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“My wife and I were watching a film on Noam Chomsky, “Is the man 

who is tall happy?” […] and Chomsky talks about: for science to move 

forward there is the willingness to be puzzled. Being puzzled means that 

you don’t know. […] When you have a puzzle, you don’t know, if you 

know the answer, it’s not a puzzle. And I have been fortunate in that, for 

whatever reason, and not always and not consistently, but by and large, I 

have been willing to be puzzled […], if we never allow ourselves to be 

puzzled, we just don’t move forward. And as long as we are willing to be 

puzzled then learning is a lifelong adventure. So, age actually doesn’t 

much come into it.” 

 

     Dr. Gabor Maté  

     Speaking at Vancouverreal 
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ABSTRACT 
 

Eukaryotic cells have two sets of genomes, the nuclear and mitochondrial, 

and both need to be accurately maintained. Also, the rate of transcription must be 

precisely regulated in these genomes. However, there are many natural barriers 

that dysregulate these processes. The aim of this thesis was to enhance our 

understanding of the Schizosaccharomyces pombe, Pif1 family helicase, Pfh1, 

and its roles in the nuclear and mitochondrial genomes.  

The S. pombe genome contains 446 predicted G-quadruplex (G4) structures. By 

circular dichroism and Thioflavin-T assay we demonstrated that sequences from 

the ribosomal DNA (rDNA) and telomeres form G4 structures in vitro. The 

recombinant nuclear isoform of Pfh1 bound and unwound these G4 structures. 

Also, by chromatin immunoprecipitation combined with quantitative PCR (ChIP-

qPCR), we showed that Pfh1 binds these sequences in vivo. This work provides 

evidence that G4 structure formation in the rDNA and telomere regions is 

biologically important and that unwinding of G4 structures is a conserved 

property of Pif1 family helicases. 

Using ChIP-seq we found that Pfh1 binds to natural fork barriers, such as highly 

transcribed genes, and nucleosome depleted regions, and that replication through 

these sites were dependent on Pfh1. By immunoaffinity precipitation combined 

with mass spectrometry, Pfh1 interacted with several replisome components, as 

well as DNA repair proteins, and mitochondrial proteins. Furthermore, Pfh1 

moved with similar kinetics as the leading strand polymerase. These findings 

suggest that Pfh1 is needed at natural fork barriers to promote fork progression, 

and that it is not just recruited to its target sites but moves with the replisome.  

Based on these findings, we anticipated that lack of Pfh1 would affect expression 

of highly transcribed genes. By performing genome-wide transcriptome analysis 

of S. pombe in the absence of Pfh1, we showed that highly transcribed genes are 

downregulated more often than other genes. Furthermore, combining absence of 

Pfh1 together with Topoisomerase 1 (Top1), resulted in slower cell growth, 

reduced DNA synthesis rate compared to single mutants, and upregulation of 

genes associated with DNA repair and apoptosis. These data suggest that, cells 

lacking both Pfh1 and Top1 have severe problem in maintaining their genomes.  

By ChIP-qPCR analysis we showed that Pfh1 and Top1 directly bind to 

mitochondrial DNA. In addition, these cells upregulated many metabolic 
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pathways and lost about 80% of their mtDNA. These data suggest that both Pfh1 

and Top1 are required for maintenance of mtDNA. This is the first evidence 

showing that Top1 is present in S. pombe mitochondria. 

In conclusion, Pfh1 directly binds mitochondrial DNA, and natural fork barriers 

in the nuclear DNA, such as G4 structures. In the nucleus, Pfh1 is part of the 

replisome. Cells lacking Pfh1 and Top1 grow slower, rapidly lose their 

mitochondrial DNA, have slower nuclear DNA synthesis, and induce apoptotic 

pathways. Finally, this thesis emphasizes the importance of both Pfh1 and Top1 

in maintaining the nuclear and mitochondrial genomes. 
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INTRODUCTION 

 

Genome 
In 1920, Hans Winkler, in his book Verbreitung und Ursache der 

Parthenogenesis im Pflanzen- und Tierreiche, (Verlag Fischer, Jena) wrote (in 

close translation): “I propose the expression Genom for the haploid chromosome 

set, which, together with the pertinent protoplasm, specifies the material 

foundations of the species ....” [1].  Today, the National Institutes of Health (NIH) 

defines genome as follow: “A genome is an organism’s complete set of DNA, 

including all of its genes. Each genome contains all of the information needed to 

build and maintain that organism” (https://ghr.nlm.nih.gov/primer/hgp/genome , 

on March 23, 2018). But, there are opinions that suggest this definition is an 

oversimplification of what is needed to build and maintain an organism, since 

“complete set of DNA” is not “all of the information needed to build and maintain 

an organism” [2]. A more detailed and comprehensive definition of genome is 

provided by DePamphilis M. L. and Bell S. D. in their book Genome Duplication: 

“The genome is the sum total of all the genetic information required to reproduce 

a particular organism. A genome contains all of the genes that encode the proteins 

and RNA molecules necessary for building and maintaining an organism, as well 

as all of the genetic information required to regulate the expression of these genes 

so that their products appear at the correct time during development, and in the 

correct cell type” [3]. Based on the current definition of genome, in addition to 

information encoded in the genome, there are also extra-genomic information like 

epigenetic control of gene regulation, that are involved in making and 

maintenance of every organism [2]. Therefore, besides the genome itself there are 

many other factors that are necessary for transforming the information encoded 

in the genome into a new organism or cellular function.  

 

Genome content 
All organisms except viruses share same kind of molecule to encode their 

genome. Deoxyribonucleic acid in double-strand form, commonly known as 

DNA duplex, forms the genetic material of all these organisms. Viruses instead, 

use double or single-strand forms of DNA or ribonucleic acid (RNA) to encode 

their genome [3]. DNA does not exist in a pure form in organisms; but in 

association with other proteins. DNA together with tightly bound proteins form 

https://ghr.nlm.nih.gov/primer/hgp/genome
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chromatin [4]. Binding these specialized proteins to DNA and folding it, 

generates a series of organized loops and coils that provides higher levels of 

organization. This inhibits the DNA from becoming an entangled coil. Further 

compression of chromatin, forms a more compact and packable structure called 

chromosome [4]. Chromosomes were discovered as the carrier of genetic 

information in cells, in 1902 [5], but two decades later when the term Genom was 

proposed by Winkler, it was still unknown whether the protein or DNA 

component of chromosomes carried the genetic information [6]. The small 

genome of viruses, archaea, and bacteria is stored in a single chromosome which 

usually is circular. But the much larger genome of eukaryotes is stored in several 

linear chromosomes [3]. In addition to that a tiny portion of their genome is stored 

in mitochondrion in animal cells and in both mitochondrion and chloroplast in 

plants [3].  

