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Abstract

New compounds to fight cancer are needed due to cancer high incidence and lack of curative treatments for several classes of
this disease. Metal-based coordination compounds offer a variety of molecules that can turn into drugs. Among them, coordi-
nation copper complexes are emerging as an attractive class of compounds for cancer treatment. A series of [Cu(L-dipeptide)
(tmp)] (tmp = 3,4,7,8-tetramethyl-1,10-phenanthroline) complexes were synthesized and characterized in the solid state,
including the determination of the crystalline structure of [Cu(Gly-Gly)(tmp)]-3.5 H,O and [Cu,Cl,(tmp),]. The complexes
were studied in solution, where the major species are also ternary ones. The lipophilicity of the complexes was determined
and the binding to the DNA was evaluated, suggesting that it occurs in the DNA’s major groove. The cytotoxicity of the com-
plexes was evaluated on different cancer cell lines: human metastatic breast adenocarcinoma MDA-MB-231 (triple negative,
ATCC: HTB-26), MCF-7 (ATCC: HTB-22), SK-BR-3 (ATCC: HTB-30), human lung epithelial carcinoma A549 (ATCC:
CCL-185), cisplatin resistant-human ovarian carcinoma A2780cis (SIGMA) and nontumoral cell lines: MRC-5 (lung; ATCC:
CCL-171) and MCF-10A (breast, ATCC: CRL-10317). [Cu(L-dipeptide)(tmp)] complexes are highly cytotoxic as compared
to [Cu(L-dipeptide)(phenanthroline)] and cisplatin. Therefore, [Cu(L-dipeptide)(tmp)] complexes are promising candidates
to have their in vivo activity further studied toward new treatments for triple negative breast cancer and other aggressive
tumors for which there is no curative pharmacological treatment to the date.
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Introduction

Cancer high incidence makes the search of new compounds
to treat it of paramount importance [1]. Metal-based drugs
play a key role in this field, with platinum complexes being
used in about 50% of cancer treatments. These complexes
have been successfully used against a wide range of classes
of cancer, being curative in several cases [2]. In spite of
that, to date, we are far from having a curative treatment for
all classes of cancer. Metal-based coordination compounds
offer a variety of molecules that can turn into drugs. Among
those, different copper complexes with antitumor activity
have been synthesized and characterized [3—7], many with
encouraging results. Some of them even present anti-meta-
static and anti-angiogenic activities (in vitro assays) [8, 9].
Others are cytotoxic to cancer stem cells [10, 11]. Many
Cu(Il) complexes are active despite of their ligands bearing
no appreciable cytotoxic activity, evidencing the central role
of the metal itself in the antitumor activity.

The mechanism of action of copper compounds possibly
includes different molecular events, which have not been
completely characterized [3, 12, 13]. The lack of specificity
against a single molecular target strengthens copper com-
plexes ability to fight a diverse cell population such as those
found in a tumor. Deoxyribonucleic acid (DNA) binding and
the production of reactive oxygen species (ROS) inducing
redox stress, are commonly proposed as molecular events for
most anticancer Cu compounds [12, 14]. There are several
studies relating the cytotoxic activity with an intracellular
copper overload induced by the complexes [8, 15-18]. A
comparative analysis between the activity of several copper
complexes and cisplatin on the NIH’s N60 panel of can-
cer cell lines suggests different mechanisms of action, thus
promising also a different spectra of activity in vivo [2].

Trying to find new complexes with antitumor activity,
a series of Cu-L-dipeptide, Cu(II)-L-dipeptide—diimine
(diimine = 1,10-phenanthroline, phen, 5-NO,-1,10-phenan-
throline and neocuproine, neo) complexes have been previ-
ously studied by our research group [19-30]. Heteroleptic
complexes Cu(II)-L-dipeptide—phen are more cytotoxic
than both Cu-phen and Cu-L-dipeptide complexes [27,
28, 31-35]. Their mechanism of action possibly includes
DNA binding mediated by the phen moiety. Similar results
were obtained with Cu(Il)-L-dipeptide—5-NO,-phen. For
Cu(Il)-L-dipeptide—neo complexes, the most active series,
the dipeptides only slightly modulated the Cu-neo complex
cytotoxicity [36].

