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Preface 

This Ph.D. thesis summarizes the main results of my studies on the interplay between DNA 

topoisomerases and transcription. The work was performed from 2011 to 2015 at Aarhus University 

in the Laboratory of Genome Research, and was supervised by associate professor Anni H. Andersen. 

Most of the experiments are in vivo studies using the yeast Saccharomyces cerevisiae. 

The results in this thesis are divided into two separate lines of studies. The first describes the 

construction and applications of an in vivo system, which can be used to study collision between an 

RNA polymerase and a covalent topoisomerase-DNA cleavage complex. The second study is an 

investigation of how topoisomerases influence gene regulation by keeping the genome in an optimal 

topological state.  

The thesis consists of six chapters. Chapter 1 is a short general introduction to the scientific fields of 

DNA topoisomerases and transcription, relevant to both studies. Results regarding the collision 

system are gathered in chapter 2, while chapter 3 deals with the role of topoisomerases in gene 

regulation. At the beginning of chapters 2 and 3, a more specific introduction relevant to the individual 

projects is given. Several of the results in both chapters are presented and discussed in the form of 

manuscripts and an article, which contain their own set of references. Additional results and 

discussions not covered in the manuscripts and the article are given at the end of the two chapters. 

Chapter 4 describes materials and methods used in the studies, while appendixes are gathered in 

chapter 5. Finally, all references mentioned outside the manuscripts and the article can be found in 

chapter 6.  
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Abstract 

In the normal life of a cell, the genomic DNA will become supercoiled as a consequence of cellular 

processes like replication and transcription. If left unsolved, these topological structures can pose 

serious problems to the cell. To cope with this, DNA topoisomerases have evolved to keep the genome 

in an optimal topological state. These important enzymes influence cellular functions both directly 

and indirectly. Here, various aspects of how topoisomerases influence transcription are investigated.  

An integral step in the catalytic cycle of topoisomerases is the formation of a transient topoisomerase-

DNA cleavage complex. Endogenous sources and certain chemotherapeutic agents result in the 

stabilization of these complexes. This type of DNA damage is potentially lethal for the cell, as it 

interferes with essential cellular processes. One such process is transcription, since a DNA-bound 

topoisomerase serves as a roadblock for the moving RNA polymerase. What happens upon the 

collision between RNA polymerases and topoisomerase-DNA complexes and other protein-bound 

nicks still remain elusive. Here, we present an in vivo system, which can be used to study events 

occurring, when RNA polymerase II collides with a protein-bound nick. We find that RNA 

polymerase II stalls upon collision with the protein-bound nick, which triggers degradation of the 

polymerase by the proteasome. We furthermore demonstrate that transcription promotes repair of the 

damage, and that the tyrosyl-DNA phosphodiesterase 1 (Tdp1) enzyme is involved in this repair. As 

the protein-bound nick is introduced at a unique site in the genome, it is possible to utilize several 

biochemical assays, previously impossible with methods introducing global damage. The system thus 

has potential in studies of the wide range of events going on upon collision between the transcription 

machinery and a protein-bound nick, including the fate of the polymerase, repair of the damage, 

recruitment of factors, and chromatin remodeling. 

The DNA relaxation activity of DNA topoisomerases is also important for transcription, as the 

enzymes keep the genome in an optimal topological state for strand separation and binding of various 

factors during the transcription process. We find that deletion of topoisomerase I and II in S. 

cerevisiae results in a global reduction in transcription, while almost no effect is observed in the single 

deletion mutants. It turns out that only some genes are affected by topoisomerase deficiency, and that 

this group is dominated by inducible and chromatin regulated genes. The inducible PHO5 and GAL 

genes are investigated in more detail. We find that topoisomerase activity is required for binding of 

a transcription factor upstream of nucleosome eviction in the case of PHO5, while the enzymes are 

required for TBP binding after nucleosome eviction in the GAL genes. Our data demonstrate that 

topoisomerases are required for activation of inducible genes at different stages. 
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Dansk Resumé 

I cellens normale livscyklus vil det genomiske DNA blive supercoiled som følge af processer som 

transskription og replikation. Hvis ikke disse topologiske strukturer bliver løst, kan de udgøre 

alvorlige problemer for cellen. Heldigvis findes der enzymer kaldet DNA-topoisomeraser, som 

hjælper cellen med at opretholde genomet i en optimal topologisk tilstand. Disse vigtige enzymer 

påvirker forskellige processer i cellen, både direkte og indirekte. Her har vi undersøgt, hvordan 

topoisomeraser på forskellige måder kan påvirke transskription. 

Et vigtigt trin i topoisomerasers katalytiske aktivitet er dannelsen af et flygtigt topoisomerase-DNA 

kløvningskompleks. Disse komplekser kan blive omdannet til permanente DNA skader af forskellige 

medikamenter anvendt i kemoterapi. Denne type DNA skade er potentielt dødbringende for cellen, 

da de forstyrrer livsnødvendige processer. En af disse processer er transskription, da et 

topoisomerase-DNA kløvningskompleks kan virke som en vejspærring for transskriberende RNA-

polymeraser. Præcis hvad der sker når en RNA-polymerase møder protein-DNA komplekser som 

disse er stadig uklart. Her præsenterer vi et in vivo system, som kan bruges til at undersøge hvad der 

sker, når RNA-polymerase II kolliderer med et protein-DNA kompleks. Det viser sig, at skaden 

stopper polymerasen, og medfører dens nedbrydning af proteasomet. Derudover viser vi, at 

kollisionen fremmer reparation af skaden, og at enzymet tyrosyl-DNA phosphodiesterase 1 (Tdp1) er 

involveret i denne reparation. Protein-DNA komplekset bliver kun dannet et enkelt sted i genomet, 

som gør det muligt at anvende forskellige videnskabelige metoder, der normalt er umulige at anvende, 

når der bliver introduceret skader i hele genomet. Systemet kan derfor bruges til at studere de mange 

begivenheder der sker, når en RNA-polymerase kolliderer med et protein-DNA kompleks, herunder 

hvad der sker med polymerasen og skaden, samt hvilke enzymer der bliver rekrutteret. 

DNA-topoisomerasers evne til at reducere supercoiling er også vigtig for transskription, da det 

hjælper med at holde genomet i en tilstand der favoriserer adskillese af de to DNA strenge og binding 

af forskellige proteiner. Vi opdager, at hvis både topoisomerase I og II fjernes i gærsvampen S. 

cerevisiae, medfører det en markant nedgang i det totale transkriptionsniveau. I modsætning ses kun 

en meget lille nedgang, hvis én af topoisomeraserne fjernes. Det viser sig, at kun nogle gener er 

topoisomerase-afhængige, og at disse er karakteriseret ved at være inducerbare og reguleret af 

kromatin. For at studere dette nærmere, undersøger vi mere grundigt de inducerbare PHO5- og GAL-

gener. Det viser sig, at topoisomerase aktivitet er nødvendig for binding af en transkriptions faktor i 

PHO5-genet, mens enzymerne er nødvendige for binding af TBP i GAL-generne. Vores resultater 

viser, at topoisomeraser er nødvendige for aktivering af inducerbare gener på forskellige stadier.  
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CHAPTER 1 
 

GENERAL INTRODUCTION 
 

 

Chapter 1 - General Introduction 

 

  

This chapter aims to give a general introduction to the 
scientific fields of DNA topoisomerases and transcription. A 
more detailed introduction to the individual projects can be 
found at the beginning of chapters 2 and 3. 
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1.1. DNA topology and topoisomerases 

1.1.1. DNA Topology 

The genetic material of cells is stored in chromosomes, which often contain millions of DNA base 

pairs (bp). Due to the large size of chromosomes, the DNA can adopt an almost infinite number of 

different structural organizations. In order to better understand and describe the three-dimensional 

organization of DNA, advantage is taken of a complicated branch of mathematics called topology. 

Topology is the study of those properties of geometric forms that remain invariant under certain 

transformations, such as bending or stretching. The study of the three-dimensional organization of 

DNA is therefore called DNA topology.  

Two interlinked properties are used to describe DNA topology: twist and writhe. Twist is defined as 

the number of helical turns in a DNA double helix, while writhe describes the number of times a 

DNA molecule crosses itself. The sum of twist and writhe is defined as the linking number, another 

fundamental topological parameter of a DNA double helix, which describes how many times one of 

the DNA strands crosses the other (White, 1969). In cells, the ends of the DNA strands are often 

unable to rotate, either because they are fixed or because the DNA is inside a covalently closed circle. 

In these cases, the linking number will remain constant unless a break is introduced in the DNA. If 

no topological strain exists in the DNA, it is referred to as relaxed, and each turn of the double helix 

consist of 10.4 bp (Worcel et al., 1981). If the number of bp of each turn is changed (e.g. a change in 

twist), the linking number will likewise be changed. A decrease in linking number results in under-

winding of the DNA, and is referred to as negative supercoiling. Conversely, an increase in linking 

number causes the DNA to become overwound, and it is said to be positively supercoiled.  

 

1.1.2. Supercoiling 

In living cells, the topological state of the DNA is highly dynamic. This is partly caused by the fact 

that the values of writhe and twist can change interdependently even when the linking number is kept 

constant. Furthermore, different cellular processes change the linking number of the DNA, resulting 

in a change in superhelicity. This is both a result of enzymes which specifically alters the linking 

number of the DNA, such as DNA topoisomerases discussed in the next section, and because of DNA 

tracking enzymes (Cozzarelli et al., 2006). For example, in the process of replication, the DNA 

polymerase permanently separates the two DNA strands, resulting in overwinding of the DNA in 

front of the moving polymerase (Figure 1.1A) (Sundin and Varshavsky, 1981). In the process of 
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transcription, local positive supercoiling arises ahead of the elongating RNA polymerase, while 

negative accumulates behind, as described by the Twin-supercoiled-domain model (Figure 1.1B) (Liu 

and Wang, 1987).  

 

 

If too much positive supercoiling accumulates in the genome, processes involving DNA melting like 

replication and transcription will be inhibited, since separation of the DNA strands becomes 

increasingly more difficult (Nitiss, 1998). Negative supercoiling on the other hand will facilitate these 

processes, since the double helix is less tightly wound. For this reason, the genomes of most 

organisms are kept in a slightly underwound state (Sheinin et al., 2011). In the case of eukaryotes, 

however, the negative supercoiling is predominately stored in nucleosomes (Kouzine and Levens, 

2007; Patterton and von Holt, 1993). For this reason, enzymes that regulate nucleosome assembly or 

disassembly indirectly also regulate DNA superhelicity.  

 

Figure 1.1. Generation 
of supercoil. 
(A) Positive supercoils 
are generated in front of 
the moving DNA 
polymerase in 
replication, because the 
DNA strands are 
permanently separated. 
(B) In the process of 
transcription, local 
positive and negative 
supercoiling arises 
ahead of and behind the 
RNA polymerase, 
respectively. In both 
models, it is assumed 
that there is no free 
rotation of the DNA 
ends or the polymerases. 

RNA Polymerase

A

B

+

+-

-
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1.1.3. DNA topoisomerases 

As discussed above, cells need to remove the superhelical tension arising in DNA during cellular 

processes for continued proliferation. In 1971, James C. Wang discovered a new class of enzymes, 

the DNA topoisomerases, which are involved in the removal of superhelical tension (Wang, 1971). 

Since then, the function and mechanism of this class of enzymes have been studied extensively 

(Wang, 2002). The catalytic cycle of topoisomerases can be divided into three steps: 1) breakage of 

one or both DNA strands by nucleophilic attack of a tyrosine residue of the topoisomerase on the 

DNA phosphodiester backbone, 2) passage or rotation of a single or double-stranded DNA through 

this break to change the linking number of the DNA, and 3) religation of DNA and release of the 

topoisomerase by nucleophilic attack by the hydroxyl group of the free DNA end on the 

phosphotyrosine intermediate (Figure 1.2) (Champoux, 2001). 

Two different types of topoisomerases have been identified: type I and II. The two types of 

topoisomerases can be further divided into four subfamilies, according to their structure and 

mechanism: IA, IB, IIA, and IIB (Champoux, 2001; Wang, 2002). In eukaryotes, both type I and type 

II topoisomerases are able to relax both positively and negatively supercoiled DNA, but are unable 

to introduce supercoils. On the other hand, the prokaryotic type II topoisomerase gyrase can both 

relax positively supercoiled DNA and introduce negative supercoiling into DNA (Champoux, 2001). 

Type I topoisomerases exert their function by breaking one strand in a DNA double helix using the 

mechanism shown in Figure 1.2. For the type IA enzymes, a phosphodiester bond between an active 

site tyrosine and the 5’ end of the DNA is formed, while the type IB topoisomerases binds to the 3’ 

end (Kirkegaard and Wang, 1985; Stewart et al., 1998). For the type IB enzymes, relaxation is 

accomplished by controlled rotation of the cleaved strand around the intact strand, while relaxation 

is achieved by passage of a single stranded DNA through the break for type IA topoisomerases 

(Champoux, 2001; Wang, 1996). In both cases, the reactions occurs without an external energy source 

such as ATP. Type IA topoisomerases also need divalent cations for optimal activity (Schmidt et al., 

2010), while the type IB enzymes are able to relax supercoiling in the absence of cations (Sengupta 

et al., 2011). 
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Figure 1.2. Catalytic cycle of topoisomerases.  
Mechanism of DNA topoisomerases as demonstrated here for eukaryotic topoisomerase IB. The 
mechanism can be divided into three steps: 1) a transesterification reaction, where a tyrosyl oxygen 
of the topoisomerase attacks the phosphate backbone of one strand in a DNA double helix, thereby 
attaching itself to the DNA, 2) passage or rotation of another single or double-stranded DNA segment 
through this gap to relieve superhelical tension, and 3) another transesterification reaction, where the 
free 5’ hydroxyl attacks the phosphorous of the phophotyrosine link, restoring the DNA backbone 
(Champoux, 2001). The intermediate in this reaction is a topoisomerase that is covalently bound to 
the 3’ end of a DNA strand, through a phosphotyrosine linkage. Topoisomerase IB binds to the 3’ 
end of the DNA as illustrated here, while type II and type IA binds to the 5’ end. Blue cylinder 
represents a single or double-stranded DNA. 

 

Like the type I enzymes, the first step in the catalytic cycle of type II topoisomerases is a 

transesterification reaction as shown in Figure 1.2. However, type II topoisomerases are always 

attached to the 5’ of the broken DNA strand. Furthermore, the type II enzymes bind as a dimer, 

resulting in a DSB in the DNA, since the two enzyme subunits each cleave one DNA strand in close 

proximity (Nichols et al., 1999). After cleavage, another DNA double helix is passed through this 

gap, using the free energy released upon hydrolysis of two molecules of ATP (Liu et al., 1980; Roca 

and Wang, 1994). All type II topoisomerases require divalent metal ions for catalytic activity 
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(Deweese and Osheroff, 2010), and the cleavage reaction catalyzed by these enzymes is closely 

related to the reaction of the type IA topoisomerases (Schmidt et al., 2010). Strand passage is followed 

by two transesterification reactions, whereby the DNA is religated and the topoisomerases are 

released. If the cleaved DNA segment is the same as the segment that is passed through the break, it 

will result in a change in linking number (by either +2 or -2) and therefore in the level of supercoiling. 

If the two segments are different DNA molecules, the reaction can help untangle the DNA strands. 

This reaction is particularly important in separation of sister chromatids formed in S phase of the cell 

cycle, since the sister chromatids are catenated after replication. In addition to their role in regulating 

superhelicity, type II topoisomerases are therefore also essential in anaphase in chromosome 

segregation (Shamu and Murray, 1992).   

 

1.1.4. Topoisomerases in S. cerevisiae 

Three DNA topoisomerases exist in S. cerevisiae, but only two of them efficiently influence 

superhelicity. These are topoisomerase I (Top1) of the IB subfamily and topoisomerase II (Top2) of 

the IIA subfamily. Both enzymes can relax both positive and negative supercoiling, and Top1 and 

Top2 can therefore substitute for one another in terms of their ability to alter superhelicity. However, 

since Top1 cannot substitute for Top2 in decatenation of the sister chromatids, Top2 is essential 

during chromosomal segregation in mitosis (Holm et al., 1985). Top2 is therefore absolutely required 

for cell growth, while a Top1 deletion strain is viable (Champoux, 2001; Wang, 2002). To study the 

effect of Top2 deletion, advantage can be taken of a temperature sensitive Top2 mutant (top2ts). By 

only inactivating top2ts in the absence of replication, cellular responses to lack of Top2 can be studied 

with this strain. The last topoisomerase in S. cerevisiae is a class IA enzyme called Top3, which 

mainly is believed to function in DNA recombination (Wallis et al., 1989). Yeast cells lacking Top3 

are viable, but exhibit a slow-growth phenotype and increased levels of mitotic recombination.  
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1.2. Transcription 

1.2.1. Mechanism of transcription 

Transcription is the process where an RNA copy is generated from DNA. The central dogma states 

that the transcribed RNA is then translated into proteins, which catalyze all processes in the cell 

(Crick, 1970). Later, RNA has also been found to have catalytic properties by itself (Kruger et al., 

1982), or to have regulatory roles (Diribarne and Bensaude, 2009; Lee et al., 1993; Preker et al., 

2011). Either way, transcription is vital for all cellular processes, and as such is fundamental for all 

living organisms.  

The process itself is chemically simple, since it is basically just a series of transesterification reactions 

of the growing RNA chain and free NTPs, guided by base pairing with the bases of the DNA template. 

The reaction is catalyzed by RNA polymerases, which direct and activate the reactants. The RNA 

polymerase traverses the DNA as it synthesizes RNA, melting a stretch of ~17 bp as it moves (Figure 

1.3) (Lee and Landick, 1992).  

 

 

Figure 1.3.  Transcription bubble. 
Around 17 bp are melted by the moving RNA polymerase. The 3’ end of the growing RNA strand is 
held in position for a nucleophilic attack on a NTP molecule that is base paired with the template 
strand. 

 

Inside the transcription bubble, a short temporary DNA-RNA hybrid helix is formed to hold the free 
3’ OH group of the growing RNA strand in position to perform a nucleophilic attack on the alpha 
phosphate of an NTP molecule (Figure 1.4).  
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Figure 1.4. Mechanism of RNA polymerase. 
Mechanism of the nucleophilic attack. The free 3’ OH of the growing RNA strand performs a 
nucleophilic attack on the alpha phosphate group, thereby attaching itself to the NTP and releasing 
pyrophosphate.  

 

1.2.2. Transcriptional regulation 

Given the importance of transcription, it comes as no surprise that it is a highly regulated process. 

Only genes, and certain functional and regulatory RNAs, are transcribed to a significant extend. In 

prokaryotic genes, RNA polymerases bind to promoter regions and thereby activate transcription of 

the given genes. In eukaryotes, a plethora of transcription factors bind different promoter elements, 

which then recruit RNA polymerase to the promoter to form the final preinitiation complex. The 

recruitment of RNA polymerase II to promoter regions in eukaryotes is described in more detail in 

section 3.2.1. 

Besides the spatial regulation of genes, the temporal transcription in eukaryotes is also tightly 

controlled (Struhl, 1999). Some genes, like housekeeping genes, are constitutively transcribed, while 

the transcription level of regulated genes vary considerably. This transcription regulation exists so 

cells only produce the gene products that are needed, and transcription levels can differ widely 

between cells in different tissue, developmental stages, and under influence of different external 

stimuli and nutrition. Virtually every step in the transcription process can be regulated, including 

activation of the gene, preinitiation complex assembly, elongation, termination, splicing, capping, 

and mRNA export. (Carpenter et al., 2014; Pai et al., 2015). Independent of where the transcription 
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is regulated, the goal is the same: to increase or decrease the amount of active gene product (RNA or 

protein) of the specific gene. 

 

1.2.3. RNA polymerase II 

Whereas only a single RNA polymerase exists in prokaryotes, three exists in eukaryotes, called RNA 

polymerase I, II, and III (Kedinger et al., 1971; Roeder and Rutter, 1969). RNA polymerase I is 

responsible for transcription of most ribosomal RNA (Russell and Zomerdijk, 2006), while RNA 

polymerase III catalyzes transcription of small RNAs such as tRNA (Dieci et al., 2007). RNA 

polymerase II (RNAPII), which is the primary focus in this study, is responsible for transcribing 

protein-coding genes into mRNA (Myer and Young, 1998). Since the transcription of many protein-

coding genes are tightly controlled, transcription by RNAPII is often highly regulated.   

RNAPII is a 550 kDa complex consisting of the 12 subunits Rpb1-12 (Acker et al., 1997; Myer and 

Young, 1998). Of these, Rpb1 is the largest and most important, because it acts as a marker of the 

current state of the polymerase, and therefore is instrumental in regulation. More specifically, it is the 

C terminal domain (CTD) of Rpb1 that acts as a marker, since it consists of heptapeptide repeats of 
1Tyr-2Ser-3Pro-4Thr-5Ser-6Pro-7Ser (Brickey and Greenleaf, 1995). The three serines in this repeat 

can all be phosphorylated, and it is this phosphorylation pattern that marks the state of the polymerase. 

When RNAPII first binds the promoter, none of its CTD serines are phosphorylated. After full 

assembly of the preinitiation complex, Ser5 is phosphorylated, which triggers the escape of RNAPII 

from the promoter. Shortly after, Ser2 becomes phosphorylated, and both serines stay phosphorylated 

until Ser5 is dephosphorylated towards the end of the gene. RNAPII holding Ser5 phosphorylation 

(Ser5P) therefore dominates the beginning of genes, while Ser2P dominates the end of genes 

(Phatnani and Greenleaf, 2006). Ser7 phosphorylation also occurs, but appears to mainly play a role 

in transcription of small nuclear RNA (Egloff, 2012). The different phosphorylation patterns serve as 

binding scaffolds for a variety of transcription associated factors. For example, a coactivator of 

transcription initiation called Mediator recognizes the unphosphorylated version of the CTD, while 

capping enzymes recognize the Ser5P pattern. Also, factors involved in elongation recognize the 

Ser2P-Ser5P pattern, while polyadenylation factors recognize Ser2P CTD (Phatnani and Greenleaf, 

2006). The phosphorylation pattern of the CTD thus assists in the recruitment of transcription 

associated factors at the right stage of transcription. 
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CHAPTER 2 
 

A SYSTEM TO STUDY COLLISION 
BETWEEN THE TRANSCRIPTION 

APPARATUS AND A PROTEIN-BOUND 
DNA NICK 

 

 

 

Chapter 2 - A system to study RNA polymerase II collision  

In this chapter, the TC Flp-nick system is presented, which 
can be used to study collision between the transcription 
apparatus and a protein-bound nick.  
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2.1 Preface 

Endogenous and exogenous sources can convert transient topoisomerase-DNA cleavage complexes 

into permanent damages, which has the potential to interfere with cellular processes and can lead to 

cell death. It has been suggested that these protein-DNA barriers can interfere with transcription, and 

that the collision between RNA polymerases and a topoisomerase-DNA cleavage complex activates 

specific repair pathways. Understanding these events are important, both from a basic scientific point 

of view, but also for improving chemotherapy utilizing drugs that stabilize DNA-topoisomerase 

complexes. But in spite of the importance of these events, many aspects of the collision are still 

elusive. 

In this work, we have created an in vivo system in S. cerevisiae, which can be used to study the wide 

range of events occurring when RNAPII collides with a protein-bound DNA nick. We use the system 

to study the fate of RNAPII and the protein-bound nick upon collision. We find that RNAPII stalls 

and is degraded by the proteasome when it encounters a protein-DNA barrier. Furthermore, we find 

that repair of the protein-bound nick is more efficient with active transcription, and that Tdp1 is 

involved in this repair.  

An introduction to scientific topics relevant to the study is given at the beginning of the chapter. Since 

the system can be used to study DNA repair inside an active gene, the introduction is initiated with a 

section concerning transcription-coupled repair in general. Following this, more specific sections 

about protein-bound nicks are included, starting with a discussion on how drugs targeting 

topoisomerases can be used in chemotherapy. A discussion about the repair of protein-bound nicks is 

given, including a system previously developed in our lab, which can be used to study replication-

associated repair of protein-bound nicks. Finally, an introduction to possible fates of RNAPII upon 

collision with a protein-bound nick is given. 

The most important results are presented in a draft manuscript, which soon will be submitted. After 

the manuscript, a selection of additional results and discussions are included. I designed and 

performed the majority of the experiments, created the figures, and wrote the manuscript. 
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2.2. Introduction 

2.2.1. Transcription-coupled nucleotide excision repair 

Loss of genome integrity can result in changes in gene expression and the development of diseases 

such as cancer. Damages in transcribed regions are especially harmful to the cell, as it potentially can 

cause repression of genes or production of incorrect gene products. To avoid this, cells need to repair 

DNA damages arising as consequence of various external and internal stimuli. A well-studied type 

of DNA damage is bulky adducts like pyrimidine dimers, formed as a consequence of UV radiation 

or chemicals (Goodsell, 2001). An important pathway involved in repair of pyrimidine dimers is 

nucleotide excision repair (NER). In regard to this, patients suffering from the autosomal recessive 

disorder Xeroderma pigmentosum are extremely sensitive to UV light, due to mutations in genes 

involved in NER (Cleaver, 1968). Two sub-pathways of NER exist: transcription-coupled NER (TC-

NER) and global genome NER (GG-NER). TC-NER efficiently repairs transcription-blocking lesions 

in the transcribed strand of active genes, whereas GG-NER repair damages, albeit slower, in the rest 

of the genome (Hanawalt and Spivak, 2008). The damage recognition step is different for GG-NER 

and TC-NER, but once the damage is recognized, the processing of the damage requires the same 

steps and proteins (Figure 2.1). In TC-NER, the damage is recognized as the RNA polymerase stalls 

at the damage site. The recognition is dependent on the enzymes Cockayne syndrome A and B (CSA 

and CSB), as TC-NER is defective in the absence of these proteins, while GG-NER is unaffected (de 

Boer and Hoeijmakers, 2000). Patients suffering from Cockayne syndrome have mutations in the CSA 

or CSB gene, and as a result are hypersensitive to UV light, show impaired development of the 

nervous system, and display premature aging phenotypes (Venema et al., 1990). After damage 

recognition by either GG-NER or TC-NER, local unwinding of the DNA around the damage site is 

facilitated by TFIIH and other proteins. Following this, a dual incision step by the endonucleases 

XPG and ERCC1-XPF results in removal of 25-30 nucleotides DNA around the damage site. This 

paves the way for gap filling by a DNA polymerase and ligation of the SSB by DNA ligase I to restore 

the intact DNA (Figure 2.1) (Hanawalt and Spivak, 2008; Scharer, 2013).  

 



Chapter 2 - A system to study RNA polymerase II collision 

30 
 

 

Figure 2.1. Nucleotide excision repair (NER) in mammalian and yeast cells. 
GG-NER and TC-NER are two sub-pathways of NER differing in the recognition step. In GG-NER, 
the damage is recognized by DDB and XPC-HR23B, while TC-NER is dependent on RNA 
polymerase stalling, CSA, and CSB. After damage recognition, the following steps are the same. The 
DNA is separated with the help of several enzymes, including TFIIH, and 25-30 nt around the damage 
site is removed by the endonucleases XPG and ERCC1-XPF. Finally, the DNA is restored by gap 
filling and ligation by a DNA polymerase and DNA ligase I, respectively. Note that several other 
factors are involved in NER. Only a selection of the most important are shown here. Yeast homologs 
are shown in blue brackets.  

 

Besides its role in TC-NER, CSB has been suggested to be involved in several other cellular pathways 

(Aamann et al., 2013), including base excision repair (Stevnsner et al., 2008; Thorslund et al., 2005; 

Wong et al., 2007), chromatin remodeling (Newman et al., 2006), and mitochondrial transcription 

(Berquist et al., 2012). It is thus likely that some of the phenotypes associated with Cockayne 

syndrome are caused by defects in these pathways, rather than in TC-NER.  

TC-NER has been suggested to be involved in other types of DNA damage than those induced by UV 

light, including damages caused by oxidative stress (Melis et al., 2013). Furthermore, CSB and CSA 

seems to be implicated in the repair of damages arising as a consequence of treatment with the 

topoisomerase I poison camptothecin (Squires et al., 1993). This will be discussed more in detail in 

section 2.2.3, after a short introduction to the damages introduced by camptothecin. 
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2.2.2. Topoisomerases in chemotherapy 

A wide range of drugs targeting topoisomerases are utilized to treat different kinds of cancer (Li and 

Liu, 2001). This class of chemotherapeutic drugs stabilizes the otherwise transient bond between 

DNA and the topoisomerase (Figure 1.2) (Hsiang et al., 1985). In cells treated with the drugs, the 

affected topoisomerase will therefore have normal cleavage activity, while the religation step is 

inhibited, resulting in the topoisomerase being trapped on the DNA (Li and Liu, 2001). If left 

unrepaired, this kind of damage is fatal for the cell, since a covalent protein-DNA complex can 

interfere with cellular processes like transcription (Horwitz et al., 1971), and can be converted into a 

permanent double-stranded break (DSB) upon collision with the replication machinery (Tsao et al., 

1993).  

Camptothecin is a Top1-targeting drug, and its derivatives are widely used in chemotherapy 

(Pommier, 2006). They specifically inhibit the religation activity of Top1 (Hsiang et al., 1985), which 

results in a stabilization of the otherwise transient phosphotyrosine bond. Long-lived Top1-DNA 

cleavage complexes (Top1ccs) will consequently accumulate in the genome (Figure 2.2). 

Drugs targeting topoisomerases can be used in 

chemotherapy because of various characteristics of 

cancer cells (Li and Liu, 2001). For example, many 

cancer cells have higher levels of topoisomerase 

enzymatic activity, because of increased proliferation 

rates (Nygard et al., 2012). This in turn results in 

more damage being introduced, when the cells are 

treated with drugs targeting topoisomerases. 

Furthermore, cancer cells generally undergo 

replication more frequently, resulting in more 

cleavage complexes being converted into DSB (Tsao et al., 1993). Cancer cells also often have 

mutations in DNA damage repair genes, resulting in increased sensitivity to DNA damage (Pommier 

et al., 2010). Unfortunately, like most other chemotherapeutic agents, camptothecin and its 

derivatives also affect normal cells, resulting in severe side effects for patients (Bonneterre, 1995). 

Much effort is therefore being invested in optimizing the treatment, so damage to normal cells can be 

minimized.  

 

 
 
Figure 2.2. Top1cc. 
Camptothecin and its derivatives 
specifically binds to Top1-DNA cleavage 
complexes and dramatically reduces the 
speed of the religation step. This results in 
an accumulation of Top1ccs in the genome. 
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2.2.3. Repair of Top1-DNA cleavage complexes  

Since a Top1cc is a normal intermediate in the catalytic cycle of Top1 (Figure 1.2), and therefore 

reversible by nature, a Top1cc should not be viewed as a DNA damage in itself. It is only upon contact 

with other cellular processes that a permanent DNA damage occurs (Horwitz et al., 1971; Tsao et al., 

1993). Camptothecin and other drugs just stabilize the Top1cc, making it more likely that a collision 

will occur before religation. The nature of the DNA damage therefore depends on how the Top1cc is 

converted into a permanent break. For that reason, the repair mechanism of Top1cc likely differs 

substantially, depending on whether it collides with the replication or the transcription machineries 

(Li and Liu, 2001). When the replication machinery encounters a Top1cc, early studies have 

demonstrated that a DSB is introduced (Tsao et al., 1993). This seems to be limited to the case where 

Top1 is attached to the leading strand of DNA replication (Figure 2.3A). 

 

 

Figure 2.3. Consequences of collision between Top1cc and a replication fork or a transcription 
bubble. 
(A) A one-ended DSB is introduced when the DNA polymerase encounters a Top1cc on the leading 
strand of replication. (B) A SSB is generated when the RNA polymerase encounters a Top1cc on the 
template strand of transcription.   

 

In accordance with this, cells with knockout of homologues recombination (HR) factors show 

increased camptothecin sensitivity (Nitiss and Wang, 1988). HR is a pathway involved in the repair 

of DSBs, suggesting that DSBs are a result of camptothecin treatment. Furthermore, during treatment 
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with camptothecin, DSBs only occur in S phase, suggesting that the DSBs are a consequence of 

collision between Top1ccs and the replication machinery (Nielsen et al., 2009). 

A Top1cc can also be converted into an irreversible damage by collision with a transcription bubble 

(Horwitz et al., 1971). This conversion is only observed when the Top1cc is present on the template 

strand (Bendixen et al., 1990; Wu and Liu, 1997), and it has been speculated that the permanent 

damage is created because the free 5’ end is moved out of position for religation by the transcription 

bubble (Wu and Liu, 1997), as illustrated in Figure 2.3B. This SSB can later be converted into a DSB 

by collision with the replication machinery, or if breaks occur on both strands in close proximity. 

Besides being able to convert Top1ccs into permanent breaks, transcription has also been suggested 

to be involved in the repair of Top1ccs. This is based on the finding that cells from patients with 

Cockayne syndrome are hypersensitive to camptothecin (Squires et al., 1993). As discussed in section 

2.2.1., these patients have mutations in the CSA or CSB gene, which are major factors in the TC-NER 

pathway. The finding suggests that TC-NER is involved in repairing stabilized Top1ccs. It is 

noteworthy, however, that the increased sensitivity to camptothecin is abolished in these cells, if 

replication is inhibited. Therefore, CSB and CSA may only be involved in the repair of the replication 

induced DNA damage (Squires et al., 1993). The yeast homologues of CSA and CSB are Rad28 and 

Rad26, respectively. However, Rad28, unlike CSA, is dispensable for TC-NER in yeast (Bhatia et al., 

1996).  

Camptothecin treatment has been found to reduce the cellular content of Top1 (Beidler and Cheng, 

1995). Furthermore, inhibition of the proteasome has been found to abolish this downregulation, and 

Top1-ubiquitin conjugates have been detected in cells treated with camptothecin, suggesting a role 

of the ubiquitin/proteasome pathway in Top1 downregulation (Desai et al., 1997). The 

downregulation of Top1 may serve two purposes. First, a reduction in the cellular level of Top1 limits 

the further production of Top1ccs, since a reduction in Top1 activity results in fewer Top1ccs being 

formed (Beidler and Cheng, 1995). Second, the downregulation may be a direct consequence of the 

repair of Top1ccs, since the repair of Top1ccs has been suggested to cause degradation of Top1 (Desai 

et al., 1997). Results suggest that Top1 downregulation is a transcription-dependent event, since both 

ubiquitination and degradation of Top1 are abolished when global transcription is turned off (Desai 

et al., 2003). A likely scenario is that contact between the moving RNA polymerase and a Top1cc 

triggers ubiquitination of Top1 and subsequent degradation by the proteasome. A small part of Top1 

is left after degradation by the proteasome, leaving a requirement for other factors to finish the repair. 

A candidate for this is the tyrosyl-DNA phosphodiesterase (Tdp1), which can cleave a bond between 

DNA and a protein bound through a tyrosine residue (Pouliot et al., 1999). In support of this, it has 
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been found that cells with a defective Tdp1 gene have reduced capacity of repairing Top1ccs (Liu et 

al., 2002; Vance and Wilson, 2002). Furthermore, based on studies where either replication or 

transcription was inhibited, it has been suggested that this impaired repair capacity is dependent on 

transcription, indicating that Tdp1 is involved in a TCR pathway of Top1ccs (Miao et al., 2006). 

Several other factors have been suggested to be involved in the repair of Top1ccs. Most of these 

factors have been identified by treating cells lacking different factors with camptothecin, and 

measuring the level of single or double-stranded breaks globally. The identified factors include 

Rad1/10, Rad59, Srs2, and Mus81 (Liu et al., 2002; Vance and Wilson, 2002). More recently, Slx8 

has been found to be involved in the repair of Top1ccs (Heideker et al., 2011; Steinacher et al., 2013). 

Since Slx8 is a SUMO-dependent ubiquitin ligase, this finding makes it highly likely that a Top1cc 

can become SUMOylated prior to ubiquitination. Another factor that recently has been discovered to 

be involved in the repair of Top1ccs, is the metalloprotease Wss1 (Stingele et al., 2014). This factor 

seems to work in a different pathway than Tdp1, since repair of Top1ccs is almost nonexistent in a 

tdp1∆wss1∆ double deletion strain. 

All in all, a large range of different factors and pathways have been identified to be involved in the 

repair of protein-bound nicks, and more will likely be identified in the future. Furthermore, several 

of these are dependent on different cellular requirements, like transcription or replication. To 

elucidate the whole process will therefore require a substantial amount of work, but the knowledge 

will be a significant advantage in many aspects. Besides the scientific interest in elucidating cellular 

repair pathways, the knowledge will be important in cancer research. As mentioned, several 

chemotherapeutic drugs kill the cancer cells by stabilizing topoisomerase-DNA cleavage complexes. 

But the effect of the drugs is reduced due to repair by the cells. Knowledge about the repair pathways 

is therefore useful in design of more efficient treatments, for example by inhibition of repair factors. 

This would reduce the required amount of drug and exposure time, possibly resulting in less severe 

side effects for the patients.   

 

2.2.4. The Flp recombinase and the Flp-nick system 

The Flp-nick system was developed in our laboratory to study replication-coupled repair of Top1ccs 

(Nielsen et al., 2009). The system uses the recombinase Flp originating from the 2 micron plasmid of 

S. cerevisiae, where it aids the replication of the plasmid by recombination (Chan et al., 2013). The 

2 micron plasmid contains two Flp Recognition Targets (FRT) with the sequence shown in Figure 

2.4A. Two molecules of Flp can bind at each FRT site, one to the left half-site (L) and one to the right 

(R). Both Flp monomers are required for strand cleavage, as one monomer provides part of the active 
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site (in cis), while the other provides the activate site tyrosine (in trans), which is responsible for 

cleavage (Figure 2.4B). The FRT site is not completely palindromic, so cleavage will predominantly 

take place at the L half-site. If two FRT sites are present, cleavage can be followed by strand exchange 

to form a Holiday junction (Figure 2.4B). This triggers an isomerization step, which allows cutting 

and swapping of the second pair of strands at the R half-sites, thereby resolving the Holiday junction 

(Lee and Jayaram, 1997). In the process, a pair of reciprocal recombinant products are formed (Figure 

2.4B).  

Each Flp monomer specifically binds to a FRT half-site through a 3’ DNA-phosphotyrosine link, 

similar to the bond in Top1ccs (Lee and Jayaram, 1997). Due to the sequence specific action of Flp, 

it can be used as a model system to study repair of Top1ccs, with the advantage that the damage is 

introduced at a unique site in the genome, unlike treatment with camptothecin, which creates Top1ccs 

with unknown numbers and positions. The Flp-nick system takes advantage of a step-arrest mutant 

of the Flp recombinase (FlpH305L), which cleaves the DNA as wild type Flp, but is unable to 

accomplish the religation step. FlpH305L therefore forms long-lived Flp-DNA cleavage complexes 

(Flpccs) if a FRT site is present (Parsons et al., 1988). Furthermore, as cleavage most often (~80%)  

will occur at the L half-site (Lee et al., 1999), it is possible to control which strand predominantly 

gets cleaved by Flp. The combined use of a step arrest mutant and the absence of a second FRT site 

stalls the reaction, leaving only a single cleavage event. 

