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INVESTIGATING THE FUNCTION OF CLK1 KINASE IN TRYPANOSOMA BRUCEI 
AND IDENTIFYING OTHER ESSENTIAL PROTEIN KINASES

KYRIACOS KOUPPARIS

ABSTRACT

The work presented in this thesis was motivated primarily by trying to explore the 

potential of protein kinases as therapeutic targets for the treatment of HAT. The first part 

of the thesis was aimed at identifying novel protein kinase targets in T. brucei by 

conducting a high-throughput RNAi screen against a subset of the T. brucei kinome. This 

study validated our luciferase-based assay method as a suitable assay for high-throughput 

RNAi screens in T. brucei. More importantly, it identified two kinases, CRK12 and 

ERK8, that are essential for normal proliferation by the parasite, presenting new 

therapeutic avenues warranting further exploration. The second part of the thesis work 

was aimed at investigating the function of a previously identified essential kinase, 

TbCLK1. This work was motivated by the fact that information relating to a potential 

drug target can aid in the drug discovery process by providing valuable phenotypic 

readouts for inhibition studies, but also by helping to identify downstream substrates that 

may themselves become drug targets. In this work, evidence is presented that strongly 

suggests TbCLK1 is essential for cis-splicing in T. brucei and that it may potentially be 

involved in other functions.
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CHAPTER 1
INTRODUCTION

Human African Trypanosomiasis (HAT)

Disease pathology and epidemiology

 Human African Trypanosomiasis (HAT), also known as African sleeping sickness, 

is a fatal disease caused by the protozoan kinetoplastid Trypanosoma brucei (T. brucei), a 

parasite endemic in 36 sub-Saharan countries (Figure 1.1). According to the WHO the 

total annual incidence has fallen dramatically in the last few years thanks to increased 

screening and control efforts. For the first time in 50 years the reported number of new 

cases has fallen below 10,000[1]; however the disease is largely underreported due to the 

asymptomatic first stage of the disease (hemolymphatic stage) and the remoteness of 

many endemic areas. The disease burden for HAT is estimated to contribute to the loss of 

1.5 million Daily Adjusted Life Years (DALYs) in sub-Saharan Africa which reflects 

healthy life years lost to morbidity and mortality[2]. 

 There are two forms of the disease caused by two T. brucei subspecies: T. brucei 

gambiense and T. brucei rhodesiense.  T. brucei gambiense  causes the chronic form of 

HAT, is endemic in 24 countries in West and Central Africa and accounts for 95% of 

reported cases[3]. T. brucei rhodesiense causes the acute and more severe form of the 

disease, is endemic in 13 countries in East and Southern Africa and accounts for 5% of 

reported cases[3].

 The disease progresses in two phases: the first phase involves proliferation in 

subcutaneous tissues, circulatory and lymphatic systems. It is known as the 
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hemolymphatic phase and characteristic symptoms include fever, swelling of the lymph 

nodes (known as Winterbottom’s sign), body aches, and itching. The second phase of the 

disease occurs when the parasite crosses the blood-brain barrier thus infecting the central 

nervous system (CNS). This phase is known as the meningo-encephalitic or CNS phase. 

In many cases of African sleeping sickness diagnosis occurs at this phase given the more 

apparent symptoms including behavior changes, confusion, and poor coordination. 

Furthermore, the sleep cycle of the infected individual is disrupted, thus giving the 

disease its name and providing a characteristic sign of trypanosomiasis, due to 

deregulation of the circadian rhythm of the sleep–wake cycle[4]. Untreated HAT is lethal, 

with most late-stage patients suffering from CNS demyelination and atrophy along with 

disturbances in consciousness and progressive dementia[4].

 HAT diagnosis involves a three step process that includes screening, 

parasitological confirmation and staging. In 1978 a rapid serological screening test was 

developed,  known as the Card Agglutination Test for Trypanosomiasis (CATT)[5], and is 

still in use for screening in most of the current HAT control programs. Following a 

positive CATT test, diagnostic confirmation takes place that involves detecting the 

parasites in the blood, lymph or cerebrospinal fluid (CSF).  Examination of the CSF 

requires a lumbar puncture which is a painful procedure not readily accepted by patients.  

Staging of the disease depends on whether the parasite is present only in the blood 

(hemolymphatic stage) or in the CSF as well (CNS stage) and depending on the stage of 

the disease the according treatment is administered. Given the higher toxicity of second-

stage drugs and the inherent complications of treating a CNS infection, it is desirable that 
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diagnosis happens at the first phase.  Despite the importance of early diagnosis, many 

patients remain undiagnosed because they have no access to health care; are reluctant to 

undergo the lumbar puncture thus avoid screening altogether; or because parasitemia is 

too low in the patient’s serum, as is often the case with T. brucei gambiense infections[6]. 

A cheap diagnostic tool that is more sensitive and less invasive would help make 

screening more effective and help prevent many HAT cases. 

 In addition to the human form of the disease, other trypanosome species and 

subspecies, particularly T. brucei brucei, cause diseases in livestock as well. The cattle 

form of trypanosomiasis is known as nagana (which means “to be depressed” in Zulu) 

and cripples the livelihood of millions of people living in affected rural areas and presents 

a major obstacle for economic development in these regions[7]. Furthermore, domestic 

and wild animals  are important parasitic reservoirs and therefore controlling the disease 

burden in animals is an additional challenge in the wider efforts to control HAT. 

Current Therapies and Drug-Discovery Efforts 

 African trypanosomes were discovered more than 100 years ago but only a 

handful of effective drugs – some that date back more than 50 years - have been 

developed to treat the disease. These include suramin and pentamidine (Figure 1.2a)  used 

for treatment of early-stage cases, and melarsoprol, eflornithine, and nifurtimox for late-

stage cases of sleeping sickness when the parasites have crossed the blood-brain barrier 

and invaded the central nervous system[8] (Figure 1.2b). 
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 Suramin was developed in the early 1920s and is the drug of choice for first stage 

T. b. rhodesiense infections. It is a highly water-soluble compound but still has to be 

administered intravenously. Its mechanism of action is unknown and its use is 

accompanied by severe side effects including kidney damage, anemia, and in some cases 

treated patients exhibit life-threatening collapse with nausea, vomiting and shock[9]. 

 Pentamidine was developed in the early 1940s and is the drug of choice for first-

stage T. brucei gambiense infections. It is not effective against the second stage of the 

disease due to its inability to cross the blood-brain barrier. It is administered 

intramuscularly and side-effects include damage to the liver, kidneys and pancreas. Its 

mechanism of action is currently unknown[10].

 Melarsoprol is an arsenic-based compound that was introduced in 1949 for the 

treatment of infections by both types of T. brucei subspecies. It is a highly water-

insoluble compound and is therefore administered intravenously dissolved in propylene 

glycol, which causes severe irritation at the site of injection. Melarsoprol also causes a 

serious reactive encephalopathy in 5–10% of cases, half of which are fatal[10]. Its 

mechanism of actions is also currently unknown. 

 Eflornithine is used for second-stage T. brucei gambiense infections which has 

been in use since the 1980s. It is an expensive and difficult to administer drug, requiring 

four daily intravenous injections for 7-14 days. It is the only trypanocidal drug with a 

known mechanism of action involving irreversible inhibition of the ornithine 

decarboxylase (ODC) enzyme required for the polyamine synthesis pathway in the 
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parasite[11]. Its selectivity is due to the pronounced difference in turnover rates between 

the parasite and host ODCs. 

 The current regimen of drugs is not ideal for treatment of HAT due to their high-

cost, difficulty in administration, and more importantly their severe side-effects. 

Compounding these factors is the fact that drug-resistance has been observed in many 

cases in Africa, with the first case of melarsoprol-resistance recorded in the early 1990s 

and their incidence increasing rapidly since then[12].  Unfortunately, cases of 

eflornithine-resistance have recently been reported as well.  It is therefore crucial that 

new drugs be discovered and developed for the treatment of HAT. 

 There are currently several efforts undertaken by consortia of academic and 

philanthropic organizations that are focusing on identifying and validating new potential 

therapeutic targets for HAT[13]. So far the most promising new approach is a 

combination therapy of nifurtimox and eflornithine (NECT) which is safer, more cost-

effective, and easier to administer than the current mono-therapies. The advantages 

notwithstanding, the cost of a single treatment is still cost prohibitive for any HAT patient 

and therefore treatment with NECT is completely reliant on donations from the 

pharmaceutical companies that manufacture it (Sanofi and Bayer)[14]. The importance of 

developing new safer, cheaper and easy-to-administer therapeutics is underscored by the 

fact that vaccination against T. brucei is not a viable option. T. brucei has evolved the 

ability to continuously change its surface protein coat, known as the variable surface 

glycoprotein (VSG), which covers the whole surface of the parasite cell and provides the 

only point of contact with the host immune system. The parasite has thousands of VSGs 
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in its arsenal which it is able to change throughout its infection in the human host. This 

renders the host immune system incapable of completely eliminating the disease because 

some parasites always evade elimination by switching to a different surface coat protein 

when a robust immune response is initiated against the currently expressed VSG. 

Glossina species and vector control

T. brucei spp. are transmitted by the tsetse fly (Glossina genus) from one mammalian 

host to the next, as well as between animal reservoirs. The prevalence of HAT can be 

tightly traced to the natural habitat of the tsetse fly. There are 31 tsetse fly species that 

can transmit trypanosomes, but only several of these transmit the species that infect 

humans[15]. Furthermore, the majority of tsetse flies are refractory to infection with 

trypanosomes and some estimates indicate that only 5% of tsetse flies harbor 

trypanosomes. Therefore, vector control can have a large impact on reducing the disease 

burden of HAT and efforts have been undertaken to control the tsetse fly including the 

use of aerial spraying of ultra-low doses of pyrethroids; the use of odor-baited traps and 

pyrethroid-impregnated targets to suppress tsetse populations in densely vegetated areas; 

and the use of insecticides and sprays applied directly onto livestock for flies that feed 

primarily on cattle, especially in East Africa[7]. 

Trypanosoma brucei

Life cycle
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 T. brucei are transmitted by the tsetse fly from one human host to the other. This 

requires complex developmental changes that allow the parasite to proliferate in the 

human host while also surviving in the insect vector[16] (Figure 1.3). The cycle begins 

when the tsetse fly takes a blood meal and injects metacyclic trypomastigotes, the insect-

stage human-infectious form, into the host. The metacyclic parasites will transform into 

the bloodstream trypomastigotes which will then be carried to other parts of the body. 

The proliferating long slender bloodstream form parasites will arrest in GO/G1 phase of 

the cell cycle upon reaching a certain density in the blood and then will undergo 

differentiation to the non-dividing short stumpy. The short stumpy form is pre-adapted for 

survival in the tsetse fly and so rapidly differentiates into the procyclic form in the fly’s 

midgut when ingested after a blood meal. The procyclic forms leaves the midgut and 

transforms into the epimastigote form as it makes its way towards the fly’s salivary 

glands. In the salivary gland, the epimastigote form proliferates and transforms into the 

metacyclic form, thus completing the full life cycle.   

Cell biology (cell cycle, main organelles)

 T. brucei are unique both in morphology, as exhibited by their vermiform shape 

that is result of a corset of microtubules running the length of the cell, and in cell biology 

as these parasites contain only a single copy of organelles and structures such as the 

mitochondrion, Golgi and basal body/flagellum complex (Figure 1.4). Especially 

interesting is the singular mitochondrion, which is large and elongated and runs the 

length of the whole cell. Its DNA is composed of thousands of catenated circular DNA 
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strands, termed maxi-circles and mini-circles, that form a structure known as the 

kinetoplast (thus giving the name to the group of organisms that contain this structure, 

“kinetoplastids”). The maxi-circle transcripts contain many nonsense coded genes that 

require editing to form a functional mRNA, which is also another unique aspect of T. 

brucei biology.  Functional mRNAs are generated by the use of guide RNA (gRNA) 

templates that guide the editing specificity of the non-coding mRNAs[17].  

 The cell cycle in T. brucei is tightly regulated and timed in such a way that each 

single organelle is accurately duplicated and segregated in order to produce viable 

daughter cells. The cell prepares for entry into a new round of duplication during the first 

gap phase (GO/G1). During G1 late phase, maturation is observed of the pro-basal body 

which is located adjacent to the basal body at the base of the flagellum, thus forming two 

basal bodies. As in other organisms, the DNA is duplicated during S phase with the 

kinetoplast S phase starting before that of the nucleus. In early G2 phase, the basal 

bodies, kinetoplasts and the flagellum begin to segregate. Duplication of T. brucei 

organelles is concentrated on the posterior end of the cell therefore constraining 

cytokinesis in such a way that it occurs after chromosome segregation upon ingression of 

a cleavage furrow that begins at the anterior end of the cell and ends at the posterior 

end[18] (Figure 1.5). 

Splicing (trans-splicing, cis-splicing, VSGs)

 T. brucei exhibit a unique mechanism for splicing of pre-mRNAs. Protein coding 

genes in T. brucei are arranged in tandem clusters  that are constitutively transcribed in 
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large polycistronic pre-mRNAs that are resolved through a process of trans-splicing, 

which was first observed in trypanosomes and later found to occur in other 

organisms[19]. In this process, the 5’-terminal region of the spliced leader (SL) RNA, 

which contains the cap structure, is ligated on the 5’ end of each mRNA[20]. This 

process, in conjunction with polyadenylation, generates individual mRNAs from 

polycistronic pre-mRNAs resulting in capped mature mRNAs.  Trans-splicing is carried 

out by the spliceosome consisting of five U-rich small nuclear RNAs and is very similar 

to conventional cis-splicing, which is also found in T. brucei and is restricted to only 

several essential Tb genes such as the poly-A polymerase gene [21] and a putative RNA 

helicase [19]. 

 The initial discovery of trans-splicing was made on Variant Surface Glycoprotein 

(VSG) mRNAs whose 5’-terminal regions exhibited a common leader sequence that was 

not encoded in the VSG genes themselves[20]. Further studies showed that the 39-

nucleotide (nt)-long leader was derived from the 5ʹ′ terminus of a separate, small nuclear 

RNA, which was later termed the SL RNA[22]. VSG genes are crucial to the survival of 

the parasite in the host as antigenic variation is achieved by switching the VSG coat 

being expressed thus allowing the parasite to evade the host immune system. The VSG 

coat is the only part of the parasite cell that is exposed to the immune system, so by 

periodically switching VSG expression a small subset of the parasite population is able to 

avoid immune clearance and persist in the host. 

	
 The T. brucei genome contains hundreds of encoded VSG genes clustered in 

subtelomeric arrays, but few VSG genes are fully functional (most are full-length 

pseudogenes)[23]. VSG transcription occurs in one of the telomeres at the VSG 
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expression sites; however, only one expression site is active at a time thus ensuring the 

expression of a single VSG gene at any given moment resulting in a homogeneous 

population of trypanosomes exhibiting an identical surface coat. The VSG protein is 

highly expressed in the bloodstream form and 107 copies are generated to entirely cover 

the trypanosomes. The majority of parasites are of the same antigenic type (homotype) 

during the ascending phase of parasitemia. When the host immune systems reacts to this 

homotype by generating antibodies against it, the parasites are eliminated and the 

parasitemia decreases (descending phase).  At the same time, a small population is 

expressing several heterotypes (i.e.. different VSGs), and one of these populations 

overgrows the others, leading to an increase in parasitemia thus allowing the infection to 

persist for years (in the case of the chronic form of the disease.) 

Laboratory strains and experimental manipulations

 Continuous propagation of a lab adapted strain of T. brucei was  first achieved in 

1977 with the Lister 427 strain (clone 052) which successfully propagated in RPMI 1640 

medium with 25 mM HEPES and 20% heat-inactivated FBS, in the presence of bovine 

primary fibroblast-like feeder cells[24]. This lab adapted strain is the animal infective 

subspecies, T. brucei brucei, and is the 221 variant (expresses only the 221 VSG) that is 

currently used by most laboratories that study African trypanosomes and the strain used 

to conduct the experiments described in this thesis. Upon successive attempts the two 

forms of this strain, the insect-infective form (termed procyclic) and the animal-infective 

form (termed bloodstream), have been successfully cultivated. Procyclic parasites are 

cultivated in Cunningham media, at 27 oC, in the absence of CO2. The bloodstream form 
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are cultivated in HMI-9 media, at 37 oC, in the presence of 5% CO2. The bloodstream 

form can be differentiated into the procyclic form in vitro by changing the culture 

temperature to 27 oC and switching to procyclic media containing  citrate and a cis-

aconitate. 

	
 In addition to in vitro cultures, animal models have been established in mice, rats 

and in non-human primates[25]  to investigate disease pathogenesis and to test new drug 

therapies.  The mouse model for acute infection involves an intraperitoneal injection of 

600-1000 parasites (T. brucei brucei) in mice. Proliferation of parasites in the lymph and 

blood ensues and by the third day post-infection parasites can be detected in a tail bleed 

by microscopic analysis. The infection occurs in waves of parasitemia determined by the 

mouse immune system clearing one parasite homotype while a different heterotype takes 

hold.  In general, mice do not survive more than two parasitemia peaks and usually 

exhibit weight loss and ruffled coats upon completion of the first wave. 

Tools for molecular and cellular biology

 Classic genetic crossing is possible with T. brucei by co-transmission through the 

tsetse fly, however this technique is extremely laborious, not widely used and the 

mechanism of genetic exchange is poorly understood[26]. Therefore, it is a lot more 

common to use RNAi or knock-outs as forward genetic approaches to study the function 

of a gene of interest. These approaches are possible in T. brucei, while not so readily 

available in other related parasites, for the following reasons: a) T. brucei are easy to 

culture in liquid (no feeder cells needed) or on agar plates (for obtaining clonal 
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populations) b) T. brucei can be efficiently transfected using electroporation c) 

Homologous recombination is efficient and not hindered by non-specific recombination 

events.  d) T. brucei, unlike related organisms such as Leishmania or T. cruzi, has an 

intrinsic RNAi system that can be exploited to knock-down a gene of interest. e) multiple 

drug markers are available for selection following transfection. 

 The most common vector used for RNAi is the pZJM vector developed by the 

Englund lab at the Johns Hopkins School of Medicine[27]. This vector allows for in vivo 

synthesis of double-stranded RNA (dsRNA) that is tetracycline-inducible in stably 

transformed cells. 300-500 bp of the gene of interest in cloned into the pZJM vector in 

between two opposing T7 promoters (Figure 1.7).  The T7 promoters are under the 

control of a Tet operator thus allowing for Tet-inducible regulation of RNAi. The vector 

is transfected into the 90-13 T. brucei cell line, which stably expresses the bacteriophage 

T7 polymerase, along with the Tet repressor gene, and is targeted for integration in a non-

transcribed region of the genome (ribosomal RNA). 

 Gene deletions are also possible in T. brucei, however require a lot more effort. T. 

brucei is a diploid organism thus creating a gene knock-out  requires the deletion of both 

gene copies. To delete a gene requires transfecting T. brucei with a drug marker that is 

flanked by the 5’ and 3’ region of the gene being targeted. Once the gene copy is deleted 

(and verified) then the second copy can be deleted using a different marker. Considering 

each round of successful transfection can take up to two weeks, it may take up to 1-2 

months to generate a successful knock-out strain. Therefore, RNAi is generally the 

method of choice for studying gene function as it only requires one round of transfection.  
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 Over-expressing a tagged a gene is also possible in T. brucei. For over-expression 

of a tagged version of a gene of interest the pLew vector is generally used, and this also 

allows for Tet-inducible regulation[28]. For endogenous tagging the pC vector developed 

by the Gunzl lab is generally used[29] which allows for endogenous replacement of the 

gene of interest with a tagged version of itself (either Myc or HA-tagged). Expression of 

the tagged gene is driven by the endogenous promoter, therefore more closely mimics the 

normal expression of the gene being studied. The pLew and pC vectors allow the study of 

dominant negative functions, as well as immunofluorescence and immunoprecipiation 

experiments when an antibody is not available for the gene under consideration (since 

anti-Myc and anit-HA antibodies are readily available, raising antibodies against the gene 

of interest can be by-passed.) 

Protein Kinases

Major groups and functions 

 Protein kinases are involved in a myriad of signaling pathways in the cell and 

through their phosphorylation activity are in control of many cellular processes including 

cell cycle progression, apoptosis, differentiation, metabolism, transcription and many 

others. Protein phosphorylation is also crucial for the normal functioning of the immune 

system, the nervous system, as well as intercellular communication during 

development[30]. 

 The human kinome contains 518 protein kinases which includes 40 atypical 

kinases that exhibit biochemical kinase activity but lack sequence similarity with the 
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remaining 478 eukaryotic protein kinases (ePKs). The 478 ePKs are grouped into 8 major 

groups based on their sequence and function (Figure 1.8)[31]: AGC containing PKA, 

PKG, PKC families; CAMK Calcium/calmodulin-dependent protein kinase; CK1 Casein 

kinase 1; CMGC containing CDK, MAPK, GSK3, CLK families; STE Homologs of 

yeast Sterile 7, Sterile 11, Sterile 20 kinases; TK Tyrosine kinase; TKL Tyrosine kinase-

like[31]. 

