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Abstract 

All living organisms are made of cells and they store their hereditary 

information in the form of double stranded DNA. In all organisms DNA 

replication and repair is essential for cell division and cell survival. These 

processes require deoxyribonucleotides (dNTPs), the building blocks of 

DNA. Ribonucleotide reductase (RNR) is catalyzing the rate limiting step in 

the de novo synthesis of dNTPs. Active RNR is a heterodimeric protein 

complex. In S phase cells, the mouse RNR consists of the R1 and the R2 

proteins. The R1/R2 RNR-complex supplies the cell with dNTPs required for 

DNA replication. Outside S-phase or in non-proliferating cells RNR is 

composed of R1 and p53R2 proteins. The R1/p53R2 RNR-complex supplies 

cells with dNTPs required for mitochondrial DNA replication and for DNA 

repair. An undisturbed dNTP regulation is important since unbalanced dNTP 

pools results in DNA mutations and cell death. Since unbalanced pools are 

harmful to the cell, RNR activity is regulated at many levels. The aim of this 

thesis is to study how the mouse RNR genes are regulated at a 

transcriptional level. We have focused on the promoter regions of all three 

mouse RNR genes. Primer extension experiments show that the 

transcription start of the TATA-less p53R2 promoter colocalizes with an 

earlier unidentified initiator element (Inr-element). This element is similar to 

the known Inr-element in the mouse R1 promoter. Furthermore, functional 

studies of the R1 promoter revealed a putative E2F binding element. This 

result suggests that the S phase specific transcription of the R1 gene is 

regulated by a similar mechanism as the R2 promoter which contains an 

E2F binding site. Finally we have established a method to partially purify the 

transcription factor(s) binding the upstream activating region in the mouse 

R2 promoter by phosphocellulose chromatography and affinity purification 

using oligonucleotides immobilized on magnetic beads. This method will 

allow us to further study the transcription factors responsible for activating 

expression of the R2 protein. This method has a potential to be utilized as a 

general method when purifying unknown transcription factors. 

  



vii 

Abbreviations 

DNA: deoxyribonucleic acid 

RNA: ribonucleic acid 

dNTP: deoxyribonucleoside triphosphate 

dATP: deoxyadenosine triphosphate 

dTTP: deoxythymidine triphosphate 

dCTP: deoxycytidine triphosphate 

dGTP: deoxyguanosine triphosphate 

dUTP: deoxyuridine triphosphate 

RNR: Ribonucleotide reductase 

R1 = α: The large subunit in Ribonucleotide reductase 

R2 = β: The small subunit in ribonucleotide reductase 

p53R2: p53-inducible RNR small subunit 2 homolog 

p53: protein 53 (or tumour protein 53) 

YY1: Yin Yang 1 

E2F: is a cellular transcription factor, implicated in cell growth control. 

E2F4: E2F transcription factor 4 

Inr: Initiator 

TATA-box: a short sequence of base pairs that is rich in adenine (A) 

and thymine (T) residues and located about 25-30 nucleotides upstream 

of the transcriptional initiaton site. 

TBP: TATA box binding protein 

CCAAT-box: is a distinct pattern of nucleotides with GGCCAATCT 

consensus sequence situated 75-80 bp upstream  the transcription start 

site. 

mtDNA: mitochondrial DNA 

cDNA: complementary DNA 

mRNA: messenger ribonucleic acid 

pGL3R1 420: a pGL3 vector with 420 bp of R1 promoter inserted before the 

luciferase gene 

Balb/3T3 cells: Mouse embryonic fibroblast cell line 

ELD cells: Ehrlich Lettre Ascites hyperdiploid tumor cells 

EMSA: electrophoretic mobility shift assay 

PAGE: Polyacrylamide gel electrophoresis 
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Sammanfattning på svenska 

Alla levande organismer består av celler och cellerna i sin tur lagrar all 

genetisk information i form av dubbelsträngat DNA. Ribonucleotidreduktas 

(RNR) är ett enzym som studerats i detalj de senaste 50 åren. Enzymet 

katalyserar reduktionen av samtliga ribonucleotider till deoxyribonucleotider, 

DNAs byggstenar. Deoxyribonukleotider (dNTPs) behövs för tillverkning och 

reparation av DNA. I cellcykelns S-fas består RNR i mammala celler av två 

olika subenheter; protein R1 och protein R2. R1/R2-RNR-komplexet förser 

cellen med de dNTPs som krävs för DNA-replikation. Utanför S-fas eller i 

icke-prolifererande (icke-växande) celler består RNR i mammala celler av 

proteinerna R1 och p53R2. R1/p53R2-RNR-komplexet förser cellerna med 

dNTPs som krävs för mitokondrie-DNA-replikation och DNA-reparation. En 

icke fungerande dNTP-reglering resulterar i DNA-mutationer och celldöd. 

