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Abstract 
 

Protein kinases (PKs) are paramount to maintaining essential cellular processes by phosphorylating 

protein substrates to regulate their activity. In recent years, much interest has been invested in 

exploiting PKs as therapeutic targets for diseases like cancer and neurological diseases where 

phosphorylation homeostasis is disrupted. Indeed, protein phosphorylation is also an essential 

process used by infectious agents such as the malaria parasite P. falciparum. However, unlike with 

model eukaryotic organism’s such as humans and yeast, many processes regulated by P. falciparum 

PKs remain unclear. 

During infection, P. falciparum exports an arsenal of virulence factors to manipulate its host red blood 

cell (RBC) and to modulate and evade immune responses to infection. The P. falciparum casein kinase 

1 (PfCK1) appears on the RBC membrane during early developmental stages (ring and trophozoite) 

and is secreted to the extracellular medium. PfCK1 is an essential kinase and is the only identified 

member of the CK1 eukaryotic PK (ePK) family that constitutes a six-member family in humans and 

five in S. cerevisiae. Though CK1 has been extensively studied in these model organisms, the cellular 

processes regulated by PfCK1 still remain elusive. This thesis aimed at exploring the functions of PfCK1 

in blood stage P. falciparum parasites using a combination of genetic, chemical and bioinformatic 

approaches. 

 

We attempted to identify a mechanism that describes the secretion of PfCK1 and its appearance on 

the RBC membrane and suspected a mechanism involving multiple host proteins may be utilised. 

Indeed, we found that the host proteins GTPase-activating protein and VPS9 domain-containing 

protein 1 (GAPVD1) and sorting nexin 22 (SNX22), which have described functions in membrane 

trafficking in higher eukaryotes, consistently co-purify with PfCK1 suggesting the parasite utilises 

trafficking pathways previously thought to be inactive in RBCs. Further, we performed reciprocal 

immunoprecipitation experiments with GAPVD1 and identified parasite proteins suggestive of a 
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recycling pathway hitherto only described in higher eukaryotes to recycle membrane proteins. Thus, 

we have identified components of a trafficking pathway involving parasite proteins that act in concert 

with host proteins which we hypothesise coordinate the trafficking of PfCK1 during infection. 

 

In this thesis, we demonstrated that PfCK1 localises to the parasite nucleus during late stage 

development and its import is sensitive to Ivermectin (IVM), a drug suspected of disrupting nuclear 

import machinery, indicating PfCK1 may contain a nuclear localisation signal (NLS). To identify the 

intrinsic nuclear functions of PfCK1, immunoprecipitation studies were performed on protein extracts 

from purified nuclei. The proteins recovered in a pilot experiment suggest that PfCK1 interacts with 

chromatin and we therefore attempted to identify regions of chromatin enriched in PfCK1-GFP by 

immunoprecipitation and sequencing of the associated DNA (ChIP-seq). Although the results from our 

first attempt are convoluted, we found that the recovered DNA fragments largely map to telomeric 

regions. What this means with respect to the functions of PfCK1 is yet to be established, however we 

have demonstrated the ability to obtain individual nucleosomes using the conditions optimised in this 

study for future work to build on. 

 

Lastly, we explored PfCK1 as the lethal target of the ATP competitive inhibitor Purvalanol B as an early 

study suggested this compound preferentially binds to PfCK1 in P. falciparum. Using a predicted three-

dimensional structure of PfCK1 we generated in this study, we made nine PfCK1 variants bearing single 

nonsynonymous mutations predicted to perturb Purvalanol B binding but not ATP. No difference in 

parasite sensitivity to Purvalanol B was observed for any PfCK1 mutant (compared to wild-type 

enzyme) which, in conjunction with our inability to select for drug resistant parasites suggests that 

PfCK1 is not the primary target of the anti-plasmodial activity of Purvalanol B, rather, Purvalanol B 

likely targets multiple proteins. Although our initial hypothesis was disproved, the tools we generated 

in this chapter may allow us to further explore PfCK1 as a drug target either through the modification 
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of existing compounds or the generation of new compounds by using our PfCK1 prediction model for 

rational drug design until a crystal structure can be produced. 

 

Overall, this thesis has expanded on our understanding of PfCK1 biology in the asexual blood stages 

of P. falciparum parasites and has provided important avenues for further exploration of the precise 

cellular mechanisms that underpin PfCK1 function. An overall comprehensive understanding of PfCK1 

function is paramount for the design of new therapeutics to reduce the burden of malaria.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

Declaration 
 
This thesis contains no material which has been accepted for the award of any other degree or diploma 

at any university or equivalent institution and that, to the best of my knowledge and belief, this thesis 

contains no material previously published or written by another person, except where due reference 

is made in the text of the thesis. 

 

 

Mitchell Batty 

Department of Microbiology 

Monash University  

 

 

 

 

 

 

 

 

 



 11 

Acknowledgements 
 
 
Firstly, I would like to acknowledge the traditional custodians of the land on which Monash University 

was built. I pay my respects to their elder’s past, present and future. I would also like to thank the 

School of Biomedical Sciences at the Biomedicine Discovery Institute, Monash University for the 

financial assistance to partake in my doctorate studies over the three and a half years I received 

funding. This support was immensely helpful towards my studies. 

 

Next, I would like to thank my supervisors and mentors, Associate Professor Jose Garcia-Bustos and 

Professor Christian Doerig for providing me with the opportunity to pursue my doctorate degree. Your 

time, patience, intellectual input, guidance and encouragement over these many years have provided 

me with a wealth of knowledge and the skills I require to become an independent researcher. For this, 

I cannot thank you enough. To Jose, your time and guidance during my impromptu drop-in meetings 

and for always helping me sort through issues and helping keep me on track have ensured that my 

time spent at Monash University were some of the best years of my life. I hope that I have made you 

proud over these years and it has been such a privilege to be mentored by you. To Christian, your 

enthusiasm towards understanding the malaria parasite has not gone un-noticed. Your continued 

excitement is contagious and always made for interesting discussions. I think it is safe to say that it 

has rubbed off on me and I am excited to continue research in this field and look forward to future 

projects that we may collaborate on some day. 

 

I would like to extend my gratitude to my panel members Professor Hans Netter, Dr Sheena McGowan 

and Associate Professor David Piedrafita for their valuable discussions and guidance throughout my 

candidature and for helping to improve my skills as a researcher. I would also like to acknowledge my 

collaborators: Dr Matt Dixon and Professor Leanne Tilley from Bio21 Institute, Melbourne University 



 12 

for their assistance with gametocyte immunofluorescence; Dr Brendan Russ and Professor Steven 

Turner for their assistance in developing ChIP-seq in our lab; Dr Ralf Schittenhelm for his help with 

mass spectrometry, Professor Johnathan Baell and Dr Nghi Nguyen for providing Purvalanol B and its 

derivatives for my studies and Dr Sheena McGowan for assisting with computational protein 

modelling. 

 

I would like to extend my gratitude to friends and colleagues of the Department of Microbiology past 

and present, for making all of these years exciting and fun. It truly has been the most wonderful 

experience. To Dr Belinda Morahan, Dr Simona John Von Freyand, Dr Megan Bird and Dr Reza 

Haqshenas, I would like to thank you for your time devoted to teaching me lab techniques, for being 

wonderful friends and for the interesting discussions in and out of the lab. I wish to give a special 

thanks to my close friends Will, Rajini, Jack, Rhea, Vignesh and Maria for all of the in-lab shenanigans, 

culture room karaoke parties, coffee walks and always there to talk, vent frustrations and laugh. I am 

truly lucky to be graced with such wonderful people who are always so much fun to be around. I would 

also like to thank everyone else who has contributed to this study either directly or indirectly. 

 

Last but not least, I would like to thank my family, particularly my parents Ken and Lorain for providing 

me with the education and support I needed to get to where I am today. To my wife Stephanie, words 

cannot express how grateful I am to have you by my side and for all of the love, support, 

encouragement and patience you have provided me over these many long years. Without you I never 

would have made it this far. 

 

 

 



 13 

Dedications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my darling wife Stephanie, in consideration of your continuous love, support and 

encouragement over the years. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 14 

List of figures and tables 

Chapter 1 
 

Figure           Page 
 

1.1.   Lifecycle of P. falciparum.      19 
1.2.   Family tree of eukaryotic protein kinases (ePks).    25 
1.3.   Three-dimensional structure of CK1 kinase domain.   28 
1.4.   Phylogenetic tree of eukaryotic CK1 kinase domains.   33 
1.5.   Binding orientation of Purvalanol B.     49 
 
Chapter 2 
 

Table            Page 
 

2.1.  Tissue culture buffers and reagents     76 
2.2.  Oligonucleotide primers used in this study    77 
2.3.   Restriction endonucleases used in this study    77 
2.4.   Composition of buffers for molecular analysis.    78 
2.5.   Reagents for biochemical analysis.     78 
2.6.   Reagents used for Chromatin Immunoprecipitation & sequencing  

(ChIP-Seq)        79 
2.7.   Antibodies used in this study.      80 
2.8.   Plasmids generated in this study for expression of recombinant  

protein in E. coli and the transfection of P. falciparum parasites.  81 
2.9.   Parasite lines used and generated in this study    82 
 
Chapter 3 
 

Figure           Page 
 

3.1.   Label-free quantitative analysis of human interactors of PfCK1.  93 
3.2.   Interaction between PfCK1-GFP and human proteins GAPVD1 and  

SNX22.         96 
3.3.   Localisation of human proteins GAPVD1 and SNX22 in uRBCs.  99 
3.4.   Co-localisation of PfCK1 and GAPVD1 in iRBCs.    100 
3.5.   Immunofluorescence assay of PfCK1 localisation during  

Gametocytogenesis.       102  
3.6.   Label free quantitative analysis of parasite interactors of GAPVD1 106 
3.7.   Fractionation of culture supernatants by ultrafiltration and analysis  

of PfCK1 in the extracellular vesicle (EV) and soluble protein-containing  
fractions.        108 

 

Table           Page 
 
3.1.   Human proteins identified by MS peak counting in immunoprecipitates  

obtained using GFP Trap® beads.     88 



 15 

3.2.   Human proteins identified by MS peak counting after stringent 
washing of precipitates on GFP Trap® beads.    90 

3.3.   Number of GAPVD1 phosphopeptides obtained from PfCK1-GFP  
precipitations.        94 

 
Chapter 4 
 

Figure           Page 
 

4.1.   Western blot analysis of PfCK1-GFP subcellular distribution.  124 
4.2.   Analysis of nuclear localisation sequences in CK1 homologues.  126 
4.3.   PfCK1 structure depicting candidate cNLS sequences.   127 
4.4.   Positioning of putative cNLS sequences.     130 
4.5.   Effect of Ivermectin treatment on the localisation of PfCK1-GFP.  131 
4.6.   Label free quantitative analysis of PfCK1 interacting protein from  

purified nuclei.        133 
4.7.   Optimised DNA shearing conditions for ChIP-seq.   137 
4.8.   Bioanalyzer chase of DNA fragments obtained from PfCK1  

chromatin immunoprecipitation.     139 
4.9.   DNA sequencing of PfCK1 chromatin immunoprecipitates.  141 
 

Table           Page 
 

4.1.   Prediction of protein nuclear localisation using the Cell-PLoc web  
servers.         123 

4.2.   P. falciparum proteins co-purifying with PfCK1 in nuclear protein  
extracts.        134 

 
Chapter 5 
 

Figure           Page 
 

5.1.   Dose-response inhibition curves of Purvalanol B and its analogues. 154 
5.2.   Imaging of Purvalanol B cellular localisation.    158 
5.3.   Phylogenetic analysis of Casein kinase 1.     162 
5.4.   Fold and function assignment (FFAS) of human CK1d aligned with PfCK1. 166 
5.5.   Homology modelling of P. falciparum CK1.    169 
5.6.   Selection of amino acid residues for mutagenesis.   171 
5.7.   The pGEX-4T3 constructs generated in this study.   172 
5.8.   Expression and purification of recombinant P. falciparum CK1.  175  
5.9.   pGLUX plasmids used for parasite-based expression.   178 
5.10.   Dose-response inhibition of mutant PfCK1.    180 
 
Table           Page 
 

5.1.   Summary of BLASTP best human hits from searches with P. falciparum  
CK1 sequence.        165 

 



 16 

Supplementary figures and tables 
 

Figure          Page 
 

S4.1.  Effect of Ivermectin treatment on the nucleocytoplasmic shuttling of  
PfCK1-GFP.        205 

 
Table 
  
S3.1.  List of quantified human and parasite proteins obtained from PfCK1-GFP  

and 3D7 immunoprecipitates.      201 
S3.2.  List of parasite proteins obtained from a preliminary GAPVD1  

immunoprecipitation and identified by spectral counting.  202 
S3.3.  List of quantified human proteins recovered from GAPVD1  

immunoprecipitations.       203 
S3.4.  List of quantified parasite proteins recovered from GAPVD1  

immunoprecipitations.       204 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

List of abbreviations 

 
a.a      Amino acid�

A. thaliana    Arabidopsis thaliana 

A260nm     Absorbance at 260nm  

A280nm     Absorbance at 280nm  

ABC      Ammonium bicarbonate��

ACN      Acetonitrile��

ACT      artemisinin-Combination Therapy 

ART     artemisinin 

ATP      Adenosine triphosphate 

AQ     Atovaquone 

a     Alpha � 

b      Beta � 

bp      Base pairs��

BLAST      Basic Local Alignment Search Tool��

BSA      Bovine serum albumin��

BSD      Blasticidin�

CA     Carbonic anhydrase 

ChIP-seq    Chromatin immunoprecipitation sequencing 

CO2      Carbon Dioxide��

°C      Degree Celsius��

Co-IP      Co-immunoprecipitation 

CRT     Chloroquine resistance transporter 

CQ     Chloroquine�

d     Delta 

D. discoidium    Dictyostelium discoideum 
Da      Dalton��

ddH2O      Double-distilled water��

DHFR      Dihydrofolate reductase 

DHPS     Dihydroptherate synthase  

DMSO      Dimethyl sulphoxide� 

DNA      Deoxyribonucleic acid� 

DNase      Deoxyribonuclease 

Dnmt1     Deoxyribonucleic acid methyltransferase 1 

dNTP      Deoxyribonucleoside triphosphate� 



 18 

dsDNA      Double-stranded deoxyribonucleic acid  

DTT      1,4-dithiothreitol 

E. coli      Escherichia coli 

EDTA      Ethylene diamine tetracetic acid 

ePK      Eukaryotic protein kinase 

ER      Endoplasmic Reticulum 

F. solaris    Fistulifera solaris 

g     Gamma 

G. lambila    Giardia lambila 

GAPDH     Glyceraldehyde-6-phosphate dehydrogenase 

GFP      Green fluorescent protein 

GSK      Glycogen synthase kinase 

GST      Glutathione-S-transferase 

h     Hour 

H3     Histone H3 

H2A/H2B/2A.Z    Core histones H2B, H2B and variant H2A.Z 

H3K36me3    Trimethylation at lysine 36 of Histone H3 

H4     Histone H4 

hDHFR      Human Dihydrofolate Reductase 

HEPES     4-(2-hydroxyethyl)-piperazine-1-ethanesulphonic acid 

Hs      Homo sapiens 

IFA�� � � � � Immunofluorescence � ��� ���  

IP      Immunoprecipitation Assay 

IPTG      Isopropyl-β-D-thiogalactopyranoside 

IPTp     Intermittent preventative therapy for malaria in pregnancy 

iRBC      Infected Red Blood Cell 

kb�� � � � � Kilobases (1,000 base pairs)��

kDa      Kilodalton 

KO�� � � � � Knock-out 

K13     Kelch-13 propeller domain 

LB�� � � � � Luria broth�

M      Molar 

MAPK      Mitogen-Activated Protein Kinase 

Mb      Mega Bases (1,000,000 base pairs)� 

MCS      Multiple Cloning Site 

MDR1     Multidrug resistance protein 1 

mg      Milligram 

MgCl2      Magnesium Chloride 



 19 

MgSO4      Magnesium Sulphate�

min�� � � � � Minutes�

ml�� � � � � Millilitre�

mM      Millimolar 

mRNA      Messenger Ribonucleic Acid 

MSP      Merozoite Surface Protein 

MW      Molecular Weight 

μ      Micro��

μg      Microgram��

μM      Micromolar  

N2      Nitrogen gas��

NEB      New England Biolabs���

ng      Nanogram��

O2      Oxygen��

ORF      Open reading frame��

P. falciparum     Plasmodium falciparum 

PfCK1     P. falciparum Casein kinase 1 

PfCK2     P. falciparum Casein kinase 2 

PfEMP     P. falciparum Erythrocyte membrane protein���

PAGE      Polyacrylamide gel electrophoresis  

Pb      Plasmodium berghei��

PBS      Phosphate buffered saline��

PCR      Polymerase chain reaction��

PEXEL      Plasmodium export element  

PK      Protein kinase��

PlasmoDB     Plasmodium Database��

PMSF      Phenylmethylsulfonyl fluoride��

pRBC      Parasite-infected red blood cell��

PV      Parasitophorous Vacuole��

PVM      Parasitophorous Vacuole Membrane��

RBC�� � � � � Red Blood Cell�������  

RNA�� � � � � Ribonucleic Acid�

RNase��� � � � Ribonuclease�

RPM      Revolutions per Minute 

RPMI-1640 medium    Roswell Park Memorial Institute-1640 medium 

RT      Room temperature 

s�� � � � � Second 



 20 

SP     Sulphadoxine/pyrimethamine�

S. cerevisiae    Saccharomyces cerevisiae  

SDS      Sodium dodecyl sulphate 

T. cruzi     Trypanosoma cruzi 

TAE      Tris-acetate-EDTA 

TBE      Tris-borate-EDTA 

TBS      Tris buffered saline 

TBST      Tris buffered saline with Tween®-20 

TE buffer     Tris EDTA buffer 

TEMED      N,N,N’,N’-T etramethylethylenediamine 

TK      Tyrosine kinase 

TKL      Tyrosine Kinase Like-kinases 

tRNA      Transfer Ribonucleic Acid  

U      Unit  

UTR      Untranslated Region  

UV      Ultraviolet 

V�� � � � � Volts 

Var     Variant antigen 

v/v      Volume/Volume  

w/v      Weight/Volume  

WB      Western Blot  

WHO      World Health Organisation  

WT      Wild-type  

X      Times 

XA      Xanthurenic acid  

3’UTR      Three prime untranslated region  

5’UTR     Five prime untranslated region 

� � �����������������������������  

 

 
 
 
 
 
 
 

 



 21 

Chapter 1 

Introduction 
 

1. Malaria 

Malaria still remains a significant burden in countries where socioeconomic factors favour the 

distribution and severity of disease (Béguin et al., 2011). Malaria is caused by infection with unicellular 

protozoan parasites of the genus Plasmodium which invade and grow inside red blood cells (RBCs) 

(Engelbrecht and Coetzer, 2016). Five species of Plasmodium are capable of causing disease in 

humans: Plasmodium malariae, Plasmodium ovale, Plasmodium knowlesi, Plasmodium vivax and 

Plasmodium falciparum (Ribaut et al., 2008, Cox-Singh et al., 2008). Of the five species that are capable 

of infecting humans, P. falciparum is responsible for the greatest number of infections and the most 

lethal form of disease. 

 

An estimated 260 million global cases of malaria were reported in 2000 with close to 900 thousand 

deaths, 86% of which occurred in children under the age of five (WHO, 2015). Between 2000 and 2015, 

however, these values have declined significantly with an estimated decrease in incidence rate of 41% 

and 62% for morbidity and mortality rate, respectively (WHO, 2016). This also includes a 16% decrease 

in the number of deaths in children under the age of five. These values represent a significant impact 

in the global effort to control and eradicate malaria amongst endemic countries; however more efforts 

are still necessary to ensure the continual implementation of effective treatments and intervention 

strategies. With the emergence of resistance to the frontline antimalarial Artemisinin (ART) (Miotto 

et al., 2013), in addition to poor accessibility to low quality and fragile health care, global malaria 

eradication targets are threatened (Ghansah et al., 2014, Alonso and Tanner, 2013). Phase 3 clinical 

trials of the RTS,S/AS01 malaria vaccine have recently been published (The RTS,S Clinical Trials 

Partnership, 2012) showing an efficacy that is lower than 40%. Thus, commercial availability of a 
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malaria vaccine is still far in the future, which suggests that insecticide-treated bed nets (ITNs), indoor 

residual spraying (IRS) and antimalarials will remain primary prevention and treatment methods in the 

foreseeable future. With the rise in drug resistance and the arsenal of effective antimalarial 

compounds decreasing, newer drugs are greatly needed. 

1.1. Plasmodium falciparum 

P. falciparum and other Plasmodium species are members of the phylum Apicomplexa as they contain 

a specialised assembly of structural and secretory elements collectively termed the apical complex 

(Katris et al., 2014) in addition to a large plastid-like organelle which contains a circular genome of 

~35kb termed the apicoplast (Goodman and McFadden, 2014, Wilson et al., 1996).  The apicoplast 

serves a specific biological purpose – the biosynthesis of macromolecules such as fatty acids, 

isoprenoid precursors and heme (Bowman et al., 2014); the apicoplast is thought to have originated 

through secondary endosymbiosis of algae by a common apicomplexan ancestor (Janouškovec et al., 

2010). Apicomplexan obligate intracellular parasites that require a host to replicate. 

 

1.2. Asexual development of P. falciparum 

P. falciparum has a complex life cycle consisting of two phases: asexual development within the 

human host, and sexual development, which is initiated by the formation of gametocytes in the 

human host and continues within the mosquito vector. Infection of the human host begins with a 

blood meal from a female Anopheles mosquito, which releases sporozoites into the dermis (Yamauchi 

et al., 2007). Sporozoites then migrate to and infect the liver where they undergo schizogony over a 

period of approximately 6-12 days (Vaughan et al., 2012), producing thousands of merozoites which 

exit the liver and infect RBCs (Figure 1.1I), marking the beginning of a 48-hour erythrocytic asexual life 

cycle (Govindasamy et al., 2016, Tao et al., 2014). Invasion of the host cell is a complex process which 

involves the formation of invasion machinery through secretion of micronemes and rhoptry proteins 

(Tonkin et al., 2011, Besteiro et al., 2011). Once the invasion machinery is formed, a moving junction 
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(MJ) enables the parasite to penetrate the host erythrocyte forming a membrane-bound niche called 

the parasitophorous vacuole (PV) where the parasite remains throughout the course its asexual 

lifecycle. Once infection has been established in a RBC, merozoites mature through three 

morphologically distinct stages: ring, trophozoite and schizont stages (Figure 1.1II-IV) (Grüring et al., 

2011), resulting in the release of 20-30 merozoites per parasite (Figure 1.1V) (Grüring et al., 2014) and 

the cycle propagates. 

 

Asexual replication within the blood is responsible for the pathology of Plasmodium infection.  The 

general symptoms of uncomplicated malaria including anaemia, nausea and fever. However, P. 

falciparum differs from other species of Plasmodium due to its ability to increase the cytoadhesive 

properties of infected RBCs (iRBCs), enabling mature trophozoite and schizont stage parasites to 

sequester in microvascular structures (Ochola et al., 2011, Grüring et al., 2011). Usually the 

microcirculatory beds of the spleen filter out altered RBCs allowing healthy cells to return to 

circulation (Safeukui et al., 2008), cytoadhesion prevents P. falciparum iRBCs from coming into contact 

with the spleen thereby avoiding clearance. Sequestration of these abnormally adherent cells within 

the microvasculature causes them to become blocked leading to severe complications associated with 

P. falciparum malaria such as multiple organ failure and cerebral malaria, ultimately resulting in coma 

and death (Ochola et al., 2011, Safeukui et al., 2008, Avril et al., 2012). 

 

1.3. Sexual differentiation of P. falciparum (Gametocytogenesis) 

To maintain an infection, P. falciparum parasites continuously invade and replicate within host RBCs. 

During asexual replication however, a subpopulation of schizonts produce merozoites which are 

committed to developing into sexual stage gametocytes (Eksi et al., 2012). The exact environmental 

triggers that cause P. falciparum parasites to switch from asexual to sexual development stills remains 

elusive, however high parasitaemia, endoplasmic reticulum (ER) and redox stress and RBC lysis have 

been proposed as gametocyte inducers (Duffy et al., 2016, Beri et al., 2017, Chaubey et al., 2014). This 
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suggests that parasites respond to multiple environmental stimuli relating to high levels of parasite 

biomass such as nutrient deprivation and haemolysis. 

 

Once committed merozoites are released, they infect a RBC and form a committed ring that matures 

into a stage I gametocyte 24-30hrs later (Ikadai et al., 2013) and is morphologically similar to a 

trophozoite stage asexual parasite. Over the next 5-7 days immature sexual stage parasites 

subsequently develop through stages II – IV (SI-SIV), finally resulting in a mature stage V (SV) male or 

female gametocyte (Figure 1.1VI.). The duration of gametocytogenesis occurs over a period of 10-12 

days and is essential for the transmission of parasites to the mosquito vector (Tibúrcio et al., 2015). 

Immature gametocytes (SII – SIV) share many characteristics to mature asexual stage parasites 

(trophozoites and schizonts), such as digestion of haemoglobin and sequestration in microvascular 

structures (Lamour et al., 2014, Eksi et al., 2012). Mature SV gametocytes re-enter circulation as 

quiescent parasites. During a blood meal, SV gametocytes are taken up by a mosquito where they are 

stimulated in the midgut to produce gametes (Figure 1.1Aii). Gametocyte formation is generally biased 

towards females (Tran et al., 2014); each male gametocyte develops into eight highly motile gametes 

through a process called exflagellation to compensate for this bias, triggered as a result of a sudden 

temperature change in the presence of xanthurenic acid, an activating factor in the mosquito midgut 

(Delves et al., 2013, Leba et al., 2015). 
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Figure 1.1. Lifecycle of P. falciparum. Following a blood meal by a female Anopheles mosquito, P. falciparum 

sporozoites (S) are released into the dermis and migrate to the blood, eventually finding the host’s liver where they 

invade and undergo schizogony to produce thousands of merozoites. Merozoites are then released into the blood 

(I), infect an RBC and undergo blood stage asexual development through ring (II), trophozoite (III) and schizont 

(IV). Schizonts then rupture (V), releasing merozoites back into the blood stream where they invade RBCs and the 

life cycle continues. A small proportion of parasites commit to sexual differentiation and mature to become male 

and female gametocytes (VI) in the blood and are transmitted to the invertebrate during feeding. Within the 

mosquito, gametocytes are stimulated by environmental queues and differentiate into gametes (VII). Following 

this, further sexual differentiation takes place resulting in the formation of a zygote (Z) that transverses the mosquito 

midgut, developing into an ookinete (O) and finally an oocyst (Oc), producing sporozoites that migrate to the 

mosquito salivary glands. These events allow subsequent human infection. 
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1.4. Drug resistance 

Treatment of malaria relies heavily on the use of antimalarial compounds, with several different drugs 

available. Currently, Artemisinin Combination Therapy (ACT) is the only recommended front-line 

treatment for P. falciparum malaria due to its efficacy in parasite clearance and transmission blocking 

(Phyo et al., 2012, Garner, 2013). However, a parasite phenotype associated with a prolonged rate of 

clearance in individuals treated with ACT has been observed in regions of Southeast Asia indicating 

the emergence of resistance to this front-line treatment (Beshir et al., 2013, Hunja et al., 2013, Phyo 

et al., 2012).  

 

P. falciparum has become resistant to most of the available prophylactic and chemotherapeutic drugs 

including ART. Although very little is known about the mechanism of ART resistance, it is well 

established that mutations in the P. falciparum Kelch13 (K13) propeller domain are determinants of 

resistance (Tun et al., 2015, Thuy-Nhien et al., 2017). A delay in parasite clearance rate is hallmark of 

ART resistance, however it is a combination of resistance also to partner drugs that causes the greatest 

risk of treatment failures. 

One of the more general drug resistance mechanisms is PfMDR1 (multidrug resistance protein 1), a 

food vacuole (FV) membrane (FVM) transport protein which largely regulates parasite sensitivity to 

many antimalarials. For example, decreased sensitivity to the ACT partner drug amodiaquine (AQ) is 

linked to a widely prevalent N86Y mutation in PfMDR1 (Veiga et al., 2016) which, in contrast, increases 

parasite susceptibility to the antimalarials dihydroartemisinin (DHA), lumefantrine (LMF) and 

mefloquine (MQ) (Wurtz et al., 2014). 

Interestingly N86Y also decreases the sensitivity of parasites to chloroquine (CQ), perhaps one of the 

most well-known antimalarials. Although it is widely accepted that CQ resistance is largely mediated 

by a K76T mutation in the FVM protein PfCRT1 (chloroquine resistance transporter) (Mayor et al., 

2001, Lakshmanan et al., 2005), a large body of evidence suggests the involvement of both PfCRT1 

and PfMDR1 (Eyase et al., 2013, Shrivastava et al., 2014). PfMDR1 encodes a glycoprotein homolog, 
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and it is likely the N86Y mutation alters the protein’s substrate specificity, thus reducing substrate 

uptake; whereas the 72-76 haplotype of CQ/AQ resistant PfCRT1 encode a five amino acid change 

from wild-type CVMNK to either CVIET or SVMNT (Mvumbi et al., 2013, Oladipo et al., 2015). This 

haplotype is considered significant in terms of CQ and AQ resistance due to the pharmacological 

similarities between the two compounds and assuming a similar mechanism of resistance (Mvumbi et 

al., 2013). Although it is not exactly understood how PfCRT1 and PfMDR1 function together in a CQ 

resistance phenotype, it is most likely that the mutations in each individual protein (i.e. PfMDR1 or 

PfCRT1) result in an additive effect (Ruizendaal et al., 2017). 

 

Resistance can also arise due to point mutations in more specific drug targets. For instance, double 

and triple point mutations in the dihydropterate synthase (DHPS) and dihydrofolate reductase (DHFR) 

genes confer resistance to the combination therapy sulfadoxine-pyrimethamine (SP) – a widely used 

treatment for intermittent preventative therapy for Malaria in pregnancy (IPTp) (Leke and Taylor, 

2011). Several studies have identified combinations of mutations in DHFR and DHPS that are largely 

responsible for SP treatment failures; the DHFR triple mutant N51I/C59R/S108N and the DHPS double 

mutant A437G/K540E (Ruizendaal et al., 2017) are predominant mutations found in SP resistant 

isolates across Southeast Asia, South American and Africa (McCollum et al., 2007). A quadruple 

pyrimethamine resistant mutant (N51I/C59R/S108N/I164L), thought only to be present in Southeast 

Asia and South America has now emerged across Africa (McCollum et al., 2006) and will have a 

profound effect on future use of SP for IPTp. With this in mind, a recent study (Tarnchompoo et al., 

2018) involving the design and use of a dual-pharmacophore inhibitor of PfDHFR shows great promise 

for use as an antimalarial therapy against parasites carry the PfDHFR quadruple mutations. Indeed, 

the compound BT3, which contains both rigid and flexible moieties, binds to wild type and mutant 

PfDHFR in a similar way which bypasses steric clashes with mutant residues of the active site that 

occurs with other antifolate inhibitors. 
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The widespread distribution of resistance to all common antimalarials represents a significant 

hindrance to current malaria eradication programs. Made worse by the threat of ACT resistance 

spreading to highly endemic regions like sub-Saharan Africa, the decline in usable antimalarials 

presents a strong need for new drugs. Understandably, however, the introduction of new compounds 

will not simply be the be-all-end-all solution. Strategies which combine drug-based therapies in 

coordination with the use of resistance markers for genotype surveying (for example N86Y, K76T and 

K13) may provide a more accurate way of administering new combination-therapies for treatment 

and may potentially aid in prolonging their use. Nevertheless, it is sensible to explore new drug targets 

which have a previously untapped mechanism of action in malaria treatment; compounds which 

inhibit essential parasite proteins that are not targeted by current antimalarials and therefore are 

unlikely to have any pre-existing resistance mechanisms associated with their inhibition. One class of 

promising targets which meet these criteria are protein kinases. 

 

1.5. Protein phosphorylation 

Advances in the sensitivity of mass spectrometry-based techniques have led to the elucidation of the 

phosphoproteome of various human cell lines (Lawrence et al., 2016, Sharma et al., 2014, Tsai et al., 

2015). Protein phosphorylation by protein kinases (PKs) occurs on either serine (Ser), threonine (Thr) 

or tyrosine (Tyr) residues, with a greater tendency towards Ser and Thr phosphorylation. Within an 

individual cell it is estimated there are up to 700,000 phosphorylated sites, although the number of 

detectable phosphorylated sites vary between individual studies (Humphrey et al., 2013, Zhou et al., 

2013, Sharma et al., 2014). When deregulated, phosphorylation contributes to a variety of disease 

pathologies including cancers (Fabbro et al., 2012), with PKs accounting to around 50% of the number 

of genes responsible for cancer formation (Fabbro et al., 2012). As such, PKs have become attractive 

drug candidates for the treatment of cancer (Katayama and Sen, 2010, Richter et al., 2014, Sánchez-

Martínez et al., 2015) and other diseases like rheumatoid arthritis (Zou et al., 2016). 
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As with higher eukaryotes, phosphorylation contributes to complex signalling cascades in protozoan 

parasites such as P. falciparum. The complement of PK-encoding genes in the P. falciparum genome 

(the kinome) is smaller than that of higher eukaryotes, with 85 PKs accounting for approximately 1.5% 

of all genes, compared to more than 500 PKs accounting for around 1.7% of all genes in humans 

(Anamika et al., 2005, Doerig et al., 2008, Manning et al., 2002). However, the number of parasite 

proteins potentially phosphorylated accounts for close to 50% of its total proteome (Pease et al., 

2013). Not surprisingly, a large proportion of these phosphoproteins vary greatly between the 

different stages of sexual and asexual development (Lasonder et al., 2012a, Pease et al., 2013). 

Although the P. falciparum kinome represents approximately the same proportion of the proteome 

as humans, the reduction in parasite PK number is likely a result of adopting a parasitic lifestyle 

(reviewed in (Talevich et al., 2012)). 

Kinases are able to self-regulate their activity by a process known as autophosphorylation, which, as 

the name suggests, is the ability of the kinase to phosphorylate itself. This phenomenon has been 

observed for a number of PKs in yeast, humans and P. falciparum (Oligschlaeger et al., 2015, Beenstock 

et al., 2016, Peter et al., 2011, E. et al., 2016, Brandt and Bailey, 2013, Low et al., 2012) suggesting a 

conserved mechanism contributing to the regulation of kinase activity. As PKs are multi-functional 

enzymes, substrate specificity is important and autophosphorylation may contribute to tight control 

over this. Autophosphorylation can occur at many sites within a kinase on either a Ser, Thr or Tyr 

residue, changing the biochemical environment in the domain where the phosphorylation event 

occurred. The resulting conformational change exposes catalytic domains, opens binding pockets 

enabling substrate access, or closes other domains releasing bound substrates. Moreover, 

autophosphorylation may act to prime kinases to phosphorylate substrates at certain time points, for 

example, in cell division where timing needs to be tightly controlled. Although it is not fully understood 

how P. falciparum utilises phosphorylation processes to survive within its host, we can establish 

testable hypothesises derived from information of known homologues of other organisms with well 

understood mechanisms and pathways. 
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1.5.1. Protein kinases as potential drug targets 

Many crucial processes such as cell cycle progression and invasion by pathogenic organisms are driven 

by the phosphorylation of target molecules by kinases. More than 500 PKs are encoded in the human 

genome which accounts for approximately 2% of all genes (Manning et al., 2002) and cluster in seven 

distinctive eukaryotic PK (ePK) groups: CK1, CMGC, TKL, AGC, CamK, STE and TyrK (Figure 1.2). The 

kinome of P. falciparum is significantly smaller, with 85 kinases identified through bioinformatic 

approaches and covering five of the seven ePK groups: CamK, AGC, CK1, CMGC and TKL or “TyrK like” 

kinases (Doerig et al., 2008). Absent from the kinase tree are the TK and STE families which, as outlined 

previously, may be the result of adapting to a parasitic lifestyle. Absent from the kinase tree are the 

TK and STE families which, as outlined previously, may be the result of adapting to a parasitic lifestyle. 

In addition, studies of the P. vivax proteome identified 49 PK orthologs which are transcribed during 

blood stage development (Bozdech et al., 2008), many of which are differentially transcribed during 

blood stage development compared to P. falciparum, highlighting important biological differences 

between the two parasites. A recent analysis of the proteome from P. vivax and P. falciparum 

sporozoites (Swearingen et al., 2017) also identified several PKs conserved between parasites. 

