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INTRODUCTION

CHAPTER 1

1. YEAST AS ASTUDY MODEL

From the past two decades the budding yeast Saccharomyces cerevisiae has been a preferred
model system for molecular genetics research. It has the basic cellular mechanics of DNA
replication, recombination, cell division and metabolism; which are well conserved from yeast to
higher eukaryotes, including mammals. Also, the budding yeast genome, with a haploid set of 16
chromosomes, has been totally sequenced twenty years ago. The use of S. cerevisiae as a study
model has the advantage that the cell cycle is relatively concise with respect to higher eukaryotes
and can be easily monitored by the aid of a microscope due to the characteristic cell shape in the
different cell cycle phases (Figure 1.1). Likewise, the life cycle of S. cerevisiae makes it an
amicable genetic system. It is a unicellular organism that can grow in a diploid state as well as in
a haploid state with two different mating types (Mat a and Mat a). Mat a and Mat a haploid cells
can mate in order to produce a diploid cell. These diploid cells can undergo meiosis under
conditions unfavorable to cell growth, leading to the formation of four haploid spores in which
the inheritance of the genetic information follows a mendelian pattern. Hence, serving a great
system to segregate and study various genetic traits.

1.2. Cell cycle checkpoints in S. cerevisiae:

The cell cycle is the progression of events where a cell has to duplicate and divide its cellular
content into two daughter cells in such a way that each cell has the information and machinery
required to reiterate the same process. In eukaryotic division, all the genetic material is
accurately replicated and segregated to the two daughter cells. The DNA replication process and
sister chromatid segregation takes place in two discrete phases. These are known as S-phase; the
DNA synthesis phase and M-phase; the mitosis phase. These two phases are further separated by
two gap phases, known as G1 and G2.

The control of eukaryotic cell growth and division is monitored by molecular mechanisms
known as “checkpoints”, which determine a proper timing for all cellular processes. Passage
through a checkpoint from one phase of cell cycle to the next requires a coordinated function of
proteins that monitor cell growth and DNA integrity. Uninhibited cell propagation and division
of damaged DNA can contribute to genomic instability and tumorigenesis.



The three major cell cycle checkpoints known are:

e Gl (Restriction) checkpoint: Monitors cell to reach the required size so as to undergo a
new round of DNA synthesis.

e« The spindle assembly checkpoint: Ensures that DNA replication is complete,
chromosomes are aligned on the metaphase plate to facilitate correct sister chromatid
segregation.

e G2-M DNA damage checkpoint: Ensures that the cells have completed DNA synthesis
and is ready to entry into the proliferative Mitotic (M) phase.
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Figure 1.1. Representation of the budding yeast cell cycle. The cell cycle is divided in four stages:
Gl, S, G2 & M. In G1 the cells remain unbudded while bud appearance marks the onset of S-phase. In
G2, cells grow further in size to enter into the M phase (Mitosis phase); which is evident by the presence
of bi-lobed structure of the cells (adapted from
http://www.pha.jhu.edu/~ghzheng/old/webct/note7_3.htm).
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2. DNA REPLICATION

Maintenance of life requires duplication of the genetic information stored in the DNA of each
living organism. In eukaryotic cells, before a cell divides it has to duplicate its genome so that
two identical copies of its DNA content can be partitioned into daughter cells. DNA replication
is initiated at thousands of origins on the DNA, each giving rise to two replisomes that travel
away from the initiation site in opposite directions.

During DNA replication the double helical structure requires the separation of the two individual
DNA strands. This process is known as the strands melting or unwinding and is vital to allow
DNA polymerases carry out DNA synthesis. Local unwinding of the duplex takes place at
specific sites within the chromosomes known as replication origins. Unlike prokaryotes, where
DnaA is the only protein catalyzing the unwinding, in eukaryotes this process requires
involvement of a multi-protein complex with the Origin Recognition Complex (ORC) that binds
to DNA replication origins (Bell,S.P;A.Dutta 2002), along with two additional proteins, CDC6
and CDT1 (Figure 1.2). This multi-protein complex is responsible for the recruitment of the core
component of the putative replicative helicase, the MCM2-7 protein complex, in an ATP-
dependent manner. This phenomenon is presently known as “licensing” or pre-RC (replication
complex) formation. In vitro studies have shown that the budding yeast MCM2-7 complex
reconstituted from pre-RC is loaded on DNA as a salt-resistant head-to-head double hexamer
complex in an ATP-dependent manner (Evrin, C.; Clarke, P 2009). This configuration is
considered to be essential for initiation of a pair of bidirectional replication forks.

Recruitment of additional factors onto the pre-RC, i.e. the CDC45 protein and the GINS
complex, holsters the formation of the pre-Initiation Complex (pre-1C) whose assembly requires
Cyclin-Dependent Kinase (CDK) activity. Consequently, this reaction is specifically inhibited by
CDK inhibitors such as Sicl (Figure 1.2). It is believed that CDK activity is important to
phosphorylate key factors of pre-1C in order to activate them. CDC45 allows the assembling of
initiation complexes by recruitment of DNA polymerases o and 6 at replication origins (Mimura.
S et al 1998) (Walter. J et al 2000). Recent studies have illustrated that the MCM2-7 complex
physically interacts with CDC45 and the GINS complex, thus forming the CMG complex
(MacNeill. S et al 2010). This complex is believed to constitute the active form of the replicative
helicase. Structural studies identified that the CDC45 protein binding to the MCM2-7 complex
stabilizes the ring-shaped structure of this helicase onto the DNA (Costa. A et al 2010). The
CDCY7 protein kinase along with its regulatory subunits Dbf4 or Drfl (also called DDK, for
Dbf4- or Drfl-Dependent Kinase), phosphorylates MCM2-7 subunits and stimulates MCM2-7
function probably assisting a conformational change in the helicase complex (Sheu. Z et al 2010)
(Randell et al 2010). In S. cerevisiae, two additional proteins, SLD2 and SLD3, have also been
shown to be required at the initiation of DNA synthesis. Their phosphorylation by CDKs is an
essential step in formation of pre-ICs (Tanaka. S et al 2007) (Zegerman. P et al 2007) which is
considered to determine the complex formation between Dpb11/TopBP1, SLD2, GINS and DNA
polymerase €, and its subsequent recruitment on DNA.
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Figure 1.2. Schematic model of the initiation of DNA synthesis. DNA replication is categorically
divided in Pre-RC (replication complex), Pre-IC (initiation complex), unwinding and DNA synthesis. For
simplicity the pre-1C consist of multiple proteins in one complex i.e. Cdc45, the GINS complex, MCM10,
TopBP1, SLD2 and SLD3. A ring-like complex of proteins (blue) made of Claspin, Timeless and Tipin
make the Fork Protection Complex that links the GMC helicase to the DNA polymerases. RNA primers
(red waves) are made by the catalytic activity of DNA primase and elongated by the catalytic activity of
DNA polymerase o (black arrows linked to red waves) (Adapted from Bénédicte Recolin et al 2014)

On activation, the helicase unwinds the DNA thereby generating long stretches of single-
stranded DNA (ssDNA), which acts as a substrate for recruiting the heterotrimeric complex RPA
(Replication Protein A). RPA binding stimulates the DNA polymerase activity on ssSDNA, which
is generated by the helicase itself during the unwinding reaction (Jiang. X et al 2006). RPA-
loaded ssDNA facilitates the recruitment of DNA polymerase a/primase holoenzyme (Figure
1.2), which consists of five distinct polypeptides. This complex has the unique ability to initiate
DNA synthesis de novo, i.e. in the absence of a 3' hydroxyl (OH) end. Due to its associated



primase activity, it synthesizes short 10 bases-long ribonucleotides stretches at melted replication
origins that are then extended by the catalytic subunit of DNA polymerase a. These replication
intermediates act as substrates for another DNA polymerase, Pol 8, whose processive activity
then allows an efficient replication of the whole genome. This is aided by the recruitment of
PCNA; a replication protein that functions as DNA polymerase & cofactor, which strongly
stimulates its polymerase activity. PCNA is known to form a homotrimeric ring which is loaded
around the DNA in a reaction catalyzed by RF-C (Replication Factor C). This pentameric protein
complex regulates the opening of the PCNA ring in an ATP-dependent manner and then reseals
it around the DNA. Since the DNA molecule is asymmetric, DNA synthesis occurs continuously
on one strand i.e. leading strand and discontinuously on the opposite strand i.e. lagging strand. It
has been also suggested that another polymerase, DNA polymerase &, required for chromosomal
DNA replication, functions on the leading strand DNA synthesis by extending the initial primer
generated by DNA polymerase o/primase.

When the three DNA polymerases are recruited onto the DNA the replisome is formed. The
DNA replication machinery duplicates the genome with an average speed of 3000 bp per minute
(Hubermann J.A. et al 1966), making very few or no mistakes. On the lagging strand, additional
factors are required in the maturation and sealing of DNA chains. Factors like the Fenl
exonuclease remove the RNA primers from the Okazaki fragments while DNA ligase | seals the
gaps left between Okazaki fragments. Since DNA replication is bidirectional, two replisomes
simultaneously originate from one single replication origin polymerizing DNA chains spreading
outwards. Hence, forming the basic unit of a replication domain called the replicon (Mechali. M
et al 2001). Likewise, circumstances occur where two replisomes will encounter each other when
two replicons have been completely replicated. At this stage, the replisome has to be unloaded
from chromatin. The mechanisms responsible for unloading of the replisome are till date not well
understood. Although, it has been reported that the MCM-BP protein, may function as the
unloader of the MCM2-7 complex form replicated chromatin, but the molecular mechanism of
this reaction remains still to be understood (Nishiyama et al 2011). Recently, it has been
proposed that the E3 ligase SCF®™ drives the ubiquitylation of the CMG helicase on its Mcm?7
subunit and recruits the Cdc48 segregase, associated with the ubiquitylated CMG, leading
rapidly to the disassembly of the helicase from the newly replicated DNA. (Maric M et al 2014)

2.1. DNA topology during replication and its regulation:

Topological aspects of DNA structure arise primarily from the fact that the two DNA strands are
repeatedly intertwined. Untangling these two strands, which occurs in all major genetic processes
such as DNA replication by DNA helicases imposes a series of constraints. Hence, to understand
the consequences of torsional stress introduced by the replisome, it is first important to
understand in brief what, how and by whom DNA topology is monitored.



2.1.1. DNA topology:

A DNA molecule consists of two complementary polynucleotide chains that are interwound,
acquiring a double helix structure. In physiological conditions it is found in a B-DNA
conformation, where a right-handed helix with a period of approximately 10.5 base pairs (bp) per
turn is formed. For all natural DNA forms, the free end rotation is either restricted or forbidden
altogether. When the ends of DNA segment are unable to rotate within a closed space it is known
as a topological domain. A simplest example of such is the covalently closed circular DNA,
found in plasmids and viruses (Figure 1.3.a). Although eukaryotic chromosomes are linear
overall, they too consist of large DNA loops firmly attached to the nuclear matrix or protein
bodies (Figure 1.3.b, c). Hence, the principle of basic topology for circular DNAs, for study
purposes, can be generalized for both these classes.

o O

Figure 1.3. Examples of topological domains. (a) Circular DNA, (b) linear DNA attached to the
membrane, (c) linear DNA attached to protein aggregates (adapted from Sergei M Mirkin et al 2001)

The fundamental parameter for understanding topology of a covalently closed circular DNA is
called the linking number (Lk). There are two fundamental features of the LK. First, Lk is always
an integer. Second, Lk cannot be changed due to any deformation of the DNA strands, i.e. it is
invariant. Another parameter of a circular DNA is called “Twist or Tw” (Figure 1.4.b). Tw
signifies how the individual strands of DNA coil around the axis of the DNA helix. In a right-
handed helix DNA with =10.5 base pairs (bp) per turn, Tw is mostly a positive value for any
naked DNA. “Writhing (Wr)” is another important characteristic of circular DNA, is a measure
of the coiling of the helix axis in space, i.e. the shape of the DNA molecule as a whole (Figure
1.4.c). With the aid of these parameters following equation can be formalized:

Lk = Tw+ Wr

It implies that for a given closed-circular molecule, since Lk is invariant, any change in the twist
of the DNA must be accompanied by an equal and opposite change in the writhe, and vice versa.
If number of base pairs per DNA turn is designated as “helical repeats or h”, then the Lk value of
the N-base pair long circular DNA molecule corresponds to;
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Lk, = Tw, = N/h

When the Wr is zero and Tw is equal to Lk a molecule is in a relaxed state, which resembles the
planer circular DNA (Figure 1.4.a) and its Lk is taken as Lk,. A DNA molecule whose Lk value
differs from the LKk, is supercoiled. A quantitative measure of DNA supercoiling is the linking
difference (ALK);

ALK = Lk - Lk,

When the value of ALK is negative, the corresponding DNA is negatively supercoiled. Which
means that negatively supercoiled DNA is somewhat unwound compared with the relaxed DNA
(Figure 1.4.c). When the ALK value is positive, DNA is positively supercoiled, and is somewhat
overwound compared with the relaxed DNA.

Figure 1.4. Twisting and writhing in the tubing model of DNA. a) ‘Relaxed’ DNA; Lk = Lk,. b) The
DNA is untwisted 4 times along its axis. By applying ALk = Tw+ Wr; ALk= —4, since ATw =—4, Wr = 0.
c) DNA interwound by introducing four turns of writhe i.e. ALKk = —4, since ATw ~ 0, Wr ~ —4 (Adapted
from DNA Topology book Bates.A, Maxwell.A 2005).

Likewise, another useful parameter of supercoiled DNA is the “superhelical density (¢)”, defined
as:

o = ALK/ Lk,

At times it is easier to use “c”, rather than ALk, to compare supercoiling between different
DNAs. This is because “c” is normalized for DNA length and it estimates the number of
supercoils per helical turn of DNA. For circular DNAs isolated from living organisms the



absolute value of “c” may vary from - 0.02 to - 0.09, i.e. there are 2-9 supercoils per 100 helical
turns of DNA. (Calladine CR and Drew HR et al 1997)

2.1.2. DNA topoisomerases; the enzymes responsible for modulating DNA topology:

DNA topoisomerases are a class of ubiquitous enzymes which alter DNA supercoiling by
catalyzing the winding and unwinding of DNA double helix. They do this by introducing a cut
that breaks the DNA backbone, through which one of the DNA strands passes through another,
thus relaxing or coiling the DNA before it re-seals the breaks (Champoux, J. J et al 2001). In the
strand-breakage reaction by a DNA topoisomerase, the tyrosyl oxygen of the enzyme attacks the
phosphorus backbone of DNA, causing a phosphotyrosine covalent linkage while breaking a
DNA phosphodiester bond simultaneously. Resealing of the DNA strand is carried out by a
second transesterification, which is basically the reverse of the first reaction. In this the oxygen
of the DNA hydroxyl group attacks the phosphorus of the phosphotyrosine link, breaking the
covalent bond between the protein and DNA, and thus re-forming the DNA backbone
(Champoux, J. J et al 2001). By these series of reactions a transient enzyme-mediated gateway is
created for the DNA strands to pass over one another to mediate release or gain of coiling.

