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Rhenium complexes show great promise as anticancer drug candidates. Specifically, compounds with a Re
(CO)3(NN)(py)" core in their architecture have shown cytotoxicity equal to or greater than that of well-
established anticancer drugs based on platinum or organic molecules. This study aimed to evaluate how the
strength of the interaction between rhenium(I) tricarbonyl complexes fac-[Re(CO)3(NN)(py)]™, NN = 1,10-
phenanthroline (phen), dipyrido[3,2-f:2',3"-h]quinoxaline (dpq) or dipyrido[3,2-a:2'3’-c]phenazine (dppz) and
biomolecules (protein, lipid and DNA) impacted the corresponding cytotoxic effect in cells. Results showed that
fac-[Re(CO)g(dppz)(py)]Jr has higher Log P, and binding constant (Kp) with biomolecules (protein, lipid and
DNA) compared to complexes of fac-[Re(CO)g(phen)(py)]Jr and fac-[Re(CO)g(dpq)(py)]+. As consequence, fac-
[Re(CO)3(dppz)(py)] ™ exhibited the highest cytotoxicity (ICso = 8.5 pM for HeLa cells) for fac-[Re(CO)3(dppz)
(py)]" among the studied compounds (ICso > 15 pM). This highest cytotoxicity of fac-[Re(CO)3(dppz)(py)] ™ are
probably related to its lipophilicity, higher permeation of the lipid bilayers of cells, and a more potent interaction
of the dppz ligand with biomolecules (protein and DNA). Our findings open novel avenues for rational drug
design and highlight the importance of considering the chemical structures of rhenium complexes that strongly
interact with biomolecules (proteins, lipids, and DNA).

1. Introduction

The search for new anticancer drugs is still ongoing, as well-
established drugs containing platinum, such as cisplatin, carboplatin,
and oxaliplatin, have demonstrated resistance and severe side effects
during treatment [1]. Thus, the primary challenge for scientists in
advancing anticancer research is to achieve minimal or negligible side
effects for novel therapeutic avenues in the field. In recent decades,
several metal complexes have shown great potential as anticancer drug

candidates [1]. The main reason for this is the flexibility of metal
complexes in adopting various types of chemical structures that enable
them to engage in effective binding interactions with target bio-
molecules, thereby enhancing their effectiveness [2].

Among transition metal complexes, rhenium (Re) organometallic
complexes demonstrate noteworthy characteristics, such as facile syn-
thesis via a one-step strategy, remarkable thermal and kinetic stability,
and excellent photochemical and photophysical properties [2]. Anti-
cancer applications of rhenium complexes have only recently been

Abbreviations: Re(CO)3, rhenium(I) tricarbonyl complexes; py, pyridine; phen, 1,10-phenantroline; dpq, dipyrido[3,2-f:2',3"-h]quinoxaline; dppz, dipyrido[3,2-
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explored [3]. In particular, compounds comprising a Re(CO)3 core in
their architecture have shown the possibility of overcoming the limita-
tions of platinum-based drugs [4]. Several studies have demonstrated
the therapeutic potential of these compounds [5-9]. Knopf et al. have
conducted research on various rhenium tricarbonyl complexes to eval-
uate their anticancer properties [6]. They discovered a drug candidate
that demonstrates greater potency than cisplatin against HeLa cells [6].
This particular complex trigger cell death through a unique mechanism,
different from that of cisplatin, thereby avoiding cross-resistance be-
tween the two compounds [6]. Further studies on in vivo biodistribution
and metabolites of the complex have verified its stability and indicated
its excretion through the renal and hepatobiliary systems [6].
Leonidova and colleagues have discussed the cytotoxic Re organo-
metallic complexes mainly focused on ICs values and their modes of
cytotoxic action [1]. Most of the reported cytotoxic effects toward
human cancer cell lines present remarkable outcomes associated with
rhenium complexes characterized by the general formula fac-Re(CO)s,
exhibiting ICsy values <30 pM [1]. The toxicity of the compounds
typically rose with their lipophilicity, likely because of enhanced uptake
by cells [1]. Enslin et al. demonstrated remarkably low cytotoxicity
(ICsp = 30-50 nM) of Re(I) carbonyl complexes against prostate
adenocarcinoma (PC3) [10]. The exceptional toxicity was attributed to
the compounds’ localization in mitochondria and nuclei, leading to the
downregulation of mitochondrial ATP production in PC3 cells [10].
Although recent studies have shown the potential of Re tricarbonyl
complexes as anticancer drugs [1,5-10], there remains a gap in the
understanding of the influence of biomolecule interactions with
rhenium(I) tricarbonyl complexes on their cytotoxic effects in cells.
Recently, Konkankit and colleagues showed that one of the factors
contributing to the increased cytotoxic activity of rhenium(I) tricarbonyl
complexes was their lipophilic and hydrophilic nature [11]. They
demonstrated that by increasing the alkyl chain length of Re(CO)s,
cellular uptake was swifter, and cytotoxic effects manifested on a
significantly accelerated timescale [11]. Although this study elucidates
the influence of the lipophilic/hydrophilic nature of rhenium(I) tri-
carbonyl complexes in modulating the rate of cell death, it is not clear
how lipophilic characteristics can influence the combination of Re
complex with biomolecules (i.e., proteins, lipids, and DNA) for opti-
mizing its intrinsic pharmacological properties. Expanding on previous
efforts, the objective of this study was to examine how the interactions of
the Re complex with biomolecules affect cell death. In this context, we
aimed to prepare a series of Re(CO)3 molecules with different ligand
characteristics (Fig. 1) to understand the relationship between lip-
ophilicity, strength of biomolecule binding, and cytotoxicity.

fac-[Re(CO)(phen)(py)]*

fac-[Re(CO)s(dpq)(py)l*

Journal of Inorganic Biochemistry 257 (2024) 112600
2. Experimental section
2.1. Synthesis and characterization of rhenium(l) tricarbonyl complexes

ReCl(CO)s, 1,10-phenantroline (phen), pyridine (py), and tri-
fluoromethanesulfonic acid were purchased from Aldrich (Darmstadt,
Germany) and used without further purification. The ligands, dipyrido
[3,2-f:2',3"-h]quinoxaline (dpq) and dipyrido[3,2-a:2'3’-c]phenazine
(dppz) were synthesized as described previously [12-14]. The fac-[Re
(CO)3(NN)(py)]1PFg complexes, NN = phen (1), dpq (2), and dppz (3),
were prepared according to previously described procedures [15-18].
Product purity was confirmed by elemental analysis, infrared (IR) and
1H Nuclear Magnetic Resonance (NMR).

Attenuated total reflectance Fourier-transformed infrared (ATR-
FTIR) spectra were recorded in a Perkin Elmer Frontier spectrometer
equipped with a diamond crystal plate, using 16 scans at a resolution of
2 cm™!. 'H NMR spectra were recorded in a Bruker Ascend 400 MHz
spectrometer using the residual solvent signal as internal standard.
Elemental analysis was carried out in a Perkin Elmer 2400 CHNS
analyzer. Electronic absorption spectra were recorded in a Shimadzu
UV-Vis spectrophotometer UV-1650 PC. Room temperature emission
measurements were performed in argon degassed CH3CN solutions in a
1.000 cm quartz cuvette. Emission quantum yields were determined
taking the fac-[CIRe(CO)s(phen)] as standard (@em = 0.018 in CH3CN at
298 K) [19].

fac-[Re(CO)3(phen)(py)]™: IR (em™): Ve picarom) W(3088), Ve H(arom)
W(2970), Vc=0 5(2013), Vc=0 S(1922), Vc=0 5(1872), Vc=C(arom) m(1627),
Vc=C(arom) M(1601), Vc—N(arom) M(1583), Vc—N(arom) M(1518), Vc—N(arom)
m(1490), vp_r s(850), vc-H(arom) $(722), Vc.-H(arom) M(641), vp. 5(546), Vre-
N s(271).

fac-[Re(CO)3(dpa)(py)]": IR (em™"): Ve Hearom) W(3093), Ve H(arom) W
(3044), Vc=0 5(2019), Vc=0 S(1916), Vc=0 5(1870), Vc=C(arom) m(1608),
Vc=C(arom) m(1577), VC=N(arom) w(1547), VC=N(arom) m(1530), VC=N(arom)
m(1479), vp.r m(824), vc.Hearom) M(730), Ve Hearom) M(644), vp.r m(526),
VRe-N 1‘[1(277).

faC'[Re(CO)3(dPPZ)(Py)]+: IR (Cmil): VC-H(arom) w(3088), VC-H(arom)
W(2923), Vc=0 5(2032), Vc=0 S(1936), Vc=0 5(1908), Vc=C(arom) W(1605),
Vc—c(arom) W(1578), Vc—N(arom) W(1547), Vc—N(arom) M(1495), Vc—N(arom)
w(1465), vp.r s(834), VC-H(arom) s(807), VC-H(arom) m(637), vp.r m(530),
VRe-N W(271).

