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Abstract 

DNA precursors, deoxyribonucleotide triphosphates (dNTP), are the basic components of DNA. 

Enzyme ribonucleotide reductase (RNR) tightly regulates the levels of dNTP pools to ensure 

high fidelity DNA replication and repair. Misregulated levels of dNTP pools cause mutagenesis 

which impacts genome stability and cellular fitness; characteristics of cancer cells. Even though, 

a basic causal relationship between elevated dNTP pools and genomic instability has been 

established, some of the underlying mechanisms remain poorly understood. 

This project highlights replication fork stability as a determinant of genomic integrity in the 

presence of skewed and elevated dNTP pools. Double strand breaks associated with unstable 

replication forks are primarily repaired via homologous recombination (HR) in Saccharomyces 

cerevisiae. HR can cause loss of chromosomal regions; termed loss of heterozygosity (LOH) in 

heterozygous chromosomes. This study shows that skewed and elevated dNTP pools cause a 

reduction in LOH events. Lowered LOH is not a result of decreased survivability; results show 

the latter is not affected in the presence of elevated dNTP pools. 

The results are consistent with a previous study wherein low levels of dNTP pools were shown 

to slow replication fork and increase fork stalling. Alternatively, with elevated dNTP pools, DNA 

polymerases prefer DNA synthesis over proofreading. This leads to faster replication fork 

progression. Elevated dNTP pools also promote replication past a damaged DNA template; 

continuing faster DNA synthesis. This study proposes a model where a skewed elevation in 

dNTP pools either reduces the number of replication fork stalls/collapses by faster fork 

progression or uses an alternative non-homologous repair pathway to fix an unstable fork. 
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Chemistry of Nucleic Acids 

In the mid-1800s, Friedrich Miescher discovered “nuclein”; an acidic substance in the nucleus of 

white blood cells, now known as nucleic acid [1]. Nucleic acid is a biopolymer of monomeric 

nucleotides [U.S. National Library of Medicine]. 

Individual nucleotides consist of three distinct chemical groups: pentose sugar, nitrogen base 

and phosphate group [2]. The pentose sugar in a nucleotide is either ribose or deoxyribose. 

Deoxyribose sugar characterizes and distinguishes Deoxyribonucleic Acid (DNA) from 

Ribonucleic Acid (RNA). Deoxyribose sugar has a 2’H different from 2’OH of ribose sugar. (This 

study focuses on and describes DNA) [3]. 

Each nucleotide in DNA has one out of the four nitrogen bases: adenine (A), guanine (G), 

thymine (T) and cytosine (C). Free deoxyribonucleotides (dNTP) exist in the cell with three 

phosphate groups (Fig. 1) [4]. Phosphate groups provide dNTP with the energy to polymerize 

with other dNTP units by forming a phosphodiester bond with the release of two phosphate 

groups [3]. 
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dNdNdNTTTPPP cccooonsinsinsistststs s s ooofff aaa dddeeeoooxxxyriyriyribobobosesese sugsugsugar,ar,ar, aaa nininitttrororogegegen n n bbbasasaseee aaannnd d d 3 3 3 ppphohohospspsphathathateeesss gggrororoupupups.s.s. TTThhheee phophophosssphphphatatateee gggrororoupupups s s proproprovvviiidedede eeenenenergrgrgy y y 

fffooor r r popopolllymymymeeeriririzzzatatatiiiooon n n ooofff dNdNdNTTTPPP tttooo fffooormrmrm DDDNNNAAA

FIGURE 1 CARTOON REPRESENTATION OF A DNTP 

dNTP consists of a deoxyribose sugar, a nitrogen base and 3 phosphates groups. The phosphate groups provide energy 

for polymerization of dNTP to form DNA 

The phosphodiester bond; a covalent linkage between a phosphate group and a pentose sugar; 

is the backbone of nucleic acid polymer (Fig. 2). The strands in double stranded DNA are 

antiparallel in nature [5, 6]. The 5’-3’ directionality of the sugar and phosphate group in nucleic 

acids run in the opposite direction. 

Other additional bonds also exist within nucleic acid polymer that strengthen its structure [3]. 

There is weak non-covalent hydrogen bonding between nitrogen bases. For instance, A can 

form two hydrogen bonds with T whereas C and G form three such bonds. This makes the DNA 

strands complementary to each other. Lastly, pentose sugar and nitrogen base form a glycosidic 

bond. In addition to these three bonds, other weak stabilizing bonds (van der Waals etc.) 

contribute and create a double helical structure of DNA as first elucidated in Rosalind Franklin’s 

work and later explained by James Watson and Francis Crick [7]. 

3 



 

 

  

       

      

                                                

                                                            

                                                                    

                                                        

        

ouble stranded DNA o. 5' _;p~oH Hydrogen bond 
·o ~ I oH3' 

1\:.--0'>-L~:::...a,_ ,,....-4.. 
0 ~~ ~ ~.,.-)ICH 

phosphodieste1 \ ~ o 3 , 2 
bonds .

0
,.... , o 

0
. 

o, purine ,;P.,, 
1:1,c~ ·-·~ ,,---(_o .'~ a, G ... ~~;.---1 

~ \ o p. ·y· rimidine ° CH2 
ro ~ ' a. ·o .... , ~ .,.o· ..., 
C: 
ro 
~~---~/\ C •·• G ... ' 

\p . ~ 
·o,....P, ~ o· 

~y.~ :::~ ,--(o,,\ 
l-" ~ ~~~2 

3 .°'1:ieoxyribose I \,p· 5, 
Ko,...,, 

0 

DDDeeeoooxxxyriyriyribobobonucnucnucllleeeoootttiiidededesss popopolllymymymeeeriririzzzeee vvviiia a a ttthrhrhreeeeee bobobondndndsss::: aaa ppphohohospspsphohohodddiiieeestststeeer,r,r, hyhyhydrodrodrogggeeen n n bobobondndndsss anananddd aaa ggglllycycycooosisisidididiccc bobobonnnd.d.d. TTThhheee

popopolllymymymeeeriririzzzatatatiiiooon n n rereresulsulsultttsss iiinnn aaa DDDNNNAAA dododouuublblbleee hhheeellliiixxx... TTThehehe stststrararandndndsss ararareee antantantiii---parparparaaalllllleeelll (((rururun n n iiin n n ttthhheee oooppppopoposisisittteee dididirerereccctttiiiooonnn))) wwwiiittth h h rererespspspeeecccttt tttooo

ttthehehe dididirerereccctttiiiooonnn ooofff 3’3’3’OOOHHH ooofff ttthhheee dededeoooxxxyriyriyribobobosesese sssugugugar.ar.ar. TTThhheee aaantntntiii---ppparararalalalllleeelll nnnatatatururureee plplplaaays ys ys a a a rororollleee iiin n n DDDNNNAAA rrreeeplplpliiicccatatatiiiooonnn wwwhhheeerrreeeiiinnn ooonnneee DDDNNNAAA

stststrararandndnd iiisss sysysyntntnthehehesisisizzzeeeddd iiinnn ooonnneee stststrrreeetttccch h h wwwhehehererereasasas ttthhheee oootttheheher r r iiisss sssyntyntynthhheeesisisizzzeeed d d iiin n n shoshoshortrtrt fffrararagmgmgmeeentntntsss... (((ssseeeeee ttteeexxxttt fffooor r r dededetttaiaiailllsss,,, seseseccctttiiiooonnn ooon n n 

DDDNNNAAA EEElllooongngngatatatiiiooonnn)))...

FIGURE 2 NUCLEOTIDE POLYMERIZATION FORMING DNA 

CAMPBELL AND REECE, BIOLOGY (2008) 

Deoxyribonucleotides polymerize via three bonds: a phosphodiester, hydrogen bonds and a glycosidic bond. The 

polymerization results in a DNA double helix. The strands are anti-parallel (run in the opposite direction) with respect to 

the direction of 3’OH of the deoxyribose sugar. The anti-parallel nature plays a role in DNA replication wherein one DNA 

strand is synthesized in one stretch whereas the other is synthesized in short fragments. (see text for details, section on 

DNA Elongation). 
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FIGURE 3 DNA ORGANIZED IN CHROMOSOMES 

PIERCE, BENJAMIN. GENETICS: A CONCEPTUAL APPROACH, 2ND EDITION 

This shows how a large DNA molecule is compacted to fit into nucleus. DNA is coiled around histone proteins and 

assembled into structures called chromosomes. 
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dududuplplpliiicccatatatiiiooon n n ooofff DDDNNNAAA aaandndnd ccceeellllll grogrogrowwwttth.h.h. MMMiiitttooosisisisss iiis s s a a a mmmooorrreee drdrdramamamatatatiiiccc stststaaagegege wwwhhheeerrreeeiiinnn ttthhheee nnnucucucllleeeuuus s s ananand d d ccceeellllll aaarerere dididivvviiidddeeeddd tttooo fffooormrmrm

tttwwwooo nenenewww dddauauaughtghtghteeerrr ccceeelllllls.s.s.

DNA double helix is a large compound which has to be packaged within a small nucleus. Naked 

DNA is also prone to nucleolytic degradation within the cellular environment. Hence, DNA is 

supercoiled on histone proteins which package DNA into chromosomes (Fig. 3) [8]. This 

packaging also protects naked DNA from degradation. 

Biology of Nucleic Acids 

In 1965, Francois Jacob said, “The dream of a bacterium is to become two bacteria” [9]. This 

axiom is applicable to every living organism. For continuation of species, DNA which is 

organized in chromosomes within the parental cell must be accurately replicated and passed 

onto newly produced daughter cells. Cell duplication and division are highly ordered and 

together make up the various phases of cell cycle [10]. 

FIGURE 4 CELL CYCLE 

ALBERTS ET AL., ESSENTIAL OF CELL BIOLOGY (2009) 

The life cycle of a cell can be divided into 2 broad categories: mitosis and interphase. Interphase is characterized by 

duplication of DNA and cell growth. Mitosis is a more dramatic stage wherein the nucleus and cell are divided to form 

two new daughter cells. 
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Cell Cycle associated DNA Replication 

Cell cycle is broadly divided into two stages called mitosis and interphase (Fig. 4). In mitosis, the 

nucleus with its replicated DNA, undergoes division. This is followed by cytokinesis i.e. 

formation of two daughter cells by division of the parental cell. Mitosis lasts only for about 5% 

of the cell cycle time. About the other 95% of the cell cycle is interphase [11]. 

DNA is replicated in interphase. Interphase can be further divided into three different phases 

named G1, S and G2. During G1 (gap phase 1) the cells grow in size and prepare for S phase i.e. 

DNA replication. Accurately replicated DNA allows the cell to progress to the next stage: a 

second gap phase (G2) in preparation of mitosis. Overall, interphase acts as a preparatory 

phase wherein the cell with replicated DNA prepares for nuclear and cellular division in M 

phase [12]. One round of mitotic cell cycle results in two daughter cells where each DNA 

molecule is made up of one parental strand and a nascent strand (semi-conservative mode of 

replication). DNA replication is coupled to cell cycle [13]. 

Cell cycle transition between phases is highly regulated. Briefly, cyclin dependent kinases (CDKs) 

and cyclins execute majority of the regulation [12]. Once the cell has cleared all the regulatory 

requirements for the upcoming stage, CDKs promote advancement to the next stage by 

phosphorylating downstream proteins. Other regulatory proteins include CDK interacting and 

kinase inhibitory proteins. These factors play a role in preventing cell cycle progression. The 

dysregulation of cell cycle affects proliferation, differentiation, senescence and apoptosis and is 

a hallmark of cancer cells [14, 15]. 
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DNA Replication 

Simplistically, DNA replication is the duplication of a DNA molecule. Newly synthesized DNA is 

segregated and passed onto daughter cells in M phase. However, on a molecular level, it is a 

much more complicated process. Even though the majority of DNA duplication occurs in S 

phase, the process is initiated in M/G1 phase [16]. 

DNA Replication Initiation 

The DNA double helix is quite stable and does not undergo DNA replication stochastically. 

Within the large living genome, certain chromosomal locations/regions termed origins (ori) are 

present [17]. Origins mark a specific region of DNA for replication initiation. In bacteria and 

lower eukaryotes, these regions are specific consensus sequences. However, in higher 

eukaryotes, origins are not well defined sequences and are generally characterized by their 

local chromatin structure and environment instead of a consensus sequence [18]. 
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Nature Reviews I Genetics 

OOOriririgigiginnn rrreeecccooognignignitttiiiooonnn cccooommmplplpleeexxx (((OOORRRCCC))) rrreeecccooogggnininizzzeeesss ssseeeqqqueueuencncnceeesss wwwiiittthihihinnn ttthhheee DDDNNNAAA tttooo iiinininitttiiiatatateee rerereplplpliiicccatatatiiiooon.n.n. OOORRRCCC rrreeeccc ttts s s ruirui hehehellliiicccaaasesese

llloooadeadeader r r ananand d d ccchhhaaapepeperororonenene ppprororottteeeiiinnns s s CCCdcdcdc6 6 6 ananand d d CCCdtdtdt111 ooontntntooo ttthhheee DDDNNNAAA;;; wwwhihihiccch h h iiin n n ttturururnnn rrreeecccrrruiuiuittt hehehellliiicccaseasease MMMcccmmm222---7.7.7. TTThihihisss iiisss ttthhheee prprpreee---

rerereplplpliiicccatatatiiiooon n n cccooommmplplpleeexxx (((prprpreee---RRRCCC)))... MMMcccmmm222---7 7 7 hehehellliiicccaaasesese rrreeecccruiruiruittts s s CCCdcdcdc4445 5 5 ananand d d GGGIIINNNSSS fffooormrmrmiiingngng ttthhheee CCCMMMGGG c c cooommmplplpleeexxx... DDDNNNAAA unwunwunwiiindindindingngng vvviiia a a 

CCCMMMGGG cccooommmplplpleeexxx iiisss iiinininitttiiiaaattteeed d d bybyby MMMcccmmm10,10,10, gegegeneneneratratratiiingngng aaa rrreeeplplpliiicccatatatiiiooonnn fffooorkrkrk...

FIGURE 5 PRE-REPLICATION COMPLEX ASSEMBLY 

MIRIT ALADJEM, 2007, (NATURE REVIEWS GENETICS) 

Origin recognition ruicomplex (ORC) recognizes sequences within the DNA to initiate replication. ORC recruits helicase 

loader and chaperone proteins Cdc6 and Cdt1 onto the DNA; which in turn recruit helicase Mcm2-7. This is the pre-

replication complex (pre-RC). Mcm2-7 helicase recruits Cdc45 and GINS forming the CMG complex. DNA unwinding via 

CMG complex is initiated by Mcm10, generating a replication fork. 

Replication origins in Saccharomyces cerevisiae are contained within the well-defined 

Autonomously Replicating Sequences (ARS) [19]. One important element of ARS is an 11-

basepair ARS consensus sequence (ACS). This sequence is recognized by an initiator protein 

called Origin Recognition Complex (ORC). A hexameric, multi-subunit protein ORC recruits a 

helicase loader Cdc6 and a chaperone protein Cdt1. 
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Cdc6 with help from Cdt1; loads helicase Mcm2-7 onto the DNA. The formation of a pre-

replication complex (pre-RC), which consists of an inactive helicase along with initiator proteins, 

licenses the origin for DNA replication elongation (Fig. 5) [20]. 

