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Abstract

Many studies suggest possible advantages of using other transition metal ions than platinum for develop-
ment of anticancer metal complexes. For example, ruthenium-based compounds have attracted the inter-
est of researchers because of the possibility of using this metal to create new drugs that allow treating
cancer with more selective cytotoxicity against tumor cells. In this dissertation a library of compounds
was investigated, comprising ruthenium- and osmium-based nitrosyl complexes that showed a striking
difference in activity, which was attributed to the lability of the Ru—NO bond. Ruthenium(Il)-cymene
complexes with various substituted 3-hydroxyflavones were found to exhibit not only high antiprolifera-
tive activity but also potent inhibitory properties with regard to human topoisomerase Ila activity. Further
studies of a series of novel 1,3-dioxoindan-2-carboxamide-based complexes, combining the attributes of
half-sandwich complexes and the topoisomerase Ila. inhibiting properties of the ligand scaffold, showed
only a minor impact on the cytotoxicity but a distinct impact on topoisomerase Ila inhibition properties of
these complexes.

Recent analysis of novel ruthenium, osmium, rhodium and iridium complexes featuring thiomaltol lig-
ands suggests that the metal coordination has a distinct impact on their biological activity. The acquired
data implied that the introduction of 1-methylimidazole as a leaving group substantially increases the
stability in aqueous solution and shields the complex from coordination of biomolecules that would lead
to ligand release. This modification allows an accumulation of the intact complexes and controlled activa-
tion at the lower pH values within tumor tissues. Whereas the complexes proved to be good topoisomer-
ase Ila inhibitors, the thiomaltol ligand alone proved to be inactive and the tested substances were evi-
dently no topoisomerase Ila poisons. Furthermore, we looked the structure-activity relationships of these
complexes in mammary carcinoma cell lines with different level of topoisomerase Ila expression as well
as in a newly generated cell line variant with down-regulated enzyme expression in order to understand
their biological behavior. In addition, we performed a theoretical analysis of the intermolecular contacts
between the metal complexes and the protein as well as an analysis of the solvation spheres around the
two complexes that indicated the pocket which is the most likely binding site of the protein domain. Thus,
the current study contributes substantially to the knowledge about the biological properties of novel tran-

sition metal complexes influencing their anticancer profiles.



Zusammenfassung

Viele Studien legen mogliche Vorteile der Verwendung anderer Ubergangsmetallionen als Platin fiir die
Entwicklung antitumoraler Metallkomplexe nahe. Zum Beispiel haben Rutheniumverbindungen das
Interesse von Forschern geweckt, weil dieses Metall Mdoglichkeiten erdffnet, neue Arzneimittel zu
kreieren, die eine Krebsbehandlung mit selektiverer Zytotoxizitat gegen Tumorzellen erlauben. In dieser
Dissertation wurde eine ruthenium- und osmium-basierte Nitrosylkomplexe umfassende Bibliothek von
Metallkomplexen untersucht, die einen auffalligen Aktivitatsunterschied aufwiesen, der auf die Labilitt
der Ru-NO-Bindung zurlckzufiihren war. An Ruthenium(Il)-Cymolkomplexen mit verschiedenen
substituierten 3-Hydroxyflavonen wurden nicht nur hohe antiproliferative Aktivititen, sondern auch
starke inhibitorische Eigenschaften im Hinblick auf die Aktivitdt der menschlichen Topoisomerase Ila
festgestellt. Weitere Untersuchungen an einer Reihe von neuartigen 1,3-dioxoindan-2-carboxamid-
basierten Komplexen, welche die Eigenschaften von Halbsandwich-Komplexen und die topoisomerase-
ITa-hemmenden Eigenschaften des Ligandengerists vereinen, zeigten nur eine geringe Auswirkung auf
die Zytotoxizitat, aber einen deutlichen Einfluss auf die topoisomerase-lla-inhibitorischen Eigenschaften

dieser Komplexe.

Neuere Untersuchungen an Ruthenium-, Osmium-, Rhodium- und Iridiumkomplexen mit
Thiomaltolliganden deuten darauf hin, dass die Metallkoordination einen deutlichen Einfluss auf ihre
biologische Aktivitat hat. Die gewonnenen Daten implizieren, dass die Einflihrung von 1-Methylimidazol
als Abgangsgruppe die Stabilitdt in wassriger Losung wesentlich erhéht und den Komplex gegen die
Koordination von Biomolekilen abschirmt, die zur Ligandenfreisetzung flhren wirde. Diese
Modifikation ermdglicht eine Akkumulation der intakten Komplexe und eine kontrollierte Aktivierung
bei den niedrigeren pH-Werten innerhalb des Tumorgewebes. Wéhrend sich die Komplexe als gute
Topoisomerase lla-Inhibitoren erwiesen, zeigte der Thiomaltol-Ligand allein keine Aktivitat, und die
getesteten Substanzen waren nachweislich keine Topoisomerase lla-Gifte. Dartiber hinaus wurden die
Struktur-Aktivitats-Beziehungen dieser Komplexe in Mammakarzinom-Zelllinien mit unterschiedlicher
Topoisomerase-lla-Expression sowie in einer neu generierten Zelllinienvariante mit herunterregulierter
Enzym-Expression untersucht, um deren biologisches Verhalten zu verstehen. Zudem fiihrten wir eine
theoretische Analyse der intermolekularen Kontakte zwischen den Metallkomplexen und dem Protein
sowie eine Analyse der Solvationssphdren um die beiden Komplexe durch, die auf jene Tasche
hinwiesen, welche die wahrscheinlichste Bindungsstelle an der Proteindomdne ist. Somit tragt die
aktuelle  Studie wesentlich zum Wissen (Uber die biologischen Eigenschaften neuer

Ubergangsmetallkomplexe bei, die ihre antitumoralen Profile beeinflussen.

Vi



1. Introduction

1.1 Definition of Cancer

Cancer is a group of diseases involving abnormal cell grow with the acquisition of metastatic properties.
Normal cells grow and divide, but every step of every cycle is controlled by many regulatory mechanisms
and factors — they only grow when stimulated by growth factors. Cancer cells divide in on unregulated
manner and at a rapid pace. Obviously, cancer cells require specific dynamic changes in the genome to
become malignant. Carcinogenesis involves uncontrolled cell growth, the activation of oncogenes and
inactivation of tumor suppressor genes, while metastasis requires down-regulation of cell adhesion recep-
tors (required for tissue-specific cell-cell attachment) as well as the up-regulation of receptors that in-
crease the mobility of cells ¥ 2. In total, there are more than 100 types of cancer. Usually, they are named
after the tissues or organs from which they originate, but some after the cell type that formed them 2, they

can be grouped in the following categories:
= carcinoma, formed by epithelial cells;
= sarcoma, formed in bone and mesenchymal soft tissues;
= leukemia, formed in the blood-building tissue of the bone marrow;
= lymphoma, formed from lymphocytes (T cells or B cells);
=  multiple myeloma, formed from plasma cells;
= melanoma, formed from melanocytes;
= other types of tumors (neuroendocrine, germ cell tumors and etc.).

According to the original hallmarks of cancer as defined by Douglas Hanahan and Robert A. Weinberg,
six different capabilities lead to the development and progression of cancers (Fig. 1). Generally, every
normal cell requires special signals to grow and divide, but cancer cells are self-sufficient in this, they can
produce those signals by themselves. At the same time, many control proteins of cell division or of tu-
mor-suppressor genes may be upregulated in cancer cells, leading to increased growth rate and insensi-
tivity to anti-growth signals. Moreover, these cells become “immortal” due to their ability for a limitless
number of divisions. Cancer cells also show a lower propensity for programmed cell death (apoptosis) in

case of damage. Finally, these cells are able to stimulate the development of blood vessels to get suffi-



cient amount of oxygen and other important components for them to survive and, finally, they are known

to invade neighboring tissues as well as to spread to distant parts of the body (metastasize) *.

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1. The hallmarks of cancer according to Weinberg and Hanahan 2000 °.

In 2011 Weinberg and Hanahan published another article where they proposed new hallmarks: abnormal
metabolic pathways and evasion of immune control. There authors also mentioned the importance of ge-
nomic instability, which generates the genetic diversity that expedites their acquisition, and inflammation,

which fosters multiple hallmark functions °.

Usually, cancer progression is driven by the accumulation of a number of genetic alterations. Those ge-
netic changes or “drivers” of cancer are known to promote cancerogenesis and have effects on three main
types of genes namely proto-oncogenes, tumor suppressor genes and DNA repair genes. Notably, the
relation of chromosomal abnormalities to tumorigenesis was suggested in 1914 and confirmed half a cen-
tury later with new cytogenetic techniques. This approach identified the first specific translocation driving
the development of human leukemia (Philadelphia chromosome). Since these discoveries, somatic altera-
tions of about 500 genes were linked to cancer development and progression. For example, the analysis of
glioblastoma and ovarian cancer samples by the Cancer Genome Atlas project at the genome level re-
vealed a marked contrast regarding somatic copy number alterations, while at the gene level both cancers
showed mutations of tumor protein 53, retinoblastoma protein and RTK/RAS/BRAF/PI3K signaling

pathway alterations ® 7.



Understanding how the cancer appears, develops, responds to treatment and promotes metastasis poses a
further challenge, but will shed a light on new strategies in cancer therapies (Fig. 2).

Tumour micro-environmental
factors, e.g. hypoxia and acidity

Tumour micro-
environmental factors

-

Distant

metastasis
Carcinogenic Treatment Treatment Micro-environmental
exposure phase 1: phase 2: factors of distant organs,
(tobacco smoke) chemotherapy targeted e.g. growth factors

and radiotherapy  therapy

Y

Time

Nature Reviews | Genetics

Figure 2. A multitude of environmental factors may shape the evolutionary processes within a single
cancer. Blue and purple bubbles represent successive cancer clones, the expansion of which is altered by

mutagenic factors (grey arrows) and non-mutagenic factors (black arrows) °.

Uri David Akavia with co-authors developed a computing structure (CONEXIC), which unites chromo-
somal copy number and gene expression data for detecting aberrations that promote tumorigenesis. They
demonstrated the use of this framework on 62 cultured melanomas and identified 30 scoring modulators
as likely “drivers”. Recently, BRCA1 and BRCA2 mutations that affect DNA repair have been shown to
create a tumor-specific vulnerability to PARP (poly(ADP-ribose) polymerase) inhibitors and have trig-
gered enthusiasm for cancer therapeutic target discovery. These new approaches are very important for
identification of candidate drivers with biological importance for cancer treatment 8°, Refined definition
of cancer with the new approaches will help further research in the fight against cancer. Recognition of
the broad application of the hallmarks concepts will influence the development of new means for anti-

cancer therapy.



1.2 Epidemiology of Cancer

Cancer is a leading cause of death in both economically developed and developing countries. The signifi-
cance of the disease is increasing, not only because of the growth and aging of the population but also due
to cancer-associated lifestyle habits such as smoking, poor-quality diet or lack of physical activity. Cancer
risk and protective factors are identified in epidemiologic studies. The cancerogenic effect of tobacco was
the most important discovery in the history of cancer epidemiology. Lung cancer cases increase sharply
among constant smokers, but the risk is the highest in those who start smoking young and continue during
all life. Cancerogenic effects of tobacco were then thought to be associated with only a limited number of
cancer types — lung, pancreatic, bladder, head/neck and esophageal. Later data showed that other types of
cancer, which are highly prevalent around the world, also increase by smoking (e.g., gastric, liver and

cervical) 113,

Dietary epidemiology studies factors such as the variety of food and food components as well as correla-
tions and temporary changes in their use. The question whether the concrete food components or nutrients
are connected with increased or reduced risk of a cancer was addressed. However, studies of human
populations still did not convincingly show that any dietary component causes or protects from a cancer.
Scientists studied many additives, nutrients and other biologically active components for possible associa-
tions with cancer. At most, it was shown that some components are associated with cancer risks including
alcohol, artificial sweeteners and fried meat % 2416 while other components are known to be associated

with cancer prevention — antioxidants, tea, cruciferous vegetables, garlic and vitamin D 172,

Other factors, such as reproductive and hormonal, are also known to play a role in the development of
breast and ovarian cancers. However, the most important discoveries concern the cancerogenic effects of
infectious pathogens, such as Helicobacter pylori, human papilloma virus or hepatitis-B virus. About one
fifth of all human cancerous tumors around the world appear in stomach, liver or cervix, and the majority
of them would be prevented if these infections could be eradicated. Epidemiological data on human can-
cer rates also provide some information about occupational and environmental carcinogens. The only
widespread cancer undoubtedly caused by environmental factors is skin cancer, while there is a little in-
formation about other correlations. Presence of asbestos, mineral oils, silica, diesel engine exhaust, coal
tars and pitches, dioxins, environmental tobacco smoke, radon, tetrachloroethylene, arsenic and strong

inorganic mists are among the most common carcinogens 2 2,

The American Cancer Society, the International Agency for Research on Cancer, and the Union for Inter-
national Cancer Control developed the Cancer Atlas to provide a global basis for the fight against cancer.

This worldwide report provides information about estimated 14.1 million new cases and 8.2 million



deaths from cancer in 2012 (Fig. 3). Around 57% (8 million) of new cancer cases and 65% (5.3 million)
of fatal cases occurred in less developed regions of the world. Nearly a half of all new cases and a little
more than a half of all deaths comes from Asia, and one quarter of the global burden occurs in China .
Based on obtained data it is expected that by the year 2025 there will be an estimated 19.3 million new
cancer cases and 11.4 million cancer deaths yearly, and the proportions occurring in less developed re-
gions will increase to 59% and 68%, respectively.

TOTAL ESTIMATED NEW CASES TOTAL ESTIMATED DEATHS
14,100,000 8,200,000
3_‘ 1-1 [ “1 0-7
ab
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Figure 3. Estimated global numbers of new cases and deaths with proportions by major world regions,

for all malignant cancers (excluding non-melanoma skin cancer) in both sexes combined, 2012 2.

J. Ferlay and co-authors described the key results available in the GLOBOCAN series of the International
Agency for Research on Cancer in a more detailed manner. They analyzed the data and assumed that lung
cancer remains the most common cancer in the world with 1.8 million cases and 1.6 million deaths
(12.9% and 19.4% of total, respectively) because of the higher fatality. Breast cancer is the second most
common cancer overall with 1.7 million cases (11.9%) but ranks lower as a cause of death (522,000,
6.4%) because of the more favorable prognosis. These are followed by colorectal cancer (1.4 million cas-
es, 693,000 deaths), prostate cancer (1.1 million cases, 307,000 deaths), stomach cancer (951,000 cases,
723,000 deaths) and liver cancer (782,000 cases and 745,000 deaths). These six cancers represent 55% of
the global incidence burden in 2012; in more developed regions, just four cancers — female breast, pros-
tate, lung and colorectal — amount to half of the total incidence, whereas lung, female breast, stomach and
colorectal cancers combined with liver and cervical cancers make up more than half of the incidence bur-

den (54%) in less developed regions ?2. These data are presented in the Atlas of Cancer by sex — here we



see the pattern described above — lung and prostate cancer is the most common type of cancer in men,

whereas breast cancer is the most common in women (Fig. 4).
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Figure 4. Global estimated age-standardized cancer incidence and mortality rates per 100,000 by major

sites in men and women, 2012 21,

Striking geographical differences in cancer incidents are typical for Europe, where 3.5 million new cases
and 1.9 million deaths from cancer were estimated in 2012. More than half of overall new cancer cases
are from breast, colorectal, prostate and lung cancers, while the most common causes of cancer death are
lung and colorectal cancer. In the male population the most frequent form of cancer incidence is prostate
cancer in Northern, Western and Southern European countries, while lung cancer is more common in

Central and Eastern Europe. Lung cancer is the leading cause of cancer death among men in almost all



European countries, while breast cancer dominates as the most frequent in women. Generally, in most
European countries breast cancer incidence rates continue to increase, while mortality rates decreased, as
a result of earlier diagnosis, improved therapies and population-based screening programs 2. If we look at
the most recent available cancer statistics 2018, we will see that not much has changed — breast cancer
continues to hold the leading position with new estimated 266,120 cases and an estimated 40,920 deaths,
while lung/bronchus cancer follows on the second position with 234,030 and 154,050 estimated cases and
deaths, respectively. Prostate cancer closes the top three with 164,690 estimated cases and 29,430 deaths.
In 2018, it is estimated that there will be 1,735,350 new cases of cancer of any site and an estimated
609,640 people will die of this disease. Overall cancer incidence rates are higher among men than wom-
en. Among racial/ethnic groups, there are more new cases among African American men and white wom-
en and fewer new cases among Asian/Pacific Islanders of both sexes. The number of new cases of cancer
of any site was 439.2 per 100,000 men and women per year based on 2011-2015 cases. Cancer of any site
is most frequently diagnosed among people aged 65-74 with median age of 66. Using statistical models
for analysis, rates for new cases of cancer of any site have been falling on average 1.1% each year over

the last 10 years. Death rates have been falling on average 1.5% each year over 2006-2015 3.
1.3 Principles and strategies of anticancer therapy

There are many types of cancer treatment — surgery, radiation therapy, chemotherapy, immunotherapy,
targeted and hormone therapy. The type of treatment that a patient receives depends on the type of cancer
and how advanced it is. Strategies of anticancer therapy have changed over the last four decades and the
time when operation and radiotherapy were the only effective ways of treatment is long past. It is well
known that surgery is the most effective type of treatment for localized primary tumors and overall as a
single treatment strategy — it cures more patients than any other individual type of treatment. Chemother-
apy and radiation therapy in comparison with operations are only able to kill a fraction of tumor cells by
each treatment. However, within the last two decades, the use of surgery and radiation in combined thera-
py considerably reduced the mortality connected with surgery of solid tumors. The most common use of
radiotherapy is in combination with surgery and/or chemotherapy. Radiotherapy can be used pre-, post- or
intraoperative and chemotherapy approaches can be used with different strategies depending on type of

tumor 2.

However, in the treatment of advanced or metastatic stage and in hematological tumors, surgery and radi-
otherapy are either not an option or insufficient. Chemotherapy is the most effective therapeutic approach

— it relieves painful symptoms, prolongs life and/or even heals the disease:

= chance of normal life for some patients with different types of metastatic tumors;



= increased survival, when used in combination with surgical therapy or radiation therapy;
= total remission in more than 25% of the treated patients %*;

= increased response rate with a significant prolongation of life expectancy;

= objective regression in 30-50% of patients who first received a chemical product.

However, it is always important to remember that the use of cytotoxic chemotherapy does not lead to
regression of the tumor in all patients, and that has often undesirable side effects. Nevertheless, chemo-
therapy expands as new effective antitumor drugs are discovered. Anticancer drugs have their own profile
of sensitive and resistant primary tumors, and the use of combined drugs leads to a high complexity of
possible therapeutic regimens. The objective of chemotherapy in cancer is the selection of drugs and dose

levels, which have a chance of eradicating disseminated cancer cells, without causing severe host toxicity

25

1.3.1 Alkylating agents, antimetabolites and antimitotic drugs

The beginning of the modern era of chemotherapy started with the discovery of nitrogen mustard as an
effective cancer therapy by Goodman and Gilman with surgeon Lindskog in 1942. They continued exper-
iments with a desire to understand the mode of action of mustard compounds and found the ability which
was later clarified as forming covalent bonds with DNA. Later studies demonstrated specific sites of al-
kylation on purine bases, leading to crosslinking of strands and induction of apoptosis. Around 1950, it
was shown that a four-amino analogue of folic acid (aminopterin) could inhibit proliferation of cells and
induces remissions in acute leukemic patients. While, nitrogen mustard and its derivatives are long known
to covalently bond alkyl groups of molecules, folic acid analogs are known to interfere with the synthesis
of DNA precursors. Up to now, alkylating agents and anti-folates remain major classes of cytotoxic
chemotherapy drugs in routine clinical use to treat tumors % 2. Differences in the activity of alkylating
agents are explained by differences in absorption, metabolic rate and tissue affinity, and not by differ-
ences in the mode of action. With rare exceptions, the resistance of tumor cells to a particular alkylating
agent indicates resistance to other alkylating agents. Alkylating agents cause various pharmacological
effects, including interference with mitosis, mutagenesis, immunosuppression and carcinogenesis. There

are five chemical classes of clinically useful alkylating agents 5

= nitrogen mustard derivatives (mechlorethamine, cyclophosphamide, chlorambucil, melphalan);
= ethylene derivatives;

= alkyl sulfonates (busulfan);

= triazine derivatives (dacarbazine);

= nitrosoureas (carmustine, lomustine, semustine).



Antimetabolites directly interact with special metabolic enzymes, which leads to inhibition of this enzyme
or the subsequent synthesis of an aberrant molecule that cannot function normally. These antimetabolites
are structural analogues of normal metabolites necessary for the biosynthesis of purine and pyrimidine —
when introduced into a cell instead of a physiological substance, they lead to inhibition of the cellular
function. Antimetabolites are specific for the phases of the cell cycle and act during DNA synthesis (cell

phase S). Main antimetabolites are %:

= pyrimidine analogues (5-fluorouracil, cytosine-arabinoside, gemcitabine);
= purine analogues (6-mercaptopurine, 6-thioguanine);

= folic acid antagonists (methotrexate).

The class of antimitotic drugs is widely represented by plant alkaloids of which the most famous cancer
fighter are Vinca alkaloids — a subset of drugs obtained from the Madagascar periwinkle plant. They are
naturally extracted from the pink periwinkle plant, Catharanthus roseus and have hypoglycemic as well
as cytotoxic effects. They have been used to treat diabetes, high blood pressure, used as disinfectants and
anticancer drugs. There are four major Vinca alkaloids in clinical use: vinblastine, vinorelbine, vincristine
and vindesine. The main mechanism of Vinca alkaloid cytotoxicity is their interaction with tubulin and
disruption of microtubule function, particularly of microtubules comprising the mitotic spindle apparatus,

directly causing metaphase arrest %,
1.3.2 Platinum compounds

In 1965 Rosenberg opened a door to metal-based chemotherapeutic agents by discovering the antitumor
properties of cisplatin. Today cisplatin, carboplatin and oxaliplatin are the only FDA-approved platinum
drugs and are used worldwide for the treatment of various cancer types. Another three Pt-drugs have
gained approval in single markets — nedaplatin in Japan, lobaplatin in China and heptaplatin in Korea
(Fig. 5). The major cellular processes by which cisplatin attacks cancer cells include formation of DNA
adducts, their recognition by damage-response proteins, and signal transduction leading to cell-cycle ar-
rest, DNA repair and/or cell death. Platinum drugs contain two types of ligands attached to a central plati-
num cation — amine/ammine “carrier” and labile chlorido/carboxylato ligands. Platinum drugs can be
viewed as prodrugs as they require aquation of their labile ligands to form bonds with the N7 atom on
guanine and adenosine bases of DNA. This type of binding stops DNA replication and transcription and

leads to apoptosis 2%,
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Figure 5. The structures of the approved platinum drugs, showing the “carrier” amine/ammine ligands in
red and the labile chlorido- or carboxylate-based ligands in green .

Despite their success, platinum drugs have two main limitations: severe side effects (such as neuro- or
nephrotoxicity) and drug resistance of several cancer types. The side effects from unspecific damage to
rapidly dividing cells (e.g., hair follicles, bone marrow, mucosa of the gut) are much less pronounced for
platinum drugs than for many other chemotherapeutics, while drug resistance arises from several mecha-
nisms: down-regulation of cellular uptake and up-regulation of drug efflux, glutathione-associated effects
(degradation and detoxification of the drugs in the cell), as well as a decrease in formation of drug-DNA
adducts and an increased repair of or tolerance to the DNA damage. Platinum drugs remain one of the
most used families of chemotherapeutic drugs and are unlikely to be clinically replaced in the near future.
They are not without their shortcomings, with serious side effects limiting the dose that can be prescribed
to patients, and the development of drug resistance even by those types of cancer that initially respond to
platinum. While the direction is developing and new platinum preparations are appearing, they are likely
to suffer from the same problems, and therefore, currently the focus is on developing new substances that

are more stable and more selective for cancers 2.
1.3.3 DNA topoisomerase-targeting drugs

DNA topoisomerase-targeting drugs are the next well-known and promising class of anticancer chemo-
therapeutics. Topoisomerases are essential nuclear enzymes involved in every aspect of DNA function —
replication, transcription, recombination and chromosome condensation. In particular, DNA strand sepa-
ration for transcription and replication, the flawless segregation of two identical copies of entire genomes
in two daughter cells following replication, and the formidable genomic compaction in cells exemplify

the critical actions of DNA topoisomerases. Topoisomerases are classified as type | and type Il according

10



to the number of DNA strands cut in one round of their catalytic cycle. Thus, topoisomerase | (topol)
cleaves one DNA strand at a time and topoisomerase Il (topo2) both strands of the double helix as part of
their catalytic functions. The enzyme type Il has two isoforms — a and 3, encoded by different genes that
are expressed in actively dividing cells. Topoisomerase Ila (topo2a) plays a dominant role in mitosis,
while topoisomerase 11 (topo2p) is not absolutely required for cell division, hereby, topo2a became a

primary target for a number of anticancer drugs and considered to be more effective in killing cancer cells

33,34

The most popular anticancer drugs targeting topoisomerase | are camptothecin (CPT) derivatives. Camp-
tothecin was first identified from the tree Camptotheca acuminata (“happy tree”) that is growing in
southern China and Tibet. The bark and stems of the tree contain the alkaloid CPT that is poisoning the
enzyme by reversibly inhibiting religation of DNA strands. However, CPT had some limitations: low
solubility and inactivation within minutes at physiological pH by lactone E ring opening. In later studies,
structures were improved and two water-soluble CPT derivatives were approved for worldwide clinical
use — topotecan and irinotecan (belotecan only in South Korea) (Fig. 6). Topotecan is a DNA intercalator
and its action disrupts the DNA duplication mechanism, which leads to cell death. Irinotecan works via its
active metabolite — SN-38 that is formed via hydrolysis of irinotecan by carboxylesterases and is 1000
times more active than irinotecan itself. The inhibition of topol by the active metabolite SN-38 eventually
leads to inhibition of both DNA replication and transcription that, obviously, helps to overcome the limi-
tations of topotecan *.
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Figure 6. Topotecan and irinotecan are the two FDA-approved camptothecins for anticancer therapy *.

Agents able to stabilize the covalent DNA topo2 complex (also known as the cleavable complex) are
traditionally called topo2 poisons, while agents acting on any of the other steps in the catalytic cycle are
called catalytic inhibitors. (Fig. 7). The story of topo2 poisons begins with the anthracycline daunorubi-
cin, which was discovered in the 1950s, derived from soil bacteria of the genus Streptomyces as an ex-

tremely potent anticancer drug. It remains in use today primarily for the treatment of acute leukemia.
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Doxorubicin (adriamycin), another bacterial toxin, was discovered soon after daunorubicin and is widely
used for treating breast cancer, bone and soft tissue sarcomas, bladder cancer, anaplastic thyroid cancer,
Hodgkin’s and non-Hodgkin’s lymphomas and multiple myeloma. Epirubicin, an active isomer of doxo-
rubicin, was developed later (approved by the FDA in 1999) to avoid the side effects of doxorubicin, pos-
sibly due to its faster elimination. The anthracyclines are effective against more types of cancer than any
other class of chemotherapeutic agents and have several mechanisms of action: they intercalate into DNA
and RNA strands and inhibit their synthesis, they inhibit topo2 by stabilization of the enzyme-DNA
cleavage complex and generate free oxygen radicals. Although anthracyclines are used to treat a wide
range of cancers, their limitation is long-term cardiotoxicity. Another well-known topoisomerase poison,
etoposide (Vepesid), is a glycoside derivative of podophyllotoxin found in the American mayapple (Pod-
ophyllum peltatum). It was first synthesized in 1966, approved by the FDA in 1983 and is still widely
used in oncology for a broad range of solid tumors. Etoposide prevents topo2 from religating cleaved
DNA and increases enzyme-mediated double-strand breaks of DNA. Teniposide has a similar mechanism
of action, but it is about 10-fold more potent than etoposide in killing malignant cells likely due to higher
cellular uptake. The anthracenedione mitoxantrone (Novantrone) was developed as a synthetic analog of
anthracyclines at the American Cyanamid Laboratories in the late 1970s and approved by the FDA in
1996 for prostate cancer treatment, it is a potent DNA intercalator and topo2 poison -3,
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Figure 7. The overview of topo2-targeting drugs including poisons and catalytic inhibitors .
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Catalytic topo2 inhibitors are a heterogeneous group of compounds that might interfere with the binding
between DNA and topo2 (aclarubicin and suramin), stabilize noncovalent DNA topo2 complexes (mer-
barone, ICRF-187, and structurally related bisdioxopiperazine derivatives), or inhibit ATP binding (no-
vobiocin). The most frequently studied group of topo2 inhibitors are ICRF-187 and related bisdioxopiper-
azine derivatives. ICRF-187 was in clinical usage primarily for reducing the cardiotoxicity of anthracy-
clines but since was found to inhibit topoisomerase and in fact now it is under investigation as a catalytic
inhibitor. Merbarone is another catalytic inhibitor of topo2 useful for experimental studies — it exhibits
curative activity against L1210 leukemia and activity against some other murine tumors. The drug inhibits
the catalytic activity of topo2 with some selectivity toward the topo2a isoform; while this drug is not
approved for clinical use, it remains a useful tool for studying the enzyme . The main difference be-
tween catalytic inhibitors and poisons is the accumulation of double-strand breaks in the latter case. Cata-
lytic inhibitors are mainly disrupting the function of the enzyme by binding to its ATP pocket, by binding
to the same sites on DNA that are used by the enzyme or by the simultaneous binding to DNA and the
enzyme, leading to the freezing of the whole catalytic cycle, but without increasing levels of DNA cleav-
age (Fig. 8) 340,
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Figure 8. The overview on topo2 catalytic cycle (based on Murphy et al.) *°

In addition to the above-mentioned inhibitors, the activity against the enzyme was shown by compounds
such as curcumin, cannabidiol and resveratrol. The first two agents demonstrated inhibition of topo2a
ATP hydrolysis and a decrease in enzyme—DNA binding, while the last agent showed the ability to inhibit
relaxation; nevertheless, further work is required to clarify the possible modes of action “°. In this regard,
many scientific groups turned to the methods of theoretical chemistry and went into the field of molecular
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simulations. They investigate existing structural data with molecular dynamic simulations and propose
models for not yet well characterized DNA-topo2—drug systems. Thus, there are plenty of methods to
investigate the possible options for modifying chemical structures to improve existing catalytic inhibitors
in order to overcome the main disadvantage of topo2 poisons — the tendency to form secondary malignant

tumors 42,

It should be noted here that tumor cells show different expression of topo2a compared to normal cells.
Among all forms of topoisomerases, this o isoform of the enzyme is closely associated with cell prolifera-
tion and is therefore an important therapeutic target in diseases that involve cellular proliferation such as
cancers. Different researchers pointed out the prognostic value of topo2a in various types of cancer.
Overexpression is related with changes in tumor behavior and responses to medication. The up- or down-
regulation of this enzyme alone and sometimes in association with other genes may predict the character

of malignancy, therapeutic response, and overall survival of patients *,
1.3.4 Targeted therapy

For decades systemic anticancer therapy has been based on application of cytotoxic chemotherapeutics.
The majority of these drugs are DNA-damaging agents that are intended to destruct or suppress quickly
dividing cells. While many researchers were searching for the most effective cytotoxic compounds, others
were studying tumor cell characteristics including self-dependence on positive regulatory signals, insensi-
tivity to growth inhibitory signals, limitless proliferation, resistance to apoptosis, angiogenesis and the
ability to establish distant metastasis. They found out that networks, which are responsible for these activ-
ities or inactivities, are radically altered in cancer cells and set out to target these molecular defects — it
was the beginning of a new era of “targeted therapy”. Today, there are two main approaches available for
use in clinical practice of specific molecular targeting — therapeutic monoclonal antibodies and small-
molecule agents. The first can deplete or block tumor growth factors, while the second target different
steps in transduction and execution of growth signals. The most famous strategies are anti-HER2 and
anti-EGFR targeted therapies (trastuzumab, lapatinib, gefitinib and erlotinib). Many drugs influencing
each of the acquired properties necessary for growth and progression of a tumor were developed, are in
clinical tests or even approved for clinical application in cancer treatment. Below, the Figure 9 depicts
different classes of those drugs and the wide range of promising targets and modes of action in develop-

ment for most of these hallmarks of cancer > 2+ 44,
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Figure 9. Different classes of drugs that interfere with each of the acquired capabilities necessary for

tumor growth and progression .

Cancer immunotherapy makes use of a stimulation of the immune system to treat cancer. Active immuno-
therapy is used to trigger the immune system to attack cancer cells by targeting tumor antigens. The
blocking of immune checkpoints is one of the most promising approaches for activation of therapeutic
antitumor immunity. Immune checkpoints are excessive inhibitory pathways built into the immune sys-
tem that are critical for modulating the duration and strength of immune responses. Due to fact that many
of the immune checkpoints are initiated by ligand—receptor interactions, they can be blocked by antibod-
ies or modulated by recombinant forms of ligands and receptors. For example, the first of this class of
immune-therapeutics were cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) antibodies which were
approved by the US Food and Drug Administration (FDA). Preliminary clinical findings with blocking of
additional checkpoint proteins such as programmed cell death protein 1 (PD1) indicated broad and di-
verse opportunities to enhance antitumor immunity with the potential to produce long-lasting clinical
responses. Viral vectors or virotherapy is another concept in cancer treatment — the strategy involves on-

colytic viruses that grow selectively in tumor cells. An additional mechanism of antitumor activity associ-
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ated with the replication of the virus in the tumor is the activation of an immune response against the tu-

mor 24, 45.
1.4 Novel metal-based anticancer drugs

The successful application of cisplatin in oncology has raised the interest in metal-based drugs as poten-
tial chemotherapeutics. Transition metals offer a wide range of possibilities in the design of anticancer
agents, including the variation of coordination numbers, redox states and ligand substitution. Current
studies are focused on metal-based drugs that interact differently with DNA in comparison to classic plat-
inum complexes or with other targets such as proteins, implying alternative ways to kill cancer cells.
Many different transition metal complexes have been synthesized and investigated in order to overcome
resistance of some tumors to platinum drugs. In this respect, ruthenium and osmium compounds with
their lower toxicity and different mechanisms of action, as compared to classic platinum-based complex-

es, are promising candidates in the field of anticancer drug development 2% 30 47,
1.4.1 Ruthenium and osmium compounds

Generally, ruthenium has two oxidation states that are relevant for drug design — Ru(ll) and Ru(l1l) which
are able to form six-coordinated octahedral species and the rate of ligand exchange is comparable to that
of platinum. In 1980, chlorido-ammine-Ru(l11) compounds were found to have anticancer activity in rats,
which was the starting point in the story of ruthenium-based compounds as experimental cancer therapeu-
tics. Although the activity of these complexes was limited by poor solubility, four years later the new
analog cis-[RuCl,(dmso)4] was shown to be active against primary and metastatic cancers with less activi-
ty compared to platinum drugs but with milder side effects. The general overview of ruthenium-based
compounds shows that three classes of active compounds were most successful for — NAMI-A,
KP1019/1339 and organometallic Ru(ll)-arene complexes (such as RAPTA-C) (Fig. 10). KP1019 is a
potent ruthenium anticancer drug but with one significant drawback — poor water solubility. A sodium
salt analog, KP1339, was synthesized to overcome this issue and showed a 35-fold higher solubility. In
preclinical trials NAMI-A and KP1019/1339 have shown antimetastatic potential and ability to induce
apoptosis in primary tumors, respectively. These ruthenium compounds are characterized by a high affini-
ty to proteins of the blood, which has been suggested to be crucial for drug accumulation in the tumor
tissue and to be responsible for the minor adverse effects observed in clinical trials. The clinical study
showed that NKP-1339 is well tolerated with manageable side effects and single-agent activity was noted

in multiple tumors including NET 30 46-%0,
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The long success of Ru-arene compounds is connected to the amphiphilic properties of the Ru-arene sys-
tem where a hydrophobic ligand is adjoined by the hydrophilic metal center. The best-known representa-
tives are drugs designed by the group of Dyson (RAPTA-C) and some analog produced by Sadler. Alt-

hough RAPTA-C only exhibits a low activity in vitro, it is active against metastatic tumors in vivo .