 

P. falciparum also contains an expanded family of novel, apicomplexan-specific kinases called FIKK 

kinases, named due to a highly conserved Phe, Ile, Lys, Lys domain (Lin et al., 2017). These kinases 

may also present suitable drug targets given their uniqueness and absence from human cells. P. 

falciparum PKs which do not have orthologues to mammalian PKs (excluding FIKK kinases) and do not 

fall into any of the ePK groups are referred to as orphan protein kinases (OPKs). Of the 85 PK’s 

predicted in Plasmodium, 36 are considered as likely essential to the asexual erythrocyte stage 

(Solyakov et al., 2011). It still remains unclear how many PKs are essential for sexual development in 

P. falciparum, although estimates in P. berghei indicate that approximately 12 PKs are required for in 

vivo parasite transmission to the mosquito vector and seven PKs are required for ookinete formation 

in vitro (Tewari et al., 2010). 
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PKs are prominent drug targets in human diseases such as cancer (Fabbro et al., 2012, Gherardi et al., 

2012, Charrier et al., 2011, Katayama and Sen, 2010, Roskoski Jr, 2003, Tsai and Nussinov, 2013), with 

39 small-molecule kinase inhibitors currently approved for use by U.S. Food and Drug Administration 

(FDA); recent literature places this number at 33 approved inhibitors (M., 2017), however for a 

complete summary see http://www.brimr.org/PKI/PKIs.htm. The rapidly advancing science of kinase 

inhibitor research highlights a strong interest in this field of therapeutics and the success of PK 

inhibition in humans lends hope that this is translatable to other diseases such as parasitic disease. 

For instance, 13,000 antimalarial hits were identified in a screen of more than 1,900,000 compounds 

from the GlaxoSmithKline’s (GSK) inhibitors collection (Gamo et al., 2010), of which an astonishing 

42% of the hit compounds with a known biochemical activity belong to a class of kinase inhibitors. 

This is promising and suggests that kinases represent suitable therapeutic targets in P. falciparum. 

Further, it is demonstrably possible to obtain compounds that exhibit high species-selective inhibition 

of parasite (over human) kinases (Fugel et al., 2013, Lucet et al., 2012, Gurnett et al., 2002). 

The major focus of this thesis is to expand our understanding of the biology of casein kinase 1 (CK1) 

in P. falciparum. The following sections will review the current biology of CK1 in other eukaryotes and 

summarise our current knowledge of this enzyme in P. falciparum. 
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Figure 1.2. Family tree of eukaryotic protein kinases (ePks). The family of eukaryotic protein kinases (left) 
cluster into seven distinctive groups: Tyrosine kinase (TK), Tyrosine kinase-like (TKL), Cyclin-dependant 
kinases, MAP kinases, GSK3 and CLKs (CMGC), PKs acting as MAPK regulators (STE), Calcium/calmodulin-
dependant kinases (CamK) and Casein kinase 1 (CK1) families. Absent in the P. falciparum kinome (right) are 
the TK and STE kinase families but there is an expanded family of apicomplexan-specific FIKK kinases. 
Source; cellsignal.com (left tree) and Tewari et al. 2010 (right tree). 
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1.6. Casein kinase 1 

This section will discuss the known biochemical functions of casein kinase 1 in eukaryotes and will 

address what is known about this enzyme in protozoan parasites. 

1.6.1. Casein kinase 1 in higher eukaryotes 

Casein Kinase 1 (CK1) genes form a distinct and small branch of the ePK tree (figure 1.2). CK1 is a 

pleotropic Ser/Thr PK first described by its activity on casein (reviewed in (Cheong and Virshup, 2011)) 

highlighting its preference for substrates containing acidic or pre-phosphorylated (primed) residues 

upstream of the CK1 phosphorylation site (Meggio et al., 1992, Flotow and Roach, 1991, Flotow et al., 

1990). This led to the eventual identification of a CK1 phosphorylation consensus sequence of pS/pT 

X1-2 S/T, where pS/pT is a primed Ser or Thr residue, X denotes any amino acid and phosphorylation by 

CK1 occurs on the subsequent underlined Ser/Thr residue (Meggio et al., 1992). Additionally, clusters 

of acidic amino acids (Asp or Glu) upstream of a Ser or Thr may also provide the required “priming” 

signal for substrate phosphorylation by CK1 (Flotow and Roach, 1991). In mammals, CK1 exists as 

seven active isoforms: CK1α, CK1β (identified in bovine cells only), CK1δ, CK1ε, CK1γ1, CK1γ2 and CK1γ3; 

the genes are expressed from different loci across five chromosomes (reviewed in (Cheong and 

Virshup, 2011)) and are all highly homologous in the kinase domain (Figure 1.3A). Importantly, the 

architecture of CK1 is conserved across all eukaryotes from humans to yeast and plants (Figure 1.3B 

and Figure 1.4). 

  

CK1 activity is important for normal cellular function and is involved in many biological processes, 

including transcriptional regulation, circadian rhythm control and vesicular trafficking (see table 1.1 

for a summary of CK1 substrates). Mutations in CK1 or inhibition of its kinase activity results in the 

dysregulation of biochemical pathways and can lead to the development of disease (Meng et al., 2010, 

Xu et al., 2005b, Foldynová-Trantírková et al., 2010) consistent with the importance of this kinase in 

normal cellular function. Yeast CK1 (Hrr25) phosphorylates Ede1 and promotes direct interaction 
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between Ede1-Hrr25 and initiation of clathrin-mediated endocytic sites for vesicular trafficking (Peng 

et al., 2015). In plants such as Arabidopsis, CK1 functions by phosphorylating cryptochrome 2, a 

conserved blue light sensor that regulates various cellular pathways such as response to light, stress 

responses and the circadian clock (Tan et al., 2013). In humans CK1α, δ and ε isoforms all regulate the 

β-catenin/Wnt signalling pathway through phosphorylation of various proteins leading to either the 

activation or degradation of β-catenin and subsequent transcriptional effects (Pablo et al., 2005, 

Rubinfeld et al., 2001, Amit et al., 2002). Additionally, CK1γ contributes to this signalling pathway 

through phosphorylation of proteins that interact with Axin, a key regulator in the formation of the β-

Catenin destruction complex. Overexpression and dysregulation of CK1 can therefore affect 

transcriptional regulation and hence contribute to disease such as cancer (Richter et al., 2014). 

Furthermore, CK1α has been shown in murine and human erythrocytes to contribute to the regulatory 

mechanism of programmed cell death by modulating cytosolic calcium activity (Zelenak et al., 2012). 

This process is termed eryptosis and displays cellular phenotypes similar to typical apoptosis and 

enables cell turn-over. 
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Figure 1.3. Three-dimensional structure of CK1 kinase domain. An example of the CK1 family represented by the kinase of 

domain of human CK1d isoform (A) displayed as cartoon (left) and space-fill (right) models (PDB ID: 5IH5). Like all ePKs, CK1 has 

a bi-lobal fold characterised by a predominance of �-sheets in the N-terminal lobe and an �-helix-rich C-terminus, separated by a 
catalytic cleft (as distinguished by the ATP analogue Epiblastin A between the light and dark blue domains). The catalytic kinase 
domain of CK1 enzymes is highly conserved across all eukaryotes and constitutes an average of 67% of the total kinase structure. 
(B) Schematic representation of the domain architecture of human CK1 (blue). Overall architecture is preserved across isoforms; 
Catalytic domain (green): conserved PK kinase domain containing nucleotide binding domains and catalytic residues for the 
orientation of ATP and transfer of the gamma phosphate from ATP to a protein substrate. ATP binding site (purple): a glycine triad 
(GxGxxG) which encloses part of the ATP molecule. Catalytic residue (black): Asp amino acid thought to act as a base acceptor for 
hydrogen bonding with a hydroxyl group of a substrate. Activation loop (dark blue): the site of interaction with activity modulators. 
Phosphorylation of this domain is often required for the correct orientation of residues involved in the transfer of the gamma 

phosphate from ATP to a protein substrate. Shown in orange is an amino acid insertion unique to the CK1g isoforms that likely 

regulates their specific cellular localisation and function. 
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1.6.2. Parasite CK1 

Homologs of CK1 have been identified in parasites responsible for many major diseases in humans: 

Leishmania, Toxoplasma and Plasmodium, although functions of these kinases are not as well 

understood in parasites as they are in humans. Two isoforms have been isolated from Toxoplasma 

gondii: TgCK1α (38kDa) and TgCK1β (49kDa). Although very little is known of these two isoforms, 

TgCK1α has been shown to be present in the cytosol while the larger isoform is associated with the 

membrane (Donald et al., 2005). It is hypothesised that the cytosolic population may contribute to 

vesicular and membrane trafficking, while it is harder to make hypotheses about the membrane 

population (TgCK1β) as it lacks detectable kinase activity. 

Leishmanial CK1 (LmCK1) activity has also been purified from crude promastigote extracts (the 

parasite stage which exists within a sand-fly vector) (Allocco et al., 2006). Two isoforms (LmCK1-1 and 

LmCK1-2) were identified, isoform 2 being the active enzyme. A secreted enzyme of L. major has also 

been shown to exhibit CK1 like activity, presumably the active isoform LmCK1-2, thought to potentially 

aid in parasite invasion by phosphorylating host proteins (Allocco et al., 2006). This is supported by a 

study that showed LmCK1 contributed to down regulating Type I interferon signalling and down 

regulating the host immune response to invasion (Liu et al., 2009). 

 

1.6.3. Plasmodium falciparum CK1 

P. falciparum CK1 (PfCK1) is a 36kDa orthologue of the mammalian CK1 kinases and shares greatest 

sequence homology with CK1d (73%) based on bioinformatic algorithms. PfCK1 is known to be 

essential to the parasite asexual lifecycle as the genes are refractory to disruption although it is 

unknown whether one or both of the variants are biologically active.  

Recently, the expression and localization of PfCK1 has been published for each stage of asexual 

parasite development, revealing two essentially separate populations (Dorin-Semblat, 2015). During 

the ring to early trophozoite phase, a large proportion of PfCK1 appears to be associated with the host 

erythrocyte membrane and could resemble an ectokinase (a PK with an extracellularly facing kinase 
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domain). A similar observation had been made in an earlier study that identified a membrane 

associated PK in L. major (Lester et al., 1990); although in this instance it was concluded the ectokinase 

did not belong to any of the established ePK groups. Progression to mature stages (late trophozoites 

and schizonts) shows PfCK1 becoming less associated with the membrane and more localised to the 

parasite itself, finally appearing in merozoites only. This membrane association is interesting because 

PfCK1 has no PEXEL (Plasmodium EXport ELement) motif or any form of recognisable export signal 

sequence. Instead it may become exported via another means, such as vesicular trafficking or post 

translational modification such as myristolation (Tillo et al., 2017), palmitoylation (Davidson et al., 

2005) or glycosylphosphatidylinositol (GPI) anchoring (Zinecker et al., 2001). How PfCK1 then becomes 

associated with the erythrocyte membrane still remains unclear. In addition, PfCK1 activity has also 

been detected in the supernatant of parasite cultures indicating that this protein is also secreted 

during the asexual lifecycle, similarly to those of Leishmania and indeed it may play a role in 

phosphorylating host proteins on bystander cells. 

 

1.6.4. PfCK1 in gametocytes 

Unlike the localisation of PfCK1 in asexual stages of infection, nothing is known about PfCK1 presence 

or localisation in sexual stages. mRNA expression data from PlasmoDB (gene ID: PF3D7_1136500.2) 

identified by microarray shows no change in the level of expression of PfCK1 throughout maturation 

of gametocytes. It is also unknown whether these transcript levels translate to protein expression or 

if the transcripts are stored, with delayed translation (Mair et al., 2006b). An example of such genes 

are the mRNA transcripts of p25 and p28 (ookinete surface proteins required for transversal of the 

mosquito mid-gut (Tomas et al., 2001)) that bind to the Development of Zygote Inhibited (DOZI) and 

CAR-I/Trailer Hitch Homolog (CITH) protein complexes in female gametocytes (Mair et al., 2010). This 

mRNA/DOZI/CITH interaction yields translationally repressed transcripts that are transcribed upon 

fertilization of gametes within the mosquito to form a diploid zygote. Similarly, mRNA/DOZI repression 

of p25 and p28, as well as several other genes has been observed in P. berghei (Mair et al., 2006a) 
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indicating gene silencing is a conserved mechanism allowing the rapid onset of gene transcription and 

meiosis. Similar mechanisms of translational repression occur in humans and yeast (Coller and Parker, 

2005, Chu and Rana, 2006). 

 

Essentiality of PfCK1 has been confirmed in the asexual stages of infection (as previously described 

(Solyakov et al., 2011)). As a consequence, DPfCK1 parasite lines cannot be cultured in vitro and the 

essentiality of PfCK1 in sexual development cannot be explored by traditional “knockout” by gene 

disruption. This creates a gap in our understanding of if and how PfCK1 functions during blood stage 

sexual development and/or maturation within the mosquito. Replacing typical knockout methods 

with inducible “knockdown” systems to degrade and reduce transcript levels, thereby reducing the 

amount of translated protein, may provide a more suitable alternative to studying gene essentiality 

during sexual development. An excellent example of an inducible gene knockdown system is the GlmS-

ribozyme system (Prommana et al., 2013). This system employs an inducible ribonuclease to self-

cleave itself and the 3’ poly-A tail from mRNA resulting in degradation of the transcript and 

subsequent loss of protein. Thus, these types of new molecular technologies coupled with traditional 

methods such as immunofluorescence imaging, immunopurification and mass spectrometry can help 

elucidate PfCK1 function during the sexual stages of development. 
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Figure 1.4. Phylogenetic tree of eukaryotic CK1 kinase domains. Members of the Casein kinase 1 (CK1) family are highly conserved amongst 
all eukaryotic cells. Despite large variation in the C-terminal domain, the catalytic kinase domain is highly conserved. Shown is a phylogenetic 
analysis of the kinase domain of CK1 isoforms from seven eukaryotic species. This tree was generated using the one-click phylogeny analysis 
(www.phylogeny.fr). 
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1.7. Localisation of PfCK1 to the RBC membrane 

During the various stages of asexual development, P. falciparum exports a large number of proteins 

to remodel the host erythrocyte, and a number of these proteins are exported to the erythrocyte cell 

membrane. As mentioned previously, PfCK1 is one such protein exported to the erythrocyte 

membrane where it remains until the later part of the trophozoite stage. If PfCK1 is exposed to the 

extracellular environment, this specific localisation presents an opportunity for host immune pressure 

which raises two questions: What purpose does PfCK1 serve at the erythrocyte membrane? And how 

does it get there? To formulate hypotheses about how PfCK1 is trafficked to erythrocyte membranes 

and its function once there, this section will describe some of the known membrane trafficking 

mechanisms and the functions of proteins known to be associated with membranes. 

 

1.7.1. The Plasmodium export element and membrane trafficking 

During asexual development P. falciparum parasites extensively remodel the host RBC by exporting a 

repertoire of proteins to various RBC compartments. To do this, proteins must cross the parasite 

membrane and the PVM. The best characterised protein export pathway is the Plasmodium export 

element/Vacuolar transport signal (PEXEL/VTS) pathway (A et al., 2009) with more than 400 parasite 

proteins exported through this process (Sargeant et al., 2006). Proteins destined for secretion and 

which possess a PEXEL motif are processed in the endoplasmic reticulum (ER) by cleavage at the N-

terminus by the aspartic acid protease plasmepsin V (Russo et al., 2010, Sleebs et al., 2014). Processed 

PEXEL proteins are then translocated across the PVM into the host cytoplasm via translocator 

machinery termed the Plasmodium translocon of exported proteins (PTEX) (Bullen et al., 2012). 

Importantly for exported proteins destined for the RBC membrane, for example the virulence factor 

P. falciparum erythrocyte membrane protein 1 (PfEMP1), they must first traffic to and associate with 

Maurer’s clefts (MCs), parasite-derived membranous structures associated with the RBC cytoskeleton 

(Cornelia et al., 2008, Neline et al., 2003). How these proteins are then trafficked from the MCs to the 
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RBC plasma membrane still remains elusive, although some studies have suggested that vesicle 

trafficking may play a role in this process, as exemplified by the identification of resident MC proteins 

in parasite-derived vesicles (Mantel et al., 2013, Regev-Rudzki et al., 2013). 

 

A number of parasite proteins are still exported into the host cytoplasm despite lacking a PEXEL 

sequence and are termed PNEPS (PEXEL-negative exported proteins) (Heiber et al., 2013). 

Interestingly, some PNEP parasite proteins such as the skeletal binding protein (PfSBP1) and 

membrane-associated histidine rich protein 1 (MAHRP1) exist as resident MC proteins, suggesting that 

a different mechanism enables proteins to transit to the MCs. For these two proteins, a 

transmembrane domain and the second half of the N-terminal domain are sufficient for export to MCs 

(Spycher et al., 2006, Theodora et al., 2009), whereas MAHRP2 requires the first 15 amino acids in 

addition to a histidine rich N-terminal domain (Esther et al., 2010). In the case of the ring-exported 

protein 1 (REX1), the first 10 amino acids plus a hydrophobic domain are sufficient for trafficking to 

MCs (A. et al., 2008); REX1 is exported as a soluble protein, indicating a possible mechanism for PNEPs 

to cross the PVM. Collectively this indicates that PNEP proteins may utilise a different type of signal 

motif sufficient for export. 

PfCK1 does not contain any canonical or non-canonical PEXEL sequence (Schulze et al., 2015) and was 

not identified in an analysis of the predicted P. falciparum exported proteome based on the presence 

of the PEXEL motif (Sargeant et al., 2006) indicating this protein is a PNEP. Furthermore, the published 

interactome of MCs also failed to identify PfCK1 suggesting that it does not transit through MCs 

(Vincensini et al., 2005) and raising the question of how PfCK1 reaches the RBC membrane. Several 

other trafficking pathways exist in eukaryotes, which could serve as a possible protein export pathway 

in P. falciparum enabling membrane localisation and even secretion. 
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1.7.2. Vesicular trafficking 

Extracellular vesicles (EVs) are key mediators of communication between cells, without the need for 

direct contact. EVs contain the cytosol of the cell of origin and can be categorised by size, content and 

origin (Marina Colombo et al., 2014). For example, microvesicles (MVs) are usually 0.1um – 1um in 

size and released by budding events at the plasma membrane, whereas EVs such as exosomes are 

typically smaller (30nm – 100nm) and derived from the exocytosis pathway (Di Vizio et al., 2009). 

Given that some EVs overlap in size, their origin of biogenesis is usually used to define them. Different 

cells secrete EVs which can trigger specific functions within a target cell. For example, it has been 

demonstrated that EVs of mouse mast cell origin contain mRNA which are transcribed into proteins 

upon fusion with human mast cells and content release into the cytoplasm (Valadi et al., 2007). 

Vesicles are involved in transferring macromolecules to other cells and modulating downstream 

signalling events and also play a role in the maturation and differentiation of other cell types. For 

example, very little is known about the maturation process of RBCs and several theories have 

proposed the maturation and enucleation (expulsion of the nucleus) of erythroblasts – the 

metabolically active precursors to mature RBCs may be similar to cytokinesis (Skutelsky and Danon, 

1970, Hebiguchi et al., 2008). An exquisite study in 2010 by Ganesan et al (Keerthivasan et al., 2010) 

demonstrated that inhibitors used to block these processes did not prevent enucleation events. It was 

further shown that endosomal trafficking was likely responsible for the enucleation process as 

supported by several lines of evidence: knockdown of clathrin inhibited enucleation; treatment of 

erythroblasts with vacuolin-1 (a molecule that induces vacuole formation) resulted in an increased 

number of enucleated cells and; treatment of cells with several inhibitors of the endosome pathway 

resulted in a decrease in the number of enucleated cells. This indicates that endosomal trafficking 

pathways are evident in RBC precursor cells and suggests the likelihood that remnants of these 

pathways may exist in mature RBCs. 
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Cell-cell communication by EVs has been confirmed in protozoan parasites like P. falciparum and 

Leishmania. A study in 2013 by Regev-Rudzki et al (Regev-Rudzki et al., 2013) examined the role of 

EVs in the transfer of macromolecules between P. falciparum parasites in culture. They showed that 

two parasite lines co-cultured together, each transfected with a different episome containing a drug 

resistance cassette to either blasticidin-S (CS2eBsdGFP) or the anti-folate inhibitor WR99210 

(3D7edhfrGFP) and expressing GFP protein, were able to grow in the presence of both Bsd and 

WR99210. This was not observed when each parasite line was cultured separately in the presence of 

both inhibitors and transfer was independent of cell-cell contact. It was concluded that EV-like 

particles of ~70nm were responsible for the transfer of resistance between parasite populations. 

Similarly, a proteomic examination of the EV content of supernatants from schizont stage P. 

falciparum parasites identified a broad repertoire of host and parasite proteins (Mantel et al., 2013). 

It was shown that some activating factors for CD14+ primary blood monocytes (PBMCs) and CD19+ B 

cells were down-regulated when these cells were incubated with EVs from P. falciparum parasites. 

This indicates that one of the main functions of iRBC-derived EVs is to modulate immune responses 

during infection. 

A similar study was performed for Leishmania parasites which also examined the proteomic content 

of EVs during the infection of macrophages (Silverman et al., 2010a). An astonishing 52% of the 

parasites secreted proteome are contained in EVs and are able to modulate immune system responses 

by inducing secretion of IL-8, a major neutrophil chemotactic factor (M. et al., 2011) but not tumour 

necrosis factor (TNF)-a. Comparable modulation of IL-10 secretion, but not TNF-a, has also been 

observed in L. donovani parasites (Silverman et al., 2010b). While the exact function of modulating 

such immune responses are beyond the scope of this thesis, it is noteworthy to comment on the broad 

immune responses that are affected by parasite-derived vesicles. It has also been shown that the 

proteomic content and abundance in Leishmania EVs is influenced by cellular stresses such as pH and 

temperature change highlighting a collection of potential virulence factors associated with specific 

environmental stimuli. It is interesting to consider the influence of environmental stress on the 
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proteomic content of EVs as they may play a role in parasite survival. In the same study by Regev-

Rudzki et al, increasing levels of gametocytes were observed as the levels of asexual P. falciparum 

parasites was decreasing. Further, a 17-fold increase in the number of gametocytes was observed in 

3D7edhfrGFP and CS2eBsdGFP co-cultures compared to culturing either parasite line separately, 

suggesting that drug selection may have prompted sexual commitment, possibly through cell-cell 

communication by EVs. This interesting observation suggests that environmental cues, for example 

drug pressure, result in the alteration of EV cargo which can elicit signalling responses in other 

parasitised cells when growth conditions are no longer favourable; a mechanism likely adapted to 

ensure parasite survival and disease transmission. 

 

1.7.2.1. Rab GTPases 

Although vesicular trafficking networks have been identified in P. falciparum, regulation of these 

networks is complex and not fully understood. Transcriptional and translational evidence suggests 

that P. falciparum expresses a family of proteins known to be involved in EV trafficking in higher 

eukaryotes, called Rab GTPases (Quevillon et al., 2003, Morse et al., 2016, Jambou et al., 1996, 

Spielmann and Beck, 2000, Wiesner et al., 2013). Rab GTPases are conserved members of the ras-

related protein family of small GTPases and are involved in EV trafficking. In humans, approximately 

three quarters of the more than 60 Rab proteins are involved in vesicular related trafficking pathways 

[129], some better understood than others. Rab proteins are modified near the C-terminus by 

geranylgeranyl isoprenylation, which enables attachment to membranes (Gavriljuk et al., 2013, Li et 

al., 2014) and their activity is regulated by a guanine triphosphate/guanine diphosphate (GTP/GDP) 

switch which determines the “on/off” state of the enzyme; binding of GTP activates Rab proteins, 

whereas GDP binding results in an inactive confirmation. This on/off state and membrane attachment 

is tightly controlled by various regulatory proteins such as GTPase-activating proteins (GAPs), Rab 

geranylgeranyl transferases (RabGGTase), GDP disassociation inhibitors (GDIs) and guanine nucleotide 

exchange factors (GEFs) (Bos et al., Wu et al., 2010, Wu et al., 2011). 
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The P. falciparum genome encodes eleven Rab GTPases which represents a significant proportion of 

the prenylated proteome (prenylome) [124, 135]. All Rab genes are highly expressed throughout the 

parasite asexual cycle and, as with higher eukaryotes, contribute to various cellular functions, from 

maturation during mitosis to formation of invasion-related protein complexes (Agop-Nersesian et al., 

2009, Agop-Nersesian et al., 2010, Morse et al., 2016) and in protein trafficking of the cis- trans- Golgi 

network (Hallée and Richard, 2015, Kaiser et al., 2016). 

Rab5 is a defined marker of the endosomal system in many eukaryotes. In L. donovani, both LdRab5a 

and LdRab5b isoforms regulate different modes of endocytosis, either by fluid-phase (LdRab5a) or 

receptor-mediated (LdRab5b) processes (Rastogi et al., 2016). Importantly, null-mutants of both 

isoforms are non-viable, indicating these proteins are essential to parasite survival in vitro. Rab5 

isoforms function in a similar way in P. falciparum by directing protein transport. P. falciparum Rab5 

proteins exhibit interactions with haemoglobin, similar to the proposed function of LdRab5b in L. 

donovani, denoting distinct roles for these proteins in endosomal transport in protozoans. 

Immunofluorescence studies have shown that the P. falciparum PfRab5b isoform fails to co-localise 

with haemoglobin, whereas PfRab5a localises to haemoglobin containing compartments of the RBC 

(Ezougou et al., 2014). Immuno-transmission electron microscopy (immuno-TEM) also revealed that 

PfRab5a localises to small haemoglobin-containing vesicles (SHVs), and constitutively active PfRab5a 

mutants increase FV volume and aggregate volume of haemoglobin-containing vesicles (HVs) (Elliott 

et al., 2008). Together, these observations indicate a role for PfRab5a in directing haemoglobin uptake 

and transport. 

PfRab5b is unique as it lacks the typical C-terminal isoprenylation site and instead contains an N-

terminal myristoylation site (Ezougou et al., 2014) allowing membrane targeting of this GTPase. 

Fluorescence imaging has shown that PfRab5b is present in the parasite cytoplasm as well as the 

cytoplasmic face of the tubovesicular network (TVN), a tubule network region which extends into the 

iRBC cytoplasm from the PVM [143]. PfRab5b was also shown to complement the function of the 

rodent malaria parasite P. berghei Rab5b (PbRab5b), suggesting a conserved function in Plasmodium 
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parasites (Ebine et al., 2016); PfRab5b was also shown to complement the function of the rodent 

malaria parasite P. berghei Rab5b (PbRab5b) suggesting a conserved function in Plasmodium parasites 

(Ebine et al., 2016). Several P. falciparum virulence factors are directed to separate parasite 

compartments by interacting with PfRab5b. For example, the parasite invasion protein merozoite 

surface protein-1 (MSP1) is directed to the parasite food vacuole membrane (FVM), whereas PfCK1 is 

directed to the parasite plasma membrane (PPM) (Ezougou et al., 2014); it is unclear whether these 

structures are at the RBC membrane. Pull-down experiments have established PfCK1 as an interactor 

of PfRab5b (Rached et al., 2012) suggesting that these interactions may contribute to PfCK1 trafficking. 

 

1.7.3. Post-translational modification 

Post translational modification (PTM) of proteins is one way in which a cell can adapt to changing 

environmental conditions (Beltrao et al., 2013). The addition of lipids to proteins is a very common 

modification responsible for the trafficking and anchoring of proteins to biological membranes (Martin 

et al., 2012, Fujita and Kinoshita, 2012). Some proteins with ectokinase activity (proteins bound to the 

external side of plasma membranes that can phosphorylate extracellular proteins) are known to be 

anchored to membranes by lipid modifications. Likewise, exposure of PfCK1 on the erythrocyte 

membrane suggests that lipid modification may play a role this localisation. 

 

1.7.3.1. Post-translational modification of CK1 

Fatty acid modification of proteins, for instance palmitic acid, regulates their membrane 

association, protein stabilisation and protein-protein interactions (reviewed in (Aicart-Ramos 

et al., 2011)). Protein acyl transferases (PATs) are enzymes which contain a conserved Asp-

His-His-Cys (DHHC) motif and catalyse the addition of palmitic acid onto proteins (Mitchell et 

al., 2010). These enzymes were first identified in Saccharomyces cerevisiae with two main 

enzymes having been described. The first is Akr1, which was identified as the PAT responsible 
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for the palmitoylation of yeast casein kinases YCK1p and YCK2p and their association with the 

plasma membrane (Politis et al., 2005). Deletion of Akr1 has been shown to dysregulate the 

localisation of the YCK proteins (Roth et al., 2002, Politis et al., 2005). A second PAT, which 

exists as a heterodimeric complex formed by Erf2 and Erf4, is responsible for the 

palmitoylation of Ras proteins (GTP-binding proteins) which occurs by a two-step process: 

Erf2 is first autopalmitoylated, thus acting as a palmitoyl-intermediate protein that is 

stabilised by Erf4 (Mitchell et al., 2012). The second and final step is the transfer of the 

palmitic acid moiety to the Ras protein (Mitchell et al., 2010). It was also shown by mutational 

analysis of the conserved DHHC motif that the catalytic activity of this domain is necessary 

for Erf2 autopalmitoylation and for the transfer of palmitic acid to protein substrates. 

Although extensively studied in yeast, DHHC domain-containing enzymes are evolutionarily 

conserved across multiple eukaryotes including humans, mice, plants and parasitic protozoa 

(Merino et al., 2014, L. et al., 2016, Ohno et al., 2006, Li et al., 2016) and their dysregulation 

in humans has been linked to disease pathology like cancer (Sharma et al., 2017). Studies of 

CK1γ in humans, Xenopus and Drosophila show that a unique palmitoylation site at the C-

terminal end (TKCCCFFKR) tethers this kinase to the membrane and couples it to the Wnt/b-

catenin pathway by interacting with LDL-receptor related protein 5 and 6 (LRP5/6) (Davidson 

et al., 2005). Truncation of the C-terminal end of CK1g abolishes membrane association and 

regulation of Wnt signalling. 

 

Predicting protein palmitoylation sites can be difficult due to the promiscuity of the 

environment required for Cys-modification, and very few consensus sequences have been 

identified. A recent study examined the physiochemical properties that could potentially 

predict whether a protein is palmitoylated (Reddy et al., 2017). By utilising bioinformatic 
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approaches, it was suggested that enrichment of hydrophobic and basic residues, the amino 

acid sequence surrounding Cys residues and predicted cellular location all influence the 

propensity of a protein to be palmitoylated. While this provides a useful tool for predicting 

palmitoylation status, it is likely that additional modifications that influence a proteins 

biochemical environment (for example phosphorylation) may also play a role in determining 

palmitoylation sites. It has also been proposed that proteins can be palmitoylated in multiple 

regions of the same proteins. This is exemplified in the yeast CK1-homolog 2 (YCk2) which 

contains a tripartite palmitoylation site, i.e. several regions of the kinase domain and C-

terminal domain are required for sufficient palmitoylation to direct membrane association 

(Roth et al., 2011). It was suggested that phosphorylation may also be required for recognition 

of YCk2 by Ark1. 

 

Indeed, membrane localisation of PfCK1 during early stages of parasite development suggest 

that palmitoylation may contribute to cellular trafficking of this protein. An exquisite study by 

Jones et al 2012 (Jones et al., 2012) investigated the global palmitome in P. falciparum by 

using two independent chemical exchange strategies: metabolic labelling and click chemistry 

(MLCC), which labels parasites with a palmitic acid analogue allowing biotinylation through 

azide click chemistry (Martin et al., 2012), and acyl-biotin exchange (ABE), which requires a 

series of chemical cleavage and blocking steps to replace the thioester-linked palmitoyl group 

with a biotin moiety (Roth et al., 2006). The combined results from these two approaches 

identified over 400 predicted palmitoylated proteins. PfCK1 was identified in the initial 

sample enrichment, however it did not meet the strict threshold limits of a 5% false-discovery 

rate (FDR) and was therefore excluded in the final analysis. Nevertheless, this study reveals 
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the possibility that palmitoylation of PfCK1 may indeed contribute to its membrane 

trafficking, a hypothesis that is yet to be tested. 

 

1.8. Nuclear localisation of CK1 

Chromatin is a conserved eukaryotic structure which consists of nucleosomes separated by linker 

DNA; each nucleosome consists of 147bp of DNA wrapped around a histone octamer (Eustermann et 

al., 2018, Luger et al., 1997, White et al., 2001). The octameric core comprises two tetramers – the 

first consisting of two copies of the core histones H3 and H4 which is, foremost, inserted into the 

nucleosome, followed sequentially by the other tetramer consisting of two copies of histones H2A and 

H2B (reviewed in (Burgess and Zhang, 2013)). While the structure of chromatin is rather simple, 

modification of the histone core to regulate transcriptionally active (euchromatin) or repressive 

(heterochromatin) (Janssen et al., 2016) states is a complex process regulated by multiple histone 

modifying enzymes. In a transcriptionally silent state, heterochromatin is condensed and prevents the 

binding of transcription factors and RNA polymerases to promoter regions while conversely, 

euchromatin is open and relaxed which enables sufficient access to DNA for gene transcription. 

 

Histones are extensively modified in their N-terminal tails by proteins called histone readers 

(recognise the histone marks), writers (catalyse histone modifications) and erasers (remove histone 

modifications) (reviwed in (Laia and Manel, 2015)). Collectively these groups of proteins regulate 

histone modifications such as acetylation (Xhemalce and Kouzarides, 2010), methylation (Schibler et 

al., 2016) and phosphorylation (Dastidar et al., 2013) and each modification consequently affects the 

transcriptional state of chromatin. For instance, lysine acetylation is a well-studied marker for 

transcriptional activation (Gajer et al., 2015, Yan et al., 2018) and is regulated by the opposing actions 

of histone acetyltransferases (HATs) and deacetylases (HDACs). In contrast, methylation of lysine or 

arginine residues – catalysed by histone methyltransferases (HMTs), can result in either transcriptional 

repression (Trojer et al., 2007) or activation (Lee et al., 2007). 
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In comparison to acetylation and methylation, the effects of Ser, Thr or Tyr phosphorylation on histone 

tails by PKs and their consequences on the transcriptional state of chromatin is less understood. It is 

suggested that phosphorylation of Ser1 of the core histones H4 (H4S1ph) and H2A (H2AS1ph) may 

have roles in chromatin condensation during the mitosis and in histone deposition during S-phase 

(Barber et al., 2004). This histone mark is evolutionarily conserved and has been identified in worm, 

fly and mammalian cells, consistent with its importance in maintaining chromatin structure.  

Phosphorylation also affects histone methylation status. For example, H3 phosphorylation at Ser10 

(H3S10ph) and Thr11 (H3T11ph) influence the dimethylation of Lys9 on H3 (H3K9me2) in mouse 

zygotes and the maintenance of 5-methyl cytosine (5mC) (Lan et al., 2017). The authors of this study 

showed that overexpression of mutants of H3 variants H3.1 and H3.2 (H3S10A/H3T11A) resulted in a 

decrease in H3K9me2 and 5mC and a concurrent increase in oxidised 5mC (5hmC), suggesting an 

important crosstalk between H3phos and H3K9me2 and subsequent protection of DNA from 

oxidation. The crosstalk between histone phosphorylation and methylation and its effects on the 

protection of DNA is further supported by a study which exquisitely showed that phosphorylation of 

the histone variant H2AX is upregulated in response to ionising radiation (Hausmann et al., 2018). In 

contrast to the cooperative effects observed for histone phosphorylation and H3K9me2, histone 

phosphorylation in HeLa cells by the kinase M6CK resulted in decreased levels of methylation in 

neighbouring Arg residues thereby influencing gene transcription (Krapivinsky et al., 2017). 

Collectively this shows the various functions of histone phosphorylation in regulating chromatin 

dynamics. 

 

It is only in the last decade that histone phosphorylation in P. falciparum has really begun to be 

unravelled, with 14 phosphorylation sites having been identified (Dastidar et al., 2013). Similar to the 

crosstalk between histone phosphorylation and methylation, many of the histone phosphosites 

identified in P. falciparum were found to be adjacent to acetylated lysine residues suggesting a 
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possible interplay between modifications and subsequent transcriptional activity. In yeast, 

phosphorylation of H3S10 by the Snf1 kinase provides a binding site for the HAT Gcn5 which 

subsequently acetylates Lys14 to enhance the transcription of INO1 (Lo et al., 2001). In mouse JB6 

cells it has been shown that inhibition of HDACs promotes H3S28ph by the MAP kinase ERK2 which, 

consequentially, facilitates H3L9ac (Zhong et al., 2003) and this may have an impact on chromatin 

remodelling and transcription. 