	
   On a sequence level, the protein kinase domain is sectioned into 11 characteristic 

subdomains[32]. Of particular importance are the lysine residue in subdomain II which 

aids in aligning the ATP molecule in the ATP binding pocket, as well as the aspartic acids 

in subdomains VI and VII which are involved in the catalytic transfer of the gamma-

phosphate to the hydroxyl of the protein substrate. The catalytic domains of protein 

kinases also exhibit a common structure that consists of two structurally and functionally 

distinct lobes (Figure 1.9a) which are both required and involved in catalysis and 

regulation[33]. The N-terminal lobe contains the characteristic Gly-rich loop (GxGxxG) 

found in all kinases and delimits the start of the kinase domain. This loop is important for 

properly aligning the gamma-phosphate of the ATP molecule for catalytic transfer to the 

receiving substrate (Figure 1.9b). The N-terminal lobe also contains the essential Lys 

residue which also aids in properly aligning the ATP moiety. The C-terminal lobe 

contains two highly conserved Asp residues (Figure 1.9c), the first contained within 

subdomain VI and the second found in subdomain VII contained in the highly conserved 

DFG motif, that form salt bridges with the Mg2+ ion essential for kinase catalytic activity.

Kinases in T. brucei
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Studies with T. brucei kinases suggest that this protein family is equally important for 

the parasite’s biology. Cyclin related kinases (CRKs) have been implicated in cell cycle 

progression through RNAi studies[34]. Specifically, the CRK3:CYC2 complex was 

shown to be required for progression through G1 while the CRK3:CYC6 complex has 

G2/M phase kinase properties required for regulation of entry into mitosis, rendering 

CRK3 essential for growth[35]. In another study, TbMAPK2 (ERK subfamily kinase) 

was shown to be important for bloodstream and procyclic differentiation while an 

additional ERK subfamily member, KFR1, has been implicated in BSF 

proliferation[36,37,38].  These studies highlight the importance of protein kinases in T. 

brucei biology and suggest that probing this protein family will yield important 

information regarding parasite biology. Studying parasite kinases may also lead to new 

therapeutic avenues if one considers that this group of proteins perform critical functions 

in T. brucei including cell cycle regulation, cytokinesis, Golgi biogenesis, differentiation 

and many others[39].

The T. brucei genome contains in total 156 protein kinases which are also grouped in 

families and subfamilies according to similarity in sequence and biochemical 

function[40] (Figure 1.10). Of particular note is the fact that T. brucei lack any receptor-

linked tyrosine and tyrosine kinase-like kinases. In humans tyrosine kinases are important 

for receptor mediated signal transduction, such as epidermal growth factor receptor 

system, as well as cytosolic signaling such as src family of kinases that have been 

extensively studied due to their oncogenic properties. Furthermore, certain protein kinase 

families show an expansion in the T. brucei genome and these include the CMGC, STE 
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and NEK families. Kinases belonging to these families includes the MAP kinases which 

are involved in cell cycle regulation in response to external stimuli, differentiation, as 

well as the cellular stress response mechanisms. Interestingly, most kinases belonging to 

this expanded group are involved in sensing extracellular signals and this may reflect the 

need for trypanosomes to accurately detect their external environments as they transition 

through different parts of the human host and the insect vector. 

Kinases as therapeutic targets

Given the disease burden caused by African trypanosomiasis and the abysmal 

properties of current therapeutics, the HAT research community has focused on 

identifying and validating new potential drug targets. Among the plethora of potential 

protein targets that can be chemically inhibited in T. brucei  the protein kinase family 

stands out[39]. As previously discussed, kinases are important regulators of a multitude 

of cellular processes such as transcriptional control, cell cycle progression and 

differentiation.  Protein kinases have received much attention recently as potential drug 

targets for chemotherapeutic intervention [41] against a wide variety of human diseases 

including cancer, cardiovascular diseases and Alzheimer’s [42,43,44].  Similarly, there 

are several efforts underway to identify essential kinases in T. brucei as well as respective 

inhibitors that could represent new potential drug leads.  One such effort conducted by a 

private-public partnership between the Van Voorhis lab at the University of Washington 

and the pharmaceutical company Pfizer, screened 16,000 compounds against the short-

form of TbGSK3[45], a kinase previously found to be essential for T. brucei viability 
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[46].  This collaboration identified potent and selective compounds representing potential 

attractive starting points for a drug discovery program. There is also a Drug Discovery 

Unit at the University of Dundee, UK that is focusing on neglected tropical diseases and 

more recently has identified inhibitors against CRK3 kinase in Leishmania mexicana[47], 

an organism very closely related to T. brucei. Work undertaken in the McKerrow lab has 

also focused on identifying new essential kinases as well as developing high-throughput 

screens that would allow the screening of large compound libraries in order to identify 

new drug leads. A significant portion of this thesis work has gone towards the effort of 

identifying new essential kinases in T. brucei and is the subject matter of Chapter 2. 

Cdc2-like kinases (CLKs) and their function

 Cdc2-like-kinases (CLKs) are a family of evolutionarily conserved protein 

kinases present in humans, mice, plants, flies, and yeast. The main function of CLK 

kinases is to interact with and  phosphorylate serine-arginine-rich (SR) proteins, a family 

of non-snRNP pre-mRNA splicing factors .  CLKs  display dual specificity in that they 

are able to autophosphorylate at tyrosine residues but phosphorylate their substrates on 

serine/threonine residues [48]. CLK kinase activity is primarily mediated through 

phosphorylation of the N-terminal RS domain found within all SR proteins [49] which 

affects both the localization and the activity of these proteins. SR protein localization 

within the nucleus is highly dependent on CLK activity, and over-expression of CLKs has 

been shown to disrupt the typical speckled pattern observed for SR proteins [50]. 

Furthermore, studies have shown that over-expressing or inhibiting CLKs modulates the 
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splicing of a co-transfected reporter gene as a result of aberrant phosphorylation of  SR 

proteins [51]. Interestingly, CLKs all contain RS dipeptides in the N-terminal region, 

while the C-terminal kinase domain is highly conserved among family members; the 

differences between CLK orthologues within an organism lie primarily at the N terminus. 

Specific aims for thesis project

 The work presented in this thesis was motivated primarily by trying to explore the 

potential of protein kinases as therapeutic targets for the treatment of HAT. This resulted 

in a two-pronged approach:

1) The first part of the thesis was aimed at identifying novel protein kinase targets in T. 

brucei by conducting a high-throughput RNAi screen against a subset of the T. brucei 

kinome [52]. This study validated our luciferase-based assay method as a suitable assay 

for high-throughput RNAi screens in T. brucei. More importantly, it identified two 

kinases, CRK12 and ERK8, that are essential for normal proliferation by the parasite, 

presenting new therapeutic avenues warranting further exploration. 

2) The second part of the thesis work was aimed at investigating the function of a 

previously identified essential kinase, TbCLK1 [Nishino et al. (2012), manuscript 

submitted]. This work was motivated by the fact that information relating to a potential 

drug target can aid in the drug discovery process by providing valuable phenotypic 

readouts for inhibition studies, but also by helping to identify downstream substrates that 

18



may themselves become drug targets. In this work, we were able to show that TbCLK1 is 

essential for cis-splicing in T. brucei [Koupparis et al. (2012), manuscript submitted] and 

that it may potentially be involved in other functions [Chapter 5: Unpublished work]. 
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Figure 1.1. Incidence of trypanosomiasis across sub-Saharan Africa compiled from 
reported cases between 2000-2009[53].
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Chemotherapy of human African
trypanosomiasis: current and future
prospects
Alan H. Fairlamb

Division of Biological Chemistry and Molecular Microbiology, School of Life Sciences, The Wellcome Trust Biocentre,
University of Dundee, Dundee, UK DD1 5EH

Three of the four currently approved drugs for the treat-
ment of African trypanosomiasis (sleeping sickness)
were developed over 50 years ago. All of the current
therapies are unsatisfactory for various reasons, includ-
ing unacceptable toxicity, poor efficacy, undesirable
route of administration, and drug resistance. The pos-
sible modes of action of these drugs are briefly reviewed,
as are the possible mechanisms of resistance. The inter-
mediate and long-term prospects for the development
of safer, effective drugs are discussed.

The chemotherapy of human African trypanosomiasis
(HAT) has historical roots that date back to the pioneering
work by Paul Ehrlich on dyes and arsenicals. Yet research
over the past century has yielded only four clinically
approved drugs (Figure 1), three of which were introduced

more than 50 years ago. Set against the spectacular
advances in other areas of chemotherapy over the past
half-century, parasitic diseases in general, and trypano-
somiasis in particular, have fared extremely badly. As
pharmaceutical companies have merged and evolved into
ever-larger multinational conglomerates, so has invest-
ment declined in drug development for tropical diseases
and other less profitable ‘orphan diseases’. There are some
exceptions to this deplorable situation, but the fact still
remains that only a handful of new drugs (,1% of all new
chemical entities) has been launched for the treatment of
all tropical parasitic diseases over the past 25 years. With
the exception of antimalarials, these drugs arose as a
result of research and development for veterinary or
anticancer indications, and only one of these (eflornithine)
was destined for use against HAT. In addition, access to

Figure 1. Structures of drugs used to treat (a) early stage and (b) late stage human African trypanosomiasis and their date of synthesis. Note that nifurtimox has not been
approved for clinical use, although it has been used on compassionate grounds in patients failing to respond to eflornithine or melarsoprol.
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Figure 1.2. Structure of chemotherapeutic agents available for treatment of Human 
African Trypanosomiasis (HAT)[8].
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Figure 1.3. The life cycle of T. brucei as it cycles between the human host and the insect 
vector[16]. 
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We are interested in the cellular sorting of glycosylphos-
phatidylinositol (GPI)-anchored proteins, a class of cell sur-
face proteins thought to occur in all eukaryotic cells, but
studied mainly in mammalian cells, yeast, and kinetoplastid
protozoa (McConville and Ferguson, 1993; Ferguson, 1999;
Chatterjee and Mayor, 2001). The phosphatidylinositol resi-
due confers on these proteins properties of “big lipids,”
whereas the protein moiety allows for their ready detection
by immunochemical techniques and, in some cases, by their
enzymatic or ligand-binding properties. Therefore, these
proteins have become popular for studies on cellular sorting,
and depending on the cell type and the membrane compart-
ments investigated, both positive and negative sorting sce-
narios have been proposed (Bretscher et al., 1980; Bamezai et
al., 1992; Keller et al., 1992; Simons and Ikonen, 1997; Harder
et al., 1998; Muñiz et al., 2001; Sabharanjak et al., 2002).

We have chosen the mammalian stage of the parasitic
protozoan Trypanosoma brucei (see Figure 1 for relevant ul-
trastructural features of the organism), as a model for the
sorting of GPI-anchored proteins for three reasons. First, this
and related flagellates abundantly express GPI-anchored
proteins. T. brucei is covered by a dense coat of the GPI-
anchored variant surface glycoprotein (VSG), which com-
prises 10% of the total cellular protein (Overath et al., 1994;
Cross, 1996). Sorting is effective, because the concentration
of VSG at the cell surface is 50 times higher than in the
endoplasmic reticulum (ER) (Grünfelder et al., 2002), where
the protein is synthesized and the lipid anchor is attached.
The concentration in membranes of the Golgi complex and
of endosomes is 2.7 and 10.8 times higher than in mem-
branes of the ER, respectively. Thus, the ratio of the VSG
concentration at the cell surface to the average concentration
on endosomal membranes seems to be 4.7. The second rea-
son for using T. brucei is the highly compact and polarized
arrangement of its structures involved in endo- and exocy-
tosis. Macromolecular nutrient uptake as well as secretion is
restricted to the flagellar pocket membrane, an invagination
of the plasma membrane surrounding the emerging flagel-
lum at the posterior end of the cell. Endosomes are exclu-
sively located between the flagellar pocket and the nucleus

forming a prominent and in part continuous system of cis-
ternal/tubulovesicular structures. In addition, this region
harbors the single Golgi apparatus and the lysosome(s)
(Overath et al., 1997; Field et al., 2000; Weise et al., 2000;
Landfear and Ignatushchenko, 2001; McConville et al.,
2002b). Third, the equivalent of the membrane area of the
flagellar pocket is internalized every 2 min (Coppens et al.,
1987). This observation suggests that VSG is rapidly endo-
cytosed and recycled (Seyfang et al., 1990) and implies effec-
tive sorting in the endosomal system.

In this study, we focus on membrane structures involved
in uptake and recycling of VSG in T. brucei. We show that
VSG enters trypanosomes at the flagellar pocket in clathrin-
coated vesicles and then associates with endosomes. VSG
seems to be concentrated by default in cisternal endosomes
by budding of a distinct class of clathrin-coated pits (CCPs)
and vesicles, which are depleted in VSG. The cisternal en-
dosomes give rise to VSG-rich, TbRAB11-positive exocytic
carriers, which fuse with the flagellar pocket membrane. The
results are discussed in comparison to sorting and mem-
brane recycling of GPI-anchored proteins in mammalian
cells, in which exocytic carriers recycling from endosomes to
the plasma membrane have so far not been characterized
(Sönnichsen et al., 2000).

MATERIALS AND METHODS

Immunofluorescence
Bloodstream stage Trypanosoma brucei (strain MITat 1.2) were culti-
vated in HMI-9 ! 10% fetal bovine serum, at 37°C in an atmosphere
of 5% CO2 in air. Cells were harvested at a density of 8 " 105

cells/ml by centrifugation at 1400 " g and 4°C for 10 min. After
three washes with ice-cold trypanosome dilution buffer (TDB; 5 mM
KCl, 80 mM NaCl, 1 mM MgSO4, 20 mM Na2HPO4, 2 mM NaH2PO4,
20 mM glucose, pH 7.4), the cell density was adjusted to 1 " 108

cells/ml and incubation with 1 mM sulfo-NHS-SS-biotin, 1 mM
7-amino-4-methylcoumarin (AMCA)-sulfo-NHS (both from Pierce
Chemical, Rockford, IL) was performed for 10 min on ice in the
dark. The reaction was stopped by the addition of 10 mM Tris-HCl,
pH 8.5. After three washes with 2 ml of ice-cold TDB, the cell
suspension was adjusted to a density of 4 " 108 cells/ml. Aliquots
of 50 !l were added to 450 !l of prewarmed (37°C) HMI-9 and
endocytosis was allowed for 3 min, followed by two washes with
ice-cold TDB. Sulfo-NHS-SS-biotin was cleaved from the cell surface
by 15 min of incubation on ice with 60% HMI-9, 10% fetal calf
serum, 50 mM glutathione, pH 9.0. After two final washings with
TDB, cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 24 h at 4°C. Throughout the procedure, the
cell viability was monitored by microscopy. Permeabilization of
trypanosomes was achieved by 15-min incubation in 500 !l of 0.1 M
Na2HPO4/1 M glycine, pH 7.2, followed by 5-min incubation in 1
ml of 0.05 M Na2HPO4/0.5 M glycine/0.1% Triton X-100, pH 7.2.
Biotinylated, endocytosed VSG was detected with Alexa Fluor 594-
conjugated streptavidin (10 !g/ml; Molecular Probes). For immu-
nodetection of TbRAB11A (Jeffries et al., 2001) and clathrin heavy
chain (Morgan et al., 2001), respectively, affinity-purified rabbit an-
tibodies diluted 1:200 in PBS/1% bovine serum albumin were used.
As secondary reagent Alexa Fluor 488-conjugated goat anti rabbit
antibody (1:2000; Molecular Probes) was used.

Image acquisition was performed with a motorized Axiophot2
widefield microscope equipped with a 63"/1.4 numerical aperture
oil DIC objective (both from Carl Zeiss, Thornwood, NY), a 2.5"
optovar, and the CoolSnap HQ cooled (#30°C) charge-coupled
device camera (Sony ICX285 interline, progressive-scan charge-cou-
ple device). For acquisition of three-dimensional (3D)-images, a

Figure 1. Schematic drawing of the ultrastructure of T. brucei. The
figure presents a simplified version of the endocytic compartment
comprising two classes of clathrin-coated vesicles and TbRAB11-
positive structures involved in recycling of VSG. The white cisternae
close to the lysosome represent a hypothetical, late endosomal com-
partment, which may be the target for class II clathrin-coated vesi-
cles. Structures corresponding to early endosomes are not depicted
because they have not yet been defined on the ultrastructural level.

C.G. Grünfelder et al.

Molecular Biology of the Cell2030

Figure 1.4.  Schematic diagram of the T. brucei cell along with the major organelles 
found within the cell body[54]. 
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2 T.C. Hammarton / Molecular & Biochemical Parasitology 153 (2007) 1–8

1. Introduction

The typical eukaryotic cell cycle consists of four phases—
G0/G1, S, G2 and M. During the first gap phase (G0/G1), the
cell prepares for entry into a new round of replication and cell
division, and ensures the availability of nutrients and frequently,
also the cell size, are appropriate to proceed to S phase. DNA
is replicated during S phase, and following the second gap
phase (G2), is divided during M phase. In animal cells, cytoki-
nesis commences before mitotic chromosome segregation is
completed, and hence the two events overlap. Although the
cell division cycle in Trypanosoma brucei broadly follows this
scheme, it possesses unique features and complexities [1,2].
The parasite is vermiform in shape, a property conferred by the
sub-pellicular microtubule corset of the cytoskeleton. T. brucei
contains a number of single copy organelles and structures
(e.g. nucleus, mitochondrion whose DNA is concentrated into
a disc-like structure termed the kinetoplast, Golgi and basal
body/flagellum complex), which must be accurately duplicated
and segregated if cell division is to generate viable progeny.
Organelle duplication therefore occurs in a precise order (Fig. 1,
[1]). The duplicated organelles are concentrated in the posterior
end of the cell (although their relative positioning differs in
different parasite life cycle stages), imposing constraints on
cytokinesis, which occurs after mitotic chromosome segregation
via the unidirectional ingression of a cleavage furrow along the
helical axis of the cell from the anterior to the posterior end.

2. Cell cycle regulators

Molecular regulation of the T. brucei cell cycle has unique
and unusual features, reflecting the complexities seen at the

physical level. The publication of the so-called ‘TriTryp’ (T.
brucei, Trypanosoma cruzi and Leishmania major) genome
sequences [3–5] has greatly impacted trypanosomatid cell
cycle research, leading to faster functional analyses particularly
in T. brucei where RNA interference (RNAi) is possible,
and allowing the description of the trypanosomatid kinomes
[6]. Orthologues of many conserved protein kinases, such as
cyclin-dependent kinases (CDKs), mitogen-activated protein
kinases (MAPKs), aurora and polo-like kinases, are present in
T. brucei, although their functions are often divergent [7–9],
and may also differ in different life cycle stages. Conversely,
no receptor-linked tyrosine kinases were found; tyrosine
phosphorylation is likely carried out by dual specificity protein
kinases. Additionally, some cell cycle checkpoints are known
to be absent in particular life cycle stages of T. brucei [1,7],
and some checkpoint regulators such as the spindle checkpoint
protein BUB1, centromeric histone (CenH3), and Rho GTPases,
are also apparently absent in the trypanosomatids.

