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“Can	  I	  say	  something?	  Um,	  I'm	  the	  type	  of	  person	  that	  if	  you	  ask	  
me	  a	  question	  and	  I	  don't	  know	  the	  answer,	  I'm	  gonna	  tell	  you	  
that	  I	  don't	  know.	  But	  I	  bet	  you	  what,	  I	  know	  how	  to	  find	  the	  
answer	  and	  I	  will	  find	  the	  answer.”	  

–From	  the	  movie	  “The	  Pursuit	  of	  Happyness”	  

	  

"The	  key	  to	  every	  biological	  problem	  must	  finally	  be	  sought	  in	  
the	  cell,	  for	  every	  living	  organism	  is,	  or	  at	  sometime	  has	  been,	  a	  
cell."	  

	  	  	  	  –Edmund	  B.	  Wilson,	  cell	  biologist	  (1925)	  
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dNTPs: The Alphabet of Life 

Abstract 

From microscopic bacteria to the giant whale, every single living organism on Earth 
uses the same language of life: DNA. Deoxyribonucleoside triphosphates––dNTPs 
(dATP, dTTP, dGTP, and dCTP)––are the building blocks of DNA and are therefore 
the “alphabet of life”. A balanced supply of dNTPs is essential for integral DNA 
transactions such as faithful genome duplication and repair. The enzyme 
ribonucleotide reductase (RNR) not only synthesizes all four dNTPs but also 
primarily maintains the crucial individual concentration of each dNTP in a cell. In this 
thesis we investigated what happens if the crucial balanced supply of dNTPs is 
disrupted, addressing whether a cell has a mechanism to detect imbalanced dNTP 
pools and whether all pool imbalances are equally mutagenic. 

To address these questions, we introduced single amino acid substitutions into loop 2 
of the allosteric specificity site of Saccharomyces cerevisiae RNR and obtained a 
collection of yeast strains with different but defined dNTP pool imbalances. These 
results directly confirmed that the loop 2 is the structural link between the substrate 
specificity and effector binding sites of RNR. We were surprised to observe that 
mutagenesis was enhanced even in a strain with mildly imbalanced dNTP pools, 
despite the availability of the two major replication error correction mechanisms: 
proofreading and mismatch repair. However, the mutagenic potential of different 
dNTP pool imbalances did not directly correlate with their severity, and the locations 
of the mutations in a strain with elevated dTTP and dCTP were completely different 
from those in a strain with elevated dATP and dGTP. We then investigated, whether 
dNTP pool imbalances interfere with cell cycle progression and if they are detected 
by the S-phase checkpoint, a genome surveillance mechanism activated in response to 
DNA damage or replication blocks. The S-phase checkpoint was activated by the 
depletion of one or more dNTPs. In contrast, when none of the dNTP pools was 
limiting for DNA replication, even extreme and mutagenic dNTP pool imbalances did 
not activate the S-phase checkpoint and did not interfere with the cell cycle 
progression. We also observed an interesting mutational strand bias in one of the 
mutant rnr1 strains suggesting that the S-phase checkpoint may selectively prevent 
formation of replication errors during leading strand replication. We further used 
these strains to study the mechanisms by which dNTP pool imbalances induce 
genome instability. In addition, we discovered that a high dNTP concentration allows 
replicative DNA polymerases to bypass certain DNA lesions, which are difficult to 
bypass at normal dNTP concentrations. 
 
Our results broaden the role of dNTPs beyond ‘dNTPs as the building blocks’ and 
suggest that dNTPs are not only the building blocks of DNA but also that their 
concentrations in a cell have regulatory implications for maintaining genomic 
integrity. This is important as all cancers arise as a result of some kind of genomic 
abnormality. 
 
 
 
 
 
 



	   9	  

      Introduction 

Forget the tragedy in Hamlet for a moment, ignore its complex semantics, zoom in 

on the text, and soon you will realize that it is nothing but a meticulous 

arrangement of 26 English letters. Amazingly, nature applies a similar coding 

toolkit, although using only four letters: A (dATP), T (dTTP), G (dGTP), and C 

(dCTP). These 4 four letters represent the deoxyribonucleoside triphosphates or 

dNTPs. Their arrangement on a sugar–phosphate backbone forms the language of 

life: DNA (deoxyribonucleic acid). All living organisms, simple to complex, from 

microscopic bacteria to the giant whale––without exception––share the same 

genetic building blocks. What makes organisms differ with an almost 

incomprehensible diversity is differences in the sequence of these DNA letters. 

Humans have around 3 billion letters in their genome and Baker’s yeast––

Saccharomyces cerevisiae––has around 12 million letters. This thesis addresses 

the intricacies surrounding the relative concentrations of dNTPs (the four letters) 

in a cell. We explored several questions, including what happens when dNTP 

concentrations are disturbed and how a cell reacts and deals with such a situation?  

