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Zusammenfassung

Das zufillig entdeckte Chemotherapeutikum Cisplatin ist zu einem unersetzlichen Teil unseres
Behandlungsrepertoires gegen Krebserkrankungen geworden. Angetrieben durch dessen
klinischen Erfolg und den anhaltenden Bedarf an neuen Medikamenten, riickten zunehmend
auch andere metallorganische Verbindungen in den Fokus der medizinisch-chemischen
Forschung. Thre strukturelle Vielfalt, beruhend auf deren Metall- und Liganden-Systemen,
verspricht die Entwicklung von mafgeschneiderten Molekiilen fiir spezifische Anwendungen
in der Krebsbehandlung. Nachdem das Paradigma der DNS-Bindung iiberwunden wurde,
zeigte sich, dass diese Substanzklasse in der Lage ist, Proteine als Ziel zu erkennen.
Chemoproteomische Techniken haben sich bei der Identifizierung direkter Interaktionspartner
als wirksam erwiesen und ermdglichen, in Kombination mit Proteom-Profilanalysen, die
unvoreingenommene  Hypothesen-Generierung — potenzieller =~ Wirkmechanismen — der
Testsubstanzen. Ziel dieser Dissertation ist es, eine proteomische Plattform auf Grundlage von
Proteomprofilierung und  Chemoproteomik zu entwickeln, um  metallbasierte
Wirkstoffkandidaten zu untersuchen, die in phénotypischen Wirkstoftforschungsmodellen
identifiziert wurden, und deren zugrundeliegenden Wirkmechanismus aufzukldren. Hierzu
wurde in der ersten Studie eine dosis-abhidngige chemoproteomische Technik entwickelt, die
auf einer neuartigen Immobilisierungsstrategie basiert, um einen C"N zyklometallierten
Gold(IlT)-Komplex in Kolorektalkrebszellen zu erforschen. Mittels Affinitéts-Pulldown-
Experimenten, Analysen des Proteomprofils und weiteren Validierungsexperimenten konnte
gezeigt werden, dass der Au-Komplex iiber einen zweistufigen Mechanismus reagiert, der zur
selektiven TXNRDI-Inhibition fiihrt. Parallel dazu wurden weitere Selenoproteine
herunterreguliert, und der NRF2-Keapl Signalweg ohne begleitende ROS-Bildung induziert,
der sich als wichtig fiir das Uberleben der Krebszellen erwies. Die zweite Studie untersuchte
den Wirkmechanismus eines hoch-zytotoxischen N,O,O-tridentaten Ruthenium(Aren)-
Komplexes auf Basis eines Naphtochinon-Liganden sowie dreier Analoga, die sich in
Ligandenstruktur und Metallzentrum (Ru, Os) unterscheiden. Diese Komplexe verhielten sich
liber einen ldngeren Zeitraum kinetisch inert, behielten jedoch ihre Reaktivitét bei und banden
bevorzugt an Aminosduren statt Nukleotiden. Es erwies sich, dass Loslichkeit, antiproliferative
Aktivitdt und Interaktionsverhalten mit Proteinen stiarker vom Liganden als vom Metallzentrum
bestimmt wurden. Diese Studie verdeutlicht somit, wie strukturelle Variationen die Effekte auf
Proteinebene in  Struktur-Wirkungs-Beziehungen  beeinflussen. Die beiden  3-
Ethylnaphthochinon-Derivate wirkten sich hauptséchlich auf das TP53-Signalnetzwerk aus,

wobei die Ruthenium-Hauptverbindung die TP53-DDX3X-p21 Achse vermutlich {iber eine
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direkte DDX3X-Wechselwirkung stark storte und dadurch die p21-Expression minimierte.
Diese direkte Wechselwirkung wurde durch eine neuartige chemoproteomische Technik auf der
Grundlage einer Limitierten Proteolyse nachgewiesen. Die Ruthenium-Leitverbindung zeigte
zudem in einem Mausmodell die stirkste krebshemmende Wirkung, indem sie die CT26-
TumorgroBe signifikant reduzierte und EGFR im Tumorgewebe als direkten Behandlungsetfekt
herunterregulierte. Dies bestétigte die in vitro Ergebnisse beziiglich der TP53-DDX3X-p21
Achse, von der gezeigt wurde, dass sie die EGFR-Level modulieren kann. Insgesamt wurde im
Rahmen der hier vorgestellten Projekte eine proteomische Forschungsplattform geschaffen, die
von speziellen Zellkultur-Workflows begleitet wird und zur Untersuchung neuidentifizierter,
metallbasierter Wirkstoffkandidaten genutzt werden kann. Diese duale proteomische Plattform
ermOglicht es, deren Interaktionspartner zu identifizieren und mogliche Wirkmechanismen
aufzudecken. Die gewonnenen Erkenntnisse konnen fiir die Weiterentwicklung der Wirkstoffe
herangezogen werden und so die Identifizierung potenzieller metallbasierter, klinischer

Kandidaten erleichtern.
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Abstract

The serendipitously discovered chemotherapeutic agent cisplatin has become an indispensable
part of our cancer treatment arsenal. Driven by its clinical success and the ongoing need for
new medication, other metal-based compounds have increasingly become the focus of
medicinal chemical research. Their structural diversity, based on their metal and ligand systems,
promises the development of tailor-made molecules for specific anticancer applications. After
overcoming the DNA-targeting paradigm, this compound class was shown capable of targeting
proteins. Chemoproteomic techniques have proven effective for identifying direct interaction
partners and, when combined with proteome profiling analyses, enable the unbiased generation
of hypotheses regarding the potential mechanism of action (MoA) of the tested substance. The
aim of this dissertation is to develop a proteomic platform based on proteome profiling and
chemoproteomics to investigate metal-based candidate drugs identified in phenotypic drug
discovery models and to elucidate their underlying MoA. To this end, a dose-dependent
chemoproteomic technique was developed in the first study based on a novel immobilization
strategy to investigate a C"N cyclometallated gold(IIl) complex in colorectal cancer cells.
Using affinity pulldown experiments, proteome profiling analyses, and further validation
experiments, it was demonstrated that the Au-complex reacts via a two-step mechanism, leading
to selective inhibition of TXNRDI. In parallel, other selenoproteins were downregulated and
without concomitant ROS formation the Nrf2-Keap1 pathway was induced, which was found
to be important for cancer cell survival. The second study investigated the MoA of a highly
cytotoxic N,O,O-tridentate ruthenium(arene) complex based on a naphthoquinone ligand, and
three analogues differing in ligand structure and metal center (Ru, Os). These complexes were
kinetically inert over an extended time period but retained their reactivity, and preferred binding
to amino acids rather than nucleotides. The solubility, antiproliferative activity, and protein
interaction behavior were shown to be determined more strongly by the ligand compared to the
metal center. This study then highlighted how structural variations influenced protein-level
effects in structure-activity relationships. The two 3-ethyl naphthoquinone derivatives primarily
influenced the TP53 signaling network, with the ruthenium lead compound strongly disrupting
the TP53-DDX3X-p21 axis presumably via direct DDX3X interaction, thereby reducing p21
expression. The direct interaction was proven by a novel chemoproteomic technique based on
Limited Proteolysis. The ruthenium lead compound also exhibited the strongest anticancer
effect in a mouse model, significantly reducing CT26 tumor size and downregulating EGFR in
tumor tissue as direct treatment effect, confirming the in vitro findings regarding the TP53-

DDX3X-p21 axis, which has been shown to modulate EGFR levels. Overall, the projects
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presented here established a proteomic discovery platform, accompanied by dedicated cell
culture workflows, that can be used to investigate newly identified metal-based drug candidates.
This dual proteomic platform allows to identify their interaction partners and uncover their
potential MoA. The information obtained can be used for compound maturation to facilitate the

identification of potential metal-based clinical candidates.
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1 Introduction and Theoretical Background

Almost 15 years ago, while investigating how new approved drugs were discovered, it was
realized that many first-in-class compounds were identified by phenotypic drug discovery
(PDD) and not by target-based drug discovery (TDD).! Since then, the interest in PDD has
reignited as a powerful strategy for identifying novel therapeutic agents by screening
compounds in biologically relevant systems without prior knowledge of specific molecular
targets.>> This approach is especially helpful to investigate the overlapping chemical space of
covalently binding compounds and metal-based drug candidates to find new remedies for
complex medical conditions like cancer and targets deemed hard-to-drug or undruggable.
Liquid chromatography tandem mass spectrometry (LC-MS/MS) plays a pivotal role as an
analytical technique throughout this discovery process, enabling target identification, profiling
of drug-induced changes at the proteome level and thus, elucidation of mechanisms of action
(MoA).*> The following chapters will elaborate how the integration of advanced
(chemo-)proteomic techniques in PDD with viable model systems can enable the identification
and validation of targets of covalent drug candidates. Especially in the field of metal-based
anticancer agents, these methods provide deep insights into compound mode of action and off-

target effects.*

1.1 Drug discovery

Looking into the past, there was always a pursuit of medication to treat the ailments of people.
Historically, the early apothecaries can be regarded as the first people who tried to discover new
medicines by administering their concoctions containing herbs and mineral powders to observe
the effects on their patients. These rudimentary approaches laid the groundwork for the
emerging field of pharmaceutical science as a discipline with Jons Jacob Berzelius (1779—-1848)
as one of the first chemists, who greatly contributed to this field and also wrote the first book
on the physiological chemistry of animals.” With the rapid advancements during that period in
chemistry, metal salts containing mercury, arsenic and gold started to find their way into the
repertoire of possible components for treatment.® It was not until the 20" century, however, that
a change from a trial-and-error screening approach happened to a more systematic one where
active compounds were examined for their medicinal properties.” But still, some of the most
impactful medical findings during that era such as the antibiotic penicillin (Alexander Fleming,

1928) or the metal complex cisplatin in cancer therapy (Barnett Rosenberg, 1969) were
1



discovered serendipitously and not by rational design.'®!! With the advent of technologies like
mass spectrometry and its later hyphenation to high pressure liquid chromatography as well as
the establishment of structural and molecular biology, scientists were able to thoroughly
examine the effects of compounds on multiple levels. This progress in drug development was
further fueled by omics platforms, the addition of computational tools and bioinformatics
allowing for high-throughput screening methods that paved the way for rational drug discovery

and design (Figure 1).2%!2

Medical milestones since the 20" century

DNA double helix

characterized Imatinib approved
1953 2001
Term "Phenotype" CRISPR-Cas9
defined ESI-MS developed introduced
1909 1984 2012
? ? t .
1900 1920 1940 1960 l 1980 2oool 2020
Cisplatin discovered Human Genome
1965 Project completed
2003
Penecillin discovered First antiretroviral HIV Sotorasib approved
1928 drug 2021
1987

Figure 1: Timeline with significant medical milestones since the 20" century, including serendipitous discoveries like penicillin
and cisplatin as antibiotic and anticancer agent respectively, technical developments that enabled new levels of investigation
(e.g. introduction of the electrospray ionization) and examples of approved drugs for medical conditions previously believed to
be undruggable.’3?"

Nowadays, the process to find new small molecule therapeutics can be predominantly
categorized into two approaches: target-based drug discovery and phenotypic drug discovery.
Both approaches have their respective starting points but converge into a similar compound

optimization path after initial findings and are described in detail in the following sections.*>

1.2 Target-based drug discovery

After the establishment of molecular biology and genomics in the 1980s, scientific disciplines

that made it possible to identify and validate molecular targets, followed by the approval of the

2



first successfully developed candidate, TDD became the dominant drug discovery approach
ever since.'> As the name implies, target-based drug discovery (sometimes abbreviated as
TBDD) focusses on the modulation of a specific molecular target within the pathophysiology
of a disease. Such targets can be cellular components, mutated genes, RNA, and proteins like
kinases, enzymes or receptors. The resulting development of active agents can then include

small molecules as well as biologics like antibodies or short peptides.!-*?

1.2.1 Process of target-based drug discovery

In brief, the first step in target-based drug discovery is to gain a deeper understanding of the
disease and its underlying molecular mechanism. A suitable target with a therapeutic effect and
ideally without any adverse effects is identified by investigating the deviations from
pathomechanisms of diseases compared to the healthy state via various techniques. The selected
target is then validated systematically through biochemical assays, gene editing and screening
against compound libraries to further optimize the lead structure in regard to improve efficacy,
selectivity, and their pharmacokinetic properties.?> Recent technological and methodological
advances that significantly transformed TDD, were the continuous improvements of
biochemical assays and the establishment of fragment-based and focused libraries to screen
large quantities of active agents against targets of interest enhancing throughput rates even
more.?® Further, gene editing with the CRISPR-Cas9 technology and RNA interference (RNA1)
deeply improved the systematic examination of gene functions and the validation of target
molecules.*** Additionally, the establishment of mass spectrometry-based omics techniques
(metabomics, proteomics, lipidomics, etc.) and the implementation of bioinformatical tools
enabled the identification of off-targets and the investigation of drug-target interactions in
complex biological samples.>> After the release of ChatGPT by the company OpenAl to the
public in November 2022, many have rediscovered the numerous applications of artificial
intelligence (AI) and machine learning (ML), also in science.?® Since then, great expectations
have been placed on machine learning and network analysis to study large data sets for drug

discovery and potentially unveil new targets.

Advantages of this drug discovery method are its simplicity and specificity once a suitable
target has been identified, as it operates with prior knowledge of the molecular targets and can
be scaled industrially. However, the identification of a suitable target can be difficult as most
diseases do not depend on a single protein.!>?” This method enables rational drug design and

optimization based on the structure and biological function of the target. Additionally, this



approach can also be utilized for precision medicine through the development of targeted

therapies, especially in cancer therapy, chronic conditions and infectious diseases.*?

1.2.2 FDA-approved drugs discovered through TDD

Successful examples of target-based drug discovery are the selective tyrosine kinase inhibitor
imatinib (Gleevec®), for the treatment of various forms of leukemia, as well as the
identification and targeting of the HER2 receptor with trastuzumab (Herceptin®) in breast
cancer therapy.?®? Further, the discovery of reverse transcriptase and integrase as key enzymes
in the pathomechanism of HIV/AIDS led to the treatment with their respective inhibitors
zidovudine and lamivudine (Combivir®) as well as raltegravir (Isentress®).>*3! The chemical

structures of the mentioned drugs are displayed in figure 2.

I .
o~ °N

Lamivudine
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Raltegravir Zidovudine

Figure 2: Molecular structures of FDA-approved active agents discovered through the target-based drug discovery approach.

Yet, TDD comes with its own limitations and challenges. As with many drug discovery

approaches, the experimental validation of potential targets can be its time-consuming and
4



costly bottleneck. Another drawback is that not all targets validated in vitro or in animal models
translate into effective human therapies illustrating translational gaps.*? Additionally, many
promising targets such as KRAS, TP53, STAT3, etc. that are commonly mutated in many cancer
types were labelled as hard-to-drug or even undruggable due to a lack of suitable drug binding
sites (vide infra).*>>® However, some experts see the biggest issue for TDD in its reductionist
approach, focusing on a single target and not accounting for the complexity of biological
systems and disease networks, potentially leading to limited efficacy or unforeseen side effects.
Moreover, critics of this drug discovery method even attribute the therapeutic properties of

many approved drugs found through this approach to off-target effects.'?

To summarize, target-based drug discovery remains a pivotal part of modern pharmaceutical
research due to its rational and systematic approach. While this method has its own challenges
related to biological complexity and translatability into clinical studies, ongoing developments
in molecular biology, computational analyses, and high-throughput technologies continue to

improve its efficiency and success rate, leading to more targeted and effective treatments.

1.3 Phenotypic drug discovery

Phenotypic drug discovery can be considered as the first drug discovery approach and always
coexisted with TDD but was relegated to the background after the inception of the target-based
approach.” However, one aspect that reignited the interest in phenotypic drug discovery was a
review from Swinney and Anthony in 2011. This work compared the success rates of both drug
discovery methods to identify first-in-class medication and had shown that the PDD approach
managed to yield 50% more (18 vs. 27) compounds with FDA approval during the observed
time period from 1999 to 2008.! The investigational strategy of PDD allows for the examination
of a broader biological aspect and focusses on the modulation of (patho-)physiological relevant
model systems by probing these empirically in an agnostic fashion were neither the target nor
the mechanism are known.?> With this concept it is possible to uncover molecules which can
act as previously unknown or unexpected molecular targets or impact on novel signaling
pathways, MoA or polypharmacological effects, thereby expanding the druggable space.’” In
this context, for the unbiased screenings the phenotype of each condition is examined very
thoroughly with the modern definition of a phenotype including morphological changes of cells
or tissue, expression of specific patterns of biomarkers, proteins, metabolites, other
biomolecules, post-translational modifications (PTM) and/or behavioral traits.!> These

(molecular) signatures can then further be used to define states that represent a diseased, healthy
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or cured condition. Additionally, great attention must be paid to the selection of suitable in vitro
and in vivo models for PDD, as they must meet specific criteria which are detailed in the next

chapter (1.4 Model systems in phenotypic drug discovery).

1.3.1 Process of phenotypic drug discovery

The underlaying process of phenotypic drug discovery starts with the testing of compounds on
model systems, closely mimicking the investigated pathology aiming to discover active agents
that induce a therapeutic effect. Following this is the examination of the mode of action and the
molecular target(s) of the identified candidates. With the gained knowledge from the target
deconvolution, the investigated drug candidates are then optimized in regard to their efficacy,
potency, selectivity, and drug safety before they advance to clinical testing.’ Due to the broader
approach and its focus on physiological relevance, this method is well suited to find first-in-
class drug candidates with novel MoAs or previously unknown molecular targets, making it
especially valuable for conditions with multiple contributing factors.?*” Additionally, because
of the functional readouts of this strategy, the hit compounds are more likely to show therapeutic
effects in whole organisms, potentially reducing late-stage clinical failures.’” However,
phenotypic drug discovery also comes with disadvantages. The developed testing assays are
highly complex and do not always enable high-throughput screening compared to TDD.
Further, the subsequent target deconvolution step to determine the mode of action for a hit
compound can be challenging and time-consuming and, in some cases, mechanistic uncertainty

or a not fully identified target can remain, making the drug optimization step more difficult.”-*

To mitigate some of those drawbacks, PDD is continuously improved and expanded. Such
improvements include high-content screenings to enhance throughput, as well as the integration
of various omics techniques: Through the combination of the results from genomics,
transcriptomics, proteomics, lipidomics, metabolomics and many more, in a multiomic
investigation it is possible not only to obtain a comprehensive image of the pathomechanism of
the investigated disease but also to interlink the findings on various levels through
bioinformatics.**> However, this strategy generates large amounts of data that require
comprehensive analysis, for which machine learning and artificial intelligence can be used,
potentially accelerating data processing and evaluation.>**! Another application for Al in the
drug discovery space is drug repurposing with the goal of finding new uses for already approved
medication, reducing costs and development time.*>* Further, an advanced computational
program called Library of Integrated Network-Based Cellular Signatures (LINCS) was

developed that converts drug-induced perturbation profiles into graphical representations such
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as heat maps, networks, or display morphological features in a Cell Painting.** The Cell Painting
assay is a fully automated high-content imaging method that incorporates different fluorescent
dyes to label cellular components like the DNA, RNA, actin, endoplasmic reticulum (ER),
mitochondria, Golgi apparatus and the plasma membrane, respectively. By taking high-
resolution images and monitoring the cells over two weeks, it is possible to visualize the effect
of the treatment on a morphological level thus define the phenotypic profile of the cells.*> With
these molecular signatures, a model condition can be defined. By comparing the respective end
points of each state to the effects of the investigated hit compound, the molecule can then be
fine-tuned to deliver the desired therapeutic outcome through modulating the diseased
phenotype back into a healthy state (Figure 3).%>4¢ A medication that manages to restore the
healthy phenotype is arsenic trioxide (As203) in the treatment of acute promyelocytic leukemia
(APL). This cancer form expresses a fusion protein encoded by the PML-RARa gene which
arrests the myeloid cells in their promyelocytic stage. Even though not fully elucidated, part of
the mechanism of action of the metallodrug involves the degradation of the fusion protein, fully
differentiating the abnormal cells and therefore restoring their function again.*’” However, the
computational profiling approach involving LINCS is currently limited to known molecular
mechanisms at the pathway level and is utilized in the so-called mechanism-informed

phenotypic drug discovery approach.>*

Reference
Diseased state Treated state Healthy state

X

[

Modulation

Figure 3: A schematic illustration of simple networks depicting the alteration of a diseased phenotype towards treated state
resembling a healthy reference network after modulation. Each node represents a biomolecule that interacts with its directly
connected neighbors. The colors of the nodes represent the affiliation to a functional group whereas the colored circles around
multiple nodes group the biomolecules according to biological processes.



1.3.2 FDA-approved drugs discovered through PDD

The modern execution of phenotypic drug discovery successfully enabled novel therapies with
approved drugs covering a broad scope of diseases, ranging from genetic disorders over
infectious diseases to cancer treatment: risdiplam (Evrysdi®) was approved for the spinal
muscular atrophy therapy, where inherited genetic disorders lead to progressive muscle
weakness and wasting caused by degeneration and loss of motor neurons. The underlying
mechanism is based on the absence of the survival of motor neuron 1 (SMN1) gene, whereby
the homologous SMN2 gene can produce truncated analogues of the SMN protein.
Administration of initial hit compounds led to the inclusion of exon 7 in the SMN2 pre-splicing
process, resulting in the expression of the complete protein. This was detected in firefly
luciferase transfected human embryonal kidney cells (HEK293H), confirmed by RT-PCR and
luminescence measurement, and validated in patient-derived induced pluripotent stem cells.*3
Another example is the hepatitis C treatment daclatasvir (Daklinza®), which inhibits the non-
enzymatic viral protein NS5A, thus blocking virus reproduction. This drug was discovered in a
screening for the inhibition of virus replicons in Huh-7 hepatocellular carcinoma cells
monitored through the replicon’s respective reporter tags. In the end, over a million drug
candidates were investigated until daclatasvir was found.® PDD proved the success of a
combinatory treatment with ivacaftor and lumacaftor (Orkambi®) in cystic fibrosis by
improving protein folding and reinstating the function of an affected chlorine channel in this
disease’s pathomechanism. The initial hit compound for the development of ivacaftor was
revealed in a screening of gene edited Fischer rat thyroid cells with a specific mutation
(p-Phe508del) responsible for cystic fibrosis, looking for an active agent that generated a signal
in an apical membrane chloride current measurement. Lumacaftor, however, was revealed in
another compound screening of a small molecule library against the mutated cystic fibrosis
transmembrane conductance regulator protein. Later, the co-administration of both compounds
was evaluated in patient derived cells.’'*? Further, a new mechanism was discovered through
the anti-cancer agent vorinostat (Zolinza®) for cutaneous T-cell lymphoma that modulates the
histone acetylation process. In this instance, the drug was discovered during the optimization
process of a hybrid polar compound intended for the induction of differentiation in transformed
murine erythroleukemia cells. However, further investigation revealed that this small molecule
strongly inhibits the activity of several histone deacetylases (HDACsS), thus reopening the
chromatin structure and activating transcription factors like p21.°*>* The above mentioned

examples are presented in figure 4.
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Figure 4: Molecular structures of FDA-approved compounds discovered through the phenotypic drug discovery approach.

1.3.3 Comparison of the TDD and PDD approaches

Comparing phenotypic drug discovery and target-based drug discovery shows that each
approach has a very different starting point (Figure 5). In TDD the molecular target and its
involvement in the diseases’ mechanism are known from the beginning, whereas in PDD neither
the target nor the underlying mechanism of the test substance is identified. Therefore, in
phenotypic drug discovery the identification of the molecular target and the inherent MoA
happens after a hit compound was obtained. Both strategies have different discovery focuses:
PDD aims to identify functional biological effects and TDD emphasizes the interaction between
the compound and the molecular target of interest. This aspect is also reflected in regards of

throughput. As complex biological assays are used in PDD for their readout, the number of
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substances analyzed is lower than in TDD, where work can be carried out in high throughput
due to the simpler screening readouts. Taking each concept’s approach into account, PDD is
capable to yield a hit compound that can be a first-in-class drug candidate, whereas TDD owed
to its methodology will give the best-in-class lead structure. Due to its complex nature and low
throughput, PDD is an approach that currently is more feasible in an academic setting while
TDD is successfully implemented in industry with its possibility to highly automize its

streamlined strategy and efficiency in cost and time.>*"-3

Target-based approach

Target identification Assay Target-based Phenotype
& validation development screening validation

Phenotype-based approach

Phenotype-
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PhenOtype andel deve lopment bas e.d
screening

Figure 5: Comparison of the workflows of both drug discovery approaches with target-based on top starting with the
identification of the molecular target and at the bottom PDD starting with the selection of a physiologically relevant model
system.

In conclusion, through the implementation of omics techniques, improved assay designs and
recent technological advancements in bioinformatics, PDD was able to attenuate its limitations
in target identification and mode of action deconvolution. Thus, this approach provides a
discovery platform based on representative disease models that reveals relevant targets, which
in some cases are deemed hard-to-drug or even undruggable. Nonetheless a trend emerged in
recent years, which uses a hybridized concept, where the broad exploration approach of PDD
screening is followed by the subsequent target-based optimization strategy of TDD to further

improve its success rate and biological relevance for active agents in drug discovery.’’

1.4 Model systems in phenotypic drug discovery

Model systems are an indispensable tool in drug discovery, bridging the gap between a
hypothesis and observable biological outcomes. They provide a controlled environment and
display relevant disease mechanisms, thus enabling the investigation of modes of action, the

identification and evaluation of molecular targets, as well as the assessment of safety aspects
10



and therapeutic efficacy.?>”*° Model systems can range from biochemical assays with simple
readouts like enzyme inhibition, over 2D or 3D grown cells in culture for a more complex
environment up to vertebrates that fully display systemic biological functions in an organism
(Figure 6).>7® The following section will focus on 2D cell culture, what to consider when
working with them in a PDD setting and what limitations they face in translational cancer

research.
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Figure 6. Various model systems used in drug discovery processes placed on a colored gradient that represents the likelihood
for either planned discovery or serendipitous finding. Adapted from Vincent F. et al. This figure contains images from Servier
Medical Art (https://smart.servier.com), licensed under CC BY 4.0 (https.://creativecommons.org/licenses/by/4.0/).>>°

For the use in PDD, cellular models must meet certain requirements to be eligible: they should
mimic the pathomechanism as closely as possible leading to better capturing of mechanistic
and toxicity aspects as well as improving the odds to translate the initial findings into in vivo
experiments and lastly the clinic. Further, the model systems need to be robust and reproducible
providing measurable and quantifiable endpoints that can facilitate unbiased investigations.
Finally, the obtained results should enable mode of action deconvolution, target identification
and validation through various techniques such as integrated multiomic experiments or gene
editing (e.g. CRISPR-Cas9), which also are used to assess potential off-target effects of the

active agent,?>-32:35-60

1.4.1 [In vitro model systems

The most commonly used in vitro models for such investigations are cultures of a single cell
type grown in a two-dimensional monolayer, providing a platform in a simplified biological
environment. Building on the 2D monolayer setup, more complex models can be constructed

that incorporate different cells in co-culture to examine potential disease-relevant interaction in
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a heterogeneous tumor microenvironment.®® Transwell inserts in cell plates can mimic cellular
walls as in the gastrointestinal tract to investigate cell migration and invasion of certain tissue
types or their molecular resorption.®! Another source for cell samples is patient-derived material
which can be used as primary cells conserving the phenotypic characteristics of the disease
making this the ideal starting point for predictive, preventive and personalized medicine (3PM).
But due to the limited lifespan of primary cells, they can also be immortalized or transformed
into induced pluripotent stem cells (iPSC) to preserve a unique genetic composition for further

drug screening and validation.’”-%?

Traditional 2D cell cultures have many benefits based on their ease of handling and maintenance
leading to lower costs and a rapid turnover, thus making them especially suitable for pilot
studies and high throughput screenings. Many assay protocols, reagents and analytical tool kits
are optimized for this artificial cell platform allowing routine workflows, increasing
reproducibility across experiments and laboratories, and thereby enabling basic mechanistic
studies of cellular processes and signaling pathways. As Bortel et al. demonstrated in 2024,
maintaining a highly homogenous cell population within an experiment significantly enhances
the information density of multiomic readouts and therefore supporting a more comprehensive
elucidation of the perturbation.®® For target validation or additional mechanistic investigations
cell lines can be genetically manipulated to express reporter molecules or to represent a model
with knocked out or knocked down genetic function which is more challenging in complex
organisms.** However, this reductionist setup has its drawbacks as the 2D model system is
incapable of fully displaying organ-specific interactions or systemic responses like immune
reactions thus providing weak predictive power for the translation of the investigated compound
into clinical evaluation. To overcome the obstacle of cellular simplicity, more advanced
platforms like the three-dimensional spheroids and organoids are employed to reproduce tissue
structures and cell-cell interactions. An even higher degree of physiological relevance can be
achieved with organ-on-a-chip models that combine growing cells on microfluidic devices

mimicking a dynamic environmental flow.>’

1.4.2 In vivo model systems

After the initial discovery phase using in vifro models, investigations are continued in more
complex biological organisms using animal models to test the findings and their translatability
into in vivo and lastly in human settings.%® In vivo models display systemic effects of whole
living organisms that the previously described in vitro models lack, by encompassing multiple

layers of biological complexity. To gain insight into the organisms’ responses to active agents,
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the animal models are examined with samples from tissue or tumor showing local effects,
whereby liver samples and body fluids like blood plasma display systemic effects.®® "’ These
characteristics enable thorough investigations of multi-organ interactions and
pharmacokinetics, thus providing information on absorption, distribution, metabolism,
excretion (ADME) and toxicity of the tested small molecule, which can be extended to long-
term effect screenings as well as examinations of immune responses or microbiome
involvement.’®% Interestingly, those advantages are also considered responsible for the in vitro
— in vivo discrepancy leading to translational gaps preventing drug candidates from entering the
clinical phase.® Further aspects to consider when choosing an in vivo model are how a tumor
was grown in the organism (xenograft VS allograft VS orthotopic VS induced) since for
example the immune system is compromised within a xenograft.”>”* Also, the way of
administration (per oral (p. 0.), intravenously (iv.), intraperitoneal (ip.), etc.) can influence the
pharmacokinetic properties as effects like the liver-first-pass can be triggered, when a drug

candidate is injected into the peritoneum.”*

Even though traditional 2D cell cultures are simplified models to investigate the effects of drug
candidates, they are essential for the initial discovery phase by providing a platform that is cost-
effective, robust, suitable for high-throughput applications, and deliver first mechanistic
insights. With the incorporation of the PDD approach, optimized pharmacokinetic and
toxicological assays in physiological relevant cell models allow for an improved predictive
power on the small molecule’s behavior. To further increase biological contextualization and
test for translatability, these in vitro findings are verified in animal models. However, the
translation of such an in vitro result to an in vivo mode of action can be challenging. But with
the implementation of sophisticated analytic methods like integrated multiomics they can
provide a more complete image combining inter-organ relations, immune responses and
metabolic activities, therefore leading to a global understanding of the drug candidate’s mode

of action thus increasing safety and success rates in drug development.

1.5 Covalent drug discovery

Covalent drugs exist already for over a century in our medicinal arsenal and comprise of small
molecules which covalently bind to targets of interest.”> The two most prominent active agents
of this category are the nonsteroidal anti-inflammatory drug (NSAID) aspirin (acetylsalicylic
acid) and the antibiotic penicillin. Aspirin inhibits the cyclooxygenase 1 (COX1) enzyme

through acetylation of serine in its active site and thereby alleviating fever, inflammation and
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pain symptoms.’¢ Penicillin on the other hand binds to the enzyme D-alanine peptidase in gram-
positive bacteria thus interfering in the formation of the bacteria’s cell membrane.”’ In general,
this class of medication has a two-step mechanism in which the active agent first is reversibly
positioned in the protein’s binding pocket as it resembles the targets’ substrate in its transition
state. During this phase, it is possible that through conformational changes of the protein a
cryptic pocket might be revealed. Subsequently, a permanent or highly stable covalent bond is
established with a nucleophilic amino acid within an active center or in its close proximity.”®”
Responsible for the covalent bonds are reactive electrophilic functional groups of the
compound, often referred to as “warheads”. Ideally, these moieties have the properties of being
biorthogonal, meaning that their reaction happens highly selectively in an organism without the
interference from native biochemical processes. Examples of such warheads are acrylamide or

B-lactam ring structures targeting the amino acids cysteine (Cys) and serine (Ser) respectively

and are presented in table 1.

Table 1: Table with selected functional groups used in covalent drug design, including their molecular structure and the specific
amino acid targets. Table adapted from Bhole R. P. et al.®’

Name Structure Targets
0
Acrylamide R \)L /R Cys
N
H
O
Aldehyde )I\ Lys, Thr, Tyr
R H

Boronic acid R—B Asp, Ser, Thr

B-Lactam ring I Ser

Nitrile R—=N Asn, Gln, Trp




For more information on warheads and their selective targeting, the interested reader is referred
to the following publications.?!®* Compared to conventional medication, the covalent nature
of the drug alters pharmacodynamic and pharmacokinetic properties considerably. However,
exactly this reactivity also raises concerns about toxicity and possible off-target effects.”>°
Nonetheless, developments in medicinal chemistry, structural biology, computational methods,

and (chemo-)proteomic platforms have enabled new approaches of rational design strategies

for selective covalent drug candidates.

1.5.1 Process of covalent drug discovery

The discovery process of covalent drug candidates can be accomplished by two different
strategies. The ligand-first approach, with its design philosophy rooted in TDD, integrates mild
electrophilic moieties into known bioactive structures with reversible properties to extend the
effect duration through the covalent bond.”> Successful drugs obtained through this method
were osimertinib (Tagrisso®), a treatment for non-small cell lung cancer (NSCLC) selectively
targeting the epidermal growth factor receptor (EGFR) with T790M mutation, and ibrutinib
(Imbruvica®), which inhibits Bruton’s tyrosine kinase (BTK) in chronic lymphocytic
lymphoma (CLL) therapy.®>3¢ In the electrophile-first approach, which takes techniques from
both TDD and PDD, the emphasis lies on the discovery of covalent bonds through the screening
of electrophilic agents or fragments against libraries comprising of proteins of interest.”> Recent
accomplishments achieved through the electrophile-first approach were the inhibitors
nirmatrelvir, utilized as one component in the treatment of SARS-CoV-2 targeting the virus’
main protease MP™, and sotorasib (Lumakras®), which was FDA-approved in 2021 for the
therapy of NSCLC with the specific mutation of KRAS(G12C), which was previously deemed
as undruggable.?”*® The molecular structures of these electrophilic covalent drugs are depicted
in figure 7. The possibility to use nucleophilic covalent ligands had also been explored, but due
to fewer available electrophilic reaction partners like cofactors and post-translational
modifications currently only hydrazine containing compounds have been presented that inhibit

the enzymes monoamine oxidase (MAO) A and B.¥
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Figure 7: Molecular structures of FDA-approved covalent drugs. Osimertinib and ibrutinib are candidates discovered through
the ligand-first approach, while nirmatrelvir and sotorasib were discovered through the electrophile-first approach.

Fragments of the electrophile-first approach have the properties of being simple molecule
building blocks with a molecular weight usually under 300 Da and exhibit a strong ligand
efficiency for the binding pocket driving the initial reversible interaction.”®! This
simplification, compared to the screening of complete molecules, facilitates high-throughput
screenings of the chemical space for key interaction hotspots and provides a solid starting point
for the drug design process.”>*°! Screening libraries consist of a large collection of curated
molecules and can have a theme or focus which ranges from biological targets such as specific
kinases, g-protein coupled receptors (GPCR) or ion channel libraries over panels of cell lines
and products from natural extracts to fragments with druglike characteristics to investigate for
antitumor, antimicrobial or antiviral properties.”**> These platforms are distinguished into two
types which are used in different phases of the drug discovery process. The first category of

library assembles structurally diverse molecules and is used in the hit discovery phase to
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increase the chances of discovering novel interactions whereas the second type is comprised of
structurally similar agents which enable target validation, drug optimization and potentially the
derivation of structure-activity relationships (SAR).”>%°! It was also reported that a technique
from Next Generation Sequencing (NGS) was leveraged to highly increase the throughput rate
by addition of DNA barcodes to compounds to screen thousands of molecules in parallel.”®
However, to obtain meaningful results from these screening approaches the quality of the

created libraires is essential.

