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Abstract

Approximately 10 million people die of cancer every year. The genetic heterogeneity
exhibited by different cancers on the one hand, and the physiological similarities
between cancer and normal cells on the other hand pose challenges in the
development of treatment options. Most chemotherapeutics available on the market
exploit the fact that cancer cells typically rely on functional mitosis to a greater extent
than normal cells. In that way, however, non-cancerous fast-dividing cells such as the
precursor cells of leukocytes are also affected, leading to severe, dose-limiting side
effects and impairment in the chemotherapy outcome. Hence, there is a demand for
more selective chemotherapeutics, that effectively kill cancer cells while sparing all

normal cells.

In the first part of this work, two different hallmarks of cancers are exploited as starting
points for selective anti-cancer treatment. As the first hallmark, the fact that most
cancer cells show a higher level of endoplasmic reticulum stress and higher amounts
of un-/ misfolded proteins is leveraged. In particular, we demonstrated that a rigid,
three-dimensional iron(ll) clathrochelate binds unfolded proteins, causing their
aggregation, increasing the endoplasmic reticulum stress levels selectively in cancer
cells to the extent that apoptosis is induced. In an in vivo model, the clathrochelate not
only cured a subgroup of cancer-bearing mice but in a different model also decreased
the volume and number of metastases, while no side effects were detected. The work
for this project is presented in Publication 1 and 2. The second project exploits
increased levels of reactive oxygen species in cancerous mitochondria, which also
increase the concentration of proteinogenic or small molecular thiyl radicals. Structure-
guided mitochondrial accumulation combined with alkyne functionalization of small
molecules thus enables radical thiol-yne coupling selectively in cancer cells. In
Publication 3, the occurrence of this mechanism in cancerous mitochondria as well as
the suitability of this approach for selective cancer targeting is presented for the first

time.

In the second part of this work, we applied the prodrug concept to develop selective
anti-cancer agents. Prodrugs that are designed to increase the selectivity of a parent
drug are chemically modified to yield a pharmacologically inactive prodrug, which gets
activated selectively at the tumor site/in the cancer cell or upon an external trigger.

Reactive oxygen species-activatable small molecular prodrugs with an aryl boronic
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acid as a promoiety have been reported previously. This prodrug approach was thus
far, however, not transferable for oligonucleotide-based drugs such as siRNAs. We
first reported on a siRNA prodrug with a 5’ aryl boronic acid promoiety that gets
selectively activated in the presence of high amounts of reactive oxygen species in
Publication 4. In Publication 5, another siRNA prodrug is presented, that gets activated
upon red light irradiation in the presence of the photosensitizer
Sn(IV)(pyropheophorbide a)dichloride. In contrast to previously published red light
activatable siRNA prodrugs, the activation is mediated by electrons and not cytotoxic
102, with the latter inducing undesired side effects.

The cholic-acid-modified N-alkyl-aminoferrocene prodrug, presented in Publication 6,
undergoes activation in response to high levels of reactive oxygen species in the
endoplasmic reticulum, thereby exhibiting selectivity towards cancer cells. The
activation of this prodrug leads to a further increase in oxidative stress, ultimately

resulting in the induction of cancer cell death.

Since few normal cells such as primed neutrophils also show high levels of reactive
oxygen species, a prodrug concept with a dual triggering mechanism for the activation
of anticancer drugs is proposed in Publication 7. The promoiety is designed to be
activated first by high levels of reactive oxygen species and secondarily by the basic
pH present in mitochondria. Consequently, in (primed) neutrophils, which possess a
very limited number of mitochondria, the prodrug remains incompletely activated. We
implemented this prodrug concept using an exemplifying mitosis inhibitor
camptothecin. Alongside the inherent cancer selectivity by targeting rapidly dividing
cells, the prodrug concept enhances this selectivity by specifically targeting fast-
dividing cells with elevated levels of reactive oxygen species and a high number of
mitochondria. We validated the prodrug’s activation mechanism and anti-cancer

activity in vitro, as well as its efficacy and selectivity in vivo.

Altogether, in this thesis, several strategies for selective cancer targeting by small
molecules are presented. These approaches exploit distinct hallmarks of cancer cells
beyond their reliance on functional mitosis either as starting points of therapy or to

selectively activate a prodrug within the cancerous environment.



Zusammenfassung

Etwa 10 Millionen Menschen sterben jedes Jahr an Krebs. Die genetische Individualitat
jeder Krebserkrankung und die physiologischen Ahnlichkeiten zwischen Krebs- und
normalen Zellen stellen Herausforderungen bei der Entwicklung von
Behandlungsmoglichkeiten dar. Die meisten auf dem Markt erhaltlichen
Chemotherapeutika basieren darauf, dass Krebszellen in der Regel starker auf eine
funktionierende Mitose angewiesen sind als normale Zellen. Auf diese Weise werden
jedoch auch nicht-krebsartige, sich schnell teilende Zellen wie Vorlauferzellen der
Leukozyten beeintrachtigt. Dies fuhrt zu teils schwerwiegenden Nebenwirkungen, die
die Medikamentendosis limitieren und somit das Ergebnis der Chemotherapie negativ
beeinflussen konnen. Es besteht daher ein grol3er Bedarf an selektiveren
Chemotherapeutika, die Krebszellen abtéten und gleichzeitig alle normalen Zellen

verschonen.

Im ersten Teil dieser Doktorarbeit werden zwei unterschiedliche Charakteristika von
Krebszellen als Ansatzpunkte fir eine selektive Krebsbehandlung genutzt. Die
Tatsache, dass Krebszellen generell ein hoheres Mall an Stress im
Endoplasmatischen Retikulum und eine grol3ere Menge an un- bzw. fehlgefalteten
Proteinen aufweisen, wird im ersten Projekt zu Nutze gemacht, was in Publication 1
und 2 veroffentlicht ist. Hier wird gezeigt, dass ein sterisch anspruchsvolles Eisen(ll)-
Clathrochelate ungefaltete Proteine bindet, diese aggregiert und dadurch den Stress
des Endoplasmatischen Retikulums in den Krebszellen soweit erhéht, dass diese
absterben. In zwei unterschiedlichen Mausmodellen wird zudem gezeigt, dass das
Clathrochelate einige Mause, die an Krebs erkrankt sind, heilt und die Anzahl und
GroRRe der Metastasen verringert. Im zweiten Projekt wird die erhéhte Konzentration
radikaler Sauerstoffspezies in kanzerogenen Mitochondrien ausgenutzt. Diese erhoht
auch die Anzahl an Thiyl-Radikalen in Proteinen und anderen Thiol-haltigen
Biomolekilen. Die strukturbasierte Anreicherung von Alkin-funktionalisierten
Verbindungen in Mitochondrien sollte daher radikalische Thiol-Alkin Reaktionen in
Krebszellen ermdglichen. In Publication 3 wird gezeigt, dass diese Reaktion
tatsachlich stattfindet und genutzt werden kann, um Krebszellen selektiv zu

adressieren.

Im zweiten Teil dieser Doktorarbeit wird das Prodrug-Konzept angewandt, um

selektive Antikrebsmittel zu entwickeln. Prodrugs, die darauf abzielen, die Selektivitat
6



eines Ausgangswirkstoffs zu erhdhen, werden chemisch modifiziert, um
pharmakologisch inaktive Prodrugs zu erzeugen. Im Milieu von Krebszellen oder durch
einen externen Impuls werden diese Prodrugs gezielt aktiviert. Einige Verbindungen
mit einer Phenylboronsaure-Schutzgruppe, welche selektiv durch reaktiven
Sauerstoffspezies abgespalten wird, sind literaturbekannt. Dieses Konzept konnte
allerdings bisher nicht auf Oligonukleotid-basierte Wirkstoffe wie siRNAs Ubertragen
werden. Wie in Publication 4 dargestellt, wurde hier erstmals ein siRNA Prodrug mit
einer Phenylboronsaure am 5° Ende des Leitstrangs hergestellt. In Publication 5 wird
zudem ein anderes siRNA Prodrug prasentiert, welches durch die Bestrahlung mit
rotem Licht in der Gegenwart von Sn(IV)(pyropheophorbide a)dichlorid als
Photosensibilisator aktiviert wird. Im Gegensatz zu anderen Rotlicht-aktivierbaren
siRNA Prodrugs wird die Abspaltung der Schutzgruppe durch Elektronentbertragung
ausgelést und es entsteht dabei kein toxisches 'Oz, welches unerwiinschte
Nebenwirkungen auslost. Das in Publication 6 dargestellte Kohlsaure-Aminoferrocen
Prodrug reichert sich im Endoplasmatischen Retikulum an, wo es durch die erhdhte
Konzentration an reaktiven Sauerstoffspezies selektiv in Krebszellen aktiviert wird,

was den oxidativen Stress weiter erhoht und die Krebszellen abtotet.

Da einige normale Zellen wie aktivierte Neutrophile ebenfalls hohe Mengen an
reaktiven Sauerstoffspezies aufweisen, wird in Publication 7 ein Prodrug-Konzept mit
einem dualen Aktivierungsmechanismus untersucht. Die hier eingefuhrte
Schutzgruppe wird zuerst durch reaktive Sauerstoffspezies und anschlieBend durch
das basische Milieu in Mitochondrien abgespalten. Folglich wird das Prodrug in
Neutrophilen, die Uber eine sehr geringe Anzahl an Mitochondrien verflgen, nicht
vollstandig aktiviert. Das Konzept wurde auf den Mitoseinhibitor Camptothecin
Ubertragen. Das daraus resultierende Prodrug weist eine dreifache Krebsselektivitat
auf, da es schnell proliferierende Zellen, mit erhéhtem oxidativem Stress und einer
hohen Anzahl an Mitochondrien adressiert. Der Aktivierungsmechanismus und die
Wirksamkeit wurden in vitro bewiesen und die Antikrebs-Aktivitat und Selektivitat in

vivo aufgezeigt.

In dieser Doktorarbeit werden somit mehrere Strategien zur selektiven
Krebszellenadressierung prasentiert. Die dargestellten Konzepte nutzen verschiedene
Charakteristika von Krebszellen entweder als Ansatzpunkte fur die Behandlung oder

zur Aktivierung von Prodrugs aus.



1. Introduction

1.1 Cancer and its characteristics

Cancer constitutes the number one cause of premature death in Germany and 56 other
well-developed countries worldwide (Figure 1). In fact, 19.3 million new cancer cases
and almost 10.0 million cancer deaths have been reported to the world health
organization in 2020. Even though the global cancer death rate has dropped by 32 %
since 1991, sparing 3.5 million lives, the cancer burden is expected to rise in the future,
with a predicted 28.4 million new cancer cases in 2040, mostly due to demographical
changes!t. The most frequently diagnosed cancer in 2020 was female breast cancer
(11.7 %) followed by lung cancer (11.4 %) and colorectal cancer (10.0 %). Lung cancer
constitutes the most lethal cancer with a 5-year survival rate of e.g. non-small cell lung
cancer of 28 % and small cell lung cancer of only 7 %. The main reason for the poor
prognosis of cancer patients lies in the complexity of the disease as the average
number of mutations in e.g. sporadic colorectal tumor cells has been estimated to be
approximately 11,000 excluding epigenetic abnormalities?. The individuality of the
mutation pattern of every tumor constitutes a challenge in finding a suitable starting
point for therapy to selectively kill cancer cells without harming normal cells.

°
°
°° °
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Figure 1: Global ranking of cancer as the cause of premature (<70 years) death in 2019, In
countries colored dark and light blue, cancer constitutes the number one and two causes of
premature death, respectively. In countries indicated in orange and red cancer ranks lower in
premature mortality. This demonstrates the need for improved cancer treatments.



Despite the genetic heterogeneity, some common hallmarks are found in most cancers
that could serve as differentiating factors in chemotherapy. First and foremost, cancer
cells proliferate abnormally fast and unlimitedly, resisting antigrowth signals of the
surrounding tissuel®l. Fast tumor growth is further accelerated by the fact that cancer
cells circumvent apoptosis and by their ability to invade surrounding tissues. In
addition, metastasis formation by shedding clustered circulating tumor cells is also
common, especially in hypoxic, solid tumors!l. To enable fast cell growth, most
cancers show increased glycolysis rates and extensive blood vessel formation, called
angiogenesisll. Due to the fast metabolism, cancer cells show elevated stress levels
especially in the endoplasmic reticulum (ER) because of the accelerated protein
expression, in the mitochondria (Mit) as a result of the high energy demand, and in the
lysosomes (LY), which play a crucial role in cell homeostasis and cancer progression.
Also, in the cytosol, the levels of reactive oxygen species (ROS) in cancer cells are

increased by up to 5,000-fold compared to normal cells, resulting in oxidative stressl®.

1.2 The role of reactive oxygen species in nhormal and cancer cells

ROS are generally defined as oxygen-derived small molecules with short half-livesl”.
Due to their high reactivity towards biological macromolecules, the generation, and
decomposition of ROS are tightly regulated in cells. An overview is shown in Figure 2.
A basal level of ROS (i.e. superoxide, O2") is constantly produced in the mitochondria
by electron leaks from complex | (NADH dehydrogenase) and Il (CoQ-Cyt C
reductase) of the electron transport chainl®. In addition, superoxide is generated upon
stimuli by NADPH oxidases (NOX), xanthin oxidases (XO), and cytochrome P450
(CYPs). If nitric oxide (NO°) is present in close proximity to O2", highly reactive
peroxynitrite (ONOO") is formed. Superoxide can dismutate spontaneously or in an
accelerated-manner by superoxide dismutases (SOD) to Oz and H202°. H2O: is the
chemically most stable of all ROS and can diffuse freely across membranes or is
actively transported via aquaporins and can thus function as a signaling molecule. In
neutrophils, myeloperoxidase (MPO) uses H202to generate hypochlorous acid (HOCI).
In the presence of metal ions such as iron or copper, hydroxyl radicals (OH") are rapidly
formed from H202 via Fenton reaction. As hydroxyl radicals are very reactive towards
biological macromolecules and thus harmful, H202 is therefore degraded by several

proteins of the antioxidant response such as peroxiredoxins and glutathione
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peroxidases. In addition, in peroxisomes, H202 is decomposed in a dismutation
reaction to oxygen and water. This reaction is catalyzed by catalase, one of the most
efficient enzymes with an extremely high turnover number, underlining the importance
of controlled ROS levels!'®. Also, non-enzymatic antioxidants such as ascorbic acid,
tocopherols, glutathione (GSH), and carotenoids play an important role in ROS

homeostasis.

H,O0+ O,
respiratory ——
chain, catalase
NOX, CYP, XO MPO
02 L» 02-- & H202 L» OH
Fenton
NO GSH \_/
peroxidase damage to
macromolecules
ONOO- 2H,0
damage to | carcinogenesis/
macromolecules apoptosis

Figure 2: Overview of the generation, transition, and decomposition of different ROS in cells
and the hazard that they pose. Superoxide (O2") is generated by electron (e") transfer onto
oxygen by NADPH oxidase (NOX), cytochrome P450 (CYP), xanthine oxidase (XO), or by e
leakage from the respiratory chain. Reaction with nitric oxide (NO°) yields peroxynitrite
(ONOO). O2" spontaneously dismutates to hydrogen peroxide (H20,) and oxygen (Oz). The
reaction is additionally catalyzed by the superoxide dismutase (SOD). The resulting H2O- is
degraded by catalase, glutathione (GSH), or peroxidases. The myeloperoxidase (MPO) can
convert H2O- into hypochlorous acid (HOCI). Alternatively, in the presence of metal ions such
as iron(Il) or copper(l), hydroxide radicals (OH") are generated via Fenton chemistry. ONOO-
and OH' are highly reactive towards macromolecules present in the cells, promoting
carcinogenesis and toxicity which eventually leads to apoptosis induction.

As mentioned above, mitochondria play a major role in superoxide generation caused
by electron leakage from complexes | and Il of the respiratory chain. But also the ER
has a great impact on ROS generation. The disulfide bond formations which are
essential for proper protein folding are catalyzed by the enzyme protein disulfide
isomerase (PDI) which is oxidized by oxidoreductase-1 (ERO1) which in turn is

oxidized by molecular oxygen yielding H2021'%. In addition, ER contains CYP family
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enzymes responsible for steroid synthesis which can produce superoxide and H20[12,
LYs also contain significant amounts of ROS, as H202 can freely diffuse into these
organelles, where no ROS-degrading enzymes are present causing an accumulation
of the small molecule!*3l. In addition, loosely bound iron ions found in LYs can catalyze
the formation of hydroxyl radicals via Fenton reaction!!4. In contrast, peroxisomes are

the major site of ROS degradation mainly via high catalase activity[*°l.

Despite these many antioxidant mechanisms, an imbalance towards higher ROS levels
can occur, which is referred to as oxidative stressl’l. High and prolonged oxidative
stress levels are critical conditions as the oxidative damage in the cells is increasing.
One common damage inflicted by ROS are DNA strand breaks, as the 4’ hydrogen of
the ribose is abstracted by hydroxyl radicals, resulting in the formation of a carbon-
centered radical and subsequently the decomposition of the ribose (Figure 3)[16l.
Nucleobases, in particular the Cs-position of guanine, are prone to be attacked by
hydroxyl radicals as well, resulting in either ring-opening degradation products or
further oxidation to 8-hydroxylguanine. The latter is a commonly studied marker for
oxidative stress. Also, thymidine is sensitive to oxidation by hydroxyl radicals at its Cs-
position, since the resulting carbon radical is resonance-stabilized*”). Many more
ROS-induced molecular modifications of nucleobases have been reported, all resulting

in DNA replication failure, mutations, cell death, and hereditary diseases!*8l.

Also, lipids are prone to oxidative damage, especially when they are unsaturated. The
resulting alkyl radical can then further react with oxygen, resulting in a peroxide radical,
which can further abstract one hydrogen, initiating a chain reaction called lipid
peroxidation (Figure 3). As peroxidation drastically alters the lipophilicity of the fatty
acid, the membrane integrity as well as its fluidity and the cellular structure can be
impaired*®],  Commonly observed by-products of lipid peroxidation include
malondialdehyde and 4-hydroxynonenal which are, in turn, highly reactive towards
amine groups of e.g. nucleobases and proteins(2%l.

Proteins can also be directly affected by ROS as peptide bonds can be cleaved by a
similar peroxidation reaction as observed for lipids. More commonly, amino acid side
chains are oxidized. Peroxynitrite can, for example, nitrate tyrosine or tryptophan,
which is believed to be irreversible in cells?ll. Also, the oxidation of cysteine residues
to disulfides, but also to sulfenic, sulfinic, and sulfonic acid is observed upon oxidative

stress!??l, Such side chain modifications can affect the protein structure and thus their
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activity. In fact, the reversible oxidation of thiols to disulfides plays an important role in
the regulation of protein activity. In that way, oxidative stress has a great, potentially
hazardous, impact on cell homeostasis, as thousands of proteins were shown to be
reversibly oxidized by ROS under oxidative stress conditions!?3l. At the same time, cells
also use this mechanism for the adaptation to higher ROS levels. For example, if the
redox-sensing protein keapl cannot be kept in its reduced form (with free thiols) due
to the lack of antioxidants/excess of ROS, the keapl-bound transcription factor Nrf2 is
released and migrates into the nucleus to induce the expression of more proteins of
the antioxidant responsel?. In case, the antioxidant response gets overwhelmed,

especially upon prolonged oxidative stress, apoptosis is induced in the celll’],
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Figure 3: Overview of oxidative damage, commonly observed in stressed cells.

Despite their harmfulness, ROS are important signaling molecules, particularly H20-.
As indicated above, it regulates the activity of proteins such as phosphatases and
kinases by cysteine oxidation which in turn (in)activate other proteins. In fact, H202
was shown to be an essential second messenger for several cytokines and growth
factors, promoting proliferation and cell migration!?®l, Also, superoxide was shown to

mediate cell cycle progression via Ras induction[?6l,
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In cancer cells, ROS play a special role, as the pro-proliferative effects, as well as the
higher mutation rates induced by ROS via DNA damage, are promoting cancer
progression. Hence, compared to normal cells higher ROS levels are found in most
cancer cells (see above). Especially in mitochondria, ROS production is increased in
cancer cells, as the metabolism is accelerated and the respiratory chain overstrained.
In most solid tumors, where the oxygen supply is low (hypoxia), the respiratory chain
is even more exhausted, slowing down electron transfer, and increasing the probability
of electron leakagel?’]. Also in cancerous ER, more ROS is produced due to the higher
metabolism and protein expression rates. Consequently, many proteins that are
involved in ROS generation are oncogenes. One well-studied example is RAC1, which
upon activation stimulates NOX1 to produce superoxide. RAC1B, a constitutively
activated RAC1 mutant is associated with lung cancer and melanomal?8l. All these facts
combined make the elevated ROS levels found in cancer cells (and in particular in the

mitochondria and the ER) a good starting point for selective therapy.

1.3 Cancer Treatment
Currently, there are four major branches of cancer treatment, namely surgery,

radiotherapy, immunotherapy, and chemotherapy, that can be applied individually or
in combination. An overview of their (dis)advantages is shown in Figure 4. Surgical
removal is the method of choice for solid, mostly isolated tumors. Ideally, the cancer
can thus be fully eliminated. Early diagnosis is of high importance to pre-empt
metastase formation and deep tissue penetration. As surrounding healthy tissue has
to be removed to some extent as well, the aftereffects have to be carefully considered
especially when the tumor is located in an important tissue or organ such as the brain.
This method is often combined with either radiotherapy and/or chemotherapy, and
lymph nodes are additionally removed to guarantee full cancer cell removal to avoid

cancer relapse.

Radiotherapy can treat approximately 30-50 % of all cancer cases as the tumor has to
be solid and accessible for radiation and different tumors vary in their
radiosensitivity[?°l. lonization radiation such as x-rays is aimed at the tumor to induce
DNA damage and thus cell death. The energy absorption at the tumor site has to be
maximized while the irradiation intensity in the surrounding tissue has to be minimized

to avoid tissue damage and possible new tumorigenesis. Therefore, multiple beams of
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radiation are usually applied, intersecting at the tumor site. For interior tumors, the side
effects of x-rays are high as the delivered energy is reduced over the penetration
distance. Here proton therapy is superior, as the irradiation energy is mostly released
over the last few millimeters of the particle’s rangel*?. In some cases also internal
radiation (brachytherapy) is applied where a short-range-radiation source is applied at
the tumor site3l, As large tumors are in general less sensitive to radiotherapy this

method is oftentimes combined with surgical resection or chemotherapy.
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Figure 4: Advantages (+) and disadvantages (-) of the common cancer treatment methods.

An evolving field of cancer treatment is immunotherapy in which the patient’s immune
system is supported or even re-programmed to fight cancer. This can be achieved in
multiple ways. First of all, cytokines or checkpoint inhibitors can be applied to
counteract the immunosuppressive signals generated by the cancer cells and to boost
a patient’s immune system32, Secondly, (monoclonal) antibodies that target mutated
proteins on the cancer cell’s surface can be applied to point out malignant cells to the
immune cells®3. Thirdly, CAR T-cell therapy can be applied, which was first approved
by the FDA in 201734, In 2018, the discoverers of this treatment concept, James P.
Allison and Tasuku Honjo, were awarded the Nobel Prize in Physiology or Medicine[®.
In this approach, T-cells are isolated from the cancer patient or a healthy donor and
genetically engineered to express a specific chimeric antigen receptor (CAR) with
affinity to a cancer cell’s antigen that is not found in normal cells. After re-injection into
the patient’s blood, the T-cells then destroy the malignant cells selectively. To further
enhance CAR T-cell therapy, combination therapy with chemotherapeutics that
improve the susceptibility of the cancer cells is being developed.
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Chemotherapy is defined as the application of anti-neoplastic drugs. Despite the
above-mentioned characteristics that distinguish cancer cells from normal cells, it is
difficult to selectively target cancer cells resulting in dose-limiting side effects of
chemotherapeutics. Most chemotherapeutics are targeted against rapidly-dividing

cells via four different mechanisms of which an overview is shown in Figure 5.
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Figure 5: Overview of common classes of chemotherapeutics and prominent representatives
of these groups and the general drawbacks of chemotherapy.

The first group of chemotherapeutics consists of DNA targeting agents including DNA
alkylating agents such as dacarbazine, DNA cross-linking agents such as cisplatin,
intercalating agents such as doxorubicin, and DNA cleaving agents such as
bleomycin(®8l, All DNA targeting agents rely on interference with DNA replication and
thus target primarily fast-dividing cells such as cancer cells. The second group of
chemotherapeutics consists of anti-metabolites which imped DNA and RNA synthesis.
The most prominent example is 5-fluorouracil which inhibits thymidine monophosphate
(TMP) synthesis, an essential building block for DNA synthesis!®’l. As rapidly-dividing
cells rely on DNA synthesis to a larger extent than slow-dividing cells, this mechanism
is again targeted towards fast-proliferating cells. The third class of chemotherapeutics
consists of anti-tubulin agents such as paclitaxel (Taxol) which are interfering with the
microtubule assembly/disassembly(38l, As this part of the cytoskeleton is crucial for cell
division, again rapidly dividing cells are affected the most. The last class of
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chemotherapeutics consists of topoisomerase inhibitors such as camptothecin and its
derivatives such as topotecan®®l. During DNA replication, topoisomerase | is required
for the release of tension of the DNA while it is unwound to make it accessible for
polymerases, while topoisomerase Il is responsible for DNA uncoiling. Inhibition of
either topoisomerase results in failed replication, DNA strand breaks, and eventually

induces apoptosis primarily in fast-dividing cells.

However, not only cancer cells but also cells of the bone marrow, the digestive tract,
and hair follicles proliferate rapidly and are thus affected by chemotherapeutics (Figure
5, bottom left). Hence, side effects such as myelosuppression (reduced amount of
blood cells leading to immunosuppression), peripheral neuropathy, alopecia (hair loss),
nausea, and other gastrointestinal effects are very common amongst
chemotherapeutics. In particular, due to the impaired immune system cancer patients
often suffer from severe, or even lethal, infections that delay chemotherapy or require
dose reduction which might jeopardize the treatment outcome!?, In addition to side
effects, drug resistances can compromise treatment outcomes (Figure 5, bottom right).
As cancer cells mutate frequently, it is probable that few cancer cells within a tumor
are already resistant (intrinsic resistance) or can adapt to the chemotherapeutic agent
(acquired resistance). While other cancer cells are effectively killed by the treatment,
these few cells survive and constitute the seed of tumor relapse with mostly resistant
cells. During the second treatment time, a higher chemotherapeutic dosage or a

different drug is required to overcome the resistancel*,

All these facts lead to the comprehension that further research is necessary to improve
cancer therapy, particularly in terms of improving the selectivity of chemotherapeutics.
The aim of this thesis was, therefore, to investigate novel anticancer agents with
mechanisms of action different from the inhibition of mitosis, in order to exploit
alternative, or even multiple, hallmarks of cancer cells to enhance cancer specificity.
By employing this strategy, | explored several new approaches to chemotherapy and
their corresponding (pro-)drugs, assessing their potency and suitability for selective
cancer cell targeting. This marks an important first step towards the development of
chemotherapeutics with a higher therapeutic index, improved treatment outcomes, and
reduced side effects.
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2. Context and summary of the publications

2.1 Metal-based anti-cancer agents
The discovery of the anti-cancer activity of cisplatin in the 1960s by Barnett Rosenberg

represents a milestone in the development of chemotherapeuticsi*?. At the same time,
it added coordinating compounds to the focus of attention of cancer research. Even
though the field is still dominated by purely organic compounds, more and more metal-
based substances are evolving, as they come with some major advantages and unique
properties. First of all, metal complexes often possess the ability to bind biomolecules
via the formation of coordinative bonds. As in the case of cis-platin, this can lead to
ligand exchange reactions resulting in the cross-linkage of DNA bases and thus
induction of apoptosis[*?l. Secondly, metal ions possess high electrophilicity due to a
low-energy LUMO and thus Lewis acid properties. Most metal ions can, therefore,
accept an electron pair from a Lewis base and thus polarize groups (e.g. peptide
bonds) increasing their reactivity and facilitating certain reactions that would otherwise
not be possible in cells, such as in hydrolysis in the active site of metalloproteinases!*4.
Thirdly, metal ions exhibit specific electronic properties, which can result in redox
activity under physiological conditions. The application of redox-active substances,
such as amino ferrocenes, initiates the generation of reactive oxygen species (ROS)
finally leading to apoptosis in cancer cells (see chapter 2.7)*, Some metal
compounds, e.g. iron oxide, also show magnetic properties, which can be exploited in

hyperthermia approaches!*.

Another major advantage of metal-based compounds is their structural variability and
complexity. For example, in octahedral metal complexes, the possibility of variation of
six coordinating groups allows highly efficient probing of the structural space. In
contrast, in purely organic compounds the maximal number of substituents around a
single atom (e.g. sp3-carbon centers) is four. In that way, a metal backbone gives rise
to a wide range of coordination geometries and unique shapes. At the same time, it
facilitates the finetuning of the compound's activity and pharmacokinetic properties.
This allows the synthesis of bulky, ball-shaped compounds which allows for different

mechanisms of action, unique anti-cancer properties, and superior selectivity profiles.

This was already proven by Feng et al., who specifically exploit the superiority of metal-
based complexes to form octahedral complexes with a sophisticated, preorganized

structurel*’), They complexed staurosporine, a two-dimensional, unselective kinase
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inhibitor, to a ruthenium (Il) backbone and screened the remaining four residues to
achieve favorable interaction patterns with the binding pocket of certain kinases
(Figure 6). In that way, Feng et al. inter alia developed selective inhibitors for PIM1,
GSK3a, and PAK1, which are all known to be potential targets for chemotherapy. So
far, no organic compound was synthesized that inhibits either of these kinases
selectively, as the binding pockets within the family of kinases resemble each other
closely, demonstrating the advantage of exploiting the structural space by spherical
coordinating compounds.

Figure 6: Probing the structural space to achieve
selective kinase inhibitors. Staurosporine was
conjugated to a ruthenium (II) backbone. The
remaining four residues (A, B, C, D) were screened to
achieve selective binding to a specific kinase active
site. In that way, several selective kinase inhibitors
were developed. Figure from Feng et al.[*"),

Apart from octahedral complexes, sandwiched complexes, so-called metallocenes,
allow for the probing of the structural space in three dimensions and the formation of
unigue interaction patterns with e.g. protein binding sites*®l. They are additionally
interesting because of their above-mentioned redox activity and will be discussed in
detail in Chapter 2.7.

Clathrochelates are even more superior to other, more simple, octahedral complexes
in terms of bulkiness, structural pre-organization, and the number of substituents, as
this class of metal complex contains a cage-like dioxime-based ligand with 8 variable

substituents. The chelating ligand is shielding the iron(ll) center rendering it highly

Bu (redox) stable. One clathrochelate’s anti-cancer activity has
O/é\go already been studied. Its structure is shown in Figure 7.

Cl ,LC/EI N’?\,l]\ Cl  This compound acts as an alkylating agent, as the six
I KF,G% _ chlorine atoms can be substituted by nucleophilic residues,
Cl \'\l‘\(\;|O/N /T “ e.g. N- and S- nucleophiles, as shown in in vitro studiesl*°l,
O\\?,go Since the antioxidant glutathione (GSH) is one of the most

Bu abundant nucleophiles in cells, the administration of the

Figure 7: Structure of compound results in the alkylation of GSH leading to an

- wo . L .
iron(I1) clathrochelate increase in oxidative stress and thus apoptosis,
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predominantly in cancer cells, which was confirmed in human promyelocytic leukemia
cells (ICs0 = 6.5 + 4.6 uM in HL-60 cells)0,

2.2 3D binders of unfolded proteins inducing cancer cell-specific ER
stress

Chemically stable clathrochelates show similarity to the carbon allotrope fullerene Ceo
in terms of size and bulkiness (diameter of Ceo = 0.7 nm vs 0.9 nm for clathrochelates).
From the literature, it is known that Ceo binds unfolded proteins (UPs)®. This property
could be exploited for anti-cancer treatment. As the ER in cancer cells shows higher
stress levels than the one in normal cells (see above), the interference with the protein
folding should increase this stress further, leading to apoptosis predominantly in cancer
cells. However, Ceo shows poor water solubility (logS =-11.0)%2 and is therefore
challenging for medicinal application. Because of their eight modifiable substituents,
clathrochelates can, however, be easily finetuned regarding water solubility and uptake

and could thus serve as a superior binder of unfolded

Rl

. proteins. In addition, in contrast to Ceo, clathrochelates do
IS) not show redox activity under physiological conditions,

o— o
Ph I{Fh N,O N excluding direct generation of ROS or other toxic reactive
I /"Iléez;\ \IS species, which would increase the probability of unwanted

YA Yy, . . ..
Ph NF\’h /N l}l side effects and systemic toxicity. We, therefore
O\O\C;/O synthesized a series of chemically stable clathrochelates
|

F and studied the hit candidate (FeC 2) in detail in vitro and

R" in vivo. The structures of the hit compound and its two
1: R'=R"= -CO,H;
2: R'=-CO,H; R"= -H;
3: R'=R"= -H; in Figure 8. The results are published in Publication 1 and

close chemical analogues (FeC 1 and FeC 3) are shown

Figure 8: Structures of are summarized in the following.

FeCs 1-3 of Publication 1. o - ) )
After initial toxicity studies that showed the high potency

of the clathrochelate FeC 2, its stability was proven. This is of high importance, as the
degradation yielding free iron ions would result in unselective toxicity towards cancer
and normal cells. For this, we incubated the clathrochelate for 48 h in aqueous
solutions containing bioavailable nucleophiles (5 MM GSH at pH 5 or pH 7.4), or
oxidants (10 mM H202), or different pH levels (between 5 and 13). Subsequent

analysis by LCMS revealed that FeC 2 was stable under the tested conditions. In
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addition, we confirmed the lack of iron release in these solutions by applying the
chelating agent ferrozine, which forms a colorful complex upon Fe?* binding. The
absence of iron ion release was additionally proven by testing whether 24 h or 48 h
incubated solutions of FeC 2 catalyze Fenton chemistry, which was not the case. To
assess the stability in cells, we incubated the clathrochelate with cells for 1 h or 24 h
and, re-extracted out of the cell lysate for LCMS analysis. Only after 24 h, we observed
minor degradation towards a glutathione adduct, proving that the clathrochelate indeed

acts as an inert three-dimensional complex.

Next, we studied the cellular uptake of FeC 2 and its two analogs FeC 1 and FeC 3,
by incubation of cancer cells (either ovarian carcinoma A2780 or Burkitt lymphoma BL2
cells) with the clathrochelates. After thorough washing, the boron and iron content in
the cell pellets were quantified by atomic emission spectroscopy (AES). Out of the
three clathrochelates, only FeC 2 is uptaken efficiently (Figure 9, A; data for FeC 3 not
shown), indicating that exactly one carboxylic acid residue is important for the uptake.
This also explains FeC 2’s superior toxicity towards cancer cells. Incubation at different
temperatures (Figure 9, A) and in the presence of active uptake inhibitors (Figure 9, B)
revealed that FeC 2 is actively uptaken via a clathrin- and caveolin-mediated
mechanism. This could benefit its selectivity, since cancer cells, in general, show a
higher active uptake rate caused by their fast metabolism. Staining of different
organelles with organelle-specific dyes (ER staining over time: Figure 9, C), isolation
of organelles after FeC 2 treatment, imaging of organelles by transition electron
microscopy, and modification of the alkyne containing analog FeC 5 (with similar
activity to FeC 2) with a fluorescent dye in cells revealed that FeC 2 is first uptaken
into the ER of cancer cells and later into mitochondria. Both organelles get destroyed

by the clathrochelate treatment. In contrast, lysosomes are not affected.
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Figure 9: Uptake of FeCs 1 and 2 (9 uM, 4 h) in BL-2 cells at 37 °C or 5 °C by monitoring
intracellular iron content (A). Uptake of FeC 2 (2 h, 9 uM) after pre-treated with the organic
anion transporter inhibitor bromosulphthalein (bromo., 500 uM), with clathrin-mediated uptake
inhibitor chlorpromazine (CPZ, 10 pug/mL) or with caveolin-mediated uptake inhibitor genistein
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(400 uM) by monitoring intracellular iron amount (B). Effects of the time of FeC 2 (9 uM)
incubation with A2780 cells on ER-specific staining of the cells. After treatment with FeC 2, the
ER-probe was added and the cells were incubated for an additional 20 min (C). For statistical
analysis, an unpaired Student's t-test was performed *: p< 0.05; **: p< 0.01; ***: p< 0.001; ns
> 0.05.

By studying FeC 1 and FeC 2 in cell-free settings, we indeed found that the
clathrochelates bind unfolded proteins efficiently (Figure 10, A), as similarly described
for the carbon allotrope Ceo (see above). Moreover, FeC 2 accelerates the aggregation
of insulin in the presence of denaturing agent dithiothreitol (DTT) as determined by
dynamic light scattering (DLS) (Figure 10, B). The resulting aggregates also show
striking size differences from DMSO-treated aggregates, which were visualized by
atomic force microscopy (Figure 10, C-E).
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Figure 10: Dependence of fluorescence of thioflavin T (ThT, 10 uM, Aex = 440 nm; Aem = 480 +
10 nm) from the concentration of FeC 2 in the presence of aggregated insulin (0.3 mg/mL, 3 h
incubation, 20 mM DTT) (A). Kinetics of insulin (0.3 mg/mL) aggregation as monitored by DLS
under conditions of (A), in the presence/absence of FeC 2 (9 uM) (B). AFM images of insulin
samples after 4 h incubation at 65 °C and pH 2 in the absence (C) or presence of FeC 1 (9 uM)
(D) or FeC 2 (9 uM) (E). Protein ubiquitination in A2780 lysates after treatment with DMSO (2);
FeC 2 (9 uM, 30 min) (3); FeC 2 (9 UM, 4 h) (4); bortezomib (500 nM, 4 h) (5); control 1 (30 pM,
4 h) (6) as detected by western blotting using a a-ubiquitin mAB and an AlexaFluor488
secondary antibody (F), ER stress induction in A2780 cells after incubation for 10 min - 4 h
with FeC 2 (9 uM) and subsequent determination of relative sSXBP1 concentrations by qPCR
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(G). Rescuing effects of PERK-inhibitor (PERK-I) pre-treatment on the toxicity of FeC 2 -treated
A2780 cells. Annexin (Ax) and propidium iodide (PI) negative (Ax- PI-) cells are considered to
be viable (H).

In cells, FeC 2 binds to previously formed protein aggregates, quenching the
fluorescence of the protein aggregate-specific dye. Moreover, upon FeC 2 treatment,
many proteins were ubiquitinylated (Figure 10, F), indicating that misfolded or
aggregated proteins accumulated. We additionally confirmed that the unfolded protein
response (UPR) was activated already 10 min after FeC 2 treatment (Figure 10, G). In
line with these findings, we observed that pre-treatment with a UPR inhibitor, the
PERK-inhibitor GSK2606414, partially rescued the toxicity of the clathrochelate (Figure
10, H). These findings lead to the conclusion that FeC 2 acts as a binder of unfolded
or partially folded proteins within the ER, most likely interfering with correct protein
folding and causing aggregation of these proteins. In that way, the ER stress is induced
and the unfolded protein response is activated, which fails to resolve the ER stress
eventually leading the cell death. The mechanism of cell death was found to be

apoptosis.

To get a more comprehensive understanding of the mechanism of action of FeC 2, we
performed an unbiased, genome-wide RNAseq experiment that confirmed the
activation of the unfolded protein response upon FeC 2 treatment and additionally
revealed an impact on the cell cycle, the cytoskeleton, and the activation of the
antioxidant response (Figure 11). We validated the RNAseq experiment by gPCR and
investigated all pathways on a protein level. The activation of the antioxidant response
was of high interest as the direct generation of ROS by the clathrochelate was already
excluded (see above). And the oxidative damage (= carbonyl content) in cells treated
with FeC 2 was even reduced. However, the clathrochelate is inducing mitochondrial

ROS generation, which is a reported downstream effect of the UPR[P3.,
®RNAseq m2uMFeC2 D3 uMFeC2 Figure 11: After an unbiased

genome-wide RNAseq experiment,
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After understanding the mechanism of action, FeC 2 was tested on its anti-cancer
activity in vivo. Treatment with the clathrochelate more than doubled the mean survival
of mice bearing NK/Ly sarcoma and three out of the 11 treated animals were found to
be tumor-free after 93 days (Figure 12, A). Moreover, in a different model of murine
Lewis lung carcinoma (LLC1)-bearing mice, FeC 2 not only reduced the relative tumor

volume but also the number and size of metastases (Figure 12, B-C).

None of the treated mice showed weight loss or any other signs of systemic toxicity.
Nevertheless, we assessed the selectivity of FeC 2. For this, the FeC 2 activity in
A2780 ovarian carcinoma cells was compared to the one in normal human fibroblast
(SBLF9). In fact, the activation of the unfolded protein response, the mitochondrial
ROS generation, and the NO generation were investigated, all of which were not or
only marginally induced in the SBLF9 cells. For the selectivity tests in vivo, healthy
mice were treated with FeC 2. On day 7 of the treatment regime, blood cells as well as
cells of the bone marrow that are prone to chemotherapy-induced side effects were
counted. None of the investigated cells were affected by the clathrochelate treatment,
proving excellent selectivity of FeC 2 (Figure 12, D).
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Figure 12: Survival of animals with NK/Ly sarcoma (A) in control (DMSO) and FeC 2-treated
groups. Antitumor (B) and antimetastatic (C) effects of FeC 2 in a murine Lewis lung carcinoma
LLC1 model as observed on day 22 of the experiment. An unpaired Student's t-test was
performed for statistical analysis: ***: p < 0.001. The number of white blood cells (WBC) and
neutrophils (PMNSs) in the blood of healthy mice, before and after 7 days of treatment with
FeC 2 (grey), the negative control DMSO (blue), or the positive control camptothecin (orange)
(D). Paired t-test was conducted between days 0 and 7. *: p< 0.05; **: p< 0.01.