In eukaryotes, there are multiple origins present in the DNA at all times [21]. To ensure that 

only specific origins are licensed for replication and only once per cell division, processes of 

DNA replication initiation and cell cycle are tightly coupled [20]. Various cyclin dependent 

kinases (CDKs) phosphorylate ORC, Cdc6 and Mcm2-7 inhibiting licensing of origins. The levels 

of active CDKs (Fig. 6) decrease in late M or early G1 phase opening up a window period 

wherein pre-RC can be formed and fired for elongation in S phase [20, 22]. Hence, origins 

determine the location of DNA replication whereas CDK levels (cell cycle) direct the timing. 

Origin firing involves the activation of Mcm2-7 helicase such that it can unwind dsDNA [20]. In 

pre-RC, Mcm2-7 helicase is present as a double hexamer in a head-to head confirmation on 

dsDNA. Mcm2-7 helicase is activated when it undergoes conformational change (Fig. 5). The 

double hexamer on a dsDNA changes to a single hexamer encircling each ssDNA [23]. 

10 

https://OriginfiringinvolvestheactivationofMcm2-7helicasesuchthatitcanunwinddsDNA[20].In


 

 

 

           

    

                                                    

                                                                                

                                                                

            

 

          

           

            

        

 

:::=G=1=-=.~ --s -----::::::::==;;;;---G_2_=-~ ......... J 
Origin 

licensing 

I Origin fl ring t--1 -►Jo 

I Inhibition of origin licensing 1-I -------Jlo► 

DNA damage repair: HR ) 

Chromosonw : 
. _segregation_) 

TTThhheee cccooolllooor r r iiinnndididicccatatateeesss ttthhheee llleeevvveeelllsss ooofff acacactttiiivvveee cccycycycllliiin n n dededepppeeennndededentntnt kkkiiinananasesese aaandndnd DDDbbbfff4 4 4 dededepepependndndeeennnttt kkkiiinnnasasaseee (((DDDDDDKKK))) ttthrohrohrouuughghgh vvvariariariooouuus s s 

stststaaagegegesss ooofff ccceeellllll cccycycycllleee... CCCDDDKKK aaandndnd DDDDDDKKK llleeevvveeelllsss rrriiiseseses s s as as as ttthhheee ccceeellllll ppprororogrgrgreeesssssseeesss tttooo mmmiiitttooosisisisss (((yyyeeellllllooowww tttooo rrreeed)d)d)... TTThhheee lllooowww llleeevvveeelllsss ooofff kkkiiinananaseseses s s iiin n n 

lllatatateee MMM ananand d d EEEarlarlarlyyy GGG111 ppphahahasesese (((wwwhihihittteee tttooo llliiightghtght lllooowww))) alalallllooowww DDDNNNAAA iiinininitttiiiaaatttiiiooon n n ppprororottteeeiiinnns s s tttooo aaassssesesemmmblblbleee ooon n n ttthhheee ooo gigigin n n sesesequququeeencncnceee tttoooriri

iiinininitttiiiatatateee DDDNNNAAA rrreeeplplpliiicccaaatttiiiooon.n.n.

FIGURE 6 LEVELS OF CDK AND DDK DURING CELL CYCLE 

GOMEZ-ESCODA, 2017 (GENES) 

The color indicates the levels of active cyclin dependent kinase and Dbf4 dependent kinase (DDK) through various 

stages of cell cycle. CDK and DDK levels rises as the cell progresses to mitosis (yellow to red). The low levels of kinases in 

late M and Early G1 phase (white to light low) allow DNA initiation proteins to a rissemble on the origin sequence to 

initiate DNA replication. 

These kinases (specifically, Cdc28 and Cdc7) phosphorylate Mcm2-7 to recruit helicase 

activating cofactors GINS and Cdc45. This leads to the formation of the CMG complex (Cdc45-

Mcm2-7-GINS). Mcm10 is involved in the initial unwinding of dsDNA via CMG complex to 

generate ssDNA creating a replication fork [24]. 
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FIGURE 7 TOPOISOMERASE DEPENDENT RELIEVING OF REPLICATION FORK SUPERCOIL 

PEARSON EDUCATION, 2004 

Basic mechanism of a Topoisomerase involves nicking of one strand (Top1) or both the strands of a DNA molecule 

(Top2: not shown here). This is followed by passing the broken strand around the intact stran ducd to reduce the torsional 

strain in the supercoiled structure. DNA ligase ligates the nick; now present in a more relaxed DNA. 

For replication, compact DNA within chromosomes needs to be more accessible to replication 

proteins (also called replication machinery or the replisome). Mcm2-7 helicase unwinds DNA 

generating ssDNA that acts as a substrate to load DNA elongation proteins [21]. Helicase 

activity leads to the formation of a replication fork (dsDNA helix and unwound ssDNA). 

Unwinding also causes supercoiling of the DNA which creates torsional strain. Topoisomerases 

are adept at relieving the torsional tension in DNA (Fig. 7) [25]. They make cuts in one or both 

strands of dsDNA, rotate the strands to a more relaxed angle and re-ligate the strand(s). 
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DNA Elongation 

FIGURE 8 EUKARYOTIC DNA REPLICATION MACHINERY 

ALBERTS ET AL., 2002 (MOL. BIO. OF THE CELL 4TH ED.) 

The replisome (shown here in a eukaryot nsiic cell) consists of a number of proteins that work like a machine. DNA helicase 

unwinds dsDNA and making it accessible to the replisome. DNA Pol α-Primase complex synthesizes short RNA primers 

and few bases of DNA to initiate DNA elongation. DNA polymerases ε and δ; supported by a sliding clamp (PCNA); take 

over and synthesize DNA on leading and lagging strands, respectively. Topoisomerases relieve the strain generated in 

the DNA as the fork progresses. 

Helicase unwound ssDNA is susceptible to nucleolytic cleavage by nucleases. Replication 

Protein A (RPA) protects the DNA from degradation and also prevents the separated strands 

from re-annealing and forming secondary structures that can lead to deletions during 

replication [26]. Not only does RPA stabilize the ssDNA, it also readies the unwound DNA as a 

loading dock for incoming replication machinery proteins. One of the initial replication 

machinery proteins is the clamp loader called Replication Factor C (RFC). As the name suggests, 

it helps to load a DNA polymerase processivity clamp Proliferating Cell Nuclear Antigen (PCNA) 

onto the DNA (Fig. 8). DNA polymerases can load onto PCNA bound DNA [27]. 
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At this point, loaded DNA polymerases cannot synthesize DNA as they lack the ability to 

synthesize nucleotides de novo. DNA polymerases can only elongate a free 3’OH present on an 

already existing ssDNA template by synthesizing new DNA in 5’-3’ direction [28]. Conversely, 

RNA polymerases can synthesize short RNA segments on a ssDNA template de novo. 

FIGURE 9 POL Α-PRIMASE COMPLEX 

UCHIYAMA AND WANG, 2004 (MOL. & CELL. BIO.) 

Primase synthesizes short RNA primers which have a free 3’OH that can be used by DNA polymerases like Polα to 

extend the nucleotide 
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In budding yeast and other eukaryotes, DNA polymerase α-primase is a complex of DNA 

polymerase and RNA polymerase (Fig. 9) [29]. Primase initiates replication by synthesizing short 

primers of RNA, about 7-10 nucleotides long. Short segment now has a free 3’OH which can be 

elongated by a DNA polymerase. Polymerase α initiates DNA elongation by adding 20-30 

nucleotides to the RNA primer. 

FIGURE 10 LEADING AND LAGGING STRAND SYNTHESIS 

UCHIYAMA AND WANG, 2004 (MOL. & CELL. BIO.) 

DNA has an anti-parallel nature as a result of the 5’-3’directionality of its deoxyribose sugar. DNA polymerases can only 

synthesize nascent DNA strand in a 5’-3’ direction. Hence, the template DNA strand in 3’-5’ direction is synthesized as 

one continuous fragment. The second template strand, in 5’-3’ directionality, is synthesized in short fragments called 

Okazaki fragments. 
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A complication arises due to the anti-parallel nature of DNA and the inability of DNA 

polymerases to synthesize new DNA in the 3’-5’ direction [30]. Single stranded DNA template in 

the 3’-5’ direction is synthesized continuously and called the leading strand. The other strand of 

the replication fork (in the 5’-3’ direction) called the lagging strand is synthesized 

discontinuously (Fig. 10). It is replicated in short segments called Okazaki Fragments which are 

primed by Polα-primase. Polymerase alpha cannot continue for the entire stretch of long 

template DNA as it has low processivity. Hence, Pol α -primase complex dissociates, making way 

for more processive polymerases like Polymerases δ and ε. 
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FIGURE 11 RIBONUCLEOTIDE EXCISION REPAIR FOR RNA PRIMER REMOVAL 

WILLIAMS ET AL., 2016 (NATURE REVIEWS MOLECULAR CELL BIOLOGY) 

To remove initiator RNA primer, RNase H2 creates a nick at the DNA:RNA junction. DNA polymerase δ displaces the 

RNA primer and a few bases of the DNA generating a flap. This flap is processed by Fen1/Exo1 and the nicked DNA is 

ligated by DNA ligase. 

Processive DNA polymerases ε and δ load onto PCNA clamp and elongate leading and lagging 

strands, respectively [31]. A recent study has shown that Pol δ can synthesize both the strands. 

Overall, processive DNA polymerases polymerize dNTP into DNA (Fig. 8) [32]. 

The nascent DNA strand has ribonucleotides from the primer initiation step. To replace NTP 

incorporated by primase to initiate replication, a nick is made at the RNA-DNA junction by a 

ribonuclease RNase H2 (Fig. 11) [33]. 
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The last NTP in this removal is cleaved off by another exonuclease called Flap Endonuclease 1 

(FEN1) [34, 35]. Another model of primer removal states that the nick generated by RNase H2 is 

followed by DNA polymerase δ DNA synthesis. This displaces NTP in the primer along with a few 

bases of dNTP. Strand displacement DNA synthesis by DNA polymerase creates a 5’ flap that is 

first processed by Dna2 followed by cleaving by Flap Endonuclease 1 (FEN1) or exonuclease 1 

(Exo1) [33, 35]. Eventually, DNA ligase I seals the nick that is left between the 3’OH and 

5’phosphate. 

18 



 

 

   
 

 

     

       

                                    

                                                

                                                        

                    

 

            

               

            

         

ZONE (TERs) 

Fork pausing => ~ .... __ _ 
t Asymmetric 

0 fork ___ x .. .... -__ _ 
+ 

111) Catenation + T op2 

Resolution 

lo Pola ePolE/1\ 0 Pausing element I 

EEEukukukarararyoyoyotttiiiccc ttteeer r r sisisittteee acacacttts s s as as as a a a rererepppllliiicccatatatiiiooon n n pppauauausesese sisisittteee... TTTooopopopoiiisososommmeeerrraseasease 222 rrreeellliiieeevvveees s s ttthhheee ttteeennnsisisiooon n n iiin n n ttthehehe fffooorkrkrk gggeeennneeerrratatateeed d d bebebehihihinnnd d d 

ttthehehe rrreeeplplpliiicccatatatiiiooon n n fffooorkrkrksss ananand d d alalallllooowwwsss ttthhheee mmmooovvveeemmmeeentntnt ooofff fffooorkrkrks.s.s. TTThihihis s s rrreeesulsulsultttsss iiinnn fffusiusiusiooonnn ooofff apapapproproproacacachihihinnng g g fffooorkrkrks s s acacaccccooommmpapapanininieeed d d bybyby

cccatatateeenananatttiiiooonnn (((eeentntntaaanglnglngliiinnnggg))) ooofff ttthhheee tttwwwooo DDDNNNAAA stststrrraaandsndsnds... TTThihihisss cccooonfnfnfooormrmrmatatatiiiooonnn iiisss aaagggaiaiainnn rererellliiieeevvveeed d d bybyby tttooopopopoiiisososommmeeerararasesese... OOOvvveeerrralalallll,,,

tttooopopopoiiisososommmeeerasrasraseee hhheeelllpspsps fffooorkrkrk fffusiusiusiooon n n ananand d d rrreeeplplpliiicccatatatiiiooon n n ttteee iiinatnatnatiiiooon.n.n.rmrm

DNA Replication Termination 

FIGURE 12 REPLICATION FORK TERMINATION 

FACHINETTI ET AL., 2010 (MOLECULAR CELL) 

Eukaryotic ter site acts as a replication pause site. Topoisomerase 2 relieves the tension in the fork generated behind 

the replication forks and allows the movement of forks. This results in fusion of approaching forks accompanied by 

catenation (entangling) of the two DNA strands. This conformation is again relieved by topoisomerase. Overall, 

t rmopoisomerase helps fork fusion and replication termination. 

In budding yeast, like other eukaryotic cells, there are no replication termination specific 

sequences. Replication is terminated when two forks collide at a Ter site. Ter sites in eukaryotes 

are replication fork pausing sites. Rrm3 (not shown in Fig. 12.I) promotes fork progression 

across pausing sites so the two stalled replication forks can meet [36-38]. 
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While topoisomerases Top1 and Top2 remove the torsional strain ahead and behind the 

replication forks enabling fork movement (Fig 12.II) [39]. 

The proposed model [40, 41] of termination states that leading strand of one fork collides with 

the lagging the strand in the un-replicated region. Reaching a pause site or collision with a fork 

causes the replisome to dissociate. The mechanism of fork fusion is still not completely 

understood. The fused forks are resolved by Top2 activity. Top2 cleaves double stranded DNA, 

passes it through, and resolves the termination intermediate structure. This ensures that the 

DNA damage response is not activated and the forks are re-ligated without severe 

consequences [39, 40]. 

DNA Replication Fidelity 

Daughter cells inherit DNA from the parental cells. Hence, DNA replication in the parent cell 

must be as error-free as possible. Errors in DNA replication can lead to mutations and diseases 

in the future generations possibly hampering the survival of the species [42]. 
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FIGURE 13 DNA POLYMERASE SELECTIVITY 

ALPF MEDICAL RESEARCH, MECHANISM OF DNA POLYMERASE 

When DNA polymerase picks up an incorrect base, the incorrect base is unable to form hydrogen bonds with the 

template base. This in turn impacts the formation of phosphodiester bond between the nucleotides leading to rejection 

of the mismatched base 

To have a high precision process, DNA polymerases that elongate the nucleotide are highly 

selective when picking the correct dNTP to incorporate in the elongating chain. This works on a 

biochemistry model of Induced Fit [43]. The 3’OH of the template, phosphate of the incoming 

dNTP and the metal ion cofactor lead to a conformational change in the DNA polymerase. If the 

template and incoming nucleotide pair correctly, the ideal orientation of the polymerase allows 

for a phosphodiester bond formation (Fig. 13) [44]. Conversely, if an incorrect nucleotide is 

encountered, the substrates are present in a non-ideal arrangement, which lowers the 

probability of bond formation. High selectivity is an indication of DNA polymerases’ low error 

rate; ~10-4 to 10-6 per base-pair [42]. 

