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Abstract 

Developing chemical biological tools to probe phosphorylation in  

P. falciparum  

Kathryn Maria Pugh 

In 2010 there were an estimated 219 million cases of malaria worldwide, accounting 

for approximately 0.66 million deaths. With growing resistance to current antimalarial 

agents a challenge is placed on the scientific community to provide efficacious and cost 

effective methods for the diagnosis and treatment of malaria. As protein 

phosphorylation regulates most aspects of cell life, understanding the function of 

protein kinases in malaria parasites has the potential to uncover novel drug targets. To 

this end, this work focused on the study of three essential Plasmodium falciparum 

kinases using two different chemical genetic approaches: γ-modified ATP analogues for 

the investigation of PfCK2; and covalent complementarity for the study of PfCLK1 and 

PfCLK3. The work presented here highlights the instability of the P-N bond of ATP 

phosphoramidates during the acidic conditions required for analysis by MALDI-TOF MS 

and seeks to overcome this through the development of alternative linkers to the        

γ-phosphate of ATP. Apparent IC50 values recorded provide evidence of PfCK2α 

tolerating modification of the γ-phosphoryl group of ATP; however, no evidence was 

found to support GTP serving as an alternative co-substrate of PfCK2α. The gatekeeper 

mutant kinases PfCLK1F630C and PfCLK3F444C were successfully produced. It was 

found that this mutation rendered PfCLK3 inactive and was detrimental to the activity 

of PfCLK1. Under the conditions used PfCLK1F630C was not inhibited by a panel of 23 

electrophilic inhibitors.  
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1 Introduction 

According to the WHO, half of the world’s population live in areas at risk of malaria 

transmission. With growing resistance to current antimalarial agents, a challenge is 

placed on the scientific community to provide efficacious and cost effective methods 

for the diagnosis and treatment of malaria. For this to be possible a better 

understanding of the key biological processes of the malarial parasites is required. 

Protein phosphorylation regulates most aspects of cell life. Therefore, understanding 

the function of protein kinases in malaria parasites has the potential to uncover novel 

drug targets. The conserved nature of the ATP binding site across the kinome requires 

the development of methodologies for specifically targeting the kinase of interest in 

order to discover its substrates. To this end, the objective of this thesis was to develop 

methodologies for the study of phosphorylation processes occurring within the 

malarial parasite Plasmodium falciparum, the most deadly species of the parasite. In 

particular, this work focused on three essential kinases using two different chemical 

genetic approaches: γ-modified ATP analogues for the investigation of CK2; and 

covalent complementarity for the study of CLK1 and CLK3. Due to the importance of 

phosphorylation in the cellular environment, the development of these methodologies 

and the knowledge gained on these kinases will have beneficial impacts across a wide 

range of diseases, such as cancer and diabetes, as well as the target of this study, 

malaria.  
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1.1 Malaria 

In 2010 there were an estimated 219 million cases of malaria worldwide, accounting 

for approximately 0.66 million deaths.1 With half the world’s population living in areas 

at risk of malaria transmission, one fifth (1.2 billion) in areas of high risk,2 and the most 

widely affected areas being poorer nations, a challenge is placed on the scientific 

community to provide efficacious and cost effective methods for the diagnosis and 

treatment of malaria. 

1.1.1 A tale as old as time 

From periodic fevers in 2700 BC China to detailed descriptions of symptoms from 

Hippocrates in the 5th century to the work of European physicians in the 19th century, 

the characteristic signs of malaria have been described throughout history, highlighting 

the plight of mankind against this disease. Due to their small size, it was not possible to 

recognise protozoa until the invention of the microscope followed by its development 

for studying living things by Anton van Leeuwenhoek in the 16th century. Instead, the 

understanding of malaria was based on miasmatic theory, the idea that some diseases 

originated from corrupted environments.3 The study of parasitic protozoa did not 

really begin until the establishment of the germ theory at the end of the 19th century4 

with Charles-Louis Alphonse Laverán first viewing the Plasmodium parasites in 1880 in 

blood samples taken from soldiers with malaria.3  

The discovery of the transmission of malaria by the Anopheles mosquito by Sir Ronald 

Ross in 18975 explained the prevalence of this disease in tropical and sub-tropical 

climates, where the rainfall and temperature are ideal for Anopheles mosquitos.6 

Today malaria is thought of as both a disease of poverty and a cause of poverty that is 
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constraining economic growth in endemic countries through its direct and indirect 

costs (Figure 1.1).7   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increasing burden of poverty 

Increasing burden of malaria 
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A Estimate of world malaria burden 

Estimate of world poverty 

Figure 1.1: The startling correlation between malaria and poverty. A: the estimate of world malaria burden, 
where white represents no incidence of malaria and bright blue represents high incidence of malaria; B: the 
estimate of world poverty with the richest countries in white and the poorest in red.

7 



4 
 

1.1.2 The life cycle of the malaria parasite 

Malaria is caused by the eukaryotic unicellular protozoan parasite of the genus 

Plasmodium. By infecting red blood cells and eventually causing their rupture, malaria 

causes fever, severe anaemia, cerebral malaria and, without treatment, death. Of the 

~170 species of malaria described,8 the four main species of malaria known to infect 

humans are P. falciparum, P. vivax, P. ovale and P. malariae. Previously thought to only 

infect monkeys, P. knowlesi, has also been found to infect humans.9 Of the species of 

parasite that can infect humans, P. falciparum and P. vivax are the most common, with 

P. falciparum being the most prevalent in Sub-Saharan Africa and the most virulent.10  

Figure 1.2: The life cycle of the malaria parasite
289

 A) The exo-erythrocytic cycle, or human liver stages. Upon 
invasion of the human host, the parasites enter liver cells where they multiply before being expelled into the 
blood stream. B) The erythrocytic cycle, where the parasites multiply via trophozoites, ready for the invasion of 
more erythrocytes. Immature trophozoites can instead form gametocytes (7) ready for sexual reproduction in an 
Anopheles mosquito. C) The sporogonic cycle, which occurs within the mosquito, includes the completion of 
sexual reproduction. 
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The life cycles of plasmodia are complex with several stages in both humans and the 

Anopheles mosquitoes (Figure 1.2). An infected female Anopheles mosquito inoculates 

Plasmodium sporozoites into the human host from its salivary glands during feeding 

and these sporozoites migrate through the skin to a blood vessel. In the P. falciparum 

species, as little as ten sporozoites are required to result in infection.11 Once in the 

blood stream, these sporozites travel to the liver where they invade hepatocytes and 

form tissue schizonts (Figure 1.2 exo-erythrocytic cycle, cycle A). Upon lysis of the 

infected hepatocytes, tens of thousands of merozoites are released into the circulation 

where they invade erythrocytes.6, 12 The parasites rapidly transform into immature 

trophorozites and ingest the cytoplasm of the erythrocytes, producing the pigment 

haemozoin.13 During asexual reproduction in the erythrocytic cycle (Figure 1.2, cycle B) 

the nuclear material of the parasite increases and multiple mitotic divisions occur, 

resulting in many nuclei, ready for the formation of merozoites in the mature schizont 

stage. These blood schizonts form and release another generation of merozoites upon 

rupture. It is this lysis of erythrocytes that causes most of the clinical symptoms of 

malaria and the time frame of this erythrocytic cycle is indicative of the Plasmodium 

species: P. knowlesi 24 hr,14 P. falciparum, P. ovale and P. vivax 48 hr, P. malariae       

72 hr.6, 12  

During the erythrocytic cycle approximately 0.2-1%15 of the immature trophozoites 

differentiate into gametocytes rather than continuing in the asexual cycle. Although 

gametocytes do not contribute to pathology, when ingested by another female 

Anopheles mosquito they enter the sporogonic cycle (Figure 1.2, cycle C) and continue 

sexual reproduction. In the midgut of the mosquito fertilisation and formation of 

zygotes occurs. Upon developing into an ookinete, the parasite passes through the 
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endothelium of the gut and forms an oocyst,16 which produces thousands of 

sporozoites over 7-12 days.17 These sporozoites are released and accumulate in the 

salivary glands of the mosquito ready to infect another human and thus completing 

their life cycle.18  

Due to being the most lethal species of malaria, P. falciparum is regarded as the most 

important drug target. This virulence is mainly due to the high merozoite load and, 

unlike other species, it can bind to the endothelium during the blood stage6 and 

sequester in organs, including the heart and brain.19 This prevents the removal of 

infected erythrocytes by the spleen, leading to organ failure and severe malaria.20 

1.1.3 Malarial chemotherapeutic agents 

Throughout the complex, multi-stage lifecycle, the malaria parasite uses over 5000 

protein-encoding genes21 in order to adapt to the numerous environments it meets. 

This provides numerous potential drug targets at the three stages of its lifecycle. The 

main advantage of tackling the sporogonic cycle (Figure 1.2, cycle C) is the ability to 

prevent the spread of malaria without the need for medication to be given to humans. 

Although, there is widespread resistance to some insecticides, drugs that target the 

early mosquito stages of the parasites would need to only eliminate 5 x 103 parasites 

compared to 108-109 gametocytes in humans. This would reduce the number of 

parasite genomes exposed to the drug and hence, provide less opportunity for drug 

resistance to occur. The elimination of liver-stage malaria (Figure 1.2, cycle A) using 

vaccination is a particularly attractive potential target due to the presence of a small 

number of parasites22 (only a few dozen of the sporozoites are transmitted from the 

mosquito and infect the liver).6 The majority of antimalarial agents currently target the 



7 
 

erythrocytic cycle (Figure 1.2 , cycle B) due to this being the stage responsible for the 

clinical symptoms of malaria and the ease with which these can be studied in cell 

culture. Current antimalarial agents target four physiological pathways in plasmodia: 

haem metabolism, electron transport, protein translation, and folate metabolism.   

 Interrupting haem metabolism 1.1.3.1

Due to their limited ability to produce amino acids, plasmodia break down 60-80%23 of 

the haemoglobin present in the red blood cell into its amino acid constituents. This 

degradation is performed by proteases within the parasite’s acidic digestive vacuole 

(Figure 1.3) and results in the formation of the toxic metabolite haem 

(ferriprotoporphyrin IX). Plasmodia convert ferriprotoporphyrin IX to non-toxic 

crystalline heamozoin, containing cyclic dimers of ferriprotoporphyrin IX.24 Also known 

as malaria pigment, these golden-brown/black granules are a distinctive feature of 

blood-stage malaria.25 For this reason, compounds that disrupt haem metabolism have 

important antimalarial properties that have been exploited. 

Figure 1.3: An intraerythrocytic Plasmodium parasite highlighting key parasitic intracellular compartments and 
the target areas of some antimalarial drugs.

6,290  
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The traditional treatments for malaria were found to contain the antiplasmodial agent 

quinoline. Quinoline drugs include chloroquine (1), quinine (2), quinidine (3) and 

mefloquine (4). Chloroquine (1) acts by defusing into the digestive vacuole, where it is 

protonated by the acidic environment, rendering it unable to diffuse out of the 

vacuole. High localised concentrations of chloroquine develop, which inhibit the 

formation of heamozoin, resulting in an accumulation of ferriprotoporphyrin IX, which 

causes oxidative damage and therefore, death of the parasite. Mefloquine (4), quinine 

(2) and quinidine (3) are thought to act in the same way as chloroquine (1); although, 

as they are not as concentrated in the digestive vacuole as chloroquine (1), other 

modes of action might also be involved.26 Quinine (2) has also been shown to 

intercalate DNA through hydrogen bonding, inhibiting transcription.18 

 

Chloroquine resistance is associated with a reduction in the amount of chloroquine 

accumulated in the digestive vacuole. It is thought that this is due to an increase in 

drug efflux caused by mutation to the gene encoding the PfCRT transmembrane 

protein;27 however, mutations to other genes are also thought to contribute to 

resistance.28      

 

Figure 1.4: Four quinoline based antiplasmodial agents: chloroquine (1), quinine (2), quinidine (3) and mefloquine 
(4). 
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Figure 1.5: The mitochondrial electron transport chain in plasmodia. In plasmodia the electron transport 
chain is essential for the reduction of DHOD, used in pyrimidine synthesis. In this cascade, ubiquinone (Q) 
accepts electrons from reduced DHOD and passes them on to the cytochrome bc1 complex (Cyt bc1), which 
passes electrons to cytochrome c (Cyt c) and, finally, to cytochrome c oxidase (Cyt c oxidase). Cytochrome c 
oxidase then oxidises molecular oxygen, forming water inside the mitochondria. H

+
 ions are also pumped 

out of the mitochondria.  

 Interrupting the electron transport chain 1.1.3.2

Plasmodia rely upon electron transport for the oxidation of key enzymes in nucleotide 

synthesis. An early stage in pyrimidine synthesis is mediated by dihydroorodate 

dehydrogenase (DHOD), which is reduced during this synthesis. DHOD must therefore 

be re-oxidised in order to restore its catalytic activity. This oxidation is performed by 

ubiquinone, a membrane protein early in the electron transport chain (Figure 1.5). 

Thus, preventing ubiquinone oxidising DHOD disrupts plasmodial DNA replication and 

is the proposed method of action of the antimalarial drug primaquine (5). Another 

inhibitor of the electron transport chain, atovaquone (6), is known to inhibit the 

interaction between ubiquinone and the cytochrome bc1 complex with ~100-fold 

selectivity for the plasmodial cytochrome bc1 complex over the human analogue.18 

However, due to relatively quick emergence of resistance (this can be caused by a 

single point mutation in the gene encoding the cytochrome bc1 complex) it is essential 

that this is not used as a single agent.29  
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Figure 1.6: Two antimalarial agents thought to interrupt the electron transport chain are primaquine (5) and 
atovequone (6). 

 

 

 

 

 Interrupting folate metabolism 1.1.3.3

Folic acid is an essential vitamin in humans whereas parasites synthesise folic acid de 

novo. As folic acid is used in many biosynthetic pathways, including DNA and RNA 

precursor synthesis, a selective drug target is provided.18 Anti-folate drugs are 

classified into type 1 and type 2 compounds. Type 1 anti-folates, such as sulfadoxine 

(7), inhibit the synthesis of folate. Type 2 anti-folates, e.g. pyrimethamine (8), prevent 

the utilisation of folate by dehydrofolate reductase.26 

 

 

 

 Interrupting protein translation 1.1.3.4

Agents that inhibit protein synthesis include doxycycline (9), tetracycline (10) and 

clindamycin (11). Doxycycline (9) and tetracycline (10) inhibit parasite protein 

synthesis by binding to the 30S ribosomal unit, blocking the binding of tRNA to 

Figure 1.7: Sulfadoxine (7), a type 1 anti-folate and pyrimethamine (8), a type 2 anti-folate. 
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Figure 1.8: Three agents which inhibit protein synthesis are doxycycline (9), tetracycline (10) and clindamycin 
(11). 

mRNA;18 clindamycin (11) binds to the 50S ribosome and prevents the proper 

orientation of tRNA.30 

 

 

 Other antimalarial agents 1.1.3.5

Artemisinin (12) is a cyclic endoperoxidase, which is activated by free or haem-bound 

iron to form a carbon-centred free radical capable of causing damage to specific 

intracellular targets through alkylation.31 The exact mechanism of specificity of 

artemisinin (12) and its derivatives for plasmodia-infected red blood cells is unknown; 

however, artemisinin-haem adducts have been found in parasite cultures32 and 

artemisinin derivatives have been shown to alkylate six specific malaria proteins.33 

These compounds are associated with a rapid decrease in the level of parasites in the 

blood of infected individuals18 – they reduce the parasitic load 10000-fold per asexual 

cycle (2 days) compared to between 100-fold and 1000-fold for other antimalarials.34 

 

 

Figure 1.9: The endoperoxidase artemisinin (12) causes damage to specific intracellular targets through 
alkylation. ELQ-300 (13) targets parasite mitochondria. The spiroindolone NITD609 (14) is in clinical trials. 
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An antimalarial has been developed that is effective across various stages of the 

parasite’s lifecycle. ELQ-300 (13) targets parasite mitochondria, preventing the 

synthesis of thymine and cytosine (the primary function of Plasmodium mitochondria, 

compared to ATP synthesis in most organisms) needed for DNA synthesis; 

consequently, the parasite cannot reproduce and dies.35 Another compound, the 

spiroindolone NITD609 (14), which rapidly inhibits P. falciparum protein synthesis, is in 

clinical trials.36,37 

Despite many antimalarial agents having adverse side effects such as nausea, 

hypoglycaemia, hallucinations, fatal haemolysis and photosensitivity, the main 

problem is ever increasing resistance. Thus, there is a high level of interest in 

understanding the parasite in order to develop new highly specific molecules with 

novel modes of action. 

1.1.4  Immunity and a potential vaccine 

In endemic areas a degree of immunity is acquired through continued exposure;38 

however, immunity is slow to develop and requires multiple and frequent 

exposures.25,39 This, therefore, is the reason why the majority of reported malaria 

cases are in children under five years of age.  The attainment of protective immunity 

against the asexual blood stages of the parasite is complex and specific to each 

species. In areas with less stable malaria transmission, the population is less likely to 

be immune and people of all ages are at risk, resulting in epidemics.38  

There is much interest in developing a vaccine against malaria. A vaccine would be 

hugely cost effective but requires the understanding of the immune mechanisms 

involved in conferring protection and then identifying target candidates and their 
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genes. Developments such as the sequencing of the P. falciparum genome21 have 

greatly advanced this area of research and although a licenced vaccine is not currently 

available, research towards this has been pursued since the 1970s, with several found 

to be only partially effective in field trials.38 There is currently one candidate vaccine in 

Phase 3 clinical trials and ~20 others in Phase 1 or Phase 2 clinical trials. The full Phase 

3 trial results for the RTS,S/AS01 P. falciparum vaccine will not be available until late 

2014 and other vaccine candidates are 5-10 years behind RTS,S/AS01.1  

1.1.5 The fight against malaria 

Following the discovery of DDT (dichlorodiphenyltrichloroethane) and the 

establishment of the World Health Organisation, malaria eradication was identified as 

a priority.38 Soon after, the Global Malaria Eradication Programme was launched and 

depended upon chloroquine (1) for treatment and DDT for vector control.6 Malaria 

was successfully eradicated in some areas e.g. southern Europe, North America, the 

Caribbean and some islands such as Mauritius and Singapore.39 However, parasite 

resistance to chloroquine (1) developed, DDT-resistant Anopholes mosquitos occurred, 

concerns of the safety of DDT emerged, global funding was scaled back and the 

programme eventually abandoned in 1972.40  

Although not included in the efforts of The Global Malaria Eradication Programme6, 38 

(at that time only approx. 10% of the world malaria death rate occurred in Africa39), 

many national malaria control organisations operated in many African countries from 

the 1950s. However, there was a fear that even powerful insecticides such as DDT 

would not be successful in eradicating malaria in Africa due to the intensity of 

transmission.41 Fears over the consequential loss of immunity due to lack of exposure 



14 
 

to the parasite came true in 1986 with the outbreak of a severe two year epidemic in 

the highlands of Madagascar, where malaria had been almost eradicated for                

20 years.39 

By the turn of the 21st century, outside Africa, the chances of dying from malaria were 

1% of what they had been 100 years previously.39 Nevertheless, since the end of the 

Global Malaria Eradication Programme, the incidence of malaria has increased 

dramatically in many parts of the world.6 In 2000 malaria was responsible for 2% of 

deaths worldwide; however, this was unevenly dispersed with <0.01% in Europe 

compared with 9% in Africa.42 This was partly fuelled by the spread of chloroquine (1) 

resistance and the emergence of resistance to pyrimethamine-sulfadoxine (PSD)          

(a mixture of 7 and 8), used as the replacement for chloroquine (1) as a first-line 

therapy. Chloroquine (1) and PSD cost less than US$0.20 per adult treatment course 

but drugs to treat multi-resistant strains (e.g. mefloquine (4)) cost over ten times as 

much and are not affordable for most people in Africa, where 90% of malaria deaths 

occur.43 This and the decline of malaria transmission in Thailand that has occurred 

alongside economic development and an improved healthcare infrastructure further 

highlight the link between malaria and poverty.44 

In light of the terrifying malaria statistics of the late 1990s and early 2000s, experts 

warned of an impending disaster.45 This lead to an increase in the international 

solidarity for combat against malaria and resulted in the development of the WHO’s 

Roll Back Malaria Partnership in 1998.2 However, it was not until October 2007 after 

thought-provoking speeches at the Gates Foundation Malaria Forum46, 47 that the WHO 

pledged to work with funding bodies towards a global attempt at eliminating malaria.48   
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The World Malaria Report 2012 describes malaria as ‘an entirely preventable and 

treatable disease provided the currently recommended interventions are properly 

implemented’. These recommendations are: vector control through the use of 

insecticide treated nets (ITNs); indoor residual spraying (IRS); chemoprevention for the 

most vulnerable populations, e.g. pregnant women; confirmation of malaria diagnosis 

through microscopy or rapid diagnostic tests (RDTs) for every case; timely treatment 

with appropriate antimalarials.1 This includes treating uncomplicated P. falciparum 

with an artemisinin combination therapy (ACT).2 This involves giving an artemisinin 

derivative in combination with an antimalarial that has a much longer half-life but also 

a different target within the parasite. First used in the treatment of tuberculosis, the 

rationale behind this approach is that resistance arises from mutations. The probability 

that a mutant will occur that is simultaneously resistant to two drugs that have 

different targets is substantially less than a parasite with resistance against one drug 

developing a subsequent mutation that offers resistance to a second drug.43 

The work of the WHO and other bodies is on-going. On World Malaria Day 2012, WHO 

launched a new initiative, T3: Test. Treat. Track, in which every suspected case is 

tested, every confirmed case is treated and every case is tracked in a surveillance 

system. There are exciting new prospects with the development of vaccines and work 

to find new antimalarials; however, parasite resistance to artemisinin (12) has been 

detected in four South-East Asian countries (Cambodia, Myanmar, Thailand and 

Vietnam) as a consequence of poor treatment practices, inadequate patient adherence 

to prescribed antimalarials and the availability of artemisinin-based monotherapies.49 

As yet no genetic marker for artemisinin (12) resistance has been identified50 and no 

new class of antimalarials has been introduced since 1996.51 Different malarial drug 
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targets are required and therefore, a better understanding of the key biological 

processes of the malarial parasites is necessary if the long term ideal goal of the 

eradication of malaria is ever to be realised. 

1.2 Protein kinase structure and inhibition 

The first direct evidence of enzymatic phosphorylation of a substrate came from 

Burnett and Kennedy in 1954.52 Through the study of glycogen phosphorylase and  

subsequent discovery of phosphorylase kinase, the use of protein phosphorylation as a 

regulatory mechanism was identified by Krebs and Fischer later that decade.53, 54 It is 

now understood that, partnered with protein phosphorylases,55 protein kinases (PKs) 

mediate the majority of signalling and coordinate complex events in eukaryotes.56, 57, 58 

Eukaryotic protein kinases (ePKs) fall into two super-families: serine/threonine kinases, 

ubiquitous in eukaryotes; and tyrosine kinases, found in metazoa but missing in most 

unicellular eukaryotes.59, 60  

1.2.1 Structure 

With the first crystallisation of a protein kinase (PKA),61, 62 it was possible to observe 

the overall architecture of the protein kinase superfamily. This allowed the conserved 

sequence motifs identified by Hanks and Hunter using the sequences of amino acids in 

kinase domains63 to be mapped on to a three-dimensional structure, revealing their 

location and allowing for their functional identities, such as the recognition of 

substrates,61 to be unveiled.  

Kinase domains of ePKs have three separate roles: 1. Binding and orientation of the 

phosphate donor ATP, or sometimes GTP;64,65 2. Binding and orientation of the peptide 

substrate; and 3. transfer of γ-phosphate of ATP to the acceptor amino acid residue 
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Figure 1.10: The ePK catalytic domain showing the twelve conserved subdomains (I-XI). The locations of highly 
conserved amino-acid residues and motifs throughout the ePK superfamily are indicated above the domains.

291 

(serine, threonine or tyrosine) of the peptide substrate. These kinase domains consist 

of twelve subdomains across two distinct lobes (Figure 1.10), which are well conserved 

across >95% of ePK sequences. The smaller N-terminal lobe, containing subdomains I 

to V, anchors the nucleotide whilst the larger C-terminal lobe, containing subdomains 

VIA to XI, is responsible for the binding of the substrate and initiating phosphorylation. 

Subdomain V spans the two lobes and the cleft between the two lobes is the catalytic 

site.63  

 

Subdomain I at the N-terminus of the catalytic subunit contains the conserved motif 

GxGxxG and is predominantly β-strand in structure. These β-strands act as a flap to 

anchor the α- and β-phosphates of ATP and provide a hydrophobic pocket for the 

enclosure of the adenine ring. Subdomain II contains a lysine essential for maximal 

activity due to it orientating ATP by interacting with the α- and β-phosphates. 

Subdomain III is made up of a large α-helix containing a conserved glutamate, which 

forms a salt bridge with the lysine in subdomain II, thereby stabilising the interactions 

of subdomain II with ATP. Subdomain IV contains almost no conserved residues and 

has no direct involvement in catalysis or substrate recognition. Subdomain V links the 

small and large lobes of the catalytic subunit and three residues in this linking strand 
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form hydrogen bonds with the adenosine of ATP, which help to anchor it into 

position.63 

Subdomain VIA in the C-terminus lobe is thought to support subdomain VIB, which is 

folded into two β-strands with a joining loop. This loop has been coined the catalytic 

loop because it contains a conserved aspartate that acts as the catalytic base – 

accepting a proton during phosphotransfer. The conserved aspartate residue is part of 

the conserved sequence DxxxxN, where the conserved asparagine residue chelates the 

Mg2+ that bridges the α- and γ-phosphates of ATP.63 

Subdomain VII contains the highly conserved DFG triplet, the aspartate of which 

chelates the Mg2+ that bridges the β- and γ-phosphates of ATP; therefore, this residue 

helps to orientate the γ-phosphate for transfer to the serine/threonine/tyrosine 

residue of the substrate. The phenylalanine interacts with two hydrophobic residues in 

the small lobe.66 Subdomain VIII is known to play a role in the recognition of peptide 

substrates and contains a highly conserved sequence, APE. Together these subdomains 

are known as the activation segment54,67 and phosphorylation of one or more residues 

in this segment converts the kinase from its inactive to its active form. This can be by 

causing changes in the orientation of catalytic groups and substrate binding groups as 

well as the re-positioning of bulky R-groups that may block the catalytic site in the 

inactive conformation.68 Control by phosphorylation is a feature of most but not all 

protein kinases;67,69 this can be by autophosphorylation, particularly of tyrosine 

kinases, or as part of an enzyme cascade.68 

Subdomain IX forms an α-helix, which helps to define the internal architecture of the 

ePK and contains an almost invariant aspartate residue.54 Subdomain X is the most 
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poorly conserved subdomain. Subdomain XI contains a conserved arginine that forms 

an ion pair with the highly conserved glutamate of the APE sequence in subdomain 

VIII, thus stabilising the large c-terminal lobe.63  

 

 

 

 

 

 

 

 

 

There are other features of ePKs that are not evident from the sequence of amino acid 

residues alone; for example, the regulatory spine (R-spine) and the catalytic spine      

(C-spine) consists of non-consecutive residues (Figure 1.11). The R-spine comprises 

four hydrophobic residues, two from the N-terminal lobe and two from the C-terminal 

lobe, and is anchored to the α-helix of subdomain IX. 54 The C-spine is also bound to 

the α-helix of subdomain IX and consists of residues from both lobes but is completed 

by the adenine ring of ATP.70 The gate keeper residue is positioned between the          

C-spine and the R-spine and plays an important role in kinases activation71 through 

Figure 1.11: The R-spine (red) and C-spine (yellow), which is completed by the ATP molecule, are anchored to the 
α-helix of subdomain IX (green). Together these spines span the whole kinases domain, providing a connection 
between the two lobes.

54 
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stabilisation of the R-spine72 and its steric bulk controls the size of inhibitors able to 

bind to the active site.73  

1.2.2 The evolution of eukaryotic protein kinases and the human kinome 

Eukaryotic protein kinase superfamily members have been identified and 

characterised from a wide variety of animal phyla, plants, fungi and protozoa; hence, 

the ancestor of PKs can be traced back to before the evolutionary separation of the 

major eukaryotic kingdoms.63 The evolution of ePKs occurred in a divergent manner 

from eukaryotic-like kinases54 that are abundant in prokaryotes. This is evident by, 

among other things, their shared DFG motif;74 however, unlike eukaryotic-like kinases, 

ePKs are highly regulated. Typically regulation is initiated by an extracellular signal,54 

e.g. a hormone or neurotransmitter, which causes a chain of events resulting in the 

conformational change to the ePK, causing it to become activated or deactivated. 

Examples of this control are (de)phosphorylation of the kinase, the binding of a 

secondary messenger (e.g. calmodulin binding to calmodulin-dependant protein 

kinases) and altering the level of expression of a regulatory subunit of the kinase.68 

Advancements such as the sequencing of whole genomes, particularly the human 

genome project, have led to vast progressions in the field. The cataloguing of the 

protein kinase compliment of the human genome, the kinome, revealed that 

approximately 2% of genes in the human genome encode for ePKs.57 This makes them 

among the largest families of genes in eukaryotes and illustrates their importance in 

regulating biological processes.58, 63, 75  
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Figure 1.12: Phylogenetic tree of the complete human kinome showing the relationship between the kinase 
families. Each kinase is at the tip of a branch; the greater the similarity between the kinases the closer they are 
on the tree. The CLKs are circled in red and CK2α in green. Adapted from http://www.kinase.com

57 
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Categorised by the amino acid sequence of their catalytic domain, the sequence 

similarity and structure of non-catalytic domains and the known biological functions, 

along with similar classifications made in other organisms,58 the 518 (478 typical and 

40 atypical) protein kinases of the ePK superfamily are divided into eight distinct 

groups. The human kinome has been mapped on a phylogenetic tree to show the 

relationship between the groups of kinases and families within those groups        

(Figure 1.12); the closer kinases are on the tree the more similar their structure and 

function. The eight groups are: 

 AGC 

 CAMK 

 CK1 

 CMGC 

 RGC 

 STE 

 TK 

 TKL 

The AGC group, named after the kinases PKA, PKG and PKC, holds 60 of the 518 human 

protein kinases. Activation often involves phosphorylation of two highly conserved 

regulatory motifs; one is located in the activation segment (subdomains VII and VIII) 

and the other in a hydrophobic motif common in the non-catalytic domain of members 

of the AGC group. This group has a preference for the phosphorylation of Ser/Thr 

residues near Arg and Lys. Secondary messengers, such as cAMP for PKA, are required 

to induce activity in many kinases of the AGC group.57, 76 

The CAMK group are also basophilic Ser/Thr kinases;77  their relationship with the AGC 

group is depicted by their closeness on the phylogenetic tree (Figure 1.12). Most 

members of the group are activated following binding of Ca2+ or calmodulin to a small 

domain that is C-terminal to the catalytic domain.78  
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The CK1 group is small but these ePKs are essential, found in all eukaryotes and do not 

contain the APE in subdomain VIII or the arginine in subdomain XI that form a salt 

bridge in other ePKs.79 Activity is controlled by extra cellular stimuli, the subcellular 

localisation of the kinases, interaction with cellular structures and proteins, inhibitory 

phosphorylation of the C-terminal regulatory domain and dephosphorylation or 

cleavage of this domain to restore activity. Functions of this group include the 

phosphorylation of proteins involved in the control of cell differentiation, proliferation 

and chromosome segregation. Mutations in CK1 kinases are linked to cancer and 

neurodegenerative diseases, e.g. Parkinson’s disease.80, 81  

The CMGC group is a large group of kinases found in all eukaryotes and includes CDKs, 

MAP kinases, GSKs and CDK-like kinases. CDKs, or cyclin-dependent kinases, regulate 

progression through different stages of the cell cycle. Thus, genetic or epigenetic 

alterations in CDKs/CDK control factors resulting in sustained proliferation devoid of 

control by external signals and thus, are associated with tumour progression.82 MAP 

kinases, or mitogen-activated protein kinases, have key roles in the regulation of 

processes such as cell proliferation, differentiation and cell death. MAP kinases are 

abundant in the central nervous system and links between these kinases and 

psychiatric disorders are beginning to materialise. GSKs, glycogen synthase kinases, are 

involved in the insulin signalling pathway, which regulates glycogen synthase; the Wnt 

pathway, which is essential in embryonic development; and are also thought to play a 

role in neurodegenerative diseases.83 The CLK family and CK2, highlighted in        

(Figure 1.12) are also part of this group and discussed in more detail separately. 
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The RGC group, or receptor guanylate cyclases, is a small group of ePKs that are similar 

in sequence to the TK group and are often grouped with soluble guanylyl cyclase 

receptors located in the cytoplasm. Found in metazoan but not fungi, plants and 

protists, these enzymes have some properties that are different to other Ser/Thr 

kinases. They function as receptors for peptide ligands and have four characteristic 

domains: an amino-terminal extracellular domain, a transmembrane region, an 

intracellular protein kinase-like domain and a carboxyl terminal guanylate cyclase 

catalytic domain. When a peptide ligand binds to the extracellular domain, the 

catalytic domain is activated and cGMP produced.84, 85 

The STE group includes a large number of protein kinases involved in MAP kinase 

cascades and therefore, they have a central role in cell signalling and are vital in the 

amplification of signals from extracellular stimuli and the response of a cell to changes 

in its environment.86 

The tyrosine kinase (TK) group is a set of ePKs that specifically phosphorylate tyrosine 

residues; this makes them distinct from dual specificity kinases, which also 

phosphorylate Ser/Thr resides. This branch of the phylogenetic tree can be divided into 

receptor87 and non-receptor tyrosine kinases. TKs are not ubiquitous across 

eukaryotes; however, tyrosine phosphorylation in metazoans is essential for processes 

such as organ development, transcriptional control, maintenance of stem cells (e.g. 

vascular growth factor receptors) and tissue homeostasis. Abnormalities in tyrosine 

phosphorylation are closely related to various forms of cancer and congenital 

syndromes such as dwarfism.59, 88 
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The tyrosine kinase-like (TKL) group are Ser/Thr protein kinases that have close 

sequence similarity to tyrosine kinases. They are virtually absent in fungi but strongly 

represented in metazoans and photosynthetic organisms. In animals they are tightly 

integrated with signalling pathways and consequently, have significant roles; for 

example, mixed lineage kinases (MLKs) are involved in MAP kinases cascades and are 

responsible for activating apoptotic pathways implicated in Parkinson’s disease.89 

There are also small families of atypical protein kinases (aPKs), which are not closely 

related in sequence to ePKs and lack the twelve subdomains that define ePKs; 

however, they show kinase activity.57, 90, 91  

1.2.3 The malarial kinome 

In 1996 an international effort to sequence the P. falciparum genome was launched92 

and in 2002 the full genome sequence was published.21 Initial comparisons of the        

P. falciparum genome with other genomes showed that 60% of the predicted genes 

could not be assigned functions.93 This paved the way for exciting new opportunities in 

the study of biological processes involved in the life-cycle of P. falciparum, providing 

hope of the discovery of new drug targets. As a consequence of this work, it was 

possible to map the entire P. falciparum kinome and classify the kinases into the ePK 

groups.  

