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Preface

The present thesis ”The importance of topoisomerases for chromatin regulated genes” is based on 
my work on the role of DNA topoisomerases in transcription, performed at Aarhus University in the 
Laboratory of Genome Research (LGR). The work was supervised by associate professor Anni H. 
Andersen.

The main focus of the results presented in this thesis concerns the role of DNA topoisomerases 
in transcriptional activation of chromatin regulated genes. This was investigated in the yeast 
strain Saccharomyces cerevisiae by use of transcription microarray studies coupled with genome-
wide analyses and correlations. Furthermore, in order to gain a deeper understanding of the exact 
role of topoisomerases in gene activation, in-depth analysis of the PHO5 and the GAL genes was 
performed. The investigations on the role of topoisomerases in transcription have lead to one 
published paper and one manuscript in preparation.

This thesis contains six chapters in total. Chapter 1 gives a general introduction to the field of 
transcription, DNA topoisomerases, chromatin and their interplay. Chapter 2 concerns the role of 
DNA topoisomerases in global transcription substantiated with in-depth analysis of the phosphate 
regulated PHO5 gene. The chapter contains a copy of a paper publish in the peer-reviewed journal 
PLoS genetics. Additional results omitted from the paper are included in this chapter. Chapter 3 
contains results obtained from an investigation of which role topoisomerases have concerning 
transcriptional activation of the galactose induced genes GAL1, GAL2, GAL7, and GAL10. The 
results are summarized as a manuscript in preparation and consequently the manuscript contains 
its own list of references. In chapter 4, a model for the role of topoisomerases in transcription is 
formulated. Chapter 5 contains the appendices, including a published paper and a manuscript under 
revision that was out of scope concerning the main story of this thesis. Finally, the bibliography for 
the references in this thesis is collected in chapter 6.
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Abstract

One of the many challenges arising during normal DNA metabolism is supercoiling of the DNA 
fiber. Fortunately, enzymes known as DNA topoisomerases function to relieve excess strain by 
introducing transient breaks in the DNA fiber. Here we have used Saccharomyces Cerevisiae cells 
deficient for topoisomerase I and II in order to investigate the role of the enzymes in transcription. 
This has been done on a genome-wide scale by use of microarray technology and by single gene 
analysis of the PHO5 gene and the GAL genes. Based on the genomic data, it is demonstrated 
that a general transcriptional down-regulation occurs in response to lack of both topoisomerases. 
Some genes display a stronger requirement for topoisomerases for optimal transcription, and these 
genes are characterized by being inducible and by being regulated by chromatin. Furthermore, 
it is indicated that transcription generated supercoiling is able to dissipate away from the site of 
generation into flanking areas. Although genes located in proximity of ARS elements display a 
higher requirement for topoisomerases compared to other genes, the yeast genome does not appear 
to contain strong barriers to the spread of topological strain.

Investigations of a range of chromatin regulated inducible genes show that topoisomerases play an 
important role during transcriptional activation of these genes. By using the phosphate regulated 
PHO5 gene, it is demonstrated that the gene cannot be induced in cells lacking topoisomerase 
activity. However, either enzyme is sufficient to facilitate transcriptional activation of the PHO5 
gene. It is further demonstrated that the underlying reason for lack of PHO5 induction in the 
absence of topoisomerase activity is deficient chromatin remodeling of the promoter due to lack of 
binding of the transcription factor Pho4 to the PHO5 promoter region. It is shown that the PHO5 
promoter is sensitive to changes in superhelicity, as cells expressing either the E. coli TopA or 
Gyrase enzyme display different levels of PHO5 induction.

Finally, by investigating the GAL genes, it is demonstrated that topoisomerases are required 
at multiple steps during transcriptional activation. As in the case for PHO5, the GAL genes 
require topoisomerases in order to undergo transcriptional activation. However, the promoters 
of the GAL genes, unlike the promoter of PHO5, undergo chromatin remodeling independent of 
topoisomerases. It is shown by chromatin immunoprecipitation that RNA polymerase II is not 
recruited to the promoter of the GAL genes in a topoisomerase deficient strain, thus indicating that 
the enzymes are required at some step in the assembly of the pre-initiation complex.
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Dansk resumé

Èn af de mange udfordringer der opstår under normal DNA metabolisme er oversnoning af 
DNA fiberen. Heldigvis findes der enzymer, kendt som DNA topoisomeraser der er i stand 
til at forløse overspænding ved at introducerer kortvarige brud i DNA fiberen. Vi har brugt 
Saccharomyces Cerevisiae celler med mangel på topoisomerase I og II aktivitet, for at undersøge 
rollen af disse enzymer i transskription. Det er gjort på genomisk skala ved brug af microarray 
teknologi og enkelt-gen analyse af PHO5 genet og GAL generne. Baseret på genomisk data er det 
demonstreret at der sker en general nedregulering i transskription som respons på mangel af begge 
topoisomeraser. Visse gener udviser et stærkere behov for topoisomeraser for optimal transskription 
og disse gener er karakteriserede ved at være inducerbare og regulerede af kromatin. Ydermere 
er det indikerede at oversnoning genererede ved transskription er i stand til at spredes væk fra 
oprindelsesstedet til flankerende områder. Selvom gener der ligger i nærheden af ARS elementer 
udviser et større behov for topoisomeraser i forhold til andre gener, er der i gær genomet ikke 
tydelige barrierer for spredningen af overspændinger.

Undersøgelser af en række kromatin regulerede inducerbare gener viser at topoisomeraser spiller 
en vigtig rolle for transskriptionel aktivering af disse gener. Ved at bruge det fosfat regulerede gen 
PHO5 er det vist at genet ikke kan induceres i celler der mangler topoisomerase aktivitet. Dog viser 
det sig at bare én af enzymerne tilstrækkelig til at faciliteter transskriptionel aktivering af PHO5 
genet. Det er ydermere demonstreret, at den underliggende grund for mangel på PHO5 induktion i 
fraværd af topoisomerase aktivitet er mangelfuldt kromatin omstrukturering i promoteren grundet 
mangel på binding af transskriptionsfaktoren Pho4. Det er vist at PHO5 promoteren er sensitiv til 
ændringerne i snoningen af DNA fiberen, da celler der udtrykker enten E.coli TopA eller Gryase 
enzymerne udviser forskellige niveauer af PHO5 transskription.

Endelig, ved at undersøge GAL generne er det demonstreret at topoisomeraser er nødvendige i flere 
skridt i transskriptionel aktivering. Som det er tilfældet for PHO5 genet, kan GAL generne ikke 
undergå traksskriptional arkivering i fravær af topoisomerase aktivitet. Men, promoterene af GAL 
generne kan, i modsætning til promoteren af PHO5 undergå kromatin omstrukturering uafhængig 
af topoisomeraser. Det er vist ved kromatin immunopræcipitering at RNA polymerase II ikke bliver 
rekruterede til promoterene af GAL generne, i stammer der mangler topoisomerase aktivitet, derved 
indikeres det at enzymerne er krævet i et skridt i samlingen af pre-initerings komplekset.
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Abbreviation Full Name

BRE TFIIB Recognition Elements 
3C Chromosome Conformation Capture
ARS Autonomously Replicating Sequence
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CHAPTER 1

General Introduction

This chapter aims to give a general introduction to the subjects covered in 
this thesis. Initially, there is an introduction to transcriptional initiation and 
the factors involved in the process. Then, different aspects of regulation of 
transcription by chromatin are addressed as well as describing the induction 
mechanisms of the PHO5 gene and the galactose induced genes in yeast. 
Finally, DNA topoisomerases will be addressed as well as the influence DNA 
topology may have on transcription.
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1.1. Transcription

1.1.1. The eukaryotic transcription cycle

Transcription, the process of creating an RNA copy of the DNA in order to later translate the copy 
into protein, is one of the most fundamental and vital processes of life. Given the importance 
of the process, it therefore comes as no surprise that it involves a tangle of proteins and factors, 
even though at its heart, it is a simple chemical reaction of adding one nucleotide after another. 
Regulation of transcription allows a cell to respond to internal and external stimuli, thereby 
controlling cell proliferation and differentiation in response to environmental changes.

In eukaryotes there are three RNA polymerases, named I, II and III based on their elution order 
from a column during their initial discovery (Roeder, Rutter 1969) and their different sensitivity 
to α-amanitin (Kedinger, Nuret et al. 1971, Schwartz, Sklar et al. 1974). RNA polymerase I is 
primarily involved in transcription of the large ribosomal RNA subunits which constitutes more 
than 50% of the total RNA production in the cell (Russell, Zomerdijk 2006). RNA polymerase 
II catalyzes the transcription of protein coding genes into mRNA (Kornberg 1999) while RNA 
polymerase III is responsible for transcription of the small RNAs, such as snRNA and tRNA (Dieci, 
Fiorino et al. 2007). RNA polymerase II will be the main focus here; however, the different RNA 
polymerases and their regulation show many similarities. 

The eukaryotic transcription cycle can be divided into several distinctive steps. Transcriptional 
activation, pre-initiation complex assembly, open complex formation, promoter escape, elongation, 
and termination as reviewed in figure 1.1. These steps are all subject to regulation and contribute 
to the tight control of gene expression. Transcriptional activation (step 1 in figure 1.1) is the initial 
activation of a given gene and involves steps such as transcription factor binding, chromatin 
remodeling and general preparation of the promoter. This step is mostly relevant when considering 
inducible genes, which are only activated under certain conditions, for instance in response to 
changes in the biological context. Constitutively transcribed genes, the so-called housekeeping 
genes, may never go through a transcriptional activation event. Hence, the assembly of the pre-
initiation complex (step 2 in figure 1.1) is for many genes the first step in the transcription cycle. 
Here all the proteins required for initiating a transcription event are assembled, generating the 
RNA holoenzyme which includes all the general transcription factors and the RNA polymerase II. 
The RNA holoenzyme then melts the DNA around the transcription start site, thereby causing a 
transition into an open complex formation (step 3 in figure 1.1). The RNA polymerase then starts 
transcribing the DNA template, escaping the promoter (step 4 in figure 1.1) and after successful 
transcription of the first few nucleotides, the RNA polymerase moves into the elongation phase 
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Figure 1.1. The eukaryotic transcription cycle.
Step 1: Transcriptional activation is the process of promoter chromatin remodeling and/

or signal transmission of external stimuli. Some genes which are constitutively 
transcribed may never truly undergo transcriptional activation as they are never 
inactivated.

Step 2: Assembly of the pre-initiation complex is the recruitment of the general transcription 
factors and polymerase to the promoter region. The transcription factor TFIID 
recognizes the TATA box and initiator consensus sequences in the promoter region and 
helps in orientation of the RNA polymerase holoenzyme.

Step 3: The transition from closed to open complex formation by local DNA melting is 
facilitated by the helicase activity in TFIIH. Short mRNA fragments are synthesized 
in relative large amounts. Concurrently, the C-terminal domain (CTD) of the RNA 
polymerase is phosphorylated on serine 5.

Step 4: Promoter-escape where the RNA polymerase II goes from abortive to productive 
transcription. In higher eukaryotes the polymerase may permanently pause upon 
encountering the first nucleosome, where it will rest until receiving further activation 
signals. The CTD phosphorylation pattern will shift from phosphorylation of serine 5 
to phosphorylation of serine 2.

Step 5: Productive elongation, where the DNA template is being actively transcribed.

Step 6: Termination and release of the mRNA and RNA polymerase. The CTD is de-
phosphorylated and the polymerase can be recycled in another transcription round.

Transcriptional activation

Pre-initiation complex
assembly

Open complex formationPromoter escape

Elongation

Termination
1.

2.

3.4.

5.

6.
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(step 5 in figure 1.1). The RNA polymerase will then continue transcription until it encounters a 
termination signal, where the mRNA will be poly-adenylated, and the RNA polymerase holoenzyme 
can be used in a new round of transcription (step 6 in figure 1.1).

1.1.2. Assembly of the pre-initiation complex

As with the different RNA polymerases, the individual components of the pre-initiation complex 
was discovered and named by the order from which they eluted from a purification column (Weil, 
Segall et al. 1979). These components (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) are known 
as the general transcription factors, and together with RNA polymerase II they constitute the 
general transcription machinery. The function and composition (in humans and yeast) of the general 
transcription factors is summarized in table 1.1.

The assembly of the pre-initiation complex takes place as a stepwise process (Buratowski, Hahn 
et al. 1989, Kornberg 2007). In this manner, TFIID first binds to the promoter and is followed 
by TFIIA and TFIIB, which help to stabilize the complex. This creates a platform that allows 
recruitment of RNA polymerase II and TFIIF. Lastly TFIIE is recruited, followed by TFIIH, which 
then allows for DNA melting and promoter escape. Alternatively, it has been discovered that the 
RNA polymerase II in human cells can be purified as a preassembled holoenzyme only devoid of 
TFIID and TFIIA, but containing the chromatin remodeling factor SWI/SNF and the GCN5 histone 
acetyltransferase (Liu, Ranish et al. 2001, Wu, Kershnar et al. 1998, Wu, Hampsey 1999). The 
discovery that the holoenzyme can exist independently of a promoter suggests that in addition to the 
sequential assembly, the holoenzyme can be recruited directly to a promoter, a situation analogous 
to prokaryotes.

TFIID is one of the first general transcription factors to bind to a promoter and signals the formation 
of the pre-initiation complex. As seen from table 1.1 TFIID is a multi-protein complex comprised 

Table 1.1. The components of general transcription factors.

Factor H. Sapiens S. cerevisiae Function
TFIIA p35, p19, and p12 TOA1 and TOA2 Stabilize the TBP -TATA complex
TFIIB p33 SUA7 Stabilize the TBP -TATA complex, 

Start site selection, pol II recruitment
TFIID TBP and TAFs SPT15 (TBP) and TAFs Core promoter-recognizing factor
TFIIE p56 and p34 TFA1 and TFA2 Recruits TFIIH, promoter clearing
TFIIF RAP30 and RAP74 TFG1 and TFG2 pol II recruitment, promoter escape
TFIIH XPB, XPD, p62, p52, p44, 

CDK7, Cyclin H, p34, 
MAT1, and TFB5

TFA1, TFB1-6, CCL1, 
KIN28, RAD3, SSL1, and 
SSL2

Helicase activity for open complex 
formation, promoter escape
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of the TATA-binding protein (TBP) and a number of TBP associated factors (TAFs). In yeast there 
are 14 different TAFs (Sanders, Garbett et al. 2002) associated with TFIID. TAFs are not always 
associated with TBP, as a subset of TAFs (Taf5, Taf6, Taf9, Taf10, and Taf12) is found in both 
TFIID and in the Spt-Ada-Gcn5-acetyltransferase (SAGA) complex, which has been found to be 
involved in histone modification and transcription activation or repression (Grant, Schieltz et al. 
1998, Brownell, Allis 1996). In TFIID the role of TAFs is primarily structural. However, they 
also play a role in recognizing other core promoter elements (reviewed below), thus assisting in 
directing TFIID to TATA-less promoters (Thomas, Chiang 2006).

The TATA box is a conserved sequence in promoters that is recognized by TBP. Crystal structure 
of TBP bound to DNA revealed that the protein forms a saddle-like structure and that the DNA 
is severely bent upon binding of TBP (figure 1.2). The bend is created by intruding phenylalanine 
amino acid residues protruding from each side of TBP into the minor grooves of DNA, causing a 
widening of the minor groove and a corresponding compression of the major groove (Juo, Chiu et 
al. 1996).

Figure 1.2. Crystal structure of the S. 
cerevisiae TATA binding protein.
The TATA binding protein (green) binds DNA 
(orange) and bends the DNA by widening the 
minor groove. The side views (A and B) show 
the saddle-like structure of the TATA binding 
protein and the almost 90° bending of the DNA 
fiber. The A-T rich sequence recognized by this 
enzyme helps facilitating the binding as A-T 
rich sequences are more easily bent (Koo, Wu et 
al. 1986). In the top view (C) the phenylalanines 
that play a key role in creating the bend is shown 
as black sticks. Crystal structure determined 
by (Tan, Hunziker et al. 1996) and displayed in 
PyMol.
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As binding of TFIID is a crucial step in initiation of the transcription process, unsurprisingly it is 
highly regulated in order to prevent cryptic transcription from random binding of TBP to AT rich 
sequences (Thomas, Chiang 2006). TBP is regulated negatively by several mechanisms; TFIID 
can form a homodimer, which blocks the DNA interacting domain of the TBP proteins (Chasman, 
Flaherty et al. 1993); Taf1 has overlapping surface interactions with TFIIA, thereby inhibiting the 
stabilizing function of TFIIA (Cang, Auble et al. 1999); Another protein, Mot1 can both inhibit TBP 
binding to DNA and peel off DNA-bound TBP via a helicase activity (Auble, Wang et al. 1997). 
Conversely, TBP binding is positive regulated by stabilization of DNA-bound TBP by interactions 
with TFIIA and TFIIB, and TFIIA is able to facilitate the reversal of TBP-dimers (Coleman, Taggart 
et al. 1995, Coleman, Pugh 1995).

After binding of TFIID through the TBP protein to DNA, TFIIA and TFIIB are the next factors to 
enter the pre-initiation complex assembly. TFIIA and TFIIB helps to stabilize the DNA-TBP-TFIID 
complex and to recruit TFIIF and RNA polymerase II, and they assist in correct positioning of the 
pre-initiation complex in the promoter, and thereby in start site selection (Liu, Bushnell et al. 2010). 
Co-immunoprecipitation experiments have shown that TFIIF stably interact with RNA polymerase 
II and these two are also recruited together to the growing pre-initiation complex. Additionally, 
TFIIF is also required for subsequent recruitment of the last two general transcription factors, TFIIE 
and TFIIH.

Even though RNA polymerase II is incorporated into the pre-initiation complex, it is still unable 
to initiate RNA synthesis. TFIIE is now able to enter the complex, but since it also displays RNA 
polymerase II interactions, it likely enters along with TFIIF and the polymerase (Thomas, Chiang 
2006). When TFIIE is stably incorporated, it is able to recruit the final general transcription factor 
TFIIH. TFIIH is a multisubunit protein, containing both kinase and helicase activity. The helicase 
activity is required to facilitate open complex formation, and the kinase activity phosphorylates 
the C-terminal domain of Rpb1 subunit of the RNA polymerase. These events trigger the transition 
from initiation to active transcription (Venters, Pugh 2009).

1.1.3. RNA polymerase II and the C-terminal domain

At the heart of transcription sits the RNA polymerase II, the enzyme capable of catalyzing the 
addition of nucleotides to form mRNA. It is comprised of 12 subunits (termed Rpb1-12) of varying 
sizes in both human and yeast, which come together to form the 550kDa active RNA polymerase 
II (Acker, de Graaff et al. 1997, Murakami, Elmlund et al. 2013, Liu, Bushnell et al. 2013). Of 
particular importance is the largest subunit (Rpb1), which contains a C-terminal domain (CTD) 
made up of heptapeptide repeats consisting of 1Tyr-2Ser-3Pro-4Thr-5Ser-6Pro-7Ser (Meinhart, Cramer 
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2004, Brickey, Greenleaf 1995, Kamenski, Heilmeier et al. 2004). The exact number of heptapetide 
repeats varies from species to species, e.g. 52 repeats in humans and 26 repeats in yeast (Thomas, 
Chiang 2006). The CTD serves as a binding scaffold to several factors during transcription and its 
phosphorylation pattern is pivotal in regulating and marking the current state of the polymerase.

As mentioned above, TFIIH contains a kinase subunit, which will phosphorylate serine 5 in the 
CTD, triggering the entry into promoter escape. The polymerase will then engage in synthesizing 
RNA, initially only 2-3 nucleotides (nt) long unstable transcripts, which are released and re-
synthesized (Saunders, Core et al. 2006). At this stage, known as abortive initiation, the polymerase 
will cycle through several rounds of transcription, releasing large amounts of these small 
transcripts. When more than 5 nt transcripts have been synthesized, promoter escape is favored and 
the polymerase transitions into the elongation phase, where it loses contact with the pre-initiation 
complex (Pal, Ponticelli et al. 2005). After promoter escape, kinases will phosphorylate serine 2 
of the CTD, creating a phosphorylation pattern that will recruit the mRNA capping enzyme 
responsible for adding of the cap to the 5’ end of the mRNA. During elongation, both serine 2 
and 5 will be phosphorylated, while towards the end of the transcribed gene, serine 5 will be de-
phosphorylated. Thus, serine 5 phosphorylation will dominate at the start of the elongation phase, 
while serine 2 phosphorylation will dominate at the end of the elongation step (Brickey, Greenleaf 
1995).

It has generally been thought that pre-initiation complex assembly and promoter escape are the 
only rate-limiting steps in transcriptional activation of genes. However, studies in Drosophila have 
revealed that a subset of genes (approximately 10%) in Drosophila has a paused RNA polymerase II 
at the 5’ end of genes making this an additional level of regulation (Muse, Gilchrist et al. 2007). The 
pausing site of the polymerase corresponds to the first nucleosome encountered in the open reading 
frame of the gene indicating that nucleosomes can act as roadblocks for transcription. The pausing 
is regulated by the NEFL (Negative Elongation Factor) and DSIF (DRB sensitivity inducing factor) 
complexes (Venters, Pugh 2009, Venters, Pugh 2009). The genes that were found to display paused 
RNA polymerase II were mainly involved in development, thus polymerase pausing may only be 
involved in regulation of developmental control (Wade, Struhl 2008). A regulation by promoter 
proximal pausing may be much quicker than a regulation that relies on promoter chromatin 
remodeling. Such polymerase pausing has however not been detected in yeast, possibly because 
yeast cells lack NEFL and/or have a different nucleosome occupancy pattern. Thus, in yeast cells, 
genes are regulated mainly by pre-initiation complex assembly and/or chromatin remodeling in the 
promoter region.
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1.1.4. Mediator

Of all the co-factors involved in the transcription process, Mediator is perhaps the most important 
as it is required for transcription of nearly all RNA polymerase II genes in yeast (Flanagan, Kelleher 
et al. 1991, Biddick, Young 2005). Mediator is a massive complex with more than 30 different 
subunits and a total molecular weight of 2 MDa in humans. It is highly unstructured and has been 
suggested to function mainly as a scaffold complex on which the general transcription machinery 
can form (Kornberg 2005). The exact role of mediator in transcription is still uncertain, but it 
has been demonstrated to interact with all 12 subunits of RNA polymerase II and has extensive 
contact with the CTD of Rpb1 (Poss, Ebmeier et al. 2013). Furthermore, contact points with all 
general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) have been mapped 
onto Mediator. It therefore seems logical that mediator is able to promote formation of pre-
initiation complexes and activate transcription in yeast (Balciunas, Galman et al. 1999, Poss, 
Ebmeier et al. 2013). Mediator does, however, not associate with actively transcribing polymerases 
during elongation, suggesting that mediator is only used during transcriptional initiation and pre-
initiation complex assembly (Svejstrup, Li et al. 1997). To this end, mediator has been found to 
remain at the promoter after promoter escape of the RNA polymerase, assisting in re-initiation 
events(Yudkovsky, Ranish et al. 2000). When Mediator is recruited, and whether it is recruited as 
one large complex, or assembled on the promoter is still unclear. However, it has been in found to 
recruit RNA polymerase to the pre-initiation complex and as such, Mediator is likely recruited prior 
to incorporation of the RNA polymerase (Poss, Ebmeier et al. 2013, Biddick, Young 2005).

1.1.5. Core promoter elements

The promoter is the region of DNA where transcription initiation takes place and, it is placed 
immediately upstream of the transcribed region. Promoters can crudely be divided into two 
categories, focused or dispersed promoters. Focused promoters have only a single, or a tight 
cluster of transcription start sites, whereas dispersed promoters have a more broad distribution of 
transcription start sites (Juven-Gershon, Hsu et al. 2008). In lower eukaryotes such as yeast, the 
vast majority of promoters are focused, while in vertebrates most promoters are dispersed. Focused 
promoters are by far the most studied and best understood, hence also the type that will be described 
here (Juven-Gershon, Hsu et al. 2008).

In eukaryotic organisms the transcription start site is marked by the initiator (Inr) element. Inr is the 
most common core promoter element with about 40% of all yeast genes containing the consensus 
sequence (Yang, Bolotin et al. 2007). An A in the consensus sequence for Inr is often the actual 
transcription start site and is termed +1. Inr is recognized by one of the TAFs in TFIID (figure 
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1.3), and it helps to orientate the transcription apparatus and is capable on its own to facilitate 
transcription initiation (Thomas, Chiang 2006).

The TATA box is an AT rich sequence located ~30 bases upstream from Inr. It was the first 
eukaryotic core promoter element to be described, and the TATA box is perhaps the promoter 
element that first comes to mind when thinking about promoters. However, a bioinformatics 
search for TATA box consensus sequences in the yeast genome revealed that only about 20% of all 
promoters contained a canonical TATA box (Basehoar, Zanton et al. 2004), making the TATA box 
a relative uncommon promoter element. Nevertheless, presence of a TATA box in the promoter has 
been used to divide genes into TATA containing and TATA less promoters. The TATA box is, as the 
name would suggest, recognized and bound by the TBP subunit of TFIID (figure 1.3). Flanking the 
TATA box, the TFIIB recognition elements (BRE) are found which are binding sites for TFIIB and 
helps to stabilize the TFIID-TATA-TFIIB complex during pre-initiation complex assembly (Juven-
Gershon, Hsu et al. 2008).

Figure 1.3. The core promoter elements.
A typical promoter contains a number of promoter elements (A). The transcription start site at +1 
contains a sequence called Initiator (Inr). Approximately 30 base pairs upstream of that Inr is the 
TATA box. Flanking the TATA box is TFIIB recognition elements (BRE), one upstream (BREu) 
and one downstream (BREd) of the TATA box. About 30 base pairs downstream of the Inr is two 
elements known as downstream promoter elements (DPE) and motif ten elements (MTE). These 
elements are however normally only found in higher eukaryotes such as Drosophila. When the 
TFIID (green) binds to the promoter (B), the TATA binding protein (TBP) will bend the DNA and 
be stabilized by binding of TFIIB (blue). Different TBP associated factors (TAFs) will be involved 
in recognition of Inr, MTE, and DPE.
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Finally, in higher eukaryotes such as Drosophila there exist downstream promoter elements (DPE) 
and motif ten elements (MTE) which are located ~30 bases downstream from the transcription 
start site and are important for basal transcription. Both DPE and MTE are bound by TAFs in the 
transcription factor TFIID, and are often found in TATA less promoters (Kutach, Kadonaga 2000, 
Juven-Gershon, Hsu et al. 2008). Apparently, the higher evolved an organism is, the more diffuse 
the promoter region becomes (Juven-Gershon, Hsu et al. 2008).

A promoter appears to be an elusive concept, and while some promoters have recognizable 
features such as TATA box and Inr, some promoters can initiate transcription without any of these 
sequences. However, the consensus sequences for these features are important for regulation of 
promoter efficiency. Indeed, the closer the promoter sequence is to the consensus sequences, the 
more transcription will originate from the promoter, enabling the generation of so-called “super 
promoters” (Juven-Gershon, Cheng et al. 2006).