 

DNA Structure 

Like any biological polymer molecule, DNA also have several orders of 

primary, secondary and tertiary structures. Each level of DNA organization is 

important for gene regulation. Local sequence accessibility to transcribing agents 

is influenced by single nucleosomes, while large-scale accessibility to kilobases 

of DNA  is regulated by compression or de-compression of chromatin [7]. Like 

RNA and Protein, the primary structure of DNA is identical to the sequence of its 

monomer subunits [3]. For example, in DNA, the deoxyribonucleoside 

monophosphates are bound with the phosphate attached to the 5’-C of one 

nucleoside, linked to the 3’-C of another one [3]. For five decades after discovery 

of chromosome as the carrier of genetic information in 1902, it was still unknown 

to biologists, what is the structure of a DNA molecule. First evidences of the 

secondary structure of DNA was provided by Watson and Crick in their famous 

papers in 1953. Using x-ray diffraction analysis, they explained two properties of 

double strand DNA molecule, the double-helical structure of DNA and the 

complementarity of the bases in the DNA sequence [8,9]. Each DNA consists of 

two strands composed of four types of nucleotide subunits. These two chains run 

in opposite of one another in an antiparallel manner and the two chains are held 

together by hydrogen bonds connecting the bases of nucleotides [4]. Due to base-

pairing of nucleotides and their base-stacking interactions, two strands of DNA 

must turn around an axis, which forms a right-handed helix. This structure gives 

rise to the well-known double helix structure of DNA [3]. The right-handed 

double helix structure that Watson and Crick discovered is also known as B-form 
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DNA. Under physiological conditions and for a random sequence of nucleotides, 

B-form DNA is the most stable secondary structure of DNA and the standard 

point of reference for DNA properties [10]. However, more than 15 “non-B” 

DNA structures have been characterized to date [reviewed in (G. Wang and 

Vasquez 2017)]. For example, a radical form of DNA structure is Z-form DNA. 

Unlike, B-form DNA it is a left-handed double helix molecule and instead of 10.5 

base pairs per turn in B-form, there are 12 base pairs per turn in Z-form DNA 

[12].  

The tertiary structure of DNA demonstrates its three-dimensional 

positioning of atoms in the space. DNA double-helix is not a rigid bar but is 

topologically flexible and like a telephone cord it can coil and bend upon itself. 

This folding mechanism allows DNA to achieve a high level of structure 

organization, so that the DNA can be packed into a small space such as nucleus 

and meanwhile gives access to the information encoded in it [10]. One of the 

main tertiary structures of DNA is supercoiling, which is the result of DNA 

winding around its own axis. Winding of DNA, or twist, in the same direction as 

the helix creates positive supercoil, while winding in the opposite direction of the 

helix introduces negative supercoils [13,14]. In addition to supercoiling of DNA 

as a result of changes in twist (Tw), another type of supercoiling is the product of 

bending or coiling of DNA in space, which is known as writhe (Wr) [15]. Twist 

and writhe are inter-convertible and total count of them in DNA molecule is 

called linking number (Lk = Tw + Wr). Therefore, Lk represents DNA topology 

in a quantitative manner and it includes number of times a DNA helix rotates 

around its axis or crosses itself. ∆Lk shows the difference between Lk and Lk0, 

linking number of a relaxed DNA. An underwound or negative supercoiled DNA 

has a negative ∆Lk, while an overwound or positive supercoiled DNA has a 

positive ∆Lk [reviewed in [16]]. Another form of a non-B tertiary structure of 

DNA is G-quadruplex (G4) DNA. This structure occurs at guanine-rich DNA 

sequences. Single stranded guanine-rich segments of DNA can fold back in a way 

that four guanines form Hoogsteen hydrogen bond, rather than more abundant 

Watson-Crick bonds, and be arranged in a planar quartet (G-quartet; guanine 

quartet). G-quartets can occur both intermolecular or intra-molecular and when 

two or more of them stack on top of one another they form G4 structures, which 

is further stabilized by monovalent cations like potassium or sodium [17].  Other 

non-canonical structure that DNA can form is a triplex structure, which consist 

of triple-helical nucleic acid interactions. Triplex structures, like G4, form by 

Hoogsteen base pairing rather than Watson-Crick base pairing. Triplexes can be 

a made of DNA, RNA  or both [18].  
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Genome Instability 
As discussed earlier genomic DNA is responsible for storing all the 

information needed for building and maintaining the organism. Genomic DNA 

codes for messenger RNA (mRNA) and other functional macromolecules and 

also should be copied accurately for a daughter cell. Therefore, maintaining the 

integrity of the DNA is crucial for cell development and survival [reviewed in 

(G. Wang and Vasquez 2017)]. Anything that will compromise genome integrity 

will lead to its instability as well, which eventually lead to damages to the cell or 

it can cause cancer or several other diseases in multicellular organisms. Genome 

instability manifests in different forms, depending on the mechanism that is 

behind it. A) Point mutations, insertion or deletions, and microsatellite expansion 

and contractions, B) variation in chromosome number, also called chromosome 

instability, C) other types of genetic alterations, including copy number variants, 

gross chromosomal rearrangements, and loss of heterozygosity [19]. These 

genetic variations are usually initiated where there is  single-stranded DNA 

(ssDNA) or double strand break (DSB) due to DNA replication stress [20]. For 

formation of most types of non-B DNA structures, e.g. G4 or triple-helix, a 

transient formation of ssDNA is one of the very first steps and it is widely 

accepted that non-B DNA-forming sequences can lead to genetic instability, 

independent of exogenous DNA damaging factors. It is shown that sequences that 

can form non-B DNA structures are enriched, and usually colocalized at mutation 

hotspots in diseases related to genome instability, like cancer [reviewed in (G. 

Wang and Vasquez 2017)].  

Sequences that can induce non-B DNA are involved in important biological 

functions. These functions include, gene regulation, DNA replication, epigenetic 

modification, recombination and chromatin structure formation [reviewed in (G. 

Wang and Vasquez 2017)] and there is an interplay between replication, 

transcription and DNA structures. While DNA transcription and replication 

promote formation of non-B DNA structures, non-B DNA structures affect 

replication and transcription of DNA reciprocally [reviewed in (G. Wang and 

Vasquez 2017)].  

Maintaining genome stability is crucial for each human cell to overcome the 

approximate amount of 10,000 DNA damaging events per day [21]. Below I will 

discuss in more detail some of the situation that replication, transcription and 

DNA structure can lead to DNA instability. 
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Replication 
DNA replication is highly conserved among all organisms from all three 

kingdoms of life. As originally proposed by Watson and Crick, all organisms 

perform a semiconservative DNA replication (Watson and Crick 1953). That 

means, one strand works as the template strand, so that a new DNA strand 

complementary to the template strand is synthesized upon it. Therefore, two 

progeny cells contain a DNA with a new strand and an old one, after completion 

of each round of DNA replication. This discovery established the first inevitable 

concept of genome duplication: unwinding the double-stranded DNA and 

synthesizing new DNA on each strand. This process will produce a Y-shaped 

structure called replication fork [3]. The replication fork produces the minimum 

amount of ssDNA during DNA replication, therefore, it reduces the risks of 

genome instability, since ssDNA is very sensitive to mechanical tension or 

enzymatic and chemical degradation [3]. DNA replication dysfunction is one of 

the major sources of genome instability and is the most vulnerable processes 

during each cell-cycle. Therefore, cells developed regulations to tightly control 

DNA replication at various stages from initiation to termination. Each origin of 

replication is activated only once per cell cycle and reloading of these origins by 

the replication machinery is prevented to avoid re-replication of DNA [20]. The 

replication fork may experience a transient or a permanent pausing known as fork 

stalling. This happens in situations that an obstacle inhibits replication fork from 

moving further. In such situation, replisome will remain with stalled fork until 

the obstacle is removed, so that the replication could restart [20,22]. In situations 

that fork stalling cannot be resolved, a permanent fork arrest can lead to DSB in 

one of the DNA strands being synthesized [reviewed in [20]]. On the contrary, 

unwinding of DNA double-helix introduces topological changes in DNA which 

eventually favors the formation of non-B DNA structures at non-B DNA forming 

sequences. The progression of replication fork at these sequences can produce 

negative supercoils that can further promote non-B DNA structure formation 

[11]. These local changes of DNA topology have other effects than just 

destabilizing the DNA structure. They can have functional consequences in 

transcriptome or replication rates of the genome. For instance, negative 

supercoiling at promoters or origins of replication can induce local melting of 

DNA duplex at these sites, and as a result facilitate the initiation of transcription 

and replication [16]. On the opposite, positive supercoils created ahead of 

transcription machinery can inhibit mRNA synthesis [23] or inhibit replication 

fork from moving forward [24].  
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Transcription 
So far, we know that all the information for building an organism is encoded 

in its genome, and this information needs to be converted into RNA or proteins 

and eventually cellular compartments to actually bring the organism into 

existence. In order to convert the information encoded in the cells into functional 

molecules they need to be expressed. That means, making a copy of a sequence 

of DNA into an RNA molecule instead of DNA molecule as it is in replication. 

