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Ribonucleotide reductase (RNR) is a key enzyme for de novo dNTP biosynthesis. 
We have studied nucleotide-dependent oligomerization of the allosterically regulated 
mammalian RNR using a mass spectrometry–related technique called Gas-phase 
Electrophoretic Mobility Macromolecule Analysis (GEMMA). Our results showed that 
dATP and ATP induce the formation of an α6β2 protein complex. This complex can 
either be active or inactive depending on whether ATP or dATP is bound.  

In order to understand whether formation of the large complexes is a general 
feature in the class Ia RNRs, we compared the mammalian RNR to the E. coli enzyme. 
The E. coli protein is regarded a prototype for all class Ia RNRs. We found that the E. 
coli RNR cycles between an active α2β2 form (in the presence of ATP, dTTP or dGTP) 
and an inactive α4β4 form in the presence of dATP or a combination of ATP with 
dTTP/dGTP. The E. coli R1 mutant (H59A) which needs higher dATP concentrations to 
be inhibited than the wild-type enzyme had decreased ability to form these complexes. It 
remains to be discovered how the regulation functions in the mammalian enzyme where 
both the active and inactive forms are α6β2 complexes.  

An alternative way to produce dNTPs is via salvage biosynthesis where 
deoxyribonucleosides are taken up from outside the cell and phosphorylated by 
deoxyribonucleoside kinases. We have found that the pathogen Trypanosoma brucei, 
which causes African sleeping sickness, has a very efficient salvage of adenosine, 
deoxyadenosine and adenosine analogs such as adenine arabinoside (Ara-A). One of the 
conclusions made was that this nucleoside analog is phosphorylated by the T. brucei 
adenosine kinase and kills the parasite by causing nucleotide pool imbalances and by 
incorporation into nucleic acids. Ara-A-based therapies can hopefully be developed into 
new medicines against African sleeping sickness. 

Generally, the dNTPs produced from the de novo and salvage pathways can be 
imported into mitochondria and participate in mtDNA replication. The minimal mtDNA 
replisome contains DNA polymerase γA, DNA polymerase γB, helicase (TWINKLE) and 
the mitochondrial single-stranded DNA-binding protein (mtSSB). Here, it was 
demonstrated that the primase-related domain (N-terminal region) of the TWINKLE 
protein lacked primase activity and instead contributes to single-stranded DNA binding 
and DNA helicase activities. This region is not absolutely required for mitochondrial 
DNA replisome function but is needed for the formation of long DNA products.  
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1. Abbreviations 
 

 
Ado adenosine  
adPEO adult-onset progressive external ophthalmoplegia
AK adenosine kinase 
Ara-A adenine arabinoside (vidarabine) 
CPC condensation particle counter 
dAdo deoxyadenosine 
dCK deoxycytidine kinase 
dCyd deoxycytidine 
dGK deoxyguanosine kinase 
dGuo deoxyguanosine 
DMA differential mobility analyzer 
dNMP deoxyribonucleoside 5´-monophosphate 
dNDP deoxyribonucleoside 5´-diphosphate 
dNTP deoxyribonucleoside 5´-triphosphate 
dUrd deoxyuridine 
F-Ara-A 2-fluoroadenine arabinoside (fludarabine) 
GEMMA gas-phase electrophoretic mobility macromolecule 

analysis 
gp4 bacterioghage T7 gene 4 protein 
HSP heavy–strand promoter 
IAG-NH inosine-adenosine-guanosine-nucleoside hydrolase 
LSP light–strand promoter 
MNGIE mitochondrial neurogastrointestinal 

encephalomyopathy 
mtDNA mitochondrial DNA 
mtSSB mitochondrial single-stranded DNA-binding protein 
NADPH nicotinamide adenine dinucleotide phosphate 
nDNA nuclear DNA 
NDP ribonucleoside 5´-diphosphate 
NrdA large subunit of  ribonucleotide reductase 
NrdB small subunit of  ribonucleotide reductase 
Ori origin of replication 
RNR ribonucleotide reductase 
Thd thymidine 
TK1 thymidine kinase 1 
TK2 thymidine kinase 2 
TP thymidine phosphorylase 
TWINKLE T7 gp4-like protein with intramitochondrial-nucleoid 

localization 
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2. Abstract 
 
 

Ribonucleotide reductase (RNR) is a key enzyme for de novo dNTP biosynthesis. 
We have studied nucleotide-dependent oligomerization of the allosterically regulated 
mammalian RNR using a mass spectrometry–related technique called Gas-phase 
Electrophoretic Mobility Macromolecule Analysis (GEMMA). Our results showed that 
dATP and ATP induce the formation of an α6β2 protein complex. This complex can 
either be active or inactive depending on whether ATP or dATP is bound.  

In order to understand whether formation of the large complexes is a general 
feature in the class Ia RNRs, we compared the mammalian RNR to the E. coli enzyme. 
The E. coli protein is regarded a prototype for all class Ia RNRs. We found that the E. 
coli RNR cycles between an active α2β2 form (in the presence of ATP, dTTP or dGTP) 
and an inactive α4β4 form in the presence of dATP or a combination of ATP with 
dTTP/dGTP. The E. coli R1 mutant (H59A) which needs higher dATP concentrations to 
be inhibited than the wild-type enzyme had decreased ability to form these complexes. It 
remains to be discovered how the regulation functions in the mammalian enzyme where 
both the active and inactive forms are α6β2 complexes.  

An alternative way to produce dNTPs is via salvage biosynthesis where 
deoxyribonucleosides are taken up from outside the cell and phosphorylated by 
deoxyribonucleoside kinases. We have found that the pathogen Trypanosoma brucei, 
which causes African sleeping sickness, has a very efficient salvage of adenosine, 
deoxyadenosine and adenosine analogs such as adenine arabinoside (Ara-A). One of the 
conclusions made was that this nucleoside analog is phosphorylated by the T. brucei 
adenosine kinase and kills the parasite by causing nucleotide pool imbalances and by 
incorporation into nucleic acids. Ara-A-based therapies can hopefully be developed into 
new medicines against African sleeping sickness. 

Generally, the dNTPs produced from the de novo and salvage pathways can be 
imported into mitochondria and participate in mtDNA replication. The minimal mtDNA 
replisome contains DNA polymerase γA, DNA polymerase γB, helicase (TWINKLE) and 
the mitochondrial single-stranded DNA-binding protein (mtSSB). Here, it was 
demonstrated that the primase-related domain (N-terminal region) of the TWINKLE 
protein lacked primase activity and instead contributes to single-stranded DNA binding 
and DNA helicase activities. This region is not absolutely required for mitochondrial 
DNA replisome function but is needed for the formation of long DNA products.  
 
 
 
Key words: DNA biosynthesis, ribonucleotide reductase, allosteric regulation, 
Trypanosoma brucei, adenosine kinase, nucleoside analogs, mitochondrial DNA, 
TWINKLE. 
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4. Introduction 
 
 

 
4.1. Deoxyribonucleoside 5´-triphosphate (dNTP) biosynthesis 

 
DNA is synthesized from the four deoxyribonucleoside 5´-triphosphates dATP, dCTP, 
dGTP and dTTP (dNTPs). It is important that the level of dNTPs is both balanced and 
also generally not too high to avoid high misincorporation rates during DNA replication 
(Kunz et al. 1994; Chabes et al., 2003). The dNTPs are produced via de novo and salvage 
pathways (Fig. 1). 
 
 

nDNA

dNTPs

dNDPsNDPs

De novo biosynthesis of dNTPs

dNMPs

Deoxyribonucleosides

Salvage biosynthesis of dNTPs  
 
 
 
 

Deoxyribonucleosides

mtDNA
 

Ribonucleotide reductase 
 
 
 
 
 
 
 
 Cell membrane
 
 
 
 
Figure 1. Deoxyribonucleoside 5´-triphosphates are synthesized via de novo and salvage 
pathways and used for the synthesis of mitochondrial DNA (mtDNA) and nuclear DNA 
(nDNA).  
 
