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       T. brucei parasites cause a fatal disease that affects hundreds of thousands of 

people in sub-Saharan Africa. Since current treatment options show either poor 

efficacy or have safety concerns, it is necessary to identify new targets in the 

parasite for the development of better medication against this disease. The 

purpose of my work was to investigate the role of a functional AdoMetSyn in the 

toxic effect of eflornithine, a clinically used therapy for the treatment of the 

disease. Prior studies suggested that the toxicity of eflornithine may be due to the 

combined effect of polyamine depletion and detrimental effects of increased 

levels of AdoMet in the cell. In order to further study this effect I generated an 
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RNAi cell line that allowed me to test the effects of decreasing S-

Adenosylmethionine Synthetase (AdoMetSyn) levels on eflornithine toxicity. I 

found that knockdown of AdoMetSyn mRNA led to reduced growth rates and to a 

reduction in AdoMet and dcAdoMet levels in the cell. The potency of DFMO was 

increased when tested on the RNAi cells containing reduced AdoMet levels. Thus 

my studies do not provide support for the hypothesis that elevated levels of 

AdoMet lead to potentiation of the eflornithine anti-growth effects. These results 

can prove useful in improving DFMO treatment of trypanosomiasis in infected 

patients.
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CHAPTER ONE 

Introduction and literature review   
 

 

 

       Trypanosome parasites fatally infect humans and cattle in sub-Saharan Africa 

leading to low quality of life and impeding economic growth. As of 2006, the 

World Health Organization (WHO) estimated that there were 50,000 cases of 

trypanosomiasis. Due to continuous efforts in prevention and control, the reported 

cases in 2009 have decreased to fewer than 10,000 (Simarro, Diarra et al. 2011). 

Unfortunately, millions of poor people with minimal access to preventive 

measures are at risk of contracting this disease. Because the parasite is transmitted 

exclusively through the bite of infected Tsetse flies, endemic to this region, the 

main preventive measure is protection from this fly by the use of insecticides and 

bed nets. Nonetheless infection is prevalent because the majority of the population 

affected lives in poor economical and sanitary conditions. Wherever it is possible, 

serological tests are often employed in order to detect the presence of the parasite 

at an early stage, when treatment is most safe and effective. 

       There are two strains of the parasite that infect humans (Simarro, Cecchi et al. 

2010), which leads to slightly different pathological outcomes and the 

employment of a few different treatments. About ten percent of the infected 

population, living mostly in eastern and southern Africa, is affected by the 

Trypanosoma brucei (T.b.) rhodesiensis strain. This parasite induces a severe 
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form of trypanosomiasis that leads to death of the host in weeks to months after 

infection (Malvy and Chappuis 2011). The majority of infections (about 90%) 

affect people living in west and central Africa, where T. b. gambiense induced 

infections can take months to years to reach their final conclusion (Malvy and 

Chappuis 2011), contributing even more to a low quality of life in these 

communities. It is difficult to diagnose late stage T. b. gambiense infection, thus it 

is likely the case load is under-reported.  

       Due to current drug efficacy and safety issues in the patients, it is preferable 

to start treatment in the early stages which are characterized by fever, itchiness 

and headaches. Patients with early stage infections by T. b. rhodesienses are 

treated with suramin while infections by T. b. gambiense are treated with 

pentamidine (Malvy and Chappuis 2011). In the late stages the parasite invades 

the central nervous system leading to poor coordination, sleepiness and confusion 

and culminating in death. Melarsoprol, a highly toxic agent, treats both forms of 

the late stage infections (Malvy and Chappuis 2011). However since most of the 

late stage cases are caused by T. b. gambiense, this form can be treated with 

eflornithine (also known as α-difluoromethylornithine or DFMO), which is now 

given in a combination therapy with nifurtimox (NECT) that reduces the 

treatment time, the number of adverse events and drug quantity used, and protects 

against the development of drug resistance in the parasite.    
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       With the exception of DFMO, the medicines used today in the treatment of 

trypanosomiasis were developed more than 50 years ago. Pentamidine was 

developed in 1930 and is a water-soluble aromatic diamine (Bacchi 2009) . It is 

used to treat the early stages of T. b. gambiense infections and its mechanism of 

action is unclear. Suramin, used in treating early stage T. b. rhodesiensis 

infections, was produced in 1922. A sulphonated naphthylamine, suramin has a 

long half-life in humans and may affect parasitic newly synthesized enzymes 

(Bacchi 2009). Melarsoprol (1940), an arsenical, treats the late stage of both 

forms of the disease (Bacchi 2009). Its mechanism of action is unclear, likely 

halting glycolysis through down-regulation of pyruvate kinase (Bacchi 2009). 

DFMO is the only molecule so far for which the mechanism of action is fully 

validated. Being an irreversible inhibitor of ornithine decarboxylase (ODC), the 

first enzyme in the polyamine biosynthetic pathway, DFMO affects parasites by 

reducing polyamine (putrescine and spermidine) and trypanothione levels. 

Polyamine reduction and/or depletion leads to cell growth arrest in the parasite. 

Also, since trypanothione plays a role in maintaining reduced thiol pools in the 

cell, the parasite’s resistance to oxidative stress is reduced with decreasing 

trypanothione levels. In combination with NECT, which has the capacity of 

producing superoxide anions, DFMO appears to act synergistically and the 

required dose of both compounds is reduced. 
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         The drugs have several ways of entering the parasites. The P2 nucleoside 

transporter is use by several of them. Pentamidine is also imported through the 

HAPT1 and LAPT1 transporters, while suramin binds avidly to plasma proteins 

which are further bound and endocytosed by the parasites (Bacchi 2009). DFMO 

was thought to passively cross the plasma membrane until 2010 when Michael 

Barrett’s group started studying DFMO resistance in trypanosome parasites. The 

resistant strains were found to encode deletions in the amino acid transporter gene 

TbAAT6, leading to the conclusion that TbAAT6 transporter is involved in 

DFMO uptake into the cell (Vincent, Creek et al. 2010). 

