


Abstract

Abstract

Within the cell, DNA is compacted through its organisation into chromatin. A great deal 1s
known about the chromatin structure of RNA Polymerase II-transcribed loci and its impact
on transcription by this polymerase. In contrast, far less is known about the role of
chromatin in RNA Polymerase I transcription. RNA Polymerase I transcribes tDNA genes
within the nucleolus, producing 60% of all cellular transcripts. Studies into the chromatin
structure of the tDNA locus have resulted in an unclear picture as to the nature of
chromatin on actively transcribed rDNA genes. Furthermore, chromatin remodeling factors
have so far only been shown to function on inactive rtDNA repeats. This study used a
combination of techniques to investigate the chromatin structure of actively transcribed
tDNA repeats. In addition, the presence and function of chromatin remodeling factors at
this locus was addressed. Chromatin immunoprecipitation analysis revealed that actively
transcribed rDNA genes possess a form of chromatin structure composed of, at least,
histones H2B and H3 and that histone H3 is dimethylated at lysine 4 and 36. Furthermore,
chromatin remodeling factors Chd1p, Iswlp and Isw2p are present across the rDNA locus
and are likely recruited by both histone tail modifications and rfRNA. Iz ww chromatin
analysis was used to analyse the chromatin structure over the termination region of tDNA
repeats and showed that Chdlp, Iswlp and Isw2p function redundantly to maintain a
specific chromatin structure at inactive repeats. Finally, transcription run-on analysis
demonstrated that Chdlp, Iswlp and Isw2p function redundantly to ensure efficient
transcription.

These data therefore lead to an updated model of S. cerevisize fDNA transcription, whereby
RNA Polymerase I transcription occurs on a chromatin template. Chromatin modifications
function to recruit chromatin remodeling factors that are required to ensure efficient

transcription.
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Chapter 1: Introduction

Introduction

Preface

RNA Polymerase I (Pol 1) is responsible for the transcription of ribosomal DNA (tDNA)
genes, resulting in the production of ribosomal RNA (rRNA), a vital catalytic and structural
component of the ribosome. While rfRNA genes account for 10% of the Saccharomyces
cerevisiae (S. cerevisiae) genome, their transcription generates 60% of cellular transcﬁpts, with
~2000 ribosomes produced per minute (Warner, 1989). Please note that hereafter, the term
“yeast” refers specifically to S. cerevisiae.

The process of Pol I transcription in . crevisiae will be summarised below. This thesis has
focussed on the question of chromatin and rDNA transcription. Thus, chromatin and

chromatin remodeling factors are also discussed below.

1.1 The rDNA locus

Biogenesis of both tRNA and ribosomes takes place in the nucleolus. This organelle is a
crescent-shaped structure lying alongside the nuclear envelope and occupying up to one-
third of the nucleus. The nucleolus is divided into three sub-compartments: the fibrllar
centre; the dense fibrillar component and the granular component. It is believed that the site
of rfRNA transcription lies in the transition zone between the fibrillar centre and the dense
fibrilar component (Scheer and Hock, 1999). The nucleolus 1s a dynamic organelle and both
its structure and location within the nucleus depends on normal Pol I transcription (Oakes

et al.,, 1998).

Within the yeast nucleolus, the rfRNA genes are located on Chromosome XII on a tandem
array (Johnston et al., 1997). Each transcription unit 1s ~9.1kb in length (Goffeau et al,
1996) and produces a 35S polycistronic transcript. The transcription unit comprises the 183

gene, the 5.8S gene and the 25S gene. In addition, there are two external transcribed
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sequences (5' ETS and 3' ETS) and two internal transcribed sequences (ITS) (Figure 1.1).
~150 copies of the rDNA transcription unit are found in budding yeast, arranged head-to-
tail with individual transcription units separated by a non-transcribed spacer (NTS1 and
NTS2). Located within the transcription unit are also an enhancer (see below), an ongin of
replication (ARS) and the 58 gene. This gene is transcribed from the opposite strand to the

rDNA genes by RNA Polymerase III (Pol III).

In higher eukaryotes, fRNA genes are found on several chromosomes, forming arrays of
tandem repeats known as nucleolus organiser regions. In humans for example, ~400 rRNA
genes are divided 1nto nucleolus organiser regions on chromosomes 13, 14, 15, 21 and 22.
Furthermore, rRNA genes can be present as extrachromosomal copies. In maturing
amphibian oocytes for example, fRNA genes are amplified, producing thousands of

extrachromosomal copies (Raska, 2003).

In all organisms, approximately half of tfRNA genes are transcriptionally silent and in yeast,
the distribution of active and inactive copies is known to be random (Dammann et al.,
1995). Silencing at the tDNA locus is discussed below (Section 1.8.2). Active transcription
of tfRNA genes visualised by electron microscopy produces a “Christmas tree” structure.
The path of the gene is the trunk of the tree and the pre-rRNAs radiate away from the
trunk, forming the branches of the tree. This structure was first seen in nuclear spreads from

amphibian oocytes. Such structures were later shown to also exist in yeast (reviewed in

Raska, 2003).

In yeast cells, Pol I transcription does not fluctuate during the cell-cycle. This is in stark
contrast to mammalian cells where large oscillations in transcription are seen. rDNA

transcription shuts down in mitosis, gradually increases during G1 phase and is maximal in S
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and G2 phases. The repression of transcription during mitosis is achieved through inhibitory
phosphorylation of SL1 and UBF. In addition, essential UBF phosphorylation required for
its activity is lost. During G1 phase, the inhibitory phosphorylation is lost and UBF is
phosphorylated at two activatory sites, allowing for full activity during S and G2 phases

(reviewed in Grummt, 2003 and Russell and Zomerdijk, 2005).

1.2 Eukaryotic RNA Polymerases

Transcription is the process by which RNA is synthesised from its template DNA. Almost
all eukaryotic genes are transcribed by one of three RNA Polymerases. Pol I is dedicated
solely to the production of rRNA. Transcription of protein-encoding genes by RNA
Polymerase II (Pol II) produces messenger RNAs (mRNAs). In addition, Pol II is
responsible for the production of a number of small nuclear RNAs (snRNA) and small
nucleolar RNAs (snoRNAs). Pol III transcribes the remainder of the snRNAs, tRNA and 5S
tRNA. The ratio of RNA to DNA in a rapidly growing . cerevisiae cell is 50:1, with rRNA
contributing 80% of this RNA (Warner, 1999). Finally, in Arabadopsis thakana, a fourth
polymerase has been identified as being required for amplification of small interfering RN As

(Onodera et al., 2005).

Pol I consists of 14 subunits, Pol IT of 12 and Pol III of 13 (Ishihama et al., 1998). Those
subunits belonging to Pol I are denoted “A”, those belonging to Pol II as “B” and those
belonging to Pol III as “C”. All enzymes share 5 common subunits (ABC10a, ABC108,
ABC14.5, ABC23 and ABC27), whilst Pol I and Pol III share a further two subunits that are
not found in Pol II (AC19 and AC40). The shared subunits are all essential for cell viability

but there 1s no evidence that these five subunits are sufficient to form a functional enzyme

(references in Bischler et al., 2002).
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The structure of Pol I has been determined by electron microscopy (Klinger et al., 1996,
Schultz et al., 1993b). These studies indicated that yeast Pol I is characterised by 2 3nm wide,
10nm long groove which forms a putative DNA binding site. The structure is similar to E.
coli holo-enzyme and Pol II lacking the non-essential subunits B4 and B7 (Schultz et al,
1993b). A more recent cryo-electron microscopy study elucidated the location of the 4 Pol I-
specific subunits on the core enzyme (Bischler et al., 2002). Of great interest is the location
of A43, the subunit known to interact with the transcription factor Rrn3p (see below) and
the only essential Pol I-specific subunit. A43, together with Al14, forms a stalk which is
located at the site where the CTD of the large Pol II subunit exits the enzyme, suggesting

this structure may fulfil a similar role to that of the CTD in Pol II (Bischler et al., 2002).

1.3 Transcription by RNA Polymerase I

1.3.1 Promoter structure

In contrast to the Pol II and Pol III promoters, the primary sequences of Pol I promoters
are not highly conserved, resulting in species-specific transcription (Heix and Grummit,
1995). However, the general promoter architecture is conserved from yeast to man (Paule,
M. R. 1998). This architecture consists of two ws-acting promoter elements, the core element
(CE) and the upstream promoter element (UPE). The CE overlaps the start site of
transcription, denoted as +1 (Klemenz and Geiduschek, 1980), by 4-6bp and extends ~50bp
upstream. The sequence surrounding +1 is known as the ribosomal initiator (tInr) and 1s
AT-rich, allowing easy melting of the DNA duplex. The second promoter element, the
UPE, is located upstream of the CE and extends to approximately -150. The CE is
absolutely required for transcription and can direct low levels of transcription 7z »ve when
the binding of factors to the UPE is blocked. However, the UPE 1s required for full
transcription and formation of a stable pre-initiation complex (PIC) at the promoter (Keys

et al., 1996).
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1.3.2 Additional cis-acting elements within the rDNA locus
In addition to the CE and UPE, a number of other ds-acting elements are found within the

rDNA transcription unit.

Upstream of the UPE lies a proximal terminator (PT) which binds the termination factor
Reb1p. This element is unable to mediate termination as it is in the wrong orientation (Lang
et al, 1994). It has been proposed to stimulate transcription in 2 number of ways, including
protecting the promoter from read-through polymerases (Bateman and Paule, 1988;
Henderson et al., 1989), remodeling chromatin over the promoter (Langst et al., 1998) and

altering the structural organisation of the promoter region (Sander and Grummt, 1997).

The final ds-acting element to be discussed here is the enhancer, 2 190bp element found
approximately 100bp downstream of the tfDNA transcription unit and overlapping the
termination region (Elion and Warner, 1984; Flion and Warner, 1986). This is the sole
enhancer element in S. cerevisiae, in contrast to higher eukaryotes which possess multiple such
elements. The yeast enhancer is able to act bi-directionally to stimulate transcription at a
promoter located over 2kb away (Johnson and Warner, 1989; Kulkens et al., 1992). It is
unclear how the enhancer functions and a number of models have been proposed. Firstly, it
has been suggested that the enhancer acts to assist stable PIC formation (McStay et al., 1997;
Schultz et al,, 1993a). A second model proposes that the enhancer acts to stimulate that rate
of transcription from already active genes (Banditt et al., 1999; Morrow et al, 1993). The
enhancer is known to bind the termination factor Reb1p and it is thought that Reb1p bound
at the enhancer and PT causes the rDNA transcription unit to loop, bringing the
termination region of one repeat close to the promoter of another repeat (Paule and White,

2000).
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1.3.3 Initiation

Initiation of Pol I transcription involves the coordinated binding of a number of #rans-acting
factors to the ws-acting promoter elements described above (Figure 1.2). Basal transcription
in witro requires the core factor (CF), Rrn3p and Pol I. To achieve full transcription however,
upstream activation factor (UAF) and TATA binding protein (ITBP) are required, with UAF

and TBP stimulating transcription 10-50 fold (Keener et al., 1998).

CF binds to the CE of the promoter (Bordi et al., 2001) and is composed of 3 TBP-
associated factors (TAFs): Rrn6p, Rrn7p and Renllp (Keys et al., 1994; Lalo et al., 1996; Lin
et al,, 1996). CF interacts weakly with TBP via Rin6p (Steffan et al., 1996), stimulating

recruitment of CF to the promoter (Aprikian et al., 2000).

The UPE is bound by UAF, which contains 6 subunits: Ren5p; Rtn9p; Ren10p; histone H3
and histone H4 and Uaf30p (Keener et al, 1997; Keys et al., 1996; Siddiqi et al., 2001).
Interaction of UAF with the UPE occurs in the absence of other factors and commits the
rtDNA to transcription (Bordi et al, 2001; Keys et al, 1996). In contrast to CF subunit
mutants, mutants in UAF subunits Rrn5, Rr9p and Rin10p are viable, indicating that this
complex 1s not essential but serves to stimulate transcription (Keys et al, 1996). The
presence of histones within UAF may suggest that this complex is able to mark a promoter
for transcription by wrapping the promoter DNA around these histones, relieving a
repressive chromatin structure. UAF also plays a role in silencing tDNA transcription by Pol
II. There is a cryptic Pol II promoter that overlaps the Pol I promoter and produces an
equivalent 35S primary transcript (Conrad-Webb and Butow, 1995). This polymerase switch
occurs in the absence of UAF, indicating a role for this factor in silencing Pol II

transcription (Oakes et al., 1999; Vu et al., 1999). More recently, the Uaf30p subunit of UAF
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was characterised and found to be required for silencing of Pol II transcription within the

rDNA locus, with little effect on the activatory function of UAF (Siddiqi et al., 2001).

TBP is a DNA-binding protein that interacts with the minor groove of the TATA element
at Pol II and requires severe distortion of the DNA. TBP is also required for high levels of
Pol I transcription, but not for basal transcription (Keener et al, 1998). TBP interacts
directly with both UAF and CF, although the interaction with UAF is stronger (Lin et al,
1996; Steffan et al., 1996). This interaction with UAF requires the Rrn9p subunit (Steffan et
al.,, 1998). Overexpression of TBP can rescue UAF deletions, suggesting that TBP aids
recruitment of CF by UAF, stabilising CF at the promoter. In addition, TBP stimulates high

levels of transcription (Aprikian et al., 2000).

An early screen identified genes involved in rRNA synthesis, RRIN7-9, which have been, in
part, described above as components of UAF or CF (Nogi et al., 1991a). RRIN3 encodes the
transcription factor, Rrn3p that directly interacts with Pol I, stimulating its recruitment to
the promoter (Yamamoto et al., 1996). This interaction occurs via the Pol I subunit A43. In
addition, Rrn3p makes contact with CF via Rrn6p, suggesting that Rrn3p acts as a bridge
between Pol I and CF (Peyroche et al., 2000). This interaction 1s crucial for CF recruitment,
as CF cannot be recruited to the promoter in the absence of Pol I (Aprikian et al, 2001).
Whilst Pol I can be recruited to the promoter in the absence of Rrn3p, efficient transcription
only occurs in the presence of Pol I complexed with Rrn3p (Aprikian et al., 2001; Milkereit
and Tschochner, 1998). It has therefore been suggested that Rrn3p, when complexed with
Pol I, may cause the polymerase to adopt an active conformation. Formation of the Pol I-
Rrn3p complex is accompanied by an increase in the phosphorylation state of Pol I,
suggesting a mechanism whereby transcription could be regulated (Fath et al., 2001). In

contrast, studies of the mammalian homologue of Ren3p, TIF-IA, indicate that it is the



Chapter 1: Introduction

phosphorylation of TIF-IA that regulates its interaction with Pol I (Cavanaugh et al., 2002).
Phosphorylation of Rrn3p is known but it is not required in yeast to effect Ren3p-Pol 1
complex formation. Both studies however agree with previous data indicating that
Ren3p/TIF-IA dissociates from Pol I upon transcription (Aprikian et al., 2001; Milkereit and
Tschochner, 1998). Phosphorylation/dephosphorylation of Rn3p and/or Pol I may
therefore act as a switch to regulate formation of a stable PIC and possibly the shift to

elongation (see below).

The order of PIC assembly is shown in Figure 1.3. Firstly, UAF binds to the UPE. This
occurs in the absence of any other factors and designates the tDNA repeat for transcription
(Keys et al., 1996). Next, TBP recruits CF, acting as a bridge between the UAF and CF.
Stable recruitment of CF cannot occur in the absence of Pol I, itself complexed with Rrn3p
(Aprikian et al, 2001). Thus, the recruitment of Pol I-Rm3p is concomitant with the
recruitment of CF. The association of UAF, CF, TBP and Pol I-Rm3p forms a stable PIC,
competent for initiation of transcription. Finally, dissociation of the PIC occurs upon

addition of nucleotides (Aprikian et al.,, 2001) and Pol I enters productive elongation (see

below).

The system of frans-acting factors and as-acting elements described above in yeast shows
both similarities and differences to the system in higher eukaryotes and at present appears to
be more complex (Grummt and Pikaard, 2003; Moss and Stefanovsky, 2002). Mammalian
cells possess the same architecture of cs-acting elements as yeast, the UPE and the CE.
However, the factors that bind to these elements are not all homologous to the yeast factors.
PIC formation is initiated by the binding of selectivity complex (SL1/TIF-IB). This is
followed by the binding of the HMG1 box upstream binding factor (UBF), an interaction

that is stabilised by SL1. Binding of UBF results in DNA bending and the formation of an



Figure 1.3: Diagram showing the order of pre-initiation complex assembly. (1) The rDNA promoter
region is shown as a grey box, with the UPE and CE shown in red and blue respectively. (2) UAF binds to the
UPE in the absence of any other factors, designating the tDNA repeat for transcription. (3) TBP recruits CF,
bridging CF and UAF. Stable recruitment of CF requires the Pol I-Rrn3p complex. Thus CF recruitment brings
Pol I-Re3p to the promoter. The association of UAF, CF, TBP and Pol I-Rem3p forms a stable PIC, competent
for initiation of transcription. (4) Finally, dissociation of the PIC occurs upon addition of nucleotides and Pol I

enters productive elongation.
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“enhanceosome”, followed by the recruitment of Pol I-RRN3 by SL1 (Friedrich et al., 2005).
In contrast to the yeast system, both UBF and SL1 contact the UPE and CE, and both
factors are thought to remain at the promoter, forming a reinitiation scaffold (Friedrich et
al., 2005). It is also thought that two dimers of UBF bind whilst the stoichiometry of SL1 is
unknown. SL1 contains TBP and 3 TAFs, two of which show homology to Rm6p and
Ren7p of CF. Furthermore, SL1 recruits Pol I-RRN3, mirroring the recruitment of Pol I-
Rin3p by CF. SL1 is therefore thought to be homologous to CF. UBF however is not
thought to be homologous to UAF. UBF is a single polypeptide and does not bear any
structural resemblance to UAF. Whilst UAF is thought to be restricted to the promoter,
UBF binds throughout the rDNA transcription unit (O'Sullivan et al., 2002). In addition,
UBF is found at high levels in the cell at ~5x10° copies per cell (O'Sullivan et al, 2002)
whilst UAF is found at low levels at ~1x10° copies per cell (Bier et al., 2004). The functional
homologue of UBF in the yeast system may be the HMG-box protein Hmo1lp which is able
to bind and bend DNA (Gadal et al., 2002; Kamau et al., 2004). Finally, the conservation
between Rrn3p and the mammalian homologue RRN3/TIF-IA is so strong that these

factors are interchangeable in the two systems (Moorefield et al., 2000).

1.3.4 Elongation

As yeast Pol I clears the promoter and enters elongation phase, it is no longer associated
with any of the factors found in the PIC. UAF remains bound at the UPE, acting as a
scaffold for reinitiation whilst CF, TBP and Ren3p all leave the promoter as shown in Figure
1.3 (Aprikian et al,, 2001; Milkereit and Tschochner, 1998). Loss of Rrn3p occurs during or
just after promoter clearance (Bier et al, 2004). This requirement of Rrn3p-Pol 1 for
transcription offers a mode of regulation. Specific phosphorylation of Pol I (Fath et al.,
2001) may recruit Ren3p, whilst dephosphorylation may facilitate dissociation of Rrn3p from

Pol I upon promoter clearance and entry into elongation. This hypothesis has been
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strengthened by the recent discovery that the CTD phosphatase Feplp is required for
efficient Pol I transcription (Fath et al., 2004). This phosphatase is not required for

formation of the Rrn3p-Pol I complex, suggesting it may facilitate elongation.

In contrast to Pol II transcription, only a small number of elongation factors have been
identified for Pol I transcription. It has been shown that the basal Pol II transcription factor,
TFIIH, acts during Pol I transcription (Iben et al., 2002). TFIIH is localised to sites of active
transcription within the mouse nucleolus and is specifically associated with SL1
(homologous to CF) and Pol I. Furthermore, neither the phosphorylation nor ATP
hydrolysis activities of TFIIH are required, indicating that TFIIH stimulates Pol I
transcription at a post-initiation stage and most likely during elongation. In addition,
elongation requires either topoisomerase I or II. Loss of these enzymes leads to the
appearance of extrachromosomal rDNA rings, suggesting that topoiomerases are required to

overcome torsional strain during elongation (Kim and Wang, 1989).

As is seen above, far fewer factors have been identified as being required for transcription
by Pol I than by Pol II. Pol T elongation complexes are densely packed along the active
tRNA genes with approximately 50 complexes per gene, transcribing at a rate of
approximately 60 nucleotides per second (French et al.,, 2003). This transcription rate is
almost 2-fold faster than the rate estimated for Pol II, of ~23nt per second (Shermoen and
O'Farrell, 1991). Such a rapid transcription rate, coupled with the dense packing of
transcription complexes along an active tDNA repeat, has been used as an argument against
a chromatin structure on active rRNA genes. This will be discussed in greater detail in

Section 1.8.1.

10
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1.3.5 Termination

Termination of Pol I transcription has been studied in a range of eukaryotes from yeast to
Xenopus to mouse. A common architecture of two DNA sequence elements has been found,
comprising a binding site for a sequence-specific DNA binding protein and an upstream

element that encodes the final ~10nt of the primary transcript (Reeder and Lang, 1998).

Termination of transcription was first thought to occur at +210 with respect to the end of
the 35S primary transcript (Kempers-Veenstra et al, 1986; van der Sande et al., 1989).
However, further studies indicated that the primary site of termination is located at +93 with
a failsafe terminator located at +250. ~90% of transcripts are terminated by the +93
terminator, with ~10% reading through to the +250 failsafe terminator (Reeder et al., 1999).
The +93 termination site is directly downstream of the first element of the terminator, the
10-12bp T-rich release element. Downstream of the T-rich element is the 11bp Reblp
binding site. These two elements function in a two-step termination process, with transcripts
first being paused and then released (Lang et al, 1994; Reeder and Lang, 1997). The
elements found within the yeast termination region are shown in Figure 1.4. In addition, the

sites of Ratlp cleavage are shown (see below).

The pause element is composed of Reblp, bound to its site on rDNA. Reblp is
homologous to mammalian TTF-I and both factors possess Myb homology DNA binding
domains (Reeder et al., 1999). The function of Reblp is orientation-dependent (Lang and
Reeder, 1993) and termination efficiency is increased if the affinity of Reblp for its binding
site is increased (Reeder et al., 1999). The release element is T-rich (on the non-template
strand) and located 25nt upstream of the Reb1p binding site. Mutation of nucleotides within
this element has been shown to diminish termination (Lang and Reeder, 1995).

Furthermore, this element can function when the Reb1p binding site is replaced by the lac
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repressor binding site (Jeong et al., 1995). However, release of paused transcripts 1s much
slower than when the Reb1p binding site is present, indicating that Reb1p functions not only

to pause the polymerase, but also plays a direct role in transcript release (Lang and Reeder,

1995).

The two-step model of termination indicates that elongating polymerases are stalled by
Reb1p bound to its binding site. The location of the Reblp site causes the polymerase to
pause over the T-rich release element. The polymerase is then proposed to backtrack away
from the pause site, resulting in mismatch between the transcript and the template. A stable
rRNA-rDNA hybrid cannot form and the polymerase therefore cannot elongate further.
The ternary complex dissociates, achieving termination and transcript release (Reeder and
Lang, 1997). It is predicted that the presence of a non-homopolymeric release element
ensures that the polymerase does not enter an iterative cycle of slippage and elongation but

rather effects termination (Jeong et al., 1996).

In higher eukaryotes, the same terminator architecture is seen (Reeder and Lang, 1998). In
contrast to a single Reb1p binding site at the site of termination, eight Sal boxes are found in
mouse. The Reblp homologue, TTF-I, binds to these Sal boxes. In humans, downstream
sequence elements with homology to the Sal box are found and the human homologue of
mTTF-I, hTTF-1, has been identified. Furthermore, both mouse and humans possess an
upstream release element (Mason et al, 1998). In contrast to yeast, a release factor is
required in mouse. This factor was identified and named Pol I and Transcript Release Factor
(PTRF) (Jansa et al, 1998; Mason et al, 1997). PTRF associates with the largest Pol I
subunit A194 and requires the upstream T-rich element to effect release (Jansa and
Grummt, 1999; Mason et al,, 1997). PTRF is also known to bind TTF-I, suggesting that it

may form a bridge between the polymerase and TTF-1. Furthermore, PTRF binds the 3' end
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of the rRNA primary transcript although the consequences of this binding are not clear
(Jansa et al., 1998). Finally, it is thought that PTRF also functions to enhance transcription
through Pol I recycling and can be phosphorylated at multiple sites, suggesting a means of

regulating its activity (Jansa et al., 2001).

The requirement of a release factors appears to be conserved from mouse to yeast
(Tschochne and Milkereit, 1997). It was found that Reblp-paused transcripts could be
released upon addition of the murine release factor (Mason et al., 1997). Thus is 1n contrast
to studies indicating that Reb1p could effect full termination of Pol I (Lang et al,, 1994; Lang
and Reeder, 1995). It is thought that yeast Pol I used in these experiments was already
complexed with the yeast release factor. It has since been shown that PTRF is able to release
murine Pol I transcripts paused by Reblp or TTF-I, or yeast Pol I transcripts paused by
Reblp. However, PTRF is unable to release yeast Pol I transcripts paused by TTF-I. Thus it
appears that the yeast system requires an as-yet-unidentified release factor that is
homologous to PTRF. Furthermore, some of the interactions occurring at the terminator are

conserved from yeast to mouse, whilst others are species specific (Jansa and Grummt, 1999).

More recently, a Pol I subunit, A12, and the endoribonuclease Rntlp have been implicated
in termination (Prescott et al, 2004). Nascent transcription profiles in the strains lacking
Rpal2p and Rntlp indicated that these factors are required for efficient transcription
termination. Loss of Rpal2p led to high levels of read-through into the downstream
intergenic spacer and into the downstream promoter whilst loss of Ratlp caused
termination to occur further downstream than normal. Tt is suggested that Rpal2p may
interface between Reblp and Rntlp whilst Ratlp may be required to ensure the location

and efficiency of termination.
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1.4 Processing of the primary transcript

Once the 35S primary transcript has been transcribed by Pol I, it must be processed into the
mature 18S, 5.8 and 25S transcripts. An early, co-transcriptional cleavage event 1s
performed by the endoribonuclease Rntlp (Figure 1.4). Ratlp is homologous to bacterial
RNaselll (Elela et al, 1996) and is also required for snRNA and snoRNA cleavage
(Chanfreau et al., 1997; Chanfreau et al., 1998). Rntlp cuts at a tetraloop containing a
conserved AGNN sequence 13-16bp from the cleavage sites within the 3' ETS (Chanfreau
et al., 2000; Chanfreau et al., 1998). These cleavage sites are found at +14 and +49 relative
to the 3' end of the primary transcript (Kufel et al., 1999).

Once Ratlp has cleaved the primary transcript, a rapid series of further cleavages occur. In
addition, the transcripts are modified. In total, ~170 proteins and 70 snoRNAs are involved
in the post-transcriptional stages of ribosome assembly (Dez and Tollervey, 2004).

Processing and modification of rRNA transcripts is reviewed in Granneman and Baserga,

2005 and Dez and Tollervey, 2004.

1.5 An RNA Polymerase I holoenzyme?

Evidence from plants has suggested that a Pol 1 holoenzyme may exist that contains Pol 1
and all necessary transcription factors pre-assembled, pnor to PIC formation on the
promoter (Kenzior and Folk, 2001). The requirement of an Rmn3p-Pol I complex for
efficient transcription initiation, and the need for Ren3p-Pol I to be present to effect CF
binding to the CE would suggest the possibility of a Pol I holoenzyme (Aprikian et al., 2001,
Milkereit and Tschochner, 1998). The discovery of a complex contamning Pol I, transcription
factors such as Ren3p and TBP, Reb1p and tRNA processing factors adds weight to this
idea (Fath et al., 2000). However the components of this complex do not associate in

stoichiometric amounts and the question of a Pol I holoenzyme remains open.
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A related question regards the fate of Pol I after each round of transcription. A study in
mammalian cells showed that Pol I subunits dissociate and rapidly exchange between the
nucleoplasm and the nucleolus (Dundr et al,, 2002). However, a more recent study in yeast
indicated that Pol I remains intact when not engaged in active transcription with no
detectible exchange of Pol I subunits (Schneider and Nomura, 2004). These contrasting
results could suggest that yeast Pol I transcription is very different to mammalian
transcription. However it is also suggested that technical differences can explain the
opposing results (Schneider and Nomura, 2004). Thus it is thought most likely that Pol I
does not dissociate after each round of transcription and can stably perform multiple rounds

of transcription.

1.6 Chromatin

The length of a eukaryotic genome (~2 metres in humans) compared to the diameter of the
cell nucleus (~10° metres) necessitates the compaction of DNA. This is achieved through
the packaging of DNA into a nucleoprotein complex, chromatin, via a series of hierarchical
coiling steps. ~146bp DNA is wrapped around a histone octamer to form a nucleosome.
The histone octamer is composed of 8 core histones: two H2A/H2B dimers and one
H3/H4 tetramer (Luger et al, 1997). Coiling around the octamer causes the DNA to
become severely distorted. This high energy cost is compensated for by the histone:DNA
interactions which occur every 10bp, resulting in 7 histone:DNA contacts per DNA coil
(Langst and Becker, 2004). Further stabilisation occurs through contacts between the H4 tail
and the exposed surface of H2A/H2B dimer on an adjacent nucleosome, although this
stabilisation appears to be absent in S. cerevisiae (Luger et al., 1997; White et al., 2001). It is
now recognised that chromatin not only serves to condense the DNA but also plays a
crucial role in gene regulation (Krebs et al, 2000; Lee and Young, 2000). In general, the

packaging of DNA into chromatin is not compatible with the access required by DNA
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binding factors that regulate replication and transcription and repair damaged DNA.
However it should be noted that pioneer transcription factors exist that are capable of
binding to and opening compacted chromatin (Cirillo et al., 2002). To overcome a repressive
chromatin structure, three types of mechanism exist (Figure 1.5). The first involves covalent
modification of histone protein tails (Berger, 2002; Fischle et al, 2003). The second
mechanism involves the incorporation of histone variants into the nucleosome (Korber and
Horz, 2004). Finally, chromatin remodeling factors use the energy liberated by ATP
hydrolysis to disrupt DNA-histone interactions (Flaus and Owen-Hughes, 2004; Langst and

Becker, 2004).