Background 

dNTPs are the building blocks of DNA 

As the name “deoxyribonucleoside triphosphate” suggests, a dNTP molecule 

consists of three parts: three phosphate groups, a pentose sugar (deoxyribose), and 

a nitrogenous base. dNTPs are used as the building blocks for DNA biosynthesis 

and are processed to dNMPs (deoxyribonucleoside monophosphate) to form 

single units of a DNA molecule that are linked together by covalent bonds (Fig. 1) 

[2]. The four different nitrogenous bases: adenine, guanine, thymine and cytosine, 

occur in one of two chemical forms, either as purines (adenine and guanine) or as 

pyrimidines (cytosine and thymine). Purines have two fused rings, and the smaller 

pyrimidines have a single ring. The purines and pyrimidines are arranged by their 

hydrogen-bonded base pairs to form a helically twisted, anti-parallel, double-

stranded DNA molecule with sugar–phosphate backbones (Fig. 2). 
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Fig.	  1.	  	  Structure	  of	  a	  dNTP	  molecule	  

Fig.	  2.	  Schematic	  representation	  of	  the	  structure	  of	  DNA	  

(Modified from Madeleine Price Ball, Wikipedia, under the terms of the GNU Free 
Documentation License) 
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RNR is the enzyme that converts ribose to deoxyribose  

It was an intriguing question in the 1950s: How and from what source are the 

building blocks of DNA––the dNTPs––synthesized? Peter Reichard obtained 

some striking results when he injected labeled ribonucleosides and 

deoxyribonucleosides into rats: Ribonucleosides were incorporated into both RNA 

and DNA, whereas deoxyribonucleosides were incorporated exclusively into 

DNA [3]. From these results, he proposed the existence of an enzyme that can 

transform ribose to deoxyribose; however, incubation of labeled ribonucleoside 

with different cell extracts never provided convincing evidence for the formation 

of deoxyribonucleotides. Then, one day when Reichard added just the right 

amount of ATP and Mg2+ to the bacterial extract the radioactive count soared [4]. 

This finding was surprising because allosteric regulation had not yet been 

discovered; however, now we know that ATP is an allosteric effector for the 

ribonucleotide reductase. What RNR does is replace the hydroxyl group at the 

2’carbon with hydrogen (Fig. 3). This replacement seems trivial, but nobody was 

aware of such a reaction at that time, and chemists claimed that such a reaction 

was impossible. RNR continued to surprise, and the chemical reaction was found 

to involve a free-radical–based substitution mechanism. In the uncovering of this 

reaction mechanism, the first stable protein radical was discovered [5-7]. 

The discovery of RNR [4] told us not only how the dNTPs are made in a cell but 

also opened the proverbial can of worms inciting a debate about the evolution of 

life with the burning central question: What came first––RNA, DNA, or protein? 

Fig.	  3.	  Ribonucleotide	  reductase	  converts	  ribose	  to	  deoxyribose	  via	  free	  radical	  
based	  substitution	  mechanism	  	  
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Whatever the answer, RNR is a molecular fossil that could be the key to the 

transition from an RNA world to a DNA world. 

RNR structure and allosteric regulation 

RNR is the only known source for the de novo synthesis of all four 

deoxyribonucleotides in all life forms. Even intercellular parasites like 

trypanosomes, with their strong salvage system to sequester nucleotide pools from 

the host, have an active RNR [8]. RNRs followed a divergent evolution, however, 

conserving the free-radical–based reaction mechanism [1, 9]. Different RNRs may 

vary in how they generate the free radical required for catalysis, and based on this, 

RNRs have been divided into three (I-III) classes (see Table 1) [1]. Class I 

enzymes require oxygen for the activation of their enzymatic activity; class II 

enzymes can function in both aerobic and anaerobic conditions; and Class III 

enzymes function strictly in anaerobic conditions, with destruction of the 

intermediate radical with oxygen exposure. The class I enzymes can be further 

subclassified into Ia and Ib, which mainly differ in their allosteric regulation [10]. 

A comprehensive database of all the sequenced RNRs is available at 

http://rnrdb.molbio.su.se/. 