         There are problems and limitations with the current medication, including its 

forms of production and administration. High toxicity to the patient poses dosage 

limitations. As an example, melarsoprol poses a risk of death in 10% of the 

patients due to arsenical-induced encephalopathy and pulmonary edema. DFMO 

can produce reversible bone marrow suppression, which can be alleviated with 

administration of lower doses of the drug. Also, because the current drugs suffer 

in terms of efficacy and effectiveness, most of the late stage ones need to be 

administered in high doses over extended periods of time, and often 

intravenously. This poses economical and medical difficulties for treating poor 

people living in remote areas with little access to medical facilities. There is a 

great need for more understanding of the parasite biology and development of 

medication that is safer, more efficient, easier to administer and more cost 
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effective, in order to put under control this terrible disease that devastates the lives 

and well being of a big population of the African continent.  

       As mentioned above, the agent of trypanosomiasis, or African sleeping 

sickness, is the T. brucei parasite. T. b. gambiense and rhodesiense infect humans 

and T. b. brucei infects cattle. The disease is transmitted from host to host through 

the bite of infected Tsetse flies. The parasite is characterized by a life cycle that is 

divided between the fly and the infected host. As the fly takes a blood meal from 

an infected host, it ingests blood-form trypomastigotes, which will transform into 

procyclic-form parasites and multiply by binary fission in the midgut of the fly. 

As the parasites leave the fly gut, they multiply in its salivary glands and will be 

injected into a new host as metacyclic tripomastigotes. The reason the parasite can 

survive in these different organisms is its tremendous capacity of evading the host 

immune system. The parasite alters the expression of its surface proteins through 

periodic antigenic variation (Stockdale, Swiderski et al. 2008). Thus, as the host 

immune system adapts to eliminate the parasite expressing a certain surface 

protein, a small population will start expressing a different surface protein (from 

>1000 such genes encoded in its genome) and continue multiplying and traveling 

in the host. This process continues until the parasite crosses the blood-brain 

barrier and leads to the death of the infected host. 

       DFMO was first explored for over 30 years as an ODC inhibitor for the 

treatment of cancer, although efficacy was never sufficient to lead to its use in 
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treatment (Meyskens and Gerner 1999). Polyamines are important in all living 

organisms, being involved in cell growth and differentiation, apoptosis and cancer 

development (Marton and Pegg 1995). Interfering with, or inhibiting, their 

synthesis leads to severe consequence or death in most organisms (Casero and 

Marton 2007). Since DFMO is used in the treatment of trypanosome infected 

patients, work has been done in elucidating the details of the polyamine 

biosynthesis pathway in trypanosome parasites. The mammalian pathway is well 

defined in terms of composition and regulation and most of the enzymes involved 

in polyamine synthesis are structurally similar over a wide biological range 

(Marton and Pegg 1995; Palanimurugan, Scheel et al. 2004; Pegg 2009). Studies 

in trypanosomes (Willert and Phillips 2012) have revealed interesting and useful 

differences in the composition and regulation of the parasite pathway. Figure 1 

shows a schematic of the enzymes and enzymatic products that compose the 

trypanosome pathway. Unlike the mammalian one, trypanosomes do not produce 

spermine and lack spermine synthase. ODC is not regulated by an ODC antizyme, 

a protein that binds and destabilized ODC activity, as in humans, but our lab 

(Willert, Fitzpatrick et al. 2007) discovered a parasite specific mechanism for 

regulation of polyamine biosynthesis. A catalytically dead paralog of AdoMetDC, 

termed prozyme, is required to activate AdoMetDC by formation of a 

heterodimer. Prozyme levels, in turn, appear to be translationally controlled. 

Another interesting characteristic of the trypanosome organism is the existence of 
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another enzyme specific to the parasite, termed trypanothione synthetase. This 

enzyme uses 2 molecules of glutathione and one molecule of spermidine in order 

to produce a novel molecule found only in this family of parasites, called 

trypanothione. Trypanothione is involved in maintaining the redox state of the cell 

(Fairlamb, Blackburn et al. 1985; Fairlamb and Cerami 1992; Oza, Ariyanayagam 

et al. 2003). All the discovered differences between the trypanosomes and humans 

could be exploited in developing more effective treatment for the trypanosomiasis 

patients. 
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Figure 1 Polyamine and Thiol Biosynthetic pathway in Trypanosoma brucei 

Pathway components in black are present in both human and trypanosome 

organisms. Patway components in blue are specific to the trypanosome genus.   

Products: L-Met – L-Methionine; AdoMet – s-adenosylmethionine; dcAdoMet – 

decarboxylated s-adenosylmethionine; Orn – onithine; Put – putresceine; Spd – 

spermidine; GSH – glutathione; GSH-Spd – glutathione – spremidine; TS2 or 

T(SH)2 – trypanothione 
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Enzymes: AdoMetSyn – s-Adenosylmethionine Synthetase; AdoMetDC – s-

adenosylmethionine decarboxylase; ODC – ornithine decarboxylase; SPDSyn – 

spermidine synthase; Gama-GCS – gama-glutamylcysteine synthetase; GS – 

glutathione synthase; TrypSyn – trypanothione synthetase, TrypRed – 

trypanothione reductase. 

 

       Several studies have looked at DFMO effects in trypanosome parasites, 

primarily those involving ODC inhibition and polyamine synthesis interference. 