Histone tail modifications and histone varants are discussed in this section. Chromatin

remodeling factors are discussed below in Section 1.7.

1.6.1 Histone tail modifications

All four histones possess N-terminal domains known as “tails” that protrude from the
nucleosome. In yeast, these tails range in size from 14 to 30 amino acids. Histone tails are
rich in basic amino acids and are subject to a wide range of modifications, including
acetylation, methylation, phosphorylation and ubiquitylation. Within the tails, lysines (K) are
acetylated, methylated and ubiquitylated, arginines are methylated and ADP-nbosylated, and
serines and threonines are phosphorylated. The complexity of modifications 1s enhanced by
the knowledge that lysine residues can be mono-, di- or trimethylated and arginine residues
can be mono- or dimethylated (Martin and Zhang, 2005; Peterson and Laniel, 2004;
Vaquero et al., 2003). Furthermore within the globular domains, K56 of histone H3 and
K91 of histone H4 are also acetylated (Xu et al., 2005; Ye et al., 2005). The combination of
histone tail modifications has been proposed to form a code that is read out by effector
proteins, resulting in activation/repression of transcription (Strahl and Allis, 2000). More

recently, it has been suggested that tail modifications may influence gene expression through
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a simpler, cumulative charge neutralisation model, and not through a complex,
combinatorial code (Dion et al., 2005; Henikoff, 2005). What is clear, however, 1s that
histone modifications facilitate the recruitment of effector proteins that influence gene
expression e.g. Iswip binds to the tails of histone H3 methylated at K4 (Santos-Rosa et al,
2003). Histone tail modifications are also self-propagating e.g. phosphorylation of serine 10
on histone H3 recruits the histone acetylase Gen5 that then catalyses acetylation of K14
(Zhang and Reinberg, 2001). A further example of cross-talk amongst modifications is the
dimethylation of histone H3 K4 by Set1p. This modification requires the prior ubiquitylation

of histone H2B K123 by Rad6p (Dover et al., 2002; Sun and Allis, 2002).

In addition to the numerous modifications and the cross-talk amongst them, different
modifications have different effects on the chromatin in which they are found. Acetylation,
phosphorylation, ubiquitylation and arginine methylation are almost exclusively activatory
for transcription, whereas lysine methylation can be either activatory or repressive. S.
cerevisiae possesses three histone methyltransferases, Setlp, Set2p and Dotlp that are
responsible for methylation of histone H3 K4, 36 and 79 respectively (Sims et al., 2003). All
three modifications serve to activate transcription. For the purposes of this thests,

methylation by Set1p and Set2p will be discussed.

Setlp is a methyltransferase that specifically methylates histone H3 at K4 (Boa et al.,, 2003;
Briggs et al., 2001; Nagy et al, 2002; Roguev et al,, 2001). Setlp is a component of the
COMPASS complex (Krogan et al., 2002a; Miller et al., 2001) and is involved in both
activation and repression of transcription (Krogan et al., 2002a; Santos-Rosa et al., 2003). Of
particular interest to this thesis, Setlp is required for silencing at the rDNA locus (Briggs et

al., 2001; Bryk et al., 2002; Fingerman et al., 2005).
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Setlp is responsible for both di- and trimethylation of histone H3 and both these marks are
associated with actively transcribed Pol II genes (Bernstein et al., 2002; Santos-Rosa et al.,
2002). Dimethylation can be associated with silenced regions e.g. ItDNA (Briggs et al., 2001),
as well as active regions; trimethylation however is only found at active loci (Santos-Rosa et
al., 2002). The patterns of di- and trimethylation differ, with dimethylation seen throughout
coding regions, whilst trimethylation is usually restricted to the 5' end of the coding region
(Ng et al., 2002; Santos-Rosa et al., 2002). Under stress conditions though, trimethylation is
seen at the 3' end of genes, possibly signalling impaired transcription (Zhang et al., 2005).
The restricted pattern of trimethylation is thought to occur due to the interaction of Setlp
with the serine 5 phosphorylated CTD of Pol II (Ng et al.,, 2002). Multiple domains of Setlp
itself also function to regulate trimethylation (Schlichter and Cairns, 2005). Setlp activity
further requires the Rtf1 and Pafl components of the Pafl complex, linking histone H3 K4

methylation and transcription elongation (Krogan et al., 2003a; Ng et al., 2002).

Set2p is a histone methyltransferase that specifically dimethylates histone H3 at K36 (Strahl
et al.,, 2002). K36 dimethylation (H3 K36diMe) is found on actively transcribed genes, with
build-up seen towards the 3' end of the transcribed region (Morillon et al., 2003a). Set2p is
found throughout coding regions (Krogan et al., 2003¢) and has been shown to interact with
the serine 2 phosphorylated CTD of RNA Pol II (Krogan et al., 2003c; Li et al., 2003; Li et
al,, 2002; Schaft et al., 2003; Xiao et al., 2003) via a Set2p domain known as Set2p-Rpbilp
interaction domain (Kizer et al, 2005). The interaction of Set2p with the serine 2
phosphorylated CTD 1is necessary for its methyltransferase activity (Krogan et al., 2003c;
Xiao et al., 2003). Furthermore, Set2p recruitment is also dependent on the presence of Pafl
complex components Rtfl and Cdc73 (Krogan et al,, 2003c). These requirements are very
similar to those for Setlp methylation of H3 K4 and suggest that Set2p and H3 K36

methylation 1s linked to transcription elongation.
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The modification of histone tails provides a mechanism of factor recruitment. Many
proteins involved in the regulation of gene expression possess domains that are able to
interact with, and be recruited to, modified histones. The bromodomain, found in the
acetyltransferase Gen5 and the chromatin remodeling complex NoRC, is able to bind to
acetylated lysine residues (Mamorstein and Roth, 2001; Zeng and Zhou, 2002). The chromo
(chromatin organisation modifier) domain was first identified in two Drosophila proteins HP1
and Polycomb (Paro and Hogness, 1991) and has since been found in a large number of
proteins including the S. cerevisiae chromatin remodeling factor Chdlp (Woodage et al,
1997). Chromodomains interact with methylated lysine residues, as well as DNA and RNA
(Akhtar et al., 2000; Brehm et al, 2004). Histone tail modifications thus facilitate the
recruitment of a wide range of factors to chromatin, facilitating further modifications and

effecting chromatin remodeling.

The lifetime of a given histone tail modification will directly affect its ability to influence the
chromatin environment in which it is found, and to recruit protein factors. Acetylation
marks are removed by histone deacetylases (HDACs), whilst phosphorylaton can be
removed by phosphatases. Methylation however may be a more permanent mark as the half-
life of histones and methyl-lysine residues is the same and identification of demethylases has
proved problematic (Bannister et al., 2002). This would suggest therefore that in contrast to
the dynamic marks of acetylation and phosphorylation, methylation is 2 long-term mark.
Such a view however appears incompatible with the known dynamic role of histone tail
methylation in transcription (Morillon et al., 2005; Zhang et al, 2005). Recent studies
however 1dentified enzymes that can remove methyl groups from both lysine and arginine
residues. LSD1 1s able to demethylate histone H3 K4 and is conserved from
Schizosaccharomyces pombe to man (Shi et al., 2004). However the enzyme is absent from .

cerevisiae. The enzyme can demethylate di- and monomethylated lysine residues, but not
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trimethylated residues. Arginine methylation can be overcome by the action of PADI4, an
arginine deiminase that converts methylated arginine into citrulline (Cuthbert et al., 2004;
Wang et al., 2004). However the enzyme is non-specific and can convert unmethylated
arginine to citrulline. It is therefore still not clear how S. cerevisiae brings about specific and
efficient removal of lysine and arginine methylation during the dynamic transcription

reaction.

1.6.2 Histone variants

The incorporation of histone vardants into chromatin allows further modification. Histone
variants can differ from the major histones by as little as one amino acid or can show large
number of changes. Whilst histones H2B and H4 do not possess histones variants, histones
H2A and H3 have large numbers of variants, especially histone H2A. Not all vanants are
expressed in all organisms however. In . cerevisiae, there are two variants of H2A, known as
H2A and Htz1. Htz1 is the homologue of H2A.Z whilst H2A most resembles the variant
H2A.X. The major form of H3 in S. cerevisiae also most resembles a variant histone found in
higher eukaryotes, namely H3.3 (Kamakaka and Biggins, 2005).

Htz1 is incorporated into chromatin by the 13 subunit complex SWR1. This complex 1s able
to bind chromatin though its mnteraction with Bdfl, a bromodomain-containing factor that
binds the acetylated tails of histones H3 and H4. Genetic interactions were found between
SWR1 and elongation factors such as components of the Pafl complex, and the
methyltransferases Setlp and Set2p, suggesting that incorporation of the variant histone
Htz1 is linked in some way to transcription (Korber and Horz, 2004; Krogan et al., 2003b).
In Drosophila, the histone H3 variant H3.3 1s expressed throughout the cell cycle and is
deposited at transcriptionally active trDNA in a replication-independent pathway. It is
thought that incorporation of this histone variant may mark the tDNA repeat as active and

aid future rounds of transcnption (Ahmad and Henikoff, 2002).
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1.7 Chromatin remodeling factors

As described above, chromatin remodeling factors use the energy from ATP hydrolysis to
disrupt chromatin. These enzymes contain an ATPase subunit that belongs to the SNF2
superfamily and are grouped into four classes according to their domain structure:
SWI/SNF2, ISWI, CHD/Mi-2 and INO80 (Sif, 2004). SWI/SNF ATPases contain a
bromodomain and INOS80 class members have a split ATPase domain. ISWI ATPases
possess 2 SANT domain and CHD class members have chromodomains and PHD fingers,
although the latter are absent in S. cerevisiae (Langst and Becker, 2004; Woodage et al., 1997).
Whilst members of all classes show ATPase activity, the targets of this activity differ
between the different enzymes. Swi2 is maximally stimulated by free DNA whilst Mi-2

activity is only induced by nucleosomal DNA. Further, specific examples are given below.

1.7.1 Chdlp

The CHD/Mi-2 class was first discovered in mouse (Delmas et al. 1993) and is conserved
throughout eukaryotes, with Chd1p being the sole member in §. cerevisize (Woodage et al.
1997). Chdlp contains three different domains — two N-terminal chromodomains, a
centrally-located helicase/ATPase domain and a C-terminal DNA-binding domain (Figure
1.6A). The DNA-binding domain interacts with the minor groove of DNA at AT-rich
sequences (Stokes and Perry 1995). The chromodomain was first identified in the Drosophila
Polycomb protein due to its similarity to the protein HP1 (Paro and Hogness 1991). Both
are associated with heterochromatin, suggesting that Chdlp might act to repress
transcription. In agreement with this, a study on murine CHD1 showed that it associates
with an HDAC activity and with a co-repressor known as NCoR that functions to repress
nuclear hormone receptor transcription (Tai et al., 2003). However, CHD1 from a number
of species has been shown to function in active transcription, suggesting multiple functions

for this remodeling factor. In Drosophiia, CHD1 localises to areas of high transcriptional
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Figure 1.6: Chromatin remodeling factors. (A) Domain structure of S. cerevisize Chdlp. The two
chromodomains are shown as dark blue circles. The ATPase domain 1s shown as a black dashed rectangle and
the DNA binding domain is shown as a light blue oval. (B) The domain structure of §. cerevisiae Iswlp and
Isw2p. The ATPase domain i1s shown as a black dashed rectangle and the SANT domain is shown as a red
rectangle. (C) Diagrams representing the Iswl complexes found in the cell. The Iswla complex is composed of
Iswlp and Ioc3p. The Iswlb complex 1s composed of Iswlp, loc2p and loc4p. (D) Diagram representing the
Isw2 complex found in the cell. The Isw2 complex is composed of Isw2p, Itc1p, Dpb4p and Dlslp. Note that all
diagrams are representative and not drawn to scale. The diagrams in (C) and (D) show the components of the

complexes and the placement of protein factors does not necessarily represent interactions between these factors.
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activity known as puffs (Stokes et al. 1996) and this interaction is dependent on the chromo-
and ATPase domains. In addition, CHD1 co-localises with SSRP1, an HMG box-containing
protein. This result is also seen for mammalian CHD1 (Kelley et al., 1999). In §. cerevisiae,
Chd1p has also been shown to function in active transcription. The iz vitro ATP hydrolysts
activity of Chd1p is stimulated by free and nucleosomal DNA but not by core histones. This
remodeling activity is not accompanied by changes in the amount or mobility of nucleosome
particles, suggesting that Chd1p does not remove histones from DNA (Tran et al., 2000).
The activity of Chdlp has recently been extended to include the assembly of nucleosome
arrays. Loss of S. cerevisiae Chdlp was shown to deleteriously affect the replication-
independent assembly of chromatin arrays (Robinson and Schultz, 2003). Furthermore,
Drosophila CHD1 catalyses the transfer of histones from a chaperone onto DNA and can
convert randomly distributed nucleosomes into a periodic array (Lusser et al., 2005). This
chromatin assembly function of Chd1p suggests it may act to reassemble nucleosomes in the
wake of an elongating polymerase. Consistent with this theory, Chdlp has emerged as a
factor involved in Pol II elongation. Chdlp interacts with Rtfl, a component of the
transcription elongation complex Pafl; and Spt4-5 and Spt16-Pob3, both essential
elongation factors (Krogan et al., 2002b; Simic et al., 2003). The Pafl complex 1tself interacts
with Spt4-Spt5 and Spt16-Pob3, the yeast homologues of DSIF and FACT respectively.
Furthermore, Rtfl, Spt5 and Chdlp co-localise to chromatin being actively transcribed by
Pol IT and all Chd1p domains are required for its role in elongation (Simic et al., 2003). The
interaction of Chd1p with casein kinase II (CKII), which 1s known to phosphorylate Spt5,
suggests Chd1p may function in elongation by regulating the activity of CKII (Krogan et al.,
2002b). As discussed above, actively transcribed genes are associated with histone tail
modifications including lysine methylation. The role of Chdlp in active transcription
necessitates a mechanism for the localisation of Chd1p on active genes. A recent study has

suggested a means of Chd1p recruitment, via the tails of histone H3. Chd1p was shown to
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interact with H3 K4 dimethylated (H3 K4diMe) tails via its second chromodomain (Pray-
Grant et al,, 2005) and it has been suggested that Chd1p can also bind to H3 K36diMe tails
(Hampsey and Reinberg, 2003). Finally, Alen et al. have shown that Chd1p is required for
efficient transcription termination of CYC7. Furthermore, Chdlp functions redundantly

with Isw1p and Isw2p to effect termination at the GAL70-7 locus (Alen et al., 2002).

1.7.2 Iswlp

The ISWT class of chromatin remodeling factors is highly conserved throughout eukaryotes
and 1s represented in S. cerevisiae by Iswlp and Isw2p (Tsukiyama et al. 1999). All ISWI
members possess a SANT domain, in addition to the ATPase domain (Figure 1.6B). In the
cell, Iswlp is found in two distinct complexes, Iswla and Iswlb (Figure 1.6C). Iswla
contains Ioc3p whilst Iswlb contains Toc2p and Iocdp (Vary et al. 2003). Iswlp is able to
produce regularly spaced nucleosomal arrays (Tsukiyama et al., 1999) and the Iswla and
Iswlb complexes show equivalent nucleosome-stimulated ATPase activity, presumably due
to the common Iswlp subunit. However, Iswla shows stronger nucleosome sliding and
spacing activity than Isw1b (Vary et al., 2003). Drosgphila ISWI requires the N-terminal tail of
histone H4 for its activity (Clapier et al., 2001). This functions at a stage subsequent to the
interaction of dISWI with the nucleosome and requires the dISWI C-terminal domain,
which includes the SLIDE and SANT domains. The SLIDE domain is inserted into the
major groove of DNA whilst the negatively charged SANT domain points away from the
DNA and may contact positively charged histone tails (Grune et al., 2003). Iswlp in yeast
has both positive and negative effects on gene expression, with repression seen at 2 number
of loci including PHOS (Moreau et al. 2003). Distinct complexes of Iswlp also function at a
single locus. The MET76 locus is first repressed by Iswla. Upon activation, Iswla is
displaced and Iswlb is recruited, ensuring regulation of early elongation and termination

(Kent et al. 2001, Morillon et al. 20032). Iswlp may also act as a monomer, independent of
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its Joc partners (Vary et al., 2003). Finally, Iswlp has been shown to function redundantly

with Isw2p at the FIG7 and MET77 loci (Kent et al. 2001).

1.7.3 Isw2p

Isw2p in yeast is a positive regulator of early sporulation (Trachtulcova et al. 2000) but also
acts to repress a number of early meiotic genes by creating an inaccessible chromatin
structure over the promoter (Goldmark et al. 2000; Fazzio et al. 2001). In the cell, Isw2p 1s
associated with Itclp, Dpb4p and Dlslp (Figure 1.6D; Gelbart et al., 2001; McConnell et al.,
2004). The Isw2 complex interacts with both naked DNA and nucleosomal arrays in the
absence of ATP (Gelbart et al., 2001). A model thus suggests that Isw2 binds linker DNA in
the absence of ATP. ATP binding compacts the Isw2 structure. Hydrolysis of ATP to ADP
then promotes release of Isw2 from DNA. Finally, loss of ADP facilitates rebinding of Isw2
to DNA, resulting in nucleosome translocation (Fitzgerald et al., 2004). These data have
more recently been confirmed and extended to show that Isw2 function requires a basic
patch on the histone H4 tail, paralleling the requirement of this tail for Isw1 binding (Fazzio
et al, 2005). The Dls1p subunit of Isw2 1s required for its remodeling activity at certain loci
in vivo but 1s not required for the interaction of Isw2 with chromatin (McConnell et al.,
2004). The function of this Isw2 subunit 1s therefore not clear. The interaction of Isw2 with
chromatin has recently been shown to be transient, suggesting that Isw2 scans the genome,
searching for its targets (Gelbart et al., 2005). Isw2 is known to repress transcription of early
meiotic genes including INO7 (Sugiyama and Nikawa, 2001). This repression of INOT is
dependent on the DNA-binding protein Ume6p (Kent et al., 2001) and is independent of
the HDAC Rpd3p-Sin3p (Goldmark et al., 2000). There are, however, targets of Isw2 that
are independent of Ume6p but dependent on the Rpd3p-Sin3p complex (Fazzio et al.,
2001). An example of a Ume6p-independent target 1s PHO3 (Kent et al., 2001), suggesting

the existence of an unidentified factor able to recruit Isw2 to this locus.
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A number of interactions are known to occur between Chdlp, Iswlp and Isw2p. These
three remodeling factors have been shown by co-immunoprecipitation to physically interact
(Gavin et al., 2002). Furthermore, genetic interactions have been shown, as a Aohd1, Ausw1,
Aisw2 triple mutant is lethal at 37°C (Tsukiyama et al, 1999). Finally, Chd1lp, Iswlp and
Isw2p function redundantly to effect efficient transcription termination at the GAL70-7

locus (Alen et al., 2002).

1.8 Chromatin and the rDNA locus

The current view of chromatin and the rDNA locus is that inactive repeats are bound up in
silent heterochromatin, whilst active repeats are devoid of nucleosomes. However, a number
of studies over the years have suggested a more complicated picture than at first thought,
with active tfDNA repeats perhaps possessing a non-canonical chromatin structure. In
support of the first view though, the currently published functions of histone tail
modifications and chromatin remodeling factors on rDNA repeats in both yeast and higher
eukaryotes are limited to gene silencing. The evidence for and against active IDNA repeats
possessing chromatin structure is discussed, as well as the role of histone modifications and

chromatin remodeling complexes in rDNA silencing.

1.8.1 Chromatin structure of rDNA repeats

Studies on the chromatin structure of tDNA repeats have been carried out for a number of
years by numerous groups using a range of different techniques. The picture that has
emerged from these studies 1s unclear, as studies appear, at first glance, to contradict each
other. Psoralen cross-linking studies have suggested that inactive repeats are nucleosomal,
whilst active repeats are devoid of nucleosomes. However, a number of studies have
indicated that active DNA repeats possess chromatin structure, although it differs from that

seen on inactive repeats. The evidence for these theories is discussed below.
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The largest group of studies suggesting active tDNA repeats are devoid of regular chromatin
have been carried out by the Sogo lab. These studies used the ringed compound psoralen
from the plant genus Psoraka. Psoralen can intercalate between the two strands of duplex
DNA and, upon exposure to ultraviolet (UV) light, react with thymidines forming covalent
cross-links. The cross-linked DNA is purified, digested with restriction enzymes and
separated by gel electrophoresis. This cross-linked DNA will migrate more slowly than
unmodified DNA. Early studies applying this technique in both Dictyostelium and mouse cells
found that tDNA separates into two bands. The heavily cross-linked, slow migrating band
was found to correspond to active tDNA repeats, whilst the fast migrating band
corresponded to inactive repeats (Conconi et al., 1989; Sogo et al,, 1984). From the heavy
psoralen cross-linking of the active repeats, it was concluded that they were devoid of
nucleosomes as regular nucleosomes would inhibit strong psoralen cross-linking. The
psoralen cross-linking technique was then applied to S. ceresisiae with the same results
(Dammann et al, 1993). In addition, early electron microscopy analysis indicated that
actively transcribed tDNA is in an unbeaded conformation, suggesting a lack of nucleosomal

structure (Labhart and Koller, 1982).

Whilst the psoralen cross-linking results suggest that active rDNA repeats are devoid of
nucleosomes, a number of studies have indicated that chromatin structure is present during
Pol I transcription. Siaphylococcal nuclease and DNase 1 digestion of 5. cerevisiae 35S rDNA
suggested the presence of regular nucleosome structure across coding sequences (Lohr,
1983). Furthermore, cross-linking studies in Physarum, Tetrabymena and Xenopus showed the
presence of histones on coding regions (Colavito-Shepanski and Gorovsky, 1983; Dimitrov
et al,, 1990; Dimitrov et al,, 1992; Prior et al, 1983). Histone acetylation has also been

identified on actively transcribed rRNA genes from rat tumour cells (Mutskov et al,, 1996).
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These studies were carred out using UV or formaldehyde cross-linking, followed by
immunoprecipitation and DNA analysis by Southern blot. In order to reconcile these studies
with the psoralen cross-linking studies, it has been suggested that histone signals are derived
from contaminating inactive repeats (Lucchini and Sogo, 1998). However, limitations of
psoralen are also known, as it has been shown that histone:DNA interactions, different from
those seen in regular nucleosomes, are possible and such interactions allow extensive
psoralen cross-linking (Conconi et al., 1984). Thus it has been suggested that these two sets
of studies could be reconciled by the presence of a chromatin structure on rDNA that
consists of non-canonical nucleosomes, or simple histone:DNA interactions (Toussaint et
al., 2005). The case for chromatin structure playing a role in Pol I transcription has been
furthered recently by a study showing that depletion of histones H3 and H4 inhibits Pol I
transcription (Tongaonkar et al., 2005).

There 1s therefore still no consensus with regard to the chromatin structure of actively
transcribed Pol I repeats. It does seem clear though that some form of structure involving

nucleosome components is likely to play a role in Pol I transcription.

1.8.2 Silencing at the rDNA locus

Silencing at the rfDNA locus is thought to occur by a number of different mechanisms. In
addition to the roles described above for the methyltransferase Setlp in active Pol II
transcription, Setlp 1s also required for the silencing of Pol II transcription at the rDNA
locus. Pol II-transcribed genes inserted into rDNA are silenced by Setlp-mediated histone
H3 K4 methylation (Briggs et al., 2001). This mechanism is independent of the known
silencing factor Sir2p and involves the RNA recognition motif of Setlp (Bryk et al., 2002;

Fingerman et al., 2005).

27



Chapter 1: Introduction

A second mechanism for silencing at the tDNA locus involves the HDAC Sir2p (Bryk et al.,
1997; Smith and Boeke, 1997) and active rDNA transcription (Buck et al., 2002; Cioci et al.,
2003). It is thought that Sir2p interacts with rDNA and causes deacetylation of histone H3
and H4 tails. This loss of acetylation may alter the rtDNA chromatin structure, forming 2
binding site for a further factor such as Sir3p that is able to propagate the silenced state

(Hoppe et al., 2002).

Finally, it has recently been shown that the chromatin remodeling complex Swi/Snf is
required for tDNA silencing of RNA Pol Il-transcribed genes. It is not clear whether
Swi/Snf plays a direct or indirect role in silencing; however its function is independent of
both Setlp and Sir2p (Dror and Winston, 2004).

In higher eukaryotes, the chromatin remodeling complex NoRC establishes rDNA silencing.
NoRC is composed of two factors, TIP5 and the ATPase SNF2h. TIP5 iteracts with
histone H4 acetylated at K16 via its bromodomain, and with TTF-I which is bound to the
promoter-proximal terminator. NoRC induces chromatin remodeling via its SNF2h subunit,
the mammalian homologue of ISWI. NoRC also facilitates histone deacetylation and CpG
methylation by recruiting the HDAC-containing complex SIN3 and DNA
methyltransferases respectively. Methylation and deacetylation then propagate the silenced
state. The chromatin remodeling complex NoRC thus establishes and maintains a silent

chromatin state (Zhou and Grummt, 2005 and references therein).

1.9 Aims of this thesis

Much s known about the chromatin structure of Pol Il-transcribed mRNA genes. In
addition, numerous studies have investigated the roles of chromatin remodeling factors at
Pol 1I loci. Chromatin and chromatin remodeling factors have been shown to have both

positive and negative effects on Pol II transcription and detailed analyses have been
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undertaken to begin to understand how Pol II transcribes through its chromatin template. In
contrast, studies into the chromatin structure of tRNA genes have given mixed results. At
first, it would appear that active genes are devoid of chromatin structure whilst inactive
genes are silenced by heterochromatin. There have however been a number of studies
indicating that active rfRNA genes possess core histones and chromatin structure. These
latter studies were criticised as they did not differentiate inactive repeat signals from active
repeat signals. In addition, nucleosome components were localised to active rDNA repeats
by Southern blot. This gives an all-or-nothing signal and does not allow the determination of
histone profiles across the repeats. The overall aim of this thesis was therefore to study the
chromatin structure and histone modifications of (active) rRNA genes using strains that
allow the differentiation of signals arising from active and inactive repeats. The use of ChIP
analysis, coupled to real-time PCR allows not only the association of histones with active
repeats to be ascertained, but produces profiles of association over the chosen region. In
addition to the study of nucleosome components, this study also aimed to investigate the
role of chromatin remodeling factors at the rDNA Jocus.

In Chapter 2, ChIP analysis is used to study chromatin structure at actively transcribed
repeats. It is found that nucleosome components histones H2B and H3 are present on
active repeats. Furthermore, the N-terminal tails of histone H3 are modified by both K4 and
K36 dimethylation, with K4 methylation dependent on Setlp. In Chapter 3, it 1s shown that
chromatin remodeling factors Chdlp, Iswlp and Isw2p are present across the rDNA locus.
Chd1p recruitment may be facilitated by both K4 dimethylation and rRNA. In Chapter 4, i»
vivo chromatin analysis is used to analyse chromatin structure over the termination region in
active tDNA repeats. In addition, the function of chromatin remodeling factors is assessed.
It 1s found that a strain possessing only actively transcribed tDNA repeats shows a number
of differences in chromatin structure over the termination region, as compared to the wild-

type. Furthermore, Chdlp, Iswlp and Isw2p function redundantly to maintain a specific
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chromatin structure at inactive repeats. Finally, in Chapter 5, transcription run-on analysis is
used to analyse the Pol I nascent transcription profile. It is found that Chd1p, Iswlp and
Isw2p function redundantly to ensure efficient transcription termination.

These results allow an updated model of the chromatin environment during rDNA

transcription and the factors that function at tDNA repeats. This model is presented in

Chapter 6.
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Chapter 2: Analysis of chromatin at the tDNA locus

Preface

The potential role of chromatin in the transcription of actively transcribed rRNA genes has
been investigated for 2 number of decades, using a variety of techniques and carried out in a
wide range of organisms, from yeast to slime mould to humans. Electron microscopy (EM),
psoralen cross-linking and nuclease digestion techniques have all been used but have led to
differing views on the chromatin structure of active rDNA repeats. The dense packing of
Pol I elongation complexes along active rRNA genes (~50 complexes per gene) and the rate
at which these elongation complexes transcribe (~60 nt per second; French et al., 2003)
suggests that actively transcribed rDNA repeats are devoid of nucleosomes. This theory is
supported by evidence from both EM and psoralen cross-linking studies (Conconi et al.
1989, 1993). However, Pol II is known to transcribe through nucleosomal templates
(Hartzog, 2002; Studitsky, 2004), giving a clear precedent for polymerase transcription
through a nucleosome template. Evidence from nuclease digestion studies suggests that
active tDNA repeats possess a regular chromatin organisation (Lohr, 1983). Cross-linking
studies in Xenopus, Tetrahymena and Physarum have shown that coding sequences are
associated with core histones (Colavito-Shepanski and Gorovsky, 1983; Dimitrov et al.,
1990; Dimitrov et al., 1992; Pror et al,, 1983). Finally, it has recently been shown that partial
histone depletion inhibits Pol I transcription (Tongaonkar et al., 2005). Thus the common
view of actively transcribed rDNA repeats being devoid of nucleosomes does not appear as

clear cut as may be first imagined.

