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ABSTRACT: In this paper, a series of new ruthenium complexes of the general formula @
[Ru(NS)(dpphpy)(dppb)]PFs (Rul—Ru3), where dpphpy = diphenyl-2-pyridylphosphine,

NS ligands = 2-thiazoline-2-thiol (tzdt, Rul), 2-mercaptopyrimidine (pySm, Ru2), and 4,6-
diamino-2-mercaptopyrimidine (damp, Ru3), and dppb = 1,4-bis(diphenylphosphino)butane,
were synthesized and characterized by elemental analysis, spectroscopic techniques (IR, UV/
visible, and 1D and 2D NMR), and X-ray diffraction. In the characterization, the correlation
between the phosphorus atoms and their respective aromatic hydrogen atoms of the
compounds in the assignment stands outs, by 'H—>'P HMBC experiments. The compounds
show anticancer activities against AS49 (lung) and MDA-MB-231 (breast) cancer cell lines,
higher than the clinical drug cisplatin. All of the complexes are more cytotoxic against the
cancer cell lines than against the MRC-S (lung) and MCF-10A (breast) nontumorigenic
human cell lines. For A549 tumor cells, cell cycle analysis upon treatment with Ru2 showed
that it inhibits the mitotic phase because arrest was observed in the Sub-G1 phase.
Additionally, the compound induces cell death by an apoptotic pathway in a dose-dependent
manner, according to annexin V-PE assay. The multitargeted character of the compounds was investigated, and the biomolecules
were DNA, topoisomerase IB, and proteasome, as well as the fundamental biomolecule in the pharmacokinetics of drugs, human
serum albumin. The experimental results indicate that the complexes do not target DNA in the cells. At low concentrations, the
compounds showed the ability to partially inhibit the catalytic activity of topoisomerase IB in the process of relaxation of the DNA
plasmid. Among the complexes assayed in cultured cells, complex Ru3 was able to diminish the proteasomal chymotrypsin-like
activity to a greater extent.

Apoptosis in A543 cells
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B INTRODUCTION

Metallodrug chemotherapy represented by cisplatin and other
platinum-based drugs have become the first line of anticancer
treatment because of their significant antitumor efficacy.””
Since platinum-based drugs were introduced in cancer
treatment, a variety of potential novel metal-based chemo-
therapeutics have been investigated.”* In this framework, the
in vitro and in vivo antitumor activities of ruthenium
compounds have proved to be notable, showing good selective

containing derivatives of mercapto ligands (NS) have attracted
our attention,'”~** especially complexes of the general formula
[Ru(NS) (bipy)(dppb)]**° [dppb = 1,4-bis-
(diphenylphosphino)butane; bipy = 2,2’-bipyridine] and
[Ru(NS)(PP),]*** [PP = 1,1’-bis(diphenylphosphino)-
methane (dppm) and 1,2-bis(diphenylphosphino)ethane
(dppe)]. In general, synthesized complexes have shown high,
in vitro, cytotoxicity against several cancer cell lines and high
selectivity for tumor cells. For example, the complex

bioactivity and the ability to overcome the resistance and side
effects encountered in both organic and platinum-based
anticancer drugs.s_10 Thus, there are a large number of
reports on inorganic complexes that have been investigated
within the frame of a possible “ruthenotherapy”.''~"*

In this context, our research group has contributed to this
field, developing new ruthenium(II) phosphine complexes
containing different types of coligands aimed at the possibility
of identifying synergisms of the metallic center and functional
ligands."*~"® Notably, ruthenium(II) diphosphine compounds
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[Ru(mmi) (bipy) (dppb) ]PF,'” (mmi = 2-mercapto-1-methyl-
imidazole) showed potent cytotoxicity against cells HepG2
(human hepatocellular carcinoma), with the ICg, value of 2.6
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+ 0.8 uM. The complex showed good activity, in vivo,
reducing the growth of HepG2 cells (human liver cancer cell
line) that were engrafted in C.B-17 SCID mice. The animals
treated with the [Ru(mmi)(bipy)(dppb)]PFs complex had
tumor mass inhibition rates of 31.5—45.4% compared to the
negative control.'”” In the same experiment, doxorubicin
reduced the tumor weight by 36.8% compared to that of the
negative control."’

In the present study, on the basis of the previous experience
gained by our research group with ruthenium(II) complexes,
three new complexes, [Ru(tzdt)(dpphpy)(dppb)]PFs (Rul;
CCDC 2006233), [Ru(pySm)(dpphpy)(dppb)]PF, (Ru2;
CCDC 2006235), and [Ru(damp)(dpphpy)(dppb)]PF
(Ru3; CCDC 2006234) [dpphpy = diphenyl-2-pyridylphos-
phine, tzdt = 2-thiazoline-2-thiol, pySm = 2-mercaptopyr-
imidine, and damp = 4,6-diamino-2-mercaptopyrimidine],
were synthesized and characterized. One of the inspirations
for the design of these complexes was use of the ambidentate
dphppy ligand,”’ ™ associated with the dppb hgand resulting
in complexes with good hydrophobic properties.’** Presum-
ably, these features of the complexes can cause great uptake in
cells and also a possible intensification of the interaction
between compounds and biomolecules.”> > Herein, we also
evaluate the capacity of the three compounds (Rul, Ru2, and
Ru3) to inhibit the proteasome activity. The ubiquitin
proteasome system is a multicatalytic protease complex
involved in the degradatlon of misfolded, damaged, or
unneeded intracellular proteins.*® In cancer cells, proteasomes
are highly expressed and hyperactivated because of dereg-
ulation of their homeostatic function. Tumor suppressor
proteins, which play a role in regulating cell division, inducing
cell cycle arrest, are potential target proteins of the ubiquitin
proteasome system.37_41 In cancer therapy, some proteasome
inhibitors are clinically useful for the treatment of some types
of cancer."” Proteasome inhibitors regulate protein turnover
and the accumulation of proteins engaged in cell cycle
regulation. The proteasome inhibitors are able to activate cell
cycle arrest and the apoptotic and autophagy death processes.

Here, interaction studies of human serum albumin (HSA)
and calf-thymus DNA (CT DNA) were performed, aimed at
obtaining information about the ability of compounds to
inhibit the supercoiled DNA relaxation mediated by human
topoisomerase IB (Top IB). Cell-based assays were also
performed to study the in vitro cytotoxicity of the compounds
against tumor and nontumor cell lines to gain information on
the possible induction of apoptotic cell death on cell cycle
effects.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Ruthenium
Complexes. The ruthenium complexes were synthesized by
reaction of the cis-[RuClL,(dppb)(dphppy)] precursor with the
corresponding mercapto ligand in a methanol solvent. The
compounds (Figure 1) were obtained as yellow solids in good
yield. The compounds were characterized by several
techniques, confirming their structure and purity in the solid
state and solution.

X-ray Crystal Structures. The X-ray crystal structures of
the three compounds were determined, and their ORTEP
diagrams are shown in Figure 2. Crystallographic data are given
in Part II of the Supporting Information, and selected bond
lengths and angles are listed in Table 1. All complexes show a
typical distorted octahedral coordination geometry around the
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Figure 1. General chemical structures of complexes Rul—Ru3.

ruthenium(II) center (Figure 2). In all cases, chelation of the
mercapto ligand to ruthenium(II) was through the N2 atom
coordinated in the equatorial plane trans to P2 and by the S1
atom, which occupies the axial position in the structure, trans
to the P1 atom. The Ru—N2 and Ru—S1 bond distances are in
the ranges of 2.16—2.25 and 2.39—2.43 A, respectively, and are
in the normal ranges for such ruthenium(II) com-
pounds.””**** The mercapto ligands, coordinated to the
metal, are negatively charged with electron delocalization on
$2*C2**N1. The C—S bond lengths (1.71—1.73 A) in the
complexes show partial double-bond character compared to
the bond lengths of the thiol (~1.81 A) and thione (~1.68 A)
tautomeric forms of the free ligands, and the N1-C2 bond
distances (1.34 A) are shorter upon coordination (~1.38 A in
the free ligand).

