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Abstract 

Trypanosoma brucei is the causative agent of Human African 

trypanosomiasis, commonly called sleeping sickness, which is a debilitating 

disease for which treatment is not currently ideal.  Trypanosome parasites differ 
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from their human host by utilizing a novel cofactor termed trypanothione instead 

of glutathione for protection against reactive oxygen species.  Trypanothione is 

formed by the conjugation of two molecules of glutathione to spermidine forming 

a link between the polyamine and thiol biosynthetic pathways.  My work has 

investigated the enzyme annotated as glutathione synthetase (GS) in T. brucei to 

determine if it indeed catalyzes the synthesis of glutathione and if so, to define its 

kinetic parameters, decipher whether it has any role in the regulation of these 

pathways, and assess if it is essential for growth.  

 To determine whether the putative TbGS gene was correctly identified 

through sequence homology, I cloned and expressed the T. brucei gene (TbGS) in 

Escherichia coli, and purified the recombinant protein.  Using an ATP-coupled 

spectrophotometric assay, I was able to measure TbGS kinetic activity and 

determine that it was comparable to activities of other published GS homologs, 

indicating that this gene was correctly annotated. 

 To investigate the physiological role of TbGS in T. brucei, I used genetic 

approaches to manipulate TbGS levels, first by RNAi, and then by employing 

conditional knockout models.  RNAi was used to decrease protein levels; 

however, even though TbGS protein levels were depleted by more than eighty 

percent, there was no altered growth phenotype, and parasites did not have 

increased sensitivity to known inhibitors of the pathway.  I then constructed a 

TbGS conditional double knockout (cDKO) parasite cell line that contained a 
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tetracycline (tet) regulated episomal copy of TbGS.  By removing tet from the 

media and stopping TbGS protein production, parasites entered growth arrest by 

day five, which correlated with depleted thiol pools.  Parasites remained in growth 

arrest until day eight after which they resumed growth.  This resumption of 

growth also correlated with the return of low levels of TbGS and thiol pools 

indicating that loss of trypanothione caused growth arrest. 

 To evaluate if the loss of TbGS had any regulatory effect, levels of 

biosynthetic pathway proteins were assessed by western blot analysis.  A three-

fold increase was seen in γ-GCS levels as well as a decrease in AdoMetDC 

prozyme and ODC levels.  Thus our studies have shown that not only is TbGS 

essential for parasite growth but have also uncovered cross regulation between the 

polyamine and thiol pathways. 
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CHATER ONE 

 

INTRODUCTION 

 

 

 

A.  Trypanosomiasis 

OVERVIEW 

 Human African trypanosomiasis (HAT) is the disease caused by infection 

with a subspecies of the parasite Trypanosoma brucei.  This disease is a vector-

borne illness currently endemic in 36 African countries [1]. The risk of infection 

is limited to the sub-Saharan region of Africa because transmission is dependent 

on the Tsetse fly (Glossina genus), which resides exclusively in rural sub-Saharan 

Africa [1]. Although control efforts have reduced the number of cases reported in 

recent years (under ten thousand in 2010 and 2011), HAT often goes unreported 

so the actual number of infected individuals is estimated to exceed reported cases 

by three- to ten-fold [2, 3].  The World Health Organization (WHO) estimates that 

there are approximately 30,000 people currently infected, while millions in the 
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region remain at risk of contracting the disease [1]. The disease occurs in two 

stages, the early or haemolymphatic phase and the late or neurological phase.  

Treatment of infected individuals in the latter stage of the disease is complex and 

requires medical facilities that are often unavailable or prohibitively expensive in 

regions most affected by the disease; however, without treatment, 

trypanosomiasis is fatal.  Furthermore, the parasite is capable of infecting certain 

domesticated animals, resulting in animal trypanosomiasis.  This capability 

provides host parasitic reservoirs in close proximity to human communities, 

impairing necessary agricultural development critically needed in these under-

developed regions.  

 

PARASITE 

 The parasite responsible for causing HAT is a member of the order 

Kinetoplastida and the family Trypanosomatidia.  

Trypanosomatids are unicellular, eukaryotic 

organisms that can only survive through a 

parasitic relationship with a diverse range of 

hosts.  Humans can become infected by 

subspecies of T. brucei, T. cruzi (the causative 

agent of Chagas disease or South American 

Figure 1.  Electron Micrograph of 
Kinetoplast DNA.  Taken from Jensen, 
2012 [9] with permissions (Confirmation # 
11044044) 
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sleeping sickness), and several species of Leishmania (responsible for the disease 

Leishmaniasis).  However, trypanosomatids contain over fifty different species, 

some of which have the ability to infect livestock (cattle, horses, sheep, and pigs), 

fish, plants, amphibians, and insects [4, 5].    

Trypanosomatids are considered one of the earliest branches in the 

eukaryotic lineages and, therefore, contain several unique features not found 

outside the Kinetoplastida class [6].  Notably, kinetoplasts contain a sophisticated 

network of DNA (called kDNA) located within the mitochondrion at the base of 

the flagella.  The kDNA network contains DNA arranged as several thousand 

minicircles and a few dozen maxicircles, systematically linked and looped to form 

a very dense DNA-containing granule (Figure 1).  Because of this complex DNA 

arrangement, replication of the kinetoplast is a time and energy-consuming task 

[7-9].  Loss of the kinetoplast results in lethality unless the parasite acquires a 

specific genomic mutation [10].  Speculation suggests kinetoplast replication is 

the target of ethidium bromide in the treatment of trypanosomiasis-infected cattle, 

but this has not been definitively proved [11].  

In addition to the complex process of kinetoplast replication, gene 

transcription in kinetoplasts is also unique.  Many mitochondrial genes require 

extensive messenger RNA (mRNA) editing, via the insertion or deletion of a 

specific number of uridylate residues [9].  The majority of the genes are located 

within the maxicircles, but are nonfunctional without proper editing.  Minicircles 
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provide the guide RNAs that are necessary templates for uridylate 

insertion/deletion.  Editing of mRNA is extensive, and in some transcripts, can 

account for half of the protein coding region [9].  Although the mechanism by 

which this process occurs has been extensively studied, the reason for developing 

such a precise transcription scheme remains to be elucidated. 

Trypanosomatids do not regulate polymerase II transcription, which is a 

significant difference from most eukaryotic cells.  Messenger RNAs are 

transcribed in a polycistronic fashion that are trans-spliced and capped with a 5’-

splice leader sequence and post-transcriptionally regulated by the 3’-UTR [12-

18].  Significant progress has been made in elucidating the mechanism by which 

certain 3’-UTRs regulate translation through RNA binding proteins (RBP) and 

mRNA degradation. Future studies are needed to elucidate how trypanosomatids 

have evolved to respond to environmental changes without altering their gene 

expression via transcriptional regulation [19].   

Trypanosomatids do regulate polymerase I transcriptional although it is 

responsible for a subset of genes.  The more well studied pol I regulation in 

trypanosomatids is the alteration of the variant surface glycoprotein (VSG).  

Trypanosomatids have an exterior surface that is coated with a single VSG 

protein.  As the population expands, the parasites randomly alter the VSG gene 

copies being transcribed.  As the host immune system responds to the parasitic 

infection and mounts an attack, parasites expressing a novel or different VSG 
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protein avoid detection, continue to replicate, and prolong the infection. Estimates 

of the number of different VSG genes expressed by trypanosomatids range from 

hundreds to thousands, as some pseudogenes have not been properly investigated; 

however, only one form of the VSG gene is expressed at a time [20-23].  The 

frequency a parasite within the population will change the form of VSG gene 

expressed is 1:100 [24].  Changing of the VSG coat has hampered attempts at 

vaccine development for trypanosomiasis, and the mechanism by which only one 

VSG gene is expressed, while other VSG genes remain silent, is not yet 

completely understood [25]. 
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Since different species of 

trypanosomatids infect a variety of 

different organisms, their life cycles 

reflect the different environments the 

parasite encounters.  T. brucei, the parasite 

on which this dissertation is based, has 

four different stages within its life cycle: 

procyclic, metacyclic (tsetse fly forms), 

long-slender bloodstream, and stumpy 

blood stream (mammalian forms) (Figure 

2).  When an infected tsetse fly bites a 

mammalian host, the metacyclic form of 

the parasite is injected into the 

bloodstream of the mammalian host.  The 

metacyclic form transforms into the highly 

proliferative, long and slender blood stage form of the parasite, which replicates 

in the blood and lymph system of the host.  Once the parasite population reaches a 

sufficient concentration in the blood stream, the parasite enters the quiescent stage 

of the blood stream form termed “stumpy”, reflecting their change in morphology.  

This transformation is triggered by accumulation of the stumpy induction factor 

(SIF), a parasite-derived factor that currently has evaded identification [26, 27].  

Figure 2.  T. brucei Life Cycle. Taken from Pays, 
2006 [34] with permissions (License 
#3024411025052) 
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To complete the life cycle, the stumpy form of the parasite is ingested by an 

uninfected tsetse fly during a blood meal and converted to the proliferative 

procyclic form; this form is responsible for replication in gut of the tsetse fly.   As 

the parasite replicates, it traverses a complicated path through the insect in order 

to reach the salivary glands and be injected once again into a mammalian host 

[28].  Upon reaching the salivary glands, the parasite re-enters the metacyclic 

form, a quiescent stage, and waits for the next blood meal to restart the cycle.  

This complex life cycle is accompanied by changes in gene expression, protein 

levels, replication rates, and morphology of the parasite.  Although a few of the 

proteins involved have been identified (i.e. TbMAPK, PAD1, etc.), the precise 

mechanisms of how the parasite regulates these changes in the absence of global 

transcriptional regulation remain unclear [23, 29-32]. 

As previously mentioned, there are several species of the Trypanosoma 

genus responsible for infecting different organisms; however, only the subspecies 

T. brucei gambiense (T. b. gambiense) and T. brucei rhodesiense (T. b. 

rhodesiense) cause HAT. T. b. gambiense is located primarily in western and 

central Africa and is responsible for over 95 percent of HAT infections.  T. b. 

rhodesiense infections are observed in eastern and southern Africa, accounting for 

less than 5 percent of HAT [1].  The differences between these infections stem 

from their rates of progression (chronic T. b. gambiense versus acute T. b. 

rhodesiense), treatment options, and geographical localization.  Although both 
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subspecies are capable of infecting livestock, T. b. rhodesiense is a zoonosis that 

uses nonhuman mammals as reservoirs between human infections, while T. b. 

gambiense is likely not [33].  This observation reveals an additional complication 

in eradicating trypanosomiasis, as success requires the screening of livestock.  

 

DISEASE 

 HAT is transmitted through the bite of the tsetse fly, although the disease 

transmission can also occur from mother to child by crossing the placenta during 

pregnancy. Infections can also occur in research laboratory settings through 

contaminated needles or sharps. While this type of transmission is possible, the 

majority of laboratories uses the cattle variant T. brucei brucei strain, which lacks 

the serum-resistance associated (SRA) gene required to infect human hosts and 

reduces the risk of serious infection [34, 35].  The SRA gene is a truncated form 

of a VSG gene; however it is found in the endocytic pathway, differentiating it 

from other VSG genes.  SRA works to alleviate the lysis that occurs to the 

parasite in human serum by associating with the trypanolytic factor (TLF) found 

in high-density lipoproteins (HDL) [35].  Lysis of the parasite is mediated through 

the TLF, which contains both the haptoglobin-related protein (Hpr) and the 

apolipoprotein (apoL1).  Upon binding to the trypanosome hemoglobin receptor, 

the TLF is endocytosed and targeted to the lysosome.  Upon entering the acidic 

compartment, the apoL1 protein undergoes a conformational change, inserts into 
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the lysosome membrane, and forms a pore resulting in the influx of chloride ions 

and water into the lysosome.  This influx causes swelling of the lysosome and 

results in rupture of the cell.  SRA is thought to inhibit this lysis by interaction 

with apoL1 and hindering pore formation [35].  

 Upon initial infection, trypanosomes replicate in the blood and lymph of 

the infected individual producing symptoms such as fever, headaches, joint pain, 

and itching [1].  This first stage of infection is referred to as the haemolymphatic 

phase.  If the individual does not seek treatment within the first stage of the 

disease, it will eventually progress to the second stage (or neurological phase) of 

disease.  The second stage of the disease begins once the parasite has crossed 

from the blood/lymph into the central nervous system.  This results in more 

pronounced symptoms, including confusion, poor coordination, and insomnia 

occurring during the night while sleeping throughout the day [1].  Once the 

disease has progressed to the second stage, treatment options become more 

difficult. 

Treatment of HAT during the first stage can be 

accomplished with either pentamidine or suramin.  

Pentamidine, used for T. b. gambiense infection, is 

generally well tolerated but can cause hypotensive reactions 

and damage to the liver, kidneys, and the pancreas [1, 33].  

Figure 3. Exfoliative Dermatitis 
resulting from treatment with 
suramin (Fevre, 2008 [33]). 
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Suramin is used for early stage T. b. rhodesiense infection and produces severe 

reactions in less than five percent of patients.  These reactions include fever, 

kidney damage, nausea, shock, delayed hypersensitivity reactions (e.g., 

exfoliative dermatitis, [Figure 3]), diarrhea, and jaundice [33]. Despite these side 

effects, treatment of HAT in the early stage is still preferential to treatment in the 

late stage.  

Treatment of late-stage HAT is also dependent on the subspecies causing 

the infection.  Late-stage T. b. gambiense treatment can be accomplished with the 

recently approved nifurtimox-eflornithine combination therapy (NECT).  This 

therapy reduces the number of infusions of eflornithine required and shortens the 

administration treatment time from fourteen to seven days [36].  The side effects 

of NECT therapy include (in order of most common to least): fever, headache, 

weakness, cough, skin rash, injection site rash, chest pain, dehydration, urinary 

incontinence, urinary frequency/urgency, muscle pain, shortness of breath, 

respiratory distress, and nosebleed [36].  Treatment of late-stage T. b. rhodesiense 

requires the administration of melarsoprol, an arsenic-derived compound that has 

many undesirable effects with the most pronounced being fatal reactive 

encephalopathy in 3-10% of patients [1, 33].  Despite having such negative 

effects, melarsoprol is the last line of defense against T. b. rhodesiense, where 

death is certain without treatment.   
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The negative side effects and the difficulty in administration of these 

drugs underscore the need for developing new treatment options.  Although the 

approval of NECT therapy is a marked improvement for the treatment of late 

stage T. b. gambiense, there is still a need for better treatment for T. b. 

rhodesiense.  Furthermore, administration of NECT through intravaneous 

infusions is not ideal for a disease predominantly located in rural areas.   

The burden of trypanosome infection is not only limited to the treatment 

of patients, but also causes economic strife in the treatment of livestock.  Called 

Nagana, a Zulu term meaning “to be depressed”, animal trypanosomiasis is a 

serious obstacle to the agricultural development and economic stability of the 

region [1].  It was estimated animal trypanosomiasis hindered livestock 

populations to 20% their potential [37].  Estimating the true cost/benefit of 

trypanosomiasis control is complicated. One study estimated that animal 

trypanosomiasis eradication would increase agricultural output by $700 million 

per year and encouraged further investigation because treatment of animal 

trypanosomiasis at the time was costing livestock owners over $1 billion annually 

[38].  Currently, eradication of the insect vector is being attempted in several 

countries through the Pan-African Tsetste and Trypanosomiasis Eradication 

Campaign (PATTEC) [39, 40].  

The current state of HAT varies from country to country, though the 

number of reported cases has drastically declined in recent years.  This is most 
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likely due to the WHO public-private partnership with Aventis Pharma and Bayer 

HealthCare providing drugs for treatment, an increase in mobile screening units, 

and efforts to eradicate the tsetse fly [1, 41].  There have been fewer than 10,000 

cases reported for two consecutive years and, though this number is considered 

underreported, is a milestone that has not occurred since the 1960s [1].   

The ideal solution for HAT would be to prevent disease onset with 

effective vaccine administration, rather than new therapeutics.  While numerous 

research groups have attempted to develop a vaccine for HAT (summarized in 

[42]), none have produced an effective and persistent anti-trypanosome immune 

response that also gave promising results in a field setting.  Both the lack of 

success in vaccine development and the inability of the immune system to clear 

the parasitic infection can be attributed to the parasite’s ability to randomly 

express a different VSG protein coat.  Effective vaccinations would be the gold 

standard in HAT prevention, but the parasite’s ability to undergo antigenic 

variations suggests development of a vaccine is unlikely to be feasible.  

Therefore, efforts to develop new therapeutics as well as to eradicate the insect 

vector required for disease transmission must continue.    

 

 

B.  Host Redox System 

OVERVIEW 
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 In aerobic organisms, oxygen is used as the electron acceptor in a cascade 

of oxidative reactions that provide energy for the organism or cell.  These 

processes produce reactive oxygen species (ROS) as byproducts.  ROS are 

oxygen-generated free radicals, such as superoxide anions (O2•−), hydroxyl 

radicals (HO•), peroxyl (RO2•) species, alkoxyl (RO•) species, and O2-derived 

non-radical species such as hydrogen peroxide (H2O2) [43].  These radicals can be 

produced during normal cell metabolism or through the addition of xenobiotics.  

Low physiological levels of ROS are not harmful, and play a role in in cell 

signaling and modulation of cellular function; however, high levels of ROS result 

in irreversible oxidative modifications to DNA, protein, and lipids, triggering 

apoptosis and are thought to be the cause of aging [44].  Cells protect against 

ROS-mediated damage by maintaining high concentrations of thiol-containing 

molecules and proteins, creating a redox network allowing the cell to buffer 

endogenously-produced ROS species and protect against xenobiotics/heavy 

metals.  The mammalian redox system is composed of the molecule glutathione 

and proteins glutaredoxin (Grx), thioredoxin (Trx), and their corresponding 

reductases, catalase and peroxidase, each of which is reviewed in the following 

sections. 

 

GLUTATHIONE/GLUTATHIONE REDUCTASE 
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Glutathione is the tripeptide γ-glutamyl-cysteine-glycine formed from the 

L-amino acids glutamate, cysteine, and glycine.  Oxidation of glutathione (GSH) 

produces glutathione disulfide (GSSG).  Glutathione is the most abundant thiol 

present in eukaryotic cells with greater than 90% of it in the reduced form [45]. 