In the Flp-nick system, a single FRT site was integrated into the genome of the yeast S. cerevisiae, 3 

kb from the early firing origin of replication ARS607 (Figure 2.4C). The FRT site was inserted in an 

orientation, so FlpH305L predominantly binds to the leading strand during replication from ARS607 

(Nielsen et al., 2009). Furthermore, FlpH305L was integrated into the genome under control of an 

inducible GAL10 promoter (Figure 2.4C). 
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Figure 2.4. The Flp recombinase and the Flp-nick system. 
(A) DNA sequence at the FRT site. A Flp monomer can bind at each half-site (L and R). Green arrows 
indicate cleavage sites. (B) Flp-mediated strand exchange. Binding of 4 Flp monomers are required. 
The process involves cleavage at the two L half-sites, strand exchange to create a Holiday junction, 
and a second cleavage reaction at the two R half-sites to resolve the Holiday junction. (C) The Flp-
nick system. FlpH305L is under control of a GAL10 promoter, and after its expression upon galactose 
treatment, it cleaves at the FRT site resulting in a Flpcc. Flp predominantly cleaves the leading strand, 
whereby the DNA polymerase will encounter the nick from ARS607 (Nielsen et al., 2009). 
 

When galactose is added to the growth media of cells containing the Flp-nick system, a unique 

damage is introduced. Since the exact position of the single insult is known, it is possible to study 

events at the damage site, unlike experiments with global damage caused by camptothecin. Another 

advantage of the Flp-nick system is that the damage can be introduced without Top1 downregulation. 

When cells are treated with camptothecin, it can be difficult to deduce if a specific response is caused 

by the actual damage, or because of a reduction in cellular Top1 levels, affecting the global 
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superhelical tension of the DNA. In the Flp-nick system, the two responses are uncoupled, making it 

possible to study events caused by the damage alone. Studies with the Flp-nick system revealed that 

survival of Flp-nick cells depends on the same genetic requirements as cells treated with 

camptothecin. The single Flpcc was thus enough to kill cells lacking relevant repair pathways. Hence, 

Flp-nick cells with mutations in factors involved in HR (like Rad52) show a dramatic reduction in 

viability, when Flp is expressed, in agreement with the increased sensitivity to camptothecin observed 

in cells lacking HR factors. Furthermore, a one-ended DSB was observed at the FRT site only in cells 

with active replication, arguing for a use of the Flp-nick system as a model system to study the repair 

of Top1ccs. However, neither single nor double deletion mutants of Rad1 and Tdp1 showed markedly 

growth defect on galactose in Flp-nick cells, even though yeast cells lacking these two factors show 

increased camptothecin sensitivity. As suggested by the authors, an explanation for this could be that 

the processing of Top1ccs and Flpccs differs in this case (Nielsen et al., 2009). Another explanation 

could be that Rad1 and Tdp1 only are involved in a transcription-dependent repair of Top1/Flp 

cleavage complexes, therefore making the repair factors unnecessary in the Flp-nick system, where 

the damage is introduced in a non-transcribed region (Nielsen et al., 2009). In support of the latter, 

Tdp1 has been found only to be involved in the repair of Top1ccs in human cells, when active 

transcription takes place (Miao et al., 2006). 

 

2.2.5. Fate of RNA polymerase II upon collision with a protein-bound nick 

As described earlier, collision between RNAPII and a Top1cc likely promotes repair of the damage. 

But what happens with the polymerase? If the damage is on the non-template strand, the polymerase 

could in theory be able to transcribe unperturbed past the damage. However, the large protein adduct 

bound to the DNA might inhibit the progression of the polymerase even though the template strand 

is intact. If on the other hand the Top1cc is bound to the template strand, it is very unlikely that the 

polymerase can pass this damage unaided. Since Top1 is bound to the 3’ end, and RNAPII moves on 

the template strand in the 3’ → 5’ direction, the polymerase will encounter the free 5’ end. Several 

more or less likely scenarios concerning the fate of RNAPII upon collision can be envisioned, as 

depicted in Figure 2.5. 
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Figure 2.5. Possible fates of RNAPII upon collision with a Top1cc. 
Illustration of possible fates of RNAPII when it collides with a protein-bound nick. 1) Run-off, 2) 
Bypass, 3) Stalling, 4) Backtracking, 5) Degradation. Information about the individual possibilities 
can be found in the text. The possibilities are not mutually exclusive. For example, stalling or 
backtracking may be a first resort, while bypass or degradation are only executed in cases of 
prolonged existence of damage. It is likely that cells have evolved several parallel pathways to deal 
with stalled polymerases blocking DNA repair and further transcription.  

 

1) Run-off 

Since the polymerase encounters a free 5’ end, it may simply fall off the DNA, as it runs out of 

template. However, steric hindrance between RNAPII and Top1 may block polymerase progression 

prior to this. 

 

2) Bypass 

Factors may exist, which assist RNAPII in bypassing the damage. A consequence of this may be 

production of incorrect RNA, since the DNA around the damage site cannot be read. Lesion bypass 
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has been observed when the RNA polymerase encounters cyclobutane pyrimidine dimers formed by 

UV radiation in yeast cells (Walmacq et al., 2012). However, the process appears to be both slow and 

inefficient. In vitro studies in E. coli have furthermore demonstrated that RNA polymerases can 

bypass abasic sites, but not SSBs (Zhou and Doetsch, 1993) 

 

3) Stalling 

RNAPII may stop and await repair of the damage. However, this may interfere with damage repair, 

since recruitment of repair factors may be obscured due to steric hindrance. Stalling of RNAPII has 

been observed upon RNAPII collision with a Top1cc in vitro (Bendixen et al., 1990) and in vivo 

(Ljungman and Hanawalt, 1996), and upon its collision with other types of DNA damages (Ban et 

al., 2013; Selby et al., 1997).  

 

4) Backtracking 

The polymerase may backtrack to give room for repair factors at the damage site. In E. coli, it was 

found that the UvrD helicase is responsible for RNA polymerase backtracking, when the polymerase 

encounters a DNA lesion (Epshtein et al., 2014). Migration of the polymerase away from the damage 

site allows repair factors to access the lesion.  

 

5) Degradation 

RNAPII may be degraded upon encountering the damage, allowing repair factors to repair the 

damage. Several studies have demonstrated that RNAPII is degraded, when DNA damage causes it 

to stall. For example, RNAPII was shown to be ubiquitinated and degraded by the proteasome in cells 

with UV-induced damage (Ratner et al., 1998). As discussed in section 2.2.1, UV light results in an 

accumulation of pyrimidine dimers, which serve as roadblocks for the moving RNA polymerase 

(Selby et al., 1997). Prior to degradation, RNAPII is ubiquitinated, which serves as a signal for 

degradation by the proteasome (Ratner et al., 1998). After removal of the polymerase, the pyrimidine 

dimer can be repaired by repair pathways like TC-NER (Scharer, 2013). RNAPII degradation has 

also been observed when RNAPII stalling is caused by other types of damage. For example, RNAPII 

is degraded when it collides head-to-head with another RNAPII (Hobson et al., 2012) or with damages 

caused by the chemotherapeutic drug cisplatin (Jung and Lippard, 2006). Furthermore, RNA 

polymerase degradation is observed in cells treated with camptothecin (Desai et al., 2003; Khobta et 

al., 2006), which probably is a consequence of Top1cc-mediated stalling of RNAPII. However, 
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camptothecin also causes a depletion of cellular Top1 (Desai et al., 1997). It can therefore not be 

ruled out that RNAPII degradation takes place as a consequence of this.  

Studies have indicated that it is not the presence of a specific DNA damage that triggers degradation 

of RNAPII, rather stalling of the polymerase per se (Somesh et al., 2005; Wilson et al., 2013). It has 

been shown that arrested RNAPII elongation complexes are the preferred substrates for ubiquitylation 

by Def1 (Somesh et al., 2005). However, Def1 was found to be unable to ubiquitinate RNAPII when 

its CTD was phosphorylated on Ser5 (a hallmark of initiation), thereby avoiding degradation of 

RNAPII stalled in promoter regions. The study furthermore indicates that RNAPII is degraded 

whether or not stalling is damage dependent (Somesh et al., 2005). However, recent work has 

demonstrated that even though RNAPII is degraded no matter why it stalls, the pathway responsible 

for degradation differs depending on whether stalling is caused by DNA damage or not (Karakasili 

et al., 2014).   

 

  



Chapter 2 - A system to study RNA polymerase II collision 

41 
 

2.3. Manuscript: A transcription-coupled Flp-nick system to study 
responses to the collision between the transcription apparatus and a 
protein-bound nick  
A transcription-coupled Flp-nick system to study cellular responses to 

the collision between the transcription apparatus and a protein-bound 

DNA nick  

 

Morten Roedgaard, Sofie Kruse Jensen, Jacob Fredsoe, Helene Christensen, Kirstine Overgaard 

Nielsen, Lotte Bjergbaek, and Anni Hangaard Andersen1 

 

Laboratory of Genome Research, Department of Molecular Biology and Genetics, Aarhus 

University, C. F. Møllers Allé 3, DK-8000 Aarhus C, Denmark 

1Corresponding author: Tel.:  +45 8715 5472; Fax: +45 8942 2612; E-mail: aha@mbg.au.dk 

 

 

 

 

 

 

 

 

Running title: Collision between RNAPII and a protein-bound nick 

Keywords: Transcription-coupled repair, RNA polymerase II, collision, protein-bound nick, DNA 

topoisomerases, camptothecin 

 



Chapter 2 - A system to study RNA polymerase II collision 

42 
 

Abstract 

Here we present a transcription-coupled Flp-nick system (TC Flp-nick), which allows introduction of 

a stable protein-bound nick at a unique site within a controllable LacZ gene inserted in the S. 

cerevisiae genome. We show how the system can be used to study cellular responses to a collision 

between RNA polymerase II and the protein-bound nick. Furthermore we present data demonstrating 

how the TC Flp-nick system can be used to identify factors involved in repair of the introduced DNA 

damage and determine whether or not the involved repair is transcription coupled. 
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Introduction 

The ability of cells to transcribe their genomes is a prerequisite for survival for all organisms. Even 

small temporal perturbations in gene expression can have dramatic consequences for the cell, and due 

to this, damage that inhibits transcription can have profound effects on both development, cell growth, 

and survival. The existence of efficient pathways that ensure repair of damages from active genes is 

thus crucial. In vivo studies investigating how cells respond to DNA damage within active genes have 

mainly been performed using radiation and chemical agents, resulting in genome-wide damage (Miao 

et al., 2006; Vance and Wilson, 2002). One exception is an in vivo study, where an HO endonuclease 

cut site was introduced in the coding region of the ADH1 and PHO5 genes to investigate if repair of 

the generated double strand break was transcription-coupled (Chaurasia et al., 2012).  

Here we describe the transcription-coupled Flp-nick system (TC Flp-nick), where an irreversible 

protein-bound nick is inserted at a unique site in the S. cerevisiae genome. The system is based on 

our earlier presented Flp-nick system, but differs in that the protein-bound nick is inserted within a 

controllable transcription unit. The system therefore allows studies of the events occurring when RNA 

polymerase II (RNAPII) encounters the protein-bound nick. It takes advantage of the site-specific Flp 

recombinase, which catalyzes a single-stranded cleavage-religation reaction. The cleavage reaction 

is accomplished by a nucleophilic attack from an active site tyrosine on the phosphodiester backbone 

of the DNA  (Lee and Jayaram, 1997). In this process, a single-stranded break (SSB) is formed, which 

has a free 5’-hydroxyl end and Flp covalently attached to the 3’-end. We utilize the mutant FlpH305L, 

which is able to perform the cleavage reaction, but does neither accomplish the subsequent strand 

exchange nor religation reaction (Parsons et al., 1988). The mutant therefore creates long-lived Flp-

DNA cleavage complexes (Flpcc’s). Flp-mediated cleavage is similar to cleavage performed by DNA 

topoisomerase I (Top1), which is a ubiquitous enzyme that relieves topological stress in the DNA 

arising during transcription and replication (Champoux, 2001). The enzyme changes DNA topology 

by breaking and re-ligating the DNA, during which a transient Top1-DNA cleavage complex 

(Top1cc) is formed (Stewart et al., 1998). Top1cc’s have attracted much attention, since treatment of 

cells with camptothecin analogs transform these into long-lived complexes, which eventually will kill 

the cell (Hsiang et al., 1985). Camptothecin analogs are therefore used as chemotherapeutic agents 

(Pommier, 2006). Flpcc’s mimic the long-lived camptothecin stabilized Top1cc’s. In contrast to 

cleavage by Top1, Flp-mediated cleavage is site-specific, and the enzyme only cleaves the Flp 

Recognition Target (FRT) sequence (Lee and Jayaram, 1997). The exact number and positions of 

Flpcc’s can therefore be controlled by inserting FRT sequences into the genome at selected positions. 
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Furthermore, the timing of Flpcc formation can be controlled by integrating FlpH305L under control 

of an inducible promoter.  

In our system, a single FRT site has been integrated inside the open reading frame of a LacZ gene 

placed under control of the Tet-Off promoter. FlpH305L has been placed under control of the GAL10 

promoter, whereby induction of FlpH305L by addition of galactose results in a single protein-bound 

nick inside a controllable transcription unit. Since the exact location and timing of the protein-bound 

nick is known, a wide range of biochemical assays can be utilized to study the cellular responses to 

the collision between RNAPII and the damage. Here we demonstrate how the TC Flp-nick system 

can be used to investigate the destiny of RNAPII and identify factors involved in the repair of a 

protein-bound nick during transcription.  

 

Results 

A system to study the cellular responses to a collision between the transcription complex and a 

protein-bound nick  

In order to create an in vivo system allowing us to study what happens when the transcription complex 

encounters a protein-bound nick in S. cerevisiae, we constructed a modified version of the Flp-nick 

system, which we previously published (Nielsen et al., 2009). In this Transcription-Coupled Flp-Nick 

system (TC Flp-nick), a step arrest mutant of the Flp recombinase (FlpH305L) is expressed from the 

inducible GAL10 promoter (Figure 1A).  FlpH305L specifically cleaves DNA at the Flp Recognition 

Target (FRT) sequence, but is unable to perform the subsequent strand exchange and religation 

reactions (Parsons et al., 1988). Furthermore, a LacZ gene under control of a Tet-Off promoter and 

holding an FRT sequence in the open reading frame is located in chromosome VI (Figure 1A). The 

FRT sequence was inserted in an orientation that will generate a protein-bound nick predominantly 

in the coding strand, whereby RNAPII will encounter the nick upon transcription of the LacZ gene 

(Figure 1B). Addition of doxycycline to the growth media turns off the Tet-Off promoter, allowing 

comparison of events going on at the FRT site in the presence and absence of active transcription.  

The system was verified using the experimental setup demonstrated in Figure 1C. To avoid 

complications from collision of the DNA replication apparatus with the protein-bound nick, studies 

were performed with yeast cells maintained in the G1 phase of the cell cycle by treatment with α-

factor. α-factor was therefore added to exponentially growing yeast cells before induction of 
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FlpH305L by galactose and subsequent collection of samples at different time points. To examine the 

level of FlpH305L expression, RNA was extracted from the samples and analyzed by RT-qPCR. A 

250 fold increase in FlpH305L mRNA levels was revealed two hours after addition of galactose 

(Figure 1D). Western blotting with antibodies against a HA-tag fused to the C-terminal end of 

FlpH305L revealed a corresponding increase in FlpH305L protein levels upon galactose induction 

(Figure S1).  

To investigate binding of FlpH305L to the FRT site in the LacZ gene, chromatin immunoprecipitation 

(ChIP) analysis was performed with antibodies targeting the HA-tag on Flp. As the Flp recombinase 

forms long lived covalently linked protein-DNA complexes upon cleavage, the formaldehyde 

crosslinking step was omitted in the ChIP procedure (Nielsen et al., 2009). Addition of galactose to 

the growth media caused a more than 40 fold enrichment of FlpH305L at the FRT site, while no 

enrichment was observed at a control telomeric region (Figure 1E). Thus, FlpH305L forms a stable 

complex at the FRT site.  

As covalent linkage of the Flp enzyme is preceded by DNA cleavage, the ChIP experiment strongly 

suggests that Flp-mediated DNA nicking has taken place at the FRT site. To confirm this, DNA 

isolated from samples collected before and after addition of galactose was analyzed by alkaline gel 

electrophoresis after digestion with SacI. The restriction enzyme generates a 2200 bp DNA fragment 

holding the FRT site (Figure 1B), which will give rise to a cleavage product corresponding to 1400 

nucleotides upon Flp-mediated cleavage. The cleavage product was observed in samples taken after 

galactose treatment, but not in samples taken before induction of the Flp enzyme (Figure 1F). 

Furthermore, the cleavage product was absent in samples taken from yeast cells having the TC Flp-

nick system except that no FRT site was present in the LacZ gene (termed TC Flp). Taken together, 

FlpH305L specifically recognizes the inserted FRT site and generates a protein-bound nick upon 

DNA cleavage. 

Finally, qPCR was used to measure the levels of LacZ mRNA in cells grown in the presence and 

absence of doxycycline. An approximate 200 fold reduction in LacZ mRNA levels was observed 

upon treatment with doxycycline (Figure 1G), demonstrating that LacZ transcription is controllable 

in yeast cells harboring the TC Flp-nick system.  
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Use of the TC Flp-nick system to study the fate of RNAPII when it encounters a protein-bound 

nick 

To demonstrate that advantage can be taken of the TC Flp-nick system to investigate how a protein-

bound nick interferes with transcription and the fate of the RNAPII, we first used RT-qPCR to 

compare the LacZ mRNA levels obtained in the TC Flp-nick and TC Flp strains after induction of 

FlpH305L by galactose treatment. The experimental setup was as illustrated in Figure 1C. Relative 

to LacZ mRNA levels obtained with the TC-Flp strain, the level obtained with the TC Flp-nick strain 

decreased with increasing FlpH305L expression (Figure 2A). Thus, formation of the protein-bound 

nick in TC Flp-nick cells interferes with mRNA formation. To further investigate this, we used ChIP 

to measure RNAPII density in the 3’ end of LacZ in the two strains during FlpH305L induction. The 

ChIP assay revealed a decrease of approximately 40% in RNAPII density at the 3’ end in the TC Flp-

nick strain relative to the TC Flp strain after 2 hours in galactose (Figure 2B). In correlation with the 

effect of the protein-bound nick on LacZ mRNA production, the result suggests that a protein-bound 

nick inside the ORF of a gene interferes with the progression of RNAPII.  

Earlier studies have demonstrated that RNAPII stalls when it encounters a protein-bound nick in vitro 

(Bendixen et al., 1990). Furthermore, RNAPII stalling and proteasomal degradation have been 

observed in cells treated with camptothecin, which increases the amount of Top1cc’s in the cell (Desai 

et al., 1997; Desai et al., 2003). Other studies of the collision between RNAPII and protein barriers 

have demonstrated backtracking or proteasomal degradation of RNAPII after stalling (Hobson et al., 

2012; Khobta et al., 2006; Ratner et al., 1998). Since the cellular response may be different in our 

system, we investigated the fate of RNAPII when it encounters the protein-bound nick generated at 

the FRT site. If RNAPII backtracks without being degraded after encountering the protein-bound 

nick, an increase in RNAPII occupancy is expected upstream to the FRT site. In contrast, a reduction 

in RNAPII occupancy is expected if RNAPII dissociates or is degraded. To discriminate between 

these two possibilities, we applied ChIP analysis to measure the RNAPII occupancy immediately 

upstream to FRT in the TC Flp-nick and TC Flp strains. The ChIP assay revealed a reduction in 

RNAPII occupancy in the TC Flp-nick strain relative to the TC Flp strain after FlpH305L induction 

(Figure 2C), indicating that RNAPII is degraded or dissociates from the DNA after it has encountered 

the protein-bound nick.  

To examine, whether the reduction in RNAPII occupancy is due to proteasome-mediated degradation, 

we first measured the change in RNAPII occupancy before and after 120 min of galactose induction 

in TC Flp-nick cells treated with or without the proteasome inhibitor MG132. Addition of MG132 
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caused a significant increase in RNAPII occupancy at the FRT site in the LacZ gene (Figure 2D). In 

contrast, no increase in RNAPII occupancy was observed, when two control genes, PHO87 and PSE1, 

of approximately the same length as LacZ were investigated in the same cells. This indicates that 

RNAPII is subjected to proteasomal degradation, and that degradation is specific to RNAPII stalled 

at the protein-bound nick in the LacZ gene. Since proteasomal degradation of a protein in general is 

preceded by ubiquitination of the protein of interest (Hochstrasser, 1995), we next measured the 

change in RNAPII occupancy upon galactose induction in a wt TC Flp-nick strain relative to a TC 

Flp-nick strain lacking the ubiquitinase Elc1. Elc1 has earlier been demonstrated to catalyze RNAPII 

ubiquitination (Ribar et al., 2006). Like with the MG132 drug, an increase in RNAPII occupancy was 

observed at the FRT site in cells lacking the ELC1 gene, while no change was observed in the two 

control genes (Figure 2D). Thus, Elc1 is important for RNAPII removal, indicating that RNAPII is 

ubiquitinated before proteasomal degradation.  

Taken together, the obtained results demonstrate that collision between RNAPII and a protein-bound 

nick in the form of a Flpcc causes stalling and subsequent removal of the polymerase via the ubiquitin-

proteasome degradation pathway. As the TC Flp-nick system relies on the same pathways as cells 

suffering from Top1cc’s introduced genome-wide (Desai et al., 2003), the TC Flp-nick system is an 

ideal system to study the fate of RNAPII upon collision with a protein-bound nick in great molecular 

detail.  

Coupling of the TC Flp-nick system to the Anchor-away system generates an efficient system 

for studies of the repair of a protein-bound nick 

We next wanted to examine how advantage can be taken of the TC Flp-nick system to study the 

impact of transcription on repair of a protein-bound nick. Investigation of Flpcc repair requires a 

system, where Flpcc’s are generated, after which repair of these can be investigated in the presence 

or absence of transcription under conditions, where free Flp enzymes are no longer present in the 

nucleus, which can rebind at FRT after Flpcc repair. In the TC Flp-nick system, Flp synthesis and 

Flpcc formation will continue after removal of galactose until FlpH305L mRNA turnover as well as 

subsequent Flp degradation has taken place. Therefore, to make a cellular system, which allows 

controlled kinetic studies of Flpcc repair, we took advantage of the “Anchor-away” system (Haruki 

et al., 2008), where rapamycin treatment permits a rapid nuclear depletion of a target protein of 

interest. For this purpose, the TC Flp-nick system was introduced into the parental “Anchor-away” 

strain, expressing FlpH305L tagged with FRB and GFP (Figure 3A) as the target protein (TC Flp-

nick AA). We first investigated the timing of the translocation of FlpH305L from the nucleus to the 
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cytoplasm, taking advantage of the fluorescent GFP tag fused to the Flp enzyme. For this purpose we 

used an experimental setup, where the Flp enzyme was expressed for 120 minutes, after which cells 

were transferred to galactose free media with rapamycin (Figure 3B). This ensures an inhibition of 

further transcription of the FlpH305L gene as well as heterodimerization between the nuclear Flp 

enzyme and the “Anchor”-protein, with subsequent translocation of the heterodimers to the 

cytoplasm. Since the Flp enzymes engaged in Flpcc’s will be covalently linked to the DNA, these 

will remain in the nucleus after rapamycin treatment. The translocation process was followed for 60 

minutes (Figure 3C and S2). Already 20 minutes after rapamycin treatment, most of the Flp enzyme 

had been translocated to the cytoplasm as revealed by intense cytoplasmatic fluorescence (Figure 

3C). However, in control cells treated with DMSO instead of rapamycin, only nuclear staining of the 

Flp enzyme was revealed throughout the experiment. Thus, even with the high level of Flp enzyme 

generated after 120 minutes of galactose induction, the system was able to efficiently translocate a 

great part of the enzyme within a timeframe of 20 minutes. Efficient removal of FlpH305L with 

rapamycin was also reflected, when samples treated with either rapamycin or DMSO in the 

experimental setup presented in Figure 3B were investigated for Flp-mediated cleavage as in Figure 

1F (Figure S3). Cells treated with rapamycin showed almost no cleavage products 60 minutes after 

removal of galactose, indicating that nearly all cleavage complexes had been repaired. In contrast, 

cells treated with DMSO, where high levels of FlpH305L remains in the nucleus after galactose 

removal, maintained the same high level of cleavage products due to rebinding of FlpH305L after 

Flpcc repair (Figure S3). The TC Flp-nick AA system should therefore allow controlled kinetic 

studies of the repair of protein-bound nicks.  

Based on the fluorescence microscopy studies, we concluded that the optimal start point for a study 

of Flpcc repair is 20 minutes after rapamycin addition, where the risk for Flp rebinding after repair is 

significantly minimized and where cleavage products are still present in an amount allowing studies 

of their repair. Using the experimental setup illustrated in Figure 3D, Flpcc repair was followed in 

cell cultures either with or without LacZ transcription throughout the experiment. Flpcc repair was 

investigated over a time course of 60 minutes following 20 minutes of rapamycin treatment (set to 0 

minutes) by determining the level of cleavage products after alkaline gel electrophoresis and Southern 

blotting (Figure 3E). Quantification of four independent experiments showed that Flpcc repair was 

significantly more efficient in cells with ongoing LacZ transcription (Figure 3F) with a t1/2 nearly 20 

minutes lower than in the absence of transcription. This demonstrates that transcription-coupled repair 

(TCR) pathways contribute significantly to Flpcc repair as previously suggested for Top1cc, where 
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repair of Top1cc’s after camptothecin treatment was found to be lower in human cells without 

transcription (Desai et al., 2003; Miao et al., 2006). As basal transcription of LacZ still occurs in the 

presence of doxycycline (Figure 1G), TCR may still take place under these conditions. However, we 

cannot rule out that global pathways not relying on transcription contribute to Flpcc repair.  

Based on the presented data, we conclude that the TC Flp-nick AA system is an ideal system to study 

different aspects of the repair of a protein-bound nick. 

Use of the TC Flp-nick system to identify factors involved in the repair of protein-bound nicks  

We next went on to investigate if advantage can be taken of the TC Flp-nick system to identify factors 

involved in the repair of a protein-bound nick. The tyrosyl-DNA phosphodiesterase 1 (Tdp1) is a 

ubiquitous and conserved enzyme, which is known to cleave the covalent bond between the active 

site tyrosine in Top1 and the 3’-end of the DNA (Pouliot et al., 1999). We previously found that 

absence of Tdp1 does not lead to any growth defect when the replication apparatus encounters a Flpcc 

introduced in a non-transcribed region (Nielsen et al., 2009). This indicates that Tdp1 does not play 

a significant role during replication-coupled repair of a protein-bound nick. This is in agreement with 

studies in human cells, which have suggested that Tdp1 is involved in the repair of Top1cc’s in a 

transcription-dependent rather than a replication-dependent manner (Miao et al., 2006). We therefore 

used the TC Flp-nick system to address, whether Tdp1 is involved in the repair of a Flpcc when it is 

encountered by the transcription machinery. In order to do this, an experimental setup as shown in 

Figure 1C was used to measure the level of Flp-mediated cleavage before and 120 minutes after 

addition of galactose in TC Flp-nick and TC Flp-nick tdp1Δ cells undergoing LacZ transcription 

(Figure 4A). Quantification of the generated cleavage products revealed a ~50% higher level of 

cleavage products in the TC Flp-nick tdp1Δ mutant compared to the TC Flp-nick strain (Figure 4B), 

strongly indicating a role of Tdp1 in the repair of Flpcc’s under these conditions. 

A protein-removing pathway redundant to the Tdp1 repair pathway involves Rad1, a DNA 

endonuclease working in complex with Rad10 (Liu et al., 2002). We therefore tested the repair of 

Flpcc’s in TC Flp-nick rad1Δ and TC Flp-nick tdp1Δrad1Δ cells (Figure 4B). No difference was 

observed in the level of cleavage products between TC Flp-nick wild type and TC Flp-nick rad1Δ 

cells and no additional increase in the level of cleavage products was observed in TC Flp-nick 

tdp1Δrad1Δ cells compared to TC Flp-nick tdp1Δ cells. This shows that Rad1 does not act 

redundantly with Tdp1 in the repair of Flpcc’s encountered by the transcription machinery (Figure 

4B).  
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In human cells, it has been proposed that the Cockayne Syndrome group B enzyme (CSB), which is 

known to be involved in transcription-coupled nucleotide excision repair (TC-NER), is involved in 

the repair of Top1cc’s, since cells lacking CSB are hypersensitive to camptothecin (Squires et al., 

1993). We therefore tested the repair efficiency of Flpcc’s in TC Flp-nick cells lacking Rad26, the 

yeast homolog of CSB. The TC Flp-nick rad26Δ strain showed only a very modest increase in the 

level of cleavage products compared to the TC Flp-nick wild type strain (Figure 4B). The result 

indicates that Rad26 does not play a significant role in Flpcc repair, or redundant pathways exist, 

which take over in the absence of the enzyme. In conclusion, the data demonstrate that Tdp1 plays a 

significant role in the repair of Flpcc’s in agreement with its ability to remove proteins covalently 

bound to DNA (Pouliot et al., 1999). More importantly, the data demonstrate the applicability of the 

TC Flp-nick system to identify factors involved in the repair of a protein-bound nick. 
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Discussion 

Here we present the TC Flp-nick system, which can be used to study events going on, when the 

transcription machinery encounters a protein-bound nick in vivo. The system has several advantages 

compared to studies using drugs or UV-treatment, which induce global damage. The advantages are: 

1) the location of the damage is known; 2) only a single damage is generated; 3) the damage is 

inducible; and 4) the damage is generated within a controllable transcription unit. Thus, benefit can 

be taken of many biochemical assays, which are impossible or difficult to use, when damage is 

introduced globally. Furthermore, as only a single damage is generated, secondary effects, which may 

influence the cellular responses, are avoided. The fact that the damage is inducible makes it possible 

to investigate the impact of the damage in different phases of the cell cycle.  

The TC Flp-nick system allows two different kinds of studies. Due to the introduction of the damage 

in a transcription unit, the system permits an unraveling of the cellular events taking place when the 

transcription machinery encounters the damage, including studies of the fate of RNAPII. 

Furthermore, as the damage mimics a drug-stabilized Top1cc, the system can be used to identify 

repair pathways specifically associated with the repair of these complexes during transcription. In the 

present study, we have demonstrated the applicability of the TC Flp-nick system in both kinds of 

studies.  

In the TC Flp-nick system, FlpH305L preferentially cleaves and covalently binds to the template 

strand, where RNAPII will encounter the free 5’OH end. Several scenarios can be envisioned when 

this happens. RNAPII may run off, it may backtrack to allow space for proper repair, it may stall to 

await repair of the damage, or it may be degraded to allow proper repair (Bendixen et al., 1990; Desai 

et al., 2003; Walmacq et al., 2012). These possibilities are not mutually exclusive. Stalling and 

backtracking may be a first resort, while degradation may only be executed in cases of prolonged 

damage. All of these possibilities have been observed under different conditions, and cells may have 

evolved several parallel pathways to deal with stalled polymerases blocking DNA repair and further 

transcription. Stalling has been observed in several studies. This has both been observed for RNAPII 

colliding with a Top1cc in vitro (Bendixen et al., 1990) and in vivo (Ljungman and Hanawalt, 1996), 

and upon collision with other DNA damages (Ban et al., 2013; Selby et al., 1997). Several studies 

have demonstrated that RNAPII is degraded when DNA damages causes it to stall. For example, 

RNAPII was shown to be ubiquitinated and degraded by the proteasome in cells with UV-induced 

damage, where stalling occurs due to pyrimidine dimers (Ratner et al., 1998; Selby et al., 1997). 
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Degradation has also been observed when RNAPII stalling is caused by other damages, such as head-

to-head collision with another RNAPII (Hobson et al., 2012), and in cells treated with camptothecin 

(Desai et al., 2003; Khobta et al., 2006). In the latter case, degradation of RNAPII probably takes 

place due to Top1cc-mediated stalling of the polymerase. Camptothecin also causes a depletion of 

the cellular Top1 level (Beidler and Cheng, 1995). It can therefore not be ruled out that this affects 

the choice of repair pathway. Recent studies have indicated that it is not the specific damage per se, 

which triggers RNAPII degradation, but merely prolonged stalling (Somesh et al., 2005). However, 

the specific pathways responsible for the repair seem to differ between damage-dependent and 

damage-independent stalling (Karakasili et al., 2014).  

In the present study we have investigated how a Flpcc affects transcription and the fate of RNAPII. 

We find that the damage inhibits transcription and blocks the progression of RNAPII. Furthermore, 

RNAPII becomes degraded through the ubiquitin-proteasome pathway when it encounters the 

damage. Thus, the fate of RNAPII is the same in our system, as when it collides with Top1ccs (Desai 

et al., 2003; Khobta et al., 2006). This demonstrates the applicability of the TC Flp-nick system to 

perform detailed studies of what happens when RNAPII encounters a protein-bound nick. This 

includes studies of whether RNAPII backtracking occurs prior to degradation or if repair pathways 

involving RNAPII backtracking is the preferential choice if ubiquitination and proteasomal 

degradation is inhibited.  

Many different factors have been found to play a role in the repair of protein-bound nicks. This 

includes factors involved in the degradation and/or removal of the protein as well as factors important 

for repair of the resulting DNA break, including proteins engaged in homologous recombination. 

Several redundant pathways have been suggested to take part in removal of the protein. These include 

Tdp1 (Pouliot et al., 1999) and the metalloprotease Wss1 (Stingele et al., 2014), as well as 

endonucleases like Rad1/Rad10, Mre11/Rad50/Xrs2, Slx1/Slx4, and Mus81/Mms4 (Liu et al., 2002; 

Vance and Wilson, 2002). Most of these factors have been found from studies, where cells are treated 

with camptothecin, which does not allow a distinction between factors involved in replication- and/or 

transcription coupled repair. Cells from patients with Cockayne syndrome are hypersensitive to 

camptothecin (Squires et al., 1993). These patients have mutations in the Cockayne syndrome A (CSA) 

and B (CSB) genes, which are major factors in the transcription-coupled nucleotide excision repair 

(TC-NER) pathway. The increased sensitivity to camptothecin suggests that TC-NER is involved in 

the repair of stabilized Top1cc’s. It is noteworthy, however, that the increased sensitivity to 
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camptothecin is abolished in these cells, if replication is inhibited, suggesting that CSA and CSB play 

a role in replication associated repair of Top1cc’s (Squires et al., 1993). 

Using the TC Flp-nick system and the TC Flp-nick AA system with severely reduced rebinding of 

Flp after Flpcc repair, we can study TCR of a protein-bound nick in the absence of replication-

associated repair by keeping cells in the G1 phase of the cell cycle. We find that active transcription 

promotes repair of the Flpcc, and furthermore identify Tdp1 as being involved in the process. Our 

data suggest that Tdp1 is involved in transcription-coupled Flpcc repair. However, since some repair 

takes place in the absence of induced transcription in our system, we cannot rule out that Tdp1 may 

act in more global repair pathways. In our earlier study with the replication associated Flp-nick 

system, we found no involvement of Tdp1 in repair. Combined with our present finding this strongly 

suggests that its main function is in TCR of protein-bound nicks, as suggested from studies in human 

cells (Miao et al., 2006). 

In addition, we find no significant effect on Flpcc repair upon deletion of RAD26, the yeast CSB 

homolog. This supports the earlier suggestion that CSB is primarily involved in replication associated 

repair of Top1cc’s (Squires et al., 1993; Veloso et al., 2013). It remains to be investigated if Rad26 

plays a role in the Flp-nick system.  

Based on our results, we conclude that the TC Flp-nick system is highly valuable for identification of 

factors engaged in TCR of protein-bound nicks, and that it combined with the TC Flp-nick AA system 

allows an unraveling of the mechanism of action of the individual factors. Furthermore, in 

combination with the Flp-nick system, it will be possible for individual factors to differentiate 

between their contribution to transcription- and replication associated repair. Such knowledge is 

important in cancer treatment using camptothecin analogs as these drugs may be sequestered together 

with inhibitors of different repair factors, depending on the tissue destination of the drug treatment.  
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Materials and Methods 

Plasmids, yeast strains, and growth conditions 

All S. cerevisiae strains used are derivatives of W303a, and have, besides the indicated mutations, 

the following genotype: MATa ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 canI-100 Cir0. 

 

Strain Genotype Source 

LBy-448 LEU2-GAL10-FlpH305L-3xHA-HIS3 
(Nielsen et 

al., 2009) 

Ay-366 LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT This study 

Ay-399 LEU2‐GAL10‐FlpH305L‐3xHA‐HIS3, kanMX-Tetoff-LacZ::FRT, rad26::HPH This study 

Ay-426 
LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT, 

tdp1::URA3 
This study 

Ay-427 
LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT, 

rad1::TRP1 
This study 

Ay-428 
LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT, 

tdp1::URA3, rad1::TRP1 
This study 

Ay-430 LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ::FRT This study 

Ay-432 LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ::FRT, tdp1::URA3 This study 

Ay-441 LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ::FRT, rad26::URA3 This study 

Ay-442 
LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT, 

rad26::HPH, rad28::TRP 
This study 

Ay-443 
LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ::FRT, rad26::URA3, 

rad28::TRP 
This study 

Ay-450 
LEU2-GAL10-FlpH305L-3xHA-HIS3, kanMX-Tetoff-LacZ::FRT, 

elc1::TRP1 
This study 

Ay-451 LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ::FRT, elc1::TRP1 This study 

Ay-464 LEU2-GAL10-FlpH305L, kanMX-Tetoff-LacZ This study 

Ay-471 
LEU2-GAL10-FlpH305L-FRB-GFP, kanMX-Tetoff-LacZ::FRT, tor1-1 

fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP 
This study 
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The original TC Flp nick strain (Ay-366) was constructed by linearizing the plasmid AC403 with 

EcoRV and transforming it into LBy-488. AC403 contains the LacZ gene under control of the Tet-

Off promoter with a FRT site inserted in the unique DraIII site within the LacZ open reading frame. 

Furthermore, the plasmid contains a sequence homologous to a genomic region located close to 

ARS607 on chromosome VI in the S. cerevisiae genome. This sequence holds the unique EcoRV site 

used for linearization. The plasmid contains a kanamycin selection marker. 

Gene disruptions were made using pFa6a PCR-based cassettes and subsequently verified by PCR and 

phenotypic analyses. Other derivatives were made by standard techniques of mating and tetrad 

dissection. 

For most experiments, yeast strains were grown at 30°C in YP medium with 2% raffinose. In 

experiments where MG132 were used, cells were grown in synthetic media containing SDS and with 

proline as the sole nitrogen source to enhance uptake of MG132 (Liu, C., Rao, H., 2007).  The cells 

were arrested in G1 of the cell cycle with α-factor (Lipal Biochem, Zürich, Switzerland), and arrest 

was verified by FACS analysis as previously described (Nielsen, 2009) using a FACSCalibur (Becton 

Dickinson). Galactose was added to a final concentration of 3% for induction of FlpH305L.  