21 



 

 

 

      

       

                                                        

                                                

                                                        

                                                                    

                                                

          

               

          

               

           

   

          

              

replicative ONA polymerase 

D extension l 
E 

mismatch repair l 

B 

exonuclea:se 

dissociation 

C 

F 

~ DNA replication 
~ ouring next S-phase 

====~ 

(((AAA))) WWWhhheeennn DDDNNNAAA popopolllymymymeeerasrasraseee iiincncncooorporporporatratrateeesss aaa mmmiiismsmsmatatatccchehehed d d bababasesese,,, (((BBB))) ttthhheee popopolllymymymeeerararasesese cccaaan n n dididissossossoccciiiatatateee aaandndnd alalallllooowww anoanoanottthhheeerrr

eeexxxooonucnucnucllleeeasasaseee tttooo rereremmmooovvveee ttthhheee mmmiiisssmmmatatatccch.h.h. AAAlllttteeerrrnatnatnatiiivvveeellly,y,y, (((CCC))) ttthehehe popopolllymymymeeerrrasasaseee ununundededergorgorgoeees s s a a a cccooonnnfffooormrmrmatatatiiiooonalnalnal ccchhhananangegege... TTT ssshihi

pppususushhheees s s ttthhheee mmmiiismsmsmatatatccchhheeeddd bbbasasaseee tttooo ttthehehe eeexxxooonnnucucucllleeeasasaseee sisisittteee iiin n n ttthhheee popopolllymymymeeerrrasasaseee fffooor r r mmmiiismsmsmatatatccchhh rrreeemmmooovvvalalal... (((DDD,,,EEE))) AAA mmmiiismsmsmatatatccchehehed d d bababasesese

mmmay ay ay bybybypapapassssss ttthhheeessseee tttwwwooo mmmeeeccchhhanianianismsmsms s s ananand d d pepepersirsirsiststst iiinnn ttthhheee DDDNNNAAA... TTThhheee mmmiiismsmsmatatatccchhheeeddd bbbasasaseee iiisss nononowww sususubjbjbjeeecccttt tttooo mmmiiismsmsmatatatccchhh rrreeepppaiaiair.r.r. (((FFF)))

AAA mmmiiismsmsmatatatccchhh ttthhhatatat iiis s s nononottt rrreeemmmooovvveeed d d iiisss rrreeeplplpliiicccaaattteeed d d iiin n n ttthehehe nnneeexxxttt SSS---ppphahahasesese rereresulsulsultttiiingngng iiinnn aaa mmmutututatatatiiiooonnn

FIGURE 14 POLYMERASE PROOFREADING ACTIVITY 

GANAI & JOHANSSON, 2016 (MOL. CELL) 

(A) When DNA polymerase incorporates a mismatched base, (B) the polymerase can dissociate and allow another 

exonuclease to remove the mismatch. Alternatively, (C) the polymerase undergoes a hiconformational change. This 

pushes the mismatched base to the exonuclease site in the polymerase for mismatch removal. (D,E) A mismatched base 

may bypass these two mechanisms and persist in the DNA. The mismatched base is now subject to mismatch repair. (F) 

A mismatch that is not removed is replicated in the next S-phase resulting in a mutation 

For mis-incorporations, DNA polymerases have a 3’-5’ exonuclease or proofreading activity. [5] 

Incorporation of a mismatched base in the DNA causes structural strain in the DNA and a 

conformational change in DNA polymerase is also observed [45]. This change pushes the 

nascent DNA strand to the exonuclease site (Fig. 14) [46, 47]. The polymerase then cleaves the 

phosphodiester bond, removes a few bases in addition to the mismatch and corrects the mis-

incorporation [46]. 

The reduced ability of polymerases to extend a mismatch promotes its exonuclease activity 

[44]. This brings the error rates down to about 1 in 10-6 to 10-8 [42]. 
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Further, various repair pathways (that are functional at various stages of DNA replication) also 

play a major role in keeping the polymerase errors in check. For instance, if the polymerase 

cannot remove the mismatch, it may dissociate reducing the risk of leaving the mismatch in the 

nascent strand. The dissociation also allows other correction proteins to take over. Mismatch 

repair mechanism is designed to correct misincorporations that bypass DNA polymerase 

proofreading. All of the above factors enable the cell to have a highly accurate DNA replication 

process [47, 48]. 

DNA Integrity 

No system in the biological world is a 100% efficient. DNA metabolism can lead to spontaneous 

changes in DNA, most of which are repaired while some persist [5]. Of interest here are a few 

modifiers or stresses for DNA replication [47]. These modifiers affect the structure of DNA or 

availability/accessibility of limiting precursors that disallow replication machinery to function 

properly [47]. Three modifiers are described below. 

1. DNA Lesions 

DNA structure and integrity can be compromised by DNA metabolism or exogenous stresses 

[5]. Repair pathways like base excision repair, nucleotide excision repair and intra-strand 

crosslink repair take care of different kinds of DNA damage. Repair of compromised (damaged 

or erroneous) DNA is essential to prevent genomic instability or apoptosis [49, 50]. 
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DDDNNNAAA popopolllymymymeeerararasesese cccooontntntaiaiainsnsns aaa bbbulululkkky y y rrreeesisisidududueee iiin n n iiittts s s cccatatatalalalytytytiiiccc dododommmaiaiain.n.n. TTThihihisss rrreeesisisiddduuueee ccclllaaashshsheeesss wwwiiittthhh ttthhheee 2’2’2’OOOHHH ppprereresesesentntnt iiin n n ririribobobossseee

sugsugsugararar aaandndnd aaabsbsbseeennnttt iiinnn dddeeeoooxxxyriyriyribobobossseee sssugugugar.ar.ar. HHHeeencncnceee,,, wwwhehehen n n ttthehehe DDDNNNAAA popopolllymymymeeerrrasasaseee pipipiccckkks s s a a a rrriiibobobossseee sssuuugagagar,r,r, ttthhheee iiintntnteeerrracacactttiiiooonnn iiin n n ttthehehe

cccatatatalalalytytytiiiccc sisisittteee cccrrreeeatatateeesss stststeeeriririccc hihihinnndradradrancncnceee rrreeesssululultttiiinnng g g iiin n n rrreeejjjeeeccctttiiiooon n n ooofff ririribobobosesese sssugugugararar...

2. Ribonucleotides 

FIGURE 15 STERIC CLASH BETWEEN 2'OH OF NTP AND BULKY RESIDUE IN DNA POLYMERASE 

NEVIN ET AL., 2015 (DNA REPAIR) 

DNA polymerase contains a bulky residue in its catalytic domain. This residue clashes with the 2’OH present in ribose 

sugar and absent in deoxyribose sugar. Hence, when the DNA polymerase picks a ribose sugar, the interaction in the 

catalytic site creates steric hindrance resulting in rejection of ribose sugar. 

Ribonucleotides (NTP) are present in much higher concentrations in the cell than 

deoxyribonucleotides (dNTP) [51]. DNA polymerases exclude NTPs from their active sites 

because of steric clash between the 2’OH of ribose sugar in NTP and a residue in polymerase 

active site [52]. Figure 15 depicts the presence of a bulky residue (yellow) which inhibits 

selection of NTP with a 2’OH. In the bottom half of Fig. 15, the bulky residue is replaced with a 

smaller residue which is inefficient at discriminating between ribose and deoxyribose sugar 

[53]. 
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The steric gate discrimination ability of DNA polymerase helps it to pick the right sugar (dNTP 

instead of NTP) for DNA synthesis [54]. DNA polymerases differ in their pentose sugar 

discriminating ability. A large number of ribonucleoside triphosphates are incorporated in the 

DNA: about 10,000 per replication cycle in the budding yeast genome [51]. 

A study has shown that polymerase δ can weakly proofread incorporated NTP. Consecutive 

ribonucleotides also appear to interfere with DNA polymerization activity of DNA Pol δ [55]. 

Hence, misincorporated ribonucleotides can act as a major stress for accurate DNA replication. 

RNase H2 and Topo I can cleave the ribonucleotide and attempt to maintain the genome 

integrity (see DNA Elongation; described in primer removal context) [55, 56]. 

3. Deoxyribonucleotides 

Deoxyribonucleotides (dNTP) are present in the cell in limiting quantities for accurate DNA 

replication [47]. dNTP levels are coordinated with cell cycle timing. The levels are lowest during 

G1 phase to ensure functional cell cycle checkpoints and progression to activate origins for DNA 

replication in G1/S phase transition [57]. dNTP levels increase in S phase for DNA synthesis and 

continue to remain relatively high during G2/M phase for replication based DNA repair [58, 59]. 
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LLLeeevvveeellls s s ooofff dNdNdNTTTPPP popopoooollls s s ararareee rereregulgulgulaaattteeeddd tttooo eeensnsnsururureee ttthhhatatat DDDNNNAAA popopolllymymymeeerasrasraseee cccananan sysysyntntnthehehesisisizzzeee ananand d d proproproooofffrrreeeaaad d d ananany y y mmmiiismsmsmatatatccchhheeesss iiin n n ttthhheee

nascnascnasceeentntnt DDDNNNAAA stststrrranananddd... EEEllleeevvvatatateeeddd llleeevvveeelllsss ooofff dNdNdNTTTPPP popopoooollls s s cccauauausesese ttthhheee DDDNNNAAA popopolllymymymeeerararasesese tttooo fffooorgorgorgo iiittts s s prprproooooofffrrreeeaaadididinnng g g acacactttiiivvviiittty y y iiin n n 

eeexxxccchahahangngngeee ooofff fffasasasttteeerrr DDDNNNAAA sysysyntntnthhheeesisisisss

FIGURE 16 EFFECT OF ELEVATED DNTP POOL ON DNA POLYMERASE PROOFREADING ACTIVITY 

GON ET AL., 2011 (PNAS) 

Levels of dNTP pools are regulated to ensure that DNA polymerase can synthesize and proofread any mismatches in the 

nascent DNA strand. Elevated levels of dNTP pools cause the DNA polymerase to forgo its proofreading activity in 

exchange of faster DNA synthesis 

Studies have shown that if the concentration of a specific dNTP is abnormally high in vitro, that 

specific dNTP is incorporated into the DNA at an increased frequency. This phenomenon is 

analogous to what is seen with imbalanced increase in a single NTP [47]. Alternatively, if the 

concentration of total dNTP pool is constitutively high, the chances of mismatch extension by 

DNA polymerases is also high. This implies that DNA polymerases prefer DNA elongation over 

proofreading in the presence of elevated dNTP pools [47]. A tilted balance in favor of DNA 

synthesis over proofreading is also seen when DNA is under stress [58]. The cells activate DNA 

Damage Response (DDR) to cope with replication stress by increasing dNTP pool sizes. Overall, 

altered concentrations of dNTP pools impact DNA replication fidelity. 
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RRRnrnrnr4 4 4 (((dididimmmeeeriririzzzeee tttooo fffooormrmrm RRR222 SSSubububuuunininittt)))... RRRnr2nr2nr2 ooofff RRR2 2 2 sssubububuuunininittt hashashas ttthehehe iiirororonnn mmmeeetttalalal ccceeentntnteeer r r wwwhihihiccch h h proproprovvviiidddeees s s ttthhheee cccaaatttalalalyyytttiiiccc (((CCC))) sisisittteee iiinnn

RRR1 1 1 sususubububunininittt wwwiiittth h h ttthhheee rrreeeducducductttiiivvveee pppooowwweeerrr tttooo rrreeeducducduceee NNNDDDPPP tttooo dNdNdNDDDPPP... RRR1 1 1 sususubububunininittt alalalsososo cccooontntntaiaiainnns s s tttwwwooo alalallllooostststeeeriririccc (((AAA &&& SSS))) rereregulgulgulatatatiiiooonnn

sisisittteeesss wwwhihihiccchhh rrreeegggulululaaattteee ttthhheee llleeevvveeelll ooofff tttoootttalalal dNdNdNTTTPPP popopoooollls s s ananand d d tttheheheiiir r r rererelllatatatiiivvveee ratratratiiiooosss

Regulation of deoxyribonucleotides 

Ribonucleotide Reductase (RNR) 

The rate limiting step in the biosynthesis of dNTP is the generation of dNDP from NDP by the 

reduction of 2’ hydroxyl group to a 2’ hydrogen. The enzyme Ribonucleotide Reductase (RNR) 

also called ribonucleoside diphosphate reductase (rNDP) catalyzes this step (Fig. 17) [60, 61]. 

FIGURE 17 RIBONUCLEOTIDE REDUCTASE HOLOENYZME (RNR) 

RNR regulates the levels of dNTP pools. It is a hetero-tetramer of Rnr1 (homodimerizes to form R1 subunit), Rnr2 and 

Rnr4 (dimerize to form R2 Subunit). Rnr2 of R2 subunit has the iron metal center which provides the catalytic (C) site in 

R1 subunit with the reductive power to reduce NDP to dNDP. R1 subunit also contains two allosteric (A & S) regulation 

sites which regulate the level of total dNTP pools and their relative ratios 

Structurally (Fig. 17), in budding yeast, RNR is a non-identical dimer (α2ββ’) of two RNR 

subunits R1 and R2. R1 subunit is made of dimeric Rnr1 (α2). This contains the catalytic site as 

well as two sites of allosteric control. Rnr3 (R1 subunit) is non-essential and can be induced on 

DNA damage as an alternative to Rnr1 under stress [62]. 

27 



 

 

            

                  

                

       

              

                

                  

                 

            

      

  
 

               

             

              

             

               

     
 

              

             

           

         

Further, Rnr2 and Rnr4 form a smaller, non-catalytic heterodimeric R2 subunit (mechanism 

described below) R2 is active in S phase of cell cycle and on DNA damage for repair. RNR 

holoenzyme activity increases in S phase and on DNA damage (G2/M phases) to match the cell’s 

demand for new DNA synthesis [57, 63]. 

Rnr2 (of R2 subunit) contains an oxygen bridged dinuclear iron center (Fe-O-Fe) that provides 

Rnr1 with the reductive power by generating a tyrosyl free radical. Rnr4 is incapable of doing 

this and can only stabilize Rnr2 in the small R2 subunit. This tyrosyl radical is transferred to the 

catalytic site of R1 subunit in a mechanism that is still not clearly understood. This radical then 

generates a cysteinyl radical in R1 which can reduce nucleotide diphosphate to 

deoxyribonucleotide diphosphate (NDP • dNDP) [64]. 

RNR Regulation 

dNTP levels in the cell are controlled chiefly through RNR regulation [65]. Consistent with the 

observation that abnormal levels of dNTP pools impact genome stability (above section on 

deoxyribonucleotides as a modifier of genome stability), RNR is one of the most tightly 

regulated enzymes in the cell [65]. Replication checkpoint proteins Mec1/Rad53 play a major 

role in regulating RNR activity during S phase, during replication stress or upon DNA damage. 

1. Post-translational Sml1 mediated inhibition 

Mec1 acts as a sensory kinase at the top of the nuclear checkpoint cascade Mec1-

Rad53-Dun1-Crt1 [66]. One pathway of Mec1 activation is via recruitment to RPA bound 

extensive tracts of ssDNA. Uncoupling of helicase Mcm2-7 and DNA polymerase 

activities leads to excessive unwinding of duplex DNA [67]. 
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proproprottteeeiiins ns ns tttooo rrreeessspopopondndnd tttooo rrreeeplplpliiicccatatatiiiooon n n stststrrreeessss.s.s. OOOnenene ppphohohosssppphohohorylrylrylatatatiiiooonnn tttararargggeeettt iiisss SSSmmmlll1 1 1 (((aaan n n iiinhinhinhibibibitttooor r r ooofff RRRNNNRRR)))...