Taken together, an alternative starting point of chemotherapy, namely the binding of
unfolded proteins and the consequent induction of ER stress, was investigated. The
mechanism was enabled by the application of an unusually bulky, three-dimensional,
rigid iron (lII) complex and finetuning of its hydrophilicity (number of carboxylic acid

residues). This yielded a compound with pronounced anti-cancer and anti-metastatic
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activity and high cancer selectivity. An overview of this cancer-selective mechanism of

action and its downstream effects are shown in Figure 13.

During these studies, a fluorescein-tagged Clathrochelate, an analog of FeC 2, was
synthesized, its localization in cancer cells was studied and the results were published

in Publication 2.
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Figure 13: Selective targeting of cancer cells by clathrochelate FeC 2, a spherical binder of
unfolded proteins, to increase ER stress in cancer cells.

2.3 Selective targeting of cancerous mitochondria via radical thiol-yne
coupling

As described above, not only the ER is stressed in cancer cells, but cancerous

mitochondria are also fraught with high metabolic rates and show high oxidative stress
levels. This can be exploited for the selective targeting of cancer cells. Due to their
relative negative charge, mitochondria in general can be easily targeted by
hydrophobic compounds with a delocalized positive chargel®. To reach cancer

selectivity, the elevated superoxide levels should additionally be exploited.

In general, alkyne moieties are considered bioorthogonal handles as they are not
readily reactive towards biomolecules under physiological conditions!®?. However,
once the alkyne group is activated (by e.g. a carbonyl group in alpha position) decent
reactivity towards nucleophilic thiols has been reported in the literature, mainly in the
context of covalent kinase inhibitors®®l. A few examples, of nucleophilic thiol-yne
coupling with non-activated alkynes have additionally been reported where proximity

factors increased the reaction probability®). In contrast, radically driven thiol-yne
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couplings towards bioavailable thiols have only been reported in cell-free settings!®el.
In theory, radical thiol-yne couplings should be feasible in the mitochondria of cancer
cells due to the elevated ROS levels. As shown in Figure 14, the basic pH of
mitochondria not only allows for spatial targeting but also facilitates thiyl radical
formation, as a higher percentage of thiols are deprotonated allowing single electron
transfer of the thiolate (R-S) to yield the thiyl radical (R-S*®), while protonated thiols (R-

SH) have to undergo hydrogen transfer to yield thiyl radicals!®°.
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Achieving radical thiol-yne coupling in cancerous mitochondria with bioavailable thiols
and artificially added alkyne probes could allow cancer treatment in three ways. First
of all, GSH would be alkylated, impeding the antioxidant response, increasing oxidative
stress and eventually inducing apoptosis in the cancer cells. Secondly, as outlined in
chapter 1.2, proteinogenic thiols are critical in many metabolic reactions and regulatory
mechanisms so that their alkylation strongly interferes with cell homeostasis eventually
leading to cell death®%. Thirdly, alkyne-modified chemotherapeutics could get
covalently fixed and thus accumulate in cancerous mitochondria, creating a pool of the
drug. Upon protein turnover, the chemotherapeutics would be released over time,

which could benefit the anti-cancer activity and facilitate the treatment regime.

In Publication 361, this targeting strategy was implemented and tested. We
synthesized a series of positively charged aryl-alkyne-containing fluorescent dyes
(Figure 15) and confirmed their general ability to undergo radical thiol-yne couplings
with bioavailable thiols and proteins in cell-free settings. Next, we analyzed the
reactivity towards proteins by SDS PAGE and subsequent fluorescence imaging
(Figure 17, A). Covalent binding of all tested dyes containing terminal aryl
alkyne/alkene groups (8, 18, 10, 14, 9) was indeed detected selectively in the presence
of H202 and FeSOa.
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Figure 15: Overview of the applied Cy3-derivatives (8-13), Cy5-derivatives (14-15),
fluorescein-derivatives (16-17), Fluorescein derivative (18), and doxorubicin-derivatives (19-
20).

Encouraged by these results, we investigated the dye’s covalent binding behavior in
cells. Therefore, A2780 cancer cells were treated with the dye derivatives and
subsequently fixed and washed with CH3OH to remove all small molecules, leaving
only those that bound covalently to macromolecules e.g. proteins. We analyzed the
covalent binding efficacy by fluorescence microscopy (Figure 16, B) and quantified it
by flowcytometry (Publication 3, Figure 2 B). A significantly higher fluorescence signal
for all alkyne-derivatives was detected in comparison to their controls without alkyne
groups. One exception is the Cy5 derivative alkyne 14, which is most probably not
stable in cells after covalent binding. In addition, the alkynyl doxorubicin derivative 19

also failed to covalently bind macromolecules (Publication 3, Figure 4).
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Figure 16: Covalent binding efficacy of alkynyl fluorescence dyes (1, 8, 9, 10, 12, 14, 16) in
contrast to the non-alkynyl dyes ( 2, 11, 13, 15, 17) to proteins in cell-free settings (A) and in
A2780 cancer cells (B).
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Colocalization experiments, however, revealed that the doxorubicin derivative, is not
well taken up into the mitochondria, in contrast to all other studied compounds,
(Publication 3, Figure 5). This confirms that the covalent binding is exclusively
happening in mitochondria, and explains the missing signal of 19. We validated this by
isolating mitochondria from Cy3-alkyne 8-pretreated cells and subsequent SDS-PAGE
analysis. Here we detected high fluorescence, indicating covalent binding in these
organelles (Figure 17, A). This was not observed for the control compound 11. Next,
we investigated the reactivity of the alkyne probe 8 in different cell lines, revealing the
selectivity of the radical thiol-yne reaction for cancer cells (Dul45, A2780, BL2) over
normal cells (SBLF9) (Figure 17, B). This is explained by the higher concentration of
mitochondrial ROS found in these fast-proliferating cells as determined by MitoSox™
staining (Figure 17, D). Finally, we investigated the toxicity of alkyne-containing Cy3
derivative 8 and its control compound 11 in A2780 cancer cells (Figure 17, C), which
was significantly higher for alkyne 8 than for the control 11, proofing that this approach
is indeed exploitable for chemotherapy. In conclusion, we presented a new
chemotherapy strategy that combines compound-directed accumulation and stimuli-
responsive reactivity to enable selective cancer targeting.
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Figure 17: Fluorescence imaging and Coomassie staining of isolated mitochondria from cells
pre-treated with Cy3-derived alkyne probe 8 or its control 11 after SDS PAGE (A). Covalent
binding efficacy of probe 8 and control compound 11 in cancerous Dul45, A2780, BL2 cells,
and non-cancerous SBLF9 cells using flow cytometry (B). Relative cell viability of A2780 cell
line after 4 h incubated Cy3-derived alkyne probe 8 or its control 11 as determined by MTT
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assay (C). Determination of relative mitochondrial ROS concentrations in these cells by
MitoSox™ staining (D).

2.4 Prodrug concept
One prominent approach to increase cancer selectivity is the chemical modification of

a chemotherapeutic with a promoiety to yield a pharmacologically inactive prodrug. As
illustrated in Figure 18, the prodrug is in vivo metabolized or chemically activated at
the tumor site or inside a tumor cell to selectively release the active drug. Alternatively,

the active drug can be released upon an external trigger, such as light irradiation.

In 2015, approximately 20 % of all FDA-approved small molecular drugs were
considered prodrugsf®?. However, the majority of these prodrugs were designed to
increase the ADME (absorption, distribution, metabolism, and excretion) properties
and not the specificity of the drug. One prominent example is L-DOPA, a dopamine
prodrug, which in contrast to the actual neurotransmitter, can readily cross the blood-
brain barrier. In the brain, L-DOPA is metabolized by the aromatic L-amino acid

decarboxylase to the active dopaminel®3l.

Several hallmarks of cancers, such as overexpressed enzymes, hypoxia, low/high pH,
or increased ROS levels could be exploited as triggers for cancer-selective prodrug
activation. One example of a chemotherapeutic prodrug on the market is capecitabine,
a 5-fluorouracil prodrug that gets sequentially activated by carboxylesterases, cytidine
deaminase, and finally by thymidine phosphorylase, an enzyme that is overexpressed
in many cancersl®¥. Thus, conversion into the active drug takes place predominantly
in cancer cells, reducing systemic toxicity. In 2010, the first ROS-activatable prodrug
with an aryl boronic pinacol ester as the promoiety was reported for cancer-selective
matrix metalloproteinase inhibitors(®. The mechanism is shown in Figure 18. The
pincol ester might be firstly hydrolyzed unspecifically. Then, the boronic acid is cleaved
selectively in the presence of elevated ROS to yield the phenol. Upon deprotonation,
the phenol undergoes 1,6-elimination yielding the active drug. Since its first successful
implementation in a prodrug, the aryl boronic pinacol ester promoiety has been
exploited frequently due to its moderate ROS (i.e. H202) responsiveness in vivo and
its easy attachment to several functional groups that are important for the bioactivity of

the actual drug.
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Figure 18: The mechanism of cancer-selective prodrug activation and the activation
mechanism of aryl boronic ester prodrugs by ROS.

2.5 ROS-activatable siRNA prodrugs
While the aryl boronic ester promoiety has been exploited for many small molecules

already, it was so far synthetically challenging to attach it to DNA/RNA oligonucleotides
as the l2-oxidation step required for oligonucleotide synthesis is cleaving the boronic
acid. Nonetheless, a cancer-specific small interfering RNA (siRNA) prodrug approach

is attractive for selective cancer targeting.

SiIRNAs are 21-25 base pair (bp) long RNA double strands, that usually come with a
two-nucleotide overhang on the 3’ ends. They act via the RNA interference (RNAI)
mechanism as they are recognized by argonaut proteins that incorporate the siRNA
into the RNA-induced silencing complex (RISC). The passenger strand is dissociating,
while the guide strand is phosphorylated and thus activated at its 5’ end. The activated
strand then serves as a template for sequence-specific degradation of RNA in the cells.
Via this catalytic mechanism, single genes can be selectively downregulated
(=silenced). In research, RNAI is often exploited e.g. for drug screenings in cells.
Regarding medicinal applications, the ability to target key genes in cancer progression
selectively in cancer cells would greatly add to the toolbox of chemotherapeutics.
However, the in vivo delivery of siRNAs and their cancer selectivity are major
obstacles. Recently, progress in siRNA delivery has been made through the
development of new siRNA carriers such as lipid nanoparticles®®l. The cancer
selectivity, however, remains challenging, although ROS-responsive lipid
nanoparticles have been reported®’l. The direct modification of siRNA with a ROS-

activatable promoiety would simplify in vivo application as they could be formulated
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with any carrier that already has been or will be developed in the future, and at the

same time increases the selectivity via cancer-selective activation of the prodrug.

In a proof-of-concept study (Publication 4), we synthesized the first 5’ aryl boronic acid
modification of the guide strand of a siRNA. To avoid boronic acid cleavage during
synthesis, a tridentate diethanolmethylamine boronic acid ester was used for the
phosphoramidite synthesis, and upon attachment to the RNA strand, the phosphor (lII)
was mildly oxidized with 3-ethoxy-1,2,4,-dithiazoline-5-one (EDITH) to yield the
corresponding phosphorothioate, leaving the boronic acid intact. The 5’ modification
site was chosen to prevent activation of the siRNA in the RISC complex unless the
boronic acid promoiety is cleaved by ROS. As a gene target, the kinesin family member
11 (kif11) was selected, since the protein is essential for mitosis and its silencing leads
to a cell cycle arrest in the prometaphase, which can be easily detected on a protein
level. Because of its antimitotic effects, and because it is overexpressed in some

cancersl®® this gene is a promising target for cancer treatment. The concept is
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illustrated in Figure 19.
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Figure 19: The ROS-responsive siRNA is selectively activated in cancer cells due to the higher
levels of ROS. Upon cleavage of the promoiety, the guide strand of the siRNA is incorporated
into the RISC complex, phosphorylated, and thus activated leading to the selective degradation
of kif11 mRNA. As correct mitosis fails in the absence of kif11, apoptosis is induced selectively
in cancer cells.

We studied the activation mechanism (Figure 20, A) of the obtained oligonucleotide
prodrugs, DNA 14 and RNA 7a in the presence of H202, by HPLC (Figure 20, B, D,
respectively). In both cases, after 1h incubation, substantial amounts of the desired 5’

phosphorylated oligonucleotide strand were formed. In contrast, the activation by other
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reactive oxygen species was less pronounced (Figure 20, C), indicating the selectivity

of the promoiety towards H20:.
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Figure 20: ROS-dependent activation mechanism of the aryl boronic ester promoiety (A).
Activation of DNA 14 (B) and RNA 7a (D) in the presence (“+H20.") and absence (“-H.0.") of
H>02 as monitored by HPLC. *: impurity in RNA 7a (<10 %). Cleavage of DNA 14 by different
oxidants: H»O; (0—-1 mM); FeSO4 (10 uM), N,N,N’',N"-ethylenediaminetetracetic acid (EDTA,
10 pM); CuSOs (10 pM); KO, (1 mM) and ONO;™ (3-morpholinosydnonimine hydrochloride,
SIN-1, 400 yM) (C) after 1 h incubation.

Encouraged by these results, we annealed RNA 7a with its sense strand (RNA 18) to
yield the siRNA prodrug (siRNA 7a/18). We formulated it with a commercially available
standard transfection reagent RNAIMAX for the treatment of A2780 cancer cells. In
cells, we first studied the activation and knockdown efficacy of the siRNA prodrug by
gPCR and compared it to the unmodified siRNA (19/18) and the negative controls that
cannot be readily activated by H202 siRNAs (16/18 and 17/18). As shown in Figure 21,
A, the siRNA prodrug 7a/18, induces a knockdown of kifll to a similar extend, if not
even higher extent (which could be explained by higher stability, or transfection rate),
than the positive control 19/18. Very similar results are observed on a protein level
when guantifying the cells in the respective phase of the cell cycle (Figure 21, B). As
expected, the prodrug is inhibiting the cell division in the G2 phase to a similar extent
to the unmodified siRNA. By staining the DNA of transfected cells with Hoechst 33342

followed by fluorescence microscopy, we observed the same effects, as the chromatin
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of the cells treated with the siRNA prodrug, and the positive control is clearly

condensed without the cell division taking place (Figure 21, C).
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Figure 21: Quantification of relative kifL1 mRNA concentrations after transfection with sSiRNA
prodrug (7a/18), the unmodified siRNA (19/18) as positive control, and the negative controls
that cannot be readily activated by H,O, siRNAs (16/18 and 17/18) or without a cellular target
(20/21) (A). Effects of the same siRNAs G2/G1GO0 ratio of the cell cycle of A2780 cells (B).
Student's t-test: * p < 0.05, ** p <0.01, ** p <0.001, ns p =0.05 (A+B). DNA staining of A2780
cells treated with the siRNA and subsequent confocal fluorescence microscopy (C).

Finally, the siRNA selectivity was challenged in an in vivo hepatectomy model, which
increases the ROS concentration in the liver of healthy mice by sterile inflammation
(Figure 22, A). Indeed, we observed selective activation of the siRNA prodrug upon
hepatectomy, whereas the unmodified siRNA induced gene knockdown unselectively
before and after hepatectomy (Figure 22, B). This demonstrates the suitability of this
prodrug approach for selective targeting of cells with elevated ROS levels, such as

cancer cells, reducing the effects on normal cells.
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Figure 22: Partial hepatectomy induces a sterile inflammation and thus ROS increase (A).
Relative eEF2 mRNA levels in the liver of FvB mice (“without treatment”) and in the liver of
FvB mice after partial hepatectomy using 23/22 (eEF2 siRNA) and 7b/22 (ROS-inducible eEF2
SiRNA prodrug) (B). Student's t-test: *: p < 0.05, **: p < 0.01, **: p < 0.001, ns: p = 0.05.
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2.6 Red light-triggered siRNA prodrugs

In addition to siRNA prodrugs that are activated in a specific microenvironment,

approaches towards siRNA prodrugs that are activated upon an external trigger have
also been reported in the literaturel®. Ji et al., for example, developed a siRNA prodrug
in which the 5’ end of the antisense strand is caged with a vitamin E-derivative. Upon
UV light irradiation (365 nm), the siRNA gets activated. UV light, however, is strongly
cytotoxic and disadvantageous for in vivo application due to the very low tissue
penetrationl’, In contrast, red light is well tolerated, shows decent tissue penetration,
and is, therefore, the preferred light trigger for biological applications. Hence, Meyer et
al. reported on favorable red light activatable siRNA prodrug(°l. The 3’ terminus of the
sense strand of this prodrug is modified with a photosensitizer (In(pyropheophorbide
a)chloride) that generates 'Oz upon red light irradiation, which cleaves the caging
group (9-anthracenyl residue) on the 5’ end of the antisense strand, yielding the active
siRNA and anthraquinone (see Figure 23, top). While the triggering mechanism works
efficiently and the red light is well tolerated by the cells, the produced *O2 as well as
the anthraquinone are strongly cytotoxic towards cells and surrounding tissue. To
improve this, we developed an red light activatable siRNA prodrug where the 5’
terminus of the antisense strand is caged with an electron-rich azobenzene

(Publication 5, concept: Figure 23, bottom).

Previously published red light activatable siRNA

. . . possibly
Oxidative condition carcinogenic

____________________________________________________________

2 non-toxic
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Figure 23: While previously published red light activatable siRNA prodrugs produce cytotoxic
side products, the siRNA prodrug developed during this thesis is caged with an electron-rich
azobenzene. The promoiety gets cleaved upon light trigger in the presence of photosensitizer
SnPPA. The mediators of activation are electrons and no cytotoxic species are generated.
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Upon red light irradiation, this cage group is cleaved off by photoreduction in the
presence of the photosensitizer Sn(IV)(pyropheophorbide a)dichloride (SnPPA) and
bulk-reducing agents such as ascorbate. In that way the promoiety allows on-demand

activation of RNA interference, avoiding harmful side products.

In the first step, we synthesized a DNA model strand carrying the azobenzene-
promoiety (DNA 1). In its analytical HPLC profile, shown in Figure 24 A, two peaks are
seen corresponding to the cis and the trans stereoisomer. The activation of the DNA
was initiated by red light irradiation in the presence of ShnPPA and ascorbate as an
electron source. The cleavage was monitored by HPLC and the resulting profile is
shown in Figure 24 B. As expected, one prominent peak with a corresponding mass of
the DNA strand after reduction and cleavage of the azobenzene with subsequent 1,6-
elimination of the resulting aniline is observed (activation mechanism: Figure 24, E).

We then synthesized a siRNA antisense strand carrying the azobenzene-promoiety
(RNA 2, Figure 24 C). As for the ROS-activatable siRNA in Publication 4, kifll was
chosen as the gene target (see above) and a thiophosphate was introduced at the 5’
end of the strand to increase stability towards phosphatases. We repeated the
activation experiment in cell-free settings for the RNA strand. The resulting HPLC
profile, shown in Figure 24 D, exhibits a double peak with masses corresponding to
the thiophosphate- and phosphate-RNA strands. Both would lead to the activated
RISC complex in cells. In addition, a few unidentifiable side products, showing small

elution peaks, were formed.
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Figure 24: Reversed phase HPLC profile of the DNA 1 (A) and RNA 2 (C) carrying the
azobezene-promoiety and hence showing two peaks corresponding to the two stereocisomers.
Red light irradiation of DNA 1 (B) and RNA 2 (D) in the presence of SnPPA and ascorbate
yields the expected unmodified DNA/RNA strand with a 5’ (thio-)phosphate group attached as
seen in their HPLC profiles (B, D) and corresponding MALDI-TOF MS spectra (not shown).
The activation mechanism of photoreduction and subsequent 1,6-elimination of the aniline (E).
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To test the system in cells, we annealed RNA 2 with its sense strand (RNA 3) and
transfected it into A2780 cells using RNAIMAX, a commercially available standard
transfection reagent. As controls, the unmodified antisense strand (RNA 4) was also
annealed with RNA 3 and transfected into the cells, alongside the negative control
without cellular target RNA 5/6. After successful transfection, we treated indicated
samples with the photosensitizer SnPPA, and all cell samples were irradiated. The
kif11 mRNA content was determined 38 h post-transfection by RT gPCR. As shown in
Figure 25, the siRNA prodrug gets activated selectively in the presence of ShnPPA
resulting in a significant knockdown of the target gene.
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Figure 25: Quantification of relative kifl1 mRNA concentrations after transfection with the
unmodified kif11l siRNA 4/3, the siRNA prodrug RNA 2/3, or the negative control RNA 5/6,
SnPPA addition, and red light irradiation. As a housekeeping gene, GAPDH was used. 2
values were calculated and normalized to the one of untreated cells. Three independent
experiments were performed. Error bars indicate standard deviation. An unpaired Student's t-
test was performed for statistical analysis: * - p < 0.05; ** - p < 0.01; ns - p > 0.05.

In conclusion, in this publication we presented a promoiety for oligonucleotides that
allows on-demand activation of RNA interference by red light irradiation in the presence
of photosensitizer SnPPA, triggering the knockdown of an essential gene in cancer
cells. In contrast to previously published siRNA prodrugs, no cytotoxic side products
are generated. The attachment of the promoiety directly onto the siRNA, allows the
formulation with standard transfection reagents and potentially the modification of any
siRNA sequence, making this promoiety a variable tool for on-demand siRNA

activation.

2.7 Aminoferrocene prodrugs
As only a narrow window of ROS levels is promoting tumorigenesis (see above, and

Figure 26) the manipulation of the redox state of cancer cells in the direction of

cytostasis and slower cancer proliferation as well as in the direction of cell death has
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been exploited in cancer treatmentl’l. However, these strategies come with
disadvantages. While the reduction of ROS levels is only retarding cancer growth
without curing it, the increase of ROS levels can potentially cure cancer by inducing
cell death but at the same time promote the formation of new malignancies. The
solution to this conflict would be to selectively increase ROS in those cells, which

already exhibit a higher oxidative stress level, namely in cancer cells.

Figure 26: Antioxidants can
decrease tumor growth,
while ROS-amplifier can
induce cell death in cancer
cells. The unselective
increase of ROS, however,
promotes tumorigenesis in
normal tissue.

ROS level

cytostasis | _homeostasis | tu
antioxidants antioxidants

As one possible solution, our group developed N-alkyl-aminoferrocene (NAAF)
prodrugsl’@. As shown in Figure 27, these compounds carry the aryl boronic ester-
based ROS-responsive promoiety, described above. Upon activation by H202, the
NAAF is released, which catalyzes the formation of hydroxyl radicals and superoxide
via Fenton chemistry, thus inducing strong oxidative stress and apoptosis selectively
in cells with already elevated ROS levels. As the ferrocenium can be re-reduced by
GSH, a catalytic ROS-generating cycle is initiated. The N-alkyl moiety of these
prodrugs can easily be exploited for intracellular targeting. In this way, non-targeting
(propargyl- moiety)*l, and mitochondria targeting NAAF prodrugs!’3! with a positively
charged residue have been synthesized. To achieve lysosome targeting, an alkylated
piperidine moiety was attached to the prodrug, which gets protonated in lysosomes
due to the decreased pH, reducing its membrane permeability and thus trapping the
prodrug in this organellel’4. In addition, cisplatin-aminoferrocene codrugs have been

synthesized and studied!".

As described above, the ER of cancer cells exhibits particularly high ROS levels.
Hence, the targeting of this organelle by NAAF prodrugs is of high interest, which we
accomplished in Publication 6. As hydrophobic compounds are known to accumulate
in the ER[8], we attached a cholic acid moiety to the aminoferrocene. The intracellular

accumulation of the prodrug in the ER was shown in A2780 cells. In addition, we
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confirmed its ability to increase ROS and induce ER stress selectively in cancer cells.
Finally, the activation of the prodrug in the ER of ascites of Nemeth-Kellner-

Lymphoma-bearing mice was proven.
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Figure 27: The general activation mechanism of NAAF prodrugs and their cycle of ROS
generation via Fenton chemistry as well as the structures of their organelle-targeting moieties.

2.8 An aminoferrocene prodrug sequentially activated by ROS and OH-

Immune cells and their precursor cells are particularly affected by most
chemotherapeutics as they divide rapidly and thus depend on functioning mitosis in a
similar way as cancer cells dol*%: 4%l Hence, chemotherapy often leads to a condition
called neutropenia which is characterized by a low number (<1500 cells/uL blood) of
neutrophils. As these leukocytes constitute the first line of defense against pathogens,
even minor infections can become life-threatening to cancer patients exhibiting
neutropenia. Consequently, chemotherapy is delayed or the dose reduced, which

might jeopardize the treatment outcomel’’.

Unfortunately, “smarter” NAAF prodrugs can also be activated in neutrophils, as these
leukocytes generate bursts of ROS as part of their immune response upon exposure
to a trigger such as bacteria. Accordingly, partial activation and residual toxicity to
neutrophils were also shown for a ROS-responsive gemcitabine prodrug by Matsushita
et al.l’®l, Hence, the ROS activatable promoiety is not sufficient to discriminate between
cancer cells and neutrophils.
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One prominent distinguishing characteristic between these two cell types, however, is
the substantially higher mass and total number of mitochondria in cancer cellsl”!, which
could be exploited for selective targeting. In previous studies, we observed that NAAF
prodrugs migrate to the mitochondria upon oxidation to the positively charged
ferrocenium product. Hereafter, the ferrocenium moiety is rapidly degraded, likely due
to the elevated concentration of hydroxide ions in these organelles!®. Building on
these findings, we developed a dual triggering mechanism for anti-neoplastic drugs by
conjugating the drug to a NAAF backbone that serves as the promoiety. This should
result in a prodrug that is activated only when exposed to both H202 (B-C bond
cleavage: in cancer cells and neutrophils) and subsequently to OH- (ferrocene
degradation: in cancer cells, but not in neutrophils). Consequently, the drug is released

selectively in the mitochondria of cancer cells.

Following this approach, we synthesized and characterized a camptothecin (cpt)-
NAAF prodrug, by linking the drug via esterification of the hydroxyl group that is
important for its activity to a NAAF backbone. Its activation mechanism was studied in
vitro and the cpt-prodrug’s activity, as well as its selectivity, was assessed in vitro, as
well as in vivo. An overview of the concept is illustrated in Figure 28. The results are

published in Publication 7 and will be outlined hereinafter.
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Figure 28: Improved cancer selectivity is achieved with a dual triggering mechanism. The
prodrug is activated sequentially by ROS and OH- to release the active chemotherapeutic drug
selectively in the mitochondria of cancer cells. Thus, neutrophils even in a primed -ROS rich-
state are not killed, avoiding neutropenia.
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The cpt-prodrug (FcNPGZPGL.| -E-cpt) showed good stability in agueous solution up to
at least 48 h. The ester bonds of the compounds are most probably protected due to
the compound’s aggregation, which was observed by UV-vis and DLS (see Publication
7, Figure 3). Hence, even the pinacol ester of the promoiety is only hydrolyzed slowly
(complete cleavage only after 24 h, whereas other NAAFs hydrolyze usually within less
than 2 hl®%). In contrast, upon H202 (10 mM) addition, FCNP®2PCL-| -E-cpt is quickly
activated. As anticipated, the main product after 1 h is, however, dependent on the pH.
As shown in Figure 29, A, the aminoferrocenium [FcN*-L-E-cpt] is formed at pH 7
(profile 1), whereas at pH 8 (profile 2), the ferrocenium is degraded to the amine [N*-
L-E-cpt] and potentially the free HO-cpt via an intermediate (*). The corresponding

structures are shown in Figure 29, C.
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Figure 29: HPLC profiles (absorbance at 370 nm) of prodrug FcNPS?PCL-L-E-cpt (1, 2) or FcNF
-L-E-cpt (3) (20 uM, in 150 mM (EtsNH)(OAc), acetonitrile (50 %), H-O- (10 mM), pH 7 (1) or
8 (2, 3)) incubated for 0.5 h or 1 h (A). SIM (m/z= 349) of solutions of prodrug FCNPC?PCL| -E-
cpt (20 uM, in 150 mM (EtsNH)(OACc), acetonitrile (15 %), pH 7 (1) or 8 (2)) incubated for 2 h
in the presence (1, 2) or absence (3) of H,O, (10 mM). Structures of the observed
intermediates (C).

Unfortunately, the hydrophilicity of the amine [N*-L-E-cpt] and HO-cpt is very similar,
resulting in insufficient separation in this LCMS setting. However, applying a superior
LC-MS system (UltiMate 3000 RS liquid chromatography system, coupled to a
timsTOF Pro mass spectrometer, see Publication 7, Sl) and plotting the Selected lon
Monitoring (SIM) of the corresponding mass (Figure 29, B) revealed that the free HO-
cpt is indeed formed predominantly at pH 8 (profile 2), only minor traces were detected

at pH 7 (profile 1), and no HO-cpt could be detected in the absence of H20:2 (profile 3).
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The latter indicates good stability of the prodrug in the absence of H20:2. In contrast,
the negative control, FcNF-L-E-cpt, is not activated/degraded in the presence of H202
(Figure 29 A, profile 3). Altogether, these results demonstrate the selective activation
of FCNPG2PGL| -E-cpt in the presence of H20: in a basic milieu. We also demonstrated
a very similar activation behavior for a model compound, where the HO-cpt moiety was
replaced by another tertiary alcohol (1,1-dimethylbenzyl, dmb, Publication 7, Figure

S30A, SI), proving that the activation mechanism is not specific for HO-cpt.

We exploited the fact that the cpt fluorescence is quenched by the ferrocene due to
photoinduced electron transfer, but is regained upon activation and oxidation to study
the activation in cells. As shown by the cpt-fluorescence (blue) in Figure 30 A,
FCNPG2PGL | -E-cpt is efficiently activated in A2780 ovarian carcinoma cells. Pre-
treatment of the cells with the ROS scavenger N-acetyl cysteine (NAC), however, leads
to a reduction of the activation (Figure 30, A, right image). Figure 30, A and Figure 6,
A in Publication 7, show that the activated compound accumulates in the mitochondria
(Pearson’s coefficient = 0.68, most likely the ferrocenium intermediate), as well as the
nucleus (Pearson’s coefficient = 0.81, most likely the fully activated HO-cpt at its target
site). In contrast, in freshly isolated neutrophils of healthy donors, the compound is only
activated upon exposure to phorbol myristate acetate (PMA) (compare Figure 30, B,
left vs. right), which primes the neutrophils and induces an oxidative burst. From this
data, it can, however, not be determined whether the ferrocenium is degraded which
would mean full activation of the prodrug. Toxicity studies in neutrophils, however,

suggest that the camptothecin is not released (Publication 7, Figure 6, D).

To confirm the release of HO-cpt in cancer cells, the distribution of cells in the
respective phases of the cell cycle was determined upon treatment with FCNPG2/PCL.| -
E-cpt, HO-cpt, a NAAF (ROS generator) or just the carrier DMSO. As shown in Figure
30, C, HO-cpt induces a strong arrest of the cell cycle in the G2/S phase, whereas the
ROS-generating agent does not. The prodrug FcNPE2PCL.| -E-cpt acts via cpt activity.
On the other hand, FcNPG?PCL.| -E-cpt does not induce the generation of ROS, while
the NAAF efficiently increases the ROS level in the cancer cells (see Figure 30, R).
Taken together, this proves that the prodrug is efficiently activated in cancer cells

where it acts via cpt release.
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Figure 30: Fluorescence microscopy of A2780 cells (A) and neutrophils incubated (B) with
prodrug FcNPCZPCL| -E-cpt (20 uM) and NUCLEAR-ID® Red dye (NIRD). In A2780 cells, ROS
levels and thus compound activation were reduced by the ROS-scavanger N-acetyl cysteine
(NAC, 2 mM) (A). In neutrophils, ROS and thus compound activation were increased by the
addition of phorbol myristate acetate (PMA, 50 nM) (B). Effects of FCNP¢2PC1| -E-cpt, a control
NAAF (“ROS generator’) and DMSO (“carrier”) on intracellular ROS in A2780 cells as
determined by CM-H,DCFDA staining (C). Quantification of the cell cycle distribution of A2780
cells after 72 h treatment with carrier only (DMSO, 1 %, v/v), or HO-cpt (5 nM), or FcNPG2PGL.
L-E-cpt (0.5 uM) (D). Student’st test: ns= p>0.05, *: p< 0.05, **; p< 0.01, ***: p< 0.001.

O

Fluorescence (a.u.)

Encouraged by the in vitro results, we studied the anti-cancer activity and cancer
selectivity in vivo. In a preliminary study, healthy mice were treated over seven days
with 24 mg/kg FcNPG2PCL | -E-cpt, while another group received a four times lower
dose of 6 mg/kg cpt. As shown in Figure 31, A the HO-cpt-treated mice lost weight,
indicating acute toxicity, while the FcNPG2PCL.| -E-cpt-treated mice maintained their
body weight, a sign of good tolerability. To avoid prodrug precipitation, the following
experiments were conducted with 12 mg/kg FCNPG2PCL.| -E-cpt. First, the anti-cancer
activity was assessed in C57/BL6N mice bearing Nemeth-Kellner Lymphoma. Here,
FCNPG2/PGL| -E-cpt treatment could significantly increase the mean mice survival (ts)
(Figure 31, B). To investigate whether the prodrug design indeed spares neutrophils
and other immune cells, healthy mice were treated for 7 days (3 injections each) with
prodrug FcNPGZPCL.| -E-cpt (12 mg/kg), HO-cpt (6 mg/kg) or just the carrier DMSO and
the number of various types of cells in the blood and bone marrow were counted. The

results for the neutrophils in the blood are shown in Figure 31, C. Cpt is affecting the
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neutrophils substantially, whereas the number of neutrophils in the FcNPGZPC1-| -E-cpt-
treated mice did not differ before and after the treatment in comparison to the DMSO

treated mice.

A B C - carrier OH-cpt
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Figure 31: Weight of healthy mice treated with DMSO (“carrier”), or FcNPGZPCL| -E-cpt
(12 mg/kg), or HO-cpt (6 mg/kg), injected intraperitoneal (i.p.) on days 0, 2 and 4 (A). Effects
of FCNPC2PCL| -E-cpt (12 mg/kg) injected i.p. on days 1, 3, 6, 8, 10, 13, 15, 17, 20 and 22 in
comparison to just DMSO (“carrier”) injections on the survival of mice carrying Nemeth-Kellner
lymphoma (B). Monitoring of the number of neutrophils in the blood of healthy mice treated as
described for (A). The analysis was conducted before the first treatment and on day 7 of the
treatment plan (C).

Altogether, these experiments demonstrate the selectivity of the developed prodrug
and thus the suitability of the dual triggering mechanism for the sequential activation
of prodrugs first by ROS via B-C bond cleavage, and secondly by hydroxide ions via
ferrocenium degradation. This prodrug approach spares normal cells (low ROS levels)
and even activated neutrophils (high ROS levels, but a low number and mass of
mitochondria and thus no increased levels of hydroxide ions). In this way, neutropenia
can be avoided. By applying the promoiety to a model compound containing a tertiary
alcohol (1,1-dimethylbenzyl, dmb, Publication 7, Figure S30, A, Sl) and a drug (HO-
cpt), we demonstrate that this approach is generalizable, and in theory, can be applied

for any chemotherapeutic drug with a hydroxyl group that is important for its activity.
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Figure 1. (A) Illustration of a hallmark of cancer cells: a higher
intracellular amount of UPs and enhanced ER stress. (B) Approach to
selectively kill cancer cells by inducing the ER stress by a binder of
UPs (BUP). The critical level of the ER stress is indicated with a red
line.

63 which catalyze generation of reactive oxygen species (ROS)
64 0,°" and HOe from O, and H,0,, respectively. A
6s representative of the complexes of the latter type is the half-
66 sandwich Ru®" arene complex, which catalyzes oxidation of
67 glutathione (GSH) to GSSG."' Third, metal complexes induce
68 generation of toxic products via photoinduced energy or
69 electron transfers, e.g, VO*', bimetallic Cu*—Fe®", and Ir’*
70 complexes,'”~"* all act as photosensitizers by generating ROS
71 including either 'O, or O,"” or both of them. Fourth,
72 positively charged lipophilic compounds, e.g.,, cyclometalated
73 Ir’" complexes,” are accumulated in the negatively charged
74 membrane of mitochondria (Mit) causing Mit dysfunction and
75 ROS production. In all of these cases, either coordination of
76 CUCs to nucleophilic sites of biological macromolecules or
77 direct or indirect intracellular ROS generation or both take
78 place not only in cancer but also in normal cells, which leads to
79 undesired toxicity.

80 In search of alternative ER stress inducers, which are not
81 CUCs and do not cause systemic ROS production, we were
82 drawn to binders of UPs (BUPs). These could stabilize UPs,
83 eventually leading to their accumulation or/and aggregation,
84 thereby inducing the ER stress (Figure 1B). The interaction of
8s BUP and UPs is at least a bimolecular reaction. As such, it is
86 strongly dependent on concentrations of both BUP and UPs.
87 In cancer cells containing the high level of UPs, the
88 equilibrium BUP + UPs — BUP/UPs is shifted to the BUP/
89 Ups, leading to ER stress. In contrast, in normal cells
90 containing the low level of UPs, this equilibrium is shifted
91 toward the unbound UPs, which can be normally processed.
92 Thus, the optimized BUP will be toxic to cancer cells, but not
93 affect normal cells (Figure 1B), thereby solving the problem of
94 side effects of common ER stress inducers.”” >

95 Several synthetic binders of UPs have been identified
96 previously, e.g., chemical chaperones 4-phenylbutyrate and
97 lysophosghatidic acids'® as well as a molecular tweezer
98 CLROL."" In contrast to the suggested BUPs, they reduce
99 the intracellular load of UPs, thereby attenuating rather than
100 enhancing the ER stress.'® Correspondingly, the anticancer
101 activity of these compounds is low."” Another potential BUP is
102 the carbon allotrope fullerene Cg,. Though it is known to bind
103 strongly UPs,”® medicinal applications of Cy, are limited by its
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poor solubility in water (log § = —11.0°"). A better water- 104
soluble metal-containing carbon allotrope Gd-Cg,(OH),; 105
exhibits moderate anticancer activity.”” However, its mode of 106
action is not related to binding UPs. We have previously 107
prepared and studied Fe-clathrochelates (FeCs), which are 108
coordination compounds with a 3D-shaped structure having 109
dimensions similar to that of Cy (Scheme 1).> We have 110
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found that, similarly to Cg, the FeCs functionalized with either
six (Vz375,”* Scheme S1, Supporting Information) or two 112
carboxylic acid moieties (FeC 1,”> Scheme 1) bind to model
UPs. Their anticancer activity has not been studied before. 114
Compared to Cg, FeCs exhibit several favorable properties. In
particular, as less hydrophobic compounds, the FeCs are more 116
water soluble (e.g, log S = —4.4 for FeC 2, Scheme 1). 117
Furthermore, in contrast to Cg, they are not redox active at
physiological conditions and therefore are not expected to 119
directly generate ROS or other toxic reactive species that could
adversely affect normal cells. Importantly, chemical modifica- 121
tion of the exterior of FeCs is straightforward and can be 122
achieved by the variation of the substituents of the dioxime 123
ligands and boron-containing cap groups that allows fine- 124
tuning of the properties of FeCs for medicinal applications.” 125
All of the factors mentioned above make FeCs a suitable
scaffold for the development of the BUPs. A single previously 127
reported FeCs exhibiting some anticancer activity is electro- 128
philic FeC_Clg (Scheme S1, Supporting Information).”® The 129
latter compound alkylates intracellular glutathione (GSH), 130
leading to the ROS increase in both cancer and normal cells 131
and, therefore, is not suitable for further development as a 132
drug. 133

In this paper, we report on optimized BUP FeC 2. It binds
model UPs, induces the ER stress, as well as increases the of 135
levels of mitochondrial ROS and nitric oxide (NO) in cancer 136
cells. In contrast, it does not affect normal cells. Further, FeC is 137
nontoxic in vivo up to a dose of 147 mg/kg and exhibits strong 138
anticancer and antimetastatic activities in three murine models 139
of cancer. 140
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B RESULTS AND DISCUSSION 141

Preliminary Studies, Synthesis, and Properties of the 14
Selected FeCs in Cell-Free Settings. Though previously 143
reported Vz375°* and 1° bind UPs, they are either inactive 144
(Vz375, half-maximal inhibitory concentration (ICsy) > SO uM 145
for human ovarian carcinoma A2780 cells) or exhibit weak 146
anticancer activity toward a range of cancer cell lines: The ICy, 147
value of 1 for human acute promyelocytic leukemia HL-60, 148
A2780, Burkitt’s lymphoma BL-2, T-cell leukemia Jurkat, and 149
lung cancer SK-MES-1 cells is >32 uM, whereas the IC;, value 150
for murine lung cancer LLC1 cells is >15 uM (Table 1). 151t
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Table 1. Effects of FeCs on the Viability of Selected Cancer Cell Lines”

1C50 (uM)? for cell lines

FeC HL-60 A2780 BL-2
1 40 =2 40+1
2 1.3 +£03 2.6 + 0.6
4 29 £02
N 4.7 £ 0.0

32+
0.6 + 0.1

Jurkat SK-MES1 LLCI
>50” 43+3 >15¢
3+1° 21 +2 12.0 + 0.4°

“The cells were incubated with the compounds for 48 h, except of data indicated with. (24 h) and. €(72 h). FeC = clathrochelate. “ICS0: half-

maximal inhibitory concentration.

152 Since these FeCs are relatively polar due to the presence of
153 six (Vz375) or two (1) carboxylic acid groups, their low
154 activity could be caused by the ineflicient membrane
155 permeability. To determine whether this is the case, we
156 investigated the uptake of one of these compounds in BL-2
157 cells. By using atomic emission spectroscopy (AES), we
158 observed no statistically significant increase of the intracellular
159 amount of both iron and boron in BL-2 cells incubated for 4 h
160 with 1 (9 uM) as compared to untreated BL-2 cells (Figure
161 2A).

