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Termination of ribosomal RNA transcripts in Schizosaccharomyces pombe is a crucial process
that occurs downstream of the mature 25S rDNA sequence. Two different models have been
proposed for this termination process, the “Pause and release” and the “Torpedo” models. Previous
SI nuclease mapping studies have indicated that termination occurs at three different sites (T1, T2
and T3) +267, + 338 and + 448 respectively downstream of the 25S rRNA. It is believed that 90%
of the termination occurs at the first termination site (T1). In this thesis, the relative contribution
and the termination efficiency of the two proposed mechanisms were examined further using S.
pombe cells transformed with different mutations. An alternate technique, RT-PCR, was used to
remap the 3’ ETS region leading to better understanding of the two mechanisms and enzymes that
underlie them. The study also investigated the effect of exonuclease activity on processed
fragments generated by PacI cleavage. The results showed that both the “Torpedo” and the “Pause
and release” mechanisms can terminate Pol I transcription efficiently. The study also showed that
exonuclease degrades processed 3’ ETS fragments after their release by PacI cleavage. Inhibition
of PacI cleavage by either RNA sequence deletion or protein mutation resulted in transcripts
terminating fully at the first termination site with no transcripts detected beyond T1. On the other
hand, deletion of the cognate termination elements resulted in read-through transcription after the
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rDNA region. The research is consistent with the presence of two redundant termination
mechanisms, which provide fail-safe termination to ensure that the downstream sequence is not
disrupted by read-through transcription.
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Chapter 1: Introduction
1.1 Ribosomes
Ribosomes are large macromolecular structures, each of which is composed approximately of
half protein and half ribosomal RNA (rRNA) (Roberts, 1958). They are located in the cytoplasm
and are best known for the important role they play during mRNA translation in synthesizing the
encoded polypeptide. They are known to polymerize amino acids, thereby producing a protein
from a messenger RNA template. While ribosome macromolecular composition differs among
species, their three-dimensional structure is conserved in all organisms. They are composed of two
unequal subunits that associate together during the initiation of mRNA translation. With the help
of transfer RNA (tRNA), the ribosome utilizes codons on mRNA to produce the corresponding
amino acid. In some post-translational cases, the new amino acid may then undergo posttranslationed modifications. Initially during the 1940’s ribosomes were called “microsomes”
(Claude, 1940). A decade later biochemical studies of these intracellular ribonucleoprotein
particles showed a high content of RNA, which led to the term “ribosome” (Palade and Seikevitz,
1956). Since that time, thousands of studies focusing on the ribosomes have targeted many aspects
of their biology (Wittmann, 1983; Brimacombe and Stiege, 1985; Moore, 1988); yet, many
interesting questions regarding their structure, function and biogenesis remain unknown.

1.1.1 Ribosome Structure
Electron microscopy studies have shown that ribosomes are composed of two unequal subunits;
a small subunit 40S (SSU) and a large subunit 60S (LSU) that join together to form a mass of
several million Daltons (Lake, 1981). Both subunits are made up of ribosomal proteins (r-proteins)
and four mature rRNA components (5S, 5.8S, 18S and 25 to 28S) assembled together by non-
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covalent hydrogen bonding, hydrophobic and magnesium mediated interactions (Brimacombe and
Stiege, 1985; Brimacombe, 1984). The protein content of ribosomes differs among organisms
(Kozak, 1989). For instance, it is 37% in E.coli, 70% in plant and animal mitochondrial ribosomes
and about 50 % in eukaryotic cytoplasmic ribosomes (Kozak, 1989).
A- Prokaryotic Ribosome Structure
As noted earlier, most of the ribosome structural analyses stem from studies of prokaryotic cells
such as E.coli. In the prokaryotic ribosomes (a 70S particle), the large subunit (50S) consists of
25S to 28S and 5S rRNA, lacking a free counterpart of the 5.8S rRNA (Nazar, 1980). The three
dimensional structure of this subunit consists of a head and two projections that extend from the
head and hollow core (Shatsky et al., 1980). Additionally, the small subunit of the prokaryotic
ribosomes (30S) contains a 16S rRNA as well as 21 r-proteins (Sommerville, 1986). The three
dimensional structure of the 30S small subunit consists of head and base that are separated with a
neck projection (Lake and Kahan, 1975).
B- Eukaryotic Ribosome Structure
The eukaryotic ribosome is larger and somewhat more complex than the prokaryotic counterpart
(Moldave, 1985; Hage and Tollervey, 2004; Dinman, 2009). This complexity is thought to allow
for finer tuning of the regulation of protein biosynthesis (Wittmann, 1983). The large subunit in
the eukaryotic ribosome (60S) is composed of 5S, 5.8S and 25 to 28S rRNAs as well as 45 different
r-proteins, whereas the small subunit (40S) is composed of the 18S rRNA and 30 r-proteins (Planta
and Mager, 1998; Watkins et al., 2002; Sommerville, 1986). The ribosomal proteins are small in
size (Wittmann, 1983). The small subunit and the large subunit join together at the time of protein
synthesis to form the complete 80S eukaryotic ribosomal particle.

2

1.2 Transcription of Eukaryotic Gene
1.2.1 Organization in the Nucleolus
In eukaryotes, rRNA genes exist as multiple repeats that usually are organized in clusters of
tandem head to tail repeats of rDNA transcription units to meet the massive requirement for rRNA
in the cell (Long and Dawid, 1980). Different organisms and species have different numbers of
rDNA units but the overall number correlates with size of the genome (Long and Dawid, 1980).
For instance a bacterial cell has seven rDNA copies, whereas it is believed that there are one
hundred copies of rDNA per cell in the yeast and thousands in humans (Schweizer et al., 1969).
Transcription of these genes occurs in the nucleus, specifically in the nucleolus. There are three
main compartments in the nucleolus that are described, based on their appearance under the
electron microscope: i) Dense Fibrillar Component (DFC), ii) Fibrillar Center (FC) and iii)
Granular Component (GC) (Schwarzacher and Wachtler, 1993; Leger-Silvestre et al., 1997). The
initial assembly of pre-ribosomal particles occurs in the DFC. Following assembly of the subunits,
these particles move to the GC and migrate through the nucleoplasm, before being transported
finally to the cytoplasm through the nuclear membrane pores (Vanrobays et al., 2001).

1.2.2 Organization of Eukaryotic rDNA Unit
Eukaryotic ribosome biosynthesis is a more complicated process when compared to its
prokaryotic counterpart, involving three different RNA polymerases that transcribe the four RNA
components. The rDNA transcription unit contains three mature rDNA sequences and four spacer
regions (Figure 1.1). It begins with the 5’ external transcribed spacer (5’ETS), followed by
sequences that code for 18S, 5.8S and 25S rRNAs separated by internal transcribed spaces (ITS1,
ITS2) and ending with the 3’ external transcribed spacer (3’ETS) (Shwed and Nazar, 1999). With
the exception of the 5S rRNA, all of the eukaryotic rRNA genes (18S, 5.8S and 25S) are located
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in the nucleolus (reviewed in Lafontaine and Tollervey, 1995; Melese and Xue, 1995; Tollervey,
1996). All the spacer regions vary greatly in their sizes in different species (Figure 1.1), (Nazar,
2004). For example, in humans, ITS1 is composed of 1155 nucleotides; however, it is only 109
nucleotides in the nematode, Meloidogyne hapla (Lalev and Nazar, 1999). The length of the core
sequence elements in the mature RNAs are highly conserved among eukaryotes (Lalev and Nazar,
1999). On the other hand, the length of externally transcribed spacers (ETS) and ITS regions
dictates the length of the overall initial pre-rRNA transcript, which has been shown to range in size
between 8 kb in yeast to 13 kb in mammals (Larson et al., 1991).

1.3 Initiation of Transcription of the rDNA Unit
The rDNA is transcribed by RNA polymerase I. Eukaryotic rDNA promotors share a structural
organization but lack recognizable sequences (Reeder, 1989). The promoter is located upstream of
5’ETS and composed of a core promoter element (CPE) and upstream control element (UCE)
(McStay and Grummt, 2008). The CPE extends from +10 to -45 with respect to the transcription
initiation site and is sufficient for transcription in vitro but insufficient in vivo (Miller et al, 1985).
On the other hand, the upstream promoter element (UPE) is located from approximately -55 to 150 (Mark and Paule, 1996). Under stress conditions the UPE can stimulate transcription from the
CPE but is not required for transcript initiation in vitro (Hannan et al., 1998a).
Polymerase I (Pol I) initiates the transcription process in the nucleolar fibrillar center followed
with the transcription of pre-ribosomal RNA (pre-rRNA), (Nazar, 2004). This process usually
includes formation of a pre-initiation complex through the assembly of basal factors on the
promotor region. Studies have suggested that the UPE is crucial in establishing a pre-initiation
complex (Hannan et al., 1998a). Other in vitro studies in mice and humans showed that
4

transcription complex formation is initiated when a promotor selective factor, SL1, binds to
promotor sequences (reviewed in Moss and Stefanovsky, 1995). SL1 in human and mouse
encompasses a TATA binding protein (TBP) and three transcription-activating factors (TAFs).
Transcript initiation in yeast is thought to occur by mechanisms that are similar to those of
mammals. For transcription of the rDNA unit in Saccharomyces cerevisiae (S. cerevisiae), a multi
-subunit complex is required but it is not associated with a TBP (keys et al, 1994). However, Chen
et al., (1997) showed in Schizosaccharomyces pombe (S. pombe), that the initiation complex
contains a tagged TBP and functions similar to the SL1- molecule.

Figure 1.1. Eukaryotic ribosomal RNA transcriptional unit. rDNA coding unit showing two
internal transcribed spacers ITS1 and ITS2 separating the coding sequences of the 18S, 5.8S, 25S
rRNA and flanked by two external transcribed spacers 3’ ETS and 5’ ETS. It also shows the 5S
rRNA encoded separately in a different compartment.

The 5S rRNA component of the eukaryotic ribosome is transcribed by RNA polymerase III (POL
III) as a separate RNA precursor from genes usually located outside the nucleolus (Long and
Dawid, 1980,). After transcription, the 5S rRNA moves to the nucleolus as a ribonucleoprotein
(RNP) particle to join the 5.8S and 25S/28S rRNAs, forming the large subunit (LSU) of the
ribosome (Nazar, 2004). This path of processing provides a “quality control” mechanism and helps
ensure that only mature and functional rRNAs are integrated into the ribosome (Lee et al., 1995).
In humans different diseases such as severe growth defects, multiple forms of anemia and an
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irregular apoptosis pathway, have been linked to inefficiency of the 5S quality control checkpoint
(Ansel et al., 2008; Draptchinskaia et al., 1999).

1.4 Processing of the Eukaryotic pre-rRNA
The ribosomal RNA processing pathway in S. pombe is similar to that reported for S. cerevisiae
and other eukaryotic pathways (Good et al. 1997b). Many ribosomal proteins and RNAs are
involved in the biogenesis process including post-transcriptional modification of nucleotides and
structural rearrangements, leading to the formation of the mature ribosomal subunits (Nazar,
2004). During rRNA maturation the pre-rRNA is cleaved at different sites and modified to
generate the mature rRNAs (Nazar, 2004). For instance, over 200 nucleotides are modified in
mammals resulting in nine to ten methylated bases, approximately 95 pseudouridine residues and
100 – 104 2’ O-methylated sugars (Maden, 1990). Most of these modifications occur before the
nucleolytic cleavages when the pre-rRNA is assembled into 80-90s nucleolar particles; a few of
them occur at a later stage (Nazar, 1980). About ten cleavage sites have been identified in the
removal of the spacer sequences, a process that continues after the precursor is assembled into the
80-90S nucleolar particles via a sequence of endo- and exonucleolytic cleavages (reviewed by
Nazar, 2004) as outlined in Figure 1.2. Homologues of bacterial RNase III remove the 3’ ETS
partially or completely (Abu Elela et al., 1996; Spasov et al., 2002). Two cleavages at the A0 and
A1 sites facilitate the removal of the 5’ ETS and another cleavage at the A2 site results in the
separation of RNAs belonging to each of the subunits (Raue, 2003). Finally the formation of the
18S rRNA results from the cleavage of the 43S pre-ribosomal subunit particle at the D site in the
20S precursor in S. cerevisiae (Moy and Silver, 1999; Vanrobays et al., 2001). The removal of the
ITS1 spacer occurs with an initial shortening of the 27S pre-rRNA through endonuclease cleavage
by RNase mitochondrial RNA processing (MRP) enzyme (Lygerou et al., 1996). The remaining
6

ITS1 sequence is removed through 5’ - 3’ exonuclease cleavage by Ribonucleic acid-trafficking
protein 1 (Rat1p) and exoribonuclease (Xrn1p) (Raue, 2003). Additionally, endonuceolytic
cleavages initiate the removal of ITS2. Cleavage at the C2 site results in the formation of the 7S
and 25.5S intermediates (Geerlings et al. 2000). Part of the process of removing the ITS2, involves
a nuclear exosome that trims the 7S intermediate, while Rat1p takes care of trimming the 25.5S
per-rRNA (Allmang et al. 1999; Geerlings et al. 2000).

Figure 1.2. The maturation pathway of the pre-rRNA of Saccharomyces cerevisiae. Different
cleavage sites are indicated with arrows (Nazar, 2004).

1.4.1 Trans-acting Elements in Ribosome Biogenesis
Different trans-acting factors have been identified through the application of multiple genetic
techniques (Venema and Tollervey, 1995). Among those trans-acting elements are nucleases,
helicases, and modifying enzymes, chaperones, GTP/ATPase and snoRNAs (Venema and
Tollverey, 1999). Most of the endonuclease cleavages that occur during the maturation process at
the different sites (A0, A1, A2, C1 and C2) are attributed to the nucleases. Four ribonucleases;
RNAse III, MRP, Rat1p/Xrn1 and exosomes, play redundant role in rRNA processing (Nazar,
2004).
7

Helicases are considered to constitute the second most abundant factors, they are presumed to
play a role in restricting RNA during ribosome assembly (Kressler et al., 1999). For instance, at
least seven helicases contribute to the formation of the SSU 40S and approximately twelve are
involved in the production of the LSU (Kressler et al., 1999). GTPases also have been identified
in the pre-ribosomal assembly of the LSU and SSU subunits (Fromont et al., 2003; Nissan et al.,
2002; Gelperin et al., 2001). Additionally, it appears that some ATPase proteins, such as Rea1p,
function as molecular motors that have been found to aid in the removal of non-ribosomal protein
(Nissan et al., 2002; Gelperin et al., 2001).
Beside helicases, modifying enzymes or proteins are another type of trans-acting factor that plays
a role in the modification process. Many modifying enzymes have been found to support RNA
modification by assembling small nucleolar ribonucleoproteins (snoRNPs) (reviewed by Nazar,
2004). Some nucleolar proteins like Nop1p, Nop56p and Nop58p, usually aid in the methylation
process; however, none of them are methyl transferases (Lafontaine and Tollervey, 2000).
Another type of factor that plays a role in rRNA modification is a group of small nucleolar RNAs
(snoRNAs). These possess internal guide sequences that are complementary to regions in prerRNA. This discovery helped in understanding the role snoRNAs play in rRNA modification
(Bachellerie and Cavaille, 1997; Decatur and Fournier, 2002). Some snoRNAs, including U3, U8,
U14, U22, snR10 and snR30, are assumed to aid in the cleavage processes of the pre-RNA, yet the
picture is not clear whether they activate any actual cleavage process (Tollervey, 1987; Hughes
and Ares, 1991; Schmitt and Clayton, 1993; Mougey et al., 1993; Peculis and Steitz, 1993). Most
of the snoRNAs are present in the cell as snoRNPs, that enable pseudouridylation as well as
methylation of sugars and bases (Tollervey and Kiss, 1997; Smith and Steitz, 1997). They also
help in the cleavage processes that separate the 18S, 5.8S and 28S rRNA from transcribed spacers
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(reviewed in Maxwell and Fournier, 1995; Tollervey and Kiss, 1997; Smith and Steitz, 1997). The
snoRNAs are divided into two categories named C/D box or H/ACA box, based on their conserved
sequence elements (Ro-Choi, 1997). The number of snoRNAs differ between mammals and yeast
(Nazar, 2004). For instance, mammals have approximately two hundred different snoRNAs, while
yeasts have seventy five to one hundred, twenty of which are H/ACA box and the remaining
balance being C/D box (Bachellerie and Cavaille 1997; Decatur and Fournier, 2002). Both
categories play a role in rRNA modifications that include fifty four rRNA methylations and the
twenty three pseudouridine conversions (Bonnerot et al, 2003). The C/D box members have been
shown to guide methylations, whereas H/ACA members enable rRNA pseudouridylation (Galardi
et al. 2002). Base methylation plays a significant role in cleaving at A1 and A2 sites (Lafontaine
et al., 1998). A few other snoRNAs (U3, U8, U14, U22, snR10, snR30), as noted before, facilitate
the pre-rRNA cleavage (Tollervey, 1987; Hughes and Ares, 1991; Schmitt and Clayton, 1993;
Mougey et al., 1993; Peculis and Steitz, 1993).
Unlike the core elements in the mature ribosomal RNAs, which have been shown to be
conserved, internal transcribed spacers (ITS) vary widely in composition (Lalev and Nazar, 1999).
Nevertheless, they are considered crucial for pre-RNA maturation. Acting as biological springs,
transcribed spacers allow the appropriate configuration of the maturing termini (Intine et al.,
1999). Further, studies have shown the importance of specific sequence or structural elements in
the spacer regions that could change the efficiency and accuracy as well as the order of the
processing steps (Nazar, 2004).

