
SHORT COMMUNICATION

DOI: 10.1002/ejic.200900808

Global Structure–Activity Analysis in Drug Development Illustrated for Active
Cu/Zn Superoxide Dismutase Mimics

Cornelia G. Palivan,*[a] Vimalkumar Balasubramanian,[a] and Bernard A. Goodman[b]

Keywords: Structure–activity analysis / Enzyme mimics / Electron paramagnetic resonance / Copper complexes

The analysis of the spectroscopic and electrochemical prop-
erties of all reported classes of Cu/Zn superoxide dismutase
mimics (SODm) makes it possible to distinguish the geomet-
ric specificity of highly active compounds. A linear relation-
ship with EPR parameters characterises the geometry of the
first coordination sphere around the metal, which favours
catalytic activity. Combined with the appropriate redox po-
tential values, the model of geometric conformation of highly

Recent developments in theoretical chemistry allow the
calculation of structures and physical properties of transi-
tion-metal complexes in advance of their synthesis, with the
result that synthetic efforts can be devoted to the prepara-
tion of molecules that are most likely to possess the desired
characteristics. However, this approach has not been widely
used in novel drug development, because of the inability of
theoretical methods to predict biological activity, and it has
been largely devoted to refining existing products.[1] An al-
ternative approach is based on structure–activity relation-
ships (QSAR), which has been applied successfully to some
particular classes of ligands. However, there is no general
QSAR approach that analyses all classes of compounds
proposed for a specific biological activity.[2]

Herein we present an essential step towards the optimi-
sation of a drug development strategy: a global structure–
activity analysis, which, contrary to QSAR, is applied to
all classes of compounds already proposed for a specific
biological activity. We discuss how statistical analysis can
be applied to identify physical properties associated with
biological activity for a family of drugs known as superox-
ide dismutase mimics (SODm) that act as effective scaven-
gers of the superoxide free radical anion (O2

·–), one of the
major reactive oxygen species (ROS) responsible for oxidat-
ive stress in aerobic organisms.[3]
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active Cu/Zn SODm serves to streamline further synthetic
efforts. This global analysis represents a new approach to
treat all classes of compounds intended for a specific bio-
logical activity in order to obtain general features that could
orient the process of drug discovery.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Cu/Zn superoxide dismutase (SOD) is one of the metal
protein families that efficiently decreases the steady-state
concentration of O2

·– by a very fast process (at nearly dif-
fusion-limited rates), which is nearly independent of pH
(over the range 5.0–9.5).[4] However, SOD can not be ad-
ministrated directly, because of its unfavourable pharmaco-
logical profile.[5] One way to circumvent this shortcoming is
to use low-molecular-mass complexes with SOD-like ac-
tivity, as the metal site of the protein has been proved to be
the active catalytic region.[6] The advantages of this ap-
proach have been recognised in terms of overcoming
immunogenic problems associated with protein adminis-
tration, tissue permeability and potential in vivo stability.[7]

Therefore, intensive efforts have been made for many years
to obtain compounds with high SOD activity. Copper-
based SODm have been proposed, either as binuclear or
mononuclear metal complexes, with several classes of
ligands, including derivatives of imidazoles,[8]

amines,[8g,8h,8n,9] pyridines,[8c,8g,8m,8v,8w,9a–9c,9e,9g,10] sulfon-
amides,[8a,11] peptides,[8q,8r,10e,12] imines,[9f,13] salicylate,[8j,14]

cyclodextrin,[15] curcumin,[16] triazines,[17] quinoline[9h,10e,18]

and others.[19] Despite these efforts to obtain better SODm,
there are only a few studies that have tried to connect the
biological activity with electrochemical[10a] or spectroscopic
data,[17a,17b] and they are limited to particular classes of li-
gands.