162 These data confirm that the uptake of FeC 1 by BL-2 cells is
163 poor. In search for membrane-permeable FeCs, we explored
164 potentially more lipophilic compounds containing one (2) or
165 no carboxylic acids (3°”) (Scheme 1). The previously
166 unknown FeC 2 was prepared starting from the electrophilic
167 FeC intermediate S1 by the nucleophilic substitution reaction
168 using thiophenol in the presence of triethylamine (NEt;) as
169 described in the Supporting Information. To evaluate the
170 lipophilicity of FeCs 2 and 3, we determined their n-octanol/
171 water partition coefficients (log P’s, Table S1, Supporting
172 Information). As expected, both compounds (log P(2) = 4.6 +
173 0.2 and log P(3) = 5.6 + 0.3) are more lipophilic than the
174 reference FeC 1 (log P = 3.7 + 0.1). Importantly, despite its
175 higher lipophilicity, the solubility of FeCs 2 in aqueous
176 solutions is still sufficient for the studies of its biological
177 activity: 40 + 8 uM in aqueous phosphate-buffered saline
178 (PBS) solution and 74 + 10 uM in Roswell Park Memorial
179 Institute 1640 (RPMI 1640) medium containing fetal bovine
180 serum (FBS, $%), L-glutamine (Gln, 1%), and penicillin/
181 streptomycin (1%) (Table S2, Supporting Information). In
182 contrast, FeC 3 is insoluble at >10 pM in the aqueous
183 solutions that precluded its further tests. All further studies
184 focused on FeC 2 and its analogues 4 and S.

185 Anticancer Effects, the Active Form of FeC 2. The
186 reference FeC 1 is weakly toxic toward several human and
187 murine cancer cell lines originating from blood (HL-60, BL-2,
188 Jurkat), ovary (A2780), and lungs (SK-MES1, LLC1). We
189 tested the effects of FeC 2 on the same set of cells to be able to
190 compare the anticancer efficacies of 2 and reference 1. We
191 found that FeC 2 is a substantially more potent anticancer
192 agent than 1, affecting cell viability at ICg, ranging from 0.6
193 uM for the most sensitive BL-2 cells to 21 yM for the least
194 sensitive SK-MES] cells (Table 1). These data show that the
195 presence of one rather than two or six CO,H groups is
196 required for the anticancer activity of FeC. We conducted
197 further in vitro studies mostly with A2780 cells as a
198 representative cancer cell line. In few cases, the same
199 experiments were also done for BL-2 cells to confirm that
200 the effects observed are not restricted to a single cell line.

200 To find out whether it is critical for the activity that the
202 CO,H group is directly attached to the phenyl ring, we
203 prepared an analogue FeC 4 containing a methylene bridge
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Figure 2. (A) Uptake of FeCs 1 and 2 (each 9 M, incubation: 4 h)
in BL-2 cells at 37 or 5 °C by monitoring intracellular iron content
(data on the boron content: Figure S16, Supporting Information).
Inset: a photo of BL-2 cells incubated with FeC or controls (orange
color indicates accumulation of FeCs): (1) DMSO, 37 °C; (2) FeC 1,
37 °C; (3) FeC 2, 37 °C; (4) DMSO, 5 °C; and (5) FeC 2, 5 °C. (B)
Cells were pretreated with the OAT inhibitor bromsulfthalein (BSP,
500 uM, S min preincubation), with the clathrin-mediated uptake
inhibitor chlorpromazine (CPZ. Ten ug/mL, 2 h preincubation) or
with the caveolin-mediated uptake inhibitor genistein (GNS, 400
uM). After the preincubation, the cells were treated with FeC 2 for 2
h in the medium at 37 °C. The uptake was evaluated by
determination of intracellular iron amount. (C—E) Visualization of
the intracellular distribution of FeC § (9 uM) in A2780 cells after 0.5,
2, and 4 h incubation. FeC was labeled by Alexa Fluor 594 Azide. The
nuclei of the cells were costained with Hoechst 33342. Chl (red)—
Aot 561 nm; A 595 + 50 nm; Ch2 (blue)—A.: 355 nm; and A,
450 + SO nm. (F) Effects of the time of FeC 2 (9 uM) incubation
with A2780 cells (10 min—2 h) on ER-specific staining of the cells.
After the cells were incubated with the FeC for the specified time, the
ER probe was added, and the cells were incubated for an additional 20
min (Supporting Information). For (A,B,F), unpaired Student’s t-test
*: p < 0.05; ¥*: p < 0.01; ***: p < 0.001; ns > 0.05. (GH) TEM
images of A2780 cells. (G) Control (no FeC added). (H) FeC 2 (9
uM), preincubation for 4 h. White arrowheads indicate ER, and
yellow arrows indicate mitochondria (Mit).

between the phenyl ring and the CO,H group. This compound
was obtained in two steps (Supporting Information). First, the
nucleophilic substitution reaction between the electrophilic
intermediate S2 and 2-(4-mercaptophenyl)acetic acid in the
presence of NEt; furnished intermediate S3. Second, S3 was
reacted with thiophenol in the presence of NEt; to obtain FeC
4. We found that the anticancer efficacy of FeC 4 in A2780
cells (ICsy = 2.6 & 0.6 M) is identical to that of FeC 2 (ICs,
=29 + 0.2 uM, Student’s t-test, p > 0.05). These data might
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213 indicate that the binding sites of 2 and 4 in their putative target
214 can tolerate at least small structural changes that would be in
215 agreement with binding to unstructured UPs. The latter
216 conclusion is further supported by the fact that FeC §,
217 containing a larger propargylaminocarbonyl moiety in the para-
218 position of one of the phenyl residues, is only slightly less
219 active than its analogue 2: ICy, = 4.7 & 0.0 uM versus 2.6 +
220 0.6 M, correspondingly (Table 1). We used FeC § for the
221 study of the intracellular distribution of FeCs as described
222 below.

223 Lipophilic drugs can form aggregates in aqueous solutions,
224 which may destabilize the protein structure, leading to their
225 unfoldin%, thereby causing both cell- and target-unspecific
26 toxicity.” To exclude this possibility, we investigated whether
227 FeC 2 forms aggregates by using UV—visible spectroscopy and
228 dynamic light scattering (DLS). We observed that the
229 absorbance at 487 nm (A,,,) of solutions of 2 in aqueous
230 PBS (pH 7.4) is linearly dependent on the compound
231 concentration up to at least 30 uM (R* = 0.9986, Figure
232 $10, Supporting Information), indicating that only one species
233 exists in this concentration range. Further, we did not detect
234 aggregated species in aqueous solutions of FeC 2 at <30 uM by
235 using DLS. These data indicate that 2 exists in the monomeric
236 form in aqueous solutions at <30 yM concentrations. Since
237 ICq, values for the tested cancer cell lines are also <30 uM
238 (Table 1), we conclude that the monomeric form rather than
239 the aggregates is responsible for the anticancer activity of the
20 FeC.”’

241 A single previously described clathrochelate exhibiting
242 strong anticancer activity is an electrophilic derivative
243 FeC_Cl6 (Scheme S1, Supporting Information). Its mode of
244 action relies on the covalent modification of GSH via the
25 nucleophilic substitution of the chlorides in the FeC.*°
246 Potentially, FeC 2 could exhibit similar chemical reactivity
247 via the substitution of a PhS™ moiety with GS™ derived from
248 GSH. It is a less likely reaction because PhS™ is not as good
249 leaving group as Cl™. However, in cancer cells, the latter
250 reaction can be facilitated by the follow-up oxidation of PhS™
251 to PhSSPh, thereby shifting the equilibrium toward the
252 product. By using LC—MS (Figure S11, Supporting
253 Information) as well as by monitoring the release of free
254 Fe?* and Fe’* ions (Table S3, Supporting Information), we
255 confirmed that FeC 2 is chemically stable both in the absence
256 and presence of GSH. We also found that this compound is
257 stable under other conditions, which it could encounter in
258 cancer cells: pH 7.4 (cytoplasm), pH S (lysosome), and in the
259 presence of H,0, (ER) (Figure S11 and Table S3, Supporting
260 Information). The high stability of the FeC is also retained in
261 cells. In particular, we analyzed the extract of A2780 cells
262 incubated with this compound (3 M) for 1 and 24 h by using
263 LC—MS (Figures S12—S14, Supporting Information). We
264 detected only the parent compound after 1 h of incubation,
265 whereas at the longer incubation time (24 h), we additionally
266 detected metabolite 2a (educt of 2 with GSH), which was
267 formed with 10% yield. As discussed below, the biological
268 effects, including the induction of the ER stress, occur already
269 after 10 min of the incubation of 2 with cells. Therefore, the
270 metabolite 2a that formed much later is not expected to play a
271 critical role in the activity of 2. These data confirm that 2 acts
272 via the different mechanism than the previously reported
273 FeC_Cl.*°

274 Uptake Mechanism, Intracellular Distribution, and
275 Effects of FeC 2 on Intracellular Organelles. For the
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uptake studies, we selected 9 uM FeC’s as the highest drug 276
concentration not causing significant cell death at short 277
incubation times (<8 h). In contrast to FeC 1, the uptake of 278
FeC 2 by BL-2 and A2780 cells is substantial at 37 °C (Figure 279
2A). That explains why 2 is a more potent anticancer agent 280
than 1 (Table 1 and Figures S8 and S9, Supporting 281
Information). The uptake of 2 is strongly inhibited at S °C 282
(Student’s t-test, p < 0.01, Figures 2A, S1S5, and S16, 283
Supporting Information). The latter data indicate that the 284
cellular transport of the FeC requires energy and, therefore, 285
occurs via the active mechanism or mechanisms. We identified 286
these to be clathrin- and caveolin-mediated endocytosis since 287
chlorpromazine (CPZ) and genistein (GNS), which are 288
inhibitors of these biochemical processes, suppress the uptake 289
of 2 significantly (p < 0.01, Figures 2B and S18, Supporting 290
Information). A mixture of CPZ and GNS affects the uptake of 291
FeC 2 even more strongly than the individual inhibitors, 202
indicating additive clathrin- and caveolin-mediated endocytosis 293
(Figure S19, Supporting Information). In contrast, the 294
inhibitor of organic anion transporters (OATs) bromsulftha- 295
lein (BSP) does not suppress the uptake, indicating that OATSs 296
are not involved in the transport of 2 (Figure 2B). 297

To evaluate the intracellular distribution of FeC 2, we 298
prepared its analogue containing a terminal alkyne moiety— 299
FeC 5, whose synthesis was described elsewhere.”” Incubation 300
of A2780 cells with FeC 5§ (9 uM) for 0.5, 2, and 4 h followed 301
by their fixation, treatment with either Alexa Fluor 488 azide or 302
Alexa Fluor 594 azide under the conditions of Cu'-catalyzed 303
alkyne—azide cycloaddition “click” reaction, washing, and 304
monitoring the signal of the Alexa Fluor dyes allowed 305
visualization of the transport of the FeC (Figure 2C—E). We 306
found that the fluorescence signal observed in A2780 cells 307
treated with FeC § can be suppressed by the coincubation of § 308
with the unlabeled 2, indicating that both 5 and 2 bind to the 309
same intracellular target or targets (Figure S20, Supporting 310
Information). After incubation for 30 min, the FeC is located 311
in the cellular periphery, which can be the cellular membrane 312
and/or the FeC bound to the components of the active 313
transport associated with the membrane (Figures 2C and S21, 314
Supporting Information). At the longer incubation time (2 h), 315
the FeC is located in the proximity of the nucleus that can be 316
either ER or Golgi or both (Figures 2D and S21, Supporting 317
Information). Attempts to conduct the colocalization experi- 318
ments of these in situ formed dye conjugates with known ER- 319
and lysosome (LY)-staining probes were not successful since 320
the stringent washing used in such experiments affected the 321
intracellular distribution of the conjugates. At the longest 322
incubation time (4 h), the FeC is distributed evenly within the 323
cell. For example, its signal is partially colocalized with the 324
nuclear stain (Pearson’s coefficient 0.55, Figures 2E and S21, 325
Supporting Information). 326

Within cells, UPs are formed, processed, and eventually 327
accumulated mostly in the ER and LYs. Correspondingly, if 328
FeC 2 induces the accumulation of UPs (Figure 1B), one of 329
these organelles or both of them might be stressed. We 330
observed that after only 10 min of incubation with FeC 2, the 331
fluorescence of A2780 cells, stained with the ER-specific dye 332
ER-tracker Green for an additional 20 min, is significantly 333
reduced (p < 0.01), indicating that the ER is affected. The 334
effect is saturated after 30 min of incubation (Figure 2F). In 335
contrast, FeC 2 (up to 24 h incubation) does not change the 336
fluorescence of the cells labeled with LY-specific dye acridine 337
orange (Figures S22 and $23, Supporting Information) that 338
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Figure 3. (A—C) Dependence of the fluorescence of associates of UPs (unfolded bovine serum albumin: uBSA or unfolded insulin: ulns) with
thioflavin T (ThT, 10 uM, A, = 440 nm; A,,, = 480 + 10 nm) from the concentration of FeC 2. Other conditions: incubation time, 100 min;
temperature, 45 °C; DTT (1 mM for uBSA and 20 mM for ulns); and DMSO (1% (v/v)). (D) Kinetics of uBSA (0.5 mg/mL) aggregation in the
presence of DTT (1 mM) at 45 °C were monitored by DLS. [FeC 2] = 9 uM. The measurement at time point 0 min was performed before DTT
addition. The size of the main peak was plotted vs the incubation period. Photos of cuvettes with uBSA and uBSA/FeC 2 samples after 240 min
incubation are included. (E) Kinetics of ulns (0.3 mg/mL) aggregation in the presence of DTT (20 mM). Other conditions are as described in
(D). AFM images of uBSA in the absence (F) and presence (G) of FeC 2. AFM images of ulns in the absence (H) and presence (I) of FeC 2.
Height profiles along traces labeled with “I” are given in Figure S33, Supporting Information.

excludes LYs as the primary target of the FeC. Interestingly,
treatment of the cells loaded with the Mit-specific dye
rhodamine 123 (R123) with FeC 2 for 4 and 24 h also leads
to the strong decrease of the R123 fluorescence, indicating that
the FeC affects the Mit (Figures S22 and S23, Supporting
Information). The latter effect is secondary to that on the ER
since it appears at a substantially longer incubation time. In
particular, the effect on the ER is saturated after 30 min
incubation, whereas that on Mit is not saturated even after 4 h
incubation (Figure S24, Supporting Information). By using JC-
1, a dye sensitive to Mit membrane potential (MMP), we
found that the FeC induces the decrease of MMP (Figures S25
and $26, Supporting Information).

Next, we determined whether the FeC is physically
accumulated in particular organelles or whether the observed
effects are indirect. These experiments required large cell
numbers (5 X 107 cells) due to the technical limitations of the
analytical method (AES) applied for monitoring Fe and B
derived from the FeC in organelles (Supporting Information).
We used BL-2 rather than A2780 cells since the former cells
can be easily obtained in large quantities. We analyzed the
content of ER, Mit, and LYs from the cells, which were
preincubated with FeC 2 (9 M) for 1 h, and found that only
ER and Mit, but not LY fractions contain FeC 2 (Figures S27

and $28, Supporting Information). These data indicate that
FeC is directly accumulated in the ER and Mit.

By using TEM (Figure 2G,H; more detailed images are
provided in Figure $29, Supporting Information), we visualized
morphological changes of the intracellular organelles in
response to the FeC treatment. We found that the short (10
min) treatment of A2780 cells causes changes of morphology
of Mit including the alteration of the cristae membrane and
intracrystal space from typical parallel orientation (Figures 2G
and S29A, Supporting Information) to less ordered intra-Mit
structures (Figure S29C, Supporting Information). Further-
more, the FeC-treated cells contain ER’s of irregular width and
those exhibiting interruptions (Figure S29D, Supporting
Information). These effects are strengthened under the
prolonged treatment (4 h). For example, under the latter
conditions, the cristae membrane is practically fully destroyed
(Figures 2H and S29E, Supporting Information) and a number
of swollen ER’s are present (Figure S29F, Supporting
Information).

Thus, according to the data described in this section, we
could identify the ER as a primary target and Mit as a
secondary target of FeC 2.

Mechanism of Anticancer Activity of FeC 2. Studies in
Cell-Free Settings. We considered two possible modes of
action of FeC 2, which could cause an effect on the ER, leading
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388 to the anticancer activity. First, this FeC can first bind UPs,
389 inhibiting their maturation or inducing aggregation, thereby
390 causing the ER stress. This possibility is based on the fact that
391 the previously described analogues of 2, clathrochelates
392 Vz375,”* and 17 are binders of UPs in cell-free settings.
393 Second, since FeC 2 is a complex of Fe’*, it can potentially
394 induce the generation of highly toxic species O,°~ and HOe by
395 donating an electron from the metal ion to the less toxic
396 species O, and H,0,, thereby inducing oxidative stress in the
397 ER and disturbing its function. It has been previously reported
398 that ROS inducers can cause the ER stress, leading to cancer
399 cell death.'”'" In this section, the experiments will be
400 described, which allowed us to confirm one of these
401 possibilities.

402 To evaluate whether FeC 2 binds to UPs, we first selected
403 unfolded bovine serum albumin (further uBSA) as a
404 representative protein. uBSA was obtained by incubation of
40s BSA with a dithiothreitol (DTT, 1 mM) at 45 °C. We
406 confirmed formation of uBSA under these conditions by using
407 thioflavin T probe (ThT, 10 uM), whose fluorescence is
408 increased in the presence of unfolded and aggregated
409 proteins’’ (Figure S30, Supporting Information). The increase
410 of the fluorescence of the ThT/uBSA solutions (F100) is
411 >90% complete after 100 min incubation. In further studies, we
412 used normalized values of F100, which were obtained by
413 dividing the fluorescence in the presence of FeC 2 at the
414 concentration from 3 to 18 uM by the fluorescence in its
415 absence (Figure 3A,B). F100 is strongly quenched by FeC in a
416 dose-dependent fashion. Since in the absence of uBSA the FeC
#17 does not affect the fluorescence of ThT (Figure S31A,
418 Supporting Information), the latter data indicate that the
419 FeC binds to uBSA. The quenching curve obtained at the
#20 higher concentration of uBSA (0.5 mg/mL) is represented by
#1 two linear regions: the first one is steeper (F100 = —0.17 X
422 [FeC 2] + 1, black trendline), while the second one is more flat
423 (F100 = —0.02 X [FeC 2] + 0.72, red trendline) (Figure 3A).
424 At a lower uBSA concentration (0.1 mg/mL), the latter region
425 is absent. These data might indicate that the first region
426 corresponds to binding of the FeC to uBSA and the second
427 region to binding of the FeC to aggregated uBSA, whose
428 formation is expected to be strongly concentration dependent.
429 Interestingly, the same trend is observed in the quenching
430 experiment, where uBSA was replaced with unfolded insulin
431 (ulns, Figure 3C).

432 Due to limitations in solubility of FeC 2, saturation of the
433 quenching curves could not be reached (Figure 3A—C).
434 Furthermore, binding of FeC 2 to products obtained after
435 protein unfolding, followed by protein aggregation, is a
436 complex process that makes it difficult to suggest a suitable
437 model for fitting the experimental data. Due to these reasons,
438 estimation of the binding constant of the FeC with the UPs
439 was not possible based on the data shown in Figure 3A—C. In
440 an attempt to address this issue, we applied isothermal titration
441 calorimetry. We selected ulns rather than uBSA as a model
442 protein due to its better water solubility. According to the
443 baseline-corrected and blank-subtracted data, ulns binds FeC 2
444 in an exothermic process (Figure S32, Supporting Informa-
445 tion). Unfortunately, the heat differences observed as well as
446 the c-value were too small for the reliable determination of
447 thermodynamic parameters of the ulns/FeC 2 interaction
448 (Supporting Information). Reasons for that are limitations in
449 the solubility of the reactants and heat compensation caused by
450 the endothermic process of ulns dilution upon titration.
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To study aggregation of the UPs in the presence of FeC 2, 451
we used DLS. We observed that the aggregates with a size of 4s2
110 + 4 nm are formed immediately after mixing BSA (0.5 4s3
mg/mL) and FeC 2 (9 uM). Larger aggregates are not 4s4
detected by DLS. However, they are also generated and, due to 4ss
the low solubility in water, precipitated in the form of flakes 436
(Figure 3D). In contrast, the uBSA aggregates grow 457
substantially slowly (t;,, ~ 120 min) in the absence of the 4s8
FeC, and precipitation is not observed (Figure 3D). Aggregates 459
of ulns are more soluble and do not precipitate. Therefore, 460
steady growth of these species up to 3 ym in the presence of 461
FeC 2 is observed within 240 min. In contrast, the growth rate 462
of ulns is slower in the absence of FeC 2. The latter data are 463
confirmed by atomic force microscopy (AFM). In particular, 464
uBSA forms <10 nm (in height) nanoparticles, whereas in the 465
presence of FeC 2, the size of the nanoparticles is increased up 466
to 60 nm (Figures 3F,G and S33, Supporting Information). 467
ulns form fibrils rather than nanoparticles. We observed that in 468
the presence of FeC 2, more fibrils were formed (Figure 3H,I). 469
Moreover, the thickness of the fibrils is larger in the presence 470
of FeC 2 than in the absence of FeC 2 (Figure $33, Supporting 471
Information). 472

We observed that FeC 2 also binds the native proteins BSA 473
and insulin. It is reflected in FeC 2-induced quenching of the 474
native protein fluorescence (Figure S34A, Supporting 475
Information). The binding induces quick (<10 min) formation 476
of aggregates of <110 nm diameter for both BSA and insulin 477
(Figure S34B, Supporting Information). However, the amount 478
of these aggregates seems to be small since they are not 479
detected by AFM. Furthermore, in contrast to uBSA and ulns, 480
no larger aggregates/precipitates are formed from native 4s1
proteins and FeC 2 as evidenced by monitoring of light 4s2
scattering of the corresponding suspensions (Figure S35, 483
Supporting Information). This reaction will occur in normal 4s4
cells lacking large amounts of UPs and can lead to undesired 485
toxicity. Since only minute amounts of the aggregates will be 486
formed, the negative impact is expected to be limited. 487

Next, we investigated whether FeC 2 can induce generation 488
of highly reactive O2°~ and HOe from less toxic O, and H,0, 489
in cell-free settings under the conditions resembling the 490
intracellular medium: aqueous buffer, pH 7.4, GSH 5 mM. In 491
this experiment, we used a nonfluorescent probe 2',7'- 492
dichlorodihydrofluorescein (DCFH), which is oxidized to 493
fluorescent 2',7’-dichlorofluorescein (DCF) in the presence of 494
02°~ and HOe, but not O, and H,0, (Figure $36, Supporting 495
Information). We observed that FeC 2 does not accelerate the 496
oxidation of DCFH at all. The reason for this behavior is its 497
high redox potential of >1 V versus Ag/AgCl reference 498
electrode as determined by cyclic voltamperometry (CV, 499
Figure S37, Supporting Information). 500

Cellular Assays. We investigated whether FeC 2 binds to so1
unfolded/aggregated proteins in living A2780 cells. The latter so2
proteins were stained by ThT as described by Beriault and so03
Werstuck.”'” Additionally, the cells were loaded with sos
LysoTracker Deep Red to stain lysosomes. The latter signal sos
is not affected by FeC 2 (Figures S22 and S23, Supporting so6
Information); therefore, it was used as a reference. We s07
observed that the A2780 cells labeled in this way feature sos
nonoverlapping green (ThT bound to unfolded/aggregated soo
proteins) and red (lysosomes) signals. The treatment with FeC s1o
2 (9 uM) leads to strong quenching of the green signal (Figure si1 4
4A,B, controls are provided in Figure S38, Supporting si2
Information). By using flow cytometry, we confirmed that s13
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Figure 4. A2780 cells loaded with ThT (S uM) and LysoTracker
Deep Red (100 nM, reference) and treated either with carrier
(DMSO, 1%, v/v) (A) or FeC 2 (9 uM) (B). Fluorescence images
shown in A and B are both combinations of the green channel output
(Ax = 470 + 40 nm and 4, = 525 = S0 nm (monitoring ThT)) and
red channel output (4, = 640 + 30 nm and A, = 690 + SO nm
(monitoring LysoTracker Deep Red)). (C) Monitoring fluorescence
of ThT-loaded A2780 cells (4., = 405 nm and A,,, = 450 + 45 nm)
treated with either carrier (“DMSO”) or FeC 2 (3—18 uM). Data for
nonloaded cells (“cells”) are shown for comparison. Error bars
indicate the standard deviation. An unpaired Student’s t-test was
performed for statistical analysis. FeC 2 induces quenching of ThT-
loaded cells: for 3 yuM FeC 2: p < 0.05; for 9 and 18 uM FeC 2: p <
0.001.

s14 this effect is dose dependent in the concentration range of 3—
s1s 18 uM of FeC 2 (Figure 4C). These data indicate that FeC 2
516 binds to unfolded/aggregated proteins in living A2780 cells at
517 the selected experimental conditions.

si8.  To get an overview of the signaling pathways that are
s19 affected by FeC 2, we evaluated its effects on gene expression
520 in A2780 cells by using next-generation sequencing (RNA-
s21 Seq). We determined the ratios of amounts of RNAs derived
522 from known genes in the untreated and treated groups (FeC 2:
523 2 uM, 24 h incubation) and defined these parameters as
524 FoldChange. We selected the genes fulfilling the condition of
525 log, FoldChange < —2 and >2 for further analysis (Figure S40,
526 Supporting Information). Based on the obtained data set and
527 by using Ingenuity Pathway Analysis (IPA), we identified nine
528 top scored canonical pathways induced or suppressed by the
s20 FeC (IPA, Figure SA).

s30  In agreement with the previous experiments (Figure 2), two
531 of these pathways are related to ER stress: UPR and protein
532 ubiquitination pathways. The detailed effect of FeC 2 on the
533 expression of genes belonging to these pathways is outlined in
s34 Figure S41A,B, Supporting Information. We validated the
s3s latter result in the following four groups of independent
536 experiments. First, we confirmed the overexpression of C/EBP
537 homologous protein (CHOP) mRNA in A2780 cells treated
s3s with FeC 2 using PCR (Figure 5B). CHOP(GADDI1S3) is a
539 transcription factor known to be activated under the ER
s40 stress.” Second, we observed that the level of ubiquitinated
s41 proteins increased in the treated A2780 cells (Figure 6A). The
s42 latter data indicated that the treatment with the FeC leads to
543 the amplification of UPs prepared for removal via the ER-
s44 associated protein degradation (ERAD) system including the
s4s ubiquitin—proteasome pathway.” Third, we detected the
s46 formation of the elevated amount of spliced XBP1 (sXBP1)-
s47 mRNA transcript 10 min after the treatment of A2780 cells
s4s with FeC 2 (Figures 6B and S43, Supporting Information).
549 These data indicate the activation of eukaryotic translation
sso initiation factor 2 alpha kinase 3 (PERK) and inositol requiring
ss1 enzyme 1 (IRE1) arms of UPR.* In contrast, the activating
ss2 transcription factor 6 (ATF6) arm seems to be activated to a
ss3 lesser extent (Figure S41 and the summary afterward,
ss4 Supporting Information). Fourth, we observed the upregula-
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Figure 5. Impact of FeC 2 (2 uM, 1% DMSO, 24 h) on the
transcriptome of A2780 cancer cells. (A) Most significantly altered
canonical pathways. CC and CP are abbreviations for cell cycle and
checkpoint, respectively. (B) Validation of the RNaseq experiment by
determination of relative gene expression of the selected genes in the
presence of 2 yuM or 3 uM FeC 2 by using PCR. The data were
normalized to GAPDH mRNA levels (N = 3, error bars indicate
standard deviations).

tion of the antioxidant intracellular system controlled by sss
nuclear factor erythroid-2 related factor 2 (NRF2). This was ss6
evident from the enhanced expression of NRF2 target genes ss7
glutamate—cysteine ligase regulatory protein (GCLM) and sss
glutamate—cysteine ligase catalytic subunit (GCLC)** (Figure ss9
SB). 560

Further, we found that in A2780 cells treated with FeC 2, s61
the levels of mitochondrial ROS (mROS) (Figures 6C and, s62
S44, Supporting Information) and NO are increased in dose- s63
and incubation time-dependent ways (Figure S46, Supporting se4
Information). mROS (0,*”) and NO can combine in cells s6s
with the formation of a highly reactive peroxynitrite anion ses
(ONOO™).>* The latter chemical species induce strong 567
oxidative stress in the cancer cells that should be the cause s6s
of the activation of the NRF2 system. Potentially, ROS can be s¢9
produced either indirectly as a consequence of the ER stress®* 570
or directly by donation of an electron from FeC 2 to O, and 571
H,0,. We excluded the latter possibility based on two 572
experiments. First, we confirmed that the redox potential of 573
FeC 2 is too high to act as a catalyst in ROS generation 574
(Figures S36 and S37, Supporting Information). Second, we s7s
observed that FeC 2 does not induce production of total ROS 576
(tROS) in A2780 cells, which is detected using S-(and-6)- s77
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate 578
(CMDCFH-DA) as a probe (Figure S47, Supporting s79
Information). In contrast, known iron-containing compounds sso
capable of the direct ROS generation in cell-free settings and in ss1
cells, e.g., aminoferrocene-based é)rodrugs, usually increase the ss2
level of intracellular tROS.""*** 583

Next, we studied the effects of FeC 2 in representative sg4
normal cells SBLF9. These cells were selected since they sss
contain the lower level of intracellular unfolded/aggregated sss
proteins compared to cancer A2780 cells (Figure S$43, ss7
Supporting Information). According to the suggested mode sss
of action (Figure 1B), we expected that FeC 2 would induce ss9
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Figure 6. (A) Protein ubiquitination in A2780 cells upon treatment
with DMSO (2); FeC 2 (9 uM, 30 min incubation) (3); as (2) except
for 4 h incubation (4); upon treatment with bortezomib (500 nM); 4
h incubation (5); control 1 (30 uM); and 4 h incubation (6) as
detected by western blotting using antiubiquitin (E412]) rabbit mAB
and antirabbit AlexaFluor488 secondary antibodies. Fluorescence
imaging was performed with an iBright FL1000 A, = 455—485 nm
and 4., = 510—555. (B) Kinetics of ER stress induction in A2780
cells after incubation for 10 min—4 h with FeC 2 (9 uM) and
subsequent determination of relative sXBP1 concentrations by gPCR
using RPLPO as a housekeeping gene. (C) Fluorescence of MitoSOX-
loaded A2780 and SBLF9 cells incubated either with DMSO (1%, v/
v) or FeC 2 (9 uM, incubation time 2 h) determined by fluorescence
microscopy. (D) Effects of FeC 2 on the cell cycle of A2780 cells:
incubation time 24 h. (E) Effects of FeC 2 (9 uM, incubation time 4
h) on the de novo synthesis of DNA as determined by using
deoxyethynyluridine treatment (2 mM, 2 h) and subsequent reaction
of all DNA-incorporated alkyne groups with an Alexa Fluor 594 azide.
Red channel Chl: 4, = 545 + 25 nm and 4., = 605 + 70 nm. Blue
channel, Ch2: A, = 365 nm and A, = 445 + 50 nm. (F) A2780 cells
were treated with either DMSO (1%, v/v) or FeC 2 (3 uM, 1%
DMSO) for 24 h followed by fixation and staining with phalloidin-
Atto6SS (red signal: A, = 640 + 30 nm and 4, = 690 = 50 nm) and
Hoechst 33342 (blue signal: A, = 365 nm and A, = 445 + S0 nm).
An unpaired Student’s t-test was performed for statistical analysis (*:
p < 0.05; **: p < 0.01; and ***: p < 0.001).

590 less or no effect in SBLF9 cells. In agreement with this
591 expectation, we observed that FeC 2 (9 pM) does not increase
592 intracellular levels of spliced XBP1, mROS, and NO at 1 h
593 incubation time. In contrast, under the same conditions,
594 spliced XBP1, mROS, and NO are significantly upregulated in
sos cancer A2780 cells (Figures 6C, S43C, S$4S, and S46B,
596 Supporting Information). Thus, these data support the concept
597 of BUPs introduced above (Figure 1B).

598 A known effect of the ER stress is the growth arrest in the
599 G1 phase of the cell cycle’” as well as the inhibition of
600 expression of many related to these process genes.”® In
601 agreement with this expectation, we observed that seven of
602 nine top-scored pathways affected by the FeC in A2780 cells,
603 as identified by RNA-Seq, are related to the cell cycle and
604 DNA and RNA synthesis (Figure SA). We validated this result
605 by the following two experiments. First, we observed that the
606 cell cycle arrest in the G1 phase is induced upon treatment of
607 A2780 cells with FeC 2 (Figure 6D). Second, we found that
608 the FeC inhibits the de novo synthesis of DNA (Figure 6E,
609 Supporting Information) and RNA (Figure S49, Supporting
610 Information) in A2780 cells. Furthermore, Rho Guanine

N

Nucleotide Exchange Factor 39 (ARHGEF39) is down- 611
regulated by FeC 2 according to RNA-Seq and PCR (Figure 612
5). ARHGEF39 protein is known to promote cell prolifer- 613
ation.”” All these data (G1 phase cell cycle arrest, inhibition of 614
the DNA and RNA synthesis, as well as the effect on 61s
ARHGEF39) contribute to antiproliferative properties of the 616
FeC. 617

Surprisingly, FeC 2 treatment of A2780 cells leads to 618
downregulation of expression of f-actin (ACTB) as confirmed 619
by RNA-Seq and validated by PCR (Figure SB). We also 620
observed that it is accompanied by a decrease of the level of 621
intracellular f-actin protein (Figure 6F). Since f-actin is 622
upregulated in the majority of cancer cells and is associated 623
with invasiveness and metastasis of cancer,* these data could 624
indicate that the FeC has a potential as an antimetastatic drug. 625
We confirmed that it is indeed the case in two experiments. 626
First, we observed that FeC 2 (3 yM) substantially slows down 627
the migration of human lung cancer SK-MES-1 cells in wound 628
healing assay (Figure SSO, Supporting Information). Second, 629
we found that the FeC exhibits antimetastatic activities in vivo, 630
as described in the next section. 631

Together with the ER stress and the associated oxidative 632
stress, the effects of the FeC on cell cycle DNA/RNA 633
synthesis, and cell proliferation induce cancer cell death (Table 634
1). We determined that the FeC 2 mediated death of A2780 635
and BL-2 cells occurs via apoptosis and necrosis (Figures SS1— 636
$57, Supporting Information). The cells can be rescued by 637
PERK-inhibitor I and scavengers of ROS (N-acetylcysteine, 638
NecroX5 methanesulfonate, and ascorbic acid). In contrast, the 639
Ca’" scavenger BAPTA and the NOX2 inhibitor DPI exhibit 640
no effect. These data indicate that the upregulated UPR and 641
ROS, but not Ca** and NOX2, play important roles in the 642
anticancer activity of FeC 2. Despite ROS being involved, 643
according to our data discussed above, the upstream factor of 644
the activity of FeC 2 is the amplification of UPs caused by the 64s
ER stress and eventually the cell death in cancer cells. 646

Next, we benchmarked FeC 2 with respect to the known 647
inducers of ER stress. In particular, effects of FeC 2 (9 uM), an 64s
inhibitor of 26S proteasome bortezomib (0.5 uM), and an 649
inhibitor of sarcoplasmic/ER calcium ATPase (SERCA) 6s0
thapsigargin (0.5 uM) were compared with each other in 6s1
four selected assays. Nontoxic concentrations of the inhibitors 6s2
were selected. A summary of inhibitor rankings corresponding 6s3
to their performance in these assays (first, second, and third 6s4
place) is provided in Table 2. 655 ©2

In particular, we found that FeC 2 strongly enhances mROS ss6
in A2780 cells (2.5 fold, p < 0.001), whereas bortezomib is 6s7
inactive (p < 0.05), and thapsigargin even slightly reduces the 6ss
amount of mROS (p < 0.05) (Figure SS8A, Supporting 659

Table 2. Efficacy of Drugs Inducing ER Stress (first to third
Places)” in Four Selected Assays

ranking of drugs in the following assays

mROS ER CHOP XBP1
drugb level staining expression splicing
FeC 2 1st 1st 3rd 2nd
thapsigargin 2nd 2nd Ist Ist
bortezomib 2nd 3rd 2nd 3rd

“1st place: a drug with the strongest effect. 3rd place: a drug with the
weakest effect. [FeC 2] = 9 uM, [thapsigargin] = [bortezomib] = 0.5
UM.
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660 Information). Similarly, FeC 2 has the strongest effect on ER
661 staining among this group of drugs (Figure SS8B, Supporting
662 Information). In contrast, thapsigargin is the most potent
663 enhancer of CHOP expression (p < 0.001), followed by
664 bortezomib (p < 0.001), whereas FeC 2 exhibits the weakest
66s effect (p < 0.01) (Figure SS8C, Supporting Information).
666 Finally, thapsigargin is the strongest inducer of the XBP1
667 splicing (p > 0.001), followed by FeC 2 (p < 0.05), whereas
668 bortezomib is inactive under the selected conditions (Figure
669 SS8D, Supporting Information). These data indicate that FeC
670 2 exhibits the unique action profile as reflected in Table 2,
671 which indicates that its mechanism of action is different from
672 that of the known ER stress inducers tested here.

673 Antitumor and Antimetastatic Activity of FeC 2 and
674 Its Toxicity toward Blood Cells and Bone Marrow In
675 Vivo. Encouraged by excellent anticancer activity (Table 1)
676 and cancer cell specificity (Figures 6C, S43C, S45, and S46B,
677 Supporting Information) observed in vitro, we studied whether
678 FeC 2 retains these favorable properties in vivo. First, we found
679 that the lethal dose (LD) of FeC 2, injected intraperitoneally
680 (ip.) in C57/BL6 mice, is between 147 and 246 mg/kg (Table
681 S16, Supporting Information). The lethality of the FeC at the
682 high dose can be caused by its activation by low amounts of
683 unfolded/aggregated proteins or by its direct effect on proteins
684 (Figure S34, Supporting Information).

685 Next, we investigated the antitumor effect of FeC in
686 Nemeth-Kellner lymphoma (NK/Ly), grown as solid tumors
687 of myeloid sarcoma. This is a standard model for testing new
688 chemotherapeutics in our laboratories.””” Untreated animals
680 had a half-life of 32 days. For this therapy experiment, we
690 selected the dose of 12 mg/kg for a single injection. The
691 compound was injected ip every second day for 10 times. The
692 treatment did not cause any adverse effects. For example, the
693 animals did not lose weight over 93 days of the experiment
694 (Figure SS9, Supporting Information). Moreover, the internal
695 organs of animals dissected at the end of the experiment did
696 not show any abnormalities (Figure S62, Supporting
697 Information). The resulting Kaplan—Meier (survival) plot is
698 shown in Figure 7A.

699  The mean survival time is statistically significantly increased
700 in the group treated with the FeC as compared to the group,
701 which received only the carrier: from 32 to 75 days (p <
702 0.0001). On day 93, three survived mice in the treated group
703 (27% from the initial number of the animals: 11) were killed
704 and dissected. We detected no signs of tumors, indicating that
705 these animals were completely cured (Figure S62, Supporting
706 Information). This is an exciting result, which we have
707 previously never observed for other Fe-containing drugs.’>*'
708 Due to the excellent performance in the standard tumor model,
709 we have also investigated its effects in the second, more
710 challenging NK/Ly model, in which the cancer cells grow in
711 the abdomen as ascites. This cancer is very aggressive, and
712 untreated animals have a half-life of only 18 days. We were
713 pleased to observe the moderate activity of FeC 2. In
714 particular, treatment with the FeC prolonged the life span of
715 mice from 18 to 22 days (p < 0.05) (Figure 7B). On day 13 of
716 this experiment, we collected ascites from the mice (0.3 mL,
717 lymphoma tumor cells), treated them with TBMS-306" (20
718 nM), a probe sensitive to MMP, and detected their
719 fluorescence by fluorescence microscopy. We observed a
720 strong signal in the control group and practically no signal in
721 the FeC 2-treated group (Figure 7C). In a similar experiment,
722 in which TBMS-306 was replaced with an MMP-independent
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Figure 7. (A) Survival of animals with NK/Ly myeloid sarcoma (A)
and lymphoma (B) in the control (DMSO) and FeC 2-treated
groups. Experimental details are provided in the Supporting
Information. (C) Fluorescent microscopy of NK/Ly lymphoma
cells grown in the abdominal cavity of mice isolated after 13 days of
treatment either with the carrier (DMSO) or FeC 2 and stained with
TBMS-306 (20 nM, 10 min) (4., = 630 nm and A,,, = 720 nm, Chl).
DIC = brightfield images. (D,E) Antitumor (C) and antimetastatic
(D) effects of FeC 2 in a murine Lewis lung carcinoma LLC1 model
were observed on 22 day of the experiment. An unpaired Student’s t-
test was performed for statistical analysis: *—p < 0.0S; **—p < 0.01;
and ns—p > 0.05. (F) Monitoring of the number of white blood cells
(WBC) and neutrophils (PMNs) in blood. The analysis was
conducted on day 7. Paired t-test was conducted between days O
and 7. *: p < 0.05; **: p < 0.01; and ***: p < 0.001. The data for
other blood and BM cells are provided in Figure S53, Supporting
Information.

Mit-probe TBMS-52** (20 nM), no difference between both
groups was observed (Figure S60, Supporting Information).
These data indicate that in vivo, the FeC acts via the reduction
of MMP, whereas the shape and size of Mit are not affected.
Similar effects of the FeC on the MMP of A2780 cells were
also observed in vitro (Figures S25 and S26, Supporting
Information).

