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I Summary
The rDNA array of most eukaryotes shows a similar architecture Transcription, replication

and recombination occur simultaneously at this locus in budding yeast Studies using

Saccharomyces cerevisiae as a model organism showed that transcription by RNA

polymerase I is a prerequisite for initiation of replication Only origins immediately

downstream of transcribed rRNA genes can be activated and initiate bi-directional

replication Furthermore, the elements influencing transcription of RNA polymerase I

were shown to form a hotspot of mitotic recombination (called HOT1) when placed at

ectopic sites This would imply an influence of transcription on recombination in the

rDNA locus We studied now initiation of replication and the formation of

extrachromosomal ribosomal circles (ERC) as products of mitotic recombination depend

on elements influencing RNA polymerase I transcription In order to examine individual

rDNA units, we used yeast strains that contain two tagged rRNA genes and deletions of

regulatory sequences in the non-transcribed spacer between the two tagged genes

We applied neutral/neutral 2-dimensional gels to analyze rephcative intermediates and

isolated old yeast cells to examine ERC formation in such strains Our results show that

the enhancer element promotes initiation of replication and that it is essential for ERC

formation

An additional function contained in the enhancer element, is the replication fork barrier

(RFB), which blocks leftward moving forks and is dependent upon a protein called Fob1

Models have been published which postulate that double strand breaks (DSB) may

occur at stalled replication forks at the RFB and that the subsequent repair of the DSB

lead to ERC formation By applying several DNA extraction methods we could confirm

the formation of DSB at the forks stalled at the RFB Noticeably, DSB at the replication

fork stalled at the RFB seem to occur in the parental leading strand at the position

where the RFB1 has been mapped Following a DNA isolation method in which branch

migration of Holliday junctions is inhibited, we found for the first time additional DSB

Mapping of these predominant DSB at a resolution of around 50 base pairs revealed

that they occur upstream of the RFBs in sequences essential for HOT1 promoted

recombination and that they are dependent upon Fob1, but independent of replication

Applying a primer extension based method allowed us to map the DSB at a resolution
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of individual nucleotides These experiments revealed that breaks occur at specific

sequences, although nicks instead of DSB were detected Finally, the nucleotide-

resolution mappings revealed breaks at specific sequences, which indicates enzyme

mediated processing of these breaks

These findings suggest that HOT1 promoted recombination at the ribosomal locus occurs

throughout the cell cycle Furthermore, we found that multimenc ERCs can be formed

in the absence of Fob1, which indicates another novel pathway for ERC formation that

is independent of RFB and HOT1

Taken together, our results indicate that transcription, replication and recombination

not only occur simultaneously in the ribosomal array, but they are inexorably linked
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II Zusammenfassung
In den meisten Eukaryoten sind die hbosomalen Gene ähnlich angeordnet. Zudem

geschehen Transkription, Replikation und Rekombination gleichzeitig im hbosomalen

Locus der Bäckerhefe Sacharomyces cerevisiae. In Studien mit dieser Hefe als

Modellorganismus, konnte gezeigt werden, dass dabei Transkription und Replikation

nicht nur simultan geschehen, sondern auch, dass Transkription durch RNS Polymerase

I eine Voraussetzung für die Replikationsinitiation ist. Nur solche rARS Sequenzen

{engl.: ribosomal autonomous replicating sequence), welche direkt in

Transkriptionsrichtung nach einem aktiv transkribierten rRNA Gen liegen, können aktiviert

werden und führen zu bi-direktionaler Replikation. Die Elemente, welche die

Transkriptionsaktivität der RNA Polymerase I im rDNS Locus regulieren, stimulieren

zusätzlich zu diesen Funktionen mitotische Rekombination, wenn sie an einen anderen

Ort im Genom transferiert wurden. Diese starke Stimulation der Rekombination wird

HOT1 genannt. Dass Elemente, welche neben der Transkription auch rekombinative

Vorgänge beeinflussen, könnte bedeuten, dass im rDNS Locus Transkription und

Rekombination zusammenhängen. Im ersten Teil dieser Arbeit, untersuchten wir die

Initiation der Replikation und die Bildung von extrachromosomalen hbosomalen DNS

Molekülen {engl: extrachromosomal ribosomal circels, ERC) in der Abhängigkeit von

Elementen, welche die Transkription der RNA Polymerase I regulieren. Um individuelle

rRNA Gene unterscheiden zu können, wurden Hefestämme verwendet, welche zwei

benachbarte rRNA Gene enthalten, die unterschiedlich markiert wurden. Die nicht-

transkribierte Sequenz zwischen den markierten Genen enthielt unterschiedliche,

stammspezifische Kombinationen von Deletionen von den oben erwähnten regulativen

Elementen. Um replikative Intermediate zu studieren, verwendeten wir neutrale, 2-

dimensionale Agarose Gele und um die Bildung von ERCs zu untersuchen, isolierten

wir alte Hefezellen. Diese Experimente zeigten, dass eines der zwei regulativen

Elementen, der Enhancer, unterstützend für die Initiation der Replikation wirkt, hingegen

für die Bildung von ERCs essentiell ist.

Eine zusätzliche Funktion, die der Enhancer enthält, ist die Barriere für

Replikationsgabeln (engl: replication forkbarrier, RFB). Die RFB is abhängig vom Protein

Fob1 und blockiert Replikationsgabeln, welche sich entgegen der Richtung der
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Transkription der RNA Polymerase I bewegen In publizierten Modellen wurde

vorgeschlagen, dass Doppelstrangbruche (DSB) der DNS an gestoppten

Replikationsgabeln eintreten können Die Reparatur dieser DSB wurde dann zur Bildung

von ERCs fuhren Durch den Einsatz von verschiedenen DNS-Isolationsmethoden

konnten wir bestätigen, dass solche DSB an RFB-blockierten Replikationsgabeln

vorkommen Diese Bruche scheinen spezifisch nur am Ende des wachsenden

Vorwartsstrang vorzukommen In DNS, welche mittels einer Isolationsmethode extrahiert

wurde, die das Wandern von Holliday Junctions entlang der DNS Strange inhibiert,

konnten wir neue, zusätzliche DSB charakterisieren Wir kartierten diese Bruche zuerst

mit einer Genauigkeit von ca 50 Basenpaaren und konnten so zeigen, dass die DSB in

Sequenzen lokalisiert sind, welche fur die HOT1-Rekombination essentiell sind und

ausserhalb von RFB-Sequenzen hegen Zusätzlich dazu ist das Vorkommen der DSB

abhangig vom Protein Fob1, aber unabhängig vom Zellzyklus, speziell der Replikation

Die Nukleotid-genaue Kartierung der DSB zeigte, dass die DNS-Bruche nur an

spezifischen Orten im Enhancer vorkommen Die hohe Spezifität der kartierten Bruche

im Enhancer legen nahe, dass diese Bruche durch Enzyme eingeführt worden sein

konnten

Unsere Resultate deuten daraufhin, dass HOT1 -vermittelte Rekombination unabhängig

vom Zellzyklus im rDNA Locus vorkommt Dass multimensche ERCs in einer fobIA

Mutante gefunden wurden, fuhrt uns zum Schluss, dass ein zusätzlicher Weg der ERC-

Bildung existiert, der unabhängig von RFB und HOT1 ist

Zusammenfassend kann gesagt werden, dass Transkription, Replikation und

Rekombination nicht nur gleichzeitig im nbosomalen Locus vorkommen, sondern sich

auch beeinflussen, ja voneinander abhangen
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Ill Abbreviations

2D 2-dimensional

aa amino acid

A adenine

ARS Autonomously replicating sequence

Bd bi-distilled

BIR break-induced replication

Bp base pair

C cytosine

°C degree Celsius

CTAB cetyl trimethyl ammonium bromide

DBS double strand break

Dl dichloromethane isoamylalcohol (24:1)

DNA desoxyribonucleic acid

ds double-stranded

E enhancer

EDTA ethylene diamine tetra acetate

EtBr ethidium bromide

EtOH ethanol

Fig. Figure

G guanine

HCl hydrochloric acid

HIS histidine

HJ Holliday junction

HU Hydroxy urea

Kb kilobase pairs

LEU leucine

M Molar

m milli, 10-3

MMS methyl methanesulfonate

[i micro, 10"6
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n nano, 10"9

NaCI sodium chloride

NaOH sodium hydoxide

N/N neutral/neutral

nt nucleotide

NTS non-transcribed spacer

P pico, 10-12

P RNA polymerase I promoter

pH potentia hydrogenii

Pol 1 RNA polymerase I

Pol II RNA polymerase II

Pol III RNA polymerase III

RFB Replication fork barrier

rpm revolutions per minute

RNA ribonucleic acid

rRNA ribosomal RNA

SDS sodium dodecyl sulfate

SCE sister chromatid exchange

ss single-stranded

T thymine

T4endoVII T4 endonuclease VII

TBA seq electrophoresis buffer containing tris-borate

TBE electrophoresis buffer containing tris-acetat

TBP Tata-box binding protein

TRP tryptophan

U units

UAF upstream activating factor

UAS upstream activating sequence

UV ultraviolet

V volt

wt wild type
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YPD yeast growth medium containing glucose
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IV Introduction

A central process in virtually every living cell is the translation of the ribonucleic code in

amino acid sequences This task is fulfilled by the nbosome, which reads the information

coded on the mRNA and synthesizes polypeptide chains that are subsequently folded

in proteins (Alberts et al, 2002) The nbosome is a huge complex consisting of around

75 ribosomal proteins and different types of ribosomal RNA (rRNA) (Alberts et al, 2002)

Since the cell has to be able to produce large amount of proteins, i e to react to chan¬

ging environmental situations, it needs large amounts of nbosomes and its constituents

Therefore, up to 60% of the transcriptional activity of a cell is used to produce the rRNA,

which accounts for 75-80% of the total RNA of the cell (Alberts et al, 2002, Paule,

1998) Almost all cells are able to fulfill this need by having more than one copy of the

rRNA genes (Paule, 1998) In fact, eukaryotes can have several hundred or even

thousands of rRNA gene copies organized in tandem repeats on one or more

chromosomes (Paule, 1998) These tandemly repeated genes are localized and

transcribed in the nucleolus Eukaryotic cells share a similar organization of those repeats

and, as an example, the architecture of the ribosomal array in Saccharomyces cerevisiae

is described in detail below

1 The Ribosomal Locus of Budding Yeast

The ribosomal locus of Saccaromyces cerevisiae is located on chromosome XII and

consists of around 100-200 rDNA units, the size of one unit being 9 137 kb (Warner,

1989) One unit contains a 35S coding region transcribed by RNA polymerase I (Pol I)

and a non-transcribed spacer (NTS) This leads to an alternating pattern of coding

regions and NTS (Fig 1A), which is a common architectural feature of the ribosomal

array of most eukaryotes (Paule, 1998) Transcription of the rRNA gene gives rise to

the 35S precursor RNA, which is then processed into the mature 18S, 5 8S and 25S

rRNAs (Venema and Tollervey, 1999) The NTS contains various elements influencing

transcription, replication and recombination besides the 5S gene, which is transcribed

by RNA polymerase III (Fig 1A) (Keil and Roeder, 1984, Warner, 1989) The 5S gene
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physically separates the NTS into two regions, the NTS1 and the NTS2. At the NTS2,

the RNA polymerase I promoter (P) is located at the 5'-end of the 35S coding region

and is the sequence where transcription by Pol I starts. Between the Pol l-promoter and

the 5S rRNA gene an element is located from which bi-directional replication can be

initiated (rARS). Finally, an enhancer (E) is situated near the 3'-end of the 35S coding

region (NTS1). For reasons of simplicity, it will not be differenciated between NTS1 or

NTS2 and only reffered to NTS in this work. The following sections describe how this

and the other mentioned sequences influence transcription, replication and

recombination.

/> P 5S ^>
-il II /

35S I 1J_£:
± *

NTS
A A4

Bgill Ehe\ BglW BglW Ehel

(7174) (821Ç) (2614) (7174) (8215)

B
RFB2+3 RFB1

TTTT •«

'

e â5s
| | g |[

= EcoRl Hmd\\\ Hpa\

RFB (96) (284) (413)

Figure 1 : The ribosomal locus of yeast. (A) 35S coding regions (white bars) alternate with non-transcribed

spacers (NTS). The NTS contains the enhancer (E), the RNA polymerase I-promoter (P), a possible

origin of replication (rARS) and the 5S coding sequence (5S). The direction and the starting point of

transcription are indicated by an arrow. The cutting sites of Bgh\ and Ehe\ are indicated. Numbers

correspond to mapping units (MU), position 1 being the 3'-end of the 35S coding region. Processing of

the transcription product of the 35S coding sequences yields the 18S, the 5.8S and the 25S rRNA, as

indicated below the 35S coding sequence to the right. Dashed lines indicate an enlarged section of the

NTS with enhancer and 5S coding sequence. (B) Various elements contained in the enhancer are shown

enlarged. Below, cutting sites of different restriction enzyme are indicated. Numbers correspond to MU

as in panel (A). Reb1 and Abf1 indicate binding sites of the respective proteins. Along poly-T sequence

is indicated. The two arrowheads correspond to short inverted and repeated sequences. Replication fork

barriers (RFB) block upstream moving forks and are represented by shaded bars. Most replication forks

are halted at RFB1, while only a minor portion of the forks are blocked at RFB2&3.

2 Transcription in the Ribosomal Locus

The 35S coding region is transcribed by RNA polymerase I (described extensively in

(Nomura, 1998)). Transcription starts at the Pol l-promoter, which is composed of the
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upstream element and the core element. The upstream activating factor (UAF) binds to

the upstream element and interaction with the TATA box-binding protein (TBP) stimulates

binding of the core factor (CF) to the core element. All those factors together form a so-

called committed complex. The initiation complex is then formed by binding of the RNA

polymerase I, which is recruited by interaction with the factor Rrn3p. Initiation of

transcription can then take place. It is noteworthy that the UAF is not essential for

initiation but its binding is required for high levels of transcription - and the ribosomal

genes are in fact very highly transcribed genes. Biochemical and electron microscopical

studies showed that initiation events at the Pol l-promoter take place every 3-4 seconds

(Alberts et al., 2002). The coding region is covered with RNA polymerases, which closely

follow each other and lead to the typical Christmas tree structure observed with the

electron microscope (EM) in samples prepared after the Miller spreading technique

(Miller and Beatty, 1969). In such pictures, a nascent RNA chain can be seen from

each RNA polymerase migrating along the 35S coding region (French et al., 2003;

Safferand Miller, 1986).

Termination of transcription takes place at the enhancer 3'of the coding region and

depends upon the binding of Reb1 p to its recognition sequence (Fig. 1 B). Reb1 p tightly

binds in the enhancer and thus causes pausing of transcription elongation. A few bp

upstream of the Reb1 binding site in a short T-rich stretch, the interaction of Pol I with

the DNA is then destabilized and the polymerase is released (Lang and Reeder, 1993).

Binding of Reblp not only takes place in the enhancer, but also in the promoter where

a binding sequence for this protein has shown to be located (Morrow et al., 1989). This

led Planta and co-workers as well as Warner's group to propose a model in which rDNA

loops containing one rRNA gene (eventually 2 to 3 genes) could be formed, which

might be established by the interaction of the Reb1 proteins bound to the enhancer and

the promoter, respectively (Kulkens et al., 1992) (Fig. 2). By forming such loops, RNA

polymerases could directly be guided from the place of termination to the place of initiation

and therefore be recycled, which would help to maintain very high levels of transcription

(Warner et al., 1998).

Within the enhancer, not only termination of transcription takes place, but it also contains

sequences that positively influence transcription (Elion and Warner, 1986). The
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sequences between the EcoR\ and the HincAW restriction site (Fig. 1B) were shown to

elevate Pol I transcription levels. The stimulatory effect of the rDNA enhancer is affected

over several kb. Furthermore, the transcription of the upstream gene and the downstream

gene is enhanced in respect to a specific enhancer as revealed studies done in our

(Banditt et al., 1999) and other laboratories (Kulkens et al., 1992). Deletion of a specific

enhancer leads to a decrease of transcription of both flanking 35S coding regions to

about half of the normal rate (Banditt et al., 1999).

Figure 2: Model of a cluster of active rRNA genes in which the ends (5' and 3') of the rRNA transcription

units associate. The model postulates a physical interaction of enhancer (E) and promoter (P), possibly

enabled by Reb1 as indicated. Loops containing 35S and 5S coding sequences, respectively, would

alternate. The arrowheads on 35S coding regions indicate the direction of transcription and should not be

mistaken with the 3'-end of these genes. Note that the model is not drawn in scale and that the three

dimensional structure could be different. By bringing the elements of termination and initiation of

transcription in close vicinity, a high density of RNA polymerases I and probably transcription factors

could be achieved in this region, which could help to maintain high reloading frequencies at the promoter

and with that high transcription levels (adapted from (Warner et al., 1998)).

Psoralen is a drug able to penetrate biological barriers, such as membranes and

intercalate in DNA at regions which are not interacting with histone octamers, e.g. linkers

between nucleosomes. Upon irradiation with UV light (366 nm) it forms covalent inter-

strand crosslinks at neighboring AT (Cimino et al., 1985). These characteristics make

psoralen a powerful tool to investigate the chromatin structure of specific genes or loci

(Sogo et al., 1984). Many studies have been made in our laboratory in which psoralen

was used in combination with electron microscopy (EM) and biochemical approaches.
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In those studies, growing cells were treated with psoralen and after UV irradiation the

DNA was isolated. Samples enriched in rDNA by CsCI/Actinomycin D gradients were

analyzed by EM (Dammann et al., 1993; Dammann et al., 1995; Lucchini and Sogo,

1994). These studies showed that Pol I, in contrast to RNA polymerase II, disrupts

nucleosomes during transcription (reviewed in (Lucchini and Sogo, 1998; Sogo and

Thoma, 2003). Additionally, not all genes of the ribosomal array are transcribed, but

only a subset of them (Fig. 3) (Dammannetal., 1993; Dammannetal., 1995). In cells of

an exponentially growing culture about 50% of the genes are transcribed and devoid of

nucleosomes. Furthermore, the active and therefore open genes are organized in many

small clusters of 2-3 genes throughout the rDNA locus, instead of being all in one large

cluster (Fig. 3) (Dammann et al., 1995). These studies also showed that the enhancer

immediately downstream of a transcribed rRNA gene is devoid of nucleosomes as is

the active gene itself (Dammann et al., 1995).

I^iiit..j-jtil._|._—4 ji^il lL|jfIlL^^lIlt,,.

' PWupiwiMfybfh!
2 DN* eolation
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-,jj£_,.. -i—j
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Figure 3: Nucleosomal status of active (transcribed) and inactive (silent) rRNA genes and outline of the

psoralen retardation assay. A schematic representation of a part of the ribosomal array is shown. Short

solid vertical bars indicate the position of the RNA polymerase I promoter. The nonnucleosomal,

transcriptionally active copies are represented by the characteristic gradient of nascent transcripts (vertical

lines increasing in length from left to right. The intergenic spacers and the silent gene copies are organized

in nucleosomes (rows of open circles). Active genes are spread throughout the whole rDNA array and

are organized in clusters of 1-3 genes. Below the schematic drawing of the rDNA array, the psoralen

retardation assay is outlined. At the left, the essential steps of this method are listed. To the right, a typical

result is schematically represented. Active genes are highly accessible for psoralen and heavily crosslinked

after UV irradiation, which leads to slower migration of restriction digestion fragments of transcribed

genes in respect to the same restriction fragments of silent genes. Using a probe specific for these

fragments, each fragment leads to the detection of two bands, the intensity of which reflect the proportion

of transcribed and silent rRNA genes (adapted from (Dammann et al., 1995; Grummt and Pikaard, 2003;

Sogo and Thoma, 2003)).
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The proportion of active to inactive rRNA genes was determined for the first time applying

the psoralen retardation assay (Conconi et al., 1992) (Fig. 3), which is a method

developed in our laboratory. This technique makes use of the different migration behavior

of heavily and weakly crosslinked DNA restriction fragments in non-denaturing agarose

gels. When yeast cells treated with psoralen are irradiated with UV light, transcribed

rRNA genes get highly crosslinked, since the transcription of Pol I displaces the

nucleosomes from DNA and the Pol I molecules are permeable to the drug. This enables

psoralen to intercalate in the DNA and subsequently crosslink the two strands. Thus,

after such treatment, transcribed rRNA genes contain frequent interstrand crosslinks

along their whole sequence. Silent genes on the other hand are packaged into

nucleosomes. Therefore, psoralen can only intercalate and form crosslinks in linker

regions between nucleosomes in those genes. The different amount of DNA crosslinks

can be detected in an agarose gel analysis by the so-called psoralen retardation assay

(Conconi et al., 1992). By the use of this method, rRNA genes of a variety of cells such

as yeast, human, plant or insect cells could be analyzed (Sogo and Thoma, 2003).