Studies of ruthenium-based compounds could identify a unique combination of properties of certain com-
plexes with respect to their anticancer potency — possible transport into tumor cells by transferrin, given
the presumed higher demand for iron of these rapidly dividing cells; their octahedral geometry offering
unique possibilities to bind to target molecules; accessibility of different oxidation states under biological
conditions. Some ruthenium-based compounds are suitable as NO-delivering agents, while other may
reveal topoisomerase-targeting properties. Thus, ruthenium-based anticancer compounds may more selec-

tively attack tumor cells, rather sparing healthy tissues 5.
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Osmium is a metal that deserves attention of researchers in search of new effective anticancer therapeu-
tics. Osmium complexes gained increasing interest in this context since several studies revealed them as
an interesting alternative to their ruthenium analogs. For instance, NAMI-A-analogous Os(11) and Os(111)
complexes are highly resistant to hydrolysis even in chloride-free solution in comparison to their Ru(l1)
congeners. Of course, these chemical differences reflect in different biological properties — some Os(l1)
analogues of NAMI-A are inactive, while Os(l11) complexes display a significant antiproliferative activity
compared to the parent and related compounds. Moreover, there were new osmium-based complexes
synthesized as analogs of the clinically active compound KP1019 and RAPTA-like that exert different
biological effects. It has been shown that osmium complexes are capable of inducing apoptosis by inter-
action with various cellular pathways; however, further investigations are necessary to gain deeper

knowledge of biological effects of osmium complexes in a cell 4652,

Anticancer ruthenium (and osmium) complexes were initially designed to mimic the mode of action of
platinum-based agents. However, this point of view changed significantly over the last decade due to the
fact that these complexes demonstrated novel mechanisms of action and a strong potential as anticancer
therapeutics. Many experimental findings suggest that these metallodrugs do not target DNA exclusively
but also some important cellular proteins. Truly, the target identification as well as the evaluation of novel
mechanisms of action require a broad experimental base and a special approach that includes an integrat-
ed target-profiling, for example. This will ensure a better understanding by linking the potential targets to
drug effects by a network analysis as it was described by Meier-Menches and co-authors. The compounds
of ruthenium and osmium offer a rich chemical variety that provides many opportunities for fine-tuning

the perspective configurations into a metal complex with the desired properties 54,
1.4.2 Rhodium and iridium compounds

In contrast to the ruthenium and osmium complexes that have attracted attention as potential chemothera-
peutic agents over the past two decades, much fewer investigations on the biological effects of rhodium
and iridium compounds have appeared. Surprisingly, the first mention of antitumor properties for a rhodi-
um(111) complex was in 1953 %°. However, later there were only occasional reports of significant antineo-
plastic activity for individual complexes and only in the past five years the structure—activity relationships
and cellular effects of cytotoxic Rh(I11) compounds and their Ir(111) counterparts have been systematically
studied. Iridium and rhodium complexes have become popular due to their easily tunable reactivity, high-
er water solubility and relative availability. This type of compounds exhibits a wide range of properties
that might make them promising anticancer drugs. Their activities, binding preferences and cellular up-
take are strongly dependent on their ligand combination and coordination geometry, which open up a

plentitude of opportunities in the design and development of metal-based chemotherapeutics. Further-
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more, the diverse stereochemistry and unique geometries offered by transition metal complexes in general
may allow them to cover a wider range of biological targets and to access targets that are not amenable

for purely organic compounds %%,
1.4.3 Other metals

Because of increased emphasis on the clinical relevance of metal-based complexes, many potential candi-
dates for anticancer therapeutics are awaiting their chance to be recognized as being useful. Copper is a
very promising candidate since it is an essential cellular metal necessary for many biological pathways
and it is a cofactor in enzymatic processes, therefore, copper complexes exhibit cytotoxic properties with
a wide spectrum of activities that mainly depends on the ligand attached. The cytotoxic potencies of gold
complexes have drawn attention recently — gold(I1l) complexes are an appearing class of metal-based
complexes with potential antitumor properties, mainly because of their outstanding cytotoxic properties
shown through non-cisplatin-like mechanisms and, therefore, showing a strong effect on cisplatin-
resistant cell lines. Metal complexes with silver were known for their antibacterial actions for a long time
and are widely used in treatment of the infected wounds and cases of a burn. In the past, silver-based
complexes did not receive a lot of attention in comparison with other metals, but recently, cytotoxic prop-
erties of silver(l) complexes have attracted an interest as most of them has shown a greater cytotoxic ac-

tivity than cisplatin with rather low toxicity and greater selectivity toward cancer cell lines 58-°,
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2. Results

This cumulative PhD thesis is based on the following research articles and manuscripts.

2.1 Biological evaluation of novel thiomaltol-based organometallic complexes as topoisomerase Ila

inhibitors
Legina MS, Nogueira Perez JJ, Kandioller W, Jakupec MA, Gonzales Herrero L, Keppler BK.
Nature Chemical Biology, submitted manuscript

As the first author, | contributed substantially to every step in the making of this article, including the
entire experimental work, its description and interpretation. In this manuscript the antiproliferative activi-
ty as well as the induction of cell death of thiomaltol-based organometallic complexes was analyzed in
mammary carcinoma cell lines with different levels of topo2a expression (SK-BR-3, T47D and MDA-
MB468). Their impact on DNA secondary structure and possible DNA double-strand breaks were inves-
tigated. Additionally, downregulation of topo2a expression level by RNAi was performed in order to
investigate how this affects cancer cell response to treatment with these compounds. Theoretical analysis
of the intermolecular contacts between the metal complexes and the protein as well as the analysis of the
solvation spheres of the two complexes indicated the pocket that is the most likely binding site of the
protein domain. | contributed to all sections of the publication and coordinated the collaboration with the

co-authors.

2.2 Thiomaltol-based organometallic complexes with 1-methylimidazole as leaving group: synthesis,

stability, and biological behavior

Hackl CM, Legina MS, Pichler V, Schmidlehner M, Roller A, D6motér O, Enyedy EA, Jakupec MA, Kan-
dioller W, Keppler BK.

Chemistry — a European Journal 2016, 22(48): 17269-17281. doi: 10.1002/chem.201603206.

Thiomaltol, a potential S,0-coordinating molecule, has been utilized for the complexation of four differ-
ent organometallic fragments, yielding the desired Ru' , Os" , Rh"""  and Ir'"' complexes having a "piano-
stool™ configuration and which were characterized with standard analytical methods. As the second author
of this manuscript, | investigated their cytotoxicity in three different cancer cell lines; furthermore, | elu-
cidated their capacity as topoisomerase lla inhibitors as well as their effect on the cell cycle distribution
and reactive oxygen species (ROS) generation. | contributed with the description and interpretation of the

biological data to the preparation of the manuscript.
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2.3 1,3-Dioxoindan-2-carboxamides as bioactive ligand scaffolds for the development of novel or-

ganometallic anticancer drugs

Mokesch S”, Novak MS”, Roller A, Jakupec MA, Kandioller W, Keppler BK.
“these authors contributed equally to the manuscript

Organometallics 2015, 34 (5): 848-85. doi: 10.1021/om501032s.

A series of novel 1,3-dioxoindan-2-carboxamide-based complexes were synthesized and characterized
with standard analytical methods. Contributing equally as the first author, | investigated the structure—
activity relationships of these substances in three human cancer cell lines by means of the colorimetric
MTT assay. In addition, | determined the induced changes in cell cycle distribution and the apopto-
sis/necrosis induction potential. | also contributed respective parts to the discussion and preparation of the

manuscript.

2.4 Topoisomerase Ila inhibition and anticancer activity of 3°,4’-dihydroxyflavonol-derived organ-

ometallics
Kurzwernhart A, Rossi-Gendron C, Novak MS, Roller A, Jakupec MA, Kandioller W, Keppler BK.
(manuscript prior to submission)

3°,4’-Dihydroxyflavonol-derived organometallics were synthesized and characterized with standard ana-
Iytical methods. As a third author, | determined the antiproliferative activity of these complexes in there
human cancer cell lines and investigated their potential to inhibit topoisomerase llo. by means of the DNA

plasmid relaxation assay. | also contributed to the discussion and preparation of the manuscript.

2.5 Biological properties of novel ruthenium and osmium nitrosyl complexes with azole heterocycles
Novak MS, Biichel GE, Keppler BK, Jakupec MA.

J Biol Inorg Chem. 2016, 21(3): 347-56. doi: 10.1007/s00775-016-1345-z.

As the first author, | contributed to every part of the project, in particular the entire experimental work,
and coordinated the collaboration with the co-authors. Novel ruthenium- and osmium-nitrosyl complexes
with azole heterocycles were studied to elucidate their cytotoxicity and possible interactions with DNA.
Apoptosis/necrosis induction, changes of mitochondrial transmembrane potential and possible formation

of reactive oxygen species were investigated as indicators of NO-mediated damage by flow cytometry.
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Furthermore, | investigated the accumulation of intracellular cyclic guanosine monophosphate. | made a

major contribution to the preparation of all chapters of the manuscript.

Unless noted otherwise, the listed articles are published in peer-reviewed international scientific journals

and can be openly accessed online with the respective DOISs.
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Abstract

Topoisomerase Ila (topo2a) is an essential nuclear enzyme involved in DNA replication,
transcription, recombination and chromosome condensation. Thus, topo2a targeting has
become a very efficient and well-established anticancer strategy. Herein, we investigate
the antiproliferative activity of ruthenium-, osmium-, rhodium- and iridium-based
thiomaltol organometallics in mammary carcinoma cell lines by means of several
biological assays, including downregulation of topo2a expression level. We show that
inhibition of topo2a is the key process in the cytotoxic mechanism of some of the drugs,
while DNA damage is a minor pathway. In addition, molecular modelling evinces that
the metal complexes are able to access the DNA-binding pocket of the enzyme, where the

hydrophilic environment favors the interaction with highly polar complexes. These
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findings will improve our knowledge of the suitability of these novel complexes to be
applied as metallopharmaceuticals, given the growing interest in the design of metal-
based anticancer agents capable of overcoming the drawbacks of clinically applied
chemotherapeutics.

Keywords: topoisomerase lla, topoll inhibitors, metal complexes, anticancer drugs,

molecular dynamics, Monte Carlo simulations, RNA interference
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Introduction

Since the discovery of the cytotoxic properties of cisplatin by Rosenberg in 1965 !,
the field of metal-based chemotherapeutic agents has been rapidly growing and
developing every year 2. Cisplatin, carboplatin and oxaliplatin are the only FDA
approved platinum drugs used worldwide for the treatment of various cancer types;
however, there are many cases of resistance of tumors to platinum drugs. Drug
resistance is a well-known phenomenon that results when diseases become tolerant to
pharmaceutical treatments ®. Some mechanisms of drug resistance are disease-
specific, while others, such as the drug efflux observed in microbes and in human
drug-resistant cancers, are evolutionarily conserved. Although many types of cancer
are initially susceptible to chemotherapy, over time they can develop resistance
through different mechanisms, such as DNA mutations and metabolic changes that
promote drug inhibition and degradation 3. The processes by which cells develop
resistance to antitumor platinum drugs have been the subject of intense research *as it
IS a major obstacle for their clinical use. A large body of experimental evidence
suggests that the antitumor activity of platinum complexes stems from their ability to
form with DNA various types of covalent adducts >%; as a result, research on DNA
modifications by these drugs and their cellular processing has predominated. The
resistance of tumor cells to platinum drugs has been attributed to various processes,
such as reduced platinum accumulation, intracellular inactivation, block an induction
of apoptosis, an increased repair of platinum-DNA adducts or a combination thereof +
®. In order to overcome these obstacles, many different transition metal complexes
have been synthesized and investigated ‘. In recent years, ruthenium-based molecules
have emerged as promising antitumor agents. Certain ruthenium complexes possess
unique biochemical features allowing them to accumulate preferentially in neoplastic
tissues and/or to convert to their active state under specific pathophysiological
conditions. In this respect, ruthenium (and osmium) compounds with their different
mechanisms of action are promising candidates as anticancer drugs 8°. In the recent
past, the drug development has mainly relied on organic chemistry. This can be
attributed to the lack of knowledge on the mechanisms and binding modes of metal-
based drugs with biomolecular targets other than DNA. Traditionally, it was believed
that the majority of metal-based drugs targeted DNA, but considerable evidence has
accumulated that metal-based drugs are also able to bind to protein targets. Recent

trends involve metal complexes that inhibit protein and lipid kinases, matrix
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metalloproteases, telomerases, topoisomerases, glutathione-S-transferases, and
histone deacetylases '3, In the present study, we investigate topoisomerases as
targets for metal-based drugs. Topoisomerases are key nuclear enzymes that control
the topological states of DNA by generating transient strand breakage. They are,
therefore, involved in key processes such as DNA replication and transcription, as

well as chromosome formation, enrichment, and separation (Fig. 1).
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Fig. 1. Catalytic activity of topol and topo2 enzymes — topol cuts one strand of the
DNA double helix, while topo2 cuts both strands requiring ATP (adenosine
triphosphate) and is able to religate strands of the end of each cycle (designed based
on the publication from John Nitiss °).

Mammalian cells encode two type Il isozymes — topoisomerase lla (topo2a) and
(topo2p), which have highly identical N-terminal ATPase and central core domains.
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However, they differ in their C-termini as well as in their expression patterns and
cannot compensate for each other in vivo, i.e., if one of the forms is downregulated
the other one cannot replace its functions equivalently. Moreover, the a isoform is
produced primarily in the late S-phase, it remains associated with chromosomes at
mitosis and plays a dominant role in this context, which makes it apparently more
sensitive to pharmaceutical agents 4. Well-known topol-targeting drugs include
camptothecin and its derivatives, while topo2-targeting drugs include doxorubicin,
etoposide, and mitoxantrone. There are different types of topo2-targeting drugs,
namely inhibitors and poisons. Topo2 poisons inhibit the enzyme’s activity by
stabilization of the enzyme—-DNA covalent complex, which leads to the accumulation
of DNA double-strand breaks. In contrast, topo2 catalytic inhibitors may stop the
cycle by preventing binding of the enzyme to DNA, by blocking the ATP-binding site
of the enzyme or by inhibiting the cleavage reaction. This kind of topo2-targeting
drugs have become established in clinical practice — many studies have shown the
efficacy of irinotecan (CPT-11, a derivative of camptothecin), which is approved by
the FDA for use in colorectal cancer 159,

The topo2a enzyme has been shown to be a proliferation marker associated with
tumor grade and cell proliferation index 2°. The prognostic effect of topo2a seems
different among different subtypes of breast cancer but, in general, patients with high
topo2a expression showed a significantly higher rate of distant metastasis and shorter
distant metastasis free survival compared with patients with low topo2a expression 2.
Cancer cell lines expressing different levels of the enzyme would be a powerful tool
in the investigation of topo2 behavior and responsiveness to treatment. Our
understanding of the molecular biology of cancer cell progression, invasion,
metastasis and failure to undergo cell death have led to a new generation of systemic
anticancer therapies, which target specific cellular defects in malignant cells. Unlike
classic cytotoxic chemotherapy, this new generation of drugs tends to work in tumors
with specific genetic defects, allowing personalized treatment. Therefore, topo2
targeting is an effective anticancer strategy 2.

Here we investigate the cytotoxicity of several thiomaltol-based metal complexes. By
means of biological assays complemented with computational modeling we show that
topo2 is involved in the anticancer mode of action of some of these complexes and we

unveil the interaction mechanism between the drugs and the enzyme. Given that
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topoisomerases are among the most well-established targets for anticancer therapy,

this opens up new avenues for the development of this compound class.
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Materials and methods

Compounds

Thiomaltol complexes with ruthenium (Ru'), osmium (Os"), rhodium (Rh'"), and
iridium (Ir'"), bearing either 1-methylimidazole or chloride as leaving group (see Fig.

2), were synthesized and characterized according to procedures published elsewhere
22
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Fig. 2. Structural formulas of tested compounds and ligand.

Cell lines and culture conditions

SK-BR-3, T47D and MDA-MB468 (mammary carcinoma human cells) were kindly
provided by Evelyn Dittrich (Department of Medicine I, Medical University of
Vienna, Austria). All cell culture media and supplements were purchased from
Sigma-Aldrich and plastic ware from Starlab. SK-BR-3 and SW480 cells were grown
in 75 cm? culture flasks in complete medium (i.e., Minimum Essential Medium
supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate,
4 mM L-glutamine and 1% non-essential amino acids from 100x ready-to-use stock),
while T47D and MDA-MBA468 cells in RPMI 1640 medium (supplemented with 10%
heat-inactivated fetal bovine serum and 4 mM L-glutamine) as adherent monolayer
cultures. After successful transfection the cell line T47D-kn was maintained in RPMI
1640 medium with 1.5% of antibiotic (blastidin) according to the manufacturer
protocol (Invitrogen by life technologies). Cultures were grown at 37 °C under a

humidified atmosphere containing 5% CO2and 95% air.
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Antiproliferative activity assay (MTT)

Antiproliferative activity in vitro was determined by the colorimetric MTT assay
(MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). For this
purpose, cells were harvested from culture flasks by use of trypsin and seeded in
appropriative medium (100 pL/well) into 96-well plates in densities of 5 x 103
(SkBr3), 8 x 108 (T47D) and 2 x 10% (MDA-MB468) as well as 24 x 102 (T47D-kn)
cells per well (growth kinetic tests were performed to estimate and confirm the
required number of cells for further experiments). Cells were allowed for 24 h to
settle and resume proliferation. Test compounds were dissolved in DMSO first,
diluted in appropriate medium and instantly added to the plates (100 pL/well), where
the DMSO content did not exceed 0.5 %. After exposure for 96 h, the medium was
removed and replaced with 100 pL/well of a 1:7 MTT/RPMI 1640 solution (MTT
solution, 5 mg/mL of MTT reagent in phosphate-buffered saline; RPMI 1640
medium) and incubated for 4 h at 37 °C. Subsequently, the MTT/RPMI 1640 solution
was removed, and the formazan product formed by viable cells was dissolved in
DMSO (150 pL/well). Optical densities were measured with a microplate reader
(BioTek ELx808) at 550 nm (and a reference wavelength of 690 nm) to yield relative
quantities of viable cells as percentages of untreated controls, and 50% inhibitory
concentrations (IC50) were calculated by interpolation. Evaluation is based on at least

three independent experiments with triplicates for each concentration level.

Flow cytometric detection of apoptotic/necrotic cells

Induction of cell death was analyzed by flow cytometry using FITC-conjugated
annexin V (BioVision, USA) and propidium iodide (PI, Fluka) double staining.
SkBr3, T47D, MDA-MB468 and SW480 cells were seeded into 12-well plates in a
density of 5-13 x 10* cells per well in complete medium in 12-well plates and
allowed to settle for 24 h. The cells were exposed to test compounds in different
concentrations for 48 h at 37 °C. Merbarone (Sigma-Aldrich Austria) was used as a
positive control at a concentration of 160 puM. After incubation, cells were gently
trypsinized, washed with PBS, and suspended with FITC-conjugated annexin V (0.25
pug/mL) and PI (1 pg/mL) in binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NaCl, 2.5 mM CacCly) at 37 °C for 15 min. Stained cells were analysed with a Guava
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8HT EasyCyte flow cytometer (Millipore) using InCyte software and analyzed by

FlowJo software. Results are based on three independent experiments.

Plasmid DNA interaction studies

pUC19 DNA (2686 bp) plasmid was purchased from Fermentas Life Sciences. 400 ng
of pUC19 plasmid were incubated with 10 uM of the test compounds in 0.1x Tris-
EDTA (TE) buffer for different time intervals (30 min up to 8 h) at 37 °C.
Electrophoresis was performed in agarose (from Sigma-Aldrich) gel 1 % w/v in 1x
Tris-borate-EDTA (TBE) buffer for 90 min at 80 V. Gels were stained with ethidium
bromide (EtBr) in 1x TBE (0.75 pg/ml) for 20 min. Images were taken with the multi-
imaging detection system Fusion SL (Vilber Lourmat). Results are based on two

independent experiments.

DNA damage detection assay (YH2AX)

Evaluation of a formation of y-H2AX in response to DNA double stranded breaks was
performed with the Flow Cellect™ Histone H2A.X Phosphorylation Assay Kit
(Millipore). SkBr3, T47D, MDA-MB468 and SW480 cells were seeded into 6-well
plates in a density of 15-25 x 10* cells per well in complete medium in 12-well plates
and allowed to settle for 24 h. The cells were exposed to test compounds at different
concentrations for 48 h at 37 °C. Etoposide (Sigma-Aldrich) was used as a positive
control at a concentration of 100 uM. All following steps for DNA damage evaluation
were performed according to the manufacturer’s protocol. Numbers of cells and their
viability state were determined with a Guava 8HT EasyCyte flow cytometer
(Millipore) using ViaCount software. Results are based on three independent

experiments.

Regulation of topo2a expression level by RNAi

Single-stranded oligonucleotides specific for the topo2a gene were purchased from
Invitrogen by life technologies and the regulation of topo2a expression level by RNAi
was performed according to manufacturer’s protocol. Details of the single-stranded
oligos specific for the topo2a gene: [Homo sapiens] topoisomerase (DNA) Il alpha
170 kDa, TOP2A — TOP2A BLOCK-IT™ miR RNAi Select Hmi417628;
Hmi417629; Hmi417630; Hmi417631. Double-stranded oligonucleotides were
generated and checked for their integrity, then ligation reaction and transformation of
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One Shot TOP10 E. coli was performed and transformants analysed. Target plasmids
were extracted and the rapid BP/LR recombination reaction performed, the expression
clones linearized, One Shot StbI3 E. coli transformed and transformants analysed.
Plasmid DNA was isolated, the sequence confirmed and transfection reaction in target
cells SK-BR-3, T47D and MDA-MB468 performed. The gene knockdown was

performed as described in the manufacturer’s protocols and illustrated in Fig. 3.

Single-stranded oligonucleotides specific to topo2a gene:

[Homo sapiens] topoisomerase (DNA) Il alpha 170 kDa, TOP2A
TOP2A BLOCK-IT™ miR RNAi Select
Hmi417628 Hmi417629 Hmi417630 Hmi417631

|

Double-stranded oligonucleotides generated and checked for the integrity =2
perform the ligation reaction and transformation of One Shot TOP10 E. coli,
analyse transformants

J,

Extract target plasmids = perform the rapid BP/LR recombination reaction, linearize
the expression clones = transform One Shot Stbl3 E. coli, analyse transformants

v

Isolate plasmid DNA = confirm the sequence =
perform the transfection reaction in target cells

/ b\

SkBr3+Hmi417628  T47D+Hmi417628 MDA-MB468+Hmi417628
SkBr3+Hmi417629  T47D+Hmi417629 MDA-MB468+Hmi417629
SkBr3+Hmi417630  T47D+Hmi417630 MDA-MB468+Hmi417630
SkBr3+Hmi417631  T47D+Hmi417631 MDA-MB468+Hmi417631

Fig. 3. Scheme of generation of a cell line with downregulated topo2a. expression.

In the next few days topo2a knock-down versions of SK-BR-3 and MDA-MB468
cells stopped division or died. T47D cells with sequences Hmi417628 (T47D-kn628)
and Hmi417630 (T47D-kn630) were checked for the verification of topo2a knock-

down via Western blotting.
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Western blotting

The visualization of topo2a protein level in SW480, SK-BR-3, T47D and MDA-
MB468 cells as well as the verification of topo2a knock-down in T47D-kn628/630
cells was performed by Western blotting. Cells were seeded in densities of 1.5-2 x
10° cells per well into 6-well plates (Starlab) and allowed to resume proliferation for
24 h. After the cells were washed with PBS and lysed by adding 100 pL per well of
RIPA lysis buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS (sodium dodecyl sulphate), 50 mM Tris, pH 8.0). Cells were
carefully scratched and sonicated for 10 sec to shear DNA and reduce sample
viscosity. The protein content of lysates was measured with the Pierce Micro BCA
Protein Assay (Thermo Scientific). The appropriate volume of cell lysates (20 ug
protein content per gel pocket) was mixed with 6” loading buffer (12% w/v SDS, 30%
2-mercaptoethanol, 60% glycerol, 0.012% bromophenol blue, 0.375 M Tris HCL, pH
6.8) and heated to 95° C for 5 min. The proteins were separated by 8% SDS-
polyacrylamide gel electrophoresis and subsequently transferred onto nitrocellulose
membranes (Millipore) by using a semi-dry blotting apparatus (Biorad). The
membranes were blocked with blocking buffer (1° TBS, 0.1% Tween-20 with 5%
BSA) and immunoblotted with the relevant primary topo2a rabbit antibody diluted in
TBS/T buffer in a ratio of 1:1000 (Cell Signaling Technology). Primary antibodies
were detected by using anti-rabbit IgG HRP-linked antibody diluted in TBS/T buffer
in a ratio of 1:3000 (Cell Signaling Technology) and visualized with the
chemiluminescence detection system Fusion SL (Vilber Lourmat) using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific). Afterwards the
membranes were cleaned by stripping buffer (15 g glycine, 1 g SDS, 10 mL Tween
20, pH 2.2) and immunoblotted with the B-actin rabbit antibody diluted in TBS/T
buffer in a ratio of 1:3000 (Cell Signaling Technology) to check the quality of gel

loading. Results are based on two independent experiments.

Computational details of binding of thiomaltol complexes to topo2a

Since all metal complexes investigated here are positively charged (the chloride ones
after hydrolysis), they may potentially bind to topo2a into a pocket with large
polarity, as it is the case of the DNA-binding domain of the protein. In order to
explore this possibility, the binding affinity between the complexes la and 2a (see
Fig. 2) and the DNA-binding domain of topo2a (PDB code 3L4K) ?? has been
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theoretically investigated by means of Monte Carlo (MC) and Molecular Dynamics
(MD) simulations following the protocol explained below.

First, the DNA helix that is present in the crystal structure was manually removed.
Then, the protein was protonated and solvated by a periodic truncated octahedral box
of water molecules extended to a distance of 12 A from any solute atom by the leap
module of AmberTools15 24, This results in a solvated protein with one positive
charge that was neutralised with one chloride ion. The solvated protein was
minimized for 20000 steps, where the first 10000 steps were driven by a steepest-
descent algorithm, and the last 10000 steps by a conjugated-gradient algorithm. The
system was then heated in the canonical ensemble (NVT ensemble) from 0 to 300 K
by a classical MD simulation for 1 ns using a time step of 2 fs. During the heating
process the motion of the protein was restrained with a harmonic force constant of
10.0 kcal/(molA?). Then, a classical MD simulation was run in the NVT ensemble at
300 K for 1 ns without applying any restrains to the motion of the protein. After
heating, the density of the solvent and the structure of the protein was equilibrated in
the isothermal—isobaric ensemble (NPT) during a 50 ns simulation with a time step of
2 fs. The Berendsen barostat with a pressure relaxation time of 2 ps was used to
maintain a pressure of 1 bar. The Langevin thermostat with a collision frequency
gamma of 1.0 ps® was used in both heating and equilibration steps to control the
temperature. Moreover, the bond distances involving H atoms were restrained by the
SHAKE algorithm 2°. Along the whole protocol the Coulomb and van der Waals
interactions were truncated at 10 A. The Coulomb interactions were evaluated by the
particle mesh Ewald method 2° using a grid spacing of 1 A in each direction for the
charge grid, in which the reciprocal sums are computed by a fourth-order
interpolation, and a direct sum tolerance of 10°. The whole system, i.e., the protein,
water molecules, and chloride ion were described by a force field 2-2°. All these steps
were run by the Amber14 package 2.

The last snapshot from the previous classical MD simulations, for which the solvated
protein is well equilibrated, was selected and the water molecules and the chloride ion
were removed. Then, the different binding pockets of the equilibrated protein have
been explored by a classical Monte Carlo (MC) simulation of 4000 steps using the
Protein Energy Landscape Exploration (PELE) algorithm . Since accurate force
fields for Ru-based complexes are not available in the literature, the binding pockets

of the protein have been explored by the thiomaltol ligand, which is present in all the
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metal complexes investigated here. Therefore, it was assumed that the binding mode
of the metal complexes is the same as that of thiomaltol. Due to its small size and
rigidity, the thiomaltol ligand was treated as a rigid body. The OPLS-AA force field 3!
was used to describe topoisomerase and thiomaltol, while the aqueous solvent was
modeled by the implicit surface-general Born continuum model 2. The default values

30 were used. The

for the MC parameters implemented in the PELE algorithm
calculation of the binding free energy between thiomaltol and the protein for each of
the 4000 MC steps allowed the identification of two favorable binding pockets (see
below). These pockets will be named here pocket 1 and pocket 2, with the first one
being the DNA-binding pocket.

In the next step, the thiomaltol ligand bound to the two favorable binding pockets has
been replaced by the Ru complexes 1a and 2a such that the thiomaltol ligands of the
complexes are aligned with the isolated thiomaltol ligand inside the pockets to keep
the same binding pose. This results in the generation of four different systems:
complex-la/pocket-1, complex-la/pocket-2, complex-2a/pocket-1, and complex-
2a/pocket-2. The metal-complex/topoisomerase systems were neutralised by adding
two chloride ions and solvated by a periodic truncated octahedral box of water
molecules extended to a distance of 12 A from any solute atom by the leap module of
AmberTools15 4. Then, the system was classically minimised for 5000 steepest-
descent and 5000 subsequent conjugated-gradient steps. After minimisation, a
classical MD simulation in the NVT ensemble was run for 20 ps with a time step of 1
fs to heat the system up to 300 K. Afterwards, a simulation in the NPT ensemble was
run for 1 ns to equilibrate the density of the solvent and to accommodate the metal
complexes inside the binding pockets of the protein. As mentioned above, accurate
force fields are not available in the literature for Ru complexes, especially when
metal/n interactions are important, as it is the case here (see Fig. 2). Therefore, the
internal coordinates of the complex were frozen during the classical simulations. This
means that intramolecular parameters describing the internal motion of the Ru species
are not necessary. However, point charges and Lennard-Jones parameters are still
needed to describe the non-bonded interactions between the Ru complexes and the
solvated protein environment. The Lennard-Jones parameters for the Ru atom were
taken from an MM3 force field developed for Ru(ll)-polypyridyl complexes , while
the Lennard-Jones parameters for the remaining metal-complex atoms were taken

from the General Amber Force Field 34, The charges were derived by, first, optimising
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the geometries of the complexes la and 2a quantum mechanically by density-
functional theory (DFT) using the Gaussian09 program . Specifically, the B3LYP
functional 3%*° with the D3BJ dispersion correction “° and the LanL2DZ effective-
core potential #* for Ru and the 6-31G* basis set %> for the remaining atoms were
employed. Then, the Mulliken charges were computed for the optimised geometries at
the same level of theory.

In the last step of our protocol, the last snapshot of each of the four previous classical
MD simulations (one for each complex/pocket combination) were taken as initial
conditions for quantum mechanics/molecular mechanics (QM/MM) MD simulations
in the NPT ensemble for 10 ps with a time step of 2 fs. The same thermostat and
barostat used in the classical simulations were used here. The metal complexes 1a and
2a were described quantum mechanically by the same density functional, basis set,
and effective-core potential specified above using TeraChem1.9 *-* through the
interface to external QM programs implemented in Amber14 2* and run at GPUs
Dispersion corrections were considered by the D3 parameterizations of Grimme and
coworkers #. The protein, water molecules, and chloride ions were treated by the
force field mentioned above. The interaction between the QM and MM region layers
was computed by an electrostatic embedding 6. The Coulomb and van der Waals
interactions were truncated at 8 A and a real-space cutoff was used to compute the
long-range QM-QM and QM-MM electrostatic interactions. These simulations allow
the relaxation of the structure of the Ru complexes at QM level and, thus, provide a
better description of the vibrational motion of the complexes and their interaction with
the binding pockets of topoisomerase and with the solvent. From the QM/MM MD
simulations 2000 snapshots were printed for analysis. The number of contacts
between the Ru complexes and the protein and the number of water molecules in the
solvation shells of the Ru complexes (see below) were obtained by the CPPTRAJ
module #" implemented in AmberTools15 24 The visualization of the MC and MD
simulations and the graphical representations of the systems were carried out by the

Visual Molecular Dynamics (VMD) program 2.
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Results and discussion

Recently published findings 22 on the anticancer properties of novel Ru'", Os", Rh'",
and Ir"" thiomaltol complexes showed that they act as topo2a. catalytic inhibitors and
have a significantly higher enzyme inhibitory capacity compared to the free ligand. In
cell cycle studies the Ru' and Ir'" methylimidazole-substituted complexes caused the
highest S-phase accumulation (up to 43% and 45%, respectively), which was
consistent with enzyme inhibition. Previously acquired data implied that the
introduction of 1-methylimidazole as a leaving group substantially increased the
stability in aqueous solution. It was suggested that this modification may allow
accumulation of the intact complexes and controlled activation at the lower pH values
within tumor tissues. The cytotoxicity of thiomaltol ligand L1 and respective
complexes la—-d and 2a-d in A549, CH1/PA-1 and SW480 cells has already been
reported ?%; however, new data for SK-BR-3, T47D and MDA-MB468 (mammary
carcinoma cells) were acquired within this work. In general, all complexes showed
ICso values in the low micromolar to high nanomolar range (Tab. 1). Remarkably,
Os'' complexes are less active than the other complexes. The difference in the
monodentate leaving group has only a marginal impact on the activity of the Os"
complexes, as the chlorido complex 1b is only about 1.5 times more active than the 1-
methylimidazole analogue 2b in all tested cell lines. In contrast, a significant impact
of the ligand on the cytotoxicity was observed for complexes 1c-d as well as for 2c-d;
specifically the Rh""" and Ir'"" complexes 2¢c-d were more active than their chlorido
counterparts by factors of 2-6, depending on the cell line. The P-gp expressing cell
line SW480 is mostly as sensitive to all the complexes as the broadly chemosensitive
CH1/PA-1 cell line, whereas ICso values in breast carcinoma cell lines (SK-BR-3,
T47D and MDA-MB468) expressing different levels of topo2 enzyme are in a similar
range with a few exceptions — Os'' complexes turned out to be 10-fold less active and
I'"" complex 1d is about 2-fold less active than in untransfected cell lines. In this
respect, Ru'' analogs are in an intermediate position — they are more active than Os"
complexes but almost as active as the Ir'"- or Rh'"-based complexes with some
deviations. In addition, the two Ru'' complexes differ from each other, with up to 4

times more activity for complex 2a with respect to 1a.
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Tab. 1. Inhibition of cancer cell growth by tested substances in six human cancer cell

lines; 50% inhibitory concentrations (means * standard deviations), obtained by the

MTT assay (exposure time: 96 h).

M

RU“

OS“

Rhlll

RU“

OS”

Rhlll

Lig

Comp
lex
la

1b

1c

1d

2a

2b

2C

2d
L1

Merba
rone
Etopo

side

A549

12+4

41+03

59+0.38

58+17

71+16

6.6+04

26+0.6

3.4+0.38

13+08

n.d.

n.d.

IC50 value £ SD

CH1/PA-1

3.3+0.5

20+0.2

1.0+0.1

0.57+£0.03

26+05

3.0+04

0.86 £0.17

0.63 +0.07

0.52 +£0.04

92+13

0.043 +0.010

SW480

11+1

20+0.2

1.0+0.1

0.73+0.10

3.0+0.2

34+0.7

0.48 +0.03

0.67+£0.04

0.55+0.31

29+3

0.20 +0.02

SK-BR-3

16+4

12+3

29+0.38

1.8+0.6

11+4

30+7

1.1+03

16+04

T47D

6.3+1.7

13+2

1.8+0.3

1.3+0.1

44+0.6

21+4

1.3+01

1.3+0.6

0.86+0.05 0.46=+0.12

0.51+0.06 0.59+0.20

MDA-
MB468
7.2+0.9

10+1

1.4+0.2

1.4+01

5.4 +0.7

37+5

0.53 +0.02

0.70 £ 0.06

0.31+0.04

17+1

0.40 £ 0.08

Taking into account that we consider the topo2 to be a target of these drugs, we had to

make sure that there is no direct interaction with DNA. The ability to alter the

secondary structure of DNA in cell-free experiments was studied by the use of an

electrophoretic double-stranded DNA plasmid assay (Fig. S1).