 

4.2. De novo biosynthesis of dNTPs 
 

Ribonucleotide reductase (RNR) is responsible for de novo generation of dNDPs 
from the corresponding NDPs (Fig. 1), and subsequently the production of a balanced 
supply of the four dNTPs (Nordlund & Reichard, 2006). RNRs can be categorized into 
three different classes (I, II and III) mainly based on structure, allosteric regulation and 
the way they generate free radicals needed for catalysis. Class I is subdivided into class Ia 
and Ib.  
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The mammalian and E. coli class Ia RNRs consist of a large R1 subunit (NrdA) 
and a small R2 subunit (NrdB) that both are needed for enzymatic activity. The R2 
protein is a homodimer (2 × ~45 kDa) which contains a tyrosyl radical, generated and 
stabilized by an iron center. RNR contains redox-active thiol groups for the transfer of 
electrons during enzyme catalysis. In the process of reducing the NDP to a dNDP, RNR 
becomes oxidized and subsequently, the redox active cysteines need to be regenerated in 
each catalysis cycle by thioredoxin or glutaredoxin. The ultimate source of the electrons 
is NADPH, which via thioredoxin reductase and glutathione reductase, donates electrons 
to thioredoxin or glutaredoxin, respectively (Eklund et al., 2001).  

 
 

4.3. Allosteric regulation of class Ia RNR 
 
The R1 protein (~90 kDa) contains a substrate-binding site (catalytic site) and 

allosteric effector-binding sites, called the specificity and overall activity sites. (Nordlund 
& Reichard, 2006) (Fig. 2A). It has been shown that the R1 protein is primarily 
monomeric in the absence of nucleotide effectors but forms a dimer when the specificity 
site gets occupied (Ingemarson & Thelander, 1996). The enzymatically active form of 
class I RNRs have previously been described to be a tetramer with α2β2 structure in the 
presence of nucleotide allosteric effectors. However, the exact size of the R1 subunit is a 
matter of controversy. It has been shown that in the presence of the allosteric effectors 
ATP or dATP that binds to both allosteric sites, the R1 protein forms oligomers (Kashlan 
et al., 2002; Kashlan & Cooperman, 2003).  

RNR activity and substrate specificity (Nordlund & Reichard, 2006) must be 
tightly regulated to ensure balanced production of all four dNTPs required for DNA 
replication. The specificity site can bind ATP, dATP, dTTP or dGTP and determines 
which substrate to be reduced. When ATP or dATP is bound to the specificity site, the 
enzyme reduces cytidine 5´-diphosphate (CDP) and UDP whereas dTTP and dGTP 
stimulate GDP and ADP reduction, respectively (Fig. 2B and Fig. 3). By having this 
regulation, the enzyme ensures that there will be a balanced supply of all four dNTPs in 
the cell.  

The overall activity site is important for controlling the maximal levels of dNTPs 
in the cell (Nordlund & Reichard, 2006). When the total intracellular dNTP levels are 
high, dATP (inhibitor) will compete out ATP (activator) for binding to the overall 
activity site and the enzyme will be shut off. The affinities of dATP to the two allosteric 
sites are different; when used at low concentrations [≤2 µM in the mouse (Eriksson et al., 
1981) and ≤0.5 µM in the E. coli enzymes (Larsson Birgander et al., 2004)], dATP binds 
mainly to the specificity site and stimulates CDP/UDP reduction via the specificity site 
whereas at high concentrations it binds both allosteric sites and the enzyme activity is 
turned off.  The RNR activity is cell cycle dependent and regulated at genetic, protein 
stability and enzymatic levels. 
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NDP         dNDP
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ADPdGTP

GDPdTTP

CDP, UDPATP, dATP
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Catalytic site
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CDP, UDP, ADP, GDP

ATP, dATP, dGTP, dTTP

ATP, dATP
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Figure 2. RNR structure/function (A) and substrate specificity (B). 

 
 

Class I RNRs (Jordan et al., 1996) are subdivided into class Ia and Ib based on the 
presence of the overall activity site. Class Ia enzymes have an overall activity site while 
class Ib enzymes lack the N-terminus where the overall activity site is located. Class Ia 
enzymes (Nordlund & Reichard, 2006) are found almost in all eukaryotic organisms and 
some prokaryotes (e.g. Escherichia coli and Pseudomonas aeruginosa), viruses and 
bacterioghages, whereas Ib has only been found in eubacteria such as Salmonella 
typhimurium and Bacillus anthracis. 
This thesis (paper I and II) is focused on the correlation between allosteric regulation and 
structure of RNR.   
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4.4. Other enzymes involved in de novo biosynthesis of dNTPs 
 

RNR regulates the relative levels of dGTP, dATP, and pyrimidine dNTPs (total 
dTTP + dCTP levels) in the cell but cannot control the individual ratio between dCTP 
and dTTP (Reichard, 1988). A second level of regulation is therefore needed to control 
this ratio (Fig. 3). The major pathway for dTTP biosynthesis starts from dCDP (produced 
by RNR), which is dephosphorylated and subsequently deaminated to dUMP. 
Thymidylate synthase catalyzes the formation of dTMP (from dUMP), which via two 
phosphorylation steps is converted to dTTP. The regulated step in this pathway is the 
deamination which is catalyzed by dCMP deaminase.  It has been proposed that dCMP 
deaminase, activated by dCTP and inhibited by dTTP, has a key role for keeping the 
balance between dCTP and dTTP in the cell. Another pathway of dTTP biosynthesis 
starts with dUDP, but this is only a minor pathway since RNR produces more dCDP than 
dUDP [the catalytic efficiency is ~5 times higher with CDP than UDP (Eriksson et al., 
1979)]. It should be mentioned that a third way to regulate dNTP levels is via the salvage 
pathway (see substrate cycles section). 

 
 
 ATP (dATP)

dTTP

dCDP

dUTP

dCTP

CDP dCDP dCTP

UDP          dUDP dTTP

GDP          dGDP dGTP

ADP          dADP dATP

+ 

+

+

-

dCMP
+ -

dUMP dTMP dTDP
 

dUDP

1

2
3

 
 
 
 
 
 
 
 
 
 
Figure 3. Allosteric regulation of class Ia RNR and its interplay with dCMP deaminase 
for the biosynthesis of dTTP. The highlighted enzymes are: dCMP deaminase (1),     
dUTPase (2) and thymidylate synthase (3). Activation and inhibition of the enzymes (RNR 
and dCMP deaminase) are shown with (+) and (-), respectively. 
 
 

4.5. Substrate cycles 
 

In order to keep a balance between dNTPs, cytosolic dNTP pools are regulated 
via de novo biosynthesis (RNR and dCMP deaminase) and substrate cycles (Arnér & 
Eriksson, 1995). Substrate cycles consist of 5´-nucleotidases and deoxyribonucleoside 
kinases (Fig. 4). When the supply of dNTPs exceeds the requirements for DNA 
replication, the level of dNMPs (in equilibrium with dNTPs) increases. The accumulating 
dNMPs are then degraded by 5´-nucleotidases, which catalyze the hydrolysis of dNMPs 
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into a deoxyribonucleosides and phosphate. The formed deoxribonucleosides are excreted 
from the cells. When the dNTPs are in short supply, deoxyribonucleosides are instead 
imported into cells, phosphorylated by deoxyribonucleoside kinases and (after further 
phosphorylation) used for DNA replication. This pathway is called salvage biosynthesis. 
The deoxyribonucleoside kinases are often regulated by feedback inhibition/activation to 
ensure that salvage is high when there is a deficit in dNTP levels and low when there is a 
surplus of dNTPs (the human thymidine kinase 1 is for example inhibited by dTTP). 
 

 
 

dNDPs

dNTPs
 
 
 
 
 

Deoxyribonucleosides

dNMPs

 
 
 
 

5‘- nucleotidases Deoxyribonucleoside
kinases

 
 
 
 
 

 
 

Figure 4. Fine-tuning of dNTP pools via substrate cycles. 
 