On day 23 of the experiment with the myeloid sarcoma
model, one mouse from the control, and one from the treated
groups were killed, and histology of tumor slices was
conducted. We observed an increase in the number of cancer
cells with fragmented nuclei in the treated group, indicating
that the FeC promotes cancer cell apoptosis in vivo (Figure
S61, Supporting Information). As described above, FeC also
induces apoptosis of A2780 and BL-2 cells in vitro (Figures
$51—S57, Supporting Information). Thus, at least two effects
of FeC including the decrease of MMP and cell death via
apoptosis are observed both in vivo and in vitro. These data
may indicate that the modes of action of FeC in vitro and in
vivo are similar. Importantly, we observed that also in this
more challenging NK/Ly model, treatment with FeC 2 does
not induce the loss of animal weight, indicating its good
tolerability (Figure SS9, Supporting Information).

The FeC affects the expression of B-actin and inhibits cell
migration in vitro (Figure S50, Supporting Information).
These preliminary studies justified the evaluation of anti-
metastatic properties of FeC in vivo. We selected murine Lewis
lung carcinoma LLC1 model, in which LLC1 cells grow as a

https://doi.org/10.1021/jacs.3c08827
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08827/suppl_file/ja3c08827_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08827?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

751 primary tumor and form numerous metastases in lungs. The
752 treatment included the i.p. injection of the FeC (48 mg/kg)
753 twice per week for 3 weeks. On the 22nd day, the tumor
754 volume as well as the number and volume of metastases were
7ss evaluated (Figures 7D,E and S63, Supporting Information).
756 We observed significant reduction of volume of the primary
757 tumor (p < 0.001) and the number (p < 0.001) and volume (p
758 < 0.05) of metastases in the treated group as compared to the
759 control group.

760  Finally, we investigated the in vivo toxicity of the FeC
761 toward a range of noncancerous cells at the therapeutically
762 active dose of 12 mg/kg. They included white blood cells
763 (WBC), red blood cells (RBC), platelets, polymorphonuclear
764 neutrophils (PMNs), monocytes (MONO), and lymphocytes
765 (LYM) from blood. We also studied the effect of the FeC on
766 BM cellularity and on the following BM cells: CD45+ cells,
767 PMNs, MONO, B and T cells, LineageNEG Sca-1+ c-Kit+
768 cells, and myeloid progenitors. As a positive control, we
769 applied camptothecin (CPT), which exhibited strong toxicity
770 toward the majority of these cells (Figures 7F and S64,
771 Supporting Information). In contrast, no statistically significant
772 toxicity of FeC was observed (Figures 7F and S64, Supporting
773 Information) that is in agreement with good tolerability of this
774 compound and its inability to generate mROS and NO and
775 induce the ER stress (no sXBP1 upregulation) in representa-
776 tive normal SBLF9 cells as observed in vitro (Figures 6C, $43,
777 845, and S46B, Supporting Information).

—

773 l CONCLUSIONS

779 Known Fe?*-clathrochelates binding UPs (e.g., FeC 1) are not
780 cell membrane permeable and, therefore, do not exhibit
781 anticancer activity. By the variation of their structure, we
782 discovered FeC 2 containing a critical carboxylic acid moiety.
783 Structurally, FeC resembles fullerene C4,. However, in contrast
784 to the latter carbon allotrope, it is more water soluble. The FeC
785 can be considered as an inorganic mimic of Cg, suitable for
786 medicinal applications. The FeC exhibits high to moderate
787 anticancer activity toward a range of cancer cell lines derived
788 from blood (HL-60, BL-2, Jurkat), ovary (A2780), and lungs
789 (SK-MES1, LLC1). Furthermore, its activity is retained in vivo,
790 as confirmed for two Nemeth-Kellner lymphoma models and
791 an LLC1 lung cancer model. In cells, the FeC acts as a
792 monomer rather than an aggregate. It is stable in cells at the
793 shorter incubation time (1 h) but is partially (10%)
794 metabolized to its educt with glutathione at the longer
795 incubation time (24 h). The latter metabolite does not
796 contribute to the anticancer activity since the initial cellular
797 effects of the FeC, including the induction of the ER stress,
798 appear very quickly at <10 min incubation time. The FeC is
799 efliciently uptaken by cancer cells via the active mechanism
goo mediated by clathrin and caveolin. In cells, it first induces the
go1 ER stress due to the accumulation of UPs as evidenced by the
802 activation of the protein ubiquitination pathway, which is
803 reflected in the upregulation of its genes and the increase of the
804 amount of intracellular ubiquitinated proteins. The initial effect
gos on the ER leads later onto the decrease of mitochondrial
806 membrane potential, induction of oxidative stress including the
807 formation of mitochondrial ROS, upregulation of NO as well
808 as growth arrest in the G1 phase, and inhibition of DNA and
809 RNA synthesis. All these factors cause cell apoptosis and
810 partially necrosis. Importantly, in contrast to cancer cells, the
811 FeC does not affect the ROS, NO, and sXBP1 levels in
812 representative noncancerous SBLF9 cells, indicating its cancer

-

—_

cell specificity. We confirmed that at its active dose of 12 mg/ 813
kg, the FeC does not induce any toxic effects on a range of cells 814
in blood (white and red blood cells, platelets, neutrophils, sis
monocytes, and lymphocytes) and bone marrow (CD45+ cells, s16
neutrophils, monocytes, B and T cells, lineageNEG Sca-1+ ¢- 817
Kit+ cells, and myeloid progenitors). Finally, the FeC exhibits sis
significant antimetastatic activity in the LLC1 lung cancer s19
model. These data are in agreement with the FeC-mediated 820
inhibition of f-actin expression and reduction of f-actin levels 821
in cells observed in vitro. 822

In summary, FeC is a metal-containing anticancer agent 823
acting via a novel mechanism based on the intracellular UP s24
amplification in the ER and exhibiting high cancer cell s
specificity and, correspondingly, low toxicity as confirmed in 826

vitro and in vivo. 827
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Introduction

Synthesis and spectral characterization of the first
fluorescein-tagged iron(i) clathrochelates, their
supramolecular interactions with globular proteins,
and cellular uptakef

Roman O. Selin, © 2 Insa Klemt, ©° Viktor Ya. Chernii, & *2

Mykhaylo Yu. Losytskyy, ¢ Svitlana Chernii, & Andrzej Mular, ©¢

Elzbieta Gumienna-Kontecka, ¢ Vladyslava B. Kovalska, &< Yan Z. Voloshin, & ¢f
Anna V. Vologzhanina, © Pavel V. Dorovatovskii ©29 and Andriy Mokhir (2°

A fluorescein-tagged iron(i) cage complex was obtained in a moderate total yield using a two-step synthetic
procedure starting from its propargylamine-containing clathrochelate precursor. An 11-fold decrease in
fluorescence quantum yield is observed in passing from the given fluorescein-based dye to its clathrochelate
derivative. An excitation energy transfer from the terminal fluorescent group of the macrobicyclic molecule to
its quasiaromatic highly mt-conjugated clathrochelate framework can explain this effect. The kinetics of the
hydrolysis of the acetyl groups of acetylated fluorescein azide and its clathrochelate derivative in the presence
of one equivalent of BSA evidenced no strong supramolecular host—guest interactions between BSA and the
tested compounds. Study of a chemical stability of the deacetylated iron(i) clathrochelate suggested the
formation of a supramolecular 1 : 1 BSA—clathrochelate assembly. Moreover, an addition of BSA or HSA to its
solution caused the appearance of strong clathrochelate-based ICD outputs. The fluorescence emission
anisotropy studies also evidenced the supramolecular binding of the fluorescein-tagged iron(i) clathrochelate
to the BSA macromolecule, leading to a high increase in this type of anisotropy. Subcellular uptake of the
fluorescein-tagged molecules was visualized using fluorescence microscopy and showed its distribution to
be mainly in the cytosol without entering the nucleus or accumulating in any other organelle. An X-rayed
crystal of the above propargylamide macrobicyclic precursor with a reactive terminal C=C bond contains the
clathrochelate molecules of two types, A and B. The encapsulated iron(i) ion in these molecules is situated in
the center of its FeNg-coordination polyhedron, the geometry of which is intermediate between a trigonal
prism (TP) and a trigonal antiprism (TAP). The Fe-N distances vary from 1.8754(6) to 1.9286(4) A and the
heights h of their distorted TP—TAP polyhedra are very similar (2.30 and 2.31 A); their values of @ are equal to
25.3 and 26.6°. In this crystal, the molecules of types A and B participate in different types of hydrogen
bonding, giving H-bonded clathrochelate tetramers through their carboxylic and amide groups, respectively;
these tetramers are connected to H-bonded chains.

dimensional cavity of an appropriate macropolycyclic organic
or organoelement ligand. Designed clathrochelates with

Clathrochelates® are an unique class of cage metal complexes,
with their central metal ion(s) encapsulated in the three-
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terminal reactive group(s) or atom(s) in their molecules possess
high flexibility for their easy chemical functionalization in up to
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four directions, using up to eight sites in the case of mono-
nuclear cage metal complexes (Fig. 1). As it can be seen from
Fig. 1, there are six ribbed and two apical potential sites for
transformations which can be directly chemically modified
using a wide range of organic substituents. This opens a path to
different practical applications, including various biological
activities, depending on the nature and geometrical positions of
these substituents in the cage framework. However, for a long
time, the metal complexes of this type were not considered to be
prospective biologically active compounds for modern drug
therapy because of “classic” requirements** for therapeutic
prodrugs, despite the presence of a number of exceptions to
these rules.*” In particular, the designed cage metal complexes
are reported®™ to be low- and sub-micromolar transcription
inhibitors in the transcription systems of T7 RNA and Taq DNA
polymerases; they are also able to quench the protein fluores-
cence of a series of globular proteins.”> An in vitro study*
revealed the high cytotoxicity of an electrophilic iron(u) hexa-
chloroclathrochelate against the human promyelocytic
leukemia cell line; antifibrillogenic activity of the designed
carboxyl-terminated iron(u) mono- and bis-clathrochelates
toward insulin and lysozyme has also been observed.****
Moreover, an ability of the inherently CD-silent iron(u) cla-
throchelates to give a strong CD output (induced CD (ICD)
signals) in the presence of globular proteins was reported'®'” for
the first time. The appearance of highly intense clathrochelate-
localized ICD spectra for a series of iron(u) cage complexes as
macrobicyclic guests upon their supramolecular binding to
bovine and human serum albumins (BSA and HSA) and B-
lactoglobulin (BLG) as the hosts suggests their prospective ICD-
reporter properties for probing the spatial structure of macro-
molecules of a wide range of globular proteins and their
structural alternations. Regardless of obtaining the above
valuable experimental results, the true mechanism of the cyto-
toxicity and other types of biological activity of these cage
complexes remains unknown. Molecular imaging is an efficient
prospective method for the detection of the subcellular

@ Encapsulated metal ion
@ Donor atom
() Capping atom

Q Q
Q09

Functionalizing
substituents

Fig. 1 Functionalization of a mononuclear metal-encapsulating cla-
throchelate framework. The marked symmetry elements appear if the
corresponding functionalizing apical and/or ribbed substituents are
the same groups.
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localization of target molecules."®*® At the same time, a large
variety of prospective optical tags (optically active labeling
substituents or groups) has been extensively elaborated.*
Functionalization of a given clathrochelate molecule with
a fluorescent labelling group can be used to monitor its locali-
zation in cells; it also allows in vivo testing of these cage
complexes for a better understanding of their mode of bioac-
tivity. In this paper, we report an efficient synthetic strategy for
obtaining the first fluorescein-tagged iron(u) clathrochelates,
whose molecules are functionalized with a terminal fluorophore
group, their luminescent properties, and data on their chemical
stability in various media, their interaction with globular
proteins, and the uptake and localization of these cage metal
complexes in cancer cells.

Experimental
Materials and apparatus

The reagent tris((1-benzyl-4-triazolyl)methyl)amine (TBTA), Cul,
lipase, CALB-L (Novozyme), sorbents, organic bases, and
solvents used were obtained commercially. Propargylamide
clathrochelate precursor 2 was prepared as described else-
where.?* Diacetyl N-(4-azobutyl)-fluorescein-5(6)-carboxamide
was obtained using a known synthetic procedure.> Bovine
Serum Albumin (BSA) and human serum albumin (HAS) were
obtained commercially (SAF® and Fisher Bioreagents, respec-
tively). B-Lactoglobulin (BLG), lysozyme (LYZ), human insulin,
trypsin, and analytical grade DMSO were also purchased from
SAF®. 50 mM Tris-HCl aqueous buffer with pH 7.9 was used as
the solvent for all optical studies. All these experiments were
performed in a standard 1 x 1 cm quartz cell.

Analytical data (C, H, N contents) were obtained with a Carlo
Erba model 1106 microanalyzer. High-resolution APPI mass
spectra were obtained using a maXis 4G UHR TOF mass spec-
trometer (Bruker Daltonik).

'H and *C{"H} NMR spectra of the complexes under study
were recorded from their solutions in acetone-dgs and DMSO-dg
with a Bruker Avance 400 spectrometer. The 'H and *C (*H)
NMR measurements were obtained using the residual signals of
these solvents.

CD spectra were recorded on a Jasco J-1500CD spectrometer
in the range 300-600 nm in 0.1 nm steps with a scan of 3001
points; three scans were averaged for each of the ICD spectra in
the visible and near UV ranges. For the latter measurements,
stock 5 mM solutions of compounds 1, 3, 4, and 5 in DMSO and
0.2 mM solutions of BSA, HSA, BLG, and LYZ in 50 mM Tris-HCI
aqueous buffer with pH 7.9 were prepared. Mixtures of 0.8 mL of
this buffer, 0.2 mL of a protein solution, and 4 uL of the stock
solution of a given compound were used for the fluorescence
experiments. Fluorescence excitation, emission, and anisotropy
spectra were measured using a Cary Eclipse fluorescence spec-
trophotometer (Varian, Australia); the coupled UV-vis experi-
ments were performed with a Shimadzu UV-3600 UV-vis-NIR
spectrophotometer. Quantum yields for compounds 4 and 5
were obtained in 50 mM Tris-HCI aqueous buffer with pH 7.9
using a solution of fluorescein in ethanol as the reference flu-
orophoric standard (its quantum yield ¢y, is equal to 0.97). For

© 2021 The Author(s). Published by the Royal Society of Chemistry
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TBTA =

Fig. 2 Elaborated synthetic pathway to obtain a given monoribbed-functionalized iron(i) clathrochelate molecule containing a single terminal

fluorescent group in one of its ribbed substituents.

this purpose, the DMSO stock solutions of clathrochelate 4 and
modified fluorescein 5 were diluted in 50 mM Tris-HCl aqueous
buffer with pH 7.9 to concentrations possessing equal optical
densities at 472 and 490 nm, respectively, to that of fluorescein;
due to the dilution in the above buffer, the quantity of DMSO in
the final solutions was negligibly small. Fluorescence of all the
obtained solutions was excited at the corresponding wave-
lengths (472 nm for complex 4 and fluorescein and 490 nm for
compound 5 and fluorescein) and the area below each of these
spectra (dee for 4 and 5 and Sy, for fluorescein as reference) was
calculated. Then, the fluorescence quantum yields ¢qy. for these
compounds were calculated using the following equation: @gye.
= @pL X (Saye/Srr) X (nHZO/nEtOH)Z, where ny o and ngoy are the
refractive indexes of water and ethanol, respectively.

Study of uptake and subcellular localization of iron(u)
clathrochelate with fluorescent labelling group

Human ovarian cancer A2780 cells (Merck, 93112519), selected
as a representative cancer cell line, were cultured according to
the recommendations of Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen GmbH (DSMZ) in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
10% FBS (fetal bovine serum), 1% r-glutamine and 1%
penicillin/streptomycin (all SAF®). One day before the experi-
ment, A2780 cells were seeded at a concentration of 80 cells per
pL in 500 pL of culture medium on a 35 mm-diameter imaging
dish (p-Dish, high, SAF® GmbH, Germany) and incubated
overnight. The next day, the cells were washed two times with
Dulbecco's Phosphate-Buffered Saline (DPBS) and incubated for
4 h with 9 pM of complex 4 in growth medium containing 5%

Fig. 3 Template synthesis of the boron-capped iron(i) clathrochelates with equivalent apical cross-linking and ribbed chelating fragments.
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Fig. 4 Statistical formation of the constitutional fac- and mer-
isomers of a clathrochelate complex-the derivative of a chelating
ligand's synthon with non-equivalent substituents.

FBS, 1% r-glutamine, 1% penicillin/streptomycin, and 1%
DMSO. Subsequently, the cells were washed two times with
DPBS, then 4 ng mL ™" Hoechst 33342 in culture medium was
added and incubated for 30 min. The cells were washed again
two times with DPBS and images were obtained using a Zeiss
Axio Vert.A1 equipped with two filter sets (excitation/emission
365/445(50) nm for the 49 DAPI channel and excitation/
emission 470(40)/525(50) nm for the 38 blue channel) using
the objective 40%/1.30 and an oil DIC.

Synthesis, analysis and spectral characteristics of the
fluorescein-tagged iron(u) clathrochelates

The general synthetic pathway to obtain the new cage iron(u)
complexes is presented in Fig. 2.
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Complex 1. Clathrochelate precursor 2 (15 mg, 14.7 pmol),
fluorescein azide 3 (8.2 mg, 14.7 pmol), Cul (0.3 mg, 1.47 umol)
and TBTA (0.78 mg, 1.47 umol) were dissolved in acetonitrile
(0.6 mL) under argon, then di-iso-propylethylamine (12.8 uL,
73.57 umol) was added. The reaction mixture was stirred for 4 h
at 60 °C and then 1 M aqueous hydrochloric acid (1 mL) was
added. The obtained solution was extracted with dichloro-
methane (3 mL in three portions). The combined extract was
washed with a brine solution, dried with Na,SO, and separated
using column chromatography on silica gel (eluent: ethyl
acetate-methanol 7 :3 mixture), giving the red solid target
product with Ry = 0.28 after evaporation of the corresponding
major elute. Yield: 7.8 mg (5.0 pmol, 34%). Calc. for C,cHjs,B,-
F,FeN;;0,,S,: C, 57.90; H, 3.65; N, 9.78; S, 4.07. Found (%): C,
57.59; H, 3.69; N, 9.55; S, 3.99. MS APPI (positive range) m/z:
Calcd. for C;6Hs,B,F,FeN;;04,S,: 1575.29, found: 1576.2944 [M
+H']". "H NMR (400 MHz, acetone-dg) 6 0.97 (d, Ji_11; = 6.1 Hz,
6H, CH;), 1.54 (p, ] = 7.1 Hz, 2H, CH,), 1.86 (q, Jiy_'u = 7.3 Hz,
2H, CH,), 3.36 (dt, iy = 7.1, 3.7 Hz, 2H, CH,), 4.32 (t, Jig_1y =
7.0 Hz, 2H, CH,), 4.48 (d, Jyyy = 4.9 Hz, 2H, CH,), 6.86-6.75
(m, 4H, 2H-Ar + H-N), 7.10-7.04 (m, 2H, H-Ar), 7.12 (d, Jiy1py =
8.3 Hz, 2H, H-Ar), 7.31-7.15 (m, 23H, H-Ar), 7.37-7.31 (m, 1H,
H-Ar), 7.75-7.67 (m, 2H, H-Ar), 7.82-7.74 (m, 2H, H-Ar), 8.11 (s,
1H, H-Ar), 8.18 (dd, = 8.0, 1.6 Hz, 1H, H-Ar), 8.39-8.33 (m, 1H,
H-Ar). C{"H} NMR (101 MHz, acetone-d,) 6 20.10, 24.87, 26.37,
27.56, 28.38, 28.57, 28.76, 28.96, 29.15, 29.34, 29.53, 29.70,
39.02, 49.39, 81.33, 110.47, 116.23, 118.40, 123.54, 124.34,
126.61, 128.00, 128.03, 128.30, 129.11, 129.18, 129.28, 130.31,
130.61, 134.70, 135.27, 151.41, 152.70, 154.76, 157.70, 167.78,
168.45, 205.35.

Complex 4. Complex 1 (10 mg, 6.34 pmol) was suspended in
methanol (1 mL), then NaHCO; aqueous solution (25%, 1 mL)
and lipase CALB-L (0.1 mL) were added. The reaction mixture
was stirred for 48 h at 40 °C, then the solid product was filtered
off and recrystallized from methanol. Yield: 6 mg (4.02 umol,
63%). MS APPI (positive range) m/z: Caled. for C;,Hs3B,F;-
FeN;,045S,: 1491.27. Found: 1492.2752 [M + H']". 'H NMR (400
MHz, DMSO-dg) 6 1.48 (dt, Jiy;q = 42.7 and 7.7 Hz, 4H, CH,),
1.98-1.66 (m, 4H, CH,), 3.41-3.16 (m, 4H, CH,), 4.35 (dt, Jiy_i
=29.1 and 7.0 Hz, 4H, CH,), 4.50 (dd, Ji;;_1; = 11.2 and 5.4 Hz,
4H, CH,), 6.57 (tq, iy = 6.0, 3.7 and 2.8 Hz, 10H, H-Ar), 6.70

H
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R F b
\ / /]: 1 F
_B_ N” R? R™_B
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RU N, N R H RLNAN N R
HyCONC-------{-- e e2 -] -CNCHy ———» o2 I
R1 \\\ "IN R R1 \N‘“\ N: /,,,N/ Rz
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F F R! = unreactive substituent F

R? = reactive (functionalizing) substituent

Fig. 5 General synthetic approach for preparation of the monoribbed-functionalized iron(i) clathrochelates.
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Fig. 6 General synthetic pathway to a monocarboxylomonopropargylamine iron(i)-encapsulating clathrochelate precursor.

(t, iy = 2.4 Hz, 4H, H-N), 7.29 (d, i1y = 8.1 Hz, 8H, H-Ar),
7.38 (d, Jips-1ir = 5.3 Hz, 40H, H-Ar), 7.67 (s, 1H, H-Ar), 7.92-7.82
(m, 8H, H-Ar), 7.95 (d, Juy_'y = 2.5 Hz, 2H, H-Ar), 8.00 (d, Jiyy_1y
= 2.4 Hz, 1H, H-Ar), 8.07 (d, Jiy 'y = 8.0 Hz, 1H, H-Ar), 8.16 (d,
Jiuou = 8.1 Hz, 1H, H-Ar), 8.23 (d, Jiy_1y = 8.2 Hz, 1H, H-Ar),
8.45 (s, 1H, H-Ar), 8.70 (t, Jyz1gx = 5.6 Hz, 1H, H-Ar), 8.85 (t,
Jiuu = 5.6 Hz, 1H, H-Ar), 9.07 (dd, /iy = 11.4 and 6.1 Hz, 2H,
H-Ar), 10.16 (d, Jiy_1g = 2.6 Hz, 4H, H-Ar), 13.11 (s, 2H, HOOC).

Single crystal X-ray diffraction experiment

A single crystal of the complex 2-0.75C;H;¢ suitable for the
synchrotron X-ray diffraction experiment was grown from
a chloroform-heptane 1:5 mixture. Intensities of the reflec-
tions for this crystal were collected with the K4.4 Belok

TBTA = Q/\NX\\ J:M,"

&
5.0

? }
GO0 RN
b ('\(Hg

s
" .
N_Z
o

DIPEA = di-iso-propylethylamine

beamline of the Kurchatov Synchrotron Radiation Source (NRC
Kurchatov Institute, Moscow, Russia) at the wavelength of
0.7927 A using a Rayonix CCD 165 detector. Data collection was
performed at the low temperature of 100.0(2) K using an Oxford
CryoJet (Oxford Cryosystems). Image integration was performed
using iMosflm software.”® The integrated intensities were
empirically corrected for absorption using the Scala program.>*
Crystal data for 2-0.75C,H; at 100.0(2) K: Cs, sHys 5B,FoFeN,-
0oS, M = 1098.05, triclinic, space group P1, a = 13.293(3) A, b =
18.175(4) A, ¢ = 22.565(5) A, a = 104.83(3)°, § = 103.52(3)°, v =
90.14(3)°, V= 5113(2) A%, Z = 4, D e = 1.427 g cm >, u = 0.579
mm ', 17347 independent reflections (Rj,, = 0.241), 7195
observed reflections, final convergence factors Ry[I > 24(I)] =
0.096, WR(F*) = 0.227 and GOF = 0.992. The structure was
solved by the direct method and refined by full-matrix least

Cul
TBTA
DIPEA

—_—

CH4CN

R=Ac: complex 1;
R=H: complex 4

Fig. 7 Functionalization of an iron(i)-encapsulating clathrochelate precursor with the single terminal fluorescein group.
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Fig. 8 Chemical transformation of an iron(i) clathrochelate molecule with the single acylated fluorescein group giving its deprotected mac-

robicyclic derivative.

Fig. 9 Chemical drawings of the closed (a) and open (b) tautomeric
forms of the fluorescein molecule.

squares against F°. Non-hydrogen atoms were refined aniso-
tropically; the positions of hydrogen atoms were calculated and
all hydrogen atoms were included in the refinement by the
riding model using Ujso(H) = 1.5Uq(X) for methyl groups and
1.2Uq(X) for the other atoms. The crystal structure was refined
as a twin using HKLF 5 refinement. All calculations were made
using the SHELXL2014 (ref. 25) and OLEX2 (ref. 26) program
packages. CCDC 2041069 contains the ESIf{ crystallographic
data for this paper.

Results and discussion

Synthetic strategy towards the target tagged iron(u) cage
complexes and their preparation

The designed clathrochelate tris-a-dioximate molecules with
reactive inherent or terminal groups or atoms are quasiar-
omatic macropolycyclic systems and, therefore, can be easily
functionalized using the classical methods of modern organic
chemistry." Very few synthetic approaches for obtaining metal
clathrochelates of this type have been developed to date.
Despite the metal-promoted C-C cross- and homo-coupling
reactions of the suitable halogenoclathrochelate precursors
that have been recently developed,®'®*”° only three main
synthetic approaches have been successfully used to date for
effective preparation in a reasonable yield. The first of them is
based on template condensation on a suitable metal ion as
a matrix® (Fig. 3) with a statistical mixture of a given a-dioxime
and an appropriate Lewis acid (in particular, a suitable boronic
acid or its ester). This method, based on direct one-pot
condensation, is reported"*’ to be the most widely used for

8168 | RSC Adv, 2021, 1, 8163-8177

the synthesis of a number of cage metal complexes of this type,
the molecules of which contain equivalent apical cross-linking
and ribbed chelating fragments in their encapsulating macro-
polycyclic ligands. Unfortunately, its use is substantially limited
or even prohibited in the case of the functionalized a-dioximate
ligand's synthons, the additional donor group(s) of which are
able to form strong coordination bond(s) with a templating
metal ion, thus competing with the two N-donor oxime groups
of this synthon and causing a decrease in the yield of the target
clathrochelate complex. Moreover, such uncoordinated oxime
groups are highly reactive towards various ketones, aldehydes,
unsaturated bonds, etc.** As a result, the triribbed-
functionalized metal clathrochelates with equivalent chelate
and apical fragments have been prepared mainly by exploring
the reactivity of their hexahalogenoclathrochelate precursors
(including in metal-catalyzed (promoted) processes) in various
nucleophilic substitution and cross-coupling reactions.™*

Fig. 10 General view of an independent molecule of 2 (type A) in
a representation of its atoms as thermal ellipsoids (p = 50%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Comparison of the molecular conformations of two inde-
pendent molecules of 2 (types A and B); views along their B---Fe---B
pseudoaxes.

From a theoretical point of view, the above direct method
may be also used for the synthesis of cage complexes-the
derivatives of macropolycyclic ligands with non-equivalent
apical and ribbed fragments. Unfortunately, the above
template condensations mainly caused the predominant
formation of the corresponding symmetric cage molecules;
these clathrochelate compounds typically possess a low solu-
bility in the solvents used to perform such one-pot condensa-
tions. Their precipitation resulted in a shift of equilibrium in
these reaction mixtures, thus leading to a formation of the
abovementioned symmetric macrobicyclic by-products. More-
over, in many cases, it is very hard or even impossible to sepa-
rate a mixture of the formed target and side clathrochelate
products, especially if the former complexes are minor products
or are formed only in trace amounts. In the case of the cage
metal complexes-the derivatives of an o-dioximate ligand's
synthon with non-equivalent substituents-the direct template
reaction gives a mixture of two constitutional fac- and mer-
isomers of the target clathrochelate complex, as shown in
Fig. 4.%*° As a result, the statistical synthetic approach has been
successfully implemented®*** only for preparation in a low total
yield of iron(u) clathrochelates with non-equivalent capping
groups using a mixture of the appropriate boronic acids.

To avoid the formation of side products, the template
condensation (cycloaddition) reactions using the initially ob-
tained BF2-cross-linked bis-a-dioximate metal(i) complexes as
the macrocyclic precursors with halogeno-a-dioximes have been
elaborated (Fig. 5).***¢ Unfortunately, there are very limited
examples of chemically stable macrocyclic complexes of the
former type, which do not undergo side symmetrization reac-
tions giving very thermodynamically stable symmetric tris-
dioximate clathrochelate by-products, and which, therefore,
can be used for such a condensation. To date, these cycload-
dition reactions have been exclusively implemented for the
macrocyclic bis-dioximate iron- and cobalt(u)-containing deriv-
atives of a-benzildioxime as an aromatic, structurally rigid and
chemically robust ligand's synthon.
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Fig. 12 Fragment of the H-bonded clathrochelate chains in the X-rayed crystal 2-0.75C,H;¢. The clathrochelate molecules of types A and B are
shown in red and blue colors, respectively; solvent molecules, phenyl rings and all H(C) atoms are omitted for clarity. H-bonded clathrochelate
tetramers, which are formed within the above chains, are marked using the black squares.

The third synthetic method to obtain the target cage
complexes with non-equivalent ribbed chelate fragments is
based on a stepwise nucleophilic substitution of their reactive
halogenoclathrochelate precursors with various S,N,O,S,P-
nucleophiles.****”"*> The nature of the clathrochelate products
of these reactions is described in literature®****** as affected not
only by the nature of a given nucleophilic agent but also those of
the solvent used and of the reaction conditions.

Previously, we obtained* the propargylamide iron(u) cage
complex 2 as a prospective clathrochelate precursor for the

L L

350 400 450 500 550 600
A (nm)
Fig. 13 UV-vis spectra of fluorescein azide 5 (shown in blue), the tag-

less clathrochelate 4 (shown in green) and their equimolar mixture
(shown in orange).
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metal-promoted reactions, the molecule of which contains
a terminal C=C bond. Complex 2 was synthesized using
a combination of template condensation and stepwise nucleo-
philic substitution with an in situ chemical transformation of
the terminal carboxyl group of its macrobicyclic intermediate
(Fig. 6). From a general point of view, it is possible to obtain the
corresponding difunctionalized iron(u) clathrochelate with two
terminal carboxyl groups and then implement its further
modification with a propargylamine group. However, the order
of chemical transformations of a given dichloroclathrochelate
precursor shown in Fig. 6 gave the target macrobicyclic complex
2 in an higher overall yield.

So, the fluorescein-functionalized iron(u) cage complex 4
with a terminal fluorophoric group was obtained from its
propargylamide-containing clathrochelate precursor 2 using
a two-step synthetic procedure shown in Fig. 7. During our
preliminary experiments, we tried to perform a direct reaction
of this macrobicyclic precursor with the appropriate
fluorescein-containing azide component. However, we failed to
obtain the target clathrochelate product 4 in a reasonable yield,
if any, using different reaction conditions (probably because the
presence of hydroxyl groups in this fluorescein-based molecule
prevents a formation of the corresponding intermediate copper
complex, thus inhibiting the target copper-catalyzed “click”-
reaction). Therefore, we initially performed acetylation of the

Table 2 Fluorescence characteristics
measured in two different media

of compounds 4 and 5

Tris-HCI aqueous buffer Methanol

Aex Aem I Aex Aem I
Compound (nm) (nm) (a.u.) (nm) (nm) (a.u.)
4 497 523 368 490 521 57
5 495 522 10181 487 523 1045

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Excitation and fluorescence emission spectra of fluorescein azide 5 (left) and the fluorescein-tagged iron(i) clathrochelate 4 (right)
measured from their solutions in 0.05 M Tris—HCl aqueous buffer with pH 7.9 and in methanol.

hydroxyl groups and the corresponding acetylated fluorescein-
containing clathrochelate intermediate 1 was obtained in
a moderate yield of approximately 30%. The formation of
substantial amounts of by-products in this 1,3-dipolar cyclo-
addition could be caused by partial hydrolysis of the acetyl
groups of its fluorescein-containing azide component under the
reaction conditions used. We tested various synthetic
approaches to deprotect the acetylated hydroxyl groups of 1 to
obtain the target cage complex 4. Their partial hydrolysis, which
easily proceeds under these reaction conditions, also causes
a competing parallel process of the complete destruction of 1.
Indeed, its clathrochelate tris-dioximate framework is chemi-
cally unstable under the “classical” aqueous basic conditions of
a hydrolysis reaction of these groups and undergoes complete
destruction with elimination of the functionalizing fluorescein
group. Such a side process can be easily detected by naked eye
as it causes the appearance of the characteristic green colora-
tion in aqueous basic media. To prevent a complete destruction
of the cage framework of 1, we used, for the first time, enzymatic
hydrolysis with lipase CALB-L as a catalyst, thus giving the
target deacetylated clathrochelate 4 in almost quantitative yield
(Fig. 8).

The obtained complexes were characterized using elemental
analysis, HR-APPI mass spectrometry; UV-vis, fluorescence, and
"H and “C{'H} NMR spectra; and single-crystal X-ray diffraction
(for clathrochelate precursor 2).

Single crystal X-ray structure of a monocarboxyl-containing
clathrochelate precursor with the single terminal reactive
C=C group

We failed to grow single crystals of the new fluorescein-
containing iron(n) cage complexes, but unexpectedly suc-
ceeded in a growing those of their clathrochelate precursor 2

© 2021 The Author(s). Published by the Royal Society of Chemistry

which were suitable for the synchrotron X-ray diffraction (XRD)
experiment. The X-rayed crystal of 2-0.75C,H;¢ contains the
clathrochelate molecules of types A and B; a general view of one
of these molecules is shown in Fig. 10, while the main
geometrical parameters of their cage frameworks, as well as
those of analogous fluoroboron-capped monoribbed-
functionalized arylsulfide iron(u) clathrochelates with known
XRD structures, are listed in Table 1. The encapsulated iron(u)
ion in all these cage molecules is situated in the centre of its
FeNg-coordination polyhedron, the geometry of which is inter-
mediate between a trigonal prism (TP, distortion angle ¢ = 0°)
and a trigonal antiprism (TAP, ¢ = 60°). Fe-N distances in the
macrobicyclic molecules 2 of types A and B vary from 1.8754(6)
to 1.9286(4) A and the heights 4 of their distorted TP-TAP
polyhedra are very similar, equal to 2.30 and 2.31 A, respectively.
The values of their bite (chelate N-Fe-N) angles « are charac-
teristic of the boron-capped aromatic a-dioximate iron(u) cla-
throchelates,** while their values of ¢ are equal to 25.3 and
26.6°, respectively. A comparison of the general views of A and B
is displayed in Fig. 11. Free rotation along their ordinary C-S
bonds without any steric clashes is allowed and their confor-
mations are different mainly in an orientations of the arylsul-
fide ribbed substituents at a cage framework. These
clathrochelate molecules A and B in the X-rayed crystal of
2-0.75C;H;¢ have different types of hydrogen bonding. Two
molecules 2 of type A with an encapsulated Fel ion and two
molecules 2 of type B with a caged Fe2 cation form the H-
bonded clathrochelate tetramers shown in Fig. 12 through
their carboxylic and amide groups, respectively. These tetra-
mers are connected into the H-bonded chains via the N-H:--O
interactions of an amide fragment of the clathrochelate mole-
cule of type A and oxygen atom of a cage framework of the
neighbouring macrobicyclic molecule of type B. As a result, in
the X-rayed crystal 2-0.75C;Hy6, each of the macrobicyclic

RSC Adv, 2021, 11, 8163-8177 | 8171
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Fig. 15 Kinetic UV-vis experiments and the corresponding plots illustrating the supramolecular host—guest binding of fluorescein azide 3 (a) and
clathrochelate complex 1 (b) as the guests to BSA macromolecule as a host.

molecules 2 of type A is connected with four clathrochelate
molecules 2 of type B, and each of the macrobicyclic molecules 2
of type B is H-bonded to four cage molecules 2 of type A.

UV-vis and fluorescence spectra and UV-vis kinetic studies

The presence of highly intense metal-to-ligand charge transfer
(MLCT) Fe d — L7t* bands in the visible range is a characteristic
of the UV-vis spectra of the tris-dioximate iron(u) cla-
throchelates.** The maxima of these bands are affected by the
nature of the o- and m-conjugated substituents in the chelating
ribbed fragments of their quasiaromatic cage frameworks. In
the case of the bis-a-benzildioximate iron(u) clathrochelates,
one absorption band has been observed from 400 to 550 nm
with a maximum at approximately 470 nm."® The presence of
this broad and highly intense asymmetric band may result in

8172 | RSC Adv, 2021, 1, 8163-8177

a substantial decrease in a quantum yield or even in a complete
quenching of the intrinsic fluorescence of the standard
fluorescently active compounds, caused either by an excitation
energy transfer or by reabsorption of their emission in a wide
spectral range. Earlier, we succeeded in the preparation of
a coumarin-functionalized iron(u) clathrochelate; however, it
was found to be a fluorescently silent compound. So, in the
present study, we tested another fluorescently active group,
a fluorescein residue, one of the most common and widely used
fluorophore dyes, for target functionalization of the iron(u)
clathrochelates. This dye is known to possess relatively high
molar extinction (approximately 8.8 x 10* mol ™" L ecm ' at
499 nm in its basic aqueous solution*?), with an excellent fluo-
rescence quantum yield of 0.93 and good water solubility as
well.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For the fluorescein azide 5 and its tagged clathrochelate
derivative 4, the UV-vis absorption and fluorescent spectra were
measured from their 3 uM solutions both in 0.05 M Tris-HCI
aqueous buffer with pH 7.9 and in methanol (Fig. 13); the ob-
tained spectral data are collected in Table 2. Both these fluo-
rescein derivatives were initially isolated in acidic media and,
therefore, their dye fragment adopts its closed form (Fig. 9). As
it can be seen from Fig. 14, compounds 4 and 5 possess
different spectral characteristics in solvents of different polarity
and H-donor ability. In their methanol solutions, a closed form
of this dye fragment persists in both these molecules, while, in
a slightly basic medium of the buffer solution, this labeling
group adopts its open tautomeric form (Fig. 14), which
possesses a higher fluorescence quantum yield. The calculated
quantum yields for 5 and 4 are equal to 0.8 and 0.07, respec-
tively, suggesting an 11-fold decrease in fluorescence quantum
yield from the fluorescein dye 5 to its clathrochelate derivative 4.
This effect can be explained by an excitation energy transfer
from a terminal fluorescein group of labeled molecule 4 to its
quasiaromatic highly w-conjugated clathrochelate framework.

Taking into account the well-known**** esterase-like activity
of serum albumins, we performed a study of kinetics of
a hydrolysis of the acetyl groups of molecules 1 and 3 in the
presence of one equivalent of BSA. Both molecules underwent
this reaction, leading to a transformation of their fluorescein-
containing closed fragment into its opened tautomeric form,
as well as causing an increase in the intensities of their
absorptions. Similar optical outputs were observed for both
compounds 1 and 3 (Fig. 15), thus suggesting the absence of
their (as the guests) strong supramolecular host-guest interac-
tions with the binding centres of BSA macromolecule as a host.
On the other hand, the study of a chemical stability of complex 4
showed an increase in the intensity of its characteristic visible
absorption band over time in the presence of one equivalent of

0,8 1

07 - 240 min

0.6 0 min

T
500
A (nm)
Fig. 16 Changes over time of the solution UV-vis spectrum of

complex 4 in the presence of BSA; 0.05 M Tris—HCl aqueous buffer
with pH 7.9 was used as a solvent.

1
450

400
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BSA (Fig. 16); this spectral effect was not observed in the
absence of this transport protein. Therefore, it could be caused
by formation of a supramolecular BSA-clathrochelate 4
assembly in the Tris-HCI aqueous buffer solution. Due to the
very high halfwidth of the abovementioned visible absorption
band, we were not able to assign the components that appeared
because of the formation of this non-covalent associate. On the
other hand, its dissociation caused an increase in the optical
density of the obtained solution. This also evidenced the
formation of a supramolecular host-guest assembly between
the hosting BSA macromolecule and the clathrochelate guest 4.
Without BSA, no significant change in the measured spectrum
was observed for the same period of time. The UV-vis spectrum
of the solution of complex 4 in 0.05 M Tris—-HCI aqueous buffer
with pH 7.9 was measured after 7 days of being kept at room
temperature and a 3.5% decrease in its maximal adsorption was
observed. We explained this effect by the slow precipitation
(agglomeration) of this complex in the given buffer solution
while retaining its cage structure.

Clathrochelate-based ICD spectra

No signals were observed in the CD spectra of the initial acet-
ylated compounds 1, 3, and 5. On the other hand, because of
a lipase activity of globular proteins, the CD silence of acetylated
complex 1 in the presence of these proteins and the appearance
of CD signals for its deacetylated derivative 4 under the same
reaction conditions suggest their supramolecular binding as
clathrochelate guests to the different binding sites of their
macromolecules. Indeed, in the case of macrobicyclic complex
4, the addition of BSA or HSA caused the appearance of strong
clathrochelate-based ICD outputs with two positive (maxima at
approximately 350 and 520 nm) and one negative (maximum at

T T T 1
450 500 550 600

A (nm)

T T
300 350 400

Fig. 17 CD spectra of the supramolecular assemblies of proteins HSA,
BSA, BLG and LYZ as the hosts with iron(i) clathrochelate 4 as the
guest, measured in 0.05 M Tris—HCl aqueous buffer with pH 7.9 at
25 °C.
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Fig. 18 Fluorescence emission anisotropy spectra of compounds 4
and 5 with excitation at 475 nm alone and those in the presence of
BSA, measured in 50 mM Tris—HCl aqueous buffer with pH 7.9.
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approximately 450 nm) bands possessing various intensities
(Fig. 17). The shapes of these ICD spectra are very similar to
those observed earlier*® for their untagged clathrochelate
analogs. Host-guest binding of molecule 4 to the BLG macro-
molecule caused the appearance of two negative (maxima at
approximately 350 and 520 nm) and one positive (maximum at
approximately 450 nm) bands possessing similar intensities. In
the case of LYZ as a hosting macromolecule, the corresponding
CD spectra were not informative because of the formation of an
insoluble LYZ-clathrochelate 4 supramolecular assembly.

