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Cytotoxicity in V79 Cells

Claus T. Pich,”*" Paulo R. dos Santos, Tatiana V. O. Fortunato,>® Marilda Chiarello,*
Turi M. de Oliveira, Bdrbara Q. Soares,* Nour E. Ghermani,* Miriana Machado,"*
Mariana Roesch-Ely,” Frangoise Dumas,”*’ Hernan Terenzi, Jodo A. P. Henriques "%
and Sidnei Moura " **

“Departamento de Energia e Sustentabilidade, Centro de Ararangud,
Universidade Federal de Santa Catarina, Rod. Gov. Jorge Lacerda, 3201,
Jardim das Avenidas, 88906-072 Ararangud-SC, Brazil

bDepartamento de Biofisica e Departamento de Biologia Molecular e Biotecnologia,
Universidade Federal do Rio Grande do Sul (UFRGS), 91501-970 Porto Alegre-RS, Brazil

‘Laboratorio de Produtos Naturais e Sintéticos, Instituto de Biotecnologia,
Universidade de Caxias do Sul, 95070-560 Caxias do Sul-RS, Brazil

Laboratdrio de Gendmica, Protedmica e Reparo de DNA, Instituto de Biotecnologia,
Universidade de Caxias do Sul, 95070-560 Caxias do Sul-RS, Brazil

‘Laboratoire de Physique Pharmaceutique, Institut Galien Paris Sud, Université Paris Sud, CNRS,
Faculté de Pharmacie, Université Paris Saclay, IPSIT, 92290 Chdtenay-Malabry, Paris, France

'Laboratoire BioCIS, Faculté de Pharmacie, Université Paris Sud, CNRS, Université Paris Saclay,
IPSIT, 92290 Chatenay-Malabry, Paris, France

¢Centro de Biologia Molecular Estrutural (CEBIME), Departamento de Bioquimica,
Universidade Federal de Santa Catarina, Campus Trindade, 88040-900 Florianopolis-SC, Brazil

This paper reports the DNA interaction and cytotoxicity of binary and ternary copper(Il)
complexes of valproic acid with phenanthroline or bipyridine and the complementary characterization
of Cu(Valp),Bipy by crystallography. Circular dichroism, plasmid and oligonucleotide assays
have shown that the complexes interact with DNA in different manners and are able to cleave
plasmid DNA and oligonucleotides at concentrations from 10 to 1000 mol L"'. The plasmid DNA
cleavage is enhanced 650, 375 and 285 times by photo activation with UVB light for the complexes
Cu(Valp),Phen, Cu(Valp),Bipy and Cu,(Valp),, respectively. Cytotoxicity assays demonstrated
that V79 cells were more sensitive to Cu'! derivatives than sodium valproate as evaluated by
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) and clonogenic assays,
where the cytotoxic profile of the compounds was: Cu(Valp),Phen higher than Cu(Valp),Bipy,
higher than Cu,(Valp),. Therefore, we report two copper complexes, which interact with DNA
and promote its cleavage, leading to an enhanced cytotoxicity when compared to valproic acid.
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Introduction years."? In accordance with their features and affinity for
biological goals, these coordination compounds may be

The research on metals coordinated with organic more effective than the precursor organic molecules. The
molecules regularly used as drugs has increased in latest development of small molecules capable of catalyzing

deoxyribonucleic acid (DNA) hydrolysis or oxidation at
physiological conditions is important for the improvement

*e-mail: sidmoura@gmail.com of the therapeutically active agents.>*
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For this purpose, transition metal ions are some
of the most important ions due to their role in various
pathways as catalytic centers in enzymes and transition
metal complexes, especially iron and copper. In addition,
in their reduced oxidation state, transition metal ions can
promote the formation of free radicals through Haber-Weiss
or Fenton reactions.’ The copper(Il) is a Lewis acid and
is one of the metals acting as an essential trace element
involved in cellular respiration, antioxidant defense,
neurotransmission, connective tissue biosynthesis and
cellular iron metabolism.*” Copper-based complexes have
been investigated on the assumption that endogenous
metals may be less toxic for normal cells than for cancer
cells. The redox activity and affinity for binding sites that
should be occupied by other metals makes copper to be
toxic in some situations.’

It is generally believed that molecules which damage
DNA or indirectly block DNA synthesis through inhibition
of genes involved in processes that are important to
DNA replication or repair, would make them better
candidates for development as anticancer agents.’!?
Several investigations provide evidence that Cu" ions are
capable of interacting directly with nuclear proteins and
DNA, causing site-specific damage. It has been reported
that copper compounds delay cell-cycle progression
and increase cell death in different cell cultures, making
copper complexes suitable for the development of
antitumor drugs.®%!* Moreover, other copper properties,
as its glutathione decreasing activity, have been into
focus on the drug resistance evasion, for example on
glutathione (GSH)-dependent cisplatin resistance.'*!

Diimines, like 2,2’-bipyridine (Bipy) and
1,10-phenanthroline (Phen), have been used as ligands
in several metal complexes due to their ability to interact
with DNA as groove binders or even as intercalators
and frequently inducing DNA cleavage.'s"'® Some
complexes containing these ligands were described as
being photoactive and that characteristic improves their
DNA cleavage ability. Furthermore, photo-cleavage of
nucleic acids by transition-metal complexes emerges as a
field of great interest to improve the development of new
therapeutic approaches.'*?

The valproic acid (VPA) is one of the oldest drugs
used in seizure, bipolar disorder and migraine headaches
therapy.?! More recently, VPA has been described as
an histone deacetylase (HDAC) inhibitor, that is able
to alter expression of many genes.?” The corresponding
proteins could influence several important pathways such
as cell cycle control, differentiation, DNA repair and
apoptosis.” Furthermore VPA can silence DNA repair
pathways, inactivate DNA repair proteins and induce
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reactive oxygen species (ROS) and DNA double strand
breaks.!” These characteristics lead to the investigation
of VPA as a putative or adjuvant anticancer drug. In this
way, some promising results were obtained, and several
clinical trials are currently in progress using VPA in the
treatment of different cancer types including leukemia
and glioma.>*

The first example of VPA complexation with metals
was reported using Cu' and bipyridine.?* Cu® also produces
stable complexes with valproate ions (Cu-VPA) and some
of them with aromatic imines afforded molecules with
biological activity against microorganisms.” The high
affinity of VPA for transition metals results in stable
coordination compounds. The characteristic of carboxylate
bond with metal cation (Lewis acid) is the short length
between oxygen atoms and metallic core around 2.6 A,
responsible for the cluster chemical stability.?