 

4.6. Salvage biosynthesis of dNTPs 
 

Deoxyribonucleosides formed from degradation of DNA can be recycled by the 
salvage pathway and used for DNA repair and mtDNA synthesis in resting cells since 
there is no de novo dNTP synthesis in these cells (Xu et al., 1995). Deoxyribonucleoside 
kinases (Arnér & Eriksson, 1995) are rate-limiting for salvage synthesis. These enzymes 
catalyze the transfer of a phosphoryl group from ATP to a deoxyribonucleoside, thereby 
forming deoxyribonucleoside monophosphates (dNMPs). The dNMPs are further 
phosphorylated to dNDPs (by NMP kinases) and finally to dNTPs (by NDP kinase).  
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4.7. Deoxyribonucleoside kinases; classification and substrate specificity 
 

There are four deoxyribonucleoside kinases (Arnér and Eriksson, 1995) in human 
cells: deoxyguanosine kinase (dGK), deoxycytidine kinase (dCK), thymidine kinase 1 
(TK1) and thymidine kinase 2 (TK2). The mammalian deoxyribonucleoside kinases have 
partially overlapping substrate specificities (Table 1). The two thymidine kinases, TK1 
and TK2 are strict pyrimidine kinases; TK1 only phosphorylates thymidine (Thd) and 
deoxyuridine (dUrd), whereas the mitochondrial TK2 in addition to Thd and dUrd also 
phosphorylates deoxycytidine (dCyd). Deoxycytidine kinase has broad substrate 
specificity and phosphorylates dCyd as well as deoxyadenosine (dAdo) and 
deoxyguanosine (dGuo). Finally, dGK, a purine kinase, can phosphorylate dAdo and 
dGuo. TK2 and dGK are found in mitochondria while dCK and TK1 are cytosolic. Both 
compartments are therefore able to salvage all deoxyribonucleosides [Thd, (and dUrd), 
dCyd, dGuo and dAdo] needed for DNA synthesis. 

 
 

Table 1. Classification, substrate specificity and localization of 
deoxyribonucleoside kinases. 

 
 
 

MitochondriadAdo, dGuodGK

CytosoldCyd, dAdo, 
dGuo

dCK

MitochondriaThd, dUrd, dCydTK2

CytosolThd, dUrdTK1

LocalizationSubstrateEnzyme 
 
 
 
 
 
 
 
 
 

 
 

 
Deoxyribonucleoside kinases are not the only enzymes that catalyze the 

phosphorylation of deoxyribonucleosides. Adenosine kinase (AK), the most abundant 
nucleoside kinase in mammals, catalyze the phosphorylation of both adenosine (main 
substrate) and deoxyadenosine (Andres & Fox, 1979). It has been shown that in dCK 
deficient cells, AK is the major cytosolic enzyme to phosphorylate dAdo (Bianchi et al., 
1994).  

 
 

4.8. Nucleoside analogs 
 

Nucleoside analogs work as antimetabolites by being similar enough to 
nucleosides to be phosphorylated via the salvage pathway and incorporated into growing 
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DNA strands. In humans, several nucleoside prodrugs are converted into active drugs by 
the action of the salvage enzymes. Adenine arabinoside (Ara-A) and 2-fluoroadenine 
arabinoside, F-Ara-A (Fig. 5) are two examples of such nucleoside prodrugs that are in 
clinical use. Ara-A, a purine nucleoside analog of 2'-deoxyadenosine, is an antiviral drug 
which has been used for therapy of herpes simplex virus encephalitis and herpes zoster 
virus infections in immunocompromised patients (Whitley et al., 1980). Ara-A is 
phosphorylated and activated by AK and dCK, which is critical for the effectiveness of 
the analog (Sarup & Fridland, 1987). F-Ara-A is used in patients with chronic 
lymphocytic leukemia (Rai, 2000). 
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Figure 5. Structure of Ara–A (left) and F-Ara-A (right). 
 
 

4.9. Mechanisms of Ara-A and F-Ara-A action in treatment of diseases 
 

Ara-A is a relatively good substrate of adenosine deaminase (ADA) and must be 
protected from deamination by deoxycoformycin. In the presence of deoxycoformycin, 
Ara-A is metabolized to the triphosphate form, Ara-ATP, through a series of 
phosphorylation reactions. Ara-ATP is a potent inhibitor of DNA synthesis since it 
competes with dATP as a substrate for DNA polymerase. By incorporation into DNA, it 
acts as a chain terminator and interferes with the continued elongation of the growing 
DNA strand. Ara-ATP can also inhibit RNR by binding to the allosteric sites of the 
enzyme (Moore & Cohen, 1967). F-Ara-A is a derivative of Ara-A which is resistant 
towards deamination by ADA (Johnson, 2000).  The active form of F-Ara-A is the 
triphosphate (F-Ara-ATP). The mechanism of action of this analog is similar to Ara-A, 
and it also inhibits DNA replication and RNR.                  

Generally, parasites, viruses and pathogenic bacteria have their own nucleoside 
kinases and the different substrate specificities of these kinases as compared to the host 
might be utilized for the development of nucleoside analogs which specifically targets the 
pathogens. We have studied the adenosine kinase of Trypanosoma brucei (T. brucei), a 
pathogen that lacks de novo purine biosynthesis (El Kouni, 2003) and is therefore 
dependent on salvage of purines such as adenosine.
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4.10. Trypanosoma brucei 
 

Trypanosoma brucei is a protozoan parasite that causes African sleeping sickness 
(trypanosomiasis) in humans (Barrett, 2006) and Nagana in cattles (Nok, 2005). There 
are two different subspecies of T. brucei that cause human trypanosomiasis (Barrett, 
2006); T. b. gambiense which causes slow onset chronic trypanosomiasis and T. b. 
rhodesiense which causes fast onset acute trypanosomiasis. Both variants have fatal 
outcomes, but the chronic form has a slower progress than the acute form. There is a third 
subspecies, T. b. brucei, that causes Nagana. T. brucei has two hosts; an insect vector and 
mammalian host. The insect vector for T. brucei is the tsetse fly. The parasite lives in the 
gut of the fly (procyclic form), migrates to the salivary glands and is transferred to the 
mammalian host by biting. The parasite lives within the bloodstream (bloodstream form) 
where it can reinfect the fly vector after biting. There are two stages of this disease in 
humans. In the first stage, the parasites circulate in blood and lymph, causing fever and 
swollen lymph nodes. A few weeks up to a few months later, the parasites migrate to the 
central nervous system causing symptoms such as hallucinations, personal changes and 
finally coma. Fortunately, the number of patients has decreased from 500,000 to 50,000 
during the last decade due to an eradication campaign (Barrett, 2006). 

 
 

4.11. Drug development against T. brucei 
 

There is an urgent need for development of new therapies against T. brucei since 
current drugs are very toxic compounds, such as the arsenical Melarsoprol which in 10% 
of the cases causes a fatal drug-induced encephalopathy (Brun, 1999). Another problem 
is that Melarsoprol resistance among the trypanosomes is as high as 30% (Barrett, 2001). 
Eflornithine (DFMO) is a second drug that has come into use against this disease but it 
has some limitations. It only works against T. b. gambiense and is difficult to administer 
at the resource-poor settings in the African countryside [it needs 4 daily injections for 14 
days (Barrett, 2006)]. It seems difficult to develop a vaccine against this parasite since it 
has a variable surface glycoprotein (VSG) coat which constantly changes in order to 
avoid the host's immune system (Hutchinson et al., 2007). 

 
 

4.12. dNTP metabolism and mitochondrial disease 
 

Generally, the intracellular dNTP levels depend on supply from de novo and salvage 
pathways and the demand of dNTPs from the DNA replication machinery (Fig. 6). 
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dNTPs
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DNA
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Figure 6. Supply and demand of dNTPs. 
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Synthesis of mitochondrial DNA (mtDNA) is not cell cycle-regulated and a 
constant supply of dNTPs and balanced nucleotide pools are crucial for the maintenance 
of mitochondrial replication and integrity (Falkenberg et al., 2007). There is probably no 
de novo dNTP synthesis in the mitochondria (Nordlund & Reichard, 2006). Therefore, 
the mitochondrial dNTP pool is maintained either by salvaging deoxyribonucleosides 
within the mitochondria or by import of cytosolic dNTPs. In non-replicating cells, where 
cytosolic dNTP biosynthesis is down-regulated and the import of nucleotides from the 
cytosol to the mitochondria is not possible, mtDNA synthesis is dependent solely on the 
mitochondrial salvage pathway enzymes, the deoxyribonucleoside kinases (Saada et al., 
2001).  