DNA topoisomerases fall into two categories: type | and type Il. These classes have further
subfamilies which are structurally and mechanistically similar (Table 1).

Type | DNA Topoisomerases:
Break one strand of a DNA helix.
Are ATP independent (except reverse gyrase)

Primarily relax positively supercoiling (over-wound) and/or negative supercoiling (under-
wound) DNA, whereas reverse gyrase can introduce positive supercoils.

Their mechanism requires either a transient nick allowing strand passage by ‘enzyme
bridging’ (Type IA) or a transient cleavage leading to its ‘strand rotation’ (Type IB). In
both mechanisms, one DNA strand passes the other and hence relaxes (unwinds) the
supercoiling, followed by rejoining the ends of the broken strand (Figure 1.5.a)

Play an important role in DNA replication and transcription (eukaryotic DNA
topoisomerase ), and recombination (eukaryotic DNA topoisomerase I11).



Type 11 DNA Topoisomerases:

Break two strands of a DNA helix.
Are ATP dependent.

Are responsible for relaxing DNA (yeast topoisomerase Il), as well as introducing
negative (bacterial DNA gyrase) where both belong to Class IA.

Their mechanism of action involves passing an intact DNA helix through the gap made
by the breaking both strands of a DNA helix and then resealing the strands (Figure
1.6).

Play an important role in chromosome condensation (eukaryotic DNA topoisomerase 1)
and during segregation of daughter chromosomes in cell division (eukaryotic DNA
topoisomerase Il and prokaryotic DNA topoisomerase 1V).

Subfamily Representative members

*Bacterial DNA topoisomerases I and III Yeast DNA topoisomerase II1
*Drosophila melanogaster DNA topoisomerases [[To.and I3
*Mammalian DNA topoisomerases Illo. and ITI3

*Eukaryotic DNA topoisomerase [
*Mammalian mitochondrial DNA topoisomerase [

*Bacterial gyrase, DNA topoisomerase IV
*Yeast DNA topoisomerase II

*Drosophila DNAtopoisomerase I1
*Mammalian DNA topoisomerases Ilo.and IIp

sSulfolobus shibatae DNAtopoisomerase VI (subunit Ahomologous to yeast
Spoll)

Table 1. Subfamilies of DNA topoisomerases. (Adapated from James C Wang et al 2002)
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Figure 1.5. Mechanism of DNA topoisomerase | for solving supercoiling. A complex is formed
between the catalytic tyrosine of topoisomerase | and a phosphate on a DNA strand. Topoisomerase |
introduces a nick in one strand, allows the unwinding by strand rotation or passage to relax supercoiling
and reseals the strands afterwards (Adapted from http://helicase.pbworks.com/w/page/17605720/Tyler-
Huff)

T segment g~
S
N

G segment §
N/N/NTNTN/N

Figure 1.6. Generalized mechanism for the action of DNA topoisomerase Il. The enzyme active site
opens and binds the first segment of DNA designated the G (Gate) segment. It then binds a second
segment, the T (Transported) segment. After cleavage of the G segment, the T segment is passed through
the protein and released on the opposite side. A Mg”" ion is required for cleavage of the G segment, which
results in the formation of phosphotyrosine bonds between the cleaved ends of the DNA strand and active
site tyrosine residues. ATP binding causes a conformational change that closes the enzyme active site.
ATP hydrolysis may also assist in passage of the T segment (Adapted from J. L. Nitiss et al 2009)
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2.1.3. Importance of DNA topology modulation during DNA replication:

Changes in DNA topology are imposed during the process of initiation, elongation, and
termination of DNA replication, which are discussed below;

a) Replication initiation:

In all living beings DNA replication begins at specific segments known as origins of replication.
To initiate replication the origin region needs to be unwound before the DNA synthesis could
take place. Hence, it is intuitive to think that negative supercoiling is likely to favour the
initiation of this process. In E. coli, DnaA when bound at the origins organizes into a
nucleoprotein complex which is more stable if oriC is present on a negatively supercoiled DNA
(Fuller, R.S et al 1983). On similar grounds, the importance of supercoiling in initiation is
observed in the yeast autonomously replicating sequences (ARS), which in presence of
negatively supercoiled DNA unwinds readily. In vivo, this ease of unwinding is correlated with
their efficiency as replication origins (Umek, R.M et al 1988). Although topoisomerases may not
play a direct role in replication initiation complexes but by maintaining the supercoiled state of
the template DNA they play a crucial role on the efficiency of initiation. For example, in bacteria
requirement of DNA gyrase at the initiation step of replication is thought to relate for capacity to
introduce negative supercoils and not its specific role at the origins.

b) Replication Elongation:

During replication elongation the fork proceeds unwinding the DNA template and this
elimination of crossings in the parental duplex is compensated by the accumulation of positive
supercoiling ahead of the fork. This is because fork rotation might be partly hindered in vivo, due
to size or it being attached to fixed structures within the cell, limiting the transfer of torsional
stress to newly synthesized duplexes to form precatenane structures (discussed below). In E. coli,
if unresolved, positive supercoiling might impede elongation. Thus, DNA gyrase is the
topoisomerase responsible to avoid that by introducing negative supercoils that overall relax
DNA overwinding. Although, it has been also pointed out that topoisomerase IV can also carry
out a similar function, where DNA gyrase activity is limiting (Khodursky, A.B. et al 2000),
indicating that the two enzymes may share overlapping roles. There are times when the
elongating forks converge towards topological domain barrier (as mentioned above) and there is
lesser room to accommodate the positive supercoils building up ahead of the forks. An outcome
of this could be that the positive supercoils diffuse behind the fork by rotation and create
interwinding in the daughter strands (Figure 1.7) (Postow, L. et al 2001). The formation of these
interwindings is called ‘precatenanes’. The name comes from the fact that if unresolved before
replication is complete they will form catenanes. Since the precatenanes may contain nicks or
single stranded breaks, DNA topoisomerase Il in E.coli could resolve them and support further
replication fork progression (Hiasa H.et al 1994) (Nurse P.et al 2003). However, if till the

12



replication termination these precatenanes are unresolved, type |1 DNA topoisomerases can carry
out their removal so as to avoid formation of catenated DNA molecules (discussed below)
(Zechiedrich, E.L.et al 1995).

In S. cerevisiae and S. pombe, the elongation of DNA synthesis is affected substantially by the
inactivation of both DNA topoisomerases | and 11, but not by single inactivation of either (Kim,
R.A. et al 1989). Both these enzymes can solve positive supercoiling, which implies that in
eukaryotes, both DNA topoisomerase | and Il can act to relieve the torsional stress generated
during replication elongation. In agreement with this notion, both yeast Topl and Top2 associate
to replication forks (Bermejo et al 2007). Although, type IA enzyme i.e. yeast topoisomerase 111
does not seem to assist during elongation in yeast.

Replicated Replicating Pre- replicated
domain domain domain

g W = @

Figure 1.7. Model for topology of the replicating chromosome. A segment of chromosomal DNA is
depicted, with black lines as parental strands and red lines as nascent strands. In the bacterial
chromosome, domain barriers (yellow boxes) isolate the topology around the fork from the rest of the
chromosome, which is (—) supercoiled by DNA gyrase, as shown in the domains on either side of the
replication domain. Replication creates a (+) ALk in the replicating domain (center), which can cause (+)
supercoils ahead of the fork and (+) precatenanes behind it. Thus, either gyrase or topo IV (or Topl or
Top2 in eukaryotes) could support replication by removing (+) supercoils in front of the fork, and topo 1V
(or Top2 in eukaryotes) could also support replication by removing precatenanes behind the replication
fork (Adapted from Postow, L. et al 2001).

c) Replication termination:

During the termination of replication when the two replication forks converge towards each
other, the unlinking of the parental DNA strands might be impeded by the accumulation of a

13



high density of supercoiling at the remaining unreplicated DNA strands (Figure 1.8.a). In such
circumstances, torsional stress is thought to be transferred behind converging forks to allow the
last steps on DNA synthesis and leading to the accumulation of pre-catenated DNA (Figure
1.8.b). The formation of such structures has been documented as intermediates in replication in a
number of systems (Wasserman, S.A. et al 1986). In principle, such pre-catenated DNA
molecules may be resolved by both type 1A or type Il topoisomerases. Although, depending on
catenated product so formed, the activity of the topoisomerases can be distinguished. As
mentioned above, type IA topoisomerase Il in E.coli or eukaryotic Top3 require a nick, or a
single-stranded gap as a substrate to remove precatenanes (Nurse P.et al 2003). While type 1l
enzymes have been well characterized to be perform the decatenation of daughter chromosomes,
and thus contribute to proper segregation of the genetic material (Steck, T.R. et al 1984)
(Zechiedrich, E.L.et al 1995).

Figure 1.8. Formation of pre-catenated DNA at the termination of replication. a) At the terminus of
replication, converging replication forks, leads to the interwinding of daughter molecules and the
formation of pre-catenanes (b). c) Upon completion of replication, the products are catenated DNA which
can be resolved by type Il topoisomerases (Adapted from DNA Topology book Bates.A, Maxwell. A
2005)

In S. cerevisiae it has been shown the catenanes accumulate in closed circular plasmids upon
inactivation of DNA topoisomerase Il (DiNardo, S. et al 1984), signifying that the enzyme is
necessary for the segregation of chromosomes at the termination of replication. Also in S. pombe
it has been elucidated that this enzyme is required during mitosis for proper chromosomal
segregation (Yanagida, M. et al 1987).
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In summary, the of DNA replication is linked to changes in DNA topology that if not acted upon
by DNA topoisomerases can lead to stalling of fork progression and counteract chromosome
segregation, giving rise to chromosomal breaks and genomic instability.

2.2. Natural Impediments to DNA Replication:

Natural impediments responsible for fork stalling can either be “programmed” or occur
“accidentally”. The first case is exemplified by termination of replication in bacteria, halt of
replication in eukaryotes by ribosomal operons, pausing sites at termination regions or
replication slow zones and mating-type locus in fission yeast (Ekaterina V. Mirkin et al 2007).
The pausing sites for forks may also include unusual DNA secondary structures, certain non-
histone protein-DNA complexes and collisions with transcription. On the basis of the extent of
hindrance caused to the replication forks the above-mentioned sites can be broadly classified in
two classes. “Replication fork barriers” are those where replication stalling is programmed to
control DNA progression for protecting genome integrity. While the second class, forks are
usually capable of bypassing the obstacle after temporarily pausing, hence given the name
“Replication fork pausing sites”. The pausing event can last from several seconds, like in yeast
centromeres, to almost half an hour, like at sites of EBNA-1 (Epstein-Barr nuclear antigen 1)
protein binding in Epstein-Barr virus (EBV) DNA replication.

In synchrony to my work, | discuss further the best-characterized sites in the budding yeast
model known to form natural obstacles for the approaching replication forks. A class of such
impediments, i.e. formation of unusual DNA secondary structures will be dealt with in detail as
Chapter 2 of this introduction.

2.2.1. DNA Binding Proteins:
a) Eukaryotic ribosomal barriers

The eukaryotic rRNA Replication fork barrier (RFB) was first discovered in Saccharomyces
cerevisiae, situated near the 3' end of the 35S ribosomal RNA gene (rDNA) (Brewer, B. J., and
W. L. Fangman. 1988) (Linskens, M. H., and J. A. Huberman. 1988). The budding yeast rRNA
locus is an arrangement of tandem repeats of the 35S RNA gene (precursor for 18S, 5.8S, and
25S rRNAs), which is transcribed by RNA polymerase |. Next to it is a first non-transcribed
spacer (NTS1). The 5S rRNA gene, transcribed by the RNA polymerase Il1, is followed by a
second non-transcribed spacer (NTS2). The 5S rRNA includes an origin that fires bi-
directionally. Budding yeast contains sites with multiple arrays of rDNA repeats, €.g. 150 rDNA
repeats in chromosome XII, which are highly transcribed. Thus, it would be exceedingly
common to have head-on collisions between the replication forks and transcription bubbles. One

15



way to avoid such collisions is to impose a directionality of the replisome with respect to the
transcription progression. This is mediated by rDNA replication Fork Barriers (RFBs), which
favor replication & transcription to proceed co-directionally through the rDNA loci (Linskens,
M.H et al 1988)
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Figure 1.9. Organization of rRNA repeats in S. cerevisiae. a) The locus consists of multiple units of
direct repeats, each of which contains a 35S RNA transcribed by RNA Pol |, NTS1, 5S transcribed by
RNA Pol 11l and NTS2 (adapted from Ekaterina V. Mirkin et al 2007). b) Fob1 binds RFB sequences to
block replication forks progressing in the opposing direction to 35S ribosome gene transcription.
Directionality of replication is shown by green arrow. ‘Stop’ sign signifies the barrier to the fork
movement from the 3’ direction (adapted from Adam R. Leman et al 2013)

A polar block of replication is induced by the protein Fobl (Figure 1.9.b). Fobl binds RFBs
located at the 3' non-transcribed region of each rDNA gene (Kobayashi, T et al 1996). On
binding, it wraps the DNA around itself to significantly modify the local state of chromatin and
thus block replication from the 3' direction (i.e. forks progressing co-directionally to 35S
transcription) (Kobayashi, T et al 2003). Not only does Fobl binding induce a polar replication
fork pausing but it also causes increased recombination events at the RFB regions (Johzuka, K et
al 2002). Two proteins that are known to act to stabilize stalled replication forks, Tofl and Csm3,
have been shown to protect forks arrested at the Fobl-mediated barrier too. Their role in
combination with Fobl is to counteract the action of Rrm3, a DNA helicase essential for

16



replication through the rDNA RFB region and other natural pausing sites. It has been postulated
that Rrm3 removes Fobl to facilitate fork progression (Mohanty, B.K et al 2006) Since, Rrm3
was also found to physically interact with the replication fork clamp loader PCNA ( Schmidt,
K.H et al 2002) (Azvolinsky, A et al 2006) it might favor the polar passage of replication forks
through fork block sites throughout the genome. Thus, it can be said that the ribosomal barriers
have possible role in protecting the rRNA genes from the head-on transcription-replication
collisions.

b) Non-histone protein-DNA complexes in budding yeast

Studies have shown that during chromosomal replication in the S. cerevisiae, fork stalling takes
place at many genomic loci where non-histone proteins were bound to DNA besides the
ribosomal barrier. The first insight of such inhibition of replication by non-histone bound
protein-DNA complexes comes fro the observation that replication forks halt at centromeres in S.
cerevisiae (Greenfeder, S et al 1992). Even on altering the directionality of replication through
the centromeric regions, they found that the pausing was independent of its orientation. With
yeast plasmids, they later confirmed that the pause sites strongly correlated centromeric DNA
binding to non-histone proteins where they are tightly packed. On comparison of the amount of
stalled versus normal replication intermediates they estimated that the time of pausing was 0.1 to
0.2 min.