Thus, the recognition of phosphorylated histones by reader proteins is an important regulatory 

mechanism of transcriptional activity. In many model organisms the 14-3-3 protein recognises 

H3S10ph (Macdonald et al., 2005, Winter et al., 2008) and binds to HDACs to sequester them in the 

cytoplasm, thereby inhibiting the deacetylation of histones and transcriptional silencing (Grozinger 

and Schreiber, 2000). The P. falciparum 14-3-3 homologue (Pf14-3-3I) recognises H3S28ph and 

H3S10ph but exhibits a preference towards H3S28ph, irrespective of neighbouring modifications 

(Dastidar et al., 2013). Although the functional consequences of these interactions still remain to be 

established it could be that H3S28ph binding by Pf14-3-3 allows subsequent interactions to be formed 

with chromatin regulating enzymes such as HDACs or HATs, thereby providing a mechanism of 

transcriptional regulation similar to those observed in other cells.  

 

Histones H2A, H2A variant, H3 and H4, as well as the catalytic subunit of Casein kinase 2 (PfCK2a) 

were recovered in PfCK1 immunoprecipitates (Dorin-Semblat et al., 2015). PfCK2 is a substrate of 

PfCK1, but it remains unclear whether H4 or any other histones are PfCK1 substrates in vitro. 

Interestingly, PfCK2 has been shown to phosphorylate various chromatin structural and regulatory 

elements including histones, the DNA/RNA binding proteins (Alba) and nucleosome assembly proteins 

(Naps) thus functioning in chromatin assembly (Dastidar et al., 2012). To be deposited into 

nucleosomes histones must be trafficked into the nucleus, a process which requires the formation of 

an import complex with the nucleosome assembly protein-1 (Nap1). Naps are conserved in all higher 

eukaryotes (Park and Luger, 2006, Ito et al., 1996, Okuwaki et al., 2010) and are responsible for binding 
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and depositing histones H2A and H2B (Aguilar-Gurrieri et al., 2016, Son et al., 2015). Nap1 also binds 

to the importin proteins karyopherin α/β which are required for the nuclear import of proteins, thus 

establishing a nucleocytoplasmic shuttling system (Mosammaparast et al., 2002). In addition to co-

purifying with histone proteins, PfCK1 interacts with and phosphorylates NapL, a Nap1 homologue in 

P. falciparum, suggesting a possible role in regulating chromatin structure. However, the nuclear 

localisation of PfCK1 has not been validated and its function in the nucleus has not been examined. 

 

Some early studies have identified nuclear functions for CK1 in various eukaryotes. CK1 has been 

implicated in the DNA-damage response in Drosophila melanogaster and the yeast S. cerevisiae 

(Santos et al., 1996, Ho et al., 1997). D. melanogaster CK1 (DMCK1) has also been implicated in 

regulating the circadian clock (Lam et al., 2015) by phosphorylating the transcriptional activator CLK 

to regulate its clearance from the promoter region of PER (transcriptional repressor). DMCK1 also 

phosphorylates and destabilizes PER in the nucleus and coordinates the nuclear entry of PER from the 

cytoplasm. In mammalian cells, CK1 isoforms have also been identified as nuclear kinases. For 

instance, CK1δ localises to the nucleus; however, it is not thought to contribute to gene transcription, 

but rather it localises to spindle poles in mitotic cells and may contribute to chromosomal segregation 

(Milne et al., 2001). Interestingly, CK1δ nuclear localization is not regulated by its C-terminal domain; 

instead, kinase activity is required, as shown by fluorescence imaging of wild-type and kinase dead 

(KD) CK1δ constructs. It could be that nuclear localisation may be the result of CK1δ complex 

formation with proteins that shuttle between the cytoplasm and nucleus, supported by an 

accumulation of CK1δ in nuclei following treatment with the nuclear export inhibitor Leptomycin B 

(Milne et al., 2001). During embryo development, mouse oocytes require nuclear CK1a for correct 

chromosomal segregation. Inhibition of CK1 activity results in polar body extrusion, pro-M1 arrest and 

failure of chromosomes to align at the spindle equator (chromosomal congression) (Wang et al., 

2013). Immunofluorescence staining also showed that CK1a co-localises to condensed chromosomes 

during oocyte maturation, consistent with histone phosphorylation associated with chromatin 
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condensation (reviewed in (Rossetto et al., 2012)) which suggests a possible role for CK1 proteins in 

histone phosphorylation and maintenance of heterochromatin. 

 

1.9. Purvalanol B kills P. falciparum in vitro 

Purvalanol B is a 2,6,9-trisubstituted ATP-competitive analogue and a potent inhibitor of cyclin 

dependent kinases (CDKs) in many eukaryotes including humans (as low as 6nM on purified CDK, Ruetz 

et al., 2003). The high cell-free potency of Purvalanol B notwithstanding, the compound is inactive in 

cell-based assays, thought to be due to the presence of a free carboxylate group at the 6-anilino end 

of the purine backbone that prevents passive diffusion across biological membranes (Villerbu et al., 

2002). Crystallographic studies of kinases with docked Purvalanol B show that this carboxyl moiety is 

not directly involved in interactions with target proteins (Figure 1.5), but it instead extends outwards 

from the binding domain (Gray et al., 1998, Holton et al., 2003). This compound orientation enables 

chemical modification of the carboxyl group to provide a useful tool for biochemical studies, without 

disrupting interactions between compound and target protein, and to modulate compound potency. 

Analogues of Purvalanol B are being tested for their usefulness in the field of cancer biology to target 

CDKs. Fluorescent dansyl moieties have been synthetically coupled to the 6-anilino carboxyl to make 

compound uptake easier to detect. The target CDKs are intracellular proteins and neutralising the free 

carboxylate charge would increase the compounds cell-membrane permeability, allowing passive 

diffusion and access to intracellular targets. For example, Purvalanol B modified with fluorescent 

dansyl moieties (VMY-1-101 and VMY-1-103) have been tested on breast cancer cell lines for their 

CDK inhibitory activities (Yenugonda et al., 2011, Ringer et al., 2010). Cells treated with both 

Purvalanol B derivatives were killed at concentrations less than 10µM and the number of cells entering 

the S-phase of mitosis was decreased compared with unmodified Purvalanol B. 

 

Several PK inhibitors with antimalarial activity, for example imidazopyridazines, are currently being 

explored as possible therapeutics (Crowther et al., 2016, Hallyburton et al., 2017, Green et al., 2016). 
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However, as with any repurposed compound, the possibility of finding a selective mode of action that 

minimises effects on the host must be considered. Purvalanol B displayed low micromolar antimalarial 

activity against P. falciparum parasites in [3H]-hypoxanthine incorporation assays with a reported IC50 

of 7µM (Harmse et al., 2001), contrary to its lack of potency against mammalian cells, indicating this 

cell-impermeable compound may have unique pharmacological properties in malaria that could be 

exploited. Indeed, Purvalanol B is a known inhibitor of mammalian CDKs which belong to the CMGC 

PK family and also make up a significant proportion of the P. falciparum kinome (Figure 1.2). 

Interestingly, CDKs are not the targets of Purvalanol B in P. falciparum and other parasitic protozoa, 

as described in a previous study by Knockaert et al.  which explored the intracellular targets of purine 

inhibitors (Knockaert et al., 2000). Inhibitors including Purvalanol B were immobilised on agarose 

beads (in the case of Purvalanol B this was by coupling the carboxyl group to the agarose) and 

incubated with protein lysates from various organisms to detect target proteins by microsequencing. 

Cell extracts of P. falciparum were analysed, resulting in the identification of four protein bands able 

to interact with the compound; PfCK1 was the only detectable selective target. Methylation of a 

secondary amine at the N6 position, key for kinase inhibition, abrogated compound binding to PfCK1, 

indicating that the interaction is specific. CK1 was also identified as a Purvalanol B target in other 

parasitic protozoa such as Toxoplasma, Leishmania and Trypanosoma (Knockaert et al., 2000). 

Purvalanol B can inhibit purified PfCK1 with an IC50 of 100nM (Karine Le Roch, unpublished PhD thesis), 

suggesting that PfCK1 is a sensitive target. A significant proportion of PfCK1 is associated with the RBC 

membrane during early stages of parasite development (see section 1.4.3); therefore, the simplest 

mode of action hypothesis would be that Purvalanol B may be killing Plasmodium through inhibition 

of surface exposed PfCK1, which would be a unique mode of antimalarial action.  However, intake 

through parasite-induced permeation pathways and inhibition of intracellular PfCK1 or other kinases 

cannot be excluded at this stage. To date there have been no attempts to assess the involvement of 

PfCK1 in the antiplasmodial activity of Purvalanol B. If the hypothesis of an extracellularly-located CK1 

as the lethal target of Purvalanol is confirmed, we would have identified a valid antimalarial target 
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Figure 1.5. Binding orientation of Purvalanol B. Solved diffraction crystal structures of i) P. falciparum protein 
kinase 5 (Pfpk5: PDB ID 1V0P) and ii) Serine-Arginine rich protein specific kinase 2 (Srpk2: PDB ID; 2X7G). The 
molecular structure of Purvalanol B is shown as iii. 
 

accessible from the external medium, which simplifies significantly the pharmacological requirements 

for a drug and avoids resistance mechanisms based on efflux systems. Furthermore, by utilising 

Purvalanol B as a chemical tool, one could study a variety of biological questions relating to PfCK1 

function during different stages of the lifecycle. We can approach this by analysing the effects of 

Purvalanol B at different stages of the parasite lifecycle, coupled with quantitative whole-cell 

phosphoproteomics (Lasonder et al., 2012, Solyakov et al., 2011, Leykauf et al., 2010) to identify 

phosphorylation targets of PfCK1. 
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1.10. Specific aims of this thesis 

The dysregulation of protein phosphorylation by PKs has led to the exploitation of PKs as therapeutic 

targets. As a result, more than 30 PK inhibitors have been approved by the Food and Drug 

Administration (FDA) for use in human diseases such as cancer (M., 2017). PKs also control protein 

phosphorylation in malaria parasites but are not the lethal targets of any approved antimalarials, thus 

making them appropriate targets for pharmacological intervention as there is little chance of pre-

existing resistance mechanisms associated with their inhibition. However, several gaps exist in our 

current understanding of how many fundamental biological processes are controlled by malaria PKs, 

therefore restricting the possible avenues for drug interference. 

The work in this PhD thesis aims at expanding our current understanding of how PfCK1, the sole 

member of the CK1 PK family in P. falciparum, contributes to the virulence of P. falciparum during 

asexual replication within its RBC host. To determine the roles for PfCK1 during asexual development, 

we performed experiments to address the following aims: 

 

1. Identify the cellular mechanisms that modulate the secretion of PfCK1 and its trafficking 

to the RBC membrane at distinct times of asexual development 

 
2. Determine the functions of PfCK1 within the parasite’s nucleus and possible contributions 

to chromatin dynamics and transcriptional activity 

 
3.  Investigate the contribution of PfCK1 in the Purvalanol B mechanism of antiplasmodial 

activity 
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Chapter 2 

Materials & Methods 

 

2.1. P. falciparum cell culture 

2.1.1. Preparation of cell culture media 

Incomplete Roswell Park Memorial Institute (RPMI) media 1640-HEPES (Gibco) was prepared by 

adding hypoxanthine (Sigma) and gentamycin (Pfizer) to an aqueous solution of RPMI 1640 to final 

concentrations of 50mg/ml and 10mg/L respectively. The pH was adjusted to 6.74 and sterilised by 

filtration through a 0.2µm pore-size filter (Merk) prior to storage at 4°C. Complete RPMI 1640 was 

made by supplementing 500ml of incomplete RPMI 1640 with 15ml of 7.5% w/v sodium bicarbonate 

(Sigma) (0.22% w/v final concentration) and 12.5 ml of 20% w/v Albumax II (lipid rich bovine serum 

albumin) (Gibco) to a final concentration of 0.5% w/v and stored at room temperature. 

 

2.1.2. Preparation of human RBCs for cell culture 

O+ blood was supplied by the Australia Red Cross Service as red blood cell concentrate, harvested 

from healthy volunteers and stored in anticoagulant CDPA and stored at 4°C. Packed red blood cells 

(RBCs) were prepared fresh each week by centrifuging RBCs at room temperature for 10min at 650 x 

g, after which the supernatant containing the anticoagulant was removed by aspiration. Packed RBCs 

were washed in 40ml of complete RPMI 1640 and resuspended in equal volumes of complete RPMI 

1640 and stored at 4°C for a maximum of one week. 
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2.1.3. Plasmodium falciparum cell culture 

P. falciparum 3D7 parasites (Table 2.9) were cultured in T25 or T75 tissue culture flasks (Sarstedt) in 

O+ red blood cells at 4% haematocrit in complete RPMI 1640 media. Cultures were gassed with 1% O2, 

5% CO2 and 94% N2 (1s/ml of culture) and kept at 37°C. Where required, cells were cultured under 

drug selection with either 5nM WR99210 or 5.4µM Blasticidin S-HCl (Table 2.9). To estimate lifecycle 

stage and parasitaemia, 2µl of parasite culture was prepared as a thin blood smear on a glass slide, air 

dried for 30sec and fixed for 10sec in 100% methanol (Chem-Supply) prior to being stained for 5min 

in a 10% v/v aqueous Giemsa solution (Merk). Blood smears were examined by light microscopy at 

100x objective magnification. To calculate parasitaemia, the number of infected cells were counted 

as a percentage of the total number of RBCs present across three fields of view. 

 

2.1.4. Cryopreservation of parasites 

Approximately 9-10ml of parasite culture (at ≥5% parasitaemia ring stage) were harvested by 

centrifugation for 5min at 650 x g followed by complete removal of media by aspiration. The parasite 

pellet was resuspended in 2x pellet-volumes of freezing solution at room temperature (Table 2.1), 

gently mixed and approximately 1ml was transferred to a NuncTM cryopreservation tube (Thermo 

Fisher) and stored at -80°C as a parasite stabilite. 

 

2.1.5. Thawing cryopreserved parasite stabilites 

Parasites stabilities (see above) were thawed at 37°C. The thawed culture was transferred to a 50ml 

centrifuge tube (Corning) and 200µl of thawing solution 1 (Table 2.1) was added drop-wise while 

swirling. Immediately thereafter, 10ml each of thawing solution 2 and thawing solution 3 (Table 2.1) 

were slowly added while swirling to tube and centrifuged for 5min at 650 x g. Pellets were washed 

with 20ml of incomplete RPMI 1640 and then resuspended in 10ml of complete RPMI 1640, 

supplemented with 400µl of packed RBCs to achieve a cell concentration of 4% haematocrit. For 

transgenic parasites, the required concentration of drug was added one day post-thawing. 



 62 

2.1.6. Enrichment of ring-stage parasites by sorbitol synchronisation 

Parasite cultures were synchronised by selecting Ring stage parasites from a 30ml culture at ≥5% 

parasitaemia. Cells were pelleted at 650 x g for 5 minutes at room temperature, resuspended in 15ml 

5% D-sorbitol solution (Table 2.1) and incubated for 15 minutes at 37°C to lyse RBCs harbouring 

mature stages parasites. Following incubation, surviving cells were centrifuged at 650 x g for 5min and 

washed once with 30ml of incomplete RPMI 1640, then centrifuged again. Finally, the pellet 

(containing uninfected RBCs and ring-infected RBCs) was resuspended in 30ml of complete RPMI 1640. 

To more stringently synchronise cells, sorbitol synchronisation was repeated 4-6hrs later. 

 

2.1.7. Generation of parasite lysates  

2.1.7.1. Magnet-purification of late stage parasites 

To purify asexual parasites from blood cultures, mature stage parasites (trophozoites and schizonts) 

were centrifuged and resuspended in 5ml of complete RPMI 1640 medium. Cultures were loaded onto 

a VarioMACSTM CS magnetic column (Miltenyl Biotec), able to retain cells containing the paramagnetic 

haemozoin crystals resulting from haemoglobin digestion inside mature parasites. Before loading the 

parasties, the column was pre-equilibrated with 1x column volume of incomplete RPMI 1640 and 2x 

column volumes of complete RPMI 1640 and then placed in a VarioMACSTM Separator (Miltenyl 

Biotec).  The loaded 5 ml of culture were allowed to flow through the column at a rate of 

approximately 1.5ml/min. Retained cells were washed with 5x column volumes of complete RPMI 

1640 and eluted by removing the column from the magnetic separator and gently flushing with 25ml 

of complete RPMI 1640. Purified cells were centrifuged and resuspended in fresh complete RPMI 1640 

for quantification. 
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2.1.7.2. Purification of P. falciparum parasites by saponin lysis 

Incubation of cells with saponin results in the lysis of uninfected and infected RBCs, leaving parasites 

intact (comprising the parasite membrane and parasitophorous vacuole membrane) for downstream 

protein extraction. Proteins were extracted from saponin pellets of high parasitaemia, magnet purified 

parasite cultures. Late stage parasites (trophozoite or schizont) were magnet-purified and centrifuged 

at 700 x g for 5min. The supernatant was removed, and pellets were gently resuspended in ice cold 

0.08% w/v saponin solution (Table 2.1) and mixed by inversion 5-6 times. Following centrifugation at 

1500 x g for 5min at 4°C, this process was repeated until supernatants were clear of visible 

haemoglobin contamination (dark red colouring of supernatant). Saponin-purified parasites were 

centrifuged, and the pellet washed with 3x 1ml of ice cold 1X PBS and processed for downstream 

application. 

 

2.1.8. Induction of sexual stage parasite development (gametocytogenesis) 

Wild-type 3D7 parasites or parasites expressing endogenous PfCK1-GFP were induced in cell culture 

by nutrient deprivation to undergo gametocytogenesis. Cells were grown in 30ml flasks to a 

parasitaemia of 8-10% ring stages, sorbitol synchronised and incubated overnight at 37°C (day -2). The 

following day (day -1), trophozoite-stage parasites were fed with fresh RPMI 1640 and split as a 1:3 

dilution into a 30ml culture (10ml culture added to 20ml of fresh RPMI 1640 at 4% haematocrit) and 

incubated overnight at 37°C to induce sexual stage commitment. On day 0, sexually committed ring 

stage parasites were fed with fresh RPMI 1640 supplemented with N-acetyl glucosamine (GluNAc, 

Table 2.1) (Sigma) at a final concentration of 68mM to remove remaining late stage asexual parasites. 

Cultures were fed daily with RPMI 1640 supplemented with 68mM GluNAc and parasites harvested at 

days 4, 6, 8 and 10 for immunofluorescence imaging of gametocytes. 
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2.1.9. In vitro parasite growth inhibition assays 

The susceptibility of wild-type 3D7 and multidrug resistant Dd2 clonal parasite lines to 

inhibitors was determined by a modified SYBR Green fluorescence-based DNA quantification 

method (Dery et al., 2015), used as an indicator for parasite growth. Parasites were adjusted 

to a final parasitaemia of 0.25% in 2% haematocrit and dispensed in a 96 well plate (Corning). 

A two-fold drug dilution series (50µM – 0.0008µM) was then prepared by adding 1.5µl of the 

stock inhibitor (prepared at a concentration of 10mM in DMSO) to the first well containing 

300µl of parasite culture, thoroughly mixed and 150µl was transferred to the next well 

(containing 150µl of parasite culture). This was repeated for the remaining drug dilution 

points. A set of controls were prepared for each assay by adding 1.5µl of DMSO to 300µl of 

cells (DMSO growth control) and 1.5µl each of chloroquine and artemisinin (from10mM 

stocks) to 300µl of cells as a negative growth control. All dilution points were then split into 

triplicates of 50µl, the plates were gassed as per section 2.1.3 and incubated for 72hr at 37°C. 

Following incubation, plates were frozen at -80°C and thawed at room temperature for 4hrs 

to facilitate cell lysis. DNA was quantified as a proxy for parasite numbers, by incubating 

lysates with 1X SYBR Gold buffer (Table 2.1) for 2hrs at room temperature in the dark with 

gentle agitation. Fluorescence was measured on a Tecan M200 plate reader using an 

excitation wavelength of 495nm and emission wavelength of 537nm, with gain set to 80. IC50 

values (concentration of compound required to inhibit parasite growth by 50%) are the 

averages of three experiments that were calculated from nonlinear regression analysis of 

dose-response inhibition using GraphPad Prism software (version 7). 
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2.1.10. In vitro selection of drug resistant parasites 

Selection of parasites resistant to Purvalanol B was carried out using single-step selection. Clonal wild-

type 3D7 and multidrug resistant Dd2 parasites were initially cultured in 30ml of complete RPMI 1640 

at 5% haematocrit to a parasitaemia of 5%. Parasites were split into 4x 10ml flasks, each containing 

2x108 iRBCs at 5% haematocrit. Parasites were cultured continuously in complete media containing 

180µM (3D7) or 230µM (Dd2) Purvalanol B (equivalent to 10x the IC50 for 3D7 and Dd2 clonal lines) 

daily for the first seven days and then once every two days. Cultures were split at a 1:3 ratio once per 

week and maintained for three months. Any resistant parasites obtained within this time will then be 

sub-cultured in inhibitor-free media for one week and then cultured in media containing inhibitor to 

test for resistance stability. 

 

2.1.11. Preparation of plasmids for parasite transfection 

To transfect P. falciparum parasites, a minimum of 100ug plasmid DNA is recommended (Crabb and 

Gilson, 2007). Per transfection, 150-200ug of plasmid DNA (Table 2.8) was harvested from E. coli cells 

(section 2.3.6.1) and precipitated from solution by addition of 1/10 volume of 3M sodium acetate pH 

5.2 and two volumes of 100% ethanol (Thermo Fisher). Samples were briefly mixed by inversion and 

centrifuged at 16,000 x g for 30min at 4°C. The DNA pellet was washed with 1ml of 70% v/v ethanol 

in a sterile biosafety cabinet, centrifuged at room temperature. The ethanol was removed, and DNA 

pellets allowed to air dry for approximately 10min and then resuspended in 30µl of warm TE buffer 

(Table 2.4) prior to electroporation. The plasmids used for parasite transfection (Table 2.8) contained 

the hDHFR cassette which enables selection with the inhibitor WR99210. 

 

2.1.12. Transfection of P. falciparum 

P. falciparum cultures were tightly synchronised using the sorbitol method (section 2.1.6) and 

transfections were carried out when cultures reached 5-8% ring-stage parasitaemia. Cultures were 

centrifuged at 650 x g for 5min at room temperature and the supernatants discarded. Pellets were 
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gently resuspended in 370µl of warm Cytomix solution (Table 2.1) plus 30µl of plasmid in TE buffer 

(from above) and transferred to a 0.2cm electroporation cuvette (Cell Projects). Transfections were 

carried out at 0.31kV, 950uF and resistance set to infinite using a Gene Pulser XcellTM (Bio-rad). The 

time constant for each electroporation was between 8-10 msec. Immediately following 

electroporation, the parasites were resuspended in 2ml of complete RPMI and transferred to a T25 

culture flask containing 8ml of complete RPMI 1640, adjusted to 4% haematocrit, gassed and 

incubated at 37°C. Approximately 2hrs post-transfection, media was replaced with 9.5ml of fresh 

complete RPMI and cultures returned to 37°C. The following day, WR99210 was added at a 

concentration of 2.5nM to commence selection of successfully transfected parasites. Cultures were 

fed daily for the first seven days post-transfection, then every two days until parasites were detected 

by Giemsa staining. Transfected parasites were cryopreserved once a parasitaemia of 3-5% ring stages 

was obtained. 

 

2.2. Bioinformatic analysis 

2.2.1. Multiple sequence alignment and phylogenetic analysis 

Protein sequences were obtained from UniProt (http://Uniprot.org) and PlasmoDB 

(http://www.plasmoDB.org). Protein multiple sequence alignments were performed using the open 

access software MUSCLE, available from the EMBL server (http://www.ebi.ac.uk). Phylogenetic 

analysis was performed by importing a protein sequence into the analysis package implemented at 

http. www.phylogeny.fr. 

 

2.2.2. Protein Structural Fold and Function Assignment (FFAS) analysis 

Multiple sequence alignments were submitted via the open access software found at 

http://www.ffas.stanfordburnham.org and protein Fold and Function Assignment (FFAS) was 

performed using the default parametres, generating a file containing secondary structure information. 
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2.2.3. Homology modelling 

The three-dimensional predicted protein structure of PfCK1 was generated using the modelling 

software Chimera (University of California, San Francisco). The software imported the PfCK1 protein 

sequence from Uniprot and implemented its own BLASTP analysis. We selected one BLASTP hit with 

a solved X-ray structure of ≤3Å resolution was and imported its structure using the software. A 3-D 

structure of PfCK1 was then predicted and modelled onto the imported homologous X-ray structure. 

 

2.2.4. Prediction of subcellular localisation 

Prediction of protein cellular localisation was performed using the Euk-mPLoc, Plant-PLoc and Hum-

PLoc software available through the Cell-PLoc package (http://www.csbio.sjtu.edu.cn). As positive 

controls, the peptide sequences of seven human proteins with published cellular localisations were 

obtained from Uniprot and included in the prediction analysis. 

 

2.3. Recombinant DNA techniques 

2.3.1. Polymerase chain reaction (PCR) 

The primers used in this study were designed using Serial Cloner 2-6-1 software, based on the genomic 

DNA sequence of PfCK1 available from PlasmoDB (http://www.plasmodb.org). Oligonucleotide 

primers were ordered from Sigma-Aldrich (Australia) as 100µM stocks in TE buffer and stored at -20°C. 

All primers used in this study are listed in Table 2.2. For the amplification of P. falciparum DNA 

fragments for cloning a polymerase with proofreading activity was used (Phusion polymerase, 

Finnzyme), while for diagnostic PCR Taq DNA polymerase (Roche) was used. 
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2.3.1.1. General PCR reaction composition 

Reagent Final concentration Vol. per reaction (ul) 

5X buffer (Phusion) or 10X buffer (Taq) 1X 10 or 5 

10mM dNTPs 200µM 1 

10µM Oligonucleotide Primer (Fwd) 1µM 1 

10µM Oligonucleotide Primer (Rev) 1µM 1 

Phusion/Taq polymerase  0.2 

Plasmid DNA 150ng Variable 

ddH2O - Variable 

Total volume  50 

 

2.3.1.2. PCR thermocycler conditions 

PCR conditions used for P. falciparum DNA amplification and cloning were performed using the 

optimised primer annealing and extension times below. 

 

Standard PCR conditions: 

Initial denaturation  98°C  2min 

32 cycles consisting of 

Denaturation   98°C  30sec 

Annealing   55°C  30sec 

    Extension   72°C  1min 

    Final extension   72°C  7min 
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2.3.2. Site-directed mutagenesis 

Mutagenesis of PfCK1 was performed using the QuikChange® site-directed mutagenesis protocol 

(Strata Gene). Primers used in this study (Table 2.2) were ordered from Sigma-Aldrich (Australia) as 

above and designed using Serial Cloner 2-6-1 and Reverse Complement software 

(http://www.bioinformatics.org). Each forward primer contained an alteration in DNA sequence 

corresponding to a desired non-synonymous amino acid mutation, flanked 5’ and 3’ by unaltered DNA 

sequence according to the manufacturers protocol. The DNA sequence for each reverse primer was 

generated as a reverse complement of the forward primer sequence. Reactions were prepared as 

shown in section 2.2.2.1 using Pfu Turbo DNA polymerase (New England Biolabs) and PCR reactions 

performed using conditions optimised as in the QuikChange® site-directed mutagenesis protocol 

(section 2.2.2.2). Following PCR amplification, methylated parental plasmid containing wild-type 

PfCK1 was digested using the DpnI restriction endonuclease (New England Biolabs) and the resulting 

mixture (containing only non-methylated mutant plasmid) was used to transform competent E. coli 

by heat shock (see section 2.3.4). 

 

2.3.2.1. Mutagenesis PCR reaction composition 

Reagent Final used Vol. per reaction (ul) 

10X Pfu Turbo buffer 1X 5 

10mM dNTPs 200µM 1 

Oligonucleotide Primer Fwd 125ng Variable 

Oligonucleotide Primer Rev 125ng Variable 

Pfu Turbo DNA polymerase (2.5U/ul) 2.5U 1 

Plasmid DNA 50ng Variable 

ddH2O - Variable 

Total volume  50 
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2.3.2.2. Site-directed mutagenesis PCR conditions 

Conditions were used according to the QuikChange® site-directed mutagenesis protocol for single 

amino acid changes and an extension time based on 1min/kb of plasmid length. 

 

Initial denaturation  95°C  30sec 

16 cycles consisting of 

Denaturation   95°C  30sec 

Annealing   55°C  1min 

   Extension   68°C  6min 

   

2.3.3. Agarose gel electrophoresis 

To separate by size and to purify DNA fragments, agarose gel electrophoresis was used. Agarose was 

used at concentrations of 1% – 3% w/v prepared in 1X TAE buffer (Table 2.4) and dissolved by 

microwave heating. SYBR Green DNA intercalating dye (Life Technologies) was added to the dissolved 

agarose at a final concentration of 1X. DNA samples were prepared by addition of 5X DNA loading dye 

(Qiagen) to a final concentration of 1X and loaded into an agarose gel. As a marker to estimate the 

size of DNA fragments, 5-10µl of Hyperladder 1kb (Bioline) was used. Gels were run at 100V for 1hr in 

TAE buffer and visualised by exposure to UV light using a ChemiDocTM XRS+ (Biorad) and image 

processed using Image Lab software (Biorad). 

 

2.3.4. Quantification of DNA 

DNA concentration was determined by measuring absorbance at 260nm by UV spectrophotometry. 

Approximately 1-1.5µl of DNA sample was loaded onto a Nanodrop spectrophotometer (Thermo 

Fisher) and the absorbance measured at 260nm and 280nm to determine purity of the sample. A 

maximum A260/A280 ratio of 1.8 gave an indication of a high purity of DNA with little protein 

contamination. 
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2.4. Molecular cloning techniques 

2.4.1. Isolation of plasmid DNA  

2.4.1.1. Isolation of plasmid DNA from E. coli cells 

Miniprep reactions were performed to isolate small quantities of plasmid DNA from E. coli cells. 

Positive clones containing plasmid with the correct sequence were grown as 10ml cultures in LB 

medium (Table 2.4) overnight at 37°C with continuous shaking at 200rpm. The following day, cells 

were pelleted, and plasmid DNA was harvested using a high pure plasmid isolation miniprep kit (Sigma 

-Aldrich) according to the manufacturer’s instructions. DNA was eluted in 30µl of TE buffer and 

quantified in a Nanodrop instrument. For experiments requiring larger quantities of plasmid DNA, 

Maxiprep kits (Qiagen) were used to harvest plasmid from 500ml of overnight E. coli culture according 

to the manufacturer’s instructions and collected in 2ml of TE buffer. 

 

2.4.1.2. Recovery of DNA from agarose gels 

Samples were separated by agarose gel electrophoresis at 100V for 1hr and DNA bands of the desired 

size were excised using a scalpel blade under ultraviolet (UV) light. DNA was extracted from excised 

gel fragments using QIAquick gel extraction kit (Qiagen) according to the manufacturer’s protocol. 

Samples were eluted into 50µl of TE buffer and recovered DNA was quantified using the Nanodrop 

absorbance method. 

 

2.4.1.3. Recovery of DNA from solutions 

After restriction enzyme digestion, total DNA requiring downstream processing was recovered from 

solution using a QIAquick PCR purification kit (Qiagen) according to the manufacturer’s instructions. 

Samples were eluted into 50µl of TE buffer and DNA quantified in a Nanodrop instrument. 
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2.4.2. Restriction endonuclease digestion of DNA 

DNA fragments or plasmid were digested with specific restriction endonucleases (Table 2.3). Samples 

were incubated at 37°C for 2hrs with enzyme using the appropriate buffers, according to the 

manufacturer’s instructions (New England Biolabs). Reactions were quenched by the addition of 5X 

loading dye to a final concentration of 1X. For screening of plasmids, samples were analysed by 

agarose gel electrophoresis and visualised as per section 2.3.3. For samples used in sub cloning, 

reactions were quenched by heat inactivation at temperatures recommended by the manufacturer 

and bands separated and visualised by agarose gel electrophoresis. DNA fragments of the correct size 

were excised from the gel using a scalpel blade, transferred to a microfuge tube and purified according 

to section 2.4.1.2 for further processing. 

 

2.4.3. Alkaline phosphatase treatment and ligation of DNA fragments 

After the purification of digested plasmid from agarose gels, samples were dephosphorylated with 

Antarctic phosphatase (New England Biolabs) to prevent recircularization. Alkaline phosphatase 

buffer (5X) and 1U of Antarctic phosphatase were added to the DNA samples and incubated at 37°C 

for 20min. Reactions were quenched by heat inactivation and DNA purified from solution according 

to section 2.4.1.3 and quantified as described in 2.3.4. Purified dephosphorylated plasmid DNA was 

mixed with DNA fragments corresponding of the size expected for the desired cDNA insert, at a vector 

to insert ratio of 1:3 in a 50µl reaction volume containing 5X rapid ligation buffer and 1µl of T4 Rapid 

DNA ligase (5U/µl, Thermo Fisher), according to the manufacturer’s instructions. Samples were 

incubated at room temperature for 15min prior to transformation into chemically competent E. coli 

cells (section 2.4.4). A control ligation reaction containing only plasmid (no insert) was prepared in 

parallel to assess the level of background transformation resulting from recircularized plasmids. 
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2.4.4. Transformation of heat-shock competent E. coli 

A 200µl aliquot of chemically competent DH5a E. coli cells,  kept stored at -80°C, was thawed on ice 

and incubated with 100ng of purified plasmid or 50µl of ligation mixture (section 2.4.3) on ice for 

30min. Cell mixtures were heat shocked at 42°C for 45s followed by incubation on ice for a further 

2min. Sterile LB media (350µl, Table 2.4) was added to the cells in a microfuge tube and incubated 

with rotation at 37°C for 1hr. Cells were centrifuged at 2500 x g and pellets resuspended in 500µl of 

sterile LB media, followed by plating 20µl of the cell suspension onto LB agar plates supplemented 

with 100ug/ml Ampicillin, which were than incubated overnight at 37°C. 

 

2.4.5. Screening for recombinant plasmids 

Screening of transformed E. coli cells for the correct plasmid insert was performed by colony PCR. 

Randomly selecting colonies from the transformation plates were collected using a sterile 

micropipette tip and cross-patched onto fresh LB agar plates supplemented with 100µg/ml Ampicillin. 

The same tip was then briefly dipped into a PCR tube containing a standard PCR mixture (section 

2.3.1.1). Plates were incubated overnight at 37°C and colony PCR was performed using the conditions 

outlined in section 2.3.1.2, with primers described in Table 2.2. PCR amplifications were analysed by 

agarose gel electrophoresis. Plasmids were isolated from positive E. coli clones using the GenEluteTM 

HP miniprep kit (Sigma-Aldrich) and collected in 30µl of TE buffer (Table 2.4). Purified plasmids were 

digested with appropriate restriction endonucleases and run on an agarose gel for analysis. Inserts in 

several plasmids containing DNA fragments of the correct size were also analysed by DNA sequencing 

to ensure no mutations had been inadvertently introduced. 
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2.4.6. Nucleotide sequencing analysis 

Plasmids containing the correct insert size were analysed by sequencing after linear PCR amplification. 

DNA sequencing reactions were prepared as for standard PCR using Applied Biosystems PRISM BigDye 

Terminator mix in place of Taq DNA polymerase. Standard PCR conditions were used, containing either 

a forward or reverse primer designed to anneal to regions of the plasmid flanking the DNA insert 

(Table 2.2). Following 32 rounds of PCR amplification, DNA amplicons were ethanol precipitated 

(section 2.1.11) and pellets air dried and submitted for analysis. All DNA sequencing analysis was 

performed by the Micromon Genomics, Biotechnology and Diagnostics service at Monash University 

and samples were processed using an Applied Biosystems 3730s Genetic Analyser. DNA 

electrophorograms were provided by Micromon and sequences viewed using Contig Express software 

(Vector NTI). 

 

2.4.7. Codon optimisation and gene synthesis 

Nuclear localisation mutant PfCK1 DNA sequences were codon-optimised based on codon usage data 

presented in (Yadav and Swati, 2012). Codon-optimised PfCK1 was synthesised as a gBlocks® gene 

fragments from Integrated DNA technologies (IDT). Fragments were digested and ligated into the 

pGLUX vector (Table 2.8) using the XhoI and KpnI restriction sites, to be used for subsequent bacterial 

transformation. 

 

2.5. Biochemical techniques 

2.5.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

For general separation of protein samples for Coomassie staining and Western blotting, SDS-PAGE gels 

were hand-cast using the mini-PROTEAN® gel casting system (Biorad). The resolving gel (12%) and 

stacking gel (4%) was prepared according to the manufacturer’s instructions (see Table 2.5). Samples 

were boiled in 2X reducing sample buffer (Biorad) at 98°C, sonicated briefly, loaded into the wells and 

run at 165V for 1hr in SDS-PAGE running buffer (Table 2.5). For analysis of samples by mass 
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spectrometry, Bolt® 4-12% Bis-Tris gradient gels (Life Technologies) were used and run on a Bolt® gel 

electrophoresis system using 1X MOPS running buffer (Life Technologies). After electrophoresis, gels 

were stained for 1hr in Coomassie Blue staining solution and destained in destaining solution (Table 

2.5) until bands became visible. 