For fac-[Re(CO)s(phen)(py)]PFs (1), the yield was 87%, and anal.
Calcd. for ReCogH13N303PFg: C, 35.61%; N, 6.23%; H, 1.94%, found: C,
35.14%; N, 6.06%; H, 2.16%. 'H NMR (400 MHz, CD3CN) d 10.36 (dd,
2H, J 1.32,5.10 Hz), 9.59 (dd, 2H, J 1.36, 8.10 Hz), 9.02 (dd, 2H, J 1.48,
6.50 Hz), 8.92 (s, 2H), 8.87 (dd, 2H, J 5.12, 8.11 Hz), 8.50 (m, 1H), 7.94
(m, 2H).

For fac-[Re(CO)3(dpq)(py)]1PFs (2), the yield was 92%. caled. For
ReCysHyoN503PFg: C, 47.91%; N, 11.18%; H, 3.54%, found: C, 47.86%;
N, 11.05%; H, 3.36%. H NMR (400 MHz, CD3CN) d 10.54 (dd, 2H, J
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fac-[Re(CO)s(dppz)(py)]*

Fig. 1. Rhenium(l) tricarbonyl complexes examined in this study are listed as follows: (1) fac-[Re(CO)s(phen)(py)1™; (2) fac-[Re(CO)3(dpq)(py)]™ and (3) fac-[Re

(CO)3(dpp2)(py)] ™.
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1.24, 8.40 Hz), 10.44 (dd, 2H, J 1.48, 5.14 Hz), 9.95 (s, 2H), 9.06 (dd,
2H, J 1.40, 6.38 Hz), 9.01 (dd, 2H, J 5.40, 8.46 Hz), 8.50 (m, 1H), 7.96
(m, 2H).

For fac-[Re(CO)3(dppz)(py)1PFe (3), the anal yield was 79%. calcd.
For ReCygH15N503PFg: C, 40.01%; N, 8.97%; H, 1.94%; found: C,
39.86%; N, 8.75%; H, 1.80%. 'H NMR (400 MHz, CD3CN) d 10.66 (dd,
2H, J 1.36, 8.30 Hz), 10.42 (dd, 2H, J 1.32, 5.28 Hz), 9.22 (dd, 2H, J
3.36, 6.52 Hz), 9.11 (dd, 2H, J 1.52, 6.64 Hz), 9.02 (dd, 2H, J 5.28, 8.30
Hz), 8.89 (dd, 2H, J 3.20, 6.68 Hz), 8.52 (m, 1H), 7.99 (m, 2H).

2.2. Partition coefficient determination of rhenium(I) tricarbonyl
complexes

The coefficient of partitioning of the rhenium complexes was
determined using octanol and water in a shake-flask method according
to the method described in previous studies [20,21]. Briefly, the
rhenium complex (50 pM) was added to a mixture consisting of octanol
and water in a 50% (v/v) ratio. After intense stirring, the samples were
incubated in the dark for 24 h. The organic phase was then separated
from the aqueous phase, and the Re(I) complex concentration in each
phase was evaluated using UV-vis spectroscopy. The coefficient of
partitioning in the octanol phase (log P,,) was determined using Eq. (1)
[22]:

%) @

108 Fopm = L0810 ( [ReComplex,,,
where [ReComplex]octanol and [ReComplex]yater represent the molar
concentrations of the Re(I) complex in octanol and water.

The experiment was performed in independent duplicates, with three
repetitions in each experiment (n = 6), and the average and standard
deviation of the log P,y values obtained in each experiment were
calculated.

2.3. Bovine serum albumin (BSA)-binding assay by fluorescence analysis

Interactions between rhenium(I) complexes and bovine serum al-
bumin (BSA) were studied using spectroscopic techniques. The solution
of BSA (3 pM) was prepared in Tris buffer (10 mM, pH 7.4). Then,
fluorescence spectra of BSA (3 pM, in Tris buffer 10 mM, pH 7.4) were
recorded in the absence or presence of the rhenium(I) tricarbonyl
complexes (with concentrations ranging from 0 to 16 pM in Tris buffer
with <1.0% v/v DMSO) (Aex = 280 nm, slit widths of 5.0 nm for exci-
tation and 1.0 nm for emission) in the range 300-450 nm at 35 °C.

Because each rhenium complex exhibited notable absorption at the
excitation and emission wavelengths (280 and 350 nm, respectively),
the inner filter effect was adjusted using Eq. (2) [23]:

Feor = Fops 10/(Aex-+Aem)/2] (2)

Fcor and F,ps denote the corrected and observed fluorescence intensity
values, respectively, whereas A, and A, represent the experimental
absorbance values at the excitation and emission wavelengths,
respectively.

The quenching constants were calculated from Stern-Volmer Eq. (3):

B 1k @) = 14K [Q @)
where Fg and F are the fluorescence intensities in the absence and
presence of the quencher, respectively, Kgy is the Stern-Volmer
quenching constant, kg is the bimolecular quenching constant, 1o is the
average lifetime of the Trp-214 residue without the quencher (~1 x
1078 s) [23] and [Q] is the concentration of the quencher.

The modified Stern-Volmer equation was employed to calculate the
binding constant (K,) and number of binding sites (n) (Eq. (4)) [24]:
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(Fo — F)
logiF

= logK} + nlog[Q] 4)
where Fy and F are the fluorescence intensities in the absence and
presence of the rhenium complex, respectively, and [Q] is the quencher
(in this case, the rhenium complex).

2.4. Liposome-binding assay by UV-Vis spectroscopy

For liposome preparation, lipid films of DOPG were produced by
evaporating chloroform in argon air, followed by hydration with 2.0 mL
of Tris buffer (10 mM, pH 7.4) solution [25,26]. Stock DOPG lipid
concentration was 1.5 mM. All vesicle suspensions were extruded 21
times through polycarbonate membranes comprising pores with a
diameter of 100 nm using an Avanti Mini-Extruder [27].

Solutions of each rhenium complex (20 uM in Tris buffer with <1.0%
v/v DMSO) were prepared. The changes in Re(I) complex (20 pM) ab-
sorption spectra were followed with successive small-volume additions
of DOPG liposomes (1.5 pM). The incubation time needed to achieve
equilibrium was 30 min (data not shown), as determined experimen-
tally. Then, after each addition of an aliquot of DOPG liposomes (1.5
pM) and incubation of 30 min, the absorption spectra of Re(I) complex
(20 pM) were recorded in the range 210-800 nm at room temperature.

The binding constant (K},) of the rhenium complex to liposomes was
calculated using Eq. (5), as previously described [28,29]:

_ A01 + AfK L] ©

+ kp[L]
where A is the rhenium complex absorbance intensity recorded in the
presence of the lipid at concentration [L], Ag is the rhenium complex
absorbance measured in the absence of the lipid, and A¢is the asymptotic
value of the absorbance of the complete rhenium complex.

2.5. DNA-binding assay by UV-Vis spectroscopy

A straightforward method for assessing the potential interactions
between DNA and a drug involves monitoring alterations in the ab-
sorption properties of either the drug or DNA molecules [30].

A solution of salmon sperm DNA (ss-DNA) was prepared by dis-
solving 5 mg of ss-DNA in 5 mL of Tris buffer (50 mM) containing NaCl
(5 mM) at pH 7.4 [31]. The DNA solution with a ratio of absorbance of
approximately 1.8 recorded at 260 and 280 nm (Absasonm/AbS280nm)
indicates that the DNA was sufficiently free of protein and that the
double helix structure was intact [32,33]. Thus, before starting the
experiment, DNA integrity was checked by ensuring that Abssgonm/
Absagonm > 1.8, and ss-DNA concentration was calculated using the
molar absorption coefficient, €569 = 6600 M~ em™! [32,33]. The stock
ss-DNA solution was refrigerated at 2-10 °C using an ice bath during all
experiments.

Solutions of each Re(I) complex were adjusted to a fixed concen-
tration of 20 pM in Tris buffer (50 mM) and NaCl (5 mM) containing
<1.0% v/v acetonitrile at a pH of 7.4. Then, after each addition of 10 pL
of aliquots of ss-DNA solution, the mixture containing the Re(I) complex
was incubated with DNA for 5 min, and the absorption spectrum with
varying ss-DNA concentrations (0-50 pM) was recorded in the range
210-800 nm at room temperature.

The binding constant (Kp) was obtained from the intercept-to-slope
ratios of Ag/(A - Ag) vs. 1/[DNA] according to the following Eq. (6)
[30,34]:

Ao fetel 1

A _AO - EHG — 8G"Kb [DNA] (6)

where A is the absorbance of the complex in the absence of DNA, A is
the absorbance in the presence of DNA at concentration [DNA], and &g
and ey are the absorption coefficients of the rhenium complex and the
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[ReComplex]-DNA, respectively.
2.6. Molecular docking and ligand preparation

The ligands were designed using the Avogadro software version 1.1.1
and saved in mol? format after structural optimization. The files were
then configured in Avogadro software using the extensions tool to obtain
an optimized geometry in a Universal Force Field (UFF). In AutoDock
1.5.7, the ligands were prepared by adding polar hydrogen atoms and
Gasteiger charges, and possible water molecules were deleted.

Molecular docking studies of the metallocomplexes of rhenium were
carried out using the Auto Dock 1.5.7 software with DNA and BSA
biomolecules. The crystal structures of DNA (126D) with a sequence of
CATGGCCATG at a resolution of 2 A and BSA (3 V03) at a resolution of
2.7 A were obtained from the Protein Data Bank (www.resb.org). Polar
hydrogen atoms and Kollman charges were added to the structure, and
the water molecules around the DNA/BSA were removed.