Within P. falciparum 65 ePKs and 21 FIKK kinases (Section 1.2.3.3) have been 

identified.90 Although much smaller than the 518 human ePKs identified, as with 

humans,57 this figure represents 2% of genes in the malarial genome.94 The primary 

sequences of these kinases have been used to assign them into groups according to 

the characteristics of their twelve catalytic domains. Although many of these proteins 
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conform to the model described by Hanks and Hunter,63 there are often large 

insertions of charged or polar residues present both within and in between these 

domains.95 This diversity provides the potential to selectively target P. falciparum 

kinases over their human counterparts not only as antimalarial agents but also for 

investigating their roles in the cellular processes of the parasite. Comparing human 

and P. falciparum ePKs using a phylogenetic tree (Figure 1.13) not only highlights that 

this species of the parasite is missing members of the STE and TK groups but also 

draws attention to the presence of orphan kinases.90   

Figure 1.13: Phylogenetic tree of combined human and P. falciparum kinomes. Human lineages are coloured black 
and P. falciparum red.

292
  



27 
 

 The ePk groups present in P. falciparum 1.2.3.1

There are five malarial kinases in the AGC group. Two PKA homologues have been 

identified and the PKG homologue has been shown to be expressed in the 

intraerthrocytic asexual stage of the parasite. However, there seems to be no clear PKC 

analogue.96  The CAMK group is well represented in the malarial kinome with 13 

kinases, indicating the importance of calcium signalling in the parasite.97 CAMK activity 

has been shown to be essential for ookinete development in the mosquito vector and 

the CAMK kinase PfCDPK4 has been found to be crucial for the development of the 

male gametocyte in the mosquito.98  

The CK1 group only has one member in the P. falciparum kinome, which shows high 

sequence similarity with human CK1.95,99 A dramatic example of the expansion of some 

ePK families in some organisms compared to others is the contrast in the size of the 

CK1 group between P. falciparum (1 gene) and C. elegans (85 genes).90  

With 18 kinases, the CMGC group is the largest ePK group in P. falciparum. This 

includes six enzymes related to the CDKs,100,90 two related to the MAP kinases101,102,103 

and three related to the GSK3 kinases.104,105  In other eukaryotes most CMGC kinases 

are involved in the control of cell proliferation and development; therefore, their 

abundance in the P. falciparum kinome could be due to the variety of proliferation 

processes that occur during the complex malarial life-cycle. Also within the CMGC 

group is the single orthologue of CK2α [PF11-0096]. Most eukaryotes have two or 

more α-subunit encoding genes, highlighting the relative simplicity of the P. falciparum 

kinome.90  
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After further analysis, the five90 P. falciparum enzymes originally constituting the TLK 

group have been reduced to four with PfTKL3 being characterised as a semi-orphan 

kinase because it lacks a clear human orthologue.106  

 The ePK groups missing from P. falciparum 1.2.3.2

The RGC group is missing from protists and no P. falciparum protein kinases have been 

found within the STE group.90 This supports the failure in in vitro and in silico work to 

establish the presence of MAPKK malarial homologues; however, the NIMA-related 

enzyme Pfnek-1 (vide infra) acts with Pfmap-2 for the phosphorylation of exogenous 

substrates.107 As is the case with most unicellular eukaryotes, the TK group is missing 

from P. falciparum.59   

 Other kinases of P. falciparum 1.2.3.3

There is a group of five P. falciparum genes that form the NIMA-related (Nrk) cluster, 

which are related to the Nek family, including the well characterised PfNek1 kinase. 

These enzymes are important in mitotic control.90, 108, 107 There are several kinases that 

do not fit within any defined group or form small satellite clusters. Known as orphan 

kinases, two examples are three enzymes at the base of the CAMK and AGC branches, 

including PfKIN [PF140516], which is known to be expressed in gametocytes;109 and a 

group of three malarial kinases, including PfPK4 [MAL6P1.416], which is expressed 

during intraerythrocytic development,110 that form a distinct cluster associated with 

the NIMA group.90 

Within the P. falciparum kinome there are several composite enzymes, that is enzymes 

with features from more than one established ePK family. For example, PfPK6 and 

Pfcrk-4 are composite enzymes with features of both CDKs and MAP kinases; PfPK7 has 
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a C-terminal analogous to those conserved in MAPKKs and an N-terminal analogous to 

PKA but does not display the expected MAPKK activation site.90, 111 

A novel group of 21 ePK-related proteins form a tight cluster in P. falciparum. Due to 

the Phe-Ile-Lys-Lys motif found in subdomain II of their catalytic domain, the cluster is 

named the FIKK group. These kinases all have a highly variable N-terminal extension 

and contain a region similar to the ePK catalytic domain that, despite large insertions 

in the catalytic domain typical of P. falciparum ePKs, has most of the conserved 

residues of ePKs. However, none of the FIKK enzymes possess the full GxGxxG motif 

present in subdomain I of ePKs.90 Although this motif is involved in the positioning of 

the ATP molecule in the active cleft,63 there are several enzymes throughout 

eukaryotes that have only one or two of these glycine residues but remain active; thus, 

this is unlikely to be detrimental to FIKK catalytic activity. There are also motifs that are 

fully conserved throughout the FIKK kinase group of P. falciparum and these were 

therefore used by Ward et al. to search for members of the FIKK group in other 

organisms. Sequences containing these motifs were only identified in Apicomplexan 

species.90 Studies have shown FIKK proteins to be exported from the parasite to the 

host.112 

A handful of aPKs have also been identified in P. falciparum using sequence 

comparisons with aPKs found in humans. These include two members of the ROI 

kinase family that are known to be involved in rRNA processing in S. cerevisiae.90  

 

 



30 
 

1.2.4 Kinases as potential antimalarial drug targets 

Traditional searches for antimalarial drugs involve the screening of chemical libraries 

against erythrocytes infected with the parasite. Once a molecule has been identified 

that kills the parasite, the compound can be optimised and the molecular target 

searched for using resistance studies. The optimised drug can then be put into pre-

clinical trials.113 This approach can lead to the selection of compounds with multiple 

targets, reducing the possibility of parasites developing drug-resistance but potentially 

having greater toxicity to the host. 

The sequencing of full genomes, including P. falciparum,21 and the availability of high 

throughput screening methods led to the rational design molecular screening 

approach being favoured for the discovery of new drug targets for a wide range of 

diseases, including malaria. In this approach genomic data is used to identify a 

molecular target and knock-out parasites are developed to prove the target is crucial 

for parasite survival/proliferation. The target proteins are then expressed and purified 

for in vitro screening with chemical libraries. Hit compounds can then be optimised 

and put into pre-clinical trials. With this approach it is easier to ascertain the mode of 

action of the compound and therefore, gain a better understanding of the parasite.113 

Protein phosphorylation regulates most aspects of cell life; consequently, abnormal 

levels of protein phosphorylation are a cause or consequence of diseases ranging from 

cancer to diabetes.114 Therefore, there is a wide interest in the study of kinases, 

phosphatases and the phosphorylation pathways they are part of in order to obtain a 

better understanding of the mechanisms of many diseases. With a better 

understanding of a disease comes the ability to design effective new treatments. This 
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high research interest provides a bank of protein kinase knowledge from various fields 

to draw upon, including protein kinase inhibitors that can be used as reagents for the 

study of the physiological roles of protein kinases. 

 

 

 

 

 

 

 

 

 

 

The large phylogenetic distance between Plasmodium sp. and animals (Figure 1.14) 

illustrates the divergence of the Plasmodium and human kinomes and thus, the 

potential of the Plasmodium kinome as a new antimalarial drug target. Some of these 

important divergences include: the absence of the TK, STE and RGC groups; the 

presence of orphan PKs, composite PKs and the FIKK PK family with no orthologues in 

humans; and the presence of a family of CDPKs fused to a calmodulin-like domain, 

which are found in plants but not metazoans.16, 115  

Figure 1.14: Phylogenetic tree showing the relationships between the major eukaryotic phyla. The animals and 
apicomplexans are circled in red to illustrate the distance between human and malarial kinomes. Adapted from 
Baldauf
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Studies of the structures of a P. falciparum CDK, PfPK5, and human CDK2 with a small 

molecule inhibitor (NU6102, 15) bound to their respective ATP-binding pockets have 

revealed that, despite the general orientation of the inhibitor being similar in both 

kinases, there are subtle differences in the binding mode of the two enzymes.116, 117 In 

spite of the inhibitor having a higher in vitro IC50 value for PfPK5 over human CDK2 

(215 nM and 5 nM respectively),118 this has confirmed the idea that there is enough 

difference in the primary structure of most Plasmodium kinases compared to 

mammalian enzymes for species selective inhibition to be possible.115   

 

 

 

 

Figure 1.15: NU6102 (15), a small molecule kinase inhibitor. 

 

1.2.5 Kinase inhibition 

The conserved nature of the ATP binding site makes the interrogation of each kinase 

and the development of specific inhibitors challenging. However, due to the 

prevalence of abnormal phosphorylation in a wide variety of disease, kinases represent 

approximately one third of all protein targets under investigation by the 

pharmaceutical industry. This correlates to more than 130 protein kinase inhibitors in 

clinical development and many more in preclinical stages. To date, eleven kinases 

inhibitors have been launched as cancer chemotherapeutic agents and the only kinase 

inhibitor registered for non-oncology use is the immunosuppressant everolimus 
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(Certican®)119 for the prophylaxis of organ rejection. All of these inhibitors target the 

ATP binding site except for everolimus.120   

Most kinase inhibitors developed to date are ATP competitive inhibitors. Due to the 

conserved nature of the ATP binding site, most kinase inhibitors are not highly 

selective. Thus, kinase inhibition found through in vitro screening should be treated 

with caution.121 Large-scale kinase selectivity screens have shown that selective 

inhibitors usually bind kinases that are grouped together on the kinome phylogenetic 

tree compared to more distant kinases.122, 123 This lack of selectivity is one of the 

reasons why protein kinases inhibitors are currently predominately used in cancer 

chemotherapeutics; there is a greater tolerability for side effects during cancer 

treatment than for other conditions where treatment maybe lifelong.120 As discussed 

earlier (Section 1.2.1), the cleft between the two N-terminal and C-terminal lobes 

forms the catalytic site of the kinase. Within this area is the conserved DFG motif of 

the activation loop, which helps to orientate the γ-phosphate for transfer. The 

activation loop can adopt different conformations from fully active to fully inactive, 

altering the state of the kinase.120 

1.2.6  Types of kinase inhibitor 

The original focus in the discovery of kinase inhibitors was to identify highly potent and 

specific compounds aimed at targeting a single kinase by imitating ATP binding; 

however, the lack of specificity of this approach can often be problematic. This has led 

to the optimisation of known inhibitors to fully exploit the target within the kinase, 

whether that is the ATP binding site or another region. The binding modes of these 

compounds can be broadly classified into covalent and non-covalent kinase inhibitors. 
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 Non-covalent kinase inhibitors 1.2.6.1

Through the discovery of kinases inhibitors, serendipitously or otherwise, four types of 

non-covalent inhibitor have been identified type I, type I ½, type II and type III. The first 

group of small molecules found to target the ATP binding site are known as type I 

inhibitors. Although these inhibitors do not require a specific conformation of key 

structural elements, such as the DFG motif and the αC-helix,124 they typically bind to 

an enzyme in the active “DFG in” conformation (Figure 1.16). Type I inhibitors mimic 

the interactions of the adenine ring with the hinge residues of the kinase through the 

formation one, two or three hydrogen bonds (Figure 1.19).125  

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Type I and type II kinase inhibitors. Type I inhibitors do not require the αC-helix or the DFG motifs to 
be in a specific conformation for binding. Here PP1 (16) is shown in complex with HCK. These inhibitors sit in the 
ATP binding site (blue) and form hydrogen bonds with the hinge region. Type II inhibitors require the “DFG out” 
conformation for binding; this provides an extending binding pocket (purple). Here STI-571 (17) is shown in 
complex with Abl. Adapted from Da et al.

124
  

Figure 1.17: The type I inhibitor PP1 (16) and the type II inhibitor STI-571 (17). 
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Figure 1.18: Imatinib (or Gleevec) (18) was the first kinase inhibitor on the drug market. 

The first kinase inhibitor on the drug market, imatinib (or Gleevec) (18), was found to 

bind to and stabilise the inactive “DFG out” form of the target kinase; these kinase 

inhibitors are referred to as type II inhibitors.125 In the “DFG out” form the aspartate 

residue is flipped 180° compared to the “DFG in” conformation.124 This results in the 

opening of an additional cavity, the allosteric site, which is hydrophobic (Figure 1.16). 

 

 

 

Not only do type II compounds bind to the hinge region in an analogous way to type I 

inhibitors, they also exploit hydrogen bonding and hydrophobic interactions in the 

allosteric site (Figure 1.19), including hydrogen bond formation with the conserved  

αC-helix. With this extra target site, type II inhibitors are usually more selective and 

potent than type I inhibitors. As kinases in the “DFG out” form have a higher Km for 

ATP, type II inhibitors also face weaker competition from the high cellular ATP 

concentrations, resulting in enhanced in vivo activity.126 Conversely, type II inhibitors 

have a higher molecular weight and thus, are likely to have reduced cell permeability 

and lower ligand efficiency.125 
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Figure 1.19: The interactions of ATP and type I, type I ½ and type II inhibitors with the ATP binding site. A: The 
regions of the ATP binding site – the adenine region (blue), the sugar region (green), the phosphate region (lilac), 
the back pocket (orange) and the solvent accessible region (yellow) – and the hydrogen bonds between the 
adenine ring and the hinge region are shown; B: Type I inhibitors form hydrogen bonds with the hinge region;     
C: Type II inhibitors form hydrogen bonds with the hinge region as well as interact with the allosteric region that 
is available in the “DFG out” conformation; D: Type I ½ inhibitors form hydrogen bonds with the hinge region and 
can extend into the back pocket due to the presence of smaller gatekeeper residue.

125 
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The type III kinase inhibitors are non-ATP competitive inhibitors; i.e. they block kinase 

activity without displacing ATP and bind exclusively to the allosteric site.124 Areas 

outside the catalytic domain are far more divergent than the catalytic site, offering the 

prospect of high selectivity;127 however, it is difficult to know which sites to target and 

consequently designing inhibitors is problematic. Analysis of more recently published 

kinase inhibitors identified a new type of compound, which have been coined type I½ 

inhibitors owing to them exhibiting some properties of both type I and type II 

inhibitors.125 These compounds target the back cavity of the ATP binding site in either 

the active “DFG in” and “αC-helix in” conformation or in the inactive “DFG in” and  

“αC-helix out” conformation. The back cavity is mainly hydrophobic and is not 

occupied by ATP. Access to this cavity is controlled by the gatekeeper residue, which is 

the first residue of the hinge connecting the C-terminal and N-terminal lobes       

(Figure 1.19). When the gatekeeper residue is large, e.g. phenylalanine, access to the 

cavity is blocked; when the gatekeeper is smaller, e.g. threonine, the R-group of the 

gatekeeper does not restrict access to the cavity. Therefore, kinases with a small 

gatekeeper can be targeted with bulky substituents to provide potent and selective 

inhibition.   

An example of selectively targeting a kinase of a protozoan is the inhibition of CDPK1 in 

T. gondii and C. parvum using pyrazolopyrimidine compounds containing bulky 

substituents (e.g. 19a-c), which do not prevent proliferation in human cell lines128 and 

are not toxic to mice.129 This is possible due, not only to CDPKs not being present in 

humans, but also to the presence of glycine at the gatekeeper residue of CDPK1 in T. 

gondii and C. parum compared to larger gatekeeper residues in all known human 

kinases.130,131 This work led to the study of bulky pyrazolopyrimidine analogues, such 
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as BKI-1 (20) and NA-PP2 (21), as inhibitors of PfCDPK4,132 a kinase required for 

exflagellation in P. falciparum microgametes.133 PfCDPK4 has a serine gatekeeper 

residue, smaller than that of most mammalian kinases, and a binding pocket very 

similar to those found in CpCDPK1 and TgCDPK1.129 The high selectivity, low toxicity 

and the high oral bioavailability of these compounds, as well as the ability to readily 

generate them from simple starting materials, holds promise that these drug 

molecules could be used to prevent malaria transmission to humans.132   

 

 

 

 

 

 

 Covalent kinase inhibitors 1.2.6.2

Covalent inhibitors usually form a bond to a cysteine residue in or around the active 

site and thus, prevent the binding of ATP to the protein kinase.120 A kinase inhibitor is 

only efficacious when bound to the kinase; hence, the dissociation constant (Kd) plays 

an important role in the efficacy of an inhibitor. Kinase inhibitors with covalent 

irreversible binding can, therefore, achieve the ultimate goal; they can maintain 

efficacy until de novo synthesis of the target protein. However, irreversible inhibitors 

Figure 1.20: Pyrazolopyrimidine compounds containing bulky substituents such as 19a-c, 20 & 21 selectively 
inhibit CDPKs due to the presence of a glycine gatekeeper residue. 
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have only been developed for a small number of kinases.134 Protein kinases do not use 

active site cysteine residue in their catalytic cycle; hence, irreversible kinase inhibitors 

depend upon non-catalytic cysteine residues adjacent to the ATP binding site.135 

Kwarcinski et al. exploited the non-conserved cysteine (present in 1.4% of kinases) in 

the glycine rich loop of c-Src, a tyrosine kinase frequently overexpressed in cancerous 

tumours and linked to Herceptin resistant breast cancer cell lines,136 to irreversibly 

inhibit c-Src. Kwarcinski’s work showcases the ability of irreversible inhibitors to have a 

greater potency and selectivity than their reversible counterparts. 135  

1.2.7 Resistance to kinase inhibitors 

The most common single amino acid residue mutation leading to drug resistance 

occurs at the gatekeeper residue of the kinase because, although this residue plays no 

part in the binding of ATP, it is often in close contact with type I and type II inhibitors. 

This gatekeeper mutation usually prevents the inhibitor binding by sterically blocking 

the site.120 

As a result of the ever increasing resistance to current antimalarial agents, new drugs 

with novel modes of action are required. A better understanding of the key biological 

processes of the malarial parasites is necessary to achieve this. Protein kinases, in 

partnership with proteases, mediate the majority of signalling in eukaryotes56,57,58 and 

thus, understanding the function of kinases in P. falciparum would provide innovative 

targets for drug molecules. Methods for the study of phosphorylation processes within 

P. falciparum are, therefore, required. 

 

 



40 
 

Figure 1.21: Classical genetics. A: Forward classical genetics uses random mutagenesis to produce a different cell 
morphology. The gene responsible is identified through mutation mapping; B: Reverse classical genetics mutates 
a specific gene and observes the resultant change(s) in phenotype. 

1.3 Chemical genetics 

Chemical genetics is the use of small molecule tools for the study of biological systems. 

Classical genetics, which uses mutagenesis to investigate the relationship between 

genotype and phenotype, and chemical genetics can both be divided into the forward 

and reverse approach.  

 

Forward classical genetics (Figure 1.21A) aims to identify the genes responsible for the 

phenotype of interest. Through the use of DNA damaging agents or radiation, random 

mutant strains are formed and screened for the phenotype of interest. The gene 

responsible for the phenotype can then be found through mutation mapping. Reverse 

classical genetics (Figure 1.21B) aims to identify the role of a gene of interest. Firstly, a 

gene of interest is selected; secondly the gene is mutated; and thirdly the phenotypic 

differences between the mutant and wildtype are observed.137 
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Forward chemical genetics (Figure 1.22A) uses small molecules to alter phenotype. 

Compounds that induce a phenotype of interest are then selected and their target 

identified, providing insight into the function of the protein and the role of the gene. 

Reverse chemical genetics (Figure 1.22B) screens a library of compounds against a 

target protein to disrupt its function. Once a hit compound is identified it can be 

introduced into a cell and the phenotypic changes can be studied.137  

Chemical genetics offers several advantages over classical genetics. The application of 

classical genetics is limited in higher organisms, particularly mammals, due to their 

diploid genome; physical size; and slow rate of reproduction. Chemical genetic studies 

can be applied at will to organisms, including mammals, allowing for dose dependant 

experiments to be carried out. Chemical genetic studies are particularly important for 

the analysis of the function of genes that are essential for survival of the organism and 

Figure 1.22: Chemical genetics. A: Forward chemical genetics uses small molecules to alter phenotype. The 
protein responsible for this phenotype is then identified. B: Reverse chemical genetics screens a library of small 
compounds against a target protein to identify a hit compound. This hit compound can then be introduced to a 
cell and the changes in phenotype observed. 

protein

A

B

protein
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thus, cannot be knocked out without causing lethality. Multi-functional proteins can 

have several binding partners; therefore, selective ligand binding has the potential to 

modulate individual functions. In classical genetics the knockout would delete the 

protein and remove the possibility of investigating its other functions.137, 138, 139 

The main disadvantage of chemical genetics is the identification of a small molecule 

that is selective for the gene product of interest. Finding highly specific molecules, 

which do not yield off target effects, remains a significant challenge; hence, this 

approach has been combined with other tools for probing protein function, such as 

site directed mutagenesis (Section 1.4.2.1).137, 138, 139 

1.4 Using a chemical biology toolkit to explore protein kinases 

The interest in understanding disease to afford new treatments has required scientists 

to develop new techniques to aid in the unravelling of biological processes. A wide 

variety of biological and chemical techniques have been adopted to produce a 

chemical biology toolkit for exploring phosphorylation reactions catalysed by protein 

kinases. This requires not only using inhibitors to exploit naturally occurring 

differences between protein kinases but also engineering protein kinases, modifying 

protein/peptide substrates and the design of ATP derivatives and inhibitors. 

1.4.1 Inhibitor design 

Protein kinase inhibitors are not only important for the treatment of diseases but also 

in the probing of biological systems in order to gain a better understanding of the 

physiological roles of protein kinases in cellular networking.56,120 By designing 

inhibitors that have bulky substituents in appropriate trajectories, the allosteric site 

and back pocket available in some kinases can be exploited.140 For example, Cohen et 
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al. exploited the combined presence of a small threonine gatekeeper (present in ~20% 

of human kinases) and a cysteine in a position of the glycine rich loop of subdomain I 

usually occupied by a valine to selectively target three kinases: RSK1; RSK2; and RSK4, 

using bulky electrophilic inhibitors such as fmk (22).131 This provided the ability to 

study the phosphorylation pathways of RSKs, which are poorly understood; however, 

mutations in the RSK2 gene are known to cause Coffin-Lowry syndrome, a human 

disorder characterised by severe mental retardation.141 

 

 

 

 

1.4.2 Engineering protein kinases 

Due to the conserved nature of the ATP binding pocket across the protein kinome, a 

number of methods have been developed that use genetic engineering to modify the 

kinase domain. These include site-directed mutagenesis, chemical ligation, nonsense 

suppression and cross-linking. 

 Site-directed mutagenesis 1.4.2.1

Site-directed mutagenesis can be used to modify specific amino acid residues within 

the ATP binding site, causing the ATP binding site to have different special properties 

and/or functional groups. This allows ATP derivatives and inhibitors to target the 

Figure 1.23: The bulky electrophilic inhibitor, fmk (22), designed to react with an uncommon cysteine reside 
present in RSKs. 
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kinase of interest with a high affinity and specificity, permitting the study of the kinase 

of interest and its substrates in complex mixtures such as cell lysates and in vivo. 

Extensive work by Shokat et al. has shown that mutation of the gatekeeper residue 

from a medium sized gatekeeper residue (e.g. methionine (27), the most common 

gatekeeper) to a small amino acid residue (such as glycine (23) or alanine (24)) allows 

access to the back cavity of the ATP binding site.142 This permits the binding of an ATP 

analogue with a bulky substituent in the N6 position (e.g. compound 28) or a bulky 

inhibitor (e.g. 16 and 29), which is not possible in the wildtype kinase (Figure 1.25).71 

Initially developed for the study of v-Src in fibroblasts,142 this approach has been used 

in the study of a variety of enzymes such as CDK2143 and PKA144 and has led directly to 

the identification of some kinase substrates; e.g. substrates of CDK1145 and ERK2.146 

 

 

 

 

 

 

Figure 1.24: The structures of the amino acids glycine (23), alanine (24), cysteine (25), threonine (26) and 
methionine (27). Methionine (27), the most common gatekeeper residue, is much larger than glycine (23) and 
alanine (24); therefore, forming the glycine or alanine gatekeeper mutant opens up access to the back pocket, 
which would otherwise be blocked by R-group of methionine (27). The relatively conserved geometry between 
threonine (26) and cysteine (25) can be readily seen. 
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Figure 1.25: A schematic representation of an enzyme with different gatekeeper residue mutations. Enzymes are 
shown in blue and inhibitors in orange. A: wildtype kinases usually contain a medium sized gatekeeper residue 
(e.g. Met), which blocks access to the back pocket of the ATP binding site; B: Glu/Ala mutants allow much bulkier 
inhibitors to bind to the active site by allowing access to the back pocket; C: Cys mutants retain a similar 
geometry to the wildtype but can form covalent bonds with an electrophilic inhibitor.  

Figure 1.26: An example of an N6-modified ATP derivative (28); the inhibitor PP1 (16); a bulky analogue of PP1,  
1-NM-PP1 (30); and an example of an electrophilic inhibitor (31). 



46 
 

Shokat et al. demonstrated that the binding of an N6-modified ATP did not alter the 

phospho-acceptor binding site nor did it alter the site specificity of a range of peptide 

substrates for the tyrosine kinase c-Src.147  The CDK2 gatekeeper study performed by 

Elphick et al.143 showed the same to be true for serine/threonine kinases and further 

highlighted the ability of the mutant kinases to use ATP as a competing co-substrate. 

More importantly, this work found comparable Km/Vmax values for mutant CDK2 and 

the wild-type kinase. However, the enlarged binding pocket created through the 

mutation of the gatekeeper residue can lead to a near complete loss of kinase activity, 

such as that seen for Cdc5 (a member of the PLK family, involved in mitotic entry and 

exit); the <4% activity relative to wildtype for the glycine gatekeeper mutant of MEKK1 

(a MAP3K involved in programmed cell death); and <20% activity observed for the 

glycine gatekeeper mutant of GRK2 (involved in GPCR signalling).148 Sometimes this 

can be overcome by producing an alternative gatekeeper mutant; e.g. the T315G 

mutant of c-Abl was found to be unstable whereas the T315A mutant retained 

sufficient activity for in vitro inhibition studies.149 Other times it is possible to restore 

activity with a second mutation.148 These mutations are often in a β-sheet lying over 

the gatekeeper residue and usually introduce amino acid residues known to stabilise  

β-sheets and thus, promote the correct folding of the kinase into the active form.150 

Examples include the second-site mutation C57V in TbPLK L118G (vide infra)151 and 

S278V in GRK2 L271G.148  

The covalent complementarity chemical genetic approach was developed by Shokat et 

al. as a further attempt to overcome the loss of activity often observed upon the 

formation of small gatekeeper kinase mutants. The Cys gatekeeper mutant          

(Figure 1.25) was introduced into c-Src PK, forming c-SrcT228C, in preparation for 
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inhibition with small molecule electrophiles, such as (31).152 It was thought that 

because this strategy avoided enlarging the ATP binding pocket due to the similarity in 

size between threonine (26) and cysteine (25), it would preserve the geometry of the 

ATP-binding pocket and hence, prevent loss of kinase activity. The reaction of cysteine 

residues with small molecule electrophilic inhibitors had already been exploited for the 

study of RSKs (Section 1.4.1)131 and double mutants created with small gatekeepers 

and a cysteine anchor residue for the study of Fyn, c-Src and EGFR.153 Therefore, a 

cysteine gatekeeper mutant could result in selective irreversible inhibition with only 

one mutation to the kinase. Shokat et al. showed c-SrcT338C to have kcat and Km 

values, which closely mimicked the wildtype kinase and to have a catalytic activity 

(kcat/Km) 14-fold greater than that of c-SrcT338G. Using a panel of 20 electrophile 

containing inhibitors, Shaokat et al. proved that selective inhibition of the c-SrcT338G 

mutant over the wildtype kinase was possible.152  

The selective inhibition of glycine/alanine or cysteine gatekeeper mutants for the 

investigation of phosphorylation in complex mixtures is only possible due to the rarity 

of these residues in the gatekeeper position of kinases. A study of 420 kinase 

sequences found ~23% of these kinases to have a small gatekeeper and ~16% to have a 

very large gatekeeper residue. However, the majority of kinases, ~61% have a medium 

gatekeeper residue, with Met being the most common ~40%.154 When studying 

complex mixtures containing gatekeeper mutants the inhibitory effect of a bulky 

inhibitor (e.g. 16 and 30) can be attributed to the gatekeeper mutant enzyme because 

gatekeeper residues as small as glycine and alanine occur naturally in <1% of kinases 

(Table 1.1). Cysteine residues are found as the gatekeeper in only two human kinases 

(SgK494 and MAPK/MAK/MRK overlapping kinase).152 
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Table 1.1: Gatekeeper residue distribution across 420 kinases.
125

 

 

 

 

 

 

 

 

Work by Lozano-Núñez et al. produced an analogue sensitive mutant of PLK from the 

parasite Trypanosoma brucei. The TbPLK contained two mutations: the gatekeeper 

mutation L118G; and a compensation mutation C57V, which restored sufficient activity 

to TbPLK to support growth. In vitro testing of TbPLK double mutant with a bulky 

analogue of PP1 (30) showed the wildtype was unaffected by the bulky inhibitor, 

whereas the mutant TbPLK was inhibited (IC50 ~250 nM). As TbPLK was found to 

tolerate these mutations and be sensitive to the bulky inhibitor, a T. brucei cell line was 

produced that expressed no wildtype TbPLK, only mutant TbPLK. The mutant parasites 

were found to be viable and had an almost identical growth rate to that of the 

wildtype. However, in the presence of the bulky inhibitor the growth of the mutant 

parasite was halted (with 500 nM of PP1 analogue the analogue sensitive cells grew at 

~50% the rate of the control cells).151  

Gatekeeper 
No. of 

kinases 
Percentage Size 

Gly 1 0.24 S 

Ala 1 0.24 S 

Ser 3 0.71 S 

Cys 2 0.48 S 

Thr 76 18.10 S 

Val 13 3.10 S 

Ile 9 2.14 M 

Leu 72 17.14 M 

Met 169 40.24 M 

Gln 8 1.90 M 

Phe 63 15.00 L 

Tyr 3 0.71 L 
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 Chemical ligation 1.4.2.2

Chemical ligation provides another method of monitoring the binding of inhibitors to 

the active site of kinases.  As this chemical ligation can be made away from the ATP 

binding pocket, it can prevent loss of activity that is sometimes associated with 

mutations to the active site of the kinase. In this approach, kinase activity is stimulated 

by chemical or light stimuli, which are used to monitor phosphorylation and 

conformational changes associated with activity. An example is the monitoring of 

conformational changes of the p38α kinase, which is able to adopt the “DFG out” 

conformation (Section 1.2.6.1). This conformation can be monitored by placing a 

fluorophore, which is sensitive to the polarity of its surroundings, in the glycine rich 

loop of the Ser/Thr kinase p38α. The binding of an inhibitor, which stabilises the “DFG 

out” conformation can be detected by the resultant shift in the emission maximum 

(Figure 1.27).155, 156   

 

 

 

 

 

Figure 1.27: Type I inhibitors (yellow) can stabilise the DFG-in conformation, whereas Type II and III inhibitors 
(blue) can stabilise the DFG-out conformation. By introducing a polarity sensitive fluorophore into the glycine rich 
loop (blue α-helix) these conformational changes can be monitored by a shift in emission maximum between 
DFG-in and DFG-out conformations. Adapted from Simard et al.

