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IDENTIFYING KINASES 
IN TRYPANOSOMA BRUCEI 

AS RATIONAL TARGETS FOR CHEMOTHERAPY 
  
 

MARI NISHINO 
 
 

ABSTRACT 
 
A search for effective treatment of African sleeping sickness, a fatal disease 

caused by the parasite Trypanosoma brucei, necessitates identification and 

validation of new therapeutic targets. T. brucei, like all eukaryotes, relies on 

protein kinases to regulate cellular processes; however, little is known about 

individual kinases to guide drug development. The fungal polyketide 

hypothemycin covalently inhibits kinases that contain a poorly conserved 

cysteine preceding the DXG motif (CDXG) in the active site. We found its potent 

trypanocidal activity both in culture and in mouse model of infection. We 

developed an unbiased and quantitative chemical proteomics tool, propargyl-

hypothemycin, which identified four kinase targets in T. brucei: TbMAPK2, 

TbGSK3short, and TbCLK1/2. RNA interference (RNAi) knockdown of all twenty-

one CDXG kinases showed TbGSK3short and TbCLK1 are essential. Studies in 

vitro and in intact cells showed hypothemycin covalently inhibits both kinases at 

physiologically relevant concentrations. Thus we were able to capitalize on the 

unique mechanism of hypothemycin to identify two potential therapeutic targets 

for African sleeping sickness.   
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CHAPTER 1 

INTRODUCTION 
 

Trypanosoma brucei and Trypanosomiasis 
  

Trypanosomiasis as a disease  

Human African Trypanosomiasis (HAT), or African sleeping sickness, is a 

vector-borne parasitic disease. The disease affects over 60 million people in 36 

countries in sub-Saharan Africa and 50-70,000 deaths are reported annually1,2. 

This disease also results in 1.5 million disability-adjusted life years (DALYs), the 

number of healthy years of life lost due to premature death and disability, lost 

across Africa. The methods to determine disease burden are still controversial, 

and the actual number of cases may be higher. In common with most causes of 

death in rural Africa, non-hospitalized HAT cases are not recorded. Nagana, the 

animal form of the disease, is also prevalent in the region, leading to the limited 

availability of meat and milk and reduced crop production3. Thus, both human 

and animal trypanosomiasis are implicated in the underdevelopment of the 

region and a major obstacle in the establishment of a flourishing agriculture, 

sustainable economic growth, and healthy populations. 

HAT is found in two clinically distinguishable forms in separate 

geographical areas, caused by two separate subspecies of Trypanosome4. 

Trypanosoma brucei gambiense is found in west and central Africa and is 

transmitted by the tsetse fly Glossina palpalis. This form of parasite produces 
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more than 90% of reported cases of sleeping sickness, and causes a chronic 

infection, characterized by a slow progression of the disease lasting for months 

or years5. Trypanosoma brucei rhodesiense is found in eastern and southern 

Africa and transmitted by the tsetse fly Glossina morsitans.  This form of parasite 

produces less than 10% of reported cases, and causes an acute infection (Fig. 

1.1).   

Humans become infected with T. brucei when an infected tsetse fly takes 

a bloodmeal. During the initial stage, patients experience symptoms including 

headache, fever, and aches in joints. They may present with Winterbottom’s sign, 

a swelling of lymph nodes along the back of the neck. Once the parasites 

proliferating in lymphatic system and the bloodstream cross the blood-brain 

barrier, infection is established in central nervous system, and patients enter the 

neurological or second stage. They experience confusion, reduced coordination, 

and psychological problems. The name “sleeping sickness” comes from the 

disturbance in the sleeping cycle during this stage that deteriorates into coma 

and eventual death. The disease is fatal unless treated.  

HAT diagnostic screening is done by a combination of immunological and 

parasitological tests. The card agglutination test for trypanosomiasis developed 

in 1978 is widely used for screening the population affected by T. b. gambiense, 

but is not applicable in T. b. rhodesiense areas5. To confirm positive results, 

diagnosis is followed by systematic stage determination, consisting of 

assessment of the cerebrospinal fluid for white blood cells, elevated protein 

concentration, and the presence of parasites. This method requires a lumbar 
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puncture, an invasive procedure that is not well accepted by patients and carries 

its own risks.  Diagnosis is hampered by the fact that many patients are 

asymptomatic during the first stage. It is further complicated when the 

parasitemia is low in the patient’s serum, as often is the case in T. gambiense 

infection. There is a need for low-cost, minimally-invasive diagnostic tool. 

Vaccination strategy is a practical approach for the control of any 

infectious diseases. In the case of trypanosomiasis, however, all conventional 

anti-parasitic vaccination efforts undertaken so far have failed due to the 

antigenic variation of the trypanosomes surface coat6. African trypanosomes 

have evolved this structured monomolecular surface coat that covers the entire 

plasma membrane of the parasite, including the flagellum. This surface coat 

prevents antibody and innate immune elements such as complement from 

binding to subsurface invariant epitopes of the coat or to membrane 

determinants. Thus, currently there is no ongoing effort for developing vaccines 

for HAT, and chemotherapies are the only options for controlling the disease7. 

  

Current chemotherapy  

There are currently four approved chemotherapies available for treatment 

of HAT: suramin for first-stage T. rhodesiense infections, pentamidine for first-

stage T. gambiense infections, melarsoprol for the second stage of both forms of 

the disease, and eflornithine, only effective in the second stage of the T. 

gambiense form8,9.  
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Suramin is a symmetrical, polysulfonated naphthylamine polyanionic 

compound first used in 1922. It was developed because two close analogues and 

color dyes, trypan blue and trypan red, were shown to be effective trypanocidals. 

It is still unknown if inhibition of a specific parasite enzyme is responsible for 

suramin’s trypanocidal action. Because of renal toxicity, treatment failures, 

duration, cost and the need for intravenous injection, suramin monotherapy has 

rarely been used (Fig. 1.2 a, b) 8,8.  

Pentamidine is an aromatic diamidine introduced in 1937. It has a very 

slow rate of diffusion across biological membranes. The typical protocol for the 

treatment of early stage HAT is seven to ten doses per day given 

intramuscularly. Hypoglycemia as a result of insulin release by the pancreas, 

hypocalcemia, and renal failure have been reported (Fig. 1.2 c)8,9.  

Melarsoprol is a trivalent organic melaminophenyl arsenical introduced in 

19498. It is administered intravenously, dissolved in propylene glycol, which is 

painful at the site of injection. Arsenicals lead to the rapid lysis of trypanosomes 

but their mechanism of action is not understood. The typical treatment protocol 

consists of three to four series of three or four injections. The worst adverse 

event is reactive encephalopathy, which occurs in 5-10% of the patients treated, 

and results in death in 10-50% of those in whom it develops (Fig. 1.2 d) 8,9.  

Eflornithine is an analogue of ornithine and has been used since the 

1980s. It is the only chemotherapy with known mode of action, which is through 

the suicide inhibition of ornithine decarboxylase10. Its selectivity against 

trypanosomes is due to the shorter half-life of parasite ornithine decarboxylase, 
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which leads to the complete inhibition of its activity. Trypanosomes are then 

transformed into non-dividing forms which are more vulnerable to the host 

immune reaction since they cannot change their variant surface glycoprotein9. It 

is difficult to administer, requiring four daily intravenous infusions for 7-14 days 

(Fig. 1.2 e). 

  

The Search for New Drug Targets and Drugs  

 All of the above-mentioned drugs have shortcomings: unacceptably 

serious side effects, difficulty in administration, and treatment failures. Despite 

the urgent need for alternatives, there has been very little effort to develop a new 

chemotherapy against HAT11. Historically, antiparasitic drug discovery has been 

conducted through low-cost, low-risk strategies by pharmaceutical companies 

and many such drugs were first developed for other indications. The withdrawal 

of many large pharmaceutical companies over the past 25 years from anti-

parasitic programs as part of their core strategies, plus the unyielding need for 

the discovery of new therapeutics against these neglected diseases, means that 

significant gaps have emerged, particularly in early drug discovery12. 

 Recent efforts made by collaboration between academics and 

philanthropic organization has focused on identification and validation of potential 

therapeutic targets13. The completion of T. brucei genome has aided 

tremendously in identifying genes and gene products that may be essential to the 

survival of parasites. However, not all essential genes or pathways can be readily 

exploitable for chemotherapy14. The ideal characteristics of therapeutic targets 
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are: essential in bloodstream form stage; sufficiently different from the host 

enzyme; target can be inhibited pharmacologically; design of inhibitors is feasible 

(Table 1.1). The challenge that frequently remains is validating the target as 

exploitable for drug development8,14. 

 Ongoing efforts by the consortia proposed a dual strategy: 

1) The first priority is to develop a safe, effective, and practical second stage HAT 

drug to replace current first-line treatments, and to improve and simplify the 

current case management. The aim is to develop one drug that is effective 

against both first and second stages of HAT. 2) Second priority is a very simple 

first stage treatment, to be used at the local health centre level, could also 

represent an improvement by increasing access to treatment and coverage of 

HAT10. Depending on the availability of a simple diagnostic, such a drug would 

allow for mass screening plus treatment campaigns in endemic areas, and thus 

prevent disease progression to second stage and reduce disease transmission15. 

Some of the desirable features of a new drug include: efficacy against both 

species, clinical efficacy >95% at 18 month follow-up, <0.1% drug-related 

mortality, <7 days oral administration once daily, and < 30 Euro per course (paid 

by donors). 

 The most advanced product at this point is a combination therapy of 

nifurtimox-eflornithine (NECT) that, while not yet formally approved, has been 

recommended for use by the WHO since May 2009 (Fig. 1.3 a)16. Eflornithine is 

administered every 12 hours for 7 days in conjunction with nifurtimox given orally 

every 8 hours for 10 days17. A single NECT kit to treat one patient costs around 
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$36015. While NECT represents a significant improvement over the often deadly 

arsenic-based melarsoprol, additional medications with simplified treatment 

regiments, improved safety, and reduced cost are needed. The only other clinical 

stage product is fexinidazole, a nitroimidazole-based compound related in 

chemical structure to the compound benzinidazole that is currently used for the 

treatment of American trypanosomiasis (Chagas disease) (Fig. 1.3 b)4. 

  

 

Studying T. brucei 

T. brucei life cycle 

T. brucei has a complex biphasic life cycle with different developmental 

forms alternating between human host and tsetse fly vector18. In humans, the 

major T. brucei population consists of the extracellular, proliferative slender form 

in the bloodstream that establish infection. They are then arrested in G0/G1 

phase of the cell cycle and irreversibly differentiate into the short stumpy form 

poised for transmission to the tsetse fly. Taken up by a tsetse fly, the stumpy 

form differentiates into the proliferative procyclic form in the insect midgut. 

Eventually, the tsetse salivary gland becomes populated with metacyclic forms, 

which infect the human host to continue the infection cycle (Fig. 1.4)18,19. Thus, 

there is an integral link between the cell cycle and parasite differentiation during 

the life cycle of T. brucei. In addition, trypanosomes must replicate and segregate 

its single organelles (the nucleus, the kinetoplast (which contains the DNA of the 
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single mitochondrion), flagellum, and basal body) (Fig. 1.5)20. This added 

complexity in cell cycle control is not present in relatively simple eukaryotes such 

as yeast. 

 

Cell cycle 

 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.  In the late G1 phase, maturation of the pro-

basal body which lies adjacent to the basal body subtending the flagellum, 

generating two basal bodies. The new, daughter flagellum extends and new pro-

basal bodies are formed. DNA is replicated during S phase; kinetoplast S phase 

commences slightly prior to nuclear S phase. Early in G2, segregation of the 

duplicated basal bodies, kinetoplasts and flagella occurs. Basal body segregation 

is essential for kinetoplast segregation and is mediated through the microtubules 

of the cytoskeleton. Mitosis follows and one of the resulting daughter nuclei is re- 

positioned in between the two kinetoplasts21. 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 segregated19. 

The duplicated organelles are concentrated in the posterior end of the cell, 

although their relative positioning differs in different parasite life cycle stages20. 

After mitotic chromosome segregation, cytokinesis takes place when the 
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cleavage furrow bisects along the helical axis of the cell unidirectionally from the 

anterior to the posterior end (Fig. 1.6)19, 21,22. 

VSG expression 

One of the most unique features of T. brucei is the parasite’s mechanism 

for evading the host immune system. A dense coat composed of a single species 

of variant surface glycoprotein (VSG) covers the parasite23. Because the VSG 

coat is subject to immune attack, the trypanosome periodically activates the 

expression of alternative VSG genes. This allows a portion of the infecting 

population to escape immune killing and continue the infection. The mechanism 

by which parasites switch the gene that is expressed is still an active area of 

research. 

VSG is an abundant protein, with approximately 107 copies per cell, but 

only one VSG is expressed at a time. The trypanosome genome contains 

hundreds of VSG genes of which very few (7%) are fully functional (encoding all 

recognizable features of known functional VSG), whereas the majority (66%) are 

full-length pseudogenes (with frame shifts and/or in-frame stop codons)24. 

Transcription of the VSG occurs in one of the telomeres of the large 

chromosomes, which contain the VSG expression sites. These expression sites 

are polycistronic transcription units having expression site associated genes 

upstream of the VSG. These polycistronic mRNAs are matured by 

polyadenylation and addition of a spliced leader sequence by a process called 

trans-splicing2523. 

The escape from immune system is recognized by the parasitemia pattern 
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of the infected host. During the ascending phase of the parasitemia, the majority 

of parasites are of the same antigenic type (homotype)6. The host immune 

system recognizes this homotype and makes antibodies against it. As the 

parasites of the major variable antigenic type (VAT) are eliminated, the 

parasitemia goes in descending phase. Meanwhile, the parasites expressing the 

heterotype or the minor VATs are multiplying and one of them overgrows others. 

As a result this one becomes the new homotype, leading to a new wave of 

parasitemia and resulting in a long-lasting chronic infection6. 

 

Splicing 

 Another unique aspect of T. brucei biology is splicing. In trypanosomes, 

mRNA maturation differs from the process in most eukaryotes because protein-

coding genes are tandemly arranged in large polygenic clusters which are 

transcribed into polycistronic RNAs. All mRNAs are processed via trans-splicing, 

which is mediated by ligating a common spliced leader (SL) to all mRNAs from a 

small RNA donor, the SL RNA26. The initial discovery of trans-splicing was made 

on VSG mRNAs whose 5’-terminal region contained a leader sequence which 

was not encoded in the VSG gene. Further analysis showed that this 39-

nucleotide long leader was derived from the 5’ terminus of a separate, small 

nuclear RNA27. The discovery of a Y structure intermediate which corresponds to 

the cis-splicing intron-exon-lariat structure in other eukaryotes strongly indicated 

that the SL transfer functions analogously to intron removal, entailing the same 

two transesterification reactions (Fig. 1.7)25. Trypanosomes possess all the 
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spliceosome components including uridine-rich small nuclear RNA proteins (U 

snRNPs), but only U2, U4, U5, and U6 were suggested to function in trans-

splicing28,29. To date, only genes with introns in T. brucei are PAP gene encoding 

poly(A) polymerase and a gene encoding a putative RNA helicase. A recent 

analysis of the T. brucei transcriptome by high-throughput RNA sequencing 

indicates that there are no other introns disrupting protein-coding genes30,31,32. 

 

Laboratory studies of T. brucei 

Studies in in vitro   

 Techniques in molecular biology, biochemistry, genetics, and microscopy 

have been developed to study T. brucei in laboratory settings. Unless otherwise 

noted, all of the studies in this thesis project were done with the T. brucei brucei, 

a strain non-pathogenic to humans. The two forms available in laboratories are: 

procyclic and bloodstream. Procyclic form parasites are cultured in Cunningham 

media, at 27°C, in the absence of CO2. Bloodstream form parasites are cultured 

in HMI-9 media, at 37°C, in the presence of 5% CO2 (see Material and Methods 

for detail). Differentiation from bloodstream form to procyclic form may be done 

by changing the temperature to 27°C, switching the media, and supplementing 

with citrate33.  
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Studies in in vivo model 

 Animal model has also been adapted to study trypanosomiasis in mice, 

rats, and other non-human primates34. For studying the acute form of infection, 

parasites are usually injected intraperitoneal in mice, either at a low (less than 

103 parasites) or a high (106 parasites) load. Parasites proliferate within the 

lymphatic and circulatory systems and become detectable by microscopic 

analysis of tail blood within the first few days. The infection is characterized by 

successive waves of parasitemia.  When the parasitemia exceeds 108  

parasites/ml blood, the mice become weak, have lost weight, and the hair coat 

becomes rough. Necropsy shows hepatosplenomegaly as well as the presence 

of parasites in spleen, kidney, and heart by histological examination. 