In general, these metal-based complexes and the corresponding ligand L1 did not

show any impact on DNA mobility and its secondary structure; however, we saw an

unusual behavior of plasmid DNA in the presence of some complexes — either the

intensity of open circular (OC) band increased over the time, or additional bands

between OC and supercoiled (SC) bands appeared. In order to make sure that this
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unusual pattern is not a result of the DNA breakage, we performed an H2AX assay
that allows monitoring and accurately measuring phospho-specific histone H2AX
activation in a population of cells. Histone H2AX locates downstream of the DNA
damage kinase signaling cascade, and phosphorylation of this histone at serine 139 is
an important indicator of DNA damage. As the level of DNA damage increases, the
level of phospho-histone H2AX (also known as YH2AX) increases, accumulating at
the sites of DNA damage. This accumulation is often used to indicate the level of
DNA damage present within the cell **, The evaluation of a formation of y-H2AX
in response to DNA double-strand breaks in SW480, SK-BR-3, T47D and MDA-
MB468 cell lines after 48 h of exposure to the studied compounds, showed no
significant increase in DNA damage (Fig. S2). In general, Rh'"' complexes 1c and 2c
were most harmful for DNA and generated double-strand breaks in up to 33% of
MDA-MB468 and up to 52% of SW480 cells (the latter cell line was the second most
chemosensitive towards the tested substances over all cancer cell lines used). Ru"
complexes 1a and 2a similarly generated the maximum of DNA damage in up to 13%
of T47D cells. Probably due to the expression level of topo2a, T47D cells were
relatively sensitive to all tested substances (9-30%) except ligand L1 (DNA damage
in 4% of cell populations). For comparison, DNA double-strand breaks were present
in the negative control with 1-2% and in positive control (100 uM of etoposide) with
41-86%. It should be mentioned that in a previous publication the potential of these
complexes to raise cellular ROS levels had been investigated. One of the well-known
damaging effects of ROS is DNA damage, including double-stand breaks °!. The
obtained data indicated a slight increase in ROS levels for Rh'!' complex 2c by a factor
2.7, which may be a reason for the higher percentage of double-strand breaks in cells
treated with this complex. In order to substantiate this funding, we investigated the
ability of the Ru and Rh compounds to activate programmed cell death.
Apoptosis/necrosis induction in SW480, SK-BR-3, T47D and MDA-MB468 cells
after 48 h of exposure to the studied compounds and ligand, measured by flow
cytometry using annexin V-FITC/propidium iodide double staining, demonstrated the
ability of the complexes to induce cell death (Fig. S3). Ru' complexes la and 2a
effectively induced apoptosis in SW480 and SK-BR-3 cells with 40-50 and 70-80%,
respectively. Rh"' complexes 1c and 2c induced programmed cell death
predominantly in SK-BR-3 cells with 70 and 88%, respectively. Surprisingly, ligand
L1 was able to induce apoptosis in SK-BR-3 and MDA-MB468 cells with 51 and
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66%, respectively. For comparison, the positive control (160 puM of merbarone, as
well-known topo2a catalytic inhibitor) induced apoptosis only with up to 33%. The
percentage of necrosis measured by this assay on average was no more than 12%. The
fact that the introduction of an imidazole moiety instead of the chlorido-ligand in
complex 2a increases the stability of complex in the presence of biomolecules and the
solubility corresponds to the observation that this complex is more active than its
analog la. These two complexes also displayed different capacities of topo2a
inhibition (as published previously) — 2a complex was able to inhibit the enzyme
activity at a concentration 4 times lower than the one required for its analog la (2.5
UM vs 10 uM). Moreover, S-phase accumulation in the cell cycle studies (up to 45%)
was consistent with enzyme inhibition experiments, and the capacity to induce
apoptosis was 1.7-fold higher for 2a complex than for 1a ?2. Thus, we can conclude
that rhodium complexes induce ROS activation that leads to DNA damage and
apoptosis, while ruthenium complexes induce cell death via the enzyme inhibition.

We looked further and established methods to characterize anticancer properties of
metal-based compounds with respect to the role of topo2a inhibition. One of the ideas
that attracted our attention was that topo2o expression levels affect the cell response
to drug treatment. Previous studies suggested that we may expect a different cell
response to treatment in case of up/downregulation of topo2a expression levels. Some
experiments that have studied the effect of reducing the level of expression have
shown that this can lead to either drug resistance or a higher susceptibility to drugs %
% In order to investigate how different levels of topo2a expression may affect the
cellular response to the treatment with the compounds studied here, we not just
compared the cell lines with intrinsically different levels of topo2a expression but
induced a downregulation of the enzyme expression by RNA interference (RNAI).
RNAI is a biological process in which RNA molecules inhibit gene expression,
typically by causing the destruction of specific mMRNA molecules. This system is used
to investigate the functions of different genes . We used BLOCK-iT Expression
Vector Kits that combine the advantages of traditional RNAIi vectors — a stable
expression and the ability to use viral delivery with capabilities for tissue-specific
expression and multiple target knockdown from the same transcript. The pcDNA
vectors of this kit are designed to express artificial miRNAs which are engineered to

have 100% homology to the target sequence and will result in target cleavage.
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Since the complete inhibition of topo2a production in the cell leads to division failure
and cell death %7 we established several combinations of cell lines and miRNA
sequences in order to reduce the production of the protein but not to inhibit it
completely — the topo2a gene sequence was divided into 4 short sequences to produce
RNA sequences complementary to different parts of the gene (see Fig. 3). Thus, we
avoided complete topo2a inhibition of the protein expression and cell death. Still,
topo2a downregulated variants of SK-BR-3 and MDA-MB468 cells stopped dividing
or died on the following days. Therefore, only T47D-kn628 and T47D-kn630 cells
with topo2a downregulation confirmed via Western blotting (Fig. 4) were used for

further experiments.

TATD T47D  T47D
628-L2 628-L5 630-L2

topo2a ] ~ — 190 kDa
—

SW480 SkBr3 T47D MDA

e
B-actin ——— e G C—— 45 kDa

Fig. 4. Western blotting visualization of topo2a protein level in SW480, SK-BR-3,
T47D and MDA-MB468 standard cell lines as well as in the topo2o downregulated
T47D cell lines (primers HmMi417628 and Hmi417630 — T47D-kn628 and T47D-
kn630); B-actin was used as a loading control.

The effect of RNAI was verified at the protein level by Western blotting and these
experiments clearly showed the successful downregulation of topo2a expression in
one of the three variants — T47D-kn630 cells. Then, the antiproliferative activity of
the metal compounds was evaluated in the cell line T47D and its topo2a
downregulated variant in order to investigate the possible role of the enzyme in the
drug treatment (Tab. 2).

Tab. 2. Inhibition of cancer cell growth by tested substances in the human cancer cell
line T47D and the down-knocked variant of this cell line T47D-kn630; 50%
inhibitory concentrations (means * standard deviations), obtained by the MTT assay

(exposure time: 96 h).

41



IC50 value £ SD

M Complex T47D T47D-
kn630
Ru' la 6.3+1.7 3.8+0.8
Ru'" 2a 4.4 +0.6 10+ 3
Rh'! 1c 1.8+0.3 1.9+0.3
Rh'! 2c 1.3+0.1 0.80 + 0.60
Lig L1 0.46 +0.12 12+05
— Merbarone 18+ 2 22+3

— Etoposide 0.59+0.20 1.2+0.3

The cell line with downregulated topo2a level of expression T47D-kn630 turned out
to be 2.3-fold more resistant to complex 2a and 2.4-fold more resistant to ligand L1
but 1.6-fold and 1.7-fold more sensitive to complex 2c and 1la, respectively. The
response to the treatment with complex 1c remained similar to the behavior of the
parental cell line T47D. For comparison, the down-knocked cell line is 2-fold more
resistant to the topo2a poison etoposide, but only (a probably irrelevant) 1.2 times
more resistant in response to merbarone.

Previously, the sensitivity to different anticancer drugs (amsacrine, doxorubicin,
mitoxantrone and etoposide) was studied in a panel of breast cancer cell lines by
Houlbrook and co-workers 4. When the cells were ranked according to their
sensitivity to one of the drugs, it was found that the ranking for other compounds did
not follow the same pattern (with discrepancies from 2- up 6-times). Later
experiments of Burgess and co-workers *® identified the topo2a expression level as
the major determinant of response to the topoisomerase Il poison doxorubicin and
showed that suppression of the enzyme produces resistance to doxorubicin in vitro
and in vivo. They also mentioned the interesting observation that the effects of topo2a
knockdown were specific to topoisomerase Il poisons: shTop2A caused resistance to
etoposide. A publication by Soubeyrand and co-workers ° reported that topoll SIRNA
ablation showed that etoposide cytotoxicity correlates with the inability of cells to
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correct topo2a-initiated DNA damage — these results linked the lethality of etoposide
to the generation of persistent topo2a-dependent DNA defects within topologically
open chromatin domains. Logically, topo2a knockdown would be expected to confer
resistance to a poison’s cytotoxicity, as decreased topoisomerase expression would
produce fewer of the lethal DNA double-strand breaks that result from cleavage
complexes. In case of catalytic inhibitors, it is not so easy to make any assumptions
due to a limited number of published data. However, based on the ICso values of Tab.
2, we can confirm that the sensitivity of the cells to the different drugs depends on the
level of enzyme expression. Therefore, it is very likely that the topo2a enzyme is the
target biomolecule of many of the inhibitors investigated here. However, the lack of a
clear trend suggests that the interaction of metal complexes with topo2a is not the
only cytotoxic mechanism and/or that the protein might play different roles in the
mode of action of the drugs.

Finally, we investigated the interaction of topo2a and the metal-based complexes by
performing theoretical simulations. The first step of our simulations was to investigate
the possible binding pockets of the DNA-binding domain of type Il topoisomerase,
where the thiomaltol ligand can be non-covalently bonded, by means of classical MC
simulations. The calculation of the binding free energy along the MC simulation
identified favorable binding sites. Fig. 5a shows the binding sites of thiomaltol
(represented by the red surface) on the surface of the protein for which the (absolute)
binding free energy is larger than 15 kcal/mol. As can be seen, two main binding sites
are revealed, namely pocket 1 and pocket 2, being the first one the DNA-binding site.
A better characterization of both binding pockets can be obtained by computing the
binding free energy for both pockets. For that purpose, the snapshots for which
thiomaltol is in each of the binding pockets needs to be identified; therefore, the
region of the protein where the binding pockets are located must be (arbitrarily)
defined. We have selected the residues PHE280 and THR247, which are shown in
Fig. 5b by blue and magenta van der Waals spheres, respectively, as reference
residues along the MC simulation. Then, if for a MC snapshot the centre of mass of
thiomaltol is separated from the centre of mass of residue PHE280 (THR247) by less
than 15 A, it is considered that the ligand binds to pocket 1 (pocket 2). By employing
this definition of the binding pockets, we have identified 199 and 205 binding events
into pockets 1 and 2, respectively, with average binding free energies of -16.9 and -

15.0 kcal/mol, as shown in Fig. 5b. This result indicates that the binding of thiomaltol
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to topoisomerase can occur in both pockets 1 and 2. However, the binding to pocket 1,

which is the DNA-binding site, is slightly thermodynamically favored.

Fig. 5. (a) Binding sites found along the classical MC simulation with binding
energies larger (in absolute value) than -15 kcal/mol represented by the red surface.
Pockets 1 and 2 are schematically highlighted by blue and pink circles. (b) Binding
pockets 1 and 2 represented by the cyan and magenta surfaces defined as the
collection of binding sites located at a distance smaller than 15 A from the residues
PHE280 (blue van der Waals representation) and THR247 (magenta van der Waals
representation), respectively. Binding free energies for each pocket in kcal/mol are
also displayed. The protein is represented in silver color.

In the next step, the two MC snapshots with the largest binding free energy for the
pockets 1 and 2 were selected. For these two snapshots, the thiomaltol ligand is
replaced by the Ru complexes 1a and 2a in both binding pockets. Then, classical MD
simulations followed by QM/MM MD simulation are evolved for each of the four
complex/pocket combinations. The binding affinity between the complexes and the
protein could be analyzed by computing the intermolecular potential energy provided
by the force field along the classical MD simulation. However, as discussed above,
the force field employed here is not accurate enough for that purpose. Alternatively,
the interaction energy between the complex and the protein could be calculated from
the energy calculations along the QM/MM MD simulation. However, the present
QM/MM computations do not allow the decomposition of the total interaction energy
into Ru-complex/solvent and Ru-complex/protein contributions. Therefore, we

analyze the binding affinity in terms of intermolecular contacts between the Ru
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species and the protein along the QM/MM MD simulation. The number of contacts,
defined here as the number of interatomic distances smaller than 3 A between the
complexes and the protein, are listed in Table 3 for each binding pocket. As can be
seen, in both binding pockets the total number of contacts for complex 2a (61 for
pocket 1 and 59 for pocket 2) is larger than that for complex 1a (56 for pocket 1 and
51 for pocket 2). This suggests that intermolecular interactions between the Ru
complexes and the protein are stronger for complex 2a than for complex 1a. In
addition, the number of contacts per metal-complex atom, defined as the total number
of contacts divided by the number of atoms of the metal complex, provides an
estimation of the intermolecular interaction undergone by each atom of the complex.
As Table 3 shows, the number of contacts per atom is ca. 1.2 for both complexes and
for both binding pockets, indicating that the strength of each Ru-complex/protein
interatomic interaction is very similar in both complexes and pockets. By comparing
the number of contacts for a particular complex in the different pockets, it is apparent
that the intermolecular interactions are stronger for pocket 1 (56 contacts for complex
la and 62 for complex 2a) than for pocket 2 (51 contacts for complex 1a and 59 for
complex 2a). Therefore, based solely on the analysis of intermolecular contacts, the
binding of complex 2a into pocket 1 is the most favorable binding event.

Tab. 3. Average total number of contacts and average number of contacts per metal-
complex atom between the Ru complexes and topoisomerase within a cutoff distance
of 3 A computed along the QM/MM MD simulation. Average number of total water
molecules and average number of water molecules per metal-complex atom in the
solvation shell of 3 A of the Ru complexes computed along the QM/MM MD
simulations.

Pocket 1 Pocket 2
Complex la Complex 2a Complex la
Total contacts 56.3 61.5 51.2
Contacts per atom 1.3 1.2 1.2
Total waters 23.4 33.1 16.6
Waters per atom 0.55 0.65 0.40

The visualization of the QM/MM MD simulations reveals that the complexes
embedded into the binding pockets are accompanied by a large solvation sphere, as
can be seen in the representative snapshots displayed in Fig. 6 for the complex 2a
inside the pockets 1 and 2. The solvation sphere stabilizes the positive charge of the
complexes and interacts with the polar amino acids of the protein, favoring the

binding process. For both Ru compounds, the solvation sphere presents a larger
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number of water molecules in pocket 1 than in pocket 2. Specifically, considering a
solvation shell of 3 A from any solute atom, complex 1a (2a) is solvated by 23 (33)
and 17 (18) water molecules in pockets 1 and 2, respectively. This can be understood
by attending to the protein residues that surrounds the solvated complexes into the
two binding sites. As fig. 6a shows, pocket 1 presents a large number of polar amino
acids (represented by the orange surfaces) at the binding site that create a polar
environment that favorably interacts with the solvated complexes. Contrary, pocket 2
presents a more hydrophobic character at the binding site allowing the penetration of
less water molecules inside the pocket (Fig. 6b). Therefore, pocket 1 is the preferred
binding site for the two Ru complexes. This means that complexes la and 2a can
efficiently prevent the binding of DNA to the DNA-binding site (pocket 1) of topo2a
and inhibit the enzymatic activity of the protein.
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Fig. 6. Polar and nonpolar amino acids represented in orange and green, respectively,

that are located at a distance smaller than 6 A from the metal complex 2a in (a) pocket

1 and (b) pocket 2. The drug is displayed in tube representation with C in cyan, S in

yellow, O in red, Ru in pink, and H in white. The water molecules solvating the

complex located at a distance smaller than 3 A from the complex are represented by

balls and tubes, where oxygen is red and hydrogen is white. The protein is represented
in silver color.

Next, the different binding affinities between complexes 1la and 2a and the protein
domain are examined by comparing the solvation spheres of both Ru compounds. In
the preferred pocket 1, complex 2a is solvated by a larger solvation sphere (33 water
molecules) than complex la (23 water molecules). This could seem an obvious

conclusion since complex 2a has a larger size than complex la and, thus, a larger
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number of water molecules can interact with it. However, if the solvation spheres are
compared in terms of number of water molecules per solute atom in order to eliminate
the system-size dependency, the same conclusion is drawn. The solvation sphere of
complex 2a has 0.65 water molecules per solute atom, while that of complex 1a has
only 0.54 water molecules per solute atom when the compounds are embedded in
pocket 1 (Tab. 3). The only structural difference between the two complexes is the
substitution of water (complex 1a) by 3-methylimidazole (complex 2a), as shown in
Fig. 2 (one should notice that the chlorido group of compounds la-d is replaced by
water after hydrolysis). The dipole moment of both ligands was computed by
B3LYP/6-31G* using the optimized geometries at the same level of theory. 3-
Methylimidazole presents a larger dipole moment (3.9 D) than water (1.9 D).
Therefore, complex 2a should be better solvated, in agreement with what is observed
in the MD simulations. Moreover, the better solvated complex 2a interacts stronger
than complex 1a with the DNA-binding site of topoisomerase, which presents a larger
hydrophilicity than pocket 2. The hydrophobic environment found in pocket 2 induces
a desolvation effect in both Ru species, which present solvation spheres of only 17
water molecules. Thus, the intermolecular contacts between the metal complexes and
the protein and, most importantly, the analysis of the solvation spheres of the two
complexes indicate that pocket 1 is the most likely binding site of the protein domain.
In addition, complex 2a interacts stronger with topoisomerase than complex la and,
thus, should be able to inhibit the DNA binding in a more effective way. This
behavior is in consonance with the generally higher cytotoxicity experimentally

observed for the complexes that possess the 3-methylimidazole ligand.
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Conclusions

The cytotoxic mechanism of several thiomaltol-based Ru, Os, Rh and Ir complexes
has been investigated by means of biological assays and theoretical simulations.
Electrophoretic DNA plasmid and H2AX assays have demonstrated that some of the
drugs do not induce a relevant degree of damage to the DNA structure and, thus,
DNA is most likely not the main target of these drugs. Instead, the modification of the
ICso values of the drugs when the cell expression of topo2a is regulated by RNAI is
consistent with the assumption that this enzyme is the main target at least for part of
the compounds investigated here. Monte Carlo and molecular dynamics simulations
have revealed that the metal compounds are able to bind into the DNA-binding pocket
of the enzyme. In addition, the drugs enter the binding pocket with their solvation
shell to maximize the interactions with the hydrophilic environment of the pocket.
This suggests that functionalization of the compounds with highly polar ligands
favors their binding to the protein. This behavior agrees with the fact that an
enhancement of the inhibition of cancer cell growth was observed upon modification
of the structures by substitution of the labile chlorido ligand (which is readily
exchanged for an aqua ligand in solution) by 3-methylimidazole. Our experiments
also showed that inhibition of topo2a may not be the only way to inhibit cancer for
this type of complexes. Thus, more research is required to validate the role of topo2a
expression levels and investigate additional cytotoxic mechanisms. Nevertheless,
these compounds may serve as potential pharmacophores for further rational design of
topo2 catalytic inhibitors. This adds a new aspect to the modes of action of
experimental organometallics, which may allow overcoming some of the drawbacks

of clinically applied metal-based anticancer agents.
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Abbreviations

DCFH DA — dichloro-dihydro-fluorescein diacetate

DMSO - dimethyl sulfoxide

FITC — fluorescein isothiocyanate

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

MTT — 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-kB - nuclear factor kappa-light-chain-enhancer of activated B cells
PBS - phosphate-buffered saline

Pl — propidium iodide

ROS - reactive oxygen species

MC — Monte Carlo

MD — Molecular Dynamics

QM/MM — Quantum Mechanics/Molecular Mechanics
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SUPPORTING MATERIALS
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Fig. S1. Electropherograms of dsDNA plasmid pUC19 after exposure to 10 uM solutions of 1a, 1b, 1c, 1d, 2a, 2b, 2c, 2d and L1 for
different exposure times (30 min to 8 h) compared to untreated controls Ko and K.
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Fig. S2. Evaluation of a formation of y-H2AX in response to DNA double-strand breaks (DSBs)
in SW480, SK-BR-3, T47D and MDA-MB468 cells after 48 h of exposure to the studied

compounds and ligand; measured by flow cytometry using the y-H2AX assay (undamaged cells

shown in green, damaged — in yellow).
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SW480 cell line
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Fig. S3. Apoptosis/necrosis induction in SW480, SK-BR-3, T47D and MDA cells after 48 h of
exposure to the studied compounds, ligand and merbarone (MN); measured by flow cytometry
using the annexin V-FITC/propidium iodide double staining (viable cells shown in green, early

apoptosis — in yellow, late apoptosis — in violet and necrosis — in pink).
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Thiomaltol-Based Organometallic Complexes with
1-Methylimidazole as Leaving Group: Synthesis, Stability, and

Biological Behavior
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Wolfgang Kandioller,*™ % and Bernhard K. Keppler
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fAbstract: Thiomaltol, a potential S,0-coordinating molecule,
has been utilized for the complexation of four different or-
ganometallic fragments, yielding the desired Ru", Os", Rh",
and I complexes having a “piano-stool” configuration. In
addition to the synthesis of these compounds with a chlorido
leaving group, the analogous 1-methylimidazole derivatives
have been prepared, giving rise to thiomaltol-based organo-
metallics with enhanced stability under physiological condi-
tions. The organometallic compounds have been character-

ized by NMR spectroscopy, elemental analysis, and X-ray dif-

-

fraction analysis. Their behavior in aqueous solution and
their interactions with certain amino acids have been stud-
ied by ESI mass spectrometry. Their pH-dependent stability
has been investigated by 'H NMR in aqueous solution, and
their cytotoxicity against three different cancer cell lines has
been investigated. Furthermore, their capacity as topoiso-
merase lla inhibitors as well as their effect on the cell cycle
distribution and reactive oxygen species (ROS) generation
have been elucidated.

/

Introduction

In recent years, the development of ruthenium-containing
compounds has expanded the spectrum of potential antican-
cer drugs. Considerable impetus has arisen due to the occur-
rence of a variety of resistances to treatment of different
cancer types with commonly applied platinum-based single-
agent or combination chemotherapy strategies."” One promis-
ing drug candidate featuring a ruthenium core is IT-139
(Figure 1); it was thoroughly studied in a phase | clinical trial,
in which it demonstrated activity against different tumor
types. It was shown that this Ru"-based drug could be applied
in the treatment of non-pancreatic gastrointestinal neuroendo-
crine tumors, where it influences the GRP78 pathway. GRP78,
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a regulator of endoplasmic reticulum stress response, has been
found to be significantly upregulated in cancer cells and is ac-
credited with a high impact on tumor cell survival and resist-
ance.” Furthermore, evidence for synergy of IT-139 was ob-
tained when it was tested in combination with approved anti-
cancer drugs, such as sorafenib.®’ NAMI-A, as another represen-
tative of ruthenium(lll) anticancer compounds, showed a diver-
gent activity profile compared to IT-139, despite its structural
similarities. Even though this drug demonstrated selective ac-
tivity in metastatic cells and antiangiogenic activity,* clinical
trials were discontinued due to poor clinical responses and the
absence of a distinctly assignable target.™ Besides ruthe-
nium(lll) compounds, the development of organometallic com-
plexes that contain the metal in its reduced, active form, stabi-
lized by the coordination of an arene ligand to the metal
center, has emerged in the field of anticancer drug research.”
Two representatives of this group of ruthenium(ll) organo-
metallic compounds are RAPTA-C and RM175, which have
been extensively studied in the course of various preclinical in-
vestigations.” ™

Ruthenium(ll) half-sandwich complexes provide a promising
approach for the development of anticancer metallodrugs with
different modes of action. The impact of ligand variation on
the most important characteristics of these compounds has
been an active field of research and, through a series of stud-
ies, it was demonstrated that the nature of the donor atoms
has a considerable impact on the in vitro activity."” Low anti-
cancer activities could be explained by insufficient complex
stability due to replacement of the active ligand by biomole-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Important representatives of ruthenium-containing compounds as anticancer agents. From left to right: A) IT-139 (NKP-1339), B) NAMI-A, C) RAPTA-

C, and D) RM175.

cules, which are omnipresent once the drug has been adminis-
tered. A thorough investigation and comparison of maltol-de-
rived ruthenium(ll) complexes by NMR and ESI-MS supported
the assumption that the replacement of an O,0-donor set by
an S,0-donating moiety could increase both aqueous stability
and cytotoxic activity, resulting in 1Cs, values in the low um
range.""'? The stronger bond between the metal center and
the ligand can be attributed to the softer character of the
sulfur atom in comparison to oxygen, which should result in
an increased complex stability since ligand-exchange reactions
and subsequent inactivation are impeded."® As illustrated pre-
viously, co-incubation of imidazole with the organoruthe-
nium(ll) maltolato complex greatly increased the stability of
the complex due to a decelerated aquation process."? Since
this ligand exchange by a water molecule is thought to be di-
rectly related to the activity of a compound, a delayed activa-
tion is desired in order to allow for accumulation of the intact
drug and subsequent interaction with the cellular target. In
this work, we demonstrate that coordination of 1-methylimida-
zole (Melm) stabilizes the complexes under alkaline conditions,
while at the same time offering an interesting approach to-
wards complex activation at the slightly acidic pH values pres-
ent in tumor tissues."*' In addition, we have investigated the
impacts of metal center and leaving group variation on the
physicochemical and biological properties. Preliminary studies
have been conducted concerning possible cellular targets, and
possible modes of action have been elucidated by investiga-
tion of topoisomerase lla inhibition, reactive oxygen species
(ROS) production, and cell cycle analysis.

Results and Discussion

The introduction of an imidazole moiety in place of a chlorido
ligand should increase the stability of complexes in the pres-
ence of biomolecules, as well as their solubility, depending on
the counter ion of the resulting charged organometallic. Com-
mercially available maltol was used as starting point for this
synthetic pathway and was converted to its thionated ana-
logue by reaction with Lawesson’s reagent under inert condi-
tions. Complexation was performed under the established re-
action conditions."®"” The first approach was the direct con-
version of 1a-d (Scheme 1) by the addition of silver trifluoro-
methanesulfonate and 1-methylimidazole. However, this at-
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tempt resulted in the formation of compound mixtures that
could not be separated. Therefore, a different strategy was ap-
plied, involving [bis(1-methylimidazole)M(p-cym/Cp*)CIICI (p-
cym =p-cymene) precursor complexes. In contrast to the situa-
tion with the mono-imidazole analogue, only one product was
obtained after treatment with thiomaltol. The four required
bis(1-methylimidazole) precursors were synthesized by treat-
ment of the respective dimeric metal compounds [M(p-cym/
Cp*)Cll, (M=Ru", 0s", Rh", Ir'") with a slight excess of 1-meth-
ylimidazole under optimized microwave reaction conditions
(Scheme 1).'® In general, coordination of thiomaltol to organo-
metallic moieties requires strictly inert conditions to avoid the
formation of undesired by-products. Therefore, the complexa-
tion reactions were performed in distilled methanol by means
of Schlenk-line techniques. Thiomaltol was deprotonated by
using sodium methoxide in dry methanol. After addition of the
respective dimeric metal precursor, the reaction mixture was
stirred at room temperature for 1.5-24 h, depending on the
metal center present. Extraction with dichloromethane and
subsequent filtration allowed the isolation of pure complexes.
The desired products were obtained by crystallization from di-
chloromethane/diethyl ether in low to moderate yields (32—
52%). The isolated complexes were characterized by standard
analytical methods, such as 'H and "*C NMR, elemental analysis,
ESI-MS measurements, and, where possible, by X-ray diffraction
analysis. 'H NMR spectra of both the chlorido series as well as
of the complexes with 1-methylimidazole were recorded from
solutions in deuterated methanol and showed characteristic
signals (see Figures S1-S4). The chlorido compounds showed
only two doublets attributable to the aromatic protons of the
n°-p-cymene ligand, although four distinct signals could be ex-
pected due to the magnetically inequivalent protons. This
effect has also been observed for similar maltolato-based orga-
noruthenium(ll) and osmium(ll) complexes."” Substitution by
the more sterically demanding 1-methylimidazole moiety leads
to a more complex NMR spectrum, which could be rationalized
in terms of hindered inversion at the metal center. ESI-MS stud-
ies showed complexes 2a-d to be more stable than their
chlorido analogues 1a-d under the applied conditions. 1a-d
and 2cd formed only [M—CIl" or [M—Melm]* fragments,
whereas complexes 2a,b showed signals attributable to the
molecular peak [M]" and [M—Melm]*.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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X-ray diffraction analysis

Single crystals of 1b and 1c (Figure 2) as well as of 2a-d (Fig-
ures 3, and Figures S6 and S8 in the Supporting Information)
suitable for X-ray diffraction analysis were obtained by precipi-
tation from dichloromethane/n-hexane or dichloromethane/di-
ethyl ether. The crystal structure of 1a has been published pre-
viously."? All of the complexes adopt the so-called “piano-
stool” configuration, whereby the stabilizing aromatic ligand
forms the seat and the chelating thiomaltolato ligand as well
as the respective leaving group (either chlorido or 1-methyl-
imidazole) constitute the chair legs. Upon coordination of thio-
maltol to organometallic fragments, a distorted nonplanar five-
membered ring was formed with an O-M-S-C torsion angle
ranging from 2.53 to 10.69°. The distortion can be explained
by the pronounced difference in bond lengths of the metal ion
to the oxygen and sulfur donor atoms [1a: 2.080 and 2.373 A;
Ru" maltolato complex: 2.082(3) and 2.108(3) A respectively].

Figure 2. Crystal structures of 1b and 1c with ellipsoids drawn at the 50%
probability level.

The most salient bond lengths and angles in 1b and 1c are
summarized in Table 1. Both complexes are representatives of
the monoclinic crystal system, with 1b belonging to the space
group P2,/c, whereas 1c crystallizes in the space group C2/c.
The M—CI distances were found to lie in the same range for
both the Os" (1b) and Rh" (1¢) complexes [1b: 2.4357 A; 1c:
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Figure 3. Crystal structures of 2b and 2 c with ellipsoids drawn at the 50%
probability level (PF,~ counter ion omitted for clarity).

24222 A], in good agreement with reported data for 1a
[2.433 A1.'""? The C=S bond lengths in 1b and 1¢ were found
to be slightly longer than in the free ligand [1b: 1.7035 A, 1c:
1.7032 A, L1: 16770 A]® due to the electron-withdrawing
effect of the coordinated metal.

Table 1. Selected bond lengths and angles of Os"' and Rh" compounds
1b, 2b, 1¢ and 2c.

Compound 1b 2b 1c 2c
M-S [A] 2.3775 2.3652 2.3637 2.3399
M-O [A] 2.0864 2.0754 2.0924 2.0731
M—CI/—N [A] 24357 2.1011 24222 2.0984
=S [A] 1.7035 1.7082 1.7032 1.7102
C-0[A] 13172 1.3185 1.3091 13130
ni-plane centroid distance [A] 1.6619 1.6684 1.7738 1.7692
ring slippage [A] 0.039 0.035 0.031 0.033
O-M-S-C [°] 10.69 4.92 9.95 2.53

By comparison of 2a-d, structural similarity between the Os"
and Ru" compounds as well as between the I" and Rh" com-
plexes can be observed. Complexes 2a and 2b are representa-
tives of the triclinic P1 space group, whereas compounds 2c
and 2d belong to the monoclinic space group P2,/c. The
metal-azole distance ranges from 2.0981 A in 2a to 2.1024 A in
2d. The measured metal-azole bond lengths are in good
agreement with reported data for the corresponding precursor
complex [(p-cym)Ru(Melm),ClICI [2.121(3) and 2.131(3) A].”Y
Selected bond lengths and angles in the chlorido complexes
1b and 1c are also listed in Table 1, along with those in their
analogues 2b and 2 c bearing 1-methylimidazole as the leaving
group. Overall, substitution of the chlorido ligands by 1-
methylimidazole resulted in slightly shorter distances between
the metal center and the S,0-donor atoms, indicating a higher
stability of the attached ligand scaffold. Both pairs of com-
plexes show differences in the M—leaving group bond lengths
[1b: 24357 A, 2b: 2.1011 A; 1¢: 24222 A, 2¢: 2.0984 A] due to
the different donor atoms. Nevertheless, the M—Cl and M—N
bond lengths in the investigated complexes are in the same
range as those in the Ru" complex RM175 published by Sadler
and co-workers.”" An envelope conformation of the five-mem-
bered coordination cycle is apparent in both forms of the Os"
and Rh" complexes, but the torsion angle (O-M-S-C) is less pro-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nounced in complexes 2b and 2c¢ (4.92° and 2.53°, respective-
ly) compared to their chlorido counterparts 1b and 1c¢ (10.69°
and 9.95°, respectively), which might be attributed to both the
increased steric demand of the 1-methylimidazole ligand and
the different donor properties. As expected, slightly shorter m-
plane-centroid distances were found for n®-coordinating moi-
eties compared to the 1’-coordinative bond between the Cp*
ligand and the Rh" or Ir'" metal centers.

Stability investigations by ESI-MS

The behavior of metal complexes in aqueous media is an im-
portant characteristic, since the M—Cl bond is prone to hydrol-
ysis. Aquation is believed to be an important step in the mode
of action of this compound class, because the comparatively
more reactive aqua complex is assumed to interact with bio-
logical targets. Therefore, the stability in aqueous solution was
investigated for all of the synthesized organometallics bearing
either chlorido (Ta-d) or 1-methylimidazole (2a-d) leaving
groups. Samples were prepared according to the procedure
described in the Experimental Section and examined after 1, 3,
6, 24, and 48 h of incubation at 37°C. A general tendency to-
wards increased stability of complexes bearing the 1-methyl-
imidazole leaving group could be discerned among the investi-
gated metal complexes. Overall, immediate cleavage of the
chlorido group was observed for 1a-d, yielding the respective
[M—CI]* species. Osmium complexes 1b and 2b proved to be
the most stable in the tested series. Besides the characteristic
peak of [1b—Cl]" (m/z 467.0440.02, m,, 467.07), the spectrum
of compound 2b showed an additional species with the leav-
ing group 1-methylimidazole still coordinated to the metal
center, that is, [2b]™ (m/z 549.09+0.02, m,, 549.12). Ru" com-
plexes 1a and 2a behaved similarly to the respective osmium
compounds 1b and 2b. In accordance with its osmium equiva-
lent 2b, ruthenium complex 2a showed a corresponding peak
representing the species with the leaving group bound to the
metal center during the first 6 h of incubation, that is, [2a]™
(m/z 459.04 £0.02, m,, 459.07), besides the peak pertaining to
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the complex without its leaving group [2a—Melm]™ (m/z
377.014+0.02, m,, 377.02). In contrast to the abovementioned
occurrence of an additional peak with the azole leaving group
attached to the metal center, no such peak was detected in
the mass spectra of the corresponding Ir'" and Rh" compounds
besides the characteristic [M—leaving group]* peaks (1¢, 2c:
m/z 379.01+0.01, m,, 379.02; 1d, 2d: m/z 469.05+0.02, m,,
469.08). Overall, replacement of the labile chlorido ligand by
methylimidazole as an N-donor improved the stability of the
organometallic complex in aqueous solution, and especially
the Ru" and Os" compounds seemed to be more stable under
the applied conditions.