This RNA molecule can carry out enzymatic reactions itself or be subjected to 

another process called translation that converts the information encoded in it into 

a protein molecule. RNA molecule is the only molecule known that is capable of 

both storing and transmission of information and also catalysis [10].  All RNA 

molecules present in an organism that uses DNA as its genome are derived from 

the information stored in its DNA. The complete set of RNA molecules 

transcribed in a cell under a given condition is called the transcriptome of the cell. 

An enzyme complex converts the information from DNA into an RNA molecule 

during act of transcription. Transcription is similar to replication in its chemical 

reactions, direction of synthesis and using DNA as template, but transcription is 

more selective and instead of the whole genome, only specific segments of DNA 

are being transcribed at any given time. Like replication, transcription also 

consists of several steps of unwinding DNA, initiation, elongation and 

termination [10].  

Transcription-associated genome instability 
Increasing evidences in the past three decades proved that transcription is not only 

gene expression but also is an important source of genetic variability in cells. This 

increased variability is due to enhanced mutations and recombination rates caused 

by transcription. In addition to transcription-associated mutation and 

transcription-associated recombination (TAR), transcription creates conditions 

for higher levels of chromosome rearrangement, DNA breaks, and chromosome 

loss. This is due to transcription’s ability to unwind DNA structure and enhance 

chromatin remodeling, which in turn makes DNA more available for genotoxic 

agents. Also, transcription itself can become a barrier to progressing DNA 

replication fork [25,26]. All such types of defects introduced into the genome are 

called transcription-associated genome instability (TAGIN) but here I mainly 

focus on TAGIN that involves changes in DNA structure that will eventually lead 

to replication and transcription conflicts and the mechanisms that cells developed 

to avoid that.  
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Like replication, during the transcription, positive supercoiling (overwinding) 

occurs ahead and negative supercoiling (underwinding) behind the advancing 

RNA polymerase (RNAP) [27]. These topological structures which can become 

further constrained due to DNA-binding proteins or chromatin loops can 

accumulate at highly transcribed genes or at transcription start or termination 

sites, specially at divergent or convergent genes, respectively [25]. Accumulation 

of negative supercoils at transcribed regions can lead to transient ssDNA behind 

the RNAP. This will increase the chances of DNA being more accessible to 

genotoxic agents and also enhance the formation of non-B DNA structures like 

G4 DNA and RNA-DNA hybrids (R-loops), which potentially can hinder DNA 

replication and cause DSB [25].   

 

Transcription replication conflicts 
Any obstacle on template DNA, that can impede replication fork progression 

can lead to replication fork pausing, which consequently can promote replication 

fork collapse and genome instability. Secondary DNA structures, DNA lesions 

and non-histone DNA-bound proteins are accounted as such obstacles. 

Transcription machineries represent an example of DNA-bound proteins and as 

it was shown in bacteria and yeast, they can hinder replication fork [25,28,29]. A 

major problem in dividing cells that leads to inefficient replication is when same 

segment of DNA needs to be replicated and transcribed simultaneously. These 

situations need to be resolved to avoid permanent replication fork stalling, one of 

many forms of replication stress which is a major starting point for genome 

instability [25]. Replication checkpoint factors promote replication fork 

stabilization by acting on stalled forks and ensuring that they remain associated 

with the template DNA, so that they remain standby until the obstacle is resolved 

and replication fork can resume replication. However, replication fork still may 

break in some situations, which will activate intra-S phase checkpoints, or DNA 

polymerases and other replication machinery proteins can dissociate from DNA, 

that will end in replication fork collapse [25].  The direction that replication and 

transcription machineries encounter one another has a great importance on the 

consequence of their collision. Depending which strand of DNA, the genes are 

being transcribed from, replication transcription collisions can occur in a head-

on orientation (transcription from the lagging strand) or co-directional orientation 

(transcription from leading strand) [25]. Even though, there are some temporal 

and spatial separation between transcription and DNA replication in eukaryotes 

[30], highly-transcribed genes like transfer RNA (tRNA), ribosomal RNA 
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(rRNA), and histone genes are still actively transcribed during the S-phase [26]. 

Therefore, encountering the transcription machinery is inevitable for the 

replication complex. It has been shown in vitro that head-on collisions have a 

stronger hinderance for replication machinery than co-directional collisions [31]. 

Replication fork pausing have been documented at regions with head-on 

replication and transcription of tRNA genes in both budding yeast and fission 

yeast [29,32]. In a plasmid recombination system based on tRNA or two repeats 

of leu2 genes, RNAP III and II transcription in a head-on encounter with 

replication fork, proved to be recombinogenic while co-directional orientation of 

these genes showed less impact on replication fork progress or TAR [26,33,34].  

Another situation that transcription can become an obstacle for replication is 

when R-loop structure is formed. R-loops form when nascent RNA anneals with 

the DNA template and create a double strand RNA-DNA hybrid and a ssDNA. 

This structure also known as co-transcriptional R-loop, is another important 

source of TAGIN [25].  As mentioned earlier, ssDNA is one of the sources of 

genome instability due to being exposed to genotoxic and other ssDNA attacking 

factors. R-loops basically can increase the single mutations incidence, and many 

experimental studies report that R-loops are involved in break-induced DNA 

instabilities, such as genome rearrangements, chromosome instability, and 

recombination. These observations suggest that there can be diverse ways that R-

loop can result in a recombinogenic DNA break. The widely accepted explanation 

is the potential ability of an R-loop to block or stall the replication fork progress 

[25]. Therefore, besides the transcription complex, the R-loop structure resulted 

from transcription can also hinder the replication machinery and add to the 

transcription replication conflicts.  

 

Avoiding head-on collisions 
Maintaining the genome integrity cannot be achieved only by high-fidelity 

replication, transcription, and repair. Therefore, other regulations exist in each 

cell to avoid the potential damages to the genome. As prevention is better than 

cure, evolution might have realized that many million years ago. In bacteria, most 

genes are oriented with same direction as replication to keep head-on collisions 

as few as possible [35]. In eukaryotes, with increased number of genes and the 

need to replicate the genome from more than one origin, the replication timing is 

tightly regulated and restricted to the S phase of the cell cycle, providing a 

temporal separation of replication and transcription. However, some genes like 
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rRNA, tRNA and histones still need to be transcribed even during the S phase. 

