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ABBREVIATIONS
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1 Introduction

1.1 Drug development and biologically active small molecules

Even though there is a plethora of therapeutics for different kinds of diseases,
many of them, including various forms of cancer, parasitic and severe bacterial infections
are lacking proper specific treatment and are burdened with newly developed resistance
or adverse side-effects. For this reason, there is major emphasis on finding new drugs that
overcome these drawbacks. For clinically approved anticancer drugs, there are two main
objectives. First, pathologically dividing and proliferating cells are targeted by
conventional chemotherapeutic drugs, focusing on processes that lead to cancer cell
division and proliferation. DNA replication is a key element in cellular division when an
exact copy of the genetic material is made. Several classes of chemotherapy drugs target

DNA synthesis and replication:

Alkylating agents bind to the DNA in the cell to prevent it from dividing. They
work throughout the cell cycle and directly damage DNA. Alkylating agents include
drugs from the following groups: Triazines (dacarbazine, temozolomide), Alkyl
sulfonates (Busulfan), Nitrogen mustards (chlorambucil, cyclophosphamide and
melphalan), Nitrosoureas (streptozocin, carmustine), Platinum derivatives (cisplatin,
oxaliplatin, carboplatin) and others. Long-term usage of these drugs can, via their DNA
damaging properties, cause bone marrow damage and lead to the development of
secondary leukaemias. Bone marrow damage and secondary leukaemia are dose-
dependant; which means that lower doses of alkylating drug cause less risk of disease

development (Kumar et al. 2015).

The mode of action of the Antimetabolites is replacement of functional DNA
and RNA building blocks by their non-functional substances. Unlike the previously
mentioned group of therapeutics, Antimetabolites affect cells mostly during the S phase

of the cell (DNA replication). This group involves Antifolate drugs (methotrexate,



pemetrexed)  Antipurines  (mercaptopurine, thioguanine, cladribin, cytarabine,
gemcitabine etc.) and Antipyrimidines (kapecitabine, 5-fluorouracil).

Antitumor antibiotics prevent DNA uncoiling and interfere with the DNA
strucuture. They are cell cycle specific drugs. The most common ATBs used as anticancer
drugs are the Anthracyclines (Daunorubicin, Doxorubicin, Idarubicin). Other non-
anthracycline ATBs include Actinomycin D, the radiomimetic drug Bleomycin (induces
DNA strand breaks), Mitomycin C and Mitoxantrone. The main issue with these drugs is
dose-dependent cardiotoxicity. Hence their application must be strictly controlled (Sikic
1999, Kumar et al. 2015).

Inhibitors of Topoisomerase prevent DNA strand separation and therefore DNA
replication during the S phase. There are two groups of Topoisomerase Inhibitors
which vary in the target affected: Topoisomerase | inhibitors (Topotecan, Irinotecan) and
Topoisomerase 1l inhibitors (Etoposide, Teniposide). This enzyme is targeted by
Mitoxantrone (Antitumor ATB), as well.

Antimitotic drugs (Fig. 1); represented mostly by plant alkaloids, prevent cell
division by interfering with the cellular cytoskeleton; specifically with microtubules
creating mitotic spindles. They can be divided into two groups: inhibitors of
polymerization (Vinca Alkaloids — vinblastine, vincristine and vinorelbine) and inhibitors
of depolymerization (Taxanes — paclitaxel, docetaxel; Epothilones — ixabepilone) (Klener
2010; Kumar et al. 2015). Other proteins, involved in mitotic spindle assembly, such as
aurora kinases, can be targeted by Aurora kinase inhibitors (Marzo & Naval 2013).
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Vinblastine Ixabepilone

Fig. 1: Representatives of Antimitotic drugs: Vinblastine (Vinca Alkaloids), Ixabepilone (Epothilones).

Use of these drugs is however limited by their general cytotoxicity as they affect
both cancer and normal cells even though cancer cells tend to be more sensitive to these
drugs owing to their faster proliferation (conventional chemotherapeutics affect mostly
fast dividing cells) and reduced threshold for further proapoptotic stimuli. This explains
why this therapy does not affect non-dividing cancer stem cells and can cause relapses

after treatment termination.

Cell division can be affected by other classes of chemotherapy in other ways as

well. For example:

Antihormonal drugs suppress hormone dependent processes that stimulate
cancer growth (Estrogenes, Androgenes, Glucocorticoids, Peptidic hormones) and
commonly used in the treatment of breast, prostate cancer, leukaemia etc. Another
approach to targeting pathologically proliferating cells is the Induction of
differentiation. All-trans retinoic acid is successfully used in Promyelocytic leukaemia
therapy (Mayer & Stary 2002). Another way is activation or reinforcement of the immune
system components, called Imunnotherapy, targeting specifically cancer cells after
stimulation by different cytokines (interferons, interleukins, hematopoetic growth factors,
death ligands) or by synthetic immunomodulators (Thalidomide, Lenalidomide) or other

immunomodulating drugs. Standard chemotherapy can be reinforced by addition of
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chemoprotective drugs and antidotes (folic acid- decreases the toxicity of methotrexate)
as well (Klener 2010).

Epigenetic modification provides another option for preventing cellular
pathological behaviour. DNA methylation or histone modification is a way of gene
expression control, which is often altered in cancer cells. DNA methyltransferase is an
enzyme involved in DNA methylation and its inhibitors can cause reactivation of
pathologically silenced gene expression (Howell et al. 2010). Regulation of transcription
is provided by acetylation or deacetylation of histones as well. Enzymes involved in
chromatin remodeling are histone deacetylases (HDACS) and histone acetyl-transferases
(HATSs). Histone acetylation opens chromatin structure and allows transcription of
specific genes. In contrast, deacetylation causes closure of chromatin and disables gene
transcription. In cancer cells, propapoptotic stimuli are often blocked by specific gene
silencing via histone deacetylation. Histone deacetylase inhibitors (HDACI) can
reactivate the transcription of silenced genes and induce apoptosis in cancer cells. It is
also known that many other proteins involved in cell death and proliferation, are
substrates for HDACs, such as cytoskeleton proteins, hormone receptors and chaperons
(Xu et al. 2007).

The second approach is to target specific cellular pathways and the individual
components involved in cancerogenesis. These are called targeted therapies. The
advantage of this approach is high specifity, and therefore significantly lower

cytotoxicity, with fewer side effects (compared to general cytostatics).

The two main categories of targeted therapy are currently small molecules and
monoclonal antibodies. Monoclonal antibodies are artificial constructs prepared via
hybridoma technology by fusion of spleen cells from mouse (immunized by specific
antibody) and human myeloma cells. A broad spectrum of antibodies is in clinical use or
being tested in clinical trials. Firstly, mouse antibodies were used but with little efficacy
and causing systemic inflammatory response via production of human anti-mouse
antibodies (HAMA). To avoid this, recombinant antibodies are now used. Today, we can

find chimeric forms (rituximab, cetuximab), humanized antibodies (bevacizumab) and
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completely human forms as well (panitumumab). These antibodies bind to a specific
substance and are used in anticancer, anti-inflamatory, antiviral and other therapies,
targeting different cellular proteins, such as growth factor receptors (VEGFR-
bevacizumab, EGFR- cetuximab, ERBB2/HER?2/neu receptor- trastuzumab), interleukins
(IL-1B- canakinumab, 1L-12, 1L-23 ustekinumab) and many others (complement system
proteins, integrines). Monoclonal antibodies are successfully used in the treatment of
various cancers, such as breast and colorectal carcinoma, acute myeloid leukaemia, B-cell

leukaemia and Non-Hodgkin’s lymphoma.

Although many new monoclonal antibodies as a form of specific targeting have
recently been introduced into clinical treatment and even more are still in the clinical
trials, the development of new active small molecules still stands as a solid and
promising form of potential treatment discovery. The current focus is inhibition of
particular targets and therefore we can talk about small molecular inhibitors. However,
the process of the new drug development is time consuming, with low effectivity and
highly expensive. Chemical libraries prepared by chemists subscribe to a few important
rules, which improve the chances of finding molecular hits, with low initial cost and time,
otherwise spent in preclinical testing. Based on their design, different kinds of libraries
can be prepared; targeting specific molecular targets (proteases, kinases, G-protein
coupled receptors), based on natural product molecule, protein-protein interaction, drug-
like, lead-like (Lipinski 2000, Lipinski et al. 2004) or Fragment compounds Libraries.
Fragment compound Libraries are the result of Fragment-based screening, focusing on
drug leads discovery from small molecular fragments modification (Erlanson 2006). To
obtain a lead drug candidate, many factors must be optimized, designed and modified to
obtain the molecule with optimal physicochemical properties. So far the most common
approach to finding these molecules is time consuming and financially demanding
biological screening. Further, the number of successful drugs, leaving preclinical research
is minimal, compared to the input amount of structures. There are different approaches to
drug discovery. Drug development usually starts with the identification of lead molecule
targeting specific molecular target (hit discovery), followed by optimization of its

properties to obtain favourable binding efficiencies (hit-to-lead optimizition) (Keserii &
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Makara 2009; Perola 2010). It has also been observed that clinical candidates are usually
more complex than lead candidates because of modification during development (Keserii
& Makara 2009).To avoid the necessity of testing a large number of promising
compounds, in silico prediction models, which allow designing and optimizing different
compounds with optimal properties before their direct synthesis, can be used. There are
many ways for computing the potency of drug-like molecules. Prediction of ADME
properties allows exclusion of compounds with poor accessibility and deliverance and
selection of more potent structures with oral bioavailibility. ADME characteristics
involve the evaluation of different biochemical parameters, such as blood-brain barrier
permeability, whole molecule properties (solubility, hydrophobicity etc.), human
bioavailability, intestinal absorption and metabolism. Various techniques can be used for
ADME modelling involving patern recognition and classification models, molecular and
guantum mechanics, statistical regression, using artificial neural networks and genetic
algorithms, all contributing to distribution and toxicity profile establishment (Butina et al.
2002). For evaluation of interaction between small molecules with main classes of
proteins, the QSAR modelling system (Bugrim et al. 2004) has been implemented.
Toxicity, as a safety issue, is a very important limiting factor for drug modelling and
causes a large number of failures in clinical trials. Many molecules have complex toxicity
profiles (species- or organ-specific) and therefore its establishment is very difficult.
Compounds with optimal toxicity profiles have high therapeutic index. Plasma levels
together with toxicity manifestation are much higher than those for therapeutic efficiency.
Thus, it is important to establish prediction and in vitro models for hepatotoxicity (main
drug toxicity manifestation) or other system organ toxicity profiles (cardiotoxicity) (Li
2001).

Synthesis of chemical compounds is in theory not limited but can be focused and
specified by application of different sets of predictors, such as the Lipinski rules, which
define the desired properties for the best potential outcome for the drug, to become orally
available and to have the best therapeutic absorption, distribution, metabolism and
excretion (ADME) properties (Lipinski 2000, Lipiniski et al. 2001).
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The Lipinski rules express the drug-likeness and basically focus on the molecular
properties of the compound consisting of a:

- Maximum of 5 hydrogen bond donors ( number of oxygen-hydrogen and
nitrogen-hydrogen bonds

- Molecular mass lower than 500 Daltons

- A partition coefficient log P (a measure of lipophilicity) of less than 5

- No more than 10 hydrogen bond acceptors

- 40-130 molar refractivity

These ranges of chemical properties can predict the potential and capability of a
small molecule to become an active compound and allow elimination of inconvenient
candidates from development (Lipinski 2004). The number of hydrogen bond donors
marks the ability of a compound to dissolve in an aqueous environment (blood,
cytoplasm). Important characteristics which greatly affect the drug-likeness of
compounds are lipophilicity and molecular weight. Lipophilicity is measured as the
octanol-water partition coefficient logarithm (Log P) and imposes the rate of permeability
through membranes, toxicity profile, determines metabolism and pharmacokinetics and
are important features for the lead optimization process (Perola 2010; Tarcsay et al.
2012). Molecular size has a major role in terms of ligand efficiency. It has been observed
that the molecular weight of tested compounds has a strong influence on average and
maximal computed ligand efficiencies (LE). Usually molecules with a large number of
heavy atoms display lower rates of LE (Reynolds et al. 2007; Hann 2011). The lower
molecular mass improves the diffusion properties of the compound and facilitates its
accessibility. The rate of lipophilicity provides information on permeability through the
cell membrane and predicts the solubility of small molecule (Lipinski 2000).These
settings seem to be widely accepted these days. They are validated mostly for oral
application. Attempts have been made to apply the “Rule of five” to non-oral
administrations (ophthalmic, transdermal and inhalation) and although most traditionally
used non-oral drugs proved to have properties within the Lipinski rules, this should not be
used to predict non-oral candidates which may be more limited than those for oral

administration. This can be caused by unsuitable lack of enzymes in the skin, eye cornea
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or lung epithelium, shorter retention time than in the intestines or by stronger epithelial
barrier (Choy & Prausnitz 2011). Nevertheless, even some compounds out of the
“Lipinski rules” range became routinely used in clinical practice as a standard

chemotherapy (Fig. 2).

A B
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¢
X

Roscovitin R Paclitaxel
MW: 354.45 MW: 853.906
LogP: 2.75 LogP: 4.49

H donors: 3 H donors: 3

Fig. 2: Examples of molecules with (A) optimal properties according to Lipinski rules (Roscovitin R)
and (B) non-Lipinski properties drugs (Paclitaxel).

There are also other definitions based on physicochemical properties, than
Lipinsky rules, postulated by Veber, Oprea, Walters and Murcko, or by Rishton (Zhang et
al. 2014).

Many different structures with various substituents are introduced into the initial
screening and it is impossible to proceed to clinical trials with all of them. It is crucial to
have a reliable model resembling the pathological and physiological properties of
tumors, parasitic or bacterial infections and inflammation. This is one way of
diminishing the number of potentially unsuccessful compounds in clinical trials and the
financial costs their development.
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In this work, we have focused on two major diseases, cancer and tuberculosis,
diseases with several things in common. Apart from the for global and constantly
increasing incidence and high mortality, newly developed resistance towards commonly
applied drugs is a huge problem in both cases and needs to be dealt with. Although the
origin, development, symptoms and prognosis of these illnesses are completely different
and therefore comparison is not in place, they have features in common which can be
used in drug development, such as similar or even identical therapeutic targets. For
instance, even though there are structural and species related differences, drugs designed
as tyrosine kinase inhibitors can affect both human and mycobacterial adenosine kinase

and therefore represent potent molecules for future application to both these diseases.

This approach (application of standardized therapeutic to a different disease),
called Repurposing, may be a way of discovering multi-potent drugs with interesting and
unexpected activities and there is a tendency in research to do so. Repurposing or
repositioning of clinically approved drugs for different applications has many advantages.
It decreases the cost of new drug development as for the preclinical data
(pharmacokinetics, pharmacodynamics, toxicity and side effects) are already known. It
can improve success rate of treatment and exploit all possible applications of known
molecules. Moreover, the active compound is usually easily available, there are vast
libraries with drug-like compounds for this purpose and the possibility of clinical failure
is greatly decreased (Geetharamani et al. 2015). The repositioning of drugs can be
achieved via two options: as an “off target” approach, in which unknown new
mechanisms of actions are explored or the “on target” approach, when an already known
mechanism is used for different therapies (Kato et al. 2015). There are many drugs which
have already been approved for different indications (Table 1). The libraries for drug
repositioning are prepared by private institutions and public services as well. Except for
patent agencies, where informations about various potent molecules are gathered and
presented, other programs arise as a source of information for drug repurposing, such as
National Institutes of Health (NIH) and the Chemical Genomics Centre which possess
approved drug collection and contains bioinformatic and profiling data for many

compounds. For example, the National Centre for Advancing Translational Sciences has a
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programm for drug repurposing as well. Food and Drug Administration (USA) created a
Rare Diseases Repurposing Database with all known molecular targets (Muthyala 2011).

Amphotericin
Aspirin
Bromocriptine

Celecoxib

Colchicine

Methotrexate
Miltefosine

Raloxifene hydrochloride
Retinoic acid
Thalidomide

Zidovudine

Fungal infections
Inflammation, pain
Parkinson’s disease

Anti-inflammatory

gout

cancer

cancer
Osteoporosis
Acne

Morning sickness

cancer

Table 1: Selection of repurposed drugs.

Leischmaniasis
Antiplatelet
Diabetes mellitus

STAT3 inhibitors —
osteosarcoma therapy

Recurrent pericarditis
Psoriasis, reumathoid arthritis
Visceral leishmaniasis

Breast cancer

Acute promyelocitic leukaemia
Leprosy, multiple myeloma

HIV/AIDS
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1.2 Anticancer activities

1.2.1 Cancer cell lines and standard 2D experimental models

Identification of new potentional drugs and predicting drug response in cancer
patients are major challenges in oncology. Scientists practicing clinical and translational
research attempt to transform laboratory discoveries into new therapies for patients.
Tumor-derived cell lines have been used for many years as drug discovery tools. There
are advantages to the use of immortalized non-tumor cell lines in drug discovery as

well.

Traditionally, during the pre-clinical testing, immortalized cell lines bearing
specific characteristics are used for observation of various effects caused by potential
therapeutic drugs. Such cell lines represent libraries of different cancer and non-cancer
cells derived from specific diseases” manifestations. They usually tend to grow either in
suspension or as a semi- or fully-adherent layers and are dependent on artificial
environments and cultivation media supplements. The cultivation conditions and other
variables greatly affect the reproducibility of results. The type of selected cultivation
flask, plate or dish (different kinds of plastic, glass, porosity, adhesion surface structure
etc.), as well as design of treatment (treatment after adhesion of the cells, or immediate
treatment of cell suspension with compound, number of cultivation passage, lot of fetal
calf serum which varies in endotoxins, Ig concentrations, growth factors, cell seeding
concentration and eg.) can seriously contribute to variation in outcomes regarding
growth, viability and response of cultured cells. Also, other microenvironment conditions
(normoxic or hypoxic conditions) and usually the lack of its development in 2D cultures
can decrease the reliability of experiments. Immortalized cell lines have many advantages
for which they have become the most commonly used form of in vitro model tissues.
Although, they have many disadvantages, which can cause misleading and false positivity
of some compounds, and therefore selection of molecules which will eventually fail in

clinical trials.
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The establishment of the National Cancer Institute 60 (NCI160) cell line panel was
a significant scientific commitment that required the development of a number of new
technologies, such as the development of assays for measuring cytotoxicity, introduction
of miniaturization in the form of microplates, automation of liquid handling and high
volume data analysis on an unprecedented scale. Launched in 1990, the NCI60 platform
consists of 60 human tumor cell lines, representing 9 cancer types; namely, leukemia
(represented by 6 cell lines), melanoma (8 lines), cancers of the lung (9 non-small-cell
lung cancer lines), colon (7 lines), brain (6 lines), ovary (7 lines), breast (6 lines), prostate
(2 lines) and kidney (8 lines) (Stinson et al. 1992). Recently, advanced genetic technigques
have revised the number of unique cell lines in the NCI60 panel to 57 (Lorenzi et al.
2009). However, the limitations imposed by the use of only 60 cell lines have become
increasingly apparent in recent years. The recent introduction of “targeted anticancer
drugs” show that clinical activity is often limited to small subsets of treated patients,
rendering the composition of the NCI60 cell line panel somewhat inadequate for the task

of capturing such low frequency responses.

In fact, the use of targeted therapeutics in the clinical setting has revealed that, as
with the traditional cytotoxic chemotherapy agents, the clinical response to treatment with
these agents varies substantially between patients — even among those with
histologically indistinguishable disease. This is particularly well exemplified in the case
of tyrosine kinase inhibitors (TKIs) that target epidermal growth factor receptor (EGFR)
(Kris et al. 2003; Fukuoka et al. 2003; Thatcher et al. 2005; Shepherd et al. 2005; Moore
et al. 2007; Saltz et al. 2004; Vermorken et al. 2007). The reasons for this are differences
on the molecular level. Tyrosine kinases (TK's) are enzymes which serve as modulators
of growth factor signaling and through their activity- antiapoptotic effects, higher
proliferation rate, angiogenic and metastatic activity can occur. Many inhibitors targeting
specific tyrosine kinases were prepared and approved for clinical treatment. BCR-ABL
fusion protein, typical for chronic myeloid leukaemia (CML) encoded by Philadelphia
chromosme, is inhibited by Imatinib Mesylate (Gleevec). Other tyrosine kinases are
overexpressed in different types of cancer as well. Epidermal growth factor (EGF) and

the receptor for this protein (EGFR) overexpression occurring in non-small cell lung

20


http://www.uniprot.org/uniprot/P00533

cancer can be targeted by Gefitinib, Erlotinib, Lapatinib and other drugs. Semaxinib,
Vatalanib and Sorafenib represent inhibtors for vascular endothelial growth factor
(VEGEF) or its receptor (VEGFR) and for example Leflunomide targets Plateled-derived
growth factor (PDGF) (Arora & Scholar 2005). Nevertheless, molecular changes in TK's
can greatly affect the response to these drugs. Somatic mutations in these proteins can
significantly alter the response to this treatment. It has been observed that treatment of
NSCLC by Gefitinib was more successful in patients with somatic mutations (Paez et al.
2004). On the other hand, similar mutations occurring in KRAS protein in the same
disease, predicted poor response to the same treatment. It is obvious that preceding

genotyping is necessery for indication and selection of therapy (Massarelli 2007).

Other studies have suggested the need for larger and well characterised human
cancer cell line panels, such as CMT1000 or the Cancer Cell Line Encyclopedia, to fully

capture and mimic tumor heterogeneity (McDermott et al. 2008; Barretina et al. 2012).

However, it is only recently that investigators have begun to appreciate the enormous
degree of genomic heterogenity across the human cancer patient population, and therefore
across tumor-derived cell lines, and the crucial role that this diversity has in the variable

clinical response to treatment.

In concordance with such approaches, other studies have used smaller cancer cell line
panels consisting either of short-term tumor-derived cultures or established cell lines to
recapitulate the genomic diversity of cancer. This model of tumor-derived cell lines is
remarkably similar to that of the primary tumors from which they originated, implying
that cultured tumor-derived cell lines are valid genetic surrogates of tumors in vivo. (Sos
et al. 2009; Neve et al. 2006; Lin et al. 2008).

Many studies emphasize the necessity for new in vitro cancer models and the use of
primary tumor models in which gene expression can be manipulated and small molecules
tested in a setting that more closely mimics the in vivo cancer microenvironment so as to
avoid radical changes in gene expression profiles produced by extended periods of cell
culture. For example, Gillet J. and colleagues investigated the multidrug resistance

(MDR) transcriptome of six cancer types in cancer established cell lines and clinical
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samples and no correlation was found (Gillet et al. 2011). The cell lines bearing specific
mutations with characterized cellular pathways are now used to identify targeted
inhibitors of molecular processes which are crucial for diseases treatment. They are called
Reporter cell lines and their preparation uses the application of biological reporters, such
as Bacterial Luciferase (Lux), Green Fluorescent protein (GFP), (Nivens et al. 2004) or
Aequorin, Obelin, Clytin and Mitrocomin, which are usually isolated from different kinds
of bacteria (Lux) or some marine invertebrates (GFP, Aequorin, Obelin, Mitrocomin,
Clytin), (Malikova et al. 2014).

1.2.2 2D vs. 3D models

More effort should be directed toward the development of new ex vivo models
that more closely mimic the in vivo cancer microenvironment. The role of
microenvironment is particularly important, for it was shown, that cells tend to behave
differently under more complex conditions, similar to in vivo tissues and therefore display
different sensitivity to various drugs or in their capability and speed diversity of growth
(Pampaloni et al. 2007). Present trends imply that for adaptation of experiments towards
the most similar environment to that in vivo, as possible,relationships between different
cell types and their biological/chemical dependences need to be considered. It is known
that in 2D models, cell-cell and cell-stroma interactions are not involved and therefore do
not exactly mimic the natural environment in the human body (Birgersdotter et al. 2005).
It was observed that for example primary hepatocytes cultured under standard two-
dimensional conditions lose their specific function very quickly. On the contrary, 3D
culture was able to sustain these functions. For future research, factors such as
electrophysiological properties (Mulhall et al. 2013), hypoxia, sensitivity towards

different drugs, interactions with other cells and ECM and many others must be included
(Fig. 3).
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One very important factor, not considered in 2D culture screening, is hypoxia.
Because of limited ability of oxygen diffusion (described maximum for O2 diffusion is
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100-200 pm), in 3D spherical forms of cultured tissues with greater size, this parameter
can be taken for consideration. On the contrary, in 2D cultures, induction of hypoxia is
almost impossible to achieve. According to Amish Astana, optimal size of aggregate
preventing hypoxia is considered 250 um (Asthana & Kissaalita 2012). The hypoxic
conditions in vitro are nevertheless very important even in drug screening because
hypoxia has been shown to be a significant factor affecting many biological processes and
it is involved in tumor development and progression, for example, as an initiator of
angiogenesis. Significant differences of VEGF and IL-8 expression (as the main
angiogenesis inducing factors) were observed in 2D and 3D models, especially alterations
in expression of 1L-8, which is several-fold higher in 3D cultures than in 2D (Fischbach
et al. 2007).

Apropos drug sensitivity/resistance, a number of studies have shown high
reliance of spatial dimensions towards this factor. Pickl and Ries (2009) found that cells
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growing under different spatial conditions, have different levels of HER family gene
expression and even the form of dimerization, from heterodimers in 2D model, to
homodimers localized in membrane rafts in 3D, which resulted in switch in signaling
pathways from phosphoinosite 3-kinase (PI3K) to mitogen-activated protein kinase
(MAPK), activation of integrin B4/racl/PAK2 signaling cascade and therefore different
response to trastuzumab treatment, favoring those in 3D cultures (Pickl & Ries 2009). In
some cases, 1C50 values significantly vary in 2D and 3D models, which can be caused by
different levels of targeting molecules produced by 3D growing cells or by more difficult
transport of drug throughout all spheroid, due the individual cells heterogenity (Pickl &
Ries 2009; Mehta et al. 2012; Sun et al. 2006; Fischbach et al. 2007).

There are several 3D platforms available today using different methods for
establishing 3D cultures. Each of them has its advantages and disadvantages and not all
can be used for HTS under current conditions (Breslin & O’Driscoll 2012; Pampaloni et
al. 2007; Mehta et al. 2012; Kim 2005; Li et al. 2013). They can have different physical
properties (rigid/pliable), creating matrix nets for cells adhesion or scaffold-free 3D
cultures accomplished by hanging drops method or by Rotating Wall vessel, spinner
vessels or microfluidic chambers (Astana and Kisaalita 2012; Pampaloni et al. 2007;
Rimann & Graf-Hausner 2012; Fennema et al. 2013). The selection of spheroids

preparation method is dependent on the design and purpose of the experiment.

To summarize, the main attributes of consideration. The direction of screening
properties development leads toward the cheapest, fastest and most accurate,
standardized, method. With 3D models, not all these characteristics can be achieved
easily and it is necessary to make more effort in the evolution of new possibilities and

approaches.

1.2.3 Drug discovery with High Throughput screening

High throughput screening is a powerful tool for drug screening, widely used for

identification of active compounds in the thousands of chemical molecules (Fig. 4).
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Basically, to test such a quantity of molecules is impossible without automatization and
therefore a robotization and automatization of different processes is needed. Liquid
handling, compound management system and data storage and evaluation, are processes
which have to be automatized and electronically tracked. Current development in the field
is enabling us to automatise quite complex tasks with multiple methodology steps which
may vary, based on the interim results.

Fig. 4: Atomated robotic platform. (Institute of Molecular and Translational Medicine, Olomouc)

However, limitations occur even here. So far, mostly 2D models are used for HTS.
Therefore, 3D cultures, for their closer relevance to living tissues, are thought to be
implied in this screening and currently, many studies are engaged in this field. A few
practical models have been introduced in these studies (Fernandes et al. 2009; Gidrol et
al. 2009; Castel et al. 2006; Yliperttula et al. 2008). Although most of the issues were
resolved, some of them complicate the situation, considering the cost of the assays or the

quantitative analysis issue, for example. Also, in specific experiments, the size of 3D
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structures must be evaluated. Due to hypoxia factors, a certain size of the culture must be
achieved.

For drug discovery, different types of cell cultures are used. Together with traditionally
used immortalized cell lines, primary cells, embryonic stem cells and human (or animal)
pluripotent cells are being lately implemented in HTS as well. The 3D experimental
models provide more specific and suitable conditions, resembling those in vivo.
Nevertheless, not all of the issues have been solved so far and much has to be done for
optimization of methodology, for cultures derived directly from patient samples evince
different properties and complexity (Eglen et al. 2008). Several HTS platforms have been
introduced lately using 3D models. Gidrol et al. (2009) summarized different approaches
in 2 and 3D cell microarrays including modified glass slides, soft lithography based
microfabrication of microwells in hydrogel or using microfluidic systems (Gidrol et al
2009).

3D cellular structures were successfully introduced for HTS by Horman et al.
(2013). They were able to screen a library of 1528 compounds using soft agar assays, in
which colorectal carcinoma cells HCT116 were grown and created multicellular
spheroids. Compounds activity were then observed and characterized by different impact,
into groups of non-active, cytotoxic, cytostatic or suppressive compounds. Moreover, the
selectivity towards cancer cells was evaluated by co-culture with normal colon derived

epithelial cells (Horman et al. 2013).

1.2.4 Primary cultures and third dimension

The other question rises, considering the cell types, used for drug screening.
Comparison of genetic behavioral and other studies between commercially available cell
lines and primary tissues obtained from cancer patients has provided interesting
information about alterations between these two types. Even though cell lines are
originally derived from tumors, immortalization and continuous cultivation under

different conditions (than those in human bodies) caused several significant
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transformations that can substantially affect therapeutic activity of tested drugs. The
estimation of genes with different expression between primary cell cultures and cell lines
is about 30%. Most of the alterations were observed in genes involved in cell cycle
regulation which were upregulated in cell lines and caused therefore faster growth and
proliferation in comparison with 3D structures (Bigersdotter et al. 2005). Lately, primary
cells, derived from patient samples or embryonic tissues have been introduced into the
HTS. With their phenotype and physiological properties, simulating those in vivo, these
cells could become a more valuable model for preclinical studies, than immortalized
cells. However, primary cells used in many experiments are mostly derived from animal
models so far. Some of human normal cells have been used in drug screening too, for
example human hepatocytes, neural cells, myocytes or pituitary cells. One possible
implementation of primary cells was demonstrated by Sudo et al. 2009, discussed above.
Although primary cells could be suitable, powerful tools for drug and HTS, the present
direction of research abandons cells derived directly from patient samples and is more
focused on embryonic stem cells and inducible pluripotent stem cells (hiPSC), which
could actually overcome some of the issues connected with the cultivation and handling
of primary cells, such as low proliferation activity, low transfectability and low survival
susceptibility towards freezing and thawing. In fact, stem cells have been proved to
display even better physiological properties, significantly higher potential of disease
modeling and higher human relevance then primary cells. For example, Gao et al. (2014)
stimulated differentiation of adipose derived stem cells into osteoblasts and endothelial
cells and compared the growth characteristics of mono- and co-culture with relevance to
the bone tissue engineering. This could solve the problem of insufficient vascularization
during bone grafts fabrication (Gao et al. 2014). However, many HTS platforms use
primary cells, and proved it to be a relatively suitable model for some important cellular
properties, such as in toxicity assays or as patient derived xenografts, implanted in animal

tissues and allowing growth under in vivo conditions (Eglen et al. 2008).

Not only cancer primary cells but normal tissues derived from patients have their
place in drug screening. It is important to minimize compound toxicity and therefore

potential side effects in early drug discovery phases. 3D screening and co-culture can
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provide some of the information but it is necessary to perform parallel toxicity studies on
normal tissue. In 2D models and with commercially available cell lines, this has been
done traditionally. For application of primary cells, studies have been done, using several
model tissue derived cells important in toxicity evaluation, including liver hepatocytes,
neural cells and for example cardio myocytes. These are one of most affected tissues in
humans, as targets for non-specific toxicity effects after drug treatment (Eglen et al.
2008). It is then very important to establish the so called therapeutic index (TI),
expressing specific toxicity towards cancer cells and normal tissue (as mentioned above).
It is one way of distinguishing compounds targeting directly cancer cells in early
screening. For that reason, some researchers have focused their attention in this direction.
Primary cardio myocytes were cultivated to obtain information about growth properties,
gene expression and migratory characteristics in both, 2D and 3D models. Significantly
different results were observed under these two different spatial conditions, confirming
the theory, that cells in 3D environment evince similar development and response to
external stimuli as in vivo (Akins et al. 2010). Application of primary cells in vitro has
major relevance for therapeutic response of different drugs, chemotherapy and
radiotherapy especially for specific types of tumors, such as head and neck cancer, which
are situated in sensitive and risk locations and therefore application of radiotherapy has
serious side effects. Jiglaire et al (2013), achieved successful establishment of
glioblastoma primary cells, obtained from seven patients, in ex-vivo 3D hydrogel cultures
and compared the results from toxicity and sensitivity/resistance assays from 3D and 2D
cultivated cells. They discovered that sensitivity of tumor cells towards traditionally used
drugs (cisplatin, temozolomide, carmusin) was significantly different in primary cells
cultured under 2D and 3D spatial conditions. Glioblastoma cells were generally more
resistant in three-dimensional environment. These cells proved to grow much more
slowly in 3D than those in 2D (Jiglaire et al 2013).
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1.2.5 The challenge of primary cells” isolation

The challenge that requires specialized techniques is the isolation and
culture of solid tumor cells and placing the cells in an in vitro environment similar to
that in vivo. There are several methods for disrupting the extracellular matrix (ECM) and
this is critical for successful isolation of primary cells. Additional problems include: non
tumor cells contamination, few viable cells due to the resection from a necrotic area and

stromal cells that compete with the listless cancer cells.

Tumor resection is an important step in isolating neoplastic masses with minimal
damage to normal tissue, blood vessels and nervous system. The methodologies to isolate
the tumor specimen vary and depend on tissue of origin. (Torzilli et al. 2011; Ayabe et al.
2011; Billis et al. 2012; Theodosopoulos et al. 2012; Yamamoto et al. 2012). After tumor
resection, the next step is to isolate the cells from primary mass using different methods
that dissociate the tumor to obtain a relative uniform population of cells. The neoplastic
mass is dissociated by enzymatic, chemical or mechanical methods according to tissue of
origin. Enzymatic dissociation is a common method to digest the specimens by enzymes
including trypsin, collagenase, ialuronidase, pronase and deoxyribonuclease and certain
enzymes are more effective than others for dissociation of specific tissues (Worthington
Biochemical Online Tissue Dissociation Guide, Santangelo 2011). The chemical
dissociation is based on the use of EDTA or EGTA that act by sequestration of numerous
types of cations, such as Ca®* and Mg?®*, from epithelial cells to release intercellular
bonds. Another approach is the mechanical dissociation of tissue with scissors or sharp
blades, homogenization, filtration and so on. This process is quick but is not appropriate
for obtaining tumor cells because it results in a high percentage of dead cells with
secretion of degrading enzymes. After dissociation the next step is to culture and maintain

the cells.

There are several methods but very few are reproducible to generate primary
tumor cell lines. For example, the 2D monolayer culture was used first to elucidate the
basic cell biology but in the case of primary culture, this fails because the cells are grown

as a monolayer and lack architectural diversity. This method is not widely used to
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establish primary tumor cell lines. In contrast, the 3D methodology mimics the natural
environmental conditions. The cells grow on a synthetic scaffold (hydrogel, matrigel and
collagen) that reproduce extracellular matrix (ECM). This kind of approach facilitates
numerous features of tumor cell lines such as proliferation, secretion of a large number of
factors, immune evasion strategies, hypoxic condition, angiogenic properties, anchorage-
independent growth, and metastatic potential. A recent paper, by Jiguet-Jiglaire and
colleagues, described glioma cell growth and viability under various conditions in a 3D
culture system. In particular, they characterized the three-dimensional culture system
based on a hyaluronic acid-rich hydrogel, demonstrating that this culture model allows
cell survival and proliferation, preserves cell morphology and is suitable for testing
sensitivity to drugs and radiation (Jiguet-Jiglaire et al. 2014). The problems with this
method are the appropriate seeding density, the tissue specific ECM and the composition

of culture medium.

Other methods as well as explant-cell culture systems, precision-cut slice
cultures, partial enzymatic degradation, sandwich cultures have been used and each is
suitable for developing primary tumor cells but several issues remain: maintain good

characteristics like polarity, morphology, gene expression and population purity.

It is still clear that primary tumors and cells derived from them are seldom used
for primary research. The reason is poor and irregular availability. Hence these cells have

become quite rare material and usually can be used only for advanced experiments.

1.2.6 Three dimensional experimental models and methods

The standardization of experiments is a big issue because for screening purposes it is
necessary to achieve as identical as possible in culture conditions which is difficult in
advanced and complexed systems, such as 3D models. This can be achieved especially
with the ,,Hanging drop” method, using matrices and scaffolds or by microfluidic cell
culture platforms. The disadvantage of these methods, is that they can be expensive or,

in case of ,Hanging drops®, difficulties with exchange of culture media without

30



disturbing cells, may occur. Matrices, scaffolds and culture platforms may cause
difficulties in further analyses because of problematic isolation of cells from formation.

The Forced-floating method is a relatively simple way of 3D spheroid forming.
It is also quite inexpensive and suitable for HTS. On the other hand, there is rather large
variability in cell size and shape and plate-coating can be time consuming.

Agitation-based methods are a more expensive model for the preparation of 3D
structures due to the specialized equipment needed. Moreover, it is quite time consuming
for HTS purposes and there is no control over spheroid size because of individual
spontaneous adhesion of cells in suspension. In contrast, this option provides easy
exchange of media (although in large amounts) but cultivating cells is very easy and so is
the manipulation with spheroids, due to their accessibility. Another type of preparation is
the Rotary Cell Culture System, developed by NASA which basically simulates
microgravity, forcing the cells to flow in suspension. This allows continuous supply of
nutrients from media and transfer of waste (Breslin & O’Driscoll 2012; Kim 2005; Mehta
et al. 2012). Sudo and his team (2009) used primary rat hepatocytes to establish an assay
for angiogenesis evaluation. They also co-cultured the primary cells with rat or human
microvascular endothelial cells and compared the vascularization in 2D and 3D forms.
They were able to establish viable and functional 3D hepatocyte cultures using a
microfluidic system. This system involves a polydimethyl siloxande (PDMS) device
with coverslip and two microfluidic channels together with intermediate 3D gel scaffold
(Sudo et al. 2009).

A different way of creating 3D scaffolds was demonstrated by Gao et al. (2014).
For establishing a suitable environment, poly (lactic-co-glycolic acid) (PLGA) and
amorphous calcium phosphate nanoparticles in the form of electrospun nanocomposite
was used for cell seeding. Electrospun poly -E-caprolactone scaffolds (PCL) have been
used for successful growth and proliferation of murine astrocytes with phenotype of in
vivo cells. Different nanofiber patterns (random, aligned) have demonstrated the different

behavior of cells in various spatial environments with astrocytes in a random fiber field
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growing deep within the scaffold in circular colonies and cells on aligned fibers creating
colonies along the direction of the fibers (Lau et al. 2014).

3D scaffold are constantly being updated and individualized for specific cell
types and their needs, to create environments that approximate in vivo conditions and the
microenvironment. For example, Florczyk et al. (2013) adjusted a porous scaffold with
hyaluronic acid used for cultivation of 3D human glioblastoma. To improve the adhesion
properties of the system, polysaccharide chitosan was added. Their results suggest that
cells exhibit more natural phenotype and growth properties and they confirm the
possibilities for further specification for individual cell types (Florczyk et al. 2013).

In general, hydrogels represent a useful tool for 3D cultures. The material is easy
to maintain and many different porous scaffolds made from different polymers can be
prepared. Hydrogels of different compositions are commercially available, for example
BD Bioscience (Li et al. 2013), Tebu-bio (Jiglaire 2014), Lifecore Biomedical,
Rheometric Scientific (Beck et al. 2013) or many other. Hydrogels represent a form of 3D
environment with various applications adaptable for different platforms (Asthana &
Kisaalita 2013, Dixon et al. 2014). One possible 3D structure preparation, using hydrogel
technology, suitable for HTS and drug screening, is Microfluidic encapsulation, which
allows enclose of a specific number of of cells inside the capsules composed of different
natural or synthetic polymeric hydrogels. Apart from cancer cells, other particles or
chemicals can be captured within these capsules, for example ECM components, such as
proteins. This allows preparation of populations with specific microenvironments. Large-
particle flow cytometer subpopulations, consisting of cells expressing different
fluorescence, can be sorted, re-cultivated and observed for specific markers or controlled
micro environmental characteristics (Li et al 2013). Hydrogel scaffolds can be easily
adapted for 96-well plates (Jiglaire 2014) and miniaturization for formats of 384 or even

1536 well- microtiter plates is being developed and optimized (Fig. 5).
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Fig. 5: 3D experimental culture models. (Das, Kone¢ny et al. 2015)

The potential of different 3D models and their applicability in High Throughput
(HTS) or High Content screening (HCS) is summarized by Kimlin et al. (2013) or by
Reid et al. (2014) and will not be discussed in detail here.

One factor, which has to be considered in the transfer of 3D cultures into HTS,
is easy, fast and precise visualization of produced spheroids and following their
modifications after drug treatment. It is clear that 3D models will present challenges
compared to monolayers which can be analyzed by optical and other methods. Many
forms of microscopy can be used for appropriate visualization of 3D cultures, though not
all of them provide the same outcome. Verveer at al. (2007) evaluated the differences
between light-sheed based microscopy (SPIM) and fluorescence confocal microscopy
with better outcome for SPIM, due to its higher resolution even without deconvolution,
minimal photo damage and fast acquisition. The excitation light extends photo bleaching

and phototoxic effect. Other microscopic methods have been described by Pampaloni et
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al. (2007). These compare the methods outlined with electron micrograph and
microscopy, immunohistochemical staining, multiphoton microscopy and optical
coherence tomography (OCT), optical projection tomography (OPT), which were
developed primarily for imaging of large 3D samples. Friedrich et al. (2009) established a
drug screening protocol using phase contrast automated microscope which can easily be
implemented in HTS platform and Horman et al (2013) implemented laser scanning
fluorescence cytometer in the HTS screening of compounds activities of cells enclosed in

different polymer hydrogel capsules.
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1.3 Targeting of Mycobacterium by small molecules

1.3.1 General Antimycobaterial activity

Tuberculosis is a pulmonary disease in most cases caused by the pathogenic
bacterium Mycobacterium tuberculosis. It is the cause of death in almost 1.5 million
people of the more than 9 million infected, every year (WHO 2014). Its frequency
decreases every year due to early and precise diagnosis but its prevalence is still
enormous. Almost 25 percent (480 000) of infected patients were diagnosed as MDR-TB
cases (WHO 2014). In some parts of the world, such as equatorial Africa, the treatment of
TBC is burdened with a high incidence of HIV (or other) co-infection and combination of
antiviral agents together with antituberculotics decreases the efficacy of the treatment. It
is then necessary, to introduce more efficient compounds, with different mechanisms of
action, targeting multidrug-resistant strains (MDR) and avoiding the contraindications
between different drugs (Du et al. 2013, Bakuta et al. 2015). The ability to successfully
target is rendered more difficult as different local strains have adapted during evolution to
human population migrations. This correlates with the host immune system response
(Gagneux et al. 2006; Gagneux & Small 2007). The Mycobacterium is a Gram-positive
bacterium, although it cannot be visualized by Gram staining. This is due to lack of outer
cell wall. Usually such bacteria are identified as acid-fast Gram-positive bacteria. They
are oxygen dependent and transmission is usually airborne, or by soil, dust, water or by
ingestion. When the mycobacteria are inhaled, they are phagocytised by pulmonary
macrophages (Fig. 6). Mycobacterium uses several receptors for entry in the cell. Mostly
Fc receptors, manose receptors and complement receptors (Glickman et al. 2001). The
Mycobacterium enclosed in the phagosome prevents the fusion of the phagosome with
lysosome and remains inside the cell, altering its surroundings to benefit itself. The
bacterial cell wall is the main compartment in bacteria-cell interaction. It produces many
different proteins, preventing the fusion, acidification of the phagosome, providing a way

for nutrient supply from the outside and enabling its reproduction. This structure can
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persist and thrive inside the cell. Eventually the cells are destroyed causing failure of
lungs (Keane et al. 1997).

Fig. 6: Mycobacterium smegmatis phagocyted by B10A#4 macrophages— Ziehl-Neelsen acid staining.
(40x)

Mycobacterium can be found in many other body tissues, such as kidneys, liver
or spleen and it can persist in a dormant state for a very long time (Barrios-Payan et al.
2012). Properties, behaviour, and persistence of dormant M. tuberculosis change during
its adaptation to non-active state.
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—— M. bovis
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M. tuberculosis H37Ra

M. tuberculosis F11

——— M. ulcerans
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Fig. 7: Mycobacterium- Evolutionary tree.
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This involves different protein expression, respiratory inhibition, slower growth
and reproduction rate and invasion of non-respiratory phagocytes. This leads to a number
of adverse outcomes, such as more difficult diagnosis, late manifestation and resistance to
many commonly used drugs, such as rifampicin and isoniazid (Betts et al. 2002, Du
2013). For the purposes of screening, model strains used to obtain information about

toxicity and specific activity, M. bovis and M.

. Lopw - smegmatis can be obtained. M. bovis was
YoPHILISE)

e - derived from the standard vaccination strain
BCG (Bacillus Calmette—Guérin). This bacterial

strain has many advantages, such as non-

Fig. 8 : BCG (Bacillus Calmette- Guérin), pathogenicity, similar properties to standard M.
Statents Serum Institute - Copenhagen tuberculosis and they are evolutionarily on the

same level (Fig. 7). The main problem is the

slow growth rate. On the other hand, M.
smegmatis, is a distant relative of M. tuberculosis, has similar protein structures as well as
growth properties, useful for screening. We have tested several groups of potentially
active compounds for their toxicity towards these bacterial strains, targeting different
proteins or interfering with specific metabolic agents. Mycobacterium bovis is a slow
growing bacterial strain, closely related to Mycobacterium tuberculosis. It causes
tuberculosis in cattle. In medicine it is used in the BCG vaccine (Bacillus Callmate
Guérin), with reduced virulence (Fig. 8). Usually it is applied subcutaneously as a vaccine
against Mycobacterium tuberculosis.

1.3.2 Potential mycobacterial targets

In the case of Mycobacterium, few cellular structures can be specifically targeted
by different compounds (Table 2). There are a number of ways, to fight Mycobacterium
and the approach should be focused on circumstances around the mechanism of infection.
Treatment can be targeted to the bacteria itself, its metabolism or signalling properties, or

it can concentrate on supporting a hostile environment of infected macrophage, mostly in
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induction of autophagy and maturation of phagosome (Harris et al. 2007, 2009; Gutierrez
et al. 2004; Houben et al. 2006; Mueller & Pieter 2006; Pieters 2008; Sundaramurthy &
Pieters 2007). In the beginning, quinolone and its derivatives were standardly used. This
causes arrest of bacterial replication. Although it was very efficient, many strains
acquired multi-drug resistance towards these agents and diminished their application. As
mentioned above, most of the bacteria’s pathogenicity, adaptability to intracellular
persistence and ability to transform its surroundings is provided by its cell wall
components. The cell wall comprises peptidoglycans, galactofurans, arabinofuran and
mycolic acids (Brennan 2003). Present-day approaches involve more specific targets,
such as inhibition of these cell wall compartments, affecting mycolic acid, necessary for
the cell wall build up (ethambutol, isoniazid), inhibition of mycobacterial RNA
polymerase, therefore inhibiting RNA synthesis (Rifampicin) and interference with the
energetic systems of bacteria (Bedaquiline). Another possibility is the inhibition of
important bacterial protein kinases using different serine/ threonine protein kinases
inhibitors (Rapamycine, meridianine derivatives) (Leiba et al. 2014; Yadav et al. 2015).
Specific mechanism of action involves inhibition of peptidoglycan, arabinogalactan, fatty
and amino acids and cofactor biosynthesis. This decreases the capability of mycobacterial
cell walls to make a full contribution to bacterial survival. Another way of targeting
Mycobacterium directly is to disrupt any of its typical pathways, such as mycothiol
synthesis (oxidative stress protection) or non-mevalonate pathway of terpenoid synthesis;
both non existent in humans (Table 2). There are other structures existing only in
Mycobaterium and therefore potential targets for different drugs including regulatory
proteins for glutamine synthase and iron-responsive regulators, menaquinone synthesis
(vitamin K, homologues) or stringent response enzymes. Stringent response is a process
providing adaptation for in vivo conditions (Mdluli & Spigelman 2006). Apart from these,
two other basic mechanisms can be affected by different kinds of chemical compounds.
Firstly, they can interfere with the iron metabolism of bacteria, which is crucial for its
growth and reproduction. A second way is the inhibition of adenosine kinase (ADK),
purine salvage enzyme involved in phosphorylation of adenosine to adenosine
monophosphate (Long & Parker 2006), (Fig. 9). Very few bacterial species are known to

express ADK. Of Gram-positive bacteria, Mycobacterium and Streptomyces lividans are
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the only examples. As a representative of the group of Gram-negative category,

Xanthomonas campestris was proven to express it as well. Nevertheless, Mycobacterium

has ADK with a unique structure, unknown in any other species, which makes it a highly

relevant target (Liu & Modlin 2008). For Mycobacterium, as well as for many other

microorganisms, iron metabolism involves a series of processes crucial to survival and

Fig. 9: Structure of mycobacterial
Adenosine kinase. (Reddy et al. 2007)

bacterial reproduction. It is essentially provided by
proteins, called siderophores. Mycobacterium produces
several  siderophores called mycobactins and
exochelins. Mycobactins are hydrophobic siderophores
associated with the cell wall as porins, while
exochelins are hydrophilic chelating receptors. Both of
them are capable of attracting and reducting of Fe**
ions and its further internalization into storage depots
or for direct metabolism. Fe** ions are taken up from
the host environment through these structures and

reduced through exochelins and Fxu complex to Fe2+

actively while creating ATP from ADP or passively through porins. These ions are then

stored as bacterioferritin iron storage proteins (Fig. 10). Compounds with higher Fe®*

affinity may prevent the storage of iron by the bacteria and therefore negatively affect its

viability (Olakanmi et al. 2000).
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Fe3*Exochelin Fe3* Carboxymycobactin

Cell wall
Receptor Porin

FXubD

Fxu complex

Reductase
A|C
B | B
Cytoplasm
m Fe2+

ADP ATP ¢

Fe2* Bacterioferritiniron
—_— N
storage protein

Reductase

Fig. 10: lron uptake in Mycobacterium — siderophore system of iron metabolism. (modified from
Schaible & Kaufmann 2004)
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1.3.3 Intracellular Antimycobacterial activity

Many compounds have been proven to be highly selective in vitro
antimycobacterial activity, ranging from micromolar to sub-micromolar concentration,
similar towith the positive control, Rifampicin. However, Mycobacterium tuberculosis is
usually an intracellular bacterium, thriving in macrophages” phagosomes. The compound
therefore, must be able to penetrate the cell membrane and still affect the enclosed
bacteria. For that, an intracellular activity assay was established, using macrophages as
Mycobacterial carriers and performed for two groups of compounds, Nucleosides and
Chelators. B10A#4 cells, a cell line derived from mouse macrophages were seeded,
incubated with Mycobacterium smegmatis and allowed to phagocytose. Treatment
followed and after incubation, phagocytosed bacteria were released and seeded on agar
plates and observed for their viability. As expected, in some cases, IC50 values
dramatically increased compared to previous results obtained from direct exposure. Some
compounds had poor permeability and did not reach the targeted structure. The

methodology is presented in detail in the Methodology section.
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2 Experimental part

2.1 Methodology

2.1.1 Cytotoxity evaluation

In the first steps of research, it is important to determine the general cytotoxicity
of tested compounds. For this purpose, many different assays have been developed.
Sulphorhodamine B, MTT, MTS, XTT and WST assays are the most common (Riss et al.
2013). The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
tetrazolium reduction assay was the first homogeneous cell viability assay developed for
a 96-well format that was suitable for high throughput screening (HTS) (Mosmann 1983).
The MTT tetrazolium assay technology has been widely adopted and remains popular in
academic labs as evidenced by thousands of published articles. MTT is positively charged
and readily penetrates viable eukaryotic cells. Viable cells with active metabolism
convert MTT into a purple colored formazan product with an absorbance maximum near
570 nm. When cells die, they lose the ability to convert MTT into formazan, thus color
formation serves as a useful and convenient marker of only the viable cells. The exact
cellular mechanism of MTT reduction into formazan is not well understood, but likely
involves reaction with NADH or similar reducing molecules that transfer electrons to
MTT (Marshall et al. 1995). Speculation in the early literature involving specific
mitochondrial enzymes has led to the assumption mentioned in numerous publications
that MTT measures mitochondrial activity (Berridge et al. 1996). One disadvantage of
MTT is low solubility of the purple formazan product and subsequent solubilization step

before spectrometry measurement.