RT-qPCR 

For analysis of transcription levels, cells were grown as described above, and samples of 2x107 cells 

were collected at the indicated time points and stored at -80°C until use. RNA was purified with 

RNeasy (Invitrogen, Carlsbad, CA), and cDNA was made by QuantiTect Reverse Transcription Kit 

(Qiagen). Real-time PCR was performed with HOT FIREPol EvaGreen qPCR Mix Plus (ROX) qPCR 

kit (Solis Biodyne, Tartu, Estonia) and used to quantify mRNA levels, using a Stratagene MX3000 

(Agilent, Santa Clara, CA). Values were normalized to the GAPDH and Actin mRNA levels. The 

forward and reverse primers used for RT-qPCR of Flp, LacZ, GAPDH, and Actin are 

TGGGAAATTGGAGCGATAAG and CTGCCACTCCTCAATTGGAT, CGAATACCTGTTC 

CGTCA and ACTGTTTACCTTGTGGAGC, CACCAACTGTTTGGCTCCAT and TAGCAGCA 

CCGGTAGAGGAT, and GCCTTCTACGTTTCCATCCA and GGCCAAATCGATTCTCAAAA, 

respectively. 

ChIP and Western blotting 

ChIP was performed using either monoclonal antibodies against HA (Santa Cruz) to precipitate HA-

tagged FlpH305L or against the RPB1 subunit of RNAPII (ab5408 available from Abcam, 

Cambridge, UK). ChIP was performed on 2.5x108 cells as previously described (Nielsen et al., 2009). 
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The crosslinking step by formaldehyde treatment was omitted in ChIP experiments of FlpH305L-

3xHA. Furthermore, for ChIP of RNAPII, an extra washing step was used as described (Hobson et 

al., 2012). The forward and reverse primers used for ChIP of RNAPII at the 3’ end of LacZ (P1), of 

RNAPII and FlpH305L at the FRT site in LacZ (P2), of RNAPII at PHO87 and at PSE1 or of 

FlpH305L at the telomeres of chromosome VI are CGAATACCTGTTCCGTCA and 

ACTGTTTACCTTGTGGAGC, TGATTGAAGCAGAAGCCTG and TTAACGCCTCGAA 

TCAGC, AGGGTACTAAAAGACGATGA and TTATATTGCGACAAGGCTTC, and CAAC 

CGAATGGAGAGAAAGA and GATGAGGATCGTTGATGAGG, respectively. 

DNA was quantified by real-time PCR using a Stratagene MX3000 (Agilent, Santa Clara, CA) and 

performed with HOT FIREPol EvaGreen qPCR Mix Plus (ROX) qPCR kit (Solis Biodyne, Tartu, 

Estonia). All samples were measured in duplicates or triplicates to minimize technical variations.  

Western blotting of HA-tagged FlpH305L was performed with standard procedures using monoclonal 

antibodies targeting the HA-tag (Santa Cruz). 

Southern blotting 

Cells were grown as described above, and samples of 1.5 x109 cells were collected and stored at -

80°C until use. Genomic DNA was isolated using Genomic tip 20/G (Qiagen), which involves 

proteinase K treatment (final concentration of 1 mg/ml, incubation for 2 h at 37°C). DNA was 

digested with SacI, and samples were analyzed on denaturing alkaline gels, followed by transfer to a 

membrane and hybridization to a radioactive labeled probe. A marker containing DNA of 1400 and 

2200 bp was included in all gels to verify sizes of detected DNA fragments. For quantification of 

cleavage product level, the signal intensity of the band representing the 1400 nucleotide cleavage 

product was divided by the total signal from the band representing the 2200 nucleotide uncleaved 

strand and the 1400 nucleotide cleavage product.  

Anchor-away 

To avoid rebinding of FlpH305L, the anchor-away technique was used to deplete the yeast nucleus 

of FlpH305L. FlpH305L was C-terminally tagged with FRB-GFP, and the strain was mated with an 

anchor strain (HHY224) already having the ribosomal subunit RPL13 tagged with the anchor 

FKBP12 (Haruki et al., 2008). For depletion of Flp-FRB-GFP, rapamycin (Sigma-Aldrich) was added 

to a final concentration of 1 μg/mL.  
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Microscopy  

To study cellular localization of Flp-FRB-GFP, cells were fixed with 1 mL 100% methanol at -20 °C 

for 6 min. Cells were collected by centrifugation and rehydrated in 1 mL PBS containing 0.2% Tween 

20 and 20 ng/mL DAPI (Vector laboratories) in mounting medium for 5 min. Cells were collected by 

centrifugation and dissolved in 500 μL 0.5% LMP agarose. 10 μL was placed between a glass slide 

and coverslip, and images were taken with an Olympus IX73 microscope.  
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Figure 1. Verification of the TC Flp-nick system. (A) Schematic overview of the TC Flp-nick 

system. The yeast strain holds a gene expressing FlpH305L under control of the Gal10 promoter in 

chromosome II (Chr. II). Once induced by galactose, FlpH305L binds irreversible to the FRT site 

located in the open reading frame of a LacZ gene, which is placed under control of a Tet-Off promoter 

in chromosome VI. The LacZ gene is active in the absence of doxycycline, and repressed in the 

presence of doxycycline. Positions of probe used in Southern Blots and primer sets used in ChIP (P1 

and P2) are indicated. (B) Illustration of the collision between RNAPII and the Flp-mediated DNA 

nick. The FRT site is inserted in an orientation, which predominantly allows the template strand to 

be cleaved by FlpH305L. The SacI cleavage sites as well as sizes of cleavage products obtained upon 

Flp-mediated cleavage are indicated. (C) Experimental setup. Yeast cells were grown to the 

exponential phase in raffinose media and were arrested in the G1 phase of the cell cycle by α-factor. 

Galactose was added to induce FlpH305L, and samples were collected at the indicated time points. 

α, α-factor. (D) Flp mRNA levels 0, 60, and 120 min after addition of galactose. The cells were treated 

as outlined in (C) and qPCR was performed on total RNA purified from individual samples. Error 

bars, s.d. (n=3). (E) ChIP experiment to measure Flp occupancy at the FRT site 0, 60, and 120 min 

after galactose addition. Cells were treated as outlined in (C), and samples were subjected to ChIP 

analysis, using antibodies against the HA-tag on FlpH305L. The formaldehyde crosslinking step was 

omitted. Flp enrichment was calculated as immunoprecipitated material relative to beads alone. A 

primer set close to the FRT site was used to determine Flp enrichment at the FRT site (P2, see Figure 

1A and Materials and Methods), while a primer set in a telomeric region was used as control (see 

Materials and Methods). Error bars, s.d. (n=3). (F) Southern blot to detect Flp-mediated cleavage at 

the FRT site. Cells with (TC Flp-nick) or without (TC Flp) an FRT site inside LacZ were treated as 

outlined in (C). Genomic DNA was isolated from samples, digested with SacI, and exposed to 

alkaline gel electrophoresis and Southern blotting to visualize single stranded cleavage. A double-

stranded radioactive labeled probe was used to visualize the bands representing the 1400 nt cleavage 

product and the 2200 nt uncleaved strand. nt; nucleotides. (G) LacZ mRNA levels in cells grown in 

the absence and presence of 1 mM doxycycline. TC Flp-nick cells were grown o/n with or without 

1mM doxycycline and treated with α-factor as indicated in Figure 1C. After 90 minutes in α-factor, 

RNA was purified from the cells and subjected to RT-qPCR using LacZ specific primers (see 

Materials and Methods). Error bars, s.d. (n=3). 
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Figure 2. Flpcc inhibits transcription. (A) LacZ mRNA levels after addition of galactose in TC 

Flp-nick cells relative to TC Flp cells. Cells were treated as outlined in Figure 1C. Total RNA was 

purified at the indicated time points after galactose addition and the LacZ mRNA level determined 

by RT-qPCR using LacZ specific primers. The level obtained in TC Flp-nick cells was divided by 

the level obtained in TC Flp cells at the indicated time points, and the value at time point 0 was set to 

1. Error bars, s.d. (n=3). (B) ChIP experiment to measure the influence of Flpcc on RNAPII 

occupancy in the 3’ end of LacZ. TC Flp-nick or TC Flp cells were treated as outlined in Figure 1C, 

and ChIP was performed on formaldehyde cross-linked samples using antibodies against RNAPII. 

RNAPII occupancy was calculated as described in Materials and Methods using primer set P1 (see 

Figure 1A). The occupancy in the TC Flp-nick strain was normalized to the occupancy in the TC Flp 

strain, and the value at time point 0 was set to 1. Error bars, s.d. (n=3). (C) ChIP experiment to 

measure the influence of Flpcc on RNAPII occupancy just upstream to the FRT site in LacZ. The 

experiment was performed as in (B) except that ChIP was performed with primer set P2 (see Figure 

1A and Materials and Methods). Error bars, s.d. (n=3). (D) ChIP experiment to measure change in 

RNAPII occupancy after addition of galactose in TC Flp-nick cells treated with or without MG132 

or in TC Flp-nick cells with or without Elc1. Cells were treated as outlined in Figure 1C except that 

cells with or without MG132 were grown in synthetic media containing SDS and proline as the sole 

nitrogen source. Samples were collected 0 and 120 min after addition of galactose, and ChIP was 

performed after formaldehyde cross-linking using antibodies against RNAPII. RNAPII occupancy 

was measured in LacZ by use of primer set P2 and in two control genes, PHO87 and PSE1 (using 

gene specific primer sets, see Materials and Methods). The relative RNAPII occupancy was 

calculated as the difference in RNAPII occupancy before and after galactose treatment normalized to 

this difference in the TC Flp-nick strain (set to 1). Error bars, s.d. (n=3). 

 

  



Chapter 2 - A system to study RNA polymerase II collision 

62 
 

0

GFP

Time (min)

DAPI

BF

10

Rapamycin DMSO

3020 0 10 3020

BA

FD

E

C

Roedgaard_Fig3

Exponentially 

growing 

yeast culture

α
90 min 120 min

min100 6050403020

Galactose

and α

Wash into YPD

with rapa/DMSO 

and α 

Exponentially 

growing 

yeast culture
α

90 min 20 min120 min

min400 6040

200min 6040 200 60 M

2200 nt

1400 nt

40

Galactose

and α
Wash into YPD

with rapa and α 

pGal10 FRB GFPFlpH305L

Chr. II

0

25

50

75

100

125

0 20 40 60

R
el

av
tiv

e 
am

ou
nt

 o
f c

le
av

ag
e 

pr
od

uc
ts

Time (min)

-doxy

-doxy

+doxy

+doxy

0 10 3020



Chapter 2 - A system to study RNA polymerase II collision 

63 
 

Figure 3. Use of the TC Flp-nick system coupled with the Anchor-away technique to study 

transcription coupled repair of Flpcc. (A) Generation of the TC Flp-nick AA system. FlpH305L in 

the TC Flp-nick system was C terminally tagged with FRB-GFP, and the modified TC Flp-nick 

system was introduced into the parental “Anchor-away” strain, expressing the ribosomal subunit 

RPL13 tagged with the anchor FKBP12. (B) Experimental setup for fluorescence microscopic 

detection of Flp depletion from nuclei. TC Flp-nick AA cells were grown to the exponential phase in 

raffinose media and were arrested in the G1 phase of the cell cycle by α-factor. Galactose was added 

to the cells, and FlpH305L was expressed for two hours. The cells were washed into glucose media 

with rapamycin to stop expression of Flp and activate the anchor-away system. Samples were 

collected at the indicated time points. α; α-fact. (C) Fluorescence microscopic detection of the cellular 

localization of FlpH305L-FRB-GFP after activation of the anchor-away system. TC Flp-nick AA 

cells were treated as in (B). Cells treated with DMSO were used as a control. The first row shows 

expression of FlpH305L-FRB-GFP in representative cells at the indicated time points after rapamycin 

or DMSO treatment. The second row shows DAPI staining of nuclei, and the third row shows bright-

field images of the cells. (D) Experimental setup for studies of Flpcc repair. TC Flp-nick AA cells 

were treated as in (B) except that depletion of Flp was allowed for 20 minutes before samples were 

taken and investigated for repair of the Flp-mediated nick by visualization of remaining cleavage 

products after Southern blotting. α; α-factor. (E) Southern blot to measure repair of Flpcc with (-

doxy) and without (+doxy) transcription. TC Flp-nick AA cells were treated as in (D), where cells 

throughout the experiment were grown either in the presence or absence of doxycycline. The amount 

of cleavage products in samples taken at different time points after 20 minutes of rapamycin treatment 

are revealed by Southern blotting. (F) Quantification of cleavage products. Quantification was 

performed from Southern blots as described in Materials and Methods. Error bars, s.d. (n=4). 
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Figure 4. Tdp1 is involved in the repair of Flpccs during transcription. (A) Southern blot to detect 

remaining cleavage products in wild type TC Flp-nick cells and TC Flp-nick tdp1∆ cells before (-

Flp) and 90 min after galactose addition (+Flp). Cells were treated as in Figure 1C, where ongoing 

LacZ transcription occurs. (B) Quantification of cleavage products obtained in TC Flp-nick wt and 

deletion mutants. The experiments were performed as in (A). Quantification was performed as 

described in Materials and Methods, where the value for the wild type TC Flp-nick strain was set to 

1. Error bars, s.d. (n=3).  
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Figure S1. Accumulation of Flp upon galactose treatment. FlpH305L protein levels 0, 60, and 120 

min after addition of galactose. The cells were treated as outlined in Figure 1C and Western blotting 

was performed using antibodies against the HA-tag on FlpH305L. 

 

Figure S2. Flp is depleted from the nucleus in TC Flp-nick AA cells upon treatment with 

rapamycin. Fluorescence microscopic detection of the cellular localization of FlpH305L-FRB-GFP 

after activation of the Anchor-away system. TC Flp-nick AA cells were treated as in Figure 3B. Cells 

treated with DMSO were used as a control. The first row shows expression of FlpH305L-FRB-GFP 

in representative cells at the indicated time points after rapamycin or DMSO treatment. The second 

row shows DAPI staining of nuclei, and the third row shows bright-field images of the cells.  

 

Figure S3. Rebinding of Flp is prevented by depleting the cell nucleus of Flp. Flp-mediated 

cleavage with or without nuclear depletion of Flp. TC Flp-nick AA cells were treated as in Figure 

3B. (left) Flp-mediated cleavage was followed by Southern blotting after transfer of cells to media 

lacking galactose and either with rapamycin or DMSO. (right) Quantification of cleavage products. 

Quantification was performed from Southern blots as described in Materials and Methods. Error bars, 

s.d. (n=2). 
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2.4. Additional results 

2.4.1. Effects of doxycycline 

The TC Flp-nick system can be used to study repair of a protein-bound nick in the presence and 

absence of transcription. This is possible, since the FRT site is located inside a LacZ gene under 

control of the inducible Tet-Off promoter. This promoter is repressed, when the cells are grown in 

media containing doxycycline. Doxycycline is an antibiotic of the tetracycline group, and will 

therefore be lethal to many bacteria. It is not expected to have a significant effect on the growth of 

yeast cells. This is important, since we need to compare the repair of Flpccs with and without 

transcription. If doxycycline affects the viability of the yeast cells, it is difficult to separate which 

effects are caused by this, and which are caused by the reduced transcription level. In order to verify 

that doxycycline indeed has no effect on growth rates of yeast cells, survival assays were performed. 

All used concentrations of doxycycline (up to 200 μg/mL) and all exposure times (up to 24 h) revealed 

no difference in growth rates between treated and untreated cells (data not shown). It is therefore 

concluded that doxycycline has no effect on the growth rates of yeast cells, in correlation with a study 

measuring the global gene expression of cells treated with doxycycline (Wishart et al., 2005) 

Next, the concentration of doxycycline giving optimal repression of LacZ had to be identified. Yeast 

cells were grown with different concentrations of doxycycline (1-20 μg/mL) for one or two days, 

before LacZ mRNA levels were measured by RT-qPCR. Similar repressions were observed for all 

concentrations and after one and two days (Figure 2.6A). The experiment was only performed once, 

but as the result is in correlation with other studies (Gari et al., 1997), 1 μg/mL doxycycline were 

used in all following experiments. 

For studies of the effect of transcription on the repair of Flpccs, it would be optimal to first introduce 

the damage in the absence of transcription, then turn on the transcription in half the cells and follow 

Flpcc repair in the presence and absence of transcription. To allow such studies, reactivation of LacZ 

needs to be rather swift, since the cells only can be kept in G1 by α-factor for up to 5 hours. We 

therefore investigated the kinetics of LacZ reactivation, by measuring the LacZ mRNA levels at 

different time-points after doxycycline depletion. TC Flp-nick cells were grown overnight in the 

presence of doxycycline, and washed thoroughly to deplete doxycycline from the growth media. 

Samples were collected at different time-points following the wash, and the LacZ mRNA levels were 

measured by RT-qPCR. Although a strong induction was seen after 24 hours, only a small increase 

in the LacZ mRNA level was observed in the first seven hours following the wash step (Figure 2.6B). 

The experiment was not repeated, as the result is in agreement with earlier studies (Gari et al., 1997). 
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Since the timeframe for reactivation exceeds the time cells can be kept in G1, it is not possible to use 

the reactivation approach when LacZ is controlled by a Tet-Off promoter. 

 

 

2.4.2. The TC Flp-nick system with a PHO5 promoter  

As seen in Figure 2.6B, reactivation of LacZ is extremely slow following removal of doxycycline 

from the media. If the effect of transcription on Flpcc repair should be studied by turning on 

transcription after formation of the protein-bound nick, a faster promoter is required. We 

consequently modified the TC Flp-nick system by exchanging the Tet-Off promoter with the PHO5 

promoter, which we previously identified as a fast and strong promoter (Pedersen et al., 2012). This 

promoter is repressed under high phosphate conditions and activated under phosphate starvation. 

However, following transfer from high to low phosphate media, induction will be delayed due to 

vacuolar phosphate storages that first have to be used up. To get an even faster induction, we therefore 

deleted VTC1, which is responsible for creating the phosphate reserve (Thomas and O'Shea, 2005). 

The modified TC Flp-nick system is outlined in Figure 2.7A.  
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Figure 2.6. Effects of 
doxycycline. 
(A) Repression of LacZ by 
different concentrations of 
doxycycline. TC Flp-nick cells 
were treated one or two days with 
the indicated concentrations of 
doxycycline. Total RNA was 
purified and reversed transcribed 
to cDNA. The LacZ mRNA 
levels were quantified with 
qPCR, using primers located in 
the LacZ gene (see Appendix 4 
for position of amplicon). The 
LacZ mRNA level without 
doxycycline was set to 100. (B) 
Time-course experiment of LacZ 
reactivation. TC Flp-nick cells 
were grown overnight in the 
presence of 1 μg/mL 
doxycycline. The cells were 
washed three times with water, 
and the LacZ mRNA levels were 
quantified with qPCR at different 
time-points after the wash. The 
LacZ mRNA level before the 
wash was set to 1. 
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In order to determine the strength and timing of induction of LacZ under control of the PHO5 

promoter, LacZ mRNA levels were measured following phosphate starvation. This revealed a strong 

and rapid induction of LacZ, especially in the strain lacking VTC1 (Figure 2.7B), where an 

approximately 150 fold increase was observed after 2 hours. The strain can thus be used in future 

experiments, where a rapid and efficient induction of LacZ is required.  

 

We next used the strain with a PHO5 promoter to study repair of Flpccs in the presence and absence 

of transcription. Cells were grown in repressive (high phosphate) media for LacZ, and the Flp damage 

in LacZ was induced with galactose. The cells were then divided in two batches: one where 

transcription of LacZ was kept repressed, and one where LacZ was induced by phosphate starvation 

(Figure 2.8A). Glucose was added in both cases at time-point “0”, to stop further expression of 

FlpH305L. The cells were arrested in the G1 phase throughout the experiment with α-factor, as 

verified by fluorescence-activated cell sorting (FACS) (Figure 2.8B). The level of SSBs was followed 

by Southern blotting at different time-points after transfer to glucose media. As seen in Figure 2.8C, 

a slightly more effective repair is observed in cells with active LacZ transcription. This is in 

correlation with the results shown in Figure 3 in the paper (section 2.3), suggesting that active 

transcription promotes repair of this type of DNA damage. However, the repair seems to be quite 
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Figure 2.7. The TC Flp-nick 
system with a PHO5 promoter. 
(A) The TC Flp-nick system has 
been modified to have a PHO5 
promoter in front of LacZ instead 
of Tet-Off. (B) LacZ induction. 
TC Flp-nick cells with a PHO5 
promoter and either with or 
without the endogenous VTC1 
gene, were grown in high 
phosphate media. After transfer 
to low phosphate media, the 
LacZ mRNA levels were 
measured with RT-qPCR after 0, 
60, and 120 min. The level at 
time point 0 was set to 1. Error 
bars, s.d. (n=2). 
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slow, with 90 min required to obtain full repair, even in the presence of transcription. The most 

obvious explanation for this, is that new Flp enzymes can bind to the FRT site after repair has taken 

place. Rebinding is possible in the system, since it takes some time before all Flp mRNA and Flp 

proteins are degraded, after glucose has been added to turn off the Flp gene. The results thus suggest 

that transcription influences repair of a protein-bound nick, but nothing can be concluded about the 

repair rate. To investigate repair rates, the TC Flp-nick system modified with the Anchor-away 

technique has to be used (Paper, Figure 3). Repair rates can be estimated using this system, since 

remaining Flp proteins can be depleted from the cell nucleus by addition of rapamycin. 
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Figure 2.8. Repair of Flpccs in 
the TC Flp-nick system with 
the PHO5 promoter. 
(A) Experimental setup. Yeast 
cells with the TC Flp-nick 
system holding a PHO5 
promoter and a VTC1 deletion 
were grown in high phosphate 
media. After G1 arrest with α-
factor, galactose was added to 
express FlpH305L. The cell 
culture was divided in two, one 
half treated with high phosphate 
and glucose, and the other with 
low phosphate and glucose. 
Samples were collected at the 
indicated time-points, and 
investigated for Flp-mediated 
cleavage after gel 
electrophoresis and Southern 
blotting. (B) FACS profiles. n 
and 2n is DNA content in G1 
and G2, respectively (C) 
Quantification of Southern 
blots to detect SSB level (see 
Materials and Methods). 
Samples were collected as in 
(A). Error bars, s.d. (n=2). 
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2.4.3. Transcription-coupled repair of Flpccs 

The results from Figure 2.8 and Figure 3 in the paper suggest that TCR is involved in the repair of 

Flpccs. To further investigate this, the experimental setup presented in Figure 2.9A was used, where 

cells with the TC Flp-nick system holding LacZ under control of the Tet-Off promoter were grown 

with or without LacZ transcription throughout the experiment. Cells were treated with α-factor 

throughout the experiment, and G1 arrest was verified with FACS analysis (data not shown). Samples 

were withdrawn up to 4 hours after the induction of FlpH305L and analyzed for Flp-mediated 

cleavage at the FRT site (Figure 2.9B). Quantification of the Flp-mediated cleavage revealed a 

significant lower level of SSBs in cells with ongoing LacZ transcription (-Doxy) (Figure 2.9C). The 

result indicates that active transcription promotes repair of Flpccs. Although less likely, it cannot be 

excluded that some of the reduction is caused by a lower accessibility of the FRT site due to transient 

blockage of the site by the migrating RNA polymerase.  
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Figure 2.9. More Flp-mediated 
damage accumulates without 
transcription. 
(A) Experimental setup. TC Flp-
nick cells were grown in the 
presence or absence of 
doxycycline, and arrested with 
α-factor. Galactose was added to 
the cells, and samples were 
collected at different time-points 
following galactose treatment. 
(B) Southern blot to detect SSBs. 
TC Flp-nick cells (FlpH305L-
3xHA) were treated as shown in 
(A), followed by alkaline gel 
electrophoresis and Southern 
blotting. (C) Quantification of 
SSB level (see Materials and 
Methods). Error bars, s.d. (n=2). 
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So far, all experiments investigating TCR of Flpccs have been performed using the amount of SSBs 

as measure for damage. To investigate TCR of Flpccs by different means, ChIP was used to measure 

the Flp occupancy at the FRT site in the presence and absence of transcription. For this purpose, TC 

Flp-nick cells with Flp C-terminally tagged with an HA epitope tag were grown in the presence or 

absence of doxycycline. After G1 arrest by α-factor, FlpH305L-HA was expressed by addition of 

galactose, and samples were collected for chromatin immunoprecipitation (ChIP) just before and 90 

min after addition of galactose. No crosslinking step by formaldehyde was included, as Flp gets 

covalently attached to the DNA. As expected, no significant Flp occupancy was observed in a control 

telomeric region at any time point, or at the FRT site before addition of galactose (Figure 2.10). On 

the other hand, a substantial enrichment of Flp was observed at the FRT site 90 min after addition of 

galactose both in the presence and absence of transcription. Importantly, a significantly higher Flp 

occupancy was observed in cells where LacZ transcription had been turned off by doxycycline, 

suggesting that repair of Flpccs is more effective in the presence of transcription (Figure 2.10). Again, 

however, it cannot be excluded that the access of Flp to the FRT site is lowered due to the ongoing 

transcription.  

 

 

 

2.4.4. Repair factors  

As shown in the manuscript presented in section 2.3, the TC Flp-nick system can be used to identify 

factors involved in the repair of Flpccs. Besides the factors investigated in Figure 4 in the manuscript, 

the level of Flp-mediated cleavage following galactose treatment was also measured in TC Flp-nick 

rad26∆rad28∆ and elc1∆ strains, and in TC Flp-nick cells treated with the proteasome inhibitor 
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Figure 2.10. More Flp is bound 
in the absence of transcription. 
TC Flp-nick cells grown with or 
without doxycycline were arrested 
in G1 and treated with galactose. 
Cells were withdrawn before and 
90 min after galactose addition, 
and analyzed by ChIP (omitting 
formaldehyde treatment), using 
antibodies targeting the C-
terminal HA-tag on Flp and 
primers located close to the FRT 
site and in a telomeric region. 
Error bars, s.d. (n=3). 
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MG132. The results of these experiments are shown in Figure 2.11A. The strains investigated in the 

manuscript are included for comparison. TC Flp-nick rad26∆rad28∆ cells show a slightly higher 

level of SSBs than TC Flp-nick wild type and rad26∆ cells. This suggests that Rad28 plays a role in 

the repair of Flpccs on its own or that it acts in a pathway which is redundant to the Rad26 pathway. 

Investigations of the TC Flp-nick rad28∆ strain should help clarify this. The finding that Rad28 but 

not Rad26 plays a role in repair of Flpccs is surprising, as Rad26 but not Rad28 has been demonstrated 

to be involved in TCR (Bhatia et al., 1996), in contrast to the human counterparts, CSB and CSA, 

which both are important for TCR (Vermeulen and Fousteri, 2013). No effect on repair was seen 

when Elc1 was deleted, or when the proteasome was inhibited with MG132 in TC Flp-nick cells 

(Figure 2.11).  

We found that knockout of Tdp1 caused a significant increase in the level of Flp-mediated damage, 

indicating a role of Tdp1 in repair (Figure 2.11A). To further substantiate this, the consequence of 

Tdp1 deletion on Flpcc repair following repression of Flp transcription was investigated. TC Flp-nick 

wild type and tdp1∆ cells were arrested in G1 and treated with galactose. Correct G1 arrest was 

verified by FACS analysis (data not shown). After 90 min of Flp induction, the cells were shifted to 

glucose media to repress further expression of Flp, and Flpcc repair was investigated by following 

the level of Flp-mediated SSBs using Southern blotting (Figure 2.11B). In correlation with result 

presented in the manuscript (section 2.3), a higher level of SSBs was observed after galactose 

treatment in the TC Flp-nick tdp1∆ strain relative to the TC Flp-nick wild type strain (Figure 2.11C, 

compare SSB level at time-point “0”). Furthermore, a less efficient repair was observed in the TC 

Flp-nick tdp1∆ strain, as only about half the damage was repaired after 90 min, in contrast to the TC 

Flp-nick wild type stain, where all the damage was repaired. The data thus support the idea that Tdp1 

is involved in repair of Flpccs.  

We also tested repair efficiencies in TC Flp-nick cells with rad1∆, rad1∆tdp1∆, and rad26∆ 

mutations. The rad1∆ and rad26∆ TC Flp-nick strains showed repair efficiencies very similar to the 

TC Flp-nick wild type strain, while the TC Flp-nick rad1∆tdp1∆ strain was similar to the TC Flp-

nick tdp1∆ strain (Figure 2.11C). This indicates that neither Rad1 nor Rad26 play a role in the repair 

of Flpccs in our system, as also stated in the manuscript (section 2.3).  
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It was surprising that TC Flp-nick rad1∆ showed the same level of repair as TC Flp-nick wild type 

cells, and that TC Flp-nick rad1∆tdp1∆ showed the same level as tdp1∆, as Rad1 has been suggested 

to work redundantly with Tdp1, based on studies using camptothecin (Vance and Wilson, 2002). To 

investigate if Rad1 and Tdp1 also work redundantly in Top1cc repair in our hands, we investigated 

the growth rates of TC Flp-nick single and double deletion mutants of Rad1 and Tdp1, when grown 

Time after wash (min) 

A

B

C

Yeast culture in

Raff media

α
90 min

0 30 50 70 90

Wash into

 YDP with α 
Galactose

and α
90 min

-90

RaffSugar: Gal Glu

SS
B

 le
ve

l (
%

)

0

20

40

60

80

-90 0 30 50 70 90

wt

rad26 Δ

tdp1Δ
rad1Δ
rad1Δtdp1Δ

rad
26

Δ
tdp

1Δ
rad

1Δ
elc

1Δ

m
g1

32w
t

rad
26

Δrad
28

Δ

tdp
1Δrad

1Δ

0.5

0

1.0

1.5

SS
B

 le
ve

l c
om

pa
re

d 
to

 w
t

Figure 2.11. Tdp1, but 
neither Rad1 nor Rad26, 
are involved in repair of 
Flpccs. 
(A) SSB level for different 
TC Flp-nick strains after 
galactose addition. The SSB 
was quantified as described 
in Materials and Methods 
after gel electrophoresis and 
Southern blotting. The value 
for the TC Flp-nick wild type 
strain was set to 1. (B) 
Experimental setup. Cells 
were grown in raffinose 
media. After G1 arrest with 
α-factor, galactose was added 
to express FlpH305L-3xHA 
for 90 min. The cells were 
washed with water, and 
shifted to glucose media to 
repress Flp expression. 
Samples were collected at the 
indicated time points for 
analysis of SSB after 
Southern blotting. (C) 
Quantification of SSBs 
performed as in (A). Samples 
were collected as in (B). 
Error bars, s.d. (n=3). 
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in the presence of camptothecin. As seen in Figure 2.12, the TC Flp-nick tdp1∆ and rad1∆ single 

mutant were unaffected by camptothecin treatment. On the other hand, the TC Flp-nick rad1∆tdp1∆ 

double mutant showed a significant increase in camptothecin sensitivity, indicating that Tdp1 and 

Rad1 act redundantly in the repair of Top1ccs in our hands. This is in contrast to our findings with 

the TC Flp-nick system. An explanation for this can be that different repair pathways exist for the 

repair of Top1cc and Flpcc. Alternatively, the difference is caused by differences in the experimental 

setups. For example, experiments with the TC Flp-nick system were limited to the G1 phase of the 

cell cycle, while the experiment with camptothecin used logarithmically growing cells.  

 

Figure 2.12. The TC Flp-nick rad1∆tdp1∆ double deletion mutant shows increased sensitivity to 
camptothecin. TC Flp-nick wild type, tdp1Δ, rad1Δ, and tdp1Δrad1Δ cells were grown to the 
exponential phase, and diluted to 4x107 cells/mL. 10 times dilution series were made spotted on YPD 
plates containing DMSO or 1 and 2 μg/mL camptothecin, and were allowed to grow for two days. 

 

2.4.5. Consequence of tagging Flp  

Throughout this study, different versions of the TC Flp-nick system have been utilized. Three variants 

of Flp have been used to serve different purposes: untagged FlpH305L, FlpH305L-HA (for ChIP), 

and FlpH305L-FRB-GFP (for Anchor-away). When a tag is introduced on an enzyme, it might affect 

the activity and stability of the enzyme. To investigate how tagging of FlpH305L affects cleavage 

efficiency and/or stability, the level of SSBs was followed in TC Flp-nick strains expressing the three 

different forms of Flp. The cells were treated as shown in Figure 2.11B, where the level of Flp-

mediated cleavage was followed after repression of Flp transcription (Figure 2.13A). Correct G1 

arrest by α-factor was verified by FACS analysis (data not shown). The experiment revealed that 

tagging indeed affects Flp-mediated cleavage. When the level of cleavage in untagged and HA tagged 

FlpH305L is compared after 90 min in galactose (time-point “0”), a significant higher SSB level is 

seen in the untagged version. Following transfer to glucose, the damage is also removed much faster 

in the HA tagged version, with a t½ of ~35 min compared to a t½ in the untagged version of  >90 min, 
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indicating the tag interferes with activity or stability (Figure 2.13B). The SSB level was also followed 

in a strain with FlpH305L-FRB-GFP. This strain behaved similar to the FlpH305L-HA version, 

suggesting that the FRB-GFP tag also interferes with the cleavage efficiency of Flp (Figure 2.13). 

This experiment was not performed at the same time as the experiment with the untagged and HA 

tagged Flp. The results should therefore only be taken as an indication. But it is quite clear that the 

HA tagged Flp has a different activity/stability than the wild type FlpH305L, demonstrating that 

different versions of Flp behave differently.  

 

 

Figure 2.13. Tagging of Flp decreases the activity or stability of the enzyme. 
(A) Southern blot to detect SSBs. TC Flp-nick cells with different tags on Flp were treated as shown 
in Figure 2.11B. SSBs were visualized after alkaline gel electrophoresis and Southern blotting. (B) 
Quantification of SSBs (see Materials and Methods). Note that the experiment with FlpH305L-FRB-
GFP was performed at another time compared to the other two (but the experimental setup was 
similar, except for sample collection times). Error bars, s.d. (n=3). 
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2.5. Discussion 

2.5.1. Different versions of the TC Flp-nick system 

In this chapter, the TC Flp-nick system is presented, which can be used to study events going on when 

RNAPII collides with a protein-bound nick. A single damage is generated inside an inducible gene, 

thereby making it possible to study what happens at the damage site in the presence and absence of 

transcription. Several different versions of the system have been created to serve different purposes. 

In the original TC Flp-nick system, the FRT site is located inside a LacZ gene under control of the 

inducible Tet-Off promoter. This promoter is repressed in the presence of the antibiotic doxycycline. 

When experiments are performed with the TC Flp-nick system, it is often required that the LacZ gene 

is active throughout the experiment. Tet-Off is therefore an optimal promoter, as it is very active in 

all media, as long as doxycycline is absent. Thus, there is no need for complicated media, as is the 

case with many other inducible promoters (lack of phosphate in PHO5, presence of galactose in GAL, 

etc.). Furthermore, when cells are grown in the presence of doxycycline, LacZ transcription is 

repressed around 1000 fold (Figure 2.6A). This is a very efficient repression, as the LacZ mRNA 

level in cells grown in the presence of doxycycline is similar to the level in TC Flp-nick cells, where 

a terminator has been inserted instead of the Tet-Off promoter (data not shown). Repair of the protein-

bound nick can thus be compared in cells with very high and almost no transcription.  

However, a disadvantage of the Tet-Off promoter is its slow kinetics. LacZ repression and activation 

is extremely slow, when doxycycline is added or removed, respectively, and transcription can thus 

not be turned on or off within the timeframe of an experiment (Figure 2.6B). To modify the system 

to make this possible, the Tet-Off promoter was exchanged with a PHO5 promoter. Upon deletion of 

VTC1, this strain showed a fast induction of LacZ upon transfer to low phosphate media (Figure 2.7). 

This version of the TC Flp-nick system can thus be used if LacZ transcription needs to be turned on 

or off within the experiment (as in Figure 2.8). However, a disadvantage of the PHO5 promoter is 

that the difference between active and repressed LacZ transcription is smaller than when using the 

Tet-Off promoter. Therefore, if LacZ has to be either repressed or active throughout the experiment, 

the Tet-Off promoter is preferable. Another disadvantage of the strain with the PHO5 promoter, is 

that the cells need to grow in synthetic media, as the promoter fails to activate even with small 

amounts of phosphate.  

Beside the use of different promoters to control LacZ, different versions of Flp have also been used. 

For most of the experiments investigating the fate of RNAPII, an untagged version of FlpH305L was 

used. For ChIP experiments and most of the Southern blots, FlpH305L was tagged with an HA 
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epitope. Finally, the TC Flp-nick system has been modified with the Anchor-away technique, to avoid 

Flp rebinding by depleting the cell nucleus of Flp. For this purpose, Flp was tagged with FRB-GFP. 

FRB is the tag recognized by the anchor (FKBP12), which was fused to the ribosomal subunit RPL13. 

As the ribosomal protein shuffles back and forth over the nuclear envelope, it will draw Flp out of 

the nucleus. GFP is included to allow visualization of Flp depletion by microscopy.  

The obtained data demonstrate that the three versions of Flp behave differently with respect to 

cleavage efficiency. Thus, lower levels of Flp-mediated cleavage was observed with the tagged 

variants (Figure 2.13). It is likely that tagging of Flp changes the activity or stability of Flp, as this 

has been observed when other enzymes have been tagged (Badie et al., 2008; Lv et al., 2014; Zhang 

et al., 2014). This is important to keep in mind, as cleavage efficiencies can only be compared between 

cells expressing the same version of Flp. Flp tagged with HA and FRB-GFP have comparable 

cleavage efficiencies. Because of this, the HA-tagged version may be superfluous, as ChIP of Flp 

should be possible in the Flp-FRB-GFP strain, since ChIP grade antibodies against both FRB and 

GFP exists. The SSB level quantified from the Southern blots represents an average steady state level. 

In the individual cells, Flp will fluctuate between cleaved and intact DNA, as the Flpcc will keep 

being repaired and reformed. In the TC Flp-nick strain with the untagged version Flp, a steady state 

level of around 70% SSBs was observed after 90 min in galactose (Figure 2.13). Thus, most of the 

cells have a SSB at the FRT site at any given time. Having a high level of damage can be an advantage 

in some situations, for example when studying cellular responses to the damage, as in studies of the 

fate of RNAPII. In other cases, a high damage can be a disadvantage. When studying repair of the 

protein-bound nick, too much damage makes it harder to detect factors involved in the repair, as wild 

type cells already have close to maximum cleavage. It is therefore important to choose the right 

version of the TC Flp-nick system, depending on which experiment has to be performed.  