Studies using this technique showed, that the proportion of active and inactive rRNA

genes in yeast cells is not static (Dammann et al., 1993). Yeast cells of a stationary

phase culture for example shut down practically all of their active rRNA genes and

therefore increase the number of inactive genes (Dammann et al., 1993). The opposite

effect was observed in cells synchronized in G1/S transition using the yeast pheromone

a-factor. In such treated cells the proportion of active genes increases (Dammann et

al., 1993; Lucchini and Sogo, 1995). A complementary study from our laboratory showed

that deletion of the enhancer does not lead to a total inactivation and subsequent

packaging into nucleosomes of the flanking rRNA genes (Banditt et al., 1999). The

reduced amounts of rRNA detected in northern blots in that study is most likely due to a

reduced transcription initiation rate. Consequently, a cell could have two possibilities to

regulate the amount of rRNA: it can change the transcription initiation rate of the active

genes and/or it can change the number of the active genes. Probably, in a growing

population of unmanipulated cells both pathways coexist (Sandmeieretal., 2002; Sogo

and Thoma, 2003).
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Factors, which change the transcriptional status of genes have been the subject of

extensive studies Some of the best-characterized factors are the silent information

regulator (SIR) genes (reviewed in (Gartenberg, 2000)) Sir1, Sir2, Sir3 and Sir4 were

shown to promote transcriptional repression of the silent mating type loci, HML and

HMR (Bi et al, 1999) A complex of Sir 2/3/4 was demonstrated to be important for the

maintenance of telomere repeats and silencing of genes at telomere-proximal positions

(Palladino et al, 1993) Finally, Sir2 was found to be implicated in silencing of RNA

polymerase ll-transcnbed reporter genes introduced in the rDNA array (Fntze et al,

1997, Smith and Boeke, 1997), an effect called 'nucleolar silencing' Silencing of rRNA

gene copies however seems to be unaffected by Sir2p (Sandmeier et al, 2002) Out¬

side of the ribosomal locus, the silencing promoting effect of Sir3 and Sir4 is thought to

be triggered by establishing higher order chromatin structures (reviewed in (Garten-

berg, 2000)) This could be the case because these proteins bind to the ammo-terminal

tails of histones H3 and H4, which are in a hypoacetylated state Sir2p however, was

shown to be a NAD-dependent histone deacetylase (Imai et al, 2000) and additionally

has weak ADP-nbosylate transferase activity (Tanny et al
, 1999) The histone

deacetylase activity correlates with silencing, since histones of transcribed genes are

hyperacetylated and get deacetylated when the transcription of those genes is shut off

(rewieved in (Kurdistani and Grünstem, 2003)) Besides nucleolar silencing, Sir2p seems

to have additional functions in the nucleolus Together with Net1 and Cdc14, it forms a

complex called RENT (regulator of nucleolar silencing and telophase exit, (Shou et al,

1999)) Net1 tethers Sir2 to the nucleolus and is, like Sir2, essential for nucleolar silencing,

that is silencing of Pol II -reporter genes (Straight et al, 1999) Additionally, both proteins

interact physically with subunits of RNA polymerase I and Fob1, respectively (Huang

and Moazed, 2003) Net1 as well as Sir2 were found to be localized to the Pol l-promoter

and the enhancer region, whereof their localization to the enhancer was dependent

upon Fob1 (Huang and Moazed, 2003) Net1 also activates synthesis of rRNA by Pol I

and it plays a general role concerning regulating nucleolar structure (Shou et al, 2001 )
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Another function of the RENT complex is thought to tether Cdc14 to the nucleolus

(Visintin et al., 1999), thereby inhibiting its phosphatase activity and subsequently release

it upon a TEM1/Cdc15-dependent signal to trigger mitotic exit (Shou et al., 1999). The

nucleolus therefore seems not to be only the place of rRNA synthesis, but additionally

has other functions concerning progression of the cell cycle as well.

Taken all together, RNA polymerase I transcription in the nucleolus is positively influenced

by the enhancer and transcription factors. Proteins repressing Pol I transcription seem

to do so by influencing the chromatin structure to form a repressive state. These proteins

and the enhancer do not only influence transcription, but have a high impact on replication

as well as recombination, which is described in the following sections.

4

I litmmn
Mrs

Figure 4: Schematic drawing of the ARS1 and the rARS elements. Different functional elements identified

by mutational analysis are marked by boxes. Also marked are one perfect match (11/11) and six partial

matches (either 10/11 or 9/11) to the ACS. InARSi the essentialACS is located in the A element. Element

A is the core of the recognition region of the ORG. ARS1 also contains three B elements, B1, B2 and B3,

in which linker substitutions reduce ARS activity (Marahrens and Stillman, 1992). B1 and B3 function as

binding sites for ORG and Abfl, respectively; the function of the B2 element is unclear, but it could be a

DUE. The function of element C is not known. The minimal rDNAARS required for full ARS efficiency is

contained in a 107 bp DNA fragment. For rARS activity and for full efficiency, a broad region (DUE) 3'to

theT-rich strand of the essential consensus and only 9 bpS'tothe essential ACS are required (Miller and

Kowalski, 1993). The precise length of the required 3'-flanking region is not known, (taken from (Müller,

1999))

3 Replication in the Ribosomal Locus

In contrast to higher eukaryotes, DNA replication in budding yeast initiates at defined

sequences that are called autonomous replicating sequences (ARS) (Campbell, 1993;

Stinchcomb et al., 1979). With a size of around 100-150 bp, these elements are

rDNA ARS mini niai tDKA A»
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remarkably short Although the architecture of an ARS is somehow flexible, it always

contains some specific elements ((Marahrens and Stillman, 1992), Fig 4) The core

component consists of an origin recognition complex (ORC) binding site that is composed

of element A and B1 The ARS consensus sequences (ACS) is an 11 bp AT rich

sequence and corresponds to element A (Van Houten and Newlon, 1990) Some ARS

do not match the ACS perfectly, but the minimal requirement for a functional ARS is a

match of 9 of 11 bp ((A/T)TTTA(T/C)(A/G)TTT(A/T)) The ORC complex, a hexamenc

complex of six different subunits is essential for initiation of replication (Bell and Stillman,

1992) and it is thought to be bound to its recognition site throughout the cell cycle

Flanking to the ORC binding site, a DNA unwinding element (DUE) is situated (Natale

et al, 1992) The DUE is 50-100 bp in length and it contains usually a genetically

identifiable element B2 Some ARS, e g ARS1, contain an additional element B3, where

ARS binding factor 1 (ABF1) binds (Marahrens and Stillman, 1992) This is an abun¬

dant protein that has various roles not only in replication (Raghuraman et al, 1994,

Rhode et al, 1989), but also in transcription (Buchman and Kornberg, 1990), repair

(Reed et al, 1999) and silencing (Brand et al, 1987) Upon binding, Abf1 is thought to

organize local chromatin structure by DNA bending and thereby facilitates binding of

other factors (Lascans et al, 2000) The exact function of this bending has not yet been

understood, but replacement of the ABF1 recognition sequence with one of a protein

that triggers similar function did not lead to any change in ARS activation (Bodmer-

Glavas et al, 2001, Marahrens and Stillman, 1992) It has therefore been concluded,

that the topological change of the DNA is the important feature and not protein-protein

interactions of ABF1 AtARS121 it was found that Abf1 elevates the frequency of ARS

firing over a distance of 1 2 kb (Walker et al, 1990, Walker et al, 1989) Additionally, at

ARS121 the ABF1 binding site is not interchangeable with other binding sites This

factor therefore seems to play different roles at different ARS The activation of the

ARS however is triggered by a complex interplay of various factors, which takes place

during S phase (reviewed in (Kelly and Brown, 2000)) Whether the activation happens
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early or late in S phase is specific for the individual ARS, but is in part determined by the

localization on the chromosome (Friedman et al, 1996, Raghuraman et al, 2001) At

the activated ARS, DNA replication is initiated which gives rise to two replication forks

traveling in opposite directions along the DNA away from the origin

As mentioned above, an ARS is located in every NTS of the ribosomal units (Fig 1 A)

This sequence is called ribosomal ARS (rARS) and its minimal length for normal function

is 107 bp ((Miller and Kowalski, 1993), Fig 4) The three ACS show an imperfect match

(10 of 11 bp) and a DUE is located immediately downstream of the A and B1 elements

(Miller et al, 1999) An element B3 containing a binding site for a factor such as Abf1

could not be found Because only around a fifth of the possible origins are activated in

a given S phase (Brewer and Fangman, 1988, Linskens and Huberman, 1988, Walmsley

et al, 1984), the question was raised as to what controls rARS firing A study done in

our lab revealed that initiation of replication only takes place in NTS downstream of

transcriptionally active genes (Muller et al, 2000) Transcription and replication therefore

seem to be linked in the rDNA locus As described in the previous section, the enhancer

downstream of transcnbed genes is devoid of nucleosomes (Dammann et al, 1995)

and hence is accessible for DNA-binding factors Because the enhancer contains an

Abf1-binding site (Fig 1B), Muller et al reasoned that the accessibility for Abf1 depends

on the transcriptional status of the upstream gene Since Abf1 has a stimulatory role on

initiation of replication at some ARS (Marahrens and Stillman, 1992), they hypothesized

that binding of this factor might be an important step in origin activation in the rDNA

array

As described in the previous section, transcnbed genes are distributed throughout the

rDNA locus and are organized in clusters of 2-3 genes (Dammann et al, 1995) Since

transcription and initiation of replication are linked (Muller et al
, 2000), it was

hypothesized and demonstrated that those two processes co-localize in the rDNA array

(Lucchini and Sogo, 1995) Moreover, Pasero and co-workers recently showed that

firing of origins is clustered in a similar manner as that of transcribed genes (Pasero et

al, 2002) Additionally, they found that the distance from one cluster of origin activation
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to the next is in rDNA much longer than in other loci In around 30% of the measured

gaps, they found distances of more than 60 kb, which corresponds to more than 6

rDNA units These findings do not correlate with the results of other groups (Brewer

and Fangman, 1988, Linskens and Huberman, 1988, Saffer and Miller, 1986, Walmsley

et al, 1984) Using different approaches, these groups estimated the size of a replicon

in rDNA array to have a size between three to five rDNA units Whether this contradiction

is due to different techniques, remains to be elucidated In the study mentioned above

(Pasero et al, 2002), rARS firing in a sir2A mutant was investigated as well The authors

found more clusters of origin firing than in the wt, which they interpreted as a higher

portion of activated origins in the sir2A mutant In their model, they correlated this higher

proportion of activated rARS to the roles of Sir2 in nucleolar silencing However, in

sir2A mutants, only the silencing of Pol ll-reporter genes is altered, but not the proportion

of transcnbed rRNA genes (Sandmeier et al, 2002) The repression of initiation of

replication at the rARS mediated by Sir2 observed by Pasero and co-workers thus

needs to be confirmed

A third suggestion of this group was that rARS are activated early in S phase So far it

was believed that origin firing takes place throughout the whole cell cycle (Little et al,

1993) Again, additional studies have to be done to determine when exactly rARS firing

takes place during S phase

Once replication is initiated, two replication forks move in opposite directions along the

rDNA away from the origin Whereas the origin-downstream moving fork travels

unhindered, the ongin-upstream moving fork meets the replication fork barriers (RFB)

situated at the upstream enhancer (Fig 1B) and gets blocked (Fig 5, (Brewer and

Fangman, 1988, Linskens and Huberman, 1988) This polar blocking mechanism of

the RFB depends upon Fob1 (Kobayashi and Honuchi, 1996) and leads to a quasi-

unidirectional replication of the rDNA that progresses in the same direction as the moving

RNA polymerase I molecules The RFB is not a peculiarity of S cerevisiae, but was

found in humans (Little et al
, 1993), mouse (Gerber et al

, 1997), Xenopus laevis

(Wiesendanger et al, 1994), pea (Hernandez et al, 1993) and S pombe (Sanchez et

al, 1998) Thus the blockage of upstream moving forks seems to be a common feature

of eucaryotic cells It has been proposed that a function of the RFB is to avoid a collision
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between the replication fork and the transcription machinery (Brewer and Fangman,

1988). It still is unknown whether this could be the only function of the RFB or whether

there might be others.

rARS

-<rr~ ~rs

converging fork arrested fork

Figure 5: Replication mode of the rDNA. Stalling of replication forks and termination of replication take

place at the RFB. A short part of the rDNA array containing one rARS is schematically represented and

labeled as in Fig. 1. The dashed line represents the position of the RFB. Origin firing at the rARS gives

rise to bi-directional replication, which is indicated below by the bubble. Both replication forks move in

opposite directions, until the upstream moving fork meets the RFB and gets halted. But the downstream

moving fork travels unhindered. Thus, the 35S coding region is always replicated in the same direction

as it is transcribed. To a later time point, a rightward moving fork originating from an activated rARS in

upstream direction from the represented NTS, reaches the area of the enhancer. It meets and converges

with the replication fork, which is stalled at the RFB. Therefore, the fusion of replicons ,
hence termination

of replication, takes place at the RFB in the rDNA array.

In budding yeast, the fork blocking protein Fob1 is essential for functional RFBs

(Kobayashi and Horiuchi, 1996). The majority of the forks are blocked at the RFB1

(Brewer and Fangman, 1988). The exact position of the RFB1 has been mapped to

colocalize with the recognition sequence of Hpa\ in the enhancer (Gruber et al., 2000).

Two additional minor RFBs consisting the RFBs 2&3 were detected by high-resolution

2D gels by Brewer and Fangman (Brewer and Fangman, 1988). RFB2&3 are located

very close to each other and were mapped on nucleotide resolution by Gruber and co¬

workers (Gruber et al., 2000). The same study revealed that the nascent lagging strand

of forks stalled at all RFBs is fully processed and lacks single stranded (ss) DNA. The

nascent leading strand however is synthesized 3 bases less far than the nascent lagging

strand. This implies that the total amount of ssDNA exposed at replication forks stalled

at the RFB is limited. A current model postulates that exceeding a certain amount of
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ssDNA triggers check point activation (Shimada et al, 2002) Minimizing the exposed

amount of physiologically occurring ssDNA at the RFB correlates with that model, since

the sum of ssDNA at the RFBs is lower than the required threshold needed for check

point activation (Sogo et al, 2002)

Another consequence of the RFB is that termination of replication, that is the fusion of

two converging replication forks, happens at specific sequences in the rDNA array,

which contrasts to the rest of the genome (Hynen and Mechah, 1993) Because the

upstream moving fork is blocked at the RFB, it is stalled until a downstream moving fork

of an adjacent repicon approaches and termination takes place (Fig 5) It has been

estimated that the stalled fork is blocked during about 8 minutes until it merges with a

downstream moving fork (Gruber et al, 2000)

Since the upstream moving forks are blocked at the RFB and only a subset of the

possible origins fire in a given S phase, the majority of the NTS are passively replicated

by a downstream moving fork Only every third to fifth NTS is actively replicated by two

opposite moving forks The 35S coding region however, is exclusively replicated by a

downstream moving fork (Fig 5)

4 Recombination in the Ribosomal Locus and Ageing in

Yeast

In the past few years our thinking on the role of homologous recombination is, has

changed The classic view is that homologous recombination in meiosis is essential for

proper chromosome segregation and preservation of genetic diversity In addition to

this function, a new role of homologous recombination has been found and numerous

studies and reviews have been published in the last years describing this function

(Chakraverty and Hickson, 1999, McGlynn and Lloyd, 2002, Rothstein et al, 2000)

Increasing evidence supports the hypothesis that homologous recombination also acts

to prevent genomic instability during mitosis by rescuing stalled replication forks and

repairing dangerous DNA lesions eventually introduced by the replication machinery

In fact, it has been found that during S phase the amount of recombination intermediates

is highest, which would link homologous recombination to replication (Zou and Rothstein,

1997) Additionally, deletion mutants in key genes affecting proteins essential for
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Table 1: Biochemical and genetic features of the yeast mitotic recombinationn genes.

Gene Protein Function Protein

Interactions

Mutant Phenotypes

MMS4 Heteromenc complex Mus81/Mms4

MRE11 ssDNA endonuclease

dsDNA 3 to 5 exonuclease

Heteromenc complex Rad50/Mre11/Xrs2

MSH2 Mismatched dsDNA binding

Heteromenc complex Msh2/Msh3

MSH3 Mismatched dsDNA binding

Heteromenc complex Msh2/Msh3

MUS81 Heteromenc complex Mus81/Mms4

Cleavage of HJs and Y structures

RAD1 ss- and dsDNA endonuclease

Cleavage of Y structures

Heteromenc complex Rad1/Rad10

RADIO Heteromenc complex Rad1/Rad10

RAD50 ATP-dependent DNA binding

Heteromenc complex Rad50/Mre11/Xrs2

RAD51 ATP-dependent DNA pairing and strand

exchange

RAD52 ssDNA annealing activity

Stimulation of Rad51-dependent stand

exchange

dsDNA-dependent ATPase

ATP-dependent DNA remodeling

Stimulation of Rad51-dependent stand

exchange

Stimulation of Rad51-dependent stand

exchange

Stimulation of Rad51-dependent stand

exchange

ssDNA annealing activity

RAD54

RAD55

RAD57

RAD59

RDH54/

TID1

RFA1

SAE2

XRS2

dsDNA-dependent ATPase

ATP-dependent DNA remodeling

Stimulation of Rad51-dependent DNA

pairing

ssDNA binding (Rpa1)

Stimulation of Rad52-dependent ssDNA

annealing

Stimulation of ssDNA-Rad51 assembly

not determined

Heteromenc complex Rad50/Mre1/Xrs2

Mus81

Rad50, Xrs2

Msh3

Msh2

Mms4, Rad54

RADIO

Rad1

Mre11, Xrs2

Rad52, Rad54,

Rad55, Rdh57,

Rdh54

Rad51, Rad59,

Rpa1

Rad51

Rad51, Rad57

Rad51, Rad55

Rad52

Rad51

Rad52

Unknown

Rad50, Mre2

MMS sensitive

Defective 5 to 3 DNA resection

Retarded deletion formation

Decreased SCE

MMS sensitive

Decreased deletion frequency

Decreased nonhomologous end recombination

Decreased deletion frequency

Decreased nonhomologous end recombination

HU sensitive

HU, UV, MMS sensitive

Decreased wt deletion and Rad51-mdependent

inversion frequencies

Decreased nonhomologous end recombination

UV sensitive

similar to radl

Defective 5 to 3 DNA resection

Retarded deletion formation

Decreased SCE

X-ray and MMS sensitive

Decreased allelic and ectopic recombination

Decreased DSB-induced SCE

Increased deletion frequency

X-ray and MMS sensitive

General defect in spontaneous and DSB-induced

mitotic recombination

X-ray and MMS sensitive

Similar to radSf

Similar to radSf

Similar to rad51

Increased allelic recombination

Decreased deletion and inversion frequencies

MMS sensitive

Decreased allelic recombination

MMS sensitive

Inviable

Increased deletion formation and SCE in rfal

alleles

Decreased plasmid gap repair in rfal alleles

Defective 5 to 3 DNA resection

Retarded deletion formation

Decreased SCE

Defective 5 to 3 DNA resection

Retarded deletion formation

Decreased SCE

X-ray sensitive

(adapted from (Prado et al
, 2003))
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homologous recombination often show sensitivity to DNA damaging agents or chemicals

interfering with replication elongation (see Table 1) It is assumed that disturbing the

elongation rate of the replication fork can lead to double strand breaks (DSB) at paused

or stalled forks Treatment of cells which such chemicals, thus elevates the frequency

of DSB Since homologous recombination is the main pathway to repair DSB, the

sensitivity of mutants defective for homologous recombination could therefore be due

to the loss of this type of DNA repair Several models have been proposed how a

stalled replication fork might be rescued (see references above) Some of those models

contain a step in which a Holliday junction is formed by resetting the nascent strands

This structure is called reversed fork and was recently visualized by EM (Sogo et al,

2002) However, so far reversed forks could be detected only in a rad53A strain, probably

because stalled replication forks seem to be no longer stabilized by Rad53p in cells of

this strain (Lopes et al, 2001, Sogo et al, 2002) Further studies have to be done to

reveal the structure of replication forks dealing with a damaged template, e g pynmidine

dimers, methyl adducts, interstrand crosslinks, etc

Regions in the genome, where strong replication fork blocks occur, often are hot spots

of mitotic recombination In Ecoli, termination of replication takes place at defined

sequences opposite of the origin on the circular chromosome (reviewed in (Bastia and

Mohanty, 1999)) Replication forks are halted by the anti-hehcase activity of the Tus

protein that binds to the Ter sequence where termination takes place Honuchi and co¬

workers showed that those sites co-localize with hot spots of mitotic recombination

(Honuchi et al, 1995) In the rDNA locus of budding yeast, replication terminates at the

enhancer as described in the previous section The enhancer together with the RNA

polymerase I promoter were shown to strongly induce mitotic recombination when placed

together at an ectopic site (Keil and Roeder, 1984) and this effect was named HOT1

(hotspot of recombination) Since both sequences influence Pol I transcription, they

were called l(nitiator) and E(nhancer) element in that study (Fig 6, (Voelkel-Meiman et

al, 1987)) Additional work done at ectopic sites showed that HOT1 activity depends

upon Pol I transcription (Huang and Keil, 1995) in the sense that the polymerase has to

move through the DNA sequence that is going to be exchanged by HOT1 recombination

(Stewart and Roeder, 1989) Therefore, the orientation of the I element plays an important
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role for HOT1 activity. In contrast to that, neither orientation of the E element nor its

position upstream or downstream of the I element did change the rates of HOT1 promoted

recombination (Voelkel-Meiman et al., 1987). In a mutational analysis the enhancer

sequences essential for HOT1 activity have been found and termed Ea and Eb (Fig. 6;

(Huang and Keil, 1995)). For reasons of simplicity, only recombination stimulated at the

Ea and Eb element are refered to as HOT1 recombination in this work, although the

RFBs are contained in the E element as well and are therefore a part of the HOT1

sequences. Recombination stimulated at the RFBs will specifically refered to as RFB-

dependent recombination. In rad52A mutants, HOT1 activity was found to be completely

lost (Lin and Keil, 1991).
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Figure 6: Sequences regulating RNA polymerase I transcription, stimulate mitotic recombination. Ashort

part of the ribosomal locus with an enlarged enhancer are represented and labeled as in Figure 1. In

brown, sequences essential for the mitotic hyperrecombination site HOT1 are indicated. The E element

coincides with the enhancer and the I element coincides with the promoter. Enlarged, sequences important

forHOTI function within the enhancer are indicated with brown bars. The sequence Ea consists of a long

poly-T stretch and short inverted repeats, whereas Eb lays between RFB1 and RFB2&3.

