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Abstract. The main goal of this investigation is to study the possible
mechanisms of Casiopeinas® as anticancer agents. Electrodonating ()
and electroaccepting (") electronegativity were calculated applying
Density Functional Theory. Two different anticancer mechanisms of
Casiopeinas® are proposed. There might be antiradical molecules pre-
venting the formation of cancer cells or these molecules could reduce
the amount of GSH and as a result over-produce free radicals, increas-
ing the oxidative stress which in turn kills the cancer cells.
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Resumen. El principal objetivo de esta investigacion es analizar los
posibles mecanismos de reaccion de las Casiopeinas® como agen-
tes anticancerigenos. Para esto se calculd la electronegatividad como
electrodonador (y7) y como electroaceptor (y*) utilizando la Teoria
de Funcionales de la Densidad. Se proponen dos mecanismos: las
Casiopeinas® como antirradicales previenen la formacion de células
cancerosas, o pueden reducir la cantidad de GSH y con eso provocar
una sobreproduccion de radicales libres, incrementando el estrés oxi-
dativo que acaba con las células cancerosas.

Palabras clave: Compuestos de cobre, Casiopeinas®, electrodonador,
electroaceptor, electronegatividad, anticancer, radicales libres.

Introduction

Density Functional Theory (DFT) [1-5] of chemical reactivity
was born three decades ago and has provided a solid framework
for the study of the reaction mechanism operating in a number
of processes. The starting point of chemical reactivity theory
can be identified with the definitions of fundamental concepts
such as electronegativity, hardness and the hard and soft acid
base theory reported by Parr, Pearson, Donelly, Levy and Palke
[6, 7]. These concepts were previously established intuitively
but were not useful for determining absolute values or for un-
derstanding associated principles. Taking the solid definitions
derived from DFT, it is possible to quantify these parameters
and to make a quantitative prediction of the chemical reactivity
inherent in many molecules. In the light of ideas put forward
by Parr et al., other new concepts contributing very important
information about the response of a chemical species when it
reacts with other chemical reagents were defined by several
authors, including Gazquez [8-17]. There are global and lo-
cal parameters which permit us to identify the most relevant
aspects of the interaction between two chemical species. These
parameters consist of response functions that describe how
the electronic structure of an isolated species is affected by
the presence of another molecule. Within this theory, electron
transfer can be considered as an initial stage in the interaction
between two molecules when they are separate from each other.
The response functions are defined in terms of the derivatives
of the total energy with respect to the number of electrons. The
chemical potential (i) and the global hardness (1) are global
parameters which are equal to the first and second derivative
(respectively) of the total energy, with respect to the number of
electrons, with constant external potential. Chemical potential
refers to the measurement of charge flow directions and chemi-

cal hardness evaluates resistance to the flow of electrons. A
simple charge-transfer model of a molecule immersed in an ide-
alized environment that may either withdraw or donate charge
was analysed as the global response to the electron transfer
process. The evaluation of the capacity of a molecule to either
accept or donate charge is achieved by a quadratic interpolation
for the energy as a function of the number of electrons. Fol-
lowing on from this definition, the response of a molecule to
charge acceptance or withdrawal is calculated in terms of ver-
tical electron affinity (A) and vertical ionization potential (I).
Within this approximation, Gazquez and co-workers [15-17]
detailed two different chemical potentials, making it possible
to distinguish the response to charge donation (i) from the
response to charge acceptance (u*). Since the additive inverse
of chemical potential is electronegativity (), from these param-
eters it is possible to define two different electronegativities for
the charge transfer process: one indicating donation () and
the other indicating electron acceptance (y*)

P :}1(3I+A) (1)

P =i([+3A) @)

Lower values for y~ imply a more effective electron donor
and higher values for " indicate greater capacity for accepting
electrons. These and other parameters were used in the past to
evaluate the electron transfer process, as the first step in the
reaction of several molecules, and also to evaluate the capacity
of many substances to prevent the oxidative stress [18-27].

One mechanism for preventing oxidative stress discussed
in the literature is the electron transfer reaction between free
radicals and free radical scavengers. It was previously reported
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that in order to scavenge free radicals, molecules can either
donate or accept unpaired electrons [18, 28-44]. The antiradical
reaction inhibits the damage of the free radical species, either
by causing its oxidation or by causing its reduction. An antioxi-
dant is oxidized by transferring electrons to the free radical and
preventing other molecules from undergoing oxidation with the
free radical. This reaction halts oxidation and for this reason
these molecules can be clearly identified as antioxidants. On the
other hand, an antireductant is reduced by accepting electrons
from the free radical. This process prevents the reduction of
other molecules. Since the relevant event is the trapping of free
radicals, it would be more precise to refer to these substances
as “antiradicals”. Antioxidation and antireduction represent two
sides of the same coin: antiradical activity through electron
transfer.