2.1. CDKs

CDK activity is essential for progression through different
cell cycle boundaries, with different CDKs interacting with dif-
ferent cyclins to regulate different cell cycle stages [10]. For
example, in mammalian cells, CDK4 and CDK6 are activated
by interaction with cyclin D (transcribed in response to mito-
genic signals) and regulate G1 progression by inhibiting the
retinoblastoma (Rb) protein, which itself represses transcrip-
tion of the S phase cyclin, cyclin E. Cyclins E and A complexed
with CDK2 are required for S phase, promoting centrosome
duplication and DNA replication, while mitosis is regulated by
CDK1 complexed with cyclins A and B. There is clear evidence

Fig. 1. Cell cycle regulation in Trypanosoma brucei. Duplication of the major organelles and structures during the cell cycle is illustrated in cartoon format for the
PCF. Experimentally verified regulators of G1 phase are shown in black, basal body duplication in pink, Golgi duplication in green, mitosis in red and cytokinesis
in grey. Adapted from [2].
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Figure 1.5. Cell cycle progression in T. brucei. Adapted from Hammarton TC (2007). 
(FAZ: Flagellar attachment zone). 
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Figure 1.6. Schematic representation of the trans-splicing mechanism in T. brucei as it 
relates to the cis-splicing mechanism found in mammalian organisms [19]. Upstream 
exon and spliced leader are drawn as gray rectangles, and downstream exon and 
trypanosome gene are drawn as black rectangles. 5′ and 3′ splice sites (SSs) are 
represented by small open boxes, branch points (BPs) by closed circles, polypyrimidine 
tracts by small striped boxes, and the cap 4 structure of the spliced leader as an oval. 
Conserved sequences are provided below the drawing with invariant residues underlined.
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Figure 1.7. Schematic representation of pZJM vector, adapted from Wang et al. (2000)
[27]. The tetracycline-inducible procyclin promoter (procyclin arrow), the tetracycline 
operator (Tet Op), dual T7 terminators (ΩΩ), tetracycline-inducible T7 promoter (T7 
arrows), ribosomal DNA (rDNA), actin poly(A) addition sequence (ACT polyA), 
phleomycin resistance gene (BLE), splice acceptor site (SAS), aldolase poly(A) addition 
sequence (ALD polyA), and “stuffer” DNA are indicated. Vectors are not drawn to scale 
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Figure 1.8. Dendrogram of 478  human eukaryotic protein kinase domains with major 
groups labeled and colored. Groups, families and subfamilies are based on sequence and 
biochemical function similarity. (Source: Cell Signaling Technology. www. 
cellsignal.com) 
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Figure 1.9. Structure of the conserved protein kinase domain[33]. (a) Characteristic 
kinase domain bilobal fold. The ATP binding pocket forms at the deep cleft between the 
lobes. Major, catalytically important loops are colored yellow. (b) N-lobe structure. The 
Gly-rich loop coordinates the ATP phosphates. Three conserved glycines are shown as 
red spheres. (c) Catalytic and regulatory machinery is bound to the rigid helical core of 
the C-lobe. The extended activation segment (colored dark red) contains a 
phosphorylation site that is bound to β9 (K189) and the HRD-arginine (R165). The P+1 loop 
accommodates the P+1 residue of the peptide substrate that is docked to the peptide-
binding groove.[33]
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Figure 1.10. Dendrogram of the catalytic domains of 156 ePKs found in the T. brucei 
genome. Of particular note is the absence of members of the Tyrosine Kinases (TKs) and 
Tyrosine Kinase-Like (TLKs) families [40]. 
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CHAPTER 2

MINING THE T. BRUCEI KINOME

INTRODUCTION

 Human African Trypanosomiasis (HAT) in sub-Saharan Africa accounts for about 1.5 

million Disability-Adjusted Life Years (DALYs), a metric that describes disease-caused loss of 

health and productivity[55,56]. There are two forms of HAT, a slow chronic disease caused by 

Trypanosoma brucei gambiense in western Africa, and an acute disease caused by T. brucei 

rhodesiense in eastern African. Both diseases are fatal if untreated. The 4 drugs currently 

approved for treating HAT are inadequate as therapies due to toxicity, poor efficacy or difficulty 

of administration. For example, the arsenic derivative melarsoprol causes encephalopathy in 

5%-10% of patients that is fatal in 10%-70% of this sub-group [4,57,58,59]. Pentamidine and 

suramin are not effective against the cerebral stages of the parasite. Although Eflornithine is 

effective against the T. brucei gambiense form of HAT, its administration requires IV 

administration in a hospital setting. These factors all point to the great need for more effective 

chemotherapy against HAT. 

 One approach to new therapies for HAT is to discover novel gene products in the 

clinically relevant bloodstream form (BSF) of the parasite that can be modulated by small 

molecules. A promising group of such genes is the protein kinases. Protein kinases catalyze the 

covalent transfer of the gamma phosphate group from adenosine triphosphate (ATP) to the 

hydroxyl group of serine, threonine or tyrosine located on a specific protein substrate. 

Phosphorylation of a substrate protein can redirect its overall function, causing it to alter key 

biological functions, including cell cycle control and signal transduction. Protein kinases thus act 

as key biochemical switches that affect the physiology of cells. Modulating their activity has the 

potential to treat many diseases, even in cases where discriminating kinase targets might present a 
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challenge. Gleevec (imatinib) is an important example of one such protein kinase inhibitor 

utilized in the treatment of certain types of leukemias[60,61,62,63]. A benefit of studying the 

biological role of protein kinases in T. brucei includes discovery of novel drug targets to treat 

HAT.

 RNA interference (RNAi) technology is a powerful strategy for identifying and 

understanding BSF T. brucei kinases that are biologically important targets[27]. T. brucei is 

particularly well suited for this approach to drug discovery because the organism is amenable to 

chemical-genomic studies and tolerates molecular manipulations like RNAi. In T. brucei, RNAi 

has been an invaluable tool for understanding the biological roles of many of the parasite’s genes 

and is also an ideal methodology for scanning groups of genes to identify essential drug targets. 

Here we describe an RNAi screen of 31 previously uncharacterized kinase genes in BSF T. brucei 

utilizing a 96-well high throughput screening format. The assay uses a luciferase-based system 

that is widely used in small-molecule screens[64].

RESULTS 

Construction of RNAi Library

 RNAi is a powerful general tool for elucidating the relationship between a gene product 

and its cellular function. Specifically applied to BSF T. brucei, the method is useful for 

identifying and validating novel gene products as potential therapeutic drug targets. Ideally, a 

genome-wide RNAi screen of the organism could provide a framework for cataloging all the 

potential gene targets in T. brucei, but the lack of suitable screening assays for BSF parasites has 

made it impractical to undertake large-scale projects. As a proof of concept, we have tested a 

screening assay utilizing a small RNAi library directed against members of the T. brucei kinome 

to determine the suitability of this approach for screening RNAi libraries in HTS format. Utilizing 

the primers listed in table I, we PCR-amplified 31 kinases from T. brucei genomic DNA. PCR 

products ranged in size from 300-800 bp (data not shown). Each of the PCR products was 
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digested with HinDIII and XhoI, then sub-cloned into the parental vector pZJM that was digested 

with the same restriction endonucleases[27]. This cloning strategy resulted in the production of a 

library consisting of 31 RNAi vectors that were subsequently used to transform the T. brucei 

90-13 strain. The transformations resulted in the generation of 30 stable phleomycin-resistant 

RNAi clones (figure 1A). Table II lists the diversity and the Gene Database identifiers of the 

clones. One clone, the K13 plasmid targeting the Tb11.01.4230 kinase, resisted attempts to 

generate a stable phleomycin-resistant phenotype and was accordingly dropped from the RNAi 

library. The pZJM parental vector was utilized as a positive control because it contains a partial 

cDNA for α-tubulin; silencing of the α-tubulin message by RNAi causes a lethal phenotype in T. 

brucei[27].

Table 3 describes the 170 protein kinase genes in the latest tabulation of the T. brucei 

kinome, including 156 kinase genes predicted by the genome project and 14 additions based on 

proteomic work reported by Nett et al.[40,65,66,67]. Cross-species comparison with the human 

kinome revealed that the T. brucei kinome contains fewer total kinases, lacks three groups 

entirely (RGC, TK and TKL), and is over-represented by the CMGC kinase group. The majority 

of the RNAi-generated kinase clones in the library reported here belong to the CMGC kinase 

group. This finding is not surprising given that this group represents 28% of the total protein 

kinases in the T. brucei kinome. Only the CRK1 homolog, Tb10.70.7040, which was amplified by 

the K8 primer set, has been previously characterized in BSF parasites[35]. The remaining 30 

kinases have not been characterized in BSF parasites prior to this study. Of the kinases in the 

RNAi library reported here, 13 appear to be unique to T. brucei and other kinetoplastids, while 

the remainder appear to have homologues in other model systems.

Luciferase-based RNAi Screen

 The kinome represents an ideal target environment to search for physiologically 

important genes that are also potentially druggable. Proliferation was the phenotypic 
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characteristic used to determine the importance of a kinase for normal T. brucei 

physiological function. Proliferation as a phenotype is simple to score and tractable to 

several uncomplicated assays. Alamar Blue has become a method of choice for 

measuring viability in T. brucei in response to HTS drug screens[68,69]. We chose a 

comparable luciferase-based assay. This assay measures ATP bioluminescence that is 

generated in response to the oxidization of luciferin by luciferase in the presence of 

cellular ATP. The intensity of light in the bioluminescence reaction is proportional to the 

amount of ATP released from viable trypanosomes. Just as the fluorescence intensity in 

the Alamar Blue assay is proportional to the number of viable cells in the reaction 

mixture, the light signal generated from the luciferase-based assay is also proportional to 

the number of viable cells in the reaction mixture. We chose the CellTiter Glo viability 

assay (Promega) as the reference luciferase-based assay for measuring proliferation in the 

RNAi clones. Screening the RNAi library involved transferring the clones to 96-well 

plates. We conducted a pairwise comparison between each clone and its tetracycline-

induced counterpart as an initial strategy for screening the library. Each of the clones was 

plated into a row of a 96-well plate such that control and induced clones were paired 

together in adjacent rows. Proliferation of the clones growing in the 96-well plates was 

measured utilizing the luciferase-based assay as outlined in Figure 1.

 The output of the assay was the Relative Light Unit (RLU), a value proportional 

to the amount of proliferation. RLU values from the wells were obtained with a 

luminometer with plate-reading capability. We calculated the mean RLU (RLUMean) of 

34



both control and induced RNAi clones, then compared the RLUMean of each control 

clone to its induced counterpart. Induced clones with t-value (Student’s t-test) greater 

than 7.64 indicated significant differences in the RLUMean values, with probability p-

values less than .00001.

 The RLUMean values of both α-tubulin RNAi control clones were demonstrably higher 

than those of the tetracycline-induced α-tubulin RNAi clones. To determine if these differences 

were statistically significant, we compared the RLUMean values of the control vs. induced clones 

using Student’s t-test. The p-values were 1.6 x 10-12 for α-tubulin clone 1 and 2.5 x10-13 for α-

tubulin clone 2. Both p-values were less than the .00001 cutoff, suggesting that induction of 

RNAi against α-tubulin significantly affected normal proliferation in T. brucei. The luciferase-

based assay performed as expected, detecting large differences in proliferation in response to 

silencing of the well-characterized T. brucei gene α-tubulin[27]. After observing the data from the 

α-tubulin clones, we used the same assay to examine the 30 kinase RNAi clones.

 The first set of kinase plates was read 3 days post-induction. RLU values were 

collected from each of the RNAi clones, and the RLUMean values were plotted as 

histograms. The mean percent coefficient of variation for each row was about 10% when 

aver- aged over all plates, suggesting that the clones were evenly distributed among the 

plates. While the majority of the 30 clones tested in the screen were not affected by RNAi 

after 3 days post-induction, several clones had RLUMean values that changed noticeably 

in response to RNAi induction by tetracycline. Figure 2 shows the RLUMean for each of 

the 30 clones screened by the luciferase assay that were tested over a period of 9 days. 
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These changes in the RLU value represented instances in which the proliferation of 

several clones was affected in response to RNAi.

 Individual Student's t-tests were conducted for all control and induced pairs to 

obtain probabilities and t-scores. The t-test analyses revealed that nine of the 30 kinase 

RNAi clones had RLUMean values with differences that were statistically significant. 

The nine kinases that appeared to influence normal proliferation at day 3 post-induction 

were those amplified by primer sets K5 (p = 2.27 · 10)09), K6 (p = 5.59 · 10)06), K8 (p = 

1.01 · 10)08), K10 (p=1·10)05), K12 (p=3.12·10)08), K16 (p= 8.28 · 10)06), K 22 (p = 

5.72 · 10)06), K23 (p = 1.61 · 10)07), and K24 (p = 1.07 · 10)08) (see Figure 2, day 3 

column). In addition to clone K10, the following clones K9, K15, and K26 also appeared 

to have had increased proliferation in response to RNAi. However, after 3 days post-

induction, only K10 had an increase in proliferation that was statistically significant.

 

 Kinases targeted in this screen were chosen based on the lack of information 

about their biological function in T. brucei. This screen was designed to identify potential 

kinase targets that would diminish or arrest trypanosome proliferation upon silencing by 

RNAi. Five clones identified from the pairwise screen were selected for further studies 

because they showed significant differences in RLUMean values over the three time 

points (Figure 2: day 3, day 6, and day 9 columns). These clones TbK5, TbK6, TbK8, 

TbK24, and TbK16 had constructs that targeted kinases homologous to the CRKs 

CRK12, CRK8, CRK1, the extracellular signal–regulated kinase (ERK) ERK8, and a 
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kinetoplastid-specific kinase, Tb927.7.4090, respectively. The RLUMean values of the 

induced RNAi clones were significantly lower than those of their respective controls. 

Reproducible detection of a significantly lower rate of proliferation for each time point 

suggested that silencing any of these five kinases would be sufficient to affect normal T. 

brucei proliferation.

 Table 4 lists the clones that were expanded in flasks to follow up the results of 

pairwise comparisons determined by the luciferase assay in 96-well format. The 

expanded clones were subcultured in complete HMI-9 medium with or without 

tetracycline and counted daily over a period of 9 days. Figure 3 demonstrates that two of 

the five kinases that were retested, CRK12 and ERK8, had strong growth phenotypes, 

and appeared to be essential for normal growth and proliferation in T. brucei. The three 

remaining kinases CRK1, CRK8, and Tb927.7.4090 had subtle growth phenotypes, 

suggesting that they were not essential for normal proliferation over the same time 

period.

 In cell-based small-molecule HTS assays, assayed plates include reference 

controls that define a dynamic range for the experiment. Bioactive hits are identified by 

wells with readout signals shifted away from the mean of signals from the general sample 

population[70]. The same methodology applied to a library of RNAi clones in an HTS 

format should reveal wells containing clones in which essential genes have been silenced. 

To test this notion, we screened the same 30 RNAi clones in an HTS format similar to 

that used to screen small-molecule libraries against cultured T. brucei[64]. Overall, the 
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RNAi screen was easy to perform in the HTS format. The replicated RLU values for the 

30 clones plotted in Figure 4A demonstrate that the majority of the clones had similar 

RLU values even after day 9 post-induction. The mean Z-factor for the screen was 0.2, 

indicating a well-performing assay that could be suitably extended to a full-scale 

HTS[70]. To identify clones with signals that shifted away from the mean, the RLUMean 

for each clone was calculated and plotted as a separate scatter plot depicted in Figure 4B. 

Induced clones in which the Z-score was >1.96 (p < 0.05) were considered to have had an 

essential kinase silenced by RNAi. The Z-score for both CRK12 and ERK8 fell below 

that threshold, as did both a-tubulin positive controls. Those two RNAi clones were 

expanded in culture flasks for examination by northern blot analysis. The analysis 

demonstrated that the mRNAs for both of these clones were silenced by RNAi (Figure 5).

DISCUSSION 

 Several technical advances have brought improvements to the ability to screen 

RNAi libraries in BSF T. brucei since the chromosome 1 RNAi project was reported[71]. 

That study required a small consortium of laboratories to score each RNAi clone for 

many complex phenotypes associated with knocking down all of the T. brucei genes on 

chromosome 1[71]. One improvement to screening RNAi libraries in BSF parasites 

included the development of a more efficient transformation protocol[72]. Improved 

transformation efficiency has now made it feasible to construct RNAi plasmid libraries 

that cover the entire T. brucei genome, a necessity for genome- wide screens. Recently, a 

genome-wide RNAi library was created and transfected into BSF parasites employing the 

more efficient protocol. The library was transfected in plasmid pools sufficient to give 
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ninefold genome coverage[73]. In that study, the strategy was to induce the RNAi clones 

with tetracycline while selecting them in the presence of melarsoprol or eflornithine. That 

functional genomic strategy was designed as a gain-of-function screen aimed at 

identifying genes implicated in drug uptake or resistance.

 The HTS assay described in the current study was designed to identify genes 

essential for the parasite to proliferate normally. Identifying proliferation-deficient clones in 

response to gene silencing represented an efficient way to screen for potential targets in BSF 

parasites. Kinases are attractive targets because of their drug- gable properties. They are also 

important regulators of physiological pathways in T. brucei. To identify potential kinase targets, 

we constructed a small RNAi library consisting of 31 previously uncharacterized kinases and 

used them to generate 30 stable RNAi clones. One clone was removed from the library because 

no stable clone could be made from it despite several attempts. The promoters of the pZJM vector 

can 'leak', producing low background levels of dsRNA[27,74,75]. The fact that this clone could 

not be made may indicate that the mRNA message being targeted by this RNAi construct has 

some important physiological functions. It should be possible to productively examine this RNAi 

construct with an RNAi vector system with tighter promoter regulation[76].

 Pairwise analysis of the library revealed several kinases that appeared to be 

important for normal proliferation. The kinases identified from that analysis included 

three CRK, CRK1, CRK 8, and CRK 12, one extracellular signal-related kinase, ERK 8, 

and one uncharacterized kinase unique to kinetoplastids, Tb927.7.4090. Upon more 

detailed analysis of each clone identified from the pairwise comparison, we discovered 

that only two of the kinases were essential for normal proliferation.
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 Screening the same RNAi library in an HTS format however only identified two 

kinases, ERK8 and CRK12, which were essential for normal proliferation in 

trypanosomes. Further analysis of these two clones after RNAi by northern blot analysis 

revealed that the mRNA messages of these two kinases were indeed silenced after RNAi 

induction, validating them as essential for normal proliferation in T. brucei. This 

represents the first study to identify TbERK8 as an essential gene in BSF T. brucei. 

TbERK8 is homologous to the human ERK8 gene. There are three subfamilies of 

mitogen-activated protein kinases (MAPKs): the ERKs, c-Jun N-terminal kinases, and the 

p38 Map kinases. The human ERK 8 represents the latest member of the ERK subfamily 

of MAPK to be discovered[77]; thus, little is known about the functions of this kinase in 

comparison with the other ERK family members. In mammalian cells, ERK8 activity 

becomes rapidly up-regulated in response to DNA single-strand breaks caused by 

hydrogen peroxide. Its activity is also upregulated by single-strand breaks caused by 

other agents such as methyl methanesulfate, however at a reduced rate[78,79]. It was 

recently demonstrated that in human cells, ERK8 regulates proliferation and DNA repair 

through a proliferating cell nuclear antigen (PCNA) mechanism[80]. It interacts with 

PCNA through a PCNA-interacting protein box (PIP) sequence aa 297-

QALQHPYVQRFH-308. Interaction between the human ERK8 and PCNA is required to 

maintain the stability of PCNA in the cell, preventing PCNA from interacting with the E3 

ligase HDM2[80]. TbERK8 also contains a putative PIP box at aa 293-
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TAEQALEHPYVAAFH-306. However, further studies are needed to determine whether 

TbERK8 interacts with TbPCNA through its putative PIP box.

 Several CRKs in T. brucei function analogously to their homologues in other 

eukaryotes as master regulators of cell cycle progression[81,82]. For example, cyclin E1 

and CRK1 regulate G1⁄S transition, and the complexes of cyclin E1 and CRK3 as well as 

that of cyclin B2 and CRK3 control passage of the G2⁄M boundary during cell cycle 

progression[83,84]. Like these other CRKs, it is possible that CRK12 may also be 

involved in cell cycle regulation. This may explain why silencing its gene product by 

RNAi resulted in reduced proliferation in trypanosomes. Further studies of ERK8 and 

CRK12 will be necessary to confirm these hypotheses and further elucidate their function 

in T. brucei.

 Now that these two kinases have been identified as potential targets, we will take 

advantage of small-molecule libraries to further characterize them. In addition to 

identifying two potential targets, we have tested and validated a luciferase-based assay 

for its suitability in screening T. brucei RNAi libraries. Here, we demonstrated that a 

single-step luciferase-based assay was sufficient to screen a small RNAi library. Three 

clones K19, K23, and K24 showed a significantly lower growth rate than the other clones 

present in the screen under uninduced conditions using a pairwise comparison. The lower 

RLU reading for K19 occurred because this clone grew slower than the other clones 

present on plate 5. A plausible explanation for the slow growth rate of K19 was that the 
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RNAi targeting vector was mis-incorporated in the genome. In this scenario, the vector 

integrates into a genomic locus and disrupts a gene that is important for normal 

proliferation. The reduced growth rates of clones K23 and K24 on plate 6 appeared to be 

caused by loading errors in the primary plate on day 3. The RLU values of these two 

uninduced clones were comparable with values of the other clones on plate 6 by day 6 

and 9, indicating that these two clones grew normally under control conditions. These 

same three clones were also screened in an HTS format that included the entire set RNAi 

clones. The performance of the uninduced clones in the HTS format was comparable with 

their performance in the pairwise format (data not shown).When RNAi was induced in 

this screening format, only the RLU values of K5 and K24 shifted away from the mean 

significantly. The RLU value of K19 shifted away from the mean, but its Z-score was 

<1.96, once again indicating that it was not significant enough to be counted as a hit. 

These results suggest that the luciferase-based assay was unaffected by small changes in 

experimental methods or parameters during both formats. Overall, we conclude that the 

HTS format was more robust for screening RNAi libraries than the pairwise comparison.

