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ABSTRACT 

Title: Development of bioreductive inhibitors of Checkpoint kinase 1 to target 

hypoxic tumours 

 

Cindy Körner, Trinity College, Trinity Term 2015 

 

Hypoxia (low physiological O2 levels) is a characteristic of solid tumours. It 

not only alters the chemical microenvironment of a tumour but initiates a number 

of mechanisms which enable cells to cope and thrive under these conditions, 

resulting in therapy-resistant and aggressive tumours. The replication stress 

induced by severe hypoxia activates a DNA damage response which involves the 

kinases ATR and Chk1. Moreover, periods of hypoxia are often followed by 

reoxygenation, which induces DNA damage. Chk1 inhibitors have been used to 

potentiate chemotherapy with cytotoxic agents and have recently been proposed 

as single agents in tumours with high levels of replication stress. However, 

inhibition of Chk1 also affects normal DNA replication, cell cycle progression and 

DNA repair. The herein presented study chose known inhibitors of Chk1 and, with 

methods of synthetic organic chemistry, modified them into agents to selectively 

target hypoxic cells. Three different Chk1 inhibitors were selected and 

bioreductive analogues synthesised which were evaluated in chemical, 

biochemical and cellular assays. We found a convenient route to access a 

precursor of the bioreductive 2-nitroimidazole group and established a three-step 

protocol for the testing of bioreductive drugs. This protocol allows us to determine 

whether a bioreductive drug undergoes reduction and prodrug activation. In 

addition, bioreductive Chk1 inhibitors were shown to induce DNA damage and 

cellular toxicity in a hypoxia-selective fashion. While reduction of the prodrugs 

occurred in all three cases, fragmentation was always the rate-limiting step. We 

propose that the use of bioreductive Chk1 inhibitors is a promising strategy to 

target the most therapy-resistant tumour fraction while sparing normal tissue. 
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CHAPTER 1 

INTRODUCTION 

1.1  Cancer and tumour hypoxia 

Cancer is a group of diseases that can affect any part of the human body. 

It is characterised by uncontrolled cell proliferation and the ability to invade 

adjacent tissue and spread to other organs to form metastases. Cancer arises in 

a multistage process of iterative genetic alterations that drive the progression into 

malignant tumours.  An article published by Hanahan and Weinberg in 2000 

described six hallmarks of cancer which has more recently been expanded by 

two additional emerging hallmarks and two enabling characteristics (Figure 1.1) 

(Hanahan and Weinberg 2000; Hanahan and Weinberg 2011). The authors 

suggested that cancer cells acquire a distinct set of characteristics on their way to 

becoming malignant that is common to all types of cancer.  

Normal cells have mechanisms by which they control cell proliferation to 

avoid the accumulation of errors. In this way healthy cells have several backup 

mechanisms to ensure the appropriate completion of every cell cycle and this 

may include cell death in extreme circumstances. Through mutation, cancer cells, 

on the other hand, acquire the ability to evade these growth controlling 

mechanisms, leading to uncontrolled proliferation. This in turn can drive further 

mutation and genomic instability. 
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Figure 1.1. The hallmarks of cancer.  
A) The originally described hallmarks of cancer and B) the expansion by two emerging hallmarks 
and two enabling characteristics. Reprinted with permission from Cell, vol 144, issue 5, 4 March 
2011, Hanahan D., Weinberg R.A., Hallmarks of Cancer: The Next Generation, 646-674, 
Copyright (2011), with permission from Elsevier.   

The metabolic demand of normal tissue is met by an adequate blood 

supply. A rapidly growing solid tumour on the other hand has a higher 

consumption of oxygen and nutrients and quickly outgrows the available blood 

supply (Vaupel and Harrison 2004). In an attempt to make up for the resulting 

shortage, the tumour initiates a process called angiogenesis in which it generates 

its own vasculature from the host vascular network (Bergers and Benjamin 2003). 

A 

B 
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The resulting vessel network however is primitive and highly aberrant with 

structural and functional abnormalities. Tumour vessels are often leaky and 

haemorrhagic due to missing endothelial lining. Together with a lack of lymphatic 

drainage this causes the accumulation of fluid in the interstitial space, high 

interstitial fluid pressure and the collapse of blood vessel. As a result, regions 

within the tumour arise that are characterised by very low O2 levels (hypoxia) and 

energy deficiency (Vaupel and Harrison 2004). The cellular energy production in 

those areas shifts towards glycolysis which produces lactate as a by product and 

causes tumour acidosis (Figure 1.2, C) (Vaupel, Kallinowski, and Okunieff 1989). 

Traditionally two mechanisms have been described that are responsible 

for the development of tumour hypoxia although this classification is an 

oversimplification and different subtypes exist to each mechanism (Bayer et al. 

2011). Diffusion-limited hypoxia arises as a function of distance from a perfused 

blood vessel. The O2 gradient causes the development of chronically hypoxic 

regions at 100-180 μm away from functional vessels (Figure 1.2)  (Evans et al. 

1997; Thomlinson and Gray 1955). In addition, the severe abnormalities in the 

tumour vasculature can cause transient changes in blood flow (perfusion-limited 

O2 supply, Figure 1.2, A) leading to acute or cycling hypoxia (Dewhirst, Cao, and 

Moeller 2008; Brown 1979). This condition can last minutes to hours and is 

typically followed by reoxygenation upon reperfusion of microvessels (Figure 1.2, 

B).  
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Figure 1.2. Schematic representation of the two main causes for tumour hypoxia and 
resulting physiological and biological consequences.  
A) O2 from a functional blood vessel is rapidly consumed by the tumour cells closest to the vessel, 
resulting in an O2 gradient towards increasing distance from the vessel. Cells become 
increasingly hypoxic, reaching a state of anoxia at the outer rim (diffusion-limited hypoxia). The 
abnormalities in the tumour vasculature can cause temporary and partial closures of blood 
vessels (perfusion-limited hypoxia), in which case the oxygenation status of adjacent tumour cells 
shifts towards more severe hypoxia. B) Vessel closures are often temporary and cells become 
reoxygenated upon vessel reperfusion. C) The biological consequences of tumour hypoxia and 
acidosis result in greater therapy resistance and malignancy. Adapted from (Jordan and 
Sonveaux 2012; Siemann and Horsman 2015). 

Hypoxia is characteristic to most solid tumours and can be found in a wide 

range of cancers. It typically ranges between 0.3% and 4.2% O2 depending on 

the type of tissue but can reach complete anoxia (Vaupel and Mayer 2007; 

McKeown 2014). It is important to note that oxygenation status is tissue specific 

and varies even in normally oxygenated tissue. Therefore, what might be a 

physiologically normal oxygen level in one organ can be classified as hypoxic in a 

different organ and vice versa. 
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In response to hypoxia levels of the transcription factor Hypoxia-inducible 

factor-1 (HIF-1) rise, which mediates the cellular adaptation to the hostile hypoxic 

environment through the regulation of several biological processes (Vaupel and 

Harrison 2004). HIF-1 is a heterodimer consisting of an oxygen-regulated α-

subunit (HIF-1α) and a constitutively expressed β-subunit (HIF-1β/ARNT) (Wang 

and Semenza 1995). In an O2–dependent mechanism PHD proteins (prolyl-

hydroxylase domain proteins, PHDs 1-3) carry out prolyl-4-hydroxylation of one of 

the O2–dependent degradation domains (N-terminal NODD or C-terminal CODD) 

of HIF-1α (Bruick and McKnight 2001). This marks the protein for proteosomal 

degradation through the von Hippel-Lindau protein (VHL) elongin C/B complex 

(VCB) (Ivan et al. 2001; Jaakkola et al. 2001).  In addition, the asparaginyl 

hydroxylase Factor Inhibiting HIF (FIH) hydroxylates Asn803 in the presence of 

O2 (Lando et al. 2002; Hewitson et al. 2002). This residue is part of the C-terminal 

transactivation domain (C-TAD) of HIF-1α and hydroxylation prevents interaction 

with the p300 and CBP transcription coactivators (Schofield and Ratcliffe 2004) 

(Figure 1.3). The HIF hydroxylases are Fe(II)/2-oxoglutarate (2OG) -dependent 

oxygenases. Among them PHD2 has been recognised as the primary HIF prolyl 

hydroxylase which has been shown to react particularly slow with O2, reflecting its 

role as an O2 sensor (Berra et al. 2003; Takeda et al. 2008; Flashman et al. 

2010). In the absence of O2, HIF-1α accumulates and translocates to the nucleus 

where it forms a complex in conjunction with HIF-1β which then binds to the HRE 

(hypoxia responsive elements) enhancer regions in hypoxia-sensitive target 

genes (Figure 1.3). HIF-1 thus regulates the expression of an array of genes 

including those involved in glycolysis, angiogenesis and erythropoiesis (Vaupel 

and Harrison 2004).  
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Figure 1.3. Schematic representation of the HIF-1α pathway.  
In the presence of O2, Fe(II) and 2OG HIF-1α is hydroxylated by PHDs which marks the protein 
for ubiquitination by the VHL tumour suppressor and subsequent proteosomal degradation. Under 
hypoxia, HIF-1α accumulates, translocates to the nucleus and forms a transcription factor in 
conjunction with HIF-1β. This HIF-1 complex binds to HREs in the promoters of genes involved in 
the cellular adaptation to hypoxia. Adapted from (Meijer et al. 2012). 

Interestingly, HIF-1 has recently been shown to autoregulate its own α-

subunit through an epigenetically regulated transactivation loop.  A normally 

repressed HRE in the promoter of HIF-1α was shown to be demethylated and 

active in colon cancer cell lines and specimens (Koslowski et al. 2011). This 

transactivation could be disrupted by an inhibitor of protein-protein interaction 

between HIF-1α and HIF-1β (Asby et al. 2014). Loss of function of the VHL 

tumour suppressor and oncogene amplification in cancer cells can further 

activate HIF-1 and drive malignant progression (Kaelin 2008; Semenza 2013). 

Hypoxia has been associated with resistance to all forms of conventional 

cancer therapy, malignant progression and poor patient prognosis (Harris 2002; 

Overgaard 2011; Hockel et al. 1996). Cellular sensitivity to ionising radiation (IR) 

depends on the tissue specific intrinsic radiosensitivity and extrinsic factors of the 
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tumour microenvironment. A poor oxygenation status of the irradiated tissue is 

one of the most important limiting factors in radiotherapy (Moeller, Richardson, 

and Dewhirst 2007; Thomlinson and Gray 1955). The importance of O2 in 

radiotherapy has been attributed to two mechanisms. Firstly, O2 can react with 

the free radicals that originate from water radiolysis, thus forming DNA-damaging 

reactive oxygen species (ROS). Secondly, O2 can “fix” the radical-induced 

damage, a term which describes the formation of DNA peroxides which are less 

easily repaired than simple DNA strand breaks. Severely hypoxic cells (<0.1% 

O2) are 2.5 to 3 times more radio resistant than their oxygenated counterparts, a 

phenomenon which has been termed the oxygen enhancement effect (Gray et al. 

1953). 

Resistance to chemotherapy stems from a range of mechanisms 

(Shannon et al. 2003). The poor vasculature of hypoxic tumours impairs drug 

delivery to those regions. In addition, tumour acidosis compromises the uptake of 

weakly basic drugs such as doxorubicin (Skovsgaard 1977). Most 

chemotherapeutics are antiproliferative agents and their action relies on the 

uncontrolled division of cancer cells. In hypoxia proliferation is inhibited which 

compromises the response to most chemotherapeutics. Severely hypoxic cells 

undergo p53-dependent apoptosis (Graeber et al. 1996; Hammond et al. 2002; 

Leszczynska et al. 2015). Cells with an impaired p53 pathway can thus escape 

cell death leading to the selection of cells with diminished apoptotic potential and 

increased resistance to anticancer therapy in severe hypoxia (Graeber et al. 

1996; Kim et al. 1997).  
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1.2 The DNA damage response 

1.2.1  DNA damage signalling  

Cells are constantly subjected to various types of environmental and 

endogenous insults to their genetic material. Environmental sources of DNA 

damage include ultraviolet (UV) radiation from the sunlight, IR and chemical 

toxins. While these types of DNA damaging agents can be avoided, spontaneous 

DNA damage is the result of normal cell metabolism and has been estimated to 

generate up to 105 lesions per cell and day (Hoeijmakers 2009). From these 

different types of threats a multitude of lesions can arise which bring upon a 

change in the physicochemical structure of the DNA and pose a threat to 

genomic integrity. DNA lesions can block vital processes such as DNA replication 

and transcription or cause genomic aberrations if proliferation resumes with 

unresolved damage (Jackson and Bartek 2009; Harper and Elledge 2007; Ciccia 

and Elledge 2010). In order to deal with any threat to the genome, cells have 

evolved a complex and highly conserved signalling network known as the DNA 

damage response (DDR) (Figure 1.4). The DDR can be regarded as the DNA 

damage surveillance programme which detects an insult, mediates its presence 

and responds to it with cell cycle arrest and DNA repair or cell death (Ciccia and 

Elledge 2010; Harper and Elledge 2007). Defects within the DDR can result in 

enhanced mutation rates and cancer predisposition as evident in human DNA 

repair syndromes such as AT (ataxia telangiectasia), a genetic disorder which 

arises due to mutations in the ATM (ataxia telangiectasia mutated) gene 

(Jackson and Bartek 2009; Shiloh and Kastan 2001; Savitsky et al. 1995). 

Traditionally, the DDR has been divided into two major branches based on 

the apical kinase central to the signalling cascade (Figure 1.4). The ATM/Chk2 
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(checkpoint kinase 2) pathway is activated following the detection of DSBs 

(double strand breaks) by the MRN (MRE11-RAD50-NBS1) complex while the 

ATR/Chk1 (ataxia telangiectasia mutated and Rad3 related/checkpoint kinase 1) 

pathway is activated by RPA-coated (replication protein A) SSBs (single strand 

breaks). Both pathways converge on the CDKs (cyclin-dependent kinases), 

which, in complex with cyclin proteins, are regulators of cell cycle progression. By 

preventing CDK activation, cells can arrest at checkpoints within the cell cycle 

(G1/S, S, G2/M). This arrest allows sufficient time for repair to take place before 

proliferation resumes. Reflecting the great diversity of lesions that can occur, 

cells have evolved a repertoire of repair pathways to neutralise them (Helleday et 

al. 2008; Sancar et al. 2004).  

A key player within the DDR is the tumour suppressor p53. Upon 

genotoxic stress, p53 becomes stabilised and acts as a transcription factor which 

transactivates a number of genes involved in cell cycle arrest and apoptosis or 

senescence.  In response to DNA damage, p53 sustains a G1/S cell cycle arrest 

by stimulating the expression of p21Waf1/Cip1, which is an inhibitor of CDKs and 

was one of the first p53 targets to be identified (Brugarolas et al. 1995; Deng et 

al. 1995). In addition, p53 can stimulate the expression of 14-3-3 proteins which 

bind to CDK-cyclin complexes to sequester them away from their substrates 

(Chan et al. 1999; Laronga et al. 2000). It is important to note that, in addition to 

initiating G1/S cell cycle arrest, the p53-p21 axis is crucial to keep the checkpoint 

active (Bartek and Lukas 2001). Importantly, the majority of cancers harbour 

defects within the p53 pathway (Petitjean et al. 2007) and have an impaired G1/S 

checkpoint, rendering these cells dependent on the remaining functional 

checkpoints. Through the regulation of a range of different pro-apoptotic 
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mediators p53 can contribute to the activation of programmed cell death 

(Vousden and Lu 2002).  

 

Figure 1.4. Schematic representation of the DNA damage response.  
The DDR can be divided into two major branches. DSBs are sensed by the MRN complex which 
activates the ATM/Chk2-mediated signalling cascade. Following SSBs and replication stress, 
RPA binds to ssDNA to recruit ATRIP and 9-1-1 which, together with TOPBP1, initiate the 
ATR/Chk1 response. There is crosstalk between the two pathways and they both converge on the 
downstream effectors p53 and CDC25s, to induce apoptosis or cell cycle arrest. Adapted from 
(Sulli, Di Micco, and d’Adda di Fagagna 2012). 
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1.2.2 DNA Replication 

One of the main triggers of the DDR is aberrant structures occurring during 

the course of DNA replication. These lead to stalling or slowing down of the 

replication fork which initiates an ATR/Chk1-mediated DDR commonly referred to 

as the replicative stress response (Hills and Diffley 2014; Zeman and Cimprich 

2014; González Besteiro and Gottifredi 2015).  

DNA replication is tightly regulated and involves the initiation, elongation 

and termination of the replication process (Figure 1.5) (Masai et al. 2010). 

Binding of the ORC (origin recognition complex) to DNA marks replication origins. 

Prior to the S phase of the cell cycle origins are licensed, the pre-RC (pre-

replication complex) is formed at sites of ORC binding through recruitment of 

CDC6 (cell division cycle 6), CDT1 (chromatin licensing and DNA replication 

factor 1) and the MCM2-7 (mini-chromosome maintenance 2-7) complex. Multiple 

origins initiate the replication process, with each single active origin initiating a 

pair of replication forks. The number of licensed origins has been shown to 

exceed the number of replication origins. Activation of these dormant origins is an 

important mechanism to allow completion of global replication during replication 

stress and prevent genomic instability (Woodward et al. 2006; Ge, Jackson, and 

Blow 2007; Kawabata et al. 2011).  
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Figure 1.5. DNA replication.  
Origins are licensed in the G1 phase of the cell cycle through recruitment of the MCM2-7 helicase 
to sites of ORC, CDC6 and CDT1 binding and formation of the preRC. At the onset of S phase 
the preRC becomes phosphorylated which initiates formation of the replisome by loading of 
CDC45 and GINS and initiation of replication (origin firing). The MCM2-7 and CDC45 replicative 
helicases unwind the DNA, the PCNA sliding clamp tethers a set of DNA polymerases to the 
replication for which carry out DNA synthesis. Adapted from (Jones and Petermann 2012). 

The pre-RC becomes phosphorylated by CDK2-Cyclin E complex and 

DDK (Dbf4/Drf1-dependent CDC7 kinase) in early S phase (Krude et al. 1997; 

Lei et al. 1997) which promotes treslin-dependent loading of CDC45 (cell division 

cycle 45) and GINS (go-itchi-ni-san) complex, initiating the actual process of DNA 
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synthesis (Takayama et al. 2003; Ilves et al. 2010; Guo et al. 2015). The 

replication machinery is called the replisome. Within this multi-component protein 

complex, the replicative MCM helicase unwinds the DNA while PCNA (sliding 

clamp proliferating cell nuclear antigen) tethers a set of DNA polymerases to the 

chromosome which carry out the DNA synthesis (Stukenberg, Studwell-Vaughan, 

and O’Donnell 1991). In this way, the replication forks move bi-directionally away 

from the origin during the elongation process. Each replication fork consists of a 

leading strand, where elongation is continuous, and a lagging strand where 

synthesis is stepwise and followed by ligation of Okazaki fragments. Replication 

is terminated, when forks from adjacent origins converge (Branzei and Foiani 

2010). 

 

1.2.3  Replication stress  

Replication is a high risk process which requires the cell to coordinate the 

availability of replication factors and nucleotides with origin firing and fork 

progression speed (Anglana et al. 2003; Conti et al. 2007). Replication stress 

arises if this balance is disturbed and the cellular response is a checkpoint 

activation mediated by ATR and Chk1, reducing the rate of DNA replication 

through decreased origin firing and slowing or stalling of the replication process 

(Seiler et al. 2007; Masai et al. 2010).  

There are many sources of replication stress, including a shortage of 

essential replication factors, fork barriers such as DNA lesions or transcription 

complexes and oncogene overexpression (Zeman and Cimprich 2014; González 

Besteiro and Gottifredi 2015).  
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DNA synthesis requires the availability of nucleotide building blocks. If 

these are limiting, fork progression can slow down. Experiments in budding yeast 

have shown that the ATR and Chk1 homologs Mec1 (mitosis entry checkpoint 

protein 1) and Rad53, respectively, were required for fork stabilisation following 

treatment with HU (hydroxyurea), an inhibitor of RNR (ribonucleotide reductase) 

which is the enzyme that provides the DNA building blocks (Cobb et al. 2003; 

Lopes et al. 2001). Replication stress arising from depletion of the dNTP 

(deoxyribose nucleoside triphosphate) pools was shown to ultimately cause 

genetic instability and cellular transformation (Bester et al. 2011). The firing of too 

many origins caused by elevated CDK activity can deplete the dNTP pools 

leading to fork slowing and replication stress (Beck et al. 2012). Various reports 

have shown that overexpression of oncogenes also causes replication stress. 

Activation of RAS (rat sarcoma) resulted in hyper-proliferation and DNA hyper-

replication and the activation of the DDR, ultimately inducing senescence (Di 

Micco et al. 2006). Cyclin E overexpression was shown to accelerate S phase 

entry and cause origin hyper-activation resulting in the activation of the DDR and 

induction of senescence in U2OS cells (Bartkova et al. 2005; Bartkova et al. 

2006). Bester and coworkers demonstrated that cyclin E overexpression led to 

deregulated cell proliferation due to accelerated S phase entry despite insufficient 

dNTP pools (Bester et al. 2011). Premature origin firing and increased origin 

density as a result of MYC-overexpression was recently attributed to a direct 

function of MYC upstream of CDC45 and GINS  (Srinivasan et al. 2013).  

If replication stress persists, replication forks that have been stalled for 

prolonged periods of time can lose their ability to restart and generate fork-

associated DSBs through activity of the MUS81-Eme1 (MUS81 Structure-Specific 
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Endonuclease Subunit – Essential Meiotic Structure-Specific Endonuclease 1) 

endonuclease complex (Hanada et al. 2007). Under these circumstances only 

new origin firing can achieve completion of global replication (Petermann et al. 

2010). 

Despite the different origins of replication stress, the resulting cellular 

response is the activation of the ATR/Chk1 pathway through distinct DNA 

structures formed at sites of replication stress.  

 

1.2.4  ATR activation and ATR-mediated Chk1 activation  

A slowly progressing or stalled replication fork can give rise to regions of 

ssDNA if the enzymatic activities of the DNA polymerase and the replicative 

helicase uncouple, resulting in extensive unwinding of the DNA into long 

stretches of ssDNA (Pacek and Walter 2004; Byun et al. 2005). Similarly, 

processing of DNA lesions also generates ssDNA through exonuclease resection 

of the damaged structures (Aylon, Liefshitz, and Kupiec 2004; Ira et al. 2004). 

 Activation of the ATR/Chk1 pathway (Figure 1.6) requires ssDNA as well 

as primer-template junctions which are found following DNA damage and at 

stalled forks (MacDougall et al. 2007). The exposed stretches of ssDNA are 

bound by RPA. A specific interaction between RPA and ATRIP (ATR-interacting 

protein) then recruits ATR to sites of replication stress, thus forming an ATR-

ATRIP complex (Zou and Elledge 2003). Independent of ATR-ATRIP, the 9-1-1 

(RAD9-HUS1-RAD1) checkpoint clamp is loaded onto primer-template junctions 

by Rad17-RFC (RAD17-Replication factor C complex) (Majka et al. 2006; Zou, 

Cortez, and Elledge 2002). Consequently, the ATR activator TOPBP1 

(Topoisomerase Binding Protein 1) is recruited to sites of 9-1-1 binding where it 
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interacts with both, 9-1-1 and ATR-ATRIP, to activate ATR (Lee, Kumagai, and 

Dunphy 2007; Mordes et al. 2008). 

 

Figure 1.6. Activation of the ATR/Chk1 axis in response to replication stress.  
Stalled replication forks give rise to regions of ssDNA. These become coated by RPA which binds 
ATRIP and loads the 9-1-1 clamp. 9-1-1 attracts TOPBP1 and ATRIP recruits ATR to the fork 
which then becomes activated by TOPBP1. Subsequent ATR-mediated Chk1 phosphorylation 
requires Claspin, TIM-TIPIN and AND-1. Once activated, Chk1 can initiate various downstream 
responses. Adapted from (Jones and Petermann 2012). 

Once activated, ATR phosphorylates Chk1 on S317 and S345 in a  

process requiring several other proteins including TOPBP1, Claspin, the TIM-

TIPIN (TIMELESS homologue – TIMELESS-interacting protein) heterodimeric 

complex and AND-1 (acidic nucleoplasmic binding protein 1) (Chou and Elledge 

2006; Errico, Costanzo, and Hunt 2007; Kemp et al. 2010; Kumagai and Dunphy 

2000; S. Liu et al. 2006; Hao et al. 2015). ATR-dependent phosphorylation of 

Chk1 at sites of DNA damage induces the release of Chk1 from chromatin into 
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the nucleoplasm where it undergoes autophosphorylation on serine 296 

(Kasahara et al. 2010; Smits, Reaper, and Jackson 2006).  

1.2.5  Function of Chk1 

Chk1 is a serine/threonine protein kinase that was initially identified in 

fission yeast where it was found essential for DNA damage-induced cell cycle 

arrest (Walworth, Davey, and Beach 1993).  Phosphorylated and active Chk1 

serves different functions of which the best characterised are the Chk1-mediated 

checkpoint responses. Chk1 regulates the G1/S and intra S phase checkpoints as 

well as mitotic entry (G2/M checkpoint).  

The CDC25 dual-specificity phosphatases (CDC25A, -B and -C) activate 

CDK-Cyclin complexes and thereby promote cell cycle progression (Boutros, 

Dozier, and Ducommun 2006). CDC25s regulate S phase entry and progression 

through CDK2-Cyclin E and CDK2-Cyclin A, respectively (Sørensen et al. 2003) 

while CDK1-Cyclin B promotes G2/M progression (De Souza, Ellem, and Gabrielli 

2000).  

Chk1 has been shown to negatively regulate all three isoforms of the 

CDC25s.  Chk1-dependent phosphorylation either marks CDC25s for 

proteosomal degradation or creates a binding site for 14-3-3 proteins (Busino et 

al. 2003; Jin et al. 2003). Binding of 14-3-3 enables sequestration of the 

phosphatases to the cytoplasm and away from their substrates (Hermeking and 

Benzinger 2006; Boutros, Dozier, and Ducommun 2006) or blocks interaction 

between CDC25 and CDK-Cyclin complexes (Chen, Ryan, and Piwnica-Worms 

2003). Following UV irradiation, Chk1 autophosphorylation on S296 was required 

for Chk1-dependent degradation of CDC25A to block premature entry into mitosis 

(Kasahara et al. 2010). 
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Interestingly, inhibition of CDK-Cyclin complexes through Chk1 activity is 

further reinforced by the WEE1 kinase. WEE1 is activated by Chk1 and 

phosphorylates CDK-Cyclin complexes on Tyr15 which negatively regulates the 

activity of the complex (Parker and Piwnica-Worms 1992). Thus, the Chk1-

mediated DDR provides a double-lock mechanism to block cell cycle progression 

through the CDC25s and WEE1. 

Importantly, Chk1 has been proven to also have basal activity in the 

absence of damage. A representation of the role of Chk1 in normal cell cycle 

progression can be seen in Figure 1.7, A. Chk1-dependent degradation of 

CDC25A regulates S phase entry and progression not only under stressed but 

also unperturbed conditions (Sørensen et al. 2003; Sørensen et al. 2004). 

Normal G2/M transition was shown to be controlled through centrosome-

associated Chk1. Chk1 localises to the centrosome during interphase to prevent 

premature CDK1 activation through phosphorylation of CDC25B, but was not 

found at the centrosome during mitosis when CDK1 activation was required 

(Krämer et al. 2004; Schmitt et al. 2006). Normal mitotic entry was also 

suggested to be transcriptionally regulated by Chk1 (Shimada et al. 2008). Chk1 

was shown to phosphorylate histone H3 on Tyr11, thereby enabling acetylation at 

the promoters of CDK1 and CYCLIN B1 and triggering transcription of these 

genes (Shimada et al. 2008). Interestingly, under unperturbed conditions around 

20% of total Chk1 is chromatin bound but upon DNA damage, the entire Chk1 

pool is released into the nucleoplasm, suggesting that transcriptional regulation of 

G2/M progression through Chk1 selectively occurs in the absence of damage 

(Smits, Reaper, and Jackson 2006). The dissociation of Chk1 from chromatin is 
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dependent on ATR-mediated phosphorylation on S317 and S345  and required 

for checkpoint activation (Smits, Reaper, and Jackson 2006).  

In addition to controlling cell cycle progression, different aspects of DNA 

replication are regulated through Chk1 such as origin firing, replication fork 

progression and stability (Figure 1.7, B). Following treatment with the 

topoisomerase inhibitor camptothecin, a Chk1-dependent reduction in the 

initiation of DNA replication was observed (Seiler et al. 2007). In agreement with 

this, inhibition of Chk1 results in increased origin firing (Syljuåsen et al. 2005; 

Maya-Mendoza et al. 2007). Recently evidence has emerged that checkpoint-

activated Chk1 blocks the initiation of new replication clusters while preferentially 

promoting late origin firing within already active clusters through an as of yet 

unknown mechanism (Ge and Blow 2010; Platel et al. 2015). Chk1 can block the 

initiation of replication by negatively regulating treslin-mediated loading of CDC45 

onto chromatin and disabling the association of CDC45 and the preRC at origins 

of replication (Liu et al. 2006; Guo et al. 2015). Inhibition or depletion of Chk1 in 

camptothecin- or UV-treated cells resulted in decreased fork progression (Seiler 

et al. 2007; Speroni et al. 2012) and this might be linked to increased origin firing 

under those conditions (Petermann, Woodcock, and Helleday 2010). Petermann 

and coworkers recovered replication fork progression in Chk1-depleted cells by 

simultaneously inhibiting/depleting CDC7 to inhibit origin firing (Petermann, 

Woodcock, and Helleday 2010). 
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Figure 1.7. Chk1 regulates cell cycle progression, replication and DNA repair.  
A) Chk1 negatively regulates the CDC25 dual-specificity phosphatases which are activators of 
CDK/Cyclin complexes. Chk1 thereby blocks cell cycle progression. B) Active Chk1 blocks origin 
firing by preventing the association of CDC45 with the preRC. C) Chk1 prevents the formation of 
DSBs at stalled forks by protecting them from the MUS81-Eme1 endonuclease. In addition, Chk1 
promotes HR repair by phosphorylating BRCA2 which recruits RAD51 to sites of damage. 
Adapted from (Boutros, Lobjois, and Ducommun 2007; Jones and Petermann 2012). 

 As mentioned earlier, stalled replication forks can eventually collapse and 

generate fork-associated DSBs through activity of the MUS81-Eme1 

endonuclease complex (Hanada et al. 2007). Chk1 promotes DNA repair through 

HR (homologous recombination) following fork collapse by phosphorylating 

BRCA2 (breast cancer 2, early onset) and RAD51 to promote BRCA2-mediated 

loading of RAD51 onto DNA (Figure 1.7, C) (Sørensen et al. 2005; Bahassi et al. 
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2008). Inhibition or depletion of Chk1 by siRNA (small interfering ribonucleic acid) 

could prevent and also reverse RAD51 foci formation (Sørensen et al. 2005; 

Montano et al. 2013; Engelke et al. 2013). Interestingly, in addition to promoting 

the repair of collapsed forks, Chk1 seems to protect stalled forks from MUS81-

Eme1 to avoid DSB-formation in the first place. Chk1 deficient cells showed 

higher levels of DNA damage and this was dependent on MUS81-Eme1 

(Forment et al. 2011).  

 

1.2.6 The DNA damage response in hypoxia  

It has been well documented that severe levels of hypoxia (<0.1% O2) 

activate a DNA damage response in the absence of detectable damage, as 

assessed by comet assay and the absence of 53BP1 (p53-binding protein 1) foci 

(Schematic representation of the hypoxic DDR in Figure 1.8) (Bencokova et al. 

2009; Hammond et al. 2002; Hammond, Dorie, and Giaccia 2003; Olcina et al. 

2013). Despite the lack of DNA strand breaks in severe hypoxia, H2AX is robustly 

phosphorylated on serine 139 (also known as γH2AX) in a pan-nuclear fashion 

(Bencokova et al. 2009). In response to DNA damaging agents, γH2AX forms 

discrete foci but the contrary has been shown in response to replication stress 

with an ATR-dependent, pan-nuclear signal (Toledo et al. 2011; Syljuåsen et al. 

2005), suggesting that the γH2AX signal in severe hypoxia originates from 

replication stress (Hammond et al. 2002). 

The replicative stress response initiated by severe hypoxia has been 

linked to a decreased level in dNTP pools (Pires, Bencokova, Milani, et al. 2010). 

Maintenance of adequate dNTP levels requires activity of RNR which is the only 

known enzyme responsible for the de novo synthesis of the DNA building blocks 
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through reduction of ribonucleotides to deoxyribonucleotides (Nordlund and 

Reichard 2006). Eukaryotic RNR is an O2-dependent enzyme which requires O2 

in order for its smaller R2 subunit to remain in its catalytically active form and 

therefore RNR activity is likely to be compromised in hypoxia (Nordlund and 

Reichard 2006; Eklund et al. 2001). As described earlier, depletion of the dNTP 

pool has been shown to give rise to replication stress (Bester et al. 2011; Poli et 

al. 2012; Beck et al. 2012). Under severe hypoxia, origin firing is decreased, fork 

progression slowed down and the number of stalled replication forks increased 

(Pires, Bencokova, McGurk, et al. 2010). The critical structure that initiates 

recruitment of replication stress proteins, including ATR, are RPA-coated 

stretches of ssDNA. The formation of RPA foci at regions of ssDNA was seen in 

hypoxia and this is believed to initiate the hypoxia-induced DDR (Pires, 

Bencokova, Milani, et al. 2010). 

Interestingly, activation of ATM also occurs in severe hypoxia (Bencokova 

et al. 2009). This observation is in contrast to the well-established role of ATM as 

a sensor and responder to DSBs (Jackson and Bartek 2009) since the hypoxia-

induced activation of ATM occurs in the absence of detectable damage and 

independently of the MRN complex (Bencokova et al. 2009). A recent report 

shows that ATM activation in severe hypoxia requires a specific chromatin 

context. Hypoxia induces histone H3 lysine 9 tri-methylation (H3K9me3), a 

modification associated with condensed chromatin and replication stress in this 

background leads to the activation of ATM (Olcina et al. 2013). ATM inhibition in 

severe hypoxia resulted in decreased replication rates demonstrating a role for 

ATM in facilitating replication during replication stress. More recently, chromatin 

condensation has been shown to be an integral part of the DDR and the 
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activation of ATM as well as ATR in a condensed chromatin context was 

demonstrated in the absence of damage (Burgess et al. 2014).  

The hypoxic DDR also involves the tumour suppressor p53. P53 is 

activated in response to severe hypoxia through ATR-dependent phosphorylation 

(Hammond et al. 2002) and also the ATM/Chk2 axis (Gibson, Bindra, and Glazer 

2005). P53 was shown to be essential for hypoxia-induced apoptosis (Graeber et 

al. 1996). Loss of the P53 gene or mutations within the p53 pathway reduces 

hypoxia-induced cell death and severe hypoxia thus selects for cells with 

diminished apoptotic potential (Graeber et al. 1996). A recent study showed that 

in response to severe hypoxia p53 induces a select group of genes, some of 

which induce apoptosis by inhibition of the pro-survival protein AKT (synonym for 

protein kinase B). The loss of pro-apoptotic genes induced by p53 in severe 

hypoxia was shown to correlate with poor clinical outcome in patients with various 

cancer types (Leszczynska et al. 2015; Yun and Glazer 2015). 
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Figure 1.8. Schematic representation of the DDR in severe hypoxia.  
Severe hypoxia initiates a DDR, probably stemming from decreased RNR activity and depletion of 
the dNTP pool. The hypoxia-induced DDR involves both, the ATR and ATM kinases. ATR is 
activated in response to RPA-coated ssDNA while ATM activation additionally requires the 
histone modification H3K9me3. Both kinases phosphorylate downstream targets leading to cell 
cycle arrest, p53-dependent apoptosis through inhibition of the pro-survival protein AKT and 
potentially stabilisation of replication forks. 

 

1.2.7 Hypoxia-induced ATR/Chk1 signalling 

In acute severe hypoxia, Chk1 is phosphorylated at the ATR-targeted sites 

S317 and S345 and inhibition or depletion of ATR or Chk1 resulted in the 
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accumulation of DNA damage (Hammond et al. 2002; Hammond, Dorie, and 

Giaccia 2004). Moreover, Chk1 autophosphorylation on S296 and Chk1-

mediated phosphorylation of TLK1 (tousled-like kinase 1) indicate that Chk1 is 

active in severe hypoxia (Pires, Bencokova, McGurk, et al. 2010; Cazares-Körner 

et al. 2013). TLK1 is an S phase active kinase which is inactivated through Chk1-

dependent phosphorylation following genotoxic stress and was recently found to 

promote histone supply during DNA replication (Groth et al. 2003; Krause et al. 

2003; Silljé et al. 1999; Klimovskaia et al. 2014).  

The exact role of Chk1 during severe hypoxia however is unclear. 

Although everything seems to point towards a role for Chk1 during the hypoxia-

induced replicative stress response, inhibition of Chk1 during severe hypoxia did 

not affect the number of ongoing replication forks and an overall decrease of fork 

progression speed upon Chk1 inhibition was not exacerbated by severe hypoxia 

(Pires, Bencokova, Milani, et al. 2010).  It is likely that initiation of new origins of 

replication is inhibited even in the absence of Chk1 due to a shortage of dNTPs in 

severe hypoxia, but complex rescue-experiments are required to test this 

hypothesis.  

Interestingly, Chk1 signalling during severe hypoxia is a transient 

response and phosphorylation of serines 317, 345 and 296 and of TLK1 

decrease during prolonged hypoxic exposure (Pires, Bencokova, Milani, et al. 

2010; Cazares-Körner et al. 2013). This suggests that the hypoxia-induced DDR 

is not sustained under chronic severe hypoxia (>12 h) and this hypothesis is 

supported by the observation that under those conditions the number of RPA foci 

decreased (Pires, Bencokova, Milani, et al. 2010; Pires, Bencokova, McGurk, et 

al. 2010). 
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1.2.8 Reoxygenation 

The tumour microenvironment is dynamic and periods of hypoxia are often 

followed by reoxygenation due to changes in perfusion of microvessels (Dewhirst, 

Cao, and Moeller 2008). Reoxygenation induces significant amounts of DNA 

damage and this is most likely due to the generation of ROS since free radical 

scavengers could prevent this damage (Hammond, Dorie, and Giaccia 2003). In 

response to reoxygenation-induced oxidative damage hypoxia-induced ATM-

Chk2 signalling is maintained resulting in p53 phosphorylation and a Chk2-

mediated G2 arrest. Upon loss of Chk2, this response was abrogated and cells 

underwent apoptosis (Freiberg, Hammond, et al. 2006; Freiberg, Krieg, et al. 

2006).  

Following acute periods of severe hypoxia (<12 h), replication restart can 

occur after reoxygenation however cells with a functional p53 pathway undergo 

apoptosis. After prolonged exposure to severe hypoxia (>12 h), disassembly of 

the replisome prevents the resumption of replication even after reoxygenation 

(Pires, Bencokova, Milani, et al. 2010). Thus, reoxygenation following hypoxia-

induced arrest either leads to checkpoint activation and continued proliferation or 

loss of replication ability and cell death. The fate of the cell depends on the 

duration of the hypoxic stress as well as the specific genetic background. 

Importantly, cells exposed to severe hypoxia for prolonged time periods do not 

contribute to tumour growth since they are unable to proliferate even if 

reoxygenation occurred. It has however been shown that DNA repair 

mechanisms can become compromised in hypoxic conditions that still allow 

replication or replication restart. Propagation of such cells can contribute to 

genetic instability and malignant progression since replication restart takes place 
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in the presence of ROS-induced damage, with impaired DNA repair capabilities 

and often in a P53 mutant background (Luoto, Kumareswaran, and Bristow 

2013).  

If acutely severely hypoxic cells are reoxygenated in the presence of a 

Chk1 inhibitor, the numbers of newly fired replication origins increase, pointing 

towards a role for Chk1 in delaying origin firing after reoxygenation-induced 

damage (Pires, Bencokova, Milani, et al. 2010). Loss of Chk1 through siRNA 

knockdown sensitised HCT116 cells to acute severe hypoxia followed by 

reoxygenation and resulted in reduced clonogenic survival (Hammond, Dorie, 

and Giaccia 2004). Similarly, various Chk1 inhibitors have been used to 

demonstrate increased cell killing and accumulation of DNA damage if Chk1 is 

lost during severe hypoxia/reoxygenation (Pires, Bencokova, McGurk, et al. 

2010; Hasvold et al. 2013; Cazares-Körner et al. 2013). It is therefore likely that 

Chk1 delays origin firing following reoxygenation in order to allow repair of ROS-

induced damage to take place before replication is resumed.  

 

1.2.9 The importance of Chk1 in cell survival 

Early research showed that the deletion of Chk1 results in a G2/M 

checkpoint defect in mouse blastocysts and in embryonic lethality through 

apoptosis (Liu et al. 2000; Takai et al. 2000). Similar results were obtained in 

mouse breast tissue where depletion of Chk1 triggered apoptosis (Lam et al. 