The question we address now is “Is there a general rela-
tionship between geometrical parameters describing the en-
vironment of the metal for SODm, or are there a number
of specific ligand arrangements that induce a high level of
biological activity?” Our strategy for establishing a struc-
tural model for high SOD activity was to analyse (most
of) the reported SODm statistically to determine whether
spectroscopic parameters (which characterise the metal co-
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ordination) and redox potentials are consistently related to
each other or to the activity of a complex. We started with
the hypothesis that the ligand dictates the catalytic activity
by promoting or preventing a particular conformational
structure. Consequently, we expect that any movement of
one of the first coordination sphere nuclei out of the equa-
torial plane will change the ability of the corresponding
complex to function as a catalyst.

This hypothesis is in agreement with the SOD redox cata-
lytic cycle, which involves a reversible conformational
change at the active site. The geometry of the first coordina-
tion sphere around the metal ion is imposed by the ligands
in a way that facilitates superoxide binding to a vacant co-
ordination site on the metal.[20] The copper atom has a ste-
rically blocked axial site facing a hydrophobic region of Cu/
Zn SOD, whilst the active site, which is occupied by water
in the native protein, faces a narrow hydrophilic channel.
The degree of distortion at the copper site is influenced by
the positions of the histidines in the protein, and this has a
direct influence on the size of the channel leading to the
active site.[20] Such structures, accurately determined by X-
ray diffraction of single crystals, are not necessarily pre-
served in solution, the native physical state of superoxide
dismutase. In this respect, spectroscopic characterisation of
the copper environment by EPR and UV/Vis spectroscopy
produces specific information on conformations that should
be associated with the biologically relevant structures.
Therefore, we constructed a database of previously reported
CuII SODm, by taking into account the hyperfine coupling
constants from EPR spectroscopy and the d–d transitions
from electronic spectra, as parameters characterising the
first coordination sphere around the metal. In addition, we
calculated the ratio gzz/Azz, known as distortion factor, f, in
order to study in more detail the various distortions of the
geometry around the metal expected to be relevant for bio-
logical activity. As f indicates the distortions from an
“ideal” square-planar geometry formed by the four-coordi-

Figure 1. SOD-like activity as a function of the maxima of the d–d transitions in the electronic spectra (λ) for all classes of SODm (a),
together with a close look containing only the active compounds (b).
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nate sphere around the metal,[17] we extended its use to a
five-coordinate sphere around the metal by assuming that
the base of the pyramid has an almost square-planar geom-
etry and can exhibit various distortions with respect to the
perpendicular axis where the fifth nucleus is located. It
should also be noted that both 63Cu and 65Cu isotopes con-
tribute to the EPR spectra. Although these individual con-
tributions are often not resolved, the observed hyperfine
structure represents a weighted average of the parameters
from the two isotopes. In contrast to other metals, such as
Mn or Ni found in other families of SOD and also used as
metal centres in SODm,[7] the sensitivity of the EPR spin
Hamiltonian parameters to the coordination sphere geome-
try in CuII provides the possibility of using these values for
a fine structure–activity screening.

We completed the database with redox potentials and
SOD activity values as determined with the indirect
method, first reported by McCord and Fridovich.[4b] Even
though there are inherent problems in indirect assays,[15a]

they represent the conventional way to test for SOD-like
activity. As activity parameter, we used the concentration
of the copper complex required to attain 50% inhibition of
nitro blue tetrazolium (NBT) reduction, the IC50 value, as
it is indicative of the ability to catalyse superoxide radical
dismutation. Various classes of ligands, such as imidazoles,
amines, imines, sulfonamides, peptides, salicylates, pyridines
and combinations of them, have been included in the data-
base (Table S1, Supporting Information).

Because of the large distribution of IC50 values
(ca. 0.1 µ to above 200 µ) that have been reported for
copper complexes proposed as SODm, we sorted the com-
pounds into two clusters: “active” complexes (IC50 �
0.7 µ) and “inactive” ones (0.7 µ � IC50 � 200 µ). We
chose the cluster of active SODm to be within about one
order of magnitude of that of the native SOD activity,
whose value was reported to be between 0.07 µ (horserad-
ish SOD),[10b] and 0.04 µ (bovine erythrocyte SOD).[8e]
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The group of inactive compounds is far larger than that
of active compounds, due presumably to the difficulty in
attaining the basic requisites of functional SODm.