Two separate enzymes synthesize glutathione: γ-glutamyl-cysteine synthetase (γ-

GCS) (also known as glutamate cysteine ligase) and glutathione synthetase (GS) 

[46].  Biosynthesis provides the majority of glutathione, but mammalian cells can 

also transport glutathione into the cell via γ-glutamyltranspeptidase (GGT) to 

replenish levels of cysteine and, by proxy, glutathione.  Upon import into the cell, 

GGT hydrolyzes the peptide bond, transferring the γ-glutamyl moiety to an amino 

acid, resulting in the formation of cysteinyl-glycine and an γ-glutamyl-amino 

acid.  The most efficient amino acid substrate to receive the γ-glutamyl transfer is 

cysteine, forming γ-glutamylcysteine (γ-GC), and thus requiring only the addition 

of glycine by GS to reform glutathione [46]. 

Glutathione is responsible for detoxifying electrophiles, scavenging free 

radicals, maintaining the essential thiol status of proteins, providing a reservoir 

for cysteine, and modulating cellular functions [46].  Since glutathione plays 

many important roles in the cell, glutathione pools are compartmentalized in 

different organelles, allowing for the specific and targeted control of redox 

reactions [47].  Glutathione contained within the cytosol is highly reduced, 

maintaining a ratio of 100 to 1 GSH to GSSG [48].  The mitochondrial 
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glutathione pools are cell-type specific and are responsible for maintaining the 

integrity of proteins by protecting them from internally-generated ROS [44].  Low 

levels of glutathione are also found in the endoplasmic reticulum; however, they 

are maintained at a lower ratio (5 to 1 GSH to GSSG) than elsewhere in the cell 

[49, 50].  Glutathione within the endoplasmic reticulum helps facilitate proper 

protein folding while buffering against ROS as changes in the redox state trigger 

the unfolded protein response (UPR) and apoptosis [51].  Nuclear glutathione 

pools provide protection against DNA and protein damage induced by oxidative 

stress [52].   

In order for glutathione to function properly in protecting the cell against 

oxidative stress, high levels must be maintained in the reduced state.  Glutathione 

reductase (GR) is responsible for converting GSSG into two molecules of GSH.  

GR is a ubiquitously expressed flavoprotein disulfide oxidoreductase and is 

conserved from prokaryotes to eukaryotes [53]. 

 

GLUTAREDOXIN 

 Glutaredoxin (Grx) is a class of small, ubiquitous, thiol proteins that 

function within the redox cycle.  There are three Grx genes in mammalian cells: 

Grx1, Grx2 and Grx5 [54].  Grx 1 and 2 are both dithiol (2-Cys-Grx) proteins and 

are localized in the cytosol and mitochondria, respectively.  Grx5 is homologous 

to the yeast monothiol (1-Cys-Grx) Grx5, and is localized to the mitochondria 
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[55, 56]. The regeneration of reduced Grx is dependent on glutathione rather than 

a specific oxidoreductase enzyme and occurs nonenzymatically. 

The active site of mammalian dithiol proteins is similar in Trx and Grx 

and contains a Cys–X–X–Cys motif [57].  The mechanism of reduction occurs by 

the N-terminal cysteine acting as a nucleophile and attacking a disulfide bond 

[58].  This forms a covalent disulfide intermediate between Trx/Grx and the 

substrate. The second cysteine residue acts to reduce this disulfide bond resulting 

in a disulfide bond in the active site of Trx/Grx and a dithiol in the substrate [54].   

The mechanism of monothiol proteins is unique to Grx and is responsible 

for the reduction of protein-glutathione disulfides.  The active site cysteine causes 

a nucleophillic attack on the disulfide bond resulting in a Grx-glutathione 

disulfide [59].  A second molecule of glutathione reduces this disulfide resulting 

in GSSG, reduced Grx, and removal of glutathione from the protein substrate 

[60]. 

Grx proteins have multiple functions within the cell with the most 

characterized being an electron donor for ribonucleotide reductase (RNR), the 

enzyme responsible for producing deoxynucleotides for DNA synthesis in cell 

division [61, 62]. Grx is involved in cellular differentiation, apoptosis, disulfide-

dithiol exchanges, and protein de-glutathionylation [54]. Furthermore, Grx is 

considered a redox indicator within the cell, activating numerous transcription 
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factors upon sensing oxidative stress through the removal of inhibitory 

glutathione-protein modifications [63]. 

 

THIOREDOXIN/THIOREDOXIN REDUCTASE 

Thioredoxin (Trx) is a small, dithiol protein ubiquitously expressed and 

conserved across all kingdoms of life.  Trx, like Grx, is involved in the redox 

cycle and has several cellular functions.  Grx and Trx have overlapping roles in 

many cases, but not all of their functions are redundant.  While both Grx and Trx 

donate electrons to RNR and reduce inter-protein disulfides, only Trx can catalyze 

the reduction of intramolecular protein disulfide bonds and regenerate 

peroxiredoxins [64].  Furthermore, Trx must be reduced by thioredoxin reductase 

(TrxR) and cannot be regenerated by glutathione alone.  TrxR, like GR is a 

flavoprotein disulfide oxidoreductase that uses NADPH and the cofactor FAD. 

Mammals contain two Trx genes, Trx1 and Trx2, which are 

compartmentalized to the cytosol/nucleus or mitochondria, respectively [65, 66].  

Similar to Grx, Trx1 serves as an oxidative indicator and upon oxidative stress it 

is transported to the nucleus. 

 

PEROXIDASES/CATALASE 

Peroxidases can be classified as glutathione peroxidases (Px) or 

peroxiredoxins (Prx).  Both are responsible for the catalysis of hydroperoxides to 
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their corresponding alcohols; however, they differ in their active sites and 

mechanisms of regeneration. 

Glutathione peroxidases (Px) contain a selenocysteine in their active site 

and use glutathione to regenerate after catalyzing the degradation of peroxides.  

There are six mammalian genes that encode glutathione peroxidases, although 

only Px1 (cytosolic localization) appears to play a role in maintaining oxidative 

balance.  While the other Px genes are capable of reducing peroxides, they have 

additional roles in the cell, linking oxidative balance to inflammatory response 

and transcriptional regulation [67].   

Prx is a non-seleno-thiol specific peroxidase that is responsible for the 

removal of organic peroxides and hydrogen peroxide.  There are six mammalian 

Prx genes that are categorized as typical 2-Cys-Prx, atypical 2-Cys-Prx, or 1-Cys-

Prx.  Each has a specific subcellular localization, either in the cytoplasm, 

mitochondria, peroxisome, or extracellular space [44].  The Prx active site 

contains a peroxidatic cysteine that upon reaction with peroxide is oxidized to 

sulfenic acid [68, 69].  Prx is dependent upon the Trx/TrxR system to regenerate 

the active site, differentiating it from the glutathione peroxidases. Catalase is 

localized in the peroxisome, and is responsible for the catalysis of hydrogen 

peroxide to water and oxygen.  It has one of the highest kinetic turnover rates, 

converting over a million molecules per second [70].   Although it does not have a 
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major role in the cell redox system, catalase serves to reduce levels of 

endogenously produced hydrogen peroxide. 

 

C.  Trypanosome Redox System 

OVERVIEW 

Two of the most prevalent molecules in any organism are polyamines, 

long chain cationic molecules, and thiols, sulfur-containing compounds or 

peptides.  Both classes of compounds are involved in a variety of cellular 

functions and have proven to be essential across all kingdoms of life.  

Kinetoplastids have evolved to conjugate spermidine with glutathione to generate 

the novel a novel, conjugated cofactor, termed trypanothione [71]. This novel 

discovery has evoked research interest and opened windows of opportunity for 

discovering exploitable drug targets within the redox network.  

 

TRYPANOSOME REDOX NETWORK 

The trypanosome redox network is centered on the trypanothione cofactor 

and its protection against ROS generated either internally (by cofactors/drug 

metabolism) or externally (by the host’s innate immune system) [72].  

Figure 4. Trypanosome Thiol System.  Taken from Krauth-Siegel, 2008 [80] with 
permissions License # 3024401442658) NADPH/NADP - nicotinamide adenine dinucleotide phosphate, 
TR - trypanothione reductase, T(SH)2/TS2 – trypanothione, TXN – tryparedoxin, Prx – peroxiredoxin, Px – 
peroxidase, ROOH – peroxides, ROH – Alcohol, H2O - water 
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Trypanothione reductase (TR) is responsible for maintaining levels of reduced 

trypanothione and is upregulated in T. brucei upon the loss of trypanothione 

synthetase (TryS) and trypanothione [73, 74].   Tryparedoxin (TXN), an analog of 

the mammalian Trx, is a low molecular weight, dithiol protein responsible for 

donating electrons to RNR and peroxidases (Prx, Px), and aiding in the 

detoxification of hydroxides [75-77].  Because trypanosomes lack a conventional 

TrxR [20, 78, 79], it is believed that TXN is dependent solely on trypanothione 

for the maintenance of reduced TXN.  Figure 4 shows a simplified schematic of 

the trypanosome redox network and its known components, each of which will be 

further discussed below [80].  

TRYPANOTHIONE 

Since trypanothione’s discovery by Alan Fairlamb in 1985, it has been the 

subject of ongoing investigations into its biosynthesis, regulation, and metabolism 

[71].  The interest in trypanothione can be attributed to the uniqueness of the 

cofactor, the knowledge of the druggability of its biosynthetic pathway, and the 

desire to identify potential drug targets for the treatment of this fatal disease [81-

89]. 

Trypanothione is a novel and almost exclusively trypanosomatid cofactor 

formed by the conjugation of two glutathione molecules to one molecule of 

spermidine.  Thus, trypanothione provides a link between the polyamine and thiol 

biosynthetic pathways.  Polyamines are required in eukaryotic and prokaryotic 
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organisms for growth and proliferation.  While there are several forms of 

polyamines, the most common are putrescine, spermidine, and spermine.  

Trypanosomes utilize putrescine and spermidine, but lack the genetic components 

to synthesize spermine.  Mammalian cells regulate the levels of polyamines by 

transcriptional, translational and protein turnover.  While there is evidence of 

regulation of polyamine levels in trypanosomes, the mechanism has remained 

elusive. 

Both the thiol and polyamine biosynthetic pathways are linked through 

trypanothione (Figure 5)).  The first step in trypanothione biosynthesis in the thiol 

portion of the pathway is catalyzed by γ-GCS, an enzyme that has been kinetically 

characterized and shown to be essential in T. brucei [90-92].  The resulting 

product (γ-GC) is then conjugated to glycine by TbGS (the subject of this 

dissertation) to form glutathione.  Formation of N1-glutathionylspermidine 

occurs, as the name implies, through the conjugation of glutathione to the terminal 

amine group of spermidine [93].  A second glutathione molecule is then added to 

the opposing amine of N1-glutathionylspermidine, completing the formation of 

trypanothione [93].  Two separate enzymes in Crithidia fasciculata 

(glutathionylspermindine synthetase (GspS)) and TryS were initially suspected of 

catalyzing each of the final two steps of trypanothione synthesis individually [94]. 

Subsequent analysis, however, determined that TryS enzymes from C. 

fasciculata, Leishmania major, L. donovoni, T. brucei, and T. cruzi are capable of 
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catalyzing both steps, synthesizing trypanothione from the substrates glutathione 

and spermidine, and thus bypassing the requirement for GspS [93, 95-98].  In T. 

brucei, GspS is absent and only the TryS gene is found in the genome. 

The C. fasciculata and T. cruzi genomes both possess a functional GspS 

gene; and the corresponding C. fasciculata protein has been kinetically 

characterized as well as investigated for possible drug design [78, 99-101].  

However, studying the role of GspS in these species has decreased in priority with 

the discovery of the ability of TryS to synthesize trypanothione from glutathione 

and spermidine.  L. major also contains a GspS pseudogene, but it contains two 

separate frame shift mutations that cause two premature stop codons, resulting in 

a non-functional or absent protein in vivo [98].   

Both GspS and TryS enzymes contain a second domain exhibiting 

amidase activity with its active site separate from the synthetic domain.  The 

amidase domain is capable of hydrolyzing trypanothione and 

glutathionylspermindine back to glutathione and spermidine in the absence of 

Figure 5.  Trypanothione Biosynthesis Pathway 
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ATP, although it is less efficient than its synthetic counterpart [93, 96].  The 

amidase domain was shown to be inessential for viability, but parasites lacking 

the domain had reduced growth and infectivity, suggesting that while not 

required, it does play a role in the overall health of the parasite [87].  

Of the biosynthetic enzymes producing trypanothione, only TbGS has not 

been characterized by genetic methods to determine if it is essential and the 

enzymatic activity was uncharacterized when I began my studies.  γ-GCS and 

TryS, along with the enzymes responsible for the synthesis of spermidine, (i.e. 

ornithine decarboxylase (ODC), S-adenosylmethionine decarboxylase 

(AdoMetDC), AdoMetDC prozyme, and spermidine synthase (SpdSyn)) are 

essential in T. brucei, as shown by RNAi methods and knockout strategies [74, 

92, 102-104].  These genetic studies, coupled with studies using inhibitors, 

validate the need for further investigation into the regulation of this pathway [86, 

89, 105-108].  

 

TRYPANOTHIONE REDUCTASE 

TR is an essential enzyme in trypanosomatids. In attempting to generate 

TR null strains of L.donovoni and L. major, partial trisomy occurred retaining the 

TR gene [109].  Furthermore, overexpression of a dominant mutant TR in L. 

donovoni resulted in a reduced ability to survive in activated macrophages [110].  

In a controlled gene knockout line of T. brucei, reduced TR levels resulted in 
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growth arrest and increased sensitivity to exogenously added hydrogen peroxide 

[111] 

Similar to glutathione relying on GR to maintain levels of reduced 

glutathione, trypanothione relies on TR to maintain high levels of reduced 

trypanothione.  TR and GR are both flavoprotein disulfide oxidoreductases 

utilizing NADPH, but the activity of each is substrate-specific [73, 112, 113].  

Secondary structure and domain organization is conserved between the two 

enzymes but the glutathione or trypanothione binding sites differ in their size and 

charge.  The TR trypanothione binding site is larger and negatively charged, while 

the GR glutathione binding site lacks charge [114-119].  The negative charge 

facilitates binding of the positively charged spermidine backbone of 

trypanothione.  GR can be engineered to have activity against trypanothione by 

mutating key amino acids that expand and impart negative charge to the active 

site. [120]. 

Due to the differences in the GR and TR substrate binding sites, TR has 

become a well studied potential drug target [115, 119, 121-124].  However, to 

date there has not been a successful drug candidate developed based on inhibiting 

TR activity [124].  To have an effect on growth of the parasite, TR activity must 

be reduced by greater than 95%, and no compounds have achieved that level of 

inhibition in vivo with adequate bioavailability [111].  However, since TR meets 

several of the requirements of a good drug target (i.e. assay feasibility, 
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genetic/chemical validation, druggability, potential for resistance, potential for 

toxicity, and protein structure information), it continues to be investigated for 

drug design [108]. 

 

TRYPAREDOXIN 

Trypanosomes utilize the low molecular weight dithiol protein 

tryparedoxin (TXN), which has functional similarities to both Grx and Trx [80].  

TXNs were initially discovered in C. fasciculata, but were then identified and 

characterized in T. brucei, T. cruzi, and L. infantum [76, 125-128].  TXN proteins 

are oxidoreductases that function similarly to both Grx and Trx in the host cell.  

For example, TXN is considered to be the primary electron donor in 

trypanosomes for RNR, due to the preferential affinity of RNR to TXN over Trx 

and trypanothione [75, 129].  Furthermore, the oxidized disulfide form of 

trypanothione is an inhibitor of RNR, a potential mechanism by which parasites 

might slow cell growth in instances of oxidative stress [75].  Although sequence 

homology is low between TXN and Trx, the active sites retain similarity and the 

overall core structure of the protein is similar [130, 131].  Additionally, TXN and 

Trx both serve as electron donors to regenerate peroxidases in trypanosomes [76, 

77].  However, trypanosomatids do not encode a TrxR, and instead rely on 

trypanothione to regenerate TXN.  This mechanism is similar to Grx and its 
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reduction by glutathione [76, 128].   Furthermore, both Grx and TXN are capable 

of reducing glutathione-protein mixed disulfides [132]. 

TXN is an abundant protein in both C. fasciculata and T. brucei, 

accounting for 5% of total soluble protein and reaching intracellular protein 

concentrations greater than 100 µM, respectively [76, 133, 134].   It was 

originally hypothesized that two separate TXN proteins were localized 

independently in the mitochondria or cytoplasm [135-139]. The cytoplasmic TXN 

genes are essential in T. brucei and L. infantum; however, reduction of the 

mitochondrial TXN gene by RNAi did not result in a growth phenotype [133, 

138, 140, 141].  This led to debate in the field as to whether the mitochondrial 

TXN protein is only externally-associated with the mitochondria and not involved 

in redox maintenance within the organelle.  Thus, further investigation is 

warranted to elucidate the functional differences between these two proteins in 

maintaining trypanosome redox state. 

Although trypanosomes do not encode a TrxR or GR, T. brucei, L. major, 

and T. cruzi do encode Trx and Grx genes [20, 78, 79].  T. brucei Trx protein 

behaves similarly to previously reported Trx proteins except for its basic pI (8.5), 

rather than the typical acidic pI of most Trxs, and it lacks a conserved aspartate 

residue [129].  TrxR from other species can reduce T. brucei Trx, and the addition 

of Trx enhanced the activity of RNR and provided electrons for peroxidases.  

However, the latter two activities were less efficient than that of TXN, and the 
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reduction of Trx by trypanothione was 1000-fold less efficient than reduction of 

TXN by trypanothione [129].  Another study demonstrated that ectopic 

expression of T. brucei Trx remained undetectable, even when overexpressed in 

trypanosomes.  Furthermore, both alleles of the Trx gene were capable of being 

removed without having a deleterious effect [142, 143].  These results indicate 

that the T. brucei Trx gene is not a major player in the trypanosome redox system. 