In the structures, the dphppy ligand is coordinated to the
ruthenium metal in a P,N-chelating mode, forming a four-
membered chelate ring with a bite angle in the range of 67.0—
67.5°. The pyridyl ring provides limited flexibility to the ligand,
where the phosphorus atom is pulled “off-axis” toward the
pyridine nitrogen atom.*’ Similarly, the other angles of the
chelate are strongly tensioned because of the presence of four-
membered rings. Because of this ring strain, in several
ruthenium complexes reported in the literature, the dphppy
ligand coordination to the metal occurs monodentately,
through the phosphorus atom, because it is a stronger 7-
acceptor atom than the nitrogen atom.***

Complexes Ru2 and Ru3 present intramolecular 7,7-
stacking interactions between the C32-phenyl ring from the
P3-dppb ligand and the respective mercapto ligand. From
analysis of the intramolecular stacking parameters, by the
PLATON program, it can be observed that the centroid—
centroid distance has values in the range of 3.64—3.84 A. For
compound Ru2, weak intermolecular interactions were
observed involving the S-mercapto ligand acting as a hydrogen
acceptor and the hydrogen atom from the CH2-dppb ligand
acting as a donor atom. The intermolecular distance between
the CH2---S forms is 2.88 A (Ru2), forming dimers*® (figure
in Part II of the Supporting Information).

1D and 2D NMR Spectra. The correlation between the
phosphorus atoms with their respective aromatic rings is
unusual in the assignments of the NMR spectra of the
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Figure 2. ORTEP views of the compounds showing the atom labels and 50% probability ellipsoids. All hydrogen atoms and anions are omitted for

clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Complexes

Rul Ru2 Ru3
Bond Distances (A)
Ru—N1 2.186(6) 2.145(2) 2.148(3)
Ru-P1 2.354(10) 2.363(7) 2.392(11)
Ru—P2 2.308(11) 2.332(7) 2.328(11)
Ru-P3 2.308(11) 2.329(7) 2.313(12)
Ru—N2 2.195(3) 2.157(2) 2.249(4)
Ru—S1 2.433(10) 2.415(7) 2.391(12)
S1-Cl 1.708(4) 1.722(3) 1.731(5)
Bond Angles (deg)
P2—Ru—P3 95.2(4) 95.9(3) 96.2(4)
N2—Ru-S1 66.5(9) 67.3(7) 66.6(10)
N1-Ru-P3 167.5(9) 171.1(6) 171.1(10)

ruthenium diphosphine complexes. In this work, these
correlations and all of the NMR signals for the compounds
were assigned. The NMR data are presented in Part I of the
Supporting Information. For all complexes, the *'P{'H} NMR
spectra present AMX pattern spin systems. The two double
doublets in the shielding region of the spectra refer to the
nonequivalent phosphorus atom of the dppb ligand, where the
P, atom is trans to the nitrogen atom from the mercapto
ligand and the Py; atom is trans to the sulfur atom from the
mercapto ligand. The Py (the phosphorus atom from the
dphppy ligand) chemical shift of the synthesized complexes
exhibited a shielding shift compared to the uncoordinated
ligand (6 —3.88) due to the four-membered tensioned chelate
ring with a P—=Ru—N angle of average 67°.

The poorly resolved patterns of resonances in the "H NMR
spectra are consistent with the low symmetry of the complexes.
The phenyl groups from the phosphine ligands of each
compound are nonequivalent, and the resonances are over-
lapped. The experiment of 'H—*'P HMBC NMR using 12 Hz
as a short-range coupling constant is particularly elucidative,
allowing the unambiguous determination of coupling between
the o-hydrogen atoms of each phenyl ring with their respective
phosphorus atoms. For the dphppy ligand, an additional
coupling regarding H, and Py can be observed. For all
complexes, the phenyl o-hydrogen chemical shifts follow a
characteristic order of the rings: Py, > Px; > Px; ~ Py, > Py >
Pyp. Furthermore, in the 'H—3'P HMBC NMR, a correlation
between phosphorus and hydrogen atoms can be observed
using 6 Hz for long-range coupling constants. The coupling of
Py, with H, and Hy from the 2-mercaptopyrimidine ligand

(Figure 3B) with four and five bindings of distances between
the atoms, respectively, can be observed in Ru2 (Figure 3).
Because of the complexity of the multiplicity of the hydrogen
signals, phosphorus decoupling of the hydrogen spectrum (see
Part 1 of the Supporting Information) was performed by
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Figure 3. '"H—*'P HMBC NMR contour plot for the deshielding
region using 12 Hz (A) and 6 Hz (B) as longrange coupling
constants of Ru2 in CD;CN at 298 K.
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Table 2. IC, Values” (umol L™") of the in Vitro Cytotoxic Activity against the Lung Cancer A549, Aggressive Breast Tumor
MDA-MB-231, and MRC-5 (Lung) and MCF-10A (Breast) Nontumor Human Cell Lines after 48 h of Incubation with the
Synthesized Complexes, Precursor Complex, Mercapto Ligands,b and Cisplatin (Reference Drug)

lung cell lines

breast cell lines

ICyy (umol L")

ICy, (umol L")

complex AS49 MRC-$§ MDA-MB-231 MCE-10A s1?

Rul 0.23 + 0.03 0.99 + 0.11 43 + 0.7 0.17 £ 0.01 0.30 = 0.05 1.8 £ 03
Ru2 0.12 + 0.01 0.88 + 0.05 7.1 +£0.7 0.14 + 0.01 0.42 + 0.02 30+02
Ru3 1.78 £+ 0.67 3.73 £ 0.1 2.1+08 0.36 + 0.03 0.58 = 0.02 1.6 £ 0.1
precursor 9.76 + 1.57 5.20 £+ 0.67 0.5 £ 0.1 3.51 + 0.56 4.07 £ 0.28 1.1 £02
cisplatin 1442 + 142 29.09 + 0.78 21+£02 2.44 + 0.20 23.9 = 0.70 9.8 +£0.8

“Data are expressed as mean = standard deviation (n = 4). For the free ligands, in all cases, IC5y > SO M. “SI = IC;o(MRC-5)/IC4o(AS49). 491 =

IC.(MCF-10A)/IC;o(MDA-MB-231).

applying different decoupling irradiation values. As expected,
simplification of some multiplets, such as o-hydrogen atoms,
among others, is evident. However, a strong influence of the
phosphorus nucleus was observed, especially in the signals of
Hypysr of the py-dphhpy ring and Hy(,»y of the pySm ligand
(Figure S23). Partial phosphorus decoupling of the "H NMR
spectra of complex Ru2 (Part I of the Supporting Information
and Figure S23) resulted in collapse of the triplet of triplets
(Hxgpy4~) to a broad triplet, while the pseudo double triplet (dt)
of pySm collapsed to a double doublet (dd). The resonances of
the mercapto ligands are shielding shifts compared to the free
ligand resonances. As can be seen, in the solid state, in the X-
ray structures of the complexes, these hydrogen atoms are
influenced by the magnetic anisotropy shielding cone of the
C32-phenyl ring of the P3-dppb ligand, which justifies the
greater deshielding compared to the other hydrogen atoms of
the compounds.

Electrochemical Studies. The electrochemical behavior
of the complexes was studied by cyclic voltammetry using a
platinum-disk working electrode in a dichloromethane solvent
containing a 0.1 M tetrabutylammonium hexafluorophosphate
electrolyte. In scans toward the positive potential, all
complexes exhibit one oxidation process associated with
quasi-reversible Ru(II)/Ru(Ill) conversion. The redox couple
corresponded to a quasi-reversible process, with half-wave
potential (E,,,) values in the range of 1.1—1.4 V versus Ag/
AgCl (Part III of the Supporting Information). This character
of the ruthenium-centered processes is in agreement with those
previously reported for similar Ru(Il)-phosphine complexes
with mercapto ligands.m’25 The half-wave potential [Ru(1l)/
Ru(II)] values (E,/,) are modulated by the contribution of
the donor/acceptor properties of the ligands present in the
coordination sphere of the metal center in the complexes. The
character 7 receptor of the phosphine ligands (dppb and
dphppy) and also of the mercapto ligands stabilizes the lower
oxidation state of Ru(Il). Thus, the complexes synthesized
here show a higher Ru(II)/Ru(IIl) potential compared with
the analogue complexes, [Ru(NS)(dppb)(bipy)]PFs> as
expected for the better z-receptor properties of the
ambidentate dphppy ligand (P—N ligand) compared to the
bipyridine molecule (N—N ligand). Moreover, replacement of
the chlorido ligands (good o/m-donating ability) by the
mercapto ligand (poor o-donor and moderate z-acceptor
properties) induces to a decrease in the electron density on the
Ru(II) center.