294 
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 Nonsense suppression 1.4.2.3

Nonsense suppression allows the incorporation of phosphoamino acid mimics in a 

protein. The replacement of the phosphoamino acid with a mimic creates a 

phosphoprotein that is resistant to hydrolysis by phosphatases and hence, can simplify 

the search for phosphorylated targets.155 A fluorescent dye can also be positioned on a 

residue near to a tyrosine phosphorylation site, allowing for detection of 

phosphorylation to be monitored by fluorescence.157 

 Cross-linking 1.4.2.4

 

 

The cross-linking technique (Figure 1.28) is used to bind the substrate and kinase 

together via an ATP derivative (Figure 1.29). One method of cross-linking combines the 

use of a modified substrate (Section 1.4.3) with an ATP derivative or mimic        

(Section 1.4.4). The Ser/Thr to be phosphorylated is substituted with a Cys residue. 

The ATP derivative, o-phthaldialdehyde-benzoyl adenosine (33) binds to the ATP 

binding site and cross-links the Lys residue of the kinase to the Cys residue of the 

substrate158 (Figure 1.30). Off target hits have been removed with the development of 

Figure 1.28: A schematic representation of substrate-kinase cross-linking reactions. The kinase is shown in blue, 
the ATP derivative/mimic in red and the peptide in green. X represents either the S of a Cys or the O of a Ser/Thr.  
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Figure 1.29: Examples of ATP derivatives and mimics used to cross link the substrate and kinase: ATP (32) 
o-phthaldialdehyde-benzoyl adenosine (33), naphthalene-2,3-dicarboxaldehyde adenosine (34), aminopyrazole  
o-phthaldialdehyde-benzoyl (35), aminopyrazole thiophene-2,3-dicarboxaldehyde (36) and a γ-aryl azide ATP 
analogue (37). 

naphthalene-2,3-dicarboxaldehyde adenosine (34) as a result of an improved 

structural fit in the ATP binding pocket.159 Inhibitors with reactive groups have also 

been used in this manner to identify inhibitor-kinase matches; e.g. aminopyrazole o-

phthaldialdehyde-benzoyl (35) and aminopyrazole thiophene-2,3-dicarboxaldehyde 

(36).160  
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Another method of cross-linking requires a photo-cross-linking moiety to be 

enzymatically introduced to the phosphate site of a substrate via phosphorylation with 

a γ-labelled ATP analogue. Pflum et al. demonstrated this by incubating CK2 and a 

rhodamine-labelled CK2 peptide substrate with a γ-aryl azide ATP analogue (37) whilst 

simultaneously irradiating the mixture with UV light (365 nm) to afford a covalent 

cross-link (Figure 1.33). Following phosphorylation in-gel fluorescence scanning 

Figure 1.30: Schematic representation of the substrate-kinase cross-linking reaction using o-phthaldialdehyde-
benzoyl adenosine (33) and a substrate in which the Ser/Thr has been replaced with a Cys. The kinase is shown in 
blue and the substrate in green. 
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showed the presence of fluorophore labelled CK2, illustrating successful cross-

linking.161  

 

 

 

 

 

Figure 1.31: Schematic representation of the phosphorylation dependant substrate-kinase photo-cross-linking 
reaction using ATP-ArN3 (37) and a substrate, which can be rhodamine-labelled for easy detection. Kinase 
mediated phosphorylation of a hydroxyl containing amino acid with ATP-ArN3 in the presence of UV light leads to 
the formation of a nitrene, which causes ring expansion. This 7-membered ring readily reacts with nearby primary 
amines such as the Lys shown. The kinase is shown in blue and the substrate in green. 
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Cross-linking techniques have been used to conjugate a variety of Ser/Thr protein 

kinases to their substrates, including MAP kinases, PKA and CK2, as well as tyrosine 

kinases such as Abl.155  

1.4.3 Modifying substrates 

Kinase-substrate combinations are commonly studied using fluorescently labelled 

substrates. The conformational changes induced in a substrate upon phosphorylation 

turn on (or off) fluorescence, thereby giving rise to a direct and continuous method 

with which to monitor phosphorylation. Advantages include the ease of synthesis, a 

tuneable optical response and measurements in real time.155  

Tyrosine phosphorylation can be observed using a proximal fluorophore, e.g. pyrene, 

to monitor the phosphorylation of the neighbouring Tyr residue (Figure 1.32). The 

nuclear Overhauser enhancements between the Tyr residue and the fluorophore are 

significantly stronger in the non-phosphorylated species than the phosphorylated 

species;162 thus, phosphorylation prevents quenching and fluorescence is observed.163 

By using specific peptides containing fluorophores with non-overlapping emission 

properties, this principle has been used to simultaneously monitor Abl and Lyn activity; 

these TKs are implicated in imatinib resistant CML cell lines.164  
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Figure 1.32: Schematic representation of pyrene as a proximal fluorophore. A pyrene residue can be positioned 
close to Tyr in the peptide (blue). Upon phosphorylation of the Tyr, quenching is prevented and fluorescence is 
observed. 

 

 

 

 

 

The conformational changes that occur upon phosphorylation of a substrate can be 

used to alter the distance between two fluorophores and hence, change their physical 

properties (Figure 1.33). For example, in a study by Schults et al., green fluorescence 

protein (GFP) was attached to the C-terminal of p47 and enhanced yellow fluorescence 

protein (EYFP) to the N-terminal. Upon phosphorylation by PKC in vivo, the 

conformational change induced FRET between GFP and EYFP, revealing that this 

phosphorylation occurred in the cytosol and not the nucleus.165 An alternative to FRET 

probes is the split luciferase mechanism. The C-terminal and N-terminal fragments of 

luciferase are attached to either end of a target sequence. Upon phosphorylation, the 

two luciferase fragments are brought together, dramatically increasing fluorescence.166 

This method is advantageous over FRET because no excitation is necessary. Therefore, 

it can be used in vivo without phototoxicity.155  
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Photocaging allows control over the accessibility of the substrate during 

phosphorylation by introducing a light sensitive protecting group to the side chain of 

an amino acid of interest. These caged substrates can permeate the cell membrane 

and once inside the cell remain in a dormant/inactive state until the cage is removed 

by photocleavage, revealing the native substrate (Figure 1.34). The effects of the 

presence of the native substrate can then be measured.155, 167, 168 

 

 

 

 

 

 

Figure 1.33: Schematic representation of FRET caused by the conformational change of a substrate. Upon 
phosphorylation a conformational change occurs in the substrate (blue). This brings the GFP and EYFP in close 
enough proximity for FRET to occur; therefore, a shift in emission wavelength is observed. 

Figure 1.34: Schematic representation of a photocaged phosphopeptide. The photocaged phosphopeptide can 
cross cell membranes and remains caged until UV light is administered.
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1.4.4  Designing ATP derivatives 

ATP derivatives have been widely used for the study of the structure and mechanism 

of ATP-binding to a variety of enzymes. Modifications to the triphosphate fragment 

have resulted in ATP analogues that are commonly used as stable crystallographic 

probes.169 ATP derivatives can be used to provide insight into protein kinase-catalysed 

transformations, kinase activity, inhibitor screening and in vivo targets. The most 

common modifications for the use in kinase studies are those at the exocyclic nitrogen 

N6 of the adenine or at the γ-phosphate.155 

 N6-modified ATP 1.4.4.1

As discussed vide supra (Sections 1.2.6.1 & 1.4.1), it is possible to exploit the 

hydrophobic back pocket of the ATP binding site in kinases with a smaller gatekeeper 

residue, resulting in potent and selective inhibition using bulky inhibitors. Bulky 

substituents can be placed at the N6 position of ATP (Figure 1.26 & Figure 1.35) to 

study the phosphorylations performed by a specific/reduced number of kinases 

capable of using the modified ATP substrate. Kinases with naturally large gatekeeper 

residues can be made to accept N6 modified ATP substrates by mutating the large 

gatekeeper residue to a smaller one (Section 1.4.2.1). This approach has been used in 

several studies, including the identification of substrates of Abl and Arg kinases,170 and 

it has been shown that N6-substituents greater in size than an isopropyloxy group (38) 

are detrimental to the activity of wild-type kinases.142 
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 Modifications to the phosphate backbone of ATP  1.4.4.2

A common modification to the phosphate backbone is to exchange the bridging 

oxygen between the β- and γ-phosphates for an NH (39) or a CH2 (40) group. In these 

analogues the transfer of the γ-phosphate is prevented; thus, these analogues have 

been used in crystallisation studies to provide insight into binding states and reaction 

mechanisms.171 

 

 

Multiple γ-modified ATP derivatives have been synthesised and used by research 

groups. Upon phosphorylation, the γ-modification, or tag, is transferred to the 

substrate. Thus, these ATP derivatives can be used to provide insight into 

phosphorylation performed by kinases. The shallow, solvent exposed ATP binding 

pocket allows γ-derivatised ATP analogues to be readily tolerated by kinases.172 The 

most common method of attaching a label to the γ-position is through a 

phosphoamide bond; however, phosphoesters, phosphothioesters and phosphonates 

have been reported (Figure 1.37).155, 169, 173, 174, 175  

Figure 1.36: Structures of the non-hydrolysable ATP analogues AMPPNP (39) and AMPPCP (40). 

Figure 1.35: Isopropyloxy ATP (38), a N6 modified ATP analogue. 
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Figure 1.37: Examples of published ATP derivatives with modifications to the γ-phosphate. 

 

 

 

 

 

 

 

 

 

 

Although ATPγS (48) is an unnatural co-substrate, it is a surprisingly good co-substrate 

for many kinases. As thiophosphorylated proteins are often resistant to phosphatases, 

ATPγS (48) can be useful for the study of substrate phosphorylation in complex 

mixtures. In addition, the large downfield shift of the 31P NMR resonance of the 

thiophosphate and the difference in mass can be used to readily identify substrates 

phosphorylated by ATPγS (48) with NMR and MS.176 Thiophosphorylated substrates 

can be subsequently alkylated with alkyl halides to further aid identification/isolation 

of phosphorylated substrates; however, alkylating agents also label other cellular 

nucleophiles.177 Nevertheless, antibodies can be used to distinguish between 
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thiophosphate alkylation products and undesired alkylation products in complex 

protein mixtures.178,179 Chemoselctive thio-alkylation in the presence of cysteine 

residues can be performed under pH control (Cys pKa ~9 vs thiophosphorylated residue 

pKa <3).180 To introduce target selectivity, N6-modified ATPγS (49) can be used in 

conjunction with gatekeeper mutation of the enzyme of interest.145 

 

 

 

 

 

Peptide biotinylation can be achieved using γ-biotin derivatised ATP (42). If the peptide 

substrate is bound to a gold nanoparticle, avidin-modified gold nanoparticles can be 

added after phosphorylation, which bind to the biotinylated nanoparticle and cause 

aggregation. This aggregation results in a colour change and hence, provides the 

possibility to measure the IC50 values of inhibitors through a colourimetric assay.181 

Analysis of peptide biotinylation can also be measured using MALDI-TOF MS.172 An acyl 

analogue (46) of the phosphoamide ATPbiotin (42) has been found to react selectively 

and covalently with >75% of human protein kinases at one of the two conserved lysine 

residues known to be in the proximity of β- and γ-phosphates of bound ATP. Using this 

technique, IC50 values of ATP competitive inhibitors can be measured.182 

 

Figure 1.38: The structure of ATPγS (48) and an N6 substituted ATPγS analogue (49). 
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Another γ-modified ATP analogue, ATP-dansyl (41), can be used to transfer a dansyl 

group to peptide and protein substrates. The study conducted by Green et al. 

highlights the ability of kinases to transfer the tagged γ-phosphate to serine, threonine 

and tyrosine residues. Substrate phosphorylation can be monitored by MALDI-TOF MS. 

If the peptide substrate contains rhodamine in close proximity to the residue to be 

phosphorylated, dansylation of the Ser/Thr/Tyr residue promotes FRET. Thus, 

phosphorylation can be analysed quantitatively by measuring the increase in emission 

fluorescence.173 

Another example of a γ-modified ATP analogue in the literature is ferrocene-

conjugated ATP (43). A peptide substrate is immobilised on the surface of a screen-

printed gold electrode by mean of a sulphur bond. Phosphorylation with the                 

γ-phosphate ferrocene group can be detected using electrochemical techniques, such 

as CV.183,184 Anti-ferrocene antibodies have also been developed for the detection of 

proteins phosphorylated with a ferrocene tag using Western blot analysis.185 

One of the major problems associated with the use of ATP analogues is that they must 

compete with ATP. As the in vivo level of ATP is ~1 mM, this can be a significant 

problem.171 Attempts have be made to overcome this for N6 analogues by reducing the 

size of the base, e.g. antiviral agent Ribavirin (50) and its derivatives (e.g. 51), and 

developing kinases with ATP pockets that are restricted in size to hamper ATP binding 

(Figure 1.40).186 However, these analogues are of limited use due to being less 

selective for mutant kinases than their N6-derivatised counterparts. This is thought to 

be due to the flexibility of the kinase ATP binding region.186, 187 Conversely, despite 

many N6-ATP derivatives having a stronger binding affinity for the mutant kinases than 
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Figure 1.39: The antiviral ribavirin (50) and its bulky N4 derivative (51).  

Figure 1.40: Schematic representation of an enzyme with different ATP binding site mutations. Enzymes are 
shown in blue and inhibitors orange. A: wildtype kinases usually contain a medium sized gatekeeper residue (e.g. 
Met), which blocks access to the back pocket of the ATP binding site; B: Glu/Ala mutants allow much bulkier 
inhibitors to bind to the active site by allowing access to the back pocket; C: mutations to bulky residues at the 
ATP binding region allow the enzyme to hamper ATP binding and have preference for ribavirin derivatives. 
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ATP itself,188 this is not always the case.143 Many ATP derivatives are also unlikely to 

cross the cell wall and therefore their use is limited to in vitro assays and cell lysate 

work.171 
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1.5 Aims 

Understanding biological processes that are a cause or consequence of diseases is a 

key factor in the search for new treatments and overcoming resistance. As protein 

phosphorylation regulates most aspects of cell life, the objective of this thesis was to 

develop methodologies for the study of phosphorylation processes occurring within 

the malarial parasite Plasmodium falciparum, the most deadly species of the parasite. 

ATP-binding sites are well conserved among kinases and therefore identifying 

substrates of specific kinases through inhibition or using ATP derivatives can be 

challenging. Therefore, this thesis aimed to exploit and develop current chemical 

biology techniques to specifically study the substrates of P. falciparum kinases. In 

particular, this work focused on three kinases using two different chemical genetic 

approaches: γ-modified ATP/GTP analogues for the investigation of CK2; and covalent 

complementarity for the study of CLK1 and CLK3. 
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2 γ-modified ATP analogues for the study of CK2 

2.1 Introduction 

Protein kinase CK2, formerly casein kinase II, is ubiquitously expressed and highly 

conserved across eukaryotes. This serine/threonine kinase was the first protein kinase 

to be described and isolated upon its discovery in 1954.52 Despite its original name, 

casein is not a substrate of CK2 in vivo.189 Considerable work has been carried out to 

study the structure, substrates and function of CK2. It has been assigned >300 

substrates and many more are predicted, resulting in CK2 being deemed the most 

pleiotropic protein kinase in eukaryotic organisms.190 A common feature of these 

substrates is the presence of acidic amino acid residues surrounding the 

phosphoacceptor site.190, 191 CK2 has documented roles across many cellular processes, 

including tRNA and rRNA synthesis,192 apoptosis,193 cell survival,194 differentiation and 

cell cycle progression and is found in nearly all subcellular compartments;191 

mammalian CK2 has also been shown to phosphorylate several extracellular 

kinases.195, Its elevated activity in rapidly proliferating tissues and its potential to 

protect cells against apoptosis have evoked interest from the cancer research 

community to join the investigative attempts to comprehensively understand the 

ability of CK2 to regulate specific biological events, a feat which has eluded scientists 

for the past 60 years.196  

 

 



65 
 

2.1.1 The structure of CK2 

 

The holoenzyme of CK2 is a tetramer consisting of two catalytically active α-subunits 

and two regulatory β-subunits197 (Figure 2.1). In many species there are multiple 

isoforms of the subunits; for example, in yeast there are two catalytic subunits (α and 

α’) and two regulatory subunits (β and β’).198 In humans there are two isoforms of the 

catalytic subunit (α and α’)199 and just one regulatory subunit (β), with the holoenzyme 

able to take the form αα’β2, ααβ2 or α’2β2.200 The enzyme is found mainly as the 

holoenzyme in vivo but the isolated subunits have been found to exist in vivo in certain 

circumstances and could, therefore, have specific functions.201 In vitro the tetrameric 

holoenzyme forms spontaneously by a self-assembly mechanism, which is mediated by 

the dimerization of the two β-subunits.202 The α and α’ catalytic subunits, which are 

encoded by distinct genes, exhibit ~90% identity within their catalytic domain with the 

main difference between the two being in their C-terminal chain.196 These subunits are 

Figure 2.1: The crystal structure of the tetrameric CK2 holoenzyme. The two α-subunits are shown in yellow and 
the two β-subunits are shown in red (PDB file: 1JWH; resolution: 3.10 Å).

197 
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also conserved across animals and birds (e.g. the β-subunit is identical in humans and 

chickens), suggesting that the functional properties of CK2 have been conserved 

throughout evolution.200  

Unlike many other enzymes, the α-subunits of CK2 are constitutively active; i.e. control 

mechanisms common to other protein kinases (e.g. binding of secondary messengers, 

phosphorylation) are absent.203 Despite this, there is evidence to suggest that the 

presence of the regulatory β-subunits tunes the catalytic activity of the α-subunits. For 

example, there are some substrates that require the presence of the β-subunit for 

phosphorylation to occur204 and others, such as calmodulin,205 which are 

phosphorylated by the α-subunit but not the holoenzyme. Mutants of CK2α with 

truncated N-termini have been found to have severely impaired catalytic activity, 

highlighting the importance of the interaction between the N-terminal and the 

activation loop for activity of the α-subunit. Interestingly, in some cases, the formation 

of the holoenzyme has been shown to restore wildtype levels of activity.206 As the 

presence of the β-subunits do not turn off the catalytic activity of the enzyme, there 

must be specific interactions, whether steric or ionic, which prevent efficient binding 

of certain substrates.203 

2.1.2 CK2 as a dual-specificity kinase 

Tyrosine phosphorylation was thought to be exclusive to higher eukaryotes; however, 

there are reports of the presence of phospho-tyrosine signalling cascades in lower 

eukaryotes207 despite a lack of bona fide tyrosine kinases. Plasmodium falciparum is 

one such organism. There are no bona fide tyrosine kinases within its kinome and TKL 

kinases have only been identified with serine/threonine phosphorylation thus far; 
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however, several phospho-tyrosine phosphatases have been found208 and in vitro 

phospho-tyrosine phosphatase activity reported.209 Work carried out in the Tobin lab 

has shown that tyrosine phosphorylation accounts for ~1% of the total phospho-

proteome during the schizont stage of the parasite.210 The presence of tyrosine 

phosphorylation can be explained by the activity of dual-specificity kinases and work 

carried out in the Tobin lab highlighted the ability of PfCK2 to act as a dual-specificity 

kinase.211 This is concordant with data showing other forms of CK2 to also have the 

ability to phosphorylate tyrosine residues.212, 191 

2.1.3 Dual co-substrate specificity, a rare quality 

Perhaps the most interesting feature of CK2 is its dual substrate specificity, that is, its 

ability to use not only ATP (32) but also GTP (52) to phosphorylate a substrate.64, 65  

This trait is not completely unique to CK2. Enzymes reported able to use GTP as a co-

substrate include CaMKK,213, 214 PKCδ,215, 216 Nercc1217 and mst3.218 Despite not being 

unique, this unusual property enables the kinase responsible for phosphorylation to be 

drastically reduced from 518 human kinase to a mere handful. Hence, this quality has 

been exploited in vitro as a sensitive and specific diagnostic tool for the identification 

of CK2 activity to distinguish it from other protein kinases.219 Indeed, this feature 

provided the first indication that CK1 and CK2, which had been co-purified during early 

casein kinase research, were two separate enzymes.220, 221, 222 

 

 

Figure 2.2: ATP (32) and GTP (52) are both co-substrates of CK2. 
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Figure 2.3: The binding site of the nucleotide purine base in ZmCK2. A: The AMPPNP-ZmCK2α complex, with 
GMPPNP in black for comparison; B: The GMPPNP-rmCK2α complex, with AMPPNP shown in black. N1 and N6 
of adenosine are hydrogen bonded in a conserved way. GTP is incapable of following this same binding pattern 
and therefore, the guanine base is displaced along the backbone of the hinged region of CK2 until N1 and O6 
can hydrogen bond correctly. A water molecule sits where the N6 of ATP would be, completing the hydrogen 
bonding with the backbone.

65
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Studies carried out to ascertain the residues responsible for the dual co-substrate 

specificity of CK2α have included: sequence alignment of CK2α with other eukaryotic 

protein kinases and mutation of residues usually occupied by other amino acids, which 

resulted in only small changes to the ratio Km(GTP)/Km(ATP);223 deletion mutants, some 

of which were only stable as the holoenzyme and their affinity towards GTP was 

reduced;224 and studies of the crystal structure of CK2α alone197 or in complex with 

AMPPNP and GMPPNP,65 which revealed how GTP binds in the active site. It has also 

been found that in the presence of Mn2+ GTP is the preferred co-substrate of CK2, 

whereas in the presence of Mg2+ ATP dominates.225 

The explanation to this dual co-substrate specificity was revealed by studying the 

binding site of ATP/GTP in the CK2α subunit of recombinant Zea mays (ZmCK2α) 

(Figure 2.3). The atoms required for specific recognition of the adenine moiety (N1 and 

N6) are hydrogen bonded in a conserved way to the backbone of the hinged region 

(Figure 2.3A); however, GTP is incompatible with this hydrogen bonding pattern. The 

N1 acts as a hydrogen donor and O6 acts as a hydrogen acceptor (Figure 2.3B). In 

order for CK2α to utilise GTP, the guanine base is displaced along the backbone until 

hydrogen bond donors and acceptors match up correctly. The gap created at N6 is 

filled with water and therefore, the hydrogen-bonding potential of adenine is 

matched.65  
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Figure 2.4: The CK2 inhibitor TBB, 4,5,6,7-tetrabromobenzotriazole (53). 

2.1.4 CK2 in Plasmodium falciparum 

The full sequencing of the Plasmodium falciparum genome208 allowed for the discovery 

of the entire complement of Plasmodium falciparum protein kinases.90,96 This revealed 

that, unlike the human genome, the Plasmodium falciparum genome encodes a single 

CK2α orthologue (PF11_0096). PfCK2α has a 65% sequence identity with Homo sapiens 

and Zea mays CK2α as well as possessing the majority of features conserved among 

CK2α subunits.226,227 In the study by Holland et al.,227 in vitro tests revealed that PfCK2α 

can utilise ATP and GTP as co-substrates with similar affinities; the Km for ATP was 

recorded as 16.7 µM and the Km for GTP was recorded as 34.9 µM. TBB (53), a known 

CK2 inhibitor, inhibits PfCK2α with an IC50 curve comparable to that of human CK2α 

(PfCK2α IC50: 2M; HsCK2α IC50: 1.5M). This study also provided strong evidence that 

PfCK2α is essential to the viability of asexual erythrocytic stage parasites, validating it 

as a potential anti-malarial drug target.  

 

 

 

Although humans have only one CK2 regulatory subunit, the Plasmodium falciparum 

genome encodes for two regulatory subunits: PfCK2β1 (PF11_0048) and PfCK2β2 

(PF13_0232).90,227 Respectively, these subunits bear 33% and 39% sequence identity 

with their human equivalent and both contain many features conserved amongst CK2β 

subunits. It has been found, through reverse genetics, that both PfCK2β1 and PfCK2β2 
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Figure 2.5: The structures of four CK2 inhibitors: quinalizarin (54), CX-4945 (55), Rottlerin (56) and ML-7 (57). 

are required for the completion of the asexual erythrocytic cycle.228 PfCK2α is able to 

interact with both subunits in vitro to form the holoenzyme. Although interaction with 

the β-subunits does not drastically alter the Km of ATP, it does reduce the activity of the 

kinase towards β-casein and therefore, is likely to have a functional significance in 

vivo.227  

2.1.5 Inhibitors of CK2 

Several ATP-competitive CK2 inhibitors, e.g. TBB (53) and its derivatives,229 have been 

identified from screening programmes. Some, such as the pyrazolo[1,5-a][1,3,5] 

triazine derivatives,230 have Ki values in the picomolar range; however, in all of these 

cases selectivity for CK2 was either poor or not defined. Nevertheless, there are some 

recent studies that show promise for the selective and potent inhibition of CK2. 
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Quinalizarin (54) has been shown to have a Ki of 55 nM against human CK2, be cell 

permeable, cause apoptosis and be specific for CK2 across a panel of 75 kinases          

(at 1 µM CK2 activity had a residual activity of 7%; the second most inhibited kinase, 

PIM3, exhibited >50% residual activity).231 Work carried out by another member of the 

group demonstrated that quinalizarin inhibits PfCK2α as well as human CK2 (IC50 values 

of 2.0 µM and 0.8 µM respectively).211 

CX-4945 (55) is a potent (Ki 0.38 nM), selective and orally bioavailable small molecule 

inhibitor of human CK2.232 Developed by Cyclene Pharmaceuticals, it has been shown 

to be active against many cancer cell lines including prostate cancer,233 to supress 

metastasis of lung cancer cells234 and to reduce angiogenesis. As such, it was the first 

CK2 inhibitor to enter clinical trials.232 This selectivity is thought to be possible due to a 

smaller than usual ATP binding pocket in CK2 than in other kinases.235 The presence of 

three bulky residues gives rise to hydrophobic interactions, which stabilise the CK2-

inhibitor complex.236, 237 

Table 2.1: The IC50 values of two inhibitors, Rottlerin (56)  and ML-7 (57), with PfCK2α and HsCK2α, illustrating the 
possibility to selectively inhibit PfCK2.

227
  

 

 

 

Although PfCK2α shows 65% sequence homology with HsCK2α, it is hoped that the 

distance between these two organisms in the phylogenetic tree is enough to 

selectively target PfCK2α. Encouragingly, there is data to show that is possible to 

selectively inhibit one homologue over the other (Table 2.1); however, Rottlerin (56) is 

a weak inhibitor with multiple targets and is, therefore, an unsuitable drug molecule. 

 IC50 (µM) 

Inhibitor PfCK2α HsCK2α 

ML-7 3-4 3-4 

Rottlerin 7 >>20 
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This variance in IC50 values could be caused by the two differences within the active 

site of the two homologues; i.e. the replacement of Lys64 and Val116 of HsCK2α with 

Pro and Ile respectively in PfCK2α.
227 

2.2 Aims 

Unravelling phosphorylation networks is a challenging task due to the complexity of 

phosphorylation patterns, the huge number of phosphorylation sites and the highly 

conserved ATP binding site of kinases. At present the analysis of protein 

phosphorylation in an enzyme pathway requires the substrate of interest to be 

isolated and then analysed by mass spectrometry to determine the peptide and the 

site of phosphorylation. Although generally successful, this procedure is laborious and 

requires optimisation.171 Therefore, this thesis aimed to develop methodologies for the 

detection and analysis of PfCK2 substrates specifically, even within cell lysates. 

Kinases, including CK2, have been shown to transfer chemical tags to a peptide 

substrate upon phosphorylation using γ-modified ATP analogues, e.g. ATPγNH-linker-

coumarin (58) (Section 1.4.4.2).172 This study aimed to exploit the unusual ability of 

CK2 to utilise GTP as a co-substrate (Section 2.1.3) in order to specifically tag 

substrates of CK2 in the presence of other kinases using γ-modified GTP analogues 

(Figure 2.6). Through the transfer of a tagged phosphate, such as a fluorophore,173 the 

phosphorylated substrates would be easily detected and isolated, allowing for their 

identification.  
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Figure 2.7: ATPγNH-linker-coumarin (58), an example of a γ-modified ATP analogue with a fluorescent coumarin 
tag. 

 

 

 

 

 

Cyclene Pharmaceuticals would not supply a sample of the highly selective CK2 

inhibitor CX-4945 (55); however the synthesis of this molecule and other derivatives 

has been published.238 Therefore, it was decided to synthesise CX-4945 (55) and 

several of its analogues in order to ascertain whether they have the same inhibitory 

effect with PfCK2 as with HsCK2.  

To summarise, the aims of this chapter were: to synthesis a selection of γ-modified 

ATP and GTP analogues such as (58) for use as a co-substrate with mammalian and P. 

falciparum CK2; to synthesise CX-4945 (55) and some of its analogues to screen them 

against PfCK2; to express and purify PfCK2α; to obtain proof of phosphorylation by the 

Figure 2.6: A schematic representation of CK2 (blue) being able to use a γ-modified GTP analogue to 
phosphorylate its substrate (green). Other kinases (green and orange), on the other hand, cannot use GTP as a co-
substrate and, therefore, do not transfer a tagged phosphate to their substrates (purple and red). 
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modified co-substrates using MALDI-TOF MS; to establish the kinetic parameters of the 

co-substrates with both PfCK2α and mammalian CK2; and to establish whether there is 

any selectivity between mammalian and P. falciparum CK2 with CX-4945 (55) and its 

derivatives. 

2.3 Synthesis of ATP analogues 

Protein kinases coordinate complex events in eukaryotes through the transfer of a 

phosphate group from ATP to a substrate. This phosphorylation event causes changes 

in the conformation of the substrate, altering its activity and consequently, has an 

effect on the subsequent events in a phosphorylation pathway. Mammalian CK2 has 

been shown to accept γ-modified ATP derivatives and transfer the tagged phosphate 

to CK2 substrates.172 A tool box of these compounds was required to assess whether 

the same is true for PfCK2. This was carried out with a view to synthesising γ-modified 

GTP derivatives to specifically tag CK2 substrates in the presence of other kinases. This 

was thought possible due to the unusual dual co-substrate specificity exhibited by 

CK2.64, 65, 227  

A group of purine triphosphate analogues (Figure 2.8) with a range of chemical tags on 

the γ-phosphate were synthesised. A combinatorial synthetic approach was used to 

enable the same linker to be used where possible. Initially, the use of a 

phosphoramidate was envisaged for the formation of an ATP-linker-tag and, therefore, 

P-N analogues were synthesised (58, 59 & 60). However, the acid liability of this 

bond211,174 resulted in the search for a more stable method of attaching the linker and 

tag to the purine triphosphate. For this reason, a P-C analogue (63) and a P-S analogue 

(62) were synthesised and the synthesis of a P-O (61) analogue was attempted. 
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Figure 2.8: The ATP analogues synthesised in this work: ATPγNH-linker-coumarin (58), ATPγNH-linker-alkyne (59), 
ATPNH-PEG-N3 (60), ATPO-PEG-N3 (61), ATPγSEt (62), ATPγEt (63). 

 

 

 

 

 

 

 

 

 

2.3.1 Initial proposed route for P-N analogues 

The initial proposed synthetic route for P-N analogues (Scheme 2.1) involved the 

conversion of tetraethylene glycol (64) to the bis-azide analogue (65), which could 

then be converted to the N3-PEG-NH2 (66) for the formation of A/GTPNH-PEG-N3 (60 & 

99) or converted to the bis-amine analogue (67) for the synthesis of other analogues 

such as ATPalkyne (59).  
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Scheme 2.1: Initial proposed synthesis for ATP analogues. Reagents and conditions: a) i) MeSO2Cl, THF, TEA 
dropwise at 0° C, 12 hr RT ii) NaHCO3, NaN3, water, reflux 12 hr, 64% ; b) i) H3PO4, PPh3, water, 0°C 45 min, 12 hr 
RT ii) KOH, 3 hr RT; c) Pd/C 10%, MeOH; d) BOC2O, MeOH; e) 4-pentyoic acid, DCC, NHS, DIPEA, DMF; f) TFA, DCM; 
g) ATP, EDC, water, THF. 