  

Genetic manipulation 

 Unlike other parasites, T. brucei has several properties that make it 

amenable to genetic manipulations; 1) Parasites can be cultured in liquid media 

using standard cell culture techniques, and 2) The transfection system has 

improved over the last few years. Stable transformation of trypanosomes with 

foreign DNA usually occurs by electroporation with a short high-voltage pulse 

followed by antibiotic selection. For bloodstream form, this method yields 

efficiencies of 10-7 -10-8. 3) Homologous recombination is efficient and is not 

limited by non-specific recombination35.  

 An RNAi system has been established to knock down the mRNA 

expression level of individual genes. The most common vector is pZJM in which 
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a PCR amplified gene fragment is ligated between the opposing T7 promoters. 

The constructs generated for inducible expression contain the T7 promoter under 

regulation by the Tet operator, 5’ and 3’ flanking regions of targeting silent region, 

and a drug-resistance marker (Fig. 1.8a)36. There are a small number of 

selection markers readily available for T. brucei: phleomycin, puromycin, and 

blasticidin. The constructs are then transfected into the strain 90-13 that stably 

expresses bacteriophage T7 polymerases. The vector is targeted to non-

transcribed region of the genome (ribosomal RNA), and upon integration, 

establishes a stable cell line. Addition of tetracyclin to the media induces 

production of dsRNA with concomitant degradation of the target mRNA. 

 As a diploid organism, T. brucei requires deletion of two copies of a gene 

in order to investigate the knock-out. Gene deletion constructs generally contain 

a selection marker flanked by 5’ and 3’ region of the gene of interest. A 

heterozygous or single-copy knock-out is generated by transfecting the parasite 

with the first targeting construct and selecting with an appropriate marker. Once 

stably-transfected cell lines are established, the second targeting construct is 

used to transfect the parasites and clones are selected with the second 

antibiotic37. If the gene of interest is essential, it is impossible to create 

constitutive knock-out cell lines. To circumvent this issue, an inducible, ectopic 

expression must be available prior to transfection of the second knock-out 

construct. One such ectopic expression construct, pLew, has a T7 promoter to 

induce expression upon addition of tetracycline (Fig. 1.8b)38. Creating knock-out 
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cell lines is labor intensive, hence RNAi has been the method of choice to quickly 

assess the essentiality of the gene of interest.  

 A recently developed tool is the endogenous tagging expression system. 

Termed pC by Gunzl and colleagues, this expression construct allows the use of 

an endogenous promoter, driving the expression of the gene of interest at the 

endogenous level at original loci (Fig. 1.8c)39. This improves the analysis of a 

gene of interest that may behave differently when overexpressed (as is the case 

in pLew). It also allows the HA-tagging of the protein, enabling the expression to 

be tracked without a gene-specific antibody.  

  

Kinases in trypanosomes 

As discussed earlier, trypanosomes have a complex life cycle alternating 

between the insect vector and the mammalian host. They must sense different 

environments including the mammalian bloodstream, the tsetse fly midgut, and 

salivary glands and respond to all external signals. Likewise, the cell cycle of 

trypanosomes is complex. These organisms have the normal nuclear cell cycle, 

but superimposed is the cell cycle of the parasite’s single mitochondrial genome 

(the kinetoplast) and flagellum. The molecular control of the cell cycle and 

environmental sensing must be precise. Protein kinases are central molecules in 

differentiation, proliferation, and stress response in all eukaryotic cells. Protein 

phosphorylation, or the addition of a phosphate group, causes changes in 

enzymatic activity, stability, binding properties or subcellular localization of 
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protein substrates. This process is readily reversed by protein phosphatases, 

making the phosphorylation state of proteins very flexible and finely tunable40.  

The T. brucei genome contains 156 protein kinases (Fig. 1.9)41. These 

genes were identified by the presence of 11 characterized subdomains and 

specifically the key lysine in subdomain II and aspartic acids in subdomains VI 

and VII. One key difference between human and trypanosome kinomes is the 

complete lack of tyrosine kinases in T. brucei. This group of kinases in human 

includes receptor protein kinases such as insulin receptors and cytosolic kinases 

such as src. Phosphorylation on tyrosine residues in T. brucei is possibly done by 

dual-specificity kinases that can phosphorylate serine, threonine, and tyrosine 

residues42. Another difference is the abundance of STE and CMGC family protein 

kinases, which include the members of the canonical mitogen-activated protein 

kinase cascade (MAPKs, MAPKKs and MAPKKKs) involved in environmentally 

regulated cell cycle control, differentiation and the cellular response to various 

stress signals43. These two protein kinase families alone correspond to more than 

40% of the conserved trypanosomatid kinome41, suggesting that kinases 

implicated in environmental sensing underwent considerable evolutionary 

expansion compared with humans, where STE and CMGC comprise only 20% of 

the kinome. Conceivably, this expansion may reflect the particular requirements 

of trypanosomatids to adapt to changes in the host environment during their 

infectious cycle. 
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MAPKs in T. brucei 

The first MAPK identified and characterized in T. brucei, KFR1 (KSS1 and 

FUS3-related kinase 1), is essential for the procyclic insect stage. KFR1 also 

mediates the IFN-!-induced proliferation of parasites in the bloodstream of the 

mammalian host44,45. TbMAPK2 controls cell cycle progression from the procyclic 

form to the bloodstream form. TbMAPK2 null bloodstream forms were able to 

grow normally and exhibited no detectable phenotype. When these cells were 

triggered to differentiate in vitro, however, they developed to the procyclic form 

with delayed kinetics and subsequently underwent cell cycle arrest. Introduction 

of an ectopic copy of the TbMAPK2 gene into the null mutant restored its ability 

to differentiate and to divide. In contrast, a TbMAPK2 kinase mutant, in which the 

T190 and Y192 residues of the activating phosphorylation site were replaced by 

A and F, was unable to restore the growth and differentiation. Analysis of the 

DNA content and the nucleus/ kinetoplast configuration of individual cells showed 

that the null mutant was arrested in all phases of the cell cycle and that 25–30% 

of the cells had failed to segregate their nucleus and kinetoplast correctly. This 

implies that cell cycle progression by the procyclic form depends on a constitutive 

stimulus exerted by the signaling cascade operating through TbMAPK246. 

TbMAPK5 may be important in the differentiation of bloodstream form of T. 

brucei. The knockout clones in procyclic forms proliferated normally in culture 

and were not essential for other life cycle stages in the fly. They were also able to 

infect immunosuppressed mice, but the peak parasitemia was 16-fold lower than 

that of the wild type. The knockout differentiated prematurely in mice and in 



 17 

culture, suggestive of increased sensitivity to stumpy induction factor, an 

autocrine factor. The differentiation phenotype was partially rescued by 

complementation with wild-type TbMAPK5 but exacerbated by introduction of a 

non-activatable mutant form47.  

 

CDKs in T. brucei 

The cyclin-dependent kinase or CDK family is also comparatively large in 

trypanosomatids, with 11 members in T. brucei. This may reflect the complexity 

of dividing a highly polarized cell with an elaborate cytoskeleton and a single 

mitochondrion, along with an integral link between cell cycle control and life cycle 

differentiation. CDKs require an activating cyclin partner for activity, and analysis 

of the T. brucei genome revealed 10 orthologous cyclins. There are precedents 

that CDKs in cancer cells can be selectively targeted with a range of inhibitors. 

Thus such inhibitors may be of use to target parasites. 

Tu and Wang analyzed potential functions of cdc2-related kinases (CRK). 

In both the procyclic and bloodstream forms of T. brucei, TbCRK1 is involved in 

controlling the G1/S transition, whereas TbCRK3 plays an important role in 

catalyzing cells across the G2/M junction. Two distinctive phenotypes were 

observed between the TbCRK3-deficient procyclic and bloodstream forms. The 

procyclic form has a majority of the cells containing a single enlarged nucleus 

plus one kinetoplast. There is also an enhanced population of anucleated cells 

each containing a single kinetoplast. The CRK3-depleted bloodstream form has 

an increased number of one nucleus-two kinetoplast cells and a small population 
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containing aggregated multiple nuclei and multiple kinetoplasts. While the 

procyclic form can be driven into cytokinesis and cell division by kinetoplast 

segregation without a completed mitosis, the bloodstream form cannot enter 

cytokinesis under the same conditions. Instead, it continues to another G1 phase 

and enters a new S phase resulting in an aggregate of multiple nuclei and 

multiple kinetoplasts in an undivided cell48.  

Ellis and colleagues have discovered a protein kinase that shares features 

of both ERK-type MAPKs and CDKs. This TbECK1 (T. brucei ERK-like, CDK-like 

protein kinase 1), is similar to the unusual mammalian KKIAMRE protein kinase 

family and possesses a long C-terminal extension. The expression of a mutant of 

TbECK1 lacking the C-terminal extension produced a slow growth phenotype, 

associated with the appearance of cells with aberrant karyotypes. They further 

demonstrated that the phenotype is dependent on catalytic activity of TbECK1 

and on the integrity of at least one of the phosphorylatable amino acids in its 

phosphorylation lip. C-terminal extensions are a common feature of kinetoplastid 

protein kinases with a regulatory function49. 

 

 

Kinase inhibitors and hypothemycin 

Protein kinases catalyze the transfer of the terminal phosphate of ATP to 

substrates that usually contain a serine, threonine or tyrosine residue. They 

typically share a conserved arrangement of secondary structure elements that 

are arranged into 11 subdomains. ATP binds in a deep cleft located between 
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amino-terminal and carboxy-terminal lobes, with the adenine ring forming 

hydrogen bonds with the hinge region (Fig 1.10). The ribose and triphosphate 

groups of ATP bind in a hydrophilic channel extending to the substrate binding 

site that features conserved residues that are essential to catalysis. All kinases 

have a conserved activation loop, marked by conserved DFG and APE motifs at 

the start and end of the loop, respectively5040.  

Most kinase inhibitors discovered to date are ATP competitive, mimicking 

the hydrogen bonds that are normally formed by the adenine ring of ATP. Type I 

inhibitors constitute the majority of ATP-competitive inhibitors and recognize the 

so-called active conformation of the kinase (Fig. 1.11 a). Type II inhibitors, in 

contrast, recognize the inactive conformation. Some examples of this class 

include clinically-approved molecules imatinib and sorafenib (Fig. 1.11 b)51. The 

third class, allosteric inhibitors, bind outside of the ATP-binding site and modulate 

kinase activity in an allosteric manner (Fig. 1.11 c)52. Inhibitors belonging to this 

category tend to exhibit the highest degree of kinase selectivity because they 

exploit binding sites and regulatory mechanisms that are unique to a particular 

kinase. A fourth class of kinase inhibitors are capable of forming an irreversible, 

covalent bond to the kinase active site, most frequently by reacting with a 

nucleophilic cysteine residue (Fig. 1.11 d)52. Hypothemycin, the focused 

molecule of this thesis project, belongs to this class.  
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Resorcylic acid lactones 

Resorcylic acid lactones (RALs) are interesting extension of kinase 

inhibitor chemical space, as most of existing marketed kinase inhibitors are 

based on different types of (poly)heterocyclic or urea scaffolds53. They are 

mycotoxins produced by a variety of different fungal strains via polyketide 

biosynthesis. The suppression of kinase activity by these natural products 

involves 1,4-addition of a protein thiol to the cis-enone moiety in the macrocycle. 

This mode of action confines targeted kinases with a properly located Cys 

residue in their ATP binding pocket, providing a “built-in” selectivity advantage 

over other inhibitor classes.  

The first cis-enone-containing resorcylic acid lactone, LL-Z1640-2 was 

isolated in 1978 from an unidentified fungus (Fig. 1.12 a)54,55. Although this 

molecule did not show particularly potent kinase-inhibitory activity, a group at 

Eisai pursued its anti-inflammatory activity in vitro56. Modification to improve the 

metabolic properties resulted in a clinical candidate molecule E6201 for treating 

cancer and psoriasis (Fig. 1.12 b). Another RAL L-783,277 was discovered from 

organic extracts of Phoma sp. as a potent and selective inhibitors of MEK (Fig. 

1.12 c)57. The inhibition of MEK was occurring through an interaction between the 

",# unsaturated ketone of L-783,277 and the active site of MEK. The molecule 

was later tested against a panel of kinases in vitro and was found selectively 

active against VEGFR2 and PDGFR"(V651E) in addition to MEK258,59.  

Hypothemycin isolated from Hypomyces trichothecoides was initially 

reported as an inhibitor of MEK57. Schirmer and colleagues conducted a 



 21 

comprehensive study on the mode of action and the kinase specificity of 

hypothemycin60. Among a panel of 124 kinases tested in vitro, 19 were inhibited 

at 200 nM hypothemycin. Of these 19 enzymes, 18 contained a conserved active 

site Cys residue. Hypothemycin had a Ki in the low nanomolar range for five 

kinases (MEK1, MEK2, FLT1, FLT 3, and KDR), a high nanomolar Ki for one 

kinase (TRKB), low micromolar Ki for seven (ERK1, ERK2, PDGFR" and #, 

PKD1, MAPKAP5, TRKA and SRC) while it inhibited the remaining GSK3 " and 

# weakly. The difference in Ki reflects the fact that while the ATP binding pockets 

are highly conserved and with the targeted cysteine, hypothemycin is able to 

discriminate with some efficiency. In addition, the inhibition proved to be time-

dependent, consistent with the model of initial formation of a reversible enzyme-

inhibitor complex, followed by covalent Michael adduct formation. This was 

confirmed by a crystal structure of ERK2-hypothemycin complex, showing a 

covalent bond between 8’-carbon of inhibitor and Cys166 of the protein61.  

 

Specific Aims of the proposed thesis project 

Based on work prior to 2006, I had hypothesized that essential kinase(s) 

in T. brucei can be selectively targeted by a natural product kinase inhibitor, 

hypothemycin. Following the initial proposal, I first identified a set of kinases 

potentially targeted in T. brucei, using a chemical inhibitor approach. I next 

focused on this subset of the kinome to identify the targeted kinase(s), based on 

the results from the kinase inhibitor study and RNAi. I then analyzed the 

biochemical and physiological properties of the target kinase(s). The results from 
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this study identified the optimal kinase targets and provided a foundation for the 

identification and development of selective small-molecule inhibitors as potential 

chemotherapy for African sleeping sickness. 

 My Specific Aims were the following: 

Aim 1: To identify and validate potential target(s) of hypothemycin. 

Aim 2: To characterize the biochemical properties of the target kinase(s). 