 

2.5.2. Protein quantification 

To determine protein concentration in solutions, 200µl of Quick StartTM Bradford protein assay 

reagent (Biorad) was added to 5µl of protein sample in a 96 well plate (in triplicate) as per the 

manufacturer’s instructions. Samples were incubated for a minimum of 10min in the dark and 

absorbance measured at 595nm using an M200 plate reader (Tecan). Protein concentrations of each 

sample were determined by interpolation into a standard curve generated using dilutions of a BSA 

protein standard (1mg/ml – 0.25mg/ml) prepared in the same plate, parallel to the samples. 

 

2.5.3. Western blot analysis 

Protein samples resolved on a hand-cast 12% polyacrylamide gel (BioRad) were transferred onto 

nitrocellulose membranes (GE Healthcare) for 1hr at 100V in cold transfer buffer (Table 2.5) on ice. 

The membrane was blocked for either 1hr or overnight in a 4% w/v solution of skim milk (Diploma) in 

TBST buffer (Table 2.5) at room temperature with gentle agitation. The membrane was briefly rinsed 

with TBST and incubated with primary antibody diluted in 3% bovine serum albumin (BSA)/TBST (Table 

2.5) for 1hr at RT with gentle agitation. Membranes were washed 3x with TBST for 10min at room 

temperature with stringent agitation (150rpm) then incubated with horse radish peroxidase (HRP)-

conjugated anti-rabbit secondary antibody (Monash Antibody Technologies Facility) diluted 1:5000 in 

4% w/v skim milk/TBST for 1hr at room temperature. Membranes were washed with 3x TBST for 

10min and then incubated with ECL Prime Western Blotting Detection Reagent (GE Healthcare). The 

bound antibodies were detected by chemiluminescence on a ChemiDocTM XRS+ system and the image 

processes using Image LabTM software (Bio-Rad). 
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2.5.4. Purification of recombinant proteins from E. coli 

The 976bp coding sequence of PfCK1 was ligated into the bacterial expression plasmid pGEX-4T3 

between the BamHI and NotI restriction sites. Plasmids containing the PfCK1 insert were transformed 

into chemically competent BL21 Gold E. coli (as per section 2.3.3) and cells were grown overnight at 

37°C on Ampicillin selective LB agar plates. A 10ml starter culture was prepared by inoculating 

Ampicillin selective LB media with a single bacterial colony and incubated overnight at 37°C. The 

following day, 100ml of selective LB media was inoculated with 1/10 volume of starter culture and 

grown at 37°C with shaking to an optical density (OD600) of 0.5-0.6, cooled to 20°C and protein 

expression induced by addition of 100mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cultures were 

incubated further for 18hrs at 20°C with gentle agitation. Proceeding the induction step, cells were 

harvested by centrifugation, resuspended in 10ml of ice-cold lysis buffer (Table 2.4) per 1g of pellet, 

briefly mixed and homogenised by sonication on ice using 3x30sec pulses with a 30sec rest in between. 

Supernatants were clarified by centrifugation at 15, 000 x g for 20min at 4°C using an SS34 rotor and 

an Evolution High Speed centrifuge (Sorvall) followed by incubation for 2hrs at 4°C with 2ml of pre-

washed Glutathione sepharose beads (GE Healthcare) under rotation. Beads were washed with 3x 5ml 

of wash buffer (Table 2.4) and protein eluted by incubating with 1ml of elution buffer (Table 2.4) for 

5min under constant rotation at room temperature. Sample purity of was analysed by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis and purified proteins identified by Western blot. Protein 

quantity was analysed by the Bradford method (see 2.5.2). 

 

2.5.5. Cellular fractionation and protein extraction 

Late stage parasites were magnet-purified and allowed to recover for 1hr at 37°C, then pelleted at 

700 x g for 5min and washed once with 1ml PBS. Parasite pellets were resuspended in 1ml of cold 

0.08% w/v saponin buffer supplemented with protease inhibitor cocktail (Table 2.1), mixed briefly by 

inversion 5-6 times and centrifuged at 1500 x g for 2min at 4°C. Supernatants were removed, and 

pellets resuspended in 5ml of cold 0.08% w/v saponin, mixed and centrifuged. This process was 
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repeated until the red colour of haemoglobin was no longer visible. Saponin pellets containing 

parasites liberated from host RBCs were washed with 3x 2ml of ice-cold PBS and resuspended in 200µl 

of ice-cold cell lysis buffer supplemented with protease inhibitor cocktail (Table 2.5). Samples were 

incubated on ice for 15min followed by a further 5min incubation with the non-ionic detergent IGEPAL 

(0.65% v/v final concentration). Nuclei were harvested by centrifuging lysates at 10,000 x g for 10min 

at 4°C. The supernatant (parasite cytoplasm) was retained for later analysis. Pellets which contain the 

purified nuclei were washed 3x with 800µl of cell lysis buffer (from above) and nuclei were lysed in 

200µl of a high salt extraction buffer (Table 2.5) for 30min at 4°C with rotation, centrifuged at 10,000 

x g for 10min and supernatant retained (soluble nuclear fraction). Cellular fractions were either 

processed for immunoprecipitation for mass spectrometry or boiled in 2X reducing sample buffer for 

5min at 98°C and analysed by Western blot. 

 

2.5.6. Protein Immunoprecipitation  

2.5.6.1. Immunoprecipitation using GFP Trap® 

Immunoprecipitation reactions were carried out according to the manufacturer’s (Chromotek) 

instructions. Lysates were prepared from parasites expressing PfCK1-GFP from the endogenous locus 

by harvesting 1x108 iRBCs, which were centrifuged and washed once in 1X PBS before being 

resuspended in cold lysis buffer (Table 2.5). Wild-type 3D7 parasites were used as a negative control. 

Samples were incubated at 4°C for 30min on a rotator wheel and clarified by centrifugation at 20,000 

x g for 10min at 4°C. Approximately 50µl of unconjugated agarose beads were pre-equilibrated with 

TBSE buffer and incubated with lysates for 1hr at 4°C to pre-adsorb samples. Supernatants were then 

incubated with 30µl of pre-equilibrated GFP-Trap agarose beads for 2hrs at 4°C. Beads were pelleted 

at 2500 x g, 4°C for 2min and washed with 3x 1ml of high salt wash buffer followed by 2x 1ml of TBSE 

(Table 2.5) before being eluted. 
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Beads were boiled in 60µl of 2X reducing sample buffer for 10min at 98°C to disassociate 

immunocomplexes. Subsequently, proteins were run for 5min on a 4-12% Bis-tris gradient Bolt® 

polyacrylamide gel, stained for 2hrs with Instant BlueTM (Expedion) and de-stained overnight in milliQ 

water. Following this, the entire gel fragment containing protein was excised from the gel for mass 

spectrometric analysis. 

 

2.5.6.2. Immunoprecipitation using cognate antibodies 

Magnet-purified trophozoite stage parasites were resuspended in 500µl of cold lysis buffer (Table 2.5), 

incubated for 30 min at 4°C on a rotator wheel and clarified by centrifugation at 20, 000 x g for 10min 

at 4°C. Precipitation of protein complexes from cell lysates was performed by incubating the clarified 

supernatants overnight at 4°C under rotation with rabbit anti-Gapex-5 (4ug/ml) antibodies bound to 

Protein A agarose. Agarose beads were centrifuged at 2500 x g for 2min at 4°C, washed 3x with 1ml 

of wash buffer (Table 2.5) and 2x with 1ml TBSE.  

Protein complexes were eluted from the beads by firstly incubating them for 10min at 50°C with 50µl 

of 2X non-reducing sample buffer, the supernatant was collected by centrifugation and 100mM DTT 

were added (elution 1). Beads were resuspended in 50µl of 2X reducing sample buffer and incubated 

for 10min at 50°C (elution 2). Both elution fractions were pooled and boiled for 5min at 98°C, run on 

a 4-12% Bis-tris gradient Bolt® polyacrylamide gel (Thermo Fisher), stained and de-stained as per 

section 2.2.1. and the entire protein-containing gel fragment excised for analysis by mass 

spectrometry. 

 

2.5.6.3. Immunoprecipitation of nuclear PfCK1-GFP 

Soluble nuclear proteins were prepared by high salt extraction of purified nuclei as described in 

section 2.5.5 diluted 3-fold in TBSE buffer (Table 2.5) and incubated with 30µl of pre-washed GFP 

Trap® agarose beads for 2hrs at 4°C. Beads were centrifuged at 2500 x g for 2min at 4°C and washed 

with 3x 1ml of wash buffer (Table 2.5) before proteins were eluted by boiling for 5min at 98°C in 50µl 
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of 2x reducing sample buffer, run into a 4-12% w/v SDS-PAGE gel and submitted for analysis by mass 

spectrometry. 

 

2.5.6.4. Chromatin Immunoprecipitation and sequencing (ChIP-Seq) 

Late stage wild-type 3D7 parasites, and parasites expressing PfCK1-GFP from the endogenous locus 

were magnet-purified from 5% parasitaemia cultures and left to recover for 1hr at 37°C. Parasite 

macromolecules were crosslinked by centrifuging magnet purified parasites at 650 x g, resuspending 

pellets in 1% v/v formaldehyde solution (Table 2.6) and incubated for 10min at 37°C with rotation. 

Crosslinking was stopped by addition of 2.5M glycine to a final concentration of 125mM and 

incubation for a further 10min at 37°C. Nuclei were purified as per section 2.6.4 (high salt extraction 

step omitted), washed extensively with 5x 1ml of wash buffer (Table 2.5), and stored at -80°C.  

Nuclei were resuspended in 300µl of SDS sonication buffer (Table 2.6) and chromatin fragmented by 

sonicating samples in an ice-ethanol bath for 5sec (70% amplitude), followed immediately by a 15sec 

rest using a thin probed ultrasonic processor (Cole Parmer). The procedure was repeated for a total 

of 6min, samples were clarified by centrifugation at 20, 000 x g for 10min at 4°C, and supernatants 

diluted 10-fold in dilution buffer (Table 2.6). Chromatin was recovered by indirect-

immunoprecipitation with 30µl of washed GFP Trap® beads overnight at 4°C and beads were washed 

with 1ml each of high salt wash buffer, low salt buffer and lithium chloride (LiCl) buffer (Table 2.6), 

and twice with 1ml of TE buffer (Table 2.6). Chromatin complexes were eluted in 2x 300µl of elution 

buffer (Table 2.6) for 2hr at 70°C then subsequently incubated at 65°C overnight to reverse 

crosslinking. Following this, 2.5ul of 20mg/ml Proteinase K (Promega) was added to samples and 

incubated for 2hrs at 45°C, then DNA was recovered by phenol:chloroform:isoamyl alcohol (25:24:1 

v/v) (Thermo Fisher) extraction followed by ethanol precipitation. DNA was resuspended in filtered 

MilliQ water and quantified on a Qubit3 Fluorometer (Thermo Fisher). Library preparation and 

sequencing was prepared externally at The University of Melbourne, Microbiology and Immunology 
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department and sequenced on an Illumina MiSeq Desktop sequencer using the MiSeq kit (Illumina) 

with a paired-end 150bp run. 

 

2.5.6.5. Purification of PfCK1-GFP from P. falciparum culture supernatants 

Ring stage parasites were synchronised by two consecutive rounds of 5% sorbitol treatment, 

approximately 6hr apart. The following day, trophozoite stage parasites were centrifuged at 650 x g 

and the supernatant discarded as it contains BSA (from the complete RPMI) which hinders 

downstream processing. Cells were washed three times with 10ml PBS and resuspended in 10ml of 

RPMI incomplete medium, incubated at 37°C for 5hr, centrifuged and the supernatant was retained. 

Cells were resuspended in complete media and returned to 37°C. Harvested supernatants were 

concentrated on Amicon Ultra-15 30kDa centrifugation filters (Merk) to a volume of 500µl (20X 

concentrate) and incubated with 20µl of pre-washed GFP Trap® agarose for 1hr at 4°C. Beads were 

washed with 3x 1ml of wash buffer (Table 2.5) and subsequent experiments performed using protein 

bound to beads. 

 

2.5.7. In-gel tryptic digestion and preparation for mass spectrometry analysis 

Gel fragments were cut into approximately small pieces using a scalpel blade, placed into a 1.5ml 

microfuge tube. Gel pieces were washed with 10x gel volume of 100mM ammonium bicarbonate 

(ABC)/50% acetonitrile (ACN) under gentle agitation for 20min and supernatant discarded and 

repeated twice more. Once the gel pieces had been destained, samples were incubated with 100µl of 

100mM ABC and 5mM dithiothreitol (DTT) and incubated for 30min at 65°C to reduce disulphide 

bonds. Post reduction, samples were cooled to RT and alkylated by addition of 200mM 

chloroacetamide (CAA) to a final concentration of 13mM and incubated at room temperature in the 

dark for 20min to block Cys residues. Gel pieces were dehydrated by washing with 1ml 50% ACN and 

50mM ABC for 10min with gentle agitation at RT and repeated twice with 10x gel volume of 100% 

ACN. Remaining ACN was evaporated and gel pieces rehydrated in 1x gel volume of pre-chilled 100mM 



 81 

ABC/5% ACN. Sequencing grade Trypsin (Promega) at a concentration of 12.5ng/µl was added and 

samples were incubated on ice for 30min. A further 0.5x gel volume of Trypsin solution was added 

and incubated for an additional 2hrs on ice, then transferred to a 37°C incubator and incubated for 

15hrs. Reactions were quenched quickly by the addition of 0.5x gel volumes of 50% ACN/5% formic 

acid (FA) and vortexing. The supernatant was collected (no centrifugation necessary) and transferred 

to a fresh Eppendorf Lo-Bind tube (Eppendorf) and the gel pieces were washed twice by centrifugation 

in 1.5x gel volumes of 50% ACN/5% FA. Supernatants containing extracted peptides were pooled 

together, snap frozen at -80°C and dried to completion in a speed-vac system. Dried peptides were 

resuspended in 20µl of 2% ACN/0.1% FA, sonicated for 10min in a sonication bath at room 

temperature on maximum setting and transferred to LCMS certified vials (Thermo Fisher). Mass 

spectrometric analysis was carried out by our collaborator Dr. Ralf Schittenhelm from the Monash 

University Proteomics Platform. 

 

2.5.8. Isolation of microvesicles (MVs) by ultrafiltration 

Microvesicles (MVs) were isolated from the conditioned media of trophozoite-stage cultures. Ring 

stage parasites from a wild-type 3D7 strain, and from a strain expressing PfCK1-GFP, were grown in a 

T75 flask containing 30ml of complete RPMI 1640 at 4% haematocrit to a parasitaemia of 5% and 

synchronised by two consecutive rounds of 5% w/v sorbitol treatment, approximately 6hrs apart. 

Cultures were left at room temperature for 3hr then placed at 37°C to delay the parasites life cycle. 

The following day, trophozoite stage cultures were centrifuged at 650 x g, supernatants removed (see 

section 2.5.6.5), and cells washed with 2 x 30ml PBS. Cells were resuspended in 30ml of incomplete 

RPMI and incubated at 37°C for 6hr. Supernatants were removed (conditioned media) and stored at 

4°C until required. To isolate MVs, conditioned media was separated into MV enriched and MV 

depleted fractions using Amicon Ultra-5 100kDa high molecular weight (MW) cut-off centrifuge filters 

(Merk), a process previously described to separate MVs from media (Kornilov et al., 2018). Fractions 

were washed with 3x filter volumes of cold PBS and concentrated 40X by centrifugation at 2500 x g 
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for 1hr at 4°C. Samples were analysed by Western blot for the presence of MVs and PfCK1 using anti-

Stomatin (1:500) (Santa Cruz) and anti-GFP (1:1000) (MATF) antibodies, respectively. 

 

2.5.9. Protein kinase activity assay 

Protein kinase activity was assayed using [g-32P] ATP as substrate ds. Assays were prepared in 30µl 

reactions as described below. 

 

 

 

 

 

 

 

 

 

 

Reactions were carried out at 30°C for 30min, after which they were stopped by addition of 5X 

reducing sample buffer and boiling at 98°C for 10min. Samples were run on a 4-12% gradient SDS-

PAGE gel at 165V for 1hr, stained for 1hr in Coomassie Blue staining buffer (Table 2.5) and destained 

for 2hr in destaining buffer (Table 2.5). Gels were sealed in cellophane membranes and air dried 

overnight in a laminar flow hood. SDS_PAGE gels were exposed to a BAS Storage Phosphor Screen (GE 

Healthcare) and visualised on a Typhoon Trio Imager (GE Healthcare) to detect phosphorylated 

substrate protein by phosphorescence. 

 

 

Reagent Final used Vol. per reaction (ul) 

Test proteins (1mg/ml) 5µg 5 

a-casein (5mg/ml) 5µg 1 

10X kinase buffer 1X 3 

Adenosine Triphosphate (1mM) 10µM 0.3 

[g-32P] ATP (10uCi/ul) 5µCi 0.5 

ddH2O - 20.2 

Total reaction volume  30 
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2.5.10. Chemical inhibition of nuclear import 

To chemically inhibit the import of proteins into the parasite nucleus, late stage asexual wild-type 3D7 

and PfCK1-GFP expressing parasites were magnet-purified and recovered for 1hr at 37°C. Cells were 

split into 2x 10ml flasks and incubated with either 50µM Ivermectin (Panchal et al., 2014) (Sigma 

Aldrich) (prepared from a 10mM stock in DMSO) or an equivalent volume of DMSO and incubated for 

2hr at 37°C. Thin blood smears (section 2.1.3) and immunofluorescence assays (see section 2.7.2) were 

performed on 0hr and 2hr post-treatment using 2µl and 50µl parasite culture respectively. The 

remaining cell culture was centrifuged at 650 x g, supernatant removed, and parasite cytoplasm and 

nuclei prepared as in section 2.6.4. Cell fractions were normalised for cell number and loaded on an 

SDS-PAGE gel, to be analysed by Western blot using antibody markers (Table 2.7) for each cell fraction 

(kindly provided by Leanne Tiley and Mike Duffy). 

  

2.6. Fluorescence microscopy 

2.6.1. Live cell imaging 

Ring stage wild-type 3D7 cultures (2-3% parasitaemia) were used for live microscopy to try determine 

the cellular localisation of Purvalanol B. Cells were incubated with 10x the IC50 of fluorescent 

Purvalanol B analogues MIPS-0010419 (dansylated Purvalanol B) or MIPS-0010325 (dansylated methyl 

Purvalanol B) for 4hrs at 37°C. Approximately 2µl of cell suspension were spotted onto a glass 

microscope slide, prepared as a thin smear and immediately visualised by fluorescence microscopy 

using the UV excitation channel on an Olympus BX51 microscope (100X magnification). 

 

2.6.2. Immunofluorescence assay (IFA) for protein localisation 

The required amounts of wild-type 3D7 cells or parasites expressing PfCK1 tagged with GFP were 

collected by centrifugation at 700 x g for 3min and washed with 1ml of 1X PBS. Cells were again 

pelleted and gently resuspended in 1X PBS. 30µl of cell suspension was deposited on a glass 

microscope coverslip coated with 0.1mg/ml Phaseolus vulgaris Erythroagglutinin (PHA-E) (Sigma-
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Aldrich) and incubated at 37°C for 20min. Unbound cells were washed off the coverslip with 1X PBS 

and bound cells were fixed with 4% paraformaldehyde (PFA)/0.008% glutaraldehyde (GA) in PBS for 

15min at RT. Samples were washed with 3x 1ml of 1X PBS and permeabilised for 10min at RT with 

0.1% w/v saponin/PBS. Washed cells were then blocked for 1hr at RT with 5% normal goat serum 

(NGS) in PBS and incubated with 30µl of primary antibody for 2hrs at RT (Table 2.7). Samples were 

washed with 3x 1ml of 1X PBS and then incubated for 1hr in the dark with 30µl of goat anti-rabbit or 

anti-mouse secondary antibodies (Life Technologies) diluted 1:500 in 1% BSA/PBS. Following 

secondary antibody labelling and washing, cells were counter stained with 30µl of 2ug/ml 4’, 6-

diamidino-2-phenylindole, di-hydrochloride (DAPI) (Roche) to stain the nucleus, mounted on a glass 

slide with VectaShield® (Vecta Laboratories) to prevent photo bleaching and sealed with clear liquid 

nail polish for imaging. Fluorescence was detected on an upright Olympus BX51 microscope containing 

an episcopic illuminator to detect DAPI, fluorescein isothiocyanate (FITC) and tetramethylrhodamine 

(TRITC) fluorescence and images were processed using Fiji software (modified version of ImageJ 

version 2.0.0). 
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2.7. Tables of biologicals, chemicals and reagents, plasmids and parasite lines used and 
generated in this study 

 
 
Table 2.1 – Tissue culture buffers and reagents 
 
 

Reagent Composition Company 
Roswell Park Memorial Institute 
(RPMI) media 1640 (incomplete) 

1.62% w/v RPMI 1640/HEPES powder, 0.005% w/v 
Hypoxanthine & 0.001% Gentamycin sulphate dissolved in 
ddH2O, pH adjusted to 6.74 and sterilised through a 0.22µm filter 

Baxter, Sigma-Aldrich, 
Gibco, Pfizer, Millipore 

Roswell Park Memorial Institute 
(RPMI) media 1640 (complete) 

500ml of incomplete RPMI 1640 supplemented with 0.22% 
sodium bicarbonate and 0.5% Albumax II (lipid rich Bovine serum 
albumin) 

Sigma-Aldrich, Gibco 

1x phosphate buffered saline (PBS) 1 tablet dissolved in ddH2O. Sterilised by autoclave (Oxoid) 

5% w/v d-sorbitol 25g of D-Sorbitol dissolved in 500ml of 1X phosphate buffered 
saline. Filter sterilised using a 0.22µm filter Sigma-Aldrich, Millipore 

0.08% saponin 0.16g saponin dissolved in 200ml of 1X PBS. Sterilised through 
0.22µm filter. MP Biomedicals 

5mg/ml Blasticidin 10mg Blasticin S-HCl dissolved in 2ml of ddH2O. Sterilised by 
0.22µm filtration InvivoGen 

20um WR99210 

78.94mg WR99210 powder dissolved in 10ml DMSO to make 
20mM stock and stored at -20°C long term. Prepared as a 20uM 
working stock by 1:1000 dilution in incomplete RPMI 1640 and 
sterilised through a 0.22µm filter. 

Jacobus 
Pharmaceuticals 

Cytomix 

20mM KCl, 0.15mM CaCl2. 2mM EGTA, 5mM MgCL2, 10mM 
K2HPO4/KH2PO4 (pH 7.6), 25mM HEPES (pH 7.6). pH adjusted 
to 7.6 and made to 100ml with ddH2O. Sterilised through 0.22µm 
filter 

Sigma-Aldrich 

Freezing solution 28% v/v glycerol, 3% w/v D-sorbitol, 0.65% w/v NaCl dissolved in 
ddH2O to 50ml. Sterilised through 0.22µm filter and stored at 4°C. Sigma-Aldrich 

Thawing solutions 

Thawing solution 1: 11.3g NaCl dissolved in 100ml PBS (12% 
w/v) 
Thawing solution 2: 0.9g NaCl dissolved in 100ml PBS (1.6% w/v) 
Thawing solution 3: 0.2g NaCl & 0.2g D-glucose dissolved in 
100ml (0.9% w/v NaCl, 0.2% w/v glucose) 

Sigma-Aldrich, (Oxoid) 

255mm N-Aceyl glucosamine 5.64g N-actylglucosamine dissolved in 100ml. Sterilised by 
0.22µm filter Sigma-Aldrich 

1x SYBR gold buffer 
20mM Tris-HCl (pH 7.5), 5mM EDTA (pH 8.0), 0.008% w/v 
saponin, 0.08% v/v Triton-X100, 1µl SYBR Gold (10,000 X 
concentrate) 

Life Technologies 
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Table 2.2 – Oligonucleotide primers used in this study. Restriction endonuclease sites are 
underlined and shown in bold are codons changes for site-directed mutagenesis. 
 

 
 

 

Table 2.3. Restriction endonucleases used in this study. Cleavage point indicated by ^ 

Restriction endonuclease Restriction site Plasmid used Buffer Company 
BamHI-HF G^GATCC pGEX-4T3 CutSmart® buffer New England Biolabs 

NotI-HF GC^GGCCGC pGEX-4T3 CutSmart® buffer New England Biolabs 
XhoI C^TCGAG pGLUX CutSmart® buffer New England Biolabs 
KpnI-HF GGTAC^C pGLUX CutSmart® buffer New England Biolabs 

 

 

 

Primer Forward sequence Reverse sequence 
Primers for site-directed mutagenes 

PfCK1_L15M GAAAAAAAATGGGGAGTGGTTCCTTTGGTG CACCAAAGGAACCACTCCCCATTTTTTTTC 

PfCK1_L15W GAAAAAAATGGGGGAGTGGTTCCTTTGGTG CACCAAAGGAACCACTCCCCCATTTTTTTC 

PfCK1_A36W GATGGAAGAATTTTGGGTAAAATTAGAATC GATTCTAATTTTACCCAAAATTCTTCCATC 

PfCK1_M80K AGAAGGGGATTTTACTATCAAAGTTCTTG CAAGAACTTTGATAGTAAAATCCCCTTCT 

PfCK1_M80W AGAAGGGGATTTTACTATCTGGGTTCTTG CAAGAACCCAGATAGTAAAATCCCCTTCT 

PfCK1_S88A AGGCCCAGCGCTTGAAGATTTATTTACC GGTAAATAAATCTTCAAGCGCTGGGCCT 

PfCK1_S88L CTTGATTTATTAGGCCCACTGCTTGAAG CTTCAAGCAGTGGGCCTAATAAATCAAG 

PfCK1_D91H CCCATCCCTTGAACATTTATTTACCTTATG CATAAGGTAAATAAATGTTCAAGGGATGGG 

PfCK1_D91N CCCATCCCTTGAAAACTTATTTACCTTATG CATAAGGTAAATAAGTTTTCAAGGGATGGG 

PfCK1_L135K CCAGATAACTTTAAAATAGGACGAGGGAAA TTTCCCTCGTCCTATTTTAAAGTTATCTGG 

PfCK1_I148K AAAGTTACCTTAATACATATTAAAGATTTTGG CCAAAATCTTTAATATGTATTAAGGTAACTTT 

Primers for sub-cloning 

PfCK1_XhoI CCGCTCGAGATGGAAATTAGAGTGGCAAATAAATATG - 
PfCK1_KpnI - CGGGGTACCTTAATTTTGCTTTACTCTTCCTTCTTGA 

DNA sequencing primers 

pGEX-4T3 GGGCTGGCAAGCCACGTTTGGTGG CCGGGAGCTGCATGTGTCAGCGC 
pGLUX TAATAAATACACGCAGTC CCATTAACATCACCATC 
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Table 2.4 – Composition of buffers for molecular analysis. 
 

 

 
Table 2.5 – Reagents for biochemical analysis. 

Reagent Composition Company 
1x Tris-Acetate-EDTA 
(TAE) buffer 40mM Tris Acetate, 1mM EDTA (pH 8.0) dissolved in ddH2O  

Luria Bertani (LB) media 1% w/v NaCl, 1% w/v Tryptone, 0.5% yeast extract dissolved in ddH2O 
and sterilised by autoclave.  

Luria Bertani (LB) agar 1% w/v NaCl, 1% w/v Tryptone, 0.5% yeast extract, 1.5% w/v agar 
dissolved in ddH2O and sterilised by autoclave.  

Tris-EDTA (TE) buffer 10mM Tris-HCl (pH 7.5), 1mM EDTA (pH 8.0)  
100mg/ml Ampicillin 200mg Ampicillin dissolved in 2ml of ddH2O. Used at 100ug/ml Amresco 

Lysis buffer 
25mM Tris-HCl, pH 7.5, 250mM NaCl, 5% v/v glycerol, 2mM dithiothreitol 
(DTT), 0.1% v/v Triton-X100 and 1X Protease inhibitor cocktail dissolved 
in 50ml ddH2O 

Roche 

Wash buffer 25mM Tris-HCl, pH 7.5, 250mM NaCl, 5% v/v glycerol, 1mM dithiothreitol 
(DTT) and 1X Protease inhibitor cocktail dissolved in 50ml ddH2O Roche 

Elution buffer 50mM Tris-HCl, pH 7.5, 250mM NaCl, 5% v/v glycerol, 10mM reduced 
glutathione, 5mM dithiothreitol (DTT) dissolved in 10ml ddH2O Roche, Invitrogen 

5x DNA Loading dye - Qiagen 
SYBR Green II nucleic 
acid dye 10,000 X concentrate – dilute to 1X before use Life Technologies 

Reagent Composition Company 

Cell lysis buffer 

10mM Tris-HCl (pH 7.5), 150mM NaCl, 0.5mM EDTA, 0.5%-1% v/v 
IGEPAL, 10mM NaF, 10mM b-glycerophosphate, 0.1mM Na3VO4, 
1mM PMSF, 1X protease inhibitor cocktail dissolved in ddH2O. 
Sterilised through a 0.22µm filter 

Millipore, 
Roche, Sigma-

Aldrich 

Wash buffer 

10mM Tris-HCl (pH 7.5), 150mM NaCl, 0.5mM EDTA, 10mM NaF, 10mM 
b-glycerophosphate, 0.1mM Na3VO4, 1mM PMSF, 1X protease 
inhibitor cocktail dissolved in ddH2O. Sterilised through a 0.22µm 
filter 

Millipore, 
Roche, Sigma-

Aldrich 

Stringent wash buffer 

10mM Tris-HCl (pH 7.5), 500mM NaCl, 0.5mM EDTA, 1% v/v IGEPAL, 
10mM NaF, 10mM b-glycerophosphate, 0.1mM Na3VO4, 1mM 
PMSF, 1X protease inhibitor cocktail dissolved in ddH2O. Sterilised 
through a 0.22µm filter 

Roche 

Tris buffered saline-EDTA 
(TBSE) 

10mM Tris-HCl (pH 7.5), 150mM NaCl, 0.5mM EDTA, dissolved in 
ddH2O. Sterilised through a 0.22µm filter 

Millipore, 
Roche, 

High salt extraction buffer 
20mM HEPES (pH 7.8), 800mM KCl, 1mM EDTA (pH 8.0), 1mM DTT, 
10mM NaF, 10mM b-glycerophosphate, 0.1mM Na3VO4, 1mM 
PMSF, 1X protease inhibitor cocktail dissolved in ddH2O 
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Table 2.6 – Reagents used for Chromatin Immunoprecipitation & sequencing (ChIP-Seq) 
 

Reagent Composition 
1% Formaldehyde solution 37% v/v formaldehyde solution diluted to 1% in PBS 
2.5M glycine 18.8g of glycone dissolved in 100ml of ddH2O 

High salt wash buffer 20mM Tris-HCl (pH 8.0), 0.1% w/v SDS, 1% v/v Triton-X100, 2mM EDTA, 
500mM NaCl dissolved in ddH2O  

Low salt wash buffer 20mM Tris-HCl (pH 8.0), 0.1% w/v SDS, 1% v/v Triton-X100, 2mM EDTA 
(pH 8.0), 150mM NaCl dissolved in ddH2O 

LiCl wash buffer 10mM Tris-HCl (pH 8.0), 1mM EDTA (pH 8.0), 250mM LiCl, 1% v/v 
IGEPAL, 1% v/v deoxycolate dissolved in ddH2O 

SDS sonication buffer 50mM Tris-HCl (pH 8.0), 10mM EDTA (pH 8.0), 1% w/v SDS dissolved in 
ddH2O 

SDS dilution buffer 16.7mM Tris-HCl (pH 8.0), 150mM NaCl, 1.2mM EDTA (pH 8.0), 1.1% v/v 
Triton-X100, 0.01% w/v SDS dissolved in ddH2O 

Elution buffer 1% w/v SDS, 100mM NaHCO3 dissolved in ddH2O (prepared fresh)  
 
 
 

12% v/v resolving buffer 375mM Tris-HCl (pH 8.8), 12% v/v Bis-acrylamide, 0.1% w/v SDS, 0.05% 
w/v APS, 0.0005% v/v TEMED dissolved in ddH2O Biorad, Amresco 

4% v/v stacking buffer 126mM Tris-HCl (pH 6.8), 12% v/v Bis-acrylamide, 0.1% w/v SDS, 0.05% 
w/v APS, 0.001% v/v TEMED dissolved in ddH2O Biorad, Amresco 

1x SDS_PAGE running 
buffer 

0.3% w/v Tris base, 1.4% w/v glycine, 0.1% w/v SDS dissolved in ddH2O, 
pH adjusted to 8.3  

Tris buffered saline, tween-
20 (TBST) 

10mM Tris-HCl (pH 8.0), 150mM NaCl, 1% v/v Tween-20 dissolved in 
ddH2O  

Coomassie blue stain 0.1%w/v Coomassie Blue R250, 25% v/v methanol, 7% v/v glacial acetic 
acid dissolved in ddH2O  

Coomassie blue destain 10% v/v glacial acetic acid, 40% v/v methanol dissolved in ddH2O  
Western blot blocking 
agent 4% w/v skim milk powder dissolved in TBST  

Western blot transfer buffer   
Antibody dilution buffer 
(western blot) 3% w/v bovine serum albumin dissolved in TBST Sigma-Aldrich 

Antibody dilution buffer 
(immunofluorescence) 1% w/v bovine serum albumin dissolved in PBS Sigma-Aldrich 

Normal goat serum 5% v/v normal goat serum diluted in PBS Life 
Technologies 

4x reducing laemmli buffer 62.5mM Tris-HCl (pH 6.8), 10% v/v glycerol, 1% lithium dodecyl sulphate 
(LDS), 0.005% w/v bromophenol blue, 355mM 2-mercaptoethanol Biorad 

4x non-reducing laemmli 
buffer 

62.5mM Tris-HCl (pH 6.8), 10% v/v glycerol, 1% lithium dodecyl sulphate 
(LDS), 0.005% w/v bromophenol blue Biorad 



 89 

Table 2.7 – Antibodies used in this study. 
 

Antibody Species Stock 
conc. 

Working 
dilution Supplier Purpose 

Primary antibodies 

Anti-GFP Rabbit 1mg/ml 1:500 – 1:1000 Thermo Fisher 
Detection of GFP tagged protein for 
either IFA (1:500) or Western blot 
(1:1000) 

Anti-GFP Mouse 1mg/ml 1:500 
Monash Antibody 

Technologies 
Facility (MATF) 

Detection of GFP tagged protein for co-
stain IFA (1:500) 

GAPEX5 Rabbit 0.2mg/ml 2-4ug/ml Abcam Detection of human protein Gapex-5 for 
IFA, IP & Western blot 

SNX22 Rabbit 0.4mg/ml 4-8ug/ml Abcam Detection of human protein Sorting 
nexin 22 for IFA and Western blot 

PfS16 Rabbit - 1:1000 Dr. Matt Dixon/Prof. 
Leanne Tilley Gametocyte specific marker 

Histone H2A.Z Rabbit - 1:4000 Dr. Mike Duffy Marker for parasite nucleus 

GAPDH Rabbit - 1:10,000 Prof. Leanne Tiley Marker for parasite cytoplasm 

Stomatin Mouse  1:1000 Santa Cruz Biotech. Detection of isolated microvesicles 

Secondary antibodies 

Anti-rabbit IgG-
HRP Goat  1:4000 Life Technologies Analysis of Western blots probed with 

rabbit antibodies 
Anti-rabbit IgG  
Alexa Fluor 488 Goat 2mg/ml 1:500 Life Technologies Analysis of IFA by detecting samples 

probed with rabbit antibody 
Anti-mouse IgG  
Alexa Fluor 488 Goat 2mg/ml 1:500 Life Technologies Analysis of IFA by detecting samples 

probed with mouse antibody 
Anti-rabbit IgG  
Alexa Fluor 568 Goat 2mg/ml 1:500 Life Technologies Analysis of IFA by detecting samples 

probed with rabbit antibody 
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Table 2.8 – Plasmids generated in this study for expression of recombinant protein in E. 
coli and the transfection of P. falciparum parasites. 
 