1.1.6. Chromatin architecture

In all eukaryotic organisms the sheer size of the genome requires packing of the DNA into more 
compact and organized units using nucleosomes. Each nucleosome consists of a core of histones, 
composed by two copies of each H2A, H2B, H3, and H4 (as reviewed in figure 1.4). The DNA is 
wrapped around the histone core, which takes up approximate 147 base pairs and 1.7 superhelical 
turns of DNA (Luger, Mader et al. 1997). The histone proteins contain positively charged amino 
acid residues which facilitate binding to the negatively charged DNA. The histone octamer is 

H2B

H4
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H3 H2A
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Figure 1.4. The nucleosome particle.
The nucleosome is an octamer consisting of two copies of each of the histones H2A, H2B, H3, and 
H4 (A and B). Together they form a ball-like structure (C) known as the nucleosome core particle, 
where 147 base pairs (bp) of DNA can wrap around (D). In addition to the 147 base pairs wrapped 
around the nucleosome, there is linker DNA on either side of the nucleosome. The linker DNA can 
vary in size, but a nucleosome with linker has an average size of 200 base pairs. In heterochromatin, 
an additional histone subunit, H1 binds to the linker DNA and helps to further compact the DNA 
(D).
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sufficient to condensate DNA into “beads on a string” phenotype, when viewed under an electron 
microscope. Further condensation can happen through binding of the linker histone H1, which binds 
to the entry/exit strands of the DNA and facilitate packing of nucleosomes into 30 nm fibers.

Genome wide investigations using micrococcal nuclease (MNase) digestion followed by 
sequencing of the remaining fragments have discovered that 80% of the yeast genome is covered 
by nucleosomes (Jiang, Pugh 2009, Lee, Tillo et al. 2007). This investigation also revealed that the 
positioning of the individual nucleosomes was far from random. The disposition of nucleosomes 
can broadly be divided into two categories (phased or fuzzy) based on their preferential positioning 
or phasing. Highly phased nucleosomes display a Gaussian distribution of ~30 bp around a specific 
genomic coordinate (Jiang, Pugh 2009), meaning that in the majority of cells a nucleosome will 
occupy exactly that coordinate. However, the vast majority of the genome is covered by fuzzy 
nucleosomes, where no specific coordinate can be associated with either the nucleosome or linker 
DNA. Phased nucleosomes are mainly found in promoter regions, while fuzzy nucleosomes are 
located primarily in gene bodies and intergenic regions (figure 1.5).

The most phased nucleosome is the +1 nucleosome, which is found at the transcription start 
site (Jiang, Pugh 2009). Just upstream of the +1 nucleosome is a nucleosome free region (5’ 
NFR), followed by the -1 nucleosome which also display a high degree of phasing (figure 1.5). 
Downstream of the +1 nucleosome is the +2 nucleosome, which is still phased but not to the same 
degree as the +1 nucleosome. After the +2 nucleosome follows an array of nucleosomes with each 
nucleosome being less phased than the previous one. After the gene open reading frame (ORF), 
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Figure 1.5. Genomic nucleosome architecture.
Global nucleosome ChIP-on-chip has revealed the nucleosome architecture of the genome in S. 
Cerevisiae (Lee, Tillo et al. 2007). The transcription start site is covered by the +1 nucleosome 
(in orange hues), which is a highly phased nucleosome. Upstream of the +1 nucleosome is a 
nucleosome free region (NFR), where binding sites for transcriptional activators and chromatin 
remodelers is often found. Further upstream is another highly phased nucleosome, the -1 
nucleosome. Moving further upstream or downstream from the -1 or +2 nucleosome, respectively, 
the nucleosome placement becomes increasingly fuzzy (as indicated by blurriness). However, the 
last nucleosome of an open reading frame is phased to some extent and is followed by another NFR.
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comes another NFR (the 3’ NFR) where termination of transcription often takes place (Jiang, 
Pugh 2009). During ageing this highly organized chromatin structure is gradually lost, and total 
nucleosome occupancy decreases with up to 50% in yeast and consequently, many genes repressed 
by chromatin is up-regulated with ageing (Das, Tyler 2013).

1.1.7. Regulation by chromatin

Chromatin, or arrays of nucleosomes, is instrumental in controlling gene expression. Nucleosomes 
can steric occlude transcription factors from binding the DNA, or conceal recognition sites from 
DNA binding factors. Constitutive expressed genes tend to have open chromatin architecture, 
meaning that their promoters will be nucleosome free and able to commence pre-initiation complex 
assembly (Basehoar, Zanton et al. 2004, Choi, Kim 2009, Tirosh, Barkai 2008). Furthermore, 
constitutive genes (also known as housekeeping genes) often contain TATA less promoters and 
are less dependent on chromatin modifiers for optimal expression (Basehoar, Zanton et al. 2004, 
Tirosh, Barkai 2008). Regulated genes in contrast have a closed chromatin structure, denoting 
that the promoter is covered by nucleosomes (Tirosh, Barkai 2008). This type of promoter does 
however still retain a small nucleosome free region, where the binding sites for gene activators 
is found (Jiang, Pugh 2009). The activator is then itself regulated in some way, thus preventing it 
from fulfilling its function until transcription of a given gene is required. Regulated genes often 
have a TATA box, they have strong promoter consensus sequences, are dependent on chromatin 
remodelers and are inducible/repressible (Tirosh, Barkai 2008, Juven-Gershon, Hsu et al. 2008). 
The presence of a TATA box gives these genes the ability to be highly expressed, in order to enable 
a fast response to changes in the environment (Cairns 2009). Canonical examples of genes regulated 
by chromatin structure are the yeast PHO5 and GAL genes (reviewed below).

In order for the nucleosomes to be removed or remodeled, the individual histones often have to be 
covalently modified before they can be removed, making chromatin another layer of control during 
transcriptional activation. Nucleosomes can be modified by reversible covalent changes in order to 
tighten or loosen their grip on the DNA. Each histone has a flexible tail, containing lysine residues, 
protruding from the core nucleosome (Zheng, Hayes 2003). Histone acetyltransferases (HATs) can 
covalently attach acetyl groups to the lysine residues in the tail, neutralizing the positive charges 
normally found there (Lee, Workman 2007). As it is the positive charge that fastens the DNA to 
the nucleosome, the grip on the DNA will loosen as a result. Other enzymes work in the opposite 
direction (histone deacetylase, HDAC) by removing the acetyl group, thus making the nucleosome 
grip on the DNA more tightly (Grunstein 1997, Struhl 1998). Chromatin is a highly dynamic 
structure and in addition to the binding or removal of nucleosomes form the DNA, they are also 
able to slide along the DNA fiber. Many genes are thus regulated through chromatin, by nuclesomes 
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obscuring the promoter region or binding sites, only exposing them when needed. 

1.1.8. Transcription elongation in a chromatin context

Once the RNA polymerase has escaped the promoter it transverses the open reading frame, 
actively transcribing the gene into mRNA. One of the difficulties the polymerase has to overcome 
during this phase of the transcription cycle is the nucleosomes covering the gene body, acting as 
roadblocks to the moving polymerase. As mentioned above, nucleosomes acting as a blockage to 
the polymerase can indeed be utilized as a transcriptional regulatory step (Muse, Gilchrist et al. 
2007). However, during elongation the nucleosome in front of an actively transcribing polymerase 
has to be somehow displaced or structurally rearranged to allow passage of the RNA polymerase. 
In order to solve this problem, the cell is able to employ different chromatin remodeling factors, 
such as the ATP-dependent factors SWI/SNF or RCS (Remodeling Chromatin Structure) and 
chaperons such as FACT (FAcilitates Chromatin Transcription), Asf1, or Spt6 (Schwabish, Struhl 
2006, Schwabish, Struhl 2007, Carey, Li et al. 2006, Belotserkovskaya, Oh et al. 2003). Chromatin 
remodelers function by disrupting the DNA-nucleosome interactions, thereby facilitating the 
release of the nucleosome from the DNA. Chaperons are specialized proteins that act as carriers of 
disassembled nucleosomes and works in cohort with the remodelers (see figure 1.6).

SW
I/S

NF

Afs1

FACT

A B C

Figure 1.6. Nucleosome remodeling.
The DNA is wrapped around the nucleosome (A), but through the action of a nucleosome remodeler 
such as the SWI/SNF complex (in blue), the contacts between the DNA and the histones can be 
loosened (B). Then a group of proteins known as chaperones can bind to H2A-H2B or H3-H4 
dimers and facilitate the disassembly (and assembly) of nucleosomes (C). Examples of chaperones 
are Asf1 and the FACT complex (in grey).
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The yeast FACT complex is highly abundant (approximately 1 FACT complex for every 3 
nucleosomes) and consists of two subunits, Spt16 and Pob3. While POB3 deficient strains 
have been created in S. pombe, both POP3 and SPT16 is essential for S. cerevisiae viability 
(Lejeune, Bortfeld et al. 2007, Formosa 2008). Several studies have linked the FACT complex to 
active transcription and elongation, and studies using high-resolution ChIP have found FACT 
in high concentration at highly active genes (Mason, Struhl 2003, Saunders, Werner et al. 2003, 
Belotserkovskaya, Oh et al. 2003, Belotserkovskaya, Reinberg 2004). FACT can bind the H2A/
H2B dimer of the nucleosome, and other chaperons, either Asf1 or Spt6 is able to bind the H3/H4 
dimer. Together, these can facilitate the disassembly of the nucleosomes together with a chromatin 
remodeler. Furthermore, after passage of the RNA polymerase, these chaperons also assist in the 
reassembly of the nucleosome core particle (Bortvin, Winston 1996, Belotserkovskaya, Reinberg 
2004). Due to the natural cooperation between Spt6 and Spt16 (they each carry half of the 
nucleosome), it is not surprising that the transcriptional response to loss of either Spt6 or Spt16, 
measured by drop in mRNA levels, is highly overlapping (Pearson coefficient of 0.87) (Zhang, 
Fletcher et al. 2008).

1.1.9. Gene-looping and transcriptional factories

Once a polymerase reaches the end of a gene and encounters the termination signal, it will 
dissociate from the DNA and the mRNA can undergo its final maturation and export to the 
cytoplasm for subsequent translation. The CTD of the polymerase is de-phosphorylated and the 
hypo-phosphorylated polymerase is competent to enter a new transcription initiation event. It may 
not have to look far for such an event though. Studies have discovered that some promoters are 
kept open even after the polymerase have escaped the promoter and entered the elongation stage 
(Sarge, Park-Sarge 2005, Hahn 2004). Thus, the remaining general transcription factors on the 
promoter are able to form a re-initiation scaffold, which facilitates fast re-initiation, thereby taking 
a “shortcut” in the transcription initiation cycle (El Kaderi, Medler et al. 2009).  Furthermore, it 
has been shown that the termination region and promoter region of a gene in some cases can be 
brought into close proximity, juxtapositioning the two (figure 1.7). This spatial organization allows 
for the recycling of the RNA polymerase and swift transcriptional initiation (Shandilya, Roberts 
2012, Lykke-Andersen, Mapendano et al. 2011). To this end, a study in yeast on the GAL10 gene 
by use of chromosome conformation capture (3C), found that gene-looping can be persistent even 
after transcriptional repression and that the looping was required for rapid re-activation (Laine, 
Singh et al. 2009). Furthermore, a study in yeast demonstrated by use of ChIP, that TFIIB could be 
found both at the promoter and the end of the MET16, INO1 and GAL1 following transcriptional 
activation, indicating the proximity of the promoter and terminator by looping.
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Studies using FISH or 3C to visualize transcription have revealed that active transcription of 
different genes, even genes located megabases apart or on different chromosomes tend to spatially 
co-localize in so-called transcriptional factories (Sutherland, Bickmore 2009, Shandilya, Roberts 
2012). Transcriptional factories allows for fast recycling of general transcription factors, RNA 
polymerases and mRNA processing enzymes among the different genes in the factory. The factories 
are also tethered to the nuclear membrane, possibly at nuclear pore complexes, which ensures a 
rapid export of the mRNA to the cytoplasm (Bartlett, Blagojevic et al. 2006). The general, although 
perhaps simplistic, idea of transcription is that the RNA polymerase is recruited to the DNA and 
then tracks along the DNA fiber. A more realistic view, however, both due to the tethering of the 
transcriptional machinery and the sheer size of the transcription complex relative to the DNA fiber, 
is that the RNA polymerase pulls the DNA, rather than tracks along it.

TFIIB

TFIIA TFIIHTBP

TFIID

Mediator

TFIIE

CTD

mRNA

RNA polymerase

Polymerase recycling

Re-initiation scaffold

Figure 1.7. Recycling of the RNA polymerase.
After the polymerase has escaped the promoter, some of the components of the pre-initiation 
complex can remain associated with the promoter. TFIID, TFIIA, TFIIB, and Mediator remain 
attached at the promoter to a higher degree compared to TFIIE and TFIIH, which either dissociate 
or move with the RNA polymerase holoenzyme (Shandilya, Roberts 2012). After the polymerase 
encounters the termination signal and the mRNA is released, the polymerase can be reused in a new 
round of transcription after the C-terminal domain (CTD) has been de-phosphorylated. Looping of 
the DNA fiber can bring the promoter and terminator into close proximity which facilitates reuse of 
the RNA polymerase.
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1.1.10. Transcriptional regulation of the PHO5 gene

The S. cerevisiae PHO5 gene which encodes a nonspecific secreted acid phosphatase which 
accounting for more than 90% of the acid phosphatase activity in the cell (Svaren, Horz 1997, 
Barbaric, Kozulic et al. 1984) has become one of the classic examples of an environmental 
responsive chromatin regulated gene. The PHO5 gene undergoes transcriptional activation in 
response to phosphate starvation via transcription factor binding and chromatin remodeling. 
Consequently, when extracellular phosphate concentration is high, PHO5 is repressed due to hyper 
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Figure 1.8. The induction 
signaling pathway of PHO5.
Under high phosphate 
conditions, the Pho81 
enzyme is inhibited. 
This allows the Pho80/
Pho85 cyclin kinase 
to phosphorylate the 
transcription factor Pho4, 
which consequently will be 
retained in the cytoplasm. 
Conversely, during phosphate 
starvation Pho81 will inhibit 
Pho80/Pho85 mediated 
phosphorylation of Pho4 
which is thereby able to 
enter the nucleus through 
the nuclear pore complex. 
Here it will bind to the 
PHO5 promoter (illustrated 
by orange nucleosomes) and 
facilitate the activation of the 
gene.
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phosphorylation of the Pho4 basic helix-loop-helix transcription factor by the Pho80/Pho85 kinase 
complex and Pho4 is retained in the cytoplasm (Kaffman, Herskowitz et al. 1994) as illustrated in 
figure 1.8.

It was discovered by MNase digestion of the PHO5 promoter that under repressive conditions 
the promoter is covered by 4 well-positioned, or phased, nucleosomes, named -1 to -4. Between 
nucleosome -2 and -3 there is a nucleosome free region of approximately 70 base pairs that contains 
a binding site for the transcriptional activator Pho4 (Fascher, Schmitz et al. 1993). The binding site 
located there is known as upstream activating sequence 1 (UAS1), and covered by nucleosome 
-2 is an additional binding site (UAS2). Compared to UAS1, UAS2 has an approximately 13 
times higher affinity for Pho4, and is thus also called the high affinity site (consequently UAS1 
is called the low affinity site) (Maerkl, Quake 2007). Regardless of extracellular concentrations 
of phosphate the Pho2 co-activator is bound in close proximity to UAS1 and is involved in 
maintaining the ordered chromatin structure of the promoter (Nourani, Utley et al. 2004). When 
the extracellular phosphate concentration becomes low the Pho80/Pho85 complex is inhibited by 
the cyclin-dependent kinase inhibitor Pho81, and the un-phosphorylated Pho4 translocates to the 
nucleus, where it binds to the PHO5 promoter (Schneider, Smith et al. 1994, Kaffman, Herskowitz 
et al. 1994). When Pho4 binds at UAS1 a major chromatin remodeling event takes place requiring 
the chaperon Asf1 and the FACT complex, which removes the four histones in trans (Adkins, 
Howar et al. 2004, Ransom, Williams et al. 2009). Consequently, the UAS2 is uncovered and an 
additional Pho4 binds, thereby enhancing the remodeling process (Adkins, Williams et al. 2007, 
Korber, Luckenbach et al. 2004, Korber, Horz 2004, Barbaric, Munsterkotter et al. 1998). This 
remodeling relies on the SWI/SNF, the SAGA complex, and Ino80 (Adkins, Williams et al. 2007, 
Barbaric, Luckenbach et al. 2007). The histone loss will in turn expose the TATA box, which 
allows binding of the TBP and initiation of the pre-initiation complex assembly (figure 1.9). When 
extracellular phosphate is abundant, besides utilizing the phosphate for a range of cellular process, 
yeast will accumulate storages of poly-phosphate in vacuoles in case of changes to the biological 
environment. These internal storages must first be depleted before the PHO5 transcriptional 
activation cascade takes place (Ogawa, DeRisi et al. 2000).

By use of strains deficient for either Pho2 or Pho4, that both gene products are required for PHO5 
induction, but while an overexpression of PHO4 is able to overcome a deletion of PHO2, the 
reverse is not the case (Barbaric, Munsterkotter et al. 1998, Fascher, Schmitz et al. 1990). In a 
study, chromatin immunoprecipitation (ChIP) was used to show that PHO5 is also regulated by the 
Ino2/Ino4 basic helix-loop-helix complex, which binds to a sequence located in the linker region 
between nucleosome -1 and -2 (He, Swaminathan et al. 2012). A study, where the UAS1 and UAS2 
were changed to all different combinations of high and low affinity sites, or ablation of either (e.g. 
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Figure 1.9. PHO5 promoter remodeling.
Under high phosphate conditions the PHO5 promoter is covered by four phased nucleosomes 
(orange) named -1 to -4. Between nucleosomes -2 and -3 is a nucleosome free region, where 
a binding a site for Pho4p, named upstream activating sequence (UAS1) is found. Regardless of 
extracellular phosphate concentrations, Pho2 will be bound at UAS1 (A). During phosphate 
starvation (B), Pho4 will bind to UAS1 together with Pho2 and recruit different chromatin 
remodelers such as the NuA4 complex. NuA4 acetylates the tails of the histones, and in cooperation 
with the chaperones Asf1 and the FACT complex, the nucleosomes are disassembled. This exposes 
UAS2, where another Pho4 protein will bind and reinforce the chromatin remodeling. In turn 
the TATA box will be uncovered together with the transcription start site (TSS). This allows for 
assembly of the pre-initiation complex, and active transcription can occur (C).
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both UAS1 and UAS2 as high affinity, or deletion of UAS2 but not UAS1), showed that the affinity 
of the exposed UAS1 site is the primary determinant of PHO5 induction threshold. Furthermore, the 
affinity of UAS2 influenced the final transcriptional level after the induction threshold was reached 
(Lam, Steger et al. 2008). Additionally, the transcriptional activation of PHO5 is depends on the 
NuA4 HAT, as strains with deficient catalytic subunits of NuA4 display complete lack of PHO5 
transcriptional activation (Nourani, Utley et al. 2004). Furthermore, it was shown by ChIP that the 
histone chaperons Afs1 and FACT were required for removal of H3 and H2A/H2B, respectively 
(Korber, Barbaric et al. 2006, Adkins, Howar et al. 2004, Ransom, Williams et al. 2009).

1.1.11. Transcriptional regulation of the GAL genes

The yeast GAL genes, the product of which is required for the uptake and metabolism of galactose, 
is not surprisingly regulated by the extracellular concentration of galactose. Galactose is a 
monosaccharide similar to glucose, but while glucose can enter the glycolysis pathway directly, 
galactose has to be chemically modified in order to be utilized as an energy source. The genes 
encoding for the enzymes responsible for this are collectively known as the galactose responsive 
genes, and they are all regulated in a similar fashion (Lohr, Venkov et al. 1995). Logically, as 
glucose is a better energy source than galactose, the GAL genes are repressed if glucose is present in 
the media, even if galactose is present too.

The regulatory mechanism of transcriptional activation of the GAL genes is quite similar to the 
mechanism of the PHO5 gene. The GAL genes are regulated by chromatin and are activated by 
nucleosome remodeling in the promoter through the action of Gal4. Gal4 functions as a homodimer 
and consists of a DNA binding domain and an activation domain capable of recruiting a variety of 
different factors involved in transcriptional initiation, such as SAGA, Mediator, and TBP (Lemieux, 
Gaudreau 2004, Ma, Ptashne 1987, Ma, Ptashne 1987, Wightman, Bell et al. 2008). 

The galactose regulated promoter can exist in two different states, or settings – repressed and 
poised. In the repressed state, which is found when glucose is present in the media, Gal4 is not 
bound at the promoter as its binding site is occupied by other proteins such as Mig1 and Mig2 
(Nehlin, Ronne 1990). However, when glucose is depleted from the media, but other sugars such 
as the tri-saccharide raffinose is present, the promoter is said to be in a poised state (figure 1.10). 
In this state, Gal4 is bound to the promoter, at an UAS, but another protein, Gal80 is blocking its 
activation domain by protein-protein interactions (Lue, Chasman et al. 1987, Traven, Jelicic et al. 
2006). When galactose is added to the media it is imported into the cell, where is binds to Gal3 
and causes a structural change, which allows Gal3 to bind to Gal80, thereby preventing Gal80 
from entering the nucleus (Platt, Reece 1998, Pilauri, Bewley et al. 2005). This in turn exposes the 
activation domain of Gal4, which then is able to orchestrate the recruitment of factors involved in 
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Figure 1.10. Galactose induction pathway.
When grown in a media where the galactose responsive promoters are in a poised state (e.g. when 
grown in the absence of glucose but with raffinose), the Gal4 transcription factor is bound at the 
promoter. However, the domain on Gal4, which is able to recruit chromatin remodelers, is covered 
by Gal80, whereby Gal4 is inactivated. When galactose becomes available, it is imported into the 
cell where it will be bound by Gal3. This triggers a conformational change in Gal3, which allows it 
to bind to Gal80, thereby retaining Gal80 in the cytoplasm. Now Gal4 is free to recruit chromatin 
remodelers, which prompts the remodeling of the promoter and subsequently the assembly of the 
pre-initiation complex.

the transcriptional activation of the GAL genes. The promoters of the different GAL genes have 
different affinity for Gal4, and as a result of this they also display different levels of activation 
(Weake, Workman 2010, Traven, Jelicic et al. 2006).

In the poised state, the transcriptional response to galactose addition is very rapid, due to Gal4 
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already being bound at the promoters (figure 1.10). Even though the galactose genes are only found 
in lower eukaryotes such as yeast and other fungi, components essential for the transcriptional 
activation of the GAL genes, such as SAGA, Mediator and the general transcription factors are 
highly conserved in higher eukaryotes (Weake, Workman 2010, Bhaumik, Green 2001, Lemieux, 
Gaudreau 2004). It is interesting to note the evolutionary optimization that has taken place 
concerning the localization of the GAL1 and GAL10 promoters in the genome (figure 1.11). Both 
genes have their own distinctive TATA box and Inr, but they share transcriptional control, in that 
the two binding sites for Gal4 are placed between the two diverging genes (Lohr, Venkov et al. 
1995, Lee, Tillo et al. 2007). Removal of Gal80 from Gal4 will thus result in activation of both 
GAL1 and GAL10. Furthermore, immediately downstream of the GAL10 open reading frame is 
the GAL7 promoter and coding region, thus a small cluster of genes regulated in parallel exists. 
When the GAL genes are induced it has been demonstrated that they re-localize to the nuclear 
membrane through interactions with subunits of the nuclear pore complex, presumably creating a 
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Figure 1.11. Promoter structure of some GAL genes.
GAL1 and GAL10 (A) share upstream activating sequences (UAS), as binding of Gal4p to these 
two sites will trigger remodeling of the three orange nucleosomes. This exposes the TATA boxes 
and allows for assembly of the pre-initiation complex. Just after the end of the GAL10 open reading 
frame is the promoter for GAL7 (B), which contains a single binding site for Gal4p and only a 
single nucleosome is remodeled upon activation of this gene. The GAL2 promoter (C) is similar to 
the GAL7 promoter, although it is located on another chromosome.
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transcriptional factory (Schmid, Arib et al. 2006, Sellick, Campbell et al. 2008, Cabal, Genovesio et 
al. 2006, Luthra, Kerr et al. 2007).

1.2. DNA topoisomerases and supercoiling in transcription

1.2.1. DNA topology

DNA chromosome fibers are long, e.g. if the largest of the 16 yeast chromosomes is expanded to 
have the same width as a human hair, it would be more than 25 meters long and therefore it is 
easy to imagine that it all quickly becomes a bit tangled inside the cell. The study of the three-
dimensional organization and the flexing and bending of the DNA fiber is call DNA topology and 
can have a range of important consequences on biological processes such as DNA replications 
and transcription (Brill, DiNardo et al. 1987, Vologodskii, Cozzarelli 1994). DNA topology can 
be described by two interlinked properties, twist and writhe. Twist is a measure for the number 
of helical turns in a stretch of DNA, while writhe describes the number of times the DNA fiber 
crosses over itself. Circular DNA is often used to illustrate topological changes in the DNA 
as it is a topological closed system due to the absence of free ends from which excess strain in 
the DNA can dissipate by rotation. If no topological strain exists in the DNA it is referred to as 
relaxed DNA, and the number of base pairs for each full turn of the DNA helix amounts to 10.4. If 
a change is introduced into the helical pitch of the DNA (i.e. the number of bases per helical turn) 
it will result in a change in twist. Consequently, any change in twist can be accommodated by a 
compensatory change in writhe. The sum of writhe and twist is called the linking number (Lk), 
which is the number of times one of the two DNA strands crosses the other. Thus, a change to 
either twist or writhe will result in a change in linking number (ΔLk). A change that results in a 
negative ΔLk, making the DNA underwound is referred to as negative superhelicity or supercoiling. 
Conversely, a positive change, or overwinding of the DNA, is called positive supercoiling. Due to 
thermodynamics, at equilibrium the ratio between twist and writhe has been estimated to be 1:3 at 
physiological salt levels in vitro (Vologodskii, Cozzarelli 1994).