För att förstå hur allt detta regleras har vi valt att undersöka vad som 

reglerar uttrycket av RNR på gennivå. Vi använder promotorerna för de 

gener som kodar för de tre olika proteinerna (subenheterna). Vi studerar 

vilka transkriptionsfaktorer som binder till dessa hos möss samt hur 

transkriptionsfaktorerna reglerar uttrycket av proteinerna. 

Studier av p53R2 har visat att det induceras av p53 efter DNA-skada. 

Eftersom proteinet är viktigt för mitokondrie-DNA-syntes har det en central 

roll för cellcykeloberoende dNTP-produktion. Det är intressant att reflektera 

att p53R2-promotern fortfarande inte är kartlagd. Tidigare studier har 

framförallt fokuserat på att förklara p53s roll i induktionen. De så kallade 

primerextension-försöken vi utfört avslöjade att p53R2-promotern har en 

transkriptionsstart som sammanfaller med en fram tills nu oidentifierad 

initiator-sekvens. Denna sekvens liknar den kända Inr-sekvensen i R1 

promotern. 

E2F är en grupp transkriptionsfaktorer som reglerar det S-fas-specifika 

uttrycket av en gen. När E2F4 binder till R2-promotern blockas uttrycket. Det 

S-fas-specifika uttrycket av mus-R2-mRNA är ett resultat av att E2F4 delvis 

släpper promotern och på så sätt startar transkriptionen. Promotern 

kontrolleras även av en uppströms aktiverande region. Vi har etablerat en 

metod för att delvis rena transkriptionsfaktorerna som binder denna 

aktiveringsregion i mus-R2-promotern. De primära stegen i reningen är 

fosfocellulosa-kromatografi och affinitetsrening på oligonukleotider 

immobiliserade på magnetiska kulor. Denna metod ger oss möjligheten att 

ytterligare studera de transkriptionsfaktorer som ansvarar för aktiveringen av 

R2-protein-uttrycket. 



ix 

R1-proteinet är den största subenheten och den regleras allosteriskt. 

Uttrycket av R1-genen är cellcykelspecifikt med maximala nivåer av mRNA 

under S-fas när genomet dupliceras.  Funktionella studier av R1-promotern 

visade att promotern har en E2F-bindande sekvens. Detta resultat klargör att 

det finns ett samband mellan R1 och R2 promotern som ger upphov till den 

S-fas-specifika transkriptionen. 

Att i detalj förstå hur RNR regleras är viktigt eftersom en obalans i dNTP 

nivåerna i cellen kan leda till celldöd eller genetiska avvikelser. RNR-

enzymet är ett lämpligt mål ut ett farmaceutiskt (antibakteriellt, antivirus och 

anticancer) perspektiv. Om man blockar ribonucleotidreduktas så stänger 

man av DNA-syntesen i celler och stoppar därmed även cellprolifereringen. 

Detta är en metod som man idag använder för att hämma cancercellers 

tillväxt.  
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Introduction 

Evolutionary thoughts 

The origin of life is a challenge many researchers have tried to explain. 

DNA, RNA and proteins are the molecules that define life, but there is a 

chicken-and-egg dilemma. DNA and RNA synthesis requires proteins and 

proteins cannot be made without nucleic acids and nucleic acids cannot be 

made without proteins. 

In the 1980s Thomas Cech and Sidney Altman discovered the RNA 

molecules called Ribozymes [1, 2]. These molecules can both work as 

storage of information and as catalysts. This strongly supports the notion of 

an original "RNA world". The RNA world principle suggests that the minimal 

functions of life might have started with RNA acting as both genetic material 

and enzymes. Only later in evolution proteins, which are more flexible in 

catalysis, became specialized catalytic molecules and DNA, with a greater 

chemical stability compared to RNA, took over the role of genetic information 

carrier [3]. 

The evolution from the RNA world to current situation in cells must have 

happened stepwise and in one of these steps DNA took over the role of 

storing genetic information. The cell needs building blocks in order to 

synthesize DNA. These building blocks, deoxyribonucleotides (dNTPs), are 

in turn synthesized by ribonucleotide reductase (RNR). In the 1960s the 

discovery of RNR was first reported by Peter Reichard [4] and it has been 

thoroughly studied ever since. When studying different organisms today, 

RNR is a common factor which is necessary for reduction of ribonucleotides 

to deoxyribonucleotides. This suggests that, in early evolution, a primitive 

RNR was a must for DNA synthesis [5]. If this is the case, proteins must 

have evolved before DNA during evolution [6]. 

Nucleotides 

Nucleotides are involved in cellular signaling, they act as energy carriers, 

and they are coenzymes in enzymes. However, their most essential role is to 

build up RNA and DNA. Nucleotides are molecules consisting of three parts: 

a nitrogenous base, a ribose sugar and one or more phosphate groups (fig 

1). There are two kinds of nitrogen-containing bases - purines and 

pyrimidines. Adenine and Guanine, both found in DNA and RNA, are purines 

consisting of a six-membered and a five-membered nitrogen-containing ring, 

fused together. Cytosine, found in DNA and RNA, Uracil, found only in RNA, 
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and Thymine, normally found in DNA, are all pyrimidines consisting of only a 

six-membered nitrogen-containing ring. 