Looking to improve the cytotoxicity of these compounds,
we used 3,4,7,8-tetramethyl-1,10-phenanthroline (tmp), a
practically planar molecule that might be able to intercalate
the DNA. The tmp molecule is highly cytotoxic to cancer
cells, even to cancer stem cells [37]. The tmp containing
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complexes are more selective than those of phen, as previ-
ously studied, in vitro [37]. As anionic co-ligands we chose a
set of L-dipeptides (L-dipeptides: Gly-Gly, Gly-Phe, Ala-Gly,
Ala-Phe, Val-Phe, Phe-Ala and Phe-Phe) to cover a range of
different side chains and lipophilicity. The complexes were
characterized both in the solid state and in aqueous solu-
tion and their binding to the DNA molecule was studied.
Finally, the cytotoxicity of the complexes were evaluated
against MDA-MB-231, MCF-7, SKBR-3 (human metastatic
breast adenocarcinomas, the first triple negative), MCF-10A
(human nontumoral breast cells), A2780cis (cisplatin resist-
ant-human ovarian carcinoma), A549 (human lung epithelial
carcinoma) and MRC-5 (human nontumoral lung epithelial
cells).

Experimental

All reagents were used as commercially available: copper(Il)
carbonate and copper(Il) chloride (Fluka), L-dipeptides
(SIGMA), 3.4,7,8-tetramethyl-1,10-phenanthroline (tmp,
SIGMA) and Calf thymus DNA (CT-DNA, SIGMA).

Synthesis and analytical characterization
[Cu,Cl,(tmp),]-H,0 complex

An ethanolic solution of tmp (4 mM, 5 mL) was added under
constant stirring at room temperature to an aqueous solu-
tion of CuCl, (4 mM, 5 mL). The solution turned green
instantly. It was allowed to slowly evaporate giving rise to
green prismatic single crystals adequate for X-ray diffrac-
tion studies. Yield: 20%. [Cu,Cl,(tmp),]-H,0 CO Calc. for
C,¢H,3CuN,OCl,/Found: %C: 49.43/49.09, %N: 7.21/7.08,
%H: 4.67/4.61.

[Cu(dipeptide)(tmp)] complexes

A solution of [Cu(dipeptide)] precursor with general for-
mula [Cu(dipeptide)] was firstly obtained by dissolving the
corresponding dipeptide in the minimum volume of H,O.
To this solution, a 50% excess of CuCO; was added and
stirred at 60—80 °C for 1 h. The CuCOj; that was not solu-
bilized was filtered off. The resulting blue solution was
evaporated at 60—80 °C until an adequate amount of solid
is obtained which was then filtered off, washed with cold
H,O and air dried, as described by Facchin et al. [23]. The
adequate amount of solid (0.1 mmol) was dissolved in hot
H,0 to make 50 mL of a 2 mM, solution (0.1 mmol). It
was mixed under stirring at 60 °C with 10 mL of a 0.01 M
ethanolic solution of tmp (0.1 mmol). The dipeptides
used were: Gly-Gly, L-Gly-Phe, L-Ala-Gly, L-Ala-Phe,
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L-Val-Phe, L-Phe-Ala, and L-Phe-Phe. In all cases a dark
blue-green solid was obtained after evaporation at 25 °C.
Yield: 50-70%. Figure 1 presents a scheme of the syn-
thetic procedure and of the proposed coordination of the
complexes. Blue prismatic crystals were obtained for
[Cu(Gly-Gly)(tmp)]-6H,O by recrystallization in 95%
ethanol. Recrystallization tests for the remaining ternary
complexes were unsuccessful.