We first analysed the variation of IC50 values as a func-
tion of individual spectroscopic parameters, including the
wavelength of d–d transitions in UV/Vis spectra (λ), the z-
component of the hyperfine interaction (Azz) and the distor-
tion factor, f, obtained form the EPR spectra. A large distri-
bution of activity values characterises both the whole group
of reported complexes and the cluster of highly active ones
without any specificity that could involve a characteristic
trend (Figure 1 and Figures S1 and S2 in the Supporting
Information). We expanded the analysis to consider activity
and combinations of structural parameters: λ & Azz, Azz &
f and λ & f for highly active and inactive SODm (Figure 2
and Figure S3 in the Supporting Information). Combining
the electronic transition energies with each of the EPR pa-
rameters did not yield a specific trend that could distinguish
between active and inactive compounds (Figure 2a, b and
Figure S3 in the Supporting Information). In contrast, the

Figure 2. SOD-like activity as a function of the d–d transitions in electronic spectra (λ) and the parallel hyperfine coupling constants
(Azz) for the inactive compounds (a) and the active compounds (b). SOD-like activity as a function of the parallel hyperfine coupling
constants (Azz) and the f factor for the inactive compounds (c) and the active compounds (d).
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3D graph combining the EPR parameters with the IC50 val-
ues showed an almost linear relationship between EPR pa-
rameters for the active complexes (Figure 2d). There was no
equivalent relationship for the inactive complexes (Fig-
ure 2c).

We refined the analysis of the cluster of active com-
pounds to include a function of copper coordination
number (Figure 3a). Both four- and five-coordinate com-
plexes show an almost linear relationships between EPR pa-
rameters characterising the coordination sphere around the
metal (Figure 3b), and each can be fitted by a linear re-
gression (Table 1).

The overall EPR data show that the cluster of complexes
with a four-coordinate sphere around the metal contains
the majority of the active SODm compounds, and a slightly
distorted square-planar geometry seems to favour high
catalytic activity, in agreement with the geometry of native
SOD.[20] For example, when we pick two different SODm
with the same gzz value (1 and 2 in Table 2), the more active
compound is the one with the smaller Azz value. A decrease
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Figure 3. 3D representation of the parallel hyperfine coupling constants (Azz), the f factor and coordination number of copper, N, for
active SODm (a). Hyperfine coupling constants (Azz) as a function of the f factor for active SODm (b). Stars: five-coordinate copper
complexes; squares: four-coordinate copper complexes.

Table 1. Parameters of the linear regression fit of the f factor as a
function of the hyperfine coupling constant, Azz (f = a + b�Azz).

Metal sphere a b r[a] σD
[b]

Four-coordinate 277.2 �2.5 –0.84�0.03 0.992 2.46
Five-coordinate 331.7 �20.3 –1.18 �0.15 0.961 7.83

[a] Correlation factor. [b] Standard deviation.

in Azz indicates a tetrahedral distortion of the coordination
sphere of the copper atom when coordinated to the same
type of atom.[21] Thus, a slight tetrahedral distortion fav-
ours the SOD-like activity, as in the native SOD.[20]

Table 2. EPR parameters and SOD-like activity for highly active
four-coordinate SODm (Figure 2b) compared with inactive ones.

SODm Azz [10–4 cm–1] gzz IC50 [µ] N Ref.