Grxs are another form of small, redox protective proteins that are 

categorized into two different groups based on their active site—monothiol (1-

Cys-Grx) and dithiol (2-Cys-Grx).  Trypanosomatids encode two 2-Cys-Grx and 

three 1-Cys-Grx genes.  The dithiol 2-Cys-Grx proteins are localized in different 

compartments, with Grx1 found in the cytosol and Grx2 found in the 

mitochondria [144].  Both proteins are constitutively expressed, capable of 

catalyzing the reduction of glutathione disulfide by trypanothione, and 

preferentially use trypanothione over glutathione to regenerate the reduced form 

of the active site.  However, Grx1 is capable of increasing the activity of RNR, 

while Grx2 is not. 

The three 1-Cys-Grx proteins are expressed in T. brucei, with 1-C-Grx1 

occurring in the mitochondria, while 1-C-Grx2 and 1-C-Grx3 are predicted to be 

found in the mitochondria and cytoplasm, respectively [145, 146].  To date, only 

1-C-Grx1 has been adequately characterized.  The recombinant 1-C-Grx1 protein 

was purified as a homodimer and found to form an intramolecular disulfide upon 
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oxidation [146].  1-C-Grx1 is essential for growth and proliferation of the 

parasites but could not be rescued by overexpression of 1-C-Grx2, which is 

predicted to also be localized in the mytochondria, indicating different functions 

for these two proteins [145].  Similar to the dithiol Grx proteins, 1-C-Grx proteins 

prefer trypanothione to glutathione; highlighting the role of trypanothione in 

maintaining trypanosome redox homeostasis [145, 146].   

 

PEROXIDASE 

 Two classes of peroxidase enzymes, glutathione-peroxidase (Px) and 2-

Cys-peroxiredoxin (Prx), have been identified in C. fasciculata, T. brucei, and T. 

cruzi [76, 77, 127, 135, 147, 148].  Trypanosomatids lack catalase enzymes, thus 

Px/Prx are responsible for metabolism of hydrogen peroxide produced either 

exogenously or endogenously.      

 In trypanosomes, Prx enzymes are multicopy, abundantly expressed, and 

localized in both the cytoplasm and mitochondria.  The cytosolic Prx enzyme is 

critical for protection from hydrogen peroxide in the bloodstream form of 

trypanosomes, while mitochondrial Prx is not [140].  However, overexpression of 

either the mitochondrial or the cytosolic protein conferred higher resistance to 

hydrogen peroxide in T. cruzi and increased infectivity [149].  Therefore, it is 

unknown whether the different Prx enzymes have complimentary functions.   
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Trypanosomes encode three similar Px genes that are localized to either 

the cytosol or the mitochondria.  Each was deemed essential using RNAi, 

demonstrating the non-redundant function of Px enzymes [140, 150].  

Trypanosomatid Px enzymes differ from the host Px enzymes by having a 

cysteine residue in the active site, instead of the selenocysteine that is typically 

found.  Trypanosomatid Px enzymes also exhibit low activity when using 

glutathione, and prefer the TXN/trypanothione system for regeneration of reduced 

enzymes [77].  

 

DIFFERENCES BETWEEN HOST AND PARASITE  

The major distinction between the mammalian and trypanosome redox 

Figure 6.  Trypanosome Redox Network.  Taken from Krauth-Siegel, 2008 [80] with 
permission (License # 3024410128523) 
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systems are the reliance of the trypanosome parasite on trypanothione, rather than 

glutathione, in maintaining redox homeostasis.  Mechanisms performed by 

individual proteins have not diverged significantly and homologs are present for 

each of the mammalian redox enzymes, with the exception of catalase.  A recent 

study was performed to target the trypanosome redox system, rather than just an 

individual enzyme.  Out of 80,000 compounds, 12 were found to inhibit the 

trypanothione redox system.  The majority of these compounds were found to 

inhibit the TXN protein at levels under 1 µM, while needing over 83-fold higher 

levels to kill mammalian cells [151].  These findings further underscore the need 

to better understand differences between these redox cycles and how they are 

regulated.  

D. Dissertation Scope 

 T. brucei is the causative agent of HAT and improved therapeutics are 

needed to treat the disease.  The trypanosome redox system differs from that of 

the host and is an essential and targetable pathway.  While regulation of this 

pathway has been observed, the mechanism by which trypanosomes regulate their 

redox system is unknown.  TbGS is a gene with only a putative functional identity 

that has yet to be characterized.   

 In this work, I focused on characterizing the TbGS gene and elucidating its 

role in the trypanothione redox system.   Initially, it appeared that the TbGS gene 

was not essential and the enzyme had low kinetic activity in comparison to other 
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characterized homologs.  However, I was able to optimize the expression of 

TbGS, recapitulating activity similar to other homologs.  I went on to generate a 

cell line with regulated expression of TbGS, and verify that TbGS is an essential 

gene.  This cell line also allowed a more in depth analysis of the mechanism of 

escape by flow cytometry.  Furthermore, I also demonstrated that loss of GS and 

low levels of trypanothione induce changes of the protein levels of γ-GCS as well 

as ODC and prozyme.  This indicates the parasites ability to detect its thiol levels 

and respond by modulating protein levels, although the mechanism for this has 

not been elucidated. 
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CHAPTER TWO 

 

T. brucei GS Knockdown  

by RNA interference 

 

 

 

A.  Introduction 

To investigate the role of the TbGS protein in the trypanothione 

biosynthesis pathway, RNA interference (RNAi) was used to reduce TbGS 

protein levels.  RNAi is the process in which double-stranded RNA causes the 

reduction of homologous RNA through its recognition and degradation by the 

RNA-induced silencing complex (RISC).  RNAi is initiated by introduction of a 

double stranded RNA stem-loop, which is processed into 21-23 nucleotide 

fragments.  These fragments are loaded onto the RISC, which uses these 

fragments as template to recognize complementary mRNA.  Once complementary 

mRNA is identified, mRNA is cleaved and degraded, resulting in the reduction of 

both mRNA and its corresponding protein [152]. 

In order to utilize RNAi, a tetracycline-regulatable TbGS RNAi cell line 

was generated.  Induction of RNAi resulted in reduction of the target TbGS 

protein; however, this reduction did not cause a growth phenotype and suggested 
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that either the TbGS protein was not necessary for the growth or RNAi was not 

sufficient to reduce protein levels so that a phenotype could be observed.  

Therefore, further research using different methods of perturbing the pathway had 

to be performed to elucidate the role of TbGS in the T. brucei thiol biosynthetic 

pathway. 

B.  Materials and Methods 

T. brucei cell culture 

Bloodstream form T. brucei strain 90-13 was cultured in HMI-9 media at 

37°C and 5% CO2 with the appropriate antibiotics (G418 (2.5 µg/ml), hygromycin 

(5 µg/ml), phleomycin (2.5µg/ml)) [153].  Cells were split every 1-3 days to 

maintain healthy cultures in log phase (103-106 cells/ml) and cell densities were 

calculated with a hemocytometer (Fisher). Growth curves are represented as total 

cell number, which is a product of cell density and total dilution.   

Cloning of TbGS RNAi Stem-loop Construct 

The TbGS RNAi stem-loop construct was generated according to previous 

methods described in [103] and was accomplished by Erin Willert, PhD at UT 

Southwestern.  The pLEW100 and pJM326 vectors were used to generate the 

TbGS RNAi stem-loop construct [154].  Using the sets of primers containing the 

appropriate restriction enzyme sites (Table 1), a portion of TbGS gene 

(nucleotides 1-440) was PCR-amplified from T. brucei 427 genomic DNA and 

subcloned into pLEW-100 in the forward direction (using XbaI and MluI) and 



34	  
	  

into pJM326 in the reverse direction (using HindIII and NheI).  The TbGS gene 

portion along with the stuffer region was excised from pJM326 using HindIII and 

XbaI and ligated into pLEW100 containing the first TbGS RNAi section.  The 

construct contained the two fragments of the TbGS gene separated by the stuffer 

region in opposing directions under the transcriptional control of a tetracycline-

regulated promoter (Figure 7).  These elements were flanked by a ribosomal DNA 

sequence, allowing for homologous recombination into the multi-copy ribosomal 

locus of T. brucei.  Sequencing confirmed the correct construct was obtained.   

Transfection to generate GS RNAi cell line 

To generate the TbGS RNAi cell line, the pLEW100-TbGS stem-loop 

RNAi construct was transfected by methods previously described and was 

accomplished by Dr. Willert [103].  The pLEW100-TbGS stem-loop RNAi vector 

was linearized by EcoRV (80 µg) and transfected into log phase T. brucei 90-13 

bloodstream form cells using the Amaxa Nucleofector and kit.  Phleomycin-

resistant cells that integrated the construct into rRNA locus were selected and 

clonal lines were obtained through limited dilution.  To induce RNAi knockdown 

of the TbGS gene, 1 µg/ml of tetracycline was added every 24 h during 

experiments.   

Western Blot Analysis 

 Parasites (~108) were harvested by centrifugation (1000 X g for 10 m) and 

washed with cold (4°C) PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2.0 
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mM KH2PO4, pH 7.4) three times.  Pellet was resuspended in protein lysis buffer 

(50 mM HEPES, pH 8.0, 100 mM NaCl, 5 mM β-mercaptoethanol, 2 mM PMSF, 

1 µg/ml leupeptin, 2 µg/ml antipain, 10 µg/ml benzamidine, 1 µg/ml pepstatin, 

and 1 µg/ml chymostatin).  Cells were lysed by three freeze/thaw cycles and 

clarified by high-speed centrifugation using a bench-top centrifuge.  Protein 

concentration was determined by a colorimetric protein assay (BioRad). 

 Twenty µg of total protein was loaded per sample and separated by a 12% 

SDS-PAGE gel [155].  Protein was transferred from the gel to a polyvinylidene 

difloride (PVDF) membrane (Hybond-P, Amersham) using a wet transfer at 4°C 

for one hour using 100 V.  Membranes were blocked in 5% non-fat dry milk in 

Tris-buffered saline (TBS) (20 mM Tris-HCl, 137 mM NaCl, pH 7.6) overnight at 

4°C with gentle agitation prior to antibody incubations.  Primary rabbit TbGS 

polyclonal antibodies were made against His6-TbGS protein purified as described 

in Chapter 3 by Proteintech Group, Inc, Chicago, IL.  α-TbGS primary antibody 

incubations were performed in 5% nonfat milk in TBS-T (TBS containing 0.1% 

v/v Tween-20) at a 1:2500 dilution for 4 h with gentle agitation.  The membrane 

was washed three times for 10 m with TBS-T.  α-TbDHODH, the protein loading 

control, primary antibody incubations were performed under similar conditions 

but with 1:10,000 dilution and 1 h incubation time.  Secondary antibody 

incubations were done using 1:10,000 dilution in 5% milk in TBS-T for one hour 

using an anti-rabbit antibody conjugated to horseradish peroxidase 



36	  
	  

(ThermoFisher).  Protein levels were visualized by chemiluminescence detected 

when incubating the membrane with ECL HRP substrate (ThermoFisher) and 

exposing to film (Fisher).  In each experiment, a single membrane was developed 

for the TbGS protein levels, stripped (using Restore Plus Western Blot Stripping 

Buffer (Thermo Fisher)), and re-probed for the DHODH protein levels.  The 

TbGS antibody only identified one protein at the correct size when probed against 

cell lysate, and this protein band decreased in intensity upon RNAi induction, 

indicating the antibody recognized the correct protein.  The TbGS antibody was 

also capable of detecting TbGS purified protein at nM concentrations. 

Intracellular Thiol Determination 

 Parasites (1 x 108) were harvested by centrifugation (1000 X g for 10 m) 

and washed with cold (4°C) PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

2.0 mM KH2PO4 pH 7.4) three times.  Cells were resuspended in 25 µl thiol lysis 

buffer (40 mM 3-[4-(2-Hydroxyethyl)-1-piperazinyl] propanesulfonic acid 

(HEPPS) buffer, 4 mM diethylene triaminepentaacetic acid (DTPA) pH 8.0, and 

25 µl monobromobimine (10 mM dissolved in 100% ethanol).  Cells were lysed 

using three freeze/thaw cycles and then heated to 70°C for 3 m.  Proteins were 

precipitated by the addition of 50 µl of 4M, pH 1.6, methanesulphonic acid 

(MSA) and incubation on ice for 10 m.  Proteins were pelleted by centrifugation 

in a bench-top centrifuge for 5 m at maximum speed and the supernatant was 
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removed and kept at 4°C until high-performance liquid chromatography (HPLC) 

analysis.  Reagents were purchased from Sigma unless noted otherwise. 

An HPLC system (System Gold Nouveau, Beckman Instruments) coupled 

to a DYNAMAX fluorescence detector (Rainin, model FL-1) was used to analyze 

derivatized thiol samples.  Samples were separated on a Phenomonex Nucleosil 

C18 Column (30 x 4.6 mm) using gradient mixtures of eluent A (0.25% 

camphorsulphonic acid (CSA), pH 2.64) and eluent B (0.25% CSA and 25% 1-

propanol, pH 2.64).  The following linear gradient with a constant flow 1 ml/min 

at room temperature was used: 0% B to 20% B over 60 m followed by 20% B to 

75% B over 40 m.  The column was equilibrated between samples. Thiols were 

identified by retention time and quantified by reduced standard’s peak area.  

Standards were purchased through Sigma (glutathione) or Bachem (trypanothione 

and glutathione-spermidine).  Reagents were purchased from Sigma unless noted 

otherwise. 

Buthionine sulfoximine EC50 determination 

 GS RNAi cell lines were grown in the presence of tetracycline (1 µg/ml) 

for 2 days prior to incubation with the γ-GCS inhibitor – buthionine sulfoximine.  

Parasites were quantified by a hemocytometer followed by dilution to 1 x 103 

cells/ml and incubated for three days with varying concentrations of buthionine 

sulfoximine (0, 30, 60, 90, 120, and 150 µM).  To maintain TbGS knockdown, 

tetracycline was added daily.  After 3 days, parasites were counted and plotted.  
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Data were analyzed using Graphpad Prism nonlinear regression (log (agonist) v. 

response (four parameter fit)).   

C.  Results  

Knockdown of GS by RNAi does not produce a growth effect. 

Upon addition of tetracycline to a final concentration of 1 µg/ml, the 

TbGS RNAi stem-loop is transcribed and protein levels are reduced by 80 – 90% 

as determined by western blot (Figure 8 and Table 2).  Because trypanothione is 

known to be essential in T. brucei, I expected that depletion of TbGS would result 

in a growth defect.  However, TbGS RNAi cell lines grew at the same rate as 

wild-type cells and the intracellular thiol levels as measured by HPLC were 

similar to levels found in control cells (Figure 9).   

Since the insertion of the TbGS RNAi stem-loop was targeted to the repeat 

region of the ribosome locus, different levels of expression of the stem-loop can 

be found in different clonal lines.  To investigate if an increased level of TbGS 

knockdown could be obtained, different TbGS RNAi clonal lines growth and 

protein knockdown were examined.  All clones accessed were able to reduce 

TbGS protein levels with the addition of tetracycline; however, none were capable 

of producing a growth phenotype even with reduction of protein levels by 80-90% 

(Figure 10, Figure 11, and Table 2). 

Lack of a growth phenotype is not due to glutathione uptake from the media 
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The lab previously showed that addition of glutathione to the media was 

sufficient to rescue the RNAi knockdown of γ-GCS, suggesting that glutathione 

might be transported into the cells [92].  To elucidate if the lack of a phenotype in 

TbGS RNAi cells was due to glutathione contamination, dialyzed serum was used 

to make HMI-9 media.  However, even when grown in media containing dialyzed 

serum, cells continued to proliferate normally after reduction of TbGS by RNAi.  

Media components were further analyzed by HPLC and no detectable glutathione 

was found to be in the media.  Therefore, normal growth rates of TbGS RNAi cell 

lines cannot be attributed to cells salvaging glutathione. 

TbGS RNAi cells do not have increased sensitivity to pathway inhibitor 

TbGS RNAi cells were stressed using the glutathione synthesis inhibitor 

buthionine sulfoximine to observe if this might incite a difference between wild-

type and RNAi cell lines (Figure 12).  TbGS protein levels were reduced prior to 

incubation with buthionine sulfoximine; however, cells with reduced levels of 

TbGS protein did not display an increased sensitivity to buthionine sulfoximine 

(Figure 13).  This result indicated that even though the TbGS protein levels were 

reduced, the parasites thiol pathway was not under stress.   

D. Conclusions 

 Previously, chemical inhibition and genetic manipulation have proven the 

trypanothione biosynthesis pathway is an essential and targetable pathway [74, 

84, 85, 92, 102, 103, 156].  Here, I attempted to advance the understanding of the 
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T. brucei redox system and its regulation by genetic manipulation of the TbGS 

gene using RNAi.  By investigating this protein, I had hoped to gain insight into 

both the necessity of the gene and its role in possible regulation of the 

biosynthetic pathway. 

In order to study the role that TbGS plays in trypanothione biosynthesis, I 

generated a TbGS RNAi cell line; however, it did not produce a phenotype in 

bloodstream form cells, even though protein levels were reduced by 80-90%. The 

lack of phenotype observed when using RNAi does not provide conclusive 

evidence for or against the requirement of TbGS in trypanothione biosynthesis.  

Further attempts to perturb the pathway using the γ-GCS inhibitor buthionine 

sulfoximine did not elicit a phenotype in the TbGS RNAi cell line, and thiol levels 

remained unchanged in comparison to control, indicating that RNAi of TbGS was 

not having an effect on thiol pools along with parasite viability. 

Due to lack of a growth phenotype, two opposing hypotheses were 

generated on what was occurring in the TbGS RNAi cell line.  The first 

hypothesis was the annotated TbGS gene was not essential in parasites because 

another unidentified enzyme was capable of glutathione synthesis.  This 

hypothesis was supported by the RNAi data that reduced TbGS protein 80-90%, 

but did not affect thiol levels or increase sensitivity to pathway inhibitors. The 

second hypothesis was that 80-90% knockdown was simply insufficient to 

produce an effect.  Therefore, to properly elucidate TbGS function and its role in 
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T. brucei, a more effective method of eliminating or reducing TbGS protein was 

needed.  Consequently, a TbGS double knockout (DKO) and TbGS conditional 

double knockout (cDKO) studies were utilized to investigate the role of TbGS in 

trypanothione biosynthesis. 
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Figure 7. TbGS RNAi Stem-loop Schematic. Construct contains two identical portions 

of TbGS gene in opposing directions under the control of a Tet-regulated promoter.  

