
 

 

 

 

Structure Function Relationships in the 5’ ETS of the 

Schizosaccharomyces pombe pre-rRNA 

 

 

 

by 

 

Srinivas Nellimarla 

 

 

 

 

 

A Thesis 

Presented to 

The University of Guelph 

 

 

 

 

 

In partial fulfilment of requirements 

for the degree of 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

 

© Srinivas Nellimarla, August, 2012



 

 
 

ABSTRACT 

 

 

STRUCTURE FUNCTION RELATIONSHIPS IN THE 5’ ETS OF THE 

Schizosaccharomyces pombe pre-rRNA 

 
 
Srinivas Nellimarla       Supervisor 

University of Guelph, 2012      Professor R.N. Nazar 

 

 

 

 The 5’ external transcribed spacer (5’ ETS) of pre-ribosomal RNA, although 

highly variable in size and sequence, has been shown to be critical for the initiation of 

rRNA processing. This study further examined the 5’ ETS in Schizosaccharomyces 

pombe with respect to structural elements that underlie rRNA maturation. Initially, the 5’ 

ETS/18S rRNA junction region was examined by mutational analyses to detect cis-acting 

elements critical to known cleavage sites. The results indicated that sequence/structure in 

the junction region does not direct or strongly influence cleavage at the 5’ end of 18S 

rRNA. Systematic mutations also were used to examine the significance of previously 

suggested putative ribosomal protein binding sites or U3 snoRNA binding sites as well as 

other stem-loop sequences of regions IV, V and VI in the 5’ ETS. The results indicated 

that the putative U3 snoRNA binding sites were less critical than previously anticipated 

but have identified elements in regions IV and V with significant influence on the 

production of mature ribosomal RNA. In vitro studies of interactions between these 

elements and the U3 snoRNA or cellular protein also were initiated. The results of 

electrophoretic mobility shift assays indicated a strong interaction between region IV and 

the U3 snoRNA, suggesting that region IV probably contributes to the function of an 



 

 
 

important structure in the nucleolar precursor particle, which together with region V and 

probably other hairpins, may act to organize a stable processing domain. In contrast to the 

previous studies, which suggested as many as six intermediate cleavage sites in the 5’ 

ETS of S. pombe, re-examination of termini using hybridization and ligation-mediated 

RT-PCR indicated only two major cleavage sites. In general the 5’ ETS sequence mutants 

did not seem to influence the rRNA processing profile significantly but could 

dramatically affect the quantity of the product, an observation that provided further 

evidence of quality control, which helps ensure that only functional RNA is incorporated 

into mature ribosomes. Taken together the results illustrated that various 

sequence/structural elements in the 5’ ETS could influence or be critical for the 

maturation of rRNA. The results also support the possibility that the precursor molecule 

is first organized into one or more processing domains that direct the actual maturation 

processes. 
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Chapter 1.  Literature review 

1.1  The ribosome: an overview 

Life, in the great variety that we see on earth, is sustained by the interactions of 

nucleic acids, proteins and lipids. Protein biosynthesis is an essential process in all living 

cells. At the core of this process lies the ribosome, a large molecular machine responsible 

for translating genetic material into functional proteins (Frank, 2000). Ribosomes are 

ribonucleoprotein complexes consisting of ribosomal RNA (rRNA) and over 50 

ribosomal proteins. While working with Rous sarcoma virus infected cells in the late 

1930s, Albert Claude first discovered rRNA, not as a component of the ribosome, but as a 

part of the microsome, which is a vesicle-like structure that forms from the endoplasmic 

reticulum and associated ribosomes (Claude, 1939; 1940). Later work indicated that the 

microsomal particles have a remarkable ability to incorporate labeled amino acids into 

proteins (Borsook et al., 1950; Hultin, 1950).  

It was not until the mid-1950s, after significant advancements in electron 

microscopy techniques, that rRNA was finally recognized as a component of the 

ribosome in cells. George Palade characterized the ribosome as a new cytoplasmic 

component that normally assumes the form of a small, round body of about 100 to 150 A
0
 

in diameter (Palade, 1955). Later, the Zamecnik group (Littlefield et al., 1955) and that of 

Palade and Siekevitz (Palade et al., 1956) independently showed that these particles 

could be isolated from the microsome fraction and that the high RNA content of the 

fraction was due to the RNA content of the granules. To bring attention to the role of 

ribosomal RNA, Richard Brooke Roberts proposed the name “ribosomes” for these 
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particles that contained complexes of one-third to one-half RNA and two-thirds to one-

half protein and are found in all cell types (Roberts, 1958). Following the cytochemical 

lead (Caspersson, 1939), many studies pointed to the possibility of ribonucleoprotein (ie 

ribosomes) being involved in protein synthesis (Keller et al., 1954; Beskow and Hultin, 

1956). The first useful systems for cell-free protein synthesis were developed in the 

Zamecnik laboratory where it was shown that peptide synthesis takes place on the 

ribosome (Hoagland et al., 1958, cited in Zubay, 1973). Many aspects of ribosome 

biology have since been studied (for reviews see Wittmann, 1983; Brimacombe and 

Stiege, 1985; Green and Noller, 1997; Frank, 2000). 