	   

 

 

Human and yeast RNRs belong to class Ia and are quite similar in structure: a 

tetramer containing dimeric large and small subunits, although higher-order 

Table	  1.	  Classification	  of	  RNR	  [adapted	  from	  [1]]	  
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complexes also exist [11, 12]. The yeast RNR involves four proteins: Rnr1, Rnr2, 

Rnr3, and Rnr4 (Fig. 4). The large subunit is an Rnr1 dimer [13, 14]; the small 

subunit is an Rnr2/Rnr4 heterodimer [15]. Rnr3 (not shown in the figure) is a non-

essential DNA-damage-inducible Rnr1 paralogue that can form Rnr3 homodimers 

or heterodimers with Rnr1 [16]. The holoenzyme has a catalytic site and two 

allosteric sites: the specificity site and the activity site. The specificity site lies at 

the interface of monomers in the large subunit and mainly consists of two 

structural loops, loop 1 and loop 2 [17]. The binding of effectors at the specificity 

site allosterically influences the binding of a particular substrate at the catalytic 

site. The activity site acts as an overall switch for the enzyme: The enzyme is “on” 

if ATP binds to it and it is “off” if dATP binds to it. Based on crystal structures, it 

has been proposed that loop 2 mediates the cross-talk between the specificity site 

and the catalytic site [17-19], thus conferring substrate specificity on RNR. 

 

 

The interplay between the three sites (catalytic, specificity and activity) delivers 

the required balance of a dNTP pools in a cell. The specificity site regulates the 

balance among individual dNTPs; binding of dATP or ATP to the specificity site 

selects for the reduction of UDP and CDP; binding of dTTP selects for the 

reduction of GDP; and binding of dGTP selects for the reduction of ADP (Fig. 5) 

[20].  

Fig.	  	  4.	  Schematic	  representation	  of	  yeast	  RNR	  
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RNR: regulation, regulation, regulation 

Allosteric regulation was the first form of RNR regulation that was discovered, 

even before the “allosteric regulation” itself entered the picture [3]. But as usual, 

RNR continued to surprise, and again and again, it proved to be one of the highly 

regulated enzymes [21] (Fig. 6): RNR genes are transcriptionally upregulated 

during the cell cycle and in response to DNA damage [13, 22-24]. The activity of 

RNR is modulated by binding of the small protein Sml1 [25-27] and by 

subcellular compartmentalization, with the large Rnr1 subunit remaining 

cytoplasmic and the small subunit being localized to the nucleus [28-30]. This 

multifaceted regulation immediately suggests that the concentrations of dNTPs are 

crucial in a cell.  

 

 

Fig	  5.	  Allosteric	  regulation	  of	  ribonucleotide	  reductase	  	  
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dNTP pools present in a cell are neither equimolar nor enough for replication 

A balanced supply of overall and individual concentrations of the four dNTPs is a 

key prerequisite for faithful genome duplication and DNA repair [31]. In a 

genome––as per the Chargaff’s rule––the amount of guanine is equal to that of 

cytosine and the amount of adenine is equal to that of thymine; however, the 

amounts of corresponding dNTPs in a cell do not follow this pattern. In 

logarithmically growing wild-type yeast cells, the concentrations of dCTP, dTTP, 

and dATP are approximately 3-fold, 5-fold, and 2-fold higher than the 

concentration of dGTP (Fig.7). The amount of dNTPs present in a cell at a given 

time is neither equimolar nor enough for replication and the de novo biosynthesis 

of dNTPs is coupled with the DNA replication. For example, the amount of dGTP 

present in S-phase of a yeast cell at any given moment is enough only for the 

synthesis of approx. 4% of the G bases in the genome.  

In a cell, the concentration of NTPs––(ribonucleoside triphosphates: ATP, UTP, 

CTP, and GTP), the building blocks of RNA––are much higher than that of the 

dNTPs (Fig. 7). It is a challenge for the replication machinery to specifically 

discriminate dNTPs from NTPs during replication because they are quite similar in 

structure and the NTPs are present at a much higher concentration. 

 

RNR	  Allosteric	  
Regulation	  

Transcriptional	  

Translational	  

Post-
translational	  

Small	  
proteins	  

Sml1,	  Spd1	  

Micro	  RNA?	  

Redistribution	  of	  
proteins	  

Fig.	  	  6.	  Multifaceted	  regulation	  of	  RNR	  	  
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DNA replication is a complex process  

“It has not escaped our notice that the specific pairing we have postulated 

immediately suggests a possible copying mechanism for the genetic material” [2]. 