The aim of this chapter was to apply the newer technique of chromatin
immunoprecipitation (ChIP) coupled to real-time PCR analysis to investigate the profiles of
nucleosome components across the tDNA locus in S. cerevisize. This technique was first

employed to probe for the presence of core histones across active rtDNA repeats. The
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analysis was then extended by probing for modified histones. Finally, the effect of deleting

histone modifying enzymes was investigated.

2.1 Chromatin immunoprecipitation analysis

ChIP analysis is a powerful technique, allowing the identification of chromatin-associated
factors (Figure 2.1A). The technique uses formaldehyde to cross-link DNA and its
associated factors. Formaldehyde is a chemical that cross-links primary amino and thiol
groups. Cross-links are further propagated to amino acids, for example tyrosine and arginine
(Metz et al, 2004), facilitating the rapid cross-linking of DNA:protein complexes for
analysis.

After cross-linking, the cells are ruptured and the DNA is sonicated to produce small
fragments of a predetermined size. Addition of an antibody against a chosen factor e.g. a
core histone or transcrption factor, followed by incubation with beads that bind the
antibody allows isolation of specific cross-linked complexes. Treatment with proteinase K
digests the protein factors in the isolated complexes and the cross-links are reversed by high
temperature. DNA bound to the chosen factor 1s then purnfied and its sequence analysed
using real-time PCR. Compared to normal PCR analysis, real-time analysis allows relative
quantitation of the association of the chosen factor with the amplified DNA sequence. The
full analysis thus produces a profile of association of the chosen factor across a chosen
locus.

In this study, primer pairs spanning the rDNA locus were employed (Figure 2.1B). The
primers were designed to give coverage of the entire rDNA locus, from upstream of the
promoter (primer pair “3' of 55”), across all genic regions and downstream over and past the
sites of transcription termination (primer pairs “2+3”, “5” and “7”). Primer pairs amplifying

Pol II loci were chosen as controls for 2 number of ChIP experiments (Figure 2.1C and D).
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Figure 2.1A: Schematic of the chromatin immunoprecipitation analysis protocol. 50m! cultures were
grown overnight and used as described in the schematic. For 2 more detailed description of the protocol, see

Chapter 8: Methods.










Figure 21C and D: Location of regions probed within Pol II loci during chromatin
immunoprecipitation analysis. Genes are shown as blue boxes. Black lines denote regions of the
CYC7/UTR1/ISY1 locus (C) and INOT locus (D) amplified during real-time PCR analysis. Regions amplified
are named according to their location within the respective Pol II locus. The sequences of primer pairs used to
amplify these regions during the real-time PCR analysis are listed in Chapter 8: Methods. All diagrams are

representative and are not drawn to scale.
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2.2 Profile of RN A Polymerase I across the rDNA repeat

To ensure the specificity of the ChIP assay, the analysis was first carried out on a strain
carrying the Pol I subunit RPA74 tagged with HA, yAS14 (Bischler et al., 2002; Peyroche et
al., 2000). As can be seen in Figure 2.2, very low signals are seen upstream of the promoter
(3' of 5S) for Pol I, with the first high signal found over the promoter region (Pro). High
signals then continue across the genic region (18,1 — 25,3) and over the +93 primary
termination site (2+3). Signals finally drop 5- and 10-fold respectively over regions 5 and 7
(compared to region 2+3), indicating that the polymerase has terminated and 1s disengaging
from the template. Whilst acting as a control for the ChIP analysis, the data presented here
also indicate the presence of Pol I at certain regions of the repeat when it i1s not actively
engaged in transcription. High signals seen over the promoter region indicate that Pol I is
present although it is known to not be engaged in transcription (see transcription run-on
analysis in Chapter 5). As Pol I should be absent from Pol II-transcribed loci, ChIP analysis
was also carried out using primer pairs located upstream of CYC7 (CYC1 5'), downstream of
CYC7 (CYC1 3") and within ISY7 (ISY1). As seen in Figure 2.2, Pol I 1s absent from all three
regions analysed. The very low signals seen for Pol I upstream of the promoter and
downstream of the termination site (regions 3' of 55, 5 and 7) and the absence of signal from
Pol Tl-transcribed loci confirm that the protocol is working efficiently and with high

spectficity.

2.3 Profile of histone H2B across the rDNA repeat in wild-type and all-

active strains

Previous studies supporting the theory that actively transcribed rDNA repeats are
nucleosomal have been criticised as they did not differentiate signals derived from inactive
repeats from those derived from active repeats. As inactive repeats are packaged into

heterochromatin (Santoro et al., 2002), 1t could be argued that core histones seen in these
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studies derive from inactive repeats. To overcome this problem, ChIP analysis was carried
out in 2 strain possessing only 42 rDNA repeats (NOY886). This low repeat number is
maintained stably by the strain, as determined by Southern blotting (Jones et al., 2005).
Furthermore, all repeats are actively transcribed at all times, allowing distinction between
signals derived from active and inactive tDNA repeats (French et al., 2003; Kobayashi et al.,
1998). ChIP analysis was first performed on the isogenic wild-type strain (NOY1051) using
an antibody against histone H2B (Zhang et al., 2005). High signals, varying by at most two-
fold, are seen across the entire rDNA repeat (Figure 2.3A). This profile is not unexpected
since approximately half the rDNA repeats in this wild-type strain are inactive and
heterochromatic. Next, the ChIP analysis was repeated on the all-active stramn. In contrast to
the theory that actively transcribed repeats are devoid of chromatin, histone H2B signals are
still seen across the entire repeat (Figure 2.3B). By comparing histone H2B signals from
wild-type and all-active strains (Figure 2.3C), it can be calculated that active repeats
contribute, on average, 40% of the H2B signal seen in the wild-type strain (see Chapter 8:

Methods).

2.4 Profile of histone H3 across the rDNA repeat in wild-type and all-

active strains

The presence of high levels of H2B across actively transcribed rfDNA repeats suggests that
chromatin structure may be compatible with transcription by Pol I. To investigate this
further, ChIP analysis was performed using an antibody against core histone H3. The
analysis was first carried out in the wild-type strain and shows that H3 is associated with
rDNA repeats at high levels (Figure 2.4A). Repeating the analysis in the all-active strain, we
find that, like histone H2B, histone H3 signals are seen across active tDNA repeats (Figure
2.4B). Comparing wild-type and all-active histone H3 signals, it can be calculated that all-

active repeats contribute, on average, 25% of the total histone H3 seen in the wild-type
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Figure 2.3: Histone H2B is associated with actively transcribed rDNA repeats. (A) In an NOY1051 wild-
type strain (WT), histone H2B is found at high levels across the entire rDNA repeat. (B) In an NOY886 all-
active strain (AA), histone H2B signals are still present across the entire repeat. (C) Comparison of WT and AA
signals reveals that histone H2B remains associated with rDNA repeats during transcription. By calculating the
ratio of H2B in the all-active strain to H2B in the wild-type strain across all amplified regions (see Chapter 8:
Methods), it is found that the active repeats contribute, on average, 40% of histone H2B seen in the wild-type
strain. Quantitation of all real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis

was performed two times and average data sets are presented.
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Figure 2.4: Histone H3 is associated with actively transcribed rDNA repeats. (A) In an NOY1051 wild-
type strain (WT), histone H3 is found at high levels across the entire tDNA repeat. (B) In an NOY886 all-active
strain (AA), histone H3 signals are still present across the entire repeat. (C) Comparison of WT and AA signals
reveals that histone H3 also remains associated with rDNA repeats during transcription. By calculating the ratio
of H3 in the all-active strain to H2B in the wild-type strain across all amplified regions (see Chapter 8: Methods),
it 1s found that the active repeats contribute, on average, 25% of histone H3 seen in the wild-type strain.
Quantitation of all real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was

performed three times and average data sets are presented.
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strain. Previous studies predict that histone H3 would be found over the tDNA promoter as
histones H3 and H4 are known components of UAF, a component of the Pol I mitiation
complex (Keener et al., 1997). However, for both wild-type and all-active strains, histone H3
is found across the entire repeat. In addition, the level of signal seen over the promoter 1s
unlikely to be due to histone H3 derived from a single UAF molecule bound there. Thus the
histone H3 signal seen across the repeat likely reflects histone H3 that forms, with histone

H2B, a nucleosome-like structure across active tDNA repeats.

Note that neither Figure 2.3 nor Figure 2.4 includes data from the “3' of 58” primer pairs.
For histones H2B and H3, very high signals were obtained over this region (WT, AA = 114,
98 for H2B and 27, 13 for H3) that obscured the profiles seen over the rest of the repeat.
The very high signals seen may be related to the proximity of the replication origin, as the

primer pairs are located with the B box of the ARS.

2.5 Profiles of histones H2B and H3 at INOI in wild-type and all active

strains

To confirm that the results seen for histone H2B and H3 across actively transcribed tDNA
repeats are not due to indirect effects of the use of the NOY886 strain possessing 42 tDNA
repeats, the analyses described above were performed with real-time PCR analysis of the
INO7 genic region (INO1 G, Figure 2.1D). As can be seen in Figure 2.5, levels of H3 and
H2B at INOT are similar in wild-type and all-active strains, with no large drop-off in signal
seen for the all-active strain. As the level of histone at a Pol II locus should be similar in
both strains, these data indicate that the levels of signal seen for H2B and H3 at the rDNA

locus are significant.
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2.6 Profile of H3 K4 dimethylation across the tDNA locus

The presence of both histones H3 and H2B across active tDNA repeats suggests that a
chromatin structure is compatible with active transcription. At Pol II loci, it has been shown
that histone tail modifications are associated with efficient transcription by facilitating
recruitment of transcription factors and serving to propagate further modifications (Berger,
2002; Fischle et al., 2003). It has previously been shown for Pol II loci that methylation of
histone H3 tails at K4 marks the gene as active (Bernstein et al., 2002; Santos-Rosa et al,,
2002). ChIP analysis was therefore performed in wild-type and all-active strains using an
antibody against H3 K4diMe. It can be seen that in a wild-type strain, H3 K4diMe 1s present
across the entire tDNA repeat, with a pronounced peak over the 25S genic region (Figure
2.6A). Furthermore, all-active repeats also possess histone H3 K4 dimethylation (Figure
2.6B). However the profile shows a more diffuse peak than 1s seen in a wild-type strain
(Figure 2.6C). Comparing the dimethylation at mactive (WT-AA) and active repeats, 1t can
be seen that active rfRNA genes are dimethylated across the entire repeat, whilst inactive
repeats show a peak of methylation over the 25,1 and 25,2 genic regions. It has previously
been shown that histone H3 K4 dimethylation 1s required for silencing of Pol II-transcribed
genes inserted at the fDNA locus (Briggs et al., 2001; Bryk et al.,, 2002). Therefore the more
pronounced peak seen mn the wild-type strain may reflect high levels of dimethylation

specific to, and required for, silenced inactive repeats.

2.7 Profile of H3 K36 dimethylation across the rDNA locus

A second modification to histone H3 tails, dimethylation at K36, has also been correlated
with active transcription (Xiao et al., 2003). ChIP analysis was therefore carried out using an
antibody against histone H3 K36diMe to determine whether a second histone tail
modification is present at active tDNA repeats. In a wild-type strain (Figure 2.7A), it can be

seen that H3 K36diMe is present across the rDNA repeat, with highest levels seen within
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Figure 2.6: Histone H3 lysine 4 dimethylation is present across the rDNA repeat. (A) In an NOY1051
wild-type strain (WT), histone H3 K4 dimethylation 1s found across the entire rDNA repeat, with a pronounced
peak over the 255 genic region. (B) In an NOY886 all-active strain (AA), histone H3 K4 dimethylation is present
across the entire repeat. The strong peak of dimethylation is absent; instead a more diffuse profile 1s seen. (C)
Comparison of WT and AA signals reveals that histone H3 K4 dimethylation 1s present on both mactive and
active rDNA repeats. As actively transcribed repeats lack a pronounced peak of dimethylation, the peak seen mn
the wild-type strain likely derives from inactive repeats. Quantitation of all real-time PCR data was carried out as

detailed in Chapter 8: Methods. ChIP analysis was performed three times and average data sets are presented.







Figure 2.7: Histone H3 lysine 36 dimethylation is present across the tDNA repeat. (A) In an NOY1051
wild-type strain (WT), histone H3 K36 dimethylation is found across the entire rDNA repeat, with highest levels
seen in the genic region. (B) In an NOY886 all-active strain (AA), histone H3 K36 dimethylation is present
across the entire repeat, with highest levels also seen in the genic region. (C) Comparison of WT and AA signals
reveals that histone H3 K36 dimethylation is present on both inactive and active tDNA repeats. In contrast to
histone H3 K4 dimethylation (Figure 2.6), there is more K36 dimethylation present on active repeats than
inactive repeats. The K36 dimethylation on actively transcribed repeats shows a peak at the 3" end of the genic
region, as is seen for actively transcribed Pol II-transcribed genes (see Chapter 2 Discussion). Quanttation of all
real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was performed two times

and average data sets are presented.
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the genic region (18,1-25,3). Dimethylation at K36 is also found in the all-active strain, again
with highest levels seen over the genic region (Figure 2.7B). Neither inactive nor active
repeats show a pronounced peak of dimethylation, as seen for K4 at inactive repeats (Figure
2.6C). However, both mactive and active repeats show increases in signal across the genic
region (Figure 2.7C), followed by a large decrease in signal (2-3 fold) over the termination
region (2+3) and downstream (5, 7), compared to the middle and 3' end of the genic region
(25,2 and 25,3). Comparing K36 dimethylation at inactive (WT-AA) and active repeats, it is
seen that, apart from region 25-3 where inactive and active signals are the same, the active
repeats are more heavily dimethylated than the inactive repeats. This is in contrast to K4
dimethylation, where it can be seen that inactive repeats have strong peaks of dimethylation

over regions 25,1 and 25,2 (Figure 2.6C).

2.8 Effect of SET1deletion on H3 K4 dimethylation at the rDNA locus

At Pol II genes, methylation of histone H3 K4 is carried out by Setlp, the methyltransferase
subunit of the COMPASS complex (Briggs et al., 2001; Roguev et al., 2001). H3 K4diMe at
inactive repeats 1s catalysed by Setlp and this methyltransferase activity is a requirement for
silencing of Pol II-transcribed genes at the tDNA locus (Briggs et al., 2001; Bryk et al., 2002;
Roguev et al., 2001). The abqve observation that actively transcribed tfRNA genes are also
associated with K4 dimethylated histone H3 posed the question whether dimethylation at
active repeats is dependent on Setlp. To investigate this, ChIP analysis was carried out in a
wild-type strain, UCC1001 (Renauld et al., 1993) and a strain deleted for Setlp, UCC1001
Aset! (Schramke et al., 2001). In the wild-type strain, H3 K4 dimethylation is seen
throughout the tDNA repeat, with a peak of dimethylation again seen over the 25S genic
region (Figure 2.8A). Note the different magnitude of signals seen here, compared to the
NOY1051 wild-type (Figure 2.6A). The difference between the wild-types is likely due to

differences in amenability of the two strains to ChIP analysis and highlights the need to use
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Figure 2.8: Histone H3 lysine 4 dimethylation at actively transcribed repeats is dependent on Setlp. (A)
Profile of histone H3 K4 dimethylation in the UCC1001 wild-type strain (WT). The profile is comparable to that
seen for the NOY1051 wild-type strain (Figure 2.6A) with a strong peak seen over the 255 genic region. The
levels of signal seen for the UCC1001 stran are higher than those seen for the NOY1051, indicating the
importance of using 1sogenic strains. (B) Analysis of the UCC1001 Aser7 strain indicates that loss of Setlp results
in very low levels of histone H3 K4 dimethylation across the rDNA repeat. (C) Comparison of WT and Aser7
strains reveals that loss of Setlp abolishes histone H3 K4 dimethylation at both mactive and active tDNA
repeats. Setlp is therefore responsible for K4 dimethylation on actively transcribed repeats. Quantitation of all
real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was performed three times

and average data sets are presented.







Chapter 2: Chromatin and the rDNA locus

1sogenic wild-type strains. It should also be noted that whilst signal levels differ, the same
profile 1s seen for both wild-type strains. The ChIP analysis was next repeated in the strain
lacking Setlp. It can be seen that very low levels of signal are obtained (Figure 2.8B). When
wild-type and Asef7 strains are compared, it is clear that only background signals are
obtained from the strain lacking Setlp, indicating an absence of dimethylation (Figure 2.8C).
This loss of dimethylation is inconsistent with Setlp solely acting to silence tDNA repeats.
If this were the case, there should still be dimethylation originating from the active repeats.
The complete loss of dimethylation from the rDNA locus therefore indicates that active

rDNA repeats are dimethylated at histone H3 K4 in a Set1p-dependent manner.

2.9 Effect of SE'T2 deletion on H3 K36 dimethylation at the rDNA locus

At Pol II loci, dimethylation of K36 is carried out by Set2p (Strahl et al., 2002). The presence
of H3 K36 dimethylation at actively transcnibed rDNA repeats therefore posed the question
whether this dimethylation is dependent on Set2p. To address this, ChIP analysis was
performed on a wild-type strain (YI'T166) and a stramn lacking Set2p (YTT166 Ase2). In the
wild-type strain, K36 dimethylation 1s seen across the entire repeat, with highest signals
present over the genic regions (Figure 2.9A). Loss of Set2p does not, however, lead to very
low signals (compared to the isogenic wild-type) as there is still a strong profile present
(Figure 2.9B). In both wild-type and sez2 strains, the profiles are the same as those seen
above in the NOY strains (Figure 2.7). The K36 dimethylation increases across the repeat,
peaking at the 3' end of the genic region, before dropping off over the termination region
and downstream (2+3-7). Comparing wild-type and sez2 profiles, it can be seen that loss of
Set2p does not completely abolish K36 dimethylation at rDNA repeats (Figure 2.9C). Whilst
signals do decrease in the Ase2 strain compared to wild-type, dimethylation still persists.

The continued dimethylation of tDNA repeats in the absence of Set2p therefore suggests
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Figure 2.9: Histone H3 lysine 36 dimethylation at actively transcribed repeats is not solely dependent on
Set2p. (A) Profile of histone H3 K36 dimethylation in the YTT166 wild-type strain (WT). The profile is
comparable to that seen for the NOY1051 wald-type strain (Figure 2.7A) with the highest signals seen over the
genic region. (B) Analysis of the YTT166 Aser2 strain indicates that loss of Set2p results in an approximately
two-to-three-fold decrease in histone H3 K36 dimethylation across the tDNA repeat. (C) Companson of WT
and AserZ strains reveals that loss of Set2p results in decreased histone H3 K36 dimethylation at tDNA repeats.
Set2p therefore contributes to K36 dimethylation but is not the sole methyltransferase acting at this locus.
Quantitation of all real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was

performed three times and average data sets are presented.
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that while this methyltransferase does act at rDNA repeats, it is not the sole

methyltransferase.

2.10 Discussion.

A number of previous studies have suggested that actively transcribed tDNA repeats are
devoid of nucleosomes. However, there is also a body of evidence suggesting that active
repeats may be associated with histone and possess chromatin structure. Indeed it has been
shown that partial loss of histones has a detrimental effect on Pol I transcription (see
Chapter 2 Preface and Chapter 1: Introduction). In this chapter, the technique of ChIP

analysis was used to address the question of chromatin and rDNA repeats.

Analysis of wild-type strains using antibodies against core histones H2B and H3 found
histone association across the entire repeat. This is predicted as inactive repeats are known
to be silenced by being maintained in a heterochromatic state (Santoro et al., 2002), and the
signals seen could thus be derived from inactive repeats. This phenomenon of inactive and
active tDNA repeats has previously led to studies supporting a chromatin structure on active
rDNA repeats being criticised. To overcome this problem, the wild-type data were
compared to data from a stramn possessing only 42 repeats. Nearly all repeats 1 this strain
are continually transcribed (French et al., 2003; Kobayashi et al., 1998) and this allows one to
differentiate between signals denved from inactive and active repeats. Repetition of the
ChIP analysis with histone H2B and H3 antibodies in all-active strains led to the discovery
that active repeats are clearly associated with these core histones, with association stretching
right across the repeat (Figures 2.3B and 2.4B). Thus chromatin structure appears
compatible with active transcrption by Pol I. The active repeats contribute 40% of total
H2B present and 25% of total H3 present. Were the distrbution of histones even between

inactive and active repeats, one would expect these figures to stand at 50%. The lower values
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may reflect an uneven dosage of histones on inactive repeats, compatible with both the
heterochromatic nature of inactive, silenced repeats and the highly transcribed nature of
active repeats. This high level of transcription has been used to suggest that active repeats
cannot accommodate histones. It is known however that Pol II can transcribe through
nucleosomes (Hartzog et al., 2002; Studitsky et al., 2004) and the data presented here suggest
that Pol I may also possess this ability. The difference in levels seen between H2B and H3 is
unexpected. Canonical nucleosomes contain equal amounts of all 4 core histones. The
unequal signals seen here may therefore imply that the nucleosomes present on active
repeats are dynamic and possibly non-canonical. The presence of H2B is important though,
as it counteracts the possible suggestion that only H3 and H4 are present. These histone
components are known to be deposited first during nucleosome assembly (Kaufman et al,,
1997) and the presence of only H3 or H4 would have suggested that a form of pre-
nucleosome were present on active repeats. The data presented here argue against this. It
should be noted that a full analysis of chromatin structure on active repeats should include
ChIP analyses using antibodies against both H2A and H4. These analyses were attempted
with commercial antibodies but were unsuccessful. Antibodies would therefore need to be

raised to further this analysis.

The analysis of chromatin structure at active repeats was extended by performing ChIP
analysis using antibodies against the histone H3 modifications of K4 and K36 dimethylation
in wild-type and all-active (Figures 2.6 and 2.7). These data show that dimethylation of both
K4 and K36 residues occurs on active tDNA repeats, although the profiles of dimethylation
differ. K4 dimethylation is present on both active and inactive repeats. Inactive repeats show
a peak of dimethylation over the 25S genic region and dimethylation is known to be required
for silencing of inserted Pol II genes (Briggs et al, 2001; Bryk et al, 2002). Actively

transcribed repeats also possess K4 dimethylation but the profile is more even, with no
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obvious peak. It does however extend across the entire repeat, suggesting it is required for,
or 2 plays a role in, all stages of transcription (Figure 2.6). K36 dimethylation 1s present in
much lower amounts on inactive genes than on active genes, suggesting it may not be
involved in silencing, in contrast to K4 dimethylation. K36 dimethylation of actively
transcribed repeats shows a clear increase over the genic region, peaking in the second half
of 258 before dropping off over the termination region and downstream. K36diMe at Pol II
loci has also been shown to accumulate at the 3' end of genic regions Morillon et al., 20032),
suggesting similarities in transcription by Pol I and Pol 11

The roles of the methyltransferases Set1p and Set2p were also investigated. Setlp and Set2p
catalyse the dimethylation of K4 and K36 respectively at Pol II loci, and it was of interest to
determine whether they are also required for the methylation seen at the Pol I locus. Firstly,
K4 dimethylation was studied in the presence and absence of Setlp. In the wild-type strain,
dimethylation (known to originate from both active and inactive repeats) 1s seen. Loss of
Setlp however, leads to the complete loss of dimethylation, indicating that Setlp is
responsible for dimethylation of K4 at both active and inactive repeats (Figure 2.8). The
requirement for Setlp at active repeats raises the question as to how Setlp is recruited. At
Pol II loci, Set1p binds to the serine 5- phosphorylated CTD (Ng et al., 2002). Whilst Pol I
does not possess an analogous domain for Setlp to bind to, Setlp is known to interact with
RNA via its RNA recognition motif (Schlichter and Cairns, 2005). This motif may therefore
provide a means of Setlp recruitment to the tDNA locus. The effect of loss of Set2p upon
K36 dimethylation was next investigated. Comparing wild-type and Zsez2 data, it is seen that
dimethylation is not completely abolished in the absence of Set2p (Figure 2.9). The level of
dimethylation seen is lower though, indicating that Set2p does act as a methyltransferase at
the tDNA locus. However, the continued presence of dimethylation suggests that a further
methyltransferase activity may also be acting at this locus. There are known to be 7 SET

domain proteins in yeast, with methyltransferase activity assigned to two of them, Setlp and
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Set2p. Whilst unrelated activities have been assigned to Set3p, Set5p and Set6p, Set4p and
Set7p do not have clear functions assigned. Set7p is known to be a nuclear protein, and thus
it would be of interest to investigate whether H3 K36diMe is lost in Aset4 or Aset7 deletion
mutants. It could however be the case that a methyltransferase unrelated to the SET family
is acting at the rDNA locus. Dot1p methylates H3 K79 and does not possess a SET domain.
Therefore any search for further methyltransferase activity at the tDNA locus would need to

include non-SET domain proteins.

The results from this chapter are summarised in Figure 2.10. Nucleosome-like structures,
formed of (at least) histones H2B and H3 are present across the tDNA repeats. The N-
terminal histone tails of these histones are methylated at both K4 and K36. K4diMe (shown
in green) increases across the rDNA repeat, with a peak seen over the middle of the genic
region. This signal then drops off towards the termination region (represented by the “+93”
black arrow). K36diMe (shown in blue) increases over the rDNA repeat, with a peak seen at
the 3' end of the genic region. As seen for K4diMe, the K36diMe signal then drops off over
the termination region and beyond. In both cases, the relative amount of methylation is
shown by the different sizes of “K36/K4diMe” lettering. The dimethylation of K4 residues
is carried out solely by the Setlp methyltransferase. The dimethylation of K36 residues 1s
carried out by Set2p. In addition, an unidentified methyltransferase also appears to function

at this locus (denoted by the “?”).
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Figure 2.10: Updated model of the chromatin structure of actively transcribed rDNA repeats. An active
tDNA repeat is shown. The black lines represent actively transcribed tDNA organised mnto nucleosome-like
structures composed of, at least, histones H2B and H3 (circles surrounded by dotted lines). The start site of
transcription 1s indicated by the black arrow and the +93 primary termination site is indicated by the “+93” black
arrow. The black wavy lines extending from the dotted circles represent the N-terminal histone tails. Black forked
structures represent dimethylation of histone tails. Dimethylation of K4 is shown in green as “K4diMe”, whilst
dimethylation of K36 is shown in blue as “K36diMe”. K4 dimethylation is seen across the repeat with a peak
over the 25S genic region. K36 dimethylation increases over the rDNA repeat and peaks at the 3’ end of the
genic region. In both cases, the relative amount of methylation is shown by the different sizes of “K36/K4diMe”
lettering. The methyltransferases responsible for dimethylation of histone tail residues are shown in red. Setlp is
the sole methyltransferase responsible for the dimethylation of K4 residues. Set2p contributes to dimethylation
of K36 residues but is not the sole methyltransferase. The unidentified methyltransferase acting at this locus is

represented by “?”.







Chapter 3: Chromatin Reimnodeling Factors

Chapter 3: Analysis of chromatin remodeling factors at the

tDNA locus

Preface

Chromatin remodeling enzymes utilise the energy of ATP hydrolysis to alter DNA:histone
interactions and act during all stages of transcription. In addition, chromatin remodeling
factors are known to be recruited to chromatin through interaction with modified histone
tails (see Chapter 1: Introduction). The presence of histones H2B and H3 on actively
transcribed rDNA repeats (Chapter 2) therefore suggested that chromatin remodeling
factors may be required during transcription by Pol I. In addition, the presence of both
histone H3 K4 and K36 dimethylation suggested mechanisms by which chromatin

remodeling factors could be recruited to the locus.

The aim of this chapter was therefore to investigate whether chromatin remodeling factors
are associated with the tDNA locus and to investigate their mechanism of recruitment. It
has previously been shown that the chromatin remodeling factors Chdlp and Iswlp are
required for efficient Pol II transcription (Alen et al,, 2002; Kent et al., 2001; Krogan et al.,
2003a; Krogan et al., 2002b; Morillon et al., 2003a; Simic et al., 2003). In addition, the K4
dimethylated tails of histone H3 have been shown to recruit these factors (Pray-Grant et al.,
2005; Santos-Rosa et al., 2003), suggesting a route by which they could be recruited to
tDNA repeats. Furthermore, it has been shown that Chd1p, Iswlp and Isw2p are required
for efficient transcription termination of certain Pol Il-transcribed genes (Alen et al., 2002).
Therefore, ChIP analysis was performed on strains possessing tagged copies of these three

remodeling factors. In addition, RNase A treatment was used to determine the role of tRNA

in recruitment.
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3.1 Profile of Chdlp across the rDNA repeat

To investigate whether Chdlp is associated with the rDNA locus, ChIP analysis was
performed on the strain YHT149, which carries c-Myc-tagged Chd1p (Tran et al., 2000).
ChIP analysis was also carried out on a non-tagged strain, YHT117. Addition of anti-c-Myc
antibody to this strain should not result in immunoprecipitation of DNA:protein complexes
and will therefore determine the level of non-specific signal occurring during the ChIP
analysis. As can be seen in Figure 3.1A, Chdlp is associated with the entire rtDNA repeat,
with the highest level of association seen over the genic regions. The non-tagged strain
produces only background signals, indicating the sensitivity of both the ChIP protocol, and
the interaction of Chdlp with the tDNA locus. As a further control, the association of
Chd1p with Pol II loci was assessed. It has previously been shown that Chd1p is associated
with the 3' end of the CYCT7 gene, consistent with its function in transcription termination at
this locus (Alen et al., 2002). ChIP analysis of Chd1p association upstream of CYC7 (CYC1
5", downstream of CYC7 (CYC1 3') and within the genic region of I§Y7 (ISY1) (see Figure
2.1C and D) was performed and the immunoprecipitated DNA analysed by real-time PCR.
Note the original analysis was carried out by conventional PCR. As can be seen in Figure
3.1B, Chd1p is present across the CYC7/ISY7 locus, with highest levels found at the 3' end
of CYC1. These data are consistent with those obtained previously and further confirms the
sensitivity of the assay. Finally, by comparing the level of Chd1p association at the tDNA
locus with that seen over the 3' end of CY(T, it can be seen that there is 3-5-fold more
Chd1p present over the genic regions of Pol I-transcribed tRNA genes than at the Pol 1I-

transcribed CYCT gene (Figures 3.1A and B).

