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Abstract 

Trypanosoma brucei causes African sleeping sickness in humans and 
Nagana in cattle. There are no vaccines available against the disease and the 
current treatment is also not satisfactory because of inefficacy and numerous 
side effects of the used drugs.  

T. brucei lacks de novo synthesis of purine nucleosides; hence it depends on 
the host to make its purine nucleotides. T. brucei has a high affinity 
adenosine kinase (TbAK), which phosphorylates adenosine, deoxyadenosine 
(dAdo), inosine and their analogs. RNAi experiments confirmed that TbAK is 
responsible for the salvage of dAdo and the toxicity of its substrate analogs. 
Cell growth assays with the dAdo analogs, Ara-A and F-Ara-A, suggested that 
TbAK could be exploited for drug development against the disease.  

It has previously been shown that when T. brucei cells were cultivated in the 
presence of 1 mM deoxyadenosine (dAdo), they showed accumulation of 
dATP and depletion of ATP nucleotides. The altered nucleotide levels were 
toxic to the trypanosomes. However the salvage of dAdo in trypanosomes 
was dramatically reduced below 0.5 mM dAdo. Radiolabeled dAdo 
experiments showed that it (especially at low concentrations) is cleaved to 
adenine and converted to ATP. The recombinant methylthioadenosine 
phosphorylase (TbMTAP) cleaved methylthioadenosine, dAdo and 
adenosine into adenine and sugar-1-P in a phosphate-dependent manner. 
The trypanosomes became more sensitive to dAdo when TbMTAP was down-
regulated in RNAi experiments. The RNAi experiments confirmed that 
trypanosomes avoid dATP accumulation by cleaving dAdo. The TbMTAP 
cleavage-resistant nucleoside analogs, FANA-A and Ara-A, successfully 
cured T. brucei-infected mice.  

The DNA building block dTTP can be synthesized either via thymidylate 
synthase in the de novo pathway or via thymidine kinase (TK) by salvage 
synthesis. We found that T. brucei and three other parasites contain a 
tandem TK where the gene sequence was repeated twice or four times in a 
single open reading frame. The recombinant T. brucei TK, which belongs to 
the TK1 family, showed broad substrate specificity. The enzyme 
phosphorylated the pyrimidine nucleosides thymidine and deoxyuridine, as 
well as the purine nucleosides deoxyinosine and deoxyguanosine. When the 
repeated sequences of the tandem TbTK were expressed individually as 
domains, only domain 2 was active. However, the protein could not dimerize 
and had a 5-fold reduced affinity to its pyrimidine substrates but a similar 
turnover number as the full-length enzyme. The expressed domain 1 was 
inactive and sequence analysis revealed that some active residues, which are 
needed for substrate binding and catalysis, are absent. Generally, the TK1 
family enzymes form dimers or tetramers and the quaternary structure is 
linked to the affinity for the substrates. The covalently linked inactive 
domain-1 helps domain-2 to form a pseudodimer for the efficient binding of 
substrates. In addition, we discovered a repetition of an 89-bp sequence in 
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both domain 1 and domain 2, which suggests a genetic exchange between the 
two domains.  

T. brucei is very dependent on de novo synthesis via ribonucleotide 
reductase (RNR) for the production of dNTPs. Even though T. brucei RNR 
belongs to the class Ia RNR family and contains an ATP-binding cone, it 
lacks inhibition by dATP. The mechanism behind the RNR activation by ATP 
and inactivation by dATP was a puzzle for a long time in the ~50 years of 
RNR research. We carried out oligomerization studies on mouse and E. coli 
RNRs, which belongs to the same family as T. brucei, to get an 
understanding of the molecular mechanism behind overall activity 
regulation. We found that the oligomerization status of RNRs and overall 
activity mechanism are interlinked with each other.  
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TbAK  : Trypanosoma brucei adenosine kinase 

TbTK  : T. brucei thymidine kinase 

TbMTAP : T. brucei methylthioadenosine phosphorylase 

RNR   : Ribonucleotide reductase 

Ara-A : Vidarabine or 9-β-D-arabinofuranosyladenine 

F-Ara-A : Fludarabine 

FANA-A  : 9-(2-Deoxy-2-fluoro-ß-D-arabinofuranosyl) adenine. 

ATP                 : Adenosine-5'-triphosphate 

UTP                 : Uridine-5'-triphosphate 

GTP   : Guanosine-5'-triphosphate 

CTP   : Cytidine-5'-triphosphate 

dATP    : Deoxyadenosine-5'-triphosphate 

dUTP  : Deoxyuridine-5'-triphosphate 

dTTP  : Deoxythymidine-5'-triphosphate 

dGTP  : Deoxyguanosine-5'-triphosphate 

dCTP  : Deoxycytidine-5'-triphosphate 

MTA   : Methylthioadenosine 

GEMMA  : Gas-phase electrophoretic mobility macromolecular    
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 Aim of the thesis  

The aim of the thesis is to characterize enzymes involved in the nucleotide 
metabolism of T. brucei and exploit the special properties of them for drug 
development against African trypanosomiasis.  

Introduction 

Millions of people from 36 countries in Africa are living under the threat of 
African Trypanosomiasis. The continuing unrest, poverty, and illiteracy in 
Africa make trypanosomal diseases a large problem in the field of medicine. 
Trypanosomes have a wide range of hosts from wild and domestic animals to 
humans (1).  

Trypanosomiasis: 

The symptoms of disease in animals and humans caused by salivarian 
trypanosomes vary, and all the diseases are collectively called 
trypanosomiasis. Trypanosomes cause two major diseases in humans, 
African sleeping sickness and Chagas disease. In this thesis, we have focused 
on the salivarian group of trypanosomes to which the causative pathogens of 
African sleeping sickness as well as several diseases in cattle and other 
domestic animals belong. Human African sleeping sickness is caused by T. 
brucei gambiense and T. brucei rhodesiense. The disease in cattle caused by 
T. brucei brucei and T. evansi are known as “Nagana” and  “Surra”, 
respectively. Whereas, the disease in horses caused by T. equiperdum is 
referred to as “Dourine”. Although the disease “African Trypanosomiasis” 
refers to the parasite distribution in Africa, there is one exception in the 
salivarian group, T. evansi, which is found in Asia as well as Central and 
South America (2).  

Transmission of trypanosomiasis: 

The salivarian trypanosomes are generally transmitted between animals and 
humans by blood-sucking tsetse flies (Glossina spp.) However, there are two 
exceptions, T. equiperdum and T. evansi. The horse pathogen, T. 
equiperdum is not spread by flies or insects; it is instead transmitted by 
coitus. Among salivarian parasites, T. evansi has the ability to spread 
between animals by different means of vectors in different parts of the world. 
As other trypanosomes of the salivarian group, T. evansi is also transmitted 
by tsetse flies in Africa. However, it is also spread by blood sucking insects in 
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Asia and vampire bats in Central and South America. In addition, it can also 
be transmitted through milk and during sexual intercourse in horses (2).  

 
 

 

Figure 1. Classification of trypanosomes, which belong to the salivarian 
group (Remade from (2) under the terms of open access (copyright © 2001 
Hindawi Publishing Corporation)). 

 
Distribution of tsetse flies and trypanosomiasis: 

Population distribution and economy of countries in Africa are affected by 
the prevalence of tsetse flies and disease epidemiology (2). The prevalence of 
trypanosomiasis in animals is 100 to 150 times higher than human African 
sleeping sickness. The high disease prevalence has made that cattle-owning 
tribes in Africa were forced to migrate away from areas where tsetse flies are 
common.  

African sleeping sickness: 

Due to the symptoms of infection, which includes severe sleeping disorders 
in humans and a state of coma at the end of the disease, trypanosomiasis is 
referred to as African sleeping sickness. The disease is caused by two 
subspecies of T. brucei, T. b. gambiense and T. b. rhodesiense. These 
parasites are injected along with saliva by tsetse flies into the blood when 
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they bite humans for a blood meal. The infection of T. brucei is divided into 
two disease stages based on the location of parasites, an early 
hemolymphatic stage and a late Central Nervous System (CNS) stage.  

 
 

 
 
Figure 2. Distribution of tsetse flies, cattle-raising areas and African sleeping 
sickness. (A) Tsetse fly. (B) T. brucei. (C) Distribution of tsetse flies and 
cattle-raising areas in Africa. (D) Distribution of T. brucei subspecies in 
Africa. The C and D figures were remade from 
http://pathmicro.med.sc.edu/lecture/trypanosomiasis.htm with permission. 