1.5.2 Chemoproteomic discovery platforms

Mass spectrometry-based methods that enable the discovery of protein targets and covalent
compounds as well as their binding sites in complex biological systems are summarized under
the umbrella term chemoproteomic platforms. These methods can be used to screen both
covalent and non-covalent interactions, but the focus here will be on covalent interactions. The
three main strategies behind this technology can be classified into affinity-based or activity-
based interactions and label-free approaches.>”>*7 Affinity-based protein profiling (AfBPP) is
commonly used in the discovery of conventional drugs and utilizes a strong reversible
interaction between a compound and its target(s). In this discovery concept the molecule is
required to be functionalized via at least one reactive handle so it can be immobilized on a solid
support in a later step during sample preparation for pulldown experiments. These affinity
probes are then exposed to lysates from cells or tissue to create a non-covalent bond which must
be strong enough to withstand multiple washing steps. Following this, the proteins are digested
with tryptic enzymes into peptides which are then measured in a mass spectrometer and
bioinformatically evaluated. However, the deconvolution of such datasets can be difficult due
to the enrichment of both specific and non-specific interactors. Therefore, a competitive
pulldown setup in which one half of the samples are pretreated with the investigated compound
in its free form can provide results that can identify the selectivity of the drug candidate (Figure
8). Through the addition of further handles to the bioactive small molecule more functionalities
can be exploited including fluorophores for colocalization studies, azide or alkyne moieties for
Click Chemistry and photoactivatable groups that can form covalent crosslinks to proteins in

proximity.>?%%
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Figure 8: lllustration of a competitive affinity enrichment pull-down assay where in one sample set the immobilized compound
of interest is immediately exposed to the whole cell lysate to let the specific as well as unspecific binding partner interact with
the probe. The other sample set is pretreated with the free compound to saturate the specific binding sites before the affinity
probe is exposed to this whole cell lysate to facilitate that only unspecific binding partners remain. After washing, elution and
measurement of both sample sets, the results are compared differentially to obtain a list where only the specific interactors are
presented.

The probes for activity-based protein profiling (AcBPP) are small molecules based on a parent
drug, natural product or fragment, containing two functionalized handles with one of them
being an electrophilic warhead designed to specifically interact with proteins that have active
functions such as enzymes and the other handle acting as a reporter tag. Through the selection
of the reactive groups the agent can be directed towards specific enzyme classes and again the
reporter handle can be functionalized for copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) or imaging studies. However, in some situations the modification of the investigated
drug candidate should be carefully considered since any addition to the lead structure will have
an impact on the interaction between the compound and the targeted protein as well as on its
general pharmacological aspects.>!%%!%! To circumvent this problem of structural modification
of the hit compound and the subsequent changes in biological activity, label-free strategies can
be applied. In this approach, target identification occurs through the observation of compound
induced stability changes to target proteins measured via a chemical, proteolytic or thermal

stimulus.>!?? For instance, Limited Proteolysis (LiP) is a method that monitors how well treated
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proteins can resist proteases resulting from changes in their conformation after compound-
induced perturbations.'®® Building on that concept, Drug Affinity Response Target Stability
(DARTS) was developed in which living cells or whole cell lysates are treated followed by
either gel electrophoresis or MS measurement.'!* One of the latest entries in this category is the
Peptide-Centric Local Stability Assay (PELSA), in which the samples are digested with
protease solution in excess to quickly generate peptides after treatment, that are subsequently
subjected to target identification studies.!® An evolution from the proteolytic approaches are
the techniques where the investigated sample sets are exposed to denaturing or oxidizing agents
after the treatment with the examined compound to observe a shift in stability.!® The thermal
strategy Cellular Thermal Shift Assay (CETSA) examines the changes of protein melting points
recorded as a curve from which the difference to the control sample is calculated. But this
method requires validation of the findings through specific antibodies in a Western Blot which
led to the development of an unbiased technique called Thermal Proteome Profiling (TPP).!%’
This procedure incorporates Tandem Mass Tags (TMT) where each of the mass tags represents
a different temperature point. Before measurement the samples are combined and yield a graph
which is computed from all measuring points, however this approach needs mass spectrometers
with high resolution (HR) MS2 capabilities.'?*1%° The evolved iterations of the presented label-
free approaches facilitate examinations on a proteome wide level for unbiased target
identification, with each one being technically a stand-alone tool but cross verification through
other approaches can greatly strengthen the identification of the target proteins. It also needs to
be kept in mind that these methods cannot account for stability shifts stemming from
post-translational or other modifications on affected proteins.!!!!! Nonetheless, for covalent
drug discovery the activity-based protein profiling and label-free approach have proven to be
very effective. In addition, technical developments and increasingly powerful computational
methods are being used in conjunction with all of the above-described approaches. In silico
tools like molecular modelling and docking studies are capable of simulating the protein of
interest in its three-dimensional conformation revealing potential binding pockets or show drug-

target interactions, guiding the rational design to next generation covalent drug candidates.'!

1.5.3 Covalent drug candidate optimization

With a suitable hit compound identified after the screening and discovery process, the
subsequent rational design strategies enhance the molecule in several key aspects: Firstly, the
selectivity is improved through directing the compound at non-conserved motifs exclusive in

disease relevant protein(s), reducing off-target interactions. This is followed by carefully
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adjusting the reactivity of the warhead towards the aimed nucleophilic residue for the covalent
bond. In this step moderately reactive functional moieties are preferred, to minimize off-target
binding. Furthermore, the initial non-covalent interaction, which positions the active agent in
the targeted binding pocket, is optimized to ensure that the covalent bond is only formed at the

intended position to even further enhance the selectivity of the active agent.”>!13-114

Strengths of covalent drugs derive from the covalent bond resulting in prolonged target
engagement thus potentially enabling lower or fewer dosages. Strategies of this compound class
also allow for the targeting of proteins with challenging binding sites and might be employed
to overcome acquired resistances to conventional reversable drugs. However, due to the
covalent bond, the sustained effect as well as the potentially resulting health risks, including
non-selective interactions with proteins that might trigger severe adverse effects such as organ
toxicity or immune responses, might be omitted through a proteome wide screening for off-

targets.”>!15116

Fueled by recent successes with covalent drugs and based on technological advances, it was
possible to show that this medication class has progressed from serendipitous discoveries to a
rational design approach. Constant improvements in screening methods, structure-based drug
design and (chemo-)proteomic platforms enable the efficient optimization of drug candidates
regarding their potency, reactivity and selectivity. Despite reservations about potential toxicity
and off-target aspects, the covalent drug discovery strategy demonstrated to be an effective
approach especially suited for targets believed to be hard-to-drug or undruggable. Additionally,
to highlight how quickly this field is evolving, in 2024 Popow et al. presented
heterobifunctional compounds that effectively degraded 13 out of the 17 most common KRAS
mutation variants. These novel compounds added the Proteolysis Targeting Chimeras

(PROTAC) technology to modern covalent drugs.'!’

1.6 (Chemo-)Proteomics

In the following chapter, the key concepts, devices and methodologies utilized in this
dissertation will be elaborated. This will cover the fundamentals of (chemo-)proteomics, over
to the description of instrumental setup of the LC-MS/MS, to the intricacies of sample

preparation and data collection in order to obtain robust and meaningful results.

Proteomics is a bioanalytical discipline that specializes in the investigation of all proteins

present in a sample and examines them on a quantitative and qualitative level. The human
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proteome comprises of almost 20 000 proteins that carry out a variety of functions, including
the assembly of structural or motor units, enzymatic processes, transport functions, signal

transduction, and many more.!!3120

1.6.1 Protein chemistry

Proteins are biopolymers composed of 20 proteinogenic amino acids (AA), or 21 if
selenocysteine is included, whereby these building blocks are linked together by peptide bonds
formed through a condensation reaction between an amino group and a carboxyl group,
resulting in a specific AA sequence of the protein, also known as primary structure.'?%!2! Other
levels used to describe a protein are the secondary structure, which are motifs that can occur at
certain points in the sequence, and the tertiary structure, describing how the entire sequence
folds in the three-dimensional space under physiological conditions. If several peptide strands
are organized in subunits, it is described in the quaternary structure. The functionality of a
protein ultimately stems from the sequence of amino acids and its three-dimensional
structures.'?® In some cases, proteins are functionalized with other biomolecules, including
phosphates, ubiquitin, or sugars, which can trigger an activated state in the signaling cascade,
prepare for transport, or their degradation. These so-called post-translational modifications give
the proteins further biological context but make comprehensive investigations more
complicated.!?>!% In recent years, advanced proteomic approaches have been extended towards
investigating PTMs such as phospho-proteomics, which examines phosphorylation and
dephosphorylation processes within signaling pathways, to elucidate how they are affected by

diseases or pathomechanisms.'?*

By comparing proteins differentially, changes in the proteome can be identified, revealing
which proteins are present and in what quantities, providing clues about their interactions and
regulation processes in disease or biological states.!?® Using a suitable study design, these
investigations can be expanded to include additional aspects such as the temporal resolution of
a therapeutic or biological effect, where an experiment is started in parallel on a large scale with
subsets of it being stopped and measured at defined time intervals, or dose dependencies, in

titration-like approaches. 2127

1.6.2 Chemoproteomics

Chemoproteomics has evolved from proteomics and expands these experiments by including
chemical probes into large-scale mass spectrometric investigations within physiologically

relevant systems. Through the interactions of the compound of interest with the proteome,
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protein targets can be identified, their binding sites examined, and the potential therapeutic
effects of the drug candidate on the organism investigated. The aim is to identify specific targets
across the proteome, assign them to pathways and thus elucidate a possible mode of action. In
these experiments, selective reactions of the probes with the proteins play the main role,
whereby a distinction can be made between activity-based, affinity-based and label-free
approaches.””!2812% Description of these approaches with practical examples have been given

in the previous section “1.5.2 Chemoproteomic discovery platforms” (vide infra).

1.6.3 Sample preparation for proteomic analysis

Depending on the objective of the scientific question, the analytical approaches for the
experiments must be determined for the proteomic investigations, with the two most common
methods being the top-down and bottom-up approaches. Both analytical methods involve
similar steps, such as the separation of the samples via 2D gel electrophoresis or LC,
measurement using a mass spectrometer, with subsequent bioinformatic evaluation and
interpretation of the results.!?>!3% Either method starts with whole cell lysates (WCL) of each
sample, containing the entire content of the cells under investigation. These WCL can be
generated by using an ultrasonic probe, followed by immediate heating to 95 °C to denature all
released proteins, especially proteases from the proteasome, to minimize non-specific peptide
cleavages.®> Additionally, for proteomics experiments cells can also be separated into
cytoplasmic and nuclear fractions giving localized information at subcellular resolution,
providing a deeper insight into the underlying perturbations for the evaluation of the mode of

action.'3!

If the research question revolves around the examination of all proteoforms within the
proteome, the top-down approach would be the method of choice, since it focuses on the
completely preserved proteins and their potential PTM patterns. However, this technique also
has its disadvantages: Due to the heterogenous physicochemical properties of the various native
proteins, separation cannot be performed as efficiently and the evaluation of the spectra is
complicated by the multiple charges and increased isotope content, stemming from the size of
the analytes (proteins > 50 kDa) which in turn requires a high-resolution mass spectrometer

(HR-MS) to detect and distinguish those subtleties.'?*!3

The approach predominantly used in proteomics is the bottom-up analysis. The difference to
the top-down approach is that the protein samples are enzymatically digested into peptides
before MS measurement. For this purpose, the proteins are denatured by reagents like

dithiothreitol (DTT) or tris(2-carboxyethyl) phosphine (TCEP), which first reduce present
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disulfide bridges followed by their alkylation through iodoacetamide (IAA) or
2-chloroethylamine (2-CAM). The addition of highly purified proteases such as trypsin and
Lys-C generate peptide chains with enzyme-specific cleaving sites. Finally, those peptides are
then separated by LC, ionized by techniques such as Atmospheric Pressure Chemical lonization
(APCI) or Electrospray Ionization (ESI), followed by the detection of those ions according to
their mass-to-charge (m/z) values in the mass spectrometer. The proteins are identified through
two levels: first, the spectra of the ionized peptides are recorded (MSI) in the mass
spectrometer, thereby determining the exact mass. The peptides are then fractionated, and the
resulting spectra (MS2) provide information on the composition of the amino acid sequences.
The combined results from MS1 and MS2 are then compared to in silico generated spectra from
databases like UniProt, which allows for the identification of the detected peptides. The use of
the bottom-up method enables high-throughput measurement, which facilitates the
identification of large numbers of proteins. However, this also generates large volumes of data,

which requires bioinformatic evaluation of the findings.®!2%13!

1.6.4 Liquid chromatography tandem mass spectrometry

Through the implementation of the liquid chromatography coupled tandem mass spectrometry
in proteomics investigations, it became possible to analyze samples in a continuous manner.
This device generally consists of three units: a high-performance liquid chromatography
(HPLC) system with a specialized separation column, an ionization source, and a mass analyzer.
Due to this design, the LC-MS/MS can be utilized for a wide range of analytes by carefully
selecting and adjusting the respective components. This flexibility in combination with
powerful bioinformatic evaluation strategies, has established the LC-MS/MS as a pivotal tool
in many areas of research such as drug discovery, molecular biology, cancer research and many
more.'3*13* The following sections will describe the functionality and technical aspects of the

device used in this thesis for (chemo-)proteomic investigations.

The first step in the measurement with an LC-MS/MS is to reduce the complexity in the contents
of a sample mixture using a HPLC module. Liquid chromatography is an analytical method
based on the interaction of analytes in the eluent (mobile phase) with the packing of a separation
column (stationary phase). The stronger the interaction with the particles, the longer the analytes
are retained in the column, resulting in separation along the time axis, thus creating a
chromatogram. A LC unit consists of a solvent reservoir, a high-pressure pump, an injector
coupled with an autosampler, a column, and a detector, which in this setup is a mass analyzer.

Due to this design and respective elements, practically any type of analyte can be separated and
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analyzed. Chromatographic parameters should be optimized for the analytes at hand, for
example by adapting the solvent composition, an eluent gradient, the flow rate, core column
parameters, as well as the selection of an appropriate column type that separates the analytes
based on their physicochemical properties such as size, polarity, and chirality. Owing to this
versatility, as well as their high sensitivity and robust measurements, LC devices have become
a staple in many areas such as chemical quality assurance, bioanalytical examination of clinical

samples and monitoring of environmental pollution. 33136

One of the most used modes for HPLC applications in biochemical analysis and drug
development is reversed-phased liquid chromatography (RPLC), in which the mobile phase is
polar, and the particles of the stationary phase are functionalized with aliphatic C18-chains. In
proteomics, this type is used to separate the peptides in the samples after the enzymatic
digestion based on their hydrophobic properties. Therefore, a gradient can be applied in the
mobile phase, starting with an acidified aqueous solution and continuously increasing the
organic content of the eluent. This causes hydrophilic peptides to elute first and more
hydrophobic peptides to be then gradually released to the ionization unit over time, improving

the sequence coverage of the proteome under investigation,!3”-138

The element that bridges the high- and low-pressure areas in the LC-MS is a capillary to which
a high voltage between 1 and 5 kV is applied, thereby enabling Electrospray lonization.!*’
Depending on the polarity of the applied potential to the capillary, the device can be run in
either positive or negative analysis mode. ESI is a robust and highly efficient ionization
technique that can be used to examine femtomolar concentrations of analytes but is also gentle
enough to minimize in-source fragmentation. This makes a wide range of small and large
molecules amenable to MS measurement with the ionization process occurring in three steps:
after the separation via LC, the analytes are pressed through the capillary into a heated chamber
at atmospheric pressure where aerosol droplets are formed that have the same polarity as the
applied voltage. Leaving the capillary tip through a Taylor conus, the solvents of the droplets
start to evaporate until a critical point in surface charge density is reached, leading to a Coulomb
explosion shrinking the droplet size. This process continues until only the analytes are left,
receiving the electric charge and finally transitioning from the liquid phase to the gaseous. The
resulting ions are then pulled into the focusing cone at the opposite end of the capillary, leading
them to the entrance of the low-pressure area and accelerating the analytes towards the mass

analyzer, 40142

24



In proteomics and other omics techniques the nano versions of liquid chromatography (nLC)
and electrospray ionization (nESI) have proven to be very effective, due to several advantages
over conventional LC-ESI setups. The use of separation columns with inner diameters of less
than 100 pum, particle sizes between 1.7 and 5 um, and flow rates of nanoliters per minute
increase the separation efficiency, selectivity and sensitivity, which is beneficial for the
detection of peptides deriving from low-abundant proteins.'** The miniaturized dimensions of
nESI enable the generation of finer aerosol droplets, improving the ionization of the analytes
and therefore even further increasing the sensitivity.!** In addition, the combination of nLC and
nESI has the advantage of consuming less solvents, but at the expense of lower throughput due
to longer measurement times as well as meticulous sample preparation to prevent clogging of

capillary system,!4>146

After the analytes have been transferred to the gaseous phase, they are led into the mass
spectrometer, which operates under vacuum. The mass analyzer built into the system sorts the
ions according to their m/z ratio through the influence of electric and/or magnetic fields before
they reach a detector. Due to the growing demand for the analysis of clinical, pharmaceutical,
and environmental samples using omics techniques in a high-throughput fashion, mass
spectrometers have been continuously improved to enable in-depth analysis of even low-
abundant analytes thus allowing for a more detailed description of (bio)chemical or
environmental processes.'*’ The following paragraphs will describe the most commonly used

mass analyzers including quadrupole, ion trap, Orbitrap and time-of-flight devices.

Quadrupole mass analyzer consist of four parallel metal rods, where the opposing pairs have
the same polarity with direct current (DC) and altering radio frequencies (RF) overlayed. This
configuration creates a field between the four rods that stabilizes an oscillating trajectory for a
small m/z range, thereby transporting ions or filtering them by varying the frequencies and
voltages. One advantage of quadrupoles is their robust and simple design, which makes them
affordable for mass spectrometry but with lower resolution and mass ranges than other mass
analyzers.'*® A mass spectrometer that is frequently selected for its precision in routine
monitoring tasks is the triple quadrupole (QqQ) mass spectrometer, which is the combination
of three quadrupoles connected in series and is well suited for the targeted investigation of

clinical studies as well as the control of environmental or factory processes. 4714150

A further mass analyzer that has the capability to trap ions in the center of a small space through
electric fields and store them temporarily is the ion trap. Harmonic excitation of frequencies
can generate oscillations in those fields that eject ions within selected m/z windows from the
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device in order to forward them to a detector or to fragment them sequentially to obtain
structural information. Due to the repulsion through the Coulomb effect exerted from mutually
charged particles, a limited number of ions can fit inside the trap, which is why devices with
varying sizes and geometric shapes had been developed.'*’ Ion traps offer the advantage of
being sensitive and efficient, and it is also possible to perform fragmentation, but their scan rate

is slower and overfilling of the trap can reduce the resolution of spectra.!3!:152

The Orbitrap is a high-resolution mass analyzer consisting of a spindle-shaped electrode
surrounded by a cylindrical, statically charged electrode. An electrostatic potential is created
between these two electrodes, which can stabilize ions in an orbital trajectory around the
spindle. In addition to the rotation around the spindle, a movement in the form of a harmonic
oscillator occurs along the longitudinal axis, with the frequency depending on the mass-to-
charge ratio of the ions. Finally, Fourier transformation enables the corresponding mass spectra
to be calculated from the frequency of all the recorded ions. Advantages of this instrument are
its high mass accuracy and its capability to simultaneously analyze large numbers of analytes.
However, drawbacks are the high acquisition costs of the device, and the evaluation as well as

the interpretation of the measured data can be very time consuming, 47153154

In time-of-flight (TOF) measurements, the analyte ions are accelerated in a static electric field
and sent through a field-free space, where the differences in flight time resulting from the m/z
ratios, with ions that have smaller m/z values arriving earlier at the detector than larger ones.
One technical option to extend the flight time and thus increase the mass resolution and
sensitivity is to install reflector plates in the analyzer. TOF mass analyzers offer very fast
measurements with large dynamic ranges for high-throughput analysis of biomolecules. Yet, to
fully utilize the potential of this instrument, it must be ensured that the initial acceleration
voltage for the ions, as well as the temperature and vacuum in the drift chamber remain constant,
as even small differences can lead to measurable deviations. Therefore, regular external
calibration with standards is required to maintain consistent measurements. Furthermore, to
obtain structural information a TOF unit must be combined with another mass analyzer or

collision cell. 47133

1.6.5 Tandem mass spectrometry

To compensate for the shortcomings of individual devices, one or more mass analyzers are
combined in so-called hybrid or tandem mass spectrometers (MS/MS). One such mass
spectrometer is the timsTOF™ Pro from Bruker Daltonics, Inc., which incorporates a trapped

ion mobility spectrometry (TIMS) analyzer, a quadrupole with a collision cell, and a TOF
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analyzer to enable high sensitivity, measurement speed, and dynamic ranges for the analysis of

complex biological samples (Figure 9).!47-15
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Figure 9: Schematic diagram of the components of the Bruker timsTOF Pro™. The capillary of the Sprayer unit is positioned
orthogonally to the entrance of the trapped ion mobility spectrometry (TIMS) analyzer, with the first section, where the
accumulation happens, shown in light blue and the second section, where the analytes are gradually released, depicted in dark
blue. The ions are further transferred through a multipole to a quadrupole that is synchronized to the releases of the second
TIMS section, followed by the collision cell. Finally, the analytes are measured in an ultra-high-resolution time-of-flight mass
analyzer (UHR-TOF).

The TIMS analyzer utilizes a special form of ion mobility spectrometry (IMS) in which the
generated ions are separated by the simultaneous application of electric fields and a constant
gas flow, thereby reducing the complexity of the samples by exploiting another dimension. The
heart of this analyzer are stacked ring electrodes, which are divided into four independent
segments and through which a neutral carrier gas passes through. This electrode stack consists
of two regions, with ions being accumulated in the first section through an RF potential,
followed by their sequential release in the second section via an electric field gradient that
counters the carrier gas. The collision cross section (CCS) of the respective ions allows for an
additional dimension of separation due to the different ion mobilities making it possible to
distinguish between isomers, conformers, and isobars with same m/z values. While the analyte
ions are separated in the second section, the next ion packet is collected in section 1 in parallel,
resulting in an almost complete measurement of all generated ions. Furthermore, a method
called Parallel Acquisition Sequential Fragmentation (PASEF) is used throughout the entire
procedure, in which the fragmentation process is coordinated with the ion mobility

measurement.'>’ After separation by the TIMS unit and subsequent transfer through a
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quadruple, the ions are registered in ultra-high-resolution TOF analyzer using a multi-channel

plate ion detector, that converts the signals into spectra.!47:15

1.6.6 Data acquisition

For untargeted measurements, software-based technologies are additionally employed during
the recording of features to enable a fast and automated process of fragmentation (MS2 spectra)
and thus identification of selected analyte ions. The two most common programs for this are
data-dependent acquisition (DDA) and data-independent acquisition (DIA), with the respective

schematic processes presented in figure 10.!8

In DDA, precursors from the MS1 survey scan are selected through the Top N principle, in
which the most intense ions from each measurement cycle are separately isolated and
fragmented. The resulting MS2 spectra are of very high quality, as they can be traced back to
exactly one precursor ion, and the results can be interpreted using the corresponding DDA
workflows. However, DDA also has disadvantages that lie in the stochastic nature as only the
most intense peaks are selected for fragmentation, resulting in a less detailed analysis of the
entire sample set. To circumvent this adverse effect, dynamic exclusion can be implemented,
which ignores the precursors selected in the previous measurement cycle for a short period of
time so that less intense analytes are also measured. Additionally, fluctuations between

measurement runs might occur, which can be compensated by using bioinformatic tools.!>3-160

In contrast to DDA, in data-independent acquisition mode no individual precursors are selected
but instead defined m/z ranges are systematically superimposed over the entire MS1 survey
scan with all ions within those windows being fragmented. This strategy is intended to make
the MS measurements independent from the abundance problem of DDA and enables
investigations with very large proteome coverage and robust results. MS2 spectra in DIA
contain information from all precursors of the respective m/z window and are therefore much
more complex, which in turn requires advanced bioinformatic techniques and proprietary
software solutions to deconvolute the corresponding content. Furthermore, the measured data
sets can be reexamined at a later point in time for new scientific questions, for example by

comparing them with specific spectral libraires.!>%15%161
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Figure 10: Comparison of data-dependent acquisition (DDA) and data-independent acquisition (DIA) processes: the top
sequence depicts the DDA process in which the most intense ions from the MS1 are selected through the Top N principle (shown
as arrows) for the fragmentation. The resulting MS2 spectra are of high quality as each spectrum derives from the respective
precursor. The bottom sequence shows the DIA process, where a m/z window is superimposed over the entire MSI with all ions
within those windows being fragmented. Here, the MS2 spectra contain information from all precursors in each window which
enables a larger coverage of the proteome but makes the interpretation more complex.

1.6.7 Protein identification

Proteins are identified in DDA from the measured peptide spectra through a spectrum-centric
search utilizing specialized search engines which are integrated into programs like MaxQuant,
Proteome Discoverer, or FragPipe.'®>"1* For the search, experiment-relevant parameters are
selected and protein sequence data, which are obtained for example from the UniProt database,
are in silico digested and then compared against the measured spectra.'® The result of this
process is a scored list of amino acid sequences determined by peptide-spectrum matches
(PSM), with exactly one sequence being assigned to each precursor. To evaluate the statistical
confidence of the identifications, several calculations are performed taking abundance into
account, such as the Benjamini-Hochberg correction for multiple testing, as well as
comparisons with randomly generated decoy datasets to determine the false discovery rate

(FDR), which ultimately yield p-values for the identified proteins.'2%:166:167

For the DIA approach, there are library-based and library-free strategies for identifying proteins.
In library-based identifications, the experimental spectra are compared with those from spectral
libraries, which in most cases originate form DDA experiments. These libraries contain

information on the m/z-values of precursors and their fragmentation ions, retention times, and
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signal intensities, which are used to assign a statistical score to the peptides, from which
proteins can then be derived.!®! The advantage of the library-based method lies in the high
reliability with which identification at the peptide level through the comparison with spectral
libraries occurs and its capability to discover low-abundant proteins. However, the
disadvantages of this approach are that generating high-quality libraries is costly and labor-
intensive.!*1%® In analyses, using the library-free method, the raw data must be first
deconvoluted using advanced algorithms, which generate datasets that can be directly compared
to in silico predictions from sequence data to search for matches of calculated retention times
and fragmentation patterns. Although this strategy eliminates the need for prior (DDA)
measurements and facilitates comprehensive investigations, library-free identification requires
significant computational power and depends on the efficiency of the detection algorithm as

well as the subsequent bioinformatic parameters such as match score and FDR_ 161:16%:170

1.6.8 Quantification

After measurement and data acquisition, the obtained results must be bioinformatically
processed by translating signal intensities into concentrations or amounts. This can be achieved
through two different approaches categorized into quantification methods that either utilize

molecular labels or are label-free.'>>!7!

Quantification strategies that use chemical labeling include techniques such as Tandem Mass
Tags (TMT) and Isobaric Tags for Relative and Absolute Quantification (iTRAQ), in which the
peptides in the samples are covalently labeled after enzymatic digestion. During the
fractionation step of the MS measurement, reporter ions with specific masses are released, that
can be assigned to a sample set. This labeling allows for the combination of multiple separate
experiments into one pool, measuring them simultaneously and the subsequent calculation of
the number of proteins is based on the different intensity ratios of the respective reporter ions,
thus reducing the variance between individual measurement runs.!?>17>173 However, labeling
can lead to an effect that isolates different precursors with similar m/z-values and retention
times, thereby distorting the ratios during quantification.!” For absolute quantification, this
approach requires the addition of an internal standard to the samples, whose signal is compared
to that of an endogenous protein to calculate the concentration or quantity from the resulting

ratio.!”!

One method that introduces a label metabolically into peptides is Stable Isotope Labelling by
Amino Acids in Cell Culture (SILAC). In this technique, cells are grown in cell culture media

in which specific amino acids are labelled with deuterium (?H), carbon-13 (!*C) and
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nitrogen-15 ('°N), thereby generating a light, medium or heavy tag in newly synthesized
proteins. The differently labelled samples are then combined in equal parts, digested, and
measured. From the signal intensities and the resulting mass shifts, conclusions can be drawn
about the quantities and ratios of the proteins present. Applying SILAC, many cell culture
systems can be relatively quantified in a robust, simple and precise manner, but these
experiments require a mass spectrometer with very high mass resolution and time of up to five

doubling cycles for the tags to be fully incorporated.'”

In label-free quantification (LFQ), there are two approaches for determining relative quantities:
intensity-based calculations and spectral counting. For the intensity-based method, extracted
ion chromatograms (XIC) of peptides are integrated, with the resulting peak areas set to be
directly proportional to the amount of peptide present, thus enabling the comparison across the
investigated samples. Spectral counting on the other hand infers the number of proteins in the
entire sample set from the sum of MS2 spectra being assigned to a precursor.!’®!"8 Label-free
quantification is a cheap method and can be applied to studies with large sample numbers,
nonetheless this strategy is sensitive to run-to-run variations, which can be diminished through
effective normalization.!”'® In contrast, the label-based approaches permit more accurate
quantification but are not suitable for high-throughput and large-scale studies due to higher

costs and additional steps in sample preparation.!'?>!8!

1.6.9 Statistical evaluation

The initial statistical analysis of the data is performed in software such as Perseus from the
MaxQuant Suite, Spectronaut, Skyline, or corresponding R or Python scripts, which normalize
the values, calculate differential expressions, and visualize the data in the form of profile plots,
principal component analysis (PCA), and Vulcano plots.'3>"13¢ Afterwards, the processed data
is further analyzed by using additional programs either exploratively or specifically to address
a particular research question, or it can be put into biological context alongside other omics
results. For this purpose, the values of significantly regulated proteins are used in spreadsheet
programs to plot trends for functional groups in bubble plots or to calculate the degree of
enrichment in pull-down experiments through differential comparison.!*!"187-13% Additional
analysis options are provided by online tools, like StringDB and DAVID Bioinformatics, to
visualize interactions between proteins (or protein groups), functional enrichment in pathways,
and the annotation of Gene Ontology terms as clusters in network analyses.'®~'°! Finally, using

compilers for the programming languages R or Python, fully automated and customized
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pipelines can be created, that sort data, perform the desired calculations, and access online

resources, ultimately generating finished reports, including figures.!*?

In summary, (chemo-)proteomics is a powerful analytical platform in the fields of drug
discovery, biomedical research, and clinical studies for the discovery of target sites. With the
continuous technological advancements and the development of new analytical methods and
techniques, proteins are characterized with increasing precision, thereby enabling the detection
of phenotypic or disease-related changes. Through differential comparison with references that
represent for example a healthy phenotype, markers can be identified, and from these a
hypothesis regarding the most likely mode of action can be derived, which has then to be

verified through targeted follow-up studies.

1.7 Metallodrug candidates in drug discovery

Another medication class with distinctive therapeutic effects compared to conventional organic
compounds are metal-based pharmaceuticals consisting of a metal center and organic ligand
structures with Pt(I)-compounds like cisplatin amongst the oldest approved anticancer agents.
Beyond cancer treatment, a wide variety of metal-containing active agents are applied on a
plethora of medical conditions. This includes, for example, relief for gastrointestinal ailments
(B1), effective treatment of psychiatric conditions like depression and bipolar disorder (Li1), as
well as the application as contrast agents in medicinal imaging (Gd).'”*!"* Additionally,
radioisotopes of metals can also be utilized either as a- and -emitters in targeted radiotherapy

to irradiate cancer directly or as y- or positron emitters in nuclear imaging.'®

The most prominent candidate of metal-based anticancer agents is cisplatin which was
discovered serendipitously in 1965. Ever since its approval in 1978, it has become an
indispensable part of our cancer treatment repertoire, but it came with adverse effects. Based
on the square planar structure of this platinum(Il) lead molecule, several generations of
anticancer drugs like carboplatin and oxaliplatin were further developed to mitigate cisplatin’s
drawbacks such as toxicity and developed resistance mechanisms.®!°%!°7 Encouraged by the
clinical success of the next generations of platinum-containing medications, the potential of
other metal complexes were investigated, however, confined by the platinum paradigm that
metal-containing drug candidates exert not only their therapeutic effects but also their non-
selective toxicity through the crosslinking of DNA and thus induce apoptosis.®!® Nonetheless,

interest in metal-based compounds never completely waned, with the discovery process
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involving in most cases a screening of cell lines representing a biologically relevant disease
phenotype to determine their cytotoxicity by comparing the resulting potencies. This
methodology falls under the PDD approach with the definitive term of “Phenotypic Drug
Discovery” we use today emerging only in the early 2010s.'”° With further investigations into
that medication class and mechanism-focused experiments, evidence started to appear that
metallodrugs can have a wide range of biological effects and modes of action, therefore leading
to a shift in the initial paradigm. One such example - even from the platinum(II)-containing
drugs - is oxaliplatin that targets the ribosomal biogenesis machinery rather than the

DNA 194,196,6

1.7.1 Metallodrug candidates in clinical evaluation

Currently, ruthenium-containing compounds have produced the most promising metallodrug
candidates which are being evaluated in clinical trials. BOLD-100 (formerly known as
NKP-1339, IT-139), a Ru(Ill) complex, is investigated in combination with the chemotherapy
regime FOLFOX for the treatment of solid tumors of colorectal and pancreatic cancers in a
phase 1b/2a study (NCT04421820).2%° Even though its mode of action has not yet been fully
elucidated, previous experimental data have shown that BOLD-100 interferes with multiple
targets, including ER stress induction via modulating its key chaperone GRP78 paralleled by
interacting with the ribosome and altering the lipid metabolism.'372%! A different example from
the ruthentum(Il) compound family is TLD-1433 (Ruvidar®), which is being evaluated in a
phase 2 clinical trial for the treatment of Bacillus Calmette-Guerin (BCG)-unresponsive bladder
cancer through photodynamic therapy (NCT03945162).2°2 This Ru(Il)-complex is a
photosensitizer that creates a conjugate with transferrin, which is recognized by the protein’s
respective receptor and is then transferred into the cell. Due to the upregulation of the transferrin
receptor in many cancers, this compound showed good selectivity for diseased cells and low
toxicity in the dark. However, upon irradiation with green light TLD-1433 generates cytotoxic

reactive oxygen species (ROS), inducing apoptosis.?*®

Additional to these Ru-based active agents, also a gold(I)-complex is currently in clinical
studies: Auranofin (Ridaura®). It is an orally administered drug, which was used as a
medication for rheumatoid arthritis. In mechanistic investigations it was demonstrated to act as
a prodrug that on one hand dysregulates the cellular redox homeostasis through the inhibition
of the protein thioredoxin reductase and on the other hand that it also suppresses inflammatory

signaling pathways.?**2%5 With these properties, this gold-containing drug is being repurposed
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and currently investigated as an anticancer, antiviral and antimicrobial compound

(NCTO01747798, NCT06805656, NCT02968927).206-208

Contrasting to these anticancer strategies, metals can also be utilized in targeted
radiopharmaceutical therapy, with the example of the drug ['”’Lu]Lu-PSMA-617 (Pluvicto®)
for the treatment of castration-resistant prostate cancer metastases. In this field, radioactive
isotopes are conjugated to targeting biomolecules which deliver the complexes selectively to
the cancer cells that are then irradiated, reducing the damage to healthy tissue compared to
conventional radiation therapy.'*>**” All mentioned metallodrug candidates in clinical trials are

presented in figure 11.
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Figure 11: Molecular structures of metal-containing compounds in clinical trials. As an example in how many different ways
metal-containing compounds can be applied, [7Lu]Lu-PSMA-617(Pluvicto®) is a FDA-approved targeted
radiopharmaceutical drug for the treatment of castration-resistant prostate cancer metastases.