Bacchi’s group (Fairlamb, Henderson et al. 1987), working in T. b. brucei, 

showed that DFMO treatment led to depletion of putresceine and to reduced 

levels of spermidine and trypanothione. At the same time AdoMet and dcAdoMet 

levels were increased 75 and >1000 fold respectively above WT levels. AdoMet 

levels are highly regulated in mammals where AdoMet synthetase is feed back 

regulated at the level of transcription (Finkelstein 2007). These observations led 

Bacchi to propose that lack of regulation of AdoMetSyn in T. brucei might lead to 

some of the toxic effects of DFMO. Yarlett et al. (Yarlett and Bacchi 1988) has 

also studied methylation patterns in DFMO treated parasites. Besides its role in 

polyamine synthesis, AdoMet is the major methyl donor in transmethylases 

activity in organisms, and therefore involved in transcription activity. Results of 

these studies have revealed an increase in the methylation index of the 

trypanosome genome after DFMO treatment. However when ODC activity was 

reduced through an RNAi mechanism, our lab (Xiao, McCloskey et al. 2009) 

found similar reduction in polyamines and trypanothione levels to DFMO treated 
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cells. Interestingly, while dcAdoMet levels were increased, AdoMet levels were 

similar to control cells. 

       The purpose of my work was to investigate the role of AdoMetSyn in the 

toxic effect of DFMO on the parasite. Based on the studies mentioned above, 

DFMO toxicity may be due to a combined effect of polyamine depletion and 

abnormal effects of increased levels of AdoMet in the cell. Influencing AdoMet 

production by reducing AdoMetSyn mRNA levels by RNAi should lower toxicity 

of DFMO which could provide more information about the effect of DFMO on 

trypanosome parasites and help in developing better treatment for 

trypanosomiasis.  

 



 

10 

CHAPTER TWO 

Methods and experimental design 
 

 

 

Reagents 

       The IMDM powder used in preparing the HMI-9 media was purchased from 

Invitrogen (cat. no. 12200-036). Hygromycin (H0654), Phleomycine (P9564), 

Neomycine (G418 disuphate salt, A1720), the Pyrophosphate reagent (P7275), the 

ATP (A7699), and L-methionine (M5308) were purchased from Sigma. 

AlamarBlue (DAL1100) was purchased from Invitrogen. The iTaq SYBR green 

mix (172-5851) was purchased from Bio-Rad. Tetracyclin tested FBS serum with 

catalog no. S10350H, lot no. K1170 and 10 kDa dialyzed FBS serum (cat. no. 

S12650, lot F1040) were purchased from Atlanta Biologicals. Chicken serum (cat. 

no. 100-161, lot E45F03Y) was purchased from Gemini Bioproducts. Serum 

supplement (cat. no. 14008C, lot 9M0070) used in CS HMI-9 media preparation 

was purchased from SAFC Biosciences. AdoMet (10601) was purchased from 

Affimetrix. Tetracycline HCl (T17000) was purchased from RPT. Primers were 

ordered from Invitrogen and DNA sequencing was done at the UT Southwestern 

Medical Center Sequencing Core.  

 

Experimental system 
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     For this study were used blood-form T. b. brucei 427 parasites, grown in 

culture which will be addressed as T. brucei throughout this document. I 

engineered a cell line in which, under Tet induction, I could knock down 

AdoMetSyn mRNA by an RNAi mechanism. This cell line, which I called Tbb90-

13 AdoMetSyn RNAi, consists of blood-form T. b. brucei 427 parasites 

transfected with pLew13, pLew90 and Gateway generated pLew100 plasmids. 

The pLew13 plasmid provides resistance to neomycin (N) while the pLew90 

provides resistance to hygromycin (H) and encodes for Tet repressor. The 

Gateway pLew100 provides resistance to phleomycine (P) and contains the RNAi 

construct under the control of Tet operators. Thus, the cell line will express the 

double stranded RNA to AdoMetSyn upon addition of Tet to the media, inducing 

the degradation of the AdoMetSyn mRNA and the parasite has resistance against 

the H, N and P antibiotics.  

 

AdoMetSyn RNAi construct generation and RNAi induction  

       The DNA sequence of AdoMetSyn was obtained from the trypanosome gene 

database found on the Rockefeller University’s web page at 

tritrypdb.org/tritrypdb/. Since trypanosome parasites have 9 virtually identical 

copies of this gene (Tb927.6.4840 – 4920), a region that is identical to all nine 

copies was chosen for generation of an RNAi compatible sequence. Using the 

RNAi wizard provided by the University of Cambridge’s web site at 
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trypanofan.path.cam.ac.uk/trypanofan/main/, a 438 base pair sequence was 

determined to be both suitable for RNAi experiments and unable to recognize any 

other sequence belonging to a different gene of the T. brucei genome. The 

following primers were ordered from Invitrogen in order to amplify the gene from 

T. b. brucei 427 genomic DNA: 5’AAACGACGGTGTGTCAAATGAA3’  

and 5’GGGCAGTCGGAAGTTTTTCTGC3’. 

  

       Next, the fragment was amplified by PCR and cloned into a pCR8/GW/Topo 

vector provided by Gateway (Kalidas, Li et al. 2011). The pCR8 vector and the 

Gateway pLew100 destination vector were mixed in a reaction in which a LR 

clonase enzyme ligated the fragment in opposite directions around a 500 bp 

stuffer sequence into the destination vector. The pLew100 was further transfected 

into T. b. brucei 427 90-13 cells in order to produce the RNAi cell line described 

in the experimental system section above. Here the construct was inserted in the 

parasite rRNA encoding region. Clonal lines were separated from the initial 

polyclonal cell culture that resulted after transfection. 