Antiradicals are important, not only because they prevent
oxidative stress, but also because they may help to prevent
cancer disease. It was previously reported that free radicals are
able to develop cancer damaging DNA by stealing electrons.
Following this idea, many investigations were undertaken in or-
der to find evidence concerning the apparent reduction of can-
cer risk derived by consuming antioxidants [45-48]. Although
evidence exists which supports this idea, the protective effect
provided by antioxidants is still unproven. It is not possible to
conclude with certainty that antioxidants effectively prevent
cancer, because apparently both the nature of the molecule
acting as free radical scavenger is important, as well as the con-
centration of these substances. There is also evidence that some
antioxidant effects may be related to the induction of oxidative
stress. Apparently, pro-oxidative effects may be related to the
induction of apoptosis in tumour cells. If this is the case, both
the electron donor and the electron acceptor capacity of free
radical scavengers turn out to be important.

For over two decades [50-58], new antineoplastic and
genotoxic compounds were synthesized and reported. These
substances are metal-based drugs named Casiopeinas® and they
are a series of mixed chelate copper complexes which are be-
ing evaluated as possible anticancer agents. In particular, the
activity of casiopeina II [Cu(1,4-dimethyl-1,10-phenanthroline)
(glycine)NO;] was tested in cells where apparently this copper
complex Kkills cells by apoptosis and necrosis. The effects of
these compounds on the cell include oxidative damage and mi-
tochondrial dysfunction. However, the molecular mechanism
leading to such effects remains unclear. It was suggested that
Casiopeinas® might alter levels of cellular 7-glutamyl-cyste-
inyl-glicine (GSH, also known as tripeptide glutathione) by
redox reactions which both generate and cause the over-pro-
duction of free radical species, leading to mitochondrial dys-
function and cell death. Although some experimental reports
exist which describe these reactions, neither the mechanism
nor the role of Casiopeinas® as electron donors or acceptors is
clear. For this reason, the aim of this investigation is to char-
acterize mixed chelate copper complexes through the DFT of
chemical reactivity parameters. Thus we will demonstrate that
Casiopeinas® are able to accept electrons from the superoxide
anion and also from the GSH molecule in its reduced form. The

hypothesis of this work is that Casiopeinas® are able to act as

antiradicals and thus negate the effect of free radicals on the
development of cancer by preventing damage to DNA caused
by redox reactions, likewise accepting electrons from GSH in
its reduced form and thus affecting the free radical scavenging
capacity of this molecule and increasing the concentration of
free radicals. To decide which of these two mechanisms pre-
vails over the other is an area requiring investigation.

Results and Discussion

In order to study the parameters of reactivity which might aid
in understanding the characteristics of Casiopeinas®, nine dif-
ferent chelate copper complexes were investigated using Den-
sity Functional Theory calculations. These molecules have the
following condensed formulae: [Cu(N-N)(O-N)]*! and [Cu(N-
N)(O-O)]*!. For the (N-N) ligands we used four different mol-
ecules: 1,10-phenathroline (phen), 4,7-dimethyl, 1,10-phenan-
throline (dmphen), 2,2’ -bipyridine (bipy), and 4,4’-dimethyl,
2,2’-bipyridine (dmbipy). The (O-N) molecules are two dif-
ferent aminoacidates: glycinato (gly) and alaninato (ala). The
(O-0) molecule that was used is acetylacetonato (acac). The
schematic representation of the studied compounds is shown
in Figure 1. Optimized geometries, selected bond distances
and atomic charges (APT) [68] are presented in Table 1. The
theoretical bond lengths concur well with experimental val-
ues. The Cu-N bond distances are greater than the Cu-O bond
lengths. The longest distance is that between the Cu atom and
the oxygen atom of the water molecule at the apical position.
The Cu atom is at the center of a square pyramid and the base
of the pyramid is almost planar. In all the compounds, the Cu
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Fig. 1. A schematic representation of the compounds under study are
shown. All the structures present one water molecule at the apical
position, that is not included for simplicity.
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Table 1. Optimized structures, selected bond distances and atomic charges for the nine compounds under studied. Experimental values [49-51]
are Cu-N = 1.92-1.99 A, Cu-O = 1.91 A, Cu-O(w) = 2.56 A.

