ORIGINAL ARTICLE

Journal of BUON 9: 433-441, 2004
© 2004 Zerbinis Medical Publications. Printed in Greece

Cytotoxic effects of a mixed ligand copper(Il) chelate complex against a panel of
human and murine cancer cells in vitro. Theoretical study of the mechanism of
biologic action through molecular modelling
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Summary

Purpose: In an effort to discover new compounds
with anticancer activity, we have developed a novel cop-
per (I) [Cu(1l)] chelate complex with a tridentate ONN-
Schiff base ligand and the anion of salicylate and we
evaluated the in vitro chemosensitivity of various human
and murine tumor cell lines by measuring cell growth
inhibition. The ultimate goal was to evaluate the exist-
ence of a potential antitumor activity of this complex.
Beyond the cytotoxic activity assessment of the complex,
we aimed at the elucidation of the underlying mechanism
of action of this complex and its interactions with biolog-
ical molecules, carrying out theoretical (quantum-chem-
ical) calculations.

Materials and methods: Cells grown in adherence
or in suspension in 96-well microplates were exposed to
Cu(Il) complex for 24, 48 or 72 h. In vitro drug cytotoxic-
ity was assessed by SRB and XTT colorimetric assays.

Introduction

Since the original discovery of anticancer effects
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Molecular modelling tools were used applying semiem-
pirical and ab initio calculations.

Results: A series of experiments was carried out,
showing a potent cytotoxic activity against most of the
tested cancer cell lines. Quantum-chemical calculations
demonstrate that the mechanism of the cellular damage
can be explained, at least in part, by the ability of the
nucleobases and nucleotides to be subject to nucleophilic
attack on copper.

Conclusion: Profound growth inhibitory effects were
observed for the tested Cu(Il) complex. It was also veri-
fied the hypothesis that the mechanism of action of this
complex involves binding to DNA and RNA. These find-
ings prompt to search for possible interaction of this com-
plex with other cellular elements of fundamental impor-
tance for cell proliferation.

Key words: cancer, cell lines, copper complexes, Cu(SalNEt )
salicylate, cytotoxicity, molecular modelling

of platinum compounds, numerous studies have been
undertaken to determine what kind of relationships exist
between chemical structure and antitumor activity with
a view to find out more active drugs. Transition metal
complexes with biological activity have gained promi-
nence due to the success of the platinum anticancer
drug cisplatin (cis-[PtCL,(NH,),]). To date, several
Cu(Il) complexes have been tested as potential anti-
cancer agents. Hydrazones of pyridoxal and the struc-
turally related salicylaldehyde are a promising class of
compounds, with demonstrated bioactivity. An exam-
ple is the tridentate ligand salicylaldehyde benzoylhy-
drazone (H,sb), of which Cu(Il) complex [Cu(Hsb)
CI]'-H,0O was shown to be a potent inhibitor of DNA
synthesis and cell growth and more effective than the
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metal-free chelator [1]. In accordance with this ap-
proach, we have directed our efforts towards the bio-
logical study of a 4-coordinate Cu(II) chelate complex
with a tridentate ONN-Schiff base ligand. We have
reported the results concerning the synthesis, struc-
ture elucidation, and antineoplastic activity of some novel
Cu(II) complexes of the general formula Cu (SaINEt,)Y
where SalNEt, stands for the anion of the N-(2-
(diethylamino)ethyl)salicylidenaminato ligand and Y is the
anion of a carboxylic or a dicarboxylic acid [2,3]. X-ray
structure analysis of Cu(SaINEt,) (OCOPh) confirms
a slightly distorted square-planar coordination geome-
try around the copper (paper in preparation).

In our previous studies, chelate complexes of
Cu(II) of the general formula Cu(SalNEt )Y, showed
exceptional cytotoxic action by inhibiting the prolifer-
ation of HeLa-S3 human cervical cancer cells [2]. In
another study we have carried out, concerning the
examination of the in vitro cytotoxicity of the same
Cu(Il) chelate complexes alone or in combination with
various chemotherapeutic drugs in normal and tumor
cell lines, it became obvious an important synergistic
action in various combinations and in all of the exam-
ined cell lines, which action led to increased cytotoxic
activity of the examined drugs [3].