The characteristic symptoms of the early stage are fever and swollen lymph 
nodes. In addition, this stage is often associated with some nonspecific 
symptoms like weight loss, malaise and headache. In some patients, 
symptoms like splenomegaly, cardiac dysfunction, hemolytic anemia and 
derangement of liver have been noticed during the early stage of the disease 
(3). When the parasites cross the blood-brain barrier and enter into the CNS, 
the disease progresses into the late stage. In this stage, the disease is 
characterized with many neurological complications like disturbances in 
motor and sensory functions such as visual involvements, circadian rhythms, 
and abnormal reflexes. If the disease is not treated at the CNS stage, the 
patients enter into coma and eventually die from the disease (3).  
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African sleeping sickness is subdivided into acute and chronic forms based 
on the progression of the disease. The acute form of the disease is caused by 
T. b. rhodesiense and the chronic form of the disease is caused by T. b. 
gambiense. The epidemiology and symptoms of the disease are different if 
the disease is caused by T. b. gambiense or T. b. rhodesiense.  In the acute 
form of the disease, the trypanosomes cross the blood-brain barrier within 
weeks, and the disease becomes fatal within a few months.  Whereas, the 
chronic form takes a few weeks up to a few months to enter CNS, and takes 
several years to become fatal. 

The chronic form of the disease, which contributes with ~90% of the 
reported cases, is prevalent in Western and Central Africa. The acute form, 
which contributes with ~ 10% of the reported cases, is present in Eastern and 
Southern Africa. In case of the rhodesiense form, animals act as reservoirs 
whereas, the gambiense form is mainly transmitted between infected 
humans. The distribution of tsetse flies in Africa and the disease-affected 
areas are shown in Figure 2. 

Diagnosis of African sleeping sickness  

There is a great need of research in the area of diagnosis for more cheap, 
rapid, and accurate detection of trypanosomes than present available 
diagnostic methods. In some patients, a chancre will develop at the site of 
the fly bite, 10-15 days after infection. However, the most common 
diagnostic method of African sleeping sickness is microscopic identification 
of T. brucei in the blood, cerebrospinal fluid or aspirates of the lymph. The 
identification of T. b rhodesiense is relatively easy compared to T. b 
gambiense because of its permanent parasitemia in the blood even after it 
has infected the CNS. Very often, due to the lack of proper diagnostic 
methods and too low number of gambiense parasites in the blood, the 
symptoms of the disease is misdiagnosed as malaria. Because of the 
misdiagnosis, the chance of treating the disease is often missed at the first 
stage of the disease. 

Since there is no morphological difference between T. brucei subspecies, the 
diagnosis of the form of the disease becomes difficult, and is often only based 
on geographical location and progression of the disease. However, recent 
development in the diagnosis methods has led to new molecular techniques 
like the Antibody-detecting card agglutination Trypanosomiasis test (CATT) 
and PCR methods for the better and more rapid detection of T. b gambiense 
(3).  

 



 

5 

Current drugs and their drawbacks 

When T. brucei is in the mammalian blood, its body is covered with a coat 
called Variable Surface Glycoprotein (VSG). The trypanosomes continuously 
change their VSG coat for each episode of high parasitemia. In T. brucei, 10% 
of their functional genes encode for VSG proteins, and they escape from the 
host immune attack by continuously changing the VSG that is expressed. 
Therefore, there will always be new tides of trypanosome populations in the 
host with new VSG protein coats (3). This ability of the parasites to switch 
VSG expression has prevented all the efforts to make vaccines against the 
disease. 

 

 
 

Table 1. Drugs against the early and late stages of African sleeping sickness. 

The disease can be cured at the cost of side effects if it is diagnosed in the 
early stage. However, most often the disease is first misdiagnosed as malaria 
and identified at the late stage due to the poor surveillance and diagnosis. 
The current drugs against the disease have many drawbacks and most of 
them do not fulfill current drug therapy safety requirements (3, 4). The 
treatment of African sleeping sickness is mainly dependent on four drugs, 
suramine or pentamidine for the early stage, and melarsoprol or eflornithin-
nifurtimox for the late stage of the disease. Melarsoprol is an arsenical drug, 
which works against all forms of the disease and has often been the first 
choice for the treatment of the disease. Unfortunately, it shows severe side 
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effects; 10% of the treated patients get a drug-induced encephalopathy and 
for 50% of them the encephalopathy is fatal. Drug resistance is another 
strong drawback of melarsoprol-based treatments. Due to the bad reputation 
of melarsoprol, eflornithin-nifurtimox combination therapy has become an 
alternative choice for the treatment. Eflornithine (intravenously) in 
combination with nifurtimox (orally) is given two times a day for 7 days (5). 
The poor hospital settings in Africa, and side effects of the drug make the 
treatment very unsatisfactory. Moreover, this treatment works against only 
one of the two subspecies, T. b. gambiense.  

Life cycle of Trypanosoma brucei. 
 

 
 

 Figure 3. Life cycle of T. brucei in tsetse fly and mammalian hosts.  

When tsetse flies bite T. brucei-infected humans for a blood meal, cell cycle 
arrested short stumpy forms are ingested into the flies. As soon as they enter 
into the insect, the short stumpy forms are transformed into procyclic forms 
and resume their proliferation in the midgut. They migrate from the midgut 
to proventriculus and transform into the proliferating proventriculus forms. 
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Eventually the trypanosomes migrate to the salivary glands and transform 
into epimastigotes. In the salivary glands, a sub-population of actively 
proliferating epimastigotes transforms into non-dividing metacyclic 
trypanosomes, which are pre-adapted for a life in the mammalian host. Both 
epimastigotes and metacyclic forms are covered with a VSG coat. Metacyclic 
trypanosomes enter into the host blood by a fly bite and start to proliferate to 
form the long slender bloodstream form (BSF). In the mammalian host, 
trypanosomes are always covered with a VSG coat that allows them to escape 
from the host immune attack. A sub-population of BSFs transforms into the 
cell cycle-arrested short stumpy forms (SS), which are ready to be taken up 
by a tsetse fly and thereby complete the cycle of transmission.  

Nucleotide metabolism of T. brucei: 

Ribonucleoside triphosphates ATP, GTP, UTP and CTP (NTPs) and 
deoxyribonucleoside triphosphates dATP, dGTP, dTTP and dCTP (dNTPs) 
are the building blocks of RNA and DNA, respectively. In human cells, both 
salvage pathways or de novo pathways can synthesize precursors of RNA and 
DNA. In the salvage pathways, cells take up nucleobases or nucleosides from 
the outside of the cells to make their nucleotides. Whereas, in the de novo 
pathways cells produce the nucleotides from scratch.  

T. brucei is a unicellular parasite and lives extracellularly in the body fluids 
of the host. The parasite lacks the de novo pathway to make their purine 
nucleotides; hence it depends on the host for available purine bases and 
nucleosides in the body fluids. The trypanosomes have enzymes to 
synthesize their purine nucleotides from any of the salvaged purine bases or 
nucleosides. In case of pyrimidine nucleotide synthesis, trypanosomes have 
both de novo and salvage enzymes to synthesize uridine nucleotides. 
However, they cannot synthesize cytidine nucleotides by salvage pathways; 
hence they depend entirely on CTP synthetase in the de novo pathway (6). 
They have both ribonucleotide reductase and thymidylate synthase; 
therefore parasites are able to make all dNTPs by de novo synthesis. As 
described in the papers in this thesis, they also have the ability to salvage 
deoxyadenosine, thymidine and deoxyuridine. 

 
Nucleobase and nucleoside transporters in T. brucei: 

Human cells have both equillibrative and concentrative transporters for the 
uptake of purines. Concentrative transporters need energy (ATP) to 
transport nucleosides into cells, whereas, equillibrative nucleoside 
transporters (ENT) are passive. Since trypanosomes are auxotrophic for 
purine nucleosides in the host, they take up purine bases and nucleosides 
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from the blood or other body fluids. Although the trypanosomal transporters 
belong to the same family as the mammalian ENT, they are proton motive 
and they need energy (7). The parasite ENTs are classified into the P1 and P2 
systems based on the amino acid sequence and substrate specificity. The P1 
transporters are expressed in both procyclic and bloodstream forms and 
mediates the uptake of nucleosides and deoxyribonucleosides: adenosine, 
inosine, guanosine, deoxyadenosine, and deoxyinosine. To a lower extent, it 
also mediates the uptake of the pyrimidine nucleoside, thymidine (8). The P2 
transporter is expressed only in the bloodstream forms and mediates uptake 
of adenine, adenosine, deoxyadenosine and many anti-trypanosomal drugs 
(9). Both transport systems show higher affinity to purines than most human 
purine transporters. Therefore, the parasites have the ability to outcompete 
the host cells for the uptake of purine nucleosides in the blood (10, 11).  