Addition of tetracycline allows transcription of stem-loop and initiation of RNAi.  

Construct is targeted for insertion into the ribosomal repeat sequences of the T. brucei 

genome. 
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Table 1.  Primer List 

Function To generate 5’-3’ Forward 5’-3’ Reverse 

Protein 
Expression 

pET15b-GS ATAAAGCTTGAATCACCCCTCTCTC
CCGTGATTGTG 

ATAAGATCTCCATCCACCCGGGGC
ATTGCAACTCAC 
 
 
 
  

pT7-TbGS-flag-MAT GCGAAGCTTGTGTTAAAATTGTTGC
TGGAGCT 

GCGGGTACCCGGTACAACCGCTAA
GGAAT 

pE-SUMO-TbGS  

  

GGTCTCGAGGTATGGTGTTAAAATT
GTTGCTGGA 

TCTAGATTACGGTACAACCGCTAAG
GAA 

T. brucei RNAi GS RNAi section 1 CCCAAGCTTATGGTGTTAAAATTGT
TGCTGGAGC 

CTAGCTAGCCCGGCGAAAGAGCAG
CTGATGG 

GS RNAi section 2 CGACGCGTATGGTGTTAAAATTGTT
GCTGGAGC 

CTAGTCTAGACCGGCGAAAGAGCA
GCTGATGG 

T. brucei Allelic 
Replacement 

GS 5’ UTR  ATAGCGGCCGCGTGTTCCCAGTCGA
GG 

ATAACGCGTCTCGAGCAATCACGG
GAGAGAGG 

GS 3’ UTR ATATCTAGAATTTAAATCCTCTCGT
GTTGCGGTGGGCCC 

ATAAGGCCTGCGGCCGCATGCGAC
AATAGTTTATAC 

Ectopic v. 
endogenous 

N/A GCTATTATTAGAACAGTTTCTGTAC
TATATTGT 

GCCGCTATGGAATGAGGC 

T. brucei 
Ectopic 
expression 

pLEW300-fGS CCCAGGCTTATGGACTACAAAGAC
GATGACG 

ATAAGATCTCCATCCACCCGGGGC
ATTGCAACTCAC 

pLEW100-fGS CCCAGGCTTATGGACTACAAAGAC
GATGACG 

ATAAGATCTCCATCCACCCGGGGC
ATTGCAACTCAC 

pLEW100v-GSf  GGAAGCTTATGGTGTTAAAATTGTT
GC 

GGGGATCCTTAAGCCTTGTCATCGT
CGTC 

pLEW300-GSf GGAAGCTTATGGTGTTAAAATTGTT
GC 

GGGGATCCTTAAGCCTTGTCATCGT
CGTC 
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Figure 8.  TbGS RNAi Growth Curve. RNAi was induced using a Tet-inducible 

stem-loop vector.  Tet was added every 24 h to maintain knockdown.  Protein 

levels were evaluated by western with DHODH as a loading control.  Growth is 

shown as total cell number, which is the product of cell density and total dilution.  

Each data point is the average of triplicate data.  Error bars (SEM) are unseen 

because error was smaller than the symbols used to represent the data. 
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- Tet + Tet 

Day 0 1 2 4 1 2 4 

clone 1* 1 0.86 0.94 0.78 0.19 0.11 0.08 

Day 

 

3 5 7 3 5 7 

clone 2 1 0.63 0.70 0.14 0.12 0.16 

clone 3 1 1.13 1.32 0.16 0.23 0.20 

	  
Table 2.  Relative TbGS RNAi knockdown levels. Protein levels from three 

TbGS RNAi clones were quantified upon knockdown induction.  Each was 

compared to the loading control as well as the – Tet control to obtain the relative 

numbers shown. 
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Figure 9.  Relative TbGS RNAi trypanothione and glutathionespermidine 

levels. Bar Graph representing the relative reduced trypanothione (T(SH2)) and 

glutathionyl-spermidine (GSP) levels in cells with TbGS RNAi knockdown cells 

(+ Tet) compared to control cells that do not have induced knockdown (- Tet).  

Error shown is SEM. 
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Figure 10.  TbGS RNAi growth curve of two different clonal lines. Two 

separate clonal lines of TbGS RNAi cell line were compared for their ability to 

reduce TbGS protein.  RNAi was induced by the addition of tetracycline (1µg/ml) 

every 24 hours and growth was quantified on the days indicated.  Cell number is 

represented by the product of cell density and total dilution.  Each point is the 

average of triplicate data and error bars (SEM) were smaller than the symbol used 

to represent the data. 
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Figure 11. TbGS RNAi western of two different clonal lines.  Two separate 

TbGS RNAi clonal cell lines were compared to determine TbGS protein levels.  

Protein samples were taken on the days indicated and probed for TbGS protein 

levels after induction of RNAi.  DHODH protein levels served as loading 

controls. 
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Figure 12. Schematic of Glutathione Synthesis (Figure 16) 
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Figure 13.  Stressing TbGS RNAi with buthionine sulfoximine. TbGS RNAi 

cell lines were grown in the presence of tetracycline for two days prior to 

incubation with buthionine sulfoximine (BSO).  Parasites were quantified by 

hemocytometer after incubation with BSO for 72 hours. Ci is the concentration 

(or density) of parasites that have been treated with inhibitor.  Co is the 

concentration of parasites that have been treated with vehicle and no drug.  Ci/Co 

is the division of these concentrations.  Each point is representative of triplicate 

data and error bars (SEM) that are not seen are smaller than the symbol used to 

represent the mean.   
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CHAPTER THREE 

 

T. brucei GS Purification  

and Kinetic Activity 

 

 

 

A.  Introduction 

 The enzymatic reaction for glutathione synthesis occurs via two ATP 

dependent steps.  The first is catalyzed by γ-glutamyl cysteine synthetase (γ-

GCS), which forms a peptide bond between the amino group of L-cysteine (L-

Cys) to the γ-carboxyl group of L-glutamate (L-glu) forming γ-glutamyl-cysteine 

(γ-GC) and is the rate-limiting step in the glutathione synthesis.  The second 

reaction is performed by glutathione synthetase (GS) and is the conjugation of 

glycine (Gly) to the C-terminus of γ-GC resulting in the tripeptide glutathione.  

Both of these reaction mechanisms have been elucidated in multiple organisms 

[157-161].  

 In T. brucei, the GS identified by sequence homology shares 31% identity 

with the human enzyme.  A low resolution (3.15 Å) crystal structure of TbGS 

showed conservation in the overall fold and active site compared to the human 

enzyme [162].  However, despite the reported structural study, no kinetic data had 
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been published to show that the putative TbGS has the capability to synthesize 

glutathione from γ-GC and Gly using ATP as the energy source.  Therefore, one 

of the goals of my work was to express and purify TbGS and to determine if it 

was capable of synthesizing glutathione.   

Herein, I show that TbGS is indeed capable of synthesizing glutathione 

and that it has kinetic parameters similar to those previously measured for its 

homologs.  These findings support a role of this enzyme in the synthesis of 

glutathione in vivo. 

B.  Materials and Methods 

Genomic DNA Purification 

To clone expression vectors for TbGS protein, genomic DNA was isolated 

from T. brucei parasites. Cells (1.0 x 108) were harvested by centrifugation (1000 

X g for 10 m) and washed 3 times with PBS (137 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4, 2.0 mM H2PO4, pH 7.4).  The pellet was resuspended in 500 µl 

DNA lysis buffer (100 mM Tris-HCl, pH 8.0, 5 mM EDTA, 200 mM NaCl, 0.2% 

SDS, 60 µg/ml RNase A), and allowed to incubate for 30 m at 37°C.  Proteinase 

K (5 µl of 20 mg/ml) was added and the mixture was incubated at 55°C overnight.  

DNA was then extracted by phenol/chloroform and ethanol precipitation. DNA 

purity and concentration was determined using a spectrophotometer and diluted to 

100 ng/µl using Tris-EDTA buffer, pH 8.0).   

Cloning of Protein Expression Plasmids 
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A single copy of the TbGS gene (Tb927.7.4000) was identified through 

sequence homology in the T. brucei genome. Erin Willert, PhD at UT 

Southwestern, cloned the pET15b-TbGS protein expression construct.  The TbGS 

gene was PCR amplified from T. brucei 427 genomic DNA using primers 

containing the desired restriction enzymes (primers listed in Table 1) and cloned 

in to the pET15b (Novagen) construct linearized with NdeI and XhoI. The 

resulting construct allowed for expression of N-terminal His6-tag TbGS.  The 

coding region of the pET15b-TbGS expression plasmid was sequenced in its 

entirety and transformed into BL21 cells (Invitrogen).   

To generate pE-SUMO-TbGS, the TbGS gene was amplified using 

pET15b-TbGS as a template with the designated primers containing the 

appropriate restriction enzymes (Table 1).  The resulting PCR product was ligated 

into TOPO-blunt vector (Invitrogen). TOPO-blunt-TbGS was digested with 

BsaI/XbaI, gel purified, and cloned into BsaI linearized pE-SUMO.  The resulting 

pE-SUMO-TbGS construct contained an N-terminal His6-SUMO fusion with 

TbGS. The pE-SUMO-TbGS was then transformed into Rosetta 2(DE3)pLysS 

competent cells (Novagen). 

Dr. Willert produced the pET15b-TbTryS by PCR amplifying TbTryS 

gene and cloning the PCR product into pET15b using restriction sites NdeI and 

BamHI. pET15b-TbTryS was then transformed into Rosetta 2(DE3)pLysS 

competent cells (Novagen).   
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The Tbγ-GCS pET-22b expression vector was cloned previously and was 

transformed into BL-21 cells containing the helper plasmid pRep-4 as described 

[91].  

Purification of recombinant N-terminal His6-tagged TbGS 

An overnight culture inoculated from a single colony was used to seed 6 L 

of LB with ampicillin (100 µg/ml) that was grown at 37°C until optical density at 

600 nm (OD600) was 0.6-0.8.  Protein expression was induced by adding isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 200 µM, followed 

by reduction of the temperature to 16°C, and expression was continued overnight.  

Cells were harvested the following day by centrifugation (1000 X g for 15 m) and 

resuspended in lysis buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM 

imidazole, 1.0 % Triton X, 5 mM β-mercaptoethanol, 1 µg/ml leupeptin, 2 µg/ml 

antipain, 10 µg/ml benzamidine, 1 µg/ml pepstatin, 1 µg/ml chymostatin, 200 µM 

phenylmethanesulfonylfluoride (PMSF)).  Cell lysis was performed by four brief 

bursts of sonication at 4°C for 30 s over 30 m.  Cell debris was removed by 

centrifugation (10,000 X g for 45 m at 4°C).  Soluble TbGS protein was then 

purified over a Ni2+-hand packed column and eluted using a step gradient of 10%, 

50% and 100% buffer B to remove the protein.  Buffer A contained 50 mM 

NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1.0 % triton X, and 1 mM 

DTT while buffer B contained 50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 250 mM 

imidazole, 1.0 % Triton X, and 1 mM DTT.  Elutate containing soluble protein 
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(detected by SDS-PAGE [155]) was concentrated using Amicon Ultracel – 30 

kDa ultra centrifugal filters. TbGS was further purified using a Mono Q column 

with a linear gradient to 100% buffer B over 10 column volumes with buffer A 

containing 50 mM NaH2PO4, pH 8.0, 50 mM NaCl, 0.1% Triton X, and 1mM 

DTT, and buffer B containing 50 mM NaH2PO4, 500 mM NaCl, 0.1% Triton X, 

and 1 mM DTT.  These two purification steps yielded homogeneous protein, as 

assessed by SDS-PAGE. 

Purification of γ-GCS protein 

Purification of γ-GCs was performed as described by [91] with cell lysis 

occurring through an Avestin ElmulsiFlex-C5 cell disruptor. Purification resulted 

in 2 mg of homogeneous, soluble and active protein from 6 L of culture. 

Purification of TryS protein 

TryS protein purification was performed as described by [163], with slight 

modification.  A single colony was used to inoculate 250 ml of terrific broth (TB) 

containing 50 µg/ml of carbenicillin, 12.5 µg/ml chloramphenicol and 100 µg/ml 

ampicillin and grown overnight.  This was used to seed 6 L of TB containing the 

same antibiotics.  Cells were allowed to grow at 37°C until OD600 was 

approximately 0.6.  IPTG was added to a final concentration of 500 µM, 

temperature was reduced to 22°C, and cells were allowed to grow overnight.  

Cells were harvested by centrifugation (3600 rpm for 15 m) and resuspended in 

lysis buffer/buffer A for Ni2+ purification (50 mM Tris-HCl, pH 8.0, 300 mM 
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NaCl, 10 mM imidazole, 2 mM β-mercaptoethanol, 1 µg/ml leupeptin, 2 µg/ml 

antipain, 10 µg/ml benzamidine, 1 µg/ml pepstatin, 1 µg/ml chymostatin, 200 µM 

PMSF) and lysed using a Avestin ElmulsiFlex-C5 cell disruptor and all 

subsequent steps were performed at 4°C.  Cell debris was removed by 

centrifugation (10,000 X g) for 30 m.  The supernatant was pooled and passed 

over a GE HiTRAP Chelating HP 5 ml column using Amersham Biosciences 

AKTA FPLC with Unicorn 4.12 software.  Buffer B contained 800 mM imidazole 

along with the same components of buffer A.  After washing the column with 

10% buffer B for 5 column volumes, the TryS protein was eluted using a gradient 

from 10% buffer B to 50% buffer B over 10 column volumes.  Fractions were 

evaluated by SDS-PAGE [155] and fractions containing TryS protein were pooled 

and concentrated using Amicon Ultracel – 30 kDa ultra centrifugal filters.  TryS 

protein was further purified using anion exchange with buffer A containing 20 

mM bis-Tris propane, pH 7.4, 1 mM EDTA, and 1 mM DTT and buffer B 

containing 500 mM NaCl, 20 mM bis-Tris propane, pH 7.4, 1 mM EDTA, and 1 

mM DTT.  Over 10 mg of homogeneous, soluble and active TryS protein was 

obtained. 

Purification of Ulp1 

Phage-resistant BL21 cells containing pET28b-Ulp1 (a gift from Kim 

Orth, UT Southwestern Medical Center, Department of Microbiology) were used 

to inoculate a 10 ml culture.  The cultures were grown overnight at 37°C and used 



57	  
	  

to seed a 2L flask of LB containing kanamycin (50 µg/ml).  The culture was 

grown at 37°C until OD600 reached 0.6-0.8 and then induced by addition of 200 

µM IPTG.  The temperature was reduced to 30°C, and allowed to grow for 4-6 h.  

Cells were pelleted and resuspended in lysis buffer/buffer A (50 mM Tris-HCl, 

pH 7.5, 350 mM NaCl, 1 mM β-mercaptoethanol, 10 mM imidazole 0.2% 

IGEPAL, 20% glycerol, 200 µM PMSF). Cells were lysed using an Avestin 

ElmulsiFlex-C5 cell disruptor and all subsequent steps were performed at 4°C.  

Cell debris was removed by centrifugation (10,000 X g) for 30 m.  The 

supernatant was then pooled and passed over a GE HiTRAP Chelating HP 5 ml 

column using Amersham Biosciences AKTA FPLC with Unicorn 4.12 software.  

Buffer B contained 800 mM imidazole along with the same components of buffer 

A.  After elution, fractions were pooled and exchanged into storage buffer (50 

mM Tris-HCl, 50 mM NaCl, 1 mM DTT/TCEP, 20% glycerol). Ulp1 was then 

aliquotted, frozen using liquid N2 and stored at -80°C.  From 2 L of culture, over 

40 mg of protein was obtained. 

Expression and purification of SUMO-TbGS from E. coli.  

An overnight 200 ml culture inoculated with a single colony of Rosetta 

BL21 cells containing pE-SUMO-TbGS was used to seed six 1.5 L flasks of LB 

with kanamycin (50 µg/ml).  Upon cultures reaching an OD600 of 0.6-0.8, 

expression was induced by the addition of IPTG to a final concentration of 200 

µM, and the temperature was reduced from 37oC to 16oC.  The cultures were 
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allowed to grow overnight (~16 h) and harvested by centrifugation (3600 rpm for 

15 m). Cell pellets were resuspended in 60 ml lysis buffer/buffer A (25 mM 

Hepes pH 8.0, 500 mM NaCl, 1 mM MgCl2, 10 mM imidazole, 1 µg/ml 

leupeptin, 2 µg/ml antipain, 10 µg/ml benzamidine, 1 µg/ml pepstatin, 1 µg/ml 

chymostatin, 200 µM PMSF (all protease inhibitors were purchased from Sigma)) 

and lysed using a Avestin ElmulsiFlex-C5 cell disruptor.  All purification steps 

were done at 4°C. After cell lysis, cell debris was removed by centrifugation 

(10,000 X g) for 1 h.   

The supernatant was pooled and passed over a GE HiTRAP Chelating HP 

5ml column using Amersham Biosciences AKTA FPLC with Unicorn 4.12 

software and SUMO-TbGS protein was eluted using an imidazole gradient.  

Buffer B contained 600 mM imidazole along with the same components of buffer 

A.  After washing the column with 10% buffer B for 3 column volumes, the 

SUMO-TbGS protein eluted using a gradient from 10% buffer B to 50% buffer B 

over 4 column volumes.  Fractions were evaluated by SDS-PAGE [155] and 

fractions containing SUMO-TbGS protein were pooled and concentrated using 

Amicon Ultracel – 30 kDa ultra centrifugal filters.  From 9 L prep, approximately 

70 mgs of SUMO-TbGS was obtained.  To remove the N-terminal SUMO 

domain, the SUMO-TbGS protein was buffer exchanged into 25 mM Hepes, pH  

8.0, 50 mM NaCl, 1mM MgCl2, 10 mM imidazole, and incubated with Ulp1 at a 
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20 mg to 1 mg ratio at 4°C for 4 h.  Cleavage was confirmed by SDS-PAGE 

[155].   

TbGS protein was further purified using a HiTRAP chelating column with 

a step gradient of 0, 10, 50, and 100% buffer B with each step consisting of 2 

column volumes.  Cleaved TbGS protein eluted in the flow-through containing 

0% B while uncleaved protein and impurities were retained on the column.  