1.4.2 Cis-acting Elements
Planta and coworkers, studying the critical cis-acting element in the internal transcribed
spacers of S. cerevisiae, showed that ITS1 and ITS2 have different processing requirements. In the
9

first transcribed spacer (ITS1), the critical elements were assembled with sequence surrounding
the cleavage sites, suggesting that the processing nuclease will recognize them directly (Raue,
2003). Furthermore, the A2 site is recognized by a 3’ adjacent ACAC sequence as well as a specific
sequence structure downstream from this element (Van Nues et al, 1994). Cleavage at the A3 site
usually is associated with a specific sequence in the region that is recognized by RNase MRP
(Lygerou et al, 1996). Also, the region downstream from the A3 site seems necessary for 25S
rRNA production (Van Nues et al., 1995). Studies have shown that elements necessary for site C2
cleavage of ITS2 are dispersed along the spacer and the adjacent helix that is assembled by pairing
between the 3’ end of the 5.8S and 5’ end of the 25S rRNA (Raue, 2003; Cote et al., 2002).
The 5’external transcribed spacer (ETS) is the most studied spacer, yet many questions still
remain regarding the cis-acting elements (Nazar, 2004). Kass and coworkers (1990) showed that
in vertebrates, the removal of 5’ ETS is facilitated by snoRNAs, with cleavage in the 5’ ETS
occurring in a U3 snoRNA dependent style (Kass et al., 1990). In S. cerevisiae, a complementary
10 nucleotide sequence of the U3 snoRNA site is found 250 nucleotides upstream of A1 site, and
is necessary for the binding of the U3 snoRNA protein complex (snoRNP). The binding of the
snoRNP is found critical for ribosome biogenesis (Dragon et al, 2002). Cleavage at A1 and A2
sites requires a second interaction site downstream from 5’ end of the 18S rRNA (Dragon et al,
2002). Moreover, deletion of U3 snoRNA was found to inhibit processing at the A0 site and cells
failed to accumulate 18S rRNA (Beltrame et al., 1994). As reported by Tollervey and coworkers
(1995), this cleavage also requires two partially independent features; a group of nucleotides found
upstream from the A1 site and another group of three nucleotides from the 5’ stem-loop structure
in the 18S rRNA (Venema et al, 1995).
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The 3’ ETS removal is well understood because of its simplicity. Computer modeling studies
and probes for nuclease protection showed that the two internal spacers form a central hairpin and,
in the junction regions, a critical helical structure which both appear to be necessary for the
removal of the 3’ ETS region (Hitchen et al., 1997). The hairpin structures are presumed to be
critical since they assist in substrate recognition (Hitchen et al., 1997; Ivakine et al., 2003)
Melekhovets and coworkers (1994) showed that the structure downstream of the 25-28S rRNA is
necessary for both the maturation of the 3’ end of the 25S rRNA as well as the processing of the
ITS2 region (Melekhovets et al., 1994). The same group indicated that changes in the 3’ ETS
structure could inhibit the removal of 3’ ETS as well as the processing of ITS2 (Melekhovets et
al., 1994). Further studies have indicated that protein factors bind to the upper helical end of the
hairpin structure, mediating deleterious effects on that region (Spasov et al, 2002; Hitchen et al.,
1997).
The ribosome assembly chaperone protein complex (RAC) of 20 or more polypeptides was
identified using affinity chromatography and was found to interact with the helical binding site on
the extended hairpin structure, changing the cleavage efficiency dramatically (Lalev et al., 2000).
Additionally, the presence of RAC protein, along with PacI nuclease, could alter the cleavage
activity causing the enzyme to cleave at the 3’ end of the 25S rRNA and leading to the removal of
the 3’ ETS (Spasov et al., 2002).

1.5 Termination of pre-rDNA Transcription
Termination of transcription is an essential step following synthesis of a transcript, which results
in the dissociation of RNA polymerase and the transcript from the template DNA. However,
different mechanisms are used by the multi-subunit RNA polymerases from bacteria, archaea, and
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three eukaryotic RNA polymerases to terminate transcription (Gusarov and Nudler, 1999).
Termination of the transcript also is thought to be a potential control point for gene expression
(Spencer and Groudine, 1990; Greenblatt et al., 1993; Reeder and Lang, 1994). Early studies on
rRNA synthesis were focused on initiation of transcription with little focus on termination; this
has changed drastically in recent years as new approaches have become available and subsequently
adapted.

1.5.1 Transcript Termination in Bacteria
Initial studies of transcript termination were carried out using E. coli (Roberts, 1969). Since then
researchers have used several different systems to provide insights about transcript termination in
prokaryotes and their mechanisms (Das, 1993; Henkin, 2000). Termination of RNA transcription
occurs when the RNA polymerase encounters a termination signal. This causes the transcription
complex to disassociate and release the nascent RNA transcript. In prokaryotes two major classes
of termination control mechanisms have been characterized (Henkin, 1996). The bacterial RNA
polymerase responds to either one to terminate. The first is Rho-dependent termination that
requires an auxiliary factor, Rho protein (ρ), to terminate the transcript. The other is a Rhoindependent termination, in which the transcript is terminated without the Rho protein (Henkin,
1996).

A- Rho-dependent Termination
Jeffrey Roberts was the first to discover the Rho protein (ρ) (1996). Rho protein consists of a
hexamer of identical subunits that contains helicase activity as well as RNA-dependent ATPase
and bind to mRNA (reviewed by Platt and Richardson, 1992). Many studies have extensively
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reviewed Rho-dependent termination (Richardson, 2002, 2003). Half of Escherichia coli transcript
termination occurring at the end of genes or in the control regions are found to be Rho-dependent
(Reviewed by Ciampi, 2006). Rho terminator includes inverted repeats that can form a hairpin
structure. Rho binds to the transcribed mRNA at a 70-80 nucleotides C rich loading site (Zhu &
von Hippel, 1998a). This loading site is the essential determinant of Rho termination activity
(Guèrin et al., 1998). The binding of Rho initiates the ATPase activity that provides energy and
enables the hexamer to chase the RNA polymerase in a 5’ – 3’ direction (Delagoutte & von Hippel,
2003). The polymerase eventually stalls at a hairpin structure and enables Rho to catch up (Yager
and von Hippel, 1987). The helicase activity allows Rho to unwind the RNA-DNA hybrid, release
the transcribed RNA and terminate transcription (Yager and von Hippel, 1987).
B- Rho-independent Termination
Rho-independent terminators, or intrinsic terminators, are functional in the absence of additional
factors in transcription reactions carried out in vitro (Henkin, 1996). The Rho-independent
terminator consists of an inverted repeat, G:C sequence rich, in the nascent RNA that forms a stem
loop structure followed by 6-8 uridylic acid (U) nucleotides (Wilson and von Hipple, 1995). The
termination mechanism includes pausing of the transcript elongation complex (TEC) and
formation of the hairpin structure (von Hippel, 1998). TEC includes three nucleic acid binding
sites: double stranded DNA binding site (DBS), an RNA:DNA hybrid binding site (HBS) and an
RNA binding site (RBS) (Zhang et al., 1999; Korzheva et al., 2000). Formation of the stable RNA
hairpin structure destabilizes the elongation complex and disrupts the RNA:DNA interaction
which results in the further disruption of the protein:DNA intersection in the HBS and RBS (von
Hippel, 1998; Landick, 1997; Nudler et al., 1998). The low stability of dA-rU pairs is also thought
to contribute to the destabilization of the interaction between the paused RNA polymerase and the
13

DNA template. As a result the newly synthesised RNA disassociates from the DNA template
(Henkin, 1996).

1.6 Eukaryotic Transcript Termination
1.6.1 Transcript Termination by RNA Polymerase III
In eukaryotes, RNA polymerase III (Pol III) transcribes 5S rRNA, tRNA, 7SL RNA and some
other small stable RNAs many of which are involved in RNA processing. Most of the genes that
are transcribed by RNA polymerase III contain an intragenic promoter element that functions as a
DNA binding site for RNA polymerase III transcription factors (TF) (Reviewed by Geiduschek
and kassavetis, 1992). Genes that are transcribed by Pol III are classified into three different classes
based on the composition of the promoter element and the relative position of these elements to
the transcription start point (Geiduschek and Kassavetis, 1992). The promoter element in the first
two classes of genes (1 and 2) is located downstream of the transcription start point. Class one
contains the 5S rRNA gene, whereas class two is comprised of tRNA, 7SL RNA and some small
viral RNAs. The element in the third class (3) is located upstream of the transcription start point;
this class includes U6, 7SK RNA and small RNAs (Geiduschek and Kassavetis, 1992).
Just like the prokaryotic counterpart, Pol III transcription termination includes destabilization of
the elongation complex followed by release of the nascent RNA and polymerase (Arndt and
Chamberlin, 1990). Failure to terminate causes interference with downstream genes and could
possibly result in decreasing the amount of polymerase that is needed to regulate initiation
(Kuehner et al., 2011). Pol III is thought to exhibit the most direct acting termination signal, similar
to the intrinsic termination exhibited by bacterial RNA polymerase. Studies have shown that in
Pol III termination the polymerase recognizes the terminators intrinsically, and the terminator
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signal is usually a cluster of four or more T residues in the non-coding strand (Cozzarelli et al.,
1983). Upon reaching the repeated T residues, pol III transcription is paused and the transcript
template is released without assistance from any factors (Cozzarelli et al., 1983). Different studies
have shown that S. pombe requires fewer dT residues when compared to S. cerevisiae counterpart
(Allison and Hall, 1985). Nevertheless, four dT residues are considered sufficient for pol III to
terminate efficiently in vertebrates (Bogenhagen and Brown, 1981). Other studies in Xenopus
laevis 5S rRNA and virus-associated RNA have shown that a stretch of four T nucleotides is not
sufficient in these cases (Bogenhagen and Brown, 1981; Gunnery et al., 1999). Pol III termination
in humans seems to be stimulated by transcription factor III (TFIIIC) associated factors such as
topoisomerase I and TFIIIC-1 (Gottlieb and Steitz, 1989; Wang and Reeder, 1998, Wang et al.,
2000). In total, the mechanism of Pol III termination is still not well understood and many studies
are ongoing with focus on potential termination elements as well as termination factors that might
participate in the mechanism.

1.6.2 Transcript Termination by RNA Polymerase II
RNA polymerase II (Pol II) termination is a complex process that is linked to the processing of
the pre-mRNA. The 3’ end of the eukaryotic mRNA is produced by RNA processing through the
endonucleolytic cleavage of mRNA precursors. The interaction of mRNA processing factors with
the large subunit of pol II as well as the C-terminal domain (CTD) is thought to facilitate the posttranscription modification process of pre-mRNA (Orphanides and Reinberg, 2002). The RNA
processing signals as well as terminator elements located downstream of the poly(A) site are
thought to influence Pol II termination (Eleanor et al., 2013). The primary transcripts usually are
very short lived which makes it quite challenging to identify the exact termination site (Proudfoot,
1989). Many termination factors and complex genetic signals participate in the Pol II termination
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mechanism, which as noted above, is greatly reliant on the pre-mRNA 3’ end processing
(Proudfoot, 2004; Buratowski, 2005).
During Pol II termination, the required cleavage and polyadenylation factors trigger
conformational or structural changes to Pol II and thus starts termination (Proudfoot, 2004). A
nascent RNA 3’ product, attached to the elongating Pol II, is generated by cleavage at the polyA
signal (Kawauchi et al., 2008). Cleavage of the nascent transcript occurs between two recognition
elements flanking a cleavage polyadenylation site (Wahle and Ruegsegger, 1999). Together, these
two recognition elements form the core of the poly(A) signal (Wahle and Ruegsegger, 1999). The
first recognition element is an AAUAAA-like sequence that is located upstream of the cleavage
site, as where the second element is a GU-rich sequence element that lies 20 to 50 nucleotides
downstream of the first recognition element (Wahle and Ruegsegger, 1999). Following cleavage,
the resulting 3’ RNA fragment has an uncapped 5’ terminus that is exposed to 5’ - 3’ exonuclease
degradation by Rat1p in S. cerevisiae (Kim et al., 2004). This degradation process causes the
removal of the downstream nascent RNA and is thought to induce template release (Kawauchi et
al., 2008). This termination method has been called the “torpedo” model (Rotondo et al., 1997).
Many questions remain about the actual mechanism of Pol II termination and more studies are
needed to further confirm the details.