 

 

Fig 1 The four different nucleotides used in DNA synthesis: dATP (deoxyadenosine 
triphosphate), dTTP (deoxythymidine triphosphate), dGTP (deoxyguanosine triphosphate), and 
dCTP (deoxycytidine triphosphate). 

The genes 

Each cell contains genes which carry information that determines the 

characteristics organisms inherit from their parents. The genes are simply 

described as regions of DNA (fig. 2) that carries instructions for making 

RNA.  
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Fig 2 Schematic representation showing how nucleotides are joined together forming 
DNA. Two chains of nucleotides are joined by hydrogen bonds between the complementary 
bases adenine and thymine or cytosine and guanine. 

In multicellular organisms, genes are generally built up of promoters, exons 

(coding sequences) and introns (non-coding sequences) (fig 3). Promoters 

are regulatory sequences controlling the gene expression and are normally 

found in the beginning of a gene. Exons are the protein coding DNA 

sequences while introns first described as junk DNA has recently been found 

having many important functions [7]. 

 
Fig 3 Schematic representation of a gene. The promoter control the gene expressin, the 
exons are the coding sequences of the gene while introns is non-coding sequences important 
for correct coding. 
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The cell cycle 

The gene expression needs to be regulated properly and this can be 

done in many ways. One way is through cell cycle specific regulation. A cell 

goes through different functional stages during its lifetime and this is 

described by the cell cycle (fig 4). The cell cycle can be divided into two 

different parts, interphase and mitosis. The interphase is in itself divided in 

three separate phases: G1 phase (the gap phase), S-phase (the synthesis 

phase where DNA replication occurs) and G2-phase. The mitosis consists of 

the M-phase; during this stage the cell is divided into two daughter cells with 

identical sets of DNA. After cell division, each of the daughter cells begins 

yet another cell cycle starting with interphase. A cell can exit the cell cycle at 

G1 to enter G0. When in G0, the cell is resting and retains its functions. 

 

Fig 4 Schematic representation of the cell cycle. The cell cycle is divided into four separate 
phases: G1 phase (the gap phase), S-phase (the synthesis phase where DNA replication 
occurs), G2-phase and M-phase (mitosis, where the cell is divided into two identical daughter 
cells). The cell can exit the cell cycle at G1 to enter G0 (where the cell is resting and not dividing 
since it has left the cell cycle).  

Different proteins in the cytoplasm control the cell cycle. Among the main 

players in animal cells are: cyclins, cyclin-dependent kinases (CDKs), and 

ubiquitin protein ligases such as the anaphase-promoting complex (APC) 

and the Skp1-cullin-F-box-protein complex (SCF). Activation and inactivation 

of CDKs initiate the phase transitions of the cell cycle in the eukaryotes [8]. 

To prevent continuation of the cell cycle until all the processes in each phase 

have been correctly completed there are checkpoints. For instance, if DNA 

damage occurs the cell cycle is arrested and cell death may be initiated, and 

if DNA replication is ongoing the cell’s progress into mitosis is stopped [9]. 
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The transcription and transcription regulation 

Transcription is when RNA is synthezised using DNA as a template. In 

the longrun, this process gives rise to proteins. RNA polymerase II, 

catalyzing transcription of all protein-encoding genes in eukaryotic cells, is 

dependent on so called general transcription factors. To transcribe, in vitro, 

the general transcription factors (TFIIB, TFIID, TFIIE TFIIF and TFIIH) are 

essential and form a complex with RNA polymerase II [10-12]. The general 

transcription factors are binding to the promoter, the region surrounding the 

transcription start site. 

As well as general transcription factors there are also additional 

transcription factors (activators and repressors). These transcription factors 

alter the activity of the general transcription factor machinery. For this 

alteration to occur there is a complex called mediator communicating with 

the general transcription factor machinery. 

Ribonucleotide reductase 

RNR is a common factor found in almost all living organisms. This 

enzyme provides the only de novo pathway synthesizing dNTPs in the cell. 

RNR use radical chemistry to reduce the C2’ position on the ribonucleotide 

in order to produce the corresponding deoxyribonucleotide [13, 14] (fig 5). 

  

Fig 5 RNR is responsible for the exchange of the 2’ hydroxyl group of the ribose into 
hydrogen 

There are various RNRs known, divided into three different classes 

according to reaction mechanism, cofactor requirements and three-

dimensional structure (table 1).  