Chemical Behavior of Compounds in an Aqueous
Medium. Before studies on the cytotoxicity and interaction of

the complexes with biomolecules, their stabilities in dimethyl
sulfoxide (DMSO), cell culture media, and buffered aqueous
media were investigated by *'P{'"H} NMR spectroscopy over a
time of 48 h. The complexes are not soluble in a pure aqueous
medium; however, they are soluble in a mixture of 1:99
DMSO/aqueous media at micromolar concentrations. For all
complexes, there were no changes in their *'P{'H} NMR
spectra, demonstrating their integrity in aqueous media and
DMSO throughout the experiments.

In Vitro Cytotoxicity. The cytotoxic activity of the
complexes was assessed against the lung cancer AS49 cell
line, the aggressive breast tumor MDA-MB-231 cell lines, and
the MRC-S (lung) and MCF-10A (breast) nontumorigenic
human cell lines. In general, the complexes were found to be
active for all studied tumor cell lines, with low ICg, values
(Table 2), remarkably surpassing the cisplatin activity in these
cell lines. The ruthenium complexes were also more cytotoxic
than the complex precursor, showing a satisfactory effect upon
coordination of the mercapto ligand to ruthenium, as well as
the respective free phosphines and uncoordinated mercapto
ligands. These results demonstrated possible synergisms
between the metallic center and functional ligands.

In general, the cytotoxic activity of the compounds follow a
characteristic order for both tumor cell lines, Ru3 < Rul <
Ru2. For complexes Rul and Ru2, there are no significant
differences between their IC;, values, and structurally they are
characterized by “simple rings” of the mercapto ligands.
However, complex Ru3 presented lower cytotoxicity in the
series of compounds and is characterized by presenting
functional groups attached to the rings from the mercapto
ligands, such as donor groups, to the amine. In particular for
the lung cancer A549 cell line, this behavior is observed. Ru2
displayed an ICy, value that was 2 times lower than that of
complex Rul, and mainly compounds Ru2 and Rul were 15
and 8 times, respectively, more cytotoxic in relation to Ru3.
Furthermore, as can be seen in Table 2, complex Ru3 is the
least selective for both cancer cells.

Lipophilicity is an important property that may be related to
the ability of a compound to permeate through biological
membranes by passive diffusion. All complexes showed better
affinity by the organic phase, with values of the distribution
coefficient (log P) of 1.34 + 0.28, 1.14 + 0.22, and 0.88 + 0.31
for Rul—Ru3, respectively. The complex with the amine
groups presents less lipophilic character. Certainly, the
phosphine ligands, dppb and dphppy, contribute to the
lipophilic nature of the compounds. There was a good
correlation between the hydrophobicity and cytotoxicity of
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the complexes, where the less hydrophobic complex shows
worse cytotoxic activity, while complexes Rul and Ru2, which
have practically the same lipophilicity, have similar cytotox-
icities.

For the MDA-MDB-231 cells, the cytotoxicity between
complexes is less discrepant, in which the IC, values for
complexes Rul and Ru2 do not show a significant difference.
However, complex Ru3 is slightly less cytotoxic, exhibiting an
ICs, of approximately 2 times lower compared to those of the
other complexes. Again, the results are in accordance with the
lower lipophilic character of the compound.

The ICy, values for the complexes are equal or lower
compared to those of similar complexes grewously reported by
our group, [Ru(NS)(blpy)(dppb) JPE¢> and [Ru(NS)(bipy)-
(dppf) JPF,.>* For example, in the A549 cells, Ru3 (ICs, = 2.59
+ 0.19 uM; IS = 6.7) displayed an ICs, value that is 4 times
lower compared to that of the analogue complex with bipy,
[Ru(damp) (bipy)(dppb) JPFs (ICg, = 11.74 + 0.52 uM; 1S =
1.0).°> Complex Rul (ICs, = 023 + 0.03 uM; IS = 4)
displayed an ICg, value for the AS49 cancer cells that is
statistically equal compared to that of the analogue complex
with bipy, [Ru(tzdt)(bipy)(dppb)]PFs (ICs, = 0.21 + 0.05
UM; IS = 17).° However, the complex with the bipy ligand
showed better selectivity. In comparison to the classes of
ruthenium(II) polypyridyl*’ ™' and iridium/ruthenium
arene”” ™ complexes, the ruthenium(II) diphosphine com-
pounds containing mercapto ligands (NS) are more cytotoxic
in several cancer cell lines.

It is worth mentioning that an important factor to take into
consideration is the selectivity for cancer cells. The complexes
were more active for the A549 and MDA-MB-231 tumor cell
lines compared to the corresponding nontumor cell lines
MCF-10A and MRC-5, respectively. It is also worth
mentioning the better selectivity indexes (SIs) in the cell-line
pair MRC-5/A549 compared to the SI of cisplatin. Complex
Ru2 was more selective than the other two compounds and
also 3 times more selective than cisplatin. Because of the better
selectivity of complex Ru2 for AS49 lung cancer cells with a
value of 7.1, it was chosen for further evaluations as an inducer
of cell death in A549 lung cancer cells.

Morphological Observations in Cells. Morphological
changes in the AS49 cells (Figure 4A) treated with complex
Ru2 in different concentrations, over 48 h, were evaluated
using an inverted microscope. The treatment of A549 cells
with complex Ru2, at concentrations of ICs, and 2 X ICj, after
24 h, promotes the appearance of elongated cells compared to
untreated control cells. In 48 h of treatment at concentrations
of ICs, and '/, X ICyy, the density of cells decreased and most
of them presented elongated features. At a concentration of 2
X ICs, in 48 h, most cells presented round features and were
nonadherent in culture. These morphological changes indicate
that compound Ru2 1s capable of inducing cell death by
apoptosis in A549 cells."* There are also no signs of cell death
via necrosis, such as a loss of cell membrane integrity.

Inhibition of Cell Migration. The effects of complex Ru2
on cell migration were evaluated by wound-healing assay
(Figure 4B). This assay consists of removing cells from an area,
in this case mechanically, creating a wound (i.e., a cell-free
zone) in a confluent monolayer, and evaluates the closure of
the wound.”” The complex concentrations used do not cause
cell death, which ensures that the changes in the wound area
are predominantly due to cell migration. Upon treatment of
AS49 cells with complex Ru2 at concentrations of '/, X ICq,

(A) ' w1

(B)  control Y x ICsp % x ICsp

24 h

48 h

Figure 4. (A) Microscopy images of AS49 tumor cells showing the
cellular morphology after treatment with different concentrations of
complex Ru2. (B) Microscopy images monitoring the migratory
capacity of the untreated AS49 tumor cells (control) and cells treated
with different concentrations of complex Ru2 by wound-healing assay.

and '/, X ICs, for 48 h, the wound closure was inhibited in
approximately 5% and 18%, respectively, compared to those of
untreated cells.

Apoptosis Assay. 7-Aminoactinomycin D (7-AAD)/
annexin V-PE cytometry-based assay is used to evaluate the
process of programmed cell death in response to a cytotoxic
agent. A549 tumor cells were treated with complex Ru2 at 0.5,
1.0, and 2.0 equipotent concentrations of ICy, for 48 h and
analyzed by flow cytometry in conjunction with the dyes to
determine apoptotic and necrotic cell populations. As shown in
Figure SA, complex Ru2 at a concentration of 0.5 X ICs, led to
17.5% of AS549 cells in early apoptotic phases after 48 h. When
the concentration of the complex was increased, the annexin V-
PE positive cell population also increased compared to that of
the untreated control. At a concentration of 2 X ICg, of
complex Ru2, the total proportion of early apoptotic cells was
40.3%, whereas untreated cells remained 93% viable. At all
concentrations, the complex induced early apoptotic cell death
in a concentration-dependent manner and no cell death from
necrosis was observed.
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Figure S. (A) Apoptosis analysis of AS49 cells after 48 h of exposure
to complex Ru2 determined by flow cytometry using annexin V-PE
versus 7-AAD staining. The concentrations used were 0.5, 1.0, and 2
equipotent to ICS0. (B) Histogram cell cycle distribution of AS49
cells after 48 h of exposure to complex Ru2. The concentrations used
were 0.5, 1.0, and 2 equipotent to ICs, Cell staining for flow
cytometry was carried out using PI/RNase. The error bars represent
the standard deviations from three independent experiments. The
results are mean + standard deviation (n = 3). (¥***) p < 0.0001
compared with the value of the control.