1.6.3 Termination of Transcription by RNA Polymerase I (Pol I)
As mentioned earlier, termination of transcription is considered to be a critical event that stops
RNA polymerase from interfering with the expression of downstream genes (See Nabvi and Nazar,
2010). Termination of transcription by RNA polymerase I (Pol I) is suggested to be highly
conserved among all eukaryotes with only minor differences (Kuhn et al., 1990; Reeder and Lang,
1997). Pol I termination is consider to be easier to study since, unlike Pol II termination, it occurs
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at specific defined sites and is not associated with polyadenylation (Reeder and lang, 1994). While
the Pol I termination mechanism appears highly conserved from yeast to mammals; the actual
terminator element sequences and the DNA binding proteins involved in this process appear to
vary greatly between organisms (Paule, 1993; Mason et al., 1997a; Melekhovets et al., 1997).
Knowledge about Pol I termination has been collected from studies conducted on a number of
mammals, including mice, humans as well as frogs and yeast (Reeder and Lang, 1994). In all, Pol
I termination occurs 100-200 bp after the 3’ end of the mature 25S RNA sequence (Yip and Hollan,
1989; Van der Sande et al., 1989; Lang and Reeder, 1993). Early studies in Xenopus laevis, using
electron microscopy, first indicated that Pol I terminates after the 28S gene (Bakken et al., 1982;
Moss, 1983). Transcribing polymerases have been detected in the intergenic region and “fail-safe”
terminators have been suggested, based on such observations which indicate all transcription
complex terminate before reaching the 5’ end of the adjacent rDNA gene (Bakken et al., 1982).
S1 nuclease protection assays has been used to confirm that termination occurs within the 3’ ETS
of rDNA (Moss, 1983). Moreover, studies of the spacer transcripts showed that in mammals the
end included about 4 kb of downstream non-transcribed spacer located approximately 200 nt from
the next promoter (Moss, 1983).
Two very different models are actually proposed for Pol I transcript termination, the “Pause and
release” model and the “torpedo” model. Both appear to apply simultaneously but the relative
contribution and biological significance remain unclear.
A- “Pause and release” Model
The “Pause and release” model for Pol I termination was first proposed based on research in two
different experimental organisms, mouse and frog (Reeder and Lang, 1994). These studies showed
that a sequence specific binding protein is required for Pol I termination (Reeder and Lang, 1997).
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Moreover, at least two DNA sequences appear to play complementary role; the first one is a
binding site for a terminator protein and the other is an upstream element that codes for the last
10-12 nucleotides of the terminated transcript (Reeder and Lang, 1994). The terminator protein
(TF) is thought to pause transcription, allowing the upstream release element (URE) to release the
transcript at the termination site.
In mouse the 833 amino acid terminator protein is termed TTFI (Transcription Termination
Factor); TTF1 contains two DNA binding motifs and mediates Pol I transcript termination (Evers
et al., 1995). In yeast, Reb1p has been identified by block mutagenesis as the terminator protein
(Reeder and Lang, 1997). The yeast Reb1p protein is composed of 809 amino acids and also
contains two DNA binding motifs (Morrow et al., 1993). Reb1p is found to be crucial for yeast
growth and the Rep1p binding sequence is found in a number of locations throughout the genome
(Marrow et al., 1993). In S. cerevisiae an 11 bp DNA-binding site is recognized and bound by the
Reb1p protein, causing Pol I to pause (Lang and Reeder, 1993). Mutations of this sequence
eliminate Pol I pausing and also protein binding (Lang and Reeder, 1993). Studies based on
deletions showed that Reb1p induced termination requires more than DNA binding (Lang et al.,
1994). Besides the binding site for Reb1p, another 5’ flanking sequence appears essential (Lang
and Reeder, 1993). The upstream element, comprising ten to twelve nucleotides, is T-rich in the
non-template strand (Reeder and Lang, 1997). The fact that it is T-rich probably makes it easier to
release the transcript. It is followed by A-rich then C-rich and finally G-rich sequences, which are
difficult to release (Lang and Reeder, 1995) and the actual mechanism of release remains unclear.
As mentioned earlier, the “Pause and release“ termination mechanism for Pol I appears
conserved amongst eukaryote organisms (Kuhn et al., 1990; Reeder and Lang 1997). For instance,
in mouse an 18 bp sequence of AGGTCGACCAGA/TTANTCCG, which contains a Sal/l
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restriction site (Sal box), appears to be conserved in all Pol I terminators (Grummt et al., 1986).
Again a specific protein (TTF1) binds to the Sal box to facilitate the termination event (Grummt
et al., 1986). Studies have shown that reversing the Sal boxes relative to the transcription direction
resulted in the elimination of termination (Reeder and Lang, 1997). This 18 bp oligonucleotide
sequence was shown to be sufficient to induce Pol I termination but the efficiency could be
increased by the presence of 5’ flanking sequence upstream (Grummt et al., 1986; Kuhn et al.,
1988). In contrast, in S. cerevisiae, Reb1p bound to its target sequence alone, was shown not to be
enough for complete termination. As noted earlier, the upstream 5’ region flanking the terminator
is required to release the transcript (Jeong et al., 1995; Lang and Reeder, 1995).
On the other hand, S. cerevisiae, the terminator protein Reb1p was found to bind to either of two
sequences, which are equivalent to the Sal-box in mice and located +93 nucleotides and +250
nucleotides after the 3’ ETS, causing termination (Reeder and Lang, 1997). In studies of the
processing of the 3’ ETS in S. pombe, based on S1 nuclease protection, three different putative
termination sites (T1, T2 and T3), each followed by a Sal box-like sequence were observed
(Melekhovets et al., 1994). The studies indicated that about 90% of termination occurs at the first
termination site, T1, with 9% at T2 and 1% at T3 (Melekhovets et al., 1994). The three termination
sites, are located at +267, +338 and +448 bp downstream of the 25S rDNA, respectively (Figure
1.4) (Melekhovets et al., 1994). Three putative termination elements, two identical (TEI and TEIII
and highly homologous TEII) are located 13-14 nucleotides downstream of the three termination
sites (T1-T3) (Melekhovets et al., 1994). A protein transcription termination factor, TTF, appears
to facilitate Pol I termination by binding to each termination element (TE) (Shwed and Nazar,
1999). Mutagenesis studies by Shwed and Nazar suggested that the intermediate site, T2, might be
an artifact of SI mapping, and that termination only occurs at the TI and T3 sites (Shwed and
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Nazar, 1999). Subsequent mutation studies on TE1 and TE3 also showed that these are very critical
for transcription termination (Shwed and Nazar, 1999).
B- “Torpedo” Model
At least in some instances in budding yeast the “torpedo” mechanism is used for both Pol I and
Pol II transcription termination (Kawauchi et al., 2008). It is also used to terminate the
nonpolyadenylated polymerase II transcripts, namely small nucleolar RNAs (snoRNA) and small
nuclear RNAs (snRNA) (Nabavi and Nazar, 2008). In this case termination is dependent on
cleavage by an RNase III-like endonuclease, PacI, within the 3’ end of the nascent transcript
(Nabavi and Nazar, 2008). Protein factors and/or 5’- 3’ exonuclease access the transcript through
a single PacI cleavage leading to transcript termination (5’ - 3’ direction) and RNA maturation (3’
- 5’ direction) (Nabavi and Nazar, 2008).
For Pol I termination in S. pombe cells, the hairpin structure upstream the three termination sites
(Figure 1.4) also appears critical for the termination (Melekhovets et al., 1994). The RNase IIIlike endonuclease PacI enzyme was identified in S. pombe and found to cleave the hairpin at
position +43 and +81 nucleotides downstream from the 25S rRNA (Figure 1.4) (Rotondo and
Frendway, 1996; Rotondo et al., 1997). It also has been reported to produce a single cut site in the
hairpin structure at +21 and cleave at two opposite sites +41 and +83 (Rotondo and Frendway,
1996; Rotondo et al., 1997). Several studies showed that RAC protein complex contributes in that
process and interacts with the conserved hairpin structure, affecting rRNA maturation (Good et al,
1997; Spasov et al., 2002). Previous studies have shown that the efficiency of PacI cleavage at
+41 in the hairpin structure was greatly increased in the presence of RAC (Spasov et al., 2002).
This suggested that RAC ribonucleoprotein complex is essential for the removal of the 3’ end of
the 25S rRNA (Spasov et al., 2002). Other studies investigated the 3’ ETS structure with respect
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to the PacI cleavages. These studies showed that the cleavage efficiency varied greatly based on
the mutation introduced (Ivakine et al., 2003). For example, deletion of 22 bp in the upper stem
loop structure showed a dramatic reduction in the cleavage efficiency whereas deletion of 12 bp
in the terminal loop of the hairpin had little or no effect on the cleavage (Ivakine et al., 2003).
Changes on the lower part of the hairpin structure had little or no effect on the PacI cleavage
efficiency (Ivakine et al., 2003). Melekhovets and coworkers showed that deletion of the
conserved hairpin structure inhibits not only the maturation of the 3’ ETS region but also the
maturation of the 5.8S rRNA (Melekhovets et al., 1994). Hitchen and colleagues showed that
maturation of the 3’ end was inhibited in plasmids lacking the hairpin structure and three transcript
termini were more evident with 90% of termination occurring at the first site (Hitchen et al., 1997).
The upper stem loop of the hairpin structure appears to greatly influence the maturation of the 3’
end of the 25S rRNA as well as the maturation of the 5.8S (Hitchen et al., 1997). Hitchen and
colleagues showed that deletion of the top apical loop inhibited the maturation of the 5.8S rRNA.
Furthermore, their studies also showed that altering the secondary structure of the hairpin produced
little or no mature 5.8S and when the secondary structure was restored the maturation of the 5.8S
was restored (Hitchen et al., 1997).
In other studies on the U3 snoRNA in S. pombe cells, different mutations were introduced into
the downstream region to assess the transformation failure based on transformation frequency
assays (Nabavi and Nazar, 2008). Deletion of sequences past the hairpin had no substantial effect
on the RNA yield, yet deletion of a few nucleotides in the hairpin structure was shown to reduce
the efficiency of transcription dramatically (Nabavi and Nazar, 2008). Studies have shown that Pol
II termination was efficient even when the rRNA hairpin structure was substituted in the U3
snoRNA gene (Nabavi and Nazar, 2008). Nevertheless, the transformation frequency was very
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low when a complementary sequence was substituted for the rDNA derived hairpin sequence
(Nabavi and Nazar, 2008). In another study, the hairpin structure in the 3’ ETS region was
prepared in both orientations and incubated with RNase III-like PacI enzyme. Efficient cleavage
was only observed in the normal orientation hairpin structure at the presumed PacI site (figure 1.3)
(Nabavi and Nazar, 2008).

Figure 1.3. The PacI cleavage site in the hairpin structure of the 3’ ETS region in S. pombe
U3 snoRNA gene. The hairpin structure in the 3’ end that was prepared in the both orientations
(forward and reverse orientation) (Nabavi and Nazar, 2008).
In other studies, Ligation Mediated PCR (Nabavi and Nazar, 2008; Hitchcock et al., 2004) was
conducted to identify the normal termini sites in S. pombe and check the relationship of the extend
hairpin to any extended termini (Hitchcock et al., 2004). Using this technique, a single terminal
other than that of the mature U3 snoRNA was identified, and further sequence analysis and DNA
cloning succeeded in localizing the terminus at nucleotide C+22 of the top of the hairpin (Nabavi
and Nazar, 2008). To confirm this result, further analyses were conducted, showing that PacI
cleaves efficiently at this site. Additional experiments performed to check the effect of the hairpin
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on the transcript termination and RNA maturation with different mutations that shortened the
hairpin or created a new hairpin downstream (Nabavi and Nazar, 2008). Defective hairpin
constructs failed to induce termination whereas in the construct where the hairpin was shifted,
transcript termination and RNA maturation still occurred efficiently (Nabavi and Nazar, 2008).
This suggests that the position of the hairpin and the cleavage site is not as important as the
cleavage site itself (Nabavi and Nazar, 2008). Clearly, correct termination is dependent on the
cleavage site localized on the hairpin structure found downstream from the 3’ end of the U3
snoRNA binding site (Nabavi and Nazar, 2008). The presence of a single cleavage site that allows
exonuclease and other protein factors to interact with the transcript, supports the “reversed
torpedo” model in which this interaction results in transcript termination and the RNA maturation
(Nabavi and Nazar, 2008).
Termination of ribosomal RNA transcription is a very critical and important process that leads
to RNA maturation. However, many questions remain unanswered with regard to the two proposed
mechanisms and the relative contribution of each of the two mechanisms in the termination
mechanism.
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Figure 1.4. (A) The rDNA unit of the eukaryotic ribosomal RNA. Showing the coding
sequences of the 18S, 5.8S, 25S rRNA separated by two internal transcribed spacers IT1 and ITS2.
It also shows the 5S rRNA in addition to the flanking, 5’ and 3’ external transcribed spacers. (B)
The 3' ETS region of the Eukaryotic rRNA. Showing the active sites for the “Torpedo” Models
and “Pause and release” Model.
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1.7 Thesis Overview
Termination of ribosomal RNA transcription is a critical process that occurs downstream of the
3’ ETS region of an rDNA transcript. As mentioned previously, two different models have been
proposed for Pol I transcript termination, the “Pause and release” and the “torpedo” models
(Nabavi and Nazar, 2008; Lang, 1994). Many studies have been conducted on Pol I transcript
termination yet many details regarding the mechanisms remain unclear. The primary purpose of
this thesis was to further our understanding of the relative contributions of the two proposed
mechanisms and their biological significance.
Previous studies have shown that at least two DNA sequences are required for the "Pause and
release" mechanism; one, TE, binds the Reb1p terminator protein and the other (upstream release
element) encodes the last 10-12 nucleotides of the terminated transcript. Moreover, S1 nuclease
mapping studies in S. pombe initially suggested three different termination sites (T1, T2 and T3)
each of which preceded a Sal box-like termination sequence (Melekhovets et al., 1994).
The "torpedo" termination model that is initiated by RNase III-like endonuclease (PacI in S.
pombe) cleavage has been demonstrated for both polyadenylated and nonpolyadenylated RNA
(Shwed and Nazar, 1999). In this case, a 5' - 3' exonuclease gains access to the transcript through
RNase III-like cleavage leading to transcript termination and RNA maturation (Nabavi and Nazar,
2008). The hairpin structure in the 3’ ETS of S. pombe rDNA, upstream from the three termination
sites, also appears to be important for pre-rRNA termination since it serves as a substrate for the
RNase III-like endonuclease, PacI ( Nabavi and Nazar, 2008) (Figure 1 B).
Initially, in the current thesis, in-vivo experiments were carried out to verify the termination sites
proposed by S1 nuclease mapping and to further investigate the relative contribution of the two
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proposed mechanisms. Plasmids with different mutations were utilized in this study to differentiate
the alternate mechanisms. Some of these plasmids contained a deletion mutation in the hairpin
structure that was shown previously to be crucial for PacI nuclease cleavage. rDNA containing a
hairpin that was deleted either almost completely (94 nucleotides) or partially (22 nucleotides)
were used to transform S. pombe cells and also used for RT-PCR analyses. In addition, other
mutants containing temperature sensitive PacI endonuclease or Dhp1p exonuclease enzymes also
were examined using RT-PCR for altered patterns of Pol I termination and changes in RNA
processing profiles.
The result of research in this thesis is presented in four chapters. The first chapter (Introduction)
discusses the basic literature and background for ribosomal RNA transcription and termination
with emphasis on previous studies of the termination mechanisms. The second chapter (Materials
and methods) presents the methodologies that were used in this research. The third chapter
(Results) presents the outcome of the experiments that were conducted in three sections. The first
section summarizes the results with hairpin deletion mutations (pFL20/Sp3’ETSΔ94 and
pFL20/Sp3’ETSΔ22) and their effect on termination. The second section precisely examines the
sites of termination and changes that occur when PacI is disrupted. The third section presents the
results with temperature sensitive mutants at both permissive and non-permissive temperatures,
further describing the effects of PacI endonuclease and 5’ exonuclease on downstream transcripts
and processing intermediates. Finally, the fourth chapter (Discussion) summarizes all the data
presented together and refers the findings to previous results. The final chapter also provides some
insights about possible future research directions.
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Chapter 2: Materials and Methods
2.1 Bacteria Growth and Storage
In the current study Escherichia coli C490 (rec A-, rk-, mk-, thr-, leu-, met-) (Hanahan, 1983)
was used as the host bacterium for various plasmids. Bacterial cells were grown at 37 °C either in
Luria-Bertani (LB) medium (10gL-1 Bacto tryptone, 5gL-1 Yeast Extract, 10gL-1 NaCl) or 2XYT
medium (10gL-1

Bacto Yeast Extract, 16gL-1 Bacto Tryptone, 10gL-1 NaCl). To select the

transformants, a 100 µg/mL aliquot of ampicillin (AP) was added to the medium, ensuring only
viable transformants. Bacterial cells were grown either on solid culture plates (1.5% [w/v] agar),
that were stored later at 4 °C, or in a liquid culture with aeration. For long term storage of the
bacterial culture, cells were stored at -80 °C in a solution containing 20% (w/v) glycerol suspended
in LB media (with/without Amp).