This statement by Watson and Crick is one of the best-known understatements in 

biology: What they had identified had immediately suggested the possible semi-

conservative mode of DNA replication. Since then, DNA replication has proved to 

be an incredibly complex yet remarkably efficient process (Fig. 8).  Every time a 

cell divides, it has to copy millions of nucleotides from parental DNA to progeny 

with a very high fidelity and the same process is repeated millions of times in 

multi-cellular organisms. Several multi-subunit complexes of proteins take part in 

DNA replication [32]. The key players behind the high fidelity, and rapid kinetics 

of DNA replication are the sophisticated copying machines known as DNA 

polymerases; for instance, one of the yeast polymerases, Polε, makes less than one 

mistake while copying 105 bases [33, 34]. A cell has several different polymerases, 

and the function of each polymerase is still not fully understood. Three multi-

subunit DNA polymerases––Polε, Polδ, and Polα––are the main polymerases 

acting during replication in a eukaryotic nucleus (Fig. 8). The anti-parallel strands 

of DNA in a replication fork are copied asymmetrically in the form of leading and 

lagging strand DNA synthesis (Fig. 8). The precise location of these polymerases 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  	  7.	  dNTP	  and	  NTP	  pools	  in	  wild	  type	  yeast	  strain	  	  

(NTPs	   values	   are	   taken	   from	   unpublished	   results.	   The	   number	   above	   each	  
dNTP	   bar	   shows	   the	   relative	   amount	   after	   normalization	   to	   dGTP,	   the	  
number	  above	  each	  NTP	  bar	  shows	  the	  relative	  amount	  after	  normalization	  
to	   corresponding	   dNTP,	   and	   the	   number	   below	   each	   bar	   represent	   the	  
absolute	  amount	  in	  108	  cells.)	  
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in terms of leading and lagging strands has been debated until recently [35]. 

However, recent studies have placed Polε on the leading strand and Polδ on the 

lagging strand [36, 37]; Polα has intrinsic primase activity and therefore is 

involved in priming leading strand and lagging strand DNA synthesis (Fig. 8). 

Interaction of these three polymerases with the replication machinery enables the 

duplication of the parental genome with high fidelity. 

 

Translesion synthesis 

Genomic DNA is continuously under environmental insult that may generate 

lesions and breaks in DNA. A lesion or the distorted geometry of DNA can block 

the regular DNA polymerases––Polε, Polδ, and Polα––from participating in 

replication. A cell has special DNA polymerases, known as tranlesion synthesis 

(TLS) polymerases that can continue the replication and bypass the lesions (Fig. 8) 

[38]. Translesion synthesis involves replacement of regular polymerases with TLS 

polymerases, which have larger active sites that facilitate bypassing of the lesions 

[39]. The yeast S. cerevisiae has several TLS polymerases: Polη (Rad30p), Rev1p, 

Polζ, and Pol4p (non-replicative DNA polymerase involved in DNA repair) (Fig. 

8) [38]. Although translesion polymerases can bypass lesions better, they can be 

more error prone (not always) compared to regular polymerases. Despite the 

similarity in their basic structure, each TLS polymerase has a high level of 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  	  8.	  Schematic	  presentation	  of	  the	  DNA	  replication	  	  



	   18	  

specificity and can only act on or bypass specific types of lesions with errors or 

without errors depending upon the polymerase and the leison. Further, although 

these polymerases are often error prone, a cell prefers translesion synthesis over 

more drastic repair mechanisms that could cause major changes such as gross 

chromosomal abnormalities. 

The cell cycle  

The cell cycle is an orchestrated array of highly coordinated processes that result in 

the faithful transfer of parental genomic copies to daughter cells. According to 

microscopic observation, the cell cycle can be divided into two main phases: M 

phase and Interphase. 

In M phase, the live division of a cell can be observed microscopically and consists 

of two major events: mitosis, the division of the nucleus, and cytokinesis, the 

division of the cytoplasm. Mitosis consists of several sequential processes: 

prophase, prometaphase, metaphase, anaphase, and telophase, which are usually 

immediately followed by cytokinesis  (which is thus sometimes considered as the 

sixth phase of mitosis). 

The period between one M phase and the next M-phase is called Interphase. 

Microscopically, it looks rather stagnant, with the cell just increasing in size; 

however, it is in truth highly eventful. Interphase has been further divided into 

three phases (Fig. 9): G1, the gap phase or growth phase in which a cell 

synthesizes all of the necessary proteins required for DNA replication; S phase, or 

the synthesizes phase, when genomic DNA is duplicated; and G2, phase is the 

phase between S phase and M phase, during which a cell grows more and the 

formation of microtubules takes place. 

Cell cycle checkpoints 

The cell cycle has to be coordinated in both time and space: spatially, thousands of 

molecules must be recruited for the synthesis and reorganization of the genome. In 

time, the integrity of the previous event must be scrutinized before the onset of the 

next event. For instance, a cell must properly duplicate the genome in S phase 

before entering to G2 phase [40]. To execute a high level of precision and 

chronology, a cell has surveillance mechanisms called cell cycle checkpoints (Fig. 
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9) [41]. The G1/S checkpoint ensures that the cell is ready for the synthesis of 

DNA in S phase. The S-phase checkpoint takes care of the proper synthesis of 

DNA in S phase, and a problem in replication may lead to the activation of this 

checkpoint [42]. It has been shown that the depletion of dNTPs to levels below 

normal (the wild-type level) during replication leads to activation of the S-phase 

checkpoint. The G2/M checkpoint ensures that the cell is prepared for mitosis, and 

the metaphase checkpoint (anaphase checkpoint) in mitosis ensures the proper 

segregation of homologous chromosomes into daughter cells. 