1[a] 191 2.248 0.62 4 [8c]

2[b] 139 2.248 0.40 4 [13a]

3[c] 181 2.200 68.0 4 [9d]

4[d] 166 2.225 63.0 4 [8f]

[a] [Cu(dpbi)]2+, {dpbi = 2,3-Bis(N,N�,N��,N���-2-benzimidazol-2-
ylphenylimino)butane}. [b] [Cu(dac-apbi)]2+, {dac-apbi = diacetyl-
2-(2-aminophenyl)benzimidazole}. [c] [Cu(PMDT)(OAc)]+,
(PMDT = N,N,N�,N��-pentamethylethylentriamine). [d] [Cu-
(SAA)(H2O)], (SAA = salicylidenanthranilic acid).

The number of active complexes with a five-coordinate
sphere is significantly smaller than that of those with a four-
coordinate sphere, but this could be due to a lack of com-
plete spectroscopic data for other five-coordinate com-
plexes, which could therefore not be included in our analy-
sis. In five-coordinate SODm, the structure of the first coor-
dination sphere around copper is square-pyramidal, with a
slightly distorted basal plane. A decrease in the IC50 values
for decreasing Azz was also found for five-coordinate
SODm, although the change in Azz is not as significant as
that for four-coordinate complexes, because of geometry re-
strictions imposed by a pyramidal geometry (1 and 2 in
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Table S2, Supporting Information). There were no active
complexes with six-coordinate geometries, as expected, indi-
cating that a geometric specificity for an active SODm com-
pound is essential.

We have found that the majority of the SODm are mono-
nuclear irrespective of coordination number and that a bi-
nuclear compound is unnecessary for high SOD activity.
This is in contrast to literature reports, which claim that
a binuclear structure is important for mimicking the SOD
enzyme.[11c] Furthermore, biological assays indicate that the
role of Zn in native SOD is more related to the stability of
the metal binding region than to the catalytic activity.[20b]

We extended our analysis by including the redox poten-
tials of SODm, whose values should be between –0.16 V vs.
NHE (for O2/O2

·–) and 0.89 V vs. NHE (for O2
·–/H2O2) for

effective catalysis of superoxide anions. All of the highly
active SODm have redox potential values in this range.
Contradictory reports concerning the relationship between
redox potential and SOD-like activity exist: for a few
classes, a linear relationship was reported,[10e,19b] whereas
for others, no relationship was found.[8q,9a] By analysing all
active SODm whose redox potentials were measured, we
found no relationship connecting them to the biological ac-
tivity. To understand why various proposed SODm were
not active, we combined the geometrical condition from
EPR data with that of redox potential domain that allows
catalysis of superoxide anions. A significant decrease in ac-
tivity was found both for compounds with distorted geome-
try, even if their redox potentials were in the appropriate
domain for catalytic activity (3 in Table 2),[9a,9e,9d] and for
those with a geometry similar to that of the active ones but
with redox potentials outside this domain (4 in Table 2).[8f]

Our database allows us to distinguish between “promis-
ing” ligand classes, such as imidazoles, sulfonamides or
peptides, where many proposed complexes are active, and
other classes, such as imine, amine and pyridine derivatives,
which produced many more nonactive complexes. However,
since every ligand class contains both active and inactive
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compounds, we consider that the structural conformation at
the metal site combined with appropriate redox properties
describes the relevant model for highly active SODm.

In conclusion, we have demonstrated the first successful
global structure–activity analysis based on all classes of
compounds proposed to have a specific biological activity.
Contrary to QSAR, we took into account all copper-based
SODm, whose electronic and EPR parameters have been
published, and established the specificity of the geometry
around the metal as an essential criterion for a highly active
SODm. Combined with electrochemical properties that fav-
our an effective catalysis, our aim is to optimise further the
process of drug discovery. Combinations of spectroscopic
and electrochemical properties will be further investigated
in the development of our understanding of general features
relevant for the biological activity of SODm.

Supporting Information (see footnote on the first page of this arti-
cle): SOD-like activity as a function of single EPR parameters (Fig-
ures S1 and S2); SOD-like activity as a function of the combination
of spectroscopic parameters (Figure S3); SODm database
(Table S1); EPR parameters and SOD-like activity for highly active
five-coordinate SODm (Table S2).