Purine transporters in trypanosomes are not only involved in the uptake of 
nucleosides but also in transporting many nucleoside analogs and anti-
trypanosomal drugs like melarsoprol, pentamidine, and diminazene. The 
nucleoside analogs formycin A and B are mainly transported by the P1 
transporter whereas, tubercidine and cordycepin are transported by P2 (9). 
The non-nucleoside anti-trypanosomal drugs are transported by the P2 
transporter and it has also been shown that P2 is involved in melarsoprol 
resistance (9, 12). In contrast, there are no reports of drug-resistant 
trypanosomes lacking the P1 transporters. Therefore, nucleoside analogs, 
which are taken up by the P1 group of transporters might be a good choice 
for the development of drugs against trypanosomes.  

In addition to purine nucleoside transporters, trypanosomes also have 
purine base and pyrimidine base/nucleoside transporters. They have H1, H2 
and H3 purine base transporters for the uptake of hypoxanthine, guanine, 
and adenine. Procyclic forms express H1 and bloodstream forms express 
both H2 and H3 purine base transporters.  

The pyrimidine transporters, U1 in procyclics and U3 in the bloodstream 
forms, mediate the uptake of the base uracil. These transporters were also 
shown to be involved in the salvage of uridine and deoxyuridine nucleosides. 
However they showed low affinity for uridine and deoxyuridine as compared 
to uracil (8, 13).  As trypanosomes lack salvage pathways to make cytidine 
nucleotides, they as well lack transporters for cytidine and cytosine (6). 
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Figure 4. Structural illustration of pyrimidine and purine deoxynucleosides.  

Purine nucleotide metabolism in T. brucei: 

The high affinity purine transporters and the salvage enzymes make 
trypanosomes to overcome the lack of the de novo pathway for the 
production of the purine nucleotides ATP and GTP (14). Trypanosomes can 
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salvage purine nucleobases either directly from the body fluids of the host or 
by cleaving off the sugar moiety from the salvaged nucleosides. The salvaged 
bases adenine, hypoxanthine and guanine are converted to their 
monophosphates by two transferases: adenine phosphoribosyltransferase 
(APRT), and hypoxanthine-guanine phosphoribosyltransferase (HGPRT). 
APRT adds a phosphoribosyl moiety to adenine to form adenosine 
monophosphate (AMP) whereas, HGPRT produces inosine monophosphate 
(IMP) and guanosine monophosphate (GMP) by adding the phosphoribosyl 
moiety to hypoxanthine and guanine, respectively.  

  
Nucleosides can as discussed above be cleaved by T. brucei, and the released 
bases salvaged by phosphoribosyltransferases.  T. brucei has two purine 
nucleoside cleavage enzymes: inosine-adenosine-guanosine-nucleoside 
hydrolase (IAG-NH) and inosine-guanosine-nucleoside hydrolase (IG-NH). 
Since these nucleoside hydrolases are present only in parasites, they have 
been targeted for drug development (15). Both IG-NH and IAG-NH cleave 
inosine, adenosine, and guanosine. However, even though IG-NH cleaves 
adenosine and has an affinity in submicromolar range it is not considered as 
the main substrate because of its low catalytic turnover compared to its main 
substrates, inosine and guanosine (16). Therefore, in future discussions, we 
only discuss about IAG-NH as important for adenosine salvage (see Paper I).    

Pyrimidine nucleotide metabolism in T. brucei: 

In T. brucei, the synthesis of cytidine nucleotides depends on the production 
of uridine monophosphate (UMP). The parasites lack uridine kinase to 
phosphorylate uridine to form UMP; instead uridine and also deoxyuridine 
are cleaved by uridine phosphorylase to form uracil. The base can thus be 
salvaged either from outside of the cell or from cleaved uridine nucleosides. 
The base is converted to UMP by uracil phosphoribosyltransferase, and 
further phosphorylated to form uridine diphosphate (UDP) and UTP by 
nucleotide kinases. Along with the salvage enzymes, trypanosomes also have 
de novo enzymes to produce UMP (17).   

Trypanosomes cannot take up cytosine or cytidine from body fluids; hence 
the de novo pathway becomes the only source of cytidine nucleotides to 
make DNA or RNA (6).   Therefore, these parasites entirely depend on the 
cytidine triphosphate synthetase (CTPS) to make CTP from UTP. The 
complete dependence on the CTPS for the production of CTP made 
trypanosomes vulnerable for inhibitors of this enzyme (6).     
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Deoxynucleotide biosynthesis in T. brucei:  

DNA replication, which is a key process to life, is dependent on 
ribonucleotide reductase (RNR) for the de novo synthesis of building blocks, 
deoxyribonucleotides (dNTPs). In trypanosomes and most other organisms 
the dNTPs are mainly produced by de novo synthesis and RNR is then a key 
enzyme. Although RNR plays a major role, salvage enzymes also play 
important roles in the production of dNTPs. When nucleosides are 
phosphorylated by nucleoside kinases, the formed ribonucleoside 
monophosphates (NMPs) are converted to di-and triphosphates by various 
nucleotide kinases. Ribonucleoside diphosphates (NDPs), which are 
produced by nucleotide kinases, are reduced to deoxyribonucleoside 
diphosphates (dNDPs) by RNR. These dNDPs are further phosphorylated to 
dNTPs by nucleoside diphosphate kinase. 

In T. brucei, dTMP can be produced via a de novo pathway from dUMP by 
thymidylate synthase. The dUMP is formed when dUDP, which is produced 
by RNR, and dUTP are degraded. In trypanosomes the salvage synthesis of 
deoxynucleotides was not established well prior to our work (see Paper I and 
III). However, it had been shown with a partially purified thymidine kinase 
from T. brucei cell extracts that trypanosomes could phosphorylate 
thymidine to dTMP by thymidine kinase (18).  
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Figure 5. Metabolism of nucleosides and deoxynucleotides in T. brucei. In 
this figure, we have not included the metabolic pathways that are part of the 
papers in this thesis. We have instead included them in the figure 14 as a 
summary of results.  
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Ribonucleotide reductases: 

RNR catalyzes the reaction where ribonucleotides are reduced to 
deoxyribonucleotides by replacement of a 2’-hydroxyl (OH) group with 
hydrogen. 

 

 

               Figure 6.  Schematic illustration of the RNR reaction mechanism. 

Based on different free radical chemistries, all the ribonucleotide reductases 
from viruses to human are categorized into three classes: I, II and III. Even 
though these three classes have little amino acid sequence similarities, the 
similar activity site properties and allosteric regulation suggest a common 
origin of RNRs (19, 20). An overview with information of all known members 
from the three classes of RNRs is available in the RNR database online at 
http://rnrdb.molbio.su.se/index.html. 

Classes of RNR: 

Oxygen requirement for radical generation and the phosphorylation status of 
substrates vary between RNR classes. Class I RNRs are aerobic and use 
ribonucleoside diphosphates (NDPs) as substrates. Class II RNRs are oxygen 
independent and use NDPs or NTPs as substrates. Class III RNRs are 
anaerobic and accept NTPs as substrates. RNR catalysis requires an external 
electron donor. Small proteins like thioredoxins or glutaredoxins donate 
electrons to class I & II RNRs whereas, formate is used for class III RNRs 
(20).  
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Table 2. Summary of characteristic properties of RNRs from the three 
classes.  

Class I RNRs are primarily present in eukaryotes but also in several bacteria, 
viruses and in a few Archaea (19, 21).  Class I RNRs can be further divided 
into class Ia, Ib and Ic based on the free radical properties and metal centers 
of their small subunits as well as their allosteric regulation (Table 2)(19, 20).  

Class I RNRs are called aerobic, because of the oxygen requirement for the 
generation of a tyrosyl radical proximal to a diiron center or Mn-Fe center 
(19). Class Ic lacks the tyrosyl radical and has an unpaired electron in the 
metal center instead. Thioredoxins or glutaredoxins act as reductants for 
class Ia and Ic (22). In class Ib, a small redox protein encoded by nrdH (23, 
24) is important for the reduction of RNR. The overall activity regulation is 
present in class Ia and Ic whereas class Ib RNR lacks the entire N-terminal 
region where the overall activity allosteric site normally is located. 