 

Cell growth 

       Trypanosome cells were grown in HMI-9 ( pH 7.4) media prepared as 

described (Hirumi and Hirumi 1989), with the addition of 

bathocuproinedisulfonic acid disodium salt at 25 μM. Serum supplement was 

used only in preparation of the chicken serum (CS) media. The appropriate 
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antibiotics (H, N and/or P) were added to 2.5 ug/ml. Cells were grown in vented 

cap flasks for growth curves and 96 well plates for EC50 determination. Cultures 

were grown in an incubator supplied with 5% CO2 at 37
o
C. For RNAi induction, 

Tet was added every 24 hr at 1 ug/ml. In rescue and toxicity experiments, AdoMet 

was added every 24 hr at various concentrations as mentioned in the Results 

section. Both Tet and AdoMet solutions were obtained by dissolving the 

respective powder in ddH2O to stock concentrations (1 mg/ml, pH 5 and 200 μM, 

pH 5 respectively), followed by filtration. Cells were split every 24 or 48 hr 

depending on experiment requirements and counted using a Fisher scientific 

hemocytometer for growth curves, or AlamarBlue reagent for EC50 growth 

curves. In harvesting, cells were centrifuged rapidly, the media removed and the 

cells washed in cold 1X PBS. For RNA extraction the washed cells were 

resuspended in 1 ml Triazol, and for mass spectrometry analysis (MS) of 

metabolites, cells were lysed into a solution, containing 0.1% formic acid and 

50% methanol, through several freeze-thaw cycles and the supernatant saved, 

dried and submitted to Ben Tu’s lab for MS analysis.  

       Growth curve plots were done in the GraphPad Prism program where 

triplicate experiments were averaged and the standard deviation used for the error 

bars. Thus, cell number was plotted versus days of treatment. For EC50 curves, 

cells were incubated with 50 μl AlamarBlue dye for 24 hours after which 

absorbance was read at 600 nm and 570 nm on a PowerWaveX spectrophotometer 
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from Bio-Tek Instruments. The 600 nm values were subtracted from the 570 

values followed by subtraction of background control sample values (samples 

with the same culture composition but with no parasite cells) from the sample 

values of samples with cells. The resulting values (Y) were used in GraphPad 

Prism as Y/K where K is the average of the values of control samples (i.e. no 

DFMO), while the DFMO concentrations of the different samples (X) were used 

as log(X), Using the programs’ four parameter function log (inhibitor) vs. 

response, averaged Y/K values was plotted versus averaged log(X) values with 

the error bars representing standard deviation.  

 

Protein expression 

       The entire coding sequence of the AdoMetSyn gene was amplified from T. b. 

brucei 427 genomic DNA using the following primers: 5’ 

ATGTCCGTGCGCCAGATATTC 3’ and 5’ TGC 

CTACTGCACGTCACTAAGACC 3’. The resulting PCR product was cloned in 

a pET28b expression vector in frame with an N-teminal 6 histidine tag (His6). 

The vector was previously modified to replace its thrombin site with a TEV site, 

allowing the His6 tag to be removed. BL21 E. coli cells were transformed using 

this vector and the protein expression induced by the addition of IPTG (0.5 mM) 

at 16
o
C. Typical yields were 20 mg pure AdoMetSyn protein per liter of culture. 
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       Cells were harvested by centrifugation and resuspended in lysis buffer (100 

mM Hepes, pH 8; 100 mM NaCl; 10 mM imidazole; 5% Triton 100X; 5% 

glycerol). Cells were lysed on an EmulsiFlex-C5 homogenizer from Avestin, the 

supernatant was obtained by centrifugation at 16 k rpm and loaded onto a pre-

packed HiTrap chelating HP Ni column from GE equilibrated in loading buffer 

(100 mM Hepes, pH 8; 100 mM NaCl; 5% Triton 100X; 5% glycerol and 10 mM 

imidazole). AdoMetSyn was eluted from the Ni
+2

 column using a gradient of 80-

300 mM imidazole. The protein was next run on a pre-packed HiPrep desalting 

column from GE equilibrated in exchange buffer (50 mM Hepes, pH 8; 100 mM 

NaCl; 1 mM DTT; 1% Triton 100X; 5% glycerol). The columns were mounted on 

an AKTAPurifier FPLC machine.   

       In order to obtain the TEV protease beads, GST TEV protease was expressed 

in BL21 cells, the cells lysed in buffer (50mM HEPES pH 7-8, 100mM NaCl, 

0.5% TritonX-100, 25% glycerol) and the supernatant incubated with 

reconstituted glutathione-agarose beads (Sigma, G4510). 

       To remove the His6 tag, the protein was incubated with TEV protease beads 

at 40 ul/ 2 mg protein/ml at room temperature. Next, the sample was centrifuged 

and the supernatant transferred to a new tube. In order to separate the protein from 

its tag and any uncut protein, the sample was rerun over the Ni
+2

 column a second 

time and the untagged protein was collected from the flow through. 
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Enzyme kinetic analysis 

       AdoMetSyn utilizes methionine and ATP to produced AdoMet by 

transferring the adenosyl group of ATP onto the sulfur atom of methionine and, in 

the process, releases monophosphate and pyrophosphate. 

       The reaction conditions and activity determination of my AdoMetSyn were 

done as in David Hansen’s study (Kim, Balcezak et al. 1992). In testing E.coli 

AdoMetSyn, they used a pyrophosphate reagent provided by Sigma. The assay 

couples the use of 1 molecule of pyrophosphate with the oxidation of 2 moles of 

NADH to NAD through a cascade of reactions where fructose-6-phosphate will 

react with the pyrophosphate generated in the AdoMet formation. The reaction 

monitors the decrease in NADH levels by measuring absorbance at 360 nm and 

the following formula (O'Brien 1976) helps calculate pyrophosphate used in the 

reaction: 

Pyrophosphate (umols/ml) = [(ΔATest – ΔABlank) x Vrnx]/ (6.22 x 2 x Vs) 

where       Vrnx = volume of reaction mixture 

                 6.22 = mM absorbtivity of NADH at 340 nm 

                  2 = moles of NADH oxidized per mole of pyrophosphate consumed 

                  Vs = volume of sample. 

  Rates of NADH decrease can thus be correlated with rates of AdoMetSyn 

enzymatic activity. I used this reagent in monitoring my enzyme’s activity and 
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followed the reaction on a PowerWaveX spectrophotometer from BioTek 

Instruments.  