Cycle Cell Analysis of the A549 Cells. The ability of
compound Ru2 to disrupt the cell cycle progression in a
manner that reflects that its mechanism of action was
investigated. AS49 tumor cells were synchronized at the G1/
S phase using serum starvation, and the cell cycle progression
of untreated and compound-treated cells was evaluated by flow
cytometry using propidium iodide (PI) labeling (Figure SB).
Treatment of the A549 cells with complex Ru2 at different
equipotent concentrations of ICs, (*/, X ICgq, 1.0 X ICs, and
2.0 X ICy,) for 48 h led to an increase in the population of cells
at the Sub-G1 phase in a concentration-dependent manner
compared to untreated cells. The percentages of cells at the
Sub-G1 phase increased from 5.5% (untreated cells) to 15.5%
(*/, X ICs), 28.3% (ICs), and 33.9% (2 X ICs,) after
treatment, which is related to a decreased DNA content due to
fragmentation. Consequently, the percentages of cells arrested

at the GO/GI1 phase were slightly decreased after Ru2 was
added compared to the control cells. Additionally, the increase
in cells at the Sub-G1 phase confirms the efficiency of the
complex regarding the induction of cellular apoptosis and acts
in a manner dependent on the cell cycle status because
regulated forms of cell death, such as apoptosis, generally
depend on specific checkpoints within the cell cycle to mediate
these processes.’"*”

Cellular Uptake. The cellular uptake characteristic of
complexes is an important factor to be correlated with their
cytotoxic effects and bioactivities. For complex Ru2, the most
lipophilic of the complex series, accumulation of the ruthenium
metal from Ru2 was quantitatively determined in the A549
tumor adherent cells and in the culture medium by inductively
coupled plasma mass spectrometry (ICP-MS; Figure 6). The

60
1- Initial m. culture

2- Final m. culture
3-A549 cells

40+

1 2 3

Figure 6. Complex concentration (ug L™") in a medium culture and
in AS549 cells exposed to compound Ru2. The metal content was
determined by ICP-MS after an incubation time of 24 h at 0.5 uM
compounds. Data are expressed as mean &+ SEM of three independent
assays.

cellular ruthenium concentration was determined after 24 h of
exposure to 0.5 M Ru2, and the results were reported as
micrograms of ruthenium per liter. In this period, the uptake
level in AS49 cells treated with Ru2 represents around 38% of
the initial amount of ruthenium (18.8 + 2.5 ug L™"), while in
the final culture medium, it was (30.2 + 0.2 ug L™"). The
efficient accumulation of ruthenium in A549 cells is consistent
with the lipophilicity of the complex, which certainly facilitates
the influx of the ruthenium(II) complex through the cell
membrane by passive diffusion.

HSA Binding Study by Fluorescence Quenching. HSA
stands out as the most important nonspecific transporter
protein in the circulatory system. Serum albumin can play a
crucial role in drug biodistribution, transport, release, and
toxicity. Albumin binding is of great importance in terms of
understanding drug pharmacokinetics and drug—protein
interactions.’”**

For complexes Rul—Ru3, the HSA fluorescence intensity
gradually decreases with increasing concentration of the
complexes, suggesting that the microenvironment of the Trp-
214 residue of HSA was altered when the metal complexes
were added, as shown by the fluorescence spectra of HSA
(Figure 7A) in the presence of an increasing amount of
complex Rul (for other compounds, see Part IV of the
Supporting Information). Static quenching, which usually
causes perturbation of the absorption sgectrum of the
fluorophore, is operative in this system.”” This can be
confirmed by a decrease in the Stern—Volmer constants with
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Figure 7. (A) Fluorescence quenching spectra of HSA (S yM) in the
absence and presence of compound Rul at different [compound]/
[HSA] ratios (2, 0; b, 15 ¢, 2; d, 3; ¢, 45 £, S; g 6; h, 7) with an
excitation wavelength at 270 nm at 310 K in a Tris-HCI buffer. The
arrow indicates an increase of the quencher concentration. (B) Effect
of the increasing concentration of complexes on the relative viscosity
of CT DNA. [DNA] = 200 uM. (C) Electrophoresis mobility shift
assays of plasmid pBR322 in the absence and presence of the

Figure 7. continued

compounds. DNA/buffer refers to untreated plasmid in a Tris-HCI
buffer. Parts a—c correspond to the [compound]/[plasmid] ratios of
0.25, 0.50, and 1.0, respectively. (D) Fluorescence quenching spectra
of DNA_Hoechst in the absence and presence of compound Rul at
different ratios with an excitation wavelength at 343 nm at 310 Kin a
Tris-HCI buffer. The arrow indicates an increase in the quencher
concentration.

an increase in the temperature of the experiments. Besides this,
the maximum value of the bimolecular quenching constant
(ky) parameter for a mechanism to be considered pure
dynamlc quenching is 1 X 10" M~ s71.% For all complexes,
the bimolecular quenchlng constant (k ) values obtained were
higher than 1 X 10'* M~" s, supporting that the mechanism
is static.

The magnitudes of the binding constant values are 10°—107,
indicating the formation of a moderate-to-strong interaction
between complexes and the protein (Part IV of the Supporting
Information). The number of binding sites for HSA/complex
interaction indicates one binding site HSA by the ruthenium
complex. The thermodynamic parameters were analyzed to
evaluate the main intermolecular forces involved in the
interactions between the compounds and HSA. For all
complexes, the positive AH and AS values, according to
Ross and Subramanian,®® indicate that the insertion of
compounds in the protein framework occurs through hydro-
phobic interactions. The negative values of AG reveal that the
interaction processes between the compounds and HSA are
spontaneous.és’é7

Interaction with DNA. DNA is one of the most important
and studied biological targets for coordination compounds
with anticancer activity.® Several ruthenium complexes have
their mechanisms of cytotoxic action against tumor cells
associated with direct interactions with DNA.®’ Therefore, the
binding modes of the complexes with DNA were studied by
different methods (Figure 7B,C).

Viscosity. The covalent and intercalation binding modes, as
well as electrostatic attraction and groove associates (weak
reversible interactions) of the compounds to DNA, reflect
distinct behaviors in the DNA viscosity.”® As shown Figure 7B,
the relative viscosity of CT DNA undergoes no alteration after
continuous addition of the complexes, demonstrating that its
interactions do not cause changes in the DNA tertiary
structures. In contrast, the relative viscosity of CT DNA
treated with thiazole orange increased significantly upon the
addition of the classic intercalating ligand due to prolonged
double strands of DNA. These results suggest that the
complexes exhibit a weak binding ability with CT DNA.*
The intercalative and covalent binding modes are discarded by
the viscosity results.

Electrophoretic Mobility of the Plasmid DNA in Gel
Agarose. Figure 7C shows the electrophoretic mobility of the
plasmid pBR322 in the presence of increasing amounts of
complexes in gel agarose. Lane 3 (CTL) represents the pattern
of migration of the plasmid DNA with DMSO, which is
observed in forms I and II. Form I is the DNA that assumed
the supercoiled conformation (SC), and form II is the open
circular conformation (CC), which is more relaxed compared
to supercoiled DNA and presents less electrophoretic mobility.
The pattern of the electrophoretic mobility of the plasmid
sample treated with different concentrations of the complexes
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is the same migration pattern as that of the untreated DNA. It
thus appears that Rul—Ru3 are not capable of inducing
noticeable alterations in the tertiary structure of the plasmid
that are reflected in the electrophoretic mobility.