Fractions containing cleaved TbGS protein (determined by SDS-PAGE[155]) 

were pooled, concentrated, and buffer exchanged into storage buffer (25 mM 

Hepes pH 8.0, 150 mM NaCl, 1 mM MgCl2, 1mM DTT).  TbGS protein was 

aliquotted and stored at -80°C. Protein concentration was determined by 

absorbance at 280 nm using an extinction coefficient of 59985 M-1cm-1 (estimated 

by the ExPASy ProtParam program available online).  A total of 15 mgs of pure 

TbGS protein from 9 L of bacterial culture was obtained (Figure 14).  

ATP-NADH Coupled assay 

The hydrolysis of ATP to ADP was monitored by the decrease in 

absorbance of NADH at 340 nm as it is oxidized to NAD+ (which does not absorb 

at 340 nm) [164].  ADP production was coupled to the oxidation of NADH by the 

enzymes pyruvate kinase and lactate dehydrogenase.  ADP along with 

phospho(enol)pyruvate (PEP) was converted by pyruvate kinase to produce ATP 

and pyruvate.  Lactate dehydrogenase subsequently converted pyruvate to lactate, 

oxidizing NADH to NAD+.  Components of this assay were added in excess such 



60	  
	  

that ATP hydrolysis was the rate-limiting step.  To verify this, the enzyme of 

interest was titrated to confirm that the rates of the reaction were linear.  Once 

linearity is lost, ATP hydrolysis is no longer the rate-limiting step and the assay is 

not valid. 

Kinetic assay/ATP coupled spectrophotometric assay – Spectrophotometer 

The following assay is based off [165].  TbGS enzyme activity was 

analyzed using a Beckman Du650 spectrophotometer.  Total reaction volume was 

500 µl, containing 200 µM NADH, 2 mM PEP, 10 U LDH, 5 U PK, 100 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM MgCl2, 3 mM γ-GC, 30 mM Gly, and 

10 mM ATP.  The assay was shown to be in the linear range prior to substrate 

titrations.  Individual substrate titrations were performed in the presence of 3 mM 

γ-GC (from Bachem), 30 mM Gly, or 10 mM ATP. Graphpad Prism was used to 

analyze data and determine the Km and kcat values.  TbGS protein concentration 

was determined by absorbance at 280nm using an extinction coefficient of 59985 

M-1cm-1.  Reagents were purchased from Sigma unless otherwise noted. 

Kinetic assay/ATP coupled spectrophotometric assay – Plate Reader 

The following assay is based off [161]. The ATP-coupled assay was 

performed at 37°C on a BioTek Synergy H1 Hybrid reader using Griener UV Star 

96-well plates.  Total reaction volume was 100 µl, contained 250 µM NADH, 5 

mM PEP, 10 U LDH, 10 U PK, 100 mM Tris-HCl, pH 8.2, 50 mM KCl, 20 mM 

MgCl2, 3 mM γ-GC, 30 mM Gly, and 10 mM ATP.  Assay was tested to be in the 
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linear range before substrate titrations.  Individual substrate titrations were 

performed in the presence of 3 mM γ-GC (from Bachem), 30 mM Gly, or 10 mM 

ATP. Graphpad prism was used to analyze data and determine the kcat and 

apparent Km values using Michaelis-Menten nonlinear regression enzyme 

kinetics.  TbGS protein concentration was determined by absorbance at 280 nm 

using the molecular coefficient 59985 M-1cm-1.  Reagents were purchased from 

Sigma unless otherwise noted. 

C.  Results 

TbGS activity with N-terminal affinity tag 

Glutathione is synthesized from three amino acid precursors (Gly, L-Glu 

and L-Cys) in two ATP-dependent reactions by the γ-GCS and GS enzymes. The 

first reaction catalyzes the formation of γ-glutamylcysteine (γ-GC), and the 

responsible enzyme (γ-GCS) has also been well characterized [90, 91, 166, 167].  

The second reaction to form glutathione is performed by GS and in T. brucei, this 

enzyme had not been characterized.  Therefore, in order to kinetically characterize 

TbGS, I developed an E. coli recombinant expression method and obtained 

homogeneous, purified enzyme. 

The TbGS protein was expressed and purified using an N-terminal non-

cleavable His6-tag.  TbGS protein was soluble, and its activity was analyzed by 

steady-state kinetic using an ATP-NADH coupled assay.  The apparent Km values 

for ATP, Gly and γ-GC were 610 ± 100 µM, 1.9 ± 0.4 mM, and 150 ± 40 µM, 
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respectively, and the kcat values ranged between 0.3 – 0.5 s-1 (summarized in 

Table 3).  Although the Km values for TbGS were relatively similar to values 

observed for other GS enzymes, the kcat values were 20-40 fold lower than other 

published values and, thus, the overall efficiency of TbGS was poor.  These 

kinetic results along with the data obtained by RNAi analysis led to the 

hypothesis that another unidentified enzyme in T. brucei might be responsible for 

the synthesis of glutathione. 

Glutathione Synthesis Activity by TryS and γ-GCS  

  To investigate the hypothesis that a different enzyme was responsible for 

glutathione synthesis, I elicited the help of Lisa Kinch (Nick Grishin’s laboratory, 

UT Southwestern Medical Center, Department of Biophysics) to perform a 

bioinformatics search of the T. brucei genome for alternative genes that might 

have GS activity.  Using the ATP grasp domain, which is conserved across the 

eukaryotic GS family, as the search parameter, no other potential genes with 

likely glutathione synthesis activity were identified.   However, Dr. Kinch 

observed that the most likely alternative enzymes that might catalyze this reaction 

were TryS and γ-GCS, the enzymes directly before and after TbGS in the 

trypanothione biosynthetic pathway (Figure 5).  Since both of these expression 

plasmids were already present in the lab, the GS activity of each of these enzymes 

was tested. 



63	  
	  

 γ-GCS and TryS were both expressed and, utilizing the ATP-NADH 

coupled assay, the enzymes were assayed for activity using both GS substrates 

and their native substrates.  Both enzymes were active when their known 

substrates were used; however, no ATPase activity above background was 

detected when substrates for the GS reaction were used (Figure 15 and Figure 16), 

indicating that neither γ-GCS nor TryS was capable of catalyzing glutathione 

synthesis. 

TbGS activity  

 During our attempts to elucidate the low activity of TbGS, another group 

published the TbGS X-ray crystal structure [162].  While their study did not 

provide any kinetic analysis, the structure of the enzyme provided a hypothesis 

for the low activity of our enzyme.  The TbGS structure contained an α-helix in 

close proximity to the N-terminus and located along the dimer interface (Figure 

17).  Since an N-terminal tag was used for purification, we hypothesized the tag 

caused disruption of this α-helix and dimer formation resulting in a protein with 

reduced activity. In order to test this hypothesis, TbGS expression constructs were 

generated containing N-terminal His6-tag that had a TEV cleavage site or C-

terminal His6-tag.  However, the C-terminal expression constructs produced 

insoluble protein, and the N-terminal His6-tag containing the TEV cleavage site 

produced scarce amounts of TbGS protein. Additionally, TEV cleavage of the N-

terminal tag was inadequate, and untagged protein could not be obtained.  
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Therefore, a different method of expression and purification was needed to 

produce untagged TbGS protein.  

 Another graduate student in the lab, Nahir Velez, had recently achieved 

success with a new expression system – pE-SUMO (small ubiquitin-like 

modifier).  This expression system fuses the Yeast Smt3 domain with the N-

terminus of the protein of interest.  The Smt3 domain enhances protein expression 

and promotes solubility by attracting chaperons that facilitate the proper protein 

folding [168, 169].  Using the SUMO expression system, soluble TbGS protein 

was greatly enhanced (over 70 mg from the first purification step) (Figure 14).  

The SUMO domain was removed using SUMO protease, Ulp1, which recognizes 

the SUMO domain and cleaves at a specific site between the SUMO domain and 

the protein of interest.  The purified TbGS protein was then used for kinetic 

analysis. 

  Kinetic results from the untagged protein yielded apparent Km
 values of 

490 ± 180 µM, 2.4 ± 1.2 mM, and 41 ± 10 µM for ATP, Gly, and γ-GC, 

respectively, and the kcat was between 7.7 – 8.7 s-1 (summarized in Table 3).  

While the apparent Km values did not significantly change for ATP and Gly when 

compared to the values obtained with the N-terminally His6-tagged enzyme, the 

Km for γ-GC decreased from 150 µM to 41 µM in the untagged enzymes and the 

kcat for untagged TbGS was 20-fold faster than for the N-terminal tagged protein. 



65	  
	  

Thus, the N-terminal tag had a detrimental effect on the TbGS activity by largely 

reducing the enzyme turnover.  
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D. Conclusions 

 Trypanothione and its biosynthetic enzymes are required for the growth 

and proliferation of T. brucei [74, 92, 102, 103].  These enzymes have previously 

been characterized with the exception of TbGS.  Here, we were able to express 

and purify TbGS protein and define the kinetic parameters of the enzymes (Table 

3).   

In the process of defining the kinetic parameters of the enzyme, we 

discovered that the turnover of the enzyme (kcat) was significantly affected if an 

N-terminal His6-tag was present.  While currently unproven, this change in 

activity might be a result of the tag disrupting an N-terminal α-helix that is 

located on the dimer interface, resulting in the active dimer not being able to form 

(Figure 17).  After purifying a tagless enzyme, TbGS kcat values increased 20-fold 

(kcat 7.7 – 8.7 s-1) to a value that was similar to those published on other 

eukaryotic GS enzymes (Table 3).  Furthermore, the removal of the tag reduced 

the γ-GC Km from 150 µM to 41 µM.  Although this was a modest reduction, it 

demonstrated the significant impact of the tag on enzyme kinetics.  

In comparing the kinetic parameters of TbGS to A. thaliana GS enzymes, 

the apparent Km values for γ-GC and Gly were relatively similar (41 µM versus 

39 µM, 2.4 mM versus 1.5 mM, respectively).  However, the ATP apparent Km 

was 10-fold higher in TbGS enzymes than in AtGS, HsGS, and T. cruzi (490 µM 

versus 57 µM and 70 µM, and 30 µM, respectively).  Since apparent Km values 
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are condition-dependent the higher value for ATP may simply reflect the different 

reaction conditions, including different concentrations of γ−GC, Gly and Mg+2 in 

our assay.  However, it is possible this difference in ATP is the result of 

differences in the T. brucei enzyme.  In the crystal structure of the TbGS, one of 

the coordinating lysine residues (K428) in the ATP-grasp fold of the TbGS 

enzyme points away from the active site [162]. Because the structure was not 

solved with substrates and mutational kinetic analyses have not been performed, 

we cannot conclusively determine whether this is the reason for a difference in 

substrate binding. However, it provides a plausible hypothesis for further 

investigation. 

Since the trypanothione biosynthetic pathway is targetable and essential, it 

is important to understand the control points within the pathway.  This knowledge 

provides a better understanding of the similarities and differences between the 

host and parasite thiol network.  By kinetically characterizing TbGS, we show that 

this enzyme has similar kinetic activity to other homologous GS enzymes 

(including the human host) and confirm this enzyme is capable of glutathione 

synthesis and is correctly annotated in the genome. 
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Figure 14.  TbGS Protein Purification.  U - uninduced, I – induced, L – lysate, 

P – pellet, S – Supernatant, ft – flow through, W – wash.  Different contrasts 

between gels is due to some being scanned after drying and some being scanned 

while still wet.  SUMO expressed and purified TbGS protein yielded >15 mg of 

protein from 9 L of culture.     
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Figure 15.  γ-GCS Activity. Velocity of the reaction (µM per s) versus the 

amount of enzyme (nM).  Closed circle indicates rates when the native substrates 

of γ-GCS – glutamate, cysteine, and ATP – are used to measure activity.  Open 

circle indicates the rates when substrates for glutathione synthesis are used (i.e. 

Gly, γ-GC and ATP).  Error bars (SEM) when not shown are smaller than their 

respective symbol. 
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Figure 16.  TryS Activity.  (Figure 9)Velocity of the reaction (µM per s) versus 

the amount of enzyme (nM) is shown.  Closed circle indicates rates when the 

native substrates of TryS – glutathione (GSH), spermidine (Spd), and ATP – are 

used to measure activity.  Open circle indicates the rates when substrates for 

glutathione synthesis are used (i.e. Gly, γ-GC and ATP).  Error bars (SEM) when 

not shown are smaller than their respective symbol 
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Figure 17. Structure of TbGS.  As solved by Fyfe et. al, 2010, the TbGS protein 

was crystalized in a dimer [162].  Turquoise and pink indicate the individual 

proteins while the region highlighted in purple is the N-terminus forming the α-

helical domains thought to be required for dimerization and optimal kinetic 

activity.  The ball and stick figure within each protein is glutathione.
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   T. brucei 

N-term Tag 

T. brucei 

 

T. cruzi* A. 
thaliana** 

H. 
sapiens*** 

ATP 

kcat s-1 0.35 ± 0.03 8.7 ± 2.2 4.25 12.1 ± 0.5 6.5 

Km
app mM 0.61 ± 0.1 0.49 ± 0.18 0.03 ± 0.01 0.057 0.07 ± 0.01 

kcat/Km
app M-1 s-1 5.7 x 102 1.8 x 104 1.4 x 105 2.1 x 105 9.3 x 104 

Gly 

kcat s-1 0.45 ± 0.04 7.8 ± 1.5 4.25 12.6 ± 0.33 6.5 

Km
app mM 1.9 ± 0.4 2.4 ± 1.2 1.2 ± 0.3 1.51 ± 0.09 1.75 ± 0.1 

kcat/Km
app M-1 s-1 2.4 x 102 3.3 x 103 3.5 x 103 8.3 x 103 3.7 x 103 

γ-GC 

kcat s-1 0.31 ± 0.02 7.7 ± 2.0 4.25 12.2 ± 0.3 6.5 

Km
app mM 0.15 ± 0.04 0.041 ± 0.10 0.04 ± 0.01 .039 ± 0.005 0.66 ± 0.10 

kcat/Km
app M-1 s-1 2.1 x 103 1.9 x 105 1.1 x 105 3.1 x 105 9.8 x 103 

 

Table 3.  GS Enzyme Kinetics.  Kinetic parameters of TbGS obtained through 

ATP-NADH coupled assay compared to human and A. thaliana obtained values. 

* numbers obtained from Olin-Sadoval et. al 2012 [89] 
** numbers obtained from Herrera et. al 2007[160] 
*** numbers obtained from Dinescu et. al 2004[158] 
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Figure 18.  Substrate Titrations. Kinetic parameters were obtained by substrate 

titration in the presence of excess secondary and tertiary substrate.  Each curve is 

the result of triplicate data analyzed individually.  Either 12.5 nM or 20 nM of 

untagged TbGS enzyme was used as indicated.  Each titration was done at a 

minimum of five times.  Error bars (SEM) when not shown are smaller than their 

respective symbol. 
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CHAPTER FOUR 

 

T. brucei GS conditional double knockout indicates that it is an essential 

protein in the trypanothione biosynthesis pathway  

 

 

 

A.  Introduction 

 In trypanosomatids, trypanothione is required for the maintenance of 

cellular redox balance and the regeneration of Txn, Gxn, and Px/Prx, each of 

which has various roles in maintaining cell homeostasis and proliferation [80].  

By being formed by the conjugation of glutathione to the spermidine, 

trypanothione links the polyamine and thiol biosynthetic pathways.  While 

mammalian cells have multiple layers of regulation to control polyamine levels, 

using transcriptional, translational and protein turnover, the mechanism of 

regulation of polyamines in T. brucei is not completely understood. Currently, the 

only identified regulation in the T. brucei polyamine biosynthetic pathway is the 

modulation of AdoMetDC prozyme levels in response to either chemical or 

genetic loss of AdoMetDC activity, with the data supporting a translational 

control mechanism [103, 170].  Prior to this work, there was no known regulation 

of the trypanothione biosynthetic enzymes.  The goals of the studies outlined in 
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this chapter were to determine if TbGS is essential for proliferation of T. brucei 

and to assess if it plays a role in the regulation of the trypanothione and/or 

polyamine biosynthetic pathways.   

 Initially, the role of TbGS was investigated using RNAi; however, lack of 

a growth phenotype when TbGS levels were reduced suggested either TbGS was 

not essential or TbGS levels may not have been sufficiently reduced by RNAi to 

elicit a growth phenotype.  Therefore, in order to investigate the role of TbGS in 

the trypanothione biosynthetic pathway, a different and more tightly controlled 

approach was required.  Therefore, I opted to use regulated knockout strategies to 

examine the role of TbGS.  Although TbGS is a single copy allele in the parasite, 

T. brucei is a diploid organism; consequently, both alleles had to be removed to 

obtain the desired cell line.  By utilizing a regulated double knockout cell line, 

TbGS levels were depleted leading to growth arrest and loss of measureable 

reduced trypanothione levels.  This effect was not rescued by exogenously added 

glutathione, suggesting that glutathione is imported into the parasite by a 

transpeptidase system, similar to mammalian cells, rather than being transported 

intact, as in yeast.  Reduced expression of TbGS also resulted in increased levels 

of the upstream glutathione biosynthetic enzyme and suppressed expression of 

polyamine biosynthetic enzymes, thus providing a novel insight into the 

regulatory mechanisms used by the parasite to maintain spermidine and 

trypanothione homeostasis.   
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While analysis of the TbGS knockout cell line provided clear evidence 

that GS was required for growth, depletion of GS did not lead to complete cell 

death and after several days in growth arrest, parasites recommenced growth at 

rates comparable to control cells.  The exit from growth arrest coincided with low 

levels of expression of TbGS protein and by reinstated levels of trypanothione.  T. 

brucei has previously been shown to escape Tet-regulation of the ectopic copy 

either by a mutation within the promoter region or by loss of the Tet repressor 

gene; however, our data does not support this method of escape from regulation 

[171-173]. Flow cytometry analysis of the knockout cell line indicated that while 

a significant portion of the population underwent cell death, a small subset 

remained healthy suggesting that stochastic or epigenetic variability in TbGS 

expression levels that allowed this population of cells to up regulate sufficient 

TbGS for growth.  Thus our data show that TbGS is an essential gene in T. brucei 

and further underscores the importance of trypanothione for growth and 

proliferation. 