 

The synthesis of the bis-azide (65) from tetraethylene glycol (64) followed by the mono 

reduction to N3-PEG-NH2 (66) was facile and produced (66) in 45% yield over the two 

steps. However, reduction of the bis-azide (65) with 10% Pd/C resulted in the 

formation of predominately (72). Compound (72) is presumably formed by SN2 attack 

of a bis-amine (67) or N3-PEG-NH2 (66), formed during the reduction, on a N3-PEG-NH2 

(66) to eliminate azide (Scheme 2.2). This was, in part, due to concentration because 

under more dilute conditions less (72) was formed. To further reduce this formation an 

alternative route was sought (Scheme 2.3). 
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2.3.2 Revised route for P-N analogues 

  

 

 

 

 

 

 

The N3-PEG-NH2 (66) was BOC protected and purified by flash column chromatography 

to give N3-PEG-NHBOC (72) in 34% yield. This was then further reduced using 10% Pd/C 

to yield NH2-PEG-NHBOC (68) in 88% yield. Coupling of NH2-PEG-NHBOC (68) to           

4-pentynoic acid using DCC and NHS afforded NHBOC-linker-alkyne (69) in 4% yield 

following purification and was de-protected to give NH2-linker-alkyne (70) in 

quantitative yield without further purification. 

 

 

Scheme 2.2: SN2 attack of bis-amine (67) on N3-PEG-NH2 (66) to afford (71). 

Scheme 2.3: Revised synthesis for ATP analogues. Reagents and conditions: a) BOC2O, MeOH, RT, 12 hr, 34%; b) 
Pd/C 10%, MeOH, RT 88%; c) R-COOH, DCC, NHS, DIPEA, DMF, 40% when R-COOH was 4-pentynoic acid; d) TFA, 
DCM; e) ATP, EDC, water, THF. 
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2.3.3 Nitrobenzofurazan as an alternative fluorescent tag 

 

 

 

 

Due to its proposed two step synthesis from the already synthesised N3-PEG-NH2 (66), 

the synthesis of nitrobenzofurazan bound to the linker was sought to form an 

alternative fluorescent ATP tag. Originally it was thought that the N3-PEG-NH2 (66) 

could be reacted with 4-chloro-7-nitrobenzofurazan and then reduced to give  

NH2-PEG-Ar (74), ready to couple to ATP. N3-PEG-Ar (73) was readily synthesised and 

purified in 69% yield from N3-PEG-NH2 (66). Staudinger reduction of N3-PEG-Ar (73) 

was attempted but only starting material was identified. 

 

 

 

 

An alternative route to NH2-PEG-Ar (74) (Scheme 2.4) was to react BOCNH-PEG-NH2 

(68) with 4-chloro-7-nitrobenzofurazan to form BOCNH-PEG-Ar (75) followed by de-

protection with TFA.  Synthesis and purification of BOCNH-PEG-Ar (75) was readily 

Scheme 2.1: Initial synthetic route for the nitrobenzofurazan tag & linker. Reagents and conditions: a) 4-chloro-7-
nitrobenzofurazan, NaHCO3, water, RT 12 hr, 69 %; b) i) H3PO4, PPh3, water, 0°C 45 min, 12 hr RT ii) KOH, 3 hr RT. 

Scheme 2.4: Revised synthetic route for the nitrobenzofurazan tag & linker. Reagents and conditions: a) 4-chloro-
7-nitrobenzofurazan, NaHCO3, water, RT 12 hr, 60%; b) TFA, DCM, RT 2 hr. 
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achieved in 60% yield and de-protection followed to give NH2-PEG-Ar (74). However, 

comparison of the product to the NMR sample by TLC (10% [10% NH4 in MeOH] in 

DCM) showed that the sample had degraded during NMR analysis. Despite attempted 

recovery by flash column chromatography, no product was isolated. 

2.3.4 Coupling to ATP to form P-N analogues 

ATPγNH-PEG-N3 (60), GTPγNH-PEG-N3 (99) and ATPγNH-linker-alkyne (59) were 

synthesised by coupling ATP to the relevant tagged linker, NH2-PEG-N3 (66) and NH2-

linker-alkyne (70), and purified by ion exchange chromatography.  Further purification 

by RP-HPLC was required to remove A/GDP, which co-eluted with the analogues as 

these compounds have the same charge, and to ensure that no A/GTP was present.  

The low yield for the synthesis of GTPγNH-PEG-N3 (99) can be attributed to adding EDC 

(76) to a mixture of GTP and NH2-PEG-N3 (66) rather than pre-activating the GTP with 

EDC. This resulted in the formation of (77), reducing the amount of NH2-PEG-N3 (66) 

available to react with GTP (Scheme 2.5). 

 

 

 

 

Crude ATPγNH-linker-alkyne (59) was stirred with coumarinazide (78) in a 1,3-dipolar 

Huisgencycloaddition “click” reaction. However, no product was obtained. As this has 

been previously synthesised by another lab member211 and used in kinetic studies 

(Section 2.5.9), it is thought that this was due to the dilution of the reaction. ATPγNH-

Scheme 2.5: If A/GTP is not pre-activated with EDC (76) or there is excess EDC present, it can react with the amine 
to be coupled to the ATP, in this case NH2-PEG-N3 (66), to give (77). 
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PEG-alkyne (59) used was not pure, further decreasing the concentration of the 

reagent.  

 

 

 

 

 

 

 

These ATP phosphoramidate analogues (58, 59 & 60) were previously synthesised and 

isolated by another group member.211 These and the GTPγNH-PEG-N3 (99), synthesised 

here, (as well as ATPγEt (63) (Section 2.3.7)) were purified using RP-HPLC with TEAA 

buffer as used in the initial analysis of these analogues as substrates for PfCK2α 

(Section 2.5). However, it was decided to use TEAB buffer for the RP-HPLC 

purification239 of the re-synthesised ATP analogues because it is easier to remove than 

TEAA and this buffer was already in use for ion exchange chromatography. However, 

degradation occurred during/after purification by RP-HPLC in this new buffer system 

for the P-N analogues. After this problem was discovered, investigations were 

undertaken using ATPγNH-PEG-N3 (60). 

Prior to RP-HPLC purification, the analytical RP-HPLC trace of ATPγNH-PEG-N3 (60) 

showed predominantly two peaks (Figure 2.9) that were well resolved. The sample was 

Scheme 2.2: Synthetic route for ATPγNH-linker-coumarin (58). Reagents and conditions: a) CuSO4, sodium 
ascorbate, water, methanol, RT 3 hr. 
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ATP

ADP

ATPγNH-PEG-N3

purified by semi-prep RP-HPLC and the fractions containing ATPγNH-PEG-N3 (60) were 

pooled and concentrated in vacuo followed by several evaporations with methanol to 

remove excess TEAB. RP-HPLC analysis (Figure 2.10) showed the sample to contain the 

same ADP and ATP impurity peaks as before. As the separation was good (over 2 min) 

and small fractions (20 s) were collected, it was postulated that this was due to 

degradation.  A further round of semi-prep RP-HPLC followed but afforded the same 

result. 

 

 

 

 

 

 

 

As the P-N bond is known to be acid labile211, 174 and acidic buffers are often used in 

these RP-HPLC systems, tests were carried out to ensure the columns were being used 

at a suitable pH for the P-N analogues. The standard procedure for changing from the 

acidic buffer to the TEAB buffer was to wash the column with 100% water for a 

minimum of 10 min, followed by a minimum of 10 min equilibration with 100%    

Buffer A (50 mM TEAB in water). Therefore, the pH of the eluent from both the semi-

Figure 2.9: RP-HPLC trace of ATPγNH-PEG-N3 (60) before purification by semi-prep RP-HPLC. 
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ATPγNH-PEG-N3

ATP

ADP

prep and analytical columns were tested after a 10 min water wash followed by 10 min 

equilibration with 100% Buffer A. The pH was found to be ~5.5 after the water wash 

and ~8.0 after equilibration with 100% Buffer A. It was therefore concluded that these 

wash and equilibration times were adequate. 

 

 

 

 

 

 

 

 

ATPγNH-PEG-N3 (60) was purified by analytical RP-HPLC, concentrated and subjected 

to several methanol evaporations before being analysed by analytical RP-HPLC    

(Figure 2.11). Only trace amounts of ATP/ADP were seen; the sample was 

predominantly ATPγNH-PEG-N3 (60). This indicated that concentrating the sample and 

performing methanol evaporations was not the cause of degradation. It was, 

therefore, decided to purify more ATPγNH-PEG-N3 (60) using analytical RP-HPLC ready 

for use in Caliper electrophoresis.  

 

Figure 2.10: RP-HPLC trace of ATPγNH-PEG-N3 (60) after first purification by semi-prep RP-HPLC.  
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The default settings on the analytical RP-HPLC wash the loop with 80 μL (4 x loop 

volume) and overfill the loop by a factor of 2. Due to only a small amount of sample 

remaining, it was decided to reduce to wash volume to the recommended minimum of 

40 μL and to only overfill the loop by a factor of 0.2. However, this caused the sample 

to be eluted in the dead volume due to trace amounts of acetonitrile in the loop from 

the loop cleaning method. Therefore, the default settings were used. Insufficient 

ATPγNH-PEG-N3 (60) was collected for analysis by NMR or for kinetic studies using 

Caliper capillary electrophoresis. Due to time constraints, it was not possible to further 

investigate the problems experienced with degradation. 

 

 

 

ATPγNH-PEG-N3

Figure 2.11: RP-HPLC trace of ATPγNH-PEG-N3 (60) after purification using analytical RP-HPLC. 
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2.3.5 Synthetic routes for the synthesis of P-O analogues of ATP 

 

 

 

 

 

 

Tetraethylene glycol (64) was converted to N3-PEG-OH (79) in 83% yield in a method 

analogous to that for bis-azide (65) synthesis (Scheme 2.1). Coupling of N3-PEG-OH 

(79) to ATP was attempted with both EDC and DCC but only starting material was 

observed. Alternative routes for the synthesis of P-O ATP analogues were sought. 

 

 

 

 

 

 

Synthesis of N3-PEG-Br (80) from N3-PEG-OH (79) using PBr3 was unsuccessful when 

stirred at room temperature or heated to reflux overnight in diethyl ether and when 

heated to reflux overnight in toluene (Scheme 2.7). An alternative method for the 

Scheme: 2.6: Initial synthetic route for ATPγO-PEG-N3 (61). Reagents and conditions: a) i) MeSO2Cl, TEA, DCM, 0°C 
45 min, RT 12 hr ii) NaN3, NaHCO3, DCM, reflux 12 hr; b1) ATP, EDC, water, RT, 3 hr or b2) ATP, DCC, DMF, TEA, 
40°C, 12 hr. 

Scheme 2.7: Second synthetic route for ATPγO-PEG-N3 (61). Reagents and conditions: a1) PBr3, diethyl ether, RT, 
12 hr or a2) PBr3, diethyl ether, reflux, 12 hr, or a3) PBr3, toluene, reflux 12 hr; b) ATP, DMF, RT, 12 hr. 
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Scheme 2.8: Third synthetic route for ATPγO-PEG-N3 (61).  Reagents and conditions: a) i)MeSO2Cl, TEA, DCM, 0°C, 
45 min ii) RT 12 hr 38%; b) (Bu)4N

+
, acetonitrile, 50°C 12 hr 36%; c) ATP, DMF, RT, 12 hr. 

 

synthesis of N3-PEG-Br (80) was found (Scheme 2.8). N3-PEG-Meso (81) was 

synthesised from N3-PEG-OH (79) and readily converted to N3-PEG-Br (80); however, 

the reaction of N3-PEG-Br (80) with ATP was unsuccessful and only starting materials 

were observed by MS. 

 

 
 
 
 

 

 

 

N3-PEG-OH (79) was converted to N3-PEG-OPO3H2 (82) using POCl3. The product was 

detected by LCMS and used without further purification. No product was observed by 

MS for the reaction of ADP with N3-PEG-OPO3H2 (82); only ATP, ADP and AMP were 

evident. This suggested that H3PO4 made in situ during N3-PEG-OPO3H2 (82) synthesis 

had reacted with ADP. 

 

 

 

 

 Scheme 2.9: Fourth synthetic route for ATPγO-PEG-N3 (61).  Reagents and conditions: a) POCl3, TEA, ether,  -78°C 
30 min, RT, 12 hr; b) Pre-activated ADP (i) ADP, CDI, DMF, RT, 12 hr ii) MeOH, RT, 30 min), DMF, RT, 12 hr. 
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ATP P-O analogues were not prepared. As mesyl is a good leaving group,240 the 

synthesis of (61) could be attempted by directly reacting N3-PEG-Meso (81) with ATP, 

rather than going through N3-PEG-Br (80). N3-PEG-Br (80) could also be reacted directly 

with the ATP disodium salt in water.241 Purification of N3-PEG-OPO3H2 (82) to remove 

excess H3PO4 could result in successful synthesis of (61), instead of the synthesis of 

ATP, because there would no longer be phosphoric acid competing with  

N3-PEG-OPO3H2 (82) to react with ADP. 

2.3.6 Synthesis of ATPγSEt 

 

 

 

 

ATPγS (48) was reacted with iodoethane in a 1:1 ratio to reduce the possibility of 

alkylation at multiple sites due to electrophilic attack on the adenosine (Scheme 2.12) 

instead of the desired electrophilic attack on the sulphur (Scheme 2.11). The reaction 

was monitored by 31P & 1H NMR. No product was afforded after 24 hr so additional 

iodoethane was added. After a further 48 hr 31P NMR confirmed the presence of 

multiple ATP species. Purification by RP-HPLC followed by ESMS confirmed the 

presence of ATPγSEt (62). Although the 550 [M-H+] ion only proves the presence of an 

alkylated ATPγS substance, the presence of the [ADP-H+] fragment at 426 proves that 

the ethylation occurred on the S, rather than on the adenosine. Only 10 nmol were 

isolated after RP-HPLC; hence, it was not possible to perform NMR analysis on ATPγSEt 

Scheme 2.10: Synthetic route for ATPγSEt (62). Reagents and condtions: a) iodoethane, MeOD, D2O, RT, 48 hr. 
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(62). Due to the poor conversion and price of ATPγS (48), it was decided not to 

continue with the synthesis. However, as RP-HPLC conditions were established during 

this initial synthesis, it would be possible to carry out the reaction under more 

concentrated conditions and monitor progress by RP-HPLC instead of NMR, potentially 

increasing the amount of product produced.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.11: The mechanism for the SN2 reaction between the γS of ATPγS (48) and iodoethane. 
 

Scheme 2.12: SN2 alkylation can occur at three positions on the adenine of ATPγS (48). 
 



89 
 

2.3.7 Synthesis of ATPγEt 

 

 

 

 

 

 

 

 

ADP (83) was reacted with morpholine to produce ADP-morpholidate (84), which was 

purified by ion exchange chromatography. This afforded a mixture of ADP-

morpholidate and AMP, due to their identical charge, which was then reacted with 

ethylphosphonic acid to produce ATPγEt (63). Purification by ion exchange 

chromatography was followed by HPLC to ensure the removal of ADP and ATP. The 

synthesis was relatively facile; however, a much shallower HPLC gradient was required 

than for the P-N analogues to ensure separation from ATP and ADP (Figure 2.12). 

There was no problem with degradation following RP-HPLC purification with TEAB 

buffer (Figure 2.13), unlike for the P-N analogues (Section 2.3.4). 

  

 

 

Scheme 2.13: Synthetic route for ATPγEt (63). Reagents and conditions: a) morpholine, DCC, 
t
BuOH, water, reflux, 

12 hr, 30% crude; b) ethylphosphonic acid, DMSO, 40°C, 48 hr, 9%. 
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Figure 2.12: RP-HPLC trace of ATPγEt (63) spiked with ADP and ATP. 

Figure 2.13: RP-HPLC trace of ATPγEt (63) after purification by RP-HPLC. 
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2.4 Synthesis of CX-4945 and analogues 

The synthesis of CX-4945 (55) was sought for its potential to selectively inhibit PfCK2 

within the parasite. The potency and selectivity of the small molecule inhibitor CX-

4945 (55) for human CK2 made it and its derivatives interesting molecular probes for 

the study of phosphorylation pathways of PfCK2. As PfCK2 is essential for sexual 

proliferation of the parasite,115 Knock-out mutants cannot be used to study the cellular 

processes PfCK2 is involved in. Inhibitors can be used in a dose dependent manner to 

study the effect of reduced kinase activity. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.14: Synthetic route for CX-4945 (55). Reagents and conditions: a) PD/C-10%, methanol, ethanol, RT,      
2 hr 98%; b) ethyl 3-bromoisonicotinate, PdCL2(dppf), NaOAc, DMF, 125 °C, 12hr, 64%; c) POCl3, 110 °C, 72 hr, 50% 
purity by NMR; d) p-choloraniline, NMP, 80 °C, 12 hr, 2.5%; e) i) THF, LiAlH4,- 40°C, 1 hr, ii) H2O; f) iodopropanol, 
K2CO3, DMF, 100 °C, 1.5 hr. 
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The published synthesis of CX-4945 (55)238 used 2-amino-4(methoxycarbonyl)phenyl) 

boronic acid (86) as the starting point; however, in this synthesis 2-amino-

4(methoxycarbonyl)phenyl)boronic acid (86) was produced by the reduction of 2-nitro-

4-(methoxycarbonyl) phenyl)boronic acid (85) with Pd/C-10%. It was found that if the 

solution was not dilute enough the starting material would precipitate out of solution 

during synthesis, reducing the yield. The CH protons are not well resolved in the 1H 

NMR, resulting in a broad 2H singlet instead of two doublets. However, this concurs 

with an NMR spectra provided by Combi-blocks, from whom the starting material (85) 

was obtained, and it is likely this is caused by coupling to the boron. 

5-Oxo-5,6-dihydrobenzo[c][2,6]naphthyridine-8-carboxylate (87) was synthesised from 

the Suzuki cross-coupling of (86) with ethyl 3-bromoisonicotinate using PdCl2(dppf). In 

modification to the literature method,238 after the product had been precipitated with 

water, it was collected by centrifugation, rather than filtration, and the process 

repeated twice more to remove the water soluble palladium catalyst, PdCl2(dppf).242 

Compound (87) was then reacted with iodopropanol to afford two isomers (88) and 

(89), as confirmed by LCMS and TLC. In the interest of time these compounds were not 

isolated or further pursued. These compounds were of interest as their analogues (92) 

& (93) were found to have IC50 values for mammalian CK2 of approx. 1 µM.238 

 

 

 

Figure 2.14: Two analogues of CX-4945, (92) & (93) inhibit mammalian CK2 with IC50 values of 1.50 and 0.99 µM 
respectively.

238 
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Scheme 2.15: Mechanism for the suggested SN1 attack of water to displace chlorine, resulting in the reformation 
of the starting material (86). 

5-Oxo-5,6-dihydrobenzo[c][2,6]naphthyridine-8-carboxylate (87) was reacted with 

POCl3 to afford 5-methyl-5-chlorobenzo[c][2,6]naphthyridine-8-carboxylate (90) by 

LCMS and 1H NMR; however, the crude sample was black and not very soluble. 

Extraction with DCM was unsuccessful; thus, the alternative workup, dissolving the 

crude sample in acetonitrile and precipitating with iced water, suggested in the 

literature,238 was used. However, rather than giving only the product, this afforded two 

compounds by LCMS (Rt 1.93; m/z calculated 273.0431 [M+H+] observed 273.0427 & 

275.0414 & Rt 1.38; m/z calculated 255.0770 [M+H+] observed 255.0778). Initially it 

was thought that this second compound was unreacted starting material but prior to 

the addition of water, this species was not detected by MS. It was, therefore, 

concluded that water could act as a nucleophile to displace the chlorine group, 

affording the starting material (87) (Scheme 2.15). 
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Methyl 5-((3-chlorophenyl) amino)benzo[c][2,6]naphthyridine-8-carboxylate (91) was 

synthesised and purified in low yield (2.5%) from (90). Due to the difficulty in isolating 

(90) and time constraints, the synthesis of (55) was not completed.  

 

2.5 Analysis of ATP analogues as substrates of CK2 

2.5.1 Expression and purification of PfCK2α 

The pGRX-2T plasmid containing the coding sequence for the bacterial expression of 

PfCK2α-GST fusion protein was transformed into BL21-CodonPlus (DE3)-RIPL 

competent cells and PfCK2α-GST was successfully expressed and purified using 

glutathione affinity chromatography. The concentration of protein was measured using 

a Bradford assay and the percentage of PfCK2α-GST calculated using densiometry. As 

the GST tag was at the N-terminus of the PfCK2α, truncated proteins eluted together 

with the full length protein during purification. It was hypothesised that if the tag used 

for purification were on the C-terminus, only the full length protein would be retained 

on the column and truncated proteins would be removed during the washes; hence, 

the purity would increase. A pLEICS-05 vector containing the coding sequence for the 

bacterial expression of PfCK2α-His6 fusion protein was, therefore, produced by PROTEX 

(University of Leicester). PfCK2α-His6 was indeed purer than PfCK2α-GST, as can be 

seen in (Figure 2.15), with the PfCK2α-His6 being approx. 50% of the total protein 

content compared to 25% for PfCK2α-GST.  
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2.5.2 Establishing activity – Quantitative analysis 

Initial assays were performed to confirm the activity of PfCK2α-GST and PfCK2α-His6 

were active by measuring the cpm (representing phosphorylated peptide) with 

increasing enzyme concentration. The enzymes were shown to be active because as 

the concentration of enzyme increased so too did the phosphorylation of the peptide 

substrate until the concentration of peptide became a limiting reagent, resulting in the 

plateau observed (Figure 2.16 & Figure 2.17). These curves were used to decide the 

quantity of PfCK2α to be used in the subsequent assays for the determination of the 

kinetic parameters of these enzymes with ATP and GTP. A compromise was needed 

between a level of activity that provided a cpm at least an order of magnitude above 

the background level and a level that ensured the extent of phosphorylation was low 

enough to enable steady state assumptions to be made.   
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Figure 2.15: SDS-PAGE of PfCK2 after purification. A: PfCK2α-GST fusion protein where the tag is on the                 
N-terminus; B: PfCK2α-his6 fusion protein where the tag is on the C-terminus. 
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When activity checks were performed periodically on the same batch of PfCK2α-GST, it 

was found that PfCK2α-GST activity diminished over time (Figure 2.18) despite being 

stored as aliquots at -80°C and not subjected to multiple freeze-thaw cycles. Hence, it 

was necessary to purify PfCK2α in small batches and for kinetic assays to be performed 

as soon as possible thereafter. This instability could be a result of remaining enzyme 

impurities produced during protein preparation, the optimum buffer conditions not 

Figure 2.16: Dependence of rate on the concentration of enzyme. Increased rate (i.e. increased phosphorylated 
peptide) was observed with increasing enzyme concentration for PfCK2α-GST. 
 

Figure 2.17: Dependence of cpm (i.e. increased phosphorylated peptide) on the concentration of enzyme. 
Increased phosphorylation was observed with increasing enzyme concentration for PfCK2α-His6. 
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Figure 2.18 The activity of a batch of PfCK2α-GST measured on different dates and compared to the activity of the 
same batch on 20/01/2011. Activity diminished over time. 

being used, a change in pH upon freezing due to ice crystal formation, or inherent 

instability of the kinase. It has been found that some CK2 mutant kinases with 

truncated N-termini are unstable and inactive as the CK2α subunit but activity is 

restored upon formation of the holoenzyme.206 It is therefore plausible that the 

PfCK2α subunit is stabilised by the β-subunits and activity would be regained upon 

formation of the holoenzyme. During the conference Molecular Approaches to Malaria 

2012, discussion with another researcher, who has worked on PfCK2α, highlighted that 

this is a common problem with PfCK2α and has resulted in it no longer being used in 

multi-enzyme drug screens by that group. 

 

 

 

 

 

 

 

2.5.3 Peptide phosphorylation analysis by MALDI-TOF MS 

To demonstrate unequivocally the use of γ-modified ATP analogues by mammalian 

CK2 and PfCK2α and the transfer of the intact phosphate tag to the peptide substrate, 

an assay using analysis by mass spectrometry was explored. The enzymes were 
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Figure 2.19: The structure of the GTP derivative, GTPγS. 

incubated with ATP or an ATP analogue and a known peptide substrate for CK2 for 2-

18 hr. The sample was desalted by Zip Tip and analysed by MALDI-TOF MS. The mass of 

each tagged phosphorylated peptide should be unique to the analogue used         

(Table 2.2) rendering them readily identifiable by MS.  

Table 2.2: Expected mass of peptides RRRADDSDDDDD (used with PfCK2α) and RRREEETEEE (used with 
mammalian CK2) phosphorylated with different tags. Peptide masses prior to phosphorylation: RRRADDSDDDDD 
1449.5716 Da & RRREEETEE 1361.6171 Da. 

 

 

 

 

 

 

 

 

 

 

For both mammalian CK2 and PfCK2α the corresponding phosphorylated peptides 

were observed as expected when using ATP (32) as a co-substrate (Figure 2.20), 

validating their use as substrates for these enzymes. However, when GTP (52) was 

used as a co-substrate phosphorylation was only observed with mammalian CK2 

(Figure 2.21). This was surprising due to work published by Holland et al.,227 which 

 Mass (Da) 

Co-substrate 
Phosphorylated 

RRRADDSDDDDD 
Phosphorylated 

RRREEETEEE 

ATP (32) 1529.5380 1441.5835 

GTP (52) 1529.5380 1441.5835 

ATPγNH-PEG-N3 (60) 1729.6653 1641.7108 

ATPγEt (63) 1541.5744 1453.6199 

ATPγS (48) 1545.5151 1457.5606 

GTPγS (94) 1545.5151 1457.5606 
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reported GTP as a substrate for PfCK2α, but is supported by the kinetic studies carried 

out in Leicester (Section 2.5.5) and Grenoble (Section 2.5.6). Therefore, further 

investigation was required before embarking upon the synthesis of GTP analogues for 

the study of PfCK2 phosphorylation pathways.  

 

 

 

 

 

 

 

 

 

999.0 1399.4 1799.8 2200.2 2600.6 3001.0

Mass (m /z)

0

2.2E+4

0

10

20

30

40

50

60

70

80

90

100

%
 I
n
te

n
s
it
y

Voyager Spec #1[B P = 1441.4, 22184]

1441.4466

1349.3720

1444.4541

1361.4933
1577.3215

A

699.0 1359.4 2019.8 2680.2 3340.6 4001.0

Mass (m /z)

0

1.1E+4

0

10

20

30

40

50

60

70

80

90

100

%
 I
n
te

n
s
it
y

Voyager Spec #1[BP = 1432.7, 10565]

1432.6864

1414.6640

1530.7518

1396.6412

1318.5079
813.4696

1010.3168 1552.7646 2067.9142

B

Figure 2.20: MALDI-TOF MS analysis of kinase assays with ATP (32) as the co-substrate. Peptide labelled in red 
and phosphorylated peptide in blue. A: Using mammalian CK2 with peptide RRREEETEEE; B: Using PfCK2α with 
peptide substrate RRRADDSDDDDD. Phosphorylation was observed using both mammalian CK2 and PfCK2α. 
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Figure 2.21: MALDI-TOF MS analysis of kinase assays with GTP (52) as the co-substrate. Peptide labelled in red 
and phosphorylated peptide in blue. A: Using mammalian CK2 with peptide RRREEETEEE; B: Using PfCK2α with 
peptide substrate RRRADDSDDDDD. Phosphorylation was observed using mammalian CK2 but not PfCK2α. 



100 
 

The expected masses of the azide-tagged phosphorylated peptide 1729.6653 Da 

(PfCK2α) and 1641.7108 Da (mammalian CK2) were not observed for either kinase with            

ATPγNH-PEG-N3 (60) or other P-N analogues;211 only phosphorylated peptide was 

detected (Figure 2.22). Since the ATP analogues were established to be free from ATP 

by HPLC analysis prior to the assays (Figure 2.23) and analogues such as these were 

reported to be accepted by CK2 by Pflum et al.,173, 172, 243 it was concluded that the P-N 

bond was unstable during the experimental conditions used. The analogues were 

shown to be stable during their purification, concentration and characterisation. The 

most likely cause of this P-N bond cleavage was the acidic conditions of the Zip Tip 

desalting procedure. This Zip Tip treatment was necessary to remove the high salt 

content present in the buffered sample prior to MALDI-TOF MS and therefore, this 

step was unavoidable.   
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Figure 2.22: MALDI-TOF MS analysis of a kinase assay using mammalian CK2 with peptide RRREEETEEE with 
ATPγNH-PEG-N3 (60) as the co-substrate. Peptide labelled in red and phosphorylated peptide in blue. No tagged 
phosphorylation was observed (expected mass 1729.6653) only untagged phosphorylation. 
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Further study using HPLC showed that after 5 min incubation in 0.1% TFA 40% of    

ATP-N-linker analogue was hydrolysed and after 1 hr the whole sample had degraded 

(Figure 2.24).211 Hacker et al.174 have since confirmed this with a study of the stability 

Figure 2.23: HPLC overlay of ATP (blue) and ATPγNH-linker-coumarin (58) (red), highlighting the lack of ATP 
present after purification of the analogues. Monitored at λmax 260 nm. 

Figure 2.24: HPLC analysis for the stability of ATPγNH-PEG-N3 (58), in acidic conditions, monitored at λmax 260 nm. 
A: ATPγNH-PEG-N3 (58) before being subjected to 0.1% TFA; B: ATPγNH-PEG-N3 (58) after 5 min in 0.1% TFA. The 
degradation to ATP can be seen; C: ATPγNH-PEG-N3 (58) after 1 hr in 0.1% TFA, showing very little              
ATPγNH-PEG-N3 (58) remaining.

211 
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of a variety of modified ATP analogues over a broad pH range, which demonstrated 

that P-N-linkers show signs of degradation at pH 5.5 and are completely degraded at 

pH 2.0. P-C-linkers and P-O-linkers, on the other hand, were stable from pH 12.0 to   

pH 2.0. An alternative to the P-N-linker was therefore required. 

 

 

The use of ATPγS (48) as a co-substrate by both enzymes was illustrated by the 

addition of H2PO2S to the peptide substrates (Figure 2.25), demonstrating the stability 

of P-S bond under the assay conditions and during the acid Zip Tip desalting protocol. 

This data highlighted the potential to develop P-S-linker tags, which have been 

successfully produced by Cole et al. for the development of protein kinase A 

inhibitors244 and the study of protein kinase-substrate interactions.245 However, these 

were reported to be stable at neutral pH for >12 hr but unstable at pH 2, having a half-

life of ~2 hr.244 Unsurprisingly, given the results for GTP (52), when the co-substrate 

was GTPγS (94) peptide phosphorylation was only observed for mammalian CK2 

(Figure 2.26). 
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Figure 2.25: MALDI-TOF MS analysis of kinase assay with ATPγS (48) co-substrate. Peptide labelled in red and 
phosphorylated peptide in blue. A: Using mammalian CK2 with peptide RRREEETEEE; B: Using PfCK2α with 
peptide substrate RRRADDSDDDDD. Phosphorylation was observed using both mammalian CK2 and PfCK2α. 
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ATPγEt (63) was synthesised as an acid stable alternative to the ATP phosphoramidate 

analogues. However, no phosphorylation was observed for PfCK2α-GST and only a very 

small amount of untagged phosphorylated peptide was detected for mammalian CK2 

after overnight incubation (Figure 2.27). It is therefore hypothesised that ATPγEt (63) is 
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Figure 2.27: MALDI-TOF MS analysis of a kinase assay with ATPγEt (53) as the co-substrate. Peptide labelled in red 
and phosphorylated peptide in blue. A: Using mammalian CK2 with peptide RRREEETEEE; B: Using PfCK2α with 
peptide substrate RRRADDSDDDDD. Tagged phosphorylation was not observed using either kinase. The 
phosphorylation observed with mammalian CK2 was thought to be due to trace amounts of ATP present in the 
commercial mammalian CK2 or simply background noise. 
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Figure 2.26: MALDI-TOF MS analysis of a kinase assay with GTPγS (94) as the co-substrate. Peptide labelled in red 
and phosphorylated peptide in blue. A: Using mammalian CK2 with peptide RRREEETEEE; B: Using PfCK2α with 
peptide substrate RRRADDSDDDDD. Phosphorylation was observed using mammalian CK2 but not PfCK2α. 
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not a co-substrate for PfCK2α or mammalian CK2 and that this trace amount of 

phosphorylation is due to trace amounts of ATP present in the commercial mammalian 

CK2 or is simply background noise. Further studies with ATPγEt (63) can be found later 

(Section 2.5.8). 

There are relatively few examples of nucleotide triphosphate with a γ-phosphonate.  

2’-Deoxythymidine triphosphate analogues, including phosphonates, have been 

synthesised by Krayevsky et al.246, 247, 248 for the study of HIV and AMV. Krayevsky et al. 

found very little difference between the substrate properties of dTTPγMe and dTTP 

toward retro-viral reverse transcriptases.247 However, when used by reverse 

transcriptases, the α-phosphate dTTPγMe is the reactive group; therefore, the             

γ-phosphate is not directly involved in the reaction. With kinases the γ-phosphate is 

the site of nucleophilic attack and, thus, the difference in the tolerance of the γ-P-C 

bond can be readily explained.  

 

 

 

The acid lability of the P-N bond in the phosphoramidate compared to the other 

phosphate analogues can be explained by the electronegativity and basicity of the 

functional groups as well as the poor orbital overlap between the 3p orbital of 

phosphorus and the 2p orbital of oxygen.  