The topological state of the DNA in vivo is highly dynamic and ever-changing due to DNA 
metabolic process such as replication, transcription, and chromatin remodeling (Cozzarelli, Cost et 
al. 2006). The genome of prokaryotes is often kept in a slight underwound sate as this facilitates 
processes involving DNA melting (Sheinin, Forth et al. 2011). In eukaryotes, the genome is also 
in an underwound state, but the underwinding is predominantly stored in nucleosomes (Kouzine, 
Levens 2007). Thus, enzymes or processes that regulate or result in nucleosome assembly/
disassembly also inadvertently cause changes to DNA superhelicity.
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1.2.2. Transcription associated supercoiling

It has become clear that DNA is a topological dynamic structure with constant changes in 
superhelicity due to numerous proteins that separate the strands or wrap the DNA (Cozzarelli, Cost 
et al. 2006). The implication of supercoiling in transcription is described by the Twin-Supercoiled-
Domain-Model formulated by Liu and Wang (Liu, Wang 1987). The model, as depicted in figure 
1.12, predicts that positive and negative supercoiling will be formed in front of and behind the 
elongating polymerase, respectively. Prerequisites for supercoil formation is that either the DNA 

RNA polymerase II OverwindingUnderwinding

Positve supercoilingNegative supercoiling

mRNA

Figure 1.12. Twin-Supercoiled-Domain-Model.
If the transcription machinery (blue sphere) is unable to rotate around the DNA template and the 
torsional strain generated is unable to dissipate, over- and under-winding will be introduced into the 
DNA. This can lead to positive and negative supercoiling, in front of and behind the polymerase, 
respectively.

template or the transcription machinery is fixed and that the DNA fiber is torsional constrained. 
A growing body of evidence speaks for the fixation of the transcription machinery as several 
studies have suggested that eukaryotic transcription takes place by pulling the DNA fiber through 
the polymerase complex in transcriptional factories, rather than by polymerase tracking along the 
DNA fiber (Iborra, Pombo et al. 1996, Iborra, Pombo et al. 1996, Cook 1999, Chakalova, Debrand 
et al. 2005). Alternatively, the sheer size of the RNA polymerase holoenzyme complex relative 
to the local DNA fiber and the viscous drag from the cell internal environment may be sufficient 
to regard the RNA polymerase as stationary (Nelson 1999). The second prerequisite (torsional 
constriction) is obvious in a circular genome such as that found in prokaryotes, but also in the 
linear chromosomes found in eukaryotes the spread of superhelicity can be constrained. It has been 
suggested by mathematical modeling that propagation of superhelicity through supercoiled DNA 
may be hindered by the frictional drag imposed from rotating three-dimensional structures in the 
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viscous environment inside the cell or from fixation of the DNA fiber itself (Nelson 1999). In 
addition, large protein-DNA complexes may also act to constrain torsional strain. Although DNA 
superhelicity may be somewhat constrained, a study has suggested that excess superhelicity can be 
relieved through rotation of the DNA fiber at the telomeres (Joshi, Pina et al. 2010, Roca 2011), 
indicating that superhelicity to some extent is able to spread away from the site of generation.

1.2.3. DNA topoisomerases

Over- and under-winding of the DNA is associated with many processes and can potentially cause 
problems if left unsolved. Due to the shortage of free DNA ends in chromosomes, where relaxation 
naturally could occur, DNA topoisomerases have evolved to remove excess stain in the genome. 
They accomplish this by transient breaking and rejoining the phosphodiester backbone of the 
DNA helix to allow the passage of individual DNA strands (class I enzymes) or double helices 
(class II enzymes) through one another (Champoux 2001, Wang 2002, Vos, Tretter et al. 2011). 
In S. cerevisiae three topoisomerases exist, but DNA superhelicity is efficiently influenced only 
by topoisomerases I and II (Top1 and Top2), encoded by the TOP1 and TOP2 genes, respectively 
(Wang 2002). Both enzymes, although very different in both structure and mechanism, are able to 
relax both negative and positive supercoiled DNA, but it has been shown that Top2 is much faster 
than Top1 when it comes to relaxation of nucleosomal DNA (Salceda, Fernandez et al. 2006).

Top1 is a class I enzyme and as such relaxes DNA by introducing a transient single stranded break. 
The enzyme is able to clamp around the DNA, thereby bringing an active site tyrosine into close 
proximity to the DNA backbone. The tyrosine makes a nucleophilic attack on the backbone, thereby 
breaking it, but in the process the enzyme becomes covalently linked to the DNA. The cleaved 
strand is then able to rotate around the intact strand and thus relax any tension in the DNA before 
the break is re-ligated and Top1 again dissociates from the DNA as demonstrated in figure 1.13 
(Wang 2002). In theory many supercoils can be removed in this fashion by one enzyme cleavage 
reaction, but in reality the swivel is performed in a more controlled manner (Koster, Croquette et al. 
2005).

Top2 in contrast to Top1 cleaves both strands of the DNA and requires ATP during its relaxation 
cycle as illustrated in figure 1.14. Initially the enzyme clamps around one DNA duplex (the gated 
segment) and then captures a second duplex (the transported segment). Conformational changes 
within the enzyme result in the gated segment being cleaved and pulled apart with each subunit of 
the homodimeric enzyme covalently linked to the phosphobackbone of the DNA. The transported 
segment is now free to pass through the gated segment, which is finally re-ligated, and the Top2 
enzyme can now dissociate from the DNA (Roca 2011, Vos, Tretter et al. 2011). Based on the Top2 
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Figure 1.13. DNA topoisomerase I.
Top1p relaxes DNA by introducing a nick in one DNA strand, thereby allowing one duplex to rotate 
around the remaining phosphodiester bond (left). The Crystal structure of human topoisomerase 
IB bound to DNA determined by (Redinbo, Stewart et al. 1998) and displayed in PyMol as seen 
perpendicular (right top) and parallel to the DNA (right bottom) . 

relaxation mechanism it is logical that these enzymes favor relaxation of nucleosomal DNA due to 
the juxtapositioning of the entry/exit DNA strands at each nucleosome (Salceda, Fernandez et al. 
2006). In S. cerevisiae, deletion of TOP2 becomes lethal in mitosis due to its role in decatenation of 
the newly synthesized DNA strands (Holm, Goto et al. 1985). In contrast, yeast cells with a deletion 
of the TOP1 gene are viable.
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1.2.4. Topology in transcription

Despite the differences in the relaxation mechanism between Top1 and Top2, it has been shown 
in an early study that either enzyme is more or less sufficient to sustain efficient transcription in 
S. cerevisiae cells. Conversely, in top1∆top2ts mutants grown under restrictive conditions, studies 
measuring radioactive uracil incorporation into the DNA demonstrated that rRNA synthesis was 
lowered ten-fold while overall mRNA synthesis displayed a 3-fold down-regulation (Brill, DiNardo 
et al. 1987). However, the RNA synthesis in either of the two single mutants (top1∆ or top2ts) was 
relative unaffected. 

It is believed that supercoiling will exert an effect on transcription, where the effect will 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 (Gartenberg, Wang 1992, Joshi, 
Pina et al. 2010). In contrast, negative supercoiling has been suggested to be more efficient for 
transcription, in that it may facilitate transcription initiation by enhancing pre-initiation complex 
formation at promoters (Dunaway, Ostrander 1993, Parvin, Sharp 1993, Parvin, Shykind et al. 
1994, Schultz, Brill et al. 1992). Indeed, proteins that distort the DNA upon binding may have a 
harder time binding when the DNA is positive supercoiled as there is additional strain in the DNA. 
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Figure 1.14. DNA topoisomerase II.
Top2p relaxes DNA by use of a duplex strand passage mechanism, which requires ATP. The enzyme 
clamps around one duplex (green, G-segment for gated) and introduces a double stranded break in 
it (left). This allows another DNA molecule (red, T-segment for transported) to pass through, before 
the cleaved strand is re-ligated. Crystal structure of S. cerevisiae topoisomerase II bound to DNA 
(right) (Schmidt, Osheroff et al. 2012) displayed in PyMol. Topoisomerase II is a homodimer, and 
the two subunits are colored pink and orange, respectively and the DNA (G-segment) is colored 
green.
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Consider the TATA binding protein, which bends the DNA as much as 90°C upon binding (figure 
1.2). In positive supercoiled DNA the number of bases per turn is increased and therefore both the 
major and minor groove of the DNA helix is decreased in size. This may hinder the TATA binding 
protein both in target sequence recognition and in bending the DNA as it has to push the local 
overwinding into flanking regions of the DNA.

That DNA topology and transcription are coupled has been established by a large number of 
studies (Merino, Madden et al. 1993, Durand-Dubief, Persson et al. 2010, Di Mauro, Camilloni 
et al. 1993, Sperling, Jeong et al. 2011). In yeast, topoisomerase I, but not topoisomerase II has 
been shown to be involved in global transcriptional inhibition of mRNA as the cells approach the 
stationary phase (Choder 1991). However, some genes (~5%) remain as active in stationary phase 
as in logarithmic phase, indicating that the control of transcriptional activity for some genes have 
topoisomerase I independent mechanisms. Even though yeast cells deficient for topoisomerase I 
are viable, the rDNA displays a hyper recombinant phenotype (Christman, Dietrich et al. 1988). 
A likely explanation for this, is that an excess of superhelical strain will build up in the highly 
transcribed rDNA, where supercoiling may align homologous segments. One of the initial steps in 
assembly of the pre-initiation complex is the recruitment of TFIID to the promoter. In an in vitro 
study, it has been shown that recruitment of the TFIID-TFIIA complex is facilitated by addition of 
topoisomerase I (Kim, Parvin et al. 1996, Merino, Madden et al. 1993). However, in a study using 
yeast cells, it was demonstrated that the transcriptional level of the ADH2 gene was increased in 
topoisomerase I deletion strains (Di Mauro, Camilloni et al. 1993). Thus, the activity of the enzyme 
is linked both to transcriptional initiation and repression. In a report using yeast cells deficient for 
both topoisomerases, it was noted that the PHO5 gene was un-inducible under these conditions, 
while the CUP1 gene was (Han, Kim et al. 1988). 

More recent studies have utilized ChIP-on-chip to investigate the role of topoisomerases on a 
more genome wide scale in both S. cerevisiae and S. pombe (Sperling, Jeong et al. 2011, Durand-
Dubief, Persson et al. 2010, Bermejo, Katou et al. 2009). It was found that topoisomerase I and 
II locate primarily to intergenic regions, such as promoters. Interestingly, an inverse relationship 
was found between the occupancy of topoisomerases and nucleosomal occupancy (see figure 1.5 for 
nucleosomal occupancy). Whether topoisomerases simply locate to nucleosome depleted regions, 
or vice versa is unknown. In either case, the enzymes were found to be more enriched in promoter 
regions of highly transcribed genes and the transcriptional response to lack of both enzymes 
were most pronounced for highly transcribed genes (Sperling, Jeong et al. 2011). The role of the 
individual topoisomerases seems to be more moderate as inactivation of either only result in a slight 
de-regulation of transcription (Brill, DiNardo et al. 1987). However, topoisomerase I was found to 
influence transcription from TATA-containing promoters in humans (Merino, Madden et al. 1993) 
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and in repression of sub-telomeric genes in yeast (Lotito, Russo et al. 2008). A study in yeast found 
that topoisomerase II was a positive regulator of genes with a high degree of phased nucleosomes in 
the promoters, but a negative regulator of genes with fuzzy nucleosomes in the promoter (Nikolaou, 
Bermudez et al. 2013). Inactivation of topoisomerase II in human cells by use of a drug resulted in 
activation of specific oncogenes through changes in promoter chromatin structure (Collins, Weber et 
al. 2001). The precise role of DNA topoisomerases in the transcription process is thus still not clear, 
and features other than active transcription may underlie topoisomerase dependency in vivo. Indeed, 
steps upstream of the engagement of polymerases and nucleosome removal could be influenced by 
DNA supercoiling, e.g. binding of transcriptional activators or repressors.

1.2.5. Topology and chromatin

Chromatin structure is, as a DNA binding proteins expected to be influenced by supercoiling. The 
DNA wrapped around the nucleosome core particle is slightly negatively supercoiled (Kouzine, 
Levens 2007). Consequently, nucleosome formation on negatively supercoiled DNA has been 
observed, but more surprisingly it can also occur on positively supercoiled DNA, although 
only histone tetramers are formed (Clark, Felsenfeld 1991). Furthermore, due to the negative 
superhelicity stored in the nucleosome particle, formation and disassembly of the nucleosome will 
absorb and release negative supercoiling, respectively. The changes to local superhelicity caused 
by a transcribing RNA polymerase as described by the twin-supercoiled-domain-model assist 
in its progression through chromatin. Thus, the positive supercoiling in front of the elongating 
polymerase will cause destabilization of the nucleosome while the negative supercoiling left in the 
wake of the polymerase will facilitate reconstitution of the nucleosome (Schwabish, Struhl 2004, 
Belotserkovskaya, Oh et al. 2003). 

In addition to the dissociation and re-association of nucleosomes, chromatin can adapt to changes 
in superhelicity by undergoing a chiral transition (Prunell 1998, Bancaud, Wagner et al. 2007, 
Bancaud, Conde e Silva et al. 2006). By using a nucleosome array and magnetic tweezers it was 
demonstrated that the entry/exit strands of a nucleosome can exist in three possible states; negative, 
null and positive (figure 1.15), and transitioning of the nucleosomes between these states has an 
impact on DNA superhelicity. Going from the positive state, through null and to the negative state 
will change the writhe of the DNA. This mimics the relaxation mechanism of topoisomerase II and 
will consequently influence the superhelicity. Accordingly, a sudden change in superhelicity can 
be absorbed and stored by nucleosome chiral transition and then released again when relaxation 
activity becomes available.

The chromatin fiber is a torsionally resilient structure, which can act as a topological buffer in vivo 
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Figure 1.15 Chiral transition of nucleosomes.
In response to changes in superhelicity a nucleosome can undergo chiral transition by changing the 
crossing of the entry/exit strands thereby acting as a buffer for supercoiling.

and facilitate dissipation of topological strain. The conveyance of superhelicity is apparent in yeast, 
where a study using psoralen incorporation in topoisomerase deficient cells demonstrated that genes 
located within 30 kb of chromosome ends gradually escaped transcriptional de-regulation (Joshi, 
Pina et al. 2010). This also indicates that the telomere ends are able to rotate in order to relieve 
a buildup of torsional stress. In eukaryotes, a change in DNA superhelicity may thus exert an 
additional effect on transcription via changes at the chromatin level.

Transcriptional elongation, as described by the twin-supercoiled-domain-model generates a lot of 
superhelicity. Thus, even though excess supercoiling can be buffered by chromatin, it is conceivable 
that topoisomerases are required during transcriptional elongation. This is especially true for 
transcription in transcription factories as they can exist in topologically closed domains (Moulin, 
Rahmouni et al. 2005). In S. cerevisiae the average transcript length (~1500 bases) is relatively 
small compared to higher eukaryotes. However, very long transcript (more than 3kb) does seem to 
have a higher requirement for topoisomerases for optimal transcription in both S. cerevisiae and S. 
pombe indicating a buildup of topological strain during elongation (Joshi, Pina et al. 2012, Durand-
Dubief, Persson et al. 2010). 
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CHAPTER 2
DNA Topoisomerases 

Maintain Promoters In A State 
Competent For Transcriptional 

Activation In Saccharomyces 
Cerevisiae

In this chapter the results obtained from studies on the transcriptional 
response to lack of topoisomerases in S. cerevisiae are presented. Studies 
have been performed on a genome-wide scale and the results have been 
substantiated with single gene studies, using the phosphate regulated PHO5 
gene.
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2.1. Preface

Transcription and supercoiling is linked by the twin-supercoiled-domain model, which predicts 
that positive and negative supercoiling will be generated in front of and behind an elongating 
polymerase, respectively. DNA topoisomerases are universal enzymes, which can remove excess 
strain in the genome generated by, among other things, transcription. 

In this work we sought to investigate the role of DNA topoisomerases in global transcription by use 
of microarray technology and S. cerevisiae strains lacking topoisomerase I and/or topoisomerase 
II. Based on the microarray analysis, we demonstrate that the two enzymes to a wide extent, can 
substitute for each other, as only a few percentages of genes are deregulated in single mutants 
(top1Δ and top2ts). However, almost 1/5 of all genes are down-regulated in the double mutant 
(top1Δtop2ts). Since the enzymatic mechanism and structure of the topoisomerase I and II enzymes 
are widely different, we conclude that it is their common DNA relaxation activitiy that is required 
for optimal transcription.

Furthermore, we discover that the genes which are most dependent on topoisomerases for optimal 
transcription are characterized by being highly transcribed, having a high transcriptional plasticity 
and by being regulated by chromatin. These characteristics are typical for regulated or inducible 
genes and consequently we investigate a range of inducible genes for their ability to undergo 
transcriptional induction without topoisomerases. We find that all the genes tested display a severe 
lack of induction in a topoisomerase deficient strain.

Finally, we perform an in-depth analysis of the PHO5 gene to elucidate the underlying reason 
for the lack of transcriptional induction observed for this gene. We find that the lack of PHO5 
induction is caused by deficient chromatin remodeling at the promoter, due to lack of binding of the 
transcription factor Pho4.

Results from this work resulted in the paper “DNA Topoisomerases Maintain Promoters in a State 
Competent for Transcriptional Activation in Saccharomyces Cerevisiae” published in the peer 
reviewed journal PLoS Genetics in 2012. A copy of the paper can be found below in section 2.2.

My contributions to this work were in designing and performing the majority of the experiments 
involving the PHO5 gene and the genomic screen (figure 4 in the paper below). Furthermore, I 
designed and wrote a computer programs that made it possible to make a Pearson correlation to 
1000s of other microarrays. Finally, I was involved in writing the paper and creating the figures. 
Additional results and discussion not included in the paper will be presented below in section 2.3.
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2.2. Paper
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2.2.1. Supplemental figures

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.

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 
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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 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).

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 
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(H) 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.

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 
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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].

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.



Chapter 2 - Topoisomerases in transcription

55

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.
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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.
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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].
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Table S4. Primers used in qPCR for quantification of ChIP levels and gene expression levels.
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2.2.2. 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.

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 

http://www.yeastgenome.org/
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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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2.3. Additional results

2.3.1. Genome-wide implications of gene orientation and topological domains

As demonstrated in the paper, in figure 1C, the total mRNA production in top1Δtop2ts cells 
is decreased. Without topoisomerase activity to relax transcription generated supercoiling, the 
positioning and orientation of genes may influence their ability to successfully generate transcripts. 
Thus, supercoiling generated from one gene may influence the transcription of the neighboring 
gene. Individual gene pairs can have three possible configurations; convergent, divergent, and 
tandem where the superhelical strain  between genes may be intensified as positive supercoiling, 
negative supercoiling or neutralized, respectively as illustrated in figure 2.1. Additionally, the 
relative transcriptional activity of the genes in the gene-pair may influence the local superhelicity, 
so that the highest expressed member have a larger effect on the transcription of the lower 
expressed member, than vice versa. Consequently, all genes were assigned in gene pairs of 
convergent, divergent or tandem orientation. The tandem genes were further subdivided based on 
whether the upstream or downstream gene had the highest expression level. For each of the four 
gene-pair groups the percentage of down-regulated genes among the highest or lower expressed 
member was calculated based on the microarray data and used as a measure for topoisomerase 
dependency. As seen in figure 2.2A the percentage of down-regulated genes does not deviate 
significantly between the different gene-pair groups, indicating that neighbor gene orientation does 
not reflect topoisomerase dependency. The percentage of down-regulated genes among neighboring 
genes is higher or lower than the genomic average for the highest and lowest expressed member 
of the gene pair, respectively. The underlying reason for this is most likely the enrichment for 
genes with high or low expression levels, as transcriptional activity correlates with topoisomerase 
dependency (figure 2B in the paper). However, a possibility is that a neighboring effect is only 
observed in pairs where a drastic difference is seen in the expression levels of the genes. To 
investigate this we further subdivided the gene pairs based on their mutual expression levels. First 
the expression ratio was calculated between the upstream and downstream gene in a gene pair and 
used to sort the gene pairs into 12 bins based on this ratio. Then the average signal log ratio (SLR) 
was calculated for the upstream and downstream genes in each bin. This was done for all possible 
gene pair configurations (tandem, divergent, and convergent) and plotted in figure 2.2B. However, 
independent on gene pair configuration and relative expression level, no immediate neighbor 
effect is seen in top1Δtop2ts cells. Rather, the dependency on topoisomerases is reflected by the 
expression level of the gene as observed in figure 2B in the paper (i.e. the higher expression the 
more down-regulated a gene is). 

The fact that no gene neighbor effects are observed based on the microarray data suggests that 
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Figure 2.1. Superhelical consequences of gene pair orientation.
A gene pair can have three possible configurations: Tandem, convergent or divergent. If 
transcription (black arrow) from both genes occur, the superhelicity can be neutralized (tandem) or 
intensified as positive (+) (convergent) or negative (-) (divergent) superhelicity based on the relative 
orientation of the genes.



Chapter 2 - Topoisomerases in transcription

63

the supercoiling can spread away from the site of generation into flanking regions. If topological 
barriers exist in the genome, a possibility is that transcription generated supercoiling will 
accumulate at these regions, and as a result, genes located in proximity to these barriers would have 
a higher propensity to be down-regulated in the absence of topoisomerases. In order to investigate 
this phenomenon, a number of chromosomal elements which could potentially function as 
topological barriers were mapped, and based on the microarray data, the number of down-regulated 
genes in consecutive windows surrounding these barriers were scored and plotted (figure 2.3). 
Of the many possible barriers investigated, replication origins, tRNAs, long terminal repeats and 
retrotransposons have significantly more down-regulated genes located in their immediate vicinity 
as compared to the genomic average. However, while ~30 % of all genes located within 2.5 kb from 
retrotransposons are 2-fold or more down-regulated in the absence of topoisomerases, this only 
accounts for 42 genes when all 50 retrotransposons are considered, as opposed to the approximately 
1000 genes, which are down-regulated in total in top1∆top2ts. 
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Figure 2.2. Gene orientation does not correlate with topoisomerase dependency.
(A) Percentage of down-regulated genes among the highest (black bars) or lowest expressed 
member (grey bars) of gene pairs. In tandem gene pairs, either the upstream or downstream gene 
can be the highest expressed; consequently tandem genes have been divided into two separate 
categories. For comparison, the genomic average for down-regulated genes is shown (white bar). 
Arrows indicate the orientation of the gene pairs. Error bars represent standard deviation from 
the three microarray experiments. (B) All genes were divided into bins based on their relative 
orientation within the gene pair; tandem (tan), divergent (div), or convergent (con) and then further 
subdivided based on the expression ratio between the genes in the pair. The average signal log ratio 
(SLR) was calculated from the genes in each bin and plotted. Blue and red lines represent the up- 
and downstream members, respectively, of all gene pairs.
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2.3.2. Analysis of gene orientation around autonomously replicating 
sequence elements (ARS)

Replication in yeast initiates at replication origins named autonomously replication sequences 
(ARS) and throughout the cell cycle a 6 subunit protein complex called the origin recognition 
complex (ORC) is bound at the ARS (Matsuda, Makise et al. 2007, Chesnokov 2007). As 
demonstrated in figure 2.3, genes located in the proximity of ARS tend to have a higher requirement 
for topoisomerases than the genomic average as a slightly higher percentage of down-regulated 
genes are observed among the genes located here. In order to investigate the orientation of genes 
located next to ARS elements, all 337 ARS in the S. cerevisiae genome were mapped and the 
orientation of the first three genes located on each side of the ARS were noted. As seen in figure 
2.4A and C, there is a propensity for the genes, which are neighbors to an ARS to be transcribed 
towards the ARS. This effect is observed only for the genes immediately next to an ARS, as the 
orientation of the second and third gene is only slightly skewed towards transcribing away from 
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Figure 2.3. Potential topological barriers in the yeast genome.
Percentage of down-regulated genes (2-fold or more) located in proximity to different 
chromosomal elements. The analysis considers every gene located within a defined distance from 
all 337 replication origins (ARS), 229 tRNA genes (tRNA), 383 long terminal repeats (LTR), 
50 retrotransposons (RTP), 32 telomeres (TEL), and 16 centromeres (CEN). For each group of 
chromosomal elements, genes are mapped in consecutive windows as indicated. The number 
of down-regulated genes in each window was compared to the genomic average (white bar) by a 
Wilcoxon rank-sum test. *, P-values <0.01. Error bars, SD from top1Δtop2ts triplicates.
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Figure 2.4. Orientation of genes 
surrounding ARS elements.
(A) All 337 ARS and the orientation 
of the three genes on either side 
were mapped. The percentage of 
genes being transcribed away (blue) 
or towards (red) the ARS is plotted. 
(B) The distances from the middle 
of a gene to the middle of the ARS. 
The area around ARS elements was 
divided into bins with a size of 500 
base pairs and the number of genes 

located in the bin was counted and plotted. (A) and (B) negative and positive numbers indicate 
up-stream or down-stream gene number, respectively. (C) Graphical representation of the results 
presented in (A) and (B). Gene orientation by red and blue arrows and percentage of genes with 
a certain orientation is indicated by the thickness of the arrows (ORC and ARS are not drawn to 
scale). (D) Percentage of genes down-regulated 2-fold or more transcribing towards (red) or away 
from the ARS (blue). The genomic average is shown as a white bar.

the ARS. The average distance from the ARS to the surrounding genes is as expected equal on both 
sides of the ARS (figure 2.4B and C). Furthermore, the first gene appears to be focused around a 
specific distance from the ARS, while the distance to the subsequent genes is more dispersed. Why 
there is propensity for the neighboring genes of ARS elements to be transcribed towards the ARS is 
interesting. From a superhelical perspective, it is expected that transcribing towards an ARS would 
generate positive superhelicity in the ARS. It is possible that the genes transcribing towards the 
ARS is expressed only in G1 and G2, and the positive supercoiling helps to suppressed activation 



Chapter 2 - Topoisomerases in transcription

66

of the replication origin. Such analysis is however out of scope of here. Alternatively, overlap of the 
ARS and promoter of genes transcribing away could cause steric clash between the ORC complex 
and the general transcription machinery. In order to investigate whether the orientation of genes in 
proximity to ARS elements play a role in topoisomerase requirement the amount of genes down-
regulated 2-fold or more was scored for the different placements and orientations. As seen in figure 
2.4D, genes transcribing towards the ARS display less topoisomerase requirement the close they 
reside to the ARS. In contrast, the genes transcribing away from the ARS have a higher requirement 
for topoisomerases the closer they are located to the ARS. This indicates that ARS elements can be 
a barrier to supercoiling.

2.3.3. The role of topoisomerases in the activation of chromatin regulated 
genes

The genes, which transcription was most affected by lack of topoisomerase activity were 
characterized by being inducible and regulated by chromatin. Thus, in order to substantiate the 
genomic analysis with single gene studies, fifteen genes from five commonly studied inducible gene 
systems were selected, representing phosphate (PHO5, PHO8, PHO84, PHM2, PHM4, and PHM6), 
galactose (GAL1, GAL2, GAL7, and GAL10), glucose (ADH2, ADY1, and YAT1), serine/threonine 
(CHA1), and inositol (INO1). These genes have a reported inducible/repressive mode of regulation 
and hence a high transcriptional plasticity. Furthermore, the majority of the genes have a reported 
regulation by chromatin (Korber, Horz 2004, Almer, Rudolph et al. 1986, Ford, Odeyale et al. 2007, 
Lohr, Venkov et al. 1995, Moreira, Holmberg 1998). The selected genes are very different both 
concerning activation kinetics (e.g. the activation time of the phosphate genes is much longer than 
that of the galactose induced genes) and concerning the difference in relative mRNA levels between 
repressed and activated state (e.g. some GAL genes show 1000-fold induction ,while some PHO 
genes show only 10-fold induction).