3.2 Effect of RNase A treatment on the profile of Chdlp

The association of Chd1p with tDNA repeats posed the question of how Chdlp is recruited

to the locus. The association of Chd1p could occur through rRNA as it has been shown that



Figure 3.1: Chdlp is present across the rDNA repeat. (A) Analysis of the YHT149 strain using an anti-c-Myc
antibody reveals that Chd1p is associated with the entire rDNA repeat, with highest levels seen over the genic
regions. Repetition of the analysis in a non-tagged YHT117 control strain produces background signals (grey
bars). (B) Analysis of Chd1p association at the Pol II-transcribed CYC7/ISY7 locus reveals a peak of Chdlp at
the 3’ end of the CYC7 gene. Quantitation of all real-time PCR data was carried out as detailed in Chapter 8:
Methods. ChIP analysis in (A) was performed three times and in (B) was performed two times. Average data sets

are presented.
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chromodomains can bind RNA (Akhtar et al, 2000) and Chdlp possesses two such
domains. Alternatively, recruitment could occur through the K4 dimethylated tails of histone
H3 (Pray-Grant et al., 2005). To address this issue, an RNase A treatment step was added
prior to antibody addition (Abruzzi et al., 2004). If a factor associates with a given locus via
RNA, a drop in signal is expected whilst signals should remain the same if the association
occurs via another mechanism. The RNase A protocol was first tested using an antibody
against Rnal5p, a component of the cleavage and polyadenylation factor CF IA known to
interact with the 3' end of CYC7 (Kim et al.,, 2004). ChIP analysis was carried out in a wild-
type strain (YHT117) using an antibody against Rnal5p, with and without RNase A
treatment. The untreated sample shows a profile with low signal upstream of CYC7 (CYC1
5" and a strong signal over the 3' end of CYC7 (CYC1 3') (Figure 3.2A). The region CYC1 3'
covers the poly (A) site and thus is expected to produce a high signal for Rnal5p.
Comparing untreated with treated samples, it can be seen that RNase A treatment has little
effect on the signal upstream of CYC7 but causes a greater than 2-fold decrease in signal
over the 3" end of CYC7 where Rnal5p is known to bind. These data indicate that the
RNase A treatment 1s working, as association of Rnal5p, a factor known to bind RNA, is
impeded. To investigate the impact of loss of tRNA on Chdlp association with the tDNA
locus, the ChIP analysis was repeated. Samples were split into two, with one half untreated
and the other treated with RNase A, as detailed in Chapter 8: Methods. Unexpectedly, the
addition of RNase A (Figure 3.2B) caused the ChIP signals to increase over the transcribed
part of the rDNA repeat (Pro to 2+3), whilst the signds remain almost unchanged upstream
of the promoter (3' of 55) and over the non-transcribed spacer (5- 7). In particular, region
2+3 shows a 7-fold increase in Chd1p signal following RNase A treatment. These data are
explicable by considering the availability of the epitope for interaction with the antibody.
The high transcription rate of the rRNA genes causes a large amount of rRNA to be

produced. This rRNA could interfere with the interaction of c-Myc-tagged Chd1p with the
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Figure 3.2: Chdlp is associated with actively transcribed rDNA repeats. Treatment of ChIP samples with
RNase A allows the role of RNA in the recruitment of a chromatin-associated factor to be mnvestigated. (A)
Rnal5p, a component of the cleavage and polyadenylation factor CF IA, is associated with the 3’ end of CYC7
(green bars). Addition of RNase A prior to antibody addition confirms that RNA is required for the recruitment
of Rnal5p to the 3’ end of CYC7 (yellow bars) and indicates that RNase A treatment can be used to investigate
the role of RNA 1n factor recruitment. (B) Analysis of c-Myc-tagged Chd1p (YHT149) in the presence (yellow
bars) and absence (green bars) of RNase A. Treatment with RNase A prior to antibody addition leads to an
increase in Chdlp signal over the promoter, genic and terminator regions (Pro-2+3). No increase in signal is
observed upstream of the promoter (3’ of 55) or downstream of the terminator (5, 7). The increase seen is likely
due to enhanced antibody binding upon clearance of RNA, indicating that Chdlp interacts with actively
transcribed repeats. Representative data sets are shown. Quantitation of all real-time PCR data was carried out as

detailed in Chapter 8: Methods.
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anti-c-Myc antibody. When rRNA is degraded by RNase A, the epitope becomes more
accessible to the antibody, leading to an increase in signal. This hypothesis is consistent with
a large increase in signal upon RNase A addition over regions pro to 2+3, whilst the signals
do not increase over regions 5 and 7 because Pol I has terminated and the rRNA has been
released. The increase in signal seen thus indicates that rRNA is not essential for the
recruitment of Chdlp to rDNA repeats. Significantly, the RNase A treatment also allows
one to determine whether Chdlp is associated with inactive or active repeats. The ChIP
analysis described in Section 3.1 was performed in a wild-type strain. This strain possesses
both active and inactive repeats and so the association seen in Figure 3.1A could indicate
association with/function at either active or inactive repeats. The increase in signal seen
upon RNase A treatment indicates that rRNA is occluding the interaction of the anti-c-Myc
antibody with Chd1-Myc. The interference by tRNA thus indicates that Chd1p is associated

with active repeats.

3.3 Effect of loss of Setlp and H3 K4 dimethylation on the recruitment of

Chdlp to the rDNA locus

The presence of Chdlp at actively transcribed repeats and the apparent lack of interaction
with rRNA posed the question as to how Chdlp is recruited to this locus. It has recently
been shown that Chdlp can be recruited to H3 K4 dimethylated chromatin (Pray-Grant et
al., 2005). This interaction occurs via the second of Chd1p’s two chromodomains. As shown
in the previous chapter, actively transcribed tDNA repeats possess H3 K4 dimethylated
chromatin (Figure 2.6), thus suggesting 2 means by which Chd1p could be recruited to the
locus. To investigate this hypothesis, ChIP analysis was carried out on a strain lacking Set1p
(GHY773 CHD1-HA Aset7) and compared to its isogenic wild-type (GHY773 CHD1-HA,
Simic et al. 2003). Both of these strains possess HA-tagged Chd1p, allowing association of

Chdlp to be analysed in the presence and absence of Setlp, by addition of anti-HA
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antibody. The profile of Chd1p association in the presence of Setlp was first analysed. The
profile obtained from this wild-type is very similar to that seen with the YHT149 c-Myc-
tagged strain (Figure 3.3A). The profile again shows Chdlp association across the entire
repeat, with signals peaking across the genic regions (18,1-25,3). It should be noted that
lower signals are obtained in this case, as compared to the c-Myc-tagged YHT 149 wild-type
previously used (Figure 3.1A). This may suggest that GHY773 is less amenable to ChIP
analysis than YHT149. However, it more likely reflects the decreased efficiency of the anti-
HA antibody, compared to the anti-c-Myc antibody, in ChIP analysis. This again highlights
the need to use isogenic strains in comparative ChIP analysis. The ChIP analysis was next
repeated using the lser7 strain. This strain lacks Setlp and will therefore lack H3 K4
dimethylation at the rDNA locus (see Figure 2.8). As can be seen in Figure 3.3B, loss of
Set1p/H3 K4diMe does not lead to complete loss of Chd1p from the tDNA locus. Instead,
Chd1p is still associated, with a profile comparable to that seen in the wild-type (note, for
example, the peak in signals over the genic region). Comparing the wild-type and Ases7 data,
it can be seen that whilst there i1s a 10-20% drop in level of Chdlp association, Chdlp
nonetheless remains associated with the rDNA locus (Figure 3.3C). H3 K4 dimethylation is
therefore not essential for Chd1p recruitment to the locus.

As it has been shown above that, in a wild-type background, loss of rRNA does not lead to
loss of Chdlp (Figure 3.2B) and that H3 K4 dimethylation is not essential for Chdlp
recruitment, it was unclear how Chdlp is recruited. To address this question, the ChIP
analysis of Aser7 CHD1-HA strain was extended by addition of an RNase A treatment step.
As can be seen in Figure 3.3D, addition of RNase A causes a dramatic decrease in
association of Chdlp with the rDNA locus. This indicates that in the absence of H3
K4diMe tails, rRNA is involved in Chd1p recruitment. The drop in signal over regions 5 and
7 is unexpected, as the polymerase has terminated and rRNA is absent. The drop 1in signals

seen may be due to a decreased resolution over the termination region, as this region is very
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Figure 3.3: Chdlp is recruited to rDNA repeats by two independent mechanisms. (A) Profile of HA-
tagged Chdlp. Analysis of Chdlp association with the tDNA repeat was performed using the GHY773 CHD1-
HA wild-type strain. The profile obtained is very similar to that obtained using the c-Myc-tagged YHT149 strain
(Figure 3.1A). (B) Repetition of the analysis using the GHY773 CHD1-HA Aser7 strain reveals that Chd1p is still
recruited to rDNA repeats in the absence of Setlp/H3 K4 dimethylation, with only 2 small loss in signal seen.
(C) Comparison of wild-type (Chd1-HA) and Aser7 (Asez? Chd1-HA) strains reveals that Chd1p is still recruited
to tDNA repeats in the absence of Setlp/H3 K4 dimethylation and with a profile similar to that seen for the
wild-type. (D) Treatment of samples from the sez7 CHD1-HA strain with RNase A leads to a large decrease in
Chd1p recruitment to the locus. This indicates that rRNA is required for the recruitment of Chd1p to the tDNA
locus when H3 K4 dimethylation 1s absent. Quantitation of all real-ime PCR data was carried out as detailed in
Chapter 8: Methods. ChIP analysis was performed three times and average data sets are presented, except Figure

3.3D where a representative data set is shown.
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small and necessitates primer pairs being close together. Thus the drop may reflect that seen
over region 2+3. Overall, the drop in Chdlp upon RNase A treatment suggests a role for
rRNA in Chd1p recruitment, in addition to the proposed role of H3 K4 dimethylation. The
chromodomains of Chd1p may be involved in both methods of recruitment, as interactions
of chromodomains with both H3 K4diMe and RNA are known (Akhtar et al., 2000; Pray-
Grant et al., 2005). It therefore appears that both H3 K4 dimethylation and rRNA are

involved in the recruitment of Chd1p to active repeats.

3.4 Profile of Iswlp across the rDNA repeat

It was next of interest to investigate whether the chromatin remodeling factor Iswlp is
assoclated with tDNA repeats. Iswlp has been shown to bind H3 K4diMe tails (Santos-
Rosa et al., 2003) and interacts with Chdlp both physically and genetically (Gavin et al,,
2002; Tsuktyama et al., 1999). To investigate whether 1t is assoctated with the tDNA locus,
ChIP analysis was carried out on a strain carrying Myc-tagged Iswlp, Isw1-Myc (Kent et al,,
2001). This analysis shows that Iswlp 1s associated with the entire tDNA locus. Highest
signals are seen across the genic region (Figure 3.4A). The association seen 1s specific as a
non-tagged strain gives only background signals (grey bars). Comparing the profiles of
Chdlp and Iswlp, it can be seen that the profiles are very similar, both in the level of
association of these factors with the tDNA locus, and in terms of the profile across the
locus (Figure 3.4B). It should be noted that ChIP analysis combined with RNase A
treatment was attempted on the Isw1-Myc strain. However, it was not possible to use the
data obtained from real-time PCR analysis following this ChIP experiment.
Immunoprecipitated samples (IP) gave very high signals, above those seen for the total
(TOT) sample. However, the signals from NO (no antibody control) samples ran with those
from IP samples. Such data have not been seen before and are highly unexpected. It would

suggest that addition of RNase A causes very high, non-specific binding of molecules within
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Figure 3.4: Iswlp is associated with the entire rIDNA repeat. (A) Analysis of the Isw1-Myc strain with an
anti-c-Myc antibody reveals that Iswlp is associated with the entire tDNA repeat, with highest levels seen over
the genic region. Repetition of the analysis in a2 non-tagged CEN.PK2 control strain produces background signals
(grey bars). (B) Comparison of the profiles of Chdlp and Iswlp reveals that their association with the rDNA
locus is very similar, both in terms of level of association with the locus and with regard to their profile across the

locus. Quantitation of all real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was

performed three times and an average data set is presented.
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the NO samples to the beads during the isolation of chromatin:antibody complexes. It is
unclear why this happens. However, this phenomenon occurred on multiple occasions and
meant that the effect of loss of rRNA on Iswlp association could not be assessed.

The similarity in Chdlp and Iswlp profiles described above, coupled with the known
interactions between Chd1p and Iswlp, the known interactions of Iswlp with H3 K4diMe
and the known functions of Iswlp in Pol II transcription is striking. Thus these data suggest

that Iswlp may act with Chd1p at active tDNA repeats.

3.5 Profile of Isw2p across the rDINA repeat and effect of RNase A
treatment

It has previously been shown that Isw2p functions redundantly with Chd1lp and Iswlp at
the GAL70-7 locus to ensure efficient transcription termination. In light of the presence of
both Chdlp and Iswlp at the tDNA locus, it was of interest finally to investigate whether
Isw2p is also associated with this locus. ChIP analysis was initially carried out using an Isw2-
Myec strain (Kent et al., 2001). The signals seen for the first four regions of the tDNA repeat
probed are shown in yellow, compared to the average data for Iswlip (green) over the same
regions (Figure 3.5A). It can be seen that, in comparison to Isw1p signals, Isw2p signals are
at background level. This would, at first, appear to suggest that Isw2p is absent from the
tDNA repeat. However, it has recently been reported that ChIP analyses performed with
tagged Isw2p give only background signals. It was suggested that the lack of Isw2p detection
is due to the transient nature of interaction of Isw2p with DNA. To overcome this problem,
the Tsukiyama group produced a FLAG-tagged poimnt mutant of Isw2p (Isw2-K215R-
FLAG:; Gelbart et al. 2005). The point mutation resides in the catalytic site of Isw2p and 1s
thought to increase the dwelling time of the remodeling factor, thus enabling detection in
ChIP analysis. This strain (YI'T2164) was therefore employed in ChIP analysis in this study

and compared to the non-tagged isogenic wild-type (YT'T1401). By using this strain, it can
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Figure 3.5: Isw2p is associated with the entire rDNA repeat. (A) Analysis of the Isw2-Myc strain with an
anti-c-Myc antibody. By comparing the signals obtained for Isw2-Myc (yellow bars), Isw1-Myc (green bars) and
the non-tagged CEN.PK2 control strain (grey bars) over the first four regions of the rDNA repeat probed, it can
be seen that Isw2p signals are at background level. (B) Use of a FLAG-tagged Isw2 strain carrying a catalytic
point mutation (Isw2-K215R-FLAG; YTT2164) reveals Isw2p association across the rDNA repeat, with highest
levels seen over the genic region. As a positive control, a known Isw2p locus was also probed (INO1, right-hand
data set), revealing association of Isw2p and confirming the use of this strain in determining Isw2p association at
the tDNA locus. Repetition of the analysis in a non-tagged YTT1401 control strain produces background signals
(grey bars). (C) Treatment of samples from the Isw2-K215R-FLAG strain with RNase A leads to a decrease in
Isw2p recruitment across the entire locus, indicating a role for tRNA in the recruitment of this remodeling factor.
Quantitation of all real-time PCR data was carried out as detailed in Chapter 8: Methods. ChIP analysis was
performed two times in (B) and an average data set is presented, except (C) where a representative data set is

shown.
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be seen that Isw2p is present across the tDNA repeat (Figure 3.5B). As for Chdlp and
Iswip, Isw2p shows highest levels of association across the genic regions. The non-tagged
control gives much higher signals over certain regions than was seen for Chdl1p and Iswlp
non-tagged controls, indicating the FLAG tag produces more non-specific interactions than
the c-Myc tag. Taking this higher level of non-specific signals into account, it can be seen
that Isw2p 1s present at the rDNA locus at lower levels than Chd1p and Iswlp. To further
confirm that the Isw2-K215R-FLAG can be used to detect Isw2p association with DNA, a
further region of the genome was analysed. Primer pairs were designed to amplify a region
upstream of the INO7 gene (Figure 2.1D and Methods). It has previously been shown that
Isw2p is recruited to the INOT7 locus through its interaction with Ume6p (Goldmark et al.,
2000). Primer pairs were designed to span the Isw2p binding site, acting as a positive control
for Isw2p association. Considering Figure 3.5B again, the right-hand data set shows
association of Isw2p at the INO7 locus. The binding is specific (four-fold enrichment over
background) and indicates that Isw2-K215R-FLAG can be used to probe for association of
Isw2p at the rDNA locus.

As discussed above in Section 3.2, RNase A treatment of ChIP samples can be used to
investigate whether a given factor associates with active or inactive repeats. Isw2-K215R-
FLAG ChIP samples were therefore treated with RNase A to investigate this question. As
can be seen in Figure 3.5C, treatment with RNase A leads to a decrease in Isw2p signal over
all regions analysed, with on average a 4-fold decrease seen. The decrease in signal upon loss
of tRNA would suggest that either Isw2p interacts with tRNA at the rDNA locus, or that
Isw2p is recruited by another factor, whose recruitment is affected by loss of fRNA. Apart
from the catalytic ATPase subunit, Isw2p possesses a SANT domain which 1s thought to
interact the histone tails (Boyer et al., 2004). This domain is not thought to interact with
RNA. Thus it may be more likely that Isw2p is recruited by an unknown factor. The

recruitment of Isw2p by Ume6p is seen at the INOT locus (Kent et al., 2001) and thus it
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would not be surprising if Isw2p were recruited via another factor to the rDNA locus. Thus
at present, it 1s unclear how Isw2p is recruited. However, the drop in recruitment seen upon

loss of rRNA would suggest that Isw2p 1s recruited to active tDNA repeats.

3.6 Discussion

The presence of (modified) histones on actively transcribed rfDNA repeats, coupled with
previous studies detailing the role of chromatin remodeling factors in Pol II transcription,
suggested that chromatin remodeling factors may also play a role in transcription by Pol L.
The aim of this chapter was therefore to investigate whether chromatin remodeling factors
are associated with rDNA repeats. As the remodeling factors Chdl1p, Iswlp and Isw2p are
implicated in Pol II transcription, this research focussed on these three factors.

Chromatin remodeling factors act to aid the passage of Pol II through its chromatin
template. It was therefore of interest to determine whether these factors also act during Pol I
transcription. ChIP analysis of a c-Myc-tagged Chd1p strain showed that Chdlp is present
across the entire rDNA locus, with the highest signals seen over the genic region (Figure
3.1A). Addition of RNase A led to an increase in signal, indicating that rRNA impedes the
interaction of the anti-c-Myc antibody with the c-Myc tag on Chdlp (Figure 3.2B). This
allows two conclusions to be drawn: tRNA is not essential for Chdlp recruitment under
wild-type conditions; and that Chdlp is associated with active repeats. The presence of
Chd1p at high levels across all regions probed would suggest that Chd1p is involved in all
stages of transcription by Pol I. A number of studies have shown roles for Chd1p in both
elongation and termination of transcription by Pol II (Alen et al, 2002; Krogan et al., 2002b;
Simic et al., 2003). The presence of this remodeling factor across the entire repeat thus

parallels the known roles in Pol II transcription and highlights further similarities between

Pol I and Pol II transcription.
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To further address the question of Chd1p recruitment to Pol I chromatin, the impact of loss
of Setlp/H3 K4diMe on the association of Chd1p with the rDNA locus was studied. It has
been shown that Chdip can interact with dimethylated K4 residues via its chromodomain
(Pray-Grant et al, 2005), suggesting 2 mechanism of recruitment. Loss of H3 K4diMe
however did not lead to complete loss of Chd1p (Figure 3.3C). The observed small drop in
signal seen suggests that H3 K4 dimethylation is involved in recruitment of Chdlp, but is
not essential. To investigate how Chd1p is still recruited at high levels in the absence of H3
K4 dimethylation, an RNase A treatment step was also included in the ChIP analysis (Figure
3.3D). Unexpectedly, loss of tRNA leads to almost complete loss of Chd1p from the tDNA
locus, indicating that rRNA plays a role in Chd1p recruitment in the Ase#7 strain. Thus there
appear to be two independent mechanisms of Chd1p recruitment. In a wild-type strain, H3
K4 dimethylation is present across active repeats and may serve to recruit Chd1p (as shown
by the continued presence of Chdlp at the rDNA locus in a wild-type strain treated with
RNase A, Figure 3.2B). If H3 K4 dimethylation at the rDNA locus 1s lost however, rRNA
becomes involved in Chd1p recruitment, as evidenced by the loss of Chd1p from the locus
in the ser7/RNase A experiment (Figure 3.3D). It should also be noted that Chdlp is
thought to interact with histone H3 dimethylated at K36 (Hampsey and Reinberg, 2003).
This histone mark is present on actively transcribed rDNA (Chapter 2) and could therefore
serve as an additional mechanism of Chd1p recruitment. To address this issue, Chd1p would

need to be tagged in a Asez2 background and ChIP analysis performed.

The association of Chdlp with actively transcribed rDNA repeats suggests a role for
chromatin remodeling factors in Pol I transcription. The analysis was therefore extended to
Iswlp and Isw2p. It was found that both Iswlp and Isw2p are present across the rDNA
locus (Figures 3.4 and 3.5). It was not possible to study the effect of RNase A treatment on

Iswip recruitment. This analysis was however possible for Isw2p and it was found that loss

52



Chapter 3: Chromatin Remodeling Factors

of rRNA leads to loss of Isw2p from the locus. This suggests that rRNA is involved either
in the recruitment of Isw2p itself, or that Isw2p is recruited by an additional factor which is
sensitive to the loss of rRNA. All three remodeling factor profiles show similarities, with
peaks of signal seen over the genic regions. This accumulation of chromatin remodeling
factors may indicate their role in facilitating efficient transcription elongation, possibly by
remodeling or chaperoning histones during the passage of Pol 1. A second, not mutually
exclusive, theory is that the accumulation of these factors over the genic region represents
loading of the factors onto rDNA to facilitate efficient termination of transcription. This
could occur by the remodeling of nucleosomes into a structure that prohibits progression of
Pol I downstream. Overall, the presence of remodeling factors across the entire tDNA

repeat implies a role for these factors at all stages of transcription.

The results of this chapter are summarised in Figure 3.6. Chromatin remodeling factors
Chd1p, Iswlp and Isw2p are recruited to tDNA repeats, with all three factors thought to act
during transcription of active repeats. Recruitment of Chdlp occurs by two independent
mechanisms. The first mechanism involves the recruitment of Chdlp by histone H3 tails
dimethylated at K4; a mechanism that is likely facilitated by one or both of the
chromodomains of Chd1p. In the absence of this mark, recruitment can still occur through
the rRNA, possibly again facilitated by the chromodomains. The association of Iswlp with
the tDNA locus parallels that of Chd1p, suggesting recruitment of Iswlp to active rDNA
repeats. This association may be facilitated by the interaction of Iswlp with H3 K4diMe
tails. Finally, Isw2p is recruited to tDNA by a mechanism involving rRNA. Whilst Isw2p
may directly interact with rRNA to facilitate its recruitment, it appears more likely that

Isw2p is recruited by an unidentified factor.
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Figure 3.6: Updated model of involvement of chromatin remodeling factors in Pol I transcription. An
active rDNA repeat is shown. The black lines represent actively transcribed tDNA organised into nucleosome-
like structures composed of, at least, histones H2B and H3 (circles surrounded by dotted lines). The start site of
transcription is indicated by the black arrow. The black wavy lines extending from the dotted circles represent the
N-terminal histone tails. Black forked structures represent dimethylation of histone tails. Chdlp, Iswlp and
Isw2p are recruited to rDNA repeats, with all factors thought to act at active repeats. Chdlp (pink circle) is
recruited to active tDNA repeats by two independent mechanisms. The first involves the recruitment of Chdlp
via histone H3 tails dimethylated at K4 (black forks). In the absence of K4 dimethylation, recruitment is
facilitated by tRNA (red line). Iswlp (green circle) is recruited to rDNA repeats with a profile very similar to that
seen for Chdlp, suggesting recruitment of this factor to active tDNA. The known interaction of Iswlp with
histone H3 K4 dimethylated tails suggests a mechanism for the recruitment of this factor. Isw2p (blue citcle) is
recruited to rDNA repeats by a mechanism, possibly involving an unidentified factor, that is sensitive to rRNA

(dashed arrow).
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Chapter 4: Functional studies of chromatin remodeling factors

Preface

The presence of core histones H2B and H3 across the tDNA locus, combined with the
presence of modified histone H3 suggested that chromatin remodeling factors may act at
this locus. This was investigated in the previous chapter and it was found that Chd1p, Iswlp
and Isw2p are present across the tDNA locus. It was next of interest to investigate the
possible functions of these remodeling factors at the fDNA locus. The aim of this chapter
was therefore to use the technique of 77 v chromatin analysis to investigate chromatin
structure over the tDNA locus. The analysis was first performed 1n wild-type and all-active
strains to investigate potential changes in chromatin structure during active transcription. To
study the effects of remodeling factors, the analysis was then performed in both wild-type

and mutant strains that lack one or more of the remodeling factors.

4.1 In vivo chromatin analysis

This technique analyses chromatin structure by studying micrococcal nuclease (MNase)
cleavage patterns (Nedospasov and Georgiev, 1980; Wu, 1980), visualised by indirect end-
labelling (Livingstone-Zatchej and Thoma, 1999; Wu, 1989). MNase cuts double stranded
DNA within the linker or non-nucleosomal sequences, leading to the characteristic ladder
pattern seen for chromatin.

Yeast cells are sphaeroplasted by treatment with yeast lytic enzyme. Following this,
chromatin is digested by addition of MNase. The fragments produced are digested to
completion by a chosen restriction enzyme, size-fractionated by agarose gel and blotted onto
a membrane. The membrane is then probed using a radioactive end-label (Figure 4.1A). This
end-label is a small piece of DNA that abuts the restriction site. Hybridisation of the

radioactive end-label to the membrane-bound fragments thus maps the location of MNase

cleavage relative to the chosen restriction site (Figure 4.1B).
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Figure 4.1A: Schematic of the in vivo chromatin analysis protocol. 100ml cultures were grown overnight

and used as described in the schematic. For a2 more detailed description of the protocol, see Chapter 8: Methods.







]

Figure 4.1B: Further schematic of the in vivo chromatin analysis protocol. (1) The black line represents
chromatin containing micrococcal nuclease (MNase, red crosses) and a restriction enzyme (RE) cleavage site.
Cleavage with MNase produces a series of fragments which are isolated and digested to completion with the
restriction enzyme. Fragments are run on an agarose gel. (2) A DNA fragment, containing the restriction site, is
produced by PCR. Digestion with the restriction enzyme produces two unequal sized fragments. The smaller
fragment is gel purified and (3) used as an end-label to probe the blot. Hybridisation of the end-label to the
membrane-bound fragments reveals a ladder of fragments and maps the location of MNase cleavage relative to

the chosen restriction enzyme site. Protection of ~146bp region suggests the presence of a nucleosome.
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In the analyses described below, the MNase cleavage patterns in all-active and mutant strains
are compared to those obtained in wild-type strains. In addition, all patterns are compared to
the pattern of cleavage seen in naked DNA. This naked control is carried out because of the
preference of MNase for AT-rich sequences. Comparison of naked and wild-type chromatin
cleavage patterns should therefore reveal the protection of sites from cleavage by
nucleosomes. This technique has been used to show both the presence of chromatin
structure at Pol II-transcribed loci and the dependence of these structures on chromatin
remodeling factors (Alen et al., 2002; Kent et al., 2001; Kent et al., 2004). Here 1t is used to

study the tDNA termination region.

4.2 Analysis of chromatin structure in an all-active strain

The chromatin structure of the rDNA termination region was first analysed in NOY1051
wild-type and NOY886 all-active strains (Figure 4.2). The location of the end-label within
the 3' end of the 25S gene means that the region visualised extends from within the 258
gene, through the termination region and into the non-transcribed spacer. Comparing wild-
type and all-active cleavage patterns, it can be seen that the all-active strain shows significant
differences in cleavage pattern over the termination region and also over the downstream
non-transcribed spacer. Over the termination region, both protection from cleavage (grey
rectangles) and enhancement of cleavage (black diamonds) are seen, indicating that the

chromatin environment of this region undergoes a number of changes during active

transcription.

4.3 Analysis of chromatin structure in single mutants

4.3.1 Achdl

The presence of chromatin structure and chromatin remodeling factors at the fDNA locus

posed the question as to the function of these factors at the locus. To investigate this, iz vo
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Figure 4.2: Analysis of chromatin structure in an all-active strain. The chromatin environment of the tDNA
termination and non-transcribed spacer regions undergo a number of changes, relative to the environment of the
1sogenic wild-type. Chromatin digestions were performed in isogenic NOY1051 wild-type (WT) and NOY886
all-active (AA) strains with 150 and 300 units/ml MNase (open triangles denote increasing MNase
concentration). The region probed is divided into genic (G), termination (T) and non-transcribed spacer (NTS)
regions by black bars. Within the termination and NTS regions in the all-active strain, both increased cleavages
by MNase (black diamonds) and protections from MNase cleavage (grey rectangles) are seen as compared to the
wild-type strain. Specific restriction digests (Marker) are shown relative to a schematic map of the locus. The map
shows the cleavage sites of the three restriction enzyme sites used to produce the markers (AfIIII, Aval, Hpal) in
relation to the 258 genic region and the location of cleavage by Avall, the end-digest enzyme. The +93 and +250
termunation sites are indicated by black arrows. The indirect end-label probe is shown as a black bar towards the

3’ end of the 258 gene. “DNA” denotes de-proteinised DNA control.