Fluorescence emission anisotropy data

To evaluate additional evidence of the supramolecular binding
of a given guest molecule to the hosting BSA macromolecule, we
performed fluorescence emission anisotropy studies of
compounds 4 and 5 (2 uM) in the absence and presence of BSA
(7.5 uM) in 50 mM Tris-HCl aqueous buffer with pH 7.9, using
an excitation at 475 nm (Fig. 18). As it can be seen from Fig. 18,
the presence of BSA led to a high increase in anisotropy in the

DIC Chl+-Ch2-+-DIC

Fig. 19 Accumulation of fluorescein-tagged iron(i) clathrochelate 4 in A2780 cancer cells. Cells were treated with 4 for 4 h and subsequently
stained with Hoechst 33342. Fluorescence images were taken in addition to brightfield images (DIC). Fluorescence channels: Channel 1 (Chl,

blue), A

ex. 365 NM; Aem: 445/50 nm (detection of Hoechst in nuclei); Channel 2 (Ch2, green):

Aex: 470/40 nm; Aem: 525/50 nm (detection of

compound 4). Images were processed and merged (Chl + Ch2 + DIC) using Imaged.
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cases of both the fluorescein-tagged clathrochelate 4 and the
fluorescein-based compound 5. This suggests that their mole-
cules as the guests form stable supramolecular assemblies with
the BSA macromolecule. The observed decrease in fluorescence
anisotropy for the solutions of 4 and 5 in the presence of BSA at
wavelengths lower than 520 nm can be explained by the greater
contribution of these initial non-bonded molecules (i.e. those
which are not included in the formation of the host-guest
assemblies) to their fluorescence spectra in the corresponding
shorter-wavelength spectral range.

Molecular imagining of fluorescein-tagged iron(u)
clathrochelate in cancer cells

The obtained novel fluorescently active iron(n) clathrochelate 4
was additionally characterized in a cellular context. For this
purpose, A2780 cancer cells were incubated with 4 for 4 h and
their nuclei were stained using Hoechst 33342; the subcellular
localization of this tagged cage complex was visualized using
fluorescence microscopy. Despite the observed fluorescence
quenching behaviour of the quasiaromatic metal cla-
throchelates (see above), a reasonable fluorescent signal of the
fluorescein group of the corresponding functionalized cage
molecule is expected to be detectable because of both its high
quantum yield and its high emission intensity. Indeed, an
intense optical signal was detected for complex 4 in the 38 blue
channel (Fig. 19, shown in green) which is not colocalized with
the corresponding Hoechst signal in the 49 DAPI channel
(Fig. 10, shown in blue). This suggests that fluorescein-tagged
clathrochelate 4 is efficiently taken up by cancer cells, where
it is evenly distributed in the cytosol. This fluorescein-tagged
iron(u) cage complex does not seem to enter the nucleus and
no accumulation in any other organelle is apparent. Unfortu-
nately, no toxicity was observed for tagged clathrochelate 4.

Conclusions

We elaborated an efficient synthetic strategy to obtain the first
fluorescein-tagged iron(u) clathrochelates functionalized with
a terminal fluorophore group and studied their chemical
stability in various media, their self-assembly with globular
proteins, and their localization in cancer cells.

In the X-rayed crystal of clathrochelate precursor 2, mole-
cules of two types, A and B, were found.

It was shown that fluorescein azide and its clathrochelate
derivative possess different spectral characteristics: an 11-fold
decrease in a fluorescence quantum yield is observed between
a given fluorescein-based dye and this macrobicyclic complex.

A study of kinetics of a hydrolysis of the acetyl groups of
acetylated fluorescein azide and its clathrochelate derivative in
the presence of one equivalent of BSA evidenced that there are
no strong supramolecular host-guest interactions between the
BSA macromolecule and these tested compounds. At the same
time, during the study of achemical stability of the deacetylated
clathrochelate, the formation of a supramolecular 1:1 BSA-
clathrochelate assembly was detected. Moreover, the addition of
BSA or HSA to its solution caused the appearance of strong

© 2021 The Author(s). Published by the Royal Society of Chemistry
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clathrochelate-based ICD outputs with two positive and one
negative bands possessing different intensities. The fluores-
cence emission anisotropy studies also evidenced the supra-
molecular binding of fluorescein-tagged iron(u) clathrochelate
to the BSA macromolecule, leading to a high increase in such
anisotropy.

The cellular uptake of the fluorescein-tagged molecules was
visualized using fluorescence microscopy which showed that
the compound was mainly distributed in the cytosol without
entering into the nucleus or accumulating in any other
organelle.

Thus, the designed fluorescently active cage complexes seem
to be prospective molecular probes for studies of subcellular
localization. As a result, the use of the obtained fluorescent
clathrochelates in further experiments can give new insights
into the mechanism of bioactivity of clathrochelate-based drug
candidates, which are promising therapeutically active
compounds to fight viral, neurodegenerative, and cancerous
diseases.
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Cyanine- and Rhodamine-Derived Alkynes for the Selective

Targeting of Cancerous Mitochondria through Radical
Thiol-Yne Coupling in Live Cells

Johannes Kéckenberger®,™ Insa Klemt*,™ Caroline Sauer,” Anton Arkhypov,”
Viktor Reshetnikov,” Andriy Mokhir,*®™ and Markus R. Heinrich**

Abstract: Despite their long history and their synthetic
potential underlined by various recent advances, radical thiol-
yne coupling reactions have so far only rarely been exploited
for the functionalization of biomolecules, and no examples
yet exist for their application in live cells - although natural
thiols show widespread occurrence therein. By taking advant-
age of the particular cellular conditions of mitochondria in
cancer cells, we have demonstrated that radical thiol-yne
coupling represents a powerful reaction principle for the
selective targeting of these organelles. Within our studies,

\

fluorescently labeled reactive alkyne probes were investi-
gated, for which the fluorescent moiety was chosen to enable
both mitochondria accumulation as well as highly sensitive
detection. After preliminary studies under cell-free conditions,
the most promising alkyne-dye conjugates were evaluated in
various cellular experiments comprising analysis by flow
cytometry and microscopy. All in all, these results pave the
way for improved future therapeutic strategies relying on
live-cell compatibility and selectivity among cellular compart-
ments.
)

Introduction

Thiyl radical additions to aryl alkynes have a long history, in
which early studies were mainly focused on stereochemistry."
In addition, various suitable reaction conditions were discov-
ered, among which photoredox catalysis recently became of
major interest” Important synthetic applications comprise
macrocyclizations,® polymerizations,” peptide chemistry>*
and multicomponent reactions,” among others.”’ Although the
high rate constants under which thiyl radicals add to aryl
alkynes are basically advantageous, such reactions are also
considered difficult to control as up to six different adducts can
arise from the radical addition of a thiol to a terminal alkyne.®
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As a result, radical thiol-yne couplings did by far not gain the
same importance as nucleophilic thiol-yne couplings, which are
even categorized as click reactions” This preference for
nucleophilic over radical thiol-yne chemistry is also observed in
synthetic biology and in medicinal applications."”

In related biological settings, activated alkynes show
increased reactivity in nucleophilic conjugate additions of
thiolate anions"®' (Scheme 1A), which has been exploited in
numerous applications such as the development of irreversible
inhibitors for Bruton tyrosine kinase,"'? serine/threonine-protein
kinase Nek2,"® ATPase p97"" and the epidermal growth factor
receptor (EGFR)."”

Non-activated alkynes are considered largely unreactive
towards intermolecular nucleophilic addition of thiols under

A) Nucleophilic addition to activated alkynes targeting...

tyrosine kinase,
R1l\ + Oglryd) —» R1J\/AS/R2 Nek2, p97,
A \/ EGFR

B) Nucleophilic addition to non-activated alkynes

cysteinyl protease

© 2 :

RIS + 9StR?2) —— cathepsin K,

N S¢r2 DHPDHase
C) Radical addition to aryl alkynes (this work)

\/ | /+ eslR?d) — ; | 4 2 cancerous

R AN R1\ g% mitochondria
HAT / \ox.
+H®

Hs£R2) == Os{R?

Scheme 1. Thiol-yne coupling reactions applied in medicinal chemistry and
chemical biology. HAT: hydrogen atom transfer.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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physiological conditions, which makes them useful bioorthogo-
nal handles (Scheme 1B).5®'® Nevertheless, conjugate additions
to such alkynes can be achieved if particular effects such as
proximity driven reactivity,'” activation through allene
isomerization"® or enzyme templated adduct stabilization come
into play.['#>'

Although radical thiol-yne couplings to aryl alkynes (Sche-
me 1C) would be basically suited for biological applications due
to the widespread natural abundance of thiols, the pronounced
bioorthogonal reactivity of alkynes"®* and the mild conditions
required for thiyl radical generation,?” the above-mentioned
negative aspect that product formation is difficult to control
has yet impeded such application in a cellular setting. Only
under cell-free conditions, a radical carbohydrate-alkyne con-
jugation to bioavailable thiols has so far been reported by
Dondoni,”? which nevertheless nicely underlines the bio-
orthogonality of the reaction type.””* The assumption that
poor reaction control may have been a key issue in preventing
applications of radical thiol-yne chemistry in living cells is also
supported by successful examples of thiol-ene reactions,*”
which are less prone to side-product formation.

Against this background and our general interest in trans-
ferring radical reactions to biomimetic conditions and biological
applications™? it was a challenging question how to perform
radical thiol-yne couplings in live cells. If successful, such
reactions would significantly enlarge the yet available toolbox
for medicinal chemistry and chemical biology (Scheme 1) and
pave the way for new bioactive molecules and targeting
principles. Herein, we now show that radical thiol-yne chemistry
can indeed be performed in live cells and that the particular
cellular conditions of cancerous mitochondria offer an excellent
means to achieve target selectivity.

When aiming at radical thiol-yne couplings in live cells, we
chose mitochondria as target organelles for two major reasons.
At first, both the level of reactive oxygen species (ROS) and the
pH are elevated in cancerous mitochondria,””’ which can be
expected to lead to a strongly preferred thiyl radical formation
in this organelle.?"" While the increased pH shifts the acid-base
equilibrium towards the thiolate anions, the elevated ROS level
is likely to promote thiyl radical formation both from the thiol
(by hydrogen atom transfer) and from the thiolate (by
oxidation; Scheme 1C).?" Secondly, and due to their importance
as centers of metabolic activity and their involvement in many
diseases, mitochondria are of increasing interest as potential
target for therapeutics, in particular for cancer treatment. For
targeting mitochondria in a therapeutic manner, different
strategies have already evolved, among which mitochondria-
targeted drug-free agents currently appear as one of the most
promising, as high selectivity may then be achieved at small
concentrations and along with only few side effects.””

By selecting radical thiol-yne coupling as reaction type for
the implementation of this strategy, a noteworthy aspect is in
how far C-S bond formation to mitochondria-abundant,
metabolically critical thiols”® can be achieved in the presence
of the natural thiol glutathione (GSH). GSH can occur in live
cells in concentrations of up to 10 mM, but is most often found
in a lower range of 1-2 mM.?? Notably, cytosolic and mitochon-
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drial (mainly matrix-bound) GSH concentrations do not differ
significantly, which remains true for cancerous mitochondria.*”
Given the particular importance of mitochondrial GSH for
cancer cells, targeting GSH in this particular compartment has
even been proposed as a potential therapeutic strategy for the
treatment of cancer.” In turn, a major preference of an
acetylene warhead for a particular mitochondrial thiol function-
ality, and over GSH, is not required as long as the overall thiol-
yne coupling remains selective for cancerous mitochondria.

To promote spatial selectivity of the thiol-yne coupling for
mitochondria in addition to the above mentioned, favorable
conditions of elevated pH and ROS, the rhodamine-alkyne dye
187 was chosen for the first series of experiments along with
control compound 2 (Scheme 2). Due to their permanent but
delocalized positive charge, rhodamines show pronounced
mitochondria localization,®? and their fluorescent properties
strongly facilitate detection in biological settings by analytical
methods such as microscopy or flow cytometry.

Results and Discussion

Through a row of preliminary reactions, the general ability of
rhodamine-alkyne 1 to undergo radical thiol-yne couplings was
initially confirmed (Scheme 2). Using triethylborane as radical
initiator,®® five vinyl thioethers 3-7 were obtained as mixtures
of cis and trans stereoisomers? thereby demonstrating
tolerance of the reaction towards the thiol component. More-
over, the successful coupling of 1 to N-acetyl cysteine being
performed in aqueous acetonitrile (1:1), provided a particularly
valuable prerequisite regarding the targeting of naturally
abundant thiols in live cells.

Based on these promising initial results, we next expanded
our study to cyanine-3-, cyanine-5-, fluorescein- and doxorubi-
cin-derived fluorescent probes (Figure 1).

As before, control compounds (11, 13, 15, 17 and 20) were
prepared along with the reactive alkyne and alkene probes 8, 9,
10, 12, 14, 16, 18 and 19 (see Experimental Section and
Supporting Information for synthetic procedures and character-
ization). While the cyanine-3-, cyanine-5- and fluorescein-

RSHEtB/ 0,

(CH,Cly) or
(CH3CN/H,0)
r.t.

3:R"=Ph (39%)

4: R" = CH,CH,OH (24%)

5: R' = (CH,)sCO,H (23%)

6: R" = CH,CH,CH,PPh* CI" (26%)
CO,H

7:R'= (37%)

NHAc

Scheme 2. Thiol-yne coupling reactions of rhodamine-alkyne 1 to various
thiols.
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Figure 1. Reactive alkyne and alkene probes 8, 9, 10, 12, 14, 16, 18 and 19
and related control compounds derived from cyanine-3, cyanine-5, fluores-
cein or doxorubicin.

derived probes 8, 9, 10, 12, 14, 16 and 18 were selected due to
their favorable fluorescent properties®” and known accumu-
lation in mitochondria,*® the doxorubicin-derived alkyne 19
was deliberately chosen as a negative control, as doxorubicin
has been shown to be largely unable to enter mitochondria.*”
Within a first series of experiments, the reactivity of the alkyne
and alkene probes 1, 8, 9, 10, 12, 14, 18 and 19 towards thiol-
yne(-ene) coupling was evaluated under oxidative conditions
simulating those in cancerous mitochondria.?'*® Using iron(ll)
sulfate in the presence of hydrogen peroxide for the generation
of reactive oxygen species (ROS) at pH 8, the coupling of GSH
to the individual probes was monitored by LC-MS (Table 1).

Validation of the overall method was achieved by compar-
ing the thiol-yne adduct formation from 1 (Table 1, entry 1)
with an authentic sample, which had earlier been obtained by
the reaction of rhodamine-alkyne 1 and GSH under the
alternative conditions shown in Scheme 2.

While the probes 8, 9, 12, 18 and 19 provided the respective
glutathione conjugates 8-SG, 9-SG, 12-SG, 18-SG and 19-SG in
basically useful reactant-to-product ratios, the rhodamine-, the
alkyl alkyne and the cyanine-5-derived probes 1, 10 and 14 led
to only low amounts or traces of the expected conjugates. In
particular, the row of cyanine-3-derived probes 8, 9 and 10

Chem. Eur. J. 2023, 29, e202301340 (3 of 12)

nicely reflects the expected reactivity towards thiyl radicals with
the phenyl alkene 9 being the most reactive and the alkyl
alkyne 10 being the least.”” Notably, and due to the occurrence
of a benzyl radical intermediate, the coupling of 9 provides a
hydroperoxide 9-SG, thereby strongly supporting the overall
radical mechanism.

Regarding probe 14, a conjugate 14-SG* with a slightly
lower mass (M-2) was observed as major product. At first, and
based on literature,”” we reasoned that the glutathione thiyl
radical attack had occurred on the polymethine system of the
cyanine-5 probe 14 followed by oxidation. As control experi-
ments with the alkyne-free cyanine dyes 11, 13 and 15 did not
show any conjugation under identical conditions, thus proving
that the alkyne moiety is required for the coupling of these
probes, a thiyl radical attack on the polymethine system of 14
and 15 could be excluded. Consequently, we now assume that
the thiyl radical addition to the aryl alkyne subunit of 15 is not -
as otherwise typical - followed by hydrogen atom transfer to
provide a vinyl thioether, but by a further attack of the reactive
vinyl radical intermediate on the proximate cyanine-5 poly-
methine system.

Further control reactions with the alkyne probes 1, 8, 12
and 14, GSH and iron(ll) sulfate, but in the absence of H,0, did
not lead to conjugate formation. This again supports the
assumed radical mechanism for the thiol-yne coupling, which
requires ROS for thiyl radical formation, and excludes an
alternative nucleophilic Michael addition pathway.”’ Notably,
and due to strongly reduced solubility in the presence of iron(ll)
ions, all experiments with doxorubicin alkyne 19 and its control
compound 20 had to be performed under alternative con-
ditions employing UV irradiation and DMPA as radical initiator.
In the absence of light irradiation, alkyne probe 19 was also
unreactive towards GSH, which similarly excluded the Michael
addition pathway.

In the next step to approach more cell-like settings, we
evaluated the reactivity of the alkene and alkyne probes 8, 9,
10, 14 and 18 towards the cysteine-containing proteins bovine
serum albumin (BSA) and p-lactoglobulin (LG; Figure 2A).

Analysis of the reactions by SDS-PAGE and fluorescence
imaging showed that no coupling occurs in the absence of
H,0, (lane 1) and for control compounds 11 and 15 (lanes 3, 5
and 9), which again supports the radical mechanism. In
contrast, if thiyl radicals are generated, covalent binding of all
alkyne-containing probes occurred. No remarkable difference in
coupling could be observed among the phenyl alkyne probes 8,
14 and 18 derived from cyanine-3, cyanine-5 and fluorescein,
respectively (lanes 2, 4, 6, 8), and not even among the probes 8,
9 and 10 (lanes 2, 7, 10), which had earlier given divergent
results when coupled to GSH (Table 1). Encouraged by the
successful thiol-yne coupling of various dyes to proteins under
cell-like conditions, we then moved to in vitro studies in cancer
cells. To determine the relative degree of in-cell conjugation,
cancerous A2780 cells were incubated with the cyanine-3
derived probes 8-10 and their related control compound 11
and analyzed by flow cytometry. In addition, cells were treated
in the same way followed by treatment with methanol (at
—20°C) to fix the cells and permeabilize their membranes.
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Table 1. Thiol-yne coupling under oxidative conditions simulating cancerous mitochondria.

R R
U J
X \\ X = $c
FeSO4 (1.0 mM
1,8,12,14,18,19 H202?1(0_0 mM)) 1-5G-19-SG
or Tris (pH = 8), DTPA (20.0 mM) or
5% aq. DMSO, 10 min, r.t.
1,8,9,10,12,14 and 18
R'@\/ ¢ (opn (OARAEEIR. $6
(0.2mM)  DMPA (0.2mM), hv (365 nm) OOH
9 (H20/DMSO, 5:4), 10 min, r.t. 9-SG
(for 19)
or or
R R’L\W
\—: \ 4G
10 10-SG
(0.1 mM)
Probe Reactant/product ratio® Detected mass (m/z)®
1 1 94/6 359.64 [1-SG +H]**,
71823 [1-5G]*
2 8 75/25 474.87 [8-SG+H]*"
3 9 28/72 491.85 [9-SG +H]*,
982.41 [9-SG] ',
4 10 98/2 417.28 [10-SG + HJ*%,
833.26 [10-SG] ©
5 12 54/46 377.70 [12-SG + HI*",
755.38 [12-SG]*
6 14 n.d. (traces) 487.91 [14-SG+H]*",
486.82 [14-SG* 4+ H]**
7 18 83/17 332.56 [18-SG + HI*",
664.16 [18-SG] ©
8 19 51/49 979.33 [19-SG+H] "

[a] Reactant-to-product ratios determined by LC-MS analysis based on the integration of corresponding peaks at =550 nm (for 1, 8,9, 10 and 12), at 1=
650 nm (for 14), A=450 nm (for 18) and A =480 nm (for 19). [b] LC-MS analysis in the Supporting Information.
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Figure 2. A) BSA or LG (5 mgmL™") incubated with the indicated dyes

(10 uM) in the presence or absence of H,0, (10 mM). Overlay of Images after
SDS-PAGE: iBright FL1000 A.,=455-485 nm, A.,,=510-555 nm (for 18),
Aex=515-545 nm, A, =568-617 nm (for 8, 9, 10, 11) and 1,,=608-632 nm,
Aem=675-720 nm (for 14, 15). B) Fluorescence of cyanine-3 derived dyes (8,
9, 10, 11) detected in A2780 cells before (see the Supporting Information)
and after MeOH washing using flow cytometry (1., =488 nm, 4., =543-
627 nm). A Student’s t-test was performed in GraphPad Prism (ns: p > 0.05,
*p <0.05, **p<0.01, ***p <0.001; n=3).

Under these conditions small molecules (unreacted dye) are
washed away. Subsequent flow cytometry measurements
allowed the quantification of covalently bound dye and thus of
the efficiency of thiol-yne coupling (Figure 2B). In these
advanced experiments, the phenyl alkyne 8 and the phenyl
alkene 9 again revealed their superiority as both probes
displayed the most distinct covalent binding. As phenyl alkynes

Chem. Eur. J. 2023, 29, €202301340 (4 of 12)

are, however, known for more suitable bioorthogonal properties
than phenyl alkenes,®™'**"" we decided to focus on phenyl
alkynes from now on.

Having shown that covalent binding of the phenyl alkyne
probe 8 in cancerous cells is feasible, it remained to be
established whether - and as initially intended - mitochondria
indeed play a key role in this covalent fixation. First insights
into the cellular distribution were obtained by MeOH-washing
experiments (as described above) combined with confocal
microscopy (Figure 3). These experiments included the phenyl
alkyne-derived probes 1, 8, 12, 14 and 16, whereat the
diacetylated fluorescein 16 was now chosen due to assumingly
facilitated cellular uptake.

Among these probes, only the cyanine-5 derivative 14 failed
to give significant covalent binding, which coincides with the
uncommon behavior under cell-free conditions (Table 1).
Accordingly, thiol-yne coupling can as well take place for alkyne
probe 14 (Figure 2A), but a probably less stable conjugate (c.f.
mass difference) is then formed. In addition, the particular
conditions of cancerous mitochondria as well as blinking or
quenching effects of reactive thiol groups attached to cyanine-5
derivatives have been reported.“** Overlay images with bright-
field images are included in the Supporting Information.
Importantly, control compounds 2, 11, 13, 15 and 17 only gave
minor background signals after the washing step.

To obtain further evidence for the key role of mitochondria,
doxorubicin and its derivatives 19 and 20 were evaluated with
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Figure 3. Confocal images (channel 2: 4,,: 488 nm; A,,,,: 525/50 (for 16, 17); channel 3: A,,: 561 nm; A.,,: 595/50 (for 1, 2, 8, 11, 12, 13); channel 4: 1,,: 638 nm;
Aem: 690/50 (for 14, 15)) of cancerous A2780 cells previously incubated with reactive alkynyl probes 1, 8, 12, 14, 16, or control compounds 2, 11, 13, 15, 17

after fixation and washing with MeOH for 30 min at —20°C.

regard to cellular uptake using the established incubation-
fixation-washing sequence. As shown in Figure 4, doxorubicin,
the alkyne probe 19 and the control compound 20 were all
able to enter cancerous A2780 cells, but remained fully
washable after cell fixation. As the doxorubicin probe 19
however exhibits comparable reactivity towards thiols in cell-
free settings as the non-washable cyanine- or rhodamine-
derived probes (Table 1 and Figure 3), this strongly indicates
that 19 was unable to reach a cellular compartment suitable for
thiol-yne coupling.®

That this cellular compartment, which could not be reached
by 19 but by the TAMRA-derived probe 1, the cyanine-3-derived
probes 8 and 12 and by the fluorescein-derived probe 16 is
indeed the mitochondrion, was then further confirmed by
colocalization experiments (Figure 5). As a reference compound,
for which mitochondria-localization was validated with Mito-
Tracker™ Green FM (see the Supporting Information), the
cyanine-5-derived, alkyne-free probe 15 was used.

As summarized in Figure 5, the reactive alkyne probes 1, 8
and 16 display a similar spatial distribution as reference 15, and
can thus be considered to accumulate in mitochondria. The

doxorubicin

before

after

Figure 4. Non-confocal images of cancerous A2780 cells previously incu-
bated with doxorubicin-alkynyl probes 19, control compounds 20 or
unmodified doxorubicin, with and without washing with MeOH and PBS.

Chem. Eur. J. 2023, 29, e202301340 (5 of 12)

doxorubicin alkyne 19, on the other hand, showed a signifi-
cantly divergent distribution, which is in agreement with the
known reluctance of doxorubicin to enter mitochondria.®”
These results, in combination with the washing experiments
conducted with doxorubicin-alkyne 19 (Figure 4), strongly
support the assumption that mitochondria localization in
combination with the favorable conditions being present in
cancerous mitochondria (elevated pH and ROS) are the key
factors enabling covalent fixation of the alkyne probes 1, 8 and
16 by radical thiol-yne coupling.

To additionally confirm covalent binding of the alkyne
probes to cellular proteins in mitochondria, isolated mitochon-
dria from pre-treated A2780 cells were analyzed by SDS-PAGE
(Figure 6A). In comparison with the alkyne-free probe 11,
covalent binding of the reactive probe 8 to a range of
mitochondrial proteins could be unambiguously detected.

As mitochondria are of increasing interest as potential
target for therapeutics, in particular for cancer treatment,”” we
evaluated the impact of radical thiol-yne coupling of probe 8
on the cell viability of A2780 cancer cells (Figure 6B). The alkyne
probe 8 indeed displayed enhanced toxicity with an ICs, value
2.5 times lower than the alkyne-free control compound 11 (ICs,
of 8=87+08puM vs. IC;, of 11=21.5+£27uM after 4h
incubation), which can - based on the previous results - be
attributed to covalent binding to mitochondria-abundant,
metabolically critical thiols.

Finally, and to get insights into the covalent binding of the
reactive probes in different cancer cells, the three cancerous
cell lines Du145, A2780 and BL2 were evaluated in comparison
to the noncancerous cell line SBLF9 using flow cytometry
(Figure 7A, B). In the larger Du145 and SBLF9 cells, a slight
difference in uptake between probe 8 and control 11 was
detectable, whereas the smaller cells (A2780 and BL2) showed
no significant difference (Figure 7A). After methanol washing,
all cancer cell lines display a significantly higher fluorescence
when previously treated with 8 than with 11 (Figure 7B). In
contrast, no significant difference in fluorescence read-out was
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19 + 15

DIC Ch3/Ch2 + Ch4 colocalization

Figure 5. Colocalization experiments in cancerous A2780 cells using the alkyne probes 1, 8 (channel 3: Ch3=1,,: 561 nm; 4.,: 595/50), 16 (channel 2: 1.,
488 nm; A, 525/50) and 19 (channel 2: Ch2=A4,,: 488 nm; A..,: 595/50; 10 uM, 2 h incubation) and the mitochondrion-accumulating reference compound 15
(channel 4: Ch4=1,,: 638 nm; A,: 690/50; 1 uM, 15 min). Colocalization and Pearson coefficient calculated in imageJ (diagram and coefficient shown on the
right). For controls of single dye staining and colocalization of 15 with MitoTracker Green FM, see the Supporting Information.
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Figure 6. A) SDS-PAGE analysis of isolated mitochondria of A2780 cells
previously incubated with reactive alkynyl probe 8 or control compound 11
and protein standard (std) after washing with PBS. Fluorescent image
(Aex=515-545 nm, A, =568-617 nm) and image of subsequent Coomassie
staining are shown. B) Relative cell viability of an A2780 cell line incubated
with various concentrations of the cyanine-3-derived alkyne probe 8
(IC5p=8.7+0.8 uM) or 11 (IC5,=21.5+2.7 uM) for 4 h. Viability measured by
using MTT and UV/Vis detection. Three independent experiments were each
performed in triplicate.

detectable in the non-cancerous SBLF9 fibroblasts despite the
initial difference before MeOH washing.

As shown in Figure 7C, the preferred covalent binding of
probe 8 to cancerous cells nicely corresponds to the degree of

Chem. Eur. J. 2023, 29, e202301340 (6 of 12)

mitochondrial ROS concentration, which is - as expected -
substantially higher in cancer cells than in SBLF9 as determined
by MitoSox™ staining. Besides being a further proof for an
underlying radical thiol-yne coupling mechanism, this result
demonstrates a more general ROS-based cancer selectivity.

Conclusion

In conclusion, we have shown that radical thiol-yne coupling
reactions, which have so far not been applied in live-cell
chemistry, can provide the basis for a novel strategy to induce
selective dysfunction of mitochondria in cancer cells. Our
approach relies on the combination of two major principles,
that are, compound-directed accumulation in mitochondria and
stimuli responsive reactivity. In particular, structural units such
as cyanines enable mitochondrial accumulation of an attached
aryl alkyne probe, in which thiol-yne coupling to naturally
abundant thiols is then favored by ROS and pH levels being
particularly elevated in cancerous mitochondria. Cell experi-
ments show the covalent fixation of the alkyne probes, and a
preference of this fixation towards cancerous cells was
observed. Furthermore, mitochondria targeting was confirmed
by colocalization studies, and higher cytotoxicity of an alkyne
probe compared to its reference was determined. Ongoing
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Figure 7. Fluorescence of probe 8 and control compound 11 detected in various cell lines A) before and B) after washing with MeOH using flow cytometry
(Aex =488 Nnm A, =543-627 nm). A Student’s t-test was performed in GraphPad Prism (ns: p >0.05, *p < 0.05, **p <0.01, ***p < 0.001; n=3). C) Relative
mitochondrial ROS concentrations in Du145, A2780, BL2 and SBLF9 cells as determined by MitoSox activation (red signal, A, =545/25 nm; A.,, =605/70 nm).
Cells were co-incubated with Hoechst 33342 (blue signal, A.,,=365 nm; 4., =445/50 nm). Images taken with Zeiss Observer with the 40x/1.30 Oil DIC

objective. Due to their very high signal, BL2 images were edited differently.

research is now directed towards the development of further
mitochondrion-directed aryl alkyne probes and the precise
elucidation of the mitochondrion-abundant thiols that are
targeted by the radical thiol-yne chemistry.

Experimental Section

Materials and methods: Solvents and reagents are obtained from
commercial sources and used as received. '"H NMR and ">C NMR
spectra are recorded on Bruker Avance 600 ('H: 600 MHz 'C:
151 MHz), and Bruker Avance 400 ('H: 400 MHz or 600 MHz; *C:
101 MHz) spectrometers. For 'H NMR spectra, CDCl; is used as
solvent referenced to tetramethylsilane (TMS, 0 ppm): CDCl,
(7.26 ppm), (CD,),SO (2.50 ppm), and CD;0D (3.31 ppm). Chemical
shifts are reported in parts per million (ppm). Coupling constants
are in Hertz (Hz). The following abbreviations are used for the
description of signals: s (singlet), d (doublet), t (triplet), g (quartet),
m (multiplet), and bs (broad singlet). >C NMR or DEPTQ spectra are
recorded in CDCl; using CHCl; (77.2 ppm) and in (CD,),SO using
(CD,)(CD,H)SO  (39.52 ppm) as standard, respectively. Chemical
shifts are given in parts per million (ppm). Mass spectra are
recorded using electron spray ionization (ESI) and atmospheric
pressure photoionization (APPI) and a TOF-mass analyzer for HRMS
measurements. Analytical thin-layer chromatography (TLC) is
carried out on Merck silica gel plates using short-wave (254 nm) UV
light to visualize components. Silica gel (Kieselgel 60, 40 —63 mm,
Merck) is used for flash column chromatography. The purity of the
substances was determined using an analytical HPLC: System A:
Waters analytical system equipped with either A1: Waters XBridge
C,g analytical column, 4.6 mm x50 mm, 3.5 um, or A2: Phenomenex
Gemini® 5 um NX—C18, 50x2 mm LC column, a DAD detector for
UV Vis detection and an ESI quadrupole mass detector. Flow rate:
0.5 mLmin™", Eluent: CH;CN in H,0+0.1% HCO,H (0 — 15 min 10—
90%, 15—20min 90%). The purity of all biologically tested

Chem. Eur. J. 2023, 29, €202301340 (7 of 12)

compounds 1, 2 and 8-15 was determined as >95%. System B:
Agilent 1100 Preparative Series which is equipped with a VWD
detector with wavelengths of A =230 nm, 254 nm and 550 nm. B1:
Column from Macherey-Nagel Varioprep VP 250/32 Nucleodur C,g
HTec with 5 um particles [C,s] with a flow rate of 32 mLmin~" was
applied. B2: Phenomenex Gemini® 5 um NX-C18, 100x21.2 mm LC-
Column with a flow rate 30.0 mLmin~' was applied. System C:
Phenomenex Gemini® 5 um NX-C18, 250x46 mm LC column, flow
rate: 2.0 mLmin~', DAD detector. Diacetyl fluorescein 17 was
purchased from Sigma Aldrich and used without further purification
or chemical analysis.

For the characterization of the coupling products 3-7, as well as
spectra of all compounds see the Supporting Information.

Synthesis and characterization of reactive alkyne probes 1, 8,
9,10,12,14, 16,18, 19

5-Ethynyltetramethylrhodamine (1): 5-Ethynyltetramethyl-rhodamine
(1) was synthesized as reported in literature.®" Briefly, TMS-
protected 5-ethynyltetramethyl-rhodamine (358 mg, 0.74 mmol)
was dissolved in methanol (40 mL) and potassium carbonate
(460 mg, 3.33 mmol) was added. The reaction was monitored by
LC-MS. After stirring at room temperature for 3 h, the solvent was
removed under reduced pressure and the crude product was
purified by column chromatography (CH,Cl,/MeOH 10:1—5:1) to
yield 1 (191 mg, 0.47 mmol, 64%) as a purple solid. R: 0.4 (CH,Cl,/
MeOH 7:1) [UV]. "H NMR (400 MHz, CD,0D): 6=3.23 (s, 12H), 3.75
(s, TH), 6.83 (g, J=2.7, 2.3 Hz, 2H), 6.97 (dt, J=9.5, 2.3 Hz, 2H), 7.21-
7.27 (m, 3H), 7.69 (dd, J=7.8, 1.7 Hz, 1H), 8.19 ppm (d, J=1.7 Hz,
TH).®*C NMR (151 MHz, CD,0OD): 6=40.8, 80.7, 83.4, 97.4, 114.9,
115.0, 125.4, 130.8, 132.6, 133.8, 134.2, 134.4, 141.7, 158.6, 159.0,
162.1, 172.0. HRMS (ESI) calcd. for CyeH,,N,05: 411.1703 [M+H]*;
found: 411.1701.

1-(6-((3-(3-Ethynylbenzamido)propyl)amino)-6-oxohexyl)-3,3-dimethyl-
2-((E)-3-((E)-1,3,3-trimethylindolin-2-ylidene)prop- 1-en-1-yl)-3H-indol-
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1-ium chloride (Cy3-alkyne; 8): To a solution of Cy3-COOH (100 mg,
0.22 mmol) in dry DMF (2 mL) and dry THF (2 mL), DIPEA (77.0 pL,
0.45 mmol, 2.1 equiv.) and N,N'-disuccinimidyl carbonate (67.5 mg,
0.26 mmol, 1.2 equiv.) were added, and the mixture was stirred at rt
for 2.5 h under argon in the dark. The progress was monitored by
LC-MS and TLC. Upon full conversion of Cy3-COOH to Cy3-NHS, a
solution of amine 21 (58.5 mg, 0.29 mmol, 1.3 equiv.) in dry DMF
(1.5 mL) was added dropwise and the reaction was stirred overnight
at room temperature, under argon, and in the dark. Upon
completion, the reaction mixture was diluted with CH,Cl, (100 mL).
The resulting solution was successively washed with ag. HCI (1 m,
2x100 mL), H,0 (1x100 mL) and brine (3x100 mL), dried over
Na,SO, and the solvent was removed under reduced pressure.
Purification of the crude product by flash column chromatography
(CH,Cl,/MeOH 0—1—2—5—7—10—15% MeOH) gave the title
compound 8 (Cy3-alkyne) (93.0 mg, 0.14 mmol, 63% yield) as a
dark red solid. Rz 0.7 (CH,Cl,/MeOH 10:1) [UV]. 'H NMR (400 MHz,
CDCly): 6=1.60 (p, J=7.2 Hz, 2H), 1.70 (s, 6H), 1.71 (s, 6H), 1.75-1.98
(m, 6H), 2.54 (t, J=7.2 Hz, 2H), 3.03 (s, 1H), 3.36-3.44 (m, 2H), 3.51
(p, J=6.7, 6.3 Hz, 2H), 3.61 (s, 3H), 4.09 (t, J=7.8 Hz, 2H), 6.97 (d, /=
13.4 Hz, 1H), 7.03 (dt, /=8.0, 0.8 Hz, TH), 7.10 (d, J/=7.9 Hz, TH), 7.19
(d, J=13.4Hz, 1H), 7.21-7.31 (m, 2H), 7.31-7.44 (m, 5H), 7.50 (dt,
J=7.7, 14 Hz, 1H), 8.09-8.20 (m, 2H), 8.40 (t, J/=13.4 Hz, 1H), 8.96
(s, TH), 9.45 ppm (s, TH). DEPTQ (101 MHz, CDCl,): 6 =25.3, 26.3,
26.8, 28.2 (2xCH,), 28.3 (2xCHj;), 284, 32.0, 36.0, 36.1, 36.4, 44.7,
49.1, 49.2, 53.6, 77.8, 100.1, 104.1, 105.0, 111.0, 111.1, 122.1, 122.3,
125.6, 128.1, 1284, 129.1, 129.2, 131.7, 134.4, 135.2, 140.5, 140.6,
141.9, 142.6, 151.0, 166.4, 173.9, 174.6, 174.9 ppm. One signal
missing. HRMS (ESI) calcd. for Cy,H,N,O,: 641.3850 [M]*; found:
641.3848.

3,3-Dimethyl-1-(6-ox0-6-((3-(3-vinylbenzamido)propyl)amino)-hexyl)-2-
((E)-3-((E)-1,3,3-trimethylindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-
ium chloride (Cy3-alkene; 9): To a solution of Cy3-NHS (30.0 mg,
0.05 mmol) in dry DMF (3 mL), DIPEA (41.4 uL, 0.15 mmol, 3 equiv.)
the amine 23 (25.0 mg, 0.12 mmol, 1.5 equiv.) was added. The
reaction mixture was stirred overnight at room temperature under
argon in the dark. Upon completion, the reaction mixture was
diluted with CHCl; (50 mL). The resulting solution was successively
washed with aq. HCl (1 m, 2x 50 mL), H,0 (1 x50 mL) and brine (3 x
50 mL), dried over Na,SO, and the solvent was removed under
reduced pressure. Purification of the crude product by flash column
chromatography (CH,Cl,/MeOH 0—2—4—6—10—20% MeOH)
gave the title compound 9 (Cy3-alkene; 22.2 mg, 32.2 umol, 64%
yield) as a dark red solid. Rz 0.7 (CH,Cl,/MeOH 10:1) [UV]. 'H NMR
(400 MHz, CD,0D): 6 =1.44-1.55 (m, 2H), 1.68-1.79 (m, 16H), 1.86
(p, J=7.7 Hz, 2H), 2.24 (t, J=7.7 Hz, 2H), 3.25 (t, J=6.8 Hz, 2H), 3.40
(t, J=6.8 Hz, 2H), 3.64 (s, 3H), 4.16 (t, J=7.7 Hz, 2H), 5.30 (dd, J=
11.0, 0.9 Hz, 1H), 5.86 (dd, J=17.6, 0.9 Hz, 1H), 6.43 (dd, /=148,
13.5 Hz, 2H), 6.77 (dd, J=17.6, 11.0 Hz, 1H), 7.26-7.48 (m, 7H), 7.53
(ddt, J=7.4, 1.5, 0.6 Hz, 2H), 7.58 (dt, J=7.7, 1.5 Hz, 1H), 7.70 (ddd,
J=7.7,19, 1.1 Hz, 1H), 7.89 (t, J=1.9 Hz, 1H), 8.39 (s, 1H), 8.53 ppm
(t, J=13.5Hz, 1H). DEPTQ (151 MHz, CD;0OD): 6 =26.5, 27.3, 28.2
(2xCH,), 28.2, 28.3 (2xCH,), 30.3, 31.7, 36.8, 37.8, 38.3, 45.1, 50.6,
50.6, 103.6, 103.7, 112.3, 112.5, 115.5, 1234, 123.5, 126.0, 126.7,
126.8, 127.5, 129.9, 129.9, 130.0, 130.3, 136.0, 137.4, 139.4, 142.1,
142.2, 1434, 144.0, 152.1, 168.2, 170.0, 176.0, 176.0, 176.6 ppm.
HRMS (ESI) calcd. for C,,Hs;N,O,: 643.4007 [M]*; found: 643.40009.