In order to investigate how topoisomerases affect the induction of these genes, and if the enzymes 
play a role in promoter chromatin remodeling, wild type and top1Δtop2ts cells were cultured under 
the respective repressive conditions for the five different gene groups, and the cells were arrested in 
G1 by use of α-factor as described for figure 4 in the paper. The temperature was raised to 37°C for 
15 minutes to knock out top2ts, before transferring the cells to the respective inducing conditions 
for time-resolved analysis while still keeping the temperature at 37°C. Samples were collected at 
the indicated time points for mRNA purification and for ChIP of histone H3. The results from these 
experiments are shown in figure 2.5A-E. When considering the mRNA levels measured by qPCR 
following the shift to inducing conditions (left panel in figure 2.5A-E, results concerning mRNA 
levels for some of the genes are also shown in figure 4 in the paper) the 15 genes can be roughly 
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divided into three groups based on their requirement for topoisomerases during induction: genes 
where topoisomerases are required for induction (PHO5, PHO8, PHM2, PHM4, GAL1, GAL2, 
and GAL10), genes where lack of topoisomerases result in a semi-induction of the gene (PHM6, 
GAL7, ADH2, ADY1, YAT1, and INO1) and genes, where topoisomerase deficiency has no apparent 
impact on induction (PHO84) or even has a stimulatory effect (CHA1). It is here interesting to note 
that CHA1, as the only one of the selected fifteen genes, showed an up-regulation in the microarray 
study of the topoisomerase double mutant (data not shown).

One way in which the induction of these genes could be affected by topoisomerase deficiency 
is at the activation step, e.g. during the chromatin remodeling of the promoter. To investigate if 
topoisomerases play a role for chromatin remodeling of these genes, the chromatin levels were 
analyzed following induction by ChIP, using an antibody recognizing the C-terminal of histone H3. 
When comparing promoter histone H3 levels and mRNA levels there is generally a good correlation 
between the induction kinetics and the histone H3 loss in the promoter (figure 2.5A-E, compare 
left and middle panels). However, for some genes, promoter histones are lost at a comparable rate 
in both wild type and topoisomerase deficient cells, although a very little induction is observed 
in top1Δtop2ts cells (PHO8, GAL genes, and YAT1). Finally, two genes (ADH2 and ADY1) show 
no histone loss in either wild type or top1Δtop2ts cells, which could indicate that the primers 
used for amplification of the precipitated DNA were incorrectly placed (see figure 2.5A-E, right 
panel for primer position and nucleosome density map). Hence, for ADH2 and ADY1 the role of 
topoisomerases for nucleosome removal during induction remains elusive. The results from figure 
2.5A-E have been summarized in table 2.1.

In conclusion, the data demonstrate that a range of inducible genes require topoisomerases at 
some point during transcription as indicated from the microarray study and only a minority of the 
tested inducible genes are activated independent of the enzymes. A subset of the genes that have 
a requirement for topoisomerases during transcriptional activation, seem to require the enzymes 
for removal of the promoter histones or a step upstream of this as promoter nucleosomes are not 
removed under inducing conditions.
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Figure 2.5C. See below for description.
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Figure 2.5. Topoisomerase deficiency causes de-regulation of a range of inducible genes.
(A) Phosphate genes. (B) Galactose genes. (C) Glucose genes. (D) Serine/threonine gene. (E) 
Inositol gene. (A-E) Left panel, mRNA levels measured by qPCR following induction. Levels 
are relative to the level obtained in the wild type at the latest time point, which was set to 100%. 
Middle panel, H3 levels measured by ChIP following induction. H3 enrichment is given relative 
to enrichment at time point 0, which was set to 1. Right panel, promoter nucleosome occupancy as 
measured by Lee and co-workers (Lee, Tillo et al. 2007) in blue. For the PHO8 and PHM6 genes 
the nucleosome occupancy data were only available as a Hidden Markov Model, and as such the 
occupancy appears smoother. The red line indicates open reading frame (ORF) of the gene. For the 
PHO8 gene the orange line indicates the ORF of the CWC21 (YDR482C) gene. Black lines indicate 
the primer positions used for H3 ChIP. (A-E) Averages from two individual experiments are shown.
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Figure 2.5E. See below for description.

PHO5
PHO8
PHO84
PHM2
PHM4
PHM6
GAL1
GAL2
GAL7
GAL10
ADH2
ADY1
YAT1
CHA1

Gene Name
Topoisomerase
requirement for

induction

Correlation
between mRNA
and H3 levels

Required
Required

Required

Not required
Required
Required

Semi-required

Semi-required
Required

+++

++

-

-
-
-

-

-

+
++
++
(-)

(+)
(+)

Semi-required
Semi-required
Semi-required
Not required

Required

INO1 +++Semi-required

Table 2.1. Correlation between 
toposisomerase requirement for 
induction and promoter histone 
removal.
Topoisomerases are required 
for transcriptional induction of 
a range of inducible genes, but 
not necessarily for promoter 
histone removal. This table gives 
a summary of the results obtained 
in figure 12A-E. Genes are divided 
into three categories based on their 
requirement for topoisomerases for 
induction (required, semi-required, 
and not required). A positive 
correlation between mRNA levels 
and H3 loss in top1Δtop2ts cells 
is indicated by +, while - indicates 
no correlation. Signs surrounded 
by brackets indicate that no major 
histone loss was observed in the 
wild type making any correlation 
insignificant.
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2.3.4. Topoisomerases are required for PHO5 induction

The PHO5 gene is induced and repressed by low and high phosphate levels, respectively 
and thus has a high transcriptional plasticity. PHO5 is regulated at the chromatin level, it is 
well characterized, and the majority of factors involved in the induction pathway are known. 
Furthermore, in the single gene analysis performed above in section 2.3.3. PHO5 displayed 
an absolute requirement for topoisomerases for transcription activation. In the transcriptional 
microarray analysis of topoisomerase deficient strains, the cells were grown in YPD media which 
can have variable levels of phosphate. Thus, YPD can be considered as semi-inducible conditions 
for PHO5 and it was observed that PHO5 was ~10 fold down-regulated in top1Δtop2ts cells (data 
not shown).

During the experiments performed, it was observed that top1Δtop2ts cells exhibit a slow-growth 
phenotype even at the permissive temperature. In order to ensure that lack of PHO5 induction is 
not caused by the topoisomerase double mutant simply being less fit, top1Δtop2ts cells were grown 
as described in the paper but transferred to phosphate-free media (inducible conditions) at either 
25°C (permissive) or 37°C (non-permissive), and samples were collected for analysis of PHO5 
mRNA levels. As seen in figure 2.6, top1Δtop2ts cells are able to induce PHO5 at the permissive 
temperature, but not at the restrictive temperature. Thus, lack of PHO5 induction in top1Δtop2ts 
cells cannot be explained by lack of fitness.
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Figure 2.6. PHO5 is induced in top1Δtop2ts cells at 
the permissive temperature.
top1Δtop2ts cells were tested for their ability to induce 
PHO5 at either 25°C or 37°C. Samples were collected 
at the indicated time points and plotted relative to the 
highest induction obtained, which was set to 100% 
(corresponds to ~60 fold increase in PHO5 mRNA 
levels).
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2.3.5. Transcription of PHO5 is sensitive to changes in superhelicity

That PHO5 can be induced, although with a delay, when cells lack either topoisomerase I or 
topoisomerase II indicates that the induction is dependent on an ability the two enzymes have in 
common. This result points towards the DNA relaxation ability of the enzymes rather than a 
structural role which would be specific to either enzyme. Furthermore, the kinetic delay observed 
in the absence of either enzyme (figure 6 in section 2.2) implies that the induction of PHO5 is 
sensitive to topoisomerase dosage, and hence indirectly the DNA superhelicity.

To investigate the relationship between superhelicity and PHO5 induction capabilities, advantage 
was taken of the E. coli topoisomerase A (TopA), which has previously been used to alter global 
DNA superhelicity in vivo in yeast (Joshi, Pina et al. 2010). TopA preferentially relaxes only 
negative superhelicity (figure 2.7A), and as a consequence, expression of TopA will push the 
topological balance of the genome towards a more positive state. As seen in figure 2.7B (and 
figure 6B in the paper), when expressing TopA from a high copy plasmid the result is lowered 
induction capabilities in wild type cells. Surprisingly, top1Δtop2ts cells expressing TopA from the 
same plasmid, show lower PHO5 mRNA levels than top1Δtop2ts cells. At first glance it may seem 
peculiar that a non-induced gene can have its expression lowered, but even repressed genes have 
some level of basal transcription (otherwise, it would not be possible to measure un-induced mRNA 
levels). The result indicates that this basal transcription level is repressed due to accumulation of 
positive superhelicity. This could be through changes to the on/off rate of nucleosomes, the so-
called breathing of the nucleosome. Nucleosomes are able to “breathe” by transiently associating 
and dissociating from the DNA (Luger 2006). Transcription from a gene such as PHO5 can happen 
if the TATA box is uncovered, either through transcription activation and promoter remodeling, or 
by breathing of the TATA box covering nucleosome. A change in superhelicity is likely to change 
the equilibrium of the breathing mechanics and consequently also the basal transcription level of 
PHO5.

Having discovered that TopA expression and thus highly likely positive supercoiling is detrimental 
concerning PHO5 induction capabilities, it seems plausible that negative supercoiling would 
have the opposite effect. In order to investigate this, we took advantage of the fact that the E. coli 
Gyrase will relax only positive supercoils, thus resulting in a net negative superhelical state (figure 
2.7A). Gyrase was expressed form a high number plasmid from a GAL1 promoter as a fusion 
protein, where the two subunits were fused by a small linker (Trigueros, Roca 2002). Wild type and 
top1Δtop2ts cells with and without the Gyrase plasmid were grown in high phosphate media, but 
with galactose in order to induce Gyrase. The cells were then washed and transferred to pre-warmed 
phosphate free media for induction of PHO5, and samples were collect for mRNA measurement by 
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Figure 2.7. PHO5 transcription is sensitive to changes in superhelicity.
(A) Shematic representation of the twin-supercoiled-domain model and where the different 
topoisomerases can interact. (B) Wild type and top1Δtop2ts cells with and without expression of 
TopA were tested for their ability to induce PHO5. PHO5 mRNA levels were measured by qPCR 
and normalized to the level obtained in the wild type at the 0 minute time point, which was set to 
1 and plotted on a log2-scale. Average from 3 individual experiments is shown. (C) As in (B), but 
with expression of Gyrase instead of TopA and only data from one experiment is shown.

qPCR. As seen in figure 2.7C, expression of Gyrase results in an increase in PHO5 mRNA levels 
in the top1Δtop2ts mutant strain. However, when expressing Gyrase in wild type cells, the mRNA 
level is equal to the mRNA levels obtained without Gyrase. This indicates that in wild type cells, 
expression of the PHO5 gene is already as efficient as it can be, and further negative superhelicity is 
of no effect. Alternatively, the activity of Top1 and Top2 in wild type cells will counteract the effect 
from Gyrase. In order to convincingly draw conclusions from the Gyrase expression experiment, it 
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should have been performed multiple times. However, at the time, we were unable to successfully 
induce Gyrase more than once, and consequently no effect was observed. Taken together, the 
observations that optimal PHO5 induction is dependent on topoisomerase dosage and that a change 
in global superhelicity gives rise to a change in PHO5 mRNA levels strongly indicate that PHO5 
transcription in sensitive to changes in superhelicity.

2.4. Discussion

2.4.1. The importance of topoisomerases in PHO5 transcriptional activation

The yeast PHO5 gene and in particular its promoter structure has become an often used system 
studies of transcription activation. Previous studies have shown that maximal induction of PHO5 
is reached after more than 6 hours (Adkins, Williams et al. 2007, Barbaric, Walker et al. 2001), 
but in the present study PHO5 mRNA levels peak after only 3 hours. This discrepancy may be 
explained by differences in the experimental settings. Firstly, previous studies have used phosphate 
precipitated media, where trace amounts of phosphate is retained, which must be consumed by 
the cells before PHO5 induction takes place. In contrast, the results presented here were obtained 
by use of phosphate-free media coupled with a thorough wash. Secondly, the other studies have 
determined PHO5 induction by measuring enzyme activity in a phosphatase assay, whereas 
mRNA levels were directly measured in this report. Thus, the expected time from a change in the 
conditions to a response would be faster in our case as we measure the step before the translation to 
protein.

When the PHO5 promoter is opened and active, topoisomerases become dispensable (figure 5 in 
section 2.2). This indicates that topoisomerases are not required during elongation, in line with 
the observation obtained from the microarray study that no correlation between topoisomerase 
dependency and transcript length (figure 2 in section 2.2). For this to be true, the polymerase would 
have to be able to track against a supercoiling gradient generated ahead of it, or the supercoiling 
would have to rapidly dissipate away. Dissipation of the generated supercoiling could be facilitated 
by nucleosomes undergoing chiral transition (Bancaud, Conde e Silva et al. 2006, Bancaud, Wagner 
et al. 2007) thereby acting as a topological buffer. Additionally, the PHO5 gene may be transcribed 
so often that more than one polymerase will be present in the open reading frame of the gene. Thus, 
the negative supercoiling generated in the wake of the leading polymerase could counteract the 
positive supercoiling generated ahead of the following polymerase.

Our studies show that the perturbation of PHO5 induction is caused by lack of Pho4 binding to the 
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PHO5 promoter (figure 7 in section 2.2) which explains the observation that the histones remain 
bound to the promoter (figure 7 in section 2.2). Since Pho4-GFP is present in the nucleus, even 
180 minutes after the conditional knock out of top2ts (figure 7 in section 2.2) any lack of Pho4 
binding cannot be caused by secondary effects inhibiting Pho4 entrance into the nucleus or resulting 
in severe PHO4 down-regulation. Furthermore, the mRNA levels of all factors involved in PHO5 
induction (from phosphate transporters to histone acetyltransferases and chaperons) were assayed 
by qPCR and no major down-regulation of these factors was found (data not shown). In addition, 
any down-regulation of auxiliary factors would most likely only result in a kinetic delay in PHO5 
induction as observed for top1Δ and top2ts (figure 6 in section 2.2) and upon inactivation of the 
NuA4 complex (Nourani, Utley et al. 2004), abolishment of anti-sense transcription (Uhler, Hertel 
et al. 2007), deletion of histone acetyltransferase GCN5 or the chaperon SPT6 (Adkins, Howar et al. 
2004, Bortvin, Winston 1996).

The PHO5 promoter contains very stable positioned nucleosomes, which ensure that one low-
affinity Pho4 binding site remains accessible (UAS1) while one high-affinity site (UAS2) is covered 
by nucleosome -2 (Lam, Steger et al. 2008). A possibility is that the nucleosome structure has been 
altered in the absence of topoisomerases due to a change in superhelicity. This could potentially 
cause nucleosomes to slide out of position and cover the UAS1 site thereby inhibiting Pho4 binding 
in top1Δtop2ts cells, as this site is essential for initiating the PHO5 induction (Lam, Steger et al. 
2008).

The recruitment of Pho4 to the PHO5 promoter is dependent on Pho2 (Barbaric, Munsterkotter et 
al. 1998, Zhou, O’Shea 2011). In contrast to Pho4, Pho2 is continuously bound to the DNA in the 
PHO5 promoter and thus is not recruited during activation. However, it is possible that disruption of 
the Pho2-DNA interaction as a consequence of topoisomerase deficiency would cause the observed 
phenotype. Overexpression of Pho4 has been shown to counteract a PHO2 deletion mutant 
(Fascher, Schmitz et al. 1990) whereas the reverse is not the case, indicating that any ability of 
Pho2 to recruit Pho4 can be overcome by high Pho4 levels. Using strains which carried a 2-micron 
based plasmid with either PHO2 or PHO4 it was not possible to rescue PHO5 expression in 
top1Δtop2ts cells (data not shown). Overexpression of PHO4 did result in elevated PHO5 levels in 
topoisomerase deficient cells compared to top1Δtop2ts cells with normal PHO4 expression levels. 
However, it also elevated PHO5 levels under repressive conditions to the same extend, indicating 
that it was only the basal transcription levels that were raised. Taken together, it is doubtful that the 
lack of PHO5 induction is caused by disruption of Pho2 binding.

A possibility is that Pho4 is unable to bind due to a changed superhelicity in the promoter region. 
The crystal structure of Pho4 has shown that the DNA bound by Pho4 has a helical repeat of 
10.77 base pairs per turn (see figure 2.8) (Shimizu, Toumoto et al. 1997), close to that of relaxed 
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DNA (10.4-10.5 base pairs per turn). This implies that Pho4 preferentially binds to relaxed DNA 
and that any changes to the superhelicity could disrupt Pho4 binding. It is likely that removal of 
active topoisomerases will give rise to a change in superhelicity and thereby render Pho4 unable to 
recognize its target binding site due a change in the helical pitch. This is in line with the observation 
that expression of E. coli TopA or Gyrase is able to alter PHO5 expression even in wild type 
cells (figure 2.7). Furthermore, there is a good correlation in the transcriptional response between 
top1Δtop2ts strains and top1Δtop2ts strains expressing TopA (figure S4 in the paper), indicating 
that the genome is pushed towards a more positive superhelical state when topoisomerase activity is 
removed.

The two binding sites for Pho4 (UAS1 and UAS2) are located approximate 90 bases apart. Due 
to close proximity of the two sites ChIP is insufficient to fully distinguish between Pho4-binding 
at either site as the sonication process resulting in DNA fragments of ~500 basepairs. The binding 
affinity of Pho4 for UAS2 is much stronger than for UAS1 (Maerkl, Quake 2007). Thus, the 
majority of Pho4-binding measured at UAS1 could result from Pho4-binding at UAS2. Indeed, 
Pho4-binding at UAS1 may be below the detection threshold. Thus, it cannot be excluded that 
binding of Pho4 to UAS1 in top1Δtop2ts cells is similar to its binding in wild type cells but the 
promoter is unable to undergo chromatin remodeling and exposing the UAS2 binding site. This 
represents an alternative explanation to the lack of activation of PHO5 in topoisomerase deficient 

90°

DNA

Pho4p

Figure 2.8. Crystal structure of Pho4.
Pho4 (in orange) binds as a dimer to DNA by inserting α-helices into the major groove of the DNA. 
The structure (Shimizu, Toumoto et al. 1997) is shown in a side-view (left) and an end-view (right) 
in PyMol.
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cells. However, as seen in figure 2.5A-E, some genes display remodeling of chromatin in the 
promoter, even in top1Δtop2ts cells. Furthermore, it has been demonstrated that Pho4 is able to 
bind to UAS2 while histone H3 and H2A are still present (Ransom, Williams et al. 2009) indicating 
that histone remodeling is not required for activator binding. In conclusion, this indicates that 
chromatin remodeling per se is not perturbed in topoisomerase deficient cells, but rather lack of 
topoisomerases inhibits transcription factor binding upstream of chromatin remodeling.

2.4.2. Genetic screen reveals that topoisomerases influence multiple steps 
during transcriptional activation

Topoisomerases are required for timely and optimal induction of at least thirteen inducible genes 
(figure 2.5A-E and table 2.1). This is consistent with the conclusions drawn from the microarray 
study that genes showing the strongest dependency on topoisomerases have a high transcriptional 
plasticity and are regulated by chromatin (figure 3 in the paper). In contrast to the case of PHO5, 
not all of the investigated genes show a requirement for topoisomerases for removal of histones 
from the promoter region. However, for the majority of the phosphate induced genes, with the 
exception of PHO84, it does appear that the lack of induction in top1Δtop2ts cells correlates 
with lack of histone removal (figure 2.5A). In contrast, the GAL genes show a histone H3 loss in 
top1Δtop2ts cells, which is comparable to the H3 loss observed in wild type cells (figure 2.5B), but 
the mRNA levels obtained in the absence of topoisomerases remain close to the levels obtained at 
the un-induced state. It is interesting to compare the PHO5 gene and the GAL1/10 genes as they 
share many similarities in the way they are induced. In particular, both the PHO5 promoter and 
the GAL1/10 promoter are covered by nucleosomes with an accessible transcription factor binding 
site. The main difference between the induction of PHO5 and GAL1/10 is during binding of the 
pivotal transcription factor (Pho4 and Gal4, respectively). Whereas Pho4 has to enter the nucleus 
and bind to the DNA upon induction, Gal4 is continuously bound to the promoter, but is repressed 
by Gal80 (Peng, Hopper 2002). This difference is presumably also the reason why the induction of 
the galactose genes is much faster than that of the phosphate genes. That Gal4 is bound to the DNA 
before topoisomerase inactivation can explain why nucleosomes are able to be remodeled during 
transcriptional activation of the GAL genes. That the GAL genes are still not able to be induced 
could indicate that other steps downstream of chromatin remodeling, such as recruitment of the 
TATA binding protein or the transcription machinery per se are perturbed. 

The finding that efficient GAL1 activation is dependent on topoisomerases is in contrast to 
earlier observations with endogenous GAL1 and a plasmid-borne GAL1-lacZ construct (Brill, 
DiNardo et al. 1987, Brill, Sternglanz 1988), where high levels of GAL1 and LacZ transcription, 
respectively were seen in the absence of topoisomerases. However, in a separate study, transcription 
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of GAL1 was found to be strongly inhibited upon expression of E. coli TopA in the absence of 
yeast topoisomerases (Gartenberg, Wang 1992) in support of a role of these enzymes in GAL1 
transcription. As G1 arrested cells have been used to exclude replication-associated effects in 
top1Δtop2ts cells in our study 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 this and earlier studies concerning the dependency of GAL1 transcription on 
topoisomerases.

In the case of CHA1, histone levels in top1Δtop2ts cells are comparable to the levels in wild type 
cells, but the mRNA level is apparently increased in response to topoisomerase deficiency. In 
correlation with this, the microarray data revealed an up-regulation of this gene in the absence of 
topoisomerases. An earlier study has shown that deletion of the SWH3 and STH1 genes, which 
both encodes for proteins found in the SWI/SNF related complex RSC (Remodels the Structure 
of Chromatin), causes an induction of CHA1, even under non-inducing conditions (Moreira, 
Holmberg 1998). Thus, even though the SWI/SNF and RCS complexes are traditionally regarded 
as transcriptional activators, the RSC complex functions to repress CHA1. In the light of this, CHA1 
and PHO5 may constitute “reverse examples”. Thus, in the case of PHO5, transcriptional activation 
fails in top1Δtop2ts cells due to lack of transcription factor binding, but for CHA1, a repressor 
(possibly the RSC complex or a factor that acts to recruit it) fails to bind, thereby enhancing the 
transcription. Alternatively, CHA1 induction is enhanced in top1Δtop2ts cells owing to secondary 
effects e.g. down-regulation of factors involved in the RCS complex. This may indeed be the case, 
as all proteins involved in the complex are down-regulated (see table 2.2 for a list of proteins in the 
RSC complex and their extent of down-regulation in the topoisomerase double mutant).

Most of the inducible genes investigated here show a strong dependency on topoisomerases for 
correct and timely induction. It does not seem as if the enzymes are universally required at one 
specific step during transcriptional induction, e.g. histone removal in the promoter region. This is 
perhaps not unexpected, given that the different gene groups are regulated by different factors and 
pathways, and histone removal represents only one of many important steps during transcriptional 
activation. Finally, there is seemingly a pattern between the different gene groups. In general, 
a group of genes either shows loss of histones in top1Δtop2ts cells comparable to wild type, or 
little or no loss of histones when lacking the enzymes. This is expected as genes from a specific 
group often have to be expressed under the same conditions and therefore are regulated in the same 
fashion. Accordingly, all genes in a specific gene group rely on the same factors and if superhelicity 
does influence a factor, it affects all the genes regulated by this factor. 
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2.5. Materials and methods

The majority of the materials and methods used in this chapter are fully described in the paper 
included in section 2.2.

2.5.1. Analysis of gene orientation and positional effects

To evaluate expression patterns between neighbor genes, we used a categorization of consecutive 
genes with three possible arrangements from a previous study (Pelechano, Garcia-Martinez et al. 
2006). We sorted all genes in the top1Δtop2ts dataset into groups of divergent (25 %), convergent 
(27 %) and tandem pairs (48 %), adding up to 4684 gene pairs. We used the average expression 
levels from wild types to calculate expression ratios between upstream and downstream gene 
members in each pair. For tandem genes, which are on the same strand, two groups were defined, 
where either the upstream or the downstream member is the most highly expressed. For the 
divergent and convergent genes, which are on opposite strands, simply one group was defined.

2.5.2. PHO5 induction in Gryase expressing cells

Wild type and top1Δtop2ts cells were transformed with the plasmid pSTS77 (Trigueros, Roca 
2002). For induction of PHO5, wild type and top1Δtop2ts strains with and without the plasmid 

Name Systematic 
name Alias SLR in 

top1∆top2ts
Fold down-
regulated

RSC1 YGR056W -0,53
RSC2 YLR357W -0,27
RSC3 YDR303C -0,73
RSC4 YKR008W -0,67
RSC6 YCR052W -1,17
RSC7 YMR091C NPL6 -1,30
RSC8 YFR037C SWH3 -0,43
RSC9 YML127W  -0,50

RSC11 YPR034W SWP6, APR7 -1,13
RSC12 YMR033W SWP59, APR9 -0,43
RSC14 YBL006C LDB7 -0,33
RSC30 YHR056C N/A
RSC58 YLR033W  -0,20
STH1 YIL126W NPS1 -0,67

1,44
1,21
1,66
1,59
2,25
2,46
1,35
1,41
2,19
1,35
1,26

1,15
1,59

Table 2.2. De-regulation of genes in the RCS complex. 
Proteins factors involved in RCS are all de-regulated to some extent in top1Δtop2ts cell. This table 
shows the signal log ratio (SLR) and the corresponding fold up- or down-regulation of the proteins 
in top1Δtop2ts relative to wild type cells.
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were grown in high phosphate media as described in the paper in section 2.2 but with 2% raffinose 
instead of glucose. Galactose was added to a final concentration of 2% for induction for Gyrase for 
90 minutes. The cells were then washed and transferred to phosphate free media as described in the 
paper, except the media contained 2% galactose instead of glucose. Samples were collected at the 
indicated time points and used for mRNA analysis.

2.5.3. Analysis of gene orientation around ARS elements

A list of all genes (excluding dubious genes) and ARS elements was downloaded from 
yeastgenome.org. From the start and end coordinate, the middle of a gene or ARS element was 
calculated. This was used to create a list of genes on either the left or right side of all ARS elements. 
Three genes on either side of the ARS were chosen as cutoff, as overlapping of genes begins to 
occur when moving further out. In order to establish the amount of down-regulated genes, the list of 
genes on either side of ARS elements was compared to the data from the microarray.
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CHAPTER 3
DNA Topoisomerases 

Are Required For Activation But 
Not For Ongoing Transcription Of 

Galactose Induced Genes

This chapter contains results obtained from a study trying to elucidate the 
role of topoisomerases in the induction of the galactose regulated genes.
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3.1. Preface

In Chapter 2, the findings from a study using microarrays substantiated with single gene 
investigations were reported. One of the discoveries made was that the genes requiring 
topoisomerases for induction were characterized by being chromatin regulated and had a high 
transcriptional plasticity. Among these genes were the galactose regulated genes.

The aim of this study was to investigate the role of topoisomerases for transcriptional activation 
of the galactose regulated genes in S. cerevisiae. We already knew that the enzymes were required 
transcription of the GAL genes, but not at which specific step in the activation process. As reported 
in Chapter 2, in the case of the PHO5 gene, the underlying reason was deficient transcription factor 
binding to the promoter. This was most likely not the case for the GAL genes as the transcription 
factor required for chromatin remodeling is already bound prior to temperature knock-down of 
topoisomerase II as cells were grown in raffinose. Furthermore, as seen in figure 2.3B, nucleosomes 
were removed from the promoters of the GAL genes with equal kinetics and to the same extent in 
both wild type and topoisomerase deficient cells. This indicates that chromatin remodeling is still 
fully functional in the absence of topoisomerases for the GAL genes. However, the mRNA level 
of the GAL genes does not increase, signifying that some step during transcriptional activating, 
downstream of chromatin remodeling, does require topoisomerase activity.