To study the binding state in blind docking, the DNA was analyzed in
a grid box with dimensions of 62 x 58 x 96 for the three complexes. BSA
was analyzed by considering the location of two possible binding sites in
the region of tryptophan 134 with the coordinates x = 45.989286, y =
36.667143, and z = 25.500143, and tryptophan 213 with the co-
ordinates x = 101.169786, y = 28.225500, and z = 19.778429.

For the BSA binding study, two possible sites were analyzed in a
70x76x78 scan box. Lamarkian genetic algorithms were used to perform
the ligand-receptor binding calculations. The number of genetic algo-
rithm runs was set to 100, and the number of evaluations was set to 2.5
million [35,36] The DNA/BSA interactions were produced using Biovia
Discovery Studio Visualizer version 2021 and Maestro Schrodinger
software, version 13.6.122.

2.7. DNA cleavage studies

To investigate the interaction of the complexes with DNA, we com-
bined the fac-[Re(CO)3(phen)(py)]1 ™, fac-[Re(CO)3(dpq)(py)]1 ™, and fac-
[Re(CO)3(dppz)(py)]T complexes with plasmid DNA from the siS-
TRIKE™ U6 Hairpin Cloning System (Human) — hMGFP. The isolated
plasmid was incorporated into a series of 11 solutions, each with a total
volume of 20 pL. These solutions included 30 ng/pL of the plasmid
treated at the concentrations of 40 pM and 80 pM of fac-[Re(CO)3(phen)
(py)]™ and fac-[Re(CO)3(dpq)(py)]™ and 10 pM and 20 puM of fac-[Re
(CO)?,(dppz)(py)]+ in PBS 1x with or without dimethyl sulfoxide
(DMSO - 0.05%), hydrogen peroxide (HyO2-15 mM), and a combination
of both. Controls consisted of an untreated plasmid, a plasmid treated
with the unique site restriction enzyme Xba I, and a plasmid treated with
H50,. The reaction mixtures underwent incubation at 37 °C for 12 h,
followed by the addition of 3 pL of loading buffer (loader - 0.25% bro-
mophenol blue, 0.25% xylene cyanol, 30% glycerol, 10 mM EDTA).
Subsequently, electrophoresis was conducted on a 0.8% agarose gel
containing 0.05% ethidium bromide (10 pg/mL) in 90 mM Tris-borate
buffer (pH 8.0) and 20 mM EDTA (0.5 x TBE). Gel electrophoresis
was performed at 80 V for 3 h, and the results were examined under
ultraviolet light. Bands were quantified using the ImageJ software
version 1.53 k (Java 1.8.0_172).

2.8. Cytotoxicity of rhenium(I) tricarbonyl complexes

The HelLa cell line, derived from cervical cancer cells, was obtained
from the American Type Culture Collection (ATCC) and cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 pg/ml penicillin, and 100 pg/mL strep-
tomycin. PNT2 (human prostate epithelial cell line), B16-F10 (murine
melanoma cells), and NIH/3 T3 (murine fibroblasts) were cultured in
RPMI-1640 medium (Gibco®, Paisley, UK) supplemented with 2 mM/L
glutamine, 25 mM HEPES, 100 pg/mL penicillin, 100 pg/mL strepto-
mycin, and 10% fetal bovine serum (FBS). All cultures were maintained
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in a 5% CO- atmosphere at 37 °C.

A cell viability assay using the MTT method was used to assess the
cytotoxicity of Re (I) complexes [37,38]. Cells were grown to 70-80%
confluence in a 75 cm? flask, detached with trypsin/EDTA, seeded in 48-
well plates at a density of 3 x 10* cells/well in 300 pL of the growth
media, and incubated at 37 °C in an atmosphere containing 5% CO5 for
24 h. Compounds were dissolved in DMSO to prepare stock solutions and
subsequently diluted in growth media (DMEM, 10% FBS, 100 pg/ml
penicillin, and 100 pg/ml streptomycin) to maintain a DMSO concen-
tration of <1%. Following removal of the medium, cells were incubated
with fresh medium (300 pL) containing varying concentrations (0-100
uM) of the desired rhenium complex for 24 h at 37 °C in an atmosphere
containing 5% CO,. The growth medium containing the Re(I) complex
was removed and incubated for an additional 24 h to allow adequate
time for cell proliferation. Subsequently, 100 pL of MTT (0.75 mg/mL)
was added to 300 pL of DMEM comprising 10% FBS. After 3 h, the MTT/
DMEM solution was removed, and formazan crystals were dissolved in
300 pL of DMSO. The absorbance of each well was measured at 570 nm
using a microplate reader. Cell viability was calculated by normalizing
the absorbance of the treated cells to that of the untreated cells (without
the complex; normalized to 100% cell viability). The percentage cell
viability and ICsy values shown in this study represent the average of
two independent experiments with three replicates per concentration
level. For ICs analysis (concentration that inhibits 50% of cell growth),
GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, Cali-
fornia, USA) was used based on nonlinear regression, where the per-
centage of cell viability was determined as a base 10 logarithmic
function of the concentrations tested assuming a 95% confidence in-
terval (p < 0.05).

To assess the selectivity of the complexes against tumor cells, the
selectivity index (SI) was calculated as the ratio between the concen-
trations needed to reduce cell viability by 50% (ICsp) in non-tumor cells
and tumor cells. The following formula was used: SI = (ICsg of the non-
tumor lineage)/(ICsg of the tumor lineage). An SI > 2 designated the
compound as more selective for tumor cell lines, indicating it kills twice
as many neoplastic cells as healthy cells. This designation underscores
its potential as a promising anticancer candidate [39].

2.9. Cell cycle analysis by flow cytometry

To explore the potential antiproliferative effects of the rhenium
metallocomplexes, HeLa tumor cells (2 x 10° cells/mL) were incubated
with varying concentrations of different complexes. In this study, fac-
[Re(CO)g(phen)(py)]+ and fac- [Re(CO)3(dpq)(py)]+ were administered
at concentrations of 10 pM, 20 pM, and 40 pM, whereas fac-[Re
(CO)3(dppz)(py)] " was employed at concentrations of 5 uM, 10 pM, and
20 pM, with the selected concentrations aligning with their respective
ICs0 values. The cells were incubated for 24 h. Subsequently, the cells
were centrifuged for 10 min at 1000 rpm, resulting in a pellet that un-
derwent two washes with PBS1x and subsequent fixation in a 70%
ethanol solution in PBS 1x. The fixed samples were stored at 4 °C
overnight. Subsequently, the cells were centrifuged for 10 min at 1000
rpm, and the pellet was re-suspended in PBS 1x containing 10 pg/ml
propidium iodide and 100 pg/ml RNase. This step aims to eliminate RNA
contamination, allowing only DNA to be stained. The cells were then
incubated in the dark for 45 min at 37 °C, after which the samples were
subjected to analysis using the ACCURI flow cytometer (BD). The
analysis was conducted on the FL2 channel, and the obtained cytometric
data were analyzed using the FloJo software (version 10).

2.10. Statistical analysis

Octave 7.2.0 was utilized for comparative statistical analyses. The
data, which were derived from a minimum of two (often three) inde-
pendent experiments, were presented as mean values + standard error
(SE). Initially, adherence to a Gaussian curve was assessed for pairwise
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comparisons. Subsequently, depending on the nature of the data, para-
metric or non-parametric analyses were performed using Student’s t-test
or Holm-Sidak test for independent samples. Multiple comparisons were
performed using one-way analysis of variance (ANOVA) with Tukey or
Bonferroni tests, based on variance homogeneity and the number of
groups involved. The strength of the linear correlation was determined
using Pearson’s coefficient (r). Statistical significance was set at a
threshold of P < 0.05. In the figures, significance levels concerning the
control are denoted with asterisks above the bars, and multiple or
pairwise comparisons are indicated accordingly.

3. Results and discussion
3.1. Synthesis and photophysical properties

The photophysics of the fac-[Re(CO)g(NN)(py)]+ employed in this
study have been extensively discussed in a previous study [15]. As
shown in Fig. 2, the electronic absorption and emission spectra of the
complexes in acetonitrile were obtained at 298 K. The main absorption
and physical parameters are summarized in Table 1.

The parent complex fac-[Re(CO)s(phen)(py)]” exhibited high-
energy fully allowed absorption bands attributed to the internal IL (x
— 7*) transitions in the phen ligand. Low-energy metal-to-ligand charge
transfer (MLCT) absorption was observed at 370 nm (Fig. 2), which was
responsible for the main photophysical properties of the fluid solution at
room temperature. A typical broad emission band was observed
following light excitation (Fig. 2), which was attributed to MLCT
radiative decay, as discussed elsewhere [15].

The replacement of the phen ligand by dpq and then dppz led to
redshifts in the high-energy absorption bands, owing to the extended
conjugation of the quinoxaline and phenazine ligands (Fig. 2). In fac-[Re
(CO)3(dpq)(py)1™, the MLCT transition was associated with the lowest
energy absorption band, whereas in fac-[Re(CO)3(dppz)(py)]*, an
overlap of the MLCT and IL transitions was observed, leading to an in-
crease in the molar absorptivity coefficient (¢) (Table 1). The stabiliza-
tion of the IL excited states in fac-[Re(CO)3(dpq)(py)]t and fac-[Re
(CO)3(dppz)(py)]™ also led to considerable changes in the emission
properties. The complex with dpq maintained its MLCT emitter state
with an emission maximum demonstrating a red-shift by ~12 nm
compared to fac-[Re(CO)s(phen)(py)] *, albeit with a smaller quantum
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Table 1
Photophysical data for the studied complexes in acetonitrile at 298 K (Aexe = 375
nm) [15].

