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Abstract 

Abnormal lipid metabolism is a common feature of cancers. In the clinic, elevated 

phosphocholine, an essential membrane lipid precursor, is revealed as a phenotype 

associated with malignant lipid metabolism. Overexpression of choline kinase alpha isoform 

(CHKA), is recognised as a predominant factor responsible for the phenotype, and, therefore, 

CHKA has become a novel therapeutic target for cancer. In the previous work by Trousil et 

al., a potent CHKA inhibitor ICL-CCIC-0019 was reported, which displayed high cellular 

activity but undesirable pharmacological properties to be ameliorated. In this thesis, CK146, 

an active analogous scaffold of ICL-CCIC-0019, bearing a reactive piperazine handle, is 

presented. This novel scaffold opens the further possibilities for structural elaboration of the 

classic pharmacophore by innovatively exploiting two advanced drug development 

strategies. In the first strategy, selective CHKA inhibition was attempted to be achieved by 

prodrug CK145, via the incorporation of an ε-(Ac)Lys motif into CK146. In the second 

strategy, a peptide ligand targeting prostate-specific membrane antigen (PSMA) receptor 

was embodied in CK146 to afford CK147, aimed to realise the targeted delivery to the 

malignant cells with high expression of PSMA receptors on cell surface.  

 

As expected, the precursor scaffold CK146 displayed high CHKA activity in kinase screening 

(CHKA activity as part of a 15 human lipid kinase screen: CK146: 69%, ICL-CCIC-0019: 53%) 

and good antiproliferative activity against four selected cancer cell lines (overall GI50 against 

HCT-116, A549, HepG2 and Caco-2: CK146: 2.5 ± 0.3 μM, ICL-CCIC-0019: 0.5 ± 0.02 μM). 

Proposed prodrug CHKA inhibitor (CK145) and PSMA-targeted CHKA inhibitor (CK147) were 

successfully synthesised. The pharmacological activity and pharmacokinetic profiles of the 

obtained compounds were evaluated in vitro. Although attempts to improve the 

pharmacological profiles of ICL-CCIC-0019 were not effective by these two modification 

strategies, important and informative structure-activity relationships were concluded and 

have been reported.  
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CTP Cytidine trisphosphate 

CTSL Cathepsin L 

DCM Dichloromethane 

DIEA N,N-diisopropylethylamine 

DMAP N,N-dimethylaminopyridine 

DMF Dimethylformamide 

DMPK Drug metabolism and pharmacokinetic 

DNA Deoxyribonucleic acid 

dsRNA Double-stranded RNA 

DTT Dithiothreitol 
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DUPA 2-(3-(1,3-Dicarboxypropyl)-ureido)pentanedioic acid 

ECL Enhanced chemiluminescence 

ECT Ethanolamine-phosphate cytidylyltransferase 

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

EGF Epidermal growth factor 

EK Ethanolamine kinase 

EPT Ethanolamine phosphotransferase 

ER Endoplasmic reticulum 

FaSSGF Fasted state simulated gastric fluid 

FCS Fetal calf serum 

FDA US Food and Drug Administration  

FLS Fibroblast-like synoviocytes 

Glu Glutamate 

GPC Glycerophosphocholine 

GRP78 Glucose-regulated protein 78 

HC-3 Hemicholinium-3 

HDAC Histone deacetylases 

HER2 Human epidermal growth factor receptor 2 

HPLC High-performance liquid chromatography 

IS Internal standard 

IRE1a Inositol-Requiring protein 1 

IUPAC International Union of Pure and Applied Chemistry 

LDC Ligand-drug conjugate 

LDH Lactate dehydrogenase 

Lys Lysine 

LOD Limit of detection 

LOF Loss-of-function 

MeCN Acetonitrile 

MRS Magnetic resonance spectroscopy 

mRNA Messenger RNA 

MS Mass spectrometry 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide 

NHS ester N-Hydroxysuccinimide ester 

NMR Nuclear magnetic resonance 

OCT Low-affinity polyspecific organic cation transporter 
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Papp Apparent permeability coefficient 

PBS Phosphate buffered saline 

PCa Prostate cancer 

PCho Phosphocholine 

PDGF Platelet-derived growth factor 

PEG Polyethylene glycol 

PET Positron emission tomography 

PEMT N-Methyltransferase 

PIK4CB Phosphatidylinositol 4-kinase beta 

ppm parts per million 

PSMA prostate-specific membrane antigen 

PtdCho Phosphatidylcholine 

PtdEtn Phosphatidylethanolamine 

Puro Puromycin 

QSAR Quantitative structure–activity relationship 

RA Rheumatoid arthritis 

RaI-GDS RaI guanine nucleotide dissociation stimulator 

RNA Ribonucleic acid 

RNAi RNA interference 

rRNA Ribosomal RNA 

RIPA Radioimmunoprecipitation assay 

RISC RNA-induced silencing complex 

SAR Structure-activity relationship 

SD Standard deviation 

siRNA Short interfering RNA 

SMCC Succinimidyl 4-(N-malemidomethyl) cyclohexane-1-carboxylate 

SN2 Bimolecular nucleophilic substitution 

SNAr Nucleophilic aromatic substitution 

SRB Sulforhodamine B 

TCA Trichloroacetic acid 

tCho Total choline-containing compound 

TCEP Tris(2-carboxyethyl)phosphine 

TEA Triethylamine 

TFA Trifluoroacetic acid 

TLC Thin-layer chromatography 
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tRNA Transfer RNA 

TSTU N,N,N′,N′-Tetramethyl-O-(N-Succinimidyl)uranium 
tetrafluoroborate 

UDPGA Uridine-Diphosphate-Glucuronic acid 

UGT Uridine 5'-Diphospho-Glucuronosyltransferase 
18F-fluoromethylcholine [18F]-FCH 
18F-FEC [18F]-fluoroethylcholine 

18F-3’-fluoro-3’-deoxy-L-
thymidine 

[18F]-FLT 
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1. Introduction 

1.1 Abnormal choline metabolism related to upregulated CHKA activity in 
tumourigenesis  

1.1.1 Kennedy pathway for phosphatidylcholine (PtdCho) biosynthesis 

Phospholipids are the major molecular components of biological membranes for eukaryotes 

and bacteria [6]. They have a typical structure composed of fatty acids and a platform 

(normally glycerol or sphingosine) to which a small organic alcohol molecule is attached via a 

phosphodiester bond (Figure 1.1 A) [6]. Phospholipids built on a glycerol platform are called 

phosphoglycerides. Phosphatidylcholine (PtdCho, also called lecithin), serving choline as the 

alcohol moiety, is the predominant phosphoglyceride (> 50%) in mammalian membranes 

(Figure 1.1 B) [7, 8]. 

 

Figure 1. 1: Important phospholipid structures. (A) The schematic representation of a 

phospholipid (Green (R1/R2): fatty acids; Blue: glycerol or sphingosine; Black: phosphate; 

Magenta: choline); (B) the chemical structure of phosphatidylcholine. 

 

PtdCho can be synthesised de novo by the Kennedy pathway (cytidine diphosphocholine 

(CDP-choline) pathway) and incorporated into mammalian cell membranes [9]. The Kennedy 
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pathway contains two mirroring branches named by their intermediates, Cytidine 

diphosphocholine (CDP-choline) pathway and cytidine diphosphoethanolamine (CDP-

ethanolamine) pathway (Figure 1.2). PtdCho is synthesised predominantly through the CDP-

choline pathway, whereas CDP-ethanolamine pathway can also contribute via N-

methyltransferase (PEMT) at extreme demand such as starvation and pregnancy [10, 11]. 

 

CDP-choline pathway consists of three enzymatic steps, where choline is involved as a 

precursor (Figure 1.2). In the first step, choline kinase (CK) catalyses the phosphorylation of 

choline via adenosine triphosphate (ATP) hydrolysis in the presence of magnesium ions, 

which yields phosphocholine (PCho). Subsequently, PCho is converted into CDP-choline by 

phosphocholine cytidylyltransferase (CCT) via cytidine trisphosphate (CTP) hydrolysis. In the 

last step, PtdCho is synthesised with 1,2-diacylglycerol via a condensation reaction, catalysed 

by choline phosphotransferase (CPT). The CCT catalysis is considered as the main rate-

limiting step in PtdCho synthesis in cancer cells, but in some circumstances, CK can become 

the rate-limiting and regulatory factor [12, 13].  

 

The synthesis of phosphatidylethanolamine (PtdEtn) follows an analogous route involving 

similar reactions, except for the exploitation of ethanolamine instead of choline (Figure 1.2). 
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Figure 1. 2: The Kennedy Pathway: CDP-choline pathway and CDP-ethanolamine pathway. 

The enzymes involved in CDP-choline pathway: CK: choline kinase; CCT: CTP: phosphocholine 

cytidylyltransferase; CPT: 1, 2-diacylglycerol choline phosphotransferase; the enzymes 

involved in CDP-ethanolamine pathway: EK: ethanolamine kinase; ECT: CTP: ethanolamine-

phosphate cytidylyltransferase; EPT: 1, 2-diacylglycerol ethanolamine phosphotransferase. 

Choline and ethanolamine are coloured in red and blue respectively.  

1.1.2 Choline and choline transport 

The synthesis of PtdCho stems from the ingestion of choline, a vitamin-like nutrient essential 

for both fetal development and adults. The dietary deficiency of choline leads to growth and 
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memory disorders during fetal development because of choline’s multiple influences on stem 

cell functions; these influences can cause structural and functional alterations in brain and 

spinal cord, and thus increase the risk of neural defects and memory disfunction [8]. For 

adults, long-term choline deficiency is found related to fatty liver development [14], muscle 

damage and increased risk of cardiovascular diseases [15-17]. 

 

Choline has several biological functions and it undergoes different transformation processes 

in the body (Figure 1.3). Choline majorly serves as the precursor of membrane phospholipids 

such as PtdCho, PtdEtn and sphingomyelin [8]. A small fraction of choline participates in 

acetylation via choline acetyltransferase, which produces acetylcholine, an important 

neurotransmitter for central/peripheral nervous system and neuromuscular junctions [18]; 

choline also contributes to the synthesis of signaling lipids and lipid mediators such as 

sphingosylphosphorylcholine and platelet-activating factor [8]. Finally, choline is a major 

methyl group donator from the diet: the oxidation of choline, occurring in kidney and liver, 

produces betaine; betaine participates in the methylation process of homocysteine and 

generates methionine, the precursor of the methylation agent S-adenosylmethionine [8, 19]. 

In conclusion, choline and its metabolites play vital roles in maintaining the structural 

integrity and signaling function of cell membranes; the metabolites of choline affect 

neurotransmission and choline serves as a major dietary source of methyl groups [8, 20, 21]. 
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Figure 1. 3: Transformation of choline into 4 classes of biomolecules in the body: the 

membrane lipids phosphatidylcholine and sphingomyelin, the neurotransmitter 

acetylcholine, the methyl group donor betaine or the lipid mediators platelet-activating 

factor and sphingosylphosphorylcholine [20].  

 

As choline bears a positively charged quaternary amine, effective uptake of choline into cells 

is mediated by protein transporters. Three prominent transmembrane protein systems for 

choline transport are well documented, revealed by kinetic studies using radiolabeled 

choline derivatives and inhibitors (e.g. hemicholinium-3, HC-3). These include, high-affinity 

choline transporter family (CHT), choline transporter-like family (CTL) and low-affinity 

polyspecific organic cation transporters (OCTs) [19].  
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CHT family is a class of high-affinity (Km
1 for choline: 0.5 - 3 μM) Na+- and energy-dependent 

choline transport proteins, which are sensitive to the inhibition by HC-3 at low 

concentrations (Ki
2: 1 - 3 μM) [22]. This transport protein family (e.g. CHT1) is predominantly 

expressed in cholinergic neurons and mainly contributes to the choline transport for the 

biosynthesis of acetylcholine [19]. On the contrary, the CTL family, also recognised as an 

active transport system but less dependent on Na+, bears relatively lower affinity (Km for 

choline: 20 - 200 μM) and is less sensitive to HC-3 inhibition (Ki: 20 - 200 μM) [19]. The CTL 

family is mainly exploited to supply choline for the purpose of phospholipid synthesis, and it 

is ubiquitously distributed [19]. The OCT family, also called Solute Carrier 22 (SLC22), is 

responsible for polyspecific cationic transport, mediating the transport of various 

endogenous organic cations [19]. The affinity of OCTs is the lowest among the three main 

choline transport systems due to its intrinsic transport mechanism of reversible passive 

diffusion [23]. They are mainly expressed in kidney and liver [19]. It is noteworthy that one or 

a combination of choline transport systems with specific functions is exploited in organs so 

as to ensure sufficient choline uptake [19].  

 
  

                                                             
1 Michaelis-Menten constant (abbreviated as Km) represents the substrate concentration at which the rate of 
enzymatic reaction is at half-maximum.  
2 The inhibitor constant Ki represents the concentration of the inhibitor that produces half maximum inhibition.  
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1.1.3 Choline metabolism in cancer  

Upregulated choline metabolism was revealed as a novel metabolic hallmark of cancer by 

magnetic resonance spectroscopy (MRS) in the 1980s [24]. The characterisation of this so-

called cholinic phenotype observed in the clinic refers to increased levels of PCho [25, 26]. 

Owing to the development and improved clinical availability of non-invasive imaging 

techniques such as MRS and positron emission tomography (PET), the cholinic phenotype 

was revealed and has been widely applied in radiological diagnosis, prognosis and for 

monitoring drug response in cancer treatment [24].  

 

The principle of MRS is that the nuclear magnetic resonance active atomic nuclei (e.g. 1H, 31P, 

13C, and 19F) placed in an external electromagnetic field can be excited, and then the 

radiofrequency produced can be detected [27]. The electron clouds surrounding the nucleus 

give extra electronic shields against the magnetic field, and thus alter the resonance 

frequency recorded [27]. This resonance difference is reflected as chemical shift (expressed 

as parts per million, ppm) which is a value independent of the magnetic field strength [27]. 

In summary, MRS can provide information about the chemical environment of the nuclear 

spin including number of chemical bonds, neighbouring nuclei, and overall chemical 

structure [27]. Glunde et al. highlighted the concept of total choline-containing compounds 

(tCho), where tCho represents the combination of choline, PCho and glycerophosphocholine 

(GPC); the tCho appears as one overlapping peak in the non-invasive in vivo 1H MR spectra 

due to the limited spectral resolution (Figure 1.4) [24]. The signal comes from nine 

chemically equivalent 1H of the quaternary ammonium moiety in choline, displaying a 

chemical shift between 3.2 and 3.3 ppm (Figure 1.4A). This single peak can be resolved using 

high-resolution 1H MRS [24]. 31P MRS, on the other hand, detects the signals from the 

phosphate groups of choline metabolites from extraction (Figure 1.4B). However, clinical 

applications of 31P MRS are limited due to its low sensitivity in vivo [24]. Besides the limited 

image resolution, inability of PET imaging to distinguish tumours from nonmalignant 

hypermetabolic processes emphasises the need for further understanding metabolic 

differences between tumor and normal tissues [28]. For the study of metabolic biomarkers in 
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cancer, in vitro cell line systems are undoubtedly useful tools that reveal the interplay 

between altered metabolism of tumour and gene expression. However, comparative profiling 

of intracellular metabolites across heterogeneous cell line panels is still a major challenge 

[29]. Tumour cells, in spite of similar genetic background or tissue of origin, can maintain 

specific metabolic profiles [30]. Normalisation of metabolite abundance and comparison of 

cell signatures across different cell types with different morphology and size are thus needed 

in the workflow to overcome the limitations [29]. Cancer cell heterogeneity and plasticity 

also bring metabolic diversity, and it remains challenging to assess metabolism at the single-

cell level [28]. Furthermore, alterations in tumour microenvironment also contribute to 

cancer progression, which need to be taken into account when using in vitro cell line models 

often devoid of microenvironment factors [31]. The importance of in vivo conditions and 

clinical settings for investigating metabolic target in cancer are thus highlighted. 

 

Figure 1. 4: Choline metabolite analysis by 1H and 31P MRS: (A) MRS spectra obtained in vivo 

(live cancer cells and tumour models) and in cancer cell extracts; (B) Chemical structures of 

tCho. Nine equivalent protons resonating in 1H MRS are highlighted in blue, whereas the 31P-

containing phosphate yielding the 31P MRS signal is highlighted in green. Figure extracted 

from Glunde et al. 2011, with permission of the rights holder, Springer Nature [24].  
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PET is a non-invasive imaging modality capable of providing real-time dynamic visualisation 

and measurement of in vivo physiological processes by tracing radioactive compounds 

(radiotracers) [32]. A number of radiopharmaceuticals have been developed for PET imaging 

to visualise various biochemical and metabolic processes in oncology, such as 2-[18F]-

fluorodeoxyglucose ([18F]-FDG) targeting glucose metabolism, 3’-[18F]fluoro-3’-deoxy-L-

thymidine ([18F]-FLT) targeting deoxyribonucleic acid (DNA) synthesis, and [18F]-fluoromethyl-

[1,2-2H4]-choline (D4-[18F]-FCH) for choline metabolism [32-34].  

 

The radioisotopes extensively used in PET imaging of metabolic processes have relatively 

short half-lives (t1/2)3, such as 11C (half-life t1/2 = 20.4 min) and 18F (t1/2 = 109.8 min) [35, 36]. 

The spontaneous decay of a radionuclide emits a positron, an antiparticle to the electron. 

The positron is positively charged and immediately annihilates after encountering the 

electron [32, 37]. The process of annihilation can generate two photons in the form of γ rays; 

these rays are emitted in opposite directions (nearly 180°) but carry the same energy (511 

keV), and this pair of signals can be recorded by the detectors (Figure 1.5) [32, 37]. The signal 

pairs detected within a short-coincidence time window (1 - 10 ns) will be recognised as valid 

true-coincidence events [37]. By summarising the true-coincidence events, which reflect the 

radioactivity detected from the patient, the distribution of isotope can be obtained and 

visualised [37].  

 

Several PET tracers related to choline metabolism, including [11C]choline and D4-[18F]-choline 

have been developed and investigated [34, 38]. The choline metabolic tracers, as choline 

mimic, are also transported into cells by choline transporters and undergo the first step of 

the Kennedy pathway where tracers are phosphorylated by CK. Accordingly, the trapped 

tracers in cells are located at the regions with high activity of CK; high accumulation of the 

tracers observed is associated with the hyperactivation of CK. 

                                                             
3 Half-life (t1/2) is the time taken for a radioisotope to decay to half of its initial quantity.  
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Figure 1. 5: The principles of PET. 

 

1.1.4 Upregulated CHKA activity leads to the cholinic phenotype 

In 1953, the choline kinase in yeast was discovered, and the phosphorylation product PCho 

was successfully isolated [39]. However, the function of CK was not revealed until 1984 

owing to the successful purification of the enzyme into homogeneity from the rat kidney [40]. 

Then cloning and cDNA studies of CK from various species enabled a better understanding of 

gene structures [9, 13, 41-44]. In humans, there are three CK isoforms discovered, which are 

encoded by two separate genes: choline kinase alpha (chka: CHKA1 and CHKA2) and beta 

(chkb: CHKB) [9]. CHKA1 and CHKA2 share a high degree of homology because they come 

from the transcription of the same chka gene by differential splicing; CHKB is a product of 

the separate gene (chkb) [9]. The monomers of CK isoforms are not active; the homo- and 

heterodimer forms of CK display different enzymatic activities [9, 45]. CHKA homodimers are 

the most active [46]: CHKA1 and CHKA2 homodimers have dual choline and ethanolamine 

kinase activity (the affinity for choline is higher), and are found essential to PtdCho 

biosynthesis; CHKB homodimers are the least active: CHKB is predominantly responsible for 

PtdEtn synthesis, and thus cannot compensate for loss of CHKA; the heterodimers of CK 

exhibit intermediate specificity and mixed enzymatic functions [46, 47]. CK is largely located 

in the cytoplasm of the cells, although the nuclear localisation of CHKA has also been 
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reported in the prostatic epithelial neoplasms by our lab [9, 48]. Both CHKA and CHKB are 

expressed ubiquitously in the body, although the tissue distributions are different [9]. CHKA 

is highly expressed in key organs for lipid metabolism such as liver and kidney, while CHKB is 

expressed more in heart [8, 9]. CHKA and CHKB also have highly homologous domains (~60% 

similarity) in their putative amino acid sequences, but their functions in biological processes 

are different [9, 45]. The CHKA knockout study in mice showed that CHKA loss caused the 

embryonic lethality because of PtdCho deficiency during the fetal development [45, 49]. On 

the other hand, CHKB is related to muscle development: the mice with chkb gene deletion 

survived to adulthood but developed hindlimb muscular dystrophy and forelimb bone 

deformity [45, 50].  

 

In recent years, the implication of CK in cancer has boosted research in the field. As 

introduced in Chapter 1.1.3, abnormal choline metabolism characterised by elevated levels 

of PCho and tCho was identified by MRS in most human cancers [24]. The increased 

expression of CHKA, but not of CHKB, has been recognised as the main factor leading to the 

upregulation of CK and the cholinic phenotype observed in the clinic [24]. The 

overexpression of CHKA has been reported in a broad range of tumour-derived cell lines and 

biopsies from patients with respect to their corresponding normal counterparts [24, 51-58]. 

Furthermore, the overexpression of CHKA was found to correlate with advanced histological 

tumour grade, poor prognosis and reduced survival in breast and non-small-cell lung cancers 

[55, 59]. In prostate cancer (PCa), CHKA was found as a co-chaperone for the androgen 

receptor (AR) to maintain AR downstream signaling which causes resistance to therapy and 

therefore brings challenges to treatment [60].  

 

CHKA is found activated by growth factors such as epidermal growth factor (EGF) and 

platelet-derived growth factor (PDGF), as well as oncogenes including Ras, Raf, Mos and c-Src 

[24]. Elevated levels of PCho, implying the hyperactivation of CHKA, can be associated with 

the expression of Ras oncogenes [61]. The transformation of Ras oncogenes increased the 

CHKA activity in NIH3T3 cells, and therefore the cell sensitivity to CHKA inhibition by CHKA 

inhibitors was increased 2 – 3 fold after transformation, compared to the parental cells [61] 
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However, the exact mechanisms underlying this phenotype remain unclear. Ramírez de 

Molina et al. have demonstrated that Ral guanine nucleotide dissociation stimulator (RaI-

GDS) and Ras effector PI3 kinase played vital roles in CHKA activation [62]. The cells that 

overexpressed wild-type Ras displayed significant CHKA activation, and the activation was 

accordingly decreased when the cells were transfected with mutant Ras isoforms that only 

interact with the two downstream targets GDS or PI3K [62] Although Ral-GDS and PI3K were 

recognised as two efficient stimulators for CHKA activation, sufficient activation of CHKA 

turned out to require other Ras downstream pathways [62] Further investigations on 

elucidating the mechanistic link between CHKA activation and the downstream target 

modulation are still missing. Upregulated RhoA signaling mediated via ROCK was also 

reported to cause increased CHKA activation by the same authors, but the study did not 

demonstrate direct interaction between ROCK and CHKA [63]. It could be concluded that 

besides its upregulation in human malignancies, CHKA may have oncogenic properties in 

vitro and in vivo. However, it is noted that the hyperactivation of CHKA could be inferred as 

the result of interplay among various oncogenes related to abnormal cell growth, and the 

direct regulatory mechanisms remain to be fully understood. 

 

CHKA has been validated as a potential target for cancer therapeutics, due to its 

upregulation in various malignancies, interaction with key oncogenic signaling and 

involvement in oncogenic transformation [64]. Existing pharmacological approaches aimed 

at CHKA inhibitor development have challenges to improve inhibitor specificity/selectivity. 

The off-target effects of CHKA inhibitors beyond the CDP-choline pathway are undesirable. 

Novel strategies targeting CHKA inhibition with high specificity and selectivity are therefore 

required to provide the cancer patients with suitable therapeutic index. 

 

1.2 Inhibition of CHKA as a Cancer Treatment Strategy 

1.2.1 RNAi Studies 

There is a growing interest in exploiting CHKA inhibition as a therapeutic strategy for cancers. 
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The feasibility of cancer treatment by targeting CHKA with therapeutics was first studied and 

supported by RNA interference (RNAi).  

 

Ribonucleic acids (RNA) are a class of essential biological macromolecules to various cellular 

processes including gene expression, protein synthesis and regulation in living organisms. 

Most RNA molecules are single-stranded with a similar helix skeletal structure as DNA. 

Double-stranded RNA (dsRNA) is often seen in virus and RNAi studies [65, 66]. RNA 

molecules can be thought as biopolymers as they are also assembled from nucleotide units, 

like DNA. There are three main types of RNA playing different roles in protein synthesis, 

namely messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA). mRNA is 

the transcription product from DNA which carries the genetic blueprint and guides the 

synthesis of proteins; tRNA is responsible for the translation of mRNA into proteins; rRNA 

forms ribosome that performs protein synthesis [67].  

 

In recent years, the techniques inducing loss-of-function (LOF) of genes have been widely 

used in biological process analysis to deepen the understanding on genetic mechanisms. 

These techniques include gene mutagenesis, CRISPR, RNAi and pharmacological inhibition 

[68]. RNAi is advantageous over other approaches in investigating the function loss of CHKA 

in several aspects: RNAi can achieve specific RNA targeting and thus allows the knockdown of 

specific isoforms such as CHKA; RNAi can generate partial loss of gene function, which can be 

used in the identification and validation of potential drug targets with low cost but high 

throughput [69, 70]. 

 

RNAi is a biological process where RNA molecules inhibit gene expression or translation by 

neutralising mRNA. In 1991, RNAi was discovered and described as a biological response to 

the dsRNA [66]. In the studies of nematode (Caenorhabditis elegans), the injection of dsRNA 

was found to evoke the silencing of the genes whose sequences were complementary to 

those of the introduced dsRNAs [66]. It is now understood that those dsRNAs were 

processed into single-stranded short interfering RNA (siRNA) fragments (~22 nucleotides) by 
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the RNase enzyme called Dicer [71]. The siRNAs were incorporated into the RNA-induced 

silencing complex (RISC), which identifies and silences complementary mRNAs to specifically 

suppress the target protein [71]. The biological pathways supporting dsRNA-induced gene 

silencing exist in most eukaryotes [72].  

 

RNAi is a useful tool in validating CHKA as a promising therapeutic target of cancer. A large-

scale RNAi screening against 650 known and putative kinases revealed a two-fold increase of 

apoptosis in the HeLa cervical carcinoma cells with CHKA knockdown [73]. Yalcin et al. found 

that RNA-mediated CHKA inhibition disrupted the essential pathways for transformed cell 

survival by inhibiting AKT and ERK phosphorylation; the growth inhibition of xenografts in 

athymic mice was also observed in the study [74]. Glunde et al. investigated the RNAi-

mediated suppression of CK using a panel of breast cancer cell lines including a non-

malignant cell line MCF-12A and three malignant cell lines MCF-7, MDA-MB-231 and MDA-

MB-435 [53]. A significant reduction in cell proliferation and accelerated differentiation were 

caused by the down-regulation of CHKA expression, which was likely due to the inhibition on 

DNA synthesis and cell cycle regulation [53, 75]. The effects of decreased CHKA expression 

on CK, PCho and tCho were not evident in the non-malignant cell line MCF-12A, which could 

be related to the low basal CK expression in these cells [53]. A further study was performed 

by Krishnamachary et al. in which a RNAi-based gene therapy targeting CK was delivered to 

the athymic mice bearing MDA-MB-231 xenografts via a lentiviral vector [76]. The mRNA and 

protein levels were inhibited by 80% after the injection of short-hairpin RNA; the mRNA 

levels of CK were reduced by ~35% on the tumour site, and it thus inhibited the CK activity 

and tumour growth [76].   

 

In summary, the effects of CHKA down-regulation mediated by RNAi were less pronounced in 

non-malignant models, inferring that small-molecule inhibition of CHKA would selectively 

target malignant cells without affecting their normal counterparts. All these findings 

together have highlighted the crucial role of CHKA in tumour survival and progression, as 

well as its potential in cancer therapeutic intervention.  
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1.2.2 CHKA crystal structure 

The crystal structures of human CHKA2 in its apo (substrate-free), ATP- and PCho-bound 

forms were elucidated by Malito and his colleagues (protein data bank code: 2CKO, 2CKP and 

2CKQ respectively) [77]. The protein sequences and CHKA crystal structures of other species 

have also been studied [78, 79]. CHKA isoforms were found to share highly-conserved 

protein sequence regions which mainly contain two clusters of residues: the Brenner’s motif 

(frequently seen in the phosphotransferase family) and the choline kinase motif (specific to 

the choline kinase family) [79]. As a result, the two main binding sites of CHKA were revealed.  

 

CHKA is identified as ‘atypical kinase’ because it adopts a typical catalytic core of the 

eukaryotic protein kinase but does not conserve all the usual kinase motifs [77, 79, 80]. Each 

monomer of the heterodimers is composed of two domains (N and C-terminal domains) 

connected by a short β-strand (Figure 1.6) [77]. The highly-specific nucleotide (ADP: 

adenosine diphosphate / ATP) binding site of CHKA is located at a large cavity formed by N 

and C-terminal lobes (Figure 1.6) [77]. The adenine ring of the nucleotide molecule produces 

H-bond interactions with Ile209 and Gln207; Leu144 and Leu313 are two conserved 

hydrophobic residues positioned on both sides of the adenine ring, contributing to the 

suitable positioning and binding of the nucleotide molecule (Figure 1.7) [77].  
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Figure 1. 6: The structures of CHKA2 monomer in ribbon diagram, with ADP and PCho 

molecules concomitantly present. (a) CHKA2 dimer (grey/yellow ribbon) oriented 

perpendicular to the plane of the page; (b) A stereo diagram of a CHKA2 monomer drawn 

after a vertical rotation of 90° with respect to the orientation in (a). The key elements are 

coloured: the ATP-binding loop in blue, the short β-strand connecting the N and C-terminal 

domains in yellow, the Brenner's motif in red, and the choline kinase motif in green. In this 

and the following figures, ball-and-stick representation of ADP and PCho molecules are 

displayed with their carbon atoms coloured in orange and green, respectively. Oxygen, 

nitrogen and phosphate atoms are coloured in red, blue and magenta, respectively. Figure 

extracted from Malito et al. 2006, with permission of the rights holder, Elsevier [77].  
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Figure 1. 7: The interactions of ADP with CHKA2 at the ATP-binding site. The key elements 

have been enclosed below the figure; ligand bonds, carbon, oxygen, nitrogen and 

phosphorous atoms are coloured in orange, black, red, blue and purple, respectively. Figure 

extracted from Malito et al. 2006, with permission of the rights holder, Elsevier [77]. 