To avoid head-on collisions between replication and transcription machineries at 

these sites, one solution is to hold back replication fork from transcribed genes 

from one direction. This is achieved by replication fork barriers (RFBs), where 

specific proteins are bound to DNA, downstream of a highly transcribed gene 

[25,36]. One of the highly transcribed regions of genome, rDNA, shows 

conserved features in eukaryotes. The major replication start sites are restricted 

to non-transcribed spacers and at the 3’ end of each transcription unit replication 

forks become arrested via a RFB [37,38]. The RFB shows different levels of 

efficiency and polarity in different tested organisms, such as budding yeast, 

fission yeast, mouse and human. However, in all of them the majority of 

replication forks move in the same direction as transcription when passing 

through transcription regions [37]. An alternative solution for head-on replication 

transcription are replication fork pause site. Unlike RFBs that block further 

progression of an arrested fork, replication pause sites induce a temporary stalling 

of an ongoing replication fork [reviewed in [37]]. Replication fork pause (RFP) 

have been shown to be a general characteristics of tRNA genes in budding yeast 

[29]. Their polar activity makes them capable of stalling replication forks when 

their direction of movement is the opposite of tRNA transcription [29]. The polar 

activity of the RFP is proposed to arise from superhelical density. If transcription 

and replication machineries move toward one another, then the positive 

supercoiling created between them will stall them. On the other hand, if they 

move in same direction, their superhelical tensions can cancel out their effects 

[37].  

 

Resolving replication and transcription obstacles 
Avoiding genome instability cannot be established only by preventive tools 

and arrangements in the genome. Despite all the preventive measures that cell 

take to avoid potential harmful structures or collisions, there are still unwanted 

local DNA structures and obstacles that need to be resolved, so that transcription 

or replication machineries can proceed. Cells use a toolbox of enzymes, with 

which they can modify DNA structures in order to remove topological tensions 

or obstacles that can hinder transcription or replication. This tool box contains 

DNA helicases and topoisomerases, which depending on the organism their 

number and function can vary. Addressing all these enzymes is beyond the scope 

of this thesis and project, therefore, here I will briefly discuss roles of DNA 
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helicases and topoisomerases and further on introduce one protein of each family, 

which were the subject of this thesis.  

DNA helicase 
Helicases are typically described as molecular engines that can combine 

hydrolysis of a nucleoside triphosphate (NTP), which usually is an ATP, to 

unwind DNA or RNA duplex structures [39]. As a result, they are involved in 

many processes in cells that are related to nucleic acids, such as DNA replication, 

transcription, repair, translation, ribosome synthesis, and so forth [39].  Helicases 

were identified by a series of conserved motifs, that became clear to be a 

characteristic of another group of proteins called translocases. Translocases are 

able to move directionally on nucleic acid strands and helicases are a subgroup 

of them [39]. Several biochemical properties distinguish helicases from one 

another. Regulation of these properties is important for the accuracy and 

adequacy of helicase function in genomic processes. Translocation rate of 

helicases vary from few to several thousands of base pairs per second. This is 

controlled in several ways, which commonly is via interaction with an accessory 

factor. The activity of helicases is usually downregulated until they become part 

of a protein complex with which they become loaded on a specific region where 

their activity is required [39]. Directionality of the helicases determine which 

strand of the DNA duplex it should follow. Helicases move 3’ to 5’ or 5’ to 3’ 

along the strand that it has interaction with [39,40]. Most or maybe all helicases 

are processive to certain degree and some could be extremely processive. 

Processive enzymes catalyze several cycles before releasing their products, 

compared to a distributive enzyme which releases its product after each round of 

catalysis. [39]. Therefore, it is crucial for helicases to be processive, so that they 

remain bound to the nucleic acid that they are functioning on. Last but not least, 

all helicases are active enzymes, because they use NTP/deoxynucleotide (dNTP) 

to carry on their reactions [39].  Using bioinformatics techniques, helicases have 

been classified into seven superfamilies based on their conserved motifs (SF-I to 

SF-VII) [41] and further categorized into 18 subfamilies based on their polarity 

of unwinding (5’-3’ [SF-IB] and 3’-5’ [SF-IA]) [42]. Unfolding the grouping of 

helicases under each of these group is beyond the subject of this thesis, therefore, 

readers interested in the subject are recommended to read more in Singleton M. 

R. et al Annu. Rev. Biochem 2007. Throughout years of research, accumulated 

evidences suggest that helicases play an important role in maintaining genome 

integrity. Tumors and rapidly proliferating cells show increased expression of 

DNA helicases, which suggest they play a role in DNA-damaging agents 

resistance [reviewed in [40]]. Conversely, mutations that inactivate DNA helicase 
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genes are linked to genetic disorders that been shown to be connected to cancers. 

Some specific helicases, like Werner syndrome helicase (WRN), Fanconi 

anaemia group J (FANCJ), and PIF1, can unwind non-canonical DNA structures 

like G4 structures. These helicases also play important roles in repair and 

replication of telomeres. Some groups of helicases are able to remove proteins 

that are bound to DNA [reviewed in [40]]. This function can be helpful for 

removing obstacles ahead of the replication machinery. Helicases have distinctive 

roles in DNA damage response and DNA repair pathways to help cells overcome 

multiple major contributing factors for many different forms of cancers. They do 

it by DNA damage recognition, damaged strand removal, fork remodeling and 

recombination strategies to preserve genome integrity [40]. In parallel to the 

superfamilies mentioned above that helicases are categorized in, there are also 

two main groups of replicative and accessory helicases. Replicative helicases are 

responsible for unwinding of dsDNA required for genome duplication in each 

cell cycle. They are characterized by: 1) being essential for cell survival, 2) 

necessary for initiation and elongation of DNA replication, 3) they work at 

replication fork, and 4) most of them have a ring-shaped hexamer configuration 

[42]. Replicative helicases are the first part of the replication fork that meet up 

protein-bound DNA or DNA lesions, which both can stall replication fork and 

initiate genome instability [42,43]. However, sometimes removing these 

obstacles by replicative helicases fail, therefore, they need an extra help for 

clearing the way ahead of replication fork. This is achieved by aid of accessory 

helicases. In addition to that, accessory helicases play important roles in excision 

repair, DNA recombination or resolving secondary structures of DNA [reviewed 

in [42]]. Numerous mutations in genes that encode a helicase are linked to genetic 

diseases and cancers. Like Werner syndrome (WRN) , Bloom syndrome (BLM), 

Fanconi anaemia (FANCJ), Xeroderma pigmentosum (XPB), breast cancer 

predisposition (PIF1) [reviewed in [40]].  