Aim 3: To determine possible biological function of the target kinase(s). 
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Figures for Chapter 1 
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Figure 1.1 
Distribution of Trypanosomiasis by T. b. gambiense and T. b. rhodesiense 
in Sub-Saharan Africa. Human African Trypanosomiasis is caused by two 
different species of trypanosomes: Trypanosoma brucei gambiense in West and 
Central Africa, and T. brucei rhodesiense in East Africa. Infection with T. b. 
gambiense has a chronic and protracted course, and may last several years 
whereas one with T. b. rhodesiense is acute and can cause death in a matter of 
weeks or months. (Source: WHO) 



 25 

 
 
Fig. 1.2 
Structures of approved chemotherapies for HAT (a, c, d, e), and a related 
compound of suramin (b). (a) Suramin was first introduced because its related 
dye trypan blue (b) was found trypanocidal. Pentamidine (c), melarsoprol (d), 
and eflornithine (e) have been in clinical use. (a) and (c) are used to treat the 
first-stage trypanosomiasis, while (d) and (e) are approved for treatment of the 
second-stage.  
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Fig. 1.3 
Chemotherapeutic agents for HAT in clinical trials. (a) Nifurtimox-eflornithine 
combination therapy is in Phase III trials for the second stage and expected to be 
completed in 2012.  (b) Fexinidazole is in Phase I trials for the second stage 
since September 2009. 
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Fig. 1.4 
Life cycle of Trypanosoma brucei. Infection begins with the bite of an infected 
tsetse fly. During the first stage, trypanosomes multiply in the bloodstream and 
lymphatic system. The proliferating long slender bloodstream form parasite 
differentiates to the non-dividing short stumpy form. When the bloodstream form 
is ingested by the tsetse fly, the short stumpy form, which is pre-adapted for 
survival in the fly, rapidly differentiates to the proliferating procyclic form in the fly 
midgut. The parasite continues its life cycle in the insect, finally giving rise to the 
non-proliferative metacyclic form in the salivary glands, which is capable of 
infecting a new host. (Source: CDC) 
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Fig. 1.5 
A schematic illustration of Trypanosoma brucei. Each cell contains nucleus, 
kinetoplast (contains mitochondrial DNA), basal body, Golgi, and flagellum. 
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Fig 1.6 
Cell cycle of T. brucei. The keys in illustration are the same as in Fig. 1.5. 
Mitotic spindle in M phase is shown as a red line.  
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Fig. 1.7 
Schematics of splicing in trypanosomes and other eukaryotes. Mammalian 
cis-splicing occurs through a two-step mechanism, each step consisting of a 
transesterification reaction. In the first transesterification, a nucleophilic attack of 
a 2'-OH group from an adenosine residue within the intron (branch point, blue 
circle) to the phosphorous atom at the 5' splice site (5' SS) generates two 
intermediates: exon 1 with a free 3'-OH terminus and an intron-exon 2 in a lariat 
configuration. In the second transesterification, the 3'-OH group form the exon 1 
intermediate acts as a nucleophile and attacks the phosphorous atom at 3' splice 
site (3' SS), resulting in the displacement of the 3' end of the intron and joining of 
the 5' and 3' exons. In trypanosomes, a separate splice leader RNA (yellow box) 
is fused onto the 5’ end mRNA to form a Y structure intermediate after the first 
transesterification. After the second transesterification, the intronic structures are 
branched off, resulting in a capped, mature mRNA.   
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Fig. 1.8 
Constructs used in this study. (a) Tetracycline-inducible pZJM for RNAi. (b) 
Tetracycline-inducible pLew for overexpression. (c) pC-3HA for tagged, 
endogenous expression.  
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Fig. 1.9. 
Dendograms of T. brucei and human major kinase families. (a) T. brucei 
kinome, adapted from Parsons et al. Note the absence of tyrosine kinase (TK) 
group. CMGC group contains MAPK and CDK members. (b) Human kinome, 
adapted from Manning et al.  
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Fig. 1.10 
Kinase core domain structure and schematic of active site. (a) A ribbon 
diagram of MEK1 in complex with ATP/Mg2+ and an allosteric inhibitor (PDB: 
3DV3). Key regulatory elements are highlighted. Adapted from Fedorov et al. (b) 
A schematic representation of ATP-binding site. Key residues (and respective 
subdomains, blue) and ionic interactions (dotted line) are highlighted. 
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Fig 1.11 
Types of kinase inhibitors. (a) Type I inhibitors recognize the so-called active 
conformation of the kinase and bind to the ATP binding site at the 'hinge' 
residues. (b) Type II kinase inhibitors recognize the inactive conformation of the 
kinase and occupy a hydrophobic site that is directly adjacent to the ATP binding 
pocket created by a unique conformation (“DFG-out”) of the activation loop. (c) A 
ribbon schematic of MEK1 with an allosteric inhibitor (PDB: 1S9J). Allosteric 
inhibitors bind outside the ATP-binding site. Adapted from Liu et al (a, b) and 
Zhang et al. (c). 
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Fig. 1.12 
Resorcylic acid lactones. (a) LL-Z-1640-2. (b) E6201. (c) L-783277. (d) 
hypothemycin.  
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CHAPTER 2 

THERAPEUTIC TARGETS IN T. BRUCEI REVEALED BY A 

CLICKABLE HYPOTHEMYCIN PROBE 

 
 

INTRODUCTION 
 

Human African Trypanosomiasis, or African sleeping sickness, is a 

debilitating and fatal parasitic disease endemic to Sub-Saharan Africa. There are 

over 60 million people at risk of contracting this disease, which causes 

approximately 50,000 deaths and loss of more than 1.6 million disability-adjusted 

life years annually2. Caused by one of two subspecies of Trypanosoma brucei (T. 

b. rhodesiense or T. b. gambiense), the disease begins in the hemolymphatic 

system and later affects the central nervous system after crossing the blood-

brain barrier. This late stage of disease is marked by sleep disturbances that 

deteriorate to coma and death3. During the course of infection, the parasites 

evade the host immune system through a process known as antigenic variation. 

This periodic switching of the expressed surface glycoprotein coat also makes 

vaccination nearly impossible23. Currently, there are only four chemotherapeutics 

approved for sleeping sickness: pentamidine, suramin, melarsoprol, and 

eflornithine. These therapies suffer from combinations of severe toxicity, 

emerging resistance, and poor oral bioavailability necessitating administration by 

injection. Eflornithine, the only drug with a known mechanism of action, is the 
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only therapeutic for sleeping sickness to be approved in the last 50 years8. 

Although a new combination of eflornithine and nifurtomox, a drug approved for 

American trypanosomiasis, was introduced in 2009 for T. b. gambiense infection, 

no new drugs are near the clinic16.  

  

Protein kinases are a promising class of drug targets in T. brucei. Kinases 

are widely studied for their roles in cancer, and these efforts have yielded orally-

bioavailable chemotherapeutics52,62. As in humans, protein phosphorylation is an 

essential component of cellular signaling cascades in T. brucei critical for 

environmental sensing and regulation of its unique cell cycle and life cycle 

changes42,47,63,64. Genetic manipulation has defined essential roles for 

homologues of cdc2, Aurora-B, Polo-like kinase 1, and Nuclear DBF-2-related 

kinase in mitosis and cytokinesis65,66,67,68. However, the vast majority of the 156 

protein kinases encoded in the T. brucei genome remain uncharacterized43. 

  

The resorcylic acid lactones are a family of bioactive fungal metabolites 

which includes several potent covalent protein kinase inhibitors53. Hypothemycin, 

a member of this class of polyketides, covalently inhibits MEK1/2 and ERK1/2 as 

well as the receptor tyrosine kinases PDGFR and FLT360. A synthetic analogue 

of hypothemycin is currently in clinical trials for psoriasis69. The covalent 

mechanism of these molecules is defined by two steps: reversible association 

with the conserved ATP binding site followed by nucleophilic attack trapping the 

kinase as part of an irreversible covalent enzyme-inhibitor adduct. All known 
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covalent targets of hypothemycin contain a non-conserved cysteine immediately 

prior to the “DXG” motif (where X is an aromatic or hydrophobic amino acid, 

usually phenylalanine) that reacts with the cis-enone through Michael Addition 

(Fig. 2.1a)60,61. The T. brucei genome encodes twenty-one CDXG kinases 

distributed among multiple subfamilies; few of these kinases have defined 

biological functions (Supplementary Table 2.2). 

  

Covalent chemical probes are powerful tools to investigate the biological 

roles of individual or classes of enzymes. A covalent linkage between enzyme 

and inhibitor can streamline purification and facilitate target identification from 

complex mixtures. This technique, exemplified by a synthetic analogue of 

Trapoxin, an electrophilic natural product, led to the identification and 

characterization of the first histone deacetylases70. Similarly, tagged electrophilic 

derivatives of ubiquitin have aided in the identification and categorization of many 

human deubiquitinases71. Cravat and coworkers used electrophilic fluorescent 

small molecule probes to profile the expression and activity of serine 

hydrolases72. Shortly thereafter, copper catalyzed “click” chemistry with small 

bioorthogonal tags expanded the use of this technique to study these proteins in 

vivo73.  

  

In this work we present a novel strategy for identifying protein kinases with 

therapeutic interest in T. brucei using the natural product hypothemycin. 

Hypothemycin showed strong trypanocidal activity both in culture and in a mouse 
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model of infection. Propargyl-hypothemycin, a synthetic analogue amenable to 

“click” chemistry, provided a means to detect and purify covalently modified 

proteins. Using this probe and quantitative mass spectrometry, we identified eight 

protein kinases in T. brucei lysates. RNAi knockdown of these and the remaining 

thirteen CDXG kinases demonstrated that two of the most sensitive kinases, 

TbGSK3short and TbCLK1, are essential to the bloodstream form of the parasite. 

Thus, a combined genetic and unbiased, quantitative chemical proteomics 

approach has revealed two hypothemycin-sensitive kinases as potential 

therapeutic targets for African trypanosomiasis. 
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RESULTS 

Hypothemycin is a potent trypanocidal compound in culture and in vivo 

Hypothemycin significantly affected the viability of the bloodstream form T. 

brucei both in culture and in a mouse model. Cultured trypanosomes treated with 

hypothemycin for 24 hours showed a sharp reduction in cell density (EC50 $170 

nM, Fig. 2.1b). Visual inspection revealed that the compound was trypanocidal 

with death occurring between six and eight hours. Cells treated for five hours with 

500 nM hypothemycin showed a round, swollen phenotype with the flagellum 

detached from the cell body and died within two hours. Cells displaying this 

phenotype did not recover when transferred to fresh media lacking compound 

(data not shown). Mice infected with T. brucei showed a reduction in parasitemia 

when treated with hypothemycin (Fig. 2.1c), and a seven-day course of 10 

mg/kg/day hypothemycin prolonged survival over a 30-day period (Fig. 2.1d). 

  

Propargyl-hypothemycin is a chemical probe to identify hypothemycin 

targets 

We designed and synthesized an analogue bearing a propargyl group on 

the C4 oxygen to identify the molecular targets of hypothemycin. In a crystal 

structure of hypothemycin bound to ERK2, the C4 methoxy group points out of 

the active site into solution, and chemical modifications at this position do not 

significantly alter activity (Fig. 2.2a)60,61.  Despite vast differences in sequence, 

the structure of the catalytic domain is highly conserved among protein kinases.  
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We hypothesized that substitution of the C4 methyl ether with a propargyl ether 

would be well tolerated by target trypanosome kinases. The propargyl group is 

bioorthogonal and enables labeling of covalently bound proteins using copper-

based “click” chemistry73. Previously, 4-O-desmethylhypothemycin was 

regioselectively alkylated using the Mitsunobu reaction and primary alcohols74.  

We found direct alkylation using propargyl bromide and cesium carbonate was 

more efficient on a small scale.  The resulting compound, propargyl-

hypothemycin, was equipotent to hypothemycin in killing cultured T. brucei (Fig. 

2.2c).  

  

We next tested propargyl-hypothemycin for its ability to selectively label T. 

brucei proteins. Treatment of clarified whole-cell lysates with propargyl-

hypothemycin followed by conjugation to rhodamine-azide revealed several 

distinct bands on SDS-PAGE gels. Labeling of a ~43 kDa protein reached 

maximum intensity at 500 nM (Fig. 2.2d) while bands at 50 and 90 kDa failed to 

saturate (Supplementary Fig. 2.1), suggesting these are non-specific targets. 

Pretreating lysates with hypothemycin abolished labeling of the ~43kDa band 

demonstrating it was a specific and saturable hypothemycin target (Fig. 2.2e). 

Labeling of the band was blocked 50 percent by a pretreatment with ~150 nM 

hypothemycin, close to the EC50 in culture (Figs. 2.1b, 2.2c). Proteins covalently 

bound to propargyl-hypothemycin were enriched following conjugation to biotin 

and resolved by SDS-PAGE. Analysis of the ~43 kDa band by mass 

spectrometry identified the dominant labeled protein as TbGSK3short 
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(Tb927.10.13780), a CDXG kinase previously determined to be essential75. 

Peptides from three other CDXG kinases were also detected in the same region 

of the gel (Supplementary Table 2.1).  

  

Mass spectrometry revealed multiple hypothemycin targets  

We measured hypothemycin binding in lysates of BSF T. brucei using our 

probe and quantitative mass spectrometry. Lysates were pre-treated with 

hypothemycin and then treated with propargyl-hypothemycin. Labeled proteins 

were affinity purified and quantified using iTRAQ isotopic labels (Fig. 2.3a)76,77. 

Eight protein kinases were identified by unique peptide sequences, including 

three of four detected by in-gel digest (Supplementary Table 2.1). Additionally 

four peptides from either of two homologues of CLK (Tb11.01.4230/4250) were 

identified. These kinases all contain the CDXG cysteine and account for nearly 

one-half of the CDXG kinases encoded in the T. brucei genome. Spectra for 

eight kinases provided quantifiable data for the iTRAQ reporter ions (m/z 114, 

115, 116, and 117) to quantify hypothemycin binding (Fig. 2.3b, c). Other 

proteins were also identified, but hypothemycin pre-treatment did not affect their 

recovery (Fig. 2.3b, Supplementary Table 2.1). We considered these the result 

of surface adsorption or non-specific reaction with the electrophile. 

  

Low concentrations of hypothemycin efficiently blocked labeling of just 

three kinases.  Hypothemycin pretreatment at 200 nM lowered recovery by more 

than 50 percent for TbGSK3short, TbMAPK2 (Tb927.10.16030), and the two 
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homologues of CLK (Fig. 2.3c, Supplementary Table 2.1).  Both TbGSK3short 

and TbMAPK2 were identified in the prior gel based mass spectrometry analysis 

(Supplementary Table 2.1). TbMAPK2 is not essential to the bloodstream form 

T. brucei, but is required for proliferation of the procyclic life stage46.  The CLK 

homologues only diverge N-terminal to a polybasic domain preceding identical C-

terminal kinase domains. No peptides from this unique region were detected, and 

no functional information is currently available on either isoform.  

  

TbGSK3short and TbCLK1 are essential CDXG kinases in BSF T. brucei 

We used RNA interference to evaluate the individual contribution of all 

twenty-one CDXG kinases to cell survival and proliferation. Following induction of 

RNAi78, cell proliferation was followed for six days. We observed a strong 

reduction in viability following TbGSK3short silencing as previously reported (Fig. 

2.4a)75. Also consistent with previous studies, knock-down of MAP kinases 

TbMAPK2, Tb927.6.1780, and Tb927.6.4220 had no effect (Fig. 2.4b, 

Supplementary Table 2.2)46,79,47. Our initial RNAi construct for TbCLK1/2 was 

not isoform specific, and like TbGSK3short, showed dramatically decreased 

proliferation rates (data not shown).  Second generation constructs targeting the 

unique 5' UTR regions of TbCLK1/2 reproduced the lethal phenotype for only 

TbCLK1 (Fig. 2.4c, d).  Isoform specific knockdown of mRNA was confirmed by 

quantitative qPCR (Fig. 2.4c, d, inset). No phenotype was observed for the 

remaining CDXG kinase RNAi constructs (Supplementary Table 2.2).  
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TbGSK3short and TbCLK1 have different affinities for hypothemycin 

In light of the independent results from mass spectrometry and RNAi, we 

tested inhibition of TbGSK3short and TbCLK1 by hypothemycin. Full-length, 

active TbGSK3short and TbCLK1 were purified from E. coli. Hypothemycin 

potently inhibited recombinant TbCLK1 with an IC50 of ~150 nM when pre-

incubated for 30 minutes in the presence of 100 µM ATP. Surprisingly, the IC50 

for TbGSK3short was more than 30-fold higher than for TbCLK1 despite a similar 

profile of competitive binding in lysates (Fig. 2.5a).  