B.  Materials and Methods 

Gene ID numbers  

 The TriTrypDB gene ID numbers are as follows: GS (Tb927.7.4000), γ-

GCS (Tb927.10.12370), TryS (Tb927.2.4370), TR (Tb927.10.10390), ODC 

(Tb927.11.13730), AdoMetDC (Tb927.6.4410 and Tb927.6.4460), AdoMetDC 

prozyme (Tb927.6.4470), SpdSyn (Tb927.9.7770) and DHODH (Tb427.05.3830)    
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Cloning of GS allelic replacement constructs 

Methods for gene disruption and regulated gene expression are well 

established in T. brucei and the vectors and approaches used to generate TbGS 

knockout cell lines followed these established procedures [103, 174, 175].  

Briefly, two approximately 300 bp segments of the TbGS 5’ and 3’ UTR 

(corresponding to nucleotide -387 to -61 and 1745 to 2135, respectively where 

base 1 represents the ATG start codon and base 1668 represents the TAA stop 

codon) were PCR amplified using primer sets containing the appropriate 

restriction enzymes (Table 1) and the resultant PCR fragment was cloned into 

TOPO-Blunt (Life Technologies).  The UTRs were sequentially subcloned into 

the pLEW13 vector first by introducing the 5’ UTR region using NotI/MluI 

followed by the 3’ UTR region using XbaI/StuI.  The resulting pLEW13-TbGS 

knockout construct A (KO-A) contained the T7 polymerase and neomycin 

cassette sandwiched between the TbGS UTRs.   To generate the pLEW90-TbGS 

knockout construct B (KO-B), the TbGS KO-A vector was digested with 

XhoI/SwaI to remove to T7 polymerase and neomycin cassette, and the pLEW90 

vector was digested with XhoI/StuI to liberate the Tet repressor and Hygromycin 

cassette (SwaI/StuI are blunt end endonucleases).  The TetR and hygromycin 

cassette were ligated into the pLEW13-TbGS KO-A forming the pLEW90-TbGS 

KO-B vector (Figure 19). 

Cloning TbGS Tet-regulatable constructs  
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The first Tet-regulatable construct developed was pLEW300-fGS.  It was 

generated from the pLEW300-FLAG-prozyme used to investigate the role of 

prozyme in AdoMetDC regulation [103].  The TbGS gene was PCR amplified 

using primers with the designated restriction enzymes (Table 1) and inserted into 

TOPO-Blunt.  Quick change mutagenesis was used to remove a BamHI site from 

inside the TbGS gene and subsequently ligated into the pLEW300-FLAG using 

NdeI/BamHI creating an N-terminal FLAG-tag on the ectopic TbGS gene.  The 

pLEW100-fGS construct was generated by digestion of the pLEW300-fGS and 

pLEW100-luciferase construct with HindIII/BamHI.  The FLAG-GS insert was 

then ligated into pLEW100 resulting in the second N-terminal FLAG-tag ectopic 

expression vector. 

To generate the C-terminal FLAG-tag ectopic, the TbGS gene was PCR 

amplified using primers with appropriate restriction enzymes (Table 1), digested 

with HindIII/KpnI, and ligated into HindIII/KpnI linearized pT7-FLAG-MAT to 

generate the pT7-GS-FLAG-MAT bacterial expression vector.   The GS-FLAG 

was moved from the pT7 vector by PCR amplification and digestion with 

BamHI/HindIII to the pLEW300 and the pLEW100v vectors, creating the C-

terminal FLAG-tag ectopic expression vectors (Figure 19).  The coding regions of 

all ectopic expression vectors were sequenced in entirety after completion.  

T. brucei Cell Culture  
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Bloodstream form T. brucei strain 427 were cultured in HMI-11 media at 

37°C and 5% CO2 [153] with the appropriate antibiotics (G418 (2.5 µg/ml), 

hygromycin (5 µg/ml), phleomycin (2.5µg/ml)).  Parasites were split every 1 – 3 

days to maintain healthy cultures in log phase (103-106 cells/ml).  Cell densities 

were calculated with a hemocytometer (Fisher). Growth curves are represented as 

total cell number, which is the product of cell density and total dilution. 

Generating the TbGS DKO/cDKO cell lines 

 The transfection protocol used to generate the TbGS SKO, TbGS DKO 

and the TbGS cDKO cell lines is the same as described in Chapter 3 using the 

Amaxa Nucleofector and kit.  Cells were transfected with NotI linearized vectors 

and transfectants were selected using the antibiotic corresponding to the resistance 

gene inserted. 

 To generate the TbGS DKO cell line, log phase bloodstream 427 cell lines 

were transfected with the NotI linearized pLEW13-TbGS KO-A vector.  After 

establishing a TbGS SKO cell line with neomycin/G418, glutathione (80 µM) was 

added to the media and parasites were transfected with the NotI linearized 

pLEW90-TbGS KO-B vector.  The resulting transfectants were established in 

media containing glutathione, neomycin, and hygromycin.   

 To generate the TbGS cDKO cell line, TbGS SKO cells were transfected 

with Tet-regulated TbGS ectopic expression vector and selected in the presence of 

either blasticidin or phleomycin.  The resulting cell lines, single knockout with 
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inducible TbGS (SKO+iGS), were investigated for expression of a FLAG-tagged 

TbGS protein.  After expression of the ectopic copy of TbGS had been 

established, parasites were transfected with the pLEW90-TbGS KO-B vector in 

the presence of Tet to generate the TbGS cDKO cell line.  Limited dilution was 

used to obtain clonal lines and parasites were maintained in media that contained 

Tet, hygromycin, neomycin, and phleomycin.   

Evaluation of TbGS cDKO Growth Rates 

 TbGS cDKO growth rates were evaluated by first washing cells twice with 

Tet-free media followed by plating into fresh media at a density of 1-5 x 104 

cells/ml with and without Tet.  Cells were counted on the days indicated and split 

into fresh media every 24-48 h, depending on growth.  Growth curves are 

represented as log total cell number verses time.  Total cell number is the level of 

parasites measured by the hemocytometer multiplied by the dilution factor. 

Southern Blot Analysis 

 The genotype of TbGS DKO cell lines was evaluated by Southern blot.  

Genomic DNA was isolated from cells using methods mentioned in Chapter 2, 

digested with BanI, separated on a 1% agarose gel, and transferred to a positively 

charged membrane (Ambion Bright Star) by vacuum in 10x saline sodium citrate 

(SSC) buffer (1.5 M NaCl, 150 mM trisodium citrate, pH 7.0).  The membrane 

was UV-crosslinked, prehybridized with UltraHyb solution for 1 h at 42°C and 

hybridized with biotinylated probe overnight at 42°C.   
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 The membrane was visualized using the BrightStar BioDetect Kit from 

Ambion following methods outlined in the protocol.  Membrane was washed 

twice with 10 ml of low stringency buffer for 15 m each at room temperature 

followed by two more washes using 10 ml of high stringency buffer for 15 m each 

at 42°C.  The membrane was washed twice for five m in 1X wash buffer, 

incubated in blocking buffer twice for five m and once for 30 m, incubated in 

blocking buffer containing Strep-Alkaline Phosphatase for 30 m, incubated in 

blocking buffer once for 10 m, washed three times for 5 m each with 1X wash 

buffer, incubated twice for 2 m each in 1X assay buffer  and incubated for 5 m in 

CDP star followed by exposure to film.  Unless otherwise noted, all reagents were 

purchased from Ambion.  The probe was a 611 bp region upstream of the TbGS 

coding region starting at -1215.   

Elucidation of Ectopic Transcription 

  RNA from TbGS cDKO or SKO+iGS cell lines was harvested from cells 

(~108) by centrifugation (1000 X g for 10 m), washed in PBS (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4(2 H2O),  2.0 mM KH2PO4, pH 7.4) twice, and the 

pellet resuspended in 1 ml Trizol (Life Technologies).  RNA was purified using 

the RNeasy kit from Qiagen and quantity/quality of RNA was determined by 

A260/A280.  Samples were DNase treated to remove genomic DNA contamination 

(Life Technologies) and cDNA synthesis was done using Life Technologies 

SuperScriptIII RT kit.  Samples were then amplified using the splice-leader 
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sequence and a reverse primer 200 bp inside the TbGS gene (Table 1).  PCR 

products were ran on 1.25% agarose gel and visualized with UV. 

Western Blot Analysis. 

 Protein was isolated from lysed cells collected and prepared as described 

in Chapter 3.   Antibodies against trypanothione biosynthesis pathway were used 

as previously described [74, 92, 103, 167, 176].  Dilutions for each primary 

antibody in 5% Milk in TBS-T were: α-TbGS – 1:2,500, α-TbDHODH – 

1:10,000, α-FLAG – 1:1,000 (Sigma), α-TbAdoMetDC – 1:2,500, α-Tbprozyme – 

1:5,000, α-TbODC – 1:10,000, α-LdSpdSyn – 1:1,000, α-TbTryS – 1:1,000, and 

α-Tbγ-GCS – 1:10,000.  Secondary antibodies (anti-rabbit, anti-rat (TryS), and 

anti-mouse (FLAG)) were used at 1:10,000 dilutions in 5% nonfat milk in TBS-T.  

To measure the levels of each trypanothione biosynthesis protein on the days 

indicated, parallel gels were loaded with 20-40 µg total protein per well, 

transferred, and each membrane was sectioned and probed with a different 

antibody.  Therefore, each membrane was used to assess protein levels of two 

biosynthesis pathway proteins along with the DHODH loading control.   

Primary and secondary antibodies were incubated with membranes at the 

indicated dilutions for 1 h, followed by three 10 m washes in TBS-T. Secondary 

antibodies were commercially conjugated to horseradish peroxidase so proteins 

could be visualized by chemiluminescence after membrane incubation with ECL 

substrate and exposure to film. 
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Intracellular Polyamine Determination 

Analysis of polyamines was done as previously described by Willert et al. 

2008, [103].  For analysis of intracellular polyamines, 1 x 107 cells were harvested 

by centrifugation (1000 X g. for 10 m), washed twice with 1 ml of PBS (137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4 (2 H2O), 2.0 mM KH2PO4, pH 7.4) and 

then resuspended in 25 µl polyamine lysis buffer (100 mM MOPS, pH 8.0, 50 

mM NaCl, 20 mM MgCl2).  Cells were lysed by 3 freeze/thaw cycles followed by 

acid precipitation of proteins by addition of 7.5 µl of 40% trichloroacetic acid 

(TCA) and incubation on ice for 10–15 m.  Cell debris was removed by 

centrifugation at maximum speed on a bench top centrifuge.  Supernatant was 

fluorescently labeled using AccQ-Fluor reagent (6-aminoquinolyl-n-

hydroxysuccinimidyl, Waters) by incubating 5 µl of sample supernatant with 20 

µl labeling reagent and 75 µl borate buffer at 55°C for 10 m.  Polyamines were 

separated by HPLC using a Waters’ AccQtag (3.9x150mm) column run on a 

Beckman System Gold HPLC with a Rainin Dynamax Fluorescent detector. 

Peaks were separated by using the linear gradient previously described with 

eluent A containing 450 mM sodium acetate, 17 mM triethylamine (TEA), 0.01% 

sodium azide, pH 4.95 and eluent B containing 60% acetonitrile and 0.01% 

acetone [102, 103, 166].    The gradient was as follows: stay at 0% B for 5 m, go 

to 20% B over 45 m, go to 50% B over 5 m, go to 100% B over 2 m, stay at 100% 

B for 1 m, go to 0% B over 1 m, stay at 0% B for 10 m.   Polyamines were 
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identified by retention time and quantified by peak area in comparison to 

standards run under the same conditions.   

Intracellular Thiol determination  

Reduced intracellular thiols were determined by the following optimized 

protocol, which was based off methods previously described [156, 177, 178]. 

Cells (1 x 108) were harvested by centrifugation (1000 X g, 10 m room 

temperature) and washed twice with pre-warmed HMI-9 media lacking fetal 

bovine serum (FBS), β-mercaptoethanol, and L-cysteine.  A final wash was done 

with cold (4°C) PBS, (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 (2 H2O), 

2.0 mM KH2PO4, pH 7.4) and cells were pelleted by centrifugation (1000 X g for 

5 m).  PBS was removed, and cells were immediately acid precipitated by 

resuspension in 150 µl of ice cold 5% TCA in 10 mM HCl and allowed to 

incubate on ice for 5-10 m.  Denatured proteins and cell debris was removed by 

maximum speed centrifugation in a bench-top centrifuge at 4°C.  The supernatant 

was extracted four times with 450 µl ice-cold diethyl ether to remove excess TCA 

and 345 µl of 40 mM HEPPS containing 4 mM DTPA was added to the 

extractant.   

To derivatize thiols in the extracted supernatant, 5 µl of 200 mM 

monobromobimane was added for a final concentration of 2 mM and vortexed.  

Samples were incubated at room temperature for 10 – 15 m in the dark.  To stop 
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the labeling reaction and prevent oxidation of samples, 2.5 µl of 5 M MSA was 

added.  Samples were stored at -80°C until analyzed by HPLC.   

HPLC analysis used a Phenomenex Kinetex 2.6µ C18 column with a 

constant flow rate of 1.25 ml/min at room temperature of eluent A, 0.25 % CSA 

and eluent B, 0.25 % CSA and 25% 1-propanol both at pH 2.64.  The timed 

program was as follows: 0% eluent B for 1 m, gradient from 0% to 5% eluent B 

over 0.5 m, constant 5% eluent B for 4.5 m, gradient from 5% to 12.5% eluent B 

over 29 m, gradient from 12.5% to 35% eluent B over 12 m, gradient from 35% to 

60% eluent B over 2 m, constant 60% eluent B for 4 m, then gradient from 60% 

eluent B to 0% eluent B over 1 m.  Column was re-equilibrated for 20 m between 

samples using the same flow rate and 0% eluent B.  Thiols were identified by 

retention time and quantified by reduced standard’s peak area. 

Evaluation of the anti-trypanosomal activity of BSO 

To measure the BSO EC50 in TbGS cDKO cell lines, parasites were grown 

with or without Tet for the days indicated, quantified, and diluted to 1 x 103 

cells/ml.  Parasites were plated into 96 well plates (Greiner) with 200 µl/well.  

BSO concentrations were varied from 0 to 3 mM using 10 different 

concentrations and incubated with parasites for 72 h.  Cell viability was then 

measured using cell titer glow (Promega), an ATP/luminescence assay. BioTek 

Synergy H1 Hybrid reader measured cell viability in the form of luminescence 

and these values were plotted in Graphpad Prism.  EC50 curves were generated for 
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BSO using the nonlinear regression (log (agonist) v. response (four parameter 

fit)).   

Hydrogen peroxide (H2O2 ) 24 h stress test 

TbGS cDKO cell lines were analyzed for their ability to withstand external 

H2O2 stress by incubating cells (with or without Tet for the number of days 

indicated) with varying concentrations of H2O2 (0, 10, 30 or 100 µM).  After 24 h, 

cell viability was measured using cell titer glow (Promega).     

Flow cytometry analysis/Live/Dead cell assay 

This protocol was based on previously published methods and optimized 

for TbGS cDKO cell lines [179].  Cells (~106) were harvested by centrifugation 

(1000 X g for 10 m) and washed using pre-warmed (37°C) PBS containing 

glucose (PBSG) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 (2 H2O), 2.0 

mM KH2PO4, 10 mM glucose, pH 7.4).  Cells were then resuspended in 500 µl 

PBSG and calcein and ethidium bromide were added to final concentrations of 50 

nM (Life Technologies).  Cells were incubated for 15-20 m at 37°C and then 

analyzed immediately by flow cytometry.  Samples were analyzed on a Beckman 

Coulter Calibur flow cytometer using a 530/40 filter (calcein) and 692/40 filter 

(ethidium).  Data were analyzed using FlowJo software with single-stained cells 

used for compensation of spectral overlap within the software.  Cells treated with 

eflornithine (DFMO) (200 µM) determined gating for unhealthy populations 

while proliferating cells determined gating for healthy populations. 
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C.  Results 

Generation of TbGS DKO cell line was the result of trisomy. 

TbGS knock out strategies were used to generate a more tightly regulated 

TbGS gene that would allow examination of its role in trypanothione biosynthesis.  

T. brucei is a diploid organism and required both endogenous alleles be removed. 

Initially, elimination of both alleles was attempted presence of exogenously added 

glutathione (80 µM).  Glutathione was previously shown to restore growth of 

RNAi knockdown of γ-GCS, the enzyme immediately prior to TbGS in 

trypanothione biosynthesis (Figure 5) [92].  Cell lines (TbGS DKO) were 

obtained that conveyed resistance to both selectable markers targeted to replace 

the TbGS gene (neomycin and hygromycin); however, Southern blot confirmed 

that the cells had obtained a partial trisomy to retain the TbGS gene along with the 

2 resistance genes (Figure 20).  This occurrence has been previously described in 

trypanosomatids for other genes and is indicative of an essential gene [180, 181].  

Furthermore, the inability of glutathione to replace the requirement of TbGS 

suggests glutathione is not imported in to the cell whole (like in yeast) but rather 

is likely taken up through a transpeptidase mechanism similar to GGT in 

mammalian cells [46, 182].  Therefore, in order to probe the role of TbGS in the 

trypanothione biosynthetic pathway, a regulated or conditional DKO (cDKO) cell 

line was needed.  

Generation of TbGS cDKO cell line established using C-terminal FLAG-tag 
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To generate the necessary TbGS cDKO cell line, both endogenous alleles 

were removed and a Tet-regulatable ectopic copy of the gene was inserted into the 

ribosomal repeat locus of the genome (Figure 19).  In order to differentiate 

between the endogenous and ectopic allele, a FLAG-tag was placed on the N-

terminus of TbGS gene to allow for verification of expression of the ectopic gene 

prior to removal of the second endogenous TbGS allele.  The decision to place the 

tag on the N-terminus of the protein preceded the publication of TbGS X-ray 

crystal structure and my findings of the effects of an N-terminal tag on kinetic 

efficiency.  Subsequently, transfections using two separate ectopic constructs with 

the Tet-regulatable FLAG-TbGS gene failed to produce any detectable levels of 

FLAG-TbGS protein observed by western blot using an anti-FLAG antibody.  To 

determine if the lack of expression was occurring at transcription or translation, 

PCR primers to the 5’ UTR were designed to distinguish between the native and 

the ectopic TbGS cDNA (Table 1).  Analysis of the cDNA obtained from cell 

lines containing the ectopic FLAG-TbGS gene proved the ectopic gene was 

indeed transcribed although FLAG-TbGS protein was not detected.  Therefore the 

lack of detectable protein suggested the message was either poorly translated or 

the expressed protein was unstable (Figure 20).  