2.2 Yeast Growth and Storage
S. pombe (h-, leu 1-32, ura4-D18) strains (Heyer et al., 1986) were grown at 30 °C with aeration
in YED medium [0.5% (w/v) yeast extract, 2% (w/v) dextrose], minimal medium MB [0.05%
(w/v) potassium phosphate monobasic, 0.5% (w/v) dextrose, 0.036% (w/v) potassium acetate,
0.64% (w/v) yeast nitrogen base without amino acids, 80μg/ml leucine and 80μg/ml uracil] or on
MB plates containing 2% agar. Yeast strains transformed with pFL20 recombinants were grown
in 30 °C with aeration in a selective minimal medium (MMA) lacking uracil [0.05% (w/v)
potassium phosphate monobasic, 0.5% (w/v) dextrose, 0.036% (w/v) potassium acetate, 0.64%
(w/v) yeast nitrogen base without amino acids, 80 μg/ml leucine] or on MMA plates (2% agar in
MMA broth) (Sherman et al., 1983). S. pombe strains JP44 (h- leu1-32snm1-1ts) and ts138 (h-
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ade6-M616 ura4-D18 pac1- A342T) were temperature sensitive for the genes encoding their
Dhp1p exonuclease and PacI endonuclease respectively.
Three colonies were selected for each mutant and were grown in 20 ml (MMA) medium with
aeration at 30 °C. For actual experiments, cell cultures were diluted when they reached an optical
density of 1.0 at 550 nm to an optical density of about 0.1 in 100 ml of MMA medium, and then
grown overnight at 30 °C and extracted at an optical density of 0.6.

2.3 Transformation of Bacterial Cells
To prepare competent cells, initially a single colony was inoculated in 1ml liquid culture for
overnight at 37 °C. The culture was transferred to a new 10ml culture on the following day and
grown to an absorbency of 0.6 at A600. Cells were collected through centrifugation at 10000 rpm
for 10 minutes at 4 °C. The pellet was left to drain for 3 minutes and cells were re-suspended in
1ml of cold sterile 0.1M calcium chloride (CaCl2) and left at room temperature for 1 hour. Once
again cells were collected by centrifugation at 10000 rpm for 10 minutes at 4 °C and the pellet was
re-suspended in 1ml of cold sterile 0.1M CaCl2. Cells were left on ice for 1 hour with occasional
re-suspension. Following the hour incubation on ice, 100 µL of the cell suspension were
transferred to a 1.5ml microcentrifuge tube containing 100 µL of 50% sterile glycerol. For long
term storage, cells were frozen at -80 °C.
Competent E. coli C490 cells were transformed following the protocol of Mandel and Higa
(1970) as follows. Cells were thawed and kept on ice for 10 minutes before the addition of ~1.5µg
of ligated DNA plasmid. The mixture was heat shocked for 3 minutes at 42 °C and left at room
temperature for 10 minutes. The cell suspension was added to 1mL of pre-warmed LB broth and
incubated with shaking at 37 °C for 2 hours to allow phenotypic expression of antibiotic resistance
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markers. Following 2 hours of incubation, 100 µL of the cell suspension were plated on LB-Amp
agar plates and stored overnight at 37 °C.

Isolation of Plasmid DNA from E.coli
2.4.1 Small Scale Plasmid DNA Isolation (Mini-prep)
Small scale bacterial plasmid extractions (“mini-preps”) were carried out as described by
Birnboim and Doly (1979) to screen for positive recombinants after cell transformation. For these,
1.5 mL of LB broth containing Ampicillin were inoculated with a single bacterial colony and
incubated at 37 °C with shaking overnight. The culture was transferred into a microfuge tube and
cells were collected by centrifugation at 12000 rpm for 1 minute. The bacterial cell pellet was
lysed by suspension in 100 µL lysis buffer (50 mM glucose, 25 mM Tris-HCL (pH 8.0), 10 mM
EDTA and 4 mg/mL lysozyme). Following 5 minutes incubation at room temperature, 200 µL of
freshly prepared ice cold solution (0.2 N NaOH, 1% (w/v) SDS) were added to each suspension
and the contents rapidly mixed by inversion for 2-3 minutes and incubated on ice for 5 minutes.
Following the incubation, 150 µL of cold 5M potassium acetate (pH 4.8) solution were added to
each tube, mixed gently by vortex and stored on ice for 5 minutes. Cell lysate was removed by
centrifugation at 12000 rpm for 2 minutes and the supernatant was transferred to a new tube.
To deproteinize the cell lysate, an equal volume of water saturated phenol was added and mixed
vigorously for 2 minutes to separate the aqueous phase from the organic phase. The nucleic acid
in the aqueous phase was precipitated with 95% EtOH for 2 minutes on ice and collected by
centrifugation for 2 minutes. The pellet was dried in a Savant sample concentrator, suspended in
50 µL distilled H2O containing 20 µg/mL RNase A (Sigma-Aldrich, Okville, Ontario, Canada)
and incubated at 37 °C for 1 hour. Following incubation, the nucleic acid was precipitated by
29

adding 25µL of 7.5M ammonium acetate and 150µL of 95% EtOH. After 4 hours of incubation
at -20 °C, cell lysate was collected by micro-centrifugation at 12000 rpm for 2 minutes and
resuspended in 50 ul distilled H2O. To quantify the plasmid DNA, restriction enzyme digestions
were carried out with subsequent fractionation on an agarose gel.

2.4.2 Large Scale Plasmid DNA Isolation (Maxiprep)
To provide large quantities of plasmid DNA for yeast transformation, a cesium chloride purified
plasmid preparation was made on a larger scale as described by Birnboim and Doly (1979) and
Maniatis et al., (1982) with modification by Good and Nazar (1995). A bacterial colony was
inoculated in 200 ml LB broth with ampicillin (100 µg/mL) overnight. Cells were collected by
centrifugation at 5000 rmp for 10 minutes at 4 °C. The pellet was lysed with a 10 ml aliquot of
lysis buffer by incubating for 5 minutes at room temperature. The cell suspension mixture was
transferred to a 400 ml beaker on ice and stirred with a sterile glass rod. Following 5 minutes
incubation on ice, 20 ml of lysing solution (0.2 N NaOH, 1% SDS) were added and the cell
suspension was stirred again and incubated on ice for 5 minutes. 15 ml of 3 M sodium acetate pH
8.0 were added, the solution was mixed frequently with the sterile rod and held on ice for an
additional 5 minutes. To separate the supernatant containing the plasmid DNA and RNA from
other cellular components, including chromosomal DNA, the mixture was transferred to an
autoclaved 40 ml culture tube and placed to centrifuge at 10000 rpm for 15 minutes at 4 °C. Using
an autoclaved glass pipette, the supernatant was transferred to a new autoclaved 40 ml culture tube,
0.6 volumes of isopropanol were added, mixed gently and left to precipitate at room temperature
for 1 hour. Nucleic acid was recovered by centrifugation at 10000 rpm for 15 minutes at 4 °C. The
supernatant was decanted and the pellet was vacuum dried for 10 minutes. 4 ml of distilled H2O
containing 20 µg/mL of RNase A were added to each tube and the pellet was completely dissolved.
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After 1 hour incubation at 37 °C, 400 µL aliquot of 3 M sodium acetate pH 8.0 was added, mixed
vigorously and treated with an equal amount of water saturated phenol. Tubes were vortexed and
the aqueous phase was separated from the organic phase by centrifugation at 10000 rpm for 15
minutes at 15 °C. The supernatant was then transferred to a new autoclaved tube with an equal
volume of phenol:chloroform:isomylalcohol (25:24:1), mixed vigorously and centrifuged at 10000
rpm for 15 minutes again to separate the aqueous phase. The nucleic acid in the aqueous phase
was then precipitated by adding 2.5 volumes of 95% EtOH and placed at -20 °C overnight.
On the following day, the DNA was collected by centrifugation at 10000 rpm for 10 minutes at
4 °C. The supernatant was decanted and the pellet was washed with 70% EtOH, collected by
centrifugation, vacuum dried for 10 minutes and dissolved in 4 ml of distilled H2O. CsCl (1.012
gm/ml of DNA solution) and 0.1 ml of ethidium bromide (10 mg/ml) were added, dissolved by
vortexing and the resulting solution was transferred to two polyclear centrifuge tubes (13 X 51
mm) (Seton Scientific, Sunnyvale CA) that were balanced and heat-sealed. To separate the plasmid
DNA from the chromosomal DNA, ultracentrifugation was used. Tubes were placed in a Beckman
L7-55 ultracentrifuge and the phases were separated by centrifugation at 45,000 for 16 hours at 15
°C (VT 165.2 rotor; Beckman, Palo Alto, California, U.S.A.).
DNA was visualized as two separate bands using long wavelength ultraviolet light. The upper
band was genomic DNA while the lower band corresponded to the closed circular plasmid DNA.
The latter was extracted using a 16 gauge needle and 1 mL syringe, transferred to a new tube and
treated with isobutanol (1:1) to extract the EtBr. After vortexing the top “pink” layer was
discarded, and additional isobutanol (1:1) was added. This process was repeated until all visible
traces of red color from EtBr disappeared to ensure its removal. Following is, 4 volumes of distilled
H2O was added to the plasmid solution and the 15 ml tube was filled with 95% EtOH and incubated
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at -20 °C overnight for precipitation. The pellet was collected by centrifugation at 10000 rpm for
15 at 4 °C, washed with 70% EtOH to remove the salt, vacuum dried for 10 minutes and
resuspended in 400 µL distilled H2O at a final concentration of 1 ug/ml.

2.4.3 Quantification of Plasmid DNA
Nucleic acid concentration was calculated from the absorbency at 260 nm using an LKB
biochrom Ultrospec II spectrophotometer. The concentration was assessed according to the
relationship, A260nm = 1 corresponds to 50 µg/mL dsDNA (Maniatis et al., 1982).

2.4.4 pFl20 Shuttle Vector Recombinants
In this study, different rDNA constructs with mutations in the 3’ ETS region that were prepared
previously in our lab were subcloned into the pFl20/Sp5.8i4,25NotI, yeast shuttle vector (Losson
and Lacroute, 1983), using specific restriction enzymes. This recombinant pFl20/Sp5.8i4,25NotI
contained a URA3 gene as a selectable marker allowing the transformation of S. pombe strains to
URA+ (Melekhovets et al., 1994). The pFl20/Sp5.8i4,25NotI recombinant also contained the β–
lactamase gene that codes for ampicillin resistance and the Co1E1 origin of replication for
propagation in E. coli. The S. pombe strain (h-, leul -32, ura4-D18) was used as a host for the
recombinant pFl20/Sp5.8i,25NotI (Heyer et al., 1986).
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Figure 2.1. Diagram showing the pFL20 yeast shuttle vector with a unique NotI site in the
25S rDNA. The vector also contains other features like Ura3 and ampicillin resistance genes
for selection, the E.coli origin of replication as well as S. pombe origin.

2.5 Transformation of S. pombe Cells
S. pombe cells were transformed using the lithium acetate method as described by Okazaki and
coworkers (1990). Cells were grown in 100 mL of MB medium with aeration at 30 °C to an
absorbency of 0.6 at 550 nm. Then cells were then collected by centrifugation at 3700 rpm for 5
minutes at 4 °C using a JA20 rotor (Beckman, Palo Alto, Ca). Following resuspension, cells were
washed in 1 ml of distilled H2O, centrifuged for collection and the water was discarded. A 100 µL
aliquot of 0.1 M lithium acetate (pH 4.9) was added and mixed gently. Following 1 hour incubation
at 30 °C, 15 µg of the CsCl purified plasmid DNA (1 µg/µL of plasmid DNA) were added to the
solution. The mixture was mixed gently and incubated for another hour at 30 °C. The cells were
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resuspended gently and 290 µL of 50% (w/v) polyethylene glycol 8000 (pre-incubated at the same
temperature) were added to bring the DNA and the cells together, mixed gently again and
incubated at 30 °C for 60 minutes. This solution was heat shocked at 43 °C for 20 minutes and left
to cool down at room temperature for 2 minutes. The transformed cells were collected by
centrifugation at 8000 rpm for 2 minutes at room temperature and resuspended in 1 ml of yeast
transformation medium (0.25% yeast extract, 1.5% glucose, 80 µg/mL leucine and 80 µg/mL
uracil). The cell culture was transferred to a 50 ml flask containing 9 ml of yeast transformation
medium and incubated at 30 °C with aeration. Following one hour of incubation, 50 µL of the
cells were spread on minimal selective agar plates (0.05% [w/v]) potassium phosphate monobasic,
0.5% (w/v) dextrose, 0.036% potassium acetate, 0.65% (w/v) yeast nitrogen base without
aminoacids, and 80 µg/mL leucine) and incubated at 30 °C for 5-6 days for selection of
transformants. Finally, individual colonies were chosen and replated for subsequent experiments.

2.6 DNA Digestion and Fragment Analysis
2.6.1 Restriction Enzyme Digestion
Restriction enzyme digestions were conducted in conditions that were described by the
manufacture (IBI, Pharmacia and Life Technology), using 1 unit of restriction endonuclease per
µg of DNA. When a second digestion was required, the resultant fragments from the first digestion
were incubated at 65 °C for 15 minutes to inactivate the first enzyme. The mixture was then cleaned
with an equal amount of phenol:chloroform:isoamylalchol (25:24:1), precipitated at -20 °C with
an equal volume of 95% EtOH for 4 hours and the pellet was resuspended in distilled H2O for the
second enzyme digestion.
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2.6.2 Isolation of DNA Fragments
To assess digests or prepare specific fragments, the nucleic acid digests were fractionated on an
agarose gel, stained with EtBr (10 mg/L) and observed under UV light. Using a scalpel, bands
pertaining to the desired DNA size were removed and homogenized using 500 ul extraction buffer
(0.3% [w/v] SDS, 0.14 M NaCl, 0.05 M sodium acetate). An equal amount of water saturated
phenol solution was added (946ml of 90% phenol, 210 ml m-cresol, 135 ml H2O, 1.3 g 8hydroxyquinoline) (Nazar, 1978). The aqueous phase was separated from the phenol by microcentrifugation at 12000 for 2 minutes. The aqueous phase was extracted again with an equal
amount of phenol:chloroform:isoamylalchol (25:24:1). The DNA was precipitated with ethanol,
collected by centrifugation and the pellet was then resuspended in distilled H2O.

2.7 Analysis of DNA
2.7.1 DNA Sequencing
The selected transformants were confirmed by DNA sequencing. 10 µL of the plasmid DNA
(500 ng/µL) and an appropriate primer (5 pmol/µL) were submitted to the DNA Sequencing
Facility at the College of Biological Science, University of Guelph.