 

Classes Class I Class II Class III 

Subclasses a b   

Oxygen 

dependence 

Aerobic Aerobic Aerobic/Anaerobic Anaerobic 

Radical Tyr•…Cys• Tyr•…Cys• Ado•…Cys• Ado•…Gly•…Cys• 

Metal site Fe
III
-O-Fe

III
 Mn

III
-O-Mn

III
 or Co 4Fe-4S 
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Fe
III
-O-Fe

III
 

Reductant Thioredoxin, 

glutaredoxin 

NrdH Thioredoxin Formate 

Structure 

(active 

complex) 

α2β2, α6β2/6, 

α4β2/4 

α2β2 α or α2 α2 

Found in Eukaryotes, 

Eubacteria, 

Bacteriophages, 

Viruses 

Eubacteria Archaebacteria, 

Eubacteria, 

Bacteriophages 

Archaebacteria, 

Eubacteria, 

Bacteriophages 

Table 1 Summary of the three different classes of RNR [15]  

The similarities found when studying allosteric regulation and catalytic 

core structure in all RNRs indicate that all classes must descend from a 

common ancestor [16]. 

Mammalian RNR 

Mammalian cells contain class Ia RNR. As seen in figure 6, mammalian 

RNRs are composed of two non-identical subunits, R1(α) and R2(β) or R1(α) 

and p53R2. The constellation depend on if the cells are proliferating or not. 

p53R2 is known to substitute the R2 subunit in nonproliferating cells acting 

as catalyzing subunit when bound to the R1 subunit [17]. The proteins in 

mammalian cells exist normally in its α2β2 form when active but it has 

recently been shown that it, in vivo, exists in a hyperactive α6β2 complex 

[18]. 

 

Fig 6 Schematic representation of a class Ia α2β2 ribonucleotide reductase. In the allosteric 
activity site (1) ATP bind to activate the enzyme and dATP binds to inhibit the enzyme. In the 
catalytic site (2) the substrate; ADP, CDP, GDP and UDP can bind. ATP, dATP, dGTP and 
dTTP can bind to the allosteric specificity site (3) regulating which nucleoside to convert. Y• 
represents the tyrosyl free radical. 
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The R1 subunit is the largest subunit and contains two allosteric sites; the 

activity site, where ATP activate or dATP inhibit the enzyme, and the 

specificity site, deciding which substrate to bind, regulated by four different 

effectors; ATP, dATP, dGTP and dTTP. The R1 subunit also contain a 

catalytic site, where the substrate; ADP, CDP, GDP and UDP can bind (fig 

6). The expression of the R1 gene is coordinated with the cell cycle 

progression with low or undetectable levels of mRNA in G0/G1 and maximal 

levels in S phase when the genome is duplicated. The R1 protein is present 

in relatively constant amount in the cell throughout the cell cycle in 

proliferating cells [19-21]. 

 

Fig 7 The free radical-binuclear iron center found in the R2 protein, consisting of two iron 
ions connected by an oxygen atom as well as a tyrosyl free radical (Tyr122) responsible for 
catalysis. 

The R2 protein is the smaller subunit and it harbors a binuclear iron 

center (fig 7) as well as a tyrosyl free radical (Tyr122), both critical for 

catalysis [22, 23]. The same expression pattern as the R1 gene is found 

when studying the R2 gene, with low or undetectable levels of mRNA in 

G0/G1 and maximal levels in S phase. But compared to R1 the levels of the 

R2 protein are strictly S-phase correlated. This can be explained by the 

specific degradation of the R2 protein in late mitosis [5, 24]. 

The gene coding for p53R2 was first described by Tanaka and co-

workers in 2000 initially detecting it in a colon cancer cell line [25]. The 

protein is believed to play an essential role in DNA repair, mtDNA synthesis, 

and protection against oxidative stress and can explain how resting cells 

obtain deoxyribonucleotides [26]. When comparing p53R2 with the R2 

protein the similarities are striking. The amino acid sequence has 

approximately 80% identity in the two proteins. Mouse p53R2 contains an 

iron-tyrosyl free radical center and forms an active RNR complex with the R1 

protein, as does the R2 protein [17]. The most noticeable difference is that 

p53R2 lacks the KEN box observed in R2, mediating degradation of R2 in 
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late mitosis [5, 24]. The R1-p53R2 complex can supply resting cells with 

deoxyribonucleotides for mitochondrial DNA replication and DNA repair [17].  

The genes 

When studying ribonucleotide reductase, the genes coding for the 

different subunits are located on different chromosomes in mammalian cells 

[16, 27]. The mouse R1 gene can be found on chromosome 7, the mouse 

R2 gene on chromosome 12 and the mouse p53R2 gene on chromosome 8 

[15, 17, 25]. Previous work has been done on the different promoters where 

both the R1 and the R2 promoter have been analyzed using DNase 

footprinting [28, 29]. 

The R1 promoter and its transcription factors 

When studying the R1 promoter in detail it has been shown that it 

contains four different protein binding sequences. Both the Inr and the γ 

regions are essential for cell cycle-regulated R1 promoter activity [30]. On 

the contrary α and β are not essential for cell cycle-regulated transcription. 

The ubiquitous transcription factor YY1 (=Yin Yang 1) is an activator in 

the R1 promoter binding to the upstream elements α and β [31]. 