The obtained solids correspond to the general formula
[Cu(r-dipeptide)(tmp)]-xCH;CH,OH-xH,0, where the
dipeptide acts as a — 2 anion, making neutral complexes
of the following formulas and elemental compositions.
[Cu(Gly-Gly)(tmp)]-6H,0 C1 Calc. for C,;H;,CuN,O4/
Found: %C: 44.64/44.68, %N: 10.41/10.25, %H: 6.36/6.20;
[Cu(L-Gly-Phe)(tmp)]-CH;CH,OH-2H,0 C2 Calc./Found
(C,oH33CuN,O¢) %C: 57.84/57.39, %N: 9.30/8.96, %H:
6.36/5.90; [Cu(L-Ala-Gly)(tmp)]-3.5H,0 C3 Calc./Found
(C5H3,CuN,Og¢ 5) %C: 49.75/49.75, %N: 11.05/11.12,
%H: 6.16/5.99; [Cu(L-Ala-Phe)(tmp)]-3H,0 C4 Calc./
Found (C,gH;cCuN,Og) %C: 57.18/57.52, %N: 9.52/9.40,
%H: 6.17/6.07; [Cu(L-Val-Phe)(tmp)]-CH;CH,OH C5
Calc./Found (C;,H,;,CuN,O,) %C: 63.19/63.58, %N:
9.21/8.79, %H: 6.62/6.15; [Cu(L-Phe-Ala)(tmp)]-3.5H,0
Cé6 Calc./Found (C,gH;;,CuN,Og 5) %C: 56.31/56.15, %N:
9.38/9.29, %H: 6.24/6.34; [Cu(L-Phe-Phe)(tmp)]-2H,0
C7 Calc./Found (C;,H;3CuN,O;5) %C: 63.19/63.60, %N:
8.67/8.59, %H: 5.93/5.74. Only complexes C1, C3 and C4
are soluble in water to mM concentrations, all the com-
plexes are soluble in DMSO and DMSO/water mixtures.

Physical methods

Elemental analyses (C, N and H) of the samples were carried
out on a Thermo Flash 2000 analyzer. Infrared spectra were
measured on a Shimadzu IR Prestige 21 (4000-400 cm™ Y as
1% KBr disks with a 4 cm™ resolution. UV-visible spectra

Fig. 1 Scheme of the synthetic
procedure, the ligands and of
the proposed coordination of the
complexes
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of 2.5 mM solutions in H,0 and/or DMSO of the complexes
were recorded on a Thermo Scientific Evolution 60 spectro-
photometer in 1 cm path length quartz cells.

Electronic paramagnetic resonance (EPR) measurements
(X-band, 9.5 GHz) of frozen DMSO solution (with about
10% of water) samples at 77 K temperature were carried out
on a JEOL JES-FA200 spectrometer. The Spin Hamiltonian
parameters g and A were determined using spectral simu-
lations with the Easyspin software [38] running in Matlab
R2014a.

Crystal structure determination

Diffraction data for suitable crystals of C0 and C1 were
obtained with Mo-K|, radiation (1=0.71073 A) at 296(2)
K on a Bruker D8 Venture diffractometer equipped with
a Photon 100 CMOS detector. Data collection, reduction
and multi-scan absorption correction were done on Bruker
APEX 3 software [39]. Intrinsic methods were used to solve
the structures with SHELXT [40]. Refinement by the full-
matrix least squares on F> method was performed using
SHELXL [41] within SHELXLE [42]. Non-hydrogen atoms
were refined anisotropically, whereas, hydrogen atoms were
geometrically positioned and refined with the riding model
using 1.2 U, for carbon bonded H atoms and 1.5 for water H
atoms. MERCURY was used for structure visualization and
image preparation [43]. CIF files were prepared on EnCIFer
[44].

In the refinement of C1 structure, a solvent mask
procedure [45] within Olex2 [46] was calculated and 65
electrons were found in a volume of 224 A% in 1 void per
asymmetric unit. This is consistent with the presence of
6.5 water molecules. A summary of crystallographic data,
experimental details and refinement results is presented
in Table 1.

CuCO, (s) + H,dip (aq) - [Cu(dip)(H,0),] (aq) + CO, (g)

(5) L-Val-Phe  R,: CHCH,CH; R,: CH,CgH,
(6) L-Phe-Ala  R,: CH,C¢H, R,: CH,
(7) L-Phe-Phe R,: CH,CcHs R,: CH,CiHq

[Cu(dip)(H,0),] (aq) + tmp (et) -> [Cu(dip)(tmp)] (aq)
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Lipophilicity assessment

The lipophilicity of the complexes was studied by Thin
Layer Reverse Chromatography using ALUGRAM®
RP-18W/UV254 plates. Solutions of the complexes in
DMSO were applied and the plates were dried for 12 h
at 50 °C. Afterwards plates were eluted with a mixture
of methanol:water 9:1 mixture in presence of Tris/HCI
pH=7.4 5 mM buffer. The reported Ry values were
obtained from the determined R; using the expression
Ry =1ogl0[(1/Ry) — 1] [47]. Reproducibility was con-
trolled with caffeine, obtaining variations of less than
10%.