3,3-Dimethyl-1-(6-ox0-6-(prop-2-yn-1-ylamino)hexyl)-2-((E)-3-((E)-1,3,3-
trimethylindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium chloride
(Cy3-alkyl-alkyne; 10): To a solution of Cy3-NHS (40.0 mg,
0.07 mmol) in dry DMF (4 mL), DIPEA (35.7 pL, 0.21 mmol, 3 equiv.)
propargylamine (6.51 uL, 0.10 mmol, 1.5 equiv.) was added. The
reaction mixture was stirred overnight at room temperature under
argon in the dark. Upon completion, the reaction mixture was
diluted with CHCI; (50 mL). The resulting solution was successively
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washed with ag. HCl (1 M, 2x50 mL), H,0 (1 x50 mL) and brine (3 x
50 mL), dried over Na,SO, and the solvent was removed under
reduced pressure. Purification of the crude product by flash column
chromatography (CH,Cl,/MeOH 0—2—4—6—10—20% MeOH)
gave the title compound 10 (Cy3-alkyl-alkyne) (31.2 mg, 58.9 pmol,
87% yield) as a dark red solid. R: 0.7 (CH,Cl,/MeOH 10:1) [UV].
'HNMR (400 MHz, [DJDMSO): 6=1.39 (p, J=8.3 Hz, 2H), 1.57 (p,
J=7.4Hz, 2H), 1.65-1.77 (m, 14H), 2.10 (t, J/=7.4 Hz, 2H), 3.08 (t, J=
2.5Hz, 1H), 3.66 (s, 3H), 3.82 (dd, J=5.5, 2.5 Hz, 2H), 4.10 (t, J=
7.6 Hz, 2H), 6.49 (d, J=13.5 Hz, 2H), 7.25-7.36 (m, 2H), 7.39-7.51 (m,
4H), 7.64 (dt, J=7.1, 1.4 Hz, 2H), 8.26-8.40 ppm (m, 2H). DEPTQ
(101 MHz, [Dg]DMSO): 6 =24.8, 25.8, 26.8, 27.3 (2xCH,), 27.5 (2%
CH,), 27.7, 31.4, 34.8, 43.7,48.9, 72.9, 81.3, 102.4, 103.0, 111.5, 111.6,
122.4, 1226, 125.1, 125.3, 128.6, 128.7, 140.6 (2xC,), 141.9, 1427,
149.7, 171.7, 173.6, 1745 ppm. One signal missing. HRMS (ESI)
caled. for C33HoN;0: 494.3166 [M]*; found: 494.3170.

Cy3B-alkyne (12): Cy3B-alkyne (12) was synthesized according to
literature.* R: 0.4 (CH,Cl,/MeOH 8:1) [UV]. 'HNMR (400 MHz,
CD,0D): 6=1.59-1.73 (m, 1H), 1.76-1.78 (m, 12H), 1.96-2.11 (m,
1H), 2.61 (q, J=6.8, 5.2 Hz, 2H), 3.60 (s, 1H), 3.95 (dtd, J=26.3, 134,
4.1 Hz, 3H), 4.29-4.44 (m, 2H), 4.69 (dt, J=11.1, 5.4 Hz, 2H), 7.22-
7.27 (m, 1H), 7.33-7.38 (m, 2H), 7.44-7.50 (m, 1H), 7.56 (ddd, J=
10.9, 8.0, 1.3 Hz, 2H), 7.64 (d, J=1.5 Hz, 1H), 8.20 (s, 1H), 8.29 ppm
(s, TH). DEPTQ (151 MHz, CD;0D): 6 =24.8, 27.6, 27.7, 27.8, 27.9,
28.3, 28.5, 42.4, 42.7, 49.6, 50.3, 71.1, 71.1, 79.5, 111.1, 111.6, 112.2,
112.3, 120.7, 123.5, 127.0, 127.3, 130.0, 134.1, 139.7, 142.2, 142.3,
143.1, 143.4, 168.9, 170.7 ppm. HRMS (ESI) calcd. for CiHsN,O:
447.2431 [M]*; found: 447.2431.

1-(6-((3-(3-Ethynylbenzamido)propyl)amino)-6-oxohexyl)-3,3-dimethyl-
2-((1E,3E)-5-((E)-1,3,3-trimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-
3H-indol-1-ium chloride (Cy5-alkyne) (14): To a solution of Cy5-NHS
(50.0 mg, 0.08 mmol) in dry DMF (2 mL), DIPEA (41.4 uL, 0.24 mmol,
3 equiv.) the amine 21 (25.0 mg, 0.12 mmol, 1.5 equiv.) was added.
The reaction mixture was stirred overnight at room temperature
under argon in the dark. Upon completion, the reaction mixture
was diluted with CH,Cl, (50 mL). The resulting solution was
successively washed with aq. HCI (1 M, 2x50 mL), H,O (1x50 mL)
and brine (3x50 mL), dried over Na,SO, and the solvent was
removed under reduced pressure. Purification of the crude product
by flash column chromatography (CH,Cl,/MeOH 0—2—4—6—10—
20% MeOH) gave the title compound 14 (Cy5-alkyne; 26.9 mg,
38.2 umol, 47% yield) as a dark blue solid. R: 0.8 (CH,Cl,/MeOH
10:1) [UV]. 'HNMR (400 MHz, CDCl,): 6=1.53 (p, J=7.1 Hz, 2H),
1.65 (s, 6H), 1.69 (s, 6H), 1.83-1.95 (m, 6H), 2.47 (t, J=7.1 Hz, 2H),
2.99 (s, 1H), 3.39 (q, J=6.0 Hz, 2H), 3.45 (s, 3H), 3.54 (g9, J/=5.8 Hz,
2H), 4.15 (t, J=7.4 Hz, 2H), 6.15 (d, J/=13.0 Hz, 1H), 6.65 (d, J=
13.0 Hz, 1H), 6.88 (t, J=13.0 Hz, TH), 7.04 (d, J/=7.9 Hz, 1H), 7.12 (d,
J=8.0 Hz, TH), 7.18-7.24 (m, 1H), 7.26 (dd, /=7.4, 0.8 Hz, 1H), 7.29-
7.43 (m, 5H), 7.48 (dt, J/=7.7, 1.4 Hz, 1H), 7.73 (t, J=13.0 Hz, 1H),
7.79 (t, J=13.0Hz, 1H), 8.20 (t, J=1.7 Hz, 1H), 8.28 (dt, /=8.0,
1.4 Hz, TH), 9.11 (s, TH), 9.15 ppm (s, 1H). DEPTQ (101 MHz, CDCly):
0=25.3, 26.1, 26.9, 28.2 (2xCH,), 28.3 (2xCH,), 28.4, 31.3, 35.9,
36.0, 36.4, 44.6, 49.0, 49.5, 77.7, 103.6, 105.1, 110.3, 111.3, 122.1,
122.2, 1223, 125.1, 125.7, 126.5, 128.2, 128.5, 128.8, 129.0, 131.9,
1344, 135.0, 140.7, 141.2, 141.9, 142.8, 152.3, 153.5, 166.4, 1724,
173.6, 174.5 ppm. One signal missing. HRMS (ESI) calcd. for
C.aHs,N,0,: 667.4007 [M]*; found: 667.4008.

Diacetyl-5-ethynyl-fluorescein ~ (16):  5-Ethynyl-fluorescein  (17;
40.0 mg, 0.11 mmol) was dissolved in THF (4 mL) and acetic
anhydride (1 mL) was added. The reaction was stirred for 2 h at
room temperature and monitored by using TLC. Upon completion,
the reaction mixture was diluted with ethyl acetate (50 mL), washed
with H,O (3x50 mL) and brine (2x50 mL), and the solvent was
removed under reduced pressure. The crude product was purified
by flash column chromatography (EtOAc/hexanes 3:7) to yield the
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title compound 16 (41.7 mg, 94.7 umol, 84% yield). R 0.6 (EtOAc/
hexanes 3:7) [UV] '"H NMR (400 MHz, CDCl,): § =2.32 (s, 6H), 3.24 (s,
1H), 6.82 (d, J=1.4 Hz, 4H), 7.10 (t, J=1.4 Hz, 2H), 7.15 (dd, J=8.0,
0.8 Hz, 1H), 7.77 (dd, J=8.0, 1.5Hz, 1H), 8.12 ppm (dd, J=1.5,
0.8 Hz, TH). DEPTQ (101 MHz, CDCl,): 6 =169.0 (2xC,), 168.2, 152.7,
152.3 (2x (), 151.6 (2xC,), 138.9, 129.0 (2x CH), 128.9, 126.6, 124.7,
1244, 1180 (2xCH), 116.0 (2xC,), 110.6 (2xCH), 81.9, 80.0,
21.3 ppm (2xCH;). HRMS (ESI) calcd. for CyxH,,0,: 441.0969 [M+
H]*; found: 441.0967.

5-Ethynyl-fluorescein (18): 5-Ethynyl-fluorescein 18 was synthesized
according to literature.”™ Rz 0.4 (MeOH/CH,Cl, 1:10) [UV] 'H NMR
(400 MHz, CD,0D): 6=3.77 (s, TH), 6.54 (dd, /=8.7, 2.4 Hz, 2H), 6.61
(d, J=8.7 Hz, 2H), 6.68 (d, J=2.4 Hz, 2H), 7.20 (dd, /=8.0, 0.8 Hz,
1H), 7.83 (dd, /=8.0, 1.5 Hz, 1H), 8.06 ppm (dd, J=1.5, 0.8 Hz, 1H).
DEPTQ (101 MHz, CD;0D): 6 =64.7, 81.2 (2xC,), 82.7, 103.6 (2x CH),
110.8, 113.6, 125.7, 125.8 (2xC,), 128.7, 129.1, 130.2 (2x CH), 139.7
(2xCH), 154.0, 170.4 ppm. One C, signal missing. HRMS (ESI) calcd.
for C,,H,504: 357.0757 [M+H]™; found: 357.0758.

Doxorubicine-3-ethynylbenzamide (DOX-alkyne; 19): To a stirred
solution of doxorubicin hydrochloride (60.0 mg, 0.10 mmol) and
diisopropylethyamine (DIPEA, 35.1 uL, 0.21 mmol, 2.0 equiv.) in dry
DMF (3 mL), 2,5-dioxopyrrolidin-1-yl benzoate (68.1 mg, 0.31 mmol,
3.0 equiv.) was added and the resulting mixture was stirred under
argon at room temperature for 16 h. The resulting mixture was
poured into cold (0°C) methyl tert-butyl ether (150 mL), the
precipitate was collected by filtration, washed with methyl tert-
butyl ether (3x20 mL) and dried in vacuo. The crude product was
purified by preparative HPLC (CH;CN/H,0: 20—60%, 15 min, system
B) to yield the title compound 20 (21.5 mg, 33.2 umol, 32% vyield)
as a red solid. R; 0.6 (CH,Cl,/MeOH 10:1) [UV]. 'H NMR (400 MHz,
CD,0D): 6=1.30 (d, J=6.6 Hz, 3H), 1.82 (dd, J=13.0, 4.5 Hz, 1H),
2.08-2.24 (m, 2H), 2.40 (d, J=14.6 Hz, 1H), 2.94 (d, J=18.6 Hz, 1H),
3.07 (d, J/=18.6 Hz, 1H), 3.75 (d, J=2.4 Hz, 1H), 3.99 (s, 3H), 4.30-
441 (m, 2H), 4.76 (d, J=4.5 Hz, 2H), 5.11 (s, 1H), 5.46 (d, J/=3.8 Hz,
1H), 5.49 (s, 1H), 7.37-7.45 (m, 2H), 7.45-7.53 (m, 2H), 7.74-7.82 (m,
3H), 7.87 ppm (d, J=7.7 Hz, TH). DEPTQ (101 MHz, CD,0D): 6 =17.3,
30.5, 34.0, 37.4, 47.9, 57.1, 65.7, 68.6, 69.9, 71.3, 77.3, 102.3, 112.2,
112.5, 120.2, 120.5, 121.6, 128.4 (2x CH), 129.5 (2xCH), 132.6, 135.2,
135.7, 135.8, 1364, 137.2, 156.2, 157.4, 162.4, 169.8, 187.8, 188.2,
214.7 ppm. HRMS (ESI) calcd. for C3,H;,NO;,: 646.1930 [M-HI-;
found: 646.1931.

The control compounds 2, 11, 13, 15, 17, and 20 were synthesized
in analogy to their corresponding reactive alkyne probes. Character-
ization and procedures are reported in the Supporting Information.

Biomimetic assay: Experimental for Table 1

Coupling of 1, 8 9, 10, 12, 14 or 18: In a small capped vial,
glutathione (50.0 pL, 4 mM in H,0) and the reactive probe 1, 8, 9,
10, 12, 14 or 18 (50.0 pL, 2.0 mM in DMSO) were added to Tris-HCI
buffer (875 uL, 0.1 M, pH 8.0) containing diethylenetriaminepenta-
acetic acid (DTPA, 20 mM). To the resulting mixture FeSO, x7 H,0O
(27.8 uL, 10 mgmL™" in H,0) and in the last step H,0, (11.3 uL,
30%) were added. The mixture was stirred for 10 min at room
temperature, and a sample was analyzed by LC-MS (System A2).
Cyanine-3 and TMR probes 1, 8, 9, 10 and 12 as well as the
conjugates 1-SG, 8-SG, 9-SG, 10-SG and 12-SG were detected at
A=550 nm. Cyanine-5-alkyne 14 and the related conjugates 14-SG
and 14-SG* where detected at A =650 nm. Fluorescein-alkyne 18
and the related conjugate 18-SG was detected at 1 =450 nm.

Coupling of 19: In a sealed vial glutathione (50.0 pL, 4.0 mM in H,0)
and the doxorubicin alkyne 19 (50.0 uL, 2.0 mM in DMSO) were
stirred in a mixture of H,0 (500 uL) and DMSO (400 uL). DMPA
(100 uk, 20 mM in DMSO) was added and the mixture was
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irradiated with 365 nm single LED (Thorlabs” M365D2, 1150 mW
(Min), 1700 mA) for 10 min at room temperature. A sample was
drawn from the reaction mixture and analyzed by LC-MS (System
A2). Doxorubicin alkyne 19 and the formed conjugate 19-SG were
detected at 1 =480 nm (see the Supporting Information for LC-MS).

Reaction of compounds with proteins in cell-free settings: Bovine
serum albumin (BSA) or B-lactoglobulin (LG, both: 5 mgmL™") was
incubated in Tris-HCl (0.1 M, 10 mM DTPA, 1 mM FeSO,, 1% DMSO
(v/v), pH 8) for 1 h with the respective dyes (10 uM) in the presence
or absence of 10 mM H,0,. Equal volumes of 2x Laemmli Sample
Buffer was added and incubated at 95°C for 5 min. The samples
(7.5 pL) were loaded onto a pre-cast SDS gel and run at 200 V until
the front ran out. Fluorescence images were taken with the iBright
FL1000 A.,_455-485nm, A.,_510-555 nm (fluorescein-based dye),
Aex—515-545 nm, A.,_568-617 nm (Cy3- and rhodamine-based
dyes) and A.,.608-632 nm, A.,_675-720 nm (Cy5-based dyes).
Images of the different fluorescent channels were overlapped using
ImageJ Fiji. Results are shown in Figure 2.

Cell experiments

General: Human ovarian cancer cell line A2780 was purchased from
Sigma-Aldrich and cultivated in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% FBS, 1% (v/v) L-
glutamine and 1% (v/v) penicillin/streptomycin. Human Burkitt
lymphoma cell line BL2 was cultivated in Roswell Park Memorial
Institute (RPMI) 1640 medium, supplemented with 20% FBS, 1% (v/
v) L-glutamine and 1% (v/v) penicillin/streptomycin. The prostate
cancer cell line Du145 was kindly gifted by Prof. Dr. Olaf Prante and
was cultivated in Dubecco’s modified Eagle medium (DMEM),
supplemented with 10% FBS, 1% (v/v) L-glutamine and 1% (v/v)
penicillin/streptomycin, respectively. Normal human skin fibroblasts
(SBLF9)-courtesy of the group of PD Dr. rer. nat. habil. Udo Gaipl,
Chair of Radiation Therapy, University Hospital Erlangen, Germany,
were cultivated in Ham's F-12 Nutrient Mix (F-12) medium
supplemented with 15% FBS, 2% nonessential amino acid mix (v/v)
and 1% (v/v) penicillin/streptomycin. Adherent cells were cultivated
to around 80% confluence. SBLF9 cells were cultivated to around
50% confluence. For the experiments, the cells were washed and
incubated with their respective cultivation medium containing
reduced amounts of FBS (5 %) improve compound uptake.

Flow cytometry: A2780 and Dul45 cells were seeded in a 6-well
microtiter plate at a density of 200 cells/uL (total volume 2 mL) in
RPMI 1640 or DMEM medium (5% FBS, 1% L-glutamine, 1%
penicillin/streptomycin) one day before the experiment. SBLF9 cells
were seeded in a 6-well microtiter plate at a density of 40 cells/pL
(total volume 2mL) in Ham's F-12 nutrient mix (F-12) medium
supplemented with 15% FBS, 2% nonessential amino acid mix (v/v)
and 1% (v/v) penicillin/streptomycin. On the next day, the cells
were washed with PBS buffer (2 x 2 mL) and a fresh portion of RPMI
1640 or DMEM (5% FBS, 1% L-glutamine, 1% penicillin/streptomy-
cin, 2 mL) was added. BL2 cells were diluted to 500 cells/uL and a
1 mL aliquot was prepared for each sample in Eppendorf tubes.
Dyes (20 pL, 1 mM in DMSO) were added and incubated for 2 h at
37°C and 5% CO,. Then the cells were washed with PBS (2 x 2 mL)
and detached from the surface by trypsin (0.05%, v/v)/EDTA
(0.02%, w/v) solution (0.5 mL). Then, the cells were re-suspended in
RPMI 1640 medium (5% FBS, 1% L-glutamine, 1% penicillin/
streptomycin; 1 mL), transferred to 1.5 mL Eppendorf tubes. For the
BL2 suspension cells the trypsination step was skipped and the
samples washed twice by centrifugation (3 min, 1000 relative
centrifugal force, rcf). The mean fluorescence of live cells of a total
of 5000 events (PE-channel, 4.,,=488 nm, A.,,=585/42 nm for Cy3-
based dyes) was determined by using the flow cytometer. The
fluorescence intensity of each sample was normalized by the one of
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DMSO-treated cells, which was set to 100. Three independent
experiments were performed.

Fixation of the cells was done in the following way. After
trypsination, cells were centrifuged for 3 min at 22°C (1000 rcf). The
supernatant was removed and the remaining cell pellet was
washed with PBS (0.5 mL). Each cell pellet was re-suspended in
400 pL of PBS and then 800 pL of precooled (—20°C methanol) was
added. Cells were incubated for 20 min at —20°C in the dark (in
case of Du145 cells, the fixation step was prolonged to 30 min). The
cells were centrifuged for 3 min at 22°C (5000 rpm), washed with
PBS (0.5 mL) and suspended in medium containing 5% FBS, 1% L-
glutamine and 1% penicillin/streptomycin (150 uL). Flow cytometry
was performed as for the living cells.

An overview of dye 8 and its control 11 in all cell lines is shown in
Figure 7. A comparison of all cyanine-3 derived dyes (8, 9, 10, 11) is
shown in Figure 2 and Figure S1 in the Supporting Information.
Student’s t-test was performed in GraphPad Prism (ns: p>0.05,
*p <0.05, **p < 0.01, ***p < 0.001).

Microscopy: Confocal images were taken with a Zeiss Spinning Disk
Axio Observer Z1 with Plan-Apochromat 63x/1.40 oil objective in
spinning disc confocal mode using the EVOLVE 512 EMCCD camera
or the Axiocam 506 mono, Channel 1 (green, MitoTracker Green,
Aex: 488 NM; A0 525/50), Channel 2 (green, doxorubicin derivatives,
Aex: 488 Nm; A 595/50 nm, fluorescein derivatives, A.,: 488 nm; A.:
525/50 nm), Channel 3 (red, Cy3 and rhodamine derivatives, 1.
561 nm; A.,: 595/50 nm), Channel 4 (cyan, Cy5 derivatives): A
638 nm; A.: 690/50 nm. The fluorescence images were taken with
a Zeiss AX10 Lab A1 fluorescence microscope with a 40x/1.30 Oil
DIC objective, Channel 1 (green, doxorubicin derivatives, A.:
470/40 nm; et 525/50 nm), Channel 2 (red, MitoSox™, A.:
545/25 nm; Aem: 605/70 nm), Channel 3 (blue, Hoechst 33342 A,,=
365 nm; Ae,, =445/50 nm).

A2780 cells were seeded in RPMI 1640 medium (500 pL) supple-
mented with 5% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin on a 35 mm imaging dish (u-Dish 35 mm, high, ibidi
GmbH, Germany) at a cell density of 80 cells/uL and allowed to
attach to the surface of the dish for overnight. Then the cells were
washed with PBS (2x2 mL) and incubated with the dyes (10 uM,
2mL, RPMI 1640 medium supplemented with 5% FBS, 1% L-
glutamine, and 1% penicillin/streptomycin, 1% DMSO) for 2 h at
37°C and 5% CO, or MitoTracker Green FM (500 nM, in medium,
2 mL, 0.1% DMSO (Invitrogen, ThermoFisher, US)) for 15 min. Then
the cells were washed with PBS (2x2mL) and either directly
subjected to microscopy or methanol (2 mL, —20°C) was added
and incubated for 20 min at —20°C. The cells were washed again
with PBS buffer and a fresh portion of RPMI 1640 medium
containing 5% FBS, 1% L-glutamine and 1% penicillin/streptomycin
(1 mL) was added. Fluorescent signals were overlapped with DIC
images, examples are shown in Figures 3, 4 and S2-S6.

For the colocalization experiments, the cells were treated in the
same way, but instead of methanol fixation the cells were washed
twice with PBS (2x2 mL) and a fresh portion of medium containing
compound 10 (1 pM, 0.1% DMSO in RPMI 1640 medium supple-
mented with 5% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin, 2 mL) was added and incubated for 15 min at 37°C
and 5% CO,. The cells were again washed with PBS (2x2 mL) and a
fresh portion of medium was added before subjecting the samples
to confocal microscopy as described above. The results are shown
in Figures 5 and S6-59.

Du145, A2780 and SBLF9 cells were seeded in the culture medium
(500 pL) at a density of 80 cells/uL (or 40 cells/uL in case of SBLF9
cells) in imaging dishes 35 mm imaging dish (u-Dish 35 mm, high,
ibidi GmbH, Germany) and incubated overnight. The cells were
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then incubated with Hoechst 33342 (1 pgmL™", in 2 mL cultivation
medium) for 15 min. Subsequently, the cells were washed twice
and incubated with the mitochondrial ROS sensor MitoSox™ (5 uM,
in 1 mL Hank’s balanced salt solution) for 20 min. The cells were
washed again twice prior to imaging. BL2 suspension cells were
diluted to a concentration of 1000 cells/uL in cultivation medium
and treated the same way as adherent cells. Washing was
performed by centrifugation (180 rcf, 5 min). Images were taken
with the Zeiss Observer with the 40x/1.30 Oil DIC objective: blue
channel Ch3: 4,,=365 nm; 1., =445/50 nm; red channel Ch2: 1.,=
545/25 nm; A.,=605/70 nm. Representative images are shown in
Figure 7C.

SDS-PAGE: Mitochondrial isolation was performed as described
previously.”® In brief, two T175 cultivation bottles with 70%
confluent A2780 cells were treated with the compounds 8 or 9
(10 uM, cultivation medium containing 5% FBS, 1% DMSO) for 2 h
at 37°C, 5% CO,. Cells were lysed in 2mL PBS (10 mM, pH 7.4,
150 mM NaCl) with freshly added protease inhibitor cocktail) in a
SONOCOOL sonification bath (100% power, 4°C, 45 min). The cell
lysate was subsequently centrifuged 3 times (1,400 rcf, 10 min, 4°C)
to remove cells that have not been lysed and large cell fragments.
For each centrifugation step, the supernatant was transferred into a
fresh tube. The supernatant was then centrifuged again (15000 rcf,
10 min, 4°C) to pellet mitochondria. The pellet was washed three
times by resuspension in ice-cold PBS (2mL) and repeated
centrifugation at (15000 rcf, 10 min, 4°C). The pellet was
resuspended in 2x Laemmli Sample Buffer (50 uL, 5 mM tris(2-
carboxyethyl)phosphine (TCEP), readjusted to pH7) and loaded
onto a pre-casted SDS gel and run at 200 V until the front ran out.
The gels were washed with fixation solution (10% acetic acid (v/v),
20% MeOH (v/v) in water) for 1 h. Fluorescence images were taken
with the iBright FL1000 A.,_515-545 nm, A.,_568-617 nm and are
shown in Figure 6.

Toxicity test: A2780 cells were seeded in RPMI 1640 medium
containing 5% FBS, 1% glutaMAX™, and 1% penicillin/streptomycin
in a 96-well microtiter plate (25000 cells per well per 100 pL) and
incubated at 37°C in the chamber filled with CO, (5%) overnight.
Stock solutions of 8 and 9 of different concentrations (1 L, solvent
DMSO, final concentrations in wells were 0.05, 0.1, 0.5, 1, 5, 10, 25,
50 uM) were added to the wells in triplicate and incubated for 4 h.
Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 20 pL of the solution prepared by dissolving MTT (5 mg) in
DPBS buffer (1 mL)) was added to each well, incubated for 3 h,
treated with sodium dodecyl sulfate (SDS) solution (90 pL, 10%
solution in 0.01 M aqueous HCI), and incubated overnight. After-
wards, the intensity of the absorbance at 590 nm was measured.
The absorbance at 690 nm was taken as a baseline value. The
baseline corrected absorbance at 590 nm  (Asgg nm — Assonm) Was
applied to calculate the relative cell viability compared to the
DMSO control, which was set to 100% viability. Three independent
experiments were performed, averages and the standard deviation
was calculated and is shown in Figure 6. ICs, values were calculated
in Excel. Statistical analysis of the data was conducted using an
unpaired Student’s t-test from the GraphPad Prism software.

Supporting Information

Further detailed synthetic procedures™’“® and characterization
data for the control compounds 2, 11, 13, 15, 17, 20. LC-MS
spectra for Table 1, additional DIC overlap pictures from
confocal microscopy, 'HNMR, DEPTQ NMR and purity HPLC
runs. Additional references are cited within the Supporting
Information.”’#®
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Due to oxidative instability, arylboronic acids are not compatible
with the solid-phase synthesis of nucleic acids. We solved this
problem and, based on these findings, developed siRNA prodrugs
activated in the presence of reactive oxygen species (ROS) in vivo.
These prodrugs can be used for specific targeting of ROS-rich
cancer cells.

Small interfering ribonucleic acids (siRNAs) are short double-
stranded RNAs that downregulate gene expression via RNA
interference (RNAi)." The delivery of siRNA conjugates and
siRNAs entrapped in lipid nanoparticles (LNPs) to the liver
in vivo is established.” The current technology is beneficial
when all cells in the liver should be affected, e.g. for the
treatment of metabolic diseases. Targeting siRNAs to specific
pathological cells within the normal tissue in vivo is still a
challenge that limits the number of suitable therapeutic
targets.> Targeted delivery of siRNA can be achieved by the
conjugation of various binders of cellular receptors, e.g.,
aptamers,” antibodies,” and receptor ligands,® either to the
carrier part or siRNA in siRNA/carrier constructs. The comple-
mentary approach, suitable for targeting cells without known
unique receptors, relies on differences in the microenviron-
ment of pathological and normal cells. For example, elevated
levels of ROS are a common feature of the majority of cancer
cells.” A few “smart” delivery vehicles have already been devel-
oped using modified polymers and lipids as reviewed
elsewhere.® For example, Shi and co-workers have reported a
3l-NM@siRNA system, which is responsive to endogenous ROS
present in tumors.’ 31-NM@siRNA consists of an siRNA and a
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ROS-responsive carrier 31-NM, which is assembled from two
different polyacrylamide-based co-polymers decorated with
polyethylene glycol, angiopep-2 peptide, guanidinium and phe-
nylboronic acid moieties. Other related examples were reported
by Zhou, Shen'® and T. Sun."* The transfer of such highly
complex delivery systems from the bench to the bedside will be
challenging and costly, including possible issues with produc-
tion, toxicity and unfavourable pharmacokinetics. This justifies
the search for alternative, simpler solutions for ROS-responsive
SiRNAs.

In cells, siRNAs are first phosphorylated at the 5'-terminus of
their guide strands with the formation of P-siRNAs that initiate
further steps leading to RNAi.">'® “Smart” trigger-responsive RNAi
can be realized by reversible blocking of the phosphorylation. To
date, known examples include only light-activated siRNAs."*™'® We
applied this approach to develop siRNAs responsive to H,0,, which
is the dominating ROS in cancer cells (Fig. 1). Related siRNAs
activated by singlet oxygen (*0,) are known.'® Our goal was to
prepare these reagents by standard solid-phase RNA synthesis,
thereby making them accessible to the scientific community and
easily scalable to enable in vivo studies. As a ROS-sensitive moiety,
we selected a 4-boronobenzyl (4BB) group, which is known to retain
its activity in vivo."”°

Contradictory data are available in the literature on the
synthesis and coupling of phosphoramidites (Pm’s) containing
4BB to 5'-DNA, whereas 4BB-P-RNAs have not been reported.
The first successful use of 4BB-Pm’s in DNA synthesis was
described by Kaiser and Stolowitz.>' However, Steinmeyer and
Wagenknecht have reported that similar derivatives can be
incorporated into DNA only in low yields.>®* Our results
obtained for 4BB-Pm confirm the latter conclusion (Fig. 1A).
Alternatively, Ikeda and co-workers have reported on the pre-
paration of a 4BB-P-DNA 3 by coupling of the 4BB-diazo reagent
to a P-DNA 4 in solution (Fig. 1B).>*> Due to the instability of
4BB-diazo, 160 eq excess of this reagent with respect to the DNA
was used, which led to conversions of 46%.

In this work, we report for the first time the coupling of 4BB
to the 5'-RNA terminus (4BB-P-RNAs 7, Fig. 1C). We applied this

This journal is © The Royal Society of Chemistry 2022
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synthesis of 5'-4BB-PS-RNA 7; (D) design of H,O,-responsive siRNAs
using 5'-4BB-PS-RNA 7 as a guide strand.

method to prepare ROS-responsive siRNAs (Fig. 1D). One of the
reasons why 4BB-Pm is not suitable for the solid-phase synthesis of
4BB-P-DNA 3 could be oxidative cleavage of the B-C bond in the
presence of I, with the formation of P-DNA in step b. To block this
side reaction, we replaced bidendate pinacol in 10 with tridentate
N,N-diethanolmethylamine (DEA) to obtain 11, where all binding
sites at the boron atom are saturated (Scheme 1A). 11 was success-
fully converted to 4BB-Pm* (Fig. 1C) with an isolated yield of 57%,
which increased to 87% upon scaling up.

Next, we coupled this reagent to model DNA 1 followed by
oxidation with I, and deprotection/cleavage of the product from
the solid support by aqueous NH;. In the obtained mixture, we
observed only 5’-phosphorylated DNA 4 and unmodified DNA 5
and no traces of the expected product 4BB-P-DNA S5 (Fig. S12-
S14, ESIt). These data indicated that 4BB-Pm* was initially
coupled to 1, followed by the cleavage of 4BB during the
oxidation. In contrast to S5, its analogue DNA 15, where a
B(OH), group was replaced with an I atom, could be obtained
under standard conditions (Fig. S19 and S20, ESIt) that under-
pin the role of the boronic acid in the instability of S5. By using
11 as a model compound, we confirmed that the B-C bond is
cleaved under the conditions used for P(u1) oxidation (Fig. S15,
ESIT). These data indicated that the protection of the boronic
acid in 4BB with DEA does not solve the problem of the
instability of a B-C bond under conditions of solid-phase
synthesis.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 (A) An outline of the synthesis of ROS-responsive 5'-4BB-
oligonucleotides. (B) Sequences of DNAs/RNAs used in this work.

In the results of studies of the sensitivity of the model
compound 11 towards different oxidative conditions, we found
that it is stable in the presence of 3-ethoxy-1,2,4-dithiazoline-5-
one (EDITH) (Fig. S16, ESIt). Based on these data, we replaced
I, with EDITH in the last oxidation step that allowed us to
obtain DNA 14 containing a 5’-4BB moiety linked to the DNA
via a PS group. We managed to isolate two possible diaster-
eomers of 14 with >90% purity: retention times R, = 16.78 and
17.65 min (Fig. S17 and S18, ESIt). The product eluted later was
obtained at the higher yield that is a common feature in
oligonucleotide synthesis.>* Further tests were conducted only
with the more abundant isomer. The expected mechanism of
DNA 14 transformation in the presence of ROS is outlined in
Fig. 2A. In the first step, the B-C bond is cleaved with the
formation of phenol derivatives 14_1 and 14_2, followed by 1,6-
elimination of 24 (which is quenched by water forming 25)
leading to a 5’-PS derivative 14_3. As previously reported,
phosphorothioates can be desulfurized under oxidative
conditions.”® Correspondingly, 14_4 can be formed as one of
the products. We detected the formation of substantial
amounts of phenol 14_1 and 14_4 in the DNA 14/H,0, mixture
(Fig. 2B), which confirms the suggested cleavage mechanism.
We found that the cleavage of DNA 14 by H,0, is concentration-
dependent. For example, this reaction occurs even at the lowest
tested H,O, concentration of 50 uM. Furthermore, we observed
that the 5’-4BB group can be cleaved in the presence of ROS
types other than H,0,, including HO®, O,*, and ONO, .
However, it remains stable in the presence of biologically
occurring oxidant Cu** (10 uM) (Fig. 2B).
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Fig. 2 The mechanism of 5'-4BB group cleavage (A). (B): HPLC-
monitored transformation of DNA 14 (130 pM) dissolved in PBS buffer
(10 mM phosphate, pH 7.4, 150 mM NaCl) in the presence of H,O,
(200 mM, 1 h incubation at 35 °C, "+H,0,") or in its absence ("—H,0,").
(C) Cleavage of 14 in PBS buffer by different oxidants: H,O, (0-1 mM);
FeSO4 (10 uM), N,N,N’,N’-ethylenediaminetetracetic acid (EDTA, 10 uM);
CuSO4 (10 uM); KO, (L mM) and ONO,~ - 3-morpholinosydnonimine
hydrochloride (SIN-1, 400 uM). Incubation time — 1 h at 35 °C. Y-Axis: % S5
and cleavage products as determined from HPLC data. Standard deviation
is below +£15% of the values shown on the plot. (D) HPLC analysis of RNA
7a (65 uM in PBS) in the presence of H,O, (10 mM, 1 h incubation at 35 °C,
"+H,0,") or in its absence ("—H,0,"). *: a peak derived from H,O,.
** impurity in RNA 7a (<10%).

Next, we applied the synthesis protocol optimized for DNA 14 to
prepare a guide strand RNA 7a for the siRNA targeting the kinesin
family member (KIF11) gene. KIF11 was selected because of the
following considerations. First, its downregulation can be easily
monitored, since it leads to a simple phenotype: cell cycle arrest in
the G2 phase. Second, it is overexpressed at least in some cancers
and is a promising target for cancer treatment.?® Third, KIF11 is an
essential gene and presents an optimal example of a target that
should be selectively downregulated in cancer cells without affecting
normal tissue.

We successfully prepared RNA 7a as a mixture of diastereomers
(Fig. S21 and S22, ESIT) and confirmed that it reacts with H,O,
analogously to DNA 14 (Fig. 2D). Furthermore, we prepared negative
control RNA 16 and its PS analogue 17. In both cases, a 4BB
fragment was replaced with a ROS-resistant cap: 4-iodobenzyl. In
contrast to 7a, these RNAs are stable in the presence of H,0,, except
that some minor amount of de-sulfurized 16 is formed from 17
under the oxidative conditions (Fig. S32, ESIT). These data confirm
that the boronic acid moiety is responsible for the observed
sensitivity of 7a to ROS. For cellular assays, we prepared a stock
solution of ROS-responsive KIF11-siRNA (10 uM) by annealing 7a
and 18 (Scheme 1B, ESI).i This solution was formulated with
Lipofectamine™ RNAIMAX and applied to human ovarian cancer
A2780 cells at two doses of 0.5 and 5 nM. These cells were selected
because they contain high levels of intracellular ROS.** We mon-
itored the expression of the KIF11 gene by detecting its mRNA level
using reverse transcription followed by the quantitative polymerase
chain reaction (RT-qPCR, Fig. 3). The mRNA amount in untreated
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Fig. 3 (A) Relative levels of KIF11 mRNA in A2780 cells treated with the
selected siRNAs for 38 h. The data were normalized to the level of KIF11
mMRNA in the untreated cells. (B) Effects of the siRNAs on the cell cycle of
A2780 cells. G2/G1G0 is a ratio of the number of cells in the G2 phase to
that of the cells in the Gl and GO phases. (C) Fluorescence (Chl),
differential interference contrast (DIC) and combined (Chl + DIC) images
of A2780 cells treated for 38 h with siRNAs (0.5 nM), followed by the
treatment with Hoechst33342 (nuclei stain). Student's t-test: * p < 0.05,
** p < 0.01, ** p < 0.001, ns p >0.05. Data were compared to the
reference (labelled as “ref.”), if not otherwise indicated.

cells was set to 100%. We compared relative KIF11 expression (RE)
in the presence of 7a/18 with RE in the presence of negative control
20/21."° We observed that after incubation of the cells with 7a/18
(0.5 or 5 nM) for 38 h, RE is decreased down to 40-44% (Fig. 34, for
both doses p < 0.001). The difference in RE between the tested
doses of 7a/18 is not significant indicating that the effect is
saturated already at 0.5 nM. At 0.5 nM, RE, achieved in the presence
of positive control 19/18, is even lower than that of 7a/18 (40 + 2%
vs. 68 & 5%, p < 0.01), whereas at 5 nM, the effects of these siRNAs
are identical (44 + 5% vs. 45 & 5%). These data indicate that the
conversion of 7a/18 to the active form (5’-phosphorylated 19/18)
occurs efficiently in cells. In contrast, both negative controls 16/18
and 17/18 are substantially less active than 7a/18 at both tested
doses (Fig. 3A). Thus, ROS-mediated removal of a 4BB group in
7a/18 is required for the activation of RNAi in cells. Among the
negative controls, 16/18 (5 nM) is slightly more active than its PS
analogue 17/18 (5 nM, p < 0.05) confirming that the PS group is
preferable for 5’-blocking in comparison to phosphodiester, due to
its higher nuclease resistance.

Furthermore, we demonstrated that the decrease of KIF11
mRNA levels in the presence of 7a/18 (Fig. 3A) correlates with a
strong cell cycle arrest in the G2 phase (Fig. 3B). The latter effect
is also observed for a positive control 19/18, but is absent for
negative controls 20/21 and 17/18. Using fluorescence micro-
scopy, we observed compact nuclei in A2780 cells treated with
the positive control 19/18 and ROS-responsive siRNA 7a/18.
This feature is characteristic for cells treated with inhibited or
downregulated KIF11.>” (45). In contrast, nuclei of the cells
treated with the negative controls have larger sizes (Fig. 3C).

To confirm the generality of our prodrug concept, we
applied it to design a prodrug targeting another gene: murine

This journal is © The Royal Society of Chemistry 2022
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eukaryotic elongation factor 2 (eEF2). An siRNA targeting this
gene (23/22) was previously reported.”® We converted the guide
strand 23 to its ROS-responsive version 7b (ESIt). Furthermore,
we studied the effects of siRNA 7b/22 on the expression of eEF2-
mRNA in normal (AML12) and cancer (Hepal-6) liver cells. The
level of ROS in AML12 cells is lower than that in the Hepal-6
cells (Fig. 4A), making this pair of cells a good model to study
the ROS-dependent prodrug activation. As expected, at both
tested doses of 0.02 and 0.2 nM, 7b/22 as well as negative
control 23/22 are inactive in AML12 cells (Fig. 4B). In contrast,
in the Hepal-6 cells, 7b/22 exhibits RNAi activity in a
concentration-dependent fashion (Fig. 4B).

Encouraged by the promising in vitro data, we studied the
in vivo effects of the prodrug. 7b/22 and control 23/22 were
formulated into C12-200 lipid nanoparticles (LNP’s, ESIf).>%3°
Intravenous injection of 23/22/LNP at a dose of 0.02 mg kg™ " to
FvB mice resulted in 75-80% eEF2 mRNA downregulation in
the liver in 48 h as compared to that of the control (LNP’s with
siRNA targeting luciferase, Table S1, ESIt). In contrast, 7b/22 at
the same dose did not affect the eEF2 mRNA level (Fig. 4D),
indicating that the prodrug is not activated in healthy mice. To
probe whether ROS-induced activation of 7b/22 is possible
in vivo, we conducted a partial hepatectomy (HE) in the FvB
mice, which is known to cause an increase in the ROS levels in
the liver (Fig. 4C).>" We confirmed that eEF2 mRNA expression
is not changed after HE. We conducted HE in FvB mice 24 h
after the injection of LNP’s with 7b/22 and analyzed the
expression of eEF2 mRNA by RT-qPCR after a further 24 h.
We were pleased to observe a significant activation of the siRNA
prodrug under the HE conditions in comparison to the mock
mice (Fig. 4). The efficacy of eEF2 knockdown with the siRNA
prodrug under the HE conditions is identical to that of the
control siRNA 23/22.

This journal is © The Royal Society of Chemistry 2022
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In summary, we prepared for the first time 5’-modified-
siRNA prodrugs responsive to ROS and demonstrated their
functionality in cell-free settings, in cells and in vivo.
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Abstract: RNA interference (RNAi) using small interfering RNAs (siRNAs) is a powerful tool to
target any protein of interest and is becoming more suitable for in vivo applications due to recent
developments in RNA delivery systems. To exploit RNAi for cancer treatment, it is desirable to
increase its selectivity, e.g., by a prodrug approach to activate the siRINAs upon external triggering,
e.g., by using light. Red light is especially well suited for in vivo applications due to its low toxicity
and higher tissue penetration. Known molecular (not nanoparticle-based) red-light-activatable siRNA
prodrugs rely on singlet oxygen (1O,)-mediated chemistry. 'O, is highly cytotoxic. Additionally,
one of the side products in the activation of the known siRNA prodrugs is anthraquinone, which is
also toxic. We herein report on an improved redlight-activatable siRNA prodrug, which does not
require 1O, for its activation. In fact, the 5 terminus of the antisense strand is protected with an
electron-rich azobenzene promoiety. It is reduced and cleaved upon red light exposure in the presence
of Sn(IV)(pyropheophorbide a)dichloride acting as a catalyst and ascorbate as a bulk reducing agent.
We confirmed the prodrug activation upon red light irradiation both in cell-free settings and in human
ovarian cancer A2780 cells.