Acknowledgments

This work was supported by the Swiss National Science Founda-
tion (Project No. 200021-115956), and this is gratefully acknowl-
edged. V. B. thanks the COST P15 Action for providing financial
support for a Short Term Scientific Mission, STSM, at Antwerp
University.

[1] D. F. Raffa, A. G. Rickard, A. Rauk, J. Biol. Inorg. Chem.
2007, 12, 147–164.

[2] J. Chang, B. Lei, S. Li, Y. Shen, X. Yao, QSAR Comb. Sci.
2008, 27, 1318–1325.

[3] W. Droege in Oxidative Stress, Disease, Cancer (Ed.: Keshav K.
Singh), Imperial College Press, London, 2006, pp. 885–895.

[4] a) L. M. Ellerby, D. E. Cabelli, J. A. Graden, J. S. Valentine, J.
Am. Chem. Soc. 1996, 118, 6556–6561; b) J. M. McCord, I.
Fridovich, J. Biol. Chem. 1969, 244, 6049–6055.

[5] C. Regnault, M. Soursac, M. R. Arveiller, E. Postaire, G. Haz-
ebroucq, Biopharm. Drug Dispos. 1996, 17, 165–174.

[6] K. D. Rainsford, R. Milanino, J. R. J. Sorenson, G.P. Velo
(Eds.), Copper and Zinc in Inflammatory Degenerative Diseases,
Kluwer Academic Publishers, Dordrecht, 1998, pp. 113–124.

[7] D. Riley, O. F. Schall, Adv. Inorg. Chem. 2007, 59, 233–262.
[8] a) J. Casanova, G. Alzuet, S. Ferrer, J. Latorre, J. A. Ramirez,

J. Barras, Inorg. Chim. Acta 2000, 304, 170–177; b) H. Ohtsu,
Y. Shimazaki, A. Odani, O. Yamauchi, W. Mori, S. Itoh, S.
Fukuzumi, J. Am. Chem. Soc. 2000, 122, 5733–5741; c) M. L. P.
Santos, I. A. Bagatin, E. M. Pereira, A. M. D. C. Ferreira, J.
Chem. Soc., Dalton Trans. 2001, 838–844; d) Q. X. Li, Q. H.
Luo, Y. Z. Li, M. C. Shen, Dalton Trans. 2004, 2329–2335; e)
U. Weser, L. M. Schubotz, J. Mol. Catal. 1981, 13, 249–261; f)
R. N. Patel, V. L. N. Gundla, D. K. Patel, Polyhedron 2008, 27,
1054–1060; g) R. N. Patel, N. Singh, K. K. Shukla, U. K.
Chauhan, J. N. Gutierrez, A. Castineiras, Inorg. Chim. Acta
2004, 357, 2469–2476; h) R. N. Patel, N. Singh, K. K. Shukla,
U. K. Chauhan, Spectrochim. Acta, Part A 2005, 61, 287–297;
i) R. N. Patel, N. Singh, K. K. Shukla, V. L. N. Gundla, Spec-
trochim. Acta, Part A 2005, 61, 1893–1897; j) A. L. Abuhijleh,
C. Woods, Inorg. Chem. Commun. 2002, 5, 269–273; k) F. Af-
reen, P. Mathur, A. Rheingold, Inorg. Chim. Acta 2005, 358,
1125–1134; l) R. P. Bonomo, F. D�Alessandro, G. Grasso, G.