Stability of complex 1c and formation equilibrium processes

Due to the different behavior observed in the ESI-MS stability
experiments, complex formation equilibrium processes of 1c¢
were studied in aqueous solution by the combined use of pH-
potentiometric, '"H NMR, and UV/Vis titrations in the absence
and presence of chloride ions and compared to the reported
data for the ruthenium analogue 1a.” The stoichiometry and
stability constants of the formed complexes giving the best fits
to the experimental data are listed in Table 2.

As chloride ions may possibly coordinate by partly replacing
the aqua ligands, the stability constants determined in a chlor-
ide-containing medium are regarded as conditional stability
constants and are valid only under the given conditions. Thio-
maltol can undergo oxidation in the alkaline pH range, and
thus anaerobic conditions were applied. According to pH-po-
tentiometric titration curves recorded at a 1:1 metal-to-ligand
ratio, proton displacement by the metal ion was complete at
a starting pH of around 2 in both experimental setups (I=
0.2 m KCl or KNO,). Additional signals belonging neither to the
methyl protons of the unbound Rh"-Cp* fragment nor to the
ligand were detected at this pH by 'H NMR spectroscopy (Fig-
ure S9). These findings hampered determination of the stability
constant of the mono-ligand complex [RhCp*(L)(H,0)] " denot-
ed as [ML]. Therefore, UV/Vis spectrophotometry was applied

Table 2. Proton dissociation constant (pK,) of thiomaltol and overall, stepwise, and derived stability constants of its RhCp* complexes in chloride-free and
chloride-containing aqueous solutions determined by various methods, and H,0/Cl~ exchange constant (logK) for the [ML(H,O)]* complex {T=25°C; I=
0.20 m}"
Constant Equilibrium 0.2Mm KNO, 0.2wm KCl Method Notes
pK, (HL) HL=H+L 8.16(1) 8.06(1) pH-metry -
logK [ML] M+ L=2[ML] >15.0 >15.0 UV/Vis (pH 0.7—2) estimated; =log 8 [ML]
logK [ML,H] [ML] + HL=[ML,H] 4.9(1) 4.9(1) "H NMR at pH 2.70 (KNO,); pH 3.85 (KCl)
log 8 [ML,H] M+ 2L+ H=[ML,H] >28.1 >28.0 various methods, =logK [ML,H] + logK [ML] + pK, (HL)
calculated

pK, [ML,H] IMLH]=[ML,] +H 6.37(1) 6.33(4) 'H NMR -

6.4 6.2 pH-metry, calculated =log B [ML,H] — log 8 [ML,]
log 8 [ML,] M+ 2L=[ML,] >21.7 >21.7 'H NMR, calculated =log B [ML,H] — pK, [ML,H]

>21.6(1) >21.8(1) pH-metry log 8 [ML] and log 8 [ML,H]

kept constant during the data evaluation

logK (H,0/CI") IML(H,0)] " +Cl=[ML(C)] +H,0  0.95(1) 0.95(1) UV/Vis determined at pH 3.1
[a] Charges of the complexes are omitted for simplicity. Standard deviations (SD) are given in parentheses. Hydrolysis products of the organometallic
cation: log 8 [M,H_,]=—11.12, log8 [M,H_;1=—19.01 at /=0.20m (KCl) and log B8 [M,H_,]=—8.53, log8 [M,H_;]=—14.26 at /=0.20m (KNO,) taken from
the literature.*?
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under more dilute conditions in the pH range 0.7-2.0 to force
dissociation of the complex. These spectra were found to be
identical (Figure S10), suggesting that the complex is still
intact in this pH range due to its outstandingly high stability,
similar to that of 1a.”® Therefore, only a threshold limit could
be estimated for log 3 [ML] (Table 2). It is noteworthy that thio-
maltol forms significantly more stable complexes than analo-
gous (0,0)-hydroxypyrones, with log 3 values at least six orders
of magnitude higher.?" Deprotonation of [RhCp*(L)(H,0)]" was
observed at pH>6, leading to precipitation of the product
(Figure 4).

RO K 3¢

g

X
XX

Abs. at 264 nm

.0.7 27 47 67 87 107
pH

Absorbance

300

380
Al nm

460 540

Figure 4. UV/Vis spectra recorded for the [RhCp*(H,0),]* " ~thiomaltol (1:1)
system in the pH range 2.0-11.4. The inset shows the pH-dependence of ab-
sorbance values at 264 nm at pH >2 (x) and in the pH range 0.7-2.0 using
individual samples (+) {c,=48 pum; ¢y =48 um; T=25°C; I=0.20m (KCI/HCI);
/=2 cm}.

The speciation in the RhCp*-thiomaltol system was found to
be different and more complicated in the presence of excess
ligand compared to the complexes of other types of bidentate
0,0-, O,N-, or N,N-ligands,”’ ¥ since the latter form exclusively
mono-ligand [ML] and [ML(OH)] complexes in aqueous solu-
tion. Careful analysis of the 'H NMR spectra recorded at various
metal-to-ligand ratios revealed the formation of bis-ligand
complexes of thiomaltol, besides the respective species [ML],
in which an additional thiomaltol ligand coordinates in a mono-
dentate fashion through its thio group (Scheme S1 and Figur-
es S11 and S12). Similar mixed coordination modes have been
reported for the Ru'(p-cym) complexes of hydroxypyr-
(idin)ones.**! The Cl7/H,0 exchange process was found to be
fast (Figure S13) and the obtained logK (H,0/CI") of 0.95 is
similar to those obtained for the RhCp* complexes of hydroxy-
pyr(idin)ones with an O,0-donor set (maltol: 1.17, allomaltol:
1.38,1? deferiprone: 0.78,%” and the Ru"(p-cym) complex of thi-
oallomaltol: 0.71%), although it is considerably lower than the
values obtained for the biologically inactive complexes with
N,N-donor ligands 2,2'-bipyridine or ethylenediamine.”*

Investigation of amino acid interaction by ESI-MS

In order to acquire more detailed information about the be-
havior of the synthesized complexes in biological media and
with regard to possible binding partners on entering the body
by intravenous administration, their reactivity towards the
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amino acids glycine, L-histidine, and L-cysteine was tested. As
previously demonstrated in the literature,"® in the presence of
amino acids or proteins such as ubiquitin, ruthenium(ll) (thio)-
pyr(id)one compounds react with these molecules by cleavage
of the ligand scaffold, forming adducts of the form [(p-cym)
Ru+Ub/amino acid]*. Whereas this effect is observed to
a great extent within the first few hours in the case of 0,0-co-
ordinating ligands, the thiomaltolato complex was found to
persist for longer in the presence of the tested biomolecules.
Only after 24 h of incubation were the first biomolecule ad-
ducts and ligand release detected. To investigate the change
in stability imparted by the introduction of the 1-methyl-
imidazole leaving group, the two ruthenium compounds 1a
and 2a as well as the two rhodium complexes 1c and 2c¢ were
chosen. Samples were prepared as described in the Experimen-
tal Section. Investigation of compound 1a revealed the forma-
tion of -histidine (His) adducts after 6 h [1a—Cl+His]" (m/z
532.10+£0.02, m,, 532.08). After 24 h of incubation, the thio-
maltol ligand was cleaved, giving rise to His- as well as L-cys-
teine (Cys)-containing adducts [(p-cym)Ru+His] ™ (m/z 390.05 +
0.02, m,, 390.08) and [(p-cym)Ru+Cys]* (m/z 356.01 =0.02, m,,
356.03). In general, the formation of L-histidine adducts seems
to be favored in the recorded spectra of 1a compared to L-cys-
teine coordination. In the spectrum recorded after 48 h,
a small amount of a ligand-bearing dimeric species [(p-
cym),Ru,L1(OH),(CH;0H)1" (m/z 678.10, m,, 678.06) was de-
tected. In the case of 2a, increased stability compared to its
chlorido analogue can be inferred since the intact compound
[2a—Melm]™ was detected throughout the whole incubation
period. During the first 6 h of incubation, only two species
could be observed, namely [2a—Melm]* (m/z 377.01, m,,
377.02) and [2a]" (m/z 459.04+0.02, m,, 459.07). After 6 h,
the adduct [2a—Melm+His]™ (m/z 532.104+0.02, m,, 532.08)
was found besides the two intact compound species described
above. Cleavage of the ligand had only occurred to a very
small extent after 24 h, leading to the species [(p-cym)Ru+
His]™ and [(p-cym)Ru+Cys] ™. Equal amounts of three species
were found after 48 h of incubation: [2a—Melm]* (m/z 377.10,
M., 377.02), [(p-cym)Ru+His]* (m/z 390.05+0.02, m,, 390.08),
and the ligand-bearing dimeric species [(p-cym),Ru,
L1(OH),(CH,0OH)1* (m/z 678.10, m,, 678.06). Enhanced stability
was also observed for the 1-methylimidazole-bearing organo-
rhodium complex 2c compared to the chlorido analogue 1c.
After just 3h, 1c had started to form the [(Cp*)Rh+Cys]
adduct (m/z 358.01 £0.02, m,, 358.03), which became the pre-
dominant species at the end of the incubation period along
with [(Cp*)Rh+His]" (m/z 392.0540.02, m,, 392.08). In con-
trast, 2c resisted ligand cleavage induced by amino acid bind-
ing for more than 24 h, and this was found only to a very
small degree thereafter. Therefore, substitution of the labile
chlorido group by 1-methylimidazole is a successful strategy to
increase the stability of the organometallic thiomaltol com-
plexes, enabling them to reach tumor tissue intact, in contrast
to the respective chlorido analogues or complexes with com-
parable 0,0-coordinating ligands.
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pH-Dependent cleavage of the 1-methylimidazole leaving
group

Given the indication of a characteristically lowered pH level by
0.5 to 1 units in tumor tissues, depending on the size and
tumor type,"*?” the behavior of the synthesized compounds
under pH variation was of great interest. Thus, pH-dependent
stability studies of complexes 2a-d were conducted by
"H NMR measurements in order to gain knowledge about the
formation of the respective aqua species upon pH-induced
cleavage of the coordinated azole ligand. In general, all four
complexes behaved very similarly on varying the pH. Com-
pounds 2a-d were dissolved in D,0, and pD values were ad-
justed by the addition of DCl and NaOD over a wide pH range
(2.5-12). The obtained pD values were converted to the corre-
sponding pH values according to Equation (2), as described in
the Experimental Section. The shifts of the 1-methylimidazole
and arene signals were monitored, and in the case of com-
pounds 2a and 2b the formation of the aqua species led to
an additional set of signals corresponding to the aromatic
cymene protons. The intact complexes exhibited four signals
corresponding to the four aromatic protons, whereas the re-
placement of the leaving group by a water molecule led to
the appearance of two broad peaks in the aromatic region. An-
other indication of the formation of the aqua species was pro-
vided by the emergence of peaks attributable to the free 1-
methylimidazole ligand. These signals were also used to assess
the behavior of compounds 2c¢ and 2d under pH variation.
Formation of the respective aqua species could be observed
starting at pH 6, until it became the predominant species at
values around pH 3.5 (Figure 5). Complexes 2a-d showed very
high stabilities under alkaline conditions and no degradation
products could be detected at up to pH 11 (Table S15 in the
Supporting Information). Based on these findings, it can be as-
sumed that under the hypoxic conditions of the tumor micro-
environment, the leaving group may be partly cleaved to form
the corresponding more reactive aqua complex.

free 1-methylimidazole ligand
— — - aqua complex
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Figure 5. 'H NMR spectra of compound 2a in D,0 at different pH values
(4.8-9.8).
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Cytotoxicity

Analogous maltol and allomaltol Rh" Cp* complexes were re-
cently reported to show moderate anticancer activity against
the human cancer cell lines CH1/PA-1 (ovarian teratocarcino-
ma), SW480 (colon carcinoma), and A549 (non-small cell lung
carcinoma).”? The cytotoxicity of complex 1a in CH1/PA-1 and
SW480 cells has been reported previously, whereas data per-
taining to A549 cells have been determined for the first time
here. The thiomaltolato complexes 1a-2d and the respective
free thiomaltol ligand L1 were tested against the same human
cancer cell lines. In general, all complexes showed ICs, values
in the low micromolar to submicromolar range (Table 3), and
are therefore far more potent than their pyrone analogues."”
Surprisingly, even the free ligand L1 proved to be highly cyto-
toxic against the tested cell lines and overall it seems that thio-
maltol is the activity-determining factor for this class of com-
plexes. In general, the chlorido complexes 1b-d showed simi-
lar activities, but were found to be more active than 1a. The
two different monodentate leaving groups have only a margin-
al impact on the activity because the supposed activation of
the organometallics requires release of the leaving group. In
contrast to the chlorido complexes 1a-d, a small effect of the
metal center on the cytotoxicity was observed for complexes
2a-d. In particular, the Ru" and Rh" representatives 2a and 2¢c
were found to be more active than their chlorido counterparts
by factors of up to 3.7, depending on the cell line. The P-glyco-
protein (P-gp) expressing cell line SW480 proved to be as sen-
sitive to most of the complexes as the broadly chemosensitive
CH1/PA-1 cell line, whereas ICs, values against the more che-
moresistant cell line A549 were up to ten-fold higher. This fea-
ture of the investigated set of compounds is in sharp contrast
to the well-established Pt" complexes, such as cisplatin, which
is about 20 times less potent against SW480 than against CH1
cells (data taken from the literature).”® As SW480 cells express
low levels of ABCB1 (P-gp)®” and A549 cells overexpress multi-
ple transporters of the ABC family (e.g., ABCC2 (MRP2), ABCC4
(MRP4), ABCC5 (MRP5)),E°? investigations concerning the in-
fluence of such transporters on the activity of organometallic
complexes will be a subject of future research.

Topoisomerase lla inhibition

Topoisomerase lla is an essential nuclear enzyme involved in
almost every aspect of DNA functionality: replication, transcrip-
tion, recombination, and chromosome condensation. Topoiso-
merase lla is a primary target for active anticancer drugs. Sev-
eral studies have revealed that clinically active drugs that
target topoisomerase llo generate enzyme-mediated DNA
damage.®*>” The compounds reported here were studied by
a DNA relaxation assay for their topoisomerase lla inhibitory
properties. Complexes 1a-d and 2b-d displayed inhibitory ca-
pacity at a concentration of 10 um. In addition, the Ru" com-
plex 2a proved to be a potent enzyme inhibitor at just 2.5 pm,
which is in contrast to the comparatively high 1Cs, values of 2a
within the series of 1-methylimidazole-substituted compounds.
In comparison, the corresponding ligand L1 did not inhibit the
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Table 3. Inhibition of cancer cell growth by the tested substances in
three human cancer cell lines; 50% inhibitory concentrations (means =+
standard deviations), obtained by MTT assay (exposure time: 96 h).

1C5, value +SD

Compound M A549 CH1/PA-1 SW480
1a Ru" 12+4 341 1M+1
1b Os" 41403 20+0.2 20+0.2
1c Rh" 59+08 1.0+0.1 1.0+0.1
1d Ir" 58+17 0.57+0.03 0.7£0.1
2a Ru" 71+£1.6 26+0.5 3.0+0.2
2b 0s" 6.6+0.4 3.0+04 34+0.7
2c Rh" 26+06 0.9+0.2 0.48+0.03
2d Ir" 34+08 0.6+0.1 0.67 +0.04
L1 - 1.3+0.8 0.52+0.04 0.55+0.31
cisplatin® Pt 13404 0.16£0.03 35403
NKP-1339" Ru" 156411 5046 62+9
[a] See ref. [33]. [b] See ref. [34].

enzyme appreciably at the applied concentrations. Figures 6
and 7 show that the tested compounds did not act as topoiso-
merase poisons, since the linear DNA band was only present in
the positive control, whereby the action of the poison gener-
ates a high level of Topoll-DNA covalent complexes, resulting
in the accumulation of DNA double-strand breaks. It is more
likely that the tested complexes act as catalytic inhibitors,
blocking the ATP-binding site of the enzyme, preventing bind-
ing of the enzyme to DNA or the release of DNA.®® Similar be-
havior in the presence of topoisomerase lla. was observed for
Ru" and Rh" complexes of comparable architecture, with inhib-
itory effects on topoisomerase lla starting at concentrations
between 5 and 20 pm.

' Linear DNA
DMSO - 0.2%

7

8 9 10 11 12 13

Figure 6. Topoisomerase lla-inhibitory capacities of complexes 1a-d deter-
mined by the plasmid DNA relaxation assay. Supercoiled and linear DNA
used as references (lanes 1 and 2, respectively); relaxed DNA bands (lane 3)
indicating intact enzyme activity; DMSO control corresponding to maximum
content in test compound solutions (lane 4); linear DNA band induced by
0.8 mm etoposide (positive control, lane 5). Lanes 6-13 display the reaction
of topoisomerase lla. with supercoiled DNA in the presence of the test com-
pounds. The top gel (A) was post-stained and the bottom gel (B) was pre-
stained with 0.7 pgmL™" ethidium bromide.
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Figure 7. Topoisomerase lla-inhibitory capacities of complexes 2a-d and
ligand L1 determined by the plasmid DNA relaxation assay. Supercoiled and
linear DNA used as references (lanes 1 and 2, respectively); relaxed DNA
bands (lane 3) indicating intact enzyme activity; linear DNA band induced
by 0.8 mm etoposide (positive control, lane 4). Lanes 5-14 display the reac-
tion of topoisomerase lla with supercoiled DNA in the presence of the test
compounds. The top gel (A) was post-stained and the bottom gel (B) was
pre-stained with 0.7 pgmL ™" ethidium bromide.

Cell cycle and ROS studies

Since the tested compounds exhibited properties of topoiso-
merase lla catalytic inhibitors and may disrupt some essential
processes, such as transcription and replication, we examined
the changes in cell cycle distribution by flow cytometry using
propidium iodide staining. As illustrated in Figure 8, the effects
on SW480 cells after 12 h of treatment were pronounced: the
highest S-phase accumulations were seen for ruthenium(ll) and
iridium(lll) complexes (2a and 2d), with an increase to around
45% at a concentration of 20 um. Detailed cell cycle distribu-
tion data are summarized in Table S16.

Furthermore, we investigated whether the thiomaltol-based
organometallic complexes could alter the levels of reactive
oxygen species (ROS) in cancer cells (Figure 9) by means of
a 2',7'-dichlorofluorescein diacetate (DCF-DA) assay. It has been
reported by Sadler and co-workers that certain organorutheni-
um complexes are able to catalytically reduce GSH levels, lead-
ing to an increase of ROS formation.“**" Our complexes were
studied with regard to their potential to raise cellular ROS
levels, and the obtained data indicated slight increases in ROS
levels for the rhodium(lll) 1-methylimidazole-substituted com-
plex 2 c by a factor of 2.7 and for the iridium(lll) 1-methylimida-
zole-substituted complex 2d by a factor of 1.5, but no discerni-
ble effect for the other tested substances. Table S17 shows the
detailed ROS generation data. Based on these findings, the for-
mation of ROS does not convincingly contribute to the cyto-
toxicity of thiopyrone-based organometallics.

In summary, these results suggest that topoisomerase llo
may be a target for organometallic thiomaltol-based com-
plexes, whereas the free ligand is devoid of enzyme inhibitory
properties at the same concentration. None of these com-
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Figure 8. Concentration-dependent impact of thiomaltol-based organome-
tallic complexes 1a-d and 2a-d and the corresponding ligand L1 at a con-
centration of 20 pm on the cell-cycle distribution of SW480 cells after 12 h of
continuous exposure.

pounds act as topoisomerase llo. poisons. Cell cycle distribu-
tion analyses revealed a moderate increase of the S-phase frac-
tion upon exposure to the organometallics, consistent with in-
hibition of this key enzyme. In addition, ROS production ap-
pears unlikely to play a central role in the cellular response to
treatment with these metal complexes. A general overview of
cytotoxicity, enzyme inhibition, cell cycle perturbations, and
ROS activation of thiomaltol-based complexes suggests that
metal coordination has a distinct impact on the biological ac-
tivity.
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Conclusions

Thiomaltol-based organometallics are characterized by in-
creased stability compared to their pyrone analogues, making
them more suitable for metallodrug development. In this work,
thiomaltol-bearing complexes with Ru", Os", Rh", and Ir", bear-
ing either 1-methylimidazole or chloride as leaving group,
have been synthesized, and the effects of different metal cen-
ters and leaving groups on the physicochemical and biological
properties have been investigated. The acquired data implied
that the introduction of 1-methylimidazole as a leaving group
substantially increases the stability in aqueous solution and
shields the complex from coordination of biomolecules that
would lead to ligand release. This modification may allow accu-
mulation of the intact complexes and controlled activation at
the lower pH values within tumor tissues. The synthesized sub-
stances were tested against three different human cancer cell
lines with regard to their anticancer potential, and promising
ICso values in the low pm to sub-um range were observed.
Whereas the complexes proved to be good topoisomerase lla
inhibitors, the thiomaltol ligand alone proved to be inactive
and the tested substances were evidently not poisons to the
enzyme. The complexes induce changes in the cell cycle, such
that an accumulation of cells in the S-phase was observed. Ac-
cording to these findings, topoisomerase lla. might be a possi-
ble target of organometallic thiopyrones. Based on the data
presented herein, thiomaltol-based organometallic complexes
can be regarded as promising candidates for the further devel-
opment of anticancer agents with topoisomerase lla. inhibitory
properties.

Treatment time (h)

Hl 2> 0 2c Il 2a

Fluorescence (fold)

2d W U1

Treatment time (h)

Figure 9. Generation of ROS as indicated by DCF-DA microplate assay using complexes: A) 1a-d, B) 2a-d and L1. Mean + standard deviation is plotted for
three replicates at each concentration. The relative fluorescence unit (RFU) for all samples was normalized to the RFU of stained untreated control (indicated

by a dashed line).
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Experimental Section
Materials

The dimeric metal precursors [Ru(p-cym)Cl,],, [Os(p-cym)Cl,],,
[Rh(Cp*)CL,1,, and [Ir(Cp*)CL,], were prepared according to literature
procedures."®***1 The solvents used were purchased from com-
mercial sources and distilled prior to use. Methanol (HPLC grade,
Fisher) and Millipore water (MilliQ H,O; 18.2 MQ; Synergy 185 UV
Ultrapure Water System, Millipore) were used for mass spectromet-
ric investigations and titrations. 3-Hydroxy-2-methyl-4H-pyran-4-
one (>99.0%, Aldrich), Lawesson’s reagent (99%, Acros), osmi-
um(VIll) tetroxide (Johnson Matthey), hydrazine dihydrochloride
(>98%, Aldrich), hydrochloric acid (37 %, Acros), a-terpinene (90 %,
Acros), iridium(lll) chloride (Johnson Matthey), 1,2,3,4,5-pentame-
thylcyclopentadiene (95 %, Aldrich), ruthenium(lll) chloride hydrate
(Johnson Matthey), rhodium(lll) chloride hydrate (Johnson Mat-
they), 1-methylimidazole (99%, Aldrich), sodium methoxide (ca.
95%, Fluka), sodium hexafluorophosphate (98%, Aldrich), glycine
(Merck), L-cysteine (Fluka), and L-histidine (Merck) were purchased
and used as received. KCl, KNO,;, AgNO;, HCI, HNO;, KOH, and 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) were purchased from
Sigma-Aldrich in puriss quality. NMR spectra were recorded at
25°C on a Bruker Avance ™ 500 MHz FT-NMR spectrometer.
"H NMR spectra were measured at 500.10 MHz and *C NMR spec-
tra at 125.75 MHz from solutions in deuterated dimethyl sulfoxide,
methanol, or chloroform. DCI (35%) and NaOD (4 %) were used for
the stability investigation of complexes at varying pH values. CHNS
elemental analyses were carried out on a Eurovector EA3000 ele-
mental analyzer in the microanalytical laboratory of the University
of Vienna.

General procedures

General procedure for the synthesis of Os"/Ru" cymene and Ir'"/
Rh" Cp* chlorido complexes: Ligand L1 (1 equiv) and sodium
methoxide (1.1 equiv) were dissolved in absolute methanol and
the solution was stirred for 15 min under inert conditions. The
yellow solution was then transferred to a Schlenk flask containing
the respective dimer (0.45 equiv), whereupon it underwent an im-
mediate color change. The mixture was stirred under argon atmos-
phere at 40°C for 1.5 h. Thereafter, the solvent was evaporated
under reduced pressure and the residue was redissolved in di-
chloromethane. Filtration allowed the removal of reaction by-prod-
ucts, and the filtrate was concentrated in vacuo. Precipitation from
n-hexane afforded the pure product in good to excellent yields
(63-92%).

General procedure for the synthesis of Os"/Ru" cymene and Ir"/
Rh" Cp* 1-methylimidazole complexes: The ligand L1 (1 equiv)
and sodium methoxide (1.1 equiv) were dissolved in absolute
methanol and the solution was stirred for 15 min under inert con-
ditions. The yellow solution was then transferred to a Schlenk flask
containing the respective precursor complex (0.9 equiv), where-
upon it underwent an immediate color change. The mixture was
stirred under argon atmosphere at 40°C for 4-48 h, depending on
the relevant precursor metal complex. In order to separate the de-
sired product from uncharged side products, sodium hexafluoro-
phosphate was added and the resulting mixture was stirred for
a further 1 h at room temperature. Thereafter, the solvent was
evaporated under reduced pressure and the residue was taken up
in dichloromethane. Filtration allowed the removal of reaction by-
products and the filtrate was concentrated in vacuo. Precipitation
from dichloromethane/diethyl ether afforded the pure product in
low to moderate yields (32-52%).
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[Chlorido(2-methyl-3-(ox0-k0)-pyran-4(1H)-thionato-kS)(n°-p-
cymene)osmium(ll)] (1b): The reaction was performed according
to the general procedure for chlorido complexes using L1 (60 mg,
0.42 mmol, 1equiv), sodium methoxide (25mg, 0.46 mmol,
1.1 equiv), and [(M®p-cym)Os"'Cl,], (150 mg, 0.19 mmol, 0.45 equiv).
The product was isolated as a red solid. Yield: 135 mg (71 %).
"H NMR (500.10 MHz, CDCl;, 25°C): 6=1.28 (d, *J(H,H)=7 Hz, 6H;
CHs o) 233 (5, 3H; CHs o), 2,51 (5, 3H; CH3), 2.67-2.75 (m, TH;
CHeym), 5.62 (brs, 2H; CH,), 5.82 (brs, 2H; CH,), 7.26 (d, *J(H,H) =
5Hz, 1H; CH-5), 7.43 ppm (d, *J(HH)=5 Hz, 1H; CH-6); *C NMR
(125.75 MHz, CDCl, 25°C): d=15.4 (CH,), 185 (CH; o,r,), 22.4 & 22.9
(2CH; ) 314 (CHyn), 732 (CHy), 75.0 (CHy) 903 (C,yp), 90.8
(Cgadr 1207 (CH-5), 1446 (CH-6), 1535 (C-2), 1685 (Cy-3),
181.9 ppm (C,-4); elemental analysis calcd (%) for C;gH,;oClO,0sS: C
38.35, H 3.82, S 6.40; found: C 38.48, H 3.98, S 6.30.

[Chlorido(2-methyl-3-(ox0-k0)-pyran-4(1H)-thionato-kS)(n°*-
1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(lil)] (1c): The re-
action was performed according to the general procedure for
chlorido complexes using L1 (78 mg, 0.55 mmol, 1 equiv), sodium
methoxide (32 mg, 0.60 mmol, 1.1equiv), and [(n>-Cp*)Rh"CL,],
(150 mg, 0.24 mmol, 0.45 equiv). The product was isolated as a red
solid. Yield: 189 mg (95%). 'H NMR (500.10 MHz, CDCl,, 25°C): § =
1.75 (s, 15H; CHyp), 245 (s, 3H; CHy), 7.17 (d, *J(HH)=5 Hz, TH;
CH-5), 7.45 ppm (d, 3J(H,H)=5 Hz, 1H; CH-6); *C NMR (125.75 MHz,
CDCl;, 25°C): 6=9.0 (CHs(,), 15.5 (CHy), 94.0 (d, "J(Rh,C)=10 Hz;
Cep)r 1209 (CH-5), 1437 (CH-6), 153.7 (C;2), 1655 (C;-3),
180.0 ppm  (C;4); elemental analysis caled (%) for
Cy6H1oCIO,RNS-0.5H,0: C 4546, H 4.77, S 7.59; found: C 45.35, H
4.92,5 7.70.

[Chlorido(2-methyl-3-(ox0-k0)-pyran-4(1H)-thionato-kS)(n°*-
1,2,3,4,5-pentamethylcyclopentadienyl)iridium(lll)] (1d): The re-
action was performed according to the general protocol for chlori-
do complexes using L1 (60 mg, 0.42 mmol, 1 equiv), sodium meth-
oxide (25 mg, 0.46 mmol, 1.1 equiv), and [(1n>-Cp*)Ir"'Cl,], (150 mg,
0.19 mmol, 0.45 equiv). The product was isolated as a red solid.
Yield: 165 mg (86%). '"H NMR (500.10 MHz, CDCl,, 25°C): 6=1.78
(s, 15H; CHs,cpe), 2.52 (5, 3H; CH3), 7.18 (d, *J(H,H) =5 Hz, 1H; CH-5),
7.45ppm (d, 3JHH)=5Hz, 1H; CH-6); CNMR (125.75 MHz,
CDCly, 25°C): 6=8.9 (CHs(,), 15.5 (CH,), 86.2 (d, 'J(IrC)=10 Hz;
Cep)r 121.8 (CH-5), 1437 (CH-6), 1542 (C;2), 167.7 (Cy-3),
1794 ppm  (C4); elemental analysis caled (%) for
Cy6HaClIr0,S+H,0: C 36.81, H 4.25, S 6.14; found: C 36.72, H 3.98, S
6.43.

[(1-Methylimidazole-xN°)(2-methyl-3-(oxo-k0)-pyran-4(1H)-thio-

nato-kS)(n°-p-cymene)ruthenium(ll)] hexafluorophosphate (2a):
The reaction was performed according to the general procedure
for the synthesis of metal complexes with 1-methylimidazole as
leaving group, using ligand L1 (51 mg, 0.354 mmol, 1 equiv),
sodium methoxide (21 mg, 0.390 mmol, 1.1 equiv), and [(n®-p-cym)
Ru"(Melm),CIICl (150 mg, 0.319 mmol, 0.9 equiv). The mixture was
stirred at 40°C for 40 h, affording the desired product after work-
up as orange crystals. Yield: 79 mg (41%). '"H NMR (500.10 MHz,
[D,Jmethanol, 25°C): 6=1.25-1.28 (m, 6H; CH;,,), 2.07 (s, 3H;
CHaym)s 2,50 (s, 3H; CHy), 2.67-2.76 (m, 1H; CHqy,), 372 (s, 3H;
CHs i), 5:46-5.55 (M, 2H; CH,), 5.69-5.75 (m, 2H; CH,), 6.95 (s,
TH; CHyem)s 7.07 (s, TH; CHyen), 7.28 (d, *J(HH) =5 Hz, 1H; CH-5),
7.70 (s, TH; CHyemw) 7.75ppm (d, *J(HH)=5Hz, 1H; CH-6);
BCNMR (125.75 MHz, [D,Jmethanol, 25°C): §=13.7 (CH,), 16.8
(CHs ), 21.0 & 21.7 (2CH5 ), 30.9 (CHyy), 33.2 (CH3 i), 81.1 &
82.6 (2CH,), 835 & 84.6 (2CH,), 100.2 (C4n), 103.0 (Cyp), 119.8
(CH-5), 121.6 (CHpeim)s 129.5 (CHyei), 139.8 (CHygp), 145.9 (C-6),
154.1 (C4-2), 164.9 (C4-3), 180.1 ppm (C,-4); elemental analysis calcd
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(%) for CyoH,5FsN,O,PRUS: C 39.80, H 4.18, N 4.64, S 5.31; found: C
39.81, H 4.14, N 4.67, S 5.23.

[(1-Methylimidazole-kN°)(2-methyl-3-(oxo-k0)-pyran-4(1H)-thio-
nato-kS)(n°-p-cymene)osmium(ll)] hexafluorophosphate (2b):
The reaction was performed according to the general procedure
for the synthesis of metal complexes with 1-methylimidazole as
leaving group, using ligand L1 (43 mg, 0.298 mmol, 1 equiv),
sodium methoxide (18 mg, 0.328 mmol, 1.1 equiv), and [(n®-p-cym)
0s'"(Melm),CIICI (150 mg, 0.268 mmol, 0.9 equiv). The mixture was
stirred at 40°C for 48 h affording the desired product after work-
up as red-brown crystals. Yield: 75 mg (40%). "H NMR (500.10 MHz,
[D,Jmethanol, 25°C): 6=1.22-1.28 (m, 6H; CH;.,), 2.13 (s, 3H;
CHym), 2.53 (s, 3H; CHy), 2.57-2.66 (M, 1H; CH,,,), 3.74 (s, 3H;
CH; peim)s 5.68-5.77 (m, 2H; CH,), 5.85-5.94 (m, 2H; CH,), 6.94 (s,
TH; CHyerm) 7-04 (s, 1H; CHyem), 7-36 (d, *J(H,H)=5 Hz, 1H; CH-5),
7.72 (s, TH; CHuyam), 7.75ppm (d, *JHH)=5Hz, 1H; CH-6);
BCNMR (125.75 MHz, [D,Jmethanol, 25°C): 0=13.8 (CH,), 16.7
(CH3 ), 21.3 & 22.1 (2CH; ), 311 (CHyy), 33.2 (CH3 i)y 71.7 &
733 (2CH,), 74.9 & 76.2 (2CH,), 92.0 (Cyn), 933 (Cqn), 120.2 (CH-
5), 121.4 (CHyeim), 128.9 (CHyeim)s 139.5 (CHyeir), 146.7 (CH-6), 154.6
(C4-2), 167.5 (C;-3), 180.7 ppm (C.-4); elemental analysis calcd (%)
for CyoH,sFsN,0,0sPS: C 34.68, H 3.64, N 4.04, S 4.63; found: C
34.69, H 3.56, N 4.02, S 4.54.

[(1-Methylimidazole-kN?)(2-methyl-3-(oxo-k0)-pyran-4(1H)-thio-

nato-kS)(n°-1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(lll)]

hexafluorophosphate (2c): The reaction was performed according
to the general procedure for the synthesis of metal complexes
with 1-methylimidazole as leaving group, using ligand L1 (50 mg,
0.352 mmol, 1 equiv), sodium methoxide (21 mg, 0.387 mmol,
1.1 equiv), and [(1’-Cp*)Rh"(Melm),CIICI (150 mg, 0.317 mmol,
0.9 equiv). The mixture was stirred at 40°C for 4 h, affording the
desired product after work-up as orange crystals. Yield: 100 mg
(52%). '"H NMR (500.10 MHz, [D,Jmethanol, 25°C): =1.70 (s, 15H;
CHscpd), 2553 (5, 3H; CHy), 3.77 (5, 3H; CHipen), 7.02 (brs, 1H;
CHyer), 717 (brs, 1H; CHyam), 7-27 (d, *J(H,H)=5Hz, 1H; CH-5),
7.79ppm (brs, 2H; CHyum & CH-6); "CNMR (125.75 MHz,
[D,Jmethanol, 25°C): =7.5 (CHs ), 13.7 (CHs), 33.5 (CHs i), 95.3
(d, JRhC)=10Hz; Cep), 1205 (CH-5), 122.1 (CHyer), 123.1
(CHyeim), 129.1 (CHyei), 146.7 (CH-6), 154.8 (C.-2), 164.8 (C;-3),
1793 ppm  (C,4); elemental analysis caled (%) for
CooHa6FsN,0,PRAS: C 39.62, H 4.32, N 4.62, S 5.29; found: C 39.66, H
4.33, N 4.56, S 5.30.