Deficiencies in various enzymes of nucleotide metabolism such as cytosolic 
thymidine phosphorylase (TP) affect mtDNA replication and cause genetic diseases. TP 
deficiency causes mitochondrial neurogastrointestinal encephalomyopathy (MNGIE). In 
this disease, the cytosolic accumulation of dTTP (pool imbalance) is transmitted to 
mitochondria, resulting in misincorporations and deletions in mtDNA (Nishino et al., 
1999). 

 
 

4.13. Mitochondrial replication apparatus 
 

The mammalian mitochondrial genome (16.6 kbp) (Falkenberg et al., 2007) has a 
compact gene organization. mtDNA contains 2 origins of replication (Ori H, Ori L) and 2 
promoters called light–strand promoter (LSP) and heavy–strand promoter (HSP). It 
encodes 2 rRNAs, 22 tRNAs and 13 mRNAs. Mitochondrial DNA replication is 
independent of nuclear DNA synthesis and occurs throughout the whole cell cycle. 
Synthesis of mtDNA depends on constant supply of dNTPs, for its maintenance and 
replication. In vitro, the minimal mtDNA replisome contains DNA polymerase γA, DNA 
polymerase γB, helicase (TWINKLE) and the mitochondrial single-stranded DNA-
binding protein (mtSSB) as shown in Fig. 7. 
 
 3' 

5' 

3' 

5' 

mtSSB
TWINKLE

DNA pol γA/B 5'

 
 
 
 
 
 
 
 
 
 
Figure 7. Mitochondrial replication apparatus. The TWINKLE protein unwinds the DNA 
double helix (arrow) allowing the replication machinery to synthesize DNA (----). 
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4.14. Helicase and structure 
 

Helicases (Patel & Picha, 2000) are a class of enzymes vital to all living 
organisms. They unwind the double helix by moving along the dsDNA to break hydrogen 
bonds between annealed nucleotide bases. Helicases can be divided into two classes on 
the basis of mechanism, those that translocate in a 5′–3′ direction along single-stranded 
DNA and those that operate with the opposite polarity. These proteins use the energy 
from ATP, GTP and dTTP hydrolysis. The bacterioghage T7 gene 4 protein (gp4) 
contains DNA helicase and primase activities. This hexameric protein is a prototype of 
ring-shaped helicases and uses energy from mainly dTTP hydrolysis (Washington et al., 
1996).  

 
 

4.15. TWINKLE 
 

TWINKLE is a nuclear-encoded mitochondrial DNA helicase essential for replication of 
mtDNA (Korhonen et al., 2004). The TWINKLE protein is structurally related to the gp4 
enzyme. Both of them contain conserved sequence motifs in common which also can be 
found in the RecA/DnaB helicase families (Falkenberg et al., 2007). The TWINKLE 
protein can be divided into three regions (Fig. 8); an N-terminal primase-like domain, a 
linker region and a C-terminal DNA helicase domain (Spelbrink et al., 2001). Dominant 
mutations of this protein in the linker region cause adult-onset progressive external 
ophthalmoplegia (adPEO) with multiple mtDNA deletions. The disease manifests as 
myopathy, often affecting the extraocular, limb and facial muscles, sometimes 
accompanied by mental depression. It was shown that mutations in the linker region are 
associated with decreased hexamerization and helicase activity of the TWINKLE protein 
(Korhonen et al., 2008). We have studied the function of the N-terminal region of the 
TWINKLE helicase. 

  
 

Conserved motifs among ring helicases

Linker region

Primase-like domain?

“Hotspot” site for mutations in adPEO-families

NKLE 
 

1 345 372 684 
 
 

 
 
 
 
 
 
 

 
 
 

Figure 8. Structure of the human TWINKLE helicase. 
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Based on two evidences, it has been speculated that mutations in the linker region 
of TWINKLE might lead to increased cellular dTTP breakdown to dTDP. (i) Based on 
sequence homology, the A359T mutation in the TWINKLE linker region in patients with 
the adPEO disorder corresponds to position 257 T7 gp4. The A257T mutant T7 gp4 
protein has enhanced dNTPase activity and it has therefore been suggested that the 
A359T TWINKLE protein might also have enhanced dNTP breakdown (Spelbrink et al., 
2001). (ii) The second evidence is that saponin permeabilized cells from patients with 
defects in TWINKLE (other mutants than A359T) showed increased incorporation of 
exogenous 32P-dTTP into mitochondrial DNA (Ashley et al., 2007). It should be 
mentioned that we have focused on the general function of the N-terminal domain in the 
TWINKLE protein rather than the relation between its mutations and dTTP hydrolysis in 
cells from adPEO patients. 

 
 
 

5. Methodology 
 
 

5.1. Gas-phase Electrophoretic Mobility Macromolecule Analysis 
(GEMMA) 

  
We have found that are the R1-R2 protein complexes are weak and tend to 

dissociate when using conventional methods for size determinations (e.g. gel filtration 
and ultracentrifugation). GEMMA (Kaufman et al., 1996) is a relatively new mass 
spectrometry-related technique to study non-covalent protein complexes. This technique 
has similarities to electrospray mass spectrometry but is run at atmospheric pressure and 
has a detector that is much more sensitive towards large protein complexes than mass 
spectrometry is. Another advantage compared to mass spectrometry for our studies is that 
it is less prone to artifacts such as false interactions and dissociation of complexes. 
Dissociation of complexes can occur due to that the protein subunits attain multiple 
positive charges during the electrospray process and therefore repel each other. In 
GEMMA, there is a charge neutralizer that certifies that the proteins have +1 charge (or 
less). Generally, there is a good agreement between the data from conventional methods 
(e.g. gel filtration) and GEMMA. 

 
 

5.2. How does the GEMMA work? 
 

The GEMMA system consists of three main components: a charge-neutralized 
electrospray, a differential mobility analyzer (DMA) and a condensation particle counter 
(CPC). Briefly, protein is taken up from an Eppendorf tube by a thin capillary and 
electrosprayed into gas-phase through a charged-reduced electrospray process. The 
generated particles are separated according to diameter by the DMA and subsequently 
quantified by a particle counter. Since there is a correlation between diameter and mass 
of proteins in gas-phase, it is possible to determine the mass of proteins within an error of 
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±5.6% (Bacher et al., 2001). This machine is not compatible with non-volatile salts and 
ammonium acetate is an ideal buffer.   

 
   

6. Summary of Results 
 

 
This section summarizes the four research papers (I-IV) that constitute this thesis. Fig. 9 
is an outline of the four papers described in this thesis. 
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Figure 9. An overview of the four papers described in this thesis. 

 
 

6.1. Specific aims of thesis 
 

 Paper I. It has been shown that dATP/ATP induces oligomerization of the 
mammalian R1 (Kashlan et al. 2002). Our aim was to find out whether the R1 
oligomers can interact with the R2 protein and to correlate of this structure to 
inhibition/activation status of the enzyme.  

 
 Paper II. To find out whether the dATP/ATP-induced oligomers found in the 

mammalian RNR are a general feature of class Ia RNRs. In this paper, we study 
the E. coli class Ia RNR which is a prototype of this class.  

 
 Paper III. To develop adenosine kinase substrate analogs which target T. brucei. 

 
 Paper IV. To characterize the N-terminal domain of the human TWINKLE 

helicase. 
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6.2. Paper I. Enzymatically active mammalian ribonucleotide reductase 
exists primarily as an α6β2 octamer. 