  

The large difference between in vitro IC50 values for TbGSK3short and for 

TbCLK1 motivated us to test if this difference persists under physiological 

conditions. To test this, we treated cells expressing HA-tagged TbGSK3short and 

TbCLK1 from their endogenous loci with up to 1 µM propargyl-hypothemycin for 

five hours before harvesting39,80. Aliquots from each treatment were diluted into 

fresh media and cell density was measured at 24 hours. No surviving cells were 

observed in the 1 µM treatment, and fewer than 2% remained when treated with 

500 nM.  TbGSK3short-HA was less than 50% inhibited by 1 µM hypothemycin 

(Fig. 2.5b, c). Untreated TbCLK1 appeared as a doublet and collapsed to a 

single band with increasing doses of hypothemycin (Fig. 2.5b, data not shown).  

Total labeling of both bands was reduced by ~50% following 500 nM 

pretreatment and was nearly eliminated with 1 µM.  These results clearly show 

that TbCLK1 is more sensitive to hypothemycin than TbGSK3short in vitro and in 

culture. 
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DISCUSSION 

Hypothemycin, a covalent inhibitor with both a known mechanism of action 

and trypanocidal activity, provided an ideal starting point to identify potential 

therapeutic targets in T. brucei (Fig. 2.2b - d). By combining our chemical probe 

and quantitative mass spectrometry, we identified the covalent targets of 

hypothemycin and quantified their relative sensitivity at physiologically relevant 

concentrations. As expected, only CDXG protein kinases were affected by 

hypothemycin pretreatment; no other protein kinases were detected (Fig. 2.3c).  

Of the twenty-one encoded CDXG kinases, our proteomics experiments 

identified ten, four of which were highly sensitive to hypothemycin (Fig. 2.3d).  

Subsequent RNAi knockdown of these four and the remaining seventeen CDXG 

kinases demonstrated that two, TbGSK3short and TbCLk1, are essential for 

normal proliferation (Fig. 2.4a, c).  This combination of proteomic and genetic 

techniques allowed us to quickly narrow our focus to just two of twenty-one 

CDXG kinases. 

  

TbGSK3short is a human GSK3# homologue previously identified as a 

potential therapeutic target in T. brucei. GSK3 homologues have been identified 

in all eukaryotes, and in multicellular organisms are integral to WNT signaling, 

hormonal regulation, and cell fate determination81. Saccharomyces cerevisiae 

encode four GSK3# homologues that modulate both the PKA and MAPK 

signaling pathways and play essential roles in meiosis and response to 
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temperature stress82.  No biological role has yet been assigned to TbGSK3short, 

but a recent study of small molecule kinase inhibitors showed modest SAR 

differences between the human and parasite orthologues83. In labeling 

experiments, TbGSK3short displayed similar sensitivity to hypothemycin as 

TbMAPK2 and TbCLK1/2 (Fig. 2.5), but in enzymatic and cellular assays, 

inhibition of TbGSK3short was significantly reduced relative to TbCLK1/2 (Figs. 

2.5a, 2.5c).  ATP competes with small molecule kinase inhibitors and can 

profoundly increase apparent KD values84.  Lysates used for competitive labeling 

(Fig. 2.2e) were depleted of ATP. The dramatic change in the relative inhibition 

of TbGSK3short is likely the result of lower affinity during the first reversible step 

of covalent inhibition magnified by competing ATP. In contrast to TbGSK3short, 

TbCLK1, a previously unreported essential protein kinase, was significantly 

inhibited by hypothemycin in enzymatic and cellular assay at physiologically 

relevant concentrations (Fig. 2.5).  

  

CDC2-like kinases (CLKs) are a family of evolutionarily conserved dual 

specificity protein kinases.  In humans, plants, and flies, CLKs and SR Protein 

Kinases (SRPKs) phosphorylate serine-arginine rich splicing factors (SR 

proteins) to regulate mRNA processing85,86,87,88. DOA, the Drosophila CLK, is 

expressed as several functionally distinct N-terminal splice variants with a 

common C-terminal kinase domain89.  Like the isoforms of DOA, TbCLK1 and 

TbCLK2 vary only in their N-terminal domain. The striking difference in response 

to RNAi implies similar non-redundant functions in T. brucei CLKs (Fig. 2.4c, d). 
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In S. cerevisiae and S. pombe the respective CLK homologues Kns1p and Kic1p 

are not essential genes; however S. pombe lacking both Kic1p and SRPK Dsk1p 

(%dsk1 %kic1) display a severe growth phenotype90. In addition to the two CLKs, 

trypanosome genomes also contain SRPKs and SR proteins91,92,93.  SR protein 

TcSR from T. cruzi both alleviates the %dsk1 %kic1 phenotype in yeast and is 

functional in mammalian splicing assays93. This suggests conservation of the SR 

signaling network in the unique transcriptional system in trypanosomes26.  While 

both SRPKs and CLKs are conserved, the strong effect of TbCLK1 knockdown 

demonstrates that SRPKs cannot compensate for the loss this CLK isoform in T. 

brucei (Fig. 2.4c, d).  We predict that TbCLK1 functions in the unique trans-

splicing mechanism found in T. brucei, making this potential therapeutic target 

also of significant biological interest.  

  

Both TbCLK1 and TbGSK3short are tractable targets for treating African 

sleeping sickness. The presence or absence of non-catalytic active-site 

nucleophiles such as the CDXG cysteine can be exploited as selectivity filters for 

electrophilic compounds and provide a mechanism for host-pathogen 

selectivity94.  Although the CDXG cysteine is shared by both human and T. brucei 

GSK3# homologues, it is absent in all mammalian CLKs. Additionally, only 46 of 

520 human kinases contain the CDXG cysteine60. While the rate of covalent 

reaction between the cysteine and hypothemycin (kinact) for these kinases 

remains relatively constant, their reversible binding affinities (Ki) vary over four 

orders of magnitude60.  This, combined with our results showing a wide range of 
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CDXG kinase affinities for hypothemycin (Fig. 2.3b), suggests that selective 

inhibition of TbCLK1 with CDXG targeting compounds is a realistic goal. Such 

compounds may have applications for related parasitic diseases.  TbCLK 

homologues in T. cruzi, T. congolense, T. vivax, Leishmania major, L. infantum, 

and L. braziliensis retain significant sequence identity including the CDXG 

cysteine. In addition to TbCLK1 and TbGSK3short, there may be additional 

therapeutic targets within the twenty-one T. brucei CDXG kinases. It is 

noteworthy that six of the eleven predicted T. brucei MAP kinases contain the 

CDXG cysteine (Supplementary Table 2.2), and cumulative effects of inhibiting 

multiple kinases cannot be duplicated by RNAi.  

    

Our investigation of hypothemycin assumed a covalent mode of action 

previously demonstrated in human kinases.  Careful analyses of select enzymes 

showed covalent inhibition limited to CDXG kinases60,61; however, to our 

knowledge, there are no published unbiased target profiling studies. In our work, 

T. brucei cell lysate provided a target pool containing all soluble kinases and 

other cellular proteins. The cis-enone in hypothemycin is thiol-reactive, making 

other active site cysteines and all reduced, surface exposed cysteines potential 

covalent partners60. Only kinases containing the CDXG cysteine were recovered 

in labeling experiments (Fig. 2.3c, Supplementary Table 2.1). This further 

supports the hypothesis of selective nucleophile-electrophile pairing in the active 

site. Equally important, recovery of non-kinases was not affected by 

hypothemycin pretreatment (Fig. 2.3b, Supplementary Table 2.1). The results 
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of this proteomics study show the CDXG kinases are the sole saturable, high 

affinity covalent targets of hypothemycin, and validate propargyl-hypothemycin 

as an effective chemical tool for studying this subset of protein kinases. 

  

Protein kinases are promising targets for the treatment of African sleeping 

sickness.  Currently there is little knowledge about the functional roles of these 

enzymes in T. brucei.  A lack of chemical tools to probe the 156 kinases encoded 

in the T. brucei genome hampers this investigation.  Here we have detailed the 

design and use of a novel covalent probe, propargyl-hypothemycin, to unbiasedly 

investigate a subset of the kinome.  By combining orthogonal techniques of RNAi 

and chemical labeling, we validated two hypothemycin-binding kinases, 

TbGSK3short and TbCLK1, as potential drug targets.   
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Figures for Chapter 2



 51 

 
Fig. 2.1  
Hypothemycin and its effects on Trypanosoma brucei. (a) Chemical structure 
of hypothemycin and covalent reaction with CDXG cysteine of target protein 
kinases. (b) Effect of hypothemycin on cultured T. brucei.   Bloodstream form T. 
brucei were treated with hypothemycin and cell density was measured after 24 
hrs (mean ± s.d., n=3). (c) Parasitemia in T. brucei infected mice. Mice received 
once daily intraperitoneal injections of hypothemycin and parasitemia was 
measured 5 days post infection (mean ± s.d., n=4). (d) Kaplan-Meier analysis of 
T. brucei infected mice. Hypothemycin or vehicle control was administered 
intraperitoneally once daily for seven days post infection (administration indicated 
as arrowheads, n=12). Data are an accumulation of three independent studies. 

 



 52 

 
 
Fig. 2.2.  
Design and testing of propargyl-hypothemycin. (a) Crystal structure of 
hypothemycin bound to ERK2 (PDB file: 3C9W). The red arrow points from bulk 
solution to the exposed C4 methylether and to the position of the proposed 
propargyl ether. The thioether bond to the CDXG cysteine is explicitly shown at 
the bottom right. (b) Structure and synthesis of propargyl-hypothemycin. (c) 
Effect of propargyl-hypothemycin on cultured T. brucei. Bloodstream form T. 
brucei were treated with hypothemycin (Hyp) or propargyl-hypothemycin (p-Hyp) 
and cell density was measured after 24 hrs (mean ± s.d., n=3). (d) Labeling of T. 
brucei proteins. Whole-cell lysates were treated with propargyl-hypothemycin for 
30 min. Labeled proteins were visualized after a “click” reaction with a rhodamine 
azide and separated by SDS-PAGE. Protein at ~43kDa saturates at 500 nM 
propargyl-hypothemycin whereas other clearly labeled proteins did not. (e) 
Competitive labeling of T. brucei proteins. Lysates were treated with 
hypothemycin for 30 min then with 500 nM propargyl-hypothemycin for an 
additional 30 min. Labeled proteins were visualized as above. Arrow indicates a 
band identified as TbGSK3short. 
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Fig. 2.3.  
Quantification of hypothemycin binding in T. brucei lysates. (a) MS/MS 
spectra of peptides from TbCLK1/2 (Tb11.01.4230/4250, i), TbGSK3short 
(Tb10.61.3140, ii, “m” denotes oxidized methionine), and #-tubulin 
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(Tb927.1.2330, iii) with associated iTRAQ reporter ions. Red text indicates a 
residue bearing an iTRAQ tag. Ion counts at 114, 115, 116, and 117 are 
proportional to protein recovered via propargyl-hypothemycin labeling and affinity 
purification of lysates pre-treated for 30 min with 0, 20, 200, or 1000 nM 
hypothemycin respectively. (b) Mean values of protein recovery for all identified 
protein kinases and 25 non-protein kinases with &3 unique peptides. (c) Protein 
recovery of protein kinases. Values are the mean ion counts for iTRAQ reporter 
ions at m/z = 115, 116, and 117 normalized to 114 with standard deviation. 
Asterisks indicate quantifications based on a single spectrum.  
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Fig 2.4.  
RNAi of CDXG kinases. Bloodstream form T. brucei transfected with RNAi 
constructs were treated with (induced, open triangle) or without (uninduced, open 
square) tetracycline on day 0. Cell density was measured every 24 hr for 6 days 
for TbGSK3short (Tb927.10.13780, a), TbMAPK2 (Tb927.10.16030, b), TbCLK1 
(Tb11.01.4230, c), and TbCLK2 (Tb11.01.4250, d) (mean ± s.d., n=3). RNA 
expression levels were quantified by quantitative PCR (a - d, insets). White bars 
denote RNA levels for gene of interest. Black bars denote RNA levels for the 
other isoform of respective TbCLK (c, d).   
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Fig. 2.5.  
Covalent inhibition of TbGSK3short and TbCLK1 by hypothemycin. (a) In 
vitro kinase assay with recombinant enzymes. Kinases were incubated with 
hypothemycin and 100 µM ATP for 30 min before initiating reactions with 
substrate and 32P-ATP.  Phosphotransfer was quantified in triplicate and 
normalized to DMSO control (mean ± s.d.). (b) In-cell binding to TbGSK3short 
and TbCLK1.  Bloodstream form T. brucei expressing HA-tagged TbGSK3short 
and TbCLK1 from their endogenous loci were incubated with hypothemycin for 5 
hrs and collected or diluted 1:30 into fresh media lacking hypothemycin and 
assayed for cell density at 24 hrs.  Collected cells were lysed, labeled with 
propargyl-hypothemycin, and submitted to a “click” reaction with biotin-azide. HA-
proteins were immunoprecipitated, resolved by SDS-PAGE, blotted, and probed 
for biotin and HA. 24 hr cell density was normalized to untreated cells and plotted 
(mean ± s.d., n=3). 
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METHODS for Chapter 2 
 
Mouse infection model. Adult female Balb/c mice (Charles River Laboratories) 
weighing between 18 and 22 grams were infected via I.P. injection with 1!103 
bloodstream form parasites in 100 µl of PBS containing 1% (w/v) glucose. One 
day post-infection, hypothemycin (ChemieTek) in 60% DMSO/water was similarly 
administered once daily for seven consecutive days. Mice were monitored every 
48 hrs for parasitemia in tail-blood and visually inspected for general health. 
Surviving, aparasitemic mice at day 30 were considered cured. Experiments 
were carried out in accordance with protocols approved by the Institutional 
Animal Care and Use Committee at the University of California, San Francisco. 
 
In vitro labeling with propargyl-hypothemycin and “click” chemistry. Whole 
cell lysates (18.75 'L, 1-3 mg/mL protein) were treated with competitor (1 'L) for 
30 min then propargyl-hypothemcyin (1 'L, 10.4 µM) for 30 min. Samples were 
denatured with SDS (1.25 'L, 20%) and TAMRA azide (0.5 'L, 5 mM), TCEP 
(0.5 'l, 50 mM, pH 7.0), TBTA ligand in 1:4 DMSO:tert-butyl alcohol (1.5 'L, 1 
mM), and CuSO4 (0.5 'l, 50 mM) were added. Reactions were incubated at room 
temperature for 1 hr, resolved by SDS-PAGE, scanned for fluorescence 
(Typhoon Imaging System, Molecular Dynamics), and coomassie stained. 
 
Quantitative mass spectrometry. Lysates were pre-treated with hypothemycin 
(0, 20, 200, 1000 nM), labeled with propargyl-hypothemycin (500 nM), and 
subjected to a “click” reaction with a biotin azide as described above. Following 
biotin enrichment, eluted proteins were acetone precipitated, resuspended in 8 M 
guanidinium HCl, reduced (5 mM TCEP, 50 mM ammonium bicarbonate, 6 M 
guanidinium HCl), alkylated (10 mM iodoacetic acid), and trypsinized. Peptides 
were recovered by solid phase extraction using C18 resin, resuspended in 0.5 M 
triethylammonium bicarbonate (pH 8.5), and labeled with iTRAQ Reagents 
(Applied Biosystems). Samples were mixed and fractionated by strong cation 
exchange chromatography. The peptides were further separated by nano-flow 
liquid chromatography (75-'m x 150-mm reverse phase C18 PepMap column, 
Dionex-LC-Packings). Eluted peptides were detected using a QSTAR Elite mass 
spectrometer (Applied Biosystems/MDS Sciex) and analyzed in positive ion 
mode acquiring spectra for 1 sec for m/z between 350 and 1500. The peptides 
were fragmented by collision induced dissociation (CID). A 1 min dynamic 
exclusion window was used to prevent detection of the same m/z following its 
acquisition. 

Analysis of mass spectrometry data. Peak lists were generated using the 
mascot.dll script and searched against the Trypanosoma subset of the NCBInr 
database as of December 16, 2008 using ProteinProspector (ver. 5.2.2). 
Quantitation was based on the relative areas of the reporter ions generated by 
the isobaric iTRAQ reagents at m/z 114, 115, 116 and 117 during CID 
experiments. Abundance ratios of were taken relative to the vehicle-treated 



 58 

sample. Peptides with peak areas lower than 30 for the most intense reporter ion 
were discarded. All MSMS spectra for a particular protein were used to calculate 
the average and the standard deviation of the abundance ratios.  