2004). Through site-specific mutagenesis it has been established that different 

Chk1 phosphorylation sites regulate the essential and DNA damage functions of 

Chk1, suggesting that those two functions are uncoupled (Wilsker et al. 2008; 

Niida et al. 2007). While targeted mutation of S317 in Chk1 abrogated the G2/M 
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checkpoint and affected DNA replication, this mutation did not impact cell 

viability.  On the other hand, mutation of S345 failed to create a viable cell line 

and this was attributed to phosphorylation of Chk1 on S345 during unperturbed 

mitosis (Wilsker et al. 2008).  

Partial deletion of Chk1 was associated with increased genomic instability. 

Chk1 heterozygosity caused high levels of CDC25A and resulted in tumorigenic 

haploinsufficient phenotypes displaying inappropriate G2/M and G1/S cell cycle 

transitions and the accumulation of DNA damage in S-phase (Lam et al. 2004). 

Moreover, heterozygous mutations in Chk1 have been found in different cancers 

(Menoyo et al. 2001; Bertoni et al. 1999). A more recent study showed that 

although Chk1 heterozygosity caused abnormalities in mouse mammary glands, 

only simultaneous deletion of one allele of p53 resulted in tumour formation. On 

the other hand, Chk1 deficiency in p53 null mice inhibited tumourigenesis, 

suggesting the relationship between Chk1 and p53 to be complex (Fishler et al. 

2010).  

These studies demonstrate that caution is warranted when inhibiting Chk1 

in cancer therapy due to its pivotal role in normal cell proliferation and genome 

integrity. Inhibition of Chk1 can drive tumour development in favourable genetic 

backgrounds.  

 

1.3 Chk1 inhibition for the treatment of cancer 

1.3.1 Checkpoint targeting in cancer therapy 

  A general strategy in cancer therapy is cell death through the induction of 

excessive DNA damage by radio- or chemotherapy. Toxicities towards normal, 
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especially highly proliferating cells (such as the hair follicles or the epithelia in the 

gastrointestinal tract) limit the doses of any such therapeutic regime. The 

therapeutic window is the dose range of an agent that can cause a therapeutic 

effect while staying within a tolerable toxicity range. Widening of this window has 

been suggested through the exploitation of differences between healthy and 

cancerous cells. As described earlier, cells can activate a complex DDR in 

response to DNA damage. An integral part of the DDR is the activation of cell 

cycle checkpoints which cause cell cycle arrest while also mediating the 

recruitment of DNA repair factors to enable the timely repair of any damage 

before proliferation can resume. If the extent of damage is beyond the cell’s 

repair capacity, programmed cell death is initiated to prevent genetic aberrations. 

Cancer cells often harbour defects in their checkpoint machinery. 

Deletions in the P53 gene or other defects in the ATM-Chk2-p53 pathway are the 

most common mutations in cancer (Petitjean et al. 2007; Hollstein et al. 1991). 

They lead to G1/S checkpoint deficiency and a greater reliance on the remaining 

functional processes (i.e. the Chk1-controlled S and G2/M checkpoints) later 

throughout the cell cycle in order to avoid mitotic entry in the presence of 

damage. Targeting of these checkpoints through inhibition of Chk1 is therefore an 

attractive strategy to chemo-sensitise p53-defective cancers to standard DNA 

damaging agents (Figure 1.9) (Chen et al. 2012; Garrett and Collins 2011).  
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Figure 1.9. Selective targeting of p53 deficient cancer cells through inhibition of Chk1. 
A) In response to DNA damage (yellow symbol) untransformed cells have checkpoints in place to 
stop cell cycle progression before entering mitosis.  B) Cancer are commonly G1/S checkpoint 
deficient due to mutation in the TP53 gene or the p53 pathway. They rely on the Chk1-regulated 
S and G2/M checkpoints. C) Inhibition of Chk1 in normal cells is compatible with viability since 
DNA repair takes place during the G1/S checkpoint. D) Inhibition of Chk1 in p53-deficient cancer 
cells results in cell death due to premature mitosis. Adapted from (Chen et al. 2012; Ma, Janetka, 
and Piwnica-Worms 2011). 

More recently, evidence has emerged that Chk1 inhibitors demonstrate 

single agent activity in tumours with specific genetic backgrounds such as DNA 

repair defects, a constitutive activation of the DDR or oncogene-induced 

replication stress. Such a relationship is commonly termed as synthetic lethality 

and presents an elegant strategy for selectively targeting malignancies over 

normal cells (Shaheen et al. 2011; Brough et al. 2011).  

The FA (Fanconi Anemia) pathway is responsible for the repair of DNA 

crosslinks and defects in this pathway have been linked to chromosomal 

instability and cancer predisposition (Wang 2007). Cells deficient in the FA 
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pathway are sensitive to Chk1 inhibition or silencing by siRNA and in turn 

silencing of FA genes resulted in Chk1 hyper-activation (Chen et al. 2009). Cells 

derived from patients with complex karyotype acute myeloid leukaemia (AML) 

were sensitive to Chk1 inhibition by the kinase inhibitor UCN-01 and Chk1 siRNA 

and this was linked to the constitutive activation of the DDR in these cells 

(Cavelier et al. 2009). Inhibition of Chk1 with a potent small molecule inhibitor 

was also cytotoxic in a range of melanoma cell lines with high levels of 

endogenous DNA damage (Brooks et al. 2013) 

Sensitivity to inhibition of the ATR/Chk1 pathway has further been linked to 

oncogene-induced replication stress. In vivo, the development of MYC-driven 

lymphomas and pancreatic tumours with high levels of replication stress could be 

completely prevented in a particular mouse model of the ATR-Seckel syndrome 

in which ATR is significantly downregulated (Murga et al. 2011). In line with this, 

MYC-driven lymphomas were effectively targeted through inhibition of Chk1 in 

several studies (Murga et al. 2011; Ferrao et al. 2012; Bryant, Scriven, and 

Massey 2014). Chk1 was shown to be phosphorylated at S345 and S296 in 

different neuroblastomas and higher Chk1 mRNA levels were found in MYCN- 

(MYC-neuroblastoma-related) amplified tumours. In addition, the sensitivity of 

neuroblastoma cell lines to Chk1 inhibition correlated with MYCN protein levels 

(Cole et al. 2011). Likewise, MYC was proposed to directly upregulate Chk1 

mRNA and protein levels and Chk1 shown to be essential for the survival of 

MYC-overexpressing cells (Höglund et al. 2011).  In line with these findings, gene 

amplification of Chk1 rendered cells more tolerant towards oncogene-induced 

replication stress (López-Contreras et al. 2012). A recent study suggests that 

Chk1 inhibition mediates single agent activity by reactivating the protein 
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phosphatase 2A (PP2A) tumour suppressor which inhibits MYC activity through 

dephosphorylation (Khanna et al. 2013). 

 

1.3.2 Chk1 structure 

Chk1 is an evolutionarily highly conserved serine/threonine protein kinase 

(Sanchez et al. 1997). This class of kinases binds substrate proteins and 

transfers the terminal phosphate group from ATP to the hydroxyl of a serine or 

threonine on the substrate protein. The human genome encodes hundreds of 

protein kinases, all of which share a highly conserved catalytic domain. The 88-

residue, β-sheet-rich N-terminal lobe and the 210-residue, mainly helical C-

terminal lobe of the kinase are connected by the hinge region  (residues 84-89) 

(Figure 1.10, A) (Chen et al. 2000; Zhao et al. 2002). The ATP-binding site is 

located at the interface of the two lobes where ATP binds with the adenine ring 

forming polar interactions with the hinge region of the kinase (Figure 1.10, B). A 

hydrophilic channel which extends into the substrate binding site binds the ribose 

and the triphosphate group of ATP. The substrate protein binding region is mainly 

located within the C-terminal lobe. The activation lobe generally regulates the 

activity of a kinase through conformational changes in response to 

posttranslational modifications, such as phosphorylation. It contains the highly 

conserved DFG and APE (three-letter amino acid abbreviations) motifs at the 

start and end of the lobe which, together with the flexible glycine-rich loop 

(residues 16-23) are crucial for the function of the kinase in coordinating the 

magnesium ions to the phosphates of ATP (Johnson et al. 1998).  
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Figure 1.10. Chk1 kinase domains and ATP-binding site.  
Chk1 kinase is shown in complex with the ligand UCN-01 (PDB 1nvq) since to date there is no 
crystal structure available with the natural substrate ATP (Zhao et al. 2002). A) The main domains 
of Chk1 are depicted, with the catalytically important glycine-rich loop and hinge-region 
surrounding the ligand binding-site. The flexible activation lope is part of the C-terminal domain. 
The N-terminal lope consists mainly of β-structures while the C-terminal lope is heavy in α-
helices. B) Shown are the residues that make up the ATP-binding site (Sanchez et al. 1997) and 
polar interactions with the ligand UCN-01. The residues Cys87 and Glu85 within the hinge region 
are highlighted as they are important residues for the binding of most ATP-competitive Chk1 
inhibitors. 

 

1.3.3 Small-molecule inhibitors of Chk1   

Over the last decade enormous progress had been made in understanding 

the underlying biology and suitable contexts for Chk1 inhibition. At the same time 

the development of selective inhibitors has advanced rapidly. Many research 

groups have published inhibitors of Chk1, some of which have progressed 

through preclinical studies and entered clinical trials. 

Although there have been some publications reporting allosteric Chk1 

inhibitors (Converso et al. 2009; Vanderpool et al. 2009), by far the vast majority 

to date are ATP-competitive inhibitors that bind to the Chk1 hinge region. Most 

small molecule inhibitors of Chk1 have been published with crystal structures 

A B 
N-terminal lope 

C-terminal lope 

Activation lope 

Glycine-rich loop 
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which typically show binding to the hinge region through the formation of 

hydrogen bonds with one or more of the three residues Glu85, Tyr86 and Cys87 

(Matthews, Jones, and Collins 2013).  

UCN-01 (7-hydroxystaurosporine) was originally isolated as a selective 

protein kinase C inhibitor (Takahashi et al. 1987) but also inhibits Chk1, Chk2 

and CDK1 amongst other targets. Early studies showed that UCN-01 abrogated 

the IR-induced G2/M checkpoint in HeLa cells by preventing 14-3-3 binding and 

phosphorylation of CDC25C (Graves et al. 2000). Similarly, Chk1 depletion or 

inhibition by UCN-01 prevented G2/M arrest following doxorubicin treatment and 

induced apoptosis (Luo et al. 2001). In U2OS cells UCN-01 reduced the 

degradation of CDC25A after IR, resulting in increased CDK2/Cyclin E and 

CDK2/Cyclin A activity and unscheduled S phase entry and progression 

(Sørensen et al. 2003). UCN-01 further enhanced the antiproliferative effect of 

cisplatin in A549 and H596 lung cancer cells and potentiated camptothecin-

induced DNA damage in HCT116 colon cancer cells (Mack et al. 2003; Furuta et 

al. 2006). 

Since the discovery of UNC-01 a range of more selective and potent Chk1 

inhibitors have been developed. The dual Chk1/Chk2 inhibitor AZD7762 evolved 

from a thiophene carboxamide hit in a high throughput screen (Janetka et al. 

2008). Further lead optimisation, improved selectivity for Chk1, in vitro potency, 

cellular activity and oral bioavailability (Oza et al. 2012). AZD7762 enhanced the 

activity of different DNA damaging agents in cancer cell lines and xenograft 

models and abrogated the G2/M checkpoint in vivo (Zabludoff et al. 2008). 

Treatment with AZD7762 chemosensitised to gemcitabine through increased 

origin firing, destabilisation of stalled forks and premature mitotic entry (McNeely 
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et al. 2010). Studies in isogenic cell lines demonstrated that p53-status 

determined the sensitivity to AZD7762 in combination with gemcitabine 

(Zabludoff et al. 2008). In addition, AZD7762 radiosensitised a range of p53-

mutant cancer cell lines, while showing less effect on p53-wt cells, including 

normal fibroblasts (Mitchell et al. 2010). AZD7762 potentiated the response of 

pancreatic cancer xenograft models to fractionated radiation and showed a 

radiosensitising effect in lung cancer brain metastases (Morgan et al. 2010; Yang 

et al. 2011).   

Preclinical data for the selective small molecule Chk1 inhibitor LY2603618 

has recently been disclosed and shows the characteristic phenotypic responses 

of Chk1 inhibition (Calvo et al. 2014; King et al. 2014). Doxorubicin-induced G2/M 

arrest in HeLa cells was abrogated by LY2603618 leading to premature mitosis. 

Potentiation of gemcitabine toxicity was observed in p53-mutant  HT29 cells while 

p53 wt HCT116 cells were not further sensitised (King et al. 2014). Combination 

therapy with the antimetabolite pemetrexed was evaluated in two NSCLC (non-

small cell lung cancer) cell lines and corresponding animal models. While 

treatment with LY2603618 alone did not affect cell proliferation, combination with 

pemetrexed resulted in a failure to progress through S phase. Significant 

reduction in tumour growth was observed in mouse models with the combination 

treatment and LY2603618 subsequently entered clinical trials (Calvo et al. 2014). 

The Chk1 inhibitor PF-00477736 shows 100-fold selectivity for Chk1 over 

Chk2 and abrogated the camptothecin-induced G2/M arrest in different cancer 

cell lines (Blasina et al. 2008). In HT29 cells PF-00477736 potentiated the 

cytotoxic effect of gemcitabine through abrogation of the gemcitabine-induced S-

phase arrest and increased cell death by apoptosis. Similarly, in vivo toxicity of 
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gemcitabine was enhanced by PF-00477736 as evidenced by increased γH2AX 

levels and apoptosis (Blasina et al. 2008).  

MK-8776 (previously SCH900776) is a selective Chk1 inhibitor that 

potentiated the effect of the antimetabolites HU and gemcitabine when tested in a 

range of cancer cell lines (Montano et al. 2012; Guzi et al. 2011). Similarly, 

sensitisation to the antimetabolite cytarabine was observed in cells derived from 

AML clinical specimens at concentrations that did not affect normal myeloid 

progenitors (Schenk et al. 2012). Surprisingly, p53 status did not determine 

sensitivity to treatment with HU or cytarabine in combination with MK-8776 

(Montano et al. 2012; Schenk et al. 2012). Studies in pancreatic cancer cell lines 

and xenografts demonstrated a selective sensitisation of HR repair proficient cells 

to MK-8776 in combination with gemcitabine-based chemoradiation. In these cell 

lines the formation of RAD51 foci was prevented upon treatment with MK-8776 

(Engelke et al. 2013). At collapsed replication forks Chk1 promotes BRCA2-

mediated loading of RAD51 onto DNA to initiate DSB repair through HR 

(Sørensen et al. 2005; Bahassi et al. 2008). One report demonstrated that 

following gemcitabine treatment, MDA-MB-231 breast cancer cells were not 

initially dependent on Chk1 to stabilise stalled replication forks but inhibition of 

Chk1 with MK-8776 18 h after the addition of gemcitabine resulted in collapsed 

forks and cell death (Montano et al. 2013). The 18 h time frame correlated with 

the time required for RAD51 loading, suggesting that the observed toxicity was 

due to inhibition of Chk1-induced HR repair. This report might have important 

consequences for the design of clinical trials in combination with gemcitabine as 

it suggests that delayed administration of the Chk1 inhibitor might result in the 

greatest response (Montano et al. 2013). 
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Preclinical data for the dual Chk1/Chk2 inhibitor LY2606368 has recently 

been published and demonstrated single agent activity (King et al. 2015). 

LY2606368 caused cell death by replication catastrophe through a combination 

of unscheduled replication, DNA damage accumulation in S-phase and 

checkpoint abrogation. The induction of DNA damage required CDC25A and 

CDK2 indicating that LY2606368 caused increased initiation of replication. This 

resulted in the depletion of the RPA pool, a failure to protect ssDNA and the 

formation of DSBs. The inability to arrest cells prior to mitosis caused massive 

chromosome breakage and cell death through replication catastrophe. DNA 

damage and tumour growth inhibition in xenograft studies further demonstrated 

the single-agent activity of LY2606368 (King et al. 2015). 

The potent and highly selective Chk1 inhibitor SAR020106 evolved from a 

morpholino-purine hit of a fragment-based screen through several optimisation 

steps (Matthews et al. 2009; Reader et al. 2011; Matthews et al. 2010). 

SAR020106 radiosensitised p53-mutant cells and enhanced the toxicity of 

gemcitabine and irinotecan in SW620 colon cancer cells and tumour bearing 

nude mice (Borst et al. 2013; Walton et al. 2010). Hybridisation of SAR020106 

with one of the evolutionarily preceding lead compounds resulted in the orally 

bioavailable inhibitor CCT244747 which demonstrated efficacy as a single agent 

in MYCN-driven neuroblastoma and in combination with several anticancer 

agents in preclinical studies (Lainchbury et al. 2012; Walton et al. 2012).  
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1.3.4 Chk1 inhibitors in clinical trials 

The majority of clinical studies have evaluated the use of Chk1 inhibitors in 

combination with chemotherapeutic agents. An overview of Chk1 inhibitors that 

have entered clinical trials can be seen in Table 1.1.  

Several phase I and II clinical trials have been conducted with UCN-01 in 

combination therapy with different chemotherapeutics and as single agent. 

However, UCN-01 displayed a range of off-target effects combined with an 

exceptionally long half-life and low systemic clearance in cancer patients. Free 

drug levels were low due to its high affinity to human α-acid glycoprotein and 

exceeding of the binding affinity resulted in serious side effects. This prevented 

further development of UCN-01 (Fuse et al. 1998; Fuse et al. 2005).  

Three phase I clinical trials with AZD7762 alone or in combination with 

gemcitabine or irinotecan commonly caused haematological and cardiac dose-

limiting toxicities and the AZD7762 development programme has consequently 

been discontinued (Ho et al. 2011; Seto et al. 2013; Sausville et al. 2014). 

However, a total and durable response was seen in one patient with an invasive 

small-cell cancer following combination therapy with AZD7762 and irinotecan for 

five months (Ho et al. 2011). Whole-genome sequencing of the tumour revealed 

that a mutation in the Mre11 complex gene RAD50 prevented normal ATM 

signalling which was synthetically lethal with Chk1 inhibition on an irinotecan 

treatment regime (Al-Ahmadie et al. 2014). Thus, although clinical development 

of AZD7762 has been discontinued, this outlier response demonstrates that a 

patient cohort with mutations in the Mre11 complex could benefit greatly from this 

combination therapy. 
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Table 1.1. Chk1 inhibitors in clinical trials 

Compound Selectivity Clinical trials (combinations) 

 
UCN-01 

 

 
Chk1 IC50 0.011 μM 
Chk2 IC50 1.04 μM 
Chk1 IC50 0.011 μM 

 
Various Ph i-II (mono, cisplatin, 
carboplatin, topotecan, irino, fluorouracil, 
cytarabine) in pts with different types of 
cancers, mainly AST.  
Haematotoxicity and hypotension 
 
Discontinued 

 
AZD7762 

 

 
Chk1 IC50 5 nM 
Chk2 IC50 <10 nM 
CDK1 IC50 >5 nM 
 
 
 

 
3 x Ph I (mono, gem, irino) in western & 
Japanese pts with AST. 
Cardiac & haematological toxicities. 
 
Discontinued 

 
LY2603618 

 

 
Chk1 IC50 0.007 μM 
Chk2 IC50 12 μM 
CDK1 IC50 >20 μM 
CDK2 IC50 >20 μM 
 
 

 
Various Ph I-II (gem, pemetrexed, cisplatin) 
in pts with AST and NSCLC.  
Haematotoxicity 

 
PF-00477736 

 

 
 

 
1x Ph I (gem) in pts with AST. 
Haematological toxicities.  
 
Discontinued 

 
MK-8776 (SCH900776) 

 

 
Chk1 IC50 0.003 μM 
Chk2 IC50 1.5 μM 
CDK2 IC50 0.16 μM 

 
3 x Ph I (gem, cytarabine, HU) in pts with 
AST, lymphoma, leukaemia. Good 
response with cytarabine in AML. Low 
toxicity. HU-study withdrawn 
 
1 x Ph II (cytarabine) in AML. Ongoing 

 
GDC-0475 
Structure undisclosed 

  
1 x Ph I (mono/gem) in pts with RST or 
lymphoma. Completed, results awaiting 

 
GDC-0575 
Structure undisclosed 

  
1 x Ph I (mono/gem) in pts with RST or 
lymphoma. Recruiting 

 
LY2606368 

 

 
Chk1 IC50 <1 nM 
Chk2 IC50 8 nM 
 
 
 

 
3 x Ph I (mono) in pts with AST or 
breats/ovarian cancer. 58% disease control 
as mono in mSCC. Haematotoxicity 
 
1 x Ph II (different chemotherapeutics) in 
AST. Recruiting 

AST (advanced solid tumours), gem (gemcitabine), irino (irinotecan), mono (monotherapy), mSCC 
(metastatic squamous cell carcinoma), Ph (Phase), pts (patients), RST (refractory solid tumours). 
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The first selective Chk1 inhibitor to enter clinical trials was LY2603618. 

Different phase I and II have been conducted with LY2603618 in combination 

with gemcitabine, cisplatin or pemetrexed in various cancer types showing 

tolerable haematological toxicities and some clinical responses (Weiss et al. 

2013; Doi et al. 2015).   

One phase I dose escalation study has been conducted with PF-00477736 

in combination with gemcitabine. Patients commonly suffered from severe 

haematotoxicity (Brega et al. 2010) and the development of PF-00477736 has 

been discontinued. 

MK-8776 underwent three phase I clinical trials in combination with the 

antimetabolites gemcitabine, HU or cytarabine. While the study with HU has been 

withdrawn, results have recently been disclosed on the other two trials. In 

patients with advanced solid tumours MK-8776 was very well tolerated as 

monotherapy.  Combination with gemcitabine caused some adverse effects, 

mainly haematotoxicity, but resulted in two partial responses and stable disease 

in 13 out of 30 patients (Daud et al. 2015). Complete tumour remission was seen 

in 8 out of 24 patients who received sequential cytarabine/MK-8776 treatment for 

refractory acute leukaemia. MK-8776 was well tolerated and did not exacerbate 

toxicities commonly observed from cytarabine treatment (Karp et al. 2012). 

Subsequently a currently active phase II trial was initiated where the 

cytarabine/MK-8776 combination is studied in relapsed AML. 

LY2606368 is currently undergoing four phase I clinical trials. Three of 

which are evaluating the drug as a single agent and in the fourth study patients 

with advanced or metastatic cancer are treated with LY2606368 in combination 

with different chemotherapeutics. LY2606368 showed single-agent activity in 
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patients with metastatic squamous cell carcinoma of the anus and a 58% disease 

control rate (one complete response, three partial responses and 11 patients with 

stable disease). High incidence of haematotoxicity was observed, but this was 

transient and manageable (Bendell et al. 2015). In contrast to previously 

described Chk1 inhibitors which had to be administered intravenously, GDC-0425 

and GDC-0575 are the first orally bioavailable Chk1 inhibitors that have entered 

phase I clinical trials. Neither medicinal chemistry nor preclinical data has been 

published on these compounds as of yet. Both inhibitors are evaluated in phase I 

clinical trials as monotherapy and in combination with gemcitabine in patients 

with refractory solid tumours or lymphoma. While the study with GDC-0575 is 

currently actively recruiting patients, the trial with GDC-0425 is now completed 

but results have not been disclosed yet.  

 

1.4 Exploiting hypoxia for cancer therapy 

1.4.1 Approaches to targeting hypoxic tumours 

The tumour microenvironment strongly influences the outcome of 

anticancer therapy. One major characteristic of the tumour microenvironment is 

hypoxia which arises as the tumour outgrows its own blood supply. Cells that 

thrive under oxygen deprivation have adapted to those conditions through 

mechanisms that suppress DNA repair, promote the expression of oncogenes, 

escape cell death and drive genomic instability and malignant progression (Luoto, 

Kumareswaran, and Bristow 2013; Vaupel and Mayer 2007; Harris 2002; Glazer 

et al. 2013; Graeber et al. 1996). Hypoxia impacts all forms of anticancer therapy 

and correlates with poor patient prognosis (Hockel et al. 1996; Vaupel and Mayer 
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2007). However, at the same time it also provides an opportunity for the selective 

targeting of tumours over normal tissue since hypoxia does not occur under 

physiological conditions in healthy organs and is a characteristic feature of solid 

tumours. The interest in exploiting the differences between hypoxic and normal 

tissues has prompted the development of various therapeutic strategies 

(Figure 1.11). 

HIF-1 is the master regulator of O2 homeostasis and mediates the cellular 

adaptation to hypoxia, thus playing an important role in tumour cell survival 

(Harris 2002). High expression levels of HIF-1 have been associated with poor 

prognosis in a variety of malignancies, including oropharyngeal, cervical, breast 

and oesophageal cancer, and HIF-1 is an attractive target for anti-cancer therapy 

(Aebersold et al. 2001; Burri et al. 2003; Bos et al. 2003; Matsuyama et al. 2005; 

Hockel et al. 1996). Due to the challenges in the direct inhibition of a transcription 

factor like HIF-1, reported inhibitors of HIF-1 are often indirectly associated with 

HIF-1, targeting upstream activators of HIF-1 or downstream effectors (Melillo 

2007). HIF-1 is involved in a broad spectrum of signalling pathways and some 

reported nonselective strategies to target HIF-1 include inhibitors of 

topoisomerase I (Rapisarda et al. 2004), the chaperone HSP60 (Isaacs et al. 

2002), mammalian target of rapamycin (Majumder et al. 2004) and histone 

deacetylase (Kong et al. 2006). Direct targeting of HIF-1 has been achieved by 

reduction of the transcriptional induction of HIF-1α through the use of the 

camptothecin analogue SN-38 (Jeong et al. 2014). As a direct inhibitor of HIF-1 

heterodimerisation, Miranda and coworkers have reported a cyclic peptide 

inhibitor which presents the first example of a direct inhibitor of HIF-1α to HIF-1β 

binding (Miranda et al. 2013). It is important to note that HIF-1 activity is also 
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influenced by factors other than hypoxia and therefore it is not a strictly hypoxia-

specific target (Semenza 2003; Giaccia, Siim, and Johnson 2003). 

Targeting the DDR is an emerging and promising strategy to treat hypoxic 

tumour cells. Different approaches can be taken to exploit the changes in DNA 

damage signalling under hypoxia (Figure 1.11) (Olcina, Lecane, and Hammond 

2010; Scanlon and Glazer 2015; Hammond et al. 2014). 

Firstly, the activation of the DDR in response to severe hypoxia has been 

shown to involve a number of potentially drugable targets, including Chk1, Chk2, 

ATM, ATR and members of the FA pathway. The inhibition or depletion of ATR or 

Chk1 during severe hypoxia results in the accumulation of DNA damage 

(Hammond et al. 2002; Hammond, Dorie, and Giaccia 2004). In addition, Chk2 is 

phosphorylated in an ATM-dependent manner and active during severe hypoxia 

(Freiberg, Hammond, et al. 2006; Gibson, Bindra, and Glazer 2005; Gibson, 

Bindra, and Glazer 2009). ATM has recently been shown to be required for DNA 

replication during hypoxia-induced replication stress and  ATM inhibition resulted 

in the accumulation of DNA damage (Olcina et al. 2013). The FA pathway is 

activated in response to hypoxia in an ATR-dependent manner and required to 

avoid DNA damage accumulation and hypoxia-induced apoptosis (Scanlon and 

Glazer 2014). Reoxygenation following transient severe hypoxia leads to ROS-

induced DNA damage and the activation of the ATM-Chk2 axis in a classical 

manner (Hammond, Dorie, and Giaccia 2003; Bencokova et al. 2009; Freiberg, 

Krieg, et al. 2006). Reoxygenation initiates replication restart, which is regulated 

by ATM as well as ATR/Chk1 (Pires, Bencokova, Milani, et al. 2010; Olcina et al. 

2013). Inhibition or depletion of Chk1, Chk2, ATR or ATM sensitises cells to 

severe hypoxia/reoxygenation, highlighting them as potential therapeutic targets 
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also in combination with radiation (Hammond, Dorie, and Giaccia 2004; Freiberg, 

Hammond, et al. 2006; Freiberg, Krieg, et al. 2006; Pires et al. 2012).  

Secondly, more prolonged exposure to hypoxia induces transcriptional 

repression of different DNA repair pathways, including HR, FA and MMR 

(mismatch repair) (Scanlon and Glazer 2015; Luoto, Kumareswaran, and Bristow 

2013). Synthetically lethal interactions in a context of reduced DNA repair  can be 

identified and exploited, a concept which has been termed context synthetic 

lethality or conditional synthetic lethality (Chan et al. 2010; Chan and Giaccia 

2011). Most notably, the repression of the HR protein RAD51 under hypoxia was 

shown to be synthetically lethal with inhibition of PARP1 (poly(ADP-ribose) 

polymerase 1) in clonogenic survival assays and in vivo tumour models (Bindra et 

al. 2004; Chan et al. 2008; Chan et al. 2010). 

Thirdly, the hypoxia-mediated selection for cells with impaired apoptotic 

potential can be reversed by pharmacological reactivation of p53 or induction of 

apoptosis through the inhibition of the pro-survival protein AKT (Graeber et al. 

1996; Kim et al. 1997; Leszczynska et al. 2015).  
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Figure 1.11. Targeting tumour hypoxia.  
Different approaches for hypoxia-selective tumour cell targeting are illustrated. Hypoxia stabilises 
HIF-1α, which in conjunction with HIF-1β, trans activates genes that promote tumour cell survival. 
Various stages in the HIF-1 pathway have been targeted (shown as red crosses). Hypoxia-
induced repression of DNA repair renders cells reliant on backup mechanisms whose inhibition 
results in context synthetic lethality. Acute severe hypoxia and reoxygenation activate the DDR. 
Inhibition of DDR effector kinases sensitises cells to these conditions and potentiates DNA 
damage from cancer therapy. Activation of p53 in response to acute severe hypoxia promotes 
p53-dependent apoptosis which results in the selection for cells with defects in p53 signalling and 
diminished apoptotic potential. Small molecule activators of p53 can restore the hypoxia-induced 
apoptosis. The use of bioreductive drugs can directly exploit the differences between the chemical 
microenvironment of normally oxygenated and hypoxic cells. The presence of O2 prevents the 
activation of a bioreductive drug through rapid back-oxidation into the prodrug. Adapted from 
(Wilson and Hay 2011).  

Bioreductive drugs are non-toxic prodrugs of a biologically active agent, 

which become selectively activated under hypoxic conditions (Denny 2000; Chen 

and Hu 2009; Wilson and Hay 2011; Guise et al. 2014). Historically, the 

development of the first bioreductive drugs originated from attempts to overcome 

hypoxia-induced radiation resistance and thus, early bioreductive drugs were 

primarily radiosensitisers (Brown 1984; Overgaard 1994). The activation of these 

drugs under conditions of low O2 levels follows a general mechanism (Figure 

1.12). In order to achieve hypoxia-selective prodrug activation, the bioreductive 
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drug must be a substrate for cellular one-electron reductases, of which the most 

extensively studied, is CYP450 (cytochrome P450 oxidoreductase). One-electron 

reduction converts the prodrug into a radical anion, which is rapidly reoxidised in 

the presence of O2. This cycling renders the one-electron reduction of the 

prodrug futile and guarantees high levels of prodrug and only very low levels of 

prodrug-radical at any given time. In the absence of O2, on the other hand, the 

prodrug radical can accumulate and either act as a cytotoxin itself or undergo 

further molecular changes into a biologically active agent. This can occur through 

direct fragmentation of the prodrug radical or following further stepwise one-

electron reduction. The specific mechanism of activation depends of the class of 

bioreductive drug and different classes will be described in the following 

paragraph. A competing mechanism for this hypoxia-selective stepwise one-

electron reduction is the bypassing of the O2-sensitive prodrug radical by direct 

enzymatic two-electron reduction. It is therefore important that bioreductive drugs 

are substrates for one-electron reductases and not competing two-electron 

reductases, since O2-independent prodrug activation can contribute to normal 

tissue toxicity (Knox et al. 1988; Celli et al. 2006; Guise et al. 2010).  
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Figure 1.12. General mechanism for bioreductive prodrug activation.  
The bioreductive prodrug (HAP for hypoxia-activated prodrug) is reduced to the corresponding 
prodrug radical anion by cellular one-electron (e

-
) reductases such as CYP450. In oxygenated 

cells, O2 can accept the unpaired electron and rapid back-oxidation to the original prodrug takes 
place, rendering one-electron reduction ineffective. In the absence of O2, the prodrug radical can 
fragment into a biologically active agent and a residual radical or further reduction can take place 
to generate an active compound (generally 4- or 6-electrons overall). In some cases, two-electron 
reductases can circumvent the hypoxia-selective reduction of the prodrug and result in prodrug 
activation even in oxygenated tissue. Adapted from (Wilson and Hay 2011). 

 

1.4.2 Classes of reductively activated prodrugs 

Four different classes of bioreductive prodrugs, nitro(hetero)aromatics, 

quinones, N-oxides and transition metal complexes, have been described as 

trigger units for bioreduction (Chen and Hu 2009). Nitro(hetero)aromatic 

compounds, such as misonidazole and nimorazole, were originally designed as 

O2-mimicking radiosensitisers (Wardman 2007) and derivatives have been 

developed into hypoxic imaging agents for immunohistochemistry or PET 

(positron emission tomography) (Hammond et al. 2014). Nitro(hetero)aromatic 

groups have been used as bioreductive switches embedded within the structure 

of bioreductive drugs or as trigger units that initiate fragmentation of a prodrug to 

release a biologically active molecule. The clinically advanced examples 
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PR-104A and TH-302 and their mechanism of activation are shown in Scheme 

1.1.  

 

Scheme 1.1. Hypoxia-selective activation of the clinically advanced bioreductive prodrugs 
PR-104A and TH-302.  
Examples of two nitroaryl-triggered bioreductive drugs. In case of the nitrobenzamide mustard 
PR-104 the nitroaromatic group acts as an electronic switch to increase electron density upon 
reduction to the hydroxylamine PR-104H and generate an activated nitrogen mustard. 
Conversely, the 1-methyl-2-nitroimidazole group in TH-302 ejects an active cytotoxin upon 
hypoxia-selective reduction. 

PR-104, the phosphate ester of PR104A, has undergone various phase I 

and II clinical trials in patients with solid tumours. Upon bioreduction in hypoxia, 

PR-104A forms an activated DNA-crosslinking agent which has been shown to 

kill cancer cells (Singleton et al. 2009). Different reductases have been shown to 

mediate bioreduction of PR-104A, including CYP450 and the O2-independent 

aldo-keto reductase 1C3 (Guise et al. 2012; Guise et al. 2007; Guise et al. 2010). 

The most clinically advanced nitroaromatic bioreductive prodrug to date is TH-

302. Hypoxia-selective fragmentation of TH-302 releases a DNA-crosslinking 

nitrogen mustard with up to 550-fold in vitro selectivity towards hypoxic over 

oxygenated cells (Duan et al. 2008; Meng et al. 2012). Following similarly 

promising in vivo studies in mono and combination therapy (Liu et al. 2012; Sun 
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et al. 2012), TH-302 entered clinical trials and is currently undergoing a number 

of phase II and III trials. 

The observation that the quinone mitomycin C was preferentially activated 

into cytotoxic metabolites under hypoxia, prompted the development of improved 

and more hypoxia selective quinones (Kennedy, Rockwell, and Sartorelli 1980; 

Phillips, Hendriks, and Peters 2013). One intensively studied representative of 

this class of bioreductive prodrugs is E09 (Figure 1.13). E09 is activated under 

hypoxia by CYP450 but is also a substrate for the two-electron reductase NQO1 

(DT-diaphorase) which results in loss of hypoxia-selectivity in cells expressing 

NQO1 (Saunders et al. 2000; Danson et al. 2004). Nevertheless, excellent 

hypoxia selectivity was observed in cells lacking NQO1 and E09 is currently in 

phase III trials for the treatment of bladder cancer (Plumb and Workman 1994). 

 

 

Figure 1.13. Selected representatives of different classes of bioreductive prodrugs.  
Shown are the quinone E09, the aromatic N-oxide TPZ and the aliphatic N-oxide AQ4N. 

Aromatic and aliphatic N-oxides as hypoxia-selective prodrugs include 

TPZ (tirapazamine) and AQ4N (Figure 1.13). TPZ has been intensively studied in 

clinical trials and advanced into phase III studies. Studies in the 80s and 90s 

revealed excellent hypoxia selectivity for TPZ and improved efficacy of 

radiotherapy and cisplatin (Zeman et al. 1986; Brown and Lemmon 1991; Siim et 

al. 1997). The drug progressed into clinical trials with promising results in phase I 
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and II trials (Treat et al. 1998; Marcu and Olver 2006). However, combination 

treatment with TPZ versus the respective treatment alone, revealed no 

therapeutic benefit in the TPZ-treated patients in phase III clinical trials 

(Williamson 2005; Rischin et al. 2010). Importantly, hypoxia was not measured in 

these studies and the lack of therapeutic benefit is likely based on the failure to 

choose the appropriate patient population. Selecting the right candidate patient 

population for a therapeutic regime is as important as finessing the anticancer 

agents themselves and it is therefore crucial to accurately identify and measure 

hypoxia through tissue-based biomarkers or imaging techniques such as PET 

(Hammond et al. 2014). 

Notably, a common feature of most bioreductive prodrugs that have been 

reported to date is the induction of DNA damage, mostly through DNA 

crosslinking or alkylation, resulting is some residual normal tissue toxicity. 

Another disadvantage of these agents is that they have a limited diffusion 

distance and cannot diffuse away from the hypoxic into surrounding oxygenated 

regions of a tumour. Targeted agents that do not act through a covalent binding 

mechanism could, on the other hand, kill a greater cell population through the 

bystander effect (diffusion into surrounding tissue) (Wilson and Hay 2011). A few 

examples of targeted bioreductive drugs have been reported, where nitroaromatic 

groups where used to convert a biologically active agent into a hypoxia-selective 

agent. These include inhibitors of lysyl oxidase and O6-alkylguanine-DNA 

alkyltransferase (Granchi et al. 2009; Zhu et al. 2011). Future efforts in the 

bioreductive field will likely go into the development of more such targeted 

agents, in an effort to combat hypoxia-mediated therapy resistance without 

compromising patient safety.  
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1.5 Aim 

The hypoxic fraction of a solid tumour contains the most therapy resistant 

tumour subpopulation, with regards to all forms of cancer therapy, including 

surgery (Hockel et al. 1996; Harris 2002; Overgaard 2011). It is therefore 

important to find novel ways to target hypoxic cancer cells while minimising 

toxicity to healthy organs. Exploiting the differences between hypoxic tumours 

and normal cells is an elegant way of improving the therapeutic index (increased 

killing of tumour cells relative to normal tissue). Various strategies have been 

reported, including drugs that are synthetically lethal with mutations commonly 

found in hypoxic cancers and the use of hypoxia-activated anticancer agents 

(Bristow and Hill 2008; Wilson and Hay 2011).  

Severe hypoxia induces a replicative stress response which involves the 

ATR/Chk1 axis (Hammond et al. 2002; Hammond, Dorie, and Giaccia 2004). In 

addition, Chk1 inhibitors have recently emerged as single agents in tumours with 

high levels of oncogene-induced replication stress (Murga et al. 2011; Ferrao et 

al. 2012; Bryant, Rawlinson, and Massey 2014). Moreover, inhibition of Chk1 

during severe hypoxia/reoxygenation was shown to result in increased origin 

firing and reduced clonogenic survival, highlighting a potential for targeting 

hypoxic tumours through the inhibition of Chk1 (Pires, Bencokova, Milani, et al. 

2010; Pires, Bencokova, McGurk, et al. 2010; Cazares-Körner et al. 2013). It is 

important to keep in mind that Chk1 plays a pivotal role during normal DNA 

replication and cell cycle progression and inhibition of Chk1 leads to the 

accumulation of DNA damage, genomic instability and tumourigenesis in 

favourable genetic backgrounds (Syljuåsen et al. 2005; Lam et al. 2004).  
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To exploit the intrinsic sensitivity of hypoxic cells to Chk1 inhibition while 

minimising normal tissue toxicity, we proposed to develop Chk1 inhibitors that are 

exclusively active in the chemical environment of a hypoxic tumour. These agents 

are designed in such a way that their activation requires the stepwise enzymatic 

reduction of a bioreductive nitro(hetero)aromatic trigger unit (Figure 1.14). We will 

choose known inhibitors of Chk1 from the literature which possess a functional 

moiety that can be substituted with a nitro(hetero)aromatic trigger unit and modify 

them into bioreductive prodrugs. 

 

Figure 1.14. Schematic representation of the mechanism of action of a bioreductive Chk1 
inhibitor.  
The Chk1 inhibitor (Chk1i) is masked with a bioreductive nitro-aromatic trigger unit (marked in 
green) which acts as a barrier to inhibitor-kinase interaction. One-electron reductases reduce the 
nitro group to a radical anion which undergoes rapid back-oxidation in the presence of O2. In 
hypoxia, further reduction takes place, resulting in fragmentation of the prodrug and release of the 
Chk1 inhibitor. 

While initially focussing of synthesising an easily accessible proof-of-

concept compound, we intend to synthesise more drug-like molecules once our 

concept has proven applicable. In addition to performing organic synthesis, this 
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project will require us to establish a way of testing whether our bioreductive 

prodrugs undergo a hypoxia-selective mechanism of activation. We will set up 

different assays to investigate the mechanism of prodrug activation. Cell-based 

experiments will be performed in order to test whether exposure to our 

bioreductive prodrugs will result in the same phenotypic responses (cell death, 

DNA damge, Chk1 inhibition) as the treatment with a Chk1 inhibitor but in a 

hypoxia-selective fashion.  