Since Rrm3 helicase was found to be required at rRNA locus in yeast, studies Rrm3-deficient
yeast strains identified 1,400 discrete sites of replication pause sites throughout the genome
(Ilvessa, A.et al 2003) (lvessa, A. et al 2000). The sites included tRNA genes, centromeres,
telomeres, silent mating-type loci, and inactive origins of replication as well as the rRNA locus.
All these genomic elements are tightly bound by non-histone protein-DNA complexes. Since
stalling of replication forks at the same loci in Rrm3-deficient strains compared to wild-type
strains greatly increased, a role for Rrm3 in removing such tightly bound protein from the DNA
to assist replication progression was proposed. The need for at least one helicase dedicated to
solve these tightly bound protein DNA complexes to avoid fork stalling and breaks formation,
indicates the implications of such protein complexes on the replication mechanism on a genome
wide scale (lvessa, A. et al 2000).

2.2.2. Replication-Transcription collisions:

In order to understand the genome wide outcomes of replication transcription interference, a
brief insight on the gene transcription machinery, its role in synthesis, processing and export of
MRNA is discussed as follows.
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a) Gene Transcription:

It is the elaborate process that eukaryotic cells use to duplicate genetic information stored in
DNA into units of RNA replica. Unlike prokaryotes, where a single RNA polymerase initiates
the transcription of all different types of RNA, eukaryotes employ three variants of RNA
polymerases that transcribe different sets of genes. For eukaryotic mRNA synthesis the three
polymerases are composed of 10 subunits or more, where each requires a specific set of
transcription factors to bring it to the DNA template. The three different types of RNA
polymerases are:

RNA polymerase | is situated within the nucleolus, where the ribosomal RNA (rRNA) is
transcribed, processed, and assembled to form ribosomes. All the large as well as small subunit
RNAs are synthesized by RNA polymerase I. It is considered the most abundantly present
polymerase within the cell and also the fastest in synthesizing RNA in comparison to any other
polymerases. RNA polymerase | transcribes all of the rRNAs except for the 5S rRNA molecule.
The rRNAs are components of the ribosome and are considered structural RNAs as they have a
cellular role but are not translated into protein. Each transcript comprises of a copy of three
rRNAs, i.e. the 28S and 5.8S large subunit RNAs and 18S RNA the small subunit. The
transcription of rRNA is very efficient owing to the fact that each rRNA can only transcribe one
ribosome, whereas a single mRNA could make multiple proteins. The primary transcript consists
of both the small and large subunits i.e. 28S-5.8S-18S, in that order. The processing of rRNA
requires the modification of the specific nucleotides along with the cleavage of the transcripts
into the individual RNA components (Figure 1.10).
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Figure 1.10. The rRNA gene transcript. Single copy of rRNA gene is shown which on being
transcribed results in 28S, 5.8S, 18S rRNA subunits. The pre-rRNA then needs to be further cleaved to
later form the individual RNA components (adapted from https://www.cliffsnotes.com/study-
guides/biology/biochemistry-ii/eukaryotic-genes/eukaryotic-transcription)

RNA polymerase 11 is located within the nucleus and transcribes messenger RNA and a few
other small cellular RNAs. Class Il promoters can be defined by their extreme sensitivity to a-
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amanitin (a mushroom poison; which imparts sensitivity to the three polymerases differently).
Like in prokaryotes, class Il promoters contain two conserved sequences, namely the CAAT and
TATA boxes. The TATA box is found 25-30 base pairs upstream of the transcription start site,
i.e. located at approximately -30 relative to the initiation (+1) site (Figure 1.11.a). The TATA
box is the core promoter element which is the binding site for a transcription factor known as
TATA-binding protein (TBP). The TBP itself is a subunit of the Transcription Factor Il D
(TFIID). When TFIID binds with the TATA box via TBP, five more transcription factors and
RNA polymerase Il from a complex in a stepwise manner around the TATA box called the pre-
initiation complex (Figure 1.11.a). Another transcription factor called the Transcription Factor Il
H (TFIIH) is responsible for separating opposing strands of double-helical DNA and provides
access to the RNA polymerase to use single-stranded DNA as a template.
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Figure 1.11. Schematic representation of a gene transcription regulation by RNA polymerase I1. a)
Step wise depiction of transcription factors that recognize the promoter. RNA polymerase Il then binds
and forms the transcription initiation complex (adapted from https://www.boundless.com/biology) b)
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Transcription factors; activators, repressors and enhancers loading to propel the elongation by the RNA
polymerase I (adapted from
http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_10/devo_10.html)

However, the pre-initiation complex alone drives only a basal or low level of transcription. Other
proteins known as the ‘activators’ and ‘repressors’, along with other associated co-activators or
co-repressors, are responsible for determining the transcription rate (Figure 1.11.b). The
activator proteins increase the transcription rate whereas the repressor proteins decrease the
transcription rate. While activators can interact directly or indirectly with the core machinery of
transcription through enhancer binding, repressors need recruitment of co-repressor complexes
causing transcriptional repression by chromatin condensation of enhancer regions (discussed
below). Situations may occur when repressors may function by allosteric competition against a
determined activator to repress gene expression. Such DNA-binding motifs having affinity for
both activators and repressors may induce a physical competition for the binding site occupancy.
If the repressor has a higher affinity than the activator, transcription would effectively be blocked
by the repressor.

The binding sites for both these transcription factors are regulated by cis-regulatory elements
called ‘enhancers’ (Figure 1.11.b). They range from 200 bp to 1 kb in length and can be present
at proximal 5’ upstream to the promoter or within the first intron of the gene regulated, or at
intergenic regions far away from the locus. By DNA looping the active enhancer a bound
regulatory protein activates transcription by direct protein-protein interaction with RNA
polymerase Il at the promoter region. (Levine, M et al 2010) This promoter-enhancer complex
forms the basis for interaction between transcription factors and RNA polymerase Il to trigger its
movement and escape from the promoter.

RNA polymerase 111 governs the transcription of 5S rRNA, tRNA and small nuclear pre-RNAs.
The unique feature of its promoter is that it can be located inside the coding region of the gene
itself, unlike to all other promoters. Pol Ill-transcribed genes like tRNA have internal promoters
where the key elements are located within the transcribed regions which are identified by
transcription factor 1IC (TFHIC) (Schramm L.et al 2002). TFHIC recruits TFIIB, which is
composed of the subunits BRF1, BDP1 and TATA box binding protein (TBP) (Schramm L.et al
2000). The TFIIIB then is responsible for the recruitment of RNA Pol Il and initiates
transcription.

Transcription elongation requires the transcription machinery to move histones out every time
it encounters a nucleosome. This is facilitated by the protein dimer called FACT i.c. ‘facilitates
chromatin transcription’. FACT disassembles the nucleosome ahead of a transcribing RNA
polymerase 11 by removing two of the eight histones i.e. a single dimer of H2A and H2B histones
(Kireeva, M. L. et al 2002) (Figure 1.12). Ubiquitylation of H2B-K123 leads to the removal by
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the FACT histone chaperone complex (Pavri, R. et al 2006). This presumably unwinds the DNA
around that nucleosome such that the RNA polymerase Il can transcribe through it. Interestingly,
it has been shown that histone chaperone Napl in yeast also stabilizes a hexameric histone i.e.
the H3—H4 tetramer and one H2A—H2B dimer complex (Kuryan, B. G et al 2012) (Figure 1.12).
Soon after, FACT reassembles the nucleosome behind RNA polymerase Il by rearranging the
missing histones to it.

RNA polymerase Il in total consists of a 12-protein subunit complex. In general, all RNA
polymerases travel along the DNA template in the 3' to 5' direction and synthesize new RNA
strands in the 5' to 3' direction by adding new nucleotides to the 3' end the RNA strand. During
the unwinding of the DNA helix, RNA strand synthesis takes place in a transcription bubble of
about 25 unwound DNA base pairs. Out of which only 8 nucleotides of newly-synthesized RNA
remain base paired to the template DNA. The rest of the RNA molecule remains unattached to
the template to allow rewinding of the DNA template.

Figure 1.12. The FACT complex enables RNA polymerase Il transcription of nucleosome-packed
DNA. Passage of the elongating RNA polymerase Il is aided by the FACT (in blue) histone chaperone
complex, which targets ubiquitylated (Ub) H2A-H2B dimmers (in orange) for removal. The resultant
hexameric nucleosome is stabilized by the histone chaperone Napl (in dark violet) in yeast. The box on
side depicts the structural representation of the histone subunits (adapted from S.Venkatesh et al 2015)

The termination step is dependent on the type of eukaryotic RNA polymerase.

The rDNA gene bears a specific sequence (11 bp in humans and 18 bp in mice) that is
recognized by a termination protein called TTF-1 (Transcription Termination Factor for RNA
polymerase 1). On binding at its recognition sequence, TTF-1 blocks further transcription. Due to
which the RNA polymerase | disengages from the template DNA strand and thus releases its
newly-synthesized RNA (El Hage et al. 2008).
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RNA polymerase Il which is responsible for transcribing protein-encoding, structural RNA and
regulatory RNA genes lacks any specific signals or sequence that directs it to termination. RNA
polymerase Il has the capacity to transcribe RNA anywhere from a few base pairs to thousands
past the actual end of the gene. However, the transcript is cleaved at an internal site before RNA
polymerase Il finishes transcription. Due to cleavage, the remainder of the transcript becomes
open for digestion by a 5* exonulcease called Xrn2 (in humans), while the 3” end of the transcript
is still being transcribed. When the 5'-exonulease activity encounters the RNA polymerase 11, it
digests away all the overhanging RNA and hence disengages the polymerase from the template
DNA strand. Thus, causing termination of that round of transcription (Hannah E. Mischo.et al
2013).

In protein-coding genes, the cleavage sites which are responsible for the termination signal for
the emerging pre-mRNA contain an upstream AAUAAA sequence and a downstream GU-rich
sequence. These two specific sequences are separated by about 40-60 nucleotides in the
emerging RNA. Once both of the sequences are transcribed, a protein called CPSF (in humans)
binds the AAUAAA sequence while a protein called CstF (in humans) binds the GU-rich
sequence. On binding these sequences the two proteins form a protein complex that leads to the
cleavage of the nascent pre-mRNA by CPSF at a site 10-30 nucleotides downstream of the
AAUAA site. The Poly (A) polymerase enzyme (PAP), which catalyzes the addition of a 3' poly-
A tail on the pre-mRNA, is also part of the complex that formed with CPSF and CstF.

RNA polymerase |1l that transcribes the tRNA, 5S rRNA, and structural RNASs genes has a less
deducible termination signal. The RNAs transcribed by RNA polymerase Il contains short
stretches of four to seven uracils at their 3' end, which somehow facilitate RNA polymerase Il to
both release the nascent RNA and disengage from the template DNA strand.

MRNA processing is the phenomenon where the pre-mRNA undergoes extensive processing
before it is ready to be translated. Post synthesis the mMRNAs undergoes extensive modifications
after synthesis, which includes capping, polyadenylation, and splicing. 5> Capping of the pre-
MRNA takes place while it is still being synthesized. A 7-methylguanosine cap is added to the 5'
end of the growing transcript by a 5'-to-5' phosphate linkage. This moiety prevents the nascent
MRNA strand from being degraded. Besides, the 5’ capping also helps initiation factors involved
in protein synthesis to be recognized for translation by the ribosomes (Figure 1.13). A 3' Poly-A
tail is attached to the pre-mRNA while the RNA polymerase Il is still transcribing downstream
of the end of a gene. The pre-mRNA is first cleaved by an endonuclease-containing protein
complex, which cuts between the AAUAAA consensus sequence and a GU-rich sequence. This
cleavage then detaches the functional pre-mRNA from the rest of the transcript that is still
attached to the RNA polymerase Il. Another catalytic enzyme called poly (A) polymerase (PAP),
which is also a part of the same protein complex that cleaves the pre-mRNA, immediately adds a
chain of approximately 200 ‘A’ nucleotides, called the poly (A) tail, towards the 3' end of the
cleaved pre-mRNA. The poly (A) tail so added protects the mRNA from degradation and
facilitates the export of the mature mRNA to the cytoplasm. Further it is also required for
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binding of proteins involved in initiating translation (Figure 1.13). Pre-mRNA splicing is the
process by which the non-coding region of the RNA transcripts are removed or spliced out in
order to produce a mature mRNA sequence. The eukaryotic gene pool comprises of protein-
coding sequences called exons and the intervening sequences (non-coding) called introns. Intron
sequences within the mRNA do not encode any functional proteins.
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Figure 1.13. Stepwise representation of stages in mMRNA maturation. The DNA as a template is
transcribed by RNA oolymerase Il to yield pre-mRNA. The mRNA is then cleaved by specific
endonuclease to allow termination of transcription. Sequentially, 5’ capping and poly (A) tail is addition
at the 3 end (100-250) takes place. By RNA splicing the introns are removed and hence mature mRNA is
formed.

b) mMRNP biogenesis and export:

After the pre-mRNA has been transcribed from DNA in the nucleus, it is processed into a
mature ribonucleoprotein (MRNP) particle, which is then exported from the nucleus to the
cytoplasm. The THO complex, a nuclear protein complex conserved well in eukaryotes, is
required in the biogenesis of mRNP particles and works as the interface between transcription
and RNA export. THO is composed of Tho2 (180 kDa), Hprl (90 kDa), Mftl (45 kDa), and
Thp2 (30 kDa) proteins (Chavez S et al 2000). Null mutations in all THO components lead to
similar phenotypes of transcription impairment, hyper-recombination and defective RNA export,
which establishes that THO is a functional and physical complex. Although, for efficient co-
transcriptional mMRNA export it is essential to recruit two more factors i.e. Yral and Sub2
(Strasser K et al 2002) (Figure 1.14) where the latter is an RNA-dependent ATPase involved in
MRNA export. These proteins when together form a large complex called TREX i.e.
transcription-export complex. Sub2 was found to be a high copy suppressor of Hprl deletion, it
indicating a connection between THO and RNA export. Disrupting any of the tightly coupled
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steps for mMRNA export to the cytoplasm causes the activation of the RNA surveillance pathway,
which subsequently leads to degradation of non-active mMRNA molecules (Houseley J et al 2006).
Similarly, perturbing THO subunits in yeast also leads to impairment of mRNP formation, which
in turn causes defects in transcription elongation and export. Disruption of Hprl subunit causes
MRNA entrapment at the transcription sites giving rise to the formation of RNA-DNA hybrids
within R-loop structures. The R-loop formation results in hyper-recombination and genomic
instability if these molecules remain unresolved (Huertas P et al 2003). Lack of the Mtf1 subunit
also results in accumulation of transcribed but not matured and exported RNA, which, along with
transcriptionally active chromatin, pieces of RNA export machinery and nuclear pore complexes
(NPC), forms large aggregates called heavy chromatin (Rougemaille M et al 2006). Several other
proteins have also been described to interact with the THO such as Mex67, Gbp2 and Hrbl (the
serine-arginine rich like proteins) and the Prpl9 complex, with is involved in splicing and
transcription elongation.