Since Horiuchi and colleagues found a hot spot of mitotic recombination near the Ter

sequences of E.coli, they screened for budding yeast mutants that simultaneously loose

RFB function and HOT1 activity (Kobayashi and Horiuchi, 1996). In those screens they

found a gene, the product of which is essential for both processes. The protein encoded

by this gene was termed fork blocking protein 1 (Fob1). As expected, fobIA mutants

showed no RFB function anymore, but astonishingly cell growth was not affected.

Whether Fob1 halts replication forks itself or whether it recruits other proteins to trigger
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this function is not known A recent chromatin imunoprecipitation study revealed that

Fob1 associates with the RFB region (Huang and Moazed, 2003) The same work

revealed that Fob1 physically interacts with Net1 and Sir2 However, the molecular

mechanism of fork blockage is still not understood In addition to that, it remains to be

shown that HOT1 activity actually is present in the rDNA array Furthermore, the

mechanism by which HOT1 works needs to be elucidated Interestingely however, HOT1

was shown not to depend upon blocking of a replication fork (Ward et al, 2000) In that

study done outside of the ribosomal array by Brewer and co-workers, it has been

demonstrated that sequences essential for RFB function and HOT1 activity partially

overlap, but do not exactly co-localize Deletions in the element Ea abolished HOT1

activity and reduced function of RFB2&3 (Fig 1B and Fig 6) In contrast, deletions in

the sequences important for the different RFBs only reduced HOT1 activity, but abolished

the function of the respective RFB Further studies will therefore be needed to reveal

how HOT1 exactly triggers mitotic recombination both at ectopic sites and in the rDNA

array

A phenotype of fobl A mutants is the loss of accumulation of extrachromosomal ribosomal

circles (ERCs) in old yeast cells (Defossez et al, 1999), besides loss of RFB function

ERCs are circular DNA molecules that contain one or more rDNA unit They are formed

through homologous recombination, since they are absent in rad52A mutants (Park et

al, 1999) Because the rDNA unit contains a rARS, ERCs can be replicated, but through

asymmetrical segregation in the subsequent cell division they remain in the mother cell

This leads to a strong accumulation of ERCs in aging mother cells (Sinclair and Guarente,

1997) The fact that in fobIA mutants only very low levels of ERCs are detected, led

Kobayashi and Honuchi to the assumption that blocking replication forks at the RFB is

the starting event in ERC formation (Kobayashi et al, 1998) As stalled replication forks

are thought to be vulnerable and DSB could occur, they proposed that the repair of

DSB happening in the lagging strand at forks stalled at the RFB would lead to the

formation of ERCs (Fig 7, (Johzuka and Honuchi, 2002, Kobayashi et al
,
1998,

Kobayashi et al, 2001) Furthermore, they showed that expansion and contraction of

the ribosomal locus depends upon Fob1 and partially upon functional RNA polymerase
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Figure 7: DSB repair by homologous recombination could lead to expansion or contraction ofthe ribosomal

locus and ERC formation. rRNA genes are schematically represented by reactangles. NTS are indicated

by lines between rRNA genes. Bi-directional replication is initiated in the NTS immediately upstream of

the shaded rRNA gene. The upstream moving fork is halted at the RFB and a DSB (arrowhead) might

occur in this region, liberating a daughter chromatid. The DSB could be repaired either by inter-chromatid

recombination or intra-chromatid recombination. Annealing in the sister chromatid downstream of the

break or upstream could lead to expansion or contraction of the rDNA locus. Intra-chromatid recombination

would lead to the formation of an ERC. Subsequent repair of the free DNA end would take place by inter-

chromatid recombination, (adapted from (Johzuka and Horiuchi, 2002))

I (Kobayashi et al., 1998; Kobayashi et al., 2001). In their model, ERC formation as well

as expansion and contraction are the consequence of DSB repair by homologous

recombination (Fig. 7). Depending on whether pairing of homologous sequences and

subsequent formation of a Holliday junction is established on the same chromatid (intra-

chromatid) or upstream or downstream of the breaking point on the sister chromatid

(inter-chromatid), an ERC is formed or expansion or contraction of the rDNA array is

the result (Fig. 7). The same study proposed that additional sequences of the length of

about 400 bp downstream of the RFB are essential for expansion of the rDNA array

and this element was named EXP (Kobayashi et al., 2001 ). Taken together the current

view of ERC formation is, that the repair of replication-dependent DSB leads to the
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ERC as product of recombination Recent biochemical studies revealed that DSB occur

at stalled replication forks at the RFB (Weitao et al, 2003)

Originally, ERC accumulation in old yeast cells was discovered in the Guarente lab

(Smeal et al, 1996) This phenomenon was then investigated more closely in a series

of studies of the same and other groups (reviewed in (Sinclair, 2003) The prerequisite

for this work was the developement of techniques for the isolation of old mother cells

(Smeal et al, 1996) At the start of such an isolation, cell wall components of log phase

cells are biotinylated These cells are then used to inoculate fresh medium After a few

cell divisions, streptavidin-coupled magnetic beads are used to isolate the biotinylated

and now old cells (for a detailed protocol see Materials & Methods) In such isolated old

cells, Guarente and co-workers detected the accumulation of ERCs and postulated a

mechanism of accumulation similar to the one described above, but with the formation

of a reversed fork as initiation event of recombination (Defossez et al, 1999) By using

genetic approaches, they then studied proteins that are involved in ERC formation

This led to the already discussed findings that practically no ERCs are formed after the

deletion of either FOB1 or RAD52 Additionally, they found that deletion of FOB1 leads

to an increase in life span of about 50% (Defossez et al, 1999) In mutants bearing a

deletion in RAD52, no increase in life span was observed (Park et al, 1999), although

these cells do not accumulate ERCs with increasing age Taking into account that RAD52

is essential for recombination, it is tempting to speculate that the loss of homologous

recombination itself is the reason that life span is not prolonged and not the loss of ERC

formation Reduced levels of ERCs were also found in old cells of rad50A, rad51 A and

rad57A deletion mutants ((Park et al, 1999), see Table 1 ) Not only prolonged life spans

were found in mutants affecting ERC formation, but also shortened ones by faster

accumulation of ERCs were detected Sir2 is a NAD-dependent histone deacetylase

essential for nucleolar silencing of genes transcnbed by Pol II, as described above The

elimination of Sir2 leads to a faster accumulation of ERCs (Kaeberlein et al, 1999,

Pasero et al, 2002) and a reduced life span (Kaeberlein et al, 1999) However, in

double mutants defective in SIR2 and FOB1, levels of ERCs are similar to the ones in a

fobIA strain and normal life span is observed (Kaeberlein et al, 1999) Fob1 and Sir2

could therefore be components of the same pathway of ERC formation, but Sir2 seems
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to act downstream of Fob1 in this pathway A recent study reported that Sir2 directly

suppresses recombination at forks stalled at the RFB (Benguna et al, 2003) Further

investigation is needed to reveal how Sir2 could physically act on the stalled fork in the

ribosomal locus Another subject of many studies in ageing is the RecQ-homologue of

yeast, Sgs1 This enzyme has hehcase activity and was shown to resolve Holliday

junctions in vitro (reviewed in (Chakraverty and Hickson, 1999) As one of its human

homologues WRN, it is concentrated in the nucleolus Furthermore, RecQ-hke hehcases

were shown to interact with PCNA, RP-A, DNA polymerase ô, Slx1-4, Topoisomerase II

and III and RAD 51 (Brosh et al, 2000, Fncke and Brill, 2003, Gangloff et al, 1994,

Lebel et al, 1999, Watt et al, 1995, Wu et al, 2001, Wu et al, 2000) A current model

of the function of RecQ-hke hehcases is, that they resolve Holliday junctions at stalled

forks and therefore reduce illegitimate recombination (reviewed in (McGlynn and Lloyd,

2002) Deletion of Sgs1 in fact leads to a hyperrecombination phenotype Old cells of

sgsIA mutants accumulate much more ERCs than wt cells (Sinclair et al, 1997)

However, the genetic rescue of this phenotype still remains elusive The phenotype of

strong accumulation of ERCs in the sgsl A mutant could not be rescued in sgsl A1 fobl A

double mutant (Defossez et al, 1999) Defossez et al found similar levels of ERC in

the double and the single mutant However, another group found almost complete

suppression of ERC formation in this double mutant (Versini et al, 2003) Thus, whether

or not the mechanism leading to ERC formation is Fob1 -dependent in sgsl A mutants is

still under debate

However, recent studies suggested that the accumulation of ERCs is rather the

consequence than the cause of ageing (Imai et al, 2000) A current view is, that high

levels of ERCs are a marker of ageing and old cells, as are nucleolar fragmentation

(Park et al, 1999) and metabolic shift to gluconeogenesis (Lee et al, 1999) Presently,

it is hypothesized that the activity of Sir2 is increased by higher levels of NAD caused

by the metabolic shift in ageing cells The exact mechanisms of ageing in yeast as well

as other organisms remains to be elucidated
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5 Yeast strains with tagged rRNA genes and 2D gels

Due to the repetitive character of the ribosomal locus, the behavior of individual genes

or the influence of regulatory elements on these individual genes is not possible. This is

the reason that almost all studies concerning the rDNA have been done using plasmids

or reporter genes introduced in the rDNA locus (e.g. (Benguria et al., 2003; Brewer et

al., 1992; Takeuchi et al., 2003) These reporter genes usually are transcribed by RNA

polymerase II and were shown to alter the chromatin structure around the place of their

insertion (Smith and Boeke, 1997). Therefore, it cannot be excluded that effects detected

using such reporter constructs are due to an introduced change of the chromatin structure

by the Pol II gene. For this reason yeast strains have been produced in our lab that

carry insertions of two different and short SV40 derived sequences in two adjacent

rRNA genes (Banditt et al., 1999). This led to a strain which carries two neighboring

rRNA genes that are detectable individually with probes specific for the insertions, termed

tag A and tag B, respectively (Fig. 8, wt).
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Figure 8: Yeast stains with tagged rRNA genes and deletions in regulatory sequences in the NTS between

the two tagged genes. The two tagged rDNA units and flanking rDNA units of four different strains are

schematically represented. 35S coding sequences are indicated by open rectangles whereas connecting

lines represent non-transcribed spacers. Numbers below indicate the length of the respective rDNA unit

in bp. Tag A is indicated in light grey whereas tag B is representedin dark grey. Recognition sequences

for the restriction enzyme E/?e\ are indicated. The wild type (wt) bears two adjacent rRNA genes bearing

tag A and tag B, respectively. In addition to the tagged rRNA genes, the other strains contain deletions in

the enhancer ( AE), in the enhancer and the promoter ( AEAP) or only the promoter (AP) at the NTS

between the tagged genes. Below probes used to detect tag A and tag B (A and B), and different probes

specific for rDNA sequences (probes I, II and III) are indicated.
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Subsequently, strains were generated which contain a deletion in the whole enhancer

sequence (Fig. 1B) or in addition to that a deletion of the sequence which contains the

Pol I promoter (Fig. 8, AE and AEAP). In this study, a congenic strain was produced

that contains a deletion of the promoter sequence only (Fig. 8, AP, see Material &

Methods). Analysis of those strains already revealed the role of the enhancer in elevation

of the transcriptional rate of the upstream and the downstream gene (Banditt et al.,

1999). Applying N/N two-dimensional (2D) agarose gels on those strains we hoped to

be able to study the behavior of individual rRNA genes flanking deleted regulatory

sequences during replication (see next section).
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Figure 9: Diagram of the migration pattern of different replicative intermediates in a 2D gel. Separation

according to mass and shape in the 2 dimensions is indicated by arrows. The large spot represents the

monomer spot where unreplicated, linear molecules migrate. The smaller spot indicates where dimers

migrate, e.g. almost fully replicated or partially digested linear molecules. Fragments containing one

replication fork migrate in the Y arc, which connects the monomer and the dimerspot. The inflection point

of the Y arc contains molecules with three arms of identical length. Fragments that contain two replication

forks origination of an origin within the fragment migrate in the bubble arc. The nearer the replication

forks are to the ends of the fragment, the more the fragment is retarded. Note that only the subset

relèvent for this work of possible signals is explained.

2D gels were developed simultaneously in the Brewer/Fangman lab (Brewer and

Fangman, 1988) and the group of Huberman (Linskens and Huberman, 1988). DNA

fragments initially are separated in a first dimension according to mass and subsequently

in a second dimension according to shape (Fig. 9). DNA fragments that contain an

activated origin migrate in the so-called bubble arc. Fragments with only one replication

fork lead to a signal called Y arc. Linear, unreplicated molecules migrate in the mono-

5fwl<
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mer spot, whereas molecules that are almost fully replicated and therefore practically

linear, but doubled in size, migrate in the dimer spot These features described above

are only a subset of all possibly detected signals The 2D gel technique is a powerful

tool to investigate rephcative intermediates and was thus been used in numerous reports,

including some of our lab (for reviews see (Lopez-estrano et al, 1998, Sogo and Thoma,

2003)

6 Aim of this work

The aim of this work is to better understand how transcription, replication and

recombination act on the molecular level in the ribosomal array and how these processes

are linked to each other

Many studies have been done to understand the role of the enhancer for transcription

of the rRNA genes Previous reports additionally revealed that transcription and initiation

of replication are somehow linked To test whether the enhancer could be the element

which links these two processes, a 2D gel based approach was applied on strains

containing two tagged rRNA genes and deletions in the NTS between them

Isolation of old cells of those strains was furthermore used to answer the question

whether HOT1 promoted recombination takes place in the rDNA array and which

elements of HOT1 in the NTS are essential for ERC formation

By the use of alternative methods for DNA purification, information was gathered about

the mechanism of HOT1 activity and as to whether DSB happen at replication forks

stalled at the RFB
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V Results

1 The Enhancer Modulates Initiation of Replication

Recently it has been shown that replication initiates downstream of transcriptionally

active rRNA genes (Muller et al, 2000) Due to transcription, the enhancer downstream

of active rRNA genes is nucleosome free and therefore accessible for regulative factors

(Dammann et al, 1993) It was hypothesized that the Abf1 binding site in the enhancer

might be of importance for initiation of replication To test this, we applied neutral/neu¬

tral two-dimensional (2D) gel analysis on DNA isolated from yeast strains, which contain

two differently tagged, adjacent 35S genes (Fig 8, (Banditt et al, 1999)) The strain

referred to as wild type (wt) has an unaltered non-transcribed spacer (NTS) between

the two tagged genes, whereas the enhancer deleted strain (AE) is depleted of the

enhancer and the promoter deleted strain (AP) of the promoter, respectively In an

additional strain both the enhancer and the promoter are deleted in NTS between the

tagged genes These strains render the possibility to study individual rRNA genes in

their native chromosomal context and how they are influenced by neighboring regulatory

sequences (Banditt et al, 1999)

Purified genomic DNA of the mentioned strains was subjected to CsCI/Actinomycin D

gradients to enrich for rDNA After restriction digestion rephcative intermediates were

enriched by BND-cellulose, separated in a N/N 2D gel following the Brewer and Fangman

method (Brewer and Fangman, 1988) and analyzed by Southern blotting Radioactive

probes specific for tag A, tag B and total rDNA were used (Fig 8) Since Ehe\ cuts once

in the rDNA unit, replication intermediates were detected originating from the rARS at

the NTS upstream of the respective inserted tags, besides intermediates of passive

replication As the NTS upstream of the gene bearing tag A is unchanged in all generated

strains (Fig 8) and has wild type character we expected the same pattern after

hybridization against tag A as against total rDNA (Fig 10, compare tag A panels with

total rDNA panels) a bubble arc indicating origin firing at this NTS in a subpopulation of

the cells, a Y arc due to passive replication by nghtward moving forks and in the
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wt AE AEAP ÛP

Figure 10: Replication can initiate downstream of a deleted enhancer. Genomic DNA was digested

with Ehe\, separated in a 2D gel and analyzed by Southern blot using probes against tag A, tag B and

total rDNA. On top, three rDNA units are schematically represented, one of which contains tag A and

its adjacent downstream unit contains tag B. 35S coding sequences are represented as open rectangles

and NTS by lines connecting the rectangles. Cutting sites of Ehe\ are indicated by filled arrowheads.

Below, different possibilities of replication of these sequences are schematically represented. Replication

may initiate in a subset of cells in the NTS upstream of tag A or in the NTS upstream of tag B, respectively.

Alternatively, the region can be passively replicated by a rightward moving fork originating from an

activated rARS located further upstream. Autoradiographs of different 2D gels analysis are shown. The

first row was hybridized against tag A, the middle row against tag B and the lowest against total rDNA.

Note that always the same membrane was analyzed. The strains analyzed are in columns from left to

right: wild type (wt), enhancer deleted (AE), enhancer and promoter deleted (AEAP) and promoter deleted

(AP). Strains are described in Figure 8. All autoradiograms reveal intermediates originating from passive

replication (Y arc) and active replication (bubble arc). Along the descending part of Y arc, a dense spot

is visible in most gels. This spot corresponds to replication forks stalled at the RFB and the accumulation

of such shaped molecules. Note that no RFB spot is detected with probe B in the enhancer deleted

strains.
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descendent part of the Y arc an intense spot corresponding to the stalling of leftward

moving forks at the RFB The signal starting from the RFB spot and running across the

Y arc probably arises from bubbles broken at the moving fork (Martin-Parras et al,

1992)

After stripping the membrane, probe B was used to detect rephcative intermediates

originating from the NTS between the two tagged genes (Fig 10) Thus, by using probe

B, the influence of the deletions on rARS firing could be recognized (Fig 10, tag B

panels) The wild type showed the same pattern as with tag A, which was expected

since this strain bears no deletions

In both the AE and the AEAP strain, the intense RFB spot is lost, which indicates that

leftward moving forks are no longer stalled at the 3'end of the rRNA genes tagged with

tag A This is in agreement with the deletion of the RFB as part of the enhancer As the

AP strain has an intact enhancer, the RFB spot is visible again in this strain To our

surprise, in both strains with enhancer deletion a bubble arc is detected Thus, the

rARS can be activated in the absence of the Abf1 binding site and the additional elements

contained in the enhancer However, the bubble arc in strains having the enhancer

deleted is barely detected not only using probe B, but also probe A Therefore we

quantified the signals using a Phosphorlmager and normalized by calculating the ratio

between bubble arc and upper part of the Y arc (Fig 11 A) This analysis showed that in

absence of the enhancer, rARS firing is reduced 2-3 times compared to the wt not only

of the rARS in the same NTS, but of the upstream rARS as well (Figure 11B and C)

Absence of the promoter however, does not seem to influence rARS firing (Fig 11B

and C) Stripping the membrane and hybridizing against total rDNA showed the expected

pattern and quantification revealed no difference in bubble to Y ratio in all strains (Fig

11D) These results led us to conclude that the enhancer positively influences rARS

firing Moreover, besides the Abfl -binding site the enhancer contains additional elements,

which might trigger this function

A recent study proposed that Fob1 might have this role (Weitao et al, 2003) To verify
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that the loss of Fob1 interaction with the enhancer element is the responsible event for

the reduction in rARS firing, we repeated and refined similar experiments as those

described by Campbell and co-workers ((Weitao et al., 2003); Fig. 12). rDNA was

lira

wt AP M AP

Tao A Tag B total rDNA
mm im

Figure 11: Frequency of rARS firing is diminished in both rARS elements flanking the enhancer deletion.

Three independent sets of 2D gels like the one shown in Fig. 10 were quantified using a Phosphorl mager.

The same abbreviations for strains are used as in the previous figures. (Left panel) Schematic

representation of a 2D gel pattern. Y arc, bubble arc, monomer (1x) and dimer (2x) spots are shown as

in Fig. 9. The RFB spot is represented by a black spot in the descending part of the Y arc (RFB). In order

to standardize between the different experiments, the ratio between a defined part of the bubble arc and

to a defined part of the Y arc were calculated (shaded areas of these arcs). (A) Bubble to Y ratios

calculated of signals obtained afterthe use of probe A. For reasons of simplicity, results were normalized

to the wt. Error bars are indicated. The relative intensity of the bubble arc decreased around 2-3x after

deletion of the enhancer (AE and AEAP). (B) As in (A), but results calculated of signals detected after

the use of probe B are shown. Again, The relative intensity of the bubble arc in AE and AEAP is decreased.

(C) As in (A), but results calculated of signals detected afterthe use of probe I are shown (total rDNA).