Rhenium(I) Amax (nm) (e / 10* (L mol™* Aem Dem T/
Complex cm™ 1Y) (nm) us
fac-[Re 222 (4.11), 252 (2.71), 275 545 0.020 1.6
(CO)3(phen) (3.40), 327 (0.72), 369 (0.48)
y)1"
fac-[Re(CO)3(dpq) 258 (5.43), 286 (2.73), 370 557 0.012  0.45
(py1" (0.50)
fac-[Re 278 (8.98), 362 (1.85), 381 554, 0.001 108
(CO)3(dppz) (1.81) 600
(y1*

yield and emission lifetime (Table 1). In contrast, for fac-[Re
(CO)3(dppz)(py)]™, a structured emission band was observed, which
was attributed to radiative decay of the triplet intraligand excited state
(BILdppz). As expected, the quantum yield was one order of magnitude
smaller, and the corresponding lifetime reached 108 ps (Table 1).

3.2. Partition coefficient of rhenium(l) tricarbonyl complexes

Drug absorption in an organism is mediated via passage through
biological membranes. The lipophilicity of drug molecules strongly in-
fluences receptor binding, cellular uptake, and bioavailability [40].
During this process, hydrophilic or hydrophobic pathways are employed
to transport the substance to its site of action, where it can exert its
biological effects. The octanol-water partition coefficient (log Py /y) is
useful for estimating the simple relationship between hydrophilic/hy-
drophobic characteristics and biological responses, such as ICsy values
[41]. Thus, the octanol/water partition coefficient (log P,w) was
assessed to evaluate the lipophilic and hydrophilic nature of the
rhenium(I) complexes (Table 2).

While positive log P, values indicate a greater affinity of the
compound for the organic phase, negative log P, values indicate an
affinity for the aqueous phase [42]. The log P, value obtained for fac-
[Re(CO)3(dppz)(py)]+ was positive and larger than that of the other
investigated complexes (Table 2). This indicates that fac-[Re
(CO)3(dppz)(py)]™ exhibited greater affinity for the organic phase,
probably because it is the most lipophilic molecule among the rhenium

(B)

Normalized Intensity

450 500 550 600 650 700 750 800

Al nm

Fig. 2. Absorption (A) and emission (B) spectra of studied complexes in acetonitrile at 298 K. [Re(CO)3(phen)(py)]™ (blue), [Re(CO)3(dpq)(py)]™ (green), and [Re
(CO)3(dppz)(py)]1 ™" (red). Aexe = 375 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Log P,/ of the studied rhenium(l) tricarbonyl complexes. The
values correspond to the mean + standard deviation (SD) from two
separate assays with three replications in each experiment (n = 6).

Rhenium(I) complex Log Po/w

fac-[Re(CO)s(phen)(py)] ™+ —0.39 +0.08
fac-[Re(CO)3(dpq)(py)]” —0.15+0.11
fac-[Re(CO)3(dppz)(py)] ™+ +0.65 + 0.21

complexes studied. The two negative Log P, values for the complexes
of fac—[Re(CO)g(phen)(py)]+ (Log Po/w = —0.39 £ 0.08) and fac-[Re
(CO)3(dpq)(py)]* (Log Pojw = —0.15 =+ 0.11) corresponded to greater
affinity for the aqueous phase (Table 2). These Log P,y values are
comparable to other reports, which show a Log P, of —0.11 for a less
hydrophobic rhenium complex (fac-[Re(phen)(CO)3(PyCH,0-dam-
inozide)]PF¢) and Log P,/ of +0.65 for a more hydrophobic molecule
(fac-[Re(DIP)(CO)3(PyCH0-daminozide)]PF¢) [4].

The observed log P, values exhibited an ascending order: fac-[Re
(CO)3(phen)(py)]" < fac-[Re(CO)3(dpq)(py)]" < fac-[Re(CO)3(dppz)
(py)]™ (Table 2), reflecting the hydrophobic characteristics of their li-
gands (Fig. 1). Hence, the more hydrophobic the NN ligand of the
rhenium complex, the higher the log P,y value. This finding is in line
with other reports showing that incorporating longer alkyl chains into
the ligands of rhenium(I) tricarbonyl complexes also increases the log
Po/w values [11].

3.3. Binding constant (Kp) for the interaction of rhenium(I) complex with
BSA

Serum albumin is a primary protein in the mammalian circulatory
system. This macromolecule plays an important physiological role in
blood pH control and improves the solubility of hydrophobic molecules
in aqueous media [43]. Therefore, it is crucial to study the interactions
between the drug candidates and these proteins. BSA has frequently
been employed as a protein model in these studies [43,44]. Despite their
importance, only a few studies have investigated the interactions be-
tween rhenium complexes and BSA [43-45]. Therefore, the ability of the
rhenium(I) tricarbonyl complexes to interact with BSA was investigated.

Typically, steady-state fluorescence techniques allow for the
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fluorescence intensity of the protein (Fig. 3A and Fig. S1 in the sup-
plemental material). Stern-Volmer quenching constants and binding
parameters were determined (Table 3) as described in the experimental
section using Eq. (3) for fitting plots of log[(Fo/F)/F] versus log
[ReComplex] (Fig. 3B and Fig. S2 in the supplemental material).

From the fluorescence quenching results it is possible to obtain pa-
rameters such as Stern-Volmer constant (Ksv) and the quenching rate
constants (kq) (Table 3). The rhenium complexes showed high values of
the quenching constant (Ksv > 10* M™1) indicating their great efficiency
to interact strongly with BSA. kq values were much greater than the
maximum quenching rate constant of diffusion collision of 2.0 x 10'°
M !s~! (Table 3), suggesting that complex formation between BSA and
rhenium complexes may involve both types of quenching mechanisms,
dynamic and static [23]. To unravel whether the interaction mechanism
is static or dynamic, time-resolved fluorescence studies should be per-
formed. However, investigation about the type of suppression mecha-
nism is not the goal of this work. We are focused to estimate the strength
of interaction between [ReComplex]-BSA (via Kp), instead of the
mechanism of BSA interaction.

The number of binding sites (n) indicated that the rhenium(I) tri-
carbonyl complexes bound to BSA in a 1:1 ratio (Table 3), which is in
agreement with other reports [44,45]. The [ReComplex]-BSA K}, values
increased in the following order: fac—[Re(CO)g(phen)(py)]+ < fac-[Re
(CO)3(dpq)(py)1T < fac-[Re(CO)3(dppz)(py)]* (Table 3). These data
corroborated the results obtained for log P, 1y values, which followed the
same trend (Table 2). This indicates that greater hydrophobicity of the
rhenium complex favors a stronger interaction with the protein.

3.4. Binding constant (Kp) for the interaction of rhenium(I) complex with
liposome

Liposomes, which are lipid bilayer vesicles frequently employed as
models for cell membranes in permeability and diffusion studies, can be
tailored to mimic various membrane structures by adjusting the lipid

Table 3
Stern-Volmer constants (Ksv), the quenching rate constants (k), binding con-
stant (Kp) and number of binding sites (n) in rhenium(I) tricarbonyl complexes
for BSA.

straightforward determination of protein-molecule binding parameters. Rhenium (1) KSYI(XW" Kbi(leO3 kgl(Mfl n R?
Albumins exhibit fluorescence emission due to the aromatic amino acid complex M M s
residues present in the protein (e.g., tryptophan and tyrosine). When a fac-[Re(CO)3(phen) ~ 4.26 £0.10  3.10 4.212 x 0.91  0.968
. . . . . . +
small molecule binds to albumin, the protein microenvironment is (pg’]g](co) @) 916+ 0.17 g'g; . ;019 095 0873
altered, and the fluorescence intensity of the protein is affected [23]. f a:]y); siepd ' ' 0‘26 1612 X ’ ’
Therefore, the interaction between BSA and fac- [RE!(C:O)?,(NN)(py)]Jr fac-[Re(CO)3(dppz) 13.7 + 0.78 25.7 + 1.38 x 0.99 0.984
was determined by the fluorescence quenching of the protein. The suc- (py)1* 0.24 10"
cessive addition of rhenium complexes to BSA led to a reduction in the
A B
2,0x10° ( ) ( )
0,3 2
0 uM
1,5x10]
c L 0,0
o [Re(CO),@pp2)(py)] | T d
3 o
2 1,0x10f w -0,3
5 § ;
16 uM 3.4
5,0x101
0,9
B 38 56 54 52 350 43
Al Log[Re(dpp2)]

Fig. 3. (A) Emission spectra of BSA (3.0 uM in Tris buffer, pH 7.4) with successive additions of [Re(CO)3(dppz)(py)]" (ranging from 0 to 16 pM in Tris buffer with
<1.0% v/v DMSO). Temperature: 35 °C. Aexe = 280 nm with excitation and emission slits of 5.0 nm and 1.0 nm, respectively. (B) The plot depicting log[(Fo/F)/F]

versus log[[Re(CO)3(dppz)(py)] '] in presence of BSA.
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composition [46]. The behavior of rhenium complexes in the presence of
cell membranes and their lipophilic characteristics can be assayed by
their interactions with liposomes [46]. The strength of the interaction
between the rhenium complexes and liposomes was assessed using
UV-Vis spectroscopy. The methodology comprises altering the intensity
of absorption after the incorporation of liposomes into molecules and
considers that a chemical equilibrium occurs between the binding
molecule and the lipid bilayer to obtain a conventional binding isotherm
[29]. Aliquots of liposomes (DOPG) were added to a solution of the
rhenium complexes (Fig. 4A and Fig. S3 in the supplemental material).
Binding constant values (Kp) shown in Table 4 were calculated by
adjusting a theoretical model (Eq. (4), described in the experimental
section) derived from the experimental points on the plot of absorbance
at Mpax calculated as a function of DOPG concentration (Fig. 4B and
Fig. S4 in the supplemental material).