In this series of experiments we have focused
firstly in the study of the possible anticancer activity of
Cu(SalNEt,)Salicylate through in vitro experiments, and
secondly, in the theoretical (quantum-chemical) study
of this complex and its adducts with various (deoxy)
nucleotides. The ultimate goal was to elucidate the un-
derlying mechanism of action of Cu(Il) complex.

Molecular modelling studies are capable to ana-
lyze the mechanistic basis for the formation of ad-
ducts with DNA and RNA. We tried to correlate the
structure of Cu(Il) complex and its adducts with bio-
logically active molecules. The theoretical study of
the Cu(Il) complex and its adducts with various bio-
logical molecules was carried out by performing quan-
tum-chemical calculations and aiming at the elucida-
tion of the structure. The purpose was to designate
the molecule sites that are subject to nucleophilic or
electrophilic attack and finally the correlation of the
calculated molecular parameters with the biologic
activity of the complex.

Materials and methods

Cell lines

The cell lines used were the human cancer cell
lines HeLa (cervical) [4], HT29 (colon) [5], OAW-

42 (ovarian) [6], A-549 (lung), MCF-7 and T47D
(breast) [7-9], K562 (human myeloid leukaemia) [10],
Raji (Burkitt’s lymphoma), the murine leukemia L1210
and the normal lung cell line MRC-5. Cells were ob-
tained from the Imperial Cancer Research Found
(ICRF), London, and the American Tissue Culture
Collection (ATCC).

Experimental agents

The chemical structure of Cu(SalNEt, )Salicylate
complex is depicted in Figure 1. Cu-Sal complex was
tested in 9 sextuplicate dilutions starting with a peak
concentration of 200 pM. Cu-Sal complex was dissolv-
ed in DMSO to a concentration of 2 mM. The final
concentration of DMSO was less than 0.1%, a con-
centration that exhibits no effect on cell growth and
proliferation, as was experimentally confirmed.

Cell culture maintenance

Cells were routinely grown as monolayer and
suspension cell cultures in T-75 flasks (Costar) in an
atmosphere containing 5% CO, in air, and 100% rel-
ative humidity at 37° C and subcultured twice a week.
The culture medium used was either DMEM (for the
adherent cells) or RPMI-1640 (for the suspension cells)
(Gibco), supplemented with 10% fetal bovine serum
(Gibco), 2 mM glutamine (Sigma), 100 pg/ml strepto-
mycin and 100 [U/ml penicillin.

Drug exposure — XTT and SRB cytotoxicity assays

For the experiments, cells were plated (100 pl
per well) in 96-well microplates (Costar-Corning) at
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Figure 1. Chemical structure of Cu(SalNEt )Salicylate.



various cell inoculation densities (see legend in Fig-
ure 2). Cells were left for 24 h at 371 C to resume
exponential growth and afterwards exposed to
Cu(II)complex for 24, 48 or 72 h by the addition of an
equal volume (100 pl) of either complete culture me-
dium (control wells), or twice the final drug concen-
trations diluted in complete culture medium. Drug
cytotoxicity was measured by means of SRB or XTT
colorimetric assays estimating the survival fractions
(SF) as the percent of control (untreated cells) ab-
sorbance. Six replicate wells for each concentration
were used for each assay. The colorimetric assays
were carried out as previously described [11,12] and
modified by our team [13].

Calculation of results

For each tested compound a dose-effect curve
was produced. Sextuplicate determinations gave a
coefficient of variation (CV) of much less than 10%
(if CV<10% the results were considered reliable).
The data showing inhibition of cellular growth were
expressed as the fraction of cells that remained unaf-
fected (fu or SF), which was derived from the fol-
lowing equation: fu = ODx/ODc (where ODx and
ODc represent the test and the control optical densi-
ty, respectively). Drug potency was expressed in terms
of IC_, values (50% inhibitory concentration) calcu-
lated from the plotted dose-effect curves (through
least-square regression analysis).