TREX
Complex

Figure 1.14. The THO/ TREX complex. The THO complex includes the Hprl, Tho2, Mftl and Thp2
(violet color). This along with Sub2 and Yral is called a TREX complex. The RNA Polymerase Il (grey
color) is transcribing and forming the mRNA (blue color line). Gbp2 and Hrb1 are also shown in grey.
The whole mRNA with protein bound complex is called mRNP. (Adapted from https://www.uni-
giessen.de/fbz/fb08/Inst/biochem/straesser/research/research-straesser)
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Figure 1.15. THO complex role in mRNP biogenesis at the interface between transcription and
export of mMRNA from the nucleus to cytoplasm. Proteins shown with their yeast name / human
homologs respectively as per Nab2, Mtr2/p15, Sub2/UAP56, Mex67/TAP and Yral/ALY. While the
yeast name / Drosophila homologs as per Susl/ENY2. Protein complexes are shown in capital letters:
THO, THSC (or TREX-2) and SAGA. Proteins that interact with each other or between which a physical
connection has been reported are in the same color. Susl can act as a subunit of both THSC and SAGA
complexes. Unlabeled proteins in gray represent other factors important for mRNP biogenesis and export.
NPC, nuclear pore complex; RNAPII, RNA polymerase Il. (adapted from Sonia Jimeno et al 2010)

In yeast, the THO complex could be one of the first players to act during transcription elongation
to facilitate a correct mRNP formation. It paves the path for recruitment of other factors such as
Sub2 or Mex67 (Zenklusen D et al 2002). Yral, another RNA binding protein which interacts
with Sub2 and the Mex67-Mtr2 export factor, can also favor the mRNP to the nuclear pore
complex. THO also aids in recruiting Mex67 to the mRNP through Hprl (Figure 1.15). This
interaction is regulated by Rsp5, an ubiquitin ligase which polyubiquitinates Hprl protein
(Hobeika M et al 2009). Close to the nuclear pore complex another complex called the THSC
complex (also termed TREX-2) may have an unknown role in mRNP biogenesis and export. It is
intriguing that mutations in THSC also result in transcription elongation impairment, faulty RNA
export and even transcription related hyper-recombination as seen by mutating THO complex.
(Aguilera A et al 2005).

Human THO also associates with proteins of the spliceosome (Masuda S et al 2005). Likewise,
there is also indication for recruitment of THO in a transcription dependent manner to the
chromatin in Drosophila (Kopytova DV et al 2010). Therefore, role of THO in mRNP
metabolism may be significant among eukaryotes. Recent evidence that Drosophila THO
complex interacts with ENY2, a transcriptional activator that interacts with the SAGA
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transcription factor, opens new opportunities of a co-transcriptional action of THO in higher
eukaryotes (Figure 1.15) (Kopytova DV et al 2010). However, the impact of THO complex may
go beyond transcription elongation and RNA metabolism, as any THO protein modifications or
functional role might uncover its pattern of activity during the course of its further
understanding.

c) Replication transcription interference:

Given that the replication fork and the RNA polymerase share the same DNA template,
situations may arise where collisions between the two machineries are inevitable (Brewer, B. J et
al 1988) (Nomura, M. et al 1977). As both the processes are polar, they can collide either ‘head-
on’ or ‘co-directionally’ (Figure. 1.16). A head-on collision occurs when a given gene is being
transcribed by using the lagging strand as a template, while in co-directional case the gene
transcription is taking place using the leading strand as a template. Since, in prokaryotes
replication is approximately 20-fold faster than transcription i.e. ~800 nucleotides nt/sec versus
20 to 50 nt/sec (Kornberg, A et al 1992), in both the head-on and in the co-directional scenarios
collision would be relevant. Contrarily, in eukaryotes replication and transcription machineries
progress with comparable speeds of 17-33 nt/sec (Hiratani, | et al 2008) and 17-72 nt/sec
respectively (Darzacg. X et al 2007) (Singh, J et al 2009), making co-directional collisions less
likely.
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Figure 1.16. Directionality of co-directional and head on collision encounters of replication and
transcription machineries. On the basis of genomic location and the state of the transcription complex,
the outcomes of transcription-replication encounters can be classified into three main groups: (i) those
linked to DNA damage when the transcription machinery encounters the replication fork in the head-on
direction (yellow boxes), (ii) those associated with DNA damage when transcription and replication are
co-directional (orange box) and (iii) those that may cause genomic instability in either orientation (blue
boxes). Orange and blue arrows represent the direction of transcription and replication, fork progression,
respectively; small black arrows represent the direction of the DNA polymerases replicating each strand.
Pol stands for polymerase. (Adapted from Anne Helmrich et al 2013)

Likewise, initially it was thought that head-on collisions between transcription and replication
machineries were more detrimental than the co-directional ones. But lately, a number of studies
suggested that it might not hold true always. Given that DNA damage can be caused by head-on
or co-directional encounters or even upon collisions in both directions, a summarization of all the
scenarios has been postulated as shown in the Figure 1.16.

However in yeast, the directionality of replication and transcription processes does not matter for
replication fork progression on a genome-wide scale. It has been argued that naturally occurring
sites of replication-fork pausing at transcribed regions are not dependent on polarity
(Azvolinsky, A et al 2009). Similarly, in RNA-processing defective yeast strains the sites of
DNA damage are located to ORFs irrespective of orientation with respect to the closest
replication origin (Stirling, P.C et al 2012). Thus, replication forks may meet a transcription-
elongation complex from either direction i.e. both co-directional and head-on collisions have a
probability to cause DNA breakage, at least when transcription is hampered (Figure. 1.16).

d) Genome instability related to replication transcription collisions:

In prokaryotes and eukaryotes, the DSBs formation may be an outcome of two mutually
exclusive events of transcription-replication interference i.e. R loops formation and topological
stresses. The RNA-DNA hybrid structures displacing a single stranded DNA segment are known
as R loops (Figure. 1.17). They form when nascent RNA hybridizes with one of the strands in
the DNA helix, displacing the other DNA strand and thus forming a loop. The enzyme specific
for the removal of R loops by the hydrolytic cleavage is RNase H in prokaryotes and RNase H1
in eukaryotes. This enzyme is found to be necessary to avoid genome instability (Helmrich, A. et
al 2011) (Lin, Y et al 2010). Similarly, topological constraints develop when a replication fork
comes across a transcribed chromosomal region that cannot rotate freely, due to for example
attachment to the nuclear pore (Bermejo, R. et al 2011). If the DNA remains attached to the
nuclear pore, the positive supercoils accumulated in front of forks would lead to either fork
collapse or reversed forks accumulation. Therefore, replication-transcription clashes cause two
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possible outcomes potentially leading to the formation of DNA-damage. However, it is still not
clear whether R-loops and topological constraints are independent events or outcomes of a linked
mechanism.

RNA-DNA Hybrids:

According to the ‘thread-back’ model (Westover, K.D et al 2004), the newly synthesized RNA
transcript, as is complementary to one of the two DNA strands, can invade and anneal to form a
three-stranded nucleic acid molecule containing a RNA-DNA duplex along with a single-
stranded DNA (Reaban, M.E et al 1994) (Figure.1.17). It is postulated that since during mRNA
synthesis there is a transient uncoiling of the DNA duplex, creating negatively supercoiled
(underwound) DNA behind the RNA Polymerase I, the newly synthesized mRNA can thus
invade and anneal the template to form R-loop structures (Drolet, M et al 2006). Although, R-
loops occur at low frequency in normal cells (Helmrich, A. et al 2011) the number and the length
may increase when transcription or RNA processing is perturbed (Gan, W. et al 2011) (Tuduri,
S. et al 2009) However, disturbing replication, by hindering DNA polymerase progression or by
inactivation of replicative topoisomerases, influences the creation or stabilization of R-loops,
thus leading to DNA damage (Tuduri, S. et al 2009) (EI Hage, A. et al 2010). In yeast
THO/TREX mutants, accumulating R-loops behind elongating RNA polymerase 11 is the major
consequence of impaired transcription and increased recombination events (Huertas, P. et al
2003). Interestingly, the suppression of replication stalling at transcribed sites can be achieved by
overexpression of RNase H1, the enzyme known to remove R-loops (Aguilera, A et al 2008). It
is also proposed that R-loops can increase TAR (Transcription Associated Recombination) in
budding yeast by hindering replication fork progression (Prado F, Aguilera A. 2005).

In principle, RNA-DNA hybrids could obstruct fork progression in three non-mutually exclusive
ways. R-loops could hamper with DNA replication forks by: (i) Preventing DNA synthesis on
the leading or the lagging strand; (ii) Obstructing the displacement of the RNAP upon passage of
the fork or (iii) Favoring the accumulation of DNA lesions on the non-template ssDNA, which
would consequently affect DNA synthesis (Aguilera, A et al 2008). In any case, R-loops are
thought to be particularly stable to resist the confronted replication machinery and its associated
helicases. These structures could also interfere with DNA replication long after transcription has
ceased. It has been lately shown that the Senl/Sentaxin helicase is required in the resolution of
R-loops in yeast and human cells, which might be interesting to understand the metabolism of
co-transcriptional R loop structures (Mischo, H. E. et al 2011) (Alzu A et al 2012). Other
candidates for the elimination of RNA-DNA hybrids are the RecQ helicase RecQ5, which
directly interacts with the C-terminal domain of RNA polymerase Il and holds significance for
maintaining of genome integrity (Aygin, O. et al 2010) (Li, M. et al 2011).
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Figure 1.17. Outcomes of transcription-replication collisions. R-loop formation (left) and increased
topological stress (right) are the two possible consequences of encounters between transcription and
replication machineries. The structure of the R-loop is marked by a box. Under physiological conditions,
rescue mechanisms, executed by RNase H1 or by the Mecl (ATR) checkpoint, prevent DNA damage.
Conversely, when rescue mechanisms are either defective or insufficient (dashed arrows), DNA breaks
hypermutations are induced. (Adapted from Anne Helmrich et al 2013)

DNA damage

Topological constraints:

Another source DNA instability is the topological tension that emerges when transcription and
replication machineries meet at loci that are bound to the nuclear periphery (Bermejo, R et al
2012). In yeast cells inactivation of the Mecl (ATR) replication checkpoint leads to
accumulation of reversed forks and hemireplicated intermediates, when replication stress
conditions were induced by low doses of hydroxyurea (Sogo et al Science 2002) (Fig. 1.17). It
was found that overexpression or ablation of endogenous RNase H1 did not influence
hydroxyurea sensitivity, thus inference was drawn that the mechanism leading to replication-fork
stalling was independent of R-loop formation (Bermejo et al Cell 2011). Instead, under these
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conditions fork reversal appears to require both transcription and the localization of the region to
the nuclear periphery. In other words, ablation of nuclear pore proteins or the introduction of
DNA double-strand breaks between the transcribed unit and the replication fork suppress
hydroxyurea sensitivity. Thus, situations where DNA is attached to the nuclear pore and is
unable to freely rotate, the topological stress generated in front of the replisome may cause
replication-fork stalling. It has been proposed that the Mecl (ATR) replication-damage
checkpoint proteins assist the nuclear pore complex (NPC)-bound DNA region to be removed
from the NPC to permit replication fork progression (Bermejo, R. et al 2011). This model holds
further significance due the data demonstrating the participation of the Rrm3 helicase in
facilitating replication-fork movement through transcribed loci or sites occupied by DNA-
binding proteins (Prado, F.et al 2005) (Ivessa, A.S.et al 2003).
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CHAPTER 2

3. DNA SECONDARY STRUCTURES:

DNA exists in the native form of a right-handed double helix called the B-conformation. But
situations may arise where DNA occasionally forms cruciforms, G-quadruplex, Z-DNA, triplex
DNA (H-DNA) and S-DNA (slipped-strand DNA) (Figure. 2.1). On the basis of sequence
arrangement and symmetry, simple DNA repeats can be classified under three types i.e. inverted
repeats (IRs), mirror repeats (MRs), and direct tandem repeats (DTRS). IRs structures are formed
by DNA sequences that are Watson-Crick (WC) complements to each other and are equidistant
from the center in a DNA strand. MRs structures are also symmetrical, but they are equidistant
DNA bases with ‘identical’ sequence repeats. Lastly, DTRs structures are the non-interrupted
iterations of a ‘core repeat unit’ along the DNA duplex. The classification between these repeat
types is not absolute as e.g. the d(AT)n/d(TA)n sequence can be considered as an IR, MR, or
even DTR. The IRs sequences are capable of forming cruciform structures in double stranded
DNA or hairpins in single-stranded DNA (Lilley, D. M. J.et al 1989). MRs with homopurine-
homopyrimidine are known to form an intramolecular triple-helical DNA structure called the H-
DNA (Figure 2.1.c) (Mirkin, S. M.et al 1999). On the basis of the strand contributing to form the
triplex i.e. pyrimidine or purine, the resultant structures are called H-y or H-r, respectively. The
H-y favors the formation under acidic pH whereas the H-r form is stable at physiological pH
with the aid of bivalent cations. DTRs, on the other hand can adopt a variety of conformations
depending on their base composition. G-quadruplex (G4) is a DTRs structure which is formed
due the presence of tandemly arranged runs of guanines (Figure 2.1.d) (Gilbert, D. E. et al
1999). G4s are constituted by a four-stranded structure consisting of square co-planar array of
four guanine rich DNA that is additionally stabilized by the presence of monovalent ions
(Williamson, J. R.et al 1989). DTRs with alternating pyrimidines and purines may also form
double helix into a left-handed zigzag pattern called the Z-DNA (Figure 2.1.b) (Rich, A.et al
1984). Lastly, DTRs when direct repeats get base-paired with the complementary strand in a
misaligned fashion they form the slipped strand DNA structure (S-DNA) (Figure 2.1.e) (Sinden,
R. R.et al 1999). Due to denaturing and renaturing conditions, the complementary strands can
mispair leading to unusual double-helical structure intervened by single-stranded loops.