Ribosomes are abundant components of both prokaryotic and eukaryotic cells and 

of both plant and animal cells. They are composed of two unequal subunits termed: the 

small subunit (SSU) and the large subunit (LSU) and the structure has been conserved 

throughout the kingdoms (Lake, 1981; 1985). Prokaryotes have comparatively smaller 

ribosomes with a sedimentation coefficient of 70 Svedberg units (abbreviated as S) 

comprised of a small (30S) and a large (50S) subunit (Brimacombe et al., 1978), while 

eukaryotes have bigger ribosomes of 80S sedimentation coefficient comprised of a small 

(40S) and a large (60S) subunit (Sommerville, 1986). In general, the ribosomal subunits 

of prokaryotes and eukaryotes are quite similar. However, the size difference between the 

kingdoms is due to the difference in composition of protein and rRNA. Bacterial 

ribosomes contain 63 percent rRNA and 37 percent protein where the LSU is composed 

of a 5S rRNA, 23S rRNA and 34 proteins and the SSU is composed of 16S rRNA bound 

to 21 proteins (Wittmann, 1983). Ribosomes of eukaryotic organisms are larger and 

comprised of ~50% RNA and 50% protein where the LSU contains a 5S rRNA, 25-28S 
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rRNA, 5.8S rRNA (Sommerville, 1986) and about 42 proteins (Verschoor et al., 1998) 

and the SSU contains an 18S rRNA and about 33 proteins. The presence of one additional 

RNA component, the 5.8S rRNA in eukaryotes, which is hydrogen bonded to the high 

molecular weight RNA component of the larger subunit (Forget et al., 1967; Pene et al., 

1968 and Weinberg et al., 1968), was demonstrated to be homologous with the 5’ end of 

the 23S prokaryotic rRNA (Nazar, 1980). While the reasons for these differences in 

ribosome structure between these two kingdoms are not clear, it has been postulated that 

the eukaryotic ribosome may be more complex for regulation reasons (Moldave, 1985; 

Hage and Tollervey, 2004; Dinman, 2009). 

Ribosomes, which are “the heart of the protein biosynthesis” have been the focus 

of structural studies for more than 50 years. Electron microscopy (EM) played an 

important role in the discovery of the ribosome; the EM was used extensively to study the 

three-dimensional structure and association of the subunits (Lake, 1976). The first 

detailed three-dimensional images of the ribosomes were provided in 1995 (Frank et al., 

1995; Stark et al., 1995). Later studies revealed the three dimensional electron 

microscopic images of ribosomes at a resolution sufficiently high to visualize many of 

the proteins and nucleic acids that assist in protein synthesis bound to the ribosome 

(Agrawal et al., 1998; Stark et al., 2000). Structural information from cryo-EM maps of 

eukaryotic ribosomes is available for yeast (Spahn et al., 2001), the eukaryotic green alga 

Chlamydomonas reinhardtii (Manuell et al., 2005), and most recently for mammalian 

80S ribosomes (Chandramouli et al., 2008).  

It has been clear for decades that X-ray crystallography can provide high-resolu- 

tion structures for macromolecules, but its relevance to the ribosome was uncertain for a 
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long time. First, potentially useful crystals were not reported until 1981, when Ada 

Yonath presented the structure of large ribosomal subunit proteins from Bacillus 

stearothermophilus (Appelt et al., 1981). Atomic resolution was achieved for crystals of 

large ribosomal subunit from Haloarcula marismortui (Ban et al., 2000) and of small 

subunit (Wimberly et al., 2000) as well as the whole ribosome from Thermus 

thermophilus (Yusupov et al., 2001). Recently obtained all-atom crystals of 70S 

ribosome functional complexes give a detailed description of how the ribosome interacts 

with mRNA and tRNA substrates (Selmer et al., 2006; Yousupova et al., 2006; 

Korostelev et al., 2007).  

The translation of genetic information into proteins is a major task performed by 

living cells. The cell must govern both the amounts of specific proteins synthesized as 

well as the total protein synthesized in response to environmental signals and internal 

programming. The protein synthetic capacity of a cell is primarily regulated by the steady 

state number of the ribosomes, which in turn is dictated by the relative rates of ribosome 

synthesis and degradation (Paule et al., 1994, Moss et al., 1995). Regulation of cell 

growth ultimately depends on the control of synthesis of new ribosomes (Warner, 1999, 

2001), which, in the majority of cells, are relatively stable. 

A striking feature of ribosome synthesis is a requirement for the coordinated 

activity of the three forms of RNA polymerase (Pol I, Pol II and Pol III) to produce the 

building blocks for ribosome construction. How the coordination between the three forms 

of RNA polymerase occur is still relatively unclear. However, recently it was shown that 

the accumulation of large rRNAs, as a result of deregulated Pol I transcription, led to 

concomitant accumulation of 5S rRNA, mRNAs encoding ribosomal proteins and of fully 
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assembled ribosomes (Lferte et al., 2006). This observation suggested a central role for 

Pol I activity in ribosome synthesis (Stephane et al., 2007). In addition to rDNA 

transcription, ribosome biosynthesis requires pre-rRNA processing and ribosome 

assembly, which takes place in nucleoli within the nucleus. Other components needed for 

ribosome assembly, such as 5S rRNA, r-proteins and an array of trans-acting factors are 

imported into the nucleolus from the surrounding nucleus and cytoplasm. 

1.2  Organization of ribosomal DNA 

 The rRNA gene is the most conserved DNA in all cells. Portions of the rDNA 

sequence from distantly related organisms are remarkably similar. For this reason, genes 

that encode the rRNA (rDNA) have been extensively used to determine taxonomy, 

phylogeny and to estimate rates of species divergence in bacteria. Most prokaryotes have 

three rRNAs, called the 5S, 16S and 23S rRNA. Bacterial 16S, 23S and 5S rRNA genes 

are typically organized as a co-transcribed operon. There may be one or more copies of 

the operon dispersed in the genome. The E. coli genome contains seven rRNA 

transcription units, each at a different chromosomal location (Nomura et al., 1984; King 

et al., 1986). 