This chapter presents results from trying to elucidate the specific point during transcriptional 
activation of the GAL genes which require topoisomerase activity. The results have been 
summarized in a manuscript which we hope to submit soon. This manuscript can be found below.

I contributed to the design of the experiments, I performed the experiments and I made this first 
draft of the manuscript.

Finally, during our genome-wide investigations on the transcriptional response to lack of 
topoisomerases, we noticed an overlap between genes that require topoisomerases and genes which 
require the FACT subunit Spt16 (figure S4 in section 2.2). To investigate these functional overlaps 
the induction capabilities of the GAL genes were tested in the absence of Spt16 and topoisomerases.
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3.2.1. Abstract

To investigate the requirement for topoisomerases during 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 the enzymes are required 
for transcriptional activation of the galactose induced genes, but are dispensable for ongoing 
transcription. Furthermore, we demonstrate that while promoter chromatin remodeling of the GAL 
genes is unaffected in the topoisomerase deficient strains, the cells fail to successfully recruit RNA 
polymerase II to these promoters. Finally, we argue that topoisomerases are required for accurate 
assembly of the pre-initiation complex at the promoters of the galactose induced genes.
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3.2.2. Introduction

Several studies have demonstrated that transcription and DNA supercoiling are tightly coupled 
events (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 RNA 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 are enzymes which have evolved to solve topological problems arising during 
DNA metabolism. In Saccharomyces cerevisiae DNA superhelicity is primarily influenced by 
topoisomerase I and topoisomerase II (Top1 and 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 (4). 
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 with Top1 being faster than Top2 in relaxation of naked 
DNA, whereas the opposite is the case when nucleosomal DNA is relaxed.

Chromatin structure adds another layer of complexity to DNA supercoiling. Approximately 80% of 
the genome is covered by nucleosomes in yeast (5) and nucleosomes influence transcription as they 
release and absorb negative superhelicity by dissociation and re-association with DNA, respectively 
(6). In support of this topoisomerases have been demonstrated to affect nucleosome dynamics, 
as the enzymes in one study were found to be required for efficient nucleosome disassembly in 
promoter regions and in another study required for SWI/SNF mediated nucleosome removal (7-9). 
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 (10). This 
implies that the chromatin fiber is a torsionally resilient structure, which can act as a topological 
buffer and facilitate dissipation of topological strain (11,12). 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 and thereby have 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.

Recent studies have established a role of topoisomerases in transcription. Accordingly, the enzymes 
were found genome-wide to locate preferentially to intergenic regions (i.e. promoter regions) 
of highly transcribed genes (13,14) and topoisomerase I and II were found to be redundant in 
enhancing the recruitment of RNA pol II (13). A study performed with S. Pombe, demonstrated that 
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topoisomerase I is able to facilitate nucleosome disassembly in promoter preceding transcription 
(7). Furthermore, topoisomerase I was found to be involved in a repression of the stress-induced 
subtelomeric genes (15). In a study performed with human cells, topoisomerase II was found to 
promote assembly of the transcription pre-initiation complex in the promoter of the rDNA genes but 
dispensable during transcriptional elongation of the genes (16). Additionally, in S. cerevisiae both 
enzymes were found to be required for maintaining the genome in a superhelical state competent for 
transcriptional activation (17). 

A recent study from this laboratory combined microarray gene expression analyses and single gene 
studies to investigate the role of topoisomerases for global gene expression (17). Topoisomerases 
were found to have a major impact on transcription of a subset of genes, characterized by highly 
regulated transcription initiation. For the inducible gene PHO5 we demonstrated a requirement 
for topoisomerases during transcriptional activation but not for re-initiation 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 current 
study we have studied transcription of the galactose inducible genes to investigate if topoisomerases 
have a similar effect on the transcriptional activation of these genes. We find that topoisomerases 
are required for transcription of the four GAL genes tested (GAL1, GAL2, GAL7, and GAL10), 
but the enzymes are dispensable for ongoing transcription. This demonstrates a requirement for 
topoisomerases during GAL gene activation and eliminates an essential role of topoisomerases 
during transcriptional elongation as observed for the PHO5 gene. However, we discover that 
nucleosome removal from the promoter of the galactose induced genes during transcriptional 
activation is unperturbed in a strain lacking functional topoisomerases, but the strain displays faulty 
RNA polymerase II recruitment. 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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3.2.3. Results

Topoisomerases are required for transcriptional induction of the galactose induced genes but 
become dispensable once the genes are activated

To investigate how topoisomerase deficiency influences transcription of the group of genes, which 
are induced by galactose, we have studied the transcription of GAL 1, 2, 7 and 10 in an S. cerevisiae 
strain having a deletion of the TOP1 gene and a temperature sensitive mutation in the TOP2 gene 
(top1∆top2ts). When yeast cells are grown in media containing raffinose the galactose genes are in 
a “primed” state, ready to undergo rapid induction (18). In the primed state the transcription factor 
Gal4 is bound at the promoter region, but the protein domain responsible for recruitment of factors 
involved in transcriptional activation is blocked by Gal80 through protein-protein interactions 
(19,20). When galactose is added to the media, Gal3 binds Gal80, thereby preventing its binding 
to Gal4. This leaves Gal4 free to recruit different chromatin remodeling factors, which ensures 
nucleosome eviction from the promoter region and exposure of the TATA-box, paving the way for 
transcriptional activation (Fig 1A) (21,22).  To substantiate our earlier observation of a requirement 
for topoisomerase activity for transcription of the galactose induced genes (17) we first wanted to 
prolong the induction time to see if lack of topoisomerases causes a true inhibition of transcription 
of the GAL genes or merely a kinetic delay. For this purpose wild type and top1Δtop2ts cells were 
cultured under repressive conditions (raffinose) and transferred to inducible conditions (galactose) 
as illustrated in figure 1B. Samples were collected before transfer to inducible conditions (“0”) 
and after an extensive induction period of 150 min, and mRNA was extracted and subjected to 
qPCR analysis. As demonstrated in figure 1C, even after 150 minutes under inducing conditions, 
the mRNA levels of the four tested genes (GAL1, GAL2, GAL7 and GAL10) remain very low in 
topoisomerase deficient compared to the levels in wild type cells. Thus, DNA topoisomerases are 
required for transcription of the galactose inducible genes.

We next wanted to investigate whether topoisomerases are required for transcriptional activation 
per se, or for continued transcription. To address this we utilized the fact that deletion of the GAL80 
gene leads to constitutive expression of the galactose induced genes, eliminating the need for 
external stimuli. Wild type, gal80Δ, as well as gal80Δtop1Δtop2ts cells were cultured as shown in 
figure 2A and samples were withdrawn at the indicated time points and analysed concerning GAL 
gene mRNA levels. As seen in figure 2B, both gal80Δ and gal80Δtop1Δtop2ts cells expectedly 
display high mRNA levels of the GAL genes even under repressive conditions at the non-restrictive 
temperature, whereas wild type cells are fully repressed. However, following transfer to inducible 
conditions at the restrictive temperature, gal80Δtop1Δtop2ts cells still accumulate mRNA at a level 
comparable to gal80Δ cells and similar to fully induced wild type cells. This result demonstrates 
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that topoisomerases are required during the initial activation of the GAL genes, whereas 
transcription elongation and re-initiation can occur in the absence of topoisomerase activity as was 
earlier observed for the PHO5 gene. 

Topoisomerases are required for RNA polymerase II recruitment, but not for nucleosome 
removal from the galactose promoter

We next wanted to investigate in which step during the activation process topoisomerases are 
required. A prerequisite for induction of the galactose responsive genes is removal of nucleosomes 
from the promoter region (23). To investigate whether nucleosome removal is perturbed in 
top1Δtop2ts cells we used chromatin immunoprecipitation (ChIP) with an antibody against the 
histone H3 to measure the nucleosomal occupancy in the promoter regions of the galactose 
genes. As seen in figure 3, nucleosomes are removed with equal kinetics and to a similar extent 
in both wild type and top1Δtop2ts cells, indicating that this step in the activation process occurs 
independent of topoisomerase activity. 

The step following eviction of nucleosomes from the promoter in transcriptional activation 
of the GAL genes is assembly of the pre-initiation complex. A principal part of this assembly is 
the recruitment of RNA polymerase II, as this enzyme is the RNA synthetase in the production 
of mRNA. In order to study the recruitment of polymerase II to the promoter of the GAL genes, 
ChIP was performed using an antibody against the C-terminal domain of the RPB1 subunit of 
RNA polymerase II. As depicted in figure 4, an increase in RNA polymerase II occupancy in the 
promoter region of the GAL genes is observed in wild type cells. Conversely, very little or no RNA 
polymerase II enrichment is seen in the GAL gene promoters in top1Δtop2ts cells. Altogether, these 
results indicate that the role of topoisomerases in transcriptional activation of the GAL genes is 
downstream of nucleosome promoter clearing, but upstream of RNA polymerase loading.
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3.2.4. Discussion

Our findings have revealed that topoisomerases are required for transcriptional activation of the 
GAL genes, whereas ongoing transcription can occur in the absence of the enzymes. Furthermore, 
we demonstrate that topoisomerase activity is required subsequent to promoter nucleosome 
clearance in a step essential for RNA polymerase II recruitment. We have previously shown that 
topoisomerases are required for transcriptional activation of the phosphate regulated PHO5 gene, 
where the enzymes were required for binding of a transcription factor to the promoter region (17). 
In the present study, lack of topoisomerases does not influence the induction pathway, as wild type 
cells and top1Δtop2ts cells display equal nucleosome promoter clearing (figure 3). The disparities 
in topoisomerase requirement between the PHO5 gene and the GAL genes are probably reflected 
in the dissimilarities in the induction pathway. In the case of PHO5, the Pho4 transcription factor 
has to bind the PHO5 promoter in order for nucleosome remodeling to occur (24). 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 (20). Thus, this step in chromatin remodeling does not rely on novel protein-DNA 
interactions as in the case with PHO5. 

Interestingly, no RNA polymerase II enrichment is observed in the promoter of the GAL genes in 
top1Δtop2ts cells during transcriptional activation (figure 4), whereas topoisomerases become 
dispensable once the galactose genes are activated (figure 2). This indicates that the initiation 
event taking place during transcriptional activation is fully dependent on topoisomerase activity 
although re-initiation 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 galactose induction. However, 
as the half-lives of the mRNA’s from GAL1, GAL2, GAL7, and GAL10 are 18, 49, 27, and 20 
minutes, respectively (25) 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 pre-initiation complex, some of the general 
transcription factors remain in the promoter region, creating a re-initiation scaffold (26), which can 
persist even under topological conditions, where one or more of the factors would be unable to bind 
individually. To this end it is known that several of the galactose induced genes have been shown 
to exhibit gene looping (27,28), 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 re-initiation, which 
may eliminate the requirement for topoisomerases.
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Transcriptional activation of a gene is a complicated process involving a plethora of proteins. In 
topoisomerase deficient strains, this process is most likely to be perturbed only at steps involving  
protein-DNA interactions due to the expected changes in the superhelicity following disruption 
of the enzymes (12). As the nucleosomes bound at the promoter of the galactose induced genes 
are removed with equal kinetics in both wild type and top1Δtop2ts cells (figure 3) the requirement 
for topoisomerases has to be found downstream of this step in the process, specifically, in the 
assembly of the pre-initiation complex. Three steps in the assembly of the pre-initiation complex 
could potentially require topoisomerase activity; i) recruitment of TFIID as binding of the 
TATA-binding-protein (TBP) subunit of this transcription factor extensively distort the DNA 
by introducing a 90° kink in the DNA, thus and partially unwinding the DNA (29,30), ii) RNA 
polymerase II recruitment and iii) the transition from closed to open complex (i.e. formation of a 
“transcription bubble”) via the helicase activity in TFIIH. Given that lack of topoisomerase activity 
will push the genome towards a more positive supercoiled state (12,17) these processes are more 
likely to be perturbed than facilitated due to the additional strain forced into the DNA. In strains 
continuously transcribing the GAL genes (figure 2) RNA polymerase II recruitment is unperturbed. 
Thus, it seems doubtful that supercoiling will influence RNA polymerase II DNA binding as long 
as the PIC is already assembled. Furthermore, since TFIIH is recruited subsequently to RNA 
polymerase II and no enrichment of RNA polymerase II is observed in top1Δtop2ts cells (figure 
4) we reason that it is unlikely that the lack of transcriptional induction observed in topoisomerase 
deficient cells is caused by faulty open complex formation. Rather, the binding of TBP to the DNA 
is likely to be hindered due to high levels of topological stress. This is supported by the observation 
that TBP will introduce a slight underwinding in the DNA upon binding (29). Furthermore, an in 
vitro study has demonstrated that negative superhelicity results in a more active transcription 
of the immunoglobulin heavy chain gene when using only TBP, TFIIB and RNA polymerase 
II (31). As studies have found the global superhelical level to shift towards a more positive state 
when topoisomerases are lacking (12,17,32) the TBP will indeed have a more difficult time 
interacting properly with the DNA. Due to the multitude of protein-DNA interactions required for 
the transcriptional activation of inducible genes, these genes are highly vulnerable to changes in 
the topology of the promoter region. Topoisomerases can therefore influence several steps in the 
activation process both upstream and downstream of promoter nucleosome clearance.
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3.2.5. Materials and methods

Yeast strains and growth conditions

S. cerevisiae strains Ay-109 (top1Δtop2ts), Ay-120 (wild type), Ay-424 (gal80∆), and Ay425 
(gal80∆ top1Δtop2ts) are all derivatives of W303a.

Strain Genotype Scource
Ay-120 MATa ade2-1 trp1-1 his3-11,-15 ura3-1 leu2-3,-112 can1-

100
R. Rothstein (W303)

Ay-109 Ay-120 with top1::NAT top2-1ts (17)
Ay-424 Ay-120 with gal80::URA3 This study
Ay-425 Ay-109 with gal80::URA3 This study

For galactose induction experiments, yeast strains were grown to a density of ~107 cells/ml at 
25°C in YP with 2% raffinose and G1 cell cycle arrested with alpha-factor (Lipal Biochem, Zürich, 
Switzerland). Then Top2 was subsequently inhibited for 15 min at 37°C under repressive conditions 
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 un-induced control. For 
samples to be used in mRNA purification 2*107 cells were withdrawn for each sample, cells were 
spun down, and the supernatant was decanted before storage at -80°C until use. For samples to be 
used for chromatin  immunoprecipitation 2.5*108 cells were withdrawn and treated as described 
previously (17) and stored at -80°C until use.

mRNA extraction, Chromatin immunoprecipitation and qPCR 

For analysis of transcription levels, cells were grown as described above and samples were taken 
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 primer. 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). The mRNA levels were normalized to the mRNA levels of TDH1 (GAPDH) and 
ACT1.

ChIP was performed on 2.5x108 cells as described previously (17) with minor modifications. 
Histone H3 was precipitated with monoclonal antibodies recognizing the 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 (33).
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Fold increase is calculated as the amount of protein bound to Dynabeads (Ip) with antibody 
compared with the amount of protein bound to BSA coated Dynabeads (Beads): Fold increase = 
2(CT Input – CT Ip)/2(CT Input – CT Beads). This was normalized to the fold increase from a telomeric sequence 
(TEL06R), and the 0 min time point was set to 1.

Primers

Name Sequence Purpose
AP 487 CACCAACTGTTTGGCTCCAT qPCR of TDH1 (GAPDH)
AP 488 TAGCAGCACCGGTAGAGGAT qPCR of TDH1 (GAPDH)
AP 2109 GCCTTCTACGTTTCCATCCA qPCR of ACT1
AP 2110 GGCCAAATCGATTCTCAAAA qPCR of ACT1
AP 2161 AACAAACATTTCGCAGGCTA PolII & H3 ChIP in the promoter of GAL2
AP 2162 TATTCTTGATGATAATTGAA PolII & H3 ChIP in the promoter of GAL2
AP 2165 TTCCGACCTGCTTTTATATC PolII & H3 ChIP in the promoter of GAL7
AP 2166 ACAGTGTTCACAAAATAGCC PolII & H3 ChIP in the promoter of GAL7
AP 2190 AGCTGCATAACCACTTTAAC PolII & H3 ChIP in the promoter of GAL1
AP 2191 GACGTTAAAGTATAGAGGTA PolII & H3 ChIP in the promoter of GAL1
AP 2192 GGCATTACCACCATATACAT PolII & H3 ChIP in the promoter of GAL10
AP 2193 GAAAGTTCCAAAGAGAAGGT PolII & H3 ChIP in the promoter of GAL10
AP 2359 CGTTGCTTTAGCTGTTGTT qPCR of GAL1
AP 2360 CTGATCCATACCGCCATT qPCR of GAL1
AP 2361 TTGGCCTGGATGATTCCT qPCR of GAL2
AP 2362 AGCGCCCAAAAGTAAACA qPCR of GAL2
AP 2363 CCCAGTATGGAACAACAAC qPCR of GAL7
AP 2364 CTGATTTGTTTGCCGATTAC qPCR of GAL7
AP 2365 ACCAGAAGCTTTGCAGAA qPCR of GAL10
AP 2366 AAGGTTTGTGTCGTGAGT qPCR of GAL10
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3.2.6. Figures

Figure 1. Topoisomerases are required for transcription of the galactose induced genes. (A) 
Overview of the promoter changes during transcriptional induction of the GAL genes. In raffinose, 
Gal4 is bound to the promoter, which is covered by nucleosomes, at the upstream activation 
sequence (UAS) (left). Gal80 is bound to Gal4, thereby covering its activation domain. When 
galactose is added, Gal3 will bind Gal80. This allows Gal4 to recruit chromatin remodelers which 
removes the nucleosomes from the promoter and allows the RNA polymerase to bind to the GAL 
promoter (GALp) (right).  (B) Experimental setup. α indicates α-factor. (C) mRNA levels of four 
galactose induced genes, GAL1, GAL2, GAL7, and GAL10. The mRNA levels of the indicated genes 
were quantified by qPCR 150 minutes after transfer of cells to inducible conditions (galactose) 
and normalized to the mRNA level obtained in the wild-type at the latest time point (set to 100%). 
Averages from two individual experiments are shown with error bars representing ± one standard 
deviation. Numbers indicate the mean fold increase in wild-type cells.
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Figure 2. Topoisomerases are dispensable for transcription once the promoter has been 
activated. (A) Experimental setup. α indicates α-factor. (B) Time-course experiment of 
transcription of four galactose induced genes. The mRNA levels of the individual genes were 
quantified and normalized to wild type level at the latest time point (set to 100%). The average from 
two individual experiments is shown and error bars represent ± one standard deviation.
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Figure 3. Promoter chromatin remodeling is not affected by lack of topoisomerases. Time-
course experiment with ChIP analysis of nucleosome removal from the promoter of galactose 
induced genes in wild-type and top1Δtop2ts cells following transcriptional activation. Experimental 
setup was as described for Figure 2A. The plot depicts average levels of histone H3 in the promoter 
region. H3 binding levels were normalized relative to the binding under un-induced conditions at 
the 0 min time point (set to 1). Averages from two individual experiments are shown and error bars 
represent ± one standard deviation.
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Figure 4. Topoisomerases are required for RNA polymerase II recruitment. Time-course 
experiment with ChIP analysis of RNA polymerase II enrichment in the promoter of galactose 
induced genes in wild-type and top1Δtop2ts cells following transcriptional activation. Experimental 
setup was as described for Figure 2A. The plot depicts average levels of RNA polymerase II in the 
promoter region. RNA polymerase II binding levels were normalized relative to the binding under 
un-induced conditions at the 0 min time point (set to 1). Averages from two individual experiments 
are shown and error bars represent ± one standard deviation.
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3.3. Additional introduction

3.3.1. Initial and preliminary investigation of a potential correlation between 
topoisomerases and the FACT complex in gene activation

As demonstrated in figure S4 in the paper included in section 2.2, there is an overlap between 
the genes down-regulated in response to lack of topoisomerase, and the genes down-regulated 
in response to lack of Spt16 and Spt6. Thus, we wished to further investigate this functional 
relationship in a more experimental fashion.

In humans the FACT complex is a heterodimer comprised of hSpt16 and SSRP1. The S. cerevisiae 
FACT complex consists of Spt16 and Pob3. While Spt16 is conserved from human to yeast (in fact, 
homologs to Spt16 are found in all eukaryotes) the same is not the case for the other component of 
FACT. POB3 shows some homology to SSRP1, but the SSRP1 protein does contain an additional 
DNA binding domain not found in POB3. However, the DNA binding motif of SSRP1 is similar to 
the DNA binding motif found among members of the HMGB (High Mobility Group Box) family 
of proteins (Wittmeyer, Formosa 1997). Nhp6 is a HMGB protein and together with Pob3 contains 
the same functional domains as the human SSRP1. Thus, in yeast the Spt16-Pob3-Nhp6 complex 
incorporates the same functional domains as the human FACT and Nhp6 has indeed been found 
to support the function of Spt16-Pob3 both in vivo and in vitro (Brewster, Johnston et al. 2001, 
Formosa, Eriksson et al. 2001).

The role of FACT in transcription is supported by a number of studies that have shown both 
decrease and increase in expression levels in strains deficient for components of the FACT complex 
(Malone, Clark et al. 1991, Schlesinger, Formosa 2000, Evans, Brewster et al. 1998, Mason, Struhl 
2003). The function of FACT during transcriptional elongation was discovered by its ability to 
facilitate transcription on a chromatin template in vitro, a feature that was not possibly by the RNA 
polymerase II holoenzyme alone (Orphanides, LeRoy et al. 1998, Orphanides, Wu et al. 1999). 
Spt16 has been shown to interact with the H2A/H2B dimer and Spt6, while SSRP1 has been shown 
to interact with H3/H4 (Sims, Belotserkovskaya et al. 2004, Reinberg, Sims 2006). Spt6 regulates 
chromatin structure in a way similar to Spt16, but interacts with histone H3 (Bortvin, Winston 
1996) and together Spt6 and Spt16 may work collectively to facilitate and maintain the chromatin 
structure during elongation. 

How the RNA polymerase elongates on a chromatin template is still not fully understood. A 
possibility is that the nucleosome is completely disassembled and then re-assembles after the 
polymerase has passed (reviewed in (Lavelle 2007)). However, another possibility is that the 
nucleosome is only partial disassembled to a degree that loosen the DNA enough to allow the 
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polymerase to traverse around the nucleosome. This partial disassembling involves removal of 
at least one H2A/H2B dimer (Reinberg, Sims 2006, Orphanides, Reinberg 2000). It is plausible 
that the H2A/H2B dimer is removed and held by the FACT complex through its interactions with 
hSpt16, while the SSRP1 subunit is attached to the H3/H4 complex still associated with the DNA 
(Reinberg, Sims 2006). This would allow for a fast re-assembly, and positional memory of the 
nucleosome subsequent to polymerase passage.

In recent years, it has been established that besides its role in transcription elongation, FACT is 
also involved in transcription initiation (Formosa 2008, Wittmeyer, Formosa 1997, Biswas, Yu et 
al. 2006, Biswas, Dutta-Biswas et al. 2006). FACT has been found to support binding of TBP to 
the TATA box, and depletion of FACT has been shown to result in transcriptional repression with a 
greater effect on genes with a promoter containing strongly phased nucleosomes (Biswas, Takahata 
et al. 2008, Formosa 2008, Jimeno-Gonzalez, Gomez-Herreros et al. 2006). Furthermore, FACT 
has been implicated in assisting the transition into elongation as some genes accumulate RNA 
polymerase in the promoter relative to the gene body in FACT mutant strans (Schwabish, Struhl 
2004). A study in yeast, where Spt16 was depleted by doxycycline mediated transcriptional shutoff, 
revealed that Spt16 depletion strongly affected the mRNA levels of the GAL1 gene (Jimeno-
Gonzalez, Gomez-Herreros et al. 2006). Furthermore, by using plasmids with the GAL1 promoter 
fused to either the PHO5 or LAC4 (from K. Lactis yeast strain) gene it was demonstrated that the 
transcription of these genes also was affected when Spt16 was depleted. In contrast, no requirement 
for Spt16 was observed when placing the YAT1 gene or the E. coli LacZ gene behind the GAL1 
promoter. Although these genes were placed on a plasmid behind a GAL1 promoter, PHO5 and 
LAC4 still displayed a high degree of nucleosome phasing, as when found in their endogenous 
environment. By MNase digestion it was shown that the nucleosomes did not change phasing 
pattern in the GAL1 promoter following Spt16 depletion, but the nucleosomes were not remodeled 
following galactose addition. In a different study, using the GAL10 promoter (recall the sharing of 
regulatory sites between the GAL1 and GAL10 promoters, figure 1.11), it was demonstrated that 
after temperature inactivation of Spt16, histone loss was still observed in the endogenous GAL10 
promoter (Schwabish, Struhl 2004). While the authors did observe a decrease in RNA polymerase II 
occupancy following Spt16 deactivation, they also noticed an accumulation of RNA polymerase II 
at the 5’ end of the ORF, indicating that the RNA polymerase had difficulties overcoming the initial 
+1 nucleosome in the absence of Spt16.

3.3.2. The HMGB part of FACT

NHP6A (Non-Histone-Protein) and NHP6B are two of the HMGB proteins in S. cerevisiae 
(Bustin 2001). Nhp6a is a highly abundant protein, with approximately 60,000-70,000 copies per 



Chapter 3 - Topoisomerases and the GAL genes

103

haploid cell, which corresponds to one Nhp6a for every nucleosome (Paull, Carey et al. 1996). 
For comparison, cellular concentration of Nhp6b is three to ten times lower than Nhp6a. Nhp6a 
and Nhp6b are small homologous proteins of 93 and 100 amino acids in length, respectively. Both 
proteins are found by ChIP-chip experiments to cluster in the same regions as transcription start 
sites (Mavrich, Ioshikhes et al. 2008). HMGB proteins bind to DNA in a sequence non-specific 
fashion to the minor groove of the DNA and bend it sharply by widening the minor groove and 
thus create a bend towards the major groove. This induces a slight underwinding into the DNA 
(Malarkey, Churchill 2012, Weir, Kraulis et al. 1993).

Yeast cells with disruption of either NHP6A or NHP6B in are viable and show no apparent 
phenotype. In contrast, the double deletion mutant (referred to as nhp6ab) displays a phenotype 
with slow growth at 30°C although the deletions become lethal when grown at 38°C (Costigan, 
Kolodrubetz et al. 1994). While nhp6ab is viable, it shows a synthetic lethality with disruption of 
general transcription factors (TFIIA or TBP) and chromatin remodelers such as SPT16, SWI/SNF, 
SAGA, and FACT complexes   (Stillman 2010). This synthetic lethality is not observed if either of 
the single mutants, nhp6a or nhp6b is used.