Plasmid Description Source 
Bacterial expression 

pGEX-4T3 Transformation vector for inducible protein expression in E. coli. 
Tags protein with GST at C-terminus. AmpR Prof Ross Coppel 

pGEX-4T3-PfCK1 Plasmid for expression of recombinant PfCK1-GST This study 
pGEX-4T3-PfCK1A36W Plasmid for expression of PfCK1 A36W-GST This study 
pGEX-4T3-PfCK1M80K Plasmid for expression of PfCK1 M80K-GST This study 
pGEX-4T3-PfCK1M80W Plasmid for expression of PfCK1 M80W-GST This study 
pGEX-4T3-PfCK1S88A Plasmid for expression of PfCK1 S88A-GST This study 
pGEX-4T3-PfCK1S88L Plasmid for expression of PfCK1 S88L-GST This study 
pGEX-4T3-PfCK1D91H Plasmid for expression of PfCK1 D91H-GST This study 
pGEX-4T3-PfCK1D91N Plasmid for expression of PfCK1 D91N-GST This study 
pGEX-4T3-PfCK1L135K Plasmid for expression of PfCK1 L135K-GST This study 
pGEX-4T3-PfCK1I148K Plasmid for expression of PfCK1 I148K-GST This study 

P. falciparum expression 

pGLUX Transfection vector for the episomal expression of proteins in P. 
falciparum. Tags proteins with GFP at C-terminus. HDHFRR Prof Ross Coppel 

pGLUX-PfCK1 Transfection vector used for episomal expression of PfCK1. This study 

pGLUX-PfCK1A36W Transfection vector used for episomal expression of PfCK1 
A36W. This study 

pGLUX-PfCK1M80K Transfection vector used for episomal expression of PfCK1 
M80K. hDHFRR This study 

pGLUX-PfCK1M80W Transfection vector used for episomal expression of PfCK1 
M80W. hDHFRR This study 

pGLUX-PfCK1S88A Transfection vector used for episomal expression of PfCK1 
S88A. hDHFRR This study 

pGLUX-PfCK1S88L Transfection vector used for episomal expression of PfCK1 
S88L. hDHFRR This study 

pGLUX-PfCK1D91H Transfection vector used for episomal expression of PfCK1 
D91H. hDHFRR This study 

pGLUX-PfCK1D91N Transfection vector used for episomal expression of PfCK1 
D91N. hDHFRR This study 

pGLUX-PfCK1L135K Transfection vector used for episomal expression of PfCK1 
L135K. hDHFRR This study 

pGLUX-PfCK1I148K Transfection vector used for episomal expression of PfCK1 
I148K. hDHFRR This study 

pGLUX-PfCK1KKDK Transfection vector used for episomal expression of PfCK1 
nuclear localisation mutant KKDK. hDHFRR This study 

pGLUX-PfCK1KKYR Transfection vector used for episomal expression of PfCK1 
nuclear localisation mutant KKYR. hDHFRR This study 
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Table 2.9. Parasite lines used and generated in this study 

 
Parasite line Description Drug selection Source 

3D7 Parental line of all transgenic parasite lines 
generated in this study -  

DD2 Multidrug resistant parasite line -  

3D7 PfCK1-GFP Parasite line expressing PfCK1-GFP from the 
endogenous locus 2.5ug/ml Blasticidin 

Dr Dominique Dorin-
Semblat/Prof. 

Christian Doerig 

pGlux-PfCK1 3D7 parasites transfected with pGlux, 
expresses wild-type PfCK1-GFP 5nM WR99210 This study 

pGlux-PfCK1A36W 3D7 parasites transfected with pGlux, 
expresses A36W mutated PfCK1  5nM WR99210 This study 

pGlux-PFCK1M80K 3D7 parasites transfected with pGlux, 
expresses M80K mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1M80W 3D7 parasites transfected with pGlux, 
expresses M80WW mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1S88A 3D7 parasites transfected with pGlux, 
expresses S88A mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1S88L 3D7 parasites transfected with pGlux, 
expresses S88L mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1D91H 3D7 parasites transfected with pGlux, 
expresses D91H mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1D91N 3D7 parasites transfected with pGlux, 
expresses D91N mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1L135K 3D7 parasites transfected with pGlux, 
expresses L135K mutated PfCK1  5nM WR99210 This study 

pGlux-PfCK1I148K 3D7 parasites transfected with pGlux, 
expresses I148K mutated PfCK1  5nM WR99210 This study 
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Chapter 3 

Trafficking and secretion of PfCK1 during 

P. falciparum asexual development. 

 
 
 

3.1. Introduction 

 
Post-translational modifications (PTMs) are essential biochemical switches that regulate 

protein interactions and many cellular functions. Dysregulation of this essential modification 

contributes to the establishment of diseases such as cancer. A PTM of major importance is 

protein phosphorylation, a dynamic process regulated by protein kinases (PKs) and protein 

phosphatases (PPs), with over 500 PKs and more than 200 PPs identified in the human kinome 

and phosphatome respectively (Manning et al., 2002, Sacco et al., 2012); multiple protein 

kinases and some phosphatases are being extensively studied as therapeutic targets. In 

P. falciparum the number of kinases and phosphatases is smaller, with 86 annotated kinases 

and close to 30 phosphatases (Solyakov et al., 2011, Wilkes and Doerig, 2008, Talevich et al., 

2012). Of the 86 P. falciparum PKs identified, 36 are essential for the asexual blood stages 

(Solyakov et al., 2011) – the stages of development responsible for disease pathology and the 

target of most current antimalarials. In view of the success in targeting PKs in diseases like 

cancer (Dauch et al., 2016, Diaz et al., 2012), P. falciparum PKs are viewed as potential targets 

for drugs with novel modes of action and therefore free of pre-existing resistance 

mechanisms (Reviewed in (Lucet et al., 2012)). 
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Casein kinase 1 (CK1) is a highly conserved eukaryotic PK with seven isoforms identified in 

mammalian cells, some of which also exist as multiple splice variants (Fu et al., 2001). 

Isoforms of CK1 are responsible for phosphorylating a large number of substrates across 

various cellular compartments, contributing to multiple biochemical processes such as 

Wnt/β-catenin signalling, cell cycle regulation and apoptosis (reviewed in (Schittek and 

Sinnberg, 2014)). CK1 is present as a single isozyme P. falciparum and it is one of the 36 

essential PKs identified in this parasite (Solyakov et al., 2011). Recent work has identified the 

cellular distribution and possible processes that involve PfCK1 (Dorin-Semblat, 2015). A 

significant fraction of PfCK1 can be observed on the infected red blood cell (iRBC) plasma 

membrane during the ring and early trophozoites stages, with a proportion of PfCK1 also 

secreted to the extracellular medium during trophozoite stages [10]. 

Interestingly, PfCK1 does not contain canonical or non-canonical PEXEL sequence motifs 

(Schulze et al., 2015), meaning it is probably not subject to proteolytic processing in the 

endoplasmic reticulum (ER) and subsequently translocated across the parasitophorous 

vacuole membrane (PVM) to the host cytoplasm via the PTEX transposon ((Hiss et al., 2008, 

Elsworth et al., 2016) and reviewed in (C. et al.)). Furthermore, there appears to be no 

interaction of PfCK1 with Maurer’s clefts either. These are parasite-derived membranous 

structures associated with the RBC cytoskeleton able to transport parasite proteins to the RBC 

membrane (Vincensini et al., 2005). This indicates that trafficking and secretion of PfCK1 may 

occur via a hitherto undescribed mechanism. We hypothesised that, nevertheless, trafficking 

of PfCK1 to the host cell plasma membrane probably involves interactions with host proteins. 

In order to identify such host proteins, we used affinity purification and mass spectrometry 

to analyse co-precipitates obtained from transgenic parasites expressing PfCK1-GFP from the 

endogenous locus and verified candidate interactors by reciprocal co-immunoprecipitation. 
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This allowed us to show that PfCK1 does indeed interact with host cell proteins known to be 

involved in endosomal protein trafficking and phosphatidylinositol-3-phosphate (PtdIns3) 

signalling pathways. 

 

3.2. Results 

3.2.1. PfCK1 interacts with host proteins involved in trafficking pathways 

We wanted to examine the possible involvement of host proteins in the trafficking of PfCK1 

to the host RBC membrane. To test this, we used immunoprecipitation and mass 

spectrometry to investigate the human protein composition of PfCK1 co-precipitates 

obtained from unfractionated parasite culture lysates, containing RBC cytoplasm, as 

described in section 2.5.6.1. This method had been successfully used previously to document 

the parasite interactome of PfCK1, using purified parasites as the starting material (Dorin-

Semblat et al., 2015). Briefly, whole blood lysates were prepared from a 3D7 parasite line 

expressing PfCK1-GFP from its endogenous locus and harvested at ring, trophozoite and 

schizont stages. Lysates were immunoprecipitated using GFP Trap® beads, and peptides were 

generated by in-gel tryptic digestion and analysed by mass spectrometry. A 3D7 wild-type 

parasite line, expressing its native untagged PfCK1, was used as a negative control. 

 

Proteins obtained from a single immunoprecipitation experiment were ranked from highest 

to lowest enrichment on GFP Trap® beads by the number of unique peptides detected, and 

only proteins displaying ≥3-fold difference between PfCK1-GFP and wild-type samples were 

selected. These proteins are shown in Table 3.1. PfCK1 and GFP were detected in the PfCK1-

GFP samples, while absent in immunoprecipitates obtained from wild-type parasites, as 

expected. A large subset of proteins associated with the RBC cytoskeletal network were 
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identified as enriched in PfCK1-GFP samples: a- and b- spectrin, Ankyrin, Band 3, protein 4.1 

and stomatin.  More peptides were recovered in ring and trophozoite samples than from later 

stages, consistent with the RBC-membrane localisation of PfCK1 during the former stages. 

However, for a majority of these proteins, more than three unique peptides were obtained 

also in wild-type samples, suggesting that some of these interactions may be non-specific. By 

contrast, four other host proteins: GTPase-activating protein-VPS9 domain-containing 

protein 1 (GAPVD1), sorting nexin 22 (SNX22), casein kinase 1 alpha (CK1a) and 14-3-3 protein 

epsilon were found only in PfCK1-GFP samples, indicating they are possible specific 

interactors. Given the membrane association and secretion of PfCK1 during trophozoite 

stages, further experiments were performed using RBCs infected with trophozoite stage 

parasites. 
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Protein name 
3D7-GFP Wild-type 3D7 

Ring Trophozoite Schizont Ring Trophozoite Schizont 
P. falciparum Casein kinase 1 34 13 87 - - - 

Green fluorescent protein 31 13 66 - - - 

GTPase-activating protein and VPS9 domain-containing 

protein 1 (GAPVD1) 
49 29 69 - - - 

Sorting nexin-22 (SNX22) 11 5 18 - - - 

Casein kinase 1, isoform alpha (CK1a) 5 3 13 - - - 

14-3-3 protein epsilon (YWHAE) 2 2 4 - - - 

Spectrin alpha chain, erythrocytic (SPTA1) 26 72 - 9 4 - 

Spectrin beta chain, erythrocytic (SPTB1) 20 65 - - 5 - 

Ankyrin-1 (ANK1) 8 43 - 5 - - 

Protein 4.1 (EPB41) 8 18 - 5 - - 

Band 3 anion transport protein - 52 41 - 7 9 

Erythrocyte band 7 (Stomatin) - 12 - - - - 

Table 3.1. Human proteins identified by MS peak counting in immunoprecipitates obtained using GFP Trap® beads. 
Numbers in each column represent the quantity of unique peptides identified for each protein. 
 

Highlighted in orange is parasite CK1 and GFP, illustrating the selectivity of the GFP Trap® beads 
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We further optimised our immunoprecipitations by testing several wash buffer conditions, 

gradually increasing the concentration of NaCl and IGEPAL detergent (500mM – 1M NaCl and 

1%-2% v/v IGEPAL from 150mM NaCl and 0.5% v/v IGEPAL) in an attempt to remove the 

weaker interactors from the precipitates. A single precipitation reaction was performed on 

trophozoite stage parasites using the same conditions outlined above but incorporating the 

new wash conditions. The resulting set of proteins is displayed in table 3.2, where they were 

ranked and selected as in Table 3.1. PfCK1 and GFP were again prominent in PfCK1-GFP 

samples as expected. In contrast to the previous experiment however, proteins associated 

with the RBC cytoskeleton were not detected under these washing condtions, indicating that 

they belonged among the weaker interactors in the first immunoprecipitates (Table 3.1). 

Interestingly, GAPVD1, SNX22 and CK1a were again identified under all three wash conditions 

(shown in blue, table 3.2), further supporting the likelihood that they are specific interactors 

of PfCK1 in vitro. All subsequent experiments were performed using wash conditions 

containing 0.5M NaCl and 1% IGEPAL detergent. 
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Protein name 
3D7-GFP Wild-type 3D7 

0.5M salt 
1% TX-100 

0.5M salt 
2% TX-100 

1.5M salt 
2.5% TX-100 

0.5M salt 
1% TX-100 

0.5M salt 
2% TX-100 

1.5M salt 
2.5% TX-100 

P. falciparum Casein kinase 1 (PfCK1) 43 55 52 - - - 

Green fluorescent protein (GFP) 33 33 35 - - - 

GTPase-activating protein and VPS9 domain-containing  

protein 1 (GAPVD1) 
118 129 119 - 3 6 

Sorting nexin-22 (SNX22) 24 27 25 - - - 

Casein kinase 1, isoform alpha (CK1a) 20 18 29 - - - 

Elongation factor 1-gamma (EF1G) 14 14 14 1 - - 

Serpin B6 (SPB6) 20 15 24 - - - 

14-3-3 protein gamma (YWAG) 8 9 7 - 1 1 

Ribonucleotide-diphosphate reductase, large subunit (RIR1) 8 7 5 1 1 - 

Clathrin heavy chain 1 (CLH1) 19 12 10 - - 3 

Table 3.2. Human proteins identified by MS peak counting after stringent washing of precipitates on GFP Trap® beads. Wash conditions are 
outlined under each parasite line and numbers in each column represent the number of unique peptides identified for each protein. 

Highlighted in orange are PfCK1 and GFP to illustrate the selectivity of the GFP Trap® beads; blue indicates host proteins consistently 
identified in the PfCK1-GFP immunoprecipitates. 
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To determine whether the identified host proteins GAPVD1, SNX22 and CK1a are indeed 

interactors of PfCK1, three independent immunoprecipitation experiments were performed 

using the optimised conditions outlined above. The raw spectral data from PfCK1-GFP and 

wild-type PfCK1 experiments were subjected to principal component analysis (PCA) by the 

Monash Proteomics facility and subsequent statistical analysis was performed in MaxQuant. 

The results are presented as a volcano plot in Figure 3.1B. The plot compares the -Log (p-

value) derived from a student’s t-test for statistically significant differences, against the Log2 

fold-difference in abundance between PfCK1-GFP and wild-type samples (see section 2.5.7). 

Error-corrected p-values are used to define the false discovery rate (FDR) and the hyperbolic 

curve that separates probable false-positives from high probability interactors. A good 

separation between PfCK1-GFP and wild-type samples was observed in the principal 

component analysis (Figure 3.1A) and PfCK1 was identified in precipitates obtained from 

PfCK1-GFP samples but not from wild-type-derived samples, as expected. Both GAPVD1 and 

SNX22 were identified as high probability interactors in our samples. Additional host proteins 

whose presence in PfCK1-GFP co-precipitates was considered possibly significant (-log p-value 

≥1.3) but did not meet the stringent cut off limits of the FDR included 14-3-3 proteins and 

chaperones involved in protein folding (see supplementary table 3.3.1 for a full list of 

identified proteins). 

 

We further examined our MaxQuant data for peptides containing phosphorylated Ser(+80) or 

Thr(+80) residues mapping to host proteins identified in PfCK1-GFP precipitates - indicating 

possible host substrates of PfCK1. In all three PfCK1-GFP samples, but not wild-type negative 

control samples, phosphopeptides were identified which matched various regions of GAPVD1 

(Table 3.3). Two of the eight phosphopeptides identified (containing pS903 and pS1104) were 
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identified in all three PfCK1-GFP samples. A cluster of acidic amino acids is located upstream 

of pS1104 (underlined), typically present in CK1 phosphorylation motifs; the classical CK1 

recognition motif is pS/pT X1-2 S/T where pS/pT denotes a “primed” phosphorylated Ser/Thr 

residue, X is any amino acid and CK1 phosphorylation occurs on the next Ser/Thr residue 

(underlined). A cluster of acidic amino acid residues upstream of CK1 phosphosites can also 

be enough to prime CK1 phosphorylation (Victor et al., 1999). The S972 phosphosite, although 

only identified in a single experiment, contains a cluster of acidic amino acids, consistent with 

a putative CK1 phosphorylation motif. Neither of these phosphopeptides map to the Vps9 

domain (which acts as a guanine nucleotide exchange factor) or the Ras-GTPase activating 

protein (Ras-GAP) domain, suggesting that the identified phosphosites probably do not 

regulate catalysis but likely function in regulating other processes, such as adaptor protein 

interactions. 
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Figure 3.1. Label-free quantitative analysis of human interactors of PfCK1. (A) Principal component analysis 
(PCA) of triplicate immunoprecipitation experiments obtained from PfCK1-GFP and wild-type lysates using GFP 
Trap® beads. Component 1 (x-axis) accounts for the variation between sample conditions whilst component 2 (y-
axis) accounts for the remaining variability within samples of the same condition. (B) Volcano plot representing the 
logarithmic ratio of LFQ values between PfCK1-GFP/WT samples, plotted against the negative logarithm of p-values 
obtained from Student’s t-test of triplicate experiments (FDR = 0.1). A hyperbolic curve separates high-probability 
interactors (above the curve) from background. Parasite proteins are coloured orange and host proteins blue.  
Proteins that could still be possible interactors of PfCK1 are annotated below the curve. 
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Phosphosite GFP 1 GFP 2 GFP 3 Peptide 
T391 - 2 1 RAVETPPLSSVNLLEGLSRT 

Y461 - 2 - KSSSLEMTPYNTPQLSPATTPANKKN 

S903 2 2 4 RSRSSDIVSSVRR 

S904 - 2 3 RSSDIVSSVRR 

S915 - 1 - RRPMSDPSWNRR 

S972 - 1 - KDDPSPRLSAQAQVAEDILDKY 

S999 2 4 - KRTSPSDGAMANYESTEVMGDGESAHDSPRD 

S1104 2 4 1 RDEALQNISADDLPDSASQAAHPQDSAFSYRD 

Table 3.3. Number of GAPVD1 phosphopeptides obtained from PfCK1-GFP precipitations. Bold 
and red indicates the identified phosphosites and underlined are possible consensus sequence for CK1 
phosphorylation. 
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3.2.2. Validation of PfCK1 interactions with GAPVD1 and SNX22 

We experimentally tested the association of PfCK1 with GAPVD1 (UniProt ID: Q14C86) and 

SNX22 (UniProt ID: Q96L94), in light of their various roles in protein trafficking and their high 

abundance and specific presence in PfCK1-GFP immunoprecipitates. 

 

3.2.2.1. Western blot analysis 

For these two proteins, we performed Western blot analysis of immunoprecipitates obtained 

with GFP Trap beads, probing each blot with cognate antibodies. In both cases, presence of 

the target protein was confirmed in precipitates obtained from parasite samples expressing 

GFP-tagged PfCK1, but not in samples expressing the wild-type kinase (Figure 3.2). We 

observed multiple bands in blots probed with anti-GAPVD1 antibody, at higher and lower 

molecular weight than expected. The former likely indicate multiple phosphorylation sites, 

consistent with our identification of several phosphopeptides, while the latter are likely a 

result of GAPVD1proteolysis. The predicted molecular weight of native GAPVD1 is 

approximately 165kDa and is indicated by the arrow in Figure 3.2. 
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Figure 3.2. Interaction between PfCK1-GFP and human proteins GAPVD1 and SNX22. 

Immunoprecipitation experiments were performed on whole blood culture extracts from transgenic 

parasites expressing PfCK1-GFP from the endogenous locus and wild-type 3D7 parasites using 

GFP Trap® beads. Blots were probed with rabbit antibodies against GFP, GAPVD1 and SNX22. 

Arrow indicates the estimated size of GAPVD1. 
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3.2.2.2. Immunofluorescence localisation of GAPVD1 and SNX22 in RBCs 

The major function of GAPVD1 in various human cell types centres around the control of a 

major glucose transporter (GLUT4), accomplished by promoting its cycling between the 

cytosol and plasma membrane (Lodhi et al., 2007). Members of the sorting nexin family of 

proteins contain a Phox homology (PX) domain, which modulates interactions of cargo 

proteins with membranes enriched in phosphatidylinositol 3-phosphate (PdtIns3P). To date, 

the cellular distribution of GAPVD1 and SNX22 has not been documented in RBCs and in this 

work, we have sought to determine the cellular location of the two human proteins in this 

system by immunofluorescence. Cells were fixed according to methods described in section 

2.6.2 and were incubated with 8ug/mL of rabbit anti-SNX22 or 2ug/mL rabbit anti-GAPVD1 

commercial antibodies, and subsequently labelled with anti-rabbit Alexa Fluor-488 and -568 

conjugated secondary antibodies, respectively. RBCs labelled with anti-GAPVD1 antibody and 

the Alexa 488 secondary (top panel, Figure 3.3) showed a diffuse distribution of fluorescence 

over the whole RBC membrane, which may represent remnants of a protein trafficking 

complement. The distribution of SNX22 was less uniform over the RBC membrane and it had 

a punctate appearance (bottom panel, Figure 3.3), possibly because these are regions 

enriched in PdtIns3P and consequently endosomes, as reported for similar sorting nexins 

(Lenoir et al., 2018). 

 

We next performed co-localisation experiments to determine whether the distribution of 

PfCK1 overlapped with that of GAPVD1. Parasites expressing PfCK1-GFP were prepared as 

above and co-stained with mouse-anti GFP and rabbit anti-GAPVD1. As a negative control, 

wild-type 3D7 parasites were used. As previously described (Dorin-Semblat et al., 2015), 

PfCK1 displayed a strong signal associated with the RBC membrane, with some cytoplasmic 
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staining also observed (Figure 3.4). This signal was not present in wild-type parasites. 

Interestingly, GAPVD1 showed a largely punctate cytoplasmic distribution, with some 

membrane staining suggesting the presence of endosomes and consistent with a membrane 

receptor trafficking role. No significant co-localisation was observed between GAPVD1 and 

PfCK1-GFP by immunofluorescence. 
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Bright field GAPVD1 Merge 

Bright field SNX22 Merge 

B. 

Figure 3.3. Localisation of human proteins GAPVD1 and SNX22 in uRBCs. (A) Schematic diagram of the 

domain organisation of GAPVD1 and SNX22 with each functional domain denoted; GTPase activating protein 

(Ras-GAP), Guanine nucleotide exchange factor (VPS9) and Phox homology domain (PX). (B) 

Immunofluorescence localisation of GAPVD1 and SNX22 in paraformaldehyde fixed uninfected RBCs. 
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Figure 3.4. Co-localisation of PfCK1 and GAPVD1 in iRBCs. 3D7 parasites expressing PfCK1 tagged at the C-terminus with GFP were examined by 

immunofluorescence using a mouse antibody against GFP and a rabbit antibody against GAPVD1. Cells were co-labelled with Alexa Fluor conjugated 

secondary antibodies 488 and 568 respectively. DAPI was used to stain the nucleus and wild-type 3D7 parasites were used as a negative control for GFP. 
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3.2.3. PfCK1 localisation in gametocytes 

In the context of PfCK1 trafficking and localisation, we were interested to investigate the 

cellular localisation of this enzyme in sexually committed parasites. PfCK1 is essential for 

vegetative growth of blood-stage parasites and it is also detectable in gametocyte protein 

extracts (Dorin-Semblat et al., 2015), however to date the cellular distribution of the enzyme 

in these sexually-committed cells has not been documented. To address this, the expression 

pattern of PfCK1 during gametocytogenesis was investigated by immunofluorescence analysis 

of parasites expressing PfCK1-GFP from the endogenous locus, as detected with a rabbit anti-

GFP antibody (see section 2.6.2). Wild-type 3D7 parasites were again used as a negative 

control. Stage III-V gametocytes were generated and successfully imaged (Figure 3.5) and in 

contrast to PfCK1 staining in both parasite and host compartments observed in asexual blood 

stage parasites [105], gametocytes showed a strong diffuse staining restricted to the parasite 

cytoplasm. No GFP signal was observed in wild-type parasites (Figures 3.5B, D and F). 
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  Bright field               PfS16                      GFP                       Dapi                     Merge  
A. PfCK1-GFP Stage III gametocyte 

B. Wild-type Stage III gametocyte 

C. PfCK1-GFP Stage IV gametocyte 

D. Wild-type Stage IV gametocyte 

E. PfCK1-GFP Stage V gametocyte 

F. Wild-type Stage V gametocyte 
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Figure 3.5. Immunofluorescence assay of PfCK1 localisation during gametocytogenesis. Gametocytes from 

wild-type parasite cultures or transgenic parasite lines expressing PfCK1-GFP were examined by 

immunofluorescence, using an anti-GFP primary antibody and an Alexa Fluor 488-conjugated secondary anti-rabbit 

antibody. Parasites were also labelled with a primary antibody against the gametocyte marker Pfs16 and co-labelled 

with an Alexa Fluor 568-conjugated secondary antibody. DAPI was used to stain nuclei. Merged images represent 

the overlay of GFP, Pfs16 and DAPI signals. 
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3.2.4. PfCK1 co-precipitates with GAVPD1 and SNX22 in reciprocal immunoprecipitations  

To further test the reproducibility of the interactions between GAPVD1 and PfCK1 in infected 

cells we analysed the presence of PfCK1 in immunoprecipitates obtained using an antibody 

against GAPVD1. Anti-GAPVD1 antibody was pre-incubated with Protein A agarose beads and 

then incubated with lysates prepared from 2x108 magnetically-enriched wild-type parasites 

(see section 2.5.6.2). Following precipitation and washing of the beads (as in 2.5.6.1), eluted 

samples were briefly run into a 4-12% gradient polyacrylamide gel, samples were excised and 

subjected to in-gel digestion, mass spectrometry and MaxQuant analysis (as described above 

for the GFP Trap® IP experiments). The results from independent triplicate experiments are 

displayed as a volcano plot (Figure 3.6B). 

Good separation between iRBCs and uRBCs was observed in the PCA (Figure 3.6A) and PfCK1 

was detected in the subset of 36 parasite proteins identified as high probability GAPVD1 

interactors based on the threshold limits of the volcano plot (supplementary table 3.3.3). This 

provided independent confirmation that PfCK1 forms a protein complex with GAPVD1. We 

matched all 36 parasite proteins to pathways described in the “Metabolic Pathways of 

Malaria Parasites” (http://mpmp.huji.ac.il; performed using the May 2018 version) and found 

that protein trafficking and export is one of the most represented functional groups in the 

immunoprecipitate (Figure 3.6C).
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Figure 3.6. Label free quantitative analysis of parasite interactors of GAPVD1. (A) Principal component analysis 

(PCA) of triplicate immunoprecipitation experiments obtained from iRBC and uRBC lysates using using anti_GAPVD1 

antibody. (B) Volcano plot representing the logarithmic ratio of LFQ values between uRBS/iRBCs incubated with 

GAPDV1 antibody which are plotted against the negative logarithmic p-values obtained from student’s t-test of triplicate 

experiments (FDR = 0.1). A hyperbolic curve separates high-probability interactors (above the curve) from background. 

Parasite proteins are coloured blue and host proteins red.  Host proteins GAPVD1 and SNX22 are also annotated. (C) 

Parasite proteins identified as high-probability interactors of GAPVD1 distributed across the various metabolic 

pathways of the malaria parasite. The histogram represents the number of parasite proteins mapped to each pathway 

described in the Metabolic Pathways of Malaria Parasites website (http://mpmp.huji.ac.il//). 
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3.2.5. PfCK1 is secreted into the extracellular medium as a soluble protein 

PfCK1 is secreted into the extracellular medium during trophozoite stages, yet, the 

mechanism which directs PfCK1 from the parasite to the RBC plasma membrane remains 

unclear. The identification of two human interactors of PfCK1, GAPVD1 and SNX22, suggests 

that vesicle trafficking may contribute to this process, given the known cellular roles of the 

two human proteins. If so, PfCK1 could be secreted either as soluble protein or as cargo inside 

extracellular vesicles (EVs), as described for other parasite macromolecules (Mantel et al., 

2013). To investigate these possibilities, the supernatant from synchronised trophozoite stage 

cultures (hereon referred to as conditioned media) was analysed by ultrafiltration (Figure 

3.7A). This method utilises 100kDa cut-off centrifuge filters to remove EVs from supernatants, 

resulting in EV-enriched (retentate) and EV-depleted (filtrate) fractions. This technique has 

been previously used for the depletion of EVs from foetal bovine serum (Kornilov et al., 2018). 

 

Firstly, to test whether PfCK1 is secreted in amounts detectable using the small sample 

volumes of this method, media conditioned for 6hrs with trophozoite stage cultures (5% 

parasitaemia) was harvested, concentrated 40X using a 30kDa centrifugation filter and 

analysed by Western blot to confirm the presence of PfCK1. Blots showed a strong signal at 

62kDa in the PfCK1-GFP sample when probed with rabbit anti-GFP antibody, meaning that we 

have enough sensitivity under the conditions described above (Figure 3.6B.). No signal was 

observed in conditioned media from wild-type 3D7 samples. 
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Using the parameters outlined above, conditioned media was harvested from a 30mL 

trophozoite culture expressing PfCK1-GFP and wild-type 3D7 as a negative control for GFP. 

Medium was centrifuged at 2500 x g for 1hr at 4°C in 100kDa cut-off filters to separate 

supernatants into an EV-enriched fraction (retentate) and a soluble protein enriched fraction 

(filtrate). The retentate was then washed with 3 filter volumes (approximately 15ml each) of 

PBS. Each fraction was concentrated 40X using a 30kDa-cutoff centrifuge filter and analysed 

by Western blot, using a rabbit anti-GFP antibody to identify PfCK1. As a marker for EVs, blots 

were probed with anti-human Band 7 (stomatin) antibody, as this protein is known to be 

present in both human- and parasite-derived EVs (Mantel et al., 2013). Conditioned media 

from wild-type 3D7 parasites was used as a negative control.  

 

Blots probed with anti-Band 7 antibody showed a signal at approximately 34kDa in size 

associated only with the 40X retentate fractions, signifying that EVs were enriched in this 

fraction as expected, both in samples from wild-type and PfCK1-GFP expressing parasites 

(Figure 3.6C). Blots probed with anti-GFP antibody showed a strong signal at approximately 

62kDa, corresponding to the correct size of PfCK1-GFP, in the 40X filtrate from PfCK1-GFP 

samples only, indicating that at least a major portion of PfCK1 is not secreted in EVs, but rather 

as a soluble protein or protein complex. 
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Figure 3.7. Fractionation of culture supernatants by ultrafiltration and analysis of PfCK1 in the extracellular vesicle (EV) 

and soluble protein-containing fractions. (A) Schematic diagram of the ultrafiltration process for the separation of EVs from 

soluble protein. Small red circles represent EVs and soluble proteins are shown in green and orange. (B) Immunoprecipitation 

of PfCK1 from supernatants of synchronised trophozoite cultures using GFP Trap® beads. Supernatants from trophozoite stage 

wild-type 3D7 were used as a negative control. (C) Enrichment of EV containing fractions from supernatants of synchronised 

trophozoites expressing PfCK1-GFP from the endogenous locus. 40X retentate: EV enriched fraction concentrated 40X less 

than original input volume; 40X filtrate: Soluble protein containing fraction concentrated to a volume 40X less than original input. 

Samples were analysed by Western blot and probed with GFP antibody to detect PfCK1-GFP and Band 7 as a marker for EVs. 

Wild-type 3D7 culture supernatants were concentrated 40X using a 30kDa filter as a total concentrate (Total conc.) and used as 

a negative control for GFP. 
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3.3. Discussion 

3.3.5.1. PfCK1 co-precipitates with host proteins involved in endosomal trafficking 

pathways 

PfCK1 associates with host RBC membranes during early stages of infection (ring and early 

trophozoite), with a fraction of the enzyme also being secreted into the extracellular 

supernatant during trophozoite stages (Dorin-Semblat et al., 2015). To date, the cellular 

mechanisms which underpin these processes have not been investigated and could provide 

new targets for chemotherapeutic intervention. We report here that mass spectrometry 

consistently detected the association of host proteins GAPVD1 and SNX22 with PfCK1-GFP, 

even after stringent washing of immunoprecipitates (see Results section above), which 

strongly indicates that PfCK1 is associated with intracellular vesicle trafficking pathways, 

either as a cargo or maybe as a regulator. 

 

GAPVD1 (also known as Gapex-5) regulates various cellular events by interacting with a 

multitude of effector proteins. It is described its involvement in epidermal growth factor 

receptor (EGFR) trafficking in HeLa cells (Su et al., 2007) and GLUT4 glucose transporter 

trafficking in adipocytes. The evolutionarily conserved Vps9 domain of GAPVD1 (Figure 3.3A) 

(K. et al.) functions as a guanine nucleotide exchange factor (GEF) for the Ras-related GTP-

binding protein Rab31, thus activating this signalling protein and enabling basal levels of 

intracellular GLUT4 to be maintained. GAPVD1 also forms a complex with the multidomain 

effector molecule CIP4, which is trafficked to the plasma membrane following activation of 

its effector molecule TC10 after insulin stimulation. Recruitment of the CIP4/GAPVD1 

complex to the plasma membrane relieves GEF activity on Rab31 thus enabling GLUT4 

translocate to the plasma membrane (Lodhi et al., 2007). 
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Interestingly, we observed a cytoplasmic distribution of GAPVD1 in RBCs infected with P. 

falciparum parasites expressing PfCK1-GFP (Figure 3.4), rather than the membrane 

association observed in uRBCs. In contrast, RBCs infected with wild-type parasites appear to 

have both membrane and cytoplasmic presence of GAPVD1. This could indicate that the GFP 

moiety is affecting the localisation of PfCK1-GFP/GAPVD1 complexes, but we need to discard 

first the possibility that the difference in GAPVD1 distribution is due to a difference in parasite 

age, as in the experiments illustrated in Fig. 3.4 wild-type-infected iRBCs appear to contain 

trophozoites already, whereas PfCK1-GFP expressing parasites are usually at ring stages. We 

are currently performing a time-course immunofluorescence assay to investigate GAPVD1 

and PfCK1 co-localisation during parasite maturation. 

 

Trafficking of GAPVD1 to the plasma membrane by activated TC10 in mammalian cells has 

been shown to recruit and activate Rab5, which enables the regulation of PtdIns synthesis 

and turnover by coordinating two distinct PtdIns3-kinases (PI3K) (Lodhi et al., 2008). Although 

the interplay between the GAPVD1 trafficking pathways and PtdIns3 signalling is not fully 

understood, it has been shown that some proteins possess both a GAP domain and binding 

motifs for phosphoinosinositol-3-phosphate (PtdIns3). That makes them suitable binding 

partners for GAPVD1, which contains a GEF domain but not PtdIns binding domains, creating 

a complex able to integrate G-protein and PtdIns3 signalling in the control of vesicular 

trafficking (Zheng et al., 2001). 

 

Sorting nexins (SNXs) are evolutionarily conserved adapter proteins which anchor cargo 

proteins to membranes enriched in PtdIns3, thanks to their Phox homology (PX) domain 

(Figure 3.3A). We consistently identified a member of this family (SNX22) in complex with 
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GAPVD1 and PfCK1, suggesting a possible interaction between these two host proteins (Figure 

3.1). Whilst there are no known functions described for SNX22, other members of this family 

are better understood. For instance, SNX3 is a well-studied sorting nexin known to function 

in directing retromer-mediated vesicle transport to the TGN, a conserved trafficking pathway 

first identified in yeast which guides the retrieval, sorting, recycling and retrograde transport 

of membrane receptors (Feng et al., 2017). 

Recently, it was found that the P. falciparum genome encodes several members of the 

retrograde transport system – vacuolar protein sorting proteins Vps26, Vps29 and Vps35, 

thereby indicating that P. falciparum parasites utilise trafficking pathways similar to those of 

higher eukaryotes (Krai et al., 2014). The retromer complex co-localises with PfRab7 in 

punctate structures within close proximity to the Golgi apparatus, consistent with the known 

association of retromers with endosomes in other organisms (Burda et al., 2002, Belenkaya 

et al., 2008, Bujny et al., 2007). 

Importantly, P. falciparum does not encode any members of the SNX family, considered key 

players in retromer sorting. Our data suggest that during infection P. falciparum parasites 

recruit host SNX proteins (in this case SNX22) to recognise membrane areas enriched in 

PtdIns3, thereby anchoring complexes containing parasite proteins to parasite endosomes. 