Class II RNRs are mainly present in bacteria but are also found in Archaea 
and viruses (19). Enzymes from this class do not need a second subunit and 
are encoded by the NrdJ gene. In this class, the radical generation takes 
place at the active site and a vitamin B12 derivative; 5’-
deoxyadenosylcobalamin (AdoCbl) replaces the function of R2 (25). Class II 
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RNRs can be present in monomeric or in dimeric forms with only very 
limited amino acid sequence homology.  

Class III RNRs are encoded by the NrdD gene and are present in Archaea, 
bacteria, bacteriophages and a few eukaryotes (19). Class III RNRs need a 
second subunit encoded by NrdG for the generation of a glycyl radical. Since 
the free radical is oxygen sensitive, the class III catalysis occurs only under 
anaerobic conditions (19). 

Some bacteria like Escherichia coli, Salmonella typhimurium, Vibrio 
cholera, and Lactococcus lactis have both class I and class III and are 
therefore, adapted to both anaerobic and aerobic conditions (20). P. 
aeruginosa contains all three classes of RNR. In addition, it has been shown 
that P. aeruginosa shifts the gene expression of the different RNRs during 
the course of the infection (18). 

R1 and R2 structural properties: 

The most general active form of class I RNRs is composed of one large 
homodimer subunit (α2 or R1 × 2) and one small homodimer subunit (β2 or 
R2 × 2). The large subunit of RNR contains two allosteric sites, the 
specificity site and the overall activity site, as well as one substrate-binding 
site. The specificity site decides which substrate should be bound and get 
reduced at the substrate-binding site. The overall activity site regulates the 
activation or inhibition of the whole RNR complex. The small subunit, R2, 
contains a radical generation system, which in most cases (class Ia and Ib) 
provides a tyrosyl radical to make reduction of substrates possible.  

Allosteric regulation of RNR: 

The allosteric regulation of RNR is a crucial mechanism to maintain the 
individual and total dNTP concentration for a proper DNA replication. It has 
been shown that imbalances in the dNTP pool or a too high total 
concentration of dNTPs was mutagenic for yeast (26). The specificity site 
maintains the individual dNTP concentration and the activity site maintains 
the overall dNTP concentration. When ATP or dATP bind to only the 
specificity site, CDP and UDP are reduced to dCDP and dUDP at the 
substrate-binding site. In the same way, dTTP induces GDP reduction to 
dGDP. When the dGTP concentration is high enough in the cell, it competes 
out dTTP from specificity site. When dGTP binds to the specificity site, it 
allows the reduction of ADP to dADP. The nucleotides ATP and dATP can 
also bind to the second allosteric site, the overall activity site. When ATP 
occupies the activity site, RNR is active with a specificity governed by the 
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specificity site. When the level of dATP is high enough in the cell, it also 
starts to occupy the activity site to a significant extent by competing out  
ATP, and inhibits the RNR. At lower concentrations, dATP mainly binds the 
specificity site, which has a higher affinity for this nucleotide than the 
activity site, and stimulates CDP and UDP reduction. 

 

 

Figure 7.  Simplified schematic representation of RNR allosteric regulation. 
(A) R1 dimer showing the nucleotide binding sites, (B) allosteric regulation 
of RNR. The deamination pathways of dCTP and dCMP are absent in T. 
brucei and are therefore shown with dotted arrows.  

 T. brucei RNR: 

T. brucei RNR belongs to the same group (class Ia) as human RNR and share 
similar properties of allosteric specificity regulation. However, T. brucei 
RNR has also some differences in the allosteric regulation when compared 
with human RNR. (27).  The main difference is that it lacks overall activity 
inhibition by dATP. 
 
Structural basis of allosteric regulation: 

A lot of research has been done on RNR for more than 50 years to 
understand the mechanism of allosteric regulation. RNR structures which 
are solved in the presence of substrates or effectors from bacteria (28, 29) 
and yeast (30, 31), revealed the mechanism behind the specificity site 
regulation. These structures showed that a flexible region called loop 2 plays 
a major role in the allosteric substrate specificity regulation (32, 33).  
However, the mechanism behind the activity regulation has been a mystery 
for a long time in the RNR field. The activity site of RNR is formed by four 
helices, which form a four-helix bundle and is known as an ATP-binding 
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cone (19). The cone, which binds to dATP and ATP, is present in all class Ia 
RNRs. Nevertheless, the presence of an ATP-binding cone in RNRs and the 
structural data could not explain why some class Ia RNRs like T. brucei lacks 
dATP inhibition (27). Even though the RNR catalysis is conserved very well 
between class Ia RNRs, the mechanism behind the allosteric regulation 
seems to vary. 

Recent ground-breaking X-ray crystal structures of human and yeast RNRs 
from Dealwis´ lab revealed some insight into the mechanism behind the 
overall activity regulation (34). When they introduced mutations to disturb 
the formation of hexamers in R1, it lost the inhibition by dATP as well (34). 
The study suggests the importance of oligomerization in the activity site 
regulation. In addition, the connection between formation of higher 
oligomer complexes and overall activity regulation has been supported by 
Pseudomonas aeruginosa class Ia RNR studies. The P. aeruginosa RNR 
contains two ATP cones and the deletion of one ATP cone adjacent to the N-
terminal abolished both dATP-induced higher oligomers and inhibition (35). 
Altogether these studies also suggest that allosteric regulation and oligomer 
formation of class Ia RNRs vary between species. Therefore, there is a need 
for independent studies of RNR oligomerization from different organisms to 
get more insight into the allosteric mechanism.  

In the history of RNR research, for the first time in 1969, Brown and 
Reichard noticed α-β oligomers in ultracentrifugation studies, when they 
incubated RNR with dATP (36). Later, Thelander’s lab also observed 
oligomers when they were studying RNR from calf thymus and human 
tumor cells (37). After a long pause in the oligomerization studies, in 2002 
Cooperman’s lab broke the silence and published oligomerization studies on 
RNR (38). Even though the results deviate from the present X-ray structural 
and oligomerization studies, they were still important since they renewed the 
interest in this field.  

 
The oligomerization studies of RNR is not only useful to find out the 
mechanism behind the allosteric regulation but is also very important in the 
field of drug development against cancer and microbial infections. The 
deoxycytidine analog, gemcitabine, is used as a drug against a variety of 
cancers. Recent studies with gemcitabine on E. coli RNR and human RNR 
showed that the diphosphate of gemcitabine is involved in the formation of 
tight and inactive RNR oligomers (31). Clofarabine is another example of an 
anticancer nucleoside analog, which inhibits human RNR by inducing the 
formation of higher oligomers (39).  
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Nucleoside analogs 

 
Nucleoside analogs, which mimic nucleosides in the cell, often block the 
synthesis of DNA or RNA. In the history of medicine, many nucleoside 
analogs have been clinically tested and successfully used against infectious 
diseases and cancers. The advantage with nucleoside analogs is that most of 
them are shown to cross the blood-brain barrier (BBB). Since they pass the 
BBB, they can be exploited to treat neurological diseases or infections like 
late stage African sleeping sickness. Cordycepin is an example of a 
nucleoside (adenosine) analog that has been shown to cure late stage African 
trypanosomiasis in mice (14, 40, 41). However, cordycepin alone is not stable 
in the blood, and an adenosine deaminase inhibitor needs to be combined 
with it to protect the drug from deamination and to be potent. 
 
 

 
 
                      Figure 8.  Structures of TbAK substrate analogs. 
 
The deoxyadenosine analog vidarabine or 9-β-D-arabinofuranosyladenine 
(Ara-A) was previously used against Herpes simplex virus infections, 
whereas fludarabine (F-Ara-A) and deoxycoformycin were used in the 
chemotherapy against cancer. These analogs have been shown to pass the 
BBB and their pharmacokinetics have been studied thoroughly in humans, 
when they were clinically tried against cancers and viral infections (42-44).  
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In order to find a safe chemotherapy against cancer, many chemistry 
laboratories have synthesized numerous nucleoside analogs. The 
chemotherapy with two successful anticancer drugs, gemcitabine and 
clofarabine, are good examples of such analogs (45, 46). Since many 
nucleoside analogs have been used already for the treatment of viral 
infections and cancers, their detailed pharmacokinetics is available. This is a 
great advantage when we want to develop nucleoside analogs as drugs 
against pathogens.  
 

Methodology 
 
T. brucei project: In the T. brucei projects, we were using standard 
techniques for protein expression and characterization. We were also 
studying the in vivo function of proteins by RNA interference and 
monitoring the changes in parasite nucleotide pools. High Pressure Liquid 
Chromatography (HPLC) was a key method for NTP and dNTP analysis as 
well as for enzyme assays of many nucleotide metabolic enzymes.   
 