Curently there are alternatives to MTT like XTT, MTS and WST class
compounds. Their disadvantage is that the negative charge of the formazan products that
contribute to solubility in cell culture mediums are thought to limit the cell permeability
of the tetrazolium. This set of tetrazolium reagents is therefore used in combination with

intermediate electron acceptor reagents such as phenazine methyl sulfate (PMS) or
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phenazine ethyl sulfate (PES) which can penetrate viable cells, become reduced in the
cytoplasm or at the cell surface and exit the cells where they can convert the tetrazolium
into the soluble formazan product (Berridge et al. 2005). Another disadvantage is the
price of the substrate. The cytotoxicity assays are usually performed using different
cancer, bacterial, fungal or parasitic models as well as a healthy tissue representative. The
obtained value is called IC50 (half maximal inhibitory concentration) (Pharm Stat. 2011).
The optimal outcome is to have as low toxicity towards normal tissue as possible. This
specific toxicity is expressed by a therapeutic index (TI), ratio between 1C50 for normal
tissue and 1C50 for potential target (cell, bacteria, etc.). The higher the number, the more
specific toxicity the drug evinces. In the case of antibacterial agents, comparison of
toxicity towards bacteria and healthy tissue is very important. Compounds with an archaic
general toxicity profile, must be excluded from the screening and attention must be
focused on structures with narrow activitytoward specific therapeutic target. Cell lines
selected for  cytotoxicity assays were chosen across  representatives of both
haematological and solid tumours, the same as its sensitive and resistant forms and
consist of a panel of CCRF-CEM (a cell line derived from acute lymphoblastic
leukaemia), CEM-DNR (doxorubicin resistant variant) (Noskova et al. 2002), K562
(acute myeloid leukaemia), K562-TAX (paclitaxel resistant variant) (Noskova et al.
2002) as haematological representatives and A549 (lung adenocarcinoma), HCT116
(colorectal carcinoma), HCT166p53™ (cell line with deletion of p53 gene) from solid
tumours. The final IC50 value computed from absorbance measurement indicating the
capacity of tested compound for further research. Compounds with IC50 lower than 10
uM for sensitive CEM cell line qualified for cell cycle evaluation (Bourderioux et al.
2011; Jansa et al. 2014; Kaplanek et al. 2015).

2.1.2 Flow cytometry

Flow cytometry is a biotechnological method that first appeared in the middle of

1950’s, and provides a useful and simple option for cellular properties evaluation.
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Currently, this is routinely used in clinical and research facilities for cell counting,
biomarker detection, cell sorting and for the diagnosis determination or confirmation.
Other applications involve cell kinetics, cancer therapy monitoring, cell function analysis,
tumor cell identification and chromosome Kkaryotyping. Different properties (cell
diameter, volume, membrane potential, internal structure etc.) and components (DNA,
nuclear antigens, enzymes, proteins, RNA, surface antigene etc.) can be analysed by FC.

Flow cytometer usually consists of three main systems: Optical systems (with
analogue to digital signal converting detectors), fluidic system providing sheath and
cleaning solutions and computer systems for processing the data. The heart of the
cytometer is a flow cell, which allows redistribution of cell suspension and laser beam
exposure of cells. Based on hydrodynamic focusing, a sheatfluid mixes with the cell
suspension and creates a stream consisting of specifically stabilized droplets containing
embedded cells. This stream passes through a quartz-glass cuvette. The stream usually
has a higher flow rate (~5ml/min) than the sample (~100 pl/min). This allows the cells to
be constrained in the center of the flow chamber.

Flow cytometry

Sheath fluid

\

Hydrodynamic focusing |

r Sample (suspension stained cells/bacteria)

) IR T

Cuvette with nozzle
Analogue to

digital

° converet
Fluorescence emmited [J¥is
K from cells
/ / ADC

\ scatter detection
Laser light source

It

) o

Fig. 11: Scheme of flow cytometry.

The cuvette is aligned with the laser beams and creates an optimal optical pathway,
ensuring the highest sensitivity with a relatively low laser power. Optical systems can be

covered by lapms, high-powered water- cooled lasers, low-powered air-cooled lasers or
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laser diods. Usually low-powered air-cooled lasers are provided with different
wavelength (488 nm, 633 nm or UV laser). Older cytometers consist of only two basic
lasers. Modern instruments can possess multiple lasers with wide wavelength ranges.
These laser beams pass through the cell flow and fall on the passing stream containing the
analysed cells. Lasers have a Gaussian intensity distribution, which means, that the
Antibodies with conjugatedfluorophore  Maximal intensity is in the centre of the

\i\ e beam. Therefore, the stream must be

’// very stable at the same time, as well.

e % Light scattered after the cell passes the

| stream allows us to analyse some of the

g4 - basic physical properties, such as size
=~ (FSC) or granularity (SSC) of the cells.
\\( J These two parameters are detected by a

J///’ & photodiode with a 488/10 nm bandpass
/ g filter (Forward scatter detection) and

PMT detector with beam splitter (side

Fig. 12: Cell with attached antibodies conjugated

with different fluorophores. scatter). Cell fluorescence is a form of

luminescence and it stands for a light
emmited by a cell or bacteria after light absorption (emission usually has a longer
wavelength) (Fig. 11). After the laser falls on the cell surface, light excitation/emission is
measured by PMT detectors and converted into an electrical signal enabled for processing
and analysis (Kachel et al. 1990). Visualisation of various cellular components is enabled
by application of molecules called fluorophores/fluorochromes. Fluorophores are
fluorescent small molecules (200 — 1000 Daltons) emitting light and staining different
cellular structures. Their excitation/emission parameters are the most important features
for precise analysis. Among the most common fluorophores are nucleic acid dyes
(Hoechst, DAPI, ethidium bromide, 7-AAD, propidium iodide etc.), fluorescent proteins
(GFP, RFP, DsRed, APC, PerCP etc.) and cell function dyes (Fluo 3, Fluo 4, SNARF).
Usually, some of these dyes are used as conjugates with macromolecules called
Antibodies; structures specifically binding to different intra- or extra-cellular markers

(Fig. 12). For the purpose of detailed analysis, many fluorophores have been developed
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for the fluorescent labelling but they are usually represented by fluorescein isothiocyanate
(FITC; 494/520 nm), phycoerythrin (PE; 496/578 nm), perydinine chlorophyll (PerCP;
482/678 nm) with its tandem conjugates PerCP Cy 5.5 (482/695 nm), allophycocyanine
(APC; 650/660 nm), Alexa Fluore 488 (495/519 nm) and few others (Shapiro 2003).

Flow cytometer used for cell cycle analysis is the BD FACS (Fluorescence-
activated cell sorting) Calibur from Becton Dickinson Company. Instrument contains two
lasers- 488 nm 15mW air-cooled low-powerd laser and 633 nm 10mW laser. As a
fluorescence detection system, four PMT detectors are used; three for the 488 nm laser
(530/30 nm; 585/42 nm; > 670 nm) and one for the 633 nm laser (661/16 nm). According
to screening requirements, several related parameters are analysed. These include
apoptosis, distribution of cells in different cell cycle phases, synthesis of DNA, RNA and
phosphorylation of phosphor histone (pH3*"%). Additionally, information about
compound activity related protein biosynthesis alterations can by analysed. This method
uses the ability of propidium iodide to intercalate into DNA, therefore visualize the cell

cycle according to its DNA content. For DNA, RNA synthesis, pH3%°

phosphorylation
and protein synthesis, additional staining with primary and secondary antibodies is
necessary. All these parameters were measured and analysed using BD software
CellQuest with the exception of cell cycle analysis, which was performed in specialized
Cell Cycle Analysis Software developed by Verity Software House, Inc. The final flow
cytometry analysis provides closer information about the compounds” basic mechanism
of action and indications for further research, or consecutive modification of tested
compounds. These modifications may serve for adjustment or enhancement of their

therapeutic properties (Bourderioux et al. 2011; Jansa et al. 2014; Kaplanek et al. 2015).

2.1.2.1 Cell cycle and apoptosis analysis (Fig. 13, 14)

Cultivated CEM cells were maintained in a CO, incubator, seeded at standard
density 1 x 10° cells/ well in 6-well plates. 24 hours later, compounds were added to the

cell suspension (1x IC50, 5x IC50) and the sample was incubated until the next day. The
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cell suspension was harvested after 24 hours, washed with 5 ml of PBS and fixed in 2 ml
of 70% ice-cold ethanol. Cells in ice-cold ethanol were centrifuged at 800 g, for 7 min at
room temperature and washed with 4 ml of citrate buffer. 500 pl of RNAase was added to
the pellet and incubated for 15 min. Then, 600 pl of propidium iodide were added,
incubated for 15 min in waterbath and samples were stored in a fridge for 1 hour and
analysed using FACS Calibur (Bourderioux et al. 2011; Jansa et al. 2014; Kaplanek et al.
2015).

Control LEM 607 5x IC50

PropidiumIodide (RFU)

Propidium [odide (RFU)

Fig. 13: Cell cycle analysis- Untreated control and cells treated with compound LEM 607 5x 1C50.

Control LEM 607 5x

200
200

160
%0

120

Number of cells
Number of cells

] — ______________________
10t 0 o' w 0 0

Propidium Iodide (RFU) Propidium Iodide (RFU)

Fig. 14: Apoptosis analysis— Untreated control and cells treated with compound LEM 607 5x 1C50
(compound 7).
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2.1.2.2 pH3*staining — marker of M-phase initiation analysis (Fig. 15)

Cultivated CEM cells were maintained in a CO, incubator seeded at standard
density 1 x 10° cells per well in 6-well plates. Following day, compound at desired
concentration (1x 1C50, 5x 1C50) was added and cells were incubated for 24 hours. The
cell suspension was harvested, washed with 5 ml of PBS and fixed in 2 ml of 70%
ethanol. Cells fixed with ice-cold ethanol were used for phosphohistone phosphorylation
analysis. Cells were washed with 1ml of PBS with 1% fetal bovine serum (FBS) and
centrifuged at room temperature and 2000 rpm, for 5 min. Then they were incubated with
1 ml of 1x PBS containing 0.25% Triton X-100 for 15 minutes, washed with 5 ml of PBS
+ 1% FBS again and centrifuged (2000 rpm, 5min, RT). Primary antibody Anti-phospho-
Histone pH3*™° antibody (Millipore) was prepared in PBS + 1% FBS and 100 pl was
added to each sample. After 1 hour of incubation, samples were washed with 5 ml of
washing solution (PBS + 1% FBS) and centrifuged again (2000 rpm, 5 min, RT). 30
minutes incubation with 100 ul of secondary antibody Alexa Fluor 488 goat anti-rabbit
IgG (Invitrogen) followed. Samples were washed afterwards and incubated for 30
minutes with 700 pl of Propidium iodide with RNAase (Pl — 50 pg/ml, RNAase — 0.5
mg/ml in PBS + 1% FBS). For analysis, FACS Calibur (Becton-Dickinson) was used
(Bourderioux et al. 2011; Jansa et al. 2014; Kaplanek et al. 2015).

Control LEM 607 5x

Histon H3rSerlOF[TC (RFUY
Histon H3pSerlOJITC (RFUY

an D e 1000 =7 ED a0 obo
Propidium Iodide (RFU) Propidium Iodide (RFU)

Fig. 15: Analysis of phosphorylation of histone H3 on Serin 10 (pH3%"'%) — Untreated control and cells
treated with compound LEM 607 5x 1C50 (compound 7).
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2.1.2.3 BrU incorporation analysis (Fig. 16)

Cultivated CEM cells were maintained in a CO, incubator seeded at standard
density 1 x 10° cells per well in 6-well plates. The following day, compound at desired
concentration (1x 1C50, 5x 1C50) was added and the cells were incubated for 24 hours.
Then, 40 ul of 100 mM of 5-bromouridine (BrU) was added and suspension was
incubated for a further 30 min. Cell suspension was harvested after 30 min, washed with
PBS and fixed in 2 ml of 1% paraformaldehyde (added drop-wise). Cells fixed in 1%
paraformaldehyde were used for this analysis. Suspensions were centrifuged and washed
with 3 ml of cold PBS containing 1% glycine and then again with PBS at 500 g, for 5
min, RT. 100 pl of primary antibody Antimouse BrdU (cross-reactive to BrU), clone
MOBUu-1 (Exbio, Cat. No. 11-286-C100) prepared in PBS + 0.1% BSA + 0.1% NP40 was
added afterwards and cells were incubated for 45 minutes. Then, the cells were washed
with 3ml of PBS + 0.1% BSA + 0.1% NP40 and centrifuged (500 g, 5 min, RT), labelled
with 100 ul of secondary antibody Anti-Mouse 1gG (whole molecule) with FITC (Sigma,
Cat. No. F28883) and incubated for half an hour. Samples were washed again in the same
way as before (PBS + 0.1% BSA + 0.1% NP40 and centrifuged at 500 g, 5 min, RT) and
fixed in 1 ml of PBS containing 1% formaldehyde and 0.05% NP-40, mixed by rotating
for 15 minutes and then incubated for 1 hour at 4°C. Samples were then washed again
with 3 ml of cold PBS containing 1% glycine, 100 ul of RNAase (10 mg/ml of PBS + 0.1
% BSA + 0.1 % NP40) and 600 pl of propidium iodide (50 ug/ml of PBS + 0.1 % BSA +
0.1 % NP40) were added and cells were analysed with FACS Calibur (Bourderioux et al.
2011 ;Jansa et al. 2014; Kaplanek et al. 2015).
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Control LEM 607 5x

Anti BriJ FITC (RFU)
Anti BriJ FITC (RFU)

0 200 aho 600 30 1000 0 200 aho 600 300 1000

Propidium Iodide (RFU) Propidium Iodide (RFU)

Fig. 16: RNA synthesis analysis (BrU) — Untreated control and cells treated with compound LEM 607
5x 1C50 (compound 7).

2.1.2.4 BrdU incorporation analysis (Fig. 17)

Cultivated CEM cells were maintained in a CO, incubator seeded at standard
density 1 x 10° cells per well in 6-well plates. The following day, compound at desired
concentration (1x 1C50, 5x 1C50) was added and cells were incubated for 24 hours. Then,
40 pl of 1 mM of 5-bromodeoxyuridine (BrdU) was added and the suspension was
incubated for a further 30 min. The cell suspension was harvested, washed with PBS and
fixed in 2 ml of 70% ethanol. Cells fixed in ice-cold ethanol were centrifuged at 500 g,
for 5 min, RT and 2 ml of 2N HCI/ Triton X-100 was added. Samples were mixed by
vortexing and incubated for 30 min. Afterwards, cells were centrifuged again, (500 g, for
5 min, RT). 2 ml of borax (0.1 M Na,B,0,.10.H,0) were added. The suspension was
centrifuged, and after washing with 2 ml of PBS + 0.5% Tween + 0.1% BSA, 200 ul of
primary antibody Antimouse BrdU, clone MOBu-1 (Exbio, Cat. No. 11-286-C100)
prepared in PBS was used for labeling. Suspensions were then incubated for 30 min and
washed again with 2 ml of PBS + 0.5% Tween + 0.1% BSA. Addition of 200 pl of
secondary antibody Anti-Mouse 1gG (whole molecule) with FITC (Sigma, Cat. No.
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F28883) (prepared in the same way as the primary) followed. After 30 min of incubation,
cell suspensions were washed again as mentioned above (500g, 5 min, RT). 100 pl of
RNAase (10 mg/ml of PBS) was added to the cells and incubated for 15 minutes at RT.
600 ul of propidium iodide (50 pg/ml of PBS) were added, incubated for 15 minutes at
RT and samples were stored in a fridge for 30 min. Measurement was performed on
FACS Calibur (Bourderioux et al. 2011; Jansa et al. 2014; Kaplanek et al. 2015).

Control LEM 607 5x

10
104

103

4'62

Anti BrdU FITC (RFU)
Anti BrdU FITC (RFU)

10’
i
10!

0 2o aho 600 0 1000 o 200 a0 00 B 1000

Propidium Iodide (RFU) Propidium Iodide (RFU)

Fig. 17: DNA synthesis analysis (BrdU) — Untreated control and cells treated with compound LEM 607
5x 1C50 (compound 7).

2.1.3 Antibacterial and antifungal activity

Many compounds derived from basic natural or synthetic active molecules evince
different potential therapeutic effects. Diverse groups of compounds with anticancer,
antibacterial, antifungal, immunosuppressive or anti-inflammatory agents can be
distinguished. As a part of standard screening, activity against several common bacterial
and fungal strains together with their drug-resistant equivalents are simultaneously
explored. The main panel consists of bacteria Enterococcus faecalis CCM 4224,
Staphylococcus aureus CCM 3953, Escherichia coli CCM 3954, Pseudomonas
aeruginosa CCM 3955, Staphylococcus aureus (MRSA) 4591, Staphylococcus
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haemoliticus 16568, Escherichia coli 16702, Pseudomonas aeruginosa 16575 and fungi
Candida albicans, Candida crusei, Candida tropicalis and Candida parapsilosis. This panel
is assembled from basic bacterial and fungial representatives. Bacterial and yeast liquid
cultures were seeded on blood agar soils and incubated for 24 hours at 37°C. Grown
colonies were dissolved in broth and allowed to incubate for 1hour. The MIC assessment
was performed using standard dilution micromethod, described below (Kaplanek et al.
2015). Nevertheless, some tested compounds were synthesized with already known
potential targets, such as mycobacterial ADK. For this purpose, Mycobacterium bovis and
Mycobacterium smegmatis were added for extension of the tested platform (chapter
2.1.4).

2.1.4 Antimycobacterial activity

For evaluation of specific antimycobacterial activity, model strains- M. bovis and
later, M. smegmatis were used. Standard BCG vaccine lyophilized bacteria was
resuspended in attached solvent and seeded on 7H11 agar plates (7H11 agar + OADC
enrichment). For suspension culture, grown colony was inoculated in 7H9 Broth media,
containing 0.05% of Tween 80. This prevents bacteria from creating clusters. M.
smegmatis was prepared in the same way, although this strain was already obtained as an
agar seeded culture. Both M. bovis (isolated from BCG vaccine) and M. smegmatis
(ATCC) are known to process tetrazolium salt in the same way as human tissue cells do,
through mitochondrial activity. Therefore the standard MTT test was performed for these
bacterial strains to distinguish compounds with selective antimycobacterial activity.
Suspension bacteria M. boivs and smegmatis) were cultivated in 7H9 Broth (Difco, BD).
Then, 80 ul of suspension was seeded on 96-well plates and treated with the desired
compounds in dilution series, the highest concentration at 100 uM and the following 4x
dilutions with the minimum in the range of sub uM to nanomols. The culture was then
incubated for 120 hours at 37°C and 5% CO,. After incubation, 20 ul of MTT were added

and allowed to react for 1-4 hours, depending on the individual strain. Afterwards, 100 ul
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of SDS, as a detergent, were added to the wells and IC50 values were assessed from

absorbance measurement. The whole methodology is described in detail in Kaplanek et

al. (2015).

2.1.4.1 Assesment of intracellular activity

The intracellular activity assay was newly established and optimized for analysis
of intracellular antimycobacterial potential but results are not yet published. As a carrier
for M. smegmatis, mouse derived macrophage cell line BLOA#4 was used (Radzioch et
al. 1991). These cells were seeded on 6- or 12-well plates containing 2 - 4 ml of RPMI
medium and allowed to adhere. Afterwards, M. smegmatis strain was added at different
densities (10 — 20 bacteria per one cell) and incubated for a few hours (4 - 5) to allow the
process of phagocytosis. Then, not-phagocyted extracellular bacteria were thoroughly
washed out. Tested compounds at desired concentrations were added to the well and
incubated for 120 hours. Macrophages were then lysed using 0.2% digitonin for a certain
amount of time (to release enclosed bacteria) and the final suspension was harvested in
7H9 broth medium and inoculated on 7H11 (Difco, BD) agar plates. The culture was
allowed to grow for 10 days and the final CFU was counted and compared to the
untreated control sample (Fig. 18). This assay was performed for two different groups of
compounds — Nucleoside derivatives, as a potential MTB ADK inhibitors and
Benzothiazole hydrazones, due to their chelating properties (Fig. 19, 20).
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* B10A#4 cells
¢ Allow to adhere

* Allow fagocytosis for 4-5 hours
¢ 10-20 bacteria/1 cell

¢ Wash extracellular bacteria
* Add compounds at desired concentration and time intervals

* Of cells with 0,2% digitonin
® 45-60 mins

* In the broth media + supplements

s Allow to grow for 10 days

* Count CFU
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Fig. 18: Workflow of intracellular activity assay. (Unpublished data)
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2.2 Aim of study:

Identification of biological activities of tested molecules
1. Nucleoside derivatives:

a) 7-hetaryl-7-deazaadenosines

b) 6-alkyl, 6-aryl, 6-hetaryl deazapurines)

C) 6-substituted 7-het (aryl) deazapurines
2. Cytosine derivatives

3. Hydrazones with Troger base skelet

2.3 Tested compounds

Many substances naturally occurring in plants have proven to have potent
biological activity including anticancer, antibacterial, antifungal, and anti-inflammatory
among others; however, the basic active molecules frequently fail due to inaccessibility
and lack of natural occurrence. The chemists’ effort then relies on the preparation of
derivatives, based on these molecules, with enhanced biological properties. This is
usually achieved by structural modification and by addition of different substituents that
improve the accessibility and deliverance. To date, three classes of chemical compounds
have passed through basic screening profiling and allowed the selection of the most

potent compounds with dual biological activities (anticancer and antibacterial).
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2.3.1 Nucleoside derivatives

Nucleosides (Fig. 21), as anticancer drugs have been known since the 1950’s.

These are now used in the treatment of different kinds of malignancies. However, a

number of reviews have described the problematics of the anticancer and antiviral activity

of nucleoside derivatives (Pastor-Anglada et al. 1998; Younger et al. 2004; Bobeck et al.

2010; Jordheim et al. 2013). Briefly, nucleosides represent nucleic acid analogues based

on purine (thymine/cytosine, uracil) or pyrimidine (adenosine, guanine) bases and belong

to the class of antimetabolites (Jordheim 2013; Patasz & Ciez 2015; Jahnz-Wechmann et

al. 2015).

They have been successfully applied in the
treatment of haematological malignancies and solid
tumours. Nucleosides are multifunctional structures that
target cell proliferation and growth (Fig. 22). They
successfully incorporate into the DNA or RNA and
therefore significantly alter their synthesis; they are
able to affect metabolism, cell signalling and other vital
cellular processes. Specifically, they are able to inhibit
human and viral polymerases, different Kkinases,
thymidylate synthase, DNA methyltransferase and
many others (Pastor-Anglada et al. 1998; Jordheim et

R
S
HO 0
OH OH

Fig. 21 : Basic skeleton of
nucleoside. (Naus et al 2014)

al. 2013). These structures are known as prodrugs — compounds that need to be activated

into a cytotoxic state by metabolic processes in the cell, specifically by phosphorylation

(Matsuda & Sasaki 2004).
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Nucleozide analogue
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Fig. 22: Mechanism of action — Nucleoside analogues

Nucleoside analogues are actively transported through the cell membrane as a inactive pro-drug and
undergo three phosphorylation steps (addition of one phosphate group ) until they become
therapeutically active, compete with their natural counterparts and incorporate into DNA/RNA.
(Jordheim et al. 2013)

Except for cancer, these molecules are also known for their high antiviral activity,
especially as anti-HIV agents (Xu et al. 2014), anti-HBV (Younger et al. 2004,
Menéndez-Arias et al. 2014) and anti-HCV (Bobeck et al. 2010). Derivatives of
nucleosides therefore represent active structures with extensive antiviral and antitumor
activities. In common practice, derivatives of both, purine and pyrimidine analogues are
used for the treatment of a wide range of malignancies. Compounds such as
mercaptopurine, tioguanine and cladribine have been used as a treatment for acute

lymphocytic and acute myeloblastic leukaemia. Gemcitabine, capecitabine and 5-
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fluorouracil (Fig. 23), are mainly applied against colorectal, breast, lung, bladder,

esophageal cancer (Klener 2010; Patasz & Ciez 2015).
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5-FU Gemcitabine Capecitabine

Fig. 23: Chemical structures of nucleosidic drugs (5-FU, Gemcitabine and Capecitabine).

However, increasing of drug-resistant forms of cancer urgently require new
analogues with improved activities. For this reason, derivatives of deazapurine
ribonucleosides have been prepared that evince nanomolar cytostatic activity towards
different cancer cell lines (Bourderioux et al. 2011). Moreover, these compounds are
potent antibacterial, antiviral and antiparasitic agents, acting mostly through adenosine
kinase inhibitory activity. The addition of 6-alkyl-, 6-aryl- or 6-hetaryl- groups allowed
synthesis of very potent structures specifically targeting adenosine kinase, both human
and mycobacterial. Inhibition of Mtbh ADK was observed at submicromolar and
nanomolar concentration. That is in contrast with the observation in in vitro experiments,
where IC50 values were usually higher than 30 uM. Intracellular activity assay was
performed and this confirmed our findings. Significant differences between activity
towards Mth ADK and in vitro experiments might be caused by poor permeability of

compounds through mycobacterial cell wall (Perlikova et al. 2013; Snasel et al. 2014).
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2.3.1.1 Nucleosides with significant cytostatic activity

BOURDERIOUX, A. — NAUS, P. — PERLIKOVA, P. — POHL, R. — PICHOVA, 1. -
VOTRUBA, |. - DZUBAK, P. - KONECNY, P. — HAJIDUCH, M. — STRAY, K.M. —
WANG, T. - RAY, A. S. — FENG, J.Y. — BIRKUS, G. — CIHLAR, T. - HOCEK, M.
(2011). Synthesis and Significant Cytostatic Activity of 7-Hetaryl-7-deazaadenosines.
Journal of Medicinal Chemistry , wvol. 2011, no. 54, s. 5498-2623
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ABSTRACT: A series of 7-aryl- and 7-hetaryl-7-deazaadenosines were prepared by the
cross-coupling reactions of unprotected or protected 7-iodo-7-deazaadenosines with
(het)arylboronic acids, stannanes, or zinc halides. Nucleosides bearing S-membered
heterocycles at the position 7 exerted potent in vitro antiproliferative effects against a
broad panel of hematological and solid tumor cell lines. Cell cycle analysis indicated
profound inhibition of RNA synthesis and induction of apoptosis in treated cells.
Intracellular conversion to triphosphates has been detected with active compounds. The
triphosphate metabolites showed only a weak inhibitory effect on human RNA polymerase
11, suggesting potentially other mechanisms for the inhibition of RNA synthesis and quick
onset of apoptosis. Initial in vivo evaluation demonstrated an effect of 7-(2-thienyl)-7-
deazaadenine ribonucleoside on the survival rate in syngeneic P388D1 mouse

OH OH
K, X' =CH O, 5 N NHetc
cytostatic activity at nM concentrations

OH OH

leukemia model.

M INTRODUCTION

Purine nucleosides and their analogues display a wide range of
biological activities. Their antiviral and antitumor properties are
particularly important. Many purine (fludarabine, cladribine,
nelarabine, and clofarabine),’ pyrimidine (gemcitabine, cytara-
bine, 5-fluoro deoxyuridine, capecitabine, and decitabine ),* and
other (eg, 2-deoxycoformycin) nucleosides are clinically used for
treatment of both solid and hematological malignancies. Despite
extensive research over the last five decades, there still remains a
space for the design of new purine nucleoside analogues and
development of novel nudeoside-based anticancer therapeutics®
for the treatment of drug-resistant tumors. In our previous works, we
have reported on significant cytostatic effects of 6-(het)arylpurine
nudeosides 1 (Chart 1).* Recently, we have discovered® 6-hetaryl-7-
deazapurine ribonucleosides 2—4 with nanomolar cytostatic activ-
ities toward a wide panel of leukemia and cancer cell lines. The most
active were derivatives bearing furyl or thienyl groups at the position
6 and either hydrogen or fluorine at position 7 of the 7-deazapurine.
Surprisingly, their cyclo-Sal-phosphate and  phosphoramidate
prodrugs” were less active due to increased efflux from the cells.

7-Deazaadenosine (Tubercidin) is a natural cytostatic
antibiotic.” Numerous studies® were devoted to the synthesis
of diverse derivatives of Tubercidin and related natural nucleo-
sides Toyocamycin and Sangivamycin. A variety of 7-substituted
derivatives of § bearing halogens, carboxamides, or alkynes were

< ACS Publications ©20m American chemical seciety
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P‘[epared’ and many of them exerted significant cytotoxic, antipar-
asitic, and antiviral activities mostly through inhibition of adenosine
kinase, An important group of Tubercidin derivatives are 7-sub-
stituted 2’—C—meﬂ13’}n‘bonndeosides that are selective inhibitors of
HCV replication.'” Although some 7-phenyltubercidin derivatives
and analogues have been reported,’’ no systematic study of 7-aryl-
and 7-hetaryl-7-deazaadenosines has been reported in the litera-
ture. Therefore, we report here on the synthesis and significant
cytostatic activities of the title 7-hetaryl-7-deazaadenosines.

M CHEMISTRY

The synthesis of the majority of the target 7-aryl- and 7-hetar-
yltubercidins 6 (Chart 1) was envisaged by the cross-coupling
reactions of either unprotected T-iodotubercidin'® or its sugar-
protected derivatives with the corresponding aryl- or hetaryl
boronic acids. Whenever possible, we have employed the pre-
viously developed aqueous Suzuki—Miyaura cross-couplings' for
the reactions of 7-iodotubercidin 7 with boronic acids in the
presence of Pd(OAc),, TPPTS ligand, and NayCOj in acetoni-
trile/water. In this way, the desired 7-(het )aryl substituted 7-dea-
zaadenosines 6a—n were prepared in a single step mostly in good
yields (Scheme 1).
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b ol 00/ 10.1021Hm2005173 |4 Med, Chem. 2011, 54, 54985507



Journal of Medicinal Chemistry

Chart 1. Structures of Cytostatic 6-( Het)arylpurines 1 and -
7-Deazapurine Ribonucleosides 2—4 and Tubercidin Deri-
vatives §

*
N Y
G Lo
HO.
0
HO  OH HO  OH HO  OH
1 2 3,%=F
R= aryl, hetaryl 4x=c
) N
NH; ¥ k NH; R
NE S
gy % NL/ %
NN NN
HO. HO.
o] 0
H
HO 5 o] HO 5 OH
Tubercidin derivatives; Target compounds
¥ = H (lubercidin), for this study

halogen, carboxamide,
alkyne

It should be noted that N-protecting group in both starting
pyrrolyl beronic acids were removed under the conditions of
coupling (products 6k and 6l1). Because of low yield of 4-pyr-
azolyl derivative 6m by Sumuki reaction, the compound was
altematively prepared by Stille reaction of 7-iodotubercidin 7
with 1-dimethylsulfamoyl-4-tributylstannylpyrazole' and subse-
quent removal of dimethylsulfamoyl group under acidic condi-
tions (1 M aq HCI) in 68% overall yield after crystallization.

Ethynyl derivative 6o was prepared by Sonogashira reaction of
7 (Scheme 2) with trimethylsilylacetylene and protodesilylation
of TMS-ethynyl derivative 8 under basic conditions. Copper-
catalyzed [3 + 2] cycloaddition'® of ethynyl derivative 6o with
trimethylsilyl azide afforded triazolyl derivative 6p in 24% yield.

Thiazolyl and imidazolyl derivatives 6q—s were prepared by
the Stille or Negishi cross-coupling reactions of per-O-silyl pro-
tected 7-iodotubercidin 9 { Scheme 3) with thiazolyl-stannane or N-
protected imidazolyl zinc Ieapnlsm and subsequent addic depro-
tections. It should be noted that attempted Stille cross-coupling of
2-(tributylstannyl)thizzole with O- ected 7-iodotubercidin 7
failed, presumably due to hydrolytic protodestannylation of orga-
notin by ribose hydroxyl groups under the reaction conditions.

In addition, as standards for metabolism studies, we have
prepared several nucleoside 5'-O-monophosphate (NMP) and
nucleoside §'-O-triphosphate (NTP) derivatives. The target
7-substituted-7-deazaadenosine 5'-O-triphasphates 10af—i and
5'-0-monophosphates 11a,f—i were synthesized by the aqueous
Suzuki—Miyaura reactions’” (Scheme 4) of 7-iodo-7-deazaade-
nosine 5'-O-triphosphate 12 and §-O-monophosphate 13 with
the corresponding boronic acids. Starting 7-iodotubercidine
triphosphate 12 and monophosphate 13 were prepared by
convenient phosphorylation methods from 7-iodotubercidin 7.

M BIOLOGICAL PROFILING

Cytostatic Activity. Cytostatic activity of prepared com-
pounds was initially evaluated against eight different cell lines
derived from various human solid tumors including lung (A-549
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cells and NCI-H23), prostate (Dul45 and PC3), colon
(HCT116 and HCT15), and breast (HsS78 and BTS49) carci-
nomas. Concentrations inhibiting the cell growth by 50%
(GICs,) were determined using a quantitative cellular staining
with sulforhodamine B ( SRB) '® following a S-day treatment. The
SRB method allowed for a quantitative measurement of a net
effect on cell growth by subtracting background signal generated
by the cell culture inoculum at the beginning of treatment. In
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general, 7-substituted 7-deazaadenine nucleosides modified with
a phenyl or naphthyl ring either with or without substitution
(compounds 6a,c—e) or bulky benzofuryl (6j) showed minimal
to no cytostatic activity against the tested cell lines (Table 1). The
only exception was 7-(4-methoxyphenyJtuberdidin 6b that exerted
submicromolar activities. In contrast, the nucleosides containing
S-member heterocyclic moiety at 7-position (6f—6i, 6k—6n, and
6p—6s) exhibited potent cytostatic effects (nanomolar GICg,) over
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a wide range of the tested cell lines comparable to Tubercidin or
Doxorubicin and better than Clofarabin, Interestingly, also 7-ethy-
nyltuberdidin 60 exerted nanomolar cytostatic affect.

In addition, the antiproliferative effect of prepared compounds
was tested against a human T-lymphoblastic leukemia line CCRE-
CEM, promyelocytic leukemia HL-60, and cervical cardnoma HeLa
§3 growing in liquid suspension. Cell viability was determined
following a 3-day incubation using metabolic 2,3-bis-(2-methoxy-4-
nitro-$-sulfophenyl)-2H tetrazolium-5-carboxanilide (XTT) based
method '* The average ICsg values for all compounds in the XTT-
based assays were higher compared to the SRB-based assays, but the
potency ranking followed similar trends as those observed in the
SRB assays, Shorter duration of incubation during the XTT-based
assay and/ or different genetic background of the cells are likely the
main reason for the lower activities.

All the nucleosides 6a—6s were also tested for their inhibition
of human adenosine kinase (ADK). Most of the compounds
were onlyweak inhibitors with [Csp > 5 M. The exceptions were
the 7-pyrazolyl- 6m and 7-ethynyl- 60 derivatives that showed
1C 4, in submicromolar range. Therefore, we can conclude that
the strong cytostatic effect of this class of compounds is not due
to the ADK inhibition.

In addition, selected five compounds, 6m, 6i, 6g, 6h, and 61,
were subjected for expanded cytotoxic activity profiling against a
panel of 26 human or rodent cancer cell lines (Table 2). The
most potent (nanomolar) activity was confirmed against leuke-
mia (K562, BV-173), including the drug resistant subline {(CEM-
DNR-Bulk), breast (BT-549 and MDA-MB 231), colon (HT-29
and HCT116), prostate (LNCaP), cervix (Hela), leiomyosar-
coma (MES-SA), and pancreatic (HPAC) cancers; the cytotoxic
activities were comparable or slightly lower than gemcitabine and
better than clofarabine. However, low potency was observed in
neural (SK—N-As, C6 U-87 MG), androgen refractory, and p53
mutant prostate (PC-3), melanoma (SK-Mel-2), lung (NCi-
H146), and ovarian (SK-OV-3) tumors. Importantly, the com-
pounds 6m, 6i, 6g, 6h, and 61 were generally noncytotoxic against
normal human fibroblasts (B]), demonstrating promising ther-
apeutic index under in vitro conditions.

Metabolism and Cell-Cycle Studies. As one of the expected
mode of action of the cytostatic nucleosides is the phosphoryla-
tion to NTPs, which downregulates the RNA synthesis through
the inbibition of RNA polymerases, we have studied intracellular
phosphorylation of nucleosides 6g (active) and 6a (inactive) in
drug sensitive Dul45 cells (Table 3). Both nucleosides are
phosphorylated to the corresponding NMPs (11ga) and NTPs
(10g,a). Notably, the more active nucleoside 6g is phosphory-
lated significantly better than the inactive one (6a) after 24 h.
The first phosphorylation step to NMP appears to be signifi-
cantly more efficient than the formation of triphosphate.

Further, four NTPs (10f—10i) derived from the comrespond-
ing strongly cytostatic nucleosides (6f—6i) were tested for the
inhibition of human RNA polymerase Il in a nuclear extract-
based assay. The results indicated relatively low inhibition, with
the 1Csq values in the range of 54 to =400 uM (Table 4).
Interestingly, Tubercidin triphosphate inhibited the RNA poly-
merase 11 with the efficiency similar to that of the other tested
analogues. These data suggest that the direct inhibition of mRNA
transcript synthesis by RNA polymerase Il is unlikely to be the
primary mode of action for tubercidine and its 7-substituted
derivatives, although a possibility of stable internal incorporation
into RNA with subsequent inhibition of translation should be
addressed in future studies.

5500 dxdoiong/10.1021/jm2005 173 |L Med. Chem. 2011, 54, 54785507
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Table 1. Cytostatic, Cytotoxic, and ADK Inhibition Activities of Nucleosides 6a—6s

GICg, (uM)* ICg (M} IC, (M)

compd AS49  NCH23 Dul4s PC3 HCTI16 HCT15 HS578 BTS49 MT4 HL60 HeLaS3 CCRECEM  human ADK
fa =20 =20 =20 =20 =20 =20 =20 =20 =20 =10 =10 =10 =5
&b 0701 0.856 0152 1106 0.633 0544 0811 nd 43 =10 >10 =10 =2
[ nd 0.39 187 nd 1® nd 197 nd 44 =10 =10 =10 >10
6d nd =10 =10 nd =10 nd =10 nd nd =10 =10 =10 =10
e nd 535 105 nd A67 nd 216 nd nd =10 =10 =10 =5
of 0,035 0.294 0019 0004 0048 0003 0.017 nd 0086 1L64 005 010 =1
g Q0070 00037 0133 1462 00026 o011 0.012 nd 0035 095 0.02 008 >5
6h 0034 0.198 033 0418 015 nd 0.021 0028 0170 906 0.02 [ilig >5
i 0016 0.073 0097 1323 0.007 nd 0050 0,028 0124 662 0.06 a1l »5
6j F.02 540 nd 629 EN nd 673 =10 48 =10 =10 395 =10
ok 01604 0333 nd 0.0878 0.0652 nd 01129 01292 nd 204 104 016
61 00053 0033 nd 00290 00059 nd 00044 00080 0024 084 007 a1 =5
Gm 0192 0144 nd 0014 0970 nd 0012 0050 0110 =25 022 0.56 005
6n nd 0.035 nd 0.015 0018 nd 0,008 nd 0018 =20 0.69 013 =10
[ nd 0.001 nd 0.011 0002 nd 0001 nd 000 009 0.02 a0 02
6p nd 0.004 nd 0,005 0,004 nd 0.003 nd 0018 031 009 006
bq nd 0.005 nd 0042 0093 nd 0015 nd 0042 161 0.04 a0z
b nd 0.002 nd 0.002 0.003 nd 0.002 nd 0028 013 0.07 [ilig =10
[ nd 0.006 nd 0.001 0002 nd 0,001 nd 004 010 044 [ilig »5
Doxorubicin - 0.016 0.005 nd 0.021 0011 nd 0.006 0.010 nd
Tubercidin 0001 0011 0018 0048 0001 ao11 0.098 nd 0021
Clofarabin 0086 0040 0115 0063 0.106 0180 1241 0065 0051

“ Cytostatic activity (G’[Cmg was determined by SRB assay following a 5-day incubation with tested compounds. Values represent means from two
independent experiments. ~ Cytotoxic activity was determined by XTT assay following a 3-day incubation. Values represent means from four

independent experiments.

Cell-cycle study of compound 6g has been performed on
CCRF-CEM lymphoblasts at 1x GICg, and at 5x GICy,
concentrations within 12 h (Figure 1). At the higher concentra-
tion (5§ GICsp), the compound induces apoptosis within 4—8h
and at later times also accumulation of cells in G2/M phase was
observed. The compound produces potent and fast onset of the
inhibition of RNA synthesis at both concentrations, whereas the
synthesis of DNA is inhibited only after longer incubations at
high concentration. This indicates that the inhibition of DNA
synthesis is likely a secondary effect, and the RNA synthesis is
primary target of compound 6g, although the direct inhibition of
RNA polymerase Il is unlikely to be involved (Table 4).

This study shows that the 7-hetaryltubercidins 6 are strongly
cytostatic compounds that inhibit RNA synthesis and induce
apoptosis, Although they are phosphorylated to NTPs, the activity
is not due to inhibition of RNA polymerase I1. Our future studies are
scheduled to elucidate the detailed mechanisms of action of 7-hetaryl-
7-deazaadenine nucleotides and their potential biological use.

Initial in Vivo Evaluation of Antitumor Activity in Mouse
Model. To evaluate anticancer activity of 6g under in vivo
conditions, the P388D1 leukemia survival model was employed.
The compound was dosed at maximum tolerated dose (MTD)
and appoximately 0.5 MTD, corresponding to 75 and 35 mg/
kg, respectively, in two cycles. Administration of 6g prolonged
mean survival time (MST), increased lifespan percentage (ILS),
and significantly increased overall survival (Figure 2). These data
warrant further more detailed exploration of compound 6g in
additional in vivo pharmacokinetics/pharmacodynamics and

anticancer models.
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W CONCLUSIONS

7-Hetaryl-7-deazaadenine ribonucleosides (bearing S-mem-
bered heterocycles at position 7) have been found to possess
cytostatic effects at low nanomolar concentrations with the po-
tency comparable to clofarabine. On the other hand, the corre-
sponding 7-aryl-7-deazaadenine ribonucleosides were much less
active. The compounds effectively inhibit RNA synthesis in treated
cells and induce apoptosis at their cytotoxic concentrations. The
molecular mechanism of this effect requires additional investiga-
tion. Thus far, our experiments detected the formation of intracel-
lular triphosphate metabolites in treated cells and ruled out the
inhibition of ADK and RNA polymerase I1 by parent nucleosides
and corresponding triphosphates, respectively, as the major targets
of the observed antiproliferative effects. Encouraging in vivo
activity has been observed in the syngeneic mouse P388D1
leukemia model, warranting additional studies of the mechanism
together with further characterization of the in vivo cytostatic
activity and pharmacokinetics,

M EXPERIMENTAL SECTION

General Methods. Melting points were determined on a Kofler
block and are uncorrected. Optical rotations were measured at 25 °C,
[a]p™ values are given in 107" deg em® g~'. NMR spectra were
measured at 400 MHz for "H and 100.6 MHz for "*C nudei, or at 500
MHz for "H and 125.8 MHz for '3C, or at 600 MHz for 'H and 151 MHz
for C in CDCly (TMS was wsed as internal standard), MeOH-d,
(referenced to the residual solvent signal), or DMSO-d,; (referenced to
the residual solvent signal). Chemical shifts are given in ppm (8 scale),

Axdoiorg/10.10214m2005173 |1 Med, Chem. 2011, 54, 54985507
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Table 2. Cytotoxic Activity Profiling of the Most Potent Compounds 6m, 6i,6g, 6h, and 61 on Expanded Panel of Cancer Cell Lines

and Normal Human Fibroblasts

15" (M)
leukemia breast
compd K562 K526-tax BV-173 CEM-DNR-Bulk L1210 (mouse) EL4 (mouse) MCE-7 BT-549 MDA-MB 231
g 0.025 0.047 0.105 am1 0.115 930 0.528 0.119 0026
6h 0.200 0147 0.068 0.364 0445 >10 974 0452 0.126
i 0.067 0.093 0.029 110 0.199 >10 725 0.120 0082
&l 0.033 0.009 0.004 0.008 0.084 942 631 0.006 0.027
6m .83 0092 978 0104 0.258 >10 >10 0.108 =10
Gemcitabine 0.718 0.006 0.001 0022 0.007 0.007 0.149 0,008 0.245
Cladribine 7.69 170 0.0008 0352 0.393 0.848 235 0.123 =10
neural colon prostate
SK-N-As U-87 MG C6 (rat) HT29 HCT116 CT-26 (mouse) PC3 LNCaP Mat-LyLu (rat)
6g =10 =10 454 0096 0.060 0124 873 0018 0.180
6h =10 =10 >10 0.394 0425 167 >10 0112 186
6i >10 =10 829 0.184 0194 0225 »10 0.068 0525
&l =10 =10 168 405 nd 0017 >10 0.021 nd
6m =10 =10 0.538 0136 =10 0.396 =10 955 =10
Gemcitabine L10 149 0.504 153 nd 0.006 nd 0512 nd
Cladribine =10 >10 907 944 943 0131 828 =10 nd
others
NCi-HI146 MES-8A (leiomyo- SK-0V-3 SE-Mel2 (mela- HPAC (pan- P38sD1 B (fibro-

(lung) sarcoma) HeLa cervix) (ovary) noma) creas) (mouse) blasts)
g =10 0232 0033 >10 198 0.070 0.028 9.85
6h =10 133 0350 =10 >10 0.133 0.139 =10
i =10 0076 0124 =10 =10 0.110 0.076 =10
6l =10 0081 0040 >10 871 0.068 0.010 6.09
fm =10 774 0185 >10 >10 0.141 083 >10
Gemcitabine 278 0.005 412 =10 711 0073 0.019 9.88
Chdribine >10 0.165 =10 =10 =10 932 0285 =10

? Cytotoxic activity was determined by MTT assay following a 3-day incubation. Values represent means from four independent experiments.