Figure 2.28: The four phosphate analogues: phosphoester (95); phosphothioester (96); phosphoramidate (97); 
and phosphonate (98) have different reactivities. 
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The similarity in electronegativity between phosphorus and carbon or sulphur results 

in a less electrophilic phosphorus centre for attack by a nucleophile in phosphonates 

(87) and thiophosphates (85) than in phosphoramidates (86) and phosphoesters (84). 

Thus, phosphonates (87) and thiophosphates (85) are stable to acid catalysed 

hydrolysis compared to phosphoramidates (86) and phosphoesters (84). 

 

 

The π-bond in phosphates is weak due to the poor orbital overlap between the 3p 

orbital of phosphorus and the 2p orbital of oxygen. Consequently, there is much 

debate and research among phosphorus chemists as to whether the P=O in 

phosphates should actually be regarded as having little π-character and should instead 

be seen to have considerable P+–O- character (Figure 2.29). Many have concluded that 

the bond should be regarded as an unusually short and strong single bond, with this 

strength attributed to back bonding.249 This results in the phosphorus of a phosphate 

group being more electropositive than the carbon in a carboxylic acid derivative. 

Therefore, analogies between the reactivity of phosphates and carboxylic acid 

derivatives can be misleading; whereas acid catalysed hydrolysis of amides first 

requires the protonation of the carbonyl oxygen (Scheme: 2.16), the initial step in the 

acid catalysed hydrolysis of phosphoramidates is the protonation of the basic nitrogen 

(Scheme: 2.17).  The protonation of the oxygen in the equivalent phosphoester is 

much more difficult due to its lower pKa; thus, in phosphates P=O is likely to be the 

Figure 2.29: Resonance canonicals of phosphate groups. It is thought by many phosphorus chemists that there 
should not be a double bond in phosphates but rather a positive phosphorus and a negative oxygen due to poor 
orbital overlap. 
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site of protonation (Scheme 2.18). Consequently, phosphoesters are more stable to 

acid hydrolysis than phosphoramidates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme: 2.17: The acid catalysed hydrolysis of a phosphoramidate. The initial step is the protonation of the basic 
nitrogen. 

Scheme: 2.16: The acid catalysed hydrolysis of an amide. The initial step is the protonation of the carbonyl 
oxygen. 

Scheme 2.18: The acid catalysed hydrolysis of a phosphoester. The initial step is the protonation of the 
phosphoryl oxygen. 
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2.5.4 Kinetic parameters, ATP Leicester 

Studies on the kinetic parameters of PfCK2α and mammalian CK2 were carried out 

with ATP and GTP as co-substrates in order to obtain the kinetic parameters of these 

natural co-substrates before looking at the kinetic properties of the ATP and GTP 

analogues proposed. Work by Holland et al.227 that deemed GTP to have a similar Km to 

ATP when used as a co-substrate of PfCK2α (16.7 μM ATP, 34.9 μM GTP) used 100 μM, 

25 μM, 6.25 μM and 1.56 μM ATP/GTP for the study of kinetic parameters. In order to 

emulate the study, the same concentrations were used with the addition of an extra 

point at 2.5 μM. Work with the Cochet lab, where the original study was carried out by 

Holland et al., resulted in the use of 100, 50, 30, 20 and 10 μM ATP/GTP.  

Table 2.3: Kinetic parameters measured for mammalian CK2 (1.12 μg/μL) with ATP using peptide RRREEETEEE. 
 

 

 

 

 

The assay conditions were optimised for mammalian CK2 resulting in 25 U, or          

1.12 μg/μL, of mammalian CK2 being used. This resulted in a Km for ATP of 23.9 μM 

(Table 2.3), which is in the expected range and gave the desired curved plot        

(Figure 2.30) with only approx. 3% of the peptide being phosphorylated. Subsequently, 

this concentration of enzyme was also used for the study of mammalian CK2 with GTP 

(Sections 2.5.5 & 2.5.6). 

 

Enzyme (μg/μL) 1.12 

Km (μM) 23.9 

Vmax (μmol min
-1

) 9.6 x10
-6

 

kcat (min
-1

) 1.2 x10
-6 

kcat/Km (M
-1

min
-1

) 0.05 
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The kinetic parameters of PfCK2α-GST with ATP were measured using 7.0 ng/μL of 

enzyme. However, from the shape of the non-linear regression plot (Figure 2.31) and 

the comparison of the Km (177.6 μM) (Table 2.4) compared to the literature value   

16.7 μM,227 it is thought likely that more ATP concentrations needed to be studied, 

including between 25 μM and 100 μM to better define the curve region and greater 

than 100 μM to give a more accurate representation of Vmax.
250 This was not initially 

identified due to the original use of linear regression on a Lineweaver-Burk plot  

(Figure 2.32) to calculate kinetic parameters, which resulted in an expected Km for 

PfCK2α-GST (22.8 μM) (Table 2.4). This highlights the error that can occur with linear 

regression due to its ability to mask poorly defined kinetic parameters. 

 

 

Figure 2.30: Mammalian CK2 kinetic parameters using 25 U CK2. Non-linear regression of [ATP] against rate of 
phosphorylation of peptide RRREEETEEE, allowing the calculation of Km, Vmax & kcat. 
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Table 2.4: Kinetic parameters of PfCK2α-GST for ATP using peptide RRRADDSDDDDD. Both sets of parameters are 
calculated from the same raw data using either non-linear regression or linear regression, highlighting the 
inaccuracy in calculating values using linear regression. 

 

 

 

 
Non-linear Linear 

Km (μM) 177.6 22.8 

Vmax (μmol min
-1

) 4.0 x10
-5

 4.0 x10
-6

 

kcat (min
-1

) 3.7 x10
-3 

9.4 x10
-5 

kcat/Km (M
-1

min
-1

) 2.10 4.11 

Figure 2.31: PfCK2α-GST kinetic parameters. Non-linear regression of [ATP] against rate of phosphorylation of 
peptide RRRDADDSDDDDD, allowing the calculation of Km, Vmax & kcat. 

Figure 2.32: Kinetic parameters for PfCK2α-GST. Lineweaver-Burk plot with of [ATP] against rate of 
phosphorylation of peptide RRRDADDSDDDDD, allowing the calculation of Km, Vmax & kcat by linear regression.  
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The kinetic parameters of PfCK2α-His6 with ATP were measured using 7.4 ng/μL of 

enzyme. It can be seen that there is good correlation between the data and the non-

linear regression curve (Figure 2.33) and the kinetic parameters (Table 2.5) better 

concur with the literature value227 than PfCK2α-GST did.  

Table 2.5: Kinetic parameters measured for PfCK2α-His6 using peptide RRREDEESDDEE. 

 

 

 

 

 

 

 

 
ATP 

Km (μM) 63.4 

Vmax (μmol min
-1

) 2.7 x10
-7

 

kcat (min
-1

) 1.1 x10
-5 

kcat/Km (M
-1

min
-1

) 0.18
 

Figure 2.33: PfCK2α-His6 kinetic parameters. Non-linear regression of [ATP] against rate of phosphorylation of 
peptide RRREDEESDDEE, allowing the calculation of Km, Vmax & kcat. 
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2.5.5 Kinetic parameters, GTP Leicester 

The kinetic parameters of mammalian CK2 with GTP were defined (Table 2.6 &    

Figure 2.34). The Km of 63.4 μM corresponded to literature values of 20.8 μM225 and 

52.0 μM.219 However, despite multiple attempts with different batches of enzyme 

(both GST and His6 tagged) and different methodologies (the use of [γ-32P]-GTP, the 

use of GTP with [γ-32P]-ATP and analysis by MALDI-TOF MS (Section 2.5.3)), data was 

not found to support the evidence provided by Holland et al.227 that PfCK2α uses GTP 

as a co-substrate.  

 

 

 

 

 

 

 

Table 2.6: Kinetic parameters measured for mammalian CK2 with GTP using peptide RRREEETEEE. 

 

 

 

 

 
GTP 

Km (μM) 18.4 

Vmax (μmol min
-1

) 1.9 x10
-5

 

kcat (min
-1

) 2.4 x10
-6 

kcat/Km (M
-1

min
-1

) 0.13 

Figure 2.34: Mammalian CK2 kinetic parameters using 25 U (1.12 μg/μL) CK2. Non-linear regression of [GTP] 
against rate of phosphorylation of peptide RRREEETEEE, allowing the calculation of Km, Vmax & kcat. 
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2.5.6 Kinetic parameters, Grenoble 

In order to further investigate the inability to replicate work of Holland et al.227 and 

demonstrate that PfCK2α is able to use GTP as a co-substrate, a collaboration was set 

up with the lab where the original work was carried out. It was not possible to 

determine kcat for PfCK2α-GST, only Km and Vmax, because an accurate concentration of 

PfCK2α-GST could not be determined due to problems experienced during the 

Bradford assays. Although the Km of 17.2 μM (Table 2.7) for ATP concurs with that 

found for PfCK2α-His6 (63.4 μM (Table 2.5)), from the non-linear regression plot 

(Figure 2.35) it is possible to see that Km/Vmax is not well defined due to a lack of points 

on the initial slope of the curve. Vmax would be better defined if higher concentrations 

of ATP had been used.250 Therefore, the values could be misleading. 

Table 2.7: Km & Vmax for ATP with PfCK2α and peptide RRREDEESDDEE. 

 

 

 

 

 

 

 

 

 

 
Km (μM) Vmax (μmol min

-1
) 

ATP 17.2 5.6 x10
-6

 

Figure 2.35: PfCK2α kinetic parameters. Non-linear regression of [ATP] against rate of phosphorylation of peptide 
RRREDEESDDEE, allowing the calculation of Km & Vmax. 
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Kinetic parameters for the use of GTP as a co-substrate by mammalian CK2α were 

measured (Table 2.8 & Figure 2.36); however, these values differ from that found in 

Leicester for the holoenzyme (Table 2.3). Although the activity of the α-subunits is 

altered slightly by the presence of the regulatory β-subunits, the main difference is 

that a substrate’s phosphorylation can be promoted or inhibited by the presence of 

the β-subunit.206, 204, 205 As a different peptide was used in the study in Leicester to that 

in Grenoble, it is possible that this could have had a knock on effect on the Km of GTP 

observed for the holoenzyme (Leicester) and CK2α (Grenoble). However, the data 

collected in Grenoble was not carried out in duplicate/triplicate, reducing the reliability 

of the results and from the non-linear regression (Figure 2.36) it would appear that a 

much larger concentration of GTP should have also been studied in order to ensure 

that Vmax was well defined.250 These factors could be responsible for the difference in 

Km and, more importantly, in kcat/Km for hsCK2α (Grenoble) and the holoenzyme 

(Leicester).  

 

 

 

 

 

 

 

 

Figure 2.36: Mammalian CK2α kinetic parameters. Non-linear regression of [GTP] against rate of phosphorylation 
of peptide RRREDEESDDEE, allowing the calculation of Km & Vmax. 
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Table 2.8: Kinetic parameters for GTP with mammalian CK2α and peptide RRREDEESDDEE. 

 

 

 

 

Once again, no evidence was found for the use of GTP as a co-substrate for PfCK2α 

either when [γ-32P]-GTP or GTP with [γ-32P]-ATP was used. The latter would probe 

whether GTP can bind to PfCK2α and, consequently, inhibit turnover with the              

[γ-32P]-ATP.   

2.5.7 Summary of kinetic parameters for PfCK2α and mammalian CK2 with 

ATP and GTP as co-substrates 

The kinetic parameters for ATP with mammalian CK2 concurred with literature 

values.206, 65, 219 However, it would have been beneficial to include a concentration far 

higher than 100 μM to ensure accurate determination of Vmax, and values between     

50 μM and 100 μM for more accurate determination of Km.250 

The kinetic parameters for GTP with mammalian CK2 measured in Leicester (with 

peptide RRREEETEEE) differed greatly for those with the α-subunit measured in 

Grenoble (with peptide RRREDEESDDEE) (Table 2.9). Although data in Grenoble was 

not collected in duplicate/triplicate and a much larger concentration of GTP would be 

needed in order to better define the Vmax obtained in Grenoble,
250

 the difference in the 

kinetic parameters observed in each case could be caused by the regulatory effect of 

the β-subunit.206 The β-subunit has been shown to tune the activity of the α-subunit 

 
GTP 

Km (μM) 120.6 

Vmax (μmol min
-1

) 4.6 x10
-5

 

kcat (min
-1

) 1.4 x10
-2 

kcat/Km (M
-1

min
-1

) 112.35 
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towards certain substrates through the formation of the holoenzyme. For example, 

calmodulin has been shown to be phosphorylated by the α-subunit and not the 

holoenzyme,205 while the reverse is true for some other substrates.204  

Table 2.9: Summary of kinetic parameters for GTP and ATP with mammalian CK2 when using peptide RRREEETEEE 
and with hsCK2α when using peptide RRREDEESDDEE. 

  

 

 

 

Table 2.10: Summary of kinetic parameters for ATP with PfCK2α 
 

 

 

 

 

The kinetic parameters for ATP with PfCK2α-His6 and peptide RRREDEESDDEE 

measured in Leicester differed from those recorded with PfCK2α-GST and peptide 

RRRADDSDDDDD (Table 2.10). The two most likely causes of this are: insufficient data 

points being collected for PfCK2α-GST (Figure 2.35), resulting in poorly defined Km and 

Vmax values;250 and the effect of a large N-terminal GST-tag compared to the much 

smaller C-terminal His6-tag. The Km value measured for PfCK2α-His6 for ATP concurred 

with that published by Holland et al.227 (Table 2.11). 

 

 

 
RRREDEESDDEE RRREEETEEE 

 
GTP ATP GTP 

Km (μM) 120.6 23.9 18.4 

Vmax (µmol min
-1

) 4.6 x10
-5

 9.6 x10
-6

 1.9 X10
-5

 

kcat (min
-1

) 1.4 x10
-2

 1.2 x10
-6 

2.6 X10
-6

 

kcat/Km (M
-1

min
-1

) 1.12 X10
2 

0.05 0.13 

 
RRRADDSDDDDD RRREDEESDDEE 

 
PfCK2α-GST PfCK2α-GST PfCK2α-His6 

Km (μM) 177.6 17.2 63.4 

Vmax (µmol min
-1

) 4.0 x10
-5

 5.6 x10
-6

 2.7 x10
-7

 

kcat (min
-1

) 3.7 x10
-3

 - 1.1 x10
-5

 

kcat/Km (M
-1

min
-1

) 2.10 - 0.18 
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Table 2.11: Summary of kinetic parameters for ATP and GTP with PfCK2α published by Holland et al.
227

The Km and 
Vmax values are taken directly from the journal article and kcat and kcat/Km have been calculated from the 
information published. 

 

 

 

 

Despite the data published by Holland et al. (Table 2.11)227 and recent work by 

Engelberg et al.,251 which uses the ability of PfCK2 to tolerate GTP as a co-substrate as 

evidence to support the notion that PfRh2b is phosphorylated by PfCK2,  no evidence 

was found to support PfCK2α accepting GTP as a co-substrate. 

2.5.8 ATPγEt as an inhibitor of CK2 

Although from kinase assays analysed by MALDI-TOF MS (Section 2.5.3) it was found 

that ATPγEt (63) was not an active co-substrate for PfCK2α or mammalian CK2, it was 

hypothesised that ATPγEt (63) could be binding to the active site of the kinases 

without phosphorylating the peptide substrates. It was found that as the 

concentration of ATPγEt (63) increased the cpm decreased for both PfCK2α-GST and 

mammalian CK2 (Figure 2.37); thus, ATPγEt (63) does bind to the active site of both 

kinases. The IC50 values are tabulated vide infra (Table 2.12) but it is important to note 

that the concentration of PfCK2α-GST and mammalian CK2 were not identical and are, 

therefore, not directly comparable.  

 

 

 
RRRADDSDDDDD 

 
ATP GTP 

Km (μM) 16.7 34.9 

Vmax (µmol min
-1

) 6.6 x10
-3

 2.1 X10
-3

 

kcat (min
-1

) 0.13
 

4.3 X10
-2

 

kcat/Km (M
-1

min
-1

) 8.04 x10
3 

1.22 x10
3 
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Table 2.12: IC50 values for the inhibition of mammalian CK2 with peptide RRREEETEEE and PfCK2α with peptide 
RRRADDSDDDDD by ATPγEt in the presence of 50 μM ATP. 

 

 

2.5.9 Apparent IC50 values for ATP analogues with PfCK2α 

Without access to radio-labelled versions of the analogues, Km and kcat values could not 

be determined. Using [γ-32P]-ATP these analogues were evaluated as inhibitors. 

Inhibition assays for PfCK2α were performed with ATPγNH-linker-coumarin (58), 

ATPγNH-PEG-N3 (60), ATPγS (48), and ATPγNH-linker-alkyne (59) to obtain some 

indirect information on the ability of PfCK2α to use these ATP analogues as substrates 

relative to one another. Apparent IC50 values were obtained using a Dixon plot    

(Figure 2.38). The greatest inhibitory response was observed for ATPγS (48)              

(IC50 20 μM), with ATPγNH-PEG-N3 (60) having the lowest inhibitory effect                 

(IC50 360 μM) on PfCK2α (Table 2.13). These assays were not carried out in duplicate 

and, ideally, they should have been repeated. However, the R2
 values are above 0.97 

 
PfCK2α Mammalian CK2 

IC50 (μM) 184 576 

Figure 2.37: Scatter chart showing the percentage inhibition of mammalian CK2 with peptide RRREEETEEE (red) 
and PfCK2α with peptide RRRADDSDDDDD (blue) by ATPγEt (63) in the presence of 50 μM ATP. 
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ATPγNH-PEG-N3 (60) 

ATPγNH-linker-coumarin (58)  

except for ATPγNH-PEG-N3 (60) (0.87) and the assays were performed simultaneously, 

allowing for a reliable comparison between the analogues. Therefore, it can be 

deduced that ATPγS (48) and ATPγNH-linker-alkyne (59) are accepted into the active 

site of the kinase more readily than ATPγNH-linker-coumarin (58) and ATPγNH-PEG-N3 

(60). 

 

 

 

 

 

 

 
 
Table 2.13: IC50 values for the ATP analogues shown with PfCK2α and peptide RRREDEESDDEE as calculated from 
the above Dixon plot. 
 

 

 

 

 
 

The values measured are apparent IC50 values because the analogues are also 

substrates of CK2 and, as such, are consumed during the assay; hence, the 

concentration of the ATP analogues does not remain constant throughout. Since IC50 

Compound IC50 (μM) 

ATPγNH-linker-coumarin (58) 185 

ATPγNH-PEG-N3 (60) 360 

ATPγS (48) 20
 

ATPγNH-linker-alkyne (59) 85
 

Figure 2.38: Dixon plot of the ATP analogues ATPγNH-linker-alkyne (59), ATPγS (48), ATPγNH-PEG-N3 (60) and  
ATPγNH-linker-coumarin (58) allowing for the calculation of apparent IC50 values for the ATP analogues shown 
with PfCK2α and peptide RRREDEESDDEE.  
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values are relative values that depend upon substrate concentration, all reaction 

conditions must be defined for these values to be compared with other data sets but 

the enzyme concentration used in these assays can only be estimated. However, 

according to the Cheng-Prusoff relationship252,253 (Equation 2.1) when substrate 

concentration, [S], is vastly lower than Km, [S]/Km approaches zero and IC50 approaches 

Ki.
252 As a very low substrate concentration (55.8 fmol, i.e. [γ-32P]-ATP as purchased) 

was used, these apparent IC50 values serve as an upper limit for the apparent Ki of the 

ATP analogues studied. 

        (  
   

  
) 

Equation 2.1: Cheng-Prusoff relationship
252,253 

 

2.6 Conclusions 

CX-4945 (55) was published by Pierre et al. as a potent and selective inhibitor for 

human CK2254 and entered clinical trials for the treatment of cancer. The published 

synthetic route to this and two analogues (88) and (89) 238 was followed in order to 

test the efficacy of some of these analogues for PfCK2α. The penultimate step in the 

synthesis of CX-4945 (45) and analogues (88) and (89) was reached. Their synthesis 

was not completed due to problems encountered during synthesis, low solubility and 

time constraints. 

A range of γ-modified nucleotide triphosphates were synthesised for the study of 

phosphorylation by PfCK2α and mammalian CK2. ATP phosphoramidate analogues  

(58, 59 & 60) were re-synthesised for direct kinetic analysis by Caliper Capillary 

Electrophoresis (CE) (vide infra), which is performed at ~pH 7 and does not require 
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radio-labelled analogues. However, problems experienced with purification were not 

able to be overcome due to time constraints. These analogues had been previously 

synthesised by the group211 and this batch of compounds was used in the studies with 

MALDI-TOF MS and kinetics studies using radiolabelled ATP reported in this thesis. 

GTPγNH-PEG-N3 (99) was also successfully synthesised and purified.  

ATPγSEt (62) was synthesised from ATPγS (48); however, due to very poor yield and 

high cost of ATPγS (48), this synthesis was not repeated to produce enough ATPγSEt 

(62) for use in enzyme studies. The synthesis of ATP-O-PEG-N3 (61) was attempted by 

several synthetic routes without success. ATPγEt (63) was successfully synthesised and 

used for the study of mammalian CK2 and PfCK2α. 

PfCK2α was found to rapidly lose activity, even when stored at -80°C. After two 

months the activity had dropped to just 10% of the activity of a freshly prepared batch. 

Therefore, it was necessary to carry out kinetic studies as soon as possible after 

enzyme purification.  

From the MALDI-TOF MS study, it was concluded that for mammalian CK2 

phosphorylation of the peptide substrate RRREEETEEE by ATP (32), ATPγS (48),         

GTP (52) and GTPγS (94) could be directly observed due to the specific mass of the 

phosphorylated peptide (Table 2.2). For PfCK2α phosphorylation of peptide substrate 

RRRADDSDDDDD was observed for ATP (32) and ATPγS (48) but no phosphorylation 

was observed when using GTP (52) or GTPγS (94) as a co-substrate. The use of         

ATP-phosphoramidate co-substrates (58), (59) and (60) resulted in no detectable 

tagged phosphorylation; only the standard phosphopeptide was observed due to the 

instability of the P-N bond under the acidic conditions of the Zip Tip de-salting 
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procedure. ATPγEt (63) was developed as an acid stable analogue; however, no 

phosphorylation was detected when this was used a co-substrate for either enzyme. 

The kinetic parameters measured for mammalian CK2 using ATP (32) and GTP (52) as a 

co-substrate supported the literature values, as did those measured for PfCK2α when 

ATP (32) was used as a co-substrate. Despite the literature,227,251 there was no 

evidence to support the acceptance of GTP (52) as a co-substrate by PfCK2α during the 

kinetic studies. 

Despite no evidence for the phosphorylation of peptide substrates by either kinase 

using ATPγEt (63) as a co-substrate, ATPγEt (63) was found to act as an inhibitor for 

both mammalian CK2 and PfCK2α. This indicated the potential to develop these 

molecules further. 

Using [γ-32P]-ATP, Km values for ATPγS (48), ATPγNH-PEG-N3 (60),                           

ATPγNH-linker-coumarin (58) and ATPγNH-linker-alkyne (59) analogues could not be 

measured directly because of a lack of detection method for the peptide containing 

the modified phosphate group. By treating them as inhibitors, apparent IC50 values 

were measured for each analogue with PfCK2α. Although not true IC50 values due to 

the ability of the analogues to act as substrates, these values serve to compare the 

analogues with one another and show them all to be accepted into the active site of 

PfCK2α. 
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2.7 Experimental 

2.7.1 ATP analogue synthesis 

 Synthesis of 1-azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane240 2.7.1.1

 

To a solution of tetraethylene glycol (64) (5.027 g, 25.8 mmol) in THF (30 mL) was 

added methane sulfonyl chloride (11.100 g, 7.5 mL, 96.9 mmol). The solution was 

cooled to 0 °C and triethylamine (6.523 g, 5.8 mL, 64.5 mmol) was added dropwise 

over 45 mins. The reaction mixture was allowed to warm to room temperature and 

stirred overnight. The reaction mixture was diluted with water (30 mL) and organic 

solvent was removed in vacuo. To the aqueous mixture NaHCO3 (1.943 g, 23.1 mmol) 

and sodium azide (6.683 g, 102.8 mmol) were added and the mixture was heated to 

reflux overnight. Upon cooling, the reaction mixture was extracted with chloroform    

(3 x 75 mL), dried over anhydrous MgSO4, filtered and concentrated in vacuo. 

Purification by flash column chromatography (1:1 ethyl acetate: petroleum ether     

(40-60 °C) yielded 1-azido-2-(2-(2-(2-azidoethoxy)ethyoxy)ethoxy)ethane (65) as a 

colourless oil (4.060 g, 16.6 mmol, 64% yield). 

Rf 0.45 (1:1 ethylacetate:petroleum ether (40-60 °C)). IR (neat) νmax (cm-1): 2106 (N3), 

1300 (C-O). 1H NMR (400MHz, CDCl3) δ: 3.39 (4H, t, J = 5.1 Hz, CH2 
1, 8), 3.67 – 3.69 

(12H, m, CH2 2- 7). 13C NMR (100MHz, CDCl3) δ: 50.7 (CH2 1, 8), 70.0 (CH2 2, 7), 70.7       

(CH2 3-6). 
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 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanamine240 2.7.1.2

 

A solution of 1-azido-2-(2-(2-(2-azidoethoxy)ethyoxy)ethoxy)ethane (65) (2.0200 g,   

8.3 mmol) and phosphoric acid (1.2 g, 700 μL, 12.2 mmol) in water (30 mL) was cooled 

to 0 °C under nitrogen. A solution of triphenyl phosphine (2.0256 g, 7.7 mmol) in 

diethyl ether (30 mL) was added dropwise with stirring over 45 min. The solution was 

allowed to warm to room temperature and stirred overnight. The biphasic solution 

was separated and the aqueous solution washed with diethyl ether (3 x 30 mL). A 

solution of potassium hydroxide (6 M, 12 mL) was added dropwise with stirring at 0 °C. 

The solution was allowed to warm to room temperature and stirred for 3 hr. The 

mixture was filtered and extracted with chloroform (3 x 70 mL), dried over MgSO4, 

filtered and concentrated in vacuo to afford 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy) 

ethanamine (66) as a colourless oil (1.2863 g, 5.9 mmol, 71% yield).  

Rf 0.10 (1:9 MeOH:DCM). HR-LCMS (ES): Rt 0.63 min; m/z calculated for C8H19N4O3
+ 

219.2645 [M+H]+observed 219.1458. IR (neat) νmax (cm-1): 3387 (N-H), 2101 (N3), 1305 

(C-O). 1H NMR (400MHz, CDCl3) δ: 1.61 (2H, s, NH2), 2.86 (2H, t, J = 10.5 Hz, CH2 8), 3.40 

(2H, t,  J = 5.2 Hz, CH2 1), 3.51 (2H, t, J = 10.5 Hz, CH2 7), 3.65-3.70 (10H, m, CH2 2 - 6).   

13C NMR (100MHz, CDCl3) δ: 41.8 (CH2 
8), 50.7 (CH2 1), 70.1 (CH2 2), 70.3 (CH2 6), 70.7 

(CH2 3-5), 73.5 (CH2 7). 
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 Synthesis of tert-butyl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl) 2.7.1.3

carbamate255 

 

To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanamine (66) (1.0131 g,     

4.6 mmol) in methanol (30 mL) was added di-tert-butyl dicarbonate (1.0848 g,           

5.0 mmol). The solution was stirred over night at room temperature. The reaction 

mixture was concentrated in vacuo and, dissolved in water (100 mL) and extracted 

with DCM          (3 x 100 mL). The organic extract was dried over MgSO4, filtered and 

concentrated in vacuo. Purification by flash column chromatography (3:1 ethyl 

acetate:hexane) afforded tert-butyl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl) 

carbamate (72) as a colourless oil (0.4904 g, 1.5 mmol, 34% yield). 

Rf 0.50 (3:1 ethyl acetate:hexane). HR-LCMS (ES): Rt 1.83; m/z calculated for 

C13H26N4O5Na+ 341.3632 [M+Na]+ observed 341.1808, 285.1206 [M-tBu+Na]+, 

219.1459 [M-BOC+H]+. IR (neat) νmax (cm-1): 3360 (N-H), 2110 (N3), 1710 (C=O). 1H NMR 

(400MHz, CDCl3) δ: 1.45 (9H, s, CH3 11), 3.28-3.34 (2H, m, CH2 8), 3.37-3.40 (2H, m,    

CH2 1), 3.54 (2H, t, J = 5.1 Hz, CH2
 7), 3.60-3.69 (10H, m, CH2 2-6), 5.01 (1H, s, NH).         

13C NMR (100MHz, CDCl3) δ: 28.4 ((CH3)3 11), 40.4 (CH2 8), 50.7 (CH2 1), 70.1 (CH2 2), 70.3 

(CH2 3 & 7), 70.7 (CH2 4-6), 79.2 (C(CH3)3 
10), 156.0 (C=O 9). 
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 Synthesis of tert-butyl (2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl) 2.7.1.4

carbamate256 

 

To a solution of tert-butyl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl) carbamate (72) 

(0.4904 g, 1.5 mmol) in methanol (250 mL) at 0 °C was added 10% Pd/C (49 mg). The 

solution was stirred and hydrogen gas was bubbled through the solution for 2 hr. The 

reaction mixture was filtered through celite and the filtrate concentrated in vacuo to 

afford tert-butyl (2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy) ethyl)carbamate (68) as a 

colourless oil (0.3979 g, 1.4 mmol, 88% yield). 

Rf 0.50 (1:9 acetone:DCM). HR-LCMS (ES): Rt 1.20; m/z calculated for C13H29N2O5
+ 

293.2071 observed 293.2076 [M+H]+, 237.1450 [M-tBu+H]+, 193.1541 [M-BOC+H]+. IR 

(neat) νmax (cm-1): 1715 (C=O), 3368 (N-H). 1H NMR (400MHz, CDCl3) δ: 1.44 (9H, s, 

(CH3)3 11), 1.65 (2H, s, NH2), 2.87 (2H, t, J = 5.2 Hz, CH2 1), 3.28-3.35 (m, 2H, CH2 
8),   

3.50-3.56 (4H, m, CH2 2 & 7), 3.60-3.67 (8H, m, CH2 3-6), 5.28 (1H, s, NH). 13C NMR 

(100MHz, CDCl3) δ: 28.4 (CH3 11), 40.4 (CH2 
8), 41.7 (CH2 

1), 70.3 (CH2 
3, 6 & 7), 70.6       

(CH2 4 & 5), 73.4 (CH2 
2) 79.1 (C(CH3)3 10), 156.1 (C=O 9). 
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 Synthesis of tert-butyl (13-oxo-3,6,9-trioxa-12-azaheptadec-16-yn-1-2.7.1.5

yl)carbamate 

 

To a solution of pentynoic acid (40.0 mg, 0.41 mmol) in DMF (2 mL) was added DCC 

(81.5 mg, 0.41 mmol) and NHS (53.0 mg, 0.46 mmol). The reaction mixture was stirred 

for 30 min at room temperature. This reaction mixture was filtered into a solution of 

(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy) ethyl)carbamate (68) (116.1 mg, 0.40 mmol) 

and DIPEA (100 μL, 74.2 mg, 0.57 mmol) in DMF (2 mL) and stirred overnight. To a 

solution of 4-pentynoic acid (41.6 mg, 0.42 mmol) in DMF (2 mL) was added DCC    

(74.5 mg, 0.36 mmol) and NHS (51.2 mg, 0.44 mmol). The 4-pentynoic acid solution 

was stirred for 30 min before being filtered into the reaction mixture and stirred 

overnight at room temperature. The sample was filtered and concentrated in vacuo. 

Purification by flash column chromatography (100% ethyl acetate) afforded tert-butyl 

(13-oxo-3,6,9-trioxa-12-azaheptadec-16-yn-1-yl)carbamate, compound (69), as a 

colourless oil (0.0591 g, 0.16 mmol, 40% yield). 

Rf 0.20 (100% ethyl acetate). HR-LCMS (ES): Rt; 163 min m/z calculated for C18H33N2O6
+ 

373.2333 [M+H]+ observed 373.2350, 395.2174 [M+Na]+, 273.1812 [M-BOC+H]+. IR 

(neat) νmax (cm-1): 3310 (N-H), 3087 (C≡C-H), 2121 (C≡C), 1709 & 1661 (C=O). 1H NMR 

(500MHz, CDCl3) δ: 1.37 (9H, s, CH3 16), 1.94-1.98 (1H, app s, C≡CH 1), 2.39 (2H, t,            

J = 7.1, CH2 4), 2.50 (2H, td, J1 = 2.3, J2 = 7.1, CH2 3), 3.24-3.25 (2H, m, CH2 13), 3.44 (2H, 

app. q, J = 10.0 & 5.2, CH2 6), 3.54 (4H, app. quin, J = 5.2 & 4.8, CH2 7 & 12), 3.56 (8H, s,        

CH2 8-11), 5.07 (1H, s, ROC(O)NH), 6.40 (1H, s, RC(O)NH). 13C NMR (125 MHz, CDCl3) δ: 



127 
 

14.8 (CH2 3) 28.4 ((CH3)3 16), 35.1 (CH2 4), 39.2 (CH2 6), 40.3 (CH2 13), 69.25 (HC≡CR 1), 

69.9 (CH2 
12), 70.1 (CH2 

7), 70.2 (CH2 
8 & 11), 70.4 (CH2 9 & 10), 79.2 (C(CH3)3 

15), 83.1 

(HC≡CR 2), 156.0 (C=O 14), 171.1 (C=O 5). 