 

The choline binding site is a deep hydrophobic groove located near the C-terminal with 

negatively charged residues (Glu215, 217, 218, 309, 349, 357, 434 and Asp353) on the rim 

and at the deep end of the groove (Asp306, Asp330 and Glu349; Figure 1.8A) [77]. Both 

hydrophobic and electrostatic forces are two main factors leading to the interactions 

between CHKA and choline [81]. Although the rim surface of the choline binding site is 
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composed of abundant negatively charged residues, the base of the choline pocket where 

choline actually binds to is surrounded by conserved aromatic residues (Tyr333, 354, 440, 

and Trp420, 423; Figure 1.8B) [77]. When choline molecule docks into the active choline 

binding site, its positively charged quaternary amine is stabilised by the interactions with the 

aromatic residues on the site. The whole CHKA enzyme undergoes a conformational change 

when choline docks into the negative pocket, which subsequently affects the ATP binding 

loop [77].  

 
(A) 

 
(B) 

Figure 1. 8: The interactions of choline with CHKA2 at the choline-binding site. (A) Zoom of 

the choline-binding groove; the hydrophobic and negative residues are coloured as yellow 

and red surface, respectively; (B) The stereo view which shows the interactions between the 

quaternary ammonium moiety of choline and the hydrophobic conserved residues (yellow 

sticks). Solvent-accessible negatively charged residues are coloured as grey sticks. Oxygen, 
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nitrogen and phosphorous atoms are coloured in red, blue and magenta, respectively. Figure 

extracted from Malito et al. 2006, with permission of the rights holder, Elsevier [77]. 

1.2.3 Small-molecule CHKA inhibitors 

The structure information of CHKA substrate binding sites provides the insights of essential 

pharmacophore for the rational design of CHKA inhibitors. In consideration of hydrophobic 

effects and electrostatic properties adopted by the choline binding site, the structures 

offering strong electrostatic interactions with the choline binding site can translate into high 

affinities of CHKA inhibitors. The features of potential structures can include but not be 

limited to: (1) a permanent positively charged quaternary amine that mimics choline; (2) an 

aromatic moiety adjacent to the amine, which allows the π-π interaction with the 

hydrophobic groove.  

 

Since CHKA was proposed as a druggable therapeutic target for cancer [82], to date, a 

number of lead compounds with inhibitory activity against CHKA have been designed and 

synthesised. These inhibitors are unquestionably novel cancer therapeutic intervention 

strategies by interfering with malignant metabolism. Several reported CHKA inhibitors with 

different structural characteristics are listed and introduced in this section (Figure 1.9).  
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Figure 1. 9: Chemical structures and pharmacological data of corresponding CHKA 

inhibitors: HC-3 [83-87], MN58B [82, 85, 88-92], ICL-CCIC-0019 [64, 93], EB-3D [94-97], RSM-

932A [98-102], JAS239 [103, 104], CK37 [105, 106], V-11-023907 [107], V-11-0711 [108]. 
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1.2.3.1 Quaternary ammoniums 

1. Hemicholinium-3 (HC-3)  

HC-3 was designed and developed around a bis-oxazonium pharmacophore in 1950s. 

Although it was recognised as the most potent CHKA inhibitor at this time, HC-3 was also 

found as a competitive inhibitor of high-affinity choline transporters due to its structural 

similarity to choline [83]. Before its role as a CHKA inhibitor, HC-3 was exploited as a research 

tool due to its ability to inhibit acetylcholine synthesis in the nervous system [83]. HC-3 was 

observed to cause respiratory paralysis in many animal models because of its inhibition of 

choline uptake which leads to a rapid depletion of acetylcholine pool in the nerve terminal 

[83]. In terms of CHKA inhibition, HC-3 has a low micromolar affinity against purified human 

CHKA (IC50 : 0.95 μM) and a relatively poor cell growth inhibition when tested in SKBR-3 and 

NIH3T3 cells (GI50 > 500 μM) [84-86]. Although in many studies HC-3 was revealed capable of 

inhibiting choline uptake and reducing PtdCho levels in vitro, administering HC-3 at doses 

necessary for in vivo CHKA inhibition caused serious off-target effects on the neuronal high-

affinity choline transporters, acetyltransferase, as well as acetylcholinesterase [87]. These 

findings greatly limited the therapeutic use of HC-3 in cancer treatment.  

 

Continuous work had been carried out in different labs attempting to improve the 

antiproliferative profiles of HC-3 by investigating the structure-activity relationships (SAR) of 

HC-3 and its congeners. The modifications on the symmetrical structure of HC-3 can be 

mainly divided into two fragments, labelled as A and B, respectively in Figure 1.10. The SAR 

of the two fragments is addressed separately in the next paragraph.  

 

Figure 1. 10: Chemical structure of HC-3, where the molecule is divided into two fragments: 

(A) the two oxazinium rings and (B) the biphenyl portion. 
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A large number of analogous compounds to HC-3 have been synthesised, with modifications 

at fragment A [83]. The results emphasised the following SAR: (1) the quaternary amine is 

recognised as the pharmacophore essential for maintaining the so-called HC-3-like activity, 

which is related to choline transport inhibition, as most tertiary ammonium derivatives are 

inactive; (2) it is noteworthy that the substitution of the oxazinium rings using pyridinium, 

quinolinium, isoquinolinium, or quinuclidinium rings offered less or little HC-3-like activity, 

but elicited novel pharmacological actions, such as acetylcholinesterase inhibition [83]. 

Assessment of the pharmacological data using the moieties of varying lengths and 

lipophilicity drew the conclusion that replacement of the central biphenyl portion in HC-3 by 

aryl, alkyl, or cycloalkyl moieties did not significantly compromise the hemicholinium-like 

activity and potency [83]. The biphenyl fragment in HC-3 is, thus, identified as a space linker 

responsible for establishing an optimal distance (14-15 Å) between the nitrogen atoms [83].  

 

2. MN58B 

To improve the selectivity and activity of HC-3 against CHKA, a series of compounds were 

developed on the structural basis of HC-3 by Juan Carlos Lacal and his colleagues [88]. This 

class of bis-pyridinium compounds demonstrated significantly improved CHKA inhibitory and 

antiproliferative activities by the following modifications: (1) the oxazonium rings in HC-3 

were replaced by aromatic heterocycles; (2) 1,2-ethylene(bis-benzyl) moiety was used as the 

space linker in the molecules instead of the biphenyl fragment; (3) according to the 

quantitative structure-activity relationship (QSAR) investigations, the electron-donating 

groups (e.g. N,N-dimethyl moiety) at the C4-position of the pyridinium head-groups could 

elicit the best ex vivo CHKA inhibition [85].  

 

Among all the molecules synthesised and tested, MN58B, as a bis-pyridinium salt, showed 

satisfactory in vitro pharmacological profiles and good lipophilicity (Figure 1.11): MN58B 

exhibited selective CHKA inhibitory activity (IC50: CHKA1: 5 µM, CHKB: 107.5 µM); it also 

exhibited good in vitro and in vivo potencies against tumour proliferation and reduced PCho 

production in a variety of carcinoma cell lines and tumour models (e.g. GI50 of 1.4 µM in HT-
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29 cell line and 70% tumour reduction in HT-29 mouse xenograft) [82, 85]. MN58B treatment 

can cause enhanced ceramide levels and endoplasmic reticulum (ER) stress in cells, which 

are related to cellular apoptosis and disrupted lipid metabolism induced by CHKA inhibition 

[89, 90]. Notably, both effects were pronounced, and promoted apoptosis in tumour cells, 

while normal cells under the same treatment stayed in a reversible cell cycle arrest and 

remained less affected [89, 90]. However, MN58B was not able to completely inhibit the 

CHKA activity at pharmacologically relevant concentrations (60% CHKA activity inhibition was 

observed using 20 µM MN58b in MDA-MB-468 and 6 µM in MDA-MB231 cells) [91, 92]. 

 

Figure 1. 11: Chemical structure of MN58B. The key modifications compared to HC-3 are 

divided into three fragments: (A) the N,N-dimethyl moiety at the C4-position, (B) the 

pyridinium ring and (C) 1,2-ethylene(bis-benzyl) moiety.  

 

3. ICL-CCIC-0019  

A series of novel symmetrical and asymmetrical N,N-dimethylaminopyridine (DMAP) 

derivatives have been designed and synthesised as potent CHKA inhibitors by Trousil et al, 

where DMAP mimicked the cationic choline moiety [93]. The design of this class of inhibitors 

exploited DMAP as pharmacophore for two reasons: (1) the nitrogen atom in DMAP can 

form a permanent positively charged quaternary amine that mimics choline; (2) the aromatic 

moiety of DMAP adjacent to the amine allows the π-π interaction with the hydrophobic 

groove of the choline binding site to facilitate binding; (3) DMAP was a cationic choline-

mimicking group in the previous study where the inhibitors showed good CHKA activities 

and lipophilicity [85].  

 

The symmetry of compounds and the lengths of spacer linkers were investigated in this work 
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(Figure 1.12, left). In symmetrical DMAP derivatives as CHKA inhibitors, alkyl chains with 

different numbers of carbon atoms (C8 to C14) connect two cationic DMAP rings as choline-

mimicking moieties [93]. The increase of carbon atoms successively improved the CHKA 

activity of the symmetrical compounds [93]. The nonsymmetrical DMAP derivatives, in which 

the cationic DMAP moiety on one side was substituted with adenine analogues, were also 

designed and synthesised, aiming to achieve the dual binding of choline and ATP pockets 

(Figure 1.12, right) [93]. The dodecyl linker was selected in this study because a distance of 

about 14 Å was ideal to bridge both choline and ATP pockets [93]. Although a mixed type of 

inhibition was validated by the enzymatic kinetic study, the introduction of adenine moieties 

caused loss of CHKA activity in the nonsymmetrical compounds [93].  

 

Figure 1. 12: An overview of the symmetrical and nonsymmetrical CHKA inhibitors 

designed by Trousil et al. Symmetrical inhibitors (left) with different linker lengths were 

designed to target the choline pocket; in the nonsymmetrical inhibitors (right), one side of 

the cationic DMAP moiety was replaced by adenine analogues, attempting to target both 

choline and ATP pockets.  

 

Among all the DMAP derived CHKA inhibitors, ICL-CCIC-0019 (IC50: 0.27 μM), a symmetrical 

compound with a dodecyl linker, is the most studied. ICL-CCIC-0019 displayed selective 

antiproliferative activity in vitro (mean IC50 against 8 cancer cell lines: 1.09 μM, range: 0.38 - 

2.7 μM; GI50 range against normal cell lines: 30 - 120 μM) [64, 93]. Additionally, it has a 

similar CHKA inhibitory activity to MN58B, but the synthesis of ICL-CCIC-0019 is much 
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simpler [93]. In [3H]-choline uptake studies, ICL-CCIC-0019 successfully reduced intracellular 

PCho concentration and simultaneously inhibited the synthesis of phospholipids such as 

PtdCho [64]. Satisfactory kinase selectivity of ICL-CCIC-0019 was confirmed by screening 

against a panel of 131 human kinases [64]. Induction of G1 arrest and apoptosis activated by 

caspase 3/7 in several cancer cell lines were also seen in assays with ICL-CCIC-0019 [64]. In 

the in vivo study using the HCT-116 xenograft model, ICL-CCIC-0019 showed metabolic 

stability in plasma and was found to accumulate extensively in liver and kidney, but the oral 

bioavailability was limited [64]. A relatively stable concentration at the tumour site (1 μM) 

was maintained throughout the study [64]. The treatment with ICL-CCIC-0019 resulted in 

potent antitumour activity in vivo by CHKA inhibition, which was further associated 

mechanistically with CHKA inhibition using [18F]-D4-FCH [64].  

 

ER stress and mitochondrial toxicity were two phenotypes observed in ICL-CCIC-0019 

treatment, and were thought as the main mechanism of action of cell death, relatively 

specific to cancer cells, with normal cells less affected [64]. However, the reduced cell 

survival induced by ICL-CCIC-0019 could also be due to the molecular interactions with the 

other enzymes in CDP-choline pathway such as CPT [64]. This finding, together with the 

slight weight loss observed in the in vivo model (< 20%) by ICL-CCIC-0019 treatment, urge the 

development of a novel candidate with optimised selectivity over the target [64].  

 

4. EB-3D 

EB-3D and its derivatives are recently reported as bis-pyridiniums, which contain a novel 1,2-

dioxoethane linker [94]. This series of compounds was designed by interchanging the 

substitution pattern of their linkers with the corresponding novel linker where two oxygen 

atoms were introduced; the successful cationic choline-mimicking moieties described in the 

previous work were maintained in these molecules for further development: as the most 

representative compound from the series, EB-3D adopted a symmetrical structure where 

quaternary DMAP was the choline-mimicking moiety [94]. The introduction of the novel 

linker was expected to improve compound polarity and solubility due to a classical 
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bioisosteric exchange between carbon and oxygen atoms [94]. Additionally, according to 

docking studies, the synclinal conformation of the linker could also improve compound 

affinity to CHKA: by allowing the insertion of EB-3D into the choline binding site and 

enhancing the antiproliferative effects [94].  

 

Several sets of preclinical evaluations were carried out using different cancer models. In 

general, EB-3D offered a better CHKA activity than MN58B, and it exhibited good 

antiproliferative profiles against a panel of human cancer cell lines and in primary cultures 

[94-97]. Higher antiproliferative activity of EB-3D was observed in rapidly proliferating cells 

such as mitogen-stimulated lymphocytes compared to quiescent cells [94]. Moreover, EB-3D 

increased sensitivity to chemotherapies in leukemia T-cells; it also induced senescence in 

breast cancer cell lines and strongly synergised with the common breast cancer therapies [95, 

96]. EB-3D treatment in vivo reduced the tumour size of the breast cancer mouse model at 

low doses and showed an antimetastatic effect in metastasis models [95]. It was revealed 

that EB-3D affected PtdCho biosynthesis via both CDP-choline pathway and cellular choline 

uptake [97]. Importantly, EB-3D lowered the CHKA protein levels probably via the effects on 

the AMP-activated protein kinase signaling pathway [97]. However, similar to ICL-CCIC-0019, 

mitochondrial toxicity and ER stress were also seen with EB-3D treatment, implying similar 

mechanism of action and toxicity profiles despite the diverse chemical structures [97]. 
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5. RSM-932A (TCD-717) 

QSAR studies on HC-3 analogues had highlighted not only the potency of pyridine derivatives, 

but also compound lipophilicity; low compound lipophilicity would impede the 

antiproliferative efficacy of CHKA inhibitors in cells [98]. With more investigations on steric 

and electrostatic interactions at the choline binding site, quinolinium or isoquinolinium were 

used to substitute pyridinium moieties in compounds so as to improve the cell permeability 

[99]. The bis-quinoliniums exhibited better antiproliferative profiles compared to the bis-

pyridiniums because of their increased lipophilicity, but the alternative cell death mechanism 

besides CHKA inhibition was postulated as a concern [100].  

 

The most representative CHKA inhibitor derived from this class is RSM-932A, which was the 

first CHKA inhibitor to enter Phase I clinical trial for advanced solid tumour treatment 

(clinical trials number: NCT01215864) [99, 101]. In its preclinical characterisation, RSM-932A 

displayed high specificity to CHKA (CHKA IC50: 1 µM, CHKB: IC50: 33 µM) and broad-spectrum 

antiproliferative activities at the submicromolar range [99, 101]. Under in vivo conditions, 

RSM-932A exhibited a LD50
4 of 12 mg/mL in the immunocompetent mouse model and an 

effective dose5 of 7.5 mg/mL in the HT-29 mouse xenograft model with 70% tumour 

inhibition by the end of treatment [99, 101]. The use of RSM-932A also synergised with the 

standard antineoplastic agents (e.g. 5-FU) for colorectal tumour treatment in the in vivo 

combination studies [102]. Notably, RSM-932A induced ER stress by the same mechanism as 

observed in MN58B, where the levels of inositol-requiring protein 1 (IRE1a) and glucose-

regulated protein 78 (GRP78) are elevated to recover the misfolded proteins [90]. 

Interestingly, protein destabilisation was not a sign observed in the cell apoptosis induced by 

ICL-CCIC-0019, implying alternative mechanisms of antiproliferative activity [64].  

 

6. JAS239 

JAS239 is a near infrared fluorescent HC-3 mimetic which was developed as a potential 

optical imaging agent for tumour diagnosis and staging [103]. JAS239 is derived from the 

                                                             
4 LD50 represents the concentration of the dose that induced 50% death in mice (Indicated in mg/mL). 
5 The effective dose used in the in vivo experiments (Indicated in mg/mL). 
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carbocyanine dye and bears a bis-indolium structure; the aliphatic space linker of JAS239 

offers the molecule fluorescence within the near-infrared window ideal for in vivo optical 

imaging [103]. Fluorimetry and confocal microscopy showed that JAS239 entered breast 

cancer cells independent of choline transporters and accumulated in cytosol rich in choline 

kinase [103]. Compared to MRS and PET imaging, its improved selectivity of CHKA over 

choline transporters and other pathway enzymes makes JAS239 a useful tool for monitoring 

pharmacological CHKA inhibition [103, 104]. In vitro study using breast cancer cell lines 

showed that JAS239 has a comparable antiproliferative and CHKA inhibitory potency to 

MN58B [104]. 1H MRS studies validated the competitive binding of JAS239 to choline site and 

its induced reduction of choline phosphorylation [103]. The biodistribution and growth 

inhibition of 4175-Luc+ tumour xenografts were investigated using JAS239 optical imaging 

[104]. A significantly higher accumulation of JAS239 was observed in the CHKA-

overexpressed tumour models compared to its normal counterparts; the tumour growth rate 

and tCho metabolite levels were also lowered by JAS239 to the same degree as MN58B 

without noticing obvious toxic effects [104]. Of note, since JAS239 does not affect choline 

transporters, the observed decrease of PCho and cell viability suggests that the cell viability 

loss in malignant cells is mechanistically linked to the PCho reduction. It should be kept in 

mind that, however, the transport of JAS239 into cells is mainly driven by lipophilicity, the 

accumulation of JAS239 could, thus, not be organ-selective: the infrared fluorescence of 

JAS239 was also detected in major organs besides the tumour sites [104]. The whole-body 

near-infrared imaging by JAS239 is inferred not directly instructive, and the differentiation of 

the tissue malignancy from the background noise may be problematic.  

 

7. CK37 

Despite most CHKA inhibitors bearing the quaternary ammonium moiety, which was deemed 

essential for receptor binding by mimicking choline, a few non-charged compounds have 

been indentified by an in silico screening of the ZINC chemical library using the x-ray 

structure of CHKA2 [105, 106]. From the 50 potential candidates, 16 best-score compounds 

with high affinity to CHKA choline site were selected for further evaluation, where CK37 was 
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the only compound significantly inhibiting the CHKA activity in HeLa cell lysates and was, 

thus, further investigated [105]. CK37 is a structually distinct, non-charged CHKA inhibitor 

(Figure 1.13) [105]. Despite being uncharged, CK37 is choline-competitive but not effective 

enough to inhibit the recombinant CHKA: PCho production was decreased by 60% with CK37 

(25 µM) [105]. The exposure to high concentrations of CK37 attenuated MAPK and PI3K/AKT 

signaling by decreasing AKT and ERK phosphorylation [105]. In a lung tumour xenograft of 

the mouse model, CK37 also significantly decreased the tumour growth and tumour PCho 

levels by 48% and 51% relative to vehicle, respectively [105]. 

NH
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Figure 1. 13: Chemical structure of CK37. 

 

8. V-11-023907 and V-11-0711 

V-11-023907 and V-11-0711 are two ATP competitive CHKA inhibitors discovered using high-

throughput screening of the Vertex compound library (Figure 1.14) [107]. V-11-023907 

displayed high activity against CHKA (IC50: 500 nM) in the enzymatic kinetic studies using the 

spectrophotometric assay [107]. However, the compound was revealed capable of binding to 

CHKA in different enzyme states, which urged development of more potent and selective 

CHKA inhibitors [107]. Discovered by a structure-directed lead optimisation programme of 

the same company (Vertex Pharmaceuticals), V-11-0711 was the only compound from the 

series that has been reported to have been tested in cells [108]. It exhibited higher activity 

and selectivity towards CHKA (IC50: CHKA: 20 nM, CHKB: 220 nM; although absolute CHKB 

activity is high compared to MN58B) and satisfactory selectivity against a panel of 50 kinases 

[108]. Intriguingly, despite of its outstanding CHKA selectivity, V-11-0711 was found 

insufficient to induce apoptosis and cause cancer cell death compared to the cell death 

observed in the parallel siRNA knockdown of CHKA in HeLa cells [108]. The reversible growth 
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of cancer cells after the withdraw of V-11-0711 from media, was inferred by the authors as 

reflecting either the necessity of choline pocket inhibition or that CHKA may possess 

scaffolding properties independent of its catalytic activity [108]. While the scaffolding 

properties of CHKA are known, the need for choline pocket inhibition is supported by work 

using JAS239 [103].  
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Figure 1. 14: Chemical structure of V-11-023907 (A) and V-11-0711 (B). 
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Summary of CHKA inhibitor structure-activity relationship (SAR) 

Extensive molecular modelling on bis-pyridinium salts combined with the crystal structure 

information of CHKA have highlighted the importance of linker moiety, distance between 

quaternary ammoniums, delocalisation of positive charges by electron-donating groups, and 

steric hindrance when designing novel CHKA inhibitors [109]. Some key points of the SAR 

learned from the data of existing CHKA inhibitors are summarised below.  

 

Charge. The positive charge in the molecules is a typical choline-mimicking property of most 

CHKA inhibitors. Cyclic or aromatic quaternary ammoniums, as the most representative 

cationic choline mimetics, have been exploited in the most CHKA inhibitors. The quaternary 

ammonium is identified essential to maintain the compound affinity towards choline pocket 

(CHKA inhibitory activity), and is further related to the compound antiproliferative activity 

against cancer cells. Most non-charged or single-charged CHKA inhibitors exhibit partial or 

complete loss of CHKA activity [105]: most tertiary ammonium derivatives were CHKA-

inactive [110, 111]; the partial activity loss was frequently seen in the non-symmetrical CHKA 

inhibitors pursuing the dual binding of choline and ATP sites, and this loss was less severe 

when both charges were maintained [93]; for the non-charged molecules with high CHKA 

affinity and selectivity such as V-11-0711, their limited potency to cause cancer cell death 

largely prevents clinical translation [108].  

 

The successful cationic heads described mainly include pyridinium and quinolinium (and 

their derivatives), of which the latter has a higher lipophilicity and could, thus, improve the 

antiproliferative profiles of compounds [84, 85, 93, 99, 112, 113]. However, off-target effects 

on choline transporters or other key enzymes in CDP-choline pathway were also seen in 

pyridinium and quinolinium derivatives, which bring challenges to compound modification 

[64, 99, 100]. Alternative cell death mechanism besides CHKA inhibition have also been 

observed in those molecules, which needs to be further studied and clarified [64, 99, 100]. 

Mitochondria are double-membrane-bound organelles, highly dynamic in nature from their 

network structures. In cancer, mitochondria regulate many altered processes, from 

metabolism to oxidative stress to apoptosis of cancer cells [114, 115]. The prominence of 
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mitochondria’s role in cancer provides a rationale to design anti-cancer agents targeting 

mitochondria. Dequalinium and pyridinium head groups, recognised as delocalised lipophilic 

cations, have been exploited in mitochondria-targeting ligands [116]. These highly 

hydrophobic compounds with positive charges would preferentially accumulate in the 

mitochondria of cancer cells which have highly negatively-charged microenvironment within 

the mitochondrial matrix [117]. The observed structural similarity thus implies the concerns 

on mitochondrial toxin of the CHKA inhibitors with pyridinium head groups. For instance, the 

loss of mitochondria membrane potential and mitochondrial respiration were seen in the 

ICL-CCIC-0019 treatment, and could be a distinct mechanism of anti-proliferation besides 

CDP-choline pathway inhibition [64]. Similarly, MN58B, containing pyridinium head groups, 

also decreased mitochondrial respiration and mitochondrial potential [64]. It is intriguing to 

note, however, that the toxic effects of MN58B on tumour cells could be proceeded the 

mitochondrial mechanism [118]. A loss of mitochondrial potential was seen after caspase 3 

activation, indicating that the apoptosis of cancer cells is induced via a mitochondrial 

independent mechanism [118].  

 

Linker. The linker is important to pharmacological profiles of CHKA inhibitors from several 

aspects. The linker provides an optimised distance between two quaternary ammonium 

moieties (normally 14 - 15 Å), although a considerable degree of variation of inter-nitrogen 

distance may seem allowed [64, 83, 111]. In addition, linker lipophilicity can affect CHKA 

affinity, antiproliferative activity and even compound stability [64, 83, 111]. For example, the 

DMAP-derived CHKA inhibitor with a polyethylene glycol (PEG) chain was found unstable 

despite of an improved aqueous solubility [64]. The effects of linker length on CHKA 

inhibition can be more important than those on antiproliferative activity in quinolinium 

derivatives [100]. The docking study of EB-3D revealed that the introduction of the 1,2-

dioxoethane linker not only increased compound solubility, but also improved its CHKA 

affinity by forming a new conformation [94].  
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Lipophilicity. Lipophilicity is key for not only choline pocket binding affinity, but more 

importantly for antiproliferative activity when designing CHKA inhibitors. CHKA inhibitors 

with high choline pocket affinity usually bear cationic head groups which nevertheless 

reduce the total compound lipophilicity. In the development of RSM-932A, trispyridinium 

compounds exhibited higher CHKA inhibitory activity than bispyridinium counterparts [99]. 

However, the trispyridinium structures were less antiproliferative against cancer cells due to 

their reduced lipophilicity to cross cell membrane [99]. The transmembrane mechanism of 

CHKA inhibitors involves active choline transport and passive diffusion, of which the latter 

could play a predominant role when CHKA inhibitor structures are less recognised by choline 

transporters. JAS239, for example, is a reported choline transporter-independent CHKA 

inhibitor; its special structure potentiates its application in monitoring compound response 

which excludes the effects from choline transporters [103].  

 

1.3 CHKA inhibition as novel therapeutic strategies for other pathologies  

In recent years, new roles of choline kinase in other pathologies have been reported, and 

the exploitation of choline kinase inhibitors as novel therapeutics against malaria, Gram-

positive bacteria and rheumatoid arthritis (RA) has received growing attention [100, 119-

122]. The similarities between the choline binding site of human choline kinase and those of 

some parasite species (e.g. Plasmodium falciparum (P.f.)) elicit the rationale to apply CHKA 

inhibition as novel anti-parasite strategies [123-125]. Several human CHKA inhibitors have 

been reported to inhibit the growth of parasite species P.f. through multiple mechanism, 

including the inhibition of P.f. choline kinase and P.f. ethanolamine kinase [123, 124]. 

Following this rationale, Zimmerman et al. revealed the homology of the Streptococcus 

pneumoniae choline kinase active site to human CHKA1 [122]. MN58B and RSM-932A 

inhibited the bacteria growth at both enzymatic and cellular levels where RSM-932A 

displayed higher potency (RSM-932A: IC50: 10 μM, EC50: 0.4 μM; MN58B: IC50: 197 μM, EC50: 

0.5 μM) [122]. In a recent study, high CHKA expression was found in the synovium of the 

patients with RA and also in ex vivo cultured fibroblast-like synoviocytes (FLS), which are the 

non-immune cells found in synovial tissues [120, 121]. The aggressive behaviour of FLS 
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modulated by mitogen activated protein kinase and PI3K/AKT signalling could be suppressed 

by MN58B [120, 121]. Compared to the vehicle, the clinical scores of the mouse model with 

established severity of inflammatory arthritis were reduced after MN58B administration 

[120, 121].  

 

Taken together, all the findings potentiate the benefits of repurposing CHKA inhibitors to the 

treatment of other prevalent diseases such as infection and RA.  

 

1.4 Innovative drug modification approaches to modulating the pharmacological 

properties of drug molecules 

Following the target identification and validation, discovery and optimisation of lead 

compounds are the main themes of drug design. In the past hundred years, versatile 

molecular modification strategies have been exemplified in drug discovery and development 

to ameliorate the physiochemical, pharmacological and pharmacokinetic profiles of the lead 

candidates with high biological activity. Traditional modification strategies emphasise 

structural homology. Congeners or analogues with higher activity or improved 

physiochemical/metabolic properties are usually obtained in lead optimisation using 

classical modification methods such as bioisosterism and in silico-based structural 

recognition [126-128]. In these methods, similar valence electron structures, lipophilicity 

and steric effects are considered to maintain compound biological activity based on 

profound understanding on receptors and compound SAR [126]. However, for those 

cytotoxic agents with high efficacy in cells but so-caused limited therapeutic window, 

traditional drug modification methods are not feasible to meet the demand of maximising 

their therapeutic activity while minimising the undesirable side effects. Novel innovative 

drug modification strategies are needed to realise the specific activation, controlled release 

or targeted delivery of these drug molecules in the target cells and tissues, in an attempt to 

elicit their best potential benefits for patients. Two innovative drug modification approaches, 

which exploit the specific metabolic conversion and targeted delivery of drug molecules, 

respectively, are introduced in this section.  
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1.4.1 Prodrug strategy  

Prodrugs refer to the bioreversible derivatives of active drug molecules, usually with little or 

no pharmacological activity [129, 130]. The design of bioactive molecules into prodrugs 

enables the in vitro or in vivo release of the active parent molecules, which will exert their 

desired activity after undergoing enzymatic and/or chemical transformation [129, 130]. 

Since formally raised in 1960s, prodrug strategy has served as a useful tool in current drug 

development, by which physicochemical, biological and organoleptic barriers of 

pharmacologically active agents suffering low bioavailability and poor patient compliance 

can be overcome [131, 132]. More than 30 prodrugs have been approved by the US Food 

and Drug Administration (FDA) over the past decade, which accounts for approximately 10% 

of worldwide marketed drugs [130, 132]. The high rate of success witnessed in prodrug 

approach has encouraged the development of novel therapeutic entities with better clinical 

profiles than their parent molecules, and the percentage of prodrugs on the market is 

expected to exceed 20% in the coming few years [130, 132].  

 

A few representative prodrug strategies reported or approved by FDA in recent years are 

listed in Table 1.1. Ideal profiles of prodrugs include at least one of the following: proper 

aqueous solubility and good membrane permeability to achieve sufficient oral bioavailability, 

high stability to reach the expected site(s) for prodrug conversion, efficient recovery rate 

and release of the active parent drugs, and satisfactory safety properties of both prodrug 

and the non-drug moieties, which do not have unfavourable pharmacological effects [129, 

133, 134]. Accordingly, common prodrug modifications make the parent molecules into 

esters (to improve permeability and prolong drug action duration), phosphate esters (to 

increase aqueous solubility) and amino-acid derivatives (to facilitate carrier-mediated 

absorption) [129, 130].  

 

Specific and complex prodrug modifications targeting site-specific overexpressed enzymes or 

altered physiological conditions are frequently exploited in developing anticancer therapies; 

the prodrug strategy optimises the undesired pharmacological profiles of active parent 



54 
 

molecules by its selective activation [130]. In these cases, prodrugs can be distributed 

ubiquitously, but will be dominantly activated and turn into cytotoxic at the desired site(s) 

with altered properties in malignant tissue.  
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Table 1. 1: Recent prodrugs approved by FDA. The table is reproduced from Rautio, et al. Nature Reviews Drug Discovery 2018, 17 (8), 559-587. The 

prodrug moiety is highlighted in orange [130]. 