The search for new active compounds Cu'-based
complex can be highlighted by recent studies. The
ternary Cu" complex was able to increase by more than
three thousand times the anticonvulsant activity of VPA
in mouse models of epilepsy.”” Moreover, it exhibits
discrete anti-inflammatory activity in vivo.”® In other
line, Cu(Valp),Phen (compound 2) and Cu(Valp),Bipy
(compound 3) showed a good superoxide dismutase
(SOD-like) mimetic in vitro.” Griinspan et al.*® have
demonstrated the teratogenic and mutagenic effects induced
by similar complex of Cu" on zebrafish (Danio rerio),
which have shown the activity of these complexes on DNA
and the interference caused in cell division.

Once, the complexes synthesized and studied in this
work join ligands with different abilities to influence the
DNA metabolism and stability. Searching for new active
and secure drugs, this study aims the characterization of
DNA interaction ability of the three VPA related complexes,
their nuclease activity and the cytotoxicity in mammalian
cells in vitro as preliminary studies for the development of
a new series of molecules. The complementary chemical
characterization of Cu(Valp),Bipy complex (3) was also
performed in order to complete the chemical data referring
to these substances.

Experimental
Material and methods

VPA sodium salt (98%) was purchased from
AK Scientific. All other chemicals used in this work,
such as the aromatic imines Phen (99.5%) and Bipy
(99.5%), Cu" chloride dihydrate, 3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyl tetrazolium bromide (MTT) and the
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solvents were purchased from Sigma-Aldrich®. Reagent-
grade chemicals were used without further purification.
Calf thymus DNA sodium salt (CT DNA) was used as
obtained from Sigma Co. The plasmid pBSK II (2961
bp), used for DNA cleavage assays, was purchased from
Stratagene, transformed into DHS alpha Escherichia coli
competent cells and amplified as previously described.?!
The plasmid DNA was extracted from E. coli and purified
using Qiagen® Plasmid Maxi Kit protocol.* Infrared
analysis were performed with a PerkinElmer® Spectrum
400 FTIR spectrometer using KBr pellet method. UV-Vis
analyses were performed with a Beckman® DU 530
spectrophotometer (single beam) with quartz cuvettes
(10 mm) using solutions at 10.0 umol L' in chloroform.

Preparation of Cu" compounds

Cu,(Valp), (complex 1) was prepared according
to Hadjikostas method (Scheme 1).>* A solution of
CuCl,.2H,0 (5.07 g, 29 mmol) in water (50 mL) was
added over NaValp water solution (9.64 g, 58 mmol) with
continuous stirring to form precipitate immediately. After
24 h, the powder was washed with pure water, and carried-
out after vacuum filtration, then dried in a high vacuum
chamber (0.02 mbar) for 24 h. Yield 99%; mp (differential
scanning calorimetry, DSC) 290.3 °C; IR v / cm™ 2960(s),
2951(m), 2863(m), 1584(s), 1422(s); UV-Vis (chloroform)
A/ nm 240-290.

The complexes 2 and 3 were prepared according to
Veitia’s method.?” Two solutions of precursor salt (1)
(4.0 g,5.71 mmol) in dimethylformamide (DMF, 20 mL),

e
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Scheme 1. Synthesis of Cu" complexes.
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were separately added with continuous stirring to Phen
(2.26 g, 11.44 mmol) or Bipy (1.78 g, 11.43 mmol),
previously solubilized in DMF (10 mL) at 80 °C. The
Turkish-blue solutions were stored at room temperature.
The light Turkish-green crystals of complex 2 was formed
after 48 h and obtained by filtration and freeze-drying.
Yield 88%; mp (DSC) 255-290 °C; IR v / cm™! 3057(w),
2959(s), 2934(m), 2870(m), 1569(s), 1514 (s), 1466(s);
UV-Vis (chloroform) A / nm 265. For complex 3, the
solvent was removed under vacuum. The dark Turkish-
blue solid was dissolved in DMF (10 mL) with a few drops
of methanol at 80 °C and stored at room temperature. Dark
Turkish-blue crystals formed after 48 h were filtered and
freeze-dried. Yield 99%; mp (DSC) 154.7 °C (Figure 1);
IR v/cm' 3447(m), 3112(w), 2956(s), 2929(m), 2871(m),
1610(s), 1570 (s), 1466(s); UV-Vis (chloroform) A / nm
248, 298.
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Figure 1. Differential scanning calorimetry (DSC) graphs for all
compounds.
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Crystallography

Crystallographic analysis was performed in a
diffractometer by single crystal technique. X-ray data were
collected at 120 K (N, gas-stream) on a Bruker D8 Venture
diffractometer using MoKo radiation (A = 0.71069 A).
The Lorentz-polarization correction and the integration
of the diffracted intensities were performed using APEX2
software suite,*® which also includes SADABS** computer
program for an empirical absorption correction. SORTAV®
program was used for sorting and averaging data.* Details
of the X-ray diffraction experiment conditions are given
in Supplementary Information (SI) section. The crystal
structure of the complex was solved using SIR94%" program
and refined using SHELX97% implemented in WinGX
package.*

DSC analysis

Differential scanning calorimetry (DSC) analyses
were performed in a DSC-60 Shimadzu device. Data were
obtained using 5.0 mg in a N, atmosphere at 50 mL min',
10 °C min, range temperature 25-350 °C. Data were
recorded in a rate time 1 s. Data were analyzed in OriginPro
2016 (test version).*

Chemical stability assay

In order to verify the chemical stability of the complexes
in solution, molar conductivity parameter was used as
the variable. The variation of conductivity over time
indicates molecular breaks by ionization/dissociation
or polymerization. The molar conductivities of the Cu"
complexes were measured in solution over a period of
120 h.*! Solutions of the compounds 1, 2 and 3 were
prepared in ethanol 99% and dimethylsulfoxide (DMSO)
at a concentration of 4.0 mmol L. These solvents were
used in order to achieve the concentration needed for the
testing once the solubility of the complexes in pure water
is very restricted. The solutions were stocked in closed
glass vials (Schott Duran® 25 mL) without headspace
and maintained at 37 °C full time of the experiment.
Specific conductivities (k) were measured periodically
on a Hydraulis® MCA-150 conductivity meter. The
molar conductivities (A) were calculated according to
the equation 1, where K is the specific conductivity of the
solution and c is the concentration of the complex:*