2.7.2 Agarose Gel Electrophoresis
DNA samples were fractionated on 1-2% agarose (w/v) (Bio shop, Canada) gels containing 1X
TBE buffer (10X stock: 0.89 M Tris, 0.89 M boric acid and 25 mM EDTA) depending on the size
of the fragments. Samples prepared by PCR were first mixed with a 1/10X volume of Halt solution
(5% SDS, 25% glycerol and 0.25% bromophenol blue) and electrophoresed at approximately 20
mA. For quantification, the samples were run across from DNA of a known concentration.
Following electrophoresis, agarose gels were stained with 0.5 µg/mL EtBr for 15 minutes and
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destained with dH2O for 15 minutes. A Gel-doc system (Bio-Rad Laboratories, Hercules, CA) was
used to capture DNA images revealed by short UV light (310 nm) emitted from a transilluminator.
Molecular Analyst software (Bio-Rad Labrotories, Canada, USA) was used to analyse the results.

2.7.3 Acrylamide Gels
For a better resolution and depending on the size of the DNA fragments, the samples were run
on 8-10% native polyacrylamide gel (acrlymaide:bisacrylamide, 29:1) in 1X TBE buffer (100mM
Tris-borate, 2mM EDTA [pH 8]). First, as mentioned above, samples were mixed with Halt
solution, loaded on the gel and run at 500 volts for 3-4 hours until the bromophenol blue dye
reached the end of the gel. Then, the gel was stained in 0.5 µg/mL EtBr for 15 minutes and
destained with dH2O for 15 minutes.

2.8 Transcript Analysis
2.8.1 Preparation of RNA Extracts
Total nucleic acid was extracted from S. pombe cells as described by Hoffman and Winston
(1987) with slight modifications (Van Ryk and Nazar, 1992). S. pombe cells were grown in
minimal selective medium with constant shaking at 30 °C to an optical density of 0.4 - 0.6 at 550
nm. Cell cultures were harvested rapidly by centrifugation using JA20 rotor (Beckman, Palo, Alto,
CA) at 10000 for 5 minutes at 4 °C. The pellet was resuspended in 0.625 mL of cold lysis buffer
(2% Triton X -100, 1% SDS, 100 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0) and the cells
were transferred into a sterile glass tube containing 2.75g acid-washed glass beads (Sigma) in 0.75
mL of water-saturated phenol. The mixture was vortexed vigorously for 30 seconds and placed on
ice for 30 seconds. This process was repeated 6 times and subsequently, the cells were left on ice
for 2 minutes to allow beads to settle. Then, cells were transferred to a sterile tube and glass beads
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were washed again with 1 mL of lysis buffer, vortexed for 30 seconds, left on ice for 2 minutes.
After transforming again, the residual cell debris in the glass beads was collected further with 1
mL of lysis buffer and added to the rest. The aqueous phase was separated from the organic phase
by centrifugation at 10000 for 10 minutes at 4 °C and transferred into a new sterile tube containing
an equal amount of phenol:chloroform:isoamylalcohol (25:24:1). This wash was repeated for a
second time; the supernatant was collected in a new sterile tube and a 2.5 volumes of 95% EtOH
was added to the nucleic acid and precipitated overnight. On the following day, cells were collected
by centrifugation at 10000 for 10 minutes at 4 °C and the pellet was resuspended in 200 µL distilled
H2O. The quality and quantity of the total nucleic acid extracted was assessed by fractionation on
a 2% agarose gel. Fractionation was carried out at 20 mA for 3-4 hours. Gels were stained with
methylene blue (0.2% methylene blue in 0.2 M acetic acid and 0.2 M sodium acetate) for 3 minutes
and destained with dH2O until the RNA was visible.

2.8.2 RT-PCR Analysis
RT-PCR (Reverse Transcription – Polymerase Chain Reaction) was used to assay the extent of
transcription with transformants and wild type S. pombe cells. The assay was divided into three
steps, 1) DNase treatment to remove any genomic DNA, 2) reverse transcription to cDNA, 3) using
the cDNA for the subsequent PCR. The DNase reaction was carried out in a 100 µL total volume,
which contains 10 µg of total nucleic acid extract, 0.1 volume of 10X DNase buffer (25mM
MgCl2, 1mM CaCl2, 100 mM Tris-HCL, pH 7.5 at 25 °C) and 1 unit of deoxyribonuclease I
(DNaseI) (Fermentas, Burlington, Ontario). The mixture was incubated at 37 °C for 30 minutes
after which a 0.1 volume of EDTA (25mM) was added and incubated at 65 °C for 15 minutes to
inactivate the enzyme with incubation. The final concentration of the RNA at this stage were 100
ng/µL. This was used as a template for the RT reaction with a target-specific primer. The RT
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reaction was conducted in a total volume of 25 µL containing 500 ng RNA template, 200 ng gene
specific primer, 0.2 mM dATP, dGTP, dCTP and dTTP. After heating at 65 °C for 5 minutes to
linearize the RNA the mixture was incubated on ice for 3 minutes. 0.1X volume of RT buffer (50
mM KCl, 50 mM Tris-HCl (pH 8.3), 10 mM DTT, 4 mM MgCl2) was added and the tube
incubated at 42 °C for 2 minutes. Following this, 100 units of Moloney murine leukemia virus
(MMLV) reverse transcriptase (Fermentas, MBI, Burlington, Ontario) were added and the tube
was incubated at 37 °C for 60 minutes. Five µL of the resultant cDNA were used for PCR
amplification. PCR was conducted in a total volume of 50µL containing 0.1 volume of buffer (10
mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100), 0.1 mg/ml BSA, 200 ng
of each primer (forward and reverse), 10 ng of template DNA and 1 unit of Taq DNA polymerase.
Mineral oil was used to overlay the mixture before placing the reaction tube in the PCR machine.
The PCR was carried out using a thermocycler (Pharmacia LKB, Gene ATAQ controller,
Stockholm, Sweden) with the following program: a 5 minutes denaturing step at 95 °C, 30 cycles
of denaturing at 94 °C for 1 minute, annealing at primer specific temperature usually between 25
– 50 °C and finally, extension at 72 °C for 2 minutes.
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Table 2.1. List of primers used for PCR amplification and RT-PCR in this thesis.
Primer
Name

Label in
Figures

Nucleotide Sequence

Number of
Nucleotides

Annealing
Temp

1

IDT382

B

CCTTAATGGAACAAATCTTG

20

44 °C

2

IDT485

C

GAAATAAGATGATGGTTCC

19

43 °C

3

IDT481

D

TCCTTCTTCTTCTTCAT

17

38 °C

4

IDT482

E

ATCGACTCGCTCGAC

15

43 °C

5

IDT483

F

CTTACCTTTTATCTCTTC

18

39 °C

6

IDT026

G

CCACCAATTCCTAATAC

17

40 °C

7

IDT138

H

TCTGACTTGAGCGTCG

16

44

8

IDT500

J

TTCCCAAGATTTGTTCC

17

40 °C

9

IDT539

K

TAAGCAGTAGAGTAGCC

17

43 °C

10

IDT054

L

TTCAAAGGTATAAATATAC

19

36 °C

11

IDT025

M

GTCTGCGTGTGTGGAC

16

47 °C

12

IDT122

N

GATGAAGAAGAAGAAGG

17

40 °C

13

IDT248

O

GAGGATCCGAGGAAGGGGG

19

57 °C

14

IDT442

P

GGTCTGAACTTTTTCCC

17

43 °C

39

Chapter 3: Results
3.1 Transcript Mapping by RT-PCR
As noted earlier in the introduction, two termination models for Pol I have been proposed, the
“Pause and release” and “Torpedo” models (Nabavi and Nazar, 2007). Previous studies in our
laboratory showed that deletion of the highly conserved hairpin structure in the 3’ ETS region,
immediately downstream of the 25S rRNA, inhibited processing of the 3’ ETS region
(Melekhovets et al., 1994). As introduced earlier, an RNase III-like endonuclease PacI enzyme
was found to cleave the hairpin structure in multiple positions (Rotondo and Frendeway, 1996;
Rontondo et al., 1997). Also as stated earlier, previous studies used S1 nuclease mapping to study
Pol I termination and suggested three termination sites (TI, TII, TIII) with 90% of termination
occurring at the first site (Melekhovets et al., 1994). Other studies also have shown that mutations
in the termination elements downstream of the hairpin structure reduced or altered the termination
of rDNA transcript (Shwed and Nazar, 1999).
Many questions remain regarding the need for redundancy in Pol I transcript termination and the
relative contribution of the two proposed mechanisms as well as any biological significance. In
this thesis, these two aspects were assessed in the presence and absence of processing using a
different mapping technique than previously used in other studies. An RT-PCR assay was
developed to assess the extent and the amount of transcript and to localize the actual termination
site by remapping the 3’ ETS region of the 25S rRNA. The assay detects rRNA transcript by
synthesizing complementary DNA (cDNA) through reverse transcription. Total nucleic acid
extracts prepared from S. pombe cells were used in this assay. To check the quality and the quantity
of the RNA in these extracts, aliquots were fractionated on a 2% agarose gel and a known
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concentration marker was included (Figure 1). Ribosomal RNA molecules (25S, 18S, 5.8S 5S and
tRNAs) were clearly evident after staining the gel with methylene blue (Figure 3.1).

Figure 3.1. Total cellular RNA extracted from S. pombe cells.
Whole cellular RNA was extracted as described by Van Ryk et al., (1992) from S. pombe cells
transformed with different constructs. 5 µL aliquots of the extracts were fractionated on a 2%
agarose gel to assess their quantity and quality. The RNA molecules are identified on the right side
of the gel. The gel includes I a pTZ19R size marker, as well as RNA from S. pombe transformants
II, III and IV mutant pFL20/Sp3’ETSΔ22, V, VI and VII mutant pFL20/Sp3’ETSΔ94.

The total nucleic acid extracts contain both DNA and RNA components. Therefore, detecting
the amount of transcript using RT-PCR first required elimination of any genomic DNA-derived
signals that could produce false positives. To accomplish this, the extracts were pretreated with
DNase I enzyme. To examine the DNase I efficiency of digestion, samples were PCR-amplified
before and after DNase I treatment and any products were fractionated on a 2% agarose gel (Figure
3.2). The absence of bands in Figure 1 (lanes I-, II- and III-) reflects the efficiency of DNase I in
degrading all the genomic DNA in the samples. The result also indicates that only cDNA
synthesized by reverse transcriptase could be amplified in subsequent RT-PCR reactions.
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Figure 3.2. PCR amplification of wild type S. pombe 3’ ETS sequence before and after DNase
I treatment.
Total nucleic acid extracts from wild type S. pombe were treated with 1 unit of DNase I and PCR
amplified. 10 µL aliquots of the PCR products fractionated using a 10% polyacrylamide gel and
stained with methylene blue. Lane A contain a pTZ19R size marker, the sizes are indicated on the
left. Lanes I+, II+ and III+ are three PCR repeats using reverse primer B and forward primer K
before DNase I treatment (Table 2.1). Lanes I-, II- and III- are three PCR repeats using reverse
primer B and forward primer K after DNase I treatment (Table 2.1).

For the RT-PCR assay, multiple reverse primers annealing to different regions in the 3’ ETS of
the 25S rRNA were used to determine the extent of transcription (Figure 3.3). Initially, six reverse
primers were used to map the 3’ ETS region, with two primers before the hairpin structure (B and
C), two before the first termination site (D and E) and two after the first termination site (F and
G). Each PCR amplification also included one of the two forward primers, one of which (K)
anneals within the 25S rRNA and the other (J) binds at the junction region between the 25S rRNA
and the 3’ ETS (Table 2.1, Figure 3.3).
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Figure 3.3. Sequence and structure of the 3' ETS region in the rDNA transcriptional unit of
S. pombe cells.
Multiple reverse primers annealing to different positons in the 3’ ETS region were used for RTPCR analysis to check the extent of transcription. The figure indicates the positions of primer (B)
IDT382, (C) IDT485, (D) IDT481, (E) IDT482, (F) IDT483 or (G) IDT026 (Table 2.1). Each PCR
reaction included one reverse primer and a forward primer (K) IDT539 or (J) IDT500 (Table 2.1).

In many instances in this study it was important to differentiate between the expression of the
plasmid and the host transcripts. In this case deletion constructs frequently provided a convenient
opportunity to differentiate between plasmid and genomic-derived RNAs. The plasmid-derived
RNAs appeared shorter than the genomic counterpart on a polyacrylamide gel. Two different
constructs with 3’ ETS mutations were used for RT-PCR analysis. In both mutants the plasmidassociated 3’ ETS sequences were shortened by either deleting most of the hairpin structure
pFL20/Sp3’ETSΔ94 or deleting only the apical loop structure on the hairpin pFL20/Sp3’ETSΔ22
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(Figure 3.4). These deletions are thought to disable processing at the hairpin structure and therefore
provide a way to investigate transcript termination in the absence of the “Torpedo” model.

(I)

(II)
Figure 3.4. Two different rDNA deletion mutations in the 3' ETS hairpin structure.
The left panels show two restriction maps for the alternate 3’ ETS constructs. (I) The
pFL20/Sp3’ETSΔ94 transformant (Melekhovets et al., 1994) has a 94 bp deletion in the hairpin
structure (gray) leaving only the three termination sites. (II) The pFL20/Sp3’ETSΔ22 transformant
has 22 bp deletion in the hairpin (gray) that was shown presumed to disrupt PacI endonuclease
binding (Melekhovets et al., 1994).
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The deleted hairpin constructs initially were used to evaluate the efficiency of all primers
described in Figure 3.3. Total nucleic acid was extracted from the pFL20/Sp3’ETSΔ94
transformant, PCR-amplified and the products were fractionated on an 8% polyacrylamide gel. As
shown in Figure 3.5, all the reverse primers downstream of the hairpin structure D, E, F or G
(IDT481, IDT482, IDT483 or IDT026, respectively) (Figure 3.3) showed two distinct bands
(genomic and plasmid-derived DNAs) with a 94 bp difference in migration separating the genomic
from the plasmid-derived DNAs. In each case, the genomic-derived DNA, migrated more slowly
than the plasmid-derived DNA. This difference in migration is clearly a good tool to compare
between plasmid-derived and genomic-derived RNA expression.

Figure 3.5. Systematic PCR amplification survey of the 3’ ETS region upstream and
downstream of the PacI cleavage sites in the pFL20/Sp3’ETSΔ94 transformant.
Total nucleic acid was extracted from a pFL20/Sp3’ETSΔ94 transformant and used as a template
for PCR amplification with several reverse primers in the 3’ ETS. Resulting PCR products were
fractionated on an 8% polyacrylamide gel. Lane A is a size marker. Lanes B and C are the result
of PCR amplification using reverse primers (B or C, respectively) with the forward primer K
(Figure 3.3, Table 2.1). Lanes D-G show PCR products using reverse primers (D, E, F or G
respectively) with the forward primer J (Figure 3.3, Table 2.1).
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As shown in Figure 3.5, the first two reverse primers, lanes B or C (IDT382 or IDT485,
respectively) located upstream of the deletion site showed only one band comprising both genomic
and plasmid-derived DNAs. The remaining four reverse primers (lanes D to G), located
downstream of the deleted hairpin structure, each resulted in two different bands. In each case, the
genomic-derived DNA band had a higher intensity than its plasmid-derived counterpart. Since the
plasmid copy number is known to be similar to that of the genomic rDNA (Intine et al., 1999),
similar intensities were anticipated. The observed differences seemed likely due to structural
differences between the two types of DNA. The genomic DNA is always linear after extraction
whereas the plasmid can be circular and even supercoiled. To linearize the plasmid-derived DNA,
the total nucleic acid extract was digested with HinfI restriction endonuclease and again used for
PCR amplification. These products were also fractionated on a 2% agarose gel. As shown in Figure
3.6, consistent with similar copy number, the difference in the band intensities (lane B) between
genomic-derived and plasmid derived DNAs disappeared (lane C) after linearization by digestion.