1.7.2 Metallodrug candidates in preclinical investigation

Metal-containing small molecules provide many opportunities within a diverse chemical space.
These include the variety of metals to select from, their oxidation states, and the corresponding
coordination geometry which allow for the modification of pharmacological characteristics
such as stability, bioavailability, and reactivity while reducing off-target effects.?!® The resulting

complexes exhibit unique modes of action compared to organic drugs that can interact with a
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variety of biochemical processes through redox reactions, and covalent or coordination
bonds.!”*?!" With those properties some metallodrug candidates can show remarkable
selectivity for targets of certain types of cancer cells, enzymes or upregulated biomolecules,
which will be highlighted with the experimental ruthenium-based compound plecstatin-1
(Figure 12). This Ru(arene) complex revealed in (chemo-)proteomic investigations in whole
cell lysates the structural protein plectin as its main target which was confirmed in plectin
knockout cells.'®® Further mechanistic examinations showed that this compound acts as a
prodrug, where its initial activation through the hydrolysis of the metal-bound chloride ligand
as well as its composition of hydrogen bond acceptors were essential for the selective
engagement with plectin.?!? Treatment with plecstatin-1 destabilizes cytoskeletal structures,
inhibits tumor growth and cell migration and additionally induces the integrated stress response,

thus representing a viable strategy for novel antitumor treatment possibilities.?!>2!4

Plecstatin-1 is an organometallic complex that belongs to the family of metal arenes, a
compound class that garnered a lot of interest as nonplatinum-based drug candidates with MoAs
different than DNA crosslinking. These small molecules can be designed with various transition
metals, a hydrophobic arene, inert mono- or bidentate ligands, as well as a labile halido leaving
group, to form so called half-sandwich or piano stool complexes.?!> Metal(arene) active agents
are classified as prodrugs which require an activation, for example like a ligand exchange of
the labile halido group for a water ligand, and subsequent formation of a coordination bond
with the target, thereby exerting their therapeutic effect.>!® Due to this composition, this
organometallic compound class 1s highly modifiable where its ligand system can be adjusted in
regard to its pharmacokinetic properties influencing its anticancer activity and biological
behavior, even achieving tailored selectivity and reactivity for either DNA or proteins, as it was
shown for Ru(arene)-complexes by Adhireksan Z. et al.?'” Further, Ru-complexes and their Os-
containing analogues have been extensively investigated, due to the similar chemical properties
of both metals, with Os complexes exhibiting slower ligand exchange kinetics. As osmium is a
softer metal than ruthenium in the hard-soft acid-base (HSAB) theory, and thus differs in its
behavior towards biomolecules, varying arene and ligands affect the coordination mode.
Therefore, this constellation is interesting for the global comparison and examination of
structure-activity-relations starting with their potency differences in the in vitro antiproliferative

activities.?!®

To broaden the scope of metal-based anticancer agents, medicinal chemists also examine the

gold(IIT) compound class. These complexes incorporate bidentate C*N ligands, or tridentate
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C*"N”N or C"N”C cyclometalating ligand systems to stabilize an Au(IIl) metal center under
physiological conditions and display a square planar coordination geometry.?!* Gold(Ill) drug
candidates have demonstrated similar cytotoxic potencies in cancer cell lines compared to
cisplatin, but with distinct mechanisms of action that generally prefer proteins over DNA as
targets.?!*?2° This can be partially explained on one hand with the HSAB theory that attributes
gold an affinity for the nucleophiles thiol and selenol, and on the other hand with the selectivity
that can be further carefully adjusted through the selection of the ancillary ligands.??%??! In
efforts to elucidate the MoA, experiments have shown that C*"N cyclometalated Au(III)
complexes can perform selective arylation where the compound first reversibly coordinates to
a target protein and then - through a reduction and elimination step of either an Au(I) or Au(0)
species - transfers the ligand system covalently to the nucleophilic moiety.??! 22 One of the
validated targets of gold(Ill) drug candidates is the selenoprotein thioredoxin reductase 1
(TXNRD1), which maintains redox homeostasis in cells and by its inhibition, leading to ROS
accumulation and subsequently to the induction of cell death. Since TXNRD1 was shown to be
overexpressed in multiple aggressive cancer cell types, like head and neck squamous cell
carcinoma or breast cancer, the selective targeting of this enzyme might be a viable therapeutic

approach.??42%>

1.7.3 Discovery process of metallodrug candidates

The modern discovery process of metallodrug candidates encompasses a multidisciplinary and
iterative approach, utilizing techniques from phenotypic drug discovery. During the synthesis
phase known active agents are modified or completely new ligand systems are created featuring
metals such as gold, ruthenium, osmium, iron, copper, palladium, and many more, which are
then tested for their anticancer potential.!®® Afterwards, mechanistic studies are conducted to
reveal interactions between DNA, proteins or other biomolecules to obtain first indications on
the mode of action.>?2%22622 To elucidate these novel MoAs the field of
(chemo-)proteomics in particular has proven to be a very powerful tool.>*” However, this
approach is only applicable to metallodrugs with a preference for targeting proteins over other
biomolecules. In recent years, a wide range of techniques have been developed to interrogate
the entire proteome from complex biological samples for targets of metallodrug candidates.
Strategies that have successfully been implemented in metal-containing drug discovery efforts
are the affinity-based and the label-free global target profiling which will be presented in the
following paragraphs. For example, the AfBPP approach was used to identify protein targets of

BOLD-100. After hydrolysis, the ruthenium-based drug candidate formed a stable adduct with
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human serum albumin (HSA) which was immobilized through antibodies and unveiled two
ribosomal subunits as interactors, which was supported by polyribosome formation in a
profiling experiment in cancer cells.'®” As an alternative approach to investigate drug target
interactions in intact cells, the compound of interest can be functionalized with two handles:
one comprising of a photoreactive crosslinker like diazirine or benzophenone and the other
bearing an alkyne residue for affinity enrichment or fluorescence marker conjugation. This
concept revealed multiple target proteins of a C*"N"C-cyclometalated Au(IIl) N-heterocyclic
carbene (NHC) complex and its platinum(II) derivative, highlighting the cytoskeletal protein

vimentin as an unconventional target.”*>!

Label-free protein profiling in contrast, has the advantage that no chemical modification of the
test compound is necessary before evaluating potential interactors by monitoring drug-induced
stability changes of the protein targets.> Chemical, proteolytic and thermal stability changes are
assessed, whereas thermal protein profiling demonstrated to be an effective strategy to map
interaction partners of metallodrug candidates such as auranofin and an experimental Pt(I)
complex.?¥?23* The research group Sun for example, used a different label-free approach, where
the antimicrobial effect of AgNO; was investigated in Escherichia coli (E. coli) through a
sophisticated setup employing liquid chromatography gel electrophoresis inductively coupled
plasma mass spectrometry (LC-GE-ICP-MS). This study revealed 34 silver binding proteins,
with crucial targets for glycolysis in the TCA cycle and key enzymes for oxidative stress
protection.** Additionally, a unique approach to identify targets of the metal-based compound
class is the exploitation of metal-mediated ligand transfer reactions, in which a covalent bond
between the ligand and a protein is formed. In this strategy, gold(IIl) complexes have proven to
be especially favorable to conjugate ligands to cysteine thiols. Probes based on a C”"N-
cyclometalated gold(IIl) complex were utilized to profile modified cysteines in the bacterium
Staphylococcus Aureus and uncovered 108 targets with 59 previously unknown ligand binding

cysteines.?¥
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Figure 12: Molecular structures of experimental metal complexes with the names used in their original publication. The
ruthenium(arene) Plecstatin-1 and the NHC complex Probe2 showed strong selectivity for unusual targets namely the structure
proteins plectin and vimentin, respectively. Pt(1a) was used in a thermal protein profiling experiment to map its interaction
partners, whereas Aul was utilized to reveal cysteine binding sites in Staphylococcus Aureus through a metal-mediated ligand
transfer reaction.

Combining the results from those assays with the findings from global proteomic profiling
experiments performed with the same compounds yield a comprehensive target response
profile, where the number of potential targets can be significantly reduced to the most likely
direct interaction partners of the tested candidate. From mechanistic investigations like these,
the most promising hit structure can also be identified. Independent of the discovery process,
the therapeutic effects of the selected hit compound are ideally validated either by screening the
compound against a focused library of molecular targets or confirmed in knockout/knockdown

model systems.*!88-236

Metal containing complexes have been used effectively time and again, yet they remain an
underutilized class of drugs due but not limited to toxicity concerns. Already their synthesis

comes with challenges, where the desired properties like solubility, selectivity, adequate ligand
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exchange kinetics and the potential development of resistance mechanisms against the
treatment need to be balanced.?!*?” This might also involve metabolic byproducts resulting in
either accumulation or quick clearance, potentially leading to toxicity and adverse effects.?*® In
contrast, metal-based compounds represent a distinct and advancing class of drugs, that offer
unique mechanisms of action and bear the potential for treating complex diseases or deliver
approaches to overcome resistances.®!*32!1:23% Additionally, previously synthesized molecules
can be reinvestigated in more detail since previous examinations were mainly based on cell
viability or ROS assays, thereby limiting the mechanistic information to the induction of cell
death. Metallodrug discovery is primarily governed by PDD approaches, which can capture the
complexity of their chemical space and biological effects in an unbiased fashion. However,
other research groups synthesize metal complexes using TDD methodologies, for example
Meggers and colleagues, who created inert small molecules, where the metal center’s
coordination geometry facilitates 3D structures fitting into the known binding pockets of
specific kinases, thus noncovalently inhibiting their activity.?*>?*! By incorporating techniques
from covalent drug discovery, the complexes’ interaction partners can be determined, thus
allowing for the deconvolution of its MoA, thereby reducing off-target effects and improving

their efficacy.
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2 Research Justification

Although medical research has made great progress over the past decades, there still remain
unmet medical needs, especially in chronic multifactorial diseases such as cancer. Metal-based
compounds are of particular interest in this context, as their structural versatility — due to the
metal center and the ligand system — allows them to be designed as anticancer agents in a largely
unexplored chemical space with respect to biological mechanisms. Selecting a metallodrug
candidate is usually based on its potency to induce cell death in a phenotypic in vitro model,
thus providing limited information about the mechanism of action or the molecular targets of
the tested substance. A valuable tool for mode of action studies are mass spectrometric
techniques, especially proteomic profiling and chemoproteomics, which were shown to be
useful to characterize drug effects and enable target identification, respectively. Furthermore,
proteomic techniques serve as largely unbiased hypothesis-generating procedures in phenotypic
drug discovery to unveil drug effects on a molecular level as well as valuable instruments to
explore covalently binding small molecules, which is a feature of a considerable fraction of
metallodrug scaffolds. These approaches already proved useful to even identify first-in-class

metal-based candidate drugs.

The aim of this dissertation is to establish and advance a proteomics-based discovery platform
for the elucidation of the mode of action of metallodrug candidates. Therefore, chemoproteomic
techniques shall be developed and extended to study target landscapes of selected metal-based
candidates using novel immobilization strategies, or alternative mass spectrometry-based target
identification approaches. Then, proteome profiling experiments will be extended to enable
structure-activity relationships (SARs) based on perturbation signatures as an approach to select
promising candidates from a series of compounds. The establishment of these proteomic
methods will be accompanied by appropriately controlled cell culture models and additional
compound-specific validation strategies. Finally, the in vitro proteome profiling will also be
extended to an in vivo mouse model to characterize drug-induced antitumor effects in a systemic
and local tumor environment. These tasks will be carried out in two main projects, focusing on
two covalent metallodrug candidates: a) an organometallic gold(III)-compound that follows a
novel metal-centered ligand transfer reactivity, and b) a highly cytotoxic organoruthenium

derivative, with unexpected potency in resistant colon cancer cell lines.

The successful completion of these projects provides a comprehensive proteomic platform to
enable the identification of target molecules and deliver a detailed understanding of their

mechanisms of action. This new information will subsequently facilitate metal-based drug
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candidate maturation. Furthermore, this dissertation could lay the foundation for distinguishing
between systemic and local effects of an active metal-based anticancer agent at the protein level
in animal models. Ultimately, this platform, which is specifically designed for phenotypically
discovered metallodrugs, will increase their translatability by facilitating the identification of

potential clinical candidates using a mechanism-based drug discovery process.
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SUMMARY

Covalent drugs emerged as a promising addition to the arsenal
of medicinal chemistry tools. Here, a gold-templated mechanism is
exploited to enable the selective covalent targeting of the CysSec-
dyad of thioredoxin reductase 1 (TXNRD1) in cancer cells. This
two-step mechanism involves reversible coordination of a cyclome-
talated gold(lll) compound, featuring a bidentate CAN ligand, to
thiolates/selenolates, followed by reductive elimination and irre-
versible covalent cross-coupling reaction of the ligand to these nu-
cleophiles. Following this reactivity, potent inhibition of TXNRD1
activity was shown in vitro, including cancer cell extracts. Selective
arylation of the CysSec-dyad in the presence of reducing equivalents
was seen in cell-free studies. Chemoproteomic studies showed that
the proposed mechanism is selective toward specific protein tar-
gets, including TXNRD1. Proteome profiling revealed down-regula-
tion of the detected selenoproteins, except TXNRD1, and induction
of the NRF2-KEAP1 pathway. Metal-templated covalent targeting
may prove useful to rationally expand the ligandable space of cova-
lent drug discovery.

INTRODUCTION

Covalent drug discovery has made significant progress during the last decade.’
Covalent inhibitors feature mildly reactive, electrophilic groups, including, among
others, acrylamides, activated nitriles, or cyanamides.” Careful control of the
reactivity of covalent warheads can achieve selectivity and prolong target engage-
ment, thereby favorably altering pharmacodynamic profiles® of drug candidates
to outperform classical non-covalent targeting strategies. The rational develop-
ment of reactive covalent inhibitors had long been avoided in medicinal chemistry
due to the perceived risks of off-target reactivity and their interference in biolog-
ical assays.' Initial covalent drug discovery efforts were driven by incorporating
reactive functional groups into known reversible inhibitors. For example, to over-
come the T790M gatekeeper mutation in the EGF receptor of non-small cell
lung cancer, afatinib was designed with an acrylamide moiety that reacts with
Cys797 in the receptor and was approved in 2013." More recent covalent drugs
were discovered by electrophile-first approaches, such as sotorasib, a covalent in-
hibitor for KRAS(G12C) mutants.” Therefore, covalent target engagement is a
promising strategy for hard-to-drug targets with shallow or cryptic binding
pockets. Electrophile-first approaches are largely facilitated by chemoproteomic
techniques.®’
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In this context, we decided to explore a medicinal inorganic chemistry approach,
based on organogold compounds,® to develop anticancer metallodrugs acting via
covalent bond formation reactions with pharmacological targets. Gold-based drugs
are a class of metal-based anticancer agents’ endowed with distinct modes of action
(MoA) with respect to platinum-based anticancer agen’cs,m'M and which can be
categorized into gold(l) and gold(lll) compound families that generally follow pro-
tein-targeting pathways, with a few remarkable exceptions.'®™"” Auranofin repre-
sents the benchmark gold(l) drug that was initially approved to treat rheumatoid
arthritis and is currently being repurposed as an anticancer agent.'® Among its vali-
dated modes of action, the inhibition of the selenoenzyme thioredoxin reductase 1

(TXNRD?1) is particularly relevant,'”*°

since its selective inhibition can induce pro-
apoptotic signals.'®?" The metallodrug binding mode involves the formation of a
reversible coordination bond to the selenocysteine in the protein’s catalytically
active site, following ligand exchange reactions at the gold(l) center.'??? Recently,
it has been shown that gold(lll) complexes may exert their anticancer activity by co-
valent targeting of proteins beyond the pure coordinative binding mode, and as
such, emerge as new chemical tools for bioorthogonal transformations in vitro and
in vivo, as well as novel drug leads.”® For example, the anticancer gold(lll) meso-
porphyrin IX was shown to covalently modify protein cysteine thiols of TXN, perox-
iredoxin (PRDX), and deubiqui‘cinases.24 In this example, the gold(lll) center was
crucial to activate the meso-carbons of the porphyrin ring toward nucleophilic sub-
strates. In 2017, a study by Tanaka and co-workers reported on a cyclometalated
gold(lll) compound tethered to an N-glycoalbumin carrier, which by virtue of its
Lewis acid character was capable of activating propargyl ester functions for binding
to proteins by amide bond formation in vivo.”> Some gold(lll) organometallic com-
pounds are also known to perform metal-templated covalent additions of ligands to
biological nucleophiles, especially cysteine thiols.?® In this context, we and others
observed that cyclometalated gold(lll) compounds featuring bidentate CAN ligands
can template the formation of covalent aryl-peptide adducts via C-S cross-coupling
at cysteine residues (Figure 1A).%"?7?% According to density functional theory calcu-
lations combined with mass spectrometry (MS) studies, this involves a two-step
reaction mechanism (Figure 1A).% First, the gold(lll) coordinates to a thiolate/
selenolate in trans position to the N-heterocycle of the CAN-cyclometalated ligand
upon exchange with one of the ancillary ligands, forming a classical gold coordina-
tion bond. Second, a peptide bond nitrogen is required to exchange the
N-heterocycle, which allows the C-5/Se cross-coupling reaction by reductive elimi-
nation. The reduced gold atom is released during this process. Interestingly, this
gold-templated covalent reactivity was found to be selective toward thiols over
other nucleophiles.”’ The mechanism combines the benefits of reversible coordina-
tion of gold(lll) adducts for targeting thiol-based nucleophiles with the possibility of
covalently modifying these sites. Such reactivity is unique to this family of organome-

tallic gold(lll) complexes and is not accessible by gold(l) com|oounds.2("3o'3W

Reactivity toward arylation can be tuned by structural changes of the chelating and
ancillary ligands. [Au(C“®N)Cl,] (C°°N = 2-benzoylpyridine; Figure 1B) was found to
be more reactive than other CAN-cyclometalated derivatives.?’ Furthermore, cyclo-
metalation is one of the main strategies to stabilize gold(lll) centers, so that these
compounds become sufficiently stable for potential medicinal applications or for

functionalization for imaging and targeting purposes.””*

Activity-based proteomic profiling of [Au(CS®N)Cl,] in Staphylococcus aureus
cell extracts showed that the compound can efficiently arylate cysteine thiol
residues of >100 proteins, >50% of which were not engaged by the established
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Figure 1. Mechanism of gold(lll)-templated cross-coupling and chemical structures of the investigated compounds

(A) Proposed scheme of the reaction of CAN-cyclometalated gold(lll) compounds with thiols and selenols of proteins. The binding proceeds via 2 steps:
(1) the formation of a coordination adduct in which the gold(lll) center binds directly to the S7/Se™ nucleophiles and (2) C-S/Se cross-coupling reaction

via reductive elimination and liberation of gold(0/1).

(B) Chemical structures of the parent compound [Au(C“°N)Cl,] (C°°N = 2-benzoylpyridine) and of the investigated CAN-cyclometalated gold(lll)

analogs Au (with a functional carboxylic acid via an oxime) and Au-Fluo.

a-chloroacetamide.®® Out of the ligandable sites, 10 potential arylation sites
were assigned to be close to the respective functional protein sites; some of the
identified proteins were already known targets for metal compounds with antibacte-
rial effects.

These initial results showed promise for gold(lll)-templated covalent targeting as an
anticancer strategy. Here, a cyclometalated gold(lll) CAN complex featuring a
carboxylic acid group on the ligand scaffold for further functionalization (Au, Fig-
ure 1B) was used to investigate metal-templated covalent targeting as an anticancer
strategy in human SW480 colon cancer cells. In detail, we applied MS-based and
complementary methods to validate the proposed reactivity. In general, besides
other analytical techniques,®**° MS contributed toward elucidating the reactivity
of metal-based candidates.”’*° In the frame of increasingly mechanism-driven

h,41-43

researc metalloproteomic techniques were successfully established to char-

A1Aa=st 22754 or redox |oroteomes.55

acterize target landscapes, metal interactomes,
In this context, using chemoproteomic techniques, we saw target selectivity for
TXNRD1 and found potent inhibition of TXNRD1 activity against the isolated
enzyme and in cell extracts. In the presence of reducing equivalents, the CysSec-
dyad of TXNRD1 was selectively arylated by Au, highlighting that selenocysteine
may contribute to the coordinative targeting mechanism. Metal-templated covalent
strategies may represent a promising strategy to expand the ligandable space in co-

valent drug discovery.

RESULTS AND DISCUSSION

The investigated C*N-cyclometalated gold(lll) compounds template cross-
coupling reactions to thiols

The parent substance [Au(C“®N)Cl,] was modified to two oxime-containing CAN-cy-
clometalated compounds featuring either a functional carboxylic acid group (Au) or
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Figure 2. Reactivity of Au toward NAC

H-NMR spectra of Au reacting with 3 equiv of NAC in DMSO-ds:D,0 (9:1). The spectrum of NAC
alone is included as a reference. The characteristic shift of the a-H was observed (A = 0.78 ppm),
indicating a rapid C-S coupling of Au with NAC.

a fluorescent tag (Au-Fluo). Au was synthesized according to a previously reported
procedure.’” The fluorescent derivative Au-Fluo was synthesized by amidation
of Au with the 2-(-4-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazon-1-yl)ethane-1-
amine fluorophore, and both compounds were characterized by standard analytical
methods (Figures S1 and S2).

Since metal-based compounds are typically reactive molecules that can undergo
ligand exchange reactions, the stability of the complexes Au and Au-Fluo was tested
in DMSO-dg:D,0 (9:1) by "H-NMR spectroscopy (Figures S3 and S4). The com-
pounds were stable over 24 h under these conditions, as suggested by the observa-
tion of the characteristic doublet at 9.31 ppm for Au and Au-Fluo, corresponding to
the proton adjacent to the Au-N bond in the pyridinyl ring (a-H).

Additionally, both compounds were investigated with respect to their ability to ary-
late thiols. The compounds were incubated under the same conditions in the pres-
ence of 3 equiv of N-acetylcysteine (NAC; Figures 2 and S5). The characteristic shift
of the "H-NMR signal from 9.3 to 8.5 ppm of the a-H corresponding to thiol aryla-
tion?” was observed for both Au and Au-Fluo. The kinetics of C-S bond formation
varied only slightly, with Au inducing complete arylation within the timescale of
the first measurement (time = O h), as also seen for [Au(C®N)Cl,] (Figure Sé),
whereas Au-Fluo required a few extra minutes.

Then, the interaction of Au-Fluo with BSA was studied using fluorescence spectros-
copy. BSA represents a competitive binding model for Au-Fluo because it contains
one free cysteine, several disulfide bridges, and several surface-exposed nucleo-
philes (e.g., imines) that can coordinate to the gold(lll) center by ligand exchange.
The luminescence properties of Au-Fluo were determined first (Figure 3A). The emis-
sion spectrum of Au-Fluo featured an excitation maximum at 493 nm and an
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Figure 3. Fluorescence spectroscopy and microscopy studies of Au-Fluo

(A) Absorbance (blue, Aaps,max = 493 nm) and emission (red, Aem,max = 553 nm) spectrum of Au-Fluo in DMSO with the related Stokes shift (orange) of
A\ =62 nm, and the absolute fluorescence quantum yield (¢g). For the emission spectrum, Au-Fluo was excited at the absorbance maximum of 493 nm.
(B) Fluorescence emission spectra recorded over time of the interaction between Au-Fluo (1 equiv) and BSA (10 equiv) at an excitation wavelength of
478 nm. Spectra were recorded in PBS (pH 7.4):DMSO (9:1), and samples were incubated at 37°C for 1 and 24 h. The spectra of BSA (green) and free
Au-Fuo (orange) incubated for 24 h are also reported for comparison.

(C) Cellular distribution of Au-Fluo in SW480 cancer cells after a 4-h incubation studied by confocal fluorescence microscopy. DAPI (blue) indicates
nuclei and phalloidin (red) indicates actin cytoskeleton. Green fluorescence of Au-Fluo was monitored after excitation at 469 nm and emission at 525 nm
(GFP channel). Scale bar, 20 pm.

emission maximum at 553 nm in PBS:DMSO (9:1). For the study with BSA, 1 equiv of
Au-Fluo and 10 equiv of BSA were dissolved in PBS (pH 7.4):DMSO (9:1) and incu-
bated at 37°C for 1 and 24 h. Solutions of Au-Fluo and BSA at the same concentra-
tions were analyzed as controls under the same conditions. Upon incubation for 1 h
with BSA, the emission maximum underwent a blueshift toward 547 nm, indicating
an arylation reaction potentially at the cysteine (Figure 3B). Most notably, the fluo-
rescence intensity further increased by approximately 60% over 24 h.

The C~*N-cyclometalated gold(lll) compounds are moderately cytotoxic, and
Au-Fluo distributes to the perinuclear and nuclear regions

The antiproliferative activity of the two compounds Au and Au-Fluo was determined
in human SW480 colon cancer cells using the colorimetric MTT assay. Cells were
incubated for 24 and 72 h. The compounds showed moderate cytotoxicity. The
half-maximal effective concentration (ECsg) for growth inhibition was determined
tobe 62 + 1and 32 + 6 uM for Au and Au-Fluo, respectively, after 24 h (Figure S7).
After 72 h, the potency increased slightly to ECsg values of 31 £ 9 uM for Au and
20 + 2 uM for Au-Fluo.
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The fluorescence of Au-Fluo was further used to track its cellular distribution in
SW480 cancer cells. Its excitation and emission spectra enabled excitation at
469 nm and data acquisition by green fluorescence in the microscope. For these
studies, SW480 cells were treated with Au-Fluo at half-ECsq (16 uM) and ECsq
(32 uM) concentrations for up to 24 h. The cellular distribution of Au-Fluo in
SW480 cells was assessed by live-cell fluorescence microscopy (Figure S8). The me-
dium had to be exchanged before analysis to reduce the background fluorescence.
Au-Fluo was found to distribute into SW480 cancer cells, with a slight preference for
the nuclear compartment after 4 h, and the distribution remained similar over 24 h.
This experiment was repeated using confocal fluorescence microscopy benefiting
from an increased resolution. After fixing and permeabilization, the cells were co-
stained with phalloidin (red) as a marker for the actin cytoskeleton and with DAPI
(blue) as a marker for the nucleus (Figure 3C). Au-Fluo was confirmed to distribute
to the perinuclear region and into the nuclear compartment.

TXNRD1 is identified as a potential target of Auin SW480 cancer cell extracts
The gold-templated covalent targeting of Au was then investigated in the proteome
of SW480 cancer cells using a chemoproteomics approach.”'*> Coupling conditions
of the carboxylate-containing Au to the amine-based Sepharose resin were opti-
mized. The amidation reaction turned out to proceed selectively in an aqueous so-
lution in the presence of 1.5 equiv of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide at pH 4 when using Au and 1 equiv of serotonin as a model amine. Ami-
dation required at least 18 h to proceed, which led to the hydrolysis of one chlorido
ligand at the gold(lll) center and formation of a gold(lll)-hydroxido complex, as de-
tected by ion trap MS at m/z 661.11 (Miheor = 661.09) with a characteristic single
chloride isotope pattern (Figure S9). These coupling conditions were employed
forimmobilizing Au on amine-containing Sepharose resins, but using a 3-fold excess
of Au with respect to the available amines to increase the coupling efficiency. Since
the buffer of the chemoproteomic experiment contained DTT as a reducing agent,
the reactivity of Au toward DTT (1:2 equiv) was also investigated over the course
of 70 min directly after mixing (Figure S10). In line with expectations, Au coordinated
rapidly to DTT, but the cross-coupling reaction between the ligand and DTT pro-
gressed steadily over the entire incubation period. This indicated that DTT blocks
immobilized Au only to a minor degree during the 2-h incubation of the chemopro-
teomic experiment since the coordination bond enables successive ligand ex-
changes until a final nucleophile traps the gold(lll) complex.

The chemoproteomic experiment was performed using a differential approach (Fig-
ure 4A). The immobilized Au on Sepharose resin was exposed to a native protein
whole-cell lysate of SW480 cancer cells for 2 h. During this time, the immobilized
Au coordinates to nucleophiles under competitive conditions until a final nucleo-
philic moiety traps the complex and leads to an irreversible covalent bond. This
approach is prone to non-selective binding of proteins to the resin due to hydropho-
bic interactions. To account for the latter, a separate competitive pull-down exper-
iment was performed, where the native whole-cell lysate was pre-incubated for 2 h
with free Au (12 uM) and then incubated for another 2 h with the Au-anchored resin.
Pre-incubation with free Au leads to the irreversible arylation of potential interactors,
which cannot be captured by the immobilized Au any longer, so that only non-
selective interactors are detectable. Differences between the normal and the
competitive pull-down reveals selective binding partners. Since we expected only
covalently bound proteins to be attached to the resin after chemoselective arylation,
we performed the proteolytic digestion directly on the beads, subsequent to harsh
washing steps. After nano liquid chromatography-tandem MS (nLC-MS/MS)-based
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Figure 4. Target identification of immobilized Au using chemoproteomics

(A) Au was immobilized on amine Sepharose beads. Native protein cell lysates of SW480 cancer cells were prepared and either directly incubated with
the immobilized probe (normal pull-down) or pre-treated with free Au (12 uM, competitive pull-down).

(B) Differential analysis of the normal and competitive pull-down experiments revealed selective binding to TXNRD1 from the native protein whole-cell
lysate of SW480 cancer cells.

(C) Dose-dependent titration with free Au at 0 nM, 96 nM, 480 nM, 2.4 uM, 12 uM, and 60 pM revealed dose-dependent binding affinity for only TXNRD1
and PRDX4. The unusual titration curve indicates bis-arylation of TXNRD1 by Au possibly involving the CysSec-dyad. Each concentration was performed
in 3 replicates.

proteomic analysis and evaluation, the potentially selective interactors were ranked
by means of their enrichment efficiency and significance of interaction as calculated
from the respective intensities in the normal and competitive pull-down (Figure 4B).
A total of 2,833 proteins were identified in the pull-down from the whole-cell lysate
of SW480 cancer cells. Strikingly, we identified the selenoprotein TXNRD1 as the
most prominent selective interactor based on enrichment and significance (Fig-
ure 4B). TXNRD1 is a key player in the maintenance of the intracellular redox homeo-
stasis within the TXN system, often overexpressed in cancers due to a constitutive
activation of the transcription factor and stress sensor NRF2.°° It is involved in
apoptosis induction and has emerged as one of the main targets of cytotoxic gold
complexes, including the clinically evaluated auranofin.'”?%>” Human TXNRDs are
homodimers coupled head to tail, each one containing a redox-active CysSec-
dyad with sequential cysteine and selenocysteine residues at the C terminus respon-
sible for the interaction of the enzyme with various substrates as well as TXN itself.>®

The chemoproteomic approach was expanded to a dose-dependent competition
experiment to verify the interaction with TXNRD1 and assess the potency of interac-
tion.”” This was achieved by titrating Au at increasing concentrations (0.096-60 M)
in the competitive pull-down. Once more, TXNRD1 was verified as an interactor of
Au and showed a clear dose-dependent profile. However, in contrast to earlier ob-
servations,”’ we noted an unusual interaction profile suggesting that arylation of
TXNRD1 by Au involves a second binding site. A 2:1 binding stoichiometry between
Au and TXNRD1 was indicated by the apparent enrichment of TXNRD1 after the first
arylation step, with a maximum at 2.4 pM and a nearly complete competition at
12 pM (Figure 4C). The catalytic CysSec-dyad of TXNRD1 potentially allows for
two arylation events to occur. A further dose-dependent interaction was observed
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with PRDX4, but only at the highest tested concentrations. PRDX4 is thus an unlikely
target at pharmacologically relevant concentrations. It is worth noting that we did
not observe other proteins with clear-cut dose-dependent profiles in the tested con-
centration range.

Au selectively arylates the catalytic CysSec-dyad on TXNRD1 in the presence
of reducing equivalents

The selectivity of Autoward TXNRD1 in the chemoproteomic approach suggested the
catalytic CysSec-dyad as a likely site of interaction and potentially enabling bis-adduct
formation to occur. To characterize the terminal arylation sites, TXNRD1 was reacted
with Au in a cell-free experiment using 0, 1, and 5 equiv of Au. Additionally, TXNRD1
was reacted with 1 equiv Au in the presence of 0, 1, and 5 equiv of NADPH as a
reducing agent. Each sample was directly proteolytically digested and analyzed
by nLC-MS/MS. To automatically detect modified peptides of TXNRD1 using
MaxQuant (version 1.6.17.0), arylation and carbamidomethylation were customized
as variable modifications on cysteine and selenocysteine. These experiments revealed
a 96% sequence coverage of TXNRD1, including the C-terminal peptide that contains
the catalytic CysSec-dyad (Figures 5A and S11A). The latter contained the sequence
RSGASILQAGCUG (m/z 692.7775 [z = 2], Mipeor = 692.7810) that showed a retention
time (RT) of 28.2 min in this experimental setup (Figure 5B). Interestingly, already at a
1:1 molar ratio between TXNRD1 and Au in the absence of NADPH, two chromato-
graphic signals for the arylated peptide (m/z 791.3072 [z = 2], Miheor = 791.3058)
were observed, with RTs of 39.9 and 40.3 min, respectively. This indicated the pres-
ence of two distinct arylation sites on this peptide. Additionally, a bis-arylation prod-
uct was observed (m/z 593.5517 [z = 3], Miheor = 593.5551) at RT = 49.1 min, support-
ing the possibility of two different binding sites on this peptide. The isotopic patterns
of the different mass signals clearly showed the presence of selenium, revealing excel-
lent simulation matches and mass accuracies of <5 ppm (Figures 5C and S11B). The
four detected mass signals corresponding to the unmodified CysSec-dyad peptide
(RT = 28.2 min), the two mono-arylated peptides (RT = 39.9 and 40.3 min), and the
bis-arylated peptide (RT = 49.1 min) were individually selected for MS/MS analysis
at their respective RTs (Figure 5D). MS/MS analysis revealed detailed information
about the peptide sequence and the location of the arylation sites. The unmodified
peptide was identified with characteristic b- and y-fragments.*?>” The bq;* fragment
represents an unmodified cysteine, while y3* represents the unmodified C-terminal
CUG fragment of this peptide. Interestingly, the b-fragments remained similar for
the mono-arylated product at 40.3 min, including the by;* fragment. In contrast,
the detected y-fragments indicated an arylation product, and the arylated y," frag-
ment [y2(Ar)*] provided direct proof of selenocysteine arylation on TXNRD1. The sec-
ond mono-arylation product eluting at RT = 39.3 min did not feature the unmodified
b11" ion. Indeed, the lack of the by, ion and the detection of an arylated bq;* ion
(b11(An7) highlights that this species corresponds to a cysteine arylation product.
Finally, the MS/MS spectrum of the bis-arylation product eluting at 49.1 min revealed
a different set of fragments that supported simultaneous cysteine and selenocysteine
arylation. For example, the fragments y,(Ar)* and y3(2Ar)* clearly evidenced bis-aryla-
tion of the CysSec-dyad of TXNRD1. This terminal peptide was neither observed un-
modified or arylated in the proteome profiling experiments of SW480 cancer cells
treated with Au. In addition to their characteristic m/z ratios, RTs, and fragmentation
spectra, these C-terminal peptides also featured distinct ion mobilities supporting the
structural impact of the arylation on the peptide (Figure S11C).

The reaction between TXNRD1 and Au in the absence of NADPH also revealed three
other arylated peptides, among which was an N-terminal peptide containing the
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Figure 5. Identification of Au-templated arylation sites on TXNRD1
TXNRD1 (5 pg, 2.25 uM) was reacted with 0, 1, and 5 equiv of Au for 24 h. In a second setup, TXNRD1 was similarly reacted with 1 equiv of Au in the
presence of 0, 1, and 5 equiv NADPH. Results are representative of 3 replicates. The protein was proteolytically digested and analyzed by nLC-MS/MS.
(A) A 96% sequence coverage of TXNRD1 was obtained.
(B) The chromatograms depict the total ion chromatogram, as well as the extracted ion chromatograms of the CU-containing C-terminal peptide. The
reaction of TXNRD1 with Au in the absence of NADPH led to the arylation of the CysSec-dyad on TXNRD1. C- and U-arylations were observed at both
molar ratios, as well as bis-arylations.

(C) The experimental mass signal and theoretical simulation of the isotope pattern of the mono-arylated C-terminal CU-containing peptide is shown.
(D) MS/MS experiments of the unmodified and covalently modified CysSec-dyad containing peptide unambiguously identified the location of the

arylation sites on C and U.
(E) Increasing equivalents of NADPH (0, 1, 5 equiv) in the reaction between TXNRD1 and Au (1:1 equiv) led to an increase in the intensity of the arylation
of the C-terminal CU-containing peptide, while all other arylated peptides considerably decreased in intensity. Data are shown as mean # SD (n = 3).

CVNVGC motif that is known to coordinate gold (Figures 5E, S11D, and S11 E).¢°
These arylated species also increased in intensity with increasing Au equivalents.
Interestingly, increasing equivalents of NADPH reduced the arylation efficiency
on these sites, while at the same time the arylation of the C-terminal CysSec-contain-
ing peptide increased. This highlighted the selectivity of the gold-templated cova-

lent targeting toward the C-terminal CysSec-dyad in the presence of reducing

equivalents.
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Au inhibits TXNRD1 activity

TXNRD1 activity was investigated to confirm the inhibitory effect of Au at the
CysSec-dyad on enzymatic activity. Au was first tested against purified mammalian
TXNRD1 and then against TXNRD1 in human A549 lung cancer cells. The cellular
assays were performed in A549 cancer cells due to their abundant TXNRD1 expres-
sion, which is crucial for the sensitivity of the assay.®’ Au exhibits half-maximal inhib-
itory concentration (ICsp) values toward the isolated enzyme in the nanomolar range,
corresponding to 0.069 + 0.046 and 0.176 + 0.045 pM at 15 and 75 min incubation
time, respectively (Figure S12). Au is less potent than auranofin, showing an ICsg =
16 nM in the same experimental setup®”®® but in line with previous studies on anal-
ogous cyclometalated gold(lll) CAN complexes.*”*? Au was then incubated with
A549 cancer cells for 24 h, after which the cells were homogenized and the cell lysate
extracted to determine the remaining TXNRD1 activity at different Au concentra-
tions. Auinhibited the TXNRD1 activity in cellulowithan ICsg = 11.9 + 3.8 uM. These
results indicate that Au inhibits TXNRD1 activity in sufficiently low concentrations to
account for its anticancer activities. Interestingly, the inhibitory concentration of Au
in cellulo parallels the findings of the pull-down during dose-dependent competi-
tion (Figure 4C).

Overall, these data, together with the aforementioned chemoproteomic and MS
studies, point toward the possible finding of Au as a metallodrug lead compound
that exhibits an unprecedented mode of covalent TXNRD1 inhibition, compared
to known covalent TXNRD1 inhibitors, including Ethaselen,®® TRi com|oounds,é’5

the half-mustard 2-chloroethyl ethyl sulfide,®® e’
68,69

cyclic selenylsulfides,®” and other

small molecules.