Theoretical calculations

Geometry optimizations were accomplished with
semiempirical, ab initio (Hartree-Fock), density func-
tional (DFT) and MP2 approaches using different
basis sets (STO-3G, 3-21G and 6-31G*, pBP/DN*,
SVWN/DN#*), as implemented in the MacSpartan Pro
suite (MacSPARTAN Pro, 1998, Wavefunction, Inc.,
Irvine, CA). Using the MacSpartan Pro program
package we succeeded in simulating the molecular
structures of these compounds and their adducts with
various biological molecules.

Results

Cu-Sal complex has shown a potent cytotoxic
activity against a panel of human and murine cancer
cell lines. Figures 2 and 3 illustrate the dose—effect
plots of various cell lines after 48 or 72 h treatment
with Cu-Sal complex. Each point represents the mean
of 6 replicate wells. The in vitro cytotoxic activity of
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Figure 2. Dose-effect curves of Cu-Sal complex against a panel
of human and murine cancer cells after 48 & 72h of treatment.
Cytotoxicity was estimated via SRB & XTT assays (cell inocu-
lation densities for adherent cells, Hela: 5,000 cells/well, HT29,
OAW-42, A-549 & MRC-5: 10,000 cells/well with 24 h prein-
cubation period, and for suspension cells, K-562, Raji, L1210:
50,000 cells/well, without preincubation).

this Cu(Il) complex seems rather promising. From
the derived IC,, values it is concluded that the cyto-
toxic effect of Cu-Sal on the tested cells was strictly
concentration and time-dependent. In Figures 2 and
3 the differences in the chemosensitivity pattern of
cells exposed to Cu-Sal complex are demonstrated.
Cu-Sal complex was found more active against leu-
kemic and lymphomatic cell lines, exhibiting IC, val-
ues lower than 30 uM (17.069 uM for K-562 cells,
27.134 uM for Raji cells and 21.50 uM for L1210
cells) (Figure 2 and Table 1). Table 1 illustrates the
IC,, values of the tested agent against the cell lines
used. Cu-Sal complex exhibited IC, values of 4.40,
2.43 and 1.73 pg/ml at 24, 48 and 72 h of continuous
exposure, respectively, against T47D cells (Figure 3
and Table 1).
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Figure 3. Chemosensitivity of T47D human breast cancer cells
(24 h preincubation of cells without drug at a cell inoculation
density of 10,000 cells/well) against Cu-Sal complex after 48 h
of continuous exposure (XTT assay).

T47D cells were the most sensitive over the ac-
tion of Cu-Sal complex with an IC, value of 10.489,
5.793 uM and 4.052 at 24, 48 and 72 h, respectively,
of continuous exposure. At the same time Cu-Sal com-
plex exhibited a decreased cytotoxicity on all other
cells with IC,  values shown on Table 1, indicating a
13-fold decrease in sensitivity (for HeLa), 15-fold (for
HT29), 11.4-fold (for OAW-42), 16.9-fold (for MRC-
5) and >17-fold (for A-549) 48 h after administration
of the agent, 4.6-fold (for MCF-7) 24 h after drug
administration and 4.2-fold (for K-562), 6.7-fold (for
Raji) and 5.3-fold (for L1210) 72 h after drug admin-
istration. It is apparent that Cu-Sal complex had a
minor effect on A-549 (IC, >100 pM).