 

2.5.2. Repair of protein-bound nicks 

The TC Flp-nick system can be used to study repair of a protein-bound nick under different 

conditions, and as such is valuable in elucidating the pathways responsible for this repair. As 

discussed in the introduction, various factors and pathways have been suggested to be involved in the 

repair of protein-bound nicks, often found by inducing genome-wide Top1ccs with camptothecin. To 

illuminate if repair of the single Flpcc depends on some of the same factors, we have studied repair 

in different deletion mutants. Notably, more damage is observed in a TC Flp-nick tdp1∆ strain relative 

to a TC Flp-nick wild type strain, suggesting an involvement of Tdp1 in the repair of Flpccs 



Chapter 2 - A system to study RNA polymerase II collision 

82 
 

(manuscript, Figure 4). This is in correlation with camptothecin studies showing a dramatic reduction 

in repair of Top1ccs, when Tdp1 is absent (Liu et al., 2002). Interestingly, experiments with the Flp-

nick system failed to show an involvement of Tdp1 in repair of a Flpcc in the absence of transcription 

(Nielsen et al., 2009). This suggests that Tdp1 works in a transcription-dependent manner in repair 

of protein-bound nicks, as was suggested from camptothecin studies in human cells (Miao et al., 

2006). We also investigated other factors, including Rad1 and Rad26. No increase in SSB level was 

observed in either deletion mutants, in contrast to studies with camptothecin (Squires et al., 1993; 

Vance and Wilson, 2002). However, these studies were performed with active replication, which 

might explain the difference between the results. Indeed, deletion of CSB (homolog to Rad26)  has 

no effect on repair of Top1ccs in the absence of replication (Squires et al., 1993). More recent studies 

have furthermore suggested that CSB and TC-NER are not involved in the repair of Top1ccs per se, 

but rather in the recovery of replication following camptothecin treatment (Veloso et al., 2013). 

However, we cannot rule out that Rad26 has some role to play in repair of Flpccs, and that other 

pathways take over when Rad26 is deleted. A candidate for this is Rad28 (homolog to CSA), as we 

found a reduction in repair efficiency, when both Rad26 and Rad28 were deleted (Figure 2.11). Rad26 

and Rad28 therefore might be redundant in repair of protein-bound nicks in transcription units. 

Alternatively, the increase is caused by Rad28 alone. Studies with a Rad28 single deletion mutant in 

the TC Flp-nick background should be able to elucidate this. 

When a protein covalently linked to DNA is removed by Tdp1, it first needs to be partly degraded. 

One candidate, which could perform this degradation, is the proteasome, which has been implicated 

in repair of Top1ccs in human cells (Lin et al., 2008). However, we find no effect of proteasome 

inactivation on the repair of Flpccs (Figure 2.11). Our data therefore suggest that the proteasome is 

not involved in repair of Flpccs, or that parallel pathways exist. However, one need to keep in mind 

that MG132 only partly inhibits the proteasome, so some activity will always be present. It may 

therefore be that this residual effect is sufficient to degrade the covalently linked Flp.  

Studies with camptothecin have demonstrated that the generated Top1ccs are repaired more 

efficiently with active transcription (Desai et al., 2003; Miao et al., 2006). To investigate the role of 

transcription in our system, we measured the maximum steady state level of SSBs in the presence and 

absence of transcription (Figure 2.9). We found that more damage accumulates in the absence of 

transcription, suggesting a role of transcription in repair of the Flpcc. However, it cannot be ruled out 

that the observed difference instead is caused by slower rebinding in the presence of transcription, 

due to blockage of the FRT site by moving RNA polymerases. To circumvent this, we modified the 
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TC Flp-nick system with the Anchor-away technique. With this system, it is possible to study repair 

of the damage in the absence of rebinding, as unbound Flp proteins can be removed from the cell 

nucleus. By using this system, we were able to demonstrate that the Flp-mediated damage is removed 

faster in cells with active transcription, strongly suggesting that transcription promotes repair of the 

protein-bound nick (manuscript, Figure 3).  

 

2.6. Conclusions and future perspectives 

2.6.1. The TC Flp-nick system 

Drugs targeting DNA topoisomerases are in front-line therapy for a variety of systemic cancers and 

solid tumors. The cytotoxicity of the drugs is caused by their ability to stabilize topoisomerase-DNA 

cleavage complexes, which can lead to permanent protein-bound DNA breaks. Besides the 

importance of protein-bound nicks in chemotherapy, these kinds of damages arise spontaneously in 

the genome of living cells. Understanding how this kind of damage influences different cellular 

processes is therefore important, both from a basic scientific and from a medical point of view. To 

investigate the cellular responses to this type of damage, we have created a system in S. cerevisiae, 

where events involved upon collision of the transcription apparatus with a single controllable protein-

bound nick can be studied. We have used the system to demonstrate that the transcription machinery 

stalls at the damage site, which leads to ubiquitination and degradation of RNAPII by the proteasome. 

Furthermore, we use the system to confirm that active transcription promotes efficient repair of a 

protein-bound nick, and that Tdp1 is involved in the repair of this type of damage.  

Several different versions of the TC Flp-nick system have been developed to serve different purposes. 

A Tet-Off promoter in front of the LacZ gene is useful, when a very high or an almost absent 

transcription level is required at the damage site. If, on the other hand, a rapid induction or repression 

of transcription is needed, a system where LacZ is under control of a PHO5 promoter can be used. 

Likewise, different versions of the Flp recombinase are used depending on the purpose. If the Flp 

occupancy needs to be measured, an HA tagged version of Flp is ideal for ChIP studies. When 

rebinding of Flp has to be avoided to study repair, we take advantage of an FRB-GFP tagged Flp, 

which can be used to deplete the nucleus of Flp using the Anchor-away technique. Finally, an 

untagged version of Flp is used, when maximum damage is desired. 
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2.6.2. Use of the TC Flp-nick system to identify repair factors 

The TC Flp-nick system can be used to study and identify factors and pathways involved in repair of 

protein-bound nicks. In this study, we only investigated a small number of the factors that have been 

suggested to take part in this repair. It would be interesting to investigate more of these factors, 

including Rad10, Rad52, Rad59, Srs2, Slx8, and Wss1. The last is of particular interest, since a 

wss1∆tdp1∆ strain shows extreme sensitivity to camptothecin (Stingele et al., 2014). This double 

mutant is currently being created in the TC Flp-nick strain, to investigate the redundant roles of Tdp1 

and Wss1 in repair of Flpccs. The wss1∆tdp1∆ mutant showed accumulation of Top1ccs even in the 

absence of camptothecin (Stingele et al., 2014), demonstrating the extreme reduction in repair 

capacity in this strain. Because of this, it will probably be necessary to investigate the roles of Tdp1 

and Wss1 in a Top1 deletion background, to avoid effects caused by global accumulation of Top1ccs. 

As repair of the protein-bound nick can be studied both in the presence and absence of transcription, 

it will be possible to determine if a certain repair factor requires transcription for proper function. It 

is likely that this is the case for Tdp1, since we found no involvement of Tdp1 in the absence of 

transcription (Nielsen et al., 2009), and because Tdp1 is only involved in repair of Top1ccs in the 

presence of transcription in human cells (Miao et al., 2006). The interplay between Tdp1 and 

transcription in the TC Flp-nick system is currently being investigated in our lab. Another aspect that 

would be interesting to follow, is the repair kinetics of the protein-bound nick in the absence of 

different factors (like Tdp1 and Wss1). This can be done by using the Anchor-away technique, as 

repair here can be investigated without rebinding of Flp. It should therefore be possible to measure 

the half-life of the Flp-mediated damage under different conditions. 

Factors involved in repair of protein-bound nicks are expected to localize to the FRT site upon damage 

induction. It would therefore be interesting to investigate, if identified repair factors localize to the 

damage site, when Flp is expressed. This could be achieved by measuring enrichment of the factors 

at the FRT site by ChIP. A cMyc tagged version of Tdp1 has been generated in our lab for use in 

ChIP assays, but so far we have been unsuccessful in detecting an increased Tdp1 occupancy upon 

Flpcc formation (data not shown). 

Alternatively, localization can be studied after expression of the repair factors fused to a fluorescent 

protein (Alvaro et al., 2007; Eckert-Boulet et al., 2011). The appearance of a foci upon damage 

induction indicates that the tagged factor is involved in the repair. A recognition sequence for another 

fluorescent protein can be inserted in proximity to the FRT, making it possible to verify that the foci 
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is at the FRT site, by studying colocalization. However, this method is only possible, if a relatively 

large percentage of the repair factors localize to the damage site.  

 

2.6.3. Screening for repair factors 

In terms of identifying repair factors, the TC Flp-nick system is ideal in investigating already 

identified factors, and determining how they work, and in which pathway. However, the system is 

not optimal when it comes to identification of unknown repair factors, as deletion mutants have to be 

constructed and investigated individually. If large-scale identification of repair factor is desired, it 

should be possible to modify the TC Flp-nick system to be used in a screening. One possibility is to 

take advantage of the transcription-inhibiting effect of a protein-bound nick. If the sequence encoding 

GFP or another fluorescent protein was fused to the LacZ gene, the repair efficiency of a specific 

mutant could be estimated by measuring the amount of light emitted by GFP. If crucial factors for 

repair are deleted in a strain, the Flpcc will not be repaired, and full-length LacZ will not be produced. 

Hence, a weak GFP signal will be observed in the mutant strain. All nonessential genes could be 

screened with this method, by mating the LacZ-GFP strain with a deletion library (Alvaro et al., 

2007).  

An alternative possibility is to screen for proteins that colocalize with the FRT site upon damage 

induction. This could be achieved by tagging the FRT site in the TC Flp-nick strain with a fluorescent 

protein, as discussed in section 2.6.2. This can be done in different ways, for example by fusing a 

fluorescent protein to a protein that binds a specific DNA sequence, like a transcription factor or an 

endonuclease (Silva et al., 2012), and having several binding sites for the fusion-protein in proximity 

to the FRT site. This strain could then be mated with a library of yeast strains, each expressing an 

ORF fused to a fluorescent protein (Howson et al., 2005). Factors involved in repair of the Flpcc can 

then be identified by colocalization of the factor and the FRT site. However, this method will probably 

only be useful in identifying factors that are strongly enriched at the FRT site.  

 

2.6.4. Fate of RNAPII upon collision with a protein-bound nick 

Besides being used to study repair of the damage, the TC Flp-nick system can be used to study events 

going on, when RNAPII collides with a protein-bound nick. As an example of this, we demonstrate 

that the system can be used to study the fate of RNAPII upon collision. We find that the damage 

blocks the progression of the polymerase, and that RNAPII is degraded through the 
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ubiquitin/proteasome pathway upon collision. It would be interesting to investigate this phenomenon 

further, as much about RNAPII stalling and degradation still remains elusive. The TC Flp-nick system 

provides an excellent opportunity for such studies, as the exact position of the stalling site is known. 

A wide range of biochemical assays can thus be used to study these events. In this study, we used 

several site-specific assays to study events at the damage site, including Southern Blot, RT-qPCR, 

and ChIP. Other assays that would be beneficial when studying the fate of RNAPII are ChIP-seq and 

Northern blotting, which could be used to map the position of RNAPII stalling more precisely, and 

to unravel if backtracking of RNAPII takes place. In the case of Northern blotting, it would probably 

be necessary to prevent RNA degradation (exosome inhibition etc.), since truncated RNA otherwise 

probably would be too short-lived to detect. Another assay that could be beneficial in studies of the 

fate of RNAPII is a yet unpublished technique called CLAMP, currently being developed in the David 

Tollervey lab (personal communication). With this technique, it is possible to detect RNAPII 

modifications, and map the position of the modified polymerase with single nucleotide resolution. It 

would therefore be possible to create a map of the LacZ gene, showing where and how much RNAPII 

is modified when it encounters a protein-bound nick. It would particularly be interesting to investigate 

how the CTD repeat of Rpb1 is modified upon stalling, as in vitro studies have demonstrated that a 

change in CTD phosphorylation pattern can occur upon RNAPII stalling (Tremeau-Bravard et al., 

2004). It is likely that RNAPII modification can have profound effects on repair of the damage, by 

influencing the recruitment of different factors.  

 

2.6.5. Other applications of the TC Flp-nick system 

Other events occurring upon collision between RNAPII and a protein-bound nick are also likely to 

occur. For example, it is expected that the local chromatin will be affected, since the nucleosomes 

need to make accessible room for repair factors. Little is known about chromatin remodeling upon 

formation and repair of protein-bound nicks, but studies have demonstrated modifications of several 

histones, when investigating other damages, including DSB (Liu et al., 2012; Price and D'Andrea, 

2013; van Attikum and Gasser, 2009) and UV-induced damage (Marteijn et al., 2014). As the level 

of the individual histone modifications easily can be measured with the TC Flp-nick system, the 

system is ideal to clarify chromatin remodeling events taking place in response to formation and 

repair of a protein-bound nick. 

In conclusion, we have developed the TC Flp-nick system, which can be used to study events 

occurring when RNAPII collides with a protein-bound nick. As the protein-bound nick is introduced 
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at a unique site in the genome, it is possible to utilize several biochemical assays, previously 

impossible with methods introducing global damage. The system thus has potential in studies of the 

wide range of events going on upon collision between the transcription machinery and a protein-

bound nick, including the fate of the polymerase, repair of the damage, recruitment of different 

factors, and chromatin remodeling.  
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CHAPTER 3 
 

THE ROLES OF DNA 
TOPOISOMERASES IN ACTIVATION 

OF INDUCIBLE GENES 
 

 

Chapter 3 - The roles of DNA topoisomerases in transcription 

  

This chapter contains results concerning the roles of DNA 
topoisomerases in transcriptional activation of inducible 
genes. The study is based on a microarray assay and on 
single gene studies, mainly the PHO5 and GAL genes. 
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3.1. Preface 

DNA topoisomerases can influence transcription in various ways. They alter the topological state of 

the genome, which can have consequences for transcription by changing the efficiencies of DNA-

binding and DNA-tracking enzymes. In other cases, they have been demonstrated to have a more 

direct and specific role. To clarify the roles of DNA topoisomerases in transcription, it is therefore 

necessary to study their role in regulation on a global scale combined with single gene studies. With 

knowledge from such studies, it will hopefully be possible to elucidate the role of topoisomerases in 

transcription in a broader perspective.  

In this work, we investigated the role of DNA topoisomerases in gene regulation. The study was 

initiated by microarray analysis to measure the change in global gene expression in topoisomerase 

deficient cells. This revealed a large drop in total mRNA in top1∆top2ts cells, while only a small 

reduction was seen in the single mutants. The genes mostly affected by lack of topoisomerases 

correlated well with genes that are highly regulated and depend on chromatin remodeling during 

activation. This led us to investigate a number of inducible genes, which revealed that most of these 

genes are unable to be activated when both topoisomerases are lacking. We finally investigated the 

PHO5 gene and the GAL genes in more detail, to elucidate at which step during activation 

topoisomerases are required. Our data suggest that topoisomerases are needed for binding of the Pho4 

transcription factor prior to nucleosome eviction in the case of PHO5, whereas the enzymes are 

required for TBP binding after nucleosome eviction in the GAL gene promoters. In both cases, no 

effects are observed in the topoisomerase single deletion mutants, demonstrating that it is the DNA 

relaxation activity of Top1 and Top2 that is required for activation.  

In this chapter, our studies concerning the roles of DNA topoisomerases in chromatin regulated genes 

are presented. The chapter is opened with an introduction to general gene regulation and chromatin 

regulated genes, with focus on the PHO5 and GAL genes. Furthermore, the role of topoisomerases in 

gene regulation is discussed. The results of the work are presented mainly in the form of a paper 

published in PLOS Genetics, and a manuscript currently being reviewed in PLOS ONE. The first 

deals with the microarray study and the PHO5 gene, while the next concerns the GAL genes. For the 

published paper, I was involved in the design and performance of experiments concerning PHO5. For 

the manuscript, I was involved in design and performance of all experiments, writing the manuscript 

and creating the figures. Following the paper and the manuscript, sections are included to present 

additional results, discussions, and future perspectives.  
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3.2. Introduction 

3.2.1. Assembly of the preinitiation complex 

In prokaryotes, the RNA polymerase directly recognizes and binds promoter regions through its so-

called sigma subunit (McClure, 1985). Conversely, the recruitment of RNA polymerases to promoters 

in eukaryotes is a more complicated matter, as the polymerase is unable to interact with promoter 

elements on its own. Rather, the recruitment of all three RNA polymerases to promoter regions 

depends on the preceding binding of several transcription factors to core promoter elements. The 

assembly of the preinitiation complex (PIC) required for RNAPII transcription has been studied 

extensively over the last decades and involves the transcription factors TFIIA, TFIIB, TFIID, TFIIE, 

TFIIF, and TFIIH (Thomas and Chiang, 2006). The individual transcription factors have been named 

by the order in which they elude from an ion exchange column (Weil et al., 1979). They are recruited 

to the promoter region in a step-wise manner, as illustrated in Figure 3.1 (Buratowski et al., 1989). 

The first step in the assembly of the PIC is recruitment of TFIID to the promoter region. TFIID 

consists of the TATA-Binding Protein (TBP) and a number of TBP associated factors (TAFs). In 

yeast and human, at least 14 TAFs have been identified (Malkowska et al., 2013; Sanders et al., 2002; 

Tora, 2002). If the promoter contains a TATA box, the recruitment of TFIID takes place mainly by 

interactions between TBP and the TATA box (Buratowski et al., 1988). In the case of TATA-less 

promoters, the TAFs are responsible for TFIID recruitment through interactions with several core 

promoter elements, including Inr, DPE, DCE, and MTE (Dynlacht et al., 1991; Juven-Gershon et al., 

2008; Kutach and Kadonaga, 2000; Thomas and Chiang, 2006). After binding of TFIID, TFIIA and 

TFIIB are recruited, which results in a stabilization of the complex. This paves the way for recruitment 

of RNAPII, TFIIF, and TFIIE. Finally, TFIIH joins the complex and phosphorylates Ser5 on the CTD 

of the Rpb1 subunit of RNAPII, which triggers promoter escape (Feaver et al., 1994; Wong et al., 

2014).    

 

Figure 3.1. Assembly of the preinitiation complex.  
(left) Order of transcription factor recruitment. (right) Schematic overview of the preinitiation 
complex. 
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An alternative pathway for PIC assembly has been proposed, where a pre-assembled “RNAPII 

holoenzyme” is directly recruited to the promoter (Koleske and Young, 1994). The holoenzyme has 

been found to contain all the transcription factors except TFIIA and TFIID. Besides the general 

transcription factors, the RNAPII holoenzyme has been suggested to contain the GCN5 histone 

acetyltransferase, SWI/SNF, and several regulatory genes termed SRBs (Chao et al., 1996; Thomas 

and Chiang, 2006; Wu and Chiang, 1998). 

 

3.2.2. TATA-binding protein 

As mentioned in the previous section, the first step of PIC assembly in TATA box-containing 

promoters is binding of TBP to the TATA box. The consensus sequence of the TATA box is                  

5'-TATAAA-3', and it is usually located 30 bp upstream of the transcription start site in humans (Yang 

et al., 2007) or 40-120 bp in yeast (Smale and Kadonaga, 2003; Struhl, 1989). Despite the fact that 

the TATA box is one of the most studied promoter elements, it is only present in approximately 20-

25% of all gene promoters (Basehoar et al., 2004; Yang et al., 2007). Interestingly, TATA box-

containing genes are associated with highly regulated genes, whereas TATA-less promoters 

predominantly are found in constitutively expressed genes, like housekeeping genes (Basehoar et al., 

2004). This suggests that the binding of TBP to the TATA box is a highly regulated process. Indeed, 

several factors have been demonstrated to positively regulate TBP binding, including the SAGA and 

Mediator complexes (Govind et al., 2005; Lee et al., 2000). Likewise, factors that negatively regulates 

TBP have been identified. For example, Mot1 and NC2 can inhibit the function of TBP by forming a 

heterodimer with it (van Werven et al., 2008). Mot1 is able to bind both free and DNA-bound TBP, 

and upon ATP hydrolysis it can disrupt the TBP-DNA interaction, thereby repressing transcription 

(Auble et al., 1994). NC2 is only able to form a heterodimer with DNA-bound TBP, and the binding 

blocks PIC assembly by preventing the recruitment of TFIIA and TFIIB (Goppelt et al., 1996). 

Furthermore, TFIID itself can form a homodimer, which blocks the DNA interacting domain of TBP 

(Chasman et al., 1993). TFIIA is then able to function as a positive regulator, by facilitating the 

reversal of the dimerization (Coleman et al., 1995).  

TBP binds to the DNA mainly through interactions between positively charged lysine and arginine 

residues of TBP and the negatively charged DNA phosphodiester backbone. Furthermore, specific 

amino acids of TBP form hydrogen bonds with the DNA-bases, thereby ensuring binding of TBP to 

the correct DNA sequence (Juo et al., 1996). Finally, four phenylalanine residues of TBP enter the 
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minor groove of the DNA double helix, thereby widening it (Tan et al., 1996). This in turn results in 

a bending of the DNA of almost 90° (Figure 3.2). 

 

3.2.3. Chromatin in gene regulation 

To protect and compress the genome in eukaryotic cells, the DNA is packed into nucleosomes. A 

nucleosome consists of DNA wrapped around a histone octamer, containing two copies each of the 

core histones H2A, H2B, H3, and H4. A single copy of the linker histone H1 binds to the entry and 

exit DNA strands to compact the nucleosome (Richmond et al., 1984). Each nucleosome is wrapped 

by approximately 147 bp of DNA (Luger et al., 1997).  

While the arrangement of DNA into nucleosomes is highly beneficial for the cell in terms of genome 

integrity and organization, the packing can potentially also be harmful to the cell. For example, 

nucleosomes can outcompete the binding of important enzymes to the DNA, thereby inhibiting 

important cellular functions. Transcription of DNA into RNA is especially exposed to this, because 

of the multitude of DNA-protein interactions involved in this process (Li et al., 2007). But the cell 

can also take advantage of the fact that nucleosomes can block binding of transcription factors, since 

the distribution of nucleosomes in this way can help determine which parts of the genome are 

Figure 3.2. Crystal structure of 
binding between TBP and 
DNA. 
TBP binds around the DNA in a 
saddle-like structure. Four 
phenylalanine residues of TBP 
enter the minor groove of the 
DNA, thereby widening it and 
causing a ~90° kink in the DNA. 
Green: TBP. Blue: DNA.   
Red: phenylalanine residues 
positioned inside the minor 
groove. Displayed in PyMol 
using crystal structure 
determined by (Tan et al., 1996). 
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transcribed (Cairns, 2009). In relation to this, it has been discovered that the distribution of 

nucleosomes along the genome is far from random, as some regions show a much lower occupancy 

of nucleosomes than the rest of the genome. These “nucleosome free regions” (NFRs) are mainly 

found in promoter regions (5’ NFR), and thereby help in the recruitment of transcription factors to 

these regions (Lee et al., 2007). NFRs are also often found at terminator regions of genes (3’ NFRs). 

Most of the nucleosomes along the genome can be described as delocalized or “fuzzy”, which means 

that the position of the nucleosome differs between different cells. Other nucleosomes are well-

positioned or “phased”, meaning that they have approximately the same position in all cells. Phased 

nucleosomes are found next to NFRs, but the nucleosomes get more and more fuzzy the further away 

from the NFR they are located (Jiang and Pugh, 2009). The first nucleosome after the transcription 

start site (TSS) is referred to as +1, the next +2 etc. Likewise, the nucleosomes upstream to the 5’ 

NFR are -1, -2, etc. Figure 3.3 is a schematic illustration of a gene, showing NFRs at the promoter 

and terminator regions and phased nucleosomes close to these regions.  

 

Figure 3.3. Positions of nucleosomes along a gene. 
Schematic representation of nucleosome distribution along a gene. NFRs are located at the promoter 
and terminator regions. Nucleosomes are highly phased close to the NFRs, but become more fuzzy 
further away. The phased nucleosomes flanking the 5’ NFR are numbered as indicated. NFR, 
Nucleosome free region. TSS, Transcription start site. 

 

The size of the 5’ NFR differs between different genes. Constitutively expressed genes (housekeeping 

genes) tend to have large nucleosome free promoter regions, while regulated genes often have small 

NFRs at their promoters (Basehoar et al., 2004; Tirosh and Barkai, 2008). This means that 

nucleosomes need to be removed from the promoter regions of regulated genes before the 

transcription apparatus can be assembled. In contrast to housekeeping genes, regulated genes often 

contain a TATA box, which allows high expression of the gene as a response to internal or external 

stimuli (Cairns, 2009). Regulated genes are also often dependent on chromatin remodelers for 

expression, as the enzymes are needed for removal of promoter nucleosomes prior to PIC assembly 

(Jiang and Pugh, 2009). Several chromatin remodelers have been identified, which utilize the 

hydrolysis of ATP to move, eject, or restructure nucleosomes (Saha et al., 2006). Examples of 

-1

5’ NFR TSS 3’ NFR

-2 +1 +2 +3
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chromatin remodelers are the well-studied SWI/SNF complex (Whitehouse et al., 1999) and the RSC 

complex (Lorch et al., 2011). The association between DNA and nucleosomes can also be changed 

by chemical modifications of the histones. For example, Histone Acetyltransferases (HATs) can 

attach acetyl groups to lysine residues of histone tails, to loosen the grip the nucleosome have on the 

DNA (Lee and Workman, 2007). Acetylation of the lysine residues lowers the positive charge of the 

histone tails, resulting in weaker interactions between the phosphate groups of DNA and the histone 

tails. Histone deacetylases (HDACs) work in the opposite direction, increasing the binding affinity 

between DNA and nucleosomes by removing acetyl groups from histone tails (de Ruijter et al., 2003). 

Several different enzymes are therefore involved in gene regulation by controlling when and where 

nucleosomes bind to the DNA. 

 

3.2.4. The PHO5 gene 

The PHO pathway is a system in S. cerevisiae that responds to the extracellular inorganic phosphate 

concentration (Vogel and Hinnen, 1990). The acid phosphatase PHO5 is part of this partway and is a 

classic example of a chromatin-regulated gene. PHO5 is regulated by other factors in the PHO 

pathway, including PHO4 and PHO2. Pho2 is always in the nucleus, but the localization of Pho4 

depends on the activity of other proteins in the PHO pathway. When the extracellular phosphate 

concentration is high, a complex of the cyclin Pho80 and the CDK Pho85 phosphorylates Pho4, 

thereby preventing it from entering the nucleus to activate PHO5. In contrast, under phosphate 

starvation another member of the PHO pathway, Pho81, inhibits the Pho80/Pho85 complex. Pho4 

then enters the nucleus and activates PHO5 (Figure 3.4). The PHO5 promoter is covered by four 

highly phased nucleosomes termed -1 to -4 (Fascher et al., 1993). Regardless of the extracellular 

phosphate concentration, Pho2 is bound at an NFR called upstream activation sequence 1 (UAS1) 

between nucleosome -2 and -3. When Pho4 enters the nucleus, it binds at UAS1 together with Pho2 

and recruits chromatin remodeling factors, resulting in removal of the four nucleosomes (Adkins et 

al., 2004; Ransom et al., 2009). This exposes UAS2 and the TATA box, which allows for binding of 

another Pho4 at UAS2 and for assembly of the preinitiation complex (Figure 3.4).  
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Figure 3.4. Induction pathway of the PHO5 gene. 
(left) Under high phosphate conditions, Pho81 is inhibited. This allows the Pho80/Pho85 complex to 
phosphorylate the transcription factor Pho4, thereby retaining it in the cytoplasm. (right) Under 
phosphate starvation, Pho81 inhibits Pho80/Pho85, allowing Pho4 to enter the nucleus. Here it binds 
to UAS1, where Pho2 is already bound. This triggers the recruitment of chromatin remodelers, which 
remove four phased nucleosomes from the PHO5 promoter. Another Pho4 protein then binds at 
UAS2, and the preinitiation complex is assembled. Yellow nucleosomes represents phased 
nucleosomes that are removed upon induction. Dashed border represents inactive/lacking enzyme. Pi, 
inorganic phosphate. UAS, upstream activating sequence. TATA, TATA box. TSS, transcription start 
site.  

 

3.2.5. The GAL genes 

Other well-studied examples of chromatin regulated genes are the GAL genes, which are responsible 

for the uptake and metabolism of galactose (Lohr et al., 1995). Galactose is a monosaccharide similar 

to glucose, but unlike glucose, it is unable to enter the glycolysis pathway directly. It first has to be 

chemically modified by the enzymes encoded by the GAL genes in the so-called Leloir pathway (Frey, 

1996; Ross et al., 2004). To save energy, the Leloir pathway is only active when galactose is present. 

Furthermore, the pathway is inactivated if the cell has access to glucose, even when galactose is 

present, as glucose can be used directly and therefore is the preferred carbon source. Activation of 
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the GAL genes is quite similar to activation of the PHO5 gene, in that a transcription factor has to 

bind to the promoter region in order to recruit chromatin remodelers. When the promoter nucleosomes 

have been removed, preinitiation complex assembly and transcription initiation can take place. The 

transcription factor responsible for recruitment of chromatin remodelers to the GAL gene promoters 

is Gal4. Gal4 binds to the DNA as a homodimer (Marmorstein et al., 1992). It consists of a DNA 

binding domain and an activating domain responsible for recruitment of chromatin remodelers. If 

glucose is present, the GAL genes are repressed, and Gal4 is not bound to the promoter, mainly due 

to the repressor Mig1 (Nehlin et al., 1991). When glucose is absent, but other sugars such as raffinose 

are present, the GAL genes are in a poised state. In this state, a Gal4 dimer is bound to the GAL 

promoters, but its activating domain is blocked by a homodimer of the repressor Gal80 (Lue et al., 

1987; Pilauri et al., 2005). When galactose becomes available, it will bind to Gal3 and cause a 

structural change. This allows Gal3 to bind to Gal80, causing it to relieve its inhibitory effect on Gal4 

(Figure 3.5) (Sellick et al., 2008). Two conflicting theories concerning the binding between Gal3 and 

Gal80 have been proposed. In the first, galactose-activated Gal3 binds Gal80 in the cytoplasm, 

thereby preventing Gal80 from entering the nucleus and inhibiting Gal4 (Peng and Hopper, 2000; 

Peng and Hopper, 2002). In another model, it has been proposed that upon galactose addition, Gal3 

enters the nucleus and binds to the Gal4-Gal80 complex. The creation of this tripartite complex causes 

a transformational change in Gal80, so it no longer blocks the activating domain of Gal4 (Bhaumik 

et al., 2004; Parthun and Jaehning, 1992; Platt and Reece, 1998). Regardless of where Gal3 and Gal80 

binds, the outcome is the same: galactose induced activation of Gal3 causes Gal80 to release its 

inhibitory effect of Gal4. This allows Gal4 to recruit chromatin remodeling factors, which remove 

one or more nucleosomes from the promoter region. The preinitiation complex can then be assembled, 

and transcription of the GAL genes can begin (Figure 3.5). 

The GAL genes, which are directly involved in the transport and metabolism of galactose, include 

GAL1, GAL2, GAL7, and GAL10. They are all regulated as illustrated in Figure 3.5, although they 

differ in the number and positions of regulated nucleosomes. An overview of the promoter regions of 

the individual GAL genes is shown in Figure 1 of the manuscript “DNA topoisomerases are required 

for preinitiation complex assembly during GAL gene activation” in section 3.4. 
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Figure 3.5. Induction of the GAL genes. 
(left) In the poised state, the transcription factor Gal4 is bound at a UAS as a homodimer, but its 
activating domain is blocked by Gal80. (right) When galactose becomes available, galactose-bound 
Gal3 forms a complex with Gal4-Gal80, allowing the activating domain of Gal4 to recruit chromatin 
remodelers. The TATA box gets accessible, and the preinitiation complex can be assembled. In an 
alternative model, galactose-bound Gal3 binds Gal80 in the cytoplasm, thereby relieving the 
inhibitory effect of Gal80 on Gal4. Yellow hexagons represent galactose. UAS, upstream activating 
sequence. TATA, TATA box. TSS, transcription start site.  

 

3.2.6. DNA topoisomerases in transcription 

As discussed in section 1.1.2., transcription can influence the superhelical state of the genome. But 

the level of supercoiling can also exert an effect on transcription. Earlier, it was believed that DNA 

supercoiling mainly affected the elongation step of transcription, as negative and positive supercoiling 

facilitates and inhibits strand separation, respectively (Brill et al., 1987). However, evidence has 

revealed that transcription initiation also is affected by supercoiling by regulating preinitiation 

complex assembly at gene promoters (Dunaway and Ostrander, 1993; Schultz et al., 1992). This has 

been substantiated by more recent genome-wide studies in yeast, which demonstrate that Top1 and 

Top2 are enriched at promoter regions (Bermejo et al., 2009). Taken together with the finding that 

RNA synthesis is significantly reduced in top1∆top2ts yeast cells, while no change is observed in 

either single mutants (Brill et al., 1987), it seems plausible that it is the common DNA relaxation 

activity that is required for transcription initiation. However, other studies found that only one of the 

enzymes influences transcription. Thus, human topoisomerase I has been found to promote 

transcription of genes containing a TATA box, whereas it represses basal transcription and 

transcription from telomere-proximal genes (Lotito et al., 2008; Merino et al., 1993). Likewise, 

topoisomerase II has been found to be required for activation of a subset of genes, including genes 

with highly phased promoter nucleosomes (Nikolaou et al., 2013). Furthermore, a study has 

demonstrated that topoisomerase II by its ability to create DSBs in the DNA is involved in regulation 
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of a subset of genes (Ju et al., 2006). In conclusion, DNA topoisomerases are involved in gene 

regulation through different means. In many cases, it is simply the common DNA relaxation activity 

that change the topological state of the genome, which in turn affects transcriptional initiation or 

elongation. In other cases, the individual topoisomerases have a more specific role in gene regulation. 

The role of DNA topoisomerases in gene regulation is therefore not as simple as original believed, 

and much more work has to be performed to elucidate this form of gene regulation. 
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Abstract

To investigate the role of DNA topoisomerases in transcription, we have studied global gene expression in Saccharomyces
cerevisiae cells deficient for topoisomerases I and II and performed single-gene analyses to support our findings. The
genome-wide studies show a general transcriptional down-regulation upon lack of the enzymes, which correlates with gene
activity but not gene length. Furthermore, our data reveal a distinct subclass of genes with a strong requirement for
topoisomerases. These genes are characterized by high transcriptional plasticity, chromatin regulation, TATA box presence,
and enrichment of a nucleosome at a critical position in the promoter region, in line with a repressible/inducible mode of
regulation. Single-gene studies with a range of genes belonging to this group demonstrate that topoisomerases play an
important role during activation of these genes. Subsequent in-depth analysis of the inducible PHO5 gene reveals that
topoisomerases are essential for binding of the Pho4p transcription factor to the PHO5 promoter, which is required for
promoter nucleosome removal during activation. In contrast, topoisomerases are dispensable for constitutive transcription
initiation and elongation of PHO5, as well as the nuclear entrance of Pho4p. Finally, we provide evidence that
topoisomerases are required to maintain the PHO5 promoter in a superhelical state, which is competent for proper
activation. In conclusion, our results reveal a hitherto unknown function of topoisomerases during transcriptional activation
of genes with a repressible/inducible mode of regulation.
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Introduction

Early studies of transcription have demonstrated that DNA

topoisomerases are important in the transcription process [1]. The

enzymes transiently break and rejoin the phosphodiester backbone

of DNA to allow the passage of individual DNA strands or double

helices through one another [2,3]. In this way they regulate DNA

superhelicity and solve topological problems arising during DNA

metabolism. In Saccharomyces cerevisiae, DNA superhelicity is

influenced by topoisomerases I and II (Top1p and Top2p),

encoded by the TOP1 and TOP2 genes, respectively [3]. Although

both enzymes are able to relax supercoiled DNA, they show

different substrate preferences, with Top2p being much faster than

Top1p, when nucleosomal DNA is relaxed, whereas the opposite

is the case during relaxation of naked DNA [4]. Despite these

differences, early studies in yeast have demonstrated that

transcription is more or less unaffected in yeast cells lacking either

Top1p or Top2p, indicating that the two enzymes are redundant

in the transcription process. Conversely, top1Dtop2ts mutants

grown under restrictive conditions display a decreased rate of

both rRNA and mRNA synthesis [1].

Transcription and DNA supercoiling are linked by a cause-effect

relationship that operates in both directions. The transcriptional

effect on supercoiling is explained by the Twin-Supercoiled-Domain-

Model, which predicts that two domains of DNA supercoiling are

generated during transcription elongation, provided that the RNA

polymerase cannot rotate freely around the template, and that DNA

rotation is hindered [5]. Thus, positive and negative supercoiling will

be formed in front of and behind the advancing polymerase,

respectively. The model, which has gained support from both in vitro

and in vivo studies [1,6,7], implies that a gradient of positive and

negative supercoils will dissipate from an active transcription unit if

topoisomerase activity is lacking. The effect exerted by supercoiling

on transcription has in many cases been demonstrated to depend on

the sign of the supercoils. Thus, positive supercoiling has been

suggested to impair transcription initiation as well as elongation by

inhibition of strand separation [8,9]. In contrast, negative supercoil-

ing has been suggested to be more favorable for transcription, in that
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it may facilitate transcription initiation by enhancing complex

formation at promoters [10–12].

The crosstalk between DNA supercoiling and transcription still

remains elusive in vivo, where chromatin structure adds another

layer of complexity. Dissociation and re-association of nucleo-

somes will release and absorb negative superhelicity, respectively,

with a potential impact on transcription [13], and topoisomerases

have indeed been demonstrated to affect nucleosome dynamics

[14–16]. Furthermore, chromatin has been suggested to adapt to

positive supercoiling by a slight conformational change, which is

reverted upon relaxation by either Top1p or Top2p [4]. This

implies that the chromatin fiber is a torsionally resilient structure,

which can act as a topological buffer in vivo and facilitate

dissipation of topological strain [4,9,17]. In eukaryotes, a change

in DNA superhelicity may thus exert an additional effect on

transcription via changes at the chromatin level.

Several studies have suggested that the individual topoisomerases

play a role during transcription initiation. Thus, human topoisom-

erase I has been demonstrated to affect transcription initiation from

TATA-containing promoters, functioning as a repressor of basal

transcription but as an enhancer of activated transcription [18]. In

line with this, studies with yeast Top1p have suggested that the

enzyme exerts an inhibitory effect on transcription initiation of a

subset of stress-inducible genes located in the silenced subtelomeric

regions [19]. Concerning topoisomerase II, experiments performed

with a topoisomerase II inhibitor have demonstrated a role of this

enzyme in the activation of specific oncogenes, where activation

reflects a change in promoter structure [20]. In addition, mammalian

topoisomerase IIb has been found to directly affect transcription

initiation of an inducible gene by creating a specific DNA double

strand break in the promoter region allowing nucleosome displace-

ment and downstream protein recruitment [21].

Recent studies of transcription using genome-wide approaches

have further substantiated a role of topoisomerases during

transcription initiation. In a study performed in S. pombe, Top1p

was suggested to be directly responsible for nucleosome disassem-

bly in gene promoters prior to transcription [14]. However, in a

study performed in S. cerevisiae, Top1p and Top2p were suggested

to act redundantly to allow recruitment of RNA polymerase II to

nucleosome-free promoters rather than to act in nucleosome

removal per se [22]. In both cases topoisomerases were found to

bind preferentially to promoter regions of highly active genes. The

precise role of DNA topoisomerases in transcription is thus still not

clear. Indeed, steps upstream of the engagement of polymerases

and nucleosome removal could be influenced by DNA supercoil-

ing, i.e. binding of transcriptional activators or repressors.

In the present study, we have combined microarray gene

expression analyses and single-gene studies using S. cerevisiae strains

lacking either one or both DNA topoisomerases to unravel the

implications of these enzymes on transcription. Although we

demonstrate that the requirement for topoisomerases generally

correlates with transcriptional activity we find that DNA

topoisomerases have a major impact on transcription of a subset

of genes, which are not unified by being highly transcribed per se.