1
A (S em’mol ™) = % Q)
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DNA interaction activity: plasmid cleavage activity assays

Plasmid DNA pBSK II (Stratagene) was obtained and
purified according to standard techniques.** The DNA
cleavage ability of the complexes 1, 2, 3 and the reference
NaValp, all diluted in 20% acetonitrile (ACN), were
examined in order to establish the influence of pH and
concentration in the conversion of pBSK II supercoiled
DNA (F I) to the open circular (F II) and linear DNA
(F III) using agarose gel electrophoresis to separate the
cleavage products.* Exploring experiments were designed
in accordance to the proceedings calculated using the
Design-Expert 7.0 program.* In general, 300 ng of pPBSK
II DNA (30 umol L' bp) in 10 mmol L' Hepes Buffer
pH 7.0, 7.5 and 8.0 were treated with complexes at 10, 255
and 500 pmol L' concentrations, in a final concentration of
10% ACN at 37 °C, in absence of light (AL) for 12 h and
UVB light (UV) for 5 min using a BIORAD® transiluminator
UV 302 T26M apparatus with a UVB peak ranging from
300 to 312 nm at 50% light power. ACN was used in order
to dissolve the complexes on the concentration needed once
the solubility of them in pure water is very restricted. All
the assays were conducted using freshly prepared solutions
and included two control reactions: one only with nano-
pure water (Milli-Q®) and the other with 10% ACN, both
without complex, to serve as a reference of spontaneous
plasmid DNA fragmentation. Thereafter, each reaction
was quenched by adding 4 pL of a loading buffer solution
(50 mmol L' Tris-HCI pH 7.5, 0.01% bromophenol blue,
50% glycerol and 250 mmol L' ethylenediamine tetraacetic
acid (EDTA)) and then subjected to electrophoresis on a 1.0%
agarose gel containing 0.3 ug mL"' of ethidium bromide in
0.5 x tris-borate-EDTA (TBE) buffer (44.5 mmol L Tris
pH 8.0, 44.5 mmol L' boric acid and 1 mmol L' EDTA)
at 90 V for 1.5 h. The resulting gels were visualized and
digitized using a DigiDoc-It gel documentation system
(UVP) (KODAK). The proportion of plasmid DNA in
each band was quantified using Kodak Molecular Imaging
Software 5.0 (Carestream Health). The quantification of
supercoiled DNA (F I) was corrected by a factor of 1.47,
since the ability of ethidium bromide to intercalate into
this DNA topoisomeric form is decreased relative to open
circular and linear DNA.? The results were expressed as
graphic representations of the best correlation of the two
parameters, concentration and pH, in order to maximize the
Form I1I (linear) plasmid DNA. Experiments were performed
with NaValp in order to evaluate the activity of the ligand
itself. The ligands Bipy and Phen were already analyzed
and no activity was observed.'® The best performance point
(maximization of F II and F III of the plasmid DNA) was
calculated using the Design Expert 7.0® program* and the
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results were used to select the best conditions to perform the
following tests. The effect of concentration was then tested at
0,25, 50 and 100 umol L. All the following experiments of
plasmid DNA cleavage were performed at pH 7.5 and 37 °C.

The kinetics of plasmid DNA cleavage performed by
complexes 1, 2 and 3 were evaluated following the loss of
supercoiled DNA fraction along the reaction time under a
single concentration of complex along the time. AL samples
were collected within 60 min intervals and UV samples at
20 s intervals. The apparent plasmid DNA cleavage rates
(kobs) were obtained from the plot of LN-[supercoiled
DNA (%)] versus time. The concentration used was
50 wmol L' and the other reaction conditions were identical
to those described above. The incubations were submitted
to agarose gel electrophoresis and analyzed.? Results were
also expressed as K,.

To investigate the need of O, to cleave DNA, samples
were incubated in anaerobic conditions. For anaerobic DNA
cleavage assays, a two-step procedure was used to obtain
deoxygenated conditions. All solutions and reaction mixtures
containing 50 umol L' of complex 1, 2 or 3 were prepared in
an argon filled glove bag. Samples in AL were then incubated
in a sealed argon-filled vacuum desiccator for 1 h and in UV
were sealed with Parafilm® and exposed immediately for
1 min. Fe(EDTA) was used as a positive control for DNA
damage via radical processes. A negative control, that is
incubation without complex, was always performed. As
a control reaction the same procedures were executed in
O, atmosphere. All other conditions and procedures were
essentially the same as those described for former reactions.*

In order to evaluate the formation of hydroxyl radical
species by the complexes, experiments were conducted
in AL and UV with and without 10% of DMSO in the
reaction.” The samples were incubated in AL for 1 h and
in UV for 1 min then submitted to gel electrophoresis and
analyzed as described above.

In order to investigate the contribution of electrostatic
interactions in the plasmid DNA cleavage promoted by
complexes 1, 2 and 3, assays were conducted as described
above but with an increase in the ionic strength of the
reaction media by the addition of NaCl and LiClO, (from 25
to 200 mmol L'"). Incubations were performed in triplicate
in AL for 12 h and UV for 60 s.

Oligonucleotide cleavage assay

Aiming to obtain additional data about the way of DNA
cleavage and preferential sites to act, plasmid DNA was
substituted by a synthetic oligonucleotide of 49-mer (bp)
that perform a region of double helix of 21 bp, equivalent
to two complete turns of DNA helix, one A-T and the other
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C-G and a poly T loop at one extremity. At the 5° extremity,
a fluorescent marker (FAM) is covalently attached. The
cleavage reaction was performed at pH 8.0, 37 °C for
1 h, at concentrations of 0, 5, 50 and 500 pmol L', under
AL since the fluorescent marker is highly sensitive to
UV light.® Negative controls were reactions containing
only the solvent, incubated or not.