RNR project: Structural properties of proteins are generally studied by 
traditional methods like ultracentrifugation and size exclusion 
chromatography or more advanced methods like X-ray crystallography, mass 
spectrometry and nuclear magnetic resonance (NMR). However, the 
selection of method is not an easy task when studying RNR because of the 
dissociation tendency of the R1 and R2 proteins during the course of the 
analysis. Henceforth, we chose a relatively new method, Gas-phase 
electrophoretic mobility macromolecular analysis (GEMMA) to study the 
oligomerization of RNRs. 

GEMMA 
 

GEMMA, (47, 48) which is nowadays known as LiquiScan-ES, is an 
electrophoretic mobility-based method.  It is an emerging technique in the 
study of macromolecules. This method is suitable to separate globular 
proteins ranging from 5 kDa to 12 MDa based on their electrophoretic 
mobility. The GEMMA instrument consists of 3 parts, (a) a charge reduced 
nano-electrospray ionization source (CNIS), (b) a differential mobility 
macroion analyzer (DMA), and (c) a condensation particle counter (CPC) 
(TSI Model 3025 CPC). GEMMA is operated at atmospheric pressure and 
each analysis takes only a few minutes.  
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Constituent parts and operation of GEMMA:  
 

a) CNIS: When the sample solution is placed in the CNIS, it is converted to 
gas phase by a nano-electrospray ionization process. The conversion to 
gas phase is achieved when the solution is sprayed by a 25-µm fused silica 
capillary. The spray generates multiply charged particles, and the charge 
of these particles is reduced by means of bipolar air molecules generated 
from an alpha emitting source (Po-210). Nearly all multicharged 
macromolecules are thereby reduced to neutral and singly charged 
species. The generated singly charged macroions are subsequently 
transferred to a CPC. Whereas, the neutral species follow the main 
airstream and exit the machine. 
 

b) DMA: The DMA separates the macroions based on their diameter. The 
electric field and continuous laminar airflow makes the charged 
macroions pass through a slit. The separation of the macroions is 
achieved by a gradient of electric field. Each population of macroions with 
a certain diameter is passed through the slit into a CPC where the number 
of particles of each size package is counted. By scanning the electric field, 
a distribution of all sizes within a specified range can be obtained.  

 
 
Figure 8. Simplified schematic representation of GEMMA. (A) Generation of 
singly charged particles. (B-C) Separation of the macroions based on the 
diameter of the particles (B), and quantification of the number of particles in 
each size package (C). (Remade from (41) by courtesy of TSI). 
 

c) CPC: When the macroions enter into the counter, butanol vapor is 
condensed onto them to produce liquid droplets. The droplets are large 
enough to be detected by a laser beam coupled to a photodetector system. 
The CPC measures the quantity of each macroion size package that exits the 
DMA. The final result is a graph showing the number of particles as a 
function of their diameter. Since there is a strong correlation between 
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diameter and mass of globular proteins, the molecular mass of the 
macroions can be calculated. 

Advantages and disadvantages of GEMMA: 

GEMMA is a fast method to quantify the macromolecular composition in a 
sample and each analysis takes only a few minutes to perform. Transient 
quaternary structures, which are not stable enough to be analyzed by size 
exclusion chromatography, can also be studied by GEMMA. The method is 
very sensitive and 20 µl of a 0.01 mg/ml protein solution is often enough for 
a reliable measurement. However, GEMMA is not compatible with non-
volatile buffers. Already at moderate concentrations (~ 100 µM or above), 
non-volatile salts give a broad peak that interferes with analysis.  

Aims of the thesis 
 
T. brucei project: The major aim of the thesis is to characterize the salvage 
and de novo enzymes of dNTP biosynthesis in T. brucei and exploit their 
properties for drug discovery against the parasite. The nucleoside kinases of 
the salvage pathway and the de novo enzyme RNR are key players in the 
production of dNTPs.  
 
RNR project. The previously studied T. brucei RNR revealed a special 
allosteric regulation which deviated from other class Ia group enzymes. In 
order to understand the mechanism behind the allosteric regulation of T. 
brucei RNR, we wanted to first study RNRs from two class Ia 
representatives, which are regarded as prototypes for this class.  
 
Specific aims: 

 
1) To characterize the recombinant T. brucei adenosine kinase, which 

is responsible for the phosphorylation of adenosine, deoxyadenosine 
and their analogs. 

2) To characterize the T. brucei methylthioadenosine phosphorylase to 
check its protective role against deoxyadenosine and its analogs. 

3) To clone and express the T. brucei tandem thymidine kinase and 
characterize its constituent domains to investigate their biochemical 
and structural properties. 

4) To investigate the mechanism behind the activity site regulation of 
RNR by studying the oligomeric composition of mouse and E. coli 
RNR in the presence of allosteric effectors.  
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Results, discussions and conclusions 
 

Paper 1: Adenosine kinase mediates high-affinity adenosine 
salvage in Trypanosoma brucei. 
 
Previous studies from Thelander’s lab showed that T. brucei accumulates 
high levels of dATP when it is grown in the presence of 1 mM 
deoxyadenosine.  However, the responsible enzyme behind the high salvage 
of deoxyadenosine was not known (27). Our enzyme assays of adenosine 
with T. brucei cell extracts showed that adenosine inhibited the 
phosphorylation of deoxyadenosine. The substrate competition assay 
suggested that deoxyadenosine and adenosine are phosphorylated by the 
same enzyme, adenosine kinase (TbAK). We therefore expressed this enzyme 
recombinantly. The recombinant TbAK could phosphorylate adenosine, 
deoxyadenosine, inosine and their analogs, cordycepin, Ara-A and F-Ara-A 
into their corresponding monophosphates. The TbAK activity was MgCl2-
dependent and could be stimulated by phosphate ions. TbAK preferred ATP 
as a phosphate donor to other NTPs to phosphorylate its substrates. It is 
known from the crystal structure of the human adenosine kinase that 
adenosine inhibition is due to the binding of the nucleoside to a second 
adenosine binding site different from the substrate binding site (49). TbAK 
was also negatively regulated by adenosine at higher concentrations. The 
phylogenetic analysis grouped TbAK with the parasites (T. gondi and L. 
donovani) AKs, even though it was functionally similar to human AK 
regarding substrate affinity and its ability to be inhibited by adenosine. 
 
It was previously believed that T. brucei makes AMP through a two-step 
cleavage-dependent pathway where adenosine is first cleaved to adenine and 
converted to AMP in a second step. However, we found that the 
trypanosomes are able to synthesize AMP in a one-step process where 
adenosine is directly phosphorylated to AMP. Moreover, the recombinant T. 
brucei adenosine kinase (TbAK) showed high affinity (0.041 µM) to 
adenosine compared to the cleavage enzyme, inosine-adenosine-guanosine-
nucleoside hydrolase (15 µM) (50).  
 
When we tested the TbAK substrate analog Ara-A in vitro on T. brucei cells, 
it affected the growth (IC50 0.07 µM) and the survivability (MIC 0.65 µM). 
The cultivation of trypanosomes in the presence of Ara-A followed by 
nucleotide pool analysis showed that the inhibition of trypanosome growth 
was due to the accumulation of Ara-ATP. The accumulated analog 
triphosphate caused inhibition of DNA synthesis in the parasite. TbAK RNAi 
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experiments confirmed that the salvage of deoxyadenosine and the effect of 
Ara-A in T. brucei growth assays were TbAK-dependent.  
 
Discussion: 
 
T. brucei cannot synthesize its purines itself, hence it depends on the host. 
The parasites live in extracellular environmental conditions, where the 
concentration of nucleosides varies depending on the supply from the host.  
Since nucleosides are prone to degrade during measurements, the 
concentrations of nucleosides in the blood are a matter of debate. However, 
when the purine nucleosides are extracted in the presence of an adenosine 
deaminase inhibitor to prevent their degradation, adenosine (2 µM) was the 
major nucleoside (51). The other purine nucleosides, hypoxanthine and 
inosine, were present at 0.7 and 0.2 µM, respectively. Since T. brucei IAG-
NH, which cleaves adenosine, has a lower affinity (15 µM) for adenosine 
compared to the levels in the blood, trypanosomes import the purine 
nucleosides through the high affinity P1 and P2 transporters. Even though T. 
brucei transporters belong to the same ENT family of purine nucleoside 
transporters as the majority of the human ones, they are driven by a proton-
motive force. In addition, the transporters of parasites show higher affinity 
to adenosine when compared with the mammalian ENT transporters. It is 
therefore likely that the purines can be concentrated enough for IAG-NH to 
work efficiently during normal conditions. However, the purine levels in 
other body fluids and especially during high parasitemia might be lower than 
the parasites need. When the levels of adenosine are critical for parasites in 
the host, trypanosomes may become dependent on the high-affinity TbAK 
pathway to synthesize purine nucleotides. Moreover, the high-affinity 
pathway is less energy-demanding compared to the cleavage-dependent 
pathway because the cleavage pathway utilizes 3 molecules of ATP to make 
AMP via 5-phospho-α-D-ribosyl-1-pyrophosphate (PRPP) whereas; the high 
affinity pathway utilizes only 1 molecules of ATP.  TbAK has a high catalytic 
efficiency compared to most other characterized AKs, except the mouse 
enzyme, which showed similar Km and Kcat values. In addition, by having a 
high affinity AK and active transporters, the trypanosomes have the ability to 
compete out mammalian cells for nucleosides in purine scarce 
environments.  
 