The absorbance intensity of the three rhenium complexes increased,
even at a fixed concentration (20 pM), when aliquots of liposomes
(DOPG) were added (Fig. 4A and Fiugre S3 in the supplemental mate-
rial). The observed [ReComplex]-liposomes K} values exhibited an
ascending order: fac-[Re(CO)3(phen)(py)]™ < fac-[Re(CO)g(dpq)(py)]+
< fac—[Re(CO)g,(dppz)(py)]Jr (Table 4). The ascending order of these K,
values aligns with the data for log P,y (Table 2) and Kj values for
proteins (Table 3), suggesting that the hydrophobic nature of fac-[Re
(CO)3(dppz)(py)]1* favors the interaction of the rhenium complex with
biomolecules.

3.5. Binding constant (Kp) for the interaction of rhenium (I) complex with
DNA

Many drugs currently in clinical use or in advanced clinical trials
pharmacologically target DNA. Certain molecules can bind to DNA,
thereby inhibiting cell replication, which is a critical process in cell
growth and division [47]. Metal-based anticancer complexes primarily
target DNA by binding to the N-7 position of guanine residues [30].
Studying the interactions of drug candidates with DNA is important for
the rational design of new drugs. UV-Vis spectroscopy is employed to
study drug-DNA interactions, given that the intercalative binding of a
complex with DNA can result in a hypochromic and/or bathochromic
shift in the absorption spectrum [30]. To substantiate the potential
binding of each rhenium complex to DNA, the binding constant (K}) was
computed by tracking changes in absorbance as the concentration of
DNA increased (Fig. S5 in the supplemental material). The DNA
biomolecule exhibited an absorption band (260 nm) in the same region
as the IL bands of the Re complexes (250-300 nm); Fig. S6. To enable
data analysis in the 250-300 nm region, the UV-Vis absorption spec-
trum of DNA alone (without Re complexes) was recorded under the same
conditions used in the assay in the presence of complexes (Fig. S7 in the
supplemental material). Thus, the absorbance spectra of the compounds

1,00, A)

92,5 uM

Liposomes (DOPG)

Absorbance

Absorbance
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Table 4

Binding constant (K}) for the interaction between rhenium(l) tri-
carbonyl complexes and DOPG liposomes. Values represent the
average + standard deviation of two independent experiments.

Rhenium(I) complex Kp (x10°M™ 1)

fac-[Re(CO)3(phen)(py)]Jr 2.14 £ 0.08
fac-[Re(CO)3(dpq)(py)]"* 4.71 +£0.10
fac-[Re(CO)3(dppz)(py)]™+ 15.29 + 1.74

in the presence of various concentrations of DNA (Fig. S5) were sub-
tracted from the absorbance of the DNA spectra alone in the absence of
Re molecules (Fig. S7) to evaluate the spectral changes in the region of
250-300 nm. A representative spectrum of fac-[Re(CO)3(dppz)(py)]™
after successive additions of DNA is shown in Fig. 5A (see data from
other rhenium complexes in Fig. S8 in the supplemental material). The
value of K, was obtained as the ratio of the slope to the intercept ob-
tained from the plot of Ag/A-Aq versus 1/[DNA] (Fig. 5B and Fig. S9 in
the supplemental material) and is summarized in Table 5Table.

The absorption spectrum of the Re complexes without interference
from the characteristics of DNA absorption (Fig. 5A and Fig. S8) showed
alterations in the absorbance intensity in the region spanning from 250
to 300 nm attributed to an increase in the concentration of DNA, which
was verified for all studies performed in triplicate. A hypochromic effect
(reduced absorbance) was observed with the fac-[Re(CO)3(phen)(py)]*
and fac-[Re(CO)g(dppz)(py)]+ complexes (Fig. S8A and Fig. 5A), sug-
gesting intercalating-type interactions due to n-n-type stacking between
ligands in the complex with the nitrogenous bases of DNA [30]. In
contrast, the complex fac- [Re(CO)g,(dpq)(py)]+ showed a hyperchromic
effect (Fig. S8B), in contrast with previous studies. The observed
hyperchromism suggests that fac-[Re(CO)3(dpq)(py)]"-DNA in-
teractions primarily involve electrostatic interactions or interactions
with the DNA groove attributed to the destabilization of the double helix
[48]. To conclusively support that fac—[Re(CO)g(phen)(py)]+ and fac-
[Re(CO)3(dppz)(py)] T complexes display an intercalative DNA binding
interaction and fac-[Re(CO)g(dpq)(py)]+ primarily involve interactions
that destabilize the DNA double helix, additional experiments still
would be needed, such as viscosity, thermal denaturation and/or cir-
cular dichroism [8,49-53]. Nevertheless, our research primarily focused
to assess the strength of the interaction between [ReComplex]-DNA (via
Kjp) rather than the mechanism of DNA interaction.

The strength of [ReComplex]-DNA interaction (Kp) exhibited the
following ascending order: fac-[Re(CO)s3(phen)(py)]”™ < fac-[Re
(CO)3(dpq)(py)]™ < fac-[Re(CO)s(dppz)(py)]* (Table 5). The K, values
were comparable to those of other metal complexes that bind to DNA
reported in literature [8,30,54,55]. Again, fac—[Re(CO)g,(dppZ)(py)]Jr
showed the highest K}, value with DNA, corroborating previous data
showing the highest Ky, value with BSA and the highest log P,/ among
the studied compounds. This emphasizes the importance of the

(B)
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Fig. 4. (A) Absorption spectra of fac-[Re(CO)3s(dppz)(py)]™ (20 pM) with successive addition of DOPG liposomes (1.5 pM) in Tris buffer, pH 7.4 at room temperature.
(B) Plot of fac-[Re(CO)3(dppz)(py)]™ absorbance at Amaximum versus [DOPG] used for the calculation of K;, values.
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Fig. 5. (A) Absorption spectra of fac-[Re(CO)3(dppz)(py)]™ (20 pM) discounting the absorption spectra of ss-DNA at different concentrations in Tris buffer (50 mM)
and NaCl (5 mM) at pH 7.4 and room temperature. (B) Plot of Ay/A-A versus 1/[DNA] obtained to calculate K, value of fac-[Re(CO)s(dppz)(py)]™*.

Table 5

Binding constant (K,) of the interaction between rhenium(I) tri-
carbonyl complexes and DNA. Values represent the mean =+ stan-
dard error of three independent experiments (n = 3).

Rhenium(I) complex Kp (x10°M™1)

fac-[Re(CO)s(phen)(py)]™ 1.35 + 0.52
fac-[Re(CO)3(dpq)(py)]™ 2.01 + 0.77
fac-[Re(CO)3(dppz)(py)] ™ 7.63 + 0.44

hydrophobicity of the dppz ligand, which favors enhanced interaction
with the hydrophobic regions of biomolecules (proteins, lipids, and
DNA).

3.6. Molecular docking

As in vitro analyses revealed that the complexes can interact with
important cellular biomolecules, in silico simulations were performed
using bioinformatics tools. This study aimed to enhance our under-
standing of the potential chemical bonds that could form between Re
complexes and BSA proteins or DNA.

3.7. In silico molecular interactions of fac-[Re( CO)3(phen)(py)]+, fac-
[Re(CO)3(dpq)(py)]*, and fac-[Re(CO)3(dppz)(py)]" with BSA

Molecular docking revealed interactions between the three Re
complexes and BSA macromolecules at the examined activation sites
exhibiting low binding energies indicative of favorable binding. The
data in Table 6 demonstrate an inverse relationship between the hy-
drophobicity of the Re complexes and the binding energy, indicating a
more favorable binding affinity with an increase in the the hydropho-
bicity. This is consistent with the experimental findings for K}, with BSA,
supporting the observation that a more hydrophobic Re complex cor-
responds to a higher Ky, (Table 3).

Fig. 6A, C, and E depict the interactions of fac-[Re(CO)g(NN)(py)]+

Table 6
The energy of the interactions between rhenium complexes and the BSA mole-
cule at tryptophan sites 134 (chain A) and 213 (chain B).