 The larger implication of this project is the potential for the assay to be scaled up 

to screen a genome-wide RNAi library consisting of the roughly 9000 genes that make up 

the T. brucei genome. Identifying every essential T. brucei gene will be critical for 

prioritizing the targeting environment of this parasite. Having a suitable HTS assay in 

hand eliminates a barrier that has been a critical bottle- neck in T. brucei drug discovery 
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and can provide the HAT community with the ability to select the best druggable targets 

from the complete repertoire of genes.
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Kinases targeted in this screen were chosen based on the lack of
information about their biological function in T. brucei. This screen
was designed to identify potential kinase targets that would dimin-
ish or arrest trypanosome proliferation upon silencing by RNAi. Five
clones identified from the pairwise screen were selected for further
studies because they showed significant differences in RLUMean val-
ues over the three time points (Figure 2: day 3, day 6, and day 9
columns). These clones TbK5, TbK6, TbK8, TbK24, and
TbK16 had constructs that targeted kinases homologous to the
CRKs CRK12, CRK8, CRK1, the extracellular signal–regulated kinase
(ERK) ERK8, and a kinetoplastid-specific kinase, Tb927.7.4090,
respectively. The RLUMean values of the induced RNAi clones were
significantly lower than those of their respective controls. Reproduc-
ible detection of a significantly lower rate of proliferation for each
time point suggested that silencing any of these five kinases would
be sufficient to affect normal T. brucei proliferation.

Table 4 lists the clones that were expanded in flasks to follow up
the results of pairwise comparisons determined by the luciferase
assay in 96-well format. The expanded clones were subcultured in
complete HMI-9 medium with or without tetracycline and counted
daily over a period of 9 days. Figure 3 demonstrates that two of
the five kinases that were retested, CRK12 and ERK8, had strong
growth phenotypes, and appeared to be essential for normal growth
and proliferation in T. brucei. The three remaining kinases CRK1,
CRK8, and Tb927.7.4090 had subtle growth phenotypes, suggesting
that they were not essential for normal proliferation over the same
time period.

In cell-based small-molecule HTS assays, assayed plates include
reference controls that define a dynamic range for the experiment.
Bioactive hits are identified by wells with readout signals shifted
away from the mean of signals from the general sample population
(14). The same methodology applied to a library of RNAi clones in
an HTS format should reveal wells containing clones in which
essential genes have been silenced. To test this notion, we
screened the same 30 RNAi clones in an HTS format similar to that
used to screen small-molecule libraries against cultured T. brucei
(12). Overall, the RNAi screen was easy to perform in the HTS for-

mat. The replicated RLU values for the 30 clones plotted in Fig-
ure 4A demonstrate that the majority of the clones had similar RLU
values even after day 9 postinduction. The mean Zfactor for the
screen was 0.2, indicating a well-performing assay that could be
suitably extended to a full-scale HTS (14). To identify clones with
signals that shifted away from the mean, the RLUMean for each
clone was calculated and plotted as a separate scatter plot
depicted in Figure 4B. Induced clones in which the Zscore was >1.96
(p < 0.05) were considered to have had an essential kinase silenced
by RNAi. The Zscore for both CRK12 and ERK8 fell below that
threshold, as did both a-tubulin positive controls. Those two RNAi
clones were expanded in culture flasks for examination by northern
blot analysis. The analysis demonstrated that the mRNAs for both
of these clones were silenced by RNAi (Figure 5).

Discussion

Several technical advances have brought improvements to the abil-
ity to screen RNAi libraries in BSF T. brucei since the chromosome
1 RNAi project was reported (22). That study required a small con-
sortium of laboratories to score each RNAi clone for many complex
phenotypes associated with knocking down all of the T. brucei
genes on chromosome 1 (22). One improvement to screening RNAi
libraries in BSF parasites included the development of a more effi-
cient transformation protocol (23). Improved transformation effi-
ciency has now made it feasible to construct RNAi plasmid libraries
that cover the entire T. brucei genome, a necessity for genome-
wide screens. Recently, a genome-wide RNAi library was created
and transfected into BSF parasites employing the more efficient
protocol. The library was transfected in plasmid pools sufficient to
give ninefold genome coverage (24). In that study, the strategy was
to induce the RNAi clones with tetracycline while selecting them in
the presence of melarsoprol or eflornithine. That functional genomic
strategy was designed as a gain-of-function screen aimed at identi-
fying genes implicated in drug uptake or resistance.

The HTS assay described in the current study was designed to
identify genes essential for the parasite to proliferate normally.

31 kinase PCR products 

RNAi plasmids K1-K31

Linearise plamids

Stable RNAi clones TbK1-TbK31

Pair-wise comparison TbK1-TbK31
RNAi clones TbK1-TbK31

Count each clone, dispence into 
96-well plates.

A

B

Figure 1: Flow of luciferase-based RNAi Screen. Thirty-one partial cDNA fragments were PCR-amplified from genomic DNA and subcloned
into RNAi plasmids. The plasmids were linearized with NotI and transfected into Trypanosoma brucei 90-13 to make stable RNAi clones (A).
Each of the T. brucei RNAi clones was counted, then diluted with HMI-9, and transferred to 96-well plates so that each well contained 104

clones. Each row contained 12 replicates of RNAi clones that were maintained in either control medium or induction medium containing
100 ng ⁄ mL tetracycline, allowing four RNAi clones to be tested per plate. At the appropriate time point (days 3, 6, or 9 postinduction), lucifer-
ase reagent was added to the plates, and relative light unit values were obtained with read with a luminometer (B).

Mackey et al.

458 Chem Biol Drug Des 2011; 78: 454–463

Figure 2.1. Flow of luciferase-based RNAi Screen.
31 partial cDNA fragments were PCR amplified from genomic DNA and subcloned into RNAi 
plasmids. The plasmids were linearized with NotI and transfected into T. brucei 90-13 to make 
stable RNAi clones A). Each of the T. brucei RNAi clones was counted then diluted with HMI-9 
and transferred to 96-well plates so that each well contained 104 clones. Each row contained 12 
replicates of RNAi clones that were maintained in either control medium or induction medium 
containing 100 ng/mL tetracycline, allowing 4 RNAi clones to be tested per plate. At the 
appropriate time point (days 3, 6 or 9 post-induction), luciferase reagent was added to the plates 
and RLU values were obtained with read with a luminometer B).
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Table 2.1. Primers used to amplify kinases 
applied to BSF T. brucei, the method is useful for identifying and
validating novel gene products as potential therapeutic drug targets.
Ideally, a genome-wide RNAi screen of the organism could provide
a framework for cataloging all the potential gene targets in T. bru-
cei, but the lack of suitable screening assays for BSF parasites has
made it impractical to undertake large-scale projects. As a proof of
concept, we have tested a screening assay utilizing a small RNAi
library directed against members of the T. brucei kinome to deter-
mine the suitability of this approach for screening RNAi libraries in
HTS format. Utilizing the primers listed in Table 1, we PCR-ampli-
fied 31 kinases from T. brucei genomic DNA. PCR products ranged
in size from 300 to 800 bp (data not shown). Each of the PCR prod-
ucts was digested with HinDIII and XhoI and then subcloned into
the parental vector pZJM that was digested with the same restric-
tion endonucleases (11). This cloning strategy resulted in the pro-
duction of a library consisting of 31 RNAi vectors that were
subsequently used to transform the T. brucei 90-13 strain. The
transformations resulted in the generation of 30 stable phleomycin-
resistant RNAi clones. Table 2 lists the diversity and the Gene
Database identifiers of the clones. One clone, the K13 plasmid tar-
geting the Tb11.01.4230 kinase, resisted multiple attempts to gener-
ate a stable phleomycin-resistant phenotype and was accordingly
dropped from the RNAi library. The pZJM parental vector was uti-
lized as a positive control because it contains a partial cDNA for a-
tubulin; silencing of the a-tubulin message by RNAi causes a lethal
phenotype in T. brucei (11).

Table 3 describes the 170 protein kinase genes in the latest tabula-
tion of the T. brucei kinome, including 156 kinase genes predicted
by the genome project and 14 additions based on proteomic work
reported by Nett et al. (15–18). Cross-species comparison with the
human kinome revealed that the T. brucei kinome contains fewer
total kinases, lacks three groups entirely (RGC, TK, and TKL), and is
over-represented by the CMGC [including cyclin-dependent kinases
(CDKs), mitogen-activated protein kinases (MAP kinases), glycogen
synthase kinases (GSK) and CDK-like kinases] kinase group. The
majority of the kinase clones in the library reported here belong to
the CMGC kinase group. This result is not surprising given that this
group represents 28% of the total protein kinases in the T. brucei
kinome. Only the cdc2-related kinases (CRK)1 homolog,
Tb10.70.7040, which was amplified by the K8 primer set, has been
previously characterized in BSF parasites (19). The remaining 30 kin-
ases have not been characterized in BSF parasites prior to this
study. Of the kinases in the RNAi library reported here, 13 appear
to be unique to T. brucei and other kinetoplastids, while the
remainder appear to have homologues in other model systems.

Luciferase-based RNAi screen
The kinome represents an ideal target environment to search for
physiologically important genes that are also potentially druggable.
Proliferation was the phenotypic characteristic used to determine
the importance of a kinase for normal T. brucei physiological func-
tion. Proliferation as a phenotype is simple to score and tractable
to several uncomplicated assays. AlamarBlue has become a method
of choice for measuring viability in T. brucei in response to HTS
drug screens (20,21). We chose a comparable luciferase-based
assay. This assay measures ATP bioluminescence that is generated

Table 1: PCR primers used to amplify kinases

Primer set 5¢-Sequence-3¢

K1 f TGCGACACAGTGAAGCTTGGTTCTGGTAGTAG
K1 r TATATCTCGAGCCGACGATGGAAAGGCCTTGT
K2 f GAATACTCAGATGTGAGCGAGCACGTAGATCG
K2 r GCGCGAAGCTTAGCTTTCCCTGTAACCATTTC
K3 f GTCGAAAGCTTGATCCGTACGTTCCGCTGTTA
K3 r GTATTCTCGAGCTGAGACGTCTGGAAGGATCA
K4 f GTGACCGCAAGCTTCGTCGTATCATGTTTCAG
K4 r CATATCTCGAGCTTCTTCCTCACGCACCTCAT
K5 f GATATCTCGAGATAAGTGAGGGCACGTACGGT
K5 r CATATGCCGGTGGGAAAGCTTCATCAAGGTCA
K6 f GTAATATAAGCTTGTCACAGCCCACCCTTCGC
K6 r TATATCTCGAGTTGGGCTCAAGCTGCAGCATC
K7 f ATCGAGTAAGCTTGGCGAAGGAACCTATGGAG
K7 r TAGATCTCGAGTGCCACGTCGTGAGAGTACTT
K8 f CGCAGAAGCTTTTACGAGCGGCTTCAGAAGAT
K8 r ATATACTCGAGGTATGGGTGCTCCAATGCCTG
K9 f GCGAGAAGCTTGAAGTGACAAGCTGAAGGAAG
K9 r ATGCACTCGAGTTCCCACAGTGTAGAAGATCC
K10 f GCGCGAAGCTTTACGATGTTGTTGTCGATAGG
K10 r TATATCTCGAGGAAAAATGGGTGCTGCAGCGC
K11 f GCGCGAAGCTTTTTCTTGTGGTACACAATGGG
K11 r TATATCTCGAGGTCTTCATCCTGCGGATCGCT
K12 f GCGACAAGCTTTTTCGTTTTGTCATCGGCACC
K12 r GCGCCAGTCTCGAGCTAGTTCAGCAAAAATAC
K13 f TGCATAAGCTTGTCGTTCGGGAAGCAAACGTG
K13 r GCGCGCTCGAGATGATTGAAAGGACCATGTTT
K14 f ATAGTAAGCTTAGCACAACCGCAATGGTGCCG
K14 r GCGAGCTCGAGCCACAGATCTGTTGAATACAT
K15 f GACTGAAGCTTTTTCATACGGGCGCTTGGTGA
K15 r ATAGTCTCGAGGAGCTCCAGTCCTGCAATCAT
K16 f GCGTGAAGCTTAATGGGGATTACTTTCGTGCG
K16 r TATGTCTCGAGCACTGCGCTCGATCATATCGT
K17 f GCGAGAAGCTTGTAATTTGCGAGTTCCCCGTA
K17 r TACGTCTCGAGTTCGTACCAACAACTGCTGCA
K18 f GCGGTAAGCTTAATCAACAGCGTCTGTAGAGG
K18 r GCGCGCTCGAGACTATTAGACTGGATATCTGA
K19 f TACGTAAGCTTGCGCCTTGATGGTTGTCGTGT
K19 r ATAGTCTCGAGTTGGCCCTCATGCACGTTAGA
K20 f GCGGTAAGCTTTCGGAACAATGGGATGAACTC
K20 r GCGGTCTCGAGTACACATGTGTTCCTTGTAGT
K21 f GCGACAAGCTTCGTACGAGATGGACGAGATAA
K21 r CAGTCCTCGAGCAAGTCAATCACTTTCACTGC
K22 f GCGCGAAGCTTTTGTGAACTTGATTTCGAGGC
K22 r ATATACTCGAGACGGCGCGACACGTACCATTT
K23 f ATAGTAAGCTTCACCATCTCTGAGGGTCGGAC
K23 r CGCGCCTCGAGTTTGTCTAACTGGTTGTAGAA
K24 f GACGTAAGCTTTCGCGCAACGAATGACAAGGA
K24 r TATATCTCGAGATACGGGTGTTCAAGCGCCTG
K25 f GACGTAAGCTTGGAAGGTGCACCATCCTAACA
K25 r ATATACTCGAGACTGTCGTAGTGGCGTTGGAG
K26 f CGCGAGAAGCTTGCTGACTTTGGTCTCGTTAA
K26 r GCGTGCTCGAGCTTTTGTATCGGAATTCGGAA
K27 f CGCGCAAGCTTAGCGATCAAGTGCATGAGAAA
K27 r ATATACTCGAGCGCATTGGAGAGGTCCTCCAA
K28 f ATAGTAAGCTTGGCTGGGGTGAGTTCAGCACT
K28 r TATATATCTCGAGCGATCCTTGTTCCGGAGGC
K29 f GACGTAAGCTTTCTTGCGGTAAAACCCGGAAC
K29 r GCGCGCTCGAGTGGTTTTAGATCCGTATGAAT
K30 f GACGTAAGCTTCTTCTTCCGGGTAAATCGCGT
K30 r GCACGTCTCGAGGAAGTTTTAAGTGAGGTTCC
K31 f TACGTAAGCTTTGCGTGAGGTTGCGATGATGC
K31 r TACGTCTCGAGAGTTTGCCCATGTCCAATTCG
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Figure 2: Pairwise comparison of RNAi clones. Mean relative light unit (RLU) (RLUMean) values of control versus tetracycline-induced RNAi
clones as graphed in histograms. Bars in the histogram represent the RLUMean from an entire row of RNAi clones. Each plate contains the
data from four clones in which the control and tetracycline-induced RLUMean was evaluated in a pair-wise manner. Replicas were made from
each plate prior to reading and then assayed on every third day for 9 days, as represented by each column (day 3, day 6, and day 9). The
mean and standard deviations were calculated for each row. The Student's t-test was used to determine which RNAi clones had significant
differences in the RLUMean in response to tetracycline induction. Clones in which the RLUMean values were significantly different are repre-
sented by the hatched bars.
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Figure 2.2. Pair-wise comparison of RNAi clones.

Mean RLU (RLUMean) values of control vs. tetracycline induced RNAi clones as graphed in 
histograms. Bars in the histogram represent the RLUMean from an entire row of RNAi clones. 
Each plate contains the data from 4 clones in which the control and tetracycline-induced 
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RLUMean was evaluated in a pair-wise manner. Replicas were made from each plate prior to 
reading and then assayed on every third day for nine days, as represented by each column (Day 3, 
Day 6, Day 9). The mean and standard deviations were calculated for each row. The Student’s t- 
test was used to determine which RNAi clones had significant differences in the RLUMean in 
response to tetracycline induction. Clones in which the RLUMean values were significantly 
different are represented by the hatched bars.
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Table 2.2. Trypanosoma brucei kinases with Gene database annotations 

in response to the oxidization of luciferin by luciferase in the pres-
ence of cellular ATP. The intensity of light in the bioluminescence
reaction is proportional to the amount of ATP released from viable
trypanonosomes. Just as the fluorescence intensity in the
alamarBlue assay is proportional to the number of viable cells in
the reaction mixture, the light signal generated from the luciferase-
based assay is also proportional to the number of viable cells in
the reaction mixture. We chose the CellTiter Glo! viability assay
(Promega) as the reference luciferase-based assay for measuring
proliferation in the RNAi clones. Screening the RNAi library involved
transferring the clones to 96-well plates. We conducted a pairwise
comparison between each clone and its tetracycline-induced coun-

terpart as an initial strategy for screening the library. Each of the
clones was plated into a row of a 96-well plate such that control
and induced clones were paired together in adjacent rows. Prolifer-
ation of the clones growing in the 96-well plates was measured
utilizing the luciferase-based assay as outlined in Figure 1.

The output of the assay was the relative light unit (RLU), a value
proportional to the amount of proliferation. RLU values from the
wells were obtained with a luminometer with plate-reading capabil-
ity. We calculated the mean RLU (RLUMean) of both control and
induced RNAi clones and then compared the RLUMean of each con-
trol clone with that of its induced counterpart. Induced clones with
t-values calculated from the Student's t-test >7.64 indicated signifi-
cant differences in the RLUMean values, with probability p-values
<0.00001.

The RLUMean values of both a-tubulin RNAi control clones were
demonstrably higher than those of the tetracycline-induced a-tubulin
RNAi clones. To determine whether these differences were statisti-
cally significant, we compared the RLUMean values of the control
with those of induced clones using Student's t-test. The p-values
were 1.6 · 10)12 for a-tubulin clone 1 and 2.5 · 10)13 for a-tubulin
clone 2, respectively. Both p-values were <0.00001 cutoff, suggest-
ing that induction of RNAi against a-tubulin significantly affected
normal proliferation in T. brucei. The luciferase-based assay per-
formed as expected, detecting large differences in proliferation
in response to silencing of the well-characterized T. brucei gene
a-tubulin (11). After observing the data from the a-tubulin clones,
we used the same assay to examine the 30 kinase RNAi clones.

The first set of kinase plates was read 3 days postinduction. RLU
values were collected from each of the RNAi clones, and the
RLUMean values were plotted as histograms. The mean percent
coefficient of variation for each row was about 10% when aver-
aged over all plates, suggesting that the clones were evenly distrib-
uted among the plates. While the majority of the 30 clones tested
in the screen were not affected by RNAi after 3 days post-induc-
tion, several clones had RLUMean values that changed noticeably in
response to RNAi induction by tetracycline. Figure 2 shows the
RLUMean for each of the 30 clones screened by the luciferase assay
that were tested over a period of 9 days. These changes in the
RLU value represented instances in which the proliferation of sev-
eral clones was affected in response to RNAi.

Individual Student's t-tests were conducted for all control and
induced pairs to obtain probabilities and t-scores. The t-test analy-
ses revealed that nine of the 30 kinase RNAi clones had RLUMean

values with differences that were statistically significant. The nine
kinases that appeared to influence normal proliferation at day 3 po-
stinduction were those amplified by primer sets K5
(p = 2.27 · 10)09), K6 (p = 5.59 · 10)06), K8 (p = 1.01 · 10)08),
K10 (p = 1 · 10)05), K12 (p = 3.12 · 10)08), K16 (p = 8.28
· 10)06), K 22 (p = 5.72 · 10)06), K23 (p = 1.61 · 10)07), and
K24 (p = 1.07 · 10)08) (see Figure 2, day 3 column). In addition to
clone K10, the following clones K9, K15, and K26 also appeared to
have had increased proliferation in response to RNAi. However,
after 3 days postinduction, only K10 had an increase in prolifera-
tion that was statistically significant.

Table 2: Trypanosoma brucei kinases with Gene database anno-
tations

RNAi clone Kinase type GeneDB ID

TbK1 S_TKc Tb11.02.3010
TbK2 PKc_like Super-family Tb10.329.0030
TbK3 STKc_CCRK Tb927.7.1900
TbK4 STKc_CDK2_like Tb927.7.7360
TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK7 CRK4 Tb927.8.5390
TbK8 CRK1 Tb927.10.1070
TbK9 CRK6 Tb11.47.0031
TbK10 CRK10 Tb927.3.4670
TbK11 CRK11 Tb927.6.3110
TbK12 CRK3 Tb927.10.4990
*TbK13 PKc Tb11.01.4230
TbK14 CDC-like kinase 1 isoform 2 Tb11.01.4250
TbK15 CDC like kinase 4 Tb927.3.1610
TbK16 S ⁄ T PKc Tb927.7.4090
TbK17 S ⁄ T PKc Tb927.7.3880
TbK18 S ⁄ T PKc Tb927.5.1650
TbK19 S ⁄ T PKc Tb10.61.1520
TbK20 S ⁄ T PKc Tb10.100.0230
TbK21 S ⁄ T PKc Tb11.02.0640
TbK22 Protein kinase, Tb10.6k15.0770
TbK23 MAPK ERK1 ⁄ 2 like Tb927.8.3770
TbK24 ERK8 Tb927.10.5140
TbK25 MAPK9 S ⁄ T PKc Tb10.61.1850
TbK26 Putative MAPK S ⁄ T PKc Tb927.3.690
TbK27 Putative MAPK S ⁄ T PKc Tb09.211.0960
TbK28 S ⁄ T PKc Tb927.7.960
TbK29 SRPK Tb927.6.4970
TbK30 PKc Tb11.01.0380
TbK31 MAPK 3 Tb927.8.3550

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase; MAPK,
mitogen-activated protein kinases.