Mechanisms of YY1 action are related to its ability to initiate, activate, or 

repress transcription depending upon the context in which it binds [32]. YY1 

belong to the Polycomb group protein family that play critical roles in 

hematopoiesis and cell cycle control [32]. In the absence of TATA-binding 

protein (TBP), YY1 together with TFIIB and RNA polymerase II were 

sufficient to correctly initiate transcription from a supercoiled DNA template 

in vitro [32]. 

The R2 promoter and its transcription factors 

The R2 promoter require TBP and the TATA-box to initiate transcription 

[33]. The S phase specific expression of mouse R2 mRNA is a result of a 

partial release from a transcriptional block acting in G0/G1 cells where E2F4 

is binding to a proximal repressive element [34]. Binding to the E2F site is 

modulated by binding of nuclear factor 1 (NFY) to an adjacent CCAAT 

element [21]. The S phase specific expression is also controlled by an 

upstream activating footprint region [29].  

A typical core promoter contains a conserved sequence called the TATA-

box, located 20 to 30 basepairs upstream of the transcription start site. This 

DNA element is recognized by the TATA-box binding protein (TBP), which is 

one of the subunits in the general transcription factor TFIID. The TBP is 
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responsible for positioning RNA polymerase II over the transcription start site 

of the gene. It binds directly to the promoter and initiates the sequential 

addition of the remaining components of the transcription initiation complex 

[35]. 

The p53R2 promoter and p53 regulation 

The p53R2 gene is constitutively expressed but it is induced upon DNA 

damage. It is known that p53 bind a recognition sequence in intron 1 and 

induces transcription of the p53R2 gene [25]. Up to now, no promoter 

elements have been identified. 

Model for cell cycle regulation 

It is difficult to explain the expression of the ribonucleotide reductase 

genes since the knowledge is fragmentary. When studying the R1/R2 RNR-

complex the activity is cell cycle regulated. The enzyme complex activity 

increases greatly during S phase when dNTPs are needed the most. But 

when studying the subunits individually they are regulated differently. The 

R2 subunit is limiting for enzyme activity since it is present only during S 

phase, whereas the R1 protein is present throughout the complete cell cycle. 

The R2 protein is regulated both transcriptionally and by enzyme 

degradation.  

DNA damage and DNA repair 

To repair DNA damage, in resting mammalian cells, another form of 

ribonucleotide reductase is activated. This active enzyme consists of the 

catalytic R1 subunit and instead of the R2 protein, p53R2 start acting as 

catalyzing subunit. The activity of R1/p53R2 RNR-complex is not cell cycle 

regulated. Expression of p53R2 has been shown to be induced by p53 after 

DNA damage. The R1/p53R2 RNR-complex produces dNTPs in quiescent 

cells [36]. 

Mitochondrial DNA synthesis 

DNA synthesis does not only occur in the nucleus, but also in the 

mitochondria. Mitochondria are present in cells of nearly all eukaryotic 

organisms. Each cell contains hundreds to thousands of mitochondria in the 

cytoplasm. These complex organelles are believed to evolve from an 

endosymbiotic event between a bacterium and a primitive eukaryotic cells 

[37]. This gives an explanation why mitochondria contain their own DNA. 

They produce energy through a process called oxidative phosphorylation. 
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The process use oxygen and simple sugar to create ATP, the cell’s main 

energy source.  

Mitochondrial DNA (mtDNA) represents a small fraction of the total DNA 

in cells. Most mtDNA is circular, although linear mtDNA exists as well. In 

mammals the mtDNA is a simple circle of about 16500 base pairs (less than 

1% of the total cellular DNA) [38]. 

Mitochondrial DNA is inherited materally. Inherited changes in mtDNA 

can cause problems with growth, development and function of the body’s 

systems. Usually in this case the mitochondria cannot generate enough 

energy efficiently for the cell. The health consequences of inherited 

mitochondrial DNA mutations vary widely. Common phenotypes are muscle 

weakness, problems with movement, diabetes, kidney failure, heart disease, 

dementia, hearing loss, and abnormalities involving the eyes and vision [39]. 

The synthesis of the mtDNA is not cell cycle regulated; instead it is 

controlled by energy demand. Resting cells such as muscles, heart and 

brain always needs to synthesis mtDNA and it has been unclear where they 

get their dNTPs. Now we know that p53R2 is essential for mtDNA synthesis 

since children with a non-functional p53R2 gene show severe mtDNA 

depletion in various tissues explaining their mitochondrial DNA depletion 

syndrome [39]. Nothing is known about the transcriptional regulation of the 

p53R2 gene except for its induction by p53. 
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Results 

The aim of this thesis was to investigate how the promoters of the 

different subunits of mouse ribonucleotide reductase are regulated. Is there 

a common theme explaining the S phase specific expression of R1 and R2?  

In the manuscript we report our results. We believed that the previously 

suggested transcription start of the mouse p53R2 gene (NCBI Genebank, ref 

seq NM_199476.1) was incorrect since it resulted in an out-of-frame ATG 

giving a premature stop codon. In order to determine where the transcription 

start is located, primer extension experiments were performed. The 

transcription start turned out to colocalize with an up to now unrecognized 

Inr element. This Inr element is completely conserved in the human and the 

mouse p53R2 genes. The true ATG is situated 70 bp downstream of this Inr 

element. 