Rather, the most affected genes are characterized by features

associated with highly regulated transcription initiation. Studies of

several genes from this subgroup demonstrate that topoisomerases

indeed are required for adequate and timely transcriptional

induction. Finally, in case of the inducible PHO5 gene, we

demonstrate that topoisomerase-mediated relaxation is required

for binding of the Pho4p transcription factor, whereas constitutive

PHO5 transcription is unaffected by topoisomerase deficiency.

Results

Topoisomerases I and II act redundantly in genome-wide
transcription, but global down-regulation occurs in the
absence of both enzymes
To investigate the impact of DNA topoisomerases I and II

(Top1p and Top2p, respectively) on genome-wide transcription, we

examined the S. cerevisiae polyadenylated transcriptome by micro-

array analysis in top1D, top2ts, top1Dtop2ts and the isogenic wild-type

strain. To bypass genome-wide effects of topological challenges

caused by replication [23,24] as well as abortive mitosis due to lack

of Top2p activity, the window of transcription was limited to the

G1-phase of the cell cycle, and cells were grown at the restrictive

temperature for conditional inhibition of Top2p (Figure 1A).

Due to the expected drop in RNA synthesis in cells lacking

topoisomerase activity [1], external normalization was used to

compensate for unbalanced gene expression changes [25] (see

Text S1). As seen in Figure 1B, a genome-wide decrease of most

transcripts is observed in top1Dtop2ts, reflecting an absolute drop in

mRNA abundance at the cellular level of ,30% (Figure 1C).

Furthermore, around 20% of all genes are 2-fold or more up- or

down-regulated in the double mutant, where the down-regulated

genes account for ,17% (Figure 1D). In contrast, the single

mutants show a drop of only 10% in mRNA abundance

(Figure 1C) and a relatively low number of de-regulated genes

(Figure 1D), suggesting a redundant nature of the two enzymes in

genome-wide transcription as indicated earlier [1].

Topoisomerase dependency is associated with
transcriptional activity but not transcript length
To address, whether the global transcriptional down-regulation

in topoisomerase deficient cells can be explained by effects

predicted by the Twin-Supercoiled-Domain-Model, we considered

two simple parameters, transcriptional activity and transcript

length, which are both proportional to the number of DNA

supercoils produced during transcription of a specific gene [5].

As shown in Figure 2A, a plot of gene expression changes in

top1Dtop2ts against wild-type mRNA abundances reveals that genes

Author Summary

Gene expression is controlled at many different levels to
assure appropriate responses to internal and environmen-
tal changes. The effect of topological changes in the DNA
double helix on gene transcription in vivo is a poorly
understood factor in the regulation of eukaryotic gene
expression. Topological changes are constantly generated
by DNA tracking processes and may influence gene
expression if not constantly removed by DNA topoisom-
erases. For decades it has been generally accepted that
these enzymes regulate transcription by removing excess
topological strain generated during tracking of the RNA
polymerase, but we still lack a more holistic view of how
these enzymes influence gene transcription in their native
environment. Here, we examine both global and gene-
specific changes in transcription following lack of DNA
topoisomerases in budding yeast. Taken together, our
findings show that topoisomerases play a profound role
during transcriptional activation of genes with a repress-
ible/inducible mode of regulation. For the PHO5 gene,
which is investigated in more detail, we demonstrate that
topoisomerases are required for binding of a transcription
factor, which is crucial for promoter opening during PHO5
activation. Our data thus suggest that inducible gene
promoters are highly sensitive to changes in DNA
superhelicity.

DNA Topoisomerases in Genome-Wide Transcription
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with higher mRNA abundance are more affected by topoisom-

erase deficiency relative to genes with lower abundance (Pearson

correlation=20.35). In contrast to the double mutant, the single

mutants show no correlation between transcript changes and wild-

type mRNA abundance, consistent with the redundant nature of

the two enzymes in genome-wide transcription.

Relative measures of transcriptional activity for every gene were

obtained from measures of mRNA abundance by taking gene

specific values of polyA mRNA breakdown into account as

described by Schreiber and co-workers [26]. As shown in

Figure 2B, we found increasing topoisomerase dependency with

increasing transcriptional activity (Pearson correlation=20.34).

Figure 1. Global reduction in mRNA levels occurs due to lack of topoisomerases I and II. (A) Experimental setup showing the timing of G1
arrest by a-factor (a) and inhibition of Top2p at 37uC. (B) Distribution of gene expression changes (between mutant and wild-type) in topoisomerase
single and double mutants. (C) Relative mRNA levels were calculated using the total microarray signal intensities in mutants and wild-type. mRNA
levels in wild-type were set to 100%. Error bars represent6 one standard deviation from biological triplicates. (D) Percentage of genes up- and down-
regulated 2-fold or more (open and filled columns, respectively). Error bars represent 6 one standard error of the means from biological triplicates.
doi:10.1371/journal.pgen.1003128.g001

Figure 2. Transcriptional activity and not transcript length reflects topoisomerase dependency. (A) top1D, top2ts, and top1Dtop2ts gene
expression changes plotted against mRNA abundance in wild-type cells as a 200 gene moving average. (B) top1Dtop2ts gene expression changes
plotted against transcriptional activity in wild-type cells as a 200 gene moving average. (C) top1Dtop2ts gene expression changes plotted against
transcript length [27] as a 200 gene moving average. Nt, nucleotides.
doi:10.1371/journal.pgen.1003128.g002
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We therefore conclude that topoisomerase deficiency generally has

a larger impact on highly active genes relative to less active genes. A

similar conclusion was reached by use of average RNA polymerase

II occupancy instead of transcriptional activity (Figure S1).

We next related the top1Dtop2ts transcript changes to a genome-

wide survey of transcript lengths [27]. However, no correlation

between transcript length and topoisomerase dependency was

found (Figure 2C) (Pearson correlation= 0.00). Furthermore, a

statistical test of all transcripts shorter than 0.5 kb (n= 355) and

larger than 4.5 kb (n= 122) revealed no difference in the

distribution of top1Dtop2ts gene expression changes (P=0.87,

Wilcoxon rank-sum test for different distribution). In conclusion,

the data demonstrate that the requirement for topoisomerases

during global gene transcription increases with increasing tran-

scriptional activity, but is independent of transcript length.

Topoisomerases affect transcription of metabolic and
stress-related genes as well as genes with a TATA box in
the promoter region
Despite the finding that transcriptional activity is a global

indicator of topoisomerase dependency, we noticed that a range of

the most actively transcribed genes were not among the most de-

regulated genes in top1Dtop2ts (Figure S2). Thus, features other

than transcriptional activity per se may be responsible for

topoisomerase requirements during gene transcription.

To look for common traits and overrepresentation of biological

functions among the genes strongly affected by topoisomerase

deficiency, we performed gene ontology analyses. As reported in

Table S1, topoisomerase deficiency preferentially affects transcrip-

tion of genes involved in diverse metabolic pathways and in the

response to stress, which are genes for which transcription is

typically altered, when environmental conditions are changed

[28,29]. We therefore investigated, whether genes affected by

topoisomerases display a higher responsiveness to environmental

changes relative to genes, which are unaffected by topoisomerases.

A measure for responsiveness to environmental changes was derived

for every gene by calculating the average transcript change of the

gene across the Gasch data set consisting of 173 microarray

transcription profiles obtained from cells subjected to diverse

environmental perturbations [28]. As reported in Table S2 we

found that topoisomerase dependent genes, including both up- and

down-regulated genes, have significantly higher responsiveness to

environmental changes relative to the rest of the genome. Our data

therefore suggest that DNA topoisomerases play an important role

in the regulatory network of gene expression in the response to

environmental changes. This finding prompted us to look for

denominators that are common to transcription of topoisomerase-

dependent genes. Indeed, we found that this group of genes has a

significant enrichment of genes with a TATA-box in the promoter

region as well as genes dependent on the SAGA (Spt-Ada-Gcn5-

acetyltransferase) complex (Table S2, Figure S2). Both are features,

which predominantly are associated with regulation of genes with a

repressible/inducible mode of regulation [30,31]. In contrast,

TATA-less genes tend to have housekeeping functions and are

more constitutively transcribed. Taken together, these analyses

suggest that topoisomerase-dependent genes are highly regulated.

Topoisomerase-dependent genes have high
transcriptional plasticity and are governed by chromatin
regulation
To investigate if topoisomerase-dependent genes have a higher

regulatory capacity relative to genes, which are unaffected by

topoisomerase deficiency we took advantage of a gene-specific

measure of transcriptional plasticity. This measure has previously

been defined as the dynamic range of transcript changes a gene

displays in a large collection of .1,500 microarray analyses of

gene expression [32]. Intriguingly, when plotting transcriptional

plasticity against gene expression changes in top1Dtop2ts, we found
a curvilinear relationship (Figure 3A). This demonstrates that

genes strongly affected by topoisomerase deficiency, including

both up- and down-regulated genes, display a high transcriptional

plasticity relative to less affected genes. Notably, transcriptional

plasticity is correlated with topoisomerase dependency indepen-

dent of expression levels (Figure S3). Overall, the characterization

of topoisomerase-dependent genes as being highly regulated across

a multitude of conditions suggests that topoisomerase deficiency

perturbs some of the regulatory features inherent to this gene class.

Transcription of highly regulated genes is generally associated

with chromatin remodeling and histone modifying activities, which

regulate the access of transcription factors and the general

transcription machinery to promoters [33]. To further analyze the

properties of the topoisomerase-dependent genes, we therefore used

a measure of the sensitivity to chromatin regulation, which has been

calculated as the expression variability a gene displays in 141

microarray profiles obtained in the absence of different chromatin

modifiers [34]. This measure was plotted against gene expression

changes in top1Dtop2ts (Figure 3B). As shown in Figure 3B, the genes,
which are most affected by topoisomerase deficiency, show the

highest sensitivity to chromatin regulation in accordance with the

high transcriptional plasticity of these genes. Thus, genes which are

activated or repressed at the chromatin level are prone to be

influenced by DNA topoisomerases. To further support this finding

we calculated pairwise Pearson correlations between the top1Dtop2ts
transcription profile and the profiles from more than 1,000 different

microarrays from yeast. In this screen the most significant

correlations were found to transcription profiles generated from

yeast strains lacking factors affecting regulation of transcription via

chromatin (e.g. spt6ts, spt16ts, gcn5 mutation, histone depletion and

histone tail deletion, Figure S4).

The observed correlation between de-regulated transcription in

top1Dtop2ts and measures of transcriptional plasticity and chromatin

regulation encouraged us to address, whether the genes with the

strongest dependency on topoisomerases have a different promoter

chromatin architecture compared to topoisomerase-independent

genes. We therefore used a map of nucleosome occupancy across

the yeast genome [35] to examine the nucleosome binding pattern

in the promoter region of these genes. The 100 most up- and down-

regulated genes as well as the 100 most unaffected genes in

top1Dtop2ts were selected to identify a possible topoisomerase-

dependent promoter nucleosome architecture. As seen in Figure 3C

and Figure S5, genes, which are strongly affected by topoisomerase

deficiency, have a significant higher nucleosome occupancy in the

conserved nucleosome-free region, which is a region known to be

enriched for binding of transcription factors and chromatin

regulators influencing transcription initiation [36].

Taken together, the data from the genome-wide analyses

suggest that topoisomerase deficiency affects transcription of a

group of genes, which can be characterized as being highly

regulated, thus having a repressible/inducible mode of regulation.

Given that highly regulated genes are characterized by tight

control of initiation rather than elongation, the data point to an

important role of topoisomerases during transcription initiation.

Topoisomerases are needed during transcription of a
range of inducible genes
We next wanted to substantiate the genome-wide findings by

analyses of specific genes with a repressible/inducible mode of
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regulation that are known to be environmentally regulated and

dependent on chromatin structure. For this purpose, twelve genes

were selected from four commonly studied gene systems,

representing phosphate- (PHO5, PHO8, VTC1, VTC3), galactose-

(GAL1, GAL2, GAL7, GAL10), glucose- (ADH2, ADY2, YAT1) and

inositol-regulated (INO1) promoters. In order to study the

induction capabilities, wild-type and top1Dtop2ts cells were cultured
under repressive conditions and transferred to the respective

inducible conditions (see Text S1) as outlined in the experimental

setup presented in Figure 4A. As demonstrated in Figure 4B,

transcription of all twelve genes is significantly compromised in the

absence of DNA topoisomerases. Albeit the selected genes have

important differences in many aspects associated with regulation of

transcription, e.g. activator and co-factor requirements, the data

show that topoisomerases have comparable transcriptional effects

on the different inducible gene systems. To verify that topoisom-

erase deficiency exerts a specific effect on transcription of inducible

genes, and furthermore confirm the specificity of the different

inducible conditions, we included three housekeeping genes, ESC1,

ACT1, and GAPDH, where measurements of transcript accumu-

lation were obtained under either phosphate-, galactose-, or

glucose-inducible conditions (Figure S6). These genes showed

virtually no transcript changes in wild-type and top1Dtop2ts cells in
the time frame, where the inducible genes showed up to several

thousand fold increase in mRNA levels in the wild-type. Taken

together, our results support a model, where topoisomerases are

needed for adequate transcription of regulated genes, and thus

corroborate our findings from the microarray gene expression

analysis.

Topoisomerases are required for transcriptional
activation of PHO5 but become dispensable once the
gene is activated
To investigate in which step during transcription of a regulated

gene topoisomerases exert their function, we focused on the well-

characterized PHO5 gene, which was found to absolutely require

topoisomerases as demonstrated in Figure 4B. This gene is

repressed under high phosphate conditions, where the transcrip-

tion factor Pho4p is phosphorylated by the Pho80p/Pho85p

complex and retained in the cytoplasm. In the un-phosphorylated

state under phosphate-free conditions, Pho4p enters the nucleus,

where it binds the PHO5 promoter and trans-activates chromatin

remodeling, thus being essential for PHO5 induction by promoter

nucleosome removal [37,38]. To initially determine if topoisom-

Figure 3. Genes de-regulated in top1Dtop2ts have high transcriptional plasticity and are chromatin-regulated. (A) Transcriptional
plasticity [32] plotted against top1Dtop2ts gene expression changes (200-gene moving average). (B) Sensitivity to chromatin regulation [34] plotted
against top1Dtop2ts gene expression changes (200-gene moving average). (C) Left panel, the average nucleosome-binding pattern around the
transcription start site (TSS) was compared between groups of the 100 most unaffected, the 100 most up-regulated, the 100 most down-regulated
genes in top1Dtop2ts, and the average pattern for all genes in the yeast genome [35]. Nucleosome-free region (NFR) is highlighted in yellow. Right
panel, statistical analysis of nucleosome occupancy in the NFR displayed by a box plot. P-values were calculated by an unpaired, two-sample t-test
assuming equal variances.
doi:10.1371/journal.pgen.1003128.g003
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Figure 4. Topoisomerases are required for transcriptional induction of a range of inducible genes. (A) Experimental setup. a indicates a-
factor. (B) Time-course experiments of induced gene expression in wild-type and top1Dtop2ts cells. The mRNA levels of the indicated genes were
quantified by qPCR at the indicated time points after transfer of cells to inducible conditions and normalized to the mRNA level obtained in the wild-
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erases are required for PHO5 activation per se or for continued

PHO5 transcription upon activation, we took advantage of the fact

that deletion of PHO80 leads to constitutive expression of PHO5

regardless of phosphate conditions [39]. Wild-type cells as well as

pho80D and pho80Dtop1Dtop2ts mutants were analyzed in parallel

for accumulation of PHO5 transcripts. As expected, both mutants

show high PHO5 transcription levels under high phosphate

conditions at the non-restrictive temperature (0 min time point),

where the wild-type cells are fully repressed (Figure 5A). However,

upon transfer to inducible conditions at the restrictive tempera-

ture, pho80Dtop1Dtop2ts still accumulates PHO5 mRNA at a level

comparable to pho80D and similar to the transcription level from

the fully active PHO5 promoter in wild-type cells. The result

demonstrates that topoisomerases have no effect on transcription

from an already activated PHO5 promoter, and we therefore

conclude that topoisomerases are needed for activation of PHO5

but not for continuous transcription initiation and elongation.

To investigate if topoisomerases also play a role during

transcriptional inactivation of PHO5, we performed an experi-

ment, where wild-type and top1Dtop2ts cells were grown under

inducible conditions and then transferred to high phosphate to

shut down expression. As seen in Figure 5B, the kinetics in the

decrease of PHO5 mRNA levels were equivalent in top1Dtop2ts and
wild-type cells, strongly indicating that topoisomerases are

dispensable during transcriptional repression of PHO5. Thus,

although topoisomerases are essential for PHO5 activation, they do

not seem to be required during PHO5 inactivation.

Transcription of PHO5 is supercoiling sensitive
To address how DNA topoisomerases affect transcriptional

activation of PHO5, we first compared the accumulation of PHO5

mRNA levels in the topoisomerase single and double mutants

(Figure 6A). The analysis shows that, whereas wild-type cells reach

full induction after approximately 135 min under phosphate-free

conditions, lack of either Top1p or Top2p results in a kinetic delay

in PHO5 mRNA accumulation. In contrast, complete lack of

topoisomerase activity results in a synthetic phenotype with an

absolute inhibition of PHO5 activation. The fact that PHO5

transcription is sensitive to topoisomerase dosage strongly suggests

that it is the total relaxation capacity of the cell, which is important

for PHO5 transcription. The result thus indicates that PHO5

activation is influenced by changes in DNA superhelicity.

type at the latest time point (set to 100%). Averages from two individual experiments are shown with error bars representing 6 one standard
deviation. Numbers indicate the mean fold increase in wild-type cells at the latest time point.
doi:10.1371/journal.pgen.1003128.g004

Figure 5. Topoisomerases are dispensable for transcription once the PHO5 promoter is activated, and they are not required during
PHO5 inactivation. (A) Time-course experiments of PHO5 transcription in wild-type, pho80D, and pho80Dtop1Dtop2ts cells after transfer from high
phosphate to phosphate-free conditions. Upper panel, experimental setup. Lower panel, the PHO5 mRNA levels were quantified at the indicated time
points, normalized to the wild-type level at the 0 min time point (set to 1) and presented on a log2-scale. Number indicates the mean fold increase in
wild-type cells at the latest time point. (B) Time course experiment of PHO5 transcriptional inactivation in wild-type and top1Dtop2ts cells. Upper
panel, experimental setup. Lower panel, the PHO5 mRNA levels were quantified at the indicated time points and normalized to the level at the 0 min
time point (set to 100%). In A and B the averages from three and two individual experiments, respectively, are shown. Error bars represent 6 one
standard deviation. a indicates a-factor and +Pi and -Pi indicate high and no phosphate, respectively.
doi:10.1371/journal.pgen.1003128.g005
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To further investigate this we took advantage of the E. coli DNA

topoisomerase I enzyme (TopA). This enzyme only relaxes

negative supercoiling and has earlier been used to alter DNA

superhelicity on a global scale [8,9]. As shown in Figure 6B,

expression of TopA from a high-copy plasmid in wild-type cells

leads to reductions in PHO5 transcript levels upon transfer to

inducing conditions, strongly suggesting that PHO5 activation is

supercoiling sensitive.

Topoisomerases are required for Pho4p binding prior to
promoter nucleosome removal during PHO5 activation
To examine the underlying cause of the perturbed PHO5

activation in top1Dtop2ts cells, we next studied the impact of

topoisomerase deficiency on regulation of crucial steps upstream of

transcription initiation. A previous study has shown an absolute

requirement for nucleosome removal in trans from the PHO5

promoter region for transcription initiation to occur, which is

dependent on binding of the Pho4p transcription factor to the

PHO5 promoter [40]. Figure 7A shows the promoter structure of

PHO5 with a nucleosome map, illustrating Pho4p binding sites and

four highly positioned nucleosomes covering the promoter region.

To investigate if nucleosome removal is affected in top1Dtop2ts
we used Chromatin immunoprecipitation (ChIP) with an antibody

against histone H3 to measure nucleosome occupancy in the

PHO5 promoter in wild-type and top1Dtop2ts cells during PHO5

induction. As shown in Figure 7B, a decrease in the relative

amount of qPCR products corresponding to the promoter region

with the four nucleosomes is seen with increasing time following

induction in the wild-type cells, consistent with results from Hörz

and coworkers [41]. In contrast, no decrease is seen in top1Dtop2ts.
These results suggest that topoisomerases are either required

directly for the removal of repressive nucleosomes from the PHO5

promoter or for a step prior to this activity. We reason that this

step cannot be de-regulation of a chromatin remodeling factor as

strains disrupted for such factors have been shown to merely give

rise to a kinetic delay in PHO5 activation and not an absolute

inhibition [42–45]. Although less likely, we can however not rule

out that two or more chromatin remodeling factors are de-

regulated and together exert a synthetic phenotype.

To eliminate the possibility that defective PHO5 induction in

top1Dtop2ts is indirectly caused by disruption of the physiological

stimulus leading to transcriptional activation, we analyzed the

cellular localization of GFP-tagged Pho4p in wild-type and

top1Dtop2ts cells. As expected, both strains exhibit nuclear

accumulation of Pho4-GFP after 90 and 180 min under

phosphate-free conditions at the restrictive temperature

(Figure 7C). The results thus limit the window of topoisomerase

requirement to a step between Pho4p nuclear entrance and

promoter nucleosome removal.

We therefore finally addressed the possibility that binding of

Pho4p, which has two binding sites in the PHO5 promoter (the low

affinity UAS1 site and the high affinity UAS2 site) (Figure 7A) is

perturbed in top1Dtop2ts. We constructed wild-type and top1Dtop2ts
strains with a 13xcMyc-tagged version of Pho4p (displaying

normal PHO5 induction kinetics, Figure S7), and performed ChIP

analyses with a cMyc-antibody to monitor Pho4p binding to the

PHO5 promoter. Intriguingly, in contrast to the situation in wild-

type cells, Pho4-13xcMyc is not enriched in the PHO5 UAS1 and

UAS2 regions in top1Dtop2ts after transfer of cells to inducible

conditions (Figure 7D). Even after 3 h in phosphate-free medium,

where PHO5 is strongly induced in wild-type cells, Pho4p binding

levels in the PHO5 promoter in top1Dtop2ts are similar to binding

levels in the repressed state. We therefore conclude that

topoisomerases are required to allow binding of Pho4p to the

PHO5 promoter during transcriptional activation.

Discussion

The global gene transcription analyses of budding yeast cells

deficient for topoisomerases I and II reveal two major effects: (i)

highly transcribed genes are generally more dependent on

Figure 6. Changes in global DNA supercoiling levels affect PHO5 transcription. (A) Time-course experiment of PHO5 transcriptional
activation in wild-type, top1D, top2ts, and top1Dtop2ts cells. The experimental setup was as described for Figure 5A. The quantified PHO5mRNA levels
were normalized to the wild-type level at the 180 min time point (set to 100%). (B) Time course of PHO5 transcriptional activation in wild-type cells
with and without expression of TopA from a high-copy YEp-TopA plasmid [8]. The experimental setup was as described for Figure 5A except for TopA
expression. The PHO5 mRNA levels were quantified at the indicated time points, normalized to the mRNA level at the 0 min time point (set to 1) and
presented on a log2-scale. In A and B averages from three individual experiments are shown with error bars representing 6 one standard deviation.
Numbers indicate the mean fold increase in wild-type cells at the latest time point.
doi:10.1371/journal.pgen.1003128.g006
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topoisomerase activity than poorly transcribed genes, and (ii) genes

strongly dependent on topoisomerases are characterized as highly

regulated and chromatin-dependent with a repressible/inducible

mode of regulation. In support of the genome-wide findings our

single-gene studies suggest that topoisomerases play a previously

unidentified and important role in transcription of highly

regulated, inducible genes. Finally, the in-depth analysis of the

inducible PHO5 gene has revealed that topoisomerase activity is

required for binding of the Pho4p transcription factor upstream of

promoter nucleosome removal. The findings provide novel insight

into the role of DNA topoisomerases for in vivo transcription.

Transcriptional activity is a global indicator of
topoisomerase dependency
Our transcriptome analysis reveals that topoisomerase deficien-

cy leads to a general down-regulation, giving rise to a reduction in

mRNA levels of approximately 30%. Interestingly, transcriptional

activity but not transcript length is an important cause of the

global down-regulation in top1Dtop2ts (Figure 2). Since transcrip-

tional activity reflects both the rate of elongation and initiation,

down-regulation in top1Dtop2ts with increasing transcriptional

activity can be explained by an impairment of elongation and/

or initiation. However, most impairments of elongation will lead to

increasing down-regulation with increasing transcript length,

which we do not see. Our results are therefore most simply

explained by an impairment of initiation of highly transcribed

genes in the absence of topoisomerases as suggested by Roca et al.

[9]. In support of this, global ChIP-chip studies of Top1p and

Top2p have demonstrated that the enzymes bind intergenic/

promoter regions in the yeast genome [14,22,23] in an activity

dependent manner [14,22].

How do topoisomerases influence initiation of highly tran-

scribed genes? The fact that Top1p and Top2p act redundantly

during genome-wide transcription (Figure 1 and Figure 2A) speaks

against a structural or more specific role of either enzyme and

rather suggests that they act via their common relaxation activity.

Thus, the contribution of either enzyme alone seems sufficient to

remove supercoiling to a degree, which maintains high levels of

gene transcription in vivo, but when both enzymes are absent,

unresolved supercoiling inhibits initiation in an activity dependent

manner.

The observation that the superhelical strain generated during

RNA polymerase tracking does not result in a length dependent

requirement for topoisomerases suggests that the RNA polymerase

is able to track against a supercoiling gradient. Alternatively, the

supercoils may rapidly dissipate into flanking chromosomal

regions, where they may be buffered by chromatin structural

transitions as suggested earlier [4,17], merge with supercoils of

opposite sign, or dissipate out of chromosomal ends by rotation of

telomeres [9]. Lack of topoisomerase activity during RNA

polymerase tracking may indeed enhance the pressure on

alternative pathways for supercoil removal, possibly leading to

superhelical changes throughout the chromosomes, including gene

promoters, where it eventually may influence transcription

initiation. However, we cannot rule out that transcription

elongation by each polymerase may be affected by the superhelical

strain generated ahead of it as suggested by Ekwall and coworkers

based on observations in S. pombe [14] and recent studies from S.

cerevisiae, where transcription of long genes was found to be affected

exclusively in top2ts cells [46]. Our data suggest that any effect on

elongation will have to be gene-length independent in top1Dtop2ts
cells (Figure 2C), or a length effect due to topoisomerase deficiency

is masked by a much stronger effect from reduced initiation. Our

data are consistent with the earlier observed length independency

of transcription and intragenic RNA polymerase II binding in

budding yeast top1Dtop2ts cells [9,22,46].

Transcriptional activation of highly regulated, chromatin-
dependent genes requires topoisomerase-mediated DNA
relaxation
Based on our genome-wide studies a pattern emerges for genes,

which are strongly dependent on topoisomerases. This gene group

is enriched for genes with high responsiveness to environmental

changes, a TATA box in their promoter, SAGA complex

dependency, high transcriptional plasticity, sensitivity to chroma-

tin regulation, and specific nucleosome architecture in the

promoter (Figure 3; Figures S3, S4, S5; and Table S2). In

summary, the analyses point toward a highly regulated mode of

transcriptional activation for this group of genes.

How can an effect on repressible/inducible genes be unraveled

from microarray experiments performed with cells grown exclu-

sively in rich media (YPD)? For the majority of these genes, rich

media will neither give complete repression nor complete

activation of transcription. Rather, a subpopulation of cells will

have a given gene in an active form, while the remaining cells will

have the gene in a repressed form. We interpret a drop in

transcript levels between wild-type cells and top1Dtop2ts cells in

YPD media to reflect an inhibition of activation in these

subpopulations due to topoisomerase deficiency. We therefore

conclude that genes with high transcriptional plasticity are scored

as de-regulated genes in YPD because topoisomerase-deficiency

will perturb the periodic activation and/or repression of

transcription of these genes.

The observed enrichment of stress responsive genes among the

up-regulated genes in top1Dtop2ts cells (Table S1) could indicate

Figure 7. Topoisomerases are essential for binding of the Pho4p transcription factor. (A) Nucleosome occupancy profile of the PHO5
promoter [35]. Positioned nucleosomes (yellow), which are removed upon PHO5 induction, are denoted 21 to 24 relative to the transcription start
site (TSS). Red box indicates TATA box and green boxes indicate upstream activating sequences, UAS1 and UAS2, which both contain a Pho4p
binding site. Black and grey arrows indicate the primers used in the H3 and Pho4-13xcMyc ChIP experiments, respectively. (B) Time course ChIP
analysis of nucleosome removal from the PHO5 promoter in wild-type and top1Dtop2ts cells following transcriptional activation. Experimental setup
was as described for Figure 5A. The plot depicts average levels of histone H3 in nucleosome regions 21 to 22 and 23 to 24, respectively, in the
PHO5 promoter. H3 binding levels were normalized relative to the binding under un-induced conditions at the 0 min time point (set to 1). (C)
Localization of Pho4-GFP was investigated by fluorescence microscopy in wild-type and top1Dtop2ts cells grown under high phosphate conditions
(+Pi) at 25uC, and 90 and 180 min after shifting cells to phosphate-free medium (2Pi) at 37uC for inhibition of Top2p. The experimental setup was as
described for Figure 5A. Differential interference contrast (DIC) and fluorescence (GFP) images of representative cells are shown, and the nuclei are
indicated by DAPI (49,6-diamidino-2-phenylindole) staining of DNA. Scale bars represent 2 mm. (D) Time course ChIP analyses of Pho4-13xcMyc
recruitment kinetics in the PHO5 promoter in wild-type and top1Dtop2ts cells following transcriptional activation. The experimental setup was as
described for Figure 5A. The plots depict levels of Pho4-13xcMyc binding to UAS1 (left panel) and UAS2 (right panel) in the PHO5 promoter, although
the resolution of the ChIP assay may be insufficient to discriminate between the two sites, and Pho4p binding at the low affinity UAS1 site may be
below the detection threshold of the assay. Pho4-13xcMyc binding levels were normalized relative to the binding under un-induced conditions at the
0 min time point (set to 1). In B and D averages from three individual experiments are shown and error bars represent 6 one standard deviation.
doi:10.1371/journal.pgen.1003128.g007
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that lack of topoisomerases leads to a general stress response. This

could be the case if central players in the common response to

environmental changes like activators or repressors are de-

regulated by the lack of the enzymes or indirectly by the slow

growth of top1Dtop2ts cells [47]. Arguing strongly against this, is

that our Gene Ontology analysis did not reveal any enrichment of

transcriptional activators and repressors including those involved

in the regulation of stress responsive genes (Table S1). Pertinent to

this discussion, stress responsive genes are primarily found in

telomere proximal regions [48,49], but the genes affected in

top1Dtop2ts are not biased towards these regions (Table S2).

In further support of a role of topoisomerases for regulated gene

transcription we show that the enzymes stimulate transcriptional

activation of twelve different inducible genes, including the PHO

genes, the GAL genes, ADH2, and INO1 (Figure 4). Attention has

been drawn to some of these genes in earlier studies of

topoisomerases. Thus, in a study of the PHO5 promoter

nucleosome positioning it was noticed that PHO5 transcription

was inhibited in the absence of topoisomerases [50]. Furthermore,

ADH2 has been reported to be regulated by Top1p, which was

suggested to repress its transcription by relaxation of negative

DNA superhelicity [51]. Our finding that efficient GAL1 activation

is dependent on topoisomerases is in contrast to earlier observa-

tions with endogenous GAL1 and a plasmid-borne GAL1-lacZ

construct [1,6], where high levels of GAL1 transcription was seen

in the absence of topoisomerases. However, in a separate study,

transcription of GAL1 was found to be strongly inhibited upon

expression of E. coli TopA in the absence of yeast topoisomerases

[8] in support of a role of these enzymes in GAL1 transcription. We

have observed similar topoisomerase dependency in two different

yeast strains, indicating that strain background and variable top2ts

mutations do not account for the observed inconsistency (data not

shown). As we have used G1 arrested cells to exclude replication-

associated effects in top1Dtop2ts rather than exponentially growing

cells, it remains possible that different supercoiling levels exist in

different phases of the cell cycle, which may underlie the

discrepancy between ours and earlier studies concerning the

dependency of GAL1 transcription on topoisomerases.

Use of G1 arrested cells could also affect the studies of PHO5

induction, as arrested cells have been demonstrated to accumulate

polyphosphate, a vacuolar Pi reserve, which will influence the rate

of PHO5 induction [44,45]. It could thus be speculated that this

reserve is responsible for the lack of PHO5 induction observed in

the top1Dtop2ts cells, as these cells, due to their decreased metabolic

activity, would be expected to need more time to consume the Pi

reserve relative to wild-type cells. To exclude this possibility we

deleted VTC1 and VTC4 in wild-type and top1Dtop2ts, as these

genes are the two main genes required for polyphosphate

synthesis. As seen in Figure S8, like in top1Dtop2ts cells, induction
of PHO5 still does not take place in vtc1Dtop1Dtop2ts and

vtc4Dtop1Dtop2ts cells, confirming that it is the lack of topoisom-

erases and not excessive Pi reserves, which causes inhibition of

PHO5 induction. This was further demonstrated by studying

PHO5 induction using exponentially growing cells rather than G1

arrested cells (Figure S9).

It is not yet clear how topoisomerases exert their function during

transcription of highly regulated genes. Given that topoisomerase

deficiency results in both up- and down-regulations (with the vast

majority of genes being down-regulated, Figure 1), both stimula-

tory and repressive activities are potentially affected during

transcription of these genes in top1Dtop2ts. In line with this, a

highly regulated transcription pattern is known to be orchestrated

by transactions between specific activators/repressors and

their DNA binding sites, as well as by chromatin structure

[32,33,52].

Interestingly, in the case of the PHO5 gene, topoisomerases are

required for binding of the Pho4p transcription factor, which is

critical for subsequent promoter nucleosome removal and

transcriptional induction (Figure 7). PHO5 thus provides an

example, where topoisomerase activity is required for a step

upstream of the engagement of polymerases. Since we observe

PHO5 induction, although with a kinetic delay, in top1D and top2ts

single mutants at the restrictive temperature (Figure 6A), as well as

in top1Dtop2ts at the permissive temperature (data not shown), we

find it unlikely that either one of these enzymes play a more

specific role during transcription initiation of PHO5. Rather, our

data suggest that it is lack of their redundant DNA relaxation

activity that influences PHO5 transcription. In support of this, we

find that E. coli TopA-mediated changes in global supercoiling

levels in wild-type cells result in altered transcriptional output from

PHO5 (Figure 6B).

We reason that indirect effects caused by a potential transcrip-

tional de-regulation of co-factors in the PHO5 induction pathway

in top1Dtop2ts is implausible, since Pho4p enters the nucleus

(Figure 7C), and only minor expression changes were seen with

transcription factors involved in PHO5 transcription (data not

shown). Furthermore, we expect most of these effects to result in

delayed PHO5 induction kinetics, as seen for the topoisomerase

single mutants, rather than a total inhibition [42,43].

Taken together, our investigations suggest that DNA topoisom-

erases are required to maintain the genome in a state competent

for transcription initiation. Top1p and Top2p seem to exert this

role by a mutually redundant relaxation of DNA supercoils, thus

influencing highly transcribed genes and highly regulated,

chromatin-dependent genes. Any imbalance in net DNA super-

helicity, which likely appears in top1Dtop2ts, may have profound

effects on chromatin-regulated promoters. Topoisomerase defi-

ciency may have pleiotropic effects affecting polymerase recruit-

ment [18,22], nucleosome assembly/disassembly equilibrium

[14,53] or steps upstream to these activities as is the case with

PHO5, where binding of a transcription factor is inhibited. The

different scenarios are not mutually exclusive, and DNA

topoisomerases most likely function at numerous levels to influence

DNA superhelicity for maintenance of transcriptional competency.

Materials and Methods

Yeast strains and growth conditions
All S. cerevisiae strains are derivatives of W303a, and the

associated manipulations for obtaining derivate strains are

according to standard genetic techniques. For microarray analysis,

yeast strains were grown to exponential phase at 25uC in YPD and

further grown for 90 min at 25uC in YPD with a-factor (Lipal

Biochem, Zürich, Switzerland) to synchronize cells in G1. Cultures

were then placed at 37uC for another 90 min for conditional

inhibition of Top2p, where more a-factor was added to keep cells

in G1. Cultures were adjusted, so that an equal number of cells

could be used for all yeast strains (66107 cells). Finally, cells were

harvested by centrifugation at 37uC. For each sample, aliquots

were collected for fluorescence-activated cell sorting analysis as

previously described [54] to ensure successful and persistent cell

cycle arrest (data not shown). Three independent sets of

experiments were performed to obtain triplicate biological

measurements. As the great majority of transcripts in yeast have

short decay rates [55], 90 min of Top2p inactivation was chosen

before RNA extraction to ensure turnover of transcripts produced

prior to conditional inhibition of Top2p. For analyses of gene-
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activation in four different inducible gene systems, cells were

prepared as for the microarray analysis, except that cells were

grown under individual repressive conditions and Top2p was

inhibited at 37uC for 15 min prior to transfer of cells to the

respective inducible conditions (see Text S1 for composition of the

various growth media). For the PHO5 activation experiments, cells

were prepared as for the microarray analysis, but instead of YPD

they were cultured in high phosphate medium (yeast nitrogen base

w/o phosphate and amino acids from ForMedium, Norfolk, UK).

Glucose was added to 2%, amino acids were added to standard

concentrations, and KH2PO4 was added to a concentration of

15 mM. After cell cycle arrest in G1 and conditional inhibition of

Top2p, cells were shifted to phosphate-free medium (as above, but

without addition of KH2PO4 and supplemented with 7.35 mM

KCl) for induction of PHO5. The fold increase observed in PHO5

mRNA levels, when cells are kept in phosphate-free medium for

180 minutes varies from experiment to experiment in the range

from 50 fold to 350 fold. For this reason we show PHO5 inductions

as percentages of maximum transcript accumulated in the wild-

type strain. For transcriptional repression of PHO5, cells were first

cultured in phosphate-free medium at 25uC for 4 h to obtain high

PHO5 transcription, where a-factor was added after 2,5 h. The

temperature was then increased to 37uC to inhibit Top2p, and

after 15 min at 37uC, cells were transferred to high phosphate

conditions (15 mM KH2PO4) for PHO5 repression. See Table S3

for a list of strains used in this study.

RNA preparations, microarray experiments, and
normalization
For the microarray experiments total RNA was initially

prepared by acid phenol extraction. Immediately prior to RNA

extraction, external spike-in Poly-A RNA’s (Affymetrix, Santa

Clara, CA) were added to an equal number of cells from all four

yeast strains to enable external normalization. High-quality RNA

was obtained by further purification of phenol-extracted RNA on

RNeasy columns (Qiagen, Valencia, CA) according to manufac-

turer’s directions. RNA quality was assessed by gel electrophoresis

and spectrophotometry (GeneQuant II, Pharmacia Biotech). Gene

expression profiling was performed using Affymetrix Yeast

Genome 2.0 GeneChip oligonucleotide arrays essentially accord-

ing to Affymetrix protocols. Normalization procedure and data

processing can be viewed in detail in Text S1.