Figure 3.6. Comparison of PCR products with HinfI endonuclease digested and undigested
DNA template.
To assess the genome to plasmid rDNA copy ratio, total cellular nucleic acid from
pFL20/Sp3’ETSΔ94 transformed cells digested and undigested with HinfI endonuclease was used
as a template for PCR amplification; and the products were fractionated on a 2% agarose gel. Lane
(A) is a pTZ19R/HinfI ladder, (B) undigested nucleic acid template, (C) HinfI digested nucleic
acid template.
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Condensed DNA structure is more difficult to unwind for template priming which could explain
why PCR amplification of the linear genomic-derived DNA has a higher intensity than that of the
coiled plasmid-derived DNA. Digesting the extract with HinfI first helped relax the coiled plasmidderived DNA and provided a linear form that makes it easier to unwind and prime.
The primer efficiency also was tested with the pFL20/Sp3’ETSΔ22 mutant. Total nucleic acid
extracts of pFL20/Sp3’ETSΔ22 transformed cells were PCR-amplified and the results were
fractionated on an 8% polyacrylamide gel as shown in Figure 3.7. Each set of reverse primers,
downstream from the hairpin structure, D, E, F or G IDT481, IDT482, IDT483 or IDT026,
respectively, again showed two distinct bands with a 22 bp difference in migration separating the
genomic-derived from the plasmid-derived DNA. In each one the genomic-derived (upper band)
migrated more slowly than the plasmid-derived (lower band).

Figure 3.7. Systematic PCR amplification survey of the 3’ ETS region upstream and
downstream of the PacI cleavage sites in the pFL20/Sp3’ETSΔ22 transformant.
The total nucleic acid extracted from pFL20/Sp3’ETSΔ22 mutant was PCR amplified and the
result was fractionated on an 8% polyacrylamide gel. Lane A is a size marker. Lanes B or C are
the result of PCR amplification using reverse primers (B or C, respectively) with the forward
primer K (Figure 3.3, Table 2.1). Lanes D-G are the PCR products using reverse primers (D, E, F
or G respectively) with the forward primer J (Figure 3.3, Table 2.1).
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3.2 Effect of 3’ ETS Structure Deletions on Transcript Termination
3.2.1 3’ end Processing of rDNA Transcripts in S. pombe
Wild type S. pombe was used as a control to characterize Pol I transcript processing with the full
hairpin structure and the three termination sites present. As noted in the introduction, PacI enzyme
is known to cleave the hairpin structure at +21, +41 and +83 sites (Rotondo et al., 1996; Rotondo
et al., 1997). Ivakine and colleagues (2003) showed that PacI cleavage efficiency differs based on
introduced mutations. Deletion of the lower part of the hairpin showed no effect on the PacI
cleavage (Ivakine et al., 2003). On the other hand. Hitchen and coworkers (1997) showed that the
upper loop region of the hairpin structure greatly influenced the maturation of the 3’ end of the
25S rRNA. Deletion of the apical loop structure actually was shown to reduce the maturation
efficiency not only of the 3’ end but also of the 5.8S rRNA (Hitchen et al., 1997).
To further examine these effects in the present experiments, total nucleic acid extracts were
treated with DNase I, reverse transcribed to cDNA and used for RT-PCR analyses. Again three
different reverse primers were used for RT-PCR: one before the hairpin structure, another before
the first termination site and one after the first termination site (primers B, E or F in Figure 3.3).
Two different forward primers (K or J) also were used in the RT-PCR analyses: one of which binds
inside the 25S rRNA (K) and the other binds at the junction between the 25S and the 3’ ETS (J)
(Figure 3.3, Table 2.1). The resulting RT-PCR products were fractionated on an 8%
polyacrylamide gel.
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(I)

(II)

Figure 3.8. Extent of rRNA transcription in the S. pombe 3’ ETS region.
(I) Total nucleic acid extracts from wild type S. pombe were treated with DNase I, used as a
template for RT-PCR amplification and the products were fractionated on an 8% polyacrylamide
gel. Lane A is a size marker. Lanes B, E or F are products of different reverse primers used with
one of the two forward primers (K or J) as indicated in (II) (K with B, J with E or F) (Figure 3.3,
Table 2.1). Each primer set included a DNA-PCR control as well as the RT-PCR amplification.
Total nucleic acid extracts from wild type S. pombe were used for the DNA-PCR amplification.
(II) Shows nucleotide sequence of the 3’ ETS locating the position of the two forward primers (K
or J) as well as the three different reverse primers (B, E or F) (Figure 3.3, Table 2.1).
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As shown in Figure 3.8, a strong precursor signal was evident at the junction region before the
hairpin structure (lane B) indicating high levels of primary transcript. In contrast, while DNA
signals were clearly evident with the other two reverse primers, no RNA signals were evident after
the hairpin structure (lanes E or F) before or after the first termination site. The absence of signal
indicates very efficient processing occurring at the hairpin structure.

3.2.1.1 Downstream Processed Fragments in Wild Type S. pombe
The primers E and F used in Figure 3.8 could detect only the transcripts that are not cleaved by
PacI endonuclease. To further check for processed fragments as well as exonuclease activity, the
3’ end of the 25S rRNA in wild type S. pombe was analyzed further with alternate reverse primers.
As noted earlier, the RNase III-like endonuclease PacI enzyme is presumed to cleave the hairpin
structure in multiple positions (Rotondo and Frendeway, 1996; Rotondo et al., 1997). This
cleavage is thought to provide an entry for 5’ – 3’ exonuclease that starts degrading the processed
fragments beginning at the hairpin structure (Nabavi and Nazar, 2008). As shown in Figure 3.9,
reverse primer O or P (IDT054 or IDT025, respectively) were used with three different forward
primers L, M or N (IDT221, IDT248 or IDT442, respectively) to search for degrading precursor
remnants. The reverse primer O (IDT054) was located just upstream of the first termination site
while the reverse primer P (IDT025) was located further downstream of the first termination site.
The RT-PCR products were fractionated on an 8% polyacrylamide gel below (Figure 3.10). A
DNA size marker was included to indicate the size of any products. As shown in Figure 3.10, no
signal was evident when the first reverse primer O was used with the three forward primers
spanning the region between the end of the hairpin structure and the first termination site (Figure
3.10, I). When the second reverse primer P was used with the three forward primers, spanning the
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region from the end of the hairpin structure to the second termination site, again no fragments of
the appropriate size were detected and only random amplifications were observed (Figure 3.10,
II). The absence of signals in the polyacrylamide gels could mean that 5’ exonuclease enzyme is
degrading the processed fragments rapidly.

Figure 3.9. Location of PCR primers for downstream fragment analyses in wild type S.
pombe.
Reverse primer O (IDT054) or reverse primer P (IDT025) were used in two different experiments
with three upstream forward primers L, M or N (IDT221, IDT248 or IDT442, respectively) (Table
2.1).

(I)

(II)

Figure 3.10. Downstream processed fragments in wild type S. pombe.
Wild type S. pombe cell extracts were used for RT-PCR analysis to detect cleaved precursor signal
at the 3’ ETS region. The RT-PCR products were fractionated on an 8% polyacrylamide gel and a
DNA size marker A was included. Each gel picture included an RT-PCR amplification as well as
a DNA PCR control for each experiment. (I) Reverse primer O upstream of the first termination
site was used with three other forward primers downstream of the hairpin structure L, M or N
(Figure 3.9, Table 2.1). (II) Reverse primer P downstream of the first termination site was used
with the earlier forward primers (L, M or N) (Figure 3.9, Table 2.1).
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3.2.2 RNA Processing and Pre-rRNA Transcript Levels in pFL20/Sp3’ETSΔ94 Transformed
S. pombe
It is presumed that the two proposed termination mechanisms (“Pause and release” and
“Torpedo”) initiate Pol I termination at different locations. Previous experiments so far examined
the extent of transcription and processed fragments with a fully intact 3’ ETS region. To further
examine these in the absence of rRNA processing at the hairpin, a transformed mutant strain
lacking almost the full hairpin structure (pFL20/Sp3’ETSΔ94 construct) was examined. Previous
S1 nuclease mapping studies by Melekhovets et al., (1994) showed that deletion of the conserved
extended hairpin structure in the 3’ ETS region inhibited processing at the 3’ end of the 25S rRNA
and resulted in very significant elevations of termini ending at three putative termination sites
+267, +338 and +448. Eliminating the entire hairpin structure is thought to eliminate PacI
endonuclease cleavage and therefore, deactivate processing by the “Torpedo” mechanism leaving
behind extended precursor ending at the downstream pause elements. Additional studies by
Hitchen et al., (1997) also showed that the 3’ end of the 25S rRNA was absent when the 22 bp
loop at the end of the hairpin structure was deleted; again the three distinct termination sites were
elevated greatly with 90% termination occurring at the first termination site.
To further assess the extent of transcription and any fragments in the absence of the conserved
hairpin structure, the pFL20/Sp3’ETSΔ94 transformant was used for RT-PCR analyses. RNA was
extracted from logarithmically growing cells and the extract was treated with DNase I, reversed
transcribed into cDNA and used as a template for PCR amplification. As shown in Figure 3.11,
when amplified products were fractionated on an 8% polyacrylamide gel the genomic-derived
bands again could be differentiated easily from the plasmid-derived equivalents by their shorter
migration distances.
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(I)

(II)

Figure 3.11. Extent of rRNA precursors in S. pombe cells transformed with
pFL20/Sp3’ETSΔ94 transformant.
(I) Total nucleic acid extracted from S. pombe cells transformed with pFL20/Sp3’ETSΔ94
construct treated with DNase I and used as a template for RT-PCR amplification. RT-PCR
products were fractionated on an 8% polyacrylamide gel. Lane A is a size marker, lanes B, E & F
are products of different reverse primers used with one of the two forward primers K or J as
indicated in (II) (Figure 3.3, Table 2.1). Each primer set included a DNA-PCR control as well as
an RT-PCR. (Table 2.1). (II) Shows the sequence and structure of the 3’ ETS locating the position
of the two forward primers as well as the three different reverse primers.
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The extent of transcription was assessed with the pFL20/Sp3’ETSΔ94 mutant and three primers
B, E or F (Figure 3.11, II) downstream of the 25S rRNA. Deletion of the extended hairpin structure
is presumed to abolish processing by the “Torpedo” mechanism. If the transcript has been
processed efficiently at the hairpin region, no bands are expected to be present with primer sites
after the hairpin. Otherwise a band should be present. As observed in Figure 3.11, a very strong
signal was evident when using a primer upstream of the hairpin structure (Figure 3.11, lane B)
indicating that the transcript is present at that site. In the absence of the hairpin structure, however,
a strong signal also was detected when using primer after the hairpin (Figure 3.11, lane E),
indicating high transcript levels were present in the absence of processing. In contrast, Figure 3.11
shows that no signal was detected downstream of the first termination site (lane F), indicating that
transcript levels have been dramatically terminated. No read-through level was detected with the
pFL20/Sp3’ETSΔ94 mutant as the transcript has been terminated efficiently at the first termination
site. These experiments have been repeated multiple times using different colonies selected from
the plate but the observations remain reproducible. These results are consistent with previous S1
nuclease mapping studies, which suggested that 90% of termination occurs at the +267 site when
processing is deactivated (Melekhovets et al., 1994).

3.2.2.1 Downstream Processed Fragments in S. pombe Cells Transformed with the
pFL20/Sp3’ETSΔ94 Mutant
Earlier in this chapter, the exonuclease efficiency was assessed in the wild type S. pombe cells
by analyzing downstream processed fragments. The results suggested that exonuclease rapidly
degraded Pol I transcripts release by cleavage at the hairpin region (Figure 3.10). To provide a
control that lacks the exonuclease activity, the pFL20/Sp3’ETSΔ94 mutant, lacking the 94 bp
hairpin structure, was assessed for downstream fragments in the absence of the exonuclease. In
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this case the end of the 3’ ETS region in the pFL20/Sp3’ETSΔ94 transformant was analyzed
further (Figure 3.12) using reverse primers O or P (IDT054 or IDT025, respectively) with three
different forward primers, L, M or N (IDT122, IDT248 or IDT442, respectively) (Table 2.1).
Reverse primer O is located just upstream of the first termination site providing an opportunity to
map for precursor before this site in the absence exonuclease activity. Reverse primer P is located
downstream of the first termination site. The RT-PCR products again were fractionated on an 8%
polyacrylamide gel (Figure 3.12).
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(I)

(II)
Figure 3.12. RT-PCR mapping of the construct precursor rRNA in transformed S. pombe
cells harbouring pFL20/Sp3’ETSΔ94.
Total nucleic acid extracted from pFL20/Sp3’ETSΔ94 was used for RT-PCR analysis. The right
panels show the nucleotide sequence of the 3’ ETS region with the primer locations. Each gel
included an RT-PCR amplification and DNA PCR control. (I) Reverse primer O upstream of the
first termination site was used with three other forward primers downstream of the hairpin structure
L, M or N (Figure 3.9, Table 2.1). (II) Reverse primer P downstream of the first termination site
was used with the forward primers (Figure 3.9, Table 2.1).
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As shown in Figure 3.12. I, a very strong precursor signal was evident when the first reverse
primer O, before the first termination site, was used with the three different forward primers (lanes
L, M or N). The result shows high levels of precursor in this region, indicating that, in the absence
of PacI cleavage and the subsequent entry of 5’ exonuclease, the precursor is not degraded
efficiently. In Figure 3.12. II, no precursor signal was evident when the second reverse primer,
after the first termination site, was used, consistent with the precursor being fully terminated at the
first site. Taken together, these results suggest that 5’ exonuclease enzyme is essential for
downstream degradation. Additionally, in the absence of exonuclease cleavage, the precursor still
terminates efficiently downstream at the first termination site and remains relatively stable.