Table 3: Trypanosoma brucei kinome

AGC CAMK CK1 CMGC RGC STE TK TKL Other NEK Total

T. brucei 22 28 5 47 0 28 0 0 20 20 170
% of Kinome 13 16 3 28 0 16 0 0 12 12
Homo sapiens 82 95 12 68 5 61 91 48 6 10 478
% of Kinome 17 19 3 14 1 13 19 10 1 2
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Identifying proliferation-deficient clones in response to gene silenc-
ing represented an efficient way to screen for potential targets in
BSF parasites. Kinases are attractive targets because of their drug-
gable properties. They are also important regulators of physiological
pathways in T. brucei. To identify potential kinase targets, we con-
structed a small RNAi library consisting of 31 previously uncharac-
terized kinases and used them to generate 30 stable RNAi clones.
One clone was removed from the library because no stable clone
could be made from it despite several attempts. The promoters of
the pZJM vector can 'leak', producing low background levels of
dsRNA (11,25,26). The fact that this clone could not be made may
indicate that the mRNA message being targeted by this RNAi con-
struct has some important physiological functions. It should be pos-
sible to productively examine this RNAi construct with an RNAi
vector system with tighter promoter regulation (27).

Pairwise analysis of the library revealed several kinases that
appeared to be important for normal proliferation. The kinases iden-

tified from that analysis included three CRK, CRK1, CRK 8, and CRK
12, one extracellular signal-related kinase, ERK 8, and one unchar-
acterized kinase unique to kinetoplastids, Tb927.7.4090. Upon more
detailed analysis of each clone identified from the pairwise compar-
ison, we discovered that only two of the kinases were essential for
normal proliferation.

Screening the same RNAi library in an HTS format however only
identified two kinases, ERK8 and CRK12, which were essential for
normal proliferation in trypanosomes. Further analysis of these two
clones after RNAi by northern blot analysis revealed that the mRNA
messages of these two kinases were indeed silenced after RNAi
induction, validating them as essential for normal proliferation in
T. brucei. This represents the first study to identify TbERK8 as an
essential gene in BSF T. brucei. TbERK8 is homologous to the
human ERK8 gene. There are three subfamilies of mitogen-activated
protein kinases (MAPKs): the ERKs, c-Jun N-terminal kinases, and
the p38 Map kinases. The human ERK 8 represents the latest mem-
ber of the ERK subfamily of MAPK to be discovered (28); thus, little
is known about the functions of this kinase in comparison with the
other ERK family members. In mammalian cells, ERK8 activity
becomes rapidly up-regulated in response to DNA single-strand
breaks caused by hydrogen peroxide. Its activity is also up-regulated
by single-strand breaks caused by other agents such as methyl
methanesulfate, however at a reduced rate (29,30). It was recently
demonstrated that in human cells, ERK8 regulates proliferation and
DNA repair through a proliferating cell nuclear antigen (PCNA)
mechanism (31). It interacts with PCNA through a PCNA-interacting
protein box (PIP) sequence aa 297-QALQHPYVQRFH-308. Interac-

A

B

Figure 3: Pairwise counting of RNAi clones. The five RNAi clones that showed a significant change in growth rate over all three reads
were each expanded into individual flasks and counted every day for 9 days. The numbers were plotted as a line graph with the log10 cell
number plotted on the y-axis. For each clone, the closed diagrams (• ¤) represent the respective clones growing under control conditions,
whereas open diagrams (s4)) represent the cones being induced with tetracycline at 100 ng ⁄ lL. TbK5 and TbK24 represent the clones
with strong growth phenotypes after RNAi induction (A). TbK6, TbK8, and TbK16 represent the clones with subtle growth phenotypes after
RNAi induction (B). The values on the graph represent the averages of three separate experiments.

Table 4: Replication-deficient clones identified from pairwise
comparison

RNAi clone Type of kinase GeneDB ID

TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK8 CRK1 Tb927.10.1070
TbK16 S ⁄ T PKc Tb927.7.4090
TbK24 ERK8 Tb927.10.5140

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase.
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pathways in T. brucei. To identify potential kinase targets, we con-
structed a small RNAi library consisting of 31 previously uncharac-
terized kinases and used them to generate 30 stable RNAi clones.
One clone was removed from the library because no stable clone
could be made from it despite several attempts. The promoters of
the pZJM vector can 'leak', producing low background levels of
dsRNA (11,25,26). The fact that this clone could not be made may
indicate that the mRNA message being targeted by this RNAi con-
struct has some important physiological functions. It should be pos-
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12, one extracellular signal-related kinase, ERK 8, and one unchar-
acterized kinase unique to kinetoplastids, Tb927.7.4090. Upon more
detailed analysis of each clone identified from the pairwise compar-
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Table 4: Replication-deficient clones identified from pairwise
comparison

RNAi clone Type of kinase GeneDB ID

TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK8 CRK1 Tb927.10.1070
TbK16 S ⁄ T PKc Tb927.7.4090
TbK24 ERK8 Tb927.10.5140

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase.
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dsRNA (11,25,26). The fact that this clone could not be made may
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struct has some important physiological functions. It should be pos-
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Table 4: Replication-deficient clones identified from pairwise
comparison

RNAi clone Type of kinase GeneDB ID

TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK8 CRK1 Tb927.10.1070
TbK16 S ⁄ T PKc Tb927.7.4090
TbK24 ERK8 Tb927.10.5140

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase.
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Table 2.3. Trypanosoma brucei kinome 

in response to the oxidization of luciferin by luciferase in the pres-
ence of cellular ATP. The intensity of light in the bioluminescence
reaction is proportional to the amount of ATP released from viable
trypanonosomes. Just as the fluorescence intensity in the
alamarBlue assay is proportional to the number of viable cells in
the reaction mixture, the light signal generated from the luciferase-
based assay is also proportional to the number of viable cells in
the reaction mixture. We chose the CellTiter Glo! viability assay
(Promega) as the reference luciferase-based assay for measuring
proliferation in the RNAi clones. Screening the RNAi library involved
transferring the clones to 96-well plates. We conducted a pairwise
comparison between each clone and its tetracycline-induced coun-

terpart as an initial strategy for screening the library. Each of the
clones was plated into a row of a 96-well plate such that control
and induced clones were paired together in adjacent rows. Prolifer-
ation of the clones growing in the 96-well plates was measured
utilizing the luciferase-based assay as outlined in Figure 1.

The output of the assay was the relative light unit (RLU), a value
proportional to the amount of proliferation. RLU values from the
wells were obtained with a luminometer with plate-reading capabil-
ity. We calculated the mean RLU (RLUMean) of both control and
induced RNAi clones and then compared the RLUMean of each con-
trol clone with that of its induced counterpart. Induced clones with
t-values calculated from the Student's t-test >7.64 indicated signifi-
cant differences in the RLUMean values, with probability p-values
<0.00001.

The RLUMean values of both a-tubulin RNAi control clones were
demonstrably higher than those of the tetracycline-induced a-tubulin
RNAi clones. To determine whether these differences were statisti-
cally significant, we compared the RLUMean values of the control
with those of induced clones using Student's t-test. The p-values
were 1.6 · 10)12 for a-tubulin clone 1 and 2.5 · 10)13 for a-tubulin
clone 2, respectively. Both p-values were <0.00001 cutoff, suggest-
ing that induction of RNAi against a-tubulin significantly affected
normal proliferation in T. brucei. The luciferase-based assay per-
formed as expected, detecting large differences in proliferation
in response to silencing of the well-characterized T. brucei gene
a-tubulin (11). After observing the data from the a-tubulin clones,
we used the same assay to examine the 30 kinase RNAi clones.

The first set of kinase plates was read 3 days postinduction. RLU
values were collected from each of the RNAi clones, and the
RLUMean values were plotted as histograms. The mean percent
coefficient of variation for each row was about 10% when aver-
aged over all plates, suggesting that the clones were evenly distrib-
uted among the plates. While the majority of the 30 clones tested
in the screen were not affected by RNAi after 3 days post-induc-
tion, several clones had RLUMean values that changed noticeably in
response to RNAi induction by tetracycline. Figure 2 shows the
RLUMean for each of the 30 clones screened by the luciferase assay
that were tested over a period of 9 days. These changes in the
RLU value represented instances in which the proliferation of sev-
eral clones was affected in response to RNAi.

Individual Student's t-tests were conducted for all control and
induced pairs to obtain probabilities and t-scores. The t-test analy-
ses revealed that nine of the 30 kinase RNAi clones had RLUMean

values with differences that were statistically significant. The nine
kinases that appeared to influence normal proliferation at day 3 po-
stinduction were those amplified by primer sets K5
(p = 2.27 · 10)09), K6 (p = 5.59 · 10)06), K8 (p = 1.01 · 10)08),
K10 (p = 1 · 10)05), K12 (p = 3.12 · 10)08), K16 (p = 8.28
· 10)06), K 22 (p = 5.72 · 10)06), K23 (p = 1.61 · 10)07), and
K24 (p = 1.07 · 10)08) (see Figure 2, day 3 column). In addition to
clone K10, the following clones K9, K15, and K26 also appeared to
have had increased proliferation in response to RNAi. However,
after 3 days postinduction, only K10 had an increase in prolifera-
tion that was statistically significant.

Table 2: Trypanosoma brucei kinases with Gene database anno-
tations

RNAi clone Kinase type GeneDB ID

TbK1 S_TKc Tb11.02.3010
TbK2 PKc_like Super-family Tb10.329.0030
TbK3 STKc_CCRK Tb927.7.1900
TbK4 STKc_CDK2_like Tb927.7.7360
TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK7 CRK4 Tb927.8.5390
TbK8 CRK1 Tb927.10.1070
TbK9 CRK6 Tb11.47.0031
TbK10 CRK10 Tb927.3.4670
TbK11 CRK11 Tb927.6.3110
TbK12 CRK3 Tb927.10.4990
*TbK13 PKc Tb11.01.4230
TbK14 CDC-like kinase 1 isoform 2 Tb11.01.4250
TbK15 CDC like kinase 4 Tb927.3.1610
TbK16 S ⁄ T PKc Tb927.7.4090
TbK17 S ⁄ T PKc Tb927.7.3880
TbK18 S ⁄ T PKc Tb927.5.1650
TbK19 S ⁄ T PKc Tb10.61.1520
TbK20 S ⁄ T PKc Tb10.100.0230
TbK21 S ⁄ T PKc Tb11.02.0640
TbK22 Protein kinase, Tb10.6k15.0770
TbK23 MAPK ERK1 ⁄ 2 like Tb927.8.3770
TbK24 ERK8 Tb927.10.5140
TbK25 MAPK9 S ⁄ T PKc Tb10.61.1850
TbK26 Putative MAPK S ⁄ T PKc Tb927.3.690
TbK27 Putative MAPK S ⁄ T PKc Tb09.211.0960
TbK28 S ⁄ T PKc Tb927.7.960
TbK29 SRPK Tb927.6.4970
TbK30 PKc Tb11.01.0380
TbK31 MAPK 3 Tb927.8.3550

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase; MAPK,
mitogen-activated protein kinases.

Table 3: Trypanosoma brucei kinome

AGC CAMK CK1 CMGC RGC STE TK TKL Other NEK Total

T. brucei 22 28 5 47 0 28 0 0 20 20 170
% of Kinome 13 16 3 28 0 16 0 0 12 12
Homo sapiens 82 95 12 68 5 61 91 48 6 10 478
% of Kinome 17 19 3 14 1 13 19 10 1 2

T. brucei High-Throughput RNAi Screen

Chem Biol Drug Des 2011; 78: 454–463 457
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tion between the human ERK8 and PCNA is required to maintain
the stability of PCNA in the cell, preventing PCNA from interacting
with the E3 ligase HDM2 (31). TbERK8 also contains a putative PIP
box at aa 293-TAEQALEHPYVAAFH-306. However, further studies
are needed to determine whether TbERK8 interacts with TbPCNA
through its putative PIP box.

Several CRKs in T. brucei function analogously to their homologues
in other eukaryotes as master regulators of cell cycle progression
(32,33). For example, cyclin E1 and CRK1 regulate G1 ⁄ S transition,
and the complexes of cyclin E1 and CRK3 as well as that of cyclin
B2 and CRK3 control passage of the G2 ⁄ M boundary during cell
cycle progression (34,35). Like these other CRKs, it is possible that
CRK12 may also be involved in cell cycle regulation. This may
explain why silencing its gene product by RNAi resulted in reduced
proliferation in trypanosomes. Further studies of ERK8 and CRK12
will be necessary to confirm these hypotheses and further elucidate
their function in T. brucei.

Now that these two kinases have been identified as potential tar-
gets, we will take advantage of small-molecule libraries to further
characterize them.

In addition to identifying two potential targets, we have tested
and validated a luciferase-based assay for its suitability in screen-
ing T. brucei RNAi libraries. Here, we demonstrated that a single-
step luciferase-based assay was sufficient to screen a small RNAi
library. Three clones K19, K23, and K24 showed a significantly
lower growth rate than the other clones present in the screen
under uninduced conditions using a pairwise comparison. The
lower RLU reading for K19 occurred because this clone grew
slower than the other clones present on plate 5. A plausible
explanation for the slow growth rate of K19 was that the RNAi
targeting vector was mis-incorporated in the genome. In this sce-
nario, the vector integrates into a genomic locus and disrupts a

A

B

Figure 4: HTS assay format for RNAi library. Each of the wells
tested was inoculated with 104 RNAi clones in medium containing
100 ng ⁄ lL tetracycline. Duplicated screens of the RNAi library were
conducted on each 96-well plate. The data points graphed on the
scatter plot represent the log-transformed relative light unit (RLU)
values for each of the replicated RNAi clones tested in the screen
(A). The RLUMean values for all of the RNAi clones with SD were
calculated and then graphed as a separate scatter plot (B). The
Zscore at 1.96 below the mean RLU depicted by the dashed line rep-
resents the cutoff point for the p = 0.05.
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Figure 5: Northern blot analysis of K5 and K24. The two prolif-
eration-deficient clones identified from screening the 30 RNAi
clones in HTS format were further analyzed by northern blot analy-
sis. Total RNA was isolated from control or tetracycline-induced
clones 48 h postinduction. Labeled gene-specific probes were
hybridized to the blots and visualized by autoradiography. cdc2-
related kinases 12 (A). Extracellular signal–regulated kinase 8 (B).
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Figure 2.4. HTS assay format for RNAi library.
Each of the wells tested were inoculated with 104 RNAi clones in media containing 100 ng/µL 
tetracycline. Duplicated screens of the RNAi library were conducted on each 96-well plate. The 
data points graphed on the scatter plot represent the log-transformed RLU values for each of the 
replicated RNAi clones tested in the screen.  A). The RLUMean values for all of the RNAi clones 
with SD were calculated and then graphed as a separate scatter plot B). The Zscore at 1.96 below 
the mean RLU represented by the dashed line represents the cut-off point for the p =0.05.
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Table 2.4. Replication deficient clones identified from pairwise comparison

Identifying proliferation-deficient clones in response to gene silenc-
ing represented an efficient way to screen for potential targets in
BSF parasites. Kinases are attractive targets because of their drug-
gable properties. They are also important regulators of physiological
pathways in T. brucei. To identify potential kinase targets, we con-
structed a small RNAi library consisting of 31 previously uncharac-
terized kinases and used them to generate 30 stable RNAi clones.
One clone was removed from the library because no stable clone
could be made from it despite several attempts. The promoters of
the pZJM vector can 'leak', producing low background levels of
dsRNA (11,25,26). The fact that this clone could not be made may
indicate that the mRNA message being targeted by this RNAi con-
struct has some important physiological functions. It should be pos-
sible to productively examine this RNAi construct with an RNAi
vector system with tighter promoter regulation (27).

Pairwise analysis of the library revealed several kinases that
appeared to be important for normal proliferation. The kinases iden-

tified from that analysis included three CRK, CRK1, CRK 8, and CRK
12, one extracellular signal-related kinase, ERK 8, and one unchar-
acterized kinase unique to kinetoplastids, Tb927.7.4090. Upon more
detailed analysis of each clone identified from the pairwise compar-
ison, we discovered that only two of the kinases were essential for
normal proliferation.

Screening the same RNAi library in an HTS format however only
identified two kinases, ERK8 and CRK12, which were essential for
normal proliferation in trypanosomes. Further analysis of these two
clones after RNAi by northern blot analysis revealed that the mRNA
messages of these two kinases were indeed silenced after RNAi
induction, validating them as essential for normal proliferation in
T. brucei. This represents the first study to identify TbERK8 as an
essential gene in BSF T. brucei. TbERK8 is homologous to the
human ERK8 gene. There are three subfamilies of mitogen-activated
protein kinases (MAPKs): the ERKs, c-Jun N-terminal kinases, and
the p38 Map kinases. The human ERK 8 represents the latest mem-
ber of the ERK subfamily of MAPK to be discovered (28); thus, little
is known about the functions of this kinase in comparison with the
other ERK family members. In mammalian cells, ERK8 activity
becomes rapidly up-regulated in response to DNA single-strand
breaks caused by hydrogen peroxide. Its activity is also up-regulated
by single-strand breaks caused by other agents such as methyl
methanesulfate, however at a reduced rate (29,30). It was recently
demonstrated that in human cells, ERK8 regulates proliferation and
DNA repair through a proliferating cell nuclear antigen (PCNA)
mechanism (31). It interacts with PCNA through a PCNA-interacting
protein box (PIP) sequence aa 297-QALQHPYVQRFH-308. Interac-

A

B

Figure 3: Pairwise counting of RNAi clones. The five RNAi clones that showed a significant change in growth rate over all three reads
were each expanded into individual flasks and counted every day for 9 days. The numbers were plotted as a line graph with the log10 cell
number plotted on the y-axis. For each clone, the closed diagrams (• ¤) represent the respective clones growing under control conditions,
whereas open diagrams (s4)) represent the cones being induced with tetracycline at 100 ng ⁄ lL. TbK5 and TbK24 represent the clones
with strong growth phenotypes after RNAi induction (A). TbK6, TbK8, and TbK16 represent the clones with subtle growth phenotypes after
RNAi induction (B). The values on the graph represent the averages of three separate experiments.

Table 4: Replication-deficient clones identified from pairwise
comparison

RNAi clone Type of kinase GeneDB ID

TbK5 CRK12 Tb11.01.4130
TbK6 CRK8 Tb11.02.5010
TbK8 CRK1 Tb927.10.1070
TbK16 S ⁄ T PKc Tb927.7.4090
TbK24 ERK8 Tb927.10.5140

CRK, cdc2-related kinases; ERK, extracellular signal–regulated kinase.

Mackey et al.
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tion between the human ERK8 and PCNA is required to maintain
the stability of PCNA in the cell, preventing PCNA from interacting
with the E3 ligase HDM2 (31). TbERK8 also contains a putative PIP
box at aa 293-TAEQALEHPYVAAFH-306. However, further studies
are needed to determine whether TbERK8 interacts with TbPCNA
through its putative PIP box.

Several CRKs in T. brucei function analogously to their homologues
in other eukaryotes as master regulators of cell cycle progression
(32,33). For example, cyclin E1 and CRK1 regulate G1 ⁄ S transition,
and the complexes of cyclin E1 and CRK3 as well as that of cyclin
B2 and CRK3 control passage of the G2 ⁄ M boundary during cell
cycle progression (34,35). Like these other CRKs, it is possible that
CRK12 may also be involved in cell cycle regulation. This may
explain why silencing its gene product by RNAi resulted in reduced
proliferation in trypanosomes. Further studies of ERK8 and CRK12
will be necessary to confirm these hypotheses and further elucidate
their function in T. brucei.

Now that these two kinases have been identified as potential tar-
gets, we will take advantage of small-molecule libraries to further
characterize them.