Circular dichroism DNA interaction assay

Circular dichroism (CD) is a method able to detect
alterations in optical activity of chiral molecules using
its interaction with circularly polarized electromagnetic
rays. The B-form conformation of CT-DNA shows two
CD bands in the UV region, a positive band at A 278 nm
due to base stacking and a negative band at A 246 nm due
to polynucleotide helicity.*’

The experiments were performed as described in
the literature with small alterations.?® One sample of
200 umol L' CT-DNA in 10 mmol L' of HEPES buffer were
titrated with the Cu" complexes (1, 2 and 3) in concentrations
ranging from 19.80 to 181.82 umol L' (molar ratios of 0.1
to 1.0) and O (negative control). The start material NaValp
was tested in molar ratios of 0.50 to 5.00. The screenings
were performed ranging from A 220 to 600 nm at 37 °C
immediately after the addition of the complexes. Results
were plotted on tables and graphics presenting the regions
of major interest were produced. Spectra containing only the
complexes and DNA with growing concentrations of solvent
(ACN) were performed as control reactions.

Spectrophotometric UV-Vis DNA interaction assay

Absorption titration measurements were done by
varying the concentration of CT DNA but keeping the metal
complexes in 10% ACN and 10 mmol L' HEPES buffer
pH 7.5 concentration as constant (50 umol L") and using the
concentrations of 0, 12.5, 25.0, 37.5, 50.0, 66.5, 75.0, 87.5
and 100 umol L' of CT-DNA. The base line was performed
with the mixed solvent and parallel measurements with the
solvent and CT-DNA to eliminate the absorbance of DNA
itself (Figure S11, SI section). The solutions were allowed
to incubate for 60 min before the absorption spectra were
recorded. The experiments were repeated three times and the
results obtained were plotted in tables and shown on graphics.

Cytotoxicity assays: V79 cell culture and treatments
V79 cells were cultured under standard conditions

in Dulbecco’s modification of Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum
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(FBS), 0.2 mg mL"! L-glutamine, 100 IU mL"! penicillin and
100 ug mL"! streptomycin. Cells were kept in tissue-culture
flasks at 37 °C in a humidified atmosphere containing 5%
CO, in air and were harvested by treatment with 0.15%
trypsin-0.08% EDTA in phosphate buffered saline (PBS)
buffer. The compounds were dissolved in DMSO or ethanol
and added to the medium to reach the different desired
concentrations. The final DMSO or ethanol concentration
in the medium never exceeded 0.2%, and the control group
was exposed to an equivalent concentration of solvent. Cells
were incubated at 37 °C for 72 h with NaValp (500, 1000,
1500 and 2000 pmol L), 1 (50, 100, 150 and 200 wumol L),
2(1,1.5,2,5,7.5 and 10 pmol L' to MTT assay or 1.5,
2.5,3.5,4.5 and 5.5 pumol L' to clonogenic assay) or 3 (50,
100, 150 and 200 umol L"). The corresponding vehicles,
distilled H,0O, 0.5% DMSO and 0.5% ethanol were used
as negative controls to NaValp, 1, 2 and 3, respectively.

Cytotoxicity evaluation in V79 cells using MTT assay

Chinese Hamster lung fibroblast cells (V79) were
seeded at 5 x 10° cells per well in DMEM at 10% FBS
in 24-well plates. After 24 h, the medium was removed
and cells were exposed to the compounds as previously
described.*® After the exposure, cells were washed once
with PBS buffer before adding 0.1 mL serum-free medium
containing 1 mg mL"' yellow tetrazolium salt MTT dye
to each sample. After incubation for 4 h, the supernatant
was removed, and the obtained purple formazan product
was dissolved in 1 mL ethanol, stirred for 15 min, and the
absorbance was read at A 540 nm. This assay measures
the activity of cellular dehydrogenases (mainly from
mitochondria) and, indirectly, the cell viability. The
method is based on the reduction of MTT salt. It provides
a quantitative measure of the number of metabolically
viable cells. The results were expressed as the percentage
of cell viability in relation to the respective negative
control.

Clonogenic assay

We assessed the ability of cells to form colonies on
a monolayer surface into a well of a 6-well plate. Cells
were plated at a density of 200 cells per well and allowed
to adhere. After 24 h, the medium was removed and cells
were exposed to the compounds as previously described.*
After the exposure period, cells were maintained in drug
free medium for 5-7 days. After that, cells were fixed in
methanol and stained with crystal violet. Colonies were
manually counted, and survival were presented as a
percentage relative to the respective negative control.
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Statistical analysis: DNA interaction assays

Each experiment was carried out in triplicate. The
analysis of the results obtained from the plasmid DNA
cleavage assays at various pH values and concentrations
were performed with the program Design-Expert 7.0
Statistical*® analysis and the other plasmid experiments
was conducted by ANOVA followed by Dunnett’s multiple
comparison test. The GraphPad Prism 6.0 software>
was employed and p value under 0.05 was considered
significant.

Statistical analysis: cytotoxicity assays

Each experiment was carried out in triplicate. Statistical
analysis was conducted by ANOVA followed by Dunnett’s
multiple comparison tests. Results were considered
significant when p value is under 0.05 (the smaller the
p-value, the higher the significance). The GraphPad Prism
6.0 software™ was employed.

Results and Discussion
Crystallographic studies

A new procedure for crystallization of the compound 3,
have produced a single crystal in solvate phase with
methanol and water molecules in the crystal matrix.
Molecular structure and crystallographic data of complex 2
were already disclosed.””” Complex 3 crystallizes in
the monoclinic space group P21/n (SI 1) with three
independent mononuclear spatial forms of the complex
in the asymmetric unit as shown in Figure 2. One water
molecule and a part of methanol (without resolved H atoms)
were also found in the asymmetric unit.

Table S1 (SI section) gives selected bond distances
and angles around the copper atoms (see for atom labels).
Two Valp and one Bipy ligands are attached to each of the
three Cu" atoms in nearly octahedral geometries. A similar
coordination was recently reported for Zn-Valp-N-donor
ligands complexes.* The Cu—O and Cu—N bond distances
and angles are equivalent for the three metal atoms. Six
Valp moieties, grouped exactly in the middle of the unit
cell, were the aliphatic chains that form the center of cell
(Figure 3). Crystal data was deposited in the Cambridge
Crystallographic Data Center (code CCDC 1507321).

Chemical stability assay

To ensure that the complexes are stable for long periods
of incubation, mainly in the cytotoxicity experiments,
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Figure 2. Asymmetric unit of complex 3 (water and methanol were
omitted for clarity).