The majority of previously reported bioreductive prodrugs were DNA 

alkylators or other non-specifically toxic agents. This strategy, on the other hand, 

is proposed to enable the selective activation of a targeted agent within the most 

therapy resistant tumour fraction.   
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CHAPTER 2 

DEVELOPMENT OF A PROOF-OF-CONCEPT BIOREDUCTIVE CHK1 

INHIBITOR 

The results presented in this chapter are published (Cazares-Körner et al. 

2013). Figures and schemes have been reprinted or adapted with permission 

from ACS chemical biology, 8,7, Cazares-Körner C., Pires I.M., Swallow, I.D., 

Grayer, S.C., O’Connor L.J., Olcina, M.M., Christlieb, M., Conway, S.J. and 

Hammond, E.M., CH-01 is a hypoxia-activated prodrug that sensitizes cells to 

hypoxia/reoxygenation through inhibition of Chk1 and Aurora A, 1451-1459. 

Copyright 2013 American Chemical Society. 

 

2.1 Introduction 

Inhibition of Chk1 has been widely studied in combination with DNA 

damaging agents and as a single therapy in tumours with high levels of 

oncogene-induced replication stress (Murga et al. 2011; Ferrao et al. 2012; 

Bryant, Scriven, and Massey 2014; Cole et al. 2011). Due to its pivotal role in 

normal replication, cell cycle progression and DNA repair, however, inhibition of 

Chk1 causes DNA damage and genomic instability in normal tissue, and can thus 

contribute to malignant progression (Syljuåsen et al. 2005; Lam et al. 2004).  

We have exploited two features of hypoxic cells in order to target hypoxic 

cancer cells over normal tissue. Severe hypoxia induces a replicative stress 

response which involves ATR and Chk1, and loss or inhibition of Chk1 has been 

shown to sensitise cells to hypoxia/reoxygenation (Pires, Bencokova, Milani, et 
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al. 2010). In addition, the differences between the hypoxic tumour 

microenvironment and normal tissue provide the opportunity to design agents 

that are selectively targeted towards regions of low physiological O2 levels. With 

regard to these characteristics, we have synthesised and tested a bioreductive 

Chk1 inhibitor which becomes activated selectively in hypoxia.  

 

2.2  Rationale for hypoxia-selective Chk1 inhibition 

Chk1 has previously been shown to be involved in the hypoxia-induced 

DDR (see 1.2.7) (Pires, Bencokova, Milani, et al. 2010; Pires, Bencokova, 

McGurk, et al. 2010). In order to confirm a role for Chk1 in severe hypoxia, we 

used western blotting and demonstrated that Chk1 is phosphorylated and active 

in severe hypoxia (Figure 2.1, A). Phosphorylation of the ATR-targeted sites 

Ser317 and Ser345 is accompanied by increased phosphorylation of the Chk1 

target TLK1 (Ser695) (Pires, Bencokova, McGurk, et al. 2010) and the Chk1 

autophosphorylation site (Ser296). The total levels of Chk1 protein decrease 

during prolonged exposure to severe hypoxia as has been reported (Pires, 

Bencokova, Milani, et al. 2010). 

Increased DNA damage and a potential for tumourigenesis have been 

demonstrated upon inhibition or deletion of Chk1 (Syljuåsen et al. 2005; Fishler et 

al. 2010). In order to highlight this issue, we subjected primary human lung 

fibroblasts to Chk1 inhibition and measured DNA damage accumulation at 

different time points. In the absence of additional stress and under normoxic 

conditions, WI38 cells were treated with the Chk1 inhibitor Gö6976 (Kohn, Yoo, 

and Eastman 2003) and the number of 53BP1 foci measured as a marker of DNA 

damage (Figure 2.1, B).  
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Figure 2.1. Chk1 is phosphorylated and active in severe hypoxia and inhibition causes 
DNA damage.  
A) RKO cells were exposed to hypoxia (<0.1% O2) for the time indicated and western blotting 
carried out. Hif-1α is shown as a hypoxia marker and GAPDH is shown as a loading control. B) 
WI38 cells were treated with 100 nm Gö6976 for the times indicated and cell with >6 nuclear 
53BP1 foci counted. The inset shows an example. Error bars represent the standard error 
between technical replicates for the represented experiment (n=3).  

A basal level of damage (8% of cells) was detected in WI38 cells which 

increased upon increasing exposure time to Gö6976 (23% of cells at 48 h), 

highlighting that inhibition of Chk1 leads to the accumulation of damage in 

untransformed cells. The inhibition of Chk1 has been well documented as an anti-

cancer strategy but also bears the potential to trigger tumourigenesis due to the 

role of Chk1 in maintaining genome integrity. 

In this regard and especially given the activation of Chk1 following severe 

hypoxia/reoxygenation, we proposed that a bioreductive Chk1 inhibitor could 

circumvent the issues arising from Chk1 inhibition in normal tissue. We decided 

to synthesise a Chk1 inhibitor prodrug where the inhibitor is masked by a hypoxia 

activated group, reduction of which leads to the release of the active inhibitor 

selectively under hypoxic conditions. 
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2.3 Choice of inhibitor 

In addition to the non-specific staurosporine derivative UCN-01 (Busby et 

al. 2000; Yu et al. 2002) and the clinically advanced Chk1/2 inhibitor AZD7762 

(Zabludoff et al. 2008) a  review of the literature on Chk1 inhibitors at the time 

revealed a wide patent literature (Janetka and Ashwell 2009) along with the 

second generation ATP-competitive inhibitor PF477736 (Blasina et al. 2008; 

Zhang et al. 2009), which showed increased selectivity for Chk1 over other 

kinases. We further came across various reports of new drug-like scaffolds of 

ATP-competitive Chk1 inhibitors (including (G. T. Wang et al. 2005; Lin et al. 

2006; Brnardic et al. 2007; Foloppe et al. 2005)).  

We examined the published synthetic routes of different inhibitors for their 

versatility to incorporate a bioreductive group into the molecule while also 

focussing on ease and efficacy of synthesis. Limiting our focus to inhibitors which 

were published with a crystal structure in order to rationalise prodrug design, we 

chose the furanopyrimidine inhibitor 1 published by Foloppe and coworkers 

(Foloppe et al. 2005) as the basis for a bioreductive prodrug (Figure 2.2). 

Importantly, the study reported the inhibitor together with a synthetic route and an 

SAR study around this scaffold which revealed that substitution of the inhibitor 

hydroxyl group resulted in reduced binding affinity.  
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Figure 2.2. Rationale for the design of a bioreductive prodrug based on the Chk1 
inhibitor 1.  
A) Crystal structure of 1 in the ATP-binding site of Chk1 (PDB 2brb). Interactions are shown as 
dashed yellow lines. Note the staggered conformation of the hydroxyl side chain due to an 
intramolecular hydrogen bond. B) Structure of 1 and presentation of inactive analogues with 
different side chain substituents. C) Proposed concept of a bioreductive prodrug based in 
inhibitor 1. 

Reduction in affinity upon hydroxyl substitution was thought to be the 

result of a disrupted intramolecular hydrogen bond between the hydroxyl and the 

heterocyclic core in the substituted analogues (Figure 2.2, A). In addition, due to 

the orientation of the hydroxyl side chain pointing into the active site, bulky 

substituents were not tolerated (Figure 2.2, B). Given these SAR data which were 

supported by an x-ray crystal structure of inhibitor 1 in the ATP-binding site of 

Chk1 (Figure 2.2, A), we chose to synthesise a bioreductive analogue of 1 

(Figure 2.2, C) which we predicted would show no Chk1 affinity until activation via 

reduction and fragmentation had taken place.  

We proposed a prodrug where the inhibitor is masked by a bioreductive 

group via the hydroxyl group of the inhibitor (Figure 2.2, C). Taking into account 

A B 

C 
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that we intended to synthesise a proof-of-concept prodrug, we wanted to keep 

the synthesis straightforward and short. The published synthesis of 1 consisted of 

five standard reactions which we expected to be robust and facile to carry out 

(Foloppe et al. 2005).  We chose to substitute 1 with a nitro aromatic bioreductive 

group for two main reasons: 

i. Nitro aromatics have been reported as trigger units which upon 

reduction initiate fragmentation of the prodrug to release an active 

agent (e.g. a cytotoxin) (Wilson and Hay 2011; Guise et al. 2014). 

ii. Reduction of the nitroaromatic moity is known to proceed via a one-

electron mechanism with a reversible first step, i.e. formation of the 

initial nitro radical by one-electron reduction is reversible in the 

presence of oxygen. Nitro reduction is therefore hypoxia selective 

(Wilson and Hay 2011). 

 

 Among the family of reported nitroaromatic bioreductive groups are 

various nitrobenzyls (with and without germinal substitution) and nitroimidazoles. 

Of these especially 2-nitroimidazoles have been shown to have improved 

bioreductive and tissue penetration properties (Meng et al. 2012), the synthetic 

precursor to such a prodrug was not readily available without extending the 

synthetic chemistry efforts. For reasons of synthetic ease we therefore chose the 

4-nitrobenzyl bioreductive group and proposed the bioreductive Chk1 inhibitor 2 

(Figure 2.3).  
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Figure 2.3. Structure of the bioreductive prodrug 2.  
Highlighted are the two parts of the molecule, the masked Chk1 inhibitor in black and the 
bioreductive 4-nitrobenzyl moiety in blue. 

Based on the study by Foloppe and coworkers (Foloppe et al. 2005) we 

predicted 2 to be inactive against Chk1 and this assumption was backed up by 

docking studies (Figure 2.4).  

 

Figure 2.4. Representative image of 2 docked to Chk1 overlaying the X-ray crystal 
structure of inhibitor 1 bound to Chk1. 
 Shown in yellow carbons is the inhibitor 1 in the binding site of the original crystal structure (PDB 
2brb). Depicted in black is an intramolecular interaction. Docking of the 4-nitrobenzyl prodrug 2 
(carbon = orange) revealed a less favourable binding mode than that of inhibitor 1. Docking was 

carried out by Samuel C. Grayer using AutoDock Vina. 

Docking was based on the published crystal structure of 1 bound to Chk1 

(PDB 2brb). This structure had revealed a polar intramolecular interaction 

between the hydroxyl group and the heterocyclic core of the inhibitor. Docking of 

the bioreductive prodrug 2 into this receptor showed that 2 could not adopt the 
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staggered conformation necessary for this intramolecular interaction. In addition, 

the size of the bioreductive group forced the side chain out of the active site. 

Overall, this binding mode was energetically less favoured than binding of the 

active inhibitor 1, suggesting a reduced affinity of prodrug 2. 

 

2.4 Synthesis of prodrug 2 and the control compounds 1 and 12 

Inhibitor 1 was synthesised following conditions similar to those employed 

by Foloppe and coworkers (Scheme 2.1) (Foloppe et al. 2005; Cazares-Körner et 

al. 2013). Optimisation of the formation of furan 4 from benzoin 3 and 

malononitrile was achieved by heating under reflux in dioxane in the dark and 

under an inert atmosphere (argon) instead of stirring at RT in DMF as had been 

originally reported. Synthesis of the prodrug precursor 7 was carried out in three 

further steps. Treatment of 4 with acetic formic anhydride furnished formamide 5, 

which cyclised upon heating to give bicycle 6 in 51% yield over two steps. 

Reaction of 6 with POCl3 gave chloride 7 in good yield (81%). 

 

Scheme 2.1. Synthesis of prodrug precursor 7.  
Reagents and conditions: i) Malononitrile, Et2NH, dioxane, reflux, 16 h; ii) Acetic formic anhydride, 
85 °C, 6 h; iii) neat, 220 °C, 30 min; iv) POCl3, 55 °C, 2 h. Synthesis was carried out by I. Diane 
Swallow. 
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Hypoxia-sensitive amino linker 11, the second building block of the 

proposed bioreductive prodrug 2, was synthesised from commercially available 

phthalimide 8 and benzyl bromide 9 in two steps (Scheme 2.2). 

 

Scheme 2.2. Synthesis of amino linker 11.  
Reagents and conditions: i) NaH, TBAI, THF, RT, 24 h; ii) hydrazine monohydrate, EtOH, RT, 3 d. 
Synthesis was carried out by I. Diane Swallow. 

With both building blocks at hand, the bioreductive prodrug 2 was obtained 

in 91% yield by facile electrophilic aromatic substitution of amine 11 with chloride 

7 (Scheme 2.3). 

 

Scheme 2.3. Final step in the synthesis of 2.  
Reagents and conditions: Et3N, DMF, 80 °C, 6 h. Synthesis was carried out by I. Diane Swallow. 

In addition to 2, we further synthesised the two control compounds 1 and 

12 as reference compounds for bioreductive and cytotoxicity assays with 2 

(Scheme 2.4). The active inhibitor 1 was considered vital for various aspects of 

the project, ranging from technical tasks such as optimising HPLC conditions to 

assessing the bioreductive prodrug release in hypoxia. Nitro benzylether 12 was 

synthesised in order to investigate effects of the bioreductive group itself in 

cellular assays.  

Inhibitor 1 was obtained by employing conditions used in the original 

publication (Foloppe et al. 2005). Refluxing of chloride 7 with ethanolamine in 

ethanol afforded 1 in excellent yields (Scheme 2.4, a). 
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Scheme 2.4. Synthesis of control compounds 1 and 12.  
Reagents and conditions: a) ethanolamine, EtOH, reflux, 6 h (Synthesis by I. Diane Swallow); b) 

NaH, EtOH, THF, 0 °C to RT, 2 h. 

The bioreductive control compound 12 was obtained by Williamson ether 

synthesis using 4-nitrobenzyl bromide 9 and ethanol (Scheme 2.4, b). Despite 

poor yields (19%), sufficient amounts of 12 were obtained for testing and further 

optimisation of the reaction was not undertaken. 

 

2.5 Inhibitor 1 also targets AURKA 

During the course of this work, Chk1 inhibitor 1 was shown to also inhibit 

Aurora kinase A (AURKA) with a reported IC50 value of 306 nM (Coumar, Chu, et 

al. 2010; Coumar, Tsai, et al. 2010). AURKA plays an important role at the onset 

of mitosis (reviewed in (Nikonova et al. 2013; Malumbres and Pérez de Castro 

2014) by regulating centrosome maturation (Hannak et al. 2001; Hirota et al. 

2003) and bipolar spindle assembly (Tsai et al. 2003). Overexpression of AURKA 

in a variety of tumours has been linked to transcriptional induction through HIF-1α 

(Klein, Flügel, and Kietzmann 2008).  In glioblastoma, AURKA expression has 

been shown to be induced by hypoxia and its inhibition resulted in decreased cell 

survival (Lehman et al. 2012). Recent studies in hepatocelluar carcinoma suggest 

that there might be a link between AURKA and HIF-1α promoting malignant 

phenotypes (Cui et al. 2013). Although inhibitors of AURKA are undergoing clinic 
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development (Malumbres and Castro 2014), these agents have not been tested 

in hypoxia.  

Given our lack of knowledge about AURKA function in hypoxia we asked 

whether its inhibition by a small molecule inhibitor had an effect on cell survival in 

severe hypoxia. In particular, we intended to ensure that AURKA inhibition did not 

result in protection of severely hypoxic cells. RKO colorectal cancer cells were 

incubated with the known and selective AURKA inhibitor MLN8237 (Görgün et al. 

2010; Manfredi et al. 2011; Sells et al. 2015) in severe hypoxia and normoxia. 

Both, normoxic and severely hypoxic cells were equally sensitive to inhibition of 

AURKA by MLN8237 as shown by a colony survival assay (Figure 2.5, A). 

  

Figure 2.5. Clonogenic survival assay following AURKA inhibition in normoxia and severe 
hypoxia.  
A) RKO cells were treated with the AURKA inhibitor MLN8237 at oxygen and drug doses as 
indicated for 16 h and clonogenic survival assessed. Error bars represent the standard error 
between technical replicates for the represented experiment (n=3). B) Chemical structure of the 
AURKA inhibitor MLN8237.  

 

2.6  Mechanism of action 

Based on previous reports, we proposed that prodrug 2 would undergo 

hypoxia-selective activation according to the mechanism outlined in Scheme 2.5. 
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The stepwise one-electron reduction of the nitro group can be carried out by a 

variety of reductases, such as CYP450. 

 

Scheme 2.5. Proposed mechanism of prodrug 2 activation in hypoxia.  
One-electron reduction of the bioreductive group is reversible in normoxia, In hypoxia further 
reduction of the nitro group can take place and the thus generated electron donating substituent 
initiated fragmentation of the prodrug.  

To evaluate whether 2 underwent the mechanism of activation as 

predicted, we carried out two experiments in progressively more biologically 

relevant conditions, a chemical followed by an enzymatic reduction of 2. 

 

2.6.1 Chemical reduction of 2 

We employed a method reported by Shigenaga and coworkers for the 

chemical reduction of 2 (Shigenaga et al. 2012). They demonstrated the 

activation of a peptide by reduction of an unnatural amino acid containing a 

4-nitrobenzyl group to the corresponding 4-aminobenzyl using zinc and aqueous 

ammonium chloride. This reduction was followed by ejection of the peptide in 

sodium phosphate buffer. Using similar conditions in DMF we demonstrated the 
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formation of amine 14, as was expected, and also nitroso 13 (as confirmed by 

mass spectrometry) from 2 after one hour, which released inhibitor 1 in aqueous 

conditions (Scheme 2.6).  

 

Scheme 2.6. Chemical reduction and activation of 2.  
Reagents and conditions: i) Zn, NH4Cl, DMF, 16 h, rt; ii) PPB, pH 7.4, 37 °C. Reduction carried 
out by Liam J. O’Connor. 

Reduction of 2 was monitored by HPLC (Figure 2.6, A). After a reaction 

time of one hour the majority of prodrug 2 (82% total peak area) was reduced to 

mainly nitroso 13 (67% total peak area) and some amine 14 (15% total peak 

area). The reduced species 13 and 14 did not fragment to release the active 

inhibitor 1 under the reduction conditions, as demonstrated by an HPLC trace of 

the reaction mixture after one hour to which inhibitor 1 had been added as an 

internal reference (Figure 2.6, B).  

 

 



Chapter 2 – Results 

 

84 

 

 

Figure 2.6. Chemical reduction of prodrug 2, HPLC traces.  
A) Reduction of 2 using zinc and 10% ammonium chloride in DMF was monitored by HPLC at 0, 
1, and 16 h. Characterisation of the new peaks by mass spectrometry identified them as the 
corresponding amine 14 and nitroso 13. B) The active inhibitor 1 was used as an internal control 
in order to confirm that fragmentation of the reduced prodrug did not occur (Data provided by 
Liam J. O’Connor). 

Reduction of a nitrobenzyl group by zinc and ammonium chloride to the 

corresponding nitroso had been reported before in the synthesis of nitroso 

benzoic acid derivatives (Pfister et al. 2008). We were, nevertheless, surprised to 

detect nitroso and amine but not the intermediate hydroxylamine, since the 

stepwise six electron reduction of a nitro group to an amine proceeds via the 

nitroso (two electrons) and the hydroxylamine (four electrons) (Tocher 1997).  

To determine whether amine 14 and/or nitroso 13 fragmented under the 

conditions reported by Shigenaga and coworkers (Shigenaga et al. 2012), an 

aliquot of the reduction reaction mixture was taken after one hour, injected into 

PPB (pH 7.4) and incubated at 37 °C. Immediately upon injection into PPB 

(potassium phosphate buffer, pH 7.4), the formation of a precipitate could be 

observed, due to poor solubility of 2 and its reduced species in aqueous solution. 

Nevertheless, HPLC analysis confirmed some solubility of the three compounds 
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in PPB and supernatant as well as precipitate of the PPB reaction were 

monitored to assess progress of the reaction (Figure 2.7, A and B). 

 

Figure 2.7. Buffer treatment of an aliquot taken from the chemical reduction of 2.  
The t = 1 h aliquot from the zinc reduction of 2 was injected into PPB (pH 7.4), incubated at 37 °C 
and monitored. The A) formed precipitate (dissolved in acetonitrile) and B) supernatant were 
analysed by HPLC. In the precipitate, loss of nitroso 13 and amine 14 was observed while the 
formation of active inhibitor 1 could be seen in the supernatant (Data provided by Liam J. 

O’Connor). 

Analysis of the precipitate after dissolving in acetonitrile revealed loss of 

nitroso and amine over time and simultaneous analysis of the respective 

supernatant demonstrated formation of the active inhibitor.  

This experiment shows that amine 14 and nitroso 13 fragmented in 

aqueous solution to eject inhibitor 1 and, most importantly, demonstrates the 

potential for 2 to undergo activation in a reductive environment.   
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2.6.2  CYP450 reduction of 2 

To test whether 2 could also be reduced and activated under milder and 

biologically more relevant conditions, we next subjected the prodrug to enzymatic 

reduction by bactosomal CYP450 reductases in severe hypoxia. This experiment 

was considered highly relevant in resembling the reductive metabolism of 2 in 

cells under severe hypoxia, since nitro aromatic prodrugs had been reported to 

be substrates of CYP450 (Wilson and Hay 2011). Prodrug 2 was subjected to 

CYP450 under hypoxic conditions (<0.1% O2) and the reduction monitored over 

time (Figure 2.8). Albeit slow and over the course of several hours, we observed 

reduction of 2 to the corresponding amine 14, which accumulated over 24 h, 

followed by release of active inhibitor 1.  

 

Figure 2.8. CYP450 reduction of prodrug 2 and subsequent fragmentation.   
Exposure of 2 to CYP450 reductase in hypoxia (<0.1% O2) results in reduction to amine 14 and 
generation of inhibitor 1. A combination of photodiode array spectrophotometer, mass 
spectrometer and fluorescence spectrophotometer (λex 320 nm, λem 380 nm) was used to detect 
and characterise the metabolites. Error bars represent the standard error between technical 
replicates for the represented experiment (n=3). 

Interestingly, the previously observed nitroso 13 was not detected in this 

assay demonstrating that CYP450 reduced 2 fully to the corresponding amine. 

Due to the poor solubility of 2 in aqueous solutions and the resulting low 

concentration of prodrug and metabolites, we employed a sensitive fluorescence 
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spectrophotometer for the detection and quantification of metabolites arising from 

2. 

In the chemical reduction of 2 using zinc and ammonium chloride we had 

seen rapid reduction of the parent compound to the corresponding nitroso and 

amine with an 82% conversion of 2 after one hour (assessed by peak area). 

Reduction using CYP450 on the other hand was much slower and the reduced 

species (amine 14) peaked only after 24 h. This difference is unlikely to originate 

from a generally slower reduction by CYP450 but is probably due to the poor 

solubility of 2 in aqueous solution resulting in only small concentrations of 2 

available for CYP450 reduction at any given time. 

 

2.7 Prodrug 2 is a hypoxia-selective Chk1/AURKA inhibitor 

2.7.1 Prodrug 2 shows no inhibition of purified Chk1 or AURKA  

We hypothesized that substitution of the Chk1 inhibitor 1 to the prodrug 2 

resulted in an overall significantly reduced binding affinity to the ATP binding site 

of Chk1. In order to test this hypothesis, a radioactive (33P-ATP) filter-binding 

assay was carried out to determine IC50 values of the active inhibitor 1 and 2 

against purified Chk1 and also AURKA. This assay confirmed our predictions on 

Chk1 inactivity of the prodrug 2 and also demonstrated no AURKA affinity (Figure 

2.9). Active inhibitor 1 showed inhibition of Chk1 with a mean IC50 value of 1.75 

μM (Figure 2.9, A) and had a mean IC50 value of 0.81 μM against AURKA (Figure 

2.9, B). 



Chapter 2 – Results 

 

88 

 

 

Figure 2.9. IC50 values for compounds 1 and 2 against Chk1 and AURKA.  
A) Prodrug 2 shows no inhibition of Chk1 while an IC50 value of 1.75 μM was obtained with 
inhibitor 1. B) Prodrug 2 shows no inhibition of Aurora kinase A while an IC50 value of 0.81 μM 
was obtained with inhibitor 1. Mean IC50 values were obtained from duplicates using a radioactive 
(
33

P-ATP) filter-binding assay. This analysis was carried out by The International Centre for 
Kinase Profiling, University of Dundee. Curves were fitted in OriginPro using a logistic model (y = 
A2+(A1-A2)/(1+x/x0)^p). 

With these IC50 data, we were confident that 2 was inactive against Chk1 

and AURKA at concentrations relevant for in vitro testing (up to 100 μM) and thus 

was a true prodrug of Chk1 and AURKA. 
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2.7.2 Prodrug  2 acts selectively in hypoxia 

We had demonstrated that 2 was a true prodrug that showed no affinity to 

its targets Chk1 and AURKA. Further, with the knowledge that 2 underwent 

reduction and activation when exposed to CYP450 reductase in severe hypoxia, 

we next asked whether 2 could act as a kinase inhibitor in human cancer cells in 

a hypoxia-dependent fashion.  

To answer this question we carried out western blotting in RKO cells for 

phosphorylation of histone H3 at serine 10 (pH3 Ser10), a target of AURKA/B 

(Crosio et al. 2002) and used the selective AURKA inhibitor MLN8237 (Görgün et 

al. 2010; Manfredi et al. 2011; Sells et al. 2015) as a reference compound for 

AURKA inhibition. Treatment of RKO cells with MLN8237 in normoxia revealed a 

clear decrease in pH3 Ser10, demonstrating that AURKA inhibition can result in 

reduced pH3 Ser10 (Figure 2.10). As expected, phosphorylation levels in the 

2-treated cells were similar to the DMSO treated controls, showing clearly that no 

activation of the prodrug had taken place in normoxia. In hypoxia (<0.1% O2) 

pH3 Ser10 expression was decreased in the DMSO treated control cells, but 

even more so after treatment with 2. After reoxygenation, we observed a marked 

decrease in pH3 Ser10 levels when cells had been treated with 2 while the signal 

in the control cells had returned to its basal levels. 
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Figure 2.10. Hypoxia-selective inhibition of H3 Ser10 phosphorylation through 2.  
RKO cells were exposed to hypoxia (<0.1% O2), normoxia or hypoxia/reoxygenation as indicated 
in the presence of DMSO, 25 μM 2 or 500 nM MLN8237. The levels of pH3 Ser10 are shown as 
an indicator of AURKA activity. Hif-1α is shown as a hypoxia marker and H3 is shown as a 
loading control. 

These data suggest that activation of prodrug 2 takes place in RKO cells 

selectively in severe hypoxia and that this hypoxic activation resulted in the 

generation of an inhibitor of AURKA. 

It is noteworthy that pH3 Ser10 levels were reduced after 10 h of severe 

hypoxia and returned to basal levels after 14 h of reoxygenation. Phosphorylation 

of H3 at Ser10 is considered crucial during G2/M transition by initiating 

chromosome condensation at the onset of mitosis (Van Hooser et al. 1998; Wei 

et al. 1998; Wei et al. 1999) and pH3 Ser10 is therefore considered a marker of 

mitosis. The decreased pH3 Ser10 levels indicate an arrest in G2 phase in severe 

hypoxia which has been reported previously (Freiberg, Hammond, et al. 2006). 

Interestingly, that report demonstrated that in particular in response to 

reoxygenation after severe hypoxia, cells arrested in G2. Thus a further decrease 

in pH3 Ser10 would be expected following reoxygenation.  

It is well known that inhibition of Chk1 causes increased initiation of DNA 

replication and impaired DNA repair, both of which are associated with DNA 

damage accumulation (Syljuåsen et al. 2005; Sørensen and Syljuåsen 2012). In 

this context we asked if 2 induced DNA damage in cells in a hypoxia-selective 
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manner and carried out western blotting and immunofluorescence microscopy for 

the DNA damage markers γH2AX and 53BP1, respectively. For western blotting, 

RKO cells were treated with 2 or DMSO and normoxia or hypoxia (<0.1% O2). In 

normoxia no change in γH2AX levels upon treatment with 2 was observed, 

indicating that 2 did not induce DNA damage in normoxia (Figure 2.11, A). 

Exposure to severe hypoxia alone induces replication stress and lead to a robust 

induction of γH2AX as had been reported before (Bencokova et al. 2009; 

Hammond et al. 2002). This signal was increased in the cells treated with 2 

(Figure 2.12, A). 

 

Figure 2.11. Hypoxia-selective induction of DNA damage by 2.  
A) RKO cells were exposed to hypoxia (<0.1% O2) or normoxia for 6 h in the presence of DMSO 
or 25 μM 2, as indicated. The levels of γH2AX are shown as a marker of DNA damage. Actin is 
shown as a loading control. B) RKO cells were exposed to normoxia, hypoxia (<0.1% O2, 6 h) or 
hypoxia followed by 18 h reoxygenation in the presence of DMSO or 25 μM 2, as indicated. 
Shown is the percentage of cells with >6 53BP1 foci. * indicates p<0.05. ** indicates p<0.0001. 
Error bars represent the standard error between technical replicates for the represented 
experiment (n=3).  

As an alternative way to access the induction of DNA damage by 2 we 

measured the formation of 53BP1 foci. RKO cells were exposed to normoxia, 

severe hypoxia or severe hypoxia followed by reoxygenation in the presence of 

DMSO or 2. Consistent with the results from the western blot in Figure 2.11, A, 2 

did not induce increased DNA damage in normoxia (Figure 2.11, B). In contrast 
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to γH2AX, which is a marker of DNA damage and also replication stress, 53BP1 

foci formation is a clear indicator for DSBs. The number of 53BP1 foci did not 

increase in severe hypoxia but following reoxygenation-induced damage as has 

been reported before (Bencokova et al. 2009; Hammond et al. 2002). Importantly, 

treatment with 2 resulted in a significant increase in DNA damage in a hypoxia-

dependent fashion. Moreover, reoxygenation-induced damage was exacerbated 

in the presence of 2. Taken together, these results clearly demonstrate that 2 

selectively induces DNA damage following exposure to severe hypoxia. 

Inhibition of both, Chk1 and AURKA, has been investigated as a 

therapeutic strategy with selective inhibitors undergoing clinical trials (reviewed in 

(Ma, Janetka, and Piwnica-Worms 2011; McNeely, Beckmann, and Bence Lin 

2014; Dar et al. 2010; Malumbres and Castro 2014; Katsha et al. 2015)). We 

carried out a clonogenic survival assay in a range of O2 concentrations in order to 

answer two questions: 

i. Does treatment with 2 lead to hypoxia-selective cell killing? 

ii. If i. applies, what is the cut-off O2 concentration at which we see a 

cytotoxic effect with 2? 

RKO cells were treated with 2, exposed to O2 concentrations ranging from 

20% to <0.1% O2 and a colony survival assay carried out for each individual O2 

concentration (Figure 2.12).  
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Figure 2.12. O2 dependency of 2 toxicity.  
RKO cells were exposed to the indicated O2 concentrations in the presence of DMSO or 25 μM 2 
and clonogenic survival assays carried out. Error bars represent the standard error between three 
technical replicates for the represented experiment (n=3). Data obtained by Isabel M. Pires. 

We observed a correlation between O2 concentration and loss in 

clonogenic survival. In comparison to the DMSO treated control cells a significant 

loss in viability could only be seen at O2 concentrations of 2% and below. This 

result was encouraging as it suggests that activation of 2 occurs in a range of O2 

concentrations below the oxygenation level of normal tissue.  

 

2.7.3 Biological activity of 2 is not associated with the bioreductive group  

Given the mechanism of activation for the prodrug 2, the observed 

biological effects, especially the induction of DNA damage and the loss of viability 

in an O2-dependent manner, might at least partially be due to the liberation of the 

bioreductive group. The metabolite arising from the 4-nitrobenzyl group could act 

as a cytotoxin in itself, as has been observed with other bioreductive groups 

(Jaffar et al. 1998; Tanabe et al. 2005). To investigate this possibility we 

assessed the toxicity of ethyl ether 12 (Figure 2.13, A) in comparison with the 
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prodrug 2 in RKO cells. Given 12 underwent the same mechanism of activation 

as prodrug 2. Exposure of 12 to severe hypoxia was expected to result in the 

release of compound 15 and ethanol (Figure 2.14, A). Importantly, 15 also results 

from hypoxia metabolism of prodrug 2 and since the amounts of ethanol 

produced by the reductive metabolism of 12 were low enough to be tolerated by 

the cells, any cytotoxicity observed with ethyl ether 12 in hypoxia could be 

addressed to metabolite 15.  

We treated RKO cells with hypoxia (>0.1% O2) or normoxia for 24 h in the 

presence of DMSO, 25 μM active inhibitor 1, 25 μM prodrug 2 or 25 μM ethyl 

ether 12 and carried out a clonogenic survival assay (Figure 2.14, B). In 

normoxia, treatment with inhibitor 1 resulted in a reduction of clonogenic survival 

and the sensitivity of RKO cells to 1 was increased after severe 

hypoxia/reoxygenation, as expected. Confirming previous results on the hypoxia-

selective mechanism of action of prodrug 2, treatment with 2 had no effect on 

clonogenic survival in normoxia but lead to a significant decrease of viability after 

hypoxia/reoxygenation. Importantly, treatment with ethyl ether 12 did not affect 

clonogenic survival in normoxia or severe hypoxia, suggesting that the metabolite 

from the bioreductive group itself did not enhance cytotoxicity. We can thus 

conclude that the reduction in viability following exposure to 2 solely originates 

from the release of inhibitor 1.  
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Figure 2.13. Assessment of the cytotoxic effect of the 4-nitrobenzyl bioreductive group.  
A) Proposed mechanism of activation for the ethyl ether 12, resulting in the generation of 15 and 
pharmacologically irrelevantly small amounts of ethanol. B) Clonogenic survival assays were 
carried out in either hypoxia (<0.1% O2) or normoxia (24 h treatment) using RKO cells in the 
presence of DMSO or 25 μM of either active inhibitor 1, prodrug 2 or ethyl ether 12. Error bars 
represent the standard error between three technical replicates for the represented experiment 
(n=3). 
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replication stress could be targeted though inhibition of the ATR-Chk1 pathway. 
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al. 2011; W.-J. Wang et al. 2013). Interestingly, the use of Chk1 inhibitors as 

single agents has also been proposed in MYC-driven tumours (Ferrao et al. 

2012; Khanna et al. 2013).  

Based on these reports, we proposed that sensitivity to 2 could be 

predicted by assessing the basal levels of DNA damage in a cell line. We chose 

three lung cancer cell lines in which we tested whether clonogenic survival 

following treatment with 2 correlated with basal levels of DNA damage. A recent 

review has highlighted the potential for targeting lung cancer through the 

inhibition of checkpoint kinases (Syljuåsen et al. 2015). Among other reasons, the 

high level of oncogenic stress in most lung cancers was mentioned as a feature 

contributing to checkpoint sensitivity. 

The three cell lines A549, H1299 and H1975 were stained for the DNA 

damage markers 53BP1 and γH2AX (Figure 2.14, A). Cells were scored as 

positive or negative for the respective marker, depending on the number of foci 

counted per cell (Figure 2.14, B) 
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Figure 2.14. Basal level of DNA damage in three lung cancer cell lines.  
A) A549, H1299 and H1975 cells were stained for 53BP1 (green) and γH2AX (red) as markers of 
endogenous DNA damage. Representative images are shown. B) Percentage of the number of 
cells stained positive for the shown marker (53BP1 (grey), γH2AX (white)). Error bars represent 
the standard error between three technical replicates for the represented experiment (n=3). 

A significant number of cells positive for both markers was found in all 

three cell lines. Importantly, the number of cells scored positive correlated very 

well between the two markers. While the A549 cell line showed the lowest level of 

endogenous damage (24% (53BP1) and 22% (γH2AX)) a high proportion of cells 

in the H1299 (69% (53BP1) and 66% (γH2AX) and H1975 (63% (53BP1) and 

59% (γH2AX) cell lines stained positive. These results suggest that the A549 cell 
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line should be less sensitive to 2 treatment in severe hypoxia than the other two 

cell lines.   

In order to test this hypothesis we carried out a clonogenic survival assay 

where the three cell lines were exposed to 2 for 24 h in severe hypoxia or 

normoxia (Figure 2.15). Most sensitive to 2 in severe hypoxia was the H1975 cell 

line with a 63% reduction in survival upon treatment with 2. The other two cell 

lines showed comparable sensitivities.  

 

Figure 2.15. Colony survival assays in three lung cancer cell lines.  
The three lung cancer cell lines A) A549, B) H1299 and C) H1975 were exposed to 25 μM 2 or 
DMSO and hypoxia (<0.1% O2) or normoxia for 24 h. Colony survival assays were carried out. 
Error bars represent the standard error between three technical replicates for the represented 
experiment (n=3) (Data obtained by Monica M. Olcina). 

This data shows once again that sensitivity to 2 is potentiated in severe 

hypoxia. Although the results in these three cell lines suggest that some 

correlation may exist between the endogenous level of DNA damage in a cell line 
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and its sensitivity to 2, a larger panel of cell lines would have to be used in order 

to draw a valid conclusion.  

The sensitivity of a cell line to 2 will undoubtedly depend on activation of 2 

in hypoxia combined with the cell line specific endogenous sensitivity to the 

inhibition of Chk1 and AURKA. Reduction and activation of 2 in a cell line 

depends on the level of endogenous reductases to which 2 is a substrate. We 

have shown that this includes CYP450 but other one-electron reductases are 

likely to  act as activating enzymes as well (Wilson and Hay 2011).  

 

2.8 Discussion 

We have confirmed a role for Chk1 in the hypoxia-induced DDR in 

showing that Chk1 is phosphorylated and active in response to severe hypoxia. 

Inhibition of Chk1 resulted in the accumulation of DNA damage in WI38 normal 

lung fibroblasts, which supports the concerns raised regarding inhibition of Chk1 

in normal tissue. In order to exploit the sensitivity of severely hypoxic cells to 

inhibition of Chk1 and avoid normal tissue toxicity, we have designed and 

synthesised a bioreductive 4-nitrobenzyl analogue 2, based on the published 

Chk1/AURKA inhibitor 1. Prodrug design was rationalised by a published SAR 

study around 1 and by docking studies. The prodrug was shown to have 

significantly reduced binding affinity to Chk1 in comparison with 1 and underwent 

reduction and activation in a reducing environment.  Poor solubility of 2 is likely 

the cause for slow reduction by CYP450. Once reduced, fragmentation of the 

prodrug was also slow and occurred over several hours. Importantly, we 

demonstrated that compound 2 is a hypoxia-selective inhibitor of AURKA and 

induces DNA damage only following exposure to hypoxia. Reduction in 
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clonogenic survival was shown to be O2-dependent and treatment with 2 caused 

significant cell kill only at O2 concentrations below 3%. Using the bioreductive 

control compound 12, we showed that the hypoxia-selective cytotoxicity observed 

with 2 was not due to the metabolite from the bioreductive group, suggesting that 

cytotoxicity was solely due to the release of Chk1 inhibitor 1. Finally, experiments 

in three lung cancer cell lines suggest that the sensitivity of a cell line to 2 might 

correlate with the endogenous levels of DNA damage in that cell line.  
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CHAPTER 3 

SYNTHESIS AND VALIDATION OF A SET OF ANALOGUES BASED 

ON A  PYRAZOLOPYRIDINE CHK1 INHIBITOR 

3.1 Introduction 

3.1.1 Choice of Chk1 inhibitor 

With prodrug 2 we developed a proof-of-concept bioreductive Chk1 

inhibitor. Our next aim was to to apply this concept to the development of a 

compound with superior pharmacokinetic and bioreductive properties. Our goal 

was to identify a potent and selective Chk1 inhibitor, and we were looking for a 

compound that had already undergone extensive in vitro testing and shown good 

pharmacokinetic properties. Furthermore, the Chk1 inhibitor of choice required a 

suitable functionality for bioreductive group attachment, that was also available 

for alkylation and possessed a good leaving group ability, to ensure rapid 

reductively-triggered prodrug fragmentation. Only functionalities that play a role in 

the binding of the inhibitor to Chk1 were considered in order to reduce the affinity 

of the bioreductive prodrug. We focused on inhibitors with a published synthetic 

route, versatile enough to allow bioreductive group incorporation without having 

to make major alterations to the synthesis.  

Our inhibitor of choice was pyrazolopyridine 16, an ATP-competitive 

inhibitor that had emerged from a fragment-based screen (Matthews et al. 2009). 

The authors had employed X-ray crystallography to reveal three interactions 

formed between 16 and the ATP-binding site of Chk1 (Figure 3.1, A). The 
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pyrazolopyridine core was shown to occupy the ATP pocket, with the heterocycle 

binding to the protein backbone through Glu85 and Cys87. The morpholine 

substituent extended into the ribose-binding pocket, forming a salt bridge 

between its primary amine and the carboxylate of Glu91. Compound 16 

presented a primary amine and a heterocyclic amine as potential sites for 

substitution with a bioreductive group.  Although an interaction between the 

primary amine and the protein backbone was evident from the crystal structure 

(Figure 3.1, A), the amine pointed into a solvent-exposed region and we 

reasoned that substitution on that position could be tolerated and not lower the 

binding affinity significantly. Therefore and because of a very tight interaction 

between the heterocyclic core of the inhibitor and the kinase hinge region, we 

decided to substitute the heterocycle with a bioreductive group. We proposed that 

substitution of pyrazole N1 with a bioreductive group would result in a prodrug 

with significantly reduced binding affinity and intended to synthesise a 

comprehensive set of four analogues (Figure 3.1, B).  