Interestingly, SNX proteins have been implicated in the retromer-dependent secretion of 

several proteins, including those in the wingless/Wnt pathway in Drosophila and iron 

receptors in yeast (Zhang et al., 2011, Strochlic et al., 2007). Further to this, the endosomal 

trafficking pathway protein GARP (Golgi-associated retrograde protein) has also been linked 

to protein secretion through the anterograde route (protein transport to the plasma 

membrane) (Hirata et al., 2015), suggesting a possible role of SNX family members in protein 

secretion. 
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In our reciprocal GAPVD1 precipitation data set (Figure 3.5, supplementary tables 3.3.2 and 

supplementary 3.3.3), we identified as a high probability interactor PfVps51 – a predicted 

parasite protein thought to be involved in GARP transport. In eukaryotes, GARP is a protein 

complex formed by Vps51, Vps52, Vps53 and Vps54 (Liewen et al., 2005, Pahari et al., 2014, 

Luo et al., 2011), and knock-outs of either of these proteins has been demonstrated to 

severely disrupt anterograde endoplasmic reticulum (ER) protein transport in Hek293 cells 

(Hirata et al., 2015). Vps51 regulates endosome fusion with the TGN via interactions with 

SNARE proteins and all these elements are also present in Leishmania, Toxoplasma and 

Plasmodium (Ayong et al., 2011, Canton and Kima, 2012, J. et al., 2013), indicating that this 

pathway is conserved in multiple Protist pathogenic to humans. 

 

Phosphorylation within the PX domain of SNX3 abolishes PtdIns binding, thus resulting in 

cytosolic localisation and demonstrates the modulation of SNX function by PKs (Lenoir et al., 

2018). The interplay between SNX proteins, GAPVD1 and PKs has been demonstrated in 

studies which identified unique protein-protein interactions in bait-prey affinity purification 

experiments (Huttlin et al., 2017, Hein et al., 2015). The mammalian CK1 isoform CK1e was 

found to pull-down GAPVD1 and also SNX24 (which clusters with SNX22 in phylogenetic trees 

(reviewed in (Worby and Dixon, 2002))), further supporting a role for PKs in regulating protein 

function and interactions along various protein trafficking pathways.  

Consistent with this, we identified PfCK1 as a high-probability interactor in 

immunoprecipitates obtained from iRBC lysates incubated with human anti-GAPVD1 

antibodies (Figure 3.5), unlike in uRBC controls. We describe here the first evidence for the 

presence of GAPVD1 and SNX22-dependent protein trafficking pathways in human RBCs. 

Furthermore, our co-precipitation data suggests that both GAPVD1 and SNX22 function in a 
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complex, providing evidence of interplay between pathways. Their exact functions in RBCs 

still remain unknown; we are performing AP-MS experiments to identify human interactors 

of GAPVD1, to gain a further insight into its possible roles in such enucleated cells. It would 

be of interest to perform similar experiments with SNX22 as well. The presence of human 

CK1a in the complexes suggests a possible regulation of GAPVD1/SNX22 pathways by CKs. 

Indeed, the identification of PfCK1 in this complex also suggests that during infection, P. 

falciparum parasites commandeer the remanent endosomal trafficking machinery in RBCs, 

repurposing its components for trafficking parasite proteins to membranes and possibly also 

to the external medium.  

 

3.3.5.2. PfCK1 is secreted as a soluble protein 

Proteins and other molecules secreted from cells inside extracellular vesicles (EVs), or 

exosomes, have the ability to elicit physiological effects on other cells. It is well known that 

the immune system can be engaged in response to proteins secreted in EVs, thereby enabling 

cell proliferation in response to a specific antigen (Qazi et al., 2009, Admyre et al., 2007). 

Importantly, the secretion of molecules in EVs by parasites during infection may be crucial to 

their survival by conditioning their surrounding environment, possibly allowing immune 

evasion (Twu et al., 2013, Buck et al., 2014, Silverman et al., 2010b).  

The human pathogen Leishmania is an excellent example of an organism which manipulates 

its environment by secreting approximately 52% of its proteome in exosomes (Silverman et 

al., 2010a). A proteomic analysis of exosomes obtained from Leishmania spp. identified more 

than 300 proteins and demonstrated that this type of protein secretion is influenced by 

various environmental cues, like pH and temperature. Among the proteins listed as secreted 

vesicle cargo was a casein kinase-like enzyme which displays homology to mammalian CK1 
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isoforms, indicating that Leishmanial CK1 is secreted in exosomes. Furthermore, an analysis 

of L. donovani exosomes demonstrated that the cargo contained within these vesicles elicited 

a predominantly immunosuppressive response (Silverman et al., 2010b), consistent with the 

understanding that parasites manipulate their host environment for survival.  

Comparative studies appear to demonstrate similar phenomena in Plasmodium parasites, as 

mice infected with P. berghei carry heightened EV populations in their blood, able to induce 

a pro-inflammatory response. Similar observations have been made in P. falciparum. EVs 

obtained from the supernatants of P. falciparum cultures contain various macromolecules, 

including DNA competent to transfer genetic information between parasite populations, 

while the protein content appears to elicit immune-modulatory responses (Regev-Rudzki et 

al., 2013). It was also shown that a decline in the number of asexual stage parasites coincided 

with an increase in gametocytes, suggesting that EVs may provide extracellular signals for 

sexual differentiation. The influence of environmental factors on the macromolecular content 

of EVs, described in Leishmania, may also hold true for P. falciparum, where unfavourable 

growth conditions provide stimuli for sexual differentiation, although the involvement of 

secreted proteins has not yet been investigated. An analysis of P. falciparum EVs identified a 

significant number of proteins which may play a role in immune modulation and pre-

conditioning of surrounding RBCs for invasion (Mantel et al., 2013). Unlike in Leishmania, 

however, PfCK1 was not identified in the protein set. It is worth noting that this study 

analysed supernatants from schizont stage parasite cultures, as EV secretion peaks at this 

stage of asexual development. However, PfCK1 secretion occurs predominantly during 

trophozoite stages (Dorin-Semblat et al., 2015) and it is therefore possible that PfCK1 may 

have been missed in this analysis. Nevertheless, our data shows that at least a large fraction 

of PfCK1 is secreted as soluble protein (Figure 3.6), readily detectable in samples depleted of 
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vesicles as corroborated by the absence of the EV marker stomatin. In L. major, secreted CK1 

(LmCK1) phosphorylates mammalian type-1 interferon receptors (IFNAR1) to modulate 

immune system activity (Liu et al., 2009). It is tempting to speculate a similar role for PfCK1 in 

immune modulation during malaria infection and we have started a collaboration with 

Meredeth O’Keeffe at Monash University to test this hypothesis. 

 

3.3.5.3. PfCK1 protein is expressed during gametocytogenesis 

Transcriptomic analysis of gametocyte stages I-V shows steady-state transcription of PfCK1 

(see PF3D7_1136500 at http://PlasmoDB.org and (Young et al., 2005)). PfCK1 is also 

expressed in male and female gametocytes, as described in a global proteomic analysis of 

male and female gametocytes (Miao et al., 2017). In our analysis of the cellular distribution 

of PfCK1 during gametocytogenesis (Figure 3.7) PfCK1 is restricted to the parasite cytoplasm 

across all of the mid to late gametocyte stages we examined (SIII to SV) which is in contrast 

to PfCK1 distribution in asexual stages. It remains to be determined whether this is also the 

case for SI and SII gametocytes. Whereas SIII and SIV appear to have diffuse PfCK1 staining, 

SV gametocytes display a more punctate pattern (Figure 3.7E), suggestive of distinct stage-

specific PfCK1 packaging and function during sexual differentiation. This would be in line with 

the multiple roles of PfCK1 suggested in asexual blood stages and observed in CKs from other 

eukaryotic organisms. 

 

It is well documented that Plasmodium gametocytes store mRNA transcripts, in a 

translationally repressed state, for rapid protein expression during the sexual stages in the 

mosquito vector (Lasonder et al., 2016, Zhang et al., 2013, Mair et al., 2006b). In P. berghei, a 

rodent model for human malaria, approximately 50% of the maternal gametocyte 
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transcriptome associates with the DDX6-class RNA helicase DOZI (Development of Zygotes 

Inhibited), forming a complex which is required for mRNA stabilisation and translational 

repression (Mair et al., 2006b, Guerreiro et al., 2014). Interestingly, PbDOZI-null mutants 

develop normally during sexual and asexual blood stages but fail to develop fertilised female 

gametes (zygotes). Immunofluorescence imaging reveals that these DOZI-mRNA complexes 

form punctate structures in the parasite cytoplasm, similar to the PfCK1 distribution we 

observed in SV gametocytes. In line with the presumed function of PfCK1 in transcriptional 

and translational pathways during asexual development, it is tantalising to hypothesise a 

possible role for PfCK1 in translational repression. Although this would require extensive 

testing, PKs have been implicated in the translational repression of transcripts, as illustrated 

by the calcium-dependent protein kinase CDPK1 (Sebastian et al., 2012). 

During the sexual phase of the parasite cycle, SV gametocytes enter the mosquito vector 

following a blood meal on the mammalian host, undergo fertilisation in the gut and develop 

into zygotes, with rapid translation of stored mRNA transcripts. The zygote matures into an 

ookinete after two consecutive rounds of meiosis (reviewed in (Guttery et al., 2015)). Protein 

phosphorylation plays a crucial role in ookinete development, demonstrating the essential 

role of PKs during this process (Tewari et al., 2010, Reininger et al., 2005, Reininger et al., 

2009). However, the entire complex nature of sexual development within the mosquito is still 

not well understood and is likely to involve multiple kinases. CK1 is known to play essential 

roles during meiosis in yeast and other eukaryotes, largely in kinetochore assembly and in 

regulating chromosome segregation (Wang et al., 2013, Sakuno and Watanabe, 2015, 

Petronczki et al., 2006). Transcripts for CK1 have been detected in P. falciparum sporozoites 

and various sexual stages of P. berghei, suggesting a possible role for PfCK1 during late sexual 

developmental (Hall et al., 2005, Le Roch et al., 2004). One way we are considering to test the 
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essentiality of PfCK1 during these stages is to implement the GlmS ribozyme system 

(Prommana et al., 2013) to selectively knockdown gene expression of PfCK1 and examine the 

progression of parasite sexual development. Since PfCK1 is expressed in the gametocyte 

stages examined in this chapter, we could presume the same is true for early gametocyte 

stages also. If true, the most logical stage of parasite development to induce PfCK1 knock-

down would be either stage I or stage II gametocytes as this would enable gametocyte 

maturation to be tracked. If successful, this method could be applied to other essential PKs, 

thus expanding the repertoire of possible transmission blocking drug targets in P. falciparum. 
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Chapter 4 

Nuclear PfCK1 pool 
 

4.1. Introduction 

The best understood pathway for the import of proteins into the nucleus involves the recognition of 

a signal sequence by the karyopherin import complex. Independent studies have examined the 

interaction between karyopherin-a and peptides containing a classical nuclear localisation signal 

sequence (cNLS), revealing the minimally required amino acids motif and the biochemical 

environment necessary for signal recognition by the import machinery (Conti and Kuriyan, 2000, 

Fontes et al., 2003). A cNLS consensus is loosely defined as K(K/R)X(K/R) where a lysine is required at 

position P1, followed by a basic residue at positions P2 and P4, separated by any amino acid, X 

(reviewed in (Lange et al., 2007)). A comprehensive set of studies in yeast (Stark et al., 2006, Huh et 

al., 2003, Benson et al., 2005) determined the frequency of cNLS sequences and nuclear localisation 

of proteins and found that 28.6% of the 5850 genes predicted to encode proteins included a 

monopartite (single) cNLS consensus sequence. Furthermore, it was confirmed that 30.9% of 1515 

nuclear-localised proteins contained a monopartite cNLS, whilst a further 25.8% contained a bipartite 

sequence. The remaining 43% may use other mechanisms independent of the karyopherin import 

pathway to enter the nucleus. Indeed, the cNLS frequency suggests that numerous proteins may 

localise the nucleus at some point in other eukaryotes and is the most utilised mechanism of nuclear 

import. 

Casein kinase 1 (CK1) enzymes contribute to the regulation of multiple cellular processes and several 

isoforms have been identified in the eukaryotic nucleus. For example, in mammalian cells, CK1a 

regulates the cellular localisation of the transcription factor NFAT (nuclear factor of activated T cells) 

by phosphorylating its SRR-1 regulatory domain in the nucleus to promote cytoplasmic translocation 
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(Okamura et al., 2004, Okamura et al., 2000). Another isoform able to localise to the nucleus, CK1d, 

produces two very different effects on the circadian rhythm protein PER2. Phosphorylation of S659 

within the FASP domain promotes PER2 stabilisation and transcriptional repression of PER2-regulated 

genes, while phosphorylation at S478 in the b-TrCP site results in PER2 destabilisation and de-

repression (Eng et al., 2017). The long-chain splice variant of CK1a (CK1a-L) contains a KRKR motif 

within a 28-amino acid insertion which has been demonstrated to be a functional cNLS (Fu et al., 

2001).  Also, in yeast, CK1 homolog Hrr25 forms a nuclear complex with the transcription factor Swi6 

to regulate G1-phase specific transcription of cyclins and S-phase proteins in response to DNA damage 

(Ho et al., 1997). The interactome of CK1 in isolated human malaria P. falciparum parasites has 

recently been described, and it included several parasite proteins involved in nuclear processes such 

as transcription, splicing and chromatin assembly (Dorin-Semblat et al., 2015). Among the proposed 

interactors were histones H2A, H2A.Z, H3 and H4, core components of the nucleosome that 

constitutes the basic organisational unit of chromatin (Kensche et al., 2016), and the catalytic subunit 

of P. falciparum casein kinase 2 (PfCK2a) suggesting a role for PfCK1 in in the parasite nucleus. To 

date, however, the involvement of PfCK1 in nuclear-related processes has not been directly 

investigated. This chapter focuses on (i) confirming that PfCK1 is indeed a nuclear kinase by combining 

bioinformatic, chemical and molecular methods to establish cellular localisation and investigate 

protein import mechanisms, and (ii), attempting to identify the function(s) of PfCK1 in the parasite 

nucleus by proteomic as well as chromatin immunoprecipitation and sequencing (ChIP-seq)-based 

methods. 
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4.2. Results 

4.2.1. PfCK1 is a predicted nuclear kinase 

We first wanted to determine if PfCK1 is predicted to localise to the nucleus. To do this, two 

bioinformatic web-servers: Euk-mPLoc and Hum-mPLoc (available from www.csbio.sjtu.edu.cn) were 

used (Chou and Shen, 2008) and seven human proteins with known cellular distributions were 

included as controls to validation the software. Table 4.1 shows the human proteins with known 

localisation were accurately predicted by both Euk-mPLoc and Hum-mPLoc servers. PfCK1 was 

predicted to have a bi-compartmental distribution between the cytoplasm and nucleus, similar to the 

human homolog CK1d. 

 

4.2.2. PfCK1 is detected in the parasite nucleus 

We next validated the predicted bi-compartmental distribution of PfCK1 by fractionating parasites 

into cytoplasmic and nuclear compartments (Figure 4.1A) and analysing the proportion of the kinase 

between the two compartments by immunoblot methods. Parasites expressing PfCK1-GFP, as well as 

negative control wild-type 3D7 parasites, were separated from uRBC using VarioMACs magnetic 

columns (see section 2.1.7.1). Next, parasites were purified away from host RBCs by saponin 

treatment (see section 2.1.7.2) and their nuclei were obtained as per section 2.5.5. Soluble nuclear 

proteins were extracted in a high salt buffer. Each sample was normalised to the protein content 

extractable from 1x108 cells (for both, parasite cytoplasm and nucleus) and analysed by Western blot 

using an anti-GFP antibody (section 2.5.3). The membrane was also probed with antibodies against 

known markers of cellular compartments to test the purity of each fraction, namely: PfGAPDH for the 

parasite cytoplasm and H2A.Z for the nuclear fraction. 

As indicated by a strong signal of approximately 15kDa corresponding to the parasite histone variant 

PfH2A.Z, nuclei were successfully purified from both PfCK1-GFP and wild-type cells (Figure 4.1A). The 

absence of PfGAPDH signal from nuclear preparations indicates the lack of detectable contamination 

with parasite cytoplasm. Blots probed with anti-GFP to detect the presence of PfCK1 show a strong 
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signal at 62kDa in both the cytoplasmic and nuclear fractions, consistent with the predicted 

localisation shown in table 4.1 and confirming the presence of PfCK1 in the parasite nucleus. 

Densitometry was performed on the PfCK1 band from cytoplasmic and nuclear fractions to determine 

PfCK1 distribution. Percentages were calculated by dividing the intensity of PfCK1 in each fraction by 

the sum of PfCK1 intensities in all fractions. Proportions were calculated from triplicate Western blots 

prepared from independent samples. Figure 4.1C shows that approximately equal amounts of PfCK1 

are distributed between the cytoplasm (48±5%) and nucleus (52±5%), indicating a truly bi-

compartmental distribution of this parasite kinase.
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Protein name Organism Subcellular 
localisation 

Predicted localisation References Euk-mPLoc Hum-mPLoc 

Spectrin, a-chain H. sapiens 
Cytoplasm (cytoskeleton), 

cytoplasm (cell cortex) Cytoskeleton Cytoskeleton Patel-Hett, Wang et al. 2011, Machnicka, Grochowalska 
et al. 2012, Fletcher, Elbediwy et al. 2015 

Carbonic anhydrase 1 H. sapiens Cytoplasm Cytoplasm Cytoplasm Temperini, Innocenti et al. 2007, Beyza Öztürk Sarıkaya, 
Gülçin et al. 2010 

Creatine kinase, S-type H. sapiens Mitochondrion, inner membrane Cytoplasm, 
mitochondrion 

Cytoplasm, 
extracellular, 

mitochondrion 

Schlattner, Gehring et al. 2004, Chen, Zhao et al. 2011, 
Wallimann, Tokarska-Schlattner et al. 2011 

Succinate dehydrogenase, 
subunit B H. sapiens Mitochondrion, inner membrane Mitochondrion Extracellular, 

mitochondrion 
Gill, Benn et al. 2010, Alston, Davison et al. 2012, Gill 
2012 

Histone H4 H. sapiens Nucleus, chromosome Nucleus Nucleus Sharma, So et al. 2010, Tardat, Brustel et al. 2010, 
Allahverdi, Yang et al. 2011 

Aurora kinase B H. sapiens 
Nucleus, chromosome, centromere, 

cytoskeleton spindle, midbody 
Centrosome, 

nucleus 
Centrosome, 

nucleus 
Cho, Shimazu et al. 2012, Diaz, Golbourn et al. 
2012, Sgourdou, Mishra-Gorur et al. 2017 

Casein kinase 1δ H. sapiens 
Cytoplasm, nucleus, centrosome, 

Perinuclear region, cell membrane, 
spindle, golgi apparatus 

Cytoplasm, 
nucleus 

Cytoplasm, 
nucleus 

Milne, Looby et al. 2001, Cruciat 2014, Zemp, 
Wandrey et al. 2014, Greer, Gao et al. 2017 

Casein kinase 1 P. falciparum Cytoplasm, nucleus 
Cytoplasm, 

nucleus 
Cytoplasm, 

nucleus 
- 

Table 4.1. Prediction of protein nuclear localisation using the Cell-PLoc web servers. 

Web servers are available at www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc 
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Figure 4.1. Western blot analysis of PfCK1-GFP subcellular distribution. (A) Schematic representation of the 

subcellular fractionation process. Red circle: RBC; purple oval: parasite; dotted red circle: saponin permeabilised RBC; 

dotted purple oval: lysed parasite; blue circle: nucleus. (B) Subcellular fractions prepared from magnet purified late 

stage parasites expressing PfCK1-GFP from the endogenous locus, and from wild-type parasites used as a negative 

control. Samples were probed with anti-GFP antibody (1:1000) to detect PfCK1 in each fraction. Samples were probed 

with anti-PfGAPDH (1:10,000) and anti-PfH2A.Z (1:4000) antibodies as markers for the parasite cytoplasm and parasite 

nucleus, respectively. (C) Percent distribution of PfCK1 in each subcellular fraction. Percentages were calculated on 

the assumption that the sum of the cytoplasm and nuclear fractions equalled the total amount of PfCK1 present in 

purified parasites. Error bars represent the mean ± standard error of the mean (SEM) of triplicate experiments. 
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4.2.3. PfCK1 contains classical nuclear localisation signal (cNLS) sequences 

The identification of equally distributed PfCK1 in the nucleus and cytoplasm suggests that PfCK1 

possesses an NLS. A major mechanism of nuclear import is the recognition of cargo proteins by the 

karyopherin importin complex, mediated through interactions with an NLS sequence. We sought to 

identify if indeed PfCK1 contains such an amino acid sequence. 

PfCK1 was aligned against two human CK1 isoforms, CK1d and the long variant CK1a, considering their 

known presence and function in the nucleus of mammalian cells. The human CK1a isoform contains 

a known functional cNLS sequence in a 28 amino acid insertion (blue box, figure 4.2) (Fu et al., 2001) 

which is absent from both CK1d and PfCK1. Closer inspection of the amino acid sequence of PfCK1 

reveals that two clusters of basic residues that could constitute cNLS sequences are present in 

separate domains of the kinase (figure 4.2) – KKYR (green box) and KKDK (orange box). The absence 

of any additional upstream clusters of basic amino acids, characteristic of bi-partite NLS sequences 

(Lange et al., 2007), indicate that KKYR and KKDK would be monopartite cNLS’s. Similar clusters of 

amino acids are present in both human CK1 proteins. Next, we examined the position   of the 

candidate cNLS sequences within the 3D structure of the enzyme, using a modified version of a three-

dimensional homology model of PfCK1 we had previously generated (see chapter 5 for full structure). 

Both cNLS sequences are solvent exposed in the model (Figure 4.3), consistent with their being 

accessible for a possible recognition by the karyopherin complex. 
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Figure 4.2. Analysis of nuclear localisation sequences in CK1 homologues. Multiple sequence analysis was 

performed in MUSCLE using sequences of human isoforms CK1a, CK1d and P. falciparum CK1. The blue box 

highlights a confirmed NLS sequence in CK1a between residues 160-163 of the long variant and the green box 

represents putative NLS sequences present in all three kinases between residues 154-157 and 224-227. 
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Figure 4.3. PfCK1 structure depicting candidate cNLS sequences. A three-dimensional predicted structure of 

PfCK1 (green) superimposed to an X-ray structure of the human CK1d (red) isoform depicting the candidate cNLS 

sequences (yellow). The structure has been modified to show a faded (left) and top-down (right) view to 
emphasise the solvent-facing orientation of amino acids which constitute the candidate PfCK1 cNLS sequences 
KKDK and KKYR (see chapter 5 for full PfCK1 structure, analysis and discussion). 
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4.2.4. PfCK1 nuclear import is sensitive to treatment with Ivermectin (IVM) 

Since the nuclear import of proteins with an NLS sequence is controlled by interactions with 

karyopherins, inhibiting the formation of this complex with small molecule should reduce nuclear 

protein import. Ivermectin (IVN) has been described to be able to inhibit the karyopherin complex 

(Panchal et al., 2014)), although the more widely accepted biological effects of avermectins in general 

is to block GABA and glutamate-gated neural ion channels (Zufall et al., 1989, Duce and Scott, 1985).  

Mixed late stage parasites expressing PfCK1-GFP from the cognate chromosomal locus, and wild-type 

parasites as control, were magnet purified and incubated with either 50µM IVM () or the DMSO 

vehicle for 2hrs, prior to fractionation into subcellular compartments as per 4.2.2. Prior to 

fractionation, Giemsa stains were prepared from thin blood smears of cultures 2hrs after treatment, 

and 2µl of parasites were fixed for subsequent immunofluorescence imaging.  

Giemsa staining showed that parasites treated with DMSO progressed normally through the lifecycle 

during the incubation period, whilst parasites treated with 50uM IVM had faint and discontinuous 

staining of nuclear material, suggesting that IVM treatment is affecting nuclear structure (Figure 4.4A).  

Western blots probed with anti-GFP antibody showed bi-compartmental distribution of PfCK1-GFP 

(Figure 4.4B), consistent with our previous fractionation experiment. However, we observed a 

significant disappearance of cytoplasmic PfCK1 in some of our experiments and suspected that partial 

parasite lysis might be occurring. We tested that possibility by retaining and analysing the cytoplasmic 

content of RBCs following saponin permeabilisation and found that, indeed, the RBC cytoplasm 

fraction in DMSO-treated samples contained a novel protein band corresponding to PfCK1-GFP. We 

therefore assumed that the sum of PfCK1 from the RBC and parasite cytoplasmic fractions was 

equivalent to the total cytoplasmic population of PfCK1, equating to approximately 43% of total PfCK1 

as determined by densitometry (Figure 4.4C), whilst nuclear PfCK1 was more abundant at around 57% 

of total PfCK1.  In contrast, parasites treated with 50µM IVM showed a reversal of PfCK1 distribution, 

with the larger pool observed in the cytoplasmic factions (approximately 57%) and a concomitant 

decrease of nuclear PfCK1 to around 43% of the total. These results seem to show the expected effect 
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of a nuclear transport inhibitor, although we did not test if the differences were statistically significant. 

No signal was detected for wild-type parasites as expected. 

Results obtained by IFA in PfCK1-GFP expressing parasites labelled with an anti-GFP antibody agreed 

with the cell fractionation results. Cells incubated with DMSO displayed a bi-compartmental 

localisation between the cytoplasm and nucleus, but the PfCK1-GFP signal appears more restricted to 

the cytoplasm in cells incubated with 50µM IVM (Figure 4.5).  As expected, no signal was observed in 

wild-type parasites stained with anti-GFP antibody. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 142 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4. Chemical inhibition of PfCK1 nuclear import. (A) Giemsa stained blood smears of PfCK1-GFP 

expressing (top) or wild-type (bottom) parasites 2hrs post treatment with 50µM IVM or vehicle control. (B) Western 

blot analysis of PfCK1-GFP subcellular distribution after treatment with 50µM IVM or vehicle control. Blots were 

probed with anti-GFP antibody and wild-type parasites were used as a negative GFP control. (C) Quantification of 

PfCK1-GFP subcellular distribution by densitometry after treatment with 50µM IVM or vector only. Histogram 

represents n=1 replicate. 
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Figure 4.5. Effect of Ivermectin treatment on the localisation of PfCK1-GFP. Magnet-purified late stage 
parasites were recovered at 37°C for 1hr prior to incubation with drug for 2hr. Upper panel in each block 
are cells expressing PfCK1-GFP from the cognate locus and bottom panel in each are wild-type control 
cells. (a) DMSO treated control parasites after 2hr incubation and (b) parasites following a 2hr 
incubation with 50µM Ivermectin (IVM). 
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4.2.5. PfCK1 immunoprecipitates chromatin-related proteins from parasite nuclei 

To gain insight into the possible nuclear-associated functions of PfCK1, and in view of published data 

suggesting interaction pPfCK1 with chromatin components (Dorin-Semblat), we performed a pilot 

interactomics study to analyse the protein content of immunoprecipitates obtained from nuclei of 

transgenic parasites expressing PfCK1-GFP from the cognate chromosomal locus. Wild-type 3D7 

parasites were used as a negative control. Proteins were precipitated from the nuclei of approximately 

2x108 magnet-purified late stage parasites using GFP Trap® agarose beads (see section 2.5.5.3), eluted 

from the beads and run for 5mins into a 4-12% SDS polyacrylamide gel and stained as per section 

2.5.1.  Sections of the gel containing protein were excised, subject to in-gel tryptic digest and the 

digested peptides were analysed by mass spectrometry. The data from three IP experiments were 

analysed by MaxQuant and the results displayed as a volcano plot (Figure 4.6). 

PfCK1 was identified in the immunoprecipitates as expected, although it was not tagged as a high 

probability interactor based on the FDR threshold (black hyperbolic curve, Figure 4.6B). The 

distribution of experimental replicates indicates some overlap between the PfCK1-GFP and wild-type 

datasets, as shown by Principal Component Analysis of our samples (Figure 4.6A). Although no 

proteins met the stringent threshold limits for significance of the volcano plot, several nuclear proteins 

identified in the pilot experiment are listed in table 4.2. Included in this list are the core histone 

proteins H2A, H2B and H3, as well as the catalytic subunit of casein kinase 2 PfCK2a, which is known 

to be involved in chromatin assembly in P. falciparum (Dastidar et al., 2012). Although this work 

requires further experimental verification, this pilot data set suggests a role for PfCK1 in chromatin 

dynamics. 
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Figure 4.6. Label free quantitative analysis of PfCK1 interacting protein from purified nuclei. (B) Volcano 
plot representing the logarithmic fold change between PfCK1-GFP and wild type samples plotted against the 
negative logarithmic p values obtained from triplicate experiments (FDR threshold = 1%). Interacting proteins are 
separated from background by a parabolic curve. Blue squares represent interesting parasite proteins obtained 
from analysis of total protein content in this pilot precipitation experiment. 
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Protein description 
-Log 

(p-value) 

Fold difference 

(GFP vs. WT) 

UniProt 

ID 

Rhoptry-associated protein 1 2.16 4.2 Q8ILZ1 

Casein kinase I 1.56 9.1 Q8IHZ9 

Thioredoxin-related protein (putative) 1.34 5.9 Q8IDH5 

Rhoptry-associated protein 2 1.34 3.7 Q8I484 

Casein kinase II, subunit alpha 1.21 4.9 Q8IIR9 

Eukaryotic translation initiation factor 3 subunit M 1.12 3.03 Q8I1Q5 

High molecular weight rhoptry protein 2 1.06 3.7 C0H571 

DNA primase small subunit 0.94 5.2 Q7KQM1 

Proliferating cell nuclear antigen 0.91 6.3 P61074 

Uncharacterised protein (nucleus) 0.91 4.1 Q8IIC0 

Fibrillarin (putative) 0.78 3.9 Q8IM23 

Glideosome-associated protein 50 0.7 3.1 Q8I2X3 

Histone H2A 0.66 4.8 C6KT18 

Histone H3 0.49 3.7 C6KSV0 

Histone H2B 0.47 3.03 Q8IIV1 

Eukaryotic translation initiation factor 3 subunit D 0.45 3.2 Q8IJW4 

Table 4.2. P. falciparum proteins co-purifying with PfCK1 in nuclear protein extracts. 
 

Proteins with ≥3-fold difference between GFP-trap pull-down samples obtained from PfCK1-
GFP-expressing and wild-type parasites. Proteins are ranked in order from highest to lowest by 
-log (p-value) 
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4.2.6. PfCK1 interacts with DNA-containing structures 

Identification of chromatin-associated proteins in PfCK1-GFP immunoprecipitates from purified nuclei 

led to experiments aiming to investigate a possible role of PfCK1 in chromatin organisation. We 

performed Chromatin Immunoprecipitation and Sequencing (ChIP-seq) experiments, in which nuclear 

content was sheared by sonication to fragment chromatin into individual nucleosomes, which were 

subsequently purified by immunoprecipitation to recover and sequence the associated DNA (Figure 

4.7A). 

This process first required optimisation of shearing time to yield adequate quantities of nucleosomes 

containing DNA fragments in a size range of 300-800bps for library construction, while maintaining 

epitope structure and protein-protein interactions for immunoprecipitation. Nuclei were purified 

from late stage wild-type 3D7 parasites (see section 2.5.5.4) and pulsed with ultrasound waves at 5sec 

intervals with a 15sec rest in between pulses on ice for a total of 6, 7 and 8mins. DNA was recovered 

from nucleosomes (omitting the immunoprecipitation steps) as per section 2.5.6.4 and analysed by 

gel electrophoresis (Figure 4.7B). All three sonication conditions yielded DNA fragments in the size 

range of approximately 250-600bp. Therefore, we selected the shortest time (6mins) for subsequent 

ChIP-seq experiments, in order to preserve the epitope structure and protein-protein interactions for 

immunoprecipitation. Next, we obtained nucleosomes from parasites expressing PfCK1 tagged with 

GFP at the C-terminus using the sonication conditions optimised above. As a negative control, 

nucleosomes were prepared from wild-type 3D7 parasites. Samples were incubated overnight with 

30ul of GFP Trap® agarose to immunoprecipitate PfCK1-nucleosome complexes, extensively washed 

and DNA recovered as above, resulting in a total of 2.8ng (0.28ng/µl) of DNA recovered from PfCK1-

GFP samples for library construction and sequencing. No DNA was detected in wild-type samples using 

the same quantification methods (section 2.5.6.4). Samples were ligated with universal adapters and 

amplified by PCR to yield final concentrations of ~5.6ng/µl for PfCK1-GFP samples and ~1.7ng/µl for 

wild type samples respectively. Analysis of DNA fragment sizes at Micromon using a Fragment 
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AnalyzerTM (Figure 4.8) shows a distribution similar to estimates made in Figure 4.7, with average sizes 

of 424bp (PfCK1-GFP) and 397bp (wild-type). 

 

Following construction of our DNA libraries and sequencing, we visually inspected our data 

and found that the recovered sequences mapped to various broad regions of the genome 

(Figure 4.9A). Closer inspection of individual chromosomes showed an enrichment of 

sequences present at sub-telomeric regions, more noticeable in chromosome 2 (Figure 4.9B 

and C). DNA read numbers appeared to peak within coding sequences, rather than at the 

intergenic regions expected for effectors of transcriptional activation or repression. 

DNA recovered from wild-type precipitates revealed a genomic distribution surprisingly 

similar to those in the PfCK1-GFP samples. To double check if our control sample really came 

from an untagged 3D7 culture, the GFP gene sequence was mapped in the sequencing reads 

obtained from PfCK1-GFP and wild-type immunoprecipitates. A total of 3000 reads were 

detected in the PfCK1-GFP sample, whilst only 16 were obtained from wild-type samples (data 

not shown) indicating a low level of GFP contamination. 

Although it is difficult to reach conclusions from one ChIP-seq experiment, the study does 

demonstrate that fixation and shearing conditions have been adequately optimised, and the 

preliminary results agree with the proteomic data in pointing to a PfCK1 function in 

chromatin-related cellular processes. 

 

 

 

 

 



 150 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. 

B. 

200 

400 

600 

800 
1000 

bp Hyperladder 1kb 

5sec pulse + 15sec rest (6
min) 

5sec pulse + 15sec rest (7
min) 

5sec pulse + 15sec rest (8
min) 



 151 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7. Optimised DNA shearing conditions for ChIP-seq. (A) Diagram representing the chromatin 
immunoprecipitation and sequencing (ChIP-seq) process for pull-down samples of PfCK1-GFP (red and green 
respectively) bound to chromatin (blue). (B) Optimised DNA shearing conditions established for nuclei of 
magnet-purified wild type 3D7 parasites and analysed by electrophoresis on a 2% agarose gel. Shearing 
conditions selected for subsequent experiments are highlighted by the yellow box. 
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Figure 4.8. Bioanalyzer chase of DNA fragments obtained from PfCK1 chromatin immunoprecipitation. (A) 

Schematic showing DNA band size (bp) distribution and quantity (relative fluorescent units) for PfCK1-GFP (top) 

and wild-type (bottom) samples. Peaks at 346 and 347 represent an artefact. LM: lower marker, UM: upper marker. 

(B) Lane profile of DNA obtained from PfCK1-GFP (left) and wild-type (right) ChIP experiments and analysed by 

capillary gel electrophoresis in a Fragment AnalyzerTM. To the left of each lane is a DNA ladder to indicate fragment 

size (bp). Table insert summarises the DNA fragment profile for each sample. 
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Chr5 Chr10 Chr7 Chr3 Chr13 Chr11 Chr14 Chr9 Chr1 Chr12 Chr8 Chr6 Chr4 Chr2 
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Gene 

A. 

PfCK1-GFP 
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Chromosome 2 (Pf3D7_02_v3) 

Figure 4.9. DNA sequencing and chromosomal mapping of PfCK1-chromatin immunoprecipitates. (A) Genome wide distribution of DNA fragments 

obtained from formaldehyde fixed nucleosomes co-immunoprecipitated with PfCK1-GFP (green) and wild-type 3D7 (red) parasites using GFP Trap agarose 

beads. DNA sequencing reads are mapped to all 14 chromosomes of the P. falciparum genome (version 9.0 used) and the distribution of genes is shown in blue. 

(B) Close-up view of a sub-telomeric region of chromosome 2 with each individual peak representing a single nucleosome. Coding regions are shown in blue 

beneath each mapped nucleosome. 
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4.3. Discussion 

4.3.1.  A PfCK1 population is located in the parasite nucleus 
 
In this chapter we investigated PfCK1 as a possible nuclear localised PK and show that indeed PfCK1 

exists as a population in both the parasite cytoplasm and nucleus (Figure 4.1), indicating PfCK1 has a 

bi-compartmental distribution. The main nuclear import mechanism for proteins involves interactions 

of the nuclear import receptors importin-a and -b with a nuclear localisation signal sequence (NLS) in 

the cargo protein (Depping et al., 2008, Chaston et al., 2017, Conti and Kuriyan, 2000). We have 

identified two clusters of basic amino acids which may function as NLS sequences in PfCK1 (Figure 

4.2). Moreover, these cNLS sequences appear to be solvent exposed, as required for adequate 

sequence recognition by the karyopherin complex. 