Using a LacZ reporter construct, it has been demonstrated that transcriptional activation of GAL1 
and CUP1 is severely hampered in an nhp6ab strain. In contrast, PHO5 transcription levels 
following activation are comparable in both wild type cells and nhp6ab mutant cells (Paull, Carey et 
al. 1996). The authors are furthermore able to determine that the role of Nhp6a and Nhp6b is found 
at the core promoter region, most likely in assembly of the pre-initiation complex. Formation of the 
TBP-TFIIA-TFIIB-DNA complex is thought to be one of the limiting events during transcriptional 
activation. Nhp6a has been shown, in vitro, to facilitate TBP interaction with DNA, an interaction 
which was further stimulated by the presence of TFIIA (Biswas, Imbalzano et al. 2004). In support 
of this, a study has shown that the lethality of nhp6ab at high temperature can be suppressed by 
overexpression of TBP (Yu, Eriksson et al. 2003). Together, this indicates that Nhp6 assists in the 
loading of TBP onto the DNA.

Finally, both Spt16 and Nhp6 have been shown to be required for transcription of the PHO5 gene 
(Ransom, Williams et al. 2009). S. cerevisiae strains carrying a temperature sensitive allele of 
Spt16 are unable to induce PHO5 even after several hours under inducing conditions. Nucleosome 
remodeling is a requirement for PHO5 induction, but in the spt16ts strain under restrictive 
conditions, there is an increase in H2A density but not in H3 occupancy in the PHO5 promoter. 
The authors elegantly explain this observation by suggesting that Spt16 is involved in removing 
the H2A/H2B dimer in order to keep the chromatin structure open, while another still unknown 
factor assists in the replacement of H2A/H2B and that these two factors maintain an equilibrium 
between removal and replacement. In support of Spt16 being involved in removal, but not 



Chapter 3 - Topoisomerases and the GAL genes

104

deposition of H2A/H2B, it is demonstrated that both wild type and spt16ts cells are equally efficient 
in transcriptional repression of PHO5 and chromatin assembly at the promoter. Interestingly, 
the authors demonstrate Nhp6, in contrasts to an earlier study (Paull, Carey et al. 1996), is also 
involved in PHO5 activation, although prolonged exposure to inducible conditions does result in 
~10% activation in an nhp6ab strain. However, the H3 levels in the PHO5 promoter is reduced to 
almost the same extent in nhp6ab, although with a kinetic delay. Since H3/H4 removal is the rate-
limiting step in PHO5 activation (Williams, Truong et al. 2008, Ransom, Williams et al. 2009) this 
highlights a role for Nhp6 in events downstream of chromatin remodeling, such as pre-initiation 
complex assembly in addition to its role in chromatin remodeling. In conclusion, the FACT 
complex, in particular the Spt16 and Nhp6 component of it is involved in many different stages in 
the transcriptional activation of inducible and chromatin regulated genes.

3.4. Additional results and discussion

3.4.1. Spt16 is required for induction of the GAL genes, but not for assembly 
of the pre-initiation complex

The GAL genes are regulated by the presence of galactose and glucose in the media. If glucose 
is abundant, the GAL genes are repressed independent of galactose concentrations. However, if 
glucose is absent, but galactose is present, the GAL genes are induced. The transcriptional activation 
of the GAL genes is regulated by chromatin, with a requirement for nucleosome removal from the 
promoter region in order to be induced as described in 1.1.13.

The transcriptional response to lack of topoisomerases and deactivation of Spt6 or Spt16 is 
surprisingly overlapping (figure S4 in the paper is section 2.2) (Pedersen, Fredsoe et al. 2012). 
Thus, a possibility is that the requirement for either topoisomerases or Spt16 concerning 
transcriptional activation of the GAL genes is similar. Initially, we wanted to test whether it was 
possible to induce the GAL1 or GAL10 genes in spt16ts strain at the non-permissive temperature. 
To this end, we incubated wild type, top1∆top2ts, and spt16ts cells in YP-raffinose at 25°C with 
alpha factor for 1.5 hours to ensure G1 arrest. Then the temperature was raised to 37°C for 15 
minutes for conditional knockout of the temperature sensitive mutants before adding galactose to 
the media. A sample was extracted immediately before addition of galactose, and another sample 
after 90 minutes of incubation. From these samples mRNA was extracted, and the levels of GAL1 
and GAL10 mRNA’s were measure by qPCR. As seen in figure 3.1A, the mRNA levels from the 
top1∆top2ts mutants, as expected, are very low compared to wild type, even after 90 minutes of 
incubation. The mRNA levels measured in the spt16ts mutant are also reduced compared to wild 
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type mRNA levels, although still higher than the mRNA levels observed in top1∆top2ts cells. This 
indicates that Spt16 is involved in the transcriptional activation of the GAL genes.

It has previously been shown that nucleosome removal from the GAL10 promoter is possible in 
the absence of Spt16 (Schwabish, Struhl 2004) and in section 2.2.3, it was shown that nucleosome 
loss also occur independent of topoisomerases. A possibility is that the absence of either Spt16 
or topoisomerases in some way hinders assembly of the pre-initiation complex. In order to 
investigate this, wild type, top1∆top2ts, and spt16ts cells were cultivated in the same way as 
above, but samples were taken for ChIP analysis using an antibody against the Rpb1 subunit of 
RNA polymerase II. As seen in figure 3.1B, after 90 minutes, there is an equal accumulation of 
RNA polymerase II in both wild type and spt16ts cells. In contrast, little enrichment is seen in 
top1∆top2ts cells. This indicates that topoisomerases are required somewhere in the assembly of the 
pre-initiation complex (as discussed in the manuscript above), while Spt16 is required downstream 
from this step. As the RNA polymerase can be recruited to the promoter region in the absence 
of Spt16, it indicates that pre-initiation complex assembly is not dependent on Spt16, but likely 
the removal of the +1 nucleosome in the ORF requires Spt16. Thus, lack of Spt16 may result in 

0

1

2

3

4

5

6

7

GAL2 GAL7 GAL10

RN
A 

po
l l

I o
cc

ua
nc

y 
re

la
�v

e 
to

 T
EL

06
R

wild type top1Δtop2ts spt16ts

0

20

40

60

80

100

120

GAL1 GAL10

Pe
rc

en
ta

ge
 in

du
c�

on

wild type top1Δtop2ts spt16ts

A B

Figure 3.1. Spt16 is required for transcriptional induction of the gal genes but not for pre-
initiation complex assembly.
(A) Wild type, top1Δtop2ts and spt16ts cells were tested for their ability to induce GAL1 and 
GAL10. Samples were collected prior to, and 90 minutes after galactose addition. The increase 
in mRNA levels was calculated relative to the increase in wild type cells. The average from two 
individual experiments are shown with error bars representing +/-1 one standard deviation. (B) 
Wild type, top1Δtop2ts and spt16ts cells were tested for RNA polymerase II accumulation in the 
promoter of GAL1, GAL7, and GAL10. Samples were collected prior to, and 90 minutes after 
galactose addition and subjected to ChIP analysis. The average from two individual experiments are 
shown with error bars representing +/-1 one standard deviation.
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a situation where the RNA holoenzyme is unable to transition into an open complex and start 
elongation because the +1 nucleosome is not removed in the absence of Spt16. 

These results, taken together with the observation from the microarray that many genes display a 
similar response to lack of topoisomerase and lack of Spt16 suggest that topoisomerases and Spt16 
are epistatic concerning transcriptional activation of inducible genes. The genes most affected 
by lack of topoisomerases are characterized by being inducible and regulated by chromatin, 
characteristics that most likely also holds true for genes affected by lack of Spt16. However, 
investigating a potential epitasis between topoisomerases Spt16 in the transcription process will 
probably have to be performed on genes that do not share these features. E.g. transcriptional 
activation of PHO5 or the GAL genes requires topoisomerases and Spt16 is required for activation 
of PHO5 (Ransom, Williams et al. 2009). Thus, any additional effect from removing both 
topoisomerases and Spt16 will be hidden as either is essential for induction. In response to lack 
of topoisomerases ~17% of all genes are down-regulated 2-fold or more, but not all of them are 
regulated by chromatin or are inducible, and the same holds true for genes down-regulated 
in response to lack of Spt16. Accordingly, investigating the transcription of genes for which 
topoisomerases or Spt16 is not essential, in spt16ts, top1Δtop2ts, and spt16tstopΔ1top2ts cells can 
elucidate an epistatic relationship.
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CHAPTER 4

Concluding Remarks

Wrapping it all up
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4.1. The role of topoisomerases in transcription

Transcription is a complicated process, involving a vast amount of factors and steps. In order for a 
cell to thrive and proliferate successfully, a tight and timely control over, which genes are expressed 
in response to physiological stimuli is crucial. This is true for both single celled organisms such 
as yeast, but also in a multicellular organism, where dysfunctional transcriptional control can lead 
to cancer or other diseases (Bywater, Pearson et al. 2013). Indeed, components of the general 
transcription machinery such as transcription factors, RNA polymerase II, Mediator, etc. are all 
targets of chemotherapy (Villicana, Cruz et al. 2014). In this study we sought to investigate the 
role of DNA topoisomerases in transcriptional control. This was done on a genome-wide scale in 
S. cerevisiae by use of transcriptional microarrays and substantiated by in-depth analysis of the 
exact role of topoisomerases in transcriptional activation of the PHO5 gene and the GAL genes. 
DNA topoisomerases are popular targets in cancer treatment (Nitiss 2009, Denny, Baguley 2003, 
Pommier 2006) and consequently knowledge of possible secondary effects of chemotherapeutics 
targeting topoisomerases is required.

Based on data from the transcriptional microarray we find that topoisomerases are required during 
transcriptional activation of genes. This role for topoisomerases is most likely not a direct one, 
but rather is caused by their ability to relax supercoiled DNA. The genes which are most down-
regulated in the absence of topoisomerases and thereby supposedly show the highest sensitivity to 
changes in superhelicity are characterized by being inducible and regulated by chromatin. Thus, 
we tested a range of chromatin regulated, inducible genes for their requirement for topoisomerases 
during transcriptional activation. While few of the genes tested underwent transcriptional activation 
independent of topoisomerases, the majority did display a requirement for topoisomerases. A 
possibility is that the genes down-regulated in response to topoisomerase depletion are located in 
proximity to topological barriers and consequently experience a greater change in superhelicity 
as the supercoils are unable to migrate into flanking areas. An investigation of this demonstrated 
that genes located in proximity of ARS elements do display some differences in their requirement 
for topoisomerases depending on their relative orientation to the ARS in comparison to the 
genomic average. However, most of the investigate elements did not show any strong effect 
on the surrounding genes sin the absence of topoisomerases, indicating that topological strain is 
able to spread from the site of generation without being constrained at several positions along 
the chromosome. As we use G1 arrested cells in our analysis, we eliminate any effect from 
superhelicity generated during replication. Accordingly, most of the change in DNA superhelicity 
following topoisomerase inactivation is generated by transcription, and highly transcribed genes 
might push topological strain into the neighboring genes to an extent that causes down-regulation 
of the immediate neighboring genes depending on gene pair orientation. However, we find no such 
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effect, even when considering gene pairs, where there is a drastic difference in transcription levels 
among the two genes in the pair. That gene pairs do not seem to topological affect each other is 
perhaps not surprising. If transcription from a gene would have an effect on the neighboring 
gene, there would likely be an evolutionary enrichment for a certain orientation within gene pairs. 
In our analysis the number of divergent, convergent, and tandem genes is 25%, 27%, and 48%, 
respectively. Thus, the orientation of genes seems to be completely random, when considering that 
tandem genes can exist in two possible configurations and thus should constitute 2/4 of all gene 
pairs. Furthermore, strong neighbor effect would require simultaneous transcription of both genes in 
a gene pair. However, a study that measured the mRNA copy number of the 65 genes on the left arm 
of chromosome III in yeast found 0.001 – 17 transcripts per cell, with a majority of genes having 
only a single copy per cell (Holland 2002). This indicates that at least for constitutively expressed 
genes, a simultaneous transcription event is highly unlikely.

The experimental data invokes a model, where chromatin is permissive for transcription elongation 
in the absence of active superhelical stress removal by DNA topoisomerases, and where DNA 
superhelicity can dissipate away from active transcription units, in part through chiral transition 
of nuclesomes (figure. 4.1A, B). The absence of neighbor-effects (figure 2.5) indicates that 
superhelical strain dissipates from the highly transcribed genes into flanking regions without 
affecting the less transcribed genes in their immediate vicinity (figure. 4.1B). Additionally, it has 
been demonstrated that genes located within ~50 kb from the telomeric end gradually escape from 
the transcriptional down-regulation caused by lack of topoisomerases (Joshi, Pina et al. 2010). This 
indicates that excess superhelical strain can be relieved by rotation of the free chromosomal ends, 
and thus superhelical strain is able to move over huge distances in the genome. Even though we find 
some evidence for topological barriers (ARS elements) they are not able to be regarded as complete 
topological insulators. A possibility is that such barriers can still facilitate topological strain, but is 
will do so in a much slower fashion relative to chromatin. Thus, instead of demarcating the genome 
into topological domains as demonstrated in E. coli and human cells (Postow, Hardy et al. 2004, 
Dixon, Selvaraj et al. 2012) topological barriers may instead act as slow-zones for the spreading of 
superhelical strain in yeast.

In cells lacking topoisomerase activity, excess strain is generated by transcription but dissipates into 
flanking regions of the genome. Both by using a genomic approach, and by single-gene analysis 
we find that the genes most sensitive to topoisomerase deficiency are characterized by being 
inducible and regulated by chromatin. Furthermore, these genes are affected at the activation level, 
where topoisomerases become dispensable during elongation. Thus, the changes to superhelicity 
following topoisomerase inactivation have an impact on promoters as seen in the case of PHO5 and 
the GAL genes. In the chromatin context, changes in steady-state superhelical levels at promoters 



Chapter 4 - Concluding remarks

110

Nucleosome
assembly/disassembly

Nucleosome
phasing

Nucleosome
Interactions/

chromatin folding

Transcribing RNA Polymerase

+---- + + +

G
en

er
at

io
n

D
is

si
pa

tio
n

E
ffe

ct

Active transcription/
supercoil generation Promoter effect

Global changes in superhelicity

Topoisom
erase I and II w

ork redundantly to m
aintain superhelical levels

required to keep the genom
e in a state com

petent for transciption activation
A

B

C

Figure 4.1. Model illustrating the need for topoisomerases in transcription activation.
(A) Waves of positive and negative DNA supercoils are generated in front of and behind the moving 
RNA polymerase, respectively in accordance with the Twin-Supercoiled-Domain-Model. (B) If not 
removed by topoisomerases the generated supercoils dissipate along the chromatin fiber away from 
their point of origin, adding to a global change in net superhelicity, which affects bulk transcription 
activation. (C) The global change will furthermore result in perturbation of chromatin-regulated 
promoters, affecting activation of this subgroup of genes, possibly by influencing the nucleosome 
assembly/disassembly equilibrium, nucleosome phasing, the function of remodelers, or folding of 
the chromatin fiber to sterically hinder/allow access of remodelers and transcription factors.
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could affect the function of chromatin remodeling factors (Gavin, Horn et al. 2001, Havas, Flaus 
et al. 2000, Lia, Praly et al. 2006). Additionally, changes in superhelicity may perturb promoter 
nucleosomal assembly/disassembly equilibria (Boeger, Griesenbeck et al. 2003) or cause changes 
in the phasing of nucleosomes, thus masking or exposing certain transcription factor binding 
sites leading to both up- and down-regulation (Fig. 4.1C). In conclusion, our studies suggest that 
topoisomerases are required to maintain genomic superhelicity at levels, which allow efficient and 
optimal transcriptional activation of genes.
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CHAPTER 5

Appendices

This chapter contains information that was left out of the main chapters. 
This includes a list of primers and strains used in this thesis. Additionally, one 
manuscript and one published paper are included.
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5.1. Strains used

Strain Genotype Source
Ay-107 top2-1ts sgs1::TRP1 This study
Ay-109 top2-1ts top1::nat(R) This study
Ay-120 Wild type R. Rothstein (W303)
Ay-127 top2-1ts R. Sternglanz
Ay-161 top1::nat(R) This study
Ay-335 bar1::LEU2 PHO4:GFP:HIS Gift from J. Tyler
Ay-351 pho80::HPH(R) This study
Ay-352 top2-1ts top1::nat(R) pho80::HPH(R) This study
Ay-364 YEpTOPA pGDP (TRP) This study, plasmid from J. Roca
Ay-365 top2-1ts top1::nat(R) + YEpTOPA pGDP (TRP) This study, plasmid from J. Roca
Ay-373 pST77 [GyrAGyrB pGAL1 (URA3)] This study, plasmid from J. Roca
Ay-374 top2-1ts top1::nat(R) + pST77 [GyrAGyrB pGAL1 (URA3)] This study, plasmid from J. Roca
Ay-377 PHO4:GFP:HIS top1::nat(R) top2-1ts This study
Ay-383 PHO4-cMyc:TRP This study
Ay-384 PHO4:cMyc:TRP top1::nat(R) top2-1ts This study
Ay-408 vtc1::KanMX6 This study
Ay-409 top2-1ts top1::nat(R) vtc1::KanMX This study
Ay-410 vtc4::KanMX6 This study
Ay-411 top2-1ts top1::nat(R) vtc4::KanMX This study
Ay-448  RAD52-YFP RFA1-8ala-CFP fob1::URA3 This study
Ay-449 sgs1::TRP1 top2-1ts RAD52-YFP RFA1-8ala-CFP fob1::URA3 This study

All strains used in this study are isogenic derivatives of W303a and are ade2-1 trp1-1 his3-11 his3-
15 ura3-1 leu2-3 leu2-112 can1-100 in addition to any other mutations. All mutants were obtained 
using standard yeast genetics.
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5.2. Primers used

Name Sequence Purpose
AP 166 CTCGCGAAGAATTCACAAGAG qPCR of GAL1
AP 167 CATCAAGGCACCAAATTGC qPCR of GAL1
AP 473 TTGAGGGTACGGAGATTATGGT qPCR of GAL10
AP 474 TGGCTTAGCATTTTCATCCAC qPCR of GAL10
AP 487 CACCAACTGTTTGGCTCCAT qPCR of TDH1 (normalization)
AP 488 TAGCAGCACCGGTAGAGGAT qPCR of TDH1 (normalization)
AP 1181 GGCCGTAAAAAGGGTCTTTC qPCR of GAL2
AP 1182 TCTCAAGTGCTTTGGAGCAA qPCR of GAL2
AP 1375 AGGGTGCAGAAGGAACAGAA qPCR of ESC1
AP 1376 CGGACTCATCGTCAACTGAA qPCR of ESC1
AP 1640 CTTGGGACTACGATGCCAAT qPCR of PHO5
AP 1641 ACTTCAAATGCACACCACGA qPCR of PHO5

AP 1816 CGCTTATATACGTTTCATTTC H3 ChIP in the PHO5 promoter 
(Nucleosome -1 and -2)

AP 1817 CAATCTCTAAATGAATCGATAC H3 ChIP in the PHO5 promoter 
(Nucleosome -1 and -2)

AP 1818 GCTTACATGAGAAAACATTAAAG H3 ChIP in the PHO5 promoter 
(Nucleosome -3 and -4)

AP 1819 GTAGCTCGCTACAATAATAATG H3 ChIP in the PHO5 promoter 
(Nucleosome -3 and -4)

AP 1820 CCATAATGCCTCCTATATTTAGCCTTT H3 ChIP in TEL06R (normalization)
AP 1821 TCCGAACGCTATTCCAGAAAGT H3 ChIP in TEL06R (normalization)

AP 1963 TCTGCAAGCTATCATAAGACGAGGATATCCTTTGGAGACTCA-
TAGAAATCCGGATCCCCGGGTTAATTAA Deletion of PHO80

AP 1964 TTAATTTTGCTCAATCATGATTGCTTTCATAATACCCCACGA-
AAAATCAGCGCGTTGGCCATTCATTA Deletion of PHO80

AP 1965 GAATGAGGCGAACGTGCTTG Verification of PHO80 deletion
AP 1966 CCCGCGGAATGATTCTGTAG Verification of PHO80 deletion
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 Pho4 ChIP in the GAL1/10 promoter 
(normalization)

AP 2000 GACGCACGGAGGAGAGTCTT Pho4 ChIP in the GAL1/10 promoter 
(normalization)

AP 2040 AAGAGGAAAACCAAGGATCAGATGTTTCGTTCAATGAAGAG-
GATCGTACGCTGCAGGTCGAC C-terminal tagging of Pho4

AP 2041 TAAACATATAAAAAGAATGGCGCTTTCTCTGGATAAATATTA-
TATCGATGAATTCGAGCTCG C-terminal tagging of Pho4

AP 2055 AACAGTCAAGAGAACCACAACAGCAGTGAG Verification of C-terminal tagging of 
Pho4

AP 2056 AATCTTCCAACTGATCAGTGACTTCTTCCT Verification of C-terminal tagging of 
Pho4
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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)
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 H3 ChIP in the promoter of ADH2
AP 2151 GGTAAAGCTATAGCATGCCT H3 ChIP in the promoter of ADH2
AP 2157 AAACATTTTCCTTTTATTTG H3 ChIP in the promoter of CHA1
AP 2158 ACTGAGTGTCATTAAATAGT H3 ChIP in the promoter of CHA1
AP 2161 AACAAACATTTCGCAGGCTA H3 ChIP in the promoter of GAL2
AP 2162 TATTCTTGATGATAATTGAA H3 ChIP in the promoter of GAL2
AP 2165 TTCCGACCTGCTTTTATATC H3 ChIP in the promoter of GAL7
AP 2166 ACAGTGTTCACAAAATAGCC H3 ChIP in the promoter of GAL7
AP 2167 CGACAACAGAACAAGCCAAA H3 ChIP in the promoter of INO1
AP 2168 TATCTTCATCCTTCTTTCCC H3 ChIP in the promoter of INO1
AP 2169 TTAGCAAAACATCAGCGCTT H3 ChIP in the promoter of PHO5
AP 2170 CGCACATGCCAAATTATCAA H3 ChIP in the promoter of PHO5
AP 2173 TCATAGATGAGGTCGGTTAA H3 ChIP in the promoter of PHO84
AP 2174 GGCTTTCCTTATCCCTCTTC H3 ChIP in the promoter of PHO84
AP 2175 TGTGCGTGTGTGTATGTTTC H3 ChIP in the promoter of PHM2
AP 2176 TGGCTTAATACAACACAGTG H3 ChIP in the promoter of PHM2
AP 2177 TGTAAAACTGCAAGACGGTA H3 ChIP in the promoter of PHM4
AP 2178 CTCTTGCCATTCTATCCGAA H3 ChIP in the promoter of PHM4
AP 2179 GTAACATTATAGGGCAGAAC H3 ChIP in the promoter of PHM6
AP 2181 CCCGTCCTAACCTATCCGAA H3 ChIP in the promoter of PHM6
AP 2182 CCCGTATGCTGATATGTAAA H3 ChIP in the promoter of PHO8
AP 2183 GTAGAGGAAAAGTAAAGGGA H3 ChIP in the promoter of PHO8
AP 2184 TTATAAGTTGGAGATGCCCG H3 ChIP in the promoter of ADH2
AP 2185 AACGGCTTTCGCTCATAAAA H3 ChIP in the promoter of ADH2
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AP 2186 CTGTCGCATCACCAAAAAAA H3 ChIP in the promoter of ADY1
AP 2187 TTTTTTCTCTCTCCTTCGAC H3 ChIP in the promoter of ADY1
AP 2188 GTCCAAAGTAAAGGGGCAAG H3 ChIP in the promoter of YAT1
AP 2189 CTGATGCTGATGTTGTGCTA H3 ChIP in the promoter of YAT1
AP 2190 AGCTGCATAACCACTTTAAC H3 ChIP in the promoter of GAL1
AP 2191 GACGTTAAAGTATAGAGGTA H3 ChIP in the promoter of GAL1
AP 2192 GGCATTACCACCATATACAT H3 ChIP in the promoter of GAL10
AP 2193 GAAAGTTCCAAAGAGAAGGT H3 ChIP in the promoter of GAL10

AP 2265 CTACATTATCGAATACGATTAAACACTACGCCAGATTTCCACA-
ATCGGATCCCCGGGTTAATTAA Deletion of VTC1 (PHM4)

AP 2266 ACAGTTTGTGCGTAACCCACGCTTACGATATTGGAATTACA-
ATTGCGCGTTGGCCATTCATTA Deletion of VTC1 (PHM4)

AP 2267 AACAATCAAATCGGCCAATAAAAGAGCATAACAAGGCAG-
GAACAGCTCGGATCCCCGGGTTAATTAA Deletion of VTC4 (PHM3)

AP 2268 ATGATTATTACTTAATTATACAGTAAAAAAAACACGCTGT-
GTATGCGCGTTGGCCATTCATTA Deletion of VTC4 (PHM3)

AP 2272 TTTCACTTATCCTAAATAATTTACA Verification of VTC1 deletion
AP 2273 CCATCTTTTGGCGCCTTAAGCGGTA Verification of VTC1 deletion
AP 2274 TAATTGTCATACGCATTGTTATAC Verification of VTC4 deletion
AP 2275 GGTGAGCATTCCAGATTGTTTGGA Verification of VTC4 deletion
AP 2277 ATATCATTGTACCCATGGCAACA Verification of VTC1 deletion
AP 2278 TGGCAATATCATATAGTTGGGAA Verification of VTC4 deletion

AP 2302 TACCGGCGCACTCTCGCCCGAACGACCTCAAAATGTCTGCCG-
GATCCCCGGGTTAATTAA Deletion of GAL80

AP 2303 CATGCACGAAAAAGGGAAATTTAAAACTAGTTAGGTAAACGCG-
CGTTGGCCGATTCATTA Deletion of GAL80

AP 2304 TCAATACGGCAGCCGTTGTC Testing deletion of GAL80
AP 2305 CTATCACTATCATATCTATA Testing negative deletion of GAL80
AP 2324 GGCTGTACCTTTGTTTTC qPCR of GAL7
AP 2325 CCCCAATCATAATCTAACCA qPCR of GAL7

AP 2330 CTGAACAAGTCTCTATAAAT ChIP of Rfa1 at RFB sites in the 
rDNA

AP 2331 ACTCTTACACACTATCATCC ChIP of Rfa1 at RFB sites in the 
rDNA

AP 2332 AGCATTTCAGAGCCTTCTTT ChIP of Rfa1 at ARS305 
(normalization)

AP 2333 ACCGGACAGTACATGAAACT ChIP of Rfa1 at ARS305 
(normalization)

AP 2359 CGTTGCTTTAGCTGTTGTT qPCR of GAL1
AP 2360 CTGATCCATACCGCCATT qPCR of GAL1
AP 2361 TTGGCCTGGATGATTCCT qPCR of GAL2
AP 2362 AGCGCCCAAAAGTAAACA qPCR of GAL2
AP 2363 CCCAGTATGGAACAACAAC qPCR of GAL7
AP 2364 CTGATTTGTTTGCCGATTAC qPCR of GAL7
AP 2365 ACCAGAAGCTTTGCAGAA qPCR of GAL10
AP 2366 AAGGTTTGTGTCGTGAGT qPCR of GAL10
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5.3. Top2 and Sgs1/Top3 act redundantly in rDNA replication 
termination

5.3.1. Preface

In order for an organism to successfully proliferate, it must create a copy of its DNA. The final step 
in DNA replication is the termination, where two replication forks coming from opposite directions 
converge to produce two fully replicated sister chromatids. Part of the replication process requires 
the DNA strands to be separated and consequently superhelical strain will be generated in front of 
the elongating replication machinery. If not removed, this strain can potentially build up and prevent 
successful termination. 