_ |
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chromatin analysis was carried out in wild-type and chd7 mutants strains (Figure 4.3A). It
can be seen that loss of Chdlp does not alter the chromatin environment of the tDNA
genic/termination region when compared to the wild-type strain. This may suggest that
Chdlp does not act at the tDNA locus. However, as has been shown for the GAL70-7
locus, this result may indicate that remodeling factors are acting redundantly, with loss of

one factor being compensated for by the continued presence of other factors (see below).

4.3.2 diswi
The role of Iswlp at the rDNA locus was next investigated by analysing chromatin structure
in wild-type and AéswT strains. As can be seen in Figure 4.3B, loss of Iswlp does not alter
the chromatin structure over the tDNA termination region. As above, this suggests that

Iswlp, if it is acting at this locus, may be acting redundantly.

4.3.3 Adisw2
The final single mutant strain to be analysed was <lisw?2. As shown in Figure 4.3C, loss of
Isw2p does also not alter chromatin structure over the rDNA termination region. Thus, all
single mutant strains fail to show alterations, indicating that chromatin structure over the

rDNA termination is not determined by the sole action of any of these factors.

4.4 Analysis of chromatin structure in a Achdl, Aiswl, AiswZ2triple

mutant
To address the question of redundancy in chromatin remodeling factors at the rDNA locus,
chromatin structure was analysed in double mutant strains. Neither double mutant strain
analysed (dchdl, Aiswl and Achd1, Aisw2) showed altered chromatin structure over the
tDNA termination region (data not shown). Therefore the analysis was repeated in a Jchd],

Aisw, Aisw2 triple mutant strain. In contrast to the single and double mutant strains, loss of
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Figure 4.3: Analysis of chromatin structure in single mutant strains. Loss of a single chromatin remodeling
factor does not lead to alterations in the chromatin structure over the rDNA termination region. Chromatin
digestions were performed in (A) Achdl, (B) Aiswl, (C) Aisw2 and 1sogenic wild-type strains with 150 and 300
units/ml MNase (open triangles denote increasing MNase concentration). Note that the overall pattern of
cleavage seen in the Aiw2 strain (C) is the same as that in the wild-type. The higher signals reflects a greater
amount of material loaded onto the gel. The region probed 1s divided into genic (G), termination (T) and non-
transcribed spacer (NTS) regions by black bars. Specific restriction digests (Marker) are shown relative to a
schematic map of the locus. The map shows the cleavage sites of the three restriction enzyme sites used to
produce the markers (AfIIII, Aval, Hpal) in relation to the 25S genic region and the location of cleavage by
Avall, the end-digest enzyme. The +93 and +250 termination sites are indicated by black arrows. The indirect
end-label probe is shown as a black bar towards the 3’ end of the 25S gene. “DNA” denotes de-proteinised DNA

control.
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all three remodeling factors leads to alterations in chromatin structure over the termination
region and also within the downstream non-transcribed spacer (Figure 4.4) As wild-type
patterns of cleavage were seen in single and double mutants, the alterations seen here with
the triple mutant suggest that these remodeling factors are acting redundantly at the tDNA
locus. It can be seen that loss of Chdlp, Iswlp and Isw2p leads to a pattern of MNase
cleavage which mimics that seen for the all-active strain over the termination and spacer

regions (compare Figure 4.2 and 4.4). Loss of Chd1p, Iswlp and Isw2p thus results in all

repeats adopting an active chromatin environment.

4.5 Discussion

The aim of this chapter was to investigate the chromatin structure of the tDNA genic and
termination regions. Firstly, the chromatin structure at active repeats was analysed by
comparing an all-active strain to the isogenic wild-type (Figure 4.2). The current view of
active repeats is that they are devoid of chromatin. If this is the case, one would expect the
all-active strain to be identical to the naked DNA lane, which reflects the cutting pattern of
MNase on DNA lacking chromatin structure. However, the all-active strain shows a number
of differences in cleavage pattern compared to the naked lane. In addition, the all-active
cleavage pattern is similar to that seen in a wild-type strain (compare Figures 4.2 and 4.4).
Half the signal seen in the wild-type strain is derived from inactive, heterochromatic repeats.
The similarity in all-active and wild-type profiles, coupled with the ChIP data described
above (Chapters 2 and 3), suggests that the all-active repeats possess chromatin structure.
This structure is very similar to that seen for the wild-type but does differ over the
termination region, suggesting either that transcription termination causes an altered

chromatin structure, or that this altered chromatin structure facilitates transcription

termination.
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Figure 4.4: Analysis of chromatin structure in a triple mutant strain. Loss of Chd1p, Iswlp and Isw2p leads
to alterations in the chromatin structure over the rDNA termination and downstream non-transcribed spacer
regions that mimic those seen in the all-active strain. Chromatin digestions were performed in 1sogenic wild-type
and Achdl, Aiswl, Aisw2 triple mutant strains with 150 and 300 units/ml MNase (open triangles denote
increasing MNase concentration). The region probed is divided into genic (G), termination (T) and non-
transcribed spacer (NTS) regions by black bars. Within the termination and NTS regions in the triple mutant
strain, both increased cleavages by MNase (black diamonds) and protections from MNase cleavage (grey
rectangles) are seen as compared to the wild-type strain. Specific restriction digests (Marker) are shown relative to
a schematic map of the locus. The map shows the cleavage sites of the three restriction enzyme sites used to
produce the markers (AflIII, Aval, Hpal) in relation to the 25S genic region and the location of cleavage by
Avall, the end-digest enzyme. The +93 and +250 termination sites are indicated by black arrows. The indirect
end-label probe is shown as a black bar towards the 3’ end of the 25S gene. “DNA” denotes de-proteinised DNA

control.
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The function of chromatin remodeling factors over the tDNA genic and termination regions
was next investigated. Loss of a single chromatin remodeling factor was not found to have
an effect on MNase cleavage patterns, as compared to wild-type (Figure 4.3). This could
suggest that these factors do not act to remodel chromatin over the region analysed.
However, it could also indicate that these factors are acting redundantly, with the loss of one
factor compensated for by the presence of other factors. To test this possibility, iz v
chromatin analysis was performed in Achd?, Aiswl and Achd1, Aisw2 mutant strains. Neither
of these strains showed alterations to chromatin structure over the region analysed (data not
shown). The analysis was therefore extended and a Achd?, Aisw1, Aisw2 triple mutant was
analysed. In contrast to the single and double mutants, loss of Chd1p, Iswlp and Isw2p lead
to an altered chromatin structure over the rfDNA termination region (Figure 4.4). This
structure 1s very similar to that seen in an all-active strain (Figure 4.2), indicating that loss of
these remodeling factors causes all repeats to adopt an active chromatin structure over the
termination region. Thus 1t appears that Chdlp, Iswlp and Isw2p act redundantly to

maintain a spectfic chromatin environment at mactive repeats.

The cleavage of naked DNA with MNase allows determination of the underlying cleavage
pattern of this enzyme. In theory, comparison of naked and wild-type lanes should show the
presence of ~150bp protected sites in the wild-type strain, indicative of positioned
nucleosomes. It should however be noted that neither wild-type nor all-active strains show
clear sites of protection indicative of regularly positioned nucleosomes as compared to the
naked DNA lane. This would be at least expected in the wild-type strain where half the
repeats are bound up in heterochromatin. The absence of such protected sites in the wild-
type strain suggests that this analysis may be confused by the presence of multiple repeats

with slightly different chromatin and transcription states in all strains analysed, possibly

leading to an average signal being seen.
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Chapter 5: Nascent analysis of transcription termination by

RNA Polymerase I

Preface

The presence of chromatin structure and chromatin remodeling factors at actively
transcribed rDNA repeats suggested that these remodeling factors are playing an active role
in facilitating transcription by Pol I. In addition, it has previously been shown that Chd1p,
Iswlp and Isw2p act redundantly to ensure efficient transcription termination at the Pol II-
transcribed GALT0-7 locus (Alen et al, 2002). The aim of this chapter was therefore to
study the role of remodeling factors in termination by performing transcription run-on

analysis (IRO) on single, double and triple mutant strains.

5.1 Transcription run-on analysis

TRO analysis 1s a technique allowing one to measure nascent transcription in terms of
polymerase density across the probed region. Yeast cells are harvested under conditions that
caﬁse the stalling of polymerases on the DNA template. The cells are then permeabilised
and incubated in a buffer containing [¢-*P] rUTP. This buffer supports further
transcription, with polymerases transcribing on for ~150bp. The presence of radioactive
rUTP causes transcripts to be radiolabelled. RNA is then harvested, hydrolysed and
hybridised to filter-bound single-stranded M13 probes. The signals obtained from the filters
are quantified and the magnitude of signal obtamned is proportional to the density of
transcriptionally engaged polymerase present on the gene, allowing determination of the
profile of nascent transcription across the gene. Profiles obtained from mutant strains are
compared to that of the isogenic wild-type, allowing diagnosis of termination defects. TRO
analysis was carried out using probes spanning the rDNA repeat, from the promoter region
up to the Pol I1I-transcribed 5S gene (Prescott et al., 2004). Figure 5.1A and B show a

schematic representation of the TRO protocol and Figure 5.1C shows the location of the
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Figure 5.1A: Schematic of the transcription run-on protocol. 100ml cultures were grown overnight and used

as described in the schematic. For a more detailed description of the protocol, see Chapter 8: Methods.







Figure 5.1B: Schematic of the transcription run-on analysis. The tDNA repeat is indicated by a black line.
The small black lines separate the different regions probed in the analysis. The green shapes represent Pol I
complexes transcribing the repeats. Black lines extending from the Pol I complexes denote tRNA. Labelling of
rRNA with [¢3P] fUTP is shown by blue stars. The numbers “1-4” represent four consecutive regions probed in
a run-on analysis. In the final panel, the filters are shown and numbered 1-4. The density of polymerase
transcribing a given region correlates with the level of signal obtained for that region. Thus region 1 1s occupied
by one polymerase and produces a certain level of signal (deep green). Region two has a greater polymerase
density and thus produces a higher signal (very dark green). The dissociation of polymerase from region three
results in a low signal (light green) whilst no signal is produced in region four as polymerase 1s absent. Signals

obtained from the filters are quantified and corrected as detailed in Chapter 8: Methods.
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TRO probes. Finally, Figure 5.1D shows the location of key termination region sequence

elements in relation to TRO probe locations.

5.2 Analysis of wild-type transcription termination

The Pol I nascent transcription profile was determined in the YTT166 wild-type strain. A
representative raw data set is presented and shows the profile of transcription across the
tRNA gene (Figure 5.2A). Average quantitated data are shown in Figure 5.2B. It can be seen
that there 1s no signal over the promoter region, although Pol I is present in this region
(Figure 2.2), indicating that Pol I is not engaged in transcription. The signal then increases
over the genic regions (185 and 25S) before peaking over probe 2. Probe 2 ends just
upstream of the +93 primary termination site and covers the T-rich element (Figure 5.1D).
The high signal thus represents polymerase that is paused upstream of the Reblp, prior to
terminating. The signal then drops off considerably over probes 3, 4 and 5. Probe 4 spans
the +250 failsafe terminator and it can be seen that ~80% of polymerases terminate before
this site. Further downstream, over probes 6 and 7, signals are very low, indicating that the
polymerase has terminated and is disengaging from the template. The figure of 80% of
polymerases terminating before the +250 failsafe terminator (probe 4) is slightly lower than
the generally accepted figure of 90%. However, some strain varation is known to occur
(Prescott, E. M., 2002) and highlights the mmportance of using isogenic strains. In
conclusion, the overall termination profile seen here is consistent with previous studies
based on both TRO and steady-state tRNA analyses (Johnson and Warner, 1991; Prescott et

al., 2004; Reeder et al., 1999).
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Figure 5.2: Transcription profile across the rDNA repeat in a YTIT166 wild-type strain. (A) A
representative data set showing hybrdisation of radiolabeled rDNA transcripts to the membrane containing
single stranded DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as
a negative control. Probe “A” contains a fragment of S. cerevisiae ACTT gene and is used to monitor transcrption
levels. (B) Average quantitation of multiple data sets (n=5) is presented. Standard deviations are shown as black
bars. Filters were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software.
Values obtained were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2

(set to 100%) to allow for direct comparison between different experiments.
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5.3  Analysis of transcription termination in single mutants

In order to study the role of chromatin remodeling factors in Pol I transcription, mutant

strains were employed. First, strains deleted for single chromatin remodeling factors were

studied.

531 Achdl

The first single mutant strain to be analysed was YTT400, in which Chd1p is deleted. A raw
data set (Figure 5.3.1A) and average quantitated data (Figure 5.3.1B) are shown. It can be
seen that loss of Chdlp does not significantly affect transcription by Pol I, with a normal

transcription profile seen. Thus it appears that loss of Chd1p alone does not alter the profile

of Pol I transcription.

5.3.2 Aiswl

The next single mutant strain to be analysed was YTT186, in which Iswlp is deleted. A raw
data set (Figure 5.3.2A) and average quantitated data (Figure 5.3.2B) are shown. It appears
that loss of Iswlp leads to a small increase in polymerase density over probes 3 and 4.
However the error bars for this data are large, indicating that any phenotype seen upon loss

of Iswlp is not consistent.

5.3.3 Aisw2

The final single mutant to be considered was YTT196, in which Isw2p is deleted. A raw data
set (Figure 5.3.3A) and average quantitated data (Figure 5.3.3B) are shown. Once again, it

can be seen that the disw2 profile 1s very simuilar to that of the wild-type, indicating that loss

of Isw2p does not affect Pol I transcription.
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Figure 5.3.1: Transcription profile across the rDNA repeat in a YI'T400 Achdl strain. (A) A representative
data set showing hybridisation of radiolabeled rDNA transcripts to the membrane containing single stranded
DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as a negative
control. Probe “A” contains a fragment of . cerevisiae ACT1 gene and is used to monitor transcription levels. (B)
Average quantitation of multiple data sets (n=>5) is presented. Standard deviations are shown as black bars. Filters
were exposed to 2 Phosphor-Imager screen and signals quantified using Image Quant software. Values obtained
were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2 (set to 100%) to

allow for direct comparison between different experiments.







Figure 5.3.2: Transcription profile across the rDNA repeat in a YI'T186 Aisw strain. (A) A representative
data set showing hybridisation of radiolabeled rDNA transcripts to the membrane containing single stranded
DNA probes. Probe “M” contains a fragment of Schizosaccharomyces pombe URA4 gene and acts as a negative
control. Probe “A” contains a fragment of . cerevisiae ACTT gene and is used to monitor transcription levels. (B)
Average quantitation of multiple data sets (n=5) is presented. Standard deviations are shown as black bars. Filters
were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software. Values obtained
were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2 (set to 100%) to

allow for direct comparison between different experiments.







Figure 5.3.3: Transcription profile across the rDNA repeat in a YI'T196 AiswZ strain. (A) A representative
data set showing hybridisation of radiolabeled rDNA transcripts to the membrane contamning single stranded
DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as a negative
control. Probe “A” contains a fragment of . cerevisiae ACT1 gene and is used to monitor transcription levels. (B)
Average quantitation of multiple data sets (n=5) is presented. Standard deviations are shown as black bars. Filters
were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software. Values obtamed
were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2 (set to 100%) to

allow for direct comparison between different expertments.
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54  Summary of single mutant transcription run-on analysis

Figure 5.4 shows a composite graph of all single mutant profiles compared to that of the
wild-type. Both Chdlp and Isw2p show very similar profiles to that of the wild-type,
indicating that loss of these factors does not have an adverse effect on Pol I transcription.
Loss of Isw1p does lead to a small amount of read-through over probes 3 and 4. However,
the large error bars over these probes indicate that there is a great deal of variation in signal

over these probes, suggesting that any effect seen upon loss of Iswlp is not consistent.

5.5 Analysis of transcription termination in double mutants

The lack of phenotypes seen in the single mutant strains could suggest that these factors do
not play an active role in Pol I transcription. However, it could also suggest that these
factors are redundant, with loss of one factor being compensated for by the continued
presence of another factor. To study this potential phenomenon, the TRO analysis was

extended and performed on double mutant strains.

5.5.1 Achdl, Aiswl1

The first double mutant to be analysed was YTT223, in which both Chd1p and Iswlp are
deleted. As before, a raw data set (Figure 5.5.1A) and average quantitated data (Figure
5.5.1B) are shown. It can be seen that loss of both Chdlp and Iswlp does not lead to a
distortion in transcription profile. Rather, the profile is very similar to that of the wild-type

over all regions probed.

5.5.2 Achdl, Aisw2

The second double mutant to be analysed was YT'T225, in which both Chd1p and Isw2p are
deleted. A raw data set (Figure 5.5.2A) and average quantitated data (Figure 5.5.2B) are

shown. Whilst the profile shows slightly more vanation over probes 3-5 than was seen for
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Figure 5.5.1: Transcription profile across the rDNA repeat in a YI'T223 Achdl, Aiswl strain. (A) A
representative data set showing hybndisation of radiolabeled rDNA transcrpts to the membrane containing
single stranded DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as
a negative control. Probe “A” contains a fragment of S. cerevisiae ACT7 gene and 1s used to monitor transcription
levels. (B) Average quantitation of multiple data sets (n=5) is presented. Standard deviations are shown as black
bars. Filters were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software.
Values obtained were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2

(set to 100%) to allow for direct comparison between different experiments.







Figure 5.5.2: Transcription profile across the tDNA repeat in a YI'T225 Achdl, Aisw2 strain. (A) A
representative data set showing hybridisation of radiolabeled fDNA transcripts to the membrane contamning
single stranded DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as
a negative control. Probe “A” contains a fragment of S. cerevisiae ACT1 gene and is used to monitor transcrption
levels. (B) Average quantitation of multiple data sets (n=>5) is presented. Standard deviations are shown as black
bars. Filters were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software.
Values obtained were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2

(set to 100%) to allow for direct comparison between different experiments.
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the Achd1 Aisw1 double mutant (Figure 5.2.1), 1t is clear that loss of Chd1p and Isw2p does

not cause a read-through phenotype or distort the transcription profile.

5.5.3 Aiswl, Aisw2
The final double mutant studied was YTT199, in which both Iswlp and Isw2p are deleted.
A raw data set (Figure 5.5.3A) and average quantitated data (Figure 5.5.3B) are shown. As

seen for the previous two double mutants, loss of Iswlp and Isw2p does not alter the

transcription profile.

5.6 Summary of double mutant transcription run-on analysis

Figure 5.6 shows a composite graph of all double mutant profiles compared to that of the
wild-type. It can be seen that all double mutants give a profile very similar to that seen for
the wild-type. All show strong pausing over probe 2 indicating that Pol I in all strains
continues to recognise the Reblp pause protein and the T-rich pause element. In addition,

elongation does not appear to be affected.

5.7 Analysis of transctiption termination in Achdl, Aiswl, Aisw2

triple mutant

As shown above, loss of one or two chromatin remodeling factors does not lead to
significant defects in transcription termination. This may indicate that one of the remodeling
factors studied is able to compensate for loss of one or two of the other factors studied.
This idea of redundancy amongst the three remodeling factors was investigated by carrying
out TRO analysis on YTT227, which lacks Chd1p, Iswlp and Isw2p. A raw data set (Figure
5.7A) and average quantitated data (Figure 5.7B) are shown. If the raw data set 1s first
considered, it can be seen that, in contrast to the single and double mutants, the triple

mutant shows decreased pausing over probe 2. This probe spans the +93 primary
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Figure 5.5.3: Transcription profile across the tDNA repeat in a YIT199 Aiswi, Aisw2 strain. (A) A
representative data set showing hybridisation of radiolabeled rDNA transcripts to the membrane containing
single stranded DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as
a negative control. Probe “A” contains a fragment of S. cerevisiae ACTT gene and is used to monitor transcription
levels. (B) Average quantitation of multiple data sets (n=5) is presented. Standard deviations are shown as black
bars. Filters were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software.
Values obtained were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2

(set to 100%) to allow for direct comparison between different experiments.










Figure 5.7: Transcription profile across the rDNA repeat in a YI'T227 Achdl, Aiswl, Aisw2 strain. (A) A
representative data set showing hybridisation of radiolabeled rDNA transcripts to the membrane containing
single stranded DNA probes. Probe “M” contains a fragment of Schigosaccharomyces pombe URA4 gene and acts as
a negative control. Probe “A” contains a fragment of §. cerevisiae ACTT gene and is used to monitor transcrption
levels. (B) Average quantitation of multiple data sets (n=4) is presented. Standard deviations are shown as black
bars. Filters were exposed to a Phosphor-Imager screen and signals quantified using Image Quant software.
Values obtained were corrected for the “U” content of each probe. Signals are plotted as a percentage of probe 2

(set to 100%) to allow for direct comparison between different experiments.
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termination site and this decrease in signal indicates that the polymerase is reading through
this site. If the quantitated data are next considered, where probe 2 is normalised to 100%, it
can be seen that the Achd7, Aiswi, Aisw2 triple mutant strain shows a significant (2-3 fold)
increase in signal over the spacer (4-7). This confirms that Pol I reads past the normal site of
termination in the absence of Chdlp, Iswlp and Isw2p. The greatest increase in signal is
seen over probe 4, which spans the +250 failsafe termination site. Furthermore, increases in

signal over the genic probes “18” and “25” suggest defects in elongation as well as

termination.

5.8 Discussion

The aim of the first half of this chapter was to investigate the roles played by chromatin
remodeling factors in Pol I transcription termination. This was achieved by employing TRO
analysis, which gives a read-out of polymerase density across the region probed. Comparison
of wild-type and mutant strains thus allows defects in transcription to be diagnosed. Here,
TRO analysis was performed on strains lacking one, two or three of the chromatin
remodeling factors studied (Chdlp, Iswlp, Isw2p). First, single mutant strains were analysed
(Figures 5.3.1-.3). It was found that loss of a single remodeling factor did not lead to
termination defects, with all strains showing strong pausing upstream of the Reblp site
(probe 2), little read-through downstream (probes 4-7) and no real distortion in elongation
(probes 18S and 25S). This would initially suggest that these factors are not involved in Pol 1
transcription. However, the presence of the remaining two remodeling factors could
compensate for the loss of the third. To investigate this, TRO analysis was repeated in
double mutant strains (Figures 5.5.1-.3). Here, it was again found that loss of two
remodeling factors does not lead to defects in termination, nor in elongation, with Pol I
terminating as well as, or slightly better than wild-type. This suggested that redundancy may

occur between all three remodeling factors. Thus the TRO analysis was repeated in a triple
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mutant strain (Figure 5.7). In contrast to loss of single or double remodeling factors, it was
found that loss of Chd1p, Isw1p and Isw2p leads to distortions in Pol I transcription, during
both the termination and elongation phases. Increased signals are seen over the genic region,
suggesting that Pol I is pausing, or is less able to transcribe processively. Over the
termination region, Pol I pausing is decreased and the polymerase reads through past the
normal +93 site of termination. The greatest increase in signal is seen over probe 4. This
probe spans the +250 failsafe termination site which, in the wild-type case, is reached by
only ~20% of polymerases. Loss of Chdlp, Iswlp and Isw2p however results in ~60% of
all polymerases reaching the +250 failsafe terminator (probe 4). Furthermore, half of the
polymerases that reach the +250 site read through even further down stream (compare
probes 4 and 5). This indicates that whilst termination does still occur, it is occurring much

further downstream than is seen in the wild-type.

All of the above data indicate that Chdlp, Iswlp and Isw2p act redundantly at the tDNA
locus to facilitate efficient transcription, at both the level of elongation and termination.
Redundancy amongst these three remodeling factors has been seen before at the Pol II-
transcribed GAL70-7 locus (Alen et al., 2002). Thus this result indicates a further similarity
between Pol 1 and Pol II transcription. The role of Chdlp, Iswlp and Isw2p during
elongation and termination is also consistent with the presence of these factors across the

entire rDNA repeat.

The results of this chapter are summarised in Figure 5.8. The chromatin remodeling factors
Chdlp, Iswlp and Isw2p act redundantly at the rDNA locus. They act during both

elongation and termination to ensure efficient transcription.
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Figure 5.8: Updated model of the role of chromatin remodeling factors in Pol I transcription. An active
tDNA repeat is shown. The black lines represent actively transcribed tDNA organised into nucleosome-like
structures composed of, at least, histones H2B and H3 (circles surrounded by dotted lines). The start site of
transcription 1s indicated by the black arrow and the +93 primary termination site 1s indicated by the “+93” black
arrow. The black wavy lines extending from the dotted circles represent the N-terminal histone tails. Black forked
structures represent dimethylation of histone tails. Chdlp, Iswlp and Isw2p act redundantly, during both

elongation and termination, to ensure efficient transcription by RNA Polymerase 1.
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6.1 Conclusions

The aims of this thesis were to investigate the chromatin environment of tRNA genes
during active transcription. Furthermore, the role of chromatin remodeling factors at this
locus was investigated. This study found that modified histones are present across all-active
repeats. The relative ratios of the histones studied, H3 and H2B, were unequal, suggesting
that the chromatin structure of active repeats is dynamic. In light of previous disparate
studies (see Chapter 1: Introduction), the results seen here would suggest that a form of
chromatin structure, consisting of non-canonical, dynamic nucleosomes is present on active
tDNA repeats. The H3 histones found on active tDNA repeats are methylated at both K4
and K36, and the patterns of methylation seen are compatible with those seen at Pol II loci,
suggesting parallels between Pol II and Pol I transcription. The presence of histones across
the rDNA locus and taill modifications known to recruit chromatin remodeling factors
suggested both a need for these factors, and a means of recruiting them. Consistent with
this, Chd1p, Iswlp and Isw2p are found at the rDNA locus. Their association is seen across
the entire repeat and would suggest the involvement of these factors in both transcription
elongation and termination. The role of these chromatin remodeling factors was assayed
using transcription run-on analysis in strains deleted for the factors. The resulting nascent
profiles of transcription indicated that these factors act redundantly to influence both
elongation and termination phases. It is therefore possible to imagine a number of different
scenarios to explain their role in efficient transcrption. The density of polymerases on
rRNA genes may require the temporary eviction of histones from the tDNA template. Thus
the remodeling factors may act to chaperone the histones as Pol I elongates through the
tRNA gene. The build-up of polymerase over the genic region in the absence of Chdlp,
Iswlp and Isw2p is not as large as that seen over the termination region. Therefore it could

alternatively be imagined that the remodeling factors function primarily during transcription
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termination. They may be required to form a chromatin structure over the termination
region that is refractory to the passage of Pol I downstream. These two hypotheses are not
mutually exclustve and the remodeling factors may function during both elongation and
termination. It should also be noted that whilst the high ChIP signals seen for histones H2B
and H3 m the all-active strain mdicate that these nucleosome components are present on
active rDNA repeats, the ChIP analysis does not allow one to determine whether all 42
repeats in the all-active strain possess histones. Thus there may be a sub-fraction of active
rDNA repeats that possess a chromatin structure and chromatin remodeling factors are

required at these repeats to ensure high levels of rDNA transcription.

The work presented in this thesis allows an updated model of rDNA transcription to be

presented (Figure 6):

1) Histones are present across actively transcribed tDNA repeats.

2) These histones show modifications that parallel those seen on actively transcribed
Pol II genes. Furthermore, the modifications are compatible with the recruitment of
chromatin remodeling factors.

3) Chromatin remodeling factors Chdlp, Iswlp and Isw2p are recruited to rDNA
repeats.

4) These remodeling factors act redundantly, possibly during both elongation and

termination, to ensure efficient Pol I transcription.
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Figure 6: Updated model of the role of chromatin and chromatin remodeling factors in rDNA
transcription.

1. Histones H2B and H3 are present across actively transcribed rDNA repeats.

2. The N-terminal tails of these histones undergo dimethylation at residues lysine 4 and lysine 36, catalysed by
Setlp and Set2p respectively. These modifications parallel those seen on actively transcribed Pol II genes.
Furthermore, the modifications are compatible with the recruitment of chromatin remodeling factors.

3. Chromatin remodeling factors Chdlp, Iswlp and Isw2p are recruited to rDNA repeats via interactions
involving lysine 4 dimethylated histone tails and rRNA.

4. These remodeling factors act redundantly, possibly during both elongation and termination, to ensure efficient

Pol I transcription.
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6.2 Future prospects

The work presented in this thesis raises a number of questions which could be explored

further:

6.2.1 Further analysis of chromatin structure of active tDNA repeats

ChIP analysis using core histone antibodies (Chapter 2) indicates that actively transcribed
repeats possess both histones H2B and H3. The amounts of these histones found at active
repeats, compared to inactive repeats, is unequal suggesting that the chromatin structure may
be dynamic and non-canonical. The presence of histones H2B and H3 would lead one to
expect though that histones H2A and H4 would also be present, especially in light of
Xenopus studies indicating that H2A and H4 are present on actively transcribed repeats
(Dimutrov et al., 1990; Dimutrov et al., 1992) and the requirement of histone H4 tails for the
function of Iswl and Isw2 complexes (Clapier et al., 2001; Fazzio et al, 2005). As ChIP
analysis using commercial antibodies against these histones was unsuccessful, i1t would be of
great interest to raise antibodies against histones H2A and H4 and to use these antibodies n
further ChIP analysis. The presence and relative amounts of these histones on actively
transcribed rDNA repeats would give insight into the nature of tDNA nucleosomes and the
extent to which they are canonical. In addition, the analysis could be furthered to include the
study of variant histones such as Htz1 and may give insights into the mechanism by which
Pol I transcribes through its nucleosomal template.