PPPhohohospspsphohohorylrylrylatatatiiiooonnn ooofff SSSmmmlll111 cccauauauseseses s s iiitttsss iiinnnacacactttiiivvvatatatiiiooon n n wwwhihihiccch h h llleeeaaadsdsds tttooo aaan n n iiincncncrerereasasaseee iiin n n RRRNNNRRR acacactttiiivvviiittty,y,y, iiincncncrerereaaasisisinnng g g ttthhheee
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FIGURE 18 MEC1-RAD53 KINASE CASCADE CAUSES INCREASE IN DNTP POOL SIZES 

ZEWAIL ET AL. 2003 (PNAS) 

DNA Damage Response (DDR) consists of Mec1-Rad53-Dun1 kinase cascade. They phosphorylate downstream 

proteins to respond to replication stress. One phosphorylation target is Sml1 (an inhibitor of RNR). 

Phosphorylation of Sml1 causes its inactivation which leads to an increase in RNR activity, increasing the 

concentrations of dNTP pools. Increased dNTP pools allow DNA polymerases to synthesize DNA and maintain 

genomic stability 

The Mec1 cascade phosphorylates downstream protein kinases Rad53 and Dun1 (Fig. 

18). Once Dun1 is activated, it phosphorylates a protein inhibitor of RNR called Sml1. 

Phosphorylated Sml1 is targeted for degradation which inactivates it, causing an 

increase in RNR activity [66]. This leads to an upregulation in dNTP pool levels during 

both DNA damage and normal S phase replication [67, 68]. 
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momomonononommmeeerrr rrreeeddducucuceees s s ttthehehe cccysysysttteeeiiinenene paipaipairrr wwwhihihiccchhh cccaaan n n nononowww rrreeeddducucuceee NNNDDDPPP tttooo dNdNdNDDDPPP... TTThehehe CCC---ttteeermrmrmiiinnnalalal gaigaigainnns s s iiitttsss rrreeeddducucuctttiiivvveee

cccapaapaapabibibillliiitttiiieees s s fffrororommm ooottthhheeerrr rrreeeddducucuctttiiivvveee agagageeentntnts.s.s. (((EEE))) SSSmmmlll1 1 1 iiinhinhinhibibibittts s s ttthhheee iiintntnteeeracracractttiiiooonnn bbbeeetttwwweeeeeennn NNNTTTDDD aaannnd d d CCCTTTDDD ooofff RRR1 1 1 sususubububunininittt,,,

mmmaiaiaintntntaiaiaininininnng g g ttthhheee cccaaatttalalalyyytttiiiccc sisisittteee iiin n n oooxxxiiidididizzzeeed d d stststatatateee iiinnncccaaapapapablblbleee ooofff gggeeennneeerrratatatiiinnng g g dNdNdNDDDPPP...

FIGURE 19 SML1 INACTIVATION OF RNR R1 SUBUNIT 

ZHANG ET AL., 2007 (PNAS) 

Two monomers of RNR1 dimerize to form R1 subunit. (A) The N-terminal Domain (NTD) is inactive when it 

contains a oxidized cysteine pair. (B-D) Interaction with C-terminal Domain (CTD) of neighboring RNR1 

monomer reduces the cysteine pair which can now reduce NDP to dNDP. The C-terminal gains its reductive 

capabilities from other reductive agents. (E) Sml1 inhibits the interaction between NTD and CTD of R1 subunit, 

maintaining the catalytic site in oxidized state incapable of generating dNDP. 

To understand the mechanistic details of Sml1 inhibition of RNR, recall the catalytic site 

of RNR present in R1 subunit. Located within the catalytic site are two cysteine amino 

acids in dithiol form, capable of reducing NDP to dNDP. Fig. 19, depicts two monomers 

of Rnr1 forming R1 subunit. 

The cross-talk between C terminal domain (CTD) of one with N–terminal (NTD) of the 

other is illustrated. The cysteine residue pair in N-terminal domain (black monomer in 

figure 19.d) has reducing power which is used to catalyze NDP to dNDP reaction. After 

one cycle of NDP reduction, the cysteine pair is in oxidative state (disulfide bond, Fig 

19.a). 
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The pair gains reductive power by the transfer of reductive power from the neighboring 

monomer (Fig. 19.b). The second monomer’s C terminal domain (CTD) contains a 

reduced cysteine pair (reduced by the tyrosyl radical which is transferred from R2 

subunit of RNR) [69]. 

Sml1 inhibits the regeneration of the redox active cysteine pair by allosterically 

interacting with RNR (black monomer, Fig 19.e). This mechanism prevents the RNR 

active site from reducing NDP to dNDP limiting the concentrations of dNTP pools [68]. 

2. Subcellular Localization through Dif1 and Wmt1 

C 

B 

A 

FIGURE 20 DIF1 & WTM1 SUBCELLULAR LOCALIZATION OF R2 SUBUNIT OF RNR 

NIIDA ET AL., 2010 (CANCER SCIENCE) 

(C) Dif1 imports R2 subunit from the cytoplasm into the nucleus. Wtm1 anchors R2 subunit in the nucleus to 

prevent its (A) export mediated by Crm1 into the cytoplasm. This mechanism separates the subunits of RNR in 

different cellular compartments. (B) Upon DNA damage, Dun1 phosphorylates Dif1, inactivating it. This allows 

export of R2 subunit to cytoplasm and formation of RNR holoenyzme. 
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In budding yeast, larger R1 subunit of RNR is localized in the cytoplasm. While the 

smaller subunit R2 (Rnr2 and Rnr4) is sequestered in the nucleus (Fig 20.C) [70]. This is 

mediated through two different proteins Dif1 and Wmt1. Dif1 (paralog of Sml1) imports 

R2 subunit to the nucleus and Wmt1 anchors the subunit to limit the export of R2 to the 

cytoplasm (Crm1 export – Fig 20.A). 

During DNA replication or damage, Dun1 phosphorylation also results in 

phosphorylation of Dif1 reducing the nuclear import of R2 subunit. 

Further, Wmt1 affinity for R2 is also said to decrease leading to the export of R2 to the 

cytoplasm to form RNR holoenzyme (Fig 20.B) [71]. 

3. Transcriptional Control 

RNR2, RNR3 and RNR4 expression is dependent on the Mec1-Rad53-Crt1 pathway. The 

transcription repressor Crt1 (also known as Regulatory Factor X1, Rfx1) represses the 

transcription of these DNA damage inducible genes. RNR1 expression is appears to be 

independent of both Crt1 and Dun1 [72]. A transcription factor Ixr1 is implicated in 

RNR1 expression. Chromatin immunoprecipitation (ChiP) analysis of Ixr1 shows that one 

of Ixr1 binding sites is within RNR1 promoter region indicating Ixr1 involvement in RNR1 

expression [72]. 

4. Allosteric Regulation 

There are two allosteric sites within Rnr1 that regulate RNR activity to maintain both the 

total pool size of dNTP and their individual concentrations. 
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FIGURE 21 ALLOSTERIC REGULATION OF RNR 

NIIDA ET AL., 2010 (CANCER SCIENCE) 

Activity Site (A site) maintains the levels of total dNTP pools in the cell. A site regulates the activity of 

RNR in a feedback inhibition mechanism where ATP acts as an activator and dATP, an inhibitor. 

Specificity Site (S site) maintains the relative ratios of dNTP pools in the cell. This site uses an 

effector/substrate mechanism. When an effector binds to S site, its substrate partner is reduced at 

the catalytic site. 

RNR1 Activity site (A site) is located in small ATP cone (regulatory domain which 

is relatively independent of the catalytic core proteins activity) [73] found in the 

N-terminal region of Rnr1. This site works like a switch with ATP acting as an 

activator whereas dATP as an inhibitor of RNR activity (Fig. 21). When activator 

ATP is bound, it leads to a conformational change in the favor of formation of 

RNR holoenzyme (α2ββ’). This protein structure forms a smooth path for 

transfer of tyrosyl radical from the R2 subunit to R1 for NDP catalysis. 
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In contrast, dATP interferes with this protein conformation inhibiting RNR 

activity [73, 74]. 

The ATP/dATP feedback inhibition mechanism depends mainly on the relative 

concentrations of ATP and dATP. The levels of ATP in the cell are higher than the 

levels of dATP. However, the A site has a much greater affinity for dATP than 

ATP. Therefore, if dATP is present even in small quantities, it will effectively 

compete with ATP for the A site inhibiting the catalytic activity of RNR1 [75]. 

Thus ATP/dATP feedback inhibition is critical for regulation of the overall dNTP 

pool size in the cell. 

b. Specificity Site: 

The four dNTP are present in unequal concentrations within the cell [76]. The 

specificity site (S site) regulates the concentrations of individual dNTP (Fig.21) 

within the cell. The S site works with the catalytic site of RNR with the help of 

specificity effector/substrate pairs. Specificity site dictates the access of the 

different nucleotides to the active site of Rnr1. 
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FIGURE 22 RNR ALLOSTERIC REGULATION 

LOGAN, 2011 (NATURE, STRUCTURAL & MOLECULAR BIOLOGY) 

RNR allosteric sites and catalytic site are present in R1 subunit of RNR. Loop 2 is flanked by specificity 

site and catalytic site on either side. This helps the specificity site in maintaining levels of individual 

dNTP pools. 

dNTP bind to this site leading to a conformational change in loop 2 of Rnr1. Loop 

2 is flanked by the S site and the catalytic site on either side and acts as a bridge 

between these sites. 

The interactions of with the S site are the same for all four nucleotides (mostly 

via hydrogen bonding). However, the specific interactions between each 

nucleotide and loop 2 (Fig. 22) changes the loop 2 conformation allowing the 

catalytic site to interact with the correct substrate (Fig. 21). 

For instance, if dATP/ATP binds to S, this promotes reduction of CDP/UDP to 

dDCP/dUDP in the active site. Specifically, N1 and N6 of dATP hydrogen bond 

with a serine residue in loop 2. This frees glycine in the active site to form a 

hydrogen bond with O2 of either CDP or UDP and reducing it. 
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The active site cannot distinguish between the individual pyrimidines as unique 

positions of CDP and UDP are not involved in bond formation. However, it can 

exclude purines because of steric hindrance [74]. 

FIGURE 23 SPECIFICITY SITE REGULATES LEVELS OF INDIVIDUAL DNTP POOLS 

The binding of an effector at specificity site (S site) of RNR leads to a conformational change in loop 2 

which allows binding of the respective substrate at the catalytic site (C site) for reduction. 

Similarly, these reduced products once phosphorylated can bind to S promoting 

the reduction of GDP. Finally, binding of dGTP with S allows for ADP reduction in 

the active site (Fig. 23). Note that the final product in this cycle i.e. dADP is 

phosphorylated to dATP and can regulate total dNTP levels at the activity site (as 

explained in activity site regulation). 
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Significance of altered dNTP pools 

Abnormal levels of dNTP pools significantly impact DNA replication fidelity. In such conditions, 

proofreading activity of DNA polymerases is altered. This has been demonstrated in 2-fold 

balanced increase in dNTP pools; polymerases extend mismatches more than normal in the 

presence of abnormal dNTP levels. A skewed (imbalanced) increase in a particular dNTP leads 

to increased incorporation of that specific dNTP into the DNA [47]. This is likely a result of the 

“next nucleotide effect” which promotes DNA synthesis over proofreading activity of replicative 

DNA polymerases [77]. Therefore, mutagenesis associated with elevated dNTP pools can be 

attributed (at least partially) to impaired proofreading by DNA polymerases. On the other hand, 

decreased levels of dNTP pools can lead to higher numbers of replication fork stalls. Fork stalls 

are susceptible to collapse and therefore to genomic rearrangements [39, 40]. Overall, on a 

molecular level, abnormal levels of dNTP pools alter genome stability. 

On a cellular level, altered genome stability translates to altered fitness. Large dNTP pools can 

support increased cell proliferation, a characteristic of cancer cells [78]. RNR genes are 

overexpressed in many human cancers and therefore serves as a target for chemotherapy [79]. 

RRM1 subunit (yeast homolog RNR1) overexpression increases resistance of cancerous cells to 

chemotherapy [80] and RRM2 (yeast homolog RNR2) and p53R2 subunit (damage inducible 

subunit) overexpression in mice has been shown to cause small cell lung tumor [81]. The levels 

of dNTP pools are also determined to much higher as measured in HeLa cells than normal 

human fibroblasts. Overall, cancer cells have higher levels of dNTP pools [82]. 
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In normal mammalian cells, RNR and thymidylate kinase (TMPK) maintain low ratios of 

dUTP:dTTP such that dUTP misincorporation in DNA is minimal. In cancer cells, the ratio is 

disturbed and the cells are at a higher risk of uracil misincorporation. Therapeutic drugs like 5-

fluorouracil (5-FU), an analog of uracil, are utilized to target cancer cells. 5-FU has toxic side-

effects as it can occasionally target non-cancerous cells, too. To improve specificity, regulating 

the ratio of dUTP:dTTP via (RNR and TMPK) can help sensitize cancer cells to low doses of 

chemotherapeutic drug like 5-FU [83]. 

Rb-E2F is a tumor suppressor and regulates cell cycle progression from G1 to S phase [84]. 

When Rb-E2F is activated prematurely, the cells transition to S phase faster. These cells are also 

characterized with low dNTP pools which stresses the replication machinery and can potentially 

lead to genomic stability. It has been shown that adding exogenous dNTP pools to such cells can 

relieve the strain on the genome [85]. Another condition called Bloom’s Syndrome (BS) is also 

characterized by high stress on DNA replication. One of the most severe phenotype of this 

syndrome is a predisposition to cancer caused by the high genomic instability in such cells. 

Further, cells of individuals with BS show an abnormal level of pyrimidines. Once the levels are 

regulated, the cells can resume normal replication and repair mechanisms to some extent [86]. 

In conclusion, incorrect levels of dNTP pools are mutagenic, compromise the genome stability 

of the cell and can be potentially carcinogenic. RNR, the primary regulator of dNTP pools is well 

conserved across species [64]. Genome stability pathways are also highly conserved between 

budding yeast and mammalian cells [87]. Hence, for my projects, I will be using Saccharomyces 

cerevisiae as a model organism to understand the effects of altered dNTP pools on genome 

stability. 

38 



 

 

  
 

             

                

         

          

            

             

               

                

             

                

       

               

               

               

            

           

  

Fork Stability 

Various factors can impede DNA replication progression by destabilizing the fork. These factors 

can be natural or induced. Natural barriers include but are not limited to uncoupling of DNA 

polymerase and helicase activities, DNA-protein complexes, transcriptionally active regions 

(chromatin environment) and secondary DNA structures (repetitive AT region or G-

quadraplexes) [62, 88]. Stalled replication forks are stabilized through a replication fork 

protection complex (FPC) [89]. This complex is made of 3 proteins Tof1-Csm3-Mrc1. Tof1 

interacts with the helicase Top1, Csm3 is a fork interacting and stabilization factor and lastly, 

Mrc1 is linker between helicase and polymerase. FPC plays a major role in stabilizing pause sites 

which are characterized by tight DNA-protein interactions. Once Rrm3, a helicase that can 

unwind and remove the barrier protein, comes in to rescue the fork, FPC continues to stabilize 

the fork till it is restarted [89]. 