 The rDNA array of a eukaryotic nuclear genome typically consists of several 

hundred tandemly repeated copies of the transcription unit and non-transcribed spacer 

(Fig 1.1) (Long and Dawid, 1980). The number of copies of this transcription unit, 

however, may be as few as one as in Tetrahymena, (Yao and Gall, 1977), 100-200 copies 

as in Saccharomyces cerevisiae (Petes et al., 1977), 300-400 copies as in Homo sapiens 

(Handerson et al., 1972; Gaubatz et al., 1976) or as many as several thousands in some 

plants (Rogers and Bendich, 1987). In general, the genes are distributed among several 
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chromosomes and arranged in tandem, head to tail arrays with the coding regions of the 

primary transcript being separated by non-transcribed or intergenic spacer regions. The 

length of the transcript generated from the rDNA varies from ~8 kb (yeast, Drosphila and 

Xenopus) to ~13 kb (mammals), and this appears to be dependent on the length of the 

external and internal transcribed spacer regions (Larson et al., 1991; Hannan et al., 1995; 

Moss and Stefanovsky, 1995).  

 Although examination of the sequences of the rDNA promoters of different genera 

fails to demonstrate significant sequence identity, there is a high degree of conservation 

between the functional elements (Paule et al., 1994). Transcription of the rDNA proceeds 

from the promoter through the 5′ external transcribed spacer (ETS) – 18S rRNA – 

internal transcribed spacer-1 (ITS1) – 5.8S rRNA – ITS2 – 28S rRNA and 3’ ETS, until 

RNA polymerase I comes across a transcription termination signal (Long and Dawid, 

1980). In most cases, the rDNA primary transcript is post-transcriptionally processed into 

three rRNA mature molecules: 18S, 5.8S and 28S, resulting from the elimination of the 

external transcribed spacers, ITS1 and ITS2 (Long and Dawid, 1980). In most organisms, 

5S rRNA genes are transcribed as separate units by RNA polymerase III. Above the 

evolutionary level of yeast, the 5S genes are not linked to the rDNA genes for the larger 

rRNA species (Hadjiolov, 1985). In fact, in Schizosaccharomyces pombe and Neurospora 

crassa, the 5S genes are dispersed throughout the genome as single copies (Selker et al., 

1981; Tabata, 1981) but in subsequent evolution, the clusters of tandemly repeated units 

are seen, each transcription unit separated from adjacent ones by non-transcribed spacer 

regions (Hadjiolov, 1985).  

 In S. cerevisiae, even though the copy number is the same, with neighboring 5S and 
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18S-28S rDNA, a different RNA polymerase independent of the rDNA enhancer (RNA 

polymerase III) is involved in the 5S rRNA transcription. In most organisms, not all of 

the rDNA copies are transcribed (Conconi et al., 1989), suggesting that the total rDNA 

copy number is not directly related to the synthesis of rRNA (Kobayashi et al., 1998; 

Grummt, 2003; Raska et al., 2004). It has been proposed that the rDNA may participate 

in roles other than transcription, such as maintenance of the nucleolar structure and rDNA 

stability (Nogi et al., 1991; Oakes et al., 1993). A considerable variation in the rDNA and 

5S rDNA gene copy numbers exists among eukaryotes, which suggests that different 

species may have particular regulatory mechanisms to maintain the 18S, 5.8S, 28S and 

5S rRNA homeostasis for the efficient synthesis of ribosomes (Torres-Machorro et al., 

2010). 
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Figure 1.1  Organization of rDNA in eukaryotes 

A.   Structure of rDNA repeating unit. The mature rRNA sequences are depicted as 

dark rectangles. The external and internal transcribed spacer regions (ETS and 

ITS) are labeled and the initial 35-47S transcript is indicated by the thick bar at 

the top. The open arrows indicate that each rDNA repeat unit is flanked by a non-

transcribed spacer region or intergenic region. 

B.    A typical non-transcribed region in the rDNA repeat unit of eukaryotes. The 

number and placement of many sequence elements found within the intergenic 

region of rDNA vary between organisms. The 3’ end of the 25S rRNA gene and 

the 5’ end of the 18S rRNA gene are indicated as dark rectangles and the 5’ and 

3’ transcribed spacers are shown as open rectangles. The possible control 

elements found within this region include: 1) termination signals (T), 2) enhancer 

sequences (E), 3) origin of replication (O), and 4) the two promoter elements, the 

upstream control element (U) and core promoter element (C). The transcription 

initiation site is indicated (TIS). 
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1.3  Structure of ribosomal RNA 

 Beginning in the late 1970s, efforts were made to predict the structure of the 16S 

and 23S rRNAs, the major components in the 30S and 50S ribosomal subunits, 

respectively. The first complete 16S rRNA sequence was determined in 1978 (Brosius et 

al., 1978; 1981) while the first complete 23S rRNA sequence was determined in 1980 

(Brosius et al., 1980). Upon initial inspection of the primary structure it appears that 

rRNA is a patchwork of evolutionarily conserved sequences interspersed within non-

conserved sequences (Gerbi, 1996). The high homology among the sequences of rRNAs 

from phylogenetically diverse sources is itself persuasive evidence that all ribosomes are 

related through a common ancestral ribosome. rRNA sequences have been used to 

measure evolutionary distances between organisms (Fox et al., 1980).  