We observed a putative E2F element in the γ region of the mouse R1 

promoter. The putative E2F element contains the sequence GCGGGAAG 

which almost completely agrees with the consensus sequence for E2F 

binding, GCGGGAAA [40]. When mutating the proposed E2F site in the R1 

promoter, the promoter strength increased. This suggests that the factor 

binding this element is repressing promoter activity. When the cell cycle 

dependent activity of the promoter was controlled, the mutant lost its S 

phase specific expression and was active throughout the cell cycle. It was 

earlier demonstrated for the mouse R2 promoter that E2F4 binding to the 

promoter inhibits promoter activity during G1 and our results for the R1 

promoter suggest a similar regulation. This implies that there is a common 

regulation mechanism explaining the S phase specific expression for both 

the R1 and the R2 protein in which a release from a G1 block caused by 

E2F4 is an important factor. 

We have established a method to partially purifiy the transcription factors 

binding to the upstream activating region of the R2 gene. These transcription 

factors are supposed to be activating transcription of the R2 gene. The 

purification procedure involved phosphocellulose chromatography and 

affinity purification on magnetic beads with immobilized oligonucleotides. 

The purification was monitored by gel shift assays using an oligonucleotide 

corresponding to part of the R2 upstream activating region. 
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Discussion and future perspectives 

In the present study, investigating the regulation of ribonucleotide 

reductase gene expression has been the primary focus. We have performed 

promoter studies of the three different mammalian ribonucleotide reductase 

subunits. 

The activity of the R1/R2-complex is regulated by several mechanisms 

such as allosteric effectors, S phase-specific transcription and specific 

degradation of the small subunit R2 during mitosis. The S phase specific 

regulation of mammalian RNR could be explained from one of our findings. 

The functional studies of the R1 promoter show that there is a common 

regulation mechanism compared to the R2 promoter. It has previously been 

shown that one factor explaining the S phase specific expression pattern of 

the R2 gene is E2F4 binding to the promoter, repressing the promoter 

activity during G1. In the beginning of S phase the repression is released 

activating expression of the R2 gene. We found that the R1 promoter 

harbors a putative E2F binding element which seems to repress the 

promoter until S phase in a similar way compared to the R2 gene. However, 

this is a putative element and need to be further verified. 

Less is known about the p53R2 gene which is induced by p53 after DNA 

damage [25]. Since this protein is crucial for mtDNA synthesis it has a 

central role in cell cycle independent production of dNTPs. Finding the 

transcription start of the p53R2 promoter is just one step closer to 

understanding the regulation of this promoter. It is interesting to notice that 

the p53R2 promoter is still unmapped. There are still no firm data coupling 

mtDNA synthesis to p53R2 gene induction. So far, all efforts have been 

concentrated on explaining the role of p53 in the induction. 

The R2 gene expression has been shown not only to depend on the 

proximal repressive element binding the transcription factor E2F4 but also 

on an upstream activating region. By combining phosphocellulose 

chromatography and affinity purification on oligonucleotides immobilized to 

magnetic beads, we have been able to partially purify the transcription 

factor(s) binding to this upstream activating region of the ribonucleotide 

reductase R2 subunit. Unfortunately, we have still not been able to upscale 

the purification to get enough material for protein identification. 

  



 

14 

Acknowledgements 

First of all I want to thank everyone at the department of Medical 

Biochemistry and Biophysics for all the help and support during these years. 

Lars Thelander, min handledare – du har delat med dig av din kunskap och 

stöttat mig när det har gått tungt. Tack för den frihet du har gett mig under 

dessa år. Nu kan du njuta till fullo av att vara pensionär  

Stefan Björklund, min biträdande handledare – jag är glad att du alltid har 

haft dörren öppen när jag behövt din hjälp 

Tidigare medlemmar I Lars forskningsgrupp: 

Margareta – jag har saknat dig mycket sedan du lämnade labbet. Du var 

den som visade runt mig på lab och vi kunde alltid pratade om allt mellan 

himmel och jord. 

Pelle – jag saknar ditt sjungande! Du har alltid tagit dig tid när jag behövt 

hjälp. 

Artur – min vän, det var kul att dela kontor med dig. Vi har hittat på mycket 

kul tillsammans! 

Vladimir – you have always had time to answer my questions.  

Anna Lena – du har varit en inspirationskälla och jag har uppskattat att du 

haft tid att hjälpa mig när jag haft frågor och funderingar.  

Ingrid – vad vore medchem utan dig? Du är en underbar människa och har 

alltid funnits där när jag behövt dig som mest. 

Clas – du gör ett fantastiskt jobb på medchem! Vi har inte samma humor 

men nog kan man väl vara vänner ändå .  