 N-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)pent-4-ynamide257 2.7.1.6

 

Tert-butyl(13-oxo-3,6,9-trioxa-12-azaheptadec-16-yn-1-yl)carbamate (69) (85.0 mg, 

0.23 mmol) was stirred in 1:1 TFA:DCM (6 mL) for 1 hr. The sample was then 

concentrated in vacuo, followed by evaporations with DCM (3 x 10 mL). The sample 

was dissolved in water (10 mL) and dried using a freeze dryer. This afforded N-(2-(2-(2-

(2-aminoethoxy)ethoxy)ethoxy)ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (70) as 

a viscous oil in quantitative yield.  

Rf 0.25 (1:9 MeOH:DCM). HR-LCMS (ES): Rt 0.27 min m/z calculated for C13H25N2O4
+ 

273.1814 observed 273.1809 [M+H]+. 

 N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-7-nitrobenzo[c][1,2,5] 2.7.1.7

oxadiazol-4-amine258 

 

To a solution of 1-azido-2-(2-(2-(2-azidoethoxy)ethyoxy)ethoxy)ethane (66)  (110.0 mg, 

0.50 mmol) in aqueous NaHCO3 (0.3 M, 5 mL) was added 4-chloro-7-nitrobenzofurazan 

(73.2 mg, 0.37 mmol) in methanol (10 mL). The solution was stirred overnight at room 
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temperature and concentrated in vacuo to give a brown oil. Purification by flash 

column chromatography (3:1 ethyl acetate:hexane) afforded compound (73), N-(2-(2-

(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4 amine, as a 

bright orange oil (96.7 mg, 0.25 mmol, 69%). 

Rf 0.35 (3:1 Ethyl acetate:hexane). HR-LCMS (ES): Rt 1.83 min; m/z calculated for 

C14H19N7O6Na+ 404.1289 [M+Na+] observed 404.1314. UV-Vis (MeOH): λmax (nm) 470, 

338. Luminescence (MeOH): λem (nm) 538. 1H NMR (400MHz, CDCl3) δ: 3.36-3.40 (2H, 

m, CH2 15), 3.65-3.74 (12H, m, CH2 8, 10-14), 3.86-3.90 (2H, m, CH2 9), 6.19 (1H, d, J = 8.6, 

CH 4), 6.99 (1H, s, NH 7), 8.49 (1H, d, J = 8.6 Hz, CH 3). 13C NMR (100MHz, CDCl3) δ: 43.8 

(CH2 8), 50.8 (CH2 15), 68.1 (CH2 9), 70.0 (CH2 14), 70.6 (CH2 10), 70.68 (CH2 13), 70.8      

(CH2 11 & 12), 96.5 (CH 4), 136.4 (CH 3), 144.2 (Cq). 

 Synthesis of tert-butyl (2-(2-(2-(2-((7-nitrobenzo[c][1,2,5] oxadiazol-4-2.7.1.8

yl)amino)ethoxy)ethoxy)ethoxy)ethyl)carbamate258 

 

To a solution of tert-butyl (2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)carbamate 

(68) (103.0 mg, 0.35 mmol) in aqueous NaHCO3 (0.3 M, 5 mL) was added 4-chloro-7-

nitrobenzofurazan (63.2 mg, 0.32 mmol) in methanol (15 mL). The solution was stirred 

overnight at room temperature and concentrated in vacuo to give a brown oil. 

Purification by flash column chromatography (3:1 ethyl acetate:hexane) afforded 

compound (75), tert-butyl (2-(2-(2-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino) 
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ethoxy)ethoxy)ethoxy)ethyl)carbamate, as a bright orange oil (94.3 mg, 0.21 mmol, 

60% yield). 

Rf 0.20 (3:1 ethyl acetate:hexane). HR-LCMS (ES): Rt 1.92 min; m/z calculated for 

C19H29N5O8Na+ 478.1908 [M+Na]+ observed 478.1905. IR (neat) νmax (cm-1): 1304 & 

1586 (N-O), 1622 (C=C), 1709 (C=O), 3331 (N-H). UV-Vis (MeOH): λmax (nm) 454, 329. 

Luminescence (MeOH): λem (nm) 516. 1H NMR (400MHz, CDCl3) δ: 1.35 (9H, s, CH3 19), 

3.20-3.26 (2H, m, CH2 15), 3.45-3.49 (2H, m, CH2 
14), 3.55-3.69 (10H, m, CH2 8 & 10-13), 

3.80-3.84 (2H, m, CH2 9), 4.98 (1H, s, NH 16), 6.15 (1H, d, J = 8.7, CH 4), 7.20 (1H, s, NH 7), 

8.38 (1H, d, J = 8.7, CH 3). 13C NMR (100MHz, CDCl3) δ: 28.4 (CH3 19), 40.3 (CH2 15), 43.8 

(CH2
 8), 68.2 (CH2 9), 70.2 (CH2 10, 13 & 14), 70.5 (CH2 11 & 12), 79.2 (C(CH3)3 

18), 98.9 (CH 4), 

123.5 (C 2), 136.5 (CH 3), 144.0 (CH 5), 144.3 (CH 1 & 6) 156.0 (C=O 17). 

 Attempted synthesis of N-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy) 2.7.1.9

ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine240 

 

A solution of N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-7-nitrobenzo[c][1,2,5] 

oxadiazol-4 amine (73) (90 mg, 0.24 mmol) and phosphoric acid (150 uL, 35 mg,       

0.35 mmol) in water (5 mL) was cooled to 0°C under nitrogen. A solution of triphenyl 

phosphine (66 mg, 0.25 mmol) in diethyl ether (5 mL) was added dropwise with 

stirring. The solution was allowed to warm to room temperature and stirred overnight. 

The biphasic solution was separated and the aqueous solution washed with diethyl 

ether (3 x 10 mL). A solution of potassium hydroxide (6 M, 3 mL) was added and the 
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solution stirred for 3 hr. The mixture was filtered and extracted with chloroform          

(3 x 70 mL), dried over MgSO4, filtered and concentrated in vacuo. No product was 

detected by ESMS. 

 Synthesis of N-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy) ethyl)-2.7.1.10

7-nitrobenzo[c][1,2,5]oxadiazol-4-amine257 

 

Tert-butyl (2-(2-(2-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl) amino)ethoxy)ethoxy) 

ethoxy)ethyl)carbamate (75) (95.0 mg, 0.21 mmol) was stirred in 1:1 TFA:DCM (10 mL) 

for 3 hr. The sample was then concentrated in vacuo, followed by a further two 

evaporations with DCM. The sample was then finally dissolved in water (15 mL) and 

dried using a freeze dryer. This afforded N-(2-(2-(2-(2aminoethoxy)ethoxy)ethoxy) 

ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine, compound (74), as a very viscous 

bright orange oil (TFA salt) (83.2 mg, 0.18 mmol, 85%). Degradation occurred upon 

NMR and attempted purification by flash column chromatography. 

Rf 0.25 (1:9 (10% NH4
+ in MeOH):DCM). LCMS (ES): Rt 0.68 min m/z calculated for 

C14H22N5O6
+ 356.1565 [M+H]+ observed 356.1562 & 378.1378 [M+Na]+. 
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 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy) ethoxy)ethanol240 2.7.1.11

 

To a solution of tetraethylene glycol (11.8309 g, 60.9 mmol) in DCM (180 mL) at 0 °C 

was added triethylamine (3.057 g, 4.2 mL, 30.1mmol). A solution of methane sulfonyl 

chloride (2.2911 g, 1.6 mL, 20.1 mmol) in DCM (20mL) was added dropwise over         

45 min. The reaction mixture was allowed to warm to room temperature and stirred 

overnight. The DCM was removed in vacuo and the resultant solid dissolved in water: 

ethanol solution (3:1, 100mL). Sodium azide (3.5837 g, 55.1 mmol) and NaHCO3 

(0.9408 g, 11.2 mmol) were added and the mixture heated to reflux overnight. Upon 

cooling, the reaction mixture was extracted with DCM (3 x 75 mL), dried over 

anhydrous MgSO4, filtered and concentrated in vacuo to afford 2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethanol compound (79) as a colourless oil (3.6286 g,     

16.6 mmol, 83% yield). 

Rf 0.10 (4:1 ethyl acetate:petroleum ether 40-60°C). HR-LCMS (ES): Rt 1.22 min; m/z 

calculated for C8H18N3O4
+ 220.1292 observed 220.1290 [M+H+], 242.1116 [M+Na]+. IR 

(neat) νmax (cm-1): 3473 (O-H), 2109 (N3), 1303 (C-O). 1H NMR (300MHz, CDCl3) δ: 2.56 

(1H, s, OH), 3.38 (2H, t, J = 5.1, CH2 1), 3.58 (2H, t, J = 5.2, CH2 7), 3.63-3.64 (10H, m,  

CH2 2-6), 3.70 (2H, t, J = 5.2, CH2 8). 13C NMR (100MHz, CDCl3) δ: 50.7 (CH2 1), 61.6     

(CH2 
8), 70.0 (CH2 

2), 70.3 (CH2 
3), 70.5 (CH2 

6), 70.6 (CH2 
4), 70.6 (CH2 

5), 72.5 (CH2 7). 
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 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2.7.1.12

dihydrogen phosphate259 

 

To a solution of phosphorus oxychloride (70 mg, 43 μL, 0.46 mmol) in dry diethyl ether 

(2 mL) under nitrogen at -78°C was added triethylamine (46 mg, 64 μL, 0.46 mmol).    

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethanol (79) was added dissolved in diethyl 

ether (2 mL) and added dropwise. The sample was allowed to warm to room 

temperature overnight with stirring. Due to the presence of unreacted starting 

material by LCMS, more phosphorus oxychloride (250 μL) was added and the sample 

stirred overnight. The solution was quenched with TEAB (10 mL, 0.1 M) and 

concentrated to afford a colourless oil. 

HR-LCMS (ES): Rt 1.04 min; m/z calculated for C8H19N3O7P+ 300.0961 [M+H]+ observed 

300.0950 and 322.0780 [M+Na]+. 

 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2.7.1.13

methanesulfonate240& 260  

 

To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (79) (308.0 mg,          

1.41 mmol) in DCM (10 mL) at 0°C was added TEA (326.7 mg, 450 μL, 3.23 mmol) and 

methanesulfonyl chloride (266.4  mg, 180 μL, 2.33 mmol). The solution was allowed to 
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warm to room temperature overnight with stirring. DCM was removed in vacuo and 

the resultant oil was purified by flash column chromatography (3:1 ethyl 

acetate:petroleum ether 40-60°C) to afford compound (81), 2-(2-(2-(2-azidoethoxy) 

ethoxy)ethoxy)ethyl methanesulfonate, as a colourless oil (157.4 mg, 0.53 mmol, 38% 

yield). 

Rf 0.25 (3:1 ethyl acetate:petroleum ether 40-60 °C). HR-LCMS (ES): Rt 1.487 min; m/z 

calculated for C9H19N3O6SNa+ 320.0887 [M+Na]+ observed 320.0898. IR (neat)            

νmax (cm-1): 2110 (N3), 1352 (S=O), 1303 (C-O), 1175 (S=O). 1H NMR (300MHz, CDCl3) δ: 

3.07 (3H, s, CH3), 3.39 (2H, t, J = 5.0 Hz, CH2 1), 3.64-3.70 (10H, m, CH2 2-6), 3.75-3.79 

(2H, m, CH2 7), 4.36-4.39 (2H, m, CH2 8). 13C NMR (75MHz, CDCl3) δ: 37.7 (CH3), 50.7 

(CH2 1), 69.0 (CH2 7), 69.3 (CH2 8), 70.0 (CH2 2), 70.6 (CH2 3 & 6), 70.7 (CH2 4 & 5). 

 Attempted synthesis of 1-azido-2-(2-(2-(2-bromoethoxy)ethoxy) 2.7.1.14

ethoxy)ethane261 

 

To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (79) (115.0 mg,          

0.52 mmol) in dry diethyl ether (5 mL) under nitrogen at 0°C was added phosphorus 

tribromide (576.0 mg, 200 μL, 2.13 mmol). The solution was allowed to come to room 

temperature overnight with stirring. Methanol (1 mL) was added on ice and the 

solution poured into water. The organic solution was washed with saturated NaHCO3 

solution (1 x 5 mL) and brine (1 x 5 mL). The aqueous layers were combined and back 

extracted with ethyl acetate (1 x 20 mL). The organic layers were combined, dried over 

MgSO4 and concentrated. No product was evident by LCMS. 
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To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (79) (119.0 mg,          

0.54 mmol) in dry diethyl ether (5 mL) under nitrogen at 0°C was added phosphorus 

tribromide (576.0 mg, 200 μL, 2.13 mmol). The solution was allowed to come to room 

temperature over 30 min and then heated to reflux overnight with stirring. Methanol 

(1 mL) was added on ice and the solution poured into water. The organic solution was 

washed with saturated NaHCO3 solution (1 x 5 mL) and brine (1 x 5 mL). The aqueous 

layers were combined and back extracted with ethyl acetate (1 x 20 mL). The organic 

layers were combined, dried over MgSO4 and concentrated. No product was evident 

by LCMS. 

To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (79) (110.0 mg,          

0.50 mmol) in dry toluene (5 mL) under nitrogen at 0°C was added phosphorus 

tribromide (576.0 mg, 200 μL, 2.13 mmol). The solution was allowed to come to room 

temperature over 30 min and then heated to reflux overnight with stirring. Methanol 

(1 mL) was added on ice and the solution poured into water. The organic solution was 

washed with saturated NaHCO3 solution (1 x 5 mL) and brine (1 x 5 mL). The aqueous 

layers were combined and back extracted with ethyl acetate (1 x 20 mL). The organic 

layers were combined, dried over MgSO4 and concentrated. No product was evident 

by LCMS. 
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 Synthesis of 1-azido-2-(2-(2-(2-bromoethoxy)ethoxy) 2.7.1.15

ethoxy)ethane260 

 

To a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (79) (126.0 mg,          

0.42 mmol) in acetonitrile (10 mL) was added tetrabutylammonium bromide        

(248.0 mg, 0.75 mmol). The solution was heated overnight at 50 °C under nitrogen. 

Upon cooling acetonitrile was removed in vacuo to afford a red oil, which was 

dissolved in water   (50 mL) and extracted with ethyl acetate (3 x 75 mL). The organic 

extracts were combined, washed with water (75 mL), dried over MgSO4 and 

concentrated in vacuo. Flash column chromatography (1:1 ethyl acetate:petroleum 

ether 40-60°C)  afforded  1-azido-2-(2-(2-(2-bromoethoxy)ethoxy)ethoxy)ethane (80) 

as a colourless oil (43.1 mg, 0.15 mmol, 36% yield). 

Rf 0.60 (1:1 ethyl acetate:petroleum ether 40-60°C). LCMS (ES): Rt 1.74 min; m/z 

calculated for C8H16BrN3O3Na+ 304.0267 & 306.0247 [M+Na]+ observed 304.0265 & 

306.0206. IR (neat) νmax (cm-1): 2870 (N-H), 2109 (N3). 1H NMR (300MHz, CDCl3) δ: 3.32 

(2H, t, J = 5.1, CH2 
1), 3.40 (2H, t, J = 6.3, CH2 8), 3.60-3.62 (10H, m, CH2 2-6), 3.75 (2H, t,  

J = 6.3, CH2 7). 13C NMR (75MHz, CDCl3) δ: 30.3 (CH2 8), 50.7 (CH2 
1), 20.0 (CH2 

2), 70.5 

(CH2 
3), 70.7 (CH2 

4-6), 71.2 (CH2 
7). 
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 Synthesis of ATP-azide analogue262 2.7.1.16

 

To a solution of ATP sodium salt (202.0 mg, approx. 0.37 mmol) in 1:1 THF:water       

(25 mL) was added EDC. HCl (72.9 mg, 0.38 mmol). The solution was made basic 

(approx. pH 9) using TEA and then stirred at room temperature for 60 min. 2-(2-(2-(2-

Azidoethoxy)ethoxy)ethoxy)ethanamine (66) (160 mg, 0.73 mmol) was added and the 

reaction mixture stirred at room temperature overnight. The sample was concentrated 

in vacuo to remove THF and applied to a column of DEAE Sephadex. Elution was 

effected with a linear gradient of 1.8 L of triethylammonium bicarbonate from 50mM 

to 600 mM. ATPN3 eluted at approx. 185-230 mM. These fractions were combined and 

evaporated to dryness. Residual triethylammonium bicarbonate was removed by 

evaporation with methanol (3 x 50 mL). Further purification by RP-HPLC (0-40 % B over 

30 min; Buffer A: 50 mM TEAB ~pH 7.1, Buffer B: acetonitrile) followed and the 

relevant fractions were combined and evaporated to dryness. Residual 

triethylammonium bicarbonate was removed by evaporation with methanol                 

(3 x 50 mL) before freeze-drying from water (1 mL). Pure product was not recovered 

from HPLC. 

MS (ES): m/z 706 [M-H]-. RP-HPLC: Rt 15.52 min (0-40% B over 30 min; Buffer A: 50 mM 

TEAB ~pH 7.1, Buffer B: acetonitrile). 
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 Synthesis of ATPγNH-linker-alkyne analogue262 2.7.1.17

 

To a solution of ATP sodium salt (88.0 mg, approx. 0.16 mmol) in 1:1 THF:water         

(25 mL) was added EDC. HCl (31.1 mg, 0.16 mmol). The solution was made basic 

(approx. pH 9) using TEA and then stirred at room temperature for 60 min.                   

N-(2-aminoethoxy)ethoxy)ethoxy)ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (70) 

(30.0 mg, 0.11 mmol) was added and the reaction mixture stirred at room temperature 

overnight. The sample was concentrated in vacuo to remove THF and applied to a 

column of DEAE Sephadex. Elution was effected with a linear gradient of 1.8 L of 

triethylammonium bicarbonate from 50mM to 600 mM. ATPγNH-linker-alkyne (59) 

eluted at approx. 270-330 mM. These fractions were combined and evaporated to 

dryness to yield crude ATPγNH-linker-alkyne (59) (4.0 mg, 5.12 μmol, 5% crude yield). 

Residual triethylammonium bicarbonate was removed by evaporation with methanol 

(3 x 50 mL). Further purification by RP-HPLC (0-40% B over 30 min; Buffer A: 50 mM 

TEAB ~pH 7.1, Buffer B: acetonitrile) followed and the relevant fractions were 

combined and evaporated to dryness. Residual triethylammonium bicarbonate was 

removed by evaporation with methanol (3 x 50 mL) before freeze-drying from water  

(1 mL). Analysis by RP-HPLC showed degradation; therefore, pure product was not 

isolated. 
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MS (ES): m/z 760 [M-H]-
. RP-HPLC: Rt 15.93 min (0-40% B over 30 min; Buffer A 50 mM 

TEAB pH ~7.1, Buffer B acetonitrile); Rt 17.52 min (0-30% B over 30 min; Buffer A:        

50 mM TEAB pH ~7.1, Buffer B: acetonitrile). 

 Attempted synthesis of ATPγNH-linkier-coumarin 263 2.7.1.18

 

To a solution of crude ATPγNH-linker-alkyne (58) (2.0 mg, 2.63 μmol) and 7-Acetic-3-

azidocoumarin (1.8 mg, 5.26 μmol) in 1:1 water:ethanol (400 μL) was added CuSO4     

(2 M, 2.6 μL, 5.26 μmol) and sodium ascorbate (10.0 mg, 0.42 μmol). The solution was 

stirred for 2 hr at room temperature. Analysis by MS and RP-HPLC showed no product. 

 Attempted synthesis of ATP-azide analogue with P-O link 2.7.1.19

 

2.7.1.19.1 Using EDC262 

A solution of ATP disodium salt (156.4 mg, 0.28 mmol) and EDC (47.8 mg, 0.25 mmol) 

in water (6 mL) was stirred at room temperature for 30 minutes to form the active 

ester. 2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethanol (79) (49.9 mg, 0.23 mmol) was 

added and the solution stirred at room temperature for 3 hr. The reaction was 
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monitored by RP-HPLC (0-40% B over 30 min, Buffer A: 50 mM TEAB pH 7, Buffer B: 

acetonitrile). No product evident by HPLC, LCMS or MS. 

2.7.1.19.2 Using DCC264 

ATP disodium salt (54.1 mg, 98 μmol) was converted to the free acid form by shaking 

with Amberlyst 15 (50 mg) in water for 30 min. The Amberlyst 15 was removed by 

suction filtration and the filtrate evaporated to dryness. The free acid was converted to 

the triethylammonium salt by the addition of TEAB (3 mL, 1 M). Excess TEAB was 

removed by evaporation with methanol (3 x 5 mL) and the sample freeze dried from 

water (8 mL). ATP was rendered anhydrous by evaporation with dry pyridine (2 mL) 

and activated with DCC (20.8 mg, 98 μmol) in dry DMF (2 mL) for 1 hr. 2-(2-(2-(2-

Azidoethoxy)ethoxy)ethoxy)ethanol (79) (107.1 mg, 0.49 mmol) was rendered 

anhydrous by evaporation with dry pyridine (2 x 2mL), dissolved in dry DMF (2 mL) 

with TEA (50 μL) and added to the ATP solution. The reaction mixture was stirred at   

40 °C overnight. No product was detected by MS. 

2.7.1.19.3 Using compound (82)259 

ADP disodium salt (212.2 mg, 0.46 mmol) was converted to the free acid form by 

shaking with Amberlyst 15 (50 mg) in water for 30 min. The Amberlyst 15 was removed 

by suction filtration and the filtrate evaporated to dryness. The free acid was 

converted to the tributylammonium salt by the addition of TEAB (3 mL, 1 M). To a 

solution of the ADP salt in dry DMF (3 mL) was added CDI (74.6 mg, 0.46 mmol) and 

solution was left stirring overnight. Dry MeOH (20 μL) was added and the reaction 

mixture stirred for 30 min. Crude 2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl 
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dihydrogen phosphate (82) was dissolved in dry DMF (2 mL) and added to the ADP 

solution. The reaction mixture was stirred overnight. No product was detected by MS.  

2.7.1.19.4 Using compound (80)174 

ATP disodium salt (100.6 mg, 0.18 mmol) was converted to the free acid form by 

shaking with Amberlyst 15 (50 mg) in water for 30 min. The Amberlyst 15 was removed 

by suction filtration and the filtrate evaporated to dryness. The free acid was 

converted to the triethylammonium salt by the addition of TEAB (3 mL, 1 M). Excess 

TEAB was removed by evaporation with methanol (3 x 5 mL) and the sample freeze 

dried from water (8 mL). ATP was dissolved in dry DMF (3 mL) and left over molecular 

sieves overnight. 1-azido-2-(2-(2-(2-bromoethoxy)ethoxy)ethoxy)ethane (80) was 

dissolved in dry DMF (2 mL) and left over molecular sieves overnight before being 

added to the ATP solution and stirred overnight. No product was detected by MS.  

 Synthesis of ATPγSEt244 2.7.1.20

 

ATPγS (48) tetralithium salt (7 mg, 13 μmol) was dissolved in MeOD:D2O (1:1, 1 mL) 

and placed in an NMR tube. Iodoethane (2.0 mg, 1 μL) was added and the reaction 

monitored by 31P NMR. No change in NMR was seen after 24 hr therefore more 

iodoethane (4.0 mg, 2 μL) was added and the reaction mixture left for 48 hr. The 

sample was purified using RP-HPLC ((0-40% B over 20 min; Buffer A: 0.1 M TEAA in 
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water pH ~7.2; Buffer B: 0.1 M TEAA in 80:20 ACN:water pH ~7.2)) to yield ATPγSEt (62) 

(10 nmol).  

ES MS: m/z 550 [M-H], 426 [ADP-H]-
. RP-HPLC: Rt 15.247 min (0-40% B over 25 min; 

Buffer A: 0.1 M TEAA in water ~pH 7.2; Buffer B: 0.1 M TEAA in 80:20 ACN:water          

~pH 7.2).  

 Synthesis of ADP-morpholidate265 2.7.1.21

 

ADP mono sodium salt (402.9 mg, 0.90 mmol) was converted to the free acid form by 

shaking with Amberlyst 15 (100mg) in water for 1 hr. The Amberlyst 15 was removed 

by suction filtration and the filtrate freeze dried. The resultant free acid ADP was 

refluxed with morpholine (489.0 mg, 500 L, 5.62 mmol) in 50% aqueous tertiary 

butanol (10 mL). DCC (1.1444 mg, 5.55 mmol) in tertiary butanol (5 mL) was added and 

the solution refluxed overnight. The sample was cooled, evaporated to half its volume 

and washed with ether (3 x 50 mL). The aqueous layer was filtered to remove 

dicyclohexylurea precipitate and applied to a column of DEAE Sephadex. Elution was 

effected with a linear gradient of 1.8 L of triethylammonium bicarbonate (50 mM to 

600 mM). Three UV 260 nm absorbing peaks were obtained. ADP-morpholidate (84) 

was eluted at approx 200 mM to 340 mM. These fractions were combined and 

evaporated to dryness. Residual triethylammonium bicarbonate was removed by 
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evaporation with methanol (4 x 50 mL) and the sample freeze dried from water         

(10 mL) to yield the triethylammonium salt of ADP-morpholidate (84) (185.0 mg,     

0.37 mmol, 30% crude yield).  

HR-LCMS (ES): Rt: 0.39 min; m/z calculated for C14H21N6O10P2
- 495.0800 [M-H]- 

observed 495.0858. UV λmax 259.3 nm. 

 Synthesis of ATPγEt265 2.7.1.22

 

Crude ADP-morpholidate triethylammonium salt (84) (168.3 mg, 0.24 mmol) was 

rendered anhydrous by evaporation with dry pyridine (3 x 3 mL). Residual pyridine was 

removed by evaporation with dry toluene (3 x 2 mL). Ethylphosphonic acid (73.0 mg, 

0.67 mmol) was placed in pyridine (1 mL). A cloudy suspension formed. Upon addition 

of Bu3N (250μL, 194.5 mg, 1.05 mmol) the solution became clear. This was evaporated 

to dryness by evaporation with dry pyridine (3 x 3 mL) and residual pyridine removed 

by evaporation with dry toluene (3 x 2 mL). This was dissolved in dry DMSO (3 mL) and 

added to the anhydrous ADP-morpholidate (84). The reaction mixture was stirred at  

40 °C for 48 hr. This was then applied to a column of DEAE Sephadex. Elution was 

effected with a linear gradient of 1.8 L of triethylammonium bicarbonate from 50mM 

to 400 mM. ATPγEt eluted at approx 210-255 mM. These fractions were combined and 

evaporated to dryness. Residual triethylammonium bicarbonate was removed by 
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evaporation with methanol (3 x 50 mL). Further purification by RP-HPLC (0-10% B; 

Buffer A: 50 mM TEAB pH ~7.1, Buffer B: acetonitrile) followed and the relevant 

fractions were combined and evaporated to dryness. Residual triethylammonium 

bicarbonate was removed by evaporation with methanol (3 x 50 mL) before freeze-

drying from water (1 mL) to yield ATPγEt (63) as the triethyl ammonium salt (17.6 mg, 

21.46 μmol, 9% yield).  

LCMS (Es): Rt 0.435; m/z Calculated for C12H21N5O12P3
+ 520.0400 [M+H]+ observed 

520.0372 & 517.8624 [M-H]- &. MS (ES): m/z 518 [M-H]-. RP-HPLC: Rt 18.580 min        

(0-10% B over 30 min; Buffer A: 50 mM TEAB ~pH 7.1, Buffer B: acetonitrile). UV λmax: 

259.00 nm. 1H NMR (300MHz, D2O) δ: 1.02 (3H, dt, J = 20.0 & J = 7.7, CH3 16), 1.69 (2H, 

dq, J = 17.6 & J= 7.7, CH2 15), 4.12-4.25 (2H, m, CH2 14), 4.34 (1H, app quintet, J =5.5 & 

2.76 , CH 13), 4.52 (1H, dd, J = 5.1 & J = 3.4, CH 12), 4.72-4.76 (1H, m, CH 11), 6.08 (1H, d, 

J = 6.1, CH 10), 8.20 (1H, s, CH 8), 8.48 (1H, s, CH 2). 31P {1H} NMR (100MHz, D2O) δ:          

-23.06 (1P, m, β), -11.43 (1P, d, J = 18.6, α), 22.43 (1P, d, J = 21.8, γ). 

 Synthesis of GTP-azide analogue262 2.7.1.23

 

To a solution of GTP sodium salt (70.9 mg, approx. 0.14 mmol) in 1:1 THF:water         

(25 mL) was added EDC (118.4 μL, 103.9 mg, 0.54 mmol) and 2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethanamine (66) (68.4 mg, 0.313 mmol) and the reaction 
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mixture stirred at room temperature overnight. The sample was concentrated in vacuo 

to remove THF and applied to a column of DEAE Sephadex. Elution was effected with a 

linear gradient of 1.8 L of triethylammonium bicarbonate from 50mM to 470 mM. 

GTPγNH-PEG-N3 (94) eluted at approx. 270-330 mM. These fractions were combined 

and evaporated to dryness. Residual triethylammonium bicarbonate was removed by 

evaporation with methanol (3 x 50 mL). Further purification by RP-HPLC (2-30% B over 

20 min; Buffer A: 0.1 M TEAA in water ~pH 7.2; Buffer B: 0.1 M TEAA in 80:20 

ACN:water ~pH 7.2) followed and the relevant fractions were combined and 

evaporated to dryness. Residual triethylammonium bicarbonate was removed by 

evaporation with methanol (3 x 50 mL) before freeze-drying from water (1 mL) to yield 

GTPγNH-PEG-N3 (99) as the triethylammonium salt (1.4 mg, 1.36 μmol, 1%). 

MS (ES): m/z 722 [M-H]-. RP-HPLC: Rt 24.107 min (2-30% B over 25 min; Buffer A: 0.1 M 

TEAA in water pH ~7.2; Buffer B: 0.1 M TEAA in 80:20 ACN:water pH ~7.2). 1H NMR 

(400MHz, D2O) δ: 2.99-3.06 (2H, m, CH2 15), 3.44 (2H, t, J = 5.2, CH2 22) 3.51 (2H, t,          

J = 5.8, 16), 3.60-3.69 (10H, m, CH2 17-21), 4.11-4.23 (2H, m, CH2 14), 4.27-4.31 (1H, m,          

CH 13), 4.50 (1H, dd, J = 5.4 & J = 3.1, CH 12), 5.87 (1H, d, J = 6.5, CH 10), 8.05 (1H, s,      

CH 8). 31P NMR (400MHz, D2O) δ: -11.40 (1P, d, J = 18.2, α), -22.86 (1P, t, J = 20.3, β),     

-1.36 (1P, m, γ). 
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2.7.2 Synthesis of CX-4945 

 Synthesis of (2-amino-4-(methoxycarbonyl)phenyl)boronic acid266 2.7.2.1

  

To a solution of 4-(methoxycarbonyl)-2-nitrophenyl)boronic acid (85) (0.9921 g,       

4.41 mmol) in methanol (80 mL) and ethanol (170 mL) was added 10% Pd/C (95.5 mg). 

The reaction mixture was stirred under hydrogen at room temperature for 2 hr. The 

mixture was filtered through celite and concentrated in vacuo to afford crude 2-amino-

4-(methoxycarbonyl)phenyl)boronic acid (86) as a yellow solid (0.8392 g, 4.30 mmol, 

98% yield).  

HR-LCMS (ES): Rt 1.04 min; m/z calculated for C8H11NO4B+ 196.0794 [M+H]+ observed 

196.0798. 1H NMR (400MHz, CDCl3) δ: 3.94 (3H, s, CH3 8), 7.69 (1H, s, CH 3), 7.73 (2H,  

br s, 2 CH 5 & 6). 

 Synthesis of methyl 5-oxo-5,6-dihydrobenzo[c][2,6] naphthyridine-8-2.7.2.2

carboxylate238 

  

To a solution of (2-amino-4-(methoxycarbonyl)phenyl)boronic acid (86) (1.1508 g,   

5.90 mmol) in DMF (30 mL) was added ethyl 3-bromoisonicotinate (888 μL, 1.4022 g, 
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6.49 mmol), PdCl2(dppf) (0.2043 g, 0.29 mmol) and sodium acetate (3.4950 g,        

41.31 mmol). The reaction mixture was placed under nitrogen and stirred at 125 °C 

overnight. The reaction mixture was cooled to room temperature and water added to 

precipitate the product. After centrifugation the supernatant was removed, the pellet 

re-suspended in water and dried in vacuo to afford methyl 5-oxo-5,6-dihydrobenzo 

[c][2,6]naphthyridine-8-carboxylate (87) (0.9599 g, 3.78 mmol, 64% yield). 