Furthermore, among leukemia and lymphoid cell
lines, K-562 cell line was the most sensitive to Cu-Sal

Table 1. Chemosensitivity of various cell lines to Cu-Sal com-

plex expressed in IC, values, after 24, 48 or 72 h of continuous

exposure (SRB and XTT assay)

c,,
Cell line (uM)

24h 48h 72h
T47D 10.4897 5.793" 4.052"
MCF-7 27.20° ND 18.80"
HeLa ND 76.50* ND
HT29 ND 87.00% ND
OAW-42 ND 66.20 ND
A-549 ND > 100.00* ND
MRC-5 ND 98.00* ND
K-562 ND ND 17.07
Raji ND ND 27.137
L1210 ND ND 21.50"

TXTT assay, “tSRB assay, ND: not done

complex, 72 h after drug treatment, with IC_ value of
17.07 uM, compared to corresponding IC, ’s of 27.13
uM and 21.50 pM for Raji and L1210 cells, respec-
tively (Table 1). As depicted in Figures 2 and 3 or Ta-
ble 1, the order of cell sensitivity was as follows: T47D
>K-562>MCF-7>L1210 > Raji > OAW-42 > HeLa
> HT29 > MRC-5 > A-549. To test whether the effect
of Cu(Il) complex could be attributed to the salicylate
ligand or not, we tested the effect of the ligand alone
against T47D cell line. The ligand exhibited only a neg-
ligible inhibition of cellular proliferation (data not shown).

The molecular structure and several parame-
ters related to chemical reactivity and biological be-
havior and activity of the Cu-Sal complex adducts
with 3’-dNMP (monodentate interaction) and 5’-
GMP and 5’-CMP (bidentate attack with the forma-
tion of a closed macrochelate ring) were investigat-
ed. The smaller the energy of the Highest Occupied
Molecular Orbital (HOMO) of the nucleotide, the
bigger the energy difference from the Lowest Un-
occupied Molecular Orbital (LUMO) of the Cu(II)
complex (AE . .ouo)s and consequently the in-
teraction between the frontier orbitals (this means more
difficult nucleophilic attack of the nucleotide on Cu(II)
complex) will be more difficult. From Table 2 the fol-
lowing order of energy decrease between DNA and
RNA nucleotides is derived: 5'-CMP > 5'-dGMP > 5'-
dAMP > 5'-AMP > 5'-GMP > 5'-dCMP > 5'-TMP >
5'-UMP, for 5'-NMP and 3'-dGMP > 3'-GMP > 3'-
dAMP > 3'-AMP > 3'-TMP > 3'-dCMP > 3'-UMP >
3'-CMP for 3'-NMP. The comparison of the RNA nu-
cleotides’ (both 3'- and 5'-NMP) HOMO energy re-
sulted in the following order: 3'-GMP > 5'-CMP > 5'-
AMP > 3'-AMP > 5'-GMP > 3'-UMP = 5'-UMP > 3'-
CMP, while the order for DNA nucleotides’ HOMO
energy was: 3'-dGMP > 5'-dGMP > 5'-dAMP > 3'-
dAMP > 5'-dCMP > 3'-TMP > 5'-TMP > 3'-dCMP.

Among the RNA nucleotides, 3'-GMP (guanylic
acid) will most probably interact with Cu(Il) complex
since it presents the highest HOMO energy (smaller
energy gap), followed by 5-CMP (5'-cytidilic acid),
whilst 3'-CMP (uridylic acid) seems to be less active in
attacking Cu(II) complex (lowest HOMO energy) (Ta-
ble 2). Likewise, among the DNA nucleotides, 3'-dGMP
(3'-deoxyguanylic acid) proved to be the most efficient
in approaching the electrophilic center of the Cu(Il)
complex (highest HOMO energy), followed by 5'-
dGMP (Table 2). (For the 3'-dCMP — 3'-deoxycytidyl-
ic acid, it will be more difficult to approach the electro-
philic center of Cu(Il) complex since it presents the
lowest HOMO energy).