Lola och Elisabeth – tack för ert arbete. Ni har varit fantastiska! 

Else-Britt, Olga and Nasim – tack för all hjälp på lab! Ni har lärt mig så 

mycket. 

Miriam, Isabelle, Åsa, Sara, Annelie, Jenny – vi har haft några härliga år 

här på medchem. Tack för alla goda skratt! 

Rima – you will always have a special place in my heart. 

Göran – du har varit både en god vän och en mentor för mig. Jag önskar dig 

all lycka och framgång i livet!!! 



 

15 

Peter, Linus, Louise och Tengel – Det var kul att hänga med er, spela 

plump, dricka whisky och skråla till Journey. Don’t stop believing  

Det finns många fler som jag skulle vilja tacka och jag tror att ni alla vet hur 

mycket ni betyder för mig. Men jag ska fatta mig kort... en vän är den som 

lyser upp när hela världen har slocknat! 

Jonas och Freja utan er vore jag ingenting! 

  



 

16 

References 

1. Guerrier-Takada, C., et al., The RNA moiety of ribonuclease P is the 
catalytic subunit of the enzyme. Cell, 1983. 35(3 Pt 2): p. 849-57. 

2. Kruger, K., et al., Self-splicing RNA: autoexcision and 

autocyclization of the ribosomal RNA intervening sequence of 
Tetrahymena. Cell, 1982. 31(1): p. 147-57. 

3. Robertson, M.P. and G.F. Joyce, The Origins of the RNA World. 
Cold Spring Harb Perspect Biol, 2010. 

4. Reichard, P., Enzymatic synthesis of deoxyribonucleotides. I. 
Formation of deoxycytidine diphosphate from cytidine diphosphate 
with enzymes from Escherichia coli. J Biol Chem, 1962. 237: p. 
3513-9. 

5. Nordlund, P. and P. Reichard, Ribonucleotide Reductases. Annual 

Review of biochemistry, 2006. 75: p. 681-706. 

6. Reichard, P., Ribonucleotide reductases: The evolution of allosteric 
reguation. Archives of biochemistry and biophysics, 2001. 397(2): 
p. 149-155. 

7. Tannenbaum, E., An RNA-centered view of eukaryotic cells. 
Biosystems, 2006. 84(3): p. 217-24. 

8. Page, A.M. and P. Hieter, The anaphase-promoting complex: new 

subunits and regulators. Annu Rev Biochem, 1999. 68: p. 583-609. 

9. Cooper, S., Checkpoints and restriction points in bacteria and 
eukaryotic cells. Bioessays, 2006. 28(10): p. 1035-9. 

10. Goodrich, J.A. and R. Tjian, Transcription factors IIE and IIH and 
ATP hydrolysis direct promoter clearance by RNA polymerase II 
Cell, 1994. 77(1): p. 145-156. 

11. Tyree, C.M., et al., Identification of a minimal set of proteins that is 

sufficient for accurate initiation of transcription by RNA 
polymerase II. Genes & Development, 1993. 7(7A): p. 1254-1265. 

12. Conaway, R.C. and J.W. Conaway, General initiation-Factors for 
RNA polymerase II. Annual Review of biochemistry, 1993. 62: p. 
161-190. 



 

17 

13. Logan, D.T., et al., A metal-binding site in the catalytic subunit of 
anaerobic ribonucleotide reductase. Proceedings of the National 
Academy of Sciences of the United States of America, 2003. 100(7): 
p. 3826-3831. 

14. Stubbe, J., M. Ator, and T. Krenetsky, Mechanism of ribonucleoside 

diphosphate reductase from Escherichia coli. Evidence for 3'-C--H 
bond cleavage. The Journal of Biological Chemistry, 1983. 258: p. 
1625-1631. 

15. Jordan, A. and P. Reichard, Ribonucleotide reductases. Annual 
Review of biochemistry, 1998. 67: p. 71-98. 

16. Reichard, P., Ribonucleotide reductases: the evolution of allosteric 
regulation. Arch Biochem Biophys, 2002. 397(2): p. 149-55. 

17. Guittet, O., et al., Mammalian p53R2 protein forms an active 

ribonucleotide reductase in vitro with the R1 protein, which is 
expressed both in resting cells in response to DNA damage and in 
proliferating cells. J Biol Chem, 2001. 276(44): p. 40647-51. 

18. Rofougaran, R., M. Vodnala, and A. Hofer, Enzymatically active 
mammalian ribonucleotide reductase exists primarily as an 
alpha6beta2 octamer. The Journal of Biological Chemistry, 2006. 
281(38): p. 27705-11. 

19. Engström, Y., et al., Cell cycle-dependent expression of mammalian 
ribonucleotide reductase. Differential regulation of the two 
subunits. The Journal of Biological Chemistry, 1985. 260(16): p. 
9114-9116. 

20. Mann, G.J., et al., Ribonucleotide reductase M1 subunit in cellular 

proliferation, quiescence, and differentiation. Cancer research, 
1988. 48: p. 5151-5156. 