Rhenium(I) Binding energy Tryptophan Binding energy Tryptophan
complex 134 (kcal/mol) 213 (kcal/mol)
fac-[Re
(CO)3(phen) —6,72 -6,70
(1"
fac- [ReSCO)s(dpq) 713 651
(py)]
fac-[Re(CO)3(dppz) 8,97 870

(1™

complexes with BSA in chain A near the tryptophan 134 site. Conversely,
Fig. 6B, D, and F illustrate their interactions in chain B, which is close to
the tryptophan 213 site.

As depicted in Fig. 6A, interactions were observed between the
pyridyl group of fac-[Re(CO)3(phen)(py)] ™ and proline 117, which were
mediated via n-alkyl hydrophobic bonds in chain A of BSA. Furthermore,
the phenanthroline ligand of fac-[Re(CO)3(phen)(py)]t engaged in
n-alkyl hydrophobic interactions with isoleucine 141, leucine 115,
arginine 185, and tyrosine 137 (Fig. 6A). Moving to the B chain of BSA
near the tryptophan 213 site, the pyridyl group of fac-[Re(CO)s(phen)
(py)]" interacted with leucine 326, whereas phenanthroline ligand
demonstrated r-alkyl hydrophobic interactions with leucine 346 and
480, valine 481 and alanine 212 (Fig. 6B). Moreover, one of the carbonyl
ligands of fac-[Re(CO)s(phen)(py)]" formed hydrogen bonds with
arginine 208 (Fig. 6B).

In chain A of BSA with fac—[Re(CO)g,(dpq)(py)]+ (Fig. 6C), the pyr-
idyl group established connections with interleukin 181, tyrosine 137,
and arginine 185. Simultaneously, the dipyrido[3,2-f:2,3"-h]quinoxa-
line (dpq) ligand interacted with proline 117, leucine 115, lysine 114,
and arginine 185. Additionally, a hydrogen bond with the nitrogen of
leucine 115 was identified (Fig. 6C). Shifting to the B chain of BSA, in-
teractions between the pyridyl ring and aspartate 450 involving anion-n
interactions, as well as those with tryptophan 213 involving hydro-
phobic n-alkyl interactions (Fig. 6D) are depicted. In contrast, the dpq
ligand of fac-[Re(CO)3(dpq)(py)]™ engaged with arginine 217 via
cation-w interactions, lysine 221 via cation-z interactions, and glutamine
291 via hydrophobic n-alkyl interactions (Fig. 6D). Hydrogen bonds
were detected between the dpq group and alanine at positions 290, 294,
and 342 (Fig. 6D).

In fac-[Re(CO)3(dppz)(py)]1 ™, the pyridyl ring interacted with inter-
leukin 181 and tyrosine 160 (Fig. 6E). Additionally, the dipyrido[3,2-
a:2'3’-c]phenazine (dppz) group of fac-[Re(CO)3(dppz)(py)]™ formed
connections with tryptophan 134, leucine 115 and 122, tyrosine 137,
interleukin 141, lysine 136, and proline 117 in the A chain of BSA
(Fig. 6E). Furthermore, hydrogen bonds were observed between the two
of their C=0 groups and arginine 185 (Fig. 6E). In the B chain of BSA
(Fig. 6F), hydrophobic r-alkyl interactions between the pyridyl group
and valine 481, alanine 209, and 212, were detected. In contrast, the
dppz ligand extended toward arginine 208 and 212 via hydrophobic
n-cation, 7-sigma interactions, and n-alkyl interactions (Fig. 6F). Hy-
drophobic n-alkyl interactions were also observed with alanine 209,
glycine 327, alanine 349, leucine 346, lysine 350, and valine 481.
Additionally, hydrogen bonds were observed between the C=0 groups,
leucine 480, and serine 479 (Fig. 6F).

Molecular docking analysis is a valuable tool for examining in-
teractions between metal complexes and biological molecules, such as
BSA, which plays an essential role in the transportation of ligands in the
body [56].
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fac-[Re(CO),(phen)(py)]*
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(B)

Title: 3V03

Fig. 6. Interaction between rhenium complexes with BSA protein (3 V03). (A) and (B) Interaction of fac-[Re(CO)s(phen)(py)]* with the site near tryptophan 134 and
tryptophan 213. (C) and (D) Interaction of fac-[Re(CO)3(dpq)(py)]" with the site near tryptophan 134 and tryptophan 213. (E) and (F) Interaction of fac-[Re

(CO)3(dppz)(py)]* with the site near tryptophan 134 and tryptophan 213.

Our findings align with those of a previous study [44]. In their in
silico analysis, they investigated the interaction between four rhenium
complexes, specifically of the fac-[Re(CO)s(a-diimine){4-C11py}]
CF3SO3 type, with BSA. Their results revealed the presence of binding
sites within the hydrophobic cavities in subdomains IIA and IIIA, cor-
responding to sites I and II, respectively [44]. Furthermore, the identi-
fication of two amino acid residues, Trp-134 and Trp213, within BSA,
both situated in subdomain IIA, demonstrated their involvement in the
interaction between the complex and the protein [44]. Our research
corroborates these findings, providing additional evidence for the
observed interactions between the Re complex and protein.

It is important to note the existence of a hydrophobic cavity of
considerable size in subdomain IIA, which can bind to various drugs.
Interestingly, the Re complexes investigated in this study demonstrated

the ability to bind to the same amino acid residues in subdomain IIA.

3.8. In silico molecular interactions of fac-[Re(CO)3(phen)(py)]*, fac-
[Re(CO)3(dpq)(py)]" and fac-[Re(CO)3(dppz)(py)]" with DNA

Molecular docking revealed that all three complexes interacted with
the DNA macromolecule, displaying low binding energies indicative of
favorable binding. As shown in Table 7, an increase in the hydropho-
bicity of the Re complexes correlated with a decrease in the binding
energy, signifying a more favorable binding affinity. This corresponds to
our previously experimental results of K}, corresponding to interaction
with DNA, reinforcing the observation that a Re complex with increased
hydrophobicity correlates with a higher Ky, value (Table 5).

The three Re complexes studied showed an affinity for the minor
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Table 7

Energy associated with the interactions between rhenium complexes and the
DNA molecule and number of hydrogen bonds involved in mediating the
interactions.

Rhenium(I) complex Binding energy (Kcal/mol) Hydrogen bonds
fac-[Re(CO)3(phen)(py)]* -6,78 2
fac-[Re(CO)3(dpa)(py)]” -6,97 1
fac-[Re(CO)3(dppz)(py)]™ -7,83 1

Journal of Inorganic Biochemistry 257 (2024) 112600

groove in their most stable conformation. The fac-[Re(CO)3(phen)(py)]™
complex engaged with double-stranded DNA via adenine 8 from chain A
and guanine 14 from chain B, forming hydrogen bonds (represented as
green spheres in Fig. 7A).

The fac-[Re(CO)3(dpq)(py)]" complex interacted with a single
strand of DNA by forming hydrogen bonds with adenine 8 from chain A,
as shown by the green spheres in Fig. 7B. In addition, fac-[Re(CO)3(dpq)
(py)]" demonstrated the ability to interact with DNA through interca-
lation in a less stable position.

Similarly, the fac-[Re(CO)3(dppz)(py)]T complex exclusively

(A) fac-[Re(CO),(phen)(py)]*

Fig. 7. Interaction between (A) fac-[Re(CO)s(phen)(py)]™, (B) fac-[Re(CO)3(dpq)(py)]™, and (C) fac-[Re(CO);(dppz)(py)]" and DNA and corresponding magnifi-

cation results.
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engaged with a single strand of DNA, establishing hydrogen bonds with
guanine 4 from chain A, as depicted by the green spheres in the
magnification shown in Fig. 7C. Similar to the previous complexes, it
also exhibited other intermolecular interactions, such as van der Waals
forces and induced dipole interactions.

Varma et al. synthesized rhenium complexes with heterocyclic mo-
lecular ligands and heteronuclear rhenium(I) complexes [57,58]. The
interactions of these complexes with DNA were investigated via various
spectroanalytical and electrophoretic techniques [57,58]. The results
suggested that all the examined complexes bonded with the grooves of
DNA and induced strand breaks [57,58]. This corroborates the molec-
ular docking data of the three rhenium complexes reported in this study,
indicating their affinity for the minor groove of DNA. Ghosh et al. noted
in their molecular docking studies that rhenium(Il) dinitrosyl and
mononitrosyl complexes can bind to DNA, displaying a preference for
orientation toward the minor groove of this biomolecule [59].

3.9. DNA cleavage studies

The interaction between rhenium complexes and DNA is crucial for
identifying target structures of antitumor agents that rely on DNA
cleavage. Despite the strength of binding in cases involving motifs such
as dppz, DNA cleavage abilities are also influenced by other substituents
present in the complexes [54]. As both UV-Vis spectroscopy results and
in silico analyses confirmed the DNA interaction capacity, we investi-
gated the potential of these metal complexes to induce DNA breaks using
plasmids as a model.