Conclusively, the most drastic in nucleophilic
attacks over the Cu atom were the monophosphate
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Table 2. HOMO energies of 5'- and 3'- nucleotides/deoxynucleotides and energy gap from the LUMO energy of Cu-Sal

complex (calculations based on PM3 method)

AE, 10+ nomom AE, j0v romo
(V) (eV)
“NMP & E, oo *LUMO of 3-NMP & E, oo *LUMO  of

5"-dNMP (ev) Cu(SalNEt,)Salicylate 3"-dNMP (eV) Cu(SalNEt,)Salicylate
*HOMO of *HOMO of
5-NMPor 5'-dNMP 3-NMPor 3'-dNMP

5'-GMP -9.063 8.201 3'-GMP -8.764 7.901

5'-AMP -9.012 8.150 3'-AMP -9.037 8.175

5'-CMP -8.806 7.944 3'-CMP -9.716 8.854

5'-UMP -9.619 8.757 3'-UMP -9.612 8.750

5'-dGMP -8.947 8.085 3'-dGMP -8.671 7.809

5'-dAMP -8.966 8.104 3'-dAMP -9.024 8.162

5'-dCMP -9.136 8.273 3'-dCMP -9.525 8.663

5'-TMP -9.311 8.445 3'-TMP -9.191 8.329

nucleotides of guanosine, followed by the correspond-
ing nucleotides of adenosine.

Figure 4 illustrates the isodensity surface and
the LUMO orbital of the Cu-Sal complex optimized
structure on which ab initio calculations have been
performed. The LUMO orbital, which delineates the
areas most electron-deficient in a molecule, (hence
subject to nucleophilic attack), is localized on Cu atom
and indicates where the next pair of electrons from
the HOMO orbital of the nucleotide will go, coordi-
nating with Cu the way through the newborn bond
(the atom where the LUMO is more heavily local-
ized, is more reactive toward attack by a nucleophile).

From Figures 5 and 6 it is obvious that the HOMO
orbital is localized more or less on atoms N, N, N,
C,, C,and C,, the sp’ N of -NH, group and on atoms
O, and N,. In 5'- and 3'-(d)GMP, the localization is
shown mainly on atoms N_, N,and C,, C and C,and
to a lesser degree on N, N, the N of -NH, group,
and the O. In 5'- and 3'-(d)UMP, the HOMO orbital
is located mainly on atoms N, and N, and to a lesser
degree on the N of -NH, group. Specifically, in the
5'-dCMP the localization is apparent mainly on atoms
C,, C, and in O, (not all data are shown).

In Figure 5 the localization of the electrostatic
potential, mainly over the atoms O of phosphate
groups and N7 of 5-GMBP, is shown. This indicates
that these atoms are subject to electrophilic attack.

Likewise, the localization of electrostatic potential,
mainly over the atoms O of phosphate groups and N3
of 5'-CMP, is obvious (Figure 6).

Figure 4. Isodensity surface (dots) and Lowest Unoccupied
Molecular Orbital (LUMO) (solid) of Cu(SalNEt,)Salicylate
complex (based on ab initio UHF/STO-3G quantum-chemical
calculations).
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Figure 5. Illustration of HOMO frontier molecular orbital of 5' -GMP (solid) at the same time with isodensity surface (mesh) (left)
and the electrostatic potential map (electrostatic potential surface on top of which have been color-mapped the values of the
HOMO orbital) of the nucleotide (solid), based on PM3 calculations.

The molecular and electronic structure of the
adducts of the Cu-Sal complex with various 3" -deox-
ynucleotides through a monodentate interaction [3'-
dGMP (deoxyguanylic acid), 3'-dAMP (deoxyadenylic
acid), 3"-TMP (thymidylic acid), 3"-dCMP] and also
through a bidentate attack with various 5 -nucleotides
like 5'-GMP (guanylic acid) and 5'-CMP (cytidilic
acid) were also investigated and are illustrated in Fig-
ures 7 and 8. The adduct formation is produced
through the creation of a closed macrochelate ring.
The geometry around Cu(Il) is a distorted octahe-
dral. Figure 7 presents the optimized molecular struc-
ture of Cu-Sal complex adduct with 5’-GMP (guanyl-

ic acid) in which the close of the macrochelate ring is
achieved through the attack to Cu from N7 and the O
of guanine. On the right are shown the surfaces of
HOMO and LUMO orbital in the same time with the
spin chart. In Figure 8 the same structures and sur-
faces for the adduct of Cu-Sal complex with 5'-CMP
(cytidylic acid) are illustrated.

