded by four N atoms which corre-
spond to two pyridine molecules and two deprotonated

C13a

C12a
C14a

C11a
C15a

C10a C16a

Coa %ﬁ c17a

C8a

Fig. 2 ORTEP drawing of the [Cu(L2),(py).] (2) complex

Table 2 Selected bond lengths (A) and angles (°) for [Cu(L1),
(py)2] (1) and [Cu(L2)2(py)2] (2)

1 2
Cul-N1 2.028(4) Cul-N2B 1.952(2)
Cul-N3 1.989(4) Cul-N2A 1.963(3)
Cul-N4B 1.993(3)
Cul-N4A 1.999(3)
NI-Cul-N3 89.46(2) N2B-Cul-N2A 178.57(11)
N2B-Cul-N4B 89.68(10)
N2A-Cul-N4B 91.13(10)
N2B-Cul-N4A 89.87(10)
N2A-Cul-N4A 89.31(10)
N4B-Cul-N4A 179.55(10)

N-sulfonamide derivative ligands. The metal ion in
complex 1 is located at an inversion symmetry center;
hence, its coordination polyhedron is strictly square
planar. In complex 2 the tetrahedrality value, 7, of
1.18° indicates that the copper ion adopts a nearly
square planar geometry [46]. The Cu-N bond distances
lie in the range of 1.952(2)-2.028(4) A, which are
normal lengths for Cu-Np,, Cu-Ngyfonamido» and
Cu-Nipiazole coordination bonds [28, 29, 30]. The
Cu-Niniazole [1.96(2)ay A] in_2 is shorter than the Cu-
Nulfonamido 1 1 [2.028(4) A]. The complexes present
some similarities with the copper(Il) center of the
Cu,Zn,SOD; for example, the Cu-N distances are close
to those of the enzyme (2.06 A) [47]. However, the
angles N-Cu-N are somewhat different from those of
the CU2ZI’12$OD [NHiS60-Cu-NH15120 1570, NHis46-Cu-
Nhisag  140°]. Although compounds 1 and 2 cannot
be considered perfect structural models of an SOD
enzyme, they do fulfill two important requirements for
superoxide dismutase activity; namely, they both con-
tain a flexible coordination polyhedron as well as at
least one accessible site to allow the reaction with the
superoxide anion to occur.

It is worth noting that in spite of the similar structure
and monodentate behavior of the two ligands, they
coordinate differently. While L1~ interacts through the
sulfonamido N atom, L2" links the copper(II) ion via the
benzothiazole N atom.

Spectroscopic properties

The IR spectra of both complexes present a similar
pattern. The most remarkable difference occurs in the
band corresponding to the stretching vibration of the
thiazole ring, which is shifted from 1550 cm ' in the free
ligands to 1470 cm ' in the complexes. The v(SO,), and
v(SO,)s bands do not show significant differences with
respect to those of the ligands. The characteristic band
corresponding to the v(S-N) appears near 980 cm™',
shifted ca. 30-20 cm' to higher frequencies with
respect to those of the uncoordinated ligands. In gen-
eral, the patterns of the IR spectra are similar to those
observed for other copper N-sulfonamide derivatives
[29, 30, 31].



The solid electronic spectrum of complex 1 pre-
sents a band at 470 nm and a shoulder at 640 nm,
which correspond to ligand field transitions. In com-
pound 2 these d-d transitions are observed as shoulders
at 490 and 690 nm. Both spectra are characteristic of
square planar complexes with CuN, chromophores
[48]. CurZn,SOD has its absorption maximum at
680 nm [11], close to the shoulders found in the spectra
of compounds [Cu(L1)x(py),] (1) and [Cu(L2)x(py)>] (2).

The polycrystalline X-band EPR spectra of the
complexes at room temperature are axial in nature. The
EPR parameters, calculated by simulation [49], are
g|=2.26, g, =2.05, and A= 160 x 10~* for complex 1
and g =2.22, g, =2.04, and A =180 x 10~*cm ™" for
complex 2. The quotient g /A, is a measure for the
degree of tetrahedral distortion. This quotient ranges
from ca. 105 to 135 cm for square-planar structures and
increases markedly on the introduction of tetrahedral
distortion [50]. The gH/A” values for the compounds 1
and 2 are 141 and 123 cm, respectively. These values
suggest that complex 2 is square planar while complex 1
presents slight tetrahedral distortion. The EPR param-
eters of CupZn,SOD are g =2.268, g, =2.087, and
Aj=142 x 10~*cm" [51]. The value of g/A equal to
160 cm indicates some tetrahedral distortion of the
copper(Il) arrangement at the active site of the native
enzyme. In terms of the empirical factor g /AH the
[Cu(L1)>(py),] (1) complex has more structura{ similar-
ity to Cu,Zn,SOD than the [Cu(L2),(py).] (2) com-
pound.