       Alternative reaction buffer composition: 50 mM Hepes, pH 8; 20 mM MgCl2; 

100 mM KCl; 0.05% Triton 100X. 

 

qPCR methods 

       In obtaining the qPCR data, total RNA was separated from the cells and 

purified using the RNeasy mini kit (Qiagen, 74104). Further, the RNA was 

reverse transcribed into cDNA by using the FirstScript System for RT-PCR 

(Invitrogen, 11904018). Using primers specific for recognizing AdoMetSyn 

cDNA, as well as the three reference proteins TERT, Actin and DHODH, the 

cDNA was amplified by qPCR (using iTaq SYBR green mix) in a BioRad CFX96 

Thermal Cycler and the c(t) values analyzed further. (c(t) stands for cycle 

threshold. The qPCR reaction has in its composition a fluorescent dye (i.e. SYBR 

green in this case) that intercalates into a dsDNA. As the desired cDNA is 

amplified, the florescence increases until it reaches a predetermined threshold. 

The c(t) value represents number of amplifying cycles that it takes the sample to 

reach this threshold. The less initial cDNA, the more cycles necessary to reach 

this threshold (VanGuilder, Vrana et al. 2008). Here the primers were allowed to 

anneal at 60
o
C for 30 sec and the polymerization was done at 95

o
C for 5 min for a 

total of 40 cycles. c(t) values above 32 were not considered reliable.) 
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       In order to calculate fold differences in mRNA levels between different 

samples of a specific experiment, the c(t) values of the reference gene for each 

sample were subtracted from the AdoMetSyn c(t) value. Each sample was done in 

triplicate. After taking an average of the resulting c(t) values of the triplicates, the 

values were normalized to the day 0, or uninduced, sample using the formula: 2
-(v0 

– vs)
 (where v0 is the value of the uninduced sample and vs, the value of the 

comparing sample). Thus, the uninduced sample would have a value of 1, and the 

induced samples, a value dependent on the difference between the uninduced and 

induced samples (Vandesompele, De Preter et al. 2002). Plotting was done using 

the GraphPad Prism program where fold difference was plotted against days of 

treatment. The error bars are calculated as follows: 

Upper error bar = 2
-[(x-v0) +SD]

 -2
-(x-v0) 

and lower error bar = 2
-(x-v0) 

- 2
-[(x-v0)-SD]

. 

Here   SD = standard deviation of the average of the replicates for each sample 

after the reference values were subtracted 

            x =      v0 when calculating error bars for the untreated sample 

                       vs when calculating error bars for the treated samples 

       DHODH stands for dihydroorotate dehydrogenase and TERT stands for 

telomerase reverse transcriptase. The primers used to amplify the T. brucei 

AdoMetSyn cDNA were chosen to recognize a region outside the RNAi area and 

have the following sequence: 5’ TT TGAGATCACAACGAAGGCTG  3’ and 5’  

AA ACGGTAGTCCAACCCCTTCT   3’. 
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CHAPTER THREE 

Results 
 

3.1 S-Adosylmethionine Synthetase is important for normal proliferation of 

T. brucei parasites 

       In order to determine the importance of AdoMetSyn in the parasite, I 

engineered a cell line in which I could cause a decrease of AdoMetSyn mRNA 

using RNAi. Thus, T. brucei parasites were engineered to contain in their genome 

a sequence of the AdoMetSyn DNA capable, upon translation, of forming a 

hairpin dsRNA, as detailed in the Methods section (Figure 2). The transcription of 

this construct was placed under a Tetracycline (Tet) inducible promoter so its 

transcription can be artificially regulated. 

 

5’

3’ 3’

5’
stufferAdoMetSyn AdoMetSyn

438 bp 500 bp 438 bp

5’

3’ 3’

5’
stufferAdoMetSyn AdoMetSyn

438 bp 500 bp 438 bp

 

Figure 2 Construct used to silemce AdoMetSyn espression 

Stem loop RNAi construct. A 438 base pair sequence from the AdoMetSyn gene 

was introduced into a plasmid in opposite directions around a stuffer region. The 

construct was inserted in the parasitic genomic DNA that encodes for rRNA from 

which it will be transcribed by tetracycline induction. 

 

       Cells were grown in HMI-9 media prepared as in the Methods section to 

which H, N and P antibiotics were added. Samples were grown in triplicate 

cultures with or without Tet as described in the Methods section. Parasite samples 
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were collected for analysis every other day and total RNA was isolated in order to 

determine the extent of gene knockdown by qPCR. As detailed in the Methods 

section, several reference genes were used in order to account for differences in 

total RNA content between the collected samples. Figure 3 shows growth curves 

representative of 3 different experiments done in FBS media where the number of 

cells was plotted as an average of the different experiments versus days of 

treatment, and for which qPCR data has been obtained. The qPCR data shows that 

the AdoMetSyn mRNA levels decrease considerably (~80%) after 24 hours of Tet 

administration and remain low even after four days of treatment. Despite this 

significant knockdown of gene expression we observe only moderate impairment 

in growth under these conditions.  
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Figure 3 AdoMetSyn silencing causes a moderate impairment in parasite 

growth.  

a) Growth curve representing three different experiments, each done in triplicate, 

where cells were grown in FBS media, Tet was added at 1 ug/ml every 24 hours 

and the cells were counted every other day. b) qPCR data obtained on extracted 

mRNA from the cells in the experiments in a) at 0, 1, 2 and 4 days of treatment.  

 

       Since T. brucei has nine copies of the AdoMetSyn gene, producing a knock 

out cell line would be difficult. Because of this, our RNAi effect may not be 

sufficient for producing a more severe growth defect. Fortunately the copies are 

almost identical and the RNAi construct was designed to target any transcribed 

AdoMetSyn mRNA. Based on the qPCR data, the mRNA content in the Tet 

treated cells decreases considerably compared to non-treated cells.  