Prodrug name 

(therapeutic area) 

Functional group 

structure 
Structure Prodrug Strategy 

Romidepsin (Istodax) 

Cutaneous T cell lymphoma 

(zinc-dependent HDAC inhibitor, 

2009) [135] 

Disulfide bond 

 

 Reduction of the 

disulfide bond by 

glutathione produces 

an active monocyclic 

dithiol 

Gabapentin enacarbil (Horizant) 

Restless leg syndrome or 

postherpetic neuralgia (GABA 

and calcium-channel modulator, 

2011) [136, 137] 

N-[1-

(isobutyryloxy)ethoxy] 

carbonyl  

 Increased permeation 

via gastrointestinal 

transporters 
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Isavuconazonium (Cresemba) 

Invasive aspergillosis or 

mucormycosis (azole antifungal; 

inhibits synthesis of ergosterol, a 

cell wall component, 2015) [138] 

Sarcosine ester 

 

 Sarcosine ester is 

cleaved to release an 

alcohol that self-

immolates to release 

isavuconazole 

 Improved solubility 

Aldoxorubicin (INNO-206) 

 (anticancer drug, 2002) [139] 
maleimide moiety 

 

 The maleimide moiety 

reacts with cysteine 34 

of human serum 

albumin; doxorubicin is 

released after cleavage 

of the hydrazone bond 

Selexipag (Uptravi) 

Pulmonary hypertension (non-

prostanoid prostacyclin receptor 

agonist, 2015) [140, 141] 

N‑Acylsulfonamid 

 

 Prolonged duration of 

action and reduced side 

effects because of the 

reduction in peak-to-

trough fluctuations 
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1.4.2 Targeted delivery strategy 

Targeted drug delivery has largely propelled the development of anticancer therapies from 

the perspective of tackling pharmacological issues such as toxicity, drug resistance and tissue 

heterogeneity [142, 143]. Novel targeted drug delivery approaches involving different nano-

systems and bioconjugates enable the successful modulation of anticancer drugs and result 

in wider therapeutic windows and better bioavailability [142].  

 

In a targeted delivery strategy, the small-molecule therapeutic agent is conjugated to a 

targeting moiety in order to improve its toxicologic or pharmacokinetic profiles by being 

delivered to a specific target (Figure 1.15). Different from prodrug strategy, the activity of the 

parent drug is not necessary to be masked by the targeting moiety in drug delivery strategy. 

The targeting moiety can be a macromolecule (e.g. synthetic polymer, glycoprotein, 

lipoprotein and DNA) [144-147], a monoclonal antibody (e.g. antibody-drug conjugate (ADC)) 

[148, 149] or low-molecular weight ligands and peptides [150, 151]. A linker between the 

therapeutic agent and the targeting moiety is often used to increase the mobility of ligands 

and, thus, improves drug binding efficiency with receptors [143]. In drug uptake via 

endocytosis, the use of linkers can control drug release from its carrier, which could realise 

not only effective targeting but also intracellular internalisation of the whole drug-carrier 

complexes [143, 152].  

 
Figure 1. 15: Schematic of targeted delivery strategy. The design of a targeted therapeutic 

agent generally involves: a targeting moiety, a linker connected to a cleavable bridge that is 

stable in body circulation but allows drug release following endocytosis into a target cell, and 
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a cytotoxic therapeutic agent [151]. 

 

A huge success exploiting targeted drug delivery strategy is witnessed in Kadcyla® 

(trastuzumab emtansine), a clinically used ADC targeting human epidermal growth factor 

receptor 2 (HER2) positive breast cancer [153]. To deliver the therapeutic agent specifically 

to malignant cells with HER2 overexpression, the cytotoxic agent, antitubulin drug DM1, is 

linked to a humanised anti-HER2 IgG1 antibody (Trastuzumab) via a heterobifunctional linker 

[154, 155]. Trastuzumab emtansine is internalised into cells after binding to the HER2 antigen 

on the cell surface; the antibody component of the conjugate undergoes lysosomal 

degradation and releases DM1-containing catabolites which bind tubulin and cause mitotic 

arrest and cell death [156]. Trastuzumab alone inhibits malignant cell antiproliferation by 

binding to HER2 receptor, preventing HER2 dimerisation and eventually inhibiting the 

activation of MAPK and PI3K/AKT signalling pathways [156]. The combination, on the other 

hand, takes advantage of monoclonal antibody specifically targeting cancer-related antigens, 

which largely improves the therapeutic window of the drugs with unmodifiable systemic 

toxicity [157].  

 

Small-molecule ligands and peptides are also alternatives to antibodies for targeting cancer-

specific antigens, such as folate derivatives [151, 158]. Folate derivatives target folate 

receptor, a protein overexpressed in epithelial cancers [158]. The relevant conjugate in 

development is vintafolide: a folic acid, as the targeting moiety, is linked to cytotoxic 

desacetyl vinblastine via a peptide linker composed of a reducible disulphide bond and a 

self-immolative spacer for drug release [151, 159]. 

 

Prostate-specific membrane antigen (PSMA) is another promising receptor over-expressed in 

PCa cells and neovasculature of most solid tumours [130, 160, 161]. The important role of 

PSMA in prostate carcinogenesis and progression, together with its unique expression 

difference (100 - 1000 fold higher overexpression in malignancies) and endocytic function 

make it an imaging biomarker and a therapeutic target for PCa [160, 161]. PSMA acts as a 

glutamate-preferring carboxypeptidase and this enzymatic activity allows the selective 
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targeting of PSMA using urea-based derivatives of glutamic acid [162-165]. In the Phase III 

VISION study, 177Lu-PSMA-617, a molecular radiotherapy using glutamate-urea-lysine (Glu-

Urea-Lys) as the PSMA targeting ligand, significantly improved overall survival in patients 

with metastatic castration-resistant PCa [165-167]. 

 

The advantages of small-molecule drug conjugates over ADCs mainly lie in their small size, so 

they could have faster and better penetration into solid tumours, and their synthesis is 

simpler [130]. However, most characterised small ligands to date have demonstrated a 

certain level of kidney uptake and undesired accumulation in normal organs, which may be 

radiometal-mediated [130]. 
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1.5 Research aims 

The derivatisation of ICL-CCIC-0019 using traditional modification methods is challenging. 

The quaternary amine structures that mimic choline are essential to CHKA activity and could 

not be modified structurally. In addition, off-target effects on choline transporters and 

relevant enzymes in CDP-choline pathway were usually observed in potent CHKA inhibitors 

with quaternary amines [64, 99, 101]. For this situation, advanced drug modification 

strategies are needed to reduce the off-target accumulation and toxicity in target tissue, 

turning to controlled release or selective delivery of CHKA inhibitors. Targeted drug action 

can be achieved by either site-specific bioactivation of a prodrug (prodrug strategy) or site-

directed drug delivery (drug delivery strategy) [130]. Herein, two innovative drug 

modification strategies (prodrug strategy and drug delivery strategy) that could be used for 

developing CHKA inhibitors are investigated. Based on the profound understanding of the 

structural activity rationale of ICL-CCIC-0019, the main aim of this project is to develop novel 

generation ICL-CCIC-0019 congeners by using innovative drug modification strategies.  

 

The following milestones were set: 

 

1. Design and synthesis of an active ICL-CCIC-0019 derivative scaffold (CK146) with a 

‘synthetic handle’ (functional group) for further drug modifications using prodrug 

approach and targeted delivery strategy; 

 

2. Design and synthesis of the CK146-based prodrug (CK145) as a novel CHKA inhibitor 

using -(Ac)Lys peptide motif [168]; 

 

3. Design and synthesis of the PSMA-targeted CHKA inhibitor (CK147), where CK146 is 

linked to a small peptide ligand (Glu-Urea-Lys) specifically targeting PSMA using thiol-

maleimide chemistry [154, 169]; 

 

4. Comprehensive in vitro pharmacological and preliminary pharmacokinetic evaluation of 
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the novel CHKA inhibitors, including the data on drug stability and cellular uptake, kinase 

selectivity, antiproliferative activity, ‘Absorption, Distribution, Metabolism and Excretion’ 

(ADME) studies; 

 

5. Elucidation of the SAR of novel CHKA inhibitors synthesised in this project. 
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2. Materials and Methods 

2.1 Chemical synthesis 

The chemical synthesis of ICL-CCIC-0019, CK14, CK145, CK146, CK147 and CK148 are 

described in the Experimental. The structures of compounds were confirmed by nuclear 

magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) (see Chapter 11, 

Appendix A). 

 

2.2 Radiosynthesis of [18F]D4-FCH 

The radiosynthesis procedure of [18F]D4-FCH has been described elsewhere [38, 170]. The 

[18F]-D4-FCH (200 MBq in 1 mL 0.09% NaCl solution) used in this work was radiolabelled on a 

FASTlab synthesiser (GE Healthcare, Amersham, UK) by Mr Chris Barnes, Imperial College 

London (Scheme 2.1).  

TosO OTos
K2.2.2/K2CO3

18F
-

N

D
D OH

D
D

N

D D

OH
D

D18F
18F OTos

 

Scheme 2. 1: Radiosynthesis of [18F]-D4-FCH.  

 

2.3 High-performance liquid chromatography (HPLC)  

The HPLC chromatograms obtained in this work were analysed using WatersTM Empower 

(Hertfordshire, UK) and Laura software (LabLogic, Sheffield, UK). 

 

HPLC Method A 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 

Stationary phase: Phenomenex® Luna 5µ C18 (2) 100Å 250 × 4.6 mm; 

Gradient: mobile phase: A) water (0.2% formic acid), B) methanol; gradient: B (v/v): 5% to 
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40% in 20 min, 40% to 80% in 25 min, 80% to 95% in 15 min, 95% to 5% in 2 min;  

Wavelengths: 254 nm and 294 nm; 

Flow rate: 5 mL/min;   

Injection volume: 2 mL; 

Temperature: room temperature; 

 

HPLC Method B 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 

Stationary phase: Phenomenex® Gemini 5µ C18 100 × 10 mm; 

Gradient: mobile phase: A) water (0.2% formic acid), B) methanol (0.2% formic acid); 

gradient: B (v/v): 20% to 70% in 30 min, 70% to 20% in 15 min;  

Wavelengths: 254 nm; 

Flow rate: 1 mL/min;   

Injection volume: 20 µL; 

Temperature: room temperature; 

 

HPLC Method C 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 

Stationary phase: Phenomenex® Luna 5µ C18 (2) 100Å 250 × 4.6 mm;  

Gradient: mobile phase: A) water (0.2% formic acid), B) methanol; gradient: B (v/v): 20% to 

45% in 15 min, 45% to 70% in 25 min, 70% to 20% in 5 min; 

Wavelengths: 254 nm and 318 nm; 

Flow rate: 5 mL/min; 

Injection volume: 2 mL; 

Temperature: room temperature; 
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HPLC Method D 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 

Stationary phase: Phenomenex® Luna 5µ C18 (2) 100Å 250 × 4.6 mm;  

Gradient: mobile phase: A) water (0.2% formic acid), B) methanol; gradient: B (v/v): 5% to 

40% in 5 min, 40% to 60% in 15 min, 60% to 80% in 10 min, 80% to 95% in 5 min, 95% to 5% 

in 2 min; 

Wavelengths: 254 nm and 294 nm; 

Flow rate: 4 mL/min; 

Injection volume: 1 mL; 

Temperature: room temperature; 

 

HPLC Method E 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 

Stationary phase: Phenomenex® Luna 5µ C18 (2) 100Å 250 × 4.6 mm;  

Gradient: mobile phase: A) water (0.2% formic acid), B) acetonitrile; gradient: B (v/v): 30% to 

41% in 30 min, 41% to 95% in 5 min, 95% to 30% in 5 min, 30% for 5 min; 

Wavelengths: 254 nm and 294 nm; 

Flow rate: 4 mL/min; 

Injection volume: 2 mL; 

Temperature: room temperature; 

 

HPLC Method F 

Instrument: WatersTM 600 pump (Hertfordshire, UK) equipped with a DG 604 vacuum 

degasser (Alexandria, Minnesota, USA) and a WatersTM 2487 dual λ absorbance detector 

(Hertfordshire, UK); 
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Stationary phase: Phenomenex® Gemini 5µ C18 150 × 4.6 mm; 

Gradient: mobile phase: A) water (0.2% formic acid), B) acetonitrile (0.2% formic acid); 

gradient: B (v/v): 5% to 95% in 16 min; 95% to 5% in 1 min; 5% for 3 min;  

Wavelengths: 254 nm and 294 nm; 

Flow rate: 1 mL/min; 

Injection volume: 100 µL; 

Temperature: room temperature. 

 

To evaluate the in vitro uptake of ICL-CCIC-00019 and CK145 by HPLC analysis, external 

calibration curves were established using ICL-CCIC-0019 and CK145 (the concentration range: 

0.05, 0.1, 1, 5 and 7 μM in HPLC mobile phase, water:acetonitrile:formic acid, 95:5:0.2 v/v/v). 

The corresponding peak was integrated to determine the area under the curve (AUC), which 

was plotted against the sample concentration. Linear regression was applied to the data (R2 = 

0.999), and the equation of the line was used to calculate the unknown concentrations of 

ICL-CCIC-0019 and CK145.  

 

HPLC Method G 

Instrument: Agilent 1100 series (G1312A Pump, G1322A Degasser, G1314A Variable 

Wavelength Detector) (Stockport, UK); 

Stationary phase: Phenomenex® Gemini 5µ C18 150 × 4.6 mm; 

Gradient: mobile phase: A) was water (0.2% formic acid), B) acetonitrile; gradient: B (v/v): 

5% to 95% in 15 min; 95% to 5% in 1 min; 5% for 3 min;   

Wavelengths: 254 nm; 

Flow rate: 1 mL/min; 

Injection volume: 100 µL; 

Temperature: room temperature. 

 

To determine the unknown concentrations of CK147 in the in vitro studies by HPLC analysis, 

internal calibration curves were established, where ICL-CCIC-0019 served as the internal 
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standard (IS). An internal standard is referred as to a compound added to a sample in a 

known concentration to facilitate the qualitative identification and/or quantitative 

determination of the sample components [171]. Chromatograms were analysed using Laura 

software to integrate peaks and determine the AUC. The IS ratio was calculated for each 

sample by dividing the peak area of CK147 by that of IS, and the concentration of CK147 was 

determined by comparing the IS ratio to a concomitantly performed standard curve. 

Standard curves, containing CK147 concentrations of 7.5, 15, 30, 60 and 120 μg/mL and a 

fixed concentration of ICL-CCIC-0019 (20 μg/mL) in water:acetonitrile:formic acid (95:5:0.2, 

v/v/v), were constructed by plotting the IS ratio versus the known concentration of CK147 in 

each sample. Linear regression was applied to the data (R2 = 0.9999), and the equation of the 

line was used to calculate unknown concentrations of CK147. 

 

2.4 Shake-Flask method 

The Log D values of compounds were evaluated using shake-flask method. Compound 

phosphate buffered saline (PBS) solutions were prepared (10 μM, 500 μL) in Eppendorf tubes 

before adding another 500 μL of 1-octanol into each tube. The Eppendorf tubes were then 

fixed on an IKA® KS 130 basic shaker (IKA® Werke GmbH & Co. KG, Staufen, Germany) and 

shaken for 1 h at ambient temperature (21 ˚C). The 1-octanol layer (upper organic phase) 

was carefully aspirated and discarded by pipettes. Ten microlitres from the PBS phase were 

taken to be analysed by NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, USA). The Log D values were calculated by the formula below (Equation 2.1): 

Log D = Log  𝐶𝐶Octanol

𝐶𝐶PBS
 = Log 𝐶𝐶10 μM PBS−𝐶𝐶PBS after shaking 

𝐶𝐶PBS after shaking
   

Equation 2.1: Log D calculation of the synthesised CHKA inhibitors, where COctanol: the 

concentration of the compound in the 1-octanol phase at equilibrium; CPBS: the 

concentration of the compound in the PBS phase at equilibrium; C10μM PBS: the concentration 

of the compound stock solution in PBS (10 μM) and CPBS after shaking: the concentration of the 

compound in the PBS phase after shaking. 

 

Three repetitions were performed for each sample under the same conditions.  
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2.5 Cell culture 

HCT-116 (colorectal carcinoma; American Type Culture Collection (ATCC)), A549 (lung 

carcinoma; ATCC), 22Rv1 (prostate carcinoma; ATCC), C4-2B (prostate cancer; ATCC), LNCap 

(prostate carcinoma; ATCC), R1-AD1 and R1-D567 (prostate carcinoma; these two cell lines 

were obtained via a material transfer agreement with Prof Scott Dehm, University of 

Minnesota) [172], PC3 (prostate adenocarcinoma; ATCC) and PNT1A (prostate epithelial cell 

line; this cell line is a gift from Prof Charlotte Bevan, Imperial College London) were 

maintained in RPMI 1640 (Sigma Life Science, Gillingham, UK). HepG2 (liver carcinoma, ATCC) 

and Caco-2 (colorectal adenocarcinoma, ATCC) were maintained in DMEM (BioWhittaker®, 

Lonza, Basel, Switzerland). The RPMI was supplemented with 10% FCS (Fetal Calf Serum, First 

Link UK Ltd., Wolverhampton, UK) and 10% L-glutamine (gibco®, Life Technologies, Paisley, 

UK; 200 mmol, 100 mL). Caco-2 cell line was maintained in DMEM media (BioWhittaker®, 

Lonza, Paisley, UK) containing 20% FCS and 10% L-glutamine. Cells were cultured at 37 ˚C in a 

humidified atmosphere with 5% CO2 (CO2 air-jacketed incubator, NUAIRE DH Autoflow, 

Plymouth, USA). Cell lines were authenticated by provider (ATCC). No additional 

authentication of cells was performed. The cell handling and medium preparation were 

carried out using aseptic techniques in the class II safety cabinet (BioMAT2, Class 2 

microbiological safety cabinet complies with BS EN 12469: 2000, Manchester, UK). All the 

reagents used for cell culture were incubated in Grant GD100 water bath (Grant Instruments, 

Cambridge, UK) in advance. 

 

Sub-culturing was carried out using trypsin-EDTA (gibco® by Life Technologies, Paisley, UK; 1X, 

100 mL). Trypisinisation was performed along with cell counting and seeding. The cell pellets 

obtained from trypsinisation were transferred to a 50 mL falcon tube and collected by 

centrifugation at 1930 RPM (Hettich® Universal 32R Benchtop Centrifuge, Tuttlingen, 

Germany). Appropriate amount of medium was added into the tube before a full mixing. 

Twenty microlitres of the cell suspension were taken and then mixed with 20 μL Trypan Blue 

(Sigma Life Science, Gillingham, UK) in a 1.5 mL Eppendorf tube by pipetting (Dilution factor 

= 2). Ten microlitres of the stained cell sample were loaded into a hemocytometer (Bright-

Line, Hausser Scientific, , Horsham, USA) for cell counting by Countess II FL cell counter (Life 
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technologies, Thermo Fisher Scientific, Loughborough, UK). 

 

2.6 Anti-Proliferative assay (Sulforhodamine B Assay) 

Half-maximal growth inhibitory concentrations (GI50) were determined in clear 96-well plates 

(Corning Costar, Flintshire, UK) using sulforhodamine B (SRB) assay as described elsewhere 

[173]. Cells were seeded in 96-wells at respective cell densities determined by their cell 

growth curves (HCT-116: 1000 cells/well; A549: 3000 cells/well; Caco-2: 2000 cells/well; 

HepG2: 2000 cells/well; 22Rv1: 5000 cells/well; C4-2B: 5000 cells/well; LNCap: 6000 

cells/well; R1-AD1: 20,000 cells/well; R1-D567: 6000 cells/well; PC3: 5000 cells/well; PNT1A: 

6000 cells/well). After 24 h, the cells were treated in six replicates with medium or different 

concentrations of compounds in medium, and incubated for selected hours (a standard SRB 

assay uses 72 hours). The cells were fixed with 10% trichloroacetic acid (TCA) and stained 

with 0.4% SRB in 1% acetic acid after incubation. The stained protein was solubilised with 10 

mM Tris-base and optical density values were measured at 540 nm using a Multiskan® 

Microplate photometer (Thermo Scientific, Loughborough, UK). Growth inhibition curves 

were plotted as percentages of the control groups and GI50s were determined by the least 

squares fitting method using GraphPad Prism 7.0. All the chemicals used in this experiment 

were from Sigma-Aldrich (Gillingham, UK). 

 

2.7 Lipid kinase screening 

The lipid kinase screening for ICL-CCIC-0019, CK14, CK145, CK146 and CK147 (the compound 

testing concentration used for the screening: 10 μM) was carried out by MRC PPU 

International Centre for Kinase Profiling (Dundee, UK) (See Appendix B). The lipid kinase 

screening panel consists of 15 human recombinant lipid kinases, and Promega ADP GloTM 

High Throughput Assay kits (Promega, Southampton, UK) were used for kinase screening. In 

each test, reference compounds were included for quality control. Mean percentage activity 

inhibited by compounds and standard deviation (SD) for all the repeats were calculated. 
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2.8 ADME study (In vitro) 

The in vitro ADME study of ICL-CCIC-0019, CK14, CK145, CK146 and CK147 was carried out by 

Charles River Drug Discovery Services (Essex, UK). 

 

2.9 Bicinchoninic acid (BCA) protein assay 

Bovine serum albumin (BSA) standards (Thermo Fisher Scientific, Loughborough, UK) with a 

concentration range of 0 - 1.35 mg/mL were freshly prepared in advance to establish a 

calibration curve. The cell lysate samples were diluted in PBS. Twenty microlitres of the 

diluted cell lysates were added into a clear 96-well plate. The BCA working reagent was 

prepared by mixing BCA assay reagent A with B (A:B, 50:1, v/v; PierceTM, Thermo Fisher 

Scientific, Loughborough, UK), which afforded a clear, green solution. Two hundred 

microlitres of the BCA working reagent were added into each well containing the cell lysates. 

The plate was then incubated at 37 °C (Sanyo®, Osaka, Japan) for 30 min and placed into a 

microplate reader (Multiskan® EX Micro plate photometer, Thermo Scientific, Loughborough, 

UK) for optical density measurement at 560 nm. The protein concentration of the cell lysates 

was finally calculated using the standard curve plotted by GraphPad Prism 7.0 software.  

 

2.10 Western blotting 

The cell pellets were collected from trypsinisation and then lysed in 

radioimmunoprecipitation assay (RIPA) buffer (R0278, Sigma-Aldrich) containing protease 

and phosphatase inhibitors (Thermo Fisher, Loughborough, UK) on ice for 30 minutes. The 

protein concentrations of the cell lysates were determined using BCA assay described above. 

According to the calculation, equal amounts of protein (10 μg) were resolved on 4 - 15% 

mini-protein TGX gels (456-1086 Bio-Rad, Watford, UK) and transferred to PVDF membranes 

(Trans-Blot Turbo Transfer Packs, Bio-Rad, Watford, UK). Membranes were blocked in 5% milk 

in PBS containing 0.1% v/v tween-20, and subsequently incubated with the following primary 

antibodies at 4 ˚C overnight: HDAC1(10E2), 1:8000, #5356s, Cell Signalling Technology, 

London, UK; Calnexin, 1:5000, #ADI-SPA-860-D, ENZO life sciences, Exeter, UK; CHKA, 1:1000, 
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#HPA024153, Sigma-Aldrich, Gillingham, UK; PSMA (D78E), 1:1000, #12815, Cell Signalling 

Technology, London, UK; GAPDH (D16H11), 1:10000, #5174, Cell Signalling Technology, 

London, UK. Secondary HRP-conjugated mouse and rabbit antibodies (1:8000 and 1:5000; 

#7076P2 and #sc-2005; Cell Signalling, London, UK and Santa Cruz Biotechnology Cell 

Signalling, California, USA, respectively) were applied for an hour at room temperature. 

Signals were visualised by chemiluminescence detection (Amersham, RPN 2016) using 

enhanced chemiluminescence (ECL) Western Blotting Detection Reagent (GE Healthcare, 

Amersham, UK) and Amersham Hyperfilm (GE Healthcare, Amersham, UK). 

 

2.11 In vitro uptake and metabolism study of CK145 

HCT-116 cells were seeded into cell culture dishes (Corning Costar, Flintshire, UK; 150×25 

mm) with a cell density of 7×106 per dish. The cells were allowed to settle and grow to 

achieve 80% confluency. On the treatment day, the cells were incubated with/without ICL-

CCIC-0019 or CK145 (50 μM of 5 mL RPMI with 10% FCS and 1% L-glutamine) for 1 hour and 

2 hours in the incubator. The medium was aspirated off and the cells were carefully scraped, 

washed three times in ice-cold PBS and collected by centrifugation (4 ˚C, 4000×g). The cell 

pellets were resuspended in 1 mL water:acetonitrile:formic acid (95:5:0.2, v/v/v) and 

disrupted by an ultrasonic cell disruptor (Soniprep 150, MSE Ltd., London, UK) for a minute 

on ice. One hundred microlitres of the filtered supernatant from centrifuge (4 ˚C, 15,000×g) 

were analysed by HPLC. Three injections were carried out for each sample. Intracellular drug 

amount was normalised to cellular protein of each plate using BCA assay. The HPLC method 

used in this study is described in HPLC method F.  

 

2.12 Limit of detection (LOD) of CK146 

Using the HPLC system described in HPLC method G, LOD of the active form of CK145 (CK146) 

was tested and calculated by the equation below (Equation 2.2): 

LOD = 3 × Baseline noise × Standard amount
Sample signal height

 

Equation 2.2: LOD calculation. 
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The baseline noise of the HPLC system was measured. After verifying the response of several 

dilutions, a standard CK146 solution with a concentration close to the detection limit was 

prepared and injected for at least three times. Then the average signal height of CK146 

standard samples and baseline were calculated. 

 

2.13 Conjugate stability test of CK147 

The conjugate stability of CK147 in medium was assessed. To 6-well plates were added, in a 

sterile-manner, vehicle-containing DMSO (control group) or CK147 (treatment group); vehicle 

was RMPI medium (50 μM of 5 mL RMPI supplemented with 10% FCS and 1% L-glutamine in 

each well). The plates were gently shaken for 5 seconds and then incubated at 37 ˚C in a 

humidified atmosphere containing 5% CO2. At 0, 2, 4, 6, 24, 48 and 72 hours, 200-μL aliquots 

of medium from each well were taken and transferred into a 1.5-mL Eppendorf tube with 

198.4 μL acetonitrile and 1.6 μL of 2.5 mg/mL ICL-CCIC-0019 as the IS (the final concentration 

of ICL-CCIC-0019: 20 μg/mL). After a brief vortex, the Eppendorf tube was placed at 4 ˚C for 

30 min to facilitate protein precipitation. Fifty microliters of the resulting supernatant from 

centrifuge (4 ˚C, 15,000×g) was taken to supplement with 70 μL of water:acetonitrile:formic 

acid (95:5:0.2, v/v/v) and sonicated for a min. One hundred microliters of the solution were 

injected into the HPLC system described as HPLC method G. Three repeats were performed 

for each sample.  

 

2.14 Cellular uptake and metabolism study of ICL-CCIC-0019, CK146, CK147 and 

CK148 in presence and absence of serum 

Cell lysate sample preparation 

C4-2B prostate cancer cells were seeded into cell culture dishes (Corning Costar, Flintshire, 

UK; 150×25 mm) with a cell density of 7×106 per dish. The cells were allowed to settle and 

grow to achieve 80% confluency. On the treatment day, the cells were incubated with ICL-

CCIC-0019, CK146, CK147 and CK148 (50 μM of 7 mL RPMI medium with or without 10% FCS) 

for 4 hours in the incubator. After the incubation, the aliquots of medium were taken out for 

further preparation before HPLC analysis (see the medium sample preparation section). The 
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medium was aspirated off and cells were carefully scraped, washed with ice-cold PBS three 

times and collected by centrifugation (4 ˚C, 4000×g). The cell pellets were resuspended in 

500 μL of ice-cold acetonitrile:PBS (50:50, v/v) for cell disruption. The cell disruption was 

performed by a Precellys® 24 homogeniser (Bertin Technologies, Montignyle-Bretonneux, 

France) at 4 ˚C. After acetonitrile evaporation at ambient temperature, 50 μL of cell lysis was 

taken for protein analysis. Another 100 μL of the supernatant obtained after centrifuge (4 ˚C, 

15,000×g) was resuspended in 100 μL formic acid:water (0.2%, v/v). Next, 100 μL of the 

filtered solution was analysed using the HPLC system described in HPLC method G. Three 

injections were carried out for each sample. Intracellular drug amount was normalised to 

cellular protein of each plate using BCA assay. 

 

Medium sample preparation for HPLC analysis 

250-μL aliquots of medium (with or without 10% FCS) were transferred into 1.5 mL tube 

containing 250 μL acetonitrile. After a brief vortex, the tube was placed at 4 ˚C for 30 min for 

protein precipitation. One hundred microliters of the resulting supernatant from centrifuge 

(4 ˚C, 15,000×g) were resuspended in 100 μL formic acid:water (0.2%, v/v). One hundred 

microliters of the filtered sample were analysed by HPLC system described in HPLC method G. 

Three injections were performed for each sample. 

 

2.15 [18F]D4-FCH uptake study in vitro 

HCT-116 and C4-2B cells were seeded at a density of 5×105 cells per well into 6-well plates 

(Corning Costar, Flintshire, UK) and incubated overnight. Cells were treated with compounds 

(CK14, CK145, CK146 and CK147; 1 or 10 μM) for 1 hour. 

 

Without cell wash by PBS after treatment 

The cells were pulsed with [18F]D4-FCH (740 kBq) in presence of the tested compounds in 1 

mL for an additional hour at 37 ˚C. Cells were washed three times in ice-cold PBS and lysed in 

1 mL RIPA buffer. The radioactivity of 800 μL lysate from each well was counted on a gamma 

counter (Perkin Elmer, Beaconsfield, UK) and normalised to protein content as determined by 
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BCA assay. 

 

2.16 Statistical Analysis 

Data were represented as mean values ± SD in figures. Unpaired two-tailed t-tests from 

GraphPad Prism 7.0 were used to determine the significance in the experiments. Statistic 

differences were recognised significant at 0.01 < p < 0.05, very significant at 0.001 < p < 0.01 

and extremely significant at 0.0001 ≤ p < 0.001 and p < 0.0001. 
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3. Design and synthesis of the novel prodrug CHKA 

inhibitor 

3.1 Introduction of the prodrug strategy 

In this work, derivatisation of ICL-CCIC-0019 was first investigated using the prodrug strategy 

originally described by Ueki et al [168]. Noticing the upregulation of HDAC and CTSL in 

malignant cells, Ueki and his colleagues successfully developed a prodrug moiety which can 

be cleaved in a step-wise manner on the basis of the enzymatic activity of these two families 

[168].  