Here, no difference in all strains is detected. Only two autoradiograms were quantified for AP.

digested with StiA, which gave rise to a fragment containing the rARS located towards

its left end. The arrested forks at the RFB located near the same end led to completion

of the replication of the given fragment only by the rightward moving fork of the upstream

adjacent replicon. The block of the leftward moving fork is therefore reflected in an

accumulation of large bubbles (Fig. 12B, hatched bubbles) migrating at the apex of the

bubble arc (black arrowhead; Fig. 12A). In order to avoid such accumulation of large

bubbles, which could bias the interpretation of the results, we additionally digested the

rDNA with Hpa\, which cuts in the sequences where the major RFB has been mapped
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(Gruber et al., 2000). The newly created fragments are slightly smaller than the Stu\

fragments and do not contain the RFB arrest sites and therefore the large bubbles are

A wt Afobl

Stu\ Stu\IHpa\ SM Sttà/Hpâ

Figure 12: rARS fire with same frequency in wild type and fobIA mutant. (A) Genomic DNA isolated of

wild type (wt) and fobIA cells was digested either with SM alone or double digested with SM and Hpa\

and subsequently analyzed by 2D gels and southern blot. Autoradiograms are shown after hybridization

against probe I. The type of cells and the restriction enzymes used are indicated. Stalling of replication

forks at the RFB leads to accumulation of such molecules in a dense spot along the Y arc. This spot is

only visible in the left most autoradiogram when underexposed (data not shown, but see arrow). Note

that the double digested DNA of both strains leads to bubble arcs with similar intensity. (B) Schematic

drawing, how large bubble shaped molecules are stabilized by the RFB. Solid, vertical lines indicate

restriction cutting sites. Hatched bubbles are asymmetric in respect to the position of the rARS after SM

digestion in wt DNA. Additional digestion with /-/pal reverts hatched bubbles to Y shaped fragments. No

large bubbles as the hatched ones are formed in fob1 A DNA. (C) DNA isolated out of wt and fob1 A cells

treated with psoralen and UV, was digested with EcoM, analyzed in a 1.2% agarose gel, blotted and

hybridized against probe IV. Lane c is a control representing untreated DNA. Positions of the s- and the

f-band are indicated. The proportion of s and f band are similar in both strains.

converted to Y shaped molecules (Fig. 12B). Consequently, the buble arc showed a

similar intensity along the entire arc (Fig. 12A). Furthermore, the bubble arcs of Stu\
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and Stu\-Hpa\ fragments in a fobIA strain (defective in RFB, Fig 12B) are similar in

intensity to those of the Stu\-Hpa\ in wt cells (Fig 12A), suggesting that the rARS firing

occurs with similar frequency in fobIA cells and wt cells Since initiation of replication in

the rDNA array takes place downstream of transcribed genes, we tested whether the

proportion of active genes is changed in a fobIA strain (Dammann et al, 1993, Dam¬

mann et al, 1995) We did not detect an alteration in the proportion of active genes

after deletion of foblwhen we applied the psoralen retardation assay on this strain in

respect to the wt (Fig 12C) Therefore, we conclude that Fob1 does neither influence

rARS activation nor transcriptional activity in the rDNA array Different factors may play

this role, since deletion of the enhancer negatively influences both those processes,

rARS activation and rRNA transcription

2 Characterization of ERCs with Topoisomerase I and by

Electron Microscopy

The accumulation of ERCs in old cells is an aging marker in yeast and ERC formation

has been connected to the enhancer/RFB function (see introduction) The circumstance

that the rARS between the tagged genes can be activated offers us the exceptional

opportunity to investigate the recombinational pathway by which rDNA circles are formed

at the quasi-native rDNA locus For this purpose, we first characterized different forms

of ERCs of old cells isolated from native agarose gels after optional topoisomerase I

(topo I) treatment As previously described (Sinclair and Guarente, 1997, Heo et al,

1999), relaxation of closed circular topoisomers by topo I digestion leads to a reduction

of ERC bands and only those corresponding to open relaxed forms remain (Fig 13,

lane 2) Since supercoiled forms were analyzed with chloroquine 2D gels and the larger

species were interpreted as catenanes (Sinclair and Guarente, 1997), we reasoned

that their direct visualization would facilitate their structural analysis We extracted rDNA

circles from a gel (Fig 13, lane 1) and subjected them to EM analysis Figures 14 and

15 show representative molecules visualized by EM and Figure 16 shows diagrams of
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the ERCs identified in the different gel slices. In gel slice (a) (Fig. 13) individual monomehc

and dimeric circles were found (Fig. 14, a and a') and as shown in Figure 16a their

occurrence as similar. Since the lower band is lost after topo I treatment (Fig. 13, lane 2)

Figure 13: Southern blot analysis of DNA isolated out of old mother

cells. Yeast cells were sorted (see Figure 24) and old mother cells

were isolated. DNA was extracted, optionally treated with

Topoisomerase I, separated on an agarose gel, blotted and

hybridized against probe I. Above the lanes is indicated cell type

and optional sorting or Topoisomerase I treatment (Topol). To the

left, brackets and letters indicate gel slices out of which DNA was

extracted for EM analysis. Between lane 1 and 2 identified species

of ERCs are labeled: supercoiled monomers (Msc), supercoiled

dimers (Dsc), relaxed monomers (Mr), linear monomers (Ml), re¬

laxed dimers (Dr) and supercoiled and relaxed multimers (Multsc+r).

Also genomic DNA is indicated (G). Lane 3 is a control representing

untreated DNA of unsorted cells. Untreated genomic rDNA of young

cells always showed a slower mobility then of old mother cells. A

possible explanation for this behvior could be the instable genome

of aged cells (higher freuency of DSB). For details see discussion.

i i i

we conclude that supercoiled dimers migrate in this band, while the upper band contains

relaxed monomers. The band visible in gel slice (b) is resistant to topo I treatment and

the EM analysis revealed only dimers (Fig. 14b and 16b). This indicates that relaxed

dimeric ERCs migrate in this band. Gel slice (c) was taken from the very top of the gel

where separation of large species is not optimal. Due to the poor resolution in this part

of the gel, an effect of Topol is not detectable. Dimers, trimers, tetramers and pentamers

are found in slice (c) by EM (Fig. 15c, c', c" and Fig. 16c). It is interesting to note that the

largest identified class of rDNA circles corresponds to pentamers. Dimers in this region

of the gel most probably originate from broken catenanes (Sinclair and Guarente, 1997).

Taken together, we conclude that large ERC species are not only composed of

catenanes, but of true multimers of several rRNA units. The amount of differently sized

*• -Msc
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Figure 14: EM analysis of monomeric and dimeric ERCs. DNA of old cells was extracted from specific

regions of the gel (Fig. 13). (a) and (a') show a monomeric and a dimeric ERC, respectively extracted

from gel slice a. Panel (b) shows a dimer extracted from gel slice b. The arrow points to the size marker

(3.1 kb). Note that all reproductions were made with the same magnification. The black bar represents a

length of 2kb.
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Figure 15: EM analysis of multimeric ERCs. DNA of old cells was extracted from region (c) of a gel (Fig.

13). Trimers (c), tetramers (c') and pentamers (c") could be detected and are represented. The arrow

points to the size marker (3.1 kb). Note that all reproductions were made with the same magnification.

The black bar represents a length of 2kb.
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ERCs probably reflect the frequency of recombination between adjacent rRNA units

and between rRNA units that are further apart from each other.
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Figure 16: Statistical analysis of the length of ERCs

recovered from gel slices. The length of circular DNA

was measured digitally and the data was represented

in histograms. Results of measurements of DNA

recovered from gel slices (a), (b) and (c) are represented

if
um

in panels (a), (b) and (c), respectively. Peaks correspond

to differently sized ERCs: Monomers (M), dimers (D),

' trimers (Tri), tetramers (Tet) and pentamers (Pen). The

'\ number of analyzed molecules is indicated.
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4 Loss of ERC Formation upon Deletion of the Enhancer

The formation of ERCs has been shown to depend upon Fob1 (Defossez et al., 1999).

This protein is essential for RFB function and HOT1 (Kobayashi and Horiuchi, 1996).

HOT1 itself was shown to be composed of the E- and the l-element (Voelkel-Meiman et

al., 1987). The E-element contains the RFB function, which is not essential for HOT1

function at ectopic sites ((Ward et al., 2000); again, for reasons of clarity, only mitotic

recombination stimulated in Ea and Eb sequences is refered to as HOT1 function in this

work, although the RFB activity is contained in the enhancer as well). In view of these

data, we wanted to test the influence of E- and l-element on ERC formation at the

native rDNA locus. In the yeast strains with two tagged rRNA genes described previously

(Fig. 8), those elements have been selectively removed. Therefore, we have a powerful

tool to examine the role of enhancer and promoter on ERC formation on single rRNA

gene level in its chromosomal context. Old cells were isolated of all strains. DNA was

extracted and treated with topo I to relax supercoiled ERCs. The DNA was then separated

in an agarose gel, blotted and hybridized first against tag A, then tag B and finally

against total rDNA (Fig. 17). As a genetic control, the same was done with a strain
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containing tagged genes and a deletion in fob 1 {fob 1A) After hybridization with tag A,

in all strains monomeric, dimeric and multimenc ERCs were detected, except for fobl A

(see below) However, monomeric ERCs run slightly faster in strains with enhancer

deletion (Fig 17A, lanes 2 and 3) This implies that the ERCs contain the enhancer

deletion Furthermore, two bands are detectable where dimers have shown to migrate

By manipulating the rRNA genes and the NTS between the tagged genes, the size of

this rDNA unit was changed in respect to the wild type length (Fig 8) Since the bands

are detected with a probe against tag A, one unit of the dimer bears tag A The other

unit in the dimer, however, can be either wild type or one bearing tag B As introduction

of tag B led to a decrease in size of this rDNA unit, the lower band of the two contains

dimers comprising tag A and tag B Additionally, different combinations of deletions are

located between the two tagged genes in the different strains Thus, the variation of

migration of the lower band is due to the different deletions of enhancer and/or promoter

between the two tagged genes The upper band shows similar migration behavior as

the monomer band, that is, the bands in strains with enhancer deletion runs slightly

faster (Fig 17A, lanes 2 and 3) Therefore, those dimers contain a wild type unit and a

unit bearing tag A with or without an enhancer deletion In cells of the fobIA strain, no

monomeric ERCs were found with tag A To our surprise multimenc ERCs are detected

as in wt cells, but with slightly reduced proportions of dimers

Stripping the blot and rehybndization with tag B revealed a different picture Monomers

were found only in the wild type and the promoter deleted strain (Fig 17, lanes 8 and

11 ) Thus, no monomeric ERCs are formed upon enhancer deletion (Fig 17A, lanes 9

and 10) Additionally, only one band corresponding to dimers is detected This dimer

band migrates very similar to the lower dimer band seen with the probe against tag A

The detected dimers in wt andAP presumably contain besides a unit with tag B, either a

wt unit or one bearing tag A, but since the latter two are similar in size (Fig 8), the two

possible dimers would migrate together in one band According to the absence of

monomer bands after deletion of the enhancer, we believe that the same is true for

dimers Thus, in strains with deleted enhancer, the detected dimers would consist of a

single class formed at the enhancer upstream of tag A and would contain a unit beraing

tag A and one bearing tag B These results clearly suggest that ERC formation depends
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upon the enhancer, but not the promoter. In the lane showing the strain with deleted

fobl, no monomeric ERCs are found and dimers are diminished. However, dimers are

still detected and multimers are observed almost on wild type levels. We therefore

suggest two pathways of ERC formation: A Fobl-dependant pathway and one

independent of Fobl, which at least leads to the formation of multimeric ERCs.

Weak additional bands are visible, e.g. in lanes 3, 8, 10 and 11. Figure 17B shows an

(Kobayashi et al., 1998; Kobayashi et al., 2001 overexposure of sections of the previous

panel. The additional bands (open circles) may correspond to very low levels of differently

sized ERCs. The various sizes may be caused by different deletions in regulatory

sequences. Therefore, we propose that in the absence of the enhancer very low levels

of ERCs are formed, which could indicate a basic level of recombination due to the

collision between replication and transcription machinery (Takeuchi et al., 2003).

Nevertheless, the levels of those ERCs are insignificant in respect to those, which are

formed in dependence of the enhancer.

A B
Tag A rDNA Tag B

T n

— = — a' Ta9A

Figure 17: Analysis of ERCs in old cells of strains with tagged rRNA genes. (A) Old mother cells were

isolated of strains with tagged rRNA genes and deletions in the NTS between the tagged genes. DNA

was isolated and treated with Topoisomerase I, separated in a 0.8% agarose gel, blotted and hybridized

against probe A and subsequently against probe B and total rDNA (only wt). At the top of the lanes, the

used probe is indicated as well as the analyzed strain. Solid dots indicate bands at which monomeric

ERCs migrate. To the right of lane 6 and 13, brackets marked with a star and a diamond indicate where
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dimeric ERCs and multimeric ERCs migrate, respectively. Regions of the gel indicated by bars to the left

of lanes 1 and 8 are showed enlarged and overexposed in (B). (B) Only lanes 1 to 4 and 7 to 10 are

shown. Open circles indicate additional bands detectable after overexposition. Other labels as in (A).

5 Cell Cycle-independent DSB in the Ribosomal Array

It has been proposed that the formation of ERCs depends of replication fork blockage

and subsequent DSB at the stalled forks accumulated at the RFB (Defossez et al.,

1999; Kobayashi and Horiuchi, 1996). Campbell and co-workers recently demonstrated

that DSB happen at stalled forks at the RFB (Weitao et al., 2003). We first used the

assay described by these authors but with synchronized cells (Fig. 18). Yeast cells of

strain W303 were synchronized in G1 with a-factor. Cells were released in S-phase

and aliquots taken after 0, 30, 60 and 90 minutes. DNA of those samples as well as of

log phase W303 cells and deletion mutants in fobl A and sgsl A was then prepared in

agarose plugs. After restriction digestion with BgA\ (diagrams in Fig. 18 and 19) within

the plugs, the DNA was separated in a gel, blotted and hybridized. Panel A of Figure 18

shows a autoradiogram obtained with probe I. The strongest signal (M) corresponds to

the 4.6 kb monomer resulting from the BgA\ digestion of rDNA. The other prominent

bands have been identified as partially digested rDNA (P), molecules containing a

replication fork stalled at the RFB (RFB) and molecules containing two converging forks

at the RFB (Ter). For a more detailed description, see below. On the lower part, two

close bands indicated by bars are detected, which migrate slightly faster than a 2.3 kb

sized marker fragment labeled with an asterisk (Fig. 18A). The lower band is more

intense than the upper one. However, the two close bands are not detected at time

points 0 and 60 minutes after the release in S phase, as well as in the fobIA mutant

strain. Additionally, these bands are most intense 30 minutes after the release from a-

factor block. The length of the fragments corresponding to these two bands and their

dependence on Fobl and the cell cycle, as well as the relative intensity to each other,

indicate that they correspond to DSB at replication forks stalled at RFB1 and RFB2&3.
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This is in agreement with previous findings (Weitao et al., 2003). Additionally, the bands

labeled 'RFB' and Ter' are also absent at time points 0 and 60 minutes after release in

S phase. Thus, their presence is dependent on S phase as well as on Fobl.
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Figure 18: DSBs occur at forks stalled at the RFB. Genomic DNA was isolated and digested in agarose

plugs, separated in a gel and blotted. The scheme represented below the panel shows the position and

extension of the probes I, ll and 111 and Bgh\ cutting sites in this area. (A) At the top, the probe used is

indicated (Probe I) as well as the cell type DNA was isolated from (W303,Afob1 ,Asgs1). W303 cells were

growing asynchronously (log) at the time of DNA isolation or were harvested after the release of a-factor

block for different time spans (0, 30, 60, 90). DNA fragments of known size were loaded to the right

(Marker). Different bands identified are labeled between panels (A) and (B): The 4.6kb iSgyllrestriction

digestion product migrates in band (M; for details see Figs. 1A and 19C); Band (P) contains partially

digested rDNA; the bands (RFB) and (Ter) contain DNA fragments with one replication fork stalled at the

RFB (RFB) ortwo converging forks (Ter). In the lower part, fragments originating of DSB at the RFB1 and

RFB2&3, respectively are indicated (see also Fig. 19C). The fragment labeled with an asterisk corresponds

to 2.3kb BghMHinchW marker fragment (see Fig. 19C). (B) Autoradiogram afterthe use of probe 111. Only

lanes of sgsIA cells and marker are shown. The lozenge indicates the 3kb fragment detected only with

probe III (see text). Other labels are as in (A). (C) Autoradiogram afterthe use of probe II. Labels as in

(A). The double asterisk indicates the 2.3kb Bgh\lHincàW marker fragment detected with this probe (see

Fig. 19C).

The membrane was subsequently stripped and hybridized with a probe, which spans

the whole NTS (probe III, Fig. 8). An additional 3 kb band was found (Fig. 18B, only the
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lane corresponding to sgsIA is shown) The telomenc end of the ribosomal array on

chromosome XII contains vanents of the 5S genes, which differ in size from the 5S

gene in the rDNA array Restriction digestion with BgA\ gives rise to a fragment 3 kb in

length As probe III detects the 5S gene contained in the NTS, we suggest that the 3 kb

band detected here and in another study (Weitao et al, 2003), is not due to DSB at a

pausing site in the 35S gene, but detects the restriction digestion product of the 5S

genes located at the telomenc end of the ribosomal array

Finally, the membrane was stripped again and rehybndized with probe II (Fig 18C)

This probe anneals upstream of the enhancer region After the use of probe II, the

upper part of the autoradiogram looks similar as when probe I was used However, in

the lower part no bands are detected in all lanes These findings are consistent with

previous reports (Weitao et al, 2003) Since break products are only observed with

probe I but not probe II, we conclude that DSBs at the RFB occur in the replicated arms

of the stalled replication forks

We then tested an alternative approach consisting of a different protocol of DNA

purification (Allers and Lichten, 2000, Welhnger et al, 2003) This method includes

cetyltnmethylammonium bromide (CTAB) By use of this protocol branch migration of

Holliday junctions is inhibited and the yield of the purified DNA significantly increases

as compared to standard methods Again, DNA was isolated of G1-synchronized and

log phase W303 cells as well as of log phase fobIA and sgsIA cells DNA was digested

with BgA\ and ahquots of all samples were treated with T4 endonuclease (endo) VII,

which is a Holliday junction resolving enzyme (Sharpies, 2001) T4 endo VII not only

resolves Holliday junctions, but also cuts a variety of branched molecules, such as

replication forks This enzyme was shown to cut in the unprocessed part of the parental

leading strand of a replication fork, which leads to liberation of the leading arm (Gruber

et al, 2000) After separation of the digested total DNA in a gel and subsequent blotting,

probes I and II were used to detect rDNA (Fig 19A) The upper part of the

autoradiographies look very similar to those in which DNA was isolated in agarose

plugs (Fig 18) Besides the strong 4 6 kb band derived from digested rDNA units (M),

48



Probe I Probe 11

W303 W303

A* A>
log 0 30 60 \0° <#

^0 *&
log 0 30 60 \° <£>

Marker

9.1 kb

4.6 kb

12 3 4 5 6 7 8 9 10 11 12 V T 3' 4' 5' 6' T 8' 91 101 11'12'

B log

2 4 kb

' 2 3 kb *

2 2 kb

2 2 kb

T4 - +

Marker

30 60 Afobl Asgsl DSB

:—r -—r ——r
———

' >

^ Ea

_
Eb &
RFB2+3

^•RFBI
1 2 3 4 56 7 8 9101112

V 2' 3' 4' 5' 6' 7' 8' 9' 10' 11' 12'

- Eb

-• Ea

Eb& RFB2+3

r| CTAB Qiagen

1W303 s^
1 0 30 >^#

Ea
\

Probe I

/
RFB1

Probe I

c

1 >
m

'

Sgill(7174) H«ndll(282) Sg/ll(2614)

** *

h -W- H

(2247 bp) (2330 bp)

(4577 bp)

49



Figure 19: Novel breaks detected as DSB at the enhancer in CTAB-isolated DNA. Genomic DNA was

isolated following the CTAB-method, restriction digested, separated in a gel and blotted. The membrane

was then hybridized against probes I and II, subsequently. (A) At the top the probes used are indicated.

DNA was isolated from W303 cells and fobl A and sgsl A deletion mutants. At the start of DNA isolation

W303 cells were growing asynchronously (log) or were released from a-factor block during different time

spans (0, 30, 60) as indicated above the lanes. Untreated (-) and T4 endonuclease VII digested (+)

aliquotsof each sample were loaded. In the first three lanes to the left (Marker), fragments of known size

were loaded. Between the two autoradiograms, identified bands are labeled as in Figure 18. The single

and double asterisk indicates the 2.3kb and 2.2kb BghMHincAW detected with probe I and II, respectively.

Lines a'and b' show regions of the gel, which are shown enlarged in (B). Labels in (B) areas in (A). At the

right, DSB occurring in Ea and Eb sequences (Fig. 6), RFB1 and RFB2&3 leading to the detected fragments

are indicated. Quantification of the uppermost band in lane 11 revealed a 2-fold increase after deletion of

Sgsl in respect to the wt, whereas the intensity band labeled with RFB1 was unchanged. All quantifications

were normalized in respect to the monomer band (M) of the respective lane. (C) Schematic representation

of different fragments originating from DSB occurring at HOT1 sequences or at RFB1 and RFB2&3.

Since a DSB leads to the formation of two fragments, different products are detected using probe I or II.

Break points are indicated in respect to the HinchW recognition sequence. Below, the lengths of the BgAU

//OTölllmarker fragments (*, **) are shown. (D) DNA isolated following the CTAB-method and with Qiagen

Genomic-tips was compared. Probe I was used for hybridization. DNA in lanes 1, 2 and 3 (CTAB) is

identical to that in lanes 3, 5 and 9 of panel (A) and lanes are labeled accordingly. Lane 4 contains DNA

isolated with Qiagen Genomic-tips as indicated at the top. Bands are labeled as in (A) and (B).

and a band representing partially digested rDNA (P), specific bands containing stalled

forks (RFB) and converging forks (Ter) are detected. These bands (RFB and Ter)

disappear after T4 endo VII treatment (lanes +) and as previously mentioned, they are

not present in samples taken of G1 phase cells or fobIA cells. For better visualization,

the lower part of the autoradiogram is enlarged in Figure 19B. After using probe I, three

bands are visible in samples corresponding to log phase (lane 1) and S phase W303

cells (lane 5) and log phase sgsIA cells (lane 11 ). Moreover, only two bands are detected

in lanes of W303 cells taken at 0 and 60 minutes after release in S phase (lanes 3 and

7). Thus, those two bands are detected in cells, which were in G1 (0 minutes, lane 3) or

between two S phases (60 minutes, lane 7). No bands are visible in fobIA cells (lane 9).