Table 3. Intracellular Phosphorylation of Nudeosides 6g and
6a

dosing

6h (pmol/million) 24 h (pmol/million)
NMP NTP NMP NTP
compd  nucdeoside  (11) (10)  nucleoside  (11) (10}
bg 466 504 053 3.4 640 L96
ba o 6.23 013 68.8 6.68 027

coupling constants (J) in Hz. Complete assignment of all NM R signals was
performed using a combination of HH-COSY, HH-ROESY, HC-HSQC,
and H,C-HMBC experiments. High resolution mass spectra were measured
using electrospray ionization. Reverse phase high performance flash chro-
matography (HPFC) purifications were performed with Biotage SP1
apparatus on with KP-C18HS columns. All final free nuceosides for
testing were >95% pure as determined by combustion analysis. Synthetic

5502
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Table 4. Inhibition of RNA Pol II by NTPs 10f—10i

entry compd ICs (M)
1 10f 148
2 log 34
3 10h >400
4 106 91
5 Tubercidin triphosphate 93
6 L-amanitin 2.2 ng/mL

procedures and characterization data of compounds 6b—e, 6g—s, 12,
10f—i, and 11f—i are given in the Supporting Information.
4-Amino-5-phemd-7-(-oribofuranesyl)-7H-pyrrole[2,3-dlpyrimidine
(6a). An argon purged misture of 7-dodotubercdin 7' (200 mg
051 mmol), phenylboronic acd (93 mg, 0.76 mmol), Na&yCO3
(502 mg, 4.74 mmol), Pd(OAc), (6.6 mg, 0.029 mmol), and TPPTS
(42 mg, 0.07 mmol) inwater/MeCN (2:1, 3.6 mL ) was stiered at 100 °C
for 1 h. After cooling, the mixture was neutralized by the addition of

dedoierg/10.10214m2005173 |1 Med, Chem. 2011, 54, 54085507
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Figure 1. Effects of compound 6g on cell cycle, apoptosis, and DNA/
RNA synthesis in CCRF-CEM lymphoblasts.

aqueous HCI (1M), volatiles were removed in vacuo and the residue was
purified by reverse phase chromatography (0—+100% MeOH in water),
affording title compound 6a as white solid (94 mg, 54%); mp 119 °C;
[0 —49.8 (¢ 0301, MeOH). UV (MeOH): Ama (£) 282 (12900).
'H NMR (600 MHz, DMSO-dg): 353 (ddd, 1H, Jyer = 119, Jon,cn =
6.1, g =39, H-5'b), 3.63 (ddd, IHJC"“ =119, Jsnon = 52, Jsrag =
34, H-5'a),3.90 (ddd, 1H, Jy 5 = 3.9, 3.4, Jy y = 3.5, H-4), 410 (bm,
1H, H-3'), 4.46 (bm, 1H, H-2'), 5.16 (d, 1H, Jop ¥ = 3.5, 0H3'), 5.22
(dd, 1H, Jore =6.1,52,0H-5),5.36 (d, 1H, Jopy» = 4.8, OH-2'), 6.12
(d, 1H, Jar = 6.3, H-1'), 7.37 (m, 1H, H-p-Ph), 7.47 (m, 2H, H-0-Ph),
749 (m, 2H, H-m-Ph), 7.54 (5, 1H, H-6), 8.15 (s, 1H, H-2). *C NMR
(151 MHz, DMSO-ds): 6193 (CH,-5"), 70.89 (CH-3'), 74.05 (CH-2'),
85.38 (CH-4'), 87.27 (CH-1'"), 10073 (C-4a), 11657 (C-5), 121.41
(CH-6), 127.20 (CH-p-Ph), 128.70 { CH-0-Ph), 129.28 (CH-m-Ph), 134.71
(C-i-Ph), 15110 (C-7a), 15195 (CH-2), 157.57 (C-4). MS (FAB) m/z 343
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Figure 2. In vivo antitumor activity of the compound 6g in P388D1
syngeneic tumor model is demonstrated by prolonged MST, ILS and
significant increase of overall survival when administered at MTD or 1/
IMTD. Arrows indicate administration of active molecule or vehicle in
control animals.

(M + H), 365 (M + Na). HRMS (BAB) for C,;H N0, [M+ H] cakd,
343.1406; found, 343.1409. Anal (Cy5H, N0, -08H,0): C, H, N.
4-Amino-5-(furan-2-yl}- 7-(8-o-ribofuranosyl)-7H-pyrrolo(2,3-d]-
pyrimidine {6f). Compound 6fwas prepared as described for 6a from
compound 7 and furan-2-boronic acid; yield 48%; tan solid after
recrystallization from MeOH; mp 118 °C; [a]*n —52.5 (¢ 0.287,
MeOH). UV (MeOH ): & pa (£) 288 (13200), 258 (12500). "H NMR
(500 MHz, DMSO-dg): 3.55and 3.65 (2 x dd, 2H, [, = 11.9, J g 4 =
3.9, H-5'), 391 (td, 1H, [y 5 = 3.9, Jy 5 = 34, H4), 411 (dd, 1H,
Jaz=52,] 3,4 =34 H-3'),441 (dd, 1H, Jar1 = 6.1, Jr 3 = 5.2, H-2'),
5.00—5.50 (bs, 2H, OH-2'3',5'), 6.09 (d, 1H, Jy2 = 6.1, H-1'), 6.61
(dd, 1H, J4 3= 33, Ja,s = 1.9, H-4-furyl), 6.67 (dd, 1H, 34 =3.3,J35 =
0.8, H-3-furyl), 688 (bs, 2H, NH,), 7.78 (dd, 1H, Jo = 19,]53 =08,
H-5-furyl), 7.83 (s, 1H, H-6), 8.13 (5, 1H, H-2). “C NMR (125.7
MHz, DMSO-dg): 61.81 (CHy-3'), 70.67 (CH-3'), 74.00 (CH-2'),
85.33 (CH-4'), 87.27 (CH-1"), 99.55 (C-4a), 105.50 (CH-3-furyl),
106.34 (C-5), 112.09 (CH-4-furyl), 120.70 (CH-6), 142.16 (CH-5-
furyl), 148.77 (C-2-furyl), 151.04 (C-7a), 15226 (CH-2), 15745 (C-4).
MS (FAB): m/z 333 (M + H), 355 (M + Na). HRMS (FAB) for
CisHisNgOs [M + H] caled, 333.119%; found, 3331202, Anal
(C1sHisNO5+ HiO0): G H, N.
4-Amino-5-phemy-7-(f-o-ribofuranosyl)}-7H-pyrolo[2 3-djpyrimidine
5'-O-triphosphate Sodium Salt (10a). An argon purged mixture of
Pd{OAc), (1.5mg, 6.7 umel) and TPPTS (17.3 mg, 30 gmol) in water/
MeCN (2:1, 1.2 mL) was sonicated to full dissolution, and one-quarter
of this preprepared solution (0.3 mL, 1/4 of total amount) was added to
an argon purged mixture of compound 12 (201 mg, 29 gmol),
phenylboronic acid (5.3 mg, 43 gmol ), and Cs,CO;3 (28 mg, 87 wmol)
in water/MeCN (2:1,0.6 mL), and the mixture was stirred at 100 °C for
30 min. After cooling, the mixture was filtered through microfilter and
purified by HPLC on C-18 phase (0—100% MeOH in0.1 M ag TEAB)
affording after ion exchange on Dowex 50 (Na” form) and lyophilization
title compound 10a as white cotton (8.6 mg, 46% ). "HNMR (500 MHz,
D30 + phosphate buffer, pH =7.1, refj e =375 ppm): 4.14 (ddd, 1H,
Jgem = 116, up = 47, Jsne = 35, H-5'b), 425 (ddd, 1H, Jgem = 116,
Jup=6.5 Jyaq = 33, H-52), 435 (m, 1H, Jye = 3.5, 33, Jyz =29,
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Jep= 17, HoA), 4,57 (dd, 1H, Jyar = 54, Jy ¢ =29, H-3'), 473 (dd, 1H,
Ju =69 Jory = 54, H2), 630 (d, I H, Jyw = 69,H-1"), 7.45 (m, 1H,
H-p-Ph), 7.49—7.56 (m, 4H, H-gm-Ph), 7.57 (5, 1H, H-6), 8.16 (s, 1H,
H-2). ®C NMR (1257 MHz, D;O + phosphate buffer, pH = 7.1,
refgiomne = 693 ppm): 68.22 (d, Jop = 5, CHy-53"), 73.26 (CH-3'), 76.24
(CH-2'), 8631 (d, Jcp = 9, CH-4), 8834 (CH-1'), 103.75 (C-4a),
121.56 (C-5), 122.86 (CH-6), 130.41 (CH-p-Ph), 131.59 and 131.94
(CH-0ym-Ph), 136.10 (C-i-Ph), 153.15 (C-7a), 153.67 (CH-2), 159.61
(C-4).*'P ("H dec) NMR (2024 MHz, D30 + phosphate buffer, pH =
7.1, refiyypoq = 0 ppm): —2132 (dd ] =19.3,19.0, Py), —1045 (d, ] =
193, P, ), —6.98 (d, ] = 19.0, P,.). MS (ES], negative mode) m/z 581
(M-3Na + 2H), 603 (M-2Na+ H), 625 (M-Na). HRMS (ES], negative
mode)™ for CiyHagN,013P5 [M-3Na + 2H] caled, $81.0240; found,
5810253,

4-Amino-5-phenyl-7-( f-o-ribofurancsyl)-7H-pyrrolo(2 3-djpyrimidine
5-O-monophosphate Sodium Salt (17a). An argon purged mixture of
Pd(OAc), (1.7 mg, 7.6 gemol) and TPPTS (217 mg, 38 gmol) in water/
MeCN (2:1, L6 mL) was sonicated until dissolution, and one-quarter of
resulting sclution (0.4mL, 1/40f total amount, 1.9 gmol Pd) was added to
an argon purged mixture of compound 13 (21 mg, 38 umol), phenylboro-
nic acid (69 mg 57 gmol), and Na,CO, (12 mg, 114 wmol) in water/
MeCN (2:1, 0.8 mL), and the mixture was stirred at 100 °C for 1.5 h. After
coaling, the mixture was filtered through microfilter and purified by HPLC
on C-18 phase (0—100% MeOH in 0.1 M ag TEAB), affording afier ion
exchange on Dowex 50 (Na" form) and lyophilization title compound 11a
as white solid (158 mg, 94%). "H NMR (500 MHz, D;0, refine = 375
ppm): 391 (dt, 1H, Jop, = 114, Jiyp=Jst,4 = 44, H:5'b), 3.95 (ddd, 1H,
}B_n= 104, Jiyp =56, Jg.q = 42,H-5), 430 (ddd, 1H [, o =44, 42, [ 5
=2.7,H4), 446(dd, 1H, Jy = 5 Jy = 27,H-3), 475 (dd, 1H,Jy =
7.1, Jar g =54 HY' ), 631 (d, 1H, Jirx = 7.1, H-1), 746 (m, 1H, H4-Ph),
7.54 (m, 2H, H-m-Ph), 756 (m, ZH, H-0-Ph), 7.58 (s, 1H, H-6), 8.18 (s,
1H, H-2). *C NMR (125.7 MHz, D30, refimn. = 69.3 ppm): 6653 (d,
Jep=5 CHys'), 73.61 (CH-3), 76.15 (CH-2'), 86.94 (d, Jcp = 9, CH-
4'), 8822 (CH-1"), 10397 (C-4a), 121.38 (C-5), 12279 (CH-6), 13044
(CHp-Ph), 131.72 (CH-0-Ph}, 131.91 (CH-m-Ph), 13631 (C--Ph),
15335 (C-7a), 154.40 (CH-2), 160.15 (C4). P ("H dec) NMR
{202.4 MHz, D,0, refigspog = 0 ppm): 464 MS (ESI) m/z 445 (M +
H), 467 (M + Na). HRMS (ESI) for Cy7H,gN4NaO5P: [M + H] caled,
4450884; found, 445.0880.

Biology. Cytostatic Activity Assays. All cell lines were obtained
from ATCC (Manassas, VA). Colon (HCT116 HCT 15), breast
(BT549, HS 578), lung (AS49, NCLH23), and T-lymphoblastic
(CCRF-CEM) cell lines were maintained in the RPMI cultivation
medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS). Prostate cell lines (Dul45, PC3) were cultivated
in MEM/F12K medium containing 10% FBS, respectively. Doxorubicin,
clofarabine, trichloroacetic acid (TCA), and sulforhodamine B (SRB)
were from Sigma-Aldrich (St. Louis, MO). Gemcitabine was obtained
from Moravek Biochemicals (Brea, CA)

A modified protocol of sul forhodamine B colorimetric assay was used
for the cytostatic activity sm:cn.ir\g,ul Cells were distributed into the 96-
well plates in 150 gL of media (HCT116 and Dul45 5300 cell/mL,
HCT15 and A549 10600cells/mL, He578 and BT549 26600 cells/mlL,
PC3 16600 cells/ ml, NCI-H23 40000 cells/mL) and incubated over-
night in humidified CO, incubator at 37 °C. Next day, one plate of each
cell line was fixed with TCA by removing media and adding 100 gL of
cold 10% (v/v) TCA to each well. After 1 hincubation at4 °C, TCA was
discarded and plates were washed four times with tap water. These plates
represented cell counts at day zero. The tested compounds were 5-fold
serially diluted and distributed to cells in 50 2L of media. After five days
of incubation, the plates were fixed with TCA as mentioned above and
100 gL of 0.057% SRB solution in 1% (v/v) acetic acid was added to
each well. After 30 min incubation at room temperature, SRB was
removed and the plates were rinsed four times 1% (v/v) acetic acid.
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Next, 200 4L of 10 mM Tris base solution (pH 10.5) was added to each
well of completely dried plates and absorbance of cell associated SRB
was read at 500 nm. The percentage of cell-growth inhibition was
calculated using the following formula: % of control cell growth = 100 x
(0D, gt — mean OD gapn) /(OD neg control — mean OD guy). For GICse
determination, dose—response curves between the compound concen-
teation and percent of growth inhibition were plotted. GIC;o values
can be derived by fitting dose—response curves using a sigmoidal
dose—response equation.

Cyrotoxic 3 4,5-Dimethylthiazol-2-yl)-25-diphenyletrazolium Bromide
(MTT) Assay™®. The most cytostatic compounds were further tested in
cytotoxic MTT assay on extended cancer cell line panel. All cells were
purchased from the ATCC (Manassas, VA), unless otherwise indi-
cated. The daunombicin resistant subline of CEM cells (CEM-DNR
bulk) and paditaxel resistant subline K562-tax were selected in our
laboratory by the cultivation of maternal cell lines in increasing
concentrations of daunorubicine or paclitaxel, respect'welyz21 The
cells were cultured in DMEM/RPMI 1640 with 5 g/L glucose, 2 mM
glutamine, 100 U/mL penicillin, 100 gg/mL streptomycin, 10% fetal
calf serum, and NaHCO;.

Cell suspensions were prepared and diluted according to the parti-
cular cell type and the expected target cell density (2500—30000 cells/
well based on cell growth characteristics). Cells were added by pipet
(80 4L) into 96-well microtiter plates. Inoculates were allowed a
preincubation period of 24 h at 37 °C and 5% CO, for stabilization.
Four-fold dilutions, in 20 gL, aliquots, of the intended test concentration
were added to the microtiter plate wells at time zero. All test compound
concentrations were examined in daplicate. Incubation of the cells with
the test compounds lasted for 72h at 37 °C, ina 5% CO, atmosphere at
100% humidity. At the end of the incubation period, the cells were
assayed using MT'T. Aliquots (10 £L) of the MTT stock solution were
pipetted into each well and incubated for a further 1—4 h. After this
incubation period, the formazan produced was dissolved by the addition
of 100 uL/well of 10% aq SDS (pH = 5.5), followed by a further
incubation at 37 °C overnight. The optical density (0D} was measured
at 340 nm with a microplate reader. Tumour cell survival (ICs) was
calculated using the following equation: IC = (Ode;.qmed welt/Mean
OD e ctwaine) % 100%. The [Cq value, the drug concentration lethal to
0% of the tumor cells, was calculated from appropriate dose—response
curves.

Human ADK Inhibition®. The standard reaction mixture (50 uL)
contained 50 mM HEPES pH 6.2, 10 mM KCl, 1 mM MgCl,, 1 mM
ATP, 80 ug BSA, 1 uCi of [*H]-adencsine (20 Ci/mmol), 1 uM
unlabeled ad various of tested compounds, and
0.94 ng of ad kinase. The mi were incubated at 37 °C and
sepatated on PEI cellulose plate ( prespotted with 001 AMP ). The plates
were developed in the solvent system 2-propanol—NH,OH—water
(7:1:2). The spots were visualized under UV light (254 nm) and cut
out for radioactivity determination in the toluene-based scintillation
cocktail.

Intracellular Metabolism. Du145 cells were seeded into T25 flasks at
60% confluence in the MEM medium supplemented with 10% FBS.
Next day, the medium was replaced with fresh media containing the
tested compounds at 10 M concentration After 6 and 24 h of
incubation, cells were washed with phosphate buffer and detached with
trypsin., Trypsin was neutralized by adding cultivation medium, and the
cells were spun for 5 min at 500g. The supernatants were removed, and
cell pellets were resuspended in 0.5 mL of media. Cell suspension was
layered onto 0.25 mL of Nyosil M25 oil and centrifuged for 3 min. The
media was aspirated off, and the top of the oil layer was washed with
water. Both water and oil were aspirated off without disturbing the cell
pellet. The cells were extracted with 500 L of 70% MeOH, and cell
lysates were centrifuged, supernatants collected, dried by vacuum, and
samples were resuspended in 1| mM Ammonium phosphate pH 85.
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Transient ion-pairing high-performance liquid chromatography using
dimethylhexylamine coupled to positive ion electrospray tandem mass
spectrometery (LC/MS/MS) was wsed to quantitate intracellular
nucleotides.™ Standard curves and quality control samples were generated
for all analytes using extracts from untreated cells. Methods were adapted
from those described for the acydic phosphonate nucleotide analogue
adefovir, its phosphorylated metabalites, and natural nudeotides™

RNA Polymerase Il Inhibition Assay. The assay was performed using a
HeLaScribe nuclear extract (Promega). The reaction mixture (25 uL)
contained 7.5 gl 1% HeLaScribe transcription buffer, 3 mM MgCl,,
100 ng CMV(+) control DNA, 400 M CTP, GTP, UTP, and 25 uM
[**P]ATP. The mixture was preincubated with various concentrations of
the inhibitor for § min at 30 °C, followed by the addition of 35 uL of
HelaScribe nuclear extract After 1 h incubation at 30 °C, the poly-
merase reaction was stopped by adding Proteinase K, SDS, and EDTA.
After additional incubation at 37 °C for 3 h and denaturation at 75 °C,
the reaction mixture was separated on 6% polyacrylamide gel with 8 M
urea. The fulllength product of transcription was quantified using
Typhoon Trio imager and Image Quant TL software (GE Healthcare),
and the 1Cg value was defined as the concentration of inhibitor at which
2 50% decrease in the product formation was observed

Cell Cyde and Apoptosis Analysis. Subconfluent CCRF-CEM cells
(ATCC), seeded at the density of 5 x 10” cells/ml in 6-well panels, were
cultivated with the 1 or 5% GICsg of tested compounds in a umidified
CO, incubator at 37 °C in RPMI 1640 cell culture medium containing
10% fetal calf serum, 10 mM glatamine, 100 U/mL penicillin, and 100 geg/
mL streptomycin. Controls containing vehide were harvested at the same
time points (2—24 h). Cells were washed with cold PBS and fixed in 70%
ethanol overnight at —20 °C. The next day, the cells were washed in
hypotonic citeate buffer, treated with RNase (50 pg/mL), stained with
propidium iodide, and analyzed by flow cytometry using a 488 nm single
beam laser (Becton Dickinson). Cell cycle was analyzed in the program
ModFitLT (Verity), and apoptosis was measured in logarithmic mode as a
percentage of the particles with propidium content lower than cells in GO/
G1 phase (sub-Gl1) of the cell cycle. Half of the sample was used for
phospho-histon H3*"® antibody (Sigma) labeling and subsequent flow
cytometry analysis of mitotic cells**

BrdU Incomporation Analysis. Cells were cultured as for cell cycle
analysis, Before harvesting, they were pulse-labeled with 10 gM 5-bro-
mo-2"-deoxyuridine (BrdU) for 30 min, The cells were trypsinized, fixed
with ice-cold 70% ethanol, incubated on ice for 30 min, washed with
PBS, and resuspended in 2 M HCl for 30 min at room temperature to
denature their DNA. Following neutralization with 0.1 M NayB4O4, the
cells were washed with PBS containing 0.5% Tween-20 and 1% BSA.
They were then stained with primary anti-BrdU antibody (Exbio) for 30
min at room temperature in the dark. Cells were than washed with PBS
and stained with secondary antimouse-FITC antipody (Sigma). The
cells were then washed with PBS and incubated with propidium iodide
(0.1 mg/mL) and RNase A (0.5 mg/mL) for 1 h at room temperature in
the dark and finally analyzed by flow cytometry using a 488 nm single
beam laser (FACSCalibur, Becton Dickinson).**

BrlU Incorporation Analysis. Cells were cultured as for cell cycle
analysis. Before harvesting, they were pulse-labeled with 1 mM 5-bro-
mouridine (BrU) for 30 min The cells were fixed in 1% buffered
paraformaldehyde with 0.05% of NP-40, incubated in room temperature
for 15 min, and then in the refridgerator overnight. They were then
washed in 1% glycinin PBS, washed in PBS, and stained with primary
anti-BrdU antibody crossreacting to BrU (Exbio) for 30 min at room
temperature inthe dark. Cells were than washed with PBS and stained
with secondary antimouse-FITC antibody (Sigma). Following the
staining, the cells were washed with PBS and fixed with 1% PBS
buffered paraformaldehyde with 0.05% of NP-40. The cells were then
washed with PBS, incubated with propidium iodide (0.1 mg/mL) and
RMNase A (0.5 mg/mL) for 1 h at room temperature in the dark, and
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finally analyzed by flow cytometry using a 488 nm single beam laser
(FACSCalibur, Becton Dickinson ).**

In Vivo Activity in P388D1 Leukemia Model. The P388D1 mouse
leukemia cells were obtained from ATCC (Manassas, VA) and grownin
the RPMI cultivation medium (Sigma Aldrich, Prague, Czech Republic)
supplemented with 10% fetal bovine serum. DBA /2 mice were obtained
from Charles River Laboratories (Sulzfeld, Germany) and maintained in
specific pathogen free facility. Then 10° of P388D1 leukemia cells per
mice were transplanted intraperitoneally on day 0 to 18—22 g female
mice, and animals were randomized into control and treatment groups
(10 mice per group ). The testing regiment included administering 6g
once a day intraperitoneally dissolved in 50% sclution of PEG400/
deionized water (pH 7.0) in two cycles on day 1—3 and 8— 10. Animals
were treated at MTD and 1/2MTD (70 and 35 mg/kg of 6g, respectively),
and control mice received volume equivalent of the vehicle. Animal weights
and deaths were recorded daily. Survival parameters (MST and percentage
of ILS) were caleulated. Kaplan—Meier survival curves were constructed
and the significant difference in overall survival (contrel versus treatment
groups ) was evaluated by log-rank test (Figure 2).
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6-Alkyl-, 6-aryl- or 6-hetaryl-7-deazapurine
ribonucleosides as inhibitors of human or MTB
adenosine kinase and potential antimycobacterial
agents¥

Pavla Perlikova,i* Petr Konetny,i® Petr Naus,? Jan Snasel,® lvan Votruba,?
Petr Dzubak,” Iva Pichova,® Marian Hajd(ich® and Michal Hocek**®

Title 6G-alkyl-, 6-aryl- and G-hetaryl-7-deazapurine ribonucleosides previously known as nanomolar
oytostatics were found to be potent inhibitors of either human or mycobacterial (MTB) adenosine kinase
(ADK). Several new derivatives bearing bulky substituents at position & were non-cytotoxic but
selectively inhibited MTB ADK. However, most of the nudeosides (ADK inhibitors) as well as their
octadecylphosphate prodrugs were inactive in the whole cell assay of inhibition of Mycobacterium bovs

www.rscorg/medchemcomm

Introduction

Modified purine nucleoside derivatives and analogs display a
wide range of biological activities. Their antiviral' and anti-
tumor* properties are particularly important and used in clin-
ical therapeutics. However, purine derivatives® and nucleosides*
also are potent antimycobacterial agents, Le. for treatment of
Mycobacterium tuberculosis (MTB). Out of the variety of possible
target enzymes from the purine salvage pathway in MTBS
adenosine kinase (ADK)® is considered as a promising target for
drug development since it is structurally very different from the
human ADK.”

Recently, we have discovered 6-hetaryl-7-deazapurine ribo-
nucleosides 1-3 with nanomolar cytostatic activities towards a
wide panel of leukemia and cancer cell-lines.* Their cycloSal-
phosphate” and phosphoramidate prodrugs™ were less active
due to increased efflux from the cells. However, gycloSal-phos-
phates were also found” to be potent inhibitors of human and
moderate inhibitors of MTB ADKs. Since also other 7-deaza-
purine nucleosides are known as inhibitors of ADKs," we have
revisited the whole class of 7-deazapurine nucleosides with
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growth. 6-Methyl-7-deazapurine ribonudeoside was found to be a potent antimycobacterial agent.

diverse aryl and hetaryl groups at position 6 and systematically
studied their activity toward human and MTB ADKs.

Results and discussion

The synthesis of a series of nineteen 6-alkyl, 6-aryl- and
6-hetaryl-7-deazapurine ribonucleosides 1b-t, nine 7-fluoro
derivatives 2e, j-m, o-r and six 7<hloro derivatives 3e, g, j-m
has been reported earlier,” as well as the 6-methyl derivative 1a
(ref. 12) (Chart 1). Most of these derivatives exhibited strong
cytostatic or cytotoxic activities.™**

In order to get less cytotoxic derivatives, we have extended
the series by synthesis of other six derivatives bearing bulky
(het)aryl groups at position 6 (Scheme 1). The dibenzofuryl and
benzofuryl derivatives 1u and v were prepared by the Suzuki
coupling of isopropylidene-protected nucleoside 4 followed by
deprotection. The other derivatives 1w-z were synthesized by
direct aqueous Suzuki coupling of 6-chloro-7-deazapurine
ribonucleoside with the corresponding hetarylboronic acid in
the presence of Pd{OAc),, triphenylphosphine-3,3',3"-trisulfo-
nate (TPPTS) and Na,CO;. In the case of indole derivative 1x, the
coupling was performed with the Boc-protected indole-2-
boronic acid and the TFA treatment was used for deprotection.
In all cases, the products were obtained in good 71-85% yields.

A synthetic path to 6-(het)aryl-7-deazapurine ribonucleoside-
5"-octadecylphosphates, as potential lipophilic phosphate pro-
drugs, was developed starting from isopropylidene-protected
ribonucleoside 4. An octadecylphosphate group was attached by
reaction with octadecylphosphate in the presence of 24 6-tri-
methylbenzene-1-sulphonyl chloride (MtsCl) in  pyridine.
Nucleoside-5-octadecylphosphate 7 was obtained in 58% yield.
Deprotection by treatment with 90% aqueous TFA provided free
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d on 19/08/2014 12:23:25,

2013, Dow

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Upen Access Article. Published on 17 Sep

(cc)

MedChemComm

R R R o
N N/ N/ 4
1a-1t e,] m, 3e, 9,
OH OH H OH j-m OH OH
OCHg
R-=
CH; _OH £ j [ j I: j [ j
SHs f I/
a
| =
h j n
f NH =\ ,I',f_NH !\l— HN—I\\J
o L) NY 1) HN, %)
o s T

Chart 1 Structures of previously known nucleosides 1a=t.

Cl

=z
N

A R-B(OH), (u.v)

R
k \
o
Ho NT N K;COs,
o Pd(PPhs).,
toluene, 85 °C g 7008
4 0_.0 Sv (86%)0 o
Pal
ol 90 % TFA, r.t.
NJI\§ R-BOH), (W-2) N)p
""N N NﬁchS,
HO o Pd(OAC),,
TPPTS,
MeCN-H,0, vz
& o1 oH foo°c OH OH
R-=
O (o] S O
1u(?6%) v (75%) 1w(7‘|%) 1x (85%)°
1y(?3%) e 1:(?1%)

Scheme 1 Synthesis of nudecsides 1u-z. * N-Boc-protected indole-2-boronic
acidwas used and the Boc was cleaved off by 90% TFA at rt; the yield s given over
two steps.
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nucleoside-5"-octadecylphosphate 8 (94%), which was used asa
starting material for a series of Stille and Suzuki cross-coupling
reactions. Stille cross-coupling reactions with hetaryltributyl-
stannanes were performed in the presence of PACly(PPh;); in
DMF at 105 “C. As 5-octadecylphosphate 8 is insoluble in
toluene, standard conditions for the Suzuki cross-coupling
reaction had to be slightly modified. The reactions with (het)
arylboronic acids were performed in the presence of potassium
carbonate and Pd(PPh;), in DMF/water (8 : 1) at 105 °C. 6-(Het)
aryl-7-deazapurine ribonucleoside-5"-octadecylphosphates 9e,
j-m and v were obtained in 62-85% yields (Scheme 2).

All the title nucleosides la—z, 2e, j-m, o-r, 3¢, g, j-m and
nucleotides 9¢, j-m, v were tested for the inhibition of human
and MTB ADKs (for cloning expression and purification of these
enzymes, see ref, 9) and most of them also for substrate activity
to the kinases, ie. for phosphorylation. The results were
correlated with their in vitro cytotoxicity (MTT) against non-
malignant B] and MRC-5 human fibroblast cell lines. The
cytotoxicity strongly depended on the bulkiness of the substit-
uent at position 6. Most active were derivatives bearing five-
membered heterocycles, whereas derivatives bearing bulky aryl
groups were generally not cytotoxic, which was consistent with
previously published® cytostatic and cytotoxic activities on
leukemia and solid tumor cell lines. Most of the nucleosides did
not show significant inhibition to human ADK with the excep-
tion of bulky derivatives 1u—z, which showed inhibition with
micromolar 1Cs, values. On the other hand, most of the
nucleosides were moderate to good substrates for the human
ADK and were readily phosphorylated to nucleoside 5-0-
monophosphates, which is a necessary step in their activation
for eventual inhibition of RNA synthesis in their cytostatic or
cytotoxic effect.” On the other hand, none of the compounds
was found to be a substrate for MTB ADK and most compounds
efficiently inhibited this enzyme. While the alkyl-substituted
derivatives 1a—d were weak inhibitors of MTB ADK, all the aryl-

. Cl
4 L., N = i) or iv) R
\ N’ X
HsC 170 p- = e “
H4C ,70 P 0\ |
OR' OR' 99.1 myv Sn O
i C 7; R',R'= isopropylidene, 58%
8 R'=H, 94%
= / 0 = f S
(\ :O g/) (\ :S Q %0
(80%) (69%) (67%) (B62%) (B85%)  (B4%)

iv) iii} iv) iii) iv) iv)

Scheme 2 Reagents and conditions: (i) CgHaOP(ONOH); (1.5 equiv), MtsCl
(6 equiv), pyridine, rt (i) 90% TFA, rt; (il) R-SnBus (1.5 equiv), PACL(PPha),
{0.05 equiv)/DMF, 105 °C; (iv) R-B{OH)2 (1.5 equiv), K2COs (2 equiv), Pd(PPha)s
(0.05 equiv), DMF/H:0 (8 1 1), 105 °C.
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Table 1 Cytotoxicity, human and MTE ADK inhibition and antimycobadterial activity

ADK substrate” (%)

ADK inhibition ICs, (pM)

Compd BJ* CCs (M) MRC-5 CCsq (M) Human Human MTE Mycobacterium bovis® 1Cs, (M)
1a 0.098 0.081 54 =10 8.8 £0.03 0.30
1b 270 50 n.d. =20 8.1 +0.9 88.84
1c 0.34 0.28 26 =10 >5.00 32.61
1d 36.92 =50 =20 =20 =100
le 4415 =50 n.d. =10 0.12 + 0.03 75.16
if =50 =50 n.d. =10 0.058 £ 0.003 56,88
1g =50 =50 17 =10 0.08 = 0.008 93.82
1h 1.74 =50 39 =10 0.12 + 0.02 38.22
1i 50 =50 n.d. =10 1.00 £ 0.11 =100
1j 0.23 11.83 56 1.30 £ 0.25 0.32 + 0.05 =100
1k 1.20 45.38 32 =10 0.32 + 0.04 83.67
1 0.31 =50 n.d. =5 0.046 £ 0.003 =100
im 21.33 =50 56 =10 0.195 £ 0.05 H1.00
in 1.52 =50 43 =10 0.030 £ 0.005 =100
1o =50 =50 40 =10 0.073 £ 0.007 56,44
1p 1.87 40.15 70 =10 0.30 + 0.04 58.23
1q 0.26 37.00 41 =20 0.023 £ 0.003 80.53
ir 0.21 =50 28 =10 0.78 = 0.10 15.55
1s 43.93 1.16 31 =20 0.059 £ 0.005 91.10
1t 4213 =50 7 =20 0.67 = 0.10 =100
1u =50 =50 n.d. 5.26 + 0.66 2.35 £ 0.35 =100
v =50 =50 n.d. 210 +0.03 0.0145 + 0.001 =100
1w =50 =50 n.d. 0.30 +0.02 0.0075 £ 0.0007 =100
1x =50 =50 n.d. 835+ 075 0.04 = 0.005 =100
1y =50 43.76 n.d. 154+1.2 0.15 = 0.007 =100
1z =50 =50 n.d. 3.07 £ 040 1.46 £ 0.07 =100
2e =50 =50 17 =10 0.20 £ 0.05 74.81
2j 0.31 29.04 50 1.30 £ 0.25 0.19 + 0.10 73.20
2k 035 15.38 n.d. =10 0.15 + 0.05 91.19
21 017 47.21 52 1.10 £0.20 0.035 £ 0.005 =100
Zm 0.62 50 51 =10 0.063 £ 0.003 =100
20 299 44.45 76 =10 0.070 £ 0.010 45.78
2p 202 48.94 97 =10 0.40 = 0.06 =100
2q 0.63 =50 75 =20 0.028 £ 0.007 68.99
2r =50 =50 11 =20 1.00 £ 0.12 11.73
3e 44.49 =50 29 =10 0.22 = 0.05 =100
g 49.52 =50 n.d =20 0.40 = 0.02 #9.63
3j 37.25 =50 77 0.29 +0.03 0.11 £ 0.01 89.23
3k 21.62 =50 100 34 0.30 = 0.03 97.10
al 4.97 =50 100 1.20 £+ 0.20 0.07 + 0.007 96.38
am 1.72 =50 97 =10 0.25 + 0.03 99.57
Se =50 =50 — 440 £ 0,10 =20 =100
9j =50 45.26 — 24+ 011 =20 =100
9k 44.20 =50 — 515+ 0.35 =20 56.56
9l nd. n.d. — 1.97 £ 0.16 =20 n.d.
9m =50 =50 — 6.35 + 0.34 =20 8278
L =50 =50 — 2.9 + 0.30 =20 93.39

@ Cytotoxicity (MTT test) in BJ and MRC-5 fibroblasts. ® ADK substrate activity, conversion to 5-phosphate (%). © 50% growth inhibitory

concentration of in vitro cultivated Mycobacterium bovis BCG.

and hetaryl-substituted 7-deazapurine ribonucleosides (1e—z),
including 7-fluoro- (2) and 7-chloro-derivatives (3) were strong
inhibitors of this enzyme with submicromolar to low nano-
molar 1Cs, values. Most of the derivatives bearing phenyl and
five-membered hetaryl groups at position 6 | 1e—i, k-t, 2e, k, m—r
and 3e, g, m) were selective inhibitors of the MTB ADK and did
not significantly inhibit the human enzyme (but were strongly
cytotoxic). 6-Furyl derivatives 1j and 2j and the thienyl derivative
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21 were less selective, inhibited both enzymes and were cyto-
toxic. The derivatives bearing bulky aryl groups 1u-z inhibited
the MTB ADK in low nanomolar concentrations while the
inhibition of human enzyme was observed at micromolar
coneentrations, and so the selectivity index was 2-3 orders of
magnitude. These bulky derivatives were not cytotoxic. The
octadecylphosphate prodrugs 9 were moderate inhibitors of the
human ADK and inactive against MTB enzyme.

Med. Chem. Commun., 2013, 4, 1497-1500 | 1499
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All the derivatives were also tested for in vivo inhibition of
Mycobacterium bovis growth (Table 1). From all tested nucleo-
sides only compound 1a displayed very significant anti-
mycobacterial activity (ICsp = 0.3 uM) but showed the highest
cytotoxicity. This derivative, however, only weakly inhibited in
vitro MTB ADK (ICs = 8.8 pM) which may indicate that the
mode of antimycobacterial activity of this compound is inde-
pendent of MTB ADK and rather suggests a more general cyto-
toxic mechanism. Two 6{imidazolyl)deazapurine nucleosides
1r and 2r exerted moderate antimycobacterial activity (ICsq =
15.6 and 11.7 pM, respectively) accompanied by preferential
inhibition of MTB ADK and low cytotoxicity, whereas all other
nucleosides were virtually inactive. The octadecylphosphate
prodrugs 9e¢, j-m and v, which were designed as lipophilic
derivatives with increased penetration through the mycobacte-
rial eell wall, did not show any antimycobacterial activity either.

Conclusions

It can be concluded that the 6-(het)aryl-7-deazapurine ribonu-
cleosides are strong and mostly selective inhibitors of MTBE ADK
but not the human ADK. Nonetheless, they showed only limited
potential to inhibit growth of mycobacteria. One reason could
be their poor penetration through the mycobacterial cell wall.
Alternatively, the mycobacterial ADK may not be a suitable
target for therapy since AMP also can be biosynthesized by the
salvage pathway from adenine utilizing adenine phosphoribosyl
transferase or by a reaction sequence from IMP.*
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ABSTRACT: A series of 80 7-(het)aryl- and 7-ethynyl-7-deazapurine ribonucleo- % & X R
sides bearing a methoxy, methylsulfanyl, methylamino, dimethylamino, methyl, or N7 A
0X0 group at position 6, or 2,6-disubstituted derivatives bearing a methyl or amino [ | )\ N
group at position 2, were prepared, and the biological activity of the compounds o e N HO o

was studied and compared with that of the parent 7-(het)aryl-7-deazaadenosine
series. Several of the compounds, in particular 6-substituted 7-deazapurine
derivatives bearing a furyl or ethynyl group at position 7, were significantly OH OH OH OH
cytotoxic at low nanomolar concentrations whereas most were much less potent or X = OMe, SMe, NHMe, NMe;, Me Y= NH,, Me
inactive. Promising activity was observed with some compounds against R=(hetiaryl

Mycobacterium bovis and also against hepatitis C virus in a replicon assay.

nanomolar cytostatic and inactive
anti-HCV activity
B INTRODUCTION (het)aryl, ethynyl, and halogen groups, as well as 7-

unsubstituted derivatives, were studied.

As a group, these derivatives may be viewed as analogues of
the antibiotic tubercidin.” Many other tubercidin analogues
have been studied,® including 7-halogen, 7-carboxamido, and 7-
alkynyl derivatives,” some of which showed cytotoxic,

Purine nucleosides and their analogues display a wide range of
antiviral and antitumor activities,' but there is still a room for
development of new nucleoside-based anticancer drugs®
targeting malig versus lignant cells as well as drugs
ea o osists . w. oV N %
for the "‘,m?um of r‘m‘fmt “,“f‘om e have ‘pukusly antiparasitic, and antiviral .nnvmu Several related 6-
observed significant cytotoxic activity among certain 6-(het)- i 5
iy Siirg 3 substituted analogues of tubercidin'® were likewise cytostatic,
arylpurine® and 6-(het)aryl-7-deazapurine® nucleosides. More 5 5 z SN 3
6-substituted gues of toyocamycin possessed anti-
rcccntly we discovered 7-hetaryl-7-deazaadenine ribonucleo- HCV' activity. 6-Methyl-7-de iné bonodisade’ 6h2
des 1° (Chart 1) with nanomolar mo\mm activities against sclivity. O:Mebyle{-acazipune, HOOICICoside
side & was also recently reported to have an antiviral effect.
leukemia and cancer cell lines and found® that some sugar-
modified compounds derived from 1 are still cytotoxic but less
so than the parent compounds. The mechanism of action of 1

B RESULTS AND DISCUSSION

has not yet been fully explored. We previously rcpom:dS that Chemistry. The synthetic strategy for preparation of 6-
these nucleosides interfere with RNA synthesis, although their monosubstituted 7-(hetaryl)-7-deazapurine nucleosides 2—7
triphosphates are only weak inhibitors of RNA polymerases. To was based on aqueous-phase Suzuki cross-coupling reactions of
analyze the SAR of these compounds and their mode of action, the corresponding 6-substituted 7-iodo-7-deazapurine ribonu-
we have now prepared and tested a series of base-modified cleosides 13—16. These key intermediates were obtained in
derivatives of 1 (Chart 1). The first group (compounds 2—7) good yields from 4-chloro-S-iodo-7-(2,3,5-tri- O benzoyl-fi-p-
was characterized by replacement of the amino group (H-bond ribofuranosyl)-7H-pyrrolo[2,3-d]pyrimidine 12'° through nu-
donor) at position 6 by diverse H-bond acceptors (methoxy, cleophilic substitution at position 6 with NaOMe, NaSMe,

hylsulfanyl, dimethylamino, oxo), methylamino (which can CH;NH,, or (CH;),NH (Scheme 1). Concomitant nucleo-
serve as either a donor or acceptor), and the isosteric but philic debenzoylation of the sugar proceeded in all cases under

nonpolar methyl group. The second group of derivatives the reaction conditions, affording directly free nucleosides.

(compounds 8—11) were 2,6-disubstituted 7-deazaguanine, 7-

deazadiaminopurine, and 2-methyl-7-deazaadenine nucleosides. Received: December 10, 2013
In each class, a series of 7-substituted derivatives bearing Published: January 7, 2014
v ACS Publications  © 2014 American Chemical Society 1097 dxdoiorg/10.1021/jm4018948 | L. Med. Chem. 2014, 57, 10971110
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Chart 1. Previously Reported Cytostatic Nucleosides 1 and Scheme 2. Synthesis of 7-Halogenated 6 Methyl-7-
the Design of Derivatives in This Study deazapurine Ribonucleosides™
NH, g X g a
[ this work: )\/”f%
l“N N I"\“N N L N L N N
HOW HO‘W BzO o | B20 o
OH OH OH OH 12 OBz OBz 1T OBz OBz 18 OBz OBz
e 2a-h, X= OMe Me Me  yal
previously reported 3a-h, X= SMe i N My
nanomolar cytostatics s % —= N S
(ref. 5 X g SN SN
0 R Gah X=Me NS HO o HO o. | 18 HaiEr
this wark: HN% ){‘N | . 20, Hal= |
V’L\N N HO o 6h OH OH OH OH
Ho o “Conditions: (i) 1. iPrMgCI-LICI, THF, —10 “C. 2. aq workup
OH OH (quant); (i) AlMe, Pd(PPh,),, THF, 100 °C (92%); (iii) MeONa,
OH OH Ba-f, X= NHy, Y= NH; MeOH, rt (97%); (iv) for 19: NBS, DMF, nt (66%); for 20: NIS,
Tadf, ¥ =H 9a-h, X= NHy, Y= Me DMF, rt (58%)
1a, Y = NH; 10a-g, X= Ole, Y= NH;

—, 0 /— /5
.0¢oe08,
v o O Y e W

Scheme 1. Nur]enphi]it Substitution at Position 6°

|
‘ N OMe 13(97%)
SMe 14 (94%)
NHMe 15 (92%)
OBz OBz OH OH  NMe; 16 (84%)
12 1316 -

“Conditions: (i) for 13: MeONa/MeOH; for 14: MeSNa/EtOH; for
15: MeNHy/FtOH; for 16: aq Me;NH/dioxane

The synthesis of 7-halogenated 6-methyl-7-deazapurine
ribonucleosides was more complicated due to the need for
cross-coupling methylation at posion 6, which on 6-chloro-7-
iodo-7-deazapurine nucleoside 12 would not proceed chemo-
selectively. Attempted “classical” SyAr methylation of 12 using
either Wittig reagent * or enolates of 1,3-dicarbonyl com-
pounds (acetylacetone," ethyl acetoacetate'®) failed to glve
desired product. Attempted methylaton via iron- cata.lyzed
reaction of 12 with methylmagnesiom chloride also failed
resulting in deiodination, presumably by iodine—magnesium
exchange. Thus we decided to first selectively hydrodeiodinate
12 followed by C-6 methylation and reintroduction of the
halogen at position 7 (Scheme 2). Deiodination of 12 was
achieved by iodine—magnesium exchange reaction using
Knochel’s Turbo-Grignard rea‘gentls (iPrMgCI-LiCl) and
subsequent hydrolysis of magnesium intermediate to give 6-
chloro-7-deazapurine riboside 17" in almost quantitative yield
without need for purification. This process is a useful alternative
route to 6-chloro-7-deazapurine ribonucleosides, because the
glycosylation of the 7-unsubstituted 6-chloro-7-deazapurine
base is troublesome,'*"" whereas that of 7-halogenated 6-
chloro-7-deazapurines is convenient under Vorbriggen con-
ditions using commercialy available 1-O-acetyl-2,3,5-tri-O-
benzuy]-ﬁ-n-ribuﬁlrmuse_” The 6-chloro-7-deazapurine 17
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1098

was converted to 6-methyl derivative 18 by palladium-catalyzed
reaction with trimethylaluminum in 92% yield, and the follow-
up Zemplén deprotection furnished free 6-methyl-7-deazapur-
ine ribonucleoside 6h'* in 97% yield. Compound 6h was then
brominated by N-bromosuccinimide (NBS) in DMF to give 7-
bromo dervative 19 in 66% yield. Analogous 7-iodo derivative
20 was prepared by treatment with N-iodosuccinimide (NIS),
but the reaction was more sluggish, giving 20 in 58% yield with
18% recovery of unreacted 6h.

The halogenated nucleoside intermediates 13—16 and 19
served as starting points for the synthesis of the target 7-
(het)aryl 7-deazapurine ribonucleosides via the Suzuki—
Miyaura reactions with (het)aryl boronic acids (Scheme 3).

Scheme 3. Swzuki Cross-Coupling Reactions of 13—16 and
19

X X

Hial R
N( | N\ R-B(OH); tt\g

N PU(OAC),, TPPTS NT N

Ho o NazCOy. H,OMech 10 o
io0°c

OH OH OH OH

P 2af. 3af. 4a-f, 5a-f, Gaf
Product (yield)

R X=OMe X=SMe X= NHMaX= Nie, X=Me
furan-2yl |2a (75%) 3a (46%) 4a (B6%) 5a (49°%) 6a (83%)
furan-3-yl |2b (73%) 3 (30%) &b (96%) 5b (44%) Bb (78%)
thiophen-2:y1 | 2¢ (86%) 3¢ (67%) 4c (94%) 5c (49°%) 6c (78%)
thiophen-3:y1 |2d (79%) 3 (81%) 4d (98%) 5d (55%) Bd (82%)
phenyl 20 (82%) 30 (49%] de (35%) 5o (42%) Be (71%)
benzofuran-2-y1 |26 (B5%) 31 (23%) 4f (64%) ST (69%) Bf (79%)

The Pd-catalyzed reactions were conducted under aqueous
conditions”" in the presence of TPPTS and sodium carbonate.
The reactions in a water/acetonitrile 2:1 mixture at 100 “C
proceeded smoothly within 3 h to give the desired library of 30
(5 x 6) 7-(het)aryl derivatives 2a—f, 3a—f 4a—f, Sa—f, and
6a—f in moderate to good yields. In most cases, except for
methylamine derivatives 4a—f, the reaction mixtures also

ol oy 10,1021/ jrA0 18948 | L Med Chem_ 2014, 57, 10971110
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contained minor byproducts of concomitant reductive deiodi-
nation, 2h, 3h, 5h, or 6h, which were easily removed by
chromatography. For methylsultanyl derivatives 3a, 3¢, and 3f,
the cross-coupling reactions did not reach tull conversions of
starting iodide 14, and separation from the products required
crystallization. This could be due to sulfur poisoning of the
palladium catalytic species, resulting in a decreased reaction rate
and hence premature decomposition of labile hetarylboronic
acids™ (furan™ and thiophene * boronic acids are prone to fast
protodeboronation ).

Ethynyl derivatives 2g—6g were prepared from the
corresponding iododeazapurines 13—16 and 20 by Sonogashira
reaction with (trimethylsilyl)acetylene followed by cleavage of
the trimethylsilyl group by treatment with K,;CO; in methanol
(Scheme 4). It is noteworthy that methyl derivative 6g had to
be synthesized from a more reactive iododeazapurine 20
because the bromo derivative 19 failed to react under these
conditions.

Scheme 4. Preparation of Ethynyl Derivatives 2g—6g”

X X l'il){ Product

NT o N/ (yield)
k | OMe 20 (85%)
HO SMe  3g (88%)
_\Q‘ MNHMe  dg (78%)
OH OH OH on MMez S5g(81%)
13-16, 20 2g-6g Me g (81%)

“Conditions: (i) 1. trimethylsilylacetylene, PACL,(PPh,),, Cul, NEt,
DMF, 100 °C. 2. K,COy MeOH, rt. The yields are given as overall
isolated yields over the two steps.

For comparison of biological activity, 7-unsubstituted 7-
deazapurine ribonucleosides 2h—4h'" were prepared from 6-
chlorodeazapurine nucleoside 17 by substitution/deprotection
(Scheme 5). Dimethylamino compound Sh'” was isolated as a
byproduct from Suzuki reactions in the synthesis of compounds
Sa—e (Scheme 3).

Scheme 5. Preparation of 7-Unsubstituted 7-Deazapurine
Ribonucleosides 2h—4h"

[} X
e iy . X Product
N | Wy, = N | R (yield)
L*N L*N N OMe 2h (88%)
BzO o HO o SMe  3h (46%)
NHMe #h (31%)
OBz OBz OH CH
17 2h-4h

“Conditions: (i) for Zh: MeONa/MeOH; for 3h: MeSNa/EtOH; for
4h: MeNH,/EtOH.

7-(Het)aryl-7-deazainosines (7a—f) synthesized directly from
7-iodo-7-deazainosine'® using Pd-catalyzed Sweuki or Stile
cross-couplings were obtained in very low yields. Therefore,
Ta—f were prepared by O-demethylation of 6-methoxy
derivatives 2a—f (Scheme 6). Application of the Seela’s basic
hydrolysis™ (ag KOH, dioxane, reflux) to 7-(het)aryl-6-
methoxy-7-deazapurine ribosides 2a—f surprisingly failed to
give even trace of desired products 7a—f, although this protocol
perfectly works for demethylation of 7-halogenated congeners
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Scheme 6. Preparation of 7-(Het Jaryl- 7-deazainosines 7a—f*
[=]

OMe

R i R Product

N’ | Yy —— HN LT yleld)
N N furan-2-yl Ta (61%)
furan-3-yl 7b (68%)
thiophen-2-yl Te (B7%)
7d [92%
OH OH o o fephen-3t 7o [”%)}

7o phenyl Te (

benzafuran-2-yl T (93%)

“Conditions: (a) Nal, TMSC], MeCN, rt

such as 13 to yield 7-iodo-7-deazainosine. Instead, cleavage of
methyl ethers 2a—f with in situ generated iodotrimethylsilane”*
(from TMSCI and Nal) in acetonitrile was found to give 7-
(het Jaryl-7-deazainosines 7a—f in good yields. Only with 2-
furyl derivative 7a, shorter reaction time and modified workup
had to be used due to decomposition during standard
conditions.