 

The mammalian HDAC family is composed of 4 classes (I, II, III, and IV) containing 18 

enzymes, mainly responsible for removing acetyl groups from ε-N-acetyl lysine (Lys) residues 

on histone and thus facilitating DNA binding [174]. HDAC isoforms have various specific 

functions in tissues. An important role in cell survival and proliferation was found for HDAC 

class I [175]. Tumour cells need upregulated HDACs to proliferate under stress conditions 

[176]. Based on unique functions and disease relevance revealed in HDACs, several inhibitors 

targeting HDAC class I and II have been designed and undergoing pre-clinical or clinical trials 

as anti-cancer therapeutics [175]. 

 

CTSL, as one of cysteine protease isoforms, is recognised as a lysosomal proteolytic enzyme 

catalysing protein degradation by peptide bond cleavage [177]. During the past few years, 

more specific functions of CTSL related to cell death and cancer cell invasion were confirmed; 

upregulation of CTSL is also deemed as a hallmark of metastatic cancer [177-180]. 

 

The successful release of the active molecule via prodrug strategy was preliminarily validated 

by attaching the prodrug moiety to a fluorescent moiety named 7-amino-4-methylcoumarin 

(AMC) [181]. The released AMC from Boc-Lys(Ac)-AMC was successfully detected after the 

two-step conversion by endogenous HDAC and CTSL activities in malignant cells [168]. 
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Furthermore, the release of AMC was inhibited specifically either in the presence of pan-

HDAC inhibitors or CTSL inhibitors [182, 183]. This confirmed the dependency of both HDAC 

and CTSL activity to process the prodrug strategy in live cells. By specific small-molecule 

inhibition, the HDAC subtypes responsible for activating the Boc-Lys(Ac) moiety were also 

investigated, and it was revealed that class I HDACs, instead of the class II, played a major 

role in the process [168].  

 

Having validated the utility of the prodrug strategy, Ueki and his colleagues attempted to 

incorporate a cytotoxic drug into the prodrug by conjugating the prodrug moiety Boc-Lys(Ac) 

to the drug molecule. Puromycin (Puro) is an antibiotic that inhibits protein synthesis by 

causing premature chain termination on ribosome and thus kills cells [184]. Puromycin was 

selected to evaluate the HDAC- and CTSL-dependent prodrug activation since its free amino 

group was reasoned essential to cytotoxicity; this amino group also serves as an available 

handle for prodrug moiety attachment [168]. The Boc-Lys(Ac)-Puro was accordingly 

synthesised by conjugating Boc-Lys(Ac)-OH to the amino group of Puromycin (Figure 3.1) 

[168].  

 

Figure 3. 1: The prodrug in vitro conversion scheme illustrating the selective two-step drug 

activation in cancer cells by HDAC and CTSL [168]. 

 

To preliminarily evaluate the antiproliferative selectivity of Boc-Lys(Ac)-Puro in vitro, a series 

of colon cell lines exhibiting different HDAC and CTSL activities were used [168]. Boc-Lys(Ac)-

Puro displayed comparable antiproliferative profiles (GI50 values are in the 10 μM range) in 
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malignant colon cells with high HDAC and CTSL activities [168]. On the other hand, non-

malignant colon cells such as Caco-2 grew to confluency after the treatment and the GI50 

values were not measurable, which revealed the cytotoxic selectivity of Boc-Lys(Ac)-Puro 

[168]. Malignant cell lines of other cancer types such as pancreatic, liver and cervical cancers 

could also be killed by Boc-Lys(Ac)-Puro with a similar dose-response pattern observed in 

malignant colon cells [168]. The mechanism of the cell death induced by Boc-Lys(Ac)-Puro 

was elucidated by immunological detection: Boc-Lys(Ac)-Puro was converted into parental 

Puromycin in malignant cancer cells and caused cell death by a Puro-dependent mode of 

action [168]. In the subsequent animal study where mouse xenograft models bearing HCT-

116 and HT-29 cells were established, Boc-Lys(Ac)-Puro dose-dependently inhibited tumour 

growth, and the daily administration of Boc-Lys(Ac)-Puro up to 150 mg kg-1 per dose was 

tolerated as determined by weight loss of mice [168].  

 

In summary, the success of Boc-Lys(Ac)-Puro provides a new approach to improve the 

pharmacological profiles of the cytotoxic agents by modifying their amino groups using a 

small-molecule masking moiety.  
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In this work, abnormal elevated levels of HDACs and CTSL, essential to malignant 

proliferation, are exploited for the enzymatic transformation of ICL-CCIC-0019 prodrug into 

the active parent molecule [168]. The design of a proposed ICL-CCIC-0019 prodrug molecule 

requires an ε-acetylated-Lys group to be coupled to the active molecule. A slight variation on 

ICL-CCIC-0019 structure is, thus, required to facilitate the addition of the prodrug moiety. In 

brief, the prodrug Lys (Ac)-active ICL-CCIC-0019 derivative will be activated under increased 

levels of both HDACs and CTSL by two steps: The acetyl group (highlighted in orange, Figure 

3.2) in the prodrug moiety can be removed by HDAC in the first step which liberates the free 

ε-amine end (highlighted in blue, Figure 3.2); in the second step, CTSL cleaves the peptide 

bond connecting the tert-Butyloxycarbonyl (Boc)-protected lysine residue to the active drug, 

which therefore ‘unlocks’ the active drug molecule (Figure 3.2) [168].  

 
Figure 3. 2: A prodrug moiety sensitive to HDAC and CTSL cleavage: Boc-Lys(Ac)-R. The 

amine end in drug molecules can be modified using the Boc-Lys(Ac) moiety. The acetyl group 

and the free ε-amine moiety were highlighted in orange and blue, respectively [168].  

 

3.2 SAR and design rationale 

The incorporation of ICL-CCIC-0019 into Boc-Lys(Ac) prodrug moiety was attempted with the 

aim of ameliorating its toxicity. As the structural diversity of ICL-CCIC-0019 is very limited, the 

direct modification of the molecule is not feasible (Figure 3.3A). Designing a precursor 

molecule for ICL-CCIC-0019 derivatisation is thus needed to allow further structural 

modifications. Ideally, the precursor is an ICL-CCIC-0019-derivative, but more importantly it is 

expected to contain a ‘reactive handle’ and to maintain CHKA activity. The DMAP moiety is 

an essential pharmacophore of ICL-CCIC-0019 and is therefore to be retained in the 

precursor molecule [85]. Our previous investigations on SAR of the symmetrical CHKA 

inhibitors revealed that the length of the alkyl linker chain between the DMAP moieties 
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impacted compound activity [93]. The symmetrical DMAP derivative CHKA inhibitor adopting 

a tetradecyl linker (CK14) exhibited the highest CHKA activity (IC50 against recombinant 

CHKA2: ICL-CCIC-0019: 270 nM, CK14: 150 nM) (Figure 3.3B) [93]. A tetradecyl linker was 

thus considered for incorporation into the precursor molecule so as to elicit the best potency 

within the prodrug context. 

 
Figure 3. 3: The structures of ICL-CCIC-0019, CK14 and CK146. The key structural 

components in the molecules are highlighted: the N,N-dimethyl moiety, quaternary 

pyridinium, dodecyl linker and tetradecyl linker, and the piperazine ‘reactive handle’ are 

coloured in blue, yellow, orange, green and purple, respectively [93].  

 

As previously introduced, the exploration of the SAR of bis-pyridinium CHKA inhibitors 

emphasises not only the linker moiety, but also the delocalisation of positive charges by 

electron-donating groups [98]. The N,N-dimethyl moieties in ICL-CCIC-0019 are strong 

electron-donating substituents, which enhance the delocalisation of the positive charges, 

stabilise the quaternary ammonium rings and increase CHKA activity of the molecule [85]. 

Here a piperazine group was innovatively introduced to substitute the N,N-dimethyl moiety 

on one side of the symmetrical structure, giving rise to a precursor molecule (CK146) which 

permits further modifications whilst maintaining the configuration of ICL-CCIC-0019 (Figure 

3.3C). The piperazine group has a free secondary amine end which can serve as a chemistry 

handle facilitating the conjugation of the prodrug moiety. 

 

The SAR of the novel prodrug molecule CK145 derived from CK146 is illustrated in Figure 3.4. 

In brief, a non-symmetrical ICL-CCIC-0019 prodrug derivative that adopts a tetradecyl linker 
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was designed, using the prodrug strategy whereby an acetylated lysine linkage was 

conjugated to its piperazine handle via amide formation. It was hypothesised in this project 

that the CHKA activity of CK146 could be reduced by masking one of its pharmacophore 

using the prodrug moiety. This could be achieved because the steric effects of the prodrug 

bulk may disrupt the molecular binding of CK145 to the choline pocket. The steric hindrance 

was desired to mask one of the quaternary ammonium moieties and thus to impair CHKA 

activity, resulting in reduced CHKA activity similarly observed in nonsymmetrical ‘half’-linker 

structures [93]. Accordingly, CK145 was designed to be selectively cleaved in order to release 

CK146 in a stepwise manner within cancer cells with aberrant upregulation of HDAC and 

CTSL enzymes.  

 
Figure 3. 4: Graphical representation of the design goals to generate a novel CHKA prodrug 

inhibitor: (A) the bis-DMAP CHKA inhibitor structure and (B) the derivative prodrug structure. 

 

In this project, we aimed to improve the pharmacological profiles of ICL-CCIC-0019 by 

investigating a prodrug strategy. By this, the drug candidate was expected to meet the 

criteria for high tumour therapeutic index and to retain good inhibitory activity against CHKA 

and good selectivity of CHKA inhibition both in vitro and vivo while displaying improved 

distribution (less to liver tissue) and toxicity profiles (reduced body weight loss observed in 

mice). It was hypothesised that, the prodrug, CK145, as a derivative of ICL-CCIC-019, would 
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maintain inhibitory activity with reduced side effects.  

 

3.3 The synthesis of prodrug strategy (Results and Discussion) 

This project aims to verify the prodrug strategy by synthesis of a series of compounds in 

three categories (Figure 3.5): the reference molecules ICL-CCIC-0019 (1) and CK14 (2), the 

precursor molecule CK146 (6) and the desired prodrug molecule CK145 (9). ICL-CCIC-0019 

and CK14 are symmetrical DMAP derivatives reported as potent CHKA inhibitors bearing 

space linkers of different lengths. CK144 (8), as a derivative of CK146, is designed by addition 

of the methylated piperazine steric bulk; through this structural alternation, the effects of 

the introduced piperazine moiety on compound pharmacological activity can be investigated 

in parallel. CK146 is the active parent molecule, which is hypothesised to be the terminal 

metabolic product of its prodrug CK145. 

 

Figure 3. 5: The compounds synthesised in the prodrug strategy.  
 

3.3.1 Synthesis of ICL-CCIC-0019 and CK14 

The synthesis of ICL-CCIC-0019 (1), CK14 (2) and the ‘half-structure’ mono-DMAP derivative 

with a tetradecyl linker (3) was carried out using reported procedures (Scheme 3.1) [93]. 
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Similar reaction conditions with varied molar ratios of starting materials were employed to 

avoid the formation of side products. For the synthesis of bis-DMAP compounds, the ratio of 

DMAP to spacer linkers (1,12-dibromododecane/1,14-bromotetradecane) used in the 

reaction was in accord with the stoichiometric ratio (DMAP:linker = 2:1). For the synthesis of 

compound 3, 1,14-bromotetradecane was used in excess (DMAP:linker = 1:2) so as to avoid 

the formation of bis-DMAP compounds [93]. 

The quarternisation of the heterocycle nitrogen in DMAP via bimolecular nucleophilic 

substitution (SN2) was successfully carried out at 110 ˚C, where DMAP served as a 

nucleophile. The species in the reaction transition state are more polar than starting 

materials, and the lone pair of the endocyclic nitrogen in the DMAP ring needs to be free for 

attacking the electrophile. 2-Butanone, as a polar aprotic solvent, was therefore selected 

since it can stabilise the transition state and not interact with the N-lone pair by forming 

hydrogen bond [113]. In the reaction, 2-butanone facilitated the precipitation of charged 

quaternary pyridinium salts that were less soluble, which pushed the reaction towards the 

formation of the product.  

N
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N N
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N N

1     n=12 
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2Br
-
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Scheme 3. 1: Synthesis of ICL-CCIC-0019 (1) and a CK14 (2), and the mono-DMAP derivative 

compound with a tetradecyl linker (3). Reagents and reaction conditions: i) 1,12-

dibromododecane/1,14-bromotetradecane, 2-butanone, 110 ˚C, 3 hours; ii) 1,14-

bromotetradecane, 2-butanone, 110 ˚C, 3 hours. 

 

After the reaction, the addition of diethyl ether in large excess accelerated product 

precipitation. A wash of the precipitates using 2-butanone could remove unreacted, soluble 
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starting materials. The precipitates were further purified by recrystallisation from ethanol 

and 2-butanone. The recrystallisation using methanol was not successful as it largely 

solubilised the products. Compound 1, 2, and 3 were all obtained as fine white powders in 

good yields when filtered under gravity filtration (yields respectively: 84%, 80% and 64%, 

respectively); filtration under vacuum was avoided as it resulted in obvious compound loss. 

3.3.2 Synthesis of CK146 and CK144 

The synthesis of CK146 consists of three steps (Scheme 3.2). Synthesis of compound 4 was 

initially attempted using 4-chloropyridine hydrochloride via nucleophilic aromatic 

substitution (SNAr) at 135 ˚C, in which case K2CO3 was used to promote the SNAr reaction and 

to neutralise the acid produced as side-product [93]. However, 4-chloropyridine 

hydrochloride is hazardous and the yield was low (28%). An optimised method to synthesise 

compound 4 was established using commercially available 1-(4-pyridyl) piperazine. The 

secondary amine in 1-(4-pyridyl) piperazine was Boc-protected with DMAP catalysis in 

dichloromethane (DCM). By this method, compound 4 was successfully obtained in an 

excellent yield (94%).  
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Scheme 3. 2: Synthesis of CK146 (6). Reagents and reaction conditions: i) 1-Boc-piperazine, 

K2CO3, DMF, 135 ˚C, overnight, N2; ii) Di-tert-butyl decarbonate, DMAP, DCM, RT, overnight; iii) 

MeCN, 110 ˚C, 72 hours, N2; iv) TFA, MeCN, RT, overnight. 
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The coupling between compound 3 and 4 was attempted following the conditions used by 

Trousil et al., where a SN2 reaction was performed using K2CO3 in dimethylformamide (DMF) 

[93]. Despite the synthesis of compound 5, this procedure was not efficient as there were 

unreacted compound 3 remaining in the reaction, which needed to be removed in the 

subsequent purification step. Compound 5 had to be purified by semi-preparative reversed-

phase HPLC using a C18 column at a high concentration of 10 mg/mL, and the yield was 

largely compromised (24%). Good resolution of compound 5 was obtained by gradient 

elution (see HPLC method A). The peak at 29.3 min was confirmed to be the desired 

compound 5 by MS analysis (Figure 9.1). The purity of the combined fractions (> 98%) was 

confirmed (Figure 9.1). To simplify the purification process, other synthetic methodologies 

were tested to improve the conversion efficiency of the reaction. A sealed tube method was 

introduced this time by means of refluxing of compound 3 and 4 in acetonitrile (MeCN) 

under nitrogen atmosphere for 72 hours [94, 185]. This method afforded compound 5 with 

an excellent yield (97%) and high purity (91%), and therefore the purification step was not 

needed.  

 

CK146 was synthesised by Boc-deprotection of compound 5 using trifluoroacetic acid (TFA) in 

acetonitrile. Several conditions involving different solvents and temperatures were tested to 

get optimised yields (Table 3.1). 

Table 3. 1: Reagents and conditions used for Boc deprotection of Compound 5. 

Entry Solvent Mol Eq of TFA Temp. & Time Yield 
1 MeOH 15 RT, 2 hours 14% 
2 MeOH 15 60 ˚C, 2 hours 14% 
3 H2O 15 RT, 2 hours 14% 
4 H2O 15 60 ˚C, 2 hours 30% 
5 MeCN 15 RT, 2 hours 35% 

 

A set of small-scale deprotection experiments using the conditions of entry five was 

performed before scaling up. The reaction progress over 16 hours was monitored by HPLC 

(Table 3.2, Figure 9.2). It was inferred that the deprotection could be completed in 24 hours 

with a yield of 85%. The final scale-up reaction was conducted by using 1:1 (v/v) TFA and 

MeCN, in which case the yield obtained was increased to 93%.  



84 
 

 

Table 3. 2: Boc deprotection progress of compound 5. Five different time points (0-hour, 5-

hour, 6-hour, 9-hour and 16-hour) were selected to monitor conversion rate of 5 using 15X 

TFA in acetonitrile at room temperature. 

Time Integrated peak area% under the HPLC curve * 
0 h 14% 
5 h 73% 
6 h 78% 
9 h 85% 

16 h 85% 
* Determined by HPLC analysis of an aliquot of the reaction mixture at each time point. 

 

CK144 was synthesised using similar synthetic routes as introduced for CK146, but involving 

1-methylpiperazine as a starting material (Scheme 3.3).  
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Scheme 3. 3: Synthesis of CK144 (8). Reagents and reaction conditions: i) 1-methylpiperazine, 

ZnI2 2.5 mol% , MeCN, 75 ˚C, 24 hours, N2; ii) K2CO3, DMF, 130 ˚C, overnight, N2.  

 

Compound 7 was produced using the method established by Abou-Shehada et al. [186]. Zinc 

iodide, as a Lewis acid, was used to activate the pyridine ring for the SNAr reaction. The 

catalysis mechanism was supported by the fact that pyridine N-oxides were orders of 

magnitude more reactive in nucleophilic substitution than pyridines due to the formation of 

stable intermediates (Figure 3.6) [187]. It was, thus, hypothesised that Lewis acids, such as 

zinc iodide, could also activate the pyridine ring in a similar pattern as the oxygen in pyridine 

N-oxides [186].  

 

After the reaction, distillation under vacuum was initially carried out in order to obtain 

compound 7 as an oil; the boiling point of compound 7 was predicted to be 290 ˚C. However, 

distillation proved inefficient as the crude was partly carbonised when the temperature was 
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set over 150 ˚C under reduced pressure. The purification of compound 7 was finally achieved 

by flash chromatography on silica, which was successful and afforded the compound as a 

yellow oil (yield: 53%). 
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Figure 3. 6: The scheme of Lewis acid catalysed nucleophilic substitution on the pyridine 
analogue. 

 

With compound 7 in hand, CK144 (8) was subsequently synthesised adopting the same 

reaction conditions initially tested with CK146, where the SN2 reaction was carried out in 

DMF with the addition of K2CO3 as a base. CK144 was purified by semi-preparative HPLC. The 

signal at 12.3 min:sec in the HPLC chromatogram was identified as CK144 by MS analysis 

(Figure 9.3). Optimised synthetic routes for CK144 involving sealed tubes, metal catalysts or 

more basic conditions might be investigated in future for a larger scale synthesis. 

3.3.3 Synthesis of CK145 

The synthesis of CK145 (9) was performed by contract synthesis (Creative Chemistry Ltd., 

Hampton, UK) following a reported procedure [168]. In brief, CK146 was coupled with 

commercially available α-Boc-Lys(ε-Ac)-OH in the presence of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDCHCl), 1-hydroxybenzotriazole (HOBt 

H2O) and N,N-diisopropylethylamine (DIEA) in DMF at room temperature (Scheme 3.4). 
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Scheme 3. 4: Synthesis of CK145 (9). Reagents and reaction conditions: i) α-Boc-Lys(ε-Ac)-OH, 

EDCHCl, HOBt H2O,DIEA, DMF, RT, overnight. 

 

The product identity was confirmed by liquid chromatography-mass spectrometry (LC-MS). 

The isolation of CK145 was then established by developing efficient HPLC methods to achieve 

a reliable separation of the components in the crude sample provided by the company. The 

sample was initially analysed by HPLC (HPLC method B), and the signal at 21.9 min:sec was 

confirmed to be CK145 according to the MS analysis (Figure 9.4).  

 

The scaling up of the sample purification was then investigated. The binary mobile phase 

composed of water and methanol supplemented with appropriate acid agents was used to 

provide high solubility of the sample. Instead of using 0.1% TFA in mobile phase, 0.2% formic 

acid was selected to offer a pH of 3, so as to improve the peak shapes on the reversed-

phased semi-preparative column without deprotecting the Boc group in CK145.  

 

To test the maximal sample loading amount, the loading limit was investigated by dual 

wavelength monitoring. The wavelength at 318 nm offered a minimal absorbance of CK145 

during the full wavelength scanning and was, thus, selected for the subsequent HPLC 

purification of CK145 to allow the scale-up loading of the crude. The maximal sample loading 

amount was tested by slowly increasing 6-fold under signal monitoring at 318 nm. The 

maximal loading limit turned out to be 30 mg/mL, over which the resolution of the targeted 

peak was poorer (HPLC method C, Figure 9.5).  
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CK145 was finally recovered by evaporation under vacuo, followed by lyophilisation with a 

combined yield of 37.5%. The dry CK145 with a purity of 98% was ready for biological 

evaluation (Figure 9.6). 

3.3.4 Synthesis conclusions 

The synthesis of a small library of CHKA inhibitors, including ICL-CCIC-0019, CK14, CK144, 

CK145 and CK146, has been successfully achieved (Table 3.3).  

 

Table 3. 3: The CHKA inhibitors synthesised in this chapter. 

CHKA inhibitors Structure Overall yield 

ICL-CCIC-0019 N

N

2Br
-

N

N

12
 

84% 

CK14 N

N

2Br
-

N

N

14
 

80% 

CK146  

 

53% 

CK145 N

N
N

O

NHO

H
N

O

O

2HCOO
-

N

N

14

 

38% 

 

All the compounds obtained displayed high solubility in water and DMSO, and were all taken 

forward for biological evaluation. The synthesis of ICL-CCIC-0019, CK14 and compound 3 

followed the literature methodology which was straightforward and afforded good yields 

(mean yield: ~80%) [93]. Several synthetic routes were adapted in order to improve the 

yields of DMAP derivative head compounds (compound 4 and 7). Compound 4 was obtained 
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in a lower yield compared to compound 7, its N-methyl piperazine counterpart, via SNAr 

reaction under the same synthetic conditions. This could have resulted from the reduced 

nucleophilicity of the N-Boc-piperazine, so it was less reactive. Boc bulk addition was, thus, 

exploited to synthesise compound 4 in a simplified way.  

 

Sealed-tube reaction turned out to be the most efficient method for the SN2 coupling 

between the ‘half-structure’ and the DMAP derivative head bulks with an excellent yield. 

HPLC purification was also avoided in this step.  

 

One of the most challenging part in this project was to purify the target compounds by semi-

preparative HPLC. Besides the time and efforts required, the main limitation of HPLC 

purification was the low recovery rate of the positively charged molecules analysed under 

the HPLC conditions chosen at the time, probably due to the high polarity of the aromatic 

amine structures of these compounds. To obtain satisfactory peak shapes, acidified mobile 

phases were used, which could prevent the secondary interaction of the silanol groups with 

chemicals on the stationary phase surface. Novel synthetic and purification methods that 

provide better reaction conversion and isolation efficiency need to be explored in future 

work. Improvements of current HPLC systems by introduction of suitable ion-pair reagents 

should also be considered .  
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4. Design and synthesis of the novel PSMA-targeted CHKA 

inhibitor 

4.1 Introduction to PSMA-targeted CHKA inhibitor strategy 

PSMA is significantly overexpressed on the cell membrane of most prostate cancer (PCa) cells 

(100 – 1000 fold higher expression than that in normal cells), and its expression levels 

increase with the cancer aggressiveness [188, 189]. These biological characteristics make 

PSMA an attractive therapeutic and prognostic target. The enzymatic properties of PSMA as 

a glutamate-preferring carboxypeptidase and its internalisation characteristics enable 

peptide-based targeted therapeutics and prognosis of PCa [190]. Using in silico screening, a 

glutamate urea ligand 2-(3-(1,3-dicarboxypropyl)-ureido) pentanedioic acid (DUPA) was 

recognised, which exhibited high specificity and binding affinity to PSMA receptor [191-193]. 

A series of Urea-based DUPA analogues have been subsequently developed, including the 

Glu-Urea-Lys ligand (Figure 4.1A), which has boosted the clinical potential of novel targeting 

tools for diagnostics, therapeutics and prognostics of PCa [194-197].  

 

Figure 4. 1: Chemical structures of [99mTc]L1 (A) and [18F]AIF-Glu-Urea-Lys-(Ahx)L3 (B), 

where the Lys-Urea-Glu binding motif is highlighted.  
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A number of radiopharmaceuticals and small-molecule drug conjugates have been designed 

around the Glu-Urea-Lys binding motif, such as [99mTc]L1 and [18F]AIF-Glu-Urea-Lys-(Ahx)L3 

(Figure 4.1B) [169, 190, 194, 198]. A Glu-Urea-Lys Ligand-conjugated siRNA system was 

developed by Lee et al, which successfully suppressed the expression of androgen receptor 

in vivo [169]. The PSMA-targeting Glu-Urea-Lys motif was exploited in a lipid nanoparticle 

formula that contained the siRNA able to inhibit the expression of androgen receptor [169].  

 

PSMA internalisation takes place once the Glu-Urea-Lys conjugate binds to PSMA, followed 

by the lysosomal degradation and efficient release of payload in the cytoplasm during 

endosomal recycling [190, 199]. The payload can be a radiopharmaceutical or a cytotoxic 

agent for imaging and therapeutic purposes.  

 

4.2 SAR and design goal rationale 

CHKA is a therapeutic target of PCa, and plays a crucial role in the signalling maintenance of 

androgen receptor that leads to therapy resistance [24, 60]. CHKA inhibitors like ICL-CCIC-

0019 also displayed antiproliferative activity against PCa cells [64]. The cytotoxic ICL-CCIC-

0019 can be conjugated to PSMA-targeting bulk, which results in a ligand-drug conjugate 

(LDC) for PCa treatment. 

 

In this work, a peptide-based targeted drug delivery strategy was designed to optimise the 

pharmacological profiles of ICL-CCIC-0019 by achieving specific PSMA targeting. The small-

molecule Glu-Urea-Lys ligand was utilised in this strategy owing to its high-affinity, and 

specific binding to PSMA [160, 169]. To facilitate the LDC, CK146 was similarly utilised in this 

strategy as a starting scaffold that provides a reactive piperazine handle for the conjugation 

of Glu-Urea-Lys PSMA binding motif. The SAR of the PSMA-targeted CHKA inhibitor CK147 

derived from CK146 are illustrated in Figure 4.2.  
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Figure 4. 2: Graphic representation of design goals of novel PSMA-targeting CHKA inhibitor. 

(A) chemical structure of CK146; (B) chemical structure of the cross-linked species used in 

Kadcyla®: succinimidyl 4-(N-malemidomethyl) cyclohexane-1-carboxylate (SMCC) [154]; two 

reactive ends are highlighted in red and blue respectively with the reactive positions labelled 

with dash lines; (C) chemical structure of PSMA-targeting CHKA inhibitor CK147. 

 

This novel LDC CK147 contained the ICL-CCIC-0019 derivative scaffold CK146 (Figure 4.2A) 

and the Glu-Urea-Lys ligand conjugated via a linker mimicking the link pattern of Kadcyla®: 

similar to the cross-linking pattern of Kadcyla® (Figure 4.2B), the free sulfhydryl group of a 

designed ICL-CCIC-0019 derivative was to be conjugated to a maleimide group of a linker 

which connected the Glu-urea-Lys ligand (Figure 4.2C). The maleimide alkane linker used in 
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this strategy was non-cleavable and could thus provide good plasma stability compared to 

the cleavable linkers [149]. However, effective degradation of LDCs may be a requirement for 

using non-cleavable linkers to ensure the release of the active drug molecules. The Glu-urea-

Lys ligand specifically targeting PSMA was hypothesised to deliver the drug conjugate to the 

cell surface with overexpressed PSMA. After binding to PSMA, the ICL-CCIC-0019 conjugate 

would be translocated through endocytosis and accumulate in the cells, exerting its 

antiproliferative function after the potential lysosomal degradation to release CK146 [149, 

200].  

 

In this chapter, improvements in the pharmacological profiles of ICL-CCIC-0019 was 

attempted by exploiting PSMA-targeting delivery strategy. By the incorporation of Glu-Urea-

Lys ligand, high expression levels of PSMA in PCa cells was hypothesised permitting specific 

delivery of the ICL-CCIC-0019 derivative, thus reducing its toxicity by selective drug uptake. 

The aim of this strategy is to synthesise CK147, the conjugate of the ICL-CCIC-0019 derivative 

scaffold (CK146) with the PSMA binding motif Glu-Urea-Lys ligand via thiol-maleimide 

chemistry.  
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4.3 Synthesis of CK147  (Results and Discussion) 

As introduced, the conjugation reaction that produced CK147 relied on thiol-maleimide 

chemistry: the sulfhydryl group in CK147 precursor (CK146-SH) could efficiently react with 

the maleimide group under reducing biorthogonal conditions (Figure 4.3); the Glu-Urea-Lys 

ligand attached to maleimide was commercially available and ready for use without further 

process; the efforts were, thus, focused on the efficient synthesis of CK146-SH. 
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Figure 4. 3: Graphic representative of thiol-maleimide reaction with CK146-SH. 
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4.3.1 Synthesis of CK146-SH 

In this section, two routes were attempted to offer CK146-SH via different bioconjugation 

reactions of amines. The first synthesis plan exploited unsymmetrical DMAP derivative 

quarternisation. The proposed route is shown in Scheme 4.1. CK146-SH was hypothesised to 

be obtained from the coupling between the asymmetric tetradecane ‘half-linker’ compound 

(3) and compound 11. The deacetylation of the sulfhydryl group in compound 12 would 

finally offer CK146-SH which is ready for thiol-maleimide conjugation introduced in next 

section. 
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Scheme 4. 1: Synthesis of CK146-SH via unsymmetrical DMAP derivative quarternisation. 

Reagents and reaction conditions: i) TSTU, Anhydrous MeCN, anhydrous Pyridine, RT, 

overnight, N2; ii) 1-(Pyridin-4-yl)piperazine, anhydrous MeCN, TEA, RT, overnight, N2; iii) 
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K2CO3, DMF, 130 °C, overnight. 

 

The synthesis of compound 11 involved amine activation by N-hydroxysuccinimide (NHS) 

ester. Amine-coupling process is one of the most important reactions in bioconjugation since 

it is extensively employed in the modification of peptide molecules, proteins or the host of 

other macromolecules [201]. The primary amine modifications include amine alkylation and 

acylation (Figure 4.4).  

 

Figure 4. 4: Amine alkylation and acylation by amine activation. 

 

NHS esters are one of the most common crosslinkers for amine acylation. An NHS ester 

derivative undergoes an SN2 reaction with nucleophiles and forms an acylated product, in 

which case an NHS leaving group is released [202]. Compared to sulfhydryl or hydroxyl 

groups, the reactions of NHS esters with primary or secondary amines offer more stable 

linkages (Figure 4.5) [202]. Thioesters and ester linkages are susceptible to hydrolysis in 

aqueous environment [202].  
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Figure 4. 5: Graphic scheme of amide bond formation by NHS ester crosslinking reaction.  
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In the first step of CK146-SH synthesis (Scheme 4.1), the precursor molecule 2-(acetylthiol) 

acetic acid, containing an acetylated sulfhydryl group, was first activated by an uranium-

based activation agent N,N,N′,N′-Tetramethyl-O-(N-succinimidyl)uranium tetrafluoroborate 

(TSTU), which yielded compound 10 as an amine-reactive NHS ester at ambient temperature. 