Fork pausing complex is a part of the S-phase checkpoint (the Mec1-Rad53 kinase cascade) (Fig. 

18), and stabilization of replication forks is its key role [90]. Mrc1 channels the ssDNA-RPA 

complex signal to S-phase checkpoint, activating it [91]. Mec1 is recruited to stalled forks and 

phosphorylates downstream proteins. Rad53 activation enables it to further stabilize the stalled 

fork [92]. Overall, FPC promotes replication fork stability [93, 94]. 
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Fork Collapse 

Uncoupling of DNA polymerase and helicase activities can generate ssDNA. Such events occur 

when DNA polymerases encounter a fork blocking lesion or protein which can be bypassed by 

the helicase. Such exposed ssDNA is bound by RPA which activates the S-phase checkpoint 

response to regulate the replisome and maintain the integrity of the genome [95]. Most 

replication fork pauses are transient i.e. once the barrier is removed, the stalled forks can be 

restarted quickly without severe consequences [96, 97]. However, some forks are rather 

persistent and can lead to fork collapse followed by severe consequences. The replication 

machinery can dissociate from the fork and/or generate Double Strand Breaks (DSB) in the 

DNA. Overall, a region of the replication fork that is no longer capable of carrying out DNA 

synthesis because of replication fork stalling event can be defined as a replication fork collapse 

[96]. 

Regulation of Fork Stability 

In eukaryotes, DNA replication is initiated in G1 phase by licensing of origins. Nascent DNA is 

synthesized in S phase only through fired origins [98]. Origins fire based on their local 

chromatin environment and accessibility of replisome to the DNA [18]. More accessible origins 

undergo replication early in S phase followed by the origins that open up for replisome loading 

[16]. This elaborate timing program ensures that only a certain number of replication origins 

are fired at a given time. This reduces the strain on the replication machinery to replicate 

multiple origins, giving the replisome enough time to replicate the origins that have fired. It also 
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prevents RPA exhaustion which can be employed in stabilizing the stalled fork till it can be 

restarted [99]. 

FIGURE 24 PREVENTION OF FORK COLLAPSE 

ZEMAN & CIMPRICH, 2014 (NATURE CELL BIOLOGY) 

Stalled forks can be rescued in a number of ways; (A) firing of a dormant origin close to a stalled fork, (B) re-priming the 

stalled fork for reassembly of replisome or (C) fork reversal to activate homologous recombination. 

DNA replication checkpoint consists of distinct mechanisms to prevent fork collapse. First, the 

fork pausing complex (a branch of the replication checkpoint), removes the barrier and 

maintains the stability of stalled forks allowing DNA polymerase based restart of the stalled fork 

[96]. 

If the barrier cannot be removed, i.e. in the presence of a DNA lesion, dormant/late origins 

close to the stalled fork are fired [100]. This new incoming replication fork can rescue a stalled 

fork. Adding new RNA primer downstream of the stalled fork [101] aided by translesion DNA 

polymerases (can bypass DNA lesions) can also rescue the stalled fork preventing collapse 

[102]. This mechanism of nascent DNA synthesis ensures cell viability by tolerating the DNA 

lesion. Lastly, fork regression can help rescue the stalled fork. Fork reversal is the progression of 

the replication fork in the opposite direction as to the DNA synthesis [102]. Fork regression 

stabilizes stalled fork by placing it back in the context of a dsDNA and reducing the ssDNA that 

is exposed to nucleases [96]. 
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Causes of Fork Collapse 

A stalled replication fork if not restarted can cause dissociation of the stabilizing factors and the 

replisome from the fork exposing naked DNA to nuclear environment [96]. Such unprotected 

DNA is susceptible to degradation by the activity of nucleases [102]. Naked DNA/chromosomes 

are broken as a result of nucleolytic cleavage generating double strand breaks (DSB). 

Endonucleases like Mus81 may act to rescue the stalled fork by channeling it towards 

recombination based repair mechanisms [103]. Alternatively, endonucleases may passively 

cleave extensive tracts of ssDNA present in the stalled replication fork leading to collapse [104]. 

Double strand breaks are lethal if they are unrepaired [105, 106]. Hence, a number of double 

strand break repair pathways fix breaks that may have been generated in the cell. The 

pathways are described below. Overall, the frequency of double strand breaks is low (~1 

DSB/108 base-pair) [107] (DSB described in detail later). 

Replication Fork Stability in the Presence of Elevated dNTP pools 

Chromosomal instability (CIN) is defined as gain or loss of portions or whole chromosomes. CIN 

is a form of genomic instability [108]. Chromosomal instability is a characteristic of cancer cells 

wherein more than one gene important for maintaining genomic stability is mutated. The 

pathways affected in such instability mutants include but are not limited to homologous 

recombination, intra S-phase checkpoint, chromatin assembly [109]. This acts as a driving force 

for progression of a cancer cell to formation of tumor [110]. A lot of research has been done on 

chromosomal instability (CIN) [108]. CIN mutants cope with DNA stress by activating DNA 

damage response (DDR) [111]. 
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One aspect of this pathway involves upregulation of Ribonucleotide Reductase (RNR) which 

increases the levels of dNTP pools [109, 112]. Elevated dNTP pools allow the cell to repair 

damaged DNA while also increasing spontaneous mutations [58, 109]. If high fidelity and 

processivity DNA polymerases (like DNA Pol δ and ε) are unable to repair the damaged DNA, 

Translesion DNA Polymerases (TLS Pols) can efficiently bypass the lesion in the presence of 

elevated dNTP pools [58]. A large number of redundant repair pathways are in place to ensure 

maintenance of genomic integrity under replication stress. 

The goal of this project is to determine whether elevated dNTP pools affect chromosomal and 

genomic stability by altering the cells’ response to DSB perhaps by affecting replication fork 

integrity. 

Double Strand Breaks 

Double strand breaks (DSBs) can be defined as the breakage of the phosphate backbone in both 

the strands of DNA double helix. These can be caused by exogenous and endogenous stresses 

[107]. Exogenous causes of DSBs include ionizing radiation and chemotherapeutic agents called 

clastogens. On the other hand, endogenous damage to DNA causing double strand breaks 

include replication stress and programmed DSB seen in meiotic segregation or in mitotic 

recombination. Regardless of the nature of the source, the end result is a double stranded 

break in the DNA of the cell. For this study, we will discuss DSBs as a result of endogenous 

replication stress within the cell. 
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Double Strand Break Repair (DSBR) 

Unrepaired double strand breaks (DSB) can be lethal to the cell. In fact, they can be one of the 

most cytotoxic lesions in the DNA [113]. DSB can cause mutations, gross chromosomal 

rearrangements which can either kill the cell or cause diseases like cancer [114]. To maintain 

genome stability and offset the severe consequences of DSB, multiple mechanisms of double 

strand break repair exist [115]. 

DSBR Pathways 

DSB repair pathways can be broadly classified (Fig. 25) into two based on the requirement for 

homologous sequence: non-homologous end joining (NHEJ) and homology directed 

repair/homologous recombination (HR). 
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FIGURE 25 DOUBLE STRAND BREAK REPAIR CHOICES 

KREJCI ET AL., 2012 (NUCLEIC ACIDS RESEARCH) 

There are various mechanisms to repair double strand breaks. (A) Homologous recombination involves invasion of the 

broken chromosome into a homologous duplex. (B) Two-ended breaks are repaired via the classical Double Strand 

Break Repair, via the formation of a double Holliday Junction (dHJ). (C) Alternatively, when the single crossover junction 

can be resolved, in a pathway termed synthesis dependent strand annealing. (D) Break induced replication repairs a 

one-ended break by using homologous duplex to synthesize large regions of DNA. (F) Non-Homologous End Joining re-

ligates the broken chromosomes. (E) Single Strand Annealing is similar to Non-Homologous End Joining however, the 

former requires direct repeats within the broken chromosomes for re-ligation. 
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1 Classical Non-Homologous End Joining (c-NHEJ) 

As the name suggests, this repair mechanism does not depend on substrate homology 

to repair DSB [107, 116]. Incompatible ends of the break are held and stabilized in 

Saccharomyces cerevisiae (Fig. 26) by non-essential genes called Yku70/Yku80. Like 

PCNA in S-phase replication, Yku acts as a toolbelt protein to recruit and load 

downstream NHEJ proteins [117]. The broken DNA ends are resected (in a 5’-3’ 

direction) via MRX complex (a type of nuclease complex formed of Mre11-Rad50-Nbs1). 

DNA Polymerase IV (Pol4) synthesizes new DNA to fill in the gap between the broken 

DNA ends. Nicked DNA is ligated by DNA Ligase IV (Dnl4) complex (human homolog Lig4) 

restoring the double stranded nature of the broken DNA. The limited resection step in 

NHEJ usually leads to small insertions or deletions that can lead to genomic instability. 

The most clearly defined functional gene in this pathway is DNA Ligase IV for DNA 

ligation which is also conserved across yeast and mammals (Fig. 26). The same cannot 

be said about other proteins and genes involved [116]. The (Y)Ku proteins are somewhat 

conserved across prokaryotes and eukaryotes, the other C-NHEJ proteins seem to be 

evolutionarily independent of each other [117]. The variability of substrates NHEJ 

handles makes it a phenomenally flexible biochemical process. 
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FIGURE 26 NON-HOMOLOGOUS END JOINING IN S. CEREVISIAE AND MAMMALS 

LEIBER, 2010 (ANNUAL REVIEW BIOCHEM) 

Canonical non-homologous end joining in Saccharomyces cerevisiae is initiated by the binding of (Y)Ku 

proteins followed by resection by MRX nuclease complex. DNA polymerase synthesizes new DNA to fill in the 

gap created by the double strand break. The nicked DNA is ligated by DNA ligase 4 complex. Mammalian 

pathway follows the same steps with different proteins (not discussed). 
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NHEJ comes into play during G0/G1 phase of cell cycle. In diploids, HR is blocked during 

this phase whereas in haploids, the sister chromatid is not synthesized until S phase 

[107]. During S phase, when replicating, sister chromatid proximity tilts the balance 

towards homologous recombination instead of NHEJ. Further, NHEJ is not usually seen 

in diploid budding yeast (except G1) and possibly not seen in dividing (S phase) haploid 

yeast cells. This cell cycle dependency is based on the levels of Cdc28 (cycle division 

cycle, master regulator of meiosis and mitosis) (Human homology CDK1: cyclin 

dependent kinase) which are low during G0/G1 and increase on cell cycle progression 

[107, 117, 118]. 

2. Homology Directed Repair or Homologous Recombination (HR): 

This is a replication based repair of DSB and has distinct sub-divisions. Homologous 

recombination depends on the presence of a homologous sequence which is used as a 

template mostly for short-patch DNA synthesis. HR can be classified on the break substrate. 

1. Two mechanisms of two-ended repair 

A two-ended DNA break can follow one of the two well defined pathways (Fig. 23): 

Synthesis Dependent Strand Annealing (SDSA) or Double Strand Break Repair mediated 

by Double Holliday Junction (dHJ) In contrast, one-ended break is repaired via Break 

Induced Replication mechanism (Fig. 28) which synthesizes long patches of DNA using 

the homologous chromosome as template. All three mechanisms shown in Fig. 27 are 

part of allelic inter-homolog recombination. 
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The double-strand-break repair model B. Synthesis-dependent strand-annealing 
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FIGURE 27 HOMOLOGY DIRECTED REPAIR OF DSB 

SYMINGTON, 2002 (MICROBIOLOGY AND MOLECULAR BIOLOGY REVIEWS) 

Repair of double strand breaks via (A) the formation of a double Holliday Junction (dHJ) can result in 

crossover and non-crossover products. (B) Synthesis Dependent Strand Annealing resolves the invading 

junction giving non-crossover products. (C) Break induced replication synthesizes long tracts of DNA. 

dHJ & SDSA: 

In homologous recombination based repair of DSB (Fig. 27), the broken ends are first 

resected to reveal 3’ssDNA overhangs that can invade a homologous duplex. The 

invading strand with the homoduplex forms a D-loop. DNA Polymerases extend this D-

loop using the homologous chromosome as a template for DNA synthesis [117]. 

Elongated newly synthesized DNA now has complementary sequences to the other 

strand of the broken chromosome (Fig. 27). The original chromosomal DNA anneals 

back together creating two Holliday Junctions (Fig. 27). The resolution of these junctions 

can either lead to formation of crossover or non-crossover products. 
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Crossover products are formed when the sequences flanking the junction are exchanged 

between the donor and recipient DNA molecules [119]. Synthesis dependent strand 

annealing follows the same mechanism to the point of annealing together of the original 

broken chromosome. In SDSA, the single D-loop collapses, the invading strand is 

displaced and can anneal to the original broken chromosome (Fig. 27.B). 
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2. One ended DSBR via Break Induced Replication 

FIGURE 28 BREAK INDUCED REPLICATION MECHANISM IN SACCHAROMYCES CEREVISIAE 

MALKOVA ET AL, 2014 (CURRENT OPINIONS IN GENETICS & DEVELOPMENT) 

Break induced replication (BIR) is a repair pathway that utilizes the replisome to synthesize long tracts of DNA 

using a homologous duplex as template pro. Replisome proteins involved in BIR include Mcm2-7 helicase, Polα-

primase complex, clamp loader PCNA and Pol δ 
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Replication fork collapse has severe consequences on the cell. It has been shown to be 

directly involved in cancer development and can be fatal if it goes unrepaired [88]. 

Nucleolytic cleavage of ssDNA generates one-ended DSB which causes the replication 

fork to collapse [102]. This is repaired via homologous recombination through BIR (Fig. 

28) BIR follows strand invasion like the other two homologous recombination pathways 

for DSBR. However, unlike the other two, this one assembles the replication machinery 

to replicate DNA for repair. It can replicate up to the next replication fork or to the end 

of chromosome [120]. Hence, the length of DNA synthesis is longer in this pathway than 

others. 

DSBR Pathway Choice 

On encountering a DSB, Ku proteins bind to the break and the nuclease MRX complex processes 

the broken ends. If NHEJ is unable to repair the break, MRX resects the ends further which 

recruits RPA and signals recombination based repair proteins to the break site. Hence, it is the 

binding of Ku proteins followed by MRX resection that lays the path for NHEJ or HR. 

The homology directed repair also has various choices (Fig. 27). This depends on the formation 

of invading D-loop. If the D-loop is dissolved, the pathway is called SDSA. If the first crossover is 

followed by another, the pathway is termed a double Holliday Junction (dHJ). 

Lastly, BIR has a one-ended DSB which uses template DNA to synthesize long length of DNA. A 

collapsed fork resulting in DSB is usually repaired via BIR [88, 121, 122]. Hence, BIR is crucial for 

replication fork restart in subtelomeric chromosomal regions and also when only one end of 

broken chromosome can find homology [123, 124]. 
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In mammalian cells, two ended DSB are rare and even rarer is their repair via recombination. 