21. Filatov, D. and L. Thelander, Role of a proximal NF-Y binding 
promoter element in S phase-specific expression of mouse 
ribonucleotide reductase R2 gene. The Journal of Biological 
Chemistry, 1995. 270(42): p. 25239-43. 

22. Thelander, L. and A. Gräslund, Ribonucleotide reductase in 
mammalian systems. Sigel, Helmut and Sigel, Astrid ed. Metal ions 
in biological systems, Metalloenzymes involving amino acid-residue 
and related radicals, ed. H.a.S. Sigel, A. eds. Vol. 30. 1990: CRC 
Press. 109-129. 



 

18 

23. Björklund, S., et al., S-phase-specific expression of mammalian 
ribonucleotide reductase R1 and R2 subunit mRNAs. Biochemistry, 
1990. 29(23): p. 5452-5458. 

24. Chabes, A.L., et al., Mouse ribonucleotide reductase R2 protein: a 

new target for anaphase-promoting complex-Cdh1-mediated 
proteolysis. Proceedings of the National Academy of Sciences of the 
United States of America, 2003. 100(7): p. 3925-3929. 

25. Tanaka, H., et al., A ribonucleotide reductase gene involved in a 
p53-dependent cell-cycle checkpoint for DNA damage. Nature, 
2000. 404(6773): p. 42-9. 

26. Wang, X., et al., Regulation of p53R2 and its role as potential target 
for cancer therapy. Cancer Letters, 2009. 276(1): p. 1-7. 

27. Nocentini, G., Ribonucleotide reductase inhibitors: new strategies 

for cancer chemotherapy. Crit Rev Oncol Hematol, 1996. 22(2): p. 
89-126. 

28. Bjorklund, S., et al., Structure and promoter characterization of the 
gene encoding the large subunit (R1 protein) of mouse 
ribonucleotide reductase. Proc Natl Acad Sci U S A, 1993. 90(23): p. 
11322-6. 

29. Chabes, A.L., S. Björklund, and L. Thelander, S Phase-specific 
transcription of the mouse ribonucleotide reductase R2 gene 
requires both a proximal repressive E2F-binding site and an 
upstream promoter activating region. The Journal of Biological 
Chemistry, 2004. 279(11): p. 10796-10807. 

30. Johansson, E., E. Skogman, and L. Thelander, The TATA-less 

promoter of mouse ribonucleotide reductase R1 gene contains a 
TFII-I binding initiator element essential for cell cycle-regulated 
transcription. J Biol Chem, 1995. 270(50): p. 30162-7. 

31. Johansson, E., K. Hjortsberg, and L. Thelander, Two YY-1-binding 
proximal elements regulate the promoter strength of the TATA-less 
mouse ribonucleotide reductase R1 gene. The Journal of Biological 
Chemistry, 1998. 273(45): p. 29816-21. 

32. Castellano, G., et al., The involvement of the transcription factor Yin 
Yang 1 in cancer development and progression. Cell Cycle, 2009. 
8(9): p. 1367-72. 



 

19 

33. Kotova, I., et al., Sequence downstream of the transcription 
initiation site are important for proper initiation and regulation of 
mouse ribonucleotide reductase R2 gene transcription. European 
Journal of Biochemistry, 2003. 270: p. 1791-1801. 

34. Björklund, S., E. Skogman, and L. Thelander, An S-phase specific 

release from a transcriptional block regulates the expression of 
mouse ribonucleotide reductase R2 subunit. The EMBO Journal, 
1992. 11(13): p. 4953-4959. 

35. Nakajima, N., M. Horikoshi, and R.G. Roeder, Factors involved in 
specific transcription by mammalian RNA polymerase II: 
purification, genetic specificity, and TATA box-promoter 
interactions of TFIID. Mol Cell Biol, 1988. 8(10): p. 4028-40. 

36. Pontarin, G., et al., Ribonucleotide reduction is a cytosolic process 
in mammalian cells independently of DNA damage. Proceedings of 
the National Academy of Sciences of the United States of America, 
2008. 105(46): p. 17801-17806. 

37. Keeling, P.J., The endosymbiotic origin, diversification and fate of 

plastids. Philos Trans R Soc Lond B Biol Sci, 2010. 365(1541): p. 
729-48. 

38. Lebedeva, M.A., J.S. Eaton, and G.S. Shadel, Loss of p53 causes 
mitochondrial DNA depletion and altered mitochondrial reactive 
oxygen species homeostasis. Biochim Biophys Acta, 2009. 1787(5): 
p. 328-34. 

39. Bourdon, A., et al., Mutation of RRM2B, encoding p53-controlled 
ribonucleotide reductase (p53R2), causes severe mitochondrial 
DNA depletion. Nat Genet, 2007. 39(6): p. 776-80. 

40. Cartwright, P., et al., E2F-6: a novel member of the E2F family is an 

inhibitor of E2F-dependent transcription. Oncogene, 1998. 17(5): p. 
611-23. 

 

 