[(1-Methylimidazole-kN?)(2-methyl-3-(oxo0-k0)-pyran-4(1H)-thio-
nato-kS)(n°-1,2,3,4,5-pentamethylcyclopentadienyl)iridium(l1l)]
hexafluorophosphate (2d): The reaction was performed according
to the general procedure for the synthesis of metal complexes
with 1-methylimidazole as leaving group, using ligand L1 (42 mg,
0.296 mmol, 1 equiv), sodium methoxide (18 mg, 0.326 mmol,
1.1 equiv), and [M>Cp*Ir"(Melm),CIICI (150 mg, 0.267 mmol,
0.9 equiv). The mixture was stirred at 40°C for 4 h, affording the
desired product after work-up as orange-brown crystals. Yield:
61 mg (32%). 'HNMR (500.10 MHz, [D,Jmethanol, 25°C): 6=1.72
(s, 15H; CHs,¢0), 2.55 (s, 3H; CH;3), 3.79 (s, 3H; CH;yem), 7.00 (brs,
TH; CHyerm), 7.15 (brs, TH; CHygr), 7.31 (brs, 1H; CH-5), 7.78 ppm
(brs, 2H; CHyem & CH-6); CNMR (125.75 MHz, [D,Jmethanol,
25°C): 0=7.4 (CHs,), 13.7 (CH3), 33.4 (CHspern), 87.7 (d, J(Ir Q)=
10 Hz; Cg,), 1213 (CH-5), 122.0 (CHyer), 123.3 (CHyen), 1294
(CHyeim)s 146.1 (CH-6), 154.9 (C,-2), 165.8 (C;-3), 179.1 ppm (C4);
elemental analysis calcd (%) for C,oH,sFsIrN,O,PS: C 34.53, H 3.77, N
4.03, S 4.61; found: C 34.19, H 3.65, N 3.98, S 4.67.
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Single-crystal X-ray diffraction analysis

X-ray intensity data were measured on a Bruker D8 Venture diffrac-
tor equipped with a multilayer monochromator, an Moy, INCOATEC
microfocus sealed tube, and a Kryoflex Il cooling device. Structures
were solved by direct methods and refined by full-matrix least-
squares techniques. Non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Hydrogen atoms were inserted at
calculated positions and refined with riding coordinates. The fol-
lowing software was used: frame integration, Bruker SAINT soft-
ware package® using a narrow-frame algorithm; absorption cor-
rection, SADABS;*! structure solution, SHELXS-2013;“¢ refinement,
SHELXL-2013,¢ OLEX2,"" and SHELXLE;*® molecular diagrams,
OLEX2.7 CCDC1486550 (1b), 1486549 (1c), 1486552 (2a), 1486554
(2b), 1486551 (2¢), and 1486553 (2d) contain the supplementary
crystallographic data for this paper. These data are provided free
of charge by The Cambridge Crystallographic Data Centre. Experi-
mental data, crystal data, data collection parameters, and structure
refinement details are listed in the Supporting Information (Ta-
bles S1-S14). Molecular structures and packings are displayed in
Figures S5-S8.

ESI-MS measurements

Electrospray ionization mass spectra were recorded on a Bruker
AmaZon SL ion-trap mass spectrometer (Bruker Daltonics GmbH).
Data were acquired and processed using Compass 1.3 and Data
Analysis 4.0 (Bruker Daltonics GmbH). Mass spectra were recorded
following direct infusion with a sample concentration of 5 um and
a flow rate of 240 uLh~". Small molecules were measured with the
following settings: dry temperature: 180 °C, nebulizer: 8.00 psi, dry
gas: 6.00Lmin"", and the high-voltage capillary was set to
—4500 V or +4500 V for positive and negative mode, respectively.
The target mass was set to 600 m/z. Samples for stability measure-
ments and small molecule samples were diluted with water/metha-
nol (50:50). Stock solutions of complexes 1a-d and 2a-d were
prepared in DMSO and diluted to a final concentration of 1% in
DMSO/H,0. The molar ratios used for interaction studies were
complex:L-histidine:L-cysteine:glycine (1:1:1:1). Mass spectra were
recorded after 0, 1, 3, 6, 24, and 48 h of incubation at 37°C.

pH-Potentiometric titrations

An Orion 710A pH-meter equipped with a Metrohm combined
electrode (type 6.0234.100) or Metrohm combined double-junction
electrode (type 6.0255.100) and a Metrohm 665 Dosimat burette
were used for the pH-potentiometric measurements. The exact
concentrations of the ligand stock solutions together with the
proton dissociation constants were determined by pH-potentio-
metric titrations with the help of the computer program HYPER-
QUAD."™ RhCp* stock solutions were obtained by dissolving
a known amount of [RhCp*(u-CI)Cl], in water. A stock solution of
[RhCp*(H,0);1(NO;), was obtained from an aqueous solution of
[RhCp*(u-CICl], after removal of chloride ions using an equivalent
amount of AgNO,. Concentrations of RhCp* stock solutions were
checked by pH-potentiometric titrations employing stability con-
stants for [(RhCp*),(hydroxido)] (i=2 or 3) complexes.?? The pH-
potentiometric measurements were carried out at 25.0+0.1°C in
water, and at an ionic strength of 0.20m KCl or KNO;. Titrations
were performed with carbonate-free KOH solution (0.20 m). The
exact concentrations of HCl, HNO,, and KOH solutions were deter-
mined by pH-potentiometric titrations. The electrode system was
calibrated to the pH=—log[H "] scale by means of blank titrations
(strong acid vs. strong base: HCI/HNO; vs. KOH), as suggested by
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Irving et al.®” The average water ionization constant, pK,, was de-
termined as 13.76 £0.01 at 25.0°C, 1=0.20m (KCl, KNO,), which
corresponds well to literature values.”" The reproducibility of the
titration points included in the calculations was within 0.005 pH
units. The pH-potentiometric titrations were performed in the pH
range between 2.0 and 11.5. The initial volume of the samples was
10.0 mL. The ligand concentration was 1.0 mm and was investigat-
ed at metal ion-to-ligand ratios of 1:1, 1:1.5, and 1:2. The accepted
fitting between the measured and calculated titration data points
regarding the volume of the titrant was < 10 pL. The software PSE-
QUADP? was utilized to calculate the stoichiometry of the com-
plexes as well as their overall stability constants. S(M,L,H,) is de-
fined in Equation (1) for the general equilibrium:

PM + gL + rH = MLoH, as S(MyLgH,) = [M,LaH ]/ MPP[LI*[H]'(T)

where M denotes the metal moiety RhCp* and L is the completely
deprotonated ligand.  Values of logB of  various
[(RhCp*),(hydroxido)] (i=2 or 3) complexes were calculated on the
basis of pH-potentiometric titration data in the absence and pres-
ence of chloride ions, and were in good agreement with our previ-
ously published data.”?

UV/Vis spectrophotometric and 'H NMR titrations

A Hewlett Packard 8452A diode-array spectrophotometer was
used to record UV/Vis spectra in the interval 200-800 nm. The
pathlength (/) was either 1 or 2 cm. Titrations were performed with
samples containing only thiomaltol (48 um), RhCp* (48 um), or
a 1:1 molar ratio of RhCp* and the ligand over the pH range 2.0-
11.5 at an ionic strength of 0.20m (KCl or KNO;) and at 25.0+
0.1°C under anaerobic conditions. Measurements were carried out
in the absence and presence of chloride ions, whereas the 0.20 m
KCl or KNO; was partially or completely replaced by HCI or HNO;,
and pH values in the range 0.7-2.0 were calculated from the con-
tent of strong acid in the solutions. UV/Vis spectra were recorded
to investigate the dependence of the H,0/Cl~ exchange processes
in the [RhCp*(L)(H,0)]* complex at pH 3.1 on the CI~ concentra-
tion (0-0.64 m). Stability constants for the co-ligand exchange were
calculated with the software PSEQUAD.”? '"H NMR studies were car-
ried out on a Bruker Ultrashield 500 Plus instrument or on
a 600 MHz Bruker Avance Ill spectrometer equipped with a 5 mm
cryo-TXI ("H, "C, "N) probe. All "H NMR spectra were recorded
with the WATERGATE water suppression pulse scheme using DSS
as an internal standard. Thiomaltol was dissolved in a 10% (v/v)
D,0/H,0 mixture to yield a concentration of 1 or 0.1 mm, and each
solution was titrated at 25°C, at |=0.20 M (KCl or KNO,), in the ab-
sence or presence of RhCp* at a 1:1 metal-to-ligand ratio. Samples
containing RhCp* and thiomaltol at various ratios (1:1-1:5) at con-
stant concentration of the ligand (1 mm) at pH 3.85 (I=0.2m KCl)
and 2.70 (I=0.2m KNO;) were measured. Stability (logK) and
proton dissociation (pK,) constants for the complex [ML,H] were
calculated using the software PSEQUAD."?

Stability measurements under pH variation

An Eco Scan pH6 pH meter equipped with a glass-micro combina-
tion pH electrode (Orion 9826 BN) was used. It was calibrated with
standard buffer solutions of pH 4.00, 7.00, and 10.00. Complexes
2a-d were dissolved in D,0 (0.5 mL) and pD values were deter-
mined instantly in the NMR tubes. The pH titrations were per-
formed by addition of NaOD (0.4-0.0004% in D,0) and DCl (0.4-
0.0004% in D,0). After each addition of either DCl or NaOD, the
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samples were directly measured at 25 °C using a Bruker Avance II™
500 MHz FT-NMR spectrometer. The experimentally obtained pD
values were corrected according to Equation (2)** in order to con-
vert the measured values to the corresponding pH values in aque-
ous solution.

pH = 0.936 pH*—0.412 (2)

Cell lines and culture conditions

CH1/PA-1 cells (identified by STR profiling as PA-1 ovarian terato-
carcinoma cells by Multiplexion, Heidelberg, Germany) were ob-
tained from Lloyd R. Kelland, CRC Centre for Cancer Therapeutics,
Institute of Cancer Research, Sutton, UK. SW480 (human adenocar-
cinoma of the colon) and A549 (human non-small cell lung cancer)
cells were kindly provided by Brigitte Marian (Institute of Cancer
Research, Department of Medicine |, Medical University of Vienna,
Austria). All cell culture media and reagents were purchased from
Sigma-Aldrich Austria and plastic ware from Starlab Germany. Cells
were grown in 75 cm? culture flasks as adherent monolayer cul-
tures in Minimum Essential Medium (MEM) supplemented with
10% heat-inactivated fetal calf serum, 1 mm sodium pyruvate,
4 mm L-glutamine, and 1% non-essential amino acids (from 100X
ready-to-use stock). Cultures were maintained at 37°C in humidi-
fied atmosphere composed of 95% air and 5% CO,.

Cytotoxicity assay

Cytotoxic effects of the tested compounds were determined by
means of a colorimetric microculture assay [MTT assay; MTT=3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide].
Cells were harvested from culture flasks by trypsinization and
seeded at densities of 1x10° (CH1/PA-1), 2x 10° (SW480), and 3x
10° (A549) in 100 uL per well aliquots in 96-well microculture
plates. Before drug exposure, cells were allowed to settle and
resume proliferation for 24 h. Test compounds were first dissolved
in DMSO, diluted with complete culture medium, and added to
the plates, whereby the final DMSO content did not exceed 0.5%.
After 96 h of exposure, the medium was removed and replaced
with 100 uL/well of a 1:7 MTT/RPMI 1640 solution (MTT solution,
5mgmL~" of MTT reagent in phosphate-buffered saline;
RPMI 1640 medium, supplemented with 10% heat-inactivated fetal
calf serum (FCS), and 4 mm L-glutamine) and incubated for 4 h at
37°C. Subsequently, the MTT/RPMI 1640 solution was removed
from all wells, and the formazan crystals formed by viable cells
were dissolved in 150 uL of DMSO per well. Optical densities at
550 nm were measured with a microplate reader (Biotek EL x808),
using a reference wavelength of 690 nm to correct for nonspecific
absorption. The quantity of viable cells was expressed in terms of
T/C values (relative to untreated controls), and 50 % inhibitory con-
centrations (IC,,) were calculated from concentration-effect curves
by interpolation. Evaluation was based on mean values from three
independent experiments.

Topoisomerase lla inhibition

The topoisomerase llo inhibitory capacities of the tested com-
pounds were determined by means of a DNA plasmid relaxation
assay. For this purpose, we used a topoisomerase drug screening
kit and human recombinant topoisomerase llo. enzyme from Topo-
Gen Inc. The supercoiled pHOT1 plasmid DNA was incubated for
30 min at 37 °C with topo lla in the presence of various concentra-
tions of the test compounds. Etoposide (VP-16) was used as a posi-
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tive control at a concentration of 0.8 mm. The reaction was
stopped by the rapid addition of 10% SDS followed by digestion
with proteinase K for 15 min at 37°C. The samples were divided

(1

and loaded onto two different 1% agarose gels with equal 21
amounts of reaction products. One gel (Figures 6A and 7A) was 3]
post-stained (after electrophoresis incubated in a 1x TAE buffer
containing 0.7 ugmL~" ethidium bromide) and the other gel (Fig-
ures 6B and 7B) was pre-stained (0.7 uygmL™" ethidium bromide [4]
added to the gel before electrophoresis). Both were analyzed by
visualization with the detection system Fusion SL (Vilber Lourmat). [5]
Evaluation was based on two independent experiments. -
6
Cell cycle studies
For this assay, SW480 cells were harvested by trypsinization and vl
1.2x10° cells were seeded into 12-well plates. In the first 24 h, the (8]
cells were allowed to settle and resume proliferation. Thereafter,
DMSO stock solutions of the tested compounds were diluted with 191
MEM, and the medium in the plates was replaced with medium
containing the test compounds so that the final DMSO content did  [10]
not exceed 0.5%. After continuous exposure for 12 h at 37°C and
under 5% CO,, the cells were trypsinized and centrifuged at 300g  [11]
for 3 min. They were then washed with PBS (1 mL) and resuspend-
ed in PI/HSF buffer (600 pL; 0.1% Triton X-100, 0.1% sodium cit- 1%
rate, in PBS) containing 50 ungmL™" propidium iodide. After incuba-
tion overnight at 4°C in the dark, 5x10° cells were measured by [13]
flow cytometry with a Millipore guava easyCyte 8HT instrument.
Data were evaluated by means of FlowJo software (Tree Star) [14]
using Dean-Jett-Fox algorithms. [15]
[16]
Detection of intracellular reactive oxygen species (17]
DCF-DA (2',7'-dichlorofluorescein diacetate) was used to detect the
production of ROS. SW480 cells were seeded at densities of 2.5x  [18]
10* cells in 100 pL/well aliquots in 96-well microculture plates and
were allowed to proliferate for 24 h. The cells were washed with (19l
Hanks’ balanced salt solution (HBSS) supplemented with 1% FCS, [20]
and were stained with 25 um DCF-DA for 40 min at 37°C under
5% CO,. The cells were again washed with HBSS supplemented [
with 1% FCS, and complexes were added in phenol-red-free MEM
supplemented with 1% FCS at the indicated concentrations. Fluor-
escence measurements were carried out with a Synergy HT micro-  [22]
plate reader (BioTek Instruments) set to 37 °C. Measurements were
performed with a 480 nm excitation and a 516 nm emission filter
pair and a PMT sensitivity setting of 50. Readings were conducted (23]
at intervals of 10 min for 120 min. A 200 um solution of tert-butyl [24]
hydroperoxide (tbHP) was used as a positive control. Background
(non-stained cells) was subtracted from all measurements, and fold 5
change relative to the untreated control was determined.
[26]
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5) Cell cycle distribution data

Table S16. Impact of tested substances on the cell cycle distribution of SW480 cells after 12 h
continuous exposure. Merbarone was used as a positive control with a concentration of 640 uM
(REF Mokesch S., Novak M.S., Roller A., Jakupec M.A., Kandioller W., Keppler B.K.
Organometallics, 2015, 34 (5), pp 848-857.).

Cell cycle distribution (%)

Compound Concentration SW480
G0/G1 S G2

Control 0 51+2 28+2 203
2.5 439 336 213

la 10 41+8 376 214
20 41+5 33+3 24+3

2.5 49t6 324 18+1

1b 10 41+12 359 2412
20 29+0.1 33+7 377

2.5 36+3 327 31+4

1c 10 35+3 30+3 336
20 39+2 364 24+6

2.5 52+2 21+0.3 261

1d 10 45+2 242 30+0.2
20 49+0.2 25+2 22+3

2.5 41+4 38+1 206

2a 10 342 38+2 276
20 295 43+0.0 265
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2b

2cC

2d

L1

Merbarone

2.5

10

20

2.5

10

20

2.5

10

20

2.5

10

20

640
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6) ROS generation data

Table S17. Impact of thiomaltol-based organometallic complexes on levels of ROS in SW480 cells after 2 h continuous exposure. tbHP

was used as a positive control with a concentration of 200 uM.

Treatment

time (h)

00:00:00

00:10:00

00:20:00

00:30:00

00:40:00

00:50:00

tbHP

1.5+0.5

2.8+0.9

7.7+3.1

uM

10

20

10

20

10

20

10

20

10

20

10

1la

0.57+£0.15

0.49 £0.22

0.55+0.11

0.55+0.24

0.61+0.11

0.58+0.21

0.62 +0.07

0.64+0.19

0.68 £ 0.08

0.73+0.19

0.73+£0.09

1b

0.51+£0.24

0.33+0.16

0.52+0.19

0.34+0.13

0.56+0.18

0.40+0.14

0.58+0.17

0.45+0.13

0.62+0.14

0.54+0.15

0.67+0.13

1c

0.79+0.21

0.83+£0.27

0.80+0.20

0.89+0.25

0.97 £0.26

1.16 +£0.35

1.04 +£0.22

1.28+£0.32

1.09+0.21

1.38+0.34

1.14+0.21

Fluorescence (fold)

Compound
1d 2a
0.82£0.26 0.74+£0.31
0.76+0.19 0.53+0.19
0.84+0.24 0.64%0.25
0.86 £0.25 0.47 £0.15
1.07+£0.33  0.68+0.22
1.14+0.38 0.55+0.18
1.14+0.31 0.70+0.19
1.21+0.35 0.57+0.14
1.18+0.28 0.71+0.15
1.29+0.35 0.62+0.13
1.21+0.27 0.74+0.13
S20

82

2b

0.69+0.27

0.43+0.19

0.61+0.22

0.43 £0.15

0.67+£0.18

0.52+0.12

0.67+0.16

0.55+0.13

0.69+0.17

0.61+0.13

0.74+0.16

2c

0.91+£0.28

0.88 £0.36

0.99£0.28

1.16 £0.39

1.39+0.38

1.93+0.66

1.59+0.35

2.28£0.54

1.74+0.37

2.51+0.62

1.81+0.37

2d

0.86+0.20

0.73 £0.09

0.80+0.14

0.84+0.13

1.11+0.28

1.30+0.35

1.16£0.23

1.37+0.27

1.17+0.29

1.41+0.33

1.17 +£0.29

L1

0.71+£0.25

0.70 £0.27

0.59+0.24

0.59+0.23

0.70+0.24

0.70+0.24

0.71+0.19

0.73+0.19

0.69+0.18

0.71+0.18

0.68+0.17



01:00:00

01:10:00

01:20:00

01:30:00

01:40:00

01:50:00

02:00:00

192

20

10

20

10

20

10

20

10

20

10

20

10

20

10

20

0.85+0.19

0.79+0.11

0.87+0.18

0.79+0.13

0.86 £0.20

0.76 £0.11

0.84+0.19

0.74 £0.09

0.85+0.18

0.75+0.07

0.87£0.17

0.75+0.08

0.89+0.16

0.76 £ 0.07

0.90+0.16

0.62+0.14

0.72£0.15

0.68 £0.15

0.72+£0.16

0.68 £0.16

0.68+0.13

0.68+0.14

0.67 £0.11

0.70+0.13

0.67+0.10

0.72+0.12

0.67 £0.09

0.74+0.11

0.68 £0.09

0.75+0.10

1.44+0.29

1.17+0.23

1.46+0.31

1.16 +0.23

1.43+0.32

1.11+0.19

1.37+0.26

1.08 +0.16

1.33+0.22

1.06+0.14

1.31+0.18

1.05+0.14

1.30+0.17

1.05+0.13

1.29+0.16

1.31+£0.33

1.22+0.28

1.31+0.34

1.20+0.28

1.27+0.35

1.13+0.23

1.20+0.30

1.08 +0.20

1.15+0.25

1.06 £0.17

1.12+0.21

1.05+0.16

1.10+0.19

1.03+£0.15

1.08 +0.18

S21
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0.69+0.10

0.79+0.16

0.75+0.13

0.81+0.18

0.77 £0.15

0.77+0.14

0.74+0.12

0.74+0.11

0.74 £0.09

0.74 £ 0.09

0.75+0.07

0.75+0.08

0.77 £0.06

0.76 £ 0.07

0.79 +£0.05

0.67+0.13

0.77+£0.18

0.73+0.16

0.77 £0.19

0.73+0.19

0.73+0.17

0.70+0.17

0.70+0.14

0.70+0.14

0.70+0.11

0.71+0.11

0.70+0.10

0.72+0.11

0.71+£0.09

0.74+0.10

2.64 £0.60

1.84+0.37

2.68+0.61

1.82+0.37

2.64 £0.60

1.75+0.33

2.54+0.54

1.69+0.30

2.46+0.49

1.64 £0.27

2.39+0.44

1.61+0.25

2.33+0.42

1.57+0.23

2.27£0.38

1.45+0.32

1.18+0.30

1.46+0.34

1.16 £0.31

1.42+0.34

1.09+£0.26

1.34+0.31

1.05+0.23

1.28+0.27

1.03+0.21

1.24+0.24

1.02+0.20

1.21+0.22

1.01+£0.18

1.18+0.21

0.72+0.16

0.69+£0.16

0.75+0.18

0.69+£0.17

0.74+0.21

0.66+0.16

0.69+0.17

0.65+0.13

0.66 +£0.14

0.63+0.11

0.65+0.10

0.63 +£0.09

0.64 +0.08

0.63 +£0.08

0.64 +£0.07
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ABSTRACT: A series of novel 1,3-dioxoindan-2-carboxa-
mide-based complexes were synthesized, designed to employ
both the attributes of half-sandwich complexes and the
topoisomerase inhibiting properties of the ligand scaffold.
The compounds were characterized with standard analytical
methods. Their stability in aqueous systems and the impact of
either the metal center or the ligand scaffold on the affinity
toward small biomolecules such as amino acids, DNA model
compounds, and small proteins were determined by IT-ESI

Topo lla

mass spectrometry. The cytotoxicity was investigated in three human cancer cell lines by means of a colorimetric MTT assay, and
preliminary structure—activity relationships were derived. The benzyl derivatives showed the highest in vitro activity and
promising topoisomerase Ilgr inhibition in the range of the ICy, values. In addition, the induced changes in the cell cycle
distribution were determined and the apoptosis induction potential elucidated.

B INTRODUCTION

“Piano-stool” configured metal complexes (especially with Ru)
bearing facial arene ligands have become increasingly popular
among the scientific community, due to their extreme synthetic
versatility and broad range of potential applications." The arene
represents the seat of the piano stool and the mono- or
bidentate ligands the legs. Hydrolysis of the labile chlorido
ligand yields positively charged aqua-complexes, which are then
able to attack biological targets in the cell” The coordinated
aromatic system (e.g, 7°-p-cymene (cym) and #°-1,2,3,4,5-
pentamethylcyclopentadienyl (Cp*)) stabilizes low oxidation
states of transition metals (e.g,, Ru'") and acts as a hydrophobic
face, thereby enhancing cell membrane permeation. Variation
of the leaving group has effects on the ligand exchange rate.”
Complexes bearing N,N-chelates or PTA have been the most
intensely studied in this compound class and are currently in an
advanced preclinical stage.*”® Recently, bidentate ligand
systems with biological activity on their own, such as flavones’
and paullones,® have been employed to exploit possible
synergistic effects.”

Topoisomerases I and II (topo I and topo II) are key
enzymes in DNA transcription and replication. DNA occurs in
an extremely condensed form in the nucleus and needs to be
uncoiled to allow the polymerase enzyme complex to read the
encoded information. Uncontrolled uncoiling would involve
rotations and torsions and could potentially lead to
uncontrolled DNA strand breaks. Topoisomerases perform
controlled single-strand breaks (isoforms of class I) or double-
strand breaks (isoforms of class II) and the respective
religations. Of the two isoforms of topo II (@ and f3), only
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topo Il plays a central role in mitosis, while topo IIf is not
imperative for cell division.'"”'" As this class of enzymes is
essential for cell replication, they present an attractive point of
attack for novel chemotherapeutic agents. The mechanisms of
topoisomerase inhibition can be divided into two categories.
The first is topoisomerase toxicity, where the topoisomerase
poison stabilizes the enzyme—DNA complex and consequently
prevents strand religation (e.g, podophyllotoxins such as
etoposide’® and anthracyclines such as doxorubicin;'® see
Chart 1). The second is actual topoisomerase inhibition, where

Chart 1. Chemical Structures of Doxorubicin, TAS-103, and
1,3-Dioxoindan-2-carboxamides
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the inhibitor forms a stable complex with the enzyme and keeps
it from DNA cleavage (e.g., delphinidin, cyanidin)."*" Intrinsic
reparative processes usually maintain cell viability. However,
with increasing concentration of inhibited topoisomerases,
genotoxic events accumulate. Proliferating cells were found to
express a higher concentration of topoisomerase II rendering
them more vulnerable to the inhibitors’ tox1c1ty Topo 1la,
especially, has become a popular target for a number of
anticancer drugs.

In the late 1990s a new promising dual topoisomerase I and
II inhibitor was developed, namely 6-[[2-(dimethylamino)-
ethyl]Jamino]-3-hydroxy-7H-indeno[2,1-c]-quinolin-7-one dihy-
drochloride (TAS-103; Chart 1). Since topo I inhibition can be
partially circumvented by topo II, the dual targeting of this
compound is thought to be a promising strategy'~ and
synergistic effects with cisplatin'® as well as efficacy against
(multi)drug resistant cancer cell lines'” have been observed.
Jung et al. developed 1,3-dioxoindane-2-carboxamide deriva-
tives structurally related to TAS-103 (Chart 1) and tested them
on four different cancer cell lines. They exhibited potent in
vitro cytotoxicity; however, their ICs, values were about 100-
fold higher than that of doxorubicin."”

The aim of this study was to design novel organometallic
compounds by coordination of the organometallic half-
sandwich ruthenium/rhodium scaffold to 1,3-dioxoindan-2-
carboxamides with potential topoisomerase inhibiting proper-
ties.

B RESULTS AND DISCUSSION

Synthesis. 1,3-Indanedione-2-carboxamides actually first
aroused attention as one of the few classes of amides which
can be stabilized in their enolic form.*® The enolization was
found to occur on the amide side rather than on the C1/C3-
carbonyl groups. In solvents with low polarity they exist solely
as enols of the amide.”’ This compound class can be obtained
starting from the zwitterionic precursor 2-oxido-3-phenyl-
iodonio-1,4-naphthoquinone (P1), which was synthesized by
the reaction of lawsone with (diacetoxyiodo)benzene22 in
excellent yields (91%). The 1,3-dioxoindan-2-carboxamide
ligands were then obtained by reaction of the precursor with
the respective primary amine (methylamine, ethylamine,
propylamine, and benzylamine), where the reaction time varied
depending on the applied amine. Aqueous workup afforded the
desired compounds in excellent purity and in good yields (74—
96%). The attack of the amine followed a preceding Wolff-type
rearrangement, where the elimination of iodobenzene led to the
highly reactive ketocarbene intermediate, which subsequently
rearranged to the respective ketene via ring contraction
(Scheme 1). This highly reactive intermediate then reacted
with the amine, leading to the ligands L1-L4.

Of the four, only ligand L4 has Erewously been synthesized
by Malamidou—Xenikaki et al;** however, the optimized
aqueous purification process within this work improved the
yield by 23%. These ligands were then converted to the
respective ruthenium (la—4a) and rhodium complexes (1b—
4b) by deprotonation of L1-L4 with sodium methoxide
followed by addition of the respective dimeric metal precursor
bis[dichlorido(cym)ruthenium(1I)] or bis[dichlorido(Cp*)-
rhodium(1II)] under an argon atmosphere. The yields of the
complexations ranged from 57 to 85% (Scheme 2).

The characterization of these novel compounds was carried
out via conventional techniques (see the Experimental Section
and Figures S1-S12 in the Supporting Information).
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Scheme 1. Wolff Rearrangement during Ligand Synthesis
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supposed Behavior in Biological Media

Q A
& o rL
0—Mwuny
o \
® —» — o
1 —
HN—R
o HN—R
o
P1 L1 R=Me 0 1a-4a [Ru(Cym)(L1-L4)CI

1b4b [Rh(Cp*)(L1-L4)CI)

¢H20
+

Ar

O/M\""‘VBM O/M-nr.,lo“?
BM
o o
HN—R HN—R

o o

1a'4a' [Ru(Cym)(L1-L4)H,0]
1b4b" [Rh(Cp*)(L1-L4)H,0)

Synthesis [ biological media

The symmetry of the aromatic signals in the "H NMR and

e “C{'H} spectra of ligands L1—L4 supports the assumed
ring contraction of the 1,4-naphthoquinone backbone to the
corresponding 1,3-dioxoindane. The ligands seem to enolize at
the amide carbon via formation of an exocyclic double bond. All
rhodium organometallics exhibited the characteristic 'J(Rh,C)
value of the metal center to the facially coordinated Cp* ligand,
where the couplmg constant of 10 Hz is in good accordance
with the literature.”* Furthermore, the methylene protons of
the benzyl group of 4ab show two separate signals, both
occurring as a doublet of doublets, where a geminal coupling
(Y(H-H) = 15 Hz) and the coupling to the amine proton
CJ(H-H) = 6 Hz) were detected. Similar behavior of
methylene groups was reported for 1-substituted 2-pyridones
upon coordination to organometallic fragments.>®

Single crystals of 3a and 4a were obtained by the slow
diffusion method from chloroform/pentanes and analyzed by
X-ray diffraction (Chart 2). Crystallographic data, collection
parameters, and structure refinement details are presented in
Table S1 in the Supporting Information. Complex 3a
crystallized in a monoclinic crystal system, in the space group
P2,/c; 4a, on the other hand, crystallized in a triclinic crystal
system in the centrosymmetric space group P1. Both
compounds showed the typical piano-stool configuration,
with the facial cym ligand being the seat, whereas the chlorido
and the chelating ligand represent the legs. In both cases, the
two enantiomeric forms of the metal complexes cocrystallized
in the unit cell. The anionic O,0-chelating 1,3-dioxoindan-2-
carboxamide ligands bind in a bidentate fashion to the
ruthenium center, forming a nonplanar six-membered ring.
The Ru—01/02 bond lengths were slightly different in both
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Chart 2. Crystal Structures of 3a and 4a drawn at the 50%
Probability Level”

“Hydrogen atoms are omitted for clarity.

cases (3a, Ru—O1 = 2.0948(29) A, Ru—02 = 2.1145(26) A;
4a, Ru—O1 = 2.1075(20) A, Ru—02 = 2.0798(20) A). The
Ru—Cl bond was found in the same range in both complexes
(3a, 2.4038(9) A; 4a, 2.3703(10) A). The facially coordinated
cym ligand was found to be disordered in the case of 3a.
Overall, the observed bond lengths are in good accordance with
those in recently published papers for half-sandwich ruthenium
and rhodium complexes.’ The coordination of the ligand
scaffold also has an observable impact on the electron density
of the 1,3-indanedione-2-carboxamide backbone. The carbonyl
C1-01 bond (3a, 1.2718(46) A; 4a, 1.2671(34) A) is slightly
longer than C3—03 (3a, 1.2310(52) A; 4a, 1.2217(34) A),
which can be explained by the electron-withdrawing effect of
the transition-metal center, and both carbonyl bonds of 3a are
longer than that in the literature for the uncoordinated
backbone (1.222 A)® In the case of 4a, the effect of the
benzyl substituent counteracts the ruthenium’s electron with-
drawal, leading to a carbonyl bond length in the expected
vicinity. The measured bond lengths for C1-C2 (3a,
1.4647(49) A; 4a, 1.4066(39) A), C2—C1’ (3a, 1.4536(53)
A; 4a, 1.4401(38) A), and the bond length of the carboxamide
carbonyl C1-O1’ (3a, 1.2781(46) A; 4a, 1.2663(34) A) to
C1-01 suggests no distinct double bonds in the chelate ring
system but m-electron delocalization. Hydrogen bonding was
observed in both cases (N—H--03: 3.113 A for 3a and 2.976 A
for 4a). The benzyl side chain of 4a is twisted out of the
dioxoindane plane with a torsion angle of 116.05(31)°.
Stability in Aqueous Solution. The stability under
physiological conditions is of crucial importance for intra-
venously administered drugs. It has already been reported that
neutral half-sandwich complexes hydrolyze rapidly in aqueous
media, yielding the corresponding positively charged aqua
species, assumed to interact with the biological targets: i.e.
proteins, enzymes, and/or nucleobases™’ (Scheme 2). The
longevity of the hydrolyzed species la’,b’—4a’,b’ was
investigated via IT-ESI-MS measurements. Obviously, the
leaving group is lost in the electron beam of the mass
spectrometer. Thus, the measurements only give information
on the stability of the [M — Cl]* fragment, not on whether the
leaving group was a chloride ion or a water molecule. The
complex solutions (1% DMSO/H,0, S0 uM) were incubated
at 37 °C, and samples were taken after 1, 3, 6, 24, and 48 h. All
investigated complexes showed remarkable stability under these
conditions. Only the characteristic [M — CI]* signals were
found (1a, m/z 438.06 + 0.01, my, 438.06; 2a, m/z 452.07 +
0.01, my, 452.08; 3a, m/z 466.09 + 0.01, my, 466.10; 4a, m/z
514.06 + 0.01, my, 514.09; 1b, m/z 440.07 + 0.01, my, 440.07;
2b, m/z 454.09 + 0.01, my, 454.08; 3b, m/z 468.09 + 0.01, my,
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468.10; 4b, m/z 516.08 + 0.01, my 516.09), and no solvent
adducts with either water or DMSO were detected. Due to the
very similar behavior of the investigated complexes, only the
biomolecular interactions of compounds 1a,b (R = methyl) and
4ab (R = benzyl) were further investigated, in order to
determine whether the lipophilicity has an influence on the
reactivity.

Reactivity toward Small Biomolecules. Upon intra-
venous drug administration, the first possible binding partners
are blood proteins. It is therefore of utmost importance to
obtain information on the binding preferences of newly
designed drugs. The reactivity toward the following model
compounds was determined via IT-ESI-MS: selected amino
acids (r-histidine (His), L-cysteine (Cys), and glycine (Gly)),
proteins (ubiquitin (Ub) and cytochrome C (cyt)), and
deoxynucleoside triphosphates (5’-dATP and S’-dGTP). Due
to the poor solubility of the investigated complexes (0.02—0.1
mg/mL in water with 1% DMSO for lab and 4a)b,
respectively), mass spectrometric investigations were con-
ducted instead of employing NMR methods.

The complexes’ behavior toward amino acids was determined
by incubation with an equimolar mixture of Gly, Cys, and His.
None of the complexes showed any reactivity toward Gly (see
Figures S13—S16 in the Supporting Information). Coordina-
tion compounds 1a’,b" showed a general affinity toward Cys,
where only 20% of Rh(Cp*) of 1b’ forms a His adduct
([Rh(Cp*)(His)]*; m/z 392.04 £ 0.03, my, 392.08). A total of
60% of Ru(cym) of 1a’ binds His ([Ru(cym)(His)]*; m/z
390.03 + 0.03, my, 390.08) until 24 h of incubation; however,
after that more than 80% of the Ru was found coordinated to
Cys ([Ru(cym)(Cys)]*; m/z 355.97 + 0.04, my, 356.02). The
complexes of ligand L4, on the other hand, have an affinity for
His. 42’ only forms His adducts, and 80% of 4b’ Rh(Cp*)
occurs as [Rh(Cp*)(His)]"* over the entire incubation period.