Keywords: siRNA prodrug; selective cancer targeting; red light activation; photoreduction; RNAi;
azobenzene; promoiety

1. Introduction

Due to recent developments in in vivo oligonucleotide delivery systems, RNA-based
therapeutic approaches are becoming more and more enticing. Hence, alongside, for exam-
ple, RNA-based vaccines, five silencing RNA (siRNA) drugs have been clinically approved
(patisiran, givosiran, lumasiran, inclisiran, and vutrisiran) that act via the mechanism of
RNA interference (RNAi) to downregulate specific genes [1-5]. All five siRNA drugs on
the market treat metabolic or neurodegenerative diseases. As an alternative application,
targeting cancer cells by the downregulation of genes that are essential for mitosis, for
example, would be attractive as well. In that way, proteins that are considered undruggable
could also be targeted. However, similar to small molecular drug approaches, the mere tar-
geting of mitosis and thus fast-dividing cells, results in dose-limiting side effects concerning
non-cancerous cells that rely on fast proliferation, resulting in myelosuppression, cytopenia,
hepatotoxicity, etc. One possible solution to increase cancer selectivity is the application
of prodrugs that are activated in a specific cancer microenvironment or upon an external
trigger. Accordingly, few examples of siRNA prodrugs have been reported [6-8]. Following
this approach, we have already developed ROS-responsive siRNAs that are activated by
elevated HyO, concentrations [9], a hallmark of many cancers [10]. In addition, we reported
on red-light-responsive siRNAs (Figure 1), in which the passenger strand is modified with
a photosensitizer that generates 'O, upon red light irradiation. The on-demand-generated
10, cleaves the 9-anthracenyl promoiety on the antisense strand, yielding the active siRNA,
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and while the activation is efficient, side effects by these harsh oxidative conditions are to
be expected, especially for in vivo applications. This can be one of the reasons why this
system has never been applied in vivo. In search of alternative promoieties, which are
not activated under strong oxidative conditions, we explored azobenzenes. The applica-
tion of azobenzene triggers in a biological context comes with some challenges, as two
distinct processes can be initiated, the first one being photoisomerization and the second
one being reduction. The photoisomerization of azobenzenes is in most cases triggered
by UV light, which is toxic to cells and does not show significant tissue penetration. Nev-
ertheless, some stable azobenzenes were successfully applied in living cells or in vivo to
activate certain processes (e.g., disassembly of complex biomolecules) by photoswitching
to the cis isomer [11-13]. Exploiting the second process, few approaches have also been
developed towards reducible azobenzenes, e.g., as sensors of hypoxia [14,15]. For this
study, we aimed for a stable azobenzene moiety to avoid the unspecific intracellular re-
duction of the siRNA prodrug. However, upon an external trigger, the promoiety should
be reduced efficiently. We therefore selected electron-rich azobenzene “RF” (Scheme 1),
which was shown to be non-cleavable under conditions mimicking the cellular environ-
ment [16]. We hoped that this residue would still be photo-reducible in the presence of
catalyst Sn(IV)(pyropheophorbide a)dichloride (SnPPA) (Figure 1). We selected SnPPA
based on our previous report [16], in which we established that in contrast to free PPA and
its complexes (e.g., In(IlI)(pyropheophorbide a) chloride, InPPA), SnPPA is able to mediate
the photoreduction by electron transfer to organic substrates.

_______________________________________________________________________________
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Figure 1. The state of the art in siRNA prodrugs. The 9-anthracenyl promoiety on the guide strand
of the siRNA is cleaved by 'O, that is photogenerated on the passenger strand upon red light
irradiation. The 102, as well as the anthraquinone side product, is potentially harmful to the cells
and the surrounding tissue. In this work, we report on an improved siRNA prodrug, which does not
require 'O, for the activation: it is activated upon red light-induced electron transfer in the presence
of photosensitizer SnPPA.

In preliminary tests, an RE-DNA model strand (DNA 1) was synthesized, character-
ized, and its stability in the presence of various potentially reactive molecules found in
the intracellular environment (H,O,, NaSH, KO,, and sodium ascorbate) was confirmed.
In contrast, we observed that DNA 1 is indeed activated upon irradiation with red light
in the presence of photosensitizer SnPPA and ascorbate as an electron source. Next, the
RF-RNA guide strand (RNA 2) was synthesized and its similarity to DNA 1’s behavior
was confirmed in cell-free settings. Finally, the corresponding siRNA prodrug (RNA 2/3)
was assembled. As a gene target, KIF11 was chosen because it is an essential gene for
mitosis that is overexpressed in some cancers, making it a promising target for cancer treat-
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ment [17]. However, it is an essential gene expressed in many organs [18], which makes
it necessary to activate the inhibition of siRNA specifically in cancer cells to achieve the
favorable therapeutic effect. We investigated the RNAi efficiency of the siRNA prodrug in
human ovarian carcinoma cells A2780 by reverse-transcription quantitative PCR (RT-qPCR)
in the presence and absence of the photosensitizer SnPPA, showing selective activation and
good knockdown efficiency upon irradiation with red light.
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Scheme 1. (A) Synthesis scheme of DNA 1/RNA 2 by solid-phase synthesis. While the 5" P(III) of
DNA 1 was oxidized by I, pyridine in H,O, the 5’ P(III) of RNA 2 was oxidized with 3-ethoxy-1,2,4-
thiazoline-5-one (EDITH), giving rise to the phosphodiester and the phosphorothioate, respectively.
(B) Structure of promoiety RF and sequences of DNA/RNAs used in this work.

2. Results
2.1. Design, Synthesis, and Characterization of DNA 1 and RNA 2

The RF-phosphoramidite (Scheme S1) was synthesized as described earlier [16] and
applied for the solid-phase synthesis of model strand DNA 1 using commercially available
standard DNA phosphoramidites (Schemes 1 and S2, Supporting Information (further SI)).
The analytical HPLC profile of the crude synthesis mixture indicates that the overall yield
is higher than 50% and is shown in Figure 2A. The purification of the DNA by reversed-
phase chromatography gives rise to the analytically pure product as confirmed by HPLC
(Figure 2B). We identified the obtained product by MALDI-TOF-MS. In particular, we
observed two peaks eluted after 18 min and 25 min with the identical mass of 1791 Da
(Figure 2C,D) that correspond to the expected brutto formula of DNA 1 (calculated for
Ce5HgoN13037P5 [M — H*]7: m/z = 1791 Da). We calibrated MALDI-TOF-MS by using
an external standard, which gives rise to an accuracy of determination in m/z = 0.1% of
the detected mass (e.g., for a peak with m/z = 1791 Da, the expected deviation would be
+/— 1.8 Da). Thus, the product is a mixture of two isomers corresponding to the cis and the
trans forms of the azobenzene-DNA.

We prepared the RNA part of the RF-RNA strand 2 (Schemes 1 and S3) by solid-phase
RNA synthesis using commercially available dioxo-thiomorpholine (TC) RNA phospho-
ramidites according to the manufacturer’s recommendations. We conducted the coupling
of the azobenzene phosphoramidite RF analogously to DNA 1 synthesis, except that we
performed the oxidation step with 3-ethoxy-1,2,4-thiazoline-5-one (EDITH) to yield the
corresponding phosphorothioate. This modification was utilized, as it shows improved
stability towards unspecific phosphatases in cells. The characterization (analytical HPLC
and MALDI-TOE-MS spectra) is shown in Figure 2E,F. As expected, again two distinct
peaks with identical mass were observed (calculated for Cp16HpN710152P21S [M — H]:
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m/z = 6970 Da; found: m/z = 6971 Da), corresponding to the cis and the trans isomers of
RNA 2. The sense-strand RNA 3, the unmodified KIF11 RNA antisense strand RNA 4, and
the RNA strands for a control (scrambled) siRNA without any cellular target (RNA 5 and
RNA 6) were custom-made by Sigma Aldrich (Scheme 1). We annealed the RNA strands
via temperature gradient (from 90 °C for 15 min to 22 °C in 45 min) in the presence of high
salt concentrations (500 mM NaCl) and ethylenediaminetetraacetic acid (EDTA, 10 mM).

aA " : r . L i k
0 10 20 30 40 o 10 20 30 40
C Time (min) D Time (min)
1791.3921
1791.4289
L L
1700 1800 1900 1700 1800 1900
miz m/z
E F 6971.3345
0 10 20 30 40 6800 7000 7200
Time (min) m/z

Figure 2. Crude (A) and analytical (B) HPLC profile of DNA 1 and MALDI-TOF-MS spectra of the
peaks in (B) eluted after 18 min (C) and 25 min (D). Analytical HPLC of RNA 2 (E) and corresponding
MALDI-TOFE-MS spectra of the peak eluted after 28 min (F). Reversed-phase HPLC was performed
with a gradient of solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): From 0
to 10 min to 15% B until 15 min; from 15 to 20 min to 20% B until 35 min (DNA 1) and from 0 to 10
min to 15% B until 20 min, then from 20 to 40 min to 30% B (RNA 2) by monitoring the absorbance at
260 nm.

2.2. Cis—Trans Isomerization of DNA 1 and Its Photoreduction

To investigate the cis—trans isomerization of DNA 1 (Figure 3A) and to further prove
the identity of the two elution peaks in the HPLC profile, a UV-vis spectrum of DNA 1
was recorded before and after irradiation with 365 nm for 1 min (Figure 3B). As expected,
the absorbance at 365 nm, which is characteristic of the trans isomer, decreases upon
irradiation, while the absorbance at 440 nm, characteristic of the cis isomer, increases. In
the HPLC profile, light irradiation shifts the equilibrium toward the peak that is eluted first
(compare Figure 3C,D), indicating that this peak corresponds to the cis isomer. Already five
minutes after the irradiation, the equilibrium shifts nearly completely back to the initial
state (Figure 3E).
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Figure 3. Cis-trans isomerization of DNA 1 (A) as observed by UV vis absorbance (B) before and
after 1 min irradiation at 365 nm. HPLC profile (absorbance at 260 nm) of DNA 1 before (C) and after
(D) 5 min irradiation at 365 nm and after an additional 5 min at room light (E), using a gradient of
solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): From 0 to 10 min to 15% B
until 15 min; from 15 to 20 min to 20% B until 35 min.

To investigate the cleavage of DNA 1 by photoreduction, we incubated DNA 1 with
sodium ascorbate in the presence (“sample”) or absence (“blank”) of photosensitizer SnPPA.
The photosensitizer was selected as a catalyst of photoreduction based on our previously
published study (synthesis as described in [16], for MS spectra, see Figure S1, SI). The
samples were either irradiated with red light (660 nm) (+hv) or kept in the dark (—hv),
and the absorption at 351 nm (characteristic of the more abundant trans isomer of DNA 1,
see Figure 3B) was recorded after 20 min and 40 min (Figure 4A). In the presence of the
photosensitizer and red light, the bleaching of the azobenzene takes place as detected by the
reduced absorbance. In contrast, in the absence of either light or a catalyst, no degradation
of DNA 1 is detectable. These data confirm the first step of the mechanism of DNA 1
photoreduction outlined in Scheme 2.
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©
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Figure 4. Photoreduction of DNA 1 in PBS (10 mM, 150 mM NaCl, 10 mM sodium ascorbate, pH 7.4)
in the presence (“sample”) or absence (“blank”) of SnPPA (4 uM). The mixtures were either irradiated
with red light (+hv) or kept in the dark (—hv). UV-vis absorbance at 351 nm was recorded after 20
and 40 min (A). HPLC profile of the 20 min irradiated sample containing SnPPA using a gradient of
solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): From 0 to 10 min to 15% B
until 15 min. From 15 to 20 min to 20% B until 35 min (B). All peaks were collected and analyzed by
MALD-MS spectrometry (see Figure S2, SI). HPLC profile of 5'-phosphorylated DNA strand (C).
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Scheme 2. Cleavage mechanism of DNA 1 upon irradiation with red light in the presence of SnPPA
and ascorbate (Asc).

To identify the product(s) formed in the latter reaction, we subjected the sample
after 40 min irradiation in the presence of SnPPA to HPLC. The corresponding profile
(Figure 4B) shows one major peak (approximately 80% of eluted peaks after injection peak),
that is eluted after 11.8 min. The corresponding MALDI-TOF-MS spectrum (Figure S3,
SI) indeed shows the mass (calculated for C49HggN11O35P5 [M — H*]~: m/z = 1523 Da,
found: m/z = 1524 Da) of the expected 5'-phosphorylated DNA after azobenzene reduction
and subsequent 1,6-elimination of para-quinone methide followed by its quenching with
water with the formation of 4-hydroxymethylaniline (Scheme 2). As an additional control,
we synthesized the 5'-phosphorylated DNA strand and subjected it to HPLC (Figure 4C),
showing the same elution time (11.8 min) as the product of the photoreduction, further
confirming the identity of the cleavage product.

2.3. DNA 1 Cleavage Selectivity and RNA 2 Photoreduction

To challenge the selectivity of RF cleavage by red-light-induced electron transfer,
DNA 1 was incubated with biorelevant redox species, namely, HO, (200 mM), KO, (100
uM), and NaSH (630 uM), for 1 h. As shown in Figure 5A-D, no cleavage products could be
detected under these conditions. Note that the large injection peak in B is caused by H,O,
light absorption. This proves the selectivity of RF cleavage by electron transfer, forming a
solid foundation for applications in a biological context.

B C D

o A~

20
Time (min)

N

20 40 0 20 40
Time (min) Time (min) Time (min)

Figure 5. DNA 1 stability in PBS (10 mM, 150 mM NaCl pH 7.4) (A), in the presence of 200 mM H,0O,
(B), KO, (100 uM (1% DMSO)) (C), or NaSH (630 uM) (D) after 1 incubation at 37 °C as analyzed by
HPLC using a gradient solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4):
From 0 to 10 min to 15% B until 15 min; from 15 to 20 min to 20% B until 35 min.

To approach our goal of in vitro application, we repeated the cleavage experiments
on an RNA level by incubation of RNA 2 with sodium ascorbate and the photosensitizer
SnPPA in the absence or presence of red light. In the dark, no cleavage takes place (compare
Figure 6A,B). However, upon irradiation, two major cleavage products could be detected
(Figure 6C). The first one, eluted after 12 min, corresponds to the phosphorylated RNA
strand (calculated for CpooHo50Ng9O151P21 [M — H*|7: m/z = 6685 Da; found: m/z = 6676),
according to the MALDI-TOF-MS spectra (Figure S3, SI). The second one, eluted 1 min later,
corresponds to the thiophosphorylated RNA strand (calculated for CppoH250Ng9O150P21S
[M — H*]": m/z = 6701 Da; found: m/z = 6703 Da). Both species would catalyze RNAi in a
cellular context.
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Figure 6. Photoreduction of RNA 2 in PBS buffer (10 mM, 150 mM NaCl, pH 7.4) containing sodium
ascorbate (10 mM) and SnPPA (10 uM) as observed by HPLC. The sample was either directly injected
into HPLC (A), incubated in the dark (B), or irradiated with red light for 30 min (C). A gradient
of solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4), from 0 to 10 min to
15% B until 20 min, then from 20 to 40 min to 30% B, was used. HPLC fractions were analyzed by
MALDI-TOF-MS (see Figure S3, SI).

2.4. Knockdown Efficacy of RNA 2/3

Encouraged by these results, we annealed RNA 2 with its corresponding passenger
strand RNA 3 and formulated it with the standard commercially available transfection
agent Lipofectamine™ RNAiIMAX for the transfection of A2780 cancer cells. As a target
gene, we selected KIF11, a member of the kinesin-5 family, an essential enzyme for mitosis
in most organisms. The inhibition of KIF11 is reflected in the accumulation of cells in a G2
phase and an increase in the ratio of cell numbers in G2 and G1 states (G2/G1) [19]. We
applied the unmodified KIF11 siRNA 4/3 as a positive control and the scrambled siRNA
5/6 as a negative control. Upon completed transfection (14 h), we added the photosensitizer
SnPPA. Then, 30 min later, all samples were irradiated with red light (660 nm) for 30 min.
After an additional 23 h, the relative KIF11 expression was quantified by RT-qPCR. The
overall incubation time of the cells with the prodrug and controls was 38 h. It is expected
that, upon light irradiation, the azobenzyl group at the 5 end of the antisense strand
is cleaved, allowing the siRNA to be activated by the RNA-induced silencing complex
(RISC) (Figure 7A). The siRNA antisense strand then serves as a template for the selective
binding of mRNAs with the corresponding sequence (in this case: KIF11), followed by
mRNA degradation. By RT-qPCR, the relative mRNA content of single genes can be
quantified and normalized to that of a consecutively expressed housekeeping gene (in
this case: GAPDH). As shown in Figure 7B, RNA 2/3, indeed, significantly decreased the
KIF11 mRNA concentration in the presence of the photosensitizer as compared to cells
only treated with the photosensitizer (p < 0.01, unpaired Student’s ¢ test). In contrast,
no significant RNAi could be observed in the absence of SnPPA. These results not only
demonstrate the successful activation of RNA 2/3 in cells but also its selective on-demand
activation in the presence of the photosensitizer SnPPA.
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Figure 7. (A) After the photoreduction of the siRNA prodrug, the guide strand of the siRNA is
uptaken into the RN A-induced silencing complex (RISC) to selectively cleave the complementary
KIF11 mRNA, resulting in reduced KIF11 expression. (B) Relative KIF11 mRNA concentrations of
A2780 cells treated with 0.5 nM the unmodified KIF11 siRNA 4/3 or the modified analog siRNA 2/3
for 38 h. As a negative control, siRNA 5/6, which has no target mRNA in the cells, was applied. After
14 h incubation, SnPPA (500 nM, 0.1% DMSO, end concentration) was added to the indicated samples
and incubated for 30 min. All samples were irradiated for 30 min with red light, and subsequently
incubation was continued in the dark. As a housekeeping gene, GAPDH was used. 2-8Ct yalues
were calculated and normalized to those of untreated cells. Three independent experiments were
performed. Error bars indicate standard deviation. An unpaired Student’s t-test was performed for
statistical analysis: * p < 0.05; ** p <0.01; ns p > 0.05.

3. Materials and Methods
3.1. Synthesis of Modified Oligonucleotides

Automated oligonucleotide synthesis was performed on a 1 pmol scale by using the
standard (3’ —5’) synthesis according to the recommendations of the manufacturer. For
DNA synthesis, dC(bz) CPG (1000 A, 28 umol/g) was used, and for RNA synthesis, dT
CPG (1000 A, 25-35 umol/g) was used. The phosphoramidite-carrying RF was coupled
manually under argon atmosphere for 10 min. For this, the phosphoramidite in water-
free acetonitrile (0.1 mL, 0.1 M) was mixed in the solid phase with a solution of ETT
activator in acetonitrile (0.1 mL, 0.5 M). After oxidation with a standard iodine solution
and DMT-deprotection, coupling was repeated. For RNA 2, oxidation was performed with
3-ethoxy-1,2,4-thiazoline-5-one (EDITH, 0.05 M, in acetonitrile) with 20 s oxidation time.
The synthesized and chemically modified oligonucleotides were purified on reversed-phase
HPLC with a gradient of solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN,
pH 7.4). For DNA, a gradient from 0 to 10 min to 15% B until 15 min and then from 15
to 20 min to 20% B until 35 min was used. RNA was purified with a gradient from 0 to
10 min to 15% B until 20 min, then from 20 to 40 min to 30% B. Concentrations of modified
and non-modified RNAs and DNAs were determined by measuring the absorption at
260 nm. Annealing of RNA/DNA strands (10 uM each strand) was performed in Tris
buffer (100 mM Tris, pH 7.8, 500 mM NaCl, and 10 mM EDTA) by heating the mixture to
90 °C for 15 min and cooling it by 3 °C per 2 min to 22 °C.

3.2. Cis-Trans Isomerization of DNA 1

UV-vis absorbance of DNA 1 (15 uM) in PBS (10 mM, 150 mM NaCl, pH 7.4) was
measured before (t = 0 min) and after irradiation with 365 nm light for 1 min (Figure 3B).
In addition, DNA 1 (20 uM) in PBS (10 mM, 150 mM NaCl, pH 7.4) was injected into
HPLC before (Figure 2C) and after 5 min irradiation at 365 nm (Figure 3D) and after 5 min
irradiation with 365 nm plus an additional 5 min incubation (Figure 3E) using a gradient of
solution B (ACN) in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): From 0 to 10 min
to 15% B until 15 min. From 15 to 20 min to 20% B until 35 min.
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3.3. DNA 1 Cleavage by Red-Light-Induced Photoreduction

DNA 1 (50 uM) was dissolved in PBS (10 mM, 150 mM NaCl, 10 mM sodium ascorbate,
pH 7.4) in the presence or absence of SnPPA (4 M) (for synthesis and structure see [16]).
The mixtures were either irradiated (+hv) or kept in the dark (—hv) and UV-Vis spectra
were recorded after 20 and 40 min (351 nm) (Figure 4A). The 20 min irradiated sample
containing SnPPA was additionally injected into HPLC using a gradient of solution B (ACN)
in solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): From 0 to 10 min to 15% B until
15 min. From 15 to 20 min to 20% B until 35 min (Figure 4B). All peaks were collected and
analyzed by MALD-MS spectrometry (see SI, Figure S2). The HPLC profile was compared
to that of the unmodified DNA strand (Figure 4C).

3.4. Stability in Presence of Oxidizing/Reducing Agents

DNA 1 (75 uM) was dissolved in PBS (10 mM, 150 mM NaCl pH 7.4) (Figure 5A) in
presence of 200 mM H,O; (Figure 5B), in presence of KO, (100 uM (1% DMSQO)) (Figure 5C),
or in presence of NaSH (630 uM) (Figure 5D) and incubated for 1 h at 37 °C. Solutions were
injected to reversed-phase HPLC using a gradient solution B (ACN) in solution A (TEAA
buffer, 150 mM, 5% ACN, pH 7.4): From 0 to 10 min to 15% B until 15 min. From 15 to
20 min to 20% B until 35 min.

3.5. RNA 2 Cleavage by Red-Light-Induced Photoreduction

RNA 2 (50 pM) was dissolved in PBS buffer (10 mM, 150 mM NaCl, pH 7.4) containing
sodium ascorbate (10 mM) and SnPPA (10 uM) and directly injected into HPLC (Figure 6A)
or kept in the dark (—hv) (Figure 6B) or irradiated with red light for 30 min at 23 °C
(Figure 6C) and subsequently injected into HPLC using a gradient solution B (ACN) in
solution A (TEAA buffer, 150 mM, 5% ACN, pH 7.4): from 0 to 10 min to 15% B until 20 min,
then from 20 to 40 min to 30% B. HPLC fractions were analyzed by MALDI-TOE-MS (see
Figure S3, SI)

3.6. Transfection

A2780 were seeded in 6-well plates (100 cells/puL, 2 mL RPMI 1640, containing FBS
(5%), penicillin/streptomycin (1%), and L-Glutamine (1%) per well). For the transfec-
tion, 1 pmol (for 0.5 nM end concentration) siRNA in biograde water (10 puL) was di-
luted with Gibco™ Opti-MEM™ Reduced Serum Media (Opti-MEM) (40 pL). In addition,
Lipofectamine™ RNAIMAX (1.5 uL) was diluted in Opti-MEM (48.5 uL) and incubated
for 5 min at 22 °C before both solutions were combined. The transfection solution was
then incubated for 20 min at 23 °C with recurring shaking every 5 min. The cells were
washed with PBS (2.5 mL per well) and a fresh portion of RPMI 1640 medium (1.9 mL
per well) containing FBS (5%), penicillin/streptomycin (1%), and L-Glutamine (1%) was
added. Finally, the 100 pL transfection solution was added to the cells. The samples were
incubated for 14 h.

3.7. Relative Gene Expression Quantification by RT-gPCR

SnPPA (500 nM, 0.1% DMSO) was added to the cells. As a control, to one of the siRNA
2/3-treated sample, no SnPPA was added. The samples were incubated for 30 min in the
dark, and subsequently irradiated for 30 min with a red LED lamp consisting of eighteen
2-watt super-bright red LEDs (A = 660 nm, Flux = 1086 Im, efficacy: 56.6 Im/w; half width
at half maximum = 26.4 nm; distance to samples = 30 cm). The samples were incubated for
23 h in the dark. To isolate total RNA from cells, the cultivation medium was removed, the
cells were washed with PBS, and TRI reagent® (1 mL/well) was added for lysis. After 5 min
incubation at 22 °C, the cell lysate was transferred into 1.5 mL Eppendorf tubes, and the
aqueous phase of the samples was extracted by adding chloroform (200 uL, 4 °C) followed
by thorough mixing and centrifugation (12,000x g, 4 °C, 15 min). The aqueous phase
was mixed with ethanol (400 pL, 4 °C) and transferred onto Zymo-Spin IC Columns. The
samples were subsequently centrifuged (1 min, 8000x g, 4 °C). The eluate was discarded.
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The RNA on the column was washed first with sodium acetate buffer (3 M, 500 uL, 4 °C,
pH = 5.2) and secondly with ethanol (500 pL, 75%, v/v, in water, 4 °C), in three steps:
solvent addition, subsequent centrifugation as above, and eluate removal. Finally, pure
ethanol (500 pL, 4 °C) was added and the samples were centrifuged (3 min, 10,000x g, 4 °C)
to dry the column. The RNA was eluted by adding RNase-free water (25 pL), followed
by incubation for 5 min at 22 °C, and subsequent centrifugation (2 min, 8000x g, 4 °C).
To transcribe the isolated RNA into cDNA, RNA (1 pg in 12.5 pL. RNase-free water) was
incubated (65 °C for 5 min) with random hexamer primer (1 uL). Subsequently, reverse
transcriptase (0.5 uL), RT 5x buffer (4 uL), and dNTPs (2 uL) were added per sample.
Finally, the reverse-transcription protocol (10 min at 25 °C; 60 min at 42 °C; 10 min at
70 °C; forever at 4 °C) was run at the Dual Block Gradient PCR Thermal Cycler. For the
relative quantification of the genes of interest, LightCycler® 480 SYBR® Green Master (5 pL)
(Roche Diagnostics Deutschland GmbH, Mannheim, Germany) was mixed with a primer
pair (1 pL) and cDNA (4 pL, 1:10 diluted) and subjected to the LightCycler® 480 (Roche
Diagnostics Deutschland GmbH, Mannheim, Germany). The applied primer sequences
were CAGCTGAAAAGGAAACAGCC; ATGAACAATCCACACCAGCA for KIF11 and
CTTCACCACCATGGAGGAGGC; GGCATGGACTGTGGTCATGAG for the housekeeping
gene GAPDH. The reaction mixtures were initially heated at 95 °C for 5 min, followed
by 45 cycles, which consisted of 10 s at 95 °C, 30 s 60 °C, and 10 s at 72 °C. The Ct value
of the KIF11 cDNA amplification of each sample was subtracted by the Ct value of the
GAPDH cDNA amplification of the same sample (ACt). For the evaluation of the fold
change, the 274t value was calculated. The 24 value of untreated cells was set to 100.
Three independent experiments were performed and the mean =+ standard deviation were
calculated and are shown in Figure 7.

3.8. Statistical Analysis of Data

For statistical analysis of data, an unpaired Student’s t-test was performed using
GraphPad Prism Software: * p < 0.05; ** p < 0.01. Difference between experimental average
values, for which p > 0.05, were considered to be statistically not significant (ns).

4. Conclusions

In this study, we present electron-rich azobenzene “RF” as a suitable promoiety for the
design of siRNAs activated under reductive conditions upon irradiation with red light. This
can be achieved in the presence of SnPPA acting as a photocatalyst mediating the transfer of
electrons from intracellular electron sources (e.g., ascorbate) to the azobenzene. In particular,
the RF-based prodrug is not reduced either in the dark or upon irradiation with red light in
the presence of bioavailable redox species such as H,O,, NaSH, KO, or ascorbate if SnPPA
is not present. We first characterized the promoiety on a DNA model strand in cell-free
settings and then successfully synthesized and characterized an RF-carrying RNA strand.
Finally, we transferred the concept into cells, by application of an RF-siRNA prodrug,
which was transfected with a standard transfection agent into ovarian carcinoma cells
(A2780). We also showed that, in cells, the siRNA is selectively activated upon red light
irradiation in the presence of the photosensitizer SnPPA inducing KIF11 knockdown. With
this siRNA prodrug approach, we avoid the formation of toxic metabolites such as 'O, and
anthraquinone, making this concept superior to the previously published one. The RNAi is
triggered by biologically tolerated red light, due to the application of the catalyst SnPPA,
which uses naturally abundant metabolites, such as ascorbic acid, as electron sources.
Presumably, the promoiety described here can be easily attached to any siRNA sequence by
the presented synthesis route and the resulting prodrug can be formulated with standard
transfection reagents, making this approach a versatile tool to improve siRNA selectivity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules28104204/s1, with details about applied chemicals
and instruments, Scheme S1: Structure of DMT-RF-carrying phosphoramidite, Scheme S2: Structure
of DNA 1, Scheme S3: Structure of RNA 2, Figure S1: High-resolution mass spectrum of SnPPA,
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Figure S2: MALDI-TOF-MS spectra of DNA 1 stability test, Figure S3: MALDI-TOF-MS spectra of
DNA 1 cleavage experiments, details about cells and cell culture.
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Abstract: The folding and export of proteins and hydrolysis of
unfolded proteins are disbalanced in the endoplasmic retic-
ulum (ER) of cancer cells, leading to so-called ER stress.
Agents further augmenting this effect are used as anticancer
drugs including clinically approved proteasome inhibitors
bortezomib and carfilzomib. However, these drugs can affect
normal cells, which also rely strongly on ER functions, leading,
for example, to accumulation of reactive oxygen species
(ROS). To address this problem, we have developed ER-
targeted prodrugs activated only in cancer cells in the presence
of elevated ROS amounts. These compounds are conjugates of
cholic acid with N-alkylaminoferrocene-based prodrugs. We
confirmed their accumulation in the ER of cancer cells, their
anticancer efficacy, and cancer cell specificity. These prodrugs
induce ER stress, attenuate mitochondrial membrane potential,
and generate mitochondrial ROS leading to cell death via
necrosis. We also demonstrated that the new prodrugs are
activated in vivo in Nemeth-Kellner lymphoma (NK/Ly)
murine model.

According to estimation of European Cancer Information
System (ECIS) in the European Union 1.3 millions of people
will die from cancer and over 2.7 million of new cases
(excluding non-melanoma skin cancer) will be diagnosed in
2020. Treatment of this disease is complicated, since cancer
and normal cells are related and, correspondingly, precise
targeting/killing of the former cells without affecting of the
latter ones is a challenging and not yet fully solved problem.
In particular, currently available, clinically approved chemo-

therapeutics exhibit dose-limiting side effects, which
adversely and sometimes irreversibly affect the quality of
life of patients.’! Cancer cells can be addressed specifically by
making use of their unique features, for example, the presence
of some overexpressed receptors,””! altered glycolysis,* and
elevated amounts of reactive oxygen species (ROS =H,0,,
O, and HO").° The endoplasmic reticulum (ER) has been
recognized as an especially attractive target due to the
following reasons.”! In cancer cells the balance between
folding/transport of proteins and degradation of misfolded
proteins is disturbed that leads to the so called ER stress.
Further potentiation of the stress by chemical agents induces
cancer cell death, whereas normal cells initially lacking the
ER stress withstand the drug effect. Though some cancer cell
selectivity can be achieved, side effects are also expected.
They include, but not limited to induction of moderate ER
stress in normal cells leading to unfolded protein response
(UPR), elevation of intracellular amounts of ROS and
disbalance of Ca’>" homeostasis. All these factors contribute
to genome instability that stimulate carcinogenesis.®

Herein we addressed this problem by the development of
ER targeting prodrugs 4a-g, which are activated only in
cancer cells, but remain inactive in normal cells (Scheme 1,
Scheme 2). These compounds are based on N-substituted
aminoferrocene (AF) drugs. After their formation in cells
these drugs cycle between reduced (AF) and oxidized (AF*)
forms catalyzing the formation of highly reactive ROS O,
(from O,) and HO* (from H,0,) that leads to cell death.”)
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Scheme 1. The mechanism of activation of AF-based prodrugs and
state-of-the-art in the targeting of these prodrugs to organelles in
cancer cells.
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Scheme 2. Structures of AF prodrugs targeting ER (4a—g) and control
compounds.

These and other ferrocene-based biologically active com-
pounds were described in several recent reviews."”’ The AF’s
are protected in prodrugs 4 with a 4-(carbonyloxymethyl)-
phenylboronic acid pinacol ester group.”! The latter group is
labile under oxidative conditions and was, therefore, expected
to be cleaved especially well within the ER of cancer cells,
which is known to have more oxidative environment than the
cytoplasm.['!]

Our research group has substantial experience with AF-
based prodrugs. We have previously investigated their mode
of action”!?! and developed compounds targeting lysosomes
(LY)!"! and mitochondria (Mit)"¥ in cancer cells (Scheme 1).
However, ER specific AF-prodrugs were not available before
this work. P. Cloetens, G. Jaouen and S. Bohic have recently
reported on anticancer osmocenyl-tamoxifen prodrugs, which
are accumulated in endomembrane system of breast cancer
MDA-MB-231 cells including, apart from ER, nuclear
envelope, endosomes and lysosomes.™ Another example of
an ER-targeting prodrug is disulfiram. Its mode of action
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relies on the activation by binding of Cu ions in cells. Apart
from inducing ER stress via proteasome inhibition and ROS
production, it affects other targets including inhibition of
aldehyde dehydrogenase (ALDH) and the STAT3 signaling
pathway,'”) modulation of DNA-topoisomerases and methyl-
transferases as well as glutathione S-transferase.!'®! Thus, the
known anticancer prodrugs are not ER specific.

Previously reported ER-carriers are usually hydrophobic
structures, for example, cyanine dye DiOC6, hexyl rhodamine
B, polyethylene glycol (PEG), long alkyl chains, derivatives of
p-methylphenylsulfonamides."” Since water solubility of AF-
prodrugs is limited (<50 uM),”"*¥ their further modifica-
tion with the known ER-carriers would with high probability
lead to non-soluble in water compounds. Therefore, we
searched for alternative modifiers. We selected bile acids,
since along with their hydrophobic core, they carry polar
groups (alcohol or carbonyl), which could provide for water
solubility. To find the best modifier, we introduced a series of
bile acid fragments (substituent R, Scheme2) to obtain
prodrugs 4a—4e as described in the supporting information
(SI). We were pleased to observe that all prepared prodrugs
are soluble at least up to 50 uM in aqueous solution (Table S1,
SI). All prodrugs affect the viability of Burkitt’s lymphoma
BL-2 cells (Table S2, SI), selected as a representative cancer
cell line. Derivatives of cholic (4a, IC5,=9+2 uM) and
dehydrocholic acid (4e, IC5;=9 +2 uM) are most potent in
this series. They exhibit a stronger anticancer effect than the
non-targeted control 1) (IC5, =34 +3 pM, p < 0.001) and the
Mit-targeting prodrug 3" (IC5y=3542uM, p<0.001)
reaching the potency of the best previously reported LY-
targeting prodrug 2! (IC5, =5 +2 uM). Based on these data
and due to its easier synthesis, prodrug 4a was selected for
more detailed studies.

As previously established, prodrugs containing arylbor-
onic acid pinacol ester are hydrolyzed in aqueous buffered at
pH 7 solutions within <1 h.”?! Therefore, the active form of
4a will be the boronic acid 4a_BA. We determined n-octanol/
water partition coefficient (logP) of 4a_BA to be substantially
higher (5.9 4+0.2, Table S3, SI) than that of parent prodrug
1._BA (2.7+0.2). The high lipophilicity of 4a_BA was
expected to facilitate its accumulation in the ER.I"

To investigate the mechanism of 4a activation in the
presence of H,0,, we applied electrospray ionization (ESI)
mass spectrometry (MS). We confirmed that 4a is first
hydrolyzed in aqueous solution forming 4a_BA. In the
presence of H,O, AF-drug 4a_2 is formed (Figures S29-
S34, SI), which can donate an electron to H,0,/O, leading to
formation of ferrocenium 4a_2* and highly toxic HO/O,".
We confirmed experimentally formation of HOYO,  in
mixtures of 4a and H,O, by using 2',7’-dichlorodihydrofluor-
escein (DCFH) (Figure S35, Table S4, SI). In particular, we
found that 4a accelerates the rate of DCFH oxidation by 3.2-
fold with respect to the rate of its spontaneous oxidation by
H,O,. All together these data indicate that 4a is activated as
outlined in Scheme 1 similarly to other known AF-pro-
drugs. 1214

Further, we confirmed that apart from BL-2 cells prodrug
4a exhibits anticancer activity towards other cancer cell lines
including ovarian cancer A2780 (ICs,=5.4+0.7 uM) and T-
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cell leukemia Jurkat (ICs,=18+1 uM). The anticancer
activity of LY-targeting prodrug 20% is similar towards
A2780 cells (ICso=7+2 uM) and higher towards Jurkat
cells (IC5y=7.2+0.1 uM, p<0.001), whereas that of Mit-
targeting 31 is substantially lower for both cell lines (p <
0.001, Tables S5, S6, SI). For Jurkat cells we observed that 4a
induces cell death mainly via necrosis and partially via
apoptosis (Figure S36A, SI) that was reproduced for A2780
cells (Figure S37, SI). Since necrotic cells are usually immu-
nogenic, it is possible that the initial direct anticancer effect of
4a will be facilitated by the action of immune system in vivo.
We observed that the anticancer activity of 4a in Jurkat cells is
decreased in the presence of the ROS inhibitor N-acetylcys-
teine (NAC)®?! (Figure S36B, SI). These data confirm that
ROS is involved in the intracellular activation of 4a.

Next, we investigated the mechanism of action of 4a in
cells. In the first experiment, we incubated A2780 cells with
prodrug 4a as well as controls 1 and 2 for time periods
between 1-24 h followed by their staining with organelle-
specific dyes (ER: ER-tracker-green, ERTgrn; LY: acridine
orange, AO; Golgi: Golgi-Staining-Green, GO; Mit: rhod-
amine 123, R123) and evaluation of their fluorescence by
using flow cytometry (Figure 1). The fluorescence intensity of
the cells treated with medium only (carrier) was used as
a reference. We observed that non-targeted control 1 weakly
affects the ER-specific fluorescence at 1 h incubation (but not
at 4 h incubation) and does not affect the LY-, Golgi- and Mit-
specific fluorescence at both 1 and 4 h incubation times. A
weak decrease of the Mit-specific fluorescence was observed
at the highest incubation time of 24 h. As expected, LY-
targeted 2 strongly reduces the LY-specific fluorescence of the
cells. Additionally, it also affects ER and especially Mit that
can be a follow up effect after the initial lysosomal disruption
as previously reported.™ The effect of 4a on the ER-specific
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Figure 1. Effect of prodrugs and controls on relative organelle-specific
staining (F.(prodrug)/F,(carrier)), where F is emission at 525 nm
(Aex=488 nm). Incubation times with prodrugs (1, 4, or 24 h) are
indicated on the plots. A) ER staining with ERTgrn. B) LY staining with
AO. C) Golgi staining with GO. D) Mit staining with R123. References
are indicated with “ref”. The experimental data were compared by
using Student’s t test: p <0.05 (*), p<0.01 (**), p<0.001 (**¥),
p>0.05 (ns).

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

Communications

Angewandte

intemationaldition’y) Chemie

fluorescence of the cells for both 1 and 4 h incubation times
was found to be strongest within the studied series of the
prodrugs (p < 0.001, Figure 1 A). Using confocal microscopy
we observed that the ER tracker dye is leaking into the nuclei
and the cytoplasm of a large proportion of 4a-treated cells
indicating that 4a induces the ER disruption (Figure S38). In
contrast to 2, prodrug 4a does not affect the LY-specific signal
(Figure 1B), but at the early incubation time (1 h) decreases
slightly the Golgi-specific fluorescence and does not affect the
Mit-specific fluorescence. At the later incubation times the
effects on Golgi and Mit become stronger. These data indicate
that the ER is a primary site of action for 4a (the strong effect
is seen already at 1h-incubation), whereas the effects on Golgi
and Mit are secondary (>4 h incubation is needed to observe
strong effects).

By using quantitative PCR, we observed that the expres-
sion of mRNA of CCAAT-enhancer-binding protein homol-
ogous protein (CHOP), which is a marker of the ER stress,?!
is significantly increased in 4a-treated A2780 cells (p < 0.05).
In contrast, neither unspecific 1 nor LY-targeting 2 affected
the expression of the CHOP-mRNA (Table S7, SI). These
data indicate that 4a exhibits its anticancer activity via the
induction of the ER stress.