 

Figure 3.1. Design of a set of analogues based on Chk1 inhbitor 16.  
A) X-Ray crystal structure of 16 in the ATP-binding site of Chk1 (PDB 2wmw). Interactions are 
shown as dashed yellow lines with their length given in Å. An arrow indicates the chosen site of 
substitution. B) The proposed set of analogues derived from inhibitor 16, comprising the two 
bioreductive prodrugs 17 and 18 and the benzyl analogue 19. 

A B 
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We planned to synthesise inhibitor 16 as a positive control for in vitro 

toxicity and cell survival assays and also as a reference compound for HPLC 

work when elucidating the mode of action of the bioreductive analogues 17 and 

18. Through minimal modification of the published synthetic route towards 16, we 

expected to obtain the two hypoxia-activated analogues 17 and 18. With the 

4-nitrobenzyl analogue 17 we were building on the success of 2 (also a 

4-nitrobenzyl-triggered prodrug) and expected 17 to have similar bioreductive 

properties to 2. An improved version was proposed to be the 2-nitroimidazole 18, 

with better bioreductive and tissue-penetration properties. In addition, we 

intended to synthesise benzyl-substituted 19 which, due to the lack of a hypoxia-

sensitive trigger unit was proposed to be inactive and a negative control 

compound. 

 

3.1.2 Synthesis outline 

In order to synthesise the proposed compounds 17-19, we planned to 

follow a published route for the synthesis of the inhibitor core (Matthews et al. 

2009; Misra, Rawlins, et al. 2003; Misra, Xiao, et al. 2003). In addition, the 

building block for the 2-nitroimidazole bioreductive group had to be synthesised 

and we intended to follow a previously published synthetic route (Cavalleri, 

Ballotta, and Lancini 1972). 

Inspection of the published synthetic route towards 17 revealed three 

steps that could enable the incorporation of a bioreductive group (Figure 3.2). 

Instead of using 4-anisaldehyde to form the PMB-protected pyrazole 21, we 

reasoned that the use of a nitro-aromatic aldehyde corresponding to the desired 
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bioreductive group would avoid the overall use of a protecting group and shorten 

the synthesis (Figure 3.2, A). 

 

Figure 3.2. Synthesis overview for Boc-protected analogues of 16-19, and potential steps 
for bioreductive group incorporation.  
Highlighted in blue are the three opportunities for incorporation of the bioreductive group R. A) At 
the stage of pyrazole formation. Instead of the shown 4-anisaldehyde we proposed that the 
corresponding aldehyde of the bioreductive group could be used for pyrazole formation. B) After 
bicyclic core formation. Replacement of the PMB group by the bioreductive group, followed by 
incorporation of the morpholine ring to give bioreductive building block 27. C) As final synthetic 

step prior to Boc-deprotection. 

Alternatively, the pyrazolopyridine core structure 22 could be formed as 

published (Misra, Xiao, et al. 2003; Misra, Rawlins, et al. 2003). PMB-

deprotection followed by attachment of the bioreductive group was proposed to 

give 24 and, after nucleophilic aromatic substitution and Boc-deprotection, afford 

the analogues 17-19 (Figure 3.2, B). Reversal of these two steps would allow for 

attachment of the bioreductive group in the last step, prior to deprotection (Figure 

3.2, C). Our primary focus was on the less step-intensive strategy A, but in case 

that failed, discrimination between alternatives B and C was to depend on the 

overall yield and cost of either strategy.  
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3.2 Chemical synthesis of 5-(chloromethyl)-2-nitroimidazole 38 

3.2.1 Synthesis of the imidazole precursor 

Although 5-(chloromethyl)-2-nitroimidazole 38 and the corresponding 

alcohol 35, are commercially available, we decided to synthesise 38 via a 

previously published route (Scheme 3.1) (Cavalleri, Ballotta, and Lancini 1972; 

Asato and Berkelhammer 1972) due to the relatively high expenses of 38, and 

the potentially large quantities required for the synthesis of a bioreductive drug. In 

particular, if that drug was going to be evaluated in animal models a quick, robust 

and inexpensive synthetic route was required.  

Based on the previously published report we initially intended to 

synthesise 31 to then obtain the imidazole precursor 32 in a reaction with 

cyanamide at pH 4.5 in aqueous HCl or in 10% v/v acetic acid (Cavalleri, Ballotta, 

and Lancini 1972; Asato and Berkelhammer 1972) (Scheme 3.1). From here, a 

series of standard functional group manipulations would yield the building block 

38.  

 

Scheme 3.1. Proposed synthesis of the 2-nitroimidazole precursor 32.  
We proposed formation of enolate 30a in two steps, following a published procedure for the 
benzylated analogue 30b (Schmidt and Geiger 1963; Soede-Huijbregts et al. 2001). De-
formylation and pyrazole formation as published was expected to give 32 (Cavalleri, Ballotta, and 

Lancini 1972). 

To obtain the sodium enolate 30a, we followed a procedure that reported 

the N-benzylated analogue 30b from the corresponding benzylated methylester 
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28b, using formic acid and acetic anhydride followed by methyl formate and 

sodium methoxide in toluene (Schmidt and Geiger 1963; Soede-Huijbregts et al. 

2001). Although we could isolate formate 29a following this procedure, 

subsequent formation and isolation of sodium enolate 30a was not successful in 

our hands. Further attempts to obtain acetal 31 directly from N-formate 29a 

without isolating enolate 30a were also unsuccessful, and consequently we 

decided to attempt a one-pot sequence of reactions towards 32 without isolation 

of intermediates. Matteucci and coworkers have previously published a synthesis 

of imidazole 32  from sarcosine methylester 28a in three steps (Matteucci et al. 

2007). They formed enolate 30a by reaction of sarcosine methylester 28a in 

ethylformate with an excess sodium hydride, 30a was used without further 

purification for deformylation with HCl in ethanol. Heterocycle formation was 

subsequently achieved with cyanamide by heating under reflux in an aqueous, 

acetate-buffered system. Following this procedure, formation of imidazole 32 was 

achieved from sarcosine methylester 28a in 38% yield over three steps (Scheme 

3.2).  

 

Scheme 3.2. Synthesis of the 2-nitroimidazole precursor 32.  
Published conditions were modified and imidazole 32 obtained in three steps with 38% overall 
yield (Matteucci et al. 2007). Conditions: i) EtCHO, NaH, THF, 0 °C to RT, 18 h; ii) conc. HCl in 
EtOH, reflux, 1h; iii) NH2CN, NaOAc·3 H2O, 10% v/v AcOH, 100 °C, 18 h. 

The reported conditions for the synthesis of ester 32 were modified, and 

instead of carrying out the formylation neat in ethylformate, we found that a 

suspension in THF was an easier to handle reaction system, where reactants 

were better suspended and heat generation could be managed. Furthermore, we 

isolated pure amine 32 as a precipitate from the crude reaction by adjusting the 
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reaction mixture to pH 8-9, instead of extracting the product with ethyl acetate, as 

reported (Matteucci et al. 2007). The sequence could be scaled up to 5 g of 

starting material 28a without compromising the yield. 

 

3.2.2 Conversion of imidazole 32 into 5-(cloromethyl)-2-nitroimidazole 38 

With a convenient synthesis of imidazole 32 in hand, we focussed on the 

conversion of its 2- and 5-substituents to obtain imidazole 38. Nitration of 32 to 

imidazole 34 was attempted using sodium nitrite in 7% v/v sulfuric acid as had 

been reported, but no reaction took place in our hands as judged by mass 

spectrometry and NMR analysis (Asato and Berkelhammer 1972). When the 

reaction was carried out in 50% v/v aqueous AcOH with an excess of sodium 

nitrite, yields of 60-68% were obtained and increasing the acid concentration to 

67% v/v aqueous AcOH resulted in 72% yield (Matteucci et al. 2007) 

(Scheme 3.3). 

 

Scheme 3.3. Conversion of the 2- and 5-substituents to give alcohol 35.  
2-Amino imidazole 32 was converted into the corresponding 2-nitro imidazole 34 (optimisation 
carried out by Liam J. O’Connor) followed by reduction to alcohol 35. A previously reported two-
step sequence via the carboxylic acid 36 was abandoned due to low yields in the ester hydrolysis 
(43%), reduction of acid 36 was not carried out (dashed arrow) (Hay, Wilson, and Denny 2000). 
Conditions: i) NaNO2, 67% v/v AcOH, RT, 2 h; ii) NaBH4, THF/MeOH, 0 °C, 2 h; iii) 1 M aq. 

NaOH, 18 h, RT. 

 Reduction of the ester 34 to alcohol 35 in two-steps via the corresponding 

carboxylic acid 36 had been reported as a high-yielding sequence (Hay, Wilson, 
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and Denny 2000). However, since we managed to isolate acid 36 in only 43% 

yield, we decided to abandon this strategy and reduction to the alcohol 35 was 

carried out directly with NaBH4 in 66% yield.  

In order to convert the hydroxyl group of imidazole 35 into a good leaving 

group, we intended to synthesise bromide 37, and the standard halogenation 

conditions outlined in Table 3.1 (entries 1-5) were investigated. The Appel 

reaction did not show any indication of 37 formation (entry 1), and halogenation 

with thionyl bromide in the presence of catalytic DMF only gave traces of 37 

(entry 2). Changing the solvent from THF to CHCl3 and CH2Cl2 in a method 

employing PPh3 improved yields only slightly, and the highest yield we obtained 

was a poor 29% (entry 5).  

Table 3.1. Optimisation of conditions for the synthesis of bromo-2-

nitroimidazole 37. 

 

Entry Conditions Yield [%] 

1 Br2, PPh3. acetonitrile, 0 °C to RT - 

2 (COBr)2, cat. DMF, CH2Cl2. 0 °C to RT traces 

3 PBr3, THF, 0 °C to RT traces 

4 PBr3. CHCl3. 0 °C to RT 16 

5 PBr3, CH2Cl2. -10 °C to RT 29 
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Due to the low yields observed under all these conditions, we decided to 

synthesise the corresponding chloride 38 instead. Formation of 38 was optimised 

by investigating similar conditions to those explored for formation of bromide 37, 

and highest yields were obtained using thionyl chloride and pyridine in CH2Cl2 

(Table 3.2, entry 3). 

Table 3.2. Optimisation of conditions for the synthesis of chloro-2-

nitroimidazole 38. 

 

Entry Conditions Yield [%] 

1 (COCl)2, cat. DMF, CH2Cl2. 0 °C to RT nd 

2 PCl3, CH2Cl2, 0 °C to RT 29 

3 SOCl2, pyridine, CH2Cl2. 0 °C to RT 66 

Overall we found convenient conditions to obtain the bioreductive building 

block 38 from inexpensive sarcosine methylester 28a in six steps, with an overall 

yield of 12% (Scheme 3.4). The imidazole formation could be scaled up to 5 g 

sarcosine methylester starting material, larger scales compromised the yield. 

Nitroimidazole 38 was crystalline and could be stored at -20 °C for four months 

without decomposition as judged by HPLC. 
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Scheme 3.4. Overview of optimised synthesis of 38.  
Conditions: i) EtCHO, NaH, THF, 0 °C to RT, 18 h; ii) conc. HCl in EtOH, reflux, 1h; iii) NH2CN, 
NaOAc·3 H2O, 10% v/v AcOH, 100 °C, 18 h; iv) NaNO2, 67% v/v AcOH, RT, 2 h; v) NaBH4, 

THF\MeOH, 0 °C, 2 h; vi) SOCl2, pyridine, CH2Cl2, 0 °C to RT, 5 h. 

 

3.3 Chemical synthesis of the analogues 16-19 

3.3.1 Synthesis of key intermediate 22 and Chk1 inhibitor 16 

A previously published route was followed in the synthesis of 22 

(Matthews et al. 2009; Misra, Rawlins, et al. 2003; Misra, Xiao, et al. 2003). 

Acrylonitrile 20 was reacted with hydrazine in a Michael type addition, followed by 

imine formation using 4-anisaldehyde (Scheme 3.5). Upon heating imine 39 

under reflux with sodium hydroxide in iPrOH, and then adjusting to pH 4-5, PMB-

protected pyrazole 21 was obtained, and could be used without further 

purification as had been reported (Misra, Rawlins, et al. 2003). Amine 21 was 

condensed with diethylethoxymethylenemalonate, which was then subjected to 

pyrolysis in diphenyl ether, to give the bicyclic core system 40. Starting from 

acrylonitrile 20 no purification of any intermediates throughout the first four steps 

was necessary, and the inhibitor core 40 was obtained in 31% overall yield 

(Scheme 3.5). 
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Scheme 3.5. Synthesis overview of key intermediate 22.  
A previously published route was followed in the synthesis of 22 from acrylonitrile 20, with 
synthetic alterations in the last two steps: Instead of bromine as published, NBS was used for 
formation of bromide 42. Subsequent chlorination was carried out at milder conditions than 
originally published (Matthews et al. 2009; Misra, Xiao, et al. 2003; Misra, Rawlins, et al. 2003). 
Conditions: i) NH2NH2, THF, RT, 2 h. Then 4-anisaldehyde, 0 °C to RT, 6 h; ii) NaOH, 

i
PrOH, 

reflux, 6 h; iii) diethylethoxymethylenemalonate 120 °C, 3 h; iv) Ph2O, 240 °C, 24 h; v) 15% v/v 
aq. NaOH, EtOH, 90 °C, 6 h; vi) Ph2O, 240 °C, 18 h; vii) NBS, AcOH, 60 °C, 2 h; viii) POCl3, 
C2H4Cl2, 75 °C, 2 h.  

Ester hydrolysis and decarboxylation gave phenol 41 in 80% yield. 

Ortho-selective electrophilic aromatic substitution was carried out with NBS 

(N-bromosuccinimide) in glacial AcOH. The use of NBS gave similar yields (83%) 

to when the reaction was carried out with bromine, but was safer and easier to 

handle.  Initially, conversion of phenol 42 into chloride 22 was attempted by 

heating in neat POCl3 at 110 °C, as had been reported, but this resulted in partial 

removal of the PMB group (Misra, Xiao, et al. 2003).  Milder conditions were 

employed and key intermediate 22 was synthesised in 68% yield by heating with 

POCl3 in dichloroethane at 75 °C.  
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The Chk1 inhibitor 16 was synthesised in two steps from 22 (Scheme 3.6).  

 

Scheme 3.6. Synthetic alterations in the final steps towards Chk1 inhibitor 1.  
Nucleophilic aromatic substitution was optimised by change of solvent from n-butanol in the 
original procedure to NMP. Final deprotection was carried out in the presence of triisopropylamine 
for clean and full conversion to 1. Conditions: i) 1.1 eq 28, Et3N , NMP, 130 °C, 7 h; ii) 

i
Pr3SiH, 

TFA, 40 °C, 18 h. 

The nucleophilic aromatic substitution to form morpholine 25 was originally 

reported using 2.2 eq of the amine 43 in n-butanol as a solvent, and reaction 

times of 18 h (Matthews et al. 2009). When we performed this reaction in NMP 

(N-methyl-2-pyrolidone) , the amount of amine 43 could be reduced to 1.1 eq and 

the reaction time to 7 h, while still obtaining the same yield of 25 as had been 

reported in the original procedure (49% yield). In addition, unreacted starting 

material 7 could be recovered in 32% yield. Global deprotection of the Boc- and 

PMB-groups using neat TFA gave the Chk1 inhibitor 16, along with some 

Boc-deprotected material, where the PMB-group was still intact. Addition of the 

cation scavenger triisopropylsilane solved this problem and the reaction went to 

completion. The product was purified by ion exchange chromatography using an 

ISOLUTE® SCX-2 cation exchange column and obtained in 99% yield. 

 

3.3.2 Incorporation of the pyrazole substituents and synthesis of analogues 

17-19 

Of the three opportunities we had identified earlier to introduce a 

substituent onto the pyrazole, we decided to focus on attaching the bioreductive 
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group at the step of pyrazole formation in the first instance (Scheme 3.7). We 

proposed that this strategy would allow us to completely avoid PMB-protection 

throughout the synthesis, making it shorter, faster and therefore potentially higher 

yielding.  

 

Scheme 3.7. Strategy A for the incorporation of the bioreductive group: Synthesis of 
different pyrazole building blocks.  
Starting from the corresponding aldehydes (R

1
=H, R

2
=Ar-NO2) and methyl ketones (R

1
=Me, 

R
2
=Ar-NO2) of different nitro aromatic groups we proposed the synthesis of a variety of 

bioreductively substituted pyrazole building blocks. 

In addition to nitroaromatic aldehydes, we intended to use methyl ketones 

in order to give rise to bioreductive agents with a germinal methyl group. Methyl 

groups aid bioreductive release (Thomson et al. 2007; Thomson et al. 2006; Hay 

et al. 1999).  

Initially we explored conditions similar to those we had used for the 

formation of the PMB-protected pyrazole 21, but instead of anisaldehyde we used 

4-nitrobenzaldehyde 44a and nitrobenzylmethyl ketone 44b in order to 

incorporate the bioreductive group directly and avoid the use of a protecting 

group (Scheme 3.8). Once we had optimised conditions, we planned to apply 

them to the synthesis of the corresponding 2-nitroimidazole substituted 

pyrazoles. 

 

Scheme 3.8. Proposed synthesis of 4-nitrobenzyl pyrazole building blocks.  
Imine formation with carbonyl compounds 44a and 44b proceeded rapidly, while subsequent 
heterocycle formation to form 46a and 46b was unsuccessful. Conditions: i) NH2NH2, THF, RT, 2 

h. Then 4-nitroacetophenone, 0 °C to RT, 6 h. 
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Condensation to the imines 45a and 45b was rapid, but despite exploring 

a range of conditions involving different solvents and bases, formation of 

pyrazoles 46a and 46b could not be achieved.  

Instead of exploring alternative routes to synthesise the bioreductive 

pyrazoles 46a and 46b we decided to incorporate the bioreductive groups later in 

the synthesis of the prodrug. Our alternative strategy involved incorporation of the 

bioreductive group before introduction of the morpholine substituent 

(Scheme 3.9). We predicted that simultaneous deprotection and conversion of 

intermediate 42 into the corresponding chloride 24 using POCl3 would allow 

N-alkylation, followed by nucleophilic aromatic substitution and final deprotection 

of the primary amine. 

 

Scheme 3.9. Strategy B for bioreductive group incorporation.  
Following chlorination and PMB-deprotection (deprot.) of 42, incorporation of the bioreductive 

group R was proposed prior to SNAr and final Boc-deprotection (deprot). 

Matthews and coworkers reported clorination and PMB-deprotection of 

compound 42 in one step using neat POCl3 at 110 °C (Matthews et al. 2009). 

Following this procedure, however, we obtained a mixture of the three products 

22, the deprotected analogue 23 and the 2-N-PMB regioisomer 47 

(Scheme 3.10). 
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Scheme 3.10. Products obtained from an attempted one-step procedure to achieve 
chlorination and PMB-deprotection of 42.  
Using reported conditions, a mixture of 22, deprotected analogue 23 and regioisomer 47 was 

obtained (Matthews et al. 2009). Conditions: POCl3, 110 °C, 2 h. 

Addition of the PMB-cation scavenger anisol had been shown to result in 

cleaner and more rapid deprotection, but in this case did not improve the 

outcome (Muro et al. 2009). Consequently, we decided to first convert 42 into the 

corresponding chloride and carry out the PMP-deprotection in a second and 

separate step. Key intermediate 22 was synthesised as described above 

(Scheme 3.5) and then deprotected to generate 23 using neat TFA in the 

presence of the scavenger triisopropylsilane (Scheme 3.11). This way the 

formation of byproducts was avoided, resulting in higher yields and simpler 

purification. 

In addition to the bioreductive prodrugs 17 and 18, we intended to 

synthesise an inactive analogue 19 as a negative control compound. All of these 

analogues could be obtained from intermediate 22 using the same strategy 

(Scheme 3.11).  
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Scheme 3.11. Synthesis of the analogues 17, 18 and 19 from key intermediate 22. 
Conditions: i) TFA, 

i
Pr3SiH, 60 °C, 5 h; ii) X-R, TBAI, K2CO3, DMF, RT; iii) amine 43, Et3N, NMP, 

120 °C, 7 h; iv) TFA, 
i
Pr3SiH, 40 °C, 2 h. 

After the PMB-deprotection (step i, Scheme 3.11) different pyrazole 

substituents were incorporated for which reaction conditions were optimised as 

summarised in Table 3.3.  

All reactions were carried out in DMF. K2CO3 served as a base, when 

Cs2CO3 was used, the ratio of desired to undesired regioisomer was reversed 

(Table 3.3, entry 2). Higher temperatures resulted in some increase in 

regioselectivity but not an increased yield (Table 3.3, compare entries 3 and 4 

and entries 7 and 8). We directly compared the reaction outcome between the 

use of 2-nitroimidazole chloride and 2-nitroimidazole bromide under otherwise 

identical conditions (Table 3.3, compare entries 3 and 5). Using bromide resulted 

in an improved regioselectivity and also overall yield. However, since the 

synthesis of bromide 37 had proceeded in poor yields (see 3.2.2, Table 3.1), 

chloride 38 was used for the prodrug synthesis. Tetrabutylammonium iodide 

(TBAI) has been shown to accelerate alkylation reactions with alkyl chlorides or 

bromides through in situ halogen exchange, similar to NaI in the classic 

Finkelstein reaction (Klapars and Buchwald 2002). When we combined 
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2-nitroimidazole chloride with TBAI, the regioselectivity increased to 9:1 in favour 

of the desired product and yields improved to 68% (Table 3.3, entry 6). 

Overall, optimised conditions were found to give 54-68% yield of 

1-N-substituted analogues 24a-c from 23 when the reaction was carried out in 

DMF using K2CO3 and TBAI at RT.  

Table 3.3. Optimisation of pyrazole substituent incorporation 

 

Entry X-R Conditions 1-N : 2-Na 1-N : 2-N [%]b 

1 

 

Br-R, K2CO3, 60 °C 2:1 54:nd 

2 Br-R, Cs2CO3, RT 3:5 29:51 

3 

 

Cl-R, K2CO3, RT 2:1 50:16 

4 Cl-R, K2CO3, 60 °C 4:1 40:11 

5 Br-R, K2CO3, RT 4:1 56:nd 

6 Cl-R, TBAI, K2CO3, RT 9:1 68:nd 

7 

 

Br-R, TBAI, K2CO3, RT 6:1 59:11, 7% 48c 

8 Br-R, TBAI, K2CO3, 0 °C nd 50:25 

a
 Ratio from crude reaction mixture. 

b
 Isolated yield. All reactions were carried out in DMF. 

c 
See 

Figure 3.3 for the structure of disubstituted product 48. 

When these optimised conditions (Table 3.3, entry 7) were applied to the 

synthesis of 4-nitrobenzyl analogue 24b, formation of the disubstituted compound 
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48 (Figure 3.3) was observed, which was difficult to separate from the desired 

product. The reaction was consequently carried out at 0 °C, which prevented 

formation of 48 but also lowered the isolated yield of the desired product from 

59% to 50% due to diminished regioselectivity (Table 3.3, compare entries 7 and 

8).  

 

Figure 3.3. Structure of the disubstituted compound 48.  
Compound 48 was obtained as a byproduct during the optimisation of reaction conditions for the 
alkylation of 23. 

With these optimised conditions, analogues 24a-c were readily available 

and attachment of the morpholine ring could be carried out as had been 

optimised previously (see Scheme 3.6) with good yields in all three cases. 

Deprotection of the Boc group was rapid for the three compounds, and the final 

products 17-19 were isolated in high yields (Scheme 3.11).  

 

3.4 In vitro testing of analogues 16-19 

3.4.1 The Chk1 inhibitor 16 sensitises cancer cells to severe hypoxia 

The chosen Chk1 inhibitor 16 was published with a comprehensive 

structural study and enzyme inhibition data demonstrating its potency and 

selectivity for Chk1 over Chk2 and CDK1 (Matthews et al. 2009). However, only 

limited cell-based in vitro data of the compound as a Chk1 inhibitor in human 

cancer cells had been published at that point. Inhibitor 16 has been shown to 

abrogate an etoposide-induced G2 checkpoint in HT29 colon cancer cells with an 
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IC50 value of 5 μM, and further demonstrated cytotoxicity in an SRB 

(sulforhodamine B) assay (GI50 16 μM) in the same cell line (Matthews et al. 

2009).  

In order to investigate Chk1 inhibition following treatment with 16 in RKO 

cells, we employed western blotting using Chk1 autophosphorylation (S296) as 

readout for Chk1 activity. Gemcitabine was used to induce Chk1 activity and this 

treatment combined with a range of doses of inhibitor 16. The Chk1 inhibitor 

Gö6976 was used as a positive control (Figure 3.4) (Kohn, Yoo, and Eastman 

2003). 

 

Figure 3.4. Compound 16 inhibits gemcitabine-induced Chk1 autophosphorylation on 
S296.  
RKO cells were treated as indicated with the following doses: Gö6976 100 nM, gemcitabine 
100 nM, 16 as indicated. Cells were treated with inhibitor as indicated or DMSO for 4 h followed 
by 6 h exposure to gemcitabine where shown. Chk1 autophosphorylation (S296) levels are shown 
as readout for Chk1 activity, and total Chk1 protein levels are shown for comparison. GAPDH is 
shown as a loading control.  

Chk1 autophosphorylation was markedly induced following gemcitabine 

treatment for 6 h and could be inhibited using Gö6976 as expected. Inhibitor 16 

markedly reduced gemcitabine-induced Chk1 autophosphorylation only when 

used at 5 μM or above, indicating a relatively low potency in RKO cells. 

Next we tested the effect of 16 on clonogenic survival following hypoxia 

treatment and reoxygenation in two cancer cell lines. In particular, we examined if 
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RKO and H1299 cells were more sensitive to 16 when exposed to severe 

hypoxia (<0.1% O2) in comparison with normoxia (21% O2) (Figure 3.5). 

 

Figure 3.5. Clonogenic survival curves of H1299 and RKO cells treated with inhibitor 16 in 
severe hypoxia and normoxia.  
A) H1299 cells were seeded in 6-well plates (300 cells/well), after 2 h cells were treated with drug 
and exposed to the indicated O2 concentration for 16 h. Colonies were left to form for 10 days. 
ED50 (21% O2) 8.1 μM, ED50 (<0.1% O2) 5.5 μM. B) RKO cells were seeded in 6-well plates (350 
cells/well), after 2 h treated with drug and exposed to the indicated O2 concentration for 16 h. 
Colonies were left to form for 8 days. ED50 (21% O2) 8.3 μM, ED50 (<0.1% O2) 6.4 μM. Curves 
were fitted in OriginPro using a logistic model (y = A2+(A1-A2)/(1+x/x0)^p). Error bars represent the 
standard error between at least three technical replicates for the represented experiment, n=3. 
* indicates p<0.05.  

Given the dose of 16 required for inhibition of gemcitabine-induced Chk1 

activity in RKO cells, we expected similarly high doses to be necessary for a 

reduction in clonogenic survival. In both cell lines investigated, ED50 values were 
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in the micro molar range. Sensitivity to 16 was significantly increased after 

exposure to severe hypoxia/reoxygenation as was expected for treatment with a 

Chk1 inhibitor (Figure 3.5) (Hammond, Dorie, and Giaccia 2004; Hasvold et al. 

2013; Pires, Bencokova, McGurk, et al. 2010). These results demonstrate that 

treatment with 16 results in biological responses that are characteristic for Chk1 

inhibition. 

 

3.4.2 Initial validation of the analogues 16-19 

We postulated that the formation of 1-N-substituted analogues of the Chk1 

inhibitor 16 resulted in a significantly reduced Chk1 affinity of these analogues 

until prodrug activation in hypoxia had occurred. Analogues 17-19 were designed 

to disrupt hydrogen bonding between the pyrazole of the inhibitor and the amide 

of Glu85 in the ATP-binding site of Chk1. This interaction had been shown to be 

one of three major interactions between 16 and the active site of the enzyme 

(Matthews et al. 2009) (see Figure 3.1).  

In order to validate the expected differences in binding affinity, IC50 values 

against purified Chk1 were determined using a radioactive (33P-ATP) filter-binding 

assay comparing all four analogues, including the active Chk1 inhibitor (Figure 

3.6). 
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Figure 3.6. IC50 determination for compounds 16-19 against purified Chk1.  
A) IC50 values were obtained using a radioactive (

33
P-ATP) filter-binding assay. IC50 values: 16 

0.37 μM; 17 17.95 μM; 18 37.80 μM; 19 no inhibition. This analysis was carried out in duplicate by 
The International Centre for Kinase Profiling, University of Dundee. Curves were fitted in 
OriginPro using a logistic5 model model (y = Amin+(Amax-Amin)/(1+x0/x)^s). Error bars represent the 
standard deviation between four technical replicates for the represented experiment. B) 
Structures of the analogues 16-19. 

As expected, the benzyl-substituted analogue 19 showed no inhibition of 

Chk1 in the investigated dose range, of up to 100 μM. The active inhibitor had an 

IC50 value of 0.37 μM which corresponds well with the reported IC50 value of 

0.39 μM  (Matthews et al. 2009). Affinity of the 4-nitrobenzyl bioreductive 

analogue 17 was decreased by 49-fold in comparison to 16, with an IC50 values 

of 17.95 μM. The 2-nitroimidazole analogue 18 showed an IC50 value of 

37.80 μM, equivalent to a 102-fold decreased affinity relative to 16. Considering 

this difference in IC50 between the active compound and the prodrugs, we 
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expected to see hypoxia-selectivity for both prodrugs, given rapid activation at 

reduced O2 concentrations. 

We had synthesised 19 as a negative control compound and proposed 

that the presence of the benzyl substituent resulted in an inactive analogue of 

Chk1 inhibitor 16. Following the IC50 data which supported this hypothesis, RKO 

cells were treated with 19 and Chk1 activity assessed using western blotting 

(Figure 3.7, A). No reduction of Chk1 autophosphorylation (S296) was detected 

at doses up to 10 μM. Together with the IC50 data, this demonstrates that 19 

showed no Chk1 affinity.  

To further evaluate 19 as a negative control for our studies, we carried out 

a clonogenic survival assay in H1299 cells, using 19 at a range of doses in 

normoxia (21% O2) and severe hypoxia (<0.1% O2). We expected to see no 

effect on cell survival under both conditions over the entire dose range. Despite 

the previously proven inactivity of 19 as a Chk1 inhibitor, a clear reduction in 

clonogenic survival of H1299 cells was observed under both oxygen 

concentrations. With ED50 values of 1.7 μM (21% O2) and 1.9 μM (<0.1% O2) the 

H1299 cells were even more sensitive to 19 than to the Chk1 inhibitor 16, (Figure 

3.7, B and compare with Figure 3.5, B). This result suggests that compound 19 

might have off-target cytotoxic effects, and was consequently considered 

unsuitable as a negative control compound in cell experiments. 
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Figure 3.7. Effect of benzyl substituted analogue 19 on gemcitabine induced Chk1 activity 
and clonogenic survival.  
A) RKO cells were treated as indicated with the following doses: Gö6976 100 nM, gemcitabine 
100 nM, 19 as indicated. Cells were treated for 6 h. Chk1 autophosphorylation (S296) levels are 
shown as readout for Chk1 activity and total Chk1 protein levels shown for comparison. GAPDH 
is shown as a loading control. B) H1299 cells were seeded in 6-well plates (300 cells/well), after 
2 h treated with drug and exposed to the indicated O2 concentration for 16 h. Colonies were left to 
form for 10 days. ED50 (21% O2) 1.7 μM, ED50 (<0.1% O2) 1.9 μM. Error bars represent the 
standard error between technical replicates for the represented experiment, n=3. 

Due to the unexpected toxicity observed with 19, we next tested the two 

bioreductive analogues 17 and 18 in a similar manner. Clonogenic assays in 

H1299 and RKO cells were carried out at 21% O2 in order to preclude any off-

target toxicities. Neither cell line showed significant sensitivity to treatment with 

pChk1 S296 

D
M

S
O

 

G
e

m
 

G
e

m
 +

 G
ö

 

0
.

1
 

1
.0

 

5
.0

 

1
0

 

Gem + 19 [µM] 

G
ö
 

u
n
tr

e
a
te

d
 

GAPDH 

Chk1 

B 

A 

0 2 4 6 8 10

0

20

40

60

80

100

120

 21% oxygen

 <0.1% oxygen

%
 S

u
rv

iv
in

g
 f
ra

c
ti
o
n

M 19

H1299



Chapter 3 – Results 

 

125 

 

the prodrug 18 (Figure 3.8), with ED50 values of 10.7 μM in H1299 cells and 

>40 μM in RKO cells. Similar to what we had observed previously with 19, 

treatment with the 4-nitrobenzyl prodrug 17 significantly decreased cell viability in 

both cell lines. With ED50 values of 3.1 μM (H1299) and 6.9 μM (RKO), toxicity 

was not as marked as with 19, but still greater than with the active Chk1 inhibitor 

16 (compare to Figure 3.5). 

 

Figure 3.8. Clonogenic survival curves of H1299 and RKO cells treated with bioreductive 
analogues 17 and 18.  
A) H1299 cells were seeded in 6-well plates (300 cells/well) and after 2 h treated with drug as 
indicated. Colonies were left to form for 10 days. ED50 (18) 10.7 μM, ED50 (17) 3.1 μM. B) RKO 
cells were seeded in 6-well plates (350 cells/well) and after 2 h treated with drug as indicated. 
Colonies were left to form for 8 days. ED50 (18) >40 μM, ED50 (17) 6.9 μM. Curves were fitted in 
OriginPro using a logistic model (y = A2+(A1-A2)/(1+x/x0)^p). Error bars represent the standard 
error between three technical replicates for the represented experiment, n=3. 
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Consequently, 19 and 17 were excluded from further in vitro testing and 

only 18 and the active inhibitor 16 taken forward. 

 

3.4.3 Investigation of the mechanism of activation of prodrug 18 

In the process of validating the 2-nitroimidazole bioreductive prodrug 18 

we next focused on studying its mechanism of activation in a reducing 

environment. We had proposed that following, enzymatic reduction of the nitro 

group in hypoxia, the presence of an electron-donating amine or hydroxylamine 

would result in prodrug fragmentation and release of Chk1 inhibitor 16. 

In the first instance, we carried out a simple chemical reduction of 18 using 

zinc and ammonium chloride. Shigenaga and coworkers have previously reported 

activation of a peptide by zinc-mediated reduction of a 4-nitrobenzyl group and 

we had employed this method in the reduction of CH-01 (Shigenaga et al. 2012; 

Cazares-Körner et al. 2013). Using the reported conditions, we planned to reduce 

the 2-nitroimidazole prodrug 18 to the corresponding amine 49 which was 

expected to fragment and release the active inhibitor 16 upon exposure to 

aqueous conditions (Figure 3.9, A). Reduction of 18 to the corresponding amine 

49 occurred rapidly, with approximately 86% of the starting material converted to 

49 (69%) and 16 (17%) after 1 h (Figure 3.9, C). 
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Figure 3.9. Chemical reduction of 18 using zinc and NH4Cl.  
A) Proposed reaction scheme for reduction of 18 and exposure to PPB. Compound 18 was 
subjected to zinc reduction (10 eq) in DMF and 10% w/v aqueous NH4Cl (ratio 100:1) and 
samples taken for LCMS analysis, B) UV-trace for starting material 18 at t0. C) After 60 min most 
starting material has reacted to amine 49 (3.73 min) and inhibitor 16 (4.09 min). D) An aliquot 
(5 μl) was taken after 60 min reaction time, injected into 95 μl PPB and left at 37 °C overnight. 
LCMS analysis reveals no further reaction. 

At this stage (after 1 h) an aliquot of the reaction was taken and injected 

into PPB (potassium phosphate buffer, pH 7.4) in order to evaluate fragmentation 

of the reduced prodrug. LCMS analysis revealed no increase in the production of 

16 from 49, even after a reaction time of 18 h at 37 °C (Figure 3.9, D), 

demonstrating that fragmentation of 49 did not occur spontaneously following 

reduction. 
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In order to validate these results in an independent experiment, we used 

sodium dithionite (Na2S2O4) as a reducing agent, following a method reported by 

Heeres and coworkers where Na2S2O4 was used for the reduction of 2-nitropropyl 

starch (Heeres et al. 2001). The product of dithionite oxidation is sulfite and 3 eq 

of Na2S2O4 are required for the full reduction of a nitro group to the corresponding 

amine (Figure 3.10, A). From a deoxygenated Na2S2O4 solution in PPB, 3 eq of 

dithionite were added to a 50 μM solution of 18 in PPB in six portions, 

corresponding to 0.5 eq each. Five minutes after each addition, a sample was 

taken for LCMS analysis to monitor prodrug reduction step by step. 

In contrast to the clean conversion observed in the zinc-mediated 

reduction of 18, this method resulted in a range of new products none of which 

corresponded to the active inhibitor 16. The major products were identified as 

amine 49 and most likely amide 50, eluting at 3.38 min and 3.73 min, respectively 

(Figure 3.10, D and E). Amide 50 could have formed following decomposition of 

dithionite (Figure 3.10, B and E). Solutions of Na2S2O4 are unstable and 

decompose in the presence of oxygen to NaHSO4 and NaHSO3. Consistent with 

our previous observations, fragmentation and release of active inhibitor 16 did not 

take place following reduction to the amine 49. 
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Figure 3.10. Sodium dithionite reduction of prodrug 18.  
A) Redox reaction scheme for the reduction of an organo-nitro compound to the corresponding 
amine using dithionite as a reducing agent. B and C) UV traces of the reaction, with the starting 
material 18 eluting at 5.26 min and two major metabolites at 3.38 min and 3.73 min. D) Proposed 
structure of the product eluting at RT 3.73 min. E) Mass spectra of the two major metabolites, 
corresponding to amine 49 (RT 3.38 min, [M+H]

+
 421/423) and amide 50 (RT 3.73 min, [M+H]

+
 

501/503). 

Although we had previously excluded the 4-nitrobenzyl compound 17 from 

further studies, we used 17 in this experiment as a control compound. Given the 

wide range of products formed when 18 was subjected to dithionite reduction, we 

asked whether this was also the case for 17 and a potential characteristic of the 

method. The reaction was carried out under the same conditions as described 
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above for 18, and proceeded cleanly towards formation of the corresponding 

amine 51, no other products were detected (Figure 3.11). 

 

Figure 3.11. Sodium dithionite reduction of prodrug 17.  
A and B) UV traces of the reaction, with the starting material 17 eluting at 5.81 min and the 
product at 4.37 min. C) Mass spectra of starting material 2 (RT 5.81 min, [M+H]

+
 447/449) and 

product 51 (RT 4.37 min, [M+H]
+
 417/419). 

The clean formation of amine 51 from 17 and the formation of a range of 

products from 18, suggest that dithionite might not be suitable for the reduction 

2-nitroimidazoles. There is no example in the literature of a 2-nitroimidazole 

reduction to the corresponding amine using Na2S2O4. Despite the formation of 

multiple products, the presence of amine 49 and absence of active inhibitor 16 

point towards the fact that the reduced prodrug might be too stable to fragment. 
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Observation of a similar issue for the 4-nitrobenzyl prodrug 17, with reduction 

taking place but fragmentation failing, strengthens this hypothesis. 

As a third way to trigger activation of prodrug 18, we used live cancer cells 

as enzymatic systems. This experiment was considered to be the most accurate 

model system to examine prodrug activation in hypoxia. Colorectal RKO cells 

were treated with 18 and exposed to either normoxia (21% O2) or severe hypoxia 

(<0.1% O2) and cell lysates analysed by LCMS (Figure 3.12).   

 

Figure 3.12. Formation of metabolites from 18 in RKO cells.  
RKO cells were treated with 10 μM 18 and exposed to either normoxia (21% O2) or severe 
hypoxia (<0.1% O2) for 6 h. Cell lysates were analysed by LCMS. A) Representative UV-trace for 
lysates from normoxia treated cells, showing intact prodrug and no metabolites present. B) 
Representative UV-trace for lysate from hypoxia-treated cells. The major metabolite is amine 49, 
together with some minor, unidentified metabolites. C) Comparison of the peak areas from A) and 
B), representing three independent experiments. Error bars represent the standard error between 
technical replicates for the represented experiment, n=3.  
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Consistent with the results from previous reductions of 18, metabolite 

analysis from RKO cells demonstrated stability of the prodrug to normoxia 

(21% O2) (Figure 3.12, A) and formation of amine 49 when cells were exposed to 

severe hypoxia (<0.1% O2) (Figure 3.12, B). A minor amount of other metabolites 

were detected, none of which corresponded to the active inhibitor 16.  

Taken together, the results from these three reduction experiments show 

that prodrug 18, although undergoing reduction to the corresponding amine 49, is 

unsuitable for release of active inhibitor 16. 