Au treatment induces the NRF2-KEAP1 pathway, a key regulator of redox
management capacity in cancer cells

The effects of sub-cytotoxic Au treatment (12 uM, 24 h) on SW480 cancer cells were
evaluated by proteome profiling. The cytoplasmic (CYT) and nuclear (NE) protein
fractions were separately processed and analyzed according to an established work-
flow using a data-dependent label-free quantification strategy.”® A total of 4,347
protein groups were identified. As shown in Figure éA, the correlation among bio-
logical replicates was typically around 0.85, as exemplified for two Au-treated NE
fractions. This led to a clear separation of the proteome profiles of the different con-
ditions, as revealed by principal-component analysis (Figure S13). Therein, the con-
trols, Au treatments, and CYT and NE fractions were clearly separated, while the
intra-condition replicates clustered together, indicating homogeneous treatment
effects even in subcellular fractions. Of the total number of proteins, 117 and 465
protein groups were significantly regulated in the CYT and NE fractions, respectively
(Figure S13B). Statistical significance was calculated using multiple testing-cor-
rected p values based on 5% false discovery rate (FDR = 0.05 and SO = 0.1). Au treat-
ment induced heme oxygenase 1 (HMOX1), sulfiredoxin 1 (SRXN1), and heat shock
70-kDa protein 1A (HSPA1A) considerably in the CYT fraction. The induction of
HSPAT1A is also depicted in the profile plot highlighting the stability of the entire
experiment (Figure 6B). Although Au targets TXNRD1, this protein was not found
to be significantly regulated according to label-free quantification (LFQ) abundance
(Figure 6B). The second putative binding partner PRXD4 was present in similar abun-
dance and was also not significantly regulated (Figure 6C). Selenoprotein expression
is known to depend on selenium availability.”"’# Au treatment led to the significant
down-regulation of the three detected selenoproteins glutathione peroxidase 1
(GPX1), GPX4, and the mitochondrial protein adenylyltransferase SelO (SELO),
which may be explained by the reduction of the available intracellular selenium
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Figure 6. Effects of targeting TXNRD1 by Au in SW480 cancer cells

SW480 cancer cells were treated at sub-cytotoxic concentration of Au (12 uM, 24 h, n = 6). The protein content was fractionated into CYT and NE extracts
and processed according to a data-dependent LC-MS/MS proteomics workflow.

(A) The scatterplot shows the distribution of the detected proteins according to the intensity of 2 representative biological replicates of nuclear extracts
of Au-treated cells.

(B) The profile plot highlights the stability of protein abundance among biological replicates by visualizing the LFQ intensities of HSPA1A (significantly
up-regulated), TXNRD1 (not regulated), and GPX4 (significantly down-regulated).

(C) While the selenoproteins GPX1, GPX4, and SELO are significantly down-regulated upon treatment, the potential targets TXNRD1 and PRDX4 are

not. Significant protein regulations (*p < 0.05) were obtained after multiple testing correction using anFDR of 0.05 and SO = 0.1. Data are represented as
means and SDs (n = 6), including all individual data points.

(D) The significantly regulated proteins were grouped according to cellular compartment and visualized by plotting the summed log,(fold changes)
according to CYT and NE. The size of the bubbles represents the number of regulated proteins in the group.

(E) The regulated proteins were also grouped according to biological processes and similarly visualized.

(F) The target-response network depicts the regulated proteins around the potential binding partners TXNRD1 and PRDX4, indicating effects on redox
homeostasis (gold circles), protein degradation via the proteasome (rose circles), selenoproteins (purple diamonds), and autophagy (turquoise circles).

Circle, up-regulated protein; diamond, down-regulated protein; hexagon, not regulated. Significantly regulated proteins were multiple testing
corrected using a 5% FDR and SO = 0.1.

pool after Au treatment. Selenium deficiency is known to lead to selenoprotein trun-
cation, as a consequence of misinterpreting UGA as a normal stop codon instead of a
codon for selenocysteine, and subsequent degradation by the proteasomal sys-
tem.”? It is probable that TXNRD1 remains unaffected because selenocysteine is
located close to the C terminus.

The global effects of Au on the proteome of SW480 cancer cells were further illus-
trated by grouping the significantly regulated proteins according to Gene Ontology
cellular compartments and biological processes, and plotting their summed fold
changes according to CYT and NE fractions. We found cytosolic, nuclear, and nucle-
olar proteins to be the main disturbed cellular compartments (Figure 6D). Addition-
ally, there seems to be a minor impact on mitochondria. The biological processes re-
vealed the induction of NRF2 target genes as the strongest perturbation in both CYT
and NE (Figures 6E; Table S1 ).5¢74 This is accompanied by the induction of HSPs and
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an endoplasmic reticulum-based unfolded protein response, which is indicative of
proteotoxic stress possibly due to non-specific gold-templated arylation reactions
or the effects of the liberated gold(0/I) ions in these cells. Similarly to a previously
reported gold(l) bis-N-heterocyclic carbene compound,’® the proteasome was
observed to be translocated into the nucleus. This may also be the consequence of
proteotoxic stress. Indeed, we found the accumulation of green fluorescence from
Au-Fluo in the nucleus by confocal microscopy (Figure 3C). These findings are sup-
ported by an analogous pathway representation with similar findings (Figure S13C).

The target-response network highlights the significantly regulated proteins in the
neighborhood of the target protein TXNRD1 and PRDX4 (hexagons, Figure 6F).
These proteins are located in the center of the network surrounded by a cluster of
NRF2-induced redox proteins (yellow, e.g., HMOX1, SRXN1, TXN, PRDX1, and
NADPH dehydrogenase [quinone] 1). The down-regulated selenoproteins GPX1,
GPX4, and SELO (purple) are directly connected to these redox proteins and
TXNRD1 as well. Autophagy-related proteins (turquoise, e.g., sequestosome 1
and autophagy-related protein 13) and proteasomal proteins (rose, e.g., proteaso-
mal subunit alpha type-1 [PSMA1], PSMA4, and beta type-5), which digest irrevers-
ibly damaged proteins, were also found up-regulated. Therefore, Au-templated co-
valent targeting of TXNRD1 seems to impact proteins involved in maintaining the
redox balance of SW480 cancer cells. As a consequence, cells try to cope with this
challenge by inducing an NRF2 stress response and translocating the proteasome
to the nuclear compartment. We further evaluated the induction of reactive oxygen
species (ROS) in living SW480 cells by the Au treatment (2 h incubation). Au did not
lead to ROS formation in this time interval in concentrations up to ECsg values
(Figure S14).

To functionally evaluate the dependence of SW480 cancer cells on the induction of
the NRF2 stress response upon treatment with Au, we tested for synergism’® by
co-treatment with the HMOX1 inhibitor OB-24.”° HMOX1 was the most strongly
up-regulated protein of the NRF2 target genes upon treatment with Au in both
CYT and NE fractions (Figure S13C). HMOX1 protects cells from oxidative stress
and has anti-apoptotic properties.”” After determining the individual ECsq profiles
of Au and OB-24 in SW480 cancer cells after 72 h of incubation, combination treat-
ments were performed according to 0, EC4o, EC3s, ECs0, EC75, and ECgq concentra-
tions, for a total of 36 combinations. At EC;5 concentrations of Au, a strong syner-
gism (3 score >30) was observed with ECo and ECys concentrations of OB-24
(Figure S15). This verified the dependence of SW480 cancer cells on inducing the
NRF2 stress response to cope with the TXNRD1-targeting ability of Au.

In summary, a cyclometalated gold(lll) CAN complex is shown that covalently targets
the CysSec-dyad of the selenoprotein TXNRD1 via a gold-templated reactivity. Us-
ing combined chemoproteomic and complementary methods, we have shown that
this mechanism allows selective targeting of TXNRD1 in cancer cells by Au, leading
to the potent inhibition of TXNRD1 activity. A fluorescent derivative of the title com-
pound (Au-Fluo) enabled the investigation of the cellular distribution by fluores-
cence microscopy, showing that the compound can be efficiently taken up by cancer
cells, and distributed to the perinuclear region and into the nuclear compartment.
Although Au does not influence TXNRD1 abundance, significant proteome changes
were found to be associated with maintaining the cellular redox balance. These
changes were characterized by the down-regulation of the remaining selenoproteins
and the induction of NRF2-derived redox proteins, but without accompanying ROS
formation in SW480 cancer cells. Synergism studies revealed that the induction of
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the NRF2 pathway is necessary for cancer cell survival upon treatment with Au. This
metal-templated covalent targeting, fostering the formation of C-S/Se covalent
bonds, can be used to design improved anticancer organogold candidates for cova-
lent drug discovery. Furthermore, recent reports on the in vitro/in vivo anticancer ef-
fects of this family of cyclometalated gold(lll) CAN complexes’® *? could be revisited

to consider this bioorthogonal reactivity as part of the compounds’ MoA.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

General

All reagents were commercially purchased from Sigma-Aldrich, Germany. All complexes were
characterized by H-, 13C-NMR and ESI mass spectrometry and the purity (>95%) was assessed by
elemental analysis. All NMR data were recorded on a Bruker AVANCE Il 400 MHz spectrometer and
the data was processed using Mnova. 'H and 3C NMR chemical shifts were referenced with the
individual solvent residual peaks of the respective NMR solvents. Absorption and emission
measurements were recorded on a Cary 60 UV-Vis spectrometer (Agilent Technologies) and Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies), respectively. High resolution mass
spectrometry was performed on a MaXis qTOF (Bruker Daltonics). Elemental analyses were performed
using a HEKA tech EURO EA element analyzer. [Au(C°°N)Cl:], Au, and NPC (2-(-4-(7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazon-1-yl)ethane-1-amine) were synthesized according to

previously established procedures [1-3].

Synthesis of Au-Fluo

The synthesis of Au-Fluo is shown in Scheme 2. A mixture of NPC (32 mg, 0.11 mmol, 1.0 equiv.), Au
(52 mg, 0.10 mmol, 1.0 equiv.), HOBt-H20 (43 mg, 0.28 mmol, 2.8 equiv.), EDC - HCI (58 mg,
0.30 mmol, 3.0 equiv.) was dissolved in dry DMF (1.0 mL) and stirred under N2 atmosphere at room
temperature for 24 h. After this time, the reaction mixture was diluted with DCM (50 ml), washed with
H20 (4 x 50 mL) and brine (1 x 50 mL) in respective order, and dried over anhydrous MgSQOa4. The
organic layer was then dried in vacuo. The crude product was dissolved in acetone, filtered, and
precipitated by adding pentane to the filtrate. The precipitate was filtered off, and washed with hexane

(46 mg, 0.57 mmol, 57% yield).
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Synthesis of the gold(lll) compound Au-Fluo.

1H-NMR (400 MHz, 298.6 K, acetone-ds) & [ppm] = 9.50 (d, 3J = 5.1 Hz, 1H, Ha), 8.75 (dd, 3J = 8.0 Hz,
1.1 Hz, 1H, Hd), 8.53 (td, 3J=7.8 Hz, 1.5Hz, 1H, Hc), 8.48 (d, 3J = 9.0 Hz, 1H, Ho), 7.98 (ddd,
3J=7.6 Hz, 6.1 Hz, 1.6 Hz, 1H, Hb), 7.61 (dd, 3J = 8.0 Hz, 1.0 Hz, 1H, Hx), 7.49 (dd, 3J = 7.4 Hz, 1.8 Hz,
1H, He), 7.34 (td, 3J = 7.4 Hz, 1.1 Hz, 1H, Hy), 7.33 (bs, 1H, NH), 7.27 (td, 3] = 7.7 Hz, 1.8 Hz, 1H, Hy),
6.58 (d, 33 =9.1 Hz, 1H, Hn), 4.85 (d, 3J = 2.6 Hz, 2H, Hi), 4.07 (d, 3J = 3.6 Hz, 4H, Hm), 3.49 (dt,
3J =12.1 Hz, 6.2 Hz, 1H, H;), 3.43 (dt, 3 = 13.8 Hz, 6.8 Hz, 1H, Hj), 2.77-2.73 (m, 4H, H), 2.61 (t,
3J =6.2 Hz, 2H, Hy). 3C-NMR (101 MHz, 299.3 K, acetone-ds) & [ppm] = 168.72 (s, C=0), 153.55 (s,
Ca), 143.75 (s, Cc), 139.31 (s, C=C-Au), 136.42 (s, Co), 134.26 (s, Cn), 130.78 (s, Cg), 130.19 (s, Cu),
129.36 (s, Ce), 129.28 (s, Ci), 128.46 (s, Cn), 104.15 (s, Cn), 74.97 (s, Ci), 57.31 (s, C«), 53.30 (s, Ci),
50.41 (s, Cm), 36.85 (s, Cj). Elemental analysis calcd. (%) for C2sH2sAuCI2NgOs: C 39.16, H 3.16,

N 14.05; found C 39.71, H 3.16, N 14.05.

Fluorescence quantum yield determination

The absolute fluorescence quantum vyield (¢r) of Au-Fluo (solvent: DMSO; ¢ = 13.8 uM; V = 3 mL) was
recorded in a quartz cuvette (10 mm x 10 mm) on a Hamamatsu Quantaurus-QY Absolute PL quantum
yield spectrometer C11347-11 upon excitation of the sample at 485 nm (absorbance < 0.3). The final ¢r

value was calculated as the mean + standard deviation (n = 5) [4].

Stability studies and reactivity with model nucleophiles and serum albumin

The gold complexes (5 pumol, 1 equiv.) were tested for their stability by 'H NMR in a mixture of DMSO-
ds and D20 (9: 1, 500 pL) over time at 0 h, 1 h, 4 h, 8 h, 12 h and 24 h. Next, the ability of the gold
complexes to arylate the cysteine of NAC was investigated in the same conditions as above, but with

the addition of NAC (15 umol, 3.0 equiv.) and at slightly different time intervals (0 min, 5 min, 20 min,
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1 h, 6 h, 8 hand 24 h. Next, the ability of Au-Fluo to arylate the surface-exposed cysteine of BSA was
tested by fluorescence spectroscopy (Aexc =478 nm). Au-Fluo (0.5 mM in 500 pL anhydrous DMSO,
1 equiv.) and BSA (0.5 mM in 4500 pL PBS solution, pH 7.4, 1.0 equiv.) were mixed and incubated in
the dark at 37 °C for 1 h and 24 h. As references, the following solutions were prepared: 1) Au-Fluo:
0.5 mM Au-Fluo in 500 pL anhydrous DMSO was mixed with Biology Grade H20 (2.428 mL) and PBS
(2.072 mL); 2) BSA: 0.5 mM BSA in 4500 yL PBS was mixed with 500 L anhydrous DMSO; 3) Blank:

Anhydrous DMSO (500 pL), Biology Grade H20 (2.428 mL) and PBS (2.072 mL) were mixed.

Cell culture of SW480 cancer cells

SW480 human colon carcinoma cells were kindly provided by Dr. Michael Jakupec, Institute of Inorganic
Chemistry, University of Vienna. They were cultured in Eagle’s Minimum Essential Medium (Sigma
Aldrich), supplemented with heat-inactivated fetal bovine serum (10% v/v, Gibco), MEM non-essential
amino acid solution 100x (1% v/v, Gibco), sodium pyruvate 100 mM (1% v/v, Gibco), and
penicillin—streptomycin solution 100x (1% v/v, Gibco, containing penicillin G sodium salt at
10’000 units mL* and streptomycin sulphate at 10 mg mL-1). The cells were cultured in adherent T75
flasks (Sarstedt) and were subcultured twice a week as the cells reached 75-80% growth area occupied

of the flask. Trypsin/EDTA solution (0.25%, Sigma Aldrich) was used for cell detachment.

Viability assay of SW480 cancer cells

SW480 human colon carcinoma cells (10°'000 cells/well) were seeded in flat-bottom 96-well plates
(Corning) and incubated at 37 °C for 24 h in a humidified incubator at 5% CO:2 (HeraCell150i, Thermo
Fisher Scientific). Stock solutions of the compounds in DMSO or were freshly prepared (40 mM Au;
40 mM Au-Fluo) and diluted with complete cell culture medium (final concentration of DMSO <0.1%
v/v). The cells were incubated with the compounds for 24 h and 72 h. Then, the cell metabolism was
colorimetrically determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
For this purpose, MTT reagent (20 pL, 5 mg mL? in PBS) was added to each well and further incubated
for 4 h. The medium was gently removed and DMSO (100 pL) was added to dissolve the formazan
crystals. Photometric quantification was performed at 570 nm with a Multiskan Go 1510 photometer

(Thermo Fisher Scientific).
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The absorbances were blank corrected and converted to relative proliferation. The ECso values,
representing the effective concentrations of 50% growth inhibition, were obtained using a sigmoidal fit
of the experimental data. The final ECso-values were calculated as the mean * standard deviation of at
least three independent experiments.

For synergy experiments, individual viability assays were performed for Au and OB-24 after 72 h
incubation to determine ECio, EC25, ECs0, EC7s and ECoo concentrations in SW480 colon cancer cells
after sigmoidal fitting of the viability curve. Together with an untreated control (0), Au and OB-24 were
co-administered at all possible mixtures of those EC-dependent concentrations giving a total of 36
mixtures and incubated for 72 h. The cell metabolism was colorimetrically determined using MTT
reagent in an analogous manner as above. The percentage of proliferation inhibition was determined
and used as input in SynergyFinder 3.0 [5]. The synergy landscape was calculated using the Bliss-

Loewe synergy score.

Cellular distribution of Au-Fluo by fluorescence microscopy

SW480 human colon carcinoma cells (200°000 cells per well) were seeded in flat-bottom 6-well plates
(Sarstedt) in 2 mL complete medium and left to adhere at 37 °C and 5% CO: for 24 h in a humidified
atmosphere (HeraCell150i, Thermo Fisher Scientific). The medium was removed. The cells were then
treated with Au-Fluo at half ECso and at ECso concentration. The medium was again exchanged after
further 4 h with phenol red free DMEM to reduce background fluorescence. Live-cell images were taken
4 h, and 24 h after treatment with a Lionheart FX (BioTek) in phase contrast mode and with a GFP filter
cube (excitation at 469 nm, emission at 525 nm, BioTek) corresponding to green fluorescence.
Fluorescence experiments by confocal microscopy were carried in an identical manner compared to the
live-cell imaging, but seeding 15’000 cells per well in chamber slides (u-Slide 8 well, Ibidi GmbH,
Germany). After 4 h treatment with Au-Fluo, the cells were washed with PBS and fixed with 3.7%
formaldehyde at room temperature (10 min in the dark). A previously described [6,7] cells were then
rinsed with PBS twice. Cells were permeabilized with 0.2% triton X-100 in PBS (15 min) and blocked
with 1% BSA in PBS (1 h) at room temperature. Then, cells were stained with 200 pL phalloidin (Alexa
Fluor, 1 : 500 dilution in PBS) at room temperature (1.5 h in the dark) and washed three times with
washing buffer (0.05% triton X-100 in PBS) at room temperature (10 min in the dark) and twice with

PBS. The slides were post-fixed with 3.7% formaldehyde for 10 min. Finally, the reactive sites were
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masked with glycine (100mM in PBS, 5 min) and rinsed with PBS. PBS was removed and slides were
mounted and sealed with 2-3 drops of ROTI-Mount FluoCare (Roth, Graz, Austria) with DAPI.
Fluorescence images were acquired on a confocal laser scanning microscope Zeiss LSM800 (Zeiss,

Jena, Germany) and processed with Zeiss ZEN (Blue edition) Software.

Immobilization conditions

Au (300 uM from a 23.3 mM stock solution in DMF) was activated for 30 min in the presence of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC, 360 pM) at pH 4 (HCI) and 37 °C. Activated Au (300 pM)
was mixed with serotonin (600 uM from a 20 mM aqueous stock solution, pH 4, HCI) in a 1 : 2 molar
ratio and incubated up to 24 h at 37 °C and under constant shaking (1100 rpm) in the dark. Aliquots of
the reaction mixture were taken at different incubation times. Samples were diluted 1 : 20 to give a final
concentration of 5 uM Au. ESI-MS data was acquired on an amazon speed ETD ion trap (Bruker
Daltonics) in the positive and negative ion modes by direct injection using the following experimental
parameters: HV capillary +4.5 kV, end plate offset —500 V, dry temp 180 °C, nebulizer 3 bar, dry gas
5L minl, scan range m/z 100-1400, target mass 600. Data was acquired using trapControl

(Version 7.1.83.0) and processed using DataAnalysis (Version 4.1.359.0).

Interaction of Au with DTT

Au (10 pM from a fresh stock solution in DMSO) was mixed with DTT (20 pM) in ammonium carbonate
buffer (20 mM) and immediately analyzed by flow-injection using an amazon speed ETD ion trap (Bruker
Daltonics) in the positive ion modes over 70 min using the following experimental parameters: HV
capillary £4.5 kV, end plate offset -500 V, dry temp 180 °C, nebulizer 3 bar, dry gas 5 L min’, scan
range m/z 100-1400, target mass 600, flow rate 5 uL minl. Data was acquired using trapControl

(Version 7.1.83.0) and processed using DataAnalysis (Version 4.1.359.0).

Chemoproteomics

Immobilisation on beads: Au (3200 nmol in 1300 uL ddH20; 0.01% v/v DMSO) was activated with

1.5eq. EDC (4800 nmol in 650 uL ddH20) at pH 4 (HCI) and incubated for 45 min at 37 °C.
CarboxyLink™ Coupling Gel slurry (800 nmol in 50 pL, Thermo Scientific, Ref 20266) was washed three

times with aqueous solution (100 pL, pH 4.0, HCI) in 2 mL Eppendorf tubes. After centrifugation (6000 g,
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2 min, RT) the supernatant was removed and the activated Au (4 equiv., 3200 nmol in 1950 L) was
added to the beads and incubated for 20 h at 37 °C under constant shaking (1400 rpm) in the dark.
Drug-immobilized beads were washed twice with 1xPBS (1 mL) and centrifuged (960 g, 2 min, 4 °C).
The slurry was resuspended in 1xPBS (800 pL) and aliquoted six times to obtain 100 pL of drug-
immobilized beads (100 nmol).

Preparation of whole cell lysates: SW480 cells (2x108) were seeded in adherent T75 cell culture flasks

(Sarstedt) and expanded at 37 °C and 5% COzfor 48 h in an incubator. The cells in each flask were
washed twice with 1xPBS (5 mL) and PBS was removed completely. Native lysis buffer (2 mL) was
added and the cells were scraped from the bottom of the flask and collected in 15 mL Falcon tubes. The
native lysis buffer consisted of NaCl (100 mM), Tris HCI (50 mM), MgClz (1.5 mM), NaF (25 mM), Triton
X-100 (0.2%), glycerol (5%), TLCK (10 pug mL1), DTT (1 mM), NasVO4 (1 mM), PMSF (1 mM) and 1%
protease and phosphatase inhibitor cocktail (Roche), at pH 7.4. The samples were kept onice or at 4 °C
in a thermo shaker throughout the following procedure. The samples were homogenized by shear stress
by pushing the cell suspension 23-times through 2 mL syringe with a 15 cm needle (23G). Complete
cell lysis was monitored by microscopy. The suspension was centrifuged (960 g, 5 min, 4°C).
Supernatants were collected and combined in a 50 mL falcon tube and subsequently aliquoted into 2 mL
Eppendorf tubes (1.584 mL lysate per tube). The whole cell lysate (1.584 mL) from one T75 is sufficient
for triplicates of one pull-down condition.

Normal and competitive pull-downs with Au: A stock solution of Au (40 mM in DMSO) was freshly

prepared and diluted with 1xPBS to the desired concentrations. Each Au aliquot (16 pL) or control
(DMSO mock, 16 uL) was added to SW480 whole cell lysate (1.584 mL, 1 : 100 dilution) and incubated
at 4 °C, for 2 h under constant shaking (1400 rpm) in the dark. First, the normal pull-down was performed
with mock-treated controls and the competitive pull-down using 12 uM Au for preincubation. The second
pull-down was performed in a dose-dependent manner using mock-treated controls for normal pull-down
and five stepped concentrations of Au preincubations (9.6 nM, 48 nM, 2.4 uM, 12 uM and 60 uM) for
competitive pull-down. Each condition was performed in triplicates.

The individual pre-treated SW480 whole cell lysates (500 pL, s. above) were added onto the drug-
immobilized beads (100 nmol, s. above) in 2 mL Eppendorf tubes and incubated for 4 h at 4 °C under
constant shaking (1400 rpm). Then, the samples were transferred onto spin columns (MobiSpin

column F with fixed outlet plug, inserted small 10 um filter and screw cap, MobiTech, No° M105010S).
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Samples containing the beads and whole cell lysates were centrifuged (2000 g, 1 min, RT) and the
lysate flow-through containing unbound proteins was discarded. Covalent arylation of target proteins
leads to their irreversible coupling to the resin that allows for thorough washing steps. The beads were
further washed four times with native lysis buffer, and three times with ABC buffer (500 uL, 50 mM).
Finally, the beads were centrifuged in the same settings to dryness. The dried beads on the spin columns
were suspended in 50 pL sodium deoxycholate buffer (SDC, 50 uL, 0.4 g SDC in 9500 pL ddH20 and
500 pL 2M Tris-HCI, pH 8.8) and transferred into 1.5 mL Eppendorf tubes. The spin columns were
washed again with SDC buffer (50 pL) and also transferred into the 1.5 Eppendorf tube. The combined
fractions were heated to 95 °C for 5 min, centrifuged (1200 g, 1 min, RT), and the supernatant was
removed. The beads were again washed with SDC buffer (100 uL) and again processed as before.
Finally, SDC buffer (100 uL) was added and heated to 95°C for 5 min. Samples were stored in SDC
buffer at —20 °C.

Sample processing: To each sample containing the beads in SDC buffer (100 pL), 11 pL of a freshly

prepared reduction and alkylation buffer was added (100 mM tris(2-carboxyethyl)phosphine (TCEP),
400 mM 2-chloracetamide (2-CAM) in 940 pL ddH20 and 60 pL 5 M NaOH, pH 7-8), and incubated for
5 min at 45 °C under constant shaking (1400 rpm) in the dark. The samples were cooled to RT and
trypsin/Lys-C buffer (1.1 pL) was added. The trypsin/Lys-C buffer was prepared from Trypsin/Lys-C Mix
Mass Spec Grade (20 pg, PROMEGA, USA) dissolved in 100 pL of a mixture of CaClz (2 mM) in ddH20
(9995 pL) and 5 pL concentrated acetic acid. Samples were digested for 18 h at 37 °C under constant
shaking (1400 rpm). Thereafter, the sample solution was reduced in a SpeedVac at 45 °C and dissolved
in styrenedivinylbenzene — reversed phase sulfonate (SDB-RPS) loading buffer (100 uL, trifluoracetic
acid (TFA) 1% vl/v; isopropanol 99% v/v). The samples were transferred onto prepared SDB-RPS stage
tips equipped with two plugs (Empore™ styrenedivinylbenzene — reversed phase sulfonate solid phase
extraction disks, 47 mm, CDS Analytical, USA). Loaded stage tips were put into an adapter on 2 mL
Eppendorf tubes and centrifuged (1500 g, 8 min, RT). The samples were washed with loading buffer
(100 pL, TFA 1% vlv; isopropanol 99% v/v), wash buffer (100 uL, TFA 0.2% v/v; acetonitrile 5% v/v;
ddH20 94.8% v/v) and centrifuged after each washing step (1500 g, 8 min, RT). Peptides were eluted
by the addition of freshly prepared elution buffer (60 pL, NH4OH 5% v/v; ddH20 35% v/v; acetonitrile
60% v/v) and centrifugation (1500 g, 5 min, RT) into glass inserts, which were dried in a SpeedVac at

45 °C. Digested and dried samples were stored at —20 °C.
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Cell-free interaction studies of selenoproteins with Au and Au-Fluo

Interaction: Stock solutions of Au (40 uM in DMSO) were freshly prepared. Five micrograms of
recombinant human thioredoxin reductase 1 (TXNRD1, 9 uM, 1.0 pg pL?, non-tagged, 90% Sec
content, >95% purity, SelENZYME AB) were transferred into 1.5 mL Eppendorf tubes and diluted to 20
pL with ammonium bicarbonate buffer (20 uM) resulting in 2.25 uM TXNRD1. TXNRD1 was mixed with
0, 1 and 5 equiv. of Au, corresponding to O uL, 20 L of 2.25 uM Au and 20 pL of 12.25 uM Au in ABC
buffer, respectively. Untreated proteins were mixed with 20 uL ABC buffer containing 0.3% DMSO as
mock control. Similarly, TXNRD1 (5 pg, 2.25 puM) was reacted with 1 equiv. of Au in the presence of 0,
1 and 5 equiv. NADPH. Each combination was performed in triplicates and reactions were incubated for
24 h at 37 °C and under constant shaking (600 rpm) in the dark.

Sample processing: The samples containing 5 pug of protein in 40 uL ABC buffer were topped up with

60 uL SDC buffer and directly reduced and alkylated with 11 uL of a mixture of TCEP and 2-CAM
(100 mM TCEP, 400 mM 2-CAM in 940 pL ddH20 and 60 pL 5 M NaOH, pH 7-8) for 5 min at 45 °C.
This was followed by 18 h digestion with 2.2 uL trypsin/Lys-C (1 : 50 enzyme-to-substrate ratio) at 37 °C.
The trypsin/Lys-C buffer was prepared from Trypsin/Lys-C Mix Mass Spec Grade (20 ug, PROMEGA,
USA) dissolved in 100 pL of a mixture of CaClz (2 mM) in ddH20 (9995 uL) and 5 pL concentrated acetic
acid. Then, the sample solutions were reduced in a SpeedVac, reconstituted in SDB-RPS loading buffer
(TFA 1% vlv, isopropanol 99% v/v) and loaded onto SDB-RPS StageTips. The samples were washed
with loading buffer (100uL), wash buffer (100 uL, TFA 0.2% v/v; acetonitrile 5% v/v; ddH20 94.8% v/v)
and centrifuged after each washing step (1’500 g, 8 min, RT). Peptides were eluted by the addition of
freshly prepared elution buffer (60 uL, NH4OH 5% v/v; ddH20 35% v/v; acetonitrile 60% v/v) and
centrifugation (15009, 5min, RT) into glass inserts, which were dried in a SpeedVac at 45 °C. Digested

and dried samples were stored at —20 °C.

Proteomic profiling of Au-treated SW480 cancer cells

Treatment: SW480 human colon carcinoma cells were seeded in adherent T25 flasks (Sarstedt) at
2x106 cells per well and left to adhere in complete cell culture medium. After 24 h, the medium was

exchanged with fresh complete medium (DMSO mock control) or fresh medium containing freshly
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dissolved Au (12 uM from 40 mM stock solution in DMSO) and incubated for another 24 h. Each
condition was carried out in hexuplicates. The cells were processed according to a nucleocytoplasmic
fractionation protocol as previously described.® All steps were performed on ice. The medium was
removed and the cells were washed twice with 1xPBS (3 mL). Then, PBS was thoroughly removed.
Isotonic lysis buffer (10 mM HEPES, 10 mM NaCl, 3.5 mM MgCl;, 1 mM EGTA, 0.25 M Sucrose,
0.5% Triton X-100) containing protease inhibitors (1% PMSF, Sigma, and 1% protease and
phosphatase inhibitor cocktail, Roche) was added to the wells, the cells were scraped off and transferred
into labelled 15 mL Falcon tubes. The cellular membrane was ruptured using shear stress by pressing
the cell suspension through a syringe 9—-12 times. Membrane rupture with intact nuclei was monitored
under a microscope. After centrifugation (960 g, 5 min), the supernatant containing the cytoplasmic
(CYT) proteins was transferred into ice-cold ethanol (1 : 5, HPLC grade) and precipitated overnight at —
20 °C. The pellet containing the nuclei was incubated with a hypertonic solution (10 mM Tris-HCI, 1 mM
EDTA and 0.5M NaCl) and subsequently with NP-40 buffer (10 mm Tris-HCI, 1 mm EDTA and
0.5% Triton X-100) containing protease inhibitors (1% PMSF, Sigma, and 1% protease and
phosphatase inhibitor cocktail, Roche). After centrifugation (960 g, 5 min), the soluble nuclear (NE)
proteins were also transferred into ice-cold ethanol (1 : 5, HPLC grade) and precipitated overnight at —
20 °C. The precipitated proteins were finally pelleted by centrifugation (5000 g, 30 min, 4 °C), the
solution was decanted and the pellet dried under vacuum.

Samples were dissolved in lysis buffer (64 mM DTT, 8 M urea, 20% SDS, 1 M TEAB at pH 7.55) and
denatured at 95 °C for 5 min. The protein amount was then quantified using a BCA assay. A total of
20 pg protein per sample was used for processing. Proteins were reduced with DTT (64 mM) and
carbamidomethylated with iodoacetamide (48 mM). Proteolytic digestion was performed using the
ProtiFi S-trap technology® and samples were loaded onto S-trap mini cartridges. Trapping buffer
(methanol 90% v/v, 0.1 M TEAB) was added. Samples were thoroughly washed and digested with
0.5 pg trypsin/Lys-C mix (Promega) at 37 °C for 2 h (1 : 40 enzyme-to-protein ratio). Peptides were

eluted, dried and stored at —20 °C.
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LC-MS/MS Analysis

Dried samples in glass inserts were dissolved with 5 pL of a peptide standard mix consisting of the four
synthetic peptides at 10 fmol in 30% formic acid (Glul-fribrinopeptideB, EGVNDNEEGFFSAR; M28,
TTPAVLDSDGSYFLYSK; HKO, VLETKSLYVR and HK1, VLETK(e-Ac)SLYVR) and diluted with loading
buffer (40 pL, acetonitrile 2% v/v, TFA 0.05% v/v; ddH20 97.95% v/v). The glass inserts were transferred
into 2 mL Eppendorf tubes filled with 400 pL ddH20. The samples were sonicated for 5 min (20%
power), centrifuged (5000 g, 7 min, RT) and transferred into labelled HPLC vials.

LC-MS/MS analyses were performed employing a timsTOF Pro mass spectrometer (Bruker Daltonics,
Bremen, Germany) hyphenated to a Dionex UltiMate™ 3000 RSLCnano system (Thermo Scientific,
Bremen, Germany). Samples were analyzed in data-dependent acquisition mode by label free
guantification (LFQ) shotgun proteomics in PASEF mode [10]. Samples were loaded on an
Acclaim™PepMap™ C18 HPLC pre-column (2 cm x 100 um, 100 A, Thermo Fisher Scientific™,
Vienna, Austria) at a flow rate of 10 yL mint. After trapping, peptides were eluted at a flow rate of
300 nL min'? and separated on an Aurora series CSI UHPLC emitter column (25cm x 75 um,
1.6 um C18, lonopticks, Fitzroy, Australia) applying an 8—40% gradient of mobile phase B (79.9% ACN,
20% H20, 0.1% FA) in mobile phase A (99.9% H20, 0.1% FA).

Pull-down and protein interaction: The injection volume was 2 L. The gradient was selected to run over

40 min giving a total run time of 85 min. The samples from the pull-down and the protein interaction
were acquired in technical duplicates.

Proteome profiling: The injection volume was 5 uL. The gradient for the proteome profiling was selected

to run over 90 min giving a total run time of 135 min per sample.

Data processing and analysis

Pull-down: Raw data from the timsTOF Pro MS was processed based on LFQ proteomics by MaxQuant
(Version 1.6.17.0), including the built-in Andromeda search engine, and searched against the UniProt
Database (version 11/2021, 20’375 entries). Non-redundant Swissprot entries with at least one unique
peptide were used for identifying protein groups. The first and main search peptide tolerance was 50
and 25 ppm, respectively. The false discovery rate (FDR) was fixed to 0.01 on the peptide and protein
level. Match between runs was disabled. For pull-downs, oxidation of methionine and N-terminal

acetylation were set as variable modifications and carbamidomethylations of cysteine (C, Cys) and
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selenocysteine (U, Sec) were set as fixed modification. Further evaluation was performed with Perseus
(Version 1.6.14) using LFQ intensities of the MaxQuant result file. After filtering potential contaminants
the LFQ values were Log(2)-transformed. Only those protein groups were considered for data
evaluation, which were detected three times in at least one condition. Permutation-based FDR was set
to 0.05 and SO = 0.1 for multi-parameter corrected significance testing of protein enrichment. Pull-down
data was visualized using an in-house tool and GraphPad Prism (Version 6.07).

The enrichment [%] was calculated in analogy to a cytotoxicity dose-response curve. First, the de-Log
LFQ intensities of a given potential interactor of Au from individual pull-down experiments were
calculated for all concentration steps (5 concentrations, each n = 3). Then, all LFQ intensities were
normalized to the mean LFQ intensity of the pull-down without competition (i.e. Au = 0 uM) and then
plotted as a function of enrichment [%] according to competitor concentration.