This indicates that all detected fragments migrating in the lower bands, originate from

Fobl-dependent breaks. Furthermore, treatment with T4 endo VII leads to a

disappearance of stalled molecules at the RFB and an increase in the intensity of the

two lowest bands (lanes 2, 6 and 12). Both bands migrate faster than the 2.3kb HincAWI
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BgA\ marker band (labeled with an asterisk), like these detected in Fig. 18A. Note that

the lowest band is only detected in samples of log and S phase cells. This led us to

conclude that the lowest band corresponds to DBS happened at replication forks stalled

at the RFB1 (short black bar in Fig. 19C). As the middle band is visible in G1, but

increases after T4 endo VII treatment in log and S phase cells (a1, lanes 2, 6 and 12),

we interprète that this band is partly formed as a consequence of DBS occuring at forks

stalled at RFB2&3 (long black bar in Fig. 19C). A subset of fragments migrating in this

and the neighboring upper band are formed independent of replication since they are

detected in samples of cells in G1 phase (a1, lanes 3 and 7). The migration of the two

bands in respect to the marker fragment (labeled with an asterisk), suggests that breaks

leading to fragments giving rise to those bands happen immediately up- and downstream

of the HincAW restriction site in the enhancer (gray bars at the right side of the diagram,

Fig. 19C).

After the membrane was stripped and hybridized with probe II, two new bands were

detected (Fig. 19B, b') in all lanes, except the foblA-\ane. This indicates that the

accumulation of the fragments detected in these bands does depend also upon Fobl.

Both bands are detected in samples of log, G1, and S phase cells, which demonstrates

that the formation of the corresponding fragments is not dependent upon cell cycle. As

the 2.2kb HincAWIBgA\ marker migrates in the middle of the two bands (indicated by

asterisks in Fig. 19A,B,C), one fragment seems to originate from a break upstream of

the HincAW cutting site whereas the other comes from a break downstream of this

restriction site (Fig. 19C). Thus, using probe I and probe II, the breaks happening near

the HincAW site were mapped from both the upstream and the downstream direction. In

summary, by inhibiting branch migration we detected for the first time a number of

breaks occurring close to of the HincAW site.

To confirm these results, we isolated DNA out of log phase cells using another technique

(Qiagen Genomic-tips), which is thought not to inhibit branch migration. A similar gel

like the one in Figure 19A was made and hybridized against probe I (Fig. 19D). In
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control lanes (1, 2 and 3), DNA of the samples analyzed in lanes 3, 5, and 9 in Fig. 19A

was loaded. This experiment showed that after DNA isolation using Qiagen Genomic-

tips (lane 4), only a band corresponding to DSB occurring at the RFB1 is detected in the

lower part of the autoradiography whereas the pattern in the upper part does not seem

to be changed (Fig. 19D; Note that Qiagen-isolated DNA originated from yeast cells

with a different gentic background). Thus, the fragments formed by breaks in the vicinity

of the Hindlll cutting site in the enhancer either arise from recombination intermediates

or from unknown structures that are stabilized by the presence of CTAB during DNA

isolation (for details see discussion). We conclude that the prominent DSB are promoted

by HOT1 activity and therefore suggest that HOT1 recombination takes place in the

ribosomal locus and that it does not depend on replication, but on Fobl Additionally,

the lowest band detected with probe I is less intense and corresponds to DSB at

replication forks stalled at the RFB and thus are dependent upon S phase and Fobl.

6 Fobl Mediates Specific Nicks

The data presented above at a resolution of about 50 bp is not accurate enough to

determine the sequences involved in the HOT1 activity. To achieve this goal, we applied

a primer extension assay by which the RFB has been mapped previously (Gruber et al.,

2000). In this method, a 5'-endlabeled primer is annealed to sequences within or near

the enhancer and then elongated by Taq polymerase. Where the template ends, has

DNA-damages or nicks, the extension reaction stops. The extension products are

analyzed at nucleotide resolution in a sequencing gel. We used the same DNA samples

as a template as we did for the low-resolution analysis, that is DNA of G1 and S phase

W303 cells and of log phase fobl A cells purified according to the CTAB-method.

Figure 20A shows the primers, which were used. Primers 140 and 260 both anneal to

the lower strand upstream of the HincAW cutting site and subsequently are elongated.

The primer 560 anneals to the complementary upper strand. T4 endo VII treated DNA

was used as a template in control reactions for branched molecules. Primer extension

with primer 140 gives rise to a set of bands that do not appear when fob 1A DNA is used

as template (Fig. 20B). The most prominent signal (site a) is detected upstream of the
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Figure 20: Nucleotide-resolution mapping of breaks in the enhancer by primer extension. DNA of W303

and foùfà cells was isolated with the CTAB-method, cut with EcoF\ and subjected to primer extension

analysis. (A) Schematic representation of the enhancer in which the results of panel (B) are summarized.

Above, recognition sites of relevant restriction enzymes are indicated. Used primers are labeled with

numbers between the two strands (thick lines; 140, 260, 560). Place of annealing of the primers is

represented by half-arrows. Previously mapped positions of RFBs are represented by circles (RFB1)

and squares (RFB2&3). Positions of blocks in the leading strand are represented by open symbols

whereas those in the lagging strand are represented by filled symbols (for details see (Gruber et al.,

2000)). Positions of breaks occurring in the upper or the lower strand are indicated by arrowheads.

Breaks are labeled below their position with a letter or a number. Open arrowheads point to breaks

happening in HOT1 (Ea and Eb) sequences that are independent of S phase. Gray and solid arrowheads

point to breaks observed in S phase happening in HOT1 (Ea and Eb) sequences and at the RFB,

respectively. (B) Representative gels of the separation of primer extension products after the use of

primer 140, 260 and 560, respectively. Sequencing lanes are shown to the left of each gel. DNAofW303

cells in G1 phase (0) and S phase (30) as well as of unsynchronized (log) fobIA cells was used as

template. Optional treatment with T4 endonuclease Vil (T4) is indicated. Recognition sequences of Hpa\

(Hp), HincAW (H) and EcoM (E) are shown at the left of each gel. Arrowheads point to breaks in HOT1 (Ea

and Eb) sequences and are labeled as in (A). Breaks at the RFBs are indicated with arrows and squares

(RFB1) and circles (RFB2&3). A little square points out the position of breaks at the RFB3. To the right,

the position of the RFBs is indicated for the mapping with primer 560. Below this gel, a schematic

representation of a template containing a replication fork stalled at the RFB is shown (labels as in panel

(A)). Parental strands are represented by bold lines. The end of the nascent leading strand is indicated

by an arrow. (C) The DNA sequence of the enhancer is shown from the cutting sites of EcoFA (46) to the

one of /-/pal (413). Recognition sequences of relevant restriction enzymes are indicated by boxes.

Arrowheads and arrows point to breaks and are labeled as in (A). RFBs are indicated as in (A). Shaded

boxes indicate regions where DSBs have been mapped in low resolution gels (Fig. 19).

HincAW cutting site. A group of less intense signals (sites c, d and e) is found halfway

between the HincAW and Hpa\ restriction sites. Additionally, two weaker bands were

detected (b and f). Site (b) co-localized with the HincAW restriction site and site (f) is

close to the Hpa\ cutting sequence. All of those signals are detected in the lanes of G1

as well as S phase cells and the pattern is unaltered after T4 endo VII treatment. Primer

260 anneals practically at the center of the enhancer and to the same strand as primer

140. Using this primer the same set of bands was detected as with primer 140, but in

addition a signal in the vicinity of the Hpa\ restriction site (g). Again, all detected sites

are absent in fobIA cells and they are independent of the cell cycle. The pattern of the

signals does not obviously alter after T4 endo VII digestion. Consequently, we conclude

that the detected signals do not arise from rephcative intermediates or other branched

molecules.
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Primer extension with primer 560 reveals breaks in the opposite strand Hence,

accumulated replication forks stalled at the RFB generate two templates for primer 560

the parental leading strand and the nascent lagging strand (see scheme at bottom of

Fig 20B) As the nascent lagging strand ends at the RFB, it can be used to map the

exact position of the RFB This has been done in a previous study (Gruber et al, 2000)

Interestingly, using primer 560, only signals in samples derived of S phase cells were

obtained Furthermore, they were still absent in fobIA cells The strongest sites are

detected within the Hpa\ restriction site and comprise two cuts at two neighboring

nucleotides One of those nucleotides has been shown to be the end of the nascent

lagging strand at the stalled replication fork (Gruber et al, 2000) The pattern of those

signals change after T4 endo VII treatment Here, a set of bands appears below the

Hpal recognition site These results are in agreement with the findings of Gruber and

co-workers

Only a faint band is detected where the RFB2&3 have been mapped But still the

presence of this band depends on S phase and Fobl and an increase in intensity is

observed after T4 endo VII treatment This band corresponds to the RFB3 A few bases

upstream an additional site is detected which is S phase and also Fobl-dependent

This site does not change after T4 endo VII treatment Taking all above results into

consideration, we suggest three different kinds of breaks Firstly, cell cycle independent

breaks, which are located on the lower strand (Primers 140 and 260) Secondly, cell

cycle dependent interuptions on the nascent lagging (appearance of bands after T4

endo Vll-digestion) and probably parental leading strand, which coincide with the RFB

as mapped previously (Primer 560, (Gruber et al
, 2000)) And thirdly, cell cycle

dependent break(s) located on the upper strand (Primer 560) All breaks are specific

and do depend on the presence of Fobl As the breaks (c) to (g) can be observed with

primer 140 and 260, but not with primer 560, they must be nicks on the lower strand

The same is true for the break (x), but vice versa It is detected with primer 560 but not

with primer 140 This means that break (x) must be a nick on the upper strand (parental

lagging strand of converging forks, Fig 5), which in contrast to the others is cell cycle

dependent A subject of current investigation are breaks (a) and (b) As only the lower

strand was investigated in this region, no conclusion can be drawn as to whether those
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sites are nicks or DSB The low-resolution analysis described in the previous section

however, revealed DSB in sequences important for HOT1, which do not depend on

replication Applying the nucleotide-resolution mapping on a region covering the

sequence of the enhancer between the recognition sites of Hpa\ to EcoR\ (upper strand)

should reveal whether nicks or DSB are detected corresponding to positions (a) and

(b)

With primer 560 we observed a signal where the RFB1 is located (Gruber et al, 2000),

but no signal was detected with the other primers in this area on the lower strand

However, the low-resolution experiments with DNA isolated following three different

protocols showed that DSB occur at the RFB Consequently, the most likely interpretation

of our results is that a single-strand break occurs in the parental leading strand of the

stalled replication fork, which appears as a DSB

Taken all together, we conclude that Fobl or Fobl plus associated proteins process

rDNA within the enhancer, giving rise to nicks at specific sequences These nicks might

prime recombination and lead to HOT1 activity at the rDNA locus Furthermore, we

suggest that this pathway is predominant in ERC formation and that DSB happening at

replication forks stalled at the RFB is a minor pathway
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VI Discussion

1 Initiation of Replication is Positively Influenced by but not

Dependent upon the Enhancer

We have shown that deletion of a specific enhancer leads to a decrease of origin firing

at the two flanking rARS This strongly suggests that initiation of replication in the rDNA

locus does not necessarily depend on the enhancer, but is positively influenced by this

sequence Müller and co-workers showed that initiation of replication takes place

downstream of active rRNA genes (Muller et al, 2000) They hypothesized that Abf1

bound to the enhancer could recruit Cdc6p to the ORC, thereby mediating a vital step in

the establishment of the pre-rephcative complex (reviewed in (Bell, 2002)) at the rARS

The fact that only enhancers downstream of active genes are free of nucleosomes and

accessible for regulatory factors such as Abf1 (Dammann et al, 1995), could explain

the influence of transcription on rARS firing If this were the case, Cdc6p could not be

recruited to the rARS after deletion of the enhancer and no licensed pre-rephcative

complex could be established, hence initiation of replication could not take place The

fact that rARS firing was found only to be diminished but not abolished in the absence

of the enhancer suggests that Abf1 is not crucial for origin activation Thus, two questions

remain to be answered How is initiation of replication linked to transcription and how

does the enhancer trigger a positive effect on rARS firing'? Different effects could possibly

be involved First, other components of the enhancer than Abf1 could play such a role

Fobl was recently proposed to be involved in origin activation in the rDNA locus (Weitao

et al, 2003) However, we were unable to detect altered rARS firing or proportion of

active genes in fobl mutants compared to the wt From this we conclude that Fobl

does not play a major role in origin activation or silencing of rRNA genes as it has been

proposed (Huang and Moazed, 2003, Weitao et al
, 2003) Second, higher order

chromatin structures could be an alternative explanation for the linkage of transcription

and initiation of replication Since active rRNA genes were shown to be organized in

clusters of 1-3 genes (Dammann et al, 1995) and proposed to form loops (Kulkens et
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al, 1992), deletion of the enhancer could disturb the topological organization of a cluster

of active genes This could subsequently have a negative influence on rARS activation

by separating interacting sequences However, reduced origin firing in the NTS upstream

of the deleted enhancer cannot be explained by such a mechanism Third, a novel

replication-initiation protein was discovered recently (Zhang et al, 2002) Noc3p was

demonstrated to physically interact with other initiator proteins and is known to be required

for pre-rRNA processing (Milkereit et al, 2001) Thus, besides having genome-wide

functions of initiating replication, Noc3p has a different function in the nucleolus Perhaps,

other factors will be characterized in the future that are localized to the nucleolus and

regulate initiation of replication specifically at the rARS in dependence of transcription

Such proteins could possibly also be Pol Ill-transcription factors, as some of them were

demonstrated to be capable of influencing initiation of replication (Bodmer-Glavas et

al, 2001) and a RNA polymerase III gene is located near the rARS

The decrease of the bubble to Y ratio observed in rDNA units beanng tag A of strains

with deleted enhancer could also be due to an increased Y arc Upstream moving forks

originating from the adjacent downstream rARS (unit beanng tag B) are not blocked at

the RFB and thus can enter the 35S coding region Consequently, this could lead to a

additional source of Y-shaped molecules increasing the intensity of the Y arc The

decreased bubble to Y ratio in units bearing tag A could therefore be a consequence of

the manipulations of the units bearing tag B

One important consequence of the rARS activation in the NTS with the enhancer deletion

is that our system renders the possibility to analyze the effect the enhancer on leftward

moving forks entering this region and consequently ERC formation The notion that

initiation of replication does not depend on the enhancer is corroborated by the fact that

rARS activation still takes place on monomeric ERCs depleted of the enhancer, e g

ERCs bearing tag A in AE strains Such ERCs are amplified and accumulate in old

mother cells like ERCs containing no deletions Thus, studying ERCs containing tagged

rRNA genes gives us a powerful tool to investigate the influence of the enhancer and
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the promoter on the formation of ERCs

2 ERC Formation and the Average Size of the rDNA Replicon

When DNA is isolated out of old cells and analyzed in a Southern blot, specific bands

are detected that correspond to ERCs So far, the characterization of the ERCs has not

been satisfying EM analysis showed that monomers, dimers and trimers seem to be

the most abundant forms of ERCs, but tetramers and pentamers are also observed

Monomers and dimers migrate in specific bands, although dimers are also found in the

region where multimers are detected Dimers in this region of the blot most probably

originate from broken catenanes Catenanes are late intermediates in the process of

replication of circular DNA and consist of two interlinked replicated DNA circles (Laurie

et al, 1998) Therefore, trimers and pentamers can not be catenanes We believe that

the different abundance of small and large ERCs somehow is conneted to their size

Large ERCs are more fragile and therefore could be lost during the extraction of the gel

and the EM preparation However, such decrease is not proportional to the size of the

ERCs, but a sharp drop of tetramers to pentamers is observed (Fig 16) Therefore, the

stability of the molecules seems not to be the reason for the different amounts of small

and large ERCs An alternative explanation for this could also be the repetitive

architecture of the rDNA locus One model of ERC formation proposes that intra-

chromatid repair of DSB happening at replication forks stalled at the RFB leads to

ERCs (Kobayashi et al
, 1998) Since DSBs are repaired through homologous

recombination and many homologous sequences are available at the rDNA locus on

the same chromatid, strand invasion and establishment of a Holliday junction can happen

at different places The probability that strand invasion happens at the nearest

homologous sequence could be the highest and would consequently decrease linearly

for sequences further away However, a linear decrease of the abundance of different

ERCs is not observed as described above Although we noticed that the average size

of a replicon in the rDNA, which was estimated to contain between 3 to 5 rRNA units
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(Brewer and Fangman, 1988, Saffer and Miller, 1986, Walmsley et al
, 1984),

astonishingly correlates with the size of large ERCs, it is likely that the process of

replication alone cannot be responsible for the different ERC levels However, if one

takes into account that the size of small ERCs being of 1-3 rDNA units nicely matches

the size of a cluster of active rRNA genes (Dammann et al, 1993), one could speculate

that both processes, transcription and replication are the source from which different

species of ERCs originate Since newly replicated rRNA genes are already activated

even before the fusion of the replicons (Lucchini and Sogo, 1995), also the interplay of

these processes could influence the formation of different ERCs

An additional obvious conclusion of the data is that for an accurate quantification of

ERCs, all different forms have to be taken into account The correct measurement of all

forms of ERCs as standard would greatly facilitate and is indeed required for a reliable

comparison of published results of different laboratories

3 The Enhancer is Essential for ERC Formation

When the enhancer and the promoter of the rRNA genes are placed at an ectopic site,

HOT1 mitotic recombination dramatically increases (Keil and Roeder, 1984) At ectopic

sites HOT1 function was shown to be dependent on the orientation of the I element and

only transcribed sequences could be exchanged by HOT1 recombination (Voelkel-

Meiman et al, 1987) Furthermore, the orientation of the E element was irrelevant This

contrasts to our results We found that the formation of ERCs requires the enhancer,

but not the promoter Deletion of the promoter abolishes transcription of the unit bearing

tag B (Banditt et al, 1999), however ERCs with tag B are still formed When the enhancer

specifically is deleted in addition to the promoter, no ERCs are formed anymore from

this NTS These findings fit well with the model by Kobayashi and co-workers (Kobayashi

et al
,
1998, Kobayashi et al

, 2001) in which replication fork blockage stimulates

recombination and plays an essential role in expansion and contraction of the rDNA

locus proposed In our system the whole enhancer is deleted and with that the sequences

essential for the RFB and HOT1
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According to the model of Kobayashi and collègues, DSBs at replication forks stalled at

the RFB are the initiation event of recombination that lead to ERC formation On the

other hand, also termination of replication could be the event that mainly takes place in

the enhancer Branch migrating Holliday junctions could be blocked at the RFB like

replication forks and subsequently be resolved, which could lead to ERC formation or

expansion and contraction of the rDNA locus Deletion of the enhancer could therefore

not only impair initiation, but also termination of recombination at the rDNA locus

Published studies about ERC formation do not contain much information about multimers,

because the part of the gel where they migrate is often removed (Defossez et al, 1999)

or the amount loaded differs form the control (Lin et al, 2003) In old fobIA cells

monomers and dimers are hardly detectable ((Defossez et al, 1999) and our own results),

whereas multimers are present as shown in Figure 17 As Fobl is reported to be essential

for ERC formation, it was surprising to find that multimers are formed at wt levels Our

data correlate with the findings of Horiuchi and co-workers who reported that mainly

monomeric and dimeric ERCs are formed in dependence of Fobl (Johzuka and Honuchi,

2002) Multimers however would be formed independent of the RFB and HOT1, since

both functions depend on Fobl Loss of the RFB allows upstream moving forks to enter

the heavily transcribed 35S coding region Due to collision with RNA polymerases the

replication fork would be decelerated and the formation of DSB could be the

consequence Repair of the DSB in the coding region of transcribed rRNA genes in

fobIA cells could form multimenc ERCs since large rDNA replicons in such a mutant

have been postulated (Weitao et al, 2003) However, our results do not support such a

conclusion, since we found practically no alteration in rARS firing in fobIA cells (Fig

12) and apparently replicons at the rDNA array are of similar size in wt cells and in

fobIA cells

In Fobl proficient cells, additional weak bands have been detected in the region where

monomeric ERCs migrate after overexposing the membranes (Fig 17B) Since deletion

of the enhancer not only removes the RFB activity, but the site of termination of

transcription as well, the leftward moving replication fork and the RNA polymerases

could collide not only in the 35S coding region as described above, but in the NTS as

well These collisions could lead to a deceleration of the replication fork, hence to a
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destabihzation and subsequent DSB at the fork If the DSB would be repaired as the

breaks in the model of Honuchi's group (Kobayashi et al, 1998), ERCs could be formed

However, the AP strain shows weak bands corresponding to monomeric ERCs in addition

to the strong monomer band although this strain has a functional enhancer, which does

not allow collisions between the replication fork and the transcription machinery Such

collisions therefore seem not to be the cause for the additional bands An alternative

explanation could be that these weak bands could correspond to a basal level of DSB

occurring in rDNA sequences that are not linked to blocked forks at the RFB

With functional enhancer, the levels of the observed ERCs are much higher than when

this element is deleted If ERCs per se would be disadvantageous and would lead to

unprogrammed and accelerated cell death in yeast, one would expect that the cell

should avoid the formation of ERCs The proposed function of the RFB is to prevent the

collision of transcription and replication machinery (Brewer et al, 1992) However, the

levels of ERCs are strongly reduced, when the RFB is not functional and collision is

possible That in the cell replication forks are blocked at the RFB could be interpreted

as that a quasi-unidirectional replication of the ribosomal array has a higher priority

than the to avoid the formation of ERCs Additionally, one could speculate that RFB

function alone could not be responsible for such a high increase in ERC formation

Since in the enhancer elements essential for RFB function and HOT1 recombination

partially overlap, although they are independent (Ward et al, 2000), one could speculate

that both activities could contribute for high levels of ERC formation Indeed, we found