 

3.5 Discussion 

We chose a Chk1 inhibitor for the development of a set of bioreductive and 

control analogues. The set was comprised of the active Chk1 inhibitor 16, an 

inactive analogue 19 and two bioreductive prodrugs 17 and 18. All four 

compounds were synthesised following a previously published route for the 

synthesis of 16. Modifications to the synthetic route were made to improve yields 

and selectivity, and the route adapted for the incorporation of different pyrazole 

substituents. We found a convenient synthetic route towards the bioreductive 

2-nitroimidazole building block. This synthetic route has recently been further 

optimised by others in our research group and additional functional analogues 

were synthesised (O’Connor et al. 2015). Pyrazole formation using the aldehyde 

of the corresponding bioreductive group did not succeed following imine 

formations. It is likely that the presence of the mesomerically electron 

withdrawing nitro group resulted in decreased nucleophilicity of the imine, and 

hence rendered heterocycle formation unfavourable. Alternatively, we could have 

attempted to form the hydrazine of the bioreductive group first followed by 
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pyrazole formation with this more nucleophilic system as had been reported for 

other molecule with electron withdrawing groups (Sakya and Rast 2003; Quiroga 

et al. 2008). Given that incorporation of the pyrazole substituents at a later stage 

in the synthesis was successful this strategy was not pursued further. 

Despite being a potent inhibitor against purified Chk1, the active Chk1 

inhibitor 16 showed relatively low potency when used in RKO and H1299 cells 

both, in western blotting and clonogenic survival assays. 16 had to be used at 

micro molar doses in order to show an inhibitory effect and reduced cell survival. 

Survival of RKO and H1299 cells following treatment with 16 in conjunction with 

exposure to severe hypoxia and reoxygenation was decreased in comparison to 

when cells were treated with 16 only. We chose these cell lines in order to study 

16 in a p53 wt (RKO) and a p53 null (H1299) background (Smith et al. 1995). 

H1299 cells have a homozygous partial deletion of TP53 gene and lack p53 

protein expression. Inhibition of Chk1 as a therapeutic strategy has been widely 

indicated in combination with DNA damaging agents in a p53-mutant 

background, where lack of functional p53 renders cells reliant on the G2/M and S 

phase checkpoints (Ma, Janetka, and Piwnica-Worms 2011; McNeely, 

Beckmann, and Bence Lin 2014). Reoxygenation after chronic exposure to 

severe hypoxia leads to accumulation of damage and Chk2-dependent cell cycle 

arrest and Chk1 has been suggested to contribute to this response (Freiberg, 

Hammond, et al. 2006; Pires, Bencokova, McGurk, et al. 2010). Inhibition of Chk1 

prevents cell cycle arrest in G2 and can cause premature entry into mitosis in the 

presence of DNA damage. Acutely severely hypoxic cells were shown to be 

sensitive to Chk1 inhibition, especially following reoxygenation-induced 

replication restart. This was attributed to the role Chk1 plays in delaying origin 
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firing and maintaining replication fork stability under these conditions. In 

consequence, Chk1 inhibition leads to increased origin firing in the presence of 

reoxygenation-induced DNA damage. As a result, p53-proficient cells undergo 

p53-dependent apoptosis and p53-mutant cells are likely to accumulate 

increased genomic instability over the course of several cell cycles, ultimately 

resulting in cell death due to checkpoint impairment (Pires, Bencokova, Milani, et 

al. 2010; Pires, Bencokova, McGurk, et al. 2010). 

Despite the promising IC50 data we obtained, the benzyl and 4-nitrobenzyl 

substituted compounds 19 and 17 were excluded from further in vitro studies. 

They both showed increased toxicity in cells in comparison to the active Chk1 

inhibitor 16. There have been numerous examples of pyrazolopyridine-based 

inhibitors and it is likely that compounds 19 and 17 hit off-target effects. In 

particular, compounds with non-polar pyrazole substituents, such as alkyl chains 

or benzyl groups have been documented as phosphodiesterase-4 (PDE4) 

inhibitors (Hamblin et al. 2008). Inhibition of PDE4 leads to augmentation of 

cAMP levels, which in turn can cause a range of cellular responses such as 

altered gene regulation, proliferation or apoptosis. The exact cause for toxicity 

arising from 19 and 17 is unclear. 

We have demonstrated in three different experiments that spontaneous 

fragmentation of the 2-nitroimidazole prodrug 18 following reduction did not 

occur. Additionally, dithionite reduction of the 4-nitrobenzyl prodrug 17 generated 

the reduced prodrug exclusively, without further fragmentation even after 

prolonged periods of time. The high stability of both of these reduced 

intermediates which were designed to release the same Chk1 inhibitor, suggests 

strongly that fragmentation of the prodrug was prevented by a poor leaving group 
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ability of the active inhibitor. Initial fragmentation studies on model systems 

resembling a similar leaving group situation would have been of great value and 

potentially prevented the choice of inhibitor 16. Alternatively we considered 

changing the linker moiety between Chk1 inhibitor and bioreductive group from a 

methylene to a carbamate linker. A method for the incorporation of the 

nitroimidazole carbamate building had been reported before but after taking into 

account the poor potency of 16 in cells we decided to choose a different inhibitor 

(Hay, Wilson, and Denny 2000; Hay et al. 2003; Hay, Wilson, and Denny 2005). 
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CHAPTER 4 

DEVELOPMENT OF A 2-NITROIMIDAZOLE BIOREDUCTIVE 

PRODRUG BASED ON A POTENT AND SELECTIVE CHK1-INHIBITOR 

4.1 Introduction 

Inhibitor 16, which built the basis of the analogues 17-19 in Chapter 3, has 

recently been further developed into the potent and highly selective Chk1 inhibitor 

SAR020106 (Matthews et al. 2009; Reader et al. 2011; Matthews et al. 2010). 

SAR020106 has now undergone extensive in vitro and in vivo testing. The drug 

radiosensitised p53-mutant cells and potentiated gemcitabine- and irinotecan-

induced  toxicity in SW620 colon cancer cells and tumour xenografts (Walton et 

al. 2010; Reader et al. 2011; Borst et al. 2013; Touchefeu et al. 2013). 

Using x-ray crystallography Reader and coworkers showed binding of 

SAR020106 to the hinge region of Chk1 through Glu85 and Cys87, as was the 

case for the preceding molecule 16 (Figure 4.1, A) (Reader et al. 2011). The 

ribose pocket of the kinase was occupied by the dimethylamine side chain and 

the nitrile group formed a hydrogen bond with Lys38. Excellent selectivity for 

Chk1 over Chk2 (>3000-fold) was achieved by substitution of the isoquinoline to   

an 8-chloroisoquinoline.  

We proposed to synthesise the 2-nitroimidazole prodrug 52 directly from 

SAR020106 and 5-(chloromethyl)-2-nitroimidazole 38 (Figure 4.1, B). Positioning 

of the bioreductive group on the inhibitor aniline was expected to disrupt 
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interaction with the Chk1 hinge region resulting in significantly reduced binding 

affinity of prodrug 52 in comparison with the active inhibitor SAR020106. 

 

 

 

 

Figure 4.1. Design of the bioreductive Chk1 inhibitor 52 based on SAR020106.  
A) X-Ray crystal structure of SAR020106 in the ATP-binding site of Chk1 (PDB 2ym8). Hydrogen 
bonds are shown as dashed yellow lines with their length given in Å. Selected interacting amino 
acid residues are depicted. An arrow indicates the chosen site of substitution. B) Proposed 
synthesis of 2-nitroimidazole prodrug 52 by direct alkylation of SAR020106. 

 

4.2  In vitro testing of SAR020106 in hypoxia 

A small amount (20 mg) of the Chk1 inhibitor SAR020106 was kindly 

provided (Professors Michelle Garrett and Ian Collins, The Institute of Cancer 

Research, London) for our studies. We tested SAR020106 in the context of 

hypoxia, in particular regarding its effect on cell viability and carried out 

clonogenic survival assays. Due to the limited amount of SAR020106 available 

for in vitro testing and the synthesis of a bioreductive analogue, clonogenic 

survival assays were scaled down to a 96- to 12-well format, depending on the 

B 

A 
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cell line. Using HeLa cells, the assay could be carried out in 96-well plates 

(Figure 4.2). In order to maximise the number of colonies obtained in this format, 

cell numbers were optimised by seeding different cell densities (Figure 4.2, A) 

and determining the plating efficiency (Figure 4.2, B). HeLa cells form discrete 

colonies and an optimal number of 200 cells could be plated per well with a 

plating efficiency of 52%. At higher plating densities, the colonies overlapped and 

could not be resolved. Colonies were an appropriate size (>50 cells per colony) 

after 6 days, making this format of the clonogenic assay relatively quick in 

comparison to the typical 6-well setup. 

 

Figure 4.2. Optimisation of a 96-well clonogenic assay and dose-response curve for 
SAR020106 in HeLa cells.  
A) HeLa cells were seeded in a 96-well plate at the indicated densities and colonies left to form 
for 6 days. Cells were then fixed with Crystal Violet stain and colonies counted using a GelCount 
colony counter. B) The optimal cell density was determined as 200 per well, considering the 
plating efficiency. C) Using the 96-well assay, a dose-response curve was determined with 
SAR020106 in 21% O2 and <0.1% O2 (24 h exposure). Curves were fitted in OriginPro using a 
logistic model (y = A2+(A1-A2)/(1+x/x0)^p) and ED50 values determined: ED50 (21% O2) 1.11 mM, 
ED50 (<0.1% O2) 0.90 mM. Error bars represent the standard error between technical replicates 
for the represented experiment, n=3. 
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A dose-response curve for SAR020106 in HeLa cells was determined in 

this format, comparing normoxia (21% O2) with severe hypoxia (<0.1% O2) 

(Figure 4.2, C). Cells were treated at the indicated O2 concentration for 24 h and 

then colonies left to form. The dose-response curves for both O2 concentrations 

are almost overlapping with ED50 values of 1.11 mM (21% O2) and 0.90 mM 

(<0.1% O2), indicating a comparable sensitivity of HeLa cells to SAR020106 in 

normoxia and severe hypoxia. Given that inhibition or deletion of Chk1 sensitises 

cells to severe hypoxia/reoxygenation (Hammond, Dorie, and Giaccia 2004; 

Pires, Bencokova, McGurk, et al. 2010), this result was surprising. We had 

expected to see a greater sensitisation to SAR020106 in severe hypoxia than in 

normoxia. It is possible that the prolonged drug exposure (6 days) in this 

experiment impaired normal DNA replication and cell cycle progression to such 

an extent that any increased sensitivity due to hypoxia/reoxygenation were 

masked by this effect.  

Preclinical in vitro data in SW620 colon carcinoma cells showed that 

SAR020106 caused abrogation of an SN38-induced S phase arrest and an 

etoposide-induced G2/M arrest at low micro molar concentrations. Western 

blotting for SN38- and gemcitabine-induced biomarker changes of Chk1 activity 

following treatment with a range of SAR020106 concentrations further 

demonstrated inhibition of Chk1 activity at >1 μM SAR020106 (Walton et al. 

2010). We carried out western blotting for Chk1 activity (autophosphorylation on 

S296) in RKO colorectal cancer cells in order to demonstrate inhibition of Chk1 

by SAR020106 following severe hypoxia/reoxygenation. To determine an 

appropriate drug concentration for inhibition of Chk1 in RKO cells following 

replication stress (100 nM gemcitabine) and severe hypoxia/reoxygenation (7 h 
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severe hypoxia followed by 1 h reoxygenation), we exposed cells to increasing 

concentrations of SAR020106. In response to gemcitabine-induced replication 

stress and following severe hypoxia/reoxygenation, Chk1 autophosphorylation on 

S296 was increased relative to the untreated controls, and a marked decrease in 

pChk1 S296 levels was seen at an SAR020106 concentration of 500 nM or 

above (Figure 4.3).  

 

Figure 4.3. Inhibition of Chk1 autophosphorylation by SAR020106 in RKO cells.  
RKO cells were treated with the indicated doses of SAR020106 and exposed to either 21% O2 for 
7 h, 100 nM gemcitabine at 21% O2 for 7 h or <0.1% O2 followed by 1 h of reoxygenation at 21% 
O2. Western blotting was carried out. Chk1 autophosphorylation (S296) levels are shown as 
readout for Chk1 activity and total Chk1 protein levels are shown for comparison. GAPDH is 
shown as a loading control. 

 For numerous reasons we decided to continue our study in two 

oesophageal cancer cell lines. Firstly, carcinomas of the oesophagus are known 

to form hypoxic tumours. Secondly, it has often been noted that the efficacy of 

Chk1 inhibitors depends on the functional status of the p53 pathway (Garrett and 

Collins 2011; Chen et al. 2012; McNeely, Beckmann, and Bence Lin 2014) and 

we therefore chose to study cell lines with mutations in the P53 gene. Thirdly, 

amplification of the MYC oncogene causes replication stress and is frequently 

found in carcinoma of the oesophagus (Tselepis et al. 2003; von Rahden et al. 

2006) indicating that targeting the replicative stress response could be a 

promising strategy to target oesophageal cancer cells.  
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Hypoxia-induced Chk1 signalling had not previously been studied in 

oesophageal cancer cells.  We chose two oesophageal cancer cell lines for our 

study, the adenocarcinoma cell line FLO-1 and the squamous carcinoma cell line 

OE21. We initially investigated the previously seen ATR-mediated Chk1 

activation in response to severe hypoxia in FLO-1 cells. Upon exposure of FLO-1 

cells to severe hypoxia (<0.1% O2), increased Chk1 phosphorylation levels were 

detected as early as 2 h on residues S296, S317 and S345. ATR-induced 

phosphorylation (S317, S345) and Chk1 autophosphorylation (S296) levels 

peaked at 6 h (Figure 4.4, A), indicating Chk1 activity to be highest after 6 h 

exposure to <0.1% O2.  

 

Figure 4.4. Chk1 is phosphorylated and active in response to severe hypoxia in FLO-1 cells 
and SAR020106 inhibits this activity.  
A) FLO-1 cells were treated with hypoxia (<0.1% O2) for the indicated times. Rapid 
phosphorylation of Chk1 at its ATR (S317 and S345) and autophosphorylation sites (S296) was 
seen. Hif-1α is shown as a hypoxia marker. Total Chk1 protein levels are shown for comparison. 
β-Actin is shown as a loading control B) Hypoxia-induced (<0.1% O2) Chk1 activity in FLO-1 cells 
was inhibited using SAR020106 (500 nM). Cells were treated with drug and severe hypoxia for 
6 h. Hif1α is shown as a hypoxia marker. Total Chk1 protein levels are shown for comparison. 
H2A is shown as a loading control. 

Hypoxia-induced Chk1 autophosphorylation on S296 could be inhibited in 

FLO-1 cells using 500 nM SAR020106 (Figure 4.4, B).  

Given the clear inhibitory effect SAR020106 showed in FLO-1 cells, we 

decided to study its effect on cell survival in severe hypoxia (<0.1% O2) and 

normoxia (21% O2) and carried out clonogenic assays in both, FLO-1 and OE21 
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cells. These assays could not be performed in a 96-well format due to the larger 

size of colonies formed by FLO-1 and OE21 cells, but they could be scaled down 

to 24-well (FLO-1) and 12-well (OE21) assays in order to use as little drug as 

possible. Surprisingly, as we had seen before for HeLa cells, both cell lines 

showed a similar sensitivity to SAR020106 in normoxia and severe hypoxia 

(<0.1% O2, 16 h) with both dose response curves overlapping (Figure 4.5). OE21 

cells were more sensitive to SAR020106 than FLO-1, with ED50 values of 

0.44 μM (normoxia) and 0.56 μM (severe hypoxia) for OE21, and 1.37 μM 

(normoxia) and 1.35 μM (severe hypoxia) for FLO-1. 

 

Figure 4.5. Dose-response curve for SAR020106 in FLO-1 and OE21 cells.  
A) FLO-1 cells were seeded in 24-well plates (100 cells/well) after 2 h treated with drug and 
exposed to the indicated O2 concentration for 16 h. Colonies were left to form for 10 days. B) 
OE21 cells were seeded in 12-well plates (100 cells/well) after 2 h treated with drug and exposed 
to the indicated O2 concentration for 16 h. Colonies were left to form for 8 days. Curves were fitted 
in OriginPro using a logistic model (y = A2+(A1-A2)/(1+x/x0)^p) and ED50 values determined. FLO-
1: ED50 (21% O2) 1.37 μM, ED50 (<0.1% O2) 1.35 μM. OE21: ED50 (21% O2) 0.44 μM, ED50 
(<0.1% O2) 0.56 μM. Error bars represent the standard error between replicates for the shown 
experiment, n=3. 

It is well established that inhibition of Chk1 results in accumulation of DNA 

damage and genomic instability  (Syljuåsen et al. 2005; Lam et al. 2004). After 

having demonstrated inhibition of Chk1 signalling and loss of cell viability in OE21 

and FLO-1 cells following treatment with SAR020106, we investigated whether 

treatment with SAR020106 resulted in an increased accumulation of DNA 

damage. OE21 cells were seeded in chamber slides and the following day 
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treated with either 500 nM SAR020106 or DMSO for 6 h while exposed to 

normoxia (21% O2) or severe hypoxia (<0.1% O2). Cells were fixed while still at 

the O2 tension of treatment, i.e. without the induction of reoxygenation-induced 

damage, and were then processed for immunofluorescence microscopy. Since 

the DNA damage indicator and marker of replication stress γH2AX is robustly 

induced in severe hypoxia, we chose to analyse the formation of 53BP1 foci to 

evaluate DNA damage in response to SAR020106.  Cells were scored as positive 

or negative for 53BP1 according to their total number of foci (Figure 4.6). Given 

the basal levels of DNA damage in this cell line, cells with more than 6 foci were 

considered 53BP1 positive and those with 6 or less foci as 53BP1 negative.  

 

Figure 4.6. SAR020106 treatment leads to DNA damage in OE21 cells in normoxia and 
severe hypoxia.  
OE21 cells were seeded in chamber slides, treated with either DMSO or SAR020106 (500 nM) 
and severe hypoxia (<0.1% O2) or normoxia (21% O2) for 6 h. A) Cells were stained for 53BP1 
and scored according to their number of foci, where 53BP1 positive cells contained >6 foci. At 
least 100 cells from 8-10 different fields of view were scored per condition and experiment. B) and 
C) representative images of OE21 cells. Error bars represent the standard error between 
technical replicates, n=4. * indicates p<0.05. 

A significant increase in 53BP1 foci formation was seen in the SAR020106 

treated cells in comparison with the DMSO treated controls and this increase was 

comparable between severe hypoxia and normoxia. Together with the clonogenic 

survival data, these results surprisingly suggest that sensitivity of FLO-1 and 
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OE21 cells towards SAR020106 was not altered upon exposure to severe 

hypoxia or severe hypoxia/reoxygenation.  

 

4.3 Optimisation of synthesis and purification of 52 

4.3.1 Synthesis of 52 

We planned to synthesise the bioreductive prodrug 52 from the known 

inhibitor SAR020106 in one step by alkylation of the secondary aniline using 

5-(chloromethyl)-2-nitroimidazole 38. Given the small amount of material we had 

to find optimal reaction conditions, optimisation had to be carried out on an 

analytical scale (<0.5 mg scale, monitoring by HPLC). HPLC conditions were 

optimised to the method outlined in Chapter 6. The optimal detection wavelength 

for both reactants was 360 nm and any product formed was assumed to show 

similar absorbance properties. An initial test reaction to couple SAR020106 and 

38 was carried out in DMF at RT with 2 eq of the chloride 38 relative to 

SAR020104 and 1 eq Cs2CO3. The same reaction was also set up using 

substoichiometric amounts (10 mol%) of TBAI which, similar to NaI, had been 

shown to accelerate alkylations using alkyl chlorides or bromides through in situ 

halogen exchange (Klapars and Buchwald 2002). Both reactions showed the 

same pattern of product formation, indicating that the use of TBAI did not 

accelerate the reaction (Figure 4.7).  
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Figure 4.7. Initial test reactions for the formation of 52.  
Two test reactions (A and B) were monitored by HPLC. Conditions for reaction A: 2 eq 38, 1 eq 
Cs2CO3, DMF, RT. Conditions for reaction B: like A, with additional 0.1 eq TBAI. The HPLC traces 
and area analyses shown were taken after 24 h reaction time. Formation of three new products 
was seen, two of which showed an ion [M]

+
 522 (peaks at RT 5.74 and 6.63 mins)  and one an ion 

[M]
+
 661 in ESI+ MS. Ions [M]

+
 522 were expected to be the desired product 52 and regioisomer 

53, ion [M]
+
 661 to be a doubly-alkylated form 54. 

The formation of three products was seen, two of which showed a signal of 

m/z 522 Da and a third peak corresponding to m/z 661 Da. Assuming that one of 

the products with m/z 522 Da was the desired prodrug 52, we reasoned the other 

to be a regioisomer 53 where alkylation took place on a different nitrogen atom. 

The mass of the third product corresponded to a double-alkylation product 54. 

In order to optimise reaction conditions towards the desired product, the 

two possible products had to be clearly identified. Given the restricted amount of 

material available, we attempted to distinguish them by mass spectrometry. If the 
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molecules fragmented by breakage between the aniline nitrogen and the 

aromatic substituents, characteristically different fragments could be expected for 

52 and 53, but no such fragmentation pattern could be observed (with Dr James 

Wickens, Department of Chemistry, Oxford). Further, while the byproduct 53 was 

expected to always show as [M]+, the desired product 52 would be able to form 

different positively charged species, i.e. [M+H]+, [M+Na]+, [M+K]+. [M+NH4]
+. We 

attempted to favour formation of these specific molecular ions using sodium 

citrate, potassium citrate and ammonium acetate as additives for mass 

spectrometry. Neither of the two products showed formation of those ions in ESI+ 

mode. 

To clearly identify the two products, we decided to find optimal reaction 

conditions to favour the formation of either and then isolate enough material for 

NMR analysis. A range of reaction conditions were investigated, as summarised 

in Table 4.1. 
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Table 4.1. Optimisation of synthesis of the regioisomers 52 and 53.  

Entry Conditionsa Time %52b %53b %54b 

1 1 eq Cs2CO3, 2 eq 38, RT 90 min 10.0 8.1 1.5 

2 1 eq Cs2CO3, 2 eq 38, 50 °C 15 min 12.9 10.5 2.8 

3 1 eq 38, RT 2 d 0 33.6 0 

4 1 eq 38, 50 °C 7 h 0 76.4 0 

5 1 eq Cs2CO3, 0.75 eq 38, 100 °C 2 h 22.6 1.5 0 

6 1 eq Cs2CO3, 1 eq 38, 50 °C 2 h 49.0 3.2 5.2 

a
 All reactions were carried out in DMF. 

b
 %Product corresponds to the % peak area relative to the 

peak area of the limiting starting material. 

The initial test reaction seen in Figure 4.7 was repeated (Table 4.1, entry 

1) and monitored. Both products 52 and 53 formed at a similar rate. The 

temperature was increased to 50 °C in order to determine whether this would 

favour formation of one product, but other than an overall faster turnover no 

difference was seen (Table 4.1, entry 2). In both reactions, formation of doubly-

alkylated 54 was detected. To avoid generation of 54, the amount of chloride 38 

was reduced to 1 eq or less in subsequent reactions. Formation of the pyridinium 

product 53 was expected to take place and be favoured in the absence of base. 

The reaction was carried out in the absence of base at RT and showed selective 

but very slow formation of one product (Table 4.1, entry 3). An increase of the 

reaction temperature to 50 °C resulted in the much faster, selective formation of 

the same product, with 77% conversion after 7 h (Table 4.1, entry 4). The 

selective formation of this product in the absence of base together with the 
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previously seen absence of ions in ESI- mass spectrometry suggested it to be the 

pyridinium species 53. 

Formation of 52 over 53 or the double alkylated 54 was achieved in the 

presence of 1 eq of base and 0.75 eq of chloride 38. Carried out at 100 °C (Table 

4.1, entry 5), the reaction turned dark brown in colour after 2 h and HPLC showed 

the presence of several side products, but when the temperature was lowered to 

50 °C and stoichiometric amounts of 38 used, 49% conversion was detected 

(entry 6). 

We next decided to scale up this reaction in order to be able to carry out 

NMR analysis and unambiguously identify the major product. The reaction 

conditions were changed slightly from those in Table 4.1, entry 6. Small amounts 

of the two by products 53 and 54 had been seen with those conditions and we 

speculated that increasing the amount of base to 2 eq might solve this issue. The 

reaction was scaled up to 2.4 mg SAR020106 and conditions employed as 

shown in Scheme 4.1. 

 

Scheme 4.1. Selective synthesis of either 52 or 53 for NMR analysis.  
The reaction was carried out to selectively form either of the two analogues 52 and 53 for 

identification by NMR analysis. 

After 6.5 h, conversion had gone up to 47% with still 51% of SAR020106 

starting material left and almost no side products. At this stage the reaction was 

stopped to enable isolation of the product and recovery of starting material. Semi-
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preparative HPLC as described in Chapter 6 was used to sufficiently separate 

starting material from product. The trifluoroacetate of the product was isolated in 

high purity (96% purity, 2.1 mg) along with recovered starting material (92% 

purity, 1.5 mg) (see appendix B).  

Subsequently, 2D-NMR analysis was carried out in order to identify the 

product. In the HMBC NMR spectrum we were looking for a correlation between 

carbon C1’ and protons C6’-H and C6’’-H as a characteristic for analogue 52 

(Figure 4.8). This correlation was not expected to be seen in the pyridinium 

regioisomer 53 and thus would prove the identity of the desired product 52. As 

seen in Figure 4.8, this correlation was clearly present in the isolated product and 

proved that the compound was the desired product 52. 

 

Figure 4.8. HMBC NMR spectrum of 52.  
The correlation between carbon C1’ and protons C6’-H and C6’’-H prove identity of the compound 
as 52. The spectrum was recorded on a Bruker AVII500 sprectrometer (500 MHz). 

As another way to distinguish between the pyridinium salt 53 and product 

52, we tested their stability to hydrolysis in the presence of base (Peixoto et al. 

2010; Burns, Jessing, and Baran 2009; Miyata et al. 2013; Rodenko et al. 2011). 

A crude mixture of a previously performed reaction, containing all three products, 

was treated with pyridine at 90 °C and monitored by HPLC. We anticipated that 

C6’’H
2
 C6’H 

C1’ 
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pyridinium salts would hydrolyse under these conditions while 52 was expected 

to be stable. As shown in Figure 4.9, the ratio of the different species changed as 

expected with a decrease in 53 and 54, while the amounts of starting material 

SAR020106 and product 52 increased over time. 

                        

 

Figure 4.9. Selective hydrolysis of pyridinium species 53 and 54.  
A crude mixture from a previous reaction was taken (25 μl in DMF), pyridine added (10 μl) (t0 
HPLC trace taken at this stage) and the reaction heated to 90 °C. A decrease in pyridinium 
species (6.63 and 7.04 mins) and an increase in their respective hydrolysis products (5.36 and 
5.74 mins) was seen after 5 h. 

Considering the previously described observations, we were confident at 

this point that we had resolved the identity of products 52 and 53.  

Previously, purification of 52 for NMR studies had been carried out in a 

semi-preparative fashion using a water/acetonitrile/0.1% TFA system. For testing 

in cells, however, trifluoroacetates are undesirable, since TFA has been shown to 

be toxic to osteoblasts, chondrocytes and different organisms (Ulhaq et al. 2013; 
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Wang et al. 2014). Consequently, we aimed to isolate 52 as the hydrochloride, 

acetate or the free base. 

The simplest way to convert a trifluoroacetate into a hydrochloride is by 

lyophilising the sample several times with aqueous HCl (Andrushchenko, Vogel, 

and Prenner 2007). We took a small amount of 52 trifluoroacetate and lyophilised 

it three times with 0.1 M HCl. HPLC analysis after this process revealed partial 

degradation of 52 to SAR020106 and an additional, unidentified product. Next, 

we attempted to optimise semi-preparative HPLC conditions to a 

water/acetonitrile/1% AcOH system, but peaks appeared significantly broader 

under these conditions than when 0.1% TFA was used and separation of 52 and 

SAR020106 was not possible. 

 In collaboration with Dr. Michael Stratford (Department of Oncology, 

University of Oxford) a range of HPLC columns and systems were investigated 

for preparative separation of 52 from SAR020106. Excellent separation was 

achieved using a Gemini®-NX column and isocratic conditions (60% acetonitrile / 

40% H2O + 0.2% NH3, pH 11) (Figure 4.10, A). With this column, systems with 

extreme pH values can be employed which is particularly useful for ionisable 

compounds like most drug-like molecules. At pH 11, as used in our method, both 

compounds (52 and SAR020106) are expected to be completely deprotonated. 

This ensures higher retention times under reverse phase conditions and sharp 

peaks due to the single ionisation form. The synthesis of 52 was scaled up to 

9.5 mg of SAR020106 starting material and the prodrug could be purified using 

the above column. Because of the excellent peak separation, this column could 

be loaded with approximately 200 μg of crude product per run and 6.2 mg of 52 

were obtained for in vitro testing (>99% purity, 48% yield) (Figure 4.10). 
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Figure 4.10. Purification of 52.  
A) A Gemini®-NX column was used to separate 52 (4.47 min) from the starting material 
SAR020106 (6.07 min). The system was run isocratically (60% acetonitrile / 40% H2O + 0.2% 
NH3) at pH 11. B) 52 was isolated as the free base in excellent purity (>99%). C and D) 52 shows 
a maximum UV absorbance at 345 nm and a clean [M+H]

+
 signal (100% abundance) in ESI+ 

mass spectrometry. 

 

4.4  Validation of the bioreductive mechanism of action 

4.4.1  The bioreductive prodrug 52 shows decreased Chk1 affinity and 

cytotoxicity  

We had chosen the site of bioreductive group attachment on SAR020106 

in such a way that an interaction between the secondary aniline of the inhibitor 

and the Glu85 residue in the hinge region of the Chk1 active site would be 

directly disrupted. We further hypothesized that this substitution also prevented 

hydrogen bonding between Cys87 and the isoquinoline moiety and an overall 

reduced binding affinity of the prodrug 52 to Chk1. In order to test this hypothesis, 

IC50 values of the active inhibitor SAR020106 and 52 against the purified kinase 
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were determined using a radioactive (33P-ATP) filter-binding assay (Figure 4.11). 

The determined IC50 for SAR020106 was 0.005 μM (literature: 0.013 μM (Reader 

et al. 2011)) and the prodrug 52 had a 55-fold increased IC50 value of 0.274 μM. 
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Figure 4.11. IC50 determination for 52 and SAR020106 against purified Chk1.  
IC50 values for 52 and SAR020106 were obtained using a radioactive (

33
P-ATP) filter-binding 

assay. SAR020106 had an IC50 value of 0.005 μM, while 52 showed a 55-fold decreased affinity 
with an IC50 value of 0.274 μM. This analysis was carried out three times in duplicates by The 
International Centre for Kinase Profiling, University of Dundee. Curves were fitted in OriginPro 
using a logistic5 model (y = Amin+(Amax-Amin)/(1+x0/x)^s). Error bars indicate the standard error 
between technical replicates, n=4. 

Having observed this significant difference in Chk1 affinity between 

prodrug and active inhibitor, we next tested 52 for its effect on cell viability in 

comparison with SAR020106 in a clonogenic survival assay (Figure 4.12). FLO-1 

and OE21 cells were exposed to a dose range of either 52 or SAR020106 and 

colonies counted. As expected, 52 showed no effect on clonogenic survival over 

the investigated dose range (up to 2.5 μM).  
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Figure 4.12. The bioreductive prodrug 52 has no effect on clonogenic survival in FLO-1 and 
OE21 cell at 21% O2.  
Clonogenic survival assays were performed at 21% O2. A) FLO-1 cells were seeded in 24-well 
plates (100 cells/well), after 2 h treated with drug and colonies were left to form for 10 days. B) 
OE21 cells were seeded in 12-well plates (100 cells/well), after 2 h treated with drug and colonies 
were left to form for 8 days. Curves were fitted in OriginPro using a logistic model (y = A2+(A1-
A2)/(1+x/x0)^p). Error bars indicate the standard error between technical replicates, n=3. 

Together with the IC50 data, this result shows that substitution of 

SAR020106 with the 2-nitroimidazole group resulted in the generation of the truly 

inactive prodrug 52. We had shown previously by western blotting that 

SAR020106 could be used at doses as low as 500 nM to achieve inhibition of 

Chk1 signalling (Figures 4.3 and 4.4). In addition, cell survival in three cancer cell 

lines was severely compromised when cells were treated with SAR020106 at 

concentrations as high as 2.5 μM or above (Figures 4.2 and 4.5). Assuming 

prodrug 52 was going to be used at concentrations similar to the active inhibitor 

SAR020106, Figure 4.12 demonstrates that 52 showed no cytotoxicity at 

biologically relevant doses. 

 

4.4.1  Inhibition of Chk1 by 52 requires reduction of the prodrug 

After compound 52 had been validated as a non-toxic prodrug in OE21 

and FLO-1 cells with a 55-fold reduced affinity to Chk1 compared to its active 

analogue, we next studied the mechanism of prodrug activation. With the 

0.1 1

0

20

40

60

80

100

120
OE21

 SAR020106

 Prodrug 52

%
 S

u
rv

iv
in

g
 f
ra

c
ti
o
n

mM drug

0.1 1

0

20

40

60

80

100

120

FLO-1

 SAR020106

 Prodrug 52

%
 S

u
rv

iv
in

g
 f
ra

c
ti
o
n

mM drug

A B 



Chapter 4 – Results 

 

155 

 

2-nitroimidazole group as a bioreductive trigger, we expected 52 to become 

irreversibly reduced and activated at a partial O2 pressure of approximately 

10 mmHg (1.3% O2) and below (Arteel, Thurman, and Raleigh 1998; Kizaka-

Kondoh et al. 2003). It has been shown that the 2-nitroimidazole prodrug TH-302 

undergoes activation at O2 concentrations below 1.5% (Hu et al. 2010). In 

addition, similar to TH-302, we expected the activation of 52 to be CYP450 

dependent (Meng et al. 2012).  

We carried out the CYP450 reductase assay at a range of O2 

concentrations. Samples were taken up to 6 h after initiation of the reaction and 

analysed by LCMS. A detection wavelength of 360 nm was employed, which 

gave high absorbance for SAR020106 and 52 while other components of the 

assay (i.e. NADHP, G6P) did not interfere. Any metabolites derived from 52 were 

expected to show similar absorbance properties. LCMS analysis revealed the 

formation of one major metabolite, which showed an absorption maximum at 

345 nm and was identified as the hydroxylamine 55 (Figure 4.13).  

 

Figure 4.13. CYP450 reduces 52 to the hydroxylamine 55.  
A) A representative HPLC trace is shown for CYP450 reduction of 52 at <0.1% O2 after 1 h. 
Beside prodrug 52, the major metabolite at 4.45 min is hydroxylamine 55. B) ESI+ mass 
spectrometry for the metabolite eluting at 4.45 min shows the characteristic [M+H]

+
 of the 

hydroxylamine 55. 
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We carried out the CYP450 reductase assay at four different O2 

concentrations to investigate the O2 dependency of prodrug activation (<0.1%, 

1%, 3% and 21% O2) (Figure 4.14). Samples were taken up to 6 h after initiation 

(CYP450 addition) of the reaction and analysed by LCMS. Consumption of 

prodrug and generation of hydroxylamine 55 from 52 was rapid at <0.1% O2. 

Although we had anticipated a short half-life for the reduced prodrug and in situ 

release of SAR020106, only slow release of the active inhibitor from 52 was 

observed (Figure 4.14, A). With increased O2 concentration, the hydroxylamine 

production rate slowed down, but even at 3% O2 as much as 60% of the total 

metabolite amount corresponded to 55 after 6 h (Figure 4.14, C). When the assay 

was performed at 21% O2 on the other hand, the prodrug 52 was stable and 

showed no reduction (Figure 4.14, D).  
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Figure 4.14. CYP450 reduction of 52 at different O2 concentrations.  
Prodrug 52 was incubated with CYP450 enzyme and an enzymatic NADPH-regenerating system 
(Becton Dickinson Biosciences) at the indicated O2 concentrations at 37 °C. 50 μl samples were 
taken at designated times, quenched with 50 μl acetonitrile and analysed by LCMS. Absorbance 
was measured at 360 nm. Curves were fitted in OriginPro using an asymptotic model (A) (y = a-
b*c^x) or a logistic model (B-D) (y = A2+(A1-A2)/(1+x/x0)^p). Error bars represent the standard 
error between technical replicates of the experiment, n=3. 

The relatively rapid generation of hydroxylamine 55 at 3% O2 was 

unexpected and a potential reason for concern considering the O2 levels found in 

some healthy organs (McKeown 2014; E M Hammond et al. 2014). 

Fragmentation of 55 and release of inhibitor SAR020106 was slow and 

independent of the O2 concentration.  

We next asked if reduction of 52, as we had seen in the CYP450 assay, 

was representative for the reductive metabolism of 52 in live cells. A multitude of 

one-electron reductases can be found in cells and CYP450 only represents one 

example. The direct analysis of cell lysates from cells treated with 52 in hypoxia 

allowed us to identify the 52-derived metabolites, and show whether 52 was able 

to penetrate cell membranes. FLO-1 and OE21 cells were treated with 500 nM 52 
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for 6 h at four different O2 concentrations (<0.1%, 1%, 3% and 21% O2). Cells 

were lysed and the lysates processed for metabolite analysis by LCMS 

(Figure 4.15). 

 

Figure 4.15. Metabolite analysis for 52 in FLO-1 and OE21 cells at various O2 
concentrations.  
Cells were treated with 500 nM of 52 at the indicated O2 concentration for 6 h, harvested, lysed 
with 3% v/v TCA and lysates analysed by LCMS. A) and B) Representative sets of HPLC traces 
for the four different O2 concentrations in both cell lines. Quantification of metabolites for C) 
FLO-1 and D) OE21 using calibration curves as in appendix C. Error bars indicate the standard 
error between technical replicates of the experiment, n=3. SAR indicates SAR020106. 
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Prodrug 52 was stable at 21% and 3% O2 in both cell lines, analysis of the 

cell lysates showed no evidence of reduction (Figure 4.15). Some reduction of 52 

to the amine 56 occurred at 1% O2 but the majority after 6 h was the parent 

prodrug in both cell lines. In FLO-1 cells, 93% (1.52 μM) of the drug was still in 

the form of prodrug 52 after exposure to 1% O2 and 7% (0.12 μM) had been 

reduced to the amine. In OE21 cells, minimal reduction to the amine 56 was 

detectable by LCMS but accurate quantification was not possible because of the 

small amount of 56. An estimated ~2% of the drug was present as amine and 

~98% (1.33 μM) detected in the form of 52 (Figure 4.15). At <0.1% O2, most of 

the prodrug was reduced to 56, of which some (17-20%) fragmented to release 

inhibitor SAR020106. In FLO-1 cells, 7% (0.14 μM) of the prodrug was still 

present in its original form 52, 76% (1.52 μM) had been reduced to amine 56 and 

17% (0.33 μM) had fragmented to active inhibitor SAR020106.  Similarly, in OE21 

cells, exposure to <0.1% O2 resulted in 14% (0.22 μM) of the drug still in the form 

of 52, 66% (1.01 μM) in the form of amine 56 and 20% (0.31 μM) as SAR020106. 

In contrast to the CYP450 reduction assay where the hydroxylamine 55 

had been detected as an intermediate species, enzymatic reduction of prodrug 

52 in FLO-1 and OE21 cells generated amine 56. In addition, the metabolism of 

52 in these cell lines appears to be more selective toward a lower O2 

concentration than what had been observed in the CYP450 assay. These two 

observations suggest that the CYP450 assay is not an accurate system to model 

the metabolism of 52 in cells. 

 

 

 



Chapter 4 – Results 

 

160 

 

4.4.2 Activation of 52 is not only CYP450-dependent 

To expand on the previous results, we reasoned that if the major enzyme 

responsible for 52 reduction in hypoxia was indeed CYP450, as we had 

previously assumed, the rate of prodrug turnover could be expected to be 

dependent on cellular CYP450 levels. A set of cell lines derived from the HCT116 

cell line was used to test this hypothesis. The set was provided by Prof. William 

R. Wilson (Auckland University, New Zealand) and consisted of the HCT116 wt 

cell line and two mutants (HKO1 and HKO1/POR) derived from it. In the HKO1 

cell line, mutations were introduced into the 8th exon of both CYP450 alleles 

using custom-designed zinc finger nucleases. One allele carries a 15 bp deletion 

and the other a 26 bp deletion. HKO1 has lower CYP450 enzyme activity than 

the parental line (Su et al. 2013). HKO1/POR is a derivative of HKO1 in which the 

human CYP450 gene has been re-expressed by transfecting with a F527.V5 

plasmid which carries a puromycin resistance marker (Guise et al. 2012). 

HKO1/POR expresses a higher CYP450 enzyme activity than HCT116 as was 

verified by western blotting (Figure 4.16, A). 
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Figure 4.16. Comparison of 52 metabolism in a set of CYP450 mutant cell lines.  
A) The three cell lines HCT116 wt, HKO1 and HKO1/POR express different levels of CYP450 
reductse and this is independent of the O2 concentration. Cells were exposed to severe hypoxia 
(<0.1% O2) for the indicated time or for 6 h and then reoxygenated for 1 h at 21% O2 (indicated as 
6+1). β-Actin was used as a loading control and Hif1α as a hypoxia marker. B) Cells as indicated 
were treated with 52 (1 μM) and exposed to <0.1% O2 for 6 h. They were lysed with 3% v/v TCA 
and lysates analysed by LCMS. Quantification of metabolites was carried out using calibration 
curves as in appendix C. Error bars indicate the standard error between technical replicates of the 
experiment. * denotes p<0.05. 