Protein interaction: Raw data from the timsTOF Pro MS was processed based on LFQ proteomics by

MaxQuant (Version 1.6.17.0), including the built-in Andromeda search engine, and searched against a
Fasta file containing only TXNRDZ1, including isoforms. Non-redundant Swissprot entries with at least
one unique peptide were used for identifying protein groups. The first and main search peptide tolerance
was 50 and 25 ppm, respectively. The false discovery rate (FDR) was fixed to 0.01 on the peptide and
protein level. Match between runs was disabled. For protein interaction studies, carbamidomethylations
of cysteine and selenocysteine, arylations of cysteine and selenocysteine and oxidation of methionine
were set as variable modifications. Further evaluation was performed with Perseus (Version 1.6.14)
using peptide lists of the MaxQuant result file. Potential contaminants were filtered to evaluated the
detected peptides related to TXNRD1. Then, mass spectrometric analysis and extracted ion
chromatograms were directly performed in DataAnalysis (Version 6.313.6.0, Bruker Daltonics).

Proteome profiling: Raw data from the timsTOF Pro MS was processed based on LFQ proteomics by

MaxQuant (Version 1.6.17.0), including the built-in Andromeda search engine, and searched against
the UniProt Database (version 11/2021, 20’375 entries). Only non-redundant Swissprot entries with at
least two peptides were used for identifying protein groups. The first and main search peptide tolerance
was 50 and 25 ppm, respectively. The false discovery rate (FDR) was fixed to 0.01 on the peptide and
protein level. Match between runs was enabled with an alignment time window of 0.7 min. Oxidation of
methionine and N-terminal acetylation were set as variable modifications. Carbamidomethylations of

cysteine (C, Cys) and selenocysteine (U, Sec) were set as fixed modifications. The statistical evaluation
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was performed with Perseus (Version 1.6.14) using LFQ intensities of the MaxQuant result file. After
filtering potential contaminants the LFQ values were Log(2)-transformed. Only those protein groups
were considered for data evaluation, which were detected five times in at least one condition.
Permutation-based FDR was set to 0.05 and SO = 0.1 for multi-parameter corrected significance testing
of protein regulation. The final dataset was further analyzed using the web-based applications DAVID

bioinformatics Resources (Version 6.8) and STRING (Version 10.0).

Inhibition of mammalian TXNRD1 in situ

For the enzyme inhibition assay, an established DTNB-coupled activity microplate reader-based assay
was performed [11]. For this purpose, commercially available rat liver TXNRD1 (CAS: 9074-14-0,
Sigma-Aldrich) was purchased and diluted with Ultrapure water (18.2 MQ/0.56 uS at 25 °C, provided by
a BerryPure®mini from Berrytec) to achieve a concentration of 3.58 U/mL. Stock solutions were freshly
prepared with either DMSO further diluted with phosphate buffer (pH 7.0). 25 uL of the enzyme solution
was added to 25 pL of the test compounds in graded concentrations. For each compound, a control was
prepared (25 uL of the enzyme solution mixed with 25 pL 1% DMF in phosphate buffer (no compound).
In an additional control experiment, it was evaluated that the test compounds do not exhibit any
absorption at the respective wavelength or reduce the DTNB in the absence of the enzyme. For this
purpose, 25 uL of the highest test concentration of each compound and 25 uL phosphate buffer (no
enzyme) were mixed and proceeded as follows. The final DMSO concentration was <0.5% v/v in each
well. All resulting solutions were incubated under moderate shaking for 75 min at 37 °C in a 96-well
plate. To each well, 225 pL of preheated (37°C) reaction mixture (1 mL reaction mixture consists of
500 pL PBS buffer pH 7.0, 80 pL EDTA solution (100 mM, pH 7.5), 20 pL BSA solution (0.2%), 100 pL
of NADPH solution (20 mM) and 300 pL Millipore water) was added and the reduction started
immediately by addition of 25 pL of a 20 mM ethanolic DTNB solution. After proper mixing, the formation
of 5-TNB was monitored by a Tecan Infinite 200pro® plate reader at 412 nm 10 times in 30 s intervals
for about 5 min. The increase in 5-TNB concentration over time followed a linear trend (r2>0.990), and

the enzymatic activities were calculated as the slopes (increase in absorbance per second) thereof. The
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ICso values were calculated as the concentration of compound decreasing the enzymatic activity of the

untreated control by 50% and are given as the means and standard deviation of three experiments.

Cell culture of A549 non-small cell lung cancer cells

A549 lung cancer cells maintained in Dulbecco’s modified Eagle’s medium (high glucose, pyruvate, no
glutamine), which was supplemented with heat inactivated fetal bovine serum (qualified, South American
origin, 10% v/v), gentamicin sulphate solution 50 mg/mL (1% v/v, 50 mg/L end concentration), and L-
glutamine solution 200 nM (1% v/v, 2 nM end concentration) and were passaged twice a week. All
reagents were purchased from GibcoTM at Thermo Scientific, and solvents from Sigma Aldrich if not
stated differently. Ultrapure water (18.2 MQ/0.56 pS at 25 °C) was provided by a BerryPure®mini from

Berrytec. A549 were obtained from Cell Line Service (CLS, Eppelheim, Germany).

Viability assays in A549 non-small cell lung cancer cells

A549 cells (6000 cells/well) in cell culture media were transferred to a flat bottom 96-well microtiter plate
and incubated at 37 °C/5% CO: for 24 h. Stock solutions of Au in DMSO were freshly prepared and
diluted with the respective cell culture medium to graded concentrations (a final concentration of DMSO:
0.1% v/v). After 24 h of exposure, the metabolically active cells were quantified by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich) staining and the
absorptions were calculated as the delta of two measurements of the same well at wavelengths 570 and
690 nm by an Infinite 200pro® plate reader (Tecan). The ECso value (half-maximal effective
concentrations) were determined as the concentration that caused 50% inhibition of cell proliferation
compared to untreated control (0.1% DMSO in DMEM). The results were calculated as the mean and

standard deviation of at least three independent experiments.

Inhibition of human TXNRD1 in A549 cancer cells
To evaluate the inhibition of human TXNRD1 in A549 lung epithelial cancer cells, we utilized an assay
kit (ab83463, Abcam). A549 cells were seeded in 6-well plates at a density of 0.9 x 10E6 cells/well in

the respective cell culture medium. Following a 24 h incubation period, cells were treated with various
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concentrations of Au (ranging from 3.1 to 100 pM), dissolved in DMSO at a final concentration of 0.1%,
or with 0.1% DMSO as a control, and then incubated at 37°C with 5% CO: for an additional 24 h.

After treatment, the media was aspirated, and cells were washed with PBS (pH 7.4). Subsequently,
200 pL of TXNRD1 buffer (included in the kit) was added to each well, and cells were scraped gently,
suspended in the buffer, and collected. All samples were homogenized using a Dounce tissue grinder
(80 strokes per sample with the tight pestle) and kept on ice throughout the experiment. The cell lysates
were then centrifuged at 10’000 g for 15 minutes at 4°C, and the supernatant was collected for further
analysis. The protein concentration in the supernatant was determined using the Bradford method with
bovine serum albumin as a standard [12].

Next, the protein content was normalized to 10 ug protein per sample. Samples were diluted with
TXNRD1 buffer and further proceeded according to the assay protocol. The absorbance was measured
at 412 nm using a Tecan Infinite 200 pro® plate reader at 30-second intervals for 20 min.

The difference in absorbance between lysates containing no TXNRDL1 inhibitor (representing total DTNB
conversion of all reducing proteins in the lysate) and lysates containing TXNRD1 inhibitor (representing
DTNB conversion of all reducing proteins except TXNRD1 in the lysate) provided the activity attributable
to TXNRD1 [11]. The data were analyzed, and ICso values were determined using non-linear curve fitting

with Origin 2019. The data is shown as mean and standard deviation of three replicates.

ROS-Assay (DCFH-DA Assay)

The (sub)confluent colon carcinoma cell line SW480 was trypsinized for 5 minutes in a humidified
incubator at 37°C and under a 5% COz-atmosphere. Supplemented MEM (Sigma Aldrich; supplements:
10% heat inactivated FCS (fetal calf serum; Serana), 1mM sodium pyruvate, 4mM L-glutamine, and 1%
v/v non-essential amino acid solution) was added to stop trypsinization, and cells were centrifuged for 3
min at 1200 rpm (Thermo Scientific, Megafuge 1.0R).

After aspiration of the supernatant, the cell pellet was resuspended in supplemented MEM. Afterwards,
SW480-cells were seeded in 100 pL aliquots in densities of 2.5 x 104 cells/well in a 96-well clear flat-
bottom microplate (CytoOne, TC-treated). Incubated at 37°C for 24 hours, cells were washed with
200 pL Hanks' balanced salt solution (HBSS; Sigma Aldrich; supplemented with 1% heat inactivated
FCS). Then, cells were treated with 100 uL/well of 25 yM 2‘,7‘-dichlorofluorescin diacetate (DCFH-DA;

Sigma Aldrich), dissolved in supplemented HBSS, for 45 min at 37°C. After washing the cells with 200
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pL of supplemented HBSS, test compounds diluted in supplemented phenol-red-free Opti-MEM (Gibco;
supplemented with 1% heat inactivated FCS) were added in 200 pL triplicates, and TBHP (tert-
butylhydroperoxide) was used as positive control. Subsequently, fluorescence (ex/em = 485/516 nm)
was measured every 10 min for a total period of 2 h with a microplate reader (BioTek, Synergy HT).
Blank-corrected values were represented in relation to negative controls (treated with drug-free

supplemented Opti-MEM) from three independent experiments.
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Figure S1. IH NMR spectrum of Au-Fluo in acetone-de.
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Figure S2. 13C NMR spectrum of Au-Fluo in acetone-ds.
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Figure S3. Stability of Au in agueous solution. Stability kinetics were followed over 24 h for Au in a
DMSO-ds : D20 (9 : 1) mixture by 'H-NMR. No shift of the o-H (blue asterisk) was observed, indicating
high stability of Au in aqueous conditions.
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Figure S4. Stability of Au-Fluo in agueous solution. Stability kinetics were followed over 24 h for Au-
Fluo in a DMSO-ds : D20 (9 : 1) mixture by 'H-NMR. No shift of the a-H (blue asterisk) was observed,

indicating high stability of Au-Fluo in aqueous conditions.
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Figure S5. Reactivity of Au-Fluo towards N-acetylcysteine (NAC). The reactivity of Au-Fluo towards
3 equiv. of NAC in a DMSO-ds : D20 (9 : 1) mixture was monitored by 'H-NMR. The characteristic shift
of the a-H (blue asterisk) was observed (A = 0.75 ppm), indicating a rapid C—S coupling of Au-Fluo with
NAC.
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Figure S6. Reactivity of [Au(C®°N)Cl;] towards N-acetylcysteine (NAC). The reactivity of
[Au(CCON)Clz] towards 3 equiv. of NAC in a DMSO-ds : D20 (9 : 1) mixture was monitored by *H-NMR.
The characteristic shift of the a-H (blue asterisk) was observed (A = 0.78 ppm), indicating a rapid C-S
coupling of [Au(C°N)CI2] with NAC.
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Figure S7. The cytotoxicity profiles of SW480 cancer cells treated with Au and Au-Fluo for 24 h.
The final ECso-values were calculated as the mean + standard deviation of at least three independent

experiments, each in at least 3 technical replicates.
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phase contrast Au-Fluo merge

Figure S8. Cellular distribution of Au-Fluo (half-ECso, 24 h) in SW480 cancer cells after 4 h
incubation studied by live-cell fluorescence microscopy. Green fluorescence was monitored after

excitation at 469 nm and emission at 525 nm (GFP channel). The scalebar indicates 25 um.
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Figure S9. Optimization of coupling reaction. The compound Au was immobilized on amine-
sepharose beads. The amidation reaction was tested in solution with serotonin. After 30 min pre-
incubation of serotonin with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), the coupling to Au
was achieved over 24 h at pH = 4 (HCI) as revealed by mass spectrometry in the negative ionization

mode.
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Figure S10. Reactivity of Au towards dithiothreitol (DTT). Au was exposed to 2 equivalents of DTT

and the reaction was recorded over 70 min directly after mixing using an ion trap mass spectrometer.

(A) The full mass spectrum after 3.9 min in the positive ion mode shows the observed species. The

DMSO-adduct appears because Au is initially dissolved in DMSO. There is no reactivity towards DMSO.

(B) Kinetic aspects of the reaction are revealed by plotting the relative intensities of species

corresponding to Au (yellow), the Au-DTT adduct (blue) and the arylation product (turquois). (C) The

reaction scheme highlights the two-step reactivity of Au towards DTT, which is characterized by rapid

coordination and subsequent slower cross-coupling reacting by reductive elimination. (D) The full mass

spectrum of a solution containing only Au after 75 min incubation shows that the compound remains

intact in aqueous solution.
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Figure S11. Identification of Au-templated arylation sites on TXNRD1. (A) The exact sequence
coverage of the thioredoxin reductase 1 monomer is shown. Grey sequences were not detected. The
underlined sequences depict those that featured an arylation product, designated with an asterisk (*).
(B) The experimental mass signal and theoretical simulation of the isotope pattern of the bis-arylated C-
terminal CU-containing peptide are shown. (C) The different arylation products of the C-terminal peptide
of TXNRDL1 feature distinct ion mobilities that are proportional to their mass. (D) Increasing equivalents
of Au in the reaction with TXNRD1 in the absence of NADPH led to an increase in the intensity of the
arylation of the C-terminal CU-containing peptide, but also on three other peptides. Data shown as mean
+ standard deviation (n = 3) (E) Excerpts of the extracted ion chromatograms of the mono-arylated C-
terminal CU-containing peptide (left) and the mono-arylated N-terminal CVNVGC-containing peptide as
a function of increasing NADPH equivalents illustrate the trend in selectivity towards the CU-containing

peptide.
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Figure S12. Inhibition of TXNRD1 activity by Au. Au was incubated with isolated TXNRD1 for either
15 min (A) or 75 min (B) in a dose-dependent manner or exposed to A549 cancer cells for 24 h. The
potency of enzyme inhibition (nM) was assessed following the procedures of DTNB-coupled plate reader
assays. Data points are represented as means * standard deviation (n = 3). Data for Auranofin taken
from [11]. Both the parent substance [Au(C°N)CIz] and Au showed ECso >100 pM in A549 cancer cells.
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Figure S13. Proteomic profiling of SW480 cancer cells treated with Au. SW480 colon cancer cells
were incubated for 24 h at 12 pM with Au (n = 6). Six biological replicates were performed for control
(DMSO treated) and Au-treated cells. After the incubation, the cells were fractionated into cytoplasmic
(CYT) and insoluble (NE) fractions. Each sample was proteolytically digested and analyzed by a mass
spectrometry-based proteomic workflow. (A) The principal component analysis shows a clear separation
of cytoplasmic and nuclear fractions and additionally, a clear treatment effect on the entire proteome
based on the 4347 identified protein groups. (B) The volcano plots of the cytoplasmic (CYT) and
nuclear/insoluble (NE) fractions display the effects of the Au-treatment on the proteome of SW480
cancer cells. The significantly regulated proteins are highlighted in gold. The most regulated proteins
were additionally marked. (C) The affected KEGG pathways by the treatment with Au are shown based
on the significantly regulated proteins. The position reflects summed regulations in the CYT (y-axis) and
NE (x-axis) of each pathway. The numbers in the bubbles represent the number of proteins detected for
each pathway.

90



SW480_pos CTL

relative fluorescence intensity (T/C)

S S
\“QQ "P@}

concentration (pM)
SW480 (Au) SW480 (Au-Fluo)

104

iy
o
I

w
1

o

relative fluorescence intensity (T/C)
relative fluorescence intensity (T/C)

o g

concentration (M)

concentration (uM)

Figure S14. DCFH-DA assay to analyze the induction of reactive oxygen species (ROS) in SW480
cancer cells. Treatment with H2O2 was used as the positive control. Cells were treated with Au and Au-
Fluo at the indicated concentrations. ROS were analyzed over the course of 2 h in 10 min intervals.
Data points are shown as mean + standard deviation (n = 3).
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Figure S15. Synergism of Au and OB-24 co-treatment on viability of SW480 cancer cells. SW480
colon cancer cells were treated with a combination of Au and OB-24 at different concentrations that
correspond to 0, ECio, EC25, ECso, EC75 and ECgeo. A total of 36 co-treatments were carried out and
viability was assessed after 72 h incubation using the colorimetric MTT assay. The synergy landscape
was obtained by SynergyFinder 3.0 using the Bliss-Loewe synergy score (8-score) [5]. A &-score of >10

indicates synergism (red) and a &-score of <(-10) indicates antagonism (green).
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Table S1. List of the 24 significantly regulated NRF2 target genes in SW480 cancer cells upon
treatment with Au. They make up the protein group “NRF2 activation” of Figure 4E.

Protein Name Accession N° Log2(FC_CYT) Log2(FC_NE)
Heme oxygenase 1 P09601 7,41 5,12
Sequestosome-1 Q13501 2,90 1,98
Sulfiredoxin-1 Q9BYNO 2,67 0,00
Ferritin light chain P02792 2,14 0,00
Ferritin heavy chain P02794 1,59 0,00
NAD(P)H dehydrogenase [quinone] 1 P15559 0,60 0,54
NADP-dependent malic enzyme P48163 0,52 0,00
Autophagy-related protein 13 075143 1,81 0,00
Carbonyl reductase [NADPH] 1 P16152 0,84 0,00
Peroxiredoxin-1 Q06830 -0,08 2,45
Thioredoxin P10599 0,23 1,87
Peroxiredoxin-2 P32119 -0,30 1,78
Receptor-type tyrosine-protein phosphatase gamma P23470 -0,03 0,64
Proteasome subunit alpha type-1 P25786 -0,29 1,92
Proteasome subunit alpha type-4 P25789 -0,36 0,67
Proteasome subunit beta type-3 P49720 -0,07 0,75
Proteasome subunit beta type-5 P28074 -0,05 0,69
Proteasome subunit beta type-6 P28072 -0,25 1,65
26S protease regulatory subunit 4 P62191 0,10 0,85
26S protease regulatory subunit 6A P17980 -0,07 0,65
26S proteasome non-ATPase regulatory subunit 14 000487 0,08 0,81
Microtubule-associated proteins 1A/1B light chain 3B Q9GZQ8 1,07 1,55
Nucleoredoxin Q6DKJ4 -0,38 1,39
Glutathione peroxidase 1 P07203 -1,31 0,00
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The metallodrug candidate [(3-ethyl-4-oxo-(pyrazolyl)-dihydronaphthalene)(cymene)ruthenium(i)] (1a)
was recently shown to exhibit exceptional antiproliferative activity towards the chemo-resistant SW480
cancer cell line with nanomolar potency. This study was conducted to elucidate the determining
parameters of the mode of action of this N,O,0O-tridentate organoruthenium compound in vitro and in
metal(arenes) based on 3-ethyl naphthoquinone (3-Et-NQ, a) and 3-morpholine
naphthoquinone (3-Morph-NQ, b) with ruthenium (1) and osmium (2) were synthesized and
characterized. The 3-Morph-NQ ligand increased the solubility of the complexes, but showed a 30-fold
reduction in antiproliferative activity compared to the 3-Et-NQ ligand and its complexes served as
biologically inactive analogues. The solution reactivity of the four compounds was ligand- and metal-
dependent, but they all showed selectivity for amino acids over nucleotides at biologically relevant

vivo. Four

concentrations. Drug effects were elucidated by proteome profiling at subcellular resolution and showed
a pronounced ligand-dependent impact. The 3-Et-NQ containing ruthenium- and osmium(arenes)
down-regulated TP53 as a central hub in the perturbation network, connected to down-regulated
proliferative MAPK3 signalling. Complex 1a strongly down-regulated TP53 and potently inhibited cell
cycle progression at the G2/M phase. Furthermore, la was found to disrupt the TP53-DDX3X-p21

signalling axis by direct interaction with DDX3X and loss of p21 expression. The 3-Et-NQ complexes,
Received 27th January 2025

Accepted 4th July 2025 particularly 1a, showed tumour inhibitory effects in vivo in a CT26 colon carcinoma mouse model, while

the 3-Morph-NQ complexes were inactive. Tissue proteome analyses of livers of la-treated mice
displayed similar stress responses as observed in vitro. Finally, tumour tissue of la-treated mice revealed
down-regulated EGFR, consistent with the impact on the TP53 signalling axis in vitro.
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medicine over decades.”” Gradual accumulation of experi-
mental evidence, however, confirmed that the spectrum of

1. Introduction

The clinical success of the platinum anticancer agents cisplatin,
carboplatin and oxaliplatin in conjunction with the DNA-tar-
geting paradigm fuelled research efforts in the field of metals in
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biological effects of non-platinum metal-based anticancer drugs
and drug candidates is more diverse and includes protein or
metabolic targets.>® Molecular profiling technologies, e.g.,
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transcriptomics’” and (metallo-)proteomics,*®  contributed
towards a recent trend in mechanism-driven (metallo-)drug
discovery.*'*'* For example, based on transcriptomic studies, it
was shown that the mode of action of oxaliplatin involves
interference with ribosome biogenesis rather than direct DNA
platination,* which rationalizes its use in adjuvant chemo-
therapy of stage III colon cancer.*

Ruthenium-based anticancer candidate drugs are among the
most advanced classes of non-platinum therapeutics.>** This is
highlighted by two representatives that are in clinical stages of
investigation: first, BOLD-100 (formerly KP1339, IT-139,
Fig. 1), a ruthenium(m) complex, is currently evaluated in
a phase Ib/Ila study against gastrointestinal tumours and
features promising interim clinical outcomes
(NCT04421820)."*'” Preclinical investigations on the mode of
action (MoA) revealed a multimodal profile," including modu-
lation of GRP78 with endoplasmic reticulum (ER) stress
induction, accompanied by ribosomal interactions.” Alter-
ations in lipid metabolism were recently discovered* and
revealed that glucose-deprived cancer cells showed an
enhanced vulnerability towards BOLD-100 treatment.”* Second,
the ruthenium(u)-based complex TLD-1433 was employed in the
treatment of bladder cancer using photodynamic therapy®>*
and is currently undergoing a promising phase II study
(NCT03945162).2*

Pioneered by the groups of Sadler® and Dyson,?® the family
of organometallic ruthenium(u) and osmium(u) arene
complexes is widely investigated.** Typically, this metal(arene)
motif is a reactive moiety that can be fine-tuned by versatile
ligand systems, which in turn affect the antiproliferative prop-
erties of the complexes.'***-** Mono- and bidentate ligands are
employed that are inert with respect to ligand exchange, while
the remaining ligand sites are occupied by labile halido leaving
groups. Such metal(arene) compounds are prodrugs, where the
halido site undergoes ligand exchange reactions, e.g., by aqua-
tion. This activates the prodrug, which can subsequently react
with molecular targets by forming a coordination bond.®***%>%
Numerous studies reported on the metalation of biological
nucleophiles by metallodrugs in cell-free studies,*>* while the
selectivity of these agents for certain nucleophiles is more
challenging to investigate in a biological context.’” The
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Fig. 1 Chemical structures of the clinically investigated ruthenium(in)
complex BOLD-100 (left), and the investigational organoruthenium(i)
derivatives plecstatin-1 (middle) and 1a (right).
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nucleosome core particle was among the first relevant model
systems to evaluate the binding selectivity of metal(arenes)
towards nucleotides or amino acids.? Interestingly, it was shown
that ligand variation in ruthenium(arenes) would dictate the
DNA versus protein reactivity and selectivity. Later, using a che-
moproteomic approach, the ruthenium(arene) compound
plecstatin-1 (Fig. 1) was found to exhibit unprecedented selec-
tivity towards plectin in the cellular context.*® Modulation of
plectin by plecstatin-1 induced distinct phenotypes that
mirrored genetic plectin knockout,* and shows promising
antitumour activity against hepatocellular carcinoma.*’
Furthermore, activation and reactivity by coordination was also
found to be crucial for mediating the interaction of plecstatin-1
to plectin.** Amongst others, an organo-osmium compound was
found to exploit a metabolic vulnerability of mutated complex I
in cellular respiration of a cancer cell line by a metabolic shift
from glycolysis to oxidative phosphorylation.**

Consequently, it seems that the choice of the ligand scaffold
strongly determines the biological effects of metal(arenes).*
The substitution of halido leaving groups of metal(arenes) with
inert oxalato ligands retained cytotoxic potency in some cases,*
whereas inert tridentate ligand systems were found to reduce
the cytotoxic potency,*>** although some exceptions to this rule
exist.*® This indicates that the formation of a coordination bond
between the metal(arene) and a molecular target is generally
necessary to obtain cytotoxic metal(arenes) and underlines the
importance of ligand exchange kinetics for this family of metal-
based anticancer candidate drugs.

Some of us recently reported on ruthenium(arene) derivatives
based on a novel tridentate N,0,0-ligand system, which were
formed in situ from bioactive hydroxy-1,4-naphthoquinones and
1,2-diazoles.”” Interestingly, these compounds, of which [(3-
ethyl-4-oxo-(pyrazolyl)-dihydronaphthalene)(cymene)ruth-
enium(n)] (1a, Fig. 1) is a promising representative, exhibited
exceptional antiproliferative potency in the nanomolar range in
arather chemo-resistant colon carcinoma cell line,*”*® where the
hydroxy-1,4-naphthoquinone ligands were largely inactive
(showing half-maximal growth inhibition (ICs,) at >100 pM).
Although naphthoquinones are known inhibitors of NAD(P)
H:quinone oxidoreductase 1 (NQO1),* their organometallic
complexes only moderately inhibited NQO1 relative to their
cytotoxic potency suggesting that the potency of 1a is governed
by the intact complex.®® It was then also shown that these
compounds neither interacted with DNA nor produced reactive
oxygen species (ROS).* These findings led us to hypothesize that
the compounds must follow a specific MoA independent of
NQO1 inhibition that may explain their excellent potency in
vitro. Here, we investigated the antiproliferative and tumour-
inhibiting effects of highly potent metal(arenes) based on N,0,0-
tridentate ligand systems to elucidate their MoA in vitro and in
vivo. For this purpose, we synthesized a small panel of struc-
turally related naphthoquinone-containing metal(arenes) and
investigated their stability, as well as solution reactivity. We
further evaluated structure-activity relationships (SARs) on the
level of the proteome in vitro at a subcellular resolution and
mechanistically confirmed specific effects on the TP53 signal-
ling axis, which also seemed to manifest in vivo.
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2. Results and discussion
2.1 Synthesis and characterization

A small panel of structurally related N,0,0-tridentate metal(-
arenes) was synthesized to derive structure-activity relation-
ships with respect to reactivity and biological activity. Starting
from 3-ethyl naphthoquinone (3-Et-NQ, a) ruthenium(arene)
lead compound 1a and its osmium analogue 2a were synthe-
sized according to recently reported literature (Fig. 2A).** To
increase the solubility of the complexes, 3-morpholine naph-
thoquinone (3-Morph-NQ, b) was prepared and coordinated to
the respective organometallic fragments yielding complexes 1b
and 2b. The complexation reactions were performed in a one-
pot microwave-assisted reaction in the presence of pyrazole, the
NQ ligand, the dimeric metal(arene) precursor and triethyl-
amine, to obtain the neutral N,0,0-tridentate-based organo-
metallics. The complexes were obtained in good yields and were
characterized by nuclear magnetic resonance (NMR), mass
spectrometry (MS) and elemental analysis (ESI, Fig. S1-S97).
Formation of the desired complexes was confirmed by "H- and
3C-NMR spectroscopy. The OH proton of the free ligand van-
ished upon coordination and furthermore, the arene signals
were found as four distinguishable doublets, which indicated
successful coordination of the NQ ligand. Formation of the

(A)
COCTs COCs

1a 2a

(B)

Intact compound after 24 h
Compound|Solubility in PBS| Aqueous  Nucleophile |1C;,(SW480, 24h)
[mM] medium mixture [uM]
1a 0.17 42% 4% 0.62 +0.04
1b 1.22 47% 7% 38+5
2a 0.21 45% 19% 1.2+01
2b 0.4 37% 43% 36+7
(©)
N W Sy " aminoacid |
| N O/ \ L \ N o/ \OH reactivity
o slow OH &
O‘ R activation O‘ R NQ release
o o

Fig. 2 (A) Chemical structures of the investigated naphthoquinone-
based metal(arenes) in this study. (B) Table highlighting solubility in
phosphate buffered saline (PBS, with 1% DMSO), percentage of intact
compound remaining after 24 h in aqueous medium and in the
presence of the biological nucleophiles cysteine, methionine, histi-
dine, adenosine triphosphate and guanosine triphosphate, each at 50
uM as revealed by mass spectrometry. Concentration of 50% growth
inhibition (ICsg) is displayed in the SW480 colon carcinoma cell line
after 24 hincubation. (C) The scheme shows the proposed reactivity of
the N,O,O-tridentate metal(arenes).
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expected tridentate complexes could be unambiguously
confirmed by the presence of the hemiaminal carbon at around
100 ppm in the corresponding “*C-NMR spectra (ESI, Fig. S2-
S51). Proton and sodium adducts of the respective organome-
tallics were found in HR-MS studies and the observed isotopic
patterns are in good agreement for mononuclear Ru species
(ESI, Fig. S6-S97). Elemental analyses revealed the hygroscopic
nature of the compounds due to the increased O-content in all
complex samples. The obtained data confirmed sufficient purity
for further biological examinations. As expected, the introduc-
tion of the 3-Morph-NQ fragment remarkably increased the
solubility of the complexes by a factor of 2-7 compared to their
3-Et-analogues in phosphate buffered saline (PBS, Fig. 2B).

2.2 Stability and reactivity

These N,0,O-tridentate complexes were previously found to be
highly stable and featuring slow activation kinetics. Neverthe-
less, they are activated by hydrolysis of the most labile M-O
bond (Fig. 2C).** Further hydrolysis releases the NQ ligand,
because the free hemiaminal-containing NQ is unstable and the
presence of biological nucleophiles accelerated NQ release.*®
Here, the reactivity of 1a towards biological nucleophiles was
investigated by NMR, UV-vis spectroscopy and ESI-MS to assess
concentration-dependent reactivity differences. Compound 1a
was incubated in an equimolar ratio with 9-ethylguanine and
methionine or cysteine in D,0/20% DMSO. The samples were
analysed on a 500 MHz NMR spectrometer after 0 h, 1.5 h and
24 h. At 1 mM, 1a remained remarkably stable in both the
methionine- and cysteine-containing samples over the incuba-
tion period and no effects on chemical shifts were observed
(ESI, Fig. S10t). The aromatic proton of 9-ethylguanine was
consistently found at 7.6 ppm.

In contrast to the NMR analysis, the compounds were
diluted to 40 uM and 80 puM for 1a/2a and 1b/2b, respectively
and their stability was assessed by UV-vis spectroscopy contin-
uously over 96 h (ESI, Fig. S111). Under these biologically more
relevant concentrations, the compounds showed ligand
exchange reactions with distinct isosbestic points. While the
ruthenium derivatives 1a/1b hydrolysed more rapidly over 24 h
(1a 75%, 1b 76%, 2a 85%, 2b 94% of intact complex), the ethyl-
NQ-containing organometallics 1a/2a seem to hydrolyse more
extensively over 96 h (1a 53%, 2a 61%, 1b 64%, 2b 84% of intact
complex).

In order to elucidate the transformation products of hydro-
lysis at micromolar concentrations, the four compounds were
analogously incubated at 50 uM and analysed by ESI-MS** in
a time-dependent manner after 1.5 h, 24 h and 72 h. The four
complexes of this series were quite stable over 24 h (ESI,
Fig. S127t), but gradually released the NQ-ligands over the course
of 72 h, which was observed by the formation of characteristic
metal(cymene)-dimers containing pyrazole as bridging ligands.
In addition, the observation of the free 3-Morph-NQ ligand after
24 h further supported the previously established activation
mechanism (ESI, Fig. S121). A mass signal, which was probably
generated by in-source fragmentation corresponded to pyrazole-
release. Ruthenium- and osmium organometallics behaved
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similarly, although osmium derivatives showed slower hydro-
lysis kinetics (ESI, Fig. S12t). In general, the intensity of the
intact compounds after 24 h at 50 pM corresponded to
approximately 40% of the total intensity of the mass spectrum
in all four cases, not accounting for ionization efficiency
(Fig. 2B).

Then, the compounds were analogously incubated with an
equimolar mixture of cysteine, methionine, histidine, adeno-
sine triphosphate and guanosine triphosphate to verify coor-
dination preferences for amino acids over nucleotides. The
reactivity of the four compounds was qualitatively similar,
characterized by release of the NQ ligands and formation of
mainly methionine and histidine-adducts with the metal(arene)
(ESI, Fig. S131). No metalation of the nucleotides was observed.
In contrast to other O,0-ligand systems, which are typically
deactivated within minutes by ligand release under such
conditions,*™** the N,0,O-tridentate organometallics studied
here were characterized by increased stability. Nonetheless, 1a
and 1b reacted nearly quantitatively within 24 h, while the Os
analogues reacted at a slower rate so that intact 2a and 2b were
still observable at 19% and 43% after 24 h, respectively (Fig. 2B
and ESI, Fig. S127). Again, the 3-Morph-NQ ligand was detected
upon release from the metal centre, but hydrolysis dimers were
not observed in the presence of bionucleophiles (ESI, Fig. S137).
The reactivity of the compounds towards an equimolar
concentration of the model protein ubiquitin was characterized
by similar kinetic behaviours and reactivity (ESI, Fig. S147).

As the NMR, UV-vis and MS investigations showed, the
activation and reaction kinetics of the studied complexes were
clearly concentration dependent. Interestingly, we observed
a stronger impact of the metal than the ligand on kinetics of
activation over 24 h and adduct formation in the presence of
biological nucleophiles in the following order: 1a = 1b > 2a > 2b.
The slower ligand exchange kinetics of osmium(u) - compared
to ruthenium(u)arenes - is a known phenomenon.*>** It origi-
nates from osmium being a third-row transition metal and
therefore, being more inert compared to the second-row tran-
sition metal ruthenium. Indeed, isosteric osmium organome-
tallics often exhibit longer half-lives of hydrolysis.*®

2.3 Antiproliferative activity in vitro

Compound 1a showed potent antiproliferative activity with an
1Cs0-value of 0.046 + 0.007 uM in the rather chemo-resistant
SW480 colon cancer cell line over a 96 h incubation time (Table
S1t).*® Interestingly, N,0,0-tridentate ruthenium(arenes) of this
type were selectively active towards the SW480 cancer cell line,*
while the naphthoquinone ligands were previously found to be
largely inactive in vitro (ESI, Table S1t).** The antiproliferative
activity of the four compounds 1a, 1b, 2a and 2b was then
examined towards SW480 cells over a 24 h incubation time
corresponding to the MoA studies below. The 3-Et-NQ
complexes 1a and 2a showed ICs,-values of 0.62 £+ 0.04 uM and
1.2 £+ 0.1 pM, respectively and the 3-Morph-NQ complexes 1b
and 2b showed ICs,-values of 38 &+ 5 and 36 &+ 7 uM, respectively
(Fig. 2B, ESI, Fig. S15 and Table S17t). Thus, the ethyl derivatives
la and 2a were >30 times more potent compared to their
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morpholine-analogues 1b and 2b, which showed only moderate
cytotoxicity and serve as biologically inactive analogues. More-
over, the ruthenium-derivative 1a was slightly more potent than
the osmium analogue 2a. Such an effect was not observed for
the morpholine-derived compounds. It was previously shown
that ICsy-values of representatives of this compound family
based on a 24 h incubation featured lower potency compared to
a 96 h incubation.”® Nonetheless, the 3-Et-NQ complexes
investigated here retained significant antiproliferative activity
even after an incubation time of 24 h. This supported the fact
that they do not exert their biological effect via direct DNA
damage, but might involve other mechanisms. Furthermore,
the pronounced antiproliferative activity of the 3-Et-NQ
complexes must be due to specific mechanistic aspects, which
were not perturbed by the 3-Morph-NQ complexes. This moti-
vated the proteomics experiments detailed below.

2.4 Proteome-wide effects in SW480 cancer cells

To gain insight into potential modes of action and derive
structure-activity relationships on a molecular level, proteomic
profiling experiments were carried out based on label-free
quantification (LFQ) by nano-liquid chromatography tandem
mass spectrometry (nLC-MS/MS). SW480 cancer cells were
treated for 24 h with each compound at concentrations corre-
sponding approximately to their individual ICs, values. Six
replicates were used per condition. The perturbations were
evaluated at subcellular resolution by fractionating cells into
cytoplasmic (CYT) and nuclear (NE) protein fractions. Those
have been separately proteolytically digested and analysed
(Fig. 3A). The perturbations with the 3-Et-NQ and 3-Morph-NQ
complexes were performed against their respective solvent-
treated controls (CON), yielding a total of 72 samples. Scatter
plots and principal component analyses of the samples revealed
good precision of the method, as well as a strong and largely
homogeneous impact of the treatments according to the
respective conditions (ESI, Fig. S16T). The principle component
analysis further revealed that 1b and 2b predominantly affected
the nuclear fraction of the proteome (ESI, Fig. S16B¥). A total of
5657 proteins were identified under all conditions combined.
Statistical significance of individual protein regulations was
calculated by multiple testing-corrected P-values based on 5%
false discovery rate (FDR = 0.05 and S, = 0.1). With respect to
the number of significantly regulated proteins, 1a and 2a
affected more strongly the cytoplasmic fraction, while 1b and 2b
showed a predominant impact on nuclear fractions, indicating
that the ligand directs the global impact of the perturbation.
The dynamic range of significantly regulated proteins was large,
from 16 regulated proteins by 1b in CYT to 1773 regulated
proteins by 2b in NE (ESI, Table S27).