Displacement Assay with Hoechst 33258. The interactions
of the complexes with CT DNA were also assessed by
fluorescence—dye displacement studies using the Hoechst
33258 dye. The Hoechst has an emission at 490 nm of low
fluorescence quantum yield. However, the binding of Hoechst
33258 in the minor groove of B-DNA provides an intense
fluorescence quantum yield for the Hoechst/DNA system.'””°
The results of the Hoechst/DNA complex achieved in the
presence of equivalent amounts of the compounds in relation
to Hoechst. Figure 7D shows significant fluorescence
quenching of the Hoechst/DNA complex in the presence of
Ru2. A decrease in the CT DNA fluorescence intensity was
observed with increasing amounts of the complexes in the
solution for all complexes. In the higher molar ratio (r = 1), the
fluorescence intensity of CT DNA/Hoechst was approximately
49—42% of the initial value. The quenching fluorescence
indicates that interaction of the compounds causes minor
changes in the region around of the DNA minor groove,
leading to partial ejection of the Hoechst of the DNA minor
groove.

General Aspects of Interaction of the Complexes
with DNA. Studies of the viscosity (Figure 7B) and
electrophoretic mobility (Figure 7C) of the plasmid DNA in
gel agarose suggest that the compounds do not lead to
conformational altercation in the tertiary and secondary DNA
structures. Not surprisingly, interaction studies clearly show
that some binding modes can be discarded, including
irreversible DNA covalent binding and intercalation, which is
consistent with structural features of the complexes. In the
Trisma-HCI buffer (10% DMSO), the Rul—Ru3 complexes
are stable. Thus, by analysis of the data obtained from the
studied techniques, mainly the displacement assay of Hoechst
33258 (Figure 7D), it can be suggested that the DNA binding
modes of the complexes with DNA are weak and reversible
interactions, which occur by the minor groove. Interactions
through DNA grooves are based on a set of intermolecular
interactions,”’ such as hydrophobic, electrostatic, van der
Waals, and hydrogen bonding, and are consistent with the
structural characteristics of the complexes. Upon analysis of the
results, it can be suggested that the “trigger” for cell death does
not involve “direct action” of the complexes with DNA. The
“trigger” must be associated with other biological targets,
especially targets overexpressed in tumor cells that justify the
good selectivity of the compounds.

Top IB Inhibition Assay in Plasmid DNA Relaxation
by Ruthenium Compounds. DNA topoisomerases are
nuclear enzymes that control and modify the topological
state of DNA. These enzymes are involved in many vital
cellular processes, such as DNA replication, chromosome
condensation, and chromosome segregation.”” Specifically, the
enzyme type Top IB catalyzes the formation of single-strand
breaks in DNA, in a catalytic cycle of five main steps.””’* In
tumor cells, a high level of Top IB enzyme is maintained, and
thus it has been considered to be a target for antitumor
agents.””~”” To highlight the multitargeted character of the
compounds, their capacity to inhibit the Top IB catalytic
process was investigated by relaxation assay of the supercoiled
plasmid. Initially, it was found that complexes do not alter the
pattern of migration of the DNA supercoiled plasmid.

In Figure 8, lane 1 represents the negative control (pattern
of migration of the DNA plasmid), where only the band of the

DNA + Topoisomerase IB

Ru1 Ru2 Ru3
DNA C a b a b b a

NC

Relaxed

SC

1 2 3 4 5 6 7 8

Figure 8. Electrophoresis mobility shift assay of the plasmid pBR322
relaxed by a human Top IB catalytic process by agarose gel
electrophoresis in 1% agarose gel in the presence of the following
concentrations of the complexes (lanes 3—8); a, 0.5 uM; b, S uM.

supercoiled form (SC) can be observed. Lane 2 represents the
pattern of the electrophoretic mobility of the DNA plasmid
after the process of relaxation catalyzed by human topoisomer-
ase. The action of the enzyme produces several circular forms
(NC) with slower electrophoretic mobility compared to that of
supercoiled DNA. At the concentration 0.5 uM, complexes
Ru2 and Ru3 (as shown in lanes 5—8) partially inhibited the
activity of Top IB. Complex Rul (as shown in lanes 3 and 4)
showed an inhibition of partial Top IB activity at the
concentration 5 uM. It should be noted that the complexes
are capable of inhibiting the Top IB catalytic activity, even
partially, at low concentrations. In these concentrations, the
complexes have high cytotoxic activity against cancer cell lines.
Although the mechanism of action of the complexes cannot be
proposed, it can be seen that the Top IB enzyme is one of the
efficient targets for the class of compounds studied here
ruthenium(II) diphosphine with mercapto ligands.

Effect of Ruthenium Compounds on the Proteasome
Activity in Cells. To investigate the inhibitory effects of the
ruthenium compounds through direct interaction with the
proteasome (Figure 9E), assays with purified 20S proteasome
were performed. At low concentrations, complexes Ru2 and
Ru3 inhibited the chymotrypsin-like activity of the 20S
proteasome in 69% and 90%, respectively. On the other
hand, complex Rul had no proteasome inhibitory effect
because the enzymatic activity remained the same as that of the
controls. The reversible proteasome inhibitor MG132, used as
a positive control, caused inhibition in 99%.

To evaluate the effects of compounds on the proteasome
activity in intact cells, HEK293T cells were treated with each
compound for different times. HEK293T cells stably express a
short-lived green fluorescent protein (GFP), which is
accumulated under proteasome inhibition.”® For assay, the
complex concentrations used do not cause the induction of cell
death. After the cells were treated with the MG132 inhibitor,
an increasing accumulation of GFP was observed, which
indicates that the model used was functioning properly (Figure
9A). After 2 and 4 h of treatment of the cells, there was
minimal variation in the percentage of GFP accumulated in the
cells compared to the control cells. The greatest variation
occurred after 24 h of treatment, and the cells treated with
complex Ru3 (Figure 9D) significantly inhibited the
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Figure 9. In vitro proteasome inhibition by complexes Rul (1 yM), Ru2 (0.9 uM), and Ru3 (3.7 uM). HEK293T-uGFP cells were treated with
the proteasomal inhibitor MG132 (10 uM) as the positive control (A) or the ruthenium complexes Rul (B), Ru2 (C), and Ru3 (D) at the
indicated period and concentration. The Y axis represents the percentage of cells expressing GFP related to viable cells. (E) Purified 20S
proteasome was used to quantify the capacity of ruthenium complexes to directly inhibit proteasome. MG132 was also used as the positive control.
The Y axis represents the percentage of 20S proteasome activity under each treatment. Assays were performed in experimental triplicate, and data
dispersion is shown in the error bar. The ANOVA one-way test was applied with Prism S (GraphPad, USA).

proteasome chymotrypsin-like activity. Interestingly, after 24 h
of treatment with Rul (Figure 9B), the percentage of GFP of
the cells (14.2 + 1.5%) was not statistically different from that
at 0 h (10.7 £ 2.2%), indicating that the compound had no
ability to inhibit the proteasome in cells. Surprisingly, Ru2
(Figure 9C) had no proteasome inhibitory effect in HEK293T
cells. In this case, we suggest that, possibly in the intracellular
environment, complex Ru2 presents interactions directed
toward other biomolecules. When these preliminary assays
are examined, it is clear that slight structural changes in the
complexes provide distinct potencies in the proteasome
inhibitory effect in cultured cell conditions. Finally, Ru3 acts
as a proteasome inhibitor in cells, which can lead to the
accumulation of proteins involved in the division and death of
cancer cells.

The Ru3 complex stands out by diminishing the
proteasomal activity to an extent approximately equal to the
classic inhibitor MG132, at 2.5 times lower concentration. In
structural terms, the hypothesis for the strong inhibitory effect
by Ru3 is due to the ability to perform hydrogen bonds by
means of amine moieties of the damp ligand with the residual
active groups of the enzyme, such as threoninel (Thrl)
residues of the 20S proteasome. As a reference,”” docking
studies carried out for the interaction of the enzyme with a-
ketoamide (proteasome inhibitors) showed the role of
hydrogen interactions. The medium/strong hydrogen bonds
between inhibitors and the binding sites of the active Thrl
residues of the 1 and 2 catalytic subunits (20S proteasome)
are important factors in the contacts with key residues of the
binding pockets.