 

Pif1 family helicases  
Pif1 helicases are members of superfamily IB helicases. Superfamily IB 

mainly involves monomeric helicases with 5’-3’ direction of activity and a 

conserved nucleotide binding motif known as “the Walker A box” or P-loop 

[41,44]. Pif1 helicases have seven conserved SFI motifs with a putative 21-

residue signature sequence between motifs II and III that is highly conserved in 

24 out of 33 eukaryotic Pif1 family helicases [44]. PIF1 gene initially was 

isolated from Saccharomyces cerevisiae more than 30 years ago [45] and 
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eventually became characterized as S. cerevisiae Pif1 (ScPif1) a mitochondrial 

DNA helicase in 1991 [46]. Later studies of ScPif1 revealed roles of this enzyme 

in both mitochondrial and nuclear genomes and its homologs have been 

investigated in parasites, yeast and mammals [44]. A homolog of PIF1 was 

discovered in S. cerevisiae by two separate research groups. One of these groups 

found the Pif1 homolog in a screen for rDNA recombination mutants, therefore 

named it ScRrm3 [44,47]. ScPif1 and ScRrm3 remain the most widely studied 

eukaryotic helicases and also of Pif1 helicase family, and most of the knowledge 

about Pif1 role in genome maintenance is coming from these two homologs. As 

a one liner comparison one can state that both proteins enhance progression of 

DNA replication past naturally occurring difficult to replicate sites, although they 

mainly carry non-overlapping functions [44]. ScPif1 is recruited to the replisome 

whenever needed, while ScRrm3 is part of the replisome and moves with 

replication fork [48,49]. ScPif1 assists fork progression at putative G4 structures, 

while ScRrm3 stands as a backup helicase at G4 motifs for ScPif1 [50]. ScPif1 

and ScRrm3 has opposite effects on replication of rDNA. While ScPif1 impedes 

fork progression at RFBs in rDNA, ScRrm3 promotes it [reviewed in [44]]. Both 

ScPif1 and ScRrm3 are involved in maintenance or repair of mtDNA, but they 

seem to have counteracting pathways for this purpose. Deleting of ScRRM3 

reverses the mtDNA decrease caused by lack of ScPif1 to some extent [44,51,52]. 

ScRrm3 seems to be mainly involved in dissociating non-nucleosomal proteins 

from DNA in nucleus. These regions are known to pause replication forks in 

absence of ScRrm3 and are known as Rrm3-sensitive sites. In S. cerevisiae 

genome, there are about 1400 Rrm3-sensitive sites. These sites include telomeres, 

tRNA genes, centromere, rDNA, transcriptional silencers, and inactive 

replication origins [reviewed in [44]].  Absence of both ScPif1 and ScRrm3 has 

similar effect on telomers and make them to become longer. In the absence of 

ScPif1 telomeres are at least about 100bp longer and if it is over expressed they 

become shorter [53]. ScPif1 inhibits telomerase by removing it from DNA ends 

[53,54]. Absence of ScRrm3 results in replication fork pausing at the telomeres 

[55]. 

Evolutionarily, there was one progenitor helicase that gave rise to multiple 

helicases with distinct functions in different organisms, more than seven in 

parasites and two in fungi. But then one of these helicases was lost, resulting in 

presence of only one Pif1 family helicase that exists in metazoans [44]. This 

knowledge opened room for further questions. Whether single Pif1 helicase in 

metazoan is more similar to ScRrm3 or ScPif1, or whether single Pif1 includes 
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functions of both ScRrm3 and ScPif1 or it developed new functions compared to 

them.  

One of the common model organisms that is used to study eukaryotic cellular 

functions is Schizosaccharomyces pombe, which diverged from S. cerevisiae 

about 1.1 billion years ago [56]. Like mammalian cells, S. pombe encodes only 

one Pif1 in its genome called “Pif1 family homolog” (Pfh1). This gives an 

advantage to S. pombe over S. cerevisiae to be used as model organism for 

studying Pif1 helicases, since it does not contain multiple homologs of Pif1 gene. 

Therefore, studying Pfh1 can provide more insights about human Pif1 homolog 

(hPif1).  

 

Pfh1 
Like other members of Pif1 family, Pfh1 translocate on DNA with 5’ to 3’ 

orientation in an ATP-dependent manner [57,58]. Pfh1 sequence is equally 

similar to both ScRrm3 and ScPif1 [58], so its functions cannot be compared to 

those helicases only by looking at their sequences [44]. Unlike S. cerevisiae and 

mouse Pif1 homologs, Pfh1+ is essential for viability of S. pombe [58,59]. S. 

pombe cells with a deleted Pfh1 are able to complete one or two rounds of cell 

cycle, but eventually they come to an arrest in G2 phase. These cells show an 

elongated shape which is a manifestation of a malfunction in replication of 

nuclear DNA [58]. The helicase activity of Pfh1 is essential for viability of cells, 

since cells with a point mutation in motif I (K338A), which is the ATP binding 

domain of the enzyme, do not survive [57,58]. Pfh1 functions in both nucleus and 

mitochondria via its two isoforms. Pfh1+ gene has at least two translational sites 

in its sequence, that carry a mitochondrial target signal (MTS) in middle [59]. In 

a study, two isoforms of Pfh1 was found by mutating the first or second AUG site 

and generating pfh1-m1 and pfh1-m21 mutants respectively. Using fluorescence 

microscopy they found that two isoforms localize either to nuclei (pfh1-m1) or to 

mitochondria (pfh1-m21) and with an higher presence in nucleoli [59]. Nucleoli 

are the sites for ribosome biogenesis and transcription of rDNA genes, therefore, 

presence of Pfh1 in nucleoli suggests that it may be critical for integrity of rDNA 

[44]. Two dimensional (2D) gel analysis of Pfh1-depleted cells showed that 

replication fork breakage and replication fork arrests increased at rDNA loci 

compared to wild type cells [32]. This suggests that Pfh1 carries similar functions 

as ScRrm3 at rDNA loci [44]. Furthermore, similar to ScRrm3, Pfh1 is also 

needed to facilitate replication at telomeres [60]. Also, like ScPif1, Pfh1 is 



 

14 
 

involved in Okazaki fragment maturation [61,62]. Replication forks migrate with 

a slower pace at rDNA, telomeres, mating type loci, and an ade6+ disrupted with 

a tRNA gene, in S. pombe [63–67]. Pfh1 binding to four tRNA genes, 5S rRNA 

genes, rDNA RFB, and mating type locus (replication terminations sequence 1 

(RTS1)) was examined using chromatin immunoprecipitation (ChIP) and higher 

binding of Pfh1 to these regions was detected compared to four genes that are not 

known to affect replication fork (gal1+, ade6+, thada, and ftp105+). In addition to 

those sites, Pfh1 was found to have higher binding to act1+ and two histone genes 

hta1+ and htb1+
 [32], which are RNAP II highly transcribed genes [68]. Further 

analysis of DNA replication by 2D gel at these highly transcribed genes showed 

that, when Pfh1 is depleted, converged forks and replication intermediates are 

more abundant at these sites compared to tested non-highly transcribed genes 

[32]. It has been shown using in vitro helicase assays that Pfh1 unwinds both 

RNA-DNA and DNA-DNA flap structures with similar efficiency [44,62]. This 

leaves possibilities that Pfh1 may resolve transcription R-loops that will 

potentially become a barrier for replication fork progression. Speaking of 

resolving secondary structures, one can wonder if Pfh1 has any function in 

resolving G4 structures. In fact, in vivo studies showed that in Pfh1-depleted cells, 

some G4 motifs cause replication forks to pause and these motifs are more likely 

to produce DSBs in DNA [69].  

 

DNA topoisomerase 
Any change in topological conformation of genome of any organism can 

bring unwanted biological consequences for it that needs to be avoided. Cells 

benefit from several mechanisms to adjust the degree of supercoiling in their 

genomes to overcome topological constrains. In chromatin of eukaryotes, 

negative supercoils are absorbed by coiling of DNA around histone proteins, so 

that one negative supercoil is absorbed per nucleosome, and consequently DNA 

carries less superhelical tensions [16,70]. Transitions from B to Z-form DNA  or 

local unwinding of DNA can also reduce local supercoiling [71]. In addition, 

when supercoils disperse along the DNA, those with opposite signs can cancel 

out each other’s superhelicity [16]. However, evolution did not only count on 

natural changes in DNA structure to relieve the topological constrains introduced 

to it. Cells also benefit from a fine selection of enzymes, which adjust DNA 

topology actively [72,73]. These enzymes are called topoisomerases and exist in 

all organisms and most of DNA viruses. They alter level of supercoiling caused 

by replication and transcription, by continuous DNA strand cleavage and 
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rejoining [16]. Topoisomerases can both secure and threaten genome integrity. 