DNA interaction study

A solution of 5 mg of Calf Thymus-DNA (CT-DNA) in
5 mL of water was prepared by at least 12 h of gentle stir-
ring. The concentration of the stock solution was determined
spectroscopically using the reported molar absorptivity

coefficient at 260 nm (g,4, = 6,600 M~! cm™!/base pair).
Protein content was controlled by the A,¢,/A,5, ratio which
varied in the 1.8—1.9 range [48]. Solutions were stored at
4 °C and were used within 3 days.

DNA intrinsic binding constant (K,) was determined
through UV absorption titration measurements using the
Benesi-Hildebrand model. The complexes were dissolved
in buffer Tris/HC1 pH="7.5 5 and 50 mM in NaCl. The con-
centration of the complexes was kept constant at 10-15 pM
while adding CT-DNA to obtain concentrations in the
0-250 uM in base pairs range [49-53].

The mode of binding was studied by circular dichroism
(CD). The CD spectra of a solution of DNA with fixed con-
centration (10 pM in a solution containing buffer Tris/HCl
pH=7.2 5 mM buffer) in the presence of increasing complex
concentration were recorded. A JASCO J-815 equipment
was used and spectra collected in the range of 220-320 nm

with a 100 nm/min rate and 6 accumulations.

Table 1 Crystal data and
structure refinement details

Identification code Co C1

Empirical formula C,¢H,5C1,CuN,O C4oH46Cu,NgO,
Formula weight 388.76 877.93

Crystal system Triclinic Monoclinic
Space group P-1 P2,/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness (26)

Max. and min. transmission
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/>20(])]

R indices (all data)

Largest diff. peak and hole
CSD deposition number

a=1.5680(2) A
b=10.1227(3) A
c=11.34153) A
a=105.830(2)°
A=97.794(2)°
7=106.031(2)°

782.21(4) A3

2

1.651 Mg m~?

5.127 mm™'

398

0.216%0.058 x0.050 mm’®
4.16-72.06°
—9<h<9,-11<k<12,-13<I<13

21.596
3080 [R(int)=0.0787]
99.9% (67.679°)

0.7538 and 0.6116
3080/1/230

1.047

R1=0.0430, wR2=0.0926
R1=0.0608, wR2=0.1003
0.386 and —0.438 e.A™>
1531352

a=14.0326(15) A
b=22.886(3) A
c=14.6590(16) A
a=90°
S=101.456(4)°
y=90°

4614.09) A3

4

1.264 Mg m™>
1.567 mm™!

1824
0.154%0.138 0.154 mm?
3.749-74.729°

—-16<h<17,-28<k<28,
-18<1<138

122.838
9454 [R(int)=0.0938]
99.90% (67.679°)
0.7538 and 0.6465
9454/0/522

1.041

R1=0.0580, wR2=0.1447
R1=0.0796, wR2=0.1564
0.411 and —0.435 e.A™?
2030977
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Cytotoxicity studies

The cytotoxicity of the complexes was evaluated against
different human cancer cell lines: human metastatic breast
adenocarcinoma MDA-MB-231 (triple negative, ATCC:
HTB-26), MCF-7 (ATCC: HTB-22), SK-BR-3 (ATCC:
HTB-30), human lung epithelial carcinoma A549 (ATCC:
CCL-185), cisplatin resistant-human ovarian carci-
noma A2780cis (SIGMA) and nontumoral cell lines:
MRC-5 (lung; ATCC: CCL-171) and MCF-10A (breast,
ATCC: CRL-10317), using the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) colorimet-
ric assay. The cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM) for MDA-MB-231, A549 and
MRC-5, supplemented with 10% fetal bovine serum (FBS),
Roswell Park Memorial Institute (RPMI) 1640 Medium
for MCF-7, SK-BR-3 and A2780cis, supplemented with
10% FBS or Dulbecco's Modified Eagle Medium Nutrient
Mixture F-12 (DMEM F-12) for MCF-10A, containing 5%
horse serum, Epidermal growth factor (EGF, 20 ng mL™}),
hydrocortisone (0.5 pg mL™"), insulin (0.01 mg mL™"), 1%
penicillin and 1% streptomycin, at 310 K in humidified 5%

Table 2 Cytotoxic activity (expressed by ICsy) of the studied com-
plexes after 48 h of incubation, against MCF-7, SKBR-3, MDA-
MB-231 (human metastatic breast adenocarcinomas, the latter triple
negative), MCF-10A (breast nontumoral), A549 (human lung epi-