B CONCLUSIONS

A series of new ruthenium(II) phosphine complexes with
mercapto ligands were synthesized and fully characterized. The
"H NMR data of the complexes are consistent with compounds
of low symmetry in solution with magnetic nonequivalent o-
hydrogen atoms of the phenyl rings. In addition, long-range
phosphorus and mercapto hydrogen couplings are observed by

SIp{IH}—'H HMBC NMR. In the solid state, 7—x
intermolecular interactions between the dppb phenyl groups
and mercapto ligands provide the influence of the magnetic
anisotropy shielding of some mercapto hydrogen atoms. All
complexes show good cytotoxic activity against the lung cancer
AS49 cell line and against the aggressive breast tumor MDA-
MB-231 cell line. Additionally, the complexes are more
cytotoxic against the cancer cell lines than against the MRC-
S (lung) and MCF-10 (breast) nontumor human cell lines. In
particular, complex Ru2 stands out because it is about 3 times
more selective in the MRC-5/A549 pair cell lines compared to
cisplatin. Complexes Rul and Ru2, which are characterized by
“simple rings” of the NS ligands and greater lipophilicity, are
more cytotoxic than compound Ru3, characterized by the
presence of functional groups (amine donor groups) attached
to the rings at the mercapto ligands. The AS49 cells treated
with complex Ru2 showed morphological changes, compared
to those of control cells, with round features and nonadherent
in culture. These changes are indications of cell death by
apoptosis, as confirmed by 7-AAD/annexin V-PE cytometry-
based assay. The results demonstrate that Ru2 induced early
apoptotic cell death and did not induce necrosis cell death.
Complex Ru2 also showed a low capacity to inhibit cell
migration, suggesting that there was no antimetastatic activity.
Additionally, the complex acts in a manner dependent on the
cell cycle status with an increase of the cells arrested at the
Sub-G1 phase, which can trigger cellular apoptosis. Studies by
ICP-MS in A549 cells showed an eflicient accumulation of
ruthenium in the cells after treatment with compound Ru2.
The complexes caused no significant changes in the tertiary
and secondary DNA structures, indicating that this biomole-
cule is probably not their primary target. Studies with
enzymatic targets, especially targets overexpressed in tumor
cells that justify the cytotoxic activity of the compounds, were
carried out. It was found that the complexes are capable of
partially inhibiting the Top IB catalytic activity, at low
concentrations, close to the ICs, values of cancer cell lines.
In living cells, complex Ru3 was able to inhibit the proteasomal
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activity. In addition, complex Ru3 was able to diminish the
proteasomal activity to an extent approximately equal to that of
the classic inhibitor MG132, at a lower concentration. A
hypothesis for the strong inhibitory effect of the enzyme by the
ruthenium complex Ru3 is due to its ability to perform
hydrogen-bonding interactions with the residual Thrl active
groups of the enzyme, showing the importance of the amine
moieties of the damp ligand. Overall, the proteasome enzyme
can be a biological target for this complex. However, we
suggest that Ru2 and Rul can act specifically toward other
biomolecules and in the cellular environment.

B EXPERIMENTAL SECTION

Materials for Synthesis. RuCl;-3H,0, triphenylphosphine
(PPh;), 1,4-bis(diphenylphosphino)butane (dppb), diphenyl-2-pyr-
idylphosphine (dphppy), 2-thiazoline-2-thiol (tzdt), 2-mercaptopyr-
imidine (pySm), and 4,6-diamino-2-mercaptopyrimidine (damp)
were obtained from Sigma-Aldrich and used without further
purification. All other chemicals were used as purchased.

Instrumentation. Elemental analyses were carried out using a
FISIONS Instrument EA 1108 CHNS elemental analyzer at the
Microanalytical Laboratory at the Federal University of Sao Carlos,
Sao Carlos, Brazil. Conductivity measurements in DMSO solutions
(1.0 mM) of the complexes were performed on a Meter Lab
CDM2300 conductivity meter. Fourier transform infrared spectra
were recorded on a Bomem-Michelson 102 spectrometer in the range
of 4000—200 cm ™" in KBr cells. UV/visible absorption spectra were
performed on a Varian Cary 500 model near-IR spectrophotometer in
the range of 190—800 nm. Electrochemical measurements were
carried out using a Princeton Applied Research 273A potentiostat
galvanostat in a dichloromethane solution containing 0.1 M
tetrabutylammonium perchlorate (TBAP; Fluka Purum). A conven-
tional three-electrode system was used with the working and auxiliary
electrodes and Ag/AgCl, 0.10 M TBAP in dichloromethane, as the
reference electrode. Under these conditions, ferrocene/ferrocenium
oxidation occurs at 0.43 V.

X-ray Structure Determination. All complexes were crystallized
from slow evaporation of the dichloromethane/methanol solution.
Single-crystal X-ray diffraction measurements were performed on an
Enraf-Nonius Kappa-CCD diffractometer with graphite-monochro-
mated Mo Ka radiation (A= 0.71073 A) at room temperature (293
K). Cell refinements were determined using the COLLECT
program.*”®" Integration and scaling of the reflections were carried
out with the HKL Denzo-Scalepack software package.”’ The
structures were solved through direct methods of phase retrieval
with SHELXS-2013% and the refinement by full-matrix least-squares
on F* with SHELXL-20135%® within the WinGX-v.2013.3 program
package. Absorption correction was performed by the Gaussian
method.** Non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were fixed at calculated positions and refined using
the riding mode. Structure analysis and the preparation of the artwork
were performed using MERCURY and ORTEP-3 software.** Material
for publication (CIF file) was generated by WinGX. The crystallo-
graphic data and main refinement parameters for all complexes are
summarized in Part II of the Supporting Information.

Syntheses. Syntheses of the complexes were carried out under an
argon atmosphere using a standard Schlenk technique. Analytical-
grade solvents were distilled from the appropriate drying agents prior
to use. The precursors [RuClL(PPh,);],** [RuCl,(dppb)(PPhs)],*
and cis-[RuCl,(dppb)(dphppy)]*” were synthesized as described in
the literature.

A general description of the synthesis of [Ru(NS)(dppb)-
(dphppy)]PFs compounds. The specific mercapto ligand (0.12
mmol) was added to a suspension of the cis-[RuCL,(dppb)(dphppy)]
complex (0.12 mmol) in methanol (20 mL). The resulting solution
was stirred for 12 h at room temperature. After KPF4 (0.12 mmol)
and 0.5 h of stirring, the solvent was removed, under reduced
pressure, to ca. 2 mL, and diethyl ether was added for precipitation of

a yellow solid. The solid was filtered off, rinsed with water (3 X 10
mL) and diethyl ether (5 X 10 mL), and dried in vacuo.

The solids were characterized by NMR spectra (3'P{'H}, 'H, and
BC{'H}), and all signals were unequivocally assigned and are
summarized in Part I of the Supporting Information.

[Ru(tzdt)(dppb)(dphppy)IPFs (Rul). Compound Rul was
synthesized following the general procedure of the synthesis using
100 mg (0.12 mmol) of the cis-[RuCl,(dppb)(dphppy)] precursor, 14
mg (0.12 mmol) of 2-thiazoline-2-thiol, and 21 mg (0.12 mmol) of
KPFq. Yield: 92 mg (75%). Elem anal. Calcd for C,gH,xF¢N,P,RuS,:
C, 63.21; H, 5.42; N, 3.07; S 7.03. Found: C, 63.06; H, 5.35; N, 2.83;
S, 6.92. Selected IR (KBr, cm™): v(C—H) 3071, 2932, and 2848;
v(C=C) py 1588; v(C=C) ring phosphine 1482; v(C=N) py
1449; v(C=N) 1435; v(C=C) ¢ 1413; v(C-S) 1273; f(C—H) ¢
1159; (C=S) 1132; q 1095; vy, 999; v(PFs~) 837; y(C—S) 740;
y(C—H) ¢ 698; v(P—CH,) 660; v(PF4) 557; v(P—C) ¢ 519; y 507;
v(Ru—S) 463; v(Ru—N) 413. UV/visible spectrum [DMSO; 4,,,,, nm
(e, M™' cm™)]: 262 (30815), 308 (6061), 366 (2207). Molar
conductance (S cm* mol™!, DMSO): 36.1.