During the last decade, the secondary structure formation has gained broad attention due to the
discoveries stating their link to human hereditary disorders caused by progressive expansions of
microsatellites (Pearson, C. E et al 2005, Wells, R. D et al 1998). Consequently, the role of these
repeats in replication and stability of DNA has further triggered the interest in the study of
unusual DNA structures.
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Figure 2.1. Non B-form DNA secondary structures. a) Cruciform DNA structure. b) Left handed
helical Z-DNA. c) Triplex DNA (H-DNA). d) G-quadruplex (tetraplex). e) Slipped-strand DNA (S-DNA)
(adapted from Junhua Zhao et al 2009)

3.1 Consequences of secondary structure formation:

Growing body of evidence has illustrated that formation of hairpins, triplexes, and G-quadruplex
both in vitro and in vivo leads to DNA replication inhibition. During the course of replication
when lagging-strand template transiently become single stranded, it provides a window of
opportunity for the formation of unusual structures such as hairpins, triplexes, and G-
quadruplexes. These structures interfere with the progression of the lagging-strand polymerase
which may lead to blockage of the whole fork ultimately since the two polymerases are linked.
Due to the fact that these structures that block progression of the replication fork are initiated by
the fork itself, the term ‘suicidal sequences’ was given to them (Samadashwily, G. M et al 1993).

There are three types of trinucleotide repeats i.e. (CAG)n/(CTG)n, (CGG)n/(CCG)n, and
(GAA)N/(TTC)n which are best studied to form these secondary structures. Single-stranded
d(CCG)n, d(CTG)n, d(CGG)n, and d(CAG)n repeats can fold to form hairpin- like structures
stabilized by both WC and non-WC base pairing (Mariappan, S. V et al 1998, Zheng, M. et al
1996 ). The (CAG)n/(CTG)n and (CGG)n/(CCG)n repeats are shown to inhibit replication fork
in E. coli (Samadashwily, G. M et al 1997), S. cerevisiae (Pelletier, R et al 2003), and
mammalian cells as well by forming imperfect hairpins or G-quadruplex in the case of
(CGG)n/(CCG)n. Moreover, in both prokaryotes and eukaryotes, these repeats causing
replication inhibition is length dependent. For instance, it was seen that a relatively short
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(CGG)n/(CCG)n repeat inhibited DNA replication in yeast whereas a four times longer repeat
was required for similar inhibition in bacterial and mammalian cells. A possible explanation
could be that for S. cerevisiae genome which is highly AT rich, GC rich sequences
((CGG)n/(CCG)n) repeat are extremely foreign. Additionally, replication stalling by the
(CGG)n/(CCG)n repeat in yeast are orientation independent in the replicon (Pelletier, R et al
2003), which is differently seen in bacteria (Samadashwily, G. M et al 1997) and mammals.
Similarly, (GAA)n/(TTC)n repeat are found to inhibit replication in S. cerevisiae in an
orientation-dependent manner, specifically with the homopurines strand serves as the lagging
strand template i.e. by formation of a triplex (Krasilnikova, M. M et al 2004). Thus, on the basis
of strength of inhibition in different systems the repeats base composition can be arranged in the
following order: (CGG)n/(CCG)n > (GAA)n/ (TTC)n > (CAG)n/(CTG)n, in co-relation with the
tendency to form unusual DNA structures.

3.2 G-quadruplex; as secondary structure:

By the recent results of ENCODE project it has been identified that ~3% of human genome has
the potential to form non-canonical secondary structures, which may hold functional importance
(Bernstein B.E. et al 2012). One example of such DNA secondary structures is the four-stranded
G-quadruplexes, which has gained considerable attention for their emerging role in biological
pathways. Back in 1910, (Bang I. et al 1910) it was first observed and the G-tetrad structure was
then identified in 1962 (Gellert M. et al 1962). The DNA G-quadruplexes formation was first
found in the single-stranded 3’overhang of human telomeres (Sundquist W.I. et al 1989)
(Williamson J.R. et al 1989). Later on, they were found to form in the proximal promoter regions
of human oncogenes to regulate gene transcription (Chen Y .et al 2012) (Balasubramanian S.et al
2011). Recently, the DNA G-quadruplexes have been associated with replication initiation
(Paeschke K.et al 2011) (Besnard E.et al 2012) and newly identified RNA G-quadruplexes have
also been found to form in mRNA i.e. in 5’- and 3’-UTR repeats (Christiansen J.et al 1994)
(Bugaut A.et al 2012) Many proteins have been found which interact with G-quadruplex
structures; which either tends to stabilize G-quadruplexes or unwind and destabilize G-
quadruplexes (Yang D.et al 2010) (Fry M.et al 2007). By the aid of G-quadruplex specific
antibody, G-quadruplexes have been found in human cells at various sites on chromosomes other
than telomeres. There is also an increase in frequency of G-quadruplexes when in the presence of
a G-quadruplex-interactive compound (Siddiqui Jain A.et al 2013) (Biffi G.et al 2013).
Quarfloxin, which is the first G-quadruplex interactive drug, has already reached phase 1l clinical
trials for the treatment of cancer (Drygin D.et al 2009). Thus, it is of great significance to
comprehend the formation, biological role, and potential drug ability of G-quadruplexes (Yang
D.et al 2010).
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3.2.1 Structures of G-quadruplexes:

G-quadruplexes basically are a stack of guanine tetrads (G-tetrads) (Figure 2.2). Within a G-
tetrad, four guanine bases are arranged to form a square plane using Hoogsteen hydrogen
bonding, in place of the Watson-Crick hydrogen bonding for B-DNA. G-quadruplex structures
readily acquire monovalent cations like Na+ or K+ (Sen D.et al 1990), which physiologically
stabilize the G-quadruplex by positioning between the G-tetrad planes in coordination with the
06 atoms of the tetrad guanines (Figure 2.2.a). G-quadruplexes can be monomeric or multimeric
like dimeric or tetrameric (Figure 2.2. c, d). Within the G-tetrad, guanine residues have a
tendency to adopt either syn or anti-glycosidic conformation (Chen Y.et al 2012) (Figure 2.2.b).
Likewise, the adjacent DNA strands in a G-quadruplex can have the parallel (same) or anti-
parallel (opposite) orientation, where the possible orientations are depicted in the Figure 2.2.d.

b

Anti Anti ¢ Tetramer Dimer

G-tetrad

d Monomer (Intramolecular)

Diagonal loop Lateral loop

Strand-reversal loop

basket hybrid chair
Parallel Mixed parallel/antiparallel Antiparallel

Figure 2.2. Schematic illustration of a G-quadruplex structures. a) Four guanine bases arranged in a
square plane with Hoogsteen hydrogen bonding. The H1-H1 and H1-H8 connectivity are shown in red
and blue respectively. b) A G-tetrad structure. Guanines in a G-tetrad may adopt either syn or anti
glycosidic conformation; the guanines from parallel G-strands adopt the same glycosidic conformation
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and the guanines from antiparallel G-strands adopt opposing glycosidic conformations. ¢) The tetrameric
and dimeric G-quadruplexes with three G-tetrads. d) Types of monomeric (intramolecular) G-
guadruplexes with different folding structures and loop conformations. Monovalent cations (K+ or Na+,
shown as blue spheres), are required to stabilize G-quadruplexes by coordinating with the O6 atoms of the
adjacent G-tetrad planes. (Adapted from Onel Buketl Et Al 2014)

3.2.2 Effects of G-quadruplex on DNA replication:

During DNA replication, the DNA duplex is unwound by the aid of replicative helicase where
one strand serves as the template for leading strand synthesis and the other for lagging strand
synthesis. While the leading strand DNA replication is continuous, the lagging strand is
replicated discontinuously. Due to this irregularity in synthesis a transient single-stranded state
may occur in lagging strand; providing an opportunity for G-quadruplex structure formation
(Figure 2.3). Besides, some G-quadruplexes could be present on the template prior to its
replication because they have roles in transcriptional regulation (Huppert, J. L et al 2008). For
completion of DNA replication the presence of G-quadruplex structures in its path may act as
barriers. It is therefore important that these secondary structures are resolved efficiently,
irrespective of whether they are pre-existing or formed during DNA replication. Likewise, the
sequence forming G-quadruplexes also cannot serve as a template for replication, thus helicases
play a critical role in avoiding such problems.

Lagging strand

Intramolecular G4

Direction of fork

Progression s

Lagging strand

Figure 2.3. G-quadruplex structures during DNA replication. Putative hindrance for the approaching
replication fork by the formation of G-quadruplex. Replisome in blue (adapted from Matthew L.
Bochman et al 2012)

3.2.3 Role of G4 unwinding DNA helicases:

In human, mutations in helicases that unwind G4 structures in vitro (London, T. B. et al 2008)
(Sanders, C. M.et al 2010) are associated with diseases that cause genomic instability. These
include the RecQ helicase WRN that is associated with premature ageing, BLM & FANCJ that
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are associated with increased cancer risk and lastly PIF1 mutations which also increase cancer
risk. The most evident link of human disease and G-quadruplex unwinding came from the
findings from human patient cell lines with Fanconi anemia carrying FANCJ mutations. It was
found that the deletions due FANCJ mutations overlapped with G-ich regions that potentially
could form G-quadruplexes (London, T. B. et al 2008). Likewise, treatment with telomestatin; a
chemical ligand that stabilizes G-quadruplexes in vitro (Gomez, D. et al 2004) (Neidle, S.et al
2009) led to impaired proliferation, increased apoptosis and DNA damage in FANCJ-deficient
cells (Wu, Y.et al 2008). Thus, with the association of these helicases with genome instability
highlights the possibility that G-quadruplexes unwinding might suppress both premature ageing
and cancer.

Similarly, some enzymes are far more active on G-quadruplexes than others. The S. cerevisiae
Pifl helicase (Paeschke, K.et al 2011) and members of the Pifl DNA helicase family are
particularly efficient in vitro unwinding of parallel intramolecular G-quartet substrates (Ribeyre,
C. et al 2009). Pifl is a class of DNA helicase that binds >1,000 sites in the genome of mitotic
cells, of which ~10% overlap G-quadruplex motifs i.e. ~25% of the G-quadruplex motifs within
the organism. However, this estimate excludes the G-quartet motifs in ribosomal and telomeric
DNA, both of which are strong Pifl binding sites (Paeschke, K.et al 2011). Several genetic
assays show that in the absence of Pifl, DNA replication slows and DSBs occur at many of the
G-quadruplex motifs that are normally bound by Pifl. The G-quadruplex motifs also show a high
mutation rate in Pifl-deficient cells and the inability of the motif to form a G-quadruplex,
without reducing the high GC content of the motif. When these mutated motifs are put back in
the genome, they no longer show Pifl binding or slow DNA replication and cause DSBs. Thus,
making a strong argument that G-quadruplexes are formed in vivo and their resolution by Pifl
suppresses genome instability (Paeschke, K.et al 2011). There are also references that human
PIF1 acts at G-quadruplex motifs. In one study the chromatin immunoprecipitation followed by
sequencing (ChIP—seq) in combination with in vivo labeling with pyridostatin, a G-quadruplex
binding molecule was conducted (Rodriguez, R. et al 2012). A genome-wide, pyridostatin bound
preferentially to G-quadruplex motifs, where replication and transcription-dependent damage
caused was detected by its high YH2Ax content. Since many of the YH2Ax foci overlapped with
GFP-PIF1 foci in the pyridostatin-treated human cells, it was hypothesized that G-quadruplex
formation or stabilization blocks transcription and/or replication, resulting in DNA damage.

3.2.4. CEB25 a G-quadruplex forming human minisatellite:

CEB25 is a human minisatellite locus, composed of slightly polymorphic 52-nucleotide (nt)
tandem repeats. Genetically, most if not all individuals of the human population are
heterozygous, carrying alleles ranging from 0.5 to 20 kb, maintained by mendelian inheritance
but also subject to germline instability. G-rich human CEB25 minisatellite is a remarkable G-
quadruplex forming motif which contains successive guanines prone to G-quadruplex formation,
in particular, a segment, AAGGGTGGGTGTAAGTGTGGGTGGGT, composed of four GGG
tracts (underlined) separated by linkers of 1, 9, and 1 nucleotides, respectively. This 25-nt G-rich
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sequence is responsible for harboring four G-tracts taken from the 52-nt full repeating unit of the
CEB25 minisatellite (Figure 2.4.b). In addition, this sequence forms a propeller-type parallel-
stranded G-quadruplex in presence of K+ ion involving a 9-nucleotide (nt) central double-chain-
reversal loop (Figure 2.4.b). This long loop is anchored to the 5’ end of the sequence by an AT
Watson-Crick base pair and a potential GA non-canonical base pair, contributing to the stability
of the overall G-quadruplex structure by increasing the enthalpy by 17 kcal/mol or 6 °C in
melting temperature (Samir Amrane et al 2012) .
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Figure 2.4. The CEB25 G-quadruplex structure depicted by two-dimensional nuclear magnetic
resonance spectroscopy (2D NMR). a) Four guanine bases Goa-GB-Gy-Gd arranged in a square plane
with Hoogsteen hydrogen bonds showing the proximity of imino (H1) and H8 protons (in red). b)
Schematic structure of the 25nt CEB25 G-quadruplex where guanines in the G-tetrad core are numbered.
The backbones of the core, 1-nt loops, and 9-nt loop are colored black, blue, and red, respectively
(adapted from Samir Amrane et al 2012)

3.2.5 C-MYC; three-tetrad G-quadruplexes in gene promoters:

The formation of three-tetrad G-quadruplex structures near promoter regions suggests a potential
function of G-quadruplex structures in gene regulation. This holds significance as one or more G-
quadruplex motifs are found within 1,000 nucleotides (nt) upstream of the TSS of 50% of human
genes (Huppert, J. L et al 2007). Interestingly, bioinformatics has also shown that the promoters
of human oncogenes and regulatory genes like transcription factors are likely to contain G-
quadruplex motifs than an average gene (Eddy, J.et al 2006). Likewise, during transcription
negative supercoiling is accumulated, which favors G-quadruplex structure to form as a result of
supercoiling-induced stress during transcription (Sun, D. et al 2009). In vitro studies also show
that the formation of G-quadruplex structures can compensate for the negative supercoiling so
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accumulated during transcription (Sun, D. et al 2009) (Brooks, T. A.et al 2010). These findings
suggest that G-quadruplex structures in or near promoter regions may influence transcription
machinery.