Synthetic pathway toward 2-methyl-7-deazaadenosines began
with tl'lemprepa.ralion of 2-methyl-7-deazahypoxanthine 21 as
reported™ (Scheme 7). Deoxychlorination of 21 via a slight

Scheme 7. Preparation of 2-Methyl-7-deazaadenosine 9h®
o cl o
ii)

HN | b N N — N7
Me)‘“N
21

Py

Me™ "N
22

N

N
H

DAc
+ 23

B0, o

24 OBz OBz

NH
iv) ‘)
— NF

)

HO o

26 OH OH 9 OH OH

“Conditions: (i) POCL,, N,N-dimethylaniline, BTEACI, MeCN, 100
°C (82%); (ii) NIS, CH:Cly rt (87%); (ii) 1. BSA, MeCN. 2.
TMSOTE, 50 °C (35%); (iv) ag NH; (27% w/w), dioxane, 120 °C
(92%); (v) Hy, Pd/C, NEty, DMF, it (97%).

modification of literature conditions™ produced 6-chloro-2-
methyl-7-deazapurine 22 (82%) whose further iodination
using NIS provided 23 in 87% yield Nucleobase 23 was
converted to nucleoside 25 via a silyl-Hilbert —Johnson reaction
with 1-O-acetyl-2,3,5-tri- O-benzoyl- f-p-ribofuranose 24 under
Vorbriiggen conditions. Thus, silylation of 23 with BSA and
treatment with 24 in the presence of TMSOT{ catalyst afforded
crystalline nucleoside 25 in 35% yield. The formation of 25 was
slow due to extensive decomposition of 24 at the usual reaction
temperature of 80 “C. Therefore, the reaction was run at only
50 “C with 2 equiv of 24 being added to the reaction in three
portions. Essentially this is a protocol developed by Seela for
analogous ribosylation of 7-halogenated 2-pivaloylamino-6-
chloro-7-deazapurine™ (we also used these conditions to
obtain iodides 27 and 28, vide infra). Amination of 2§ with
benzoyl deprotection by treatment with ammonia gave 7-iodo-
2-methyl-7-deazaadenosine 26 in 92% yield. Reduction of iodo

daddoi oy /10.1021/jm4018948 | L Med Chem. 2014, 57, 1097—1110



Journal of Medicinal Chemistry

derivative 26 by catalytic hydrogenation on Pd/C furnished 2-
methyl-7-deazaadenosine 9h.*

7-(Het)aryl-substituted 2-amino-7-deazaadenosines 8a—f, 2-
methyl-7-deazaadenosines 9a—f, and 2-amino-6-methoxy-7-
deazapurine ribonucleosides 10a—f were synthesized once
again aqueous Suzuki cross-couplings from iodo derivatives
26—28"7 with the coresponding boronic acids (Scheme 8). The

Scheme 8. Suzuki Cross-Coupling Reactions of 2628

[ % R
N¥ N7
s 3 R-B(OH), s 3
¥ N7 N PoiOAc), TPPTS ¥ N7 N
HO o N2;CO3, Hz0meCn HO o
OH OH OH OH
26, X= NH,, Y= Me 8a-f, 9a-f, 10a-f
27, X= NHz, Y= NH;
28, X= OMe, = NH; Product (yield)
R X=NH;  X=NH,  X-OMe
¥= NH; ¥=Me Y= NHy
furan-2-y! 8a(80%)  9a(78%)  10a (59%)
furan-3-y! 8b (67%%)  9b(T6%)  10b (62%)
thiephen-2-yl | 8¢ (83%)  9¢(70%)  10c (58%)
thiophen-3-yl | 8d (88%)  9d(93%)  10d (58%)
phenyl Be (87%)  9e(90%)  10e (44%)
benzofuran-2.yl| 8f (80%)  9F (77%)  10f (44%)

reactions leading to 2,6-diamino compounds 8a—f and 2-
methyl derivatives 9a—f proceeded cleanly without significant
side reactions, but those leading to 2-amino-6-methoxy 7-
deazapurines 10a—f were accompanied by reductive dehaloge-
nation of iodide 28 (<14% as determined by NMR), and this
byproduct was removed during reverse phase chromatography.

7-Ethynyl nucleosides 9g and 10g were synthesized by the
Sonogashira reaction of 7-iodo-7-deazapurine nucleosides 26 or

28 followed by desilylation (Scheme 9).

Scheme 9. Sonogashira Reaction of 26 and 287

L x
NJI% [ NE
Ny i
YAN N Y’J‘“N N
OH GH OH OH

26, 28 9g, X= NH;, Y= Me, 79%
10g, X= OMe, Y= NH,, 56%

“Conditions: (i)} 1. trimethylsilylacetylene, PdCls(PPh;)s, Cul, NEts,
DMEF, 100 °C. 2. K,CO; MeOH, rt. The yields are given as overall
isolated yields over the two steps.

Similarly to the synthesis of inosines 7a—f, 7-(het)aryl 7-
deazaguanosines 11a—f were obtained from the corresponding
6-methoxy compounds 10a—f by demethylation using TMSCI/
Nal reagent (Scheme 10). The products 11a—f were isolated in
only moderate unoptimized yields, as they were somewhat
unstable during prolonged treatment under reaction and
workup conditions. Again similarly to inosines 7a—f, attempted
direct synthesis of 7-deazaguanosines 11a—f by cross-coupling

1100
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Scheme 10. Synthesis of 7-Deazaguanosines 11la—f*

OMe R 9 R
NT S i HN | £ R Product
I e N A i
H:NT TN HaN™ N furan-2-yl 11a (21%)
HO o HO: o furan-3-yl 11b (55%)

thiophen-2-yl 11¢ (71%)

OH QH thiophen-3-yi 11d (36%)
11ad phenyl 11e (58%)
benzofuran-2-yl 11f {39%)

OH OH
10a-f

“Conditions: (i) Nal, TMSCI, MeCN, rt.

reactions from 7-iodo-7-deazaguanosine was found to be of
little use because of low conversions.

Biological Activity Profiling. Cytotoxic/Cytostatic Activ-
ity. In vitro cytotoxic/cytostatic activity of final nucleosides 2—
26 was initially evaluated against six cell lines derived from
human solid tumors including lung (A549 cells) and colon
(HCT116 and HCT116p53—/=) carcinomas, as well as
leukemia cell lines (CCRE-CEM, CEM-DNR, K562, and
KS62-TAX) and, for comparison, nonmalignant B] and
MRC-5 fibroblasts. Concentrations inhibiting the cell growth
by 50% (IC,) were determined using a quantitative metabolic
staining with 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide (MTT)*' following a 3-day treatment.

In addition, the antiproliferative effect was tested against a
human T-lymphoblastic leukemia line CCRE-CEM, promyelo-
cytic leukemia HL-60, and cervical carcinoma Hela $3 growing
in liquid suspension. Cell viability was determined following a
3-day incubation using 2,3-bis(2-methoxy-4-nitro-S-sulfophen-
yl)-2H-tetrazolium-S-carboxanilide (XTT) a.ssay.'l2

Table 1 summarizes the cytotoxic activities of 2-26 in
comparison with the previously publis]'lecl‘s 7-hetaryl-7-
deazaadenosines la and lc In the 6-substituted series, the 7-
(2-furyl) derivatives 2a, 3a, 4a, and 6a were the most potent,
showing low nanomolar cytostatic effects similar to those of 1a
and lc, whereas the [C,, values of the bulkier 6-dimethylamino
derivative 5a were in micromolar range. These derivatives,
however, were also the most cytotoxic to fibroblasts, suggesting
a nonspecific cytotoxic effect. On the other hand, analogous 7-
(3-furyl)-, 7-(2-thienyl)-, and 7-(3-thienyl) derivatives 2—6b,
2—6¢, and 2—6d were less active or inactive. The 6-methoxy
derivatives 2b—d still showed significant activities but with low
toxicity to fibroblasts showing promissing in vitro therapeutic
index. The more bulky 7-phenyl 2—6e and 7-benzofuryl 2—6f
derivatives were generally inactive. On the other hand, 6-
substituted 7-deazapurine nucleosides bearing a small ethynyl
group at posiion 7 (2—6g) displayed considerable activity
against several cell lines; in particular, the 6-methylsulfanyl
derivative had a low nanomolar ICg, value against most tumor
cells but had little effect on fibroblasts. The 7-unsubstituted
derivatives 2—=5h (analogous to tubercidin) did not show a
significant cytotoxic effect with the exception of &-methyl
derivative 6]1'2, which was the most cytotoxic compound of the
entire set to both cancer cells and fibroblasts. The 7-
deazahypoxanthine derivatives 7, as well as all the 2-substituted
derivatives 8—11, were devoid of any significant cytotoxic
effect. The unusual specific effect of 24furyl and ethynyl
substitution on cytostatic activity was the major difference from
the rest of the 7-deazaadenosine la—g, where all compounds
bearing five-membered heterocyclic substituents exerted similar
low nanomolar effects. On the other hand, the SAR analysis of

dxdoiom/10.1021/jri018548 | L Med Chem. 2014, 57, 1097-1110
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Table 2. Anti-HCV Activities of Selected Compounds™

replicon 1B replicon 2A
ECso (M) CCsa (M) ECs, (uM) CCa (uM)
2a 00 44 0.03 44
b 0.33 44 828 =44
2c LO8 44 =44 44
2d 0.55 44 44 =44
2e 2098 44 44 44
2f 164 44 1023 =44
2z 0.18 44 =44 44
3a 0.07 3858 0.05 =44
3b 472 44 =44 a4
3c 542 44 =44 a4
3d 10.93 44 =44 44
3e 2327 44 44 44
3f LXic) 44 2964 =
3g 021 44 =44 44
3h 29.89 >4 =44 44
14 19.21 44 44 44
4a 0.06 44 0.14 44
4b 3593 44 =44 a4
4 205 44 13.57 44
45 0.35 44 44 =44
4h 0.8 44 44 44
Sa L4 =44 135 =44
5b 7.58 44 =44 44
Sc 1676 44 44 44
Ad 3841 s44 =44 =44
Se 26,88 44 =44 a4
Sf 19.20 >4 =44 44
5g 0.07 44 0.10 44
Sh 027 2 097 =
16 0.69 44 =44 a4
Ga 0.07 662 015 43.60

replicon 1B replicon 2A
ECq (uM)  CCw (uM)  ECa (uM)  CCs (uM)

&h 443 44 44 44
[ 6.67 =44 44 44
od 447 =44 44 44
Be 3483 =44 44 =44
&f 676 =44 4020 =44
6y 023 44 2160 44
&h 002 023 0.0z 012
20 216 20.85 8.75 13.81
19 120 35.61 074 28.17
b 454 =44 2234 =44
7d 1435 >44 44 =44
ki} 721 =44 1745 =44
8a 1245 44 nt? nt
b 2129 =44 nt nt
8 1003 >44 nt nt
af 558 =44 1149 =44
od 2873 =44 44 44
9f 6.14 .25 1825 3910
9g 800 44 nt nt
26 245 =44 44 =44
10a 244 =44 nt nt
10b 1974 =44 nt nt
10c 607 44 nt nt
10d 1445 =44 nt nt
10f 898 =44 20.66 =44
11b 25.66 =44 4071 =44
1lc 18.80 44 nt nt

"CDmEoumis not listed in this table were inactive (EC,, and CCy, >44
uM). "n.t. = not tested.

the entire panel of compounds shows that the H-bond-
donating NH, group at position 6 can be replaced by H-bond
acceptor groups or even by an isosteric but nonpolar methyl
group, with some analogues retaining high cytotoxic activity.
Multidrug resistance is a major therapeutic problem in cancer
chemotherapy. It is associated with overexpression of drug
transporters, typically multidrug resistance protein 1 (mrp-1),
and multidrug resistance gene 1 (mdr-1), which transport drugs
extracellularly in an ATP-dependent manner.”
efficacy of our compounds in multidrug resistant cancers, we
have tested their cytotoxic potency in drug-resistant sublines
derived from chemosensitive CCRF-CEM T-lymphoblastic and
K562 myeloid leukemia cells. CEM daunorubicine-resistant
(CEM-DNR-bulk) and K562 paclitaxel-resistant (K562-TAX)
lines were originally prepared by increasing the concentration
of cytotoxic compounds and then characterization. While
CEM-DNR-bulk cells stabily overexpress mrp-1, K562-TAX
cells express only mdr-1 gene.’y‘ Unfortunately, the vast
majority of cytotoxic compounds with submicromolar activity
showed decreased potency in drug-resistant sublines over-
expressing multidrug transporters. Similarly to the multidrug
resistance phenomenon, functional inactivation of p§3 tumor
suppressor is associated with poor prognosis and therapeutic
response in many cancers.”® Therefore, we have evaluated in
vitro therapeutic potency of nucleoside derivatives using
isogenic colorectal cancer cells bearing wild type (HCT116)
or deleted p53 gene (HCT116p53—/—). Interestingly, the

To assess
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compounds were equally toxic for tumor cells bearing wild-type
or null alleles of pS3 gene, indicating potential therapeutic
activity in p53 mutant tumors.

Antimicrobial Activity. Antibacterial activity was tested
against Enferococcus faecalis CCM 4224, Staphylococcus aureus
CCM 3953, Escherichia coli CCM 3954, Pseudomonas aeruginosa
CCM 3955, methicillin-resistant staphylococci (Staphylococcus
aureus MRSA 4591 and Staphylococcus haemolyticus A/16568),
multiresistant strains of Escherichia coli C/16702, and
Pseudomonas  aeruginosa A/16575. None of the tested
compounds exerted any activity in these assays. None of the
compounds showed antifungal activity against Candida albicans,
Candida parapsilosis, Candida crusei, and Candida tropicalis. On
the othe hand, significant antimycobacterial effects of several
compounds against Mycobacterium bovis were found (Table 1,
last column). The most active (but also most cytotoxic) was 6-
methyl-7-deazapurine ribonucleoside 6h. Bulky and nonpolar 7-
benzofuryl-6-methyldeazapurine nucleoside 6f and 2,6-diami-
no-7-thienyldeazapurine 8¢ showed low micromolar antimyco-
bacteral activity with no cytotoxicity, which makes them
promising candidates for further development as antitubercu-
lotics.

Antiviral Activity. Compounds were also tested in Huh-7
cells harboring subgenomic reporter replicons derived from
HCV subtypes 1B and 2A. Partial inhibition of the replicon
reporter was observed with most of the compounds (Table 2).
Activity correlated with cytotoxicity in most cases, suggesting

dxdoior/10.1021/jr¥0 18948 | L Med Chem. 2014, 57, 1097-1110
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that the activity detected by the replicon assay was a reflection
of interference with host target(s). Several 2,6-disubstituted 7-
deazapurine nucleosides (eg, 8f 26, 10a, 10¢, and 10f)
showed low micromolar anti-HCV effects without significant
cytotoxicity.

Cell Cycle Analysis. Cell cyce analysis of selected
compounds with low-micromolar cytotoxicity in cancer cells
(2a, 2b, 2¢, 2d, 3a, 4a, 5a, 5d, 5g 13, and 16) was performed
on CCRF-CEM lymphoblasts at the concentration correspond-
ing to the ICy, after 24 h of incubation and compared to that of
the previously published compound 1¢ (Table 3). Some of the

Table 3. Summary of Cell Cyde, Apoptosis (sub-G1),
Mitosis (pH3"), RNA (BrU+), and DNA (BrdU+) Synthesis
Analysis”

% of total cell populations

sb-Gl - Gl 8 GYM  pH3*™ BrdU+  BrU+
control 96 41 48 142 14 5001 433
1c 186 506 392 101 14 514 152
2a 6.8 428 4“3 129 L4 453 138
b 85 435 442 123 L6 42 0.7
2c 75 415 487 98 L1 386 0.1
2d 75 408 465 127 29 444 0.5
3a 79 435 453 113 o7 2495 30
4a 106 421 458 121 L4 471 10
Sa 102 31 536 154 L5 s06 04
5d 6.8 414 474 112 o7 36.1 07
5g 89 385 468 147 L3 434 86
13 60 378 492 128 09 389 02
16 94 308 467 135 13 487 48

“In CCRF-CEM cells treated with selected nudeosides at 1Cy, for 24
h

compounds induced major apoptosis (2d) as early as after 24 h.
However, the major mechanism of action was inhibition of
RNA synthesis (BrU incorporation), and all tested compounds
(Le=16) were more active than parent compound le. DNA
synthesis was barely inhibited by compounds 3a, 5d, and 13,
and this most probably occurred via action at the level of
cellular signaling and metabolic pathways. Cell cycle alterations
(G1, S, G2/M) were not observed in treated cells under
specified experimental conditions.

B CONCLUSIONS

Synthesis of a large series (80 derivatives) of diverse 6-
substituted 7-(het Jaryl- or 7-ethynyl-7-deazapurine ribonucleo-
sides was developed, and a systematic biological activity
screening was performed in comparison with the parent 7-
(het)aryl-7-deazaadenosine series published l:lrevicll.l.s}y.5 Several
title nucleosides, in particular 6-methoxy-, 6-methylsulfanyl-, 6-
methylamino-, and 6-methyl-7-(2-furyl)-deazapurine nucleo-
sides 2a, 3a, 4a, and 6a, as well as some 7-ethynyl derivatives
3g, 5g, and 6g, have been found to possess cytostatic effects at
low nanomolar concentrations with the potency comparable to
la and lc. On the other hand, most other derivatives were
much less active compared to analogously substituted 7-
deazaadenosines 1. A striking difference was found in activities
of certain 7-(2-furyl)- and 7-(2-thienyl).7-deazapurine deriva-
tives (compare highly active derivatives 3a—6a with inactive
derivatives 3c—6c, whereas the parent compounds la and lc
showed comparably high cytostatic/cytotoxic effects). This can
be attributed to the higher polarity of the furyl substituent

104
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(compared to thienyl), resulting in lower expected log P values.
However, this difference suggests that the mechanism of action
of compounds la—d may not necessarily be the same as that of
2—6. All the 7-deazahypoxanthine derivatives, as well as all the
2-substituted derivatives, were inactive. The compounds
inhibited RN A synthesis in treated cells and induced apoptosis
at their cytotoxic concentrations. Nonetheless, molecular
target(s) identification requires additional investigation.

None of the title compounds showed antibacterial or
antifungal effects, but some compounds (ie, 6f and 8c)
showed promising activity against Mycobacterium bovis. Most of
the compounds also exerted a significant (and mostly
nonspecific) ant-HCV effect in a replicon assay accompanied
by cytotoxicity, but some derivatives showed a low micromolar
anti-HCV effect without in vitro toxicity.

M EXPERIMENTAL SECTION

General. NMR spectra were recorded on a 400 MHz ('H at 400
MHz, "C at 100.6 MHz), 2 500 MHz ('H at 500 MHz, "C at 125.7
MHz), or a 600 MHz ('H at 600 MHz, “C a 150.9 MHz)
spectrometer. Melting points were determined on a Kofler block and
are uncorrected. Optical rotations were measured at 25 °C, and [a]p®®
values are given in 1w deg em® 3_1. High resolution mass spectra
were measured using electrospray ionization. Reverse-phase high
performance flash chromatography (HPFC) was performed on KP-
C18-HS columns with Biotage SP1 system, and the sample was loaded
as a solution in pure water or in water/DMSO (5:1) mixture. FT IR
spectra were measured on a Bruker Alpha spectrometer using the ATR
technique. The purity of all tested compounds was confirmed by
HPLC analysis and was >95%.

S-lodo-4-methylsulfanyl-7-(f-o-ribofuranesyl)-7H-pyrrolo[2,3-d]-
pyrimidine (14). A misture of 4-chloro-5-odo-7-(2,3,5-tri-O-benzoyl-
f-p-ribofuranosyl }-7H-pyrrolo[2,3-d pyrimidine 12 (537 g 742
mmol) and sodium thiomethoxide (1.1 g, 157 mmol) in EtOH (150
mL) was stirred at 1t for 4 h. The volatiles were removed in vacuo, and
the residue was coevaporated several times with water and crystallized
from water to fumish 14 (294 g, 94%) as a white solid. Mp 217-219
°C. [a]*", —69.8 (¢ 0.242, DMSO). 'H NMR (500 MHz, DMSO-d,):
2.63 (s, 3H, CH,8); 3.55 (ddd, 1H, J o, = 12.0 Hy, Jo, o = 5.5 He,
Jsan = 40 Hz, H-5'a); 363 (ddd, 1H, [, = 120 Hz, Jyy0n = 5.2 Hg,
Jsn = 4.0 Hz, H-5'b); 3.91 (bl-'b H, Jy¢.= Jysn = Jyy = 3.6 Hz, H-
4') 409 (m, 1H, H-3'); 436 (m, 1H, H-2'); 5.09 (bt, 1H, Joys, =
Jousy = 5.4 Hz, OH-5'); 518 (bd, 1H, Jous = 3.9 Hz, OH-3'); 5.40
(bs, 1H, OH-2'); 6.15 (d, 1H, Jy;»- = 62 Hz, H-1'); 7.99 (5, 1H, H-6);
8.62 (5 1H, H-2). ""C NMR (1257 MHz, DMSO-d;): 12,13 (CH,S);
5317 (C-5); 61.56 (CH-5'); 70.62 (CH-3'); 74.38 (CH-2'); 85.54
(CH-4'); 8677 (CH-1'); 117.20 (C-4a); 13087 (CH-6); 148.74 (C-
7a); 150.86 (CH-2); 16182 (C4). IR (ATR): v 3386, 3132, 1336,
1449, 1220, 1113, 1066, 954, 492 cen™'. MS (ESI) m/z 424 (M + H),
446 (M + Na). HRMS (ESI) for C,HJIN,O,S [M + H] caled:
42398279; found: 42398216, Anal. (C,QH,.N_‘D.S--‘J.HZD): C, H,
N

5-lodo-4-methylamino-7-(f-o-ribofuranosyl)-7H-pyrrolo(2,3-d]-
pyrimidine (15). A misture of 4-chloro-5-iodo-7-(2,3,5-tri-O-benzoyl-
f-n-ribofuranosyl }-7 H-pyrrolo[2,3-d [pyrimidine 127 (24 g 331
mmol) in methylamine (33 wt % in absolute EtOH, 25 mL) was
stirred in a pressure tube at 100 °C for 5 h. After cooling, the mixture
was evaporated to dryness and purified by column chromatography
(8i0y, 3% MeOH in chloroform) to afford 15 (1.24 g, 92%) as a white
solid. Crystallization from MeOH afforded colodess needles. Mp 218—
223 °C. [a]™ —61.3 (¢ 0.419, DMSO). "H NMR (500 MHz, DMSO-
dg): 3.02 (d, 3H, Joyps = 47 Hz, CHy); 352 (ddd, 1H, [ = 12,0
Hz, [iu0n = 6.1 Hz, J505 = 3.8 Hz, H-5'a); 3.61 (ddd, 1H, Jior = 120
Hz, Jsnon = 5.1 Hz, Jsn,0 = 3.8 Hz, H-5'b); 3.88 (bq, 1H, Jysu = Jo 5w
= Jyy =35 Hy, H4'); 406 (d, 1H, J5 5 = Jy.on = 49 He, [ - = 3.1
Hz, H-3'); 435 (td, 1H, ], = Jp on = 64 Ha, [, = 5.1 Hz, H-Y');
512 (d, 1H, Jouy = 47 Hz, OH-3'); 5.16 (dd, 1H, Jops., = 6.1 Hz,
Jowsy = 5.1 Hz, OH-53'); 531 (d, 1H, oy = 6.5 Hz, OH-2'); 6.03

ddolor/10.1021/jra018948 1 L Med Chem. 2014, 57, 1097—1110
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(d 1H,],.» = 6.3 Hz, H-1'); 644 (g, 1H, Jyyyy e = 47 Hz, NH); 7.66
(s, 1H, H'6); 8.19 (s, 1H, H-2). “C NMR (1257 MHz, DMSO-d; ):
27.90 (CH;NH); 5125 (C-3); 61.74 (CH;-5'); 7070 (CH-3'); 74.10
(CH-2'); 8537 (CH-4"); 86.99 (CH-1'); 103.73 (C-4a); 127.17 (CH-
6); 149.70 (C-7a); 152.07 (CH-2); 15662 (C-4). IR (ATR): v 3387,
3323, 1603, 1550, 1303, 1090, 866, 596 cm™". MS (ESI) m/z 407 (M
+ H), 429 (M + Na). HRMS (ESI) for C,,H,sIN,O, [M + H] caled:
407.02162; found: 407.02111 Anal. (C,H,JIN,0,): C, H, N.
4-Dimethylamine-5-iodo-7-(5-o-ribofuranesyl)- 7H-pyrrole[2,3-
djpyrimidine (16). A mixture of 4-chloro-3-iodo-7-(2,3 5-tri-0-
benzoyl-f-n-ribofuranosyl)-7H-pyrrolo[2,3-d]pyrimidine 127 (579
g & mmal), aq dimethylamine (40% w/w, 10 mL) in dioxane (10
mL) was stirred in a steel bomb at 120 °C for 8 h. After cooling, the
mixture was evaporated to dryness and the residue was coevaporated
several times with water. Crystallization from water afforded 16 (2.84
& 84%) as white needles. Mp 195-197 °C. [a]p —39.0 (¢ 0.290,
DMSO). 'H NMR (500 MHz, DMSO-ds): 3.16 (s, 6H, (CH;),N);
354 (ddd, 1H, [, = 119 Hz, [, o = 58 Hz, [, o = 3.8 Hz, H-5'2);
362 (ddd, 1H, [z, = 119 Ha, i o = 5.2 Ha, Jiy - = 39 Hz, H'b);
389 (bg, 1H, ], esn = Jyy = 35 Hz, H4'); 407 (td, 1H, [y 5 =
Jyom=50Hz, [y, -321{: H-3'); 436 (td, 1H, oy = Joon = 63
Hz, Jyy = 5.1 Hz, H2); 513 (t, 1H, Jou ¢z = Jopss = 5.5 Hz, OH-
503513 (d, 1H, Joyy 5 = 4.7 Hz, OH-3'); 5.33 (d, 1H, Jouy = 64 Hz,
OH-2'); 611 (d, 1H, ] -, = 6.3 Hz, H-1'); 7.86 (s, 1H, H-6); 8.24(s,
1H, H2). C NMR (1257 MHz, DMSO-d;): 4328 ((CH,):N);
53.85 (C-3); 61.66 (CH,-3'); 70.65 (CH-3'); 74.12 (CH-2'); 8536
(CH-4'); 8677 (CH-1'); 106.62 (C-4a); 12962 (CH-6); 15046
(CH-2); 15213 (C-7a); 16031 (C-4). IR (ATR): v 1580, 1536, 1422,
1222, 1127, 1060, 1013, 947, 760, 600 cm ™', MS (ESI) m/z 421 (M +
H), 443 (M + Na). HRMS (ESI) for C;;HgN,O,I [M + H] caled:
421.03672; found: 421.03663. Anal. (C,;H;N,0,1): C, H, N.
5-Bromo-4-methyl-7-{f-o- rrbofuranosyﬂ -7H-pyrrolof2,3-d)-
pyrimidine (19). To a stirred solution of 6h'> (1061 mg, 4 mmol) in
DMF (10 mL) was added dropwise N-bromosuccinimide (748 mg, 42
mmol ) in DMF (4 mL) within 3 min. The mixture was stirred at rt for
40 min followed by addition of solid Na,SO, (50 mg) and dilution
with water (66 mL). This solution was separated (in portions
according to column capacity) using reverse-phase HPFC (C-18, 0—
100% MeOH in water) to obtain a crude product, which after
crystallization from iPrOH afforded 19 (913 mg, 66%) as white solid.
Mp 186—189 °C. [a] —61.1 (¢ 0.229, DMSO). 'H NMR (500 MHz,
DMSO-d,): 285 (s, 3H, CH,); 3.55 (ddd, 1H, ], = 119 Hz, [y on =
55 Hz, Jyu 0 = 40 He, H-5'2); 3.64 (ddd, 1H, Joo = 119 He, [y5on =
52 Hz, iy, = 4.1 Hz, H-3'); 391 (bq, 1H, Jy 5, = Jy55 = Jyp = 36
Hz, H-4'); 4.10 (td, 1H, Jy» = Jy.on =49 Hz, [y = 33 He, H3');
438 (td, 1H, Joy = Jyom = 62 Hz, Jo 5 = 5.1 Hz, H2'); 5.10 (1, 1H,
Jonsa=Jonss= 54 Hz, OH-5'); 5.19 (d, 1H, Jgu 5 = 48 Hz, OH-3');
540 (d, 1H, Joy » =6.3 Hz, OH-2');6.21 (d, 1H, ], = 62 Hz, H-1');
806 (s, 1H, H-6); 870 (5, 1H, H-2). “C NMR (125.7 MHz, DMSO-
ds): 2114 (CH;); 61.58 (CHy3'); 70.64 (CH3'); 74.33 (CH-2');
85.54 (CH4'); 86.66 (CH-1'); 88.18 (C-5); 11568 (C4a); 12638
(CH-6); 149.75 (C-7a); 15165 (CH-2); 159.54 (C-4). IR (ATR): »
1593, 1563, 1345, 1211, 1119, 1092, 1058, 1032, 968, 921, 787 cm™",
MS (ESI) m/z 344 (M + H), 366 (M + Na). HRMS (ESI) for
CiHigN;OBr [M + HJ caled: 344.02405; found: 344.02407. Anal.
(CyH N0 Br): C, H, N.
5-lodo-4-methyl-7-(f-p-ribofuranosyl)-7H-pyrrolo[2,3-d]-
pyrimidine (20). To a stirred solution of 6h (796 mg, 3 mmol) in
DMF (7 mL) was added dropwise N-iodosuccinimide (709 mg, 3.15
mmol ) in DMF (3 mL) within 3 min. The mixture was stirred at rt for
16 h followed by addition of solid Na,SO; (50 mg) and dlution with
water (50 mL). This solution was directly separated (in portions
according to column capacity) using reverse phase HPFC (C-18, 0—
100% MeOH in water) to afford 20 (685 mg, 58%) as a white solid
after crystallization from water. HPFC also recovered starting 6h (145
mg, 18%). Mp 187—188 °C. [a]p —58.3 (¢ 0.365, DMSO). 'H NMR
(500 MHz, DMSO-dy): 2.8 (5, 3H, CH.); 355 (ddd, 1H, [, = 119
Hz, Jya0n = 5.6 He, J5, 4 = 3.9 Hz, H-3'a); 3.64 (ddd, 1H, fgm 119
Hz, Jgs 01 = 5.3 Hz, Jguy = 4.0 Hz, H-5'D); 3.91 (btd, 1H, [0, = [y 5w
=39Hz ;5 =32 Hg H4'); 409 (td, 1H, [y = Jy ou= 5.0Hz 5 ¢
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=32Hz, H-3); 438 (td 1H, ], = |, ou= 6.3 Hz, J,,;. = 51 Hz, H-
2'); 5.10(t, 1H, Jous, = Jouss = 5.5 Hz, OH-5'); 5.18 (d, 1H, Joyy =
4.8Hz, OH-3');5.38 (d, 1H, o> = 6.4 Hz, OH-2'); 6.18 (d, 1H, J, o
= 62 Hz, H-1'); 806 (s, 1H, H-6); 8.66 (s, 1H, H-2). "*C NMR
(1257 MHz, DMSO-d,): 2074 (CH,); 54.05 (C-5); 61.61 (CH,5");
70.67 (CH-3'); 74.30 (CH-2'); 85.52 (CH-4'); 86,66 (CH-1'); 118.04
(C-4a); 13165 (CH-6); 150.27 (C-7a); 151.17 (CH-2); 159.76 (C4).
IR (ATR): v 1584, 1562, 1347, 1333, 1207, 1122, 1078, 1059, 1031,
1000, 893 cm ™', MS (ESI) m/z 302 (M + H), 414 (M + Na). HRMS
(ESI) for C,3H N0, 1 [M + H] caled: 392.01018; found: 392.01014.
Anal. (C,H,N;O,1): C, H, N,

5-(Furan-2-yl)-4-methoxy-7-(f-0 nbo(uranosyﬂ ?H -pyrrolo[2,3-
djpyrimidine (2a). An argon-purged mixture of 13" (794 mg, 195
mmol), faran-2-boronic acid (328 mg, 293 mmol), Na,CO; (620 mg,
5.85 mmol), PA(OAc), (22 mg, 98 umol), and TPPTS (136 mg, 0.24
mmol) in water/MeCN (2:1, 10 mL) was stirred at 100 °C for 3 b
After cooling, the mixture was neutralized wsing aqg HCI (1 M) and
concentrated to dryness in vacuo and the residue purified by reverse
phase HPFC (C-18, 0—=100% MeOH in water). Repurification by
column chromatography ($i0,, 2.5% MeOH in chloroform) fumished
2a (507 mg, 75%) as a beige solid, which was crystallized from water/
MeOH. Mp 155—157 °C. [a], —782 (¢ 0.317, DMSO). 'H NMR
(500 MHz, DMSO-d,): 3.58 (dd, 1H, ], = 119 Hz, ], , = 3.6 Hg,
H-5'a); 3.65 (dd, 1H, [, = 119 Hz, Jg,, = 3.7 Hz, H-5'b); 3.94 (bg,
TH, Jy-5a = Jysa = Jy 5 = 35 Hz, H4'); 411 (5, 3H, CH;0); 413 (dd,
1H, Jy:5 = 5.0 Hz, J3. = 3.2 Hz, H-3'); 444 (bt 1H, J5y0 = Jo 3 = 5.6
Hz, H2'); 5,14 (bs, 1H, OH-5); 5.18 (bs, 1H, OH-3); 5.38 (bs, 1H,
OH-2'); 6.22 (d, 1H, J,.»- = 6.2 Hz, H-1); 657 (dd, 1H, J,; = 3.3 Hz,
Jus = 19 Hz, H-d-furyl); 6.93 (dd, 1H, [y, = 33 Hz, J;5 = 0.9 Hz, H-3-
furyl); 7.67 (dd, 1H, J;, = 1.9 Hz, J; = 09 Hz, H-5-furyl); 798 (s,
1H, H-6); 847 (s, 1H, H2). “C NMR (1257 MHz, DMSO-d,):
54,05 (CH;0); 61.65 (CH-5'); 7079 (CH-3'); 74.41 (CH-2'); 8551
(CH-4'); 8708 (CH-1'); 10150 (C-4a); 107.17 (C-5); 107.42 (CH-
3-furyl); 111.92 (CH4-furyl); 12109 (CH-6); 141.81 (CH-3-furyl);
14827 (CH-2-4furyl); 151,52 (CH-2); 152.54 (C-7a); 162.76 (C-4). IR
(ATR): v 1590, 1563, 1120, 1080, 1063, 1012, 795, 744 em™' . MS
(ESI) m/z 348 (M + H), 370 (M + Na). HRMS (ESI) for
CyHsN,Og [M + H] caled: 348.11901; found: 348.11899. Anal.
(CjgHpNyOp 1/4H,0): C, H, N.

5-(Furan-2-yl)-4-methylsulfanyl-7-(p-o-ribefuranosyl)- 7H-
pyrrolof2,3-djpyrimidine {3a). An argon-purged mixture of 14 (313
mg, 0.74 mmol), firan-2-boronic acid (124 mg, 1.11 mmol), Na,CO,
(235 mg, 2.22 mmol), Pd(OAc), (8 mg, 36 umol) and TPPTS (53
mg, 0.093 mmol) in water/MeCN (2:1, 4 mL) was stirred at 100 °C
for 1 h. After cooling the mixture was neutralized using aq HCI (1 M)
and concentrated by evaporation. The residue was coevaporated with
silica and purified by column chromatography (SiO,, 1—+3% MeOH in
CHCL,). Repurification by reverse-phase HPFC (C-18, 0—100%
MeOH in water) and crystallization from water/MeOH afforded 3a
(123 mg, 46%) @ a yellowish solid Mp 150-152 °C. [a]™p —70.5 (¢
0,237, DMSO). 'H NMR (500 MHz, DMSO-dy): 2.59 (s, 3H, CH,S);
3.56 (ddd, 1H, J.,, = 12.0 Hz, ¢, o = 5.6 Ha, [y, = 3.8 Ho, H.5'a);
3.65 (ddd, TH, Jom = 120 Hy, Jgp gy = 53 Ha, Jyne = 39 Ha, H-SD);
393 (bg, 1H, Jy5u = Jo5n = Joy = 3.6 Hy, H4'); 412 (1d, 1H, [3.» =
Jyon=50Hz [y, =33Hz, H3');442 (td, 1H, [y = Jy o =6.2
Hz, ], 5 = 5.1 Hz, H2'); 510 (4, 1H, Jgu s, = Jouss = 54 Hz, OH-
5');5.19 (d, 1H, Jopy = 48 Hz, OH-3'); 542 (d, 1H, [ou» = 6.3 Hz,
OH-2'); 6.23 (d, 1H, J;-» = 6.1 Hz, H-1'); 6.60 (dd, 1H, J;; = 33 Hz,
Jis= 19 Hz, H-4-furyl); 6.71 (dd, 1H, J;, = 3.3 Hz, J;; = 09 Hz, H-3-
furyl); 7.78 (dd, 1H, J;, = 1.9 Hz, [ = 09 Hz, H-5-furyl); 801 (5,
1H, H-6); 868 (s, 1H, H2). “C NMR (1257 MHz, DMSO-d,):
1221 (CH,S); 61.58 (CHy-3'); 70.68 (CH-3'); 7442 (CH-2'); 85.54
(CH-4'); 86.92 (CH-1'); 106.61 (C-3); 109.18 (CH-3-furyl); 111.68
(CH-d-furyl); 113,63 (C-4a); 125.13 (CH-6); 142.90 (CH-5furyl);
14682 (C-2-furyl); 14892 (C-7a); 15091 (CH-2); 16169 (C-4). IR
(ATR): v 3166, 2937, 2903, 1547, 1446, 1062, 1029, 976, 594 ™
MS (ESI) m/z 364 (M + H), 386 (M + Na). HRMS (ESI) for
C1eH NS [M + H] caled: 364.09672; found: 364.09609.

5-(Furan-2-yl)-4-methylamino-7-(fi-o-ribofuranosyl)-7H-py rolo-
[2,3-d]pyrimidine (4a). An argon-purged mixture of 15 (300 mg, 0.74
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mmol ), furan-2-boronic add (124 mg, 1.11 mmol), Na,CO, (235 mg,
222 mmol), PA(OAc), (8 mg, 36 umol), and TPPTS (53 mg, 0.093
mmol) in water/MeCN (2:1, 4 mL) was stirred at 100 °C for 1 h.
After cocling, the mixture was neutralized using aq HCl (1 M) and
concentrated to dryness. The residue was coevaporated with silica and
purified by column chromatography (SiO,, 1—3% MeOH in CHCL,)
to afford product da (220 mg, 86%) as a white solid, which was
crystallized from water/ MeOH. Mp 114—117 °C. [a]*s —70.6 (¢
0299, DMSO). 'H NMR (500 MHz, DMSO-dy): 3.04 (d, 3H, [z
=48 Hz, CH,); 3.54 (dm, 1H, J_, = 120 Hz, H-5'a); 3.64 (dm, 1H,
Jyem = 119 Hz, H-5'b); 391 (g, 1H, [y g, = Jy,5 = Jiy = 3.6 Hz, H-
4); 410 (td, 1H, J5 » = Jy.ou = 49 Hz, [3.4 = 3.3 Hz, H-3'); 441 (1d,
H, Jyy = Jyou=6.3Hz [y y = 52 Hy, H2'); 5.18 (d, 1H, Juy =
48 Hz, OH-3'); 525 (m, 1H, OH-5'); 537 (d, 1H, oy, = 64 Hg,
OH-2'); 609 (d, 1H, ], = 62 Hz, H-1'); 6.61 (dd, 1H, ], , = 3.3 He,
Jus = 1.9 Hz, Hed-furl); 6.66 (dd, 1H, J;4 = 3.3 Hz, J35 = 0.8 Hz, H3-
furyl); 6.85 (q, 1H, Jupcy = 48 Hz, NH); 7.76 (dd, 1H, Jo, = 1.9 Hz,
Jos = 0.8 Hz, H-5-furyl); 7.82 (s, 1H, H-6); 822 (s, 1H, H2). “C
NMR (1257 MHz, DMSO-d,): 2824 (CH,NH); 6192 (CH,5');
70.81 (CH-3'); 74.12 (CH-2'); 85.45 (CH-4'); 87.31 (CH-1'); 100.03
(C-da); 10559 (CH-3furyl); 10635 (C-5); 11220 (CH-4-furyl);
12052 (CH-6); 14239 (CH-5-furyl); 148.79 (C-2-furyl); 15034 (C-
7a); 15227 (CH2); 15684 (C-4). IR (ATR): v 3649, 2934, 1624,
1319, 1021, 585, 564 cm ™. MS (ESI) m/z 347 (M + H), 369 (M +
Na). HRMS (ES1) for C,0H N, 05 [M + H] caled: 347.13554; found:
347.13496.
4-Dimethylamino-5-(furan-2-yl)-7-(-o-ribofuranosyl)-7H-
pyrrolo[2,3-d Jpyrimidine (5a). An argon-purged mixture of iodide 16
(420 mg, 1 mmaol), faran-2-boronic acid (168 mg, 1.5 mmal ), Na,CO,
(318 mg, 3 mmol), PA(OAc), (11 mg, 49 pmol), and TPPTS (71 mg,
0.125 mmol) in water/ MeCN (2:1, 5 mL) was stirred at 100 °C for 3
h. After cooling, the mixture was neutralized wsing ag HCI (1 M),
concentrated to dryness in vacuo and the residue was purified by
reverse phase HPFC (C-18, 0—100% MeOH in water). Repurification
by column chromatography (Si0;, 25% MeOH in chloroform)
furnished Sa (176 mg, 49%) as a beige foam. Reverse phase HPFC
also provided product of reduction §h (73 mg, 25%). Mp 97-103 °C.
[a]y —42.8 (c 0358, DMSO). 'H NMR (500 MHz, DMSO-d, ): 2.84
(s 6H, (CH,),N); 3.54 (ddd, 1H, ], = 119 Hz, Jor, s = 6.0 Hz, [
= 38 Hz, H-5a); 3.62 (ddd, 1H, J;m = 119 Hz, Jsn0n = 5.1 Hz, Jons
=38 Hz, H-5'b); 3.90 (btd, 1H, [y o, = Jy 55 = 3.8 He, [,.5 =32 Hz,
H-4'); 410 (m, 1H, H-3'); 442 (td, 1H, [y, = Jyou = 64 Hz, [y 5 =
51 Hz, H2'); 514 (d, 1H, oy = 48 Hz, OH3'); 515 (dd, 1H,
Jotsa = 5.9 Hz, Jom sy = 5.1 Hz, OH-5'); 5.35 (d, 1H, Jopa = 65 Hz,
OH-2'); 617 (d, 1H, ], = 64 Hz, H-1'); 6.51 (dd, 1H, J,,, = 3.2 He,
Jus = 0.9 Hz, H-3furyl); 658 (dd, 1H, J, ;= 32 Hz, ], = 1.9 Hz, H4-
furyl); 7.75 (dd, 1H, J;, = 1.9 Hz, J; = 0.9 Hz, H-5-furyl); 7.75 (s,
1H, H-6); 825 (s, 1H, H-2). “C NMR (1257 MHz, DMSO-d;):
3944 ((CH,),N); 6173 (CHy5'); 7074 (CH-3'); 74.10 (CH-2');
85.35 (CH-4'); 86.98 (CH-1'); 10205 (C-4a); 106.87 (C-5); 107.61
(CH-3-furyl); 111.74 (CH-4-furyl); 12292 (CH6); 14256 (CH-5-
furyl); 149.33 (C-2-furyl); 13071 (CH-2); 13201 (C-7a); 159.64 (C-
4). TR (ATR): v 1574, 1515, 1450, 1420, 1410, 1203, 1120, 1077, 1058
cm™". MS (ESI) m/z 361 (M + H), 383 (M + Na). HRMS (ESI) for
CypHyN,O, [M + H] caled: 361.15065; found: 361.15057.
5-(Furan-2-yl)-4-methyl-7-(-o-ribofuranosyl)-7H-pyrrolo[2,3-d]-
pyrimidine (6a). An argon-purged mixture of 19 (238 mg, 075
mmol ), faran-2-boronic add (126 mg, 1.125 mmol), N3, CO, (239
mg, 2.25 mmol), PA(OAc), (8 mg 35.6 umol), and TPPTS (53 mg,
93 pmol ) in water/MeCN (2:1, 3 mL) was stirred at 100 °C for 1 h.
After cooling, the mixture was neutralized using ag HCl (1 M),
concentrated to dryness in vacuo and the residue was purified by
reverse phase HPFC (C-18, 0—100% MeOH in water) to fumish 6a
(207 mg, 83%) as an orange foam. [a]p —75.3 (¢ 0219, DMSO). 'H
NMR (500 MHz, DMSO-d,): 2.65 (s, 3H, CH,); 3.57 (bdt, 1H, ]_, =
119 Hz, Jo, on = Jsas = 4.5 Hz, H-5'a); 3.66 (bdy, 1H, [, = 119 Hz,
Jsnom = Jsne =44 Hz, H5'b); 3.94 (bg, 1H, [j ¢, = Jy 5= Jy 3 = 36
Hz, H4'); 413 (m, 1H, H-3'); 445 (btd, 1H, [,y = Ja;om = 6.2 He,
Jry = 5.3 Hz, H2'); 5.10 (bt, 1H, Jop ¢u = Jou g = 5.4 Hz, OH-5');
520 (d, 1H, Jo y = 48 Hz, OH-3"); 5.41 (d, 1H, Jo» = 6.4 He, OH-
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2');626(d, 1H, ],y = 6.1 Hz, H-1'); 6.62 (dd, 1H, [, =33 Hz, J;s =
1.9 Hz, H-4-furyl); 6.66 (dd, 1H, i, = 33 Hz, Jis = 09 Hz, H-3-
furyl); 7.80 (dd, 1H, [, = 1.9 Hg, [, = 09 Hz, H-5-furyl); 807 (s,
1H, H-6); 871 (s, 1H, H2). “C NMR (1257 MHz, DMSO-d,):
23.03 (CH,); 61.63 (CH,-5'); 7071 (CH-3'); 7431 (CH-2'); 85.50
(CH-4'); 86.79 (CH-1'); 106.79 (C-5); 108.50 (CH-3-furyl); 11175
(CH-4-furyl); 11536 (C4a); 12582 (CH-6); 14293 (CH-5-furyl);
14762 (C-2-furyl); 150.82 (C-7a); 15138 (CH-2); 159.71 (C-4). IR
(ATR): v 1571, 1438, 1348, 1201, 1120, 1080, 1031, 968, 892, 792,
736, 637 am~'. MS (ESI) m/z 332 (M + H), 354 (M + Na). HRMS
(ESI) for CysH;sN3O05 [M + H] caled: 332.12410; found: 332.12406.
Anal. (C;sH,N;05%/;H,0): C, H) N.
5-Ethynyl-4-methoxy-7-(-o-ribofuranosyl)-7H-pyrrolof2, 3-d]-
pyrimidine (2g). An argon-purged mixture of 13 (407 mg, 1 mmol),
PACL(PPh,), (35 mg, 005 mmol), Cul (19 mg 0.1 mmol),
trimethylsilylacetylene (14 mL, 10 mmol), and triethylamine (0.5
mL) was stired in DMF (2 mL) at rt for 16 h. The volatiles were
removed in vacuo, and the residue was coevaporated several times with
EtOH/toluene and loaded on silica by coevaporation. Column
chromatography (Si0,, 0—1.5% MeOH in CHCL) afforded
trimethylsilylethynyl derivative contaminated by triethylammonium
iodide. This material was directly deprotected by treatment with
K,CO; (207 mg, 1.5 mmol) in MeOH (5 mL) at et for 5 h, followed
by coevaporation with silica and final column chromatography (Si0,,
2.5% MeOH in CHCI,) afforded 2g (268 mg, 88% in two steps),
which was crystallized from MeOH. Mp 205—207 °C. [a], —784 (c
0.333, DMSO). 'H NMR (500 MHz, DMS0-d,): 3.56 (ddd, 1H, ]
= 119 Hz, [, o = 57 Ha, [, = 3.7 Hz, H-5'a); 365 (ddd, 1H, ],
119 Hz, Jonon= 5.3 Hz, Joue = 3.9 Hz, H-5'b); 392 (d, 1H, [ e,
= Jygp = 38 Hz, [y = 35 Hz, H4'); 406 (s, 3H, CH,0); 410 (td,
1H, [y = Jy on = 5.0Hz, [ 4 = 3.4 Hz, H-3'); 411 (d, 1H, [ = 0.4
Hz, C=CH); 438 (td, 1H, [y = Jy, i = 62 Hz, J,. 5 = 5.0 Hz, H-2');
5.2 (4 1H, Jopss = Jopsn = 5.5 Hz, OH-5'); 5.18 (d, 1H, Jop 3 = 4.9
Hz, OH-3'); 541 (d, 1H, Jopa = 63 Hz, OH-2'); 6.14 (d, 1H, [, » =
6.0 Hz, H-1"); 805 (5, 1H, H6); 847 (s, 1H, H-2). “C NMR (125.7
MHz, DMSO-ds): 5404 (CH;0); 61.55 (CH,5'); 7063 (CH-3');
7445 (CH-2'); 77.17 (C=CH); 81.80 (C=CH); 85.56 (CH-4');
87.31 (CH-1'); 94.82 (C-5); 10516 (C-4a); 13001 (CH-6); 15143
(C-7a); 15193 (CH-2); 162.95 (C-4). IR (ATR): v 1596, 1574, 1061,
1005, 653, 604, 535 e~ MS (ESI) m/z 306 (M + H), 328 (M +
Na). HRMS (ESI) for C,H,;N;O.Na [M + Na] caled: 328.0904;
found: 328.0892. Anal. (C,,H ;N0 1/4H,0): C, H, N.
5-(Furan-2-yl)-7-(f-o-ribofuranos yl)-7H-pyrrolo[2,3-d]pyrimidin-
4(3H)-one (7a). To a stirred slurry of 2a (139 mg, 0.40 mmol) and
Nal (300 mg, 2 mmol) in dry MeCN (5 mL) was slowly added
TMSCI (253 pl, 2 mmol), and the mixture was stirred at rt for 4 h
The predpitate was filtered off, washed carefully with MeCN, and
dissolved in water, and pH of the solution was quickly adjusted to 7
using solid K,CO; The mixture was evaporated to dryness, and
crystallization from water gave 7a (S0 mg, 38%) as a beige solid
Reverse phase HPFC (C-18, 0—100% MeOH in water) of the mother
liquors provided additional 7a (31 mg, 23%). Total yidd of 7a was
61%. Mp 184—186 °C. [a]p —83.8 (¢ 0.216 DMSO). "H NMR (500
MHz, DMSO-d,): 3.56 (ddd, 1H, [ = 118 Hz, J5on = 54 Hz, Jop
= 3.7 Hz, H-5'a); 3.63 (ddd, 1H, ;o = 11.9 Hz, J55 0n = 5.3 Hz, Jons
= 37 Hz, H5'b); 390 (g, 1H, Jygs = Jorgn = Juy = 35 Ha, H4');
4.09 (td, 1H, Jy2 = Jyon = 49 Hz, J5,-= 3.3 Hz, H-3'); 435 (1d, 1H,
Jp =Jrou=6.3Hz, [y = 5.1 Hz, H-2); 5.08 (1, 1H, Jopsu = Jonss
= 53 Hz, OH-5'); 5.15 (d, 1H, Jou 5 = 4.8 Hz, OH-3); 5.36 (d, 1H,
Jomz = 6.4 Hz, OH-2'); 6.08 (d, 1H, ], » = 62 Hz, H-1'); 651 (dd,
1H,J,;=33Hz, [ ;= 1.8 Hz, H-xa-furylf; 7.37 (dd, 1H, J,, = 3.3 Hg,
J35= 09 Hz, H-3-furyl); 7.60 (dd, 1H, J;, = 1.9 Hz, [, = 0.9 Hz, H-5-
furyl); 7.68 (s, 1H, H6); 7.96 (d, 1H, Jyyqq = 3.8 Hz, H-2); 12.10 (d,
1H, [y = 37 Hz, NH). “C NMR (125.7 MHz, DMSO-d;): 61.61
(CH,-5); 70.75 (CH-3'); 74.60 (CH-2'); 85.41 (CH-4'); 86.93 (CH-
1'); 104.08 (C-4a); 108.41 (CH-3-furyl); 111.14 (C-5); 111.75 (CH-
4-furyl); 11671 (CH-6); 141.42 (CH-5-furyl); 144.94 (CH-2); 148.68
(C-2-furyl); 14882 (C-7a); 15839 (C4). IR (ATR): v 1696, 1599,
1045, 788, 723 cm™. MS (ESI) m/z 334 (M + H), 356 (M + Na).
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HRMS (ESI) for C,H;N;ONa [M + Na] calcd: 356.0853; found:
356.0843. Anal. (C;sH;sN;04H,0): C, H, N,

4-Chloro-5-iodo-2-methyl-7H-pyrrolo[2,3-dJpyrimidine (23). A
mixture of compound 22** (4.51 g 269 mmol) and N-
iodosuccinimide (6.7 g 29.8 mmol) in dichloromethane (80 mL)
was stirred at it for 4 h. The volatiles were removed under reduced
pressure, and the residue was crystallized from MeCN, affording 23
(6.89 g, 87%) as pinkish-orange needles. Mp 229—231 °C. 'H NMR
(500 MHz, DMSO-d; ): 260 (5, 3H, CH, ); 7.80 (d, 1H, [ = 2.5 Hz,
H-6); 12.67 (bs, 1H, NH). “C NMR (125.7 MHz, DMSO-d,): 25.07
(CH,); 51.58 (C-5); 113.55 (C-4a); 133.02 (CH-6); 15062 (C-4);
15249 (C-7a); 160.04 (C-2). IR (ATR): v 1607, 1550, 1463, 1402,
1245, 1196, 964, 897, 808, 779, 632, 609, 573 am™ . MS (ESI) m/z
294 (M + H), 316 (M + Na). HRMS (ESI) for C;HzN,CII [M + H]
caled: 293.92804; found: 293.92895.