CO, atmosphere. To retain the resistance of the A2780cis
cell line, cisplatin (10 uM) was added every 3 passages
during cell culture. To conduct the assay, 1.5x 10* cells/
well were seeded in 150 pL of medium in 96-well plates
and incubated at 310 K in 5% CO, for 24 h to allow cell
adhesion. Then the cells were treated with copper com-
plexes for 48 h. Cu-complexes were dissolved in DMSO,
and 0.75 pL of solution was added to each well with 150
pL of medium (final concentration of 0.5% DMSO/well).
Cisplatin, used as a reference drug, was solubilized in
DMF. After the treatment, MTT (50 pL, 1 mg mL~! in
PBS) was added to each well, and the plate was incubated
for 4 h. Cell viability was detected by the reduction of
MTT to purple formazan by living cells. The formazan
crystals were solubilized by isopropanol (150 pL/well),
and the optical density of each well was measured using a
microplate spectrophotometer at a wavelength of 540 nm.
The concentration to 50% (ICs) of cell viability (Table 2)
was obtained from the analysis of absorbance data of three
independent experiments.

thelial carcinoma), MRC-5 (lung nontumoral) and cisplatin resistant-
human ovarian carcinoma A2780cis cell lines. Selectivity Index (SI,
1Cs, on non-tumor cells/ICs, on tumor cells)

Compound/ MCF7 MDA-MB-231 SKBR-3 MCF-10A A549 A2780cis MRC-5

ICsp (uM)

tmp 7.24+£3.28 1.06+£0.44 1.11+£0.21 4.05+0.62 0.71£0.15 0.29+0.02 0.18+£0.01
Co 0.38+0.10 0.47+0.04 0.26£0.02 1.24+0.04 1.09+0.03 0.33+£0.04 0.16£0.05
C1 0.72+0.20 0.26 £0.01 0.20+0.01 0.82+0.03 0.76 £0.10 0.31+£0.04 0.16£0.09
Cc2 0.24+0.03 0.36£0.06 0.27+0.01 1.02+0.05 1.20+0.08 0.48+£0.07 0.31+£0.02
C3 0.78 £0.21 0.28£0.02 0.30+0.01 1.21+0.01 1.08 £0.07 0.13+£0.04 0.15+0.07
C4 0.90+0.23 0.53+0.03 0.34+0.01 0.98 £0.06 0.69+£0.03 0.21+£0.04 0.10£0.03
C5 0.73+0.03 0.43+£0.02 0.66+0.04 1.27+0.13 1.18+£0.03 0.18£0.01 0.12+0.04
Co6 0.69+0.03 0.22+0.03 0.31+£0.04 1.06 £0.05 0.79+0.07 0.17£0.08 0.32+0.10
Cc7 0.76 £0.07 0.56+0.03 0.73+£0.04 0.94+0.10 1.12+0.05 0.20£0.02 0.20+£0.05
Cisplatin 8.91+2.60 244+0.20 6.8% 23.90+0.70 14.40+1.40 19.77£1.87 29.09+0.78
Slimp 1.79 0.26 0.27 3.94 1.61

Slco 3.26 2.64 471 0.15 0.48

Sl¢, 1.13 3.15 4.10 0.21 0.52

Slc, 4.25 2.83 3.78 0.26 0.65

Slcs 1.55 4.32 4.03 0.14 1.15

Slcy 1.09 1.85 2.88 0.14 0.48

Slcs 1.74 2.95 1.92 0.10 0.67

Slce 1.54 4.82 3.42 0.41 1.88

N 1.24 1.68 1.29 0.18 1.00

Slcisplatin 2.68 9.80 3.51 2.02 1.47

*Taken from Ref. [80]
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Results and discussion
Crystal structures

Table 1 summarizes crystallographic data as well as refine-
ment details.

[Cu,Cl,(tmp),]-H,0 (CO)

Single crystal X-ray diffraction of suitable crystals of C0
showed a dinuclear compound, with one water molecule per
asymmetric unit. The copper center presents a square-based
pyramidal coordination sphere with two N atoms from the
tmp ligand and three Cl atoms, where two act as bridges
between the copper centers. The structure is similar to that of
the Cu-phen complex [54]. The contents of the asymmetric
unit and the complex generated by symmetry are presented
in Fig. 2. Table S1 shows selected distances and angles
around the metal centre, Fig. S2 presents the crystal packing.