  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  	  9.	  Schematic	  presentation	  of	  the	  cell	  cycle	  	  

                                                                   

       

              	  (Modified	  from	  "Physiology	  or	  Medicine	  for	  2001	  -‐	  Press	  Release."	  Nobelprize.org.)	  
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Activation of the S-Phase checkpoint leads to an increase in dNTP pools in the 

yeast S. cerevisiae 

DNA damage and the stalling of replication in eukaryotes activates a cascade of 

proteins, called the S-phase checkpoint (DNA damage checkpoint), which results 

in cell cycle arrest, transcription of DNA repair genes, and apoptosis (cell suicide) 

in cases of severe, irreparable damage [43, 44]. In the yeast S. cerevisiae, the key 

checkpoint protein kinases are Mec1 (homologue of human ATR) [45], Rad53 

(homologue of CHK2 and functional homologue of CHK1 in humans), and the 

non-essential kinase Dun1 (Fig. 10) [46]. Mec1 is an essential checkpoint kinase 

that is evolutionary conserved in different eukaryotes; it transduces the signal to 

Rad53. Rad53 activates Dun1, which results in the upregulation of RNR genes 

and hence a 6- to 8-fold increase in dNTP levels. The increase in dNTP pools in 

yeast S.cerevisiae dramatically improves survival following the DNA damage, but 

at the same time leads to higher mutation rates [47]. It has been proposed that this 

increase in pools might be important for the transleison synthesis of DNA [47].  
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The canavanine mutation rate assay 

L-canavanine is a toxic analog of the amino acid L-arginine. In S. cerevisiae, the 

CAN1 gene codes for the protein Can1p or arginine permease, which is a 

transporter for amino acid arginine. Can1p cannot differentiate between arginine 

and its toxic analog canavanine. Therefore, wild-type clones for the CAN1 gene 

do not survive when grown on a plate with canavanine, whereas loss-of-function 

mutants for CAN1 are viable (Fig. 11). We have used the canavanine assay to 

calculate the forward mutation rates and to obtain mutation spectra for different 

RNR1 mutants. 

 

 

Layers of genome integrity protection  

Genomic integrity is not only under constant challenge from environmental 

factors but also can be compromised during replication. Environmental insult can 

generate cytotoxic and mutagenic lesions in DNA, and the tricky replication of 

repetitive sequences can produce insertion and deletion errors. Mistakes are 

inevitable during the replication of millions of DNA bases millions of times––an 

adult human body has approximately 10 trillion cells––but a cell is well equipped 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Fig.	  	  11.	  The	  canavanine	  mutation	  rate	  assay	  	  
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with an arsenal of mechanisms to deal with different DNA abnormalities (Fig. 

12).  

The dNTP pools are tightly maintained in a cell during a cell cycle: pools increase 

in S phase––when the DNA is synthesized––and decrease in G1; failure to do so 

can lead to cell cycle 

arrest in late G1 phase, 

affecting activation of the 

origins of replication and 

the DNA damage 

checkpoints [48]. The 

oscillation of dNTP pools 

may be crucial for the 

cell cycle progression 

and the initiation of DNA 

replication. 

 

DNA polymerases are profoundly precise and efficient in nucleotide selectivity 

during replication ensuring that only the complementary base to the template 

strand is added. If a wrong base is added, it is immediately removed by the 

proofreading activity of polymerases. If a mistake escapes the proofreading, 

further corrections can be made by the mismatch removal machinery known as 

mismatch repair [49].  

Small and bulky lesions in a DNA strand are repaired by the NER (nucleotide 

excision repair) and BER (base excision repair) machinery of the cell using three 

basic steps: excision, re-synthesis and ligation [50]. Mutations in NER have been 

linked to xeroderma pigmentosum, a rare human genetic disorder of humans in 

which the ability to repair DNA damage caused by ultraviolet (UV) light is 

compromised. Difficult and more complicated double-stranded breaks in DNA––

often produced by ionizing radiation––are repaired by NHEJ (non-homologous 

Fig.	  	  12.	  Multifaceted	  genome	  protection	  mechanisms	  
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end joining or direct Joining) and by HR (homologous recombination) using 

information in the intact strand [50].  