Mostly, NHEJ repairs mammalian two-ended DSB unlike lower eukaryotes. However, one ended 

DSB in both yeast and mammals are substrates for homologous recombination [121, 125]. 

Loss of Heterozygosity 

All double strand break repair pathways can result in loss of heterozygosity events (LOH) [126]. 

Loss of heterozygosity can be defined as the loss of regions or an entire arm of a chromosome 

[127]. This can depend on the length of DNA resection (NHEJ), the length of newly synthesized 

DNA (BIR), the use of a non-allelic template to synthesize new DNA (BIR, dHJ and SDSA) and 

random mitotic segregation [127]. All of these events lead to loss of certain chromosomal 

regions in one or both daughter cells. Other severe consequences may include chromosomal 

translocations and rearrangements [128]. Overall, repair of a DSB has the potential to affect 

genomic stability [120]. This project aims to study the effects of skewed and elevated dNTP 

pools on DSB repair. 
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FIGURE 29 LOSS OF HETEROZYGOSITY 

ROSENBERG, 2011 (MBIO) 

Repair of double strand breaks can result in loss of heterozygosity (LOH). An example shown here is Break Induced 

Replication (BIR) based repair of a one-ended double strand break. This leads to loss of heterozygosity in the new 

chromosome. 
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Pre-cancerous cells have the ability to replicate uncontrollably which allows them to grow 

robustly. This enhanced DNA replication and cell proliferation is not perfect and cancer cells 

show a high mutator phenotype [129]. Studies indicate mutagenesis associated with cancer 

cells is partially contributed by impaired DNA repair. Additionally, DSB generated by oncogene 

induced replication fork instability may cause chromosomal rearrangements leading to genomic 

instability in cancer cells [130, 131]. 

Methods to Study Double Strand Breaks 

Cancer cells require higher reservoirs of dNTP pools for limitless potential to replicate DNA 

[132, 133]. This study aims to understand how skewed increase in dNTP pools affects genomic 

integrity by focusing on replication fork stability. 

Various direct visualization methods like DNA fiber labeling or molecular combing can be 

employed [107]. However, easier indirect in vivo genetic methods are also available and 

routinely used. These techniques can assess either the generation of double strand breaks or 

their repair. This study assayed loss of heterozygosity (LOH) events that occur as a result of DNA 

replication (S phase) or mitotic recombination (M phase) when the dNTP pool levels are high. 

Cell viability in this background was also determined. 

55 



 

 

  
 

              

              

           

              

            

            

 

      

      

                                                        

                                                

                                                            

            

 

 

 

 

assay: Diploid strain setup 

5-FOA5, GenR 2xURA3-Kan 

u 0 ><:: 
u 0 = 

+ 5-FOA selection 

5-FOAR, Gen5 

u 0 = 
u 0 = 
CCChrohrohrommmooosososommmeee 777 hehehemmmiiizzzyyygogogoususus stststrrraiaiainsnsns hhhavavaveee ttthhheee CCCOOORRREEE222 cccaaasssssseeetttttteee ooon n n ooonnneee ccchrohrohrommmooosososommmeee aaarmrmrm... AAA dododouuublblbleee stststrrrananand d d brbrbreeeakakak,,,

upsupsupstttrerereamamam ooofff ttthehehe cccasasassesesetttttteee rrreeepppaiaiairerereddd by by by hohohommmooolllooogogogous us us rrreeecccooommmbibibinnnatatatiiiooon n n (((HHHRRR))),,, cccaaan n n llleeeaaad d d tttooo llloooss ss ss ooofff ttthehehe cccassassasseeetttttteee mmmarkarkarkeeersrsrs (((lllooossss s s ooofff

hehehettteeerororozzzyyygogogosisisitttyyy)))... TTThhheee ccceeelllllls s s wwwiiittth h h iiintntntacacacttt cccasasassesesetttttteee ararareee 555---FFFOOOAAASSS ananand d d GGGeeennnRRR wwwhhheeerrreeeaaas s s ttthhheee ooonnneeesss ttthhhatatat hahahavvveee uuundndndeeerrrgogogonenene HHHRRR &&& LLLOOOHHH
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Loss of Heterozygosity Assay Strategy 

An LOH assay developed in the Argueso lab was used for this study. The budding yeast strains 

from the Argueso lab are isogenic haploids (Fig. 30) i.e. they are homozygous at all locations but 

chromosome 7 [134]. On chromosome 7, these strains are hemizygous with one chromosome 

arm containing the CORE2 cassette [69]. This cassette has two diverged copies of URA3 and a 

KanMX resistance marker (geneticin, referred to as G418 in this study). URA3 gene is an 

excellent marker in Saccharomyces cerevisiae which can be selected for and against. 

FIGURE 30 LOH ASSAY STRAIN 

CONOVER ET AL., 2015 (GENETICS) 

Chromosome 7 hemizygous strains have the CORE2 cassette on one chromosome arm. A double strand break, 

upstream of the cassette repaired by homologous recombination (HR), can lead to loss of the cassette markers (loss of 

heterozygosity). The cells with intact cassette are 5-FOAS and GenR whereas the ones that have undergone HR & LOH 

are 5-FOAR and GenS 
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URA3 Selection: 

URA3 encodes Orotidine 5’ phosphate decarboxylase involved in the de novo synthesis of 

pyrimidine nucleotides. Growth of cells on uracil dropout media allows for qualitative detection 

of URA3 i.e. these strains can synthesize uracil. 

Further, 5-Fluoroorotic acid (5-FOA) is an analog of uracil. When cells with functional URA3 

(ODCase activity) take up and metabolize 5-FOA, a toxic product 5-Fluorouracil (5-FU) is 

produced capable of killing cells. Hence, URA3 strains are 5-FOA sensitive. 

URA3 Counter-selection: 

Alternatively, cells that do not possess or have inactivated URA3 gene, need uracil in the growth 

media because of lack of ODCase activity. In the presence of 5-FOA, the ura3- (ODCase inactive) 

do not take up the drug and are resistant to its presence. 

A one-ended double strand break anywhere upstream of CORE2 cassette will involve repair via 

BIR. BIR uses the other chromosome arm without CORE2 as a DNA template to replicate to the 

end of the chromosome. This leads to a loss of the CORE2 from the diploid strain which can be 

counter-selected on 5-FOA plates and confirmed by replica plating the recombinants on G418. 

The cells with the CORE2 cassette will be 5-FOA sensitive and G418 resistant. Upon the loss of 

the cassette, the cells become 5-FOA resistant and G418 sensitive. Two URA3 copies reduce the 

probability of 5-FOA resistance as a result of spontaneous clustered point mutations 

inactivating both URA3 copies rather than the result of replication based repair. 
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TTThhheee rrrnrnrnr1 1 1 alalalllleeellleeesss uuusesesed d d iiin n n ttthihihis s s stststuuudy dy dy aaaffffffeeecccttt llloooooop p p 2 2 2 ooofff ssspepepeccciiifffiiiccciiittty y y sisisittteee (((SSS sisisittteee))) ooofff RRRNNNRRR rrreeesulsulsultttiiinnng g g iiinnn aaannn iiincncncrerereasasaseee iiin n n dCdCdCTTTPPP ananand d d 

dTdTdTTTTPPP popopoooolll sisisizzzeeesss

rnr1 alleles 

Two alleles of RNR1, rnr1Y285F and rnr1Y285A [135], affect the specificity site (S) of RNR, 

altering the ratios of individual dNTP in the cell. These alleles result in elevated dCTP and dTTP 

levels by 2 and 20 fold, respectively (Table 1). [Recall that individual dNTP levels are not the 

same within the yeast cell, dTTP > dATP = dCTP > dGTP (chapter 1) 

rnr1 alleles Elevated dNTP Fold Increase dNTP Affected Mechanism 

rnr1Y285F Imbalanced 2 dCTP, dTTP Loop 2 

(Specificity Site) 

rnr1Y285A Imbalanced 20 dCTP, dTTP Loop 2 

(Specificity Site) 

TABLE 1 RNR1 ALLELES FOR STRAIN CONSTRUCTION 

The rnr1 alleles used in this study affect loop 2 of specificity site (S site) of RNR resulting in an increase in dCTP and 

dTTP pool sizes 

FIGURE 31: RNR1 ALLELES ON A BACTERIAL PLASMID 

CHABES LAB 

Bacterial plasmids containing rnr1Y285F/ rnr1Y285A alleles were obtained from the Chabes lab. 

These bacterial plasmids (Fig. 31) contain the rnr1 allele (indicated with a solid black arrow) 

followed by a tryptophan marker (TRP+). 
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To incorporate Y285F/A rnr1 alleles into budding yeast LOH strains, the plasmids were first 

linearized with BstEII whose restriction site is within the rnr1 gene. Linearized plasmids (Fig. 32) 

were transformed into haploid LOH strains (Table 2: JSY 3840-1) using the lithium acetate 

transformation [136]. 

FIGURE 32 INTEGRATIVE TRANSFORMATION OF LINEARIZED RNR1 ALLELE IN HAPLOID LOH YEAST STRAINS 

Yeast Strain Number MAT Locus Ploidy Markers 

3840 Α Haploid Ura-, G418S 

3841 A Haploid Ura+ , G418R 

3842 a/α Diploid Ura-, G418R 

TABLE 2 LOH HAPLOID STRAINS FOR TRANSFORMATIONS 

JSY # Genotype MAT Locus Strain Background 

4103 rnr1Y285F, TRP+ , URA+ , G418R A CG379 

4169 rnr1Y285F, TRP-, URA-, G418S Α CG379 

4170 rnr1Y285A, TRP+ , URA+ , G418R A CG379 

4189 -rnr1Y285A, trp -, ura , G418S Α CG379 

TABLE 3 LOH STRAINS TRANSFORMED WITH RNR1Y285F/A ALLELES 

Transformed yeast strains are tested for integration on tryptophan drop-out (trp-) media. 

Genomic DNA of transformation candidates is extracted and the rnr1 gene sequenced to 

confirm the presence of only the Y285F/A mutation in the gene. 
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Streak to sil"gles 

Mate on permissive plate Streak the ovedapplngregion 
to singles on restrictive plate 

Observe microscopic morphology 

3 independent integration isolates for each genotype are added to the collection (Table 3) and 

used in constructing diploid LOH strains (described below). 

Microscopic Morphology 

For LOH assays, the yeast strains must be in diploid state. Hence, the transformed haploid 

strains are mated and selected based on diploid morphology as seen with a microscope. 

FIGURE 33 METHODOLOGY TO MATE BUDDING YEAST 

Haploid yeast strains of opposite mating type (Table 4, mating partners) are first streaked on 

YPD (permissive plate) to get single colonies and incubated at 30°C for 2-3 days i.e. till the 

colonies are ~2mm in size. 

A single colony is selected for one mating partner and then streaked in straight line on a YPD 

plate. This is followed by selecting a single colony from the other mating partner and streaking 

it in a perpendicular line to the first one. This creates a T shape with some overlapping region 

between the two haploid mating partners (Fig. 33). 
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DDDiiipppllloooiiiddd bbbuuuddddddiiinnnggg yyyeeeaaasssttt ccceeellllllsss hhhaaavvveee aaannn eeelllllliiipppsssoooiiiddd mmmooorrrppphhhooolllooogggyyy (((llleeefffttt))) wwwhhheeerrreeeaaasss hhhaaapppllloooiiidddsss aaarrreee sssppphhheeerrroooiiidddsss (((rrriiiggghhhttt)))

The mating YPD plate is incubated for 2 days at 30°C. The overlapping region is selected and 

streaked to singles on a –trp+G418 plate. The selection plate is incubated at 30°C for 2-3 days. 

To check the morphology of the mated strains, about 10μl of dIH20 (about a drop) is placed in 

the center of a microscopic glass slide. With the help of a nichrome wire inoculating loop, very 

little of a colony is picked up and smeared on the glass slide using the drop of dIH20. Lastly, a 

glass cover slip is placed on the sample region of the slide. Light microscope at 40x is used to 

observe the morphology. Diploids have a more ellipsoid shape whereas haploids are more 

spherical (Fig. 33, enlarged images). Diploids also appear to be larger in size than haploid 

budding yeast cells. 

Diploid Haploid 

FIGURE 34 MORPHOLOGICAL TEST OF BUDDING YEAST PLOIDY 

Diploid budding yeast cells have an ellipsoid morphology (left) whereas haploids are spheroids (right) 

3 confirmed diploid isolates per mating are added to the collection (Table 4). All the LOH strains 

that have been constructed are recorded in Table 4. One diploid isolate (out of 3 for each 

mating) is assayed for LOH events in triplicates at least 30 times. 
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TTThhheee hhheeettteeerrrooozzzyyygggooouuusss ssstttrrraaaiiinnnsss cccaaannn hhhaaavvveee rrrnnnrrr111 aaalllllleeellleee eeeiiittthhheeerrr iiinnn ttthhheee sssaaammmeee hhhaaapppllloooiiiddd bbbaaaccckkkgggrrrooouuunnnddd ssstttrrraaaiiinnn aaasss CCCOOORRREEE222 cccaaasssssseeetttttteee ooorrr iiinnn

dddiiiffffffeeerrreeennnttt bbbaaaccckkkgggrrrooouuunnndddsss... TTThhheeerrreeefffooorrreee,,, ttthhheee dddiiissstttiiinnnccctttiiiooonnn iiisss cccllleeeaaarrrlllyyy mmmaaadddeee iiinnn cccooollluuummmnnn sssiiixxx...

HHHooommmooozzzygygygooouuusss ssstttrrraaaiiinnnsss hhhaaavvveee rrrnnnrrr111 aaalllllleeellleee iiinnn bbbooottthhh ttthhheee hhhaaapppllloooiiiddd mmmaaatttiiinnnggg pppaaarrrtttnnneeerrrsss iii...eee... wwwiiittthhh aaannnddd wwwiiittthhhooouuuttt ttthhheee CCCOOORRREEE222 cccaaasssssseeetttttteee...

HHHeeennnccceee,,, cccooollluuummmnnn sssiiixxx fffooorrr hhhooommmooozzzygygygooouuusss ssstttrrraaaiiinnnsss iiisss nnnooottt aaappppppllliiicccaaabbbllleee (((NNN///AAA)))...