       Another concern with the small effect on growth was the possibility of 

AdoMet being imported from the media and rescuing some of the RNAi effect. 

Since T. brucei parasites have a unique transporter of AdoMet (Goldberg, Yarlett 

et al. 1997), this could be a real event. To circumvent this possibility, I performed 

the same experiment as above using HMI-9 media that was prepared using 

dialyzed FBS in the place of the non-dialyzed serum in order to remove any 

AdoMet that might be present in the media. Figure 4 shows an example of growth 

in dialyzed serum media with or without Tet, accompanied by qPCR data for days 

0, 1 and 2 of treatment. As observed, Tet treated cells enter growth arrest after 6 

days of treatment and die a few days later. qPCR data confirms RNAi effect by 

detecting decreasing levels of AdoMetSyn mRNA of 50% by day 1 and 75% by 
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day 2 of Tet treatment. These results suggest that the reason the growth effect was 

most pronounced in dialyzed serum media was because serum contains AdoMet, 

allowing AdoMet salvage to circumvent the block in AdoMet synthesis.  
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Figure 4 Growth impairment due to AdoMetSyn silencing is enhanced in 

dialyzed serum. a) Growth curve representing two different experiments, each 

done in triplicate, where cells were grown in dialyzed FBS media, Tet was added 

at 1 ug/ml every 24 hours and the cells were counted every other day. b) qPCR 

data obtained on extracted mRNA from the cells in the experiments in a) at 0, 1 

and 2 days of treatment. 

       

       Bovine serum contains oxidases that lead to toxicity when spermidine 

supplements are added to the media. In case this effect would also be observed for 

AdoMet supplementation, before undertaking AdoMet rescue experiments I also 

tested growth and RNAi effects in chicken serum (CS) media. Figure 5 show 

growth curves of the AdoMetSyn RNAi line in CS media, with and without Tet 
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induction. In these conditions I noticed a more severe growth defect than in 

normal FBS media. These data also suggest that CS media may contain a lower 

concentration of AdoMet than bovine serum supplemented media. qPCR data 

confirms reduced levels of AdoMetSyn mRNA (60% by day one, Figure 5, b) as a 

result of Tet treatment that correlates with the growth defect. More than this, mass 

spectroscopy (MS) data (Figure 5, c, d) of samples collected from these 

experiments reveal decreased levels of AdoMet and dcAdoMet levels in cultures 

treated with Tet for 1 to 4 days. What is interesting is that the levels of 

metabolites start to oscillate after day 3 of treatment by increasing, then 

decreasing again, suggesting that the lack of complete cell death phenotype may 

be due to incomplete gene knockout. 
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Figure 5 AdoMetSyn silencing slows growth and alters AdoMet levels of 

parasites cultured in CS media. a) Growth curve representing two different 

experiments, each done in triplicate, where cells were grown in CS media, Tet 

was added at 1 ug/ml every 24 hours and the cells were counted every other day. 

b) qPCR data obtained from samples grown in CS shown in a) of days 0 to 5 of 

treatment. c) and d) Mass spec data obtained by measuring AdoMet and dc 

AdoMet metabolite levels from samples collected from the experiments in a) at 0 

through 4 days of Tet treatment. The AdoMet was identified by two different 

fragments obtained in the mass spec. When one of the fragments does not appear 

on the graph, the value of AdoMet or dcAdoMet in that sample as represented by 

the fragment was bellow the limit of detection.  
 

 

3.2 AdoMet added extracellularly does not rescue the Tet induced phenotype  

     In order to further verify the correlation and causality of RNAi induced 

decrease of AdoMetSyn mRNA levels and parasite growth defects, I attempted to 

rescue the RNAi effect by AdoMet addition to the media. I expected to see an 

improvement in the cell growth as AdoMet was imported into the cell from the 

surrounding media. Before performing the experiment, I tested several 

concentrations of AdoMet on non-Tet induced parasites in order to choose a 

working concentration that would not interfere with the cell growth on its own. As 

seen in Figure 6, AdoMet is toxic to trypanosome cells with concentrations above 

2 μM (FBS media) or above 700 nM (CS media), reducing the growth rate, or 

killing the parasites as a result.  
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Figure 6 High concentration of AdoMet interfere with parasite growth. 

Growth curves of cells grown in FBS (a), dialyzed FBS (b) and CS (c) media at 

different concentrations of AdoMet. Experiments were done in triplicate and 

AdoMet was added every 24 hours at the listed concentrations.  

 

      The toxicity of AdoMet restricted the rescue experiment to low concentrations 

of the compound and 100 - 250 nM was used in the experiments. In the AdoMet 

rescue experiments, I compared the effects of Tet induced RNAi on cells with and 

with out AdoMet added to the media. As controls I used cells grown without any 

treatment or with the AdoMet concentration used in the experiment, to monitor 

for its own effect on parasite growth. I expected to see rescue of the growth 

defects induced after Tet addition. Growth in these conditions in FBS media 

produces a slight improvement in cell growth when AdoMet is added to the 

culture simultaneously with Tet (Figure 7), while no improvement in growth rate 
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was observed in CS media (Figure 8). Since I had a concentration limit in using 

AdoMet without a toxic effect on growth, I could not determine if higher AdoMet 

concentrations than the ones used would provide greater rescue of the 

AdoMetSyn RNAi effect.  
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Figure 7 AdoMet addition in FBS media results in partial rescue of growth 

defect and reversal of AdoMetSyn silencing. Growth curves of cells grown in 

FBS media (a), representative of three different experiments done in triplicate. 

Tet (1 ug/ml) and AdoMet (100 mM) were added every 24 hours and counting 

and propagation was done every other day. b) qPCR ploted data showing the fold 

change in AdoMetSyn mRNA levels of samples treated with Tet alone. c) qPCR 

ploted data showing the fold change in AdoMetSyn mRNA levels of samples 

treated with both Tet and AdoMet. 