Generation of transgenic T. brucei cell lines. Plasmid DNA (10 µg) was 
linearized (MfeI, TbGSK3short-HA; Bsu36I, TbCLK1-HA; NotI, pZJM constructs) 
and resuspended to 1 µg/mL in water. Cells (2x107) were electroporated using 
the Human T Cell Nucleofector kit and the program X-001 (Lonza/Amaxa), then 
diluted in media and allowed to recover for 24 hrs before antibiotic selection. 
 
RNA interference. A 250-500 base pair fragment of each CDXG kinase gene 
was cloned into the XhoI/HindIII site of pZJM36. RNAi was induced with 1 µg/mL 
tetracycline. Parasite density was recorded every 24 hrs using a Coulter Counter 
(Beckman Coulter). Cultures were diluted as necessary. Total RNA was 
extracted using TRIzol (Invitrogen) and RNEasy kit (Qiagen). For qRT-PCR 
quantitation, cDNA was generated with the High Capacity RNA-to-cDNA Kit 
(AppliedBiosystems) and quantified using the PowerSYBR kit 
(AppliedBiosystems).  
 
In vitro kinase assays. Kinases (5 nM TbGSK3short, 10 nM TbCLK1) were 
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) and 100 'M ATP for 30 min at room 
temperature. A solution of kinase reaction buffer with !32P-ATP (70-150 µCi/mL, 
Perkin Elmer) and GSM peptide substrate (TbGSK3short, 0.05 mg/mL, Millipore) 
or myelin basic protein (TbCLK1, 0.5 mg/mL, Sigma-Aldrich) was added to 
initiate the kinase reaction. After 15 min (TbGSK3short) or 30 min (TbCLK1) 
reactions were spotted onto phosphocellulose paper, washed once with 10% 
acetic acid, twice with 1% phosphoric acid, and once with methanol, and dried. 
Kinase activity was quantified using a Typhoon Imaging System (Molecular 
Dynamics) and ImageQuant 5.2 (Molecular Dynamics). IC50 values and dosing 
curves were generated using GraphPad Prism 5 (GraphPad Software). 
 
Cellular labeling assays. Full length TbGSK3short or 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  
for TbCLK1 and bloodstream form 221 cells were sequentially transfected as 
described above. Cells expressing both TbCLK1-HA and TbGSK3short-HA at 
5!106 cells/mL were treated with hypothemycin. After 5 hrs, an aliquot of the 
culture were diluted 30-fold with fresh media to assay cell density at 24 hrs. The 
remaining cells were pelleted, washed with 5 mM KCl, 80 mM NaCl, 1 mM 
MgSO4, 20 mM glucose, 22 mM sodium phosphate pH7.7, and lysed in 50 µL 
0.25% NP-40, 1( Complete EDTA-free protease inhibitor cocktail (Roche), 1( 
PhosStop phosphatase inhibitors (Roche) in PBS.  Lysates were clarified by 
centrifugation, normalized for protein content, and labeled for 30 min with 500 nM 
propargyl-hypothemycin.  Proteins were denatured with SDS. Samples were 
subjected to a “click” reaction with biotin azide as described above and then were 
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diluted with 1.1% NP-40 in PBS to afford a 1% NP-40, 0.1% SDS solution. HA-
tagged proteins were immunoprecipitated using 12CA5 anti-HA antibody (Roche) 
and Protein A Dynabeads (Invitrogen), eluted with sample buffer, resolved by 
SDS-PAGE, and blotted. HA and biotin were detected and quantified with H6908 
anti-HA (1:1000, Sigma Aldrich), IRDye conjugated anti-rabbit (1:10,000) IRDye 
conjugated streptavidin (1:20,000) and the Odyssey Imaging System (Li-Cor). 
 
Synthesis of propargyl-hypothemycin.  
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Propargyl-hypothemycin  
 
4-O-desmethylhypothemycin (10 mg, 0.0274 mmol) was added to a dried glass 
reaction vessel equipped with a magnetic stir bar and dissolved in dry acetonitrile 
(6 mL). Propargyl bromide (69 µL 80% in toluene, 0.55 mmol) and Cs2CO3 (10.7 
mg, 0.033 mmol) were added. After 6 hrs stirring at room temperature, the 
mixture was concentrated, dissolved in minimal methylene chloride, and purified 
by preparatory silica TLC using 2% then 3.5% methanol in methylene chloride. 
Pure 4-O-(3-propargyl)hypothemycin (4.5 mg, 41% yield) was eluted from the 
silica with 10% methanol in methylene chloride. NMR (1H, DMSO, 400MHz): 
0.98(dd, J=14.9 Hz , J=9.4 Hz, 1H), 1.36(d, J=6.2 Hz, 3H), 1.86(dd, J=14.0, 9.8 
Hz, 1H), 2.55(m, 1H), 2.76(m, 1H), 2.94(dt, J=17.3, 10.9 Hz, 1H), 3.61(t, J=2.4 
Hz, 1H), 3.87(m, 1H), 4.32(d, J=1.7 Hz, 1H), 4.45(dd, J=5.1, 1.5 Hz, 1H), 4.83(d, 
J=2.4 Hz, 2H), 4.93(d, J=5.1 Hz, 1H), 5.15(d, J=6.6 Hz, 1H), 5.39(m, 1H), 
6.11(dt, J=11.2, 2.6 Hz, 1H), 6.32(d, J=2.8 Hz, 1H), 6.42(dd, J=11.7, 2.7 Hz, 1H), 
6.51(d, J=2.8 Hz, 1H), 11.90(s, 1H). NMR (13C, DMSO, 400MHz): 21.02, 34.24, 
36.77, 56.39, 57.29, 63.72, 69.54, 74.83, 79.12, 79.51, 81.84, 102.37, 104.00, 
105.66, 128.59, 143.10, 143.21, 162.82, 165.09, 171.00, 201.85. HRMS: 
predicted [M+H+] m/z 403.1387; measured 403.1383. 
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Supplementary material for Chapter 2 
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Supplementary Fig. 2.1: Propargyl-hypothemycin labeling in T. brucei lysates 
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Supplementary Table 2.1: Mass Spectrometry Results 
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Supplementary Table 2.2: Summary of T. brucei CDXG kinases and RNAi 
results 
 

Protein ID Acc. # T. brucei Name
T.  brucei Kinase 

Group/Family
Related Human Kinase 

Family RNAi % Knockdown PMI D
Tb927.10.13780 71749044 Tb GSK3short CMG C/GSK GSK3 Y 74 18644955
Tb927.10.16030 71749466 Tb MAPK2 CMG C/MAPK MAPK N 75 12429824

Tb11.01.4230 74025474 Tb CLK1 CMGC/CLK CLK Y 78
Tb11.01.4250 74025476 Tb CLK2 CMGC/CLK CLK N 76

Tb927.10.12040 71748710 Tb MAPK11 CMG C/MAPK MAPK N 70
Tb927.8.3770 72392815 CMG C/MAPK MAPK N 72
Tb927.10.3900 71747166 CMG C/CAMKL CAMK N 58
Tb09.21 1.3820 71745786 STE/ STE20 STE20 N 55
Tb927.7.2420 72391 142 Tb GSK3long CMG C/GSK GSK3 N 65 18644955
Tb927.6.4220 72390491 Tb MAPK5 CMG C/MAPK MAPK N 63 16835456
Tb927.6.1780 72390009 CMG C/MAPK MAPK N 68
Tb927.10.3230 71747040 CMG C/MAPK MAPK N 69
Tb927.2.4510 84043702 Tb CRK9 CMG C/CDK CDK N 60
Tb11.01.8550 74026340 Tb ECK1 CMGC/CDKL CDKL N 79
Tb11.01.0380 71755953 CMGC/CDKL CDK N 70
Tb927.2.4200 84043666 CMGC/CLK CLK N 80
Tb927.2.1820 84043450 CMG C/CAMKL CAMK N 71
Tb927.2.5230 84043810 CAMK CAMK N 70

Tb927.10.14300 71749142 STE/STE11 STE-20 related N 61
Tb10.61.0410 71749438 Other None N 62
Tb11.01.6100 74025880 Other None N 68  
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Supplementary Table 2.3: T. brucei primers. All primers are listed as 5’ to 3’. 

Primer name Sequence Purpose 

71749142RNAiF ccccaagcttaaccagctaatatccttgtg 
71749142RNAiR aaactcgagcagctcagtttgctgagaaac 

RNAi for Tb927.10.14300 

71747166RNAiF aaccaagcttttgcacctcattcagatggg 
71747166RNAiR aaaaaactcgagttcaccacggtttcccac 

RNAi for Tb927.10.3900 

71749044RNAiF aaaagctttacttatacacagtcggtgggg 
71749044RNAiR caactcgaggcagctcattgaaaaagggat 

RNAi for Tb927.10.13780 

72390009RNAiF ccccaagattttgagattcctgaaacatcc 
72390009RNAiR aactcgagcagttaagtacgcctgtttcag 

RNAi for Tb927.6.1780 

71748710RNAiF aaaaagcttcctgaagcaagtgctccgaac 
71748710RNAiR aacctcgagctgtacatcggattcctcgta 

RNAi for Tb927.10.12040 

72391142RNAiF aagcttcatctgagcgggaactcttc 
72391142RNAiR ctcgagcagccacggtggtaaaatct 

RNAi for Tb927.7.2420 

84043450RNAiF aagcttcggctcggctatactttcag 
84043450RNAiR ctcgagaagatccgtttgaaaccacg 

RNAi for Tb927.2.1820 

74025474RNAiF aagcttgtctccagcaatacccctca 
74025474RNAiR ctcgagatactctttccgcttccggt 

RNAi for Tb11.01.4230 

74025476RNAiF aagctttaactcatccaccattgcca 
74025476RNAiR ctcgagctttcccgaatgtaccctca 

RNAi for Tb11.01.4250 

71749438RNAiF aagcttgtcgctgtggtacattccct 
71749438RNAiR ctcgagcgcggtacggtaaatgatct 

RNAi for Tb927.10.15880 

74025880RNAiF aagcttcggcatttcctacagtggtt 
74025880RNAiR ctcgagcacgaggcatttagagcaca 

RNAi for Tb11.01.6100 

72392815RNAiF aagcttgttttctcagcagtgggagc 
72392815RNAiR ctcgagtttggatcctgcgtatcctc 

RNAi for Tb927.8.3770 

84043810RNAiF aagcttcatcgcgacattaaagcaga 
84043810RNAiR ctcgaggcagaaggcctgttacttgc 

RNAi for Tb927.2.5230 

71745786RNAiF aagcttcaagatgggcggtttactgt 
71745786RNAiR ctcgagtttgtcagcgttgaatctgc 

RNAi for Tb09.211.3820 

84043702RNAiF aagcttttatttaccatcgcaagggg 
84043702RNAiR ctcgagatcgcaaaatgcggttcaataggt 

RNAi for Tb927.2.4510 

74026340RNAiF aaacaagcttgttgcaactcgctggtatcg 
74026340RNAiR aaactcgagacgcccatcgtggtattctta 

RNAi for Tb11.01.8550 

71755953RNAiF agggaagcttttgtgtaccaaggaagggta 
71755953RNAiR ttttctcgagtggcaacgatacaccgggta 

RNAi for Tb11.01.0380 

84043666RNAiF aaaaattaaaaagcttgccacgccgcgtgc 
84043666RNAiR aaactcgagacgcactccttttcctttgtg 

RNAi for Tb927.2.4200 

71749466RNAiF accaagcttcttacatcgctacatcacacc 
71749466RNAiR ccactcgagcttagcaaaatacgcatgttc 

RNAi for Tb927.10.16030 

71747040RNAiF cttttaagcttatccgtcccgctcaatgag 
71747040RNAiR aaactcgaggcgaaactgatcaaaccatgg 

RNAi for Tb927.10.3230 

72390491RNAiF ccccaagcttatttggcgcgaaatcgttat 
72390491RNAiR aaccctcgagtgtgactaaatcaatcccct 

RNAi for Tb927.6.4220 

71749044pETf2 caccatgtcgctcaaccttaccgatgctgc 
71749044pETr2 ttacttcttcagcagatactcccgctgcgc 

Recombinant expression of TbGSK3 

74025474pETf caccatggatagcataagctctggtctaac 
74025474pETr ttacatgacaggtgttggggggagtttaga 

Recombinant expression of TbCLK1 

pC9044f ggtacctcgctcaaccttaccgatgct 
pC9044r ctcgagcttcttcagcagatactcccg 

Endogenous tagging expression of 
TbGSK3 

pC5474f ctggtaccgatagcataagctctggtctaac 
pC5474r gactcgagcatgacaggtgttggggggag 

Endogenous tagging expression of 
TbCLK1 
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Supplementary Methods 
 
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.  
 
T. brucei cell density assay. The end point luciferase-based assay for T. brucei 
cell density was performed as previously described1 with the following 
modifications. Cells were treated with hypothemycin at 5!105 cells/mL in media 
lacking antibiotics. Cell density was measured after 24 hrs using CellTiter-Glo 
Luminescent Cell Viability Assay (Promega). Luminescense was measured using 
a SpectraFluor Plus luminometer (Tecan). Results were plotted using GraphPad 
Prism (GraphPad Software). 
 
Preparation of T. brucei lysates. Bloodstream form T. brucei at 1x106-5x106 
cells/mL were collected, washed twice with PBS, and pelleted. The pellet was 
suspended in PBS containing 1X Complete Protease Inhibitor Cocktail (Roche) 
and Phosphatase Inhibitor Cocktail 2 (Sigma) and sonicated on ice. Cellular 
debris was pelleted, and the supernatant was passed through a NAP-5 column 
equilibrated with lysis buffer. 
 
Preparation of iTRAQ mass spectrometry samples. Lysate (14 mg, 3 mg/mL) 
was treated with 0 (DMSO), 20, 200, or 1000 nM hypothemycin for 30 min, 500 
nM propargyl hypothemycin for an additional 30 min, then denatured with 1% 
SDS. Base cleavable biotin azide was added (100 µM) followed by the remaining 
click reagents at the ratios/concentrations described previously in the text.  After 
1 hr at room temperature, proteins were precipitated with cold acetone (80%) and 
pellets were washed three times with additional acetone and dried.  Pellets were 
resuspended in minimal 50 mM Tris (pH 8.0) 1% SDS, diluted with 1% NP-40 in 
PBS and passed through a PD-10 column, eluting with 1% NP-40 and 0.1% SDS 
in PBS.  Avidin-agarose (30 'L, Sigma) was added and samples were rotated 
overnight at 4ºC.  The beads were washed twice for one hr at room temperature 
with 1% NP-40, 0.1% SDS in PBS, twice for 1 hr at 4ºC with 6 M urea in PBS, 1 
hr with PBS at 4ºC, and 1 hr with PBS at room temperature.  The supernatant 
was removed, 20 'L 0.4N NaOH added, and beads were incubated for 20 min at 
room temperature before neutralization with 10 'L 0.8N HCl.  20% SDS was 
added to an approximated final concentration of 1% and the beads were heated 
to 90ºC for 3 min before collecting the supernatant. 
 
Eluted proteins were acetone precipitated and pellets were washed twice with 
additional cold acetone.  Dried pellets were resuspended in 8 M guanidinium 
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HCl, reduced (5 mM TCEP, 50 mM ammonium bicarbonate, 6 M guanidinium 
HCl), and alkylated (10 mM IAA).  The solution was adjusted to 1 M guanidinium 
HCl, 100 mM ammonium bicarbonate, 10% acetonitrile and trypsinized overnight. 
Volatiles were removed, and the samples were resuspended in 0.1% formic acid, 
extracted with C18 OMIXtips (Varian) and eluted with 50% acetonitrile 0.1% 
formic acid.  Volatiles were removed and peptides were resuspended in 0.5M 
triethylammonium bicarbonate (pH 8.5) and labeled with iTRAQ Reagents 
(Applied Biosystems). Samples were mixed, dried, and resuspended in 30% 
acetonitrile 5 mM potassium phosphate (pH 2.7), and fractionated on a 50.0 X 
1.0 mm 5 'M 200Å Polysulfoethyl A column (PolyLC) with a 1-40% gradient of  
350 mM potassium chloride in 30% acetonitrile and 5 mM potassium phosphate 
(pH 2.7).  Fractions were dried, resuspended in 0.1% formic acid, extracted using 
C18 ZipTips (Millipore), eluted with 50% acetonitrile, dried, and resuspended in 
0.1% formic acid. 
 