6.2.1. Findings. The allosteric regulation of the mammalian RNR has been suggested to 
be dependent on ATP/dATP-induced R1 oligomer formation (Kashlan et al., 2002). 
However, it was not clear whether these oligomers are able to interact with the R2 
protein. In order to clarify the quaternary structure of the mammalian RNR, we analyzed 
the mouse R1 and R2 proteins by gel filtration, mass spectrometry and GEMMA. Results 
from the three techniques showed that when only the specificity site is occupied (e.g. 
with dTTP) the R1 protein forms dimers. However, whenever both allosteric sites are 
occupied, either by ATP or dATP, the R1 protein is able to form hexamers. One of the 
advantages of GEMMA is that we can analyze similar R1-R2 concentrations as used in 
enzyme assays and are present in mammalian cells. We were not only interested to study 
nucleotide-induced oligomerization of the R1 protein, but also nucleotide-induced R1-R2 
complexes. Our results showed that when only the specificity site is occupied the enzyme 
forms an enzymatically active α2β2 complex. However, both dATP and ATP are able to 
induce an α6β2 complex. To conclude, the mammalian RNR cycles between active ATP-
induced and inactive dATP-induced α6β2 complexes (Fig. 10). The α6β2 octamer is the 
major complex at physiological R1-R2 protein and nucleotide concentrations since the 
concentration of ATP in cells is estimated to be ~3 mM (Traut, 1994) and then both sites 
are occupied. The classical α2β2 tetramer was only a minor complex under these 
conditions.  
 
 
 

α6β
2

α6β
2α6β2                                                               

(ATP activated)

 
 
 
 
 α6β2                

(dATP inhibited) 
 
   
 
Figure 10. Under physiological R1-R2 proteins and nucleotide concentrations, the 
mammalian RNR cycles between ATP-activated and dATP-inhibited α6β2 complexes. The 
α and β subunits are shown with white and gray colors, respectively. 
 

6.2.2. Future perspectives. Our major goal in the RNR project was to find out the 
mechanism how ATP and dATP direct overall activity. It has been proposed that perhaps 
oligomerization directs activation and inhibition of the enzyme (Kashlan et al., 2002). In 
order to understand the molecular details behind dATP inhibition and ATP activation, it 
is probably necessary to find out the detailed structure of the large protein complexes. 
This could possibly be done by crystallization or cryo-electron microscopy. It would also 
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be interesting to find out if the R1 hexamer is present in vivo. One way to analyze the 
quaternary structure of RNR inside cells could be to make in vivo cross-linking.  

 
6.3. Paper II. Oligomerization status directs overall activity regulation 

of the Escherichia coli class Ia ribonucleotide reductase. 

6.3.1. Findings. We wanted to understand how the allosteric activity site can turn on/off 
RNR activity depending on whether ATP or dATP is bound. In order to understand 
whether formation of large complexes (e.g. the α6β2 complex) is a general feature among 
the class Ia RNRs, the mammalian enzyme can be compared to other class Ia RNRs such 
as the E. coli enzyme. The E. coli class Ia RNR is often mentioned to be a prototype of 
class Ia RNRs. We wanted to know whether the E. coli RNR is able to form large 
complexes (e.g. α6β2) in the presence of nucleotide allosteric effectors. If yes, is there any 
relation between large complex formation and allosteric regulation?  

Our GEMMA results (Fig. 11) showed that dTTP or dGTP induced the E. coli 
RNR to form the classical active α2β2 complex. However, dATP (or effector 
combinations of ATP + dTTP/dGTP) was able to induce an inactive α4β4 complex 
whereas ATP (used alone), which also binds both allosteric sites, induced an active α2β2 
complex. The E. coli class Ia RNR is therefore very different from the mammalian 
enzyme which is stimulated by ATP also in the presence of effector combinations of ATP 
+ dTTP/dGTP and cycles between active and inactive α6β2 complexes. Our results on the 
E. coli RNR are supported by an early study where it was shown that the enzyme forms a 
larger complex than the classical α2β2 tetramer in the presence of dATP or effector 
combinations of ATP + dTTP (Brown & Reichard, 1969). Our studies showed that the 
α4β4 octamers could be formed at physiological R1-R2 and effectors concentrations.  
 
 
 

α2β2

 

α2β2

dATP
dTTP/dGTP+ATP

ATP
dTTP/dGTP

α4β4

 
 
 

 
 
 
 
 
Figure 11. Cycling between active α2β2 tetramers and inactive α4β4 octamers is directed 
by different nucleotides effectors in the E. coli RNR. The α and β subunits are shown with 
white and gray colors, respectively. 
 

To investigate whether there is correlation between octamer formation and dATP 
inhibition, we studied the H59A mutant of E. coli R1 (Larsson Birgander et al., 2004). 
The H59A mutant is deficient in dATP inhibition but binds dATP with normal affinity to 
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the allosteric sites. We found that this mutant needed higher concentration of dATP for 
inhibition and α4β4 octamer formation as compared to the wild-type RNR. Therefore, it 
was possible to conclude that there is correlation between dATP inhibition and octamer 
formation.  

It seems that both ATP and dATP are able to cause inhibition when they bind to 
the activity site but this inhibition requires the simultaneous binding of a 
deoxyribonucleoside 5´-triphosphate to the specificity site; the combination of ATP + 
dTTP (or dGTP) induces the formation of an inhibited α4β4 complex although either 
effector alone induce the formation of the enzymatically active α2β2 complex. This 
finding is controversial since it is widely believed that ATP and dATP mediate opposite 
functions via the overall activity site. The [ATP]/[dTTP] ratio is important for the 
inhibition/activation status of the E. coli enzyme (Fig. 12). At low concentrations of 
dTTP, there is a fast equilibrium between ATP and dTTP in the specificity site and ATP 
enters the site often enough to disturb the formation of α4β4 complexes (the enzyme 
switches fast between state I and II in Fig. 12). At high [dTTP]/[ATP] ratios, the enzyme 
stays in state II most of the time and a cross-talk between the specificity and the overall 
activity sites leads to the formation of an inhibited α4β4 complex (this does not happen at 
lower [dTTP]/[ATP] ratios since the formation of R1-R2 complexes is much slower than 
the rapid exchange of nucleotides in the allosteric sites (Crona et al., manuscript in 
preparation). In contrast, dATP is able to inhibit the enzyme by its own since it can bind 
the activity site and can act as dNTP at the specificity site. 
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Figure 12. Cross-talk between the specificity site (S-site) and the overall activity site 
 (A-site) leads to the formation of an inhibited α4β4 complex in the E. coli RNR. 
 
 
6.3.2. Future perspectives. To better understand the correlation between formation of 
large complexes and overall activity, we have initiated a GEMMA study of RNRs from 
P. aeruginosa, bacteriophage T4 and B. anthracis (class Ib). The class Ia enzyme from 
bacteriophage T4 has a dysfunctional activity site, which can bind dATP but cannot be 
inhibited (Berglund, 1972). Our preliminary GEMMA results showed that RNRs that 
lack dATP inhibition (bacteriophage T4 and B. anthracis) form the classical α2β2 
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tetramer in the presence of dATP. This result agreed with previous analyses which have 
shown that dATP induces the formation of α2β2 complexes in bacteriophage T4 
(Berglund, 1975). In contrast, species that contain a functional activity site (dATP/ATP-
regulated) form large complexes in the presence of dATP (α4β2 in P. aeruginosa, α4β4 in 
E. coli and α6β2 in mouse). Therefore, we could conclude that a functional activity site is 
needed in order to form higher complexes than the α2β2 tetramer. 

In order to analyze the effect of ATP through the overall activity site, we studied 
GDP reduction in the presence of 2 mM dTTP in the mouse and P. aeruginosa RNRs 
(Fig. 13). The dTTP concentration was high enough in these assays to exclude ATP 
binding to the specificity site [dTTP has much higher affinity (~40 times) than ATP in all 
studied species, including E. coli (Ormö & Sjöberg, 1990)] as evident by that the enzyme 
still reduced GDP (ATP causes a switch in specificity to CDP/UDP reduction). As seen 
in Fig. 13, the addition of ATP to the overall activity site stimulated the mammalian 
enzyme 2-3 fold. In contrast, we could not observe any effect of ATP via the overall 
activity site in the P. aeruginosa enzyme. We conclude that the mouse enzyme is 
stimulated by ATP binding to the overall activity site whereas the prokaryote enzymes 
(E. coli and P. aeruginosa) are not. The difference seems to be reflected in the complexes 
formed; the mouse enzyme is able to form ATP/dATP-induced α6β2 complexes whereas 
the prokaryote enzymes form α4-base structures in the presence of dATP (or ATP + 
dTTP/dGTP in the E. coli enzyme).  
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Figure 13. Effect of ATP on overall activity regulation of the mouse ( ) and P. 
aeruginosa ( ) RNRs. 
 