Figure 3. The crystal packing of the compound 3. Cell vectors are
indicated. The valproate carbons are displayed in the space fill mode.
Hydrogen atoms are omitted for clarity.

molecular conductivity (A) experiments were performed.
The results obtained are shown on Figure 4 and according
to Dean*” indicate that they are not electrolytes. Therefore,
maintaining the apparent molar conductivity as a function
of time without increasing or decreasing trend indicates
that they are stable to dissociation or solution ionization
over a period of 120 h.

Some intrinsic factors that may affect the mobility of
electrical charges in the solution, such as the differences in
pK, of the solvents, presence of water or the conformation
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of the sphere of solvation of the complex molecules.*
Such factors may explain the variations of mean values
of molar conductivity of the same compound in different
solvents.

DNA interaction activity: plasmid cleavage activity assays

As a first step the complexes 1, 2 and 3 were tested
in respect to their ability to cleave supercoiled plasmid
DNA (F I), forming circular open (F II), linear (F III)
or even breaking the DNA almost completely. For that
purpose, the Design-Expert 7.0 program®" was used and
the results expressed as surface graphics (Figures S3, S4
and S5, SI section). NaValp used as ligand control was
tested only by classical methods in the absence of light
(AL) (Figure S1, SI section) and UVB light (Figure S2,
SI section). In the same experiment the solvent (0) used
in the reactions was tested against water (nc) to certify
that it does not modify the proportion of the DNA forms
and no significative result was observed (Figures S1 and
S2, SI section). It can be observed the effectiveness of
the complexes 1, 2 and 3, respectively, in pH ranging
from 7.0 to 8.0, concentrations ranging from 10 to
500 pmol L' and in AL and UV. All the complexes in all
conditions presented DNA cleavage ability but they are
partially inhibited in the concentration of 500 umol L'
or higher. The presence of UV enhances the activity
of the three complexes, but 1 was the less sensitive.
Usually Phen and Bipy complexes also show this photo
induction behavior due to the ability of these molecules
to absorb UV.3162033 The best fit for concentrations and
pH according to calculations using the Design-Expert 7.0
program®® are: (1) AL 326.63 umol L' and pH 7.55,
UV 349.18 umol L' and pH 7.96; (2) AL 284.07 umol L*!
and pH 7.45, UV 293.93 umol L' and pH 7.74;
(3) AL 300.77 umol L' and pH 7.58, UV 309.38 pmol L"!
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Figure 4. Molar conductivity variance of the three copper complexes in ethanol and DMSO during 120 h.
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and pH 7.50. NaValp was also tested in concentrations in AL: 7 x 10, 2 x 10,4 x 10° s' and in UV 2 x 107,
ranging from 0 to 500 pmol L™, but no significant result 1.3 x 102, 1.5 x 102 5!, respectively. In the experiments
was obtained (Figures S1 and S2, SI section). Considering in AL a slight difference in activity of the complexes 1, 2
the obtained results, experiments were accomplished in AL and 3 can be noted and it is probably due to the presence
and UV at pH 7.5 using concentrations ranging from 25 to of the N-donor ligands that increase the ability to cleave
100 umol " in order to obtain more accurate data from the DNA (Figure 5). The photo activation promoted by UV
activity of the complexes. The results in AL were obtained increases the activity of the three complexes (Figure 7).
after 12 h of incubation and show the influence of both The effect is more pronounced for 2 and 3 where an
N-donor ligands to increase the ability to cleave the plasmid increase of the plasmid DNA cleavage is enhanced 650 and
DNA molecule as reported in other publications from 375 times, respectively. For 1 the enhancement was 285
different groups.>>* Both complexes 2 and 3 (Figures 5b times, however, the activity was always 10 times lower.
and 5c¢) presented even a slight inhibition of the activity at The results agree to the experiments shown before and
the higher concentration probably due to the precipitation differences in the photo activation effect of the complexes
of the complexes in the presence of DNA. Incubation in are probably due to the presence of aromatic ligands in
the presence of UV, as shown before, enhances the activity 2 and 3, as previously mentioned and the effect of the
of the complexes, once the results obtained after only a different N-donor ligands used.
minute incubation were almost the same as those obtained Complexes 1, 2 and 3 were incubated in the absence and
after 12 h incubation in AL. This clearly demonstrates an in the presence of DMSO, a hydroxyl radical scavenger, and
enhancing effect of UV-light when comparing the reaction the results of 2 and 3 show reduction of activity when DMSO
time of DNA photo cleavage conditions (UV) versus the was present, which suggests the participation of hydroxyl
standard cleavage conditions (AL) probably related to radicals on the process even in AL or UV (Figure 8).
the N-donor ligands. This result can also be influence of Similar results can be observed in other 2,2-bipyridine and
the metal photoactivation itself, since 1, that is composed 1,10-phenantroline complexes with ROS involved in the
only of Cu and VPA, presented an increase on its activity. cleavage. In these cases, the hydroxyl radical was not the
Certainly, all these factors contribute to it in complexes 2 only one present in the reaction.' It can be observed that
and 3 because their increase in activity is higher than the more pronounced effect occurred in the incubations of 3
1.3 The VPA control was not able to be photoactivated under UV conditions and this also suggest that this complex
demonstrating that this ligand does not have influence on is more dependent on the formation of ROS. These can be
this matter (Figure S2, SI section). due to the ability of Phen complexes to intercalate, even in
Kinetic studies of 1, 2 and 3 were performed at a weak form, in the double chain of DNA and therefore be
50 umol L' concentration. The graphic representations of more independent of the formation of ROS.!%20:5
the kinetic results in AL and UV are shown in Figure 6. Aiming to observe if the complexes need oxygen
The kinetic observed (K,,,) obtained for 1, 2 and 3 were to generate the reactive species observed in DMSO
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Figure 5. Plasmid DNA cleavage assay of complexes 1 (a), 2 (b) and 3 (c¢) incubatedin absence of light, pH 7.5, concentrations of 0 (negative control),
25, 50 and 100 pmol L' (left to right) for 12 h at 37 °C. The graphical results are a medium obtained from three analyses. It can be observed that all
complexes cleave DNA in the concentrations tested but complex 1 is the less active of the three. Complexes 2 and 3 suffered a light inhibition on the
highest concentration (100 umol L*).
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experiments in AL a slight difference in activity of the complexes 1, 2 and 3 can be noted and it is probably due to the presence of the N-donor ligands that
increase the ability to interact with DNA. The photoactivation promoted by UV increases the activity of the three complexes and it is more pronounced in
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Figure 7. Plasmid DNA cleavage assay of complexes 1 (a), 2 (b) and 3 (c) incubated in presence of UV light, pH 7.5, concentrations of 0 (negative
control), 25, 50 and 100 umol L' (left to right) for 1 min at 37 °C. The graphical results are an average obtained from three analyses. It can be observed
that all complexes cleave DNA in the concentrations tested, but complex 1 is far the less active of the three. Complexes 2 and 3 suffered an inhibition on