One such best-studied system for role of G-quadruplex structures in transcription involves the
mammalian C-MYC locus. C-MYC is an important oncoprotein and transcription factor that plays
an important role in cell proliferation and induction of apoptosis (K.B. Marcu.et al 1992). Over-
expression of C-MYC is associated with a significant number of human malignancies e.g. breast,
colon, cervix, and small-cell lung cancers, to list a few (S. Pelengaris.et al 2003). C-MYC
transcription is under the complex control of multiple promoters where the nuclease
hypersensitivity element 111, (NHE I11,) is in the proximal region of the C-MYC promoter (-142
to -115 base pairs). It also controls about 80-90% of the total transcriptional activity of this gene
(O. Sakatsume.et al 1996). The C-MYC G-quadruplex consist of a 37 nt long tandem repeat
which has a stretch of 24 nt G-rich region forming G-quadruplex. The 24nt sequence is: 5' -
GGGGAGGGTGGGGAGGGTGGGGLL-3" and consist of four GGG tracts (underlined)
(Figure 2.5). This G-rich strand can readily form a G-quadruplex structure under physiological
conditions and its formation is further stabilized by the presence of K+ ion (T. Simonsson.et al
1998). The C-MYC G-quadruplex also has a melting point in excess of 85°C. Additionally, it has
been also postulated that the C-rich strand of the C-MYC NHE Ill; might adopt an ‘i-motif’
structure too.

Figure 2.5. Schematic representation of NMR structure of C-MYC minisatellite forming G-
quadruplex. (Adapted from Tracy A. Brooks et al 2010)

With this knowledge on how, when and where these human minisatellites form G-quadruplex,
little is known till date about how there formation affects the fork stability. Thus, part of my
work focused on gaining insight into the impact of these highly polymorphic G-rich repeats on
replication fork progression by the aid of genetic analysis techniques using yeast as a study
model.
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OBJECTIVES

The aim of my thesis is to investigate the mechanisms suppressing replication fork instability in
context of conflicts of replication machineries with active gene transcription and during

replication progression across DNA secondary structure forming G-quadruplexes.

Objectives:

e Characterize role of the THO complex subunit Hprl in modulating transcribed chromatin

topology and protecting replication fork integrity.

e Study the contribution of the Pifl helicase essential for replication of different G-

quadruplex forming human minisatelite sequences.
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7.1 Strains and plasmids.

MATERIALS AND METHODS

All W303 strains used in this study are isogenic derivatives of W303-1a RAD5+ background
(Thomas & Rothstein, 1989). The genotype is listed in the table below (Table 7.1). Plasmids
used by specific strategies are listed in Table 7.2. Deletion strains were constructed using PCR-
based gene disruption strategy (Brachmann et al., 1998; Longtine et al., 1998). Protein tagging
was performed by introducing the in-frame sequence of the corresponding epitope (FLAG, HA,
MYC, PK) at the C-terminal end of the gene of interest.

Table 7.1. Genotype of strains generated and used in this study.

STRAIN NUMBER GENOTYPE REFERENCE

MATa, ADE2, can1-100, his3-11,15 leu2-3,112 trp1-1, ura3-1

WT RB718 RAD5+ Lab collection

WT (pYES2) RB1155 MAT a ADE2+ CAN1+, ura3-1, his3-11,15 leu2-3, 112 trp1-1, | This study
RAD5+, pYES2-URA3

WT (YCp50) RB1644 MATa, ADEZ2, can1-100, his3-11,15 leu2-3,112 trp1-1, ura3-1 | This study
RAD5+,c

Hprl-Flag RB2100 MAT alpha ,W303, RAD5+, HPR1-FLAG: KanMX This study
MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,

hpri-Y590A RB856 RAD5+, hprl-Y590A Lab collection

hpr1-Y590A RB1163 MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, This study

(pYES2) RAD5+, hprl-Y590A, pYES2-URA3

hpri- RB1805 MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, This study

Y590A(Ycp50) RADS5+, hprl-Y590A

hpri1-Y590A-Flag RB2088 MAT alpha ,W303, RAD5+, HPR1-Y590A-FLAG: KanMX This study
MATa ADE2+ CAN1+, ura3-1, his3-11,15 leu2-3, 12 trp1-1,

top2-1 RB59 RAD5+, top2-1 Lab collection

MATo ADE2+ CAN1+, ura3-1, his3-11,15 leu2-3, 112 trpl-
top2-1 (pYES2) RB1158 1, RAD5+, top2-1, pYES2-URA3 This study
MATa ADE2+ CANI1+, ura3-1, his3-11,15 leu2-3, 112 trpl-
top2-1 (Ycp50) RB1641 1, RAD5+, top2-1, Ycp50 This study
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top2-1 hprl- RB877 MATa, ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, This study
Y590A RADS+, hprl-Y590A, top2-1
top2-1 hprl- RB1170 MATa, ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, | This study
Y590A (pYES?2) RADS5+, hprl-Y590A, top2-1, pYES2-URA3
MATa, ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,
spt4A (pYES2) RB1171 RADS5+, spt4A, pYES2-URA3 This study
top2-1 hprl- RB2406 MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, | This study
Y590A (Ycp50) RADS5+, hprl-Y590A, top2-1, Ycp50
MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,
topl A RB357 RAD5+, topl::TRP Lab collection
MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,
topl A (Ycp50) RB1647 RADS5+, topl::TRP, Ycp50 This study
topl A hprl- RB875 MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, | This study
Y590A RADS5+, hprl-Y590A, topl::TRP
topl A hprl- RB2403 MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, | This study
Y590A (Ycp50) RADS5+, hprl-Y590A, topl::TRP, Ycp50
MATa ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,
topl A top2-1 RB866 RAD5+, topl::TRP, top2-1 This study
topl A top2-1 RB1904 MATa, ADE2+ CAN1+, ura3-1, his3-11,15 leu2-3, 112 trpl- | This study
(Ycp50) 1, RAD5+, top2-1 topl::TRP, Ycp50
topl A top2-1 RB882 MATa, ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1, | This study
hpr1-Y590A RADS5+, hprl-Y590A, topl::TRP, top2-1
MATa, ADE2+ CAN1+, ura3-1, his3-11, leu2-3, 112trp1-1,
Tho2-PK RB2102 RAD5+, THO2-PK :TRP This study
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
CEB25-1nt WT RB1008 CAN1+ RAD5+, ARS305-CEB25-Loop1-0.4 orientation | (A.Nicolas)
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
CEB25-1nt pif1A RB1009 CAN1+ RADS5+, ARS305-CEB25-Loopl-0.4 orientation I, | (A.Nicolas)
pifl::HIS3
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
CEB25-9nt WT RB1006 CAN1+ RAD5+, ARS305-CEB25-WT-0.7 orientation | (A.Nicolas)
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
CEB25-9nt piflA RB1007 CAN1+ RADS5+, ARS305-CEB25-WT-0.7 orientation 1, | (A.Nicolas)
pifl::HIS3
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
c-MYC WT RB1696 CAN1+ RAD5+, C-MYC CEB1spacer (Orientation | /| (A.Nicolas)
leading strand) WT (ORT7338-2)
Mata, ura3-1, trpl -1, leu2-3,112, his3-11,15 , ADE2, ARG4, | Lab collection
c-MYC piflA RB1697 CAN1+ RAD5+, C-MYC CEB1spacer (Orientation | /| (A.Nicolas)

leading strand) pifl delta (ORT7345-8)
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Table 7.2: Plasmid used in this study.

PLASMID NUMBER AIM REFERENCE

Ycp50 BB 70 Chloroquine 2D gel Lab Collection (J.Roca)
electrophoresis

pYES2 BB36 6-Azauracil Experiments Lab Collection

7.2. Growing media for Saccharomyces cerevisiae:

Solid media:

Complete media YPDA:

Yeast extract 4q
Peptone 89
D-glucoase 40% 20ml
Agar 89
H,O(milli Rho) 380ml

Insoluble Adenine was added at a final concentration of 25ug

Minimum media:

YNB (w/o aa) 2.8¢0
Agar 89
D-glucose 40% 20 ml
H20O (milli Rho) 380 ml
Drop-out* 16 mi

Aminoacids used for selection (HIS, TRP, LEU, URA) were added at the final
concentration (Cf) of 25 pg/mL

*DROP-OUT:
(Final Volume 2 litres)

YNB (Yeast Nitrogen Base):

Thr 129
Phe 129
lle 12¢g
Lys 129
Arg 129
Tyr 129
Ino 1.74 g
Ade 1.2 ¢
Etoh 100% 120 ml
ddH20 1800 ml
YNB (w/o0 aa) 2840
Agar 89
D-glucose 40% 20 ml
H20 (milli Rho) 380 mi
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« Sporulation medium (VB):  Anhydro CH3CO,;Na 3.28¢

KCI 0.76 g
NaCl 0.48¢g
MgSO4 0.14¢
Agar 60
H20 (milli Rho) 400 ml

Liquid medium:

« Complete medium YPD: Yeast extract 49
Peptone 8¢
D-glucose 40% 20 ml
H20 (milli Rho) 380 ml

« Complete medium YPDA: Yeast extract 4¢
Peptone 8¢
D-glucose 40% 20 ml
H20 (milli Rho) 380 ml

Insoluble Adenine was added at a final concentration of 25pg/mi

« -URA medium: YNB (w/o aa) 280
Agar 8¢
D-glucose 40% 20 ml
H20O (milli Rho) 380 ml
Drop-out * 16 mi
HIS, TRP, LEU Cf 25 pg/ml

Media with drugs:

To minimal or complete (YPDA) liquid/solid the corresponding amount of hydroxyurea (HU)
and 6-Azauracil (6AU) were added depending on the desired final concentration.

7.3 List of buffers

Blot#2: 1M AcNH,, 0.02M NaOH
Buffer G2 (digestion buffer): 800mM guanidine HCI, 30mM Tris-HCI pH 8.0, 30mM EDTA pH
8.0, 0.5% Tween-20, 0.5% Triton X-100
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Buffer QBT (equilibration buffer): 750mM NaCl, 50mM MOPS pH 7.0, 15% Isopropanol,
0.15% Triton X-100

Buffer QC (wash buffer): 1M NaCl, 50mM MOPS pH 7.0, 15% Isopropanol

Buffer QF (elution buffer): 1.25M NaCl, 50mM Tris-HCI pH 8.5, 15% Isopropanol
Denaturing solution: 0.5M NaOH, 1.5M NacCl

Elution Buffer: 50mM Tris-HCI pH 8.0, 10mM EDTA, 1% SDS

FACS Buffer solution: 200mM Tris-HCI pH 7.4, 200mM NaCl, 80mM MgCl,

Laemmli Buffer 1X: 2% SDS, 10% Glycerol, 5% B-mercaptoethanol, 0.002% Bromophenol
blue, 0.125 M Tris-HCI pH 6.8

Lysis buffer: 50mM Hepes-KOH pH 7.5, 140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1%
Na-deoxycholate

NIB buffer (pH 7.2): 17% Glycerol, 50mM MOPS, 150mM K-acetate, 2mM MgCls,,

500mM Spermidine, 150mM Spermine

PBS: 137mM NaCl, 10mM P04, 2.7mM KCI

Ponceau S: 0.1% Ponceau S, 1% acetic acid, H20

SSC 20X: 3M NaCl, 0.3M Na citrate (CsHsNazO;)

Running buffer 1X: 25mM Tris-base, 192mM Glycine, 0.1% SDS

Spheroplast Solution: 1M Sorbitol, 100mM Tris, 20mM EDTA, 0.1% MercaptoEtOH, 1mg/ml
Zymolyase

TAE: 0.04M Tris-Acetate, 0.001M EDTA

TBE: 89mM Tris-Borodate, 89mM Boric Acid, 2mM EDTA

TBS: 20mM Tris-HCI pH 7.5, 150mM NaCl

TE: 10mM Tris-HCI pH 7.4, 1ImM EDTA

Toluene Solution: 20mM Tris, 95% Ethanol, 3% Toluene, 10mM EDTA

Transfer buffer: Glycine 1%, Tris-base 0.02M, Methanol 20%

Wash buffer: 10mM Tris-HCI pH8.0, 250mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1mM
EDTA

Washing solution I: SSC 2X, 1% SDS

Washing solution I1: SSC 0.1X, 0.1% SDS
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7.4. PCR:

Polymerase chain reaction (PCR) is a technique used for the in vitro amplification of specific
DNA sequences, which can further be used to transform yeast cells and produce yeast mutants. A
PCR reaction requires two primers (forward & reverse) which are oligonucleotide sequences (17-
30 base pairs) flanking the DNA region to synthesize complementary strand to the template.
Depending on the specific temperatures required, the process of PCR amplification is divided
into three steps namely, Denaturation- annealing- extension. These 3 steps are repeated 20-30
times to obtain a satisfactory amplification of desired sequence:

. Denaturation: the DNA double helix is separated into the two single helixes by exposing to
high temperature. (T = 94°C).

. Annealing: primer recognizes and binds to its complementary sequence in one of the two
separated strands of the DNA helix (T = 45-60°C). The primers have a free 3’-end in order
to make possible the synthesis on both DNA strands.

. Extension: DNA polymerase synthesizes a new complementary strand to the template in 5’
to 3’ direction, by adding ANTPS to the flanking primers. (T = 72°C).