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 4634–46394638

Impellizzeri, G. Pappalardo, E. Rizzarelli, G. Tabbi, Inorg.
Chim. Acta 2008, 361, 1705–1714; m) M. Devereux, D. O’Shea,
M. O’Connor, H. Grehan, G. Connor, M. McCann, G. Rosair,
F. Lyng, A. Kellett, M. Walsh, D. Egan, B. Thati, Polyhedron
2007, 26, 4073–4084; n) H. Fu, Y. H. Zhou, W. L. Chen, Z. G.
Deqing, M. L. Tong, L. N. Ji, Z. W. Mao, J. Am. Chem. Soc.
2006, 128, 4924–4925; o) D. Li, S. Li, D. Yang, J. Yu, J. Huang,
Y. Li, W. Tang, Inorg. Chem. 2003, 42, 6071–6080; p) R. N.
Patel, N. Singh, K. K. Shukla, V. L. N. Gundla, U. K. Chau-
han, J. Inorg. Biochem. 2005, 99, 651–663; q) G. Qin, L. X. Yi,
L. Q. Bin, L. S. Rong, M. X. Dan, F. X. Long, Chin. J. Chem.
2007, 25, 791–796; r) A. G. Raso, J. J. Fiol, B. Adrover, P.
Tauler, A. Pons, I. Mata, E. Espinosa, E. Molins, Polyhedron
2003, 22, 3255–3264; s) F. Saczewski, E. D. Borys, P. J. Bednar-
ski, M. Gdaniec, Arch. Pharm. Chem. Life Sci. 2007, 340, 333–
338; t) F. Saczewski, E. D. Borys, P. J. Bednarski, R. Grunert,
M. Gdaniec, P. Tabin, J. Inorg. Biochem. 2006, 100, 1389–1398;
u) M. Tofazzal, H. Tarafder, N. Saravanan, K. A. Crouse,
Transition Met. Chem. 2001, 26, 613–618; v) B. Verdejo, S. Bla-
sco, E. G. Espana, F. Lloret, P. Gavina, C. Soriano, S. Tatay,
H. R. Jimenez, A. Domenech, J. Latorre, Dalton Trans. 2007,
41, 4726–4737; w) J. Patole, S. Dutta, S. Padhye, E. Sinn, Inorg.
Chim. Acta 2001, 318, 207–211.

[9] a) K. Jitsukawa, M. Harata, H. Arii, H. Sakurai, H. Masuda,
Inorg. Chim. Acta 2001, 324, 108–116; b) J. Muller, K. Felix,
C. Maichle, E. Lengfelder, J. Strahle, U. Weser, Inorg. Chim.
Acta 1995, 233, 11–19; c) J. Muller, D. Schubl, C. M. Mossmer,
J. Strahle, U. Weser, J. Inorg. Biochem. 1999, 75, 63–69; d) R. N.
Patel, N. Singh, V. L. N. Gundla, U. K. Chauhan, Spectrochim.
Acta, Part A 2007, 66, 726–731; e) A. S. Fernandes, J. Gaspar,
M. F. Cabral, C. Caneiras, R. Guedes, J. Rueff, M. Castro, J.
Costa, N. G. Oliveira, J. Inorg. Biochem. 2007, 101, 849–858; f)
E. T. Nomkoko, G. E. Jackson, B. S. Nakani, Dalton Trans.
2004, 1432–1440; g) R. N. Patel, N. Singh, K. K. Shukla, J. N.
Gutierrez, A. Castineiras, V. G. Vaidyanathan, B. U. Nair,
Spectrochim. Acta, Part A 2005, 62, 261–268; h) C. Urquiola,
D. Gambino, M. Cabrera, M. L. Lavaggi, H. Cerecetto, M.
Gonzalez, A. L. D. Cerain, A. Monge, A. J. C. Filho, M. H.
Torre, J. Inorg. Biochem. 2008, 102, 119–126; i) Y. H. Zhou, H.
Fu, W. X. Zhao, W. L. Chen, C. Y. Su, H. Sun, L. N. Ji, Z. W.
Mao, Inorg. Chem. 2007, 46, 734–739.