 The secondary structure models for 16S and 23S rRNAs have been proposed by 

different groups of investigators (Noller, 1981; Steigler et al., 1981; Zwieb et al., 1981; 

Woese et al., 1983). The secondary structure for the E.coli 23S molecule (Noller et al., 

1981) was found to be conserved in the yeast 25S rRNA with the yeast molecule having 

extra blocks of sequence inserted within its core structure relative to E. coli RNA. Also, it 

was reported that the 28S molecule of multicellular eukaryotes has extra blocks inserted 

into the core structure (Clark et al., 1984). These extra blocks, which occupy the same 

relative positions in all organisms, have been called expansion segments (Ware, 1983) or 

variable regions (Chan et al., 1983). The increase in size from the E. coli 16S and 23S 

rRNA to the mammalian 18S and 28S rRNA has been attributed to the differences in the 

number and size of the expansion segments (Gerbi, 1996). The small rRNAs of the LSU 

(5.8S and 5S) do not contain significant expansion segments as is the case for the large 
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rRNA molecules. However, as mentioned earlier, the 5.8S rRNA is not free but is 

associated with the 25-28S rRNA. Studies on structural estimates for this interaction 

suggested a structure that is identical to that which occurs when the 5’ end of the 

prokaryotic 23S rRNA folds back onto inself (Nazar, 1980). Later, studies suggested that 

the 5.8S rRNA sequence within the precursor rRNA undergoes structural reorganization 

following rRNA processing (Yeh and Lee, 1991).  

 The 5S rRNA is found in virtually all ribosomes, with the exception of the 

mitochondria of some fungi, higher animals and most protists (Gray et al., 1999). Studies 

on the primary and secondary structures of 5S RNAs from many origins (Erdman, 1981) 

indicated that the nucleotide sequence is highly conserved in the course of evolution and 

at least four universal estimates for the secondary structure have been proposed 

(Nishikawa and Takemura 1974; Fox and Woese 1975; Luoma et al., 1978; Luehrsen and 

Fox, 1981). The tertiary structure of the eukaryotic ribosomal 5S rRNA examined using 

chemical modifications and enzymatic cleavage reactions (McDougall and Nazar, 1983; 

Van Ryk and Nazar, 1992), revealed a structure resembling a lollipop. Although the 

tertiary structure of 5S rRNA has been obtained (Funari et al., 2000; Lorenz et al., 2000) 

the precise function of 5S rRNA in protein synthesis still is not understood fully. 

1.4  Functions of ribosomal RNA 

 Ever since the discovery of the role of the ribosome in the translation process, 

attempts have been made to isolate the ribosomal components responsible for various 

ribosomal functions. In the beginning, the attention was focused on the ribosomal 

proteins as carriers of the enzymatic functions and the biological role of ribosomal RNA 

(rRNA) generally was believed to be the positioning of the presumably functional 



 

 
 

11 

ribosomal proteins within the ribosome (Fellner, 1974). However, with the discovery of 

catalytic RNA (Cech et al., 1981) and the catalytic function of the RNA component of 

RNase P (Guerrier-Takada et al., 1983) most research has turned to the role of rRNA in 

translation. There has been continuously increasing biochemical, genetic and 

phylogenetic evidence for the functional roles of rRNA. The functions include all the 

steps of the translation process, including selection of messenger RNA (mRNA), transfer 

RNA (tRNA) binding, association of ribosomal subunits, translocation, proof reading, 

frame shift suppression, antibiotic interactions, termination and peptidyl transferase 

activity (reviewed in Dalberg, 1989; Noller, 1991; Green and Noller 1997). The 3'-

terminus of the 16S rRNA is involved in mRNA binding (Shine and Dalgarno, 1974; 

Steitz and Jakes, 1975) and resistance to several antibiotics has been traced to point 

mutations in 16S or 23S RNA (Garrett, 1983; Sigmund et al., 1984). Chemical 

footprinting and crosslinking of tRNAs on rRNA have revealed that there are four 

elements of the 16S rRNA molecule involved at the A site (decoding site) (Moazed and 

Noller, 1990) and greater than ten 16S rRNA regions making contact with the tRNA 

molecule at the P site (peptidyl transferase site) (Doring et al., 1994). Originally it was 

thought that the 16S rRNA did not make contact at the E site (exit), but Wower and co-

workers have shown tRNA footprints on the 3’ portion of the molecule (Wower et al., 

1993). The crystal structures directly showed the participation of 16S rRNA in tRNA 

binding to the 30S P site, providing further evidence for the RNA character of the 

ribosome (Wimberly et al. 2000; Yusupov et al. 2001). 

 In 1992, an attempt was made to show the role of rRNA in catalysis of peptide 

bond formation by subjecting ribosomes to stringent protein-extraction procedures 
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(Noller et al., 1992). In this study, it was shown that the 50S subunits of Thermus 

thermiphilus retained a peptidyl transferase activity after treatment with 0.5% SDS and 

extensive digestion with protease K, calling attention to the probable catalytic 

functionality of rRNA. Further to this, an engineered one base substitution G2251 in the 

23S rRNA was shown to decrease peptidyl transferase activity by 300 fold (Green et al., 

1997). The high-resolution structure of the 50S subunit (Ban et al., 2000), together with 

the knowledge of the positions of the acceptor ends of the tRNAs (Nissen et al., 2000; 

Yusupov et al., 2001), provided the first look at the structure of the peptidyl transferase 

center demonstrating that peptide bond formation is indeed catalyzed by RNA. The 

eukaryotic cytoplasmic ribosomes contain two additional features, the 5.8S rRNA, which 

forms an RNA–RNA complex with the 25–28S rRNA of the large ribosomal subunit 

(Pene et al., 1968; Weinberg and Penman, 1968), and the variable regions. The essential 

features of the core structures in rRNA species have been extensively studied but the role 

of the variable regions remains unclear. However, several mutagenesis studies show that 

certain variable regions in both 16/18S rRNA (Van Nues et al., 1997) and 25/28S rRNA 

(Sweeney et al., 1994; Jeening et al., 1997) are important either in processing of primary 

transcript or in ribosome biogenesis.  