[Ru(pySm)(dppb)(dphppy)IPFs (Ru2). Compound Ru2 was
synthesized following the general procedure of the synthesis using 100
mg (0.12 mmol) of the cis-[RuClL,(dppb) (dphppy)] precursor, 13 mg
(0.12 mmol) of 2-mercaptopyrimidine, and 21 mg (0.12 mmol) of
KPF. Yield: 108 mg (89%). Elem anal. Calcd for C,oH,sF¢N;P,RuS:
C, 54.95; H, 4,55; N, 3.90; S, 2.97. Found: C, 54.99; H, 4.43; N, 3.27;
S, 2.87. Selected IR (KBr, cm™): v(C—H) 3059, 2939, and 2866;
v(C=C) py 1583; v(C=N)/6(C—N) 1543; v(C=C) ring
phosphine 1482; v(C=N) py 1450; v(C=N) 1433; v(C-S)
1257; f(C—H) ¢ 1160; 1(C—S) 1136; q 1094; vy, 1001; (PE,)
839; y(C-S) 738; y(C—H) ¢ 695; v(P—CH,) 668; v(PF,~) 558;
v(P—C) ¢ 519; y 508; v(Ru—S) 464; v(Ru—N) 420. UV/visible
spectrum [DMSO; A,., nm (g, M™' em™)]: 262 (25185), 306
(8456), 356 (shoulder). Molar conductance (S cm® mol™}, DMSO):
33.9.

[Ru(damp)(dppb)(dphppy)IPFs (Ru3). Compound Ru3 was
synthesized following the general procedure of the synthesis using 100
mg (0.12 mmol) of the cis-[RuCL,(dppb) (dphppy)] precursor, 16 mg
(0.12 mmol) of 4,6-diamino-2-mercaptopyridine, and 21 mg (0.12
mmol) of KPF, Yield: 99 mg (79%). Elem anal. Calcd for
CoH7FN P, RuS*/,CH,Cl,: C, 52.39; H, 4.29; N, 6.14; S, 2.81.
Found: C, 52.48; H, 4.57; N, 5.71; S, 2.68. Selected IR (KBr, cm™):
v(N—H) NH, 3503—3200; v(C—H) 3059, 2932, and 2856; §(N—H)
NH, 1543; v(C=C) py 1584; 1(C=N)/5(C—N) 1535; v(C=C)
ring phosphine 1474; v(C=N) py 1448; v(C=N) 1433; 1(C=C) ¢
1409; §(N—H) and v(C=C) 1321; v(C-S) 1253; f(C—H) ¢ 1160;
v(C=S8) 1130; q 1091; vy, 999; 1(PF4) 847; y(C—8) 744; y(C—H)
¢ 700; v(P—CH,) 656; L(PF") 558; v(P—C) ¢ 519; y 507; v(Ru—
S) 462; v(Ru—N) 424. UV/visible spectrum [DMSO; 4,,,, nm (¢,
M em™)]: 262 (30982), 306 (9087), 368 (2296). Molar
conductance (S cm® mol™!, DMSO): 35.4.

DNA Interaction Studies. The solution of CT DNA was
prepared in a Tris-HCI buffer (S mM Tris-HCl and S0 mM NaCl, pH
7.4). All solutions of the complexes used in the experiments were
prepared in a Tris-HCI buffer containing 10—15% DMSO.

Viscosity Measurements. The viscosity assays were carried out
using an Ostwald viscometer maintained at a constant temperature of
298.0 + 0.3 K in a thermostatic bath. The complex—DNA solutions
(4 mL) at different molar ratios, [complex]/[CT DNA] = 0.05, 0.10,
0.15, 0.20, 0.25, and 0.30, were freshly prepared in a Tris-HCI buffer
(15% DMSO) prior to use. The DNA concentration in the Tris-HCI
buffer was kept constant (200 zM) in all samples. The flow times of
the solutions on the Ostwald viscometer were measured at least 6
times using a digital stopwatch and using the mean value. The relative
viscosity of DNA in the absence (7,) and presence (77) of complexes
was calculated from eq 1:

n/my = (t = to)/(tpna — to) (1)

where £, and tpy, are the flow times of the buffer and DNA solution
alone, respectively, while ¢ is the flow time of the DNA solution in the

https://dx.doi.org/10.1021/acs.inorgchem.0c01835
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01835/suppl_file/ic0c01835_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01835/suppl_file/ic0c01835_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01835?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

presence of ruthenium compounds.®® Data are presented as (17/17,)"/®
versus the ratio [complex]/[DNA].

Agarose Gel Electrophoresis Studies. pBR322 plasmid DNA
solutions in a Tris-HCl buffer (10% DMSO) containing 0.0 (control),
0.25, 0.5, and 1.0 equiv of the complexes were incubated for 18 h at
310 K. The plasmid DNA concentration in the Tris-HCI buffer was
kept constant (S0 #M) in all samples. After incubation, 10 uL of each
sample was electrophoresed in agarose gel (1% TAE buffer) for 6 h at
60 V using a Bio-Rad horizontal tank connected to a Consort EV231
variable-potential-power supply. The gels were stained in an ethidium
bromide solution (2 g L™") and photographed using a ChemiDoc
MP imager.

Competitive Displacement Assay with Hoechst 33258.
Samples containing CT DNA (100 uM) and Hoechst (2.5 uM)
were prepared in a Tris-HCI buffer. Then, the samples (10% DMSO)
were treated with amounts of the complexes equivalent to those of
Hoechst. The complex/Hoechst DNA ratios were 0, 0.1, 0.2, 0.3, 0.4,
0.5, and 0.6. The fluorescence emission spectra were recorded from
370 to 700 nm at an excitation wavelength of 343 nm using opaque
96-well plates containing 200 uL of solution.

Human Topoisomerase | Inhibition Assay. A human Top IB
relaxation kit was purchased from Inspiralis Limited. Reaction
mixtures (30 yL) containing 10 mM Tris-HCl (pH 7.9), SO mM
NaCl, 50 mM KCl, 5.0 mM MgCl,, 0.1 mM ethylenediaminetetra-
acetic acid disodium salt, 15 mg mL™" bovine serum albumin, 1.0 mM
adenosine triphosphate, 50 ng pBR322 DNA, and 4.0 nM Topo I
containing 0.0 (control), 0.25, and 1.0 equiv of the complexes were
incubated for 1 h at 310 K. The reaction was finished by adding 3 uL
of sodium lauryl sulfate, and the solution was then incubated again at
333 K for 2 min. After incubation, 15 yL of STEB and 60 uL of a
chloroform/isoamyl alcohol (24:1, v/v) mixture were added, and the
solution was centrifuged. The aqueous fraction of the samples was
collected and analyzed. The samples were electrophoresed in agarose
gel (1% TAE buffer) for 12 h at 20 mA using a Bio-Rad horizontal
tank connected to a Consort EV231 variable-potential-power supply.
The gels were stained in an ethidium bromide solution (2 ug L™'),
photographed using a Gel Doc EZ System, and analyzed by an EZ Gel
Bio-Rad.

HSA Fluorescence Quenching Experiments. HSA solutions in
a Tris-HCl buffer (5% DMSO) containing 0.0 (control), 1, 2, 3, 4, 5,
6, and 7 equiv of the complexes were freshly prepared prior to use.
The HSA concentration in the Tris-HCl buffer was kept constant (S
uM) in all samples. The fluorescence emission spectra were recorded
from 300 to S00 nm, applying an excitation wavelength of 270 nm.
The fluorescence measurements were registered on a SpectraMax M3
at different temperatures (25 and 310 K) in triplicate using an opaque
96-well plate containing 200 uL of solution. The Stern—Volmer
quenching constant, bimolecular quenching rate constant, binding
constant, and number of binding sites (1) were calculated from the
Stern—Volmer and Scatchard equations.”**> The thermodynamic
parameters (AH and AS) were determined from the vant Hoff
equation: In K = —AH/RT + AS/R.> The change in the free energy
(AG) was calculated from the equation AG = —RT In K = AH —
TAS.*

Proteasome Inhibition in HEK293T-uGFP Cells. A HEK293T
cell line stably expressing an unstable version of GFP (uGFP)”® was
cultured at 310 K/5% CO, of humid atmosphere. For proteasome
inhibition assay, cells were treated with 10 uM MGI132 (Boston
Biochem) as the positive control or complexes Rul—Ru3 in the
respective concentrations 1, 0.9, and 3.5 M. After treatment, cells
were washed with phosphate-buffered saline (PBS) one time (1X)
and harvested with PBS/EDTA 10 mM. Cellular pellets were
obtained by centrifugation at 1000g/S min/277 K and resuspended
in PBS (1x) /paraformaldehyde (1%) for 15 min in room
temperature. Afterward, cells were centrifuged at 1000g/S min/277
K, then washed with PBS (1X), and centrifuiged in the same
conditions. Finally, cellular pellets were resuspended in 10 yg mL™" PI
(Thermo), and quantifications were performed by a flow cytometer
using a fluorescein isothiocyanate filter (BD Accuri).