According to NMR spectra analysis, the hydrolysis of compound 10 was noted as a side 

reaction in which case the side-product NHS was released. This hydrolysis side reaction was 

eliminated by using absolute dry organic solvent acetonitrile. DMAP was also added as a 

proton acceptor to improve the reaction efficiency.  

 

Compound 11 was then conjugated via amide bond formation between 1-(pyridin-4-yl) 

piperazine and compound 10 under basic anhydrous conditions by using triethylamine (TEA). 

The reaction conditions were optimised as shown in Table 4.1. The purification of compound 

11 was challenging because of its high solubility in water and susceptibility to decomposition 

on silica: compound decomposition was observed during thin-layer chromatography (Figure 

S10.1); compound 11 was successfully purified by crystalisation despite poor product 

recovery (25%). The purity of the crude containing compound 11 after the reaction was 

investigated by analytical HPLC and found high (90%). It was confirmed by 1H NMR that the 

impurities were mainly upfield with chemical shifts between 2 and 3 ppm, while the 

downfield aromatic region looked clean (Figure 9.7 and S10.2). Compound 11 was therefore 

used in its crude form without further purification for the next-step reaction yielding 

compound 12.  

 

Table 4. 1: Reaction condition optimisation of the crosslinking yielding compound 11. 

Entry Starting material Reagents and 
conditions Work-up Yield 

1 N

O

O
O

O
S

O

 

DMF, TEA, N2, 
overnight, RT 

Not applicable < 40% 

2 OH

O
S

O  

HOBt, EDCHCl DMF, 
TEA, N2, overnight, 

RT 

Extraction 
(EtOAc: brine) < 10% 

3 N

O

O
O

O
S

O

 

MeCN, TEA, N2, 
overnight, RT 

Column 
chromatography 

and 
crystalisation 

25% 
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The coupling reaction to synthesise compound 12 was conducted using compound 11 and 

the asymmetric tetradecane ‘half-linker’ compound 3 in the presence of K2CO3 in DMF at 

130 °C. Semi-preparative reverse phase HPLC was used to scale up the purification of 

compound 12 (Figure 9.8). The identity of the compound was then confirmed by MS and 

NMR analysis from fractions collected from HPLC purification. According to the NMR spectra, 

a side reaction had occurred simultaneously during coupling, which yielded an unexpected 

product with the same mass as compound 12 (Figure 4.6 and S10.3). The protons of the 

methylene groups attached to the quaternary amine (Figure 4.6A, coloured in magenta) were 

integrated to two instead of four in 1H NMR, confirming that a side product had been 

synthesised (Figure 4.6A). It was inferred that the sulfhydryl group of compound 12 was 

liberated under the harsh reaction conditions. These conditions also facilitated the coupling 

of the sulfhydryl group to compound 3 (Figure 4.6B). Accurate MS confirmed this hypothesis 

(Figure S10.3). 
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Figure 4. 6: An unexpected reaction occurred during the coupling, which yielded a side 

product with the same mass as compound 12. (A) deduction on the chemical structure of 

the side product according to 1H NMR; (B) mechanism demonstrations of the side reaction.  

 

Alternative synthetic routes were, thus, developed to avoid the harsh conditions needed for 

the formation of the second quaternary amine and to avoid the formation of side products. 

An ideal way to obtain CK146-SH was to extend the tertiary amine end on piperazine group 

of CK146 via amide synthesis, which usually requires milder reaction conditions. CK146 could 

be derivatised to bear a sulfhydryl group for conjugation to the PSMA-targeting moiety via a 

maleimide moiety. Two methods were explored to access CK146-SH. As shown in the first 

route (Scheme 4.2), NHS ester crosslinking was used to yield the stable amide bond.  
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Scheme 4. 2: The first synthetic route of CK146-SH utilising extension of the tertiary amine 

end on piperazine group via NHS ester crosslinking chemistry. Reagents and conditions: i) 

compound 10 made in-house, TEA, anhydrous MeCN, RT, overnight. 

 

Compound 10, as an NHS ester, was stirred with CK146, and the reaction was monitored by 

HPLC (Figure 9.9). Unfortunately, only singly charged ions were detected in MS analysis, 

suggesting that the starting material may have decomposed (Figure S10.4). Reaction 

optimisation also proved unsuccessful due to the sensitivity of compound 10 to TEA (Figure 

9.10).   

 

The second synthetic route that successfully yielded the desired CK146-SH utilised 

carbodiimide crosslinking chemistry and disulfide reduction. The sulfhydryl group in CK146-

SH is highly reductive and is, thus, not stable for storage. Reduction of the disulfide bond can 

be an effective method to introduce sulfhydryl groups for the thiol-maleimide reaction [202].  
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Disulfide reduction with low concentrations of reducing agents such as tris(2-

carboxyethyl)phosphine (TCEP) and dithiothreitol (DTT) will cleave disulfide bonds; two 

sulfhydryl groups can be obtained from the cleavage of each disulfide bond (Figure 4.7).  

R
S

S
R'

Reducing agents R
SH HS

R'  
Figure 4. 7: Graphic scheme of sulfhydryl group synthesis via disulfide reduction.  

 

The amide formation between CK146 and dithiodiglycolic acid could yield precursor 

molecules of CK146-SH as monomer and dimer (compound 14) disulfide conjugates; by 

disulfide reduction of the precursor molecules, CK146-SH can be immediately produced for 

thiol-maleimide conjugation (Scheme 4.3). 
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Scheme 4. 3: The second synthetic route of CK146-SH utilising extension of the tertiary 
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amine end on piperazine group via EDC crosslinking. Reagents and conditions: i) EDC 

hydrochloride, HoBt, DIPEA, anhydrous DMF, N2, 72 hours, RT. 

 

To achieve the amide formation of the secondary amine end on piperazine group, 

carbodiimide crosslinking was considered. Carbodiimides are zero-length crosslinking 

reagents commonly used for amide formation between a carboxylate group and an amine 

[202]. They mediate amide formation without introducing additional chemical structures 

between the conjugating molecules and are, thus, called zero-length reagents. In a 

carbodiimide-mediated crosslinking reaction, e.g. EDC coupling, N-substituted carbodiimides 

react with carboxylic acids, which form highly-reactive intermediate O-acylisourea 

derivatives (Figure 4.8) [202]. Although these intermediates are very short-lived, they can 

efficiently react with a nucleophile such as an amine and form a stable amide bond [202]. 
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Figure 4. 8: Graphic scheme of amide bond formation via EDC coupling.  

 

Reaction conditions of amide formation via EDC crosslinking were first tested using 1-(4-

Pyridyl)piperazine hydrochloride and EDC hydrochloride (Scheme 4.4); the reaction 

conditions yielded the desired monomer and dimer disulfide conjugates (Figure S10.5).  
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Scheme 4. 4: The mock EDC coupling reaction using 1-(4-Pyridyl)piperazine hydrochloride. 

Reactions and conditions: i) Dithiodiglycolic acid, EDC hydrochloride, HoBt, DIPEA, anhydrous 

DMF, RT, N2, overnight. 
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The similar reaction between CK146 and dithioldiglycolic acid was then performed under the 

same conditions. Both monomer and dimer disulfide conjugates were separated and 

collected by semi-preparative HPLC purification for the next-step disulfide reduction (Figure 

S10.6 and S10.7). 

4.3.2  Synthesis of CK147 via thiol-maleimide conjugation 

With the monomer and dimer CK146-disulfide conjugates in hand, CK146-SH could be 

produced by disulfide reduction and participate in the subsequent thiol-maleimide reaction 

to synthesise CK147.   

 

Maleimides, also called maleic acid imides, are a category of useful crosslinking agents for 

thiol reactions. Thiol-maleimide conjugation is recognised as a specific type of Michael 

addition reaction. In brief, the double bond of maleimides can be attacked by thiolate anion 

as a nucleophile and form stable thioether bonds at a specific pH range of 6.5 to 7.5 (Figure 

4.9) [202]. At higher pH values, the side reactions between maleimides and amino groups 

will take place [203]. Therefore, a successful thiol-maleimide conjugation emphasises both 

reaction pH values and a reductive reaction environment to produce CK146-SH from its 

disulfide bond forms.  
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Figure 4. 9: Graphic scheme of thioether bond formation via thiol-maleimide conjugation.  

 

In this experiment, compound 14 was reduced with TCEP hydrochloride in Tris-HCl buffer (pH 

= 7) followed by the dropwise addition of compound 15 ((OtBu)3PSMA-maleimide) in a 

degassed mixture solution of DMF and Tris-HCl buffer. This procedure successfully gave the 

desired CK148 (compound 16) in a high yield of 85% (Figure S10.8). The last-step 

deprotection of CK148 using TFA was monitored by HPLC, which yielded the final product 
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CK147 (17) ready for use without further purification (purity: 95%, determined by HPLC, 

Figure S10.9). 
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Scheme 4. 5: The thiol-maleimide conjugation between CK146-SH and (OtBu)3PSMA-

maleimide synthesised CK147 (17). Reagents and conditions: i) TCEP, PSMA-Maleimide, Tris-

HCl buffer (pH 7.3, degassed), DMF, RT, overnight, N2; ii) TFA, DCM, RT, overnight.  
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4.4 Synthesis conclusions 

In this chapter, a series of synthetic routes utilising different bioconjugation techniques have 

been explored to achieve the efficient synthesis of the desired PSMA-targeted CHKA inhibitor 

CK147 (17). The whole process of the synthesis could be divided into two parts, the synthesis 

of CK146-SH and the subsequent synthesis of CK147 via maleimide-thiol reaction. In this case, 

the synthesis of CK146-SH was seen as a main challenge due to the reactivity and reducibility 

of the sulfhydryl group. The unsymmetrical quaternisation of the DMAP derivative used in 

the synthesis of CK144 and CK146 was not feasible for CK146-SH since the acetyl protection 

group in the molecule was hydrolysed under the coupling conditions with a high 

temperature and a basic environment. The sulfhydryl group was liberated under these 

conditions and offered only the side-product from the undesired coupling pattern. 

 

To avoid the harsh conditions in the synthesis of CK146-SH, we turned to bioconjugation 

methods involving milder conditions for the conjugation of the molecules with biological 

origin or fragments/derivatives of biomolecules [202]. The amide synthesis via carbodiimide 

activation and disulfide bond reduction followed by thiol-maleimide conjugation were 

performed successfully and offered the final product CK147 in an acceptable yield (25%).  

 

The compound CK147 synthesised at this stage together with the molecules synthesised in 

Chapter 3 will allow for preclinical drug evaluation in the next chapter, by which the prodrug 

and PSMA-targeted drug delivery strategy raised in this project would be verified from 

different drug discovery aspects and inspire its future development.  

  



105 
 

5. Biological evaluation 

This work is associated with [1], and the permission of reuse of all the figures and tables are 

not required according to the publisher (https://www.mdpi.com/openaccess). 

 

Wang, N.;  Brickute, D.;  Braga, M.;  Barnes, C.;  Lu, H.;  Allott, L.; Aboagye, E. O., Novel Non-

Congeneric Derivatives of the Choline Kinase Alpha Inhibitor ICL-CCIC-0019. Pharmaceutics 

2021, 13 (7), 1078. 

 

5.1 Introduction to biological evaluation 

The aim of this chapter was to assess the effects of the prodrug and PSMA-targeted drug 

modifications in vitro. The pharmacological activity of the compounds were evaluated by 

kinase screening and antiproliferative assay. The drug selectivity and ADME profiles of the 

prodrug molecule CK145 and PSMA-targeted molecule CK147 were studied. The in vitro 

conversion investigation of CK145 and CK147 by HPLC, MS and [18F]D4-FCH uptake studies 

were also carried out to understand the results obtained.  

 

5.2 Evaluation of lipophilicity  

Lipophilicity is a crucial physicochemical property in drug discovery and development [204]. 

According to the International Union of Pure and Applied Chemistry (IUPAC) ‘gold book’, 

lipophilicity refers to the affinity of a molecule or a moiety for a lipophilic environment [171]. 

In medicinal chemistry, this index reflects the capability of drug molecules transporting 

across the lipid structures (e.g. most biological membranes), as well as drugs’ interactions 

with target proteins [204]. Therefore, the investigation of lipophilicity is essential to the 

preliminary evaluation of novel drug candidates, and it helps medicinal chemists to estimate 

their pharmacological, pharmacokinetic and pharmacodynamic profiles in biological systems 

[205].  

 

It is generally accepted that lipophilicity contains two major structural contributions: (1) 
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hydrophobicity: the term reflects cavity formation, hydrophobic and dispersive forces; (2) 

polarity: the term reflects more directional electrostatic interactions and hydrogen bonds 

[206]. Lipophilicity is the concept describing the equilibrium between these two 

contributions. To determine the lipophilicity of a compound, its distribution behaviour in a 

biphasic system is measured in either liquid-liquid (a non-polar/organic phase and a 

polar/normally aqueous phase) or solid-liquid phase (compound retention is analysed on 

reversed-phase HPLC or thin layer chromatography) [171, 204].  

 

Lipophilicity is mathematically characterised as partition coefficient P which is defined as the 

ratio of the concentrations of a neutral molecule in organic (Corg) and aqueous (Caq) phases at 

equilibrium (Equation 5.1): 

 

P =𝐶𝐶org

𝐶𝐶aq
 

Equation 5.1: Partition coefficient P calculation. Corg and Caq represent the concentrations of 

a neutral molecule in organic and aqueous phases, respectively.  

 

To facilitate interpretation, lipophilicity is usually expressed in a logarithmic scale, and log P is 

used to describe the partitioning of unionised species in biphases. For ionisable compounds, 

distribution coefficient (Log D) is introduced, which takes both neutral and ionised species of 

the compounds into account at given pH. Log D can be calculated using the equation below 

(Equation 5.2):  

 

Log D = Log ( 𝐶𝐶org

𝐶𝐶ionised aq + 𝐶𝐶neutral aq
) 

Equation 5.2: Log D calculation. Corg represents the concentration of the neutral fraction of 

the ionisable compound in organic phase; Cionised aq represents the concentration of the 

ionised fraction of the ionisable compound in aqueous phases, and Cneutral aq represents the 

concentration of the neutral fraction of the ionisable compound in aqueous phase. 

 

As previously mentioned, lipophilicity can be measured in either a liquid-liquid system or by 
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chromatography. The systematic study measuring lipophilicity was first carried out by Hansch 

and Fujita, who initiated octanol and water as an optimal liquid-liquid system that well 

mimics compounds’ partitioning across cell membrane [207]. In the further research, Hansch 

established correlation between physicochemical properties of compounds and their 

biological activities by QSAR modelling based on this system [207, 208]. The shake-flask 

methodology was accordingly coined and has remained the most classical method for the 

measurement of lipophilicity. In brief, the Log P values of compounds can be calculated by 

measuring the compound concentration in two phases using UV spectrophotometry. Key to 

this method is to ensure that the distribution of the tested compound in two phases reaches 

equilibrium by sufficient shaking or stirring.  

 

Compared to using reversed-phase HPLC method, shake-flask method is relatively time-

consuming and requires larger amounts of compounds with high purity. In addition, it is not 

applicable to hydrophobic compounds (Log P > 4) [209]. However, shake-flask method is still 

recognised as the most reliable and accurate method for the compounds with Log P values in 

the range of -2 to 4 [210, 211].  

 

The Log D values of the synthesised compounds (ICL-CCIC-0019, CK14, CK145, CK146 and 

CK147) were evaluated using the shake-flask method. The 1-octanol layer was carefully 

removed and the concentrations of the compounds in the PBS layer (pH: 7.4) was 

determined. The Log D values were calculated using the formula below (Equation 5.3): 

 

Log D = Log 𝐶𝐶Octanol

𝐶𝐶PBS
 = Log 𝐶𝐶10 μM PBS−𝐶𝐶PBS after shaking 

𝐶𝐶PBS after shaking
  

Equation 5.3: Determination of Log D for ICL-CCIC-0019, CK14, CK145, CK146 and CK147. 

COctanol represents the concentration of the compound in the 1-octanol phase; CPBS represents 

the concentration of the compound in the PBS phase; C10μM PBS represents the concentration 

of the compound stock solution in PBS (10 μM), and CPBS shaking represents the concentration 

of the compound in the PBS phase after shaking. 
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According to the calculation, it can be inferred that a negative value of Log D means the 

tested compound has a higher affinity to the aqueous phase; namely it is more hydrophilic. 

As shown in Table 5.1, all the compounds involved, except CK145 displayed negative values 

of Log D, which means they are highly hydrophilic compounds, due to the quaternary amine 

in the structures. ICL-CCIC-0019, CK146 and CK147 are three most hydrophilic compounds 

which had Log D values of about -1. CK145 was more lipophilic among all the compounds 

since its prodrug bulk group contains Boc group which increased the overall lipophilicity of 

the molecule. The linker lengths of compounds also had an impact on lipophilicity as the Log 

D value of ICL-CCIC-0019 was 10 times lower than that of CK14, its counterpart with a longer 

alkyl linker.   

 

Table 5. 1: Log D values of choline kinase inhibitors involved in the preliminary 

investigations using shake-flask method. Three repeats of flask shaking were performed for 

each molecule. Data were presented as mean ± SD.  

Compound 
name ICL-CCIC-0019 CK14 CK146 CK145 CK147 

Log D -1.12 ± 0.06 -0.14 ± 0.02 -1.13 ± 0.01 0.34 ± 0.01 -0.79 ± 0.02 
 

5.3 Chemical stability of conjugate CK147 in serum 

As previously introduced, a ligand-drug conjugate (LDC) with targeted delivery function is 

always substantially complex, and it has to undergo lysosomal degradation to release the 

toxin part when being delivered specifically to the desired site. To understand the actual 

mechanism of action of LDCs, it is critical to characterise the stability profiles and explore the 

possible degradation pathways. The chemical reactions such as solvolysis, hydrolysis, 

oxidation and racemization could not only cause the loss of the expected activity of the 

parent drug molecules, but could also lead to the formation of degradation products with 

side-effects [212].  

 

The conjugate stability of CK147 in serum was investigated by analytical HPLC using internal 

standard methodology. As any loss of sample during sample treatment can be compensated 
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by the loss of the equivalent degree of the internal standard (i.e. the ratio of concentration 

between the internal standard and the analyte should remain constant, and the ratio of two 

responses should remain constant), the accuracy of the chromatography analysis is, thus, 

thought to be improved. To achieve this, the internal standard should often be chemically 

similar to the analyte and should display a differential response in the analysis.  

 

In this study, the chemical stability of CK147 was investigated in the presence of serum. As a 

peptide conjugate, the interaction between CK147 and serum albumin could also be checked. 

ICL-CCIC-0019 served as internal standard because of its structural similarity to CK146, the 

parent molecule of CK147. The internal standard calibration curve was plotted, where the 

response ratio between CK147 and ICL-CCIC-0019 was against their concentration ratio 

(Figure 5.1A). By applying the calibration curve to the response ratio of the samples, the 

concentrations of CK147 in serum could, thus, be determined. Following 72 hours’ 

incubation, the concentrations of CK147 in the RPMI 1640 medium containing 10% FCS were 

respectively determined at 0, 2, 4, 6, 24, 48 and 72 hours accordingly (Figure 5.1B). CK147 

remained stable in the medium at early time points (93.0 ± 0.8% intact parent at 2 hours and 

89.7 ± 0.3% intact parent at 4 hours). After 72 hours’ incubation at 37 ˚C, the concentration 

of CK147 in the medium reduced to 60.0 ± 0.3% (21.7 ± 0.2 μg/mL). However, HPLC/MS 

analysis confirmed existence of no chemical degradation product of CK147 during the 

process.  
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(A) 

 

 

(B) 

Figure 5. 1: The chemical stability characterisation of CK147 in RPMI 1640 medium 

supplemented with 10% serum at 37 ˚C. (A) the internal standard calibration curve of CK147, 

where the concentration ratios between the analyte (CK147) and the internal standard (ICL-

CCIC-0019) against their response ratios was plotted; (B) CK147 concentration change trend 

within 72 hours; n=3, mean±SD. 

 

5.4 Antiproliferative activity assessment (SRB Assay) 

Antiproliferative activity is one of the most important indicators for biological evaluation of 

anti-cancer agents in vitro. There is a broad spectrum of assays reported in the literature for 

evaluating drug cytotoxicity and antiproliferative activity in oncological research. The cell 

death caused by various cytotoxicity mechanisms on cell functioning (e.g. cell membrane 

permeability, ATP production and enzymatic activity) can be determined using these assays 
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[213]. Common antiproliferative assays can be classified into four categories according to 

their measurement types at the end points, including: dye exclusion (e.g. Trypan blue), 

colourimetric assays (e.g. SRB assay, (3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyltetrazolium 

bromide (MTT) assay and lactate dehydrogenase (LDH) assay), fluorometric assays (e.g. 

alamarBlue assay) and luminometric assays (e.g. ATP assay) [214].  

  

As one of the most commonly used colourimetric assays measuring drug-induced cytotoxicity, 

SRB assay was used in this project to assess the antiproliferative activity of the synthesised 

compounds in different cancer/normal cell lines. SRB is a fluorescent dye with a bright pink 

colour. Structurally, it is an aminoxanthene derivative with two sulfonic groups (Figure 5.1) 

[173].  
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Figure 5. 2: Chemical structure of SRB.  

 

Under mildly acidic environments, SRB molecules bind to the basic amino residues of the 

cells, and dissociate under basic conditions. The live cells can be stained using SRB after 

being fixed by TCA. The intensity of the colour from solubilised SRB dye in 10 mM Tris-base 

(pH = 10) is in response to the viability of cell colony, which permits the colorimetric 

measurement of cell viability via spectrophotometer [214, 215]. Compared to other most 

used colourimetric assays in the literature, MTT assay, SRB assay is a total protein assay that 

is less sensitive to condition fluctuations (e.g. dye solubility and time) and independent of 

intermediary metabolism. Therefore, the results obtained from SRB assay have less well-to-

well error [214].  
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5.4.1 Prodrug strategy  

To evaluate the antiproliferative activity of prodrug CK145, appropriate cell lines for the test 

were initially studied using Cancer Cell Line Encyclopaedia RNA sequencing data base. Four 

cancer cell lines from different origins were selected according to the mRNA levels of HDAC I 

class and CTSL, including HCT-116, A549, HepG2 and Caco-2 (Table 5.2). The protein 

expression of the HDAC 1 subtype in the cell lines was then determined using 

immunoblotting. HDAC 1 was found highly expressed in all selected cell lines, among which 

HCT-116 and HepG2 displayed highest HDAC 1 protein levels (Figure 5.3). 

 

Table 5. 2: The mRNA levels of four selected cell lines (namely HCT-116, HepG2, A549 and 

Caco-2) involved in the antiproliferative studies; the data were extracted from Cancer Cell 

Line Encyclopedia RNA sequencing database).  

Cell name / Type HDAC1 HDAC2 HDAC3 HDAC8 CTSL 
HCT116_LARGE_INTESTINE 134.13 23.44 53.53 3.12 26.88 

HEPG2_LIVER 58.27 12.10 31.14 2.60 27.77 
A549_LUNG 49.61 13.37 27.13 4.64 167.20 

CACO2_LARGE_INTESTINE 54.92 21.74 30.81 2.94 42.10 

 

 

Figure 5. 3: Immunoblotting analysis of HDAC 1 in HepG2, HCT-116, A549 and Caco-2 cell 

lines; n = 2.  

 

The antiproliferative activities of ICL-CCIC-0019, CK146 and CK145 were first evaluated in 

these four cell lines by SRB assay to investigate the effects of prodrug modifications (Figure 

5.4). All the three tested compounds exhibited good antiproliferative activities against the 

selected cancer cell lines at low sub-micromolar or micromolar concentrations: ICL-CCIC-

0019 turned out to be the most potent (mean GI50 in the four cell lines: 0.50 ± 0.02 μM); 

CK146 also showed lower but effective antiproliferative activity (mean GI50 against four 

cancer cell lines: 2.5 ± 0.3 μM) with HepG2 being most sensitive to the treatment (0.21 ± 
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0.01 μM); the overall antiproliferative activity of CK145 (mean GI50 against the cell lines: 5.0 ± 

0.3 μM) was similar to CK146, but it caused less cell viability loss in HepG2 and Caco-2 cells. 

Notably, ICL-CCIC-0019 displayed about 10-fold more growth inhibition compared to CK145 

in Caco-2 cells, a less tumourigenic colon cancer cell line relative to HCT-116 cells.  

 

  GI50 ± SD (μM) 
Cell lines ICL-CCIC-0019 CK146 CK145 
HCT-116 0.42 ±  0.03 4.76 ± 0.80 6.63 ± 0.20 

A549 0.05 ± 0.00 2.07 ± 0.20 2.47 ± 0.06 
HepG2 0.18 ±  0.01 0.21 ± 0.01 2.25 ± 0.06 
Caco-2 1.19 ±  0.04 3.09 ± 0.05 10.80 ± 1.00 
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Figure 5. 4: Growth inhibition of HCT-116, A549, HepG2 and Caco-2 cells by ICL-CCIC-0019, 
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CK146 and CK145. (A) GI50 values were determined by SRB assay; (B) comparison of growth 

inhibitory activities among ICL-CCIC-0019, CK146 and CK145; n = 6, mean ± SD. (C) chemical 

structures of ICL-CCIC-0019, CK145 and CK146. 

 

In the following experiments, treatment time was increased from standard 72 hours to 120 

hours as has been reported in some prodrug studies (Figure 5.5 and Table S10.1) [168]. Two 

colon cancer cell lines HCT-116 and Caco-2 cells were involved in this study. Similar to the 72-

hour treatment data, all the compounds were less antiproliferative in Caco-2 cells. An 

increase of GI50 in prodrug treatment after 120 hours was seen while those of CK146 

remained the same (about 3.20 μM).  

 

(A) 

 

(B) 

Figure 5. 5: Antiproliferative activities of ICL-CCIC-0019, CK146 and CK145 in two colon 

cancer cell lines after 120-hour treatment. (A) in HCT-116 cells; (B) in Caco-2 cells; n=6, 

mean ± SD. 
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5.4.2 Drug delivery strategy 

The antiproliferative activities of the PSMA-targeted CHKA inhibitor CK147, ICL-CCIC-0019 

and CK146 were evaluated using the prostatic cell lines with differential expression of PSMA. 

PSMA-positive cancer cells (22Rv1, C4-2B, LNCap), PSMA-negative cancer cell lines (PC3, R1-

AD1, R1-D567 and HCT-116), and a PSMA-negative normal prostatic cell line (PNT1A) were 

used and checked by immunoblotting (Figure 5.6). As expected, PSMA was found expressed 

in 22Rv1, C4-2B, LNCap, and all the involved cell lines showed high expression of CHKA.  

 

Figure 5. 6: Immunoblotting analysis of PSMA and CHKA in 22Rv1, C4-2B, LNCap, PC3, 

PNT1A, R1-AD1 and R1-D567 cells; n = 2. 
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Similarly, ICL-CCIC-0019 and CK146 effectively inhibited the growth of all the selected cell 

lines with a mean GI50 across eight cell lines of 0.6 ± 0.1 μM and 3.8 ± 0.9 μM respectively 

(Figure 5.7 and Table S10.2). However, all the cell lines involved in the experiment did not 

show obvious sensitivity towards CK147 and the mean GI50 across eight cell lines was up to 

66.7 ± 7.2 μM. Furthermore, no correlation was found between compound antiproliferative 

activities and PSMA expression. 
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Figure 5. 7: Comparison of growth inhibitory activities among ICL-CCIC-0019, CK146 and 

CK147 in 22Rv1, C4-2B, LNCap, PC3, PNT1A, R1-AD1, R1-D567 and HCT-116 cells; (A) n = 6, 

mean ± SD; (B) chemical structures of ICL-CCIC-0019, CK146 and CK147. 
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5.5 Cellular uptake and in vitro metabolism 

Cell membrane is a vital component of cells with a very complex composition and spatial 

structure [216]. Functionally, it not only maintains the structural integrity of cells, but also 

provides a stable intracellular environment for substance exchange and signalling 

communication [216, 217]. Cell membrane is selectively permeable, which means the 

passages of molecules into cells are regulated, and molecules of varying types exploit 

different transport mechanisms to enter cells [218]. The structure of cell membrane consists 

of lipid bilayer (three major lipid species are involved: glycerophospholipids, sphingolipids 

and cholesterol), membrane proteins and sugars [216]. As the most abundant component in 

membrane, lipids, as amphipathic molecules, spontaneously form bilayers as the most 

preferable configuration in which the hydrophilic heads of lipids are oriented towards the 

aqueous environment while their hydrophobic tails are oriented inward towards each other 

(Figure 5.8). This special configuration entitles the continuous motility of the membrane, and 

more importantly, it makes lipid bilayer a natural barrier to the passage of molecules and 

ions in and out of the cell [216].  

 

Figure 5. 8: Spontaneous formation of bilayers by lipids. The hydrophilic heads of lipids 

point towards the aqueous environment in bilayers; the hydrophobic tails point inward away 

from the water. 

 

The selective passage function of phospholipid bilayer requires the involvement of 

membrane proteins [217]. As the most important components of the cell membrane, various 

proteins, such as channels, carriers and ion pumps, play critical roles in mediating the 

transport of molecules [217]. The existence of phospholipid bilayer prevents the non-
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membrane transport-mediated transfer of large or charged molecules [216]. Unlike small 

molecules such as water, large or charged molecules are not able to cross the membrane by 

simple diffusion. In the presence of electrochemical gradients, ions can passively travel from 

a high concentration area to a low concentration area via channel proteins [216]. The 

process requires membrane proteins but no energy input and is thus called passive transport. 

The transport of some amino acids into cells utilises this mechanism [216]. In contrast, active 

transport, responsible for the transport of most large or charged exotic molecules, moves the 

species against the concentration gradients. This process always requires the energy 

compensated from ATP, light or even the gradient travel of the other molecules via the same 

transporter (Figure 5.9).  

 

Figure 5. 9: Passive and active transport. Different types of membrane proteins involved in 

the processes are shown.  

 

The cellular uptake efficiency of therapeutic molecules is key for exerting their 

pharmacological functions by acting on the intracellular targets. The evaluation of cellular 

uptake is instructive in the early-stage development of drug candidates. As previously 

introduced, the transport of choline and choline derivatives requires the involvement of 

transmembrane proteins including CHT, CTL and OCT families [19]. The cellular uptake of ICL-

CCIC-0019 was hypothesised to be also mediated by these protein species. In this section, 

the cellular uptake efficiency and the possible metabolic mechanisms of novel ICL-CCIC-0019 
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derivatives CK145 and CK147 were investigated by analytical HPLC and MS.  