 Speculation regarding the function of the 5.8S rRNA sequence has focused on a 

role in tRNA binding (Nishikawa and Takemura, 1974). Direct evidence for a functional 

role was first provided by a study utilizing antisense oligonucleotides, which 

demonstrated a significant and specific inhibition of protein synthesis in vitro, consistent 

with an important role in ribosome function (Walker, 1990). Recent analyses utilizing 

efficiently expressed mutant 5.8S rRNAs (Abou Elela et al., 1994) have confirmed a 
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functional role, demonstrating little or no effect on initiation, but providing in vivo 

evidence for a role in protein elongation or termination. Later studies suggested that the 

5.8S rRNA plays a direct role in ribosome translocation (Abou Elela and Nazar, 1997). 

 The 5S rRNA molecule is the most highly conserved rRNA, ubiquitous to nearly all 

ribosomes, with an important role in ribosome function (Dohme and Nierhaus, 1976; 

Nazar, 1982). In S. cerevisiae, when mutations are generated such that the 5S molecule is 

not incorporated into the LSU, the LSU becomes unstable and quickly degrades 

(Deshmukh et al., 1993). Biochemical studies with E. coli ribosomes led to the 

hypothesis that 5S rRNA acts as a physical transducer of information, facilitating 

communication between the different functional centers and coordinating the multiple 

events catalyzed by the ribosome (Bogdano et al., 1995; Dokudovskaya et al., 1996) and 

this view was further supported by a later study of yeast ribosomes (Smith et al., 2001). 

Recent studies revealed a distinct interrelationship between the conformational transitions 

of 5S rRNA and the translational activity of the ribosome (Kouvela et al., 2007). 

1.5  Ribosomal RNA transcription 

1.5.1  The nucleolus 

The nucleolus is a nuclear substructure formed around the ribosomal DNA 

(rDNA) repeats, which cluster at chromosomal loci called nucleolar organizing regions 

(NORs). It is the factory in which 28S, 18S and 5.8S ribosomal RNAs (rRNAs) are 

transcribed, processed and assembled into ribosomal subunits (Reeder, 1990; Larson et 

al., 1991; Hannan et al., 1998a). The nucleolus consists of three major components: the 

fibrillar centres (FC), the dense fibrillar component (DFC), and granular components 

(GC) (Schwarzacher and Wachtler, 1993; Shaw et al., 1995). Localization studies of 
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transcription factors and components necessary for processing (Roussel et al., 1993; 

Matera et al., 1994) suggested that the DFC consists of newly transcribed rRNA bound to 

ribosomal proteins, while the GC, contains rRNA bound to ribosomal proteins that are 

beginning to assemble into ribosomes. Light and electron microscopy studies also 

identified the DFC as the nucleolar subcompartment in which rRNA synthesis takes place 

(Koberna et al., 2002). More recent studies have suggested that the level of rRNA 

synthesis might be a regulator of a broad range of nucleolar functions (Moss and 

Stefanovsky, 2002; Grummt, 2003; Grummt and Pikaard, 2003). 

1.5.2  The rRNA gene promoter 

The rDNA promoter contains two important domains, the core promoter element 

(CPE) and the upstream promoter element (UPE) that enable the formation of a 

transcriptionally competent complex (Windle and Sollner-Webb, 1986; Xie and 

Rothblum, 1992; Paule, 1994; Hannan, 1995,). The core promoter element is common to 

all eukaryotes and is generally located from approximately +6 to –31, with respect to the 

transcription initiation site and the upstream promoter element (UPE) extends from the 

CPE (-30) to ~ -167. Studies using deletion (Grummt, 1982; Moss, 1982), point (Read et 

al., 1992; Jones et al., 1998) and linker scanning (Musters et al., 1989a; Choe et al., 

1992) mutants have demonstrated that the UPE is important for transcription in 

mammals, amphibia, diptera, protozoa and yeast.  

Other sequences involved in promotion of rDNA transcription include the 

promoter proximal terminator elements and enhancers. Enhancer sequences that strongly 

stimulate transcription from the rRNA gene promoter were discovered originally in frogs 

(Xenopus laevis) (Reeder, 1984); later, their counterparts in insects (Drosophila 

http://en.wikipedia.org/wiki/Ribosome
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melanogaster) (Grimaldi et al., 1988) and mammals (mice) (Kuhn et al., 1990) were 

identified. Close inspection of the intergenic regions of higher eukaryotes revealed 

enhancer elements of varying size, which can function at a distance, independent of 

orientation (Labhart and Reeder, 1985; Pikaard et al., 1990a). The yeasts S. cerevisiae 

and S. pombe differ from higher eukaryotes in that, within their intergenic regions exist 

only one enhancer element, close to the 3’ end of the transcription unit (Elion and 

Warner, 1986; Morrow et al., 1993; Zhao et al., 1997). rDNA promoters of some 

organisms are preceded by a terminator element (Moss, 1983, Grummt et al., 1986) 

which function as a safe guard, shielding downstream promoters from occlusion by 

upstream transcription complexes that are not properly terminated (Bateman and Paule, 

1988). 