In Vitro Proteasome 20S Inhibition. In vitro proteasome
inhibition was performed by using 1 ug of a 20S proteasome subunit
(Boston Biochem) diluted in S0 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7.6), 100 mM NaCl, and 1 mM
dithiothreitol. The purified 20S proteasome was incubated with
MG132 or ruthenium(II) complexes for 150 min at 310 K. Following
that, proteasome substrate (Suc-LLVY-AMC; Boston Biochem) was
added to each reaction at a final concentration of 200 uM.
Fluorescence of the succinate group cleaved by proteasome was
detected by SpectraMax i3 (Molecular Devices) at 4., = 380 nm and
Aem = 460 nm.

Statistical Analyses. Statistical analyses were performed with a
Prism S (GraphPad, USA) using the ANOVA one-way test and
Tukey’s Multiple Comparison Test, considering statistical significance
when (*) p < 0.05, (**) p < 0.01, (***)p < 0.001, and (****) p <
0.0001.

Distribution Coefficient (log D). The water/octanol partition
coefficients, P = [compound], ocano/ [compound], ey of the com-
plexes were determined using the shake-flask method.*® The
complexes were added to a mixture of equal volumes of water (750
uL) and n-octanol (750 uL) containing 5% DMSO and were
continuously shaken at 310 K for 18 h at 1200 rpm. Measurements of
both phases were spectrophotometrically carried out, and the
concentrations of the complexes were determined by UV/visible
calibration curves in the respective solvents.

In Vitro Assays. Cell Lines and Culture. The human triple-
negative breast tumor cell line MDA-MB-231 (ATCC HTB-26), the
human breast nontumor cell line MCF-10A (ATCC CRL-10317), the
human lung tumor cell line A549 (ATCC CCL-185), and the human
lung nontumor cell line MRC-S (ATCC CCL-171) were used. MCF-
10A cells were cultured in Dulbecco’s modified Eagle medium F12
(DMEM/F12) supplemented with 10% horse serum, 20 ng mL™'
epidermal growth factor (EGF), 0.5 ug mL™" hydrocortisone, and
0.01 ug mL™! insulin. A549, MRC-5, and MDA-MB-231 cells were
routinely maintained in DMEM/F12 supplemented with 5% fetal
bovine serum. All cell lines were maintained at 310 K in an incubator
with a humidified 5% CO, atmosphere, and 1% penicillin/
streptomycin was added to each culture medium.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
(MTT) Assay. In vitro cytotoxicity of the ruthenium complexes on
cell lines was evaluated by MTT assay.” Cells (1.5 x 10* cells well ™)
were seeded in 96-well plates and allowed to adhere for 24 h. Thus,
aliquots of complex solutions in DMSO (0.75 uL) were added in
different concentrations to each well (containing 150 uL of the
medium), which were then incubated for 48 h. DMSO was used as
the control on untreated cells (0.5%). After 48 h, 50 uL of MTT (1
mg mL™") was added to each well. Cells were incubated again for 4 h,
the medium was removed, and formazan crystals were solubilized
isopropyl alcohol. The absorbance was measured on a microplate
spectrophotometer at a wavelength of 540 nm. The cell viability was
determined using GraphPad Prism software.

Morphology. Morphological assay was performed using the A549
tumor cell line. Cells (0.5 X 10° cells well™) were seeded in a 24-well
plate and after 24 h were exposed to different concentrations of
complex Ru2 for an additional 48 h. Cells were examined at times of
0, 24, and 48 h under an inverted optical microscope (NIKON
ECLIPSE TS100) with a 10 X objective lens, coupled with a Motcam
1SP camera. The morphological changes of the cells exposed to the
treatment were compared to those of the control cells.

Cell Migration Assay. Wound-healing assay was performed to
evaluate the effects of the complex on AS49 cell migration. Cells (1.0
X 10° cells well™') were seeded in a 12-well plate, and after 24 h, a
wound was made in the central portion of every well using a 1 mL
sterile tip and washed with PBS to remove unbound cells. Cells were
exposed to different concentrations of complex Ru2 and incubated for
48 h. The region of the wound was examined at times of 0, 24, and 48
h under an inverted optical microscope (NIKON ECLIPSE TS100)
with a 4X objective lens, coupled with a Motcam 1SP camera. The
closure area (A) of the migrating cells was measured using Image]
software, and the percentage of wound closure was calculated using
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the following equation: % wound closure = [(Ay}, — Ay 1)/Agn] X
100.

Cell Cycle Measurement. A549 cells (0.5 X 10° cells well™) were
seeded in a 12-well plate and cultured at 310 K for 24 h. After
adhesion to the plate, the cells were incubated for another 18 h in a
medium supplemented with 2% N-succinimidyl 4-fluorobenzoate
(SFB) for cell synchronization. Then, the medium was changed to the
medium supplemented with 10% SFB, and the cells were treated with
different concentrations of the complex for 48 h. Subsequently, the
cells were washed with PBS and fixed with ethanol for 24 h at 253 K
and again incubated with RNase (0.2 mg mL™") for 30 min at 310 K.
Last, they were incubated with PI (20 yg mL™") for 1 h on ice and in
the dark. The DNA contents were quantified by flow cytometry on an
Accuri C6 flow cytometer (BD Biosciences). DMSO (0.5%) was used
as the negative control.

Apoptosis Assay. The programmed cell death was evaluated by
flow cytometry using an annexin-V-PE Apoptosis Detection Kit (BC
Biosciences). A549 cells (0.5 X 10° cells well™!) were seeded in a 12-
well plate and cultured at 310 K for 24 h. After adhesion to the plate,
the cells were treated with different concentrations of the complex for
48 h. Subsequently, the cells were incubated in the dark with 2.5 uL of
annexin-V-PE and 2.5 uL of 7-AAD for 15 min. Cell samples were
analyzed in an Accuri C6 flow cytometer (BD Biosciences). Emitted
fluorescence by each dye was quantified in CellQuest software (BD
Biosciences). Camptothecin at 32 uM and DMSO (0.5%) were used
like positive and negative controls, respectively.

ICP-MS Measurements. A549 cells (1.5 X 10° cells) were seeded in
a Corning Costar 125 cm?® flask and allowed to attach ~70% of
confluency. The medium was replaced by a new culture medium
containing complex Ru2 (0.5 M), and the cells were incubated for
24 h at 310 K. A separate flask with a free metal medium was used as
the control. After the exposition time, the culture medium was
transferred to a precleaned tube and centrifuged (1200 rpm, S min) to
remove floating cells, and the supernatant was collected for further
analysis. Then, the AS549 cells were washed in ice-cold ultrapure water
and trypsinized, and after centrifugation (1200 rpm, S min), the cells
were resuspended with cooled ultrapure water (2 mL), pelleted, and
stored at 253 K for further analysis. Subsequently, sample digestion
was performed according to the literature.*” The quantifications of the
metal content were performed by monitoring the '“Ru signal on an
Agilent 7800 ICP-MS spectrometer equipped with a concentric
nebulizer and a Scott double-pass spray chamber. A single-element
ruthenium standard solution used for ICP-MS calibrations was
prepared by diluting 1000 mg L™" 'Ru (Qhemis, Sao Paulo, Brazil)
in a 0.14 M HNO; medium (previously purified), as well as rhodium
and iridium used as internal standards. The analytical solutions for
calibration contained from 0.010 to 200 ug L' of each analyte, and
the internal standards were added at 10.0 pug L™' to analytical
calibration solutions, analytical blanks, and samples.
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