[10] a) S. Dutta, S. Padhye, F. Ahmed, F. Sarkar, Inorg. Chim. Acta
2005, 358, 3617–3624; b) I. Schepetkin, A. Potapov, A. Khleb-
nikov, E. Korotkova, A. Lukina, G. Malovichko, L. Kirpotina,
M. T. Quinn, J. Biol. Inorg. Chem. 2006, 11, 499–513; c) A. L.
Abuhijleh, J. Inorg. Biochem. 1997, 167–175; d) M. Devereux,
M. McCann, D. O’Shea, M. O’Connor, E. Kiely, V. McKee, D.
Naughton, A. Fisher, A. Kellett, M. Walsh, D. Egan, C. De-
egan, Bioinorg. Chem. Appl. 2006, 1–11; e) T. Fukuuchi, K. D.
Ura, S. Yoshihara, S. Ohta, Bioorg. Med. Chem. Lett. 2006, 16,
5982–5987; f) C. M. Liu, R. G. Xiong, X. Z. You, Polyhedron
1997, 16, 119–123; g) R. N. Patel, N. Singh, K. K. Shukla,
V. L. N. Gundla, U. K. Chauhan, Spectrochim. Acta, Part A
2006, 63, 21–26; h) R. G. Bhirud, T. S. Srivastava, Inorg. Chim.
Acta 1991, 179, 125–131.

[11] a) M. G. Alvarez, G. Alzuet, J. Borras, L. C. Agudo, J. M. M.
Bernardo, S. G. Granda, J. Biol. Inorg. Chem. 2003, 8, 112–
120; b) M. G. Alvarez, G. Alzuet, J. Borras, L. C. D. Agudo,
S. G. Granda, J. M. M. Bernardo, J. Inorg. Biochem. 2004, 98,
189–198; c) M. G. Alvarez, G. Alzue, J. Borras, L. C. Agudo,
S. G. Granda, J. M. M. Bernardo, Inorg. Chem. 2005, 44, 9424–
9433; d) R. C. Marin, G. Alzuet, S. Ferrer, J. Borras, Inorg.
Chem. 2004, 43, 6805–6814; e) M. G. Alvarez, G. Alzuet, J.
Borras, B. Macias, J. M. M. Bernardo, S. G. Granda, Z. Anorg.
Allg. Chem. 2003, 629, 239–243; f) E. Kremer, G. Facchin, E.
Estevez, P. Albores, E. J. Baran, J. Ellenad, M. H. Torre, J. In-
org. Biochem. 2006, 100, 1167–1175.

[12] a) B. Boka, A. Myari, I. Sovago, N. Hadjiliadis, J. Inorg. Bio-
chem. 2004, 98, 113–122; b) M. Casolaro, M. Chelli, M. Ginan-
neschi, F. Laschi, L. Messori, M. M. Miranda, A. M. ini, T. K.



Global Structure–Activity Analysis for Active Cu/Zn SOD Mimics

Jankowska, H. Kozlowski, J. Inorg. Biochem. 2002, 89, 181–
190; c) Z. Arkosi, Z. Paksi, L. Korecz, T. Gajda, B. Henry, A.
Rockenbauer, J. Inorg. Biochem. 2004, 98, 1995–2005; d) G.
Facchin, M. H. Torre, E. Kremer, O. E. Piro, E. E. Castellano,
E. J. Baran, J. Inorg. Biochem. 2002, 89, 174–180; e) E. G.
Ferrer, L. L. L. Tevez, N. Baeza, M. J. Correa, N. Okulik, L.
Lezama, T. Rojo, E. E. Castellano, O. E. Piro, P. A. M. Wil-
liams, J. Inorg. Biochem. 2007, 101, 741–749; f) A. Jancso, Z.
Paksi, N. Jakab, B. Gyurcsik, A. Rockenbauer, T. Gajda, Dal-
ton Trans. 2005, 3187–3194; g) R. Pogni, M. C. Baratto, E.
Busi, R. Basosi, J. Inorg. Biochem. 1999, 73, 157–165.