 

6.4. Paper III. Adenosine kinase mediates high-affinity adenosine 
salvage in Trypanosoma brucei. 

6.4.1. Findings. Adenosine analogs have been tried out as drugs against many 
pathogenic species of the Kinetoplastida family, such as T. brucei (Lüscher et al., 2007; 
Rottenberg et al., 2005), T. cruzi and Leishmania (Marr, 1991).  The aim of our project 
was to understand how adenosine and adenosine analogs are metabolized in T. brucei. It 
was previously believed that adenosine is salvaged by a cleavage-dependent pathway in 
T. brucei but we have found that adenosine also can be salvaged by adenosine kinase 
(AK) which has ~2.5 orders of magnitude higher catalytic efficiency than inosine-
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adenosine-guanosine-nucleoside hydrolase (IAG-NH) which catalyzes the first step in the 
cleavage-dependent pathway (Fig. 14A). We suggest that the high-affinity pathway is 
developed in order for the parasites to survive in purine-poor environments such as blood. 
The T. brucei AK was able to phosphorylate adenosine, deoxyadenosine and nucleoside 
analogs, such as Ara-A, F- Ara-A and cordycepin.  

The adenosine analog Ara-A was taken up from the extracellular environments 
and phosphorylated by the high affinity pathway. The accumulated Ara-ATP blocked 
DNA biosynthesis and caused ATP depletion (the phosphorylation of Ara-ATP requires 
ATP) as shown in Fig. 14B.    
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Figure 14. Salvage of adenosine and Ara-A in T. brucei. (A) Adenosine can be salvaged 
via the previously known cleavage-dependent pathway or the newly discovered high-
affinity pathway in T. brucei. (B) Ara-A is phosphorylated by the T. brucei AK and the 
trypanosomes die from ATP depletion and inhibition of DNA biosynthesis. 
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In order to find out how specific Ara-A is as a drug against T. brucei, we 
cultivated the parasites in the presence of various concentrations of Ara-A [and 1 uM 9-
erythro-(2-hydroxy-3-nonyl) adenine (EHNA)].  The parasite proliferation and survival 
were strongly effected by the drug combination. The IC50 of Ara-A was calculated to be 
0.071 μM whereas mammalian cells (human WS1 and mouse Balb/3T3 fibroblasts) were 
approximately 50-200 times less sensitive to the drug than the trypanosomes. We also 
developed tetracycline-inducible AK-knockdown trypanosomes that were used to prove 
that Ara-A kills trypanosomes in an AK-dependent manner; the sensitivity of the AK-
knockdown trypanosomes decreased approximately 10 times after tetracycline-induction 
of the RNA interference construct. It was concluded that Ara-A is more effective against 
T. brucei than mammalian cells and that the effect of the drug is mediated via 
phosphorylation by adenosine kinase. 

 
 
6.4.2. Future perspectives. We would like to evaluate the effect of Ara-A in T. brucei-
infected mice. Since Ara-A has low aqueous solubility and can be deaminated by ADA in 
the blood, it is preferred to use a combination of Ara-AMP (readily soluble in water) and 
deoxycoformycin (ADA inhibitor) for these experiments (Ara-AMP cannot enter cells 
but is dephosphorylated into Ara-A by phosphatases in blood). Our preliminary results on 
T. brucei-infected mice with daily doses of a drug combination of Ara-AMP (10 mg/kg) 
and deoxycoformycin (0.25 mg/kg) showed that the number of trypanosomes in the blood 
of these mice decreased to undetectable levels within a few days. However, the 
trypanosomes reappeared a few days after the treatment was completed. Therefore, it will 
be of interest to optimize the doses to achieve a final cure. At a daily dose to 20 mg/kg 
Ara-AMP (+deoxycoformycin), the trypanosome reappearance can be delayed but 
toxicity in form of weight loss was then observed. A problem in these experiments is that 
Ara-A is rapidly cleared from the bloodstream but by giving the drug more often, we 
hope to be able to achieve a more stable level of Ara-A in the blood of these mice and 
hopefully cure them. 

 
 

        6.5. Paper IV. The N-terminal domain of TWINKLE contributes to    
               single-stranded DNA-binding and DNA helicase activities. 
 
6.5.1. Findings. The aim of our project was to characterize the N-terminal domain of the 
human TWINKLE helicase. Different regions of the TWINKLE protein were deleted by 
site-directed mutagenesis and the truncated protein were analyzed by gel filtration, 
GEMMA analysis, electrophoresis mobility shift assay (EMSA), helicase activity assay 
and rolling-circle DNA synthesis. Gel filtration and GEMMA results showed that the N-
terminal mutants were able to form hexamers but the C-terminal mutants were not (Table 
2). Therefore, the C-terminal part of TWINKLE is critical for hexamerization. Table 2 
summarizes the properties of the wild-type and mutants of the TWINKLE protein. The 
conclusion from this project was the N-terminal region of TWINKLE lacks primase 
activity but contributes to ssDNA binding and DNA helicase activity (the Δ1-314 mutant 
has lower helicase activity than the wild-type protein). 
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Table 2. Summary of the TWINKLE protein study. 
 

1 345 372 684

C-terminal domainN-terminal domain

Wild-type Δ1-121 Δ1-314 Δ372-684 TWINKY

Multimerization Hexamer Hexamer Hexamer Monomer Monomer

ssDNA binding Efficient Reduced Severely reduced - -

dsDNA binding Efficient Efficient Reduced - -

ssDNA-stimulated  
ATPase activity

Efficient Reduced Severely reduced - -

Helicase activity Efficient Efficient Significantly 
reduced

- -

Rolling- circle 
DNA replication

Up to ~ 10 kb Up to ~10 kb ~1kb Not identified -

 
 

6.5.2. Future perspectives. It will be of interest to investigate at the molecular level how 
the N-terminus of the TWINKLE protein contributes to mtDNA replication. The N-
terminus is homologous to the primase domain in the gp4 helicase but TWINKLE lacks 
primase activity. A special feature of the TWINKLE helicase is that it requires an 
oligonucleotide (primer) bound to the replication fork in order to unwind DNA 
(Korhonen et al., 2003). Perhaps the primase-related domain is needed for a proper 
interaction between TWINKLE and the primer. 

It would also be interesting to find out how naturally occurring mutations 
(adPEO) in the TWINKLE protein affect mtDNA replication, dTTP hydrolysis and 
mitochondrial dNTP pools.  
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7. Conclusions 
 

 We have used a mass spectrometry–related technique called GEMMA to study        
the quaternary structure of the mammalian RNRs. By using this method, we have 
shown that dATP and ATP induce the formation of an α6β2 protein complex. This 
complex can either be active or inactive depending on whether ATP or dATP is 
bound to the overall activity site.   

 
 The quaternary structure of the E. coli RNR in the presence of nucleotide 

allosteric effectors was investigated. We found that the E. coli RNR cycles 
between an active α2β2 form (in the presence of ATP, dTTP or dGTP) and an 
inactive α4β4 form in the presence of dATP (or a combination of ATP + 
dTTP/dGTP). 

 
 We studied the nucleotide metabolism of T. brucei which causes African sleeping 

sickness. One of the conclusions made was that the nucleoside analog adenine 
arabinoside (Ara-A) is activated by the T. brucei adenosine kinase and kills the 
parasite by causing nucleotide pool imbalances and by incorporation into nucleic 
acids.  

 
 Our results showed that the N-terminal region of human TWINKLE contributes to 

single-stranded DNA-binding and DNA helicase activities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 24



8. Acknowledgements 
 

 
I would like to acknowledge my supervisor, Anders Hofer, for coming up with the 
project ideas, guiding me through my PhD study and encouraging me to learn myself. It 
was a great opportunity for me to learn from you how to do research in biochemistry. 
Without getting help from you, this thesis would not be possible. 
 