These motifs are also present in the two human CK1 isoforms we used in our sequence alignments 

(CK1a and CK1b). Interestingly, these CK1 isoforms exhibit two seemingly different nuclear import 

mechanisms. CK1d does not require an NLS sequence for nuclear import, but rather kinase activity 

within the N-terminal domain is required (Milne et al., 2001). This phosphorylation-dependent 

mechanism of nuclear localisation is also used by yeast hexokinase Hxk2 (Fernandez-Garcia et al., 

2012) and STAT3 dimers (Vogt et al., 2011). 

In contrast, the long-variant of CK1a contains a KRKR cluster in a 28-amino acid insert which has been 

demonstrated through mutagenesis studies to act as a functional NLS sequence (Fu et al., 2001). CK1a 

isoforms lacking this 28-amino acid insertion are predominantly, but not fully, cytoplasmic, suggesting 

that residual nuclear localisation may be mediated by other NLS sequences, perhaps aided by 

phosphorylation, which is known to play a role in the recognition of NLS sequences in transport 

substrates by importins (Patrick et al., 2018, Yan et al., 2007, Grindheim et al., 2014). 

It still remains unknown whether PfCK1 nuclear import requires a functional cNLS, kinase activity or 

both. We are approaching this question by mutating the putative NLS sequences in the PfCK1 gene. 

Several criteria are used to determine whether a candidate NLS sequence is a true signal sequence. 
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Firstly, disruption of nuclear localisation by mutagenesis is initially attempted, typically by mutating 

the first two basic residues to establish whether nuclear import is impaired (reviewed in (Lange et al., 

2007)). For this purpose, we have generated three gene fragments (IDT gBlocks® gene fragments) 

containing a codon optimised nucleotide sequence of PfCK1 (based on codon usage in P. falciparum 

(Yadav and Swati, 2012)) and cloned them into the expression vector pGlux; one containing a KKDK 

mutant, another containing a KKYR mutant and a third containing mutations in both NLS’s, in case the 

two sequences are functionally redundant. In each case, the first two Lys residues have been mutated 

to Ala. Parasites will be transfected next with each construct, to allow expression of GFP tagged PfCK1 

NLS mutants in a wild-type background that enables IFA and Western blot analysis of subcellular 

distribution. 

 

In addition to affecting nuclear import by mutating NLS sequences, chemical methods are also used 

to investigate nuclear protein transport. Although there are several nuclear export inhibitors (Soung 

et al., 2017, Jang et al., 2003), very few import inhibitors are available (Hintersteiner et al., 2010). A 

relatively recent study by Panchal et al investigated the use of Ivermectin (a drug used to treat scabies 

and some helminth infections (Palmeirim et al., 2018, Romani et al., 2015)) to study the nuclear import 

of proteins in P. falciparum (Panchal et al., 2014). It was suspected that IVM inhibited the formation 

of the karyopherin-cargo complex, thus disrupting protein localisation. We attempted similar 

experiments in P. falciparum to approach the nuclear import of PfCK1 by Western blot (Figure 4.4) 

and IFA (Figure 4.5), using experimental conditions similar to those reported in the study above. Our 

data suggest that nuclear import of PfCK1 is affected by IVM, however additional experimental repeats 

are necessary to establish statistical significance. Moreover, under the treatment conditions used in 

our study several small, condensed trophozoites were observed by IFA analysis (supplementary figure 

4.1). Similarly, Panchal et al observed small, dense parasites which were described as arrested 

trophozoites. However, this morphology also resembles a death phenotype, which suggests that the 

drug used at these concentrations may be killing parasites during treatment. Therefore, it is difficult 
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to conclude at this stage whether the disruption of PfCK1 nuclear shuttling is a result of inhibiting the 

import pathway or more trivially due to parasite death.  Nevertheless, we consider it is warranted to 

try optimising IVM treatment as a tool for exploring the nuclear import and function of PKs in P. 

falciparum. 

 

4.3.2.  PfCK1 may participate in chromatin dynamics  

“Omics”-based approaches provide a vast quantity of information regarding possible functions of a 

protein of interest. In our pilot PfCK1-GFP immunoprecipitation experiment we identified several 

nuclear proteins by mass spectrometry that are candidates to interact functionally with PfCK1. In other 

eukaryotes, CK1 enzymes contribute to various biochemical processes within the nucleus. In the 

model organisms S. cerevisiae and D. melanogaster for example, CK1 functions in the cellular response 

to DNA damage. In D. melanogaster, CK1 undergoes significant transport into the nucleus of embryos 

following stimulation with g-radiation (Santos et al., 1996), suggesting that DmCK1 may play a role in 

repairing DNA during embryogenesis. In yeast, the CK1 homolog Hrr25 interacts with and 

phosphorylates the transcription factor Swi6, required in complexes with other proteins to enable the 

specific transcription of G1 cyclins and S-phase genes (Ho et al., 1997). In these cases, CK1 functions 

by phosphorylating nuclear effector proteins which in turn regulate DNA replication and transcription. 

Chromatin structure is also regulated by this kinase family. In mice, CK1d/e isoforms phosphorylate 

Ser146 in the N-terminal domain of the DNA methyltransferase-1 (Dnmt1) (Sugiyama et al., 2010), 

reducing its affinity for DNA compared to its unphosphorylated state (Sugiyama et al., 2010). 

Furthermore, phosphorylation is more prominent when Dnmt1 is bound to DNA. Methylated DNA 

correlates with gene silencing (reviewed in (Jones, 2012)) and crosstalk with histone methylation has 

also been observed, in that histone methylation can result in the recruitment of DNA 

methyltransferases, which subsequently modify DNA near the phosphorylated histones (Dhayalan et 

al., 2010, Zhao et al., 2009). Therefore, CK1 enzymes can act as transcriptional regulators and 

chromatin re-modellers, by interacting with and modifying effector molecules bound to DNA. 
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Although our pilot experiment requires confirmation, histones H2A, H2B and H3 and the catalytic a-

subunit of PfCK2 were recovered in precipitates with PfCK1 and they are possible functional 

interactors (table 4.2), implicating PfCK1 in the chromatin assembly pathway, as already suggested by 

data in a global PfCK1 interactome study (Dorin-Semblat et al., 2015). Histones form the core 

component of nucleosomes, the basic unit of chromatin (Chen et al., 2016), and multiple histone 

modifications influence the transcriptional state of the cell (Casadio et al., 2013, Hyland et al., 2005, 

Xu et al., 2005a). For example, histone H2A is phosphorylated at Tyr57 by the Ser/Thr kinase CK2 

(Basnet et al., 2014). It was shown that mutation of H2ATyr57 and consequent inhibition of CK2 action 

impairs transcriptional elongation. It also causes a loss of ubiquitination and H3K4me3 and H3K79me3 

histone marks associated with transcriptional activation, indicating that CK2 functions in gene 

transcription. Histone H4 is also phosphorylated by CK2 as a response mechanism to DNA damage in 

S. cerevisiae (Cheung et al., 2005). These pathways are consistent with the observed biochemical 

activity of PfCK2 in P. falciparum as a Tyr kinase (Ruiz-Carrillo et al., 2018) able to phosphorylate 

several proteins involved in chromatin dynamics (Dastidar et al., 2012), suggesting a similar role for 

PfCK2 in P. falciparum. Since the catalytic PfCK2a subunit was identified as an interacting protein in 

our dataset and it is known to be a phosphosubstrate of PfCK1 (Dorin-Semblat et al., 2015), a logical 

conclusion would be that PfCK1 is involved in chromatin assembly, possibly by regulating the activity 

of chromatin-interacting proteins. Future experiments will include kinase assays to determine 

whether histone proteins themselves are in vitro substrates of PfCK1, as this would support a role for 

the kinase in chromatin and/or transcriptional-related functions. 

 

We performed indirect ChIP-seq experiments by immunoprecipitating PfCK1-GFP from the nuclei of 

formaldehyde fixed cells (Figure 4.7), in an attempt to observe possible PfCK1-DNA interactions and 

to establish functions for PfCK1 in chromatin dynamics. Although it was difficult to interpret results 

from wild-type control precipitates that displayed a distribution of DNA fragments similar to our 

PfCK1-GFP samples, we did observe that DNA fragments obtained from immunoprecipitated 
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nucleosomes are distributed across the whole genome (Figure 4.9A). An enrichment of 

immunoprecipitated nucleosomes was observed at the telomeric regions of each chromosome, with 

stronger peaks identified in Chromosome 2 from PfCK1-GFP samples (Figure 4.9B); these regions 

encode genes of the var family such as PfEMP1 and other virulence factors such as Rifins and Stevor. 

Since P. falciparum expresses only one of 60 var genes at a time to maintain a continuous infection 

(Jiang et al., 2013), PfCK1 could be involved in this process. H3K36me3 methylation by histone 

methyltransferase PfSET2 is found at var genes (Ukaegbu et al., 2014, Jiang et al., 2013), and 

interactions between PfSET2 and RNA polymerase II are regulated by phosphorylation of the 

polymerase C-terminal domain (CTD) (Ukaegbu et al., 2014, Fuchs et al., 2012) and reviewed in (Saldi 

et al., 2016)). Thus, it is tempting to assign a function to PfCK1 in this process. The identification of 

individual nucleosomes associated with gene coding regions (Figure 4.9B) provides some support to 

this hypothesis. This would be distinct from reported functions of CK1 in regulating transcription 

factors, which generally do not involve interactions with protein-coding sequences in DNA (Walton et 

al., 2009, Eng et al., 2017, Okamura et al., 2004). 

Phosphorylation of the RNA polymerase II CTD has been shown to regulate different transcriptional 

processes, such as 3’ mRNA capping and splicing (Davidson et al., 2014, Martinez-Rucobo et al., 2015), 

as well as transcriptional pausing when hyperphosphorylated at Ser5 (Nojima et al., 2015). As 

transcription elongation resumes, Ser5 phosphorylation is gradually removed and Ser2 

phosphorylation increases (Nojima et al., 2015), indicating that this phosphosite acts as a 

transcriptional activation signal. The RNA polymerase II CTD is conserved in P. falciparum, with high 

homology to higher eukaryotes ((Kishore et al., 2009) and reviewed in (Ukaegbu and Deitsch, 2015)), 

but some marked differences in CTD phosphorylation and the recruitment of associated 

transcriptional machinery has been observed between P. falciparum and mammalian cells (Kizer et 

al., 2005, Ukaegbu et al., 2014). This suggests the existence of mechanisms for transcriptional 

processing unique to the parasite, opening up possibilities for a role of PfCK1 I them (Dorin-Semblat 

et al., 2015). Ongoing work is optimising the ChIP-seq protocol to improve its performance in our 
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system and confirm the possible involvement of PfCK1 in functions regarding transcriptional 

processing and chromatin maintenance in P. falciparum. 

 

To conclude, we have shown that PfCK1 is a kinase with a newly established nuclear localisation in P. 

falciparum. Initial experiments hint to an import mechanism that is sensitive to the effects of the 

proposed nuclear import inhibitor, IVM, though further work is required to verify the observed effects 

are due to inhibition of PfCK1 import, and not an effect on nuclear structure. Further, we have 

identified a list of candidate interacting proteins that co-precipitate with PfCK1 in protein extracts 

obtained from purified nuclei. Their confirmation would strongly suggest a role for this kinase in 

regulating chromatin structure. Combined with data from ChIP-seq experiments, we are building a 

strong case for parasite kinases as regulators of essential processes in the nucleus, their role in 

orchestrating virulence in P. falciparum and their importance as targets for pharmacological 

intervention. 
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Chapter 5 

Investigating the contribution of PfCK1 to the 
mechanism of action of Purvalanol B 

 

5.1. Introduction 

 
The arsenal of effective antimalarials currently being used to treat malaria is decreasing due 

to drug resistance, thus new antimalarials are greatly needed. The P. falciparum genome 

encodes 86 protein kinases (PKs), of which 65 belong to the protein kinase families defined in 

higher eukaryotes. Approximately 42% of the 86 PKs are considered likely essential for 

asexual development (Solyakov et al., 2011) which makes them sensible targets for new 

antimalarials. Parasite PKs are not currently targeted by any known antimicrobial compounds; 

therefore, it is unlikely that any pre-existing drug resistance mechanisms associated with the 

inhibition of PKs will be present. Furthermore, PKs are being successfully exploited as drug 

targets for human diseases such as cancer and inflammatory disorders (Tigno-Aranjuez et al., 

2014, Mavrou et al., 2014), with 37 kinase inhibitors currently approved by the FDA (Santos 

et al., 2016). 

Purvalanol B, a 2,6,9-trisubstituted purine compound, is a potent inhibitor of human cyclin-

dependent kinases (CDKs). Initially explored as a compound for use in treating cancer, this 

compound inhibits CDKs at nanomolar concentrations in cell-free assays (Yenugonda et al., 

2011) but fails to inhibit cell growth, with a reported IC50 of >100µM. This is likely due to the 

carboxyl group at the 6-anilino substitution, which when ionised would make Purvalanol B 

more cell impermeable and thus prevent it from reaching efficacious intracellular 
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concentrations (Villerbu et al., 2002). Protein crystallography studies have shown that the 6-

anilino carboxyl group is not involved in interactions between Purvalanol B and the ATP 

binding pocket of a target kinase (Holton et al., 2003). This means that the group can be 

chemically modified, for example by adding a fluorophore or a different functional group, 

potentially altering the membrane permeability of the compound. Moreover, crystallographic 

information suggests that modification of the carboxyl group will not disrupt interactions 

between Purvalanol B and a target protein, making this group a useful handle to study the 

effects of the parent compound on cell biology. 

The first use of modifications of the carboxyl group in Purvalanol B is reported in an early 

study by Knockaert et al (2000), who used the 6-anilino carboxyl group to immobilise the 

compound on agarose beads. These beads were then incubated with soluble cell lysates to 

capture the intracellular targets of Purvalanol B in various cell types, including the parasitic 

protozoa P. falciparum, Toxoplasma gondii and Leishmania mexicana (Knockaert et al., 2000). 

Interestingly, the most common target found to bind to Purvalanol B beads in these parasites 

was casein kinase 1 (CK1), not the CDKs observed in mammalian cells. Furthermore, 

Purvalanol-CK1 interactions were demonstrated to be rather specific, since CK1 binding was 

absent in samples incubated with a methylated Purvalanol B analogue which does not bind 

PKs (Knockaert et al., 2000), suggesting that CK1 is a biologically relevant target of this 

compound. It has also been shown that Purvalanol B kills P. falciparum parasites at low 

micromolar concentrations in a growth inhibition assay (Harmse et al., 2001) and directly 

inhibits purified PfCK1 protein (Le Roch, unpublished). The cellular localisation of the essential 

parasite kinase PfCK1 during the asexual blood stages has recently been established (Dorin-

Semblat, 2015) revealing that a significant population of the enzyme is associated with RBC 

membranes during ring and trophozoite stages, suggesting the possibility that the cell-
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impermeable Purvalanol B may inhibit P. falciparum through an extracellular mechanism of 

action, possibly through inhibition of RBC membrane-associated PfCK1. The implications of 

these observations are significant, since an antimalarial agent able to kill parasites without 

the need to enter cells would have greatly reduced toxicity linked to host protein inhibition, 

and it would not be subject to drug resistance mechanisms dependent on efflux pumps. 

In this study, we have used genetic and biochemical methods to explore whether Purvalanol 

B kills parasites through and extracellular mechanism of action, and to determine whether 

PfCK1 is the most sensitive target of Purvalanol B in P. falciparum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 164 

5.2. Results 

5.2.1. P. falciparum parasites are sensitive to Purvalanol B and its analogues 

As a first step to investigating the involvement PfCK1 in the anti-malarial activity of Purvalanol 

B, we wanted to measure the concentration of Purvalanol B and analogues required to inhibit 

parasite growth by 50% (IC50), for use in subsequent experiments. Parasites were incubated 

with 2-fold dilutions of MIPS-0008408 (Purvalanol B), MIPS-0010345 (methyl Purvalanol B) or 

their fluorescent analogues MIPS-0010325 (dansylated Purvalanol B) and MIPS-0010419 

(dansylated methyl Purvalanol B) for 72hrs. Samples were freeze-thawed and DNA content at 

that time was measured with the intercalating dye SYBR Gold, as a proxy for parasite 

numbers. 

 

The two dansylated derivatives were synthesised to allow comparisons of inhibitor 

concentration inside and outside cells by fluorescence microscopy. The set of Purvalanol B 

compounds used in this study displayed a wide range of inhibitory activities against P. 

falciparum (Figure 5.1). Unexpectedly, MIPS-0010345, which does not inhibit PKs in 

biochemical assays (Knockaert et al., 2000), displayed an IC50 value of 12.7uM, comparable to 

the inhibitory levels obtained with the parent compound MIPS-0008408 (IC50 = 18.3uM). 

Dansylation of both Purvalanol B (MIPS-0010419) and methyl Purvalanol B (MIPS-0010325) 

resulted in improved inhibitory potency against parasites (IC50; 2.3uM and 4.4uM 

respectively). IC50 values obtained with the dansyl derivatives evidenced comparable 

inhibitory potency between methylated and non-methylated compounds, consistent with 

observations made with the non-dansylated inhibitors. At face value, this indicated that 

Purvalanol B might be killing P. falciparum parasites through a kinase-independent 

mechanism, whilst dansylation increased antimalarial activity, possibly through an increase in 



 165 

hydrophobicity, since although MIPS-0010419 retains a carboxylate net negative charge at 

physiological pH, ClogP (logarithm of calculated octanol/water partition coefficient) increased 

by at least one unit upon dansylation. It is unclear at present if increased hydrophobicity 

affects target(s) engagement, cell permeability or both. 
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Figure 5.1. Dose-response inhibition curves of Purvalanol B and its analogues. Asynchronous wild-type 

cultures (200ul) were plated in 96 well format at a parasitaemia of 0.25% and haematocrit of 2% and incubated in 

the presence of two-fold serial dilutions of MIPS-0008408, MIPS-0010419, MIPS-0010345 or MIPS-0010325 for a 

72hr period. Each point on the curve represents a single drug dilution and denotes the % inhibition of parasite growth 

relative to a DMSO control, displaying the mean ± SD of triplicate samples. Dose-response curves and IC50 values 

were obtained with Graphpad Prism 7 using non-linear regression. The structure of each inhibitor tested is 

represented above. 
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5.2.2. Purvalanol B is not cell impermeable in parasite-infected cells 

Since Purvalanol B is described to be cell impermeable (Ringer et al., 2010), fluorescence 

microscopy was used to determine if early blood stage parasite cultures incubated with 

dansylated Purvalanol B (MIPS-0010419) displayed fluorescence predominantly outside RBCs, 

as expected. Or even if there was a visible accumulation of inhibitor on a putative target at 

the iRBC membrane.  

Ring stage parasites were incubated with 10x the IC50 concentration of MIPS-0010419 (23uM 

final concentration) for 4hrs and mounted onto a glass slide as a thin blood smear (see 

Chapter 2.6.1). A strong signal was observed within the intracellular parasite and not inside 

RBCs or on the iRBC membrane (Top panel, Figure 5.2), indicating that dansylated Purvalanol 

B enters infected cells. This was unforeseen, since MIPS-0010419 contains a free carboxyl 

group attached to the 6-anilino dansyl substitution (Figure 5.1), ostensibly mimicking the 

impermeable properties of the parental Purvalanol B compound. The absence of detectable 

fluorescence in the surrounding uRBCs indicates that compound accumulation is specific to 

parasitised cells. 

 

Next, we performed a similar cellular imaging of ring stage parasites treated with the 

dansylated analogue of methyl Purvalanol B (MIPS-0010325), to examine whether compound 

accumulation is related to kinase inhibition. Since methylation of Purvalanol B purportedly 

abolishes interactions with its target protein kinases (Knockaert et al., 2000), less compound 

should be observed inside parasites if sensitive members of this enzyme class are involved in 

its accumulation. Cells were incubated with MIPS-0010325 using the experimental conditions 

described above. We detected a fluorescence signal in the parasite of iRBCs (bottom panel, 

Figure 5.2), similar to what was observed with the non-methylated dansyl derivative  
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MIPS-0010419. Collectively, the selective accumulation of both dansylated Purvalanol B 

analogues in iRBCs indicates that compound import is due to a parasite-induced permeability 

mechanism and probably not to interactions with protein kinases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 170 

  

Figure 5.2. Imaging of Purvalanol B cellular localisation. Wild-type 3D7 parasite cultures were incubated with either MIPS-0010419 

(top) or MIPS-0010325 (bottom) at 10x IC50 concentrations for 4hrs. Thin blood smears on glass slides were prepared and cells imaged 

using an Olympus BX51 microscope to visualise compound localisation. 

MIPS-0010419 

MIPS-0010325 

Fluorescence Bright field Overlay 
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5.2.3. Purvalanol B does not select for resistant P. falciparum parasites in vitro 

We performed single-step selection experiment for spontaneous drug resistant parasites, in 

an attempt to identify the most sensitive intracellular target of Purvalanol B in P. falciparum. 

Successfully used previously to identify the intracellular targets of a number of antimalarial 

inhibitors (our group’s unpublished observations and those reviewed in (Nzila and Mwai, 

2010)), this method involves the continuous culturing of parasites in the presence of inhibitor 

at a concentration that inhibits at least 90% of the growth of sensitive parasites. If a resistant 

cell line emerges, the genome of the resistant parasites is then analysed by whole genome 

DNA sequencing to identify any mutations linked to drug resistance. 

We cultured 2x108 wild type 3D7 clonal parasites in the presence of inhibitor at 10x the IC50. 

In parallel, we also selected for resistance in the multidrug resistant line Dd2, as it is suggested 

that some parasite lines exhibiting multidrug resistance can develop resistance to additional 

compounds at a faster rate and be more prone to genetic mutation than common laboratory 

drug-sensitive cell lines (Nzila and Mwai, 2010, Rathod et al., 1997). Using this method, our 

group had successfully obtained resistant mutants to another kinase inhibitor within 

approximate three months of continuous selection pressure (Morahan, personal 

communication). It was for this operatonal reason above that both 3D7 and Dd2 cultures were 

maintained under Purvalanol B pressure for three months. Following our attempts however, 

neither parasite line gave rise to a resistant population. The unsuccessful selection attempt 

of parasites with significant resistance and the absence of potency differences between the 

parent drug and its theoretically inactive derivative, strongly suggest that Purvalanol B has 

multiple targets in P. falciparum. 
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5.2.4. Homology modelling & site-directed mutagenesis of PfCK1 

5.2.4.1. Bioinformatic analysis 

PfCK1 is one of the most overrepresented parasite proteins among binders of immobilised 

Purvalanol B in a published pull-down assay (Knockaert et al., 2000), indicating a possible role 

for this essential kinase in the lethal activity of this compound against P. falciparum. The aim 

of this section’s work was to investigate if and how PfCK1 contributes to the antiplasmodial 

activity of Purvalanol B. To this end, we aimed to replace amino acids in the PfCK1 ATP-binding 

domain with non-synonymous substitutions that could abrogate Purvalanol B binding while 

maintaining sufficient affinity for ATP, thus resulting in an active yet hopefully Purvalanol B-

resistant kinase. This process is hindered, however, by the absence of a solved X-ray structure 

for PfCK1. To overcome this issue, we performed bioinformatic analysis to identify the closest 

homolog of parasite CK1 with a solved 3D structure in the ATP-bound conformation, which 

was then used to generate a three-dimensional homology model for PfCK1. 

The kinase domain of PfCK1 closer resembles those of several human CK1 isoforms more than 

other model eukaryotes (Chapter 1, Figure 1.4) so the protein sequences of PfCK1 and the six 

human orthologues were obtained from PlasmoDB (PF3D7_1136500) and the UniProt 

database, to be analysed by CLUSTAL Omega and Phylogeny (www.phylogeny.fr). All human 

CK1 orthologues aligned to PfCK1 with a high degree of similarity (Figure 5.3A), consistent 

with conservation of this kinase family across eukaryotes. The gamma isoforms vary from 

other CK1 isoforms by a large amino acid insertion in the N-terminus, whereas CK1d and CK1e 

contain a longer C-terminal domain, likely a result of adaption to specific signalling pathways. 

Phylogenetic analysis of the kinase domains (Figure 5.3B) evidenced the similarity of the CK1g 

isoforms which cluster together on the same branch (bootstrap = 1), whereas CK1d and 

CK1e cluster together separately (bootstrap = 0.97). In contrast, CK1a represents a separate 
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group that stems from the common ancestor of CK1d and CK1e. Similarly, PfCK1 is placed in 

its own distinct group and appears to stem from the common ancestor of the CK1d, e and a 

isoforms (a compelling bootstrap value of 1), indicating that PfCK1 is related to these latter 

isoforms. We next performed a BLASTP analysis to identify which of the human orthologues 

would best represent the structure of PfCK1. As expected, several human CK1 sequences 

aligned significantly with PfCK1 (the top five hits are shown in Table 5.1), but the highest score 

was obtained for CK1δ (E score of 2e-160, 69% identity), which was selected for homology 

modelling.  

Fold and Function Assignment (FFAS) analysis was performed for PfCK1 and CK1δ to gain a 

better understanding of secondary structure formation. Figure 5.4 depicts an N-terminal 

catalytic region rich in beta-sheets, whilst the C-terminal domain has abundant alpha-helices 

in both species, consistent with the bi-lobal shape characteristics of PKs. Based on these 

observations and the analysis performed above, we selected CK1δ as a scaffold to build a 

reasonably predictive structure of PfCK1 by homology modelling. 
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Figure 5.3. Phylogenetic analysis of Casein kinase 1. (A) The analysis involved seven amino acid sequences. 

The alignment was generated using the kinase domain of the six Homo sapiens CK1 isoforms and the single P. 

falciparum CK1. Code for amino acids; [*] = identical amino acids, [:] = conserved amino acid substitutions. (B) 

Phylogenetic tree generated from the sequences above. The evolutionary history was inferred using the Neighbour-

joining method. Bootstrap values are inferred from 1000 replicates and represents the evolutionary history of the 

analysed taxa. The denoted percentage is associated with the taxa clustered in the bootstrap test and is shown next 

to each cluster. Analyses was performed using phylogeny.fr. 
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Human CK1 Max score Total score Identity E value Accession 
Casein kinase 1, isoform delta isoform 1 456 456 69% 2e-160 NP_001884.2 

Chain A, Crystal structure of Apo CK1δ 451 451 69% 2e-160 3UYS_A 

Casein kinase 1 isoform epsilon 455 455 69% 6e-160 NP_001885.1 

Casein kinase 1 isoform alpha, isoform 2 426 426 62% 1e-149 NP_001883.4 

Casein kinase 1, alpha 1, isoform CRA_h 426 426 62% 1e-149 EAW61775.1 

Table 5.1. Summary of BLASTP best human hits from searches with P. falciparum CK1 sequence. Proteins are ranked by 

their E value corresponding to the number of hits expected to be observed for each human protein by chance. 
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Figure 5.4. Fold and function assignment (FFAS) of human CK1d aligned with PfCK1. Human (UniProt ID; 
P48730) and PfCK1 (UniProt ID; Q8IHZ9) protein FASTA sequences for were obtained from the UniProt data base 
and aligned using Clustal Omega. Alignment files were imported to EsPript3 to display secondary structure 
information. Red boxes denote identical amino acids between both human and parasite CK1, red lettering signifies 
conserved amino acid families and black lettering represents non-conserved amino acid residues. Secondary 
structure information for human CK1δ is also provided which highlights regions of alpha helical and beta sheet 
formation. 
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5.2.4.2. Homology modelling of PfCK1 

To construct a homology model of PfCK1 we started by locating a suitable 3D structure of 

CK1d. The protein data bank (PDB) contains an X-ray structure of human CK1δ at 2.07Å 

resolution co-crystallised with an ATP competitive ligand pf4800567 (magenta, Figure 5.5) 

(PDB ID: 4HNF). Since the aim of generating a homology model was to select residues that 

would perturb the binding of ATP analogues when mutated, we accepted the synthetic ligand 

in the 4HNF structure as a proxy for the natural one, selecting targets for mutation among 

amino acid residues located within a 1.5 Å distance of ligand atoms. Using the modelling 

software Chimera (University of California, San Francisco), we imported the PfCK1 amino acid 

sequence and performed and internal BLASTP analysis against proteins within the PDB to 

retrieve the 4HNF structure, which was then selected and imported into the programme to 

generate a three-dimensional structure of PfCK1 (Green structure, Figure 5.5). 

 

As expected, the predicted PfCK1 structure displayed a bi-lobal fold which is characteristic of 

the PK superfamily, with an N-terminal lobe consisting mostly of beta-sheets and a single 

prominent alpha-helix (aC), and a C-terminal lobe predominantly alpha-helical. A normalized 

Discrete Optimized Protein Energy (zDOPE) statistical score of -0.58 indicated that our model 

contained a reasonable three-dimensional structure and a GA341 model score of 1.00 

indicated a >95% probability of PfCK1 really having the fold shown in Figure 5.5. Highlighted 

in purple, several structurally conserved catalytic subdomains are indicated in this model, 

including the phosphate binding loop (GXGXXG) and the DFG and HRDXXXXN domains. Key 

amino acid residues Lys38 and Glu52 (cyan) which are involved in ATP orientation were also 

present in the modelled structure. The remaining regions of PfCK1, which are structurally 
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dissimilar to CK1d, are in the C-terminal tail – the domain which largely distinguishes CK1 

family members and which exhibits isoform specific functions. 
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Figure 5.5. Homology modelling of P. falciparum CK1. A) The solved structure of human CK1δ (light 
red), was used as a scaffold to predict a protein structure for PfCK1 (green). Hydrogen bonds are 
depicted as grey and water molecules in blue. The structure of CK1 consists of a beta sheet rich N-
terminal lobe and an alpha helix rich C-terminal lobe which is characteristic of the eukaryotic protein 
kinase superfamily. Annotated are key kinase domains GXGXXG, DFG and HRDxxxN (purple), and 
residues Lys38 and Glu52 (cyan) involved in ATP orientation. Shown in magenta is the inhibitor pf480056 
and the blue spheres located around the inhibitor are water molecules. Model was generated using 
Chimera (University of California, San Fransico). 
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5.2.4.3. Site-directed mutagenesis 

The structure of CK1δ we selected for homology modelling provided structural information 

about the orientation of amino acids surrounding pf480056 (magenta, Figures 5.5 & 5.6) and 

enabled us to select amino acids in the kinase domain of PfCK1 that we predicted may perturb 

the binding of Purvalanol B while retaining sufficient affinity for ATP. This latter point is 

relevant because a total lack of kinase function would not provide any drug resistance to the 

cell. Seven residues were selected (shown in yellow, Figure 5.6) within approximately 1.5Å of 

pf480056 and a total of eleven conservative and non-conservative substitutions were chosen 

to be introduced by mutagenesis, to increase the chances of generating a resistant but 

functional enzyme. 

 

A 969 bp DNA fragment corresponding to the coding sequence of PfCK1 (omitting the stop 

codon) was cloned into the pGEX-4T3 bacterial expression vector (Figure 5.7A) between the 

BamH1 and NotI restriction sites for subsequent recombinant protein expression. The 

resulting pGEX-4T3-PfCK1 construct (Figure 5.7B) was subject to 16 cycles of polymerase 

chain reaction (PCR) (Chapter 2, section 2.3.2) using the primers presented in Table 2.2 

(Chapter 2, section 2.7) to introduce each desired mutation (Figure 5.6). Parental methylated 

plasmid was digested with the DpnI restriction endonuclease and the remaining non-

methylated plasmids containing the desired mutations were transfected into DH5a E. coli 

(see section 2.4.4). DNA sequencing confirmed that A36W, M80K, M80W, S88A, S88L, D91H, 

D91N, L135K and I148K mutations were successfully introduced into pGEX-4T3-PfCK1 without 

any additional, undesired mutations. 

 

 



 183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The pGEX-4T3 constructs generated in this study. The coding sequence of PfCK1 (omitting 
the stop codon) was cloned into the bacterial expression vector pGEX-4T3 (A) using the sites BamH1 and 
NotI to yield pGEX-4T3-PfCK1 (B). The resulting construct enables bacterial expression of recombinant 
PfCK1 tagged with GST at the C-terminus. This figure was produced using Serial Cloner version 2-6-1. 

pGEX-4T3 vector 
4968nt 

219….235   Lac operator 

258….911   GST tag 

918….935   Thrombin cleavage site 

LacI promoter   3239….3316 

183….211   Tac promoter 

LacI   3317….4399 
930….965   Multiple cloning site 

1376….2236   AmpR 

1271….1375   AmpR promoter 

2407….2995   Origin or replication 

A. 

pGEX-4T3-PfCK1 vector 
5918nt 

219….235   Lac operator 

258….911   GST tag 

918….935   Thrombin cleavage site 

LacI promoter   3239….3316 

183….211   Tac promoter 

LacI   3317….4399 

930….965   PfCK1 

1376….2236   AmpR 

1271….1375   AmpR promoter 2407….2995   Origin or replication 

B. 
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5.2.5. Expression and activity of recombinant PfCK1 protein 

To test the sensitivity of each mutant PfCK1 to Purvalanol B, expression conditions of active 

protein were optimised using wild-type PfCK1. Following expression in E. coli, purification and 

analysis by polyacrylamide gel electrophoresis (PAGE) with Coomassie Blue staining (Figure 

5.8A), a band of ~63kDa was observed in all fractions except in the non-induced bacterial 

lysates, corresponding to the approximate size of the PfCK1-GST chimera. The same band of 

~63kDa was observed in the elution fractions which correspond to purified PfCK1 obtained by 

affinity purification (see section 2.5.4). Expression and purification of PfCK1 was verified by 

Western blot analysis using an immunopurified anti-PfCK1 antibody raised against a PfCK1 

peptide (see materials and methods), which confirmed that the ~63kDa band observed in all 

fractions (except non-induced) was indeed PfCK1. The same purification conditions were used 

to purify the K38M kinase-dead mutant (data not shown) (Dorin-Semblat et al., 2015). 

 

Wild-type PfCK1 activity in each elution fraction (purified enzyme) was verified by 

radiochemical methods as described previously (Dorin-Semblat et al., 2011), incubating 4ug 

protein aliquots with α-casein and [ɣ-32P] ATP as the phosphate donor. PfCK2α and PfCK1 

K38M kinase dead mutant were included as positive and negative controls, respectively. 

Incubation mixtures were resolved by SDS-PAGE and subsequently dry gels underwent 

autoradiography. A strong signal at ~30kDa was detected in the PfCK2α sample (lane 5, Figure 

5.8) corresponding to phosphorylated α-casein as expected, with a secondary signal also 

observed at ~60kDa, consistent with kinase autophosphorylation. Both the 30kDa and 60kDa 

radioactive bands were absent in fractions from the K38M kinase dead mutant, but also from 

those generated with the wild-type PfCK1 extract, indicating that the protein expressed in 
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E. coli lacks kinase activity (lanes 1-4). To try to solve this issue, a parasite-based expression 

system was established. 
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Figure 5.8. Expression and purification of recombinant P. falciparum CK1. A) PfCK1 was cloned and expressed in pGEX-4T3 plasmids. BL21 Gold cells containing this 

construct were induced for 18hrs at 20°C with 0.2M isopropyl-1-thio-β-D-galactopyranoside as described under materials and methods (uninduced lane 1 & induced lane 2). 

Soluble protein was extracted (lane 4) and incubated with Glutathione S-Transferase (GST) sepharose beads to purify recombinant CK1. Lane 4 corresponds to insoluble protein 

material and lanes 5-7 are fractions obtained from subsequent elution’s followed by staining with Coomassie Blue. B) Polyclonal immunopurified anti-PfCK1 antibody was used 

to detect recombinant protein in each fraction. Arrow indicates full-length PfCK1-GST. C) Equal volumes of each elution fraction were assayed for activity against alpha-casein 

using [ɣ-32P] ATP as the phosphate donor and analysed by SDS PAGE and autoradiography. Recombinant PfCK2ɑ-GST and PfCK1-GST (K38M) kinase dead mutant were used 

as positive and negative controls respectively (lanes 4 & 5). 
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5.2.6. Parasite expression of recombinant PfCK1 

We used the P. falciparum expression plasmid pGLUX (Figure 5.9A) as the vector to introduce 

mutant PfCK1 into wild type 3D7 parasites for episomal protein expression. This plasmid 

contains the human dhfr expression cassette which encodes resistance to the inhibitor 

WR99210, thus enabling positive selection of parasites that have incorporated the plasmid 

and allows fusion of the cloned ORFs with GFP to assist with purification and detection of 

cloned proteins. PfCK1 genes were cloned into the pGLUX plasmid under the control of the P. 

falciparum chloroquine resistance transporter (Pfcrt) promoter, which drives constitutive 

gene expression of PfCK1 C-terminally tagged with GFP.  