DSB in the sequences important for HOT1 recombination as well as where the RFBs

have shown to be located (summarized in Fig 19C) This suggests that both functions

could independently lead to formation of ERCs, although the exact mechanism for the

induction of DSB independent of replication remains elusive

Ageing however is a natural and irremediable mechanism It could therefore be suggested

that this is a programmed effect in nature and that the formation of ERCs is one

mechanism that could support ageing and death of yeast cells Sinclair and colleges
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proposed that the sheer abundance of ERCs would titrate factors essential for

transcription and replication, which ultimately would lead to cell death (Sinclair and

Guarente, 1997) Psoralen retardation assays revealed that both genomic and extra-

chromosomal rRNA gene copies are transcribed in old cells (M Bouza and J M Sogo,

unpublished data) Furthermore, the proportion of active rRNA genes in genomic gene

copies and in ERCs was similar, although reduced in respect to young cells This

suggests that transcription factors are probably not the limiting step for life span and

that the rRNA is not preferentially synthesized either from chromosomal or extra-

chromosomal rDNA copies On the other hand, a yeast cell contains ~200-400 ARSs

(Rivin and Fangman, 1980) and most are used as chromosomal origins (Newlon and

Theis, 1993) When minichromosomes are present in huge excess, cell growth is

impaired and slowed down ((Sinclair and Guarente, 1997) and references therein) It

was estimated that an old mother cell contains up to 1000 ERCs (Sinclair and Guar¬

ente, 1997) Assuming that one rARS per ERC is activated in an S phase, the total

number of active origins in an old cell would be up to 5x higher than in a young cell A

yeast cell would hence contain certain levels of replication factors that enable the cell to

start replication from only a specific number of ARSs Consequently, if more origins are

present in the cell due to high levels of plasmids or ERCs, the cell would run out of

replication factors and the fusion of replicons could either be retarded or even incomplete,

which finally would lead to cell death Taken together, our data suggest that the

sequestration of factors important for replication rather than transcription could contribute

to ageing and cell death in yeast However, it is likely that many different mechanisms

drive the ageing process and that the sequestration of replication factors is only one of

them

4 DSB at the Enhancer

Our in-gel-digestion data fully support recently published results, which demonstrated

that DSB in fact occur at replication forks stalled at the RFB (Weitao et al, 2003) Since
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the isolation of genomic DNA in agarose plugs is used to purify intact chromosomes for

pulse field electrophoresis, we and others assumed that DSB are not introduced

mechanically during cell embedding and DNA manipulation However, although Holliday

junctions still remain present within the very long DNA fibers trapped in the agarose

plugs (Zou and Rothstein, 1997), branch migration is not inhibited Therefore, we isolated

genomic DNA using a protocol developed by the group of Lichten (Allers and Lichten,

2000) and modified by our group ((Welhnger et al, 2003), see also (Lopes et al, in

press)) The cationic detergent CTAB is used in this method to lyse the cells, solubihze

proteins and precipitate the DNA (Allers and Lichten, 2000) Binding of CTAB to the

DNA is thought to inhibit branch migration Thus, this method is ideal to isolate DNA

that contains Holliday junctions Using this method, we were able to map for the first

time a subset of DSB occurring in the Eb element of HOT1, which are close to but

distinct from those induced at fork arrest sites The induction of the new subset of DSB

did depend on Fobl, but not on DNA replication Synchronization of cells showed that

the DSB occur throughout the cell cycle (see below) These data together with those

about ERC formation discussed above, strongly suggest two mechanisms for HOT1

promoted mitotic recombination One is replication dependent and the other not This is

in good agreement with findings of the Brewer/Fangman laboratory (Ward et al, 2000)

In an elegant study, they were able to show, that, although the sequences for HOT1

activity and RFB overlap, these two functions are independent from each other At an

ectopic site, HOT1 sequences strongly promote mitotic recombination regardless whether

replication forks are blocked in this sequences or not (Ward et al, 2000) Our findings

clearly indicate that also in the rDNA array HOT1 recombination at the Ea and the Eb

elements and RFB function are independent mechanisms, although all three elements

are located almost at the same sequences

5 How to Reconcile DSB with the Nicks Revealed by

Nucleotide-Resolution Mapping

To map the exact position of the observed DSB, we applied a primer extension-based

assay similar to the one, which has been used to map the exact position of the RFBs

(Fig 20, (Gruber et al, 2000)) The location of the majority of the breaks in the upper
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Strand corresponds to the previously mapped stalled replication fork at the RFBs. This

is consistent with the low-resolution mapping of DSB (discussed above). Unexpectadly,

the specific breaks detected in the lower strand ( S phase independent) do not coincide

with the mapped breaks determined in the upper strand. Therefore, we must assume

that the breaks in the lower strand are nicks.

Furthermore, both low- and high-resolution approaches revealed that the breaks occur

in dependence on Fobl and throughout the cell cycle. One additional break (x) was

detected on the upper strand that does depend on S phase, but does neither coincide

eitherwith the RFB's nor with nicks on the lower strand. How could the DSBs be explained

in respect to the mapped nicks? A mechanism similar to the one described by Ness et

al. could account for the detection of DSB with low-resolution gels (Ness et al., 1988).

When cells are lysed using SDS, proteins are immediately denatured after lysis. Enzy¬

mes working in a two-step mechanism can thus be .frozen', when they are in their first

step of action. This was found to be the case for topoisomerase I, which could be

caught in a stage, where the DNA strand was cut, but not yet ligated again. Since CTAB

is used like SDS to lyse the cells and solubilize proteins (Allers and Lichten, 2000), it

could be, that enzymes working similarly to topo I are caught in their first step of action.

Such enzymes could be topo I itself, but also other enzymes, which cut DNA, such as

RuvC-like proteins, since resolvases act in a two-step mechanism as well (Lilley and

White, 2001 ). Candidates could be Mus81 -Mms4, Slx1 -4 and Fobl. Mus81 -Mms4 and

Slx1-4 were shown to have nicking activity at branched structures such as Holliday

junctions or flapped molecules (Fricke and Brill, 2003; Kaliraman et al., 2001). The

homologue of Mus81-Mms4 in S. pombe was shown to resolve Holliday junctions in a

nick-and-counternick mechanism, whereof the first cut is introduced much slower than

the second one (Gaillard et al., 2003). Using BLAST searches and computer simulations,

Fobl was suggested to be related to retroviral integrases and transposases (Dlakic,

2002), which are able to nick DNA and make a strand transfer (Craigie, 2001 ; Peters

and Craig, 2001 ). This activity of Fobl has yet to be proven. However, the nicks would

have to be converted during migration in the agarose gel to DSB. It has been shown
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that when two nicks are near to each other, but on the opposing strands, a DSB with

sticky ends is detected on an agarose gel. To achieve this, the two nicks should be not

farther away form each other than around 40 bp (Ness et al., 1988). However, the nicks

mapped in the high-resolution assay all are on the lower strand. So far, only in S phase

a nick appears on the upper strand (x; Fig. 20C), which is 26 bp away from a prominent

group of nicks on the lower strand (c,d,e; Fig. 20C). Experiments are in progress using

additional primers to map in detail the whole enhancer region will reveal whether addi¬

tional nicks occur in the upper strand.

6 DSB at the Stalled Replication Fork Occurs in the Parental

Leading Strand

Using three different protocols for DNA isolation and low resolution mappings, we

detected DSB occurring in the replicated part of the stalled replication fork at the RFB.

However, since no breaks were detected in the lower strand in the region of the RFB1

using the nucleotide-resolution approach, single-stranded breaks occurring in the

parental leading strand at this sequence most likely leads to a DSB. This contrasts with

the suggestion of Kobayashi and co-workers that DSB might be formed in the newly

synthesized lagging strand (Kobayashi et al., 1998). Our mappings of the upper strand

rather indicate that the DSB is induced at the end of the nascent leading strand and

coincides with the major arrest site at position 412 (Gruber et al., 2000).

7 Is the Cleavage of Holliday Junctions the Source of Nicks?

From the observed nicks present at the enhancer in S phase as well as in G1 phase

cells, several speculations can be drawn. If ERCs are exclusively formed as Kobayashi

and co-workers suggested (Fig. 21a) and the nicks detected in this work are in connection

to recombination, one could argue that the nicks are a transient product of the cleavage

and resolution of the Holliday junction. However, since the DSB would have been formed

in S phase and the nicks are observed in G1 phase as well, it seems unlikely that the

recombination intermediates and/or the resolving nicks would have been stably

propagated throughout G2 and M phase. Alternatively, since all observed nicks are

upstream of the RFB1, the converging fork will convert the nicks on the parental DNA to
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Figure 21 : DSB in front of and at the RFB. Events that take place during termination of replication (left

side) and at replication forks stalled at the RFB (right side) leading to DSB are schematically represented.

In the middle, specific phases of the cell cycle are indicated (G1 and S). Relèvent restriction sites, the

termination zone and the position of the RFBs are indicated. Parental DNA strands are represented as

bold lines, whereas nascent strands are represented as hairlines. The ends of the nascent leading strands

are indicated by arrows. Aneealing positions of primers 140 and 560 are indicated by blue and red

arrows, respectively. See text for details.

DSB shortly before the fusion of the forks (Fig. 21b, left panel). It is hence a question,

whether these nicks are present before a replication fork moves through this region or

whether they are a post-replicative feature. Because the nicks are present shortly before

the onset of replication, one could suggest that they are present during the whole cell

cycle or at least during G1 and S phase. Moreover, no fragments corresponding to DSB

formed by rightward moving forks were found when DNA was prepared in agarose

plugs (Fig. 18C). Therefore, we conclude that although the nicks seem to be present,

they are either sealed by a ligase before the replication fork arrives, or the free end is

held and repaired in a controlled reaction and therefore not detectable (Fig. 21c, left

panel). Both mechanisms would involve specialized machineries, which sense the

replication fork arriving. Interestingly, the proposed relation of Fobl to retroviral integrases

could enable Fobl to fulfill the task of cutting and carry out a strand transfer. Since no

breaks or nicks are detected in fobIA mutants it could be that this enzyme or its associated

proteins introduces these breaks. However, Fobl was so far not biochemicaly shown to

have such functions. Consequently, our data indicate that another mechanism than

termination of replication or resolution of recombination intermediates is responsible for

the formation of the observed nicks.

8 Does Sgsl Contribute to ERC formation?

Another player in HOT1 recombination could be Sgsl The level of ERCs is highly

elevated in sgsIA cells, which correlates to the 2-fold increase in intensity of the bands

corresponding to the DSB induced at Ea and Eb sequences, whereas the band

corresponding to DSB breaks at the RFB remains unaltered in respect to the wt. It must

thus be infered that the increase in ERCs is due to a higher recombination frequency at

Ea and Eb in this mutant. Surprisingly, however, the foblAsgsIA double mutant still
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Figure 22: Model of pathways of ERC formation. Two different pathways of ERC formation are

schematically represented. 35S coding sequences are indicated by arrows and enhancer (E) with RFB,

the rARS and the 1 element/promoter (1(P)) are shown. In this model, the major pathway of ERC formation

is cell cycle independent and resembles recombination at HOT1 sequences. A lower amount of ERCs is

formed by a different pathway, which is RFB-dependent and corresponds to the repair of DSB happening

at forks stalled at the RFB.

has elevated levels of ERCs in respect to fobIA cells (Defossez et al., 1999; Versini et

al., 2003). Since Fobl is essential for RFB and HOT1 functions, it would be interesting

to see whether breaks in in the Ea and the Eb elements are observed in these double

mutant cells. Assuming that breaks would be detected in those regions in the double

mutant, a Fobl -independent machinery would introduce these breaks, which only could

be active, when Sgsl is absent as well. Gasser and co-workers recently found that

Sgsl together with Med might help to stabilize polymerases at stalled replication forks

(Cobb et al., 2003). They suggested that Sgsl might not only recruit Med to a stalled

fork in order to stabilize the fork, but also would counteract the formation of reversed

forks and an atypical accumulation of ssDNA, which is highly recombinogenic (Cobb et

al., 2002). This correlates with a genetic study done by Fabre and co-workers, who

postulated a model in which ssDNA and not DSB are the source for high levels of

recombination in sgsl A cells (Fabre et al., 2002). However, at present, no final conclusion

about the molecular function and mechanism of Sgsl can be drawn. Analysis of the
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structure of forks in the absence of Sgsl and the absence or presence of nicks in the

enhancer could perhaps give more insight to how this enzyme triggers its important

function in maintaining the integrity of the genome during replication.

Finally, Gottschling's group demonstrated in a recent work that when old mother cells

divide, the daughter cells often show loss of heterocygosity (LOH) of introduced genetic

markers (McMurray and Gottschling, 2003). Age-induced LOH is the result of an age-

dependent increase in DNA DSB that are mainly repaired by break-induced replication

(BIR) (McMurray and Gottschling, 2003). Since the starting point of BIR is a DSB, the

breaks observed in our study could theoretically be the breaks that lead to the effect

described by Gottschling and co-workers. However, this seems not to be the case,

because we were not able to detect breaks in fobIA mutants, but wt and fobIA cells

showed no difference in onset of LOH in daughters of old cells (McMurray and

Gottschling, 2003).

Taken together, we propose that HOT1 promoted recombination at the Ea and the Eb

elements is the main source of formation of small ERCs and that repair of DSB, that

happen in the parental leading strand of forks stalled at the RFB, plays a minor role

(summarized in Fig. 22). ERC formation both at Ea and Eb elements, as well as at RFB

sequences, depend on Fobl In the absence of Sgsl, ERCs could be formed at the

rDNA enhancer, which would reflect an additional pathway.
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VII Outlook

The data presented in this work raise several questions that have to be answered in

future work Currently, additional primers will be used for a nucleotide-resolution mapping

which spans the whole upper strand in the region of the enhancer This will show whether

all DSB on low-resolution gels correlate to nicks on nucleotide-resolution gels

With the help of various mutants we hope to gain more insight how breaks in HOT1

regions are mediated Analysis of DNA prepared with the CTAB method out of a rad52A

or a rad51A strain could answer the question whether a Holliday junction is formed at

the enhancer or not, since these proteins are essential for Holliday junction formation

Additionally, temperature sensitive mutants in genes controlling cell cycle progression

such as CDC20 (Lim et al, 1998) or synchronization in M phase using nocodazole

could be of use to gather information whether breaks in HOT1 sequences are found in

G2 and M phase of the cell cycle HOT1 recombination at ectopic sites does depend on

functional RNA polymerase I (Huang and Keil, 1995) Since it could not be excluded

that HOT1 activity in the rDNA array does also depend on Pol I transcription, evidence

could be collected with a mutant strain defective in Pol I transcription (e g NOY-1a

(Nogi et al, 1991)) Since the breaks were detected at distinct nucleotides, they could

be mediated by enzymes Candidates for such an activity are the complexes of Mus81 -

Mms4 or Slx1-4 Again, since Mus81 and Slx4 contain the nicking activity of these

complexes, mutants in these proteins could give hints whether they mediate the detected

breaks Whether Mms4 or Slx1 are important for these complexes to work in the rDNA

locus could be tested with mutants lacking these proteins CTAB-isolated DNA of all

described mutants could be analyzed in low-resolution gels and high-resolution mapping

in parallel to gather as much information about the nature of the found breaks as possible

Since the mode of action of Sgsl is still elusive it would be of great interest to examine

this on a molecular level EM allows a very direct analysis of rephcative intermediates

through visualization Therefore, DNA of sgsIA cells could be isolated following the

CTAB method and samples enriched in rDNA subsequently be subjected to EM analysis

Using such an approach could help to reveal how Sgsl works and what the exact

function of RecQ-hke hehcases is

71



VIM Materials & Methods

1 Yeast Strains

Yeast strains used in this are listed in Table 2. YMB01, YMB02, YMB03, MBY04 and

MBY05 all bear two short and different SV40-derived sequences in two flanking rRNA

genes. Insertion of these genes does not alter growth rate (Banditt et al., 1999). Cells

were grown in YPD, which is a complete medium and contains 1% bacto yeast extract,

2% bacto peptone and 2% dextrose in water. PW10 and PWIOAsps/were used only

for the EM analysis of ERCs. Mapping of breaks in the enhancer region was made with

strains W303-1a, CY3148 and CY2570.

Table 2: Yeast strains used in this study

Strain Mating Type

YMB01 a

YMB02 a

YMB03 a

MBY04 a

MBY05 a

W303-1 a a

CY3148

CY2570

PW10

PW10Asgs1 a

Markers Growth Medium Reference

ura3-52 his3-1 trpl ga/2 gal10 YPD (Banditt et al ,1999 )

ura3-52 his3-1 trpl ga/2 gal10 YPD (Banditt et al ,1999 )

ura3-52 his3-1 trpl ga/2 gal10 YPD (Banditt et al ,1999 )

ura3-52 his3-1 trpl ga/2 gal10 YPD this study

ura3-52 his3-1 trpl ga/2 gal10

fobl HIS3

YPD this study

ade2-1 ura3-1 his3-11,15trp1-1 YPD

Ieu2-3,112can1-1000

ade2-1 ura3-1 his3-11,15 trp1-1 YPD

Ieu2-3,112can1-1000

fobl HIS3

ade2-1 ura3-1 his3-11,15 trp1-1 YPD

Ieu2-3,112can1-1000

sgsl KanMX4

his4-C Ieu2-R MATa-URA3-MATa YPD

met13-4cyh2R TRP5 Iys2-d,
ura3-1 CAA/1 ade 1-1 trp 1-H

his4-C Ieu2-R MATa-URA3-MATa YPD

met13-4cyh2R TRP5 Iys2-d,
ura3-1 CAA/1 ade 1-1 trp 1-H

sgsl LEU2

(Thomas and Rothstem, 1989)

Foiani Laboratory

Foiani Laboratory

(Wattetal , 1995)

(Wattetal , 1995)
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2 Construction of yeast strains

2.1 Strain with tagged rRNA genes and deletion of the RNA

polymerase l-promoter between the tagged rRNA genes

(MBY04)

The strain MBY04 was produced essentially as the sister strains with tagged rRNA

genes (Banditt, 1998). Figure 23 outlines the procedure.
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Figure 23: Strategy for the production of MBY04. See text for detailed information. rRNAgenes and tags

are represented as in Fig. 8.

SC3 cells (Mata ura3-52his3-1 trplgal2gal10) were grown to a density of 1x107 cells/

ml. 50ml of the culture were harvested by centrifugation (4°C, 4000 rpm, 5 minutes) in

a tabletop centrifuge. The cells were then washed 3x in 2ml 1M sorbitol (ice-cold) using

a microfuge (2 minutes, 6000 rpm, RT). The cells were resuspended in 50 uJ sorbitol

(1M, ice-cold) and the cells were subsequently transformed with the DNA that was

added: 1st, the gel-purified MIlA restriction fragment ofpMB 128 containing tagged rRNA

genes and a complete promoter deletion between the two tagged genes (Banditt, 1998)
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and 2nd, plasmid pRS16 (Sikorski and Hieter, 1989). Since the large MIlA fragment of

pMB128 contains no genetic marker for which could be screened for after transformation,

pRS16 was used to co-transform to complement the ura3mutation. 500ng of the large

Mvl-fragment of pMB128 and 100ng of pRS16 was used for co-transformation. The

cell suspension containing the DNAs was then transferred to a chilled electro cuvette

(BioRad) and pulsed at 1.5kV, 186Q and 2.5kV/resistance using a Bio Rad Gene Puiser.

1ml sorbitol (1M, ice-cold) was immediately added after the pulse and the suspension

was streaked out on 4 agar plates lacking histidine and adenine in the growth medium

and incubated at 30°C.

After 3-4 days of incubation, colonies were re-streaked on numbered places on YPD-

plates using sterile pipette tips. After streaking a colony on the plate, the remaining

cells on the pipette tips were used to inoculate 10m I of fresh YPD in a 12ml tube. These

cultures were than grown to stationary phase and DNA was extracted using the CTAB-

method (this chapter), with slight modifications. Cells were not treated with sodium

azide and the volumes were scaled down 10x that the reaction mixtures fitted in 2ml

Eppendorf tubes. DNA was not extracted of the pellets after Proteinase K treatment.

Additionally, DNA was precipitated in Eppendorf tubes instead of Corex tubes and the

DNA was resuspended in 100 uJ Tris-HCI (10mM, pH 8.0). The modifications of the

protocol were made to enable us to handle many samples at the same time.

DNA of around 250 colonies was isolated and used as template in a PCR. Primers

(Table 3) were used that anneal within Tag A and to the rDNA sequence flanking the

site were Tag A was introduced by transformation. Thus, if the expected PCR fragment

could be detected in an agarose gel analysis, the linear Mrl-fragment of pMB128 seemed

to be integrated in the rDNA array. The conditions of the PCR were the same as described

by Banditt et al.: 25uJ total reaction volume contained 3uJ of an individual DNA extraction.

Primers mb01 and mb02l as well as individual nucleotides (Ultrapure dNTP Set,

Pharmacia) were added to a concentration of 0.2uM 2.5 uJ 10x PCR buffer (100mM

Tris-HCI (pH8.3), 500mM KCl, 30mM MgCI2), 0.2 mg/ml BSA (final concentration, NEB)

and 1U Taq polymerase (Qiagen) were added and the reaction was subjected to 1x 10

minutes at 95°C, 30x 1 minute at alternating 94°C, 50°C and 72°C, respectively, following
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1x 10 minutes at 72°C. The PCR reaction was than loaded directly and analyzed on a

agarose gel.