[Cu(Gly-Gly)(tmp)]-3.75 H,0 (C1)

The crystal structure of C1 shows pentacoordinated copper
centers, with two metal complexes per asymmetric unit. A

Fig.2 Ortep representation
with 50% probability of C0: a
asymmetric unit and b molecule
generated by symmetry with
atom numbering scheme. The
water molecule is not showed
in the structure, for the sake of
clarity. Selected bond lengths
and angles: N1-CulA 1.975(9)
A, N2-CulA 2.061(9) A, N1-
CulA-N281.1(3) °

Fig.3 Ortep representation

as 50% probability ellipsoids

of the asymmetric unit of C1
with numbering scheme. Water
molecules are not showed in the
structure, for the sake of clar-
ity. Selected bond lengths and
angles: Cul-N11.996(3) A,
Cul-N22.253(3) A, N1-Cul-
N2, 78.08(12) °

@ Springer

structural water molecule bridges both molecules by strong
O.--H-O-H:--O intermolecular interactions.

The coordination polyhedron is a square-based pyramid
slightly distorted toward a trigonal bipyramid. Figure 3
depicts the contents of the asymmetric unit of C1 (and Fig.
S1, Sup. Inf. the Molecule overlay for non-symmetry equiva-
lent molecules). The coordination scheme is similar to that
observed in related [Cu(dipeptide)(phen)] complexes [27,
28, 36]. The dipeptide coordinates through the carboxylate
oxygen atom and the amidic and aminic nitrogen atoms. The
tmp is perpendicular to the dipeptide ligand with a nitrogen
atom coordinating on the equatorial plane and the other in
the apical position, whit a bite angle slightly lower than that
of C0. Table S1 shows the distances and angles of the coor-
dination sphere, Fig. S3 presents the crystal packing.

Infrared spectra

All the studied ternary complexes present similar infrared
spectra, which evidences the coordination of both ligands
to the metal center. The common characteristic bands in the
spectra include a broad, very strong peak around 1600 cm™,
corresponding to v(C=0)+ v(C-N) +v,,(COO), which is
characteristic of the coordinated dipeptide moiety [19, 20,
55]. Absorption peaks corresponding to other ring stretching
frequencies of the tmp are modified in relation to the free
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ligand and very close to those of the [Cu,Cl,(tmp),]-H,O
appearing around 1530 and 1400 cm™, in agreement with
the coordination of tmp [56]. The complexes and ligand
spectra and their tentative assignment are included in
Table S2 and S3 (Sup. Inf.).

Characterization in solution

To have an insight of the major species in aqueous solution,
UV-Vis and EPR spectroscopy studies were conducted.

UV-Vis spectra (Table S4, Fig. S4, Sup. Inf.), both in
aqueous and DMSO solution, present a maximum absorp-
tion wavelength (4.,,) in the 620-650 nm range with a
shoulder at 850 nm. This is typical of Cu(Il) in pentacor-
dinated complexes [31, 33, 34, 57, 58], as observed in the
solid state structure. Empiric correlations between the 4,
and the donor atoms coordinated to the Cu(Il) [59-62] were
used to further analyze it. The 1, of the visible spectra,
calculated according to Prenesti et al. [61, 62] for the pro-
posed coordination scheme shown in Fig. 1—correspond-
ing to the crystal structure of C1 is around 610-620 nm.
Spectra were recorded in H,O for C1, C3 and C4 only, due
to solubility limitations. The 4, is around 650 nm with a
shoulder at 850 nm. This 4, is higher than the calculated
one, but is not the calculated (and determined) for any of
the binary complexes [19, 20, 23]. The spectra in DMSO
present a A, around 620 nm, similar to the calculated for
the pentacoordinated ternary complex, suggesting this is the
major species. According to this analysis, the major species
in solution are ternary ones. Spectra of the complexes (both
in H,O and in DMSO) remain constant for at least 48 h,
evidencing complexes are stable.

The EPR spectra of these ternary complexes are in agree-
ment with a distorted square pyramidal geometry (Fig. S5,
Sup. Inf.). There is no evidence of the coexistence of mul-
tiple species with different coordination environments. The
g and A values are in accordance with previous reports of
copper coordination centres with N and O donor atoms [31,
33, 34, 57, 58, 63, 64].

The combination of results from UV-Vis and EPR spec-
troscopies suggest that the coordination sphere of the major
species observed in aqueous or DMSO solution is similar to
the one observed for C1 in the solid state, depicted in Fig. 1.