NTPs are also present during DNA replication along with dNTPs, but in much 

higher concentrations than the dNTPs. Therefore, it is crucial for DNA 

polymerases to specifically select the dNTPs from among the NTPs, which 

otherwise can be very mutagenic if incorporated into DNA. Recent studies have 

shown that rNMPs (ribonucleoside monophosphates) may be the most common 

non-canonical nucleotides introduced into the eukaryotic genome and they are 

removed by RNase H2-dependent repair; that defective repair results in replicative 

stress and genome instability via DNA strand misalignment [51, 52]. 

Even with all of these sophisticated genome protection mechanisms (Fig. 12), 

every species has a natural although usually low spontaneous mutation rate [53]. 

Mutations can be harmful or beneficial but are the ultimate source of genetic 

variation required for adaptation, and this low innate mutation rate might be 

maintaining the balance between adaptive radiation and species integrity.  
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Results 

Paper I 

The high dNTP pools enable regular yeast replicative polymerases to bypass 

certain DNA damage lesions 

In S. cerevisiae, the dNTP pools elevate 6- to 8-fold in response to DNA damage, 

and this increase in pools significantly increases the survival of the yeast under 

DNA damage conditions [47]. This study raised an obvious but interesting 

question: How do the high pools help yeast to survive better in case of DNA 

damage? The obvious possibility was that the high pools might be facilitating the 

bypass of DNA lesions via translesion polymerases.   

To investigate this hypothesis, we made several yeast strains deleted with one or 

all translesion polymerases: rev1Δ, rev3Δ, rad30Δ, pol4Δ, and 

rev1Δrev3Δrad30Δpol4Δ (Fig. 13). To simulate the high dNTP pools, we made 

the same set of deletion strains in a background with an extra copy of WT-RNR1 

(the large subunit of RNR) under a galactose promoter: rev1Δ+RNR1, 

rev3Δ+RNR1, rad30Δ+RNR1, pol4Δ+RNR1, rev1Δrev3Δrad30Δpol4Δ+RNR1, 

and wt+RNR1 (Fig. 13). The over expression of Rnr1p resulted in a 10-fold 

increase in dNTP pools, similar to what is seen in the case of DNA damage. 

If translesion polymerases were responsible for increasing the survival of yeast 

under DNA damage conditions using high pools, removing TLS polymerases 

should make the high pools redundant. In such a case, yeast strains with deletion 

of translesion polymerase(s) in a wild-type background and yeast strains with 

deletion of translesion polymerase(s) in a high pools background (with an extra 

copy of RNR1) would be expected to show similar survival after DNA damage. 

To verify this hypothesis, we subjected both sets of yeast strains to DNA damage 

by 4-NQO, which produces 80% quinoline adducts and 20% 7,8-dihydro-8-

oxoguanine (8-OxoG, one of the most common DNA lesions resulting from 

reactive oxygen species) [54]. Surprisingly, strains with the high dNTP pools still 

survived a bit better after the deletion of one or all of the translesion polymerases. 

This result suggested that the high pools do increase the lesion bypass efficiency 
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of translesion polymerases but also to some extent allow replicative polymerases 

to bypass a small fraction of lesions. 

 

Fig. 13. Yeast strains with deletion of translesion polymerase(s) in wild-type 

and the high dNTP pools background 

To check if the replicative polymerases are capable of bypassing certain DNA 

lesions when given high dNTP pools, we performed primer extension assays on 

normal and damaged templates [with 8-OxoG lesion or O6-Methylguanine (MeG) 

lesions] using Polε–the leading strand polymerase. The experiments were 

performed at three dNTP concentrations: low, normal (S-phase dNTP 

concentrations), and high (damaged-state dNTP concentrations) with an excess of 

Polε relative to primer-template or with limited Polε (single-hit condition). Under 

excess, the lesion bypass efficiency of Polε directly correlated with the increase in 

pools: it was 19% with S-phase dNTP pools and 93% with damaged-state dNTP 

pools. Under the single-hit condition, when the template was in excess over Polε 

and each event mostly corresponded to a single replication event, we observed no 

8-oxoG bypass at low or S-phase dNTP concentrations but an approximate 25% 
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bypass probability was observed with damaged-state dNTP pools. If we put the 

numbers in perspective, approximately 20% of the time, Polε bypasses an 8-oxoG 

lesion at damaged-state dNTP concentrations without dissociating from the 

template. Therefore, the potential role of an increase in dNTPs after DNA damage 

may be to allow regular replicative polymerases to bypass certain lesions, which 

are difficult to bypass at normal dNTP concentrations. The cost, of course, is 

higher mutation rates. 