3.2.3 RNA Processing and Pre-rRNA Transcript Levels in the pFL20/Sp3’ETSΔ22
Transformant
As noted earlier, Melekhovets and coworkers (1994) showed that deletion of the apical loop on
the hairpin structure also reduced maturation efficiency of the 3’ end of the 25S rRNA
dramatically. In the current experiment, pFL20/Sp3’ETSΔ22 transformants also were used to
determine the extent of transcription and the transcript levels when processing is disabled. Total
nucleic acid extracts of mutant transformants were pre-treated with DNase I, reverse transcribed
into cDNA and used for RT-PCR analysis to detect the extent of transcription and the amount of
Pol I transcript. The same three reverse primers B, E or F (IDT382, IDT482 or IDT483,
respectively) (Figure 3.3) are used with the pFL20/Sp3’ETSΔ22 mutant also were used for RTPCR with the two different forward primers K and J (IDT539 or IDT500, respectively). The
resulting RT-PCR products were fractionated on an 8% polyacrylamide get (Figure 3.13); control
DNA PCR amplifications were included to indicate the positons of the different products which
might be expected. As observed in Figure 3.13, a strong signal again was detected upstream of the
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cleavages sites (Figure 3.13, lane B) consistent with the unprocessed precursor. A clear signal
reflecting transcript that has not been efficiently processed also was detected after the hairpin
structure (Figure 3.13, lane E), indicating the presence of high levels of extended precursor when
processing is disabled. No signal was evident downstream of the first termination site (Figure 3.13,
lane F), indicating efficient termination at +267 site even in the absence of RNA processing.
Consistent with results using pFL20/Sp3’ETSΔ94 transformed cells, these results showed that the
level of read-through transcription after T1 is very low as all detectable transcript has been
terminated at the first termination site. The assay was repeated several times with different colonies
but the results remained unchanged.
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(I)

(II)
Figure 3.13. Extent of rRNA precursor in S. pombe cells transformed with
pFL20/Sp3’ETSΔ22 transformed cells.
(I) RNA extracted from S. pombe cells transformed with pFL20/Sp3’ETSΔ22 was treated with
DNase I and used as a template for RT-PCR amplification. RT-PCR products were fractionated
on an 8% polyacrylamide gel. Lane A is a size marker, lanes B, E & F are products of different
reverse primers used with one of the two forward primers K or J as indicated in (II) (Figure 3.3,
Table 2.1). Each primer set included a DNA-PCR control to indicate the expected product size as
well as the RT-PCR amplification (Table 2.1). (II) The nucleotide sequence and structure of the 3’
ETS locating the position of the two forward primers as well as the three different reverse primers
(Table 2.1).
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3.2.4 RNA Processing and Pre-rRNA Transcript Levels in pFL20/Sp3’ETSΔT1-T3
Experiments in previous sections assessed different mutants that disabled the “Torpedo”
mechanism by analysis of the effect that the deletions had on the extent and amount of Pol I
transcripts. Results showed that disabling processing led to transcript terminated downstream of
the hairpin structure at the first termination site. These also suggested that deletion of the entire
extended hairpin structure, or part of it, did not affect the downstream termination mechanism. To
further examine the relative contribution of the two proposed mechanisms and the effect of
disabling the second mechanism of Pol I transcript termination, another mutant that lacked the
termination sequence elements (pFL20/Sp3’ETSΔT1-T3) was used for RT-PCR analysis. The
pFL20/Sp3’ETSΔT1-T3 construct (Figure 3.14, II) had all the downstream elements deleted
(rDNA sequence +150 to +880) leaving behind only the hairpin structure. This mutant was used
to assess the extent and amount of transcription in the absence of the termination elements.
Total nucleic acid was extracted from S. pombe cells transformed with the pFL20/Sp3’ETSΔT1T3 mutant construct. The extract was treated with DNaseI, reverse transcribed with MMLV
enzyme into cDNA and used for RT-PCR analysis (Figure 3.14). This involved a primer annealing
downstream of the rDNA unit, IDT138, (Table 2.1) to screen for read-through transcription. Again
DNA PCR amplification also was included in the gels to identify all possible products.
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(I)

(II)
Figure 3.14. Extent of rRNA transcription in S. pombe cells transformed with
pFL20/Sp3’ETSΔT1-T3.
(I) RNA was extracted from S. pombe cells transformed with pFL20/Sp3’ETSΔT1-T3, treated with
DNase I and used as a template for RT-PCR amplification. RT-PCR products were fractionated
on an 8% polyacrylamide gel. DNA PCR amplification was included to identify all possible
products. Lane A contain a size marker. Lanes B, D, F or H are products of multiple reverse primers
used for RT-PCR as indicated in (Figure 3.14, II) (Table 2.1). (II) Location of different reverse
primers used in the mapping of the 3’ ETS region of S. pombe cells transformed with
pFL20/Sp3’ETSΔT1-T3 mutant. Two different forward primers K or J were used in the RT-PCR
with four different reverse primers B, D, F or H.
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As shown in Figure 3.14, a very strong band again was detected upstream of the hairpin structure
(lane B) consistent with significant amounts of precursor. In contrast, when screened further
downstream of PacI cleavage sites using a primer annealing at the end of the hairpin structure, no
precursor was detected (lane D). This again showed that PacI cleavage was efficient. Additionally,
a precursor signal was absent when the primer site was downstream of the first termination site
(lane F) consistent with efficient termination. No transcription read-through downstream of rDNA
unit using primer H (lane H) was detected because of efficient processing at the hairpin structure
by the “Torpedo” mechanism.

3.2.4.1 Downstream Processed Fragments in S. pombe Cells Transformed with
pFL20/Sp3’ETSΔT1-T3
In earlier experiments in this chapter, the exonuclease efficiency in degrading the downstream
fragments was assessed in the wild type S. pombe cells as well as in pFL20/Sp3’ETSΔ94
transformant. The results suggested that in the presence of the full 3’ ETS region, the exonuclease
rapidly degraded Pol I transcripts released by cleavage at the hairpin region (Figure 3.10).
Furthermore, the data also demonstrated that in the absence of the hairpin structure, processing of
these fragments is not very efficient (Figure 3.12). Previous studies suggested that protein factors
pause the polymerase at the termination elements allowing the exonuclease to degrade the
processed fragments (El hage et al., 2008, Kawauchi et al., 2008). To address the effect of
downstream termination elements on the exonuclease activity, in this study the exonuclease
activity is assessed in the absence of the downstream termination elements. To do so, the end of
the 3’ ETS region in the pFL20/Sp3’ETSΔT1-T3 transformant was further analyzed (Figure 3.15)
using reverse primers O or P with three different forward primers L, M or N (Table 2.1). The RTPCR products again were fractionated on an 8% polyacrylamide gel (Figure 3.15).
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Figure 3.15. RT-PCR mapping of precursor termination in S. pombe cells transformed with
pFL20/Sp3’ETSΔT1-T3.
Total nucleic acid extracted from pFL20/Sp3’ETSΔT1-T3 was used for RT-PCR analysis. The
right panels show the nucleotide sequence of the 3’ ETS region with the primers locations. Each
gel included an RT-PCR amplification and DNA PCR control. (I) Reverse primer O upstream of
the first termination site was used with three other forward primers downstream of the hairpin
structure L, M or N (Figure 3.9, Table 2.1). (II) Reverse primer P downstream of the first
termination site was used with the forward primers (Figure 3.9, Table 2.1). (III) Reverse primer H
downstream of the rDNA region was used with the two forward primers L or M (Table 2.1).
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(I)

(II)

(III)
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Figure 3.15. I, shows a strong precursor signal when the first reverse primer O, before the first
termination site, was used with the three different forward primers (lanes L, M or N). Previous
results from Figure 3.14 demonstrated that PacI has efficiently cleaved the extended hairpin
structure providing an access for the 5’ – 3’ exonuclease and terminating the transcript by either
mechanism. Nevertheless, the result from Figure 3.15. I shows that 5’ exonuclease has not
degraded the remaining processed precursor and high levels of fragments were present. In Figure
3.15. II, a much weaker or no signal was evident when the second reverse primer P, after the first
termination site, was used. Showing that the majority of precursor has now been degraded by the
exonuclease. These signals were almost diminished when reverse primer H (downstream of the
rDNA region) was used, showing huge reduction in the amount of precursor. Taken together, these
results suggests that 5’ exonuclease enzyme is essential for downstream degradation. However, in
the absence of the termination sites, the precursor is degraded at a very low rate as compared to
the full 3’ ETS counterpart.

3.3 Effects of Temperature-sensitive Nuclease Mutants on Pol I Transcript Termination
Previous studies by Hitchen et al., (1997) showed that 3’ end processing is influenced markedly
by the 22 bp loop on the extended hairpin structure. PacI endonuclease is presumed to interact with
and cleave the hairpin structure at multiple sites (Melekhovets et al, 1994). Cleavage provides an
entry for 5’ – 3’ exonuclease, which can terminate the transcribing polymerase (Connelly and
Manley, 1998; West et al., 2004). The previous sections in this chapter examined the effect of 3’
ETS deletion mutations on Pol I transcript termination. Mutants that were used in those
experiments, included those with a deletion of either the full hairpin structure or only the apical
loop in the hairpin structure. These deletions aimed to disable processing by eliminating the
substrate for PacI endonuclease cleavage, thereby disabling the introduction of the 5’ – 3’
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exonuclease enzyme that degrades the remaining precursor and terminates transcription in some
instances.
In this section, attempts were made to further evaluate the extent of Pol I transcription and the
amount of transcript with temperature sensitive nuclease mutants. These mutants are thought to
disable processing by inactivating the enzymes rather than the enzyme templates. Nabavi and
Nazar (2010) used temperature-sensitive mutants to study the effect of the nuclease activities on
U3 snoRNA termination. Their results suggested that RNase III-like endonuclease and the 5’ – 3’
exonuclease are crucial for U3 snoRNA termination in S. pombe. In the current study, a similar
approach was applied using the same two temperature-sensitive S. pombe mutants and RT-PCR
analyses. Ts138, is a S. pombe strain with a temperature-sensitive PacI endonuclease (Zhou et al.,
1999; Potashkin and Frendewey, 1990) and JP44 is a S. pombe strain with a temperature-sensitive
5’ – 3’ exonuclease (Dhp1p) (Shobuike et al., 2001). Mutants were grown at a non-permissive
temperature (37 οC) as well as at a permissive temperature (25 οC). To compare termination at the
two temperatures, cells were first grown to mid log phase at 25 οC (permissive) and then
transferred to 37 οC (non-permissive) for 5 hours. The high temperature (37 οC) is known to disable
the enzyme activity and therefore was anticipated to affect termination if the enzymes play a role
in the termination process.

3.3.1 Effect of a PacI Endonuclease Temperature-sensitive Mutant on rRNA Transcript
Termination
PacI endonuclease mutant nucleic acid extracts from cells grown at permissive or non-permissive
temperatures were used for RT-PCR analyses. Three different reverse primers B, E or F were used
with two forward primers K or J (Figure 3.3) to map the extent of transcription in the 3’ ETS
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region. The RT-PCR products were fractionated on an 8% polyacrylamide gel as shown in Figure
3.16.
As indicated in Figure 3.16, a very strong precursor signal was detected when using a primer
upstream of the PacI cut site B (IDT382) with both permissive and non-permissive temperature
mutants (3.16, I. lanes PacI and Ctl). In contrast, when a second primer, downstream of the PacI
cleavage sites E (IDT482) was used, no precursor was detected at the permissive temperature
(3.16, II. lane Ctl) reflecting the efficient cleavage in the hairpin structure and rRNA processing.
The non-permissive temperature, however, the precursor signal was detected readily (II, PacI),
suggesting cleavage had not occurred and the precursor was not processed efficiently. The third
primer IDT483, after the first termination site, also detected no precursor at both temperatures
suggesting that the “Pause and release” mechanism terminates transcription efficiently in both
cases as also observed with the pFL20/Sp3’ETSΔ94 and pFL20/Sp3’ETSΔ22 plasmid constructs
(11, I and 13, I).
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Figure 3.16. rRNA transcript termination in S. pombe containing a temperature sensitive
Pac1 endonuclease (Ts138).
RNA was extracted from S. pombe Ts138 cells grown at 37 °C PacI and at 25 °C Ctl. RT-PCR
was used to assess the extent of transcription using alternative PCR products with the reverse
primers and the result was fractionated on an 8% polyacrylamide gel. (I) represents products of
reverse primer B and forward primer K, (II) shows products with reverse primer E and forward
primer J. (III) is the amplification with the reverse primer F and forward primer J. Schematic
diagrams on the right show the 3’ ETS region with the different primers annealing to specific sites
in the region.
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3.3.1.1 Processed Fragments in Cells Expressing a Temperature-sensitive PacI Endonuclease
To further assess processed transcript fragments with a temperature-sensitive PacI endonuclease,
the end of the 3’ ETS region was mapped using reverse primers O (IDT054) or P (ID025) (Table
2.1) with three different forward primers L, M or N (IDT221, IDT248 or IDT442, respectively)
(Figure 3.9, Table 2.1). Previous results in this chapter showed that PacI cleavage of the hairpin
structure resulted in efficient transcript processing. PacI cleavage also produces processed
fragments downstream of the hairpin structure that are assumed to be degraded by exonuclease.
To screen for exonuclease activity of the processed fragments, RT-PCR analyses was carried out
a common reverse primer before the first termination site or after T1 (Figure 3.17). Disabling PacI,
at the non-permissive temperature, is expected to show high levels of unprocessed fragments
upstream of the first termination site reflecting the absence of exonuclease activity. On the other
hand, the presence of PacI endonuclease, at the permissive temperature, is expected to influence
processing at the hairpin region. The exonuclease is expected to start degrading the processed
fragments downstream of the hairpin structure. The RT-PCR resulting products were fractionated
on an 8% polyacrylamide gel as shown in Figure 3.17; a control DNA PCR was included to identify
the possible products.
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Figure 3.17. RT-PCR mapping of processed rRNA fragments in S. pombe with a temperature
sensitive Pac1 endonuclease.
RNA was extracted from S. pombe Ts138 cells grown at 37 °C and at 25 °C. RT-PCR was used to
assess the exonuclease activity on the processed fragments using alternative PCR products with
the reverse primers and the result was fractionated on an 8% polyacrylamide gel. Schematic
diagrams on the right show the 3’ ETS region with the different primers annealing to specific sites
in the region. (I) represents products of Ts138 grown at 37 °C using reverse primer O, located
upstream of the first termination site, with three other forward primers L, M or N located at specific
positions as shown on the diagram to the right (Figure 3.9, Table 2.1). (II) shows products of Ts138
grown at 37°C using reverse primer P, located downstream of the first termination site, with the
same three forward primers L, M or N (Figure 3.9, Table 2.1). (III) represents products of Ts138
grown at 25 °C using reverse primer O, located upstream of the first termination site, with three
other forward primers L, M or N located at specific positions as shown on the diagram to the right
(Figure 3.9, Table 2.1).
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(II)
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When RT-PCR amplification was carried out using reverse primer O with the three forward
primer L, M or N, precursor was detected at the non-permissive temperature (37 οC) (Figure 3.17,
I) but was not evident at the permissive temperature (25 οC) (Figure 3.17, III). The absence of
precursor signal at the permissive temperature mutant (Figure 3.17, III) indicates that PacI
endonuclease cleavage is important for processing. When PacI endonuclease was inactivated, a
very strong precursor signal was detected (Figure 3.17, I) clearly indicating that in the absence of
PacI cleavage processed fragments downstream of the hairpin structure cannot be degraded. No
precursor was evident after the first termination site at either temperature (Figure 3.17, II), again
showing that the “Pause and release” mechanism can terminate the transcript at the first
termination site efficiently.
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3.3.2 Effect of Temperature Sensitive 5’ – 3’ Exonuclease on rRNA Transcript Termination
An S. pombe temperature-sensitive mutant, JP44, containing a temperature sensitive 5’ – 3’
exonuclease (Dhp1p) gene was used to assess further the nature of transcript fragments in the 3’
ETS region. Total cellular RNA extracts from cells grown at permissive (25°C) and nonpermissive (37 °C) temperatures were treated with DNaseI and used for RT-PCR analyses. Three
reverse primers B, E or F were used with two forward primers K or J (Figure 3.3, Table 2.1) to
map the presence of transcripts in the 3’ ETS region of the temperature-sensitive Dhp1p
exonuclease mutant. The RT-PCR amplified products were fractionated on an 8% polyacrylamide
gel (Figure 3.18).
As shown in Figure 3.18, transcript signal upstream of PacI cleavage sites was detected readily
in both permissive and non-permissive temperature mutants (Figure 3.18, I) clearly indicating the
presence of precursor transcripts. When the second primer downstream of the hairpin structure
was used to screen for a transcript signal, no transcript was detected at the permissive temperature,
25 οC (Figure 3.18, II, lane Ctl). On the other hand, a precursor signal was evident at the nonpermissive temperature, 37 οC (Figure 3.18, II, lane Exo). It was anticipated to observe PacI
cleaving the hairpin structure at 37 οC, however the present result was inconsistent with the earlier
experiments and indicates that only partial PacI endonuclease cleavage at the hairpin structure had
occurred at the higher temperature (37 οC) and therefore the transcript had not been processed
efficiently. As such, this requires further investigation. Nevertheless, when the third primer,
downstream of the first termination site, was used no precursor signal was observed at either
temperature again suggesting that the “Pause and release” mechanism can terminate Pol I
transcription efficiently at the first termination site.
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Figure 3.18. rRNA precursor termination in S. pombe cells with a temperature sensitive
Dhp1p Exonuclease (JP44).
RNA was extracted from S. pombe JP44 cells grown at a non-permissive temperature Exo as well
as permissive temperature Ctl. RT-PCR was used to assess the extent of transcription using
alternative PCR products with the reverse primers and the result was fractionated on a 8%
polyacrylamide gel. The right panels show the 3’ ETS region with the different primers annealing
to specific sites in the region. (I) represents products of reverse primer B and forward primer K,
(II) shows products with reverse primer E and forward primer J. (III) is the amplification with the
reverse primer F and forward primer J.
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3.3.2.1 Processed Fragments in S. pombe with a Temperature Sensitive Dhp1p Exonuclease
To further characterize any processed remnants of Dhp1p exonuclease digestion, the 3’ ETS
region was mapped further using reverse primers O and P with three different forward primers L,
M or N (Table 2.1). Mapping with the first reverse primer, O, and the three forward primers, spans
the region between the hairpin structure and before the first termination site (Figure 3.9). Reverse
primer P with either any of the three forward primers covers the region between the hairpin
structure and downstream of the first termination site. Disabling the exonuclease protein at the
non-permissive temperature is expected to show PacI processed fragments downstream of the
hairpin structure that are not degraded by the exonuclease. As demonstrated in Figure 3.19, III,
after the hairpin structure no precursor signal was present at the permissive temperature (25 °C)
suggesting that exonuclease is acting efficiently and degrading the transcript fragments after the
hairpin. On the other hand, the result shown in Figure 3.19, I indicate the presence of precursor at
the non-permissive temperature (37 °C) with reverse primer O and any of the three forward primers
L, M or N (Table 2.1). This suggests that the processed fragments are not degraded in the absence
of the exonuclease. When screened further upstream at the non-permissive temperature (37 °C)
using the second reverse primer further downstream of the first termination site, no precursor
signal was detected (Figure 3.19, II). This indicates that disabling the exonuclease does not affect
the termination through the “Pause and release” mechanism.
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Figure 3.19. RT-PCR mapping processed fragments in S. pombe with a temperature sensitive
Dhp1p Exonuclease.
RNA was extracted from S. pombe JP44 cells grown at 37 °C and at 25 °C. RT-PCR was used to
assess the exonuclease activity on the processed fragments using alternative PCR products with
the reverse primers and the result was fractionated on an 8% polyacrylamide gel. The right panels
show the 3’ ETS region with the different primers annealing to specific sites in the region. (I)
represents products of Dhp1p grown at 37 °C using reverse primer O, located upstream of the first
termination site, with three other forward primers L, M or N located at specific positions as shown
on the diagram to the right (Figure 3.9, Table 2.1). (II) shows products of Dhp1p grown at 37°C
using reverse primer P, located downstream of the first termination site, with the same three
forward primers L, M or N (Figure 3.9, Table 2.1). (III) represents products of Dhp1p grown at 25
°C using reverse primer O, located upstream of the first termination site, with three other forward
primers 1, 2 or 3 located at specific positions as shown on the diagram to the right (Figure 3.9,
Table 2.1).
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Chapter 4: Discussion
This thesis work provides an extension of studies on Pol I transcript termination in vivo. Previous
studies have proposed two redundant termination mechanisms for Pol I termination: (1) the “Pause
and release” (1) and the “Torpedo” (2) models. In S. pombe early S1 mapping studies suggested
three termination sites T1, T2 and T3 located at +267, +338 and +448 of the 3’-ETS, respectively
(Melekhovets et al., 1994). Each termination site is followed by a termination element, two of
which are identical (TE1 and TEIII) (Melekhovets et al., 1994). A highly conserved hairpin
structure in the 3’ ETS region (Figure 1.4) appears crucial for rRNA processing and Pol I
termination (Melekhovets et al., 1994). This hairpin structure is believed to provide a substrate for
RNase III-like endonuclease enzyme, PacI that cleaves the hairpin at different positions +21, +43
and +81 nucleotides downstream of the 25S rRNA (Rotondo and Frendewey, 1996; Rotondo et
al., 1997). PacI cleavage provides an entry for 5’- 3’ exonuclease to degrade the transcript in the
5’ – 3’ direction until the first termination site T1 (Nabavi and Nazar, 2008). However, less is
known about the relative contribution of the termination mechanisms on Pol I termination as well
as the details of the termination mechanisms. This Master’s thesis aimed to understand further the
need for two termination mechanisms of Pol I and to address the contribution of each mechanism
and its significance. It also sought to clarify whether the termination efficiency is equal between
the two proposed mechanisms and determine the extent and the amount of Pol I transcript
termination in the presence of either or both termination mechanisms.
To confirm or further investigate the alternative Pol I termination mechanisms a different
approach, a semi-quantitative RT-PCR assay, was developed. In this assay, total nucleic acid
extracts were treated with DNaseI and used for RT-PCR analyses. DNaseI efficiently removed any
possible DNA contamination in the sample (Figure 3.2). Systematically designed RT-PCR reverse
80