The significantly regulated proteins of each treatment were
then categorized into functional groups based on significantly
enriched terms according to gene ontology cellular compart-
ments (GO CC), biological processes (GO BP), and KEGG path-
ways (Fig. 3B and C, ESI, Fig. S17 and Data S17). The position of
each group represents the summed fold-changes of the indi-
vidual proteins in the group according to the subcellular space,
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(A) SW480 cell populations were treated in hexuplicates. Cytoplasmic (CYT) and nuclear (NE) protein fractions were obtained. Samples

were proteolytically digested and analysed by nano-liquid chromatography tandem mass spectrometry (nLC-MS/MS) in a data-dependent
analysis mode. Proteomic perturbation data were then used for mode of action deconvolution. Regulomes of individual treatments are shown
where each protein group was obtained from a term enrichment analysis according to gene ontology (GO) cellular compartments (B) or bio-
logical processes (C). The size of the bubbles correlates with the number of proteins in the group.

i.e., CYT and NE fractions, while the size represents the number
of proteins in each group.

Categorizing regulated proteins according to GO CC terms
provides a global overview of the effects of each perturbation on
cellular compartments.® Again, the ligand type had a major
influence on the perturbation profiles, since compounds based
on 3-Et-NQ and 3-Morph-NQ led to changes predominantly in
the cytoplasmic and nuclear fraction, respectively. Moreover,
the identities of the groups overlapped significantly in
compounds containing the same ligand. Compounds 1a and 2a,
bearing the 3-Et-NQ ligand, induced a significant down-regu-
lation of groups corresponding to the membrane, cytosol,
mitochondria, extracellular exosomes and focal adhesion
(Fig. 3B). Treatment with the ruthenium complex 1a addition-
ally resulted in the down-regulation of proteins related to the
Golgi apparatus, while 2a was associated with a stress granule
group. The 3-Morph-NQ complexes 1b and 2b induced an
upregulation of nuclear and nucleolar proteins, chromatin-
related proteins, but down-regulated mitochondrial and extra-
cellular exosome proteins. In more detail, compound 1b
specifically regulated microtubular and lysosomal proteins,
while 2b modulated cytoskeletal proteins.

In the next step, the perturbations were categorized accord-
ing to GO BP to reveal the impact of a compound on biological
processes in treated SW480 cancer cells (Fig. 3C). GO BP terms
represent molecular programs that an organism tries to achieve
and span various levels of biological organization.> In fact, the
groups of the proteasome, rRNA processing and ribosomal
biogenesis were observed in all four treatments. On the one
hand, complexes 1a and 2a were characterized by an upregu-
lation of proteasomal proteins in the nuclear fraction and

100
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down-regulation of translational proteins in the cytoplasm.
Additionally, cell cycle proteins were also down-regulated in the
nuclear fraction and stress granule assembly was specific for 1a
and 2a. On the other hand, compounds 1b and 2b featured the
upregulation of transcriptional, chromatin-associated and
rRNA processing proteins, while proteins for intracellular
transport were down-regulated in the nuclear fraction. Proteins
associated with protein stabilization were slightly upregulated
in the cytoplasmic fraction. Compounds 1b and 2b had 13
common BP groups, among which were additionally DNA
damage response, mRNA splicing and regulation of the
apoptotic process. Interestingly, the cell cycle and mRNA
transport groups were specific for the ruthenium(arene), while
there were no specific groups for the osmium(arene) moiety.
The KEGG pathway analysis revealed quite compound-
specific perturbations, but also showed the proteasome as
a commonly upregulated pathway in the nuclear fraction (ESI,
Fig. S17%). Overall, these data revealed detailed information
about the impact of four organometallics on SW480 cancer cells
and enabled the derivation of ligand-specific, metal-specific and
compound-specific drug effects with relevance to their MoA.
Next, we investigated shared proteins across the treatments.
Notably, despite the similarities of the functional groups in the
regulomes, there were only a few overlapping proteins regulated
in all four treatments (ESI, Fig. S18At). The shared upregulated
proteins in CYT and NE were searched using STRING,* which
revealed a pronounced proteasomal cluster, stemming from the
nuclear fraction (ESI, Fig. S18Bt). This was connected to the sole
shared upregulated protein, sequestosome-1 (SQSTM1), which is
known to have cytoprotective effects by acting as a bridge
between ubiquitinylated proteins and autophagosomes.*® The
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proteasome was also among the few shared protein groups in the
regulome (Fig. 3C). Additionally, we also observed the chaperone
heat shock 70 kDa protein 1A (HSPA1A) upregulated in all
treatments. Interestingly, there were no clusters among the
shared down-regulated proteins, supporting the surprising fact
that there is only a low overlap of regulated proteins in this panel
of structurally similar organometallics (ESI, Fig. S18Bt). Notable
commonly down-regulated proteins include Prolow-density
lipoprotein receptor-related protein 1 (LRP1) and basal cell
adhesion molecule (BCAM). The former plays a role in endocy-
tosis®” and the latter in cell adhesion and motility.*® There was
also only a small number of shared regulated proteins when
considering the same metal(arene) scaffold with the different
ligands, but there was some overlap of the ruthenium- and
osmium(arenes) bearing the same ligand. This highlighted again
the stronger impact of the ligand on cellular responses on the
proteome level compared to the metal(arene). This correlated
with the ICs, values of the respective ligand systems, where the
ethyl- and morpholine-derivatives dictated the antiproliferative
potency irrespective of the metal(arene). NQO1, the target of the
naphthoquinone ligands, was not regulated by any of the
compounds investigated here (ESI, Fig. S197).

2.5 Specific effects of the 3-Et-NQ complexes

To investigate molecular effects that might be responsible for
the increased potency of the 3-Et-NQ complexes compared to
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the 3-Morph-NQ complexes, a STRING network analysis was
performed with the shared regulated proteins only between 1a
and 2a (ESI, Fig. S18f). Among the upregulated proteins,
representatives of cellular stress responses were found, e.g.,
NRF2 targets, heat shock response and cytoplasmic stress
granules (ESI, Fig. S20At). The NRF2-associated proteins were
heme oxygenase 1 (HMOX1), glutamate-cysteine ligase regula-
tory subunit (GCLM) and oxidative stress-induced growth
inhibitor 1 (OSGIN1). The heat shock response included
HSPA1A and the ER chaperone BiP (GRP78, HSPA5), while the
induction of the former was a feature of all four complexes.
The downregulated proteins featured an extensive network
covering cell cycle, translation, mitochondrial respiration and
extracellular matrix interactions (ESI, Fig. S20B+). Interestingly,
the cellular tumour antigen p53 (TP53) was found as a central
hub in the cell cycle network (Fig. 4A), together with mitogen-
activated protein kinase (MAPK3) and signal transducer and
activator of transcription 6 (STAT6), suggesting that a TP53-
mediated antiproliferative effect would be crucial for the activity
of the 3-Et-NQ complexes. TP53 is a known tumour suppressor
and regulates cell cycle, DNA repair and apoptosis.” TP53 is
mutated in many tumours.®® SW480 cancer cells contain high
levels of a doubly mutated TP53, with gain-of-function proper-
ties. Strikingly, TP53 was the strongest down-regulated protein
upon treatment of SW480 cancer cells with 1a in the cyto-
plasmic fraction (Fig. 4B), but not for 2a (Fig. 4C). This suggests
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Fig. 4

(A) STRING subnetwork of the shared 26 down-regulated proteins after treating SW480 cancer cells with 1a or 2a displaying the core

cluster around TP53 related to cell cycle. (B) Volcano plots showing the proteome changes in the cytoplasmic (CYT) fractions of SW480 cells
upon treatment with 1la and 2a. Proteins with statistically significant regulations are shown in dark grey (FDR = 0.05, So = 0.1). (C) Protein
abundances in LOG2 space for selected proteins in control SW480 cells (CON) and upon treatment with either 1a or 2a. Six replicates were
performed per condition. If not shown, proteins were not detected. (D) Bar chart of the ICsq values of 1ain cell lines with different TP53 status, i.e.,
mutated (Mut), wild-type (WT) or knockout (KO). Cells were exposed for 96 h. Values are presented as means =+ standard deviation. Significance
was calculated by an unpaired two-tailed t test with Welch's correction: *p-value <0.05, ****p-value<0.0001. (E) Cell cycle analysis of SW480
cancer cells treated with 1a for 24 h at the indicated concentrations. Etoposide (100 nM) and gemcitabine (10 nM) served as controls for G2/M
and GO/GL1 arrest, respectively. Values are presented as means + standard deviation.
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that 1a induces a more potent response compared to 2a and can
efficiently destabilize TP53 levels in SW480 cells.

2.6 Compound 1a is specifically active in SW480 cancer cells
with mutated gain-of-function TP53

To verify the involvement of TP53 in the MoA of 1a, its cyto-
toxicity was examined using the HCT116 cell line, which
contains wildtype TP53 (ref. 61) and for which a TP53-knock-out
variant was available. Interestingly, the ICs, value of 1a in the
HCT116 TP53 wild-type (TP53WT) was 0.13 =+ 0.02 uM and thus,
approximately four-fold less potent compared to the SW480
cells (Fig. 4D). Moreover, the HCT116 TP53-knockout (TP53KO)
cell line exhibited an ICs, value of 0.26 £+ 0.01 uM, further
reducing the potency by a factor of two, underscoring the
dependence of cytotoxic potency on TP53 status of 1a. The ICs,
value of 1a in the murine CT26 colon carcinoma cells, con-
taining wildtype TP53,%> was determined to be 0.80 + 0.15 uM.
Consequently, 1a was most active towards the TP53-mutated
SW480 cell line. This cell line depends on TP53-mediated sig-
nalling for proliferation.”® TP53 controls the S and G2/M
checkpoints of the cell cycle. Therefore, destabilizing TP53
would lead to an accumulation of cells in these phases of the
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cell cycle. SW480 cancer cells were treated with 1a at increasing
concentrations from 12.5 to 50 nM for 24 h and the cell cycle
distribution was assessed (Fig. 4E). A dose-dependent increase
in the S and G2/M phases of the cell cycle was clearly observed in
the range of the ICs,. The potency of 1a treatment on cell cycle
distribution was similar to the positive control etoposide for
which a 100 nM treatment was applied, but contrasted to
gemcitabine, which induced a G0/G1 arrest. Importantly, the
topoisomerase II poison® etoposide induces to DNA double
strand breaks and a TP53-mediated DNA damage response.®

2.7 Compound 1a deregulates the TP53-DDX3X-p21
signalling axis

For further in-depth investigation, we assessed TP53 and
downstream effector p21 expression. In whole cell lysates, no
down-regulation of TP53 was observed upon 1a treatment
(Fig. 5A). immunofluorescence staining revealed
decisive loss of TP53 signal intensity (Fig. 5B and C), corrobo-
rating the findings from proteome profiling (c¢f. Fig. 4A and B).
Again, etoposide was used as positive control for the induction
of TP53 expression and indeed showed enhanced nuclear
accumulation of TP53 (Fig. 5B). Additionally, changes of TP53
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(A) Protein expression levels of TP53 and p21 in whole cell lysates of SW480 cells treated with indicated compounds for 24 h and analyzed

by western blotting. B-Actin served as loading control. (B) Immunofluorescence staining of TP53 (green) in SW480 cells following treatment with
1 uM of 1a without or with 25 nM of bafilomycin or bortezomib compared to DMSO control or 100 nM of etoposide for 24 h. Cytoplasm and
nuclei were stained using rhodamine-labelled wheat germ agglutinin (WGA, red) and DAPI (blue), respectively. (C) Mean TP53 signal intensity
relative to DMSO control quantified from (B). One-way ANOVA with Tukey's multiple comparisons test: *p < 0.05, **p < 0.005, ***p < 0.0005,
**+kp < 0.0001. (D) TP53/DAPI co-localization coefficient calculated from (B). (E) p21 protein expression relative to DMSO control, normalized to
B-actin quantified from (A) using Image J. (F) Immunofluorescence staining of p21 (green) in SW480 cells following treatment with 1a (1 pM) as
compared to control for 24 h. Cytoplasm was stained using rhodamine-labelled WGA (red). (G) Quantification of p21 immunofluorescence signal
following treatment with 1a (1 uM) as compared to control for 24 h in SW480 (F) and CT26 cells. Unpaired two-tailed Student’s t-test: *p < 0.05.
(H) Peptide centric local stability assay was performed to identify potential direct interaction partners of 1a and plecstatin-1, revealing DDX3X as
a specific interactor of la. Each dot depicts a tryptic peptide. (I) Scheme of the proposed impact of 1a on the TP53-DDX3X-p21 signalling axis.
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expression were assessed after incubation with subtoxic
concentrations (ESI, Fig. S211) of bafilomycin or bortezomib,
which are inhibitors of lysosomal acidification and the protea-
some, respectively, with the aim to reveal potential degradation
routes of TP53. While both inhibitors on their own reduced
TP53 signals, only combination with bortezomib induced
accumulation of TP53 indicating the proteasome to be mainly
responsible for TP53 degradation and turnover in SW480 cancer
cells. Moreover, assessment of the TP53/DAPI co-localization
coefficient revealed that 1a and bortezomib retained TP53 in the
cytoplasm in a comparable manner (Fig. 5D). Drug combination
did not further enhance this effect. Assessment of TP53
expression in CT26 cells revealed downregulation associated
with proteasomal degradation pathway (ESI, Fig. S221), in line
with observations in SW480 cells. Growth arrest is induced by
p21 upon p21 promoter transactivation by TP53.°® Conse-
quently, p21 expression levels were also analysed upon treat-
ment. Unexpectedly, 1a treatment significantly reduced p21
expression in SW480 and CT26 cells (Fig. 5A, E-G), which also
seemed to be degraded via the proteasomal pathway (Fig. 5E).

A recently reported®” peptide centric local stability assay was
then performed to determine whether 1a would directly interact
with TP53 or p21. The method relies on a limited-proteolysis
strategy, where ligand-binding on target proteins is expected to
increase the stability of the proteins against proteolytic diges-
tion. This specifically enables the identification of target
proteins of small molecules. For this purpose, a SW480 whole
cell lysate was treated with DMSO, 1a (1 uM) or plecstatin-1 (20
uM), each in four replicates (Fig. 5H). Being a ruthenium(arene)
derivative, plecstatin-1 was used to assess potential non-specific
interactors of the ruthenium(cymene) fragment. Among the
identified 930 proteins from 2666 peptides for 1a, we did not
detect TP53, or p21, probably due to the limited digestion effi-
ciency. However, among the selective interaction partners, we
found specific peptides of ATP-dependent RNA helicase DDX3X,
tubulin alpha-1A (TUBA1A) and albumin (ALB). Several peptides
of TUBA1A and ALB were also found to be stabilized by plec-
statin-1 indicating low specificity. This results in DDX3X being
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the most probable direct binding partner of 1a among the
subpopulation of identified proteins. Interestingly, DDX3X
interacts with TP53 and can change the accumulation of TP53
in the cytoplasm and nucleus.®® It was demonstrated previously
that the interaction of DDX3X with TP53 is dependent on the
mutational status of the latter and moreover, p21 transcription
is promoted by DDX3X via direct interaction with SP1 in a TP53-
dependent® and -independent manner.” This, together with
our data, suggests that 1a impairs TP53 functionality leading to
p21 loss, which seems to be mediated by direct interaction of 1a
with DDX3X (Fig. 5I) and might explain the exceptional potency
of this compound towards the rather chemoresistant SW480
cancer cell line.

2.8 Anti-tumour activity in the CT26 mouse model

Tumour inhibition of the four compounds was evaluated in
subcutaneous CT26 allografts using BALB/c mice, since it
represents an appropriate immune competent mouse model to
study colon carcinoma. The compounds were administered
intraperitoneally (i.p.) over two weeks at doses of 10 mg kg™ for
the 3-Et-NQ complexes and 30 mg kg ' for the 3-Morph-NQ
complexes. The different dosages were selected as maximal
tolerable doses (MTDs) after an initial toxicity screen (data not
shown).

Compounds 1a and 2a were found to significantly inhibit
tumour growth compared to vehicle-treated controls, while 1b
and 2b were inactive (Fig. 6A). Consequently, the nature of the
ligand not only determines in vitro activity, but also drives in
vivo tumour inhibition. Compound 1a achieved significant
tumour inhibition featuring a significant 44% reduction in
tumour volume on day 13 (Fig. 6B).

Furthermore, tumour, organs and blood of the 1a-treated
mice were collected 4 h after the last injection. The average
metal content was quantified by inductively coupled plasma
mass spectrometry of tissue homogenates using the '°'Ru
isotope. Intraperitoneally administered compounds are
primarily absorbed through the portal circulation, which can
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Fig. 6 (A) Anticancer activity of the indicated compounds in vivo. CT26-bearing BALB/c mice were treated i.p. over two weeks (indicated by
arrows) with 10 mg kg ! of 3-Et-NQ complexes (1a and 2a) and with 30 mg kg~ * of 3-Morph-NQ complexes (1b and 2b). Data are presented as
mean £ SEM. Statistical significance was tested by two-way ANOVA using Dunnett's multiple comparison test. *p < 0.05, **p < 0.01. (B) Bar chart
showing the tumour volume at the last day in vehicle-treated controls and compound-treated mice. Bars represent mean values. Significance
was calculated by an unpaired two-tailed t test with Welch's correction: *p-value <0.05. (C) Tumour, organs and blood were collected of 1la-
treated mice and the total °’Ru content was quantified by inductively coupled plasma mass spectrometry. Bars represent mean values.

103

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00735f

Open Access Article. Published on 14 July 2025. Downloaded on 8/5/2025 2:21:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

lead to a substantial liver exposure.” Indeed, 1a distributed to
the liver, where a '*'Ru content of 10 + 1 mg kg™ was detected
(Fig. 6C). A smaller amount accumulated in the tumour, cor-
responding to 0.9 & 0.7 mg kg~ " "*'Ru. This paralleled earlier
findings of other metal(arenes) in this tumour model.”” Inter-
estingly, 1a neither accumulated in blood serum nor in the
blood clot with '®'Ru contents consistently <0.4 mg kg™ .

2.9 Evaluation of drug effects in vivo

The significant tumour-inhibition of 1a together with the
selective impact on TP53-mediated signalling motivated inves-
tigations into in vivo drug effects. For this purpose, an addi-
tional 1-week experiment was performed by treating BALB/c
mice bearing CT26 tumours with 1a administered at 10 mg kg "
for five consecutive days. The experiment confirmed the statis-
tically significant tumour inhibition of 1a (Fig. 7A). On day five,
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tumour, liver and blood were harvested two hours after the last
injection of 1a. Blood plasma and livers were harvested to
obtain insight into systemic drug effects and tumours were
collected to obtain information about local effects of the
candidate drug.

Liver tissue for histological assessment was fixed with
formaldehyde and then paraffin-embedded. Haematoxylin and
eosin (H&E) was used to stain tissue slices. Despite being the
most exposed organ, liver sections of 1a-treated mice showed
largely healthy physiology (Fig. 7B).

For proteomic workup, the fresh tissue samples were quickly
rinsed with PBS and shock-frozen in liquid nitrogen. Blood
plasma was immediately prepared by centrifugation of the
collected blood in ethylenediaminetetraacetic acid (EDTA)
tubes. The samples were analysed in technical duplicates due to
the expected larger heterogeneity and statistical evaluation was
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(A) Anticancer activity of 1a in vivo. CT26-bearing BALB/c mice were treated i.p. on five consecutive days (indicated by arrows) at a dose of

10 mg kg™, Impact on tumour growth; data are presented as mean + SEM. Statistical significance was tested using the mixed-effects model
(REML): *p-value <0.05. Tumouir, liver and blood plasma of these mice were collected and analysed by proteome profiling. (B) Representative
microscopy images of liver tissue harvested from untreated and treated mice. Tissues were paraffin-embedded, followed by cutting and
histological staining by hematoxylin and eosin (H&E). Pictures were taken using a Slidescanner (magnification: 40x; scale bar: 50 um). (C)
Volcano plots of the proteomic effects of la-treated versus vehicle-treated mice highlighting systemic effects in the liver and blood plasma.
Statistical significance was calculated using LIMMA and a multiple-testing correction based on Benjamini—Hochberg. (D) Volcano plot of the
proteomic effects of 1la-treated versus vehicle-treated mice highlighting local effects in the tumour. Statistical significance was calculated using
LIMMA and a multiple-testing correction based on Benjamini—Hochberg. (E) Gene set variation analysis (GSVA) of the tissue proteomic data
according to upregulated and down-regulated GO BPs. Bars represent adjusted P-values of statistically significant term enrichments.
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performed using the LIMMA algorithm™ and gene set variation
analysis (GSVA).” A total of 2770 proteins were identified in liver
with 14 statistically significantly regulated proteins and 285
proteins in plasma samples with 79 statistically significant
regulations (Fig. 7C). Then, proteomic analysis revealed 3867
proteins in tumour samples of which 5 showed statistically
significant regulations (Fig. 7D). Statistical significance was
calculated based on multi-parameter testing-adjusted P-values
=0.05. The distribution of 1a in CT26 tumour-bearing mice had
revealed a significant accumulation in the liver and minor
amounts in tumour tissue, suggesting a potential involvement
of systemic contributions to its tumour-inhibiting effect.

Although the liver showed a normal physiology, the proteo-
mic data evidenced the upregulation of detoxification enzymes
in 1a-treated mice, e.g., cytochrome P450 3A13 (CYP3A13), heme
oxygenase 1 (HMOX1) and metalloreductase STEAP4 (STEAP4,
Fig. 7C). As one of the most exposed organs to 1a, the upregu-
lation of HMOX1 also correlated with the in vitro drug effects.

Moreover, the induction of lipocalin-2 (LCN2), neutrophil
granule protein (NGP), serum amyloid P-component (APCS) and
cathelicidin antimicrobial peptide (CAMP) indicated a drug-
induced acute phase response in the liver. These effects were
further supported by the statistically significant enrichment of
GO BP terms in the GSVA (Fig. 6E and ESI, Table S3t), e.g,
“response to IL-1” and “leukocyte activation”. The upregulated
term “transition metal ion transport” was indicative of metal
transport, including iron homeostasis and “TOR signalling”
related to a restriction of nutrients under this treatment chal-
lenge. This was complemented by a down-regulation of several
terms related to mitochondrial respiration, which can accom-
pany an acute phase response (Fig. 7E).”>7®

Acute phase proteins were also found upregulated in blood
plasma of 1a-treated mice (Fig. 7C). The liver-derived c-reactive
protein (CRP), serum amyloid A (SAA1/SAA2), APCS and o4-acid
glycoprotein 2 (ORM2) are classical acute phase markers in
plasma. While CRP and SAA1/SAA2 are usually mediating pro-
inflammatory processes,” ORM2 has immunomodulatory
properties and might dampen excessive inflammation reac-
tions.” Several complementary components were found to be
down-regulated, including C2, C5, C8alpha-gamma and
complement factor D (CFD). Similarly, GSVA in plasma revealed
a term related to “regulation of IL-1 production”, involved in
inflammatory and immune regulatory processes.

The most pronounced changes in the tumour mirrored those
in plasma, including regulated SAA1 and CFD, which may
represent a consequence of tumour vasculature, and do not
directly represent la-treatment in the tumour (Fig. 7D). GSVA
revealed a decreased “regulation of NFkB signalling” and an
induction of “response to As-containing substance”. The latter
included HMOX1, similarly to the observed effects in the liver
and in vitro in SW480 cells. This is representative of the stress
response induced by 1a at the tumour site. Moreover, EGFR was
found to be down-regulated in 1a-treated mice. This receptor of
the MAPK3 pathway is linked to TP53 and directly involved in
proliferation signalling.”®*® Indeed, down-regulated EGFR was
connected to down-regulated RHOA and ACTN4 signalling, as
well as RELA (p65, NFkB) (ESI, Fig. S231). Furthermore, DDX3X
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was shown to regulate EGFR in breast cancer.®* Down-regula-
tion of EGFR in vivo might therefore reflect a further crucial
direct effect of 1a targeting the TP53-DDX3X-p21 signalling axis
as revealed from the in vitro experiments.

3. Conclusions

Metal(arenes) containing N,0,0-tridentate ligands, which were
obtained in situ from dimeric metal precursors, diazoles and
naphthoquinone ligands, showed exceptional antiproliferative
activity in the nanomolar range, while the ligands alone were
largely inactive. In contrast to other metal(arenes) containing
bidentate ligands, this family is kinetically inert over a pro-
longed time period, but retains reactivity by hydrolysis of
a metal-oxygen bond of the naphthoquinone ligand. Prefer-
ential binding of the complexes to amino acids over nucleo-
tides was confirmed, accompanied by release of the
naphthoquinone ligand from the complex. Among the four
complexes, the ligand strongly determines the antiproliferative
activity with the 3-ethyl naphthoquinone organometallics
showing >30-fold higher potency compared to the 3-morpho-
lino derivatives. Similarly, the ligand influenced protein
perturbation profiles more strongly than the metal. The shared
effects of the 3-ethyl naphthoquinone organometallics revealed
TP53 as a central hub in the perturbation network, directly
impacting on proliferative signalling. Furthermore, the mutant
TP53 cell line SW480 seemed to be particularly sensitive to
these compounds. The ruthenium lead compound consider-
ably affected cell cycle progression at the G2/M phase, which
was associated with disturbance of the TP53-DDX3X-p21 sig-
nalling axis and loss of p21 expression, probably mediated by
direct modulation of DDX3X. The 3-ethyl naphthoquinone
organometallics also showed anticancer activity in the CT26
mouse model, where especially the ruthenium(arene) deriva-
tive significantly reduced tumour size. Drug effects of the 3-
ethyl naphthoquinone containing an organoruthenium
complex were then assessed in the same mouse model by
proteome profiling. To distinguish direct from indirect drug
effects at the tumour site, systemic responses were considered.
As a result, the down-regulated EGFR in the tumour was
identified as the direct effect of treatment. EGFR levels were
previously found to be controlled by TP53-DDX3X-p21 signal-
ling. The strategy presented here can be used to elucidate the
modes of action of phenotypically discovered metal-based
anticancer drugs in vitro and in vivo. The antitumour activity of
1a via the TP53-DDX3X-p21 signalling axis and its dependence
on the mutational status of TP53 warrants further mechanistic
investigations.

Data availability

Proteomic data were submitted to the ProteomeXchange
Consortium  (https://proteomecentral.proteomexchange.org/)
and are available in the PRIDE partner repository with
identifiers PXD059756 (in vitro), PXD059761 (in vivo plasma)
and PXD059773 (in vivo tissue).
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Materials and methods

Chemicals

2-Hydroxy-3-(morpholinomethyl)naphthalene-1,4-dione’ (b), ruthenium dimer [RuCly(p-cym)],
and osmium dimer [OsCly(p-cym)], (both dimers ref.2) were synthesized in accordance to
published procedures. Following chemicals, materials and solvents were used without further
purification: ruthenium(lll)chloride hydrate (Johnson Matthey), osmium tetroxide (Johnson
Matthey), 1H-pyrazole (Acros), triethylamine (Fisher/Acros), 25% aqueous ammonium
hydroxide solution (Loba), morpholine (Alfa Aesar), 37-41% aqueous formaldehyde solution
(Fluka), 2-hydroxy-1,4-naphthoquinone (Acros-Fisher), acetaldehyde (Sigma-Aldrich), L-
proline (Merck) and Hantzsch ester (TCI). Methanol (Sigma-Aldrich), ethyl acetate (Riedel-de
Haén), ethanol (96%, Brenntag), dichloromethane (DCM) (Sigma-Aldrich) and n-hexane
(Sigma-Aldrich) were used without further purification. DCM was dried over anhydrous calcium

chloride, filtrated and stored over molecular sieve (4 A) under inert conditions.

Instrumentation

Microwave syntheses were conducted using a Biotage® Initiator+ instrument. Compounds
were purified using a Biotage® Isolera™ System with silica packed columns (silica 60, 40—
63 UM, Macherey-Nagel). NMR spectra were measured on an AV Illl HD 700 Bruker BioSpin
700 MHz instrument or an AV Il 600 Bruker BioSpin 600 MHz spectrometer. High resolution
ESI mass spectra of the metalacycles were recorded at the Mass Spectrometry Center of the
University of Vienna (Faculty of Chemistry) on a Bruker maXis ESI-Qg-TOF mass
spectrometer. Elemental analyses were performed by the Microanalytical Laboratory of the
University of Vienna with a Eurovector EA 3000(2009) equipped with a high temperature
pyrolysis furnace (HT, Hekatech, Germany, 2009). Elemental analyses samples were weighed
on a Sartorius SEC 2 ultra-micro balance with £0.1 pg resolution. Sample weights of 1-3 mg
were used. For calibration two NIST-certified reference materials were used: sulfanilamide

(CeHgN20O,S) and BBOT (2, 5-bis-(5-tert-butyl-2-benzoxazol-2-yl)-thiophenone, CysH26N20,S).

S3
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The limit of quantification (LOQ) was 0.05 w-% for C, H, N and 0.02 w-% for S. The presented
values are the average of determinations in triplicate. UV-Vis spectra were recorded on a
Perkin Elmer lambda 35 photometer, PTP (Peltier Temperature Programmer), equipped with

a Julabo AWC 100 recirculating cooler.

Ligand synthesis
2-Ethyl-3-hydroxynapthalene-1,4-dione (a)

@) cat. proline 0
Hantzsch Ester

OH OH
O‘ acetaldehyde O‘
S S
DCM

O )

Synthesis of ligand (a).

Lawsone (501 mg, 2.88 mmol, 1 equiv.), Hantzsch ester (824 mg, 3.25 mmol, 1.1 equiv.) and
acetaldehyde (321 pL, 253 mg, 5.74 mmol, 2 equiv.) were dissolved in dry DCM (20 mL) and
stirred for five minutes at r.t.. L-Proline (66 mg, 0.57 mmol, 0.2 equiv.) was added and the
yellow suspension was stirred under microwave irradiation (85 °C, 25 min). The resulting dark
red organic solution was washed with 1:10 diluted hydrochloric acid and brine. The organic
layer was dried over anhydrous sodium sulfate and solvent was removed under reduced
pressure. Pure product was obtained via column chromatography (silica, gradient 40-80%
DCM in n-hexane) as a yellow solid (463 mg, 2.29 mmol, 80%).

"H NMR (600 MHz, CDCl;) 8 8.13 (dd, J = 7.7, 1.0 Hz, 1H, CH arom. 6/9), 8.08 (dd, J = 7.6,
1.1 Hz, 1H, CH arom. 6/9), 7.75 (ddd, J = 7.6, 1.3 Hz, 1H, CH arom. 7/8), 7.68 (ddd, 1H, CH
arom. 7/8), 7.27 (s, 1H, OH), 2.63 (q, J = 7.5 Hz, 2H, CH,), 1.15 (t, J = 7.5 Hz, 3H, CH3) ppm.
BC NMR (151 MHz, CDCl;) 6 184.7 (4), 181.7 (11), 152.9 (12), 135.0 (7/8), 133.1 (5/10), 133.0

(7/8), 129.6 (5/10), 126.9 (6/9), 126.2 (6/9), 126.1 (3), 16.9 (2), 12.8 (1) ppm.
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Complex synthesis

General procedure

0] [MClx(p-cym)]2 N N’M/
1H-pyrazole \ S
N O

O‘ OH triethylamine \
_— o] (1a) M= Ru, R= CH
R , 3
methanol O‘ (1b) M= Ru, R= C4HgNO
R (2a) M= Os, R=CHj
(2b) M= Os, R= C4;HgNO

o
o

General procedure for synthesis of complexes (1a, 2a, 1b, 2b).

The metal dimer (1 equiv.), pyrazole (1.9 equiv.) and the respective naphthoquinone
derivative (1.9 equiv.) were dissolved in methanol (12 mL) and triethylamine (6 equiv.) was
added. Stirring under microwave irradiation (60 °C, 20 min) was followed by solvent removal
under reduced pressure. The crude product was purified via column chromatography (silica,
isocratic, 70% ethyl acetate, 5% triethylamine in n-hexane or 10% methanol, 2% ammonium
hydroxide in ethyl acetate). The product fractions were combined and the solvent was
removed under reduced pressure. The formed greenish or brown hygroscopic solids were

dried at 60 °C in vacuo.

[3-Ethyl-4-ox0-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-kO'-

KO?2)(n8-p-cymene)ruthenium(ll)] (1a)

2 3
4

8 3
0N —Ru N
(\/N Pz 4 6 7
10—N O
14
3

01
18

Complex 1a.
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The product was synthesized according to the general procedure, using ruthenium(ll) dimer
(302 mg, 0.493 mmol, 1 equiv.), 2-ethyl-3-hydroxynaphthalene-1,4-dione a (191 mg,
0.944 mmol, 1.9 equiv.), pyrazole (62 mg, 0.906 mmol, 1.8 equiv.) and triethylamine (410 pL,
297 mg, 2.939 mmol, 6 equiv.) in methanol (12 mL). Crude product was purified via column
chromatography (silica, isocratic 85% ethyl acetate and 5% triethylamine in n-hexane). The
desired compound was obtained as greenish solid (297 mg, 0.59 mmol, 74%).

"H NMR (700 MHz, MeOD) 6 8.33 (d, 1H, 8), 8.14 — 8.05 (m, 1H, 14), 7.63 — 7.55 (m, 3H, 15—
17), 6.68 (dd, J = 2.5, 0.4 Hz, 1H, 10), 6.34 (d, J = 2.4, 2.4 Hz, 1H, 9), 5.97 (d, J = 6.3 Hz, 1H,
4),5.86 (d, J =5.5Hz, 1H, 4), 5.61 (d, J = 3.6 Hz, 2H, 3), 2.87 (hept, J = 6.9 Hz, 1H, 6), 2.41
—2.34 (m, 1H, 21), 2.33 (s, 3H, 1), 2.32 - 2.26 (m, 1H, 21), 1.34 & 1.33 (s, 3H, 7), 0.88 (t, J =
7.4 Hz, 3H, 22) ppm.

3C NMR (176 MHz, MeOD) 6 183.5 (11 or 19), 183.1 (11 or 19), 141.4 (8), 137.7 (13 or 18),
134.4 (13 or 18), 132.2 (15-17), 131.2 (15-17), 127.9 (10), 127.7 (15-17), 127.1 (14), 112.3
(20), 108.7 (9), 101.3 (5), 98.6 (2), 94.9 (12), 83.3 (4), 82.86 (4), 80.2 (3), 80.1 (3), 32.7 (6),
23.1(7), 22.8 (7), 18.3 (1), 16.9 (21), 13.7 (22) ppm.

ESI-HR-MS [M+H*] m/z found: 505.1059 (505.1065), [M+Na*] m/z found: 527.0884
(527.0879).

Elemental analysis calculated for C,5H,6N,O3Ru - 0.35 H,O: C 58.89%, H 5.28%, N 5.49%,
O 10.51%;

Found elemental composition: C 58.55%, H 5.26%, N 5.57%, O 10.25%.

S6

115



[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-

bis(olato)-k01-k0?)(né-p-cymene)ruthenium(ll)] (1b)

Complex 1b.

The product was synthesized according to the general procedure, using ruthenium(ll) dimer
(308 mg, 0.503 mmol, 1 equiv.), 2-hydroxy-3-(morpholinomethyl)naphthalene-1,4-dione b
(308 mg, 0.967 mmol, 1.9 equiv.), pyrazole (68 mg, 1 mmol, 2 equiv.) and triethylamine
(10 yL, 297 mg, 2.939 mmol, 6 equiv.) in methanol (12 mL). Crude product was purified via
column chromatography (silica, isocratic 10% methanol and 2% ammonium hydroxide in ethyl
acetate). The desired compound was obtained as a brownish oil, which solidified during drying
in vacuo at 60 °C (295 mg, 0.51 mmol, 51%).

'"H NMR (600 MHz, MeOD) & 8.35 (d, J = 2.1 Hz, 1H, 8), 8.14 —8.09 (m, 1H, 14), 7.67 — 7.61
(m, 3H, 15-17), 6.73 — 6.71 (m, 1H, 10), 6.36 — 6.34 (m, 1H), 9), 5.99 (d, J = 5.9 Hz, 1H, 4),
5.91(d, J = 6.7 Hz, 1H, 4), 5.64 (d, J = 5.9 Hz, 1H, 3), 5.58 (d, J = 5.9 Hz, 1H, 3), 3.58 — 3.52
(m, 4H, 23), 3.50 (d, J = 12.4 Hz, 1H, 21), 3.41 (d, J = 12.4 Hz, 1H, 21), 2.86 (hept, J = 6.9
Hz, 1H, 6), 2.45 — 2.35 (m, 2H, 22), 2.33 (s, 3H, 1), 2.27 — 2.20 (m, 2H, 22), 1.34 & 1.33 (d, J
= 2.1 Hz, 3H, 7) ppm.