Mass spectrometry. The digests were separated by nano-flow liquid 
chromatography using a 75'm x 150mm reverse phase C18 PepMap column 
(Dionex-LC-Packings) at a flow rate of 350 nL/min in a NanoLC-1D Proteomics 
high-performance liquid chromatography system (Eksigent Technologies) 
equipped with a FAMOS autosampler (Dionex-LC-Packings). Peptides were 
eluted using a 40 min 2-30% gradient of acetonitrile with 0.1% formic acid, then 
the concentration of acetonitrile was increased to 50% in 3 min.  The eluate was 
coupled to a microionspray source attached to a QSTAR Elite mass 
spectrometer (Applied Biosystems/MDS Sciex). Peptides were analyzed in 
positive ion mode. MS spectra were acquired for 1 sec in the m/z range between 
350 and 1500. MS acquisitions were followed by 4 x 2.5 sec collision-induced 
dissociation (CID) experiments in information-dependent acquisition mode. For 
each MS spectrum, the two most intense multiple charged peaks over a 
threshold of 25 counts were selected for generation of CID mass spectra. Two 
MS/MS spectra of each were acquired, first on the m/z range 119-1500, with Q1 
resolution set at “low”, and then on the m/z range 112-119, with resolution set at 
“unit”. The CID collision energy was automatically set according to mass to 
charge (m/z) ratio and charge state of the precursor ion. A dynamic exclusion 
window was applied which prevented the same m/z from being selected for 1 min 
after its acquisition. 
 
Mass spectrometry data analysis. Peak lists were generated using the 
mascot.dll script. The peak list was searched against the Trypanosoma subset of 
the NCBInr database as of December 16, 2008 using ProteinProspector (ver. 
5.2.2). A minimal ProteinProspector protein score of 15, a peptide score of 15, a 
maximum expectation value of 0.1 and a minimal discriminant score threshold of 
0.0 were used for initial identification criteria. iTRAQ modification of the amino 
terminus or the epsilon-amino group of lysines, carbamidomethylation of 
cysteine; acetylation of the N-terminus of the protein and oxidation of methionine 
were allowed as variable modifications. Peptide tolerance in searches was 100 
ppm for precursor and 0.2 Da for product ions, respectively. Peptides containing 



 68 

two miscleavages were allowed. The number of modification was limited to two 
per peptide.  
 
Quantization was based on the relative areas of the reporter ions generated by 
the isobaric iTRAQ reagents at m/z 114, 115, 116 and 117 during CID 
experiments. Abundance ratios of individual peptides between the different 
samples were calculated taking as reference the vehicle-treated sample, by 
dividing the areas of their respective iTRAQ reporter ions. Peptides with peak 
areas lower than 30 for the most intense reporter ion were discarded. For 
changes in relative abundance at the protein level, all MSMS taken for the 
different peptides belonging to a particular protein were used to calculate the 
average and SD of the abundance ratios.  
 
Expression and purification of recombinant TbGSK3short and TbCLK1. 
Open reading frames for TbGSK3short and TbCLK1 were amplified from 
genomic DNA using primers listed in (Supplementary Table 2.3) and cloned into 
the pET100 expression vector (Invitrogen). Protein was expressed in Escherichia 
coli ArcticExpress(DE3) (Stratagene) in ZY5052 medium at 20 °C for 60 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, 
500nM PMSF, 1x Phosphatase 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.   
 
Synthesis of Base Cleavable Biotin Azide. 
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Tert-butyl 5-hydroxypentylcarbamate (2): 5-amino-1-pentanol (1, 500 mg, 4.85 
mmol) and di-tert-butyl dicarbonate (881 mg, 4.04 mmol) were dissolved in water 
(5 mL). The solution was adjusted to pH 12 with 1N NaOH (aq) and stirred for 20 
min. The reaction was extracted three times with ethyl acetate. The organic 
layers were combined, washed with brine, dried over sodium sulfate, and 
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concentrated to afford the product as a clear oil (719 mg, 88% yield). NMR (1H, 
CDCl3, 400MHz): 1.30-1.70(m, 15H), 3.12(q, J=6.5 Hz, 2H), 3.63(m, 2H), 
4.53(br.s., 1H). 
 
5-(tert-butoxycarbonylamino)pentyl 6-bromohexanoate (4): Tert-butyl 5-
hydroxypentylcarbamate (2, 696 mg, 3.42 mmol) and triethylamine (416 mg, 4.11 
mmol) were mixed in methylene chloride (5 mL) and cooled in an ice-water bath. 
The 6-bromohexanoyl chloride (3, 1.464 g, 6.06 mmol) in methylene chloride (5 
mL) was added slowly to the reaction. After 20 min, water (5 mL) was added, and 
the aqueous layer was acidified with 1N HCl (aq). The organic layer was 
separated, washed with saturated NaHCO3 (aq) and brine, dried over sodium 
sulfate, and concentrated under reduced pressure. A clear oil containing a 
mixture (2:1) of the desired product and the starting acid chloride was obtained 
after silica flash chromatography using a gradient of ethyl acetate up to 25% (v/v) 
in hexanes. The crude material was used without further purification. NMR (1H, 
CDCl3, 400MHz): 1.30-1.55(m, 15H), 1.59-1.69(m, 4H), 1.82-1.92(m, 2H), 2.31(t, 
J=7.4 Hz, 2H), 3.11(q, J=6.6 Hz, 2H), 3.40(t, J=6.8 Hz, 2H), 4.05(t, J=6.7 Hz, 
2H), 4.51(br.s., 1H). 
 
5-(tert-butoxycarbonylamino)pentyl 6-azidohexanoate (5): Crude 5-(tert-
butoxycarbonylamino)pentyl 6-bromohexanoate (220mg) and sodium azide (301 
mg, 4.63 mmol) were dissolved in dimethylformamide (10 mL). The vented 
mixture was stirred at 50°C behind a blast shield for 48 hrs. The reaction was 
diluted in ethyl acetate (80 mL) and washed extensively with water. The organic 
layer was washed with brine, dried over sodium sulfate, and concentrated. Silica 
flash chromatography using a gradient of ethyl acetate up to 25% (v/v) in 
hexanes yielded the desired product as a yellow oil, (110 mg, 49% yield over 2 
steps). NMR (1H, CDCl3, 400MHz): 1.30-1.55(m, 15H), 1.55-1.70(m, 6H), 2.30(t, 
J=7.4 Hz, 2H), 3.10(q, J=6.5 Hz, 2H), 3.26(t, J=6.9 Hz, 2H), 4.05(t, J=6.7 Hz, 
2H), 4.50(br.s, 1H). 
 
5-aminopentyl 6-azidohexanoate (6): 5-(tert-butoxycarbonylamino)pentyl 6-
azidohexanoate (5, 50mg, 0.146 mmol) was dissolved in methylene chloride (0.6 
mL) and cooled in an ice bath. Trifluoroacetic acid (0.4 mL) was added drop-wise 
then stirred for 20 min. Volatiles were removed under reduced pressure to afford 
the trifluoroacetic acid salt in quantitative yield as a yellow oil. NMR (1H, CDCl3, 
400MHz): 1.34-1.47(m, 4H), 1.55-1.75(m, 8H), 2.31(t, J=7.5 Hz, 2H), 2.96 (m, 
2H), 3.26(t, J= 6.9 Hz, 2H), 4.05(t, J=6.6 Hz, 2H), 7.80(m, 3H). 
 
Base cleavable biotin azide (8): 5-aminopentyl 6-azidohexanoate (6, TFA salt, 
31.3 mg, 0.088 mmol), biotin-NHS (7, 20 mg, 0.059 mmol, Sigma Aldrich, St. 
Louis, MO),), triethylamine (17.8 mg, 0.175 mmol) were dissolved in 
dimethylformamide (0.8 mL) and stirred at room temperature for 48 hrs. The 
reaction was diluted into ethyl acetate (20 mL), washed three times with 0.5N 
HCl (aq), once with brine, dried over magnesium sulfate, and concentrated. Silica 
flash chromatography using a stepwise 0.5% increments methanol to 10% (v/v) 
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in methylene chloride yielded the desired product as a white solid (16.2 mg, 59% 
yield). NMR (1H, CDCl3, 400MHz): 1.29-1.79(m, 16H), 2.18(t, J=7.4 Hz, 2H), 
2.30(t, J=7.4 Hz, 2H), 2.72(d, J=12.8 Hz, 1H), 2.89(dd, J=4.8, 12.7 Hz, 1H), 
3.13(m, 2H), 3.21 (q, J=6.5 Hz, 2H), 3.26(t, J=7.4 Hz, 2H), 4.05(t, J=6.7 Hz, 2H), 
4.30(dd, J=7.4, 4.9 Hz, 1H), 4.50(dd, J=7.4, 5.0 Hz, 1H), 5.71(br.s., 1H), 6.09(m, 
1H), 6.39(s, 1H). NMR (13C, CDCl3, 400MHz): 23.28, 24.49, 25.64, 26.22, 28.07, 
28.23, 28.31, 28.53, 29.21, 34.06, 36.00, 39.28, 40.47, 51.21, 55.60, 60.29, 
61.89, 64.14, 173.14, 173.57 
 
Supplemental References: 
 
1. Mackey, Z.B. et al. Discovery of trypanocidal compounds by whole cell 

HTS of Trypanosoma brucei. Chemical biology & drug design 67, 355-363 
(2006). 
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CHAPTER 3 

UNPUBLISHED WORK 
 

Hypothemycin’s Mechanism of Action 

  

The ability of hypothemycin to irreversibly bind to target kinases is dependent on 

the cysteine residue at DXG motif of ATP binding pocket60. In order to test if this 

dependency holds true in T. brucei, a mutation at this critical cysteine residue 

was introduced both for biochemical and in culture assays. 

C to A mutation in vitro 

Primers were designed for site-directed mutagenesis of TbGSK3short 

(C170A) and of TbCLK1 (C307A). The full-length open reading frame with the 

desired mutation was cloned into the pET-100 vector for expression with a N-

terminal 6xHis tag. The proteins were expressed using E. coli ArcticExpress 

competent cells and ZY5052 auto-induction media as described earlier. The 

soluble fractions were purified using Ni-NTA in the same conditions as wildtype. 

The activities of these mutant kinases were tested along with their 

respective WT for their ability to autophosphorylate themselves and trans-

phosphorylate the substrate. Both recombinant mutant kinases were found 

active, indicating that the mutation did not affect the ability of the kinases to 

phosphorylate. 
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The ability of hypothemycin to inhibit these mutant kinases was tested in 

in-gel kinase assays. Increasing concentration of hypothemycin was incubated 

with the recombinant kinase, then radioactive ATP was added to carry out 

phosphorylation reaction. The TbGSK3shortC170A protein showed resistance to 

inhibition by hypothemycin, as the kinase activity was not depleted in the 

presence of hypothemycin (Fig. 3.1 a). Likewise, TbCLK1C307A protein was 

refractory to inhibition by hypothemycin (Fig. 3.1 b). Thus, I could conclude that 

the CDXG cysteine is indeed required for hypothemycin to inhibit the target 

kinases. 

 

C to A mutation in cells 

The next logical step was to test the effect of the C to A mutation in 

parasites. In addition to the mechanism of action in trypanosomes, this would 

also answer the question of whether TbGSK3short or TbCLK1 would be solely 

responsible for the trypanocidal effect of hypothemycin. If hypothemycin kills 

parasites by inhibiting both kinases, cell lines containing resistance alleles of 

either TbGSK3short or TbCLK1 would experience a small shift in the EC50. 

Consequently, cell lines containing resistance alleles for both kinases would 

show a large shift and would be “rescued” from the lethal phenotype. On the 

other hand, if hypothemycin acts primarily through only one kinase, a mutation in 

the responsible kinase would cause the shift in EC50 (Fig. 3.2 a). 

The endogenous replacement constructs were created as shown in Fig. 

1.8. Because T. brucei is a diploid organism, it was necessary to introduce two 
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copies of mutant per gene. To achieve this goal, endogenous tagging (pC) was 

employed. This construct allows a foreign copy of DNA to be integrated into 

endogenous locus by homologous recombination. When a single copy of 

TbGSK3shortC170A or a copy of TbCLK1C307A was introduced, the parasite 

proliferated normally, indicating that mutant kinases do not interfere with the 

survival of the cells (Fig. 3.2 b). When these mutant cells were incubated with 

increasing concentration of hypothemycin, we did not see any shift in EC50 (Fig. 

3.2 c). Subsequently, both copies of TbGSK3short or both copies of TbCLK1 

were mutated. These mutations also did not alter the proliferation of the parasites 

(Fig. 3.2 b). When these double-copy mutants were treated with hypothemycin, 

no significant shift in the dose curve was observed (Fig. 3.2 c). These results led 

us to think that hypothemycin is acting through both kinases and that ablation of 

inhibition of one kinase is not enough to rescue the lethal phenotype. Thus we 

wished to create cell lines that harbor C to A mutation in all four copies of the 

kinases (two for TbGSK3short and two for TbCLK1). However, the number of 

available selection markers to use in genetic manipulation was a limiting factor in 

creation of such cell line. We were unable to precisely define if the mutant alleles 

of the two potential target kinases would render resistance to the lethal 

phenotype.  

It is also possible that there are other targets of hypothemycin. Other lines 

of evidence (Chapter 2) strongly indicate that such case is unlikely, but those 

kinases identified in iTRAQ may contribute collectively to the sensitivity to 

hypothemycin. There were multiple MAPK homologues identified in iTRAQ and 
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six of them contain CDXG motif. These kinases may have overlapping functions 

so that reducing the expression of one would not alter the normal phenotype.  

Although deciphering multiple kinase targets is a great challenge, a combinatory 

approach of RNAi plus low concentration of hypothemycin may reveal additional 

kinases that are not solely responsible to the lethal phenotype. 

 

 

Kinase inhibitor screen 

As mentioned in Chapter 2, TbGSK3short and TbCLK1 were successfully 

expressed in E. coli to supply adequate amount of protein in active form suitable 

for kinase assays. The full-length TbGSK3short or TbCLK1 was cloned into the 

pET100 vector and transformed into ArcticExpress competent cells. The 2L 

culture was harvested after 60hrs at 20 °C incubation, processed, and soluble 

fraction was incubated with Ni-NTA beads. The eluted fraction was collected and 

dialyzed into storage buffer. The frozen samples were compatible in assays 

without dialyzing glycerol out prior to use. 

In addition to being a useful reagent to test the activity of hypothemycin, 

these recombinant proteins were instrumental to development of subsequent 

assays to screen other kinase inhibitors. Given the strong indication that 

TbGSK3short and TbCLK1 are valid therapeutic targets for African sleeping 

sickness, these reagents and assays would aid future searches for new 

inhibitors. 
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In-gel kinase assay 

The first assay was developed to visualize the activity of kinase as well as 

to quantify the level of activity. The recombinant kinase protein was diluted in 

kinase reaction buffer and pre-incubated with compound at room temperature. 

Radioactive ATP was then added to initiate the kinase reaction. The reaction was 

terminated by addition of SDS loading buffer and boiling of the sample. The 

mixture was then resolved on SDS-PAGE gels, dried on Whatmann paper, and 

exposed to Phosphoscreen overnight. Although this assay requires a larger 

amount of protein per kinase reaction, the ability to confirm the molecular weight 

of the protein is useful to identify the active kinase.  