Bond Distance (A) Atomic Charge
Cu-N(1) 2.022 Cu 1.061
Cu-N(2) 2.060 N(1) —-0.337
Cu-N(3) 2.048 N(2) -0.389
Cu-O(4) 1.905 N(3) —-0.393
Cu-O(w) 2.561 0®4) —0.905

O(w) —0.580
Cu-N(1) 2.012 Cu 1.090
Cu-N(2) 2.047 N(1) —0.404
Cu-N(3) 2.048 N(2) —0.455
Cu-O(4) 1.908 N(3) —-0.404
Cu-O(w) 2.619 O(4) -0.937

O(w) —0.586
Cu-N(1) 2.015 Cu 1.077
Cu-N(2) 2.039 N(1) -0.313
Cu-N(3) 2.054 N(2) -0.391
Cu-0O(4) 1.904 N@3) —0.398
Cu-O(w) 2.561 04) —-0.913

O(w) —0.584
Cu-N(1) 2.008 Cu 1.112
Cu-N(2) 2.032 N(1) -0.371
Cu-N(3) 2.052 N(2) —0.453
Cu-0O(4) 1.907 N(3) —0.408
Cu-O(w) 2.606 O4) —-0.942

O(w) —-0.589
Cu-N(1) 2.024 Cu 1.058
Cu-N(2) 2.061 N(1) —0.345
Cu-N(3) 2.036 N(2) -0.390
Cu-O(4) 1.906 N(3) -0.405
Cu-O(w) 2.567 O(4) -0.897

O(w) —-0.576
Cu-N(1) 2.014 Cu 1.083
Cu-N(2) 2.048 N(1) —0.411
Cu-N(3) 2.034 N(2) —-0.457
Cu-O(4) 1.908 NQ3) —0.417
Cu-O(w) 2.665 O(4) —-0.929

O(w) —0.581

[Cu(dmphen)(ala)(H,0)]*
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Table 1. Continuacion.

Bond Distance (A) Atomic Charge
Cu-N(1) 2.017 Cu 1.076
4 Cu-N(2) 2.040 N(1) -0.322
3 ,J s J’ $J Cu-N(3) 2.041 NQ) ~0.393
3 & ‘,Q Cu-O(4) 1.905 N@3) —0.410
o ‘,J 29 - Cu-O(w) 2.561 0(4) -0.907
9 A O(w) -0.581

F i
[Cu(bipy)(ala)(H,0)]"
Cu-N(1) 2.009 Cu 1.106
3 j Cu-N(2) 2.034 N(1) -0.380
Cu-N(3) 2.039 NQ) ~0.456
;Q 3 ‘ “ ;J Cu-0(4) 1.908 N@) -0.421
5 Cu-O(w) 2.639 0(4) -0.934
5 ‘ O(w) ~0.586
[Cu(dmblpy)(ala)(HzO)]*

Cu-N(1) 2.029 Cu 1.198
Cu-N(2) 2.029 N(1) —0.412
"‘ 34 3 # I~ Cu-0(3) 1.925 NQ) -0.413
Cu-0O(4) 1.925 0(@3) ~0.886
Cu-O(w) 2.496 0(4) -0.887
é d O(w) -0.528

J
[Cu(dmbipy)(acac)(H,0)]*

atom is positive and the most negative atom is the oxygen of
the (O-N) or the (O-O) molecules.

With the aim of study the electron donor-acceptor proper-
ties of these compounds, it is necessary to obtain the electro-
negativity for the donation (") and for the electron acceptance
(™). For this purpose, the cation and the anion were calcu-
lated with the optimized structures of the neutral molecule.
The results for ¥~ and y* are shown in Table 2. Expectedly,
as a result of the positive charge, these values are very high,
indicating that copper complexes are bad electron donors and
good electron acceptors. The electron donor-acceptor capacity
of these compounds is compared with the electron donor-ac-
ceptor properties of other molecules which might be important
in terms of cancer disease. These are the DNA nitrogen bases,
the DNA nitrogen base pairs, certain free radicals which are
responsible for oxidative stress and GSH which is apparently
important as it is involved in the genotoxic activity of copper
compounds [52-58]. The results are shown in Table 2. The
optimized structure and the calculated [69] pKa values of GSH
are shown in Figure 2. Under physiological conditions, a de-
protonated species can be expected and for this reason in this
study, we used (GSH-2H)2 and (GSH-H)! (both represent two
types of reduced glutathione).

In order to facilitate the comparison, it is possible to con-
struct a graph as we shown in Figure 3. In this Figure, all the
molecules located in the upper right corner represent good
electron acceptors and bad electron donors (™ and y* have high

Table 2. Electronegativity for the electron acceptance (+) and for the
donation (-). All values in eV.