Table 3 The ICs, values taken from reports on SOD-like activities
of copper(Il) complexes

Complex I1Cs¢ (umol/1) Ref
[Cu(L1)x(py)2] (1) 0.146 This work
[Cu(L2)1(py)2] (2) 0.172 This work
[Cu(stz),(Him),]MeOH 0.664 26
[Cu(stz),(mHim),]H,O 0.429 26
[Cu(stz),(4,4-dmHim),] 0.742 28
[Cu(stz),(1,2-dmHim),] 1.03 28
[Cu(stz),(4-mHim),] 0.586 28

CUL1.4py(CIO4)2.0.5 Hzo 1.4 52

Cule4im(C104)2.0.5 HzO 4.0 52
Cu(acetylsalicylate), 23.0 52
Cu(lysine), 86.0 52
[Cu(Mo)] 0.13 30
[Cu(TAAB)] 0.14 30
[Cu(Pu-6-MePy)(H,0)](ClO4), 2.25 11
Cu,Zn,SOD 0.006 This work
Cu,Zn,SOD 0.0081 11
Abbreviations: stz=sulfathiazolate, Him=imidazole, mHim=

N-methylimidazole; 4,4-dmHim = 4,4-dimethylimidazoline; 1,2-dm
Him = 1,2-dimethylimidazole; 4-mHim = 4-methylimidazole; L, 4p,
=Schiff base formed from 1,4-diaminobutane and pyridine-2-al-
dehyde; L, 4im = Schiff base formed from 1,4-diaminobutane and
imidazole-2-aldehyde Mc=macrocyclic ligand formed by 1,3-bis
(5-methylpyrazol-1-yl)propane and 1,3-bis(diethylaminopropane);
TAAB = tetraanhydroaminobenzaldehyde; Pu-6-MePy = Schiff
base formed from 1,4-diaminobutane and 6-methylpyridine-2-al-
dehyde
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In vitro superoxide-dismutase activity

The SOD-like activities of the two complexes were
tested with indirect methods in which the xanthine/
xanthine-oxidase system served as the source for su-
peroxide radicals. By way of comparison, the activity
of the Cu,Zn,SOD and the SOD-like activity of Cu
(NO3),.6H,O were assayed under the same conditions.
Both complexes presented SOD-like activity at biolog-
ical pH. The ICs, values were 0.146 pmol/l and
0.172 pmol/l for compounds 1 and 2, respectively.
These values are lower than that for Cu(Il)
(IC50=0.450 umol/l), indicating that their activity is
not due to a possible partial dissociation of the com-
plexes. The ICsq determined for both complexes is
higher than the value found for native Cu,Zn,SOD
(0.006 umol/l); in fact the activities exhibited by the
two compounds are 4 and 3% the activity of the
enzyme. On the other hand, it must be emphasized that
compounds 1 and 2 present lower ICs, values than
those of copper(Il) complexes previously described in
the literature as good SOD mimics [29, 31, 52, 53]
(Table 3). In our work, we found that the activity of
the complexes was influenced by the physiological
chelator albumin. In the presence of a tenfold excess of
bovine serum albumin (BSA), complex 1 was observed
to be less active, IC5y=0.280 umol/l, which indicates
that, to some extent, albumin mobilizes the copper(II)
ion of the complex. Complex 2 exhibited similar
behavior.

In vivo SOD-like activity

Before evaluating the in vivo superoxide-dismutase mi-
metic activity of the complexes, their putative toxicity
was determined using YPD medium. In this medium,
fermentation is the initial pathway of sugar metabolism
in actively growing cells of S. cerevisiae due to the
Crabtree effect. This phenomenon relates glucose con-
centration with the particular catabolic route adopted by
S. cerevisiae in the presence of oxygen and states that,
even under aerobic conditions, fermentation predomi-
nates over respiration. At all concentrations assayed (30,
50, 70, and 90 umol/l), the presence of the complexes did
not modify the growth of the three strains, which sug-
gests that complexes 1 and 2 do not present significant
toxicity (data not shown).