4-Chloro-5-iodo-2-methyl-7-(2,3,5-tri-O-benzoyl- j-o-ribofurano-
syl)-7H-pyrrolo[2,3-d]pyrimidine (25). To a slurry of iodide 23 (3.39
g 1155 mmol) in dry MeCN (60 mL) was added N,O-
bis(trimethylsilyl)acetamide [BSA] (344 mL, 13.87 mmol), and the
mixture was stirred at rt for 20 min (dear solution was formed). Then
TMSOTF (42 mL, 2324 mmol) was added, 1-O-acetyl-2,3 5-td-O-
benzoyl-fi-n-ribofuranose 24 (11.67 g, 23.13 mmol) was introduced in
three portions (3 x 3.89 g, once per 8h), and the mixture was stirred
at 50 “C for 24 h. After cooling, the mixture was treated with saturated
aq NaHCO; (150 mL) and extracted with CHCl, (300 ml, then 2 x
50 mL). Combined organic phases were dried over MgSO,,
concentrated in vacuo, and coevaporated with silica. Column
chromatography (Si0, dichloromethane—2.5% EtOAc in dichloro-
methane) afforded fractions containing product contaminated to
various extents with non-nuclecside sugar byproducts. Crystallization
of these fractions from hexane/ EtOAc afforded 25 (3.03 g, 35%) as a
white crystalline solid. Mp 180—182 °C. '"H NMR (500 MHz, DMSO-
dg): 258 (s, 3H, CH,); 4.68 (dd, 1H, ] ., =122 Hg, [g,, = 5.0Hz, H-
5'a); 478 (dd, 1H, [, = 122 Hy, Joy = 3.9 Hz, H-5'b); 487 (ddd,
1H, J; 5 -S?Plzf.h-squJ.“-ss!Hz H-4'); 623 (y, 1H,
Jy4 =Jya =59 Hz, H-3'); 6.30 (dd, 1H, [, 5 = 6.1 Hy, [,.) = 4.5 Hg,
H-2'); 6.63 (d, 1H, J;., = 4.5 Hz, H-1'); 7.40-7.52 (m, 6H, H-m-Bz ;
7.60-7.70 (m, 3H, H-p-Bz); 7.84—797 (m, 6H, H-0-Bz); 817 (s, 1H,
H-6). “C NMR (125.7 MHz, DMSO-d,): 2507 (CH,); 54.44 (C-5);
63.52 (CH»-5'); 7093 (CH-3'); 73.82 (CH-2'); 7934 (CH4'); 86.89
(CH-1'); 114.83 (C-4a); 128.50 and 128.78 (C-i-Bz); 128.94, 128.96,
and 12898 (CH-m-Bz); 129.31 (C-i-Bz); 129.35 and 129.57 (CH-o-
Bz); 13368 (CH-6); 133.75, 134.08, and 13419 (CH-p-Bz); 151.39
(C-7a); 15148 (C-4); 160.86 (C-2); 164.66, 164.87, and 165.58
(CO). IR (ATR): v 1729, 1720, 1593, 1415, 1267, 1248, 1212, 1103,
1071, 708 cm™". MS (ESI) m/z 738 (M + H), 760 (M + Na). HRMS
(ESI) for CyHysCIN;O:Na [M + Na)] caed: 760.0318; found:
T60.0314.

4-Amino-5-iodo-2-methyl-7-( f-o-ribofuranosyl)- 7H-pyrrolo[2,3-
d]pyrimidine (26). A suspension of nucleoside 25 (2.99 g, 403 mmol)
in dioxane (20mL) and aq ammonia (27% w/w, 15 mL) was stirred in
a steel bomb at 120 °C for 24 h After cooling, the volatiles were
evaporated in vacuo, the residue was purified by reverse phase HPFC
(C-18, 0—100% MeOH in water), and final recrystallization from
MeOH/water (1:1) afforded 26 (1.51 g, 92%) as long colodess
needles. Mp 236-239 °C. [a]p —57.0 (c 0.316, DMSO). 'H NMR
(500 MHz, DMSO-d,): 2.37 (s, 3H, CH,); 3.52 (ddd, 1H, Jpem =120
Hz, 5. on = 6.6 Hz, Jg, o = 3.7 Hz, H-5'); 3.60 (ddd, 1H, [, = 120
Hz, Jos0n = 47 Hz, Jop, = 3.8 Hz, H5'b); 3.88 (td, 1H, [ 5. = Ji 5o
=37 Hz, Jy:5 = 27 Hz, H4'); 405 (td, 1H, J3:2 = Jy on = 48 Hz, 5 ¢
=27 Hz, H-3'); 440 (td, 1H, [, = Ju o5 = 66 Hz, J,. = 5.1 Hz, H-
2'); 512 (d, 1H, Joy = 4.5 Hz, OH-3'); 5.28 (d, 1H, Jouz = 6.5 Hz,
OH-2'); 529 (dd, 1H, oy 5, = 6.6 Ha, [ ¢, = 47 Hz, OH-5); 5.97
(d 1H, Jy» = 6.8 Hz, H-1'); 6.60 (bs, 2H, NH,); 7.56 (s, 1H, H-6).
BC NMR (1257 MHz, DMSO-d,): 25.35 (CH,); 51.79 (C-5); 61.93
(CH,-5'); 7090 (CH-3'); 73.71 (CH-2'); 8553 (CH-4"); 87.10 (CH-
1'); 10142 (C-da); 12694 (CH-6), 15119 (C-7a); 15722 (C-4);
160,74 (C-2). IR (ATR): v 1627, 1588, 1560, 1460, 1416, 1289, 1119,
1086, 1030, 786, 657 an™'. MS (ESI) m/z 407 (M + H), 429 (M +
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Na). HRMS (ESI) for C,H, JIN,ONa [M + Na] calcd: 429.0030;
found: 429.0029. Anal. (C,,H,N,0,]-H,0): C, H, N.

2,4-Diamino-5-(furan-2-yl)-7-(-o-ribofuranosyl)-7H-pyrrolof2,3-
dbynmrdme {8a). An argon-purged mixture of 2, 4—|.‘1.|.ammo-5 dodo-7-
(f-p-ribofuranosyl }-7H-pyrrolo[2,3-d]pyrimidine 277 (305 mg, 0.75
mmol), foran-2-boronic acid (126 mg, 1.125 mmol), Na,CO, (239
mg, 2.25 mmaol), PA{OAc), (8 mg, 0036 mmaol), and TPPTS (53 mg,
0.093 mmol) in water/MeCN (2:1, 5 mL) was stirred at 100 °C for 3
h. After cooling, the mixture was neutralized using aq HCI (1 M) and
concentrated to dryness in vacuo, and the residue was purified by
reverse phase HPFC (C-18, 0—100% MeOH in water) to afford 8a
(209 mg, 80%), which was crystallized from water as white needles.
Mp 234-236 °C. [a]p —71.9 (¢ 0.313, DMSO). 'H NMR (500 MHz,
DMSO-dg): 3.52 (ddd, 1H, ;op, = 119 Hz, [o, o = 6.0 Hz, Jo, o = 4.1
Hz, H-5a); 361 (ddd, 1H, Joor, = 119 Ha, Jgupps = 5.2 Ha, Jony = 4.1
Hz, H-5'b); 384 (td, 1H, J; oo = Jy5 =41 Hz, [, = 33 Hz, H4');
4.06 (td, 1H, J3:2 = Jyoun = 49 Hz, Jy4 = 3.3 Hz, H-3'); 434 (td, 1H,
Ty = Jon = 64, Jyy = 52 Hz, H-2'); 508 (d, 1H, Jo y = 4.6 Hz,
OH-3'); 518 (dd, 1H, Jops, = 60 Hz, Jopes = 5.2 Hz, OH-5'); 5.28
(d, 1H, Joua = 63 Hz, OH-2"); 577 (bs, 2H, NH,2); 5.96 (d, 1H,
Jya = 6.4 Hz, H-1'); 6.47 (bs, 2H, NH,-4); 6.55—6.59 (m, 2H, H-3,4-
furyl); 7.40 (s, 1H, H-6); 7.73 (dd, 1H, J,, = 1.7 Hz, J,, = 1.0 Hz, H-
S-furyl). 5C NMR (1257 MHz, DMSO-d,): 6195 (CH,-5'); 70.77
(CH-3'); 73.50 (CH-2'); 8491 (CH-4"); 8635 (CH-1'); 93.16 (C-
4a); 10460 (CH-3-furyl); 10673 (C-5); 11200 (CH-4-furyl); 11699
(CH-6); 14156 (CH-S-furyl); 14970 (C-2-furyl); 15412 (C-7a);
157.84 (C4); 160.13 (C-2). IR (ATR): v 1609, 1579, 1478, 1444,
1126, 1010, 875, 792, 738 cm™". MS (ESI) m/z 348 (M + H), 370 (M
+ Na). HRMS (ESI) for CysHigNsOs [M + H] caled: 348.13025;
found: 348.13034. Anal. (C,H,,N,O,): C, H, N.

4-Amino-5-(furan-2-yl)-2-methyl-7-(fi-o-ribofuranosyl)-7 H-
pyrrolo(2,3-d]pyrimidine (9a). An argon-purged mixture of 26 (305
mg, 0.75 mmaol), furan-2-boronic acid (126 mg, 1.125 mmol), Na,CO,
(239 mg, 2.25 mmol), Pd(OAc), (8 mg 0036 mmol), and TPPTS
(53 mg, 0.093 mmol) in water/MeCN (2:1, 5 mL) was stirred at 100
“C for 3 h. After cooling, the mixture was neutralized using ag HCI (1
M) and concentrated to dryness in vacuo, and the residue was purified
by reverse phase HPFC (C-18, 0—100% MeOH in water) to afford
product 9a (203 mg, 78%) as a beige solid, which was crystallized from
water/MeOH to give beige needles. Mp 205—207 °C. [a]y, —747 (¢
0.269, DMSO). 'H NMR (500 MHz, DMSO-d,): 2.39 (s, 3H, CH,);
354 (ddd, 1H, J ., = 12.0 Hz, Jo o0 = 68 Hz, Jo,, = 37 Hz, H3'a);
3.64 (ddd, 1H, Joum = 120 Hz, Jon o = 4.8 Hz, [go0 = 39 Hz, H-5'b);
391 (td, 1H, Jy 5, = Jogn = 3.8 Hz, [y 5 = 29 Hz, H-4'); 4.09 (bd,
1H, Jyp = Jyom = 49 Hz, [, = 2.9 He, H3'); 447 (td, 1H, ], =
Jrom = 64 Hz, v 5 = 51 Hz, H-2'); 515 (bd, 1H, Jousy = 4.6 Hg,
OH-3'); 5.31 (bd, 1H, Jys = 6.5 Hz, OH-2'); 5.34 (dd, 1H, Joys, =
6.8 Hz, Jopss = 4.8 Hz, OH-5"); 603 (d, 1H, ], » = 67 Hz, H-1');
6.60 (dd, 1H, ], = 33 Hz, [, = 1.9 Hz, Hed-furyl); 665 (dd, 1H, e
= 3.3 Hz, 35 = 0.9 Hz, H-3-furyl); 6.86 (s, 2H, NH,); 7.74 gs, 1H, H-
6); 777 (dd, 1H, J,, = 19 Hz, J;; = 09 Hz, H-5-furyl). “C NMR
(125.7 MHz, DMSO-d,): 25.32 (CH,); 62.04 (CH,-5'); 70.96 (CH-
3'); 73.61 (CH-2'); 85.55 (CH-4'); 8732 (CH-1'); 97.50 (C-4a);
105.19 (CH-3-furyl); 106.21 (C-5); 112.09 (CH-4-furyl); 120.39 (C-
6); 14204 (CH-5-furyl); 14899 (C-2-furyl); 151.93 (C-7a); 157.33
(C-4); 160.82 (C2). IR (ATR): v 1641, 1565, 1499, 1417, 1316,
1123, 1099, 1046, 1014, 983, 873, 792, 740 cm™", MS (ESI) m/z 347
(M + H), 369 (M + Na). HRMS (ESI) for CjsH;sN,05 [M + H]
caled: 347.1350; found: 347.1340. Anal. (C,/H, N,0,-'/,H,0): C, H,
N.

2-Amino-5-(furan-2-yl)-4-methoxy-7-(f-o-ribofuranosyl)- 7H-
pyrrolo[2,3-d]pyrimidine (10a). An argon-purged mixture of 2-amino-
5- mdo-4 methoxy-7-(f-n-ribofuranosyl)-7H-pyrrolo[ 2,3-d |pyrimidine
28" (822 mg, 2 mmol), furan-2-boronic acid (336 mg, 3 mmol),
Na,CO, (636 mg, 6 mmol), PA(OAc), (22 mg, 98 umol), and TPPTS
(142 mg, 025 mmol) in water/MeCN (2:1, 10 mL) was stirred at 100
“C for 3 h. After cooling, the mixture was neutralized using aqg HCI (1
M) and evaporated to dryness in vacuo, and the residue was purified
by reverse phase HPFC (C-18, 0—100% MeOH in water).
Repurification by column chromatography (Si0,, 2.5% MeOH in
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chloroform) famished 10a (426 mg, 59%) as a beige solid, which was
crystallized from MeOH. Mp 204—206 °C. [alp —63.7 (¢ 0.331,
DMSO). 'H NMR (500 MHz, DMSO-d;): 3.53 (ddd, 1H, J, 19
Hz, Jyon = 5.5 Ha, Jo, 0 = 3.9 He, Ho5'a); 359 (ddd, 1H, J1, = 119
Hz, [y on = 5-3Hz, Jop ¢ = 3.9 Hz, H-5'D); 3.85 (btd, 1H, [0, = Jygn
=39 Hz, ;. , = 31 Hz, H4'); 399 (s, 3H, CH,0); 406 (btd, 1H,
Jyz=Jyou=48Hz, ]y . = 30Hz, H-3'); 434 (td, 1H, J;. ;- =] o =
64 Hy, ;5 = 5.1 Hg, H-2'); 304 (t, 1H, Jomsa = Jomss = 54 Hz,
OH-5"); 507 (d, 1H, oy = 44 Hz, OH-3'); 527 (d, 1H, Jouz = 63
Hz, OH-2'); 6.03 (d, 1H, J;.» = 65 Hz, H-1'); 636 (s, 2H, NH,);
6.51 (dd, 1H, Ji5 = 33 Hz, ;5 = 1.8 Hz, H-4-furyl); 6.82 (dd, 1H, J54
= 3.3 Hg, [, =0.9 Hz, H-3-furyl); 7.43 (s, 1H, H-6); 7.59 (dd, 1H, J,,
= 1.8 Hz, J ;= 09 Hz, H-5-furyl). “C NMR (125.7 MHz, DMSO-d, ):
53.28 (CH,0); 61.79 (CH,-5'); 70.83 (CH-3'); 7373 (CH-2'); 84.95
(CH-4'); 85.89 (CH-1'); 93.78 (C-4a); 106.50 (CH-3-furyl); 107.54
(C-5); 11171 (CH4-furyl); 11653 (C-6); 14113 (CH-5-furd);
149.21 (C-2-furyl); 15561 (C-7a); 159.86 (C-2); 16329 (C-4). IR
(ATR): v 1626, 1597, 1575, 1486, 1442, 1411, 1308, 1213, 1043, 1004,
790, 739 cm™'. MS (ESI) m/z 363 (M + H), 385 (M + Na). HRMS
(ESI) for CusHisN,OsNa [M + Na] caled: 385.11186; found:
385.11168. Anal. (C,;HN,0,'/ H,0): C, H, N,

2-Amino-5-(furan-2-yl)-7-(f-o-ribofuranosyl - 7H-pyrrolof2,3-d]-
pyrimidin-4(3H)-one (11a). To a stirred slurry of 10a (174 mg, 0.48
mmol ) and Nal (360 mg, 2.4 mmol} in dry MeCN (5 mL) was slowly
added TMSCI (304 uL, 2.4 mmol), and the mixture was stirred at rt
for 4 h. The precipitate was filtered off, washed carefully with MeCN,
and dried. The solid was then dissolved in water/MeOH, the pH of
the solution was quickly adjusted to 7 using solid K,COy, and the
mixture was evaporated to dryness. The residue was desalted by
reverse phase HPFC (C-18, 0—100% MeOH in water) and repurified
by column chromatography (Si0,, 6% MeOH in CHCI;) to obtain
11a (35 mg, 21%) as a yellowish foam. [a]y —66.5 (¢ 0.200, DMSO).
'H NMR (500 MHz, DMSO-d, ): 352 (ddd, 1H, J;em = 119 Hz, J¢ om0
=54 Hz, g, ¢ = 4.0 Hz, H-5'2); 358 (ddd, 1H, Jir, = 119 Hz, Jouon
= 5.3 Hz, [y, = 3.9 He, H-5'b); 3.82 (td, 1H, [, 5, = 55 = 39 Hz,
Jox =32 Hz, H4'); 405 (m, 1H, H-3); 428 (td, 1H, [y = Jy ou =
64 Hz, [, 5 = 51 Hz, H-2'); 500 (t, 1H, Jous, = Jouss = 54 Hz,
OH-5); 505 (d, 1H, Joy y = 44 Hz, OH-3'); 526 (d, 1H, Jou» = 6.5
Hz, OH-2'); 592 (d, 1H, J;» = 6.5 Hz, H-1); 635 (s, 2H, NH,);
646 (dd, 1H, J, = 33 Hz, ], , = 1.8 Hz, Hd-furyl); 7.25 (s, 1H, H-6);
7.31(dd, 1H, J34 = 33 Hz, J35 = 1.0 Hz, H-3-furyl); 7.54 (dd, 1H, Js
= 19 Hg, J;; = 0.9 Hz, H-5-furyl); 1047 (s, 1H, NH). C NMR
(125.7 MHz, DMSO-d,): 61.75 (CH,-53"); 70.80 (CH-3'); 73.88 (CH-
2'); 84.89 (CH-4"); 85.88 (CH-1'); 96.21 (C-4a); 107.66 (C-3-furyl);
11089 (C-5); 11156 (CH-4-furyl); 113.28 (C-6); 140.85 (CH-5-
furyl); 149.42 (C-2-furyl); 152.33 (C-7a); 153.12 (C-2); 158.77 (C-4).
IR (ATR): v 1632, 1602, 1552, 1543, 1439, 1357, 1123, 1038, 1022,
999, 786 cm™'. MS (ESI) m/z 349 (M + H), 371 (M + Na). HRMS
(ESI) for C,HN,ONa [M + Na] caled: 371.09621; found:
37109615,
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2.3.1.4 Inhibition of human and mycobacterial ADK by compounds with different
structural basis
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ABSTRACT: Adenosine kinase (ADK) from Mycobacterium
tuberculosis (Mtb) was selected as a target for design of
antimycobacterial nucleosides. Screening of 7-(het)aryl-7-
deazaadenine ribonucleosides with Mtb and human (h)
ADKs and testing with wild-type and drug-resistant Mtb
strains identified specific inhibitors of Mtb ADK with
micromolar antimycobacterial activity and low cytotoxicity.
Xeray structures of complexes of Mtb and hADKs with 7-
ethynyl-7-deazaadenosine showed differences in inhibitor
interactions in the adenosine binding sites. 1D 'H STD
NMR experiments revealed that these inhibitors are readily
accommodated into the ATP and adenosine binding sites of
Mtb ADK, whereas they bind preferentially into the adenosine

NH, g
L
SN
HO o
OH OH
R = ethynyl

R = small hetaryl inhibitors of hKADK and Mtb ADK; cytotoxic
R = bulky hetaryl selective inhibitor of Mth ADK, non-cytotoxic

site of hADK. Occupation of the Mtb ADK ATP site with inhibitors and formation of catalytically less competent semiopen
conformation of MtbADK after inhibitor binding in the adenosine site explain the lack of phosphorylation of 7-substituted-7-
deazaadenosines. Semiempirical quantum mechanical analysis confirmed different affinity of nucleosides for the Mtb ADK

adenosine and ATP sites.

M INTRODUCTION

Tuberculosis (TB) remains one of the leading public health
problems worldwide and is more prevalent in the world today
than at any other time in human history. In 2012, an estimated
8.6 million people developed TB, and 1.3 million died from the
disease (WHO tuberculosis report 2013 ). In recent decades,
multidrug-resistant (MDR ) and even more ominous extensively
drug-resistant (XDR) Mycobacterium tuberculosis (Mtb) strains
have emerged.' At the same time, a high rate of HIV co-
infection, especially in developing countries, has increased the
susceptibility of the population to Mtb infection. Successful
treatment of TB requires long courses of several antibiotics. In
HIV-positive patients, TB treatment is further complicated by
undesirable drug—drug interactions that decrease the ther-
apeutic concentration of antiretrovirals by induction of the

w7 ACS Publications 2014 American Chemical Sodiety
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hepatic cytochrome P450 oxidase system.” Similar restrictions
apply to coadministration of diabetes and TB drugs. Mtb can
persist permanently in host lesions, evading immune
surveillance. An estimated one-third of the world’s population
asymptomatically harbors a latent form of Mtb, with a life-long
risk of disease activation and tr ion. However, ing
drugs do not target the latent form of Mtb. Therefore, the
discovery of new molecules with new mechanisms of action is
needed to address latent Mtbh. New treatments may become
critical as MDR and XDR Mtb incidence increases.

Enzymes involved in the biosynthesis of purine mucleotides
are potential targets for development of new types of
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compounds active against Mitb. In most organisms, purine
nucleotides are formed from purine bases and phosphoribosyl
1-pyrophosphate or by phosphorylation of nucleosides in the
purine salvage pathway, or they are synthesized de novo in a
multistep sequence. Mtb expresses enzymes from both
pathways; however, the interdependence and regulation of
these processes remain unclear. Of the variety of possible target
enzymes from the Mib purine salvage paﬂ'lway,J“‘ adenosine
kinase (ADK, EC 2.7.1.20, Rv2202¢)’ is considered a promising
target for drug development. ADK catalyzes phosphorylation of
adenosine to adenosine monophosphate (AMP) in the
phosphoryl transfer reaction using adenosine 5'-triphosphate
(ATP) as a substrate and releasing adenosine 5'-diphosphate
(ADP). ADK is present in most eukaryotes, fungi, plants, and
parasites but is not common]yfound in bacteria. The activity of
ADK has been confirmed in Mtb and biochemical character-
ization indicates that this enzyme shares low structural
similarity with and behaves very differently from human and
other well-characterized ADKs.*”

Nucleoside analogs are an important group of drugs used to
treat viral infections and cancer. Certain nucleoside inhibitors
are active against Toxoplasma anﬂ‘l-l-a and other pa.ra.sites'J
Several adenosine analogs with various modifications have
already been tested for inhibition of Mtb ADK ' These
studies established the promise of these compounds for drug
development. In addition, diverse modified 7-deazapurine
nucleosides have been reported as ADK inhibitors."' ™"
Recently, we discovered 6-hetaryl-7-deazapurine ribonucleo-
sides with na.nomola.r cytostatic activities toward leukemia and
cancer cell lines,' & and we later found that these nucleosides are
excellent inhibitors of Mtb ADK but only weak antimyco-
bacterial agents.” Related 7-deazaadenosines bearing small five-
membered heterocycles at position 7 (1) were also found to be
nanomolar r:)rlcustatin:s,“i whereas compounds bearing bulky
aromatic substituents were neither cytostatic nor cytotoxic.
Here, we report on the structure—activity relationship of 7-
substituted 7-(het)aryl-7-deazaadenine ribonucleosides with
Mtb ADK and human ADK (hADK). We also describe
screening of these compounds for in vitro inhibition of Mth
ADK and hADK and for inhibition of two Mtb strains.

B RESULTS AND DISCUSSION

Chemistry of 7-Substituted 7-Deazaadenosines. Syn-
thesis of la—s (Chart 1) was reported prE\-'icn.Is]}r."i Our
previous study showed that 7-deazaadenosine derivatives
bearing small five-membered rings or acetylene exerted
significant cytostatic/cytotoxic effects. To identify nontoxic
derivatives with potential activity against Mth ADK, we
designed a series of nucleosides bearing bulky hydrophobic
aromatic substituents at position 7. These substituents included
substituted benzenes (lt—aa), polycyclic (hetero)aromatics
(1ab-af), styrene (lag), biaryls (lah,ai), and aryl benzyl ether
(1aj). All compounds were prepared by a single-step procedure
based on the aqueous Suzuki—Miyaura cross-coupling reactions
of 7-iodo-7-deazaadenosine (2) with the corresponding
arylboronic acids (Scheme 1). The reactions generally
proceeded smoothly, providing the desired 7-aryl-7-deazaade-
nosines 1t—aj in good yields of 67—91% (with the exception of
compound lai, which was isolated in 53% yield).

Biological Activity Profiling of 7-Substituted 7-
Deazapurine Derivatives. Compounds la—aj were tested
for inhibition of human and Mtb ADKs (for cloning,
expression, and purification of these enzymes, see ref 19).

93

Chart 1. Numbering of Proton Positions in Modified
Nucdleosides and Structures of Previously Reported 7-
Substituted 7-Deazaadenosines

OCH;  SCHy

100

Scheme 1. Synthesis of 7-Deazaadenosines Bearing Bulky
Substituents at Position 7

NHz NH: R
NZ Sy
R-B(OH |
'\ N Pd DAA:)( TI::'ZPTB I\“N N
Ho 0 NazCOy, H;O0MMeCN Ho o
2 1o0c w1}
OH OH
(32%) (sa%] (36%} {81%) tao%) (37%1

w#v

1ac
:Bl%) {93%] (84%1 cga%)
1ae
fBa%] ? 35%}
1ag 1ah 1ai
(67%) (71%) (53%) [70%}

Most compounds were also tested as potential kinase
substrates. The inhibiion and substrate phosphorylation
screening results were correlated with the compounds’ in
vitro cytotoxicity (MTT) against nonmalignant B] and MRC-5
human fibroblast cell lines (Table 1). As expected, the
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Table 1. Cytotoxicity, Human and Mtb ADK Inhibition, and Antimycobacterial Activity

ADK Phs® (%), human

compd  BJ* CCq (M) MRC-5 CCan (M)

la 431 + 36 134 + 36 62
1b 508 +64 210 + 32

1c 219 + 14 614 + 6.1

1d 180 +£32 45.6 £ 35

le 906 + 5.8 944 + 87

1f 139 £ 19 136 + 1.5

1g 183 +2.1 949 + 149 8

1h 915 £133 67.9 £ 149 9

1i 654 + 26 394 + 45 2

1j 129 + 09 425 £ 53 2

1k >100 99.6 + 1.0 &

11 1001 + 1.5 505 + 088 20
1m =100 251 + 5.1 3

in 951 + 203 0.18 +0.13 7

1o 489 +£53 TLL + 89 9

1p 0.12 + 003 033 + 0.04 47
1q 148 028 015 + 006 19
Ir 0.08 + 0.02 0.10 + 0.0 37
1s 212 +21 351+ 38

1t 573+ 14 379128

Iu >100 >100

1v 639 + 44 519 + 87

1w =100 96.3 £ 59

1x 620 +9.1 TRE + 120

1y 599 £27 502+ 88

1z 155 £07 460 + 8.1

laa =100 =100

lab 231 +25 >100

lac >100 66.0 +92

lad >100 100 + (.08

lae =100 951 £ 77

laf >100 685 + 6.3

lag 196 + 1.7 482 + 96

1ah 406 79 937 £ 635

lai 0.12 + 003 642 + 121

1aj =100 921 + 125

M. tuberculosis MIC

ADK inhibition 1Czo (M) (M)
human Mtb M bovis® ICg (WM) My 331/88  Praha 131

020 + 002 0.33 + 002 013 8 8
=5 =10 134 8 8
=5 =10 208 16 16
=10 >10 0.36 4 8
=10 >10 187 31 3z
=5 5335+ 065 039 2 4
=5 210+ 015 17.4 625 625
=5 =10 831 16 16
=5 >10 473 8 8
=5 660 + 0.51 343 8 8
=20 44 + 030 727 615 625
45+ 031 =10 112 625 625
23+ 047 45 =020 251 125 125
=10 =10 48.0 =250 =250
10 =5 308 125 125
13 =10 =100 >250 250
20 =3 >100 =250 =250
20 >10 69.0 =250 =250
=10 L80 + 020 227 16 16
=20 49 + 040 8 8
i3+ 04 133+ 025 n 3z
=20 =10 529 16 16
=20 =10 454 625 625
=10 =10 L16 4 4
=10 131+ 15 307 n n
=10 =10 138 8 8
=10 =10 705 8 8
=10 =10 1.74 16 16
=10 >10 190 31 3z
=10 0.6 + 005 019 4 4
=20 03 +002 453 16 16
=10 206 + 0.14 4432 625 125
=10 09 + 012 130 8 8
=20 767 + (.81 168 4 4
=20 =10 7442 625 625
=20 >10 6.39 16 3z

“Cytotoxicity (MTT test) in B] and MRC-5 fibroblasts. "Phs, ADK substrate activity (phosphorylation), conversion to 5'-phosphate (%). “50%

growth inhibitory co ion of Mycol
compound was 0.5 uM for the My 331/88 strain.

bovis BCG cultivated in vitro,

Incubation time = 14 days. MIC of isoniazid as reference

cytotoxicity strongly depended on the bulkiness of the
substituent at position 7, with all compounds bearing bulky
groups showing little to no cytotoxicity (with the exception of
lai, which was toxic to BJ cells). Most compounds did not
significantly inhibit hADK and were poor-to-moderate
substrates for this enzyme. Only the 7-ethynyl derivative (la)
was a potent (submicromolar) hADK inhibitor, while a few
additional derivatives (1l,m,u) were inhibitory at micromolar
concentrations. In contrast, most derivatives (e.g.,
Ifgjkmgstuyafah) showed significant inhibition of Mtb
ADK with IC,, values in the micromolar range. Three bulky
derivatives (lad,aeag) inhibited the Mtb enzyme at sub-
micromolar concentrations but showed no inhibitory activity
toward hADK. All compounds were also tested for activity
against Mycobacterium bovis and Mtb (strain My 331/88 and
drug-resistant strain Praha 131). Most compounds, except In—
r, were active against Mtb with in vitro minimum inhibitory
concentration (MIC ) ranging between 2 and 60 uM (see Table

94
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1). The antimycobacterial activities of 14 compounds from our
series of 39 nucleoside analogs correlated well with Mtb ADK
inhibition. We found that 1d,ixaaabacaj were fairly active
against Mtb and M. bows but did not inhibit Mtb and hADKs,
perhaps suggesting that they can target other enzymes from the
purine salvage pathway. The Mtb-ADK-specific derivative 1f (7-
(2-naphthyl)) displayed the highest antimycobacterial activity
with MIC of 2 and 4 yM for the wild-type and drug-resistant
Mtb strains, respectively. The nontoxic, Mth-ADK-specific
dibenzofuran derivative (lad) showed the best therapeutic
index. This compound displayed antimycobacterial activity with
MIC of 4 uM for both Mtb strains. Compounds 1f and 1ad are
promising lead structures for further development of
antimycobacterial drugs. The lower activities of 7-deazapurine
derivatives against Mtb compared to M. bovis could be the
result of slightly different conditions used for cultivation and
testing and/or the extent of compound uptake through the cell
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Figure 1. Kinetics of competition of 1a with adencsine and ATP in Mtb ADK and hADK binding sites. The panels show the Lineweaver—Burk
plots: (A) inhibition of Mth ADK in the presence of increasing concentrations of adenosine (Ado) (a, 0 uM; b, 0.5 uM; ¢, 1 uM) and 5 mM ATP;
(B) inhibition of hADK in the presence of increasing concentrations of Ado (a0 nM; b, 20 nM; ¢, 30 aM) and 120 gM ATP; (C) inhibition of Mtb
ADK in the presence of increasing concentrations of ATP (a, 0 mM; b, 0 025 mM; ¢, 0.5 mM) and 5 gM Ado; (D) ishibition of hADK in the
presence of increasing concentrations of ATP (a 0 nM; b, 15 nM; ¢, 30 nM; d, 60 aM) and 5 M Ado.

wall. Therefore, our future focus will be on design of suitable
prodrugs and delivery of nucleosides.

We observed differences in phosphorylation of 7-substituted
7-deazapurine nucleosides by human and Mtb ADK. While no
synthesized analog was phosphorylated by Mtb ADK, several
compounds served as substrates for hRADK (see Table 1). This
may indicate differences in the structures of these enzymes
and/or different binding modes of nucleoside analogs into the
adenosine and ATP binding sites.

To gain insight into the mechanism of action of 7-substituted
7-deazapurine nucleosides on BADK and Mtb ADK, the
kinetics of compound la, which inhibits both ADKs but is
phosphorylated only by hADK, were examined. For both
enzymes, the Lineweaver—Burk double reciprocal plots of
initial velocities against increasing concentrations of adenosine
indicated mixed competitive inhibition (Figure 1A,B) with la,
suggesting inhibitor binding into either the adenosine or ATP
binding sites (or simultaneously to both sites) with almost
comparable affinities. The plots from competition of 1a with
ATP in Mth ADK also showed mixed competitive inhibition
(Figure 1C), but for hADK nearly pamllel lines for increasing
concentration of ATP were detected (Figure 1D). This type of
inhibition can be interpreted as a mixed uncompetitive
inhibition, which suggests preferential binding of inhibitor
into the already formed complex between the enzyme and
ATP; however, it does not exclude binding of 1a into the ATP
site.,
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Crystal Structures of hADK-1a and Mtb ADK-1a
Complexes. To explore the binding of 7-substituted 7-
deazapurine nucleosides to human and mycobacterial ADKs
on a structural level, we determined crystal structures of hADK
and Mtb ADK in complex with 1a, a compound that efhiciently
inhibits both enzymes and is specifically phosphorylated by
hADX.

The hADK-1a complex crystallized in the F2,2,2 space group
with two protein molecules in the asymmetric unit. The
crystallographic model was refined to 2.5 A resolution. Three
molecules of la were modeled into a well-defined electron
density map (Figure S1 in Supporting Information). In both
hADK molecules in the asymmetric unit, la binds into the
substrate binding site located at the interface between a large
core domain and a small lid domain. The position of 1a mimics
that of adenosine found in the crystal structure of the hADK—
adenosine complex (PDB code 1BX4).™ The overall structure
of the hADK- 1a complex is very similar to that of the adenosine
bound enzyme. The protein adopts a closed conformation in
which the small Iid domain closes over the active site.
Compound la is completely buried in a hydrophobic pocket
formed by amino acid residues Leul6, Leu4d, Leul34, Ala 136,
Leul38, and Phel70 (Figure 2A). The position of the base ring
moiety is stabilized by a stacking interaction with the Phe170
side chain. The ethynyl moiety of la is buried deep in the
hydrophobic pocket and takes the place of a water molecule
observed in the structure of hADK with bound adenosine.
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Figure 2. Binding of la to the adenosine binding site (A) and ATP
binding site (B) of RADK and to Mitb ADK (C). Residues interacting
with 1a are shown as sticks. Polar interactions are shown by magenta
dashed lines. Adenosine positions superposed from crystal structures
of hADK—adenosine (PDB code 1BX4)*® or Mtb ADK—adencsine
(PDB code 2PKM)™ complexes are represented as black lines. Panel
D shows superposition of the semiopen conformation of the Mtb
ADK-1a complex (magenta) with the open conformation of Mth ADK
apo form (yellow, PDB code 2PKF) and the closed conformation of
the Mth ADK-adenosine complex (green, PDB code 2PEM).

Similar replacement of a water molecule by an iodine atom was
also observed for S-odo-5'-deoxytubericidin (PDB code
216A). The ribose ring of 1a forms numerous direct hydrogen
bonds with residues Asnl4, Asp18, Gly64, Asn68, Asn296, and
Asp300 (Figure 2A).

In one of the hADK molecules in the asymmetric unit
(protein chain A), an additional molecule of 1a is bound in the
ATP binding site located in the core domain about 15 A from
the adenosine binding site. Partial occupancy within the
asymmetric unit points to a lower affinity of this site for la.
The following amino acid residues form polar contacts with la:
Thr265, Gly267, Arg268, Thr271, Asp286, GIn288, and His324
(Figure 1B). The pose of la closely resembles the binding of
adenosine molecule into ATP binding site as found in the

structure of the hADK-—adenosine complex (PDB code
1BX4).™ The positions of the sugar moieties of la and
adenosine are very similar, but the positions of the bases are
different. Interestingly, a loop surrounding the ATP binding site
(and connecting /14 to @ll1) is partially disordered in the
hADE-1a structure, and amino acid residues 286-292 could
not be modeled into a continuous electron density map.

The Mth ADK-la complex crystallized in the P3, space
group with two protein molecules per asymmetric unit
representing the biologically relevant Mtb ADK dimer. The
final crystallographic model was refined to 2.5 A resolution with
two molecules per asymmetric unit. The quality of electron
density map for residues 9—48 and 99-120 is limited
suggesting that the lid domain region is partially disordered.
One molecule of 1a bound to the enzyme active site was
modeled into a well-defined electron density map in both
molecules in the asymmetric unit (Figure 51). A molecule of 1a
binds into the adenosine binding pocket located at the interface
of the core and lid domains; the ATP binding site remains
unoccupied. Compound la is deeply buried in the enzyme’s
active site, and its position is similar to that of adenosine
(Figure 2C). The base ring moiety forms a stacking interaction
with Phel31, and N1 engages in a polar interaction with the
side chain of Serl9. The ethynyl moiety of 1a makes a small
number of van der Waals interactions with the hydrophobic
side chains of Phell5 and Phel31. The ribose ring of l1a forms
numerous direct hydrogen bonds with the side chains of Asp23,
Asn65, GInl87, and Asp274 and the main chain of Gly60
(Figure 2C). The lid domain (residues 9—48 and 99-120)
adopts a unique conformation in the Mtb ADK-la complex.
While the conformation of the lid domain is open in the free or
ATP-bound enzyme, it adopts a closed conformation upon
binding of adenosine in hADK® and 2-fluoroadenosine, the
only inhibitor for which the MtbADK complex structure is
available (PDB code 2PKK).*' The conformation of the lid
domain in the Mtb ADK-1a complex structure can be described
as semiopen, because its position is between the open and
closed states (Figure 2D). When the closed conformation of
the lid is superposed on the Mtb ADK-1a complex structure,
steric clashes occur between the ethynyl moiety of la and
residues Ser130, Phel31l, and PhellS. We can therefore
conclude that binding of la prevents formation of catalytically
competent arrangement of the closed enzyme. This can serve as
a structural explanation for the observation that la is not
phosphorylated by Mtb ADK.

Competition of 7-Substituted 7-Deazapurine Deriva-
tives with Adenosine and ATP in Mtb and Human
Adenosine Kinases. We used 1D 'H STD NMR experiments

Table 2. Relative STD Enhancements of Substrate (Adenosine or ATPyS) and Inhibitor Signals in the Presence of hMADK or

Mtb ADK"
relative STD enhancement (%)
hADK Mtb ADK
Ado ATP la 1m lu lae 1g Ado ATP la 1m 1u lae 1g
H-1 100 100 100 100 100 100 100 100 100 100 100 100 100 100
H-2 8 <1 33 37 T 33 64 44 37 63 En) 42 50 4
H-8 20 =1 17 41 T2 39 36 58 24 4 33 42 68 29
Ar 52 5 60 74 kL 37 83 38
Ar' 78 67 45 3
Ar 78 k)
“Concentration of all madeosides was kept at the 500 gM.
8272 de doiong/10L1021/jmSI0487vI L Med Chem. 2014, 57, 82688279
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to establish the mode of competition of 7-hetaryl-7-deazapurine
derivatives with adenosine and ATPyS for their respective
binding sites and also to define the binding epitopes of the
newly developed inhibitors.

First, we examined the binding behavior and mutual
competition of adenosine and ATPyS to hADK and Mtb
ADK. For adenosine in the presence of hADK, the strongest
enhancement was observed for the signal from H-1' and weaker
enhancements for two aromatic proton signals H-8 and H-2 of
~20% and ~89% relative to H-1' (Table 2), which suggests that
protons H-1" and H-8 are in closer contact with the protein
than the rest of the substrate molecule. An analogous
experiment for ATPYS yielded much weaker absolute STD
enhancements, which were limited to H-1' and NH,. In
addition, the STD enhancements induced by binding to hADK
of both substrates were not significantly affected in spectra
obtained from their equimolar mixture, which indicates that
adenosine and ATPyS do not compete and bind into their
orginal binding sites.

The STD spectra for adenosine in the presence of Mtb ADK
yielded maximum enhancement for H-1' and moderate
enhancement for H-8 and H-2 of ~58% and ~44% (Figure
3A, Table 1), suggesting a similar contact epitope to that
observed for hADK. The overall STD enhancement for ATPyS

=
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Figure 3. 1D 'H STD NMR substrate/inhibitor competition
experiments for Mtb ADK. (A) shows a region of the STD spectrum
obtained for Mtb ADK in the presence of adenosine, while (B) shows
the spectrum for the enzyme in the presence of ATPyS. (C) shows the
spectrum for the mixture of substrates, with intensity of the ATPyS
specific signals significantly reduced. (D) and (E) show competition of
la with adenosine and ATPyS illustrated by the dear drops in the STD
enhancement of signas from both substrates.
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in the presence of Mtb ADK was comparable to that of
adenosine, again with H-1' being the most affected proton
(Figure 3B, Table 2). However, certain differences were found
for the remaining ATPyS protons in comparison with their
binding to hADK. There was a very weak enhancement of the
NH, signal (<5%), and the H-2 STD signal (~57%) was
stronger than the H-8 signal (~24%). Importantly, simulta-
neous addition of adenosine and ATPyS to MtbADK led to a
dramatic reduction in the ATPyS enhancements, suggesting
direct competition between binding of adenosine and ATPYS,
as illustrated in Figure 3C. Intracellular ATP levels are generally
in the low millimolar range, and adenosine is present at
micromolar concentrations.” % Therefore, we can speculate
that ATP binds into Mtb ADK first, and conformational
changes in ADK allow adenosine binding and phosphorylation
in bacteria.

We then selected compounds containing either smaller (1a,
1g, 1m) or bulkier (lu, lae) substituents in position 7. They
displayed different (lg, lae) or compamble (la, Im, lu)
inhibition activities against human and mycobacterial ADK. We
tested their competiion with adenosine and ATPyS in the
presence of either hADK or Mtb ADK. All selected 7-
deazaadenosines selectively competed with adenosine, as their
STD enhancements were significantly reduced, but did not
affect ATPYS signals in the presence of hADK. This suggests
significantly lower afhnity of tested compounds to ATP site
relative to ATPyS. The ATP site was occupied by la in our
crystal structure of hADK, but this was due to high inhibitor
excess in the crystallization experiment. However, the $TD data
in the presence of Mtb ADK indicated strong competition of
inhibitors with both substrates (Figure 3D,E), which confirmed
that these compounds can also bind into the ATP site. The
STD enhancements for the substrates and inhibitors
normalized to the H-1' signal enhancement are shown in
Table 2. We observed that H-1" is subjected to the strongest
STD enhancement for all inhibitors tested, independent of the
protein present in sample solution. This suggests that the sugar
moiety is in direct contact with the protein in all complexes.
The substantial contributions from the purine protons H-2 and
H-8 are found in all compl with approximately 50%
enhancement relative to H-1'. Protein-dependent differences
were found in the STD enhancements of the signals from
substituents at position 7. The relative enhancements for
aromatic substituent signals were higher than H-2 and H-8
enhancements in hADK complexes, while they remained
comparable in Mtb ADK complexes, suggesting that the
substituents maintain much more extensive contacts with
hADK than Mth ADK. The potential binding of 7-deazanucleo-
sides into the ATP binding site contributes to the loss of their
phosphorylation.

Binding of Selected 7-Hetaryl-7-deazapurine Deriva-
tives to Human ADK by Protein-Detected NMR. We used
two-dimensional NMR. spectroscopy to study the detailed
mechanism of inhibitor binding to hADK. The low stability of
Mtb ADK at the high concentration (100 uM) required for
relatively long NMR. experiments did not allow us to prepare a
sample of sufficient quality for binding experiments. Initially, we
analyzed 2D ""N/'H HSQC spectra of reference samples of
15N-labeled hADK in the absence and presence of adenosine or
ATPyS. The 2D “N/'H HSQC spectrum of free hADK
consisted of 270 unigue signals from backbone and side chain
amide groups, some subjected to extensive spectral overlaps,
which comesponds to the size of the analyzed protein. Both
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ligands induced a number of specific changes in the positions of
signals in 2D ""N/'H HSQC spectra, indicating that this
approach is suitable for studying binding modes of hADK
inhibitors.

Preliminary NMR experiments using >N labeled material
revealed a relatively poor long-term stability of hADK at
temperatures above 25 “C. The 3D experiments required for
backbone resonance assignment were acquired at 25 °C to
minimize protein precipitation and overall material consump-
tion. The exchange of nonlabile protons for deuterons enabled
sequence-specific backbone resonance assignments; however, a
certain proportion of amide groups unexpectedly did not back-
exchange during protein purification in an H,0 environment
and remained deuterated, as suggested by comparison of the
2D '"N/'H HSQC spectra obtained from N and
*H/PC/PN-labeled hADK. The high quality of NMR spectra
allowed us to assign essentially all 175 detectable signals in
perdeuterated hADK using a previously described ap-
pmal:h.m"w Detailed analysis revealed that the amide groups
buried in the protein core and contributing as hydrogen bond
donors were often not successfully protonated during
purification in an H,0 environment. The distribution of
successfully assigned backbone amide groups is illustrated in
Figure 52.