(((CCCaaarrrtttoooooonnn dddeeepppiiiccctttiiiooonnn ooofff hhhooommmooozzzygygygooottteeesss aaannnddd hhheeettteeerrrooozzzyyygggooottteeesss aaasss iiinnn FFFiiiggg... 333666)))

JSY # Mating Partners rnr1allele Heterozygous CORE2 & allele 

Strain 

Background 

4228-30 4169 3841 Y285F •• Different backgrounds CG379 

4312-14 4224 3841 Y285F •• Different backgrounds CG379 

4315-17 4225 3841 Y285F •• Different backgrounds CG379 

4231-33 4170 3841 Y285A •• Different backgrounds CG379 

4318-20 4220 3841 Y285A •• Different backgrounds CG379 

4321-23 4221 3841 Y285A •• Different backgrounds CG379 

4234-36 4103 3840 Y285F •• Same background CG379 

4324-26 4226 3840 Y285F •• Same background CG379 

4327-39 4227 3840 Y285F •• Same background CG379 

4237-39 4189 3840 Y285A •• Same background CG379 

4330-32 4222 3840 Y285A •• Same background CG379 

4333-35 4223 3840 Y285A •• Same background CG379 

4190-92 4103 4169 Y285F •• N/A CG379 

4336-38 4103 4224 Y285F •• N/A CG379 

4339-41 4103 4225 Y285F •• N/A CG379 

4342-44 4226 4169 Y285F •• N/A CG379 

4345-47 4226 4224 Y285F •• N/A CG379 

4348-50 4226 4225 Y285F •• N/A CG379 

4351-53 4227 4169 Y285F •• N/A CG379 

4354-56 4227 4224 Y285F •• N/A CG379 

4357-59 4227 4225 Y285F •• N/A CG379 

4193-95 4170 4189 Y285A •• N/A CG379 

4360-62 4170 4222 Y285A •• N/A CG379 

4363-65 4170 4223 Y285A •• N/A CG379 

4366-68 4220 4189 Y285A •• N/A CG379 

4369-71 4220 4222 Y285A •• N/A CG379 

4372-74 4220 4223 Y285A •• N/A CG379 

4375-77 4221 4189 Y285A •• N/A CG379 

4378-80 4221 4222 Y285A •• N/A CG379 

4381-83 4221 4223 Y285A •• N/A CG379 

TABLE 4 RNR1 ALLELES IN DIPLOID LOH BACKGROUND STRAINS 

The heterozygous strains can have rnr1 allele either in the same haploid background strain as CORE2 cassette or in 

different backgrounds. Therefore, the distinction is clearly made in column six. 

Homozygous strains have rnr1 allele in both the haploid mating partners i.e. with and without the CORE2 cassette. 

Hence, column six for homozygous strains is not applicable (N/A). 

(Cartoon depiction of homozygotes and heterozygotes as in Fig. 36) 
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-Mutation Rates calculated w ith 

MSS·Maximum Likelihood 

Estimatot on FALCOR 
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Yl'LJ •G418 

Replica Plating 0 C) 
e -

LOH Assay in Skewed and Balanced Increase in dNTP pools 

FIGURE 35 LOH ASSAY METHODOLOGY 

LOH diploid strains with rnr1 alleles (Table 5, a subset of Table 4) were streaked on YPD+G418 

plates to generate single colonies of about ~2mm by incubating at 30°C for 2-3 days. (Fig. 35) 

Single colonies were chosen and resuspended in 1ml 1X TE (pH 7.5). As depicted in Fig. 35, 1:10 

Serial dilution were made up to 10-5 (100μl of resuspended cells in 900μl 1XTE pH 7.5). 100μl of 

each dilution was plated. Undiluted, 10-1, 10-2 were plated on restrictive 5-FOA plates. The 

higher dilutions 10-3 to 10-5 were plated on permissive YPD plates. YPD plates were incubated at 

30°C for 2 days and counted. Restrictive plates take longer about 5 days at 30°C. After 5-FOA 

plates were counted, they were replica plated on YPD+G418 plates (200μg/ml G418 in 1 liter of 

YPD plates). Replica plates were incubated for 2 days at 30°C and checked for G418 resistant 

colonies (if any) to account for any false positives i.e. spontaneous mutations in URA3 gene. 
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JSY # Mating Partners rnr1allele Heterozygous CORE2 & allele 

4228 4169 3841 Y285F •• Different backgrounds 

4312 4224 3841 Y285F •• Different backgrounds 

4315 4225 3841 Y285F •• Different backgrounds 

4231 4170 3841 Y285A •• Different backgrounds 

4318 4220 3841 Y285A •• Different backgrounds 

4321 4221 3841 Y285A •• Different backgrounds 

4234 4103 3840 Y285F •• Same background 

4324 4226 3840 Y285F •• Same background 

4327 4227 3840 Y285F •• Same background 

4237 4189 3840 Y285A •• Same background 

4330 4222 3840 Y285A •• Same background 

4333 4223 3840 Y285A •• Same background 

4190 4103 4169 Y285F •• N/A 

4345 4226 4224 Y285F •• N/A 

4357 4227 4225 Y285F •• N/A 

4193 4170 4189 Y285A •• N/A 

4369 4220 4222 Y285A •• N/A 

4381 4221 4223 Y285A •• N/A 

TABLE 5 YEAST STRAINS USED FOR LOH ASSAY 

Permissive YPD plates allow all cells to grow providing a total cell count. Restrictive 5-FOA 

plates harbor cells that have undergone LOH as a result of allelic inter-homolog recombination 

to address a double strand break generated fork collapse. 

As a result of loss of heterozygosity, CORE2 cassette’s downstream marker G418 will also be 

lost. Hence, G418 sensitivity as seen on replica plating 5-FOA colonies onto YPD+G418 confirms 

LOH. 

Data Analysis: LOH Assay 

All colony counts are multiplied by their respective dilution factors to calculate for the number 

of cells in the undiluted suspension. To obtain one mutation rate per genotype, the colony 

counts plated in triplicates were averaged. 
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rnrl heterozygote 
(same background) 

rnrl 

I 
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(different backgrounds) 

(((AAA))) SSStttrairairains ns ns ttthhhatatat ararareee hohohommmooozzzygoygoygouuusss fffooorrr rrrnrnrnr1 1 1 alalalllleeellleees s s hhhavavaveee ttthehehe alalalllleeellleee iiin n n bobobottthhh ttthhheee hahahaplplploooiiiddd mmmatatatiiinnng g g pppararartttnenenerrrsss... (((BBB))) HHHeeettteeerororozzzyyygogogoususus

fffooor r r rrrnrnrnr1 1 1 cccananan hhhavavaveee rnrnrnr1r1r1 alalalllleeellleee iiinnn ttthhheee sssamamameee hhhaplaplaploooiiiddd LLLOOOHHH stststrrraiaiainnn ooorrr (((CCC))) iiinnn dididiffffffeeerererentntnt bacbacbackkkgrogrogrouuundndndsss

There was a minimum of 30 such counts for LOH per genotype from 3 independent isolates and 

experiments. LOH rate was calculated per genotype using FALCOR MSS Maximum Likelihood 

Estimator. The mutation rate is expressed in 2x10-5/cell division. The rate is multiplied by 2 to 

account for LOH that may be happening on the other chromosome arm. 

In LOH assay, both rnr1 Y285F/A alleles were tested. Both rnr1 homozygous (rnr1/rnr1) and 

heterozygous rnr1/RNR1) are assayed. In the heterozygotes, the diploids were generated by 

mating haploids either with the rnr1 allele either in the presence or absence of CORE2 cassette. 

The resulting diploids are shown in Fig. 36. 

FIGURE 36 A. HOMOZYGOTES| B. HETEROZYGOTES IN THE SAME BACKGROUND STRAIN| C. HETEROZYGOTES IN 

DIFFERENT BACKGROUND STRAINS 

(A) Strains that are homozygous for rnr1 alleles have the allele in both the haploid mating partners. (B) Heterozygous 

for rnr1 can have rnr1 allele in the same haploid LOH strain or (C) in different backgrounds 
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48.197 4.1984 8.3119 

RNRl Y285F Y285A 

I 
I 

.6f56 0 . 41 2.0792 4.8991 

Y285F Y285A Y285F Y285A 

rnrrnrrnr1 1 1 alalalllleeellleeesss hohohommmooozzzygoygoygottteees s s ssshohohowww ~~~3.3.3.555---fffooolllddd dddeeecccrrreeeaaasesese iiinnn LLLOOOHHH... HHHeeettteeerororozzzygoygoygottteeesss shoshoshowww neneneglglgliiigigigiblblbleee amamamooountuntuntsss ooofff LLLOOOHHH

Results 

FIGURE 37 LOH ASSAY RESULTS 

rnr1 alleles homozygotes show ~3.5-fold decrease in LOH. Heterozygotes show negligible amounts of LOH 

Strain Mutation Rate (2x10-6) 95% CI Range Upper Bound Lower Bound 

RNR1 48.197 55.6802 - 41.1214 7.4822 7.0765 

HM Y285F 4.1984 5.64 - 2.9211 1.4422 1.2767 

HM Y285A 8.3119 11.2946 - 5.6829 2.9834 2.6283 

Het Y285F 0.2841 0.6183 0.3336 0.2248 

Het Y285A 0.6656 1.3396 - 0.1878 0.6756 0.4761 

Het. Y285F 2.0792 3.006 0.9279 0.7923 

Het. Y285A 4.8991 7.4901 2.5928 2.1555 

TABLE 6 LOH ASSAY RESULTS 
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Loss of heterozygosity (LOH) was significantly reduced in the presence of imbalanced elevated 

dNTP pools as seen in Table 6 and Fig. 37. 

LOH assay used in this study is an indication of repair of a DNA double strand break (DSB) via 

allelic inter-homolog recombination in G2/M phase. DSB repair is important to help salvage a 

stalled/collapsed replication fork. This study assays for LOH events to better understand the 

behavior of replication forks in the presence of skewed and elevated dNTP pools. Various rnr1 

alleles lead to different increases in dNTP levels. This study used two alleles that lead to a 

skewed 2-fold (Y285F) or 20-fold (Y285A) increase in dCTP and dTTP pool sizes. The number of 

loss of heterozygosity events reduces by about 4-fold for each. Decreased LOH suggests a 

reduction in allelic inter-homolog recombination in the presence of imbalanced elevated dNTP 

pools. Alternatively, LOH assay results could be an indication of reduced cell viability in the 

presence of elevated and skewed dNTP pools. 

DSB Survival Assay 

Elevated and skewed dNTP pools may impact the cell’s repair mechanisms to restart a 

stalled/collapsed replication fork which leads to apoptosis. To test this hypothesis, double 

strand break survival assays are performed as described below (Fig. 37). 

Phleomycin is a glycopeptide antibiotic. It is a potent drug capable of causing DNA damage in 

vitro by generating DNA double strand breaks. Inactive phleomycin is activated in a free radical 

mediated reaction aided by metal and oxygen ions. Activated phleomycin when bound to DNA 

causes scission of DNA. 
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% survival= restric:tive counts/permissive counts 
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Hence, acting as a chemical mode of inducing double strand breaks in the DNA. Cells exposed to 

low doses of DSB causing agents can survive the damage by repairing break. Hence, a loss of 

repair functions in these cells would lead to decreased survivability. 

FIGURE 38 DSB SURVIVAL ASSAY METHODOLOGY 

LOH strains with rnr1 alleles (Table 7, subset of Table 4) are streaked out on YPD+G418 to 

generate single colonies. The plates are incubated at 30°C for 2-3 days till the colonies reach 

~2mm size. 3 single colonies per genotype are chosen and resuspended in 1ml 1XTE (pH 7.5). As 

depicted in Fig. 38, 1:10 serial dilutions were made up to 10-5 (100μl of resuspended cells in 

900μl 1XTE, pH 7.5). 100μl of the following dilutions were plated in triplicates. 10-1, 10-2 and 10-3 

were plated on restrictive YPD+Phleomcyin plates (Phleoymcin concentration is 300μg/ml in 1 

liter of YPD plates). 10-3 to 10-5 were plated on permissive YPD plates. 
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YPD plates were incubated at 30°C for 2 days and counted. Restrictive plates take longer about 

3 days at 30°C. After YPD+Phleomycin plates were counted, the survival rates were calculated. 

JSY # Mating Partners rnr1 allele Heterozygous CORE2 & allele 

4228 4169 3841 Y285F • Different backgrounds 

4312 4224 3841 Y285F • Different backgrounds 

4315 4225 3841 Y285F • Different backgrounds 

4231 4170 3841 Y285A • Different backgrounds 

4318 4220 3841 Y285A • Different backgrounds 

4321 4221 3841 Y285A • Different backgrounds 

4234 4103 3840 Y285F • Same background 

4237 4189 3840 Y285A • Same background 

4190 4103 4169 Y285F • N/A 

4193 4170 4189 Y285A • N/A 

3842 3840 3841 N/A N/A WT 

TABLE 7 YEAST STRAINS USED FOR DSB SURVIVAL ASSAYS 

Data Analysis: Survival Assay 

All colony counts were multiplied by the dilution factor to calculate the number of cells in the 

undiluted cell suspension. 3 isolates for one genotype have been assayed at least 10 times 

giving a total of 30 counts/genotype. To obtain one survival rate per genotype, average counts 

for restrictive and permissive plates are calculated. Percentage survival (Table 8, Fig. 39) is 

calculated as the averaged restrictive plate counts by averaged permissive plate counts. 

�� � � ��� �� 
% ������� = � 100 

�� � ������� 
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Results 
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FIGURE 39 DSB SURVIVAL ASSAY RESULTS 

rnr1 alleles homozygotes show similar survival rate as wild-type (green and blue bars). Heterozygotes show a slight 

decrease (pink and gray bars) 

Yeast Strain % Survival rnr1 and CORE2 backgrounds 

RNR1 46.88 N/A 

Homozygous rnr1Y285F 45.96 N/A 

Homozygous rnr1Y285A 45.81 N/A 

Heterozygous rnr1Y285F 32.99 Same 

Heterozygous rnr1Y385A 38.07 Same 

Heterozygous rnr1Y285F 34.90 Different 

Heterozygous rnr1Y285A 44.75 Different 

TABLE 8 DSB SURVIVAL NUMBERS 

Homozygotes for rnr1Y285F/A do not show a significant decrease in cell viability in the DSB 

survival assays. Heterozygotes for rnr1Y285F/A also do not show a mild decrease in cell viability 

as compared to the wild-type RNR1. Overall, cell viability of rnr1Y285F/A is not a contributing 

factor to reduced LOH. 
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To elucidate the causes of genomic instability in cancer cells, the highly studied organism 

Saccharomyces cerevisiae serves as a good model. To create a cellular microenvironment like 

the one encountered in cancer cell, this project exploits the unlimited potential of cancer cells 

to replicate. Cancer cells require precursor deoxyribonucleotides (dNTP) in excess. 

Constitutively elevating the levels of dNTP pools in yeast cells helps unlock the capacity for 

uncontrolled DNA replication. This project aims to uncover altered molecular pathways in 

cancer cells that affect genome maintenance by studying the response to DSB in the presence 

of elevated dNTP pools. 

Replication fork stress can be characterized by fork stalling wherein DNA synthesis halts 

transiently. Removal of stress can resume replication. Alternatively, the persistence of stress 

can lead to replication fork collapse. Double stranded breaks (DSB) can arise in the DNA as a 

consequence of altered fork stability. Repair of DSB via allelic inter-homolog recombination can 

lead to loss of heterozygosity (LOH). This study assays LOH events as an indirect method to 

study DSB repair in the presence of elevated and skewed dNTP pools. In chapter 2, the data 

shows that in the presence of elevated and skewed dNTP pools, there is a reduction in LOH. 