Lipophilicity

Lipophilicity was determined as Ry, for the tmp ligand and
the studied ternary complexes. The cationic binary complex
CO0 runs with the front, as well as C1 and C3. Lipophilic-
ity values expressed as Ry are: tmp 0.35, C2 —0.02, C4
—0.01, C50.20, C6 0.07 and C7 0.70. Lipophilicity follows
the trend of the dipeptide complexity, increasing by addi-
tion of alkyl and aromatic substituent. Only C7, containing

L-Phe-Phe, is more lipophilic than tmp, as expected and
already reported for [Cu(dipeptide)(phen)] complexes [27].
The order of the residues on isomeric ligands affects lipo-
philicity, as observed for C4 and C6, which correlates also
with the difference in solubility in water which is higher for
C4 than C6.

Complex-DNA interaction studies

Values of intrinsic binding constants to DNA (Kb) of all the
heteroleptic complexes are relatively similar, in the order
of 1x10°(Table S5 and Fig. S6, Sup. Inf.), evidencing a
similar DNA binding strength. The K, values are around
ten-fold lower than their analogous for Cu-dipeptide-phen
complexes [27], suggesting that methyl groups of tmp impair
DNA binding as compared to phen. Their order of magni-
tude is consistent with groove binding [65], and/or partial
intercalation, possibly of the tmp moiety.

CD studies show that the complexes induce a DNA con-
formational change from the B form to the A form (Fig. S6
presents the spectra) [66]. The A form presents a deeper
major groove, suggesting that the complexes bind the DNA
in the major groove.

Cytotoxicity

The complexes are highly cytotoxic against the studied cell
lines, as presented in Table 2, showing a tenfold increase in
activity compared to cisplatin. Their activity is especially
remarkable in the cisplatin resistant line A2780cis, suggest-
ing a different mechanism of action that overcomes resist-
ance. When comparing the activity on the different breast
cancer cells, compounds are highly cytotoxicity to MDA-
MB-231 cells, a triple-negative breast cancer cell line, com-
pared with the hormone-dependent MCF-7 cell line.

When compared with other Cu-compounds, the com-
plexes can be classified as potent or remarkable cytotoxic
agents according to the classification of Santini et al. [3].
The activity is high as compared with other Cu-complexes
such as Casiopeinas [67], [Cu(bimda)(tmp)] [68], [Cu(trien)
(tmp)](C10O,), [69] other phen containing ternary com-
plexes with tridentate ligands such as [Cu(4-bromo-6-(((5-
chloro-2-hydroxyphenyl)amino)methylene)cyclohexa-2,4-
ien-1-one)(phen)] [70], [Cu(phen),Cl]Clep-aminobenzoic
acide4H,0 [71], complexes with highly functionalised phen
derivatives such as with a triphenylphosphine group linked
by an amide [8], complexes of tridentate N,N,O-chelating
salphen-like ligand scaffold [72], complexes with tripodal
ligands as [Cu(tris(2-pyridyamine)Cl,] [73], complexes
with heteroescorpionate ligands [74] and comparable to the
highly cytotoxic Cu-carbene compound WBC4 [75].

To the best of our knowledge, there is no relation between
the structural descriptors determined in this work with the
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cytotoxicity. When comparing with other [Cu(dipeptide)
(diimine)] complexes, tmp complexes present are the more
active (present lower ICsy), in spite of showing the lower K,
suggesting that DNA binding is not the determinant of the
cytotoxic activity [27, 36].

As a first approach to the toxicity of the complexes, their
cytotoxicity toward nontumoral cells were determined and
a Selectivity Index was calculated (SI, IC;, on non-tumor
cells/IC5, on tumor cells of the same origin except for
A2780cis cells for which in absence of a nontumoral model
MRC-5 cells were used).

As can be seen from Table 2, the complexes are less
selective than cisplatin in this model, and are more selec-
tive for breast cancer than for lung cell lines. Complexes
are very cytotoxic to the MRC-5 cells. Despite that, com-
pound CO was tested decades ago on mice and was rela-
tively well tolerated at doses at least ten-fold the determined
ICs, [76]. Therefore, as the complexes are highly cytotoxic
and present similar selectivity to CO which presented toler-
able side effects in animals, we consider that both C0 and
[Cu(dipeptide)(tmp)] complexes deserve being studied in
animal models to check their activity and toxicity in vivo.
In particular complex C3 presents the most adequate profile
for in vivo testing on breast and ovarian cancer models, due
to its selectivity index and water solubility.