XX XX
[Cu(phen)(gly)(H,0)]* 6.3 7.5 Adenine 14 64
[Cu(phen)(ala)(H,O)]" 6.2 7.4 Guanine 1.7 6.1
[Cu(dmphen)(gly)(H,O)]* 6.2 7.3 Thymine 20 6.8
[Cu(dmphen)(ala)(H,O)]" 6.1 7.3 Cytosine 1.7 6.7
[Cu(bipy)(gly)(H,0)]* 64 75 AT 1.8 59
[Cu(bipy)(ala)(H,0)]* 63 74 GC 1.7 55
[Cu(dmbipy)(gly)(H,0)]* 6.2 7.4 OH 48 10.2
[Cu(dmbipy)(ala)(H,0)]* 6.1 7.3 OOH 35 9.0
[Cu(dmbypi)(acac)(H,0)]* 6.1 7.3 OCH; 38 82
OOCH; 33 83
0, -53 27
GSH 20 64
(GSH-H)™' 02 32
(GSH-2H)? -34 26

values). These will thus remove electrons from the molecules
placed in the lower left corner which represent good electron
donors and bad electron acceptors (%~ and x* have low values).
As is evident in Table 2 and Figure 3, x~ values for the nitrogen
bases are lower than those for copper compounds. The great-
est ~ values are those pertaining to the neutral free radicals,
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Fig. 2. Schematic representation of the molecules that were used in this
study. Calculated pKa values of GSH are also included in italics.
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Fig. 3. Electron donor (") and electron acceptor () electronegativity
(in eV).

indicating that these are the worst electron donors, whereas the
superoxide radical anion (O,™*), (GHS-H)™! and (GSH-2H)™2
represent good electron donors. This is a logical finding, as
these molecules are negatively charged. Besides this, these
results concur with the experimental information, because re-
duced glutathione molecule is considered to constitute an elec-
tron-rich antioxidant with significant reducing power.

With respect to the electronegativity associated with accep-
tance, (") copper compounds present the highest values thus
making them the best electron acceptors. Apparently, copper
compounds should be able to accept electrons from nitrogen
bases, nitrogen base pairs, O,™*, (GSH-H)™! and (GHS-2H)™2.
They are not effective free radical scavengers of the neutral
free radicals that we report in Table 2 and Figure 3, as copper
compounds are not located at the top right of the neutral free
radicals. Free radicals are worse electron donors than copper
compounds, and not very good electron acceptors. Consequent-
ly, no charge transfer process will take place between neutral
free radicals and copper compounds.

Analyzing the values in Table 2 and Figure 3, it is possible
to see that copper compounds should be able to accept elec-
trons from the superoxide radical anion, (GSH-H)™! and (GSH-
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2H)2. The donor electronegativity of these three molecules is
very similar, so a comparable charge transfer process can be
expected to occur from these anions to the copper complexes.
If this is the case, Casiopeinas® operate by two possible mecha-
nisms which may either help to prevent or avoid cancer disease.
As good electron acceptors they may act as antiradicals by
accepting electrons from the superoxide radical anion. Similar
results were found previously for carotenoids [21-23], which
are very well known antioxidants. It is worth noting that the
electron acceptor capacity of the copper compounds reported
in this work is almost twice that of the carotenoids. Since the
superoxide radical anion may cause disorders associated with
oxidative stress and because it is also a major source of other
highly reactive oxygen species (ROS), it is possible to state that
the antiradical activity of Casiopeinas® lies in their capacity to
prevent the formation of oxidant ROS. This result is very im-
portant in view of the fact that previous suggestions regarding
the mechanism operating in the case of Casiopeinas® [52] is
related to reactive oxygen species (ROS) generation as a result
of copper reduction, contradicting the results that we report
here. If Casiopeinas® are good antiradicals, they should be able
to prevent oxidative damage to lipids, proteins and DNA at the
starting point of the free radical production reactions, as we il-
lustrated in Figure 4. As it is well known that oxidative damage
plays arole in carcinogenesis, Casiopeinas® would thus be good
substances for preventing the formation of cancer cells.