 

5.5.1 Prodrug strategy 

The cellular uptake studies of ICL-CCIC-0019 and CK145 were conducted in colorectal cancer 

HCT-116 cells. The external standard calibration curves of ICL-CCIC-0019 and CK145 were 

first established (Figure 5.10). Instead of being added to the unknown sample (internal 

standard method), the external standard is normally the analyte itself and is run alone at 

different concentrations [219]. The amount of the unknown sample can be predicted by 

calibration curve interpolation using the response of the analyte (e.g. peak area). External 

standard method is usually used when there is no need to correct the sample losses caused 

by complex sample preparation such as extraction and evaporation [219].  
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Figure 5. 10: Calibration curves of ICL-CCIC-0019 and CK145 (HPLC method F; wavelengths 

used: 254 nm) (A) the concentration range used for both compounds: 50 nM, 100 nM, 1 μM, 

5 μM and 7 μM). For each concentration, at least three injections were performed; (B) 
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chemical structures of ICL-CCIC-0019 and CK145. 

 

The concentrations of ICL-CCIC-0019 and CK145 in the HCT-116 cell lysates after incubation 

were determined by their external calibration curves. The compound amount in cells were 

calculated using the volumes of the lysate supernatant and were eventually normalised to 

cell protein amount in each plate by BCA assay. It was seen that both cellular uptake of ICL-

CCIC-0019 and CK145 increased along with the incubation time (at 1 hour and 2 hours) 

(Figure 5.11). The cellular uptake in ICL-CCIC-0019 was approximately two-fold higher than 

CK145 at 1 hour and 2 hours’ post incubation (ICL-CCIC-0019: 0.89 ± 0.06% at 1 hour and 

1.41 ± 0.19% at 2 hours; CK145: 0.51 ± 0.05% at 1 hour and 0.85 ± 0.05% at 2 hours).  

 
(A) 

 
(B) 

Figure 5. 11: Investigation of the fractional uptake of ICL-CCIC-0019 and CK145 in HCT-116 

cells, determined by HPLC at selected time points (1-hour and 2-hour) (HPLC method F; 

wavelengths used: 254 nm). (A) percentages of compound amount in cell lysates versus the 

initial compound amount in media; (B) percentages of compound amount in cell lysates 

versus in media per unit protein; n = 3, mean ± SD.  
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The in vitro conversion of CK145 to other analytes in HCT-116 cells was also investigated at 

different incubation times; no conversion was observed (Figure 5.12 and S10.10). CK146 or 

other relevant intermediate species that could arise from cellular active efflux were also 

examined but were not detected in the media solution (Figure S10.11). The LOD of the HPLC 

method used was, thus, determined and it was confirmed that the intracellular 

concentration of CK145 metabolites, if any, was lower than the LOD value 1.382 μg/L.  

 

Figure 5. 12: HPLC analysis of HCT-116 cell lysates after 1 h and 2 h incubation with or 

without CK145 (50 μM in 5 mL RPMI medium) (HPLC method F; wavelengths used: 254 nm). 

The signals of cells and the signal of CK145 were labelled with blue and red arrows, 

respectively. (A) the HPLC chromatogram of HCT-116 cell lysates after 1-hour incubation with 

CK145 treatment; (B) the HPLC chromatogram of HCT-116 cell lysates after 2-hour incubation 

with CK145 treatment; (C) the HPLC chromatogram of HCT-116 cell lysates after 2-hour 

incubation without CK145 treatment (the vehicle group). Similar results were observed in 

three independent experiments. 
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5.5.2 Drug delivery strategy 

The cellular uptake study of CK147 was also conducted in PCa C4-2B cells. In this study, two 

experimental conditions were investigated so as to evaluate the effects of serum on the 

compound uptake. Media supplemented with 10% FCS (the FCS positive group) or FCS-free 

medium (the FCS negative group) was used. Four synthesised compounds, ICL-CCIC-0019, 

CK146, CK147 and CK148 (the (OtBu)3-protected form of CK147), were investigated in the 

experiment for comparison. The peak areas of compound signals from the HPLC 

chromatograms were integrated and calibrated using background noise from the cells. The 

intracellular concentrations of the compounds were eventually normalised to cell protein 

amount in each plate by BCA assay. It was seen in both experimental groups that ICL-CCIC-

0019 (retention time (tR): 7.36 min:sec), CK146 (tR: 6.30 min:sec) and CK148 (tR: 11.30 

min:sec) were detected in the cell lysates by HPLC following 4-hour incubation; the cellular 

uptake of CK147, however, was not observed (Figure 5.13). 

 
 

(A) (B) 

Figure 5. 13: Cellular uptake study of ICL-CCIC-0019, CK146, CK147 and CK148 in C4-2B 

using medium with or without FCS (HPLC method G; wavelengths used: 254 nm). (A) HPLC 

chromatograms of compound uptake analysis in medium supplemented with 10% FCS; (B) 

HPLC chromatograms of compound uptake analysis in FCS-free medium. The detected 

compounds were arrowed with their retention times (tR, min:sec). 

 

In detail, ICL-CCIC-0019 and CK146 had similar mean uptake of 24.9 ± 1.4 % μg-1 protein and 
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34.1 ± 0.6 % μg-1 protein for FCS positive and negative groups, respectively (Figure 5.14). 

Significantly higher cellular uptake in both experimental groups was seen for CK148 (mean ± 

SD in two experiment groups: 42.5 ± 11.5 % μg-1 protein) compared to its deprotected form 

CK147 (Figure 5.14). All compound uptake was found statistically to be independent of the 

presence of FCS. All the tested compounds were to be confirmed stable in the cells and 

medium according to the HPLC/MS analysis results of the cell lysates and the medium after 

4-hour incubation: compound decomposition or interconversion was not observed (Figure 

S10.12 - 10.21). 

 
Figure 5. 14: Drug uptake percentages following 4-hour incubation with ICL-CCIC-0019, 

CK146, CK147 and CK148 in medium with or without FCS (HPLC method G; wavelengths 

used: 254 nm). The data were calculated from chromatographic peak integration normalized 

to protein amount in cell lysates; n = 3, mean ± SD; P values via unpaired two-tailed T-test: 

****P < 0.0001, **P < 0.01. 

 

5.6 Lipid kinase screening  

As proposed CHKA inhibitors, the kinase specificity of ICL-CCIC-0019, CK14, CK144, CK145, 

CK146 and CK147 against other important human lipid kinases were investigated to examine 

selectivity. The compounds of interest were tested against a panel of 15 human lipid kinases 

by Dundee University (Medical Research Council Protein Phosphorylation and Ubiquitylation 

Unit, International Centre for Kinase Profiling) using the ADP-GloTM Kinase Assay.  

 

Of the 500 protein kinases identified in the human kinome, there are approximately 20 lipid 

kinases [220]. The test panel involved 15 purified recombinant human lipid kinases, and the 
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ADP-GloTM assay measures generated ADP as a function of the kinase reaction via a luciferase 

reaction (Figure 5.15). In brief, the kinase reaction was performed in a 96-well plate; the 

addition of the ADP-GloTM Reagent into each well stops the reaction and deplete the 

unreacted ATP molecules. In the second step using Kinase Detection Reagent, the ADP 

molecules formed in the kinase reaction, on the other hand, is converted to ATP responsible 

for producing luminescence to be recorded. The luminescence intensity, therefore, correlates 

to the amount of ADP generated in the kinase reaction, which is indicative of kinase activity. 

 

Figure 5. 15: The principle of ADP-GloTM Kinase Assay. The assay involves two steps. In the 

first step, the ADP-GloTM Reagent is used to terminate the kinase reaction and deplete the 

unreacted ATP, which interferes with subsequent luminescence production; in the second 

step, the Kinase Detection Reagent is used to convert the ADP generated in the kinase 

reaction into ATP, permitting the measurement via a luciferase reaction. The luminescence 

correlates with kinase activity.  
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In this experiment, the lipid kinase reaction was incubated in 96-well plates with the 

synthesised CHKA inhibitors. The inhibitory effects of the compounds on CHKA and the 

potential off-target effects on the other important human lipid kinases were evaluated 

(Figure 5.16, Dundee Lipid Kinase Screening service, for full data table see Appendix B). ICL-

CCIC-0019, CK14, CK144, CK145 and CK146 showed low off-target effects and exhibited good 

inhibitory activities against CHKA (53.4 - 77.0% inhibition) at the tested concentration of 10 

μM. As expected, the tetradecyl linker used in CK14 led to superior CHKA affinity compared 

to the dodecyl linker used in ICL-CCIC-0019 (the CHKA activity inhibited: ICL-CCIC-0019: 53.4 

± 2.4% and CK14: 77.0 ± 10.2%). Among all the tested compounds, CK14 was the most active 

and inhibited about 77% of the CHKA activity. CK146, as an adaptable structure of ICL-CCIC-

0019 suitable for further modification, exhibited higher CHKA activity compared to ICL-CCIC-

0019 (69.1 ± 11.2% and 53.0 ± 2.4%, respectively). CK145, the proposed prodrug molecule, 

also displayed good CHKA activity (62.9 ± 3.6%), while CK147, the proposed PSMA-targeted 

peptide conjugate was proved inactive in the test panel. An interesting finding in this 

experiment was to see the effective inhibition against phosphatidylinositol 4-kinase beta 

(PIK4CB) enzyme by CK144, CK145 and CK146, with 43.7 ± 1.9%, 50.6 ± 4.5%, 47.0 ± 0.6% 

inhibition, respectively.  
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Figure 5. 16: Heatmap of lipid kinase selectivity screening against 15 human lipid kinases 

using ICL-CCIC-0019, CK14, CK144, CK145, CK146 and CK147. (A) the chemical structures of 

ICL-CCIC-0019, CK14, CK144, CK145, CK146 and CK147; (B) the inhibition% of CHKA and 

PIK4CB are boxed in white and dash-line rectangles respectively. The data in percent 

represent the mean kinase activity inhibited by drug molecules. Tested concentration of the 
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CHKA inhibitors in the assay: 10 μM. 

 

5.7 ADME study 

The pharmacokinetic profiles of a compound are normally defined as its ADME properties, 

namely absorption, distribution, metabolism and excretion, which describe the overall 

deposition of the compound by interacting with organisms [208]. Once a drug is 

administered, it will move from the site of administration into bloodstream, which is defined 

as absorption process. After that, the differential distribution of the drug from the blood to 

tissues will be seen due to its physicochemical properties and transportation mechanisms. 

The drug taken into tissues, normally recognised as a xenobiotic, will be chemically 

processed by enzymatic systems (mostly in liver) to increase its polarity and water solubility, 

which facilitates the excretion of the drug from the body. This process is called metabolism. 

In the last phase, the drug molecule and its metabolites will be eliminated from the body via 

different routes of excretion such as urine, feces and sweat.  

 

The ADME profiles of drug candidates are instructive throughout the whole drug discovery 

and development pipeline, from the early drug discovery and in vivo efficacy evaluation, to 

preclinical and final clinical studies. The vast majority of drug candidates fail in clinical trials 

because of the lack of efficacy or unacceptable side effects, manifested by poor 

bioavailability as a result of ineffective intestinal absorption or undesirable metabolic 

stability [221]. The effectiveness of drugs can be seen as a crucial balance among 

pharmacokinetics, toxicity and potency. In the early stage of drug discovery, the potency of 

drug candidates is a main driving factor. However, the pharmacokinetic behaviour of drug 

candidates can predict whether they can achieve success in the clinic [222]. In vitro/in vivo 

drug metabolism and pharmacokinetic (DMPK) studies are important tools to establish if a 

lead compound can be selected as a drug candidate at the early stage and lead optimisation 

phase (‘hit to lead’) of drug discovery.  

 

In this section, the in vitro ADME studies of ICL-CCIC-0019, CK14, CK144, CK145, CK146 and 

CK147 were performed by Charles River Drug Discovery Services (Essex, UK) using developed 
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protocols based on the FDA draft guidance for industry: In vitro Metabolism and Transporter-

Mediated Drug-Drug Interaction studies.  

5.7.1 Kinetic solubility and permeability 

The solubility and permeability (intestinal) of drug molecules, interrelated with other 

physicochemical properties, are the major factors affecting the absorption rate and extent 

[223]. In IUPAC gold book, solubility is defined as the analytical composition of a saturated 

solution expressed as a proportion of a designated solute in a designated solvent [171]. At 

the molecular level, solubility represents the degree to which solute molecules/ions are 

solvated by the solvent and diffuse freely throughout the solution. Solubility is a critical 

physicochemical property as dissolution of drug molecules has long been identified as a 

limiting factor of absorption process because only the compounds in solution form are 

available for permeation across the gastrointestinal membrane [223].  

 

Permeability is another important physicochemical property to achieve desirable absorption 

and distribution; it is a parameter demonstrating the ability of molecules traveling through 

the biological membranes, and can be assessed from different aspects of molecules, 

including lipophilicity, hydrophilicity (hydrogen bonding ability), molecular size and flexibility 

[223].  

 

The Biopharmaceutics Classification System (BCS) classifies drug substances into four 

categories according to their solubility and permeability, which substantially guides the 

selection and approval process for a large number of drug candidates (Figure 5. 17) [224]. 

Drug molecules from Class I and II are recognised with high permeability and thus can 

undergo extensive metabolism as elimination routes, while the major elimination routes of 

the compounds categorised in Class III and IV (low permeability compounds) are mainly 

excreted via renal and biliary systems [225]. 
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Figure 5. 17: Biopharmaceutics Classification System (BCS) as proposed by Amidon et al. 
[224]. 
 

5.7.1.1 Kinetic solubility 

The normal reported solubility determination methods can be divided into the methods for 

determining thermodynamic solubility and methods for determining kinetic solubility [226]. 

The main difference between two methodologies lies in the use of the tested compound in 

its solid state (thermodynamic) or in a pre-dissolved solution (kinetic); accordingly, the 

investigations on thermodynamic solubility attempts to examine the extent to which the 

compound dissolves, while the kinetic solubility assays reveal the extent to which the 

compound precipitates [226]. Thermodynamic solubility is the gold standard for optimisation 

of drug candidates in terms of solubility targeting [226]. By contrast, kinetic solubility 

determination is less labour-intensive and more available for process automation because 

the drug samples are pre-dissolved as a stock solution, typically prepared in DMSO (10 mM) 

[226].  

 

In this study, the kinetic solubility of the CHKA inhibitors synthesised were determined and 

presented in molarity (µM) (Table 5.3).  
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Table 5. 3: Kinetic solubility of ICL-CCIC-0019, CK14, CK144, CK145, CK146 and CK147; n = 2, 

mean ± SD. 

Compounds Kinetic Solubility (μM) 
ICL-CCIC-0019 160.5 ± 6.4 

CK14 154.0 ± 5.6 
CK144 148  ± 2.8 
CK145 177.5  ± 10.6 
CK146 158  ± 2.8 
CK147 184  ± 9.9 

 

The top concentration used in the assay was 200 µM and the solubility classifications in 0.1 

M PBS (2% DMSO, pH: 7.4) are as follows (Table 5.4): 

 

Table 5. 4: Kinetic solubility classifications.  

Solubility Class Determined concentration 
(μM) 

High ≥ 150 µM 
Moderate 50 - 150 µM 

Low ≤ 50 µM 
Very low < 5 µM 

 

All the submitted compounds displayed high solubility in the performed kinetic solubility 

assay, and their determined concentrations were over 150 µM in 0.1 M PBS buffer.  

5.7.1.2 Permeability and efflux assay 

Caco-2, a human colon carcinoma cell line, is a common model used for intestinal 

permeability prediction and efflux evaluation of drug molecules [227]. The sigmoidal 

relationships between the drug fractions absorbed by humans and their apparent 

permeability coefficient (Papp) across Caco-2 monolayers have been revealed [228]. When 

cultured, Caco-2 cells differentiate into a monolayer with similar functions to the small 

intestinal villus epithelial cells, which form an intestinal monolayer wall as a rate-limiting 

barrier to absorption of dissolved drug molecules [227]. The reconstitution of Caco-2 cells 

allows the investigation of passive diffusion, uptake and efflux of drug molecules across the 

monolayer, and thus serves as the gold standard for the prediction of intestinal drug 
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permeability and absorption in vitro [229, 230].  

 

Practically, Caco-2 cells are grown on permeable filter supports in a monolayer which divides 

the system into two chambers (Figure 5.18) [227, 228]. The drug transport is assessed in 

these two directions, namely the apical to basolateral (A - B) direction and the basolateral to 

apical (B - A) direction across the Caco-2 monolayer (Figure 5.18) [227].  

 

Figure 5. 18: Schematic illustration of the Caco-2 monolayer cultured on a permeable filter 

support.  

 

Papp values of both directions can be calculated by the steady-state appearance rate of the 

drug molecule on the receiver side, divided by the initial concentration on the donor side 

and the surface area of the monolayer (Equation 5.4) [228, 231]. 

Papp (cm/s) = dQ/dt
C0×A

  

Equation 5.4: Calculation of the Papp value. dQ/dt represents the appearance rate of the 

compound in the receiver compartment (steady-state flux); C0 represents the initial 

concentration of the compound in the donor compartment and A represents the surface 

area of the Caco-2 monolayer. 

 

As many brush border enzymes and transport proteins responsible for the mediation of 

active uptake or efflux of drugs in intestine also exist in Caco-2 cells, the Caco-2 cell 
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monolayer can also be used to understand the transport mechanism of drug molecules [227]. 

The drug concentrations in both sides are quantified by LC-MS via the calibration methods 

established. The efflux ratio (Papp B - A/ app A - B) of the drug molecules across the 

monolayer can be calculated to assess the bidirectional permeability of drugs. It indicates 

whether drug molecules undergo active efflux, namely being actively pumped out of the cells 

[229]. A drug molecule is suggested subject to active efflux if its efflux ratio is greater than 2 

[232].  

 

However, it should also be noted that there are limits to use Caco-2 cell models in predicting 

in vivo drug absorption: not all the important intestinal drug-metabolising enzymes are 

expressed in Caco-2 cells, such as CYP3A4, although it was confirmed that this enzyme can 

be induced by dihydroxy-vitamin D3 [233]. In addition, the buffer (e.g. HEPES) and the drug 

molecules that have inhibitory effects on uptake transporters are not suitable for this model. 

 

The drug permeability of ICL-CCIC-0019, CK14, CK144, CK145, CK146 and CK147 was 

evaluated using the Caco-2 cell model, and the data were presented as Papp in A to B and B 

to A in Table 5.5. The recovery rates of both directions were also calculated and were 

recognised appreciable. All the tested compounds displayed low intestinal permeability 

classification (< 5×10-6 cm/s) according to the predictor of intestinal permeability (Table 5.6).  

 

Table 5. 5: Compound permeability data (Papp) and efflux ratios. All the data were 

presented as mean values, n = 2. 

Compounds Papp A-B 
(×10-6 cm/s) 

Papp B-A 
 (×10-6 cm/s) 

Recovery  
A-B % 

Recovery  
B-A % 

Efflux ratio 
 
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑩𝑩−𝑨𝑨
𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑨𝑨−𝑩𝑩 

ICL-CCIC-0019 < 0.1 0.9 86 85 > 8.6 
CK14 < 0.1 8.7 87 80 > 87 

CK144 < 0.1 0.5 98 64 > 5.2 
CK145 < 0.1 0.3 107 101 > 2.8 
CK146 < 0.1 0.3 114 93 > 2.6 
CK147 < 0.1 < 0.1 89 78 no data* 

*Poorly permeable compound which prevented the calculation of an efflux ratio. 
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Table 5. 6: Permeability classifications.  

Permeability 
Classification 

Papp A-B  
(×10-6 cm/s) 

Low < 5 
Moderate 5 - 20 

High > 20 

All the tested compounds are suggested subject to drug efflux as the efflux ratios are all over 

2. Interestingly, CK14 was proved strikingly subject to efflux effects with an efflux ratio up to 

87; permeability of CK147 was too poor to permit the calculation of the efflux ratio. All the 

other compounds exhibited low efflux.  

5.7.2 Fasted state simulated gastric fluid (FaSSGF) stability 

To improve the efficiency, it is advantageous to predict the oral behaviour of drugs in vivo by 

investigating drug dissolution and stability in vitro using simulation of gastrointestinal 

conditions [234]. Over the past two decades, biorelevant media that resemble the key 

parameters of human gastrointestinal physiology have been developed [234]. Fasted state 

simulated gastric fluid (FaSSGF) is one of the biorelevant dissolution media used for the in 

vitro simulation of the fasted conditions. The medium is normally a mixed buffer of 

hydrochloric acid, sodium chloride, pepsin and water, and has an extremely low pH lying in 

the range of 1.5 - 1.9 [234]. The stability of drug molecules for oral administration under the 

fasted state can be evaluated using the FaSSGF buffer. The drug remaining concentrations 

and their half-lives are calculated using LC-MS via the calibration methods established.  

 

The FaSSGF stability of ICL-CCIC-0019, CK14, CK144, CK145, CK146 and CK147 was tested 

using the FaSSGF buffer (pH: 1.6) (Table 5.7). It was seen that all the tested compounds,  

except for CK145, were stable in the FaSSGF buffer, and all the half-lives were over 10 h. The 

half-life of CK145 was 9.2 h.  
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Table 5. 7: Compound half-lives of the FaSSGF stability test. All the data were presented as 

mean values, n = 2.  

Compounds Half-life (Hrs) Percent 
remaining % 

ICL-CCIC-0019 > 10 117 
CK14 > 10 95 

CK144 > 10 99 
CK145 9.2 74 
CK146 > 10 92 
CK147 > 10 97 

 

5.7.3 Human Microsome Metabolic Stability 

Liver is the primary drug metabolism site in the body. Most marketed compounds (> 60%) 

are reported to be cleared under the metabolism mediated by cytochrome P450 enzymes, a 

super monooxygenase family mostly found in liver [235]. At the early stage of drug discovery, 

the metabolic stability screening in vitro using different liver systems is often used to assess 

the potential first-pass clearance effect of drug candidates and to predict their hepatic 

metabolism in vivo [235]. These studies are routinely involved in the early drug discovery 

processes since they reveal in-vitro and in-vivo correlations. Using these approaches, drug 

candidates can be selected based on the metabolic stability or can be accordingly optimised 

with the knowledge of the metabolism mechanisms undergone [235].  

 

There is a variety of test systems to assess drug metabolism in vitro, including recombinant 

enzymes, liver microsomes, liver S9 fractions (microsomes and cytosol), hepatocytes and 

isolated liver slices (Figure 5.19) [236]. Microsomes are the vesicles of hepatocytes that only 

contain the endoplasmic reticulum subcellular fraction [236]. The major enzymes located in 

the endoplasmic reticulum membrane include cytochrome P450s (Phase I enzymes), a super 

enzyme family with mixed oxidase functions, and Uridine 5'-diphospho-

glucuronosyltransferase (UGTs) (Phase II enzymes), an enzyme family that conjugates the 

sugar molecule uridine-diphosphate-glucuronic acid (UDPGA) to the exotic substrates or 

Phase I enzyme products and facilitates their further metabolism [237, 238]. 
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Although microsomes are one of the mostly used systems for metabolic stability assay due to 

several benefits such as low cost, robustness and suitability for high throughput screening or 

automation, the utility of human S9 fractions was preferred in this test. For early drug 

discovery stage, S9 fractions are inexpensive compared to hepatocytes, and they further 

contain the cytosolic enzymes compared to microsomes, which therefore can provide more 

metabolic information for certain chemotypes [236].  

 

Figure 5. 19: Preparation of subcellular fractions.  

 

The metabolic stability of compounds is typically determined by measuring their depletion 

over time using the S9 fraction system. The test compounds in samples are quantified using 

LC-MS methodology, and the metabolic half-lives of the compounds can be derived from the 

data of percent remaining versus time. Intrinsic clearance (Clint) can also be calculated once 

the microsomal protein content in the assay is determined. The in vitro Clint can be then 

scaled up to a predicted in vivo clearance which takes physiologically based parameters into 

account, including hepatocellularity (microsomes per liver), liver weight and liver blood flow. 

The in vivo clearance is an important metabolic parameter which predicts the actual 

clearance of the drug candidates in humans.  
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All the tested compounds except for CK145 seemed stable in the study (Table 5.8). ICL-CCIC-

0019, CK14, CK144 and CK146 exhibited long metabolic half-lives (> 100 min), which 

therefore gave low clearance values (Clint < 14 µL/min/mg; predicted in vivo clearance < 10 

mL/min/kg). By contrast, CK145 had a short metabolic half-life of 7.4 min.  

 

The percentage of compound removed compared to liver blood flow (PCT_LBF) was also 

calculated (Table 5.8). The short metabolic half-life of CK145 gave not only a high predicted in 

vivo clearance value (19 mL/min/kg), but also a PCT_LBF up to 92%. As human hepatic blood 

flow is approximately 20 mL/min/kg, having a predicted in vivo clearance to close to that of 

human hepatic blood flow means that CK145 will leave the body very quickly [239]. All the 

other tested compounds had long metabolic half-lives and therefore lower PCT_LBF% (< 

45%).  

 

Table 5. 8: Human microsome metabolic stability data of ICL-CCIC-0019, CK14, CK144, 

CK145, CK146 and CK147 using S9 fractions. All the data were presented as mean values, n = 

2. 

Compounds Half life 
(min) 

Clint 
(µL/min/mg)  

(mg of protein in 
the assay) 

Predicted 
 in vivo 

clearance 
(mL/min/kg) 

PCT_LBF % Percent 
remaining % 

ICL-CCIC-0019 > 100 < 14 < 10 < 45 92 
CK14 > 100 < 14 < 10 < 45 101 

CK144 > 100 < 14 < 10 < 45 115 
CK145 7.4 188 19 92 2 
CK146 > 100 < 14 < 10 < 45 127 
CK147 > 100 < 14 < 10 < 45 105 
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5.8 [18F]D4-FCH uptake in vitro study 

Several PET tracers have been developed to visualise abnormal choline metabolism in certain 

malignancies with the cholinic phenotype. These radiotracers that are normally positron-

labeled choline analogues, have been applied widely in the noninvasive detection of cancer 

by PET imaging (Figure 5.20) [240].  

N
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[11C]-methylcholine [18F]-fluoromethylcholine (FCH)

[18F]-fluoroethylcholine (FEC) [18F]-fluoromethyl-[1,2-2H4]choline (D4-FCH)  

Figure 5. 20: Chemical structures of typical radiotracers related to choline metabolism in 

current use and development [240].  

 

[11C]-methylcholine was designed as a [11C]-labelled choline analogue, and has been widely 

used in tumour metabolic study in vivo [240]. The clinical potential of [11C]-methylcholine is 

mainly in the imaging of brain tumours and prostate carcinoma [241-243], in which cases the 

standard PET tracer [18F]-FDG exhibits inadequate specificity and sensitivity, respectively [244, 

245]. 

 

[18F]-FCH, as a 18F-labelled choline analogue, was developed by DeGrado et al. to overcome 

the limit of the short half-life of 11C (t1/2: 20.4 min) in [11C]-methylcholine [246]. The longer 

half-life of 18F (t1/2: 109.8 min) is advantageous for clinical application since it enables the late 

imaging of tumours when the parent tracer in systemic circulation is cleared [240]. [18F]-FCH 

had similar distributions to choline in the prostate cancer imaging study in vivo, which 

suggested that the electronegativity of the α-fluorine in the radiotracer can be well tolerated: 

[18F]-FCH, as a choline mimic, is phosphorylated by CK and trapped in cancer cells as 

expected [246]. [18F]-FEC has one more single methylene group in the structure relative to 
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[18F]-FCH [246]. Both [18F]-FCH and [18F]-FEC exhibit higher urinary clearance compared to 

choline [246].  

 

As [11C]-methylcholine and the 18F analogue are easily oxidised to betaine by choline oxidase 

localised in kidney and liver, the radioactive betaine metabolites exported into circulation 

can complicate PET imaging data when using a late imaging protocol [34]. A novel FCH 

analogue radiotracer, [18F]-fluoromethyl-[1,2-2H4] choline ([18F]-D4-FCH) was thus developed 

with improved metabolic stability [34]. Based on the deuterium isotope effect, the 

substitution of deuterium (2D) for hydrogen (1H) with the presence of 18F together increased 

the stability of the tracer [34]. Lower betaine levels in liver/kidney and higher levels of parent 

tracer in plasma were observed, implying the improved stability of [18F]-D4-FCH over FCH 

[34].  

 

By using the [18F]-D4-FCH made in-house, the inhibition on choline uptake by CK14, CK144, 

CK145, CK146 and CK147 was evaluated in the selected cell lines. In PSMA expressing C42B 

cells, all the compounds of interest inhibited the [18F]-D4-FCH uptake dose-dependently 

(Figure 5.21). At the dose given at 1 μM, CK14, CK145 and CK146 inhibited the uptake of 

[18F]-D4-FCH by approximately half (mean inhibition% by CK14, CK145 and CK146: 46 ± 1%). 

Among all the tested compounds, CK14 displayed the best inhibitory potency of the 

radiotracer; the uptake of [18F]-D4-FCH was strikingly inhibited (93 ± 5%) when the dose was 

increased up to 10 μM. In HCT-116 cells (PSMA negative), a similar inhibition trend by tested 

compounds (10 μM) was seen (Figure 5.21). The mean radiotracer uptake inhibition by 

CK147 at a high dose (10 μM) was 59 ± 7% across the C4-2B and HCT-116 cells. 
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Figure 5. 21: [18F]-D4-FCH percent uptake in C42B and HCT-116 cells (PSMA negative) 

following 1-hour incubation in the absence (Control group; compounds in DMSO) or 

presence of compounds at 1 or 10 μM (n = 6; mean ± SD); P values via unpaired two-tailed 

T-test: ***P = 0.0001, ****P < 0.0001. 

 

5.9 Discussion 

The physicochemical properties of drug molecules, resulting from their chemotypes, 

determine their pharmacokinetic parameters which directly influence the drug therapeutic 

efficacy by affecting how the drug molecules or their metabolites reach the site of action. In 

this chapter, the two innovative drug modification strategies that offered novel small-

molecule CHKA inhibitors CK145 and CK147 have been evaluated comprehensively in vitro. 

The pharmacological activities of CK145 and CK147 have been investigated in terms of 

antiproliferation against cancer cells and their potential off-target effects by human lipid 

kinase screening. The relevant drug permeability and intracellular metabolism were checked 

by HPLC/MS to further understand the obtained pharmacological results. The informative 

pharmacokinetic profiles of all the CHKA inhibitors synthesised in-house were first-time 

characterised by ADME studies in vitro. At last, a target-competitive radiotracer [18F]-D4-FCH 

was utilised to predict the in vitro choline uptake inhibition by the synthesised compounds.  
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5.9.1 Prodrug Strategy 

The prodrug strategy utilised in this project, whereby an ε-acetylated lysine linkage in the 

prodrug (CK145) is selectively cleaved to release the active scaffold (CK146) in a stepwise 

manner, is highly dependent on the upregulation of HDAC and CTSL enzymes [168]. The high 

expression of HDAC I class, consisting of HDAC 1, 2, 3 and 8 subtypes, is hypothesised to be 

key to convert the prodrug CK145 into its active form; the subtype 1 of HDAC I class may 

contribute the most to the first-step deacetylation, activating the complete conversion of 

CK145 [168]. Therefore, the cancer cell lines with varying origins but high expression of HDAC 

1 were selected to evaluate the antiproliferative activity of CK145. Notably, HCT-116 (colon) 

and A549 (lung) were two sensitive malignant cell lines to ICL-CCIC-0019 treatment, and they 

have high mRNA levels of HDAC1 and CTSL, respectively [64]. HepG2 (liver) cell line was used 

to investigate the antiproliferative potency of CK145 against malignant liver cells since 

extensive accumulation of ICL-CCIC-0019 in liver was previously observed in the 

pharmacokinetic and PET studies [247]. Caco-2 cell line, a less tumourigenic colon cell line, 

was used as a comparison to evaluate the potential off-target toxic effects. 