While investigating this dilemma, another group solved the TbGS X-ray 

crystal structure [162] and I observed that N-terminus of the protein formed an α-

helix that is located along the dimer interface of the protein (Figure 17).  Since the 
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ectopic copy of TbGS was not being expressed even though it was being 

transcribed, I hypothesized that the N-terminal FLAG-tag was prohibiting the 

formation of a functional enzyme and therefore limiting its kinetic ability, similar 

to the N-terminal His6-tag used for kinetic studies. Therefore, to generate a 

functional TbGS ectopic expression plasmid, the FLAG-tag was moved to the C-

terminus of the protein.  This instigated the generation of the pLEW100v-TbGS-

FLAG construct and resulted in SKO+iGS-FLAG cell line.  Expression of the 

ectopic TbGS protein was observed using an anti-FLAG antibody (Figure 22).  

Subsequently, the second endogenous allele was removed, generating a TbGS 

cDKO cell line that was used to elucidate the role of TbGS in the trypanothione 

biosynthetic pathway. 

Loss of TbGS led to cell growth arrest.  

Since the TbGS cDKO cell line relied on a Tet-on system, Tet was 

required to maintain expression of TbGS protein once the endogenous alleles 

were removed.  To deplete TbGS, parasites were washed with Tet free media and 

their growth was monitored over 10 days.  Initially, trypanosomes grew at 

identical rates with and without Tet; however, after 4 – 5 days, parasite in media 

lacking Tet entered a period of growth arrest where little to no growth was seen 

(Figure 23A).  This period of growth arrest was not due to overgrowth because 

trypanosomes were maintained within the appropriate range of optimal density 

that still allowed for quantitation by hemocytometer.  Furthermore, control 
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parasites continued to grow at normal rates. Growth arrest was accompanied by 

an observation of increased “stumpy” or non-proliferating bloodstream form 

parasites along with an increased amount of visibly dead cells in comparison to 

control.  However, even though “stumpy” and dead cells were observed during 

growth arrest, long, slender proliferating parasites were still observed, albeit at a 

lower density than control cells.  Once a trypanosome has transitioned to the 

“stumpy” form, it is arrested in the G1 phase of the cell cycle and cannot resume 

proliferation unless it enters the tsetse mid-gut through a blood meal [183].  This 

observed growth arrest lasted 3 – 4 days after which parasites resumed growth at 

rates similar to that of control cells.  The addition of glutathione did not rescue the 

growth defect that occurred upon TbGS depletion (Figure 23A), again suggesting 

the hypothesis that glutathione is not transported into cells intact.  The timing of 

growth arrest coincided with depletion of TbGS protein as evaluated by western 

analysis.  TbGS protein levels were decreased to less than 3-4 % of control levels 

by day 2 and were undetectable by day 4 (Figure 23B and Figure 24).  However, 

low levels of TbGS expression (3-4% of control) could be detected starting on day 

8, correlating to the point where cell growth resumed.  These data suggest that 

cells escaped Tet regulated control of TbGS expression 7-8 days after Tet removal 

leading to re-expression of the gene.  

The loss of TbGS affected intracellular thiol pools but not polyamine pools. 
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Intracellular reduced trypanothione and polyamine levels were measured 

over the course of growth analysis (Figure 23C-D).  Polyamine levels remained 

relatively unchanged compared to controls.  In contrast, trypanothione levels were 

depleted by day 4, corresponding to the point where growth arrest was observed.  

Moreover, trypanothione levels returned to control levels by day 8, again 

corresponding to the point were growth resumed along with low levels of TbGS 

protein.  Thus, the observed growth arrest coincides with both the loss TbGS 

protein and depletion of reduced trypanothione, indicating TbGS is an essential 

enzyme for parasite growth and is involved in trypanothione biosynthesis.  The 

intracellular thiol levels were measured using a modified protocol that reduced the 

impact of the secondary amidase activity of TryS thus giving a more accurate 

view of the intracellular thiol pools [178].  This resulted in the majority of 

reduced thiol pools being found in the form of trypanothione along with low 

levels of glutathionespermidine rather than glutathione, contrary to previous 

publications where glutathione was abundant and trypanothione and 

glutathionespermidine levels were low [92, 102, 103].  

Loss of TbGS altered expression of a subset of polyamine and trypanothione 

biosynthetic enzymes. 

To investigate if loss of TbGS had an effect on the levels of other 

polyamine and trypanothione biosynthetic pathway proteins, each of the pathway 

proteins were monitored by western blot on days leading up to the growth arrest.  
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While no changes were observed in SpdSyn, TryS or AdoMetDC protein levels, 

γ-GCS protein levels were increased (2-3-fold) and AdoMetDC prozyme and 

ODC levels were reduced (2-3 fold for prozyme and 1.5 fold for ODC) on days 4 

and 5.  Changes in protein levels not only correlated with the time point where 

trypanothione levels were most reduced but also occurred in proteins that have 

previously been shown to have a regulatory effects on polyamine and thiol levels 

(Figure 23B and Figure 24) [102, 103, 170]. 

TbGS cDKO cells have increased sensitivity to a pathway inhibitor. 

Sensitivity to the γ-GCS inhibitor buthionine sulfoximine (BSO) was 

tested on TbGS cDKO cells.  Cells were grown without Tet for 2 days followed 

by incubation with various levels of BSO.  The EC50 for BSO was increased 3-

fold in the absence of Tet (EC50 = 270 ± 24 µM) relative to the control TbGS 

cDKO cells (EC50 = 88 ± 43 µM).  These were the findings of three independent 

experiments of three replicates each (Figure 25).  After resumption of growth, 

cells displayed similar EC50 values to control cells. 

TbGS cDKO cells did not have increased sensitivity to oxidative stress by H2O2. 

Since trypanothione is important for the maintenance of proteins that 

protect against ROS (Txn, Grx, Px, and Prx), TbGS cDKO cells were evaluated 

for increased sensitive to H2O2.  Cell lines were cultured with and without Tet and 

then stressed for 24 hours with various levels of H2O2.  No change in sensitivity to 
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H2O2 was observed in comparison to control cell regardless of the length of time 

cells were cultured in the absence of Tet (Figure 26).  

Escape from cell death in the TbGS cDKO cell lines was not the result of an 

acquired genetic mutation 

In some cases, T. brucei has been shown to escape Tet-regulated control, 

and in some instances the mechanism of escape was an inheritable genetic 

mutation [172].  In contrast for the TR knockout, genetic changes were not seen 

and it was hypothesized that epigenetic differences in the cell populations allowed 

for regrowth of the parasite [111].  To determine if parasites had acquired a 

genetic mutation reducing or eliminating Tet regulation, TbGS cDKO parasites 

capable of growing 10 days in the absence of Tet that displayed low levels of re-

expression of TbGS protein were used to generate clonal lines using limited 

dilution.  Recloned parasite were then grown in the presense of Tet for three days, 

washed with Tet-free media, and their growth observed for 8 days.  Parasites still 

entered a phase of growth arrest 3-4 days after removal of Tet, indicating the 

mechanism escape from Tet-regulation was not through an inheritable genetic 

mutation (Figure 27). Instead, the data suggests epigenetic differences between 

subpopulations result in different expression of TbGS allowing for escape from 

Tet regulation.  

Population analysis of cell viability after TbGS knockdown.  
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Since the TbGS cDKO cells went through a period where growth stalled 

for several days and was followed by resumption of growth, the question arose if 

parasites were actively entering growth arrest or if there were subpopulations of 

cells with differing responses to Tet withdraw. To investigate this possibility, a 

previously described live/dead cell flow cytometry assay was used to evaluate the 

TbGS DKO cell line for mixed populations [179].  The live/dead cell assay 

contains ethidium and calcein staining for analysis.  Ethidium enters cells with 

compromised membranes and becomes fluorescent upon binding to nucleic acid, 

indicating dead or dying cells. Calcein is a cell permeable nonfluorescent 

compound that is cleaved by nonspecific esterase upon crossing the cell 

membrane.  Once cleaved, it becomes fluorescent and is retained within the cell.  

Cells that are positive for calcein contain esterase activity and therefore calcein is 

considered to be a live cell marker.  As stated earlier, increases of stumpy and 

dead cells were seen during the period of growth arrest and flow cytometry 

analysis using forward scatter (FSC) and side scatter (SSC) allowed observation 

of changes in cell shape, size, and complexity. FSC and SSC are non-fluorescent 

methods to measure a cell by its scattering of light either in line with the source 

(FSC) or perpendicular to the source (SSC).  FSC measures a cell’s size and shape 

while SSC measures the complexity of a cell’s surface. 

Flow cytometry was used to analyze TbGS cDKO cells using FSC and 

SSC as well as calcein and ethidium fluorescence in the FL1 and FL3 channels, 
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respectively.  Control cells (+ Tet) maintained high levels of calcein only positive 

cells (~94%) and low levels of ethidium positive cells (~5%) throughout the 

growth curve, consistent with a healthy, growing population (Figure 28 and 29A).  

To generate a control population of unhealthy cells, TbGS cDKO (+ Tet) were 

treated with the anti-trypanosomal drug eflornithine (DFMO) (200 µM) for 24 

hours prior to flow cytometry analysis.  Treatment of DFMO resulted in higher 

levels of ethidium positive staining as well as higher levels of SSC, both of which 

are indicative of cells being either dead or in the process of dying (Figure 29A).  

These drug-treated cells were used to determine the gating regions between the 

healthy and unhealthy populations of cells. 

In order to analyze and compare the GS cDKO cells by flow cytometry at 

different time points after Tet withdraw, three growth curves were staggered by 

24 hour intervals, allowing up to three different time points to be analyzed 

together on the same day by flow cytometry.  The growth curves obtained were 

identical with growth arrest occurring 3 days after Tet withdraw (Figure 30).  As 

the TbGS cDKO cells progressed into growth arrest (days 3 – 6 after Tet 

withdraw), a new population of cells was observed on the FSC v. SSC plot 

(quadrant marked as unhealthy). This new population fell within the same region 

as control drug-treated unhealthy parasite cells treated with eflornithine that 

stained positive for ethidium. When the two populations were analyzed for 

ethidium and calcein staining (gated populations) the unhealthy population 
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showed a mixture of cells that were either ethidum positive alone (dead) or 

stained positive for both ethidium and calcein, suggesting cells with damaged 

membranes that still contained esterase activity (Figure 29C). The percentages of 

ethidium or dual ethidium/calcein cells increased on day 3 and peaked on days 4 

and 5 after Tet withdraw, again correlating the when trypanothione levels were at 

their lowest.  On days 4 and 5, approximately 75% of the cells were in the dead or 

dying population (Figure 23D).  These data confirm that that TbGS protein is 

essential for parasite survival.  However, while a majority of the population was 

experiencing cell death, 25% of the cells remained healthy (calcein positive alone 

and cell shape and size not distorted) by this analysis (Figure 29B), and the data 

suggest that this healthy population grew out and took over the culture by day 8 

and possibly never lost expression of TbGS to greater than 97% of control cells.  

Tet withdrawal from the GS cDKO cells results in at least two cell 

populations, one that is dead/dying and the other that is healthy.  Since cells did 

not obtain heritable genetic mutations to escape tet-regulation, these data suggest 

that expression of TbGS varies between cells.  Parasites that remain healthy and 

proliferative may have slightly less regulation and thereby low levels of 

expression of TbGS resulting in escape from cell death.  During flow cytometry, it 

was not possible to collect different populations of gated cells to confirm this by 

western analysis. 
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D. Conclusions 

 The trypanothione and polyamine biosynthetic enzymes constitute a 

fundamental pathway for the proliferation of the T. brucei [107].  Genetic 

methods have been used to show that loss of any of the pathway proteins results 

in growth arrest that proceeds to cell death.  Furthermore, inhibitors of this 

pathway have anti-trypanosidal effects, the more notable being the ODC suicide 

inhibitor, DFMO, in its current use for treatment of late stage T. brucei 

gambiense.  The polyamine and glutathione pathways are highly regulated in 

eukaryotic cells; however, the regulatory mechanisms that have been observed in 

other eukaryotes do not seem to be present in T. brucei. Instead, polyamine 

biosynthesis is uniquely regulated by prozyme, the novel regulatory subunit of 

AdoMetDC responsible for activating the enzyme and appears to be 

translationally regulated [103, 170, 184].  Less is known about how the 

trypanothione biosynthetic pathway is regulated.  By investigating the TbGS 

enzyme, it was discovered that the protein was not only essential for proliferation, 

but also loss of the protein instigated compensatory effects on the expression 

levels of both the polyamine and trypanothione biosynthetic enzymes. 

To elucidate the role of TbGS, a TbGS cDKO was generated in 

bloodstream form parasites by knocking out both alleles after insertion of a Tet 

regulated copy of the gene. Generation of this cell line was dependent on the 

epitope tag being placed on the C-terminus of the protein rather than the N-
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terminus, which results in an enzyme with significantly reduced kinetic activity.  

Upon loss of expression of TbGS by withdrawal of Tet, parasites entered growth 

arrest coinciding with loss of greater than 97% of TbGS protein and depletion of 

trypanothione pools.  These data indicate that TbGS, similar to the other pathway 

enzymes, is essential for parasite proliferation and further underscores the 

importance of trypanothione as a cofactor in the cell.  Furthermore, TbGS cDKO 

cells exhibit an increase in sensitivity to the γ-GCS inhibitor BSO; however, 

TbGS cDKO did not have increased sensitivity to exogenously added H2O2.  This 

discrepancy could be due to an up-regulation of other redox protective proteins 

such as Trx, Grx, Prx, or Px, which mediate stress by H2O2 but could not alleviate 

the additional stress caused by BSO, though this hypothesis remains untested.  

Loss of TbGS led to an initial stalling of growth but eventually parasites 

were able to escape the selective pressure leading to re-expression of TbGS and 

restoration of growth, as was also observed in knockouts of TR [111]. This 

phenotype has been previously observed in T. brucei for other genes and is 

indicative of an essential gene [172]. Flow cytometry analysis of the parasite 

population after loss of TbGS expression resulted in two distinct populations.  

One population included 75% of the parasites, which appeared to be either dead 

or in the process of dying, and a second population that contained the other 25% 

that still appeared healthy.  Taken together with the data showing that parasites 

that were resistant to cell death did not appear to contain any genomic mutations, 
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these data suggest the levels of TbGS expression may vary between the 

populations.  In this situation, it seems small variations in expression levels 

between cells could lead to the different subpopulations, those with >97% TbGS 

reduced expression proceed to cell death, and those with less survive and escape 

the selective pressure.  Altogether, these data provide strong evidence for the 

requirement of TbGS in the proliferation of trypanosomes.  

In previous studies, it was demonstrated that the first enzyme in the 

glutathione biosynthetic pathway, γ-GCS, was essential for parasite growth [92]. 

In these studies, exogenously added glutathione was able to rescue the cell growth 

arrest that occurred after γ-GCS knockdown by RNAi.  The inability of 

glutathione to similarly rescue the TbGS double knockout and the growth arrest of 

the cDKO suggests that unlike in yeast [46, 182], glutathione is not taken up into 

the parasite intact but rather is imported through a trasnpeptidase mechanism that 

results in the cleavage of glutathione to cysteinyl-glycine and γ-glutamyl with 

conjugation of the γ-glutamyl moiety to an amino acid with uptake of both 

products of the reaction [46, 182].   A glutathione transporter has not been 

identified in T. brucei and no obvious homologs were identified using simple 

bioinformatics searches; however, our data suggest that T. brucei contains this 

transporter since glutathione is able to rescue the loss of γ-GCS but not GS. 

The only known mechanism of regulation within the T. brucei polyamine 

biosynthetic pathway relies on the AdoMetDC subunit, prozyme and to a lesser 
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extent, ODC.  Currently, the regulation of prozyme is considered to respond to 

dcAdoMet depletion, which upregulates prozyme protein production through a 

(hypothetically) translationally controlled mechanism [103, 170].  The mechanism 

of regulation of ODC is currently unknown.  Remarkably, loss of TbGS lead to 

decreases in prozyme and ODC protein and to an increase in γ-GCS protein.  

Taken together, these data suggest that parasites detect and respond to either 

glutathione or, more likely, trypanothione depletion using a classic feedback 

mechanism by increasing levels of the first enzyme required for glutathione 

synthesis. Spermidine levels remain unaffected after loss of TbGS; therefore the 

simultaneous decrease in levels of the two key polyamine biosynthetic enzymes 

appears to be a cell mediated response.  This response could be to maintain 

polyamine intermediate levels since spermidine can no longer be used to make 

trypanothione.  In a previous study, AdoMetDC prozyme protein levels were 

inversely proportional to dcAdoMet levels, suggesting that dcAdoMet could be a 

trigger for a regulatory response [170].  Crystallographic studies have shown both 

spermidine and methylthioadenosine bind SpdSyn [187] Methylthioadenosine is a 

reaction product of SpdSyn chemistry and has been shown to feedback inhibit 

SpdSyn from human and Plasmodium [185, 186].  Therefore, current hypothesis 

that accounts for all the data is when spermidine is no longer being used to form 

trypanothione, it feedback inhibits SpdSyn, resulting in an increase of dcAdoMet 
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levels, which in turn down regulates prozyme translation.  Still, more work would 

be required to evaluate this working model.   

In summary, TbGS is an essential protein for growth of the BSF T. brucei 

and >97% inhibition of the protein is required to lead to cell growth arrest.  Loss 

of TbGS also results in an increased sensitivity to the pathway inhibitor, BSO.  