Secondly, the analysis of histone tail modifications could be extended. Histone H2B is
known to be ubiquitylated at K123 and at Pol II locy, this modification 1s a prerequisite for
H3 K4 dimethylation (Dover et al., 2002; Sun and Allis, 2002). It would therefore be of great
interest to investigate whether this modification is present at actively transcribed tDNA

repeats, and if so, whether the presence of H3 K4diMe shows the same dependency on H2B

ubiquitylation as seen for Pol II loct.
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There are more than 30 residues known to undergo histone tail modification. In addition to
the methylation studies carried out here, 2 much more comprehensive analysis could be
carried out on active rRNA genes, with acetylation, arginine methylation and
phosphorylation investigated. Thus the pattern of histone modifications could be analysed
and comparisons made between the patterns seen for Pol I and Pol IL

For all of these additional analyses, it would be desirable to alter the sonication conditions to
produce both smaller chromatin fragments and a smaller range of fragments. The sonication
conditions used in this study produced fragments ranging in size from 100bp to 1kb, with an
average size of 450bp. The production of smaller chromatin fragments would increase the
resolution of the analysis and would decrease the likelihood of false positive signals being
seen. This is particularly important over the termination region where the short distance
between the end of the 258 gene and the 5S gene results in primer pairs 2+3, 5 and 7 being

located close together.

6.2.2 Interactions between, and recruitment of, chromatin remodeling factors

The results presented here indicate that the chromatin remodeling factors Chd1p, Iswlp and
Isw2p act to facilitate efficient transcription by Pol 1. The redundant function of these
factors at the rDNA locus is consistent with their physical interaction (Gavin et al., 2002). It
is known that Chd1p travels with the elongating Pol II through interactions with the Pafl
complex and the elongation factors Spt4-5 and Spt16-Pob3 (Krogan et al., 2002a; Simic et
al., 2003). As such elongation factors have not been identified for Pol I transcription, it
would be of interest to investigate whether any of the remodeling factors interact with Pol I
by carrying out co-immunoprecipitation experiments with tagged strains.

The recruitment of remodeling factors was also addressed in this study. As discussed in
Chapter 3, Chdlp 1s recruited to the tDNA locus by a mechanism involving both H3 K4

dimethylation and tfRNA. To study the role of rfRNA further, binding assays could be
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performed to investigate whether Chdlp can bind directly to tRNA. It would also be of
interest to investigate whether Chd1p interacts with histone H3 tails dimethylated at K36, as
has been proposed (Hampsey and Reinberg, 2003). If K36diMe tails are found to bind
Chdlp, the question of recruitment could then be furthered to investigate whether K4diMe
or K36diMe tails (or both) are responsible for recruiting Chdlp. To do this, the ChIP
analysis could be repeated in a Ases2 background, as was done in Chapter 3 for the Aset7
background. Moreover, the impact of Chd1p deletion on K4 and K36 dimethylation could
be investigated. By carrying out ChIP analysis for K4 and K36 in a Ackd? strain, the
temporal order of modifications could be probed. For instance, Setlp and K4 methylation
may be required for recruitment of Chd1p whilst the presence of Chd1p may be required for
further methylation at K36. Finally, further Isw1p and Isw2p studies could be carried out. It
would be of interest to know whether Iswip functions at the rDNA locus with any of its Ioc
partners. This would give insight into the relative contributions of Iswla and Iswlb
complexes. In addition, ChIP analysis could be carried out using an antibody against the

Itc1p, Dpb4p and Dls1p components of the Isw2 complex.

6.2.3 Recruitment of Setlp and Set2p

At Pol II loci, the function of Setlp 1s known to be dependent on the presence of a serine 5
phosphorylated CTD (Ng et al.,, 2002). Furthermore, the recruitment of Set2p is dependent
on a serine 2 phosphorylated CTD (Krogan et al., 2003c; Li et al., 2003; Li et al., 2002; Ng et
al, 2002; Schaft et al., 2003; Xiao et al., 2003). Thus the Pol II CTD plays a crucial role in
both the recruitment and regulation of these methyltransferase activities. The A43 and A14
subunits of Pol I form a stalk structure that has been suggested to fulfil a similar role to the
Pol II CTD (Bischler et al., 2002). Thus interaction studies with Setlp, Set2p and the

A43/A14 subunits of Pol I may shed light on the recruitment of these methyltransferases to
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the tDNA locus. Such a study could be particularly interesting for Set2p as the Pol II

interaction domain has been i1dentified (Kizer et al., 2005).
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Reagents

Most chemicals and reagents were purchased from BDH and were of ‘AnalaR’ grade.

Chemical reagents obtained from other sources are listed below:

Agar, technical

Agarose

Ampicillin

Bactopeptone

B-mercaptoethanol

Bovine Serum Albumin (BSA)
Bromophenol Blue

Chloroform

Complete, EDTA-free tablets
Deoxyribonucleotide triphosphates (dNTPs)
Dithiothreitol (DTT)

Ethanol

Ethidium Bromide

Formaldehyde

Glass beads, acid washed, 425-600pum
Glucose

Hybond NX

Lambda DNA

PEG 3500, 8000

Phenol

Protein A-Sepharose CL-4B beads
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Difco
Melford
Sigma

BD

Sigma
Sigma
Sigma
Sigma
Roche
Invitrogen
Roche
BDH
Sigma
BDH
Sigma
BDH
Amersham-Pharmacia
Q BIOgene
Sigma
Sigma

Amersham



Chapter 7: Materials

Quantitect Sybr Green mix
Ribonucleoside triphosphates
Salmon sperm DNA

Sodium N-Lauryl sarcosine sulphate
Sorbitol

Spermidine

Trs

Xylene Cyanol

Yeast Extract

E mes

Qiagen

Roche

Sigma

BDH

Sigma

Sigma

MP Biomedicals
Sigma

Oxoid

Restriction endonucleases were obtained from New England Biolabs. Other enzymes were

obtained from the following suppliers:

Micrococcal nuclease

Proteinase K

RNase A/T1 cocktail
Tag DNA Polymerase

Yeast lytic enzyme

Antibodies

FLAG (F 3165)
HA (clone F7)
c-Myc (clone 9E10)
H2B

H3 (ab1791)
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USB/Pharmacia
Roche
Ambion

Promega

MP Biomedicals

Sigma

Santa-Cruz Biotech.
Sigma

D. Bentley

Abcam
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H3K36diMe (ab9049) Abcam
H3K36diMe (07-369) Upstate
H3K4diMe (07-030) Upstate

Rnal5 D. Barilla
Radioisotopes

[o**P] dATP 3000 Ci/mmol; 10 mCi/ml
[P} fUTP 3000 Ci/mmol; 10 mCi/ml
All radioisotopes were obtained from Amersham.

Kits

Qiagen DyeEX Kit Qiagen

Qiaquick Gel Purification Kit Qiagen

Qiagen PCR Purification Kit Qiagen

Prime-It II Random primer labelling kit Stratagene
Organic Reagents

Phenol pH 8, DNA work Sigma

Phenol pH4.3, RNA work Sigma

Molecular Weight Magkers

1kb Plus DNA ladder Invitrogen

Centrifuges

50ml cultures were spun at 4°C in a Heraeus Multifuge 3s. 1ml and 1.5ml tubes were spun at

room temperature in a Heraeus Biofuge Pico and at 4°C in a Sorvall Fresco.
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S. cerevisiae media

YP-medium (per litre)
Bactopeptone
Yeast extract

Glucose added to

YP-plates (per litre)
Bactopeptone
Yeast extract
Agar

Glucose added to

Solutions and Buffers

Gel Electrophoresis Buffers

50x TAE-Buffer

Sodium acetate

EDTA

Trs

Glacial acetic acid

10x Orange G dye
Ficoll
Orange G

EDTA

20 g
10¢g

2%

20¢g
10g
20g

2%

250 mM
50 mM
2M

91 ml/litre

5% w/v
2.5 mg/ml

10 mM
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5x TBE

Tris

EDTA

Boric acid

Hybridisation solutions

50x Denhardt’s
Ficoll
BSA

Polyvinylpyrrolidone

20x SSC
NaCl
Sodium citrate

Adjusted to pH 7 with HCI

20x SSPE
Na(l
NaH,PO,
EDTA

Adjusted to pH 7.4 with NaOH

76

50 mM

10 mM

50 mM

1%

1%

1%

3M

300 mM

3M

200 mM

20 mM
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Chromatin immunoprecipitation reagents

SDS buffer
SDS 1%
EDTA 10mM
Trs-HCL pH 8 50mM
PMSF-EtOH 0.5mM

Complete, EDTA-free

Complete, EDTA-free
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1 tablet/5ml

IP buffer
SDS 0.01%
Triton-X-100 1.1%
EDTA 1.2mM
Tris-HCI pH 7.5 16.7mM
Na(l 167mM
PMSF-EtOH 0.5mM

1 tablet/5ml

TSE150 wash
Triton-X-100 1%
SDS 0.1%
EDTA 2mM
Tris-HCl pH 8 20mM
NaCl 150mM
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TSES500 wash
Triton-X-100 1%
SDS 0.1%
EDTA 2mM
Trns-HCl pH 8 20mM
Na(Cl 500mM
LiCl wash
LiCl 0.25M
NP-40 1%
Dioxycholate 1%
EDTA 1mM
Tris-HCl pH 8 10mM
Elution buffer
SDS 1%
NaHCO, 0.1M
CL-4B buffer
Tris-HCl pH 8 10mM
EDTA 1mM
BSA 10pg/ml
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In vivo chromatin analysis reagents

Yeast Lytic Enzyme buffer
YLE 10mg/ml
Sorbitol M
B-mercaptoethanol 5mM

Sphaeroplast digestion buffer

Sorbitol ™M

NaCl 50mM
Tris-HCl pH 7.5 10mM
Mg(Cl, 5mM

Ca(l, 1mM
B-mercaptoethanol 1mM
Spermidine 0.5mM
NP40 0.075% v/v

Micrococcal nuclease dissolved at 15units/pl in
10mM Tris-HCl pH 7.5
10mM NaCl

100pug.ml BSA

Stop solution
SDS 5%

EDTA 250mM
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Denaturing solution
Na(l 1.5 M

NaOH 05M

Neutralising solution

NaC(Cl 1.5M
Tris-HCL, pH 7 05M
EDTA 1 mM

Transcription run-on analysis reagents

AFE Buffer
NaOAc 50mM
EDTA 10mM

Adjust to pH 5 with acetic acid

TES
Tris-HCL, pH 7.5 10 mM
EDTA 10 mM
SDS 0.5%

2.5x Transcription Buffer

Tris-HCL, pH 7.4 50 mM
MgCl, 80 mM
KCl 500 mM
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Hybridisation solution

SSPE 5x
Formamide 50%
Denhardt’s Solution 10x

tRNA 100 pg/ml
SDS 0.2%

Denaturing solution (see above)

Neutralising solution (see above)

Yeast genomic DNA prep reagents

Breaking buffer
Triton-X-100 2%
SDS 1%
NaCl 100mM
Tris-HCl pH 8 10mM
EDTA 1mM
TE
Tris-HCl pH 8 10mM
EDTA 1mM
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S. cerevisiae strains

Strain name

YTT166

YTT400

YTT186

YTT196

YTT1223

YTT225

YTT199

YTT1227

YTT166 se2

Genotype

MATa ade2-1 can-100 his3-11,15

len2-3,112 trp1-1 wra3-1 RADS5+

Y'TT166 with chd1::TRP7

YTT166 with isw1::ADEZ2

YTT166 with zsw2::I. EU2

YTT166 with zswl::ADEZ2

chd1::TRP1

YTT166 with chd1::TRP1

ww2: . EU2

YTT166 with zsw1::ADEZ2

ww2: L. EU2

YTT166 with chd1::TRPT

iswl2ADEZ2 isw2:: 1. EUZ2

YTT166 with sez2::KanM>x
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Source

T. Tsukiyama

"

"

"

"

"

J. Melllor

"

"

"

"

*
Use

CMT

MT

MT

MT

MT

MT

MT

C
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YHT117 MATa #ra3-52 lys2-801 len2-A1 A.Johnson C

bis3-A200 Atrp1 pept A=HIS3

prb1-A41.6R
YHT149 YHT117 with 6MYC::6HIS:: A.Johnson C
CHD1::TRP1
NOY1051 NOY886 but copy number ~140 M. Nomura C
NOY886 MATo rpal35A4:L.LEU2 ade2-1 ura3-1 M. Nomura C

bhis3-11 p1-1 len2-3,112 canl-100
Jfob1A::HIS3 pNOY117 [CEN

RPA735 TRP1]
AS14 MATo ade2 #ra3-52 trp1463 TRPT M. Riva C
bis3A200 leu2 A1 lys2-801 RPA14-

3HA

UCC1001 MATa ade2-101 his3A-200 len2A1 J. Mellor C

mp1A1 lys2-801 TELadhd::URA3

UCC1001 setl UCC1001 with ser7::URA3 J. Mellor C

GHY773 CHD1-HA MATa HA1,-CHD1 his34200 G. Hartzog C

bs2-1286 len2A1 nra3-52
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GHY773 CHD1-HA GHY773 with set7::KanMX G. Hartzog C

Aset1

CEN.PK2-1D MATa ura3-52 trp1-289 ken2-3,112  J. Mellor C
his3A41 MAL2-8° SUC2

Isw1-Myc CEN.PK2-1D with ISW7::13Mye:: J- Mellor C
KanMX6

Isw2-Myc CEN.PK.2-1D with ISW2::13Mpyc:: "o C
RanMX6

YTT1401 YTT166 with Mata ste2::HygB T Tsukiyama C
ste3:KanMX

YTT2164 YTT166 with Mata ste2::HPH "o C

ste3:NAT isw2-K215R-3F1.AG-

KanMX

* C = used in ChIP experiments, M = used in MNase experiments, T = used in TRO

experiments
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Chromatin immunoprecipitation analysis

The analysis was carried out according to (Morillon et al., 2003b) with a number of

modifications and 1s summarised below.

Chromatin isolation

50ml cultures were grown to an OD;, of 0.7-1.0 (density of 1.5-4.0 x 107 cells/ml). 1.35ml
formaldehyde was added to each culture and incubated with agitation at room temperature
for 6 minutes. Cells were then rapidly harvested at 2,500 rpm for 2.5 minutes. Cells were
washed in 30ml cold PBS and reharvested. A second wash in 10ml PBS and reharvesting
followed. The PBS was poured off to leave ~2ml, which was used to resuspend the cell
pellet. Cells were then transferred to round-bottomed Eppendorf tubes.

Cells were centrifuged at 13,000 rpm at 4°C, PBS was removed and cells were resuspended
in 250pl1 SDS buffer on ice. 500yl glass beads were added and cells were vortexed 8x 30
seconds, with 1 minute rests on ice. A further 250l SDS buffer was then added. Eppendorf
tubes were needle pierced and placed in 15ml Falcon tubes (containing second Eppendort
tube to catch flow-through). Falcon tubes were spun at 2,000 rpm for 30 seconds. 25ul “pre-

sonication” sample was removed for sonication analyss.

Sonication
Sonication was performed using a Diagenode bioruptor. Sonication was carried out at 4°C,
with 20 cycles of 10 seconds ON /30 seconds OFF. Sonication conditions were optimised to

produce sonicated fragments with a size range 100bp-1kb and an average size of ~450bp.

85



Chapter 8: Methods

Antibody addition and RNase A treatment

Sonicated samples were centrifuged for 10 minutes at 13,000 rpm and the supernatant
transferred to 15ml Falcon tubes. 251 “post-sonication” sample was removed for sonication
analysis.

5ml cold IP buffer was added to the supernatant, followed by 15 minutes incubation on ice.
Samples were then centrifuged at 3,500 tpm for 10 minutes and the supernatant transferred
to fresh Falcon tubes. The supernatant was aliquoted into 4 Eppendorf tubes: 300l TOT
(Total input DNA) and genomic DNA, and 1ml IP (Immunoprecipitated sample) and NO
(No antibody control). TOT and genomic DNA samples were stored at -20°C. Antibody
was added to IP sample only. IP and NO samples were then incubated on 2 rotating wheel
at 4°C overnight.

The RNase A protocol is adapted from Abruzzi et al (2004) and is performed prior to
antibody addition. For RNase A treatment, 2 sets of samples were aliquoted. To one set of
TOT, IP and NO, RNase A was added at the following volumes; TOT 6ul, IP and NO 19ul.
Both sets of samples were incubated at room temperature for 30 minutes. Antibody was

then added as described above.

Volumes of antibody added

FLAG 10pl
HA 20pl
c-Myc 5ul
H2B 2ul
H3 5ul
H3K36diMe 5ul
H3K4diMe 5ul
Rnal5 5ul
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Isolation of chromatin:antibody complexes

To all samples was added: 6ul 0.4mg/ml sonicated A DNA and 40pl ProteinA-sepharose
beads in CL-4B buffer. Samples were then incubated on rotating wheel at room temperature
for 90 minutes.

Beads were then washed with 950yl of the following buffers for 3 minutes (incubation on
the wheel) followed by centrifugation at 13,000 rpm for 1 minute: TSE-150, TSE-500, LiClL
950l dH,0O was added and beads were transferred to new Eppendorfs followed by
centrifugation. 250pl elution was buffer was added to the beads followed by incubation on
the wheel for 15 minutes. Beads were centrifuged and supernatant was transferred to new
Eppendorf tubes. Beads were then incubated with further 250pl elution buffer followed by

centrifugation and removal of supernatant as before.

Sonication of A DNA and preparation of Protein A-Sepharose CL-4B beads

» DNA was sonicated at an amplitude of -20 with 4 cycles of 10 seconds ON/30 seconds
OFF using a Diagenode Bioruptor.

500ul Protein A-Sepharose CL-4B beads were dissolved in 10ml PBS then centrifuged for 5
minutes at 3,000 rpm. PBS was removed and beads resuspended in 1ml CL-4B buffer. Beads
were centrifuged for 1 minute at 3,000 rpm and buffer removed. Beads were resuspended in

500p] CL-4B buffer and stored at 4°C for less than a2 month.

Proteinase K treatment and reversal of cross-links

Genomic DNA and TOT samples were thawed out. To genomic DNA, TOT, IP and NO
samples was added 0.5pl proteinase K, 0.2M NaCl and 4mM Tris-HCl pH7.5. Samples were
incubated at 42°C for 1 hour to achieve protein degradation, followed by overnight

incubation at 65°C to reverse cross-links.
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DNA isolation

DNA was isolated using a Qiaquick PCR purification kit (Qiagen). Samples were eluted m

50ul dH,O.

Analysis of sonication

25ul dH,O was added to “pre-sonication” and “post-sonication” samples. Samples were
treated with proteinase K and cross-links were reversed as described above. Samples were
then run on a 1% agarose gel (see below for details of Gel Electrophoresis). Comparison
between pre- and post-sonication samples ensured sonication had occurred efficiently and

that the resultant fragments were of a size range 100bp — 1kb, with an average size of

~450bp.

Real-time PCR analysis

Real-time PCR analysis was carried out on the Corbett Rotorgene 3000 system. TOT DNAs
were diluted 1/20, IPs and NOs were diluted 1/5. All samples were run in triplicate.
Standards were made by serial dilution of genomic DNA sample. All primers were designed
using the Primer 3 software (http: / /frodo.wi.mit.edu/ cgi-bin/primer3/primer3_www.cgt)
and are detailed below. Primers were tested by both normal PCR and real-time PCR analysis.

A melt-curve analysis was performed for each analysis to ensure the integrity of the PCR

products.
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Reaction mix

Sybr Green mix
Forward primer
Reverse primer
Template

dH,0

Cycling parameters

95°C
95°C
57.5°C

72°C

Quantitation

Stock
2x
5uM

5uM

15 minutes
30 seconds
30 seconds

30 seconds

Volume used (ul)
7.5
0.75

0.75

15

45 cycles

Relative fluorescent intensities were calculated from:

[(Z IP signals / Z IP samples) — (X NO signals / £ NO samples)] / [(X input signals / =

input samples) — (X NO signals / £ NO samples)].

To calculate the percentage of ChIP signal contributed by an all-active strain relative to a

wild-type strain, th

e relative fluorescent intensity obtained for the all-active strain over a

given region was divided by that obtained for the wild-type strain and multiplied by 100 as

shown: [(AA/WT)*100].
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Primer pairs for chromatin immunoprecipitation analysis

Primer Sequence Location*  Size (bp)
rDINA locus
3' of 5S FP 5 TGGTGCAAAAGACAAATGGA 3' -954/-702 251

RP 5 CCGTCCCTCCAAATGTAAAA 3

Pro FP 5' GCACCTGTCACTTTGGAAAAA 3 -203/45 249

RP 5 TTCGTTTCCAAACTCTTTTCG 3

18,1 FP 5 AAACGGCTACCACATCCAAG ¥ 1098/1344 247

RP 5' GGCCCAAAGTTCAACTACGA 3

18,2 FP 5 GATGCCCTTAGACGTTCTGG 3' 2134/2374 241

RP 5 GGCCTCACTAAGCCATTCAA 3

5.8 EP 5 CCCAGAGGTAACAAACACAAAC 3 2770/3020 251

RP 5' GGAAATGACGCTCAAACAGG 3

25,1 FP 5 AAAAGAAACCAACCGGGATT 3 3310/3551 242

RP 5' CCCACTTAGAGCTGCATTCC 3'

25,2 FP 5 CCGAATGAACTAGCCCTGAA 3 4533/4778 246

RP 5 CGACTAACCCACGTCCAACT 3
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25,3

2+3

Po/ IT loc:

CYC15

CYC1 3

ISY1

INO1

FP 5' GCC CCC TTGATTTTGATTTT 3'

RP 5' ACC CAG CTCACGTTCCCTAT 3'

FP 5' CAACGGGGTATTGTAAGCAG 3

RP 5' CTCTTACACACTATCATCCT 3'

FP 5 AGGGCTTTCACAAAGCTTCC 3

RP 5 TGTCCCCACTGTTCACTGTT 3'

FP 5 GATGGCAAGTTCCAGAGAGG 3'

RP 5 CTTATTCCTTCCCGCTTTCC ¥

FP 5 TTAGGCTCGAGAACAATAGGG 3

RP 5 GATGTCGTCTCACACGGAAA 3

FP 5 CATCCGCTCTAACCGAAAAG 3'

RP 5 GATGATGAGAGCGACGATGA 3

FP 5 CCACTGCCATCTCTTCCATT 3'

RP 5 TTTCAAGAGCAGCAAGCAGA 3

EP 5 TCACATGGAGCAGAGAAAGC 3

RP 5' CACGTAGTCTTGAACAGTGG 3
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6571/6819

6918/7163

7214/7457

-689/-449

400/644

42/281

-179/164

248

248

246

244

241

245

240
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INO1 G FP 5' AACCGGATTTCCATTCACAA 3 1282/1531 250

RP 5' CTAAGGCGGTTCTTTGCTTG 3'

* All coordinates are given with respect to the start of the 35S transcript

Note. Primers were designed to cover similar regions to those covered by the transcription

run-on probes (see below). Therefore the following ChIP and TRO probes span comparable

regions of the tDNA locus:

ChIP primer pair TRO probe

Pro Pro

18,2 18S

25,3 25S

2+3 2,3

5 5, 6 and part of 7

ChIP primer pair 7 is therefore downstream of the region covered by TRO probe 7.

Gel electrophoresis (agarose)

Samples in 1x Orange G loading dye were run on 1% agarose/ TAE buffer gels. Gels

contained 1pg/ml ethidium bromide. Gels were run at a maximum of 200mA and visualised

and photographed using a Syngene Gene Genius Bioimaging system.

For isolation of fragments from gels, a 254nm UV light box was used and the gel fragment

excised using a razot blade. DNA was isolated using a Qiaquick Gel Extraction kit (Qtagen).
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Genomic DNA prep

1ml cultures were grown until stationary phase, then harvested at 2,500 rpm for 3 minutes.
Cells were resuspended in 200ul breaking buffer and transferred to an Eppendorf. 200l
glass beads and 200ul phenol:chloroform (pH 8) were added. Cells were vortexed at full
speed for 3 minutes. 200ul TE was added and samples were mixed. Samples were then
centrifuged at 13,000 rpm for 5 minutes. The upper phase was removed and transferred to a
new Eppendorf tube. DNA was precipitated with two volumes cold ethanol and 0.3M

sodium acetate at -20°C. The pellet was then resuspended in an appropriate amount of H,O.

Growth of S. cerevisiae

S. cerevisiae were grown in YPD at 30°C with shaking.

In vivo chromatin analysis

The analysis was carried out according to Kent et al. (1993) and Wu and Winston (1997),
using the rapid sphaeroplasting technique of Kent and Mellor (1995). Indirect-end labelling

was carried out as described in Kent et al. (1994).

Cell harvest and chromatin digestion

100ml cultures were grown to mid-log phase (1.0-4.0 x 107 cells/ml) and counted using a
haemocytometer. 1.2 x 10° cells were harvested at 2,500 rpm for 3 minutes. The media was
decanted, leaving ~1ml in which the pellet was resuspended. Cells were transferred to a
round-bottomed Eppendorfs and centrifuged to remove remaining media. Cell pellet was
resuspended in 950ul Yeast Lytic Enzyme buffer. Sphaeroplasting was carried out by gently
inverting the tube for a predetermined length of time (in the range of 20-60 seconds). Cells
were pelleted by centrifuging for 5 seconds at 13,000 rpm followed by removal of the YLE

buffer. Cells were washed twice with 950ul 1M sorbitol then resuspended in 1.2ml
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Sphaeroplast Digestion Buffer. 200yl aliquots (containing 2 x 10° cells) were transferred to

Eppendorf tubes containing either Micrococcal nuclease or Stop solution as shown below.

Tube Addition of Concentration units/ul Use

1 MNase 150 Sample 1

2 MNase 300 Sample 2

3 Stop - Naked DNA
4 Stop - Markers

All tubes were incubated at 37°C for 4 minutes. Digestion in tubes 1 and 2 was halted by

addition of 20ul Stop solution.

DNA purification

2001 phenol:chloroform (pH 8) was added to each tube. Tubes were centrifuged at 13,000
rpm for 5 minutes. The aqueous phase was transferred to a new Eppendorf containing 5ul
10mg/ml RNase A. Samples were mixed well and incubated at 37°C for 30 minutes. A
further 200ul phenol:chlororform (pH 8) was added and centrifugation performed to
separate the phases.

The aqueous phase was transferred to a new Eppendorf and the DNA precipitated with
1 5M ammonium acetate and 1 volume isopropanol. DNA was pelleted by centrfuging at
13,000 rpm for 10 minutes. DNA was then washed with 190pl 80% ethanol followed by

centrifugation and aspiration of the ethanol. DNA pellets were dried at room temperature

for 5 minutes and the DNA resuspended in 18ul TE.
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Naked DNA controls

300pl SDB was added to an 18yl sample of undigested, purified DNA (tube 3 above). 2ul of
1:20 dilution of MNase was added and incubated for a predetermined length of time (in
range of 20-40 seconds). Digestion was terminated by the addition of 300ul

phenol:chloroform (pH 8). DNA was then purified and washed as described above and

resuspended in 18ul TE.

Markers

3x 5ul aliquots were taken from an 18yl sample of undigested, purified DNA (tube 4 above).
Each aliquot was digested with an appropriate restriction enzyme (as described below).
DNA was purified by phenol:chloroform (pH 8) as described above. Aqueous phases were
pooled and the DNA precipitated as described above. DNA was finally resuspended in 13pl

TE.

End-digest and gel

All samples (MNase digested/Naked DNA controls /markers) were digested overnight with
appropriate end-digest restriction enzyme. DNA loading buffer (containing bromophenol
blue only). MNase digested and naked samples were loaded onto a 1.5% TBE-agarose gel
with 4pl of the markers. The gel was run at a constant current of no more than 6mA/cm for

approximately 4 hours, until the bromophenol blue was 1cm from the bottom of the gel.

Southern blot

The gel was denatured with 2x 15 minute treatments with denaturing solution. The gel was
then rinsed with water and neutralised with 2x 15 minutes treatments with neutralising
solution. The gel was then blotted overnight in 20xSSC to MAGNA nylon hybridisation

membrane. The membrane was then baked at 80°C for 2 hours.
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Production and random priming of end-label

DNA fragment containing chosen restriction enzyme site (see below) was amplified up by
PCR and purified using the Qiaquick Gel Extraction kit (Qiagen). DNA was then digested
by the appropriate restriction enzyme as described and purified as described above.

The end-label was random primed using the Prime-It II kit (Stratagene) and [«**P] dATP

and purified using the DyeEX kit (Qiagen).

Hybridisation of end-label and washing

The membrane was pre-hybridised at 64°C for 60 minutes in 1.5x SSC, 5x Denhardt’s and
0.1% SDS. The end-label was boiled in 250-500ul 2.5mg/ml salmon sperm DNA for 5
minutes and quenched on ice for 2 minutes. The end-label/salmon sperm DNA mix was
then added to the pre-hybridisation solution and incubated at 64°C overnight. The
membrane was washed 1x in 100ml 2xSSC and 0.1% SDS at 60°C for 20 minutes and 2x in
100ml 2x SSC and 0.1% SDS at 64°C for 15 minutes. The membrane was then sealed in

Saranwrap and exposed to Fuji RX film at -80°C for an appropriate length of time.