 

All the four selected cell lines demonstrate high CHKA expression levels according to Cancer 

Cell Line Encyclopedia RNA sequencing database (Log2 (TPM+1) values of four selected cell 

lines: HCT-116: 4.66, A549: 3.78, HepG2: 5.91 and Caco-2: 6.18; TPM represents transcript 

per million, reflecting a relative protein expression level) [248]. Among the four cell lines, 

HepG2, which has the second highest CHKA expression, displayed the best sensitivity in SRB 

assay; in contrast, the Caco-2 cell line, despite having the highest CHKA expression level 

predicted, was the least sensitive to CHKA inhibitors. This could be either due to the lack of 

expression of choline transporter families (SLC families) in Caco-2, or due to the less 

tumorigenic properties of this cell line, which could imply lower CHKA enzyme activity [249]. 

The active scaffold of CK145, CK146 displayed lower but acceptable overall antiproliferative 

activity (mean GI50 against four cancer cell lines: 2.5 ± 0.3 μM) compared to ICL-CCIC-0019 

(mean GI50 in the four cell lines: 0.50 ± 0.02 μM). The overall antiproliferative activity of 

CK145 in the four cancer cell lines (mean GI50 against the cell lines: 5.0 ± 0.3 μM) was similar 
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to CK146, but 10-fold less than ICL-CCIC-0019. The antiproliferative activity  reduction in 

CK145 was not expected in these cancer lines with high expression of HDACs and CTSL. 

According to the subsequent enzymatic conversion analysis of CK145 in HCT-116 cells, it was 

confirmed that the conversion of CK145 in vitro was not successful: despite the high HDAC1 

expression observed in HCT-116 cells, CK146 and any other corresponding intermediates of 

CK145 were not detected, indicating that the intracellular conversion of CK145 into CK146 

was not triggered. This could somehow explain the difference observed in GI50 between 

CK146 versus CK145, but another unneglectable factor is the cellular uptake efficiency of the 

compounds. Although CK145 (Log P: 0.34 ± 0.01) was more lipophilic than ICL-CCIC-0019 

(Log P: -1.12 ± 0.06) and CK146 (Log P: -1.13 ± 0.01) due to its Boc protecting group, it is not 

guaranteed that the cellular uptake of CK145 is efficient. The HPLC analysis on cell lysates 

after drug treatment indicated that the cellular uptake efficiency of the compounds was not 

completely dependent on compound lipophilicity: ICL-CCIC-0019 displayed approximately 2-

fold higher cellular uptake than CK145 in 2 hours’ post incubation in HCT-116 cells. The 

differential cellular uptake of compounds could be the result of multiple factors, for example 

mediation by choline transporters. 

 

Despite the uptake of ICL-CCIC-0019 and CK145 into cells, likely via active transport by 

choline transporters, the low permeability of all these positively charged molecules was 

revealed in the ADME studies. Compared to other tested compounds, rapid decomposition 

of CK145 was observed in FaSSGF assay and metabolic stability assay likely due to metabolic 

instability of the Boc group at low pH (1.6) and peptide degradation mediated by liver 

microsomes, respectively. This suggests that administration via injection would be ideal for 

prodrug strategy. For the other compounds that have long half-lives and therefore lower 

clearance rates, intravenous administration may also be considered since the intestinal 

absorption of  these compounds seemed poor.  

 

In lipid kinase screening, high CHKA activity but low off-target effects were seen in CK144, 

CK145 and CK146 besides the classic CHKA inhibitors ICL-CCIC-0019 and CK14 (53 - 77% 
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inhibition at 10 μM). As desired, the tetradecyl linker introduced superior CHKA affinity 

observed in CK14 relative to the dodecyl linker used in ICL-CCIC-0019 (the CHKA activity 

inhibited: ICL-CCIC-0019: 53.4 ± 2.4%; CK14: 77.0 ± 10.2%). CK14 displayed the most CHKA 

potency among the tested compounds, in which case about 77% of the CHKA activity was 

inhibited. CK146, as an adaptable structure of ICL-CCIC-0019 suitable for further modification, 

promisingly exhibited higher CHKA activity compared to ICL-CCIC-0019 (the CHKA activity 

inhibited: CK146: 69.1 ± 11.2%; ICL-CCIC-0019: 53.4 ± 2.4%). However, the CHKA inhibition by 

the proposed prodrug molecule CK145 was similar to CK146 (the CHKA activity inhibited: 

CK145: 62.9 ± 3.6%; CK146: 69.1 ± 11.2%). This suggested that the prodrug strategy, whereby 

a bulky ε-(Ac)Lys structural modification had been made, was not able to mask the intrinsic 

activity of CK146. In the prodrug strategy introduced by Ueki et al., the free amino group in 

Puromycin is essential to cellular toxicity, and the mask of this group by acetylation has also 

been proved to completely inactivate the molecule, which causes Puromycin resistance [168]. 

Unlike the amino group in Puromycin, the free secondary amine from the piperazine group 

provides the molecule with modification flexibility, but is not essential to CHKA activity. The 

quaternary ammoniums, as the main pharmacophore, are not completely masked by the 

prodrug bulk in this case: for the unsymmetrical structure of CK145, one quaternary 

ammonium is totally exposed, and the steric effects of the prodrug bulk attached to the 

other side is unlikely to completely block the binding of the molecule to the pockets of 

interest.  

 

Another interesting observation in this study was that modification of the compounds with a 

piperazine moiety seen in CK144, CK145 and CK146 lead to additional kinase activity towards 

PIK4CB (at 10 μM), a potential antimalarial and antiviral target [250, 251]. In this regard, 

several CHKA inhibitors have been reported as capable of inhibiting the growth of parasite 

species P. falciparum (P.f.) through multiple mechanisms, mainly via the inhibition of P.f. 

choline kinase and P.f. ethanolamine kinase [119, 123]. The structure of CK146 presented 

here, as a basic scaffold, may have potential to be further modified into anti-parasite or 

antiviral drugs with a dual target-hitting PIK4CB and CHKA alike.  
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In the [18F]-D4-FCH uptake study using C42B and HCT-116 cells, CK145 dose-dependently 

inhibited the uptake of choline analogue radiotracer [18F]-D4-FCH in a similar trend to CK146. 

This finding suggested that the intact CK145 could possess CHKA activity, because CHKA 

inhibition caused by drug treatment could result in the elevated levels of choline and 

therefore a reduction in [18F]-D4-FCH uptake. However, future investigations on CHKA 

inhibitory activity would better be performed using a combination of radio-HPLC analysis and 

purified CHKA enzymes, so as to eliminate the effects from choline transport in whole cell 

assays. The CHKA inhibitory activities of the tested compounds can be obtained by 

normalising the radioactivity to protein content and ratios of [18F]-D4-FCH to its 

phosphorylated form. 

5.9.2 Drug Delivery Strategy  

In the drug delivery strategy, a small-molecule peptide (Glu-Urea-Lys) with high affinity 

towards PSMA was selected for conjugation with CK146 via a non-degradable linker, which 

gave rise to CK147 as a proposed ligand-drug conjugate for targeted PCa treatment [169]. 

The special internalisation property of PSMA receptor was expected to realise the differential 

uptake of CK147 in PSMA-expressing cells from the other cells [160]. CK147 that once binds 

to the PSMA receptor was hypothesised to be internalised into cells, followed by intracellular 

lysosomal degradation and release of CK146 [154].  

 

The conjugate stability of CK147 in serum-containing media was firstly investigated by HPLC 

analysis over a period of 72 hours, in line with the incubation time used in the SRB 

proliferation assay. Although no chemical decomposition was detected, 60% intact parent at 

72 hours was observed, which could result from the drug binding to serum albumin in 

medium. Several affinity-binding moieties such as 4-(p-iodophenyl) have been used to 

improve tissue distribution profiles of PSMA-targeted radiopharmaceuticals (Figure 5.22) 

[252, 253]. A similar structural fragment observed in CK147 may cause a similar drug 

interaction with serum in medium. 
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Figure 5. 22: Chemical structures of reported albumin-binding moieties and a similar 

structural fragment in CK147.  

 

The antiproliferative activity (GI50) of CK147 was investigated in a colon cancer cell line and 

seven prostate cell lines with differential PSMA expression by SRB assay. All the tested cell 

lines were found not sensitive to CK147 treatment, and the antiproliferative activity achieved 

seemed unrelated to PSMA expression according to statistics. CK147 was hydrophilic (Log P: -

0.79 ± 0.02) and the permeability was extremely low. The poor antiproliferative activity of 

CK147 compared to CK146 under the same conditions was first thought to be related to the 

inefficient cellular uptake, either via the PSMA-driven internalisation or via the choline 

transporter-driven active transport. Therefore, experiments to investigate the cellular uptake 

and the in vitro metabolism of CK147 were performed by HPLC analysis on cell lysates and 

18F-D4-FCH competitive study in whole cells.  

 

The poor cellular uptake of CK147 together with the loss of CHKA activity observed in lipid 

kinase screening further offered insights into the function loss of the PSMA-targeted 

molecule. At physiological pH, CK147 contains two positive charges from the quaternary 

ammonium moieties, and three negative charges from the carboxylates of the Glu-Urea-Lys 

peptide. Although not zwitterionic, due to the charge imbalance, a putative mechanism has 

been proposed combining all the findings in hand, where the positive quaternary ammonium 

charges may have been masked by inter- or intramolecular electrostatic interactions which 
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neutralise the charges and form unfavourable structural configurations capable of inhibiting 

both PSMA-binding and CHKA activity (Figure 5.23) [254].  

 

Figure 5. 23: Proposed (A) intramolecular and (B) intermolecular electrostatic interactions 

(blue dashed line) for CK147 which inhibit activity towards the PSMA receptor and CHKA. 

This hypothesis was supported by the significant increase in cellular uptake observed in the 

in vitro uptake study with CK148, the (OtBu)3-protected form of CK147. Electrostatic 

interactions may also contribute to the lower concentration of CK147 observed in the 

stability study whilst no chemical decomposition was detected. The compound may have 

formed complexes with serum albumin over time and then have been removed in the next 

protein precipitation step before MS analysis. In the subsequent work, this could be further 

validated by developing an HPLC methodology at physiological pH, in order to detect the 

intermolecular and intramolecular species as hypothesised. The molar conductivity of CK147 

at different pH could also be investigated to better understand the HPLC results obtained.  

  



146 
 

6. Thesis conclusions & future work 

6.1 Summary of work and achievements from this thesis 

Abnormal choline metabolism associated with upregulation of CHKA is a novel cancer 

hallmark [24]. CHKA inhibition has been exploited as a promising cancer therapeutic strategy, 

and a number of small-molecule CHKA inhibitors have, therefore, been developed [119]. In 

the previous studies by Trousil et al, the efforts in medicinal chemistry were focused to 

realise the dual binding of choline and ATP sites [93]. This turned out feasible by using 

different head moieties in the molecule (DMAP moiety for choline pocket targeting and ATP-

mimicking moiety for ATP pocket targeting), but the potency of these unsymmetrical CHKA 

inhibitors was significantly diminished [93]. Detailed pharmacological characterisation using 

biochemical assays and PET imaging was then applied for the symmetrical choline-

competitive lead compound ICL-CCIC-0019 which displayed high antiproliferative activity and 

the potential to compete with choline at high concentrations in whole cells [93]. Compared 

to the other reported CHKA inhibitors, ICL-CCIC-0019 is superior for its high potency in 

cancer cells and CHKA selectivity over CHKB [247]. The selective CHKA inhibition by ICL-CCIC-

0019 caused ER stress, G1 arrest and cancer cell apoptosis by the deactivation of the 

Kennedy pathway and decreased PtdCho [64]. Despite the merits, the dose-limiting toxicity 

of ICL-CCIC-0019 indicated by dose-dependent decrease of body weight in mice was 

observed, probably related to the intrinsic toxicity/the high liver and kidney accumulation of 

the compound [64].  

 

The finding by Trousil et al. highlighted the selective CHKA inhibition by which the decrease 

in cancer cell viability was observed; combined CHKA and CHKB inhibition, however, failed to 

induce cell death, probably mediated via mitophagy or autophagy [247, 255, 256]. Similarly, 

the uncharged, ATP-competitive CHKA inhibitor V-11-0711 was reported ineffective in cell-

based assays [108]. All these evidences suggest the necessity of novel CHKA-specific, choline-

competitive scaffolds to be designed for successful clinical translation. The direct 

modification on ICL-CCIC-0019 is perhaps challenging for two reasons: firstly, the intrinsic 
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toxicity of the compound related to its quaternary ammonium structure is difficult to 

overcome while maintaining high CHKA selectivity [64]; secondly, the structural diversity of 

ICL-CCIC-0019 is very limited for direct modifications.  

 

In this work, advanced drug development strategies were first innovatively exploited to offer 

novel small-molecule CHKA inhibitors on the basis of ICL-CCIC-0019 structure; the central 

aim of this work was to develop novel-generation CHKA inhibitors with ameliorated 

pharmacological profiles in vitro/in vivo but remaining satisfactory CHKA activity in targeted 

tissues. A novel ICL-CCIC-0019 derivative scaffold bearing a reactive piperazine handle 

(CK146) was first designed and successfully synthesised, which harbored potent CHKA 

activity similar to ICL-CCIC-0019. By using this scaffold, the quaternary ammonium moieties 

and the tetradecyl space linker were retained to confer the best antiproliferative potency, 

while the release or delivery of the cytotoxic scaffold in target tissue was proposed to be 

controlled by advanced modification strategies (prodrug strategy and drug delivery strategy), 

therefore improving the potential off-target accumulation and toxicity observed in ICL-CCIC-

0019.  

 

The challenges encountered in the synthesis of the desired prodrug CHKA inhibitor CK145 

and PSMA-targeted CHKA inhibitor CK147 mainly lay in: (1) the lack of an efficient 

purification methodology for positively charged quaternary ammonium derivatives with high 

polarity and retention on C18 reverse phase columns; (2) the block building and condition 

optimisation of orthogonal bioconjugation to customise the thiol-maleimide crosslinking. To 

overcome those limits, we established a set of standardised procedures which combined 

analytical and semi-preparative HPLC, enabling a high-resolution fractional separation 

methodology for both aims of purification and in vitro drug metabolism studies; the 

structural modifications of CK146 via thiol and bioconjugation chemistry has also been 

explored, finally presented with high feasibility and good yields. 

 

The biological evaluation of CK145 and CK147, relative to their active scaffold CK146, was 



148 
 

performed, whereby the CHKA activity/selectivity and potency of these two compounds 

were first characterised by biochemical and cell-based assays. The lipid kinase screening and 

cell-based antiproliferative assays could be the most critical experiments for characterising 

novel CHKA inhibitors, because they provided the overall behaviour information of 

compounds, offering insight as a sum of pharmacokinetic profiles, cell permeability and 

target affinity/off-target effects. Cellular uptake and metabolism studies further helped us to 

understand the obtained results; ADME studies predicted the in vivo performance of all the 

compounds in hand.  

 

Despite acceptable antiproliferative activity, CK145 was seen as an atypical prodrug molecule 

since it possessed CHKA activity without enzymatic conversion in the cells. The CHKA activity 

retained in the molecule suggested that it was not feasible to mask the intrinsic activity from 

its quaternary ammonium moiety by prodrug bulk protection at one side. It remains to be 

understood, why the intracellular conversion of CK145 did not occur as expected in the cells 

with high expression of HDAC and CTSL. Subsequent molecular modeling studies may be 

required to investigate the possible reason for this observation. As the intracellular 

conversion was not initiated, the antiproliferative effects of CK145 were directly related to 

the compound level in cells. Although the lipophilicity of CK145 was increased compared to 

ICL-CCIC-0019, the cell permeability of CK145 was more limited as found in HCT-116 cells. 

Given the intrinsic cationic nature of this class of molecules, the future CHKA inhibitor 

scaffolds would be considered to either adopt uncharged structures (bearing with the risk of 

losing CHKA activity/selectivity) or would preferably be equipped with receptor-targeted 

moieties that could increase the uptake efficiency, e.g. via receptor-mediated endocytosis 

process.  

 

The second part of this work was, thus, aimed to develop receptor-specific CHKA inhibitors 

with advances of increasing compound uptake in specific cells via internalisation. By applying 

the PSMA-targeted drug delivery strategy, however, unexpected dual loss of cellular potency 

and CHKA activity in CK147 was unexpected, and indicated that the conjugation of the PMSA-
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targeted moiety could have impaired the compound activity via electrostatic interactions. 

The cellular uptake study in vitro further supported the speculation as the complexity of 

CK147’s charge nature could increase the possibility of compound interaction the serum 

albumin in medium and could, thus, affect uptake efficiency. In future studies, the charge 

nature of CK147 under different pH environment can be further investigated so as to confirm 

this speculation.  

 

Although exploitation of CK146 in those two strategies did not deliver the expected results, 

important and informative structure-activity relationships were observed and concluded for 

the first time. The key findings of this work are summarised in Figure 6.1. In conclusion, our 

work opens up the possibility for further structural elaboration of CK146, exploring the 

chemical space around this moiety and building up SAR to modulate biological and 

pharmacokinetic properties. An interesting and promising finding of this work is to notice 

that the introduction of the piperazine structure to the scaffold seems to offer CHKA 

inhibitors additional activities towards PIK4CB, a potential antimalarial and antiviral target. In 

this work, we presented the successful transformation of CK146 into two drug development 

processes to produce targeted cancer therapies via prodrug strategy (CK145) and drug 

delivery strategy (CK147), although conversion to active components or targeted delivery 

was not achieved. Regardless, we have demonstrated the feasibility and potential for 

modulating CHKA activity via piperazine functionalisation.  
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Figure 6. 1: Key SAR findings of this thesis. (A) ε-(Ac)Lys prodrug strategy; (B) PSMA-targeted 

drug delivery strategy.  
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6.2 Future work 

6.2.1 Short-term goals  

Short-term future study could be set to validate the obtained findings and elucidate the 

mechanisms, which would deepen our current understanding on SAR and inspire the further 

optimisation of the CHKA inhibitors synthesised: 

 

CHKA activities of CK146 and CK145 

Similar CHKA activity was seen in CK146 and its prodrug form CK145 from kinase screening, 

where CK146 exhibited even slightly higher CHKA activity compared to ICL-CCIC-0019. In 

parallel with the previous research on ICL-CCIC-0019, the molecular modelling study of 

CK146 can be performed to understand its possible binding modes using the crystal structure 

of human CHKA (pdb code: 2CKO) [77]. The remaining CHKA activity of CK145 after prodrug 

bulk modification also merits docking analysis to understand the mechanism so as to guide 

the further development of the molecule. It would also be interesting to understand the 

interactions of both compounds with the binding sites of interest (CHKA and ATP sites), 

relative to the previous binding modes observed in ICL-CCIC-0019.  

 

PIK4CB activity of CK146 

To further the utilisation of CK146 scaffold in future exploration, the observed PIK4CB activity 

stemming from the piperazine handle needs to be confirmed. In the kinase screening, the 

promiscuity of kinases could also cause off-target effects which affect the compound activity 

against the target of interest and produce ‘false-positive’ results. Although CK146 displayed 

PIK4CBA activity in the kinase screening, additional computational approaches such as 

molecular docking against PIK4CB/CHKA of P. falciparum would be considered for SAR 

purpose and to support this claim. 
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Charge nature of CK147 

The charge nature of the amines in CK146 and its derivatives is undoubtedly worth further 

investigation since the exposed positive charges on pyridinium are proven essential to CHKA 

activity. The piperazine handle introduced in CK146 could also be protonated at physiological 

pH and bring additional biological activities. The CHKA activity of CK147 was masked in the 

kinase screening, very likely due to the electrostatic neutralisation via the ionisation of three 

carboxylate anions and two quaternary ammonium moieties (kinase screening buffer pH: 

7.5). In future studies, the charge effects of different amine moieties under a wider range of 

pH environments on CHKA activity and uptake efficiency could be investigated by HPLC 

detection and conductivity analysis; docking analysis in silico should also be considered to 

validate the hypothesis.  

6.2.2 Long-term goals  

For long-term projects, the derivatisation of ICL-CCIC-0019 could be continued to offer a 

suitable candidate for clinical translation. The long-term directions for the derivatisation of 

ICL-CCIC-0019 may need to turn to more effective modification strategies. The main 

challenge is to achieve the compound selectivity while maintaining its CHKA activity and 

antiproliferative profiles. Advanced bio-activation strategies that allow temporary but 

effective mask of the permanent positive charge in quaternary ammonium are required in 

the future projects. Using redox and pH activation, for example, the bio-oxidisable/pH 

sensitive amine derivative structures could be transformed into positive quaternary charges 

under oxidative stress/specific pH microenvironment in vitro. However, proper strategy 

evaluation would require the establishment/selection of suitable models because of tumour 

heterogeneity. To realise targeted delivery of CHKA inhibitors, in addition, direct functional 

bulk conjugation to the active scaffold needs to be elaborated. The delivery moieties that 

have the potential to be ionised and charged under certain pH environment should be 

investigated before actual synthesis. Molecular modeling would be a very valuable tool for 

this perspective, which could predict the behaviours of the compounds, including the 

possible charge/binding modes at the sites of interest.  
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7. Experimental 

This work is associated with [1]:  

 

Wang, N.;  Brickute, D.;  Braga, M.;  Barnes, C.;  Lu, H.;  Allott, L.; Aboagye, E. O., Novel Non-

Congeneric Derivatives of the Choline Kinase Alpha Inhibitor ICL-CCIC-0019. Pharmaceutics 

2021, 13 (7), 1078. 

Synthesis 

The 1,14-bromotetradecane linker used in this project was purchased from Apollo Science 

Limited (Cheshire, UK). The small-molecule peptide ligand targeting PSMA attached to a 

maleimide group ((OtBu)3 PSMA-maleimide)) (15) was provided by Creative Chemistry 

(Hampton, UK). All the other reagents and solvents were purchased from Sigma-Aldrich 

Chemical Co. (Gil-lingham, UK) and VWR Chemicals Co. (Lutterworth, UK), and used without 

further purification. Silica gel (230 - 400 mesh) for column chromatography was from Aldrich 

Chemical Co. (Dorset, UK). TLC was performed using silica gel on Al foils (254 nm) from 

Sigma-Aldrich (Gillingham, UK). All TLC plates were visualized by UV lamp (UVP, Upland, CA 

91786, USA). Rotary evaporation was performed by BUCHI V-850 vacuum controllers (Suffolk, 

UK). BioChromato® spiral plug smart evaporator (Fujisawa, Japan) was used for compound 

drying and to remove DMF. NMR spectra were obtained using a Bruker Avance-400 

spectrometer (Coventry, UK) and all the NMR data were analysed by MestReNova software. 

1H NMR were recorded at 400 MHz, and 13C NMR were recorded at 101 MHz. MS (ES-ToF) 

were all obtained in the mass spectrometry centre in the chemistry department of Imperial 

College London (London, UK). 
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1,1'-(dodecane-1,12-diyl)bis(4-(dimethylamino)pyridin-1-ium) bromide (ICL-CCIC-0019) (1) 

N N
12

N N

2Br
-

 
To a round bottom flask was added 4-dimethylaminopyridine (1 mmol, 122 mg) and 1,12-

dibromododecane (0.5 mmol, 164 mg) in 2-butanone (10 mL). The reaction was stirred at 

110 ˚ C for 3 hours and a white precipitate formed. The precipitate was filtered, washed with 

2-butanone (3 × 10 mL), diethyl ether (2 × 10 mL) and subsequently dried in vacuo. The title 

compound was purified by recrystallisation with ethanol and 2-butanone to give a white 

solid (189 mg, yield = 84%). 1H NMR (400 MHz, DMSO-d6) δ 1.14 - 1.29 (16H, m), 1.69 - 1.78 

(4H, m), 3.18 (12H, s), 4.14 (4H, t, J = 8.0 Hz), 7.03 (4H, d, J = 8.0 Hz), 8.30 (4H, d, J = 8.0 Hz); 

13C NMR (101 MHz, CDCl3) δ 26.20, 28.90, 29.20, 31.40, 31.50, 40.90, 58.70, 108.90, 143.10, 

156.70; HRMS (ES-ToF) m/z ([M-Br-]2+): calcd: 206.1778, found: 206.1767.   

 

1,1'-(tetradecane-1,14-diyl)bis(4-(dimethylamino)pyridin-1-ium) bromide (CK14) (2) 

N N
14

N N

2Br
-

 
To a round bottom flask was added 4-dimethylaminopyridine (2 mmol, 244 mg) and 1,14-

bromotetradecane (1 mmol, 356 mg) in 2-butanone (20 mL). The reaction was stirred at 110 

˚ C for 3 hours and a white precipitate formed. The precipitate was filtered, washed with 2-

butanone (3×20 mL) and diethyl ether (2×20 mL) and subsequently dried in vacuo. The title 

compound was purified by recrystallisation with ethanol and 2-butanone to give a white 

solid (381 mg, yield = 80%).1H NMR (400 MHz, DMSO- d6) δ 1.14 - 1.31 (20H, m), 1.69 - 1.79 

(4H, m), 3.19 (12H, s), 4.14 (4H, t, J = 4.0), 7.03 (4H, d, J = 8.0 Hz), 8.30 (4H, d, J = 8.0 Hz); 13C 

NMR (101 MHz, CDCl3) δ 26.30, 28.10, 28.80, 28.90, 29.50, 31.10, 40.90, 58.80, 108.90, 

143.00, 156.70; MS (ES-ToF) m/z ([M-Br-]2+): calcd: 220.2, found: 220.2. 
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1-(bromomethyl)-4-(dimethylamino)pyridin-1-ium bromide (3) 

N Br
14

N

Br
-

 
To a round bottom flask was added 4-dimethylaminopyridine (0.5 mmol, 61 mg) and 1,14-

bromotetradecane (1 mmol, 356 mg) in 2-butanone (10 mL). The reaction was stirred at 110 

˚ C for 3 hours and a white precipitate formed. The reaction mixture was poured into diethyl 

ether (200 mL) and the precipitate was filtered and washed with 2-butanone (3×10 mL), 

diethyl ether (2×10 mL) and subsequently dried in vacuo to give the title compound as a 

white solid (152 mg, yield = 64%). 1H NMR (400 MHz, CDCl3) δ 1.17 - 1.50 (20H, m), 1.81 - 

1.95 (4H, m), 3.28 (6H, s), 3.40 (2H, t, J = 8.0 Hz), 4.35 (2H, t, J = 8.0 Hz), 7.03 (2H, d, J = 8.0 

Hz), 8.48 (2H, d, J = 8.0 Hz); 13C NMR (101 MHz, CDCl3) δ 26.20, 28.30, 28.90, 29.20, 29.51, 

29.56, 29.60, 29.64, 29.70, 31.30, 32.90, 34.10, 40.60, 58.70, 108.50, 142.50, 156.40; MS (ES-

ToF) m/z([M-Br-]+): calcd: 399.2192, found: 399.2208. 

 

tert-butyl 4-(pyridin-4-yl)piperazine-1-carboxylate (4) 

N N N Boc
 

To a round bottom flask was added 4-piperazinopyridine (1 mmol, 163 mg), di-tert-butyl 

dicarbonate (1.5 mmol, 327 mg) and a catalytical amount of DMAP in anhydrous DMF (10 mL) 

and TEA (107 μL) before being purged with nitrogen. The reaction was stirred at room 

temperature for 16 hours before concentration in vacuo. The title compound was purified by 

flash chromatography (silica; ethyl acetate (0.3% TEA, v/v); RF value: 0.18) to give a white 

solid (247 mg, yield = 94%). 1H NMR (400 MHz, CDCl3) δ 1.39 (9H, s), 3.20 (4H, t, J = 4.8 Hz), 

3.46 (4H, t, J = 4.8 Hz), 6.55 (2H, d, J = 6.8 Hz), 8.18 (2H, d, J = 6.4 Hz); 13C NMR (101 MHz, 

CDCl3) δ 28.30, 45.60, 54.50, 79.99, 108.38, 150.15, 154.40, 154.57; MS (ES-ToF) m/z 

([M+H]+): calcd: 264.1707, found 264.1725. 
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4-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-(14-(4-(dimethylamino)pyridin-1-ium-1-

yl)tetradecyl)pyridin-1-ium bromide (5) 

N N
14

N N

2Br
-

N Boc

 

To a sealed tube 4 (0.25 mmol, 66 mg) and 3 (0.25 mmol, 120 mg) were added in dry MeCN 

(6 mL). The reaction was stirred at 110 ˚ C for 72 hours. The reaction mixture was cooled 

down to the ambient temperature and concentrated in vacuo to give product as a pale 

yellow solid (180 mg, yield = 97%). 1H NMR (400 MHz, MeOD-d4) δ 1.13 - 1.33 (20H, m), 1.37 

- 1.44 (9H, s), 1.72 - 1.84 (4H, m), 3.17 (6H, s), 3.50 - 3.60 (4H, m), 3.63 - 3.70 (4H, m), 4 - 4.15 

(4H, m), 6.91 (2H, d, J = 7.6 Hz), 7.08 (2H, d, J = 7.6 Hz), 8.07 (2H, d, J = 7.6 Hz), 8.13 (2H, d, J 

= 7.6 Hz), 8.46 (2H, s); 13C NMR (101 MHz, MeOD-d4) δ 27.20, 28.59, 30.20, 30.60, 30.68, 

30.76, 31.93, 40.25, 46.92, 58.94, 59.10, 81.90, 108.90, 109.48, 143.03, 143.72, 156.15, 

157.54, 157.90; MS (ES-ToF) m/z ([M-Br-]2+): calcd: 290.7329, found 290.7342.  