The 969bp fragment from each PfCK1 mutant prepared above was amplified by PCR using 

primers flanked by XhoI and KpnI restriction sites (see Table 2.2, Chapter 2), enabling each 

fragment to be inserted into pGLUX between the Pfcrt promoter and GFP (Figure 5.9B). Wild-

type 3D7 parasites were transfected by electroporation (section 2.1.12) with 100-150ug of 

high-quality DNA (A260/A280 ≥1.85) with each of the nine pGlux-PfCK1 mutant constructs plus 

one wild type pGlux-PfCK1 construct. Two days post-transfection parasite cultures were 

incubated with 5nM of the selecting drug WR99210, which caused a loss of visually detectable 

parasitaemia. Twenty-one days post-transfection drug resistant parasites were observed in 

the transfected cultures. 

 

To check that every transfected parasite line was expressing a GFP-tagged protein, mixed 

stage parasite cultures were harvested by centrifugation, lysed and immunoprecipitated with 

GFP Trap® agarose beads to precipitate PfCK1-GFP (see section 2.5.6.1). Protein fractions 

eluted from the beads were run on a 4-12% w/v SDS-polyacrylamide gel and transferred to a 
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nitrocellulose membrane for analysis by Western blot (see section 2.5.3). Lysates from wild-

type 3D7 parasites were used as a negative control and parasites expressing PfCK1-GFP from 

the endogenous locus (prepared in [15]) were used as a positive control. Blots probed with 

anti-GFP antibody revealed a faint 63kDa signal in samples expressing PfCK1-GFP from the 

episome, indicating a low level of expression relative to PfCK1-GFP expressed from the 

endogenous locus. Wild-type lysates showed no GFP signal as expected. 
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Figure 5.9. pGLUX plasmids used for parasite-based expression. The pGLUX parasite expression vector (A) was 
cloned with the 969bp coding fragment of PfCK1 (stop codon omitted) between the XhoI and KpnI restriction sites. Wild-
type 3D7 parasites were transfected with resulting pGLUX-PfCK1 plasmids (B) containing either one of nine mutants or 
non-mutated PfCK1, fused to green fluorescent protein (GFP) at the C-terminus. Expression of the enzyme is driven by 
the P. falciparum crt (chloroquine resistance transporter) promotor. This plasmid contains the human dihydrofolate 
reductase (hdhfr) cassette enabling positive selection of transfected parasites with WR99210. This figure was produced 
using Serial Cloner version 2-6-1. 
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5.2.7. PfCK1 mutations do not confer resistance in growth inhibition assays 

As a direct measure of sensitivity to Purvalanol B, dose-response inhibition curves were 

generated for each of the PfCK1 mutant parasite lines generated in this study. Parasites were 

incubated for 72hrs in the presence of 2-fold dilutions of MIPS-0008408 (50 – 0.008uM) as 

described in section 5. 2, freeze-thawed and total DNA quantity present was measured by the 

SYBR Gold method as a proxy for parasite numbers. Parasites expressing wild-type PfCK1-GFP 

from the episome showed no significant change in sensitivity to MIPS-0008408 (IC50: 24.3uM) 

(Figure 5.10), with IC50 values similar to those obtained with wild type 3D7 parasites (IC50: 

18.3uM). Showing that the small increase in kinase expression levels afforded by the episome 

does not affect drug sensitivity. Unfortunately, parasite lines expressing mutant PfCK1-GFP 

episomically did not show increased MIPS-0008408 IC50 either, indicating that the mutated 

proteins do not confer resistance under these conditions, and therefore they cannot be used 

as tools to inform about a possible role of PfCK1 in Purvalanol’s mode of action. 
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Figure 5.10. Dose-response inhibition of mutant PfCK1. Site-directed mutants of PfCK1 were sub-cloned into 
the P. falciparum expression vector pGLUX and transfected into wild-type 3D7 parasites. (A) PfCK1-GFP mutants 
expressed from the pGLUX episome immunoprecipitated with GFP Trap®. Blots are probed with anti-GFP antibody 
(1:2000). (B) Asynchronous parasites (200ul) were plated in 96 well format at a parasitaemia of 0.25% and 
haematocrit of 2% and incubated for a 72hr period in the presence of two-fold serial dilutions of MIPS-0008408. 
Each point represents a single drug dilution and denotes the % inhibition of parasite growth relative to a DMSO 
control, displaying the mean ± SD of triplicate samples. Dose-response curves and IC50 values were obtained with 
Graphpad Prism 7 using non-linear regression.  
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5.3. Discussion 

5.3.1. Purvalanol B accumulates within infected red blood cells 

Despite being a potent inhibitor of cyclin-dependent kinases and unlike Purvalanol A, 

Purvalanol B does not inhibit mammalian cells, presumably due to the presence of a carboxyl 

moiety on the 6-anilino substitution of the B derivative, expected to drastically reduce passive 

diffusion across cell membranes (Yenugonda et al., 2011). It was therefore unexpected that 

low micromolar concentrations of Purvalanol B were able to kill P. falciparum in vitro [9], 

suggesting that inhibition of parasite proliferation might not require cell entry. 

 

We used live cellular imaging of ring stage parasite cultures, treated with fluorescent dansyl 

analogues of Purvalanol B, to determine whether these compounds localise to the exterior of 

the RBC membrane, as this would provide evidence for an extracellular mechanism of action. 

Our observations showed that dansylated Purvalanol B (MIPS-0010419) rapidly accumulates 

inside the parasite and not at the RBC membrane (top panel, Figure 5.2). This was also 

observed in parasites treated with MIPS-0010324 (bottom panel, Figure 5.2), the dansylated 

form of the kinase-inactive, methylated analogue of Purvalanol B (Knockaert et al., 2000). Our 

results also show that fluorescence is excluded from surrounding uRBCs, indicating that MIPS-

0010419 and MIPS-0010325 specifically accumulate in cells infected with P. falciparum 

parasites. We hypothesise that Purvalanol B may be internalised by a mechanism inserted in 

the RBC membrane by Plasmodium, thereby giving the compounds access to intracellular 

targets whose inhibition contributes to parasite death. One possible transport process is 

internalisation via the Plasmodium Surface Anion Channel (PSAC) (Lisk and Desai, 2005, Gupta 

et al., 2018). Studies have shown that members of the clag multigene family, which are 
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considered to be responsible for the activity of PSAC, have been implicated in drug resistance 

(Sharma et al., 2013, Sharma et al., 2015). It could be that perhaps PSAC or another channel 

could mediate the import of Purvalanol B and it would be interesting to test this hypothesis 

by treating parasites simultaneously with fluorescent Purvalanol B analogues and PSAC 

inhibitors (Pain et al., 2016) and assessing whether fluorescence is excluded from iRBCs. 

Alternatively, compound internalisation may have been helped by the fluorescent 

derivatisation of the compound, used to visualise its localisation. Other studies have shown 

that dansylation of Purvalanol B improves compound potency by increasing its membrane 

permeability (Ringer et al., 2010, Sirajuddin et al., 2012, Ringer et al., 2011). Similarly, we 

observed increased potency for the dansylated Purvalanol B analogues used in this study 

(MIPS-0010419 and MIPS-0010325, Figures 5.1) and for an additional dansylated Purvalanol 

B derivative not used in this study (B. Morahan, unpublished). Thus, we cannot rule out a 

possible influence that dansylation of Purvalanol B may have had on compound permeability. 

It is worth noting however, the compounds used in the published studies lacked the 6-anilino 

carboxyl group characteristic of Purvalanol B that we preserved in MIPS-0010419, and passive 

diffusion would be expected to also affect uRBC, which were never observed to fluoresce; if 

fluorescence can only be detected when concentrated at a specific location (in this instance 

within the parasite) then we would not detect fluorescence in the surrounding RBCs with the 

microscope used in this study. As such, more powerful microscopic methods may be required 

to this further. 
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5.3.2. Purvalanol B does not select for resistance 

In a biochemical pull-down assay aimed at identifying the intracellular targets of Purvalanol B 

(Knockaert et al., 2000), PfCK1 was found to be the most over represented parasite kinase 

that interacts with the immobilised inhibitor, not the cyclin dependent kinases (CDKs) 

observed with mammalian cell extracts. Furthermore, it is thought that these interactions 

could be quite specific (Knockaert et al., 2000) thereby implicating PfCK1 as a likely 

physiological target of Purvalanol B in P. falciparum. In order to determine whether PfCK1 is 

the most sensitive target for this drug in the parasite, we attempted to select for cell lines 

resistant to Purvalanol B by performing single-step in vitro drug selection at 10X IC50 levels of 

the compound. In vitro selection is a method successfully used by our group (B. Morahan, 

unpublished) and by several others (reviewed in (Nzila and Mwai, 2010)) to investigate the 

intracellular targets of small molecular weight inhibitors. 

 

The lack of emergence of drug resistant parasites in either 3D7 or multidrug resistant Dd2 

strains, would be in better agreement with a hypothesis in which Purvalanol B targets several 

essential proteins with moderate potency, in agreement with the micromolar inhibition 

values obtained from parasite growth inhibition assays (Figure 5.1). However, a negative 

result in a single mutant selection experiment does not allow drawing biologically relevant 

conclusions. Genetic events that result in the acquisition of drug resistance de novo are 

spontaneous and are influenced by several factors including the number of circulating 

parasites and the number of mitotic events (Nzila and Mwai, 2010). The per-parasite 

resistance frequency (PRF), that is, the number of parasites in a given population of circulating 

parasites that will acquire a spontaneous mutation resulting in reduced sensitivity to a 

therapeutic is also known to vary depending on the inhibitor (White and Pongtavornpinyo, 
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2003, Preechapornkul et al., 2009, Rathod et al., 1997). For instance, the PFR for 

pyrimethamine is somewhere around 1011 whereas artemisinin is in the order of 1018 – 1019 

(White and Pongtavornpinyo, 2003).  

Given our findings that indicate Purvalanol B likely inhibits multiple targets, the PFR for this 

inhibitor will probably be quite high so it unlikely that parasite numbers used in this study 

were sufficient to select for resistance within the imposed timeframe. Despite using these 

parameters by our group to successfully obtain resistance mutations to another kinase 

inhibitor (Morahan, unpublished), a more appropriate experimental design for Purvalanol B 

resistance selection would thus need to include a larger starting parasite population. 

However, it should also be noted that increasing the number of parasites by orders of 

magnitude (for example to 1010 parasites) are technically challenging for an in vitro system. 

Thus, extending the duration of continuous selective pressure will also have an impact on the 

likelihood of selecting a spontaneous resistance mutation, particularly if sub-therapeutic or 

increasing levels of inhibitor are used (Korsinczky et al., 2000, Oduola et al., 1988). It would 

also be desirable to include a control inhibitor that is known to select for resistance mutations 

within a given period (Rathod et al., 1997). 

 

We have shown in this study that parasites treated with the methylated Purvalanol B 

analogue (MIPS-0010345) display growth inhibition levels equivalent to those observed with 

the parental compound, indicating that the mechanism of action may not be entirely due to 

PK inhibition. After our failed attempt at selecting Purvalanol B resistant parasites, a study 

was published by Bullard et al (2015) in which they investigated the proteome of P. falciparum 

parasites treated with Purvalanol B (Bullard et al., 2015). The major findings of this study 

showed that components of the proteasome degradation pathway and enzymes involved in 
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redox homeostasis were overrepresented in Purvalanol B-treated cells, suggesting that 

Purvalanol B may kill parasites predominantly as a result of oxidative stress. It is well known 

that pharmacological inhibition of kinases results in upregulation of the proteasome 

degradation response (Lobbestael et al., 2016, McNaughton et al., 2016, Parr et al., 2012) and 

there is an established interplay between oxidative stress and protein degradation (de Paula 

et al., 2014, Maharjan et al., 2014, Ngo et al., 2013, Jung et al., 2014). Response to external 

stimuli, including those of oxidative stress, result in the triggering of various signalling 

cascades which recruit and activate kinases. This is well documented in humans (Burgoyne et 

al., 2007, Ray et al., 2012, Song et al., 2014, Paulsen et al., 2011) and in yeast (Li et al., 1998, 

Caterina et al., 2008) supporting a similar role for kinases in modulating redox homeostasis in 

P. falciparum and by extension an involvement of PKs in the mechanism of anti-parasitic 

action of Purvalanol B. It would be interesting to examine the proteome of P. falciparum 

parasites treated with the methyl Purvalanol B analogue, to see whether redox homeostasis 

is still affected. Since PfCK1 is described to represent the major kinase interacting with 

Purvalanol B, it is tempting to ascribe a role for this kinase in redox homeostasis, a hypothesis 

which could be experimentally tested. 

 

5.3.3. Modelling and mutagenesis of PfCK1, and in vitro assessment of sensitivity to 

Purvalanol B 

In silico modelling is a tool frequently deployed in so-called rational drug design (RDD), due 

its low cost and high-throughput capabilities (reviewed in (Wang et al., 2015)). While still in 

its infancy in malaria research, this method has gained a lot of momentum for drug R&D in 

various areas of cancer biology (Geetha et al., 2016, Mishra et al., 2015, Jha et al., 2017). In 

silico modelling generates a vast amount of information mined from the X-ray structures of 
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homologous proteins, providing ways of studying protein folding and investigating amino acid 

interactions and domain architecture in proteins without a solved 3D structure. 

No information is available concerning the structure and features of PfCK1, and no crystal 

structure has been published to date. We present here the first modelled 3D structure of 

PfCK1 (Figure 5.5), the only member of the large eukaryotic CK1 family in P. falciparum. At 

the primary amino acid sequence level, PfCK1 shows a high degree of homology to all human 

CK1 isoforms (Figure 5.3A). However, the parasite kinase seems most closely related to CK1d 

(70% homology in the kinase domain and 69% for whole kinase). Our superimposed PfCK1 

structure illustrates very high homology (69%) and an excellent degree of fold similarity 

(zDOPE of -0.58/GA341 of 1.00) (Figure 5.5). Importantly, a high degree of conservation of 

key domain architecture obtained in our model. The C-terminal domain of CK1d contains an 

insertion of 79 amino acids between position 316-342 which is heavily phosphorylated (Rivers 

et al., 1998, Graves and Roach, 1995, Knippschild et al., 2014). Many phospho-sites within this 

region are widely thought to be substrates for autophosphorylation, which generally results 

in kinase autoinhibition, with a complex regulation stemming from the actions of multiple 

protein phosphatases (PPs) and additional PKs (Eng et al., 2017, Knippschild et al., 2005, Rivers 

et al., 1998). Phosphatase action is thought to relieve kinase inhibition, underscoring the 

highly dynamic regulatory mechanisms of kinase activity. Nothing is known to date about the 

regulation of PfCK1 activity. The C-terminal autoinhibitory domain of human CK1 is absent in 

the PfCK1 structure, but modulation of activity by phosphorylation and dephosphorylation in 

other protein domains may still occur and could explain why PfCK1 is not expressed as an 

active kinase in an E. coli system (Figure 5.8). 

CK1 enzymes are known to function as monomers. (reviewed in (Cheong and Virshup, 2011)) 

However an early crystallographic study suggests that CK1d may form homodimers 
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(Longenecker et al., 1998). Amino acids implicated in homodimer formation are within the N-

terminal catalytic domain and include Leu3, Leu11, Arg13, Lys14, Leu25, Leu39 and Tyr77 

from one monomer, and Ile15, Leu25, Leu84, Asp91, Leu92, Phe95 and Leu135 from the 

other. Dimerization of CK1d would likely result in a conformational change that blocks the 

ATP binding site, providing an additional mechanism for regulating kinase activity. Inspection 

of our model revealed that 86% of the amino acids involved in dimerization are either 

identical or conserved in PfCK1 and may hint to a similar regulatory mechanism, a hypothesis 

that clearly requires experimental testing. It may also be interesting to examine whether 

these enzymes can form heterodimers with other CK1 isoforms, as this would enable PfCK1 

to redirect host CK1 activity during infection. 

 

We utilised the PfCK1 model to identify amino acid residues that we predicted may interact 

with Purvalanol B, so that we could perturb these interactions through site-directed 

mutagenesis. In a similar approach, three-dimensional structures have been derived for a 

small number of other P. falciparum proteins using different modelling approaches, all of 

them producing highly conserved molecular architectures when compared to their higher 

eukaryotic homologues (Kumar et al., 2007, Droucheau et al., 2004, A. et al., 2003). In some 

instances, homology modelling has been useful in studying drug resistance in P. falciparum 

and in identifying candidate drugs for therapeutic use (Santos-Filho et al., 2001, Kumar et al., 

2007), thus highlighting the potential of this method in RDD. 

 

In this work we identified seven candidate residues potentially involved in interactions with 

ATP and inhibitory analogues, given the predicted 3D pose of their side chains in facing an 

inhibitor. These residues were mutated, and the altered proteins cloned in parasite 
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expression vectors for drug resistance studies. We successfully obtained transfectant parasite 

lines expressing these mutant variants of PfCK1-GFP. Had we observed a reproducible 

increase in IC50, it would have been an indication that PfCK1 is the most sensitive target for 

Purvalanol B in Plasmodium, warranting a more detailed analysis of the mutated enzyme. This 

would have also enabled using the drug as a tool to investigate the role of PfCK1 in parasite 

biology and the investigation of other targets. For example, in vitro parasite growth inhibition 

assays have demonstrated that P. falciparum field isolates with chloroquine (CQ) IC50 values 

greater than 100nM were significantly less sensitive to piperiquine, implicating the Pfmdr1 

transporter in resistance to this artemisinin partner drug (Mungthin et al., 2017, Dhingra et 

al., 2017).  

As it was, we found that no mutant variant of PfCK1 displayed any significant decrease in 

sensitivity to Purvalanol B compared to parasites expressing wild-type PfCK1-GFP from the 

episome (Fig 5.10B). This may have been due to the low levels of episomal expression 

observed for the cloned genes (Figure 5.10A). One explanation for this could be that the 

endogenous levels of wild type PfCK1 are greater than the levels of mutant PfCK1 expressed 

from the episome, as evidenced by low intensity signals detected by Western blot analysis of 

PfCK1-GFP mutants immunoprecipitated from parasite lysates (Figure 5.10A). A much lower 

abundance of mutant PfCK1 enzyme means that a significant rightward shift in Purvalanol B 

IC50 would not be observed. In follow-up work we will try to increase episome copy number 

by gradually increasing the concentration of the positive plasmid selection compound 

WR99210 and assess whether this results in a shift in the IC50 curve. If a rightward shift is 

observed, we will begin to investigate the sensitivity of each purified PfCK1-GFP enzyme to 

Purvalanol B. 
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We strongly suspect that Purvalanol B may be inhibiting multiple enzymes in P. falciparum 

and independent work in our group has recently demonstrated Purvalanol B inhibition of 

PfNek1 (B. Morahan, unpublished). Although PfCK1 is the most abundant interacting protein 

of immobilised Purvalanol B in P. falciparum, the protein is highly expressed throughout all 

stages of asexual development (Bozdech et al., 2003, Llinás et al., 2006, Dorin-Semblat et al., 

2015) which means that other, perhaps more sensitive targets may have been 

underrepresented in the original pull-down experiments. For example, low abundancy or 

stage-specific proteins. This hypothesis is further strengthened by the recent use of 

immobilised Purvalanol B as a chemical probe for the enrichment of kinases in proteomic 

studies (Daub et al., Arend et al., 2017, Duncan et al., 2012), capable of capturing a large 

fraction of the kinome and evidencing a broad-spectrum of possible lethal targets. Although 

our original hypotheses of an extracellularly-exposed lethal target for Purvalanol B could not 

be tested, due to the unexpected intracellular accumulation of the available derivatives, the 

molecular tools developed for PfCK1 study will be used to investigate the function of this 

intriguing essential protein kinase, whose cellular location seems to change during parasite 

development (Dorin-Semblat et al., 2015). Purvalanol’s anti-plasmodial activity also retains 

its translational interest, given the reduced number of new molecular entities being pursued 

as antimalarials.  Future experiments may include using comparative proteomics to 

investigate PfCK1 immunoprecipitations from Purvalanol B treated and untreated parasites, 

to distinguish over or underrepresented pathways and interactors. Such results may come full 

circle and finally provide evidence for contributions by PfCK1 to the mechanism of 

antimalarial action of Purvalanol B. 
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In conclusion, we have demonstrated that fluorescent analogues of Purvalanol B accumulate 

within the parasite of iRBCs, showing the compound likely access multiple intracellular targets 

to effect parasite death. We have also generated the first known modelled structure of PfCK1, 

from which we constructed nine PfCK1 mutants and obtained transgenic parasite lines for 

each, thus providing useful tools to study the biology of PfCK1 in future experiments. 
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Chapter 6 

General discussion 
 

Plasmodium falciparum infection is still a significant burden on the public health systems of many 

developing countries, with hundreds of thousands of deaths occurring each year and high morbidity 

(Alonso and Tanner, 2013). Made worse by the emergence of drug resistance to the last front-line 

antimalarial (Cerqueira et al., 2017), mortality rates will climb if resistance spreads to other endemic 

regions like sub-Saharan Africa and therefore new drugs are greatly needed. Future drugs should have 

distinct chemical structures and act through previously unused targets, so as to circumvent efflux 

pumps and target-based resistance mechanisms. PKs are not currently targeted by any antimicrobial 

agents in use. Thus, the exploitation of PKs as potential therapeutic targets for the treatment of 

parasitic disease is a promising avenue of drug discovery that can piggy back on the success of 

targeting PKs in other human diseases, most notably cancer (Thrane et al., 2014, Friese-Hamim et al., 

2017, Janjigian et al., 2014). Crucial to the establishment of PKs as useful drug targets in P. falciparum 

is understanding the mechanisms that underpin kinase-controlled cellular processes, like sexual 

commitment, metabolism, protein trafficking, lifecycle propagation and transmission, such that we 

can understand the therapeutic potential of hindering these processes in the parasite (Sinden et al., 

2012, Alonso et al., 2011). Successful malaria eradication requires current gaps in our understanding 

of parasite biology to be addressed, as they are limiting the successful design of effective therapies 

such as drugs or vaccines for treatment and disease prevention. 

 

In this thesis, we have focussed on increasing our understanding of the cellular functions of the 

essential P. falciparum PK PfCK1, primed by its description as the probable target of the kinase 

inhibitor Purvalanol B (Knockaert et al., 2000, Dorin-Semblat et al., 2015). It is well understood that in 

higher eukaryotes and other model organisms, CK1 proteins perform a plethora of biological tasks and 
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have been implicated in pathogenesis (Foldynová-Trantírková et al., 2010, Xu et al., 2005b), making 

CK1 an important therapeutic target. We have formulated several hypotheses concerning the function 

of PfCK1 during infection of RBCs, based on the known functions of CK1 in model eukaryotes - a 

concept referred to as functional homology. 

Manipulation of the host response by P. falciparum is paramount to its survival. Results obtained in 

chapter 3 strongly suggest that PfCK1 functions in RBCs as a complex with host proteins GAPVD1 and 

SNX22 (Figures 3.1 and 3.5), two key players in protein trafficking pathways that may link PfCK1 to 

cellular trafficking and secretion. GAPVD1 is a key player in the regulation of the GLUT4 glucose 

receptor translocation to the plasma membrane in response to insulin stimulation in adipocytes (Lodhi 

et al., 2007) and it is required for the ubiquitination and degradation of EGFR in other human cell types 

(Su et al., 2007). SNX proteins are involved in endosomal trafficking pathways, largely by modulating 

retrograde protein transport from endosomes to the TGN (Teasdale and Collins, 2012). All SNX 

proteins contain a Phox-homology (PX) domain that regulates binding to PtdIns3P. SNX3, probably 

one of the best understood SNX proteins, is also involved in protein secretion (Feng et al., 2017, Zhang 

et al., 2011). The functions of the family member we have detected in complex with PfCK1, SNX22, 

remain elusive and it is unknown whether its expression is specific to RBC progenitors. Nevertheless, 

it is possible that SNX22 may coordinate endosomal trafficking pathways and possibly membrane 

protein recycling and secretion. Members of the SNX family link protein complexes with lipid regions 

enriched in PtdIns3P, thus connecting signalling pathways and making them candidates to facilitate 

PfCK1 signalling as well. Membrane recruitment of GAPVD1 by the effector molecule TC10 enables 

the activation of the small Ras-GTPase Rab5, a well-established marker of early-endosomes that 

functions by recruiting PtdIns3-kinase (PI3K) (Lodhi et al., 2008). Our data suggest that a similar 

process may be happening in RBCs, connecting GAPVD1 with SNX22 and PtdIns3P in signalling 

pathways hitherto unexpected in a cell without known active endocytosis. 

Several models could be built to analyse the signalling events influencing association of PfCK1 with 

the SNX22/GAPVD1 complex and its possible role in the secretion of the parasite kinase. Firstly, 
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GAPVD1 could be recruited to the plasma membrane in response to a yet unknown upstream signal. 

Once at the membrane, GAPVD1 can recruit and activate PtdIns3P through typical effector molecules 

(for instance Rab5), thus providing a PtdIns3P-rich environment to recruit SNX22/PfCK1 complexes, 

pre-formed in the RBC cytoplasm. Indeed, published pull-down studies have demonstrated that CK1 

isoforms enter into protein-protein interactions with both GAPVD1 and SNX family members (Huttlin 

et al., 2017, Hein et al., 2015), suggesting that these interactions may also be common in other cell 

types.  Additionally, studies have demonstrated that inhibition of PI3K with the inhibitor wortmannin 

disrupts membrane translocation of GLUT1 and GLUT4 glucose transporters, the hallmark function of 

GAPVD1 (Clarke et al., 1994). The P. falciparum genome encodes a wortmannin-sensitive PfPI3K (Vaid 

et al., 2010) and thus, PI3K inhibitors could be used to study whether inhibition of PI3K results in a 

block in PfCK1 secretion, presumably by disrupting the formation of the GAPVD1/SNX22/PfCK1 

membrane translocation mechanism. 

Interactions between SNX proteins and pathogen effector molecules have been observed in infections 

with several intracellular bacteria. For instance, Chlamydia trachomatis inclusion membrane protein 

E (IncE) disrupts the formation of the SNX5/6 heterodimer and perturbs retromer-mediated 

endocytosis (Sun et al., 2017). Similarly, Listeria monocytogenes Lmo1656 protein is a secreted 

virulence factor that interacts with SNX6 (David et al., 2018), likely disrupting endosomal trafficking 

by a similar mechanism to C. trachomatis. These examples provide evidence of interactions between 

intracellular pathogens and endosomal trafficking machinery and we suspect that a similar mechanism 

also involving membrane recycling may be occurring in P. falciparum. 

Recycling of membrane proteins has been identified in other cells and requires the involvement of 

sorting nexins to redirect these proteins back to the membrane by formation of a recycling endosome 

complex (Zhang et al., 2011, Harterink et al., 2011, Temkin et al., 2011). For instance, following 

endocytosis the b2-adrenergic receptor (bAR2) enters recycling endosomes that are tethered to 

retromer tubules (a microtubule network involved in endosome to membrane recycling) by SNX27 

and other proteins including the retromer complex and is directed to the plasma membrane by Rab4 
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(Temkin et al., 2011). It has also been shown that EARP, an endosome-associated recycling protein 

complex consisting of the vacuolar protein sorting subunits Ang2, Vps52 and Vps53, plays a major role 

in the recycling endosome process (Schindler et al., 2015). 

An alternative model to explain our data would therefore include the secretion of PfCK1 to the RBC 

membrane, followed by internalisation into endocytic vesicles and redirection to an endocytic 

recycling pathway for secretion to the extracellular medium. Once PfCK1 enters recycling endosomes, 

SNX22 binds to PtdIns3P enriched regions anchoring the complex to a tubule network through 

interactions with Vps52 (table 3.X) in an EARP-like structure, a mechanism hitherto unexplained in P. 

falciparum and RBCs. Subsequently, GAPVD1 binds to the endosome which recruitments a Rab 

effector and directs the complex to the RBC membrane for secretion. The identification of GAPVD1 

phosphopeptides in our PfCK1-GFP precipitates (Table 3.3) bearing predicted PfCK1 phosphorylation 

motifs also provides some support for this hypothesis. 

 

As outlined in chapter 4 of this study, PfCK1 trafficking also involves the parasite nucleus (Figure 4.1), 

exhibiting a bi-compartmental distribution in the parasite, consistent with the subcellular distribution 

of CK1 in other eukaryotes (Fu et al., 2001, Milne et al., 2001). Two basic amino acid clusters we 

identified in PfCK1 and suspect are solvent-facing (Figures 4.2 and 4.3) are comparable to monopartite 

classical NLS (cNLS) sequences found in many nuclear localised proteins that utilise the canonical 

NLS/importin pathway (Bennett et al., 2015, Chaston et al., 2017). We suspect that PfCK1 nuclear 

import may also be directed through the importin pathway and preliminary experiments from this 

study suggest that PfCK1 import is sensitive to Ivermectin (Figure 4.5), an inhibitor postulated to 

disrupt the formation of the importin/cargo complex (Panchal et al., 2014). 

The frequency of basic amino acid clusters in proteins that look like a monopartite cNLS sequence 

means that rigorous testing is required to determine if they truly function as import signals (reviewed 

in (Lange et al., 2007)). Mutagenesis of the first two basic amino acids to Ala is usually the first 

approach to determine whether a suspected cNLS sequence is functional, by analysing if nuclear 
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import is disrupted. This method identified a functional cNLS sequence in the long-variant 

CK1��isoform and it was successfully demonstrated that mutation of the first basic residues results in 

cytoplasmic accumulation (Fu et al., 2001). To test if either cNLS sequence identified in PfCK1 is 

functional, we have obtained two separate codon-optimised PfCK1 constructs containing mutations 

for both candidate cNLS sequences (154KKYR157®AAYR and 221KKDK224®AADK), and a third 

construct with both mutations in the same sequence, in case one cNLS can substitute for the activity 

of the other. We have begun transfecting parasites with plasmids expressing GFP-tagged PfCK1, 

bearing mutant cNLS sequences to investigate their functionality. If successful, this will provide the 

first evidence of a functional nuclear import sequence in this parasite kinase. 

Next, if a functional cNLS is identified in PfCK1, its sequence will be attached to a reporter protein (this 

is usually GFP), without the rest of the protein sequence, to determine whether the cNLS sequence 

alone enables nuclear import. In parallel, we will further optimise our proteomics methods to 

precipitate PfCK1 from purified nuclei in an attempt to observe direct interactions between PfCK1 and 

the importin receptor, karyopherin. Finally, it would be desirable to utilise importin knock out 

parasites thus disabling the import pathway to induce cytoplasmic accumulation of PfCK1. However, 

knocking out the importin receptor will likely result in a lethal phenotype, an observation made in 

other studies examining gene knock out (Solyakov et al., 2011). To circumvent this issue, we will 

disrupt nuclear import with inhibitors. 

 

The aim of chapter 4 was to explore the currently unknown functions of PfCK1 in the nucleus of asexual 

parasites. ChIP-Seq experiments performed in this study demonstrated that PfCK1 interacts with DNA-

containing structures. These interactions could be similar to those established by mammalian CK1 

homologs with chromatin remodelling enzymes and transcription factors (Sugiyama et al., 2010, Meng 

et al., 2010, Yang and Stockwell, 2008). This suggests that PfCK1 could act as a transcriptional 

regulator, or function in chromatin remodelling processes. We favour the latter possibility because in 

chapter 4 we identified PfCK2a as a probable interacting protein in PfCK1 complexes, and PfCK2 has 
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been described to be involved in the chromatin assembly pathway. Several studies have confirmed 

the interactions between PfCK1 and PfCK2 in pull-down experiments using recombinant proteins 

(Dorin-Semblat et al., 2015) and reciprocal immunoprecipitations from whole parasite lysates, using 

PfCK2 regulatory subunits (PfCK2b1 and b2) (Dastidar et al., 2012). Nevertheless, results obtained 

from ChIP-Seq experiments and subsequent mass spectrometry will provide more details about the 

functions of PfCK1 in the parasite nucleus. 

Deaths associated with P. falciparum infection will be exacerbated by the continuous emergence of 

drug resistance to frontline antimalarials and such an upward trend has been noted in the latest WHO 

report (Organization, 2018). Therefore, new therapeutics are urgently needed. The final chapter of 

this thesis aimed at exploring PfCK1 as a possible therapeutic target, using the inhibitor Purvalanol B 

as a probe. In this study, we deployed bioinformatic approaches and modelling software to produce a 

predicted three-dimensional structure of PfCK1, aiming to identify and select amino acid residues for 

mutagenic studies, in order to explore the role of PfCK1 in the killing of P. falciparum by Purvalanol B. 

Results obtained in this chapter disproved our initial hypothesis of a singular involvement of PfCK1 in 

the Purvalanol B mechanism of action. Rather, we concluded that this compound likely targets 

multiple proteins. It is widely accepted that Purvalanol B is a potent and selective inhibitor of CDKs in 

mammalian cells, yet several studies have utilised Purvalanol B as a pan-kinase inhibitor for global 

kinase pull-down experiments (Daub et al., Duncan et al., 2012, Becker et al., 2004), adding support 

to our hypothesis that Purvalanol B is not as selective as first described (Knockaert et al., 2000). 

 

The model we generated in this study (Figure 5.5) is, to the best of our knowledge, the first predicted 

three-dimensional structure of this parasite kinase, and it could be a useful tool for rational drug 

design. Modelling-based approaches with P. falciparum proteins have demonstrated that selective 

inhibition of parasite proteins over their human homologs can be possible (Kumar et al., 2007, 

Droucheau et al., 2004), and several inhibitors are available that show preferential inhibition of certain 

CK1 isoforms (Behrend et al., 2000, Walton et al., 2009, Mashhoon et al., 2000), despite those proteins 
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sharing a high degree of homology. Taken as a whole, our PfCK1 structure could be useful to design 

new compounds or modify existing compounds to preferentially inhibit PfCK1 over human homologs. 

This could provide new tools to study parasite biology and may also provide a therapeutic avenue for 

pharmacological targeting of PfCK1. 

 

Our work to elucidate the biology of PfCK1 has rejected the hypothesis that this kinase might be the 

primary target of the anti-plasmodial activity of Purvalanol B; it has established that PfCK1 

extracellular secretion is not mediated by microvesicles, unlike other macromolecules (Mantel et al., 

2013) and it has resulted in the identification of a previously undescribed, functional endosomal 

transport pathway in RBCs that appears to be recruited by P. falciparum. This is a recycling mechanism 

used in nucleated cells from higher eukaryotes to maintain levels of specific membrane proteins 

(Belenkaya et al., 2008, Temkin et al., 2011, Leto and Saltiel, 2012). We hypothesise that this pathway 

contributes to the secretion of PfCK1 into the extracellular medium, opening up future research 

venues into the specific molecular mechanism. 

We have also identified a role for PfCK1 in the parasite nucleus, generating molecular tools to study 

its nuclear transport and still ongoing experiments showing physical interactions between the kinase 

and chromatin components. Identification of the proteins that interact directly with PfCK1, in 

conjunction with sequencing of the associated DNA, will provide novel information about protein 

kinase-mediated epigenetic regulation in P. falciparum.  

 

Taken as a whole, this work adds to the limited existing knowledge about the essential role of PfCK1 

during the malaria intraerythrocytic cycle and enables new lines of enquiry into the cellular process 

that depend on this kinase in the parasite, providing new targets and ideas for pharmacological 

intervention. In this regard, the structural PfCK1 model we have built in the course of this study will 

be a resource for rational drug design until experimental X-ray structures can be generated for this 

protein. 
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Supplementary figures and tables 

 
Table S3.1. List of quantified human and parasite proteins obtained from PfCK1-GFP and 3D7 

immunoprecipitates. 
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Table S3.2. List of parasite proteins obtained from a preliminary GAPVD1 immunoprecipitation 

and identified by spectral counting. 
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Table S3.3. List of quantified human proteins recovered from GAPVD1 immunoprecipitations. 
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Table S3.4. List of quantified parasite proteins recovered from GAPVD1 immunoprecipitations. 
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Figure S4.1. Effect of Ivermectin treatment on the nucleocytoplasmic shuttling of PfCK1-
GFP. Magnet purified late stage parasites were recovered at 37°C for 1hr prior to incubation 

with drug for 2hr. Upper panel in each block are cells expressing PfCK1-GFP from the cognate 

locus and bottom panel in each are wild-type control cells. (a) DMSO treated control 

parasites after 2hr incubation and (b) parasites following 2hr incubation with 50µM 

Ivermectin (IVM) showing a small, circular parasite consistent with a death phenotype. 
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