In collaboration with Anacor, a Palo Alto-based biotechnology company, 

we tested 10 compounds from their focused library of kinase inhibitors (the 

structures were proprietary). The recombinant TbGSK3short was prepared in E. 

coli and its activity was tested using this assay. Of the 10 compounds tested, 

three showed >80% reduction in activity at 20 µM (Fig. 3.3). They did not have 

significant inhibitory activities against TbCLK1, either (Fig. 3.3). 

 

Kinase-Glo assay 

As a complementary assay that uses no radioactivity, Kinase-Glo 

(Promega) was used. This is suitable for 384-well format. The Kinase-Glo 

method quantifies the ATP remaining in solution after the kinase reaction is 

terminated. ATP quantification is achieved by the measuring the intensity of the 

luminescence, generated by mono-oxygenation of beetle luciferin, which is 
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catalyzed by luciferase in the presence of Mg2+, ATP, and molecular oxygen. 

Because the Kinase-Glo detection does not involve radioisotope, antibodies, 

specially designed peptide substrates, or a long reading time for detection, this 

approach holds promise for becoming the primary method to determine kinase 

activity in HTS. While the pilot optimization of this assay was achieved using 

recombinant TbGSK3short and GSM peptide, the access to 384-well formatted 

inhibitor library and automation was not granted during the time of this project. 

 

96-well kinase assay  

The most convenient assay was developed to fit a 96-well format for a 

medium-throughput screen. The use of radioisotope makes it a robust assay but 

limits its use with robotics for a high-throughput screen.  

Kinases (5 nM TbGSK3short, 10 nM TbCLK1) were incubated with test 

compounds in reaction buffer (50 mM Tris pH7.4, 10 mM MgCl2, 0.2 mM EGTA, 

0.2 mg/mL BSA, 1 mM DTT) and 100 'M ATP for 30 min at room temperature. A 

solution of kinase reaction buffer with !32P-ATP ATP (70-150 µCi/mL) and GSM 

peptide substrate (TbGSK3short, 0.05 mg/mL) or myelin basic protein (TbCLK1, 

0.5 mg/mL) was added to initiate the kinase reaction. After 15 min 

(TbGSK3short) or 30 min (TbCLK1) reactions were spotted onto 

phosphocellulose paper using a multi-channel pipet, washed once with 10% 

acetic acid, twice with 1% phosphoric acid, and once with methanol, and dried. 

Kinase activity was quantified using a Typhoon Imaging System and ImageQuant 

5.2. IC50 values and dosing curves were generated using GraphPad Prism 5 
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Thirty-eight compounds in the library provided by Ambit were first tested in 

the T. brucei whole-cell assay. These compounds were also tested against 

Jurkat cells for mammalian cytotoxicity. Fifteen of these compounds showed 

selectivity for T. brucei versus Jurkat cells, and were then tested in vitro against 

TbGSK3short and TbCLK1 using the 96-well format assay. One compound for 

TbGSK3short and four compounds for TbCLK1 showed modest inhibitory 

activities (Table 3.1, Fig. 3.4). This suggested that compounds in the library that 

displayed cellular selectivity may not specifically target TbGSK3short or TbCLK1, 

but may target other essential kinases. 

 

Knock-out and knock-in cell lines 

In parallel with endogenous tagging using an existing pC system, I 

attempted to establish a new system that can be adapted for knock-out and 

knock-in for the gene of interest with less cloning effort. A cloning vector pUC19 

with modified multiple cloning sites was used as a starting point, with necessary 

components added piece by piece (Fig. 3.5). Approximately 300bp of 5’FR is 

considered sufficient for homologous recombination as well as the recognition of 

splice-acceptor site (SAS) in T. brucei, and this region was amplified from 

genomic DNA (KI5FRf: 5’-gcggccgcGCAGGGAAAGGTATTCAACG-3’ and 

KI5FRr:5’-gcgatcgcAATAGTGCGATTTTGAAAAC-3’). The full-length ORF with 

C-terminal 3HA tag was amplified from pLewTbGSK3 (KIORF2f: 5’-

gcgatcgcCACTACATGTCGCTCAACCT-3’ and KIORF2r:5’-

GGCGCGCCTTAagcgtaatctggtacgtcgtatgggta-3’). The ORF containing point 
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mutations at C170A was also created by mutagenesis as described earlier. A 

short segment of 3’FR was amplified for proper processing of the ORF 

(90443UTR3f: 5’-GGCGCGCCatggtcgtgttttaagttgtg-3’ and new3UTRFser: 5’-

ggccggccaaatacaaaaacaagtaccatcaccac-3’). The selection marker cassettes 

were amplified from pLew construct (phleomycin, KIactBLE4f: 5’-

ggccggccGGGCACAGCAAGGTCTTCTG-3’ and KIactBLE4r: 5’-

ttaattaaATACTGCATAGATAACAAAC-3’) and from pFYKR (a gift from George 

Cross) (puromycin and blasticidin, KIproPURBSD4f: 5’-

ggccggccGCTGCACGCGCCTTCGAGTT-3’ and KIaldPUR4r:5’-

ttaattaagggctcgaatccccccattttcttcttttacatcatccccccttcctaaccaacctgcattaggcaccggg

cttgcgggtca-3’ or KIaldBSD4r:5’-

ttaattaagggctcgaatccccccattttcttcttttacatcatccccccttcctaaccaacctgcattagccctcccac

acataaccag-3’) that already contain both 5’ procyclin or actin SAS and 3’actin or 

aldolase UTR for proper processing. 

In order to identify the region of 3’ UTR that is necessary and sufficient to 

incorporate both the ORF and the selection marker cassette, a primer walk was 

designed (Fig. 3.6 a). The polyA+RNA was purified from total RNA using 

Oligotex kit (Qiagen) which enriches the specific message by removing rRNA 

and tRNA. This purified RNA was used as template for reverse-transcription, 

yielding a cDNA that is complementary to unprocessed mRNA. In parallel, 

genomic DNA was used as template for the amplification. The goal was to 

identify the region marked by a specific primer pair that can be amplified from the 

genomic DNA but not from the cDNA. A forward primer toward the end of the 
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ORF (140: 5’-aaccgatattctgcggtgag-3’) and a series of reverse primers (258: 5’-

attgcatacatgcttccatg-3’, 268: 5’-cccccctctgtgttttatata-3’, 269: 5’-

aaacccacaaaaggtgtaaaa-3’, 259: 5’-catcacaagaggtaaaacga-3’, 260: 5’-

gatcgatggcagcatcaaat-3’) were used. The results from PCR using the two 

templates indicated that the region between reverse primers 269 and 259 was 

considered the end of 3’FR necessary and sufficient for the expression of the 

preceding ORF.  

Although the assembly of the knock-out and knock-in constructs were 

successful, the transfection and selection of the clone presented a great 

challenge. This may be due to the size of the plasmids or homologous 

recombination events at inappropriate sites.  

  

RNAi in procyclic form parasites 

While the bloodstream form of T. brucei is the more clinically relevant 

stage for identifying essential genes, it is nonetheless useful to investigate genes 

in the procyclic or insect stage as well. Procyclic form parasites are amenable to 

the same set of genetic manipulation tools as bloodstream form. Thus we 

investigated the essentiality of kinases in procyclic form parasites. 

RNAi-mediated gene knock-down was performed for fifteen genes, 

utilizing the same pZJM constructs created for the series of knock-down in the 

bloodstream form (Chapter 2). Since the cell cycle is longer in these parasites, 

the proliferation was followed for 10 days. Interestingly, only TbGSK3short was 

found essential for survival at this stage (Fig. 3.7). This suggests that 
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TbGSK3short is required for both stages of parasite survival. TbCLK1, which was 

found essential in bloodstream form, did not show lethal phenotype upon knock-

down. No other obvious morphological phenotypes were observed. 

 

Characterization of TbGSK3short knock-down and overexpression 

 In addition to proliferation defect phenotype, we wanted to further 

characterize the TbGSK3short knock-down cells. Total RNA was harvested from 

the cells with either uninduced or induced knock-down of TbGSK3short mRNA 

with tetracycline for 48 hrs. Northern blotting analysis confirmed the reduction of 

mRNA in the RNAi-induced cells, at equivalent level confirmed with qRT-PCR 

(Figs. 3.8 a, 2.4). The polyclonal, gene-specific antibody was raised against the 

active recombinant TbGSK3short and purified for use in Western blotting.  The 

RNAi uninduced or induced cells were harvested and total cell lysates were 

prepared. The proteins were resolved on a SDS-PAGE gel, transferred to PVDF, 

and blotted with anti-TbGSK3short. The Western blotting analysis confirmed that 

TbGSK3short was knocked-down at protein level as well (Fig. 3.8 b). Using the 

same antibody, we were also able to confirm the overexpression of TbGSK3short 

using the pLew construct. As pointed out in previous publications, the construct 

appeared somewhat leaky, as seen in the elevated protein expression level in 

the uninduced sample compared to the untransfected control (Fig. 3.8 c)67.  

 Microscopic analyses were also done to characterize the TbGSK3short 

knock-down. The cells were harvested after 24 hrs of induction and fixed on a 

glass slide for examination of gross morphology with DIC microscope. While the 
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uninduced cells appeared normal as long-slender form of bloodstream form 

parasites, the induced cells appeared swollen and with a large vacuole and a 

displaced flagellum (Fig. 3.8 d). The same set of samples were analyzed by the 

electron microscopy (with Stephanie Hopkins) for further morphological 

investigation. Aside from the overall integrity of cells, we were not able to identify 

particular phenotypic differences between the two samples (Fig. 3.8 e). 

Collecting samples at different time points of RNAi induction may help to 

understand the progression of the aberrant phenotype.  

 

Preliminary pharmacokinetics study 

Prior to the publication of hypothemycin analogue study by Eisai, we 

attempted to measure the pharmacokinetics of hypothemycin in our mouse 

model. The study was done in collaboration with Alan Wolfe. Mice were given 20 

mg/kg of hypothemycin intraperitoneally and sacrificed 1 hr or 6 hrs post 

administration. Blood was drawn by cardiopuncture and spun immediately to 

isolate plasma. The plasma was flash frozen and brought for examination by 

LC/MS/MS. Analysis was calibrated to a preliminary human plasma study where 

hypothemycin was incubated with the human plasma and sample was taken at 

various time points. When the concentration of hypothemycin was calculated in 

each sample, it was found that the sample from 1 hr post treatment contained 

approximately five times more molecule than the 6 hr sample (Table 3.2). The 

results suggested the half-life of hypothemycin was 33 min (Fig. 3.9). Metabolism 

generated two successive isomer products with that were more hydrophilic and 
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more stable in plasma. These isomers had half-lives of about 2 and 7 hrs. Only 

the first isomer product was evident in plasma samples from the mouse 

pharmacokinetics experiment, suggesting the second did not form or was 

efficiently cleared. The formation of hypothemycin isomer products may be 

related to two of its functional groups, the epoxide ring and/or the ester linkage, 

being susceptible to hydrolysis. In conclusion, it is unlikely that hypothemycin is 

stable enough in plasma to be given orally and that modification to increase the 

stability would be necessary.   

 

 

A bioinformatics approach to search for T. brucei targets 

Prior to the initiation of the hypothemycin project (Chapter 2), I briefly 

analyzed the T. brucei genome using bioinformatics approach. To identify a 

cluster of T. brucei kinases that are distant from any human homologues and use 

the information as a starting point to explore them for essentiality and function. 

The procedure was as follows: 

 1) Seven human kinases (PKA-C, CaMK, CDK2, src, lck, EGFR, and 

Nek1) were selected as examples to be used in a mapping between known 

aspects of human kinases and the Trypanosoma sequences.    

 2) A trypanosoma sequence set was assembled using the seven human 

kinases. All sequences in the Trypanosoma genus with detectable similarity to at 

least one of the human kinase domains were identified by BLAST of the main 

non-redundant sequence database at NCBI ("nr") using the kinase domains of 
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each of the seven human kinases. All sequences from genus Trypanosoma were 

retained which had with a BLAST e-value better than 10. This resulted in 653 

total sequences.   

 3) The entire sequence set (Trypanosoma kinases plus seven human 

kinases) was formatted as a BLAST database. Each sequence from the set was 

then searched in the database using BLAST. This gave a pairwise similarity 

value for each pair of sequences in the set (This value is the "e-value").   

 4) The matrix of similarity values was then visualized as a graph. For this 

dataset, an e-value of 1! e-35 corresponds to approximately 30% sequence 

identity, which is also the point where one can begin to trust a sequence 

alignment. Each sequence in the set is represented by a node, and there is an 

edge between two nodes if they have a pairwise similarity with an e-value better 

than 1e-35 (i.e., e-values closer to zero).   

 5) Using an alignment of the seven human kinase domains, Hidden 

Markov Model (HMM) was generated to represent the generalized human kinase 

domain. Then a large connected component from the graph in (4) was selected, 

indicating that the included sequences are similar enough to one another to be 

aligned. Each sequence in the connected component was taken, and aligned to 

the HMM (Fig. 3.10). 

 From this bioinformatics-based search, around forty T. brucei kinases 

with no or little homologues in human kinome were found. Those kinases may be 

of interest as therapeutic targets, as there would be less chance of cross-

reactivity between human and parasite genes. This analysis was also interesting 
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in light of evolution, as T. brucei is a primitive member of eukaryotes. The 

expansion in CAMK, MAPK, and CDK kinase families suggest that these kinases 

were important in the survival of T. brucei which includes two hosts and an 

adaptation to constantly changing environments.  
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Figures for Chapter 3
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Fig. 3.1 
CtoA mutation at the CDXG cysteine for TbGSK3short (a) and TbCLK1 (b). 
Recombinant proteins with desired mutations were expressed, purified, and used 
in in-gel kinase assays. Increasing concentration of hypothemycin was used to 
inhibit the autophosphorylation activity of the kinases. 
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Fig. 3.2 
CtoA mutations introduced for TbGSK3short and TbCLK1 in cells. (a) 
Schematic illustration of the effect of mutation on cell proliferation. Wild-type cells 
proliferate as shown in blue line. With a single mutation (either TbGSK3short 
C170A or TbCLK1 C307A), the dose curve would shift to show some resistance 
to hypothemycin (red). With double mutations at both TbGSK3short and TbCLK1, 
the curve would shift further (green). (b) Proliferation curves of transgenic cell 
lines. WT-WT: wild-type, WT-CA: CLK1C307A, CA-WT: TbGSK3shortC170A, 
CA-CA: double mutants. (c) Dose response of the transgenic cell lines. 
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Fig. 3.3 
In-gel kinase assays with Anacor compounds. Approximately 1 µM of 
TbGSK3short or TbCLK1 (expressed with pET-100 in E. coli) in kinase reaction 
buffer (30 mM Tris-HCl pH7, 10 mM MgCl2, 0.1mg/ml BSA, 1 mM DTT, 5% 
glycerol) was incubated with final concentration of 20 µM Anacor compound, RT, 
dark for 1 hr. Radioactive 32P in kinase reaction buffer was added and the 
reaction was carried out at 30 °C for 30 min. Reaction was terminated by adding 
SDS-PAGE loading buffer and boiling. The reaction was loaded onto 15% Tris-
Glycine Criterion gel and run at 200V for 1.5 hr. The gel was dried onto 
Whatmann paper and exposed to Phosphoscreen. The signal was read on 
Typhoon after overnight. 
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test compound TbGSK3short 

activity (%) 
TbCLK1 

activity (%) 
Tb whole cell 

EC50 (µM) 
Jurkat cell 
EC50 (µM) 

DMSO 100 100   
hypothemycin 1 <1 (0.17)  
staurosporine 113 35 0.0289 0.182 
LY-333531 119 135 0.656 1.64 
CEP-701 103 46 0.944 6.13 
AST-487 101 121 1.01 2.66 
CHIR-258/TKI-258 126 147 1.49 1.25 
BMS-387032/SNS-032 139 151 1.74 1.54 
JNJ-7706621 71 149 2.22 44.3 
VX-745 141 144 3.22 >50.0 
flavopiridol 100 98 3.33 0.878 
PKC-412 112 97 3.37 >50 
EKB-569 128 40 4.56 4.53 
lapatinib 129 80 6.77 12.5 
CHIR-245/RAF-265 125 55 8.01 34.9 
sunitinib 118 93 8.04 3.58 
ZD-6474 113 125 10.5 7.28 
 