TbAK is a monomer as other related AKs from parasites, leishmania and T. 
gondi, which were grouped together in a phylogenetic analysis. The activity 
(Vmax) of TbAK was stimulated by phosphate ions as other NXXE motif- 
containing AKs. However, it was only the Vmax that was affected, the TbAK 
affinity for adenosine was not increased by phosphate ions. In addition, 
unlike the two other studied adenosine kinases from parasites, TbAK was 
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inhibited by its substrate adenosine at high concentrations (Ki 14 µM). The 
negative regulation of TbAK by its substrate made the enzyme functionally 
different from the two other parasites and similar to human AK. T. brucei 
lives extracellularly whereas, the two other parasites are intracellular. 
Possibly, the different environmental conditions of the parasites in the host 
made AKs to adapt different mechanisms.  
 

 
 
Figure 9. Schematic illustration of ATP and dATP biosynthesis in T. brucei. 
Activation of nucleoside analogs by TbAK is also shown. 
 
The TbAK substrate analog Ara-A killed the T. brucei cells in a TbAK-
dependent manner. Growth assays of wild-type trypanosomes showed high 
sensitivity of the parasites to Ara-A when compared with mammalian cells 
and TbAK-knockdown trypanosomes.  The cultivation of parasites in the 
presence of Ara-A showed high accumulation of Ara-ATP and more severe 
depletion of ATP when compared with the mammalian cells. The difference 
in accumulation explains the selectivity of drugs against the parasites. The 
efficient transporters and an adenosine kinase with higher affinity might be 
the reason why the parasites have high salvage of Ara-A compared to 
mammalian cells. In mammalian cells, Ara-A is also phosphorylated by 
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adenosine kinase, but this enzyme has less affinity to Ara-A when compared 
with TbAK (52).  When we investigated the Ara-A mode of action in T. 
brucei, we found that the DNA synthesis of parasites was inhibited by Ara-A 
as shown before in humans. The inhibition of DNA synthesis of the parasites 
was revealed by the reduced incorporation of 3H-labeled thymidine and 
uracil. The RNA synthesis of the parasites was also inhibited by Ara-A, but to 
a lower extent. In addition, nucleotide pool measurements of Ara-A-treated 
trypanosomes showed altered nucleotide levels. The trypanosomes showed 
increased dNTP and decreased NTP levels after Ara-A treatment. The 
increase in dNTP levels could be a consequence of that the DNA replication 
is inhibited.  
 
Conclusion: 
 
The high affinity adenosine kinase and the efficient transporters of T. brucei 
can be exploited with nucleoside analogs such as Ara-A against the parasites. 
 
Paper 2: The protective role of T. brucei methylthioadenosine 
phosphorylase against deoxyadenosine and nucleoside analogs. 
 
As explained in paper 1, it has been shown that when T. brucei is cultivated 
in the presence of 1 mM dAdo, it accumulates high levels of dATP and 
deplete ATP. The altered nucleotide levels were toxic to the trypanosomes. 
When we studied the dAdo salvage in T. brucei at different concentrations of 
the nucleoside in the growth medium, we found that the salvage was 
dramatically reduced below 0.5 mM. Radiolabeled dAdo experiments 
revealed that at concentrations below 0.5 mM and below, the majority of the 
nucleoside was cleaved to adenine and converted to ATP.  In addition, the 
cleavage of dAdo in trypanosome extracts was phosphate-ion dependent 
whereas, the cleavage of adenosine was not affected. When we performed 
assays with recombinant methylthioadenosine phosphorylase (TbMTAP), it 
could cleave methylthioadenosine (MTA), dAdo and adenosine into adenine 
and sugar-1-P in a phosphate-dependent manner. TbMTAP activity was 
inhibited by the product, adenine.  TbMTAP showed a lower affinity and 
higher turnover numbers (Kcat) to dAdo and adenosine when compared with 
its main substrate MTA. In addition, the sensitivity to dAdo and the 
accumulation of dATP in trypanosomes was increased after TbMTAP was 
down-regulated in RNAi experiments. The RNAi experiments confirm the 
role of TbMTAP in the protection of parasites against dAdo. When we tested 
the TbAK substrate analogs Ara-A and 9-(2-Deoxy-2-fluoro-ß-D-
arabinofuranosyl) adenine (FANA-A) with TbMTAP, they were resistant to 
cleavage activity. The new analog, FANA-A showed ~ 350 times lower IC50 

for trypanosomes as compared to the mammalian cell lines used as 
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reference. FANA-A also inhibited the DNA biosynthesis of trypanosomes as 
the previously tested analog, Ara-A.  Ara-A (200mg/kg) or FANA-A (2 
mg/kg) could in combination with an adenosine deaminase inhibitor, 
deoxycoformycin (0.25 mg/kg), also be used to cure T. brucei-infected mice.  
 

 
 
Figure 10. Role of TbMTAP and TbAK in the metabolism of MTA, dAdo and 
analogs of dAdo.  The figure also shows the downstream effect of dAdo and 
its analogs as well as the role of adenine in regulating TbMTAP activity.  
 
Discussion: 
 
T. brucei undergoes different life cycles and faces challenging environmental 
conditions in the vector and mammalian cells. Hence, they need to be 
adapted to different dAdo levels. During high parasitemia in the mammalian 
hosts and in the midgut of the tsetse fly after a blood meal, trypanosomes 
might face high concentrations of dAdo, leaked out from dying trypanosomes 
and mammalian cells.  Since trypanosomes have an efficient purine salvage 
system, it is most likely that they have developed a protection system to 
avoid dAdo toxicity. Enzyme assays revealed that TbMTAP showed a high 
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affinity for MTA compared to dAdo. The high affinity for MTA suggests that 
it is the prioritized substrate in the cell.  
 
Nucleotide pool analysis of trypanosomes, which are grown in the presence 
of 0.1 mM 3H-dAdo, showed that 90 % of the nucleotide radiolabel was in 
ATP. The analysis suggests that dAdo is cleaved into adenine, which is 
subsequently used for ATP synthesis. However, the dAdo cleavage has an 
upper limit due to inhibition by its product adenine. When the concentration 
of dAdo was increased to 1 mM, 80 % of the radiolabel showed up in dATP, 
suggesting the saturation of TbMTAP cleavage activity caused by adenine 
inhibition.   
 
Conclusions: 
 

1. Recombinant enzyme assays and RNAi experiments of TbMTAP 
suggest that T. brucei avoids dATP accumulation by cleaving 
deoxyadenosine.  

 
2. Mice experiments with the nucleoside analogs Ara-A and FANA-A 

suggest that TbMTAP cleavage-resistant TbAK substrate analogs can 
be developed into drugs against T. brucei. 

 
Paper 3: Trypanosoma brucei thymidine kinase is a tandem 
protein consisting of two homologous parts, which together 
enable efficient substrate binding.  
 
We found that T. brucei and three other parasites contain tandem thymidine 
kinases where the gene sequence was repeated twice or four times in a single 
open reading frame. The sequence analysis of TbTK showed that it is double 
in length compared to human TK1 and contains two substrate- and two 
phosphate donor-binding sites. Therefore, we wanted to know the function 
of each homologous part of tandem TbTK by cloning them separately and 
characterizing each part as well as the full-length enzyme.  