Su and coworkers tested sensitivity of CYP450 clones to 11 different 

bioreductive prodrugs, including nitroaromatics, N-oxides and quinones. Their 

reports shows that, while CYP450 overexpression potentiated cytotoxicity of most 

bioreductive prodrugs, CYP450 knockout had little or no effect on the cytotoxicity 

of most compounds (Su et al. 2013). Similarly to the findings of Su and 

coworkers, we only saw limited CYP450-dependence in the metabolism of 52. In 

the mutant cell line HKO1, which shows markedly reduced CYP450 levels 

compared to the parental line, no significant differences in metabolite pattern 

compared to the HCT116 wt cell line were detected. We could, however, see an 
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increase in both, amine 56 and active Chk1 inhibitor SAR020106, in lysates from 

the CYP450 overexpressing cell line HKO1/POR. The overall amount of 56 

increased from 2.8 μM in HCT116 to 3.8 μM in HKO1/POR and the amount of 

SAR020106 doubled from 0.9 μM in HCT116 to 1.8 μM in the overexpressing 

mutant. This indicates that 52 metabolism does indeed proceed faster in the 

presence of increased CYP450 reductase. Although CYP450 overexpression 

potentiated reduction and activation of 52, CYP450 knockout showed no effect on 

52 metabolism and other one-electron reductases are likely to be primarily 

responsible for prodrug activation in cells.  

 

4.5  Biological evaluation of prodrug 52 

4.5.1 The prodrug 52 is a hypoxia-selective Chk1 inhibitor 

After we had shown that 52 undergoes hypoxia-selective reduction and 

activation, we studied its effect on Chk1 signalling, DNA damage induction and 

cell survival. In particular, we tested whether biological responses following 

treatment with 52 occurred in a hypoxia-selective fashion. First we carried out 

western blotting for Chk1 activity. FLO-1 cells were treated with 52 and exposed 

to <0.1% O2 for up to 10 h (Figure 4.17, A). Different exposure times to severe 

hypoxia allowed us to determine the duration of hypoxia treatment that was 

required for prodrug activation and Chk1 inhibition. In the DMSO treated control 

cells, Chk1 activity (shown by Chk1 autophosphorylation on S296) could be seen 

after 3 h exposure to <0.1% O2. A marked decrease in pChk1 S296 levels could 

already be seen in the 52-treated cells after 3 h severe hypoxia and after 10 h 
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exposure to severe hypoxia, S296 levels were further decreased. SAR020106 

showed Chk1 inhibition as expected.  

 

Figure 4.17. Prodrug 52 inhibits Chk1 selectively in severe hypoxia.  
A) FLO-1 cells were treated with either 52 (500 nM), SAR020106 (500 nM) or DMSO and 
exposed to 21% O2 or <0.1% O2 for the indicated times. Hif1α is shown as a hypoxia marker. 
Total Chk1 protein levels are shown for comparison. β-Actin is shown as a loading control. B) 
FLO-1 cells were treated with the following or a combination thereof, as indicated: DMSO, 
gemcitabine (100 nM), SAR020106 (SAR) (500 nM), 52 (500 nM). Cells were exposed to the 
drugs for 6 h at 21% O2. Total Chk1 protein levels are shown for comparison. β-Actin is shown as 
a loading control. 

Since Chk1 activity in the unstressed control cells at 21% O2 is very low 

(Figure 4.17, A), we carried out a control experiment in order to demonstrate that 

Chk1 inhibition by 52 was hypoxia selective (Figure 4.17, B). Chk1 activation was 
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SAR020106 reduced gemcitabine-induced Chk1 phosphorylation to control 

levels. These results demonstrate that 52 inhibits Chk1 autophosphorylation 

selectively in severe hypoxia. 

 

4.5.2 Treatment with 52 leads to an increased accumulation of DNA damage 

selectively in hypoxia  

We had previously observed that treatment with the Chk1 inhibitor 

SAR020106 resulted in a significant accumulation of DNA damage as judged by 

the formation of 53BP1 foci in OE21 cells in both, normoxia and severe hypoxia 

(<0.1% O2) (Figure 4.6). We now investigated whether prodrug 52 showed a 

similar effect selectively in severe hypoxia. FLO-1 cells were seeded in chamber 

slides and treated the following day with DMSO, SAR020106 or 52 for 6 h while 

exposed to either 21% O2 or <0.1% O2. Cells were fixed under the experimental 

O2 tension in order to avoid reoxygenation-induced damage, and processed for 

53BP1 immunofluorescence. Cells were scored as 53BP1 positive or negative 

according to their total number of foci (Figure 4.18), while cells with more than 6 

foci were considered 53BP1 positive and those with 6 or less foci as negative. 
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Figure 4.18. Treatment of FLO-1 cells with 52 results in increased accumulation of 53BP1 
foci selectively in severe hypoxia.  
FLO-1 cells were seeded in chamber slides. Cells were treated with either DMSO, SAR020106 
(500 nM) or 52 (500 nM) and exposed to 21% O2 or <0.1% O2 for 6 h. Cells were scored 
according to their number of 53BP1 foci as negative (≤6 foci) or positive (>6 foci). Per condition, 
at least 100 cells taken from 8-10 different fields of view were scored. A) The relative amount of 
53BP1 positive cells comparing the different drug treatments in 21% O2 and <0.1% O2 was 
plotted. Error bars indicate the standard error of technical replicates. * denotes p<0.05. B) and C) 
Cells were stained for DAPI and 53BP1, and visualised using a LSM780 confocal microscope.  

Upon exposure to normoxia only cells treated with SAR020106 showed a 

significant increase in the number of 53BP1 foci. Treatment with 52 at 21% O2 did 

not result in increased DNA damage in comparison to the control cells. When 

combined with severe hypoxia (<0.1% O2) both drug treatments, SAR020106 and 

52, significantly increased the number of 53BP1 positive cells. DNA damage 

induction by 52 was thus hypoxia-selective in FLO-1 cells. Although not 

statistically significant, there is an indication that DNA damage in response to 52 

in severe hypoxia might be greater than the amount of DNA damage induced by 

SAR020106 under the same conditions (Figure 4.18, A). If this increase is indeed 

real, it could have its origin in additional DNA damage caused by the release of 

the 2-nitroimidazole bioreductive group, but this speculation requires additional 

experiments with a control compound similar to 12 (Chapter 2). 
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4.5.3 Clonogenic survival in response to 52 

After we had shown that the prodrug 52 undergoes reduction and 

fragmentation selectively in hypoxia, resulting in Chk1 inhibition and 

accumulation of DNA damage we studied its effect on clonogenic survival. We 

initially performed a clonogenic survival experiment in HeLa cells due to the 

possibility of scaling the assay down to a 96-well format in this cell line. As in 

previous experiments we expected a Chk1 inhibitor specific response, in this 

case reduced clonogenic survival, selectively in hypoxia. Surprisingly, 52 had no 

effect on clonogenic survival of HeLa cells in severe hypoxia (Figure 4.19, A). 

We had earlier studied reduction and activation of 52 in FLO-1 and OE21 

and knew from the identification of metabolites in these cell lines that 17-20% of 

the prodrug undergoes reduction and activation to the Chk1 inhibitor SAR020106 

(compare Figure 4.15). Given this knowledge, we next performed a clonogenic 

survival assay in these cell lines using a drug dose of up to 2.5 μM. At this dose 

the amount of active inhibitor was expected to be high enough to detect some 

effect even if only partial activation of about 20% took place. The result seen in 

the HeLa cells, however, was also observed in the two oesophageal cell lines. 

Treatment with 52 did not affect clonogenic survival in either of the two cell lines 

and this was the case at 21% O2 (as expected) as well as <0.1% O2 (Figure 4.19, 

B and C).This result was surprising, since treatment with the active compound 

SAR020106 resulted in a marked decrease of cell survival at sub micro molar 

doses (Figure 4.5).  
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Figure 4.19. Clonogenic survival assays comparing SAR020106 and 52 at two O2 
concentrations in three cell lines.  
A) HeLa cells were seeded in 96-well plates (200 cells/well) after 2 h treated with drug and 
exposed to the indicated O2 concentration for 18 h. Colonies were left to form for 6 days, stained 
with Crystal Violet and analysed using a GelCount colony counter. B) FLO-1 cells were seeded in 
24-well plates (100 cells/well) after 2 h treated with drug and exposed to the indicated O2 
concentration for 16 h. Colonies were left to form for 10 days. C) OE21 cells were seeded in 12-
well plates (100 cells/well) after 2 h treated with drug and exposed to the indicated O2 
concentration for 16 h. Colonies were left to form for 8 days. (Curves were fitted in OriginPro 
using a logistic5 model (y = Amin+(Amax-Amin)/(1+x0/x)^s). Error bars indicate the standard error 
between technical replicates, n=3. 

In the clonogenic survival assay only extremely low cell densities are 

seeded, prodrug activation however relies on the presence of cellular reductases. 

This is of no concern if the prodrug is rapidly reduced and undergoes in situ 

fragmentation. In the case of 52, on the other hand, we have seen that amine 56 

was very stable, possibly allowing the cell enough time to clear 56 before 

fragmentation takes place. This way the effective concentration of amine 56 and 

consequently inhibitor SAR020106 becomes extremely low in the culture media 

resulting in no detectable effect on cell survival.  
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4.5.4 Spheroid studies 

Following the results from the clonogenic survival assays and our 

hypothesis, that the low cell density in those experiments was to account for the 

lack of cytotoxicity observed with 52, we initially changed the way clonogenic 

survival assays were carried out. Instead of seeding single cells and treating 

those with the respective drug doses and hypoxia exposure times, exponentially 

growing cells (80% confluency) were treated in 6 cm glass dishes and then 

trypsinised, counted and reseeded as single cells for colony formation (Franken 

et al. 2006). However, this way to set up a clonogenic survival experiment is 

more prone to errors. In particular, the counting and reseeding of multiple dishes 

of cells bears a high risk for experimental errors. Despite several attempts, we 

never obtained reproducible results from these experiments and decided to study 

52 in 3D cell cultures instead. 3D cultures also offer a way to avoid the extremely 

low cell densities of a colony survival assay. It is further well established that they 

resemble the gene expression profiles, cell signalling and pathophysiological 

gradients of tumours more accurately than 2D culture monolayers (Abbott 2003; 

Hirschhaeuser et al. 2010). In particular, one report indicated that expression 

levels of CYP450 decreased over several days in cell culture monolayers, while 

remaining more stable when cells were grown as spheroids (Niwa et al. 1996). 

Testing novel treatment strategies in spheroids is considered highly 

advantageous in the drug development process and could result in elimination of 

unsuitable candidates before testing in animal models. For the activation of 

bioreductive prodrugs it is crucial that the molecule can diffuse through multiple 

layers of cells from a functional blood vessel into the hypoxic area of a tumour. 

This situation is well resembled in spheroids.  
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Both oesophageal cancer cell lines that were used before in this study 

were unsuitable for spheroid formation. FLO-1 cells did not form spheroids and 

OE21 cells formed only very small spheroids which stopped growing after a few 

days. Instead we used the glioblastoma derived U87-MG cells for this study 

which had been used for 3D cultures before in our laboratory. Cells were grown 

into spheroids in agarose-coated 24-well plates. Four days after seeding the cells 

(105 per well), they had grown into spheroids with an average radius of 

approximately 400 μm. At this stage the medium was replaced with drug-

containing medium and hypoxia (3% O2) treatment started, if indicated (day 0 of 

treatment). Spheroids were measured and treated on days 0, 2, and 4 by 

replacing the medium with fresh drug-containing medium. On day 7, spheroids 

were measured, treated with 200 μM pimonidazole for 6 h and harvested. They 

then processed for metabolite analysis, western blotting or immunofluorescence 

microscopy.  

We grew the spheroids at two different O2 concentrations (21% and 3% 

O2) to examine whether the exposure to a lower O2 concentration would affect 

prodrug activation and spheroid growth. Spheroids grown at 21% O2 developed a 

hypoxic core which could be visualised on spheroid sections, using a monoclonal 

antibody towards pimonidazole adducts (Figure 4.20, A). Spheroids grown at 3% 

O2 were hypoxic through the entire section. Pimonidazole staining in these 

spheroids revealed a hypoxic and pimonidazole positive outer rim. The centre of 

the spheroid showed reduced pimonidazole staining and this is likely to indicate 

necrosis in this area (Figure 4.20, B) (Hoogsteen et al. 2009). In addition, it is 

possible that most of the pimonidazole bound to the hypoxic cells in the core, 
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reducing the likelihood of pimonidazole reaching the core. Longer exposure times 

to the marker or higher concentrations could help in preventing this effect.  

Western blotting from whole spheroid lysates for the hypoxic marker Hif1α 

showed stabilisation of Hif1α in the spheroids grown at 21% O2 (Figure 4.20, C). 

In those spheroids grown at 3% O2, Hif-1α levels where significantly higher, 

indicating an overall greater hypoxic fraction within the spheroid. Interestingly, we 

detected lower Hif-1α protein levels in the SAR020106- and 52-treated spheroids 

at both O2 concentrations (Figure 4.20, C). This might be an indication for 

increased cell kill in the hypoxic (Hif-1α-expressing) fraction of the spheroid, but 

this is only a speculation.  
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Figure 4.20. O2-dependency of 52 metabolism and growth reduction in U87-MG spheroids. 
U87-MG cells (10

5
 per well) were seeded into agarose-coated 24-well plates. Spheroids were left 

to form for 4 days (average radius 400 μm) and treatment started as indicated (DMSO, 500 nM 
SAR020106 (SAR) or 500 nM 52; 21% or 3% O2) (day 0 of treatment). Spheroids were measured 
and treated with fresh drug-containing medium on days 0, 2, and 4. On day 7, spheroids were 
measured, treated with 200 μM pimonidazole for 6 h and harvested. A) and B) 
Immunofluorescence images of 5 μm sections from DMSO-treated spheroid, antibodies used as 
indicated. C) Western blotting from whole spheroid lysates. Spheroids were treated as indicated. 
Hif1α is shown as a hypoxia marker and β-actin as a loading control. D) Spheroids were treated 
as indicated, lysed with 3% v/v TCA and lysates analysed by LCMS. Quantification of metabolites 
was carried out using calibration curves as in appendix C. Error bars indicate the standard error 
between technical replicates of the experiment, n=3. * denotes p<0.1, ** denotes p>0.05  

We further lysed and prepared spheroids for metabolite analysis by LCMS 

(Figure 4.20, D). At both O2 concentrations, prodrug 52 was taken up by the cells. 
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As expected, treatment with 3% O2 resulted in increased prodrug activation. 

Overall comparison of drug metabolites shows that, while 6.3% SAR020106 and 

11.1% amine 56 were detected in the spheroids grown at 21% O2 (the remaining 

82.6% were unmetabolised prodrug 52), 17.3% SAR020106 and 36.7% 56 

resulted when spheroids were grown at 3% O2.  

Spheroid growth was monitored over the course of treatment and the 

radius of individual spheroids measured on days 0, 2, 4 and 7. Assuming an ideal 

sphere, the increase in spheroid volume was then calculated relative to day 0, 

(Figure 4.21, A and B).  

 

Figure 4.21. Growth reduction in U87-MG spheroids following treatment with 52 and 
SAR020106.  
U87-MG cells (10

5
 per well) were seeded into agarose-coated 24-well plates. Spheroids were left 

to form for 4 days (average radius 400 μm) and treatment started as indicated (DMSO, 500 nM 
SAR020106 or 500 nM 52; 21% or 3% O2) (day 0 of treatment). Spheroids were measured and 
treated with fresh drug-containing medium on days 0, 2, and 4. On day 7, spheroids were 
measured, treated with 200 μM pimonidazole for 6 h and harvested. A) and B) Spheroid growth 
over 7 days for treatment as indicated. The spheroid radius was measured and the volume 
calculated assuming an ideal sphere. Error bars indicate the standard error between technical 
replicates of the experiment, n=3.   

Spheroids grown in hypoxia did not increase in volume as much as those 

exposed to 21% O2 (95% versus 225%) pointing towards an overall smaller 

fraction of proliferating cells probably due to a large necrotic centre (see Figure 

4.20, B). A significant growth reduction after treatment with SAR020106 and also 

52 in comparison with the DMSO treated controls was seen after 7 days under 
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both O2 concentrations. Treatment with SAR020106 resulted in a comparable 

reduction in growth at both O2 concentrations (33% reduction at 21% O2 and 30% 

at 3% O2). Spheroids treated with 52 showed an 11% growth reduction in 

normoxia and 19% when exposed to hypoxia.  

We have demonstrated that spheroids grown from U87-MG cells exhibit an 

O2 gradient within the sphere, resulting in a hypoxic centre. Spheroids grown at 

3% O2 show an overall greater hypoxic fraction as evidenced by 

immunofluorescence staining and western blotting for the hypoxic markers 

pimonidazole and Hif-1α. Reductive metabolism of the prodrug 52 and reduction 

in spheroid growth was O2 dependent.  

 

4.6 Discussion 

We have shown that the potent and selective Chk1 inhibitor SAR020106 

reduced clonogenic survival in HeLa, FLO-1 and OE21 cells and caused 

accumulation of DNA damage (53BP1 foci) when used as a single agent and in 

combination with severe hypoxia (<0.1% O2).  Surprisingly, exposure to severe 

hypoxia (<0.1% O2) did not potentiate the cytotoxicity of SAR020106 in any of the 

three cell lines. 

We successfully synthesised 52, a bioreductive 2-nitroimidazole analogue 

of the Chk1 inhibitor SAR020106. Two reactive sites, prone to alkylation by 

5-(chloromethyl)-2-nitroimidazole, were observed. Alkylation took place on either 

the inhibitor aniline as anticipated, the isoquinoline N-atom to generate a 

pyridinium-like product, or on both centres giving a double-alkylation product. The 

pyridine N-atom is very prone to electrophilic attack since the lone pair is 

separated from the aromatic system and not delocalised. It lies in the molecular 
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plane of the molecule, projecting outward and thereby being very exposed to 

electrophiles. 

Selective alkylation of the aniline over isoquinoline N-alkylation was 

achieved by using Cs2CO3 as a base and the selectivity was inverted if the 

reaction was carried out in the absence of base. Purification of 52 was optimised 

using a Gemini®-NX column at pH 11 and 6.2 mg of highly pure 52 obtained for 

in vitro testing. 

As predicted, based on the X-ray crystal structure of SAR020106 bound to 

the ATP-binding site of Chk1, the bioreductive prodrug 52 showed reduced Chk1 

affinity. A 55-fold higher IC50 value than the active analogue SAR020106 was 

determined in a Chk1 binding assay. Moreover, treatment with 52 at 21% O2 did 

not result in increased clonogenic cell kill in two oesophageal cancer cell lines 

and gemcitabine-induced Chk1 autophosphorylation was not altered by 

52-treatment at 21% O2. 

Metabolite studies in the oesophageal cell lines OE21 and FLO-1 at 

different O2 concentrations revealed a requirement for 1% O2 or less for prodrug 

reduction to the corresponding amine 56 and activation to inhibitor SAR020106. 

At >3% O2 52 was stable, indicating hypoxia-selectivity for an optimal O2 

concentration in order to spare healthy tissue.  

Interestingly, although 52 was reduced by CYP450 to the corresponding 

hydroxylamine 55 in a biochemical assay, metabolite analysis in a set of CYP450 

wt and mutant cell lines suggested only limited CYP450-dependence in the 

reductive metabolism of 52. While prodrug reduction and activation were 

significantly increased in the CYP450 overexpressing mutant HKO1/POR, no 

difference was seen between the parental HCT116 cell line and the knockout 
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mutant HKO1. This suggests other one-electron reductases are also responsible 

for reductive metabolism of 52 in cells. A variety of flavoproteins capable of one-

electron prodrug reduction other than CYP450 have been reported, including 

inducible nitric oxide synthase (iNOS) (Chandor et al. 2008; Guise et al. 2012), 

methionine synthase reductase (MTRR) (Guise et al. 2012) and aldo-keto 

reductase 1C3 (AKR1C3) (Guise et al. 2010). The identification of the specific 

reductases accountable for reduction of 52, however, was beyond the scope of 

this study. 

These metabolite studies further revealed that amine 56 was the major 

metabolite arising from prodrug 52 in hypoxia, demonstrating a relatively high 

stability of this intermediate. Consequently, a mere 17-20% conversion into the 

active drug was observed in FLO-1 and OE21 cells. This presents an obvious 

problem for the overall efficacy of the prodrug and we speculate that it also 

resulted in a technical problem when assessing the effect of 52 on clonogenic cell 

survival. The long half live of intermediate amine 56 most likely lead to clearance 

of 56 from the cells before conversion into the active drug SAR020106 could take 

place, leading to extremely low concentrations of amine 56  in the culture media 

and as a result, no overall effect of 52 on clonogenic survival in severe hypoxia 

could be seen. 

Due to technical problems with a different setup of the clonogenic assay, 

we then studied 52 in 3D cultures. Metabolite studies in U87-MG spheroids 

grown at 21% O2 revealed that some prodrug reduction and activation took place 

but most of the drug (82.6%) was recovered in the unmetabolised form 52. This 

was surprising since these spheroids formed large hypoxic cores which stained 

positive for pimonidazole adducts, an indicator for <1.3% O2 (Gross et al. 1995; 
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Chou et al. 2004). We had shown before that an O2 concentration of 1% or less 

was required for prodrug reduction. Possibly, 52 diffuses poorly to the centre of 

the spheroid and only reaches the outer rim of the hypoxic core without actually 

reaching regions of low O2 efficiently. When spheroids were grown in hypoxia 

(3% O2), more amine 56 and inhibitor SAR020106 was recovered from spheroid 

lysates and only 45.9% remained in the form of 52, most likely due to the overall 

greater hypoxic fraction in these spheroids. It is worth noting that the spheroids 

exposed to normoxia were much larger than those grown at 3% O2, possibly due 

to the formation of large necrotic centres at low O2 concentrations. The greater 

diffusion distances across a large spheroid reduce the likelihood of 52 reaching 

the hypoxic core. In addition to being smaller, the spheroids grown at 3% O2 also 

have their hypoxic cells much closer to the surface, as evident by pimonidazole 

staining, making them more accessible for a prodrug like 52. 
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CHAPTER 5 

DISCUSSION 

In accordance with previous finding we confirmed that Chk1 is 

phosphorylated on its ATR-targeted and autophosphorylation sites in response to 

severe hypoxia and that it phosphorylates its downstream target TLK1. This 

shows that Chk1 is involved in the hypoxia-induced DDR. Hypoxia-induced Chk1 

signalling was shown to be a transient response and protein levels of 

phosphorylated Chk1 decreased after exposure to severe hypoxia for longer than 

6 h. This is in line with a previously observed decline in RPA foci upon prolonged 

exposure to severe hypoxia (Pires, Bencokova, Milani, et al. 2010; Pires, 

Bencokova, McGurk, et al. 2010).  Inhibition of Chk1 resulted in the accumulation 

of DNA damage in normal human lung fibroblasts, highlighting a potential for 

genomic instability, as had been reported before (Lam et al. 2004; Syljuåsen et 

al. 2005). Based on these findings, we reasoned that the intrinsic sensitivity of 

hypoxic cells to Chk1 inhibition could be exploited and simultaneously normal 

tissue protected if Chk1 inhibition was hypoxia selective.   

Consequently, we synthesised two 4-nitrobenzyl (compounds 2 and 17) 

and two 2-nitroimidazole (compounds 18 and 52) bioreductive analogues of three 

previously published Chk1 inhibitors. In all cases, prodrug design was 

rationalised through published X-ray crystal structures of the respective Chk1 

inhibitors bound to the ATP-site of Chk1. In the case of compound 2, docking 

studies were performed to further validate the site of substitution. In general, 

substitution sites were chosen such that the prodrug would show substantially 
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reduced Chk1 binding affinity in comparison with the biologically active inhibitor, 

and the validity of our design was confirmed for all four bioreductive compounds 

(2, 17, 18 and 52) in a radioactive (33P-ATP) filter-binding assay. Synthesis of the 

prodrugs required optimisation at various stages. Most notably, we established a 

protocol for the synthesis of a precursor to the bioreductive 2-nitroimidazole 

group, which has recently been further optimised and expanded (O’Connor et al. 

2015). This bioreductive group has received attention in the field as a trigger unit 

in the clinically advanced candidate TH-302 (Meng et al. 2012). 

The mechanism of activation of the bioreductive prodrugs was evaluated 

following a sequence of reduction assays which proceeded in an increasingly 

biologically relevant fashion (Figure 5.1). Chemical reduction of the bioreductive 

group nitro moiety to the corresponding amine was achieved using zinc and 

ammonium chloride, and fragmentation assessed by incubation in PPB (Figure 

5.1, step 1). This initial chemical reduction is an inexpensive and quick way to 

determine the fragmentation propensity of a bioreductive group and make 

necessary chemical adjustments before proceeding to biochemical and in vitro 

testing. It is important to note that other reducible functionalities, such as aryl 

halides, may also undergo reduction in this assay. Adjusting the reaction 

conditions can avoid this problem. Alternatively, prodrug activation can directly be 

assessed using a biochemical assay (Figure 5.1, step 2). Based on the 

assumption that most nitro(hetero)aromatic prodrugs are substrates of CYP450 

(Wilson and Hay 2011), step 2 of our protocol for bioreductive prodrug testing 

consisted of a CYP450 reductase assay.  
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Figure 5.1. How we test bioreductive prodrugs.  
Sequential strategy for the evaluation of the bioreductive mechanism of activation of a hypoxia-
activated prodrug. Testing of the bioreductive prodrug is carried out in three steps of increasing 
biological relevance.  

Importantly, although compound 52 underwent reduction to the 

corresponding hydroxylamine in the CYP450 assay, we saw only limited CYP450 

dependence in the reductive metabolism of 52 in a set of CYP450 knockout and 

overexpressing cell lines. A variety of other one-electron reductases accountable 

for activation of bioreductive prodrugs have been reported (Guise et al. 2012; 

Guise et al. 2010; Chandor et al. 2008)  and in order to accurately predict prodrug 

metabolism in vivo, those will have to be considered as well. In that respect, 

experiments in isogenic cell lines, which differ only in the expression of the 

protein of interest, will be invaluable. 

We tested our compounds following the protocol shown in Figure 5.1 and 

discovered that most prodrugs were reduced in hypoxia. However, fragmentation 

step 2 

step 1 

step 3 

Target validation 

Chemical reduction 
The bioreductive compound  is chemically reduced using zinc 
powder, and fragmentation of the intermediate is induced by 

incubation at 37 
o
C in PPB. Both steps are monitored by HPLC 

analysis. 

Purified reductase assay 
The bioreductive compound is incubated with purified CYP450 
reductase in hypoxic conditions. Reduction and fragmentation 
of the compound  is confirmed in hypoxic but not normoxic 
conditions, by HPLC analysis. 

Cell based assay 
The bioreductive compound is administered to cells in culture 
and incubated in hypoxic conditions. Cell extracts are then 
analysed by HPLC to detect the biologically active inhibitor 
and if applicable intermediates and other metabolites. 
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following reduction was generally either slow (occurring over several hours in the 

case of 2 and 52) or did not take place (in case of 17 and 18). This was probably 

due to a poor leaving group ability of the active inhibitors. Since it is desirable to 

design bioreductive prodrugs with a short half-life following reduction in order to 

ensure rapid and complete release of the active molecule, simple chemical model 

systems similar to the prodrug could be used to assess the leaving group ability 

of an inhibitor scaffold. In addition, a linker can be introduced between the 

bioreductive group and the inhibitor moiety of the prodrug to facilitate 

fragmentation (Hay et al. 1999; Hay, Wilson, and Denny 2005).  

Despite slow fragmentation, compounds 2 and 52 were shown to inhibit 

their targets AURKA and Chk1 in a hypoxia-selective fashion. Moreover, 

treatment with these bioreductive prodrugs resulted in the accumulation of DNA 

damage and reduction in clonogenic survival or spheroid growth in an O2-

dependent fashion. We speculate that the potency of the bioreductive prodrugs 

could be greatly improved if fragmentation was more rapid and propose that in 

situ release of the biologically active inhibitor is desirable upon reduction. In 

accordance with previous findings, our studies suggest that cell lines with high 

levels of replication stress are particularly sensitive to hypoxia-activated Chk1 

inhibition (Murga et al. 2011; Ferrao et al. 2012; Bryant, Rawlinson, and Massey 

2014). In conclusion, we propose that the selective in situ activation of a Chk1 

inhibitor within the hypoxic tumour microenvironment is a promising strategy to 

target hypoxic tumour cells. Moreover, since inhibition of Chk1 has previously 

been shown to radiosensitise, this strategy would allow potentiation of 

radiotherapy in a tumour fraction that is highly radio resistant. 
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CHAPTER 6 

EXPERIMENTAL 

6.1 Materials 

6.1.1 General laboratory materials and reagents 

Cell culture plastic ware was obtained from Costar. The chemicals and 

reagents outlined in Table 6.1 were used. 

Table 6.1. Chemicals and reagents 

Name Supplier 

Acetonitrile Sigma-Aldrich UK 

Acrylamide/Bis Solution, 30%, 29:1 BioRad 

Agarose Sigma-Aldrich UK 

Ammonium chloride (NH4Cl) Sigma-Aldrich UK 

APS Fisher Scientific 

ß-Mercaptoethanol Fisher Scientific 

Blocking buffer LiCor LiCor 

Bromophenol blue Fisher Scientific 

BSA Fisher Scientific 
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Crystal Violet Sigma-Aldrich UK 

CYP450 reductase Cypex 

DMEM Sigma-Aldrich UK 

DMSO Sigma-Aldrich UK 

Ethanol Fisher Scientific 

FBS Autogen Bioscience 

Formic acid Fisher Scientific 

Goat serum Sigma-Aldrich UK 

Methanol Fisher Scientific 

Methylene Blue Fisher Scientific 

OCT compound Tissue-Tek 

PBS Fisher Scientific 

Penicillin Sigma-Aldrich UK 

PFA Fisher Scientific 

Ponceau S solution Sigma-Aldrich UK 

PPB, 0.5 M, pH 7.4 Becton Dickinson Biosciences 

ProLong® Gold Invitrogen/Life technologies 

Puromycin Fisher Scientific 

RPMI Sigma-Aldrich UK 
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Sodium dithionite (Na2S2O4) Sigma-Aldrich UK 

Solution A Becton Dickinson Biosciences 

Solution B Becton Dickinson Biosciences 

Streptomycin Sigma-Aldrich UK 

Sucrose Sigma-Aldrich UK 

TCA Fisher Scientific 

TEMED Fisher Scientific 

Trypsin 0.05% EDTA Sigma-Aldrich UK 

Tris-Glycine Fisher Scientific 

Tris-HCl Fisher Scientific 

Triton-X-100 Fisher Scientific 

Tween 20 Fisher Scientific 

Urea Fisher Scientific 

Zinc powder Sigma-Aldrich UK 

 

6.1.2 Drugs (commercially available and in-house) 

Drugs were obtained from suppliers as outlined in Table 6.2 or 

synthesised as described in Chapters 2-4. 
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Table 6.2. Drugs used in this study 

Name Supplier 

AZD1152 Selleckchem, S1147 

Analogue 19 In house (Chapter 3) 

Chk1 inhibitor 16 In house (Chapter 3) 

Gemcitabine hydrochloride Sigma-Aldrich UK, G6423 

Gö6976 Sigma-Aldrich UK, G1171 

HU Sigma-Aldrich UK, H8627 

MLN8237 Selleckchem, S1133 

Prodrug 2 In house (Cazares-Körner et al. 2013) 

Prodrug 17 In house (Chapter 3) 

Prodrug 18 In house (Chapter 3) 

Prodrug 52 In house (Chapter 4) 

Pimonidazole hydrochloride Hypoxyprobe, HP-100mg 

SAR020106 ICR, London 

UCN01 Sigma-Aldrich UK, U6508 
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6.1.3 Antibodies 

Table 6.3. Primary antibodies used for western blotting (WB) or 

immunofluorescence (IF) 

Name Species Dilution Application Producer, Cat. number 

53BP1 Rabbit 1:500 IF 
Novus Biologicals, 

NB100-904 

ß-Actin Mouse 1:10000 WB 
Santa Cruz Biotechnology, 

sc-69879 

CAIX Mouse 1:100 IF 
Prof. Adrian Harris, Oxford 

UK 

Chk1 Mouse 1:1000 WB 
Santa Cruz Biotechnology, 

sc-8408 

Phospho-Chk1 

(S296) 
Rabbit 1:500 WB 

Cell Signaling/New 

England Biolabs, #2349 

Phospho-Chk1 

(S317) 
Rabbit 1:500 WB 

Cell Signaling/New 

England Biolabs, #2344 

Phospho-Chk1 

(S345) 
Rabbit 1:500 WB 

Cell Signaling/New 

England Biolabs, #2341 

CYP450 Mouse 1:1000 WB 
Santa Cruz Biotechnology, 

sc-25263 

GAPDH Mouse 1:4000 WB 
Novus Biologicals, 

NB600-502 

Glut1 Rabbit 1:500 IF Abcam, ab652 
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H2AX Rabbit 1:2500 WB 
Merck Millipore, 

Calbiochem, DR1016 

Phospho-H2AX 

(S139, γ-H2AX) 
Mouse 1:5000 WB 

Upstate/Millipore, #05-636 

H3 Mouse  1:5000 WB 
Cell Signaling/New 

England Biolabs, #3638S 

Phospho-H3 

(S10) 
Rabbit 1:1000 WB 

Cell Signaling/New 

England Biolabs, #9701 

Hif-1α Mouse 1:500 WB 
Becton Dickinson 

Biosciences, #610959 

Pimonidazole 

adducts 
Mouse 1:1000 IF 

Hypoxyprobe, HP1-100 

 

Table 6.4. Secondary antibodies used for western blotting (WB) or 

immunofluorescence (IF) 

Name Dilution Application Producer, Cat. number 

Alexa Fluor 680 goat 

anti-mouse IgG (H+L) 
1:10000 WB 

Invitrogen, #A21057 

Alexa Fluor 680 goat 

anti-rabbit IgG (H+L) 
1:10000 WB 

Invitrogen, #A21076 

IRDye 800CW donkey 

anti-mouse IgG 
1:5000 WB 

LiCor, #926-32212 

IRDye 800CW donkey 1:5000 WB LiCor, #926-32213 
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anti-rabbit IgG 

Alexa Fluor 

488-conjugated goat 

anti rabbit IgG 

1:250 IF 

Invitrogen, #A11070 

Alexa Fluor 

594-conjugated goat 

anti rabbit IgG 

1:250 IF 

Invitrogen, #A11007 

 

6.2 Methods 

6.2.1 Cell lines and tissue culture 

Cell lines were obtained from ATCC (American Type Culture Collection) 

unless otherwise indicated. A549, FLO-1 (Dr. Ricky Sharma, Oxford, UK), H1299, 

H1975, HCT116 (Prof. William Wilson, Auckland, NZ), HKO1 (Prof. William 

Wilson, Auckland, NZ), HKO1/POR (Prof. William Wilson, Auckland, NZ), OE21 

(Dr. Ricky Sharma, Oxford, UK), RKO, U87-MG (Prof. Adrian Harris, Oxford, UK) 

and WI38 (Dr. Grigory Dianov, Oxford, UK) cells were used in this study.  

HKO1 and HKO1/POR are derivatives of HCT116. In HKO1 mutations 

were introduced into the 8th exon of both CYP450 alleles using custom-designed 

zinc finger nucleases. One allele carries a 15 bp deletion and the other a 26 base 

pair deletion. HKO1 has lower CYP450 enzyme activity than the parental 

HCT116 line (Su et al. 2013). HKO1/POR is a derivative of HKO1 in which the 

human CYP450 gene has been re-expressed by transfecting with a F527.V5 

plasmid which carries a puromycin resistance marker (Guise et al. 2012). It is 
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maintained in 3 μM puromycin and expresses CYP450 enzyme activity 

approximately 10-fold higher than HCT116. 

Unless otherwise stated, cells were cultured in DMEM supplemented with 

10% FBS, penicillin (100 units/ml) and streptomycin (100 μg/ml), in a standard 

humidified incubator at 37 °C and 5% CO2. Culture medium for HKO1/POR 

additionally contained 3 μM puromycin. OE21 were cultured in RPMI medium 

supplemented with 10% FBS, penicillin (100 units/ml) and streptomycin 

(100 μg/ml). WI38 were cultured in DMEM containing 15% FBS. Cells were 

passaged three times a week. Routine tissue culture involved the preparation of a 

cell suspension by removal of the medium, washing with PBS and trypsinising 

with trypsin-EDTA. Trypsin was deactivated by addition of fresh culture medium. 

The cell density was determined by addition of 10 μl of cell suspension to a 

Neuenbauer haemocytometer and cell counting. Cells were seeded at desired 

densities in fresh medium prior to all experiments. 

Cell lines were routinely tested for mycoplasma using a PlasmoTestTM kit 

(InvivoGen). Cells were grown in antibiotic free medium and harvested when 

90-100% confluent. Cells were heated for 15 min at 100 °C, 50 μl of the above 

suspension was added to 200 μl of HEK-BlueTM cells (1-3.5 × 105 cells/ml) in 

HEK-BlueTM detection medium (InvivoGen). The cells were plated in duplicate in 

a 96-well plate, together with positive and negative controls provided by the 

manufacturer and incubated for 24 h under normal tissue culture conditions. 

Appearance of a blue colour indicated the presence of lipoprotein expressed by 

all types of bacteria and mycoplasma. A pink colour indicated a negative result 

and absence of mycoplasma.  
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6.2.2 Cryopreservation of cell lines 

Exponentially growing cells (approximately 70% confluency) were 

trypsinised, resuspended in 5 ml of medium and centrifuged at 400 × g for 5 min 

at ambient temperature. The supernatant was removed, cells resuspended in 

1 ml of medium containing 10% FBS and 10% DMSO and placed in a 1.5 ml 

cryovial (Thermo Scientific Nunc, 363401). The vial was placed in a Mr. FrostyTM 

freezing container (Nalgene, #CRY-OFF-700C) containing 2-propanol and stored 

at -80 °C for 24 h before being stored in liquid nitrogen. 

Cells were recovered from liquid nitrogen by thawing quickly at 37 °C, 

transferred into 5 ml pre warmed medium, centrifuged at 400 × g for 5 min at 

ambient temperature and the supernatant removed. The pellet was resuspended 

in fresh medium and seeded into a 25 cm2 culture flask. 

 

6.2.3 Drug treatments 

Solid drugs were stored in darkness at -20 °C. All drugs were dissolved in 

DMSO to 10 mM stock solutions and stored at -20 °C unless otherwise stated. 

Gemcitabine was dissolved in sterile water to 100 μM stock solutions. HU was 

dissolved in sterile water to 1 mM stock solutions. Pimonidazole was dissolved to 

a 1 mg/ml stock in saline which was stored at 4 °C. Drugs were used at 

concentrations indicated for every experiment while the final concentration of 

DMSO in the culture medium was not to exceed 1%. 
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6.2.4 Hypoxia treatment 

Hypoxia treatment was carried out in a Bactron II anaerobic chamber 

(Shell Labs) (for experiments at >0.1% O2), an in vivo 400 Ruskin hypoxic 

chamber (for experiments at 0.5-5% O2) or a standard tissue culture incubator set 

at 3% O2. The Bactron II anaerobic chamber is supplied with a gas mixture of 5% 

CO2, 5% H2 and 90% N2. A complete absence of oxygen cannot be guaranteed 

due to passing in and out of material and potential small leakages. The O2 

concentration for experiments performed in this chamber will be stated as >0.1% 

O2. The in vivo 400 Ruskinn chamber is supplied with compressed air, CO2 and 

N2. The chamber features a gas mixer and oxygen concentrations were 

adjustable while the CO2 concentration was kept constant at 5% in all 

experiments. 

 

6.2.5 γ-Irradiation 

Cells were irradiated using a Gamma Service® GSR D1 irradiator 

containing a 137Cs source at a constant distance from the source (shelf 1) and a 

dose rate of 1.938 Gy/min, as stated by the manufacturer. Exposure times were 

calculated according to the required dose. 

 

6.2.6 Analytical HPLC 

HPLC (Waters 2695 system) comprised an RPB column (100 × 3.2 mm, 

35 °C). Separation was achieved at a flow rate of 0.5 ml/min with a gradient of 

acetonitrile in 10 mM aqueous formic acid over 6 min (details in Table 6.5). 
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Detection used a photodiode array (PDA) spectrophotometer (Waters 2996) and 

a mass spectrometer (MS) (Waters Micromass ZQ mass spectrometer) or a 

fluorescence spectrophotometer (FS) (Waters 474) with λex 320 nm, λem 380 nm. 

10-20 µl injections were made. Samples were injected in DMSO, acetonitrile, 

water or a mixture thereof.  

Table 6.5. HPLC conditions 

Compound Gradient % acetonitrile Detection 

2 60-95 PDA/MS or FS 

16 5-70 PDA/MS 

17 10-80 PDA/MS 

18 5-70 PDA/MS 

52 5-95 PDA/MS 

 

6.3 Drug metabolism 

6.3.1 Zinc reduction 

The substrate (1 mg) was dissolved in DMF (2 ml), aqueous NH4Cl (20 μl, 

10% w/v) and zinc powder (10 eq) were added and the resulting mixture stirred at 

ambient temperature. Samples (200 μl) were taken at designated times (t0 refers 

to before the addition of zinc) and analysed by HPLC.  