Even though, topoisomerases reduce topological strains of the genome, the riskful 

process of making transient DNA break requires a variety of specific responses 

and repair pathways to ensure the integrity of genome [74]. Topoisomerases are 

becoming as significant factor in many variety of metabolic processes in the 

nucleus and in mitochondria as well. Investigation on topoisomerases has 

therapeutic advantages for treatment of immune disorders, cancer, neurological 

diseases and producing effective anticancer and antibacterial agents that targets 

eukaryotic and bacterial topoisomerases, respectively [reviewed in [74]]. 

Topoisomerases are divided into two families. Type I topoisomerases cleave and 

re-ligate only one strand of DNA duplex transiently while type II topoisomerases 

cleave and reseal both strands of DNA at a time. Further on, each of these families 

are divided into A and B subfamilies based on their protein structure, reaction 

outcome, DNA substrate preference and ATP and metals requirements [16]. In 

addition to these categorizations some of the DNA topoisomerases are named 

based on their discovery time (Topo I, II, III, IV, V, VI) which makes their 

grouping more confusing. However, out of the luck, all Topoisomerase Is have 

been named by odd numbers (I, III, V), and all Topoisomerase IIs were given an 

even number (II, IV, VI) and few others been given specific names like ꞷ protein, 

gyrase and reverse gyrase [75]. Members of topoisomerase families and 

subfamilies are not spread among domains of life by following a general rule. 

Some families are common in all three domains of life while others can be 

restricted to only one domain or even one species. It seems that activity of 

topoisomerase I and II originated in different protein groups for several times 

independently, and in modern organisms, their distribution does not follow 

mechanic rules, and instead is a result of the specific history of that organism 

[75].   

Since the subject of this thesis is studying human homologs of Pif1 and 

Topoisomerase I (Top1) in yeast, we focus on function of topoisomerases in 

eukaryotes and specifically Top1 in more detail. Most eukaryotes encode at least 

three topoisomerases in their genome, one from Topo IA, Topo IB, and Topo IIA 

[75]. The eukaryotic Topo IA is named Topo III and is involved in resolving 

Holiday junctions so that it prevents further DNA recombination. Topo III, to 

fulfill its functions, cooperate with RecQ-like helicases like Bloom’s syndrome 

helicases and sgs [reviewed in [75]]. The eukaryotic Topo IB, which often is 

called Topo I, was described as an untwisting enzyme initially, since it can 

resolve positive supercoils. In mammals, the encoding gene for Topo IB has 

become duplicated and one of the copies evolved into a mitochondrial Top I gene 
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[75]. The eukaryotic Topo IIA functions as a homodimer and resembles bacterial 

Topo IV in its activity. Bacterial Topo IV is similar to gyrase in its structure and 

activity, but it actually lacks the gyrase activity. Bacterial Topo IV is a better 

decatenase rather than a gyrase and relaxes positive supercoil with higher 

efficiency [reviewed in [75]]. In next section, I will specifically focus on 

Topoisomerase I (Top1), since it is the homolog of mammalian Topo IB in S. 

pombe.  

 

Topoisomerase I 
Top1 enzyme is highly conserved in both eukaryotes and prokaryotes [76]. 

It is a ubiquitous enzyme that carries multiple biological functions where 

transcription, replication and mRNA maturation meet one another [77]. Because 

DNA has limited free rotation nearby a transcription or replication complex, and 

because transcription and replication machineries cannot rotate freely around 

double-helix DNA, the DNA tends to become negatively supercoiled downstream 

of a transcription or replication forks and positively supercoiled upstream of these 

forks [77]. Top1 relaxes these supercoilings by creating a nick in DNA and 

making the broken strand able to rotate around the Top1-DNA complex. Once 

the DNA is back to its relaxed conformation, Top1 re-ligates the nicked strand 

[77]. Adequate functionality of Top1 is necessary for regulation of different 

stages of DNA replication and transcription initiation, elongation and termination 

[74]. The ultimate goal is not to resolve all the negative supercoils. Sometimes 

they should exist to some extent, to give DNA processing molecules a better 

access to the DNA. For example, a study showed that Top1 seems to become 

inactive at the transcription start sites, so that local negative supercoil is 

maintained, which in turn enhances DNA duplex melting at transcription start site 

and promoter [78]. They showed that carboxyl-terminal-domain of the largest 

subunit of RNA polymerase II (RNAPII) is a potent enhancer of TOP1 in human 

cells and degree of supercoiling is managed actively by transcription complex, so 

that DNA melts at transcription start sites, RNAPII stops at pause sites or speed 

up transcription elongation [78]. In other studies it is revealed that loss of Top1 

and Top3 in yeast or TOP1 and TOP3β in human leads to formation of R-loops 

[reviewed in [74]]. Negative supercoiling that are not resolved, can lead to 

opening of DNA behind RNAP, and subsequently nascent RNA can hybridize to 

the strand being transcribed from and form R-loop [79]. These R-loops can 

further impede transcription elongation or expose non-transcribing strand to 

DNA damages [19]. In the same way, R-loops can impede progression of 
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replication machinery and result in erroneous initiation of DNA replication. In 

yeast, it has been shown that lack of RNase H activity, which is required for 

clearance of R-loops, leads to improper initiation of replication at ribosomal 

genes and these cells do not survive without Top1 [74,80].  

In eukaryotes, mitochondrial topoisomerases are encoded in nuclear and not 

mitochondrial genome. In vertebrate, two topoisomerases TOP1mt and TOP3α 

contain a MTS at their amino terminus that specifically directs them to 

mitochondria. In addition to them two other topoisomerases are present in human 

and mouse mitochondria, TOP2α and TOP2β, which means the two former one 

are not enough for handling the mitochondrial genome integrity [reviewed in 

[74]]. Two studies on mice showed that absence of TOP1mt does not have any 

obvious phenotype unless it is challenged with conditions under which an organ 

have to combine its mtDNA mass with a high cellular proliferation. Besides, 

Top1mt-knockout embryonic fibroblasts cells, have elevated negative 

supercoiling in their mtDNA, suggesting a specific role for TOP1mt in 

mitochondria [74].  

Top1 is essential for normal development of mammalian system [81]. However, 

the activity of TOP1 can become a double-edged sword for normal cell growth 

and have negative and positive consequences on genome maintenance [76]. In 

addition to previously discussed ssDNA created as outcome of the TOP1 

function, that is prone to breaks and genotoxic factors, TOP1 creates a TOP1-

DNA cleavage complex. This occurs at the 5’ phosphate group of DNA and in 

some cases can leave the TOP1 trapped on the DNA [reviewed in [76]]. Also, 

direct involvement of TOP1 in regulation of transcription, implies that TOP1 

malfunction can alter transcriptome of cells, which can alter cellular functions. 

Therefore, it is not surprising that many diseases, such as neurodegenerative 

diseases, cancer, and autoimmune diseases, have been found to be related to 

activity and regulation of TOP1 [76].  
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AIMS 
 

The aim of this thesis was to elucidate the role of the essential Pfh1 DNA helicase 

in genome maintenance of fission yeast: 

 

Main aims of this thesis are:  

1. To study if predicted S. pombe G4 structures occur, and if so, whether 

Pfh1 can resolve those G4 structures. 