the highest concentration (100 pmol L) that is bigger than the absence of light.
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Figure 8. Plasmid DNA cleavage assay of complexes 1, 2 and 3 incubated in absence and in presence of DMSO, a hydroxyl radical scavenger. Negative
control (NC) with only ACN, 1, 2 and 3 (50 umol L') were incubated with and without 10% DMSO for 12 h in AL (a) and 1 min in UV (b). Complexes 2
and 3 show reduction of activity when incubated in presence of DMSO suggesting the participation of hydroxyl radicals on the process even in AL or UV.
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experiments anaerobic DNA cleavage assays were
performed (Figure 9). Samples were incubated in argon
atmosphere and oxygen atmosphere in AL and UV. The
complexes presented ability to cleave DNA in the absence
of oxygen in both conditions, indicating that the cleavage
activity occurs under UV light or in dark conditions. Only 2
under UV suffered an inhibition in argon atmosphere but
maintaining its activity (Figure 9c). Several evidences
in this work indicate that the activity of the complexes
is due to oxidation, but the presence of activity in argon
atmosphere leads to the conclusion that different reaction
mechanisms may occur and some of them should be oxygen
independent. Similar results have been described where
copper(I) metal complexes with heterocyclic N-donor
ligands also presented activity in AL or UV and in the
absence of oxygen.>

The influence of electrostatic properties in the ability of
1, 2 and 3 was tested by addition of NaCl and LiClO, in a
range of 25 to 200 mmol L™ to the reaction medium. When
NaCl or LiClO, is added, the proportion of supercoiled
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DNA increases and the cleaved DNA falls down, indicating
a proportional decrease of the plasmid DNA cleavage
promoted by the complexes following the gradual increase
in ionic strength. The plasmid cleavage in the presence of
NaCl and LiClO, was lower than the control reaction (nc)
for 1 in AL conditions (Figures S6a and Sé6c, SI section),
but this effect cannot be observed under UV (Figures S6b
and S6d, SI section) probably due to the low increase of
activity in this condition and the shorter incubation time.
Complexes 2 and 3 show inhibition in both conditions (AL
and UV) and in the presence of NaCl (Figures S7 and S8, a
and b, Sl section) and LiClO, (Figures S7 and S8, c and d, SI
section). The stronger effect can be observed in 3 indicating
that this complex is more dependent of electrostatic
interactions.

Oligonucleotide cleavage assay

Cleavage assay was performed to access the complex
ability to cleave oligonucleotide DNA. Incubations were
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Figure 9. To investigate if the complexes need oxygen to cleave plasmid DNA assays were performed in argon atmosphere (a) and (c) and as a control in
oxygen atmosphere (b) and (d) in AL (a) and (b) and UV (c) and (d). Incubations were performed in AL for 60 min and in UV for 1 min. Only 2 under

UV suffered an inhibition in argon atmosphere, but maintaining its activity.
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performed in absence of light as described above at three
different concentrations for each complex (500, 50 and
5 umol L!). All the complexes show an unspecific cleavage
pattern of DNA directly correlated to the concentration of
complexes (Figure 10). These findings may be correlated
to oxidative cleavage of the DNA oligonucleotide, since
the generation of ROS, in many cases, promotes unspecific
fragmentation.”’

Circular dichroism experiments

The effect of the complexes on the secondary
structure of DNA was verified by circular dichroism (CD)
spectroscopy. The three complexes showed alterations
both in the A 245 and 275 nm bands that are associated
to the helicity and base-pair stacking, respectively.”® The
NaValp, used as ligand control, does not show any visible
alteration on the DNA structure (Figure S9, SI section).
ACN titration was performed as a control of the effect of
the solvent over DNA and only a very slight reduction of
the curves was detected due to the dilution of the solution
(Figure S10, SI section). The complexes were also titrated
alone (no DNA) as a control. No significant results were
found (Figures S11, S12 and S13, SI section).

The results presented by the three complexes are quite
different when compared to each other and to the control.
Sodium valproate is not able to induce changes in both
bands that are normally presented by CT-DNA (Figure S9,
SI section). Complex 1 promotes a reduction of the intensity
of both A 245 and 275 nm bands. This primarily suggests
groove binding nature of the complexes (Figure 11a).!*%
Complex 2 induces a remarkable hyperchromic effect
on the A 275 nm band of DNA, associated with base-
pair stacking, suggesting stabilization of this secondary
structure (Figure 11b).2° The band at A 245 nm, relative
to the right handed helicity of B-DNA was also partially
affected, showing a red shift after addition of the complex.
Intercalators normally present a movement in direction to
the zero line on this band and the result obtained cannot
be explained by intercalation events. This complex also
induces the formation of a new peak near the A 310 nm
region probably an induced circular dichroism (ICD) event.
These results suggest that 2 can act as an intercalator,
but other ways of interaction with the DNA molecule
are involved.”® Complex 3 (Figure 11c) promotes a red
shift of the positive and negative bands with a slight
hypochromism on the second one indicating an electrostatic
interactions corroborating with the results of the influence
of electrostatic properties presented on SI 8.% It also gives
origin to a new peak in between A 305 and 320 nm that is
also probably an ICD event that is related to the acquisition

Pich et al. 607

NC NC 2 3
1 2

- - Y — — D

Tag
Ad7
A5

T45
A4
Ad3
As2

T4 -

635 .
ca - <
G31 .
c33 -
629 -
T28 -
T2
T26 S~
25
24
c25
622
c2t
c20
G1s -
618
c17
c15 -
L
c14
T3
A12
-
A1
™0
o .
.
A7
0
L5
M-

Figure 10. Oligonucleotide cleavage assay results. The cleavage of the
oligonucleotide in all sites producing a small increase in all electrophoretic
bands characterizes the activity as resultant from oxidative species that do
not have a specific site to act. Two types of negative control were used:
NC 1: absence of non-incubated complex; NC 2: complex incubated.
Complexes 1, 2 and 3 were tested in concentrations of 500, 50 and
5 umol L', respectively.

of CD signal by the complex and need more studies to be
solved.*®!