3C NMR (150.95 MHz, MeOD) 6 186.3 (11 or 19), 183.7 (11 or 19), 141.6 (8), 137.7 (13 or
18), 134.0 (13 or 18), 132.6 (15-17), 131.4 (15-17), 128.1 (10), 127.8 (15-17), 127.4 (14),
109.0 (9), 104.3 (20), 100.8 (5), 98.8 (2), 95.0 (12), 83.8 (4), 83.1 (4), 80.1 (3), 78.0 (3), 67.4
(23), 54.0 (22), 50.6 (21), 32.6 (6), 23.2 (7), 22.8 (7), 18.5 (1) ppm.

ESI-HR-MS [M+H*] m/z found: 576.1427 (576.1436).
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Elemental analysis calculated for C,gH31N3O4Ru - 0.85 H,O: C 57.01%, H 5.59%, N 7.12%,
0 13.15%;

Found elemental composition: C 56.73%, H 5.33%, N 7.28%, O 12,94%.

[3-Ethyl-4-ox0-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-kO'-

KO?2)(n®-p-cymene)osmium(ll)] (2a)

Complex 2a.

The product was synthesized according to the general procedure, using osmium(ll) dimer
(200 mg, 0.253 mmol, 1 equiv.), 2-ethyl-3-hydroxynaphthalene-1,4-dione a (99 mg,
0.488 mmol, 1.9 equiv.), pyrazole (33 mg, 0.477 mmol, 1.9 equiv.) and triethylamine (212 L,
154 mg, 1.518 mmol, 6 equiv.) in methanol (12 mL). Crude product was purified via column
chromatography (silica, isocratic 85% ethyl acetate and 5% triethylamine in n-hexane).
Desired compound was obtained as a greenish solid (219 mg, 0.37 mmol, 73%).

'"H NMR (600 MHz, MeOD) & 8.29 (d, 1H, 8), 8.16 —8.11 (m, 1H, 14), 7.66 — 7.59 (m, 3H, 15—
17), 6.87 (dd, J = 2.5, 0.4 Hz, 1H, 10), 6.41 - 6.37 (m, 1H, 9), 6.18 (d, J = 5.4 Hz, 1H, 4), 6.09
(d, J=5.5Hz, 1H, 4), 5.84 (d, J = 5.5 Hz, 1H, 3), 5.81 (d, J = 5.5 Hz, 1H, 3), 2.74 (hept, 1H,
6), 2.40 (s, 3H, 1), 2.39 - 2.28 (m, 2H, 21), 1.32 & 1.30 (d, J = 1.6 Hz, 3H, 7), 0.88 (t, J = 7.4
Hz, 3H, 22) ppm.

13C NMR (151 MHz, MeOD) 5 183.8 (11 or 19), 183.0 (11 or 19), 141.4 (8), 136.7 (13 or 18),

134.5 (13 or 18), 132.4 (15-17), 131.6 (15-17), 127.8 (15-17), 127.6 (10), 127.3 (14), 112.0
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(20), 109.4 (9), 98.2 (12), 91.1 (5), 89.0 (2), 73.8 (4), 73.2 (4), 70.4 (3), 70.3 (3), 33.1 (6), 23.5
(7), 23.1 (7), 18.6 (1), 17.0 (21), 13.6 (22) ppm.

ESI-HR-MS [M+H*] m/z found: 595.1620 (595,1628), [M+Na*] m/z found: 617.1440
(617.1447).

Elemental analysis calculated for C,sH,sN-O30s - 0.3 H,O: C 50.20%, H 4.48%, N 4.68%,
O 8.83%;

Found elemental composition: C 49.93%, H 4,38%, N 4.68%, O 8.61%.

[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-

bis(olato)-kO'-k0?2)(n¢-p-cymene)osmium(il)] (2b)

Complex 2b.

The product was synthesized according to the general procedure, using osmium(ll) dimer
(202 mg, 0,255 mmol, 1 equiv.), 2-hydroxy-3-(morpholinomethyl)naphthalene-1,4-dione b
(136 mg, 0.498 mg, 1.9 equiv.), pyrazole (33 mg, 0,485 mmol, 1.9 equiv.) and triethylamine
(212 pL, 154 mg, 1.518 mmol, 6 equiv.) in methanol (12 mL). Crude product was purified via
column chromatography (silica, isocratic 10% methanol and 2% ammonium hydroxide in ethyl
acetate). Desired compound was obtained as a brownish oil, which solidified during drying in
vacuo at 60 °C (178 mg, 0.51 mmol, 51%).

'H NMR (600 MHz, MeOD) & 8.31 (d, J = 2.2 Hz, 1H, 8), 8.18 — 8.14 (m, 1H, 14), 7.70 — 7.64

(m, 3H, 15-17), 6.92 (d, J = 2.6 Hz, 1H, 10), 6.42 — 6.40 (m, 1H, 9), 6.21 (d, J = 5.5 Hz, 1H,
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4),6.14 (d, J = 5.5 Hz, 1H, 4), 5.86 (d, J = 6.3 Hz, 1H, 3), 5.79 (d, J = 5.5 Hz, 1H, 3), 3.57 -
3.53 (m, 3H, 23), 3.52 — 3.40 (m, 2H, 21), 2.74 (hept, J = 6.9 Hz, 1H, 6), 2.42 — 2.22 (m, 4H,
22),2.40 (s, 3H, 1) 1.32 & 1.31 (d, J = 1.6 Hz, 3H, 7) ppm.

3C NMR (150.95 MHz, MeOD) 5 186.0 (11 or 19), 184.3 (11 or 19), 141.7 (8), 136.6 (13 or
18), 134.1 (13 or 18), 132.8 (15-17), 131.6 (15-17), 127.8 (15-17), 127.8 (10), 127.6 (14),
109.7 (9), 104.1 (20), 98.4 (12), 90.6 (5), 89.2 (2), 74.5 (4), 73.6 (4), 70.3 (3), 70.2 (3), 67.4
(23), 54.1 (22), 50.7 (21), 33.1 (6), 23.5 (7), 23.2 (7), 18.8 (1) ppm.

ESI-HR-MS [M+H*] m/z found: 666.1994 (665.1920).

Elemental analysis calculated for CygH31N3040s - 1.1 H,O: C 49.19%, H 4.90%, N 6.15%,
0O 11.94%;

Found elemental composition: C 48.87%, H 4.73%, N 6.39%, O 11.71%.

Stability Study by UV-Vis Spectroscopy

All four compounds were freshly diluted in PBS (1% DMSO) from a DMSO stock solution at
20 °C. Compounds 1a/2a were diluted to 40 yM, while compounds 1b/2b were diluted to
80 uM. The stability of the compounds was monitored in a UV-Vis spectrophotometer (Perkin
Elmer lambda 35 photometer) over 96 h by acquiring an UV-Vis spectrum every 30 mins. The
percentage of the remaining intact compound was calculated by the ratio of the maximum
absorbance of the tridentate complexes’ characteristic absorption band around 350-370 nm

after a given timepoint (A) compared to the one directly after dilution (Ay).

Stability and Reactivity Studies by Mass Spectrometry
All four compounds were freshly prepared at 40 mM in DMSO. They were diluted in H,O

(VWR, LC-MS grade) to obtain 50 uM solutions in triplicates per compound. Thereof, one
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aliquot was used for stability testing of the respective test substance in aqueous solution.
Another aliquot was spiked with an equimolar ubiquitin solution (50 uM in H,0) to test the
interaction with this protein. Further, an aliquot of each of the four compounds 1a, 1b, 2a and
2b were equimolarly added (50 uM) to a mixture of three amino acids and two nucleotides
(Cys/Met/His/ATP/GTP; each 50 uM in aqueous solution) to test the interaction with small
biological nucleophiles. All samples were mixed and incubated in a shaking incubator at 37 °C
with speed set to 1000 rpm in the dark (Eppendorf ThermoMixer® C). After 1.5 h, 24 h and
72 h, 300 pyL per sample were transferred to fresh reaction vessels, immediately frozen in
liquid N, and stored at —20 °C until measurement.

Samples were diluted to a concentration of 2.5 yM with an organic eluent (49.5% v/v
acetonitrile, 49.5% v/v methanol,1% v/v H,0), except ubiquitin containing samples which were
diluted to the same concentration with acidified H,O (0.1% v/v formic acid). The samples were
then analysed by flow-injection using an amazon speed ETD ion trap (Bruker Daltonics) in the
positive ion mode over 0.4 min using the following experimental parameters: HV capillary
+4.5 kV, end plate offset —500 V, dry temp 180 °C, nebulizer 3 bar, dry gas 5 L min-', scan
range m/z 200-1400, target mass m/z 900, flow rate 5 uL min-'. For ubiquitin containing
samples, the scan range was adapted to m/z 300—-2200 with a target mass of m/z 1100. Data
was acquired using trapControl (Version 7.1.83.0) and processed using DataAnalysis (Version

4.1.359.0).

Cell cultures

SW480 human colon carcinoma cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Eagle’s minimum essential medium
(Sigma Aldrich), supplemented with heat-inactivated fetal bovine serum (10% v/v, Gibco),
MEM non-essential amino acid solution 100x (1% v/v, Gibco), sodium pyruvate 100 mM (1%
v/v, Gibco), and penicillin—streptomycin solution 100% (1% v/v, Gibco, containing penicillin G
sodium salt at 10’000 units mL-" and streptomycin sulphate at 10 mg mL-"). The cells were
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cultured in adherent T75 flasks (Sarstedt) in a humidified incubator at 37 °C and 5% CO,
(HeraCell150i, Thermo Fisher Scientific) and subcultured three times a week as the cells
reached 75-80% growth area occupied.

HCT116 human colon carcinoma cells (from ATCC) as well as a p53KO0 variant thereof (kindly
provided by B. Vogelstein, Ludwig Center at Johns Hopkins University, Baltimore, MD, USA)
were grown in McCoy’s 5A medium (Sigma-Aldrich) supplemented with 4 mM L-glutamine
(Sigma-Aldrich) and 10% heat-inactivated foetal bovine serum (Serana, Pessin, Germany).
CT-26 murine colon carcinoma cells (from ATCC) were grown in Dulbecco’s modified
minimum essential medium/Ham’s F12 nutrient mix (DMEM/F12, Sigma-Aldrich)
supplemented with 4 mM L -glutamine (Sigma-Aldrich) and 10% heat-inactivated foetal bovine
serum (Serana). These cell lines were cultured in adherent T75 flasks (Starlab, Hamburg,
Germany) in a humidified incubator (Binder CB210) at 37 °C and 5% CO, and subcultured
twice a week. Trypsin/EDTA solution (0.25%, Sigma-Aldrich) was used for detachment of all

cell lines.

Viability assays

SW480 human colon carcinoma cells (4.000 cells/well for the ethyl complexes; 4.000 and
10.000 cells/well for the morpholino complexes) were seeded in flat-bottom 96-well plates
(Corning) and incubated at 37 °C for 24 h in a humidified incubator at 5% CO, (HeraCell150i,
Thermo Fisher Scientific). Stock solutions of the compounds were freshly prepared in DMSO
(10 mM 1a; 10 mM 1b; 40 mM 2a; 40 mM 2b) and diluted to 0.01, 0.05, 0.1, 0.2, 0.5, 1, 5 and
10 uM in complete cell culture medium for the ethyl compounds and 5, 10, 20, 40, 60, 80, 120,
160 uM for the morpholino compounds (final concentration of DMSO <0.4% v/v). The cells
were incubated with the compounds for 24 h and 72 h. Then, the cell metabolism was
colorimetrically determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT). For this purpose, MTT reagent (20 yL, 5 mg mL-' in phosphate-buffered
saline, PBS) was added to each well and further incubated for 4 h. The medium was gently
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removed and 100 yL DMSO was added to dissolve the formazan crystals. Photometric
quantification was performed at 570 nm with a Multiskan Go 1510 photometer (Thermo Fisher
Scientific).

The absorbances were blank corrected and converted to relative proliferation. The ICsq values
(concentration of 50% growth inhibition) were obtained using a sigmoidal fit of the
experimental data and calculated as the mean + standard deviation of at least three
independent experiments, each in at least triplicates.

HCT116, HCT116 p53KO (each 2.000 cells/well) and CT-26 cells (500 cells/well) were seeded
in 100 pL/well into flat-bottom 96-well plates (Starlab) and incubated at 37 °C for 96 h in a
humidified incubator (Binder CB210) at 5% CO,. The test compound was dissolved in DMSO,
serially diluted in the appropriate cell culture medium (see section above) to final DMSO
concentrations of £0.5% v/v and 100 yL aliquots added to wells in triplicates. After incubation
for 96 h, the drug-containing media were replaced with 100 pL/well ofa 1: 6 MTT (in PBS) /
RPMI 1640 mixture and plates incubated for 4 h. Then, the supernatants were removed and
formazan crystals dissolved in 150 yL of DMSO per well. Optical densities were measured
with a microplate reader (ELx808, Biotek) at a wavelength of 550 nm (and a reference
wavelength of 690 nm) and blank corrected. The ICs, values were interpolated from
concentration-effect curves and averaged from at least three independent experiments.

For combination drug testing using 1a and bafilomycin or bortezomib, SW480 or CT26 cells
(each 3.000 cells/well) were seeded in 100 uL/well into flat-bottom 96-well plates (Starlab) and
incubated at 37 °C for 24 h in a humidified incubator (Binder CB210) at 5% CO,. Complex 1a,
bafilomycin or bortezomib were dissolved in DMSO and diluted in appropriate cell culture
medium to respective concentrations. After 24 h of treatment, plates were measured by MTT

assay as described above.

Cell cycle

Colon carcinoma cells (SW480) were seeded into 12-well plates (CytoOne, Starlab) in

densities of 1x105 cells per well (in 1 mL complete medium). After 24 h, cells were treated with

S13

122



different concentrations of 1a, which was freshly dissolved in DMSO and instantly diluted in
medium. Etoposide (causing G2/M phase arrest) and gemcitabine (causing G1/S arrest) were
applied as positive controls. Plates were incubated at 37 °C, 5% CO, in a moist atmosphere
for 24 h. Following the exposure, cells were collected via trypsinization, washed with
supplemented medium and PBS, and subsequently stained with the DNA-intercalating dye
propidium iodide (PI) diluted in hypotonic fluorochrome solution (HFS: 0.1% v/v Triton X-100,
0.1% w/v sodium citrate in H,O; PI/HFS mixture: 40 ug mL-", 500 yL per probe). The PI
solution was added to the HFS shortly before use and the cells were stained in the dark at
4 °C overnight. The fluorescence of all samples was measured no longer than 20 h after

staining by means of flow cytometry (Guava easyCyte 8HT, Millipore).

Proteome profiling of compound-treated SW480 cancer cells

SW480 human colon carcinoma cells were seeded in adherent T25 flasks (Sarstedt) at 2x108
cells per well and left to adhere in complete cell culture medium. After 24 h, the medium was
exchanged with fresh complete medium (DMSO mock control) or fresh medium containing
freshly dissolved compound (0.17 uM 1a, 0.26 uM 2a, 34 uM 1b, 43 pM 2b from 40 mM stock
solution in DMSO, respectively) and incubated for another 24 h. Each condition was carried
out in hexuplicates. The cells were processed according to a nucleocytoplasmic fractionation
protocol as previously described.? All steps were performed on ice. The medium was removed,
and the cells were washed twice with 1xPBS (phosphate buffered saline, 3 mL). Then, PBS
was thoroughly removed. Isotonic lysis buffer (10 mM HEPES, 10 mM NaCl, 3.5 mM MgCl,,
1 mM EGTA, 0.25 M Sucrose, 0.5% Triton X-100) containing protease inhibitors (1% PMSF,
Sigma, and 1% protease and phosphatase inhibitor cocktail, Roche) was added to the flasks,
the cells were scraped off and transferred into labelled 15 mL Falcon tubes. The cellular
membrane was ruptured using shear stress by pressing the cell suspension through a syringe
9-12 times. Membrane rupture with intact nuclei was monitored under a microscope. After
centrifugation (960 g, 5 min), the supernatant containing the cytoplasmic (CYT) proteins was
transferred into new tubes containing ice-cold ethanol (1 : 5, HPLC grade) and precipitated
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overnight at —20 °C. The pellet containing the nuclei was incubated with a hypertonic solution
(10 mM Tris-HCI, 1 mM EDTA and 0.5 M NaCl) and subsequently diluted 1:10 with NP-40
buffer (10 mm Tris-HCI, 1 mm EDTA and 0.5% Triton X-100) containing protease inhibitors
(1% PMSF, Sigma, and 1% protease and phosphatase inhibitor cocktail, Roche). After
centrifugation (960 g, 5 min), the soluble nuclear (NE) proteins were also transferred into new
tubes containing ice-cold ethanol (1 : 5, HPLC grade) and precipitated overnight at —20 °C.
The precipitated proteins were finally pelleted by centrifugation (5000 g, 30 min, 4 °C), the
solution was decanted and the pellet dried under vacuum.

Samples were then dissolved in lysis buffer (8 M urea, 20% SDS, 1 M TEAB at pH 7.55) and
denatured at 95 °C for 5 min. The protein amount was then quantified using a BCA assay. A
total of 20 ug protein per sample was used for processing. Proteins were reduced with 50 L
of DTT (64 mM) and carbamidomethylated with 50 uL of iodoacetamide (486 mM). Proteolytic
digestion was performed using the ProtiFi S-trap technology.* Briefly, samples were loaded
onto S-trap mini cartridges followed by the addition of trapping buffer (methanol 90% v/v, 0.1 M
TEAB). Afterwards. samples were thoroughly washed and digested with 0.5 ug trypsin/Lys-C
mix (Promega) at 37 °C for 2 h (1 : 40 enzyme-to-protein ratio). Peptides were eluted, dried in

a SpeedVac and stored at —20 °C.

Immunoblotting

SW480 cells (2x108) were seeded in 1 mL medium in 6-well plates in a total volume of 2 mL
and allowed to adhere overnight. Cells were treated for 24 h with respective compounds at
indicated concentrations. For whole cell lysates, samples were collected, proteins isolated,
and Western blotting performed as described in detail previously.® In brief, protein
concentration was determined using the Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Proteins were separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and subsequently transferred onto polyvinylidene
difluoride membranes (Thermo Fisher Scientific). Primary antibodies p53 (DO-1) (1 : 200, MS-
187-P0) and p21 (12D1) (1 : 800, #2947) were purchased from Thermo Fisher Scientific or
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Cell Signaling Technology (Danvers, MA, USA), respectively. Horseradish-peroxidase-linked
secondary antibodies, anti-mouse IgG (Fc specific) antibody (#7076S) and anti-rabbit 1gG
antibody (#7074S) were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-
3-actin (AC-15) (A5441, 1:2000) was obtained from Sigma-Aldrich (St. Louis, MO, USA).

Protein expression was quantified using Image J (version 1.54p).

Immunofluorescence

SW480 and CT26 cells were grown at a density of 6.7x10* cells/mL on 8-well glass coverslips
(80841, ibidi GmbH, Grafelfing, Germany) in 300 uL complete media. The next day, cells were
treated with respective compounds for 24 h. Cells were fixed with 4%(v/v) paraformaldehyde
for 15 min at RT, followed by washing, blocking and permeabilization with 5%(w/v) BSA and
0.3% (w/v) Triton-X-100 for 60 min. Primary antibodies p53 (DO-1) (1: 100) or p21 (12D1)
(1 : 500) were diluted in 1% BSA-0.3% Triton-X-100 in PBS and incubated overnight at 4 °C.
One well was incubated without primary antibody as background control. Cells were washed
and stained with secondary goat anti-mouse AlexaFlour-488 (1:500 dilution, A-11029,
Thermo Fisher Scientific) or goat anti-rabbit AlexaFlour-488 (1:500 dilution, A-11034,
Thermo Fisher Scientific) antibodies for 1 h at RT. Following, cells were stained with 0.2%
Wheat Germ Agglutinin (WGA)-Rhodamine (RL-1022, Vector Laboratories, Inc.) and 0.1%
DAPI (62248, Thermo Fisher Scientific) for staining of plasma membrane and nuclei,
respectively, according to manufacturer’'s recommendations. Slides were washed and covered
using VECTASHIELD® HardSet™ Antifade Mounting Medium (VECH-1400, Szabo Scandic,
Vienna, Austria). Images were acquired on a Zeiss LSM 800 Confocal Laser Scanning
Microscope equipped with an PIn Apo 63x/1.4 Oil DICII objective using Zeiss ZEN blue
software (version 3.4.91.00000, Carl Zeiss Microscopy GmbH). Laser intensities and detector
gains were maintained at the same level during all imaging sessions. Signal intensity
calculations and TP53/DAPI weighed co-localization coefficient analysis were done using

Imaged or ZEN blue software, respectively.
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Peptide Local Stability Assay

SW480 cancer cells were cultivated in complete medium as above in two T75 adherent flasks.
The protein extraction was performed on ice. The flasks were washed twice with PBS (1x,
5 mL) and the wash solution was completely removed. Then, PBS (1x, 2mL, containing 1%
PPC) was added in each T75 flak. The cells were scraped off and the cell suspension was
transferred to 15 mL falcon tubes. After four freeze-thaw cycles using liquid nitrogen and a
water bath (37 °C), the falcons were centrifuged (3500 rpm, 5 min, 4 °C) to pellet cell debris.
The clear supernatant was pooled in a 5 mL Eppendorf tube and kept on ice. The protein
concentration was determined using a BCA assay as described above and adjusted to 1 ug/uL
using PBS (1x, containing 1% PPC). Then, 50 yL (= 50 pg protein) were aliquoted into
individual Eppendorf tubes (4x untreated, 4x 1a-treated, 4x plecstatin-1 treated). Stock
solutions of 1a (50 yM in DMSO) and plecstatin-1 (1 mM in DMSQO) were prepared. One
microliter of DMSO or compound solution was added to each condition giving final
concentrations of 1a at 1 yM and plecstatin-1 at 20 yM. The 12 samples were incubated for
2 h at 4 °C under constant shaking (800 rpm). Thereafter, partial native trypsinization was
performed at an enzyme-to-substrate ratio of 1 : 2.2 with trypsin/LysC (Promega) for 60 s at
37 °C and under constant shaking (1000 rom). Then, 8M guanidine HCI (165 uL, in 60 mM
HEPES, pH 8.2) was added to quench the digestion. The peptidic samples were reduced with
tris-(2-carboxyethyl)-phosphine (12 pL, 200 mM) and alkylated with 2-chloroacetamide (12 L,
800 mM). The samples were heated to 95 °C for 5 mins under constant shaking (1400 rpm).
The sample solutions were then concentrated in a SpeedVac until reaching around 50 pL,
diluted with 100 pL styrenedivinylbenzene-reverse phase sulfonate (SDB-RPS) loading buffer
(99% iPrOH, 1% TFA) and finally desalted via SDB-RPS StageTips. This step also removes
undigested proteins. Peptides were eluted with freshly prepared SDB-RPS elution buffer
(2.4 mL ACN, 1.6 mL H,O, 20 uL NH,OH), completely dried in a SpeedVac and stored at —

20 °C.
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In vivo Experiments

Animals. All experiments were carried out with male Balb/c mice according to the regulation
of the Ethics Committee for the Care and Use of Laboratory Animals at the Medical University
Vienna (BMWF-2022-0.770.291), the guidelines from the Austrian Animal Science Association
and the Federation of European Laboratory Animal Science Associations (FELASA). The
animals were kept in a pathogen-free conditions, controlled environment with 12 h light—dark
cycle with ad libitum access to food and water. Every procedure was done in a laminar airflow
cabinet.

Treatment. CT-26 cells (5%x10° in 50 uL serum-free medium) were injected subcutaneously
(s.c.) into the right flank of ten— to eleven-week-old male Balb/c mice. Three days after cell
injection, all compounds (dissolved in 10% DMSO in water) were administered
intraperitoneally (i.p.) in a concentration of 10 mg/kg in case of 1a/2a and 30 mg/kg in case of
1b/2b. Regarding anticancer activity experiments, mice were treated on 5 consecutive days
over 2 weeks. Four hours after the last treatment 1a-treated mice were sacrificed and analysed
for ruthenium levels in tissue via ICP-MS measurements. In case of the proteomic profiling
experiment, mice were treated with 1a in a concentration of 10 mg/kg dissolved in 10% DMSO
in water for 5 consecutive days. On the last day, 2 h after the last treatment, mice were
euthanized, and blood was collected in an EDTA tube via heart punctation. Tumours and livers
were harvested, quickly rinsed with PBS and snap-frozen in liquid nitrogen. Blood plasma was
obtained by centrifugation (2x10 min at 900 g). Samples were stored at —80 °C until

processing.

Histological evaluation. Liver tissues from mice treated for 5 days (control and 1a) were fixed
in 4% formaldehyde (Carl Roth, #P087.3) after dissection, paraffin-embedded and sliced in
3.5 um thick sections. Hematoxylin and eosin (H&E) staining was performed as previously
described in Feldman and Wolfe et al.,® followed by scanning with a 3D Histech Microscopic

High Throughput slide scanner for Brightfield. The Papanicolaou's solution 1a Harris’
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hematoxylin solution as well as the Eosin Y disodium salt were purchased from MERCK. The

Scott's solution was bought from Morphisto.

Sample Processing. All steps were performed on ice. The frozen tissue samples (weights
ranging from 8.6-51.5 mg) were transferred to 15 mL Falcon tubes containing 150 pyL sodium
deoxycholate lysis buffer (SDC; 0.4 g SDC, 500 pyL Tris-HCI (pH 8.8) in 9.5 mL H,O) and
homogenized with a sonication probe (Bandelin Sonoplus HD 2070; Bandelin Electronic
GmbH & Co. KG, Berlin, Germany). After sonication the homogenates were centrifuged at
10.000 g for 5 minutes and the resulting supernatant was transferred to new reaction tubes.
Tissue samples were diluted at a ratio of 1 : 10, heated at 95 °C for 5 min and stored at —20 °C.
EDTA-anticoagulated plasma samples were diluted in SDC buffer at a ratio of 1 : 20, heated
at 95 °C for 5 min and stored at —20 °C. The protein concentration of each sample was
determined using a BCA assay. The proteolytic digestion was performed according to an in-
solution protocol.” Twenty ug of protein was reduced and alkylated with 10 yL of a mixture
containing 100 mM tris(2-carboxyethyl)phosphine (TCEP) and 400 mM 2-chloroacetamide (2-
CAM) for 5 min at 45 °C, followed by 18 h digestion with Trypsin/Lys-C (1:100 enzyme-to-
substrate ratio) at 37 °C. Next, samples were concentrated in a vacuum concentrator, diluted
with 100 uL styrenedivinylbenzene-reverse phase sulfonate (SDB-RPS) loading buffer (99%
iPrOH, 1% TFA) and then desalted via SDB-RPS StageTips. Peptides were eluted with freshly
prepared SDB-RPS elution buffer (2.4 mL ACN, 1.6 mL H,O, 20 uyL NH,OH), completely dried

in a SpeedVac and then stored at —20 °C.

nLC-MS/MS Analysis

Nano-LC-MS/MS analysis was performed as described previously.? Briefly, dried samples in
glass inserts were dissolved with 5 UL of a peptide standard mix consisting of four synthetic
peptides at 10 fmol in 30% formic acid (Glu1-fribrinopeptideB, EGVNDNEEGFFSAR; M28,

TTPAVLDSDGSYFLYSK; HKO, VLETKSLYVR and HK1, VLETK(e-Ac)SLYVR) and diluted
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with loading buffer (40 pL, acetonitrile 2% v/v, TFA 0.05% v/v; ddH,0 97.95% v/v). The glass
inserts were transferred into 2 mL Eppendorf tubes filled with 400 yL ddH,0, sonicated for
5 min (20% power), centrifuged (5000 g, 7 min, RT) and transferred into labelled HPLC vials.
MS data was acquired employing a timsTOF Pro mass spectrometer (Bruker Daltonics,
Bremen, Germany) hyphenated to a Dionex UltiMate™ 3000 RSLCnano system (Thermo
Scientific, Bremen, Germany). Samples were analysed using data-dependent acquisition and
label free quantification (LFQ) shotgun proteomics in PASEF mode.® From each sample 5 pL
were loaded on an Acclaim™PepMap™ C18 HPLC pre-column (2 cm x 100 um, 100 A,
Thermo Fisher Scientific™, Vienna, Austria) at a flow rate of 10 uyL min-'. After trapping,
peptides were eluted at a flow rate of 300 nL min' and chromatographic separation was
achieved on an Aurora series CSI UHPLC emitter column (25 cm x 75 ym, 1.6 um C18,
lonopticks, Fitzroy, Australia) applying a gradient from 7—40% of mobile phase B (79.9% ACN,
20% H20, 0.1% FA) in mobile phase A (99.9% H20, 0.1% FA). For in vitro samples and in
vivo tissue proteomics, a gradient over 90 min was used giving a total run time of 135 min per
sample. In vivo plasma samples were analysed using a 43 min gradient giving a total run time

of 85 min. Additionally, in vivo samples were measured in technical duplicates.

Data processing and analysis

Raw data obtained from the timsTOF Pro MS was processed based on LFQ proteomics by
MaxQuant (Version 1.6.17.0)," including the built-in Andromeda search engine, and searched
against the UniProt Database.!" Separate searches for the in vitro and in vivo data sets were
conducted by using a fasta-file for the human proteome (version 11/2021, 20’375 entries) and
a fasta-file for the mouse proteome (version 06/2021, 17°519 entries), respectively. Only non-
redundant Swissprot entries with at least two identified peptides per protein were used for
identifying protein groups. The first and main search peptide tolerance was 50 and 25 ppm,
respectively. The false discovery rate (FDR) was fixed to 0.01 on the peptide and protein level.
Match between runs was enabled with an alignment time window of 0.7 min. Oxidation of
methionine and N-terminal acetylation were set as variable modifications whereas
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carbamidomethylation of cysteines was set as fixed modification. The statistical evaluation
was performed with Perseus (Version 1.6.14)'? using LFQ intensities of the MaxQuant result
file. After filtering potential contaminants the LFQ values were Log(2)-transformed. Prior to
Log(2)-transformation, the mean of the in vivo technical duplicates was calculated. Only those
protein groups were considered for data evaluation, which were detected at least five times in
at least one condition. Missing data points were imputed. Permutation-based FDR was set to
0.05 and SO = 0.1 for multi-parameter corrected significance testing of protein regulation. The
final dataset was further analysed using the web-based applications DAVID bioinformatics
Resources (Version 6.8)'® and STRING (Version 10.0)."4

Additionally, statistical analysis of protein regulations from the in vivo samples was performed
using the LIMMA R-package.'® P-values where adjusted according to Benjamini-Hochberg'®
and a gene set variation analysis was performed (GSVA)."” Protein Sets where constructed

using the molecular signature database.’®

ICP-MS Analysis

Total metal content in organs harvested from 1a-treated mice was determined by inductively
coupled plasma mass spectrometry (ICP-MS) on an Agilent 7800 instrument and Agilent
SPS 4 autosampler using the following parameters: RF power 1550, carrier gas (Ar)
1.08 L'min', plasma gas (Ar) 15 L'-min-', dwell time 0.1 s, 12 replicates with 100 sweeps. A
nickel cone was used and 9'Ru, '5In and '®Re isotopes were monitored. Data was processed
by Agilent MassHunter (Version C.01.04) software.

All "°'Ru-values were blank corrected. The lower limit of quantification of the method was
0.071 ug L. Organs, tumour and blood were digested with nitric acid (20% w/w) and diluted

with ultrapure water to reach a final nitric acid concentration <4%.
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Supplemental 'H- and '3C-NMR spectra for compound characterization
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Suppl. Figure S1. Structure and atom numbering (above), '"H-NMR (centre) and '*C-NMR

(below) in CDCls.
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[3-Ethyl-4-oxo-(1H-kN? -pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-kO'-kO? )(né-p-
cymene)ruthenium(ll)] (1a)

1517

ol | 1 il T b o ! 1
g § g & & 883 g 883 g 3
= £ & 3 Eas 5 dAmA 3 =]
T T T T T T T T T T T T T T T T T T T T T T T T
120 115 11.0 105 100 95 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0
chemical shift/ppm
14 [
4
1517 105 43
15-17 9
8
7
7
2
1
12
20
1
19 " 52
18
21

T » T % T x T ¥ T L3 T L T x T ¥ T L] T L3 T ¥ T ¥ T X T 2 T L2 T X T L3 T T T L T ¥ T L3 T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
chemical shift/ppm

Suppl. Figure S2. Structure and atom numbering (above), "TH-NMR (centre) and '*C-NMR
(below) of complex (1a) in MeOD.
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[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO'-
kO?)(n%-p-cymene)ruthenium(ll)] (1b)
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Suppl. Figure S3. Structure and atom numbering (above), 'TH-NMR (centre) and *C-NMR
(below) of complex (1b) in MeOD.
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[3-Ethyl-4-oxo-(1H-kN?-pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-k O'-kO?)(n-p-
cymene)osmium(l)] (2a)
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Suppl. Figure S4. Structure and atom numbering (above), "TH-NMR (centre) and '*C-NMR
(below) of complex (2a) in MeOD.
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[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO'-
kO?)(n%-p-cymene)osmium(ll)] (2b)
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Supplemental ESI-MS spectra for compound characterization

[Ethyl-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-k O '-kO?)(n®-p-
cymene)ruthenium(ll)] (1a)

Intens.
X105

2.0

1.5

1.04

0.5

0.0

144.9819

505.1059

L

+MS, 0.2+0.2min, #1-24

1008.2057

778.6390 i 1534.2892
A - A T

id
200

400 600

800 1000 1200 1400 m/z

Intens.
X105

2.0

1.5

1.04

0.5

0.0

499.1087

1

505.1059

507.1068

B

+MS, 0.2£0.2min, #1-24

527.0879

21.9820

529.0888

2000

1500

1000

500+

0

1+
499.1092

|

|

1+
505.1067

1+
507.1074

in

i
C35H26N203Ru, M+nH, 1+, 505.1060

500

505

515 520 525 530 m/z

Suppl. Figure $6. HRMS spectrum of complex (1a).
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[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO'-

kKO?)(n%-p-cymene)ruthenium(ll)] (1b)
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Suppl. Figure S7. HRMS spectrum of complex (1b).
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[Ethyl-4-ox0-(1H-kN?-pyrazol-1-yl)-1,4-dihydronaphtalene1,2-bis(olato)-kO'-kO?)(n8-p-
cymene)osmium(l)] (2a)
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Suppl. Figure S$8. HRMS spectrum of complex (2a).
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[3-(Morpholinomethyl)-4-oxo-(1H-kN2-pyrazol-1-yl)-1,4-dihydronaphtalene-1,2-bis(olato)-kO'-
kO?)(n%-p-cymene)osmium(ll)] (2b)
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Supplemental Figures
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Suppl. Figure $10. Representative spectra of complex 1a, 9-ethylguanine and methionine in
D,0/20% DMSO at 0 h (above) and after 1.5 h (below).
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Suppl. Figure S11. UV-Vis stability studies of 1a/2a at 40 uM and 1b/2b at 80 uM in PBS (1%
DMSO) over the course of 96 h. UV-Vis spectra were acquired every 30 min over the entire
incubation period. (A) Time-dependent percentage of the remaining intact compound at the
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S§32

141



[M + H]*

Mz505.14  [dimerz]* g MaH  [dimert
| m/z 600.13 igand] m/z 576.10
| ; il m/zsfa.w z
y \

2 M - pyr]* [dimer3]* > = o

3 miz 43713 iz 62212 i fovigh ¢

2 (0] :

£ - E |

) = 4

=2 2 |

B 72h E 72h
3 24 h 2 . 24 h -

| Ll 15h. i i 15h
100 200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
miz miz
2a M+ H]
m/z 595.20 M+ H
m/z 666.23
[ligand]* N .
N miz 274.12 [dimerd]
[M - pyr] dimert]* m/z 701.16
m/z 527.19 n[1/ ke / [dimer3]*
: 7 729.18 /

2 \ : " 2 / miz751.18

= \ [dimer2] 7 M — pyr]* 7

3 v Wa o  pMETEs 5 m/z 579,19 /o
£ g £ 4 jo ¥

v

2 K 2
5 | 7zh § 72h
o i carry over | o L

= Aoy LML Mo Ml 24b = L 240

R 5 | OV T . i
100 200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 8O0 900 1000
miz miz

Suppl. Figure S12. ESI-MS spectra of the incubation of the four metal(arene) compounds in
aqueous solution. Mass spectra were acquired after 1.5 h, 24 h and 72 h. Identified mass
signals are annotated. Dimers refer to different dinuclear metal(arenes) with diverse bridging

ligands, including pyrazole.