Discussion

The purpose of these experiments was to study
the chemosensitivity pattern of human and murine

Figure 6. [llustration of HOMO frontier molecular orbital of 5' -CMP (solid) at the same time with isodensity surface (mesh) (left)
and the electrostatic potential surface of the nucleotide (solid), based on PM3 calculations.
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cancer cells. We conclude that the Cu-Sal complex the most susceptible at 72 h of continuous exposure
proved active against almost all tested cell lines. From  to Cu-Sal, while human lung tumor cells were the more
cancer cell lines, both human breast (T47D and MCF-  resistant. An intermediate chemosensitivity was de-
7) and erythroleukemia (K-562) cells appeared to be  fined for the rest of the solid human tumor cells after
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the administration of Cu-Sal, exhibiting IC, values at
least 4-fold higher compared to more sensitive cells.

Experimental results indicate that normal and
tumor cells respond differently to changes of envi-
ronmental conditions, which are suboptimal for
growth. It should be kept in mind that since tumor
cells revealed to be more sensitive than normal cells
(MRC-5), taking also into account the heterogeneity
of response between different tumor cell populations,
the growth inhibitory effects could be attributed to
cytostatic activity of the compound than to non-spe-
cific cytotoxicity, although exceptions might exist. A
more reliable tool for distinguishing between these
actions is measuring the DNA synthesis [14].

Quantum-chemical methods of computational
chemistry have allowed us to simulate the molecular
structures of Cu-Sal complex and its adducts with
biological molecules. The mechanism of the cellular
damage can be explained, at least in part, by the abil-
ity of the nucleobases and nucleotides to be subject
to nucleophilic attack on Cu-Sal complex. The results
supported our hypothesis that the mechanism of ac-
tion of this complex involves binding to DNA and
RNA. These findings prompt to search systematical-
ly for the possible interaction of the complex with other
cellular elements, which are of fundamental impor-
tance in cell proliferation.

There is considerable interest in the DNA bind-
ing of metal complexes because of their potential ap-
plications as DNA probes and as possible antitumor
agents [15,16]. A large number of antitumor drugs
interact with DNA and cause scission on the DNA
[17,18]. Many of the antitumor drugs are inhibitors of
nucleic acid synthesis and interact with DNA by an
intercalative or a non-intercalative way. Coordination
of Cu-Sal to major or minor DNA grooves can be
achieved through interstrand and intrastrand linkage.
The negatively charged ribose-phosphate backbone
of the major and minor grooves of double-stranded
DNA and RNA plays host to a variety of positively
charged species (as metals, ligands and protein side
chains). This type of coordination causes a competi-
tive inhibition of the formation of the typical Watson—
Crick hydrogen bonds in the double-stranded DNA.
This type of coordination may interrupt the hydrogen
bonds between the base pairs leading to an alteration
of the regular helical configuration of the two sugar-
phosphate backbones. It has been suggested that the
unique properties of interstrand cross-links of bifunc-
tional transition metal complexes and the resulting
conformational alterations in DNA, have critical con-
sequences for their antitumor effects.

Conclusion

We conclude that cells appeared to be sensitive
to Cu-Sal complex treatment. It was also verified,
through theoretical calculations, the hypothesis that the
mechanism of action of this complex involves binding
to DNA and RNA. These findings prompt to search
more systematically for the possible interaction of the
complex with other cellular elements, which are of fun-
damental importance for cell proliferation. A quantita-
tive structure activity relationship (QSAR) study of the
compounds should be considered for the understand-
ing and determination of the factors which are respon-
sible for producing the observed cytotoxicity of Cu-Sal
complex (bioactivity), for the evaluation of the impor-
tance of the copper ion for activity, and for the optimi-
zation of the desired biological properties.

Additional work to examine the interaction pat-
tern of the type Cu(SaINEt,)Y Cu(Il) complexes with
other biological molecules may be informative. This
line of investigation may provide hints about the un-
derlying mechanism of action.
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