As a next step, we acquired and analyzed 2D “N/'H HSQC
spectra of hADK bound to the set of compounds (la,gm,uae)
investigated by NMR 1D 'H STD experiments. These data
were compared with the reference spectra; we selected 17 well-
resolved representative backbone amide signals in the spectrum
of free hADK (Table 3 and Figure 4). All compounds studied,

Table 3. Analysis of RADK 2D “N/'H HSQC Spectra in the
Presence of Inhibitors®

number of signaks cmrresponding to the reference of

free specific

inhibitor hADE hADK + adenosine hADK + ATFyS signal
la 3 13 1 (1]
1g 3 14 1 0
1m 3 13 3 1
lu 5 11 3 2
lae 6 6 8 2

“We selected a set of well-resolved backbone amide signals and
followed their changes upon addition of selected inhibitors. Free
HADK and the hADK in the presence of adenosine or ATPyS were
used as reference samples. The signals were sorted into four distinct
categories according to their behavior in the presence of an inhibitor.

with the exception of lae, which contains a large 4-
phenoxathiinyl group, induced changes in 2D “N/'H HSQC
spectra that closely correspond to those observed for adenosine
binding, suggesting direct competition of inhibitors for the
adenosine binding pocket. The spectrum of hADK in the
presence of lae exhibited signal changes that did not
unambiguously correspond to any reference spectrum,
indicating that the binding mode of this inhibitor might be
atypical or mixed. Additional analysis using backbone resonance
assignments revealed that this compound induced specific
differences compared to the reference spectrum acquired for
hADK in the presence of adenosine. Similar data were obtained
for the isopropylphenyl derivative (1u) with a relatively large
substituent in position 7.
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Quantum Mechanical Analysis of Binding of Selected
7-Hetaryl-7-deazapurine Derivatives to Human and Mtb
ADK. Complexes of hRADK and Mtb ADK with the compounds
used for NMR competition experiments (lagmu,ae) were
further analyzed using semiem|piri|:a] quantum mechanical
(SQM) based scoring function.’** To build in silico models
of hADK complexes, we used the X-ray structure of hADK in
complex with two adenosine molecules (PDB code 1BX4).* In
this structure, one adenosine molecule is located in the
adenosine binding site and the second in the ATP binding site.
The inhibitors were built and scored in both binding sites. The
complex of hADK with lae could not be built because of
numerous steric clashes between the inhibitor and protein. The
calculated scores for the r g inhibitors are rized in
Table 4. The inhibitors have higher afhnity to the adenosine
binding site (scores from =30 to —65 kcal/mol) than to the
ATP binding site (scores from —12 to =23 kcal/mol). This is
due to the more favorable interactions in the adenosine binding
site (AE,, more negative by about 60%). These results are in
good agreement with our experimental NMR finding that the
inhibitors compete with higher afhnity with adenosine than
with ATP in the presence of hADK. Compounds 1a, 1g, and
Im fit well into the adenosine binding site. The 7-deaza
derivative 1u is too big to fit into the conformation of hADK
that was used for modeling, and its binding requires changes in
the protein conformation (see Figure $3). The conformational
changes significantly increased the penalty for the change of the
conformational “free” energies (AG™,,) of both the protein
and ligand (by about 100% and 40%, respectively). This
supports the NMR results showing that compounds with large
substituents (1u and lae) induce different structural changes in
hADK than adenosine or compounds with small substituents in
position 7.

Mib Adk complexes with the selected inhibitors were also
studied using the SQM scoring function. Previous structural
analyses of Mtbh ADK show that binding of ATP or its analog
does not change the conformation of this enzyme. However,
the X-ray structure of Mtb ADK crystallized with 1a (PDB code
4PVV) shows that the binding of adenosine analog results in
movement of lid domain and formation of a semiclosed
conformation. This suggests that inhibitors compete with
adenosine in an open conformation. Subsequently, the binding
affinity of the adenosine analogs to the adenosine site might
increase when the conformation of Mtb ADK is changed from
open to semiopen. To support this hypothesis, we used both
the X-ray structure of Mtb ADK dimer in open conformation in
complex with an ATP analog (PDB code 2PKN)*" and the X-
ray structure of semiopen conformation of Mtb ADK
crystallized with la to bulld our in silico models of Mtb
ADK complexes. The closed conformation of Mtb ADK (Mtb
ADK dimer crystallized with adenosine, PDB code 2PKM) did
not allow us to build models. The calculated scores are
summarized in Table 5, and the SOQM optimized complexes of
la and lae are shown in Figure 5. Interestingly, the inhibitors
have comparable afhnity to both the adenosine and ATP
binding sites in the open conformation of Mtb ADK (scores
ranged from —20 to —25 and from —11 to —17 kcal /mol to the
ATP and adenosine binding sites, respectively). However, the
affinity of 7-substituted 7-deazapurine nucleosides to the
adenosine binding site increases significantly in the semiopen
conformation of Mtb ADK with bound nucleosides (score from
=50 to =59 kcal/mol) and is comparable to those calculated
for these inhibitors bound in hADK adenosine site.
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Figure 4. Binding of inhibitors to hADK analyzed using 2D “N/"H HSQC. Each row represents a different backbone amide group cross-peak (the
residue number is given in the first column). Columns illustrate changes in the spectra obtained for a selected inhibitor. Contours are colored as
follows: blue, free hADK; green, hADK in the presence of ATPyS; red, hADK in the presence of adencsine; magenta, hADK in the presence of
inhibitor. Concentration of all nudeosides was kept at 500 uM.

Table 4. Inhibition Constant (ICy,) and Score of the Studied Inhibitors to hADK Calculated As a Sum of the Gas-Phase
Interaction Energy (AE,,), the Interaction Solvation/Desolvation Free Energy (AAG,,,), the Change of the Conformational
“Free” Energies of the Protein and Ligand (AG™,{(P,L)), and the Entropy Change upon Binding (—TAS,,)

Human ADE
inhibitor  ICy, (uM)  score (ked/mol)  AE,, (kcal/mol)  AAG,, (kcal/mol)  AG™, (L) (keal/mol)  AG™,(P) (kal/mol) —TAS,, (keal/mol)
Adenosine Binding Site
la 02 + 0015 -59.7 =149.6 593 76 23 0
1g =5 —65.0 -1584 613 86 235 1]
1m 13+ 017 =56.6 =157.2 613 9.1 301 0
lu i3+ 04 =306 —163.9 68.1 1L5 497 4
ATP Binding Site
la 0.2 + 0015 =226 =935 438 14 247 0
1g =5 =224 =47.1 473 25 248 0
1m 13 +047 =229 =958 P4 22 213 0
1n i3+ 04 =117 =1015 527 46 285 4

M CONCLUSIONS

A new series of 7-(het)aryl-7-deazaadenine ribonucleosides
bearing small and bulky substituents in position 7 was
synthesized and evaluated as potential new antimycobacterial
agents. Several compounds bearing smaller substituents (eg,
1a) were found to inhibit both human and Mtb ADK and were
cytotoxic, whereas several bulky derivatives (e.g, lad, lae, lag)
were specific inhibitors of the Mtb enzyme and were not
cytotoxic. 7-(2-Naphthyl)-7-deazaadenine (1f) was the most
active compound against Mtb strain My331/88 and drug-
resistant strain Praha 131 in vitro (MIC = 2 or 4 uM,
respectively), but its cytotoxicity disfavors its further develop-
ment. The dibenzofuran derivative (lad) had the best
therapeutic index. This compound was a submicromolar Mth-

8275
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ADK-specific inhibitor and was active against Mtb strains with a
MIC of 4 gmol/L. This compound is a promising lead structure
for further drug development. Following binding of the 7-
(het )aryl-7-deazaadenine ribonucleosides into the adenosine
site, Mtb ADK adopts a unique semiopen conformation of the
lid domain, and hADK adopts the closed conformation.
Enzyme kinetics and 1D 'H STD NMR analysis of the
inhibitors” competition with adenosine and ATPyS showed that
7-(het)aryl-7-deazaadenine ribonucleosides bind preferentially
into the adenosine site in hADK and are readily accommodated
in both, to the adenosine and ATP sites in Mtb ADK. Quantum
mechanical analysis indicated that these compounds have
higher affinity for the ATP site of Mtb ADK in the open

conformation, but movement of the lid domain increases
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Journal of Medicinal Chemistry

Table S. Inhibition Constant (ICs,) and Score of Inhibitors of Mtb ADK Calculated as a Sum of Gas-Phase Interaction Energy

(AE,,), the Interaction Solvation/Desolvation Free Energy (AAG,,,), the Change in Conformational “Free” E of the
Protein and Ligand (AG"",,(P,L)), and the Entropy Change upon Binding (—TAS,,)
Mtb AdK
inhbitor  I1C;, (M)  score (kcal/mol) AE,, (kcal/mol) AAG,,, (kcal/mol) AG™ (L) (kcal/mol) AG™ _(P) (kal/mol) -TAS,, (kcad/mol)
Adenosine Binding Site in Semiopen Conformation
la 0.33 + 0.02 =570 -1313 633 29 8.1 0
1g 21 +£015 =592 ~140.7 6.9 34 113 0
Im 45102 -572 ~1415 680 49 114 0
lu 233+ 025 -514 —140.8 2R 38 121 4
lae 0.3 + 002 -498 -1429 20 52 159 0
Adenosine Binding Site in Open Conformation
la 033 + 0.2 -174 =725 H#4 44 63 0
1g 211015 ~164 -778 473 53 89 0
Im 45+02 -129 =723 488 2 86 0
lu 233 + 025 -133 =775 47 54 10.1 4
lae 03 £ 002 -114 =751 472 53 112 0
ATP Binding Site in Open Conformation

la 033 + 0.02 =238 =762 456 09 8 0
1g 21 £015 -248 ~788 455 11 74 0
Im 45+02 =20.1 =754 H“#6 13 94 [
lu 233+ 025 =203 —84 46.1 29 107 4
lae 03 +002 -243 -838 472 21 103 0

Figure 5. Model of 1a bound to adencsine binding site in semiopen
conformation (A), ATP binding site in open conformation (C) and
adenosine binding site in open conformation (E) of Mtb ADK and 1ae
bound to adenosine binding site in semiopen conformation (B), ATP
binding site in open conformation (D) and adenosine binding site in
open conformation (F) of Mth ADK.
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binding affinity of these inhibitors in the adenosine site. Both
the preferential binding of 7-(het)aryl-7-deazaadenine ribonu-
cleosides in the Mtb ADK ATP binding site and the unique
semiopen conformation of Mtb ADK during inhibitor binding
in the adenosine site explain the observation that 7-(het)aryl-7-
deazaadenine ribonucleosides are not phosphorylated by ADK.
Similar mechanisms may also occur for deazaadenine
ribonucleoside derivatives modified at other positions.

B EXPERIMENTAL SECTION

Chemical Synthesis. 4-Amino-5-(3,4-dimethylphenyl)-7-(f-o-
ribofuranosyl)-7H-pyrrolo[2,3-d]pyrimidine (1t). An argon-
purged mixture of 4-amino-5-iodo-7-(f-p-ribofuranosyl)-7H-pyrrolo-
[2,3-d]pyrimidine (2, 392 mg, 1 mmol), 3,4-dimethylphenylboronic
add (225 mg, 1.5 mmol), Na,CO, (318 mg, 3 mmol), TPPTS (71 mg,
0.125 mmol), Pd(OAc), (11 mg, 0.05 mmol) in water/MeCN (2:1, 5
mL) was stirred at 100 °C for 3 h After cooling, the mixture was
neutralized using aqueous HCI (1 M) and concentrated to dryness in
vacuo. The residue was loaded onto silica by coevaporation from a
chloroform /MeOH solution, and column chromatography (SiO,, 0 —
25% MeOH in CHC) afforded 1t (305 mg, 82%) as a yellowish
foam. Mp 120-124 °C. [a]y —563 (c 0270, DMSO). 'H NMR
(600.1 MHz, DMSO-d,): 2.26 (s, 3H, CH,-4); 2.28 (s, 3H, CH;-3);
3.54 (bdt, 1H, Joen= 118, Jony = Jsn,0n = 3.5, H-5'b); 3.63 (bdd, 1H,
Jown= 118, Jap = 3.5, H5'2); 391 (td, 1H, Jy.5 = 3.5, Jyx = 32, H-
4');4.10 (ddd, 1H, Jy » = 5.1, Jy on = 48, Jy o = 3.2, H-3'); 445 (ddd,
1H, Jyon =65, Jxy = 6.3, Jy y = 5.1, H2'); 5.14 (d, 1H, Jou 5 = 48,
OH-3); 522 (bm, 1H, OH-5"); 534 (d, 1H, Joy» = 6.6, OH2'); 6.11
(d, 1H, ;. = 63, H-1'); 6,13 (bs, 2H, NH,); 7.18 (dd, 1H, J; ¢ = 77,
Js2 = 20, H-6-CHMe,); 7.25 (d, 1H, o4 = 7.7, H-5-C;H;Me, ); 7.26
(d, 1H, J,5 = 2.0, H-2-C;H;Me,); 7.48 (s, 1H, H-6); 8.14 (s, 1H, H-2).
13C NMR (1509 MHz, DMSO-d,): 19.33 (CH,4); 19.76 (CH,-3);
61.92 (CH,-5"); 70.88 (CH-3'); 74.01 (CH-2'); 85.32 (CH-4'); 87.21
(CH-1'); 100.82 (C-4a); 116,58 (C-3); 12093 (CH-6); 12606 (CH-
6-CeH,Me,); 129.88 (CH-2-CgH,Me,); 13027 (CH-5-C;HMe,);
13211 (C-1-CgH;Mey); 13522 (C-4-CsH;Mey); 137.10 (C-3-
CeH;Mey); 15091 (C7a); 15181 (CH-2); 15750 (C-4). IR
(ATR): v 1625, 1589, 1542, 1469, 1303, 1236, 1217, 1185, 1122,
1082, 1041, 896, 869, 828, 798, 707, 646 cm™". MS (ESI) m/z 371 (M
+ H), 393 (M + Na). HRMS (ESI) for C,gH,;N,O, [M + H] caled,
371.1714; found, 371.1713. Anal. (C,sH,N,0,-0.8H,0) C, H, N.

dxdoiorg/10.1021/jmS00497v1 L Med Chem. 2014, 57, 8268-8279
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Other compounds (lu—aj) were prepared analogously. For
characterization data, see Supporting Information.

Enzyme Preparation and Inhibitor Testing. Expression and
purification of human and Mth ADK were performed as previously
described.'” Compounds were tested for inhibition of human and Mtb
ADK using previously established methods.'®

Enzyme Kinetics. The individual assays were performed at 37 °C
in 96-well microtiter plates. The reactions with both erzymes were
performed in 250 mM Tris, pH 8.0, 50 mM KCl, 5 mM MgCl,. When
inhibitor 1a was tested for a possible competition with adenosine, the
concentration of ATP in the reaction mixtures was fixed at 5 mM for
Mtb ADK or 120 uM for hADK. The concentration of radiolabeled
[*H]adencsine varied from 0 to 1 M. During testing of inhibitor 1a
with ATP the concentration of radiclabeled adencsine was kept at 5
uM and concentration of ATP increased from 0 to 60 nM (hADK) or
0 to 0.5 mM (Mtb ADK). The individual reactions were started by the
addition of erzyme, and the reaction proceeded for 4 min Then 80 uL.
of samples was withdrawn and directly added to 1 mL of ice cold 0.1
M LaCl, to precipitate formed radiolabeled AMP. After keeping on ice
for at least 3 h, the precipitate was collected by filtration on a glass-
microfiber filter (1.2 pm pores, Sigma-Aldrich). The filters were
washed with 100 mL of ice cold water, dried, and the radicactivity was
measured in a liquid scintillation counter (Tri-Carb 2900 TR) after
adding of 4 mL of scntillation cocktal. Two or three separate
measurements were performed for best fitting the experimental data
The obtained results were analyzed using SigmaPlot (version 11) and
Microsoft Excel software.

Antimycobacterial Susceptibility Testing. Compounds were
tested for antimycobacterial activity against Mtb 331/88 (H37Rv) and
patient-derived MDR Mtb strain Praha 131 as previously described ™
Micromethod was used to determine the minimum inhibitory
concentration (MIC). MIC values were determined after incubation
at 37 °C for 14 and 21 days. The firstline anti-TB drug isoniazid
(INH) was used as a reference compound.

NMR Spectroscopy. All NMR data were collected on a 600 MHz
Bruker Avance spectrometer equipped with a triple-resonance
(*“N/YC/'H) cryoprobe. NMR samples were prepared in a 25 mM
sodium (hADK) or potassium (Mth ADK) phosphate, 15 mM MgCl,,
100 mM sodium chloride buffer at pH 7.0, containing 5% D,0/95%
H, 0. NMR spectra for resonance assignment of hADK were acquired
from 035 mL samples of 025 mM *H/"C/"N protein at 25 °C. A
series of triple-resonance spectra were recorded to determine
sequence-specific resonance assignments for hADK. In particular, we
used TROSY wversions of HNCACE, HN(CO)CACB, HNCA,
HNCO, and HN(CA)CO experiments™® with typical acquisition
times of 7 ms for “C™# 30 ms for “C', 16 ms for "N, and 70 ms for
'H. The total experimental times for 3D experiments were 48—96 h.

Uniformly “N and *H/"C/"N labeled hAdk was produced from
cells grown in minimal medium containing '“N-ammonium sulfate and
“C-D-glucme if required, as the sole nitrogen and carbon sources, and
100% D,0 when appropriate as described previous}y."‘s The specific
binding of small molecule substrates or inhibitors to RADK was
monitored by changes induced in the positions of signals of 75 M
“N-labeled hADK in 2D '*N/'H HSQC specira acquired at 35 °C. In
addition, the binding of small molecules to either RADK or Mth ADK
was followed by ligand-detected saturation transfer difference (STD)
experimenu.'ﬂ'“ STD spectra were acquired at 20 “C wsing 0.55 mL
samples of 5 @M unlabeled hADK or Mtb ADK in the presence of a
100-fold excess (300 uM) of small molecule substrates or inhibitors
with 2.5 s irradiation altemating between 0.5 ppm (on-resonance) and
20 ppm (off-resonance) using a train of 50 ms Gaussian pulses. The
typical experimental time was 14 min.

Quantum Mechanical Analysis. To build in silico models, we
used the Xeray structure of hADK in complex with two adencsine
molecules (PDB code 1BX4),*° Mtb ADK crystallized with 1a (PDB
code 4PVV), and the X-ray structure of Mtb ADK dimer in open
conformation in complex with an ATP analog (PDB code 2PKN).*!
The mn;plexes were systematically optimized wsing the PM6-D3H4
method™ combined with the COSMO sclvent model® and fire
algorithm. We only optimized amino acids within 8 A of the inhibitors.
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The rest of the protein was frozen. The bLm.‘ang affinity was
approximated by the total score expressed by eq 1.7

score = AE,, + AAG,, + AG™_:(L) + AG™_+(P)

— TASg, (1)

@)

Particular terms in the equation describe the gasphase interaction
energy (AEg), the interaction solvation/desolvation free energy
(AAG,,,), the change of the conformational “free” energy of ligand
and protein (AG™_ (L)), and the entropy change upon binding
(TAS,,). The AE,, was calculated using the PM6&-D3H4 method. The
solvation free-energy change AAG,. was determined by the
COSMO solvent model. The more accurate SMD/HF/6-31G*
method was also used ¥ However, the SMD method is too
demanding to be used for a protein, giving rise to the correction of
ligand solvation/desolvation (AG™.5(L) — AG™, (L)), which is
the difference between the solvation free energy calculated at high
(SMD/HF/6-31G*) and low (COSMO/PM6) levels of theory.

The AG™_(LP) term is the “free” energy change between the
ligand and protein in their optimal solution structure and the
conformation they adopt in the complex To evaluate AG™_ (L), we
combined the gas phase PM6-D3H4 energy with the SMD solvation
free energy. The G pu(P) term was evaluated using an annealing
approach at the molecular mechanics level. The parameters for the
protein were obtained from the FFO3 force field; parameters for the
inhibitors were obtained from the GAFF force field The charges for
the ligands were calculated wsing the RESP procedure at the HF /6
31G* level as recommended.* The isolated protein and the complex
were optimized by annealing prior to standard optimization using fire
algorithm. The annealing was started at 300 K, then cooled to 0 K in
1000 steps (length of each step, 1 fs) using Berendsen thermostat. For
each system, eight independent runs with different starting velocities
were performed, and the obtained energies were averaged Only
residues within 8 A of the inhibitors were optimized. The rest of the
protein was frozen. Finally, the TAS,, term of score was estimated
using the rotatable bonds approach (ie, 1 keal/mol penalty for each
rotatable bond in the ligand).

Protein Crystallization. For crystallization experiments at 19 °C,
HADK at a concentration of 10 mg/ml and Mtb ADK at a
concentration of 20 mg/mL in buffer containing 20 mM Tris-Cl, pH
7.4, and 5 mM 2-mercaptoethanol were used. Prior to setting up
crystallization experiments, proteins were preincubated with 5 mM la
for 1 h at room temperature. Initial crystallization trials were
performed with the help of a Gryphon crystallization workstation
(ArtRobbins) by the sitting drop vapor diffusion method in 96-well
plates; 02 uL of protein solution was mixed with 0.2 uL of reservoir
solution, and the drop was equilibrated against 200 pL of reservoir
solution. The PEGs Suite and JSCG Core I Suite (QIAGEN) were
used for the initial crystallization condition screen. Initial microcrystals
appeared in several days. Further optimization involved changing to
the hanging drop mode in 24-well crystallization plates (EasyXtal DG-
Tool, QIAGEN). Optimal crystals of the hADK-la complex were
obtained by mixing 2 uL of protein solution with 2 uL of reservoir
solution composed of 0.2 M MgCl, and 20% (w/v) PEG 3350,
Crystals of the Mtb ADK-1a complex were obtained by mixing 3 L of
protein solution with 1 ul. of reservoir solution composed of 0.1 M
sodium acetate, pH 4.6, and 15% (w/v) PEG 20 000.

Data Collection and Structure Determination. For data
collection, the crystals were soaked in reservoir solution supplemented
with 20% (v/v) glycerol and transferred into liquid nitrogen.
Diffraction data were collected at 100 K at BESSY beamline 142
in Berlin, Germany, using an MAR Mosaic 225 CCD detector. The
crystals of RADK and Mtb ADK in complex with 1a diffracted up to
2.5 A resolution. Diffraction data for hADK in complex with 1a were
integrated and reduced using MOSFLM" and scaled using SCALAM
The MtbADK-1a crystals were of problematic character whose quality
could not be optimized despite a great effort, and diffraction pattern
contained extra reflections. The scaling of experimental frames and

AAG,py = MGy + (AG™,,(L) — AGH,,, (L))

e dolorg/101021/jm500487v | L Med Chem. 2014, 57, 82688279
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empirical absorption correction was done with CrysAlisPro (Agilent
Technologies, version 1.171.37.34) using the symmetry F3. Finally, the
symmetry equivalent reflections were merged by JANA2006" and
resulting reflection file was converted to the mtz format using CCP4
program suite.*® Details of the data processing procedure are given in
the Supporting Information. Crystal parameters and data collection
statistics are summarized in Table S1.

The structure of the hADK-1a complex was solved by molecular
replacement using the coordinates from PDB entry 1BX4™ a5 the
initial model. The structure of the Mtb ADK-1a complex was solved
by molecular replacement using coordinates from PDB entry 2PKM*®
as the initidl model. Automated rebuilding was pedformed with the
program Buccaneer.”” Restrained refinement to 2.5 A resolution was
performed using the program REFMAC® The merohedric twinning
was taken into the account during rebuilding and refinement. Coot
program was wsed for inhibitor fitting, manual rebuilding of protein
chain, and addition of water molecules. Atomic coordinates and a
QEDDIEE{Y library for the inhibitor were generated using the PRODRG

Server.
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ADE, adenosine kinase; ATPyS, adenosine 5'-[y-thio]-
triphosphate; MDR, multidrug-resi i XDR, extensively
drug-resistant; CCgy, S0% cytotoxic concentration; 1C, S0%
inhibitory concentration; STD, saturation transfer difference;
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2.3.2 Cytosine derivatives

Cytosine derivatives are nucleoside derivatives (pyrimidine analogues), as well,
and have been used in clinical practice for almost 50 years as a treatment for acute
myeloid and lymphocytic leukaemia and lymphomas mostly (Klener 2010). They
interfere with the synthesis of nucleosides/nucleotides (Matsuda & Sasaki 2004). Other
mechanisms of action are known such as intercalation into DNA and inhibition of DNA
replication by inhibition of RNA and DNA polymerases. Moreover, cytosines in the DNA
sequence are very frequently methylated by DNA methyltransferase 1, as a form of
epigenetic modifications of DNA. DNA methylation is very important for gene
expression regulation and is very often altered in cancer cell silencing anti-onco genes
and lead to hyperproliferation. Application of some cytosine derivatives can inhibit DNA
methyltransferase and normalize the methylation processes in the cell (Plitta et al. 2012).
Cytosine derivatives have also been successfully combined with gene therapy. By gene
modification for induction of expression, prodrug activating enzymes, herpes simplex
virus Type 1 thymidine kinase and cytosine deaminase from Escherichia coli are able to
transform the nucleosidic prodrug into its active and effective state. Therefore
combination of these two approaches can improve treatment and patient prognosis (Aghi
et al. 1998). Thanks to its analogous structure, cytosine derivatives are able to mimic their
physiological representatives and lead to DNA synthesis inhibition, even though much
higher therapeutic effect is achieved by inhibition of RNA synthesis as well. This
knowledge led to the development of more potent compounds which can bypass the
imperfection of old structures, such as cytosine arabinosid which inhibits DNA synthesis
only (Takatori et al. 1999). Many derivatives have been prepared with broader therapeutic
activity, for example 1-(2-deoxy-2-methylene-b-D-erythro-pentofura-nosyl) cytosine
(Takatori et al. 1999), 1-(2-deoxy-2-methylene-b-D-erythro-pentofura-nosyl) cytosine
(Barkin et al. 2003), 3- aminopyridazine, 1-aminophthalazine cytosine analogues (Tomori
et al. 2015) and imidazol derivatives discussed in the following article (Jansa et al. 2014).
The pharmacological properties of imidazo-pyridine and imidazo-pyrimidines are very

well documented and include antiviral, anticancer, antiparasitic, antibacterial, antifungal,
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anti-inflammatory activity and many others. They also work as inhibitors of Syk family
kinases and dopamine D4 receptor ligands. Analogues are used as a treatment for
neurological and psychiatric disease, as mGIuR5 receptors modulators and as potent anti-
HIV and anti-HBV agents (Jansa et al. 2014).

2.3.2.1 Cytotoxic activity and cell cycle modification after treatment with cytosine
derivatives

JANSA J, LYCKA A, PADELKOVA Z,GREPL M, KONECNY P, HAJDUCH M,
DZUBAK P. (2014). New imidazo [1,2-c]pyrimidin-5(6H)-ones Derived from cytosine:
Synthesis, Structure and Cytotoxic Activity. J. Heterocyclic Chem., DOI:
10.1002/jhet.2243
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This work describes the synthesis of 8-iodoimidazo[1,2-c|pyrimidin-5(6H)-one 2 from S-iodocytosine 1.
This compound was subjected to Suzuki cross-coupling reaction with aryl and heteroarylboronic acids. After
optimization, 10 products 3a—j were obtained in good yields 61-906%. Cytotoxic activity of all new products
was evaluated on seven tumor cell lines including resistant varants and on normal human fibroblasts. Two
derivatives showed promising biological activity and good therapeutic index in the case of 3h.

J. Heteroeyelic Chen, 00, 00 (2014).

INTRODUCTION

The reaction of 2-aminopyridine, 2-aminopyrimidine, and
4-aminopyrimidine derivatives with a-halogenocarbonyl
compounds is well known to produce corresponding
imidazo-fused derivatives [1-3]. Imidazo[l,2-a]pyridine
and imidazo[1,2-a]pyrimidine scaffolds were studied for
their extensive pharmacological properties, for example,
antiviral [4,5], antitubercular [6,7]. anticancer [8], cytotoxic
[9], antiparasitic [10], antibacterial [2], antifungal [11], car-
diotonic [12], and antiinflammatory [13]. Some derivatives
act as commercial drugs, from which zolpidem is widely
known nonbenzodiazepine hypnotic [14].

Imidazo[ 1,2-c]pyrimidines were studied for similarly
large spectrum of biological activities, such as antimicro-
bial [15], antimycobacterial [16], antitubercular [7], ino-
tropic [17], antiinflammatory, analgesic, antipyretic, and
ulcerogenic [18]. These compounds also act as Syk family
kinases inhibitors [19.20] and dopamine D4 receptor
ligands [21].

Imidazo[1,2-¢ Jpyrimidine scaffolds are also formed by re-
action of adenine and cytosine bases with a-halogenocarbonyl
compounds. Kochetkov and coworkers first reported reaction
of 9-methyladenine and 1-methylcytosine with chloroacetal-
dehyde, which produced corresponding ethenoderivatives
[22]. Because this type of reaction became an interesting
pathway for synthesis of modified nucleic acid bases with
useful biological, fluorescence, and base-pairing proper-
ties [23-26].

Biological activity of some imidazo[l,2-c]pyrimidin-5
(6H)-ones has been reported. Compounds with this scaf-
fold are selective GABA 4 receptor ligands [27]. Recently,
the large family was patented as allosteric modulators of
mGluR 5 receptors for treatment of neurologic and psychi-
atric disorders [28]. Nucleosides with this scaffold were
tested as antiviral agents [29] and showed activity against
hepatitis B virus [30,31] and HIV [32].

In this article, we present the access for functionalization
of imidazo[1,2-c]pyrimidin-5(6H)-one scaffold by an aryl
or heteroaryl ring. 8-Aryl derivatives 3a—j were obtained
from iododerivative 2 by Sumki-Miyaura cross-coupling
reaction (Scheme 1). Cytotoxic activity of all products
was evaluated on tumor cell lines and normal human fibro-
blasts (Table 1).

RESULTS AND DISCUSSION

Chemistry. The starting B-iodoimidazo[ 1,2-clpyrimidin-5
(6H)-one 2 was prepared in 86% yield by cyclization of 5-
iodocytosine 1 with chloracetaldehyde in the presence of
sodium acetate. Iodine atom of 2 was substituted by an aryl or
heteroaryl ring via Suzuki-Miyaura cross-coupling [33] without
any need of protection of parent heterocycle 2 (Scheme 1).

Inspired by coupling of cytosine nucleosides with
boronic acids [34], we first selected acetonitile—water 2: |
solvent system with tetrakis(fmphenylphosphine)palladinm
as catalyst. However, these conditions could only be used

© 2014 HeteroCorporation
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Scheme 1. Synthesis of target imidazo[1,2-¢]pyrimidin-5(6H)-ones, yields in parentheses. Reagents and conditions: (a) CICH,CHO, NaOAc, H.0, 80°C. 4 h;

(b) ArB(OH ), Pd(dppfICly, ECOH/HL0, NayCOs, reflux, 24 h.

oﬁ,N\ NHp OYN ZN b OYN N
HN__= o HN__= = HN__=
| (86 %) | Ar
1 2 3am

3a) Ar = pheny (88 %)

3b) Ar = biphenyl-d-yl (81 %)

3c) Ar = d-methoxyphenyl (90 %)
3d) Ar = d=chlorophenyl (75 %)

31) Ar = d-formylphenyl (83 %)
3g) Ar = d-carboxypheny (74 %)
3h) Ar = d-cyanophenyl (84 %)
3i) Ar = thiophen-2-yl (61 %)

3e) Ar = d-(trifluoromethyliphenyl (71 %) 3j)Ar = pyridin-d-yl (62 %)

Table 1
Summary of cytotoxic activities (ICsg, pM).*

Compound CCRF-CEM CEM-DNR bulk K562 K562-Tax AS44 HCT116 HCT116p53-/- MRC-5 Bl

2 46.15 48.99 4737 4463 50,00 50.00 18.61 4833 50,00
3a 50.00 45.69 4972 4551 50,00 46.14 3558 50,00 50,00
3b 8.59 284 15.20 B85 10.13 20.20 1512 T7.00 0.66
3c 4574 4156 47.75 3979 4731 44935 3552 50,00 50,00
ad 3687 3484 3581 3770 4469 3753 3589 4445 4371
3e 2820 3289 10,74 3420 4042 3483 2557 50,00 50,00
3f 32.63 20.28 3421 2348 b.04 50.00 1847 50,00 4869
3g 50.00 4972 48.12 4838 50,00 50.00 18.75 50,00 50,00
3h 1.45 18.84 17.71 2872 307 4249 883 3527 729
3i 4465 4278 50.00 4335 50,00 50.00 18.75 50,00 50,00
3j 50.00 46494 50.00 46.07 50,00 50.00 18.75 50,00 50,00

“Cytotoxic activity was determined by MTT assay following a 3-day incubation. Values represents means of ICs, from three independent experiments

with standard deviation ranging from 10 to 25% of the average values.

Scheme 2. Numbering of atoms in compounds 2 and 3a—j for NMR purposes.
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for coupling with phenylboronic and biphenyl-4-boronic
acid but not for 4-methoxyphenylboronic acid (~30%
conversion ). When ethanol-water 2 : 1 was used as a solvent,
complete conversion was observed in the coupling with
4-methoxyphenylboronic acid but lower (~80%) for cou-
pling with 4-cyanophenylboronic acid. Then, the Pd(dppt)Cl;
was used as catalyst with the aim to obtain complete
conversion in case of all used boronic acids. With 3 mol%
of this catalyst in ethanol-water 2:1, products 3a—i were
coupled in nearly quantitative conversions, detected by
thin-layer chromatography. Only in the coupling of 2 with
strongly deactivated 4-pyridylboronic acid, 5mol% of
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Pd(dppf)Cl, in ethanol-water 4 : | must be used to obtain com-
plete conversion to 3j. Coupled products 3a—j were obtained
in 61-90% isolated yields.

Products were identified and characterized by IR, MS, and
NMR spectroscopy (for atom numbering see Scheme 2).
5-lodocytosine 1 showed three broad NH protons that mean
that it exist as imino tautomer in hexadeuterated dimethyl sulf-
oxide (DMSO-ds) (Scheme 3). The same tautomerism was
observed in 5-bromo and 5-iodo-N-1-sulfonylated cytosine
derivatives [35]. Complete assignment of 'H and '*C chemical
shifts in compounds 2 and 3a—j was carried out on the basis of
1D and 2D (correlation spectroscopy, heteronuclear multiple
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Scheme 3. Preferred imino tautomerism of S-iodocytosine 1.

H
0. _N___NH, O._N.___NH
T =
N - HN._A|
1 100 % in DMSO-d,

quantum coherence, and heteronuclear multiple bond corre-
lation) NMR experiments (Table 2). '"N-NMR spectra of
selected derivatives were also measured.

Structure of product 3a was confirmed by X-ray crystal-
lography. Compound 3a (Fig. 1) crystallizes in the ortho-
thombic space group Pbca, with eight molecules within the
unit cell. To the best of our knowledge, only one analogous
structure of imidazo( 1, 2-c)pyrimidin-5(6H -one derivate in po-
sition & by a carbon atom the 3 4-etheno-5-methoxymethyl-2'-
deoxycytidine [36] has been reported so far. Other two
partially saturated compounds as for example N-methyl-6-(2-
chloroethyl)-5,7-dioxo-1,2,3,5,6,7-hexahydroimidazo[ 1,2-¢]
pyrimidine-8-carboxamide [37] or methy1 2-( 1-benzyl-8-formyl-
T-methoxy-5-oxo-1,2,3,5-tetahy droimidazo[ 1,2-c[pyrimidin-
3-yl)acetate [38] and two compounds with fused aromatic
ngs [39.40)] that resemble the structural motif of 3a were also
found within the crystallographic database. Typical interatomic
separations and angles for each functional group are present
within the structure of 3a [41]. A high degree of z-electron
conjugation is interrupted between atoms C2-C3 and C6-N3
where the bond lengths are bit longer than is usually found
for analogous distances in aromatic compounds. The torsion
of the phenyl ring from the plane defined by the heterocyclic
part of the molecule is 45.68(3)°.

Because of the presence of interatomic N2-H2---N3
interactions in the crystal packing of 3a (Fig. 2), the
chains of zig-zag oriented molecules (interplanar angle
between two neighbonng imidazopyrimidine rings is 41.0
(2 N2-H2---N3 (Fig. 3) are observed within the crystal lattice.

Biological activity.  The cytotoxic activity was analyzed on
human cancer cell lines, resistant variants ( CCRE-CEM, CEM-
DNR, K562, K562-Tax, A549, HCT116, HCTI16p53—/—,
and A549) and on nomal human cells (BJ and MRC-5 —
normal cycling fibroblasts) to analyze the therapeutic index
that is based on the ratio between the 1Cs; for normal human
cells and cancer cell lines. The SAR ought to be evaluated for
individual cell lines independently, because it may vary
because of different fissue origin and potential molecular
targets in particular cell lines. However, in our case, the trend
of activity was very similar for all tested cell lines indicating
similar or identical target(s), and thus, we will discuss SAR
generally (Table 1).

Generally, the cytotoxic activity of the compounds is
rather low; only two dervatives 3b and 3h are showing
promising cytotoxic activity (the lowest ICsp= 145
2.84 pM). Interestingly, 3b is showing preferential activity
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to CEM-DNR bulk, daunorubicin-resistant cancer cell line
expressing P-glycoprotein (adenosine triphosphate-depen-
dent transporter) and proteins from MRP family and
K562-Tax, paclitaxel-resistant cancer cell line, expressing
P-glycoprotein only [42]. Similarly, 3h is showing prefer-
ential activity to CCRF-CEM, A549, and HCT116p53—/
— cell line with deleted p53 protein and favorable thera-
peutic index to nontumor cell lines 24.32. Because P-gly-
coprotein positive cells are highly adenosine triphosphate
dependent and the functional p53 protein is contributing
to the cells survival in glucose and aminoacid deprived
cells as well [43,44], the observed activity is suggesting dismup-
tion of energy metabolic pathways of the sensitive tumor cells.

Cell cycle study of the most active compound 3h has
been performed on CCRF-CEM lymphoblasts at 1x and
5% 1Cs, concentration within 24 h treatment. Finally, we
did not observe any effect on cell cycle proliferation,
DNA and RNA synthesis even in highest concentration
(Table 3).

CONCLUSION

In conclusion, 11 new imidazo[1,2-c]pyrimidine-5(6H)-
ones have been synthesized. General conditions for the
Suzuki-Miyaura cross-coupling reaction were found, and
all compounds were properly charactenzed. Cytotoxic ac-
tivity is dependent on the substitution of the aryl ring, in-
troduced by Sumki-Miyaura cross-coupling reaction.
Two derivatives showed promising activity with the lowest
ICs0=1.45 pM for 3h on CCRF-CEM and ICsy=2.84 uM
for 3b on resistant CEM-DNR bulk cell line. Moderate ac-
tivity of some other derivatives was observed. Compound
3h showed favorable therapeutic index to nontumor cell
lines 24.32.

EXPERIMENTAL

General.  The NMR spectra were measured on Bruker Avance
{Rheinstetten, Germany) 1T 400 at 400.13 MHz ("H). 100.62 MHz
("*C). 40.54 MHz ("*N), and 376.50 MHz (*°F) or Bruker Avance
500 at 500.13MHz ('"H) and 125.67MHz (°C) in DMSO-ds
(Rheinstetten, Germany) at ambient temperature. The 'H and “C
chemical shifts were referenced to the residual signal of the solvent
(3=250 for 'H and 39.52 for C). The N md "F chemical
shifts were referred to external niromethane in a coaxial capillary
and ntemal CFCl, respectively, both having 4=0.0.

The X-ray data for colorless crystal of 3a (Fg. 1) were
obtained at 150K using Oxford Cryosream low-temperature de-
vice on a Nonius KappaCCD diffractometer with MoK, radiation
(4=0.71073 A), a graphite monochromator, and the ¢ and y scan
mode. Data reductions were performed with DENZO-SMN [45].
The absorption was comrected by integration methods [46]. Struc-
tures were solved by direet methods (Sir92) [47] and refined by
full matrix least square based on F (SHELXL97) [48]. Hydrogen
atoms were mostly localized on a difference Fourier map; how-
ever, to ensure uniformity of treatment of crystal, all hydrogen

DOI 10.1002/jhet
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Table 2
'H, "C, and some "N chemical shifis (ppm) of compounds 2 and 3a—j.
2 3a 3b 3c 3d

Position

by de dy dc dy dc dy e dy de
1” — 1226 — 1294 — 129.2 — — — —
2 750 114.1 7.87 1126 7.89 1126 7.85 1125 7.85 1126
3 137 1320 7.45 1320 7.49 129.0 7.45 1320 7.45 1320
40 — 190.8 — 189.4 — 189.3 — — — —
5 — 146.1 — 1457 — 1457 — 1457 — 145.6
6 11.81 2433 1190 249.1 11.94 2489 11.81 — 1195 —
7 7.58 1342 7.52 1265 7.63 126.5 7.44 1254 7.57 126.9
8 — 59.8 — 1105 — 110.0 — 1103 — 109.1
8a — 1452 — 1446 — 1445 — 1447 — 1442
8-1° — — — 133.1 — 1322 — 1254 1319
8-2' — — 7.97 1217 8.11 128.1 7.92 128.8 8.02 1292
8-3 — — 742 1283 7.75 126.6 6.99 1137 7.44 1282
84 — — 7.33 1275 — 139.1 — 1587 — 1319
X _ _ — — 4 139.6 3.78 549 — —

(Continues)
[+

Figure 1. The molecular structure (ORTEP 50% probability level) of 3a.
Selected interatomic distances (A), angles and interplanar angle (°): O1-
C1 1.213(2), C1-N1 1.397(2), N1-C5 1.386(2), C5-C6 1.351(2). Co6-N3
1.390(2), N3-C2 1.32002), C2-C3 1.439%(2). C3-C4 1.352(2), C4-N2
1381(2), N2-C1 1.361(2). C3-CT 1.481(3); C6-N3-C2 105.29(14), N3-
C2-N1 110.60015), C2-N1-C5 107.37(14), C2-N1-C1 126.04(15), NI1-
C1-N2 112.78(15), C1-N2-C4 124.24(14); C2-C3-C4 versus C8-C7-C12
45.683). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.|

were recalculated into idealized positions (riding model) and
assigned temperature factors Hi(H)=1.2 U.pivot atom)
with C—H 0.93A for hydrogen atoms in aromatic rings
and hydrogen atom for N—H bond was localized and assign
from Fourier map, standard calculated distance for N—H
bond is 0.86A.
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Figure 2. Interatomic N2-H2--N3 interactions of 3a. view along axis a.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. |

Riw= Y| Fo— Fo smean | X Fo, GOF = [ Z(w(Fg — FP W (N v
Npamme)]™ for all data, RIF)=Y| |F,| — |F.||/¥|F,|for
observed data, wR(F)=[Yw(Fs— FOOI(EwFEDHI® for
all data.

Crystallographic data for structural analysis have been deposited
with the Cambridge Crystallographic Data Centre, CCDC no.
031506 for 3a. Copies of this information may be obtained free of
charge from The Dircctor, CCDC, 12 Union Road, Cambridge
CB2 1EY, UK (fax: +44-1223-336033; E-mail: deposit@cede.
cam.ac.uk or www: hitp/Awww code.cam.ac.uk).
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Table 2
(Continued)
3¢ 3 3h 3
dn dc dy ac dy dc dy dc dy dc HeH)
785 1127 789 127 7.88 127 788 127 787 1128 196.8
745 1320 749 1320 7.48 132.0 746 1320 749 132.0 1905
— 1456 — 1456 — 1456 — 1455 — 145.4 —
11.96 — 12.00 — 12.02 — 12.10 — 11.01 — —
769 1281 778 1285 7 1279 79 1287 768 125.0 825
— 1089 109.1 109.4 — 1095 — 105.7 —
— 1441 — 1440 — 1442 — 143.9 — 143.4 —
1373 — 1302 — 1375 — 138.0 — 1345 —
8.22 1280 8.30 1278 8.17 1293 8.28 127.9 7.53 1247 168.0
172 1250 795 1295 7.99 1274 787 1322 7.2 127.1 1679
— 1276 — 1348 — 1204 — 108.5 784 125.4 1825
— 1244 11.01 1926 12.90 167.2 — 119.0 — — —
(4 "F)= —60.6.
"6 "N

S5 ("N, 'H)=%0.1Hz.
G ("H/MC)=~1139.7, 7.76/126.7, 7.53/129.1, 7.42/127.6

Sl Sl
S S

v %

Figure 3. Crystal packing of 3a, view along axis b. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com. ]

Single crystals of Ja (obtained by slow evaporation of acetone
solution) were of sufficient quality for X-my diffraction measure-
ment. The crystallographic data and structure refinement parame-
ters for compound 3a are Cy2HgN2O, M =211.22, othothombic,
Phbea, a=723103), b=13.4800(9), ¢=19.9031(12) A, a=f=
p=90°, Z=8, V=1940.03(19) A*, D.= 1.46 gem ~, u=0.097
mm ", T T =09850.991; —8<h=0, —17<k<14,
—25=1=125; 16,294 reflections measured (Fp,,=27.50°),
16,153 ndependent (R, =00383). 1644 with I>2a(l). 146
parameters, S= 1.117, Rl{obs data)= 0.0484, wR2(all data) = 0.0940;
maximum, minimum residual electron density =0.275, —0.211 L‘.A7 3

High-resolution mass spectrometry (HRMS) analyses were
measured with Thermo Exactive instrument (Thermo tific,
Waltharn, MA, USA). The injection was performed by antosampler
of high-performance liquid chromatography apparatus Accela 1250,

The chromatographic preseparation parameters: column Luna CI8,
Fpm, 50x2mm id. (Phenomenex, Tomance, CA), mobile phase
acetonitrile/water 50/50 with 0.1% of formic acid, flow mate 200 plSf
min, the column temperature 30°C. Sample preparation was obtained
wsing following procedure: The Img of sample was dissolved in
10mL of solvent acetonitrilefwater 5/5 (1 min sonication), and then,
T0pL of this solution and 930 pL. of the same solvent were added
into vial and mixed before injection of 5 pl. High-resolution mass
spectrometer Exactive based on orbitrap mass analyzer was equipped
with heated electrospray ionization. The spectrometer was tuned to
obtain maximum response for m'z 70-600. The source parameters
were set to the following values: heated electrospray ionization
temperature 250°C, spray voltage +3.0KkV (positive mode), ransfer
capillary temperature 300°C, and sheath gas/aux gas (nirogen) flow
rates 35/10. The HRMS spectra of target peaks allowed an evaluation
of their elemental composition because of high intensities of their
protonated molecules. The identification of the respecive structures
was performed with less than 06ppm  difference  between
experimental and theoretically caleulated value.

IR spectra were recorded on Nicolet 6700 Founer transform
infrared spectroscopy over the range of 4004000 cm™ ' Elemen-
tal analyses were performed on a Thermo Flash 2000 CHNS
experimental organic analyzer. Melting points were determined
on Stuart SMP3 apparatus (Barloworld Scientific, Staffordshire,
UK). Reaction progress was monitored by thin-layer chromatog-
raphy (dichloromethane/methanol 5:1 as mobile phase), which
was performed on S5i0; 60 Fasy plates with ulraviolet detection

Table 3

Effects of compound 3h on cell cycle, apoptosis, and DNA/RNA synthesis in CCRF-CEM lymphoblasts (% of positive cells).

Compound <Gl GOIG1 s G2UM pH3™"" BiDU BiU
Control 87 430 394 17.6 18 438 407
30 1x IC50 7.2 418 410 172 20 444 416
3h 5% IC50 7.2 449 383 16.8 20 397 410
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at 254 nm. Column chromatography was performed on silica gel
60. All starting materials were commercially available.
Chemistry. 5-fodocytosine (1) [49]. Cytosine (100g,
09mol) was dissolved in the solution of 80g of potassium
hydroxide in 1500mL of water. Then, the pulverized iodine
(229g, 0.902mol) was added, and the mixture was stimed for
T0min at rt. Thereafter, the reaction mixture was heated to
reflux in the course of 70 min and refluxed for 2h. After cooling
to r.t. 30mL of 20% solution of sodium thiosulfate was added.
reaction mixture was stimed ovemight, neutralized with 3.5mL
of acetic acid, and filtered and washed with 200ml of water.
Filter cake was suspended in 1250mL of water and boiled for
10min. Then cooled overmght and filiered and washed with
200 mL of water and 200 mL of methanol. Product was dried at 60°
CA0mbar. Yield 174.5 g (82%), off-white arystals, mp 238-243°C
dec. (lit 225-245°C dec.®), '"HNMR (400 MHz, DMSO-d,): &
6.54 (brs, 1H, NH), 7.80 (br s+s. 2H, NH+CH), 10.80 (br s, 1H,
NH}; "*C-NMR (100.6 MHz, DMSO-d,): 5553, 1495, 1559, 164.7.
S-lodoimidazof 1,2-¢[pyrimidin-56H)-one  (2). To the
mixture of 50g of S5-iodocytosine (0.211mol) and 433 g
(0.528mol) of sodium acetate in 500mL of water, 47.8 mL
(0.422mol) of chloroacetaldehyde (57% solution in water) was
added. The mixture was stimed for 4h at 80°C. Then, the
mixture was cooled to rit. product was filiered, washed with
400 mL of water and 100mL of methanol. Product was dred.
yicld 474 g (86%), brown powder. Analytical sample was
recrystallized from acetone and dred at 50-60°CA0mbar to
obtain off-white crystals, mp 230-235°C dec., IR (KBr): 3434,
3218, 3144, 3128, 3099, 2947, 1716, 1604, 1537, 1377, 1331,
1269, 1246, 1165, 1138, 1116, 774, 707, 642, 622, 574, and
S46em” . HRMS miz  [M#H]" Calked. for CgHsIN:O:
26194718, found 26194704, Anal. Caled. for CgHyIN,O: C,
27.61; H, 1.54; N, 16.10. Found: C 27.82; H, 1.51; N 1592,
General procedure for Suzuki-  Cr The
mixture of 2 g (7.66 mmol) of 2, 11.')0 mmol of appmprmu., boronic
acid, 325¢ (3066mmol) of sodium carbonate, and 0,168 g
(023 mmol) of Pd(dppf)Cl, (0.280g (038 mmol) in case of 3j)
was placed to the flask, and argon atmosphere was inroduced by
three vacuum/argon cycles. First, 40mL of ethanol and then
20 mL of water were added (48 mL of ethanol and 12 ml. of water
in case of 3j), and an addidonal three vacuumfargon cycles
were carried out. Reaction mixture was heated to reflux for
24h, and then, the product was isolated from reaction mixture
(for 1solation procedure for 3b and 3g, refer to the succeeding
texts). Thercafier, the mixture was cooled o rt, 50mL of
water was added, and then, 6 mL of 35% hydrochloric acid was
added slowly. Ethanol was evaporated at 50°C under reduced
pressure. A little of active charcoal was added. and the mixture
was stired at 80°C for 10min. The mixture was filtered over
cellite and washed twice with 10 mL of 4% hydrochloric acid at
80°C. After cooling to r.t., pH of the filtrate was adjusted o
89 by solid sodium carbonate. Precipitated product was
filtered, washed with 100mL of water, and dried. Analytical
samples of all products were mecrystallized from acetone
(dimethylformamide in case of 3f and 3g) and doed at 50-60°C/
Imbar.  Pure product 3 was obtined after column
chromatography with dichloromethane/methanol 10: 1 as a mobile
phase (for NMR chemical shifts of compounds 3a-j, refer to Table 2).
Isolation of products 3b and 3g.  Afier refluxing reaction
mixture for 24 h (refer to the previous texts) and cooling to rt,
S0mL of water was added. and ethanol was evaporated at 50°C
under reduced pressure. The resuling suspension was filtered
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off and washed with 50mL of water. Crude product was dried
on air overnight and recrystallized from dimethylformamide
(25mL for 3b, 50mL for 3g). Product 3b was washed with
diethylether (2% 10 mL), product 3g with acetone (3 % 10 mL).