HR-LCMS (ES): Rt 1.44 min; m/z calculated for C14H11N2O3
+ 255.0770 observed 

255.0778 [M+H]+
.
 1H NMR (400 MHz, d6DMSO) δ: 3.92 (3H, s, CH3 14), 7.83 (1H, dd,         

J = 8.4 & 1.6, CH 10), 8.02 (1H, d, J = 1.6, CH 7), 8.15 (1H, d, J = 5.1, CH 3), 8.72 (1H, d,         

J = 8.4, CH 9), 8.89 (1H, d, J = 5.16, CH 2), 9.94 (1H, s, CH 1). 13C NMR (100 MHz, 

d6DMSO) δ:  52.5 (CH3), 117.2 (CH), 122.6 (CH), 123.6 (CH), 136.9 (CH), 149.0 (CH). 

 Synthesis of methyl 5-(3-hydroxypropoxy)-5,6-dihydrobenzo[c][2,6] 2.7.2.3

naphthyridine-8-carboxylate & methyl 6-(3-hydroxypropyl)-5-oxo-5,6 

dihydrobenzo[c][2,6]naphthyridine-8-carboxylate238 

 

To a solution of (87) (39.1 mg, 0.15 mmol) in dry DMF (5 mL) was added potassium 

carbonate (158.1 mg, 1.14 mmol) and iodopropanol (200 μL, 468.1 mg, 2.52 mmol). 

The reaction mixture was stirred at 100 °C for 1.5 hr. The reaction mixture was diluted 

with water (15 mL) and extracted with DCM (3 x 50 mL). The extract was dried over 

MgSO4, filtered and concentrated in vacuo to afford a crude mixture of methyl 5-(3-



147 
 

hydroxypropoxy)-5,6-dihydrobenzo[c][2,6]naphthyridine-8-carboxylate (88) and 

methyl6-(3-hydroxypropyl)-5-oxo-5,6-dihydrobenzo[c][2,6]naphthyridine-8carboxylate 

(89) (82.5 mg in a 3:1 ratio by LCMS). 

Rf 0.55 & 0.10 (100% ethyl acetate). HR-LCMS (ES): Rt 1.51 min; m/z calculated for 

C17H17N2O4
+ 313.1188 [M+H]+ observed 313.12 and Rt 1.73 min; m/z calculated for 

C17H17N2O4 expected 313.1188 [M+H]+ observed 313.12 [M+H]+
. 

 Synthesis of methyl 5-chlorobenzo[c][2,6]naphthyridine-8 2.7.2.4

carboxylate238 

 

Compound (87) (0.1924 g, 0.76 mmol) and phosphorous oxychloride (2 mL) were 

combined in a Whatman vial and heated with stirring to 110 °C for 72 hr. Volatiles 

were removed in vacuo and acetonitrile added to the residue. The mixture was filtered 

to remove insoluble particulate matter and concentrated in vacuo to give crude methyl 

5-chlorobenzo[c][2,6]naphthyridine-8-carboxylate, compound (90), (138.8 mg, 50% 

purity by NMR). 

HR-LCMS (ES): Rt 1.93; m/z calculated for C14H10N2O2Cl+ 273.0431 [M+H+] observed 

273.0427 & 275.0414 & Rt 1.38; m/z calculated for C14H11N2O3
+ 255.0770 [M+H+] 

observed 255.0778. 1H NMR (400MHz, d6DMSO) δ: 4.03 (3H, s, CH3 14), 8.35 (1H, d,       
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J = 5.5, CH 3), 8.38 (1H, dd, J = 8.6 & 1.7, CH 10), 8.63 (1H, d, J = 1.6, CH 7), 9.15 (1H, d,    

J = 5.5, CH 2), 9.22 (1H, d, J = 8.6, CH 9), 10.43 (1H, s, CH 1). 

 Synthesis of methyl 5-(3-chlorophenyl)amino)benzo[c] 2.7.2.5

[2,6]naphthyridine-8-carboxylate238 

 

To a solution of crude compound (90) (300 mg, 1.10 mmol) in NMP (3 mL) was added 

p-chloroaniline (200 μL, 242 mg, 1.90 mmol). The reaction mixture was heated to 80 °C 

overnight. The solution was diluted with DCM (100 mL), washed with saturated 

NaHCO3 solution (2 x 100 mL) and brine (1 x 100 mL). The DCM extract was dried over 

MgSO4 and volatiles removed in vacuo. Purification by flash column chromatography 

(9:1 ethyl acetate: petroleum ether (40-60 °C)) yielded methyl 5-((3-chlorophenyl) 

amino)benzo[c][2,6]naphthyridine-8-carboxylate (91) as a yellow powder (10.1 mg, 

0.03 mmol, 2.5% yield). 

HR-LCMS (ES): Rt 2.25 min; m/z calculated for C20H15N3O2Cl+ 364.0853 [M+H]+ observed 

364.0857 & 366.0832. 
1H NMR (400 MHz, d6DMSO) δ: 3.95 (3H, s, CH3 14), 7.16 (1H, 

ddd, J = 8.1, 2.0 & 0.8 CH 4’), 7.47 (1H, t, J = 8.1 CH 5’), 8.00 (1H, dd, J = 8.4 & 1.8, 10), 

8.11 (1H, ddd, J = 8.1, 2.0 & 0.8, CH 6’), 8.28-8.30 (1H, m, CH 2’), 8.61 (1H, d, J = 5.4,    

CH 3), 8.91 (1H, d, J = 8.4, CH 9), 9.03 (1H, d, J = 5.4, CH 2), 9.71 (1H, s, CH 7), 10.20 (1H, 

s, CH 1). 
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2.7.3 Protein expression & purification 

 Transformation & Expression  2.7.3.1

BL21-CodonPlus (DE3)-RIPL competent cells (100 μL) were thawed on ice and placed 

into a pre-chilled 14 mL BD Falcon polypropylene round-bottom tube. The pGRX-2T or 

pLEICS-05 vector containing the coding sequence for the bacterial expression of 

PfCK2α as a translational fusion with GST (former) or as a translational fusion with His6 

(latter)  (~25 ng) was added; the tube was gently swirled to mix the sample and then 

incubated on ice for 30 min. Heat shock was performed by incubating the mixture in a 

42 °C water bath for 20 s, followed by incubation on ice for 2 min. SOC medium       

(900 μL, 42 °C) was added and the transformation reaction mixture incubated at 37 °C, 

220-250 rpm for 30 min. The cell culture (100 μL) was plated on LB agar petri dishes 

containing ampicillin (50 mg/L) and chloramphenicol (50 mg/L) and incubated at 37 °C 

overnight. A single colony was selected and grown in LB medium (100 mL) containing 

ampicillin (50 mg/L) and chloramphenicol (50 mg/L) overnight at 37 °C, 220-250 rpm. 

The culture was then diluted 1:9 in LB medium containing ampicillin (50 mg/L) and 

chloramphenicol (50 mg/L) and allowed to recover at 37 °C, 220-225 rpm for 30 min, 

or until the optical density at 600 nm (OD600) reached 0.6-0.8. Protein expression was 

induced by the addition of IPTG (100 μM final concentration) at 22 °C, 220-250 rpm for 

4 hr. The cells were collected by centrifugation (10 min, 10 000 rpm, 4 °C) and the 

pellets stored at -80 °C until required.  

 Glutathione-affinity chromatography 2.7.3.2

Cell pellets were re-suspended in ice-cold GST-lysis buffer (10 mL) and subjected to 

sonication (10 x 30 s with 30 s break at 4 °C). The cell free extract was obtained by 
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centrifugation (20 min, 20 000 rpm, 4 °C). The GST-fusion protein was purified from the 

supernatant using a glutathione sepharose column.  The resin (500 μL) was 

equilibrated with GST-lysis buffer (5x column volumes) and the cell-free extract loaded 

on to the column. The column was then washed with GST-lysis buffer (10x column 

volumes) and the GST-fusion protein eluted in fractions of ~500 μL using GST-elution 

buffer. Fractions containing the GST-fusion protein (PfCK2α), confirmed by SDS-PAGE, 

were pooled and dialysed for 2 hr, with stirring at 4 °C, against CK2-dialysis buffer (2 L). 

 Ni-NTA-affinity chromatography 2.7.3.3

Cell pellets were re-suspended in ice-cold lysis buffer (10 mL) (0.5%) and subjected to 

sonication (10 x 30 s with 30 s break at 4 °C). The cell free extract was obtained by 

centrifugation (20 min, 20 000 rpm, 4 °C). The His6-fusion protein was purified from 

the supernatant using a nickel-nitrilotracetic acid (Ni-NTA) agarose column.  The resin 

(2 mL) was equilibrated with Ni-NTA-lysis buffer (5x column volumes) and the cell-free 

extract loaded on to the column. The column was then washed with Ni-NTA-lysis 

buffer (10x column volumes) and the His6-fusion protein eluted in fractions of ~500 μL 

using Ni-NTA-elution buffer. Fractions containing the His6-fusion protein, confirmed by 

SDS-PAGE, were pooled and dialysed for 2 hr, with stirring at 4 °C, against CK2-dialysis 

buffer (2 L) to remove imidazole.  

 Total protein content and purity 2.7.3.4

2.7.3.4.1 SDS-PAGE 

In order to confirm the presence of the required protein and its purity, SDS-PAGE was 

performed on fractions from the glutathione and Ni-NTA columns and the combined 

fractions after dialysis using polyacrylamide gels (10%, 0.75 mm thickness). Protein 
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samples were prepared for electrophoresis by adding an equal volume of 2x Laemmli 

buffer and heating at 60 °C for 3 min. Gels were run in SDS running buffer at 200 V for 

45 min (or until the dye-front reached the end of the gel). The gels were stained by 

soaking in coomassie brilliant blue staining buffer and destained by soaking in 

destaining buffer. Precision plus unstained protein standards with protein markers of 

band sizes 250, 150, 100, 75, 50, 37, 25, 20, 15, & 10 kDa were used. 

2.7.3.4.2 Bradford assay 

The total protein content of the sample was measured using a Bradford assay. Protein 

sample (5 μL), water (995 μL) and Bradford reagent (1 mL) were mixed in a cuvette and 

allowed to react for 5 min. The absorbance of the sample at 595 nm was measured to 

give the concentration of the protein present. This was then used to calculate the 

amount of desired protein present from the densitometry of the SDS-PAGE        

(Section 2.7.3.4.1). For PfCK2α the desired GST-fusion protein was deemed to be 25% 

of the total sample; i.e. 176 μg/mL for the batch used in kinetic studies in Leicester the 

desired His6-fusion protein was deemed to be 50% of the total sample; i.e. 178 μg/mL. 

2.7.4 Establishing activity 

 Quantitative analysis 2.7.4.1

For PfCK2α-GST kinase activity was tested in a final volume of 25 μL containing Tris HCl 

(20-22.4 mM), KCl (50 mM), MgCl2 (10 mM), DTT (0-0.24 mM), NaCl (0-42 mM), 

Na2EDTA (0-0.12 mM), peptide RRRADDSDDDDD (100 μM), ATP (100 μM, including    

[γ-32P]-ATP 500-1000 cpm/pmol) and enzyme (0-21.2 ng/μL). For PfCK2α-His6 the 

activity was tested in a final volume of 18 μL containing TrisHCl (36 mM), MgCl2      

(18.6 mM), NaCl (62.5 mM), peptide RRREDEESDDEE (167 μM), ATP (100 μM, including 
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[γ-32P]-ATP 500-1000 cpm/pmol) and enzyme (0-29.7 ng/μL). The samples were 

incubated for 10 min at 37 °C before being quenched with H3PO4 (5 μL, 0.5 M). 10 μL of 

this solution was then spotted on to squares of P81 phosphocellulose paper and 

allowed to dry for 20 min. The samples were washed with H3PO4 (0.5%, 3 x 10 min 

washes) before being placed into Ultimate Gold scintillation fluid (5 mL) and the 

radioactive decay measured using a scintillator.   

2.7.5 Enzyme kinetics 

 Kinetic parameters Leicester 2.7.5.1

Kinetic parameters for mammalian CK2 and PfCK2α-GST were measured in a final 

volume of 25 μL containing Tris-HCl (20 mM), KCl (50 mM), MgCl2 (10 mM), DTT         

(0.2 mM), NaCl (7 mM), Na2EDTA (0.1 mM), peptide (mammalian CK2 RRREEETEEE   

100 μM; PfCK2α-GST RRRADDSDDDDD 100 μM), ATP (10-100 μM, including                 

[γ-32P]-ATP 500-1000 cpm/pmol)  and enzyme (mammalian CK2 250 U, 11.16 μg/μL & 

25 U, 1.12 μg/μL & 8.3 U, 0.56 μg/μL; PfCK2α-GST 7.0 ng/μL). Kinetic parameters for  

PfCK2α-His6 were measured in a final volume of 18 μL containing TrisHCl (36 mM), 

MgCl2 (18.6 mM), NaCl (62.5 mM), peptide RRREDEESDDEE (167 μM), ATP (10-100 μM, 

including [γ-32P]-ATP 500-1000 cpm/pmol) and enzyme (7.4 ng/μL). Kinetic 

parameters for PfCK2α-His6 were measured in a final volume of 18 μL containing 

TrisHCl (36 mM), MgCl2 (18.6 mM), NaCl (62.5 mM), peptide RRREDEESDDEE (167 μM), 

ATP (10-100 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) and enzyme (7.4 ng/μL). 

In all three cases the samples were incubated for 10 min at 37 °C before being 

quenched with H3PO4 (5 μL, 0.5 M). 10 μL of this solution was then spotted on to 

squares of P81 phosphocellulose paper and allowed to dry for 20 min. The samples 
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were washed with H3PO4 (0.5%, 3 x 10 min washes) before being placed into Ultimate 

Gold scintillation fluid (5 mL) and the radioactive decay measured using a scintillator.   

 Kinetic parameters, Grenoble 2.7.5.2

Kinetic parameters for PfCK2α-GST and mammalian CK2α were measured in a final 

volume of 18 μL containing TrisHCl (36 mM), MgCl2 (18.6 mM), NaCl (62.5 mM), 

peptide RRREDEESDDEE (167 μM), ATP/GTP (10-100 μM, including [γ-32P]-ATP/GTP 

500-1000 cpm/pmol) and enzyme (PfCK2α-GST 3 μL - at 100 μM ATP & 167 μM 

RRREDEESDDEE 3 μL phosphorylated 0.02% peptide; mammalian CK2α 0.278 ng/μL). 

The samples were incubated for 5 min at room temperature before the reaction was 

quenched by the addition of TCA (60 μL, 4%) and casein (6 μL, 30 mg/mL). The samples 

were placed on ice for 15 min to encourage precipitation. Following centrifugation   

(15 min, 12 000 rpm) supernatant (60 μL) was spotted on to squares of P81 

phosphocellulose paper and allowed to dry for 20 min. The samples were washed with 

H3PO4 (0.5%, 3 x 5 min washes) before being placed into Ultimate Gold scintillation 

fluid (2 mL) and the radioactive decay measured using a scintillator.  

 Peptide phosphorylation analysis by MALDI-TOF MS 2.7.5.3

Peptide phosphorylation assays were carried out in a final volume of 50 μL containing 

Tris HCl (20.4 mM), KCl (50 mM), MgCl2 (10 mM), DTT (0.2 mM), NaCl (7 mM), Na2EDTA 

(0.1 mM), peptide RRRADDSDDDDD (34.5 μM) for PfFCK2α-GST & RRREEETEEE       

(36.7 μM) for mammalian CK2, ATP analogue (1 mM) and enzyme (mammalian 250 U, 

11.16 μg/μL; 7.0 ng/μL PfCK2α).The samples were incubated for 2 hr or overnight 

before being placed on ice and TFA solution (5 μL, 1%) added. Purification to remove 

the high salt content prior to MALDI-TOF MS was performed using a Zip Tip. The Zip Tip 
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was permeabilised with acetonitrile and equilibrated with TFA (0.1% in water). A 

sample of the reaction mixture (10 μL) was loaded onto the Zip Tip and solution 

discarded. The Zip Tip was washed with TFA (3 x 10 μL, 0.1% in water) and the sample 

eluted with TFA (10 μL, 0.1% in 1:1 acetonitrile:water). The eluted sample (2 μL) was 

mixed with matrix (2 μL) and a portion (0.5 μL) loaded on to a plate and analysed by 

MALDI-TOF MS. 

 ATPγEt as an inhibitor of CK2 2.7.5.4

The inhibition of PfCK2α-GST and mammalian CK2 with ATPγEt were measured in a 

final volume of 25 μL containing Tris HCl (20.4 mM), KCl (50 mM), MgCl2 (10 mM), DTT 

(0.04 mM), NaCl (7 mM), Na2EDTA (2 mM), peptide (RRREETEEE 117.6 μM for 

mammalian CK2; RRRADDSDDDDD 110.5 μM for PfCK2α-GST), ATP (50 μM, including 

[γ-32P]-ATP 500-1000 cpm/pmol), ATPγEt (0-5mM) and enzyme (250 U (11.2 μg/μL) 

mammalian CK2; 7.0 ng/μL PfCK2α). The samples were incubated for 10 min at 37 °C 

before being spotted on to squares of P81 phosphocellulose paper and allowed to dry 

for 20 min. The samples were washed with H3PO4 (0.5%, 3 x 10 min washes) before 

being placed into Ultimate Gold scintillation fluid (5 mL) and the radioactive decay 

measured using a scintillator. 

 IC50 values for ATP analogues with PfCK2α 2.7.5.5

Inhibition assays for PfCK2α-GST were carried out in a final volume of 18 μL containing 

TrisHCl (36 mM), MgCl2 (18.6 mM), peptide RRREDEESDDEE (167 μM), [γ-32P]-ATP 

(500-1000 cpm/pmol, including 55.8 fmol ATP), ATP analogue (10-100 μM) and enzyme 

(3 μL - at 100 μM ATP & 167 μM RRREDEESDDEE 3 μL phosphorylated 0.02% peptide). 

The samples were incubated for 5 min at room temperature before the reaction was 
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quenched by the addition of TCA (60 μL, 4%) and casein (6 μL, 30 mg/mL). The samples 

were placed on ice for 15 min to encourage precipitation. Following centrifugation   

(15 min, 12 000 rpm) supernatant (60 μL) was spotted on to squares of P81 

phosphocellulose paper and allowed to dry for 20 min. The samples were washed with 

H3PO4 (0.5%, 3 x 5 min washes) before being placed into Ultimate Gold scintillation 

fluid (2 mL) and the radioactive decay measured using a scintillator.   
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3 Studying CLKs through gatekeeper mutations 

3.1 Introduction 

The CLK family belong to the CMGC group and have been identified as dual specificity 

kinases; in fact, CLK1 was one of the first dual specificity kinases to be 

discovered.267,268,269 All four isoforms of CLK (CLK1, CLK2, CLK3 and CLK4) have a highly 

conserved structure with a signature amino acid motif in the subdomain X of the         

C-terminal lobe.270,271 However, despite their overall highly conserved structure, the  

N-termini of the isoforms contain great variability.270 

The CLK family are known to phosphorylate Ser residues in serine/arginine rich 

proteins (SR proteins),272,273 which regulates the location and activity of the SR 

proteins. As SR proteins are a group of proteins that control alternative splicing, 274 CLK 

kinases are, therefore, key regulators of splicing.275 This supports the findings that 

mutations in the Drosophila CLK homologue are embryonic lethal and result in defects 

in eye formation and neuronal development.271 There is also evidence for their 

involvement in developmental processes; e.g. high levels of CLK3 were found in the 

cytoplasm of mature spermatozoa.276  

3.1.1 CLK homologues in Plasmodium falciparum 

The CMGC group is one of the major groups in the Plasmodium falciparum kinome, 

making up approximately a quarter of the P. falciparum kinome. Therefore, their 

abundance in P. falciparum is likely to reflect their importance in the cell proliferation 

and developmental processes of this parasite.90 All four members of the CLK family are 

found in the P. falciparum kinome and are thought to perform crucial roles in asexual 
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proliferation because knockout vectors were not observed for the genes of any of the 

PfCLKs after prolonged culture.90,210  

3.1.2 Inhibition studies of the CLK family 

In order to study the functions of the CLK family in more detail, there is now significant 

interest in identifying potent and highly selective CLK inhibitors with the sub-

micromolar cellular activity required for in vivo experiments. Several efforts have been 

made to synthesise such inhibitors; however, due to the highly conserved nature of 

the kinase ATP site, the potent competitive inhibitors found have limited selectivity. 

That notwithstanding, several molecules have been developed, which go some way to 

providing insight into the function of CLKs. 

 

 

 

 

 

 

 

The cell permeable benzothiazole compound TG003 (100) synthesised by Muraki et 

al.277 is highly potent for CLK1 and CLK4 (IC50 values 20 nM and 15 nM respectively); 

however, despite being selective against CLK3 (IC50 >10 µM), TG003 (100) targets CLK2 

Figure 3.1: CLK inhibitors TG003 (100), KH-CB19 (101), leucettamine B (102) and leucettine L41 (103). 
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with an IC50 of 200 nM and a screening of TG003 (100) with 402 kinases revealed 

several off target effects (e.g. CK1δ and CK1ε).278  

A dichloroindolyl enaminonitriles, KH-CB19 (101), developed by Fedorov et al.275 was 

found to be a highly potent inhibitor of CLK1 (IC50 19.7 nM) and CLK4 and to have a 

reduced affinity for CLK2 and CLK3 (IC50 530 nM). When profiled against 176 kinases, 

KH-CB19 (101) only showed significant inhibition of one other kinase, PIM1.  

Leucettines are derived from leucettamine B (102), a natural product found in the 

marine sponge Leucetta microraphils279,280 known to inhibit CLKs.281 Leucettine L41 

(103) inhibits CLKs and has been shown to display neuroprotective properties in cells; 

however, due to its off target effects (e.g. CK2, GSK-3α and PIM1), it is not possible to 

attribute the observed neuroprotective effects to a specific kinase. In fact, the result 

could be due to a combination of interactions between leutticine L41 (103) and 

multiple kinases.282 

The ability of CLK1, CLK2 and CLK3 to regulate splicing of adenovirus pre-mRNA in vivo 

and in human bronchial epithelial cells283,284 and therefore, hold control over viral 

infection makes them intriguing targets for understanding viral infections, as well as 

cellular metabolism,285 developmental processes,271,276 and malaria.90 However, in 

order to do this, the problem of off targeting must be conquered. 
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3.2 Aims 

Although bioinformatics analysis has shown the P. falciparum CLKs to be involved in 

splicing and their role in cell proliferation and developmental processes have been 

implicated,90 it has not been possible to investigate their exact functions using knock-

out (KO) vectors because they are essential for asexual proliferation.210 Thus, an 

alternative method for the study of CLKs was essential to widen knowledge on the 

spliceosomal machinery in the Plasmodium falciparum parasite. Consequently, this 

work aimed to use the covalent complementarity chemical genetic approach152 

(Section 1.4.2.1) to study the function and substrates of PfCLK1 and PfCLK3. 

This work aimed to form the cysteine gatekeeper mutant of both PfCLK1 and PfCLK3, 

rendering the mutated kinases sensitive to electrophilic inhibitors. By screening these 

mutants with a panel of electrophilic inhibitors a hit compound would be found  

(Figure 3.2A). This would pave the way for the formation of a knock-in (KI)                     

P. falciparum parasite that expresses the mutant kinase but not the wildtype       

(Figure 3.2B). Due to the rarity of cysteine residues in the gatekeeper position125 

(Table 1.1, Section 1.4.2.1), off target effects should be avoided; thus, allowing the 

effect of PfCLK1 and PfCLK3 inhibition on P. falciparum to be observed in turn.  
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To summarise, the aims of this chapter were: to express and purify PfCLK1, 

PfCLK1F630C, PfCLK3 and PfCLK3F444C; to establish whether the gatekeeper mutation 

was detrimental to the activity of PfCLK1F630C and PfCLK3F444C; to establish the 

kinetic parameters of PfCLK1, PfCLK1F630C, PfCLK3 and PfCLK3F444C; and to screen a 

panel of electrophilic inhibitors against PfCLK1, PfCLK1F630C, PfCLK3 and 

PfCLK3F444C.   

 

 

 

Figure 3.2: A schematic representation of the reverse chemical genetics planned for the study of PfCLK1 and 
PfCLK3. A: The gatekeeper residue of PfCLK1 and PfCLK3 can be altered from phenylalanine to cysteine through a 
single point mutation. The mutant enzyme (blue) can be expressed, purified and screened with electrophilic 
inhibitors (purple and red); B: The gene for the wildtype kinase (blue) can be removed from the wildtype parasite 
(orange) and replaced with the gene for the mutant kinase (red). The mutant parasite (green) can then be treated 
with a potent inhibitor (purple) in order to study the role of the enzyme within the parasite.  
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3.3 Results and Discussion 

3.3.1 Expression of wild-type and mutant kinases 

In order to validate the feasibility of PfCLK1 and PfCLK3 gatekeeper mutant kinases 

being used to study the phosphorylation pathways of these two kinases within the 

parasite, the mutant kinases first needed to be generated and their activity compared 

to their wild-type counterparts in vitro. PCR conditions were optimised to afford 

plasmids containing the genes for the kinase domain of PfCLK1F630C and for full 

length PfCLK3F444C through site directed mutagenesis. The plasmids were then 

amplified by growth in XL1-Blue supercompetent cells, extracted and purified before 

being analysed by PNACL (University of Leicester). These plasmids were then 

transformed into BL21-CodonPlus (DE3)-RIPL competent cells. Proteins PfCLK1wt, 

PfCLK1F630C, PfCLK3F444C and PfCLK3F444C were successfully expressed and purified 

using Ni-NTA-affinity chromatography. The His6-fusion protein was deemed to be 10% 

of the total sample for PfCLK1wt and PfCLK1F630C; i.e. 74 μg/mL and 314 μg/mL 

respectively (Figure 3.3) and 30% of the total for PfCLK3wt and PfCLK3F444C; i.e.     

246 μg/mL and 133 μg/mL respectively (Figure 3.4). 
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Figure 3.3: The pooled fractions from Ni-NTA affinity chromatography of PfCLK1wt and PfCLK1F630C analysed by 
SDS-PAGE and stained with coomassie. 

Figure 3.4: Fractions of PfCLK3wt and PfCLK3F444C from a Ni-NTA affinity column analysed by SDS-PAGE and 
stained with coomassie. 
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3.3.2 The study of PfCLK3wt and PfCLK3F444C 

 

 

 

 

 

 

 

  

 

 

The activity of PfCLK3wt was established by incubating the kinase with myelin basic 

protein MBP (5.43 µM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol), and a 

range of enzyme concentrations (0-48 ng/µL). The resultant autoradiograph        

(Figure 3.5B) illustrated that PfCLK3wt behaved as expected – as the concentration of 

enzyme increased so too did the phosphorylation of the protein substrate MBP. Hence, 

active PfCLK3wt had been expressed.  

To ensure kinetic parameters were being measured under steady state conditions, a 

time course assay was carried out (Error! Reference source not found.). It was decided 

that the 30 min reaction time already being used was adequate as this would 

Figure 3.5: SDS-PAGE analysis of a kinase assay for PfCLK3wt with ATP (50 µM), MBP (5.43 µM), and increasing 
concentrations of PfCLK3wt from left to right. A: Protein bands visualised with coomassie; B: The corresponding 
autoradiograph, showing there to be increased phosphorylation with increasing amounts of kinase.   
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Figure 3.6: Time course assay for PfCLK3wt illustrating the number of moles of phosphorylated peptide produced 
over time. 

represent the initial velocity (~4% of the MBP present was phosphorylated), allowing 

for steady state assumptions to be made. All kinetic parameters for ATP and MBP with 

PfCLK3wt were, therefore, measured after 30 min incubation. 

 

 

 

 

 

 

 
 
 
Table 3.1: Kinetic parameters measured for PfCLK3wt. 

 

 

 

 

 

When investigating Km of MBP it was deemed that, a wide enough range of MBP 

concentrations were studied to give accurate information on both Vmax and Km due to 

the curve of the graph (Figure 3.7).250 PfCLK3wt was found to have a Km of 0.8 µM and 

a kcat of 1.6 x 10-7 min-1 for MBP (Table 3.1).   

 

 
ATP MBP 

Km (μM) 51.5 0.8 

Vmax (µmol min
-1

) 5.7 x10
-7

 7.5 x10
-6

 

kcat (min
-1

) 1.2 x10
-6 

1.6 x10
-7 

kcat/Km (M
-1

min
-1

) 0.02
 

20.69
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PfCLK3wt was found to have a Km of 51.5 µM and a kcat of 1.2 x 10-6 min-1 for ATP 

(Figure 3.8). For these experiments 1 μL of [γ-32P]-ATP was added to each stock 

concentration of ATP; thus, the ratio of [γ-32P]-ATP:ATP changed as the concentration 

of ATP increased. This resulted in an increased sensitivity for lower concentrations of 

ATP used and, therefore, more accurate rate values for these lower concentrations. 

However, at high concentrations of ATP, e.g. 1 mM, the ratio of [γ-32P]-ATP:ATP was 

very low. This meant that only a small percentage of phosphorylation was observed 

compared to what was actually occurring, causing the radioactive decay counts to be 

much closer to the background level. Often this resulted in negative and, therefore, 

unusable values above 1 mM ATP. In order to include higher concentrations of ATP in 

the studies and improve the accuracy of Vmax,
250 more [γ-32P]-ATP could have been 

added to the more concentrated ATP stock solutions.     

 

Figure 3.7: Assay to establish the kinetic parameter of PfCLK3wt for MBP. [MBP] plotted against rate of 
phosphorylation of MBP, allowing the calculation of Km, Vmax & kcat of MBP using non-linear regression. 
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Figure 3.9: SDS-PAGE analysis of a kinase assay for PfCLK3F444C with ATP (50 µM), MBP (5.43 µM), and increasing 
concentrations of PfCLK3wt from left to right. A: Protein bands visualised with coomassie; B: The corresponding 
autoradiograph, showing PfCLK3F444C to be inactive.   

Figure 3.8: Assay to establish the kinetic parameter of PfCLK3wt for ATP. [ATP] plotted against rate of 
phosphorylation of MBP, allowing the calculation of Km, Vmax & kcat of MBP using non-linear regression. 
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The activity of PfCLK3F444C was investigated by incubating the kinase with MBP    

(5.43 µM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol), and a range of 

enzyme concentrations (0-116 ng/µL). The resultant autoradiograph (Figure 3.9B) 

showed no phosphorylation; the mutation of the gatekeeper residue from 

phenylalanine to cysteine, therefore, rendered the kinase inactive. The presence of a 

cysteine residue in changes properties such as the pH of the microenvironment of the 

binding pocket and, consequently, may disrupt phosphorylation. This suggests that, 

perhaps, the cysteine gatekeeper mutant has much the same effect as a 

glycine/alanine mutation and, hence, its effect on activity must be judged on a case by 

case basis.  

3.3.3  The study of PfCLK1 

Qualitative analysis was performed to establish whether PfCLK1wt and PfCLK1F630C 

were active by increasing the enzyme concentration. The autoradiographs           

(Figure 3.10) illustrate that PfCLK1F630C displays activity, albeit at a much reduced 

level compared to that of PfCLK1wt. However, whereas PfCLK1wt behaved as expected 

(increased concentration of enzyme resulted in increased phosphorylation of the MBP 

substrate), PfCLK1F630C appeared to plateau before it reached the same maximum 

observed for PfCLK1wt (Figure 3.11).  
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Figure 3.10: Autoradiographs depicting the phosphorylation of MBP (5.43 µM) using ATP (50 µM) with increasing 
concentrations of CLK1 from left to right. A: PfCLK1wt; B: PfCLK1F630C. 
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Possible causes of the early observed plateau were thought to be: 

 ADP acting as a competitive inhibitor 

 Imidazole remaining after dialysis having an inhibitory effect 

 Phosphorylated MBP not readily dissociating from the active site of 

PfCLK1F630C 

It was therefore decided that further investigation was required before kinetic 

parameters could be measured. 

Figure 3.11: Scatter graphs showing increased cpm (i.e. increased phosphorylated MBP) with increasing enzyme 
concentration for both PfCLK1wt and PfCLK1F630C (bottom) and expanded to show data for PfCLK1F630C more 
clearly (top). 
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 Investigating ADP as competitive inhibitor 3.3.3.1

 

 

 

  

 

 

To investigate whether the ADP produced during the phosphorylation could be acting 

as an inhibitor for the PfCLK1F630C and not for PfCLK1wt two experiments were 

devised. In the first instant the assays were repeated in a final volume of 40 μL and 

incubated for 30 min before a 20 μL aliquot was removed and the ATP concentration 

increased to 100 μM in the remaining sample. This was then incubated for a further  

30 min and the phosphorylation of MBP under each set of conditions compared 

(Figure 3.12). Secondly, samples were pre-incubated with the ADP at either the 

concentration of ADP produced during the 30 min assays or at ten times that 

Figure 3.12: Scatter graphs showing increased cpm (i.e. increased phosphorylated MBP) with increasing enzyme 
concentration for both PfCLK1wt and PfCLK1F630C after 30 min incubation and after addition ATP and further 
incubation (bottom) and expanded to show data for PfCLK1F630C more clearly (top). 
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concentration. The phosphorylation of MBP under these conditions was compared to 

the phosphorylation of MBP under the previous assay conditions (Figure 3.13). ADP 

was not found to have an inhibitory effect on the activity of either kinase. 