The reactivity of the complexes toward the proteins Ub and
cyt was investigated (see Figures S17—S20 in the Supporting
Information). The model protein Ub was chosen to depict the
innate reactivity toward proteins in general and cyt as a redox-
active and apoptosis-inducing mitochondrial protein. Ub
possesses two potential binding sites (Metl and His68),
whereas cyt offers three (His26, His33, and Met65). Due to the
fact that these samples were diluted with formic acid (0.02%
(v/v)) in order to denature the present proteins, they occur in
various positively charged states (Ub, 7—14; cyt, 11—19).
Therefore, deconvolution of the measured spectra was
necessary. All investigated organometallics exhibited a clear
affinity toward Ub, and the spectra were dominated by the
characteristic [M(Ar)(Ub)]" peak (1a” and 4a’, M = Ru and Ar
= cym, m/z 8798.1 + 1.2, my, 8798.6; 1b’ and 4b’, M = Rh and
Ar = Cp* m/z 8801.1 + 1.4, my 8800.6). The ruthenium
spectra even showed the initial formation of a
[Ru,(cym),(Ub)]* adduct (m/z 9030.6 + 2.1, my 9031.6),
which after 24 h only makes up about 8% of the entire
ruthenium population. However, the complexes show very low
affinity for cyt binding, forming a [M(Ar)(cyt)]" adduct (1a’,
M = Ru and Ar = cym, m/z 12592.8 + 2.0, my, 12593.4; 1b’
and 4b’, M = Rh and Ar = Cp*, m/z 125944 + 1.0, my,
12595.4). 4a’ does not bind cyt at all, and the other complexes
never bind more than 12% of all present cytochrome C. These
results suggest that reaction with cyt is not a likely pathway for
the biological activity.

Once biologically active compounds enter cells, they again
encounter proteins and might reach the DNA. In order to
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identify the mode of action of the synthesized organometallics,
they were incubated with a mixture of 5’-dATP and 5'-dGTP.
The intensity of the formed adducts was very low (see Figures
S21 and S22 in the Supporting Information). However, only
complexes of the ligand L1 formed such adducts at all, showing
that there is a very low binding affinity of the Ru(cym) and
Rh(Cp*) moieties toward deoxynucleoside triphosphates
(ANTPs). Nevertheless, when it was incubated with the
dNTP-mixture, 1a’ revealed a clear selectivity of the Ru(cym)
moiety toward guanine. About 75% of ruthenium was found as
the [Ru(cym)(5'-dGTP)]*™ adduct (m/z 377.47 + 0.01, my,
377.49). The remaining 25% were bound to adenosine;
[Ru(cym)(5'-dATP)]*™ (m/z 369.48 + 0.01, my 369.49).
The rhodium complex 1b’ revealed selectivity toward 5’-dATP,
as 88% of all rthodium was bound to the adenosine moiety.
However, 28% of all present rhodium was [Rh(i*-Cp*)(5'-
dADP)]™ (m/z 662.04 + 0.01, my, 662.03), and 5% was found
as [Rh(17*-Cp*)(5'-dGDP)]~ (m/z 678.02 + 0.02, my, 678.02).
The occurrence of deoxynucleoside diphosphates suggests
binding of the organorhodium complex to the phosphate chain,
leading to elimination of the terminal phosphate. The fact that
no diphosphate adducts were found in the analogous spectra of
1a’ rules out phosphate elimination due to the spraying process
and allows the conclusion that the Rh(Cp*) moiety binds not
only to the N6 and the O6 of guanosine and adenosine,
respectively, but to the triphosphate group as well.

All complexes were incubated with amino acids and dNTPs
concurrently, in order to determine which kind of nucleophiles
preferably interact with the organometallics. No significant
amounts of deoxynucleoside adducts and the same distribution
of amino acid adducts as before was observed. This result
indicates that the biological activity of this compound class
might be attributed to interactions with proteins.

Biological Activity of the Compounds. The antiprolifer-
ative activity of ligands L1—L4 and the respective ruthenium
(la—4a) and rhodium (1b—4b) complexes was evaluated in
human ovarian (CH1/PA-1), colon (SW480), and non-small-
cell lung carcinoma (AS49) cell lines (Table 1). In general,
CH1/PA-1 cells were found to be the most sensitive of these
cell lines. The antiproliferative potential of the ligands seems to
depend on the lipophilicity and increases in the following
order: L1 (Me) < L2 (Et) < L3 (Pr) < L4 (Bn). Differences in

Table 1. Inhibition of Cancer Cell Growth in Three Human
Cancer Cell Lines: 50% Inhibitory Concentrations (Means
+ Standard Deviations), obtained by the MTT Assay”

ICs, values/uM

compound CH1/PA-1 SW480 A549
L1 83 + 20 >200 >200
la 17+ 5 76 + 15 >200
1b 62+ 5 76 + 11 >200
L2 108 + 7 143 + 8 179 + 10
2a 60 + 2 82 +5S§ 118 + 9
2b 53 +23 107 + 20 242 + 15
L3 37+1 55+6 72 + 4
3a 35+1 43+3 64 + 4
3b 36+2 44 +3 72 + 11
L4 14 +2 29+ S 34 + 4
4a 13+3 20+ 1 37+ 10
4b 9+2 21 + 6 28 +2

“Exposure time: 96 h.
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cytotoxicity of the complexes are somewhat less pronounced,
but they are usually at least as potent as the corresponding
ligand; differences between ruthenium and rhodium analogues
are mostly small to negligible. The most potent of all tested
compounds are complexes 4a (Ru) and 4b (Rh), with ICs,
values of 13 and 9 uM, respectively, in CH1/PA-1 cells, which
was the most sensitive to the investigated compounds.

The most cytotoxic compounds (4a,b) were further
investigated by means of a DNA relaxation assay for their
topoisomerase Il inhibitory properties, due to the structural
similarities of this class of compounds to TAS-103.>® For this
purpose, two differently treated gels were prepared for each
experiment. One gel (Figure 1A) was stained with ethidium
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Figure 1. Topoisomerase Ila inhibitory capacity of L4 and 4ab
determined by the plasmid DNA relaxation assay. The top gel (A) is
poststained and the bottom gel (B) is prestained with 0.5 pg/mL
ethidium bromide. Gel A: supercoiled and linear DNA used as
references (lanes 1 and 2, respectively); relaxed DNA bands (lane 3)
indicating intact enzyme activity; DMSO control (lane 4); inhibition
of enzyme relaxation activity by positive control (0.8 mM etoposide,
lane 5). Lanes 6—11 display the effect of topo Ila on supercoiled
plasmid DNA in the presence of the test compounds. Gel B serves for
detecting topo II cleavage products such as the linear DNA band

induced by 0.8 mM etoposide.

bromide after electrophoresis to assess topo II catalytic activity.
Another gel (Figure 1B) contained ethidium bromide already
during electrophoresis and served to detect cleavage products
caused by double-strand breaks (induced by topo II poisons
only). In the latter case, the effects of ethidium bromide on the
secondary structure causes the relaxed circular forms to migrate
together with the unnicked supercoiled form of the plasmid,
allowing identification of linear DNA in the presence of a
relaxed circular plasmid.

Remarkably, the metal complexes 4ab displayed a
pronounced capacity of inhibiting topo Ile, whereas the
uncoordinated ligand L4 in the applied concentrations did
not (Figure 1A). As illustrated by Figure 1B, none of these
compounds act as a topo Ila poison since a linear DNA band is
present only in the positive control, reflecting double-strand
breaks as a result of stabilized topo II-DNA adducts. Thus, the
complexes are able to catalytically inhibit topo II in one of the
following ways; they either block the ATP-binding site of the
enzyme, preventing the binding of the enzyme to DNA or
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impeding the cleavage of DNA.*” DNA interactions of 4a might
explain the observed smearing of the bands in the electro-
pherograms (Figure 1B, lanes 6 and 7). The inhibitory effects of
TAS-103 on topo II catalytic activity was evaluated by
Minderman and co-workers.'” They showed that TAS-103 at
concentrations of 24.6 M and higher inhibits DNA relaxation
(as etoposide does) but does not cause the formation of linear
DNA species as would be expected for topo II poisons.
Compounds 4a,b showed the ability to inhibit enzyme activity
at concentrations of 20 #M and higher without formation of
linear DNA, suggesting that these compounds might be as
potent as TAS-103 for catalytic topo II inhibitors.

The ability to alter the secondary structure of DNA in cell-
free experiments was studied by the use of an electrophoretic
dsDNA plasmid assay (Figure 2). Retardation of the super-
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Figure 2. Electropherogram of dsDNA plasmid pUC19 after exposure
to a 40 uM solution of ligand L4 (lanes 7—11), ruthenium complex 4a
(lanes 2—6), and rhodium complex 4b (lanes 14—18) for different
exposure times (S min to 2 h) in comparison to untreated controls

(Co)-

coiled (SC) form by the ruthenium complex 4a indicates
untwisting by DNA binding (Figure 2, lanes 2—6). In contrast,
the rhodium complex 4b and the corresponding ligand L4 did
not show any impact on DNA mobility and secondary
structure. Since compounds 4ab exhibit catalytic topo II
inhibitory potential, the changes in cell cycle distribution were
examined by flow cytometry using propidium iodide staining.
Merbarone, a catalytic inhibitor that is in clinical trials as an
anticancer drug, was used as a positive control. Merbarone acts
primarily by blocking topo II mediated DNA cleavage, resulting
in cell cycle delay.’**" As illustrated in Figure 3A, the most
pronounced effect was observed in the case of 4a in CH1/PA-1
cells after 12 h of treatment, showing an increase of the S-phase
fraction from 27% to 43%, and a similar trend was found in
SW480 cells (29% to 38%); both are comparable to the effects
of merbarone (see Table S2 in the Supporting Information).
These data are consistent with topoisomerase inhibition tests
and support the assumption that the tested compounds act as
catalytic topoisomerase inhibitors.

There is evidence that topo II inhibitors effectively block
transcription and replication and cells subsequently undergo
apoptosis.”’ The potential for the induction of apoptosis of
ruthenium(II) complexes la—4a and rhodium(III) complexes
1b—4b was elucidated by annexin V-FITC/propidium iodide
double staining in SW480 cells and subsequent flow cytometric
analysis (Figure 4). Only a total of 11% of the SW480 cells
were found in early- or late-stage apoptosis upon treatment
with 4a (up to a concentration of 320 yM), which is 2.8 times
more than that in the negative control (4%) but 3.9 times less
than that of the positive control merbarone (43%). After
treatment with 4b about 36% of cells were in apoptosis and
32% after exposure to free ligand L4 (see Table S3 in the
Supporting Information). Thus, the ruthenium complex seems
to induce stronger cell cycle perturbations, whereas the free
ligand and the rhodium complex are stronger inducers of
apoptosis.
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Figure 3. Concentration-dependent impact of compounds L4 and 4a,b on the cell cycle distribution of CHI/PA-1 and SW480 cells after 12 h of

exposure.
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Figure 4. Apoptosis/necrosis induction in SW480 cells after 24 h of
exposure to the studied compounds, measured by flow cytometry
using annexin V-FITC/propidium iodide double staining.

B CONCLUSIONS

Within this work, four N-substituted 1,3-dioxoindan-2-carbox-
amides and their corresponding organometallic ruthenium and
thodium complexes were synthesized. The obtained com-
pounds were characterized by standard analytical methods, and
for two substances the respective solid-state structure was
determined. All complexes quickly hydrolyzed under physio-
logical conditions, and the formed aqua complexes were stable
for at least 48 h in aqueous systems. The affinity toward small
biomolecules such as amino acids and model proteins was
elucidated and preferential binding to proteins of the
organometallics was observed. The utilized metal centers
showed different affinity toward dNTPs. Ru(Il) interacted
preferably with dGTP, whereas Rh(III) reacts either with the
N7 of the purine ring or with the triphosphate residue of dATP.
However, the affinity of the investigated compounds toward
dNTPs was determined to be very low in competition
experiments with amino acids. The biological activity was
determined in three different human cancer cell lines, and ICy,
values were found in the low micromolar range for the benzyl
derivatives. It seems that coordination of the bioactive ligand
scaffold to the organometallic fragments has only a minor
impact on the cytotoxicity; however, there is a distinct impact
on topoisomerase Ila inhibition properties of the compounds.
The metal complexes were able to catalytically inhibit topo Ila
in the concentration range of their ICs, values, in contrast to
the free ligand. Cell cycle distribution analyses revealed an
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increase of the S-phase fraction upon exposure to the
organometallics, due to the inhibition of this key enzyme,
especially the Ru(II) representative. In addition, the metal
complexes were investigated for their apoptosis induction
properties and the Rh(III) complex showed a significantly
higher potential than the analogous Ru(II) compound.

Overall, this novel class of organometallic complexes bearing
bioactive 1,3-dioxoindane ligand systems showed very promis-
ing in vitro results and will be further investigated for their
anticancer potential.

B EXPERIMENTAL SECTION

Materials and Methods. All solvents were purchased from
commercial sources and distilled prior to use. Chloroform was dried
over molecular sieves (3 A) before use. 2-Hydroxy-1,4-naphthoqui-
none (99%; Acros Organics), (diacetoxyiodo)benzene (Aldrich),
methylamine (40% solution in water; Merck), ethylamine (70%
solution in water; Merck), propylamine (>99.0%; Fluka), benzylamine
(>99.0%; Fluka), sodium hydroxide (>98%; Sigma-Aldrich), hydro-
chloric acid (30—33%; Donauchem), sodium sulfate (anhydrous; 99%;
Acros Organics), ruthenium(III) chloride trihydrate (Johnson
Matthey), a-terpinene (90%; Acros Organics), rhodium(III) chloride
hydrate (Johnson Matthey), 1,2,3,4,5-pentamethylcyclopentadiene
(95%; Aldrich), sodium methoxide (~95%; Fluka), glycine (Merck),
L-cysteine (Fluka), L-histidine (Merck), guanosine $'-triphosphate
sodium salt hydrate (>95%; Sigma), adenosine S'-triphosphate
disodium salt (Calbiochem), ammonium bicarbonate (>99.5%;
Fluka), ubiquitin (>98%; bovine erythrocytes; Sigma), cytochrome
C (99%; horse heart; Sigma), and formic acid (p.a; Fluka) were
purchased and used without further purification. 2-Oxido-phenyl-
iodonio-1,4-naphthoquinone (P1) was synthesized as described
elsewhere.””

Melting points were determined with a Biichi Melting Point M-560
instrument. The solubility was determined by dissolving the
compound in DMSO and subsequent dilution to a final concentration
of 1% DMSO/PBS (phosphate buffered saline) and 1% DMSO/MSP
(medium with serum proteins). The highest concentrated dilution,
where no precipitation of the compound occurred, was the determined
solubility. The NMR spectra were recorded at 25 °C using a Bruker
FT-NMR spectrometer Avance III 500 MHz. '"H NMR spectra were
measured at 500.10 MHz and *C NMR spectra at 125.75 MHz in
deuterated dimethyl sulfoxide (DMSO-ds) or chloroform (CDCL;).
2D NMR spectra were measured using a gradient-enhanced mode.
CHN elemental analyses were performed with a Eurovector EA3000
Elemental Analyzer in the microanalytical laboratory of the University
of Vienna. Single crystals of 3a and 4a suitable for X-ray diffraction
analysis were grown by a slow diffusion method from chloroform and
pentanes at 4 °C. The X-ray diffraction data were recorded on a Bruker
X8 APEX II CCD diffractometer at 100 K. The single crystals were
positioned at 40 and 35 mm from the detector, and 1204 and 1380
frames were measured, each for 30 and S s over 1° scan width. The
data were processed using the SAINT software package.”> The
structures were solved by direct methods and refined by full-matrix
least-squares techniques. Non-hydrogen atoms were refined with
anisotropic displacement parameters. H atoms were inserted at
calculated positions and refined with a riding model. The following
computer programs were used: structure solution, SHELXS-97* and
Platon;** refinement, SHELXL-97* and Olex2;** molecular diagrams,
ORTEP-3.* The crystallographic data files for 3a and 4a have been
deposited with the Cambridge Crystallographic Database as CCDC
1019295 and 1019294, respectively. Electrospray ionization mass
spectra were recorded on a Bruker AmaZon SL ijon trap mass
spectrometer (Bruker Daltonics GmbH). Data were attained and
processed with Compass 1.3 and Data Analyis 4.0 (Bruker Daltonics
GmbH). Protein spectra were deconvoluted by the use of the
maximum entropy algorithm with a m/z 0.2 mass step and m/z 0.5
instrument peak width. Mass spectra were recorded via direct infusion
with a sample concentration of 5 M and a flow rate of 240 uL/h.
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Small molecules were measured with the following settings: dry
temperature, 180 °C; nebulizer, 8.00 psi; dry gas, 6.00 L/min; the high
voltage capillary was set to —4500 V or +4500 V for positive and
negative mode, respectively. The target mass was set to m/z 600.
Proteins were measured with the following settings: dry temperature,
180 °C; nebulizer, 6.00 psi; dry gas, 6.00 L/min; the high voltage
capillary set to —3500 V, and target mass set to #/z 1000.

General Procedure for the Synthesis of 1,3-Dioxo-2-
indancarboxamides. After 2-oxido-3-phenyliodonio-1,4-naphtho-
quinone (P1; 1 equiv) was suspended in dry chloroform (10 mL for
every 100 mg of P1), the amine (1 equiv) was added. The mixture was
refluxed under argon until TLC analysis (n-hexane/ethyl acetate 1/1)
showed full conversion of the educt (reaction times varied from 8 h to
3 days). The reaction mixture was extracted with aqueous sodium
hydroxide (1 M). The alkaline extracts were then combined and
washed with DCM. The aqueous layer was acidified with hydrochloric
acid (30%/33%), leading to precipitation of the product. The resulting
suspension was extracted with DCM, and the combined organic layers
were dried over anhydrous sodium sulfate, filtered, evaporated to
dryness, and dried in vacuo.

General Complexation Procedure. The appropriate 1,3-
dioxoindan-2-carboxamides ligand L1—L4 (1 equiv) was deprotonated
by sodium methoxide (1.1 equiv) in methanol (10 mL) and stirred for
15 min. Afterward, a solution of the respective dimeric precursor
bis[dichlorido(cym)ruthenium(II)] or bis[dichlorido(Cp*)rhodium-
()] (0.9 equiv) in DCM (10 mL) was added and the reaction
mixture was stirred for 30—3S h. Half-sandwich ruthenium(II)
complexes can generally be synthesized without inert conditions;
however, it was decided to prepare all complexes under an argon
atmosphere to avoid possible side reactions. The solvent was removed,
the residue was dissolved in DCM, and the solution was filtered and
concentrated under reduced pressure to a final volume of about 2 mL.
The complex was then precipitated by addition of n-hexane and the
formed solid separated by filtration. The product was washed with cold
n-hexane and dried in vacuo. Rh(Cp*) complexes needed to be
precipitated twice for sufficient purity.

2-(Hydroxy(methylamino)methylene)-1H-indene-1,3(2H)-dione
(L1). The synthesis was performed according to the general procedure
of 1,3-dioxo-2-indancarboxamides, using P1 (405 mg, 1.08 mmol) and
methylamine (40%, 93 uL, 1.08 mmol) with a reaction time of 30 h,
yielding a green solid (217 mg, 85%); mp 147—148 °C, solubility 0.43
mg/mL = 2.12 mM (PBS, 1% DMSO) and 0.60 mg/mL = 2.88 mM
(MSP, 1% DMSO); "H NMR (500.10 MHz, DMSO-d,) & 2.92 (s, 3H,
H2'), 7.55—7.66 (m, 4H, H4, HS, H6, H7), 8.69 (br s, 1H, NH) ppm;
13C NMR (125.75 MHz, DMSO-dg) 6 26.5 (C2'), 93.0 (C2), 120.8
(C4, C7), 133.1 (Cs, C6), 137.8 (C3a, C7a), 166.0 (C1'), 190.7 (C1,
C3) ppm. Anal. Caled for C;;HyNO;: C, 65.02; H, 4.46; N, 6.89.
Found: C, 65.07; H, 4.44, 6.85.

2-((Ethylamino)(hydroxy)methylene)-1H-indene-1,3(2H)-dione
(L2). The synthesis was performed according to the general procedure
of 1,3-dioxo-2-indancarboxamides, using P1 (200 mg, 0.532 mmol)
and ethylamine (70%, 42 uL, 0.532 mmol) with a reaction time of 30
h, yielding an orange solid (95 mg, 83%): mp 103—107 °C; solubility
0.30 mg/mL = 1.38 mM (PBS, 1% DMSO) and 0.15 mg/mL = 0.69
mM (MSP, 1% DMSO); 'H NMR (500.10 MHz, DMSO-dg) 6 1.17
(t,*J(H,H) = 7 Hz, 3H, H3'), 3.36—3.43 (m, 2H, H2'), 7.54—7.66 (m,
4H, H4, HS, H6, H7), 8.75 (br s, 1H, NH) ppm; *C NMR (125.75
MHz, DMSO-dq) § 14.6 (C3’), 34.7 (C2’), 92.8 (C2), 120.8 (C4,
C7), 133.1 (CS, C6), 137.8 (C3a, C7a), 165.5 (C1’), 190.8 (C1, C3)
ppm. Anal. Caled for C,H;NO;: C, 66.35; H, 5.10; N, 6.45. Found:
C, 66.41; H, 5.01; N, 6.01.

2-(Hydroxy(propylamino)methylene)-1H-indene-1,3(2H)-dione
(L3). The synthesis was performed according to the general procedure
of 1,3-dioxo-2-indancarboxamides, using P1 (751 mg, 1.99 mmol) and
n-propylamine (137 uL, 1.99 mmol) with a reaction time of 72 h,
yielding an orange solid (341 mg, 74%): mp 78—80 °C; solubility 0.50
mg/mL = 2.16 mM (PBS, 1% DMSO) and 0.43 mg/mL = 1.86 mM
(MSP, 1% DMSO); 'H NMR (500.10 MHz, DMSO-d,) & 0,89 (t,
SI(HH) = 7 Hz, 3H, H4'), 1.55—1.62 (m, 2H, H3'), 3.28—3.37 (m,
2H, H2'), 7.55—7.67 (m, 4H, H4, HS, H6, H7), 8.73 (br s, 1H, NH)
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ppm; *C NMR (125.75 MHz, DMSO-dg) 6 11.0 (C4), 22.2 (C3'),
45.1 (C2), 92.9 (C2), 120.8 (C4, C7), 133.1 (CS, C6), 137.8 (C3a,
C7a), 165.7 (C1’), 190.8 (C1, C3) ppm. Anal. Calcd for C,3H,;0;N:
C, 67.52; H, 5.67; N, 6.06. Found: C, 67.47; H, 5.73; N, 5.86.
2-((Benzylamino)(hydroxy)methylene)-1H-indene-1,3(2H)-dione
(L4). The synthesis was performed according to the general procedure
of 1,3-dioxo-2-indancarboxamides, using P1 (100 mg, 0.266 mmol)
and benzylamine (29 pL, 0.266 mmol) with a reaction time of 8 h,
yielding a yellow solid (71 mg, 96%): mp 141—143 °C, solubility 0.20
mg/mL = 0.72 mM (PBS, 1% DMSO) and 0.3 mg/mL = 1.07 mM
(MSP, 1% DMSO); 'H NMR (500.10 MHz, DMSO-d;) 6 4.57(s, 2H,
H2'), 7.26—7.30 (m, 1H, Hé'), 7.32—7,39 (m, 4H, H4, H5', H7/,
HS8'), 7.56—7.66 (m, 4H, H4, H5, H6, H7), 9.18 (br s, 1H, NH) ppm;
BC NMR (125.75 MHz, DMSO-dg) & 42.9 (C2'), 93.4 (C2), 120.9
(c4,C7), 127.3 (C6'), 1274 (C4'), 128.5 (CS’), 133.1 (CS, C6),
137.67 (C3a, C7a), 137.73 (C3’), 165.6 (C1’), 190.6 (C1, C3) ppm.
Anal. Caled for C;H;;NO5: C, 73.11; H, 4.69; N, 5.02. Found: C,
72.81; H, 4.43; N, 4.69.
(Chlorido)((1,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(methylamino)methanolato-x02)(p-cymene)ruthenium(ll) (1a).
The synthesis was performed according to the general complexation
procedure, using bis[dichlorido(p-cymene)ruthenium(II)] (200 mg,
32 pmol), ligand L1 (146 mg, 717 pmol), and sodium methoxide (45
mg, 832 pmol) to afford brown crystals (217 mg, 70%): mp >159 °C
dec; solubility 0.08 mg/mL = 0.17 mM (PBS, 1% DMSO) and 0.08
mg/mL = 0.17 mM (MSP, 1% DMSO); 'H NMR (500.10 MHz,
CDCl,) 6 1.39—1.45 (m, 6H, 2CH,-f), 2.30 (s, 3H, CH;-g), 2.96—3.04
(m, 4H, H2',He), 5.31-5.37 (m, 2H, Hb), 5.57—5.66 (m, 2H, Hc),
7.37—7.43 (m, 3H, HS, H6, H7), 7.50-7.54 (m, 1H, H4), 8.43 (q,
J(H,H) = 4.9 Hz, 1H, NH) ppm; *C NMR (125.75 MHz, CDCl;) §
17.9 (CHs-g), 22.40 and 22.43 (2CH;f), 26.1 (C2’), 31.1 (Ce), 79.2
and 79.3 (Cb), 82.7 and 82.8 (Cc), 96.6 (Ca), 98.4 (C2), 99.4 (Cd),
120.6 (C7), 120.8 (C4), 132.0 (C5), 132.2 (C6), 136.4 (C7a), 137.8
(C3a), 166.6 (C1’), 190.7 (C3), 192.5 (C1) ppm. Anal. Calcd for
CyH,,CINO,Ru-0.25CH,CL,: C, 51.64; H, 4.59; N, 2.83. Found: C,
51.72; H, 4.25; N, 2.77.
(Chlorido)((1,3-dioxo-xO1-1H-inden-2(3H)-ylidene)(ethylamino)-
methanolato-x02)(p-cymene)ruthenium(ll) (2a). The synthesis was
performed according to the general complexation procedure, using
bis[dichlorido(p-cymene)ruthenium(1I)] (250 mg, 0.408 mmol),
compound L2 (194 mg, 0.895 mmol), and sodium methoxide (54
mg, 1.01 mmol) to afford a brown solid (317 mg, 80%): mp >142 °C
dec; solubility 0.10 mg/mL = 0.21 mM (PBS, 1% DMSO) and 0.39
mg/mL = 0.8 mM (MSP, 1% DMSO); 'H NMR (500.10 MHz,
CDClL) 6 123 (t, }J(HH) = 7 Hz, 3H, H3'), 1.38—1.45 (m, 6H,
2CH;-), 2.30 (s, 3H, CHy-g), 2.95—3.04 (m, 1H, He), 3.40—3.49 (m,
2H, H2'), 5.31-5.36 (m, 2H, Hb), 5.57—5.65 (m, 2H, Hc), 7.36—7.42
(m, 3H, HS, H6, H7), 7.50—7.54 (m, 1H, H4), 8.48 (t, }J(HH) = 5
Hz, 1H, NH) ppm; *C NMR (125.75 MHz, CDCl;) § 15.1 (C3'),
17.9 (CHj-g), 22.39 and 22.42 (2CH;-), 31.1 (Ce), 344 (C2'), 79.2
and 79.4 (Cb), 82.6 and 82.7 (Cc), 96.6 (Ca), 98.3 (C2), 99.4 (Cd),
120.6 (C7), 120.8 (C4), 132.0 (C5), 132.2 (C6), 136.4 (C7a), 137.8
(C3a), 166.0 (C1’), 190.7 (C3), 192.5 (C1) ppm. Anal. Calcd for
Cy,H,,CINO,Ru: C, 54.26; H, 497; N, 2.88. Found: C, 53.98; H,
5.05; N, 2.83.
(Chlorido)((1,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(propylamino)methanolato-k02)(p-cymene)ruthenium(ll) (3a). The
synthesis was performed according to the general complexation
procedure, using bis[dichlorido(p-cymene)ruthenium(II)] (50 mg, 81
umol), compound L3 (39 mg, 168 umol), and sodium methoxide (11
mg, 206 ymol) to afford red-brown crystals (46 mg, 56%): mp >148
°C dec; solubility 0.15 mg/mL = 0.30 mM (PBS, 1% DMSO) and
0.35 mg/mL = 0.69 mM (MSP, 1% DMSO); '"H NMR (500.10 MHz,
CDCl;) 6 098 (t, 3J(HH) = 7 Hz, 3H, H4'), 1.39—1.44 (m, 6H,
2CH;-f), 1.55—1.66 (m, 2H, H3’), 2.30 (s, 3H, CH;-g), 2.95—3.04 (m,
1H, He), 3.32—3.43 (m, 2H, H2"), 5.31-5.36 (m, 2H, Hb), 5.57—-5.64
(m, 2H, Hc), 7.38—7.42 (m, 3H, HS, H6, H7), 7.50—7.55 (m, 1H,
H4), 8.56 (t, *J(H,H) = 6 Hz, 1H, NH) ppm; *C NMR (125.75 MHz,
CDCl,) 6 11.7 (C4'), 18.0 (CH;-g), 22.41 and 22.45 (2CH,-f), 23.1
(C3'), 31.1 (Ce), 41.2 (C2'), 79.1 and 79.4 (Cb), 82.6 and 82.8 (Cc),
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96.6 (Ca), 98.3 (C2), 99.4 (Cd), 120.6 (C7), 120.8 (C4), 132.0 (CS),
132.2 (C6), 136.5 (C7a), 137.8 (C3a), 166.1 (C1’), 190.7 (C3), 192.5
(C1) ppm. Anal. Caled for C,3H,,0;CINRu-0.25H,0: C, 54.65; H,
5.28; N, 2.77. Found: C, 54.46; H, 5.36; N, 2.65.
(Chlorido)(1(,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(benzylamino)methanolato-x02)(p-cymene)ruthenium(ll) (4a). The
synthesis was performed according to the general complexation
procedure, using bis[dichlorido(p-cymene)ruthenium(II)] (200 mg,
327 pmol), compound L4 (201 mg, 719 wmol), and sodium
methoxide (43 mg, 791 umol) to afford red crystals (302 mg, 84%):
mp >155 °C dec; solubility 0.02 mg/mL = 0.04 mM (PBS, 1%
DMSO) and 0.14 mg/mL = 0.25 mM (MSP, 1% DMSO); 'H NMR
(500.10 MHz, CDCl,) & 1.28—1.35 (m, 6H, 2CH,-f), 2.21 (s, 3H,
CHj-g), 2.77-3.58 (m, 1H, He), 4.53 (dd, JJ(H,H) = 15 Hg, *J(H,H)
= 6 Hz, 1H, H2'), 472 (dd, J(H,H) = 15 Hz, 3J(H,H) = 6 Hz, 1H,
H2'), 5.23—-5.31 (m, 2H, Hb), 5.43—5.55 (m, 2H, Hc), 7.25—7.30 (m,
1H, H6'), 7.31-7.37 (m, 4H, H4', H5’, H7, H8"), 7.39—7.45 (m, 3H,
HS, H6, H7), 7.52—7.57 (m, 1H, H4), 8.94 (t, J(H,H) = 6 Hz, 1H,
NH) ppm; *C NMR (125.75 MHz, CDCL,) § 17.9 (CH;-g), 22.3 and
22.4 (2CH;-f), 30.9 (Ce), 43.4 (C2'), 78.9 and 79.3 (Cb), 82.4 and
82.7 (Cc), 96.7 (Ca), 98.2 (C2), 99.6 (Cd), 120.7 (C7), 120.9 (C4),
127.28 (C4/, C8’), 127.30 (C6’), 128.7 (CS’, C7’), 132.1 (CS), 132.3
(C6), 136.5 (C7a), 137.8 (C3a), 138.8 (C3’), 166.1 (C1”), 190.9
(C3), 192.5 (C1) ppm. Anal. Calcd for C,,H,;CINO;Ru: C, 59.07; H,
4.77; N, 2.55%. Found: C, 58.93; H, 4.60; N, 2.42.
(Chlorido)((1,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(methylamino)methanolato-k02)(Cp*)rhodium(lll) (1b). The syn-
thesis was performed according to the general complexation
procedure, using bis[dichlorido(Cp*)rhodium(III)] (50 mg, 81
pumol), compound L1 (37 mg, 181 umol), and sodium methoxide
(11 mg, 209 pmol) to afford an orange solid (S8 mg, 76%): mp >246
°C dec; solubility 0.10 mg/mL = 0.21 mM (PBS, 1% DMSO) and
0.06 mg/mL = 0.13 mM (MSP, 1% DMSO); 'H NMR (500.10 MHz,
CDClLy) & 1.69 (s, 1SH, Cp*-CH,), 2.99 (d, ’J(HH) = S Hg, 3H,
H2'), 7.37-7.46 (m, 3H, HS, H6, H7), 7.53—7.59 (m, 1H, H4), 8.58
(br q, }(H,H) = 4 Hz, 1H, NH) ppm; *C NMR (125.75 MHyg,
CDCl;) & 8.8 (Cp*-CHj;), 25.9 (C2), 92.4 (d, YJ(Rh,C) = 10 Hz,
Cp*), 92.5 (C2), 120.5 (C7), 120.7 (C4), 131.9 (CS), 132.0 (C6),
136.8 (C7a), 138.6 (C3a), 166.7 (C1’), 190.7 (C3), 192.9 (C1) ppm.
Anal. Caled for C,;H,;CINO;Rh: C, 53.01; H, 4.87; N, 2.94. Found:
C, 53.15; H, 4.68; N, 2.55.
(Chlorido)((1,3-dioxo-xO1-1H-inden-2(3H)-ylidene)(ethylamino)-
methanolato-x02)(Cp*)rhodium(lll) (2b). The synthesis was per-
formed according to the general complexation procedure, using
bis[dichlorido(Cp*)rhodium(IIT)] (250 mg, 0.40S mmol), compound
L2 (195 mg, 0.895 mmol), and sodium methoxide (54 mg, 1.01
mmol) to afford an orange solid (324 mg, 82%): mp >203 °C dec;
solubility 0.09 mg/mL = 0.18 mM (PBS, 1% DMSO) and 0.08 mg/
mL = 0.16 mM (MSP, 1% DMSO); 'H NMR (500.10 MHz, CDCl,)
5123 (t, }J(HH) = 7 Hz, 3H, H3'), 1.69 (s, 15H, Cp*-CH;), 3.41—
3.53 (m, 2H, H2'), 7.38—7.44 (m, 3H, HS, H6, H7), 7.54—7.57 (m,
1H, H4), 8.63 (br t, }J(HH) = § Hz, 1H, NH) ppm; *C NMR
(125.75 MHz, CDCl;) 6 8.8 (Cp*-CH,), 15.08 (C3'), 34.1 (C2'),
924 (d, 'J(Rh,C) = 10 Hz, Cp*), 92.5 (C2), 120.4 (C7), 120.7 (C4),
131.9 (CS), 132.0 (C6), 136.8 (C7a), 138.6 (C3a), 166.0 (C1”), 190.8
(C3), 192.9 (C1) ppm. Anal. Caled for C,,H,;CINO;Rh-0.1H,0: C,
53.75; H, 5.17; N, 2.85. Found: C, 53.46; H, 5.14; N, 2.84.
(Chlorido)((1,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(propylamino)methanolato-x02)(Cp*)rhodium(lll) (3b). The syn-
thesis was performed according to the general complexation
procedure, using bis[dichlorido(Cp*)rhodium(III)] (189 mg, 306
pumol), compound L3 (158 mg, 683 umol), and sodium methoxide
(40 mg, 748 umol) to afford orange crystals (262 mg, 85%): mp >149
°C dec; solubility 0.20 mg/mL = 0.40 mM (PBS, 1% DMSO) and
0.45 mg/mL = 0.88 mM (MSP, 1% DMSO); '"H NMR (500.10 MHz,
CDCl,) 6 0.98 (t, 3J(H,H) = 7 Hz, 3H, H4'), 1.58—1.64 (m, 2H, H3'),
1.68 (s, 1SH, Cp*-CH,), 3.30—3.49 (m, 2H, H2'), 7.37—7.44 (m, 3H,
HS, H6, H7), 7.53—7.56 (m, 1H, H4), 8.71 (br t, ’J(H,H) = 6 Hz, 1H,
NH) ppm; *C NMR (125.75 MHz, CDCl;) § 8.8 (Cp*-CH;), 11.8
(C4), 23.1 (C3'), 409 (C2'), 92.36 (d, J(Rh—C) = 9 Hz, Cp*),
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92.44 (C2), 120.4 (C7), 120.7 (C4), 131.9 (C5), 132.0 (C6), 136.8
(C7a), 138.6 (C3a), 166.1 (C1’), 190.8 (C3), 192.9 (C1) ppm. Anal.
Caled for C,3H,,CINO,Rh: C, 54.82; H, 5.40; N, 2.78. Found: C,
54.58; H, 5.60; N, 2.55.