primers were used to determine the extent of Pol I termination at three key locations: (1) before
the hairpin structure, (2) before the first termination site and (3) after the first termination site.
To analyze further the extent of transcription, wild-type S. pombe transcripts were compared to
those from various rDNA mutant transformants. Results from this study indicated that the presence
of the full 3’ ETS region resulted in efficient transcript processing with no read-through
transcription (Figure 8, lanes E or F). The study is consistent with previous studies by Lino and
coworkers (1991) that suggested the importance of PacI for cell viability. These results further
reflect similarities to Pol II termination in nonpolyadenylated RNA transcripts, as previous studies
by Nabavi and Nazar (2008) showed that PacI cleavage in U3 snoRNA is sufficient to induce
transcript termination. Both Pol I and Pol II appear to utilize a torpedo-like mechanism that releases
the mature RNA. PacI cleavage of the hairpin structure presumably enables the 5’ – 3’ exonuclease
to degrade processed fragments downstream of the cleavage site (Buratowski, 2005; Kim et al.,
2004; West, et al., 2004). Taken together, these results showed that, together, the conserved hairpin
structure with the three termination elements allow the removal of the 3’ ETS efficiently.
To further investigate the extent of Pol I transcript termination in the absence of processing, four
types of mutant construct were examined. These mutants aimed to (a) disable the “Torpedo” model
at the hairpin structure by deleting almost all of the hairpin or just the apical loop structure, or (b)
inhibit processing and the “Torpedo” by inhibiting the PacI or the exonuclease enzymes. As
discussed earlier, previous S1 nuclease mapping suggested that 90% of transcript termination
occur at T1, 9% at T2 and 1% at T3 (Melekhovets et al., 1994). Later, Shwed and Nazar (1999)
suggested that the T2 site might be an artifact of S1 nuclease digestion. Results in the current study
showed when almost all of the hairpin structure (pFL20/Sp3’ETSΔ94) or the apical loop structure
(pFL20/Sp3’ETSΔ22) is deleted, a very strong RT-PCR signal was evident when using primers
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downstream of the hairpin structure. The elevated amount of transcript downstream of the hairpin
structure was consistent with disabled pre-rRNA processing and a disabled “Torpedo” termination
mechanism. In both mutants, all transcripts appeared to be terminated fully at the first termination
site as there were no read-through transcripts (Figure 3.11 and 3.13). This indicates that the “Pause
and release” mechanism can efficiently terminate all Pol I transcripts at T1. The result also is
consistent with other studies in S. cerevisiae and S. pombe that showed accumulated amounts of
unprocessed rRNA precursors in the absence of RNase III-like endonuclease (AbouElela et al.,
1996, Zhou et al., 1999). Prior, in vitro studies demonstrated that a sequence specific binding
protein, Reb1p interacts with a specific DNA sequence called the terminator element and results
in Pol I termination (Zhao et al., 1997).
Taken all together and consistent with past nuclease protection studies, the pFL20/Sp3’ETSΔ22
and pFL20/Sp3’ETSΔ94 3'ETS mutations suggest that the “Pause and release” model can
efficiently terminate Pol I transcript. However, unlike S1 nuclease mapping that suggested 90%
termination at T1 (Melekhovets et al., 1994), this study indicated that essentially all the Pol I
transcripts are terminated at T1. Termination at T2 or T3 were not detected in the current study at
all. Either the RT-PCR is perhaps less sensitive than S1 mapping and could not detect these two
sites or, like T2, both the termini ending at T2 or T3 was actually artifacts of S1 nuclease mapping
associated with AT rich regions (Shwed and Nazar, 1999). In some respects, the result is consistent
with previous work by Bond (2011), which measured the overall transformation frequency in
different recombinants containing TEI alone or just containing TEII and TEIII combined. The
results showed a higher transformation rate in the recombinant containing the TEI element alone
as compare to the other two combined, suggesting that the latter two termination sites are not as
efficient as the first one.
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This research also examined the enzymatic contributions to Pol I termination by disabling the
active proteins rather than their templates. To achieve this, a temperature-sensitive PacI or 5’
exonuclease mutant was tested for their effects on Pol I transcription. The results with the PacI
mutant grown at a non-permissive temperature again suggested that 100% of the transcripts are
terminated at T1 (Figure 3.16, III). The result is entirely consistent with the previous experiments
in this thesis (Figure 3.11, Figure 3.13) when the substrate of PacI enzyme was deleted.
Furthermore, when the “Torpedo” mechanism was disabled by inhibiting the exonuclease, the
results once more showed that 100% of Pol I transcript is terminated at T1 (Figure 3.18, III).
Interestingly, the exonuclease mutant in which exonuclease was inhibited but PacI was not, failed
to generate a full PacI cleavage at the hairpin structure and some precursor remained un-cleaved
(Figure, 3.18). Nevertheless, in all cases, deactivating the “Torpedo” mechanism by either
sequence/structural deletions or protein mutation impaired PacI-induced cleavage and resulted in
unprocessed transcripts that are terminated fully at the first termination site.
To analyze further the processed fragments generated by PacI cleavage and the activity of
exonuclease on them, two reverse primers upstream and downstream of the first termination site,
respectively, were used for RT-PCR analyses. The Pac I cleavage of the hairpin structure initiates
the “Torpedo” mechanism by giving access to the 5’ exonuclease. Since it is assumed that the
exonuclease carries out the degradation process, theoretically it was expected that there would be
a higher accumulation of processed fragments proximal to the first termination site and fewer
fragments further upstream of T1. No processed fragments were observed in the wild-type S.
pombe (Figure 10, I, II) suggesting that, in the presence of the full 3’ ETS, the 5’ exonuclease
starts degrading processed fragments rapidly at its entry point in the PacI-cleaved hairpin. As a
control, the pFL20/Sp3’ETSΔ94 mutant, lacking 5’ exonuclease entry, also was tested. When
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reverse primer O was used, a very strong signal was consistently evident with the three forward
primers (Figure 3.12, I), indicating that processed fragments are not degraded in the absence of the
5’ – 3’ exonuclease. No processed fragments were detected after the first termination site (Figure
12, II), reflecting the efficient termination at T1. When the exonuclease activity of processed
fragments was tested in the temperature-sensitive PacI strain, processed fragments were clearly
evident before the first termination site (Figure 3.17, I). In the temperature-sensitive PacI mutant,
the 5’ – 3’ exonuclease could not access the transcript because of the lack of PacI cleavages,
confirming that, in S. pombe, PacI enzyme is essential for transcript processing. Similarly, the
temperature-sensitive 5’ exonuclease strain showed high amounts of processed fragments before
the first termination site (Figure 3.19, I) when exonuclease was absent. Nevertheless, and similar
to the pFL20/Sp3’ETSΔ94 mutant, in all cases, the remnant fragments in both the temperaturesensitive PacI and exonuclease mutants were terminated efficiently at T1 by the “Pause and
release” mechanism (Figure 3.17, II, Figure 3.19, II).
To investigate further PacI cleavage in the absence of the termination elements, all the
termination elements were deleted (pFL20/Sp3’ETSΔT1-T3), leaving behind only the full hairpin
structure. The result of the pFL20/Sp3’ETSΔT1-T3 mutant was similar to the wild type S. pombe
experiment (Figure 3.8) indicating the absence of unprocessed RNA transcript after the hairpin
structure. The observation indicates that the rRNA transcript is processed rapidly by PacI cleavage
regardless of whether the termination elements are present. This raises the possibility that PacI is
brought in with the transcribing polymerase. This observation was extended when the processed
fragments generated by PacI cleavage in this mutant were analyzed using the two reverse primers
O and P. The Results (Figure 3.15) clearly demonstrated accumulation of processed fragments
when using the first reverse primer O before the first termination site (Figure 3.15, I). Interestingly,
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when assayed, read-through transcripts were detected after the rDNA region (Figure 3.15, III, lane
L and M). This result suggests that degradation of the processed fragments by 5’ – 3’ exonuclease
when the three termination sites are deleted is not as efficient as when the complete 3’ ETS is
present. Taken together, these results suggest that the “Torpedo” mechanism is facilitated by the
presence of the downstream termination elements perhaps by pausing the polymerases until the
exonuclease arrives.
A number of past reports (Nabavi and Nazar, 2010; Bakken et al., 1982) have suggested that
redundant termination in rDNA sequence serves as a “fail-safe” mechanism to prevent readthrough transcript from interfering with the downstream promoter sequence. A fail-safe
termination suggested by Nabavi and Nazar (2010) was shown to stop U3 snoRNA transcript from
interfering with the downstream sequence. An RNase III-like nuclease cleavage appears to guide
the U3 snoRNA termination process (Nabavi and Nazar, 2010). In a sense, the current study further
confirms the need for redundant termination mechanisms for Pol I to ensure transcript termination
and prevent the transcript from interfering with the downstream promoter element of the following
gene. Previous studies on Pol I showed that the transformation frequency is very low in
recombinants that contain only the promoter region and lack termination elements (Bond, 2011).
Failure to terminate the transcript could interfere with the expression of downstream genes. For
instance, previous work on URA3 showed that failure of the transcript to terminate before the
URA3 gene, impeded the transformation frequency dramatically and cells failed to grow on plates
lacking uracil (Nabavi and Nazar, 2008).
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4.1 Future Directions
This study provided more detailed data regarding the contribution of the two known termination
mechanisms in S. pombe. The results indicated that in the presence of the “Torpedo” and the “Pause
and release” mechanisms, Pol I transcript is processed rapidly at the hairpin structure and the
processed fragments are degraded efficiently by 5’ exonuclease. Inhibition of the “Torpedo”
mechanism resulted in the transcripts being terminated fully at T1 with no read-through levels
detected. Inhibition of the “Pause and release” mechanism resulted in transcript processing, but
also showed some levels of read-through occurring downstream of the termination sites. The study
has raised new questions. For instance, why is the first termination site dominant among the three
proposed termination sites or did the study simply fail to detect the other two termination sites?
Why did the temperature-sensitive exonuclease mutant fail to generate full PacI cleavage despite
PacI presence? Moreover, how does the “Pause and release” mechanism actually release the
nascent transcript? Also, what would happen if the “Pause and release” elements were shifted
upstream of the conserved hairpin structure; where would the majority of terminations occur in
that case? In conclusion, the current study succeeded in providing evidence for both termination
mechanisms as well as measurements of their termination efficiency.
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