I would like to acknowledge Thomas Borén, my second supervisor who gave me the 
opportunity to study at Umeå University. Thank you for your support during my study 
here in Umeå.   
 
My gratitude goes to Munender Vodnala, my close friend and colleague. I am happy to 
share time with you in the lab during my PhD period. I wish you the best for your own 
thesis defence. 
 
I gratefully acknowledge our collaborators, Britt-Marie Sjöberg, and Mikael Crona 
from Stockholm University, Pascal Mäser and Marc Mosimann from Bern University, 
and Maria Falkenberg, Géraldine Farge, Teresa Holmlund, and Julia Khvorostova 
from Karolinska Institute who gave me the opportunity to use their valuable experience 
in the projects. 
 
Greatest thanks to Lars Thelander, for giving a lot of valuable suggestions for our 
projects, and Artur Fijolek, Vladimir Domkin, Pelle Håkansson, and Margareta 
Thelander for giving a lot of support to our lab. 
  
Ingrid Råberg, thanks for your help during my study, especially when I started to study 
in Umeå. Your help made life easier for me. 
 
Clas Wikström and Urban Backman, thank you for everything you did for me, 
especially all the administrative work.  
 
Lola Fredriksson and Elisabeth Söderlund, for your help to make my projects run 
faster. 
 
Ava Hossein Zadeh, for your support. I wish the best for you in life, especially during 
your studies. 
 
Sharvani Vodnala, for making pleasant environment in our lab. God luck in your life.  
 
Dinesh Kumar, for contributing to the pleasant environment in our office and for your 
nice discussions about science. Good luck with your PhD study. 
 
Finally, I would like to thank everyone at the Department of Medical Biochemistry and 
Biophysics for the pleasant working environment and all current and past teachers who 
have been involved in my progression to the thesis defence.  

        
 

 25



9. References 
 
 

Andres, C. M., and Fox, I. H. (1979) Purification and properties of human placental 
adenosine kinase. J. Biol. Chem. 254, 11388-11393 
 
Arnér, E. S., and Eriksson, S. (1995) Mammalian deoxyribonucleoside kinases. 
Pharmacol. Ther. 67, 155-186  
 
Ashley, N., Adams, S., Slama, A., Zeviani, M., Suomalainen, A., Andreu, A. L., 
Naviaux, R. K., and Poulton, J. (2007) Defects in maintenance of mitochondrial DNA are 
associated with intramitochondrial nucleotide imbalances. Hum. Mol. Genet. 16, 1400-
1411 
 
Bacher, G., Szymanski, W. W., Kaufman, S. L., Zollner, P., Blaas, D., and Allmaier, G. 
(2001) Charge-reduced nano electrospray ionization combined with differential mobility 
analysis of peptides, proteins, glycoproteins, noncovalent protein complexes and viruses. 
J. Mass Spectrom. 36, 1038-1052 
 
Barrett, M. P. (2001) Veterinary link to drug resistance in human African 
trypanosomiasis? Lancet 358, 603-604 
 
Barrett, M. P. (2006) The rise and fall of sleeping sickness. Lancet 367, 1377-1378 
 
Berglund, O. (1972) Ribonucleoside diphosphate reductase induced by bacteriophage 
T4. II. Allosteric regulation of substrate sepecificity and catalytic activity J. Biol.  Chem. 
247, 7276-7281  
 

   Berglund, O. (1975) Ribonucleoside diphosphate reductase induced by bacteriophage T4.  
   III. Isolation and characterization of proteins B1 and B2. J. Biol. Chem. 260, 7450-7455 
 

Bianchi, V., Ferraro, P., Borella, S., Bonvini, P., and Reichard, P. (1994) Effects of 
mutational loss of nucleoside kinases on deoxyadenosine 5'-phosphate/deoxyadenosine 
substrate cycle in cultured CEM and V79 cells. J. Biol.  Chem. 269, 16677-16683 
 
Brown, N. C., and Reichard, P. (1969) Ribonucleoside diphosphate reductase. Formation 
of active and inactive complexes of proteins B1 and B2. J. Mol. Biol. 46, 25-38
 
Brun, R. (1999) Sleeping Sickness in Africa on the Rise Again. Karger-Gazette 63, 5-7 
 
Chabes, A., Georgieva, B., Domkin, V., Zhao, X., Rothstein, R., and Thelander, L. 
(2003) Survival of DNA damage in yeast directly depends on increased dNTP levels 
allowed by relaxed feedback inhibition of ribonucleotide reductase. Cell 112, 391-401 
 
Crona, M., Furrer, E., Torrents, E., and Sjöberg, B.-M., manuscript in preparation 

 26

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Andres%20CM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fox%20IH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Arn%C3%A9r%20ES%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Eriksson%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Barrett%20MP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed/4902211?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


Eklund, H., Uhlin, U., Färnegårdh, M., Logan, D. T., and Nordlund, P. (2001) Structure 
and function of the radical enzyme ribonucleotide reductase. Prog. Biophys. Mol. Biol. 
77, 177-268 
 
El Kouni, M. H. (2003) Potential chemotherapeutic targets in the purine metabolism of 
parasites. Pharmacol. Ther. 99, 283-309 
 
Eriksson, S., Thelander, L., and Åkerman, M. (1979) Allosteric regulation of calf thymus 
ribonucleoside diphosphate reductase. Biochemistry  18, 2948-2952 
 
Eriksson, S., Gudas, L. J., Clift, S. M., Caras, I. W., Ullman, B., and Martin, D. W., Jr. 
(1981)  Evidence for genetically independent allosteric regulatory domains of the protein 
M1 subunit of mouse ribonucleotide reductase. J. Biol. Chem. 256, 10193–10197 
 
Falkenberg, M., Larsson, N. G., and Gustafsson, C. M. (2007) DNA replication and 
transcription in mammalian mitochondria. Annu. Rev. Biochem. 76, 679-699 
 
Hutchinson, O. C., Picozzi, K., Jones, N. G., Mott, H., Sharma, R., Welburn, S. C., and 
Carrington, M. (2007) Variant Surface Glycoprotein gene repertoires in Trypanosoma 
brucei have diverged to become strain-specific. BMC Genomics 8, 234 
 
Ingemarson, R., and Thelander, L. (1996) A kinetic study on the influence of nucleoside 
triphosphate effectors on subunit interaction in mouse ribonucleotide reductase. 
Biochemistry 35, 8603–8609 
 
Johnson, S. A. (2000) Clinical pharmacokinetics of nucleoside analogues: focus on 
haematological malignancies. Clin. Pharmacokinet. 39, 5-26 
 
Jordan, A., Pontis, E., Åslund, F., Hellman, U., Gibert, I., and Reichard, P. (1996) 
Allosteric regulation of the third ribonucleotide reductase (NrdEF enzyme) from 
enterobacteriaceae. J. Biol. Chem. 271, 8779-8785 
 
Kashlan, O. B., Scott, C. P., Lear, J. D., and Cooperman, B. S. (2002) A comprehensive 
model for the allosteric regulation of mammalian ribonucleotide reductase. Functional 
consequences of ATP- and dATP-induced oligomerization of the large subunit. 
Biochemistry 41, 462–474 
 
Kashlan, O. B., and Cooperman, B. S. (2003) Comprehensive model for allosteric 
regulation of mammalian ribonucleotide reductase: refinements and consequences. 
 Biochemistry 42, 1696–1706 
 
Kaufman, S. L., Skogen, J. W., Dorman, F. D., Zarrin, F., and Lewis, K. C. (1996) 
Macromolecule Analysis Based on Electrophoretic Mobility in Air: Globular Proteins. 
Anal. Chem. 68, 1895-1904 
 

 27

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22el%20Kouni%20MH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed/17408359?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hutchinson%20OC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Picozzi%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Jones%20NG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mott%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Sharma%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Welburn%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Carrington%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