On the other hand, Casiopeinas® may also accept electrons
from (GSH-H)™! and (GSH-2H)™2. These results explain the
dramatic drop in intracellular levels of GSH in human lung
cancer cells, induced by the presence of one of these cop-
per complexes, as shown in experiments [57]. The reduction
of GSH by this redox process produces an increment in free
radicals, which is also apparent in the experiment. It has been
previously reported that oxidative stress is an important mecha-
nism operating in a number of anticancer drugs. Apparently
cancer cells exist in an elevated oxidative state, and therefore
they are more vulnerable to the increment of the concentration
of reactive oxygen species (ROS). The over-production of free
radicals that Casiopeinas® apparently generate, leads to mito-

GSH-2H]?
[ ?1 Ccu™ 0,
[GSH-H]
[GSH-2H]!
Cu+1 0,
[GSH-H]’

ROS decrease .
Prevent the formation
of cancer cells

ROS increase
Destroy cancer cells

Fig. 4. Schematic representation of the proposed reaction mechanisms
of Casiopeinas® based on the results of this investigation.
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chondrial dysfunction and cell death because of the increment
in oxidative stress. Cancer cells die faster than normal cells as
a consequence of the oxidative stress, because they are more
vulnerable.

Up to now, two different mechanisms can be considered
to operate in the anticancer activity of Casiopeinas®. These
copper complexes may be antiradical molecules which avoid
the production of free radicals and as a consequence the genera-
tion of cancer cells, resulting from oxidative stress. The second
mechanism operating here is thought to result from these mol-
ecules reducing the amount of (GSH-H)™! and (GSH-2H)™2.
As a result, they over-produce free radicals increasing oxida-
tive stress, which kills cancer cells. GSH depletion can trigger
suicide of the cell by a process known as apoptosis. In order
to define which of these two mechanisms is the best, or under
which conditions one is preferable to the other is undoubtedly
an area requiring investigation.

Concluding remarks

Electronegativity for electron acceptance (y*) and for donation
(%) provides useful parameters for studying the electron-donor
acceptor properties of molecules. Applying these parameters,
it is possible to analyze the mechanism which is operating in
anticancer agents of compounds such as Casiopeinas®.

Casiopeinas® are copper compounds which have been de-
scribed previously. They represent good electron acceptors and
are able to interact with good electron donors such as super-
oxide (O,™*) radical and reduced glutathione [(GSH-H)'~ and
GSH-2H)?"]. These copper compounds manifested the highest
values in terms of accepting electronegativity (") with respect
to O,™°, neutral free radicals, nitrogen bases, nitrogen base pairs
and glutathione, ie. Casiopeinas® are the best electron acceptors
out of all these compounds.

The oxidative damage in the cell plays an important role
in carcinogenesis. When Casiopeinas® interact with O, they
are able to preclude cancer because copper complexes accept
electrons from O, preventing oxidative damage from occur-
ring in the cell. On the other hand, when Casiopeinas® interact
with (GSH-H)'~ and (GSH-2H)?" they can inhibit cancer cells
as GSH depletion is able to trigger cell suicide by a process
known as apoptosis. The reaction mechanism of Casiopeinas®
is not well known, but from these results we suggest two prob-
able mechanisms derived from these copper compounds, for
the treatment of cancer.

Computational Details

Density functional approximation [59-61] as implemented in
Gaussian 09 [62] was used for all calculations. Full geom-
etry optimizations without symmetry constraints and frequency
analysis were carried out for all the stationary points using
the three parameters B3LYP [63-65] density functional and
6-31+G(d,p) basis sets. Harmonic frequency analyses made it

possible for us to verify optimized minima. Local minima were
identified by the number of imaginary frequencies (NIMAG =
0). In order to compute I and A, further single-point calcula-
tions are necessary. I is calculated as the difference between
the energy of the cation and the neutral molecule, assuming
that both of these have the ground-state nuclear configuration
of the neutral molecule. A is also calculated as vertical, and
represents the energy difference between the neutral and the
anion, calculated with the ground-state nuclear configuration
of the neutral molecule.

Previous studies indicate that DFT reproduces equilib-
rium geometries and relative stabilities with hybrid function-
als, which partially include the Hartree-Fock exchange energy.
These results are largely consistent with those obtained using
the Moller-Plesset perturbational theory at second order and
basis sets of medium quality, such as 6-31G(d,p), and cc-pVDZ
[66, 67].

The geometrical optimization of (GSH-H)™ was not pos-
sible in gas phase, since the H atom that was bound to the N
atom in the initial geometry binds to the oxygen during opti-
mization. In order to have the molecule with NH;" and COO",
which is the formula expected under physiological conditions,
optimization was achieved in water, using the SMD option
of Gaussian(09. The optimized structure in water was used to
calculate the energy (without optimization) of this system, as
neutral, anionic and cationic in gas phase. The pKa values were
obtained using the Marvin Sketch code from ChemAxon.
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