Paper II 

RNR, dNTP pools, and the cell cycle: the connection and balance 

In this paper, we addressed some basic questions: What happens if the crucial 

balance among the four dNTPs is disturbed? Do different imbalances in dNTP 

pools have different mutagenic potential? Does a cell have mechanisms to detect 

dNTP pool imbalances? If the answer to this last is, “yes,” is the response the 

same for different kinds of imbalances? Does the S-phase phase checkpoint 

respond to imbalanced dNTP pools?  

To answer these questions, we needed yeast strains with different dNTP pools, 

and the first problem was how to make such strains. We knew that answer lay in 

RNR; according to the crystal structures of different RNRs, loop 2, a conserved 

structural element at the allosteric specificity site of RNR, had been proposed to 

be the bridge between the specificity site and the catalytic sites [17-19, 55]. We 

therefore introduced single amino acid substitutions into the loop 2. It was 

possible that all changes in the loop 2 would abolish RNR activity or would 

completely disrupt the allosteric specificity regulation, thus resulting in similar 

dNTP pools imbalances in different mutants. Luckily and surprisingly, all the 

mutations lead to distinct and defined dNTP pools (Fig. 14). These results 

confirmed the hypothesis that the loop 2 is important for the allosteric activity of 

RNR and it acts as a bridge between the allosteric specificity site and the catalytic 

site. Selected mutations with interesting pool biases were integrated into the 

genome under the RNR1 promoter by replacing the genomic copy of WT-RNR1. 

This approach was used to avoid constitutive expression under the GAL1 

promoter and to ensure that only a single copy of RNR1 was present. For the sake 

of clarity, we can divide the pool biases we obtained into four independent 
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categories (Fig. 14): (a) higher pyrimidine (Y285F, Y285A); (b) higher purines 

(Q288A); (c) no pools below normal levels (Y285F, Y285A); and (d) one or 

several pools below normal (wild-type) levels (Q288A, R293A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  14. Schematic presentation of the dNTP pools in wild-type and mutant 

RNR1 yeast strains 

We could immediately see that the strains with one or several dNTPs below 

normal (wild-type) levels, rnr1-Q288A or rnr1-R293A, had a severe proliferation 

defect that was conferred by the cell cycle profile. All the imbalanced pools led to 

increased mutation rates; even a mild dNTP pool imbalance in rnr1-Y285F 

Q288A,	  higher	  purines	  and	  one	  
of	  the	  dNTP	  pools	  below	  normal	  
(wt)	  levels	  

Normal	  (wild-type)	  dNTP	  pools	  	  

Y285F	  and	  Y285A,	  higher	  
pyrimidines	  and	  no	  dNTP	  pools	  
are	  below	  normal	  (wt)	  levels	  

R293A,	  several	  dNTP	  pools	  
below	  normal	  (wt)	  levels	  
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resulted in a ∼2.5-fold increase in the mutation rate. However, the increases in 

mutation rates were not directly proportional to the degree of the dNTP pool 

imbalance. For instance, the severely imbalanced pools in rnr-Y285A (with an 

excess of pyrimidines over purines) resulted in the highest increase (∼14 fold) in 

the mutation rate, while the severe imbalance in rnr1-Q288A (with an excess of 

purines over pyrimidines) resulted in a moderate, 4-fold increase in the mutation 

rate. Thus, it seems that excess of pyrimidines may be more mutagenic than the 

excess of purines; however, slow cell cycle progression and/or an activated S-

phase checkpoint (discussed next) could influence the mutation rates in rnr1-

Q288A. 

Limited dNTP pools may lead to stalling of the replication fork, which in turn can 

activate the S-phase checkpoint. Imbalanced but not limited (for replication) 

dNTP pools can increase mutation rates, which can also lead to S-phase 

checkpoint activation mediated by the activation of the mismatch repair system 

[56, 57]. Therefore, it seemed possible that the S-phase checkpoint might be 

activated in the rnr1 mutant strains, either because of depletion of dNTPs, in 

strains rnr1-Q288A and rnr1-R293A, or because of increased mis-incorporation of 

dNTPs and activation of mismatch repair in the strains rnr1-Y285F and rnr1-

Y285A. We used analysis of Rnr2, Rnr3, and Rnr4 protein levels as a sensitive 

readout of checkpoint activation. In accordance with the prediction, Rnr2, Rnr3 

and Rnr4 protein levels were highly elevated, and the S-phase checkpoint 

therefore was activated in the strains with depleted dNTP pools and prolonged S 

phase (rnr1-Q288A and rnr1-R293A). However, Rnr2, Rnr3, and Rnr4 protein 

levels were not elevated in the rnr1-Y285F and rnr1-Y285A strains, indicating that 

the S-phase checkpoint (DNA damage checkpoint) was not activated in these 

strains. 