In addition to identifying two potential targets, we have tested
and validated a luciferase-based assay for its suitability in screen-
ing T. brucei RNAi libraries. Here, we demonstrated that a single-
step luciferase-based assay was sufficient to screen a small RNAi
library. Three clones K19, K23, and K24 showed a significantly
lower growth rate than the other clones present in the screen
under uninduced conditions using a pairwise comparison. The
lower RLU reading for K19 occurred because this clone grew
slower than the other clones present on plate 5. A plausible
explanation for the slow growth rate of K19 was that the RNAi
targeting vector was mis-incorporated in the genome. In this sce-
nario, the vector integrates into a genomic locus and disrupts a

A

B

Figure 4: HTS assay format for RNAi library. Each of the wells
tested was inoculated with 104 RNAi clones in medium containing
100 ng ⁄ lL tetracycline. Duplicated screens of the RNAi library were
conducted on each 96-well plate. The data points graphed on the
scatter plot represent the log-transformed relative light unit (RLU)
values for each of the replicated RNAi clones tested in the screen
(A). The RLUMean values for all of the RNAi clones with SD were
calculated and then graphed as a separate scatter plot (B). The
Zscore at 1.96 below the mean RLU depicted by the dashed line rep-
resents the cutoff point for the p = 0.05.

0 2 4 6 8 10
0

2

4

6

8

10

Tb Crk12 (–) Tet.

Tb Crk12 (+) Tet.

Days PI

Lo
g 10

 C
el

l #

Tet – +

TbCrk12

Dtubulin

Tet – +
TbERK8

!tubulin

Days PI

A

B

Figure 5: Northern blot analysis of K5 and K24. The two prolif-
eration-deficient clones identified from screening the 30 RNAi
clones in HTS format were further analyzed by northern blot analy-
sis. Total RNA was isolated from control or tetracycline-induced
clones 48 h postinduction. Labeled gene-specific probes were
hybridized to the blots and visualized by autoradiography. cdc2-
related kinases 12 (A). Extracellular signal–regulated kinase 8 (B).
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Figure 2.5. Northern blot analysis of K5 and K24.
The two proliferation deficient clones identified from screening the 30 RNAi clones in HTS 
format were further analyzed by northern blot analysis. Total RNA was isolated from control or 
tetracycline-induced clones after 48 hours post induction. Labeled gene specific probes were 
hybridized to the blots and visualized by autoradiography. CRK12 A). ERK8 B). 
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METHODS for Chapter 2

Culturing of T. brucei

The transgenic bloodstream form T. brucei clone 90-13 was a gift from the laboratory of George 

A. M. Cross. Bloodstream parasites were incubated in 5% CO2 at 37 °C in HMI-9 medium 

containing 10% fetal bovine serum, 10% Serum Plus (Omega Scientific), 1× penicillin/

streptomycin with 5.0 µg/ml hygromycin B, and 2.5 µg/ml G418.

PCR amplification of partial cDNA fragments for 31 kinases 

Each of the PCR products for the kinases was amplified from 2 µg of T. brucei genomic DNA. 

The conditions for PCR amplification were 98 °C for 30 sec, (98 °C 10 sec, 50 °C 10 sec 72 °C 

10 sec) x25 cycles plus 72 °C for 5 min (Phusion polymerase, NEB). The kinase PCR products 

and the pZJM vector both were prepared for ligation by double digestion with HinDIII/XhoI. 

Ligation reactions were performed using the Rapid ligation kit from Roche. Ligation products 

were transformed into competent E. coli and plated onto LB-Ampicillin agar plates. E. coli clones 

containing the pZJM-kinase RNAi constructs were propagated in LB-Ampicillin growth medium.

Preparation of T. brucei Genomic DNA

T. brucei genomic DNA was prepared from 5 x108 trypanosomes grown in HMI-9 medium. The 

trypanosomes were pelleted by centrifugation and resuspended with 300 µl of PBS in an 

Eppendorf tube. SDS was added to the re-suspended trypanosomes to a final concentration of 

0.5%, followed by 10 units/µl protease K and 1 unit/µl RNAse A. The tube was incubated at 55o 

C for 3 hours. After incubation, the lysed solution was extracted with phenol:chloroform:isoamyl 

alcohol and centrifuged in PhaseLock tubes (Qiagen). The genomic DNA pellet was obtained 

from the aqueous portion by precipitation with isopropyl alcohol and centrifugation. The dried 

DNA pellet was re-suspended in TE buffer at pH 7.5. 
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Stable transfection of T. brucei 90-13 clones with pZJM-kinase RNAi constructs

Each RNAi plasmid was linearized with Not I restriction endonuclease and precipitated with 

ethanol. The dried pellet was re-suspended in H2O to 1.0 µg/µl. 10 µg of linearized plasmid was 

used in each transfection. Transfections of the plasmids were conducted with the Lonza 

Nucleofector using the X01 setting. The selection of stable T. brucei RNAi clones was done by 

limiting dilutions and conducted in medium containing 2.5µg/ml of phleomycin. Individual 

clones were selected and expanded. Aliquots of individual clones were cryogenically preserved 

for future reference. The clones remaining in culture were counted with a Beckman Multisizer 3. 

T. brucei Proliferation/Viability Screen

All T. brucei kinase RNAi clones were maintained in complete HMI-9 selection medium 

containing 2.5 µg/ml G418, 5.0 µg/ml of HygB, 2.5µg/ml of Phleo at 37o C with 5% CO2 as 

previously described (ref). RNAi screens were carried out in 96-well format. Each RNAi clone 

was counted using a Beckman-Coulter Multisizer 3. RNAi clones were then diluted in selection 

medium to 1.0 x105 tryps/ml. After dilutions, 100 µl of both control and induced RNAi clones 

were transferred into 96-well plates. Clones were induced with tetracycline (100 ng/ml) for 48 

hours. After induction, proliferation and viability of both control and induced clones were 

measured using CellTiter Glow reagent (Promega). 

Northern Blot Analysis of T. brucei RNA 

T. brucei total RNA was purified from 108 parasites using TRIzol reagent (Invitrogen). 15 

micrograms of total RNA were loaded on a 1.2% agarose-formaldehyde gel and resolved by 

electrophoresis at 50 V for 2.5 h. After electrophoresis, the RNA was transferred to 

polyvinylidene difluoride membrane and cross-linked to the membrane with Stratalinker 

(Stratagene). 32P-Labeled cDNA probes were generated using the random primed labeling kit 

56



(Amersham Biosciences). The probes were denatured at 100 °C and hybridized to the blot 

overnight at 42 °C in buffer containing 50% formamide, 5× SSC, 4× Denhardt's solution, 0.1% 

SDS, and 0.1% sodium pyrophosphate.

Data Analysis

 The quality of the HTS assay was assessed by calculating Zprime
 and Zfactor using 

equations 1 and 2[70,85]. Compounds having statistically significant parasite inhibition (Zscore > 

1.96, p < 0.05) in both screens were declared hits[70]. The Zscore was calculated using equation 

3. 

 

Methods

Culturing of Trypanosoma brucei
The transgenic BSF T. brucei clone 90-13 was a gift from the labo-
ratory of George A. M. Cross. Bloodstream parasites were incu-
bated in 5% CO2 at 37 !C in HMI-9 medium containing 10% fetal
bovine serum, 10% Serum Plus (Omega Scientific, Tarzana, CA),
1 · penicillin ⁄ streptomycin with 5.0 lg ⁄ mL hygromycin B, and
2.5 lg ⁄ mL G418.

PCR amplification of partial cDNA fragments
for 31 kinases
Each of the PCR products for the kinases was amplified from 2 lg
of T. brucei genomic DNA. The conditions for PCR amplification
were 98 !C for 30 seconds, (98 !C 10 seconds, 50 !C 10 seconds,
and 72 !C 10 seconds) ·25 cycles plus 72 !C for 5 min (Phusion
polymerase, NEB, Ipswich, MA). The kinase PCR products and the
pZJM vector both were prepared for ligation by double digestion
with HinDIII ⁄ XhoI. Ligation reactions were performed using the
Rapid ligation kit from Roche (Indianapolis, IN). Ligation products
were transformed into competent Escherichia coli and plated onto
LB–ampicillin agar plates. Escherichia coli clones containing the
pZJM–kinase RNAi constructs were propagated in LB–ampicillin
growth medium.

Preparation of Trypanosoma brucei Genomic
DNA
Trypanosoma brucei genomic DNA was prepared from 5 · 108 try-
panosomes grown in HMI-9 medium. The trypanosomes were pel-
leted by centrifugation and re-suspended with 300 lL of PBS in
an Eppendorf tube. SDS was added to the re-suspended trypano-
somes to a final concentration of 0.5%, followed by 10 units ⁄ lL
protease K and 1 unit ⁄ lL RNAse A. The tube was incubated at
55 !C for 3 h. After incubation, the lysed solution was extracted
with phenol ⁄ chloroform ⁄ isoamyl alcohol and centrifuged in Phase-
Lock tubes (Qiagen, Valencia, CA). The genomic DNA pellet was
obtained from the aqueous portion by precipitation with isopropyl
alcohol and centrifugation. The dried DNA pellet was re-suspended
in TE buffer at pH 7.5.

Stable transfection of Trypanosoma brucei
90-13 clones with pZJM–kinase RNAi
constructs
Each RNAi plasmid was linearized with Not I restriction endonucle-
ase and precipitated with ethanol. The dried pellet was re-sus-
pended in H2O to 1.0 lg ⁄ lL. Ten micrograms of linearized plasmid
which was used in each transfection. Transfections of the plasmids
were conducted with the Lonza Nucleofector (Basel, Switzerland)
using the · 01 setting.

Stable T. brucei RNAi clones were selected by limiting dilutions
conducted in medium containing 2.5 lg ⁄ mL of phleomycin. Individ-
ual clones were selected and expanded. Aliquots of individual
clones were cryogenically preserved for future reference. The clones

remaining in culture were counted with a Beckman-Coulter Multisiz-
er 3 (Brea, CA).

Trypanosoma brucei proliferation ⁄ viability
screen
All T. brucei kinase RNAi clones were maintained in complete HMI-
9 selection medium containing 2.5 lg ⁄ mL G418, 5.0 lg ⁄ mL of
HygB, and 2.5 lg ⁄ mL of Phleomycin at 37 !C with 5% CO2 as pre-
viously described. RNAi screens were carried out in 96-well format.
Each RNAi clone was counted using a Beckman-Coulter Multisizer
3. RNAi clones were then diluted in selection medium to 1.0 · 105

tryps ⁄ mL. After dilutions, 100 lL of both control and induced RNAi
clones was transferred into 96-well plates. Clones were induced
with tetracycline (100 ng ⁄ mL) for 48 h. After induction, proliferation
and viability of both control and induced clones were measured
using CellTiter Glow reagent (Promega, Madison, WI, USA).

Northern blot analysis of Trypanosoma brucei
RNA
Trypanosoma brucei total RNA was purified from 108 parasites
using TRIzol reagent (Invitrogen, Carlsbad, CA). Fifteen micrograms
of total RNA was loaded on a 1.2% agarose–formaldehyde gel and
resolved by electrophoresis at 50 V for 2.5 h. After electrophoresis,
the RNA was transferred to polyvinylidene difluoride membrane and
cross-linked to the membrane with Stratalinker (Stratagene, Santa
Clara, CA). 32P-labeled cDNA probes were generated using the ran-
dom primed labeling kit (Amersham Biosciences Piscataway, NJ).
The probes were denatured at 100 !C and hybridized to the blot
overnight at 42 !C in buffer containing 50% formamide, 5 · SSC,
4 · Denhardt's solution, 0.1% SDS, and 0.1% sodium pyrophos-
phate.

Data analysis
The quality of the high-throughput screening (HTS) assay was
assessed by calculating Zprime and Zfactor using eqns 1 and 2
(13,14). Compounds having statistically significant parasite inhibition
(Zscore > 1.96, p < 0.05) in both screens were declared hits (14). The
Zscore was calculated using eqn 3.

Zprime ! 1" #3$ SDhighs % 3$ SDlows&
#meanhighs " meanlows&

#1&

Zfactor ! 1" #3$ SDcompound % 3$ SDlows&
#meancompound " meanlows&

#2&

Zscore !
#X " Xmean&
#SDX &

#3&

Results

Construction of RNAi Library
RNAi is a powerful general tool for elucidating the relationship
between a gene product and its cellular function. Specifically

T. brucei High-Throughput RNAi Screen
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CHAPTER 3 

CLK1 IN TRYPANOSOMA BRUCEI IS ESSENTIAL FOR CIS-SPLICING 

INTRODUCTION

Cdc2-like-kinases (CLKs) are a family of evolutionarily conserved protein kinases 

present in humans, mice, flies, plants, and yeast. CLK kinases phosphorylate serine-

arginine-rich (SR) proteins, a family of pre-mRNA splicing factors. CLKs  display dual 

specificity in vitro, as they autophosphorylate on tyrosine residues but phosphorylate 

other substrates on serine/threonine residues [48]. CLK signaling is primarily mediated 

through phosphorylation of the N-terminal arginine-serine rich (RS) domain found within 

all SR proteins [49], affecting both the localization and the activity of these proteins. SR 

protein localization within the nucleus is highly dependent on CLK kinase activity, and 

over-expression of CLKs has been shown to disrupt the typical speckled pattern observed 

for SR proteins [50]. Furthermore, over-expression or inhibition of select CLKs 

modulates the splicing of a co-transfected reporter gene as a result of aberrant 

phosphorylation of  SR proteins [51]. CLK orthologues within an organism exhibit high 

conservation of the kinase domain, while diverging at the N-terminus. The divergent N-

terminus confers functional differentiation to the different orthologues [ref]. Furthermore, 

the conserved kinase domain also contains a characteristic “LAMMER” motif present in 

all CLKs. This motif 

 

The protozoan kinetoplastid Trypanosoma brucei (T. brucei) is an evolutionarily ancient 

unicellular parasite that causes Human African Trypanosomiasis (HAT), also known as 
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African sleeping sickness. HAT is a fatal disease if left untreated and is endemic in 36 

sub-Saharan countries. T. brucei is transmitted by the tsetse fly (Glossina spp.) from one 

mammalian host to the next, requiring the parasite to cycle through different life-stages 

involving complex developmental changes. In order to achieve this rapid transition from 

each stage of its life cycle, T. brucei has developed a unique transcriptional system in 

which most genes are constitutively transcribed as polycistronic mRNAs. These 

transcripts are resolved through a unique trans-splicing mechanism in which the capped 

5′-terminal region of the small nuclear spliced-leader RNA (SL-RNA) is ligated onto the 

5′ end of each mRNA [20]. This process, in concert with polyadenylation, generates 

individual mRNAs from polycistronic pre-mRNAs resulting in mature capped mRNAs.  

This process is very similar to conventional cis-splicing which is also found in T. brucei 

but is restricted to only several essential genes such as the poly-A polymerase gene [21] 

and a putative RNA helicase [19]. Certain components of the cis-splicing machinery are 

conserved in T. brucei  including several SR proteins.  The first SR protein identified in 

trypanosomes, RRM1, was shown to be an essential gene and localized to the nucleus 

[86]. The second SR protein, termed trypanosomal SR-rich protein (TSR1), was shown to 

interact with the SL-RNA and localize in the nucleus, thus suggesting a role in trans-

splicing [87]. Further functional characterization of TSR1 suggested that this factor also 

had an essential role in cis-splicing [19]. In the closely related, T. cruzi, the TSR1 

homologue, TcSR, was shown to be functional in cis-splicing, in a heterologous system, 

with a similar function to ASF/SF2  [88]. This suggests that the SR component of the 

splicing machinery is conserved in T. brucei. We hypothesized that CLK kinases may 
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also play an important role in splicing in T. brucei. To date, this potential function has not 

been investigated. 

In this report we identify two CLK homologues in the T. brucei genome with CLK-

specific motifs. Interestingly, these kinases are highly conserved in other kinetoplastids. 

We hypothesized the two CLKs in T. brucei are involved in RNA processing. By 

knocking down TbCLK1 and TbCLK2 using RNAi we have shown that only TbCLK1, 

and not TbCLK2, is essential for cis-splicing of the poly(A) polymerase (PAP) pre-

mRNA as indicated by the lack of mature PAP mRNA upon TbCLK1 ablation. We 

confirmed this phenotype using a small molecule inhibitor of TbCLK1 and observed a 

similar absence of mature PAP mRNA.  Finally, using electron microscopy we localize 

TbCLK1 both in the cytoplasm and the nucleus as observed for other known CLKs. 

These findings highlight the conserved nature of the cis-splicing machinery, including 

CLK kinases, throughout the evolutionary tree. Furthermore, these findings are important 

from a therapeutic standpoint considering CLK1 is an essential kinase for parasite 

viability [manuscript submitted]. Our work helps to delineate a CLK signaling pathway 

that may provide points of therapeutic intervention for HAT.

Materials and Methods

Gene sequence alignment
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TbCLK1 and TbCLK2 were identified by a protein BLAST search against the T. brucei 

genome using HsCLK1 as the query (GI: 67551261). Protein sequence alignment was 

done using the ClustalW program [89].

Cell culture

Bloodstream form T. brucei strain 221 were cultured at 37°C and 5% CO2 in HMI-9 

medium with 10% Fetal Bovine Serum, 10% Serum Plus (SAFC), 100 units/mL 

penicillin, and 100 µg /mL streptomycin. 90-13 cell line was similarly cultured with 

addition of 2.5 µg/mL G418, 5.0 µg/mL hygromycin.  Transgenic cell lines were 

maintained in medium supplemented with 5.0 µg/mL hygromycin, 2.5 µg/mL blasticidin, 

2.5 µg/mL phleomycin, and/or 0.1 µg/mL puromycin. 

Generation of transgenic T. brucei cell lines

Plasmid DNA (10 µg) was linearized (Bsu36I, TbCLK1-HA; NotI, pZJM constructs) and 

resuspended to 1 µg/mL in water. Cells (2×107) were electroporated using the Human T 

Cell Nucleofector kit and the program X-001 (Amaxa/Lonza), then diluted in media and 

allowed to recover for 24 hrs before antibiotic selection.

RNA interference

A fragment of the 5’ UTR of the CLK1 (447bp) and CLK2 (403 bp) kinase genes were 

cloned into the XhoI/HindIII site of pZJM [27].  The primers used for cloning are as 

follows: 
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CLK1 5‘UTR FOR (5’ - gcacgtaagcttaaacaacaacacccgaggag - 3’, sense)

CLK1 5‘UTR REV (5’-atgcatctcgagtcacgactctgatttggcag-3’, antisense)

CLK2 5’ UTR FOR (5’- gcacgtaagcttcgagtttagggaagccacaa-3’, sense)

CLK2 5’ UTR REV (5’- atcgtactcgagctgttatttgctgcagtggc - 3’, antisense)

The resulting plasmids were transfected into the 90-13 T. brucei cell line. The GSK3 

RNAi cell line was obtained from Mari Nishino. RNAi was induced with 1 µg/mL 

tetracycline for 48 hours when cells reached a density of 5x105/mL. Total RNA was 

extracted from 1x108 cells using TRIzol (Invitrogen) and RNEasy kit (Qiagen) for use in 

the splicing assay.

Hypothemycin treatment

T. brucei 221 cells at 1x106/mL were treated with 300nM and 500nM hypothemycin 

(Santi Biosciences) for 5h.  Cells were pelleted after treatment and total RNA was 

extracted as described above. 

RT-PCR

The total RNA was extensively treated with DNase inactivation reagent (DNA-free; 

Ambion) to remove the DNA contamination. Reverse transcription was performed on the 

RNA with random antisense primers using the High Capacity RNA-to-cDNA kit 

(Applied Biosystems). The resulting cDNA was used in PCR amplification for analyzing 

the splicing of PAP pre-mRNA. The negative control consisted of RNA that was directly 

used for PCR. For analysis of PAP pre-mRNA primers PAP INTRON and PAP EXON 2 
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were used (see below). For analysis of mature PAP mRNA primers PAP EXON 1 and 

PAP EXON 2 were used. 

Oligonucleotides Used for RT-PCR of the Poly(A) Polymerase Gene 

PAP EXON 1 (5′-CCCAACGAAACCACTAGAGG-3′, sense) is specific for the poly(A) 

polymerase gene (PAP), first exon, from positions 223 to 242. PAP INTRON (5′-

CTGTTCGTCGTCGTGGCA-3′, sense) was specific for the PAP cis-spliced intron, 

upstream from 3′ splice site, from -133 to -150. PAP EXON 2 (5′-

ATCGACAGCTGTGCCTCTG-3′, antisense) was complementary to the PAP gene, 

second exon, and is located 136 bp downstream from the 3′ splice site. 

Electron Microscopy

TbCLK1 lacking start and stop codons was inserted between the KpnI and XhoI sites of 

pC-PTP-PURO (gift from CC Wang). The puromycin resistance gene was replaced with 

HYG. T.brucei 221 cells were transfected with the resulting plasmid as described above.