In S. cerevisiae the genes encoding the ribosomal DNA are located in a cluster of 100-200 copies 
on chromosome XII in a structure called the nucleolus. Each copy holds an ARS elements and two 
divergent genes encoding for the 35S and 5S rRNA, respectively. The ARS is located between 
the two rDNA genes, and in order to avoid collision between the replication complex and the 
transcription machinery transcribing the 35S gene, a replication fork barrier (RFB) region is located 
in such a way that replication will be blacked at the RFB in front of the 35S gene. The Fob1 protein 
is bound at the RFB, enforcing unidirectional replication. 

In this study Top2 and Sgs1/Top3 are found to act in two redundant pathways dealing with the 
topological consequences of replication termination. In strains deficient for both pathways (either 
sgs1Δtop2ts or top2tstop3ts) bulk DNA synthesis can take place, but problems are encountered in 
terminating replication at the rDNA locus. However, these problems are abolished in stains lacking 
Fob1 indicating that it is termination at the RFB that is deficient. The results from this work 
was formulated into the manuscript “Top2 and Sgs1/Top3 act redundantly in rDNA replication 
termination”, which was submitted to the journal PLoS genetics. After going through peer review, 
referees raised some questions which had to be addressed before resubmission of the paper. Some of 
these dealt with the nature of the replication termination structure around the RFB site, in particular, 
if abnormal amounts of single-stranded DNA and thereby RPA (Replication protein A, a single 
stranded binding protein) was found around RFB.

My contributions to this work was in performing ChIP against the RPA subunit Rfa1 in order to 
assess the level of single-stranded DNA around the RFB region. Furthermore, I constructed wild 
type and sgs1Δtop2ts strains having a deletion of Fob1 and at the same time Rad52 and Rfa1 fused 
to YFP and CFP, respectively. These strains were used in a microscopy study where the amount of 
Rfa1 and Rad52 foci was counted.
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Abstract

Faithful replication termination is essential for genome stability and transmission of genetic 
information, but this process has so far received very little attention. Here we present evidence 
for an action of Top2 and Sgs1/Top3 in two separate, but redundant pathways during termination 
of replication in the rDNA locus in Saccharomyces cerevisiae. In the absence of both pathways, 
bulk DNA synthesis takes place, but chromosome XII, holding the rDNA locus, never completes 
replication and displays an altered structure. As a result of this, sgs1∆top2ts as well as top2tstop3ts 
cells activate the checkpoint kinase Rad53 in late S/G2 independent of chromosome segregation 
and homologous recombination. Loss of the Fob1 replication fork barrier protein abolishes 
checkpoint activation and formation of impaired termination structures. The results demonstrate that 
checkpoint activating end products are generated at the rDNA locus, when the moving replication 
fork approaches the fork stalled at RFB in the absence of Top2 and Sgs1/Top3. This is the first 
in vivo evidence that either topoisomerase II or a RecQ helicase in concert with topoisomerase III 
ensure resolution of replicating chromatids in a eukaryotic organism.
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Author Summary

Replication termination is the final step of the replication process, where the two replication forks 
converge to form fully replicated sister chromatids. During this process topological strain in the 
form of DNA overwinding is generated between forks, and if not removed this strain will inhibit 
replication of the remaining DNA and thus faithful termination. In this study, we demonstrate 
that the cell has two redundant pathways to overcome this problem, one involving Top2 and the 
other involving the RecQ helicase Sgs1, in concert with Top3. In the absence of both pathways 
a checkpoint is activated in late S/G2 phase due to formation of impaired replication termination 
products in the rDNA locus. Our data leads to a model explaining the functions of the individual 
enzymes as well as why two redundant pathways are required at the rDNA locus, when only the 
pathway involving Top2 is required outside this locus. 
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Introduction

Replication termination is the final step in the replication process, where two replication forks 
coming from opposite directions converge to form two fully replicated sister chromatids. The 
process is essential for correct transmission of the genetic information to the next generation, but 
it has so far attracted very little attention in eukaryotes. In E. coli termination occurs at defined 
termination regions, where several TER sites bound by the Tus protein stall replication forks 
coming from one direction and thereby results in a polar mode of termination [1]. Similar modes of 
termination are seen at the Replication Fork Barrier (RFB) and Replication Termination Sequence 
1 (RTS1) located in the rDNA locus in S. cerevisiae and the mating type locus in S. pombe, 
respectively  [2,3]. 

Recently, the identification of 71 termination regions (TERs) outside the rDNA locus in the S. 
cerevisiae genome has been reported as one of the first large-scale studies performed on this 
subject in eukaryotes [4]. A common theme to the sequences at the identified TERs is that they 
contain fork pausing elements and that the Rrm3 protein assists fork progression through these 
zones. Furthermore, DNA topoisomerase II locates to the TERs during the S and G2/M phases 
and prevents DNA breaks and genome rearrangements. In top2ts cells unreplicated regions of ~1 
kb appear at TERs, albeit transiently, suggesting that topoisomerase II plays a role in replication 
termination, and that forks terminate by other, less controlled means in topoisomerase II deficient 
cells.

Over the years several studies have implicated a role of topoisomerase II in replication termination. 
Studies of the circular viral SV40 genome and the yeast-borne 2µ plasmid reported incomplete 
replication with nascent strands containing smaller or larger gaps upon inhibition of topoisomerase 
II activity [5,6,7,8]. Based on these early studies a model was presented, where positive 
supercoiling accumulates between converging forks, leading to a rotation of the replisomes and 
formation of precatenanes behind the forks. These precatenanes, which exclusively are substrates 
for topoisomerase II, will give rise to genuine catenanes following termination in the absence of 
topoisomerase II activity is absent  [9]. 

The RTR complex, which in S. cerevisiae consists of the RecQ helicase, Sgs1, topoisomerase III 
and the Rmi1 protein has mainly been studied in relation to its role downstream of homologous 
recombination (HR) [10,11,12], where studies have provided evidence that the complex is involved 
in dissolution of double Holliday Junctions (dHJ) in a non-crossover process [13]. In this process 
Sgs1 is thought to disrupt local annealing between parental and nascent strands, thereby forming 
a hemicatenane, which can be decatenated by topoisomerase III [11,13]. However, based on early 
results demonstrating an interaction between Sgs1 and topoisomerase II, as well as a chromosomal 
missegregation phenotype of sgs1∆ cells, components of the RTR complex have been proposed to 
play a role also during late stages of replication [14]. In support of this, Marians and co-workers 
have more recently demonstrated that RecQ and topoisomerase III from E. coli in collaboration 
with the single-stranded DNA-binding protein SSB can perform the resolution of a synthetic 
termination substrate in vitro [15]. The RecQ enzyme here unwinds the parental duplex DNA region 
between two stalled replication forks, while topoisomerase III simultaneously decatenates the 
resulting catenated strands, leading to gapped, but untangled termination regions. In line with this, 
Hickson and co-workers have reported that the BLM/TOP3/RMI1 complex localizes specifically to 
ultrafine DNA structures, the so-called anaphase bridges, in the M phase of human cells. It has been 
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speculated that these bridges represent late replication intermediates that are resolved by the BLM/
TOP3/RMI1 complex [16,17,18]. Together, these data indicate that RecQ helicases in concert with 
topoisomerase III play a role in late stages of replication or just prior to chromosome segregation 
besides their well-established role in the resolution of recombination structures. 

Our aim with the present study has been to investigate if S. cerevisiae topoisomerase II (Top2) 
and Sgs1/Top3 act redundantly in vivo during late stages of replication to ensure resolution of 
replicating chromatids. Our findings demonstrate that they do, but their redundant function in this 
process is restricted to the rDNA locus. To our knowledge this is the first in vivo evidence that either 
topoisomerase II or a RecQ helicase in concert with topoisomerase III can perform this reaction in 
a eukaryotic organism. Based on our observations we present a model, where two pathways ensure 
resolution of replicating chromatids at RFB in the rDNA, but not outside this locus. 
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Results
Sgs1 or Top2 is required to complete replication of chromosome XII 

To investigate if loss of Sgs1 and Top2 activity affects replication, pulsed-field gel electrophoresis 
(PFGE) was used to visualize the fate of the individual chromosomes during replication. PFGE has 
earlier been used to demonstrate replication abnormalities in yeast, as DNA structures associated 
with replication prevent gel entrance of incompletely replicated chromosomes [19,20]. Yeast cells 
were grown at 25°C, synchronized in the G1 phase of the cell cycle with α-factor and released 
into the S-phase, where samples were withdrawn at different time points and processed for PFGE 
as illustrated in the experimental setup presented in Figure 1A. Release into S phase was at 34°C, 
the restrictive temperature for the top2ts mutant, and in the presence of nocodazole, which prevents 
the cells from entering mitosis by inhibiting microtubule polymerization. Figure 1B (upper panels) 
shows the migration of chromosomes purified from Wt, sgs1∆, top2ts and sgs1∆top2ts cells at 
the indicated time points after α-factor release. For all strains a decrease in the intensity of the 
individual chromosomal bands is seen around 40 minutes due to active replication. However, at 
60 minutes the intensity of the bands has increased, demonstrating completion of replication. Bulk 
chromosomal replication thus occurs with the same timing in all strains, as confirmed by FACS 
analyses (Figure 1B, lower panels), indicating that none of the strains experience any overall defect 
in replication. However, in the sgs1∆top2ts cells chromosome XII (chr. XII), which holds the rDNA 
locus, never reenters the gel after replication as confirmed by Southern blotting with an rDNA 
specific probe (Figure 1B, middle panels). This suggests that chr. XII contains unsolved or aberrant 
replication structures in the sgs1∆top2ts cells. The Southern blot illustrating the fate of chr. II during 
replication in the four strains further supports that accumulation of such DNA structures is unique 
to chr. XII (Figure 1B, middle panels. Thus, although bulk DNA synthesis seems to occur without 
major problems in sgs1∆top2ts cells, either Sgs1 or Top2 is required to complete replication of chr. 
XII. In support of this redundant nature of Sgs1 and Top2 we find that sgs1∆top2ts cells display a 
prolonged doubling time relative to the single mutants, when kept at a semipermissive temperature 
for the top2ts mutant (Figure S1).

Lack of Top2 and Sgs1/Top3 leads to robust checkpoint activation in late S/G2

Replicative stress and perturbations leading to replication fork stalling often activates the S phase 
checkpoint pathway, which coordinates replication, repair, and cell cycling [21]. The Rad53 
kinase is essential to this pathway and becomes phosphorylated, when the pathway is activated. To 
investigate if faulty replication of chr. XII activates Rad53 in sgs1∆top2ts cells, we monitored Rad53 
autophosphorylation in both single and double mutants using the In Situ Autophosphorylation 
(ISA) assay, which takes advantage of the autophosphorylation activity of Rad53, when it has 
been primed by upstream kinases [22]. The experimental setup is as shown in Figure 1A with 
omission of nocodazole unless otherwise stated. In the top2ts mutant checkpoint activation is seen 
120 minutes after release from α-factor, when chromosome segregation takes place (Figure 2A), 
in accordance with the previously identified function of Top2 in this process [23,24]. Consistent 
with this, no checkpoint activation is seen, when chromosome segregation is prevented in top2ts 
cells by nocodazole treatment (Figure 2B). Interestingly, as the only strain the sgs1∆top2ts double 
mutant shows robust checkpoint activation already 60 minutes after release into the S phase (Figure 
2A). This checkpoint activation is also apparent in nocodazole arrested cells (Figure 2B) and is thus 
independent of chromosome segregation. A comparison of the timing of checkpoint activation and 
cell cycle progression according to FACS analyses reveals that checkpoint activation occurs in late 
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S/G2, where bulk DNA synthesis has already taken place. The result therefore suggests that the 
DNA structures causing checkpoint activation are generated during late S/G2 rather than during 
early phases of replication. 

To investigate if the function of Sgs1 in late S/G2 is mediated by Sgs1 alone or by the RTR-
complex, where Sgs1 acts in concert with Top3 and Rmi1, we investigated checkpoint activation 
in a strain having temperature sensitive mutations in both TOP2 and TOP3. top2tstop3ts cells were 
treated as in Figure 1A except that cells were released into S phase at 37°C, which is a restrictive 
temperature for both top2ts and top3ts. top2tstop3ts cells show robust checkpoint activation 80 
minutes after release into S phase, which is the time for completion of bulk DNA synthesis in this 
strain (Figure 2C). Top3 is therefore equally important as Sgs1 in cells lacking Top2, demonstrating 
that not only Sgs1 but the whole RTR-complex plays a role in late S/G2. 

Late S/G2 checkpoint activation depends on Fob1 but is independent of homologous recombination  

A major part of budding yeast chr. XII is made up of the rDNA locus, consisting of 100-200 repeats 
of a 9.1 kb unit holding the 35S and 5S rRNA genes (Figure 3A). The rDNA locus differentiates 
chr. XII from the remaining chromosomes and could thus be an obvious cause of the alterations 
observed in the chromosome in sgs1∆top2ts cells. Each repeat holds a replication origin (ARS) and 
a replication fork barrier (RFB) sequence, where the latter forms a unidirectional replication fork 
block, when bound by the Fob1 protein. This block specifically stalls replication forks coming from 
the direction of the 5S rRNA gene without eliciting a checkpoint response [25] and inhibits head-on 
collision between replication and transcription of the 35S rRNA gene [26]. Stalling of the leftward 
moving fork at RFB also ensures that replication terminates within this region. To address if the 
problem experienced in sgs1∆top2ts cells is connected to Fob1-mediated unidirectional replication, 
we investigated the checkpoint response of a fob1∆sgs1∆top2ts triple mutant using the ISA assay 
and the experimental setup presented in Figure 1A. As seen in Figure 3B, Rad53 activation is 
reduced to near background levels in fob1∆sgs1∆top2ts cells, demonstrating that the checkpoint 
activating DNA structure generated in the rDNA in the absence of Sgs1 and Top2 is dependent on 
Fob1 binding at the RFB.    

The rDNA locus has previously been demonstrated to be highly recombinogenic with 
recombination hot spots located close to the RFB [27]. Furthermore, increased recombination 
activity has been observed within this locus both in sgs1∆ cells and top2ts mutants kept at 
semipermissive conditions [19,28]. Since, one of the important functions of Sgs1 is to dissolve dHJs 
downstream of HR [29] we wanted to exclude the possibility that checkpoint activation simply 
occurs due to increased levels of HR in top2ts cells, which require Sgs1 for dissolution. We therefore 
deleted RAD52 in the sgs1∆top2ts strain, and investigated the rad52∆sgs1∆top2ts triple mutant for 
checkpoint activation using the ISA assay (Figure 3C). A robust checkpoint activation is seen in 
the triple mutant with the same timing as in sgs1∆top2ts cells despite the fact that the growth of 
this mutant is hampered. Thus, the checkpoint activating structures are formed independent of 
HR and are thus not caused by unsolved recombination structures in the rDNA. Mus81 acts in a 
pathway parallel to Sgs1 downstream of HR. The observation that mus81∆top2ts cells do not show 
checkpoint activation (Figure S2) further strengthens that checkpoint activation is not caused by a 
bottleneck in dHJ resolution. 

Late S/G2 checkpoint activation is caused by X-like DNA structures
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In order to visualize any aberrant DNA structure, which may account for checkpoint activation 
in sgs1∆top2ts cells, we next used neutral-neutral two-dimensional (2D) gel electrophoresis to 
visualize replication products generated at the rDNA locus. sgs1∆top2ts and control strains were 
treated as described in Figure 1A, and cells were taken at the indicated time points and further 
processed for 2D gel electrophoresis. The position of the probe used in the Southern blot as well as 
the BglII restriction sites used for generation of a DNA fragment with the RFB site centrally located 
are indicated in Figure 3A, and a schematic drawing of the migration of the individual replication 
structures in 2D gels is shown in Figure 4A. 

40 minutes after release from α-factor, active rDNA replication occurs in all strains as demonstrated 
by formation of single and double Y-structures as well as structures generated due to replication 
fork blockage and convergence at the RFB (Figure 4B). 60 minutes after α-factor release 
replication termination has occurred at most rDNA repeats in Wt and single mutants as reflected 
by the disappearance of the majority of replication intermediates. However, in sgs1∆top2ts cells 
a remarkable accumulation of X-like DNA structures has taken place at this time point, which is 
coincident with the timing of checkpoint activation. Similar structures have been observed in 
several studies both at the rDNA locus [30,31,32,33] and in other chromosomal regions [4,33]. 
The exact nature of these structures remains elusive, but besides HJs [34], both hemicatenanes 
[35] and structures generated during impaired termination have been suggested to migrate at 
this position in 2D gels [36]. The timing and specific accumulation of these DNA structures in 
sgs1∆top2ts cells strongly suggest that they are causative of late S/G2 checkpoint activation in these 
cells. To gain further support for this, we looked at the accumulation of X-like DNA structures 
in the fob1∆sgs1∆top2ts and rad52∆sgs1∆top2ts strains. As seen in Figure 4C, a drastic reduction 
in the amount of these structures is observed in fob1∆sgs1∆top2ts cells. Thus, like checkpoint 
activation, formation of the DNA structures seems to be dependent on Fob1 binding at RFB 
and Fob1-mediated replication fork blockage. Furthermore, X-like structures still accumulate 
in rad52∆sgs1∆top2ts cells with a timing corresponding to the timing for bulk DNA synthesis in 
this strain (Figure 4D). The X-like DNA structures formed in sgs1∆top2ts cells are therefore not 
recombination structures, consistent with the HR independent nature of the observed checkpoint 
activation. Taken together, the data strongly suggest that it is the X-like DNA structures, which 
cause checkpoint activation

From the migration in the 2D gel we anticipate that the accumulating DNA structures represent 
DNA, which has gone through complete or near complete replication. Since the structures are Fob1 
dependent, we find it likely that they represent impaired replication termination structures, which 
are formed, when the rightward moving replication fork progresses towards the fork stalled at the 
Fob1 bound RFB in the absence of Top2 and Sgs1/Top3. Given this nature, they will hereafter be 
referred to as impaired replication termination (IRT)-structures.

Once formed the IRT-structures are resistant to Top2 activity

To investigate, whether the IRT-structures formed in sgs1∆top2ts cells are substrates for Top2, the 
experiment outlined in Figure 5A was performed, where Top2 activity was regained in sgs1∆top2ts 
cells at different time points by shifting cells from 34°C to 25°C. In cultures kept at 34°C for 80 
minutes without reactivation of Top2, the IRT-structures are still present 80 minutes after α-factor 
release (Figure 5B, first row). When Top2 is reactivated 40 minutes after α-factor release, formation 
of the IRT-structures is prevented (second row). However, reactivation of Top2 60 minutes after 
α-factor release, where excessive amounts of IRT-structures already exist, does not lead to a 



Chapter 5 - Appendices

127

resolution of the structures (third row). Thus, although Top2 can prevent formation of the IRT-
structures, once formed, they are resistant to Top2 and therefore do not have a topological structure, 
which is recognized and processed by Top2.

IRT structures contain single stranded DNA and recruit HR proteins.

It is well established that excessive amounts of single stranded DNA (ssDNA) coated with the 
ssDNA binding protein RPA is a signal for activation of a checkpoint response [37,38]. Hence, 
to investigate if sgs1∆top2ts cells form ssDNA beyond the levels spontaneously generated during 
replication we next performed fluorescence microscopy studies with cells having the large 
subunit of RPA tagged with CFP (Rfa1-CFP). The cells furthermore had Nop1, a marker for the 
nucleolus [39], tagged with RFP to be able to determine the location of Rfa1-CFP with respect to 
the nucleolus. Cells were treated as described in Figure 1A and analyzed for Rfa1 focus formation 
at the indicated time points. The results presented in Figure 6A clearly demonstrate that the 
sgs1∆top2ts cells experience significantly more cells with Rfa1 foci 60-100 minutes after α-factor 
release as compared to the other strains (P ≤ 6.3x10-3), and more Rfa1 foci are observed per cell 
(Figure 6B). At the same time more than 80% of these foci have a perinucleolar localization (Figure 
6C), suggesting that ssDNA is formed in the rDNA [40]. The data suggest that the IRT-structures 
observed in sgs1∆top2ts cells contain regions of ssDNA, which may trigger checkpoint activation. 
In support of this, checkpoint activation is abolished in sgs1∆top2ts cells having a deletion of MEC1 
and SML1 (Figure S3), where the Mec1 kinase is known to be a central player in ssDNA-mediated 
checkpoint activation. Furthermore, deletion of TEL1 did not affect checkpoint signaling (data not 
shown) [41]. 

The cells examined in Figure 6 (A-C) also expressed Rad52 with an YFP-tag and were analyzed for 
Rad52 focus formation. In accordance with previous observations of spontaneous repair foci during 
the course of replication [42] all strains display an increase in the percentage of cells with Rad52 
foci (Figure 6D) as well as an increase in the number of Rad52 foci per cell (Figure 6E). However, 
while the percentage of Wt, sgs1∆ and top2ts cells with Rad52 foci are similar at all time points (P 
≥ 0.02), sgs1∆top2ts cells show a significant increase in the number of foci 80-100 minutes after 
α-factor release (P ≤ 3.11x10-5), where more than 80% have a perinucleolar localization (Figure 
6F) and all co-localize with Rfa1 foci (Figure 6G). We also found a slight difference in the timing 
of Rfa1 and Rad52 foci formation in sgs1∆top2ts cells. Whereas near maximum levels of Rfa1 foci 
are seen 60 minutes after α-factor release, maximum levels of Rad52 foci do not appear until 80 
minutes after release. Taken together our data suggest that the IRT-structures contain ssDNA, which 
serve as a checkpoint activating signal via Mec1 with subsequent recruitment of Rad52 most likely 
to attempt replication fork restoration through HR.
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Discussion
Here we present evidence for a role of both Top2 and Sgs1/Top3 in replication termination at the 
rDNA locus in S. cerevisiae. In the absence of the enzymes, checkpoint activation occurs in late S/
G2 phase, which coincides with a strong accumulation of X-like DNA structures. Both checkpoint 
activation and formation of the DNA structures are dependent on Fob1 but independent of HR. 
The data suggest a model, where Top2 and Sgs1/Top3 play redundant roles during replication 
termination in the resolution of replicating sister chromatids at the rDNA locus. 

Our observations suggest that Top2 and Sgs1/Top3 act redundantly during terminal stages of 
replication. First, checkpoint activation in sgs1∆top2ts cells does not occur until bulk DNA 
synthesis has taken place as revealed from FACS analyses (Figures 2A and 3B), but it still occurs 
independent of chromosome segregation (Figure 2B). This leaves a window between late S phase 
and chromosome segregation in the M phase for Top2 and Sgs1/Top3 to fulfill their function. Next, 
2D gel analyses of replication products show an accumulation of DNA structures migrating as 
completely or almost completely replicated DNA (Figure 4B), and these structures are formed in 
a replication termination zone at or close to the RFB. Finally, formation of these DNA structures 
is inhibited, when Top2 is reactivated 40 minutes after replication start, but not if the enzyme is 
reactivated after 60 minutes, where most of the DNA synthesis has already taken place (Figure 5B). 
These observations suggest that the DNA structures are generated as a result of faulty replication 
termination in sgs1∆top2ts cells, and we therefore refer to these structures as impaired replication 
termination (IRT)-structures. 

The exact nature of the IRT-structures remains elusive. In 2D gels they migrate as X-like DNA 
structures. However, they are formed in the absence of HR (Figure 4D), so they do not represent 
dHJs or HR structures, unlike the X-shaped structures, which have been demonstrated earlier in 
several yeast mutants [30] including sgs1∆ [34]. The IRT-structures contain regions of RPA bound 
ssDNA (Figure 6), and in accordance with this, Rad 53 was found to be activated through the Mec1 
kinase [43]. Once these structures have been formed they are resistant to Top2 activity, and thus do 
not represent a substrate for this enzyme (Figure 5B). Based on these observations, we suggest that 
the IRT-structures represent resected chickenfoot structures with long overhanging 3’-ends bound 
by RPA. Our data strongly indicate that the IRT-structures are targets for HR (Figure 6), which is an 
expected destiny for chickenfoot structures [44,45]. X-shaped DNA structures formed independent 
of HR have been observed earlier [46], and more recently Foiani and co-workers identified such 
structures in their study of replication termination sites, where the structures were suggested to 
result from impaired fusion of converging forks [4]. 

Based on our results we suggest the following model, which is presented in Figure 7: At replication 
termination the overwinding/positive supercoiling constantly generated between converging forks 
in the genome in general or between the moving fork and the one stalled at RFB in the rDNA is no 
longer removed by Top1/Top2 and leads to precatenanes behind the forks, which can only be solved 
by Top2 (Figure 7A, I and 7B, i) [47]. However, since overwinding presented either in the form 
of positive supercoils or precatenanes promotes the formation of chickenfoot structures at paused 
replication forks [48], an equilibrium will exist between precatenanes and chickenfoot structures at 
replication termination. In wild type cells and in cells still having Top2, the equilibrium is shifted 
towards precatenanes, and only very few chickenfoot structures are generated due to the continuous 
and very efficient removal of precatenanes by Top2 [49]. Since the absence of either Sgs1 or Top3 
causes a Fob1 dependent checkpoint activation in top2ts cells, two different scenarios take place 
dependent on the chromosomal loci. Due to the absence of Top2 precatenanes rapidly accumulate 
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and shift the equilibrium towards chickenfoot structures, if the precatenanes are unable to dissipate 
to other chromosomal regions. Outside the rDNA locus dissipation of precatenanes easily occurs 
(indicated by arrows in Figure 7A, I and II), leaving the replication termination zones free of 
topological strain. Termination therefore takes place, but the sister chromatids end up heavily 
catenated due to the absence of Top2, which results in checkpoint activation in G2/M phase (Figure 
7A, III). At the rDNA locus, however, precatenane dissipation is inhibited due to Fob1 binding at 
RFB and its recruitment of the RENT (regulator of nucleolar silencing and telophase exit) complex 
[50,51,52]. About one fifth of all RFBs have the Fob1 protein complex bound [53], and as a result 
of this, the rDNA is much more topologically challenged, with precatenanes being trapped between 
active RFBs. In this way the rDNA locus is highly prone to chickenfoot structure formation in 
top2ts cells compared to other chromosomal regions, where these may form more sporadically 
and only have a transient appearance. Since the Sgs1 and Top3 proteins are equally important to 
retain normal fork structure at the rDNA locus in top2ts cells we believe that Sgs1 and Top3 work 
in concert to unwind/decatenate the remaining unreplicated DNA between forks, which enables 
reversal of the chickenfoot structure (Figure 7B, ii). The result is two separated sister chromatids 
with ssDNA gaps as was initially observed during SV40 replication in the absence of Top2. This is 
also strongly supported by the ability of the E. coli homologs to perform this reaction in vitro, when 
acting on a DNA substrate holding two closely located, stalled forks, mimicking a late replication 
structure [15]. However, we cannot exclude the possibility that Sgs1 in top2ts cells continuously 
branch migrates chickenfoot structures to re-establish normal fork structure until termination is 
complete. In this case, Top3 plays a structural role, and/or its decatenation activity may somehow 
be required to release the generated topological strain via the free DNA end in the chickenfoot 
structure. 