The results of this paper confirmed the hypothesis that loop 2 is the structural link 

between the allosteric specificity site and the catalytic site, thereby, thus finally 

providing a link between molecular understanding and physiological function of 

RNR, 50 years after its discovery [58]. This work also revealed that severely 

imbalanced and highly mutagenic dNTP pools can be tolerated in yeast and could 

escape cell cycle surveillance as long as they are not limited for replication. 
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Paper III 

Mechanisms of mutagenesis due to imbalanced dNTP pools 

It was interesting that mutagenesis was enhanced even in the strain with mildly 

imbalanced dNTP pools (Y285F), despite the availability of the two major 

replication error correction mechanisms, proofreading and mismatch repair. The 

mechanisms by which imbalanced dNTP pools contribute to mutagenesis were not 

well understood; it was also not known if different pool imbalances would lead to 

a random mutagenesis or to a pattern of mutational hotspots (Fig. 15). Also of 

interest was whether the mutational hotspots would vary in cases of different pool 

imbalances. The yeast strains we obtained in the previous study were valuable 

tools for addressing each of these possibilities. We selected three yeast strains 

harbouring three different mutations in loop 2 of Rnr1, rnr1-Y285F, rnr1-Y285A, 

and rnr1-Q288A. At least 93 independent canavanine-resistant clones were 

isolated from each of the mutants, and the location and identity of the mutations in 

the CAN1 gene were determined by sequencing of the CAN1 locus. The individual 

mutation rates for specific loci and the total mutation rates were then calculated.  
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 Fig. 15. The two possible mutation spectra in case of imbalanced dNTP pools 

 

In the case of the wild-type yeast strain, sequence changes were distributed 

throughout the open reading frame with the majority as single base substitutions 

Imbalanced	  

	  dNTP	  pools	  	  
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and the spectra were similar to mutation spectra reported in wild-type strains by 

others [59, 60]. In the case of the rnr1-Y285F strain, the spectrum also largely 

consisted of single base substitutions and the substitution rate was 3-fold higher 

than in the wild-type strain with 83% of mutations having different locations than 

in the wild-type. The spectrum of the rnr1-Y285A strain was interesting: The 

specific mutation rates were up to 300-fold higher than in the wild-type strain, and 

the spectrum was dominated by indels (insertion and deletions), with an indel rate 

66-fold greater than the wild-type strain. The spectrum exhibited a 8-fold increase 

in substitution rate relative to the wild type with mostly G•C transversions. The 

mutation spectrum of the rnr1-Q288A strain differed significantly from the other 

three spectra being dominated by single base substitutions, 65% of which were 

transitions.  

The locations of the mutations in all three mutant strains were non-random and 

different; despite the fact that both rnr1-Y285A and rnr1-Q288A had highly 

imbalanced pools, the strain with elevated dTTP and dCTP had a completely 

different spectrum of hotspots compared to the the strain with elevated dATP and 

dGTP. All of the hotspots can be explained by dNTP-induced increases in dNTP 

mis-insertion, DNA strand misalignment, and mismatch extension at the expense 

of proofreading. These results suggest that imbalanced dNTP pools reduce 

genome stability in a manner that is highly dependent on the nature and degree of 

the pool imbalance and the sequence subjected to pool imbalance. The mutation 

spectra obtained in different mutant strains fit with their dNTP pools measured by 

HPLC. This finding suggests that the replication forks have a similar ratio and 

concentration of dNTPs as measured in cell extracts, a result contrary to the 

proposed compartmentalization of the dNTP pools [61, 62]. The hotspots of the 

rnr1-Y285A spectrum can be inferred as being the result of both leading and 

lagging strand replication; however, the hotspots of the rnr1-Q288A spectrum can 

be inferred exclusively to be a result of lagging strand replication. This mutational 

strand bias might be a product of S-phase checkpoint activation in case of the 

rnr1-Q288A strain, which might selectively prevent replication error on one 

strand. 
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Concluding remarks 
 
Many studies concerning the expression of RNR genes in particular tumors are 

ongoing, but there are no extensive reports about the types of dNTP pools 

different tumors have. Some studies have shown that tumors exhibit a high 

expression of RNR genes and therefore it is predicted that tumors might have 

higher dNTP pools. However, one explanation for this observation is that tumors 

consisting largely of dividing cells, have the majority of cells in S phase, when 

cells naturally have higher dNTP pools. It would be interesting to study dNTP 

pool balances in different tumors. Also of interest will be to investigate whether 

mutations in loop 2 of the human large RNR subunit are involved in any genetic 

disorders. As a whole, our studies add dNTP pools as another dimension in the 

multifaceted maintenance of gemone integrity, a dimension that is currently 

largely unexplored.  
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