UV-Vis spectrophotometric assay

The results obtained in UV-Vis spectrophotometric
assays are shown on Figure 12. Both 2 and 3 presented
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Figure 11. Circular dichroism of CT-DNA titrated with (a) 1; (b) 2 and (c) 3 in concentrations ranging from 19.80 to 181.82 umol L' (molar ratios of 0.10
to 1.00) and 0 (NC). The complexes 1, 2 and 3 showed different results due to different interaction forms.

the characteristic bands of absorption of Phen and
Bipy, respectively. Complex 1 presented no significant
absorbance (data not shown). The hypochromism presented
by 2 (Figure 12a) and 3 (Figure 12b) in the presence of
increasing CT-DNA concentrations is characteristic of
strong interactions.> The results obtained by the incubation
of 3 (Figure 12b) in the presence of CT-DNA showed
maximum absorption at A 310 nm, with reduction of
intensity by addiction of the complex, but an increment
occurred in A 260 nm. These events are characteristic
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Figure 12. Spectrophotometric wave scan of (a) 2 and (b) 3 incubated in
concentration of the complex of 50 umol L' at growing concentrations
of CT-DNA (0, 12.5, 25.0, 37.5, 50.0, 66.5, 75.0, 87.5 and 100 umol L™").
Both complexes presented a decrease on their absorption bands indicating
their interaction with DNA.

to m-1* transitions for the pyridine rings.> These results
are in agreement to the ones obtained from circular
dichroism analysis, where a new band of absorption due
to an unknown form of DNA in incubations of growing
concentrations of 3 can be observed.

UV-Vis spectrophotometry is a useful method to
determine the binding mode between metal complexes-
DNA. In order, complex-DNA binding constants (K,) were
obtained according to equation 2.9

[DNA] [DNA] 1

(e - sf)_ (e, sf)-'-Kb (e, — &)

According to Inci et al.,* [DNA] is the concentration
of DNA in terms of base pairs (umol L), €, is the
apparent extinction coefficient obtained by calculating
A,,/[complex], €; corresponds to the extinction coefficient
of the complex in its free form, and ¢, refers to the
extinction coefficient of the complex in the bound form.
Each set of data, when fitted to the above equation, gave
a straight line with a slope of 1/(g, — €,) and a y-intercept
of 1/K, (¢, — €). The K, values are shown on Table 1.
These results are in agreement with the results obtained
with other complexes, where complexes containing
1,10-phenantroline present a K, strongerthan its counterpart
containing 2,2’-bipyridine.>* They are also in agreement
with the cytotoxicity results where it is shown that 2
presents stronger cytotoxicity than 3.

2

Table 1. Binding constants (K,) for the interactions of complexes and
CT-DNA

Compound K, Anax / M
2 1.75 x 10° 272

3 3.20 x 10* 291
Cytotoxicity tests

The fact that copper complexes are able to directly
interact and cleave DNA molecule encouraged us to study
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their cytotoxicity in mammalian cell. Thus, MTT and
clonogenic assays were performed to evaluate the influence
of copper complexes and the prototype compound NaValp
on the V79 cell viability.

MTT assay is an indirect cell survival analysis based
on the mitochondrial activity and clonogenic method
determines the cell viability based on the ability of a single
cell to grow into a colony.*** In both assays, cells were
exposed for 72 h to NaValp and its complexes 1, 2 and 3.
The higher concentrations were based on their maximum
solubility. MTT and clonogenic results showed that the Cu"
complexes were able to decrease the cell viability in a dose-
response manner after 72 h of exposure (Figures 13 and 14).
The complexes 1, 2 and 3 showed cytotoxic effects in the
majority of the concentrations used in MTT and clonogenic
assays. Among these compounds, similar toxicity was
observed for 1 and 3, where the half maximal inhibitory
concentration (ICs) values were 193 and 150 wmol L' to
MTT (Figure 13) or 150 and 153 umol L' to clonogenic
assay (Figure 14), respectively. By direct comparison, 2
presented cytotoxicity at least 20 times higher than the
others copper complexes, with ICs, values of 6.70 and
3.98 umol L' to MTT and to clonogenic assay, respectively.
Similar results were obtained with sulfonamide containing
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complexes. The ones synthesized with1,10-phenantroline
presented minimal inhibitory concentrations (MIC) of 4.9
and 6.3 wumol L' and the one with 2,2-bipyridine inhibited
the cell growth at the concentration of 129.3 umol L™ in
HT?29 cells.** Another example with similar results were
obtained using copper o-phtalate complexes containing
both diimines, where the MIC values were 5.5 and
75.3 umol L, respectively.’ Interestingly, NaValp induced a
decrease of about 20-60% in cell viability when cells were
exposed to concentrations greater than 1000 umol L'. The
cytotoxicity of the diimines presented similar results as the
complexes with values of 2.5 and 50.0 umol L' in the MTT
test and 2.5 and 100 pumol L for 1,10-phenantroline and
2,2-bipyridine, respectively. The results that agree to the
ones observed with HT29 cells indicates that the toxicity
of the complexes is probably due to these ligands.

In contrast, when colony formation was analyzed,
NaValp induced a weak cytotoxic effect between 10-20%
when used at 1500 wmol L' or greater concentrations. This
fact may be due to the decrease in the colony size observed
in the cultures exposed to NaValp mainly at 1000 pumol L-!
or greater concentrations (data not shown), suggesting
that cells did not grow at the same rate than the negative
control group. Small colonies were also observed in the
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Figure 13. Dose-dependent cytotoxicity of NaValp and its complexes 1, 2 and 3 in V79 cells as determined by MTT reduction method (percentage of
negative control). Cells were exposed to NaValp (a), 1 (b), 2 (c) and 3 (d) at described concentrations for 72 h. Respective negative controls (solvents) were
included; data are expressed as mean = S.D., n = 3. *Data statistically significant different in relation to the negative control group *p < 0.05, **p < 0.01,

##%p < 0.001/one-way ANOVA Dunnett’s multiple comparison test.
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Figure 14. Clonogenic survival of V79 cells exposed to NaValp and its complexes 1, 2 and 3. Cells were exposed to NaValp (a), 1 (b), 2 (c) and 3 (d) for
72 h. Respective negative controls (solvents) were included; data are expressed as mean + S.D., n = 3. *Data statistically significant different in relation
to the negative control group *p < 0.05, **p < 0.01, ***p < 0.001/one-way ANOVA Dunnett’s multiple comparison test.

cultures exposed to 50 wmol L' 1 and 3 and to 2.5 pmol L!
2 (data not shown), which may be also related to cell
cycle alteration induced by NaValp, as described.?*865¢7
Therefore, it is shown that copper complexes were more
cytotoxic than the NaValp, the prototype molecule, in V79
cells.