The DNA building block, dTTP, can be synthesized either via thymidylate 
synthase in the de novo pathway or via thymidine kinase in the salvage 
pathway. The recombinant T. brucei thymidine kinase (TbTK), which 
belongs to the TK1 family, showed broad substrate specificity. The enzyme 
phosphorylated the pyrimidine nucleosides, thymidine and deoxyuridine, 
but also the purine nucleosides, deoxyinosine and deoxyguanosine. When 
the repeated sequences of the tandem TbTK were expressed individually as 
domains, only domain 2 showed activity. The expressed domain 1 was 
inactive and sequence analysis revealed that some active residues, which are 
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needed for the catalysis, are absent. However, the expressed domain 2 could 
not dimerize as other TK1 family members. In addition, it showed a 5-fold 
reduced affinity to its pyrimidine substrates but similar turnover number as 
the full-length enzyme. Interestingly, we discovered a repetition of an 89-bp 
sequence copy in both domain 1 and domain 2.  

 

 
 
Figure 11. Structural organization of TbTK and human TK1. (A) Simplified 
schematic representation of TbTK and human TK1 protein. (B) The 
quaternary  structures of TbTK and human TK1. 
 
Discussion: 
 
When we made a BLAST search with TbTK in Gen Bank, we found tandem 
TKs only in parasites although we looked through the 20,000 top hits 
representing TKs from all kingdoms of life. The T. brucei-related parasite, T. 
congolense TK surprised us by having a TK with four repeated sequences 
(domains) in the same open reading frame. Two completely unrelated 
parasites T. veginalis and A. suum also showed two domains in the TK open 
reading frame. The domains of TbTK share 60 % amino acid sequence 
identity with each other and have an almost exact 89-bp copy in their 
sequences. In the phylogenetic analysis of TKs, the two domains of TbTK 
showed a bootstrap value of 96 % likelihood. The bootstrap value suggests 
that the two-domain TbTK ORF has originated from a single domain that has 
been duplicated rather than from two different genes that have been merged. 
In addition, the presence of an exact copy of a DNA fragment inside each 
domain suggests a recent exchange of genetic material between the two 
domains.  
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The recombinant TbTK showed broad substrate specificity by 
phosphorylating pyrimidine and purine nucleosides. This means that TbTK 
shows less discrepancy in affinities for pyrimidine and purine substrates 
when compared with human TK1. The broad substrate specificity of TbTK 
can be an advantage for the design of analogs that are specifically 
phosphorylated by the parasite but not by human cells. When the TbTK 
domains were expressed individually, only domain 2 showed activity. The 
data from human TK1 crystals have shown that amino acids Glu-98, Asp-58 
and Arg-60 play a key role in the catalysis (53). The TbTK domain 1 was 
inactive and lacks these three residues, which are important for the binding 
of deoxynucleoside substrates (53). Generally TK1 family enzymes form 
dimers or tetramers and the quaternary structure is linked to the affinity for 
substrates. The 5-fold reduced affinity of domain 2 for its substrates in 
comparison with full length TbTK suggest that the covalently linked inactive 
domain-1 helps domain-2 to form a pseudodimer for the efficient binding of 
substrates.  
 
Conclusions:  
 

1. T. brucei has a tandem thymidine kinase where the gene sequence 
was repeated twice in a single open reading frame. 
 

2. T. brucei tandem TK shows broad substrate specificity. 
 

3. The covalently linked inactive domain-1 helps domain-2 to form a 
pseudodimer for the efficient binding of substrates. 

 
Paper 4: Enzymatically active mammalian ribonucleotide 
reductase exists primarily as an α6β2 octamer.   
 
The key enzyme, RNR, in the synthesis of DNA building blocks is generally 
described as an α2β2 complex consisting or R1 (α) and R2 (β) proteins (class 
I). Previously, it was known that RNR forms higher oligomers in the 
presence of dATP and ATP nucleotides. However, it was not possible to 
measure the exact composition of R1 and R2 oligomers in the presence of 
nucleotides with traditional methods, such as size exclusion chromatography 
and ultracentrifugation methods, at physiological concentrations of the two 
proteins.  
 
We studied mouse RNR oligomerization by using a new method called, Gas-
phase Electrophoretic-Mobility Macromolecule Analysis (GEMMA). Gel 
filtration and GEMMA analysis showed that mouse R1 is mainly a monomer 
in the absence of effectors. However, the R1 protein forms a dimer when the 
specificity site is occupied by allosteric effectors (tested with dGTP and 
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dTTP). In agreement with mass spectrometry and gel filtration methods, the 
GEMMA analysis showed that when both the specificity and activity sites are 
occupied by an effector (dATP or ATP), R1 forms hexamers. The GEMMA 
technique showed the interaction between the R1 oligomers and the R2 
protein much more clearly than previously used methods. When only the 
specificity site is occupied by effectors, R1 and R2 formed an α2β2 complex. 
R2 interacted with the dATP- or ATP-induced R1 hexamers to form an α6β2 
complex. The formation of the ATP-induced α6β2 octamer and activity 
stimulation of mouse RNR were proportional in the presence of ATP.   
 

 
 
Figure 12. Mouse RNR oligomers and their activities in the presence of 
allosteric effectors. (Modified from (17) under the terms of open access  
(Copyright © 2012 Informa Healthcare USA, Inc). 
 
Discussion: 
 
GEMMA is a new and rapid technique to quantify protein complexes. The 
GEMMA method allows the use of very low concentrations of proteins to 
study complex formation, which is often necessary in order to mimic in vivo 
conditions. Moreover the RNR complexes are not stable and tend to 
dissociate when traditional methods like size exclusion chromatography or 
ultracentrifugation techniques are used. We have shown the formation of R1 
oligomers in the presence of nucleotides with three different methods: 
GEMMA, gel filtration and mass spectrometry.  GEMMA, allowed us to study 
the interaction of R1 oligomers with R2. The activity site effectors dATP and 
ATP inactivate and activate the mouse RNR, respectively. However, both 
dATP and ATP (alone or in the presence of dTTP or dGTP) induced the 
formation of α6β2 complexes. Experiments with a C-terminally truncated R2 
variant, which cannot bind to the R1 protein, could not form the α6β2 
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octamers. That experiment suggests that the α6β2 complexes induced by 
dATP and ATP is real and not a technical artifact. Recent X-ray crystal 
structural studies on yeast RNR showed that the transfer pathway of 
electrons from R2 to R1, which is needed for the enzyme activity, is 
interrupted in the dATP-induced α6β2 octamer. The α6β2 complex induced by 
ATP in the presence of a specificity site effector (e.g. dTTP) showed higher 
GDP reducing activity compared to the corresponding α2β2 complex, which is 
formed when only the specificity is occupied. In these experiments, we used 
a dTTP concentration high enough to prevent ATP from binding to the 
specificity site.  Thereby, we were able to know that the effect of ATP was 
coming from the activity site. This conclusion is supported by that the 
enzyme did not switch its substrate specificity, which would have happened 
if ATP competed readily for the specificity site.  
 
Conclusions:  
 
Effectors, which bind to only the specificity site, induce the formation of α2β2 
complexes. In contrast, the effectors dATP and ATP, which bind to both the 
activity and specificity sites, induce the formation of inactive α6β2 and active 
α6β2 octamers, respectively.  
 
Paper 5: Oligomerization status directs overall activity regulation 
of the Escherichia coli class Ia ribonucleotide reductase. 
 
E. coli RNR belongs to the family of class Ia RNRs and it is often referred to 
as a prototype for this class. The classical view of enzymatically active class 
Ia RNR is that the enzyme is a tetramer, α2β2. The α2β2 complex was 
determined by ultracentrifugation techniques on the enzyme. In that study, 
it was revealed that when the R1 and R2 proteins were mixed together in the 
presence of activating allosteric effectors, the α2β2 complex was formed. In 
the same manner, they also showed that RNR in the presence of dATP 
formed an inactive complex, which was the double size of the active complex. 
Both active and inactive complexes consisted of equimolar amounts of the 
two subunits (36). However, as we have seen with mammalian RNR in paper 
I, α2β2 is the not the only active complex. Therefore, we thought it was 
necessary to study the E. coli enzyme to see if it is different from the 
mammalian enzyme or not. 
 
GEMMA analysis and gel filtration analysis showed that E coli R1 and R2, in 
the absence of effectors, exist mainly as monomers and dimers, respectively. 
However, the E coli R1 formed dimers when the protein concentration was 
increased or in the presence of allosteric effectors. The oligomerization 
studies with R1 and R2 together revealed that when only the specificity site 
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was occupied by allosteric effectors, they formed an active α2β2 complex. 
Similarly, as mentioned above, ATP, which binds to both allosteric sites, also 
induced the formation of active α2β2 complexes. However, under conditions 
when most of the specificity sites were occupied by dNTPs (when used at 
high concentrations), and the activity sites by ATP, E coli RNR formed an 
inactive α4β4 complex. The inactive complex was also formed when both sites 
were occupied with dATP.  
 