A
samHi s"^ BamHi Figure 24: Characterization of the strain

wt /±"" I j mZZ/l MBY04. (A) Diagram of BamHi and Smal

., recognition sites between tag A and tag B in

AEAP \tZL 1 J MZl cells of YMB01 (wt), YMB03 (AEAP) and

xx
MBY04 (AP). Tag A and tag B are indicated in

AP //^ : J J ^ZJl light and dark gray, respectively. Solid vertical

lines indicate the cutting site of BamHi. The

B Tag A Tag B arrow indicates the Smal cutting site in the

wt ae.ap AP wt ae.ap AP promoter region of the wt. Vertical lines and

numbers indicate the length of the expected
B B/S B B/S B B/S B B/S B B/S B B/S

linn»-
fragments after the use of probe A and B,
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respectively (B) Genomic DNA of strains

YMB01 (wt), YMB03 (AEAP) and MBY04 (AP)

4B was digested with BamHi (B) or BamHi and
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Smal (B/S), separated in a gel and blotted. The

membrane was hybridized with probe A (Tag

A) and probe B (Tag B), subsequently. The

length of the detected fragments is indicated at

the bottom of the autoradiograms and correlates

with the expectations.

DNA samples which gave rise to the expected fragment in the PCR were further analyzed

using a southern blot approach that differed of the one used by Banditt et al. (Banditt,

1998). Production of the plasmids containing tagged rRNA genes and using the large

MIlA restriction fragment of those plasmids for transformation and introduction of these

tagged rRNA genes in the rDNA array, leads to the formation of two BamhA restriction

sites in the rDNA locus. Since BamhA usually does not cut in this locus, these artificially

formed restriction sites were used to characterize the strains bearing tagged rRNA

genes. The BamH\ restriction sites were introduced immediately upstream and

downstream of tag A and tag B, respectively (Fig. 24A). DNA of YMB01, YMB02 and of

transformed clones positive for tag A after the PCR test was digested with BamHi.

Additionally, double digestions of the same DNA was made using Sma\ in addition to
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BamHi. This was done to test whether the rRNA genes tagged with tag A and tag B,

respectively, are thus flanking copies and that the deletions of regulatory sequences

(i.e. enhancer and promoter) lay in the NTS between the two tagged genes. Since

Smai cuts in the promoter region, this restriction site is absent between two tagged

rRNA genes if the promoted deletion is between these two genes (Fig. 24A). The length

of the BamHi fragment therefore is not changed after additional digestion with Smai in

strains having a deleted promoter.

Applying a southern blot analysis using probes against both tags on single and double

digested DNA of the strains mentioned above, can be used to show that both differently

tagged rRNA genes are neighboring and that deletion of the promoter lay in the NTS

between these two genes. Figure 24B shows the analysis of the produced strain, MBY04.

Gels, Southern blots and probes were made as described elsewhere in this chapter.

Fragments detected with probe specific for tag A showed similar size in all strains after

single digestion with BamHi (lanes 'B,). The fragment detected in YMB01 was longest

whereas the one of YMB02 was shortest (for expected sizes of Fragments see Fig.

24A). The fragments detected in the B-lane of MBY04 were slightly longer than those of

YMB02. The same differences in length in lanes of single digestion were detected after

stripping the membrane and re-hybridization with a probe specific for tag B. These

differences correlate with the expectations, since YMB01 contains no deletion in the

NTS between the tagged genes, but YMB02 contains a deletion of the enhancer and

the promoter and MBY04 only a deletion of the promoter in this NTS. Double digestion

led to an altered pattern in respect to the double digestion only in lanes where DNA of

YMB01 is analyzed. BamHi restriction fragments bearing tag A and tag B of YMB02

and MBY04 therefore were not cut by Smai. Again, the length of the produced fragments,

which were detected using probes specific for tag A and tag B, respectively, correlated

with the expectations. Thus a yeast strain (MBY04) was produced which contains two

flanking and differently tagged rRNA genes and a deletion of the promoter between the

two tagged genes.

2.2 Construction of the strain MBY05

As genetic control for the experiments shown in Figure 17, a strain was needed that

has tagged rRNA genes like YMB01, but is deficient in Fobl Using a standard knock
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out method, such a strain was produced. Cells of YMB01 were grown and washed with

1M sorbitol as described in the previous section. 5x108 cells were than resuspended in

50u11m sorbitol, supplemented with 100ng of a linear DNA fragment, which contained

a HIS3 gene flanked by the first 30 bp and the last 30 bp of the open reading frame

encoding Fobl This DNA fragment was a generous gift of the Lab of M. Foiani. The

cells were electroporated as described in the previous section. After the pulse, 1 ml 1M

sorbitol was immediately added to the cell suspension and the cells were streaked out

on agar plates. After 3-4 days incubation at 30°C, grown colonies were re-streaked on

numbered places on YPD plates. Additionally, genomic DNA was isolated using Qiagen

Genomic-tips 100/G. Correct integration of the HIS cassette was controlled by PCR,

which was done as the on described in the previous section. Primers, which annealed

inside the inserted gene and in flanking genomic sequences, were provided by the

Foiani lab. This analysis showed the correct integration. Additionally, 2D gels were

made, blottet and hybridized against total rDNA, as described elsewhere in this chapter.

These autoradiograph showed, that RFB function was lost in those clones. Therefore

Fobl-function was lost due to integration of the HIS gene within the coding sequence

FOB1. A strain positively characterized in this way, was named MBY05 and was used

in the analysis shown in Figures 3 and 17, respectively.

3 Synchronization of yeast cells with a-factor

Yeast cells were grown at 30°C in 11 YPD to a density of 1x107 cells/ml. 2ml of a-factor

(1mg/ml in water, Primm) were added. After 1 hour further incubation at 30°C, cells

were monitored every 10 minutes for cell density and cell form. When around 10% of

the cells in the culture showed big buds, the cells were pelleted at room temperature

during 5 minutes in a pre-warmed GS-3 rotor at 6000 rpm, after taking an aliquot of

230ml. The cell pellets were resuspended in 750ml fresh YPD, which was pre-warmed

to 30°C. The culture was subsequently incubated at 30°C and aliquots of 230ml were

taken at specific time points. To all aliquots, 0.1% sodium azide (final concentration)

was added and the aliquots were put in an ice-water mixture. The cells were washed

twice with ice-cold water and genomic DNA was isolated following the method of choice.
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4 DNA Isolation Methods

4.1 DNA Isolation with Qiagen Genomic Tips

Genomic DNA was isolated for 2D gels and out of old cells using Qiagen Genomic-tips

500/G, 100/G and 20/G, respectively. We followed the detailed instructions of the provider

(Qiagen Genomic DNA Handbook, August 1999, pp 30-35 and 42-45). After elution of

the DNA in Corex tubes, 0.75 volumes isopropanol were added to precipitate the DNA.

After inverting the tube several times, it was centrifuged for 15 minutes (4°C, 8500 rpm,

rotor HB-4). The supernatant was discarded and the pellet was re-centrifuged after

adding of 1ml ice-cold 70% ethanol (15 minutes, 4°C, 8500 rpm, rotor HB-4). After

taking of the supernatant, the DNA pellet was air dried during 3 minutes. Rests of ethanol

were taken of using a pipette. The DNA was than resuspended in 500u1, 250uJ or 20u1

Tris-HCI (10mM, pH 10), depending of the use of 500/G, 100/G and 20/G columns,

respectively.

4.2 CTAB-method

Total genomic DNA was isolated mainly according to (Allers and Lichten, 2000; Lopes

et al., in press; Wellinger et al., 2003) with modifications (CTAB extraction). Cells of

200ml cultures (2-4x109 cells) were killed by addition of 0.1% Sodium Azide (final

concentration) and cooled down in ice. Cells were harvested by centrifugation (6000

rpm, 4°C, 15 minutes rotor GS-3), washed in cold water and incubated in spheroplasting

buffer (1M sorbitol, 100mM EDTA pH 8.0, 0.1% fl-mercaptoethanol, 100U zymolyase/

ml) for 45 min at 30°C. 2ml water, 200u1 RNase A (10 mg/ml) and 2.5ml Solution I (2%

w/v cetyl-trimethyl-ammonium-bromide (CTAB), 1.4M NaCI, 100mM Tris-HCI HCl pH

7.6,25mM EDTA PH 8.0) were sequentially added to the spheroplast pellets and samples

were incubated 30 min at 50°C. 200u1 Proteinase K (20 mg/ml) were then added and

the incubation was prolonged at 50°C for 1 h 30min, and at 30°C overnight. The sample

was then centrifuged at 6000g for 10 min. The cellular debris pellet was kept for further

extraction, while the supernatant was extracted with 2.5ml chloroform/isoamylalcohol

(24/1 ) and the DNA in the upper phase was precipitated by addition of 2 volumes Solution

II (1 % w/v CTAB, 50mM Tris-HCI-HCI pH 7.6, 10mM EDTA) and centrifugated at 12000
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x g for 10 min in rotor HB-4. The pellet was resuspended in 2ml Solution III (1.4M NaCI,

10mM Tris-HCI HCl pH 7.6, 1 mM EDTA). Residual DNA in the cellular debris pellet was

also extracted by resuspension in 2ml Solution III, and incubation at 50°C for 30 min,

followed by extraction in 1ml chloroform/isoamylalcohol (24/1). The upper phase was

pooled together with the main DNA prep. Total DNA was then precipitated with 1 volume

isopropanol during 15 minutes at 8500 rpm in rotor HB-4 at 4°C. The pellet was washed

with 70% ethanol under the same condtitions, air dried and finally resuspended in Tris-

HCI (10mM, pH 10).

4.3 Isolation of DNA in agarose plugs

Isolation of DNA in agarose plugs was done basically as described by Campbell (Weitao

et al., 2003) and Foiani (M. Lpoes, personal communication). A yeast culture was

incubated overnight to a density of about 1x107 cells/ml. The exact cell density was

determined using a light microscope and 5x108 cells were taken and washed twice with

2x2ml EDTA (50 mM, pH 8.0). The cell pellet was than resuspended in 600u1 EDTA (50

mM, pH 8.0), previously pre-warmed to 50°C. 200u1 SEC (10 mM r^HPO^ 10 mM citric

acid, 1 M sorbitol, 100 mM EDTA pH 8.0), 10 uJ ß-mercaproethanol (12M) and 80 ul

zymolyase solution (1 Omg/rnl) were added after these solutions were warmed to 50°C.

800 uJ of previously melted agarose in solution (1%; SeaKem GTG agarose in 0.125M

EDTA (pH 8.0), equilibated to 50°C) was than added and the mixture was briefly vortexed

at full speed. The holes of two rows of disposable plug molds (Bio Rad) were than filled

with the cell suspension, using around 100 ul per hole. After that, the plug molds were

placed for 3 minutes on -20°C until the agarose was completely polymerized. The

agarose plugs were than taken out of the plug mold and incubated 90 minutes at 37°C

in 10ml 500mM EDTA and 10mM Tris-HCI (pH8.0), prepared in a 50ml Falcon tube.

The solution was replaced with 5ml 50mM EDTA and 10mM Tris-HCI (pH 8.0), containing

sarcosyl (20mg/ml) and proteinase K (2mg/ml). The agarose were incubated in this

solution for 24 hours at 50°C. The following day, the sarcosyl/proteinas K solution was

replaced by 5 ml wash solution (0.1 mM EDTA, 10 mM Tris-HCI (pH 8.0)) and agitated

gently (80 rpm) during 1 hour at room temperature. Subsequently, the plugs were

incubated at 37°C in 5ml wash solution, containing RNAse A (200uo,/ml). After incubation
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for 2 hours, the plugs were washed in 5ml wash solution supplemented with PMSF (1

mM final concentration) during 1-2 hours at room temperature under gentle agitation

(80 rpm). After replacement of the solution with 5ml fresh and not supplemented wash

solution, the plugs were agitated another hour at room temperature. Finally, the agarose

plugs containing the genomic DNA were stored up to three month in 5ml fresh wash

solution at 4°C until use.

5 Enrichment of rDNA with CsCI/Actinomycin D gradients

for 2D Gels

CsCI/Actinomycin D gradients were used to enrich for rDNA and were essentially done

as described by Bird and co-workers (Macleod and Bird, 1982). 2 yeast cultures of a

volume of 11 were grown overnight to a density of 5x106 cells/ml. The cells were harvested

by centrifugation (4°C, 6000rpm, GS-3, 10 minutes) and washed twice with 20ml bd

H20. The cells of each individual culture were than resuspended in 20ml bd H20 (ice-

cold) and transferred in a plastic dish (100cm2). After addition of 1ml 4,5',8-

trimethylpsoralen (200ug/ml in ethanol; Sigma), the suspensions were pre-incubated 5

minutes in the dark, followed by UV-irradiation during 5 minutes at distance of 6 cm

using a 366-nm UV lamp (model B-100 A, Ultra Violet Products, Inc., San Gabriel, CA).

The cells were than again washed twice with ice-cold water, pooled and resuspended

in 12ml buffer Y1 (see Qiagen Genomic DNA Handbook, August 1999). Genomic DNA

was subsequently isolated using Qiagen Genomic-tips 500/G.

The DNA sample was highly diluted with Tris-HCI (10mM, pH 8.0) in a 50ml-Falcon

tube on a balance to a weight of exactly 33.3g. Exactly 30.7g CsCI was resuspended in

this DNA/Tris-HCI solution and 1.176ml Actinomycin D (Sigma) were added. After gently

mixing the solution, the refractive index was measured. When the refractive index was

1.3848 ±0.0002, the solution was transferred to an Ultraclear Quick Seal centrifugation

tube (Beckman) using a 50ml syringe. The centrifugation tube was sealed using the

heating device produced by Beckman. After successful testing of the seal, the

centrifugation tubes were placed in a rotor vTi50 and spinned during 65 hours at 26,000

rpm and 4°C. The gradient was than fractionated in 1.2ml fractions from the top using

an ISCO fraction collector (model 640). To locate the rDNA, 10u1 of each fraction was
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spotted on a Zeta-Probe membrane placed in a Dot Blot apparatus (both BioRad).

Hybridization with a radioactive labeled probe specific for rDNA was done as described

elsewhere inn this chapter. In parallel, 20uJ of each sample were spotted on numbered

places on an agarose plate containing 0.5 ug/ml EtBr. The fractions containing the

highest amounts of rDNA in respect to bulk DNA were pooled and the DNA washed

with 3x 2ml Tris-HCI (10mM, pH 8.0) and concentrated using a Centhcon-30 column

following the instructions of the manufacturer (Am icon). This was done by centrifugation

in a SS-34 rotor at 4°C at 6,000 rpm until the volume was around 100u1.

80U.I of enrichment rDNA was digested overnight at 37°C with 5u1 Ehei (10U/u1; MBI)

and 10uJ restriction buffer Y+ (MBI) in a volume of 100 uJ. The completion of digestion

and the enrichment of the rDNA were checked on an agarose gel. The sample was

than used for either directly loading on a 2D gel or was further processed.

6 Enrichment of rephcative intermediates with BND-

cellulose columns

Genomic DNA purified with Qiagen Genomic-tips or enriched rDNA was applied on

BND-cellulose columns in order to obtain DNA samples enriched in rephcative

intermediates. 21 Oui of DNA samples enriched in rDNA were digested with 15u1 Ehel

(10U/u1) and 25u1 restriction buffer Y+ (both MBI) at 37°C during minimally 12 hours.

Completion of the digestion was checked in an agarose gel. DNA samples were

equilibrated to 300mM NaCI and the volume was adjusted to 600u1.1 ml of BND-cellulose

(0.1g/ml in Tris-HCI 10mM pH 8.0, NaCI 300mM) was applied to an empty

chromatography column (BioRad, Cat. No. 731-1550). Then the column was washed

6x with 1ml Tris-HCI 10mM, pH8.0, NaCI 800 mM. After that the column was equilibrated

6xwith 1ml Tris-HCI 10mM, pH 8.0, NaCI 300 mM. The tip of the column was closed

and the previously equilibrated DNA sample was loaded. The DNA was allowed to bind

to the BND-cellulose during 30 minutes with gentle agitation every 10 minutes. The flow

through was then collected. The column was washed twice with 1ml Tris-HCI 10mM,

pH 8.0, NaCI 800 mM. Rephcative intermediates were then eluted with 600 ul elution

solution (10mM Tris-HCI (pH 8.0), 1M NaCI, 1.8% caffeine) after incubation during 10

minutes with the elution solution. The flow through of washing and elution step were
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both collected. To enable a photometric quantification of the DNA content of the sample,

it was purified from caffeine using the High Pure PCR Purification Kit (Roche). The

DNA was eluted with 2x 50u1 Tris-HCI (1 OmM, pH 8.0) and the amount of DNA measured

with a photometer (Eppendorf). Depending of the amount of DNA in the sample, the

DNA got concentrated (~100ng/uJ) to loadable volumes (~20u1) using a speedvac. The

samples were then ready to be loaded on a 2D gel.

7 Neutral-neutral 2-dimensional agarose gels (2D gels)

2D gels were essentially made as described by Brewer and Fangman (Brewer and

Fangman, 1988). For differently sized fragments, different conditions were used.

7.1 2D gel conditions for 9.1 kb fragments

A restriction enzyme that cuts once per rDNA unit produces rDNA fragments with a

length of 9.1 kb. To analyze initiation of replication in dependence of regulatory

sequences, we digested DNA samples enriched in rDNA and/or rephcative intermediates

with Ehel as described in the previous sections. This enzyme is an isoschizomere to

Narl and cuts one time in the rDNA unit at the 3'-end of the 35S coding sequence. The

first dimension gel contained 0.3% agarose (Ultra pure, Gibco BRL) and 1x TBE seq

(1 OOmM Tris-HCI-Base, 89mM borate, 2mM EDTA) and had dimensions of 20 x 24cm.

After the gel polymerized completely, it was placed for 30 minutes at 4°C. After placing

the gel in the gel apparatus (BRL Horizon, Gibco BRL), the comb was taken out and the

slots were carefully washed out using a syringe. Then DNA samples (2ug of DNA)

containing 1x Blue Juice (0.01% bromophenolblue, 0.01% xylene cyanol, 6% glycerol)

were loaded and it was fractionated during 42 hours with 20V at room temperature in 21

1xTBE seq. The gel was then stained in 111x TBE seq containing 0.3 ug/ml EtBrfor45

minutes in the dark. The gel was photographed under UV light and the lanes containing

the DNA of interest were cut out and embedded in another gel (0.75% agarose (Ultra

pure, Gibco; 1x TBE seq, 0.3 ug/ml EtBr) after turning the gel slices 90°. The second

dimension was run during 31 hours with 70V at 4°C in circulating 1x TBE seq. The gel

was then again photographed under UV light and blotted s described in chapter 14.
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7.2 2D gel conditions for 4.6 kb fragments

Figure 12 shows a 2D gel analysis of fragments with a length of 5kb and 4.4 kb. To

separate fragments with these lengths according to mass and form, the first dimension

was run in a gel containing 0.5% agarose (Ultra pure, Gibco) in 1x TBE seq during 17

hours with 36V. After completion of the first dimension, lanes of interest were treated as

described in the previous section and embedded in fresh agarose (1%). The second

dimension was run for 9 hours at 4°C with 140V in 1x TBE seq containing 0.3 ug/ml

EtBr. Buffer was circulated by a peristaltic pump. The gel was then photographed under

UV light and blotted as described elsewhere in this chapter.

8 Psoralen Retardation Assay

Yeast cells were grown to exponential phase, harvested by centrifugation and washed

twice with ice-cold water. The cells were resuspended to a density of 5x108/ml in bd

H20. 1.4ml of the cell suspension was then pre-incubated with 0.05 volumes of 4,5',8-

trimethylpsoralen (200 ug/ml in EtOH, Sigma) for 5 minutes in the dark. The cells were

subsequently irradiated during 5 minutes using a 366-nm UV lamp (model B-100 A,

Ultra Violet Products, Inc., San Gabriel, CA) from a distance of 6cm. Incubation with

psoralen and UV-irradiation was repeated 5 times with addition of fresh psoralen before

every pre-incubation step. The cells were then washed twice with ice-cold bd H20 and

DNA was isolated using Qiagen Genomic-tips 20/G following the instructions of the

manufacturer. 15u1 of the isolated DNA was digested with 1 uJ EcoRi (50U/u1) and 2 ul

of EcoRi restriction buffer (both MBI) in a total volume of 20 ul at37°C during 10 hours.

After 5 hours an additional ul EcoRi (50U/u1, MBI) was added. After that, the digested

DNA was separated in a 1.2%-agarose gel (20 x 24cm, BRL Horizon, Gibco BRL) with

circulating 1x TAE (40mM Tris-HCI-acetate, 1mM EDTA) buffer during 18h with 70V.

The gel was subsequently irradiated during 10 minutes with UV light (254 nm, see

below), blotted and hybridized against a probe specific for the rRNA genes as described

elsewhere in this chapter.
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9 Digestion and gel electrophoresis of DNA isolated in

agarose plugs

After isolation of DNA in agarose plugs, the genomic DNA was digested within the

agarose plugs. A plug containing DNA was placed in a 1.5-ml Eppendorf tube and 1ml

of 1x NEBuffer 3 was added. The tube was then gently agitated (80 rpm) during 1 hour

at room temperature. The buffer was taken off and 300 ul of NEBuffer 3 and 5 ul of BgAi

(1 OU/ul, NEB) were added. It was then incubated overnight at 37°C. The next morning,

the buffer containing the restriction enzyme was removed and the plug was washed

with 1ml wash buffer (10mM Tris-HCI, pH 8.0; 1mM EDTA) during 30 minutes at 80

rpm. The wash buffer was exchanged with 1ml 1xTBE seq during 1 hour at 80 rpm and

room temperature. The agarose plug was then placed in a slot of an agarose gel (1%,

Ultra pure, Gibco BRL) and the remaining space in the slot filled with melted agarose.

The gel was run at 4°C with 70V during 24 hours in circulating 1x TBE seq buffer. After

staining of the gel in water containing 0.5 ug/ml EtBr, a picture was taken under UV

light. The gel was then blotted and hybridized as described elsewhere in this chapter.