Analysis of genome-wide transcriptional effects
To estimate global mRNA changes we calculated and

compared the total intensity from all detectable probe sets on

the mutant and wild-type arrays. For correlation to wild-type

transcription levels, all mRNA abundances were averaged across

biological triplicates (microarray signal values). Arbitrary tran-

scriptional activities were calculated by dividing average expres-

sion levels in the triplicate wild-type arrays by genome-wide

mRNA half-life data [55] (URL: http://www-genome.stanford.

edu/turnover/), as described by Schreiber and colleagues [26].

These measures were median-normalized for presentation in

Figure 2. We collected transcript lengths from the transcription

map generated by David et al. [27].

Analysis of transcriptional plasticity and chromatin
regulation
Measures of transcriptional plasticity for every gene were

obtained from Barkai and co-workers [32]. Measures of sensitivity

to chromatin regulation were derived by Choi and Kim [34]

(gathered from URL: http://www.nature.com/ng/journal/v41/

n4/suppinfo/ng.319_S1.html). Analysis of nucleosome occupancy

was performed with the use of a recent map of nucleosome

positions in S. cerevisiae [35] (URL: http://chemogenomics.

stanford.edu/supplements/03nuc/). The data on nucleosome

positions aligned according to transcription start site were used.

Chromatin immunoprecipitation and qPCR
For analysis of transcription levels, cells were grown as described

above, and samples (,108 cells) were taken at the indicated time

points. RNA was purified as for the microarray analysis followed

by DNase I treatment, and cDNA was made by SuperScript II

RT-PCR (Invitrogen, Carlsbad, CA) using oligo dT primer. Real-

time PCR was performed with DYNAmo SyBR Green qPCR kit

(Finnzymes, Vantaa, Finland) and used to quantify mRNA levels,

using a Stratagene MX3000 (Agilent, Santa Clara, CA). For each

yeast strain, Ct-values from triplicate qPCR amplifications were

averaged across three independent measurements. ChIP was

performed on 2.56108 cells as described previously [54] with

minor modifications. Histone H3 was precipitated with monoclo-

nal antibodies recognizing the C-terminal tail (ab1791 available

from Abcam, Cambridge, UK) and Pho4-13xcMyc was precipi-

tated using a monoclonal antibody (Santa Cruz Biotech, Santa

Cruz, CA). For ChIP of Pho4-13xcMyc, cell extract was incubated

with beads coupled with antibody overnight instead of 2 h. For H3

ChIP, fold increase was calculated between antibody-coupled

Dynabeads (IP) and BSA-coated Dynabeads (background) and

normalized to the fold increase from an intra-genic sequence in a

gene (YOL151W) not affected by topoisomerase activity as assessed

by qPCR (data not shown), and the 0 min time point was set to 1.

Normalizing to a telomeric locus (TEL06R) gave similar results.

Pho4-13xcMyc ChIP was calculated in the same way, but using

the GAL1/10 promoter region as control region. Primer sequences

are listed in Table S4.

Fluorescence microscopy
Wild-type and top1Dtop2ts cells were treated as for the PHO5

induction experiments, and fluorescence microscopy was per-

formed as described previously [54].

Gene Expression Omnibus accession numbers
The gene expression data have been deposited in the NCBI

Gene Expression Omnibus database with accession number

GSE22809.

Supporting Information

Figure S1 Topoisomerase dependency correlates with RNA

polymerase II binding in ORF’s. top1Dtop2ts gene expression

changes (between mutant and wild-type) plotted against average

RNA polymerase II (RNA pol II) occupancy in open reading

frames as a 200 gene moving average. Data on RNA polymerase

II occupancy were gathered from [56]. Pearson correlation is

20.16.

(EPS)

Figure S2 Association between gene expression level and

topoisomerase dependency for functionally classified gene groups.

Gene groups based on the most general and overall functional

classifications were retrieved from the MIPS FunCat database

[57]. For each functional group, the average mRNA abundance of

genes within the group and the fraction of de-regulated genes in

the top1Dtop2ts microarray data set (% genes) were calculated. De-

regulated genes were defined as being up- or down-regulated with

+0.5 and 21 cutoffs in the signal log2 ratio between mutant and
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wild-type, respectively. Upper histogram, the average mRNA

abundance for genes in each of the functional gene groups (groups

1–15) was normalized to the genome-wide average (arbitrarily set

to 1). Lower histogram, the fraction of de-regulated genes in

top1Dtop2ts is shown for each functional gene group. The MIPS

functional gene groups and their number of genes are listed to the

right. The functional gene groups with highest and lowest

expression are indicated by orange and blue colors, respectively.

For comparison, the TATA-less and TATA-containing gene

groups [31] are included (groups 16 and 17, respectively).

(EPS)

Figure S3 Transcriptional plasticity correlates with topoisomer-

ase dependency independent of gene expression levels. The

analysis presented in Figure 3A was repeated with groups of

genes based on wild-type transcription levels. Thus, all genes were

divided into quartiles with decreasing mRNA abundances, where

the 1st quartile represents the gene group with the highest mRNA

abundance. For each of these gene groups the transcriptional

plasticity [32] was plotted against top1Dtop2ts gene expression

changes as a 200 gene moving average.

(EPS)

Figure S4 Expression changes in top1Dtop2ts correlate with

expression changes obtained from yeast strains with perturbation

of different chromatin factors. Gene expression changes in

top1Dtop2ts (SLR, signal log2 ratio between mutant and wild-type)

are plotted as a function of gene expression changes (SLR, signal

log2 ratio) generated from perturbation of different chromatin

regulators. (A) spt6ts [58], (B) spt16ts [58], (C) taf1-2ts spt3(E240K)

[30], (D) gcn5(KQL) [30], (E) paf1D [59], (F) histone H4 depletion

(4 h timepoint) [49], (G) histone H3D1-18 [60], and (H) top1Dtop2ts
+ TopA vs. top1D (120 min time point and all expression changes

divided by 2, because all transcript levels are approximately one

log2 higher than the real value, as described by the authors) [9]. R

denotes the Pearson correlation coefficient, and the associated

correlation P-value (P) was calculated by permutation testing.

Genes in the lower 0.05 and upper 0.95 percentiles for expression

changes were specified as the most de-regulated genes in each

dataset, and Po denotes the P-value of the overlap between de-

regulated gene sets from the chromatin regulators and top1Dtop2ts,
using a hypergeometric test.

(TIF)

Figure S5 Confidence intervals for nucleosome occupancy in

promoter regions of genes from different gene groups. Profiles of the

average nucleosome-binding pattern [35] in the nucleosome-free

region (NFR) proximal to transcription start sites (TSS) is shown for

groups of the 100 most unaffected genes (A), the 100 most up-

regulated genes (B), and the 100 most down-regulated genes (C) in

top1Dtop2ts. Error bars represent 95% confidence intervals.

(EPS)

Figure S6 Transcription of non-inducible genes under inducible

conditions in wild-type and top1Dtop2ts cells. Time course

experiments of control gene expression in wild-type and

top1Dtop2ts cells under inducible conditions, where the experimen-

tal setup was as shown in Figure 4A. mRNA levels of three

housekeeping genes (ESC1, ACT1 and GAPDH) were quantified by

qPCR at the indicated time points after transfer of cells to either

phosphate- (upper panel), galactose- (middle panel), or glucose-

inducible conditions (lower panel). mRNA levels were normalized

to the mRNA level obtained in the wild-type at the 0 min time

point (set to 100%). Averages from two individual experiments are

shown with error bars representing 6 one standard deviation.

(EPS)

Figure S7 Pho4-13xcMyc cells display wild-type PHO5 induc-

tion kinetics. Time-course experiments of PHO5 transcription in

wild-type and Pho4-13xcMyc cells. The experimental setup was as

described for Figure 5A. The quantified PHO5 mRNA levels were

normalized to the wild-type mRNA level at the 180 min time

point (set to 100%). Averages from two individual experiments are

shown with error bars representing 6 one standard deviation.

Number indicates the mean fold increase in PHO5mRNA levels at

the latest time point.

(EPS)

Figure S8 Lack of PHO5 induction in topoisomerase deficient

cells is not caused by internal polyphosphate storages. Time-course

experiment of PHO5 transcription in vtc1D and vtc1Dtop1Dtop2ts
cells (left panel), vtc4D and vtc4Dtop1Dtop2ts cells (middle panel) or wild-
type, vtc1D and vtc4D cells (right panel) after transfer from high

phosphate to phosphate-free conditions, where the quantified

PHO5 mRNA levels were normalized to the vtc1D level at the

180 min time point (set to 100%), the vtc4D level at the 180 min

time point (set to 100%), or the wild-type level at the 180 min time

point (set to 100%), respectively. Averages from two individual

experiments are shown with error bars representing 6 one

standard deviation. Numbers indicate the mean fold increase in

PHO5mRNA levels in the indicated strains at the latest time point.

The experimental setup was as described for Figure 4A, using the

conditions for the phosphate-responsive genes. The comparison

between wild-type, vtc1D and vtc4D cells (right panel) demonstrates

that vtc1D and vtc4D cells show more rapid and higher maximum

activation of PHO5 relative to wild-type cells in agreement with

previous studies [44].

(EPS)

Figure S9 Lack of PHO5 induction in topoisomerase deficient

cells is not caused by G1 cell cycle arrest. Upper panel, experimental

setup, where +Pi and 2Pi indicate high and no phosphate,

respectively. Lower panel, time-course experiment of PHO5

transcription in asynchronous growing wild-type and top1Dtop2ts
cells after transfer from high phosphate to phosphate-free

conditions. The quantified PHO5 mRNA level was normalized

to the wild-type level at the 180 min time point (set to 100%).

Average from three individual experiments is shown with error

bars representing 6 one standard deviation. Number indicates the

mean fold increase in PHO5 mRNA levels in wild-type cells at the

latest time point.

(EPS)

Table S1 Gene Ontology analysis of genes affected 2-fold or

more in top1Dtop2ts. Using Funspec software [61], a stringent P-

value cutoff of 1.00E-03 was used. k: number of genes from the

input cluster in a given category. f: total number of genes in a

given category.

(EPS)

Table S2 Characterization of genes de-regulated 2-fold or more

in top1Dtop2ts. aGene sets were tested for overlap with genes

regulated by the stress-related SAGA (Spt-Ada-Gcn5-Acetyltrans-

ferase) complex [30]. The hypergeometric distribution was used to

calculate overlap probabilities (P). bGene sets were tested for

overlap with TATA-box containing genes [31]. The hypergeo-

metric distribution was used to calculate overlap probabilities (P).
cA measure for responsiveness to environmental changes was

derived for every gene using the Gasch dataset [28], which

measures expression ratios across 173 conditions of diverse

environmental changes. This measure was calculated as the

average of the squared log2 expression ratio from all 173

microarray profiles on environmental change, thus calculating
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the dynamic range of expression levels under different conditions

[32]. The squared expression ratios were set to a mean of 0 and a

standard deviation of 1. The responsiveness to environmental

changes for the groups of 2-fold or more up- and down-regulated

genes, respectively, and the rest of the genome were compared

using the t-test. P values for higher responsiveness to environ-

mental changes are reported. dDistance to the closest telomere was

compared to the rest of the genes by the t-test.

(EPS)

Table S3 S. cerevisiae strains used in this study.

(EPS)

Table S4 Primers used in qPCR for quantification of ChIP

levels and gene expression levels.

(EPS)

Text S1 Supplementary Materials and Methods.

(DOCX)
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Abstract 

To investigate the importance of topoisomerases for transcription of the galactose induced genes, we 

have studied the expression of GAL1, GAL2, GAL7 and GAL10 in Saccharomyces cerevisiae cells 

deficient for topoisomerases I and II. We find that topoisomerases are required for transcriptional 

activation of the GAL genes, but are dispensable for ongoing transcription, eliminating a role of the 

enzymes in transcriptional elongation. Furthermore, we demonstrate that promoter chromatin 

remodeling of the GAL genes is unaffected in the topoisomerase deficient strain. However, the cells 

fail to successfully recruit RNA polymerase II due to an inability of the TATA-binding protein (TBP) 

to bind to the TATA box in these promoters. We therefore argue that topoisomerases are required for 

accurate assembly of the preinitiation complex at the promoters of the GAL genes. 
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Introduction 

Several studies have demonstrated that transcription and DNA supercoiling are tightly coupled [1,2]. 

The impact of transcription on DNA supercoiling has been explained by the “Twin-supercoiled-

domain-model” [3], which implies that transcription by an RNA polymerase generates domains of 

positive and negative supercoiling in front of and behind the polymerase, respectively. These changes 

in superhelicity may eventually stop the advancing polymerase and/or perturb protein-DNA 

interactions if not removed or dispersed to other regions. 
DNA topoisomerases solve topological problems arising during DNA metabolism. In Saccharomyces 

cerevisiae DNA superhelicity is primarily influenced by topoisomerase I (Top1) and topoisomerase 

II (Top2), encoded by the TOP1 and TOP2 gene, respectively [4]. Top1 removes helical tension by 

introducing a nick in one of the DNA strands, thus relieving superhelical tension by rotation of the 

cleaved strand around the intact strand. Top2 creates a transient double-stranded break in the DNA 

in order to transport another DNA duplex through the break [4]. Thus, both enzymes are able to relax 

supercoiled DNA, but they show differences in their substrate preferences, where Top1 is faster than 

Top2 in relaxation of naked DNA, whereas the opposite is the case when nucleosomal DNA is relaxed 

[5]. 

Chromatin structure adds another layer of complexity to DNA supercoiling. Approximately 80% of 

the genome is covered by nucleosomes in yeast [6], and nucleosomes influence transcription as they 

release and absorb negative superhelicity by dissociation and re-association with DNA, respectively 

[7]. In support of this, topoisomerases have been demonstrated to affect nucleosome dynamics. Thus, 

an early study showed a requirement of either Top1 or Top2 for proper chromatin assembly [8], and 

more recently a genome wide study demonstrated a direct requirement of Top1 for efficient 

nucleosome disassembly at gene promoters [9].  

It has recently been suggested that chromatin is able to adapt to changes in DNA superhelicity by a 

slight conformational change, which is reverted upon relaxation by either Top1 or Top2 [5]. This 

implies that the chromatin fiber is a torsionally resilient structure, which can act as a topological 

buffer and facilitate dissipation of topological strain [10-12]. In addition to this, gathering evidence 

points to the conclusion that supercoiling is a dynamic entity, which is able to spread from the site of 

generation to far-reaching regions, thereby having long ranging effects [1,12]. In eukaryotes, a change 

in DNA superhelicity may thus exert an additional effect on transcription via changes at the chromatin 

level. 

Several studies have established a role of topoisomerases in transcription and transcriptional 

regulation. Accordingly, a genome-wide study in yeast showed a preferential localization of the 
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enzymes to intergenic regions, i.e. promoter regions, of highly transcribed genes [13,14], and Top1 

and Top2 were found to act redundantly to enhance the recruitment of RNA polymerase II [13]. Other 

yeast studies have shown up- or downregulation of specific genes in the absence of either Top1 or 

Top2 activity, demonstrating roles of the individual enzymes in transcriptional regulation [15,16]. 

Furthermore, transcription of highly expressed genes were shown to require both topoisomerase I and 

II in human cells, whereas genes with lower transcription managed with only topoisomerase I, 

demonstrating the importance of topoisomerases in gene regulation [17].  

A recent study from our laboratory combined microarray gene expression analyses and single gene 

studies to investigate the role of topoisomerases for global gene expression [15]. Topoisomerases 

were found to have a major impact on transcription of a subset of genes, characterized by highly 

regulated transcription initiation. For the inducible PHO5 gene we demonstrated that topoisomerases 

were required during transcriptional activation, but not for reinitiation and transcription elongation. 

In the absence of topoisomerase activity, the Pho4 transcription factor failed to bind to the promoter, 

thus inhibiting eviction of nucleosomes from the promoter region.  

In the present work we have studied transcription of the galactose inducible genes, GAL1, GAL2, 

GAL7, and GAL10 to investigate if topoisomerases have a similar effect on the transcriptional 

activation of these genes. As for the PHO5 gene, we find that topoisomerases are essential for 

activation of the GAL genes but not for ongoing transcription. However, we discover that nucleosome 

removal from the promoters is unperturbed during transcriptional activation of the GAL genes in a 

strain lacking functional topoisomerases, but the strain displays faulty RNA polymerase II 

recruitment to the GAL gene promoters. In correlation with this, we find that the TATA-binding 

protein (TBP) fails to bind to the TATA box in these promoters, suggesting an involvement of 

topoisomerases in an early step of preinitiation complex assembly. Thus, although the overall effect 

of topoisomerase deficiency is the same for different inducible genes, the specific step, where the 

enzymes exert their effect, may vary from gene to gene. 
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Materials and Methods 

Yeast strains and growth conditions 

All S. cerevisiae strains used are derivatives of W303a and are listed in Table 1. For galactose 

induction experiments, yeast strains were grown to a density of ~107 cells/ml at 25°C in YP with 2% 

raffinose and arrested in G1 with -factor (Lipal Biochem, Zürich, Switzerland). Top2 was 

subsequently inhibited for 15 min at 37°C before galactose was added to a final concentration of 2% 

for induction of the galactose responsive genes. A sample was taken just prior to addition of galactose 

to serve as an uninduced control.  

Table 1. S. cerevisiae strains used in this study 

Strain Genotype Source 
Ay-120 MATa ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 canI-

100 Cir0 
R. Rothstein (W303) 

Ay-109 Ay-120 with top1::NAT top2-1ts [15] 
Ay-127 Ay-120 with top2-1ts [15] 
Ay-161 Ay-120 with top1::NAT [15] 
Ay-375 Ay-120 with TOP1-13xcMyc-TRP This study 
Ay-386 Ay-120 with TOP2-13xcMyc-TRP This study 
Ay-424 Ay-120 with gal80::URA3 This study 
Ay-425 Ay-120 with top1::NAT top2-1ts, gal80::URA3 This study 
Ay-483 Ay-120 with 3xHA-TBP-URA3 K. Struhl (YLK4) 
Ay-484 Ay-120 with top1::NAT top2-1ts, 3xHA-TBP-URA3 This study 
 

mRNA extraction and qPCR 

For analysis of transcription levels by qPCR, cells were grown as described above, and samples of 

2x107 cells were collected at the indicated time points. RNA was purified by use of RNeasy 

(Invitrogen, Carlsbad, CA), and cDNA was made by SuperScript II RT-PCR (Invitrogen, Carlsbad, 

CA) using oligo dT primers (Figs. 1C and 2B) or by QuantiTect Reverse Transcription Kit (Qiagen) 

using random primers (Fig. 1D). mRNA levels were quantified by Real-time PCR performed with 

HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne, Tartu, Estonia) using a Stratagene MX3000 

(Agilent, Santa Clara, CA) and normalized to the ACT1 and GAPDH mRNA levels. Primer sequences 

are listed in Table 2.  

 

 



Chapter 3 - The roles of DNA topoisomerases in transcription 

120 
 

Name Sequence Comment 

AP 487 CACCAACTGTTTGGCTCCAT RT-qPCR of TDH1 (GAPDH) 
AP 488 TAGCAGCACCGGTAGAGGAT RT-qPCR of TDH1 (GAPDH) 
AP 1820 CCATAATGCCTCCTATATTTAGCCTTT ChIP at TEL06R (normalization) 
AP 1821 TCCGAACGCTATTCCAGAAAGT ChIP at TEL06R (normalization) 
AP 2109 GCCTTCTACGTTTCCATCCA RT-qPCR of ACT1 
AP 2110 GGCCAAATCGATTCTCAAAA RT-qPCR of ACT1 
AP 2161 AACAAACATTTCGCAGGCTA ChIP in the promoter of GAL2 
AP 2162 TATTCTTGATGATAATTGAA ChIP in the promoter of GAL2 
AP 2165 TTCCGACCTGCTTTTATATC ChIP in the promoter of GAL7 
AP 2166 ACAGTGTTCACAAAATAGCC ChIP in the promoter of GAL7 
AP 2190 AGCTGCATAACCACTTTAAC ChIP in the promoter of GAL1 
AP 2191 GACGTTAAAGTATAGAGGTA ChIP in the promoter of GAL1 
AP 2192 GGCATTACCACCATATACAT ChIP in the promoter of GAL10 
AP 2193 GAAAGTTCCAAAGAGAAGGT ChIP in the promoter of GAL10 
AP 2359 CGTTGCTTTAGCTGTTGTT RT-qPCR of GAL1 
AP 2360 CTGATCCATACCGCCATT RT-qPCR of GAL1 
AP 2361 TTGGCCTGGATGATTCCT RT-qPCR of GAL2 
AP 2362 AGCGCCCAAAAGTAAACA RT-qPCR of GAL2 
AP 2363 CCCAGTATGGAACAACAAC RT-qPCR of GAL7 
AP 2364 CTGATTTGTTTGCCGATTAC RT-qPCR of GAL7 
AP 2365 ACCAGAAGCTTTGCAGAA RT-qPCR of GAL10 
AP 2366 AAGGTTTGTGTCGTGAGT RT-qPCR of GAL10 

 

ChIP and Western Blot 

ChIP was performed with 2.5x108 cells as described previously [15] with minor modifications. 

Histone H3 was precipitated with monoclonal antibodies recognizing the H3 C-terminal tail (ab1791 

available from Abcam, Cambridge, UK), and RNA polymerase II was precipitated using a 

monoclonal antibody against the C-terminal domain of the RPB1 subunit (ab5408 available from 

Abcam, Cambridge, UK). For ChIP of RNA polymerase II, an extra washing step was used as 

previously described [18]. For ChIP of 3xHA-tagged TBP, monoclonal antibodies against the HA 

epitope tag were used (Santa Cruz), whereas ChIP of cMyc tagged Top1 or Top2 was performed with 

monoclonal antibodies targeting the cMyc epitope tag (Santa Cruz). Enrichment was calculated as 

2(CT IP – CT beads)/CT Input, and was normalized to the enrichment in a telomeric region (TEL06R). The 0 

min time point was set to 1. Sequences of the primers used in the ChIP experiments are listed in Table 

2. For each gene, the same primer set was used for ChIP of H3, the RPB1 subunit of RNA polymerase 

II, TBP, Top1, and Top2. For Western blotting of TBP, proteins were precipitated from wild type and 
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top1∆top2ts cells expressing HA tagged TBP by trichloroacetic acid. Proteins were subjected to 

sodium dodecyl sulphate polyacrylamide gel electrophoresis, and western blotting was performed 

with antibodies targeting the HA epitope tag on TBP (Santa Cruz) and anti Mcm2 antibodies (Santa 

Cruz).  

 

Results 

Topoisomerase activity is required for GAL gene transcription 

The GAL genes are a group of genes, which is induced when galactose is used as the carbon source 

in S. cerevisiae. To investigate, how topoisomerase deficiency influences transcription of this group 

of genes, we have studied transcription of GAL1, GAL2, GAL7, and GAL10 in an S. cerevisiae strain 

having a deletion of the TOP1 gene and a temperature-sensitive mutation in the TOP2 gene 

(top1∆top2ts). A schematic presentation of the individual GAL genes is shown in Fig. 1A. In an earlier 

study we found that absence of topoisomerases dramatically inhibited the transcription of inducible 

genes, including the GAL genes [15]. To establish if lack of topoisomerases causes a true inhibition 

of GAL gene transcription or merely a kinetic delay, we performed an experiment with wild type and 

top1Δtop2ts cells as outlined in Fig. 1B, where transcription was followed for an extensive period of 

time. To avoid genome-wide effects of topological challenges caused by replication [14,19] as well 

as abortive mitosis due to lack of Top2 activity, the cells were kept in G1 throughout the experiment 

by treatment with α-factor. After inactivation of Top2 by transfer of cells to the restrictive temperature 

of 37°C, the GAL genes were activated by addition of galactose. Cells were collected before transfer 

to inducible conditions (“0”) and after an induction period of 150 min, and mRNA levels were 

determined by qPCR. In top1∆top2ts cells the induction levels of all four GAL genes remained very 

low even after 150 minutes under inducing conditions relative to the levels obtained in wild type cells 

(Fig. 1C). Thus, the absence of topoisomerases does not result in a kinetic delay in GAL gene 

transcription. Rather, the enzymes are required for transcription of the genes per se.  

The observed lack of GAL gene transcription in top1∆top2ts cells suggests that topoisomerase 

relaxation activity is required for transcription. Alternatively, one of the enzymes could play a more 

specific, although essential role for GAL gene transcription, in which case no transcription would be 

observed in cells lacking this enzyme. To differentiate between these two possibilities, we compared 

GAL gene transcription in top1∆, top2ts and top1∆top2ts cells using the experimental setup outlined in 

Fig. 1B. Although top1∆ and top2ts cells showed reduced GAL gene transcription relative to wild type 
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cells, the level in each single mutant was significantly increased compared to the level in the double 

mutant (Fig. 1D). This demonstrates that GAL gene transcription is sensitive to topoisomerase dosage. 

The result therefore strongly suggests that GAL gene transcription requires DNA relaxation activity, 

which is the only common activity of Top1 and Top2.  

Topoisomerases are directly required for GAL gene activation but are dispensable for 

transcriptional elongation and reinitiation 

When yeast cells are grown in media containing raffinose, the GAL genes are in a “primed” state, 

ready to undergo rapid induction upon galactose addition [20]. In the primed state, the transcription 

factor Gal4 is bound to the Upstream Activating Sequence (UAS) in the promoter region. However, 

the protein domain responsible for recruitment of factors involved in transcriptional activation is 

blocked by Gal80 through protein-protein interactions (Fig. 2A, left) [21,22]. When galactose is added 

to the media, the activation domain on Gal4 becomes accessible for binding of chromatin remodeling 

factors. This has been suggested to take place either by a direct dissociation of Gal80 due to 

interaction with Gal3 [23,24] or by formation of a complex between Gal4, Gal80 and Gal3, which 

leaves the domain accessible for other interactions [25,26]. Binding of chromatin remodeling factors 

ensures nucleosome eviction from the promoter region and exposure of the TATA box, thus paving 

the way for transcriptional activation (Fig. 2A, right) [25,27]. To investigate, whether topoisomerases 

were required for transcriptional activation of the GAL genes or for continued transcription, we took 

advantage of the fact that deletion of GAL80 leads to constitutive expression of the GAL genes due 

to elimination of the need for external stimuli. Wild type, gal80Δ, as well as gal80Δtop1Δtop2ts cells 

were therefore cultured as shown in Fig. 1B, and samples were withdrawn at the indicated time points 

and analyzed for GAL gene mRNA levels. As expected, both gal80Δ and gal80Δtop1Δtop2ts cells 

displayed high mRNA levels of the GAL genes even under repressive conditions (“0”-samples), 

whereas wild type cells were fully repressed (Fig. 2B). However, following transfer to inducible 

conditions at the restrictive temperature, gal80Δtop1Δtop2ts cells still accumulated mRNA at a level 

comparable to gal80Δ cells and similar to fully induced wild type cells, demonstrating that once 

activation has taken place, continued transcription is independent of topoisomerase activity. Taken 

together, topoisomerases are required during the initial activation of the GAL genes, whereas 

transcription elongation and reinitiation can occur in the absence of topoisomerase activity, as was 

observed earlier for the PHO5 gene [15]. 

The observed requirement of topoisomerase activity during GAL gene activation can be caused by a 

direct need for DNA relaxation activity in the GAL gene promoters. However, relaxation activity 
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could also be required indirectly in a separate step essential for GAL gene activation. If the enzymes 

exert a direct function to relax promoter regions during GAL gene activation, we expect a recruitment 

of Top1 and Top2 to the promoter regions during activation. To investigate if this takes place, yeast 

strains expressing either Top1 or Top2 fused to a cMyc epitope tag were generated, and chromatin 

immunoprecipitation (ChIP) was performed with antibodies targeting the cMyc epitope tag. Top1 and 

Top2 were enriched approximately 2 and 3 fold, respectively, in the individual GAL gene promoters 

(Fig. 2C), demonstrating a recruitment of both topoisomerases to the promoter regions upon 

induction. Taken together, the results suggest that Top1 and Top2 directly bind to the promoter 

regions to ensure that the topological state is optimal for efficient GAL gene activation.  

Eviction of nucleosomes from the GAL gene promoters during activation occurs independent 

of topoisomerases 

We next addressed, during which step in the activation process topoisomerases were required. A 

prerequisite for induction of the galactose responsive genes is removal of nucleosomes from the 

promoter regions to allow access of essential transcription factors (Figs. 1A and 2A) [28]. To 

investigate, whether nucleosome removal was perturbed in top1Δtop2ts cells, we used ChIP with 

antibodies targeting histone H3 to measure the nucleosomal occupancy in the promoter regions of the 

GAL genes during galactose induction. For this purpose, wild type and top1Δtop2ts cells were treated 

as shown in Fig. 1B, and samples were prepared for ChIP analysis at the indicated time points. For 

all four GAL genes, nucleosomes were removed with equal kinetics and to a similar extent in both 

wild type and top1Δtop2ts cells (Fig. 3). Thus, in contrast to our earlier observation with the inducible 

PHO5 gene [15], nucleosome removal from the GAL gene promoters occurs independent of 

topoisomerase activity.  

GAL gene activation requires topoisomerases for preinitiation complex assembly 

The step following eviction of nucleosomes from the promoters in transcriptional activation of the 

GAL genes is assembly of the preinitiation complex [20]. A principal part of this assembly is the 

recruitment of RNA polymerase II. In order to study the recruitment of RNA polymerase II to the 

promoters of the GAL genes, ChIP was performed using antibodies against the C-terminal domain of 

the RPB1 subunit of RNA polymerase II. As expected, an increase in RNA polymerase II occupancy 

in the promoter regions of the GAL genes was observed in wild type cells (Fig. 4). Conversely, very 

little or no RNA polymerase II enrichment was seen in the GAL gene promoters in top1Δtop2ts cells, 
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demonstrating a requirement of topoisomerases for the recruitment of RNA polymerase II to the GAL 

gene promoters. 

Binding of the TATA-binding protein (TBP) to the TATA box is the first step in the assembly of the 

preinitiation complex [29]. In order to investigate the role of topoisomerases in the binding of TBP 

to the TATA box in the promoter regions of the GAL genes, ChIP was again performed, this time 

with antibodies targeting an HA-tag N-terminally fused to TBP. As expected, an increase in TBP 

enrichment was observed in the promoters of the GAL genes in wild type cells (Fig. 5A). However, 

no significant enrichment was seen in top1Δtop2ts cells. Taken together with the observation that the 

cellular level of TBP was similar in wild type and topoisomerase deficient cells, (Fig. 5B), this 

demonstrates a requirement of topoisomerases for TBP binding. Based on our results, we conclude 

that GAL gene activation requires topoisomerases either directly for TBP binding to the TATA box, 

or in a step between nucleosome eviction and TBP binding.  

 

Discussion 

Our findings have revealed that topoisomerase activity is required for transcriptional activation of the 

GAL genes, whereas ongoing transcription can occur in the absence of Top1 and Top2 (Figs.1 and 

2). Furthermore, we demonstrate that topoisomerases are required for TBP binding to the TATA box, 

or in a step downstream of nucleosome eviction, but upstream of TBP binding (Figs. 3, 4, and 5). We 

have previously shown that topoisomerases are required for transcriptional activation of the 

phosphate regulated PHO5 gene, where the enzymes are necessary for binding of the transcription 

factor Pho4 to the promoter region [15]. In the present study, lack of topoisomerase activity does not 

influence the GAL gene induction pathway, as wild type cells and top1Δtop2ts cells display equal 

nucleosome promoter clearing (Fig. 3). The disparities in topoisomerase requirement between the 

PHO5 gene and the GAL genes are probably reflected in the dissimilarities in the induction pathways. 

In the case of PHO5, the Pho4 transcription factor has to bind the PHO5 promoter in order for 

nucleosome remodeling to occur [30]. In contrast, the corresponding Gal4 transcription factor, which 

is required for chromatin remodeling in the GAL system, is already bound to the promoter, but its 

chromatin remodeler recruiting domain is blocked by Gal80 [22]. Thus, this step in chromatin 

remodeling does not rely on novel protein-DNA interactions as it does in the PHO5 system.  

Interestingly, no RNA polymerase II or TBP enrichment is observed in the promoters of the GAL 

genes in top1Δtop2ts cells during transcriptional activation (Figs. 4 and 5), whereas topoisomerases 
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become dispensable once the GAL genes are activated (Fig. 2). This indicates that transcriptional 

activation is fully dependent on topoisomerase activity although reinitiation and transcription 

elongation can take place in the already activated genes independent of topoisomerases. One 

explanation for this discrepancy could be that the half-lives of the mRNAs in question are very high, 

making it impossible to accurately assess, whether transcription in the gal80∆top1Δtop2ts mutant is 

deregulated upon transfer to the restrictive temperature. However, as the half-lives of the mRNA’s 

from GAL1, GAL2, GAL7, and GAL10 are 18, 49, 27, and 20 minutes, respectively [31], and we 

measure transcript levels 135 min after transfer of the cells to the restrictive temperature for top2ts, 

we find this explanation unlikely. A more plausible explanation is that after the RNA polymerase has 

escaped from the preinitiation complex, some of the general transcription factors remain in the 

promoter region, creating a reinitiation scaffold [32], which can persist even under topological 

conditions, where one or more of the factors would be unable to bind individually. Furthermore, 

several GAL genes have been shown to exhibit gene looping [33,34], where the promoter and 

termination regions are brought into close proximity. Gene looping allows for easy RNA polymerase 

shuttling from the termination region to the promoter, and is believed to keep the promoter chromatin 

free and primed for reinitiation, which may eliminate the requirement for topoisomerases.  

Transcriptional activation of a gene is a complicated process involving a plethora of proteins. The 

DNA superhelical changes occurring in topoisomerase deficient strains will most likely affect the 

activation process in a step involving protein-DNA interactions. As the nucleosomes bound at the 

GAL gene promoters are removed with equal kinetics in both wild type and top1Δtop2ts cells (Fig. 3), 

but TBP is unable to bind to the promoter in topoisomerase deficient cells, the requirement for 

topoisomerase activity has to be found between these two steps. Following nucleosome depletion, 

different co-activators, including Mediator and SAGA, bind at GAL gene promoters through 

interaction with Gal4 [35,36]. These co-activators then assist in the recruitment of TBP to the TATA 

box through direct interactions [21]. The step requiring topoisomerase activity can therefore either be 

binding of TBP or one of its co-activators. However, we find it unlikely that binding of Mediator and 

SAGA is influenced by lack of topoisomerase activity, since these co-activators have been suggested 

to act as bridging proteins between Gal4 and TBP [21]. Rather, we expect that the DNA interaction 

of TBP will be impeded in topoisomerase deficient strains, where the global superhelical level is 

shifted towards a more positive state [12,15,37]. To this end, earlier studies have demonstrated that 

TBP binding is supercoiling sensitive [38-40]. This is supported by the earlier finding that TBP 

binding extensively distorts the DNA helix by introducing a 90° kink in the DNA, causing a slight 

underwinding of the DNA [40,41]. Furthermore, an in vitro study has demonstrated that negative 
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superhelicity results in a more active transcription of the immunoglobulin heavy chain gene when 

only TBP, TFIIB and RNA polymerase II are present [39].  

If lack of topoisomerases affects TBP binding, one may speculate, how reinitiation can occur in 

gal80Δtop1Δtop2ts cells. In these cells, TBP is already bound to the DNA template before cells are 

exposed to the positive supercoiling, which follows the transfer of cells to the restrictive temperature 

for top2ts, and although TBP binding may be sensitive to DNA superhelicity, its dissociation may not 

necessarily be affected. Alternatively, the transient negative supercoiling generated due to polymerase 

movement during elongation could maintain binding of TBP, as has been suggested earlier [40].  