 

4-(dimethylamino)-1-(14-(4-(piperazin-1-yl)pyridin-1-ium-1-yl)tetradecyl)pyridin-1-ium 

hydrogen 2,2,2-trifluoroacetate (CK146) (6) 

N N
14

N N
N

H2

2CF3COO
-

CF3COO
-

 

To a dry round bottom flask was added 5 (0.34 mmol, 253 mg) in dry MeCN (3 mL) with 

addition of TFA (3 mL). The reaction was stirred at room temperature for 16 hours before 

being concentrated to dryness in vacuo (265 mg, yield = 93%). 1H NMR (400 MHz, MeOD-d4) 

δ 1.16 - 1.32 (20H, m), 1.73 - 1.85 (4H, m), 3.17 (6H, s), 3.50 - 3.60 (4H, m), 3.26 - 3.35 (4H, 

m), 3.83 - 3.92 (4H, m), 4.04 - 4.18 (4H, m), 6.91 (2H, d, J = 7.6 Hz), 7.19 (2H, d, J = 7.6 Hz), 

8.07 (2H, d, J = 7.6 Hz), 8.00 - 8.15 (2H, s), 8.23 (2H, d, J = 7.6 Hz); 13C NMR (101 MHz, MeOD-

d4) δ 27.28, 30.28, 30.67, 30.75, 30.83, 32.01, 40.34, 44.33, 45.26, 59.05, 59.43, 108.99, 
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110.03, 143.11, 144.20, 157.76, 157.99. MS (ES-ToF) m/z ([M-CF3COO-]2+): calcd: 240.7067, 

found 240.7062. 

 

1-methyl-4-(4-pyridinyl)-piperazine (7) 

N N N
 

4-chloropyridine hydrochloride (20 mmol, 3 g), 1-methylpiperazine (60mmol, 6.7 mL), zinc 

iodide (2.5 mol% = 0.5 mmol, 8 mg) and dry MeCN (3 mL) were added into a drug round-

bottom flask. The reaction was purged with nitrogen and heated to 75 ˚C for 16 hours. The 

reaction mixture was cooled to the room temperature and concentrated in vacuo before 

being purified by flash chromatography on silica (methanol: ethyl acetate: triethylamine, 

64:27:9, RF value: 0.26). The desired product was obtained as a yellow oil of 1.88 g (yield: 

53%). 1H NMR (400 MHz, CDCl3) δH: 2.33 (3H, s), 2.52 (4H, t, J = 4 Hz), 3.37 (4H, t, J = 4 Hz), 

6.68 (2H, d, J = 4 Hz), 8.24 (2H, d, J = 4 Hz); 13C NMR (101 MHz, CDCl3) δ 45.9, 46.1, 54.5, 

108.3, 149.7, 155; MS (ES-ToF) m/z ([M+H]+): calcd: 178.1, found 178.1. 

 

4-(dimethylamino)-1-(14-(4-(4-methylpiperazin-1-yl)pyridin-1-ium-1-yl)tetradecyl)pyridin-

1-formate (CK144) (8) 

N N
14

N N
N

2HCOO
-

 

Compound 5 (3 mmol, 152 mg) was dissolved in the DMF (5 mL) containing compound 7 (3 

mmol, 56.4 mg) and K2CO3 (0.38 mmol, 52.7 mg) before being heated to 130 ˚C for 16 hours. 

After the reaction, the mixture was cooled down to the room temperature and concentrated 

in vacuo. The crude was purified by preparative HPLC (HPLC method A), affording CK144 with 

a yield of 10.5%. 1H NMR (400 MHz, CDCl3) δH: 1.13 - 1.37 (20H, m), 1.75 - 1.95 (4H, m), 2.34 

(3H, s), 2.55 (4H, t, J = 4 Hz), 3.26 (6H, s), 3.69 (4H, t, J = 4 Hz), 4.23 (4H, t, J = 8 Hz), 6.98 (2H, 

s), 7.18 (2H,s ), 8.32 (4H, s), 8.7 (2H, s); MS (ES-ToF) m/z ([M-HCOO-]2+): calcd: 247.7, found 

247.7. 
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4-(4-(N6-acetyl-N2-(tert-butoxycarbonyl)lysyl)piperazin-1-yl)-1-(14-(4-

(dimethylamino)pyridin-1-ium-1-yl)tetradecyl)pyridin-1-ium formate (CK145) (9) 

N

N

N

N
N

O

HN

O

O

H
N

O

14
2HCOO

-

 

The crude of 9 was provided by Creative Chemistry (Hampton, UK). The compound was 

synthesized from the starting materials of α-Boc-Lys(Ɛ-Ac)-OH and EDC, HOBt·H2O, DIEA, DMF. 

The crude was then analysed by HPLC and MS to confirm the identity of the product. The 

title compound was purified by semi-preparative HPLC from the crude (HPLC method C, 307 

mg, Yield = 37.5%). 1H NMR (400 MHz, MeOD-d4) δ 1.2 - 1.41 (24H, m), 1.44 (9H, s), 1.49 - 

1.57 (2H, m), 1.59 - 1.76 (2H, m), 1.78 - 1.90 (4H, m), 1.93 (3H, s), 3.05 - 3.22 (2H, m), 3.25 

(6H, s), 3.64 - 4.05 (4H, m), 4.12 - 4.26 (4H, m), 4.45 - 4.56 (1H, m), 6.99 (2H, d, J = 7.6 Hz), 

7.18 (2H, d, J = 7.2 Hz), 8.16 (2H, d, J = 7.6 Hz), 8.24 (2H, d, J = 7.2 Hz), 8.56 (2H, s); 13C NMR 

(101 MHz, MeOD-d4) δ 22.61, 23.97, 27.18, 28.71, 30.00, 30.18, 30.58, 30.66, 30.73, 31.91, 

32.44, 40.00, 40.26, 42.24, 45.09, 46.51, 46.92, 51.76, 58.93, 59.16, 80.63, 108.89, 109.49, 

143.01, 143.73, 157.53, 157.87, 170.17, 173.21, 173.69; MS (ES-ToF) m/z ([M-HCOO-]2+): 

calcd: 375.7857, found 375.7766. 

 

Acetylsulfanyl-acetic acid 2,5-dioxo-pyrrolidin-1-yl ester (SATA) (10) 

N

O

O
O

O
S

O

 

To a round bottom flask was added 2-(Acetylthio) acetic acid (2 mmol, 280 mg) and N,N,N,N′-

Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (3.32 mmol, 1 g) in 

anhydrous pyridine (7.5 mL) and acetonitrile (7.5 mL). The reaction was stirred at room 

temperature for 5 hours under nitrogen. The reaction mixture was then evaporated to 

dryness, dissolved in chloroform (15 mL) and filtered. The filtrate was washed twice with 15 

mL (1:1) mixed 0.1 M phosphoric acid and brine, then one more wash with 10 mL brine. The 
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chloroform proved dried under sodium sulfate and was evaporated to dryness by smart 

evaporator. The product had a final wash with 1 mL ethanol and crystalised to give a white 

solid (287 mg, yield: 60%). 1H NMR (400 MHz, CDCl3) δ 2.42 (3H, s), 2.83 (2H, s), 3.98 (2H, s); 

13C NMR (101 MHz, CDCl3) δ 25.69, 28.46, 30.12, 164.78, 168.69, 192.44. 

 

Thioacetic acid S-[2-oxo-2-(4-pyridin-4-yl-piperazin-1-yl)-ethyl] ester (11) 

NNN
O

S
O

 

To a round bottom flask was added acetylsulfanyl-acetic acid 2,5-dioxo-pyrrolidin-1-yl ester 

(SATA) (10) (1 mmol, 250 mg) and 1-(Pyridin-4-yl)piperazine (0.72 mmol, 118 mg) in a mixed 

solution of anhydrous acetonitrile (13 mL) and triethylamine (1.4 mmol, 142 mg). The 

reaction was stirred at room temperature for 5 hours under nitrogen. After reaction, the 

mixture was concentrated in vacuo and firstly purified by flash chromatography 

(dichloromethane: methanol: TEA, 86:4:10, RF value: 0.25). Then the title compound was 

finally purified by recrystallisation with methanol and diethyl ether to give a white solid (30 

mg, yield: 25%). 1H NMR (400 MHz, CDCl3) δH 2.35 (3H, s), 3.36 (4H, t, J = 4.0 Hz), 3.71 (4H, t, 

J = 4.0 Hz), 3.81 (2H,s), 6.63 (2H, d, J = 4.0 Hz), 8.26 (2H, d, J = 4.0 Hz); 13C NMR (101 MHz, 

CDCl3) δ 30.14, 31.34, 41.52, 45.63, 108.52, 150.29, 154.46, 166.39, 194.51; MS (ES-ToF) m/z: 

280.1 [M+H]+. 
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4,4'-((2,2'-disulfanediylbis(acetyl))bis(piperazine-4,1-diyl))bis(1-(14-(4-

(dimethylamino)pyridin-1-ium-1-yl)tetradecyl)pyridin-1-ium) formate (14) 

 

N N

14

N N
N

O
S

S
O

N
N

N N

N

14 4HCOO
-

 
 

To a round bottom flask was added compound 6 (hydrochloride salt form, 0.27 mmol, 180 

mg), dithiodiglycolic acid (0.133 mmol, 24 mg), EDCHCl (0.27 mmol, 51 mg), HOBt (0.27 

mmol, 36 mg), and DIPEA (0.27 mmol, 47 μL) in anhydrous DMF (6 mL) before being purged 

with nitrogen. The reaction was stirred at room temperature for 72 hours before being dried 

by smart evaporator. The title compound was purified by semi-preparative HPLC purification 

(See HPLC method A) to give a clear beige solid (70 mg, yield = 48%).1H NMR (400 MHz, 

MeOD-d4) δ 1.07 - 1.35 (40H, m), 1.7 - 1.87 (8H, m), 3.16 (12H, s), 3.41 - 3.99 (19H, m), 4.03 - 

4.22 (9H, m), 6.91 (4H, d, J = 7 Hz), 7.11 (4H, s), 8.08 (4H, d, J = 7.1 Hz), 8.17 (4H, s); 13C NMR 

(101 MHz, MeOD-d4) δ 27.16, 30.15, 30.55, 30.63, 30.70, 31.89, 31.91, 42.29, 45.84, 46.41, 

46.97, 58.93, 59.15, 108.88, 109.52, 142.99, 143.74, 157.49, 157.84, 166.74, 169.55. MS (ES-

ToF) m/z ([M-HCOO-]4+): calcd: 277.1941, found 277.1960. 
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4-(4-(2-((1-(7,11-bis(tert-butoxycarbonyl)-2,2-dimethyl-4,9,17,24-tetraoxo-3-oxa-8,10,16,23-

tetraazahexacosan-26-yl)-2,5-dioxopyrrolidin-3-yl)thio)acetyl)piperazin-1-yl)-1-(14-(4-

(dimethylamino)pyridin-1-ium-1-yl)tetradecyl)pyridin-1-ium formate (CK148) (16) 
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To a round bottom flask was added compound 14 (0.054 mmol, 70 mg) and tris(2-

carboxyethyl)phosphine (TCEP) hydrochloride (0.27 mmol, 78 mg) in 4 mL of degassed Tris-

HCl buffer (pH = 7.3) before being purged with nitrogen. The pH of the reaction was adjusted 

to 7 using 1 M NaOH and stirred at room temperature for 2 hours. Then PSMA-Maleimide 

(Creative Chemistry, Hampton, UK) (0.14 mmol, 102 mg) was pre-dissolved in DMF and Tris-

HCl buffer solution (4 mL) was dropwise added into the reaction mixture. The reaction was 

stirred at room temperature under nitrogen atmosphere for 16 h before being dried by smart 

evaporator. The title compound was purified by semi-preparative HPLC purification (See 

HPLC method A) to give a clear yellow solid (85 mg, yield = 56%). 1H NMR (400 MHz, MeOD-

d4) δ 1.16 - 1.31 (20H, m), 1.31 - 1.37 (3H, m), 1.37 - 1.41 (27H, m), 1.43 - 2.06 (14H, m), 2.08 

- 2.15 (2H, t, J = 7.4 Hz), 2.16 - 2.46 (4H, m), 2.56 - 2.67 (2H, m), 2.95 - 3.18 (4H, m), 3.19 (6H, 

s), 3.60 - 3.90 (12H, m), 3.93 - 4.21 (7H, m), 6.94 (2H, d, J = 7.4 Hz), 7.14 (2H, d, J = 6.5 Hz), 

8.10 (2H, d, J = 7.4 Hz), 8.19 (2H, d, J = 6.6 Hz). 13C NMR (101 MHz, MeOD-d4) δ 23.99, 26.67, 

27.18, 27.56, 28.99, 29.94, 29.99, 30.18, 30.58, 30.66, 30.73, 31.92, 32.48, 33.00, 33.14, 

34.78, 36.05, 36.79, 36.99, 40.06, 40.27, 40.31, 41.05, 42.25, 45.79, 46.36, 46.83, 54.18, 

54.90, 58.93, 59.15, 81.71, 82.52, 82.76, 108.89, 109.52, 143.01, 143.76, 157.52, 157.86, 

159.92, 169.80, 172.70, 173.43, 173.70, 173.89, 175.95, 176.37, 177.76. MS (ES-ToF) m/z 

([M-HCOO-]2+): calcd: 653.4169, found 653.4164. 
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4-(dimethylamino)-1-(14-(4-(4-(2-((2,5-dioxo-1-(1,3,7-tricarboxy-5,13,20-trioxo-4,6,12,19-

tetraazadocosan-22-yl)pyrrolidin-3-yl)thio)acetyl)piperazin-1-yl)pyridin-1-ium-1-

yl)tetradecyl)pyridin-1-ium 2,2,2-trifluoroacetate (CK147) (17) 
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To a round bottom flask was added compound 16 (0.0138 mmol, 18 mg) and TFA (1.32 mmol, 

100 μL), in anhydrous DCM (500 μL) before being purged with nitrogen. The reaction was 

stirred at room temperature for 16 hours before being dried in vacuo. The title compound 

was used without further purification as a clear pale yellow solid (16 mg, yield = 25%). 1H 

NMR (400 MHz, MeOD-d4) δ 1.13 - 1.25 (20H, m), 1.27 - 1.84 (17H, m), 191 - 2.21 (4H, m), 

2.24 - 2.39 (4H, m), 2.5 - 2.67 (2H, m), 2.95 - 3.10 (4H, m), 3.12 (6H, s), 3.55 - 3.82 (12H, m), 

3.93 - 4.23 (7H, m), 6.86 (2H, d, J = 7.9 Hz), 7.06 (2H, d, J = 7.8 Hz), 8.02 (2H, d, J = 7.8 Hz), 

8.11 (2H, d, J = 7.7 Hz).; 13C NMR (101 MHz, MeOD-d4) δ 23.97, 26.66, 27.21, 27.50, 28.88, 

29.93, 30.21, 30.61, 30.69, 30.77, 31.95, 32.97, 33.16, 34.82, 35.99, 36.81, 36.96, 40.07, 

40.25, 40.33, 41.06, 42.27, 45.79, 46.35, 46.82, 53.52, 54.00, 58.95, 59.17, 108.88, 109.51, 

143.01, 143.75, 157.53, 157.88, 160.12, 169.86, 172.82, 175.80, 176.08, 176.36, 176.43, 

177.79. MS (ES-ToF) m/z ([M-CF3COO-]2+): calcd: 569.3230, found 569.3251. 
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9. HPLC chromatograms 

 

Figure 9. 1: Purification and chemical identity confirmation of compound 5; HPLC method 

used: A. (A) HPLC chromatogram of the reaction crude containing compound 5; the peak of 

compound 5 was coloured in red with a tR of 29.1 min:sec; (B) HPLC chromatogram of the 

diluted combined fractions; the peak of compound 5 was coloured in red with a tR of 29.5 

min:sec; (C) MS analysis of the sample corresponding to the peak at 29.3 min:sec. 
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Figure 9. 2: HPLC monitoring of compound 5 Boc deprotection (HPLC method used: A). At 

five different time points (0-hour, 5 h-hour, 6-hour, 9-hour and 16-hour), the Boc 

deprotection progress of compound 5 using 15X TFA in acetonitrile at room temperature. 

The target peak corresponding to compound 6 (highlighted in red) appeared at 16.8 min:sec, 

while the unreacted compound 5 was at 27.7 min:sec. In 24 hours, the signal representing 

compound 6 increased to 85% and stayed constant. 
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Figure 9. 3: The HPLC chromatogram of CK144 purification by semi-preparative HPLC using 

HPLC method A; the peak representing CK144 highlighted in red has a tR at 12.3 min:sec.  

 

 

Figure 9. 4: HPLC analysis of the crude containing CK145 which was provided by Creative 

Chemistry Ltd. (A) The analytical HPLC chromatogram using HPLC method B; the peak of 

CK145 is highlighted in red; (B) MS analysis; the mass of CK145 (375.7841) detected is boxed 

in red.  
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Figure 9. 5: HPLC chromatograms of CK145 purification. (A) The analytical HPLC 

chromatogram of CK145 with the concentration over the loading limit (HPLC method B); (B) 

The semi-preparative HPLC chromatogram of CK145 (30 mg/mL) at 254 nm (HPLC method C); 

(C) The semi-preparative HPLC chromatogram of CK145 (30 mg/mL) at 318 nm (HPLC method 

C). The peaks (44 %) of CK145 were boxed in red. 

 

 
Figure 9. 6: The HPLC chromatogram of purified CK145 (254 nm; HPLC method C). 
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Figure 9. 7: The HPLC chromatogram of the crude containing compound 11 (HPLC method 

used: E). The purity of 11 (the peak labelled in red; tR: 4.276 min) was integrated as 90%.  

 

 
Figure 9. 8: Optimisation of semi-preparative HPLC methods using dual wavelengths (254 

nm and 294 nm). (A) analytical HPLC chromatograms of crude analysis after the coupling 

reaction yielding compound 12; HPLC method used: E; According to the MS analysis, the 

possible peak of interest (in red) has a retention time of 12.46 min:sec; (B) Semi-preparative 

HPLC chromatograms for the purification of compound 12; the HPLC method used: E; The 

peak of interest is labelled with a red arrow. 
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Figure 9. 9: The NHS ester crosslinking of CK146 and compound 10 (HPLC method used: F). 

(A) the HPLC analysis of the reaction without TEA; (B) the HPLC analysis of the reaction with 

4 equiv. TEA overnight. 

 

 

Figure 9. 10: The stability investigations of compound 10 using TEA (HPLC method used: F). 

(A) the analytical HPLC characterisation of compound 10 without TEA; (B) The HPLC analysis 

on compound 10 with TEA.  
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10.  Supplementary information 

 

Figure S10. 1: Decomposition check of compound 11 by two-dimensional thin-layer 

chromatography (TLC) plates, in which case the spot representing compound 11 will run 

diagonally across the square plate (labelled with yellow dash lines) if there is no 

decomposition occurring. The off-diagonal spots circled in red show the decomposition 

product. (a) TLC conditions (v/v): DCM: methanol 95:5; (b) TLC conditions (v/v): DCM: 

Methanol 95:5, 1% TEA was added to neutralise the acidic sites of silica.  
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Figure S10. 2: 1H NMR characterisation of the crude containing compound 11. The main 

peaks from impurities are demonstrated with arrows.  

 

 
Figure S10. 3: MS analysis of the component collected from semi-prep HPLC purification. 

The two main peaks labelled represent the expected compound 12 and side products 
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respectively. It is shown that the side product accounts for the majority and these two 

compounds could not be separated under the current HPLC conditions we had.  

 

 

Figure S10. 4: MS analysis of the coupling between CK146 and compound 10: only singly 

charged ions were detected.   

 

 

Figure S10. 5: MS check of the mock EDC coupling using 1-(4-Pyridyl)piperazine 

hydrochloride. The mass of interest is boxed in red.  
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Figure S10. 6: MS analysis of EDC coupling between CK146 and dithiodiglycolic acid. 

 

 

Figure S10. 7: The semi-preparative HPLC chromatogram of the coupling between 

dithiodiglycolic acid and CK146. According to MS analysis, the monomer and dimer 

conjugative products had the same retention time (tR: 26.448 min:sec, coloured in red) using 

this HPLC method (See HPLC Method D).  
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Figure S10. 8: HPLC analysis of the thiol-maleimide conjugation yielding compound 16 

(HPLC method C). (A) the HPLC chromatogram of compound 15 (tR: 47.5 min:sec); (B) the 

HPLC chromatogram of the reaction crude where compound 16 had been consumed and the 

desired compound 17 (tR: 38 min:sec) was produced (yield: 85%). 

 

 

Figure S10. 9: Condition investigations and monitoring of compound 16 deprotection using 

analytical HPLC (HPLC method F). (A) The analytical HPLC chromatogram of compound 16 

deprotection using 10% TFA in DCM for 1 hour (Deprotection did not occur); (B) The 

analytical HPLC chromatogram of compound 16 deprotection using 10% TFA in DCM for 2 
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hours (Deprotection started); (C) The analytical HPLC chromatogram of compound 16 

deprotection using 10% TFA in DCM for 3 hours (Deprotection slowed down); (D) The 

analytical HPLC chromatogram of compound 16 deprotection using 20% TFA in DCM for 1 

hour (Deprotection was accelerated); (E) The analytical HPLC chromatogram of compound 16 

deprotection using 20% TFA in DCM overnight (Deprotection completed; the purity of 

compound 17: 95%).  

 

Table S10. 1: Growth inhibitory activities (GI50) of ICL-CCIC-0019, CK146 and CK145 after 

120-hour treatment in HCT-116 and Caco-2 cells. The data were obtained by SRB assay; n= 6,  

mean ± SD. 

Drug 
HCT-116 
GI50 ± SD 
(μM) 

Caco-2 
GI50 ± SD 

(μM) 
ICL-CCIC-0019 0.40 ± 0.04 1.20 ± 0.04 

CK146 3.30 ± 0.38 3.10 ± 0.14 
CK145 6.15 ± 0.13 10.80 ± 1.10 

 

Table S10. 2: Growth inhibitory activities (GI50) of ICL-CCIC-0019, CK146 and CK147 in 22Rv1, 

C4-2B, LNCap, R1AD1, R1-D567, PC3, PNT1A and HCT-116 cells. The data were obtained by 

SRB assay; n= 6,  mean ± SD. 

  GI50 (μM) ± SD 
PSMA Cell line ICL-CCIC-0019 CK146 CK147 

+ 22Rv1 0.91 ± 0.13 4.98 ± 1.50 45.64 ± 6.40 
+ C4-2B 1.20 ± 0.31 4.22 ± 0.43 63.00 ± 12.12 
+ LNCap 0.30 ± 0.06 1.92 ± 0.99 39.03 ± 8.56 
− R1AD1 0.40 ± 0.01 5.67± 2.33 53.40 ± 2.27 
− R1-D567 0.32 ± 0.00 0.87 ± 0.03 40.43 ± 4.56 
− PC3 0.79 ± 0.03 4.73 ± 0.81 84.92 ± 7.03 
− PNT1A 0.47 ± 0.08 3.00 ± 0.26 63.64 ±10.38 
− HCT-116 0.42 ± 0.03 4.76 ± 0.8 103.49 ± 6.27 
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Figure S10. 10: MS analysis of the compound collected at 12.5 min:sec on HPLC (HPLC 

method F). The compound detected by HPLC was confirmed to be CK145 (boxed in blue).   

 

 
Figure S10. 11: The HPLC chromatograms of CK146 detection in media with or without 

CK145 treatment (HPLC method F); wavelength: 294 nm. (A) the vehicle group after 2-hour 

incubation without CK145; (B) 1-hour incubation with CK145; (C) 2-hour incubation with 

CK145. The signals representing CK145 (tR: 12.5 min:sec) were highlighted in red rectangles. 

CK146 (tR: 9.8 min:sec) was not detected in medium (LOD value: 1.382 μg/L). 
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Figure S10. 12: MS analysis of the FCS-free medium without drug treatment. 

 

 

Figure S10. 13: MS analysis of the FCS-free medium incubated with ICL-CCIC-0019 for 4 

hours. The mass of ICL-CCIC-0019 was highlighted. No metabolites from ICL-CCIC-0019 were 

detected.  
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Figure S10. 14: MS analysis of the FCS-free medium incubated with CK146 for 4 hours. The 

mass of CK146 was highlighted. No metabolites from CK146 were detected.  

 

 

Figure S10. 15: MS analysis of the FCS-free medium incubated with CK147 for 4 hours. 

CK147 and any metabolites from CK147 were not detected.  
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Figure S10. 16: MS analysis of the FCS-free medium incubated with CK148 for 4 hours. The 

mass of CK148 was highlighted. No metabolites from CK148 were detected.  

 

 
Figure S10. 17: MS analysis of the FCS supplemented medium without drug treatment. 
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Figure S10. 18: MS analysis of the FCS supplemented medium incubated with ICL-CCIC-

0019 for 4 hours. The mass of ICL-CCIC-0019 was highlighted. No metabolites from ICL-CCIC-

0019 were detected.  

 

 

Figure S10. 19: MS analysis of the FCS supplemented medium incubated with CK146 for 4 

hours. The mass of CK146 was highlighted. No metabolites from CK146 were detected.  
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Figure S10. 20: MS analysis of the FCS supplemented medium incubated with CK147 for 4 

hours. CK147 and any metabolites from CK147 were not detected.  

 

 

Figure S10. 21: MS analysis of the FCS supplemented medium incubated with CK148 for 4 

hours. The mass of CK148 was highlighted. No metabolites from CK148 were detected.  
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11. Appendix 

Appendix A: 1H NMR, 13C NMR, MS spectra 

 
Figure 11. 1: 1H NMR of ICL-CCIC-0019. 
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Figure 11. 2: 13C NMR of ICL-CCIC-0019. 

 

 

Figure 11. 3: MS analysis of ICL-CCIC-0019. 
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Figure 11. 4: 1H NMR of CK14. 

 
Figure 11. 5: 13C NMR of CK14. 
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Figure 11. 6: MS analysis of CK14. 

 

 
Figure 11. 7: 1H NMR of compound 3. 
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Figure 11. 8: 13C NMR of compound 3. 
 

 
Figure 11. 9: MS analysis of compound 3. 
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Figure 11. 10: 1H NMR of compound 4. 

 

 
Figure 11. 11: 13C NMR of compound 4. 
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Figure 11. 12: MS analysis of compound 4. 
 

 
Figure 11. 13: 1H NMR of compound 5. 
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Figure 11. 14: 13C NMR of compound 5. 
 

 
Figure 11. 15: MS analysis of compound 5. 
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Figure 11. 16: 1H NMR of compound 6. 
 

 
Figure 11. 17: 13C NMR of compound 6. 
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Figure 11. 18: MS analysis of compound 6. 

-3-2-1012345678910111213141516
f1 (ppm)

-5000

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

65000

70000

75000

80000

85000

90000eb0 0 g ( U ) 0 d
PP 
Proton_Long.ictem CDCl3 {C:\Bruker\TopSpin3.2.2} Ning 25

3.
07

4.
24

4.
06

0.
16

2.
00

2.
00

 

Figure 11. 19: 1H NMR of compound 7.  
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Figure 11. 20: 13C NMR of compound 7. 

 
 
Figure 11. 21: MS analysis of compound 7.  
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Figure 11. 22: 1H NMR of compound 8. 

 
 
Figure 11. 23: MS analysis of compound 8. 
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Figure 11. 24: 1H NMR of compound 9.  

 
 
Figure 11. 25: 13C NMR of compound 9.  
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Figure 11. 26: MS analysis of compound 9. 
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Figure 11. 27: 1H NMR of compound 10. 
  



217 
 

-100102030405060708090100110120130140150160170180190200210

f1 (ppm)

-20000

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

200000

220000

240000

260000

280000

300000

320000

Mar25-2019-Ning NHS-Per.12.fid

Carbon_4096scans.ictem CDCl3 {C:\Bruker\TopSpin3.2.2} Ning 50

 

Figure 11. 28: 13C NMR of compound 10.  
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Figure 11. 29: 1H NMR of compound 11. 
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Figure 11. 30: 13C NMR of compound 11. 
 

 
 
Figure 11. 31: MS analysis of compound 11. 
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Figure 11. 32: 1H NMR of compound 14. 

 

 
Figure 11. 33: 13C NMR of compound 14. 
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Figure 11. 34: MS analysis of compound 14. 

 
 
Figure 11. 35: 1H NMR of compound 16. 
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Figure 11. 36: 13C NMR of compound 16. 

 
 
Figure 11. 37: MS analysis of compound 16. 
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Figure 11. 38: 1H NMR of compound 17. 

 

Figure 11. 39: 13C NMR of compound 17. 
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Figure 11. 40: MS analysis of compound 17. 
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Appendix B: Kinase Screen 

(For the method, see Chapter 2.7) 
 

 ICL-CCIC-0019 CK14 

Lipid Kinase 
% activity 

remaining 
SD 

% activity 

remaining 
SD 

PI3K a 99.04 4.9 101.9  3.3 

PI3K b 139.6 11.2 136.2  12.5 

PI3K g 95.1 10.9 83.6  1.2 

PI3Ka E545K + p85 106.1 2.4 115.2  7.5 

PI3Ka E524K + p85 98.4 1.0 98.4  0.2 

PIP5K2A 116.1 10.9 102.7  2.8 

SPHK1 103.6 9.7 110.1  6.9 

SPHK2 77.6 20.0 84.0  14.0 

CHK a 46.6 2.4 23.0  10.2 

DGK b 91.4 8.9 88.1  3.4 

PIK4CB 124.1 6.9 104.1  1.7 

DGK g 92.2 12.7 87.2  3.9 

DGK z 92.5 0.5 95.3  6.7 

PI4K2a 113.9 4.6 148.8  25.3 

CHK b 128.6 5.9 133.7  8.8 
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 CK144 CK145 

Lipid Kinase 
% activity 

remaining 
SD 

% activity 

remaining 
SD 

PI3K a 103.2  3.0 101.0  6.9 

PI3K b 122.3  4.9 115.8  14.9 

PI3K g 93.1  1.9 97.1  3.3 

PI3Ka E545K + p85 105.1  3.5 101.8  1.2 

PI3Ka E524K + p85 91.6  4.9 100.1  6.3 

PIP5K2A 99.6  0.6 99.6  0.7 

SPHK1 105.3  0.4 99.4  1.6 

SPHK2 85.9  1.2 86.8  3.2 

CHK a 40.8  0.7 37.1  3.6 

DGK b 105.9  24.2 92.0  7.1 

PIK4CB 56.3  1.9 49.4  4.5 

DGK g 88.8  1.5 86.8  2.3 

DGK z 98.6  0.2 88.4  2.5 

PI4K2a 109.9  6.0 111.4  5.6 

CHK b 129.1  5.9 118.1  0.2 
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 CK146 CK147 

Lipid Kinase 
% activity 

remaining 
SD 

% activity 

remaining 
SD 

PI3K a 105.4  13.2 102.6 4.1 

PI3K b 145.9  27.2 100.2 3.2 

PI3K g 93.3  8.7 97.9 1.3 

PI3Ka E545K + p85 101.0  1.4  77.2 0.2 

PI3Ka E524K + p85 106.5  9.6  80.8 1.6 

PIP5K2A 98.6  2.1  101.6 0.5 

SPHK1 97.9  8.7  101.0 0.1 

SPHK2 90.0  3.5  103.8 7.9 

CHK a 30.9  11.2 86.9 6.0 

DGK b 98.9  3.3 104.9 11.5 

PIK4CB 53.0  0.6  99.5 2.5 

DGK g 89.3  1.9 106.5 1.8 

DGK z 91.4  2.2 95.3 13.5 

PI4K2a 113.4  4.8 89.5 13.2 

CHK b 149.0  0.8 96.8 1.0 
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