S33

142



[M - Ligand + Met]*

miz 384.06
.
M - pyr]* [M - Ligand + His]*
2 m/z 43713 . m/z390.10
@
8 M+ HFF
£ | [M-Ligand+Cys]* . « vz 505.14
e mzIB6OT Oy -
& 72h
@ Ky
2 ’ 24h
100 200 300 400 500 600 700 800 900 1000
miz
2a )
[M - Ligand + Met]*
miz 47415 M +H
N m/z595.20
N [M - Ligand + Cys]*
g m/z 446.12 M — Ligand + His]*
2 4 - m/z 480.15
g
2 il
£ 72h
REETST A PU] | 'S | 790 Sl BN N _24h.
L oo ABR
100 200 300 400 500 600 700 800 900 1000
miz

relative intensity

relative intensity

[ligand]*
iz 274.13
[RuCym + Cys]* [M + HJ
m/z 355.09 m/z 576.18
“[RuCym + Mst]',
| miz384.09
Lo (M= pyr]*
4 mz 489.12
A 72h

“ ' 24 h

T N T K i % 15h "

200 300 400 500 600 700 800 900 1000

m/z
[ligand]*
m/z 274.13 M+ HI*
[OSCym + Met]* Wz e
m/z 474.15 *
[0sCym + Cys]* |
vz 446.13 M - pyr]*
.~ m/z579.18
e | 72h
el 24 h
e :
y l . 15h
200 300 400 500 600 700 800 900 1000
m/z

Suppl. Figure S13. ESI-MS spectra of the incubation of the four metal(arene) compounds of
this study at equimolar concentration with a mixture of cysteine (Cys), methionine (Met),
histidine (His), adenosine triphosphate (ATP) and guanosine triphosphate (GTP). Mass
spectra were acquired after 1.5 h, 24 h and 72 h. Identified mass signals are annotated.
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Suppl. Figure S14. ESI-MS spectra of the incubation of the four metal(arene) compounds of

this study with an equimolar concentration of ubiquitin. Mass spectra are shown after 1.5 h

and 72 h of incubation and metal(arene) adducts are highlighted in grey background. Intact
compounds were observed after 1.5 h.
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Suppl. Figure S15. Concentration-effect curves of 1a, 1b, 2a and 2b after a 24 h incubation
of SW480 colon carcinoma cells. A total of 4000 cells were seeded per well for experiments
with 1a and 2a and a total of 10’000 cells were seeded per well for experiments with 1b and
2b. The ICs, values are presented as the mean x standard deviation of at least three
independent experiments, each in at least three replicates.
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Suppl. Figure S17. (A) Regulomes showing KEGG pathways affected by the treatment of in
SW480 cancer cells with the four compounds. The axes depict the cytoplasmic (CYT) and

nuclear (NE) subcellular space.
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Suppl. Figure $18. (A) VENN diagrams showing the shared significantly proteins of each
treatment according to cytoplasmic (CYT) and nuclear (NE) fractions and direction of
regulation. up = up-regulated; down = down-regulated. (B) STRING network of the shared
proteins of all four treatments according to upregulated (leff) and down-regulated (right)
proteins.
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Suppl. Figure S19. Regulation of NQO1, the target of hydroxy-naphthoquinones, in SW480
cancer cells upon treatment with the compounds of this study after 24 h. Control samples are
shown in grey and the treated samples are coloured.
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analysis of the shared down-regulated proteins of 1a and 2a treated SW480 cancer cells in
both the CYT and NE fractions.
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Suppl. Figure S21. Dose-response curves of 1a in combination with bafilomycin or
bortezomib after 24 h incubation of (A) SW480 or (B) CT26 cells. One representative of at
least three independent experiments is shown.
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actin quantified from (A) using Image J.
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Suppl. Figure S23. STRING network analysis of the down-regulated proteins in tumour tissue
of CT26-bearing mice after treatment with 1a over five days at 10 mg-kg"i.p.
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Supplementary Tables

Table S1. Concentrations to inhibit 50% of cell growth (ICso) in micromolar concentrations.
IC50-values are reported after a specific incubation time. 1C5, values of incubation times of
96 h were obtained from Ref. 1. a = 3Et-NQ, b = 3Morph-NQ.

ICs5o values [uM]

Compound SwW480 SW480 CH1/PA-1
24h 96h’ 96h’
cisplatin n.d. 23+0.2 0.073+ 0.001
a n.d. 100+ 10 173+ 10
b n.d. 160 + 30 >200
[Ru(cym)(3Et-NQ)CI] n.d. 27 £ 1 70+ 10
1a 0.62 + 0.04 0.046 + 0.007 625
1b 385 332 150 + 20
2a 1.2+0.1 n.d. n.d.
2b 367 n.d. n.d.
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Table S2. Number of significantly regulated proteins in the cytoplasmic (CYT) and nuclear
(NE) fractions of compound-treated SW480 cancer cells with respect to solvent-treated
controls. Each condition was carried out in hexuplicates. A total of 5657 proteins were
identified overall.

CYT NE
Compound | Ne proteins N° proteins N° proteins N° proteins Total
upregulated down-regulated |upregulated down-regulated
1a 123 298 178 211 810
2a 202 429 167 170 968
1b 8 8 710 772 1498
2b 25 28 896 877 1826
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Table S3. Results of gene set variation analysis (GSVA) of in vivo proteomic data with respect
to terms according to gene ontology biological processes (GO BP). Statistical significance of
term enrichments was calculated using a Benjamini-Hochberg false discovery rate (adjusted
P-Value). FC = Fold-change

Gene Set Name N® :‘-;r:teetms Log2(FC) P-sgfue
Tumour

GOBP REGULATION OF INTRINSIC APOPTOTIC SIGNALING 3 070 2 7E-02
PATHWAY IN RESPONSE TO OSMOTIC STRESS ’ ’
GOBP REGULATION OF SMOOTHENED SIGNALING PATHWAY 8 0,70 2,3E-02
gSBBSPTiENIEI;_éJLAR RESPONSE TO ARSENIC CONTAINING 7 0.48 1 6E-02
GOBP SMOOTHENED SIGNALING PATHWAY 13 0,47 2,7E-02
GOBP POSITIVE REGULATION OF NIK NF KAPPAB SIGNALING 18 -0,47 1,2E-02
GOBP FATTY ACID DERIVATIVE CATABOLIC PROCESS 7 -0,56 2,7TE-02
GOBP CELLULAR RESPONSE TO LIPOPROTEIN PARTICLE STIMULUS 10 -0,65 2,3E-02
Plasma

g?FI?ESZEGULATION OF RESPONSE TO ENDOPLASMIC RETICULUM 9 114 11E-03
GOBP LYMPHOCYTE CHEMOTAXIS 2 1,13 1,4E-03
GOBP POSITIVE REGULATION OF INTERLEUKIN 1 PRODUCTION 3 1,03 4,5E-03
GOBP POSITIVE REGULATION OF ADAPTIVE IMMUNE RESPONSE 4 0,76 2,6E-02
Liver

ggg:ol_r\lligé(OCYTE MIGRATION INVOLVED IN INFLAMMATORY 9 102 3.2E-03
GOBP LEUKOCYTE AGGREGATION 3 0,91 2,4E-03
GOBP REGULATION OF MONOCYTE DIFFERENTIATION 2 0,70 4,5E-02
gggi&ggﬁgﬁASMlC RETICULUM TUBULAR NETWORK 5 0,65 41E-02
GOBP POSITIVE REGULATION OF TOR SIGNALING 7 0,55 4,5E-02
GOBP REGULATION OF MITOCHONDRIAL FISSION 6 0,54 3,8E-02
GOBP MONOCYTE ACTIVATION 3 0,54 3,0E-02
GOBP RESPONSE TO AMINO ACID STARVATION 8 0,51 4,4E-02
GOBP RESPONSE TO INTERLEUKIN 1 15 0,43 1,4E-02
GOBP ENDOPLASMIC RETICULUM ORGANIZATION 35 0,39 4,3E-02
GOBP TRANSITION METAL ION TRANSPORT 22 0,38 4,8E-02
GOBP TOR SIGNALING 16 0,37 4,4E-02
GOBP NADH DEHYDROGENASE COMPLEX ASSEMBLY 30 -0,55 2,7E-03
GOBP OXIDATIVE PHOSPHORYLATION 70 -0,55 2,0E-03
GOBP AEROBIC RESPIRATION 94 -0,56 1,5E-03
GOBP ATP SYNTHESIS COUPLED ELECTRON TRANSPORT 47 -0,60 5,2E-04
S;ZFL’JKEEEHONDRML ELECTRON TRANSPORT NADH TO 32 0,61 7 5E-04
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Abstract

Metal-based anticancer agents occupy a distinct chemical
space due to their particular coordination geometry and reac-
tivity. Despite the initial DNA-targeting paradigm for this class
of compounds, it is now clear that they can also be tuned to
target proteins in cells, depending on the metal and ligand
scaffold. Since metallodrug discovery is dominated by
phenotypic screenings, tailored proteomics strategies were
crucial to identify and validate protein targets of several
investigative and clinically advanced metal-based drugs. Here,
such experimental approaches are discussed, which showed
that metallodrugs based on ruthenium, gold, rhenium and even
platinum, can selectively and specifically target proteins with
clear-cut down-stream effects. Target identification strategies
are expected to support significantly the mechanism-driven
clinical translation of metal-based drugs.
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Introduction

Metal-based drugs are frequently and successfully
applied anticancer agents, especially the platinum de-
rivatives cisplatin, carboplatin and oxaliplatin [1]. Their
tremendous success established a long-standing DNA-
targeting paradigm [Z2] in the field even beyond the
platinum family. However, accumulating experimental
evidence by the anti-rheumatic gold-based auranofin, by
gold-based anticancer agents targeting thioredoxin
reductase or the proteasome [3], as well as crystallo-
graphic models involving the nucleosome core particle
[4] added support for the protein targeting capability of
non-platinum drug families. Finally, it was found that
even oxaliplatin most probably induces ribosomal
biogenesis stress as its anticancer mode of action [5].

Due to their coordination geometry, metal-based drugs
occupy a chemical space that is distinct from other drug
classes [6]. They are not only particular because of their
coordination geometry, but because they may engage
with a target via coordinative interactions or metal-
mediated transfer reactions in addition to non-covalent
interactions (Figure 1). Indeed, protein metalation
processes have been extensively characterized by
several research groups in the past decade [7—10]. This
property may be key towards mining this area of
chemical space with respect to novel targets [11,12].
The appreciation that proteins play an important role in
the modes of action of potentially numerous investiga-
tional and clinically advanced metal-based drugs led to
the recent development of proteomic methods to
identify protein targets [13], although target identifi-
cation remains a significant bottleneck in drug discovery
[14,15]. Here, we discuss strategies and methods for
target identification of metal-based drugs in the cellular
context, including recent discoveries in metal-mediated
ligandability of biological nucleophiles.

Methods for target identification

A diverse spectrum of proteomic strategies for target
identification was developed in recent years with the
aim of profiling interactions between metal-based
drugs and potential targets in complex matrices
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Figure 1

Figure 2

non-covalent interaction
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Inorganic drug candidates can engage with protein targets by means of
different types of interaction: (top) Non-covalent interaction exemplified by
death-associated protein kinase 1 in complex with ruthenium octasporine
(PDB 2YAK). (middle) Coordinative interaction exemplified by an osmium
analogue of plecstatin-1 binding specifically to histone 2A of the nucleo-
some core particle (PDB 4J8W). (bottom) Metal-activated covalent inter-
action schematically shown for the gold-mediated arylation of Cys151 of
glyceraldehyde-3-phosphate dehydrogenase 1 in Staphylococcus aureus
(GapA1: PDB 5T73).

[15—17]. To be amenable for protein target identifi-
cation, the investigated metallodrug has ideally been
shown to selectively target the proteome over the
genome [18,19]. Moreover, information about hydroly-
sis kinetics and possible ligand exchange pathways of
metallo-prodrugs is required to correctly attribute the
interaction type and determine suitable incubation
times [20]. Cell-free protein metalation studies may
provide useful prior information [8,18]. Strong to
moderate drug-target interactions may be profiled by
affinity enrichment strategies and involve synthetic
immobilization of metallodrug candidates (Figure 2a).
More recently, approaches without the need of chem-
ical modification were established to globally assess

a b WETEE global target profiling
Q //oQ ;O 'O
Cell @ Cell
M.
@ Exposure
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" "
Expos?éjo
Pull-down
2% Digesti
_\:‘? igestion
i nLC-MS/MS
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Schematic workflows of the strategies used to identify protein targets in
inorganic drug discovery, based on (a) affinity-enrichment or (b) label-free
global target profiling.

weaker drug-target interactions (Figure 2b). While
chemoproteomics strategies were applied for metallo-
prodrugs and purely structural complexes, label-free
target profiling was performed for purely structural
complexes only.

Affinity-based chemoproteomics

Affinity-based target identification typically involves
chemical proteomic — or chemoproteomic — strategies,
which are defined as a collection of biochemical and
analytical techniques to interrogate cell-specific
proteomes and enrich relevant proteins using small
molecule probes [21,22]. Affinity-based chemo-
proteomics uses an immobilized probe to fish for inter-
actors by affinity enrichment from native whole cell
lysates or from intact cells (Figure 2a). The involved
buffers and the requirement for extensive washing
select preferentially strong interactions between a
metal-probe and potential targets. A number of immo-
bilization strategies exist among which biotin-
streptavidin is most commonly reported, and which
displays an exceptionally high enrichment efficiency
[23—26]. Affinity-based chemoproteomics is typically
performed in a differential approach to filter specific
binding partners (Figure 3a) [20,27]. The target land-
scape can be visualized by plotting the identified
interactors according to their fold-change and signifi-
cance of enrichment (Figure 3b). Long and hydrophilic
linkers are employed to reduce nonspecific interactions.
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(a) Affinity-based chemoproteomics from cell lysates is performed in a differential approach. The structure of an immobilized probe is also shown. (b)
Chemical structure of activated plecstatin-1 and the corresponding target landscape. The y-axis represents the fold-change of the differential approach

and the x-axis the significance of this enrichment based on a p-value. (c) D
selectivity. (d) The prodrug form of plecstatin-1 does not feature plectin as a

erivatization of the 4-fluorophenyl to a 4-phenol abrogates the plectin
target. (e) Plecstatin-1 treatment results in a similar phenotype in epithelial

MCDK cell monolayers compared to plectin knock-out cells. Representative confocal images of wild type (WT), knock-outs (KO), and plecstatin-1 (PST)-
treated MDKC cells (16 uM, 4 h) monolayers immunolabeled for plectin (green), keratin (red), and desmoplakin (DSP, magenta). Arrows, thick keratin

bundles; arrowheads, misshaped desmosomes. Scale bars, 10 and 3 um (bo.

xed areas). (f) Target-response network of the target protein plectin with the

surrounding significantly regulated proteins upon plecstatin-1 treatment (obtained using Cytoscape Version 3.8.1). Figures 3 b-d were adapted from ref.

[20] under a Creative Commons CC-BY license. Figure 3e was licensed for

re-use from ref. [29] under Creative Commons BY-NC-SA.

Cell lysates. Affinity-based chemoproteomics in cell ly-
sates was used successfully to identify protein targets of
several investigative and clinically evaluated metal-
based anticancer agents. These approaches can sample
non-covalent and coordinative bonding. The latter in-
cludes the clinically investigated ruthenium(III)-based
BOLD-100 (formerly KP-1339), whose protein target
landscape was obtained by exploiting the naturally
formed stable ruthenium(IIl)-adduct with human
serum albumin after hydrolysis of a metal-chlorido bond.
The resulting drug-protein conjugate was immobilized
using antibodies and revealed the ribosomal subunits
RPL10 and RPL24 as potential interaction partners
[24]. Polyribosome formation in BOLD-100-treated
cancer cells corroborated this result.

Secondly, plectin was determined as the main target of
the organoruthenium(Il) compound plecstatin-1 [27].
In this case, the probe was generated by modifying the
arene with a PEG4 linker attached to biotin, which was
then immobilized on streptavidin beads. The impact of
slight structural modifications of plecstatin-1 on the
target landscape was studied. The 4-fluorophenyl
substituent turned out to be an essential H-bond
acceptor for an efficient target engagement with plectin
(Figure 3b) since substitution by a phenol, z.e. H-bond
donor, abrogated the selectivity for plectin (Figure 3c)
[20]. Moreover, plecstatin-1 is a prodrug that is activated
by hydrolysis of the metal-chlorido bond. This activation
step is necessary for efficient target engagement with
plectin (Figure 3d) [20]. Plectin is an important scaffold
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protein and cytolinker [28]. Importantly, plectin modu-
lation by plecstatin-1 treatment was shown to mimic
genetic plectin knock-out phenotypes (Figure 3e) [29].

To narrow down a large collection of potential inter-
actors to a few highly probable targets, it may be helpful
to connect potential targets with the proteomic
response of cells treated with the same drug in target-
response networks, as exemplified for plecstatin-1
(Figure 3f) [27].

Recently, a concentration-dependent pull-down was
reported as a further means to rank potential targets,
based on the potency of interaction in addition to the
enrichment factor. This approach was applied to TRIP, a
structural rheniumtricarbonyl compound, and led to the
identification of the cytosolic Fe-S cluster assembly
factor NUBP2 as a highly probable target, which was
targeted at sub-cytotoxic concentrations [30].

Intact Cells. Covalent capture of the drug-target inter-
action in cells can be used to identify moderately strong
binding events by affinity-based chemoproteomics. A
bifunctional probe is typically used for these purposes,
which may be synthetically demanding (Figure 2a). One
functional site consists of a photo-reactive crosslinker,
typically diazirine or benzophenone, which upon light
irradiation irreversibly binds to the closest interactors
via radical mechanisms. The second functional moiety
usually presents an alkyne, which may be modified via
Click reaction to enable affinity enrichment or conju-
gation to a fluorescent marker for spectroscopic detec-
tion. Alkyne handles have minimal structural impact and
are used preferentially together with the diazirine-based
photoactive probes to determine targets of metal-based
drug candidates [31,32]. Furthermore, the linker prop-
erties also affect target specificity [33].

The target landscape of a C'N"C-cyclometalated
gold(IIT) N-heterocyclic carbene (NHC) complex was
investigated using this approach [34]. Indeed, a bi-
functional diazirine-alkyne analogue revealed protein
targets by coupling to biotin or a fluorescent tag
(Figure 4a). Multiple target proteins were identified
including vimentin, HSP60, nucleophosmin, and YB-1,
which were further verified. Vimentin is a non-
enzymatic cytoskeletal protein and implicated in the
epithelial-to-mesenchymal transition of cancer cells
[35]. In a follow-up study, the (C"N"C)Au-moiety was
exchanged for (C°N"N)Pt in the complex, which
narrowed down the target range of the complex [36].
Employing thermal shift assays, including thermal pro-
teome profiling (vide infra), it was shown that also the
platinum(II) complex demonstrated a strong non-
covalent interaction with vimentin and showed prom-
ising anticancer properties (Figure 4b). The (C"N"N)Pt
represents one of the few examples of a platinum(II)
compound that targets proteins over DNA.

A potential disadvantage of the photoactivation strategy
using diazirines is the low efficiency of covalent adduct
formation with the putative target. An iridium-based
photocatalyst conjugated to the small molecule probe
activated multiple diaziridines oz Dexter energy
transfer [37].

Label-free global target profiling

Label-free techniques are capable of mapping transient
interactions of drug candidates with potential protein
targets by globally assessing the drug-altered thermal,
proteolytic or chemical protein stability and do not
require synthetic modification of the drug (Figure 2b)
[15]. Thermal proteome profiling (TPP) represents a
label-free strategy [38] that was used to study targets of
metallodrugs either by proteomic profiling [39,40] or by
differential 2D gel electrophoresis [41]. TPP assesses
the extent of drug-target interaction by monitoring the
effect of drug treatment on protein denaturation and
precipitation as a function of increasing temperature.
The extent of protein stabilization by the small mole-
cule parallels the potency of the interaction and can be
evaluated by multiplexed mass spectrometric profiling
[42]. Due to the experimental setup, TPP may pref-
erentially select small, soluble proteins as poten-
tial interactors.

TPP has been successfully used to determine the pro-
tein targets of auranofin [39,43] or a bis-N-heterocyclic
(NHC) platinum(I) complex containing a 1-(3-
hydroxybenzo[/]thiophene-2-yl)ethanone derivative as
leaving group [40]. The (bis-NHC)Pt-moiety was
shown to target the proteins asparagine synthetase
(ASNS), ferrochelatase and glutathione S-transferase
Mu 1 by increasing their thermal stability. ASNS inhi-
bition was further verified by immunoblotting and its
effect on tumour growth was validated in cancer cells.
The (bis-NHC)Pt-moiety was also shown to coordinate
directly to an N-terminal cysteine that is required for
the catalytic function of ASNS [40].

In an orthogonal label-free approach based on gel elec-
trophoresis hyphenated to an inductively coupled
plasma mass spectrometer, Wang et al. were able to
uncover sensitive silver-binding proteins in K. co/i that
account for its antimicrobial effect. A total of 34 silver-
binding proteins were identified, among which glycer-
aldehyde-3-phosphate dehydrogenase and phospho-
glycerate kinase were validated as the main targets [44].
Similar approaches were developed by the same group to
study other metals [45].

Metal-mediated ligand transfer to target
proteins

Metal complexes typically interact with target proteins
via non-covalent bonding or direct metal-coordination.
Recent reports also discovered metal-mediated ligand
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C"N"C-cyclometalated gold(lll) and platinum(ll) N-heterocyclic carbenes (NHCs) target vimentin amongst others based on the similar coordination ge-
ometry. (a) The C"N"C-cyclometalated gold(lll) NHC compound [Au(C"N"C)] was derivatized by a diaziridine and an alkyne for photo-capture on the target
and subsequent 2D gel electrophoresis using a fluorescent dye. The compound targets heat-shock protein 60 (HSP60, 1), vimentin (VIM, 2), NDKA (3),
nucleophosmin (4), YB-1 (5) and PRDX1 (6). (b) The analogous platinum(ll) derivative (Pt1a) also targets vimentin, as revealed by confocal microscopy
and thermal shift assays. Figure 4a was adapted from ref. [34] with permission for reuse from John Wiley and Sons Inc. Figure 4b was adapted from ref.

[36] with permission from PNAS.

activation, culminating in the covalent modification of
target proteins by the ligand, and this reactivity differs
from metal-based catalysis in cells [46,47]. Gold(III)
complexes seem to be especially suited for the conju-
gation of ligands to cysteine thiols.

For instance, C"N-cyclometalated gold(III) complexes
were found to promote cysteine arylation vz reductive
elimination (Figure 1). The derivative [Aum(Z—
benzoylpyridine)Cl;] was used to detect and quantify
cysteine modifications in the bacterial proteome in
Staphylococcus  aureus [48]. An activity-based protein
profiling approach based on isotopically labelled
desthiobiotin azide-activity (isoDTB-ABPP) revealed
more than 108 ligandable cysteines including 59 new
cysteines, which have not been targeted by previous
cysteine-directed covalent binders. Arylation of GCNS5-
like putative N-acetyltransferase was further verified by
adduct formation with the isolated protein.

Furthermore, the electrophilic gold (IIT) centre of a gold-
mesoporphyrin IX dimethyl ester (AuMesolX) activates
the meso-carbon of the porphyrin ring to selectively form
adducts with cysteine thiols as well [49]. AuMesolX was
shown to covalently modify thioredoxin in cell-free ap-
proaches, as well as peroxiredoxin III and deubiquiti-
nases in cells. The latter was corroborated by TPP and
independent cellular thermal shift assays.

Conclusion

The ability to identify protein targets of metal-based
drugs using tailored proteomics methods has enabled
unprecedented insight into their target landscapes.
Importantly, these target identification approaches have
unequivocally revealed that metallo(-pro)drugs can
selectively engage with protein targets in cells and in
some cases with unexpectedly high specificity. The
particular structural and chemical properties of metal-
based drugs define a chemical space that seems to be
promising to modulate so far hard-to-drug targets,
including structural and scaffold proteins as highlighted
by the discovery of first-in-class metal-based modulators
of plectin and NUBP2. Additionally, promising metal-
mediated ligand transfers were discovered that may be
further developed to characterize the ligandability of
additional biological nucleophiles. Implementing pro-
teomic target identification strategies into drug discov-
ery programs may enable mechanism-driven therapy
development [50] and successfully contribute towards
an enhanced understanding of the modes of action of
metal-based drugs in general.
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4 Conclusion

This thesis demonstrates the successful establishment of a mass spectrometry-based drug
discovery platform to characterize the modes of action of phenotypically discovered
metallodrug candidates. The projects also highlight the potential of proteomic combinations,
e.g. chemoproteomics and perturbation profiling, to characterize in detail previously unknown

biological effects of metallodrugs, accompanied by suitable cell culture model systems.

The first study focused on the investigation of a C*N cyclometalated gold(IIl) complex and its
novel gold-assisted ligand transfer mechanism in SW480 colon carcinoma cells. Employing
protein profiling, dose-dependent affinity pulldown experiments and cell free interaction
studies, we were able to show a novel two step mechanism that includes the coordination of the
Au-complex to the redox protective protein TXNRDI, followed by the arylation of its
biological nucleophiles Cys and Sec, ultimately yielding the selective inhibition of the enzyme.
The pulldown experiments were successfully performed by a novel immobilization strategy on
agarose beads that enabled the efficient immobilization of the probe via a simple amide bond
formation. Selective arylation of Cys and Sec residues was directly verified by cell-free mass
spectrometry approaches. The treatment was further accompanied by the downregulation of
other selenoproteins and the induction of the NRF2-Keapl pathway, without ROS formation.
In additional synergism studies, we determined that cancer cell survival heavily relies on
inducing the NRF2-pathway after treatment with the gold compound. Overall, the presented
metal-assisted arylation mechanism could be used to design improved organogold anticancer

drug candidates or explore their ligandable space in covalent drug discovery.

In the second study, the mode of action of a highly cytotoxic N,O,O-tridentate ruthenium(arene)
derivative was elucidated. Based on that lead compound three structurally similar candidates,
differing in the ligand by using 3-ethyl naphthoquinone or 3-morpholine naphthoquinone, and
the metal center by using Ru or Os were investigated. These complexes are kinetically more
inert compared to bidentate analogues but retain their reactivity via slowly hydrolyzing a metal-
oxygen bond in the naphthoquinone ligand. After confirming the complexes preferred binding
to AA over nucleotides, it was shown that the type of ligand had a stronger impact on the
antiproliferative activity and solubility of the complexes compared to the metal center. This
feature was corroborated by structure-activity relationships on the proteome level. Especially,
the 3-ethyl naphthoquinone analogues were found to affect the TP53 network, with the Ru lead

structure showing a more pronounced perturbation compared to the Os analogue. Disruption of
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the TP53-DDX3X-p21 signaling axis accompanied by loss of p21 expression was then verified
for the Ru lead compound, which was most likely modulated via direct DDX3X interaction.
The latter was revealed by implementing an orthogonal target identification assay based on
Limited Proteolysis. In vivo investigations in a CT26 mouse model of the four complexes
revealed again the Ru-ethyl analogue as most potent candidate with significant tumor size
reduction and anticancer activity. Further, we were able to distinguish between direct and
indirect drug effects by comparing local vs systemic responses, which revealed EGFR
downregulation in tumor tissue as direct effect of the lead compound. As EGFR levels have
previously been demonstrated to be mediated by the TP53-DDX3X-p21 axis these in vivo
results support the in vitro findings of the 3-ethyl ruthenium(arene) directly impacting this
signaling pathway. In summary, this study highlights a strategy to elucidate the MoA of metal-
based anticancer candidates developed in a PDD setting by connecting their detected effects in

vitro and in vivo.

The projects presented here highlight how proteomics-based discovery platforms, combining
perturbation profiling with chemoproteomic techniques, can be used to investigate the effects
of metal-based compounds selected from phenotypic models, thereby generating hypotheses
about their MoA and also verifying those claims. This mechanism-based approach is broadly
applicable, may guide lead compound maturation and facilitate the translation into clinical

candidates.
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Figure 9: Schematic diagram of the components of the Bruker timsTOF Pro™. The capillary of
the Sprayer unit is positioned orthogonally to the entrance of the trapped ion mobility
spectrometry (TIMS) analyzer, with the first section, where the accumulation happens, shown
in light blue and the second section, where the analytes are gradually released, depicted in dark
blue. The ions are further transferred through a multipole to a quadrupole that is synchronized
to the releases of the second TIMS section, followed by the collision cell. Finally, the analytes
are measured in an ultra-high-resolution time-of-flight mass analyzer (UHR-TOF). ............. 27
Figure 10: Comparison of data-dependent acquisition (DDA) and data-independent acquisition
(DIA) processes: the top sequence depicts the DDA process in which the most intense ions from
the MS1 are selected through the Top N principle (shown as arrows) for the fragmentation. The
resulting MS2 spectra are of high quality as each spectrum derives from the respective
precursor. The bottom sequence shows the DIA process, where a m/z window is superimposed
over the entire MS1 with all ions within those windows being fragmented. Here, the MS2
spectra contain information from all precursors in each window which enables a larger coverage
of the proteome but makes the interpretation more COmpleX.........ccceevveevrierieeniieniieeneenreennen. 29
Figure 11: Molecular structures of metal-containing compounds in clinical trials. As an example
in how many different ways metal-containing compounds can be applied, ['”’Lu]Lu-PSMA-
617(Pluvicto®) is a FDA-approved targeted radiopharmaceutical drug for the treatment of
castration-resistant prostate CanCer MEtASTASES. .......uevrvieervieeriieeiieeerreeereeeireesaeeesbeeesaeeenns 35
Figure 12: Molecular structures of experimental metal complexes with the names used in their
original publication. The ruthenium(arene) Plecstatin-1 and the NHC complex Probe2 showed
strong selectivity for unusual targets namely the structure proteins plectin and vimentin,
respectively. Pt(1a) was used in a thermal protein profiling experiment to map its interaction
partners, whereas Aul was utilized to reveal cysteine binding sites in Staphylococcus Aureus

through a metal-mediated ligand transfer reaction............cccceeveveiiiniiniincnicneceeceece 39

7 List of Tables

Table 1: Table with selected functional groups used in covalent drug design, including their

molecular structure and the specific amino acid targets. Table adapted from Bhole R. P. et al.?°

187



& Scientific Contributions

Structure activity relationships of silver(I)- and gold(I)-NHC compounds and striking
differences in the response of cisplatin-resistant ovarian cancer to bis-NHC gold(I)

derivatives
Bormio Nunes, J. H., Hacker, C., Caban, M., ... Kowol, C., Heffeter, P.
Journal of Medicinal Chemistry, 2026, 69, 3, 2462-2480

DOI: 10.1021/acs.jmedchem.5¢02355

Selectivity for TPS3 signalling drives the mode of action of a highly potent N,0,0-

tridentate naphthoquinone-based organo-ruthenium anticancer drug candidate
Rosner, A., Skos, L., Mendrina, T., ... Kandioller, W., Meier-Menches, S.M.
Chemical Science, 2025, 16, 15652-15665

DOI: 10.1039/d5sc00735f

Phosphoproteomics highlights complex resource management upon inflammatory

stimulation of fibroblasts
Janker-Bortel, P., Martinez-Val, A., Hagn, G., Skos, L., Olsen, J. V., Gerner C.
bioRxiv, 2024.10.11.617591

DOI: 10.1101/2024.10.11.617591

Gold-templated covalent targeting of the CysSec-dyad of thioredoxin reductase 1 in

cancer cells
Skos, L., Schmidt, C., Thomas, S.R., ... Casini, A., Meier-Menches, S.M.
Cell Reports Physical Science, 2024, 5(7), 102072

DOI: 10.1016/j.xcrp.2024.102072

188



Memory effects of prior subculture may impact the quality of multiomic perturbation

profiles
Bortel, P., Hagn, G., Skos, L., ... Gerner, C., Meier-Menches, S.M.

Proceedings of the National Academy of Sciences of the United States of America, 2024,
121(29), e2313851121

DOI: 10.1073/pnas.231385112

Single-cell transcriptomics and epigenomics unravel the role of monocytes in

neuroblastoma bone marrow metastasis
Fetahu, L.S., Esser-Skala, W., Dnyansagar, R., ... Fortelny, N., Taschner-Mandl, S.
Nature Communications, 2023, 14(1), 3620

DOI: 10.1038/s41467-023-39210-0

Exploring the Potential of Metal-Based Candidate Drugs as Modulators of the
Cytoskeleton

Borutzki, Y., Skos, L., Gerner, C., Meier-Menches, S.M.
ChemBioChem, 2023, 24(17), 202300178

DOI: 10.1002/cbic.202300178

Methods to identify protein targets of metal-based drugs
Skos, L., Borutzki, Y., Gerner, C., Meier-Menches, S.M.
Current Opinion in Chemical Biology, 2023, 73, 102257

DOI: 10.1016/j.cbpa.2022.102257

189



A multi-omics based anti-inflammatory immune signature characterizes long COVID-19

syndrome
Kovarik, J.J., Bileck, A., Hagn, G., ... Schmetterer, K.G., Gerner, C.
iScience, 2023, 26(1), 105717

DOI: 10.1016/5.1s¢1.2022.105717

Epithelial cell line derived from endometriotic lesion mimics macrophage nervous

mechanism of pain generation on proteome and metabolome levels
Neuditschko, B., Leibetseder, M., Brunmair, J., ... Yotova, I., Gerner, C.
Biomolecules, 2021, 11(8), 1230

DOI: 10.3390/biom11081230

190



List of Oral Contributions

“Multi-Omics Readouts of Perturbation Studies are Determined by Memory Effects from

Subculture”

Leoben, Austria — 18" ASAC Junganalytiker*innen Forum 2023

“Establishment of an affinity enrichment assay for the proteomic investigation of the human

selenoproteome”

Linz, Austria — 2™ DoSChem Panel B Retreat 2022

“Enrichment of the selenoproteome ™

Illmitz, Austria — 1% DoSChem Panel B Retreat 2021

List of Poster Contributions

“Towards in-vivo mode of action deconvolution: Investigation of a ruthenium(arene) tridentate

naphthoquinone complex”

Andover, NH, USA — Gordon Research Conference Metals in Medicine 2024

Andover, NH, USA — Gordon Research Seminar Metals in Medicine 2024

“Selective Metal-Templated Arylation of Selenocysteine of Thioredoxin Reductase I by an
Organogold Compound”

Braunschweig, Germany — International Symposium on Bioorganometallic Chemistry
2023

“Cell Culture Conditions Influence the Information Density of Treatment-Induced Omics-

Readouts”

Fiirstenfeld, Austria — 3™ DoSChem Panel B Retreat 2023

191



“Cell Culture Conditions Influence the Information Density of Treatment-Induced Omics-

Readouts”

Andover, NH, USA — Gordon Research Conference Metals in Medicine 2022

192



Copyright Statement

Ich habe mich bemiiht, sdmtliche Inhaber der Bildrechte ausfindig zu machen und ihre
Zustimmung zur Verwendung der Bilder in dieser Arbeit eingeholt. Sollte dennoch eine
Urheberrechtsverletzung bekannt werden, ersuche ich um Meldung bei mir.

Nutzung von KI: Perplexity Al wurde bei der initialen Literaturrecherche verwendet und DeepL
teilweise flir die Verbesserung von Sprache, Formulierung und Grammatik.

Lukas Skos, Juni 2026

193



	0_Titelblatt_Lukas_Skos
	1_Dissertation_Lukas_Skos_fin
	2_2024_Au-Arylation-Complete(50p)
	XCRP102072_proof_v5i7.pdf
	Gold-templated covalent targeting of the CysSec-dyad of thioredoxin reductase 1 in cancer cells
	Introduction
	Results and discussion
	The investigated CˆN-cyclometalated gold(III) compounds template cross-coupling reactions to thiols
	The CˆN-cyclometalated gold(III) compounds are moderately cytotoxic, and Au-Fluo distributes to the perinuclear and nuclear ...
	TXNRD1 is identified as a potential target of Au in SW480 cancer cell extracts
	Au selectively arylates the catalytic CysSec-dyad on TXNRD1 in the presence of reducing equivalents
	Au inhibits TXNRD1 activity
	Au treatment induces the NRF2-KEAP1 pathway, a key regulator of redox management capacity in cancer cells

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability


	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References



	3_2025_Ru_Os-Naphtoquinones-SZ
	3.1_2025_Ru_Os-Naphtoquinones
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...

	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...
	Selectivity for TP53 signalling drives the mode of action of a highly potent N,O,O-tridentate naphthoquinone-based organo-ruthenium anticancer drug...


	3.2_2025_Ru_Os-Naphtoquinones_Just-SI

	4_2023_Review_Identifiying_protein_targets-SZ
	Methods to identify protein targets of metal-based drugs
	Introduction
	Methods for target identification
	Affinity-based chemoproteomics
	Label-free global target profiling

	Metal-mediated ligand transfer to target proteins
	Conclusion
	Author contributions
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgment
	References



	Click for updates and to verify authenticity: 