1.5.3  Proteins that mediate rDNA transcription 

In mammalian cells, efficient transcription of rDNA by RNA polymerase I 

requires the interaction of three major protein factors with the core promoter element: 

The pol I complex itself, upstream binding factor (UBF) (Pikaard et al., 1989; Voit et al., 

1992) and selectivity factor termed SL1 in humans (Learned et al., 1985), or TIF-IB in 

mouse cells (Clos et al., 1986). Selectivity factor is a protein complex consisting of 

TATA- binding protein (TBP), three transcription activating factors (TAFs), transcription 

initiation factors TIF-IA (Schnapp et al., 1990) and TIF-IC (Schnapp et al., 1994) and 

several others. Formation of a pre-initiation complex in S. cerevisiae has been reported to 

require two factors, the upstream activating factor (UAF) and the core factor (CF). The 

isolation of factors from S. pombe has suggested that parallels exist between the CF 

components of the yeast and those of mammals (Boukhgalter et al., 2002).  
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The core mammalian RNA polymerase I is a large complex enzyme with an 

approximate molecular weight of 500-600,000 daltons (Hannan et al., 1998b). Two 

studies have reported that the mammalian RNA polymerase I is composed of 12 subunits 

with 3 associated factors (Hannada et al., 1996; Hannan et al., 1998b) while the yeast 

RNA pol I contained 14 subunits (Song et al., 1994; Gadal et al., 1997). UBF is a highly 

conserved protein consisting of HMG boxes, which are similar to the DNA-binding 

domain of chromosomal high mobility group proteins (Jantzen et al., 1990). Various 

studies have reported that UBF binds as a dimer to the CPE, UPE, spacer promoters and 

the enhancer repeats in the intergenic spacer (Pikaard et al., 1990b; Smith et al., 1990; 

Xie et al., 1992). TBP is the subunit common to the fundamental transcription factors for 

all three nuclear transcription systems. The functional regions of TBP are localized to the 

highly conserved C-terminal domain, which is sufficient for the correct assembly of SL-1 

and is necessary for transcriptional activity (Rudloff et al., 1994). In contrast to TBP, the 

RNA polymerase I TAFs exhibit no homology to the TAFs involved in transcription by 

RNA polymerase II and III (Comai et al., 1994; Radebaugh et al., 1994). 

1.5.4  Regulation of rDNA transcription 

The rate of cell growth is directly dependent on the rate of protein synthesis, 

which, itself, is intricately linked to ribosome synthesis and rRNA transcription. 

Transcription of rDNA in eukaryotes can be regulated in several ways, which include: 

chromatin accessibility, activity of Pol I or alteration in the amounts or activity of other 

trans-acting factors (Hannan et al., 1998b). Although several reports suggested that yeast 

rRNA synthesis could be modulated by varying the transcription rate per rDNA gene or 

by varying the number of active genes (Reeder, 1999), an electron microscopy study later 
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revealed that the overall initiation rate, and not the number of active genes, determines 

the rate of rDNA transcription (French et al., 2003). Evidence accumulated to date 

suggests that any of the proteins required for Pol I transcription can serve as a target for 

regulatory pathways. Changes in the phosphorylation pattern of UBF appear to play a key 

role in modulation of rDNA activity during cell cycle progression (Tuan et al., 1999). In 

quiescent cells, UBF is hypophosphorylated and transcriptionally inactive (O’Mahony et 

al., 1992; Voit et al., 1992; 1995). Growth-dependent regulation of rRNA is 

evolutionarily conserved and has been observed in bacteria, yeast, plants and vertebrates. 

Transcription initiation factor TIF-1A, the mammalian homolog of yeast Rrn3p was 

suggested to be a key player in growth-dependent regulation of rDNA transcription 

(Buttgereit et al., 1985; Schnapp et al., 1993; Bodem et al., 2000). 

1.5.5  Termination of rRNA transcription 

Transcript termination is crucial for the release of RNA Pol I from its template, 

and is important to avoid interference with transcription of downstream genes (Greger et 

al. 2000), as well as to ensure that a pool of RNA polymerases is available for reinitiation 

or new transcription. Termination of transcription of the 35S/45S precursor occurs in the 

IGS region downstream from the 3’ end of the 35S transcript, at a series of terminator 

elements (van der Sande et al., 1989; Johnson and Warner 1991; El Hage et al., 2008). In 

vitro studies have reported that ninety percent of yeast RNA pol I terminates at the first 

terminator (T1), situated upstream of a pause-inducing factor-binding site recognized by 

Reb1 (Ju et al., 1990; Lang and Reeder, 1995).  

In mammals, the major terminator, Sal box (Grummt et al., 1985; Lang and 

Reeder 1993) is recognized by transcription terminating factor TTF-1 (Bartsch et al., 
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1988; Evers et al., 1995) and it was suggested that, like the Reb1-binding site, it must be 

correctly oriented to cause termination (Grummt et al., 1985; Lang and Reeder 1993).  

The mouse Sal box is an 18-bp element repeated 10 times in the IGS, while humans 

contain a shorter Sal box (11 bp) that is recognized by the human TTF-I (Bartsch et al., 

1987; Pfleiderer et al., 1990; Evers and Grummt 1995). Another sequence element 

necessary for termination, called the transcript release element (stretch of Ts), appears to 

be situated upstream of the Reb1-binding site in yeast and the Sal box in mammals (Lang 

et al., 1994; Jeong et al., 1995; Lang and Reeder, 1995). Studies by different groups 

reported that ten percent of yeast RNA Pol I transcripts do not terminate at T1 and read-

through to a second terminator (T2 or ‘‘fail-safe’’ terminator) located 250 nt downstream 

from the 3’ end of the 25S RNA (Reeder et al., 1999; Prescott et al., 2004).  

Most recent studies have suggested that the transcript termination involve 

additional complexities where termination has been linked to an RNase III-like cleavage 

event (EI Hage et al., 2008; Kawauchi et al., 2008), which also has been postulated to 

provide access to 5’→3’ exonuclease and subsequent downstream transcript degradation. 

In Xenopus laevis, an additional transcription termination site has been reported 

immediately upstream of the adjacent transcription initiation site in next tandemly 

arranged rDNA transcriptional units. This termination site has been speculated to serve a 

regulatory or fail-safe function (Bakken et al., 1982). 