2. To study genome-wide binding of Pfh1, and when Pfh1 functions at these 

sites.  

3. To study how Pfh1 affect the transcriptome and DNA replication of S. 

pombe nuclear and mitochondrial genomes, and how topological 

constrains affect lack of Pfh1.  
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SUMMARY OF THE STUDIES 
 

Paper I. G-rich telomeric and ribosomal DNA sequences from the 

fission yeast genome form stable G-quadruplex DNA structures in 

vitro and are unwound by the Pfh1 DNA helicase 

 

We tested several G-rich motifs from rDNA and telomere regions of S. 

pombe to see if they can form G4 structures in vitro, in presence of cations and 

analyzed them with circular dichroism (CD). Our observations suggest that G-

rich sequences from S. pombe rDNA and telomeric regions can form G4 

structures. Also, we showed that K+ ions further stabilizes G4 structures of these 

motifs compared to Na+. We backed up these findings by measuring Thioflavin 

T (ThT) binding to G4 structures. Mutating single or multiple Gs from each G-

tract of these oligonucleotides showed that these oligonucleotides does not bind 

to ThT as much as wildtype, therefore, are not able to form G4 structures as stable 

as wildtype oligonucleotides. Knowing that these sequences can form G4 

structures, we asked if Pfh1 is enriched at these motifs in vivo. Using ChIP 

coupled with quantitative PCR (ChIP-qPCR) we showed that Pfh1 binds to rDNA 

and telomeres G4 and this binding is 3 to 4-fold higher in asynchronous cells 

compared to G2 arrested cells. This implies that Pfh1 is more required when they 

are replicating their genome at these sites. This also suggested that Pfh1 may be 

binding to G4 structures directly at these regions. To study whether this binding 

is due to G4 structure and not the oligonucleotide’s sequence, we purified 

recombinant nuclear isoform of Pfh1 (nPfh1) for the first time using Trx, FLAG- 

and His6-tags. A helicase dead mutant of nPfh1 was also purified for control 

experiments. nPfh1 had higher binding affinity to telomeric oligonucleotide while 

it was not folded compared to when it formed a G4 structure. This was the 

opposite when tested for rDNA oligonucleotides. Therefore, nPfh1 prefers to bind 

to rDNA G4 structures compared to telomeric G4s, in vitro. To answer the 

ultimate question, whether Pfh1 unwinds G4 structures or not, we conducted 

helicase assays on G4 structures from above oligonucleotides and showed that 

nPfh1 can unwind both rDNA and telomeric G4 structures in vitro. Interestingly, 

having Phen-DC3 which further stabilized these G4 structures did not inhibited 

nPfh1 from unwinding the rDNA G4 structures. However, telomeric G4 

structures were resolved to less extent when treated with Phen-DC3.  
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In conclusion, this study shows that rDNA and telomeric sequences of S. pombe 

form G4 structures in vitro and they have high occupancy of Pfh1 in vivo. Since 

these telomeric and rDNA regions are highly conserved, this study suggest that 

these structures have important functions in vivo. Also, this study introduces 

another efficient G4 unwinder helicase and strengthen the hypothesis of Pif1 

helicases being evolutionarily conserved as efficient G4 unwinders. 

 

Paper II. Pfh1 is an accessory replicative helicase that interacts with 

the replisome to facilitate fork progression and preserve genome 

integrity 

 

In this study we mainly searched for broader roles of Pfh1 rather than just 

single function as previous study. We investigated genomic targets of Pfh1 and 

its dynamics and mechanisms of action by genome-wide identification of its 

binding sites by performing ChIP combined with Illumina sequencing and 

proteomic analysis of proteins that interact with Pfh1. In line with our previous 

study, Pfh1 bound to GC-rich sites preferentially. Also, Pfh1 binding peaks 

showed association with previously known hard-to-replicate sites, like 5S rRNA, 

and tRNA genes. Pfh1 also did bind to highly RNAP II transcribed genes, and 

this was not an artifact of their high levels of transcription. Besides, Pfh1 was 

significantly binding to meiotic DSB hotspots, 3’ untranslated regions, 

nucleosome depleted regions (NDRs), and mating type loci. To investigate the 

genomic sites that are dependent to Pfh1 for their replication we quantified Cdc20 

(catalytic subunit of DNA polymerase ԑ [82]) occupancy in presence and absence 

of Pfh1. All the genomic features that previously shown high Pfh1 occupancy in 

wildtype cells, were also Pfh1 dependent in Pfh1-depleted cells. In addition to 

those sites, RNAP III transcribed genes were also dependent on Pfh1 for normal 

replication. Dependency of replication fork to Pfh1 for its progression suggest 

that in absence of Pfh1 there can be higher chances of DNA damages like DSBs. 

To test the hypothesis that if increased fork pausing in absence of Pfh1 was 

associated with increased DNA damage we compared peaks of phosphorylated 

H2A (γ-H2A), a marker of DNA damage sites [83], with Cdc20 peaks. In 

wildtype cells, only mating type loci and origin of replications sites overlapped 

with γ-H2A sites, while in Pfh1-depleted cells more regions, such as tRNA and 

5S rRNA genes, NDRs, meiotic DSB hotspots, origins of replication, and the 

mating type loci overlapped with γ-H2A peaks. These findings suggested two 
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hypotheses for how Pfh1 interacts with replisome. Pfh1 can be interacting with 

replisome along the DNA and remove any replication obstacle while replisome 

moves toward Pfh1-sensitive sites. Alternatively, Pfh1 could be recruited to the 

replication complex whenever needed and then dissociates from it. In the first 

scenario, Pfh1 would show similar levels of binding to both Pfh1-insensitive and 

sensitive sites along the genome, while in second situation it would show higher 

occupancy at Pfh1-sensitive sites. To investigate that, using ChIP-qPCR 

technique we quantified presence of Pfh1 and Cdc20 at three origins of 

replication and their nearby regions in S-phase synchronized cells and to Pfh1-

insensitive sites. Our ChIP data proved that Pfh1 binds at similar levels to both 

Pfh1-insensitive and -sensitive sites. In addition to these findings, our 

immunoaffinity purification mass spectrometry (IP-MS) of Pfh1-GFP in S-phase 

synchronized cells showed that multiple replisome components interact with 

Pfh1. These proteins included: 1) five subunits of MCM complex, 2) catalytic 

subunits of DNA polymerase α (DNA Pol1) and DNA polymerase ε (DNA 

Pol2/Cdc20), 3) the β subunit of DNA Pol1 (Pol12), 4) proliferating cell nuclear 

antigen (PCNA), 5) all subunits of the single strand binding replication factor A, 

6) Dna2 helicase-nuclease, and 7) two subunits of FACT complex. Also, our IP-

MS data showed that Pfh1 not only interacts with nuclear DNA replication 

complex but also with mitochondrial DNA replication such as Rim1, Rpo41, and 

Mgm101. In conclusion, these findings suggest that Pfh1 is not only recruited to 

hard-to-replicate sites only when needed but moves along with replisome and 

keeps close by the replisome during DNA replication.   