 

 
 
Table 3.1 and Fig. 3.4 
96-well in vitro kinase assays for Ambit library screen. Fifteen compounds in 
the Ambit library were tested against recombinant TbGSK3short and TbCLK1. 
The same set was tested in T. brucei cells and Jurkat cells. Structures of those 
compounds with modest inhibitory activity are shown: JNJ-7706621 (a), CEP-701 
(b), lapatinib (c), EKB-569 (d), CHIR-265 (e).  
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Fig. 3.5 
Schematics of pUC-based knock-in and knock-out constructs. (a) pUC with 
multiple cloning sites. (b) Knock-in construct. (c) Knock-out construct. (d) 
Components of the constructs. Each component was amplified and constructed 
in Blunt-Topo vector for cloning into the pUC. 
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Fig. 3.6  
Defining of 3’UTR. (a) Schematics of primer pairs for primer walk. (b) PCR 
analysis of all primer pairs with cDNA template and genomic DNA template. 
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Fig. 3.7 
RNAi knockdown of 15 kinases in procyclic form parasites. (a) 
TbGSK3short, (b) TbCLK1, (c) TbCLK2, (d) Tb927.8.3770, (e) TbMAPK2, (f) 
Tb09.211.3820, (g) Tb927.10.3230, (h) Tb927.10.12040, (i) Tb927.10.3900, (j) 
Tb11.01.8550, (k) Tb927.2.4200, (l) Tb927.10.14300, (m) Tb927.2.5230, (n) 
Tb11.01.0380, (o) Tb927.7.2420. 
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Fig. 3.8 
Characterization of TbGSK3short knock-down and overexpression. (a) 
Northern blotting confirming knock-down of mRNA in RNAi-induced cells. (b) 
Western blotting confirming knock-down of protein in RNAi-induced cells. The 
polyclonal antibody was raised specifically for TbGSK3short. (c) Western blotting 
confirming overexpression of TbGSK3short in pLew-harboring cells. (d) Images 
by DIC microscopy of TbGSK3short RNAi-induced cells. (e) Images by electron 
microscopy of TbGSK3short RNAi-induced cells.  
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plasma sample mean hypothemycin 

concentration (ng/ml) 
s.d. 

vehicle 0 0.3 
1hr post treatment 40.4 3.83 
6hrs post treatment 8.1 2.7 

 
Fig. 3.9 and Table 3.2 
Stability of hypothemycin and its products in plasma. The mouse plasma 
was isolated from mice at 1 hr or 6 hrs post hypothemycin treatment. The amount 
of hypothemycin and its metabolites were calculated based on the peaks read by 
LC-MS/MS (Source: Alan Wolfe).  
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Fig. 3.10 
T. brucei kinases sequence similarity network. T. brucei kinase sequences 
are clustered based on similarity. Each sequence is represented by a node, and 
an edge between two nodes are drawn if they have a pairwise similarity with an 
e-value better than 1!e-35. Those kinases without significant similarity to human 
kinases or to each other are shown at the bottom panel as unique kinases. 
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METHODS for Chapter 3 
 
Trypanosome Cultures and Transfections 
The procyclic forms (PCF) of T. brucei strains 29-13 were maintained at 27 °C in 
Cunningham’s medium supplemented with 10% fetal bovine serum (HyClone). 
To preserve the integrated copies of T7 RNA polymerase and the tetracycline 
repressor, respectively, 50 µg/ml hygromycin and 15 µg/ml G418 were added to 
the culture medium. The bloodstream forms (BSF) of T. brucei 90-13 were 
cultured at 37 °C at 5% CO2 in HMI-9 medium supplemented with 10% fetal 
bovine serum (Invitrogen) and 10% Serum Plus (SAFC Biosciences) in the 
presence of hygromycin (5 µg/ml) and G418 (2.5 µg/ml). Cell densities were 
determined using Coulter Counter (Beckman), and diluted to 1!106 cells/ml 
(PCF) or to 1 ! 105 cells/ml (BSF) to begin the experiment. 

Plasmid DNA (10 µg) was linearized (MfeI, TbGSK3short-HA; Bsu36I, 
TbCLK1-HA; NotI, pZJM and pLew constructs) and resuspended to 1 µg/mL in 
water. Cells (2!107) were electroporated using the Amaxa Human T Cell 
Nucleofector kit (Lonza) and the program X-001 (for BSF) or X-003 (for PCF), 
then diluted in media and allowed to recover for 24 hrs before antibiotic selection. 
 
Generation of TbGSK3shortC170A and TbCLK1C370A 
Site-directed mutagenesis was done with primers 71749044C170Af (5’- 
caaacgggggaattgaaactggctgactttggaagtgccaagagg-3’), 71749044C170Ar (5’-
cctcttggcacttccaaagtcagccagtttcaattcccccgtttg-3’), 74025474C307Af (5’-
tgccgtgtgcgcattgctgatctcggcggt-3’), 74025474C307Ar (5’-
accgccgagatcagcaatgcgcacacggca-3’) using QuikChange Site-directed 
Mutagenesis kit (Stratagene). The template plasmids were pET100-71749044 
(TbGSK3short) and pET100-74025474 (TbCLK1) for recombinant expression, 
and pC-71749044 (TbGSK3short) and pC-74025474 (TbCLK1) for endogenous 
tagging. The sequences of resulting plasmids were confirmed by direct 
sequencing (ELIM Biosciences). 
 
Northern Blotting 
T. brucei total RNA was purified from 108

 parasites using Trizol reagent 
(Invitrogen). Thirty micrograms of total RNA were loaded on a 1.2 % agarose-
formaldehyde gel and resolved by electrophoresis at 50 V for 2.5 hours. After 
electrophoresis, the RNA was transferred to PVDF membrane and cross-linked 
to the membrane with a Stratalinker (Stratagene). The blot was incubated with 
pre-hybridization buffer (50% formamide, 5! SSC, 4! Denhardt’s solution, 0.1% 
SDS, 10µg/ml Salmon Sperm DNA (Invitrogen)) at 42 oC. 32P-Labeled cDNA 
probes were generated using the random primed labeling RediPrimeII kit 
(GE/Amersham). The probes were denatured at 100 oC and added to the pre-
hybridization buffer for hybridizing overnight at 42 oC. The blot was washed with 
washing buffer (1!SSC, 0.1% SDS) at RT three times, wrapped in a plastic wrap, 
and exposed to Phosphoscreen. The screen was read on Typhoon Scanner and 
analyzed with ImageQuant (GE/Amersham). 
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Generation of antibody 
Polyclonal antibody was produced in rabbits against active full-length 
recombinant TbGSK3short by Covance. The resulting antibody was purified first 
using PD-10 column with binding buffer (20 mM sodium phosphate, pH7), then 
0.2µm filter. The sample was loaded onto HiTrap ProteinG column 
(GE/Amersham), washed once with 10 ml binding buffer, then eluted with 1.2 ml 
of 50 mM Glycine-HCl  pH2.7 directly added into 100 µl 1 M Tris-HCl pH9. As a 
preservative, 0.01% Sodium azide was added, aliquotted, flash frozen, and 
stored at -80 °C until use.  
 
Western blotting analysis 
T. brucei were either induced for 48 hours with 100 ng/ml tetracycline or 
maintained uninduced. The parasites were spun down and lysed with cold Tb 
lysis buffer (1.0% Tx-100, 10 mM Tris pH7.5, 25 mM KCl, 150 mM NaCl, 1 mM 
MgCl2, 0.2 mM EDTA, 1 mM DTT, 20% Glycerol). After high speed spin to clarify, 
15 µg of cleared lysate was resolved by SDS-PAGE and transferred to PVDF 
membrane. After blocking with 5% dry milk in PBS-T, the PVDF membranes 
were incubated with rabbit anti-TbGSK3short (1:5,000 dilution) for one hour to 
overnight and washed three times for five minutes with PBST at RT. After the 
third wash, HRP-conjugated donkey anti-rabbit IgG (1:1,000 dilution) in 5% dry 
milk in PBS-T was added to the blots for 30 min. The blots were then washed 
three times for five minutes wth PBS-T and developed by ECL (Pierce) on X-ray 
blue films (Kodak).  
 
Overexpression 
The gene encoding TbGSK3short was tagged with a triple HA epitope at the C-
terminus, cloned into a pLew100-Phleo vector, and transfected into the 90-13 
bloodstream form cell line. Stable transfectants were selected under 2.5 µg/ml 
phleomycin. The plasmid was designed to integrate into the non-transcribed 
spacer between ribosomal RNA (rRNA) genes and requires cell lines expressing 
T7RNAP, as the bleomycin resistance selectable marker (bleR) is transcribed by 
a modified T7RNAP promoter. Expression of pLew-TbGSK3short-3HA was 
induced by adding 0.1 µg/ml tetracycline to the culture medium. 
 
Transmission Electron Microscopy (Stephanie Hopkins) 
T. brucei were harvested by centrifugation at 4 °C and washed in cold Dulbecco’s 
phosphate buffered saline (D-PBS). The samples were immersion fixed with 
2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH7.4 overnight at 4 °C. The 
samples were then postfixed with 1% osmium tetroxide in 0.1 M cacodylate 
buffer, pH 7.4, dehydrated in an ascending series of ethyl alcohol and propylene 
oxide, then embedded in a medium mixture of EMbed 812 (Electron Microscopy 
Sciences, Fort Washington, PA). Thin sections (75-85 nm) were cut with a 
diamond knife and mounted on copper 200 mesh grids. The thin sections were 
counterstained with 2% aqueous uranyl acetate and examined using a FEI, 
Tecnai T12 transmission electron microscope (TEM). 
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Immunofluorescence microscopy 
T. brucei were harvested by centrifugation at 4 °C, washed in cold Dulbecco’s 
phosphate buffered saline (D-PBS), and fixed in 4% paraformaldehyde/D-PBS 
for 1 hour at 4 °C. All subsequent washes were carried out with excess D-PBS. 
Fixed cells were washed and applied to 25 mm round cover slips that had been 
coated with poly-lysine (0.1% w/v in water, Sigma Aldrich) and allowed to settle 
for 20 minutes at room temperature. The cells were visualized on an AxioImager 
M1 microscope (Zeiss), equipped with an X-Cite 120 fluorescence illumination 
system (EXFP Life Sciences) and a “Plan-Apochromat” 63(/1.40 Oil DIC oil 
immersion lens (Carl Zeiss MicroImaging, Inc.). SM Image Browser software 
(Carl Zeiss MicroImaging, Inc.) was used for image acquisition and analysis. 
Adobe Photoshop CS (Adobe Systems, Inc.) was used for subsequent 
processing.   
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 
  

CONCLUSIONS 

The research presented in preceding chapters confirmed that 

TbGSK3short and TbCLK1 are validated therapeutic targets for African sleeping 

sickness. Hypothemycin and its modified propargyl-hypothemycin are novel and 

useful tools to identify targets without bias. Combined with quantitative mass 

spectrometry, only a few kinase targets with specific (saturable) binding were 

identified.  RNAi confirmed the essentiality of two of those hypothemycin-

sensitive targets. A number of important questions remain regarding 1) the 

biological functions of TbGSK3short and TbCLK1 and 2) how to focus 

development of therapeutic inhibitors based on the foundation of hypothemycin. 

The following section discusses potential research directions beyond this thesis 

project.  

 

FUTURE DIRECTIONS 

1) Investigating the biological functions of TbGSK3short and TbCLK1 

GSK3 is a conserved eukaryotic enzyme participating in different cellular 

pathways. These include the Wnt and insulin signaling pathway, glycogen and 

protein synthesis, regulation of transcription factors, and embryonic 

development95. Inhibition of GSK3 in humans is being explored for potential 
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treatments of Alzheimer’s disease, type 2 diabetes, and inflammation96. The 

interacting partners of GSK3# in higher eukaryotes include "-catenin and 

Akt/PKB97. However, no obvious homologues of those genes are found to date in 

T. brucei. GS peptide was used in this study as a substrate in kinase assays with 

recombinant TbGSK3short. This assay could be expanded to profile 

TbGSK3short substrate specificity, which may point us to potential endogenous 

substrates. A preliminary localization study with immunofluorescence microscopy 

indicated that TbGSK3short expression is not confined to nucleus or any 

particular organelles (data not shown). This is in agreement with previous 

findings in higher eukaryotes that GSK-3 is found in a variety of compartments95.  

As mentioned earlier in Chapter 3, TbGSK3short is also essential in 

procyclic stage. This prompts some questions on whether it is acting in the same 

cellular pathways or with the same interacting partners, when and where the 

protein is expressed at each life cycle stage, and how the protein expression or 

the activity is regulated.  

 There are two TbCLK isoforms that share 83% identity and have identical 

protein kinase domains, but differ in sequence at the N-terminus. They both have 

homology with human CLK1 (33% identity and 54% similarity). In higher 

eukaryotes, CLK1 is involved in regulatory functions including alternative mRNA 

splicing through its ability to phosphorylate and activate serine/arginine rich 

mRNA splicing factors (SR proteins) such as ASF/SF2. SR proteins are involved 

in spliceosome assembly as well as splice site selection during constitutive and 

alternative splicing of mRNA transcripts92. CLK1 is also known to phosphorylate 



 101 

and activate protein tyrosine phosphatase 1B (PTP1B), which acts on the insulin 

receptor in mammals98. The T. brucei genome contains several predicted SR 

proteins, previously implicated in trans-splicing of pre-mRNA99,100. Furthermore, 

PTP1B is also present in the trypanosome and is implicated in the control of the 

parasite’s differentiation from the bloodstream form to the procyclic form98. 

Therefore, TbCLK1 may be regulating trans-splicing or differentiation by 

phosphorylating substrates involved in these pathways. Additionally, aberrant 

CLK function is lethal in other organisms, suggesting this protein can serve 

essential functions. To study the function of TbCLK1, development of reliable 

splicing assays would be necessary. Differentiation of trypanosomes can be 

studied using the appropriate media and temperature. Given the finding that 

TbCLK1 is indeed essential, identification of substrates and pathways involved 

would provide useful insights into T. brucei biology.  

  

2) Development of therapeutic kinase inhibitors 

In addition to T. brucei, GSK3 is a validated therapeutic target for 

Plasmodium falciparum, Leishmania donovani, and Toxoplasma gondii101,102. 

TbGSK3short and human GSK3" share 47% kinase domain identity and 64% 

kinase domain similarity. Analyses of the sequences of GSK3 and of the amino 

acid composition of the ATP binding site based on molecular models suggest a 

structural potential features to be exploited for the development of selective 

inhibitors. In most eukaryotes, auto-inhibition of the kinase is done by the 

phosphorylated N-terminal domain. However, trypanosomes lack N-terminal 



 102 

domain and consequently may not have this option. Trypanosomes also lack the 

non-conserved part of the C-terminal domain. The most exploitable difference 

between the human and protozoan GSK3s is the substitution of the gatekeeper 

residue L132M, which affects the volume of the binding site. Although both 

leucine and methionine are relatively bulky residues, the methionine gatekeeper 

is longer and more flexible than the leucine one and can lead to steric 

complications. Compounds forming hydrogen bonds with the gatekeeper 

methionine sulfur atom should be selective for protozoan kinases over the human 

enzyme bearing the leucine gatekeeper. 

TbCLK1 contains a non-conserved cysteine residue, termed EGFR cysteine, 

which has been shown to bind to irreversible inhibitors when properly positioned. 

Hypothemycin may be modified to fulfill the goal of irreversibly binding to both of 

the reactive cysteines. Alternatively, a second molecule with better selectivity or 

therapeutic properties could be developed as the essentiality and potential 

exploitable residues of TbCLK1 are elucidated. This approach in targeting of 

EGFR cysteine is an ongoing effort (Jonathan Choy, personal communication). 

 Future studies for the development of kinase inhibitors would require the 

work of medicinal chemistry in addition to the array of tools utilized in the scope 

of this project. Through identification and validation of the T. brucei kinase 

targets, this dissertation work has aided the development of potential new 

therapeutics for African sleeping sickness.  
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