To determine stability of the reduced species to aqueous conditions, a 

time point from the above reaction was chosen that showed sufficient amounts of 

that species. This sample was diluted 1:19 with 100 mM PPB (pH 7.4) and 



Chapter 6 – Experimental 

 

192 

 

incubated at 37 °C. At designated times samples were taken and centrifuged for 

5 min at 16200 × g. The supernatant was collected and any precipitate formed 

dissolved in acetonitrile. Both fractions were analysed by HPLC. 

 

6.3.2 Sodium dithionite reduction 

From a 50 mM substrate stock in DMSO, a 50 μM substrate solution in 

PPB (100 mM, pH 7.4, 3 ml) was prepared and deoxygenated by bubbling 

nitrogen for 5 min. A 25 mM sodium dithionite (Na2S2O4) solution in PPB 

(100 mM, pH 7.4) was deoxygenated by bubbling nitrogen for 5 min. For full 

reduction of one equivalent of nitro-compound, three equivalents of Na2S2O4 are 

required. The Na2S2O4 solution was added in six portions of 0.5 eq and a sample 

(100 μl) taken 5 min after every addition for HPLC analysis. Samples were 

injected into the HPLC without further preparation. 

 

6.3.3 CYP450 reductase assay 

Unless otherwise indicated the assay was carried out using the reagents 

and volumes outlined in Table 6.6. Bactosomal human NADPH-CYP450 

reductase (Cypex, Cyp004) was used in combination with an enzymatic 

NADPH-regenerating system (solutions A and B, Becton Dickinson Biosciences). 

For different batches of CYP450 enzyme, the amount used in the assay was 

adjusted according to the activity of the enzyme. All reagents were mixed in a 

glass vial and the reaction initiated by final addition of CYP450. For experiments 

in hypoxia, vials were either deoxygenated by bubbling nitrogen prior to CYP450 
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addition or by allowing the solution to equilibrate in the hypoxia chamber for 

10 min. 

Table 6.6. Reaction components and volumes for CYP450 reductase assay 

Reagent Volume (μl) for 500 μl incubation Final conc./activity 

0.5 M PPB pH 7.4 100 100 mM 

Solution A 25 

1.3 mM NADP- 

3.3 mM G6P 

3.3 mM MgCl2 

Solution B 5 0.4 units/ml G6PDH 

H2O 365 - 

10 mM substrate 0.5 10 μM 

CYP450  Batch dependent 278 nmol/min 

 

At different times, 50 μl samples were taken and quenched with 50 μl 

acetonitrile. The samples could be stored at -80 °C until analysis. Prior to HPLC 

analysis, the samples were centrifuged for 10 min at 16200 × g and 4 °C and the 

supernatant analysed.  

 

6.3.5 Metabolite analysis from cell lysates 

Cells were seeded in 6 cm glass dishes. The next day the medium was 

replaced for drug containing medium and the cells exposed to hypoxia as 

described for each experiment. Cells were washed with PBS, removed from the 
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dishes by scraping into 1 ml of PBS and centrifuged briefly to form a pellet. The 

supernatant was removed, the pellet resuspended in 50 μl 3% v/v TCA and the 

sample kept at -20 °C until analysis. For HPLC analysis, the sample was 

centrifuged for 10 min at 16200 × g and the supernatant analysed (20 μl injection 

volume). 

 

6.4 Protein analysis 

6.4.1 Protein sample preparation 

Cells were used at approximately 60-70% confluency and treated as 

indicated for each experiment. Cells were washed with PBS, scraped into 1 ml of 

PBS and centrifuged briefly to form a pellet. The supernatant was removed and 

the cells lysed with 40-100 μl UTB (9 M urea, 75 mM Tris-HCl, pH 7.5, 0.1 M 

ß-mercaptoethanol). The samples were sonicated on ice for 2 × 15 seconds and 

centrifuged for 15 min at 16200 × g, the supernatant was used as protein sample. 

The protein concentration of the sample was measured in duplicates at 280 nm 

using a NanoDrop meter (UTB served as blank). The average of both 

measurements was taken as the protein concentration of each sample. 

 

6.4.2 SDS-PAGE (SDS-Polyacrylamide Gel Electophoresis) 

Gels were either obtained as precast gels (Mini-PROTEAN® TGXTM, 10% 

or 4-20%, BioRad) or prepared following the recipe in Tables 6.7 and 6.8 

(Sambrook and Russell 2001). 
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Table 6.7. Recipe for stacking gel 

Reagent Volume 

H2O 6.1 ml 

0.5 M Tris-HCl pH 6.8 2.5 ml 

Acrylamide 1.3 ml 

10% SDS 100 μl 

10% APS 100 μl 

TEMED 20 μl 

 

 

Table 6.8. Recipe for separating gel (7.5-15%) 

Reagent 

Volume in accordance with gel % 

7.5 10 15 

H2O 7.40 ml 6.07 ml 3.75 ml 

1.5 M Tris-HCl pH 8.8 3.75 ml 3.75 ml 3.75 ml 

Acrylamide 3.65 ml 4.95 ml 7.25 ml 

10% SDS 150 μl 150 μl 150 μl 

10% APS 75 μl 75 μl 75 μl 

TEMED 18 μl 18 μl 18 μl 
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Typically 50 μg of protein was used per sample, 80-100 μg were used 

when assessing phosphorylation of Chk1 on residues S317 and S345. The 

required amount of sample was diluted with 5 μl of sample buffer (3.3% SDS, 6 M 

urea, 17 mM Tris-HCl, pH 7.5, 0.07 M ß-mercaptoethanol, 0.01% bromophenol 

blue), heated at 100 °C for 5 min, centrifuged briefly to remove air bubbles and 

loaded onto the gel. Protein ladder (4 μl, Precision plus protein standards, 

BioRad) allowed assessment of the molecular weight of the bands. Precast gels 

were electrophoresed at 150 V for 40-45 min and self-cast gels at 100 V for 

60-90 min in Tris-glycine running buffer (25 mM Tris base, 192 mM glycine, 0.1% 

w/v SDS). 

 

6.4.3 Western Blotting 

Protein bands in the electrophoresed gels were electro-transferred onto 

nitrocellulose membranes using either a Trans-Blot® TurboTM transfer system 

(BioRad, 7 min Turbo protocol) and Trans-Blot® TurboTM PVDF Transfer Packs 

(BioRad, #170-4157) or a transfer onto nitrocellulose membranes (BioRad) at 

100 V for 1 h in transfer buffer (25 mM Tris base, 150 mM glycine, 20% v/v 

methanol). 

Proteins were visualised with Ponceau S solution and membranes cut to 

probe with several antibodies if indicated. The membranes were washed twice in 

TBS and blocked while shaking for at least 1 h at ambient temperature in a 1:1 

mixture of LiCor and TBS (50 mM Tris-HCl, pH 7.6, 150 mM NaCl). Membranes 

were probed with primary antibody (see list and dilutions in Table 6.3) diluted in a 

1:1 mixture of LiCor and TBS-Tween (0.1% v/v Tween) overnight at 4 °C while 

shaking. Membranes were then washed three times with TBS-Tween for 10 min 
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and probed with secondary antibody (see list and dilutions in Table 6.4) diluted in 

a 1:1 mixture of LiCor and TBS-Tween for 1-2 h at ambient temperature while 

shaking. The membranes were washed twice with TBS-Tween for 10 min and 

once with TBS. Protein bands were visualised using the Odyssey® infrared 

imaging system. 

 

6.4.4. Immunofluorescence microscopy 

Immunofluorescence was carried out on glass slides or 4-well chamber 

slides. Cells were seeded such as to reach approximately 80% confluence by the 

start of the treatment. Treated cells were washed with PBS and fixed with 4% 

fixation buffer (4% w/v paraformaldehyde, 2% w/v sucrose in PBS) for 15 min at 

ambient temperature. Cells were washed twice with PBS and could then be 

stored for a week at 4 °C in PBS.  

Cells were permeabilised by incubating with PBS-Triton-X-100 (PBS-T) 

(1% v/v Triton-X-100) for 10 min at ambient temperature and blocked for 1-2 h 

with 2% w/v BSA in PBS-T (0.1% v/v Triton-X-100). Cells were washed once with 

ice-cold PBS-T (0.25% v/v Triton-X-100) and incubated for 1-2 h with primary 

antibody (see list and dilutions in Table 6.3) diluted in 2% w/v BSA in PBS-T 

(0.1% v/v Triton-X-100) at 37 °C in a humidified chamber. The cells were washed 

twice with ice-cold PBS-T (0.25% v/v Triton-X-100), once with PBS and incubated 

for 1 h with secondary antibody (see list and dilutions in Table 6.4) diluted in 2% 

w/v BSA in PBS-T (0.1% v/v Triton-X-100) at 37 °C in a humidified chamber in 

darkness. After two washes with ice-cold PBS-T (0.25% v/v Triton-X-100) and a 

final wash with PBS the slides were mounted using ProLong® Gold mounting 

medium with DAPI. Slides were left overnight at ambient temperature in the dark 
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before sealing with nail varnish. The slides were imaged using a Bio-radiance 

confocal, Nikon 90i or LSM780 (Carl Zeiss Microscopy LtD) confocal microscope. 

 

6.5 Clonogenic survival 

According to a cell line’s plating efficiency, cells were plated in 6-well 

plates such that at least 100 colonies were obtained in the control wells. Cells 

were allowed to settle for 2-3 h and then treated as indicated in each experiment. 

Colonies (>50 cells) were allowed to form for 8-12 days (cell line dependent) and 

stained with Crystal Violet (5 mg/l Crystal Violet, 50% v/v methanol, 20% v/v 

ethanol, 30% v/v H2O) or Methylene Blue (1 mg/l Methylene Blue, 70% v/v 

methanol, 30% v/v PBS) staining solution. Colonies (>50 cells) were counted and 

the surviving fraction determined. 

 

6.6 Spheroids 

Spheroids were grown from U87-MG cells in agarose-coated 24-well 

plates. Wells were coated with 250 μl of hot 1 % w/v agarose in PBS. Plates were 

left open to cool for 5-10 min and 400 μl DMEM medium added to each well. The 

plates were incubated at 37 °C for 2 h, the medium removed and replaced with 

350 μl of cell suspension, seeding 10000 cells per well. Spheroids were left to 

form undisturbed for 4 days.  

On day 4 after seeding (day 0 of treatment) the average radius of the 

spheroids was measured, using a Nikon TE2000 microscope with incubator set at 

37 °C. The medium was replaced with drug containing medium and spheroids left 

to grow at a defined oxygen concentration, as described for each experiment. 
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This procedure (measurement, medium replacement, hypoxia treatment) was 

repeated on days 2 and 4. On day 7 spheroids were measured, harvested and 

processed following either of the following procedures: 

Protein analysis as described in 6.4.1 - 6.4.3, 

Metabolite analysis as described in 6.3.5, 

Immunofluorescence microscopy as described as follows. 

For immunofluorescence microscopy, spheroids were washed with PBS and fixed 

with fixation buffer (4% w/v paraformaldehyde, 2% w/v sucrose in PBS) at 4 °C 

overnight. They were washed twice with PBS and left in 30% w/v sucrose in PBS 

for at least 48 h but up to two weeks. 

Spheroids were embedded in OCT compound and could be left at -80 °C 

until cutting into 5 μm thick sections using a Bright cryostat. Sections were taken 

up onto microscopy slides and left to dry for 1-2 h. A hydrophobic barrier was 

drawn around each sample set of sections and sections rehydrated twice for 

5 min using TBS. Sections were incubated for 20 min with 50 mM aqueous 

NH4Cl, washed twice for 5 min with TBS-Triton-X-100 (0.25% v/v) and blocked for 

1-2 h in 10% v/v goat serum, 1% w/v BSA in TBS. The sections were washed 

briefly with TBS and probed overnight at 4 °C with primary antibody (see list and 

dilutions in Table 6.3) diluted in 1% w/v BSA in TBS. They were washed twice for 

5 min with TBS, incubated with secondary antibody (see list and dilutions in Table 

6.4) diluted in 1% w/v BSA in TBS for 1 h and washed three times for 5 min with 

TBS. After a brief wash in water, slides were mounted with ProLong® Gold 

mounting medium with DAPI, left in darkness overnight at ambient temperature 

and then sealed with nail varnish. 
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Samples were imaged using a LSM780 (Carl Zeiss Microscopy LtD) 

confocal microscope. 

 

6.7  Analysis 

Statistical analysis was carried out using Microsoft Excel. Standard 

errors (SE) were calculated as SE = standard deviation (SD)/√number of samples 

(n). Each data point indicates means ± SE from at least three independent 

experiments. A statistical significant difference of p < 0.05 between two sets of 

data was calculated using student t-test. 

HPLC data was analysed using OriginPro 9.1 for baseline correction, peak 

integration and graphing. 

Immunofluorescence data was analysed using ImageJ or Zeiss Zen2011 

black software. Per sample at least 150 cells where counted from 8-10 different 

and randomly chosen fields of view. 

 

6.8  General chemical experimental procedures  

1H NMR spectra were recorded on Bruker AV400 (400 MHz), Bruker 

DRX500 (500 MHz) or Bruker AVII500 (500 MHz) spectromers using the 

deuterated solvent specified as a reference for internal deuterium lock. Chemical 

shift data for each signal are given as δH in units of parts per million (ppm) 

relative to tetramethylsilane (TMS) where δH (TMS) = 0.00 ppm. The multiplicity 

of each signal is indicated by: s (singlet); d (doublet); t (triplet); q (quartet); dd 

(doublet of doublets); combinations thereof or m (multiplet). A broadened signal is 

denoted by the prefix br (broad). The number of protons (n) for a given resonance 
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signal is indicated by nH. Coupling constants (J) are averaged in each spectrum 

and reported to the nearest 0.1 Hz. The coupling constants are determined by 

analysis using Bruker TopSpin software. 

13C NMR spectra were recorded on Bruker AV400 (100 MHz), Bruker 

DRX500 (126 MHz) or Bruker AVII500 (126 MHz) spectrometers with broadband 

proton decoupling and internal deuterium lock. Chemical shift data for each signal 

are given as δC in units of parts per million (ppm) relative to tetramethylsilane 

(TMS) where δC (TMS) = 0.00 ppm. 

Numbering of carbon atoms is to aid reading of the NMR data and does 

not conform to IUPAC nomenclature. In compounds with more than one ring 

system, additional systems are numbered with primes (‘) and double primes (‘’). 

NMR spectra were assigned using 2D NMR experiments (COSY, HSQC, 

HMBC) and analysed using Bruker TopSpin software. 

High-resolution mass spectra were acquired in a Bruker MicroTOF 

spectrometer from solutions of methanol, water or acetonitrile (ESI), or a Waters 

GCT TOF spectrometer with a temperature-programmed solids probe inlet (FI), 

operating in positive or negative mode. 

Low-resolution mass spectra were acquired on a Waters LCT Premier 

spectrometer or an Agilent 6120 Quadrupole LC/MS spectrometer from solutions 

of methanol, water or acetonitrile (ESI). m/z values are reported in Daltons and 

followed by their percentage abundance in parentheses. 

Melting points on recrystallised samples were determined using a Kofler 

hot stage microscope and are uncorrected. The solvent of crystallisation is shown 

in parentheses.  
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Infrared spectra were obtained from neat samples as solids or from 

solutions as thin films on an NaCl plate using a Diamond ATR module. The 

spectra were recorded on a Bruker Tensor 27 spectrometer. Absorption maxima 

(vmax) are reported in wavenumbers (cm-1). 

Microanalyses were obtained at the Elemental Analysis Service, London 

Metropolitan University, London. Elemental analysis was carried out in duplicate; 

average values are reported. 

Analytical thin layer chromatography (TLC) was carried out on Merck 

silica gel 60 F254 aluminium-supported thin layer chromatography sheets. 

Visualisation was by absorption of UV light (λmax 254 nm), or thermal 

development after dipping in one of: a ethanolic solutions of: phosphomolybdic 

acid (PMA) or Ninhydrin; b aqueous solution of potassium permanganate. 

Flash column chromatography was carried out manually on VWR 

Prolabo silica gel 60 (240-400 mesh) eluting with solvents as supplied, under a 

positive pressure of compressed air. 

Analytical HPLC to monitor reactions and compound purity, was carried 

out on a PerkinElmer Flexar system with a Binary LC Pump and UV/VIS LC 

Detector and a Dionex Acclaim® 120 column (5 μm, 150 × 4.6 mm). A 10-minute 

gradient as described in Table 6.9 was employed, where solvent A refers to 95% 

H2O / 5 % acetonitrile + 0.1% TFA and solvent B refers to 5% H2O / 95 % 

acetonitrile + 0.1% TFA. The flow rate was 1 ml/min and detection at 254 nm or 

360 nm unless otherwise stated. Samples of were injected in DMSO (20 μl 

injections). 
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Table 6.9. PerkinElmar Flexar, Dionex Acclaim® method 

Step length (min) Elapsed time (min)  %A %B 

2 2  60 40 

10 12  0 100 

2 14  0 100 

1 15  60 40 

5 20  60 40 

 

For determination of compound purity, HPLC was carried out on a Waters 

2695 system using a Hichrom RPB column (100 × 3.2 mm, 35 °C) or a Gemini 

NX column (150 × 3.0 mm, 35 °C). Separation was achieved at a flow rate of 0.5 

ml/min with a gradient of acetonitrile in 10 mM aqueous formic acid over 6 min 

when using the RPB column and an isocratic method (60% acetonitrile / 40% 

H2O + 0.2% NH3, pH 11) when using the Gemini NX column. Details of the 

gradient systems are included in the synthetic procedures for relevant 

compounds. Detection used a photodiode array spectrophotometer (Waters 

2996) and a mass spectrometer (Waters Micromass ZQ mass spectrometer). 

10 µl injections were made. Samples were injected in DMSO, acetonitrile, water 

or a mixture thereof. 

Preparative HPLC for purification of compound 52 (Dr. Michael 

Stratford, Department of Oncology, University of Oxford) was carried out on 

a Waters 2695 system using a Gemini NX column (150 × 3.0 mm, 35 °C). 

Separation was achieved using an isocratic method (60% acetonitrile / 40% H2O 
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+ 0.2% NH3, pH 11). Detection used a photodiode array spectrophotometer 

(Waters 2996) and a mass spectrometer (Waters Micromass ZQ mass 

spectrometer). 20 µl injections were made, loading 200-300 μg of material per 

run.  

Anhydrous solvents were obtained under the following conditions: 

anhydrous DMF and anhydrous MeOH were purchased from Sigma-Aldrich UK in 

SureSealTM bottles and used without further purification; CH2Cl2 and THF were 

dried by passing through a column of activated basic alumina according to 

Grubbs’ procedure (Pangborn et al. 1996) and stored over activated 3 Å 

molecular sieves under an argon or nitrogen atmosphere. 

Chemicals were purchased from ABCR Chemicals, Acros UK, Sigma-

Aldrich UK, Alfa Aesar UK or Fisher UK. All non-aqueous reactions were 

performed in a flame-dried flask or microwave vial under an atmosphere of argon 

or nitrogen. Where required, K2CO3 and Cs2CO3 were dried in an oven prior to 

use.  

Reactions with microwave irradiation were carried out in a Biotage 

Initiator microwave synthesiser. 

In vacuo refers to removal of volatile components under reduced pressure 

using a BuchiTM rotary evaporator.  

Brine refers to a saturated aqueous solution of sodium chloride. 

Petroleum ether refers to the fraction boiling between 30-40 °C unless 

otherwise stated. 

Lyophilisation refers to the removal of water or a water/acetonitrile 

mixture from solutions by freezing and sublimation under high vacuum using a 

Christ Alpha 2-4-LD lyophiliser. 
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6.9  Synthetic Procedures 

6.9.1 2-Nitroimidazole analogues 

Ethyl 2-amino-1-methyl-1H-imidazole-5-carboxylate 32 

 

Ethylformate (6.0 ml, 74.5 mmol) was added to a suspension of sarcosine 

methylester hydrochloride (2.08 g, 14.9 mmol) in anhydrous THF (20 ml). The 

mixture was cooled with an ice/water bath, NaH (1.79 g, 44.7 mmol, 60 % in 

mineral oil) added in portions and the reaction left to slowly warm up to the 

ambient temperature. It was left for an additional 4 h, concentrated in vacuo and 

triturated with petroleum ether (2 × 20 ml). The resulting residue was dissolved in 

EtOH (60 ml), concentrated HCl (12 ml) slowly added and the mixture heated to 

85 °C for 1 h. The cooled mixture was filtered, the filtrate concentrated in vacuo 

and the residual oil dissolved in 10% v/v aq. AcOH (50 ml). Following addition of 

sodium acetate trihydrate (4.06 g, 29.8 mmol) and cyanamide (2.62 g, 29.8 

mmol) the reaction was left at 100 °C for 18 h, concentrated to approximately half 

the original volume and basified to pH 8-9 using solid K2CO3. The formed 

precipitate was isolated by filtration and a second batch obtained by further 

concentrating the mother liquor. The combined batches were dried under 

reduced pressure to yield 32 as a pale yellow solid (948 mg, 38 % over three 

steps): Rf; 0.4 (CH2Cl2, 10% MeOH); mp 130–133 °C (H2O); vmax (neat) cm-1: 

3389, 3338, 3125, 1648, 1479, 1350; 1H NMR (500 MHz, CDCl3): δH 7.45 (s, 1H, 

C4-H), 4.27 (q, J = 7.1, 2H, CH2), 3.69 (s, 3H, NCH3), 1.34 (t, J = 7.1, 3H, 

CH2CH3); 
13C NMR (126 MHz, CDCl3): δC 160.6 (C6), 151.8 (C2),  135.2 (C4-H), 
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119.0 (C5), 59.8 (CH2),  30.5 (NCH3), 14.4 (CH2CH3); HRMS m/z (ES+): [Found; 

(M+Na)+ 192.0743. C7H11N3NaO2 requires (M+Na)+, 192.0743], LRMS m/z 

(ESI+): 192.06 ([M+Na]+, 100%), 170.08 ([M+H]+, 70%); Elem. anal. calcd. for 

C7H11N3O2: C, 49.7; H, 6.6; N, 24.8. Found C, 49.7; H, 6.5; N 24.7. 

Ethyl 1-methyl-2-nitro-1H-imidazole-5-carboxylate 34 

 

A solution of amine 32 (1.05 g, 6.2 mmol) in glacial AcOH (10 ml) was 

added drop wise to an ice-cooled solution of NaNO2 (4.29 g, 62.1 mmol) in water 

(5 ml) and the reaction left at the ambient temperature for 2 h. The mixture was 

extracted with CH2Cl2 (3×15 ml), the combined organic layers washed with water 

(40 ml), saturated aqueous Na2CO3 solution (40 ml) and brine (40 ml). The 

solution was dried over anhydrous MgSO4, filtered, concentrated in vacuo and 

purified by column chromatography eluting with CH2Cl2 to give 34 as pale yellow 

crystals (908 mg, 73 %). Rf; 0.9 (CH2Cl2, 10% MeOH); mp 56-57 °C 

(CH2Cl2/petroleum ether) (lit. 65-66 °C) (Cavalleri, Ballotta, and Lancini 1972); 

vmax (neat) cm-1: 3016, 1739, 1437, 1367; 1H NMR (400 MHz, CDCl3): δH 7.75 (s, 

1H, C4-H), 4.41 (q, J = 7.2, 2H, CH2), 4.35 (s, 3H, NCH3), 1.41 (t, J = 7.2, 3H, 

CH2CH3); 
13C NMR (126 MHz, CDCl3): δC 159.1 (1C, C6), 147.4 (1C, C2), 134.7 

(1C, C4-H), 126.3 (1C, C5), 61.8 (1C, CH2), 35.4 (1C, NCH3), 14.2 (1C, CH2CH3); 

HRMS m/z (ES+): [Found; (M+Na)+ 222.0485. C7H9N3NaO4 requires (M+Na)+, 

222.0485], LRMS m/z (ESI+) 222.03 ([M+Na]+, 100%), 200.06 ([M+H]+, 48%); 

Elem. anal. calcd. for C7H9N3O4: C, 42.2; H, 4.6; N, 21.1. Found C, 42.3; H, 4.5; 

N 21.1. 
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1-Methyl-2-nitro-1H-imidazole-5-carboxylic acid 36 

 

A suspension of ethylester 34 (43 mg, 0.22 mmol) in 1 M aqueous NaOH 

(1 ml) was stirred for 18 h at ambient temperature. The solution was acidified to 

pH 1 using 1 M aqueous HCl, extracted with EtOAc (3 × 3 ml), the combined 

organic layers dried over anhydrous MgSO4, filtered and concentrated in vacuo. 

The residual solid was recrystalised from CHCl3 to yield 36 as pale yellow 

crystals (16 mg, 43 %): mp 155-157 °C (CHCl3) (lit. 161–163 °C) (Cavalleri, 

Ballotta, and Lancini 1972); vmax (neat) cm-1: 1712, 1497, 1362; 1H NMR 

(400 MHz, MeOD-d4): δH 7.73 (s, 1H, C4-H), 4.33 (s, 3H, NCH3); 
13C NMR 

(126 MHz, MeOD-d4): δC 161.6 (C6), 149.0 (C2),  134.8 (C4-H), 128.5 (C5), 35.8 

(NCH3); HRMS m/z (ES+): [Found; (M-H)- 170.0207. C5H4N3O4 requires (M-H)- 

170.0207]; LRMS m/z (ESI-) 170.02 ([M-H]-, 68%); Elem. anal. calcd. for 

C5H5N3O4: C, 35.1; H, 3.0; N, 24.6. Found C, 35.2; H, 2.8; N 24.4. 

5-(Hydroxymethyl)-1-methyl-2-nitro-1H-imidazole 35 

 

A solution of ethylester 34 (230 mg, 1.16 mmol) in anhydrous THF (6 ml) 

and MeOH (0.5 ml) was cooled with an ice/water bath and NaBH4 (131 mg, 3.47 

mmol) added in portions. The reaction was left at 0 °C for an additional 45 min 

and then at ambient temperature for 1 h. It was cooled with ice, quenched by 

addition of ice followed by 1 M aqueous HCl until pH 7. The mixture was 

saturated with NaCl to aid extraction, extracted with EtOAc (5 × 15 ml), washed 
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with saturated aqueous NaHCO3 solution, dried over anhydrous MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by column 

chromatography, eluting with petroleum ether/EtOAc (1:1 to 100% EtOAc) to give 

35 as pale yellow crystals (109 mg, 66%): Rf; 0.5 (CH2Cl2, 10% MeOH); mp 141-

143 °C (EtOAc) (lit. 142-144 °C) (Cavalleri, Ballotta, and Lancini 1972); vmax 

(neat) cm-1: 3226, 3017, 1492, 1394; 1H NMR (400 MHz, DMSO-d6): δH 7.12 (s, 

1H, C4-H), 5.50 (t, J = 5.4, 1H, OH), 4.54 (d, J = 5.4, 2H, C6-H2), 3.92 (s, 3H, 

NCH3); 
13C NMR (126 MHz, DMSO-d6): δC 146.7 (C2), 138.6 (C5), 126.5 (C4-H), 

53.0 (C6-H2), 34.1 (NCH3); HRMS m/z (ES+): [Found; (M-H)- 156.0412.  

C5H6N3O3 requires (M-H)- 156.0414]; LRMS m/z (ESI-) 156.04 ([M-H]-, 100%), 

192.2 ([M+Cl]-, 34%); Elem. anal. calcd. for C5H7N3O3: C, 38.2; H, 4.5; N, 26.7. 

Found C, 38.2; H, 4.5; N 26.6. 

5-(Chloromethyl)-1-methyl-2-nitro-1H-imidazole 38 

 

A solution of SOCl2 (0.28 ml, 3.90 mmol) in dry CH2Cl2 (2 ml) was added 

drop wise to an ice-cooled solution of alcohol 35 (200 mg, 1.27 mmol) and 

distilled pyridine (Armarego and Chai 2003) (0.30 ml, 3.63 mmol) in dry CH2Cl2 (8 

ml). The reaction was left stirring at 0 °C for 1 h followed by another hour at 

ambient temperature. It was quenched by addition of ice, followed by saturated 

aqueous NaHCO3 solution (5 ml). It was extracted with CH2Cl2 (2 × 15 ml), the 

combined organic layers washed with brine (30 ml), dried over anhydrous 

MgSO4, filtered and concentrated in vacuo. The crude product was purified by 

column chromatography, eluting with petroleum ether/EtOAc (1:1 to 100% 

EtOAc) to give 38 as pale yellow crystals (147 mg, 66%): Rf; 0.4 (1:1 EtOAc : 
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petroleum ether); mp 87-90 °C (EtOAc) (lit. 94-96 °C) (Parveen et al. 1999); vmax 

(neat) cm-1:  3029, 1483, 1360; 1H NMR (500 MHz, CDCl3): δH 7.17 (s, 1H, C4-H), 

4.63 (s, 2H, C6-H2), 4.06 (s, 3H, NCH3); 
13C NMR (126 MHz, CDCl3): δC 146.3 

(C2), 132.9 (C5), 128.5 (C4-H), 34.2 (NCH3), 33.9 (CH2); HRMS m/z (ES+): 

[Found; (M+Na)+ 198.0041. C5H6ClN3NaO2 requires (M+Na)+ 198.0041]; LRMS 

m/z (ESI+) 198.1 ([M+Na]+, 100%); Elem. anal. calcd. for C5H6ClN3O2: C, 34.2; 

H, 3.4; N, 23.9. Found C, 34.3; H, 3.5; N 23.8. 

5-(Bromomethyl)-1-methyl-2-nitro-1H-imidazole 37 

 

A solution of alcohol 35 (37 mg, 0,24 mmol) in dry CH2Cl2 (3 ml) was 

cooled to -10 °C with an ice/NaCl bath and PBr3 (0.03 ml, 0.31 mmol) added drop 

wise. The reaction was left at -10 °C for an additional 30 min and then stirred at 

ambient temperature for 1 h. Ice was added to quench the reaction, followed by 

saturated aqueous NaHCO3 solution (4 ml) and extracted with CH2Cl2 (2 × 5 ml). 

The combined organic layers were dried over anhydrous MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by column 

chromatography, eluting with petroleum ether/EtOAc (2:1 to 100% EtOAc) to give 

37 as pale yellow crystals (15 mg, 29%) and recovered starting material NN (6 

mg, 16%): Rf; 0.6 (1:1 EtOAc : petroleum ether); mp 89-94 °C (EtOAc) (lit. 

84-87 °C) (Parveen et al. 1999); vmax (neat) cm-1: 3041, 1483, 1359; 1H NMR 

(400 MHz, CDCl3): δH 7.22 (s, 1H, C4-H), 4.48 (s, 2H, C6-H2), 4.06 (s, 3H, 

NCH3); 
13C NMR (126 MHz, CDCl3): δC 146.9 (C2), 133.5 (C5), 129.0 (C4-H), 

34.7 (NCH3), 19.5 (C6-H2); HRMS m/z (ES+): [Found; (M+Na)+ 241.9538. 

C5H6BrN3NaO2 requires (M+Na)+ 241.9536]; LRMS m/z (ESI+) 242.0 ([M+Na]+, 
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100%), 222.0 ([M+H]+, 30%). HPLC (Dionex Acclaim®, 254 nm): Retention time 

3.65 min, 99% purity. 

 

6.9.2  The pyrazolo-pyridine-based Chk1 inhibitor 16 and analogues 17-19 

3-(2-(1-(4-Nitrophenyl)ethylidene)hydrazinyl)propanenitrile 45b 

 

Hydrazine monohydrate (180 μl, 3.7 mmol) was added drop wise to an ice-

cooled solution of acrylonitrile 20 (250 μl, 3.7 mmol) in THF (4 ml) and the 

resulting solution stirred at ambient temperature. After 2 h, the mixture was 

cooled with an ice bath and 4-nitroacetophenone (612 mg, 3.7 mmol) added 

slowly. The reaction was left to stir at ambient temperature for 6 h. All volatiles 

were removed in vacuo and the product purified by flash column chromatography 

(gradient: EtOAc : petroleum ether, 1:4 to 1:1), yielding 45b  as a bright orange 

solid (795 mg, 93%): Rf; 0.2 (5:1 EtOAc : MeOH); mp 76-78 °C (EtOAc); vmax 

(neat) cm-1: 3320, 2252, 1544, 1325; 1H NMR (400 MHz, CDCl3): δH 8.19 (d, 

J = 9.0, 2H, C3‘-H), 7.81 (d, J = 9.0, 2H, C2‘-H), 5.60 ( t, J = 4.6, 1H, NH), 3.66 

(dt, J = 4.6, 6.3, 2H, C3-H2), 2.75 (t, J = 6.3, 2H, C2-H2), 2.16 (s, 3H, CH3); 
13C 

NMR (400 MHz, CDCl3): δC 147.1 (C), 144.8 (C), 141.7 (C), 125.8 (C3‘-H), 123.6 

(C2‘-H), 118.4 (C1), 46.3 (C3-H2), 19.0 (C2-H2), 11.9 (CH3); HRMS m/z (ES+): 

[Found (M+Na)+ 255.0854. C11H12N4NaO2 requires (M+Na)+, 255.0852]; LRMS 

m/z (ESI-) 231.09 ([M-H]-, 100%); Elem. anal. calcd. for C11H12N4O2: C, 56.9; H, 

5.2; N, 24.2. Found C, 56.8; H, 5.3; N 24.0. 
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Ethyl 4-hydroxy-1-(4-methoxybenzyl)-1H-pyrazolo[3,4-b]pyridine-5-carboxylate 

40 

 

Hydrazine monohydrate (1.3 ml, 25.2 mmol) was added drop wise to an 

ice-cooled solution of acrylonitrile 20 (1.7 ml, 25.2 mmol) in THF (20 ml) and the 

resulting solution stirred at ambient temperature. After 2 h, the mixture was 

cooled with an ice bath and 4-anisaldehyde (3.1 ml, 25.2 mmol) added slowly. 

The reaction was left to stir at ambient temperature for 6 h. All volatiles were 

removed in vacuo and the resulting intermediate imine 39 was used for the 

subsequent step without further purification: 

 

Rf; 0.6 (1:1 EtOAc : petroleum ether); 1H NMR (400 MHz, 

CDCl3): δH 7.70 (s, 1H, CHN), 7.50 (d, J = 8.9, 2H, C2’-

H), 6.89 (d, J = 8.9, 2H, C3’-H), 5.44 (br, 1H, NH), 3.83 

(s, 3H, OCH3), 3.52 (t, J = 6.4, 2H, C2-H2), 2.71 (t, J = 

6.4, 2H, C3-H2). 

Imine 39 was dissolved in iPrOH (125 ml), solid NaOH (0.76 g, 18.9 mmol) 

added and the mixture heated under reflux to 100 C oil-bath temperature. After 6 

h all volatiles were removed in vacuo, the residue redissolved in EtOAc, washed 

with water, brine and dried over anhydrous MgSO4. Pyrazole 21 was 

concentrated and used in the next step without further purification: 
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Rf; 0.3 (1:1 EtOAc : petroleum ether); 1H NMR (400 MHz, 

CDCl3): δH 7.30 (d, J = 1.5, 1H, C3-H), 7.12 (d, J = 8.6, 

2H, C2‘-H), 6.86 (d, J = 8.6, 2H, C3‘-H), 5.56 (d, J = 1.5, 

1H, C2’-H), 5.15 (2, 2H, CH2), 3.78 (s, 3H, OCH3), 3.41 

(br s, 2H, NH2). 

A mixture of pyrazole 21 and diethyl ethoxymethylenemalonate (5.09 ml, 

25.2 mmol) were heated to 120 C under reflux. After 3 h the reaction was left to 

cool to ambient temperature. Diphenylether (40 ml) was added and the reaction 

mixture heated to 240 C for 24 h, the mixture was left to cool down and 50 ml 

petroleum ether added. The solution was left at -20 C overnight for 40 to 

crystallise as brown crystals (2.55  g, 31% over 5 steps): Rf; 0.8 (3:2 EtOAc : 

petroleum ether); mp 139-140 °C (EtOAC); vmax (neat) cm-1:  3083, 1751; 1H 

NMR (500 MHz, CDCl3): δH 12.25 (s, 1H, OH), 8.92 (s, 1H, C6-H), 8.16 (s, 1H, 

C3-H), 7.32 (d, J = 8.7, 2H, C2‘-H), 6.84 (d, J = 8.7, 2H, C3‘-H), 5.60 (s, 2H, 

NCH2), 4.48 (q, J = 7.1, 2H, CH2CH3), 3.77 (s, 3H, OCH3), 1.46 (t, J = 7.1, 3H, 

CH2CH3); 
13C NMR (126  MHz, CDCl3): δC 170.5 (COOEt), 164.2 (C5), 

159.3(C4‘), 153.7 (C1), 151.6 (C6-H), 132.2 (C3-H), 129.5 (C2‘-H), 128.7 (C1‘), 

114.0 (C3‘-H), 106.2 (C2), 102.5 (C4), 61.7 (CH2CH3), 55.2 (OCH3), 50.4 (NCH2), 

14.2 (CH2CH3); HRMS m/z (ES+): [Found; (M+Na)+ 350.1109. C17H17N3NaO4 

requires (M+Na)+, 350.1111]; LRMS m/z (ESI-) 326.11 ([M-H]-, 100%); Elem. 

anal. calcd. for C17H17N3O4: C, 62.4; H, 5.2; N, 12.8. Found C, 62.5; H, 5.1; N 

12.8. 
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1-(4-Methoxybenzyl)-1H-pyrazolo[3,4-b]pyridin-4-ol 41 

 

Ethylester 40 (504 mg, 1.54 mmol) was dissolved in warm EtOH (50 ml), 3 

ml of 15% w/v aqueous NaOH added and the solution heated to 90 C for 6 h. 

The mixture was concentrated in vacuo to approximately 5 ml, water (15 ml) was 

added, the mixture stirred at ambient temperature for 30 min and extracted with 

EtOAc (3 × 15 ml). The pH of the aqueous layer was adjusted to pH 3-4 with 

conc. HCl to precipitate the corresponding carboxylic acid. The precipitate was 

filtered, washed with 1M aqueous HCl and dried under reduced pressure. The 

carboxylic acid was heated to 240 C in diphenylether (30 ml) for 18 h. Petroleum 

ether (50 ml) was added and the solution left to crystallise, yielding 41 (315 mg, 

80% over 2 steps) as colourless crystals: Rf; 0.3 (2:1 EtOAc : petroleum ether 

with 10% MeOH); mp 149-154 °C (EtOAC); vmax (neat) cm-1:  2938, 1249; 1H 

NMR (400 MHz, CDCl3): δH 9.29 (br, 1H, OH), 8.05 (s, 1H, C3-H), 7.65 (d, J = 

6.8, 1H, C6-H), 7.17 (d, J = 8.7, 2H, C2‘-H), 6.72 (d, J = 8.7, 2H, C3‘-H), 6.24 (d, 

J = 6.8, 1H, C5-H), 5.49 (s, 2H, CH2), 3.70 (s, 3H, OCH3); 
13C NMR (100  MHz, 

CDCl3): δH 161.3 (C4), 159.4 (C4‘), 145.6 (C1), 140.1 (1C, C6-H), 133.7 (C3-H), 

129.0 (C2‘-H), 127.7 (C1‘), 114.1 (C3‘-H), 112.0 (C2), 108.0 (C5-H), 55.2 (OCH3 

), 51.4 (CH2); HRMS m/z (ES+): [Found; (M+H)+ 256.1081. C14H14N3O2 requires 

(M+H)+, 256.1081, LRMS m/z (ESI+) 256.11 ([M+H]+, 100%), 278.09 ([M+Na]+, 

70%). 
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5-Bromo-1-(4-methoxybenzyl)-1H-pyrazolo[3,4-b]pyridin-4-ol 42 

 

Phenol 41 (118 mg, 0.46 mmol) was dissolved in glacial AcOH (1.7 ml), 

N-bromosuccinimide added (99 mg, 0.56 mmol) and the mixture heated to 60 C 

for 2 h. Water (2 ml) was added, the mixture stirred for 20 min, filtered and the 

precipitate washed with water. The solid was dried in vacuo, washed twice with 

cold CHCl2 and dried, yielding 41 as an off-white solid (0.129 g, 83%): Rf; 0.2 (4:1 

EtOAc : petroleum ether); mp 167-168 °C (AcOH/H2O) ; vmax (neat) cm-1:  3082; 

1H NMR (400 MHz, MeOD-d4): δH 8.24 (s, 1H, C6-H), 8.11 (s, 1H, C3-H), 7.18 (d, 

J = 8.8, 2H, C2‘-H), 6.87 (d, J = 8.8, 2H, C3‘-H), 5.48 (s, 2H, CH2), 3.76 (s, 3H, 

OCH3); 
13C NMR (126  MHz, MeOD-d4): δC 166.6 (C5), 161.0 (C4‘), 146.8 (C1), 

143.5 (C6-H), 134.1 (C2-H), 129.8 (C2‘-H), 129.3 (C1‘), 115.2 (C3‘-H), 111.9 

(C2), 104.4 (C4), 55.7 (OCH3), 52.1 (CH2); HRMS m/z (ES+): [Found; (M+Na)+ 

356.0009. C14H12BrN3NaO2 requires (M+Na)+, 356.0005], LRMS m/z (ESI-) 332.0 

([M-H]-, 100%); Elem. anal. calcd. for C14H12BrN3O2: C, 50.3; H, 3.6; N, 12.6. 