10 Restriction digestion and gel electrophoresis of DNA

isolated after the CTAB-method

2ug of genomic DNA isolated after the CTAB-method, was digested with 2u1 of BgAi

(1 OU/ul, NEB) in a volume of 20 ul containing 2u1 of 10x NEBuffer 3 at 37°C during 3

hours. After two hours of incubation, 1u1 of RNAse III (isolated from R. capsu/atus,

provided by G. Klug, Giessen) was added to degrade dsRNA as well as optionally 1 ul

of T4 endonuclease VII (100U; gift of B. Kemper) to resolve branched DNA structures.

The samples were then directly loaded on a gel (20 x 24cm, BRL Horizon, Gibco BRL)

containing 1.2% agarose (Ultra pure, Gibco BRL). The DNA was separated at room

temperature during 18 hours with 70V in circulating 1xTAE buffer. The gel was stained

with EtBr, photographed under UV-light and subsequently blotted as described elsewhere

in this chapter.
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11 Cell sorting, relaxation of ERCs and gel electrophoresis

of DNA of old cells

Isolation of old cells was essentially done as described by (Smeal et al., 1996) and the

procedure is outlined in Figure 25. 2x108 cells in exponential phase were harvested and

washed 3x with 1ml ice-cold PBS (140mM NaCI; 3mM KCl; 10mM Na2HP04; 2mM

KH2HP04). The cells were resuspended in 1 ml ice-cold PBS containing 10mg NZ-Link

Sulfo-NHS-LC-Biotin (Pierce, Socochim) and incubated during 20 minutes at room

temperature with agitation every 5 minutes. Subsequent washing with ice-cold PBS (3x

1ml) removed unbound biotin. The biotinylated cells were then used to inoculate 11

fresh YPD medium. Cell growth was allowed for around 10 hours until a cell density of

2x107 cells/ml was reached. The cells were harvested by centrifugation (25 minutes,

5000 rpm, 4°C, GS-3) and resuspended in 35ml ice-cold PBS. During the centrifugation,

400u1 magnetic beads (BioMag Streptavidin Ultra Load Particles; Qiagen) were washed

3x with 1ml ice-cold PBS during 2 minutes in a magnetic sorting stand at 4°C and

resuspended in 1ml PBS (ice-cold). After addition of the magnetic beads, the cells were

incubated on ice during 2 hours with agitation every 15 minutes. The cell suspension

was then divided in 4 15ml-Falcon tubes, which were placed in a magnetic sorting

stand and incubated at 4°C during 20 minutes. The supernatant containing young cells

was then exchanged with 9ml fresh ice-cold YPD. Again, the 15ml-Falcon tubes were

placed in the magnetic sorting stand and the cells were incubated during 15 minutes at

4°C. Exchange of growth medium and incubation during 15 minutes at 4°C was repeated

7x. The cells were then collected in a volume of 2ml in an Eppendorf tube and again

sorted during 5 minutes at 4°C. Resuspended in 1 ml YPD, the isolated old mother cells

covered with magnetic beads were used to inoculate 11 of fresh YPD to allow additional

cell growth in order to reach higher aged cells. After 10 hours of incubation, the old cells

were isolated out of the medium exactly as described above, with the exeption that the

cells were incubated with the magnetic beads during 3 hours on ice with agitation every

15 minutes. Afterthe additional sorting procedure of the 2nd incubation, 20u1 of the cells

were diluted with PBS to 200u1 and sonicated. A few grains of Fluorescent brightener

28 (Sigma) were added and the mixture was incubated during 5 minutes at room

temperature. After washing with 3x 1ml PBS, the cells were resuspended in 50u1 PBS
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and bud scars were counted using a fluorescence microscope. Usually, the cells had

made around 7 divisions. The yield of the sorted cells was determined by light microscopy

and the DNA of the sorted cells was isolated with Qiagen Genomic-tips 20/G and

resuspended in 30uJ Tris-HCI (10mM, pH 8.0).
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Figure 25: Outline of isolation of old mother cells. See text for detailed description of manipulations.

To relax supercoiled forms of ERCs, 17u1 of DNA isolated out of sorted cells was

incubated during 1 hour at 37°C with 1 ul Topoisomerase I (12U/u1; Gibco) and 2uJ 10x

topo l-buffer (50mM Tris-HCI pH 7.6; 50mM KCl; 10mM MgCI2; 0.5mM DTT; 0.1 mM

EDTA; 30 ug/ml BSA). After adding 4u1 6x Blue Juice (0.05% xylene cyanol, 0.05%

bromophenol blue, 30% glycerol), the reaction mixture was loaded on the gel, which

contained 0.8% agarose (Ultra pure, Gibco). The gel was run at 60V at room temperature

during 12 hours with circulating 1x TAE buffer. The gel was stained with EtBr,

photographed under UV-light and subsequently blotted as described elsewhere in this

chapter.
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12 Isolation of DNA out of Low Melting Agarose

In order to examine ERCs by EM, DNA of old mother cells was separated in a 0.6% low

melting agarose gel (SeaKem) in circulating TAE buffer during 34 hours at 35V. Then

gel slices a, b and c (Fig. 13) were cut out of the gel. The gel slices were melted in

individual Eppendorf tubes at 72°C during 5 minutes, followed by cooling at 42°C during

2 minutes. 1.8U agarase per gram agarose were added (Agar ACE enzyme, Promega)

and the mixture was incubated at 37°C over night. The DNA was then precipitated by

adding 1/10 volumes of sodium acetate (3M) and 1 volume isopropanol. After pelleting

the DNA during 30 minutes in a microfuge, the pellet was washed with 70% ethanol

(ice-cold) and subsequently resuspended in 15u1 bd H20.

13 Electron Microscopy

DNA from the corresponding gel slices at positions where the ERCs bands migrate

(Fig. 13) was recovered as described and concentrated using a Microcon column

(Microcon 50 NMGG 50.000/rosa, Amicon) following the instructions of the manufacturer

to approximately 5 ng/ui. To 0.75 ul of ERCs DNA (5 ng/uJ), 0.25 ul of internal standard

circular molecules of plasmid pBSFT99 DNA(12ng/u1), 0.5 ulformamide and 0.25 ulof

0.02% benzyldimethylalkylammonium chloride (BAC) were added and immediately

spread onto a hypophase of re-distilled water as described by Sogo and co-workers

(Sogo et al., 1987). The DNA was pick up onto 400-mesh grids covered with standard

carbon films pretreated with ethidium bromide (Sogo et al., 1979). After the spread

DNA molecules were deposited onto the carbon surface they were stained with uranyl

acetate and dehydrated by immersion in ethanol. Finally, the grids were rotary shadowed

at an angle of 3° with platinum/carbon. Micrographs were taken on Philips 420 electron

microscope operating at 100 kV accelerating voltage. DNA contour length measurements

were carried out with a Hewlett-Packard digitizer (Sogo et al., 1986). Plasmid DNA

pBSFT99 is 3122 bps in length.
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14 Southern Blot procedure

Before a gel could be blotted it had to be prepared. If psoralen-crosslinked was separated

in the gel, the DNA had to be de-crosslinked. This was done by irradiation of the gel

with UV light (254 nm) during 10 minutes (Syilvania, G15T8, 9.15 kJ/m2 total dose). In

case DNA fragments larger than 5kb were analyzed, the DNA was depurinated by

soaking the gel in 11 0.25N HCl for exactly 10 minutes. The gel was then rinsed with bd

H20 and soaked during 30 minutes in 0.4N NaOH to denature the DNA and neutralize

the HCl.

For transfer of the DNA to a Zeta-probe GT blotting membrane (Bio Rad) and

hybridization with a radioactive probe, the instructions of the manufacturer were followed.

The gel was placed upside down on two pre-wetted 3MM papers (Whatmann) that

reached in a pool of 0.4N NaOH and a piece of Zeta-probe GT blotting membrane

(BioRad), previously soaked in bd H20 for 10 minutes, was placed on the gel. Three

with 0.4N NaOH pre-wetted 3MM papers (Whatmann) and a stack of paper towels

were put on the membrane. A glass plate was placed on top of the paper towels. During

the assembly of the blotting apparatus, air bubbles were avoided. 12-20 hours later, the

nylon membrane was taken neutralized 3x in 300ml 2xSSC (0.3M NaCI, 30mM Tris-

HCIodium citrate) and air-dried. The DNA was covalently crosslinked to the membrane

by putting it two hours at 80°C.

Unspecific binding of the probes was minimized by treatment of the membrane with

15ml prehybridization solution (0.25M Na2HP04, pH 7.2; 7% SDS, 50\iglm\ tRNA (E.coli;

type XXI (Sigma))) during 2 hours at 65°C. The radioactive probe was diluted with 10ml

hybridization solution (0.25M Na2HP04, pH 7.2; 7% SDS), denatured during 5 minutes

in boiling water and added to the membrane after discarding the prehybridization solution.

Hybridization was done rotating at 65°C over night. The next day the membrane was

first rinsed in 50ml wash solution I (40mM Na2HP04, pH 7.2; 5% SDS) and then washed

twice during 30 minutes at 65°C with 300ml wash solution I in a plastic tray. After two

addition washings done the same way, but with washing solution II (40mM Na2HP04,

pH 7.2; 1 % SDS), the membrane was dried between two 3MM papers (Whatmann) and

packed in saran wrap. The membrane was then exposed on Kodak Phosphorlmager

screens at room temperature or on Fuji RX-100 autoradiography films at-80°C. Signals
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were quantified using a Phosphorlmager Molecular Dynamics Storm 820 and

ImageQuant as analysis program.

In case the membrane was reused, it got stripped previously by placing a hybridization

bottle containing the membrane and 300ml stripping solution (0.1x SSC, 0.5% SDS)

during 30 minutes at 94°C. This was repeated once. The membrane was then checked

for remaining radioactivity and hybridized with a different probe as described above.

15 Radioactive probes

15.1 The templates

Templates were made by restriction digestion of plasmids or by PCR amplification of a

specific sequence of genomic or plasmid DNA. For a PCR, 1 ug of genomic DNA or 1-

2 ng of plasmid DNA was used as input DNA. 100-150 pmol of both primers were

added, as well as individual nucleotides (Ultrapure dNTP set, Pharmacia) to a final

concentration of 100-200 uM. 0.1 volumes of 10x PCR buffer (1 OOmM Tris-HCI (pH8.3),

500mM KCl, 30mM MgCI2) and 1U Taq polymerase (Qiagen) were added. The reaction

volume usually was 20 ul. The PCR was made in a GeneAmp PCR System 9600 (Perkin

Elmer). First the DNA was denatured during 10 minutes at 95°C. Then 25 PCR cycles

were made (denaturing during 1 minute at 94°C, annealing during 1 minute at a

temperature specific for the primers (Table 3) and elongation at 72°C during a time

span specific for the template), followed by a final elongation step at 72°C during 10

minutes. The duration of the elongation step of the PCR cycle was set after the rule 1

minute per kb. The whole reaction mix was then loaded on an agarose gel and the

correct fragment was extracted from the gel using QIAquick columns (Qiagen).

Alternatively to PCR, 10ug plasmid DNA (pMB128, see above) or genomic DNA was

digested during 2 hours at 37°C with Stui (NEB) or Xbai (Roche), respectively, in the

appropriate restriction buffer. The 1.7 kb fragment resulting of Stui digestion and the

3.7 kb fragment resulting ofXbai digestion were then gel purified using QIAquick columns

(Qiagen). The 3.7 WbXbai fragment was then additionally amplified by PCR with primers

rDNA-3768U and rDNA-6734L with reaction conditions as described above. The resulting

PCR fragment was gel purified using QIAquick columns (Qiagen).
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Tables 3 & 4 summarize all used primers and produced fragments, respectively.

Table 3: Primers and Oligos used in this study.

Primer Sequence (5"-3")

3330 CAC ACC CTA ACT GAC ACA CA

3753 CTG CAA TTG AAG TGC AAC

4294 GGG AGA CAA AGT AGA GTA GTA A

4342 AGC CAA CAG GGA AGG GTT G

4776 GAT GTT CAT CAG GAT TGC CC

5342 ACA CCC TGC TCA TCA AG

rDNA-443 AAA TAC TAC GAA CTA CGA TT

tfj NA-2180 ATA TAC GTT TCT CAC ACA AG

rDNA-447 ATC CCA TAA CTA ACC TAC

rDNA-1053 AAA ATA CTA CGA ACT ACG

140 ACG ATG AGG ATG ATA GTG TG

260 AGA GAA GGG CTT TCA CAA AG

560 GGA ACT TGC CAT CAT CAT TC

rDNA^3788U TAA TTC CAG CTC CAA TAG CGT AT

rDNA-6734L ACC TCT AAT CAT TCG CTT TAC C

Tm Target

57 SV40

50 SV40

55 SV40

66 SV40

55 SV40

53 SV40

60 rDNA

50 rDNA

47 rDNA

48 rDNA

53 rDNA

53 rDNA

53 rDNA

55 rDNA

53 rDNA

Table 4: DNA fragments produced in this study.

Fragment Primers/Enzyme

455-1061 rDNA-455

rDNA^1061

7293-8979 Stu I

4512188 rDNA^443

rDNA-2180

3768^6734 rDNA^3768U

rDNA-6734L

4342^5325 4342

5325

4342-4778 4342

4776

3330-4294 3330

4294

3753-4294 3753

4294

Target Length

Sequence

rDNA 606 bp

rDNA 1686 bp

rDNA 1737 bp

rDNA 2966 bp

SV40 983 bp

SV40 434 bp

SV40 964 bp

SV40 541 bp

Use Labeling

Probe I Random prime

Probe II Random prime

Probe III Random prime

Probe IV Random prime

Probe A Primer extension

Probe A Primer extension

Probe B Primer extension

Probe B Primer extension
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15.2 Production of ds probes with random prime labeling

The HexaLabel DNA Labeling Kit (MBI) was used to produce ds probes. 10uJ DNA

solution (5 ng/ul) was boiled during 5 minutes with 10 ul hexanucleotide and 23 ul bd

H20. 3u1 Mix C, VI Klenow fragment and 3u1 (a-32P)-dCTP (Hartmann) were added

and the reaction mix was incubated during 30 minutes at 37°C. Unincorporated

nucleotides were removed using a G-50 Sephadex Quick Spin column (Roche). The

amount of incorporated radioactivity was estimated with a Geiger counter. Table 4

summarizes which probes were labeled using this method.

15.3 Production of ss probes in a primer extension reaction

Single-stranded probes were used to detect fragments bearing tag A and tag B,

respectively. VI template DNA (5 ng/ul; see Table 4 for used fragments) was mixed

with 10 ul primer (1 pmol/ul, see table 3 for used primers), 4 ul 10x PCR buffer (1 OOmM

Tris-HCI (pH8.3), 500mM KCl, 30mM MgCI2), 0.2u1 Taq polymerase (5 U/ul, Qiagen),

10 ul of a dA,TTP mixture (0.1 mM, Ultrapure dNTP set, Pharmacia), 9u1 bd H20, 3u1 (a-

32P)-dCTP and 3u1 (a-32P)-dGTP (both Hartmann). The labeling reaction consisted 25

cycles with denaturing at 94°C during 45 seconds, annealing at 51 °C during 5 minutes

and elongation at 72°C during 3.5 minutes. Unincorporated nucleotides were removed

using a G-50 Sephadex Quick Spin column (Roche). The amount of incorporated

radioactivity was determined by scintillation counting of 1 uJ of the probe using a Cerenkov

protocol. Typical probe activities achieved were 1.5-3x107 cpm.

Probes A (Fig. 8) contained ss probes produced with primer 4342 and fragment 4324-

5325 and primer 4776 and fragment 4342-4776, respectively. Similarly, probe B (Fig.

8) contained ss probes produced with primer 4294 and fragment 3330-4294 and primer

3753 and fragment 3753-4294 (See appendix for specifications of primers and

fragments). Thus probes A and B both contained individually labeled ss probes for both

strands of tag A and tag B, respectively.
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16 High resolution mapping of DNA breaks (Primer extension)

16.1 5'labeling of oligos

10u1 of primer (1pmol/u1, see below) were denatured during 2 minutes at 95°C and

snap cooled on ice. 8.5u1 TE (pH 8.0) and 3uJ 10x T4 Polynucleotide Kinase (PKN)

buffer (70mM Tris-HCI pH 8.0, 10mM MgCI2, 5mM DTT; NEB), 7.5u1 (Y-32P)-dATP

(Hartmann) and VI T4 Polynucleotide Kinase (PNK; NEB) were added. The reaction

mixture was then incubated during 30-60 minutes at 37°C. To stop the reaction 70u1 TE

(pH 8.0) were added and the unincorporated nucleotides were removed using a G-50

Sephadex Quick Spin column (Roche). The amount of incorporated radioactivity was

determined by scintillation counting of 1 ul of the probe using a Cerenkov protocol.

Primers 140, 260 and 560 were used in labelings (see Table 3).

16.2 Primer extension and sequencing reactions

5ug of DNA isolated after the CTAB-method were digested with 2u1 EcoRi (1 OU/ul,

NEB) in a volume of 20u1 during 3 hours at 37°C. The DNA was then extracted with

phenol-DI and Dl. After precipitation of the DNA with 100% EtOH, the pellet was washed

once with 70% EtOH and the DNA was subsequently resuspended in 20u1 Tris-HCI

(10mM, pH 8.0). The amount of DNA was measured by gel electrophoresis (mini-gel)

and the concentration was set to 30ng/uJ. For sequencing reactions 30ng DNA of CY3148

was diluted in a total volume of 2 VI with Tris-HCI (10mM, pH 8.0) and 1.2u1 of the

corresponding ddNTP mix (ddA, ddT, ddG or ddC) was added. ddNTP mixes contained

the corresponding ddNTP to NTPs in a ratio of 1:20 for adenine, 1:10 for cytosine and

thymine and 1:5 for guanine (Pharmacia Biotech). Then 8u1 of the endlabeled oligo

(0.5-0.7 pmol) and 4u1 10x Taq polymerase buffer (Qiagen) were added. For primer

extension reactions, 90ng of DNA was diluted to 21 ul with Tris-HCI (1 OmM, pH 8.0) and

1.2uJ of dNTP mix (5mM, Pharmacia Biotech) and endlabeled primer and 10x Taq

polymerase buffer as for sequencing reactions were added. The procedure for seuencing

reactions and primer extensions was then the same. After denaturing the samples during

10 minutes at 95°C, they were immediately put on ice, 5u1 Taq Polymerase (diluted to

0.2U/uJ with bd H20, Qiagen) was added and the mixture was overlaid with 2 drops of
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mineral oil (Sigma). The primer extension reaction was made in a PCR cycler (Perkin

Elmer) with 30 cycles containing following steps: denaturing during 45 seconds at 94°C,

annealing during 4 minutes at 55°C and elongation during 3 minutes at 72°C. The

aqueous phase was then precipitated during 15 minutes on dry ice after adding 1/10

volumes 3M NaAc (pH 4.8) and 4 volumes 100% EtOH (ice-cold). The DNA was pelleted

during 30 minutes at full speed in a refrigerated microfuge and the supernatant was

discarded. After drying the pellet using a Speedvac, the DNA was resuspended in 8u1

sequencing buffer (80% formamide, 10mM NaOH, 1mM EDTA (pH 8.0), 0.1% xylene

cyanol, 0.1% bromophenol blue).

16.3 Sequencing gels

Depending of the length of the expected products, differently concentrated acrylamide

sequencing gels were used to separate the primer extension products. When primers

140 and 260 were used, sequencing gels containing 8% acrylamide were made and

when primer 560 was used sequencing gels containing 5% acrylamide were made. For

5%-sequencing gels, 42g urea was resuspended in 10ml 10x TBE seq and 12.5ml

acrylamide/bisacrylamide (19:1 mixture, 40% stock, Fluka). For 8%-sequencing gels

20ml acrylamide/bisacrylamidewas used. The mixture was the briefly warmed, filled up

to 100ml with bd H20 and filtered (3w, Filtrax). After adding 600u1 10% APS (BioRad)

and 40u1 TEMED (BioRad), a gel of the proportions 0.35 x 335 x 395 mm was poured.

Gels were prerun during 1 -2 hours at 2000V / 50 mA. After heat-denaturing the samples,

5u1 was loaded per lane. The gels were run at 2000V / 50 mA until the xylene cyanol

migrated to the bottom of the gel. After drying of the gel between two 3MM Whatmann

with an underlying DE81 paper (Whatmann) during 2 hours at 80°C under vacuum (Gel

Dryer, BioRad), it was exposed on a Fuji RX-100 autoradiography film at -80°C or on

Kodak Phosphorlmager screens at room temperature.

17 Marker for low-resolution mapping

Different markers were produced by restriction digestion of genomic DNA isolated of

log phase W303 cells. The fragments of these markers are of defined length and can

be detected using probes I, II and III (See Figures 1,18 and 19C). Different combinations
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of restriction enzymes were used to produce the different markers. Table 5 gives an

overview, which enzymes and buffers have been used. 1 ug of DNA was digested in a

volume of 10ui containing VI of 10x restriction buffer and total 1 ul of restiction enzymes.

The mixture was then incubated during 2 hours at 37°C. Completion of digestion was

checked on an agarose gel and the markers were diluted 1:50. In low-resolution mappings

such as one shown in Figure 19, VI of each marker was loaded. See Table 5 for length

of fragments detected with different probes.

Table 5: Lenght of different marker fragments produced by restriction digestion

Marker DNA Enzymes

M Ehe 1 pg W303 log phase Ehe I

M Eco 1 pg ¥¥303 log phase EcoR I

M H/E 1ug ¥¥303 log phase Hind HiEcoR I

M H/B 1ug ¥¥303 log phase Hhd Hißgl II

NEBuffer Length of detected fragment

Probe 1 Probe il Probe III

Y+ (MBI) 9137 bp 9137 bp 9137 bp

2 2438 bp 2846 bp 2438 bp

2 2250 bp 2846 bp 2250 bp

2 2330 bp 2247 bp 2330 bp
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