Therefore, the results may indicate a reduction in allelic inter-homolog recombination in G2/M 

phase to potentially repair an unstable replication fork. Various factors can contribute to a 

reduction in recombination based LOH. 
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Faster Replication Fork Progression results in Reduced Fork Instability 

The results show a reduction in LOH which could be a result of reduced double strand breaks. If 

this reflects a reduction in fork repair, it is a possible indicator of reduction of fork 

stalls/collapses. One mechanism by which replication fork stalls is by the uncoupling of DNA 

helicase and polymerase activities. When the DNA polymerase is unable to keep up with the 

unwinding activity of DNA helicase, long tracts of ssDNA are exposed to a nuclease-laden 

cellular environment risking fork stalls and collapse. Limiting DNA precursors dNTP pools, result 

in slow progression of DNA polymerases causing fork stalls [109]. This in support of a previous 

study which assessed replication fork behavior in the presence of lowered dNTP pools and 

found increased fork stalling [109]. Alternatively, elevated dNTP pools cause faster 

incorporation of nucleotides in the DNA and prefer DNA synthesis over proofreading [77]. 

Faster dNTP incorporation leads to faster fork progression in the presence of elevated dNTP 

pools. A 2- dimensional (2D) gel electrophoresis has shown faster moving replication forks in 

the presence of elevated dNTP pools (rnr1D57N: balanced ~2-fold). Whether the same is true in 

the presence of skewed dNTP pools remains to be determined [109]. 

Additionally, upon DNA damage, dNTP levels increase in modest quantities to deal with the 

replication stress [137]. Under such conditions, DNA polymerases tend to synthesize DNA faster 

by forgoing their proofreading activity [77]. Under stress, high levels of dNTP pools may also 

promote replication past the damaged DNA template to ensure cell survival without activating 

DNA Damage Response (DDR) [58, 109]. 
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Overall, cells need elevated dNTP pools to cope with replication fork stress even if it comes at a 

price; studies have shown that faster replicating cells have a higher mutational load [138]. All of 

these features are considered hallmarks of cancer cells [130, 133]. Hence, it is possible that a 

reduction in LOH in the presence of elevated dNTP pools is a result of reduction in the number 

of fork stalls/collapses. 

Cell Viability in the Presence of Imbalanced Elevated dNTP pools 

A second possible explanation for the reduction in LOH in the presence of elevated and skewed 

dNTP pools is decreased cell viability. Reduced cell viability is an inability to respond to and 

repair DSB. This hypothesis states that elevated dNTP pools do not affect the number of 

replication fork stalls/collapse but impairs the cell’s ability to handle DSB. This was tested in 

chapter 2, DSB survival assays were performed and the results do not show a significant 

decrease in cell viability. Hence cell death is not the cause of reduced LOH in elevated and 

skewed dNTP pools. 

Alternative Double Strand Break Repair Mechanisms 

Spontaneous double strand breaks occur during interphase for DNA replication or mitotic 

recombination [139]. DSB substrate determines the choice of repair pathway (Chapter 1) Two 

major classifications of DSBR are homologous recombination (HR) and non-homologous end 

joining (NHEJ). 

This study assessed only one component of homologous recombination (HR) i.e. allelic inter-

homolog recombination. HR utilizes a homologous chromosome as template for recombination. 

74 



 

 

           

       

            

             

              

           

          

            

              

     

             

               

              

          

             

               

    

       
 

              

               

   

This includes repair mechanisms like Synthesis Dependent Strand Annealing (SDSA), Double 

Holliday Junction (dHJ) and Break Induced Replication. 

Another branch of homologous recombination, sister chromatid exchange (SCE) can repair DSB 

[140]. SCE uses homologous sister chromatid as substrate for recombination. This is promoted 

because of the proximity of the sister chromatids in interphase and to prevent genomic 

alterations that are caused by recombination between homologous chromosomes [141, 142]. 

This study only looked at allelic inter-homolog recombination between homologous 

chromosomes not intra-allelic exchange between sister chromatids. Hence, a reduction in LOH 

via allelic inter-homolog recombination does not rule out the possibility of repair via other 

mechanisms like sister chromatid exchange. 

Other mechanisms that do not use homologous chromosomes for repair of double strand 

breaks include Single Strand Annealing (SSA) (chapter 1). SSA utilizes direct repeats in dsDNA to 

reanneal the broken ends together. SSA differs from NHEJ, the latter does not require 

homology; it processes the broken strands and ligates them. 

Overall, reduction of LOH by allelic inter-interhomolog recombination directs us to examine the 

role of other repair pathways in repairing DSB in the presence of elevated dNTP pools 

(Proposed Future Directions). 

LOH due to Random Mitotic Segregation 

DSB can be repaired by crossing over between homologous chromosomes (chapter 2). This can 

lead to the formation of D-loop (single crossover) or a double Holliday Junction (dHJ, double 

crossover) intermediates. 
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The resolution of these intermediates can result in crossover products (CO). CO is defined as 

the exchange of genetic information between homologous chromosomes or non-sister 

chromatids. 

Mitotic segregation of such CO products into separate daughter cells can lead to loss of 

heterozygosity [127, 143]. Random mitotic segregation is a frequent process seen in somatic 

cells and also budding yeast [127, 139, 144]. Hence, not only does the repair of DSB but also the 

segregation of the chromosomes can cause LOH. 

Proposed Future Directions 

Assay Validation 

To validate the LOH assay, a tested genotype that leads to increase in LOH will be used as a 

positive control. RNaseH2 functions to remove riboncucleotides that are incorporated in the 

DNA, primarily during replication. Deleting the gene coding for catalytic subunit of RNaseH2 

(RNH201), results in an increase in rate of LOH by about 7 fold [134]. RNH201 gene will be 

studied using the Yeast Deletion Collection’s PCR based strategy. Since one of the LOH haploid 

strains already has KanMX marker (G418), NATMX4 (pAG25)[145] will be used to disrupt 

RNH201 in these strains. Following the strategy in Fig. 40, amplified NATMX4 PCR product will 

have flanking RNH201 upstream and downstream regions. This PCR product will be used for 

lithium acetate transformations of haploid LOH strains. The rnh201Δ will be confirmed by PCR 

amplifying this gene with sequencing primers A and D from Yeast Deletion Collection. 
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bp homology upstream of geneX 

NATMX4 

PCR l 50 bp homology downstream of geneX 

7 GeneX H'---_N_A_JM_ X4 _ _____.H GeneX 

Strain# 

3840 

3841 

~1.4kb 

Transform l 
MAT Locus Ploidy 

ln 

ln 

Marker 

Ura

Ura+ 

SSStttrrratatateeegygygy NNNAAATTTMMMXXX444 ooonnn aaa bbbacacacttteeeriririalalal plplplasmasmasmiiid d d iiisss PPPCCCRRR amamamplplpliiifffiiieeed d d usiusiusingng ooollliiigogogonucnucnucllleeeoootttiiidededes s s ttthathathat alalalsososo sssharharhareee hohohommmooolllooogggy y y wwwiiittthhh ttthehehe

gegegenenene tttooo bbbeee dddeeellleeettteeeddd (((RRRNNNHHH2020201)1)1)... TTThehehe PPPCCCRRR proproproddducucucttt iiisss uuusesesed d d tttooo tttrararansnsnsfffooormrmrm LLLOOOHHH hhhaplaplaploooiiiddd stststrrraiaiainnnsss...

Sequencing PCR products of candidates will be run on a 1% agarose gel for electrophoresis. 

RNH201 disrupted with NATMX4 will have ~2kb band size whereas the ones without the insert 

will be ~1.6kb as visualized on the band in Fig. 41. The black bold arrow in Fig. 41 is indicates 2 

kb on the 2-log. Positive rnh201Δ candidates are seen in lanes 1 and 4. 

FIGURE 40 RNH201Δ PCR 

Strategy NATMX4 on a ngbacterial plasmid is PCR amplified using oligonucleotides that also share homology with the 

gene to be deleted (RNH201). The PCR product is used to transform LOH haploid strains. 
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PPPCCCRRR aaammmpppllliiifffiiicccaaatttiiiooonnn ooofff RRRNNNHHH222000111 gggeeennneee iiinnn rrrnnnhhh222000111ΔΔΔ cccaaannndddiiidddaaattteeesss tttooo dddeeettteeerrrmmmiiinnneee ttthhheee dddiiisssrrruuuppptttiiiooonnn bbby y y NNNAAATTTMMMXXX... PPPrrreeessseeennnccceee ooofff NNNAAATTTMMMXXX

iii...eee... eeeffffffiiiccciiieeennnttt dddeeellleeetttiiiooonnn ooofff rrrnnnhhh222000111 wwwiiillllll gggiiivvveee 222 kkkbbb bbbaaannndddsss (((lllaaannneeesss 111 &&& 444)))... IIInnneeeffffffiiiccciiieeennnttt dddeeellleeetttiiiooonnn wwwiiillllll gggiiivvveee aaa 111...666 kkkbbb bbbaaannnddd (((lllaaannneeesss 222 &&&

333))) sssiiimmmiiilllaaarrr tttooo cccooonnntttrrrooolll (((lllaaannneeesss 555 &&& 666)))

1 2 3 4 5 6 

+ - - + C C 

1.5kb 

2kb 

FIGURE 41 RNH201Δ CONFIRMATION WITH GEL ELECTROPHORESIS 

PCR amplification of RNH201 gene in rnh201Δ candidates to determine the disruption by NATMX. Presence of NATMX 

i.e. efficient deletion of rnh201 will give 2 kb bands (lanes 1 & 4). Inefficient deletion will give a 1.6 kb band (lanes 2 & 

3) similar to control (lanes 5 & 6) 

LOH haploid strains with the deletion will be mated and assayed for LOH as described in 

experimental procedures. An increase in LOH with rnh201Δ will validate the LOH results seen 

with rnr1 alleles (Chapter 2). 
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Effect of Ribonucleotide Excision Repair on LOH with Elevated dNTP 

pools 

(This is an extension of the study proposed above). 

Ribonucleotide Excision Repair (RER) is involved in removal of ribonucleotides that are 

incorporated during DNA replication. RNase H2 nuclease incises a nick at the RNA:DNA junction 

to initiate RER. RER processes RNA primers, misincorporated NTP, R-loops. rnh201Δ (loss of the 

catalytic subunit of RNase H2) channels NTP processing by another pathway. Some of the NTP 

can be excised through an RNaseH2 independent, Topoisomerase 1 (Top1) dependent nicking 

of misincorporated NTP [146]. The processing of NTP via this other mechanism causes an 

increase in DSB to initiate recombination (for details refer to Williams et al., 2013). LOH has 

been shown to increase in rnh201Δ in LOH strains with normal cellular dNTP pools [134]. I 

predict rnh201Δ to significantly increase LOH in the presence of elevated dNTP pools. 

However, how elevated dNTP pools cope with higher DSB (generated by processing of 

incorporated NTP) in the genome has not been studied yet. Hence, rnh201Δ in rnr1 allele can 

serve as a genetic tool to potentially increase the number of DSB. This proposed study will help 

us determine fork stability in the presence of additional stress (DSB) in elevated dNTP pools 

background. It will also highlight the relationship of DNA damage/repair with RNA metabolism 

[107]. 

rnr1 alleles minus pGAL-RNR1 

The yeast strains (Chapter 2, Table 4) used in this study have two copies of RNR1 gene. The 

mutant copy is behind the RNR1 promoter followed by a tryptophan marker. 
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This design also has a (wild-type) WT RNR1 under a galactose inducible promoter (Fig. 32). It is 

possible that there will be some read-through of the RNR1 even without galactose induction 

[120]. Hence, the rnr1 alleles with imbalanced and skewed increase in dNTP pools 

(rnr1Y285F/A) and balanced increase (rnr1D57N) will be constructed. JSY 1379 (rnr1D57N), JSY 

3706 (rnr1Y285F) and 3709 (rnr1Y285F/A) have the rnr1 alleles in W303 background with a 

nourseothricin marker (NATMX) downstream of the gene. The rnr1 alleles and (NATMX) will be 

PCR amplified and transformed into LOH haploid strains as in experimental procedures. 

Candidates will be tested by sequencing rnr1 to confirm the integration and absence of any 

other mutations in the gene. Confirmed candidates of opposing mating type will be mated and 

assayed for LOH events (Chapter 2). 

Replication Fork in Elevated and Skewed dNTP pools 

The nature of replication fork and its progression has been studied in the presence of elevated 

and balanced dNTP pools (rnr1D57N) [109]. This can be determined in the presence of elevated 

and skewed dNTP pools used in this study (rnr1Y285F/A) too. This is based on the idea that 

skewed pools may affect the replication fork differently than balanced pools. One of the 

methods that can be employed is 2D gel electrophoresis [109]. This serves as a powerful visual 

tool to detect the presence of replication fork stalls and collapse. Another method that can be 

employed is molecular combining with Fluorescent in-situ Hybridization (FISH) to look at the 

formation of replication bubbles. This will provide information about the number of replication 

bubbles that are active in the presence of elevated dNTP pools. The detailed methodology for 

both the techniques can be found in Liberi et al., 2006 [147]. 
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Polymerase Proofreading Activity in the Presence of Elevated dNTP 

pools 

It is suggested that high levels of dNTP pools enable the DNA polymerases to move faster on 

the replication fork. DNA synthesis is preferred over proofreading and possibly leading to the 

mutator phenotype [148]. This can be tested by assaying for spontaneous mutations in a gene 

like CAN1 or Lys+ frameshift reporters [120]. The strains used will be DNA polymerase 

proficient and deficient in its proofreading activity both in the presence and absence of 

elevated dNTP pools. For instance, key DNA polymerase Pol δ [32] defective in its proofreading 

activity (3’-5’ exonuclease - pol3-5DV) [149] can be used to assay spontaneous mutational load. 

If elevated dNTP pools force DNA polymerase to forgo its proofreading activity, a genetic defect 

in the polymerase’s proofreading will be barely noticeable. In other words, in the presence of 

elevated dNTP pools, proofreading defective polymerase will result in significant increase in 

mutagenesis [138]. 

Characterization of Mechanism involved in LOH 

This study shows that elevated and skewed dNTP pools result in reduction of LOH via allelic 

inter-homolog recombination. This could be an indication of other DSB repair pathways playing 

a role in repairing fork stalls/collapse. 

Pulsed-field gel electrophoresis PFGE is an effective visual tool of determining double strand 

breaks and gross chromosomal rearrangements [150, 151]. This is especially useful when the 

template used for repair is different from the broken chromosome. 
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For instance, in non-allelic inter-homolog recombination (NAHR) or non-homologous end-

joining (NHEJ), recombination/ligation can change the size of the original broken chromosome 

which can be detected and analyzed by PFGE [134, 152]. 

Alternatively, a more genetic approach can also be employed. To broadly classify the repair as 

homologous recombination or non-homologous end joining, genes specific to that pathway will 

be deleted in rnr1 allele background strains and assayed for LOH. For NHEJ, Yku proteins/LIG4 

and for HR, RAD51 or RAD52 will be deleted. 

In the absence of NHEJ, the cells will have no choice but to utilize HR to repair DSB. Therefore, 

increased LOH in NHEJ defective cells would indicate that NHEJ is the preferred DSBR pathway. 

This would also explain the low LOH observed in the presence of elevated dNTP pools (results). 

This is an unlikely outcome as budding yeast uses HR as the major mechanism of DSBR and not 

NHEJ (opposite is true in mammalian cells). 

Overall, the proposed projects will help to further characterize the effects of elevated dNTP 

pools on replication fork stability. The cellular consequences of elevated dNTP pools in cancer 

cells is well studied [133]. Suggested future work will help shed some light on mechanisms that 

contribute to genomic instability in various stages of cancer development [130, 133]. 
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