3.10. Interaction between fac-[Re(CO)3(phen)(py)]™, fac-[Re
(CO)3(dp@)(py)]*, and fac-[Re(CO)3(dppz)(py)]" and plasmid DNA

The complex fac-[Re(CO)s(phen)(py)]™ was capable of inducing
structural alterations in plasmids at different concentrations (Fig. 8A).
When subjected to agarose gel electrophoresis, the untreated plasmid
DNA (column 2 in the gel) predominantly exhibited a supercoiled intact
form (Form I, 83.07%) and circular form with single-strand breaks
(Form II, 16.93%), whereas a linear form resulting from double-strand
breaks was absent (Form III). Upon treatment with [Re(CO)s(phen)
(py)]1™, the band pattern on the gel was altered, indicating the induction
of both single- and double-strand breaks (columns 3 and 4 in the gel).
When treated with a concentration of 80 pM (column 3 in the gel) under

(A) 123 456 7 8 910 1112
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non-oxidative conditions, an increase in the percentage of single-strand
breaks (Form II with 83.47%), a decrease in the percentage of intact
supercoiled form (Form I with 5.68%), and the appearance of double-
strand breaks (Form III with 10.86%) were observed.

When plasmids maintained under non-oxidative conditions were
treated with DMSO, a scavenger or neutralizer of ROS (columns 5 and 6
in the gel), a decrease in the percentage of DNA in Form II (60.12%) and
an increase in Form I (23.24%) were observed. Under pro-oxidative
conditions represented by the introduction of hydrogen peroxide into
the system, extensive plasmid degradation was observed, resulting in a
smeared DNA pattern under all conditions, rendering observation of
specific bands (columns 8, 9, 10, and 11) impossible.

The fac-[Re(CO)g(dpq)(py)]+ complex also induced structural al-
terations in the plasmids (Fig. 8B). Untreated plasmid DNA (column 2),
when subjected to agarose gel electrophoresis, primarily depicted intact
supercoiled form (form I at 84.69%), circular form with single-strand
breaks (form II at 12.27%), and a linear form resulting from double-
strand breaks with a small percentage (form III). When treated with
fac-[Re(CO)3(dpq)(py)]™, the band profile of the gel was altered, indi-
cating the induction of single-strand breaks (columns 3, 4, 5, and 6 on
the gel).

In samples treated under non-oxidizing conditions, an increase in the
percentage of single-strand breaks (form II) and a sharp decrease in the
percentage of the intact supercoiled form (form I) were observed. Under
pro-oxidizing conditions, represented by the introduction of hydrogen
peroxide into the system (as with the previous complex), intense plasmid
degradation was observed, forming a smear of DNA under all conditions.
This rendered observation of specific bands impossible (columns 8, 9,
10, and 11).

Similar to the two preceding complexes, fac-[Re(CO)3(dppz)(py)]™
induced structural alterations in the plasmids (Fig. 8C). The untreated
plasmid DNA (lane 2 in the gel) predominantly exhibited a supercoiled
intact form (Form I, 62.6%), circular form with single-strand breaks
(Form II, 30.9%), and a small percentage in the linear form resulting
from double-strand breaks (Form III). Upon treatment with fac-[Re
(CO)3(dppz)(py)1™, the band profile of the gel was altered, indicating
the induction of single-strand breaks (lanes 3, 4, 5, and 6).

In samples treated under non-oxidizing conditions, there was an in-
crease in the percentage of single-stranded breaks (Form II), a significant
decrease in the percentage of the intact supercoiled form (Form I), and a
slight increase in band density corresponding to double-stranded breaks
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Fig. 8. Agarose gel electrophoresis images of plasmid degradation and band patterns found after treatment with rhenium complexes. (A) fac-[Re(CO)3(phen)(py)1™,
(B) fac- [Re(CO)3(dpq)(py)]+, and (C) fac- [Re(CO)g(dppz)(py)]+. 1: Marker; 2: Control without treatment; 3: Re complexes (40 or 10 pM); 4: Re complexes (80 or 20
pM); 5: Re complexes (40 or 10 puM) + DMSO; 6: Re complexes (80 or 20 pM) + DMSO (0.05%); 7: Xba I digested; 8: Re complexes (40 or 10 pM) + H05 (15 mM); 9:
Re complexes (80 or 20 uM) + H,04 (15 mM); 10: Re complexes (40 or 10 pM) + H505 (15 mM) + DMSO (0.05%); 11: Re complexes (80 or 20 uM) + Hy05 (15 mM)
-+ DMSO (0.05%); 12: H,O, (15 mM). Data are expressed as the mean + SE of three assays. Statistical analysis by two-way ANOVA and multiple comparisons by
Bonferroni test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant compared to the untreated control.
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(Form III). The ability for these complexes to cleave plasmid DNA
without oxidants or not hydrolytically is unusual and highly unexpected,
as rhenium compounds are inert and are unlikely to act as Lewis acid
catalysts for this type of cleavage.

The molecular docking data of this work show that rhenium com-
plexes interact with DNA base. The study performed by Knopf et al.
(2017) [6] reveals that rhenium complexes can bind covalently to
guanine DNA or RNA nucleobase. The exact mechanism of interaction
with DNA has not been fully elucidated; however, the study performed
by Konovalov et al. in 2020 [60] suggests that ligands composed of
benzene rings serve as a driving force for the interaction of rhenium
complexes with DNA nucleotide bases by inducing a large number of
hydrophobic interactions, rich in © bonding, including n-n stacking,
which enhances DNA intercalation. This is corroborated by the pre-
sented result of molecular docking, which shows that the more benzene
rings present, the higher the affinity to the DNA molecule, as demon-
strated by the studied complexes. Another study conducted by Varna
et al. in 2020 [57] demonstrates that Rhenium I complexes also have the
ability to interact and cleave S. pombe genomic DNA, depending on the
nature of their ligands. This interaction mechanism requires further
studies, as thenium compounds are inert and do not exhibit this type of
catalytic activity in non-oxidizing conditions.

Similar to the two previous complexes, under pro-oxidizing condi-
tions, represented by the introduction of hydrogen peroxide into the
system, intense plasmid degradation was observed, forming a DNA
smear under all conditions (lanes 8, 9, 10, and 11 in the gel). When we
observed the band pattern induced by fac-[Re(CO)3(dppz)(py)]™ treat-
ment under this pro-oxidizing condition, notwithstanding the pro-
nounced degradation of DNA, discernible intact bands persisted, which
could be attributed to the lower concentration employed during plasmid
treatment. These concentrations were intricately tied to the ICsg values
specified for each metal complex, with fac-[Re(CO)3(dppz)(py)l™
showing a notably lower ICsg concentration than the other complexes.

A consistent pattern was observed in all gel electrophoresis experi-
ments. Column 7 consistently served as a positive control for double-
strand breaks, indicating that the plasmid DNA underwent treatment
with the single-site restriction enzyme Xbal. Column 1 consistently
represented the molecular weight markers, providing a reference for the
sizing of DNA fragments. Finally, column 12 consistently represented
the plasmid that remained untreated with the complex but was exposed
to pro-oxidizing conditions. This uniformity in the experimental setup
and control columns across all gels ensured a standardized comparison
of the results and facilitated an accurate interpretation of the observed
outcomes in our study.

All rhenium complexes evaluated in this study exhibited the capacity
to induce the cleavage of plasmid DNA in oxidative conditions, thereby
substantiating the observations made by previous researchers. Utilizing
agarose gel electrophoresis analyses, Varma et al. demonstrated the
ability of heteronuclear rhenium(I) complexes to induce DNA cleavage
in Saccharomyces cerevisiae [58].

Zeleniuk et al. exhibited nucleolytic activity in pUC18 plasmids
treated with dirhenium(III) complexes [61]. Similar to the complexes
assessed in this study, increased activity was observed in the presence of
hydrogen peroxide, concluding that DNA is a potential target in living
cells. The authors indicated that the mechanism underlying DNA
cleavage in dirhenium(IIl) complexes is multifaceted, emphasizing the
importance of considering the effects of electron donation or withdrawal
from ligands, as well as the influence of the catalytic activity of the metal
core. These results align with our findings showing that the effect of the
rhenium complexes varied, likely because of the different ligands pre-
sent in each complex.

Ghosh et al. assessed the effects of rhenium(II) dinitrosyl and mon-
onitrosyl complexes on the SC plasmid (pUC19) [59]. Similar to the
findings of this study, they observed effective nucleolytic activity in the
presence of Hy04, cleaving DNA into a circular form with single-strand
breaks. According to the authors, the presence of HyO as an oxidizing

Journal of Inorganic Biochemistry 257 (2024) 112600

agent favors Fenton-type reactions, where oxidation of the metal com-
plex occurs, leading to the formation of more accessible and reactive
oxygen species such as hydroxyl radicals (OH®), which attack DNA
molecules. The same mechanism is probably responsible for the breaks
induced by fac-[Re(CO)3(phen)(py)]™, fac-[Re(CO)s(dpq)(py)]™, and
fac-[Re(CO)g(dppz)(py)]+. In the presence of DMSO, the intensity of
bands resulting from breaks decreased in some treatments, supporting
this hypothesis. This agent acts as a free radical scavenger by neutral-
izing the reactive species generated.

The present study sheds light on the complex interaction mecha-
nisms between rhenium complexes and DNA, revealing intriguing in-
sights into their potential biological applications. Future studies should
focus on elucidating the precise mechanisms of interaction, exploring
the effects of different ligands on DNA binding affinity, and investigating
the potential therapeutic applications of Rhenium complexes in various
disease contexts. By continuing to deepen our understanding of these
interactions, we can unlock new opportunities for the development of
novel treatments and therapies. Ultimately, collaborative efforts across
multidisciplinary research teams will be instrumental in advancing our
knowledge and harnessing the full potential of rhenium complexes in
biomedicine.