(Chlorido)((1,3-dioxo-xkO1-1H-inden-2(3H)-ylidene)-
(benzylamino)methanolato-k02)(Cp*)rhodium(lll) (4b). The syn-
thesis was performed according to the general complexation
procedure, using bis[dichlorido(Cp*)rhodium(III)] (134 mg, 216
umol), compound L4 (135 mg, 483 umol), and sodium methoxide
(43 mg, 791 pmol) to afford an orange solid (203 mg, 85%); mp >132
°C dec; solubility 0.10 mg/mL = 0.18 mM (PBS, 1% DMSO) and
0.25 mg/mL = 0.45 mM (MSP, 1% DMSO); 'H NMR (500.10 MHz,
CDCl,) & 1.58 (s, 15H, Cp*-CH,), 448 (dd, YJ(HH) = 16 Hz,
3J(H,H) = 6 Hz, 1H, H2'), 4.83 (dd, >J(H,H) = 16 Hz, }J(H,H) = 6
Hz, 1H, H2'), 7.22—7.28 (m, 1H, H6'), 7.31—7.34 (m, 4H, H4', HS/,
H7', H8'), 7.40—7.47 (m, 3H, HS, H6, H7), 7.56—7.59 (m, 1H, H4),
9.13 (br t, *J(H,H) = 6 Hz,1H, NH) ppm; *C NMR (125.75 MHz,
CDCl;) & 8.7 (Cp*-CH,), 43.1 (C2), 92.5 (d, }J(Rh,C) = 10 Hz,
Cp*), 92.6 (C2), 120.6 (C7), 120.8 (C4), 127.1 (C¢’), 127.2 (C4,
C8’), 128.7 (CS', C7’), 132.0 (CS), 132.2 (C6), 136.9 (C7a), 138.6
(C3a), 139.1 (C3'), 166.3 (C1'), 191.0 (C3), 192.9 (C1) ppm. Anal.
Caled for C,,H,,CINO,Rh-0.7SH,0: C, 57.36; H, 5.08; N, 2.48.
Found: C, 57.31; H, 5.01; N, 2.54.

Mass Spectroscopic Investigations. Stability measurement and
small-molecule samples were diluted with water/methanol (50/50),
whereas protein samples were diluted with water/methanol/formic
acid (49.9/49.9/0.2), where proteins have their highest possible
positive charge. Stock solutions of complexes lab and 4ab were
prepared in DMSO and diluted to a final concentration of 1% DMSO/
H,0. The molar ratios used for interaction studies were complex/L-
histidine/L-cysteine/glycine (1/1/1/1), complex/5'-dATP/5'-dGTP
(1/1/1), complex/amino acids/nucleoside triphosphates (1/1/1), and
complex/ubiquitin/cytochrome C (1/1/1). Mass spectra were
recorded after 1, 3, 6, 24, and 48 h of incubation at 37 °C. The
relative intensities discussed refer to the percent peak area of all
assignable rhodium or ruthenium adduct areas in the respective
spectrum.

Cell Lines and Culture Conditions. CHI cells (identified via
STR profiling as PA-1 ovarian teratocarcinoma cells by Multiplexion,
Heidelberg, Germany; compare Korch et al.*”) were obtained from
Lloyd R. Kelland, CRC Centre for Cancer Therapeutics, Institute of
Cancer Research, Sutton, U.K. SW480 (human adenocarcinoma of the
colon) and AS49 (human nonsmall cell lung cancer) cells were kindly
provided by Brigitte Marian (Institute of Cancer Research, Depart-
ment of Medicine I, Medical University of Vienna, Vienna, Austria).
All cell culture media and reagents were purchased from Sigma-Aldrich
Austria, and plasticware was obtained from Starlab Germany. Cells
were grown in 75 cm? culture flasks as adherent monolayer cultures in
minimum essential medium (MEM) supplemented with 10% heat-
inactivated fetal calf serum, 1 mM sodium pyruvate, 4 mM L-
glutamine, and 1% nonessential amino acids (from 100X ready-to-use
stock). Cultures were maintained at 37 °C in a humidified atmosphere
containing 95% air and 5% CO,.

Cytotoxicity Assay. Cytotoxic effects of the test compounds were
determined by means of a colorimetric microculture assay (MTT
assay, MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,S-diphenyl-2H-tetrazo-
lium bromide). Cells were harvested from culture flasks by
trypsinization and seeded by using a pipetting system (Biotek
Precision XS Microplate Sample Processor) in densities of 1 X 10°
(CH1/PA-1), 2 X 10° (SW480), and 3 X 10’ (A549) cells in 100 uL/
well aliquots in 96-well microculture plates. Before drug exposure, cells
were allowed to settle and resume proliferation for 24 h. Test
compounds were then dissolved in DMSO first, diluted in complete
culture medium, and added to the plates where the final DMSO
content did not exceed 0.5%. After 96 h of exposure, the medium was
removed and replaced with 100 yL/well of a 1/7 MTT/RPMI 1640
solution (MTT solution, S mg/mL of MTT reagent in phosphate-
buffered saline; RPMI 1640, supplemented with 10% heat-inactivated
fetal bovine serum and 4 mM L-glutamine) and incubated for 4 h at 37
°C. Subsequently, the MTT/RPMI solution was removed from all
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wells, and the formazan crystals formed by viable cells were dissolved
in 150 uL of DMSO per well. Optical densities at S50 nm were
measured with a microplate reader (Biotek ELx808), using a reference
wavelength of 690 nm to correct for unspecific absorption. The
quantity of viable cells was expressed relative to untreated controls,
and 50% inhibitory concentrations (ICg,) were calculated from
concentration—effect curves by interpolation. Evaluation was based on
means from three independent experiments.

Topoisomerase lla Inhibition. The topoisomerase Ila inhibitory
capacity of tested compounds was determined by means of the DNA
plasmid relaxation assay. For this purpose, we used the topoisomerase
drug screening kit and the human recombinant topoisomerase Ila
enzyme from TopoGen Inc. The supercoiled pHOT1 plasmid DNA
was incubated for 30 min at 37 °C with topo Ila in the presence of
various concentrations of the test compounds. Etoposide (VP-16) was
used as a positive control in a concentration of 0.8 mM. The reaction
was stopped by the rapid addition of 10% SDS followed by digestion
with proteinase K for 15 min at 37 °C. The samples were divided and
loaded onto two different 1% agarose gels with equal amounts of
reaction products. One gel was poststained (after electrophoresis
incubated in a Ix TAE buffer containing 0.5 pg/mL ethidium
bromide) and the other gel prestained (0.5 pg/mL ethidium bromide
added to the gel before electrophoresis). Both were analyzed by
visualization with the detection system Fusion SL (Vilber Lourmat).
Two independent experiments were performed.

Impact on Secondary Structure of DNA. A 500 ng portion of
plasmid DNA pUC19 (2686bp) purchased from Fermentas Life
Sciences was incubated with 40 M of the test compounds in a 0.1X
Tris-EDTA (TE) buffer for different time intervals (S—15—30—60—
120 min) at 37 °C. Electrophoresis was performed in a 1% agarose gel
(Sigma-Aldrich) in 1X Tris-borate-EDTA (TBE) buffer for 90 min at
80 V. Gels were stained with ethidium bromide in 1x TBE (0.75 pug/
mL) for 20 min. Images were taken with the detection system Fusion
SL (Vilber Lourmat). Three independent experiments were
performed.

Cell Cycle Studies. CH1/PA-1 and SW480 cells were harvested by
trypsinization, and 1 X 10° and 1.2 X 10° cells, respectively, were
seeded into 12-well plates. In the first 24 h the cells were allowed to
settle and resume proliferation. Thereafter, the DMSO stocks of the
test compounds were diluted in MEM so that the final DMSO content
did not exceed 0.5%, and the medium in the plates was replaced with
these dilutions. After continuous exposure for 12 h at 37 °C under 5%
CO,, the cells were trypsinized and centrifuged at 300g for 3 min.
Then the cells were washed with 1 mL of PBS and resuspended in 600
uL of PI/HSF buffer (0.1% Triton X-100, 0.1% sodium citrate, in
PBS) containing SO pg/mL propidium iodide. After incubation
overnight at 4 °C in the dark, 5 X 10° cells was measured by flow
cytometry with a Millipore guava easyCyte 8HT instrument. The
obtained data were evaluated by FlowJo software (Tree Star) using
Dean—Jett—Fox algorithms.

Flow Cytometric Detection of Apoptotic Cells. Induction of
cell death was analyzed by using FITC-conjugated annexin V
(BioVision, USA) and propidium iodide (PL, Fluka) double staining.
SW4380 cells were seeded into 12-well plates (Starlab) in a density of 1
x 10° cells per well in complete medium and allowed to settle for 24 h.
The cells were exposed to the test compound in different
concentrations for 24 h at 37 °C. The topo Ila inhibitor merbarone
(Sigma-Aldrich Austria) was used as a positive control in
concentration of 320 yuM on SW480 cells. After the incubation, cells
were gently trypsinized, washed with 1 mL of PBS, and suspended
with FITC-conjugated annexin V (0.25 pg/mL) and PI (1 pg/mL) in
binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5
mM CaCl,) at 37 °C for 15 min. Stained cells (5 X 10* cells per
analysis) were measured with a guava easyCyte 8HT flow cytometer
(Merck Millipore, Guava, USA) using InCyte software. The data were
evaluated by FlowJo software (Tree Star).

856

92

B ASSOCIATED CONTENT

© Supporting Information

Figures, tables, and CIF files giving NMR spectra, IT-ESI-MS
adduct distribution over 48 h, and data on the FACS
experiments, and crystallographic data. This material is available
free of charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
*W.K.: fax, +43-1-4277-9526; e-mail, wolfgangkandioller@
univie.ac.at.

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. The first two authors contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the University of Vienna and the Research Platform
“Translational Cancer Therapy Research” and the Johanna
Mahlke née Obermann Foundation (FA 526005) for financial
support. Furthermore, we gratefully acknowledge Filip
Groznica for his assistance and Prof. Vladimir Arion for the
refinement of the X-ray diffraction data. Dedicated to Prof.
Christian Robl, University of Jena, for the occasion of his 60th
birthday.

B ABBREVIATIONS USED

AS549, human nonsmall cell lung carcinoma cell line; CH1/PA-
1, human ovarial cystadenocarcinoma cell line; Cp*, 1,2,3,4,5-
pentamethylcyclopentadienyl ligand; cym, p-isopropyltoluene;
cyt, cytochrome C; dec, decomposition; IT-ESI-MS, ion trap—
electron spray ionization—mass spectrometry; FITC, fluores-
cein isothiocyanate; MEM, minimum essential medium; MSP,
medium with serum proteins; MTT, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; PBS, phos-
phate buffered saline; RPMI-1640, medium developed at
Roswell Park Memorial Institute; SW480, human colon
adenocarcinoma cell line; TAE, buffer solution containing a
mixture of Tris base, acetic acid and EDTA topo I and II,
topoisomerase I and II; Ub, ubiquitin

B REFERENCES

(1) Yan, Y. K; Melchart, M.; Habtemariam, A.; Sadler, P. J. Chem.
Commun. 2008, 4764—4776.

(2) Levina, A.; Mitra, A.; Lay, P. A. Metallomics 2009, 1, 458—470.

(3) Bugarcic, T.; Habtemariam, A.; Deeth, R. J.; Fabbiani, F. P. A;
Parsons, S.; Sadler, P. J. Inorg. Chem. 2009, 48, 9444—9453.

(4) Ang, W. H,; Casini, A; Sava, G.; Dyson, P. J. J. Organomet. Chem.
2011, 696, 989—998.

(5) Kljun, J.; Bytzek, A. K.; Kandioller, W.; Bartel, C.; Jakupec, M. A;
Hartinger, C. G.; Keppler, B. K; Turel, I. Organometallics 2011, 30,
2506—2512.

(6) Liu, H-K;; Sadler, P. J. Acc. Chem. Res. 2011, 44, 349—359.

(7) Kurzwernhart, A.; Kandioller, W.; Baechler, S.; Bartel, C.; Martic,
S.; Buczkowska, M.; Muehlgassner, G.; Jakupec, M. A,; Kraatz, H.-B,;
Bednarski, P. J.; Arion, V. B.; Marko, D.; Keppler, B. K.; Hartinger, C.
G. J. Med. Chem. 2012, 55, 10512—10522.

(8) Schmid, W. F.; John, R. O.; Arion, V. B.; Jakupec, M. A.; Keppler,
B. K. Organometallics 2007, 26, 6643—6652.

DOI: 10.1021/0om501032s
Organometallics 2015, 34, 848—857


http://pubs.acs.org
mailto:wolfgang.kandioller@univie.ac.at
mailto:wolfgang.kandioller@univie.ac.at
http://dx.doi.org/10.1021/om501032s

Organometallics

(9) Kandioller, W.; Kurzwernhart, A; Hanif, M.; Meier, S. M,;
Henke, H.; Keppler, B. K; Hartinger, C. G. J. Organomet. Chem. 2011,
696, 999—1010.

(10) Osheroff, N. Biochim. Biophys. Acta Gene Struct. Expr. 1998,
1400, 1-2.

(11) Null, A. P,; Hudson, J.; Gorbsky, G. J. Cell Growth Differ. 2002,
13, 325-333.

(12) Rubtsov, M. A; Glukhov, S. I; Allinne, J.; Pichugin, A;
Vassetzky, Y. S.; Razin, S. V.; Tarovaia, O. V. Biopolym Cell 2011, 27,
398—403.

(13) Vanderbeeken, M.-C.; Aftimos, P. G.; Awada, A. Curr. Breast
Cancer Rep. 2013, S, 31—41.

(14) Habermeyer, M.; Fritz, J.; Barthelmes, H. U.; Christensen, M.
O.; Larsen, M. K; Boege, F.; Marko, D. Chem. Res. Toxicol. 2008, 18,
1395—1404.

(15) Wink, M. Alkaloids 2007, 64, 1—47.

(16) Hsiang, Y. H.; Wu, H. Y,; Liu, L. F. Cancer Res. 1988, 48, 3230—
3238S.

(17) Minderman, H.; Wrzosek, C.; Cao, S.; Utsugi, T.; Kobunai, T.;
Yamada, Y.; Rustum, Y. M. Cancer Chemother. Pharmacol. 2000, 4S,
78—84.

(18) Sunami, T.; Nishio, K.; Kanzawa, F.; Fukuoka, K,; Kudoh, S.;
Yoshikawa, J.; Saijo, N. Cancer Chemother Pharmacol 1999, 43, 394—
401.

(19) Jung, J-K; Ryu, J.; Yang, S.-I; Cho, J.; Lee, H. Arch Pharm. Res.
2004, 27, 997—1000.

(20) Song, J.; Mishima, M.; Rappoport, Z. Org. Lett. 2007, 9, 4307—
4310.

(21) Lei, Y. X.; Rappoport, Z. J. Org. Chem. 2002, 67, 6971—6978.

(22) Hatzigrigoriou, E.; Spyroudis, S.; Varvoglis, A. Liebigs Ann.
Chem. 1989, 167—170.

(23) Malamidou-Xenikaki, E.; Spyroudis, S.; Tsanakopoulou, M. J.
Org. Chem. 2003, 68, 5627—5631.

(24) Pettinari, C.; Pettinari, R.; Fianchini, M.; Marchetti, F.; Skelton,
B. W.,; White, A. H. Inorg. Chem. 2008, 44, 7933—7942.

(25) Hanif, M,; Henke, H.; Meier, S. M.; Martic, S.; Labib, M.;
Kandioller, W.; Jakupec, M. A.; Arion, V. B.; Kraatz, H.-B.; Keppler, B.
K; Hartinger, C. G. Inorg. Chem. 2010, 49, 7953—7963.

(26) Carey, F. A,; Sundberg, R. J. Advanced Organic Chemistry, Part A:
Structure and Mechanisms, 5th ed.; Springer: New York, 2008.

(27) Peacock, A. F. A; Melchart, M.; Deeth, R. J.; Habtemariam, A.;
Parsons, S.; Sadler, P. J. Chem. Eur. ]. 2007, 13, 2601—2613.

(28) Fortune, J. M.; Velea, L.; Graves, D. E.; Utsugi, T.; Yamada, Y.;
Osheroff, N. Biochemistry (Mosc.) 1999, 38, 15580—15586.

(29) Nitiss, J. L. Nat. Rev. Cancer 2009, 9, 338—350.

(30) Fortune, J. M.; Osheroff, N. J. Biol. Chem. 1998, 273, 17643—
17650.

(31) Wang, L,; Roy, S. K; Eastmond, D. A. Mutat. Res. 2007, 616,
70—82.

(32) Pressprich, M. R; Chambers, J. SAINT + Integration Engine,
Program for Crystal Structure Integration; Bruker Analytical X-ray
systems: Madison, WI, 2004.

(33) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112—122.

(34) Spek, A. L. Acta Crystallogr.. Sect. D 2009, 65, 148—1S55.

(35) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K;;
Puschmann, H. J. Appl. Crystallogr. 2009, 42, 339—341.

(36) Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, S65—565.

(37) Korch, C.; Spillman, M. A; Jackson, T. A.; Jacobsen, B. M,;
Murphy, S. K; Lessey, B. A; Jordan, V. C; Bradford, A. P. Gynecol.
Oncol. 2012, 127, 241-248.

857

93

DOI: 10.1021/0om501032s
Organometallics 2015, 34, 848—857


http://dx.doi.org/10.1021/om501032s

SUPPORTING INFORMATION

[EXTRACT]

1,3-Dioxoindan-2-carboxamides as  bioactive
ligand scaffold for the development of novel

organometallic anticancer drugs

Stephan Mokesch,** Maria S. Novak,** Alexander Roller,* Michael A. Jakupec,® Wolfgang
Kandioller,**" Bernhard K. Keppler

[a] Institute of Inorganic Chemistry, University of Vienna, Waehringer Stral3e 42, 1090 Vienna, Austria

[b] Research Platform “Translational Cancer Therapy Research”, University of Vienna, Waehringer Strale 42,
1090 Vienna, Austria

Table of Contents
I N AV o ) o 1= o 1 - WSO P P OPO PP S2
1.1 NMR-spectra of the lIgands.........ccccveiiiiieiie e S2
1.2 NMR-spectra of ruthenium COMPIEXES......c..veviiieiie i S4
1.3 NMR-spectra of rhodium COMPIEXES.......ccoiiiiriiieie e e S6
2 CryStallographiC DAta ..........cciiiiiiieieee ettt bbbt b et e bbbt e et e bbb b e ne e S8
3 MS —adduct diStribDUtion OVEF 48 NOUKS .......cceiiiiiirieiie et sttt S9
3.1 Incubation with equimolar His—CyS—Gly MIXIUIE .......cccoiiiereiiniiieiesese e S9
3.2 Incubation with equimolar UD—Cyt MIXIUIe .........cooouiiiiiiiiiie e S11
3.3 Incubation with equimolar 5’-dATP — 5’-dGTP MIXIUIE ....ccccvevereeieerere e S13
N = T 1o oo Toro o o =T T 4T g PP S14

S1

94



4  Biological experiments

Table S2 Impact of compounds L4, 4a and 4b on the cell cycle distribution of CH1/PA-1 and SW480 cells after

12 h exposure.

CH1/PA-1 SW480
Compound Concentration G0/G1 S G2/M G0/G1 S G2/M
[UM] Percentage of cells [%] Percentage of cells [%]
Control 0 44+ 6 27+5 27+1 51+4 2914 18+1
40 35+3 32+1 32+1 55+8 21+3 23+13
80 35+0.3 35+2 29+1 50 £ 15 28+9 204
L4
160 41+9 34+6 24 £ 2 43+14 3610 19+4
320 40+0.2 28+4 307 41+3 29+6 28+3
40 34+3 27+5 38+8 50 + 10 277 22+4
80 31+04 432 24 2 43 +7 3B +7 20+0.3
4a
160 29+3 39+2 29+0.2 39+2 364 24+ 6
320 32+1 36+2 30+1 43 +2 38+3 19+0.1
40 367 30+2 33+5 55+7 22+1 21+8
80 37+0.2 34+2 29+2 56+ 4 20+2 23+8
4b
160 37+4 35+2 27 %2 55+5 18+13 25+8
320 412 27+ 4 31+6 45+1 24 +3 30+3
320 21+28 34+11 43 +15 - - -
Merbarone
640 - - - 33+5 38+3 27+3
S14
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Table S3 Impact of compounds L4, 4a and 4b on the cell viability of SW480 cells after 24 h exposure.

Compound Concentration Necrosis Late apoptosis Early apoptosis ~ Viable cells
[uUM] Percentage of cells [%]
Control 0 1+04 1+£03 2+09 9% +1
40 1+0.4 1+04 4+18 94+3
80 1+0.3 1+04 5+33 92+4
L4
160 1+06 2+09 6+3.0 91+5
320 2+0.2 16+9 17+11 65 * 20
40 0+0.2 2+10 4+1.7 94 +3
80 1+0.1 3+25 5+27 92+5
4a
160 1+0.6 4+16 5+24 8914
320 2+15 7+18 4+0.9 86+4
40 2+1.0 5+49 8+438 85+9
80 2+09 6+49 10+£6.3 82+11
4b
160 3+22 14+ 10 9+46 74+17
320 8+4.2 29+ 14 6+£52 56 + 20
Merbarone 320 4+1.6 30+9 13+£4.2 53+ 14
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ABSTRACT: Three Ru(ll)-, Os(I)- and Rh(lll)-arene complex-
es are studied, in which a flavonol-ligand containing a piperonyl
group has been designed to imitate the general structure of 3°,4’-
dihydroxyflavonols (e.g. quercetin) and to elucidate the im-
portance of the catechol moiety for topoisomerase inhibition. The
antiproliferative activity was determined in human cancer cell
lines, and I1Cso values in the low micromolar range were observed.
The change of metal centers showed only minor impact on cyto-
toxicity, confirming the flavonol ligand as the main active moiety.
The compounds inhibit topoisomerase Ila by acting as catalytic
inhibitors, but not as topoisomerase poisons at the tested concen-
trations.

Ruthenium complexes are considered as promising candidates
to overcome the disadvantages of the currently clinically-applied
platinum drugs.! The most prominent representatives of this
substance class are indazolium trans-[tetrachloridobis(1H-
indazole)ruthenate(111)] (KP1019) and imidazolium trans-
[tetrachlorido(dimethylsulfoxide)(1H-imidazole)ruthenate(I11)]
(NAMI-A) (Figure 1), which are currently undergoing clinical
trials with very promising results.?l In recent years, organometal-
lic Ru(lIl)-arene complexes have clearly shown their potential to
complement the clinically applied spectrum of anticancer metal-
lodrugs.®® These half-sandwich complexes offer multiple possibil-
ities for drug design by modification of the arene ligand and
functionalization of the three remaining coordination sites,
providing the opportunity to control the reactivity and fine-tune
important pharmacological properties such as cellular uptake and
interactions with biomolecules.”! Important examples for this
compound class are ethylene-1,2-diamine complexes developed
by Sadler and coworkers.l? It is supposed that the underlying
mode of action for these complexes is the interaction with DNA
by covalent binding and intercalation of the coordinated arene
ligand.[? 1 Further biological investigations revealed the activity
of the Ru(Il) complex RM175 (Chart 1) against MCa mammary
carcinoma in vivo.[ In contrast, the RAPTA-type compounds of
Dyson et al. (Chart 1) exhibit only minor cytotoxicity in vitro, but
possess antimetastatic and antiangiogenic properties? and show
activity against the Ehrlich ascites carcinoma in vivo.[®
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Chart 1. Chemical structures of anticancer-active Ru com-
plexes.
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The coordination of biologically active ligand systems to metal
centers is a promising strategy for the development of innovative
anticancer agents with novel modes of action,[”l especially the
inhibition of specific enzymes involved in cancer-related metabol-
ic pathways.[8l Carbonic anhydrase (CA) is known to be overex-
pressed in many types of cancer. By linking metallocenes to CA
inhibitors, Poulsen et al. designed compounds with improved
activity compared to the metal-free analogues and even higher
selectivity for cancer-associated CAs over CAs located in healthy
cells.[®] Dyson et al. applied the concept to RAPTA-type Ru(ll)-
arene complexes by tethering ethacrynic acid, a known inhibitor
of gluthathione-S-transferase (GST), to the arene moiety, leading
to compounds with improved cytotoxicity compared to RAPTA-C
and able to inhibit GST, which is often related to drug resistance
in some forms of cancer.[']

Recently, we have reported on a series of novel Ru(ll)-arene
complexes bearing bioactive flavonols as chelating ligands (e.g.
KP1796, Chart 1).['-14] The flavonoid backbone is a naturally
occurring secondary metabolite of plants and exhibits favorable
biological effects such as antioxidant, anti-inflammatory, antimi-
crobial and anticancer activity, mainly by scavenging free radicals
and reactive oxygen species (ROS) and by the inhibition of sever-
al enzymes, e.g. human topoisomerases and receptor tyrosine
kinases.'®1 Some examples of metal-flavonoid complexes are
already known to exhibit promising biological properties with
often higher activity than the free ligands. These compounds were
investigated for the treatment of bacterial and viral infections,



diabetes mellitus and cancer.['8] Coordination of the flavone back-
bone to organoruthenium fragments afforded compounds with
high in vitro anticancer activity, which may bind covalently to
DNA and on the other hand are potent inhibitors of human topoi-
somerase Ila, which is often overexpressed in cancer cells.[11-13]

The aim of this work is to extend the structure-activity-
relationship (SAR) studies of these novel anticancer active metal-
arene complexes featuring bioactive flavonoids with regard to the
general structure of naturally occurring flavonoids such as querce-
tin, where the catechol moiety has a major influence on the bioac-
tivity of these compounds.l*®! For this purpose, a piperonyl-
substituted flavonol has been linked to a Ru(ll)-p-cymene moiety.
The piperonyl substituent in principle constitutes the protected
form of the catechol unit of 3°,4’-dihydroxyflavonol and was used
in order to avoid undesired side reactions upon coordination of the
organometallic fragment. It is likely that, under physiological
conditions, the CH2 group dissociates, leading to the two free
hydroxyl groups at position 3’ and 4’ of the phenyl substituent.'”
In order to study the impact of the metal center, the Os(Il)-p-
cymene and the Rh(lIl)-pentamethylcyclopentadienyl (Cp*)
analogues have been synthesized, and the influence on biological
activity has been evaluated with regard to in vitro cytotoxicity and
the inhibition of topoisomerase Ilo.

Scheme 1. Synthesis of ligand 1 and complexes 2-4: a)
NaOH, H202; b) NaOCHs, [M(arene)Clz]2 (2: M = Ru(ll),
3: M = Os(ll), arene = p-cymene; 4: M = Rh(lIl), arene =
Cp*).

(@] arene

Ligand 1 was synthesized over two steps by a Claisen-Schmidt
condensation of 2-hydroxyacetophenone with piperonal followed
by an Algar-Flynn-Oyamada cyclization reaction (Scheme 1,
Supporting Information).[8-201 The corresponding Ru(ll), Os(I1)-
and Rh(Ill)-arene complexes 2-4 were isolated in moderate to
good yields (44-71%) by deprotonation of the ligand 1 with sodi-
um methoxide and subsequent conversion with the respective

dimeric metal precursor bis[dichlorido(;5-p-
cymene)ruthenium(11)],  bis[dichlorido(#®-p-cymene)osmium(lI)]
or bis[dichlorido(5-pentamethylcyclopentadienyl)rhodium(I11)]

(Scheme 1, Supporting Information).

The compounds were characterized by standard analytical
methods (SI). The *H NMR spectra of ligand 1 shows a singlet for
the CH2 group of the piperonyl substituent at 6.13 ppm. Upon
coordination, the CH2 signal split into a dd with a coupling con-
stant of 2J(H,H) = 6 Hz and 2J(H,H) = 1 Hz in 2-3 and 2J(H,H) = 7
Hz and 2J(H,H) = 2 Hz in the Rh(lI1)-Cp* complex 4 (Figure 1).
This observation showed to be due to a geminal coupling of the
two CH: protons, which - in the case of the free [1,3]dioxolane
moiety - have a geminal coupling constant of 2J(H,H) =+ 0 Hz
and therefore appear as singlet.[?] The coordination to the metal
centers leads to a change of electron density in the flavonol ligand
of compounds 2-4, and the signal of the two protons split into a

98

doublet. This observation was verified by 2D NMR spectroscopy
(Sh).

— T
6.06 6.04

82 78 64 70 66 62 58 54
6 [ppm]

Figure 1. 'H NMR of complex 2 with geminal coupling of the
piperonyl-CHz protons.

In order to confirm the proposed compound structures, single
crystals of 2-4 were analyzed by X-ray diffraction analysis (Fig-
ure 2, Sl). Compounds 2 and 3 crystallized in the monoclinic
space group P21/n, 4 in the orthorhombic space group Pbca; and
they adopt the typical pseudo-octahedral “piano-stool” configura-
tion. The flavonol acts as anionic O,0-chelate, forming an enve-
lope-like five-membered ring upon coordination to the respective
metal center. The phenyl substituent of the ligand is twisted with a
torsion angle of ca. 8° in 2 and 3 and 12° in 4, with the piperonyl
group showing an envelope-like conformation. The two metal-O
bonds were found slightly different in all complexes (2.1195(12)
Aand 2.0794(12) A in 2, 2.113(2) and 2.079(2) in 3, 2.113(3) and
2.141(3) in 4), in agreement with structurally related
compoundst: 13.22. 23] and independently of the coordinated metal
center. The metal-Cl bonds of 2 and 3 are in the same range
(2.4114(5) A in 2, 2.4023(9) A in 3) and comparable to Ru(I1)-Cl
bonds of recently published related organometallic complexes,!*-
22 whereas the Rh(I11)-Cl bond in compound 4 is slightly shorter
(2.376(2) A).

Table 1. In vitro anticancer activity (ICso values in UM,
96 h exposure) of 2-4 and KP1796% in human ovarian
(CH1), colon (SW480) and non-small cell lung (A549) car-
cinoma cell lines.

1Cso values/uM
compound CH1 SW480 A549
2 14+03 6.7+0.6 11+1
3 1.8+03 13+3 20+4
4 1.68 £ 0.02 9.0+0.38 44 +9
KP17962 0.86 £ 0.06 3.8+05 95+05

a taken from ref.11,



Figure 2. Molecular structures of complexes 2-4 (from left to right) bearing the piperonyl-substituted flavonol ligand 1.

The in vitro anticancer activity of complexes 2-4 was deter-
mined in the human cancer cell lines CH1 (ovarian carcinoma),
SW480 (colon carcinoma) and A549 (non-small cell lung carci-
noma) by means of the colorimetric MTT assay (Table 1).
KP1796 (Chart 1) is the p-chloro substituted flavonol derivative,
which has been the most active of the recently published related
flavonol-derived Ru(ll)-arene series,!*Y and is included for com-
parison. The new compounds exhibit promising tumor-inhibiting
properties with 1Cso values in the low pM range and show a simi-
lar cytotoxicity pattern as KP1796.1 The highest in vitro activity
has been found in the generally more chemosensitive cell line
CH1 with ICso values of 1.4-1.8 uM, followed by SW480. The
lowest cytotoxic potency was found for the more chemoresistant
A549 cells. However, the role of the piperonyl substituent seems
to be of minor importance, and only a small impact on cytotoxici-
ty is observed concerning the variation of the metal-arene moiety,
with the Ru(Il)-p-cymene compound 2 being the most potent of
the new complex series. The minor impact of the metal center on
the cytotoxic activity may be explained by the biologically active
ligand system, which seems to be mainly responsible for the high
in vitro potency.[*2

DNA topoisomerases are participating in nearly all biological
processes involving DNA, including replication, transcription,
recombination, and chromatin remodeling. Their function thereby
is to change the topology of DNA by forming a catalytic complex
with the DNA strand and creating a transient break, which is re-
annealed after relaxing or unknotting. These enzymes are well-
recognized targets because they are often overexpressed in many
cancer types, and established topoisomerase inhibitors, such as
doxorubicin, etoposide and mitoxantrone, are routinely used in
cancer treatment.[?l Compounds that target topoisomerase Il are
classified into topoisomerase poisons and catalytic inhibitors.
Topoisomerase poisons target the enzyme-DNA complex, stimu-
late formation of the cleavage complexes and inhibit the ligation
of the DNA double-strand break induced. Catalytic inhibitors may
affect enzyme activity by blocking access to the DNA substrate or
altering ATPase action and enzyme turnover.?> The enzymes are
known targets of flavonoids, but due to their poor solubility in
aqueous solutions the natural compounds are hardly suitable for
pharmaceutical applications. Flavonol-derived Ru(ll)-arene com-
plexes have recently been shown to inhibit topoisomerase Ila in
correlation to their cytotoxic activity and furthermore exhibit
approximately 10-fold higher solubility in water than the respec-
tive flavonoid ligands.['-. 12

The inhibition of topoisomerase Ilo. was investigated by means
of the DNA plasmid relaxation assay. The complexes 2-4 showed
the capacity to inhibit topoisomerase Ila at 40 uM and to some
extent at 20 uM (Figure 3, A). The extent of inhibition is compa-
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rable for all three complexes, thus the change of the metal center
seems to have a minor influence on topoisomerase Il inhibition,
in accordance with cytotoxicity data. KP1796 was included for
comparison and showed the same behavior as 2-4, indicating that
introduction of the piperonyl substituent does not dramatically
affect topoisomerase Il inhibition. KP1796 and 2-4 do not act as
topoisomerase poisons at the tested concentrations (Figure 3, B).
However, the known topoisomerase poison etoposide, which was
included as control, was used at a concentration of 0.8 mM. Due
to the limited solubility, it was not possible to increase the con-
centration of the complexes, thus it cannot be excluded that com-
pounds 2-4 are topoisomerase poisons at higher concentrations.

A

x X
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Figure 3. Topoisomerase Ila-inhibitory capacity of 2-4 and
KP1796, determined by the plasmid DNA relaxation assay.
Supercoiled and linear DNA used as references (lane 1 and 2,
respectively); relaxed DNA bands (lane 3) indicating intact en-
zyme activity; DMSO controls corresponding to test compounds
and positive control (lane 4 and 5, respectively); linear DNA band
induced by 0.8 mM etoposide (positive control, lane 6). Lanes 7—
14 display the reaction of topoisomerase Ilo. with supercoiled
DNA in the presence of test compounds. The top gel (A) is post-
stained and the bottom gel (B) is prestained with 0.5 pg/mL eth-
idium bromide.

Flavonol-derived Ru(ll)-arene complexes have already been
shown to be promising candidates for the development of novel
anticancer drugs.[**] Herein, the compound library of organome-
tallic complexes featuring flavonoid ligands has been extended by



three metal-arene complexes bearing a piperonyl-substituted
flavonol ligand. The compounds probably act as prodrugs, since
the piperonyl moiety (the protected form of catechol, which can
be found in naturally occurring flavonoids such as quercetin)
presumably dissociates to the free OH groups under physiological
conditions. The tested complexes are potent inhibitors of cancer
cell growth and act as catalytic inhibitors of topoisomerase Ila in
the DNA plasmid relaxation assay. The change of metal centers
and the piperonyl substitution show a minor impact on antiprolif-
erative activity and capacity for topoisomerase inhibition. It is
assumed that rather the flavonoid backbone than different substit-
uents at the phenyl ring are crucial for the high anticancer potency
of this substance class.
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5. Biological experiments

5.1. Cytotoxicity in cancer cell lines

5.1.1. Cell lines and culture conditions

CH1 cells originate from an ascites sample of a patient with a papillary cystadenocarcinoma of the
ovary and were a generous gift from Lloyd R. Kelland, CRC Centre for Cancer Therapeutics, Institute
of Cancer Research, Sutton, UK. SW480 (human adenocarcinoma of the colon) and A549 (human non-
small cell lung cancer) cells were kindly provided by Brigitte Marian (Institute of Cancer Research,
Department of Medicine I, Medical University of Vienna, Austria). All cell culture media and reagents
were purchased from Sigma-Aldrich Austria and plasticware from Starlab Germany. Cells were grown
in 75 cm? culture flasks as adherent monolayer cultures in Minimum Essential Medium (MEM)
supplemented with 10% heat-inactivated fetal calf serum, 1 mM sodium pyruvate, 4 mM L-glutamine
and 1% non-essential amino acids (from 100x ready-to-use stock). Cultures were maintained at 37 °C

in humidified atmosphere containing 95% air and 5% COx.