Korhonen, J. A., Gaspari, M., and Falkenberg, M. (2003) TWINKLE has 5'-3' DNA 
helicase activity and is specifically stimulated by mitochondrial single-stranded DNA-
binding protein. J. Biol. Chem. 278, 48627-48632 
 
Korhonen, J. A., Pham, X. H., Pellegrini, M., and Falkenberg, M. (2004) Reconstitution 
of a minimal mtDNA replisome in vitro. EMBO J. 23, 2423-2429 
 
Korhonen, J. A., Pande, V., Holmlund, T., Farge, G., Pham, X. H., Nilsson, L. and 
Falkenberg, M. (2008) Structure-function defects of the TWINKLE linker region in 
progressive external ophthalmoplegia. J. Mol. Biol. 377, 691-705 
 
Kunz, B. A., Kohalmi, S. E., Kunkel, T. A., Mathews, C. K., McIntosh, E. M., and Reidy, 
J. A. (1994) International commission for protection against environmental mutagens and 
carcinogens. Deoxyribonucleoside triphosphate levels: a critical factor in the maintenance 
of genetic stability. Mutat. Res. 318, 1-64 
 
Larsson Birgander, P., Kasrayan, A., and Sjöberg, B.-M. (2004) Mutant R1 proteins from 
Escherichia coli class Ia ribonucleotide reductase with altered responses to dATP 
inhibition. J. Biol. Chem. 279, 14496-14501 
 
Lüscher, A., Onal, P., Schweingruber, A. M., and Mäser, P. (2007) Adenosine kinase of 
Trypanosoma brucei and its role in susceptibility to adenosine antimetabolites. 
Antimicrob. Agents Chemother. 51, 3895–3901
 
Marr, J. J. (1991) Purine analogs as chemotherapeutic agents in leishmaniasis and 
American trypanosomiasis. J. Lab Clin. Med. 118, 111-119 
 
Moore, E. C., and Cohen, S. S. (1967) Effects of Arabinonucleotides on Ribonucleotide 
Reduction by an Enzyme System from Rat Tumor. J. Biol. Chem. 242, 2116–2118 
 
Nishino, I., Spinazzola, A., and Hirano, M. (1999) Thymidine phosphorylase gene 
mutations in MNGIE, a human mitochondrial disorder. Science 283, 689-692 
 
Nok, A. J. (2005) Effective measures for controlling trypanosomiasis. Expert Opin. 
Pharmacother. 6, 2645-53 
 
Nordlund, P., and Reichard, P. (2006) Ribonucleotide reductases. Annu. Rev. Biochem. 
75, 681–706 
 
Ormö, M., and Sjöberg, B.-M. (1990) An ultrafiltration assay for nucleotide binding to 
ribonucleotide reductase. Anal. Biochem. 189, 138-141 
 
Patel, S. S., and Picha, K. M. (2000) Structure and function of hexameric helicases. 
Annu. Rev. Biochem. 69, 651-697
 

 28

http://www.ncbi.nlm.nih.gov/pubmed/18279890?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18279890?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/7519315?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/7519315?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Birgander%20PL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kasrayan%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Sj%C3%B6berg%20BM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nishino%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Spinazzola%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hirano%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Patel%20SS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Picha%20KM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


Rai, K. R. (2000) Fludarabine compared with chlorambucil as primary therapy for 
chronic lymphocytic leukemia. N. Engl. J. Med. 343, 1750-1757 
 
Reichard, P. (1988) Interactions between deoxyribonucleotide and DNA synthesis. Annu. 
Rev. Biochem.  57, 349-374 
 
Rottenberg, M. E., Masocha, W., Ferella, M., Petitto-Assis, F., Goto, H., Kristensson, K., 
McCaffrey, R., and Wigzell, H. (2005) Treatment of African trypanosomiasis with 
cordycepin and adenosine deaminase inhibitors in a mouse model. J. Infect. Dis. 192, 
1658-1665 
 
Saada, A., Shaag, A., Mandel, H., Nevo, Y., Eriksson, S., and Elpeleg, O. (2001) Mutant 
mitochondrial thymidine kinase in mitochondrial DNA depletion myopathy Nat. Genet. 
29, 342-344 
 
Sarup, J. C., and Fridland, A. (1987) Identification of purine deoxyribonucleoside kinases 
from human leukemia cells: substrate activation by purine and pyrimidine 
deoxyribonucleosides. Biochemistry 26, 590-597 
 
Spelbrink, J. N., Li, F.Y., Tiranti, V., Nikali, K., Yuan, Q. P., Tariq, M., Wanrooij, S., 
Garrido, N., Comi, G., Morandi, L., Santoro, L., Toscano, A., Fabrizi, G. M., Somer, H., 
Croxen, R., Beeson, D., Poulton, J., Suomalainen, A., Jacobs, H. T., Zeviani, M., and 
Larsson, C. (2001) Human mitochondrial DNA deletions associated with mutations in the 
gene encoding TWINKLE, a phage T7 gene 4-like protein localized in mitochondria. 
Nat. Genet. 28, 223-31 
 
Traut, T. W. (1994) Physiological concentrations of purines and pyrimidines. Mol. Cell. 
Biochem. 140, 1–22 
 
Washington, M. T., Rosenberg, A. H., Griffin, K. Studier, F. W., and Patel, S. S. (1996) 
Biochemical analysis of mutant T7 primase/helicase proteins defective in DNA binding, 
nucleotide hydrolysis, and the coupling of hydrolysis with DNA unwinding. J. Biol. 
Chem. 271, 26825-26834 
 
Whitley, R. J., Tucker, B. C., Kinkel, A.W., Barton, N. H., Pass, R. F., Whelchel, J. D., 
Cobbs, C. G., Diethelm, A. G., and Buchanan, R. A. (1980) Pharmacology, tolerance, and 
antiviral activity of vidarabine monophosphate in humans. Antimicrob. Agents 
Chemother. 18, 709-715
 
Xu, Y. Z, Huang, P., and Plunkett, W. (1995) Functional compartmentation of dCTP 
pools. Preferential utilization of salvaged deoxycytidine for DNA repair in human 
lymphoblasts. J. Biol. Chem. 270, 631-637 
 
 
 
 

 29

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Reichard%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Saada%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Shaag%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mandel%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nevo%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Eriksson%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Elpeleg%20O%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed/6160811?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/6160811?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/7822289?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

	page 1-2.pdf
	reza kappa 1.pdf
	13.5 page1-4
	Copy of Thesis Reza after correction REZA-13.5
	6.2.1. Findings. The allosteric regulation of the mammalian RNR has been suggested to be dependent on ATP/dATP-induced R1 oligomer formation (Kashlan et al., 2002). However, it was not clear whether these oligomers are able to interact with the R2 protein. In order to clarify the quaternary structure of the mammalian RNR, we analyzed the mouse R1 and R2 proteins by gel filtration, mass spectrometry and GEMMA. Results from the three techniques showed that when only the specificity site is occupied (e.g. with dTTP) the R1 protein forms dimers. However, whenever both allosteric sites are occupied, either by ATP or dATP, the R1 protein is able to form hexamers. One of the advantages of GEMMA is that we can analyze similar R1-R2 concentrations as used in enzyme assays and are present in mammalian cells. We were not only interested to study nucleotide-induced oligomerization of the R1 protein, but also nucleotide-induced R1-R2 complexes. Our results showed that when only the specificity site is occupied the enzyme forms an enzymatically active (2(2 complex. However, both dATP and ATP are able to induce an (6(2 complex. To conclude, the mammalian RNR cycles between active ATP-induced and inactive dATP-induced (6(2 complexes (Fig. 10). The (6(2 octamer is the major complex at physiological R1-R2 protein and nucleotide concentrations since the concentration of ATP in cells is estimated to be ~3 mM (Traut, 1994) and then both sites are occupied. The classical (2(2 tetramer was only a minor complex under these conditions. 
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	 We have used a mass spectrometry–related technique called GEMMA to study        the quaternary structure of the mammalian RNRs. By using this method, we have shown that dATP and ATP induce the formation of an (6(2 protein complex. This complex can either be active or inactive depending on whether ATP or dATP is bound to the overall activity site.  