T. brucei cells expressing TbCLK1-HA were immersion fixed overnight (ON) with 4% 

paraformaldehyde, 1% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.4 for 2 hr 

at room temperature (RT) then overnight (ON) at 4°C. Following fixation the samples 

were rinsed four times for 5 min each in the fixative vehicle. Secondary fixation was in 

1% osmium tetroxide in 0.1M sodium cacodylate buffer followed by one 1 min rinse and 

four 5 min rinses in the fixative vehicle. The samples were subsequently dehydrated with 

70% ethanol, infiltrated with LR White resin (Electron Microscopy Sciences, Fort 
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Washington, PA) through a series of three dilutions of 70% ethanol : resin (3:1, 2:2, 1:3) 

followed by two changes of 100% LR White 1 hr each and a final change ON at RT. 

Following one final change of 100% LR White, the samples were embedded in gelatin 

capsules, sealed and polymerized at 50°C for 48 hr. Thin sections (75-85 nm) were cut 

with a diamond knife and mounted on single slot nickel grids covered with Butvar plastic 

(Electron Microscopy Sciences, Fort Washington, PA). For all subsequent steps the nickel 

grids were floated section side down on drops of solutions. Sections were aldehyde 

inactivated with 0.1M glycine in PBS for 20 min at RT followed by blocking in 5% 

normal goat serum, 5% bovine serum albumin, 0.1% cold water fish skin gelatin, and 

0.05% Tween 20 in PBS for 30 min. The sections were then washed three times for 5 min 

each in 0.1% BSA-c in PBS (incubation buffer) (Aurion, Wageningen, Netherlands) and 

incubated ON at 4°C in 1:6000 mouse monoclonal (12CA5) anti-HA antibody (Roche). 

Following primary antibody incubation the sections were rinsed six times 5 min each in 

incubation buffer at RT then incubated for 1 hr at RT in 1:25 goat anti-mouse IgG 

conjugated to 10-nm gold particles (Aurion, Wageningen, Netherlands) in incubation 

buffer. Following final rinses in PBS and ultrapure water, the sections were allowed to 

dry and then stained for contrast with aqueous 2% uranyl acetate. The sections were 

examined using a FEI, Tecnai T12 transmission electron microscope (TEM). 

Results
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Canonical CLK motifs are conserved in TbCLK1 and TbCLK2 and other kinetoplastid 

CLKs

To identify putative CLK homologues in T. brucei a protein-BLAST search was 

conducted using HsCLK1 as the query (GI: 67551261) against the T. brucei genome. The 

search yielded two proteins annotated as putative protein kinases, hereby termed 

TbCLK1 (GI: 74025474) and TbCLK2 (GI: 74025476) respectively, with 25% and 24% 

identity to human CLK1 and 32% with the kinase domain. To confirm that these kinases 

belonged to the CLK protein kinase family, a reverse non-biased protein BLAST was 

conducted using TbCLK1 or TbCLK2 as the query. The BLAST search identified many 

CLK proteins from various organisms including S. pombe, D. melanogaster, and A. 

thaliana.  The protein sequences from the five species (Hs, Sp, Dm, At, and Tb) were 

aligned using ClustalW (Figure 1A). As expected, TbCLK1 and TbCLK2 exhibit high 

conservation in all key kinase domains that are essential for phosphorylation activity and 

are highly conserved in kinases in all organisms, especially the catalytic residues found in 

the ATP binding pocket: Lys in subdomain II, Asp in the DFG motif, and Asp in 

subdomain VII (Figure 1A, red arrows).  TbCLK1 and TbCLK2 both contain the highly 

homologous “LAMMER” motif region that is characteristic of all CLKs (Figure 1A, Box 

I). Furthermore, the T. brucei homologues also exhibit the characteristic lack of TY 

residues found in Cdc2-related kinases but absent in Cdc2-like kinases. Interestingly, 

TbCLK1 and TbCLK2 exhibit perfect homology in their kinase domains but diverge at 

the N-terminus in accordance with CLK family members in other organisms. For 
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example, the Drosophila CLK (DOA) is expressed as several functionally distinct splice 

variants with a common C-terminal kinase domain and distinct N-termini[90].

A search of the TriTrypDB revealed that all of the kinetoplastids sequenced to date 

contain one or more protein kinases with high homology to TbCLK1 (Table1).  The 

protein sequences from a representative member of the CLK family from the following 

organisms were aligned using ClustalW: T cruzi (causes Chagas disease), L. major 

(causative agent of  cutaneous Leishmaniasis), L braziliensis (causative agent of 

mucocutaneous Leishmaniasis), L. infantum (causative agent of visceral Leish.) and T. 

congolense (causative agent of nagana in cattle). The resulting alignment indicated a 

strikingly high degree of conservation among all the kinases analyzed (Table 1). As is the 

case with other CLKs, the kinetoplastid CLKs exhibit a very high degree of homology in 

the C-terminal kinase domains and highly divergent N-termini. More importantly, the 

characteristic “LAMMER” motif that is found in all CLKs is identical in all seven 

kinases (Figure 1b) suggesting perhaps that these kinases may perhaps perform similar 

functions in these various organisms. 

Knock-down  and chemical inhibition of TbCLK1 inhibits cis-splicing of poly A 

polymerase gene 

We assayed TbCLK1 or TbCLK2 for involvement in cis-splicing by analyzing the 

processing of the poly(A) polymerase (PAP) gene using RNAi. An RT-PCR assay was 

used to monitor the level of the mature PAP-spliced product with oligonucleotides that 
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are situated in the two exons (Figure 2b) [91]. The presence of mature PAP mRNA can be 

distinguished from the presence of the pre-mRNA thus providing a read-out for cis-

splicing activity in the organism.  The results indicate an absence of mature PAP mRNA 

when TbCLK1 is knocked down, while it remains unchanged in the case of TbCLK2 

(Figure 2a). Knock-down of TbCLK1 is lethal to the parasite (manuscript submitted) and 

therefore the depletion of mature PAP mRNA may be due to the lethality of the RNAi. To 

confirm that the cis-splicing phenotype observed with the knock-down of TbCLK1 was 

specific to the depletion of the kinase and not to the lethality of the knock-down itself, we 

determined the processing of the PAP gene after knocking down another essential kinase, 

TbGSK3, in comparison to that of TbCLK1 knock-down. The results indicate that 

TbCLK1 knock-down does indeed inhibit cis-splicing as evidenced by the absence of 

mature mRNA, while in the case of TbGSK3 mature mRNA PAP is still present (Figure 

2c). This provided strong evidence that the cis-splicing phenotype observed during 

TbCLK1 was due to the ablation of this specific kinase. 

To determine whether the cis-splicing phenotype was due to the absence of TbCLK1 

kinase activity or due to a potential scaffolding role that the kinase may be playing, we 

determined the processing of the PAP gene after treating T. brucei with hypothemycin, a 

small molecule inhibitor shown to target TbCLK1 [manuscript submitted]. The 

mechanism of hypothemycin inhibition involves a reversible association with the ATP 

binding site followed by nucleophilic attack, inactivating the kinase by forming an 

irreversible covalent enzyme-inhibitor adduct [92]. The results indicate that chemical 

inhibition of TbCLK1 by hypothemycin results in the same cis-splicing phenotype 
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observed during TbCLK1 knock-down (Figure 2d) thus suggesting that abrogation of 

TbCLK1 phosphorylation activity is responsible for the phenotype observed.  

Localization of CLK1 is consistent with that of CLKs from other organisms  

CLKs are localized in the cytoplasm [93] while their ability to phosphorylate SR proteins 

is facilitated by their presence in the the nucleus [94]. To determine whether this 

localization pattern holds true for TbCLK1 electron microscopy experiments were 

conducted using an endogenously HA-tagged version of TbCLK1. The results indicate 

that TbCLK1 is indeed present both in the cytoplasm (Figure 3A) and the nucleus (Figure 

3B). 

Discussion

In this report we identified two T. brucei CLK homologues, TbCLK1 and TbCLK2. 

Consistent with known CLK function in other organisms, TbCLK1 appears to be 

involved in cis-splicing as indicated by the absence of cis-spliced PAP mRNA upon 

CLK1 ablation or chemical inhibition. In contrast, TbCLK2 knock-down had no 

noticeable effect on the cis-splicing of the PAP gene. The kinase domains of the two 

kinases are identical, but their N-termini diverge and must be the cause of the differential 

function for the two kinases. The TbCLK2 N-terminus may alter its localization or 

prevent it from binding to any putative substrates that may be involved in the cis-splicing 

machinery.  It is not uncommon for CLKs that have highly conserved kinase domains to 

have differing functions based on their divergence at the N-terminus. DOA, the 
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Drosophila CLK, is expressed as functionally distinct isoforms with non-redundant 

functions [90]. The DOA isoforms, like TbCLK1 and TbCLK2, diverge only in their N-

terminal domains. 

Protein function is determined by enzymatic activity or through protein-protein 

interactions. In this paper, we examined whether abrogation of cis-splicing activity was 

due to the absence of TbCLK1 protein (scaffold role) or due to inhibition of its 

phosphorylation activity (enzymatic role). Considering cis-splicing was inhibited after 

chemical inhibition of TbCLK1 this suggests that phosphorylation of  downstream 

substrates are essential for the splicing activity involving TbCLK1, and these putative 

substrates would most likely include SR proteins. 

CLKs in higher eukaryotes along with their substrates, SR proteins, are known to localize 

in the nucleus [94]. Studies have also indicated that CLKs can be found in the cytoplasm 

where preliminary phosphorylation of SR proteins occurs in conjunction with SR protein 

kinase (SRPK) activity. The phosphorylation of SR proteins in the cytoplasms triggers 

their relocation to the nucleus where they are observed in characteristic speckle patterns 

[95]. The current model posits that phosphorylation of SR proteins by CLKs in the 

nucleus releases the SR proteins from these speckles thus prompting them to bind to the 

splieceosomal complex where they aid in splice-site selection[96]. The level of SR 

protein phosphorylation dictates which splice junction they bind to and subsequently has 

an important role to play in alternative splicing. Here we show that TbCLK1 shows a 
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similar distribution as other CLKs, and so it is found both in the cytoplasm as well as 

localized to the nucleus. 

RNA splicing is a critical eukaryotic cellular function as underscored by the presence of  

conserved components of the splicing machinery in all branches of eukaryotes. We 

present further evidence that this maxim holds true by showing that TbCLK1 is involved 

in the regulation of RNA splicing, a function consistent with that of CLKs in other 

organisms.  This finding is important as it helps elucidate another component of the 

splicing machinery in T. brucei. Moreover, CLKs in other kinetoplastids may function in 

a similar manner considering their high homology with TbCLK1. Also, considering that 

TbCLK1 is essential for T. brucei viability, multiple parasitic kinetoplastids could 

potentially be targeted simultaneously by identifying TbCLK1 inhibitors.
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Figures for Chapter 3 
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A. 

B.

Figure 3.1. Protein sequence alignment reveals key CLK region conserved in TbCLK1 
and TbCLK2 as well as CLKs from other kinetoplastids. A) The amino acid sequences of 
CLKs from Homo sapiens (H.s), Arabidopsis thaliana (A.t),  Drosophila melanogaster (Dm), 
Sacharomyce pombe (Sp), and Trypanosoma brucei (TbCLK1, TbCLK2) were aligned using 
Clustal W. The blue shading indicated regions of high conservation. The characteristic CLK 
“LAMMER” motif is highlighted in the red rectangle. The essential kinase catalytic residues 
are marked by red arrows. B) The amino acid sequences of CLKs from T. brucei, T. cruzi, L. 
major, L. braziliensis, L. infantum, T. congonlense, and T. vivax were aligned using ClustalW. 
The blue shading indicated regions of high conservation. The characteristic CLK 
“LAMMER” motif is highlighted in the red rectangle.
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A.Table 3.1. Homology of kinetoplastid CLKs with T. brucei CLK1 

Protein Length (aa) GI % ID w/ TbCLK1
L. major CLK 415 157865014 77
T. congolense CLK 459 342186319 76
T. vivax CLK 464 340059467 71
L. infantum CLK 469 146078244 71
T. cruzi CLK 490 71659277 70
L. braziliensis CLK 476 154332792 69
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Figure 3.2. Chemical inhibition and RNAi reveal  TbCLK1 is essential for cis-
splicing of PAP gene. The level of the cis-spliced poly(A) polymerase precursor and 
mature mRNA. A) schematic representation of the PAP gene demonstrating the positions 
of the primers used for amplifying the mature and the cis-spliced precursor. The number 
of oligonucleotides used for the RT-PCR and the expected sizes of the products are 
indicated. B) the level of mature and pre-PAP RNA during TbCLK1 and TbCLK2 
silencing. RT PCR was performed on total RNA (DNA-free) prepared from uninduced (-
TET) or induced cells 48h after induction (+TET). C) the level of mature and pre-PAP 
RNA during TbCLK1 and TbGSK3 silencing. RT PCR was performed as before. 
Brucipain primers were used as a control to confirm equal loading of cDNA in the PCR 
reaction. D) the level of mature and pre-PAP RNA during TbCLK1 inhibition with 
hypothemycin. RT PCR was performed on total RNA (DNA-free) prepared from 
untreated (-HYP) or treated cells 6h after hypothemycin treatment (+ HYP). 
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      nucleus close-up

Figure 3.3. TbCLK1 exhibits localization pattern similar to other CLKs Electron-
microscopy images of 221 cells with TbCLK1-HA. Right panel (B) is a magnification of 
the nucleus present in the left panel (A).
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CHAPTER 4 

UNPUBLISHED WORK

CLK1 potential substrates 

 Identifying potential kinase substrates can often be a challenging task due to the 

rapidity with which protein kinases phosphorylate their substrates. In the case of 

TbCLK1  an attempt was first made to identify potential substrates based on TbCLK1’s 

putative splicing function. As mentioned in the introduction, CLK protein kinases are 

known to phoshporylate SR proteins which in turn affects splice-site selections during 

constitutive and alternative splicing in eykaryotic organisms in which these kinases have 

been studied. The T. brucei genome contains multiple predicted SR proteins [97] but only 

two of these have been studied to date [87,98]. The first, termed TbSR1, has been shown 

to bind to the SL-RNA as well as components of the human spliceosomal complex via a 

yeast-two-hybrid (Y2H) assay[87], suggesting a potential role in trans-splicing. The 

second SR protein, termed TbSR2, has been shown to interact with TbSR1 using a Y2H 

assay, in addition to interactions with the human cis-spliceosomal complex[98]. 

 Considering these two SR proteins were implicated in splicing processes, the 

hypothesis that these may be TbCLK1 substrates was investigated.  First, the potential of 

TbSR1 being a substrate was examined by generating a cell-line over-expressing this 

protein with an hemagglutinin (HA) tag. The tagged TbSR1 was over-expressed and 

immunoprecipitated from cell lysates. An on-bead kinase assay was performed using 

recombinantly expressed TbCLK1 (See Chapter 4, Section 4 for details on recombinant 

expression of CLK1 kinase) and radiolabelled ATP.  The on-bead kinase assay samples 
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were resolved on an SDS-PAGE gel and visualized with autoradiography (Figure 4.1). 

The expected result was to have an intense band in the IP lane (Lane 1) right below the 

rCLK1 kinase band (TbSR1 has lower molecular weight than CLK1) representing the 

over-exrpessed TbSR1 that has been phosphorylated by the recombinant CLK1. This 

same band should be diminished in Lane 2, since rCLK1 has been pre-inhibited with 

hypothemycin. When comparing Lane1 and 2 to each other, no such band is apparent, 

suggesting that TbCLK1 is unable to phosphorylate the immuno-precipitated TbSR1. 

This may due to a physical obstruction considering TbSR1 is bound to the beads or 

because TbSR1 is not in fact a CLK1 substrate. 

   

Figure 4.1.  IP/kinase assay with plew SR1-HA and rCLK1. Lane 1 represents TbSR1-
HA IP with added rCLK1. Lane 2 represents the same as Lane 1 with rCLK1 inhibited by 
hypothemycin. Lane 3 contains SR1-HA IP without any rCLK1. Lane 4 is rCLK1 alone.  
 To further investigate the potential  of TbSR1 and TbSR2 as potential substrates, a 

mobility shift assay was conducted. In this experiment, TbSR1 or TbSR2 are expressed as 

HA-tagged proteins from the endogenous locus (no over-expression) in a cell line that is 
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capable of knocking-down CLK1 (using the pZJM vector described previously). An anti-

HA  Western blot is used to examine a shift in the mobility of HA-tagged SR1 and SR2 in 

the presence (no knock-down) or absence of CLK1 when RNAi was induced by addition 

of tetracycline (Figure 4.2). As seen in the blot, there is no shift in mobility when 

comparing the -TET (CLK1 present) and +TET (CLK1 ablated) lanes for both SR1 and 

SR2, suggesting that CLK1 does not phosphorylate either SR protein.   

Figure 4.2. Mobility shift assay with TbSR1 and TbSR2

78



CLK1 immunoprecipitation experiments

 In order to identify CLK1 substrates in a non-biased approach, 

immunoprecipiation experiments were conducted using a cell line over-expressing HA-

tagged CLK1. In this experiment, CLK1-HA is over-expressed in T. brucei cells and 

immunoprecipitated from cell lysate treated with gluteraldehyde using an anti-HA 

antibody. The samples from the immunoprecipitation experiment were analyzed on an 

SDS-PAGE gel and visualized using a silver stain (Figure 4.3).  When comparing the 

mock IP (lane 3) to the actual IP (lane 4), a band is present at ~80kDa appears only in 

Lane 4. Using mass-spectrometric analysis this band was identified, in three independent 

IP experiments, as N-acetyltransferase 1 (NAT1). 

Figure 4.3 SDS-PAGE gel visualized with silver staining for CLK1-HA 
immunoprecipitation from T. brucei cell lysate treated with gluteraldehyde. 
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 In order to determine whether the interaction of CLK1 with NAT1 had any effect 

on the activity of NAT1, acetyltransferase activity was measured in T. brucei lysate 

during CLK1 knock-down as compared to control cells (Figure 4.4). In this experiment, 

acetyltransferase activity is measured by using the fluorescence properties of a NAT1 

substrate, para-amino benzoic acid (pABA), as a readout for NAT1 activity. pABA, 

which has a high fluorescence, is acetylated by NAT1 in the presence of acetyl-coA, 

resulting in a low-fluorescent product (Ac-pABA). The CLK1 RNAi samples (+TET) 

exhibited a higher fluorescence in the pABA assay as compared to control samples 

(Figure 4.4), indicating a higher concentration of un-acetylated pABA, suggesting lower 

NAT1 activity during CLK1 ablation.  

Figure 4.4 TOP PANEL: Acetyl transferase assay during CLK1 knock-down. In the top 
panel, pABA fluorescence was measured in control cells (blue bars) and compared to 
pABA fluorescence in CLK1 RNAi cells (red bars). LOWER PANEL: Schematic 
diagram of acetyl-transferase assay. pABA fluorescence is diminished upon acetylation 
by NAT1 in the presence of acetyl-coA, thus providing a readout for NAT1 activity in cell 
lysate. 
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 The immunoprecipiation experiments along with the pABA fluorescence 

experiments suggested that CLK1 may phosphorylate NAT1, thus explaining the physical 

association and the modulation of NAT1 activity upon CLK1 knock-down. to examine 

this hypothesis, HA-tagged NAT1 was immuno-precipitated from T. brucei cell lysate 

and subsequently used in an on-bead kinase assay using recombinant CLK1 (Figure 4.5). 

In this experiment, we expected to see a band, representing phosphorylated NAT1-HA, in 

Lane 3 that would be absent in Lane 1 (mock IP). The bands in Lane 1 and Lane 3 are 

identical, suggesting that recombinant CLK1 did not phosphorylate the immuno-

precipitated NAT1 bound to the agarose-Protein G beads. 

Figure 4.5. IP/kinase assay with NAT1-HA and recombinant CLK1. NAT1-HA was 
immuno-precipitated from cell lysate and subjected to an on-bead kinase assay using 
recombinant CLK1. 
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 Considering CLK1 did not show any phosphorylation activity with NAT1 as the 

substrate, it is possible that CLK1 is acting as a scaffolding protein bridging NAT1 and its 

activator. This would explain the immunoprecipiation results that suggested a physical 

interaction between CLK1 and NAT1, as well as the pABA assay results that suggested 

diminution of CLK1 was concomitant with reduction in  N-acetyltransferase activity. To 

test this hypothesis, the physical interaction between CLK1 and NAT1 needed to be 

confirmed. An immuno-precipitation experiment was conducted using NAT1-HA as the 

bait (instead of CLK1-HA, as was the case in the original IP experiment) and the samples 

were resolved with a SDS-PAGE gel, visualized with silver staining, and analyzed with 

mass-spectrometry (Figure 4.6, Left Panel). The mass-spectrometric data showed no 

difference between the proteins present in mock IP lane and those in the NAT1-HA lane. 

The experiment was repeated several times, but endogenous CLK1 was not identified in 

any of NAT1-HA IP experiments. 