Depending on the DNA sequence to be amplified (cassette), different PCR reaction mixtures
and programmes were used.

e DELETION (HIS, TRP, URA) or MYC-TAG cassette

Buffer 10X (Biotools 10.002) 100 pl 94°C 3’

dNTPs (2mM) 100 pl 94°C 30”7

primer forward (250 ng/uL) 20 pl 42°C 30” 8 cycles

primer reverse (250 ng/uL) 20 pl 72°C 1°30”

specific DNA template (20 ng/uL) 10 ul 94°C 30”

Dynazyme polymerase 20 pl 58°C } 30” 30 cycles

ddH20 sterile 730 pl 72°C 1’307
—————————————— 72°C 7

final volume 1000 pl

o FLAG TAG cassette

Buffer 10X (Biotools 10.002) 100 pl 94°C 3

dNTPs (2mM) 100 pl 94°C N

primer forward (250 ng/ul) 10 pl 42°C I 32 cycles
primer reverse (250 ng/pl) 10 pl 72°C 1’307

BB7 (10 ng/ul) 20 pl 94°C 10°

Dynazyme polymerase 20 pl

ddH20 sterile 730 ul

final volume 1000 pl



e PK-TAG cassette

Buffer 10X (Biotools 10.002) 100 pl 94°C 5’

dNTPs (2mM) 100 pl 94°C 157

primer forward (250 ng/ul) 10 pl 45°C 15” 32 cycles
primer reverse (250 ng/ul) 10 pul 72°C 2’

BB6 (10 ng/ul) 20 pl 72°C 7

Dynazyme polymerase 20 pl

ddH20 sterile 730 pl

final volume 1000 pl

PCR product purification:

PCR products were analysed by electrophoresis on an agarose gel (0.8% in 1X TAE). 5 volume
of PB buffer was added to 1 volume of PCR sample. The sample mixture was then placed in a
QIAquick column (in a 2ml collection tube) and centrifuged (to bind the DNA). The flow
through was discarded, further to the column 750ul of PE buffer was added and centrifuged.
Flow through was discarded and the column was placed in a 1.5ml tube. To elute out the DNA,
30ul of EB (10 mM Tris-Cl, pH 8.5) was added to the centre of column and centrifuged.
Concentration of the PCR product was found out using the nano drop or by loading in gel.

Plasmids used to amplify PCR cassette are listed in the table below:

Table 7.3. Plasmids used for PCR.

PLASMID NAME NUMBER REFERENCE
pPK9-KanMX6 BB6 Lab collection
pUGH3FLAG BB7 Lab collection
pFA6a-His3MX6 BB8 Lab collection
pFA6a-TRP1 BB9 Lab collection
pRS406 (URA3) BB47 Lab collection

7.5 High efficiency LiAc transformation:

To generate strains that expressed a tag version of the protein of interest, high efficiency
transformation protocol was used. Strains to be transformed were transferred into 5-10 ml of
YEPD liquid media and put in a shaking incubator set at 25°C for 6 to 10 hrs. Cell concentration
was then calculated by counting cells in a neubauer chamber under a microscope. Fresh YEPD
liquid media was taken into a conical flask (100 to 200 ml depending on the experiment). Using
the excel sheet the volume of pre-inoculum (containing cells with known conc.) to be added to
the media for overnight growth was calculated such that the final cell concentration reaches
1x10’ cells/ml. The volume of pre-inoculum calculated was added to the fresh media and kept on
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a shaking incubator set at 25°C overnight. The culture was centrifuged for 3 minutes at 4000 rpm
and the pellet was rinsed with 25 ml of sterile water to completely wash away any traces of the
medium. The pellet obtained was resuspended in 1 ml di 0.1M LiAc/TE 1X and transferred in a
1.5 ml Eppendorf tube. Cells were centrifuged at maximum speed for 15 seconds and
resuspended in 500 pl di 0.1M LiAc/TE 1X. The cell suspension was vortexed and split into
individual aliquots of 50 ul, for each transformation. Alongside, salmon sperm DNA (ss-DNA)
was boiled for 5 minutes at 95°C, for it to be used as DNA carrier.

The 50ul cell suspension was centrifuged at maximum speed for 15 seconds and the
transformation mix was added to the pellet in the following order:

PEG (50% W/V) 240 pl

1M LiAc 36 ul
ss-DNA (9.5 mg/ml) 10.5 pl
DNA (plasmid or PCR product) 1-5 pg (x ul)
Sterile ddH20 73.5-xpul
Final volume 360 ul

For cell transformation different quantities (1-5 pg) of DNA were taken and depending on that
the corresponding volume of ddH20O was added to reach the final volume of 360 pL. To obtain a
homogenous mixture the transformation mix was vortexed vigorously for at least 1 minute
followed by incubation for 40 minutes at 42°C. This step, called “heat Shock”, allows the cells to
incorporate the foreign DNA contained in the mix. Following the heat shock, cells were
centrifuged for 15 seconds at 7000 rpm. The supernatant was removed with the vacuum pump
without disturbing the pellet, which was resuspended in sterile water and plated in the
corresponding selective medium. If the cassette used to transform cells carried an antibiotic
resistance marker, for example naturomycin (NAT), kanamycin (KAN) or hygromycin (HPH),
cells were allowed to grow for at least 3 hours in 3 ml YPDA before plating them. This was done
to allow them to express their resistance gene.

7.6 Growth conditions, cell cycle arrest:

Pre-inoculum cultures of required S.cerevisiae strains were transferred into rich YPDA media at
required temperature and allowed to grow till they reach a final concentration of 1x10" cells/ml.
Strains with mating type MAT-a were synchronized in G1 by the addition of synthetic a-factor
pheromone at a final concentration of 5 pg/mL(Asynchronous samples were withdrawn before
the addition of a-factor). Cells are constantly checked after 45mins for their G1 arrest which is
identified by the characteristic ‘Shmoo’ formation. Once 90% of cells showed the schmoo shape,
samples were withdrawn and the remaining culture was centrifuged at 3000rpm. The supernatant
was discarded and cell pellet was resuspended in fresh YPDA medium, to remove traces of a-
factor.
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7.7 Serial dilutions and spot assay:

The required strains were allowed to grow on the YEPD agar media in an incubator at 25°C for
24-28 hrs. Taking culture from solid media the cells were then grown in 200 ul of YPDA at 25°C
in a 96-multiwell plate over night to reach stationary phase (plateau). 10 fold serial dilutions
were performed. Using a replica plater, the contents of the 96-multiwell plate were plated on
YPDA medium, other selective media (YNB-URA, YNB-HIS, YNB-TRP etc) YPDA containing
HU at the indicated concentrations and incubated at required temperatures.

7.8 TCA protein extraction:

10 ml of a 1x10" cells/ml culture was collected in 15 ml falcon tubes at various time points,
centrifuged for 3 minutes at 4000 rpm, resuspended in 2 ml of 20% TCA (Trichloroacetic Acid).
The contents were transferred into a 2 ml eppendorf tube and centrifuged for 1 minute at
maximum speed. The pellet was resuspended in 100 pl of 20% TCA and glass beads were added
leaving a layer of liquid over the beads. The tubes were vortexed for 3 minutes to allow the cells
to break open followed by addition of 200 pl of 5% TCA to the mixture (to have final volume of
300 pul 10% TCA). The liquid phase was transferred to a new 1.5 ml eppendorf tube and
centrifuged at 3000 rpm forl0Omins. The supernatant was discarded and the pellet was allowed to
completely dry off. The pellet was resuspended in 100 pul Laemli Buffer 1X plus 50 pl of 1M
Tris Base to neutralize the acidic pH. The contents were resuspended by vortexing, boiled at
95°C for 3 minutes followed by centrifugation at 3000 rpm for 10 minutes. The supernatant
containing the protein was transferred into a new 1.5 ml eppendorf tube and stored at -20°C.

7.9 SDS-PAGE and Western Blot analysis:

It is a technique used for separating proteins based on the difference in their molecular weight.
The separation process was performed in denaturing conditions on a polyacrilamide matrix.
Depending on the size of the protein being analyzed specific percentages of acrylamide and
bisacrylamide were used. The relation between the two parameters being; bigger (heavier) the
protein, lower the percentage of acrylamide/bisacrylamide in the gel. The gel apparatus was
placed in SDS-PAGE running buffer and in the presence of electric field the proteins migrate
through the gel according to their molecular weights; heavier proteins travelling less compared to
the lighter ones. The proteins in the gel were transferred onto a porous nitrocellulose membrane
by electric transfer in Transfer buffer. The quality of the transfer was checked by Ponceau-S
staining. The stained membrane was washed with 1% Tween-TBS 1X (T-TBS) and highly
reactive protein epitopes were blocked with 4% milk solution in TBS 1X-0.2% TritonX-100 for
lhour at RT. After blocking, the membrane was incubated with a milk solution containing the
specific primary antibody (12CA5 for HA epitope, V5 for PK epitope and FLAG antibodies for
the corresponding tags) at the appropriate dilution for 2 hours. After incubation with the primary
antibody, the membrane was rinsed and washed twice with T-TBS 1X for 10 minutes and
further incubated with the secondary antibody which is conjugated to alkaline peroxidise, for 1
hour at RT (anti-mouse-IgG unless differently stated). Post incubation with the secondary
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antibody the membrane was washed twice in T-TBS 1X (10 mins each). Following the washes
the membrane was incubated in a solution containing the substrate for 1 min (the
chemoluminiscent reaction). (Amersham™ ECL™ Western Blotting Detection Reagents by GE
Healthcare). The membrane was then exposed to photographic films and developed.

7.10 FACS analysis:

Fluorescence Activated Cell Sorting (FACS) technique was used to determine the DNA content
of cells by analyzing the fluorescence signal of propidium iodide intercalated with the DNA. For
this type of analysis, 2 ml was withdrawn at various time points from exponentially growing cell
culture (Cell conc. =1x10 cellules/ml) and centrifuged for 1 minute at 13,300 rpm. Samples
were then resuspended in 1 ml of cold 70% EtOH-250mM Tris-HCI pH 7.6 and incubated for 1
hour at room temperature. Samples were centrifuged at 13,300 rpm for 1 minute, resuspended in
a solution containing 450 pl of 50mM Tris-HC1 pH 7.5 plus and 50ul RNAse 10 mg/ml and
further incubated at 37°C for 1 hour. Post treatment with RNAse, cells were centrifuged and
resuspended in 500 pl of FACS buffer with 50 pl IPr (propidium iodide 0.5 mg/ml). Propidium
iodide is a DNA intercalating agent which fluoresces when activated by the laser of the flow
cytometer where, the intensity of fluorescence produced is proportional to the DNA content. 200
ul of cell samples treated with IPr solution were transferred to specific tubes for FACS analysis
containing 1 ml of 50mM Tris-HCI pH 7.6. Each sample was sonicated for 15 seconds at 40% of
power to separate cells and then read by the flowcytometer.

7.11 Co-immunoprecipitation assay:

This technique was used to study protein-protein interactions from a whole cell extract.
1st day

« Antibody-bound magnetic beads preparation:

20 pL of magnetic beads with protein G (Dynabeads® by Life Technologies) were used per 100
mL of culture. The beads were washed twice with 1 mL of PBS 1X/BSA 5mg/mL and
resuspended in the appropriate final volume of the same solution (PBS 1X/BSA 5mg/mL). We
added 7.5 pg of the specific antibody each 20 pL of beads and incubated O/N in pre-lubricated
Costar tubes on a wheel at 4°C.

* Cell lysis:

We started with 100 mL of a culture at a concentration of 1x10” cells/mL. Cells were centrifuged
5 minutes at 5000 rpm and resuspended in 500 pL of Lysis Buffer supplemented with 2X
Protease Inhibitor (IP) and 10mM PMSF. The resuspension was then split into 4 O-ring tubes
and 500 pL of glass beads were added. Cells were broken using the fast-prep machine by
alternating 5 times 30 seconds of breakage at 4.5 power and 1 minute on ice. After the breakage
it was checked that at least 90% of cells was lysed; the supernatant was collected into new 1.5
mL Eppendorf tubes and centrifuged twice 5 minute at maximum speed at 4°C to clarify the cell
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extracts. Protein concentration of the samples was measured by spectrophotometer at 595 nm.
Cell extracts were stored at -80°C or immediately used for immunoprecipitation.

2nd day

We used 1 mg of protein for each ColP in a final volume of 300 puL of Lysis Buffer
supplemented with IP 2X and 10mM PMSF. Before adding the beads previously washed twice
with 1 mL of PBS 1X/BSA 5mg/mL, 3.75 uL of extract were taken as WCE (Whole Cell
Extract) sample. After adding 6.7 pL of Laemly 3X and 9.55 puL of H20, the WCE sample was
stored at 4°C untill loading. The extract was incubated from 4 hours to O/N at 4°C on a steering
wheel. The time of incubation for the Co-immunoprecipotations performed is 4 hours unless
differently noted. After incubation, we took the SUP (SUPernatant) sample (3.75 uL of the
extract + 6.7 pL of Laemly 3X + 9.55 uL of H20) and the beads were washed with increasing
concentration of salt to reduce the unspecific binding to the antibody: twice with 1 mL of Lysis
Buffer, twice with 1 mL of Lysis Buffer supplemented with 72 pL/mL 5SM NaCl, twice with 1
mL of Wash Buffer and one last wash with 1 mL of TE 1X. All the washes were performed in a
magnetic greed and the liquid is taken away with the vacuum pump except for the 1 mL of TE
1X which was eliminated with the pipette. The tubes were centrifuged 3 minutes at 3000 rpm
and placed back into the magnet in order to eliminate all the TE 1X. The beads were finally
resuspended in 20 pL of Laemly Buffer 1X, boiled with WCE and SUP samples 5 minutes at
95°C and loaded on acrylamide gel.

7.12 Neutral/Neutral 2D gel electrophoresis analysis:

Two-dimensional electrophoresis is an important technique used to analyse the replication
intermediates (RI) of a specific DNA fragment. The arrays of signals detected by neutral/neutral
bi-dimensional gel electrophoresis (Figure 7.1) are described as followed:

« Monomer spot: DNA fragments that have not been replicated: these are the smallest
fragments with the simplest structure and thus traverse less distance in the gel.

e Bubble arc: These signify fragments from the replication bubble which are formed by
the firing of an active origin in the region being analyzed. With the progression of
replication, the bi-directional movement of the fork produces structures with increased
mass and complexity.

e Y’s arc: When the replication bubble formed is not perfectly in the centre of the
fragment being analyzed or the replication fork progresses asymmetrically, one of the
fork formed from the bubble exits the restriction fragment before the other. This
generates a structure resembling the letter ‘Y’. A Y-shaped RI can also be generated in a
passively replicated region. Depending on the dimensions of the Y-shaped molecules,
migration along the big Y’s or small Y’s arc takes place.
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Figure 7.1 Schematic representation of the replication intermediates detectable by 2D gel analysis.
Replication intermediates (RI) detected using the 2D gel technique. See text for details.