Next, we evaluated the ability of 4a to modulate the
oxidative stress in cells (Figure 2 A,B). We observed that this
prodrug increases the total intracellular ROS amount (tROS)

Fluorescence (a.u.)
N

Fluorescence (a.u.)
N

0 0
[4a]/uM 0 30 0 20 0 30 01030 01030 01030/ puM
Cells:  A2780 BL2 Jurkat  Pprodrugs: 2 22 49

Ch1: 4g_2* Ch2: ERTred Ch1+ Ch2

4g

ERTred

4g +
ERTred

Figure 2. A) Increase of the mean fluorescence (A, =488 nm,

Xem =530 nm) of 5-(6-)chloromethyl-2',7'-dichlorodihydrofluorescein
diacetate (CM-DCFH-DA)-loaded cells incubated with 4a for 2 h
(A2780 and BL-2 cells) or 1 h (Jurkat cells). B) Increase of the mean
fluorescence (A, =488 nm, A.,, =585 nm) of A2780 cells incubated
with 4a for 2 h followed by Mitosox™ for 20 min. C-K) Images of
A2780 cells stained with 4g (C-E), ERTred (F-H), and a mixture of 4g
and ERTred (I-K). Fluorescent channels: Ch1 (green)—M\.,: 335—

383 nm; Aep: 420-470 nm (detection of 4g_2"); Ch2 (red)—A\,,: 538—
562 nm; Aey: 570-640 nm (detection of ERTred).
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in all studied cell lines significantly. However, the overall
magnitude of the tROS increase was substantially lower than
that found for LY-targeting 2.1 In contrast, we observed the
strong dose-dependent increase of mitochondrial ROS
(mROS) in A2780 cells treated with 4a, whereas control 2
did not affect mROS at any concentration tested (0-30 uM).
Thus, the mode of action of 4a (the induction of ER stress, the
increase of mROS) is distinct from that implicated for all
previously known AF-prodrugs.”12-1420l

To find out whether 4a is directly accumulated in ER or
induces its effects on the ER indirectly, we prepared its
fluorogenic analogue 4g containing a fluorescent dye 7-
hydroxycoumarine (SI). We confirmed that 4g and 4a are
analogues. For example, they have similar solubility in
aqueous solution (Table S1, S7), lipophilicity (Table S3, ST7)
and exhibit similar anticancer activity towards A2780 cells
(IC5y=6.24+2.4 vs. IC5y=5.4 +0.7 uM correspondingly).

Prodrug 4g is practically not fluorescent due to photo-
induced electron transfer (PET) from the ferrocene moiety to
the dye. Analogously to 4a, it is converted to AF-drug 4g 2*
in the presence of H,O, (Figure S29, S30) that is accompanied
by the strong (up to 50-fold) fluorescence increase (Fig-
ure S39). We found that 4g is accumulated and activated in
A2780 cells leading to formation of fluorescent products
(most probably 4g 2*) that could be monitored by flow
cytometry (Figure S40, Table S9). By using fluorescence
microscopy we confirmed that the fluorescent product
derived from 4g is accumulated in ER (Figure 2 C-K). This
is evident from the efficient overlap (Pearson’s R value =
0.85, Figure S41, SI) of the signal of the fluorescent product
4g 2" derived from 4g (green color) and the signal of ER-
specific stain ERTred (red color, Figure 2K). It should be
mentioned that previously reported fluorogenic versions of
LY-targeting 2! and Mit-targeting 3! are substantially less
active than their unlabeled counterparts. These compounds
are suitable for the study of the mechanism of prodrug action,
but not as therapeutic agents. In contrast, 4g is the first truly
teranostic AF-based prodrug.

To evaluate the cancer cell specificity of the ER-targeting
AF-prodrugs, we conducted two complementary experiments.
For the first one we selected a pair of genetically related
primary cancer (chronic lymphocytic leukemia: CLL) and
normal cells (mononuclear cells: MNC's). MNC's is a mixture
of cells containing primary B cells, which are parent for CLL
cells. We observed that 4a is significantly more toxic towards
CLL cells (ICsy=5.6 £0.7 uM) than normal MNC's (ICs,=
18.3+7.5 uM, p<0.05) (Figure S42, SI). Furthermore, by
using fluorescence microscopy we confirmed that 4g (the
fluorogenic analogue of 4a) is activated only in cancer
(A2780), but not in normal (SBLF9 fibroblasts) cells (Fig-
ure S43, SI). We selected the SBLF9 cells as representative
normal cells, since they are adherent and, therefore, better
suitable for the fluorescence microscopy than the non-
adherent MNC's.

Finally, we evaluated the activation of 4¢g in vivo in C57/
BL6N mice with Nemeth-Kellner lymphoma (NK/Ly), which
grow in the form of ascites (SI). First, we took ascite probes
from untreated mice (time point 0) as a reference. Then
prodrug 4g at the dose of 40 mgkg™' was injected i.p. every
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Figure 3. A) Photograph of ascite suspensions isolated from C57/
BL6N mice carrying NK/Ly and treated with 4g for 3 days. B) Increase
of the mean fluorescence (A, =340-380 nm; A, =435-485 nm) of
ascites isolated from the C57/BL6N mice treated with 4g for 0, 3 h
and 3 days: circles: individual data, horizontal bars: means of the
individual data. Student’s t test: ** — p <0.01; *** — p <0.001; the
untreated sample was used as a reference. C) Bright-field images of
ascites isolated from the C57/BL6N mice treated with 4g for 3 days.
D, E) Fluorescence image of the same cells as in (C): A, =290-

410 nm; A, =415-465 nm (D) and A, =530-570 nm; A.,,=570—
650 nm (E). F) Overlay of images shown in (D) (green color) and (E)
(red color). G—J) Controls; the same as (C—F) for untreated ascites.

day for 3 days. Ascite probes were taken 3 h and 3 days after
the beginning of the treatment. The cell suspensions appeared
yellow indicating the prodrug uptake (Figure 3 A). Further-
more, the fluorescence of ascites (A, =360/20 nm, A, =460/
25 nm) was quantified by using a fluorescence plate reader
(SI). We observed the significant (p < 0.01 for 3 h incubation
and p < 0.001 for 3 days incubation) time-dependent fluores-
cence increase in the treated animals compared to the non-
treated ones (Figure 3B) that is in agreement with the
activation of 4g in vivo. These results were confirmed by
imaging of the live ascites by using vital fluorescence
microscopy (3 days incubation, Figure 1 C-J). In particular,
we imaged the cells at two settings (Chl and Ch2), which
allowed detecting the products of 4g activation (Chl: A, =
290-410 nm; A, =415-465nm) and the ER-tracking dye
ERTred (Ch2: A, =530-570 nm; A, = 570-650 nm, added to
the isolated ascites shortly before the measurements). For the
ascites from the treated group we observed an intense signal
in the Chl indicating the 4g activation. The latter signal
overlaps with that in the Ch2 indicating that 4g is accumu-
lated and activated in the ER of the ascites in vivo. As
expected, no signal in the Chl was observed in the ascites
isolated from the control (untreated) group. These data are in
agreement with our in vitro studies (Figure 2 C-K).

In summary, we successfully prepared cholic acid-conju-
gated AF- prodrug 4a as well as its fluorogenic version 4g,
which is the first reported teranostic AF-prodrug. We
demonstrated fast (<1h incubation) accumulation and
activation of these prodrugs in the ER of cancer cells that
leads to the significant ER stress (upregulation of CHOP-
mRNA) and the production of both mitochondrial and total
ROS. We have confirmed the excellent cancer cell specificity
of prodrugs 4a/4g and demonstrated that 4g is efficiently
activated in vivo in the NK/Ly murine model. The prodrugs
4a/4g described in this paper and the previously reported LY-
targeting 21" exhibit comparable anticancer effects. How-
ever, due to different mechanisms of action, these drugs are
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complementary to each other. We assume that 4a/4g may find
applications in cases when 2 is not suitable. Furthermore, the
simultaneous use of these prodrugs would be an interesting
option due to the possible synergistic effects between them.
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Many known chemotherapeutic anticancer agents exhibit neutropenia as a dose-
limiting side effect. In this paper we suggest a prodrug concept solving this problem for
camptothecin (HO-cpt). The prodrug is programmed according to Boolean “AND” logic.
It requires for its activation the simultaneous presence of triggers T1 (H202) and T2 (pH
8 in mitochondria: Mit). The level of H202 in cancer cells is higher than that in normal
cells. Thus, T1 discriminates cancer cells from the majority of normal cells excluding
neutrophils, known to produce elevated levels of H.O». T2 discriminates cancer cells
from neutrophils, since the former cells have a higher number of Mit. We demonstrated
that our prodrug exhibits antitumor activity both in vitro and in vivo, but is not toxic to
normal cell and neutrophils in contrast to known single trigger prodrugs and the parent
drug HO-cpt.
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Introduction

Chemotherapy is one of the three major concepts in current cancer treatment alone
with surgery and radiotherapy. Clinically used chemotherapeutics include both natural
and synthetic compounds, e.g., camptothecins,! bleomycin,? doxorubicin,B!
paclitaxell and Pt(Il) complexes (cisplatin, oxaliplatin).[®! Their common side effect is
neutropenia,® a condition characterized by the low number of neutrophils. Since
neutrophils belong to the first line of defense against infections, neutropenia causes
strong suppression of the immune system in patients and, as a consequence, even
minor infections can become life threatening.

Side effects of drugs can be eliminated by converting them to prodrugs, which are
activated under cancer specific conditions, but remain inactive in other cells.lf! For
example, wel’l and othersl®! have used differences in the amount of H202in cancer and
normal cells®® to design H202-responsive anticancer prodrugs. However, neutrophils
also produce large amounts of H202 that can activate the prodrugs causing
neutropenia. Representative examples include H202-responsive prodrugs of (a)
gemcitabine exhibiting residual neutrophil toxicity compared to the vehiclel? and (b)
N-alkylaminoferrocene (AF) causing death of neutrophils via formation of neutrophil
extracellular traps (NETs).[*Y These literature data indicate that improved concepts for
H202-responsive prodrugs are warranted.

Since the number of mitochondria (Mit) in cancer cells is substantially higher than that
in neutrophils (Figure 1A),1*2 we hypothesized that a combination of the H202-mediated
activation with the Mit-driven chemistry can be used to improve cancer cells versus
neutrophils specificity of H202-responsive prodrugs. Herein, we report on a proof-of-
concept studies confirming the feasibility of this hypothesis.

We developed a prodrug of an inhibitor of topoisomerase | (TOPI) camptothecin (HO-
cpt) AFPG2PGL| _E-cpt (Figures 1, 2). HO-cpt was selected, since alone with the strong
anticancer activity it exhibits severe neutropenia.[¥l Two HO-cpt derivatives (irinotecan
and topotecan) are already used in clinics.!! Single trigger H202-activated prodrugs of
HO-cpt have been previously reported.'3! In contrast, the AFPG?PCL| -E-cpt (further
prodrug) is dependent on two triggers: H202 (T1) and a Mit-associated trigger (T2)
(Figures 1B, C). As T2 we used OH- present at elevated amounts (pH 8) in Mit (OH"
mit).[14 Single trigger prodrugs activated by OHwmit have been previously described.!1%l
The prodrug reported in this paper exhibits low uM anticancer activity in vitro towards
a variety of human cancer cell lines representing blood, ovarian, prostate, pharynx and
tongue, but is not toxic towards normal cells including PMA-primed neutrophils. Its
anticancer activity is potentiated by ionizing radiation. The prodrug retains its activity
in vivo in Nemeth-Kellner lymphoma model of murine cancer. In contrast to HO-cpt, it
does not induce neutropenia in vivo.
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Figure 1. A: Differences in H,O, amount and the number of Mit in human cells. B: The
mechanism of activation of known FcNPC2PCLX by H,O,: al — hydrolysis of PG1; bl — H,O,-
mediated cleavage of PG2; c1 — 1,6-elimination of p-quinone methide, CO, release and Fc
oxidation by H,O,; d1 — decomposition of Fc*NH-X. C: Activation of AFP¢2PCL|-E-cpt
(prodrug): a2 — aggregation of the prodrug in aqueous solution; b2 =al; c2 = bl + cl; d2 =d1;
e2 — hydrolysis of ester E in Mit at pH 8; f2 — accumulation of HO-cpt in nucleus.
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Results and Discussion

A previously reported FCNPG2PCLX where X= a fluorescein derivative, is hydrolyzed
within <2h in aqueous solution with formation of the boronic acid FcNP®2-X (al, Figure
1B).["" The FcNPG2-X is taken up by both normal and cancer cells, but is activated only
in H202-rich, cancer cells via steps bl-c1 with formation of a ferrocenium Fc*NH-X,
found to be accumulated in Mit.[’?l The Fc*NH-X is decomposed forming not identified
polar products. The T1-responsive moiety of the FCNPG2PC1-X was applied to design
the prodrug reported in this paper.

Design of a T1/T2-responsive prodrug
The proposed activation mechanism of the prodrug and its chemical structure are
shown in Figures 1C and 2.

X X
FC\N O/\@\ o-
N\\ Y \ \N
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Figure 2. The mechanism of activation of the prodrug. A control FcNF-L-E-cpt is unreactive
under these conditions. Steps a2-c2 and e2 are described in the caption to Figure 1C. Steps
d2_| and d2_II occur spontaneously.

The prodrug includes three elements: moieties responsive to T1 (FcNPG2/PGL [70]) and
T2 (L-E) as well as a drug fragment (cpt), deactivated by acylation of the critical for the
activity HO group with formation of an ester E.['8l |deally, the E is cleaved in the
presence of both H202 (T1) and HOwit (T2) releasing the active drug HO-cpt (cancer
cell: T1*/T2%), but remains intact when one of the triggers is absent (normal cell: T1
/T2%; neutrophil: T1*/T2°). This goal is achieved in the following way. The prodrug is
designed to be lipophilic enough to exist in the oligomer-form in aqueous solution
(aggregate I, Figure 1C). In aggregate | the hydrophobic L-E moiety is buried in the
interior and, therefore, not accessible to the hydrolysis by hydrophilic T2. A polar
boronic acid moieties PG2/PG1 are located at the exterior of the aggregate and
accessible to T1. Assuming that the T1-responsive FcNPG2PCl moietyl™! retains its
properties in the prodrug, its activation induced by T1 will occur as outlined in Figure
2. In steps b2 and c2, the PG2/PG1 will be cleaved by T1 forming a FC*NH-L-E-cpt. A
positive charge of this intermediate should destabilize the aggregate, thereby favoring
the monomeric species. In cells, the de-aggregation will be further supported by
loading of the Fc*NH-L-E-cpt into Mit (Figure 1C). In this state the ester E will be
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accessible for T2 and can, therefore, be hydrolyzed forming HO-cpt as indicated with
a dashed arrow in Figure 1C. As it is described in the experimental part, the latter
reaction occurs stepwise (d2+e2) via a HsN*-L-E-cpt. In step f2, the drug is
accumulated in the nucleus, where it inhibits TOPI.

Activation of the prodrug by T1 and T2 in cell free settings

Synthesis of the prodrug and controls is described in the supporting information (SI).
Their purity was confirmed by C, H, N elemental analysis and was found to be >95 %.
The characterization and confirmation of prodrug stability in solid state and solution
are provided in Figures S1-S24 (SI).

Aggregation of the prodrug The prodrug is lipophilic as evidenced by its high n-
octanol/water partition coefficient (logP) of 4.27 + 0.04 (Table S1, Sl). However, it is
still moderately soluble at <30 uM in Dulbecco’s phosphate-buffered saline (DPBS)
(Table S2, SlI). To investigate the aggregation phenomena in the aqueous solutions,
we recorded UV-visible spectra of the prodrug at concentrations up to 25 uM (Figure
3A). As expected, the spectra are dominated by the cpt chromophore (Amax= 369 and
394 nm), whereas the ferrocenyl moiety is not visible due to its low extinction
coefficient. Absorbance at these maxima does not obey Beer-Lambert law (Figure 3B:
representative data for Amax= 369 nm) indicating the presence of more than one cpt-
chromophore-containing species in solution. Interestingly, the significant absorbance
>500 nm is also observed (Figures 3A, D). Since the prodrug has no chromophores
absorbing >500 nm, this feature can be interpreted by Reyleigh light scattering on
aggregate 1. By using dynamic light scattering (DLS) we confirmed the formation of
aggregate 1 with sizes ranging from 350 + 21 to 535 + 65 nm. The Amax values of the
prodrug (369 / 394 nm) are close to those observed for the solution of HO-cpt dissolved
in unpolar solvent toluene (369 / 386 nm), but do not match those of HO-cpt dissolved
in polar water (355 / 368 nm).['"] These data indicate that the cpt moiety is located in
the hydrophobic interior of aggregate 1. Since the E-L is directly linked to the cpt, it will
also be located in the hydrophobic interior that will protect it from the attack by T2
(Figure 1C).

Reaction of the prodrug with H2O2 The prodrug as well as the control FcNF-L-E-cpt are
practically not fluorescent in aqueous solutions (Figure 4A), possibly due to (a) photo-
induced electron transfer (PET) from the Fc moiety to the excited state of the cpt and
(b) aggregation. We observed the H202-dose dependent increase of the fluorescence
characteristic for the cpt fluorophore (Aex= 365 nm, Aem= 460 nm) in the mixtures of
prodrug (20 uM) and H202 (10 uM to 10 mM, Figures 4A, B). Further data obtained at
pH 7, 8 and 10 are shown in Figure S25, Sl. This reaction is facilitated at higher pH: it
is 1.5- and 1.9-fold faster at pH 8 and 10 than at pH 7 (Table S3, SlI). Importantly, the
prodrug activation by H202 is not affected by the physiological concentration of
glutathione (GSH, 5 mM) (Figure 4C) indicating that the reaction is possible within living
cells

https://doi.org/10.26434/chemrxiv-2023-69qzs ORCID: https://orcid.org/0000-0002-9079-5569 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-69qzs
https://orcid.org/0000-0002-9079-5569
https://creativecommons.org/licenses/by-nc-nd/4.0/

3= A EE E
23 0s 132
08 1® & ponporeL -E-opt ' ml’ H,N*-L-E-cpt
s | W . )
= 3] '
< £ H
2 3 04 1 i £
9 o o <
< < o
<]
|
0 T ] 0 T )
300 550 800 300 550 800
Wavelength (nm) Wavelength (nm)
[@ FCNPG2PGL| -E-cpt & H;N*-L-E-cpt|
0.6 s 4 02 500 s @
c B ' ® e C ° D
c e c
o) ¥ o b € ®
S 03 A 0.1 . £ 250 ¢
0 o %) ° ko] ¢
3 e 2 $ o000 .
0 20 4 15
Time (min) Time (min) [Drug] (uM)

Figure 3. UV-visible spectra of the prodrug (A) and HsN*-L-E-cpt (E) in triethylammonium
acetate (TEAA) buffer (150 mM, pH 8, CH3CN 15 % v/v, DMSO 1%, v/v) at concentrations 0,
10, 15, 20 and 25 pM. Plots of absorbance at 369 and 789 nm versus time obtained form the
spectra shown in A and E are provided in insets B and C, correspondingly. Linear fits of the
initial time periods (0-10 min) are provided as dotted lines. D: DLS data for aqueous solutions
(same as in A and E) of the prodrug (red circles) and HsN*-L-E-cpt (black diamonds): “d” is the
mean size of the aggregates detected.

Furthermore, the activation relies on the presence of the PG2/PG1 group, since the
control FcNF-L-E-cpt lacking this group remains non-emissive even in the presence of
the highest H202 concentration tested (10 mM, Figure 4A, red colored trace).
Importantly, both the prodrug and the control FcNF-L-E-cpt are stable at pH 7 and 8 in
the absence of H20z2, indicating that the direct hydrolysis of the ester E does not take
place. Compared to pH 7, the direct hydrolysis is facilitated at pH 10 by 6-fold for the
prodrug and 2.5-fold for the control (Table S3, Sl). The fluorescent product generated
upon the prodrug activation can be both HO-cpt and other fluorescent intermediates
as will be discussed later. To identify these products, we first examined the release of
Fe ions in the mixture of the prodrug (20 uM) and H202 (10 mM) by making use of the
formation of red colored complex of Fe?* with ferrozine.['8l We detected no Fe?* both
at pH 7 and 8 after 2h incubation (SI). However, when the mixtures were first reduced
by hydroxylamine to convert Fe3* to Fe?*, followed by addition of ferrozine, the
characteristic red solution was obtained at both pH 7 and 8: representative data

https://doi.org/10.26434/chemrxiv-2023-69qzs ORCID: https://orcid.org/0000-0002-9079-5569 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-69qzs
https://orcid.org/0000-0002-9079-5569
https://creativecommons.org/licenses/by-nc-nd/4.0/

obtained at pH 8 are shown in Figure 4D. This indicates the H202-mediated release of
Fe3*, occurring in the result of the decomposition of Fc*NH-L-E-cpt (Figure 2).
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Figure 4. The fluorescence increase (Aex= 365 nm, Aem= 400 NM) in aqueous solutions of the
prodrug (10 uM, pH 8) in the presence of H202 (A: 0.5 — 10 mM; B: 0 — 100 uM). C: Data
indicating that GSH (5 mM) does not affect the activation of the prodrug by H.O, (10 mM). D:
Detection of Fe?* (“before reduction”) and the sum of Fe®* and Fe?* (“after reduction”) in the
solution of the prodrug (20 uM, pH 8) incubated with HO, (10 mM) for 2 h. Other experimental
details are provided in the SI.

Furthermore, the activation relies on the presence of the PG2/PG1 group, since the
control FcNF-L-E-cpt lacking this group remains non-emissive even in the presence of
the highest H202 concentration tested (10 mM, Figure 4A, red colored trace).
Importantly, both the prodrug and the control FcNF-L-E-cpt are stable at pH 7 and 8 in
the absence of H20z2, indicating that the direct hydrolysis of the ester E does not take
place. Compared to pH 7, the direct hydrolysis is facilitated at pH 10 by 6-fold for the
prodrug and 2.5-fold for the control (Table S3, SI). The fluorescent product generated
upon the prodrug activation can be both HO-cpt and other fluorescent intermediates
as will be discussed later. To identify these products, we first examined the release of
Fe ions in the mixture of the prodrug (20 uM) and H202 (10 mM) by making use of the
formation of red colored complex of Fe?* with ferrozine.['8l We detected no Fe?* both
at pH 7 and 8 after 2h incubation (SI). However, when the mixtures were first reduced
by hydroxylamine to convert Fe®* to Fe?*, followed by addition of ferrozine, the
characteristic red solution was obtained at both pH 7 and 8: representative data
obtained at pH 8 are shown in Figure 4D. This indicates the H202-mediated release of
Fe3*, occurring in the result of the decomposition of Fc*NH-L-E-cpt (Figure 2).
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Other intermediates and HO-cpt were identified by using HPLC coupled to UV-light
(LC-UV) and electrospray ionization MS detectors (LC-MS, Figure 5).
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Figure 5. Study of the reaction of the prodrug and the control FcNF-L-E-cpt with H.O; at pH 7
and 8 by using HPLC. HPLC profiles (detection of absorbance at 370 nm) are shown in A and
B. Solutions of the prodrug (20 uM) at pH 7 (A) or pH 8 (B) were incubated for 0.5 -1 h in the
presence of H,O; (10 mM) and analysed. Injection peak is indicated with *. C: The same as in
B, except that the prodrug was replaced with FcNF-L-E-cpt and the incubation time was
extended to 2h. D, E: Analysis of the prodrug/H-O, mixtures (incubation times are shown on
the plot) by using LC — quadrupole-time-of-flight mass detector (detection of positive ion current
at m/z 349 Da: protonated HO-cpt). F: Dependence of peak areas at m/z 349 Da observed in
experiments shown in D and E from the time of incubation with H2O.

In particular, at pH 7 traces of the prodrug are observed at the retention time Ri= 10.5
min (m/z 986 [M-e]*) after 30 min incubation with H202 (10 mM) (red line, Figure 5A).
After 1h incubation it is not detectable anymore (black line). The major peak at both 30
min and 1 h incubation at pH 7 is the hydrolyzed prodrug FCNP®2-L-E-cpt: Ri= 7.8 min
(m/z 904 [M-e]*). Further detected intermediates include a Fc*NH-L-E-cpt (Ri= 4.1 min,
m/z 726 [M]*) and its decompositon product HsN*-L-E-cpt (Ri= 3.7 min, m/z 543 [M]*).
The formation of the latter intermediate is in agreement with the release of Fe3* (Figure
4D). At 30 min incubation ferrocenium/amine ratio is equal to 3/4, whereas at 1h
incubation it is 1/9. At pH 8 the same intermediates are formed. However, the reaction
is substantially faster. Already after 30 min, neither prodrug nor its hydrolyzed form are
detectable, whereas the ferrocenium intermediate is present only as traces. The major
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product is HsN*-L-E-cpt. Additionally, a weak peak is observed at Ri= 5.6 min (m/z 701
[M]*), which corresponds to Cpz2N-L-E-cpt formed in the result of decomposition of
FCc*NH-L-E-cpt (Figure S27, Sl).

We observed that at the separation conditions selected for LC-UV (Figure 5A-B) both
HO-cpt and HaN*-L-E-cpt (Figure S28, Sl) elute at the same time (3.7 min) that did not
allow for the accurate quantification of HO-cpt. We solved this problem by using more
efficient chromatographic separation with high-resolution mass spectrometry (Figure
S29, Sl). The data obtained are provided in Figures 5D, E. In Figure 5F, areas of the
peaks corresponding to HO-cpt are plotted as a function of time. In the prodrug / H202
mixture at pH 7 a HO-cpt peak is observed only after 2h incubation (Figure 5D). In
contrast, at pH 8 this peak is detectable already after 1h and the peak intensity is
increased after 2h. Importantly, practically no HO-cpt could be detected in the mixture
of the control FcNF-L-E-cpt / H202 at pH 8 (red trace, Figure 5F) indicating that the
direct hydrolysis of E does not take place.

To investigate whether the latter reaction sequence is specific for cpt derivatives, we
prepared a FcNPC2PCL| -E-dmb containing 1,1-dimethylbenzyl in place of the cpt
moiety. By using LC-UV-MS we confirmed that this compound forms related
intermediates as the FCNPGZPCL.| -E-cpt in the presence of H202 (Figure S30A, SI).
The reaction was also found to be facilitated at pH 8 as compared to pH 7. By using
GC-MS we confirmed the formation of HO-dmb in the FcNPG2PCL-L -E-dmb/H202/pH 8
mixture (Figure S30B, Sl). Thus, these data indicate that the reaction sequence
reported in this paper is not restricted to the cpt-prodrugs. It can potentially be applied
to design prodrugs of other anticancer drugs, which possess a critical for their activity
tertiary OH group. Possible examples of such drugs are clinically used irinotecan and
topotecan.

The mechanism of the reaction of the prodrug with H2O2 at pH 8

According to the data discussed above the prodrug is aggregated in aqueous solution
that blocks the reactivity of the L-E (Figures 3A-D). In the presence of H202 the prodrug
is converted to the HsN*-L-E-cpt (Figure 5A, B). This compound is monomeric
according to the following experimental evidences. First, its UV-visible spectra at 0 to
25 uM are characteristic for a monomeric cpt derivative. In particular, the absorbance
maxima (354 / 369 nm) are close to those observed for HO-cpt dissolved water (355 /
368 nm).['"] Absorbance at these maxima obey Beer-Lambert law (Figure 3B, black
trace). No absorbance is observed at >500 nm, indicating the absence of aggregates
able to scatter light. Finally, DLS data indicate the absence of aggregates larger than
100 nm at the compound concentration <5 uM. This indicates that the cpt in HaN*-L-
E-cpt is exposed to the solvent.

To find out whether the hydrolysis is facilitated by the intramolecular interactions, we
analyzed possible conformations of HsN*-L-E-cpt in aqueous solution by molecular
dynamics (MD) simulations (Figures S31A-F, Sl). We observed only low probabilities
for conformations where hydrogen bonding between the ammonia and the C=0 (E) is
possible (Figures S31A-C, Sl). Combined quantum mechanical/molecular mechanical
(QM/MM) simulation of the hydrolysis reaction by an OH" ion on HsN*-L-E-cpt in a
stretched conformation, i.e. with the ammonium group far from the E, show a step-wise
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reaction, in which the rate-determining step is the OH" attack with formation of a
tetrahedral intermediate with a feasible free energy barrier of 34.0 £ 0.7 kcal/mol
(Figures S31E-F, SI). In simulations, in which the ammonium group has been
constrained to be close to the C=0 (E), the free energy barrier for the nucleophilic
attack does not change significantly (36.1 +/- 0.6 kcal/mol) compared to the simulations
without this distance constraint (Figure S31F). This indicates that hydrolysis of E does
not rely on intramolecular interactions involving the ammonium group. It is therefore
conceivable that the hydrolysis occurs by direct OH" attack of the E of HsN*-L-E-cpt.

Effect of the prodrug on viability of cancer and normal cells

We selected several representative human cancer cell lines from different organs,
including Burkitt’s lymphoma BL-2 (blood), A2780 (ovary), DU-145 (prostate), SAS
(tongue) and FaDu (pharynx), known to produce elevated ROS amounts.[”:19:20]
Incubation of these cells with the prodrug for 96 h affects strongly their viability. In
particular, half inhibitory concentration (ICso) ranges from 0.3 £ 0.1 uM (for most
sensitive BL-2 cells) to 1.1 + 0.5 uM (for least sensitive DU-145 cells) (Table 1).
Experiments with controls revealed the importance of the individual components of the
prodrug. In particular, the control FCNPG2PC1-| -E-Mel™! lacking the cpt fragment is from
34- to 93-fold and the control FcNF-L-E-cpt lacking the H202-responsive fragment is
from 4.3 to 27.5-fold less active than the prodrug (Table 1). The trend is retained at the
shorter incubation times of 24 and 48 h (Tables S5, S6, Sl). Importantly, the prodrug
does not affect the viability of representative normal cell lines, producing low amounts
of intracellular ROS: normal human dermal fibroblasts (NHDF), ICso > 20 uM; retinal
pigment epithelia (ARPE-19) cells, ICs0 > 10 uM and primary human fibroblasts (HF),
ICs0 > 10 uM (Table S6, Figure S32, SI).

Table 1. Effect of the prodrug/controls on viability of selected cancer cell lines.

Prodrug/ controls Cancer cell lines / ICso, uM

BL-2[ A2780™ DU-145M[ SAS! FaDul®!
FCNPG2PCL| -E-cpt 03+0.1 1.0+0.2 1.1+0.5 4+2 8+2
FCNPG2PGL | .E-Me 28+5 34+5 >50 - -
FcNF-L-E-cpt 1.3+£0.2 8.0+0.2 >30 >40 >40
HO-cpt 0.02+0.01 0.08%0.02 0.03+0.01 - -

(& 96 h incubation; 1 48 h incubation.

The differences in the anticancer effects of the prodrug and the controls can be caused
by the different uptake efficacy. To evaluate this possibility, we studied the uptake of
the latter compounds in representative cancer cells — BL-2 (Tables S8, S9 SI). We
found that the uptake of FcNF-L-E-cpt is more efficient than that of the prodrug,
whereas FcNPG2PCL | -E-Mel™! and the prodrug are taken up with almost the same
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efficacy. Thus, the stronger anticancer effect of the prodrug than that of the controls is
not caused by the differences in their uptake efficacy.

Enhancement of the prodrug efficacy

The anticancer effect of the prodrug is 13 to 37-fold weaker than that of HO-cpt (Table
1) suggesting that its intracellular activation is not complete. Since ionizing irradiation
(IR) increases ROS in cells,?l we assumed that it could also facilitate the prodrug
activation.[?2 We tested this hypothesis in two representative cell lines, SAS and FaDu,
which are cancer models established in our laboratory for exploring synergistic effects
between IR and new drugs.[??

First, we confirmed that the prodrug inhibits growth of both SAS (ICso= 4 + 2 uM) and
FaDu cells (ICso= 8 £ 2 uM) at 48 h incubation time. At the concentration of 0.5 uM (but
not 0.2 uM) it also inhibits the capacity of these cells to form colonies (p< 0.01). Next,
we investigated inhibition of colony formation capacity of SAS and FaDu cells by the
combination of the prodrug and IR. The prodrug at non-toxic (0.2 uM) and moderately
toxic (0.5 uM) concentrations and IR at doses ranging from 0O to 10 Gy were used. For
the highest IR dose of 10 Gy and one representative cell line (FaDu) the IR-induced
increase of the intracellular ROS level was confirmed (Figure S33, Sl). We were
pleased to observe that the effect of the prodrug at both tested concentrations on both
cell lines is strongly enhanced by IR (p< 10®) (Figure S34, Sl). In contrast, the H202-
resistant control FCNF-L-E-cpt exhibits practically no synergy with IR (Figure S34, SI).

A mechanism of anticancer activity of the prodrug

The prodrug is not fluorescent (Figure 4A). When it reacts with H202 two long- (HaN*-
L-E-cpt and HO-cpt) and one short-living (Fc*NH-L-E-cpt) fluorescent products are
formed, each exhibiting a broad emission in the range of 420 - 470 nm (Figures 4A,
5A, B, D, E). Further, we will call a mixture of these compounds prodrug-derived
fluorescent products (PDFPs). H2aN-L-E-cpt and FC*NH-L-E-cpt are inactive cpt esters
unable to bind TOPI, whereas HO-cpt is a TOPI inhibitor and a highly potent anticancer
drug. Thus, the fluorescence increase in the reaction of the prodrug with H202 will not
necessarily correlate with the high anticancer activity, but is rather an indication of the
first step of the activation. We investigated formation and intracellular localization of
PDFPs (blue channel) in representative cancer A2780 cells. Mit was labelled with
rhodamine 123 (R123: green channel) and nuclei — with NUCLEAR-ID® Red dye
(NIRD: red channel). As shown in Figure 6A, the blue signal is clustered in particular
regions. This signal is co-localized with both R123 (green, Pearson’s coefficient r=
0.68) and NIRD (red, r= 0.81) confirming that the PDFPs are present in Mit and in
nuclei of the cells. We observed that the signal of PDFPs is practically absent in A2780
cells pretreated with ROS scavenger N-acetylcystein (NAC, Figure 6A, right image)
indicating that PDFPs are formed in cells in the ROS-dependent reaction. This data
are in agreement with the suggested mechanism (Figure 1C) including formation of
Fc*NH-L-E-cpt in the cytoplasm, its accumulation in Mit, where it is transformed via the
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sequence of the OHwmi-mediated reactions to HO-cpt. The drug then migrates to the
nucleus, where it is trapped by binding to its target TOPI.[23]

Next, we investigated whether the prodrug acts as a cpt-derivative releasing HO-cpt in
cells or as a typical AF-prodrug. HO-cpt affects intracellular ROS levels weakly, but is
known to induce a strong cell cycle arrest in S and G2 phases as reflected, amongst
others, in altered static DNA histograms (Figures 6B, C). In contrast, the typical effect
of AF prodrugs is amplification of intracellular ROS (e.g. control FCNPC2PGL| -E-Me, 7]
Figures S37, S38, Sl), whereas no major effect on the cell cycle distribution - rather a
slight increase in the G1 phase cell fraction - is observed.[”1° The prodrug practically
does not facilitate ROS production (Figures S37-S39, Sl), but causes changes of cell
cycle distribution characteristic for HO-cpt (Figures 6B, C). Itis therefore likely that HO-
cptis intracellularly released from the prodrug.

A Channels: Blue + Green Blue + Red Blue + Red
= (<]
A2780 |:| %
cells \>|:|
Additives: prodrug + R123 prodrug + NIRD prodrug + NIRD + NAC
i PG2IPGL. | .E.. . x
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. __ 08
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Figure 6. A: Left image— A2780 cells incubated with the prodrug (20 uM) and Mit-specific dye
R123 (1 uM). Two channels were used for emission monitoring: Chl - Aex= 365 nm, Aem = 420—
470 nm (for detecting PDFPs) and Ch2 - Aex = 430-510 nm, Aem = 475-575 nm (for detecting
R123). Ch1+Ch2 combination is provided. Middle image— A2780 cells incubated with the
prodrug (20 uM) and nuclei-labelling NUCLEAR-ID® Red dye (NIRD). Two channels were used
for emission monitoring: Chl and Ch3 - Aex = 538-562 nm, Aem = 570—-640 nm (for NIRD).
Ch1+Ch3 combination is shown. Right image: the same as the middle image, except that N-
acetyl cysteine (NAC, 2 mM) was added. Zoomed-in (x2.5) images are shown in white boxes.

https://doi.org/10.26434/chemrxiv-2023-69qzs ORCID: https://orcid.org/0000-0002-9079-5569 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-69qzs
https://orcid.org/0000-0002-9079-5569
https://creativecommons.org/licenses/by-nc-nd/4.0/

B: Cell cycle distribution of A2780 cells treated for 72 h either with DMSO (1 %, v/v, carrier) or
HO-cpt (5 nM) or the prodrug (0.5 uM). C: Quantification of the data shown in B. GOG1/(S+G2)
- the number of cells in phases GO and G1 divided by the number of cells in phases S and G2.
D: The prodrug (20 uM) and NIRD incubated either with human neutrophils (left image) or
human neutrophils pre-incubated with PMA (right image). Combined “Ch1+Ch2” images are
shown (Ch1l and Ch2 are defined in in inset A). Right plot- % dead cells in human neutrophils
incubated with the carrier, the prodrug and HO-cpt (both 20 uM) for 2h. E: Monitoring the
fluorescence characteristic for PDFPs in immature cells (lineageNEG Sca-1+ c-Kit+ (LSK) and
myeloid progenitor (MP) cells) from BM in mice injected i.p. on days 0, 2 and 4 with the prodrug
(12 mg/kg). F: Monitoring of the number of LSK and MP cells in BM of mice treated as
described in E. The analysis was conducted on day 7. Paired t-test was conducted between
days 0 and 7. *: p< 0.05; **: p< 0.01; ***: p< 0.001.

Effects of the prodrug on neutrophils

We investigated the activation of the prodrug with formation of PDFPs in human
neutrophils from healthy individuals. Nuclei of the neutrophils were counter-stained
with NIRD (red channel). As shown in Figure 6D (left image), the blue signal is absent
in the cells incubated with the prodrug for 2 h indicating that the latter compound
remains intact. In contrast, neutrophils primed with phorbol myristate acetate (PMA, 50
nM), inducing H202 generation, feature the evenly distributed, intense blue signal
indicating PDFPs formation (Figure 6D, right image). However, HO-cpt does not seem
to be formed under these conditions, since the prodrug does not enhance the PMA
toxicity of neutrophils (Figure 6D, right plot). In contrast, HO-cpt is toxic under the same
conditions.

Next, we assessed the characteristic for PDFPs fluorescence in neutrophils of blood
and bone marrow (BM) as well as in immature BM cells (LineageNEG Sca-1+ c-Kit+
(LSK) and myeloid progenitor (MP) cells) from mice treated with the prodrug. At the
early incubation time of 2h, we observed some minor (p< 0.05) increase of the
fluorescence of blood neutrophils (Figure S40A, SI). The more pronounced
fluorescence increase was observed in LSK (2 / 24h incubation) and MP cells (24 h)
(Figure 6E). These data indicate formation of PDFPs in vivo. However, this does not
correlate with a decrease of the number of the corresponding cells in blood and BM
(Figures 6F, S40B and C, Sl), thereby allowing concluding that toxic drug HO-cpt is
not formed at these conditions. Thus, the in vivo data are also in agreement with the
suggested mechanism of action of the prodrug (Figure 1C).

Antitumor activity of the prodrug in vivo

Encouraged by the excellent in vitro properties of the prodrug, we studied its toxicity
and antitumor activity in vivo. We observed that at doses of 3 to 24 mg/kg
(interperitoneal (i.p.) injections on days 0, 2 and 4), it does not affect weight of Balb/c
mice in a 7-day experiment (Figure S41, Table S10, SI). On day 7, the animals were
sacrificed and their internal organs inspected. We detected no apparent damage
(Figure S42, Sl). Further, we extracted the prodrug and PDFPs from the organs and
measured the fluorescence of the extracts at Aex = 365 Nnm, Aem = 450 nm (parameters
characteristic for PDFPs). We observed no fluorescence increase between untreated
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and prodrug-treated groups (Figure S43, Sl). After the extracts were treated with H20:2
to activate the prodrug, significant signals could be detected in extracts from blood (p<
0.001), spleen (p< 0.001), adipose tissue (p< 0.01) and peritoneium (p< 0.01) (Figure
S44, Sl). Thus, the prodrug is accumulated in the mentioned organs, but remains there
in the intact state. All these data indicate that at doses < 24 mg/kg, the prodrug does
not exhibit acute toxicity. In contrast, at 6 mg/kg, HO-cpt exhibits acute toxicity reflected
in its negative effect on weight of mice (Figure 7A). At the dose of 24 mg/kg a
precipitate of the prodrug was detected on the surface of internal organs of peritoneal
cavity and, locally, near the i.p. injection site. All further experiments were conducted
at the highest tested dose, at which no precipitates of the prodrug were detected in
vivo: 12 mg/kg (Figure S42, Sl). We studied the antitumor effect of the prodrug in the
Nemeth-Kellner (NK) lymphoma (Ly) NK/Ly model. The prodrug was injected i.p. on
days 1, 3, 6, 8, 10, 13, 15, 17 and 20 at the dose of 12 mg/kg. The control group
received only the carrier (DMSO). We observed statistically significant (p< 0.05)
prolongation of mice survival (ti2) in the treated group to 55 days versus 33 days in
the control group (Figure 7B).
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Figure 7. A: Change of weight of wild type mice treated either with DMSO only (carrier: “-“) or
the prodrug (12 mg/kg) or drug HO-cpt (6 mg/kg), which were injected i.p. on days 0, 2 and 4.
B: Effects of the prodrug (12 mg/kg) and the carrier injected I,p, on days 1, 3, 6, 8, 10, 13, 15,
17, 20 and 22 on survival of mice carrying Nemeth-Kellner lymphoma (Kaplan-Meier plot). The
prodrug prolongs mice survival from 33 to 55 days (p< 0.05).

Conclusion

We developed the dual camptothecin prodrug, which is activated in cancer cells in the
presence of H202 and HOwit. This mode of action relies on aggregation-derived
blocking of the HOwmi-sensitive ester E in the prodrug, which is released by de-
aggregation in the presence of H202. The prodrug discriminates cancer cells from
primed (H202-rich) neutrophils, since the latter cells have the low number of
mitochondria and correspondingly lack the HOwit- trigger. We confirmed the effects in
cell free settings. The prodrug exhibits high nM to low uM anticancer activity towards
a variety of cancer cell lines derived from blood, ovary, prostate, tongue and pharynx
in vitro and towards Nemeth-Kellner lymphoma in vivo, but do not induce usual for
camptothecins neutropenia both in vitro and in vivo. We demonstrated that the prodrug
concept reported in this paper is not restricted to the derivatives of cpt and can
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potentially be applied to other drugs containing the critical for their activity tertiary HO
group.
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