Additionally, depletion of TbGS results in regulatory responses of both the thiol 

and polyamine biosynthetic pathways.  Reduction of TbGS leads to an increase in 

γ-GCS, suggesting that γ-GCS maybe the key regulatory control point for 

glutathione biosynthesis as is seen in other organisms.  Moreover, prozyme and 

ODC levels decrease, providing additional evidence that control of this pathway is 

dependent on AdoMetDC activity.  Taken together, these data are the first 

evidence of crosstalk between the polyamine and thiol biosynthetic pathways. 
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Figure 19.  Schematic of TbGS DKO/cDKO Vectors.  These constructs were 

created to genetically manipulate the WT BSF 427 cell line and generate the 

TbGS DKO and cDKO cell lines 
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Figure 20. TbGS DKO cell lines result in trisomy.  Genomic DNA from TbGS 

knockout cell lines was analyzed using a probe to a region upstream of the 

recombination area.  Correct DKO would result in an absence of the endogenous 

band. 
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Figure 21.  Endogenous and inducible TbGS genes transcribed.  cDNA was 

generated from RNA from WT and TbGS SKO containing the inducible FLAG-

GS ectopic construct cell lines.  Using a splice leader sequence designed forward 

primer and a reverse primer located within the TbGS gene, cDNA produced the 

PCR products shown above.  The endogenous 5’UTR is 50 bp longer than the 

inducible 5’UTR, shown by the difference in size.  
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Figure 22 C-terminal FLAG construct protein expression.  SKO cell line 

generated with KO-A construct were transfected with a TbGS-FLAG expression 

construct targeted to the ribosomal RNA repeat sequences.  Clones 1-3 were 

generated with a phleomycin resistance construct and clone 4 was generated with 

a blasticidin resistance construct.  Clone 1 was used to generate the GS cDKO cell 

line used in subsequent studies.  
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Figure 23. Analysis of TbGS cDKO Cell Line.  All results shown are 

representative of biological triplicate data.  A.  Growth curve of the TbGS cDKO 

cell line in the presence and absence of Tet.  Tet was added daily to maintain 

expression of the ectopic copy of TbGS protein and cell number is represented as 

the product of cell density and total dilution.  B.  Western blots of select 

polyamine and glutathione biosynthetic enzymes.  DHODH was used as a loading 

control.  C.  Intracellular polyamine levels measured by HPLC.  D. Intracellular 

reduced trypanothione levels measured by HPLC. When not shown, error bars 

(SEM) are smaller than their respective symbol. 
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Figure 24. Western blot of Pathway Proteins.  Western blot of biosynthetic 

pathway proteins with controls to prozyme, ODC, and γ-GCS showing variation 

in protein levels in the mentioned proteins.   
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 Day 0 2 3 4 5 8 

A
nt

ib
od

y 

GS 

1.00  0.00 0.01 0.01 0.01 

1.00 0.04 0.04 0.00 0.00 0.04 

1.00  0.01 0.01 0.01 0.03 

γ-GCS 

1.00  1.96 2.21 3.62 1.55 

1.00 0.80 1.34 2.41 2.31 1.37 

1.00  0.86 1.64 2.71 0.48 

ODC 

1.00  1.17 0.70 1.16 1.37 

1.00 1.62 1.89 1.11 0.84 1.80 

1.00  1.02 0.89 0.71 0.14 

AdoMetDC 
Prozyme 

1.00  1.69 0.29 0.50 1.97 

1.00 1.05 1.35 1.03 0.40 0.89 

1.00  0.49 1.14 0.75 0.01 

	  
Table 4. Relative Changes in Pathway Protein.  Westerns from three 

independent growth curves were analyzed for their changes in protein levels.  

Changes were seen in γ-GCS, ODC, and AdoMetDC prozyme upon loss of TbGS.  

These changes were quantified compared to the loading control and are shown 

here. 
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Figure 25.  TbGS cDKO stressed with BSO.  Parasites were grown with or 

without Tet for the number of days indicated followed by incubation with BSO 

for 72 hours.  Cell viability was measured using cell titer glow (Promega), an 

ATP based luminescence assay.  When not shown, error bars (SEM) are smaller 

than their respective symbol. 
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Figure 26.  TbGS cDKO stressed with H2O2.  Parasites were grown in the 

presence or absence of Tet for the number of days indicated and stressed with 

H2O2 for 24 hours.  Cell viability was measured following stress using cell titer 

glow (Promega).  When measuring growth, each line is the average of three flasks 

grown in the conditions indicated.  When not shown, error bars (SEM) are smaller 

than their respective symbol
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Figure	  27.	  Growth	  Curve	  after	  escape	  from	  Tet	  control.	  	  TbGS cKO growth 

curve after parasites had escaped stagnant growth and were grown for three days 

in the presence of tet prior to the start of the experiment.  During the experiment, 

tet was added every day and growth was monitored on the days indicated.  

Growth is plotted as total cell number, which is the product of cell density and 

total dilution.  When not shown, error bars (SEM) are smaller than their 

respective symbol 
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Figure 28. Flow cytometry analysis of Control Cells.  Bar Graph representing 

the percentage of cells that are either calcein positive, ethidium positive or calcein 

and ethidium double positive in cells grown in the presence of tet and TbGS 

protein expression.  These numbers were obtained from ungated fluorescent 

populations where unstained cells set quadrants.   
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Figure 29.  Flow cytometry Analysis of TbGS Cell Line. A.  Analysis of 

Control TbGS cDKO cells (+Tet) parasites ± eflornithine using forward scatter v. 

side scatter to observe cell shape and morphology and FL1 v. FL3 channels to 

observe calcein or ethidium positive cells, respectively.  B.  Bar Graph 

summarizing the effects of TbGS knockdown (-Tet) on the percentage of cells that 

are either calcein positive, ethidium positive or calcein and ethidium double 



115	  
	  

positive.  Numbers were obtained from ungated fluorescent populations where 

unstained cells set quadrants.  Data represent the average and standard deviation 

of the mean for n=3 independent experiments C.  Representative samples of flow 

cytometry data obtained from TbGS cDKO cells on days 3, 5 and 7 minus Tet.  

Ungated populations forward v. side scatter plots are shown on the left while the 

ungated fluorescent populations are shown in left center plots.  Within the 

fluorescent population plots, the upper left quadrant represents cells staining with 

ethidium only, the lower right quadrant represents cells staining with calcein only, 

and the upper right quadrant represents cells that stain with both ethidium and 

calcein. The populations that were gated by their forward versus side scatter plot 

(gates shown in first plot) are shown in the two right columns. The 

health/unhealthy gates were determined by healthy proliferating cells and cells 

that had been treated with drug (eflornithine) for 24 h where the majority of cells 

were dead (stained with ethidium only). 
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Figure 30. TbGS growth curves obtained during flow cytometry analysis.  

Growth is represented as the product of cell density and total dilution.  When not 

shown, error bars (SEM) are smaller than their respective symbol 
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CHAPTER FIVE 

 

Perspectives  

 

 

 

HAT is a debilitating disease that takes its toll not only on the patients, but 

also has an effect on the agricultural development of the endemic region.  

Advancements in treatment are necessary to accomplish eradication of this 

disease and these advancements are dependent on a more complete understanding 

of the parasite.  The work accomplished in this dissertation has lead to more 

knowledge of the regulation within the parasites polyamine and trypanothione 

biosynthetic pathway.  Furthermore, it has lead to interesting questions that 

remain to be answered.  Each of which is discussed and hypothesized about 

below. 

How is γ-GCS up regulated? 

In studying the effects of loss of TbGS, we found levels of γ-GCS increase 

by 2-3 fold.  While being the first known occurrence of regulation in the thiol 

portion of the trypanothione pathway, it is similar to what occurs in eukaryotic 

cells that use glutathione rather than trypanothione for redox homeostasis.  In 
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order to understand the regulation seen in trypanosomes, it is important to first 

understand how regulation occurs in mammalian cells.   

In the majority of eukaryotic cells, glutathione is the main line of defense 

against ROS and is involved in maintenance of the cellular redox state.  Studies 

have gone on to show that the redox state of a cell is closely linked with cell cycle 

progression and the levels of glutathione are tightly regulated with inadequate 

levels of glutathione resulting in cell cycle arrest [44, 188-191].  Regulation of 

glutathione occurs at multiple levels in mammalian cells.  Oxidative stress has 

been shown to increase glutathione production by increasing transcription, 

increasing transport of glutathione into the cell via by the γ-

glutamyltranspeptidase (GGT), and, to a lesser extent, stabilizing mRNA, and the 

phosphorylation state of γ-GCS [46, 189, 192].   

In mammalian cells, the main control point of glutathione synthesis is 

through regulation of γ-GCS, the initial step of biosynthesis [46, 188].  

Mammalian γ-GCS is regulated both through the expression of synthetic protein 

and by enhancement of its enzymatic activity through interaction with a protein 

modulator, termed γ-GC modulator (γ-GCM). γ-GCS is feedback inhibited by 

glutathione and γ-GCM enhances the activity of γ-GCS by reducing the inhibition 

of glutathione and decreasing the Km for glutamate [193].   Furthermore, both of 

these genes are transcriptionally up regulated by the activation of signal 

transduction pathways by oxidant species and electrophiles.  This regulation 
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occurs through cis elements in the 5’UTR regions of the promoters of both γ-GCS 

and γ-GCM [194].  The two most well characterized elements in the up regulation 

of γ-GCS are the AP-1 binding site (also called TRE element) and EpRE 

(electrophile response element).  TRE binds members of the Jun and Fos families 

of transcription factors while EpRE binds protein members in the Nrf, Jun, or 

small Maf families [192].  Although these cis elements have been identified, less 

is known about the signaling pathways that lead to activation of transcription.  

Additionally, import of glutathione through GGT is increased when cells 

encounter oxidative stress [195].  This is due to increased levels of GGT through 

similar signal transduction pathways as γ-GCS and γ-GCM.   

While mammalian cells have multiple mechanisms to regulate glutathione 

levels, T. brucei relies on trypanothione rather than glutathione to maintain 

cellular redox and protect against xenobiotics.  Furthermore, T. brucei lacks the 

components of regulation seen in mammalian cells.  Transcriptional regulation 

through signal transduction pathways to transcription factors is lacking in T. 

brucei.  Also, a γ-GCM protein has not been identified in the genome to enhance 

the γ-GCS activity.  Therefore, T. brucei must regulate its levels of trypanothione 

through a different mechanism than seen in mammalian cells.  Regulation does 

occur in T. brucei since loss of TbGS resulted in an increase of γ-GCS levels in 

the parasite.  Since transcriptional regulation is absent, this regulation is likely to 
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be done through increasing protein half-life, stabilizing the γ-GCS mRNA, or 

increasing the translation efficiency.     

While this is the first evidence that the thiol portion of the trypanothione 

biosynthetic pathway is regulated, it is not surprising since trypanothione has a 

central role in maintaining the reduced state of the redox protective proteins.  The 

mechanism of this regulation poses an interesting question moving forward and 

are likely different than regulation seen in mammalian cells, possibly leading to 

new targets for drug design. 

How are prozyme and ODC down regulated? 

 In this study, we discovered that prozyme and ODC levels are responsive 

to loss of TbGS and subsequently trypanothione.  These two enzymes were 

known to be key regulatory points within the pathway but had responded to 

trypanothione loss previously [103, 170, 184].  Since the polyamine pathway is 

the known target of eflornithine, one of the drugs used to treat HAT, it is 

important to understand the differences in regulation of these pathways between 

mammalian and trypanosome cells. 

Mammalians cells also have high coordinated regulation of the 

biosynthesis, degradation and efflux of polyamines [196-201].  This occurs both 

through modulating activity as well as controlling the amount of available 

enzyme.  Of the polyamine biosynthetic enzyme, the ones that are known for their 

regulating effects are ODC, AdoMetDC and N1-spermine/spermidine 
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acetyltransferase (SSAT, not discussed at length here since T. brucei do not use 

spermine).  In mammalian cells, ODC is regulated translationally through mRNA 

synthesis, mRNA stability, and through protein turnover[200, 202].  ODC has a 

short protein half-life that undergoes enhanced degradation when bound to the 

ODC regulatory – antizyme [203].  Antizyme increases protein degradation 

through an ubiquitin dependent manner when polyamine levels are high.  When 

polyamine levels are low, the protein aptly named antizyme inhibitor is expressed, 

binding and sequestering antizyme away from ODC, allowing ODC to replenish 

polyamine pools [203, 204].  AdoMetDC is both transcriptionally and 

translationally regulated in mammalian cells.  The AdoMetDC gene has a small 

upstream open reading frame that, in conditions of high polyamines, causes the 

ribosome to stall and results in the decrease of synthesis of polyamines [205-208].  

Furthermore, it also has a short protein half-life with degradation occurring 

through polyubiquitination [107].    

 Similar to T. brucei lacking γ-GCM, it also lacks genes encoding for 

antizyme protein and antizyme inhibitor protein.  Furthermore, both proteins in T. 

brucei have long half-lives[103, 209].  These differences indicate that the 

regulation of the pathway must occur through a different mechanism than what is 

seen in mammalian cells.  In T. brucei, AdoMetDC is regulated by a catalytically 

dead homolog that originated through a gene duplication event [103, 167].  This 

protein, termed prozyme, activates AdoMetDC and its expression is induced upon 
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chemical inhibition or genetic down regulation of AdoMetDC.  Prozyme levels 

are limiting in comparison to AdoMetDC in the parasite, which would allow for 

induction of prozyme to increase the kinetic activity of AdoMetDC [103].  The 

induction of prozyme is currently thought to occur through a translation 

mechanism detecting decarboxylated AdoMet levels, however, this has not been 

fully elucidated [170].  ODC levels are also induced upon inhibition of 

AdoMetDC, but the mechanism of this regulation has not been elucidated. 

 By investigating the role of TbGS in the polyamine biosynthetic pathway, 

we found that both prozyme and ODC levels were reduced, maintaining these 

proteins as key regulators of the T. brucei polyamine pathway.  While both the 

mammalian and T. brucei polyamine pathways use these proteins as regulatory 

control points in the pathway, they use different methods to accomplish 

regulation.  It was previously shown that perturbing the pathway by inhibition of 

AdoMetDC resulted in an increase of ODC and prozyme.  We show here that the 

loss of TbGS results in a decrease of ODC and prozyme, hypothetically to 

stabilize polyamine levels rather than allow the build up of spermidine.  The 

decrease in prozyme protein may occur through a similar mechanism of 

translational sensing levels of decarboxylated AdoMet; however, it is still 

possible that the decrease in protein occurs through a different mechanism, such 

as increased degradation or decreased protein stability.  The mechanism of ODC 
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regulation has not been elucidated but both of these questions pose interesting 

hypotheses going forward. 

Are there kinetic differences between TbGS and other homologous GS enzymes? 

The kinetics of the TbGS enzyme was similar to that described for the 

human, plant and T. cruzi GS enzyme with the exception of the apparent Km for 

ATP, which was 10 fold higher in TbGS.  This difference could simply be due to 

experimental differences, including different concentrations of Mg+2, γ-GC, and 

Gly in our assay.  However, it is also possible that this difference in ATP occurs 

in T. brucei while not in other organisms.  When the T. brucei GS enzyme was 

crystalized, co-crystalization with ATP or ATP analogs did not yield crystals with 

ATP bound in the active site [162].  Furthermore, ATP coordinating residues were 

oriented away from the active site in these same studies, which is in conflict of 

what was seen in the human GS crystal structure.  The authors speculated that this 

difference was due to two insertions surrounding the ATP binding loop.  

However, in a recent paper investigating the T. cruzi GS enzyme, which also 

contains these insertions surrounding the ATP binding loop, the authors did not 

see a difference in apparent Km values for ATP [89].  Therefore, if T. brucei does 

have a difference in the kinetic parameters of ATP, it is unique to this species.  To 

resolve this issue, more kinetic experiments would need to be performed using 

different concentrations of secondary and tertiary substrates to verify the Km value 

obtained. 



124	  
	  

Does loss of trypanothione instigate transformation from the proliferative (long, 

slender) stage to the non-proliferative (stumpy) stage? 

 While observing the parasites during the period of growth arrest seen on 

days 4-7, I noticed the morphology of a significant number of parasites had 

changed from the long, slender morphology of the proliferating parasite.  While 

this change in morphology was not investigated at the time, the observed 

phenotype does postulate a question of if it was simply parasites proceeding to 

cell death or if it was a transformation to the stumpy stage of the parasite. 

 The transformation to stumpy from the long, slender form of the parasite 

is required for transitioning to the next stage of the life cycle in the tsetse fly mid-

gut.  This transformation is instigated by a parasite-derived factor termed the 

stumpy induction factor (SIF).  SIF remains unidentified but is thought to act 

through cAMP signaling pathways [30, 31].  Upon activation of these pathways, 

parasites enter cell cycle arrest, increase mitochondrial activity, lose VSG 

expression and gain expression of the procyclic extracellular protein coat - 

procyclin, undergo cytoskeleton remodeling, reposition the kinetoplast, and 

irreversible commit to the next stage of life [30].  These changes allow the 

parasite to withstand the environment encountered in the tsetse fly mid-gut. 

 Currently, there are not markers for the slender to stumpy transition.  

Parasites are thought to be entering the stumpy form when cell cycle arrest occurs 

and is coupled enhanced transmission to procyclic form of the parasite when 
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activated by citrate/cis-aconitate measured by the expression of the procyclin 

[31].  The observation of morphological changes coupled with the growth arrest 

seen in TbGS cDKO cells warrants the question of if these cells are transforming 

to the non-proliferative stumpy form.  While it is likely that these cells are simply 

proceeding to cell death and the morphology phenotype is a byproduct, if loss of 

trypanothione did induce the transformation to the stumpy stage of the life cycle, 

then it would be a major advancement toward elucidating how the parasite 

regulate this transition. 

 In conclusion, TbGS is an essential protein for the growth of T. brucei that 

is involved in the production of trypanothione.  These experiments suggests more 

than 97% of the protein must be eliminated for it to have an effect on cell growth, 

which could not be accomplished by RNAi.  Furthermore, upon loss of TbGS and 

subsequently trypanothione, cross-regulation was observed between the two 

biosynthetic pathways, indicated that they work in a coordinated manner.  The 

mechanism for this regulation has yet to be elucidated but has the potential to be a 

viable area for drug target development since the regulation mechanisms between 

mammalian and parasite cells differ drastically.   
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