A major question for us initially was how the E. coli enzyme in vivo is able to 
reduce all four substrates when it is inhibited by a combination of dNTPs 
with ATP. Since ATP is always present at approximately 3 mM in the cell and 
therefore occupy the activity site most of the time, the enzyme should get 
inhibited by all four dNTPs and therefore not be able to reduce other 
substrates than CDP and UDP (the other substrates require dNTPs at the 
specificity site). In order to understand this, it is important to consider the 
time factor. ATP is in high concentrations in the cell as compared to the 
dNTPs and moreover it binds to both sites. Since dNTPs have higher affinity 
to the specificity site when compared to ATP, they have the capacity to bind 
this site at lower concentrations than ATP. Under physiological conditions, 
we can therefore imagine that both ATP and dNTPs are able to bind to the 
specificity site and there is a constant exchange of nucleotides at this site. 
However, the formation of the inactive α4β4 protein complex is a major 
structural change in comparison to the minor changes needed for a switch in 
substrate specificity. It is therefore likely that the formation of this complex 
does not occur if the dNTPs that bind to the specificity site are constantly 
replaced by ATP on a fast time scale. Our data show that ATP+dNTP 
inhibition only occurs at situations where the specificity sites are nearly 
always (>95% of the time) occupied by dNTPs. At lower dNTP 
concentrations the enzyme is able to reduce all four substrates but is not able 
to undergo the structural changes needed for α4β4 formation due to the time 
factor described above. In the cell, α4β4 formation is only likely to occur when 
the dNTP concentration is very high. As soon as the concentration of dNTPs 
goes down, the enzyme forms α2β2 complexes again and the reduction of 
substrates directed by dNTPs and ATP from the specificity sites goes on. An 
interesting consequence of this regulation is that under physiological 
conditions where the overall activity site is nearly always occupied (by ATP 
or dATP), it is actually the state of the specificity site that governs the overall 
activity level of the enzyme. We do not know if the rules for dATP inhibition 
is the same as for ATP + dNTP inhibition, but it seems logical that also in 
this case, the specificity site need to be saturated with dNTPs for overall 
activity inhibition by dATP. However, it is more difficult to prove this model 
since dATP is itself a dNTP and it is not trivial to make an experimental 
setup where we only look at its effect from the activity site.   
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Figure 13. E coli RNR oligomerization and allosteric regulation. (Modified 
from (17) under the terms of open access (Copyright © 2012 Informa 
Healthcare USA, Inc)).  
 
Conclusions:  
 
The E coli RNR forms an active α2β2 complex in the presence of ATP or 
dNTPs alone. ATP in combination with dNTPs (tested with dGTP and dTTP) 
or dATP alone induces the formation of inactive α4β4 complexes.  
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Summary 
 

 
 
 
Figure 14. Deoxynucleotide biosynthesis in T. brucei. The Figure highlights 
the enzymes TbMTAP, TbAK, TbTK and RNR in the nucleotide metabolism 
of T. brucei. 
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Future perspective 
 
T. brucei project: The first and second papers of the thesis suggest that 
TbMTAP cleavage-resistant adenosine kinase substrate analogs can be 
developed into drugs against African trypanosomiasis. However, the analogs 
that we have tested and found effective were not adenosine deaminase 
(ADA) resistant. Therefore, we need to combine them with an ADA inhibitor 
to protect the nucleoside analogs from deamination in the blood. Our final 
goal is to identify an ADA-resistant nucleoside analog as a single compound 
for treatment. It is known that adding a halogen group at the position of the 
second carbon (C2) of the adenine base makes deoxyadenosine analogs 
resistant to ADA. However, we have observed that they then became more 
toxic to mammalian cells compared to trypanosomes. The toxicity of the 
analogs may be a consequence of that they become better substrates for 
human deoxycytidine kinase compared to adenosine kinase (48(54). T. 
brucei has an adenosine kinase but it lacks deoxycytidine kinase, giving a 
reasonable explanation why the modifications at C2 were not efficient 
against the parasites. Previously, it was shown that addition of a methyl 
group at 3’C of the sugar also makes nucleoside analogs ADA resistant (55). 
The first 3´C-methyl analog that we have evaluated is 3´-methyladenosine. 
We found that TbAK could phosphorylate this analog albeit with a moderate 
activity. Although the phosphorylation of the analog was not very efficient, 
the compound showed a 10-fold better effect on T. brucei in growth assays in 
comparison to mammalian cells. We also carried out studies in T. brucei-
infected mice and found that the levels of parasites in the blood went below 
the detection limit during the course of treatment but relapsed a few days 
after the treatment period was over.  These results suggest that the 3´-
methyl modification could be a successful strategy for the development of 
antitrypanosomal nucleoside analogs. In the future, we would like to 
evaluate more analogs with the 3´-C methyl modification to see if we can 
find one that can completely cure the infection.  
 
A third way to make nucleoside analogs ADA-resistant is to modify them at 
the 5’-C position of the sugar moiety. We have found several such analogs 
with good inhibitory effect on T. brucei in the culture. Although many of 
these analogs do not have a free 5´-OH group and are not substrates of 
TbAK, they are still very interesting due to their potent anti-trypanosomal 
effects and future directions of this project could be to investigate their 
mechanism of action in T. brucei.  
 
It is not only the nucleoside analogs that are phosphorylated by TbAK but 
activators of the enzyme can hopefully also be used to kill the parasites. 
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Recent TbAK X-ray crystal structural and activity studies revealed that 
activators could enhance the enzyme activity. It may be possible to combine 
ADA-resistant analogs, which are moderate substrates of TbAK, with 
activators to increase the effect of the analogs against the parasites.  
 
Ornithine decarboxylase (ODC) is a key enzyme in polyamine biosynthesis. 
Polyamines, i.e. putrecine, spermidine and spermine, are essential for the 
survival of trypanosomes. One of the currently used drugs, eflornithin, 
against African sleeping sickness was shown to be an inhibitor of the T. 
brucei ODC. The inhibitory effect of eflornithin highlights the dependence of 
T. brucei on polyamine metabolism.  TbMTAP, which cleaves 
deoxyadenosine (dAdo), and methylthioadenosine (MTA), plays a key role in 
polyamine metabolism by providing a precursor, methylthioribose-1-
phosphate from MTA. So far, we have mainly focused on TbAK substrate 
analogs that are TbMTAP cleavage-resistant to achieve anti-trypanosomal 
effects. However, an alternative strategy could be to use substrate analogs of 
TbMTAP, which are specifically cleaved by T. brucei and generates sugar 
analogs that interrupt polyamine metabolism and kill the parasites. Since 
TbMTAP has a broad substrate specificity compared to human MTAP, the 
parasites can hopefully be targeted selectively by such analogs.  
 
 The study of the tandem TbTK gives a very interesting insight into genetic 
exchange and protein evolution. Especially, the amino acid sequence of 
domain 1 was informative. Amino acid sequence homology studies suggest 
that the most important residues for the 3D structure are conserved whereas 
residues, which are needed only for enzyme activity, have been released from 
evolutionary pressure. The first domain was found to be needed for helping 
the second domain to bind its substrates, but this function is performed by 
providing a structural scaffold rather than by its active site, which has then 
become redundant and is free to mutate. A hyper-mutating active site could 
be a way to achieve new substrate specificities and novel function in the 
future, whereas domain 2 carry on the original function of the enzyme.  
There was also evidence that the two domains have recently in an 
evolutionary context exchanged genetic information with each other. 
Recombining one active site, which keeps important features with another 
one that is free to mutate opens up a plethora of opportunities to create 
novel functions of the protein. It would be interesting to check for other 
tandem proteins and their substrate specificities in T. brucei and in other 
parasites to know how common this evolutionary strategy is in Nature. 
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RNR project: The structural studies of RNR is not only important for 
understanding the mechanism behind the allosteric regulation but also very 
useful in the development of drugs against a variety of cancers and 
infections. Screening of nucleoside analogs, which specifically produce tight 
or inactive higher RNR complexes, can be exploited for the development of 
drugs against cancers.  RNR studies of E. coli revealed that in addition to the 
activity site effector, dATP, specificity site effectors could also induce higher 
inactive complexes when combined with ATP. The difference in regulation 
between different species suggests that allosteric regulation differences 
between human RNR and pathogens can be used to target pathogens 
specifically for drug development. In particular, pathogens which are lacking 
the salvage enzymes and that are strictly dependent on RNR for the dNTP 
production would be interesting to target with such allosteric effector 
analogs. 
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