8-Phenylimidezo[1,2-c jpyrimidin-5(6H one  (3a). White
crystals, yield 1.27g (88%). mp 241-243°C, IR (KBr): 3429,
3156, 3113, 3066, 2933, 2820, 2737, 2633, 1731, 1620, 1548,
1511, 1494, 1445, 1411, 1288, 1274, 1247, 1142, 1114, 886,
771, 760, 743, 735, 704, 668, and 648, 574cm ', HRMS mk
[M+H]™ Caled. for Cy2HgN;O: 21208184, found 212.08173.
Anal. Caled. for CysHsN1O: C, 68.24; H, 4.29; N, 19.89; found:
C, 68.24: H, 425; N, 19.79.

8 Biphenyl-yllimidazm|12-c|p fin-5(6H)-one (3b).  White
crystals, yield 1.78 g (81%). mp 280-287°C, IR (KBr): 3438,
3241, 3146, 3127, 3080, 2940, 2898, 1732, 1618, 1544, 1485,
1407, 1286, 1278, 1262, 1243, 1144, 1109, 918, 836, 827, 758,
740, 719, 693, abd 649, 576cm ™. HRMS miz [M+H]™ Caled.
for CygHy4N20: 28811314, found 288.11309. Anal. Caled. for
CigHisN3O: C, 75.25; H, 4.56; N, 14.63; found: C, 75.58; H,
461; N, 14.74.

8-(4-Methoxyphenyl)imidazo[1,2-c[pyrimidin-5( 6H)-one
(3c).  White crystals, yield 1.61 g (90%). mp 248-250°C, IR
(KBr): 3435, 3160, 3068, 2009, 2932, 2845, 1723, 1709, 1619,
1610, 1546, 1515, 1462, 1407, 1298, 1276, 1256, 1183, 1141,
1113, 1024, 882, 845, 829, 800, 742, 652, 621, 572, 563, and
519cm™'. HRMS mfz [M+H]"™ Caled. Iur CH N O
24209240, found 242.09249. Anal. Caled. for C,.H,; N0y C,
64.72; H, 4.60; N, 17.42; found: C, 64.79; H, 4.59; N, 17.32.

8-(4-Chlorophenyl)imidazo(1,2-¢ |pyrimidin-5(6 H)-one
(3d).  White erystals, yield 1.41 g (75%). mp 262-264°C, IR
(KBr): 3437, 3146, 3130, 3067, 2743, 1747, 1617, 1549, 1510,
1486, 1412, 1402, 1287, 1266, 1246, 1144, 1112, 1099, 922,
820, 811, 777, 747, 593, 490, and 463cm”~ . HRMS miz [M
+H|" Caled for C;:HoCIN;O: 246.04287, found 246.04287.
Anal. Caled. for CHgCINAO: C, 58.67; H, 3.28; N, 17.10: C1,
14.43; found: C, 58.79; H. 3.23; N, 16.98; CL 14.55.

8-[4-( Trifta hyl)phenyl fimidazo[1,2-¢ [pyrimidin-5(6H )-
one (3e).  White crystals, yield 1.52g (71%). mp 235-236°C,
IR (KBr): 3443, 3074, 2035, 2845, 2745, 2638, 1739, 1724,
1619, 1550, 1517, 1414, 1329, 1278, 1246, 1161, 1141, 1132,
1122, 1115, 1070, 1018, 893, 851, 744, 684, 652, 634, 619,
603, 586, and 413cm~'. HRMS mfz [M+H]" Caled. for
Ci3HeFaN5O: 280.06922, found 280.06938. Anal. Caled. for
CiaHgFaN3O: C, 55.92: H, 2.89: N, 15.05: found: C, 56.02; H,
292; N, 14.95.

45 Oxo-5,6-dihydroimidazo[1,2-c [pyrimidin-8-ylbenzaldehyde
(3f.  Off-white solid, yield 1.52 g (83%). mp 267-270°C, IR
(KBr): 3438, 3147, 3131, 3068, 2859, 1748, 1695, 1615, 1607,
1568, 1550, 1503, 1487, 1411, 1395, 1293, 1279, 1248, 1215,
1167, 1143, 1126, 1112, 922, 824, 747. 685, 650, 583, 556,
493, and 476 cm ™. HRMS mi/z [M+H]" Caled for C,3H,, N3O
240.07675, found 240.07669. Anal. Calkd. for Cj3HgN,O4:
C, 6527; H, 3.79; N, 17.56; found: C, 64.98; H, 391: N,
17.42.

4-(5-Ohxo-5,6-dihydroimidazof1,2-c fpyri S-yl)b ic acid
(3gl  Off-white solid, yield 1.45g (74%). mp =>350°C dec., IR
(KBr): 3435, 3147, 3131, 3064, 2850, 1744, 1701, 1678, 1611,
1548, 1502, 1486, 1437, 1412, 1327, 1291, 1279, 1245, 1184,
1137, 1112, 922, 845, 774, 758, 746, 701, 587, 556, 483, and
442 em”™". HRMS miz [M+H]™ Caled. for Cy3HyoN2Oy: 256.07167,
found 256.07152. Anal. Caled. for CiaHeN2Os: C, 61.18; H, 3.55;
N, 16.40; found: C, 60.82; H. 3.67; N, 16.35.
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4-(5-0x0-5,6-dihydroi (1, 2-clpyrimidin-8-y)b itrile
(3h).  White crystals, yidld 1.38 g (84%). mp 310-325°C dec., IR

(KBr): 3432, 3219, 3175, 3086, 2942, 2227, 1723, 1624,
1606, 1549, 1509, 1413, 1287, 1274, 1243, 1143, 844, 727,
611, 571, 544, and 500 cm™'. HRMS m/z [M+H]* Caled. for
Cj3HgN,O: 237.07709, found 237.07699. Anal. Caled. for
C3HgN,O: C, 66.10; H, 3.41; N, 23.72; found: C, 66.42; H,
348; N, 2335,

8(Thiophen-2-yljimidazo (1, 2-¢pyrimidin-5(6 H)-one (3. White
crystals, yield 1.01 g (61%). mp 249-255°C, IR (KBr): 3420,
3157, 3069, 2922, 2847, 2743, 1726, 1709, 1611, 1553, 1519,
1499, 1405, 1287, 1250, 1241, 1141, 1114, 878, 847, 830, 731,
718, 638, 638, 591, and 571 cm™'. HRMS mi/z [M+H]" Caled.
for C; HgN,OS: 218.03826, found 218.03820. Anal. Caled. for
CipH;N;08: C, 5529; H, 325 N, 19.34; §, 14.76; found: C,
55.09; H, 3.10; N, 19.09; 5, 14.56.

8-(Pyridin-4-wimidazof1,2-c|pyrimidin-5(6H)}-one (3j).  White
crystals, yield 1.01g (62%). mp 260-263°C dec., IR (KBr):
3436, 3137, 3082, 2936, 2736, 1732, 1723, 1620, 1604,
1556, 1501, 1418, 1326, 1284, 1258, 1135, 1117. 1072,
1008, 890, 828, 758, 679, 666, 649, 618, 579, 568, 549,
and 497em™'. HRMS m/z [M+H]" Caled. for C, HoN,O:
213.07700, found 213.07698. Anal Caled. for C, HgN,O:
C, 6226; H, 3.80; N, 26.40; found: C, 61.98; H, 3.92; N,
26.56.

Biological activity. MTT assay.  As for the eytotoxic MTT
assay [50], all cells were purchased from the American Tissue
Culture Collection, unless otherwise indicated: The CCRF-CEM
line are highly chemosensiive T-lymphoblastic leukemia cells,
K562 cells were derved from patient with acute myeloid
leukemia  with ber-abl  ranslocation, A5S49 line is  lung
adenocarcinoma, HCT1 16 is colorectal tumor cell line, and its p53
gene knockdown counterpart (HCT 116p33-/-, Honzon Discovery,
Cambridge, UK) is a model of human cancers with p53 mutation
frequently assodated with poor prognosis. The daunorubicin-
resistant subline of CCRF-CEM cells (CEM-DNR bulk) and
paclitaxelresistant  subline  K562-Tax  were selected in our
laboratory by the cultivation of matemal cel lines in increasing
concentrations of daunorubicin or paclitaxel, respectively, and
were characterized well in the article by Noskovi er al. [42]. The
CEM-DNR bulk cells overexpress  P-glycoprotein, MRP, and
LRP protein, while K562-Tax cells overexpress only P-
glycoprotein, both proteins belong to family of ABC transporters
and are involved in primary andfor acquired multdrug resistance
phenomenon. MRC-5 and BJ are nontumor human fibroblasts.
The cells were maintained in Nunc/Coming 80 cm” plastic tissue
culture flasks and cultured in cell culture mediuom (DMEM/R PMI
1640 with 5 g/l glucose, 2mM glutamine, 100U/mL penicillin,
100 pg/ml strepomyein, 105 fetal calf serum, and NaHCOs).
Cell suspensions were prepared and diluted according o the
particular cell type and the expected target cell density (25,000~
30,000 cells/well based on cell growth characteristics). Cells were
added by pipette (80 pL.) into 9%6-well micraotiter plates. Inoculates
were allowed a preincubation pedod of 24h at 37°C and 5% CO,
for stabilization. Fourfold dilutions, in 20pl aliquots, of the
intended test concentration were added to the microtiter plate
wells at time zero. All test compound concenfrations were
examined in duplicate. Incubation of the cells with the test
compounds lasted for 72h at 37°C, in a 5% CO; atmosphere at
100% humidity. At the end of the incubation period. the cells
were assayed using MTT. Aligquots (10pL) of the MTT stock
solution were pipetied into each well and incubated for further
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1-4h. After this incubation period, the formazan produced was
dissolved by the addition of 100 pL/well of 10% aq SDS (pH
5.5), followed by a further incubation at 37°C ovemight The
optical density (OD) was measured at 540nm with a Labsystem
iEMS Reader MF (Labsystem, Helsinki, Finland). Tumor cell
survival (ICs,) was caleulated using the following equation:
IC=(ODdrug-exposed wellfmean ODcontrol wells)x< 1006, The
ICs, value, the drug concentration lethal to 505 of the umor
cells, was caleulated from appropriate dose-response curves.

Cell cyele and apopiosis analysis.  Subconfluent CCRF-
CEM cells {American Tissue Culture Collection), seeded at the
density of 5.10° cells/ml in 6-well panels, were cultivated with
the 1x or 5x ICs of tested compound in a humidified CO»
incubator at 37°C in RPMI 1640 cell culture medium containing
10% fetal calf serum, 10mM glutamine, 100 U/mL penicillin,
and 100 pg/ml sweptomycin. Control containing vehicle was
harvested at the same time point (24 h). Cells were washed with
cold phosphate buffered saline (PBS) and fixed in 70% ethanol
ovemight at 20°C. The next day, the cells were washed in
hypotonic cirate buffer, treated with RNase (50 pg/mL), stained
with propidium iodide, and analyzed by flow cytometry using a
488nm single beam laser (Becton Dickinson, San Jose, CA).
Cell cycle was analyzed in the program MoODFITLT (Verity),
and apoptosis was measured in logarthmic model as a
percentage of the particles with propidium content lower than
cells in GO/G1 phase (<Gl) of the cell cycle. Half of the
sample was used for pm""" antibody (Sigma) labeling and
subsequent flow cytometry analysis of mitotic cells.

BrDU incorporation analysis. Cells were cultured and
treated as for cell eyele analysis. Before harvesting, they were
pulse labeled with 10 pM 5-bromo-2-deoxyuridine (BrDU) for
30min. The cells were trypsinized, fixed with ice-cold 70%
ethanol, incubated on ice for 30min, washed with PBS, and
resuspended in 2M HCI for 30 min at room temperature o
denature  their DNA. Following  newtralization with (.10
Na;B4O5, the cells were washed with PBS containing 0.5%
Tween-20 and 1% bovine serum albumin. They were then
stained with primary anti-BrdU antibody (Exbio) for 30 min at
room temperature in the dark. Cells were than washed with PBS
and stained with secondary antimouse-FITC antibody (Sigma).
The cells were then washed with PBS and incubated with
propidium iodide (0.1 mg/mL) and RNase A (0.5mg/mL) for
1h at room temperature in the dark and finally analyzed by flow
cytometry using a 488 nm single beam laser (FACSCalibur,
Becton Dickinson).

BrU incorporation analysis.  Cells were cultured and reated
as for cell cycle analysis. Before harvesting, they were pulse
labeled with 1 mM S-bromoundine (BrUJ) for 30 min. The cells
were fixed in 1% buffered paraformaldehyde with 0.05% of
NP40 in room temperature for 15min and then in the
refrigerator ovemight. They were then washed in 1% glycin in
PBS, washed in PBS, and stained with primary and-BrDU
antibody cross-reacting to BrU (Exbio) for 30 min at room
temperature i the dark. Cells were than washed with PBS and
stained with secondary antimouse-FITC antibody (Sigma).
Following the staining, the cells were washed with PBS and
fixed with 1% PBS buffered pamformaldehyde with 0.05% of
NP-40. The cells were then washed with PBS, incubated with
propidium iodide (0.1 mg/mL) and RNase A (0.5 mg/mL) for
1h at room tempenture in the dark, and finally analyzed by
flow cytometry using a 488nm  single beam  laser
(FACSCalibur, Becton Dickinson).
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2.3.3 Hydrazone derivatives based on a Troger’s base skeleton

Hydrazones have interesting biological properties, including antibacterial, anticancer,
antiviral antimycobacterial and antifungal activity. They belong to a group of carbonyl
compounds counted as aldehydes and ketones, possessing the azomethine group.
Although the precise mechanism of action is not yet very well known, it is probably
based on metal ion chelation or inhibition of some metabolic proteins involved in
epigenetic modification, DNA and RNA synthesis and induction of oxidative stress. Hall
et al. (1999) discovered that these compounds interfere with nucleic acid syntheses
through amidophosphoribosidtransferase, Inosine-5-monophosphate dehydrogenase,
dihydrofolate reductase, thymidylate synthase and thimidin kinase inhibition. Due to their
interesting chelating properties, hydrazones have been extensively tested for their
potential benefit, for example as antitumor (Lindgren et al. 2014, Kaplanek et al. 2015),
antifungal (Casanova et al. 2015) antituberculotic (Mathew et al. 2015), anti-
inflammatory, antiepileptic (Kumar et al. 2014) and antidiabetic (Mayer et al. 2015)
agents. Moreover, these structures are known for other therapeutical properties —
antimalarial, antioxidant, antiplatelet, antiparasitic, antihypertensive and cardioprotective
(Singh & Raghav 2011; Ali et al. 2012; Padmini et al. 2013). Tsafack et al. (1996) tested
hydrazones against Plasmodium falciparum and identified several molecules significantly
active towards all the plasmodial stages, in micromolar and also submicromolar
concentrations. A similar study with different forms of hydrazones was carried out by
Walcourt at al. (2004) as well. Hydrazones in our study (2.3.3.1) were prepared to
achieve DNA intercalating properties. For this purpose, Troger’s base was used as a

skeleton for the synthesis.

114
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‘We report the design and synthesis of novel anticancer agents based on bis-hydrazones separated by a
rigid Triger's base skeleton. This novel approach combines a biologically active moiety (hydrazone) with
this scaffold | Triger's base) to construct DNA intercalators. Evaluation of the anticancer activity of these
agents using seven cancer cell lines and two healthy cell lines found that several derivatives had potent
anticancer activity and excellent selectivity indexes toward cancer cells. The antimicrobial activities were
tested on a set of thirteen bacterial stains, but the prepared compounds were not active, Complexation
studies using biologically important metal ions demonstrated that these compounds are able to bind
Cu®, Fe**, Co®, Ni** and Zn**. DNA intercalation studies showed that the compounds themselves do
not interact with DNA, but their metallocomplexes do interact, most likely via intercalation into DNA.

© 2015 Published by Elsevier Ltd.

1. Introduction

Cancer is a disease characterised by out-of-control cell growth.
There are over 100 different types of cancer. Although numerous
compounds show anticancer activity, many of them exhibit either
unpleasant side effects or substantial toxicity. The increasingly
common resistance of cancer towards currently used drugs is also
probl ic. A pre family of cytostatics is based on aroyl
hydrazones.

(Hetero)aroyl hydrazones demonstrate a wide range of
biological activities, including anti-microbial, anti-bacterial,
anti-mycobacterial, anti-viral and anti-malarial activities."”® In
addition, they demonstrate metal ion-chelating activity and can
thus be used as therapeutics for the o of both chronic
and ransfusional iron overload.™” ™ Some aroyl hydrazones have
exhibited significant anticancer activity.">"%"*

The mechanism of the anticancer action of aroyl hydrazones is
assumed to involve the chelation of metal ions, especially iron,
which is crucial for the function, growth and division of cancer cells.
Other possible mechanisms of action include intercalation into
DMNA, inhibition of the enzymes responsible for the biosynthesis of

* Corresponding author, Tel: +420 220445027,
E-mail address: Viadimir Kral@vscht.cz (V. Krdl )}

http: | dx doi.org10.1016j.bmc. 2015.01.029
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both RNA and DNA and other biological processes (such as ribonu-
cleotide reductase, histone deacetylases and acyl transferases), the
disruption of cellular metabolic processes and generation of redox
systems that produce reactive oxygen species and toxicity to
metabolites."*"“"*~"* While not yet completely determined, the
mechanism of the anticancer action of aroyl hydrazones is expected
to be a combination of the above mechanisms.

The anticancer activities of (hetero)aroyl hydrazones were first
described in 1959."° Many additional compounds have been pre-
pared and tested over the last two decades. These hydrazones are
commonly derived from pyridoxal isonicotinoyl hydrazone (PIH),
which was first described in 1954 as an anti-tubercular agent'™'®
and was developed in 1979 for iron overload treatment.'” The anti-
cancer actividies of PIH and its derivatives were discovered in
1962.”" This class of compounds are still the subject of intense
research, and many structurally diverse analogues of PIH have been
recently described.*" " These aroyl hydrazones and their metallo-
complexes are usually small, relatively planar molecules. These
properties are favorable for intercalation into the DNA helix.

A promising strategy for the design of novel anticancer agents
involves the use of multiple hydrazone-binding units that can
potentially intercalate into DNA. For bis-hydrazones, the binding
units are commonly connected with flexible spacer to allow the
binding of one metal ion by both binding units.?'~** Our strategy
was to use a rigid spacer between the hydrazone units to facilitate
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intercalation of those units into DNA. The most promising struc-
tural motif for a spacer is based on Triiger's bases. Triiger's bases
are compounds containing two arenes connected to the b- and
fsides of 1,5-methano-15-diazocine.”* ™ The unique structural
features of Triger's base (C; symmetry, rigid A-shape geometry,
inherent chirality) result in a helical shape that can be similar or
opposite to the helicity of DNA. Recently published studies have
shown that Tréger's base derivatives based on acridine,”
proflavine,”*** naphthalimide,* distamycin®'~* or metal complexes™
are interesting intercalators. Some Tréiger's base derivatives have
also been studied for their anticancer activity.**®

From biological perspective, effect of the Triger's base skeleton
is unexplored area. It seems that the Tréger's base skeleton can be
interesting pharmacophore useful in the design and construction
of biological active compounds. Therefore explored the design
and synthesis of hydrazones possessing Triiger's base skeleton
and evaluated their cytostatic and antimicrobial activity, metal-
binding properties and interactions with DNA.

2. Results and discussion
2.1. Synthesis of target compounds 4-14

Target hydrazones 4-14 were prepared in three synthetic steps
(Scheme 1). The first step was preparation of the Tréger's base scaf-
fold with suitable functional groups. Thus, we prepared diester 2
through the reaction of methyl 6-amino-2-naphthoate (1) with
hexamethylenetetramine in trifluoroacetic acid (TFA) in 55% yield
using procedures reported in the literature.”* The diester 2 was
subsequently converted into dihydrazide 3 by reaction with a large
excess of hydrazine hydrate in dioxane at high temperature in 98%
yield. In the last step, dihydrazide 3 was reacted with an excess of a
5-substituted 2-hydroxybenzaldehyde or a 2-N-heterocyclic
aldehyde or ketone (molar ratio 1:2.4) in anhydrous dimethyl

ed
1

"CH;;O" TFA
rL 24h

HD
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sulphoxide at room temperature to afford hydrazones 4-14in high
yield, 86-98%,

2.2. Biological studies

2.2.1. Cytostatic activity

The in vitro cytotoxic activities of hydrazones 4-14 were tested
on the following seven cancer cell lines: CCRF-CEM (T-lymphoblas-
tic leukaemia), CEM-DNR (T-lymphoblastic leukaemia, daunoru-
bicin resistant), K562 (acute myeloid leukaemia) and K562-TAX
(acute myeloid leukaemia, paclitaxel resistant), A549 (human
lung adenocarcinoma), HCT116 (human colorectal cancer),
HCT116p53~/~ (human colorectal cancer, p53-deficient) and on
the following two healthy cell lines: B] (human fibroblast) and
MRC-5 (human lung fibroblasts). Cytotoxic activities are presented
as the ICsq values (Table 1). Data are expressed as the mean + SD
(uM) of the 1Cso values for eight independent experiments. The
tested compounds (4-14) showed cytotoxic activity at concentra-
tions of 0.05 to >100 uM. The majority of the compounds were
more active against the T-lymphoblastic leukaemia cell line
CCRF-CEM than on the corresponding daunorubicin-resistant line
CEM-DNR. With respect to the myeloid leukaemia K562 line and
its paclitaxel-resistant form (K562-TAX), the cytotoxic activities
were similar against both cell lines (except for hydrazones 12
and 13). The ICs; values for the human lung adenocarcinoma cell
line A549 were from 0.17 to >100 pM. The inhibitory activities
for the human colorectal cancer cell line HTC116 and its
p53-deficient form (HTC116p53—/-) were similar.

Comparison of the activities of our derivatives with those of
other hydrazone-based compounds against the same cell lines
described in the literature is difficult due to various descriptors of
activity (ICsq, ECsp, Glsg, etc.) and experimental conditions. For
example, ( 2-hydroxyaryl )ydene hydrazones derived from isonicoti-
noyl hydrazide showed ICs; values in the range from 0.3 to 28.4 uM

SO

2: 55%

NaH"Hz O; EHOH
raflux; 24h

DMS0 —
oo H,N—NH . t WI\I NH,
3 08%

N
o G- G
N—MNH HN— N
N T
5 R=CHy 08%
= 6 R=0H;01% rDtMZS"%
7 R=0CH;; 86%
8 R=F;02%
9 R=CL 5%
10 R = NOz 84%
11 R = COCHy 7%
N NH HN— N
\ }
—— R- 12 R =H;R" = 2-0CH5; 03% "
R-- 13 R = H; R" = 2,3-CH=CH-CH=CH-83% R"
4R =2.Py R"= H;03%

Scheme 1. Preparation of hydrazones 4-14.
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Table 1
1Caq values & SD (pM) for hydmazones 4-14
Compound Cell line
CCRF-CEM CEM-DNR K562 K562-TAX AS49 HCT16 HCT116 p53—/- BJ MRC-5
4 0.36 £ 033 4254129 058+ 038 0.83+009 098 £ 061 039 £017 019 £0.08 0274019 039 £ 0.26
5 0.58 £ 0.43 A36+4.11 0.90 £ 1.08 L14£031 054£025 062 £ 016 0452016 0.69 £ 067 027 £0.30
6 0.06 £ 0.03 15943277 0.44 £ 049 0.26 £ 001 0.17£0a3 039 +£023 01z2xam 6.55 £ 4.61 055 +073
7 0.18 £0.15 2142130 0.08 £ 0.05 0.21£009 023+0.01 0.05£004 0.06 £0.03 57.15+2082 0.11 £ 007
8 1L.58£1.17 425+ 1.15 230+1.09 236+ 084 124+0.58 064 £0.35 081 £0.41 54.14£32847 29031512
9 4214 £ 13.06 =100 =100 =100 =100 =100 =100 =100 =100
w0 =100 =100 =100 =100 =100 =100 =100 =100 BEIT£1753
n 5.62+124 2817 £750 976+£434 21234159 1193 £500 1030 £ 456 947 £342 B742+£1058 89537+7.17
7 36.56 £ 3.67 G6714£275 5559+ 1320 293+084 =100 B573£1740 =100 =100 =100
13 0.58 £0.53 6294270 0ez+1.0 10,14 £ 605 1858310 17.66 £ 6.86 2530+ 3805 =100 =100
1 091£052  208+103  064:039  056£005 203+117  046+009 078045 209+ 1.90 103 £ 102

Legend: CCRF-CEM (T-lymphoblastic leukaemia ), CEM-DNR (T-lym phoblastic leukaemia, daunorubicin resistant), K562 (acute myeloid leukaemia), KS62-TAX (acute myeloid
leukaemia, paclitaxel resistant), A549 (human lung adenocardnoma), HCT116 (human colorectal cancer), HCT116p53—/— (human colorectal @naer, p53-defident), B

(human fAbroblast) and MRC-5 (human lung fibroblasts).

(HCT116),*® from quinoxalin-2-hydrazine in the range from 1.8 to
14.2 pM (HCT116),* from benzoisoindoline-based hydrazide in
the range from 5.8 to more than 50 pM (HCT116) and more than
50 UM (A549),"" from 1-arylmethyl-3-aryl-1H-pyrazole-5-carbo-
hydrazide in the range 3.7-10.8 (A549)" or from benzoisothia-
zol-based hydrazides in the range of 0.5 to more than 100 pM
(CCRF-CEM) and (2-N-heteroaryl)ydene hydrazones derived from
benzoxazole-2-hydrazine showed ICs; values in the range from
0.004 to more than 50 uM (CCRF-CEM).**** These examples indi-
cate that anticancer effect is strongly dependent on the structure
of both aldehyde/ketone and hydrazine/hydrazide part of hydra-
zone molecule.

From a structural perspective, the most active compounds
possessed the 2-hydroxy-5-methoxybenzylidene (hydrazone 7),
2-hydroxy-5-fluorobenzylidene  (hydrazone 8), quinolin-2-
ylmethylidene (hydrazone 13) and di(2-pyridyl)methylidene
moieties (hydrazone 14). No correlation was observed between
electronic effect of substituents and anticancer activity. The lipo-
philicity of the compounds is well known to play an important role
in their penetration through cell membrane. The lipophilicities of
the all synthesized compounds were expressed as partition coeffi-
cient log P values (determined using ChemBioDraw Ulera v13; data
are not shown). Unfortunately, log Pvalues have not shown any cor-
relation with the anticancer activity. This result indicated that lipo-
philicity of the tested hydrazones do not affect their anticancer
activity.

The selectivity indexes toward cancer cells (Table 2) were calcu-
lated as a ratio of the average ICs values for B] and MRC-5 cells and
the 1Cs, values for the corresponding cancer cell line (or the

Table 2
Selectivity indexes (51} toward cancer cells for hydrazones 4-14

average ICsp value for all cancer cell lines for the overall selectivity
index). Thus, the selectivity index represents the selectivity for a
specific cancer cell line. In Table 2, the highest selectivity index val-
ues are highlighted in blue (SI1>100) and green (100> SI> 10).
Compound 7 (Slgenn = 68.0), compound 8 (Slyveran=22.1) and
compound 13 (Slyewn = 8.8) showed the best selectivity toward
all cancer cells.

To better understand molecular mechanism of the cytostatic
effect of the prepared hydrazones the most active compounds were
tested for their effect on cell cycle alterations, apoptosis, and DNA
and RNA synthesis using CCRF-CEM T-lymphoblastic leukaemia
cells (Table 3). The analyses were performed at equiactive concen-
rrations corresponding to 1 = ICsgand 5 « ICs, for a 24 h treatment
interval. All tested compounds (4-8, 11, 13 and 14) induced apop-
tosis at the 5 = ICsy concentration; at the 1 = ICsy concentration,
only compound 8 displayed significant apoptosis. Compounds 4,
5 and 8 resulted in pronounced induction of apoptosis at the
5 x ICsp concentration, which was accompanied by significant
inhibition of DNA synthesis and a decrease in the percentage of
mitotic pH3*" "+ cells. Compounds 8 and 13 exhibited dose-
dependent inhibition of RNA synthesis.

Above mentioned results indicated, that structure-activity
relationships of hydrazone derivatives based on a Triger's base
skeleton are more complex.

2.2.2. Antimicrobial activity

The prepared compounds were also tested for their antimicro-
bial activity against the following standard reference gram-posi-
tive and gram-negative bacterial strains: Enterococcus faecalis

Compound Selectivity indexes (51)
CCRF-CEM CEM-DNR K362 K562-TAX AS49 HCT116 HCT116 p53—(— Overall

4 09 a1 06 04 a3 QB 17 Q3
5 08 ol 05 0.4 0.9 08 11 04
G 632 1.4 B0 138 209 9.1 290 6.2
7 1623 133 3572 1377 1232 6223 495.0 GB.O
B 263 R 181 176 336 649 510 221
L] 24 1.0 1.0 10 1.0 1.0 10 11
10 08 09 08 09 09 09 09 09
1 163 32 94 43 77 89 97 66
12 27 149 18 341 i 12 10 1.8
13 1720 159 1219 a9 54 57 40 BE
14 17 o7 24 28 08 34 20 L5

Sl= [average ICs; values for B] and MRC-5 cells]{[ICs, values for corresponding cancer cell line] The highest 51 values are highlighted in blue (S1>100) and green

(100> 5> 10).
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Table 3
Summary of cell cycle, apoptosis (sub G1), mitosis (pH3 ), and DNA (BrdU+) and RNA (BrU+) synthesis analyses (only compounds with 1Czo/CCRF-CEM cell line <10 pM)
Com pound % of total cell populations
Apuptosis GOjG1 5 c2M pHI=0, DMA synthesis (BrdU+) RMA synthesis (Bril)
Control 481 4093 4323 1582 1.98 47.7 4625
41150 1807 30,60 5031 19.09 0.62 5071 59.79
45 x50 5023 4333 3735 18492 0.m 594 8392
511, 1409 4052 44.83 1465 1. 3867 3357
55 1lsg 5407 3843 4678 1479 (1 J.r] 517 26.44
611, 399 3738 44.72 17.9 3 50L15 4847
651l 9.74 2132 5822 2046 239 55.96 4316
T 1wz 12497 300,00 5403 1597 099 50.98 6395
T 5% 1lsg 2174 3905 4855 1240 0.67 3178 5637
B 11l 4042 3150 5545 13.05 0.30 13.69 6313
B 5« 150 5801 4110 4241 16.49 0.15 1.54 437
11 1 = 1Cs 12.85 4863 3854 1283 118 46.43 2866
11 5 = 1Csa 14.56 3126 5548 1326 0.86 54.61 2103
13 1 = 10 B840 46.09 3856 1535 1.65 52493 4400
13 5 = 1Csa 10.72 46.56 3987 13.57 1.52 43.36 16.94
14110 1204 2827 6124 10.49 0.53 57.31 6037
14 5 = 10y 2451 363 G814 2823 1.72 55.69 5590
Data are expressed as a percentage of the total cellular population.
i1
— ligand
18 ——ligand + Zn{2+]
——ligand +Nil2+]
_us ——ligand + Cul2+}
E ~——ligand + Fa(3+)
§ o8 ——ligand + Ca{7+)
2
F
g os
oz
an
50 300 L 200 L 500

Fgure 2. QD/MD simulated structure of metallocomplex of 2 Fe{lll) ions with two
molecules of hydrazone 6 (legend: grey—carbon, blue—nitrogen, red—oxygen,
pink—electron pair, dark-red—iron, hydrogen not shown for darity ).

CCM 4224, Staphylococcus aureus CCM 3953, Escherichia coli CCM
3954, Pseudomonas aeruginosa CCM 395, methicillin-resistant

119

Figure 3. UVvis spedra of hydrazone 5 and their metallocomplexes with Co™,
cu™, Fe®, NI and Zn® jons,

——ligand {L}
—L i)
0 — ezl
==L+ Stuf+}
— WO[24)
3 o8 —L e L[
-§- L+ S0 Eulz+)
L 00 Cu24]
5 06 (2+)
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250 a0 50 4m 450 500

wavelenght [nm]

Figure 4. UV/vis titration of hydrazone 5 using Cu™ jons (0-100 concentration
equivalent).

staphylococci (Staphylococcus aureus MRSA 4591 and Staphylococ-
cus haemolyticus A/16568) and multidrug-resistant strains (Escher-
ichia coli /16702 and Pseudomonas aeruginosa Aj16575, Candida
albicans, Candida crusei, Candida tropicalis, Candida parapsilosis
and Mycobacterium bovis BCG). Hydrazones 4-14 did not show
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Figure 5. UV/vis titration of hydrazone 5 using Cu®” jons (figure: 0-5 concentration
equivalents, inset: 0-100 equiv) at 330 nm.
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Figure 6. UVivis spectra of hydrazone 5, hydrazone 5 with DMA, hydrazone 5
metallocomplex with Cu™, hydrazone 5 metallocomplex with Cu™ with DNA and
DINAL

any antimicrobial activity in the concentration ranges tested (up to
200 puM or up to 100 uM for Mycobacterium bovis).

2.3. Quantum dynamic/molecular dynamic simulations
Native conformations of prepared compounds were investigated

using quantum dynamic/molecular dynamic(QD/MD) calculations.
As shown on Figure 1. the Tréger's base skeletons of the prepared

0,10 '
005 —— ]
0,00

0,05

A Afau] @ 300and 360 nm

hydrazones have rigid V-shaped geometry. Distance between
both metal-binding units does not enable the formation of a 1:1
intramolecular complex with the metal ions but formation of 2:2
is possible (shown on Fig. 2).

2.4. Analytical studies

The chelation of iron and other biologically important metal
ions that are necessary to ensure the growth and division of
tumour cells may be the primary mechanism of action of aroyl
hydrazone-based anticancer agents. The abilities of hydrazones
4-14 to bind the Fe®, Fe™", Co*, Cu™, Ni**, Zn™*, Mn™" and Cr™* ions
were investigated. Chelation of ions such as Ca®* or Mg”" could lead
to serious rouble; thus, interactions with these cations were also
investigated. The V-shaped geometry of the Triger's base skeletons
of the prepared hydrazones did not enable the formation of a 1:1
intramolecular complex with the metal ions. Titration demonstrat-
ed that the hydrazones chelated the metal ions with stability con-
stants in the order Co®*, Cu® » Fe™ » Ni** =Zn®" (an overview
shown on Figure 3., an example of ttration shown on Figs. 4 and
5). Interactions with other metal ions (Ca®*, Mg**, Fe™, Mn®" and
Cr** ) were not observed.

The DNA intercalation studies showed that hydrazones 4-14 do
not interact with DNA alone, but their metallocomplexes with Co®',
Cu?*, Fe*, Ni** and Zn®" exhibit spectral changes after the addition
of DNA (see Fig. 6). These data indicate that metallocomplexes
interact with DNA. The complexation of metal ion by hydrazone
moiety stabilized geometry of binding unit. Binding moiety
became rigid with geometry closed to planar. This geometry of
binding moiety allows intercalation into DNA. Thus, we expected
that observed interaction of metallocomplexes with DNA is based
on intercalation mechanism.

Spectral changes as a function of pH indicate pKa values of pre-
pared compound as shown on Figure 7. Dashed lines correspond to
pH values when protonation of compound is changed. The com-
pound exists in the same protonation form both in the physio-
logical pH (pH=7.4) and in the pH values inside cancer cells
(pH=5-7).

3. Conclusion

In conclusion, we prepared a series of hydrazone derivatives
based on a Trisger's base skeleton (4-14) in three synthetic steps
with high overall yields. The anticancer activity of the prepared
hydrazones was tested on nine cell lines. Eight compounds (4-8,
11, 13 and 14) showed high cytotoxic activity on all tested leuke-
mic and cancer cell lines. The best results were obtained for com-
pounds 6-8, 11 and 13, which show excellent selectivity against

Figure 7. Spectral changes of hydrazone 5 as a fundion of pH. Dashed lines correspond to pk; values.
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leukaemic cells. Compounds 7, 8 and 13 showed superior selec-
tivity for all leukaemic and cancer cell lines compared to healthy
cell lines. The prepared compounds did not show any antimicrobial
activity.

Complexation studies with biologically important metal ions
demonstrated that these compounds could bind to the Co™, Cu®,
Fe'", Ni*" and Zn™ ions. DNA interaction studies showed that the
compounds do not interact with DNA alone, but their metallocom-
plexes with Co™, Cu®, Fe®, Ni** and Zn®" interact, probably
through intercalation into DNA.

Our results demonstrate that hydrazones with Troger's base
skeletons are a promising class of potent cytostatic agents with high
selectivity toward leukaemia and cancer cells. Triger's base-hydra-
zone conjugates are good candidates for further synthetic modifica-
tion and subsequent testing of anticancer activity on wider panel of
cancer cell lines, in vivo testing and pharmacokinetics.

4. Experimental
4.1. Chemistry

4.1.1. Measurements and materials

All chemicals were purchased from commercial suppliers and
used without further purification. NMR spectra were recorded on
Varian Gemini 300 HC (300.077 MHz) at room temperature
(~25°C) in DMSO-dg. The chemical shifts (3) are presented in
ppm, and coupling constants (J) are presented in Hz. In some cases,
13C NMR spectra were not recorded due to insufficient solubility.
The program MestReNova v. 8.01 was used for processing the
NMR spectra. Mass spectra were obtained using electrospray
ionisation (ESI) with a LTQ Orbitrap spectrometer. Elemental ana-
lysis was carried out using Elementar Vario El IIl analyser.

4.1.2. Preparation of dihydrazide

Diester 2°"** (439 mg; 1 mmol) was dissolved in dioxane
(20 mL) at 100 *C. Hydrazine hydrate (4 mL, 80 mmol) was added,
and the reaction mixture was stirred at 100 °C for 24 h. The reac-
tion mixture was evaporated to dryness in vacuo. An aliqguot of iso-
propanol (20 mL) was added to the dried mixture. The solid was
filtered off, washed with isopropanol (10 mL) followed by diethyl
ether (20 mL) and then dried in vacuo to obtain 430 mg (98%) of
dihydrazide 3.

"H NMR {DMSO-dg): 4 9.93 (br s, 2H), 8.30 (d, 2H, J= 1.2 Hz), 7.91
(dd, 2H, [, = 8.9 Hz, [, = 1.2 Hz), 7.78 (d, 2H, | = 8.9 Hz), 7.78 (d, 2H,
J=89Hz),7.43 (d, 2H, = 8.9 Hz), 497 (d, 2H, | = 17.0 Hz), 4.76 (d,
2H, [=17.0 Hz), 445 (s, 2H). "H NMR (300 MHz, pyridine-ds): &
11.04 (vbr s, 2H, NH), 8.68 (d, 2H, J=1.5 Hz, H12), 8.40 (dd, 2H,
Ji= 8.8 Hz, [>=1.5Hz, H10), 7.84 (d, 2H, = 8.8 Hz, H9), 7.76 (d,
2H, ] = 8.8 Hz, HB), 7.53 (d, 2H, | = 8.8 Hz, H5), 5.19 (signal merged
with water signal, NHz), 5.02 (d, 2H, J = 17.0 Hz, H2*), 4.88 (d,
2H, [ = 17.0 Hz, H2**), 4,50 (s, 2H, H1). "*C APT NMR (75 MHz, pyr-
idine-ds): 4 168.49 (C13), 148.20 (C4), 133.75 (C8), 131.17 (C11),
131.04 (C7), 129.35 (C6), 129.04 {C12), 126.58 {C5), 125.85 (C10),
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122.65 (C9), 122.45 (C3), 67.22 (C1), 56.40 (C2). Full assignment
based on correlation gHSQC and gHMBC spectra. Anal. Caled for
CasHxpNg0y: C, 68.48; H, 5.06; N, 19.17. Found: C, 68.46; H, 5.00;
N, 19.17. HRMS (ESI') caled for CusHxpNgO:Na [M+Na]':
461.16965, found: 461.16956.

4.1.3. Preparation of hydrazones

General procedure: Dihydrazide 3 (120 mg; 275 pmol) was
reated with carbonyl compound (660 pmol; 1.2 equiv) in anhy-
drous DMSO (4 mL) at rt for 24 h. Diethyl ether (30 mL) was then
added, and the precipitated solid was filtered off, washed with a
diethyl ether-acetonitrile mixture (4:1 vfv; 3 x 20 mL) and dried
in vacuo to obtain the hydrazone.

4.1.3.1.Hydrazone 4. 153 mg (86%). "H NMR (DMS0-dg): 12.23
(s,2H), 11.30 (s, 2H), 8.67 (5, 2H), 8.45 (d, 2H, | = 0.6 Hz), 8.01 (dd,
2H,]; = 8.8 Hz, |- = 0.6 Hz), 7.89 (m, 4H), 7.53 (m, 4H), 7.30 (m, 2H),
6.94 (m, 4H), 5.05 (d, 2H, ] = 17.0 Hz), 4.84 (d, 2H, J = 17.0 Hz), 4.50
(s, 2H). "H NMR (300 MHz, pyridine-ds): 4 13.12 (br s, 2H), 12.51
(vbr s, 2H), 8.84 (s, 2H), 8.65 (d, 2H, /= 1.5 Hz), 8.38 (dd, 2H,
Ji=87Hz, J-=15Hz), 7.80 (d, 2H, [=8.7Hz), 7.67 (d, 2H,
J=8.9Hz), 7.51 (d, 2H, | =8.9Hz), 742 (br d, 2H, | = 7.6 Hz), 7.32
(br g, 2H, = 7.7 Hz), 7.22 (covered by solvent signal), 6.91 (td,
2H, J; = 74Hz, J>= 1.2 Hz), 499 (d, 2H, J=17.0 Hz), 4.84 (d, 2H,
J=17.0Hz), 448 (s, 2H). "*C APT NMR (75 MHz, pyridine-ds): &
164.78, 159.64, 150.0 (covered by solvent signal), 148,59, 134.04,
13225 CH, 13117 CH, 130.76, 130.36, 12975 CH, 12934 CH,
126.70 CH, 126.12 CH, 122.82 CH, 122.48, 120.12 CH, 119.81,
117.84 CH, 67.12 CHy, 56.33 CH,. Anal Caled for CygHaoNgOa: C
72.43; H, 4.68; N, 13.00. Found: C, 72.41; H, 4.70; N, 12.99. HRMS
(ESI") caled for CagHaoNeDsNa [M+Na]": 669.22207, found:
669.22186.

4.1.3.2. Hydrazone 5. 182 mg (98%). 'H NMR (DMSO-dg): &
12.21 (s, 2H), 11.05 (s, 2H), 8.62 (s, 2H), 8.44 (d, 2H, J = 0.6 Hz),
8.00 (dd, 2H, J, 8.8 Hz, J,=0.6 Hz), 7.90 (d, 2H, | = 8.8 Hz), 7.88
(d, 2H, 8.8Hz), 7.51 (d, 2H, J=8.8Hz), 7.35 (d, 2H, [=1.2 Hz),
7.10 (dd, 2H, J; »8.4Hz, |, »1.2Hz), 6.83 (d, 2H, | = 84 Hz), 5.04
(d, 2H, = 17.3 Hz), 4.83 (d, 2H, J=17.3 Hz), 4.49 (s, 2H), 2.25 (s,
6H). '"H NMR (300 MHz, pyridine-ds): & 13.14 (br s, 2H, NH),
12.33 (vbr s, 2H, OH), 8.87 (s, 2H, H14), 8.65 (d, 2H, |~ 1.8 Hz,
H12), 838 (dd, 2H, J;=8.7 Hz, J-=1.8 Hz, H10), 7.79 (d, 2H,
J=8.7Hz, H9), 7.67 (br d, 2H, J=88Hz, HG6), 7.50 (d, 2H,
J=8.8Hz, H53), 7.21 (H20, covered by solvent signal), 7.14 (d, 2H,
J=8.3Hz), 7.10 (dd, 2H, J;=8.3Hz, [,=17Hz), 498 (d, 2H,
J=169Hz), 483 (d, 2H, | = 16.9Hz), 447 (s, 2H), 213 (s, 6H,
H21). ™*C APT NMR (75 MHz, pyridine-ds): 5 164.82 (C13), 157.51
(C16), 150.0 {C14, covered by solvent signal), 148.58 (C4), 134.02
(C8), 133.06 (C18), 13122 (C20), 130.76 (C7), 13040 (C11),
12976 (C12), 12934 (C6), 12895 (C19), 126.69 (C5), 126.14
(C10), 122.81 (C9), 12247 (C3), 119.48 (C15), 117.66 (C17), 67.11
(C1),56.32 (C2), 20.65 (C21). Full assignment based on correlation
gCOSY, NOESY1D, gHSQC and gHMBC spectra. Anal. Caled for
CarHyaNg0y4: €, 72.98; H, 5.08; N, 12.46. Found: C, 72.97; H, 5.10;
N, 12.47. HRMS (ESI') caled for C4iH3aNsO4Na [M+Na]':
697.25337, found: 697.25305.

4.1.3.3. Hydrazone 6. 170 mg (91%). 'H NMR (DMSO-dg): &
12.11 (s, 2H), 10.40 (s, 2H), 9.00 (s, 2H), 8.61 (s, 2H), 8.44 (s, 2H),
8.00 (d, 2H, |=8.8Hz), 7.89 (d, 2H, J=8.8Hz) 7.87 (d, 2H,
8.8Hz), 7.51 (d, 2H, | = 8.8 Hz), 6.99 (s, 2H), 6.75 (s, 4H), 5.04 (d,
2H, J=16.8Hz), 4.82 (d, 2H, J= 16.8 Hz), 4.49 (s, 2H). "H NMR
(300 MHz, pyridine-ds): 6 13.02 (br s, 2H), 1193 (br s, 2H), 11.13
(vbr s, 2H), 8.90 (br s, 2H, H14), 8.66 (s, 2H, H12), 8.38 (br d, 2H,
J=8.1, H10), 7.79 (d, 2H, | = 8.1, H9), 7.68 (d, 2H, | = 8.6, H6), 7.50
(d, /=86, H5), 7.37 (br s, 2H; covered by signal solvent at



R. Kapldnek et al /Bioorg. Med. Chem. 23 (2015) 1651- 1659 1657

7.22 ppm at 75 *C, H20), 7.22 (4H, covered by solvent signal; two
doublets [=8.8 at 7.19 and 7.16 ppm at 75°C, H17 and H18),
499 (d, J=16.8, H2*"), 4.83 (d, 2H, | = 16.8, H2°™"), 4.48 (s, 2H,
H1). “C APT NMR (75MHz, pyridine-ds): 4 164.75, 152.70,
152.01, 150.0 (C14, covered by solvent signal), 148.57, 134.02,
130.78, 130.48, 129.73 (C12), 129.37 (C6), 126.69 (C5), 126.13
(C10), 122,81 (C9), 122.48, 120.56 (C17 or C18), 120.21, 118.60
(C17 or C18), 116.98 (C20), 67.13 (C1), 56.33 (C2). Partial assign-
ment based on correlation gCOSY and gHSQC spectra. Anal. Calcd
for CyaHipNgOg: C, 69.02; H, 4.46: N, 12.38. Found: C, 69.00: H,
4.48; N, 12.35. HRMS (ESI') caled for CisHioNgOgNa [M+Na]':
701.21190, found: 701.21198.