DNA interaction and single and double breaks
can promote cell cycle arrest due to the necessity of
the cell to remove the complexes or repair the lesions
before duplicating its DNA. Once that all 3 complexes
promote DNA cleavage in AL conditions, Cu" is known
as an oxidative agent and VPA reduces DNA repair, it
was expected that cells incubated in presence of these
substances would show slowing or absence of growing
this result.®1922686 The stronger inhibition results obtained
using 2 can be due to the intercalation properties of the
complex that not necessary promote DNA cleavage in the
assays with plasmidial DNA.

Conclusions
The VPA used in seizure, bipolar disorder and migraine

headaches therapy has been reported in the last years as a
drug candidate to be used in cancer therapy, alone or as an

adjuvant. This new VPA therapeutic activity is probably
linked to its epigenetic modulation effect by inhibiting
histone deacetylation, and consequently, disturbing several
molecular pathways. Supporting these findings, VPA has
been demonstrating inhibitory activity on DNA repair and
proliferation and also induction of ROS, DNA double strand
breaks and cell death (mainly by apoptosis).*!0-2265

Among metals which have been investigated on
anticancer research, Cu" has demonstrated promising
effects in a variety of experimental models. Cu" complexes
were able to improve the cisplatin antitumor efficacy and
this effect has been related to Cu" redox activity.’ Based on
VPA and Cu" pharmacological properties, a new group of
Cu" complexes has been synthesized with mixed ligands
that were first thought to enhance the neurological effects of
the original drug. However, as VPA has also demonstrated
anticancer effects, this work aimed to evaluate the cytotoxic
and DNA damaging profile of VPA and three binary and
ternary Cu" complexes of VPA with Phen or Bipy. By using
different approaches, different profiles among VPA and all
three Cu'-VPA complexes were observed regarding DNA
interaction, redox potential and cytotoxicity.

Whereas NaValp was not able to induce DNA breaks
or conformational changes, Cu" complexes were able to
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cleave cell-free DNA in a nonspecific pattern, which was
more pronounced in the presence of UV, suggesting they
can be photo activated (Figures 5, 7 and 10). These findings
may suggest that 1, 2 and 3 lead to DNA cleavage through
an oxidative insult. Nonetheless, this effect is unlikely to
be related to the ROS, since the DNA breaks content was
not altered when Cu" complexes were incubated with
DNA in oxygen absent conditions (Figure 9). Furthermore,
Cu" complexes were able to interfere on DNA structure,
suggesting a groove binding activity for complex 1, an
intercalating profile for 2 and electrostatic interactions
for 3 (Figure 11). In contrast, NaValp did not affect the
DNA circular dichroism absorbance profile (Figure S9, SI
section). These results corroborate with previous reports
where oxidative and DNA binding has been shown by
different Cu" complexes.>”1%5

Regarding the cell viability results obtained in
mammalian cell line V79, it was evidenced a clear and
substantial difference among NaValp and Cu" complexes.
Complexes 1, 2 and 3 were able to induce viability decrease
when cells were exposed to concentrations of 50, 2.5 and
100 umol L', respectively. In contrast, NaValp decreased
the cell viability only when used at concentrations equal
or over 1000 pmol L' (Figures 13 and 14). By comparing
the IC, values of the compounds, we may suggest that
the copper inclusion on the NaValp was responsible for
the increasing of about 8 times on the cytotoxic activity of
the prototype molecule. Moreover, Cu™ associated to Phen
was able to increase at least 248 times the cytotoxicity of
NaValp.

Taken together, the biological results are in
accordance with the physical-chemical data, where
the three Cu" complexes demonstrated different DNA
interaction and cytotoxicity patterns in relation to
NaValp. In addition, the results might suggest that the
underlying mechanism of the cytotoxic effects observed
among the complexes could be related to their DNA
interaction and damaging effects. As mentioned before,
all Cu" complexes presented DNA cleavage properties.
Notably, 1 demonstrated activity on DNA conformation
acting as groove binder and 3 as electrostatic binder. On
the other hand, 2 was able to alter the DNA structure
as a typical intercalator agent. Considering the possible
different influences of binding or intercalation effects on
the DNA conformation, the three Cu" complexes may be
able to induce different effects on critical process like
transcription and replication. Therefore, the probable
intercalation of 2 into DNA might be associated to
its high cytotoxic profile, whereas the DNA binding
interaction of 1 and 3 is less harmful to the cell survival.
In this way, the DNA interaction potential may represent
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the key response to the cytotoxic results observed for the
complexes, where the cytotoxic profile was: 2 greater
than 3 greater than 1.

In summary, this work reports a binary and two ternary
Cu" complexes of VPA with Phen or Bipy, which interacts
with DNA promoting its cleavage and have an enhanced
cytotoxicity when comparing to the putative anticancer
drug VPA. Thus, these findings indicate their potential role
as chemotherapeutic agents and demonstrated the capacity
of these complexes to be photo activated, which offers the
possibility of its use as photodynamic therapy agents.

Supplementary Information

Supplementary data of crystallographic study
(Table S1), 2D and 3D statistical graphs of broken DNA
(Figures S1-S8), circular dichroism graphs of CT-DNA
(Figures S9-S13) and UV-Vis absorbance profile of
CT-DNA (Figure S14) are available free of charge at
http://jbcs.sbq.org.br as PDF file.

Crystallographic data (excluding structure factors) for
the structures in this work were deposited in the Cambridge
Crystallographic Data Centre as supplementary publication
number CCDC 1507321. Copies of the data can be
obtained, free of charge, via www.ccdc.cam.ac.uk/conts/
retrieving.html or from the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033. E-mail: deposit@ccdc.
cam.ac.uk.
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