 

       Analysis of AdoMetSyn mRNA samples from these experiments by qPCR 

confirms AdoMetSyn knockdown (~60% by day 1) in samples where RNAi was 
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induced by Tet (Figure 7 and 8, b). Interestingly, samples treated with both Tet 

and AdoMet (Figure 7 and 8, c) had AdoMetSyn mRNA levels that reverted to 

wild type values and, in some cases, even exceed them (~125%) after 2 or 3 days 

of treatment depending on the media. Though more experiments need to be done 

to confirm this, these results may suggest that AdoMet may be involved in some 

type of regulation of AdoMetSyn in T. brucei. 
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Figure 8 AdoMet addition in CS media does not affect but reverses 

AdoMetSyn silencing. Growth curves of cells grown in CS (a), representative of 

three different experiments done in triplicate. Tet (1 ug/ml) and AdoMet (150 

mM) were added every 24 hours and counting and propagation was done every 

other day. b) qPCR ploted data showing the fold change in AdoMetSyn mRNA 

levels of samples treated with Tet alone. c) qPCR ploted data showing the fold 

change in AdoMetSyn mRNA levels of samples treated with both Tet and 

AdoMet. 
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3.3 Decreased AdoMet production by Tet induced AdoMetSyn knock down 

does not increase DFMO EC50 in trypanosomes 

       Based on the MS data mentioned in section 3.1, I observed decreased levels 

of AdoMet and dcAdoMet as a result of AdoMetSyn knockdown by RNAi. In 

order to test the hypothesis that increased AdoMet levels are one of the causes of 

DFMO toxicity in trypanosomes, I performed experiments in which I treated cells 

with DFMO at normal AdoMet levels and at reduced levels by Tet induction of 

AdoMetSyn RNAi. Figure 9 shows EC50 curves of T. brucei cells treated with 

DFMO in the absence of Tet and in the presence of Tet for 1 and 2 days prior to 

DFMO treatment. Based on the qPCR and AdoMet data presented in section 3.1, 

the parasites are expected to have lower levels of AdoMet after 1 and 2 days of 

Tet treatment allowing us to test the effects of reduced AdoMet and dcAdoMet 

levels on DFMO toxicity. As observed from the data in Figure 9, Tet treatment 

prior to DFMO addition does not increase the EC50 of DFMO, but on the contrary, 

it reduces it, having an additive effect and leading to greater toxicity in the 

parasite. Here I obtained an EC50 value of 16.5 uM DFMO on non-treated cells. 

This value was decreased to 5.6 uM in cells where RNAi was induced 1 day 

before DFMO treatment and to 4.6 uM in cells where RNAi was induced 2 days 

before.  
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Figure 9 AdoMetSyn 

silencing increases 

FMO toxicity. EC50 

curves of two different 

experiments 

performed in FBS 

media where cells 

were treated with 

DFMO after 0, 1 and 2 

days after RNAi 

induction by Tet. 

Experiment was performed in plates with each condition done in triplicate and Tet 

(1 ug/ml) and AdoMet (0.1 uM - 10mM) were added to the cultures every 24 

hours.  
 

3.4 Protein expression and enzymatic activity of AdoMetSyn 

       The His6 tagged full construct of T. brucei AdoMetSyn was expressed in E. 

coli BL21 cells from a modified pET28b expression vector as described in the 

Methods section. The protein was further purified and used in an activity assay. 

Pure tagged protein was used in the reaction in various concentrations ranging 

from 0.5 – 160 μM, but no activity above baseline was observed. ATP was used at 

5 mM and L-methionine at 1 mM concentrations in the reaction. Two different 

buffer conditions, outlined in the Methods section, were used, but no activity was 

observed. Control reactions of a different phosphatase, or pyrophosphate addition, 

excluded any problems with the reagent.  
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       One reason for an inactive protein may be its tag, which could be inhibiting 

its activity either by structural modification of the protein, or by obstruction of the 

active and binding sites. These problems can be solved either by moving the tag 

to the C-terminus, but, most probably, by removing the tag after protein 

purification. As described in the Methods section, I used TEV protease bound to 

agarose beads in order to cleave the His6 tag of my protein. Enzymatic tests of the 

untagged protein have not shown activity so far. Because the TEV protease is not 

very efficient, it is possible the fairly long cleaving time (24-48 hours at room 

temperature) may render the protein inactive. A different tag that can be cleaved 

faster or TEV cleavage at a lower temperature may solve such problems. Other 

reasons for the lack of activity may be due to the necessity by T. brucei 

AdoMetSyn of a post-translational modification, or incorrect folding after 

expression in E. coli. These questions will need to be investigated. 

       The fact that AdoMetSyn is active as a dimer, or a tetramer, in other 

organisms (Chiang, Chamberlin et al. 1999; Komoto, Yamada et al. 2004; Perez-

Pertejo, Reguera et al. 2004) may suggest this could be the case with the T. brucei 

AdoMetSyn as well. If this is the case, a tagged AdoMetSyn may not be able to 

form the protein-protein interactions necessary for its activity. Removing the tag 

is the solution for such a problem, but, as I mentioned above, untagged protein did 

not show activity in my experiments.  
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Figure 10 SDS-PAGE gel migration of tagged and untagged AdoMetSyn. 

Pure tagged and untagged AdoMetSyn samples were loaded on this gel that was 

later stained with Coomassie blue stain. Lane 1 – tagged protein. Lane 2 – tagged 

and untagged protein from a TEV protease cleavage reaction. Lane 3 – untagged 

protein obtained from the flow through after the samples in Lane 2 was loaded 

onto a Ni
+2

 column. Lane 4 – tagged and untagged protein eluted from the same 

Ni
+2

 column with 300 mM imidazole. 