 

Paper III. Topoisomerase 1 and the Pfh1 helicase are both required 

for proper DNA synthesis 

 

Most studies on Pif1 family helicases including Pfh1, investigated how they 

affect DNA replication and genome maintenance. No studies investigated how 

Pif1 helicases affect gene expression. Since previous findings showed that Pfh1 

is enriched at RNAP II and III highly transcribed genes, we speculated that lack 

of Pfh1 should potentially affect their expression patterns. In addition, there is 

limited research on how much topological constraints of DNA have role in 

functions of Pfh1 helicase. Here in addition to studying DNA replication using 

DNA fiber stretching method, in presence and absence of Pfh1 and/or Top1, we 

investigated the transcriptome of S. pombe by RNA-sequencing (RNA-seq). 
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Initially our analysis showed that Pfh1 absence leads to 270 differentially 

expressed genes (DEGs), while this number for top1∆ and Pfh1-depleted top1∆ 

cells was 1134 and 1267 respectively. By doing gene ontology (GO) enrichment 

analysis on DEGs we searched for biological processes that were affected in 

absence of Pfh1 and/or Top1. When Pfh1 was depleted from cells DNA 

replication related GO terms were enriched among downregulated DEGs while 

DNA repair related GO terms were enriched in upregulated GO terms. In 

addition, “RNA metabolic process” GO term was enriched in downregulated 

genes which suggest there is an overall reduction in transcription in these cells, 

due to lack of Pfh1. The top1∆ cells, enriched GO terms related to both nuclear 

and mitochondrial translation in their upregulated DEGs, which also suggest that 

cells might be confronting difficulties at transcription level, therefore, trying to 

compensate for lack of transcripts by boosting translation. In Pfh1-depleted top1∆ 

condition, cells showed more drastic changes in their transcriptome. In these cells 

TOR signaling, an important pathway for regulation of cell growth, was enriched 

in downregulated DEGs, while “apoptotic process” GO term appeared in 

upregulated DEGs. We also checked for effect of Pfh1 and/or Top1 absence in 

regulation of highly transcribed genes. Downregulated DEGs of Pfh1 depletion 

condition relatively included more highly transcribed genes compared to 

downregulated DEGs in top1∆ or Pfh1-depleted top1∆ conditions. Therefore, in 

line with paper II [84], and previous studies [32] highly transcribed genes are 

highly dependent on presence of Pfh1. To investigate the DNA replication related 

GO terms that were enriched in our DEGs, we measured DNA replication ratios 

using DNA fiber stretching technique. Our results showed that either Pfh1 

depletion or Top1 deletion reduces DNA replication rates three-folds compared 

to wildtype cells, while Pfh1-depletion top1∆ reduces DNA replication rates 

about nine-fold of wildtype cells. All these findings together show that absence 

of both Pfh1 and Top1 together can have severe effects on growth of these cells.  

 

Paper IV. Top1 and Pfh1Pif1 bind and maintain the S. pombe 

mitochondrial DNA in vivo 

 

It has been shown before that Pfh1 is present in mitochondria [59] and its 

depletion leads to reduction of mtDNA copy number. Top1 has been studied 

extensively in mice and human but no evidence of it being present in S. pombe 

has been given so far. In previous manuscript we saw that lack of Pfh1 and/or 
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Top1 led to enrichment of biological process GO terms that are related to 

mitochondria. Therefore, we decided to further investigate the possibilities that 

Pfh1 and Top1 are involved in maintenance of mtDNA in S. pombe. We re-

analyzed the RNA-seq data from previous manuscript but this time looking for 

cellular component GO terms rather than biological process GO terms to find 

how mitochondria is affected. Also, we looked for metabolic pathways that were 

enriched in DEGs. Our recent analysis showed that several mitochondria related 

GO terms are enriched in DEGs in top1∆ and Pfh1-depleted top1∆ cells, but not 

when only Pfh1 is depleted. In line with that top1∆ cells showed enrichment of 

“pyruvate metabolism” pathway in their DEGs and Pfh1-depleted top1∆ cells 

showed enrichment of few more energy pathways in their DEGs.  

Next, we wanted to see if absence of Pfh1 and/or Top1 has any effect on 

maintenance of mtDNA. If mitochondria cannot replicate their DNA at adequate 

levels, they will have reduced number of mtDNA. Using qPCR we quantified the 

ratio between number of mtDNA to nuclear DNA. top1∆ cells did not show any 

change in their mtDNA copy number. Pfh1-depleted and Pfh1-depleted top1∆ 

cells started to loss their mtDNA after 12 hours of Pfh1 depletion. Pfh1-depleted 

top1∆ cells lost even more mtDNA at 48 hours of Pfh1 depletion compared to 

Pfh1-depleted cells and that suggest that absence of both Pfh1 and Top1 has a 

cumulative negative effect on maintenance of mtDNA.  

Further on, to elucidate if Pfh1 and Top1 are functioning directly on mtDNA we 

used ChIP-qPCR method to see if they bind directly to mtDNA. Our ChIP 

analysis showed that both Pfh1 and Top1 associate to both nuclear and mtDNA.  

Together, these data suggest that lack of Top1 does not compromise mtDNA 

maintenance unless it is coupled with lack of Pfh1, while lack of Pfh1 itself results 

in reduced amount of mtDNA copy numbers. 
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CONCLUSIONS 
 

In this thesis we studied different functions and targets of action of Pfh1 in 

genome. We determined if potential G4 forming sites of S. pombe genome can 

form actual G4 structures or not. Our in vitro assays showed that G-rich 

sequences obtained from rDNA and telomeres of S. pombe can form G4 

structures. Next, we showed that nuclear isoform of Pfh1 can resolve these G4 

structures even if they are further stabilized by G4 stabilizing drug, Phen-DC3. 

Our helicase assays with a helicase-dead mutant of nPfh1 showed that the enzyme 

have lost its resolving activity of G4 structures. Therefore, the effect we have 

seen is due to helicase activity of nPfh1. We showed that Pfh1 binds to G-rich 

sites in vivo and besides that it binds to its other previously known sites of action, 

like 5S rRNA, tRNA, and highly transcribed RNAP II and III genes, which all of 

them are highly dependent to Pfh1 for their proper replication. In absence of Pfh1 

there was an increase in number of DSB at these sites. Next, we determined that 

Pfh1 moves with replication complex rather than being recruited to its site of 

action when is needed. Our data showed that Pfh1 binds to several nuclear and 

mitochondrial replication complex proteins. To further put all these into test, we 

studied role of Pfh1 in transcriptome of S. pombe cells and replication of both 

nuclear and mitochondrial DNA. Our results show that highly-transcribed-genes 

are affected by lack of Pfh1 and both mitochondrial and nuclear genome confront 

difficulties replicating themselves. To challenge the cells further, we introduced 

DNA torsional stress by deleting top1+ and looked at transcriptome and 

replication rates again. Lack of both Pfh1 and Top1 together exacerbated 

replication conditions for both mitochondria and nucleus and they showed 

reduced amount of newly synthesized DNA compared to when they lack either 

Pfh1 or Top1. Also, we showed for the first time that Top1 is present in S. pombe 

mitochondria and provided more evidence that Pfh1 functions at mitochondrial 

DNA. These data together with our transcriptome analysis showed that in absence 

of Pfh1 and Top1, cells undergo extreme amount of stress and as a result of that 

activate apoptosis processes, while in absence of either of those proteins they do 

not activate apoptosis. Pfh1 and Top1, both are highly conserved among 

eukaryotes, their absence can have similar effects in human cells and can be used 

as potential therapeutic treatments for tackling genome instability diseases.  
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 یک روز ز بند عالم آزاد نیم

 یک دم زدن از وجود خود شاد نیم

 شاگردی روزگار کردم بسیار

 در کار جهان هنوز استاد نیم
 

 حکیم عمر خیام نیشابوری
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