Experimental design

§. cerevisiae (DNA sequence was scrutinised to locate restriction enzyme sites for use as end-
digest and marker enzymes. Maximum resolution achieved with this technique is ~2kb from
the location of the end-digest restriction enzyme. Within this distance, 3 further restrction
enzymes are chosen. These enzymes individually digest purified DNA which 1s then pooled
and used as markers. There should be only a single occurrence of cutting by each of the

enzymes within 2kb, up- and downstream of the end-digest enzyme.
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Analysis of rfDNA termination region:
End-digest enzyme = Avall (+5814bp)
Marker enzyme I = AfIIII (+6765bp)
Marker enzyme II = Aval (+6937bp)

Marker enzyme III = Hpal (+7881bp)

(Coordinates denote the position of enzyme cleavage and are given relative to the start site

of transcription).

To generate the end-label, PCR was performed to generate a DNA fragment of ~1kb. The
PCR mix was run on a 1% TAE-agarose gel and purified by Qiaquick Gel Extraction
(Qiagen) and then digested overnight with Avall. The digestion mix was run on a gel and

the ~400bp digestion product purnified as before.

End-label to probe rDNA termination region:
Forward primer 5' CAG GTC GTA CTG ATA ACC 3’
Reverse primer 5' CTC ACG ACG GTC TAA ACC3'
Size of product = 1141bp

Size of products after Avall digest = 405bp, 736bp

Purified product for use as end-label fragment = 405bp

Maxipreps

M13 maxiprep
After 6 hours growth, 2ml of XL1 blue culture was added to 50ul of phage stock and

incubated at room temperature for 5 minutes. The mix was then added to 200ml 2x TY and
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grown with shaking at 37°C for 6 hours. The culture was then centrifuged at 10,000 rpm for
15 minutes in a Beckman ultra-centrifuge. The supernatant was decanted and 50ml 20%
PEG 8000/2.5M NaCl was added, followed by overnight incubation at 4°C. The mixture
was next spun down at 13,000 rpm for 30 minutes. The supernatant was discarded and the
pellet resuspended in 600ul TE. The sample was then centrifuged at 13,000 rpm for 1
minute and the supernatant transferred to a new Eppendorf tube. ss DNA was extracted
with 1x phenol, then 1x phenol:chloroform and finally with 1x chloroform (all phenol pH
8). The ssDNA was ethanol precipitated and the pellet was resuspended in 150ul TE. The

concentration of ssDNA was determined by spectrophotometer at OD,,.

Phenol:chloroform extraction/ethanol precipitation

Equal volumes of phenol (pH 4.3 for RNA work, pH 8 for DNA work) and chloroform was
mixed. An equal volume of this phenol:chloroform solution was added to the sample,
vortexed vigorously and centrifuged at 13,000 rpm for 5 minutes. The aqueous phase was
transferred to a new Eppendorf tube and the process repeated until a clean interface was
seen between aqueous and organic phases. The DNA was then precipitated with 0.3M
sodium acetate and 2.5 volumes 100% ethanol at -20°C for 30 minutes. The DNA was
pelleted by centrifugation at 13,000 rpm for 15 minutes. The pellet was washed in 70%
ethanol, followed by 2 rounds of centrifugation at 13,000 rpm to ensure all ethanol was

removed. The pellet was then dried at room temperature for 5 minutes and resuspended mn

an appropriate amount of dH,O.

PCR

-t

Conventional PCR

PCR reactions were carried out in a final volume of 100pul containing 2ul DNA template

(variable concentration), 0.4mM dNTP, 100 pmol forward and reverse primer, 2mM MgCl,,
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1x Mg Free Thermophilic DNA Polymerase Buffer (Promega), 5 U Tag DNA Polymerase

and the remainder of the volume with dH20O.

PCR reactions were performed on a Biometra TRIO-Thermoblock PCR machine with a

heated hd. Cycle parameters are shown below:

Initial denature 95°C 5 minutes
Denature 95°C 45 seconds
Anneal X°C Iminute
30 cycles
Elongation 72°C 30 seconds/
500bp amplicon
Final elongation 72°C 3 minutes

The annealing temperature was calculated using the formula [4GC + 2xAT]-5. The fmnal

elongation step of 3 minutes allowed elongation to go to completion.

Real-time PCR

See “Real-time PCR analysis” in Chromatin immunoprecipiation section.

Transcription run-on analysis

Transcription Run-on analysis was performed as described in Birse et al. (1997) and is

summarised below.

Harvesting cells

Cultures were grown to an OD,,, of 0.05-0.15 and harvested by centrifugation at 2,500 rpm

for 3 minutes. Pellets were washed with ice cold dH,O and resuspended 1n 950ul dH,O.
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50pl 10% sodium N-Lauryl sarcosine sulphate was added, the tube was gently inverted six

times to mix and incubated for 20 minutes (all done in 4°C cold room). Cells were pelleted

by centrifugation at 5,000 rpm for 1 minute.

In vitro transcription

Cells were resuspended in 60pl 2.5x transcription buffer, 8yl of an ACG tNTP mix (10mM
each) and 3l 100mM DTT. Upon addition of 4yl [o**P]-rUTP, the mixture was incubated at
30°C for 5 minutes. Addition of 900ul AE buffer stopped the transcription reaction. Cells

were the pelleted by centrifugation at 5,000 tpm for 2 minutes.

RNA extraction

Cells were resuspended in 400ul TES buffer, transferred to a tube containing 400ul phenol
pH4.3 at 65°C. The mixture was incubated at 65°C for 90 minutes with vortexing every 15
minutes. Tubes were transferred to ice for 5 minutes before centrifugation at 13,000 rpm for
5 minutes. The aqueous phase was transferred to a new Eppendorf tube contamning 400ul
phenol: chloroform pH 4.3. After centrifugation at full speed as above, the aqueous phase
was removed and transferred to a new Eppendorf tube, with further extractions carried out
as necessary to ensure a clean interface between aqueous and organic phases. After the final
extraction, the RNA was precipitated by a 30 minute incubation at -20°C with 1/10 volume

5M LiCl and 2.5 volumes ice cold ethanol.

RNA hydrolysis
The pellet was pelleted by centrifugation at 13,000 rpm for 15 minutes. After resuspension
in 40p1 dH,O, partial hydrolysis of the RNA was achieved by addition of 10ul 1M NaOH

with incubation on ice for 5 minutes. The mixture was then neutralised by addition of 20ul

0.5M Ttis/0.5M HCL
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Hybridisation

To each sample was added 10ug M13 with an . pombe URA4 insert, followed by 650pl
hybridisation solution. The tubes were incubated at 42°C for 90 minutes with shaking. After

incubation, the sample was added to the pre-hybridised filters (see below) and incubated

overnight at 42°C in a mini-Hybaid oven.

Filter Preparation

Filters were made with a GIBCO-BRL hybrislot manifold apparatus and Hybond-NX
membrane. The membrane was prewet in 5x SSPE and assembled in the manifold. Wells
were rinsed with 400ul 5x SSPE.

Single-stranded M13 probes (Prescott et al., 2004) were diluted to 5Spg/well in 200ul 5x
SSPE. Probes were applied to wells and washed with 400pl 5x SSPE. The manifold
apparatus was disassembled with the suction still on and the membrane removed.

The DNA was denatured by immersion in denaturing solution for 5 minutes followed by
neutralisation with neutralising solution for 2 minutes. The membrane was air dried and the
DNA fixed to the membrane by UV cross-linking using a Stratagene UV Stratalinker 1800.
The filters were cut from the membrane and added to tubes containing hybrndisation
solution and 1yl 10mg/ml tRNA. Filters were incubated at 42°C in a mini-Hybaid oven for

at least 3 hours prior to addition of hot RNA.

Filter washing

Filters were washed 4x 10 minutes in 2x SSC and 0.1% SDS at room temperature. The filters
were then removed, wrapped in Saranwrap and exposed to 2 Molecular Dynamics Phosphor
storage cassette for a minimum of 24 hours. The Phosphor screen was analysed by a
PhosphorImager and data quantified using ImageQuant software. Filters were also exposed

to BioMax MR film at -80°C overmght.
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M13 probes for transcription run-on analysis

Probe Location* Size (bp) U content
Pro -85/-310 225 61
18S 2070/2284 214 54
255 5953/6152 199 62
2 6592/6730 138 29
3 6701/6847 146 47
4 6804/6972 168 40
5 6902/7075 173 49
6 6948/7128 180 57
7 6999/7198 199 66

102



References

Abruzzi, K. C., Lacadie, S., and Rosbash, M. (2004). Biochemical analysis of TREX complex
recruitment to intronless and intron-containing yeast genes. Embo J 23, 2620-2631.

Ahmad, K., and Henikoff, S. (2002). The histone variant H3.3 marks active chromatin by
replication-independent nucleosome assembly. Mol Cell 9, 1191-1200.

Akhtar, A., Zink, D., and Becker, P. (2000). Chromodomains are protein-RNA interaction
modules. Nature 407, 405-409.

Alen, C., Kent, N. A, Jones, H. S., O'Sullivan, J., Aranda, A., and Proudfoot, N. J. (2002). A
role for chromatin remodeling in transcriptional termination by RNA polymerase IL Mol
Cell 70, 1441-1452.

Aprikian, P., Moorefield, B., and Reeder, R. H. (2000). TATA binding protein can stimulate
core-directed transcription by yeast RNA polymerase I. Mol Cell Biol 20, 5269-5275.
Aprikian, P., Moorefield, B., and Reeder, R. H. (2001). New model for the yeast RNA
polymerase I transcription cycle. Mol Cell Biol 27, 4847-4855.

Banditt, M., Koller, T., and Sogo, J. M. (1 999). Transcriptional activity and chromatin
structure of enhancer-deleted TRNA genes in Saccharomyces cerevisiae. Mol Cell Biol 79,
4953-4960.

Bannister, A. J., Schneider, R., and Kouzarides, T. (2002). Histone methylation: dynamic or

static? Cell 709, 801-806.

Bateman, E., and Paule, M. R. (1988). Promoter occlusion during ribosomal RNA

transcription. Cell 54, 985-992.

Berger, S. (2002). Histone modifications in transcriptional regulation. Current Opinion in
Genetics and Development 72, 142-148.

Bernstein, B. E., Humphrey, E. L., Edlich, R. L, Schneider, R., Bouman, P, Liy, J. S,
Kouzarides, T., and Schreiber, S. L. (2002). Methylation of histone H3 Lys 4 1n coding

regions of active genes. Proc Natl Acad Sci U S A 99, 8695-8700.

103



Bier, M., Fath, S., and Tschochner, H. (2004). The composition of the RNA polymerase I
transcription machinery switches from initiation to elongation mode. FEBS Lett 564, 41-46.

Birse, C. E., Minvielle-Sebastia, L., Lee, B. A., Keller, W., and Proudfoot, N. J. (1998).
Coupling termination of transcription to messenger RNA maturation in yeast. Science 280,
298-301.

Bischler, N., Brino, L., Carles, C., Riva, M., Tschochner, H., Mallouh, V., and Schultz, P.
(2002). Localization of the yeast RNA polymerase I-specific subunits. Embo J 27, 4136-
4144.

Boa, S., Coert, C., and Patterton, H. G. (2003). Saccharomyces cerevisiae Setlp 1s a
methyltransferase specific for lysine 4 of histone H3 and is required for efficient gene
expression. Yeast 20, 827-835.

Bordi, L., Cioci, F., and Camilloni, G. (2001). In vivo binding and hierarchy of assembly of
the yeast RNA polymerase I transcription factors. Mol Biol Cell 72, 753-760.

Boyer, L. A., Latek, R. R., and Peterson, C. L. (2004). The SANT domain: 2 unique histone-
tail-binding module? Nat Rev Mol Cell Biol 5, 158-163.

Brehm, A., Tufteland, K. R,, Aasland, R., and Becker, P. B. (2004). The many colours of
chromodomains. Bioessays 26, 133-140.

Briggs, S. D., Bryk, M., Strahl, B. D., Cheung, W. L., Davie, J. K, Dent, S. Y., Winston, F.,
and Allis, C. D. (2001). Histone H3 lysine 4 methylation is mediated by Setl and required
for cell growth and tDNA silencing in Saccharomyces cerevisiae. Genes Dev 75, 3286-3295.

Bryk, M., Banerjee, M., Murphy, M., Knudsen, K. E, Garfinkel, D. J., and Curcio, M. J.
(1997). Transcriptional silencing of Tyl elements in the RDN1 locus of yeast. Genes Dev
11, 255-269.

Bryk, M,, Briggs, S. D., Strahl, B. D, Curcio, M. J., Allis, C. D., and Winston, F. (2002).
Evidence that Setl, a factor required for methylation of histone H3, regulates tDNA

silencing in S. cerevisiae by a Sir2-independent mechanism. Curr Biol 72, 165-170.

104



Buck, S. W., Sandmeier, J. J., and Smith, J. S. (2002). RNA polymerase I propagates
unidirectional spreading of rDNA silent chromatin. Cell 777, 1003-1014.

Cavanaugh, A. H., Hirschler-Laszkiewicz, L., Hu, Q., Dundr, M., Smink, T., Misteli, T., and
Rothblum, L. 1. (2002). Rrn3 phosphorylation is a regulatory checkpoint for ribosome
biogenests. ] Biol Chem 277, 27423-27432.

Chanfreau, G., Buckle, M., and Jacquier, A. (2000). Recognition of a conserved class of
RNA tetraloops by Saccharomyces cerevisiae RNase III. Proc Natl Acad Sci U S A 97, 3142-
3147.

Chanfreau, G., Elela, S. A., Ares, M., Jr., and Guthrie, C. (1997). Alternative 3'-end
processing of U5 snRNA by RNase III. Genes Dev 77, 2741-2751.

Chanfreau, G., Legrain, P., and Jacquier, A. (1998). Yeast RNase III as a key processing
enzyme in small nucleolar RNAs metabolism. | Mol Biol 284, 975-988.

Cioci, F., Vu, L., Eliason, K., Oakes, M., Siddiqi, I. N., and Nomura, M. (2003). Silencing in
yeast tDNA chromatin: reciprocal relationship in gene expression between RNA polymerase
I and II. Mol Cell 72, 135-145.

Cirillo, L. A, Lin, F. R, Cuesta, 1., Fredman, D., Jarnik, M., and Zaret, K. S. (2002).
Opening of compacted chromatin by early developmental transcription factors HNF3
(FoxA) and GATA-4. Mol Cell 9, 279-289.

Clapier, C. R., Langst, G., Corona, D. F, Becker, P. B., and Nightingale, K. P. (2001).
Critical role for the histone H4 N terminus in nucleosome remodeling by ISWI. Mol Cell
Biol 27, 875-883.

Colavito-Shepanski, M., and Gorovsky, M. A. (1983). The histone content of Tetrahymena
ribosomal gene-containing chromatin. Biol Chem 258, 5944-5954.

Conconi, A., Losa, R,, Koller, T., and Sogo, J. M. (1984). Psoralen-crosslinking of soluble

and of H1-depleted soluble rat liver chromatin. ] Mol Biol 778, 920-928.

105



Conconi, A., Widmer, R. M., Koller, T., and Sogo, J. M. (1989). Two different chromatin
structures coexist in ribosomal RNA genes throughout the cell cycle. Cell 57, 753-761.
Conrad-Webb, H., and Butow, R. A. (1995). A polymerase switch in the synthesis of rRNA
in Saccharomyces cerevisiae. Mol Cell Biol 75, 2420-2428.

Cuthbert, G. L., Daujat, S., Snowden, A. W., Erdjument-Bromage, H., Hagiwara, T.,
Yamada, M., Schneider, R., Gregory, P. D., Tempst, P., Bannister, A. J., and Kouzarides, T.
(2004). Histone deimination antagonizes arginine methylation. Cell 778, 545-553.

Dammann, R., Lucchini, R, Koller, T., and Sogo, J. M. (1993). Chromatin structures and
transcription of tDNA in yeast Saccharomyces cerevisiae. Nucleic Acids Res 27, 2331-2338.
Dammann, R., Lucchini, R., Koller, T., and Sogo, J. M. (1995). Transcription in the yeast
rRNA gene locus: distribution of the active gene copies and chromatin structure of their
flanking regulatory sequences. Mol Cell Biol 75, 5294-5303.

Dez, C., and Tollervey, D. (2004). Ribosome synthesis meets the cell cycle. Curr Opin
Microbiol 7, 631-637.

Dimitrov, S. I, Stefanovsky, V., Karagyozov, L., Angelov, D., and Pashev, I. G. (1990). The
enhancers and promoters of the Xenopus laevis ribosomal spacer are associated with
histones upon active transcription of the ribosomal genes. Nucleic Acids Res 78, 6393-6397.
Dimitrov, S. 1., Tateossyan, H. N., Stefanovsky, V., Russanova, V. R., Karagyozov, L., and
Pashev, 1. G. (1992). Binding of histones to Xenopus laevis nibosomal genes with different
levels of expression. Eur ] Biochem 204, 977-981.

Dion, M. F., Altschuler, S. J., Wu, L. F., and Rando, O. J. (2005). Genomic characterization
reveals a simple histone H4 acetylation code. Proc Natl Acad Sci U S A 702, 5501-5506.
Dover, J., Schneider, ], Tawiah-Boateng, M. A., Wood, A., Dean, K., Johnston, M., and

Shilatifard, A. (2002). Methylation of histone H3 by COMPASS requires ubiquitination of

histone H2B by Rad6. | Biol Chem 277, 28368-28371.

106



Dror, V., and Winston, F. (2004). The Swi/Snf chromatin remodeling complex is required
for ribosomal DNA and telomeric silencing in Saccharomyces cerevisiae. Mol Cell Biol 24,
8227-8235.

Dundr, M., Hoffmann-Rohrer, U., Hu, Q., Grummt, I., Rothblum, L. L, Phair, R. D., and
Misteli, T. (2002). A kinetic framework for 2 mammalian RNA polymerase in vivo. Science
298, 1623-1626.

Elela, S. A., Igel, H., and Ares, M., Jr. (1996). RNase III cleaves eukaryotic preribosomal
RNA at 2 U3 snoRNP-dependent site. Cell 85, 115-124.

Elion, E. A., and Warner, J. R. (1984). The major promoter element of rRNA transcription
in yeast lies 2 kb upstream. Cell 39, 663-673.

Elion, E. A., and Warner, J. R. (1986). An RNA polymerase I enhancer in Saccharomyces
cerevisiae. Mol Cell Biol 6, 2089-2097.

Fath, S., Kobor, M. S., Philippy, A, Greenblatt, J., and Tschochner, H. (2004).
Dephosphorylation of RNA polymerase I by Feplp is required for efficient tRNA synthesis.
J Biol Chem 279, 25251-25259.

Fath, S., Milkereit, P., Peyroche, G., Riva, M., Carles, C., and Tschochner, H. (2001).
Differential roles of phosphorylation in the formation of transcriptional active RNA
polymerase I. Proc Natl Acad Sci U S A 98,14334-14339.

Fath, S., Milkereit, M,, Podtelejnikov, A. V., Bischler, N, Schultz, P., Bier, M., Mann, M.,
and Tschochner, H. (2000). Association of Yeast RNA Polymerase I with a Nucleolar
Substructure Active in tRNA Synthesis and Processing. Journal Cell Biol 749, 575-590.
Fazzio, T. G., Gelbart, M. E, and Tsukiyama, T. (2005). Two distinct mechanisms of

chromatin interaction by the isw2 chromatin remodeling complex in vivo. Mol Cell Biol 25,

9165-9174.

107



Fazzio, T. G., Kooperberg, C., Goldmark, J. P., Neal, C.,, Basom, R., Delrow, J., and
Tsukiyama, T. (2001). Widespread collaboration of Isw2 and Sin3-Rpd3 chromatin
remodeling complexes 1n transcriptional repression. Mol Cell Biol 27, 6450-6460.
Fingerman, I. M., Wu, C. L., Wilson, B. D., and Briggs, S. D. (2005). Global loss of Set1-
mediated H3 Lys4 trimethylation is associated with silencing defects in Saccharomyces
cerevisiae. | Biol Chem 280, 28761-28765.

Fischle, W., Wang, Y., and Allis, C. D. (2003). Histone and chromatin cross-talk. Curr Opin
Cell Biol 75, 172-183.

Fitzgerald, D. J., DeLuca, C.*Berger, 1., Gaillard, H., Sigrist, R., Schimmele, K, and
Richmond, T. J. (2004). Reaction cycle of the yeast Isw2 chromatin remodeling complex.
Embo J 23, 3836-3843.

Flaus, A., and Owen-Hughes, T. (2004). Mechanisms for ATP-dependent chromatin
remodelling: farewell to the tuna-can octamer? Curr Opin Genet Dev 74, 165-173.

French, S. L., Osheim, Y. N., Cioci, F., Nomura, M, and Beyer, A. L. (2003). In
exponentially growing Saccharomyces cerevisiae cells, rRNA synthesis is determined by the
summed RNA polymerase I loading rate rather than by the number of active genes. Mol Cell
Biol 23, 1558-1568.

Friedrich, J. K., Panov, K. L, Cabart, P., Russell, J., and Zomerdik, J. C. (2005). TBP-TAF
complex SL1 directs RNA polymerase I pre-initiation complex formation and stabilizes
upstream binding factor at the tDNA promoter. ] Biol Chem 280, 29551-29558.

Gadal, O., Labarre, S., Boschiero, C., and Thuriaux, P. (2002). Hmo1, an HMG-box protein,
'belongs to the yeast ribosomal DNA transcription system. Embo J 27, 5498-5507.

Gavin, A. C., Bosche, M., Krause, R., Grandi, P., Marzioch, M., Bauer, A., Schultz, J., Rick,
J. M., Michon, A. M, Cruciat, C. M., et al. (2002). Functional organization of the yeast

proteome by systematic analysis of protein complexes. Nature 475, 141-147.

108



Gelbart, M. E., Bachman, N, Delrow, J., Boeke, J. D., and Tsukiyama, T. (2005). Genome-
wide identification of Isw2 chromatin-remodeling targets by localization of a catalytically
inactive mutant. Genes Dev 79, 942-954.

Gelbart, M. E., Rechsteiner, T., Richmond, T. J., and Tsukiyama, T. (2001). Interactions of
Isw2 chromatin remodeling complex with nucleosomal arrays: analyses using recombinant
yeast histones and immobilized templates. Mol Cell Biol 27, 2098-2106.

Goffeau, A., Barrell, B. G., Bussey, H., Davis, R. W., Dujon, B, Feldmann, H., Galibert, F.,
Hoheisel, J. D., Jacg, C., Johnston, M., ez a/. (1996). Life with 6000 genes. Science 274, 540,
563-547.

Goldmatk, . P., Fazzio, T. G., Estep, P. W, Church, G. M., and Tsukiyama, T. (2000). The
Isw2 chromatin remodeling complex represses early meiotic genes upon recruitment by
UmeGp. Cell 703, 423-433.

Granneman, S., and Baserga, S. J. (2005). Crosstalk in gene expression: coupling and co-
regulation of rDNA transcription, pre-ribosome assembly and pre-tRNA processing. Curr
Opin Cell Biol 77, 281-286.

Grummt, I. (2003). Life on a planet of its own: regulation of RNA polymerase I
transcription in the nucleolus. Genes and Development 77, 1691-1702.

Grummt, L, and Pikaard, C. S. (2003). Epigenetic silencing of RNA polymerase 1
transcription. Nat Rev Mol Cell Biol 4, 641-649.

Grune, T., Brzeski, J., Eberharter, A., Clapier, C. R., Corona, D. F., Becker, P. B, and
Muller, C. W. (2003). Crystal structure and functional analysis of a nucleosome recognition
module of the remodeling factor ISWI. Mol Cell 72, 449-460.

Hampsey, M., and Reinberg, D. (2003). Tails of intrigue: phosphorylation of RNA
polymerase II mediates histone methylation. Cell 773, 429-432.

Hartzog, G. A., Speer, J. L., and Lindstrom, D. L. (2002). Transcript elongation on a

nucleoprotein template. Biochim Biophys Acta 1577, 276-286.

109



Heix, J., and Grummt, I. (1995). Species specificity of transcription by RNA polymerase L
Curr Opin Genet Dev 5, 652-656.

Henderson, S. L., Ryan, K., and Sollner-Webb, B. (1989). The promoter-proximal tDNA
terminator augments initiation by preventing disruption of the stable transcription complex
caused by polymerase read-in. Genes Dev 3, 212-223.

Henikoff, S. (2005). Histone modifications: combinatorial complexity or cumulative
simplicity? Proc Natl Acad Sci U S A 702, 5308-5309.

Hoppe, G. J., Tanny, J. C., Rudner, A. D., Gerber, S. A, Danaie, S., Gygi, S. P., and Moazed,
D. (2002). Steps in assembly of silent chromatin in yeast: Sir3-independent binding of a
Sir2/Sir4 complex to silencers and role for Sir2-dependent deacetylation. Mol Cell Biol 22,
4167-4180.

Iben, S., Tschochner, H., Bier, M., Hoogstraten, D., Hozak, P., Egly, ]. M., and Grummt, I.
(2002). TFITH plays an essential role in RNA polymerase I transcription. Cell 709, 297-306.
Ishihama, A., Kimura, M., and Mitsuzawa, H. (1998). Subunits of yeast RNA polymerases:
structure and function. Curr Opin Microbiol 7, 190-196.

Jansa, P., Burek, C., Sander, E. E., and Grummt, I. (2001). The transcript release factor
PTRF augments ribosomal gene transcription by facilitating reinitiation of RNA polymerase
1. Nucleic Acids Res 29, 423-429.

Jansa, P., and Grummt, L. (1 999). Mechanism of transcription termination: PTRF mteracts
with the largest subunit of RNA polymerase 1 and dissociates paused transcription
complexes from yeast and mouse. Mol Gen Genet 262, 508-514.

Jansa, P., Mason, S. W., Hoffmann-Rohrer, U, and Grummt, I. (1998). Cloning and

functional characterization of PTRF, a novel protein which induces dissociation of paused

ternary transcription complexes. Embo J 77, 2855-2864.

110



Jeong, S. W., Lang, W. H., and Reeder, R. H. (1995). The release element of the yeast
polymerase I transcription terminator can function independently of Reb1p. Mol Cell Biol
15, 5929-5936.

Jeong, S. W., Lang, W. H., and Reeder, R. H. (1996). The yeast transcription terminator for
RNA polymerase I is designed to prevent polymerase slippage. J Biol Chem 277, 16104-
16110.

Johnson, S. P, and Warner, J. R. (1989). Unusual enhancer function in yeast rfRNA
transcription. Mol Cell Biol 9, 4986-4993.

Johnson, S. P., and Warner, J. R. (1991). Termination of transcription of ribosomal RNA in
Saccharomyces cerevisiae. Mol Cell Biochem 704, 163-168.

Johnston, M., Hillier, L., Riles, L., Albermann, K, Andre, B., Ansorge, W., Benes, V.,
Bruckner, M., Delius, H., Dubois, E., et 4. (1 997). The nucleotide sequence of
Saccharomyces cerevisiae chromosome XI11. Nature 387, 87-90.

Jones, H. S, Alen, C., Kent, N. A, and Proudfoot, N. J. (2005). Transcription by RNA
Polymerase I occurs on a dynamic chromatin template. Submitted to Mol Cell Biol.
Kamakaka, R. T., and Biggins, S. (2005). Histone variants: deviants? Genes Dev 79, 295-310.
Kamau, E., Bauere, K. T, and Grove, A. (2004). The Saccharomyces cerevisiae high
mobility group box protein HMO1 contains two functional DNA binding domains. J Biol
Chem 279, 55234-55240.

Kaufman, P. D., Kobayashi, R, and Stillman, B. (1997). Ultraviolet radiation sensitivity and
ceduction of telomeric silencing in Saccharomyces cerevisiae cells lacking chromatin
assembly factor-I. Genes Dev 77, 345-357.

Keener, J., Dodd, J. A Lalo, D., and Nomura, M. (1997). Histones H3 and H4 are
onents of upstream activation factor required for the high-level transcription of yeast

comp

fDNA by RNA polymerase I Proc Natl Acad Sci U S A 94, 13458-13462.

111



Keener, J., Josaitis, C. A., Dodd, J. A., and Nomura, M. (1998). Reconstitution of yeast RNA
polymerase I transcription in vitro from purified components. TATA-binding protein is not
required for basal transcription. | Biol Chem 273, 33795-33802.

Kelley, D., Stokes, D., and Perry, R. (1999). CHD1 interacts with SSRP1 and depends on
both its chromodomain and its ATPase/helicase-like domain for proper association with
chromatin. Chromosoma 708, 10-25.

Kempers-Veenstra, A. E., Oliemans, J., Offenberg, H., Dekker, A. F., Piper, P. W., Planta,
R. J., and Klootwijk, J. (1986). 3'-End formation of transcripts from the yeast rRNA operon.
Embo | 5, 2703-2710.

Kent, N. A,, Bird, L. E., and Mellor, J. (1993). Chromatin analysis in yeast using NP-40
permeabilised sphaeroplasts. Nucleic Acids Research 27, 4653-4654.

Kent, N. A., Tsang, J. S., Crowther, D. J., and Mellor, J. (1994). Chromatin structure
modulation 1 Saccharomyces cerevisiae by centromere and promoter factor 1. Mol Cell Biol
14, 5229-5241.

Kent, N. A., and Mellor, J. (1995). Chromatin structure snap-shots: rapid nuclease digestion
of chromatin in yeast. Nucleic Acids Research 23, 3786-3787.

Kent, N., Karabetsou, N., Politis, P., and Mellor, J. (2001). Iz zwo chromatin remodeling by
yeast ISWI homologs Isw1p and Isw2p. Genes and Development 75, 619-626.

Kent, N. A, Eibert, S. M., and Mellor, J. (2004). Cbflp is required for chromatin remodeling
at promoter-proximal CACGTG motifs in yeast. ] Biol Chem 279, 27116-27123.

Kenzior, A., and Folk, W. (2001). RNA polymerase I holoenzymes. Trends Plant Sci 6, 87-
88.