To quantify the in vivo SOD-like activity of the
Cu(Il) complexes we have developed a new method
based on the protection against free radicals provided
by the compounds to the yeast Saccharomyces cerevi-
siae (a wild type strain, the copper defective Asodl
mutant, and the manganese defective Asod2 mutant).
We have evaluated the protective effect of the com-
plexes against free radicals produced in the respiratory
process and also against free radicals generated by oxi-
dative agents, such as hydrogen peroxide or menadi-
one.
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Fig. 3 Effect of complex 1 and
2 on the growth of the Sac-
charomyces cerevisiae against
free radicals produced by res-
piration. In each Petri dish: first
column: wild strain; second
column: Asodl mutant;

third column: Asod2 mutant. In
each column: strains at
decreasmﬁ concentratlons 1072
103,107, 10 and 10°°

Complex protection against free radicals produced
in respiration

Reactive Oxygen Species (ROS) can be generated as a
consequence of normal cellular metabolic processes
such as respiration or f-oxidation of fatty acids. The
toxicity of these free radicals is actually due to their
ability to damage a large number of cellular constitu-
ents. To evaluate the protective effect of complexes 1
and 2 against free radicals generated in respiration,
three strains of Saccharomyces cerevisiae — wild, Asodl,
and Asod2 — were grown in a culture containing glyc-
erol, which is a non-fermentable carbon source for
S. cerevisiae [54]. Figure 3 shows the growth of several
dilutions of these three strains treated with increasing
concentrations of complexes [Cu(L1)>(py)>] (1) and
[Cu(L2)(py)a] (2). As expected, the growth of the wild
strain was not significantly modified by the complexes;
however, the protective effect of the complexes on the
Asodl strain was found to be significant. These results
provide strong evidence that both 1 and 2 are able to
penetrate the cells to compensate for the Cu,Zn,SOD
deficiency in the Asodl, thus protecting the cells
against free radicals produced in respiration. More-
over, in the presence of both compounds, a growth
increase was observed for the Asod2. This indicates
that the complexes can, to some extent, perform the
function of the mitochondrially located MnSOD, the
role of which appears to be restricted to protecting
cells against superoxide anions generated in respiration
[45].

Complex protection against exogenous free radicals

We have also tested the effect of the complexes on cell
growth with a Asodl mutant treated with menadione or
H,0,. The results are given in Fig. 4, which shows the
growth inhibition area (black region) of the Asod! strain
in the presence of [Cu(L1)x(py)2] (1), [Cu(L2)x(py)2] (2),
and CuCl,. In this assay, disks at the top of each Petri
dish contained the oxidative stress inducer menadione
while the bottom disks contained hydrogen peroxide. By
way of comparison, both the wild and the Asod2 mutant
strains, which share the copper dependent SOD, were
also studied.

Cu(L2):(py): (2)

30 uM
Cu(L1):(py)2 (1)

'?(_'} uM

(3%

Cu(L2):(py): (2)

0 uM

L
)
\

50 M

CuCl,

Fig. 4 Effect of complex 1, complex 2 and CuCl, on the growth of
the Asodl mutant against free radicals produced by menadione
(disk at the top of each Petri dish) and H,O, (disk at the bottom of
each Petri dish)

In the presence of complex 1, a growth increase was
observed for the Asod! strain (smaller diameter of the
inhibition area at complex concentrations 30, 50, and
70 umol/l). This clearly suggests that complex 1 provides
protection against the oxidative stress generated both by
menadione and by H,O,. This protective action does not
seem to depend significantly on complex concentration;
however, at the maximum concentration assayed, a
fraction of the cells seemed to enjoy higher levels of
protection.
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Fig. 5 Percentage reduction of the diameter of the growth
inhibition area vs concentration of complex 1, complex 2, and
CuCl, when oxidative stress was produced by menadione

Complex 2 slightly improved the growth of the Asod!
strain (Fig. 4). The reduction of the diameter of the in-
hibition area for complex 2 is smaller than for complex 1
which indicates that complex 2 has less protective action
than compound 1. Moreover, the protective effect of
compound 2 is similar to that observed for the Cu(II) salt.
These results are summarized in Fig. 5 that represents the
reduction (%) of the diameter of the growth inhibition
area vs concentration of complex 1/complex 2/CuCl,
when oxidative stress was produced by menadione.

As was expected, no protection effect for complexes 1
and 2 or CuCl, was observed in the wild type or the
Asod? strains (data not shown) since both strains have
the copper dependent SOD.

The results obtained from these assays clearly show
that, at least in the range of the concentrations assayed,
complex 1 demonstrates SOD-like activity in vivo. This
activity derives from the nature of the complex itself
since it presents an even higher activity than Cu(II).
According to our results, then, complex 1 can be con-
sidered a promising protective agent against toxicity of
superoxide anion.

Although the new method presented here is more
time-consuming than the more commonly used indirect
in vitro method, the fact that it better approximates the
conditions in biological systems is highly advantageous.
This method permits one to differentiate between the
SOD-like activities of the complexes. In fact, taking into
account the ICsq values of the complexes 1 and 2 de-
termined by the indirect method, both present similar
SOD-like activities; however they show protective effects
against free radicals clearly different in vivo. Moreover,
the results obtained with the indirect method indicate
that complex 2 is more active than Cu(II) but both
complex 2 and Cu(Il) exhibit similar activities in vivo.
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