Found C, 50.1; H, 3.5; N 12.4. 

5-Bromo-4-chloro-1-(4-methoxybenzyl)-1H-pyrazolo[3,4-b]pyridine 22 

 

A solution of phenol 42 (1.75 g, 5.24 mmol) in dichloroethane (20 ml) and 

POCl3 (20 ml) was heated to 75 °C for 2 h. The cooled reaction was poured on 
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ice, neutralised with solid Na2CO3 and extracted with CH2Cl2 (3 × 30 ml). The 

combined organic layers were washed with saturated aqueous NaHCO3 solution 

(50 ml) and brine (50 ml), dried over anhydrous MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by column chromatography eluting with 

petroleum ether/EtOAc (9:1) to give 22 as colourless crystals (1.26 g, 68%): Rf; 

0.6 (1:1 EtOAc : petroleum ether); mp 128-132 °C (EtOAc); vmax (neat) cm-1: 

3058; 1H NMR (400 MHz, CDCl3): δH 8.62 (s, 1H, C6-H), 8.05 (s, 1H, C3-H), 7.32 

(d, J = 8.7, 2H, C2‘-H), 6.83 (d, J = 8.7, 2H, C3‘-H), 5.61 (s, 2H, CH2), 3.77 (s, 

3H, OCH3); 
13C NMR (126  MHz, CDCl3): δC 159.4 (C4‘), 150.8 (C6-H), 149.2 

(C1), 137.1 (C4), 130.9 (C3-H), 129.5 (C2‘-H), 128.3 (C1‘), 116.7 (C2), 114.1 

(C3‘-H), 112.9 (C5-Br), 55.2 (OCH3), 50.9 (CH2); HRMS m/z (ES+): [Found; 

(M+H)+ 351.9845. C14H12BrClN3O requires (M+H)+, 351.9847]; LRMS m/z (ESI+) 

353.98 ([M+H]+, 100%); Elem. anal. calcd. for C14H11BrClN3O: C, 47.7; H, 3.1; N, 

11.9. Found C, 47.8; H, 3.2; N 12.1. 

Tert-butyl ((4-(5-bromo-1-(4-methoxybenzyl)-1H-pyrazolo[3,4-b]pyridin-4-yl) 

morpholin-2-yl)methyl)carbamate 25 

 

Et3N (0.03 ml, 0.19 mmol) was added to a solution of 22 (34 mg, 

0.10 mmol) and tert-butyl (morpholin-2-ylmethyl) carbamate 43 (23 mg, 0.11 

mmol) in NMP (1 ml) and the mixture heated to 130 °C for 7 h. Water (3 ml) was 

added to the cooled reaction and the mixture extracted with EtOAc (3 × 5 ml). 

The combined organic layers were washed with brine (3 × 15 ml), dried over 
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anhydrous MgSO4, filtered, concentrated in vacuo and purified by column 

chromatography eluting with petroleum ether/EtOAc (4:1 to 1:1). Carbamate 25 

was obtained as a colourless solid (25 mg, 49%), together with recovered starting 

material 22 (11 mg, 32%): Rf; 0.6 (1:1 EtOAc : petroleum ether); mp 139-141 °C 

(EtOAc); vmax (neat) cm-1: 3384, 3011, 1739; 1H NMR (500 MHz, CD2Cl2): δH 8.46 

(s, 1H, C6-H), 8.11 (s, 1H, C3-H), 7.29 (d, J = 8.7, 2H, C2‘-H), 6.85 (d, J = 8.7, 

2H, C3‘-H), 5.58 (s, 2H, NCH2), 4.97 (br, 1H, NH), 4.06 (m, 1H, OCHaHb), 3.90 

(ddd, J = (11.3, 11.3, 2.5), 1H, OCHaHb), 3.88-3.85 (m, 1H, OCHCHaHb), 3.84-

8.79 (m, 2H, OCH & OCH2CHaHb), 3.78 (s, 3H, OCH3), 3.40-3.35 (m, 2H, 

OCH2CHaHb & CHaHbNHBoc), 3.26 (ddd, J = 14.0, 5.7, 5.7, 1H, CHaHbNHBoc), 

3.16 (dd, J = 10.8, 10.8, 1H, OCHCHaHb), 1.47 (s, 9H, C(CH3)3); 
13C NMR (126  

MHz, CD2Cl2): δC 159.7 (C4‘), 156.3 (COOtBu), 152.8 (C6-H), 151.5 (C1), 150.8 

(C4), 131.8 (C3-H), 129.6 (C2‘-H), 129.6 (C1‘), 114.2 (C3‘-H), 111.7 (C2), 105.1 

(C5), 79.6 (C(CH3)3), 75.4 (OCH), 67.2 (OCH2), 55.6 (OCH3), 54.0 (OCHCH2), 

51.3 (OCH2CH2), 43.1 (CH2NH2), 28.5 (C(CH3)3). HRMS m/z (ES+): [Found; 

(M+H)+ 532.1538. C24H31BrN5O4 requires (M+H)+, 532.1554]; LRMS m/z (ESI+) 

534.16 ([M+H]+, 84%); Elem. anal. calcd. for C24H30BrN5O4: C, 54.1; H, 5.7; N, 

13.2. Found C, 54.1; H, 5.7; N 13.0. 

(4-(5-Bromo-1H-pyrazolo[3,4-b]pyridin-4-yl)morpholin-2-yl)methanamine 16 

 

Carbamate 25 (25 mg, 0.05 mmol) was dissolved in TFA (2 ml) and 

iPr3SiH (0.03 ml, 0.14 mmol) added. The resulting solution was stirred at 40 °C 

for 18 h and concentrated in vacuo. The crude product was dissolved in 5 ml 
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MeOH and the solution loaded onto an ISOLUTE® SCX-2 cation exchange 

column (500 mg resin), washed with 10 ml MeOH and then eluted with 1 M NH3 

in MeOH to give 16 as colourless crystals (15 mg, >99%): Rf; 0.2 (4:1 CHCl3 : 

MeOH); mp 93–98 °C (MeOH) ; vmax (neat) cm-1: 3360; 1H NMR (500 MHz, 

MeOD-d4): δH 8.40 (s, 1H, C6-H), 8.31 (s, 1H, C3-H), 4.13 - 4.10 (m, 1H, 

OCHaHb), 3.92 (ddd, J = 11.4, 11.4, 2.4, 1H, OCHaHb), 3.92 – 3.90 (m, 1H, 

OCH2CHaHb), 3.86 – 3.80 (m, 2H, OCHCHaHb & OCH), 3.44 (ddd, J = 11.6, 11.6, 

2.8, 1H, OCH2CHaHb), 3.17 (dd, J = 12.0, 10.1, 1H, OCHCHaHb), 2.88 – 2.86 (m, 

2H, CH2NH2); 
13C NMR (126 MHz, MeOD-d4): δC 154.0 (C1), 153.8 (C6-H), 152.5 

(C4), 134.1 (C3-H), 111.9 (C2), 105.2 (C5), 78.1 (OCH), 67.9 (OCH2), 55.0 

(OCHCH2), 52.2 (OCH2CH2), 44.7 (CH2NH2); HRMS m/z (ES+): [Found; (M+H)+ 

312.0450. C11H15BrN5O requires (M+H)+, 312.0454]; LRMS m/z (ESI+) 312.1 

([M+H]+, 100%). HPLC (Hichrom RPB column, 5-70% acetonitrile, 254 nm): 

Retention time 4.51 min, 98% purity. 

5-Bromo-4-chloro-1H-pyrazolo[3,4-b]pyridine 23 

 

Pyrazolo pyridine 22 (289 mg, 0.82 mmol) was dissolved in TFA (5 ml), 

iPrSiH added (0.34 ml, 1.64 mmol) and heated to 60 °C for 5 h. Water (10 ml) 

was added to the cold reaction mixture and extracted with EtOAc (3 × 10 ml). The 

combined organic layers were washed with saturated aqueous Na2CO3 solution 

(2 × 30 ml), brine (30 ml), dried over anhydrous MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by column chromatography eluting with 

petroleum ether/EtOAc (gradient: 10:1 to 4:1) to give 23 as fine colourless 
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crystals (164 mg, 86%): Rf; 0.4 (4:1 EtOAc : petroleum ether); mp 138-154 °C 

(decomposition, EtOAc); vmax (neat) cm-1: 3457, 3016; 1H NMR (500 MHz, 

DMSO-d6): δH 14.23 (br, 1H, NH), 8.73 (s, 1H, C6-H), 8.27 (s, 1H, C3-H); 13C 

NMR (126 MHz, DMSO-d6): δC 151.1 (C1), 150.8 (C6-H), 135.4 (C4), 131.6 (C3-

H), 115.3 (C5), 112.0 (C2); HRMS m/z (ES+): [Found; (M-H)- 229.9127. 

C6H2BrClN3O requires (M-H)-, 229.9126]; LRMS m/z (ESI-) 231.91 ([M-H]-, 

100%); Elem. anal. calcd. for C6H3BrClN3: C, 31.0; H, 1.3; N, 18.1. Found C, 

31.2; H, 1.4; N 17.9. 

1-Benzyl-5-bromo-4-chloro-1H-pyrazolo[3,4-b]pyridine 24a (1-N regioisomer) 

 

Benzylbromide (0.034 ml, 0.28 mmol) was added to a solution of 23 

(45 mg, 0.19 mmol) and anhydrous K2CO3 (80 mg, 0.58 mmol) in anhydrous 

DMF (5 ml) and the resulting mixture stirred at ambient temperature for 2 h. 

Water (10 ml) was added and the reaction extracted with EtOAc (2 × 10 ml). The 

combined organic layers were washed with brine (3 × 15 ml), dried over 

anhydrous MgSO4, filtered and concentrated in vacuo. The crude product was 

purified by column chromatography eluting with petroleum ether/Et2O (gradient: 

100 % petroleum ether to 9:1), yielding 24a as colourless crystals (34 mg, 54%): 

Rf; 0.4 (1:9 Et2O : petroleum ether); mp 89-90 °C (Et2O/ petroleum ether); vmax 

(neat) cm-1: 3029; 1H NMR (400 MHz, CDCl3): δH 8.62 (s, 1H, C6-H), 8.08 (s, 1H, 

C3-H), 7.36-7.28 (m, 5H, C2‘-H, C3‘-H, C4‘-H), 5.69 (s, 2H, CH2); 
13C NMR (126 

MHz, CDCl3): δC 150.9 (C6-H), 149.5 (C1), 137.0 (C4), 136.2 (CH2), 131.0 (C3-

H), 128.7 & 128.0 (C2‘-H & C3‘-H), 128.0 (C4‘-H), 116.7 (C2), 113.0 (C5), 51.3 
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(CH2); HRMS m/z (ES+): [Found; (M+Na)+ 343.9555. C13H9BrClN3Na requires 

(M+Na)+, 343.9561]; LRMS m/z (ESI+)  344.0 ([M+Na]+, 100%); Elem. anal. 

calcd. for C13H9BrClN3: C, 48.4; H, 2.8; N, 13.0. Found C, 48.5; H, 2.7; N 12.9. 

2-Benzyl-5-bromo-4-chloro-2H-pyrazolo[3,4-b]pyridine 24a (2-N regioisomer) 

 

Benzylbromide (0.028 ml, 0.24 mmol) was added to a solution of 23 

(37 mg, 0.16 mmol) and anhydrous Cs2CO3 (87 mg, 0.27 mmol) in anhydrous 

DMF (4 ml) and the resulting mixture stirred at ambient temperature for 3 h. 

Water (10 ml) was added to the reaction and extracted with EtOAc (2 × 10 ml). 

The combined organic layers were washed with brine (3 × 15 ml), dried over 

anhydrous MgSO4, filtered and concentrated in vacuo. The crude product was 

purified by column chromatography eluting with petroleum ether/Et2O (9:1) 

followed by petroleum ether/EtOAc (4:1), yielding 24a (2-N regioisomer) as 

colourless crystals (33 mg, 64%) and the regioisomer 24a (1-N regioisomer) 

(15 mg, 29%): Rf; 0.7 (1:1 EtOAc : petroleum ether); mp 162-163 °C (EtOAc); 

vmax (neat) cm-1: 3097, 3031; 1H NMR (500 MHz, CDCl3): δH 8.72 (s, 1H, C6-H), 

7.92 (s, 1H, C3-H), 7.41-7.37 (m, 5H, C2‘-H, C3‘-H, C4‘-H), 5.62 (s, 2H, CH2); 

13C NMR (126 MHz, CDCl3): δC 157.1 (C1), 153.2 (C6-H), 135.9 (C4), 134.2 

(CH2), 129.2 & 128.5 (C2‘-H & C3‘-H), 129.0 (C4‘-H), 122.1 (1C, C3-H), 116.1 

(C5), 113.4 (C2), 58.5 (CH2); HRMS m/z (ES+): [Found; (M+Na)+ 343.9555. 

C13H9BrClN3Na requires (M+Na)+, 343.9561]; LRMS m/z (ESI+)  344.0 ([M+Na]+, 

100%) 322.0 ([M+H]+, 95%); Elem. anal. calcd. for C13H9BrClN3: C, 48.4; H, 2.8; 

N, 13.0. Found C, 48.5; H, 2.9; N 13.4. 
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5-Bromo-4-chloro-1-((1-methyl-2-nitro-1H-imidazol-5-yl)methyl)-1H-pyrazolo[3,4-

b]pyridine 24c (1-N regioisomer) 

 

Representative procedure A: Pyrazolo pyridine 23 (143 mg, 0.62 mmol), 

chloride 38 (119 mg, 0.68 mmol), TBAI (227 mg, 0.62 mmol) and anhydrous 

K2CO3 (255 mg, 1.86 mmol) were dissolved in anhydrous DMF (6 ml) and stirred 

at ambient temperature for 18 h. Water (10 ml) was added to the mixture and 

extracted with EtOAc (2 × 10 ml). The combined organic layers were washed with 

brine (3 × 30 ml), dried over anhydrous MgSO4, concentrated in vacuo and the 

residue purified by column chromatography, eluting with petroleum ether/EtOAc 

(gradient: 4:1 to 1:4). Compound 24c (1-N regioisomer) was obtained as 

colourless needles (156 mg, 68%): Rf; 0.4 (1:1 EtOAc : petroleum ether); mp 

193-194 °C (CH2Cl2/petroleum ether); vmax (neat) cm-1: 1480, 1342; 1H NMR 

(500 MHz, CD2Cl2): δH 8.69 (s, 1H, C6-H), 8.13 (s, 1H, C3-H), 7.28 (s, 1H, C4‘-

H), 5.75 (s, 2H, CH2), 4.10 (s, 3H, NCH3); 
13C NMR (126 MHz, CD2Cl2): δC 151.7 

(1C, C6-H), 149.8 (C1), 146.6 (C2‘), 137.7 (C4), 132.7 (C5‘), 132.2 (C3-H), 129.6 

(C4‘-H), 117.2 (C5), 114.0 (C2), 41.2 (CH2), 35.0 (NCH3); HRMS m/z (ES+): 

[Found; (M+Na)+ 394.9474. C11H8BrClN6NaO2 requires (M+Na)+, 394.9473]; 

LRMS m/z (ESI-) 368.9 ([M-H]-, 100%); Elem. anal. calcd. for C11H8BrClN6O2: C, 

35.6; H, 2.2; N, 22.6. Found C, 35.7; H, 2.2; N 22.6. 
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5-Bromo-4-chloro-2-((1-methyl-2-nitro-1H-imidazol-5-yl)methyl)-2H-pyrazolo[3,4-

b]pyridine 24c (2-N regioisomer) 

 

Pale yellow crystals (5 mg, 16%), obtained as a side product in the 

synthesis of 24c (1-N regioisomer): Rf; 0.4 (1:9 EtOAc : petroleum ether); mp 

189-192 °C (CH2Cl2); vmax (neat) cm-1: 3010, 1488, 1321; 1H NMR (500 MHz, 

CD2Cl2): δH 8.74 (s, 1H, C6-H), 8.10 (s, 1H, C3-H), 7.37 (s, 1H, C4‘-H), 5.73 (s, 

2H, CH2), 4.07 (s, 3H, NCH3); 
13C NMR (126 MHz, CD2Cl2): δC 157.6 (C1), 154.3 

(C6-H), 146.5 (C2‘), 136.5 (C4), 130.9 (C5‘), 130.0 (C4‘-H), 122.9 (C3-H), 116.6 

(C2), 114.4 (C5), 48.2 (CH2), 35.3 (NCH3); HRMS m/z (ES+): [Found; (M+Na)+ 

394.9472. C11H8BrClN6NaO2 requires (M+Na)+, 394.9473]; LRMS m/z (ESI-) 

368.9 ([M-H]-, 100%). 

5-Bromo-4-chloro-1-(4-nitrobenzyl)-1H-pyrazolo[3,4-b]pyridine 24b (1-N 

regioisomer) 

 

Preparation according to representative procedure A. Colourless needles 

(82 mg, 56%): Rf; 0.7 (4:1 petroleum ether : EtOAc); mp 144-145 °C (EtOAc); 

vmax (neat) cm-1: 3008, 1539, 1347; 1H NMR (500 MHz, CDCl3): δH 8.62 (s, 1H, 

C6-H), 8.18 (d, J = 8.7, 2H, C3‘-H), 8.11 (s, 1H, C3-H), 7.48 (d, J = 8.7, 2H, C2‘-

H), 5.78 (s, 2H, CH2); 
13C NMR (126 MHz, CDCl3): δC 151.3 (C6-H), 149.6 (C1), 

147.6 (C4‘), 143.2 (C1‘), 137.4 (C4), 131.7 (C3-H), 128.7 (C2‘-H), 124.0 (C3‘-H), 
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116.8 (C2), 113.5 (C5), 50.5 (CH2).; HRMS m/z (FI+): [Found; (M)+ 365.9528. 

C13H8BrClN4O2 requires (M)+ 365.9519]; LRMS m/z (FI+) 367.9 ([81Br35ClM]+ & 

[79Br37ClM]+, 100%), 366.0 ([79Br35ClM]+, 53%). Elem. anal. calcd. for 

C13H8BrClN4O2: C, 42.5; H, 2.2; N, 15.2. Found C, 42.3; H, 2.2; N, 15.2.  

5-Bromo-4-chloro-2-(4-nitrobenzyl)-1H-pyrazolo[3,4-b]pyridine 24b (2-N 

regioisomer) 

 

Colourless needles (6 mg, 11%), obtained as a side product in the 

synthesis of 24b (1-N regioisomer): Rf; 0.4 (1:1 petroleum ether : EtOAc); mp 

192 °C (EtOAc); vmax (neat) cm-1: 3006; 1H NMR (500 MHz, CDCl3): δH 8.75 (s, 

1H, C6-H), 8.24 (d, J = 8.5, 2H, C3‘-H), 8.06 (s, 1H, C3-H), 7.51 (d, J = 8.5, 2H, 

C2‘-H), 5.72 (s, 2H, CH2); 
13C NMR (126 MHz, CDCl3): δC 157.3 (C1), 153.8 (C6-

H), 148.1 (C4‘), 141.4 (C1‘), 136.1 (C4), 128.9 (C2‘-H), 124.3 (C3‘-H), 122.8 (C3-

H), 116.3 (C2), 114.0 (C5), 57.5 (CH2); HRMS m/z (FI+): [Found; (M)+ 365.9523. 

C13H8BrClN4O2 requires (M)+ 365.9519]; LRMS m/z (FI+) 367.9 ([81Br35ClM]+ & 

[79Br37ClM]+, 100%), 366.0 ([79Br35ClM]+, 47%).  
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2-(1,2-Bis(4-nitrophenyl)ethyl)-5-bromo-4-chloro-2H-pyrazolo[3,4-b]pyridine 48 

 

Off white solid (5 mg, 7%), obtained as a side product in the synthesis of 

24b: Rf; 0.3 (4:1 petroleum ether : EtOAc); mp 176-179 °C (EtOAc); vmax (neat) 

cm-1: 1517, 1281; 1H NMR (500 MHz, CDCl3): δH 8.77 (s, 1H, C6-H), 8.23 (d, J = 

8.7, 2H, C3‘‘-H), 8.07 (d, J = 8.6, 2H, C3‘-H), 7.91 (s, 1H, C3-H), 7.72 (d, J = 8.7, 

2H, C2‘‘-H), 7.29 (d, J = 8.6, 2H, C2‘-H),  5.76 (dd, J = (9.9, 5.3), 1H, CHCH2), 

4.26 (dd, J = (9.9, 14.0), 1H, CHaHb), 3.64 (dd, J = (5.3, 14.0), 1H, CHaHb); 

13C NMR (126 MHz, CDCl3): δC 157.2 (C1), 154.0 (C6-H), 148.2 (C4‘‘), 147.2 

(C4‘), 144.6 (C1‘‘), 143.8 (C1‘), 138.7 (C5), 136.1 (C4), 129.9 (C2‘-H), 128.2 

(C2‘‘-H), 124.3 (C3‘‘-H), 124.0 (C3‘-H), 122.9 (C3), 115.7 (C2), 105.6 (C4), 69.3 

(CHCH2), 41.4 (CH2); HRMS m/z (ES-): [Found; (M-H)- 499.9764. 

C20H12BrClN5O4 requires (M-H)- 499.9767]; LRMS m/z (ESI-) 502.0 ([M-H]-, 

100%), 499.9 ([M-H]-, 70%), 537.9 ([M+Cl]-, 55%), 536.0 ([M+Cl]-, 30%). 

Tert-butyl ((4-(1-benzyl-5-bromo-1H-pyrazolo[3,4-b]pyridin-4-yl)morpholin-2-yl) 

methyl)carbamate 27a 

 

Representative procedure B: Et3N (0.03 ml, 0.18 mmol) was added to a 

solution of 24a (1-N regioisomer) (27 mg, 0.08 mmol) and tert-butyl (morpholin-2-
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ylmethyl) carbamate (20 mg, 0.09 mmol) in NMP (1 ml) and the mixture heated to 

130 °C for 7 h. Water (3 ml) was added to the cooled reaction vessel and the 

mixture extracted with EtOAc (3 × 5 ml). The combined organic layers were 

washed with brine (3 × 15 ml), dried over anhydrous MgSO4, filtered, 

concentrated in vacuo and purified by column chromatography eluting with 

petroleum ether/EtOAc (gradient: 5:1 to 2:1). Carbamate 27a was obtained as a 

colourless solid (22 mg, 52%), together with recovered starting material 24a 

(12 mg, 44%). Carbamate 27a was recrystallised from Et2O/ petroleum ether: Rf; 

0.3 (1:2 EtOAc : petroleum ether); mp 120-123 °C (Et2O/petroleum ether); vmax 

(neat) cm-1: 3374, 1690; 1H NMR (500 MHz, CDCl3): δH 8.44 (s, 1H, C6-H), 8.09 

(s, 1H, C3-H), 7.32-7.23 (m, 5H, C2‘-H. C3‘-H, C4‘-H), 5.64 (s, 2H, NCH2), 4.94 

(br, 1H, NH), 4.06 – 4.03 (m, 1H, OCHaHb), 3.89 (ddd, J = 11.1, 11.1, 2.3, 1H, 

OCHaHb), 3.86 – 3.80 (m, 2H, CHCHaHbN & OCH), 3.78 – 3.75 (m, 1H, 

OCH2CHaHb), 3.42-3.34 (m, 2H, CHaHbNHBoc & OCH2CHaHb), 3.26 (ddd, J = 

14.0, 5.7, 5.7, 1H, CHaHbNHBoc), 3.13 (dd, J = 11.2, 11.2, 1H, OCHCHaHb), 1.46 

(s, 9H, C(CH3)3); 
13C NMR (126 MHz, CDCl3): δC 156.0 (COOtBu), 152.6 (C6-H), 

151.2 (C1), 150.3 (C4), 136.7 (C1‘), 131.2 (C3-H), 128.6 & 127.8 (C2‘-H & C3‘-

H), 127.8 (C4‘-H ), 111.3 (C2), 105.0 (C5), 79.6 (C(CH3)3), 74.9 (OCH), 66.8 

(OCH2), 53.6 (OCHCH2), 50.8 (NCH2), 50.8 (OCH2CH2), 42.7 (CH2NHBoc), 28.4 

(C(CH3)3); HRMS m/z (ES+): [Found; (M+Na)+ 524.1268. C23H28BrN5NaO3 

requires (M+Na)+, 524.1268]; LRMS m/z (ESI+) 307.2 ([M-Br-NHBoc]+, 100%), 

524.1 ([M+Na]+, 35%), 502.1 ([M+H]+, 7%); Elem. anal. calcd. for C23H28BrN5O3: 

C, 55.0; H, 5.6; N, 13.9. Found C, 55.1; H, 5.7; N 13.9. 
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Tert-butyl ((4-(5-bromo-1-((1-methyl-2-nitro-1H-imidazol-5-yl)methyl)-1H-

pyrazolo[3,4-b]pyridin-4-yl)morpholin-2-yl)methyl)carbamate 27c 

 

Procedure according to representative procedure B. Bright yellow crystals 

(230 mg, 71%): Rf; 0.3 (2:1 EtOAc : petroleum ether); mp 72-75 °C (EtOAc); vmax 

(neat) cm-1: 3343, 1705, 1487, 1365; 1H NMR (500 MHz, CD2Cl2): δH 8.48 (s, 1H, 

C6-H), 8.15 (s, 1H, C3-H), 7.24 (s, 1H, C4‘-H), 5.69 (s, 2H, NCH2), 4.98 (br, 1H, 

NH), 4.09 (s, 3H, NCH3), 4.08 – 4.05 (m, 1H, OCHaHb), 3.91 (ddd, J = 11.3, 11.3, 

2.4, 1H, OCHaHb), 3.89 – 3.86 (m, 1H, OCHCHaHb), 3.85-3.80 (m, 2H, OCH, 

OCH2CHaHb), 3.41-3.35 (m, 2H, OCH2CHaHb & CHaHbNHBoc), 3.26 (ddd, J = 

14.0, 5.9, 5.9, 1H, CHaHbNHBoc), 3.18 (dd, J = 10.8, 10.8, 1H, OCHCHaHb), 1.46 

(s, 9H, C(CH3)3); 
13C NMR (126 MHz, CD2Cl2): δC 156.3 (COOtBu), 153.2 (C6-H), 

151.5 & 151.1 (C4 & C1), 146.5 (C2‘), 133.3 (C5‘), 132.9 (C3-H), 129.4 (C4‘-H), 

111.6 (C2), 105.5 (C5), 79.6 (C(CH3)3), 75.4 (OCH), 67.1 (OCH2), 54.1 

(OCHCH2), 51.2 (OCH2CH2), 43.1 (CH2NHBoc), 40.7 (NCH2), 35.0 (NCH3), 28.5 

(C(CH3)3); HRMS m/z (ES+): [Found; (M+Na)+ 573.1197. C21H27BrN8NaO5 

requires (M+Na)+, 573.1180]; LRMS m/z (ESI+) 573.0 ([M+Na]+, 87%). Elem. 

anal. calcd. for C21H27BrN8O5: C, 45.7; H, 4.9; N, 20.3. Found C, 45.9; H, 5.0; N 

20.2. 
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Tert-butyl ((4-(5-bromo-1-(4-nitrobenzyl)-1H-pyrazolo[3,4-b]pyridin-4-

yl)morpholin-2-yl)methyl)carbamate 27b 

 

Procedure according to representative procedure for B. Orange crystals 

(56 mg, 68%): Rf; 0.3 (2:1 EtOAc : petroleum ether); mp 164-165 °C (EtOAc); 

vmax (neat) cm-1: 3380, 1739, 1522, 1307; 1H NMR (500 MHz, CDCl3): δH 8.42 (s, 

1H, C6-H), 8.14 (d, J = 8.7, 2H, C3‘-H), 8.12 (s, 1H, C3-H), 7.43 (d, J = 8.7, 2H, 

C2‘-H), 5.72 (s, 2H, NCH2), 4.95 (br, 1H, NH), 4.06–4.03 (m, 1H, OCHaHb), 3.98 

(ddd, J = 11.3, 11.3, 2.2, 1H, OCHaHb), 3.87 – 3.79 (m, 3H, OCHCHaHb, 

OCH2CHaHb, OCH), 3.42-3.34 (m, 2H, OCH2CHaHb & CHaHbNHBoc), 3.26 (ddd, 

J = 14.0, 5.7, 5.7, 1H, CHaHbNHBoc), 3.17 (dd, J = 10.7, 10.7, 1H, OCHCHaHb), 

1.45 (s, 9H, C(CH3)3); 
13C NMR (126 MHz, CDCl3): δC 156.1 (COOtBu), 152.8 

(C6-H), 151.2 (C1), 150.5 (C4), 147.5 (C4‘), 143.8 (C1‘),132.2 (C3-H), 128.6 

(C2‘-H), 123.9 (C3‘-H), 111.3 (C2), 105.1 (C5), 79.7 (C(CH3)3), 75.0 (OCH), 66.7 

(OCH2), 53.6 (OCHCH2), 50.7 (OCH2CH2), 50.0 (NCH2), 42.7 (CH2NHBoc), 28.4 

(C(CH3)3); HRMS m/z (ES+): [Found; (M+Na)+ 569.1140. C23H27BrN6NaO5 

requires (M+Na)+, 569.1119]; LRMS m/z (ESI+) 569.2 ([M+Na]+, 82%). Elem. 

anal. calcd. for C23H27BrN6O5: C, 50.5; H, 5.0; N, 15.4. Found C, 50.4; H, 4.9; N 

15.3. 
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 (4-(1-Benzyl-5-bromo-1H-pyrazolo[3,4-b]pyridin-4-yl)morpholin-2-

yl)methanamine 19 

 

Representative procedure C: Carbamate 27a (50 mg, 0.10 mmol) was 

dissolved in TFA (5 ml) and iPr3SiH (0.06 ml, 0.30 mmol) added. The resulting 

solution was stirred at 40 °C for 1 h and concentrated in vacuo. The crude 

product was dissolved in MeOH and the solution loaded onto a SCX-2 column, 

washed with MeOH and eluted with 1 M NH3 in MeOH to give 19 as a colourless 

gum (35 mg, 88%): Rf; 0.4 (9:1 CHCl3 : MeOH); vmax (neat) cm-1: 3456, 3370, 

3028; 1H NMR (500 MHz, MeOD-d4): δH 8.44 (s, 1H, C6-H), 8.31 (s, 1H, C3-H), 

7.30 - 7.23 (m, 5H, C2‘-H, C3‘-H, C4‘-H), 5.63 (s, 2H, NCH2), 4.10 – 4.08 (m, 1H, 

OCHaHb), 3.90 (ddd, J = 11.1, 11.1, 2.5, 1H, OCHaHb), 3.92 – 3.89 (m, 1H, 

OCHCHaHb), 3.86 – 3.84 (m, 1H, OCH2CHaHb), 3.77 (dtd, J = 9.8, 5.7, 2.1, 1H, 

OCH), 3.42 (ddd, J = 11.5, 11.5, 2.5, 1H, OCH2CHaHb), 3.18 (dd, J = 11.6, 9.8, 

1H, OCHCHaHb), 2.80 (d, J = 5.7, 2H, CH2NH2); 
13C NMR (126 MHz, MeOD-d4): 

δC 153.7 (C6-H), 152.5 (C1), 152.3 (C4), 138.3 (NCH2), 133.3 (C3-H), 129.6 (C4‘-

H), 128.8 & 128.7 (C2‘-H & C3‘-H ), 112.5 (C2), 105.5 (C5), 78.1 (OCH), 67.9 

(OCH2), 54.9 (OCHCH2), 52.2 (OCH2CH2), 51.6 (NCH2), 44.7 (CH2NH2); HRMS 

m/z (ES+): [Found; (M+H)+ 402.0919. C18H21BrN5O requires (M+H)+ 402.0924]; 

LRMS m/z (ESI+) 402.1 ([M+H]+, 100%). HPLC (Hichrom RPB column, 10-80% 

acetonitrile, 254 nm): Retention time 5.83 min, 99% purity. 
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(4-(5-Bromo-1-((1-methyl-2-nitro-1H-imidazol-5-yl)methyl)-1H-pyrazolo[3,4-

b]pyridin-4-yl)morpholin-2-yl)methanamine 18 

 

Preparation according to representative procedure C. Bright yellow 

crystals (92 mg, 97%): Rf; 0.2 (CHCl3 5% MeOH); mp 70-73 °C (MeOH); vmax 

(neat) cm-1: 3376, 1485, 1336; 1H NMR (500 MHz, MeOD-d4): δH 8.45 (s, 1H, C6-

H), 8.31 (s, 1H, C3-H), 7.17 (s, 1H, C4‘-H), 5.76 (s, 2H, NCH2), 4.09 (s, 3H, 

NCH3), 4.09 - 4.07 (m, 1H, OCHaHb), 3.91 - 3.86 (m, 2H, OCHaHb & OCHCHaHb), 

3.85 – 3.81 (m, 1H, OCH2CHaHb), 3.76 (dtd, J = 10.0, 5.8, 2.3, 1H, OCH), 3.40 

(ddd, J = 12.0, 12.0, 2.9, 1H, OCH2CHaHb), 3.15 (dd, J = 12.0, 10.0, 1H, 

OCHCHaHb), 2.80 (d, J = 5.8, 2H, CH2NH2).  ; 
13C NMR (126 MHz, MeOD-d4): δC 

153.9 (C6-H), 152.6 (C4), 152.3 (C1), 147.2 (C2‘), 134.9 (C5‘), 134.2 (C3-H), 

129.1 (C4‘-H), 112.5 (C2), 105.8 (C5), 78.1 (OCH), 67.9 (OCH2), 54.9 (OCHCH2), 

52.2 (OCH2CH2), 44.7 (CH2NH2), 41.3 (NCH2), 35.3 (NCH3); HRMS m/z (ES+): 

[Found; (M+H)+ 451.0825. C16H20BrN8O3 requires (M+H)+ 451.0836]; LRMS m/z 

(ESI+) 451.1 ([M+H]+, 100%). Elem. anal. calcd. for C16H19BrN8O3: C, 42.5; H, 

4.2; N, 24.8. Found C, 42.4; H, 4.3; N 24.8. 
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(4-(5-Bromo-1-(4-nitrobenzyl)-1H-pyrazolo[3,4-b]pyridin-4-yl)morpholin-2-

yl)methanamine 17 

 

Preparation according to representative procedure C. Orange crystals 

(56 mg, 68%): Rf; 0.2 (CHCl3, 5% MeOH ); mp 59-62 °C (MeOH); vmax (neat) 

cm-1: 3457, 3370, 1518, 1344; 1H NMR (500 MHz, MeOD-d4): δH 8.41 (s, 1H, 

C6-H), 8.33 (s, 1H, C3-H), 8.13 (d, J = 8.8, 2H, C3‘-H), 7.44 (d, J = 8.8, 2H, C2‘-

H), 5.73 (s, 2H, NCH2), 4.10 – 4.07 (m, 1H, OCHaHb), 3.91 – 3.89 (m, 1H, 

OCHCHaHb), 3.98 (ddd, J = 11.2, 11.2, 2.4, 1H, OCHaHb), 3.85 – 3.82 (m, 1H, 

OCH2CHaHb), 3.76 (dtd, J = 10.0, 5.7, 2.3, 1H, OCH), 3.41 (ddd, J = 11.5, 11.5, 

2.9, 1H,  OCH2CHaHb), 3.16 (dd, J = 12.0, 10.0, 1H, OCHCHaHb), 2.80 (d, J = 

5.7, 2H, CH2NH2); 
13C NMR (126 MHz, MeOD-d4): δC 153.9 (C6-H), 152.5 (C1), 

152.5 (C4), 148.9 (C4‘), 145.7 (C1‘),134.0 (C3-H), 129.7 (C2‘-H), 124.7 (C3‘-H), 

112.5 (C2), 105.7 (C5), 78.1 (OCH), 67.9 (OCH2), 55.0 (OCHCH2), 52.2 

(OCH2CH2), 50.9 (NCH2), 44.7 (CH2NH2); HRMS m/z (ES+): [Found; (M+H)+ 

447.0769. C18H20BrN6O3 requires (M+H)+, 447.0775]; LRMS m/z (ESI+) 447.1 

([M+H]+, 100%). Elem. anal. calcd. for C18H19BrN6O3: C, 48.3; H, 4.3; N, 18.8. 

Found C, 48.2; H, 4.2; N 18.7. 
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6.9.3 Synthesis of the bioreductive Chk1 inhibitor 52 

5-((8-Chloroisoquinolin-3-yl)((1-methyl-2-nitro-1H-imidazol-5-yl)methyl)amino)-3-

((1-(dimethylamino)propan-2-yl)oxy)pyrazine-2-carbonitrile 52 

 

SAR020106 (9.5 mg, 0.025 mmol) was dissolved in DMF (1.5 ml), Cs2CO3 

(16.4 mg, 0.05 mmol) added and stirred for 2 min. Chloride 38 was added 

(4.4 mg, 0.025 mmol), the reaction heated to 50 °C and monitored by HPLC. 

After 30 min the mixture was filtered and dried using a Genevac HT vaccum 

evaporator. The residue was purified by HPLC (see general experimental) and 

lyophilised to give 52 as a pale yellow solid (6.2 mg, 48%): mp 149-151 °C (H2O); 

vmax (neat) cm-1: 3661, 2979, 2889; 1H NMR (500 MHz, MeCN-d3): δH 9.57 (s, 

1H, C9-H), 7.88-7.86 (m, 3H, C6-H, C2-H, C6’-H), 7.76-7.71 (m, 2H, C4-H, 

C5-H), 6.99 (s, 1H, C4’’-H), 5.55 (d, 1H, J = 16.6, C6’’-Ha), 5.50 (d, 1H, J = 16.6, 

C6’’-Hb), 5.36 (qdd, J = (4.7, 7.3, 6.3), 1H, C8’-H), 3.95 (s, 3H, C7’’-H3), 2.63 (dd, 

J = (12.9, 7.5), 1H, C10’-Ha), 2.41 (dd, J = (12.9, 3.5), 1H, C10’-Hb), 2.23 (s, 6H, 

N(C11’-H3)2), 1.32 (d, J = 6.3, 3H, C9’-H3). 
13C NMR (126 MHz, MeCN-d3): δC 

160.7 (C3‘), 153.2 (C1’), 149.8 (C9-H), 149.3 (C1), 145.7 (C2’), 139.3 (C7), 134.4 

(C5’’), 132.0 (C8), 131.7 (C5-H), 128.1 (C4-H), 127.7 (C4’’-H), 126.6 (C6’-H), 

126.3 (C6-H), 124.6 (C3), 115.9 (C7’), 115.8 (C2-H), 105.8 (C4’), 72.3 (C8’-H), 

63.4 (C10’-H2), 45.2 (2 × C11’-H3), 43.2 (C6’’-H2), 34.3 (C7’’-H3), 17.5 (C9’-H3) ; 
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HRMS m/z (ES+): [Found; (M+H)+ 522.1687. C24H24ClN9O3 requires (M+H)+, 

522.1763]; LRMS m/z (ESI+) 522.2 ([M+H]+, 100%). HPLC (gemini NX column, 

254 nm): Retention time 4.57 min, >99.9% purity. 
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APPENDIX A 

Published papers 

 

1) Reprinted with permission from ACS chemical biology, 8,7, Cazares-

Körner C., Pires I.M., Swallow I.D., Grayer S.C., O’Connor L.J., Olcina 

M.M., Christlieb M., Conway S.J. and Hammond E.M., CH-01 is a hypoxia-

activated prodrug that sensitizes cells to hypoxia/reoxygenation through 

inhibition of Chk1 and Aurora A, 1451-1459. Copyright 2013 American 

Chemical Society.1 

2) Reproduced from Organic Chemistry Frontiers, 2, 9, O’Connor L.J., 

Cazares-Körner C., Saha J., Evans C.N.G., Stratford M.R.L., Hammond 

E.M., and Conway S.J., Efficient synthesis of 2-nitroimidazole derivatives 

and the bioreductive clinical candidate Evofosfamide (TH-302), 1026-

1029. With permission from the Chinese Chemical Society (CCS), 

Shanghai Institute of Organic Chemistry (SIOC), and the Royal Society of 

Chemistry.2 

  

                                                           
1
 The data published in this paper is part of Chapter 2. 

2
 Some of the data published in this paper is part of Chapter 3. 
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APPENDIX B 

Synthesis and purification of compound 52 for NMR analysis   

 

Figure B. HPLC traces of synthesis and purification of 52 for NMR analysis.  
A) HPLC trace of the reaction mixture after 6.5 h. At this stage 47% conversion into product 52 
(retention time 5.80 min) had taken place  and 51% starting material SAR020106 (retention time 
5.41 min) was left, as judged by peak integration. B) HPLC trace of product 52 after purification. 

C) HPLC trace of recovered SAR020106. 
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APPENDIX C 

Calibration curves 

 

 

Figure C. Calibration curves for 
quantification of SAR020106, amine 
56 and compound 52.  
Calibration curves for A) SAR020106 
and B) 52 were obtained in order to 
quantify 52 and metabolites. Amine 56 
was quantified using the calibration for 
52, based on the identical UV spectrum 

(C). 
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