5.1.2. Inhibition of cancer cell growth

Cytotoxic effects of the test compounds were determined by means of a colorimetric microculture
assay [MTT assay, MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]. Cells
were harvested from culture flasks by trypsinisation and seeded by using a pipetting system (Biotek
Precision XS Microplate Sample Processor) in densities of 1 x 10% (CH1), 2 x 10% (SW480) and 3 x 10°
(A549) in 100 pL/well aliquots in 96-well microculture plates. Before drug exposure, cells were
allowed to settle and resume proliferation for 24 h. Test compounds were then dissolved in DMSO first,
diluted in complete culture medium and added to the plates where the final DMSO content did not
exceed 0.5%. After 96 h of exposure, the medium was removed and replaced with 100 pL/well of a 1:7
MTT/RPMI 1640 solution (MTT solution, 5 mg/mL of MTT reagent in phosphate-buffered saline;
RPMI, supplemented with 10% heat-inactivated fetal bovine serum and 4 mM L-glutamine) and
incubated for 4 h at 37 °C. Subsequently, the MTT/RPMI solution was removed from all wells, and the
formazan crystals formed by viable cells were dissolved in 150 pL of DMSO per well. Optical densities
at 550 nm were measured with a microplate reader (Biotek ELx808), using a reference wavelength of
690 nm to correct for unspecific absorption. The quantity of viable cells was expressed in terms of the
T/C values (relative to untreated controls), and 50% inhibitory concentrations (ICso) were calculated
from concentration-effect curves by interpolation. Evaluation is based on means from three

independent experiments.
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5.2. Topoisomerase ITa inhibition

The topoisomerase Ila-inhibitory capacity of 2-4 and KP1796 was determined by means of the DNA
plasmid relaxation assay. For this purpose, we used the topoisomerase drug screening kit and the
human recombinant topoisomerase Ila enzyme from TopoGen Inc. The supercoiled pHOT1 plasmid
DNA was used as a substrate and was incubated for 30 min at 37 °C with topo Ila in the presence of
various concentrations of the test compounds. Etoposide (0.8 mM) was used as a positive control. The
reaction was stopped by the rapid addition of 10% SDS followed by digestion with proteinase K for 15
min at 37° C. The samples were divided and loaded onto two different 1% agarose gels with equal
amount of reaction products. One gel (Fig. 3, A) was poststained (after electrophoresis incubated in a
1x TAE buffer containing 0.5 pg/mL ethidium bromide) and the other gel (Fig. 3, B) prestained (0.5
pug/mL ethidium bromide added to the gel before electrophoresis). Both were analyzed by visualization
with the detection system Fusion SL (Vilber Lourmat). Evaluation is based on two independent

experiments.
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Abstract Since the discovery that nitric oxide (NO) is
a physiologically relevant molecule, there has been great
interest in the use of metal nitrosyl compounds as antitumor
pharmaceuticals. Particularly interesting are those com-
plexes which can deliver NO to biological targets. Ruthe-
nium- and osmium-based compounds offer lower toxicity
compared to other metals and show different mechanisms
of action as well as different spectra of activity compared
to platinum-based drugs. Novel ruthenium- and osmium-
nitrosyl complexes with azole heterocycles were studied to
elucidate their cytotoxicity and possible interactions with
DNA. Apoptosis induction, changes of mitochondrial trans-
membrane potential and possible formation of reactive oxy-
gen species were investigated as indicators of NO-mediated
damage by flow cytometry. Results suggest that ruthe-
nium- and osmium-nitrosyl complexes with the general
formula (indazolium)[cis/trans-MCl,(NO)(1H-indazole)]
have pronounced cytotoxic potency in cancer cell lines.
Especially the more potent ruthenium complexes strongly
induce apoptosis associated with depolarization of mito-
chondrial membranes, and elevated reactive oxygen species
levels. Furthermore, a slight yet not unequivocal trend to
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accumulation of intracellular cyclic guanosine monophos-
phate attributable to NO-mediated effects was observed.

Keywords Ruthenium - Nitrosyl complexes - Cancer -
Apoptosis - cGMP level

Abbreviations
CCCP Carbonyl cyanide 3-chlorophenylhydrazone

cGMP Cyclic guanosine monophosphate

DCFH DA  Dichloro-dihydro-fluorescein diacetate

DMSO Dimethyl sulfoxide

FITC Fluorescein isothiocyanate

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid

HRP Horseradish peroxidase

JC-1 5,5',6,6’-tetrachloro-1,1/,3,3'-tetraethylbenzi
midazolylcarbocyanine iodide

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide

NF-kB Nuclear factor kappa-light-chain-enhancer of
activated B cells

NO Nitric oxide

PBS Phosphate-buffered saline

PI Propidium iodide

ROS Reactive oxygen species

sGC Soluble guanylate cyclase

Introduction

Efforts of many scientists around the world have been
focused on the design of metal-based agents that can be
successfully used in cancer therapy with a proper bal-
ance between activity and toxicity profiles, being active
against cancer cells, but not too harmful to normal cells.
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Fig. 1 Structures of indazolium trans-tetrachloridobis(1H-indazole)ruthenate(III) (KP1019) and imidazolium trans-
tetrachlorido(dimethylsulfoxide)imidazoleruthenate(III) (NAMI-A)
Ruthenium-based complexes show great promise, not only Apoptosis

because of their lower toxicity compared to some other met-
als, but also because of different mechanisms of action and
a different preference for protein rather than DNA binding
in comparison to platinum drugs and a different spectrum
of activity without pronounced cross-resistance [1, 2]. Over
time, several ruthenium complexes were developed and
studied for their antiproliferative activities against various
cancer models, with the clinical development of NAMI-
A, KP1019 (Fig. 1) and NKP-1339 being the major mile-
stones in this field of research. NAMI-A shows little activity
against primary tumors, but was found to be highly active
against secondary tumors, particularly lung metastases,
while the activity of KP1019 affects primary tumors as well,
such as colorectal cancers which are resistant to cisplatin
therapy [3—8]. Recently, NKP-1339 has been studied against
solid tumors and showed promising results in a phase I clin-
ical trial, most remarkably in patients with gastrointestinal
neuroendocrine tumors [9]. It was suggested that the tumor
targeting properties of KP1019 and NKP-1339 are based on
their reversible binding to serum proteins [10—12].

Nitric oxide releasing (pro)drugs of an organic (nitro-
glycerin) and inorganic (sodium nitroprusside) kind were
already in clinical use for decades before the discovery
that such a small molecule could act as a signaling mol-
ecule in biological systems [13—15]. In recent years, sev-
eral classes of exogenous NO donors have been synthe-
sized with the aim to investigate physiological processes
controlled by different concentrations of nitric oxide in the
cell. Some research groups studied the photochemistry of
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Fig. 2 Nitric oxide is highly reactive molecule that is able to regulate
a wide range of cell physiological processes

such compounds, and various strategies were developed to
activate these compounds to release NO under the influ-
ence of visible or UV/IR light [16]. Generally, ruthenium
nitrosyl complexes are attractive because of the thermal
stability of the Ru—NO bond, which upon photochemical
or electrochemical stimulation may release NO [17-21].
Besides this, it was proposed that the high affinity of NO to
ruthenium might play a role in the mechanism of action of
KP1019, which may act as an NO scavenger.

Nitric oxide is a highly reactive free radical containing
an unpaired electron in its outermost orbital, allowing it to
take part in many different reactions as an electron donor or
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acceptor and is capable of enhancing various reactions and
processes (Fig. 2). Thereby, NO is able to react with other
inorganic molecules, DNA, prosthetic groups or with pro-
teins [22]. As a ligand in inorganic chemistry, NO is also
known as a “non-innocent ligand”, implying that NO can
adopt several oxidation states rendering the assignment of
oxidation states for the ligand and the metal complicated.
Furthermore, the geometry of NO bound to a metal can
vary largely from being bound linearly to strongly bent,
and being coordinated via N, O or both atoms at the same
time. In biological systems, nitric oxide is an endogenous
molecule that is produced by nitric oxide synthase (NOS)
through the conversion of L-arginine to L-citrulline and NO
[23]. Additionally, NOS-independent NO generation path-
ways starting from nitrate (NO; ™) and nitrite (NO, ™), pre-
viously thought to be inert, were discovered recently [24].
Activation of soluble guanylate cyclase (sGC), formation of
c¢GMP, and concomitant protein phosphorylation is consid-
ered the main physiological signaling pathway of NO. This
cGMP-dependent pathway activates various downstream
targets including protein kinases, phosphodiesterases and
ion channels; whereas cGMP-independent pathways can
be related to S-nitrosylation, which leads to an inhibition
of mitochondrial cytochrome oxidase. The physiological

Fig. 3 Structures of ruthenium- =
and osmium-based nitrosyl
complexes. Nitrogen atom
labeling was introduced in 1c

(Hzind)[cis-RuCls(NO)(Hind)] (1c)

(Haind)[cis-OsCls(NO)(Hind)] (2¢)
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functions of NO include blood pressure control, neuro-
transmission, immunological responses, and antioxidant
defense. All these effects are strongly dependent on the
local NO bioavailability and concentration—while low
concentrations of nitric oxide contribute to host defense,
high concentrations may promote apoptosis [1, 20, 25]. The
administration of NO donors reduces NF-kB activation and
downstream expression of anti-apoptotic gene products,
which is relevant for NO-dependent sensitization of chem-
otherapy-resistant tumor cells [26-28]. Mitochondrial dam-
age during NO-mediated apoptosis could be linked to the
decrease of mitochondrial transmembrane potential due to
the opening of mitochondrial permeability transition pores
followed by massive ROS production [29].

To characterize in more detail the biological features of
ruthenium- and osmium-nitrosyl complexes with the gen-
eral formula (indazolium)[cis/trans-MCl,(NO)(1H-inda-
zole)] (Fig. 3), we report here on cytotoxicity tests, flow
cytometric detection of mitochondrial membrane depo-
larization, ROS generation and apoptotic cells, measure-
ment of intracellular cGMP levels as well as plasmid DNA
interaction studies. Synthesis, physicochemical measure-
ments and stability in aqueous solutions as well as reactiv-
ity toward ascorbic acid, ubiquitin and myoglobin of these
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complexes have been published previously [30]. It has also
be shown by crystallographic structure determination that
indazole binds only via N2 to the metal centers and not via
N1 as recently found in particular for osmium compounds,
an effect also influencing biological properties [31, 32].
X-ray crystallography also reveals that NO is bound line-
arly via the nitrogen atom, as already indicated by IR spec-
troscopic data as well as calculations [33]. Potentially bio-
logically relevant cis/trans isomerization reactions of these
complexes were studied, revealing lower activation barriers
for ruthenium than osmium compounds [34].

Materials and methods
Cell lines and culture conditions

CH1/PA-1 cells (identified via STR profiling as PA-1 ovar-
ian teratocarcinoma cells by Multiplexion, Heidelberg,
Germany; compare Ref. [35]) were obtained from Lloyd
R. Kelland, CRC Centre for Cancer Therapeutics, Institute
of Cancer Research, Sutton, UK. SW480 (human adeno-
carcinoma of the colon), A549 (human non-small cell lung
cancer) and HL-60 (human promyelocytic leukemia) cells
were kindly provided by the Institute of Cancer Research,
Department of Medicine I, Medical University of Vienna,
Austria. All cell culture media and supplements were pur-
chased from Sigma-Aldrich, Austria and plastic ware
from Starlab, Germany. Cells were grown in 75 cm?® cul-
ture flasks in complete medium (i.e., Minimum Essential
Medium supplemented with 10 % heat-inactivated fetal
bovine serum, 1 mM sodium pyruvate, 4 mM L-glutamine
and 1 % non-essential amino acids from 100x ready-to-
use stock) as adherent monolayer cultures. Cultures were
grown at 37 °C under a humidified atmosphere containing
5 % CO, and 95 % air.

MTT assay

Antiproliferative activity in vitro was determined by
the colorimetric MTT assay (MTT = 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). For
this purpose, cells were harvested from culture flasks by
use of trypsin and seeded in complete medium (100 uL/
well) into 96-well plates in densities of 3 x 10° (A549),
1 x 10° (CH1/PA-1) and 2 x 10 (SW480) cells per well.
Cells were allowed for 24 h to settle and resume prolif-
eration. Test compounds were dissolved in DMSO first,
appropriately diluted in complete medium and instantly
added to the plates (100 uL/well), where the DMSO con-
tent did not exceed 0.5 %. After exposure for 96 h, the
medium was removed and replaced with 100 wL/well of
a 1:7 MTT/RPMI 1640 solution (MTT solution, 5 mg/mL
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of MTT reagent in phosphate-buffered saline; RPMI 1640
medium, supplemented with 10 % heat-inactivated fetal
bovine serum and 4 mM L-glutamine) and incubated for 4 h
at 37 °C. Subsequently, the MTT/RPMI 1640 solution was
removed, and the formazan product formed by viable cells
was dissolved in DMSO (150 pL/well). Optical densities
were measured with a microplate reader (BioTek ELx808)
at 550 nm (and a reference wavelength of 690 nm) to
yield relative quantities of viable cells as percentages of
untreated controls, and 50 % inhibitory concentrations
(ICs,) were calculated by interpolation. Evaluation is based
on at least three independent experiments with triplicates
for each concentration level.

Neutral red uptake assay

Additionally, cell viability in vitro was investigated by the
neutral red uptake assay (neutral red = 3-amino-7-dimeth-
ylamino-2-methylphenazine hydrochloride, Sigma). A549,
CHI1/PA-1 and SW480 cells were seeded in complete
medium (100 pL/well) into 96-well plates in the same den-
sities as for MTT tests and were allowed for 24 h to settle
and resume proliferation. Test compounds 1c and 1t were
dissolved in DMSO first, appropriately diluted in complete
medium and instantly added to the plates (100 pL/well),
where the DMSO content did not exceed 0.5 %. After
expose for 96 h, medium was replaced with 100 uL/well
of a neutral red-containing medium. A neutral red stock
solution (5 mg/mL) was prepared in phosphate-buffered
saline, then diluted 1:100 in RPMI 1640 medium (sup-
plemented with 10 % heat-inactivated fetal bovine serum
and 4 mM L-glutamine) and pre-incubated overnight at
37 °C. Plates were incubated with this neutral red solu-
tion for 2 h at 37 °C to allow for the uptake into the lys-
osomes of viable cells. After incubation the medium was
removed, cells were washed with phosphate-buffered saline
two times (150 yL/well) and fixed with 1 % acetic acid in
70 % ethanol (150 uL/well). After incubation for 10 min at
RT, the absorption was measured with a microplate reader
(BioTek ELx808) at 550 nm (and a reference wavelength
of 690 nm) to yield relative quantities of viable cells as
percentages of untreated controls, and 50 % inhibitory con-
centrations (ICs,) were calculated by interpolation. Evalua-
tion is based on at least three independent experiments with
triplicates for each concentration level.

Impact on mitochondrial membrane potential
(JC-1 assay)

Impairment of mitochondrial transmembrane potential was
studied by flow cytometry using the lipophilic cationic dye
5,5,6,6'-tetrachloro-1,1/,3,3’-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1). For this purpose, SW480 cells
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were exposed to test compounds in different concentrations
for 48 h at 37 °C and then collected in a density of 2 x 10°
cells/mL by centrifugation at 500g for 5 min. Afterwards,
cells were washed with PBS and stained with 2 ug/mL
JC-1 mix in complete medium for 15 min in the dark at
37 °C. Then cells were washed and suspended in 500 puL of
warm PBS and analyzed with a Guava 8HT EasyCyte flow
cytometer (Millipore) using InCyte software. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) was used as a
positive control in a concentration of 0.9 mM.

Flow cytometric detection of apoptotic cells

Induction of cell death was analyzed by flow cytometry
using FITC-conjugated annexin V (BioVision, USA) and
propidium iodide (PI, Fluka) double staining. SW480 cells
were seeded into 12-well plates in a density of 5 x 10*
cells per well in complete medium and allowed to set-
tle for 24 h. The cells were exposed to test compounds in
different concentrations for 48 h at 37 °C. The platinum
complex KP1988 (synthesized at the Institute of Inorganic
Chemistry, University of Vienna) was used as a positive
control in a concentration of 200 WM. After incubation,
cells were gently trypsinized, washed with PBS, and sus-
pended with FITC-conjugated annexin V (0.25 pg/mL) and
PI (1 pg/mL) in binding buffer (10 mM HEPES/NaOH pH
7.4, 140 mM NaCl, 2.5 mM CaCl,) at 37 °C for 15 min.
Stained cells were analyzed with a Guava 8HT EasyCyte
flow cytometer (Millipore) using InCyte software.

Detection of intracellular reactive oxygen species (ROS)

For the fluorimetric analysis of ROS, non-adherent HL60
cells (promyelocytic leukemia, human) were stained for
30 min at 37 °C under 5 % CO, with 1 uM DCF-DA
(2!, 7-dichlorofluorescein diacetate) in Hanks’ Balanced
Salt Solution supplemented with 1% heat-inactivated fetal
bovine serum. Cells were transferred into 96-well plates
in a density of 6 x 10* cells/well and treated with the test
substances at different concentrations for 30 min at 37 °C
under 5 % CO,. A freshly prepared 500 pM H,O, solu-
tion was used as a positive control and added 10 min before
measurement. Cellular ROS levels were measured by flow

cytometry on a Guava 8HT EasyCyte flow cytometer (Mill-
ipore). The resulting histograms of green fluorescence were
quantified by FlowJo software (Tree Star). Results are pre-
sented as the ratios of green fluorescence intensities of the
drug-treated samples and that of the untreated control.

Competition enzyme-linked immunoassay (cGMP
assay)

The intracellular cGMP levels after treatment with nitrosyl
complexes were assessed by using the Cyclic GMP XP™
Assay Kit (Cell Signaling Technology). The teratocar-
cinoma cell line CH1/PA-1 was grown in 12-well plates
under standard conditions and treated with various concen-
trations of test compounds for 2 h. Then, cells were solu-
bilized in lysis buffer, and intracellular cGMP levels were
assessed according to manufacturer’s instructions. The
absorbance was measured with a microplate reader (BioTek
ELx808) at 450 nm, and the absolute amount of cGMP in
samples was calculated by using a standard curve. Evalua-
tion is based on at least three independent experiments with
duplicates for each concentration level.

Plasmid DNA interaction studies

pUC19 DNA (2686 bp) plasmid was purchased from Fer-
mentas Life Sciences. 500 ng of pUC19 plasmid was incu-
bated with 50 wM of the test compounds in 0.1x Tris-
EDTA (TE) buffer for different time intervals (5 min up to
6 h) at 37 °C. The electrophoresis was performed in aga-
rose (from Sigma-Aldrich) gel 1 % w/v in 1x Tris-borate-
EDTA (TBE) buffer for 90 min at 80 V. Gels were stained
with ethidium bromide (EtBr) in 1x TBE (0.75 pg/mL) for
20 min. Images were taken with the multi-imaging detec-
tion system Fusion SL (Vilber Lourmat).

Results and discussion

As reported previously, ruthenium complexes 1¢ and 1t
yielded ICs, values in the low micromolar range and turned
out to be much more cytotoxic than osmium complexes
2¢ and 2t (Table 1). Since the aqueous solubility of these

Table 1 Inhibition of cancer

. Compounds IC50, yM (MTT)? IC50, uM (neutral red)
cell growth by studied
compounds in three human A549 CHI1/PA-1 SW480 A549 CHI1/PA-1 SW480
cancer cell lines; 50 %
inhibitory concentrations 1c 14+£3 27+£0.6 26+03 20+ 8 57+25 43+1.7
(means £ standard deviations), 1t 80+13 1.34£03 1L1£03  93+£29  23£07 1.5+04
obtained by the MTT assay 2¢ 128 + 18 48 £ 13 $3E6 nd. n.d. n.d.
and neutral red uptake assay
(exposure time: 96 h) 2t >640 145 £ 12 450 £ 35 n.d. n.d. n.d.
2 Taken from Ref. [30]
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complexes at 294 K is in the very low mM range, com-
pounds had to be dissolved in DMSO, but were diluted
to acceptable DMSO contents to enable the application of
up to very high submillimolar concentrations in biologi-
cal test. According to UV-vis spectroscopy (and ESI-MS)
studies, complexes remain intact in aqueous solution for at
least 24 h (Ru) and 72 h (Os), respectively. ESI-MS studies
had also revealed that, in contrast to osmium analogs, the
biologically much more active ruthenium compounds are
prone to reduction by ubiquitous natural reducing agents
such as ascorbic acid, suggesting that they can be activated
by biological nucleophiles [30].

The strongest difference in cytotoxicity was observed
between trans-configured ruthenium indazole complex 1t
and its osmium analog 2t with a maximum factor of about
400. The difference between the corresponding cis isomers
1c and 2¢ was also pronounced with a maximum factor of
18. In addition, the trans-configured ruthenium complex 1t
is up to 2.4-fold more potent than its cis analog 1¢, while
the cis-configured osmium indazole complex 2¢ is up to
tenfold more potent than its trans isomer 2t. For compari-
son, the antiproliferative activity of KP1019 tested previ-
ously yielded ICs, values of 44 & 11 uM in CH1/PA-1 and
79 £ 5 in SW480 cells [31]. Obviously, the exchange of
one indazole present in KP1019 by NO increased the cyto-
toxic potency of ruthenium-based nitrosyl analog 1t about
72 times in SW480 and about 34 times in CH1/PA-1 cells.

The first cytotoxicity tests had been performed using
the MTT assay, which is based on the reduction of a tetra-
zolium salt to an insoluble formazan, reflecting the num-
ber of viable cells present. This reduction is catalyzed by
mitochondrial enzymes as well as by cytoplasmic and cell
membrane components [36]. Since nitric oxide can disrupt
the mitochondrial respiratory system, the NO-mediated
damage of mitochondria might distort the results of MTT-
based cytotoxic tests. Therefore, the activity of the most
active compounds was confirmed by the neutral red uptake
assay. This assay is based on the ability of viable cells to
incorporate and bind the neutral red dye into lysosomes and
likewise provides a quantitative estimation of the number
of viable cells [37].

ICs, values obtained by the neutral red uptake assay are
systematically slightly higher than those obtained by the
MTT assay, with a maximum factor of 2.1 (for 1¢ in CH1/
PA-1 cells). However, these differences are too small to be
taken as an indication for distortion of MTT-based cyto-
toxicity data by NO-mediated mitochondrial damage upon
treatment with the tested substances.

The possible influence on mitochondria was addition-
ally investigated in SW480 cells by the lipophilic cationic
dye JC-1. The JC-1 assay reveals depolarization of mito-
chondrial membranes in up to 55 and 68 % of cells after
48 h exposure to ruthenium-based complexes 1c and 1t,
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respectively, and up to 20 and 4 % of cells for osmium-
based complexes 2¢ and 2t, respectively (Fig. 4). Thus,
these experiments indicate a difference in the capacities of
tested analogs to depolarize mitochondria: trans-configured
ruthenium complex 1t induces mitochondrial membrane
depolarization to an about 17 times higher extent than its
osmium analog 2t, whereas cis-configured ruthenium com-
plex 1c does so only to an about 3 times higher extent than
its osmium analog 2c.

Since the depolarization of mitochondrial membranes
plays a role in the intrinsic apoptotic pathway, apoptosis
induction was examined by annexin V-FITC/propidium
iodide double staining in SW480 cells and subsequent flow
cytometric analysis (Fig. 5). This assay is based on detec-
tion of phosphatidylserine externalization from the inner
to the outer side of the plasma membrane upon apopto-
sis induction; the protein annexin V is able to bind to this
externalized lipid, and the fluorescent tag FITC serves as
a label for the flow cytometric detection of apoptotic cells.
This is combined with propidium iodide, which indicates
the loss of cell membrane integrity, differentiating necrotic
and late apoptotic from early apoptotic and viable cells.
These experiments indicate induction of apoptosis by
ruthenium-based complexes 1c¢ and 1t (50 uM) after 48 h
in up to 80 and 83 % of cells, respectively, and by osmium-
based complexes 2¢ and 2t (250 uM) in up to 3 and 5 %
of cells. Thus, the capacity of the cis-configured ruthenium
indazole complex 1c to induce apoptosis is about 27 times
higher than that of its osmium-based analog 2c¢. The trans-
configured ruthenium indazole complex 1t is about 17
times more potent in this respect than its osmium analog
2t. Together with the results of the JC-1 assay, this sug-
gests that only ruthenium, but not osmium-based nitrosyl
complexes strongly induce programmed cell death via the
intrinsic pathway involving depolarization of mitochondrial
membranes.

Since the generation of oxidative stress is one of the
known NO-mediated disturbances of the cell [39], we
investigated by the DCF-DA assay the impact of nitrosyl
complexes on the intracellular level of ROS in promyelo-
cytic leukemia cells HL60 (Fig. 6). The assay employs
the cell-permeable fluorogenic probe DCF-DA, which is
rapidly oxidized to highly fluorescent DCF by ROS and
its fluorescence intensity is proportional to the ROS lev-
els within the cell. As an NO-free reference compound we
used KP1019. The studies indicate a pronounced increase
in ROS level by the trans-configured ruthenium indazole
complex 1t only at the very high concentration of 250 uM
(by a factor of 5.7), whereas the reference compound
KP1019 consistently induces stronger increases (by up to
13 times) and the other tested complexes only induce up to
2.5-fold increases (at 250 uM). Thus, the trans-configured
complex KP1019 lacking an NO ligand is about 2.3 times
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Fig. 4 Depolarization of mitochondrial membranes in SW480 cells after 48 h exposure to the tested compounds, measured by flow cytometry

using JC-1 staining. Positive control was treated with 0.9 mM CCCP

more potently inducing ROS than the corresponding ruthe-
nium nitrosyl complex 1t and about 5 times more potent
than the other complexes.

The possible involvement of the cGMP pathway, as
a main NO-dependent signaling pathway in the cell, was
examined by the competition enzyme-linked immunoas-
say in CH1/PA-1 cells (Fig. 7). Because of the competi-
tive nature of this assay, the magnitude of the absorbance
is inversely proportional to the quantity of cGMP in the
sample. Measurement of absorbance using a cGMP stand-
ard curve allows calculating the absolute amount of cGMP
in a sample of interest. Obtained data suggest an up to 1.5-
fold increase in intracellular cGMP level upon treatment
with trans-configured ruthenium indazole complex 1t at
a concentration of 100 uM and a comparable effect of the
cis-configured ruthenium indazole complex 1c at the high-
est concentration of 500 pM, but all effects are within the
ranges of standard deviations and should therefore be taken
with caution.

The interactions with plasmid DNA had been studied
previously for KP1019, showing its ability to untwist and to

bend DNA [10]. As analogs of KP1019, the nitrosyl com-
plexes were now studied for their ability to interact with
DNA. Cell-free experiments showed no significant activity
versus a dsDNA plasmid (Fig. S1). These experiments sug-
gest that ruthenium- and osmium-based nitrosyl complexes
are unable to induce DNA damage under the experimental
conditions.

In summary, the metal center variation and cis/trans
isomerism in nitrosyl complexes bearing azole heterocy-
cles have an unexpectedly large impact on their potency
in human cancer cell lines. Generally, ruthenium nitrosyl
complexes showed a stronger capacity to inhibit cancer
cell proliferation, to induce depolarization of mitochondrial
membranes and apoptosis, and to increase intracellular
ROS and cGMP levels than the osmium analogs. Overall,
the cis-configured ruthenium nitrosyl complex is nearly as
potent as the trans-configured complex except for ROS and
cGMP assays.

The observed stronger activity of ruthenium complexes
is remarkable and can be explained by differences in M-
NO bond stabilities. There is evidence that the Os—NO
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bond is stronger compared to the Ru—NO analog [40]. As a
consequence, the ruthenium compounds are prone to reduc-
tion in the biological environment due to the decreased
stabilization of the NO ligand compared to the Os coun-
terparts. Furthermore the ruthenium analogs can be acti-
vated by ascorbic acid, leading to hydrolysis of one chlo-
ride ligand in contrast to osmium analogs [30]. Ford has
pointed out a “trans-effect” for ruthenium nitrosyls, which
was more recently reviewed for octahedral transition metal
complexes in general by Coe and Glenwright [18, 41]. Ford
claims that the identity of the trans-ligand affects the M—
NO and N-O stretching frequencies; notably, X-ray struc-
tures of ruthenium nitrosyls showed that in the trans posi-
tion the M-ligand bond was significantly longer than in the
cis-position. This is in line with previous research where
it was shown that Ru—NO bonds in the cis isomer 1c are
significantly shorter than in the frans isomer 1t because
of the stronger trans effect of indazole compared to the
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Fig. 7 Intracellular cGMP 54
levels in CH1/PA-1 cells upon
treatment with ruthenium- and
osmium-based nitrosyl com-
plexes or KP1019, determined
by the competition enzyme-
linked immunoassay (cGMP
assay)
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chlorido ligand [30]. This is also confirmed by thermody-
namic data showing a preference for the cis compound:
cis to trans isomerization [—18.6 J/(mol K)] and [31.0 J/
(mol K)] for the trans to cis conversion. Kinetic data reveal
the same picture with rate constants of 5.51 x 107 for the
cis—> trans process and 12.2 x 107 for the trans— cis pro-
cess at 100 °C in an aprotic solvent [34].

We come to the point that the understanding of the
intracellular Ru—-NO bond behavior is crucial for struc-
ture—activity relationships of this class of metallodrugs. If
we take into account that the Ru—NO bond is more labile
than the Os—NO bond, we may expect the release of NO
under biological conditions as mentioned above. The role
of NO in mitochondria-mediated cell death was reported
several times before. Brown and co-workers describe a
broad range of NO actions on mitochondria: it inhibits
mitochondrial respiration, stimulates the production of
superoxide, hydrogen peroxide and peroxynitrite, induces
the transition permeability and release of cytochrome C,
and NO potentially sensitizes cells to hypoxic damage
[39]. Toledo et al. reported the ability of ruthenium(II)
ammine nitrosyl complexes to release NO under biological
conditions, where the reduction of these complexes is con-
comitant with mitochondrial NADH oxidation [42]. Curti
and co-authors also observed NO release for this com-
pound class which was occurring as a result of NAD(P)
H oxidation and led to dissipation of mitochondrial mem-
brane potential, ATP depletion and generation of ROS.
As described in the most recent publication, oxidation of
mitochondrial NADH promotes NO release from nitrosyl
ruthenium complexes, which is accompanied by the
release of cytochrome C [43, 44].

Thus far, our results demonstrate that the studied ruthe-
nium nitrosyl complexes induce apoptosis by the mitochon-
drial pathway, at least partially associated with ROS gen-
eration, and may represent promising drug candidates for
further preclinical evaluation.
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Supplementary information

Biological properties of novel ruthenium and osmium nitrosyl

complexes with azole heterocycles

Maria S. Novak, Gabriel E. Biichel, Bernhard K. Keppler and Michael A. Jakupec
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Figure S1. Electropherograms of dsDNA plasmid pUC19 after exposure to a 50 uM solution of
ruthenium complexes 1¢ (lanes 2—7) and 1t (lanes 9-14), as well as osmium complex 2¢ (lanes
16-21) for different exposure times (15 min to 6 h) in comparison to untreated controls C1 and

C2 (lanes 1, 8, 15, 22).
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3. Conclusions and Outlook

Previous studies have suggested possible advantages in using other transition-metal ions than platinum as
the basis for anticancer drugs that give the chance of using additional coordination sites, alterations in
ligand affinity and substitution Kinetics. Ruthenium-based compounds have attracted the interest of re-
searchers because of the opportunity to use this metal for creation of novel drugs suitable for treating
tumors with a rather selective cytotoxicity against tumor cells. The aim of the current study was to inves-
tigate biological properties of novel transition metal complexes influencing their anticancer drug profiles.
Many publications confirmed that metal-based compounds other than those of platinum work in a differ-
ent way; however, there is relatively little information on mechanisms of action and involved pathways.
There is a chance to extend the range of applied chemotherapeutic agents by combining various metal
ions and ligands with subsequent investigation of their properties and activities, focusing on the most

promising combinations.

We studied novel Ru- and Os-based nitrosyl complexes with azole heterocycles, the striking difference in
the activity of which was attributed to higher lability of the Ru—NO bond in comparison to the Os—NO
bond and to the ability of mitochondria to activate NO release leading to cell death. In the course of ru-
thenium anticancer drug development, Ru(ll)-cymene complexes with various substituted 3-
hydroxyflavones were found to exhibit not only high antiproliferative activity in human cancer cell lines
but were also found to inhibit human topo2a activity, which correlated with their cytotoxic potency. The
compound library of organometallic complexes featuring flavonoid ligands has been extended by three
Ru(Il)-, Os(1)- and Rh(lll)-arene complexes, in which a flavonol ligand containing a piperonyl group
was designed to imitate the general structure of 3°,4’-dihydroxyflavonols and to elucidate the important
features for topoisomerase inhibition. The obtained results suggest that these complexes are potent inhibi-
tors of cancer cell growth at a low micromolar concentration range and act as catalytic inhibitors of
topo2a. A series of novel 1,3-dioxoindan-2-carboxamide-based complexes, designed to combine the at-
tributes of half-sandwich complexes and the topo2a inhibiting properties of the ligand scaffold, were able
to inhibit catalytic activity of the topo2a enzyme in the concentration range of their IC50 values, in con-
trast to the free ligand. Thus, the coordination of the bioactive ligand scaffold to the organometallic frag-
ments has only a minor impact on the cytotoxicity, whereas there is a distinct impact on topo2a. inhibition
properties of the complexes and potency of inducing apoptosis of specifically the rhodium-based analog.
Novel Ru(Il)-, Os(1)-, Rh(l)- and Ir(l11)-based thiomaltol complexes showed a significantly higher
topo2a inhibitory capacity compared to the free ligand and act as topo2a catalytic inhibitors. Moreover,
structure-activity relationships of these complexes in mammary carcinoma cell lines with different levels

of topo2a expression as well as the analysis of their antiproliferative activity in a newly generated enzyme
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down-regulated cell line variant confirm that the sensitivity of the cells to the different drugs depends on
the level of enzyme expression. In addition, a theoretical analysis of the intramolecular contacts between
these metal complexes helped to indicate the pocket which is most likely binding site of the protein do-
main what was not previously done for this class of compounds. The combination of these findings sug-
gests that topo2a is a possible target for these complexes, but probably the mechanism of inhibition is not
simple and additional studies and more complex analysis is required to more clearly understand the mode
of action. Nevertheless, these compounds may serve as potential pharmacophores for further rational de-

sign of topo2 catalytic inhibitors.

Molecular target identification is of central importance to drug discovery. Each of the approaches to re-
search of target identification and mechanism of action has its own strengths and limitations, and of
course different technical performance characteristics. Laboratories that have experience in chemistry or
biochemistry can aim for direct biochemical approaches, whereas groups with a high degree of computa-
tional experience can first use methods that research databases for clues. Of course, there is no "right
answer" about which method is best and we are suggesting that the combination of approaches will be
most fruitful. Since there is ongoing and rapidly growing interest in the design of metal-based anticancer
agents capable to overcome the drawbacks of clinically applied chemotherapeutics, the proposed research
will improve our knowledge of transition metal-based complexes and would benefit the field of metallo-

pharmaceuticals.
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