[13] a) A. M. C. Ferreira, M. L. P. Santos, E. M. Pereira, M. O. Da-
masceno, W. A. Alvesa, Acad. Bras. Ci. 2000, 72, 51–57; b)
M. L. P. Santos, A. F. Alario, A. S. Mangrich, A. M. C. Fer-
reira, J. Inorg. Biochem. 1998, 71, 71–78; c) K. Serbest, A.
Colak, S. Guner, S. Karabocek, Transition Met. Chem. 2001,
26, 625–629.

[14] a) T. Fujimori, S. Yamada, H. Yasui, H. Sakurai, J. Biol. Inorg.
Chem. 2005, 10, 831–841; b) A. Diaz, R. Cao, A. Fragoso, I.
Sanchez, Inorg. Chem. Commun. 1999, 2, 358–360.

[15] a) R. P. Bonomo, V. Bruno, E. Conte, G. D. Guidi, D. L. Men-
dola, G. Maccarrone, F. Nicoletti, E. Rizzarelli, S. Sortino, G.
Vecchio, Dalton Trans. 2003, 4406–4415; b) F. Bellia, D. L.
Mendola, G. Maccarrone, P. Mineo, D. Vitalini, E. Scampor-
rino, S. Sortino, G. Vecchio, E. Rizzarelli, Inorg. Chim. Acta
2007, 360, 945–954.

[16] a) A. Barik, B. Mishra, L. Shen, H. Mohan, R. M. Kadam, S.
Dutta, H. Y. Zhang, K. I. Priyadarsini, Free Radical Biol. Med.
2005, 39, 811–822; b) A. Barik, B. Mishra, A. Kunwar, R. M.

Eur. J. Inorg. Chem. 2009, 4634–4639 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4639

Kadam, L. Shen, S. Dutta, S. Padhye, A. K. Satpati, H. Y.
Zhang, K. I. Priyadarsini, Eur. J. Med. Chem. 2007, 42, 431–
439.

[17] a) C. G. Palivan, B. A. Goodman, Recent Research Develop-
ments in Inorganic and Organometallic Chemistry, Pandalai, In-
dia, 2001, pp. 141–159; b) B. A. Goodman, C. G. Palivan, H.
Palivan, S. Tomas, Appl. Magn. Resn. 2003, 25, 13–28; c) C. G.
Palivan, H. Palivan, B. A. Goodman, C. Cristescu, Appl.
Magn. Reson. 1998, 15, 477–488; d) C. G. Palivan, C. Darmon,
S. Thomas, Bull. Magn. Reson. 1999, 19, 29–33.

[18] A. M. Ramandan, J. Inorg. Chem. 1997, 183–189.
[19] a) A. E. O. Fisher, G. Lau, D. P. Naughton, Biochem. Biophys.

Res. Commun. 2005, 329, 930–933; b) Z. Durackova, M. A.
Mendiola, M. T. Sevilla, A. Valent, Bioelectrochem. Bioenerg.
1999, 48, 109–116; c) S. Autzen, H. G. Korth, R. Boese, H.
Groot, R. Sustmann, Eur. J. Inorg. Chem. 2003, 1401–1410; d)
D. K. Demertzi, A. Galani, M. A. Demertzis, S. Skoulika, C.
Kotoglou, J. Inorg. Biochem. 2004, 98, 358–364; e) R. G. Bhi-
rud, T. S. Srivastava, Inorg. Chim. Acta 1990, 173, 121–125; f)
C. A. Boswell, X. Sun, W. Niu, G. R. Weisman, E. H. Wong,
A. L. Rheingold, C. J. Anderson, J. Med. Chem. 2004, 47,
1465–1474.

[20] a) M. A. Hough, S. S. Hasnain, Structure (Cambridge, MA,
USA) 2003, 11, 937–946; b) J. S. Valentine, P. A. Doucette,
S. Z. Potter, Annu. Rev. Biochem. 2005, 74, 563–593.

[21] U. Sakaguchi, A. W. Addison, J. Chem. Soc., Dalton Trans.
1979, 4, 600–608.

Received: August 18, 2009
Published Online: September 28, 2009