In sgs1∆top2ts and top2tstop3ts cells chickenfoot structures will still not be generated outside the 
rDNA locus due to the dissipation of precatenanes. At the rDNA locus, however, lack of both the 
Top2 and the Sgs1/Top3 pathways for resolution of replicating sister chromatids will result in 
chickenfoot structures. Upon formation, the chickenfoot structures will undergo resection and be 
transformed into IRT-structures containing RPA bound ssDNA, which will activate a checkpoint 
signal in late S/G2 phase through Mec1 (Figure 7B, iii).

Our model thus implies that Top2 and Sgs1/Top3 play a hitherto uncovered role in replication 
termination in the rDNA, where Top2 removes precatenanes behind the fork and Sgs1/Top3s act 
to unwind/decatenate the region between the forks in cases, where Top2 activity is insufficient and 
ensures reversal of the generated chicken foot structures. In contrast to Top2, the role of Sgs1/Top3 
is restricted to the rDNA. 

Whether Sgs1 and Top3 become important at genomic loci outside rDNA in situations, where 
dissipation of topological strain in the form of precatenanes is restricted is so far unknown. Recent 
observations obtained by Diffley and co-workers may add to this [54]. They have compared S. 
cerevisiae cells going through S phase in the absence of Top2 and in the presence of an active site 
top2 mutant capable of binding DNA but incapable of catalyzing strand breakage. In the absence of 
Top2 no checkpoint activation was observed until mitosis, as demonstrated with our top2ts mutant. 
However, with the active site mutant, cells experienced a checkpoint activation correlating with 
an inability to complete DNA replication, much as observed in our study with cells lacking both 
Sgs1/Top3 and Top2. How these observations relate to ours is not straightforward. One possible 
explanation is that the active site mutant via its DNA binding activity “crosslinks” catenanes behind 
converging forks thereby inhibiting diffusion of catenanes away from the termination zones. The 
increased topological strain is expected to shift the normal equilibrium towards an accumulation 
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of chickenfoot structures. Checkpoint activation occurs in the active site mutant, where Sgs1 and 
Top3 are present, demonstrating that the two enzymes are unable to substitute for the missing 
Top2 activity. This is in favor of a restriction of the function of Sgs1/Top3 to the rDNA, although 
it cannot be excluded that catenane “crosslinking” in the active site top2 mutant blocks the 
accessibility of Sgs1/Top3 to the chickenfoot structures. However, further support for a restriction 
of Sgs1/Top3 to the rDNA locus during replication termination is provided by ChIP-chip analyses, 
which have demonstrated that Top2 but not Top3 is a major component at genomic TERs outside 
rDNA in S. cerevisiae [4]. 
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Materials and methods
Yeast strains

The employed strains were constructed using standard genetic techniques and are listed in Table 
S2. All strains are derivatives of the original W303-1a. Construction of the mec1∆ strain required 
simultaneous deletion of SML1 for viability.

Media and growth conditions

Unless otherwise stated, cells were grown to logarithmic phase in YPD media. Synchronization 
in G1 was achieved by transferring cells to YPD (pH 5.0) containing α-factor (2 µg/ml, Lipal 
Biochem, Switzerland) followed by incubation at 25°C for 150 min. More α-factor (1 µg/ml) was 
added after ~1 hour of incubation to avoid escape from G1. To release the cells from arrest, they 
were washed once in water and transferred to fresh, pre-warmed (34°C) YPD medium. M phase 
synchronization was achieved by adding nocodazole (Calbiochem) to a final concentration of 15 µg/
ml.

Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis was performed as described in [55]. Cell cultures were grown to 3 
x 107 cells/ml, and approximately 1.8 x 107 cells were cast into each plug to be run on the pulsed-
field gel. The standard yeast genome size marker (Bio-Rad) was included on all gels. Gels were 
stained with ethidium bromide and transferred to Hybond XL (GE Healthcare). Southern blotting 
was carried out using probes for chr. XII and chr. II. Probes were amplified from purified yeast 
genomic DNA using 5’-CGCTTACCGAATTCTGCTTC and 5’-CTAGCATTCAAGGTCCCATT 
as forward and reverse primers for chr. XII and 5’-TCTCCGTCTTTAGTTGTTGC and 
5’-GCCCTAGCAGTATTGCTTTG as forward and reverse primers for chr. II.

FACS analysis

Samples were taken for FACS analysis during the various experiments and processed as described 
in [56]. Samples were analyzed in a BD FACSCalibur.

In situ kinase autophosphorylation (ISA) 

All steps of the ISA are as described in [22], except that 5 mCi/ml [g-32P] ATP was used. For 
every sample, protein concentration was determined by Coomassie blue to allow loading of equal 
amounts of proteins on 10% SDS-polyacrylamide gels along with 5µl of a standard (MMS control) 
containing a known amount of MMS activated Rad53. Dried filters were exposed on a Typhoon 
Trio+. After exposure, filters were re-probed with goat anti-Mcm2 (Santa Cruz) to check loading 
and allow comparison among different gels and mutants. Experiments were performed 2-3 times 
with similar results. MMS control: An Ay-120 culture (Wt) with a density of 0.4 x 107 cells/ml was 
treated with 0.1% MMS for ~60 minutes and harvested. To avoid saturation of the film, only ¼ of 
the volume was loaded of the positive control in comparison to the other samples.

Two-dimensional gel electrophoresis
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Yeast genomic DNA was isolated from 1 x 109 cells using Genomic-tip 20/G (QIAGEN) as 
described in [57]. After digestion with the BglII restriction enzyme (New England Biolabs) half 
of the purified DNA was subjected to neutral/neutral two-dimensional gel analysis as described 
in [58]. Southern blotting was carried out with the probe shown in Figure 3A, which was 
generated by PCR using genomic DNA as template and 5’-CGCTTACCGAATTCTGCTTC and 
5’-CTAGCATTCAAGGTCCCATT as forward and reverse primer, respectively.

Fluorescent foci analysis

All strains harbor the pWJ1321 plasmid encoding Nop1-RFP and are therefore grown in synthetic 
complete media without histidine [40]. Cells were synchronized in G1 by treatment with α-factor 
for 150 minutes and released into SC-his medium supplemented with 100 μg/ml adenine at 37°C. 
Cell samples were collected, centrifuged at 2,000g and prepared for fluorescence microscopy as 
described in [42]. Fluorophores were visualized using band-pass YFP (41028), CFP (31044), and 
RFP (41002c) filter sets from Chroma. Fluorescence images were acquired and processed using 
Volocity software (PerkinElmer). Statistical probabilities were calculated using Fisher’s exact test 
(two-tailed). See Table S1 for morphology of cells included in the study. 

Competing interests
The authors declare that they have no competing interests.

Financial disclosure
This work was supported by the Danish Cancer Society, the Danish Natural Science Research 
Council, the Danish Medical Science Research Council, the Novo Nordisk Foundation, the Karen 
Elise Jensen Foundation, the Gangsted Foundation, the Simon Fougner Hartmanns Foundation, 
the Dagmar Marshalls Foundation, the Astrid Thaysens Foundation, the Villum Kann Rasmussen 
Foundation, and the European Research Council. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript.

Authors’ contribution
KM designed, performed and analyzed experiments and wrote the manuscript. IN, JMP and IBB 
contributed to performance and analysis of experiments. ML contributed to microscopy studies. 
LB contributed to experimental design. AHA supervised the project, designed and analyzed 
experiments and wrote the manuscript.

Acknowledgements
We are grateful to Jacob Christian Fredsøe for critical reading of the manuscript. Rodney Rothstein 
is thanked for providing the top3ts strain (J1022 originally).



Chapter 5 - Appendices

133

Figure legends

Figure 1. Replication in sgs1∆top2ts cells leads to an altered structure of chr. XII. (A) Schematic 
drawing outlining the experimental setup. Exponentially growing yeast cultures were synchronized 
in G1 with α-factor. Synchronized cells were washed to release them from the G1 block, transferred 
to fresh medium containing nocodazole (noc), and grown at 34°C for conditional knock out 
of top2ts. Samples were withdrawn and processed for PFGE at the indicated time points. (B) 
Chromosomes from Wt, sgs1∆, top2ts and sgs1∆top2ts cells were revealed after EtBr staining of the 
pulsed-field gel (upper panels) or after Southern blotting with a probe specific for chr. XII or chr. 
II (middle panels). Chromosomal markers (M) are indicated in kilobases to the left. (Lower panels) 
FACS profiles of samples taken throughout the experiment are shown below each strain. 1C and 2C 
indicate DNA content in G1 and G2, respectively, and asyn. refers to asynchronously growing cells.
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Figure 2. Loss of Top2 and Sgs1/Top3 leads to a chromosome segregation-independent 
checkpoint. ISA analysis of Rad53 was performed with Wt, sgs1∆, top2ts, and sgs1∆top2ts cells 
(A), with top2ts and sgs1∆top2ts cells treated with nocodazole (noc) as indicated (B), or with top3ts 
and top2tstop3ts cells (C) at the indicated time points after release of cells from α-factor into YPD-
media at 34°C (A and B) or at 37 °C (C). The positive control represents ISA analysis on extract 
from MMS-treated cells. Mcm2 was used as a loading control. FACS profiles of samples taken 
throughout the experiment are shown below each strain. 1C and 2C indicate DNA content in G1 and 
G2, respectively, and asyn. refers to asynchronously growing cells.



Chapter 5 - Appendices

135

Figure 3. Checkpoint activation in sgs1∆top2ts cells is recombination independent and can be 
avoided by deletion of FOB1. (A) Schematic illustration of the rDNA repeat unit in S. cerevisiae, 
indicating the 5S and 35S transcription units. RFB, Replication Fork Barrier. ARS, Autonomously 
Replicating Sequence. BglII restriction sites and the probe used for Southern blotting are indicated. 
ISA analysis of Rad53 was performed with sgs1∆top2ts and fob1∆sgs1∆top2ts cells (B) and with 
sgs1∆top2ts and rad52∆sgs1∆top2ts cells (C) at the indicated time points after release of cells 
from α-factor into YPD-media at 34°C. The positive controls represent ISA analysis with extract 
from MMS-treated cells. Mcm2 was used as a loading control. FACS profiles of samples taken 
throughout the experiment are shown below each strain. 1C and 2C indicate DNA content in G1 and 
G2, respectively, and asyn. refers to asynchronously growing cells.
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Figure 4. IRT-structures are generated in sgs1∆top2ts cells. (A) Schematic illustration 
representing the expected migration behavior of replicating rDNA corresponding to the 4.577bp 
BglII-fragment encompassing the RFB (see Figure 3A). Genomic DNA was isolated from Wt, 
sgs1∆, top2ts and sgs1∆top2ts cells (B), fob1∆, fob1∆sgs1∆ and fob1∆sgs1∆top2ts cells (C), and 
rad52∆, rad52∆sgs1∆ and rad52∆sgs1∆top2ts cells (D) at the indicated time points after release 
from α-factor, digested with BglII and subjected to 2D gel analysis and Southern blotting using the 
rDNA probe shown in Figure 3A. FACS profiles of samples taken throughout the experiments are 
shown to the right. 1C and 2C indicate DNA content in G1 and G2, respectively, and asyn. refers to 
asynchronous cells. α indicates α-factor.
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Figure 5. IRT-structures are not substrates for Top2. (A) Outline of the experimental setup. 
sgs1∆top2ts cells were synchronized in G1 by α-factor at 25°C, released from α-factor into 
nocodazole (noc) at 34°C and then kept at 34°C or transferred to 25°C either 40’ or 60’ after release 
from α-factor. (B) Southern blot of 2D gels showing rDNA replication intermediates in sgs1∆top2ts 
cells taken at the time points indicated in the experimental setup presented in (A). FACS profiles of 
samples taken throughout the experiment are included. 1C and 2C indicate DNA content in G1 and 
G2, respectively, and asyn. refers to asynchronously growing cells.
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Figure 6. IRT-structures contain extensive regions of Rfa1 bound ssDNA and recruits the 
Rad52 recombination protein. Wt, sgs1∆, top2ts and sgs1∆top2ts cells having the endogenous Rfa1 
and Rad52 proteins tagged with CFP and YFP, respectively, and Nop1-RFP expressed ectopically, 
were treated as in Figure 1A, and at the indicated time points after release from α-factor, samples 
were withdrawn, and fluorescent microscopy images were taken and analyzed. (A) Percentage of 
cells with Rfa1 foci. (B) Number of Rfa1 foci per cell. (C) Cellular localization of Rfa1 foci at the 
80 minute time point. (D) Percentage of cells with Rad52 foci. (E) Number of Rad52 foci per cell. 
(F) Cellular localization of Rad52 foci at the 80 minute time point. (G) Differential interference 
contrast images (DIC) and fluorescence of representative cells at the 80 minute time point. Scale 
bar represents 3µM. in, peri, and out indicate position of foci inside nucleolus, at the nucleolar 
periphery, and outside nucleolus, respectively.
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Figure 7. Model showing the Top2 and Sgs1/Top3 pathways for resolution of replicating 
sister chromatids at the rDNA locus. (A) Topological challenges generated outside the rDNA 
locus during replication termination. (I) Precatenanes formed during terminal stages of replication 
are either directly removed by Top2 or dissipate to other chromosomal regions as indicated by the 
arrows. (II) In the absence of Top2, precatenanes dissipate from the termination zone, allowing 
replication termination. (III) Replication termination in the absence of Top2 leads to heavily 
catenated sisterchromatids, resulting in checkpoint activation in G2/M during chromosome 
segregation. (B) Topological challenges generated at the rDNA locus during replication termination. 
(i) Precatenanes formed, when the migrating fork progresses towards the fork stalled at RFB are 
removed by Top2. (ii) In the absence of Top2, precatenanes are trapped between active RFBs 
and drive the formation of chickenfoot structures. Resolution of the unreplicated region is here 
performed by Sgs1-mediated unwinding of parental strands and Top3-mediated decatenation of 
resulting single stranded catenanes and ensures reversal of chickenfoot structure. (iii) In the absence 
of Top2 and Sgs1/Top3, aberrant termination occurs, where chickenfoot structures accumulate, in 
which the 5’-end has undergone resection by nucleases generating ssDNA bound by RPA. These so-
called IRT-structures ultimately result in checkpoint activation via Mec1 in S/G2 phase.
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Supplementary Figures

Figure S1. The sgs1∆top2ts double mutant shows a slow growth phenotype relative to the 
respective single mutants. Doubling times were determined for Wt, sgs1∆, top2ts, and sgs1∆top2ts 
cells grown in YPD at 31°C, a semipermissive temperature for top2ts. Error bars represent standard 
deviations from three independent experiments.
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Figure S2. mus81∆top2ts cells do not experience checkpoint activation in late S/G2. ISA analysis 
of Rad53 was performed on Wt, top2ts, mus81∆ and mus81∆top2ts cells at the indicated time points 
after release of cells from α-factor treatment into YPD-media at 34°C. The positive controls 
represent ISA analysis performed on extract from MMS-treated cells. Ponceau stainings of total 
protein were used as loading controls. FACS profiles of samples taken throughout the experiments 
are shown below each strain. 1C and 2C indicate DNA content in G1 and G2, respectively, and 
asyn. refers to asynchronously growing cells.



Chapter 5 - Appendices

147

Figure S3. Checkpoint activation in sgs1∆top2ts cells depends on Mec1. ISA analysis 
of Rad53 was performed on mec1∆sml1∆, mec1∆sml1∆sgs1∆, mec1∆sml1∆top2ts and 
mec1∆sml1∆sgs1∆top2ts cells at the indicated time points after release of cells from α-factor 
treatment into YPD-media at 34°C. The positive controls represent ISA analysis on extract 
from MMS-treated cells. Mcm2 was used as a loading control. FACS profiles of samples taken 
throughout the experiments are shown below each strain. 1C and 2C indicate DNA content in G1 
and G2, respectively, and asyn. refers to asynchronously growing cells. 
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Supplementary Materials and Methods

Growth rate analysis

10 ml YPD medium was inoculated to OD600 = 0.1 from an overnight culture. The cultures with 
the different deletion strains were incubated at 31°C (semipermissive temperature for top2ts strains) 
with agitation and OD600 was measured with ~1 hour intervals for 6-7 hours.



Chapter 5 - Appendices

149

Supplementary Tables

Table S1. Morphology of cells included in the fluorescence microscopy study.

Cell morphology indicates cell cycle phase. Only cells that were synchronized in G1 with visible 
shmoo formation at 0’ and progressed into budded cells after release into the S phase were counted. 
The increase in number of cells with foci coincides with the appearance of buds for all strains, 
indicating that foci are formed due to active replication.
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Table S2. Strains used in this study.

Strain 
(Ay-) Genotype Source

107 Ay-120 with top2-1ts, sgs1::TRP1 This study

120 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100 R. Rothstein

122 Ay-120 with pep4::LEU2, mus81::TRP1 This study

124 Ay-120 with sgs1::TRP1 This study

127 Ay-120 with top2-1ts R. Sternglanz

131 Ay-120 with mus81::TRP1, top2-1ts This study

133 Ay-120 with Pol2-13myc-HIS This study

138 Ay-120 with Pol2-13myc-HIS, top1-8::LEU This study

142 Ay-120 with Pol2-13myc-HIS, sgs1::TRP1, top1::nat(R) This study

144 Ay-120 with Pol2-13myc-G418, sgs1::TRP1 This study

176 Ay-120 with rad52::LEU2 529 This study

185 Ay-120 with rad52::LEU2 529, sgs1::TRP1 This study

217 Ay-120 with mec1::HIS3, sml1::URA3 This study

218 Ay-120 with mec1::HIS3, sml1::URA3, sgs1::TRP1 This study

219 Ay-120 with mec1::HIS3, sml1::URA3, top2-1ts This study

220 Ay-120 with mec1::HIS3, sml1::URA3, sgs1::TRP1, top2-1ts This study

227 Ay-120 with fob1::URA3 This study

228 Ay-120 with fob1::URA3, sgs1::TRP1 This study

229 Ay-120 with fob1::URA3, sgs1::TRP1, top2-1ts This study

273 Ay-120 with rad52::LEU2 529, sgs1::TRP1, top2-1ts This study

319 Ay-120 with RAD52-YFP, RFA1-8ala-CFP, transformed with pWJ1321 This study

322 Ay-120 with sgs1::TRP1, RAD52-YFP, RFA1-8ala-CFP, transformed with pWJ1321 This study

325 Ay-120 with top2-1ts, RAD52-YFP, RFA1-8ala-CFP, transformed with pWJ1321 This study

328 Ay-120 with sgs1::TRP1, top2-1ts, RAD52-YFP, RFA1-8ala-CFP, transformed with 
pWJ1321 This study

386 Ay-120 with top3-E447K, S583L R. Rothstein

388 Ay-120 with top2-1ts, top3-E447K, S583L This study
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5.5. Additional results and discussion

As mentioned in the preface, one of the questions the reviewers wanted to be addressed was if the 
levels of single-stranded DNA around the RFB site in the rDNA were higher in sgs1Δtop2ts cells 
compared to the levels in wild type cells. In order to investigate this, wild type and sgs1Δtop2ts 
cells were cultured as depicted in figure 5.1A and samples were collected at the indicated time 
points for ChIP of Rfa1 at the RFB site, where a ChIP of Rfa1 at ARS305 was used as a control. 
Rfa1 is a subunit of the RPA and consequently, the level of Rfa1 bound around the RFB site 
corresponds to the level of single-stranded DNA. As seen in figure 5.1B, there is an increase in 
Rfa1 levels in wild type cells at ARS305 30 minutes after release from G1 arrest. When the DNA 
is replicated, large stretches of single-stranded DNA is generated during lagging strand synthesis. 
In order to protect the DNA from nucleases the single-stranded DNA is quickly bound by RPA and 
consequently, single-stranded DNA is found naturally at the replication fork (O’Donnell, Langston 
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Figure 5.1. RPA levels 
around the RFB site during 
replication.
(A) Outline of the experimental 
setup. Wild type and 
sgs1Δtop2ts cells were 
synchronized in G1 by α-factor 
at 25°C before release into 
S-phase at 37°C. Nocodazole 
was added after the release 
to prevent the cells from 
going through an additional 
replication cycle. Samples 
were collected at the indicated 
time points. (B) Results from a 
ChIP of the RPA subunit Rfa1 
in wild type and sgs1Δtop2ts 
cells. The RPA levels are shown 
at the RFB site (blue) and at 
ARS305 (red), relative to the 
levels obtain at ARS305 at 
time point 0 which is set to 1. 
The average of three individual 
experiments is shown with error 
bars representing standard error 
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of samples taken thoughout the 
experiment. 1C and 2C indicate 
DNA content in G1 and G2, 
respectively, and asyn. refers to 
asynchronously growing cells.
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et al. 2013). ARS305 is one of the earliest firing ARS in the yeast genome (Yabuki, Terashima 
et al. 2002). Thus, the increase in single-stranded DNA at this location is expected. In wild type 
cells, there is also an increase in Rfa1 levels at the RFB site, which peaks 30 minutes after release 
of cells into the S-phase and corresponds to the replication fork reaching the RFB. In contrast, in 
sgs1Δtop2ts cells, the peak in Rfa1 levels at the RFB is after 60 minutes, while the peak at ARS305 
is still seen at 30 minutes. This cannot be explained by difference in cell cycle progression as the 
FACS analyses from wild type and sgs1Δtop2ts cells are very similar (figure 5.1C). Furthermore, 
the peak in single-stranded DNA correlates with the timing of checkpoint activation and increased 
levels of Rfa1 foci in sgs1Δtop2ts cells. It is interesting to note that in sgs1Δtop2ts cells the Rfa1 
levels are high even at time point 0, which is before the conditional knock out of Top2. Thus, in 
strains deficient for Sgs1 only, there appear to be increased single-stranded DNA in the rDNA, 
relative to wild type cells outside of the S-phase. This is limited to the rDNA only as the Rfa1 levels 
at ARS305 are equal in both wild type and sgs1Δtop2ts cells and may be caused the high levels of 
transcription associated with the rDNA.

As demonstrated in figure 6 in the manuscript in section 5.3.2. above, sgs1Δtop2ts mutants 
experience significant more cells with Rfa1 foci, and more foci per cell, compared to wild type 
and the single mutants sgs1Δ and top2ts. Additionally, sgs1Δtop2ts also display more Rad52 
foci, indicative of extensive homologous recombination. Deletion of the Fob1 protein effectively 
removes the replication fork barrier, and consequently a lot of the problems which are experienced 
by sgs1Δtop2ts cells and which results in checkpoint activation during replication termination 
disappears. Thus, to investigate whether deletion of Fob1 also could alleviate the elevated levels 
of Rfa1 and Rad52 foci in sgs1Δtop2ts cells, fob1Δ and fobΔsgs1Δtop2ts strains were created 
where Rad52 and Rfa1 fused to YFP and CFP, respectively. Wild type, fob1Δ, sgs1Δtop2ts, and 
fobΔsgs1Δtop2ts cells were cultured as described in figure 6 in the manuscript in section 5.3.2., 
and investigated for the amount of Rfa1 and Rad52 foci. As seen in figure 5.2, deletion of Fob1 
suppresses the high levels of Rfa1 and Rad52 foci observed in sgs1Δtop2ts cells, indicating that 
replication termination is able to proceed as in wild type cells when the RFB is removed.
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5.6. Additional materials and methods

FACS and fluorescent foci analysis is adequately covered in the manuscript in section 5.3.2.

5.6.1. Yeast strains and growths conditions

Strain Genotype Full Genotype Source
Ay-107 sgs1Δtop2ts Ay-120 +  top2-1ts sgs1::TRP1 This study

Ay-120 Wild type ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-
112 (W303) can1-100

R. Rothstein 
(W303)

Ay-448 fob1Δ Ay-120 +  RAD52-YFP RFA1-8ala-CFP 
fob1::URA3 This study

Ay-449 fob1Δsgs1Δtop2ts Ay-120 +  sgs1::TRP1 top2-1ts RAD52-YFP 
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Figure 5.2. Foci study of Rad52 and Rfa1 following release into S-phase.
Wild type, fob1Δ, sgs1Δtop2ts, and fob1Δsgs1Δtop2ts cells having the endogenous Rfa1 and Rad52 
proteins tagged with CFP and YFP, respectively were treated as in Figure 5.1A. At the indicated 
time points after release from α-factor, samples were withdrawn and fluorescent microscopy images 
were taken and analyzed.



Chapter 5 - Appendices

154

Yeast cells were grown to exponential phase at 25°C in YPD media. Then α-factor was added to 
arrest the cells in G1 followed by incubation in 2.5 hours where additional α-factor was added 
after the first hour. The cells were then washed once in sterile water and transferred to YPD pre-
warmed to 37°C containing nocodazole (15 µg/ml). Samples were collected at the indicated time 
points for either ChIP or FACS analysis.

5.6.2. ChIP analysis

ChIP was performed on 2.5x108 cells as described previously (Pedersen, Fredsoe et al. 2012) with 
minor modifications. Rfa1 was precipitated with polyclonal antibodies (AS07 214 available from 
Agrisera, Vännäs, Sweden). Fold increase is calculated as the amount of protein bound to antibody 
coated Dynabeads (Ip) compared to the amount of protein bound to BSA coated Dynabeads 
(Beads): Fold increase = 2(CT Input – CT IP)/2(CT Input – CT Beads). This was normalized to the fold increase 
obtained at ARS305 and the 0 min time point.

5.6.3. Primers

Name Sequence Purpose
AP 2330 CTGAACAAGTCTCTATAAAT For ChIP of Rfa1 at RFB sites in the rDNA
AP 2331 ACTCTTACACACTATCATCC For ChIP of Rfa1 at RFB sites in the rDNA
AP 2332 AGCATTTCAGAGCCTTCTTT For ChIP of Rfa1 at ARS305
AP 2333 ACCGGACAGTACATGAAACT For ChIP of Rfa1 at ARS305
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5.7. DNA Hairpins as Temperature Switches, Thermometers and Ionic 
Detectors

5.7.1. Preface

Getting accurate temperature measurements is often paramount in science and applied technology. 
The requirement for obtaining more data using less space have pushed the size of equipment 
and sample volume into becoming increasing smaller. This has resulted in the need for tiny 
thermometers. 

In this study we created nano-scale thermometers by using short single-stranded DNA hairpins 
coupled with a fluorophore and quencher and by utilizing the intrinsic melting and re-annealing of 
DNA. The length of the annealing region and linker dramatically change the melting temperature of 
the hairpin. The base composition of the annealing regions and the ionic strength of the buffer also 
influence at which temperature the hairpin melts.

Results from this work resulted in the paper “DNA Hairpins as Temperature Switches, 
Thermometers and Ionic Detectors” published in the peer reviewed journal Sensors in 2013. A copy 
of the paper can be found below.

I contributed to writing the manuscript and streamlined the figures. Consequently, no additional 
results or discussion will be included.
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5.8.8. Paper
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