4.1.34. Hydrazone 7. 167mg (86%). '"H NMR (DMSO-dg): &
12.21 (s, 2H), 10.70 (s, 2H), 8.65 (s, 2H), 8.44 (d, 2H, [ = 1.0), 8.00
(dd, 2H, J, =88 Hz, .= 1.0Hz), 7.90 (d, 2H, | = 8.8 Hz), 787 (d,
2H, 8.8Hz), 751 (d, 2H, [ = 8.8 Hz), 7.13 (d, 2H, ] = 2.6 Hz), 6.92
(dd, 2H, J; = 8.8 Hz, J,=26Hz), 686 (d, 2H, = 8.8 Hz), 5.04 (d,
2H, [ =169 Hz), 483 (d, 2H, = 16.9 Hz), 4.49 (s, 2H), 3.73 (s, 6H).
Anal. Caled for CqHauNgOs: C, 69.68; H, 4.85; N, 11.89; 0, 13.58.
Found: C, 68.67; H, 487; N, 11.90. HRMS (ESI') caled for
CarHaaNOgNa [M+Na]': 729.24320, found: 729.24329,

4.1.35. Hydrazone 8. 173 mg (92%). 'H NMR (DMSO-dg): &
12.27 (s, 2H), 11.03 (s, 2H), 8.66 (s, 2H), 8.45 (s, 2H), 8.00 (d, 2H,
J=8.8Hz), 7.90 (d, 2H, | = 8.8 Hz), 7.87 (d, 2H, | = 8.8 Hz), 7.51 (d,
2H, [ = 8.8 Hz), 7.44 (dd, 2H, J, = 8.9 Hz, [, =2.6 Hz), 7.15 (m, 2H),
6.93 (m, 2H), 5.05 (d, 2H, [ = 16.9 Hz), 4.83 (d, 2H, = 16.9Hz),
4.49 (s, 2H). "H NMR (300 MHz, pyridine-ds): é 13.20 (br s, 2H,
NH), 1236 (vbr s, 2H, OH), 8.90 (s, 2H, H14), 866 (d, 2H,
J=1.7Hz, H12), 8.38 (dd, 2H, |, = 8.8 Hz, |, = 1.7 Hz, H10), 7.81 (d,
2H, |=8.8Hz, H9), 7.68 (br d, 2H, | = 8.8 Hz, H6), 7.51 (d, 2H,
J=8.8Hz, H5), 7.44 (br d, 2H, 8.8 Hz, H20), 7.11 (m, 4H, H17 and
H18), 499 (d, 2H, [=17.0Hz, H2*), 4.84 (d, 2H, J=17.0Hz,
H2¢t0) 4.48 (s, 2H, H1). C APT NMR (75 MHz, pyridine-ds): &
164.92 (C13), 157.21 (d, J = 235.6 Hz, C19), 155.64 (C16), 148.63
(C4), 147.94 (C14), 134,06 (C8), 130.75 (C7), 130.30 (C11), 129.83
(C12), 129.36 (C6), 126.72 (C5), 126.15 (C10), 122.84 (C9), 122.49
(C3), 12069 (d, J=7.5Hz, C15), 118.78 (d, J=22.7Hz, C18),
118.78 (d, J= 7.8 Hz, C17), 115.87 (d, J = 24.1 Hz, C20), 67.11 (C1),
56.32 (C2). "F NMR (282 MHz, pyridine-ds): & —131.6 (dt,
Jy=8.8Hz, ,=6.6Hz). Partial assignment based on correlation
2COSY, and gHMBC spectra. Anal. Caled for CisHagFzNgDs: C,
68.62; H, 4.13; N, 12.31. Found: C, 68.61; H, 4.16; N, 12.31. HRMS
(ESI') caled for CypHasFaNgO4Ma [M+Na]*: 70520323, found:
705.20313.

4.1.3.6. Hydrazone 9. 187mg (95%). 'H NMR (DMSO-dg): &
12,30 (s, 2H), 11.30 (s, 2H), 8.65 (s, 2H), 8.45 (s, 2H), 8.00 (d, 2H,
J=8.8Hz), 7.90 (d, 2H, J= BB Hz), 7.88 (d, 2H, J = 8.8 Hz), 7.68 (d,
2H, J=12 Hz), 7.51 (d, 2H, [ = 8.8 Hz), 7.32 (dd, 2H, J; = 8.8 Hz,
J-=1.2Hz), 695 (d, ZH, J= 8.8 Hz), 5.05 (d, 2H, J=16.9 Hz), 4.83
(d, 2H, ] = 16.9 Hz), 4.49 (s, 2H). "H NMR (300 MHz, pyridine-ds):
4 13.24 (br s, 2H), 12.61 (vbr s, 2H), B.87 (s, ZH, H14), 8,65 (d,
2H, | =1.6 Hz, H12), 8.38 (dd, 2H, J; =87 Hz, J,= 1.6 Hz, Hi0),
7.80 (d, 2H, J = 8.7 Hz, H9), 7.66 (br d, ZH, | = 8.8 Hz, HE), 7.65 (d,
J=26Hz, H20), 751 (d, 2H, J=8.8Hz H5) 7.29 (dd, 2ZH,
Jy=8.7Hz, |>=2.6 Hz, H18), 7.10 (d, 2H, | = 8.7 Hz, H17), 4.99 (d,
2H, = 16.9 Hz, H2%), 484 (d, 2H, | = 169 Hz, H2®"%), 4.48 (s,
2H, H1). *C APT NMR (75 MHz, pyridine-ds): 4 164.94 (C13),
158.06 (C16), 148.63 (C4), 147.70 (C14), 134.06 (C8), 131.68
(C18), 13073 (C7), 130.23, 129.85 (CH) 129.80 (CH), 129.35
(CH), 126.71 (CH), 126.14 (CH), 124.46 (C19), 122.83 (CH), 122.49
(C3), 12150 (C15), 119.30 (CH), 67.10 (C1), 56.31 (CZ). Pardal
assignment based on correlation gCOSY and gHMBC spectra. Anal.
Caled for CagHapClaNgOy: C, 65.46; H, 3.94; N, 11.74. Found: C,
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65.47; H, 3,98; N, 11.72. HRMS (ESI") caled for CagHzsChNgOsNa
[M+Na|': 737.14413, found: 737.14414.

4.1.3.7. Hydrazone 10. 170 mg (84%). "H NMR (DMS0-dg): &
12.38 (s, 2H), 12.35 (s, 2H), 8.77 (s, 2H), 8.60 (s, 2H), 8.46 (s, 2H),
8.17 (d, 2H, | = 8.0 Hz), 8.08-7.80 (m, 6H), 7.51 (d, 2H, [ =8.9 Hz),
7.11 (d, 2H, J=89Hz), 5.05 (d, 2H, [~ 16.8Hz), 4.84 (d, 2H,
J=16.8Hz), 450 (s, 2H). Anal. Calcd for CyaHasNgOg: C, 63.58; H,
3.83; N, 15.21. Found: C, 63.54; H, 3.85; N, 15.19. HRMS (ESI") caled
for for CagH2gNgOgNa [M+Na]': 759.19223, found: 759.19183.

4.1.3.8. Hydrazone 11. 203 mg (97%). '"H NMR (DMSO-dg): &
12.29 (s, 2H), 11.84 (s, 2H), 8.74 (s, 2H), 8.45 (s, 2H), 8.29 (s, 2H),
8.01 (d, 2H, | = 89 Hz), 7.94-7.82 (m, 6H), 7.51 (d, 2H, [ = 8.5 Hz),
7.03 (d, 2H, J=85Hz), 5.05 (d, 2H, = 17.0Hz), 483 (d, 2H,
J=17.0Hz), 4.50 (s, 2H), 3.84 (s, 6H). Anal. Caled for C43H34Ng0s:
C,67.71; H,4.49; N, 11.02, Found: C, 67.69; H, 4.52; N, 10.99, HRMS
(ESI') caled for CasHagNegOgNa [M+Na]': 785.23303, found:
785.23279.

41.39. Hydrazone 12. 173 mg {93%). "H NMR {DMSO-ds): &
12.11 (s, 2ZH), 8.44 (s, 4H), 810 - 7.73 (m, 8H), 7.58 (d, 2H,
J=8.0Hz), 7.51 (d, 2H, | = 8.8 Hz), 6.86 (d, 2H, | = 8.0 Hz), 5.04 {d,
2H,J=17.1Hz), 483 (d, 2H, J= 17.1 Hz), 4.49 (s, 2ZH), 3.89 (s, 6H).
Anal. Caled for CyoHyaNgO4: C, 69.22; H, 4.77; N, 16.56. Found: C,
69.22; H, 4.79; N, 16.58. HRMS (ESI") calcd for CisHizNgO4Na
[M+Na]": 699.24387, found: 699.24420.

41.3.10. Hydrazone 13. 183 mg (93%). "H NMR (DMS0-dg): &
12.36 (s, 2H), 8.65 (s, 2H), 8.47 (s, 2H), 8.43 (d, 2H, [=8.8 Hz),
8.43 (d, 2H, [ = 8.8 Hz), 8.10 - 7.87 (m, 10H), 7.79 (m, 2H), 7.64
(m, 2H), 7.53 (d, 2H, | =8.9Hz), 5.06 (d, 2H, | = 17.0Hz), 4.85 (d,
2H, J=17.0Hz), 451 (5, 2H). Anal. Caled for CysHyoNgOz: C,
75.40; H, 4.50; N, 15.63. Found: C, 75.38; H, 4.53; N, 15.60. HRMS
(ESI') caled for C4sHixNgOzNa [M+Na]*: 739.25404, found:
739.25391.

4.1.3.11. Hydrazone 14. 197 mg (93%). '"H NMR (DM50-ds): &
8.97 (d, 2H, ] = 8.8 Hz), 8.62 (d, 2H, | = 8.8 Hz), 8.39 (s, 2H), 8.10 -
7.85 (m, 14H), 7.69 - 7.42 (m, 8H), 5.06 (d, 2H, | =16.8 Hz), 4.85
(d, 2H, J = 16.8 Hz), 4.51 (s, 2H). Anal Caled for CizHyqNgO5: C,
73.23: H, 445; N, 18.17. Found: C, 73.21; H, 4.47; N, 18.18. HRMS
(ESI') caled for Cy7HzgNipO;Ma [M+Nal': 793.27584, found:
793.27594.

4.2. Biological tests

4.2.1. Cytotoxic MTT assay

All cells were purchased from the American Tissue Culture Col-
lection (ATCC). The CCRF-CEM line is derived from T lymphoblastic
leukaemia and has high chemosensitivity. K562 cells are from an
acute myeloid leukaemia patent sample with ber-abl transloca-
ton. HCT116 is a colorectal tumour cell line, and its p53 gene
knock-down counterpart (HCT116p53~/~, Horizon Discovery,
UK) is a model of human cancers with p53 mutation, which is fre-
quenty associated with poor prognosis. The A549 line is a lung
adenocarcinoma. The daunorubicin-resistant subline of CCRF-
CEM cells (CEM-DNR bulk) and paclitaxel-resistant subline K562-
TAX were selected in our laboratory by the cultivation of maternal
cell lines in increasing concentrations of daunorubidn or paditaxel,
respectively. The CEM-DNR bulk cells overexpress MRP-1 protein,
while K562-TAX cells overexpress P-glycoprotein; both proteins
belong to the family of ABC transporters and are involved in the
primary and/or acquired multidrug resistance phenomenon.
MRC-5 and B] were used as non-tumour controls and represent
human fibroblasts. The cells were maintained in Nunc/Corning 80
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cm® plastic tissue culture flasks and cultured in cell culture
medium (DMEM|RPMI 1640 with 5 g/L glucose, 2 mM glutamine,
100U/mL penicillin, 100 pgfmL sreptomycin, 10% foetal calf
serum and NaHCO; ). Cell suspensions were prepared and diluted
according to the particular cell type and the expected target cell
density (25,000-30,000 cells/well based on cell growth character-
istics). Cells were added by pipette (80 pL) to 96-well microtiter
plates. Inoculates were pre-incubated for 24 h at 37°C and 5%
C0; for stabilisation. Four-fold dilutions, in 20-pL aliquots, of the
intended test concentration were added to the microtiter plate
walls at time zero. All test compound concentrations were
examined in duplicate. Incubation of the cells with the test
compounds was performed for 72 h at 37 °C in a 5% CO; atmo-
sphere at 100% humidity. At the end of the incubation period, the
cells were assayed using MTT. Aliquots (10 pL) of the MTT stock
solution were pipetted into each well and incubated for a further
1-4 h. After this incubation period, the formazan produced was
dissolved by the addition of 100 pLjwell 10% agq SDS (pH 55),
followed by further incubation at 37 °C overnight. The optical
density (OD) was measured at 540 nm with a Labsystem iEMS
Reader MF. Tumour cell survival (1Cso) was calculated using the fol-
lOWiI'Ig equation: IC= {Ddeg-eapused wet/mean  ODeonirol  wells)
= 100%, The ICsy value, the drug concentration lethal o 50%
of the tumour cells, was calaulated from the appropriate
dose-response curves.

4.3. Flow cytometric analysis

4.3.1. Cell cycle and apoptosis analysis

A suspension of CCRF-CEM cells (ATCC), seeded at a density of
1.10° cells/ mL in 6-well panels, was cultivated with the 1 «ICsq
or 5 » 1Csq of the tested compound in a humidified CO; incubator
at 37 °C in RPMI 1640 cell culture medium containing 10% foetal
calf serum, 10mM glutamine, 100 U/mL penicillin, and 100 pg/
mL streptomycin. The treated cells and control sample containing
vehicle were harvested at the same time point (24 h). After a fur-
ther 24 h, cells were washed with cold 1: PBS and fixed in 70%
ethanol added dropwise and then stored overnight at —20 “C. Cells
were then washed in hypotonic citrate buffer, reated with RNase
(50 ug/mL) and stained with propidium iodide. Flow cytometry
using a 488 nm single beam laser (Becton Dickinson) was used
for measurement. The cell cycle was analysed with the program
ModFitLT (Verity), and apoptosis was measured using a logarith-
mic model expressed as the percentage of the particles with pro-
pidium content lower than cells in the GOJG1 phase (<G1) of the
cell cycle. Half of the sample was used for pH3**"'? antibody (Sig-
ma) labelling and subsequent flow cytometry analysis of mitotic
cells.

4.3.2, BrdU incorporation analysis

The same cultivation procedure used in the previous method
was used for BrdU analysis. Before harvesting, 10 uM 5-bromo-2-
deoxyuridine (BrdU) was added to the cells for pulse labelling for
30 min. The cells were fixed with ice-cold 70% ethanol and stored
overnight. Before analysis, they were incubated on ice for 30 min,
washed with 1: PBS, and resuspended in 2 M HCI for 30 min at
room temperature to denature their DNA. Following neutralisation
with 0.1 M Na;B40; (Borax), the cells were washed with 1x PBS
containing 0.5% Tween-20 and 1% BSA. The cells were then stained
with primary anti-BrdU antibody (Exbio) for 30 min at room tem-
perature in the dark. Cells were washed with 1 PBS and stained
with secondary anti-mouse-FITC antibody (Sigma). The cells were
then washed with 1: PBS again and incubated with propidium
iodide (0.1 mg/mL) and RNase A (0.5 mg/mL) for 1 h at room tem-
perature in the dark and afterwards analysed by flow cytometry
using a 488 nm single beam laser (FACSCalibur, Becton Dickinson ).
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4.3.3. BrU incorporation analysis

Cells were cultured and treated as above. Before harvesting,
cells were pulse labelled with 1 mM 5-bromouridine (BrU) for
30 min. The cells were then fixed in 1% buffered paraformaldehyde
with 0.05% NP-40 at room temperature for 15 min and then stored
at 4 °C overnight. Before measurement, they were then washed in
1% glycine in 1x PBS, washed in PBS again, and stained with a pri-
mary anti-BrDU antibody that crossreacts with BrU (Exbio) for
30 min at room temperature in the dark. After another washing
step in 1 PBS, cells were stained with secondary anti-mouse-FITC
antibody (Sigma). Following the staining, cells were washed with
1x PBS and fixed with 1% PBS-buffered paraformaldehyde with
0.05% NP-40 for 1 h. The cells were then washed with 1 PBS, incu-
bated with propidium iodide (0.1 mg/mL) and RNase A (0.5 mg/f
mL) for 1 h at room temperature in the dark and finally analysed
by flow cytometry using a 488 nm single beam laser (FACSCalibur,
Becton).

4.3.4. Antimicrobial activity assay

Mpycobacterium bovis BCG ( strain isolated from the commercially
available live vaccine SSI obtained from Statens Serum Institute)
was used as a prototype mycobacterium to assess the activity of
the compounds on living and proliferating cells. Briefly, the
mycobacterial cell suspensions were prepared and diluted in cul-
ture medium (Difco Middlebrook 7H9 Broth supplemented with
Middlebrook ADC Growth Supplement FD0O19 and 0.04% of Tween
80) to the approximate target cell density ( 100 000 microbes fwell ).
Cells were added by pipette (80 uL) to 96-well microtiter plates.
Four-fold dilutions, in 20 pL aliquots, of the intended test concen-
ration were added to the microtiter plate wells at ime zero. All
tested compound concentrations were examined in duplicate.
Incubation of the cells with the test compounds lasted for 120 h
at 37 °C, 5% €0, and 100% humidity. At the end of the incubation
period, the living cells were assayed using MTT. Aliquots (10 pL)
of the MTT stock solution were pipetted into each well and incu-
bated for a further 1-4 h. After this incubation period, the for-
mazan produced was dissolved by the addition of 100 puLfwell
10% aq SDS (pH=5.5) followed by a further incubation at 37 °C
overnight. The optical density was measured at 540nm on a
microarray reader. The 50% growth inhibitory concentration
(IC5p) was calculated from the appropriate dose-response curves.
The tested bacterial strains were selected to include both Gram-
positive and Gram-negative standard reference bacteria with good
susceptibility to antimicrobial agents. However, multidrug-resis-
tant bacteria were tested simultaneously because their frequency
in both the human population and the environment continues to
increase and must be considered. The following reference strains
(labelling according to the Czech Collection of Microorganisms,
Czech Republic) were used: Enterococcus faecalis CCM 4224, Staphy-
lococcus aureus CCM 3953, Escherichia coli CCM 3954, Pseudomonas
aeruginosa CCM 3955. We also used strains isolated from the clini-
cal specimens of patients hospitalised at the University Hospital
Olomouc (Czech Republic): methicillin-resistant staphylococci
(Staphylococcus aureus MRSA 4591 and Staphylococcus haemolyticus
A/16568), multdrug-resistant strains of Escherichia coli G/16702
and Pseudomonas aeruginosa A/16575. Similarly, the effectiveness
against Candida albicans, Candida crusei, Candida tropicalis and Can-
dida parapsilosis was also determined.

Bacterial and yeast suspensions were prepared as follows. The
tested strains were inoculated on blood agar and Sabouraud dex-
trose agar and incubated for 24 h/37 °C. Four to five isolated colo-
nies were dissolved in 2 mL of Mueller Hinton broth (Himedia) and
incubated for 1 h/37 °C., The broth was then diluted in a Petri dish
in 10 mL of distilled water and inoculated in microtiter plates.

MIC assessment. Antimicrobial efficacy was tested by the
standard dilution micromethod, and the minimal inhibition
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concentrations (MIC) required for inhibition of bacterial growth
were determined. Samples were diluted exponentially and tested
in microtiter plates in Brain Heart Infusion broth (Himedia). Plates
were inoculated into a standard quantity of microbes (107" CFUf
mL). The MIC was read after 24 and 48 h of incubation at 37 °C
for bacteria and yeast, respectively, as the minimum inhibitory
concentration of the tested substance that inhibited the growth
of the bacterial or Candida strain.

MBC/MBS assessment { minimal bactericidal/bacteriostatic con-
centration ). To assess bactericidal (ability of the compound to kill
bacteria) or bacteriostatic {ability of the compound to inhibit bac-
terial growth) properties of the compound, 5 puL of the bacterial
suspension from microtiter plates with the determined MIC was
inoculated on blood agar (bacteria) or on Sabouraud dextrose agar
(yeasts) and incubated for 24 or 48 h at 37 °C for bacteria and
yeast, respectively. The bactericidal/bacteriostatic properties of
the compounds were determined by the negative or positive
growth of bacterial colonies.

4.4. Metal-binding studies

Binding studies of hydrazones 4-14 with the chlorides of metal
ions (Fe®*, Fe®*, Co™, Cu?*, O™, NP, Zn?*, Mn?, Ca®* and Mg™")
were performed using UV(vis spectroscopy in DMSO. The corre-
sponding hydrazone (0.03 mM) solution in DMS0 (100 mL) was
titrated using a semi-automatic titration system (peristaltic pump,
flow-cuvette, syringe pump) with the continuous addition of a
stock solution of metal ions (6 mM, 10 mL{h). The spectra were col-
lected every 30 sec. DNA binding studies were performed similar
way: hydrazone (0,03 mM) solution or solution of hydrazone
(0,03 mM) with metal ion (0.3 mM) in DMSO (100 mL) was titrated
using a semi-automatic titration system with the continuous addi-
tion of a stock solution of low molecular weight DNA (6 mM of a
DNA basepairs, 10 mL/h).

4.5. Theoretical studies

Native conformations of prepared compounds were investigated
using quantum dynamic/molecular dynamic (QD/MD) calculations
performed by the TeraChem 1.45 software (PetaChem, LLC.). %%
Each compound (calculated using quantum dynamics) was placed
into a drop of water (calculated by molecular dynamics). The QD
calculations were performed using the 6-31G basis set and the
BLYP method with DFT corrections, as implemented in the
software,*™*” The MD calculations were performed using the TIP3P
force field; the water sphere radius was 20 A (typically containing
approximately 1040 water molecules), and the density was 1 g/mL
with spherical boundary conditions. The simulation ran for 20 ps
with a time step of 1 fs.
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2.3.4 Benzothiazole Hydrazones analysed for their intracellular activity
(Unpublished data)
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3 Results and summary

The causes and development of cancer, bacterial, inflammatory and other diseases
are discovered and better understood every year. However, together with the emerging
multi-drug resistance issue, existing treatments are very often inadequate and need to be
adjusted or substituted by novel drugs with different molecular targets and mechanisms of
action. Many different groups of potentially active compounds are designed and tested all
over the world. The main issues are the high financial costs combined with advanced
instruments requirements. Many interesting compounds, effective in vitro, fail clinical
trials. This is frequently caused by inappropriate and inadequate settings in the early
phases of research. Mainly, cell culture conditions rarely represent the real environment
in the human body during the disease progression. Standardly used 2D cultures lack the
heterogeneity and complexity of spatially diversified cells, caused by 3 dimensional
structures, subsequent oxygen depletion and chaotic blood distribution created under
natural conditions. Therefore it is necessary for in vitro experiments to approximate
conditions as in vivo. 3D models and matrices, together with co-cultivation with SDF
(stroma derived fibroblasts) partially enable mimicking of natural development, hypoxic
conditions and co-option of surrounding cells. This guarantees more efficient selection of
compounds with better outcome in clinical trials (Das, Kone¢ny 2015; Appendix I). Many
groups of compounds have been tested for their anticancer or antibacterial activities
proving either rather general cytotoxic effects, or desirably targeting specific molecules

necessary for development, reproduction and growth of cancer cells and bacteria.

We have screened several related groups of compounds for their anticancer and
antibacterial activities based on their structure — activity relationship. Several potentially
active compounds have been selected after flow cytometric and cytotoxicity screening
and were used as model compounds for further synthesis. Derivatives of ribonucleosides,
apart from the fact that by their actions affect the cell cycle of cancer cells and inhibit
their RNA synthesis and induced apoptosis, display significant antibacterial, specifically

antimycobacterial activities.
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Regarding cytotoxicity, 7-Hetaryl-7-deazaadenine ribonucleosides have proven to
have cytostatic activity at low nanomolar concentration which is in contrast to agents
from the group of 7-aryl-7-deazaadenines, which display significantly worse activity. In
general, nucleosides with 5-membered heterocycles at position 7 evince in vitro
antiproliferative impact on both, haematological and solid tumors. Although, as
mentioned above, these compounds were able to inhibit RNA synthesis in treated cells,
direct inhibition of human RNA polymerase Il was very weak with a rapid onset of

apoptosis (Bourderioux et al. 2011).

Representatives of the 6-alkyl, 6-aryl or 6-hetaryl-7-deazapurines proved to have
many interesting properties. In the range of micromolar and submicromolar
concentrations, they were able to significantly inhibit growth and reproduction of
Mycobacterium bovis and smegmatis. Some results point to similar cytotoxicity to
Rifampicin. They were specifically designed to inhibit mycobacterial ADK by binding to
its ATP and adenosine binding sites. Synthesis was adjusted accordingly. The
cytotoxicity of these structures was strongly dependent on the substituent at position six
and its bulkiness. Among the most active compounds, were those with five-membered
heterocycles. In contrast, the general toxicity of bulky aryl group bearing derivatives was
very low. It has been confirmed that the measured compounds were not a substrate for
MTB ADK and most of them successfully inhibited it. Individual groups alkyl-
substituents were poor inhibitors of MTB ADK. On the other hand, aryl- and hetaryl-
substituted 7-deazapurines (7-fluoro, 7-chloro-derivatives included) strongly inhibited
adenosine kinase in submicromolar and low nanomolar concentrations. For the group of
phenyl bearing five-membered hetaryl groups at position 6, inhibition of ADK was
significantly selective for the mycobacterial form, while human ADK was unaffected and
with serious general toxicity, which makes these structures the most promising. 6-furyl
substituted compounds inhibited both hADK and MTB ADK with poor selectivity.
Derivatives with a bulky aryl group were active in low nanomolar concentrations for
MTB ADK, micromolar concentration for hADK, respectively with very low
cytotoxicity. Interestingly, the in vitro antimycobacterial activity of these compounds was

very low, with only one exception, compound 1a, which displayed submicromolar 1C50.
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Nevertheless, this compound was generally highly toxic with a low TI (Perlikova et al.
2013; Snasel et al. 2014). Targeting directly the MTB and human ADK, using wild and
drug-resistant bacterial strains, structures with micromolar activity were identified from
the group of 7-(Het)aryl-7-deazaadenine ribonucleosides. These compounds selectively
inhibited this enzyme at micromolar concentration and low cytotoxicity. Preferential
active binding site for tested compounds proved to be different for each form of ADK.
For the human form of ADK, the adenosine site is the place of binding, whereas for MTB
ADK, both ATP and adenosine binding sites are occupied by these inibitors. The
molecule with the best therapeutic index was the dibenzofuran derivative and this
displayed significant specific submicromolar MTB ADK inhibition with MIC 4 uM for
mycobacterial strains. Binding of these molecules to their preferential sites, change the
conformation of ADK. MTB ADK after binding of tested compounds acquires a semi-
open conformation of the lid domain. Human ADK, on the other hand, has a closed

conformation (Snasel et al. 2014).

Different modifications, such as 7-hetaryl-deazaadenosines, 6-substituted 7-(Het)
aryl-7-deazapurines and their relatives 6-alkyl substituents were prepared and analysed
for their biological activities. Except for mycobacterial ADK, some successfully inhibited
the human form in micromolar concentration, as well. Rather than the binding sites of
MTB ADK, ATP and adenosine, adenosine binding site is preferential in hADK. In
relation to anticancer activity, distinct inhibition of RNA synthesis and induction of
apoptosis was observed. Nevertheless, RNA polymerase itself was inhibited very weakly.
Hence other mechanisms must be involved. Among others, antiparasitic and antiviral
activities are connected to this group of compounds. Compared to the previous group, 6-
methoxy-,  6-methylsulfanyl-,  6-methyloamino- and  6methyl-7-(2-furyl)-
deazapurines were prepared and tested. They showed toxicity in the range of low
nanomolar concentrations but most of the compounds were less active then the ones

mentioned above (Naus 2014).

Cytosine derivative compounds have proven to have activity towards the CEM
cell line in micromolar concentrations and served as structures for further modification to

obtain better therapeutic properties. These structures are known as GABA, receptor
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ligands and their nucleoside modifications prove to have some antiviral activity, as well.
Some of them display selective activity towards drug-resistant cell lines (CEM-DNR,
K562-TAX), though the cell cycle was not affected even in high concentrations. As most
promising compounds, molecules with the label 3b and 3h were selected. 3b compound
has a micromolar activity toward the CEM cell line and 3h is selectively active towards
daunorubicine resistant CEM cells. This molecule also has a favourable therapea utic
index (Jansa et al. 2014).

Another group of compounds analysed for their anticancer/antibacterial effects
are the Hydrazone derivatives. These structures are constructed on Troger's base
skeleton and allow them to work as DNA intercalating agents. They also have chelating
properties (binding Cu®, Fe*", Co?*, Ni**, Zn?") and their complexes interact with DNA.
The IC50 values for some of these drugs are in micromoles and in some cases; we were
able to see quite a high therapeutic index and therefore selectivity towards cancer cells. In
correlation with the previously mentioned tested groups, these structures do not have
significant antimicrobial activity and considering the cell cycle, inhibition of DNA and
RNA synthesis was observed in some cases but all in concentrations 5x 1C50. Otherwise
the effect on the cell cycle was indistinct. The therapeutic activity of these compounds is
probably connected to some other mechanisms of action. The tested compounds were
poor antimicrobial agents. Anticancer activity with high selectivity against leukemic cells
was observed for 10 different compounds (6, 7, 8, 11 and 13). The best therapeutic index

was found for 3 structures (7, 8 and 13).
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The alarming rate of failure of clinical trials is a major hurdle in cancer therapy that partly results from
the inadequate use of in vitro tumor models for the screening of promising hits and leads in preclinical
studies. 2D cultures of cancer cell lines that are primarily used for drug screening do not adequately
recapitulate tumor microenvironment (TME) complexities compared with 3D cancer cell cultures and
tumor-derived primary cell cultures. In this review, we focus on the potential use of in vitro tumor
models that reproduce in vivo tumor complexities for effective drug selection in the preclinical stages of

drug development.

Introduction
The identification of new drugs and predicting dmg responses in
patients with cancer are major challenges facing researchers in the
translation of laboratory discoveries to the bedside. Interestingly,
anticancer drugs have the lowest ‘likelihood of approval’ and
highest nonlead indication in clinical trials, and only one in 15
drugs entering clinical development is approved by the US Food
and Drug Administration [1]. This high attrition rate is attributed
to several factors, including inadequate use of in vitro tumor
models for drug selection during the preclinical stages of drug
development [2].

2D cultures of immortalized cancer cells have been used for the
past few decades as primary in vitro tumor models in the high-
throughput screening (HTS) of anticancer drugs. However, the
limitation imposed by the use of 2D cultures of cancer cells has
become increasingly apparent only recently. The immortalization
and prolonged culture of cancer cells on 2D surfaces can alter
their response to anticancer drugs. Drugs that show significant
toxicity in 2D cultures, such as cisplatin and fluorouracil, display
reduced toxicity in 3D cultures of cancer cells (Fig. 1). By contrast,

Carssponding author: Hajduch, M. (marian.hajduch@upolcz)
“All authors contributed equally to this article.

trastuzumab, which has enhanced activity in 3D cultures, shows
reduced cytotoxic effects in 2D cultures [3]. In addition to differ-
ences in drug effects, the transcriptomic analysis of cancer cell
lines of different tumor types also reveals no correlation with their
clinical counterparts [4]. This lack of correlation results from the
fact that 2D cultures of cancer cells do not adequately recapitulate
the in vivo conditions of tumors that critically alter drug penetra-
tion and/or response. Therefore, studies now emphasize the use of
cell models that closely reproduce the in vivo features of tumors,
and circumvent radical genotypic and phenotypic alterations
resulting from prolonged culture in 2D surfaces. In this review,
we discuss the use of pathophysiologically relevant in vitro tumor
models in preclinical studies, and highlight advances in high
throughput (HT)-compatible 3D culture platforms for the screen-
ing of potential anticancer drugs under a more biologically rele-
vant microenvironment.

Pathophysiologically relevant in vitro tumor models
Cufture of patient-derived primary tumor cells

The introduction of the National Cancer Institute 60 (NCI&0) cell
line panel comprising 60 human tumor cell lines was a major
scientific endeavor in anticancer drug research. However, in the
clinic, targeted anticancer drugs are often limited to small subset of

1359-6M6/0 2015 Elevier Ltd. All rights reserved.
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FIGURE 1

Characteristics differences in 2D and 3D cultures of celk. (a) Colorectal carcinoma HT22 cells cultured in 2D (red lines) and 3D (black lines) show a significant
difference in survival response to the anticancer drugs cisplatin and flucrouracil, which are used dlinically for the weatment of colorectal cancer. (b) Cells cultured
as a monolayer on plastic surfaces are exposed to significant artificial conditions that alter their morphological and cellular behavior. By contrast, 3D cultures of
cells in extracellular matrix (ECM) or as multicellular spheroids reproduce the microenvironment experienced by cells under physiclogical conditions.

patients, rendering the composition of the NCI60 panel inade-
quate for capturing low-frequency responses. Cultures of patient-
derived tumor cells are now being recognized as important in vitro
models for drug discovery studies because of their close resemblance
to primary tumors (Table 1). Primary cells express endogenous
targets at levels that closely resemble the disease, enabling the
robust quantification of clinically relevant endpoints, such as drug
efficacy, resistance to thempy, and biomarker discovery. Nowel
drugs characterized using primary cells act in a more predictable
manner compared with those characterized using cancer cells [5].

Ex vivo cultures of cancer-associated fibroblasts (CAFs) recapitu-
late tumor-associated stroma that alters cancer cell response to

drugs. CAFs are one of the major constituents of the stroma
implicated in tumorigenesis and resistance, and differ from nor-
mal fibroblasts in the expression of several genes and proteins
[6,7]. Signaling factors secreted by CAFs significantly affect the
TME, and serve as biomarkers for cancer diagnosis. CAFs from
patients with prostate cancer express high levels of the cytokine,
chemokine ligand 14 (CXCL14), and CAF-produced CXCL14,
but not recombinant CXCL14, stimulates cancer cell proliferation
and migration [8). Compared with nommal stroma, reactive
stroma from patients with prostate cancer has significantly altered
gene expression [9]. Additional upregulated factors in CAFs but
not normal fibroblasts from patients with prostate cancer have
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TABLE 1

Ad ges and i of 2D and 3D cell cultures, and the culture of patient-derived primary tumor cells for the screening of
anticancer compounds

Method Advantages Limitations

Cell line culture in 2D Easy to culture

Good viability

Easy to image and suitable for endpaint assays

Highly compatible with HTS

Economical compared with other systems

Significant 2D data available

Few cell-cell and cell-stroma interactions

No histological momphology of tumor of origin

Do not replicate heterogeneity seen in tumor regions
Different genetic makeup compared with original tissue

3D culture Oxygen and nutrient gradient of tumaors

Many cell-cell and cell-stroma interactions
Distinct histological morphology of tumar of origin
Hypoxia-induced cell cycle alterations reflecting

microregions of tumors

HT-compatible 3D culture plates available

Assays are laborious

Requires higher drug concentrations compared with 20 cultures
Requires advanced imaging systems

Current high content imaging not suitable for 3D imaging

Lacks tumor vasculature
Relatively expensive compared with 2D cultures
HTS compatibility still developing

Primary tumor cell culture Recapitulates tumor heterogeneity
Recapitulates tumor microenvironment

Few mutations

Difficult to isolate

Contamination with nontumor cells
Limited life span

Long-term culture not possible

No standardized methods available
Reduced reproducibility

Low HTS applicability

recently been identified [10]. Of particular interest was growth
differentiation factor 15 (GDF15), a potential regulator of prostate
cancer progression in the stromal cells from prostate tissue.
GDF15-expressing fibroblasts were found to stimulate the growth,
migration, and invasion of prostate cancer cells [10]. In addition to
local tumor-promoting activity, GDF15-expressing fibroblasts also
stimulated the outgrowth of distant, otherwise indolent cancer
cells. This study demonstrated for the first time the tumor-initiat-
ing potency of stroma from malignant tumors.

Finally, another important issue that has led investigators to
shift their focus from cell lines to primary tumors is the role of
cancer stem cells (CSCs) in cancer development. A subset of CSCs
that are quiescent and resistant to chemotherapeutic agents are
thought to be responsible for disease relapse and development of
acquired resistance to therapies [11]. Malignant pleural effusions
(MPEs) obtained from patients with lung cancer are a source of
cancer-initiating cells and constitute an excellent model to study
inter- and intratumoral heterogeneity. 3D cultures of MPE-
derived cells induced the upregulation of markers of stemness
and, when implanted in mice, reproduced the histopathological
features of the tumor of origin [12]. However, the use of different
CSC markers and isolation methodologies has resulted in con-
flicting data, highlighting the lack of sensitive methods to isolate
CSCs. Recently, a group of autofluorescent cells in tumors of
different types were identified that show typical features of
CSCs [13]. This subset of cells with CSC-like features could serve
as an attractive tool for screening anticancer compounds that
specifically target CSCs.

Although there is emerging interest in the use of primary cancer
cells for HTS, not all research facilities have access to patients from
whom they can obtain viable tumor tissues for isolation of cells.
Additionally, challenges associated with the isolation of cancerous
cells from solid tumors and their long-term culture in an in vitro
environment limit the use of primary cells in drug screening.

Methodologies to isolate tumor specimens vary based on the tissue
of origin, and are not always reproducible in establishing primary
cultures. Furthermore, the cultivation of cells from dissociated
tumors in 2D cultures results in the lack of architectural diversity
and heterogeneity. These limitations have encouraged researchers
to look for more advanced methods of establishing primary cell
lines. Circulating tumor cells (CTCs) enable the real-time study of
drug susceptibility changes in patients with tumors that acquire
new mutations. Although the isolation of viable CTS is technically
challenging, a recent microfluidic-based technology demonstrat-
ed for the first time the feasibility of CTC cultures from patients
with breast cancer for individualized therapy [14].

3D cultures of cancer cells
Cells in living organisms are affected by their surrounding micro-
environment in ways that we do not yet fully understand. Cells in
2D cultures have significantly fewer cell-cell and cell-stroma
interactions compared with cells in 3D cultures that affect cellular
behavior and significantly alter responses to drugs (Fig. 1). Studies
now implicate resistance in solid tumors via spatial dimension-
mediated oncogenic signaling pathways that promote cell survival
and proliferation [15]. For example, responses to trastuzumab are
sensitive to dimerization of human epidermal growth factor re-
ceptor (HER2), and patients with high levels of HER2Z homodimers
responded positively to trastuzumab and other anti-HER therapies
[16]. In 2D cultures of SK-BR-3 cells, HER2 formed heterodimers
and activated signaling pathways that facilitated cell survival and
induce resistance to trastuzumab [3]. However, a change to 3D
culture resulted in the homodimerization of HER2 and enhanced
trastuzumab-induced inhibition of SK-BR-3 cells, mimicking clini-
cal responses to trastuzumab therapy.

Tumors have a heterogeneous microenvironment and crosstalk
between cancer and stromal cells affects cell behavior and response
to drugs in 3D cultures (Fig. 2). Human mesenchymal stem cells
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Heterogeneous tumor microenvironment. Solid tumors have a heterogeneous microenvironment comprising cancer cells and a reactive stroma containing
pericytes, endothelial cells, normal epithelial celk and fibroblasts, cancer-assodated fibroblasts, immune cells (such as lymphocytes and macrophages), and a
dense mesh of extracellular matrix (ECM). The lining of capillaries with endothelial cells and pericytes that wrap around them are presented in the magnified
window. Poor vascularization within tumaors results in high levels of catabolites, CO,, and waste, and low levels of metabolites, Oy, and nutrients in the wmor core.
This results in the development of a necrotic core surounded by hypoxic cells that show increased resistance to anticancer agents.

from bone marrow increased the metastatic potency of otherwise
weakly metastatic breast cancer cells in a 3D microenvironment
but not in 2D cultures [17]. 3D cell-extracellular matrix (ECM)
interactions regulate the expression of proangiogenic molecules,
such as vascular endothelial growth factor, interleukin 8 (IL-8),
and basic fibroblast growth factor [18,19]. Similarly, 1L-8 expres-
sion was upregulated only when breast cancer and glioblastoma
UB7 cells were co-cultured in 3D, which increased the number of
cell-ECM interactions [19].

One of the most evident effects of 3D growth is seen in indi-
vidual cell morphology. Breast and ovarian epithelial cancer cell
3D cultures show distinet histological morphology of tumor of the
origin compared with cultures of the same cells in 2D [20]. Forced
apical-basal cell polarity experienced by cells of mesenchymal
origin in 2D cultures greatly altered their function and response
to drug-induced apoptosis [21]. Cell morphology alterations also
affected cell secretory pathways, and stimulated secretion of 1L-8
in OSCC-3 cells in 3D cultures [19]. The 3D microenvironment
induces epithelial-mesenchymal transition in human epithelial
ovarian cancer cells [22]. Primary hepatocytes undergo rapid
dedifferentiation, and lose hepatocyte-specific characters and
metabolic competence in 2D compared with 3D cultures [23].
Not surprisingly, hepatocellular carcinoma cells show significant

differences in gene expression and response to drugs in 2D versus
3D conditions [23].

Transition from a 2D to 3D environment in many cells also
induces the altered expression of genes and proteins linked to
tumorigenesis that serve as biomarkers and drug targets [24,25].
Owarian epithelial cells express endometriosis-associated genes
and show histological features of endometriosis lesions only
when cultured in 3D [26]. Unlike 2D cultures, expression of P-
glycoprotein (P-gp) in 3D multicellular spheroids (MCS) is cell
cycle dependent and G,/G, block upregulates P-gp expression [27].
Most cells in 2D cultures proliferate exponentially com pared with
3D cultures, which display a gradient of cells in different phases of
the cell cycle, mirroring conditions of tumor microregions [28].
Immunochistochemical analyses show the presence of an outer
layer of proliferating cells in MCS of human pancreatic cancer cells
[29]. Not surprisingly, paclitaxel-induced expression of apoptosis-
related caspase 8 was limited mainly to the outer region of prolif-
emating cells rather than to the inner layers of quiescent cells in
MCS [28]. Likewise, osteosarcoma cells cultured in 3D showed G,
cell cycle arrest, altered expression of cyclin Bl and p21, and
resistance to doxorubicin and cisplatin [15].

Another important characteristic of solid tumors recapitulated
in 3D but not 2D cultures of cancer cells is the development of
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High throughput-compatible 3 D culture techniques for drug-target and cell-cell interaction studies. Four commonly used methods of 30 mono- and co-culture of
cancer cells and nonmalignant cells are presented that have undergone significant modifications over the past few years. Currently, several commercial 30
cultures plates are available for the high throughput screening (HTS) of anticancer drugs under more physiologically relevant microenvironments.

hypoxia resulting from the limited supply of oxygen and nutri-
ents. Hypoxia affects many cellular functions and is implicated in
tumorigenesis, and chemo- and radioresistance. Reports now
strongly suggest a role of hypoxia in altering individual cell
heterogeneity and the distribution of drugs within tumors
[30,31]. The altered response to drugs in solid tumors has also
been attributed to altered metabolic pathways that result in high
levels of ATP in tumor cells compared with normal tissues. In-
creased aerobic glycolysis in tumors results in increased glucose
uptake and high levels of lactate. Compared with 2D cultures,
lactate accumulation was significantly higher in 3D culture medi-
um, suggesting a shift to glycolysis for energy production [32].
Additionally, 3D cultures also show increased expression of lactate
dehydrogenase A (LDHA), which is induced in hypoxic conditions
and linked to poor prognosis in solid tumors [32]. Intriguingly,
high lactate levels combined with hypoxic conditions in 3D
cultures resulted in the overexpression of P-gp and multidrug
resistance-associated protein 1, which alter the accumulation of
drugs and their efficacy [32].

HT-compatible 3D culture platforms for effective
characterization of drugs
HTS is a powerful state-of-the-art research tool for the identifica-

tion of novel therapeutic compounds. Currently, several

standardized methods are available for the 3D culture of cancer
cells (Fig. 3). Below, we briefly discuss four commonly used
technigues for 3D culture that have undergone significant
modifications for HT compatibility and reliable screening of
drugs under more physiological conditions.

3D cultures on nonadherent surface

Liquid-overlay technique (LOT) is a routinely used simple and
inexpensive method of 3D culture on a nonadherent surface for
the screening of anticancer drugs [33-36]. Although a simple
method, coating of microtiter plates with nonadherent substrates,
cell seeding, and medium exchange are prone to human error,
which has been overcome by the use of automated liguid handling
systems in LOT [37]. The availability of commercial nonadherent
3D culture plates has further simplified LOT. For example, 3D
cultures of cells in ultra-low attachment plates from Corning Life
Sciences (Netherlands) are amenable to automated imaging and
cell migration and invasion assays on a HT scale [38]. Similarly,
NanoCulture® culture plates from SCIVAX USA, Inc. enable sim-
ple and rapid assays for HTS of anticancer drugs in 3D cultures [39].
Furthermore, recent studies demonstrated the feasibility of these
plates for the 3D culture of several cancer cell lines, and of patient-
derived tumor cells for potential application in individualized
chemotherapy [39,40]. Multiple MCS formed per well in these
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plates raised the possibility of the generation of MCS of variable
size. However, studies have now shown that multiple MCS perwell
have equal size distribution and reproducibility across different
plates [39,40].

Hypoxia and mass transfer limitations are significant resistance-
associated factors that differ greatly in spheroids of different sizes
[41]. Altered spheroid geometry is reported to affect the pharma-
cokinetics of drugs [41], making the generation of uniform-sized
MCS an important requirement for 3D culture techniques for drug
treatment assays.

Hanging drop 3D cultures

Hanging drop cultures (HDCs) is another 3D culture method that
has undergone significant improvement for HT compatibility.
Efficiency, throughput, and the long-term culture of MCS
were some of the major issues that restricted the use of conven-
tional HDC methods in HTS assays. However, the availability of
commercial plates that are compatible with automatic liquid
handling and imaging has significantly simplified HDCs [42,43].
Using GravityPLUS™ hanging drop plates from Insphero AG
(Switzerland), Amann ef al. [44] co-cultured non-small cell lung
cancer cells with lung fibroblasts to study stroma-tumor interac-
tions in 3D. They reported the increased expression of vimentin
and decreased levels of E-cadherin, indicating epithelial to mesen-
chymal transition in the 3D microenvironment. Efforts are under-
way to make HDC more practical and amenable to HTS. Tung and
coworkers [42] developed improved HDC plates that prevent
osmolality shifts in culture medium resulting from excessive
evaporation. Additional improved technicalities enable easy me-
dium exchange with minimal damage to MCS. The suitability of
3D cultures in these plates for HTS studies was investigated using
fluorescent and calorimetric assays on epithelial carcinoma MCS
treated with standard anticancer drugs. Interestingly, both assays
did not require removal of treated samples to a new microplate for
analysis. The authors have further amended their HDC plates for
the co-culture of two or more fluorescent cell types to generate
MCS with concentric layers of multicolored cells that are attractive
models for studying heterotypic cellular interactions in the 3D
microenvironment [43].

Matrices and scaffolds for 3D cultures

Lately, the use of matrices and scaffolds has gained significant
attention for the culture of primary cells from patient-derived
tumor samples in 3D. Jiguet Jiglaire et al. [45] described the culture
of primary glioblastoma cells on hyaluronic acid (HA)-based
hydrogels for preclinical drug screening in a more in vivo setting.
Matrix stiffness significantly affects several cell functions that
alter the cellular response to drugs [46]. ECM and hydrogel-based
cell cultures are important tools for studying the effect of matrix
stiffness on cell functions and cell response to anticancer drugs in
3D. Hydrogels with varying matrix components allow cell growth
under a controlled microenvironment, enabling the expression of
genes associated with matrix synthesis and remodeling [47,48].
Altering matrix stiffness to that observed in solid tumors results in
characteristic changes in cells that mirror the clinical parameters
of invasive tumors [48]. Collagen-HA matrices are also in use to
culture MCS of multiple cell types that enable the study of cell-cell
interactions in 3D [49]. The potential use of chitosan-HA-based

scaffolds for the culture of patient-derived tumor cells in 3D is
currently being explored for individualized therapy [50]. Hydro-
gels can be used on a large scale for MCS generation and testing of
potential anticancer drugs [28,51]. Currently, hydrogel scaffolds
are easily adaptable to 96-well plates [45], and their potential use
in 384- and 1536-well plates will have significant impact on 3D
drug research and HTS.

Microfluidic 3D cell cultures

TME complexities that result in significant drug failure in clinical
studies have motivated researchers to develop improved cell cul-
ture methods for the robust selection of anticancer drugs. Com-
pared with other 3D culture systems, microfluidic systems enable
drug screening under a more spatiotemporally controlled micro-
environment to study the role of cell-cell and cell-matrix inter-
actions, and cell-volume ratios on drug effects in real time [52,53].
Furthermore, control over parameters such as hydrodynamic
stress, chemical gradient, and fluid flow enables cell growth under
more physiological microfluidic conditions.

Microfluidics culture of rat primary hepatocytes and retinal
microvascular endothelial cells (fMVECs) enables the dynamic
study of angiogenesis in 3D [54]. Unlike 2D cultures, where
MVECs form sheet-like structures, tMVECs form biologically
relevant 3D capillary structures in microfluidic devices. Bersini
et al. [52] developed a 3D microfluidic model for the culture of
breast cancer cells with human bone marrow-derived mesenchy-
mal stem cells and endothelial cells. Such biomimicking micro-
fluidic triculture systems are valuable in vifro tools to study the
transendothelial migration of breast carcinomas surrounded by a
bone-like matrix, and drug effects under co-culture conditions in
3D [52,55]. Microfluidic 3D co-culture platforms have also been
extended to the personalized treatment of cancer in the clinic. 3D
co-culture of patient-derived primary cancer and stromal cells on
microfluidic chips was used to determine treatment regimens for
patients with lung cancer [56]. Microfluidics also offer an efficient
platform to monitor the inhibitory effects of drugs on epithelial-
mesenchymal transition, and to determine the precise dosages
required for the inhibition of tumor metastasis [57]. Microfluidic
culture plates from CellASIC (USA) are available in a 96-well
format for long-term 3D culture under perfused conditions
and for screening of anticancer drugs using existing laboratory
techniques [58].

Concluding remarks
3D cultures have tremendous potential for the effective selection
of promising anticancer drugs in preclinical stages and to signifi-
cantly reduce drug failure rates in clinical trials; however, several
challenges currently limit 3D HT preclinical studies (Table 1).
Current 3D culture methods reproduce only a subset of real-tissue
conditions at a given time and, therefore, vary in their ability to
replicate in vivo tumor conditions completely. These limitations
are reflected in the discrepancies between various studies using
similar controlled settings. Additionally, not all cell types are
suitable for a particular 3D culture method, and there are few
reports on 3D cultures from primary tumor cells.

Currently, medium exchange in most of 3D systems is possible
either manually or using an automatic liquid handling system.
However, the development of improved methods that enable the
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continuous flow of nutrient and waste removal will benefit the use
of 3D cultures for HTS. Although 4D cultures with continuous
nutrient flow and waste removal provide improved conditions for
the study of tumor biology [59], their potential use in HTS remains
unexplored. Additionally, 3D culture systems that allow the de-
velopment of vascular networks that closely mimic TME in MCS
will improve HTS with 3D cultures under more realistic physio-
logical conditions. Interestingly, a recent study reported the de-
velopment of a microfluidic system that reproduces ‘leaky’ tumor
microvasculature in 3D cultures [60].

HTS in 3D cultures also require advanced microscopic techni-
ques to quantify drug effects not only in outer MCS layers, butalso
within MCS [61-63]. Current confocal microscopy systems are not
fully suitable for deep tissue imaging and the dynamic quantifica-
tion of 3D cultures [38]. Light-sheet microscopy and otherimaging
systems that have been reported suitable for imaging of 3D struc-
tures have yet to be tested in HT platforms [61,64,65].

The recent surge in the use of 3D cell cultures for drug
screening has significantly bridged the gap between 2D assays
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