3.11. Cytotoxicity of rhenium(l) tricarbonyl complexes

Given the reported anticancer activity of rhenium(I) tricarbonyl
complexes [1,2,62] and considering that the inherent cytotoxicity of the
complexes is contingent on the chemical nature of the molecules ligands
[63], we evaluated the in vitro cytotoxicity of fac-[Re(CO)s(phen)(py)] *
fac-[Re(CO)3(dpq)(py)]1™, and fac- [Re(CO)3(dppz)(py)]t in Hela,
PNT2, B16F10, and NIH-3 T3 cells by the MTT assay. The half-maximal
inhibitory concentration (ICsg) of each compound was determined
(Table 8) from a dose-response curve of cell viability versus log(con-
centration) (Fig. S10 in the supplemental material).

ICsp data indicates that the cytotoxic activity of the examined Re(I)
complexes increased with the expansion of the n-system of the ligands in
all cell lines: ICB§\PP?  1CBs(dPd)  1CBE®hem (Taple 8). This explains
how the chemical structure of the ligands influenced the overall cyto-
toxicity of the studied rhenium complexes, as shown in other studies
[4,11,63,64].

The fac- [Re(CO)3(phen)(py)]+ complex showed an ICsg of 32.57 pM
against HeLa cells. However, its ICso exceeded the highest tested dose of
100 pM for all the other cell lines tested, rendering it impractical to
calculate its SI. The fac-[Re(CO)3(dpq)(py)]™ complex exhibited an ICsq
of 26.67 uM for the HelLa strain, with an SI of 1.57, whereas for the
B16F10 strain, the ICsy was 43.61 uM with an SI of 1.44 (Table 8). The
fac-[Re(CO)3(dppz)(py)]" complex showed an ICs of 8.48 uM for HeLa
with a SI of 1.91, whereas for the B16F10 strain, the ICso was 11.51 pM,
and the SI was 1.62 (Table 8).

Table 8

ICsp of rhenium complexes in different cell lines and their respective selectivity
indices (SI). Values correspond to the average + standard error of two separate
assays (n = 6).

Rhenium(I) ICso (M) SI ICso (UM) SI
COIIlpleX - -
Hela PNT2 B16F10 NIH/3
T3
fac-[Re 32.57 >100 ND*  >100 >100 ND*
(CO)3(phen) +0.06
(1™
fac- [Re 26.67 41.77 1.57 4361 + 62.66 1.44
(CO)3(dpa) +0.05 + 45 3.26 +2.3
(1™
fac- [Re 8.48 + 16.23 1.91 1151 + 18.63 1.62
(CO)3(dppz) 0.03 +0.97 0.61 +0.86
(1™

* ND = Not Defined.
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The fac-[Re(CO)3(dppz)(py)]™ complex showed significantly higher
cytotoxicity toward all cell lines than the other two Re(I) complexes
(Table 8). Lower ICsq value of fac-[Re(CO)3(dppz)(py)]™ (ICso = 8.48
pM, Table 8) with respect to the HeLa cell line was comparable to that of
a similar compound reported in literature, which also comprised the
dppz ligand: fac-[Re(CO)g,(dppz)(nHO)]+ (ICs0 = 10 pM) [63]. Notably,
the ICso value of cisplatin was approximately 25 pM against the same
cell line [4,65].

Pete et al [66] reported the ICs( values of rhenium complexes against
HelLa described by various authors, which ranged from 36 to 371 uM.
These data corroborate the range of ICsg values found in the present
study, where the three analyzed Re complexes showed lower ICs, values
than those described for the other complexes, demonstrating greater
cytotoxicity compared to the complexes described in the literature [66].

The SI is crucial for understanding the selectivity of compounds to-
ward tumor cells versus normal cells [67]. The SI values obtained for all
rhenium complexes were < 2, (the SI for HeLa cells was 1.91), indicating
that targeted delivery or bioisosterism strategies should be used to
improve the selectivity of the complex. According to the classification
described by Bauer et al., the Re complexes examined in this study can
be considered moderately toxic to the HeLa strain, since all ICs values
were lower than 50 pM [68].

A control assay was performed to evaluate the toxicity of the isolated
ligand and compare it with its corresponding complex. Results indicated
that the cytotoxicity of the fac-[Re(CO)3(dppz)(py)]T complex was
significantly greater than that of its dppz ligand (Fig. S11 in the sup-
plemental material), confirming the cytotoxicity of the fac-[Re
(CO)3(dppz)(py)]™ complex, rather than solely the dppz ligand. There-
fore, fac—[Re(CO)g(dppz)(py)]+ may represent a promising an antitumor
drug candidate.

3.12. Anti-proliferative activity in HeLa: effects on the cell cycle

To assess the impact of fac- [Re(CO)g(phen)(py)]+, fac-[Re
(CO)3(dpq)(py)]*, and fac-[Re(CO)3(dppz)(py)] ™) on cell proliferation,
the HelLa cell line was treated with the complexes for 24 h, and the
distribution of cells in each phase of the cell cycle was evaluated by flow
cytometry after staining the cell nuclei with propidium iodide. An in-
crease in the number of cells in the GO/G1 and/or G2 phases was
observed after 24 h of treatment with all the studied rhenium complexes.

Regarding the fac-[Re(CO)s3(phen)(py)]™ complex, at a treatment
concentration of 20 uM, approximately 57.9% of cells were in the GO/G1
phase (Fig. 9A). This result was in contrast with the control group, which
recorded a proportion of 49.4%. Additionally, in groups treated with
concentrations of 10 uM and 40 pM, the percentages were approxi-
mately 55.2% and 59.5%, respectively. Simultaneously, the compound
reduced the number of cells in the S phase of the cell cycle while
demonstrating a proportional increase in the number of cells in the G2
phase. This phenomenon manifested in a dose-dependent manner,
highlighting the role of cell cycle regulation. The complex demonstrated
a remarkable inhibitory effect on cell proliferation by trapping cells in
the GO/G1 and G2 phases (Fig. 8A).

Concerning the complex fac-[Re(CO)3(dpq)(py)]™, a significant in-
crease in the percentage of cells in the GO/G1 phase was observed,
increasing from 49.4% in the control group to approximately 74.8% in
the group subjected to treatment with 20 pM (Fig. 9B). Additionally,
under experimental conditions with concentrations of 10 pM and 40 pM,
values of approximately 60.3% and 59.7% were recorded, respectively.
Notably, the compound consistently reduced the number of cells in the S
phase of the cell cycle, coupled with a gradual increase in the proportion
of cells in the G2 phase recorded with an increase in the concentration.
As previously observed, this phenomenon followed a dose-dependent
relationship, reinforcing the hypothesis of cell cycle modulation by
this complex. Similar to the previously reported complex, fac-[Re
(CO)3(dpq)(py)]1™ inhibited cell proliferation. This inhibition was man-
ifested by the trapping of cells in the GO/G1 and G2 phases, as shown in
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Fig. 9B.

In the analyses of the fac-[Re(CO)3(dppz)(py)] * complex, an increase
in the number of cells in the GO/G1 phase was observed from 49.4% in
the control group to 57.5% in cells subjected to treatment with a con-
centration of 10 pM (Fig. 9C). Additionally, under experimental condi-
tions where concentrations were fixed at 5 pM and 20 pM, the
percentages were calculated at 53.5% and 46.3%, respectively.
Furthermore, it is notable that the compound exhibited a consistent
trend of reduction in cells in the S phase of the cell cycle, coupled with a
gradual increase in the proportion of cells in the G2 phase with the in-
crease in the concentration of the complex; approximately 40% of cells
were found in the G2 phase upon treatment with 20 pM. This dose-
dependent relationship highlights the direct influence of the com-
pound on the cell cycle stages. Consistent with the results observed for
previous compounds, fac-[Re(CO)3(dppz)(py)]™ also stands out for its
ability to inhibit cell proliferation. This inhibitory effect was supported
by the observation of cell trapping in the GO/G1 and G2 phases, as
depicted in Fig. 9C.

In the context of the intrinsic cellular division process, checkpoint
verification mechanisms, when activated in response to DNA damage,
impede half of the progression of the cell cycle. This translates into the
trapping of cells in specific phases, such as GO/G1, as demonstrated by
Machado et al. in 2021 with a copper complex, or even in the G2 phase
[69], as evidenced by Simpson et al. in 2017 while studying tricarbonyl
rhenium complexes [70]. These observations are consistent with the
results of the present study. When the cell cycle is blocked during these
phases, two possible pathways emerge. The first pathway involves the
repair of cellular damage, whereas the second can trigger the process of
programmed cell death, known as apoptosis, a phenomenon observed in
cells treated with the three complexes used in this study.

4. Conclusions

In vitro and in silico interaction studies of rhenium complexes with
biomolecules (proteins, DNA, and lipids) revealed that greater hydro-
phobicity of the ligands in the complexes can favor interactions with
biomolecules and consequently increase cytotoxicity in cells. The Re(I)
complex containing the dppz ligand exhibited the highest cytotoxicity
among the studied compounds, probably because of its lipophilicity and
stronger biomolecular interactions. These interactions induced cell-
cycle arrest, culminating in programmed cell death. Our findings
emphasize the importance of considering these characteristics in
rational drug design.
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