1.6  Processing of ribosomal RNA 

1.6.1  The maturation pathways and cleavage sites 

 Ribosome biogenesis appears largely conserved from the most primitive of 

eukaryotes to mammals. It requires the orchestrated steps of transcription, 
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endonucleolytic and exonucleolytic cleavages, rRNA methylations, pseudouridylations, 

and folding of the ribosomal RNA (Gerbi et al. 2001). The sequence of processing events 

that leads to the formation of mature rRNA is similar in all eukaryotes. However, the 

nature of intermediates and the order in which they are generated can vary between 

species or within the same species depending on the growth conditions and 

developmental stages. For example, multiple processing pathways have been reported in 

rat liver (Dodov and Dabeva, 1983), Xenopus oocytes (Savino and Gerbi 1990; Peculius 

and Steiz, 1993), and mammalian cells (Bowman et al., 1981; Hadjilov et al., 1993). A 

similar arrangement of the primary transcript is also found in yeasts (Venema and 

Tollervey, 1999), and it is generally thought that while specific processing sites might 

differ between yeasts and vertebrates, parallel processing pathways appear to exist for 

eukaryotic organisms from yeasts to mammals (Tollervey, 1996). Fig 1.2 illustrates the 

different cleavage sites and processing pathways resulting in the production of mature 

18S, 5.8S and 25S rRNAs that have been reported for S. cerevisiae (Van Nues et al., 

1995), S. pombe (Good et al., 1997b) and mouse (Eichler and Craig, 1994). Analogous 

steps have been identified in many organisms with substantial similarity in the cleavage 

pathways. Most of our current knowledge of ribosome synthesis comes from studies with 

the yeast S. cerevisiae; however, as noted earlier, the basic outline of the process is highly 

conserved through the eukaryotic kingdom (Gerbi and Borovjagin 2004). 

 Generally in eukaryotes, the 3’ ETS is completely or almost completely removed 

by homologues of bacterial RNase III either co-transcriptionally or rapidly thereafter 

(Spasov et al., 2002). The resulting 35S precursor, which is part of a large 80S/90S pre-

ribosomal particle (Dragon et al. 2002; Grandi et al. 2002; Bernstein et al. 2004), then 
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loses its 5′ ETS by successive cleavages at sites A0 and A1, to give rise to a 32S 

precursor. Further cleavage of this precursor at site A2 separates the 90S particle into a 

43S and 66S pre-ribosome, containing 20S and 27SA2 pre-rRNA, respectively. 

Production of 18S rRNA from the 20S precursor requires further endonucleolytic 

cleavage at site D, which in S. cerevisiae is reported to occur after the 43S pre-ribosomal 

particle is exported to the cytoplasm (Moy and Silver 1999; Vanrobays et al. 2003), while 

in higher eukaryotes this occurs in nucleus.  

The maturation pathway for the LSU RNAs appears to be more complex. In S. 

cerevisiae, removal of the remaining portion of the ITS1 from the 27S precursor after 

cleavage at A2 occurs by at least two pathways although 90% of the RNA matures by the 

primary scheme (Raue, 2003). The 27S precursor molecule is first shortened by an 

endonucleolytic cleavage by RNase MRP (Lygerou et al., 1996) and the remaining ITS1 

spacer is removed by 5’3’ exonucleases, Rat1p and/or Xrn1p (Raue, 2003). The 

removal of ITS2 sequence in S. cerevisiae is intiated by an endonucleolytic cleavage at 

C2 resulting in the formation of 7S and 25.5S intermediates (Geerlings et al., 2000). The 

mature 5.8S rRNA is generated by the 3’5’ exonucleolytic trimming of the 7S 

precursor by the nuclear exosome, a complex of 11 proteins where 10 have been 

predicted to have nuclease activity (Allmang et al., 1999) while the 25.5S pre-rRNA is 

trimmed primarily by Rat1p (Geerlings et al., 2000).  
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Figure 1.2  rRNA processing pathways in commonly studied eukaryotes. 
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 1.6.2  Trans-acting factors in rRNA processing 

 The whole ribosome maturation process critically depends on several 

ribonucleoprotein particles and a large number of nonribosomal proteins, collectively 

known as trans-acting factors that constitute transient components of the different pre-

ribosomal particles (Kressler et al., 1999; Venema and Tollervey 1999; Fromont-Racine 

et al., 2003; Staley and Woolford, 2009). Based on genetic analyses and some 

biochemical characterization, more than 100 accessory proteins have been linked to 

rRNA modification, cleavage and ribosome assembly. The recent application of 

proteomic or more global approaches (Gavin et al., 2002; Leung et al., 2003; Peng et al., 

2003), including tandem-affinity-purification (TAP), has further expanded the list of 

factors to more than 170. These studies have lead to the identification of at least six 

groups of trans-acting factors: snoRNPs, nucleases, helicases, modifying enzymes, 

GTP/ATPases, chaperones and assembly proteins as well as transport factors. 

a.  Small nucleolar RNAs 

 
 Since the late 1980s, it has become evident that a large number of small 

metabolically stable RNA species called small nucleolar RNAs (snoRNAs) are localized 

to the nucleolus. These snoRNAs are a group of untranslated RNA molecules of variable 

length (80 to 1000 nt in yeast) mostly required for rRNA maturation. There are about 100 

different snoRNAs in yeast (Lowe et al., 1999; Samarsky et al., 1999), which are 

grouped into three families based on their structure and function. Most snoRNAs belong 

to either the H/ACA-box or the C/D-box families that utilize base pairing to guide 2′-O-

ribose pseudouridylation and methylation of specific rRNA nucleotides respectively. A 
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few snoRNAs, like the ribonuclease MRP RNA that is required for pre-rRNA 

endonucleolytic processing constitutes one class by itself (Balakin et al., 1996; 

Lafontaine and Tollervey, 1998; Kiss, 2002; Reichow et al., 2007). 