Keys, D. A, Lee, B.S., Dodd, J. A., Nguyen, T. T', Vu, L., Fantino, E., Burson, L. M., Nogi,
Y., and Nomura, M. (1996). Multiprotein transcription factor UAF interacts with the

upstream element of the yeast RNA polymerase I promoter and forms a stable preinitiation

complex. Genes Dev 70, 887-903.

112



Keys, D. A., Vu, L., Steffan, J. S, Dodd, J. A., Yamamoto, R. T., Nogi, Y., and Nomura, M.
(1994). RRN6 and RRN7 encode subunits of a multiprotein complex essential for the
initiation of rDNA transcription by RNA polymerase I in Saccharomyces cerevisiae. Genes
Dev 8, 2349-2362.

Kim, M., Ahn, S. H., Krogan, N. J., Greenblatt, J. F., and Buratowski, S. (2004). Transitions
in RNA polymerase II elongation complexes at the 3' ends of genes. Embo | 23, 354-364.
Kim, R. A., and Wang, J. C. (1989). A subthreshold level of DNA topoisomerases leads to
the excision of yeast IDNA as extrachromosomal rings. Cell 57, 975-985.

Kizer, K. O., Phatnani, H. P., Shibata, Y., Hall, H., Greenleaf, A. L., and Strahl, B. D.
(2005). A novel domam 1n Set2 mediates RNA polymerase II interaction and couples
histone H3 K36 methylation with transcript elongation. Mol Cell Biol 25, 3305-3316.
Klemenz, R., and Geiduschek, E. P. (1980). The 5' terminus of the precursor nbosomal
RNA of Saccharomyces cerevisiae. Nucleic Acids Res &, 2679-2689.

Klinger, C., Huet, J., Song, D., Petersen, G., Riva, M., Bautz, E. K., Sentenac, A., Oudet, P.,
and Schultz, P. (1996). Localization of yeast RNA polymerase I core subunits by
immunoelectron microscopy. Embo J 75, 4643-4653.

Kobayashi, T., Heck, D. J., Nomura, M., and Horuchi, T. (1998). Expansion and
contraction of ribosomal DNA repeats in Saccharomyces cerevisiae: requirement of
replication fork blocking (Fob1) protein and the role of RNA polymerase I. Genes Dev 72,
3821-3830.

Korber, P., and Horz, W. (2004). SWRred not shaken; mixing the histones. Cell 777, 5-7.
Krebs, J. E., Fry, C. J., Samuels, M. L., and Peterson, C. L. (2000). Global role for chromatin
remodeling enzymes in mitotic gene expression. Cell 702, 587-598.

Krogan, N. J., Dover, J., Khorrami, S, Greenblatt, J. F., Schneider, J., Johnston, M., and
Shilatifard, A. (20022). COMPASS, a histone H3 (Lysine 4) methyltransferase required for

telomeric silencing of gene expression. ] Biol Chem 277, 10753-10755.

113



Krogan, N. J., Dover, J., Wood, A., Schneider, J., Heidt, J., Boateng, M. A., Dean, K., Ryan,
O. W., Golshani, A., Johnston, M., ef 2 (2003a). The Pafl complex is required for histone
H3 methylation by COMPASS and Dotlp: linking transcriptional elongation to histone
methylation. Mol Cell 77, 721-729.

Krogan, N. J., Keogh, M. C,, Datta, N., Sawa, C., Ryan, O. W., Ding, H., Haw, R. A,
Pootoolal, J., Tong, A., Canadien, V., ¢ 2/ (2003b). A Snf2 family ATPase complex required
for recruitment of the histone H2A variant Htz1. Mol Cell 72, 1565-1576.

Krogan, N. J,, Kim, M., Ahn, S. H,, Zhong, G., Kobor, M. S., Cagney, G., Emili, A.,
Shilatifard, A., Buratowski, S., and Greenblatt, J. F. (2002b). RNA polymerase II elongation
factors of Saccharomyces cerevisiae: a targeted proteomics approach. Mol Cell Biol 22,
6979-6992.

Krogan, N. J., Kim, M, Tong, A., Golshani, A., Cagney, G., Canadien, V., Richards, D. P.,
Beattie, B. K., Emili, A., Boone, C., ¢z o/ (2003c). Methylation of histone H3 by Set2 in
Saccharomyces cerevisiae 1s linked to transcriptional elongation by RNA polymerase 1I. Mol
Cell Biol 23, 4207-4218.

Kufel, J., Dichtl, B., and Tollervey, D. (1999). Yeast Rntlp 1s required for cleavage of the
pre-ribosomal RNA in the 3' ETS but not the 5' ETS. Rna 5, 909-917.

Kulkens, T., van der Sande, C. A., Dekker, A. F., van Heenkhuizen, H., and Planta, R. J.
(1992). A system to study transcription by yeast RNA polymerase I within the chromosomal
context: functional analysis of the ribosomal DNA enhancer and the RBP1 /REB1 binding

sites. Embo J 77, 4665-4674.

Labhart, P., and Koller, T. (1982). Structure of the active nucleolar chromatin of Xenopus

laevis Oocytes. Cell 28, 279-292.

Lalo, D., Steffan, J. S., Dodd, J. A, and Nomura, M. (1996). RRN11 encodes the third
subunit of the complex containing Rm6p and Rrn7p that is essential for the initiation of

fDNA transcription by yeast RNA polymerase I. ] Biol Chem 277, 21062-21067.

114



Lang, W. H., Morrow, B. E., Ju, Q., Warner, J. R, and Reeder, R. H. (1994). A model for
transcription termination by RNA polymerase I. Cell 79, 527-534.

Lang, W. H., and Reeder, R. H. (1993). The REBI1 site is an essential component of a
terminator for RNA polymerase I in Saccharomyces cerevisiae. Mol Cell Biol 73, 649-658.
Lang, W. H., and Reeder, R. H. (1995). Transcription termination of RNA polymerase I due
to a T-rich element interacting with Reb1p. Proc Natl Acad Sci U S A 92, 9781-9785.
Langst, G., and Becker, P. B. (2004). Nucleosome remodeling: one mechanism, many
phenomena? Biochim Biophys Acta 7677, 58-63.

Langst, G., Becker, P. B., and Grummt, I. (1998). TTF-I determines the chromatin
architecture of the active tDNA promoter. Embo J 77, 3135-3145.

Lee, T. L, and Young, R. A. (2000). Transcription of eukaryotic protein-coding genes. Annu
Rev Genet 34, 77-137.

Li, B., Howe, L., Anderson, S., Yates, J. R, 31d, and Workman, J. L. (2003). The Set2
histone methyltransferase functions through the phosphorylated carboxyl-terminal domain
of RNA polymerase II. ] Biol Chem 278, 8897-8903.

Li, J., Moazed, D., and Gygi, S. P. (2002). Association of the histone methyltransferase Set2
with RNA polymerase II plays a role in transcription elongation. J Biol Chem 277, 49383-
49388.

Lin, C. W., Moorefield, B., Payne, J., Aprikian, P., Mitomo, K., and Reeder, R. H. (1996). A
novel 66-kilodalton protein complexes with Rrn6, Ren7, and TATA-binding protein to
promote polymerase I transcription initiation in Saccharomyces cerevisiae. Mol Cell Biol 16,

6436-6443.

Livingstone-Zatchej, M., and Thoma, F. (1999). Mapping of nucleosome positions in yeast.

Methods in Molecular Biology 719, 363-378.

Lohr, D. (1983). Chromatin structure differs between coding and upstream flanking

sequences of the yeast 358 ribosomal genes. Biochemistry 22,927-934.

115



Lucchini, R., and Sogo, ]. M. (1998). The Dynamic Structure of Ribosomal RNA Gene
Chromatin. In Transcription of Ribosomal RNA Genes by Eukaryotic RNA Polymerase 1,
M. R. Paule, ed. (Springer Verlag), pp. 255-276.

Luger, K., Mader, A., Richmond, R., Sargent, D., and Richmond, T. (1997). Crystal structure
of the nucleosome core particle at 2.8A resolution. Nature 389, 251-260.

Lusser, A., Urwin, D. L., and Kadonaga, J. T. (2005). Distinct activities of CHD1 and ACF
in ATP-dependent chromatin assembly. Nat Struct Mol Biol.

Mamorstein, R., and Roth, S. (2001). Histone acetyltransferases: function, structure and
catalysis. Current Opinion in Genetics and Development 77, 155-161.

Martin, C., and Zhang, Y. (2005). The diverse functions of histone lysine methylation.
Nature Reviews Mol Cell Biol 6, 838-849.

Mason, S. W., Wallisch, M., and Grummt, I. (1997). RNA polymerase I transcrption
termination: similar mechanisms are employed by yeast and mammals. J Mol Biol 268, 229-
234.

Mason, S. W., Sander, E. E., Evers, R., and Grummt, 1. (1998). Termination of Mammalian
RNA Polymerase I Transcription. In Transcription of Ribosomal RNA Genes by Eukaryotic
RNA Polymerase I, M. R. Paule, ed. (Springer Verlag), pp. 179-188.

McConnell, A. D., Gelbart, M. E, and Tsukiyama, T. (2004). Histone fold protein Dlslp is
required for Isw2-dependent chromatin remodeling in vivo. Mol Cell Biol 24, 2605-2613.
McStay, B., Sullivan, G. J., and Cairns, C. (1997). The Xenopus RNA polymerase 1
transcription factor, UBF, has a role in transcriptional enhancement distinct from that at the
promoter. Embo J 76, 396-405.

Metz, B., Kersten, G. F,, Hoogerhout, P., Brugghe, H. F., Timmermans, H. A, de Jong, A.,
Meiring, H., ten Hove, J., Hennink, W. E., Crommelin, D. J., and Jiskoot, W. (2004).
Identification of formaldehyde-induced modifications in proteins: reactions with model

peptides. ] Biol Chem 279, 6235-6243.

116



Milkereit, P., and Tschochner, H. (1998). A specialized form of RNA polymerase I, essential
for initiation and growth-dependent regulation of rRNA synthesis, 1s disrupted during
transcription. Embo J 77, 3692-3703.

Miller, T., Krogan, N. J., Dover, J., Erdjument-Bromage, H., Tempst, P., Johnston, M,,
Greenblatt, J. F., and Shilatifard, A. (2001). COMPASS: a complex of proteins associated
with a trithorax-related SET domain protein. Proc Natl Acad Sci U S A 98, 12902-12907.
Moorefield, B., Greene, E. A., and Reeder, R. H. (2000). RNA polymerase I transcription
factor Rrn3 1s functionally conserved between yeast and human. Proc Natl Acad Sci U S A
97, 4724-4729.

Morillon, A., Karabetsou, N., Nair, A., and Mellor, J. (2005). Dynamic lysine methylation on
histone H3 defines the regulatory phase of gene transcription. Mol Cell 78, 723-734.
Morillon, A., Karabetsou, N., O'Sullivan, J., Kent, N., Proudfoot, N., and Mellor, J. (2003a).
Isw1 chromatin remodeling ATPase coordinates transcription elongation and termination by
RNA polymerase II. Cell 775, 425-435.

Morillon, A., O'Sullivan, J., Azad, A., Proudfoot, N., and Mellor, J. (2003b). Regulation of
elongating RNA Polymerase II by forkhead transcription factors in yeast. Science 300, 492-
495.

Morrow, B. E., Johnson, S. P., and Warner, J. R. (1993). The rRNA enhancer regulates
rRNA transcription in Saccharomyces cerevisiae. Mol Cell Biol 73, 1283-1289.

Moss, T., and Stefanovsky, V. Y. (2002). At the center of eukaryotic life. Cell 709, 545-548.
Mutskov, V. J., Russanova, V. R, Dimitrov, S. 1., and Pashev, I. G. (1996). Histones
associated with non-nucleosomal rat ribosomal genes are acetylated while those bound to
nucleosome-organized gene copies are not. Biol Chem 277, 11852-11857.

Nagy, P. L., Griesenbeck, J., Komberg, R. D., and Cleary, M. L. (2002). A trithorax-group

complex purified from Saccharomyces cerevisiae is required for methylation of histone H3.

Proc Natl Acad Sci U S A 99, 90-94.

117



Nedospasov, S., and Georgiev, G. (1980). Non-random cleavage of SV40 DNA in the
compact minichromosome and free in solution by micrococcal nuclease. Biochemical and
Biophysical Research Communications 92, 532-539.

Ng, H. H., Robert, F., Young, R. A, and Struhl, K. (2002). Genome-wide location and
regulated recruitment of the RSC nucleosome-remodeling complex. Genes Dev 76, 806-819.
Nogi, Y., Vu, L., and Nomura, M. (1991a). An approach for isolation of mutants defective 1n
35S ribosomal RNA synthesis in Saccharomyces cerevisiae. Proc Natl Acad Sct US A 88,
7026-7030.

Nogi, Y., Yano, R., and Nomura, M. (1991b). Synthesis of large rRNAs by RNA polymerase
11 in mutants of Saccharomyces cerevisiae defective in RNA polymerase I. Proc Natl Acad
Sci U S A 88, 3962-3966.

O'Sullivan, A. C., Sullivan, G. ]., and McStay, B. (2002). UBF binding in vivo 1s not
restricted to regulatory sequences within the vertebrate ribosomal DNA repeat. Mol Cell
Biol 22, 657-668.

Oakes, M., Aris, J. P, Brockenbrough, J. S., Wai, H,, Vu, L., and Nomura, M. (1998).
Mutational analysis of the structure and localization of the nucleolus in the yeast
Saccharomyces cerevisiae. ] Cell Biol 743, 23-34.

Oakes, M., Siddiqi, 1., Vu, L., Axis, J., and Nomura, M. (1999). Transcription factor UAF,
expansion and contraction of ribosomal DNA (rDNA) repeats, and RNA polymerase switch
in transcription of yeast tDNA. Mol Cell Biol 79, 8559-8569.

Onodera, Y., Haag, J. R., Ream, T., Nunes, P. C., Pontes, O., and Pikaard, C. S. (2005). Plant
nuclear RNA polymerase IV mediates siRNA and DNA methylation-dependent
heterochromatin formation. Cell 720, 613-622.

Paro, R., and Hogness, D. (1991). The Polycomb protein shares 2 homologous domain with

2 heterochromatin-associated protein of Drosophila. PNAS 88, 263-267.

118



Paule, M. R. (1998). Transcription of Ribosomal RNA Genes by Eukaryotic RNA
Polymerase 1. (Springer Verlag).

Paule, M. R. and White, R. J. (2000). Survey and summary: transcription by RNA
polymerases I and III. Nucleic Acids Research 28, 1283-1298.

Peterson, C. L., and Laniel, M. A. (2004). Histones and histone modifications. Curr Biol 74,
R546-551.

Peyroche, G., Milkereit, P., Bischler, N., Tschochner, H., Schultz, P., Sentenac, A., Carles,
C., and Riva, M. (2000). The recruitment of RNA polymerase I on tDNA is mediated by the
interaction of the A43 subunit with Rrn3. Embo | 79, 5473-5482.

Pray-Grant, M. G., Daniel, J. A, Schieltz, D., Yates, J. R, and Grant, P. A. (2005). Chdl
chromodomain links histone H3 methylation with SAGA- and SLIK-dependent acetylation.
Nature.

Prescott, E. M. (2002). Functional analysis of read-through transcription in Saccharomyces
cerevisiae genes transcribed by RNA Polymerase I and I1. D. Phil thesis. University of Oxford.
Prescott, E. M., Osheim, Y. N, Jones, H. S,, Alen, C. M., Roan, J. G, Reeder, R. H., Beyer,
A. L., and Proudfoot, N. J. (2004). Transcriptional termination by RNA polymerase I
requires the small subunit Rpa12p. Proc Natl Acad Sci U S A 707, 6068-6073.

Prior, C. P., Cantor, C. R., Johnson, E. M., Littau, V. C, and Allfrey, V. G. (1983).
Reversible changes in nucleosome structure and histone H3 accessibility in transcriptionally
active and inactive states of tDNA chromatin. Cell 34, 1033-1042.

Raska, 1. (2003). Oldies but goldies: searching for Christmas trees within the nucleolar
architecture. Trends Cell Biol 73, 517-525.

Reeder, R. H., Guevara, P., and Roan, J. G. (1999). Saccharomyces cerevisiae  RNA

polymerase I terminates transcription at the Reb1 terminator in vivo. Mol Cell Biol 79, 7369-

7376.

119



Reeder, R. H., and Lang, W. H. (1997). Terminating transcription in eukaryotes: lessons
learned from RNA polymerase I. Trends Biochem Sc1 22, 473-477.

Reeder, R. H., and Lang, W. H. (1998). Stopping RNA Polymerase I. In Transcription of
Ribosomal RNA Genes by Eukaryotic RNA Polymerase I, M. R. Paule, ed. (Springer
Verlag), pp. 173-178.

Renauld, H., Aparicio, O. M., Zierath, P. D., Billington, B. L., Chhablani, S. K., and
Gottschling, D. E. (1993). Silent domains are assembled continuously from the telomere and
are defined by promoter distance and strength, and by SIR3 dosage. Genes Dev 7, 1133-
1145.

Robinson, K. M., and Schultz, M. C. (2003). Replication-independent assembly of
nucleosome arrays in a novel yeast chromatin reconstitution system involves antisilencing
factor Asf1p and chromodomain protein Chd1p. Mol Cell Biol 23, 7937-7946.

Roguev, A., Schaft, D., Shevchenko, A., Pijnappel, W. W., Wilm, M., Aasland, R., and
Stewart, A. F. (2001). The Saccharomyces cerevisiae Setl complex includes an Ash2
homologue and methylates histone 3 lysine 4. Embo | 20, 7137-7148.

Russell, J., and Zomerdijk, J. (2005). RNA-polymerase-I-directed tDNA transcription, life
and works. Trends Biochem Sci 30, 87-96.

Sander, E. E., and Grummt, I. (1997). Oligomernization of the transcription termination
factor TTF-I: implications for the structural organization of ribosomal transcription units.
Nucleic Acids Res 25, 1142-1147.

Santoro, R., Li, J., and Grummt, I. (2002). The nucleolar remodeling complex NoRC
mediates heterochromatin formation and silencing of ribosomal gene transcription. Nat
Genet 32, 393-396.

Santos-Rosa, H., Schneider, R., Bannister, A. J., Sherriff, J., Bernstein, B. E., Emre, N. C,,

Schreiber, S. L., Mellos, J., and Kouzarides, T. (2002). Active genes are tri-methylated at K4

of histone H3. Nature 479, 407-411.

120



Santos-Rosa, H., Schneider, R., Bernstein, B. E., Karabetsou, N., Morillon, A., Weise, C.,
Schreiber, S. L., Mellor, J., and Kouzarides, T. (2003). Methylation of histone H3 K4
mediates association of the Iswlp ATPase with chromatin. Mol Cell 72, 1325-1332.

Schaft, D., Roguev, A., Kotovic, K. M., Shevchenko, A., Sarov, M., Neugebauer, K. M., and
Stewart, A. F. (2003). The histone 3 lysine 36 methyltransferase, SET2, is involved in
transcriptional elongation. Nucleic Acids Res 37, 2475-2482.

Scheer, U., and Hock, R. (1999). Structure and function of the nucleolus. Curr Opin Cell
Biol 77, 385-390.

Schiestl, R. H., and Gietz, R. D. (1989). High efficiency transformation of intact yeast cells
using single stranded nucleic acids as a carrier. Current Genetics 76, 339-340.

Schlichter, A., and Cairns, B. R. (2005). Histone trimethylation by Set1 is coordinated by the
RRM, autoinhibitory, and catalytic domains. Embo J 24, 1222-1231.

Schneider, D. A., and Nomura, M. (2004). RNA polymerase I remains intact without subunit
exchange through multiple rounds of transcription in Saccharomyces cerevisiae. Proc Natl
Acad Sci U S A 707, 15112-15117.

Schramke, V., Neecke, H., Brevet, V., Corda, Y., Lucchini, G., Longhese, M. P., Gilson, E.,
and Geli, V. (2001). The set1Delta mutation unveils 2 novel signaling pathway relayed by the
Rad53-dependent hyperphosphorylation of replication protein A that leads to transcriptional
activation of repair genes. Genes Dev 15, 1845-1858.

Schultz, M. C., Choe, S. Y., and Reeder, R. H. (19932). In vitro definition of the yeast RNA
polymerase I enhancer. Mol Cell Biol 73, 2644-2654.

Schultz, P., Celia, H., Riva, M., Sentenac, A., and Oudet, P. (1993b). Three-dimensional
model of yeast RNA polymerase I determined by electron microscopy of two-dimensional
crystals. Embo ] 12, 2601-2607.

Shermoen, A. W., and O'Farrell, P. H. (1991). Progression of the cell cycle through mitosis

leads to abortion of nascent transcripts. Cell 67, 303-310.

121



Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A, Casero, R. A., and Shi,
Y. (2004). Histone demethylation mediated by the nuclear amine oxidase homolog LSD1.
Cell 779, 941-953.

Siddiqi, I. N., Dodd, J. A., Vu, L., Eliason, K., Oakes, M. L., Keener, J., Moore, R., Young,
M. K., and Nomura, M. (2001). Transcription of chromosomal rRNA genes by both RNA
polymerase I and II in yeast uaf30 mutants lacking the 30 kDa subunit of transcription
factor UAF. Embo ] 20, 4512-4521.

Sif, S. (2004). ATP-dependent nucleosome remodeling complexes: enzymes tailored to deal
with chromatin. J Cell Biochem 97, 1087-1098.

Simic, R., Lindstrom, D., Tran, H., Roinick, K., Costa, P., Johnson, A., Hartzog, G., and
Armdt, K. (2003). Chromatin remodeling protein Chdl mteracts with transcription
elongation factors and localises to transcribed genes. EMBO Journal 22, 1846-1856.

Sims, R. J., 3rd, Nishioka, K., and Reinberg, D. (2003). Histone lysine methylation: a
signature for chromatin function. Trends Genet 79, 629-639.

Smith, J. S., and Boeke, J. D. (1 997). An unusual form of transcriptional silencing in yeast
sibosomal DNA. Genes Dev 77, 241-254.

Sogo, J. M., Ness, P. J., Widmer, R. M., Parish, R. W., and Koller, T. (1984). Psoralen-
crosslinking of DNA as a probe for the structure of active nucleolar chromatin. ] Mol Biol
178, 897-919.

Steffan, J. S., Keys, D. A., Dodd, J. A., and Nomura, M. (1996). The role of TBP in tDNA
transcription by RNA polymerase I in Saccharomyces cerevisiae: TBP 1s required for
upstream activation factor-dependent recruitment of core factor. Genes Dev 70, 2551-2563.

Steffan, J. S., Keys, D. A., Vu, L., and Nomura, M. (1998). Interaction of TATA-binding
protein with upstream activation factor is required for activated transcription of ribosomal

DNA by RNA polymerase I in Saccharomyces cerevisiae in vivo. Mol Cell Biol 78, 3752-

3761.

122



Strahl, B. D., and Allis, C. D. (2000). The language of covalent histone modifications.
Nature 403, 41-45.

Strahl, B. D., Grant, P. A., Briggs, S. D., Sun, Z. W., Bone, J. R., Caldwell, J. A., Mollah, S.,
Cook, R. G., Shabanowitz, J., Hunt, D. F., and Allis, C. D. (2002). Set2 is a nucleosomal
histone H3-selective methyltransferase that mediates transcriptional repression. Mol Cell
Biol 22, 1298-1306.

Studitsky, V. M., Walter, W., Kireeva, M., Kashlev, M., and Felsenfeld, G. (2004). Chromatin
remodeling by RNA polymerases. Trends Biochem Sci 29, 127-135.

Sugiyama, M., and Nikawa, J. (2001). The Saccharomyces cerevisiae Isw2p-Itclp complex
represses INO1 expression and maintains cell morphology. ] Bacteriol 783, 4985-4993.

Sun, Z. W., and Allis, C. D. (2002). Ubiquitination of histone H2B regulates H3 methylation
and gene silencing in yeast. Nature 478, 104-108.

Tai, H. H., Geisterfer, M., Bell, J. C., Moniwa, M., Davie, J. R,, Boucher, L., and McBurney,
M. W. (2003). CHD1 associates with NCoR and histone deacetylase as well as with RNA
splicing proteins. Biochem Biophys Res Commun 308, 170-176.

Tongaonkar, P., French, S. L., Oakes, M. L., Vu, L., Schneider, D. A., Beyer, A. L., and
Nomura, M. (2005). Histones are required for transcription of yeast rRNA genes by RNA
polymerase I. Proc Natl Acad Sci U S A 702, 10129-10134.

Toussaint, M., Levasseur, G, Tremblay, M., Paquette, M., and Conconi, A. (2005). Psoralen
photocrosslinking, a tool to study chromatin structure of RNA polymerase I-transcribed
ribosomal genes. Biochem Cell Biol &3, 449-59.

Tran, H., Steger, D., Iyer, V., and Johnson, A. (2000). The chromo domain protein Chd1p

from budding yeast is an ATP-dependent chromatin-modifying factor. EMBO Journal 79,

2323-2331.

123



Tschochner, H., and Milkereit, P. (1997). RNA polymerase I from S. cerevisiae depends on
an additional factor to release terminated transcripts from the template. FEBS Lett 470, 461-
466.

Tsukiyama, T., Palmer, J., Landel, C., Shiloach, J., and Wu, C. (1999). Characterisation of the
Imitation Switch subfamily of ATP-dependent chromatin-remodeling factors in Saccharomyces
cerevisiae. Genes and Development 73, 686-697.

van der Sande, C. A., Kulkens, T., Kramer, A. B., de Wys, 1. ], van Heenkhuizen, H.,
Klootwijk, J., and Planta, R. J. (1989). Termination of transcription by yeast RNA
polymerase I. Nucleic Acids Res 77, 9127-9146.

Vaquero, A., Loyola, A., and Reinberg, D. (2003). The constantly changing face of
chromatin. Sci Aging Knowledge Environ 2003, RE4.

Vary, J. C., Jr., Gangaraju, V. K., Qin, J., Landel, C. C., Kooperberg, C., Bartholomew, B.,
and Tsukiyama, T. (2003). Yeast Iswlp forms two separable complexes in vivo. Mol Cell
Biol 23, 80-91.

Venema, J., and Tollervey, D. (1999). Ribosome synthesis in Saccharomyces cerevisiae.
Annu Rev Genet 33, 261-311.

Vu, L., Siddiqi, I, Lee, B. S, Josaitis, C. A., and Nomura, M. (1999). RNA polymerase
switch in transcription of yeast tDNA: role of transcription factor UAF (upstream activation
factor) in silencing rDNA transcription by RNA polymerase 1I. Proc Natl Acad Sc1 U S A
96, 4390-4395.

Wang, Y., Wysocka, J., Sayegh, J., Lee, Y. H., Perlin, J. R,, Leonelli, L., Sonbuchner, L. S,
McDonald, C. H., Cook, R. G., Dou, Y., et al. (2004). Human PAD4 regulates histone
arginine methylation levels via demethylimination. Science 306, 279-283.

Warner, J. R. (1989). Synthesis of ribosomes in Saccharomyces cerevisiae. Microbiol Rev 53,

256-271.

124



Warner, J. R. (1999). The economics of ribosome biosynthesis in yeast. Trends Biochem Sci
24, 437-440.

White, C., Suto, R., and Luger, K. (2001). Structure of the yeast nucleosome core particle
reveals fundamental changes in internucleosome interactions. EMBO Journal 20, 5207-5218.
Woodage, T., Basrai, M., Baxevanis, A., Hieter, P., and Collins, F. (1997). Characterisation of
the CHD family of proteins. PNAS 94, 11472-11477.

Wu, C. (1980). The 5' ends of Drosophila heat shock genes in chromatin are hypersensitive to

DNasel. Nature 286, 854-860.

Wu, C. (1989). Analysis of hypersensitive sites in chromatin. Methods in Enzymology 70,
269-290.

Wu, C.,, and Winston, F. (1997). Evidence that Snf-Swi controls chromatin structure over
both the TATA and UAS regions of the SUC2 promoter in Saccharomyces cerevisiae.
Nucleic Acids Research 25, 4230-4234.

Xiao, T., Hall, H., Kizer, K. O., Shibata, Y., Hall, M. C., Borchers, C. H., and Strahl, B. D.
(2003). Phosphorylation of RNA polymerase II CTD regulates H3 methylation in yeast.
Genes Dev 77, 654-663.

Xu, F., Zhang, K., and Grunstein, M. (2005). Acetylation in histone H3 globular domain
regulates gene expression in yeast. Cell 727, 375-385.

Yamamoto, R. T., Nogi, Y., Dodd, J. A., and Nomura, M. (1996). RRN3 gene of
Saccharomyces cerevisiae encodes an essential RNA polymerase I transcription factor which
interacts with the polymerase independently of DNA template. Embo J 75, 3964-3973.

Ye, J., Ai, X., Eugeni, E. E., Zhang, L., Carpenter, L. R,, Jelinek, M. A., Freitas, M. A., and
Parthun, M. R. (2005). Histone H4 lysine 91 acetylation a core domain modification
associated with chromatin assembly. Mol Cell 78, 123-130.

Zeng, L., and Zhou, M. M. (2002). Bromodomain: an acetyl-lysine binding domain. FEBS

Lett 573, 124-128.

125



Zhang, L., Schroeder, S., Fong, N., and Bentley, D. L. (2005). Altered nucleosome
occupancy and histone H3K4 methylation in response to 'transcriptional stress’. Embo | 24,
2379-2390.

Zhang, Y., and Reinberg, D. (2001). Transcription regulation by histone methylation:

interplay between different covalent modifications of the core histone tails. Genes Dev 75,

2343-2360.

Zhou, Y., and Grummt, L. (2005). The PHD finger/bromodomain of NoRC interacts with

acetylated histone H4K 16 and is sufficient for rDNA silencing. Curr Biol 75, 1434-1438.

126