 

 

 

 

 

 

 Investigating imidazole acting as a competitive inhibitor 3.3.3.2

Another possible factor affecting the behaviour of PfCK1F630C was the presence of 

imidazole remaining after Ni-NTA-affinity purification and initial dialysis. An additional 

round of dialysis was performed on an aliquot of PfCLK1F630C to further reduce the 

concentration of imidazole; however, this made no improvement to the activity 

pattern observed for PfCLK1F630C.  

Figure 3.13: Scatter graphs showing increased cpm (i.e. increased phosphorylated MBP) with increasing enzyme 
concentration in the presence of ADP for PfCLK1F630C (top) and PfCLK1wt (bottom). 
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 Investigating inhibition by phosphorylated MBP  3.3.3.3

Finally it was postulated that phosphorylated MBP could be acting as an inhibitor 

towards PfCLK1F630C (but not PfCLK1wt) by having a higher binding affinity for the 

active site than MBP itself. The concentration of MBP was increased fivefold and the 

assay repeated. For PfCLK1wt an increase in concentration of MBP from 5.43 μM to 

27.15 μM caused no change in the phosphorylation pattern or initial rate of 

phosphorylation (Figure 3.14). The number of moles of phosphorylated MBP produced 

by the highest concentration of PfCLK1wt used (37 ng/μL) at 27.15 μM MBP was 2-3 

times greater than at 5.43 μM ATP. For PfCLK1F630C an increase in concentration from 

5.43 μM MBP to 27.15 μM MBP caused no improvement in the phosphorylation 

pattern/early plateau observed previously (Figure 3.15). The number of moles of 

phosphorylated MBP produced by the second highest concentration of PfCLK1F630C 

used (157 ng/μL) at 27.15 μM was 1.5-4 times greater than at 5.43 μM MBP. 

Therefore, the concentrations used must be in the range of the Km of MBP for both 

enzymes – at concentrations much lower than Km, a fivefold increase in MBP 

concentration would result in a fivefold increase in rate; at concentrations above Km, a 

fivefold increase in MBP concentration would result in no increase in rate.  

In order to study the effect of phosphorylated MBP on the rate of the reaction, 

phosphorylated MBP would first need to be produced and isolated before activity 

checks were carried out in the presence of different concentrations of phosphorylated 

MBP. Due to a lack of isolated phosphorylated MBP this experiment was not carried 

out. 
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Figure 3.15: Scatter graphs showing increased cpm (i.e. increased phosphorylated MBP) with increasing enzyme 
concentration for PfCLK1F630C using 5.43 μM and 27.15 μM MBP (bottom). When expanded (top) the 
phosphorylation seen using 27.15 μM ATP appears to be less than when using 5.43 μM; this indicates a possible 
systematic error. 

Figure 3.14: Scatter graphs showing increased cpm (i.e. increased phosphorylated MBP) with increasing enzyme 
concentration for PfCLK1wt using 5.43 μM and 27.15 μM MBP (bottom) and expanded to show no difference in 
the initial rate at the two concentrations of MBP (top). 
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 The kinetic parameters of PfCLK1wt and PfCLK1F630C 3.3.3.4

Kinetic parameters were calculated for PfCLK1wt and PfCLK1F630C (Table 3.2); 

however, these are only apparent values. There may be large errors in the values for 

the wild-type kinase due to the extent of turn-over (~27% MBP was phosphorylated 

under the assay conditions) and due to the strange and so far unexplained behaviour 

of the mutant kinase (although only ~5% MBP was phosphorylated, which would 

usually be an ideal level for steady state assumptions to be made).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: PfCLK1wt & PfCLK1F630C kinetic parameters. Non-linear regression of [MBP] against rate of 
phosphorylation of MBP, allowing the calculation of Km, Vmax & kcat of MBP for PfCLK1wt (top) and PfCLK1F630C 
(bottom). 
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From the curve of the graphs it is deemed that a wide enough range of concentrations 

of MBP were studied to give accurate information on both Vmax and Km;
250 indeed, the 

approach to Vmax can be observed (Figure 3.16). For PfCLK1F630C some negative values 

were obtained for the rate at concentrations of MBP due to very low turn-over 

resulting in values being so close to the background level. Unfortunately, this is an 

unavoidable limitation of this experiment. For PfCLK1wt it appears that a systematic 

error may have occurred as all of one data set slightly higher than the other.  

 Figure 3.17: PfCLK1wt & PfCLK1F630C kinetic parameters. Non-linear regression of [ATP] against rate of 
phosphorylation of MBP, allowing the calculation of Km, Vmax & kcat of ATP for PfCLK1wt (top) and PfCLK1F630C 
(bottom). 
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When measuring the apparent kinetic parameters of ATP for PfCLK1wt and 

PfCLK1F630C, negative values were recorded at the highest concentrations of ATP      

(5 mM for PfCLK1wt and 1 mM and 5 mM for PfCLK1F630C). This was due to the low 

[γ-32P]-ATP:ATP ratio, resulting in radioactive decay counts approximately the same as 

the  background level. A lack of rate values at higher concentrations of ATP could 

affect the shape of the curve, causing it to appear less steep than it should and falsely 

increasing Km as well as potentially providing insufficient information about Vmax.
250 

Two duplicated data sets were collected for PfCLK1wt but there was insufficient 

enzyme for the assay to be carried out in duplicate for PfCLK1F630C, making the data 

less reliable.  

Table 3.2: Apparent kinetic parameters measured for PfCLK1wt & PfCLK1F630C. 

 

 
PfCLK1wt PfCLK1F630C 

ATP MBP ATP MBP 

Km (μM) 1632 31.22 4101 31.11 

Vmax (mol min
-1

) 5.27 x10
-11

 1.26 x10
-11

 5.08 x10
-11 

3.27 x10
-12 

kcat (min
-1

) 2.19 x10
-3 

5.23 x10
-4 

3.24 x10
-4 

2.09 x10
-5 

kcat/Km (M
-1

min
-1

) 1.34
 

16.74
 

0.08 0.67 

 

 Attempted inhibition with electrophilic inhibitors 3.3.3.5

Despite the much reduced activity and strange behaviour of PfCLK1F630C, the panel of 

23 electrophilic inhibitors were screened against both PfCLK1F630C and PfCLK1wt; no 

inhibitory effect was observed for either kinase (Figure 3.18). This was as hoped for 

PfCLK1wt and removed concern that the inhibitors could bind non-covalently to the 

active site of the wild-type, resulting in reversible inhibition. Although, not observing 

inhibition of PfCLK1F630C was disappointing, the peculiar behaviour of the mutant 

enzyme cannot be ruled out as the cause. Incorrect spatial orientation of the 
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gatekeeper residue and electrophilic inhibitor, i.e. the orbitals are not correctly aligned 

for bond formation, could also be the reason for lack of inhibition, particularly because 

these inhibitors were not designed specifically for these active sites but rather for 

gatekeeper cysteine mutations of other enzymes. It is also possible that the cysteine is 

not nucleophilic enough in the environment of the ATP-binding pocket to react with 

the electrophilic inhibitors.286 However, it is unsurprising that under the conditions of 

these assays no inhibition was observed. Not only was PfCLK1F630C not behaving as 

expected but in the work carried out by Shokat et al.152 a much lower concentration of 

ATP (15 nM) was used than the Km of ATP (22 μM) for T338C c-Src compared to this 

study (50 μM ATP, apparent Km of ATP for PfCLK1F630C 4 mM). 
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 Figure 3.18: An example of inhibition assays performed with [γ-
32

P]-ATP, MBP, PfCLK1 & inhibitors (with water 
and DMSO as controls). A: Coomassie stain of PfCLK1wt inhibition assay; B: Coomassie stain of PfCLK1F630C 
inhibition assay; C: The corresponding autoradiograph for A; D: The corresponding autoradiograph for B. 
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3.4 Conclusion 

Site-directed mutagenesis was successfully carried out to produce vectors containing 

the coding sequence for the bacterial expression of full length PfCLK3F444C and kinase 

domain PfCLK1F630C as protein as translational fusions with His6. PfCLK3wt, 

PfCLK3F444C, PfCLK1wt and PfCLK1F630C were all expressed, purified and checked for 

kinase activity. Kinetic parameters were established for PfCLK3wt but the mutant 

kinase PfCLK3F444C was found to be inactive. PfCLK1F630C was found to be active, 

albeit much less than its wild-type counterpart; however, as the concentration of 

PfCLK1F630C increased, the rate of phosphorylation did not follow the expected 

pattern but instead plateaued far below the Vmax of PfCLK1wt.  This indicated inhibition 

of PfCLK1F630C. ADP, imidazole and phosphorylated MBP were implicated as possible 

causes and experiments were performed to investigate these suggestions but without 

success. Despite this behaviour, kinetic parameters were measured for both PfCLK1wt 

and PfCLK1F630C and electrophilic inhibitors were screened against PfCLK1wt and 

PfCLK1F630C. No inhibition of either kinase was observed. The lack of inhibition of the 

PfCLK1F630C could be attributed to: its unconventional behaviour, indicating an 

underlying problem with the mutant; poor orbital overlap of the electrophilic inhibitor 

and the cysteine gatekeeper residue; cysteine not being nucleophilic enough to react 

with the inhibitor; the large quantity of ATP used in this study compared to that used 

by Shokat et al.152 
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3.5 Experimental 

3.5.1 Recombinant DNA techniques 

 Oligonucleotides 3.5.1.1

Complementary oligonucleotide primers (56-57 bases in length) were designed. The 

complementary pairs of oligonucleotides, synthesised and desalted by Eurogentec, 

contained the appropriate mismatch bases. Sterile water (100 μL) was added to the 

oligonucleotides, which were then stored at -20 °C. The complementary pairs of 

oligonucleotides containing the appropriate mismatch bases (Appendix A) were used 

to prepare the mutants PfCLK1F630C and PfCLK3F444C studied in this chapter.  

 Site-directed mutagenesis 3.5.1.2

Site-directed mutagenesis was carried out using the Quikchange® II Site-Directed 

Mutagenesis Kit (Stratagene). The template vector (30 ng), forward and reverse 

primers (125 ng), dNTP (2 mM), PfuUltra HF DNA polymerase (2.5 U/μL), DMSO and 

water were mixed in thin-walled PCR tubes on ice to give a total volume of 50 μL 

(Table 3.3). The PfuUltra HF DNA polymerase and 10x reaction buffer were supplied in 

the kit. The mixture was incubated in a PCR machine with the programme as set out in 

(Table 3.4). 1μL Dpn I restriction enzyme (1 μL, 10 U/μL) was then added and the 

reaction mixture incubated at 37 °C for 1 hr to digest the parental DNA. 
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Table 3.3: Reaction volumes used in site-directed mutagenesis PCR (μL). 

 

 

 

 

 

  

Table 3.4: PCR cycling parameters. 

 

 

 

 DNA isolation and characterisation 3.5.1.3

XL1-Blue supercompetent cells (50 μL) were thawed on ice and placed into a pre-

chilled 14 mL BD Falcon polypropylene round-bottom tube. The DpnI-treated DNA      

(1 μL) was added; the tube gently swirled to mix the sample and then incubated on ice 

for 30 min. Heat shock was performed by incubating the mixture in a 42 °C water bath 

for 45 s, followed by incubation on ice for 2 min. SOC medium (500 μL, 42 °C) was 

added and the transformation reaction mixture incubated at 37 °C, 220-250 rpm for    

1 hr. The cell culture (100 μL) was plated on LB agar petri dishes containing ampicillin 

(50 mg/L) and incubated at 37 °C overnight. A single colony was selected and grown in 

LB medium (5 mL) containing ampicillin (50 mg/L) overnight at 37 °C, 220-250 rpm. The 

plasmid was then extracted and purified using High Pure Plasmid Isolation Kit (Roche) 

and submitted to PNACL (University of Leicester) for sequence analysis.  

 
PfCLK1F630C PfCLK3F444C 

Template Vector 0.9 0.8 

Forward Primer 0.3 1.2 

Reverse Primer 0.3 1.2 

dNTP 5.0 5.0 

10x Buffer 5.0 5.0 

Water 37.5 33.3 

DMSO 0.0 2.5 

DNA Polymerase 1.0 1.0 

Segment Cycles Temperature Time 

1 1 95 °C 1 min 

2 18 95 °C 1 min 

  
55 °C 45 s 

  
68 °C 10 min 
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3.5.2 Protein expression & purification 

 Transformation & Expression  3.5.2.1

BL21-CodonPlus (DE3)-RIPL competent cells (100 μL) were thawed on ice and placed 

into a pre-chilled 14 mL BD Falcon polypropylene round-bottom tube. The pLEICS-05 

vector containing the coding sequence for the bacterial expression of the desired 

protein as a translational fusion with His6 (~25 ng) was added; the tube gently swirled 

to mix the sample and then incubated on ice for 30 min. Heat shock was performed by 

incubating the mixture in a 42 °C water bath for 20 s, followed by incubation on ice for 

2 min. SOC medium (900 μL, 42 °C) was added and the transformation reaction 

mixture incubated at 37 °C, 220-250 rpm for 30 min. The cell culture (100 μL) was 

plated on LB agar petri dishes containing ampicillin (50 mg/L) and chloramphenicol   

(50 mg/L) and incubated at 37 °C overnight. A single colony was selected and grown in 

LB medium (200 mL) containing ampicillin (50 mg/L) and chloramphenicol (50 mg/L) 

overnight at 37 °C, 220-250 rpm. The culture was then diluted 1:9 in LB medium 

containing ampicillin (50 mg/L) and chloramphenicol (50 mg/L) and allowed to recover 

at 37 °C, 220-225 rpm for 30 min, or until the optical density at 600 nm (OD600) 

reached 0.6-0.8. Protein expression was induced by the addition of IPTG (100 μM final 

concentration) at 22 °C for CLK1 and 37 °C for PfCLK3, 220-250 rpm for 4 hr. The cells 

were collected by centrifugation (10 min, 10 000 rpm, 4 °C) and the pellets stored at     

-80 °C until required.  
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 Ni-NTA-affinity chromatography 3.5.2.2

Cell pellets were re-suspended in ice-cold Ni-NTA-lysis buffer (30 mL) containing triton 

X-100 (0.5%) and subjected to sonication (10 x 30 s with 30 s break at 4 °C). The cell 

free extracted was obtained by centrifugation (20 min, 20 000 rpm, 4 °C). The          

His6-fusion protein was purified from the supernatant using a nickel-nitrilotracetic acid 

(Ni-NTA) agarose column.  The resin (2 mL) was equilibrated with Ni-NTA-lysis buffer 

(5x column volumes) and the cell-free extract loaded on to the column. The column 

was then washed with Ni-NTA-lysis buffer (10x column volumes) and the His6-fusion 

protein eluted in fractions of ~500 μL using elution buffer. Fractions containing the 

His6-fusion protein, confirmed by SDS-PAGE, were pooled and dialysed for 4 hr, with 

stirring at 4 °C, against CLK-dialysis buffer (3 L) to remove imidazole. PfCLK3F444C was 

concentrated (volume reduced from 2 mL to 0.5 mL).  

 Total protein content and purity 3.5.2.3

3.5.2.3.1 SDS-PAGE 

In order to confirm the presence of the required protein and its purity, SDS-PAGE was 

performed on fractions from the Ni-NTA column and the combined fractions after 

dialysis (Section 2.7.3.2) using polyacrylamide gels (10%, 0.75 mm thickness). Protein 

samples were prepared for electrophoresis by adding an equal volume of 2x Laemmli 

buffer and heating at 60 °C for 3 min. The gels were run in SDS running buffer at 200 V 

for 45 min (or until the dye-front reached the end of the gel). The gels were stained by 

soaking in coomassie brilliant blue staining buffer and destained by soaking in 

destaining buffer. Precision plus unstained protein standards with protein markers of 

band sizes 250, 150, 100, 75, 50, 37, 25, 20, 15, & 10 kDa were used.  
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3.5.2.3.2 Bradford assay 

The total protein content of the sample was measured using a Bradford assay. Protein 

sample (5 μL), water (995 μL) and Bradford reagent (1 mL) were mixed in a cuvette and 

allowed to react for 5 min. The absorbance of the sample at 595 nm was measured to 

give the concentration of the protein present. This was then used to calculate the 

amount of desired protein present from the densitometry of the SDS-PAGE        

(Section 2.7.3.4.1). For PfCLK1wt and PfCLK1F630C the desired His6-fusion protein was 

deemed to be 10% of the total sample; i.e. 74 μg/mL and 314 μg/mL respectively and 

30% of the total for PfCLK3wt and PfCLK3F444C; i.e. 246 μg/mL and 133 μg/mL 

respectively. 

3.5.3 Establishing activity 

 Qualitative analysis 3.5.3.1

For PfCLK1wt and PfCLK1F630C kinase activity was tested in a final volume of 20 μL 

containing HEPES (17 mM), MgCl2 (8.5 mM), DTT (0.85 mM), NaCl (150 mM), MBP 

(5.43 μM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) and enzyme 

(PfCLK1wt 0 – 37.1 ng/μL; PfCLK1F630C 0-471 ng/ μL). For PfCLK3wt and PfCLK3F444C 

kinase activity was tested in a final volume of 25 μL containing HEPES (12.8 mM), 

MgCl2 (6.64 mM), DTT (0.88 mM), NaCl (72 mM), Tris (4.8 mM), MBP (4.34 μM), ATP 

(50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) and enzyme (PfCLK3wt 0-48 ng/μL; 

PfCLK3F444C and 0-116.1 ng/μL). In all four cases the samples were incubated for      

30 min at 37 °C before 5 x Laemmli buffer (5 μL) was added to stop the reaction. 

Samples were heated at 60 °C for 3 min and run on a 15% SDS-PAGE gel at 200 V for  
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75 min. After staining with coomassie brilliant blue the gels were dried under vacuum 

at 80 °C for 45 min and exposed to autoradiographic film for 2-24 hr.  

 Quantitative analysis 3.5.3.2

For PfCLK1wt and PfCLK1F630C kinase activity was tested in a final volume of 20 μL 

containing HEPES (17 mM), MgCl2 (8.5 mM), DTT (0.85 mM), NaCl (PfCLK1wt 150 mM; 

PfCLK1F630C 225 mM), MBP (5.43 μM), ATP (50 μM, including [γ-32P]-ATP                 

500-1000 cpm/pmol) and enzyme (PfCLK1wt 0-37.1 ng/μL; PfCLK1F630C 0-471 ng/ μL). 

For PfCLK3wt kinase activity was tested in a final volume of 25 μL containing HEPES 

(15.20-17.60 mM), Tris (0.4-2.4 mM), MgCl2 (7.62-8.92 mM), DTT (0.76-0.88 mM), NaCl 

(6-13.2 mM), MBP (4.34 μM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) 

and enzyme (0-48 ng/μL). The samples were incubated for 30 min at 37 °C before 

being spotted on to squares of P81 phosphocellulose paper and allowed to dry for     

20 min. The samples were washed with H3PO4 (0.5%, 3 x 10 min washes) before being 

placed into Ultimate Gold scintillation fluid (5 mL) and the radioactive decay measured 

using a scintillator.   

3.5.4 Experiments to attempt to overcome low plateau 

 Additional ATP 3.5.4.1

Kinase activity was tested in a final volume of 40 μL containing HEPES (17 mM), MgCl2 

(8.5 mM), DTT (0.85 mM), NaCl (PfCLK1wt 150 mM; PfCLK1F630C 225 mM), MBP   

(5.43 μM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) and enzyme         

(0-471 ng/μL). The samples were incubated for 30 min at 37 °C before 20 μL samples 

were spotted on to squares of P81 phosphocellulose paper and allowed to dry for      

20 min. ATP was added to bring the concentration to 100 μM and the samples were 
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incubated for a further 30 min, after which time the remaining 20 μL samples were 

spotted on to P81 phosphocellulose paper and allowed to dry for 20 min. The samples 

were washed with H3PO4 (0.5%, 3 x 10 min washes) before being placed into Ultimate 

Gold scintillation fluid (5 mL) and the radioactive decay measured using a scintillator. 

 ADP as a potential inhibitor 3.5.4.2

Assays were performed as described vide supra (Section 3.5.3.2) but with the following 

amendment: samples were pre-incubated with ADP (PfCLK1F630C 0.1 and 1 μM; 

PfCLK1wt 5 and 50 μM) for 10 min prior to the addition of ATP. 

 Increased concentration of MBP 3.5.4.3

Assays were performed as described in (Section 3.5.3.2) with an increased 

concentration of MBP (27.15 μM). 

 Time course assay 3.5.4.4

A time course assay was performed for PfCLK3wt in a final volume of 25 μL containing 

HEPES (14.40-39.00 mM), MgCl2 (7.36-7.96 mM), DTT (0.88-0.94 mM), NaCl (48 mM), 

Tris (3.2 mM), MBP (4.34 μM) ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) 

and enzyme (38.6 ng/μL). The samples were incubated for 15-90 min at 37 °C before 

being frozen on dry ice. Samples were then thawed, spotted on to squares of P81 

phosphocellulose paper and allowed to dry for 20 min. The samples were washed with 

H3PO4 (0.5%, 3 x 10 min washes) before being placed into Ultimate Gold scintillation 

fluid (5 mL) and the radioactive decay measured using a scintillator. 

3.5.5 Kinetic parameters for ATP and MBP 

For PfCLK1 kinetic parameters were determined in a final volume of 20 μL containing 

HEPES (17 mM), MgCl2 (8.5 mM), DTT (0.85 mM), NaCl (15 mM PfCLK1wt; 115 mM 
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PfCLK1F630C), MBP (0-54 μM) ATP (0-1 mM, including [γ-32P]-ATP                              

500-1000 cpm/pmol) and enzyme (PfCLK1wt  0.925 ng/μL; PfCLK1F630C 120.89 ng/μL). 

For PfCLK3wt kinetic parameters were determined in a final volume of 25 μL 

containing HEPES (14.40-39.00 mM), MgCl2 (7.36-7.96 mM), DTT (0.88-0.94 mM), NaCl 

(48 mM), Tris (3.2 mM), MBP (0-4.34 μM) ATP (0-0.1 mM, including [γ-32P]-ATP      

500-1000 cpm/pmol) and enzyme (39.43 ng/μL). The samples were incubated for       

30 min at 37 °C before being spotted on to squares of P81 phosphocellulose paper and 

allowed to dry for 20 min. The samples were washed with H3PO4 (0.5%, 3 x 10 min 

washes) before being placed into Ultimate Gold scintillation fluid (5 mL) and the 

radioactive decay measured using a scintillator.   

3.5.6 Inhibition Attempt 

Inhibition assays for PfCLK1wt were carried out in a final volume of 20 μL containing 

HEPES (11 mM), MgCl2 (5.75 mM), DTT (0.80 mM), NaCl (75 mM), Tris (5 mM), DMSO 

(5%), MBP (5.43 μM), ATP (50 μM, including [γ-32P]-ATP 500-1000 cpm/pmol) and 

enzyme (17.5 ng/μL). Inhibition assays for PfCLK1F630C were carried out in a final 

volume of 20 μL containing HEPES (15 mM), MgCl2 (7.55 mM), DTT (0.80 mM), NaCl     

(5 mM), Tris (1 mM), MBP (5.43 μM), ATP (50 μM, including [γ-32P]-ATP                    

500-1000 cpm/pmol) and enzyme (300 ng/μL). The samples were incubated for 30 min 

at 37 °C before 5x Laemmli buffer (5 μL) was added to stop the reaction. Samples were 

heated at 60 °C for 3 min and run on a 15% SDS-PAGE gel at 200 V for 75 min. The gels 

were dried under vacuum at 80 °C for 45 min and exposed to autoradiographic film for 

12 hr. 
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4 Conclusion 

A range of γ-modified nucleotide triphosphates were synthesised for the study of 

phosphorylation by PfCK2α and mammalian CK2. Phosphoramidates were found to be 

unstable in the acidic conditions required for MALDI-TOF MS sample preparation; 

therefore, tag transfer to the peptide substrate could not be directly observed. 

Apparent IC50 values were measured for four ATP analogues (58, 59, 60 & 48). ATPγEt 

(63) was found not to be a substrate of mammalian CK2 or PfCK2α but was found to 

act as an inhibitor of both kinases. No evidence was found to support the acceptance 

of GTP as a co-substrate by PfCK2α. PfCK2α was found to rapidly lose activity, even 

when stored at -80 °C, making kinetic studies challenging. The penultimate step in the 

synthesis of the CK2 inhibitor CX-4945 (55) was reached.  

Gatekeeper mutants of PfCLK1 and PfCLK3 were successfully produced. PfCLK1wt, 

PfCLK1F630C, PfCLK3wt and PfCLK3F444C were expressed and purified for kinetic 

analysis. PfCLK1F630C was found to have much reduced activity compared to its 

wildtype counterpart and PfCLK3F444C was found to be completely inactive. Under the 

assay conditions used, PfCLK1F630C was not sensitive to any of the 23 electrophilic 

inhibitors tested; therefore, the production of the corresponding mutant parasites was 

not pursued.   
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5 Future work 

ATP phosphoramidate analogues, such as ATPγNH-PEG-N3 (60), are limited in their use 

as agents for tagging kinase substrates due to the instability of the P-N bond under the 

acidic conditions of the de-salting step required prior to MALDI-TOF analysis. Due to 

inadequate resolution of phosphorylated peptide, tagged phosphorylated peptide and 

unphosphorylated peptide without the use of acidic buffer, LCMS is also unsuitable for 

the kinetic analysis for establishing the transfer of the tagged phosphate or for directly 

measuring the kinetic parameters of the ATP phosphoramidate compounds.211 The 

synthesis of alternative ATP analogues that can withstand the acidic Zip Tip purification 

conditions are required for the confirmation of tag transfer by mass spectrometry or 

an alternative non-acidic method of analysis is required.  

5.1 Synthesis of other ATP analogues 

ATPγS (48) was shown to be a suitable substrate for mammalian PfCK2α and ATPγSEt 

(62) was successfully synthesised, albeit in very low yield. Therefore, the optimisation 

of this reaction could provide enough material for enzyme assays with ATPγSEt (62), 

providing insight into the use of ATPγS analogues for tagging kinase substrates. 

The synthesis of ATPγO-PEG-N3 (61) was not achieved due to time constraints. Further 

investigation into methods for this synthesis is highly desirable due to their similarity 

to natural ATP. They have also been shown to be far more stable to acidic conditions 

than their phosphoramidate counterparts.174 
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ATPγEt (63) was not found to be a substrate for mammalian CK2 or PfCK2α; however, it 

was shown to inhibit the activity of both kinases. Therefore, it is possible that 

introducing an electron withdrawing group such as CF3 would enable tagged 

phosphorylation to occur with a phosphonate derivative of ATP. Hence, the synthesis 

of compounds such as ATPγCF2CH3 (104), ATPγCH2CF3 (105) or ATPγCF2CF3 (106) is of 

high interest.  

 

 

 

 

5.2 The use of Caliper Capillary Electrophoresis for directly 

measuring the kinetic parameters of ATP analogues 

Caliper Capillary electrophoresis offers a method of analysing enzymatic assays 

without the need for addition of a quenching agent or further purification. It uses the 

principles of capillary electrophoresis in a microfluidic environment to monitor the 

concentration of fluorescently labelled substrates and products. Phosphorylation of a 

peptide results in a change in electrophoretic mobility due to the peptide gaining two 

negative charges. By monitoring the ratio of the product:starting material peaks, the 

reaction process can be monitored at set time intervals and hence, kinetic analysis 

performed.287 As this monitoring system can be used without acidic buffers,288 the P-N 

bond of phosphoramidate ATP analogues would be stable to these analytical 

Figure 5.1: Structures of some fluorinated analogues of ATPγEt (63), which could be synthesised in an attempt to 
tag kinase substrates using ATP phosphonates. 
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conditions. The phophoramidate group transferred to the substrate from ATP 

phosphoramidate analogues would only increase the negative charge of the substrate 

by one, instead of the two observed in regular phosphorylation. It is hypothesised that 

this tagged phosphorylated peptide would, therefore, have an electrophoretic mobility 

in between that of the unphosphorylated peptide and the phosphorylated peptide 

(Figure 5.2). Thus, Caliper capillary electrophoresis has the potential to allow for the 

direct measurement of kinetic parameters of ATP phosphoramidate analogues. It can 

also provide significant support for the current rationalisation that the tag is 

transferred and then cleaved during the acidic Zip Tip purification procedure, rather 

than cleaved prior to phosphorylation. Consequently, the re-synthesis of ATP 

phosphoramidate analogues is highly desired for this work to commence.  

 

 

 

 

 

 

 

 

Figure 5.2: Overlay of two CE electropherograms showing the electrophoretic mobility shift observed after 
substrate phosphorylation. A: The peptide substrate starting material. B: The phosphorylated peptide substrate. 
The region the tagged-phosphorylated peptide is expected is indicated with a red arrow. Adapted from Gratz et 
al.

287 
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5.3 Improving the nucleophilicity of cysteine gatekeeper mutants 

It has been shown that further mutations to the active site can restore catalytic activity 

to gatekeeper mutants.148 Therefore, this could be investigated as a way to restore 

activity to PfCLK3F444C and to improve the activity of PfCLK1F360C.  The 

nucleophilicity of the cysteine gatekeeper mutant is a direct result of the pH of the 

microenvironment in which it sits.286 Therefore, the nucleophilicity could be increased 

by altering the pH of the microenvironment through further mutations to other 

residues within the ATP binding pocket. This could enable the production of cysteine 

gatekeeper mutants which are sensitive to electrophilic inhibitors. These mutants 

could then be used to study the function of PfCLK1 and PfCLK3 within the P. falciparum 

parasite. 
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Appendix A 

Primers used for the construction of cysteine gatekeeper mutants of PfCLK1 and 

PfCLK3: 

CLK3F444C sense 5’ to 3’ 

AGT-AGT-ATA-AAA-TAT-AAA-AAT-CAT-TTA-TGT-TTA-GTA-TGT-GAG-TGG-ATG-TGG-GGT-AAC 

 

CLKF444C anti sense 5’ to 3’ 

AGT-AGT-ATA-AAA-TAT-AAA-AAT-CAT-TTA-TGT-TTA-GTA-TGT-GAG-TGG-ATG-TGG-GGT-AAC 

 

CLK1F630C sense 5’ to 3’ 

AGT-AGT-ATA-AAA-TAT-AAA-AAT-CAT-TTA-TGT-TTA-GTA-TGT-GAG-TGG-ATG-TGG-GGT-AAC 

 

CLK1F630C antisense 5’ to 3’ 

TGA-TGG-ACC-TAA-TGG-TTC-ACA-TAT-TAA-ACA-CAT-ATG-GTC-ATA-ATA-CAT-AAA-TTT-CC 
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Appendix B 

Buffers and solutions 

LB media (1 L): 

10 g NaCl 

10 g tryptone 

5 g yeast extract 

In water (1 L), adjust to pH 7. 

 

LB agar (1 L): 

2 g agar  

LB media (1 L) (vide supra) 

 

SOB (1 L): 

20 g tryptone 

5 g yeast extract 

0.5 g NaCl 

10 mL KCl (250 mM) 

5 mL MgCl2 (2 M) 

In water (1 L), adjusted to pH 7. 

 

SOC (1 L): 

20 mL glucose (1 M) 

In SOB (1 L) 
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Coomassie stain: 

50% MeOH 

10% acetic acid 

40% water 

0.05% Brilliant Blue R-250 

 

Destain: 

50% MeOH 

10% acetic acid 

40% water 

 

Laemmli buffer (2x): 

4% SDS 

20% glycerol 

10% 2-mercaptoethanol 

0.004% bromophenol blue 

125 mM Tris, pH 6.8 

 

PBS buffer (1 L): 

8 g NaCl 

0.2g KCl 

1.44g Na2HPO4 

0.24 KH2PO4 

In water (1 L), adjusted to pH 7.4 
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SDS-PAGE loading buffer (1 L): 

1 g Brillant Blue  

25 mM Tris 

192 mM glycine 

0.1% SDS pH 8.3  

 

SDS-PAGE running buffer (1 L): 

25 mM Tris 

192 mM glycine 

0.1% SDS pH 8.3  

 

Ni-NTA lysis buffer (100 mL): 

20 mM Tris 

150 mM NaCl 

1 mM DTT 

20 mM imidazole 

1 tablet complete protease inhibitors (Roche) 

1 tablet complete phosphatase inhibitors (Roche) 

In water (100 mL), adjusted to pH 8 

 

Ni-NTA Elution buffer (100 mL): 

20 mM Tris 

150 mM NaCl 

1 mM DTT 

350 mM imidazole 

1 tablet protease inhibitor 

1 tablet phosphatase inhibitor 

In water (100 mL), adjusted to pH 7.4 
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Dialysis buffer: 

1 mM DDT 

20 mM Tris 

300 mM NaCl 

1 mM MgCl2 

In water adjusted to pH 7.4 

 

MALDI-TOF MS matrix: 

10 mg/ mL DHB 

1:1 acetonitrile:water 

0.1% H3PO4 
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