Procedure for DNA extraction and psoralen crosslink:

Required strains were grown in suitable culture media to a concentration of 1x10’cells/ml,
samples for DNA extraction were withdrawn from these cultures. Withdrawn culture containing
cells were treated with 2 ml of 10% Na-azide and kept on ice (post this step all the steps were
performed keeping samples on ice). Samples were centrifuged at 5000 rpm (JA-14 Beckman
tubes) for 5 minutes at 4°C. The cell pellet formed was washed with 20 ml of cold water and
centrifuged again to obtain the cell pellet. The pellet was dried and resuspended in 5 ml of ice-
cold water and processed for psoralen crosslinking. Most commonly used psoralen for in vivo
crosslinking of DNA is Trimethylpsoralen (TMP). Psoralen intercalates with DNA and when
irradiated with UV light (366 nm) it forms covalent crosslinks between the pyrimidines of
opposite strands. Psoralen derivatives easily penetrate the membrane of living cells. The cell
suspension obtained previously was transferred into a 6-well plate to which 300 ul of 0.2 mg/mL
psoralen solution was added and the plate was kept in dark for 5 minutes. Cells were then
irradiated with UV radiation in a stratalinker at 365 nm for 10 minutes, at a distance of 2-3
centimetres from the light source. Adding of psoralen and irradiation with UV light was repeated
3 times with 5-minute intervals in the dark for 1-hour total time. Cells suspension was transferred
to a 50 ml falcon tube and the 6-well plate was washed with 5ml of cold water twice to collect
the remaining cells. The cell suspension in the falcon was centrifuged at 4000 rpm for 3 mins,
supernatant was discarded and the pellet was dried and stored in at -20°C (later to be used for
DNA extraction). To extract DNA, the cell pellet stored in at -20°C was thawed, followed by
addition of 5 ml NIB Buffer and an equal amount of autoclaved glass beads. Each tube was
vortexed for 30 seconds at maximum speed and then put on ice for 30 seconds; this intermittent
vortexing followed by incubation on ice was repeated 15 times. Using pasteur pipettes the cell
suspension was collected (leaving the glass beads in the falcon) and transferred to a fresh falcon.
The glass beads were washed with 5ml of NIB Buffer twice and using the pasteur pipettes the
solution was transferred into the fresh falcon from the previous step. The cell suspension was
centrifuged for 10 minutes at 8000 rpm at 4°C, the pellet obtained was resuspended in 5 ml of
Buffer G2 (Quiagen Genomic DNA extraction kit) containing 100 pl of RNAse A 10 mg/ml and
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left for at least 30 minutes at 37°C. Post incubation with RNAse, 100 ul of Proteinase K was
added and further incubated for 1 hour at 37°C. The lysates were centrifuged at 5000 rpm, 4°C
for 5 mins and the supernatant was diluted in 5 ml of QBT Buffer (Quiagen Genomic DNA
extraction kit). Quiagen tip 100G anion exchange columns were set up and pre-equilibrated with
4 ml of QBT Buffer. The samples containing DNA were loaded onto the pre-equilibrated
columns and after the sample solution had passed through the membrane of the columns were
washed twice with 7.5 ml of QC Buffer (Quiagen Genomic DNA extraction kit). The DNA was
then eluted into corex glass tubes with 5 ml of QF Buffer (Quiagen Genomic DNA extraction
kit), pre-heated at 50°C. DNA was precipitated by adding 3.5 ml of isopropanol , centrifuged at
8000 rpm(4°C) for 25 mins. The supernatant was transferred into a new corex tube and put at -
20°C over night (O/N) and processed the next day as just mentioned for residual DNA content.
The dry pellet was resuspended in 150 pl of sterile TE 1X, and left O/N in agitation at room
temperature. The 300ul (150 pl +150 pl) of DNA extracted was stored at 4°C.

DNA digestion and precipitation:

Depending on the experiment 10 - 5 ug of DNA was added into an eppendorf along with BSA
1X, the other appropriate enzymes, buffers and Mili-Q water to make up the voulume to a
minimum of 150pul. The mixture containing DNA was digested overnight. For our analysis the
DNA was digested with Hindlll and Pstl. The digested DNA was precipitated by adding 1/8 of
the volume of 2.5M potassium acetate (CH3CO,K) pH6.0 and 1 volume of isopropanol. The
contents were mixed by inverting the tubes and then centrifuged at maximum speed for 10
minutes. The pellet obtained was then washed with 500 pl of 75% EtOH centrifuged and
supernatant was discarded. Once dry, the pellet was resuspended in 20 ul of sterile TE 1X and
kept on shaker for at least 1 hour. Before loading into the gel 5 pl of loading dye 20X was added
to the sample.

DNA electrophoresis:

The first dimension electrophoresis was carried out in a gel with agarose conc. of 0.35% in TBE
1X without ethidium bromide placed in buffer TBE 1X. The gel was solidified at 4°C 30 mins
before the samples were to be loaded. Before loading the DNA samples into the designated wells
for them, 20 ul of loading dye 1X was loaded to check if the wells were intact (between two
samples space of atleast one well was kept). The dye in the wells was cleaned using pasteur
pipette and the samples were loaded. The first dimension was run at room temperature at 75
Volts constant for 20 hours. This first run separates the fragments according to the mass. The gel
was then stained with 0.3 pg/ml ethidium bromide for 30 minutes. Once stained, the gel
containing linear and the replicated fragments were cut into individual strips for each sample.
The gel strips were then rotated at 90° with respect to the direction of the first dimension and
then placed in the second dimension (Figure 7.2). The second dimension run was carried out in
conditions that maximize the resolution of shape complexity. The parameters which favour this
are; high agarose concentration (0.9%), high voltage (250 Volts) and ethidium bromide (0.3
pg/ml). Gel for the second dimension was poured around the strips of first dimension gel at RT
and run at 4°C in TBE 1X buffer containing ethidium bromide (0.3 pug/ml). The gel was
constantly checked on the UV illuminator to see how far the DNA had run in the second
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dimension. The run was stopped when the DNA line was 1 cm distance from the edge of the gel
(approximately 4 hours and 30 minutes of running). The second dimension gel was then cut into
two rectangles with two DNA samples in each, which were further used for Southern blot.

Figure 7.2. Schematic representation of the second dimension preparation. See text for details.
The — and + represents the direction in which the first dimension was run, where the smaller fragments
are towards the + sign and the larger fragments towards the — sign.

7.13 Southern blot and hybridization procedure:

For efficient transfer of DNA from the gel to the membrane the cross linking achieved by
psoralen needs to be reversed. This was achieved by irradiating the gel with 265 nM UV lamps
for 10 mins. Post the irradiation washing steps were carried out to ensure efficient DNA transfer.
The gel was first incubated with 0.25 N HCI for 5 mins on a shaker, followed by a quick wash
with miliQ. The gel was then incubated with Denaturing solution for 30 mins and then with
Blot#2 for 30 mins. The Gene Screen neutral transfer membrane was equilibrated in SSC 10X.
The southern blot apparatus was set up and transference of DNA from the gel to the membrane
was allowed to take place O/N. Post the transference membranes were auto crosslinked using
stratalinker to fix DNA onto the membrane by exposing to 265 nM UV light. The membranes
were then incubated in Pre hybridizing solution 1X (PerfectHybTM Plus Hybridisation Buffer by
Sigma) until the specific radio labelled probes were prepared for hybridization step.

50 ng of the specific purified DNA was labelled with 50 pCi of P*> dCTP. The probe is usually
synthesized in 1 hour at RT using the Kleenow polymerase (Prime-a-GeneR Labeling System by
Promega). The synthesized probe was purified by passing through Sephadex DNA grade resin
columns (illustra™ MicroSpin™ G-50 Columns by GE Healthcare) to remove the non-
incorporated nucleotides. Before the membranes were hybridized with the probe, the tube
containing the membranes in pre hybridization solution was incubated for at least 1 hr at 65°C.
The membranes were then hybridized with the specific radio labelled probe O/N in the
hybridization tube. Post hybridization the membranes were incubated for 15mins with 450 ml of
Washing solution-I preheated at 65°C in a shaking tray followed by incubation for 15 mins twice
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with 500 ml of Washing solution-11, preheated at 42°C. The membranes were then transferred
into the Phosphorimager screen cassette and kept for 48 hrs exposure.
The IR signals on the screen were analyzed by FujiFilm Image Analyzer FLA-3000 series.

7.14 Chloroquine two-dimensional gel electrophoresis technique:

This electrophoresis technique is basically used to understand the topological state of a DNA
molecule so as to differentiate between supercoiled and relaxed DNA states. To separate highly
supercoiled DNA topoisomers, agarose gel electrophoresis is performed in the presence of an
intercalator i.e. Chloroquine. By unwinding the double helix, chloroquine alters the supercoiled
state of the topoisomers, allowing their resolution in a gel. In the first-dimensional
electrophoresis using chloroquine a ladder of DNA bands is observed separating highly
supercoiled from relaxed DNA topoisomers in an agarose gel. However, the resolution is not
sufficient to separate topoisomers with high supercoiling density which co-migrate in the first
dimension i.e. both positively and negatively supercoiled topoisomers. By running a second-
dimensional agarose gel electrophoresis with higher chloroguine concentration a difference
between the positive & negative supercoiled DNA molecules can be identified. The second
dimension is run perpendicular to the first one. Since chloroguine unwinds DNA, negatively
supercoiled topoisomers become less supercoiled and migrate more slowly, while positively
supercoiled ones gain extra supercoils and migrate more rapidly. Consequently, mobilities of
previously co-migrated topoisomers now separate differentially to form an arch-like shape
(Figure 7.3) where the right arm represents positively supercoiled topoisomers and the left arm
corresponds to negatively supercoiled topoisomers.
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Figure 7.3. Schematic representation of the migration of topoisomers in two dimension chloroquine
gels. The dots show the accumulation of (+) and (-) supercoiled DNA. The Apex | indicates the relaxed
circle DNA, which on binding with the intercalator (rectangular box) started to get more supercoiled and
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thus migrate faster in 2™ dimension. Apex Il shows the previously (-) supercoiled DNA which became
more relaxed by binding of intercalator and thus migrated slower in the 2™ dimension.

Minichromosome extraction from yeast cells using spheroplast method:

Inoculum of yeast strains was prepared in 20ml with 40ul tetracycline (5mg/ml) and was allowed
to grow overnight. 10ml of culture was collected with approx 1x10’ cells/ml and 10ml of
Toluene solution (prepared prior and kept at -20°C) was added to the collected cell culture. The
cell suspension along with toluene was centrifuged at 4000 rpm for 5 mins at 4°C. The cell pellet
was washed with 10 ml of cold TE 1X solution (to remove residual toluene) and centrifuged at
4000 rpm for 5 mins at 4°C. The cell pellet was resuspended in 1ml of spheroplast solution
(prepared just prior to the experiment) and was transferred to a 1.5 ml microfuge tube.

The cell suspension was incubated at 37°C for 15 mins, followed by centrifugation at 2000 rpm
for 5 mins at RT (room temperature). Supernatant was discarded and the spheroplast was
resuspended in 300ul of TE 1X. To lyse spheroblasts 30ul of 10% SDS were added to the
suspension, mixed gently and left undisturbed for 5 mins at RT. Post incubation, 200ul of 5M
KAc was added, mixed well and the mixture was centrifuged at 13,300 rpm for 5 mins. The
supernatant was transferred to a new 2ml microfuge tube where 1.2ml of cold 100% EtOH is
added. Let it stand for 10 mins at -20°C. Post incubation centrifuge at 13,300 rpm for 10 mins at
4°C. A white pellet should be visible at this point. The supernatant was discarded carefully and
the pellet was washed with 1ml of cold 70% EtOH, followed by centrifugation for 5 mins at
13,300 rpm at RT. Supernatant was discarded, pellet was dried, resuspended in 100ul of TE 1X
+ 1mg/ml RNaseA (10mg/ml) and incubated for 20-30 mins at RT. Post incubation add 60.6pl
5M KAc + 363.6pl of cold 100% EtOH and centrifuge at 13,300 rpm for 5 mins at 4°C.
Supernatant was discarded and pellet washed with 1ml 70% EtOH and centrifuged at 13,300 rpm
for 5 mins at 4°C. The supernatant was discarded and the pellet was dried and dissolved in 25l
TE 1X with 6.25ul of Chloroquine Loading Buffer (5X) and directly loaded in the 1** dimension
agarose gel.

Chloroquine Electrophoresis:

The first dimension gel of the required consistency (i.e 0.6% agarose) was prepared, by weighing
3g and adding in 500 ml of TBE 1X buffer. The suspension was heated till the agarose was
completely dissolved and placed in a water bath for 10 mins set at 65°C. The casting tray was
prepared by sealing the sides with tape and the combs required for optimum resolution were
cleaned thoroughly. Prior to casting, chloroquine from stock solution (1 mg/ml) was added to the
gel solution at a final concentration of 0.6 pug/ml (i.e 300 pl of stock chloroquine for 500ml). The
prepared gel solution was poured into the casting tray avoiding bubble formation, especially near
the comb. Once the gel solution had been poured and left to solidify, the casting tray was
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covered to avoid any exposure to light. The gel was allowed to solidify for at least an hour before
being transferred into the electrophoresis tank filled with TBE 1X (3 litres). To the TBE 1X
buffer in the tank, stock chloroquine was added such that the final concentration was the same as
that in the gel (0.6 pg/ml). 31.25ul of DNA sample prepared before was added into the
designated well (4 samples were run in one gel). Once the samples had been loaded the apparatus
was covered to avoid exposure to light. The gel was run at 50 V for 20 hrs at RT (depending on
the size of the minichromsome of study). After the first dimension run, the gel was trimmed by
cutting the side above the wells. The gel was then stained in TBE 1X containing 3 pg/mi
chloroquine for 1 hour to equilibrate the gel before running the second dimension in higher
chloroquine concentration (while equilibration the gel was covered to avoid exposure from
light). The orientation of the gel was changed by rotating it to the right by 90°. Fresh TBE 1X
buffer (3litres) was poured into the tank with chlorogquine concentration of 3ug/ml. Once the gel
had been set up, the apparatus was covered to avoid exposure from light. The samples were run
in second dimension at 80V for 4 hour at RT.

After the second dimension the Southern Blot and hybridization techniques are performed
similar to those explained above in section 7.13.
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