Looking for the active species for this series of com-
plexes two different approaches have been followed. EPR
spectra of DMSO solutions of the complexes with 10%
culture medium were measured, as complexes in solution
with culture medium can experiment speciation equilibria
that can extend to coordinate media ligands. Spectra do not
evidence major changes upon medium addition, suggesting
that although speciation equilibria are possibly happening,
the ternary complexes remain a major fraction of the Cu.
As an example, Fig. S8 presents the simulated EPR spectra
with the parameters (g, A) of compound C4 overlapped to
the EPR of the same complex with culture medium. This
does not rule out the formation of species where Cu is par-
tially coordinated to, for instance, albumin of the media, as
demonstrated for Cu-phen complexes. Moreover, the EPR
spectra remain the same after 72 h (Fig. S9), evidencing that
the compound maintains its coordination over time. This is
only an approach to the equilibrium at culture conditions
where Cu levels are much lower (but not adequate for EPR)
and expected to favor complex dissociation, specially of the
dipeptide. Once inside the cell endogenous copper is present
as Cu(I). When the cells are exposed to copper complexes,
they induce an increase of copper uptake, this copper is also
believed to be Cu(I) [77, 78]. We expect it to be the case for
our complexes although this point is outside the reach of this
work. If complexes were reduced to Cu(l), as suggested for
the Cu-phen complexes [77], that would lead to the dissocia-
tion of the dipeptide and possible also the tmp.

@ Springer

As a complementary approach, the activity of all the
components of the heteroleptic complexes was determined.
The copper salt and free dipeptides present low cytotoxic-
ity (with no detectable activity up to 50 uM). Therefore, if
the compound were to dissociate in the culture medium nor
the copper or the dipeptide alone are responsible for the
observed cytotoxicity. In relation to free tmp, for the breast-
derived cells, its activity and selectivity toward cancer cells
is lower than CO and the ternary complexes. On the other
cells, the activity is similar and the selectivity is somewhat
higher for tmp than C0 and the heteroleptic complexes. The
activity of the free diimines as phen and tmp was recently
reviewed with authors proposing that their cytotoxicity is
due to the formation of complexes with the Cu of the culture
medium [79], an effect that cannot be excluded to occur, at
least partially, in our studies. However, this is not the cause
of the observed differences of relative activity of tmp versus
the complexes, as studies for cells with different relative
behavior were performed in exactly the same medium being
an intrinsic different cytotoxicity of tmp on certain cancer
cell lines. According to our results, it cannot be excluded
that for the A549, A2780cis and MRC-5 cells the tmp is
responsible for the activity, whereas for the breast-derived
cells the complexation seems to play a more significant
role. This issue is becoming a new focus of research in the
literature, and was studied mostly for the related Cu-phen
system. One work suggests that the ultimate active species
are Cu(I) and phen, separately inside the cell, but as Cu
distribution depends on the ligands of the complexes, the ter-
nary complexes still play a role inside the cell [77]. In vivo
experiments showed that Cu-phen, but not free phen, present
significant antitumor activity in a mouse cancer model [79],
evidencing the central role of the complexation. This is a
subject that deserves yet more research to understand the
active species of Cu-complexes.

Conclusions

Seven new ternary [Cu(L-dipeptide)(tmp)] complexes were
synthesized and characterized both in solid state and in
solution, by analytical and spectroscopic methods. Two
new structures were determined, including [Cu(L-Gly-Gly)
(tmp)]-6H,0, which presents the typical [Cu(L-dipeptide)
(phen)] structure. The coordination environment of the metal
observed in the solid state is maintained in the major species
in aqueous solution.

Tmp impairs DNA binding as compared to phen, possibly
favoring major groove binding. The introduction of tmp as a
ligand augmented the cytotoxic activity of the complexes, as
compared to the related [Cu(L-dipeptide)(phen)], suggesting
that the DNA interaction is not determinant in the cytotoxic-
ity of the compounds. The complexes are highly cytotoxic
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as compared with other Cu-complexes and cisplatin, and are
potential candidates to further study in vivo as new treat-
ments of triple negative breast cancer and other aggressive
tumors for which there is no available curative pharmaco-
logical treatment yet.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-022-01938-3.
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