In conclusion, we show that topoisomerase activity is essential for GAL gene activation, being 

required for TBP binding downstream of nucleosome eviction. This is in contrast to our earlier finding 

with the PHO5 inducible gene system, where topoisomerase activity was found to be required for 

binding of the transcription factor Pho4 prior to nucleosome eviction [15]. Topoisomerases can 

therefore influence different steps in the activation of inducible genes both upstream and downstream 

of promoter nucleosome clearance. Due to the multitude of protein-DNA interactions required for 

activation of inducible genes, these genes are thus highly vulnerable to changes in promoter topology.  
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Fig. 1. GAL gene transcription requires topoisomerase activity. (A) Organization of the GAL 
genes. GAL1 and GAL10 are located on Chromosome II (Chr. II) and share a promoter with two 
UASs and three nucleosomes. The GAL7 promoter, located immediately after the GAL10 open 
reading frame on Chr. II, contains a single UAS and a single nucleosome. The GAL2 promoter is 
similar to the GAL7 promoter, but is located on Chr. XII. UAS, Upstream Activating Sequence. 
TATA, TATA box. Promoter nucleosomes are illustrated in yellow. Arrows indicate positions of 
primers in ChIP experiments. (B) Experimental setup. Cells were grown at 25°C in repressive media, 
and α-factor was added to arrest cells in G1. After 1.5 hours, cells were shifted to the restrictive 
temperature. After Top2 inactivation for 15 minutes, cells were treated with galactose to induce the 
GAL genes, α-factor was added again to keep cells in G1, and samples were collected at the indicated 
time points. α, α-factor. (C) Induction of GAL1, GAL2, GAL7, and GAL10 in wild type and 
top1∆top2ts cells. Cells were treated as illustrated in (B), and samples were collected 0 and 150 
minutes after galactose treatment. mRNA was isolated, and the levels of the individual GAL genes 
were quantified by qPCR. % Induction was calculated as the increase in mRNA levels relative to the 
increase in wild type (set to 100%). Averages from two individual experiments are shown with error 
bars representing ± one standard deviation. (D) Induction of GAL1, GAL2, GAL7, and GAL10 in wild 
type, top1∆, top2ts, and top1∆top2ts cells. Cells were treated as shown in (B), and samples were 
collected at the indicated time points for qPCR measurements of GAL gene mRNA levels. mRNA 
levels are presented as fold increase relative to the level at time point 0. Averages from three 
individual experiments are shown with error bars representing ± one standard deviation.  
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Fig. 2. Topoisomerase activity has a direct role in GAL gene activation but is not required for 
transcriptional elongation and reinitiation. (A) Overview of promoter changes during 
transcriptional induction of the GAL genes. (left) In raffinose, the GAL gene promoter is covered by 
nucleosomes except at the UAS, which binds Gal4 having its activation domain blocked by Gal80. 
(right) Upon galactose addition, Gal3 binds Gal80, leaving the activation domain of Gal4 free to bind 
chromatin remodelers. Subsequent removal of promoter nucleosomes allows recruitment of TBP and 
RNA polymerase II. UAS, Upstream Activating Sequence. TATA, TATA box. TSS, Transcription 
Start Site. gal, galactose. Light coloring and dashed borders of Gal3 and Gal80 indicate that the 
enzymes do not block the Gal4 activation domain, either due to dissociation or rearrangement of the 
complex. (B) Time course experiment of GAL1, GAL2, GAL7, and GAL10 transcription in wild type, 
gal80Δ, and gal80Δtop1Δtop2ts cells. Cells were treated as in Fig. 1B, and mRNA levels of the 
individual genes were quantified by qPCR, normalized to the wild type level at the latest time point 
(set to 100%), and presented on a log10-scale. The average from two individual experiments is shown, 
and error bars represent ± one standard deviation. (C) Time course experiment with ChIP analysis of 
Top1 and Top2 enrichment in the promoters of the GAL genes following transcriptional activation. 
Cells expressing the endogenous Top1 or Top2 enzymes fused to a cMyc tag were treated as described 
in Fig. 1B, and ChIP was performed with antibodies recognizing the cMyc tag. Top1 and Top2 
binding levels were normalized relative to the binding under uninduced conditions at the 0 min time 
point (set to 1). Averages from three individual experiments are shown, and error bars represent ± 
one standard deviation. Positions of primers used in the ChIP experiments for the individual GAL 
genes are indicated with arrows in Fig. 1A and presented in Table 2. 
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Fig. 3. Promoter chromatin remodeling is not affected by lack of topoisomerases. ChIP analysis 
of nucleosome removal from GAL gene promoters of wild type and top1Δtop2ts cells following 
transcriptional activation. Experimental setup was as described for Fig. 1B, and ChIP was performed 
using antibodies targeting histone H3. H3 binding levels in the GAL gene promoters were normalized 
relative to the binding under uninduced conditions at the 0 min time point (set to 1). Averages from 
two individual experiments are shown, and error bars represent ± one standard deviation. Positions 
of primers used in the ChIP experiments for the individual GAL genes are indicated with arrows in 
Fig. 1A and presented in Table 2. 
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Fig. 4. Topoisomerase activity is required for RNA polymerase II recruitment. ChIP analysis of 
RNA polymerase II enrichment in GAL gene promoters of wild type and top1Δtop2ts cells following 
transcriptional activation. Experimental setup was as described for Fig. 1B, and ChIP was performed 
using antibodies targeting RNA polymerase II. RNA polymerase II binding levels were normalized 
relative to the binding under uninduced conditions at the 0 min time point (set to 1). Averages from 
two individual experiments are shown, and error bars represent ± one standard deviation. Positions 
of primers used in the ChIP experiments for the individual GAL genes are indicated with arrows in 
Fig. 1A. 
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Fig. 5. TBP binding to the TATA box requires topoisomerase activity. (A) ChIP analysis of TBP 
enrichment in GAL gene promoters of wild type and top1Δtop2ts cells following transcriptional 
activation. Experimental setup was as described for Fig. 1B. ChIP was performed on cells having the 
endogenous TBP protein fused to a HA epitope tag using anti-HA antibodies. TBP binding levels 
were normalized relative to the binding under uninduced conditions at the 0 min time point (set to 1). 
Averages from three individual experiments are shown, and error bars represent ± one standard 
deviation. Positions of primers used in the ChIP experiments for the individual GAL genes are 
indicated with arrows in Fig. 1A. (B) TBP protein levels in wild type and top1Δtop2ts cells. Cells used 
in (A) were treated as in Fig. 1B, and samples taken at the indicated time points were processed for 
Western Blot analysis with antibodies targeting the HA tag on TBP. Mcm2 was used as loading 
control. 
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3.5. Additional results 

3.5.1. ChIP of Top1 and Top2 in the PHO5 promoter 

In the paper “DNA Topoisomerases Maintain Promoters In a State Competent for Transcriptional 

Activation in Saccharomyces cerevisiae”, we show that DNA topoisomerases are required for 

activation of the PHO5 gene. The role of topoisomerases for PHO5 transcription is likely caused by 

a direct need for topoisomerase activity for binding of the transcription factor Pho4, in that the DNA 

at the UAS probably have to be in the right topological state for binding of Pho4. However, an indirect 

involvement of DNA topoisomerases cannot be ruled out, where PHO5 transcription requires 

topoisomerases to change the DNA topology elsewhere than at the PHO5 promoter. For example, 

topoisomerase activity might be essential for expression of a factor required for binding of Pho4. In 

order to investigate whether DNA topoisomerases are directly or indirectly required for PHO5 

transcription, the occupancy of Top1 and Top2 at the PHO5 promoter upon induction was measured. 

Yeast strains, having either Top1 or Top2 C-terminally tagged with a cMyc epitope tag, were grown 

in high phosphate synthetic media, and arrested in the G1 phase of the cell cycle. The cells were 

transferred to media lacking phosphate to activate transcription of PHO5, and samples were collected 

after 0, 45, 90, 135 and 180 min. ChIP was performed using anti-cMyc antibodies and qPCR primers 

located in the PHO5 promoter. This revealed an approximate two fold enrichment of both Top1 and 

Top2 in the PHO5 promoter upon phosphate starvation (Figure 3.6). Both topoisomerases are 

therefore recruited to the promoter upon activation of PHO5, indicating a direct role of both enzymes 

in PHO5 transcription. 
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Figure 3.6. Top1 and Top2 are 
recruited to the PHO5 promoter 
upon induction. 
Time-course experiment showing 
Top1 and Top2 enrichment in the 
PHO5 promoter after phosphate 
starvation. ChIP was performed using 
anti-cMyc antibodies, and Top1 and 
Top2 occupancies were measured 
with qPCR using primers located 
inside the PHO5 promoter. All values 
were normalized to the Top1 or Top2 
occupancy in the uninduced GAL10 
promoter in the same cells, and the 
value at time point 0 was set to 1. Error 
bars, s.d. (n=3). 
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3.5.2. ChIP of Top1 and Top2 in the GAL promoters with alternative normalization 

In the paper “DNA topoisomerases are required for preinitiation complex assembly during GAL gene 

activation”, we demonstrate that topoisomerase activity is necessary for activation of the GAL genes. 

In order to investigate if the topoisomerases are directly or indirectly required, we measured the 

change in Top1 and Top2 occupancy in the promoters of the GAL genes upon addition of galactose. 

This revealed a ~2-3 fold enrichment of the topoisomerases upon induction, suggesting a direct 

involvement of the enzymes in GAL induction (Figure 2C, section 3.4). As with the rest of the ChIP 

experiments presented in the paper, the occupancies of the topoisomerases in the GAL gene promoters 

were normalized to the occupancies at a telomeric region in the same cells, as it is expected that the 

Top1 and Top2 occupancy will remain constant in this region throughout the experiment. However, 

if this assumption is incorrect, it may give rise to faulty ChIP results. In order to exclude this 

possibility, the change in Top1 and Top2 occupancy in the GAL promoters was measured and 

normalized to the values in the promoter of PHO5. This control was chosen because the PHO5 

promoter is comparable to the GAL promoters, but binding of Top1 and Top2 to the PHO5 promoter 

should be independent of the addition of galactose. The experiment revealed a ~1.5-2 fold increase 

in Top1 and Top2 occupancy in the GAL gene promoters upon addition of galactose (Figure 3.7). 

This result is in correlation with the results presented in Figure 2C in section 3.4, which shows an 

enrichment of both topoisomerases in the GAL promoters, when galactose is added to the cells. The 

results therefore strongly suggest that both Top1 and Top2 are recruited to the promoters of the GAL 

genes upon galactose induction. 
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Figure 3.7. Top1 and Top2 are 
recruited to the GAL promoters 
upon activation. 
Time-course experiment showing 
Top1 and Top2 enrichment in the 
GAL promoters after galactose 
treatment. ChIP was performed 
using anti-cMyc antibodies, and 
Top1 and Top2 occupancies were 
measured with qPCR using 
primers located inside the GAL 
promotes. All values were 
normalized to the Top1 or Top2 
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in the same cells, and the value at 
time point 0 was set to 1. Error 
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3.5.3. Requirement of topoisomerases for transcription of inducible genes  

In the paper and the submitted manuscript, we demonstrate that topoisomerase activity is required for 

induction of the inducible PHO5 and GAL genes. Furthermore, the microarray study showed that 

genes with a high transcriptional plasticity (e.g. highly regulated) are generally more affected by lack 

of topoisomerases. Together, this strongly suggests that inducible genes have a higher tendency to be 

regulated by the topological state of the genome. However, a drawback with of conclusion from the 

microarray study is that the assay was performed under semi-repressive conditions for many inducible 

genes. There will always be a basal level of transcription, even from repressed inducible genes, and 

it is probably changes in this basal transcription that allows detection of a correlation between 

topoisomerase deficiency and transcriptional plasticity. However, if we want to determine with 

greater certainty that an inducible gene depends on topoisomerase activity, we need to investigate the 

transcription of the gene under conditions that favor its induction. We already did this for PHO5 and 

the GAL genes, where we showed that no induction takes place if both Top1 and Top2 are missing. 

In order to determine if this also is the case for other inducible genes, we investigated the expression 

of ten additional inducible genes in topoisomerase deficient cells. These genes include five additional 

phosphate regulated genes (PHO8, PHO84, PHM2, PHM4, and PHM6), and other genes regulated 

by glucose (ADH2, ADY1, and YAT1), serine/threonine (CHA1), and inositol (INO1). These genes 

have been reported to have a high transcriptional plasticity and to be chromatin regulated (Ford et al., 

2007; Korber and Horz, 2004; Moreira and Holmberg, 1998). To investigate if these inducible genes 

are affected by topoisomerase deficiency, wild type and top1∆top2ts yeast cells were grown at 25 °C 

under repressive conditions for the individual genes. The cells were arrested in G1 by α-factor for 90 

min, and the temperature was raised to 37 °C to inactivate top2ts. After 15 min, the cells were shifted 

to inducible conditions for the individual genes at 37 °C (see Material and Methods for individual 

repressive and inducible conditions). Samples were withdrawn just before transfer to inducible 

conditions (0) and after either 30 and 90 min, or 90 and 180 min, depending on the kinetics of the 

individual genes. RNA was extracted and reverse transcribed, before quantification of mRNA levels 

by qPCR using gene specific primers. The results from these experiments are shown in panel 1 and 3 

in Figure 3.8. Most of the genes are strongly affected by topoisomerase deficiency (PHO8, PHM2, 

PHM4, ADY1, YAT1, and INO1), while some only show a small reduction in expression (PHM8 and 

ADH2). Finally, one gene was unaffected (PHO84), while another actually showed an increase in 

induction (CHA1). These results are in correlation with the microarray study, which show an 

increased induction of CHA1 in topoisomerase deficient cells, while the rest of the investigated genes 
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showed impaired transcription. Topoisomerases may therefore play different roles in the activation 

of different genes.  

In the case of PHO5, the lack of induction was caused by a role of topoisomerases upstream of 

promoter nucleosome clearance (binding of Pho4). On the other hand, topoisomerase activity was 

required downstream of promoter nucleosome clearance in the GAL genes (binding of TBP). In order 

to investigate if topoisomerases are required before or after nucleosome eviction in the 10 inducible 

genes, the histone H3 occupancies in the individual promoters were investigated with ChIP. The 

results of these experiments are shown in panel 2 and 4 in Figure 3.8. Some of the genes show correct 

nucleosome eviction in wild type cells upon induction, while no or very little eviction takes place in 

top1∆top2ts cells (PHM2, PHM4, PHM6, and INO1). This suggests that topoisomerase activity is 

required in a step upstream to promoter nucleosome removal for these genes, as was the case for 

PHO5. Other genes (PHO8, YAT1, and CHA1) show similar removal of promoter nucleosomes 

whether topoisomerases are present or not, even though the induction of the genes are affected by 

topoisomerase deficiency. Topoisomerase activity is therefore likely needed in a step downstream of 

nucleosome eviction, like in the case of the GAL genes. For the ADH1 and ADY1 genes, no promoter 

nucleosome clearance was observed in either wild type or topoisomerase deficient cells, and we can 

therefore not speculate on the role of topoisomerases for the expression of these genes. 

In conclusion, the data demonstrate that a range of inducible genes are affected by topoisomerase 

activity. Some genes are absolutely dependent on topoisomerases for expression, while other only 

show reduced induction in the absence of topoisomerases. A few are even stimulated in topoisomerase 

deficient cells. Finally, topoisomerases can be required both upstream and downstream of promoter 

nucleosome clearance. 
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Figure 3.8. Expression and nucleosome eviction of inducible genes in topoisomerase deficient 
cells. 
Cells were grown under repressive conditions for the indicated genes. Following G1 arrest and top2ts 
inactivation, the cells were shifted to inducible conditions for the individual genes. Samples for RT-
qPCR and histone H3 ChIP were collected at time point 0, and after 30 and 90 min, or after 90 and 
180 min (depending on how fast the gene is activated). Panel 1 and 3: mRNA levels measured by 
qPCR following induction. The level at the latest time point for the wild type strain was set to 100%. 
Panel 2 and 4: Promoter nucleosome occupancy as measured by ChIP of H3. The occupancy at time 
point 0 was set to 1. Averages from two individual experiments are shown. 

 

3.6. Discussion 

3.6.1. The role of DNA topoisomerases in gene regulation 

It has been known for several decades that DNA topoisomerases influence the process of 

transcription. If too much positive supercoiling accumulates in the genome, the elongation process of 

transcription can be inhibited due to increased difficulties in strand separation (Blot et al., 2006; Brill 

et al., 1987; Gartenberg and Wang, 1992). But the topological state of the genome can also influence 

other aspects of transcription. In this study, we used microarray analysis to show that no correlation 

exists between gene length and sensitivity to topoisomerase deficiency (Section 3.3. Figure 2). This 

talks against a role for topoisomerases directly in transcriptional elongation, as longer genes would 

be expected to be more dependent on topoisomerases if the enzymes were needed to remove 

supercoils generated during elongation. Transcriptional activity, on the other hand, showed a clear 

correlation with topoisomerase dependency. Together, this suggest that topoisomerases play a role in 

transcriptional activation rather than elongation. This is further substantiated by our findings that 

continued transcription of PHO5 and the GAL genes are unaffected by topoisomerase deficiency after 

the genes have been activated (Section 3.3. Figure 5 and Section 3.4. Figure 2). 

We furthermore demonstrate that inducible and chromatin regulated genes are generally more 

affected by topoisomerase deficiency (Section 3.3. Figure 3). By investigating the expression of 

several inducible genes when both Top1 and Top2 are missing, we find that the consequences of 

topoisomerase deficiency vary between different genes (Figure 3.8.). For most of the inducible genes, 

topoisomerases are required for induction. However, some only display kinetic delay in 

topoisomerase deficient cells, while others are unaffected and a few are stimulated. Furthermore, for 

some of the affected genes, DNA topoisomerases are required for a step upstream of promoter 

nucleosome eviction, while they are needed downstream for others (Figure 3.8.). It is therefore 

difficult to make a general statement of how topoisomerases influence transcription of inducible 
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genes. But it is likely that the affected step involves DNA-protein interactions, as this interaction can 

be inhibited under certain topological conditions. When we investigated the PHO5 and GAL genes in 

more detail, it turned out that the affected steps indeed involve DNA-protein interaction. For PHO5, 

no nucleosome eviction takes place in topoisomerase deficient cells, as binding of the transcription 

factor Pho4 is inhibited (Section 3.3. Figure 7). This is in contrast to the GAL genes, where 

nucleosome depletion is observed in top1∆top2ts cells, but no transcription takes place (Section 3.4. 

Figure 3). The affected step is therefore after nucleosome eviction, probably in binding of TBP. It 

seems likely that binding of TBP to the DNA can be affected by the superhelical state of the DNA, 

as TBP bends the DNA as it binds (see Figure 3.2). If the DNA is too positively supercoiled, the four 

phenylalanine residues shown in Figure 3.2 may not be able to enter the minor groove and bend the 

DNA. In line with this, it has been reported that in vitro transcription consisting of only TBP, TFIIB, 

and RNAPII is more active from a negatively supercoiled DNA template (Parvin and Sharp, 1993).  

 

3.6.2. Topoisomerases in activation of the PHO5 and GAL genes 

As shown in Figure 3.5 and 3.6, the activation process of PHO5 and the GAL genes are quite 

comparable. So why are topoisomerases required in different steps? This is probably caused by 

differences in binding of their transcription factors. When PHO5 is induced, Pho4 enters the nucleus 

and binds to a UAS. It is therefore necessary to create a new DNA-protein interaction before PHO5 

can be activated. If the topological state prevents Pho4 binding, PHO5 will not be induced. In the 

case of the GAL genes on the other hand, Gal4 is already bound to a UAS when induced from its 

primed state (as was the case in this study). Induction just causes Gal80 to unblock the activating 

domain on Gal4. Therefore, as no new DNA-protein interactions are formed in this step, the process 

is likely unaffected by a change in topology (unless a change in topology can remove Pho4 from the 

DNA). The nucleosomes can therefore be removed independent of the topological state of the DNA. 

The next step is recruitment of the PIC, and as discussed in the previous section, too positively 

supercoiled DNA may inhibit binding of TBP. The activation of PHO5 is therefore inhibited already 

at the initial binding of Pho4, while it is lack of TBP binding that causes the inhibition of GAL gene 

activation. Since transcription of PHO5 also requires binding of TBP to the TATA box, it is likely 

that transcription of PHO5 would have been inhibited at this stage if the nucleosomes could be 

depleted. Because of the high probability that TBP binding is affected by DNA topology, this step 

may be the topoisomerase dependent step in many inducible genes. This is supported by our 

microarray finding that topoisomerase dependent genes are significantly increased in genes having a 



Chapter 3 - The roles of DNA topoisomerases in transcription 

142 
 

TATA box in their promoter regions (Appendix 3, Figure S2). However, not all TATA box containing 

genes are dependent on topoisomerases, so how can it be explained that TBP can bind to some TATA 

boxes and not to others in topoisomerase deficient cells? At the moment this can only be speculated, 

but an explanation could be that small differences in DNA sequences gives TBP higher affinity for 

some TATA boxes, thereby diminishing the effect of topology on binding. Alternatively, the local 

change in topology may be different between promoters when topoisomerases are depleted, 

depending on genomic content and local chromatin structure. 

Our finding that activation of the GAL genes depends on Top1 and Top2 is in contrast to earlier 

studies performed in the Sternglanz lab (Brill et al., 1987; Brill and Sternglanz, 1988). They found 

that activation of GAL promoters were unperturbed in yeast cell lacking Top1 and Top2. This was 

observed both from endogenous GAL genes, and from plasmids harboring LacZ under control of a 

GAL1 promoter. However, in our study we performed all our experiments in G1 arrested cells, while 

cells undergoing replication was used in the experiments from Sternglanz’s lab. This can have a huge 

impact on the experiments, as the effects of topoisomerase depletion likely vary between different 

stages of the cell cycle. It therefore may be that the absence of replication-associated effects in our 

studies result in a more effective change in superhelicity upon topoisomerase depletion, which in turn 

explains the effect on GAL activation in our study. In support of this, experiments performed in 

Wang’s lab demonstrate that GAL gene transcription indeed is dependent on the superhelical level of 

the genome (Gartenberg and Wang, 1992). They found that transcription from a GAL1 promoter was 

strongly inhibited in cells lacking endogenous topoisomerases, but expressing the E. coli 

topoisomerase TopA. The finding that GAL activation was inhibited under these conditions was 

explained by an increase in positive supercoiling in these cells, as TopA only relaxes negative 

supercoiling.  

 

3.7. Conclusions and future perspectives 

Transcription of a gene into mRNA is a complicated process, involving a large range of pathways 

and factors. In all cells, this process is tightly controlled, as it determines which genes are active at a 

given time. In this work, we sought to investigate the role of DNA topoisomerases in transcriptional 

regulation. In order to do this, we investigated the global response to depletion of Top1 and Top2 in 

yeast cells, and substantiated this with more specific responses of individual genes. We find that most 

genes are unaffected by deletion of either of the topoisomerases, while simultaneous deletion of both 

enzymes cause a significant up- or downregulation in ~20% of the yeast genes. Top1 and Top2 
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therefore act redundantly in regulation of these genes, suggesting that it is the common DNA 

relaxation activity of the enzymes that is responsible for this gene regulation. The few percentage of 

genes affected by depletion of one of the topoisomerases may be explained by more specific roles of 

the enzymes in regulation of a subset of genes (Ju et al., 2006; Lotito et al., 2008; Merino et al., 1993; 

Nikolaou et al., 2013). It turned out that many topoisomerase dependent genes are highly regulated 

and governed by chromatin regulation. To further investigate this, we examined the expression of a 

range of inducible genes in topoisomerase deficient cells. Many of these genes were unable to be 

induced when topoisomerases are lacking, while some only were weakly affected or unaffected. It 

turned out that the topoisomerase dependent step in the induction pathway differ between genes, since 

topoisomerases are needed before promoter nucleosome eviction in some genes, and after in others. 

Finally, we investigated in more detail the role of DNA topoisomerases in the inducible PHO5 and 

GAL genes. Our data suggest that topoisomerases are required for binding of the transcription factor 

Pho4 in the induction of PHO5, while they are needed for binding of TBP in the GAL genes. 

The data presented here contribute to our knowledge about the role of DNA topoisomerases in gene 

regulation. Our results demonstrate that topoisomerases are involved in different steps in regulation 

of a large range of genes by altering the topology of the genome. Together with other studies showing 

that individual topoisomerases specifically influence gene regulation in a subset of genes, it becomes 

clear that the involvement of topoisomerases in gene regulation is a complex process.  

In order to elucidate how topoisomerase influence gene regulation, it will probably be necessary to 

study the role of the enzymes in more individual genes. By gaining additional mechanistic knowledge, 

it will hopefully be possible to get a broader picture on how topoisomerases are involved in gene 

regulation. It would for example be interesting to clarify if the enzymes are always required for a step 

involving DNA-protein interactions, or if they can also influence other steps. In this context, our 

microarray study will be helpful, as it gives information about which genes are affected by lack of 

topoisomerases. While most genes affected by topoisomerase deficiency were down-regulated, some 

genes were actually stimulated. One explanation for this could be that the positive supercoiling 

accumulating in top1∆top2ts cells inhibits binding of an inhibitor of transcription in the promoters of 

these cells. It would be interesting to investigate if this is the case, or if topoisomerase depletion 

stimulates transcription by other means in these genes. More information can also be obtained from 

the phosphate and galactose regulation pathways. We found several other genes in the phosphate 

pathway to be inhibited in topoisomerase deficient cells beside PHO5 (Figure 3.8), and it would be 

interesting to clarify if this inhibition is caused by lack of Pho4 binding as was the case for PHO5. 
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All the investigated GAL genes require topoisomerase activity at the same step, so it is likely that 

genes involved in the same pathway often are regulated in the same fashion. In our experiments with 

the GAL genes, we induced the genes from their primed state, where Gal4 already is bound in the 

promoter. It would be interesting to investigate how topoisomerases are involved if the genes are 

induced from their repressed state. Perhaps no nucleosome eviction will take place if Gal4 is unable 

to bind in topoisomerase deficient cells. Since our data suggest that no GAL induction takes place 

because TBP fails to bind to the TATA box if topoisomerases are lacking, it is compelling to study 

more generally how binding of TBP to DNA is affected by topology. Most regulated genes contain 

TATA boxes, so this would explain why regulated genes have a greater tendency to be topoisomerase 

dependent.  

In conclusion, the data presented here demonstrate how topoisomerases maintain an optimal 

topological state for transcription of inducible genes. Top1 and Top2 act redundantly to promote 

binding of different factors involved in transcription of regulated genes. Depending on the factor, the 

consequence of topoisomerase depletion can have varying inhibitory and stimulating effects. 

Together with other studies demonstrating more specific roles of topoisomerases in gene regulation, 

it becomes clear that the role of these enzymes in transcription is a complicated process. Our study 

contributes to understanding the role of topoisomerases in gene regulation and will hopefully inspire 

future investigations on this fascinating form of gene regulation. 
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Chapter 4 - Materials and Methods 

  

This chapter contains a description of materials and 
experimental procedures used in the thesis. 
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4.1. Media and growth conditions 

For most experiments, S. cerevisiae cells (~1·107 cells/mL) were grown at 30 °C with shaking (~120 

rpm). For experiments with top2ts, cells were grown at 25 °C (permissive) or at 37 °C (restrictive). 

Depending on the experiment, the following media were used:  

YPD 

20 g peptone, 20 g glucose mono-hydrate, 10 g yeast extract, and 25mg adenine were dissolved in 1 

L water. The pH was adjusted to 5.0 for optimal function of α-factor, and the media was sterilized by 

autoclaving.   

YPR 

20 g peptone, 20 g raffinose pentahydrate, 10 g yeast extract, and 25 mg adenine were dissolved in 1 

L water. The pH was adjusted to 5.0 for optimal function of α-factor, and the media was sterilized by 

autoclaving.   

High phosphate media 

2 g KH2PO4, 6.5 g yeast nitrogen base without amino acids and phosphate, 1.2 g amino acid mix, and 

20 g glucose mono-hydrate (for PHO5 studies) or 20 g raffinose pentahydrate (for Flp experiments) 

were dissolved in 1 L water. The media was sterilized by autoclaving. 

Low phosphate 

As “High phosphate media”, except no KH2PO4. 

Media for proteasome inhibition 

For overnight culture: 1.7 g yeast nitrogen base without sulphate, 1.2 g amino acid mix, 20 g glucose 

mono-hydrate or raffinose pentahydrate, and 1 g proline in 1 L water. The media was sterilized by 

autoclaving. Two hour before addition of MG132, change to fresh media similar to above, except that 

0.006g SDS has been added (Liu et al., 2007). 

Glucose-repressed genes 

For experiments with glucose-repressed genes (ADH2, ADY2 and YAT1) cells were grown in 

repressive SC media with 8% glucose. Upon induction, the cells were shifted to SC media with 0.1% 

glucose and 3% ethanol.  

INO1 

For INO1, cells were grown in repressive media: 1.2 g amino acid mix, 20 g glucose mono-hydrate 

6.5 g yeast nitrogen base without amino acids and inositol, 100 μM myo-inositol, 1 μM choline 
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chloride in 1 L water. Upon induction, cells were shifted to similar media, except myo-inositol and 

choline chloride were omitted. 

Plates 

For most experiments, YDP agar plates were used. For camptothecin survival assay, camptothecin 

was added to 1 or 2 μg/mL. When selecting for kanamycin resistance, cells were grown on YDP 

plates supplemented with 500 or 800 g/mL G418. For auxotrophic selection, the relevant amino acid 

or base was omitted.  

 

4.2. Drugs 

Galactose 

Stock: 20% galactose in water (sterilized by filtration). A new stock was made for each experiment. 

The stock was added to the cells to a final concentration of 3% (for induction of Flp) or 2% (for 

induction of the GAL genes). 

Alpha factor 

Alpha factor (1:1500) from Lipal Biochem (Zürich, Switzerland) was added to cells to arrest them in 

the G1 phase of the cell cycle.  

Doxycycline 

Stock: 2 mg/mL camptothecin in 50% EtOH. Doxycycline was added to the cells to a final 

concentration of 1 g/mL unless otherwise stated. 

Rapamycin 

For depletion of Flp-FRB-GFP, rapamycin (Sigma-Aldrich) was added to a final concentration of 1 

μg/mL.  

MG132 

For inhibition of the proteasome, MG132 (Biomol, Plymouth Meeting, PA, USA) in DMSO was 

added to a final concentration of 75 µM.  DMSO was used as control. 
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4.3. Construction of strains 

Transformations 

Primers for transformations were from Microsynth. Fragments for knockout or inserts were made 

with PCR using these primers, the appropriate template containing a selection marker, and taq 

polymerase. Correct size was verified with agarose gel electrophoresis (1%). Cells were grown to the 

exponential phase, washed, and incubated with TEL buffer. Aliquots of cells were divided in 

eppendorf tubes. Transformation fragment was added to the samples, along with carrier DNA. The 

cells were treated with PEG4000 and heat-shocked to allow uptake of the DNA. The cells were plated 

on agar plates lacking appropriate selection marker. After 2-4 days, chosen transformant colonies 

were restreaked to new agar plates. Colony PCR was applied to all colonies with a negative and a 

positive set of primers. The sizes of the PCR products were determined with agarose gel 

electrophoresis to verify successful transformation. 

Construction of the TC Flp-nick strain 

A plasmid containing the LacZ gene with a FRT site in the coding region, and under control of a Tet-

Off promoter was created in the master project of Helene Christensen (an overview of the plasmid 

can be found in Appendix 4). This plasmid was linearized with the restriction enzyme EcoRV, and 

integrated into the genome of a S. cerevisiae strain already containing FlpH305L-3xHA under control 

of a GAL10 promoter (LBy-448), using the above described transformation protocol. The LacZ 

plasmid was integrated at the same position as the FRT site in the Flp-nick system, close to ARS607. 

However, in the TC Flp-nick system, the FRT sequence was inverted, so FlpH305L predominantly 

binds to the template strand when LacZ is transcribed. An overview of the TC Flp-nick system is 

given in Figure 1 in the manuscript presented in section 2.3. 

Mating 

Strains not created with transformation was made by standard techniques of mating and tetrad 

dissection, using appropriate selection plates. 

 

4.4. FACS 

0.5·107 cells were isolated, and stored in 70% EtOH at 4 °C. The DNA of the cells was intercalated 

with propidium iodide according to standard FACS protocol, and the amount of DNA in cells was 

quantified with a FACSCalibur from Becton Dickinson. 
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4.5. Spot Assay 

Exponential growing cells were diluted to 4·107 cells/mL, and 4 L of a series of 10 times dilutions 

were spotted on YPD plates with or without camptothecin.  

 

4.6. RT-qPCR 

2·107 cells were isolated, washed in water, and stored at -80 °C until further processing. The cells 

were thawed at 0 °C, and RNA was purified using RNeasy Mini Kit (Qiagen). Around 1 μg RNA was 

digested with deoxyribonuclease I, and the RNA was reverse transcribed using SuperScript II RT 

(Invitrogen) and oligo dT primer or with QuantiTect Reverse Transcription Kit (Qiagen) using 

random primers. mRNA levels were quantified by qPCR (EvaGreen qPCR kit, Solis Biodyne) using 

a Stratagene MX3000 (Agilent). Values were normalized to the GAPDH and ACT1 mRNA levels. 

 

4.7. ChIP 

Standard ChIP protocol was used (Nielsen et al., 2009), with the following exceptions: 

ChIP of Flp: The crosslinking step by formaldehyde was omitted. The HA-tag on Flp was recognized 

by mouse anti-HA monoclonal antibodies (Santa Cruz Biotech). 

ChIP of RNAPII: An extra washing step was used (Hobson et al., 2012). RNAPII was recognized by 

antibodies against the RPB1 subunit of RNAPII (ab5408 available from Abcam, Cambridge, UK). 

Histone H3: Monoclonal antibodies recognizing the H3 C-terminal tail (ab1791 available from 

Abcam, Cambridge, UK) were used. 

ChIP of Top1 and Top2: Formaldehyde treatment prolonged from 15 to 30 min. Incubation of beads-

antibody with fragmented chromatin prolonged from 2 hours to overnight (Bermejo et al., 2009). 

Monoclonal antibodies targeting the cMyc epitope tag (Santa Cruz) on Top1 and Top2 were used.  

 

For all samples, IgG beads (Dynal) targeting the appropriate primary antibody was used. As controls, 

samples were withdrawn before precipitation (INPUT), and from samples only with beads (beads). 

DNA was quantified by real-time PCR using a Stratagene MX3000 (Agilent, Santa Clara, CA) and 

performed with HOT FIREPol EvaGreen qPCR Mix Plus (ROX) qPCR kit (Solis Biodyne, Tartu, 
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Estonia). All samples were measured in duplicates or triplicates to minimize technical variations, 

using gene specific primers. The occupancy was calculated either as “Fold increase”: 2(CT beads - CT IP), 

or as “IP-real”: 2(CT IP – CT beads)/CT INPUT. 

 

4.8. Southern blot 

Cells were grown as described, and samples of 1.5 x109 cells were collected and stored at -80 °C until 

use. Genomic DNA was isolated using Genomic tip 20/G (Qiagen), which involves proteinase K 

treatment (final concentration of 1 mg/ml, incubation for 2 h at 37 °C). DNA was digested with SacI, 

and samples were analyzed on denaturing alkaline gels, followed by transfer to a membrane and 

hybridization to a radioactive labeled probe. A marker containing DNA strands of 1400 and 2200 nt 

were included in all gels to verify sizes of detected DNA fragments. For quantification of SSB level, 

the signal intensity at 1400 nt were calculated, and divided by the total signal at 1400 nt and 2200 nt 

combined. The background at was subtracted, and the value was multiplied with 2 to acquire percent 

SSBs (since the DS probe recognizes the intact strand as well as the cleaved strand).  

 

4.9. Anchor-away 

To avoid rebinding of FlpH305L, the anchor-away technique was used to deplete the yeast nucleus 

of FlpH305L. FlpH305L was C-terminally tagged with FRB-GFP, and the strain was mated with an 

anchor strain (HHY224) already having the ribosomal subunit RPL13 tagged with the anchor 

FKBP12 (Haruki et al., 2008). For depletion of Flp-FRB-GFP, rapamycin (Sigma-Aldrich) was added 

to a final concentration of 1 μg/mL.  

 

4.10. Microscopy  

To study cellular localization of Flp-FRB-GFP, cells were fixed with 1 mL 100% methanol at -20 °C 

for 6 min. Cells were collected by centrifugation and rehydrated in 1mL PBS containing 0.2% Tween 

20 and 20 ng/mL DAPI (Vector laboratories) in mounting medium for 5 min. Cells were collected by 

centrifugation and dissolved in 500μL 0.5% LMP agarose. 10 μL was placed between a glass slide 

and coverslip, and microscopic images were taken with an Olympus IX73 microscope. 
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Chapter 5 - Appendices 

  

This chapter contains data that were left out of the main 
chapters. This includes tables of all yeast strains and 
primers used in the thesis. 
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5.1. Yeast strains 

All strains are isogenic derivatives of W303, and have beside the mentioned mutations the following: 
ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 can1-100.  

 

Strain Genotype Source 

Ay-109 top2-1ts top1::nat(R), MATa This study 

Ay-120 MATa 
Rothstein 
(W303) 

Ay-127 top2-1ts, MATa R. Sternglanz 

Ay-161 top1::nat(R), MATa This study 

Ay-351 pho80::HPH(R), MATa This study 

Ay-352 top2-1ts top1::nat(R) pho80::HPH(R), MATa This study 

Ay-366 Cir0 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, MATa This study 

Ay-399 Cir0 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, Rad26::HPH, MATa This study 

Ay-408 vtc1::KanMX6, MATa This study 

Ay-409 top2-1ts top1::nat(R) vtc1::KanMX, MATa This study 

Ay-413 Cir0 GAL-flp(H305L)-3xHA-HIS3, URA3-pPHO5-LacZ::FRT-G418, MATa This study 

Ay-422 Cir0 GAL-flp(H305L)-3xHA-HIS3, URA3-LacZ::FRT-G418, MATa This study 

Ay-423 
Cir0 GAL-flp(H305L)-3xHA-HIS3, URA3-pPHO5-LacZ::FRT-G418, VTC1::KanMX4, 
MATa 

This study 

Ay-426 Cir0 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, Tdp1::URA3, MATa This study 

Ay-427 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, Rad1::TRP1, MATa This study 

Ay-428 
Cir0 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, Tdp1::URA3, 
Rad1::TRP1, MATa 

This study 

Ay-429 Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, Tet-off::URA3, MATα This study 

Ay-430 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, MATa This study 

Ay-431 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, URA3-LacZ::FRT-G418, MATa This study 

Ay-432 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, tdp1::URA3, 
MATa 

This study 

Ay-433 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, tdp1::URA3, 
rad1::TRP1, MATa 

This study 

Ay-434 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, rad1::TRP1, 
MATa 

This study 

Ay-435 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, URA3-LacZ::FRT-G418, MATα This study 

Ay-437 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, tdp1::URA3, 
rad1::TRP1, MATα 

This study 

Ay-438 GAL-flp(H305L)-3xHA-HIS3, Tetoff-LacZ::FRT-G418, MATα This study 
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Ay-439 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, Tdp1-3xHA:TRP, 
MATa 

This study 

Ay-440 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1,  URA3-LacZ::FRT-G418, Tdp1-3xHA:TRP, 
MATa 

This study 

Ay-441 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, Rad26::URA3, 
MATa 

This study 

Ay-442 
Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, 
Rad26::HPH(R), Rad28::TRP, MATa 

This study 

Ay-443 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, Rad26::URA3, 
Rad28::TRP, MATa 

This study 

Ay-444 
Cir0 LEU2::GAL-flp(H305L)3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418,Tdp1-
cMyc:URA, MATa 

This study 

Ay-445 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, Tdp1-cMyc:URA, 
MATa 

This study 

Ay-446 
Cir0 LEU2::GAL-flp(H305L)3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, Tdp1-
cMyc:TRP, MATa 

This study 

Ay-447 
Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, URA3-LacZ::FRT-G418, Tdp1-
cMyc:TRP, MATa 

This study 

Ay-450 
Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, 
elc1::TRP1, MATa 

This study 

Ay-451 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, elc1::TRP1, MATa This study 

Ay-452 tor1-1 fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATa 
(Haruki et al., 
2008) 

Ay-453 tor1-1 fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATa 
(Haruki et al., 
2008) 

Ay-456 
Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, tor1-1 
fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATa 

This study 

Ay-457 
Cir0 LEU2::GAL-flp(H305L)-3xHA-HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, tor1-1 
fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATα 

This study 

Ay-462 
Cir0 LEU2::GAL-flp(H305L)-GFP-FRB:HIS3::leu2delta1,  Tetoff-LacZ::FRT-G418, 
MATa 

This study 

Ay-464 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ-G418, MATa This study 

Ay-465 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3, 
VTC1::KanMX4, MATa 

This study 

Ay-466 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3, 
VTC1::KanMX4, MATα 

This study 

Ay-469 
Cir0 LEU2::GAL-flp(H305L)-GFP-FRB:HIS3::leu2delta1, tor1-1 fpr1::loxP-LEU2-
loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATa 

This study 

Ay-469 
Cir0 LEU2::GAL-flp(H305L)-GFP-FRB:HIS3::leu2delta1, tor1-1 fpr1::loxP-LEU2-
loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATα 

This study 

Ay-471 
Cir0 LEU2::GAL-flp(H305L)-GFP-FRB:HIS3::leu2delta1, Tetoff-LacZ::FRT-G418, 
tor1-1 fpr1::loxP-LEU2-loxP RPL13-2xFKBP12::loxP-TRP1-loxP, MATa 

This study 

Ay-472 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3,  
VTC1::KanMX4, Elc1:TRP, MATα 

This study 

Ay-473 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3,  
VTC1::KanMX4, Elc1:TRP, MATa 

This study 

Ay-474 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3,  
VTC1::KanMX4, tdp1:HPH, MATa 

This study 

Ay-475 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3,  
VTC1::KanMX4, tdp1:HPH, Elc1:TRP, MATa 

This study 

Ay-476 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1, pPHO5:LacZ::FRT-URA3,  
VTC1::KanMX4, tdp1:HPH, Elc1:TRP, MATα 

This study 

Ay-483 3xHA-TBP-URA, MATa 
(Kuras and 
Struhl, 1999) 

Ay-484 3xHA-TBP-URA top2-1ts top1::nat(R), MATa This study 

Ay-484 3xHA-TBP-URA top2-1ts top1::nat(R), MATalpha This study 
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Ay-486 Cir0 LEU2::GAL-flp(H305L)::leu2delta1, Tetoff-LacZ::FRT-G418, wss1::TRP, MATa This study 

Ay-487 
Cir0 LEU2::GAL-flp(H305L)::leu2delta1,  Tetoff-LacZ::FRT-G418, wss1::TRP, 
top1::HIS, MATa 

This study 

LBy-448 Cir0 GAL-flp(H305L)-3xHA-HIS3, MATa 
(Nielsen et al., 
2009) 
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5.2. Primers 

Name Sequence Purpose 

AP 487 CACCAACTGTTTGGCTCCAT Forward qPCR primer for GAPDH (TDH1). 
AP 488 TAGCAGCACCGGTAGAGGAT Reverse qPCR primer for GAPDH (TDH1). 
AP 1820 CCAssTAATGCCTCCTATATTTAGCCTTT ChIP at TEL06R (normalization) 
AP 1821 TCCGAACGCTATTCCAGAAAGT ChIP at TEL06R (normalization) 

AP 1844 
GTACAAATTTATACCTTAGCTTCATTTCAGT
TAAGGGCGATG 
CGGATCCCCGGGTTAATTAA 

Fwd primer for deletion of RAD26. 