 

Figure 4.6. LEFT PANEL: Immunoprecipitation experiments of HA-tagged NAT1from 
T. brucei cell lysate visualized on silver-stained SDS-PAGE gel. RIGHT PANEL: 
Western-blot showing expression of HA-tagged NAT1 in samples used for immuno-
precipitation experiments. 
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 The negative IP data could be due to a low abundance of CLK1 in the cell lysate 

to such an extent that it remained undetectable by MS. To address this limitation, co-

immuno-precipitation experiments were conducted to allow for a more sensitive readout 

by using Western blot analysis. In this experiments, a T. brucei cell line was constructed 

that co-expressed HA-tagged NAT1 and Myc-tagged CLK1 (both at the endogenous 

locus). Cell lysate was generated from this cell line and NAT1 was immuno-precipitated 

using an anti-HA antibody. The sample was then analyzed with a Western blot using an 

anti-Myc antibody as the probe in order to detect any bound CLK1-Myc (Figure 4.7, left 

panel). In two independent experiments, not CLK1-Myc could be detected in the IP 

samples (Figure 4.7. Left Panel, Experiment 1 and 2, Lane 4) despite the strong signal 

present in the flow-through lanes (Figure 4.7. Left Panel, Experiment 1 and 2, Lane 3).  

The co-IP experiment was repeated using a cell line that only expressed NAT1-HA. Upon 

immuno-precipitation of NAT1-HA from cell lysate, recombinant His-tagged CLK1 was 

added to the bead mix. The bound sample was analyzed by Western blot using an anti-His 

antibody as the probe in order to detect any CLK1-His that was bound to the NAT1-HA 

which had adhered to the beads (Figure 4.7, Right Panel). No differences in band pattern 

could be noted between the mock IP and the NAT1-HA/CLK1-HIS co-IP lanes (Figure 

4.7, Right Panel, Lane 3 and 4, respectively). The bands present in the two lanes 

correspond to background bands that are usually observed when analyzing T. brucei cell 

lysate with the anti-His antibody.   
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Figure 4.7. LEFT PANEL: Co-immunoprecipitation experiments with HA-tagged NAT1 
and myc-tagged CLK1. LEFT PANEL: NAT1-HA was immuno-precipitated from cell 
lysate expressing myc-tagged CLK1. samples were subsequently used in western blot 
analysis probed with anti-myc antibody. RIGHT PANEL: Co-immunoprecipitation 
experiment with HA-tagged NAT1 and His-tagged recombinant CLK1. HA-tagged NAT1 
was immuno-precipitated from cell lysate and then mixed with recombinant His-tagged 
CLK1. Samples were then analyzed by Western blot using an anti-His antibody to probe 
for the presence of His-tagged CLK1.  
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CLK1 Analog-sensitive Approach

 To identify any potential substrates for cLK1 the analog-sensitive approach was 

pursued as developed by the Shokat lab at UCSF [99]. In this approach, the gatekeeper 

residue, which resides in the ATP binding pocket of the protein kinase, is mutated to a 

less bulky amino acid thus allowing for an expansion of the binding pocket. By so doing, 

bulky ATP-like protein kinase inhibitors can now bind and inhibit the mutated kinase, 

termed the analog-sensitive kinase, while the wild-type kinase remains refractory to 

inhibition by the same inhibitor. This approach, when used in conjunction with genetic 

manipulations, allows for the construction of cell lines in which the endogenous kinase of 

interest is replace with an analog-sensitive allele. This allows one to study the effects of 

selective kinase inhibition in a tightly controlled (i.e. no off-target effects) and temporal 

manner (addition of inhibitor blocks kinase activity within minutes of addition). 

Furthermore, the analog-sensitive allele can be used in a semi-synthetic approach with an 

ATP[gamma]S analog to tag and identify substrates [100]. 

 In order to study the effects of inhibition and to identify potential substrates for 

TbCLK1, the analog-sensitive approach was pursued in collaboration with Jonathan 

Choy and Nathan Gushwa in the Taunton lab (UCSF). The first step was to generate a 

recombinant analog-sensitive CLK1 by mutating the gatekeeper methionine to an alanine 

(CLK1 - M209A) and testing this kinase in an in vitro kinase assay to determine if 

selective inhibition could be achieved with an expanded ATP analog, as compared to the 

wild-type kinase (Figure 4.8). As seen in the graph, the analog-sensitive kinase was 

inhibited by very low concentrations of the ATP analog, while the wild-type kinase 
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remained refractory to inhibition.  This provided evidence that selective inhibition could 

be achieved in vivo by generating a T. brucei cell line which contained only the analog-

sensitive kinase, assuming the parasite could tolerate the substitution considering that 

TbCLK1 is an essential kinase. 

Figure 4.8. In vitro Kinase assay using CLK1-wild type (pink) and CLK1-analog 
sensitive (yellow) in the presence of an expanded ATP-like kinase inhibitor (lower right). 
the analog sensitive kinase was inhibited by the expanded inhibitor while the wild-type 
kinase remained refractory to inhibition. This work was conducted by Jonathan Choy, in 
the Taunton lab (UCSF).   
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 To determine if the the substitution would be tolerated in vivo we examined the 

kinase activity of two versions of the analog-sensitive cLK1 (M-to-G and M-to-A) as  

compared to the wild-type kinase (Figure 4.9).  As seen in the graph, while the two 

analog-sensitive versions of CLK1 did exhibit kinase activity, it was significantly lower 

than that of the wild-type kinase. There was still the possibility that the parasite could 

tolerate the less-active kinase mutants and so an attempt was made to generate a cell line 

in which the endogenous alleles were replaced with the M-to-A analog-sensitive kinase. 

No viable cell lines were ever successfully generated. 

Figure 4.9. In vitro kinase activity of recombinant wild-type CLK1 kinase compared to 
two analog-sensitive CLK1 mutants.  
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 Experiments involving analog-sensitive kinases that are reported in the literature 

suggest that loss-activity is often observed when mutating the gatekeeper mutation and 

that there are several compensatory mutations that could be attempted to rescue activity 

[101]. To that end, seven different analog-sensitve CLK1 mutants were generated that 

contained various substitutions at the gatekeeper residue as well as several mutants with 

different compensatory mutations (Table 1). None of the mutant kinases generated were 

as active as the wild-type when tested for kinase activity. Furthermore,  all attempts to 

generate analog-sensitive cell lines by replacing the wild-type CLK1 alleles with any one 

of the seven mutant kinases failed. 

Table 4.1. List of different mutations engineered in order to obtain an analog-sensitive 
CLK1 kinase with an activity level close to that observed for  wild-type CLK1. Mutations 
at the 209 positions reflect gatekeeper mutations, while mutations at other positions 
represent compensatory mutations which are thought to rescue loss of activity due to the 
gatekeeper mutation[101]. 
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Recombinant CLK1 Inhibition Studies

 In addition to investigating the function of TbCLK1, an essential T. brucei kinase, 

initial inhibition studies were performed  in an attempt to identify potential kinase 

inhibitors that could provide the basis for future drug development. It should be noted, 

however, that the work presented below was only a cursory attempt to identify new 

inhibitors. An exhaustive effort in this regard was undertaken by Jonathan Choy, in the 

Taunton lab (UCSF), and was a major focus of his thesis. 

 The first experiment entailed testing hypothemycin, a known CLK1 inhibitor 

[102], against recombinant CLK1 in order to confirm that the in-gel kinase assay, which 

monitors auto-phosphorylation of CLK1, could be used to evaluate potential inhibitors 

(Figure 4.10, Left Panel). As can be seen, no bands can be seen in the lanes containing 

inhibited CLK1 (Lanes 1-4). The same assay was used to test an additional 15 

compounds provided by Ambit, which had been previously tested for toxicity against T. 

brucei and Jurkat cells (Figure 4.10, Right panel, Column 3 and 4). These compounds 

were selected because they exhibit selectivity for T. brucei against Jurkat cells. The 

compounds were tested at 1 uM and 10 of the 15 compounds inhibited CLK1 kinase 

activity (Figure 4.10, Right Panel, Column 5). 
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Figure 4.10.  LEFT PANEL: Inhibition of recombinant CLK1 by hypothemycin in an in-
gel kinase assay. RIGHT PANEL: List of potential kinase inhibitors tested against 
recombinant CLK1 in an in-gel kinase assay. 
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Methods for Chapter 4 

T. brucei cultures and transfection

Bloodstream parasites were incubated in 5% CO2 at 37 °C in HMI-9 medium containing 

10% fetal bovine serum, 10% Serum Plus (Omega Scientific), 1× penicillin/streptomycin 

with 5.0 µg/ml hygromycin B, and 2.5 µg/ml G418.For transfections, the appropriate 

plasmid was linearized with Not I (pZJM, pLEW) or BsuI (pC_CLK1-HA, pC_SR1, 

pCSR2, pC_CLK1-Myc)  restriction endonuclease and precipitated with ethanol. The 

dried pellet was re-suspended in H2O to 1.0 µg/µl. 10 µg of linearized plasmid was used 

in each transfection. Transfections of the plasmids were conducted with the Lonza 

Nucleofector using the X01 setting. Antibiotic selection of stable T. brucei  clones was 

initiated 24h post-transfection.

RNA interference

A 250-500 base pair fragment of 5’ UTR of the CLK1 and CLK2 kinase genes were 

cloned into the XhoI/HindIII site of pZJM [27]. The GKS3 RNAi cell line was obtained 

from Mari Nishino. RNAi was induced with 1 µg/mL tetracycline. Total RNA was 

extracted using TRIzol (Invitrogen) and RNEasy kit (Qiagen) for use in the splicing assay

Over-expression

The gene encoding CLK1 or NAT1 was tagged with a triple HA epitope at the C-terminus 

by cloning into a pLEW100-Phleo vector. The resulting plasmid was transfected into 

90-13 T. brucei cell lines and stable transfectants were selected under 2.5 ug/mL 
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phleomycin. Over-expression of the tagged protein was achieved by addition of 0.1 ug/

mL tetracycline to the culture medium. 

Preparation of T. brucei lysates. 

T. brucei at 1×106-5×106 cells/mL were collected, washed twice with PBS, and pelleted. 

The pellet was suspended in PBS containing 1× Complete Protease Inhibitor Cocktail 

(Roche) and PhoStop (Roche) and sonicated on ice. Cellular debris was pelleted, and the 

supernatant was transferred to a clean microtube for further processing.

Immunoprecipitation

immunoprecipiation of tagged proteins was achieved by adding 1 uL of anti-HA antibody 

(12CA5) to 250 uL lysate generated from 1x108 T. brucei cells over-expressing the 

appropriate protein. Incubation occured overnight at 4 oC. Secondary anti-mouse 

antibody was added for 1h and the protein was immunoprecipiated with agarose-protein 

G beads. After several PBS washes, the samples were resolved on an SDS-PAGE gel.  

Western blot analysis

T. brucei parasites were spun down and lysed in ice-cold PBS by sonication in the 

presence of phosphatase and protease inhibitors.  After pelleting debris by high-speed 

centrifugation, 15 ug of cleared lysate was resolved by SDS-PAGE (Biorad) and 

transferred to a PVDF membrane. After blocking in 5% milk in PBS-T for 1 hour, the 

PVDF membrane was incubate with mouse anti-HA antibody (12CA5, Sigma) in the SR-
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protein experiments or rabbit anti-His antibody (Covance) in the co-IP experiments 

overnight at 4 oC. The primary removed by several washed with PBS-T and the 

appropriate secondary antibody was added for 1 hour at room temperature. The blot was 

then washed with PBS-T and developed by ECL (Pierce) on X-ray blue films (Kodak)

Expression and purification of recombinant TbCLK1

The ORF for  TbCLK1 was amplified from genomic DNA and cloned into the pET100 

expression vector (Invitrogen). Protein was expressed in Escherichia coli BL21/DE3 

cells at 16 °C for 16 hrs with agitation. Cells were lysed using a microfluidizer into lysis 

buffer (50 mM Tris pH 8, 300 mM NaCl, 10 mM imidazole, 5% glycerol, 1 mM CaCl2, 1 

mM MgCl2, 500 nM PMSF, 1× Protease inhibitor cocktail (Roche), DNase (Sigma-

Aldrich), lysozyme (Sigma-Aldrich)). The soluble fraction was isolated by centrifugation 

and incubated overnight at 4 °C with Ni-NTA beads. The recombinant protein was eluted 

with lysis buffer containing 250 mM imidazole and dialyzed into storage buffer (30 mM 

Tris pH7.5, 50 mM NaCl, 50% glycerol, 5 mM DTT, 1 mM EDTA, 0.03% Brij35). 

Aliquots of the proteins were flash frozen with liquid nitrogen and stored at -80 °C.  

In-gel kinase assay

 10 nM recombinant TbCLK1 was incubated with compound in reaction buffer (50 mM 

Tris pH7.4, 10 mM MgCl2, 0.2 mM EGTA, 0.2 mg/mL BSA, 1 mM DTT) for 30 min at 

room temperature. A solution of kinase reaction buffer with γ32P-ATP (70-150 µCi/mL, 
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Perkin Elmer) was added to initiate the kinase reaction. After 30 min the reaction was 

stopped by adding Laemmli protein loading buffer and heating the samples for 2 min at 

100 C. The samples were then resolved on an SDS-PAGE and then gel-dried onto 

Whattman paper. The dried gel was visualized by autoradiography using a Typhoon 

Imager. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Conclusions

 The work presented in this thesis focuses on the study of protein kinases in T. 

brucei. Using an RNAi screen, two new essential protein kinases were discovered, ERK8 

and CRK12. These kinases represent new therapeutic avenues warranting further 

exploration. Moreover, this study also validated the luciferase-based assay method as a 

suitable assay for high-throughput RNAi screens in T. brucei. In addition, studies with 

TbCLK1 strongly suggest that this essential protein kinase is involved in cis-splicing. A 

number of questions remain to be investigated, however, including: 1) What is the 

function of ERK8 and CRK12 in T. brucei? 2) What is the function, if any, of TbCLK2 in 

bloodstream form parasites? Is it essential, if at all, in the insect vector? 3) What are the 

substrates of TbCLK1 and what does its interaction with NAT1 lead to? 4) Can new drug 

leads be identified by screening small molecule libraries against TbCLK1, TbERK8 and 

TbCRK12? 

Future Directions 

1) Investigating the function of TbERK8 and TbCRK12

 TbERK8 was identified an essential gene in BSF T. brucei and shows homology 

to the human ERK8 gene. There are three subfamilies of mitogen-activated protein 

kinases (MAPKs): the ERKs, c-Jun N-terminal kinases, and the p38 Map kinases. The 
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human ERK 8 represents the latest member of the ERK subfamily of MAPK to be 

discovered[77]; thus, little is known about the functions of this kinase in comparison with 

the other ERK family members. In mammalian cells, ERK8 activity is rapidly up-

regulated in response to DNA single-strand breaks caused by hydrogen peroxide. Its 

activity is also upregulated by single-strand breaks caused by other agents such as methyl 

methanesulfate, however at a reduced rate [78,79]. It was recently demonstrated that in 

human cells, ERK8 regulates proliferation and DNA repair through a proliferating cell 

nuclear antigen (PCNA) mechanism [80]. It interacts with PCNA through a PCNA-

interacting protein box (PIP) sequence aa 297-QALQHPYVQRFH-308. Interaction 

between the human ERK8 and PCNA is required to maintain the stability of PCNA in the 

cell, preventing PCNA from interacting with the E3 ligase HDM2 [80]. TbERK8 also 

contains a putative PIP box at aa 293-TAEQALEHPYVAAFH-306. Therefore, further 

studies could focus on determining whether TbERK8 is involved in DNA repair through 

a potential interaction with TbPCNA. 

 Several CRKs in T. brucei function analogously to their homologues in other 

eukaryotes as master regulators of cell cycle progression[81,82]. For example, cyclin E1 

and CRK1 regulate G1⁄S transition, and the complexes of cyclin E1 and CRK3 as well as 

that of cyclin B2 and CRK3 control passage of the G2⁄M boundary during cell cycle 

progression[83,84]. Like these other CRKs, it is possible that CRK12 may also be 

involved in cell cycle regulation. This may explain why silencing its gene product by 

RNAi resulted in reduced proliferation in trypanosomes. Future studies with TbCRK12 
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could focus on elucidating whether this kinase is involved in cell cycle regulation in T.  

brucei.

2) Investigating the function of TbCLK2

 Human CLK1 and CLK2 are both known to phosphorylate and activate protein 

tyrosine phosphatase 1B (PTP1B), which acts on the insulin receptor in mammals [103]. 

PTP1B is also present in the trypanosome and is implicated in parasite differentiation 

[104]. It is therefore possible that TbCLK1 and TbCLK2 have evolved to phosphorylate 

different substrates, and that TbCLK2 may phosphorylate TbPTP1B while TbCLK1 may  

phosphorylate SR proteins. If TbCLK2 did in fact phosphorylate TbPTP1B then it would 

play some role in the differentiation of the parasite as it cycles between the human and 

insect form. 

 To examine a potential role for TbCLK2 in differentiation, one could look at the 

effects of TbCLK2 RNAi upon induction of differentiation in bloodstream form parasites 

to procyclic forms by exposure to cis-aconitate and 27 °C.  Differentiation markers, such 

as EP procyclin, an early differentiation marker, could be measured post-cis-aconitate 

treatment and compared to control cells in order to determine any effect on differentiation 

potential of the cells whose CLK2 is knocked down .

 TbCLK2 may be acting as a differentiation repressor by potentially activating 

PTP-1B. Alternatively, TbCLK2 may be acting as a differentiation stimulator by 
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inhibiting PTP-1B. If TbCLK2 acts as a differentiation repressor, then knock-down of 

TbCLK2 would cause parasites to differentiate without stimulus. In this case, one would 

expect a higher percent of procyclic cells, as evidenced by EP-positive staining, in the 

induced population after cis-aconitate treatment. If TbCLK2 is a differentiation 

stimulator, then knock-down of TbCLK2 will render parasites incapable of 

differentiation. In this case, one would expect a lower percentage of procyclic cells in the 

induced population after cis-aconitate treatment. 

3) Identifying TbCLK1 substrates 

 The work presented in this thesis included evidence that TbCLK1 is required for 

normal processing of cis-spliced transcripts. As mentioned in the introduction, SR 

proteins are splicing factors that are phosphorylated and regulated by CLK protein 

kinases. Similarly, SR proteins are the most likely substrates for TbCLK1 concerning its 

role in cis-splicing. While two SR proteins, TbSR1 and TbSR2, were examined as 

potential substrates with negative results, there are several other SR proteins in the T. 

brucei that could be investigated. To investigate this possibility the experiments would be 

similar to those undertaken for TbSR1 and TbSR2 and would require HA-tagging the 

remaining SR proteins. Unfortunately, phospho-antibodies against any of the T. brucei SR 

protein do not exist and antibodies against phosphorylated SR proteins from other 

organisms cannot detect phosphorylated T. brucei SR proteins (data not shown).   

 In addition to SR proteins, the interaction with NAT1 needs to be further 

investigated. Considering NAT1 co-IPed with CLK1 in three independent experiments, it 
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provides good evidence that the interaction between these two proteins does occur in the 

parasite. However, the reverse co-IP did not yield the expected results. The HA-tag 

placed on NAT1 may have hindered the interaction seen in vivo or could have prevented a 

bridging scaffolding protein from binding. Further investigations could include tagging 

NAT1 at the N-terminus and repeating the co-IP experiment or trying other tags such as 

the TAP tag. 

4) Screening small molecule libraries against TbCLK1, TbERK8 and TbCRK12

  The work presented in this thesis was motivated by a desire to identify new 

therapeutic avenues that can be pursued to develop novel treatments for African sleeping 

sickness. The three essential kinases presented in this work provide good starting points 

for discovering new drug leads.   The most straight forward approach would entail a high-

throughput small molecule screen against each of the kinases. First, recombinant 

expression of these kinases (in the case of ERK8 and CRK12) needs to be investigated to 

establish a protocol that will yield soluble and active proteins.  Screening of the three 

kinases can be achieved using the KinaseGlo system, which detects unused ATP in the 

phosphorylation reaction, in conjunction with the compound libraries  maintained by the 

Small Molecule Discovery Center (SMDC) at UCSF. 

 Good kinase inhibitors and in essence a new drug against sleeping sickness will 

need to meet a number of criteria. First, the compound must be able to cross the blood-

brain barrier so that it can be effective against the later stages (cerebral) of the disease 

where the need for new drugs is the highest.  For treatment of first-stage patients oral 
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application would be desirable over the current method of treatment (IV injection). The 

compound should also be effective against both T. brucei subspecies as well as 

trypanosomes refractory to melarsoprol treatment. Finally, the compound has to be cheap 

and ideally active against other infectious or neoplastic diseases to encourage its 

production by pharmaceutical companies.
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