 

       SDS-PAGE migration of the enzyme before and after His6 tag cleavage and 

Ni
+2

 separation provides some preliminary evidence for interactions between 

individual molecules of T. brucei AdoMetSyn. As observed in the SDS-PAGE gel 

in Figure 10, pure, tagged protein runs at 50 kDa as a single band (lane 1). After 

cleavage of the His6 tag, but before Ni
+2

 separation we see two bands 

representative of both untagged and tagged protein (lane 2). The sample in lane 2 

was loaded onto a Ni
+2

 columns in order to separate the untagged protein from its 

tag and any uncleaved protein. As seen in lane 3, untagged protein (47 kDa) 

obtained in the flow through runs as a single band whereas still tagged protein 

eluted from the column runs as a double band (lane 4) representative of a mixture 
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of tagged and untagged protein. These results may suggest protein-protein 

interactions between individual protein molecules of AdoMetSyn and could be 

investigated further for better characterization of T. brucei AdoMetSyn. 
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CHAPTER FOUR 

Discussion and conclusions 
 

 

 

The study of AdoMetSyn and its decrease by RNAi methods in T. brucei, has lead 

to certain conclusions that could be used in further studying of this enzyme in 

trypanosomes to determine its role as a potential target in combination with other 

anti-trypanosomiasis therapies. 

AdoMetSyn and parasite life  

       As mentioned in the Results section, reducing AdoMetSyn mRNA levels by 

RNAi mechanism leads to moderate to severe growth defects based on the media 

composition provided for cell culture. The differences between slower growth in 

normal FBS media and death in dialyzed FBS media, after RNAi induction are 

most likely due to rescue of some of the RNAi effects by useful molecules present 

in the normal FBS media. Still, because non Tet-treated cells also have a lower 

growth rate and in dialyzed FBS media, another explanation may be that death of 

Tet induced cells in dialyzed FBS media is due to lack of nutritional components 

in the media that more adversely effect cells that also contain less AdoMetSyn. 

Growth in CS media shows more severe growth defects than normal FBS media, 

which may be due to lower AdoMet levels naturally present in the media. 

       These results may suggest several hypotheses regarding what happens in the 

parasite with RNAi treatment. One hypothesis is that the RNAi reduction in the 
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mRNA of AdoMetSyn that I obtained is not sufficient for an effect that would 

pose a serious problem for cell viability. The cells may not need much 

AdoMetSyn mRNA in order to produce the needed amount of protein necessary 

for normal cell activity. 50 – 80% mRNA reduction by qPCR detection may not 

be sufficient to inhibit the production of normal levels of AdoMetSyn protein to 

cause death of the parasite. qPCR and MS data show a decrease of mRNA, 

AdoMet and dcAdoMet levels as a result of Tet induction, but they also show 

returning or fluctuating levels of the metabolites and mRNA levels, which may be 

due to necessity of a functional AdoMetSyn in the cell. Due to the fact that 

trypanosome cells posses 9 copies of this enzyme in their genome, AdoMetSyn 

mRNA levels may be higher than what is necessary for the cell and difficult to 

fully eliminate through the RNAi mechanism. A knockout of the AdoMetSyn 

gene(s) was not attempted in this study and it may be difficult to obtain due to the 

high number of copies.  

       Another hypothesis is the possibility of RNAi effect rescue by import of 

AdoMet into the cell from the media. This question was studied by attempting to 

grow the cells and induce RNAi effects in media prepared with dialyzed FBS in 

order to eliminate the presence of AdoMet from the media. Because of the poor 

growth of any type of trypanosomes in dialyzed FBS media I cannot confirm my 

hypothesis by this data. Another test was done by AdoMet addition to the media. 

The AdoMet concentrations used showed little rescue when added to normal FBS 



35 

 

media and no rescue in CS media. These results could indicate off target effects of 

the RNAi mechanism. It can also be due to the fact that AdoMet is involved 

heavily in transcription events in the cell by being the primary methyl group 

donor. Bacchi’s group observed an increase in the methylation index of 

trypanosomes as a result of DFMO treatment (Bacchi and Yarlett 1993) in 

correlation with increased AdoMet levels in their studies. Reduction of AdoMet 

levels could negatively influence (Kramer, Sufrin et al. 1987) gene transcription 

as well and lead to changes that may be more detrimental to parasite growth and 

life than could be rescued by AdoMet addition. Since we see from the qPCR and 

MS data that the cell manages on its own to reverse, to a certain extent, the 

reduction effects in mRNA, AdoMet and dcAdoMet, we still don’t see full rescue 

of the RNAi effects. Another problem with fully interpreting the results is the fact 

that due to toxicity at higher concentrations, AdoMet could not be used in rescue 

above 500 nM per day and I could not test rescue at higher concentrations that 

could be informative. 

DFMO treatment and Tet induced RNAi of AdoMetSyn effects 

       As shown in the Results section, the initial hypothesis that lowering AdoMet 

levels by RNAi effects on its synthetase would increase the EC50 of DFMO on T. 

brucei and ameliorate its toxicity effects, is not supported by this data. On the 

contrary, addition of both Tet and DFMO to the cells decreases the EC50 of 

DFMO and kills the parasites. 
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       This does not exclude the possibility that increased AdoMet levels are part of 

the DFMO toxic effect on trypanosomes, but may imply that lower than normal 

AdoMet levels could have an even greater impact on parasite survival and health. 

This suggests that a normally functional AdoMetSyn is important for 

trypanosome life and this can be exploited in producing more effective 

medication against Trypanosomiasis.   

 

         In conclusion, a fully functional AdoMetSyn is important for parasite 

growth and the fact that, under my experimental conditions, I do not have death as 

a result of  RNAi induced knockdown of AdoMetSyn may be due to the ability of 

the cells to regain working levels of enzyme that could maintain the cells alive. 

This type of reversal of a regulated genetic block has been observed commonly in 

T. brucei. The initial damage produced by decreased AdoMet and dcAdoMet 

levels may produce effects that cannot be fully restored as long as the cells are 

under continuous RNAi effect even by supplying AdoMet externally.  
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