AP 1845 
CTAAGAGTCTTCAGAATATACATATACACAT
AACACAATACAT 
GCGCGTTGGCCGATTCATTA 

Rev primer for deletion of RAD26. 

AP 1846 AAGCTGTCTGAGGGGTAGCA Positive fwd primer for checking for RAD26 deletion. 
AP 1847 TCTGTTTGCAGTGTCCAAGC Rev. primer for control of RAD26 deletion.  

AP 1963 
TCTGCAAGCTATCATAAGACGAGGATATCCT
TTGGAGACTCATAGAAATC-
CGGATCCCCGGGTTAATTAA 

Primer for knockout of PHO80 

AP 1964 
TTAATTTTGCTCAATCATGATTGCTTTCATA
ATACCCCACGAAAAATCA-
GCGCGTTGGCCATTCATTA 

Primer for knockout of PHO80 

AP 1965 GAATGAGGCGAACGTGCTTG Primer for verification of PHO 80 knockout. 
AP 1966 CCCGCGGAATGATTCTGTAG Primer for verification of PHO 80 knockout. 
AP 1973 TGTGCTAGTCCCACGTGTGAGTGCC Pho4 ChIP at UAS1 
AP 1974 TTTGGAAGTCATCTTATGTGCGCTG Pho4 ChIP at UAS1 
AP 1997 GAATAGGCAATCTCTAAATGAATCGA Pho4 ChIP at UAS2 
AP 1998 GAAAACAGGGACCAGAATCATAAATT Pho4 ChIP at UAS2 
AP 1999 CGCTTAACTGCTCATTGCTATATTG ChIP in the GAL1/10 promoter  
AP 2000 GACGCACGGAGGAGAGTCTT ChIP in the GAL1/10 promoter  
AP 2004 CTAATACACACGCAAAGTGC For qPCR of the PHO4 gene. 
AP 2005 TACCTCTGCGCTTGTTCAAA For qPCR of the PHO4 gene. 
AP 2006 CTGAACAGCAACAACAACTA For qPCR of the PHO2 gene. 
AP 2007 CTTTATTGGCGATAGGTTTC For qPCR of the PHO2 gene. 
AP 2008 TCCACCGTGATTTAAAACCT For qPCR of the PHO85 gene. 
AP 2009 TAGAACCCATTAGCACATCA For qPCR of the PHO85 gene. 
AP 2014 TCATGGGTATTGGTATCGGT For qPCR of the PHO84 gene. 
AP 2015 CAAGATAAGAGCGATGATAC For qPCR of the PHO84 gene. 
AP 2018 AGGGTACTAAAAGACGATGA For qPCR of the PHO87 gene. 
AP 2019 TTATATTGCGACAAGGCTTC For qPCR of the PHO87 gene. 
AP 2028 CAACCGAATGGAGAGAAAGA For qPCR of the PSE1 gene. 
AP 2029 GATGAGGATCGTTGATGAGG For qPCR of the PSE1 gene. 

AP 2040 
AAGAGGAAAACCAAGGATCAGATGTTTCGTT
CAATGAAGAGGATCGTACGCTGCAGGTCGAC C-terminal tagging of Pho4 

AP 2041 
TAAACATATAAAAAGAATGGCGCTTTCTCTG
GATAAATATTATATCGATGAATTCGAGCTCG C-terminal tagging of Pho4 

AP 2053 TGGGAAATTGGAGCGATAAG Fwd primer for qPCR of Flp. 
AP 2054 CTGCCACTCCTCAATTGGAT Rev primer for qPCR of Flp. 
AP 2055 AACAGTCAAGAGAACCACAACAGCAGTGAG Verification of C-terminal tagging of Pho4 

AP 2085 AATGAATCGTCTGACCGA Fwd primer for ChIP of Flp at the FRT site in the LacZ 
gene. 

AP 2086 GATTCATTCCCCAGCGAC Rev primer for ChIP of Flp at the FRT site in the LacZ 
gene. 

AP 2089 GCTGCTGGTGGTCTAGGTTC qPCR of ADH2 
AP 2090 GCCTTAACGACTGCGCTAAC qPCR of ADH2 
AP 2095 AGAGATTGCTCCTTCCACGA qPCR of INO1 
AP 2096 ACTTGGTTTGTCCCGACTTG qPCR of INO1 
AP 2109 GCCTTCTACGTTTCCATCCA qPCR of ACT1 (normalization) 
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AP 2110 GGCCAAATCGATTCTCAAAA qPCR of ACT1 (normalization) 
AP 2115 GCCACGGTGAAAACGTTACT qPCR of PHO8 
AP 2116 TGGAGCCTTCCACCATTAAG qPCR of PHO8 
AP 2123 ACCCCAGAACAACTGGAGTG qPCR of YAT1 
AP 2124 TCGAGACAGACCACGAACAG qPCR of YAT1 
AP 2125 GGTTAGCTCCTGCTCCAGTG qPCR of ADY2 
AP 2126 TGCACCAAACCACCATAAAA qPCR of ADY2 
AP 2135 TGCTTTCCAAATTCCTGGAG qPCR of PHM2 
AP 2136 CAATGGGTTGGGAATATTGG qPCR of PHM2 
AP 2137 GCGTACCTTTTTGTCGTGGT qPCR of PHM4 
AP 2138 ACGTCTAATCGCAGCAGCTC qPCR of PHM4 
AP 2139 GCAGAGTTTTCTGACGCACA qPCR of PHM6 
AP 2140 TCCTCGAGAAACCCTAGAACG qPCR of PHM6 
AP 2141 TCCAAAACTTCGGTCCAAAC qPCR of PHO84 
AP 2142 AACAGTTGGTTGGCTTACCG qPCR of PHO84 
AP 2150 CCAAGAAGAAACAAGAAGTG Fwd primer for H3 ChIP in the promoter of ADH2. 
AP 2151 GGTAAAGCTATAGCATGCCT Rev primer for H3 ChIP in the promoter of ADH2. 
AP 2152 GTAAAGATCAATGAAGTATC Fwd primer for H3 ChIP in the promoter of ADY1. 
AP 2153 TTTGGTGATGCGACAGCAAT Rev primer for H3 ChIP in the promoter of ADY1. 
AP 2154 GTATCAGCGTCAACTGGAAC Fwd primer for H3 ChIP in the promoter of YAT1. 
AP 2156 ATTGTATACGGAAAGGAGGG Rev primer for H3 ChIP in the promoter of YAT1. 
AP 2157 AAACATTTTCCTTTTATTTG Fwd primer for H3 ChIP in the promoter of CHA1. 
AP 2158 ACTGAGTGTCATTAAATAGT Rev primer for H3 ChIP in the promoter of CHA1. 
AP 2159 GTCCTCGTCTTCACCGGTCG Fwd primer for H3 ChIP in the promoter of GAL1/10. 
AP 2160 ACTGCCAATTTTTCCTCTTC Rev primer for H3 ChIP in the promoter of GAL1/10. 
AP 2161 AACAAACATTTCGCAGGCTA Fwd primer for H3 ChIP in the promoter of GAL2. 
AP 2162 TATTCTTGATGATAATTGAA Rev primer for H3 ChIP in the promoter of GAL2. 
AP 2163 CTTGAAAGAATGAAATCGCC Fwd primer for H3 ChIP in the promoter of GAL3. 
AP 2164 TTTTACTGCCTATGTGTTGC Rev primer for H3 ChIP in the promoter of GAL3. 
AP 2165 TTCCGACCTGCTTTTATATC Fwd primer for H3 ChIP in the promoter of GAL7. 
AP 2166 ACAGTGTTCACAAAATAGCC Rev primer for H3 ChIP in the promoter of GAL7. 
AP 2167 CGACAACAGAACAAGCCAAA Fwd primer for H3 ChIP in the promoter of INO1. 
AP 2168 TATCTTCATCCTTCTTTCCC Rev primer for H3 ChIP in the promoter of INO1. 
AP 2169 TTAGCAAAACATCAGCGCTT Fwd primer for H3 ChIP in the promoter of PHO5. 
AP 2170 CGCACATGCCAAATTATCAA Rev primer for H3 ChIP in the promoter of PHO5. 
AP 2171 CCGTCGAATGGTATTGTGTA Fwd primer for H3 ChIP in the promoter of PHO8. 
AP 2172 AGGCAAGGAAGAATCAAGTA Rev primer for H3 ChIP in the promoter of PHO8. 
AP 2173 TCATAGATGAGGTCGGTTAA Fwd primer for H3 ChIP in the promoter of PHO84. 
AP 2174 GGCTTTCCTTATCCCTCTTC Rev primer for H3 ChIP in the promoter of PHO84. 
AP 2175 TGTGCGTGTGTGTATGTTTC Fwd primer for H3 ChIP in the promoter of PHM2. 
AP 2176 TGGCTTAATACAACACAGTG Rev primer for H3 ChIP in the promoter of PHM2. 
AP 2177 TGTAAAACTGCAAGACGGTA Fwd primer for H3 ChIP in the promoter of PHM4. 
AP 2178 CTCTTGCCATTCTATCCGAA Rev primer for H3 ChIP in the promoter of PHM4. 
AP 2179 GTAACATTATAGGGCAGAAC Fwd primer for H3 ChIP in the promoter of PHM6. 
AP 2181 CCCGTCCTAACCTATCCGAA Rev primer for H3 ChIP in the promoter of PHM6. 

AP 2239 CTGGCCGTCGTTTTACAA Fwd primer to make probe and marker (2200+1400 bp) 
for southern blot 

AP 2240 GGTTACGTTGGTGTAGAT Rev primer to make probe for southern blot of Ay-366.  

AP 2241 ACAGATTTGATCCAGCGA Rev primer to make marker (1400) for southern blot of 
Ay-366.  

AP 2243 CACTGAGGTTTTCCGCCA Rev primer to make markers (2200) for southern blot 

AP 2260 
CTGAGTAGATCTTCCTTGGTTATCCCATCGC
C 

Fwd primer for amplification of PHO5 promoter + 5' 
BglII overhang. 

AP 2261 
AGTGACAAGCTTTGGTAATCTCGAATTTGCT
T 

Rev primer for amplification of PHO5 promoter + 5' 
HindIII overhang. 

AP 2262 
GTAATTAAATCTTGAAATTAAATTCTTATTC
CATTAGAGACAGCGCGTTGGCCGATTCATTA 

Fwd primer for amplification of PHO5 promoter on 
pAG60 + gDNA overhang  

AP 2263 
GTTGTAAAACGACGGCCAGTGAATCCGTAAT
CATGGTcatTGGTAATCTCGAATTTGCT 

Rev primer for amplification of PHO5 promoter on 
pAG60 + gDNA overhang  
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AP 2264 
GTTGTAAAACGACGGCCAGTGAATCCGTAAT
CATGGTGCGACACGCCGCTATTAGCG 

Rev primer for amplification of NO promoter on 
pAG60 + gDNA overhang  

AP 2265 
CTACATTATCGAATACGATTAAACACTACGC
CAGATTTCCACAATCGGATCCCCGGGTTAAT
TAA 

Deletion of VTC1 (PHM4) 

AP 2266 
ACAGTTTGTGCGTAACCCACGCTTACGATAT
TGGAATTACAATTGCGCGTTGGCCATTCATT
A 

Deletion of VTC1 (PHM4) 

AP 2272 TTTCACTTATCCTAAATAATTTACA Verification of VTC1 deletion 
AP 2273 CCATCTTTTGGCGCCTTAAGCGGTA Verification of VTC1 deletion 

AP 2276 GTCGCTATACTGCTGTCG Rev verification  for transformation of PHO5 
promoter/no promoter 

AP 2281 
GTAATTAAATCTTGAAATTAAATTCTTATTC
CATTAGAGACACGGATCCCCGGGTTAATTAA 

Fwd primer for amplification of -promoter on pAG60 + 
gDNA overhang  

AP 2282 
GTTGTAAAACGACGGCCAGTGAATCCGTAAT
CATGGTcatTGGATCTGATATCATCGATG 

Rev primer for amplification of -promoter on pAG60 + 
gDNA overhang  

AP 2302 
TACCGGCGCACTCTCGCCCGAACGACCTCAA
AATGTCTGCCGGATCCCCGGGTTAATTAA 

Primer for deletion of GAL80. Binds to F1 in the pFA 
system 

AP 2303 
CATGCACGAAAAAGGGAAATTTAAAACTAGT
TAGGTAAACGCGCGTTGGCCGATTCATTA 

Primer for deletion of GAL80. Binds to R-all in the 
pFA system 

AP 2304 TCAATACGGCAGCCGTTGTC Verification of GAL80 deletion. 
AP 2305 CTATCACTATCATATCTATA Verification of GAL80 deletion. 
AP 2334 TGAGCACCAAAATCCAATCG Reverse primer for verification of tagging of Tdp1.  

AP 2345 
ATTTTATCTCTTTCTCGTTCTGGGACGTAAG
TACAGGTCACGGATCCCCGGGTTAATTAA Forward primer for deletion of Rad28. 

AP 2346 
CCGCGAAGACTATTATCATATTCTATACGGC
ATTTATTACGCGCGTTGGCCGATTCATTA Reverse primer for deletion of Rad28.  

AP 2347 ACGAAATTCAAGGCAAGAC Forward verification primer of Rad28 deletion. 
AP 2348 AGCCTTATACCACTTCAAAG Reverse verification primer of Rad28 deletion. 
AP 2359 CGTTGCTTTAGCTGTTGTT qPCR for GAL1 
AP 2360 CTGATCCATACCGCCATT qPCR for GAL1 
AP 2361 TTGGCCTGGATGATTCCT qPCR for GAL2 
AP 2362 AGCGCCCAAAAGTAAACA qPCR for GAL2 
AP 2363 CCCAGTATGGAACAACAAC qPCR for GAL7 
AP 2364 CTGATTTGTTTGCCGATTAC qPCR for GAL7 
AP 2365 ACCAGAAGCTTTGCAGAA qPCR for GAL10 
AP 2366 AAGGTTTGTGTCGTGAGT qPCR for GAL10 

AP 2373 
TGCTTTTGTCAGAAATTTATGAATAAAAAAC
CATAACTAACGGATCCCCGGGTTAATTAA Fw primer for deletion of Elc1.  

AP 2374 
TTTTGAAAGAGTTCCTAACTCTTTTTTGTTT
TTCCTGTACGCGCGTTGGCCGATTCATTA Rev primer for deletion of Elc1.  

AP 2375 TGCCTTATTGTACGTTCCCA Fw veri primer for deletion of Elc1 
AP 2376 CGTTATGTGGAAGGGTTAC Rev veri primer for deletion of Elc1. 

AP 2377 
GTCGTTTTCTCAATATAATCTACATCATCAT
ATATATATACGGATCCCCGGGTTAATTAA Fw primer for deletion of Def1 

AP 2378 
CCATTTCGTTTTTTATGTGGGAGGTTCTACT
TCTCCCTTAGCGCGTTGGCCGATTCATTA Rev primer for deletion of Def1 

AP 2379 ATGGCGGCAAACTAAAAGAA Fw veri primer for deletion of Def1.  
AP 2380 CATTTGAATCTTGAGGAACG Rev veri primer for deletion of Def1.  
AP 2381 GGCCAGACGCGAATTATTT Fwd primer for ChIP in the 5' end of the LacZ gene 
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5.3. Supplementary figures for PHO5 paper 

 

 

 

 

Figure S1. Topoisomerase dependency correlates with RNA polymerase II binding in ORF’s. 

top1Δtop2ts gene expression changes (between mutant and wild-type) plotted against average RNA 

polymerase II (RNA pol II) occupancy in open reading frames as a 200 gene moving average. Data 

on RNA polymerase II occupancy were gathered from [56]. Pearson correlation is -0.16. 
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Figure S2. Association between gene expression level and topoisomerase dependency for 

functionally classified gene groups. Gene groups based on most general and overall functional 

classifications were retrieved from the MIPS FunCat database [57]. For each functional group, the 

average mRNA abundance of genes within the group and the fraction of de-regulated genes in the 

top1Δtop2ts microarray data set (% genes) were calculated. De-regulated genes were defined as being 

up- or down-regulated with +0.5 and -1 cutoffs in the signal log2 ratio between mutant and wild-type, 

respectively. Upper histogram, the average mRNA abundance for genes in each of the functional gene 

groups (groups 1-15) was normalized to the genome-wide average (arbitrarily set to 1). Lower 

histogram, the fraction of de-regulated genes in top1Δtop2ts is shown for each functional gene group. 

The MIPS functional gene groups and their number of genes are listed to the right. The functional 

gene groups with highest and lowest expression are indicated by orange and blue colors, respectively. 

For comparison, the TATA-less and TATA-containing gene groups [31] are included (groups 16 and 

17, respectively). 
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Figure S3. Transcriptional plasticity correlates with topoisomerase dependency independent of 

gene expression levels. The analysis presented in Figure 3A was repeated with groups of genes based 

on wild-type transcription levels. Thus, all genes were divided into quartiles with decreasing mRNA 

abundances, where the 1st quartile represents the gene group with the highest mRNA abundance. For 

each of these gene groups the transcriptional plasticity [32] was plotted against top1Δtop2ts gene 

expression changes as a 200 gene moving average. 
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Figure S4. Expression changes in top1Δtop2ts correlate with expression changes obtained from 

yeast strains with perturbation of different chromatin factors. Gene expression changes in 

top1Δtop2ts (SLR, signal log2 ratio between mutant and wild-type) are plotted as a function of gene 

expression changes (SLR, signal log ratio) generated from perturbation of different chromatin 

regulators. (A) spt6ts [58], (B) spt16ts [58], (C) taf1-2ts spt3(E240K) [30], (D) gcn5(KQL) [30], (E) 

paf1Δ [59], (F) histone H4 depletion (4h timepoint) [49], (G) histone H3Δ1-18 [60], and (H) 
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top1Δtop2ts + TopA vs. top1Δ (120 min time point and all expression changes divided by 2, because 

all transcript levels are approximately one log2 higher than the real value, as described by the authors) 

[9]. R denotes the Pearson correlation coefficient, and the associated correlation P-value (P) was 

calculated by permutation testing. Genes in the lower 0.05 and upper 0.95 percentiles for expression 

changes were specified as the most de-regulated genes in each dataset, and Po denotes the P-value of 

the overlap between de-regulated gene sets from the chromatin regulators and top1Δtop2ts, using a 

hypergeometric test. 

 

 

 

 

 

Figure S5. Confidence intervals for nucleosome occupancy in promoter regions of genes from 

different gene groups. Profiles of the average nucleosome-binding pattern [35] in the nucleosome-

free region (NFR) proximal to transcription start sites (TSS) is shown for groups of the 100 most 

unaffected genes (A), the 100 most up-regulated genes (B), and the 100 most down-regulated genes 

(C) in top1Δtop2ts. Error bars represent 95% confidence intervals. 
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Figure S6. Transcription of non-inducible genes under inducible conditions in wild-type and 

top1Δtop2ts cells. Time course experiments of control gene expression in wild-type and top1Δtop2ts 

cells under inducible conditions, where the experimental setup was as shown in Figure 4A. mRNA 

levels of three housekeeping genes (ESC1, ACT1 and GAPDH) were quantified by qPCR at the 

indicated time points after transfer of cells to either phosphate- (upper panel), galactose- (middle 

panel), or glucose-inducible conditions (lower panel). mRNA levels were normalized to the mRNA 

level obtained in the wild-type at the 0 min time point (set to 100%). Averages from two individual 

experiments are shown with error bars representing ± one standard deviation. 
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Figure S7. Pho4-13xcMyc cells display wild-type PHO5 induction kinetics. Time-course 

experiments of PHO5 transcription in wild-type and Pho4-13xcMyc cells. The experimental setup 

was as described for Figure 5A. The quantified PHO5 mRNA levels were normalized to the wild-

type mRNA level at the 180 min time point (set to 100%). Averages from two individual experiments 

are shown with error bars representing ± one standard deviation. Number indicates the mean fold 

increase in PHO5 mRNA levels at the latest time point. 
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Figure S8. Lack of PHO5 induction in topoisomerase deficient cells is not caused by internal 

polyphosphate storages. Time-course experiment of PHO5 transcription in vtc1Δ and 

vtc1Δtop1Δtop2ts cells (left panel),  vtc4Δ and vtc4Δtop1Δtop2ts cells (middle panel) or wild-type, 

vtc1Δ and vtc4Δ cells (right panel) after transfer from high phosphate to phosphate-free conditions, 

where the quantified PHO5 mRNA levels were normalized to the vtc1Δ level at the 180 min time 

point (set to 100%), the vtc4Δ level at the 180 min time point (set to 100%), or the wild-type level at 

the 180 min time point (set to 100%), respectively. Averages from two individual experiments are 

shown with error bars representing ± one standard deviation. Numbers indicate the mean fold increase 

in PHO5 mRNA levels in the indicated strains at the latest time point. The experimental setup was as 

described for Figure 4A, using the conditions for the phosphate-responsive genes. The comparison 

between wild-type, vtc1Δ and vtc4Δ cells (right panel) demonstrates that vtc1Δ and vtc4Δ cells show 

more rapid and higher maximum activation of PHO5 relative to wild-type cells in agreement with 

previous studies [44]. 
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Figure S9. Lack of PHO5 induction in topoisomerase deficient cells is not caused by G1 cell 

cycle arrest. Upper panel, experimental setup, where +Pi and -Pi indicate high and no phosphate, 

respectively. Lower panel, time-course experiment of PHO5 transcription in asynchronous growing 

wild-type and top1Δtop2ts cells after transfer from high phosphate to phosphate-free conditions. The 

quantified PHO5 mRNA level was normalized to the wild- type level at the 180 min time point (set 

to 100%). Average from three individual experiments is shown with error bars representing ± one 

standard deviation. Number indicates the mean fold increase in PHO5 mRNA levels in wild-type 

cells at the latest time point. 
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Table S1. Gene Ontology analysis of genes affected 2-fold or more in top1Δtop2ts. 

Using Funspec software [61], a stringent P-value cutoff of 1.00E-03 was used. 

k: number of genes from the input cluster in a given category. 

f: total number of genes in a given category. 

Table S1. Gene Ontology analysis of genes affected 2-fold or more in top1Δtop2ts.  
 
Genes up-regulated 2-fold or more in top1Δtop2ts strain (n=76 out of 5613 genes) 
Category p-value k f 
GO Biological process    
molecular function unknown [GO:0003674] 9.16E-08 45 1973 
response to stress [GO:0006950] 2.60E-07 13 195 
biological process unknown [GO:0008150] 1.05E-05 30 1203 
cellular cell wall organization [GO:0007047] 0.00059 6 91 
    
MIPS Functional classification    
oxidative stress response [32.01.01] 0.00039 5 55 
    
GO Cellular component    
anchored to membrane [GO:0031225] 3.82E-07 8 61 
extracellular region [GO:0005576] 4.31E-07 11 139 
cell wall [GO:0005618] 3.99E-05 9 146 

 
Genes down-regulated 2-fold or more in top1Δtop2ts strain (n=925 out of 5613 genes) 
Category p-value k f 
GO Biological process    
cellular amino acid biosynthetic process [GO:0008652] 3.32E-09 39 107 
methionine metabolic process [GO:0006555] 1.52E-06 10 14 
metabolic process [GO:0008152] 3.99E-06 97 453 
cell division [GO:0051301] 8.89E-06 49 191 
mitosis [GO:0007067] 1.13E-05 39 141 
methionine biosynthetic process [GO:0009086] 4.06E-05 16 40 
sulfate assimilation [GO:0000103] 0.000187 8 14 
    
MIPS Functional classification    
metabolism of methionine [01.01.06.05] 3.28E-05 11 21 
phosphate metabolism [01.04] 7.49E-05 83 401 
sulfate assimilation [01.02.03.01] 0.000155 6 8 
purine nucleotide/nucleoside/nucleobase anabolism 
[01.03.01.03] 0.000257 12 29 
biosynthesis of arginine [01.01.03.05.01] 0.000783 7 13 
detoxification [32.07] 0.000989 22 80 
    
GO Cellular component    
None    
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Table S2. Characterization of genes de-regulated 2-fold or more in top1Δtop2ts. 
aGene sets were tested for overlap with genes regulated by the stress-related SAGA (Spt-Ada-Gcn5-

Acetyltransferase) complex [30]. The hypergeometric distribution was used to calculate overlap 

probabilities (P).  
bGene sets were tested for overlap with TATA-box containing genes [31]. The hypergeometric 

distribution was used to calculate overlap probabilities (P).    
cA measure for responsiveness to environmental changes was derived for every gene using the Gasch 

dataset [28], which measures expression ratios across 173 conditions of diverse environmental 

changes. This measure was calculated as the average of the squared log2 expression ratio from all 

173 microarray profiles on environmental change thus calculating the dynamic range of expression 

levels under different conditions [32]. The squared expression ratios were set to a mean of 0 and a 

standard deviation of 1.  

The responsiveness to environmental changes for the groups of 2-fold or more up- and down-

regulated genes, respectively, and the rest of the genome were compared using the t-test. P values for 

higher responsiveness to environmental changes are reported. 
dDistance to the closest telomere was compared to the rest of the genes by the t-test. 

 
Characteristics of down-regulated genes P value 
Stress-related regulation (SAGA)a 6.5E-07 
Presence of TATA-boxb 1.6E-16 
High responsiveness to environmental changesc 1.4E-3 
Proximity to telomered 0.06 
Characteristics of up-regulated genes P value 
Stress-related regulation (SAGA)a 9.7E-10 
Presence of TATA-boxb 1.1E-10 
High responsiveness to environmental changesc 4.3E-7 
Proximity to telomered 0.42 

 

Table S2. Characterization of genes de-regulated 2-fold or more in top1Δtop2ts
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Table S3. S. cerevisiae strains used in this study.  
aTOP1 was deleted by gene knockout with the selectable marker NAT1 [66,67]. 
bPHO80 was deleted by gene knockout with the selectable marker HPH [67]. 
cAy-377 was obtained through mating.  
dPHO4-13xcMyc-TRP was created by knock-in of C-terminal 13xcMyc tag with the selectable 

marker TRP [68]. 
eVTC1 was deleted by gene knockout with the selectable marker KanMX6 [67]. 
fVTC4 was deleted by gene knockout with the selectable marker KanMX6 [67]. 

Table S3. S. cerevisiae strains used in this study.

Strain Genotype Source 
Ay-120 MATa ade2-1 trp1-1 his3-11,-15 ura3-1 leu2-3,-112 can1-100 R. Rothstein (W303)  
Ay-161 Ay-120 with top1::NAT This study  
Ay-127 Ay-120 with top2-1ts R. Sternglanz 
Ay-109 Ay-120 with top2-1ts top1::NAT This study  
Ay-351 Ay-120 with pho80::HPH This study  
Ay-352 Ay-120 with top2-1ts top1::NAT pho80::HPH This study  
Ay-364 Ay-120 with plasmid YEpTOPA pGDP (TRP) This study  
Ay-365 Ay-120 with top2-1ts top1::NAT and plasmid YEpTOPA pGDP (TRP) This study

 Ay-335 Ay-120 with PHO4-GFP-HIS3  
Ay-377 Ay-120 with PHO4-GFP-HIS3 top1::NAT top2-1ts This study  
Ay-383 Ay-120 with PHO4-13xcMyc-TRP This study  
Ay-384 Ay-120 with PHO4-13xcMyc-TRP top1::NAT top2-1ts This study  
Ay-408 Ay-120 with vtc1::KanMX6 This study  
Ay-409 Ay-109 with vtc1::KanMX6 This study  
Ay-410 Ay-120 with vtc4::KanMX6 This study  
Ay-411 Ay-109 with vtc4::KanMX6 This study  
Ay-84  

 

MATa his3-Δ200 leu2-Δ1 trp1-Δ63 ura2-52 R.K. Mortimer and 
J.R. Johnston (S288c,
J.C. Wang JCW25)

 

Ay-79  Ay-84 with top2-4ts top1::URA3 J.C. Wang (JCW28)

 

 

 

This study
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Table S4. Primers used in qPCR for quantification of ChIP levels and gene expression levels. 

 

 
 Purpose Sequence (5’-3’) 
AP 1816 Forward primer for qCPR of histone H3 ChIP locating in nucleosome -2 in PHO5 

promoter 
CGCTTATATACGTTTCATTTC 

AP 1817 Reverse primer for qCPR of histone H3 ChIP locating in nucleosome -1 in PHO5 
promoter 

CAATCTCTAAATGAATCGATAC 

AP 1818 Forward primer for qCPR of histone H3 ChIP locating in nucleosome -4 in PHO5 
promoter 

GCTTACATGAGAAAACATTAAAG 

AP 1819 Reverse primer for qCPR of histone H3 ChIP locating in nucleosome -3 in PHO5 
promoter 

GTAGCTCGCTACAATAATAATG 

AP 1820 Forward primer for qCPR to normalize histone H3 ChIP, locates in TEL06R CCATAATGCCTCCTATATTTAGCCTTT 

AP 1821 Reverse primer for qCPR to normalize histone H3 ChIP, locates in TEL06R TCCGAACGCTATTCCAGAAAGT 

AP 1826 Forward primer for qCPR to normalize histone H3 ChIP, locates in YOL151W GCTGTGAACGGTGTTAAGGG 

AP 1828 Reverse primer for qCPR to normalize histone H3 ChIP, locates in YOL151W CAGCAAACTTCTTAGAACCAC 

AP 1680 Forward primer for qCPR of Pho4-cMyc ChIP locating in UAS1 region in the promoter 
of PHO5 

AAACTTCAAACGAAGGTAAAAGG 

AP 1681 Reverse primer for qCPR of Pho4-cMyc ChIP locating in UAS1 region in the promoter 
of PHO5 

TGCGAAAACGTGCTAATTTAATA 

AP 1997 Forward primer for qCPR of Pho4-cMyc ChIP locating in UAS2 region in the promoter 
of PHO5 

GAATAGGCAATCTCTAAATGAATCGA 

AP 1998 Reverse primer for qCPR of Pho4-cMyc ChIP locating in UAS2 region in the promoter 
of PHO5 

GAAAACAGGGACCAGAATCATAAATT 

AP 1999 Forward primer for qCPR to normalize Pho4-cMyc ChIP, locates in GAL1/10 
promoter 

CGCTTAACTGCTCATTGCTATATTG 

AP 2000 Reverse primer for qCPR to normalize Pho4-cMyc ChIP, locates in GAL1/10 promoter GACGCACGGAGGAGAGTCTT 

AP 487 Forward primer for qCPR to measure expression of GAPDH (TDH1) CACCAACTGTTTGGCTCCAT 

AP 488 Reverse primer for qCPR to measure expression of GAPDH (TDH1) TAGCAGCACCGGTAGAGGAT 

AP 2109 Forward primer for qCPR to measure expression of ACT1 GCCTTCTACGTTTCCATCCA 

AP 2110 Reverse primer for qCPR to measure expression of ACT1 GGCCAAATCGATTCTCAAAA 

AP 1375 Forward primer for qCPR to measure expression of ESC1 AGGGTGCAGAAGGAACAGAA 

AP 1376 Reverse primer for qCPR to measure expression of ESC1 CGGACTCATCGTCAACTGAA 

AP 1640 Forward primer for qCPR to measure expression of PHO5. CTTGGGACTACGATGCCAAT 

AP 1641 Reverse primer for qCPR to measure expression of PHO5. ACTTCAAATGCACACCACGA 

AP 2115 Forward primer for qCPR to measure expression of PHO8 GCCACGGTGAAAACGTTACT 

AP 2116 Reverse primer for qCPR to measure expression of PHO8 TGGAGCCTTCCACCATTAAG 

AP 2135 Forward primer for qCPR to measure expression of VTC3 TGCTTTCCAAATTCCTGGAG 

AP 2136 Reverse primer for qCPR to measure expression of VTC3 CAATGGGTTGGGAATATTGG 

AP 2137 Forward primer for qCPR to measure expression of VTC1 GCGTACCTTTTTGTCGTGGT 

AP 2138 Reverse primer for qCPR to measure expression of VTC1 ACGTCTAATCGCAGCAGCTC 

AP 166 Forward primer for qCPR to measure expression of GAL1 CTCGCGAAGAATTCACAAGAG 

AP 167 Reverse primer for qCPR to measure expression of GAL1 CATCAAGGCACCAAATTGC 

AP 473 Forward primer for qCPR to measure expression of GAL10 TTGAGGGTACGGAGATTATGGT 

AP 474 Reverse primer for qCPR to measure expression of GAL10 TGGCTTAGCATTTTCATCCAC 

AP 1181 Forward primer for qCPR to measure expression of GAL2 GGCCGTAAAAAGGGTCTTTC 

AP 1182 Reverse primer for qCPR to measure expression of GAL2 TCTCAAGTGCTTTGGAGCAA 

AP 471 Forward primer for qCPR to measure expression of GAL7 TGATTTGTTTGCCGATTACG 

AP 472 Reverse primer for qCPR to measure expression of GAL7 CGAGGTCCTCCTTCACCAT 

AP 2089 Forward primer for qCPR to measure expression of ADH2 GCTGCTGGTGGTCTAGGTTC 

AP 2090 Reverse primer for qCPR to measure expression of ADH2 GCCTTAACGACTGCGCTAAC 

AP 2123 Forward primer for qCPR to measure expression of YAT1 ACCCCAGAACAACTGGAGTG 

AP 2124 Reverse primer for qCPR to measure expression of YAT1 TCGAGACAGACCACGAACAG 

AP 2125 Forward primer for qCPR to measure expression of ADY2 GGTTAGCTCCTGCTCCAGTG 

AP 2126 Reverse primer for qCPR to measure expression of ADY2 TGCACCAAACCACCATAAAA 

AP 2095 Forward primer for qCPR to measure expression of INO1 AGAGATTGCTCCTTCCACGA 

AP 2096 
 

Reverse primer for qCPR to measure expression of INO1 
 

ACTTGGTTTGTCCCGACTTG 
 

AP 711 Forward primer for qPCR normalization to measure abundance of spike-in DAB 
mRNA 

AAAGCGGTTTTTATGCCGTA 

AP 712 Reverse primer for qPCR normalization to measure abundance of spike-in DAB 
mRNA 

CAAAATCCGGCTGATGAAAA 

AP 717 Forward primer for qPCR normalization to measure abundance of spike-in THR 
mRNA 

CGTGCTTCCGAAGGAGTTT 

Table S4. Primers used in qPCR for quantification of ChIP levels and gene expression levels.
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Supplementary text 

Text S1 

Microarray analyses and normalization 

Gene expression profiling was performed using Affymetrix Yeast Genome 2.0 GeneChip oligonucleotide 

arrays (Affymetrix, Santa Clara, CA) essentially according to Affymetrix protocols. Data processing and 

external normalization was carried out with Affymetrix GeneChip Operating software. For comparison 

of mutant and wild-type counterparts, we pre-filtered the expression profiles, so that a given gene was 

scored only if a “Present” call had been assigned by the MAS5 algorithm in each of the triplicate 

expression profiles. For all genes scored, the mutant to wild-type signal fold change was calculated, and 

the average fold change of the three independent experiments was used. A few genes were measured by 

several probe sets, and these replicate measures were averaged. All fold changes were log2 transformed. 

The completely filtered top1Δtop2ts dataset contains 5,613 protein-coding genes (4,754 verified, 830 

uncharacterized and 20 dubious, Saccharomyces Genome Database, http://www.yeastgenome.org/, 

annotated in April 2010).  

 

Growth conditions for analyses of transcriptional activation of genes in different inducible gene 

systems 

Wild-type and top1Δtop2ts cells were prepared in parallel as for the microarray analyses with the 

following differences: Cells were cultured in the respective repressive media (see below) at 25ºC to a 

density of ~107 cells/ml, G1 cell cycle arrested with alpha-factor (Lipal Biochem, Zürich, Switzerland), 

and Top2 was inhibited for 15 min at 37ºC under repressive conditions. Next, cells were washed twice, 

shifted to the respective inducible conditions in pre-warmed media, and incubated at 37ºC.  

For induction of the galactose-responsive genes, cells were not washed for shift of medium, but galactose 

was simply added to the growth medium (see below). Samples with equal amounts of cells (~108 cells) 

were taken at the different time points as indicated in Figure 4. 

For activation of phosphate-responsive genes (PHO5, PHO8, VTC1, VTC3), cells were grown in 

repressive high phosphate medium (yeast nitrogen base w/o phosphate and amino acids from ForMedium, 

Norfolk, UK). Glucose was added to 2%, amino acids were added to standard concentrations, and KH2PO4 

was added to a concentration of 15 mM. For induction, cells were shifted to phosphate-free medium: As 

above, but without KH2PO4 and supplemented with 7.35 mM KCl. 
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For activation of galactose-responsive genes (GAL1, GAL2, GAL7, GAL10), cells were grown in 

repressive YP medium with 2% raffinose, and galactose was added to a final concentration of 2% for 

induction. 

For activation of glucose-repressed genes (ADH2, ADY2, YAT1), cells were grown in repressive SC 

medium with 8% glucose, and shifted to SC medium with 0.1% glucose and 3% ethanol for induction. 

For activation of INO1, cells were grown in repressive high inositol medium: yeast nitrogen base w/o 

amino acids and w/o inositol from ForMedium (ForMedium, Norfolk, UK), supplemented with 100 µM 

myo-inositol and 1 µM choline chloride, and amino acids and glucose were added to standard 

concentrations. For induction, cells were shifted to inositol-free medium: As above, but without myo-

inositol and choline chloride. 

 

RNA extraction and qPCR 

For analysis of PHO5 transcript levels during G1 arrest but in the absence of phosphate storages (Figure 

S8), wild-type, vtc1∆, vtc4∆, top1∆top2ts, vtc1∆top1∆top2ts, and vtc4∆top1∆top2ts cells were grown as 

described above, and samples (~2x107 cells) were taken at the indicated time points. For asynchronously 

growing cells (Figure S9), yeast strains were grown to exponential phase at 25ºC in high phosphate 

medium, washed in sterile H2O and transferred to phosphate-free medium pre-heated to 37ºC, and samples 

(~2x107 cells) were collected at the indicated time points. RNA was extracted using RNeasy kit from 

Invitrogen according to the manufacturer’s direction. DNaseI treatment, cDNA synthesis, and qPCR were 

performed as described in Materials and Methods except that for each strain, PHO5 mRNA levels were 

normalized using the mRNA levels of the housekeeping genes GAPDH (TDH1) and ACT1 instead of 

spike-ins.  
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