 U3 and U14 are essential C/D-box snoRNAs that have the potential to base pair 

with the pre-rRNA, but at sites which are not expected to direct 2’-O-methylation 

(Tollervey and Kiss, 1997). The yeast U3 snoRNA has been shown to base pair to the 5’ 

ETS for pre-rRNA processing at sites A0-A2 (Beltrame and Tollervey, 1995) and the 5’ 

stem–loop structure within the 18S rRNA for processing at sites A1 and A2 but not A0 

(Sharma and Tollervey, 1999). These studies suggested that the U3-18S rRNA interaction 

is both spatially and functionally distinct from the U3-5’ ETS interaction. In addition to 

its role in the processing of the pre-18S rRNA, the U3 snoRNA also participates in the 

formation of the conserved 5’-end pseudoknot in the 18S rRNA, leading to the proposal 

that it acts as a chaperone in the folding of the rRNA (Hughes, 1996; Henras et al., 2008) 

although there is no direct evidence. However, more recently, it was shown, that the U3 

snoRNA is indeed required for folding of the pre-18S rRNA using in vivo chemical 

probing with dimethyl sulfate (Dutca et al., 2011). U14 snoRNA was also shown to be 

involved in pre-rRNA processing reactions at sites A1 and A2 and in a 2’-O-ribose 

methylation event within the 18S rRNA (Tollervey and Kiss, 1997; Samarsky and 

Fournier, 1999). Two other vertebrate snoRNAs, U8 and U22, also contain box C and D 

elements but are not predicted to direct 2’-O-methylation. U8 was shown to be essential 

for synthesis of the 5.8S and 28S rRNAs (Peculis et al., 1993) while the U22 was shown 

to be required for synthesis of the 18S rRNA (Tycowsky et al., 1994). Many nucleolar 

proteins are associated with these snoRNAs; for example, the U3 snoRNP is known to 
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contain three proteins (Nop1p, Nop56p and Nop58p) which likely also form the core of 

all C/D box snoRNPs (Lafontaine and Tollervey, 2000). 

 H/ACA-box snoRNA, snR30, was reported to be exclusively required for the early 

pre-rRNA processing reactions at sites A1 and A2, while the H/ACA-box snoRNA 

snR10 participates in both early pre-rRNA processing reactions and a pseudouridylation 

event within 25S rRNA (Morrissey and Tollervey, 1993; Ni et al., 1997b; Samarsky and 

Fournier, 1999). In yeast, knock out experiments have been carried out on five snoRNAs 

(U3, U14, SnR10, SnR30 and MRP/7-2) in order to understand their contribution to 

rRNA processing (Hughes and Ares, 1991; Shuai and Warner, 1991; Lindhal et al., 1992; 

Morrissey and Tollervey, 1993; Schimitt and Clayton 1993). These experiments revealed 

that all snoRNAs are required for growth, except SnR10, suggesting that there may be a 

common processing complex containing each of the three snoRNAs (U3, U14 and 

SnR30) involved in the production of mature 18S rRNA in yeast (Fournier and Maxwell, 

1993; Mattaj et al., 1993). Co-immunoprecipitation and purification studies showed that 

all H/ACA-box small nucleolar ribonucleoprotein particles (snoRNPs) contain a common 

protein core comprising two copies of four proteins (Cbf5p, Gar1p, Nhp2p and Nop10p) 

and one H/ACA-box snoRNA (Henras et al., 1998; Watkins et al., 1998).  

b.  Catalytic proteins  

i)  Nucleases 

 
The quantity of RNA that is produced by a cell is quite remarkable. A fast-

growing yeast cell produces around 2,000 molecules of ribosomal RNA precursor per 

minute (Warner, 1999). Compounding the metabolic cost of this synthesis, almost all 

RNA species undergo several post-transcriptional processing reactions to produce 
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functional RNA molecules. Several endo and exonucleases are involved in the processing 

of pre-rRNAs into the mature 18S, 5.8S and 25S rRNA. In yeast, 35S rRNA, the largest 

detectable pre-rRNA, is generated by an endonucleolytic cleavage of the primary 

transcript at the 3’ end of the mature 25S rRNA followed by shortening of the pre-rRNA 

up to position +7 (Kempers-Veenstra et al., 1986). These first processing events are 

dependent on Rnt1p, a double-strand-specific endo-RNase that is homologous to bacterial 

RNase III (Apirion and Miczak 1993; Elela, 1996).  Endonucleolytic cleavage at site A0 

is the earliest processing event in the 35S pre-rRNA, which is dependent on the U3 

snoRNP (Hughes and Ares 1991; Beltrame et al., 1994). Previously, it was thought that 

Rnt1p is required for pre-rRNA processing at site A0 (Abou Elela, 1996). However, later 

studies excluded a direct role for Rnt1p in cleavage at site A0 (Kufel et al., 1999).  

In vivo and in vitro studies by different groups have reported that RNase MRP, an 

endo-RNase cleaves the pre-rRNA at site A3 (Schmitt and Clayton 1993; Chu et al., 

1994; Lygerou et al., 1996). More recently it was shown that RNase MRP is required for 

entry of pre-rRNA into the normal processing pathway (Lindahl et al., 2009). MRP RNA 

is structurally related to RNAse P RNA, which suggests that RNase MRP arose in 

eukaryotes as a form of RNase P specialized for pre-rRNA processing (Morrissey and 

Tollervey, 1995; Walker and Engelke, 2006). In addition to RNA, both RNase MRP and 

RNase P share eight integral protein subunits (Chamberlain et al., 1998) leaving Snm1p, 

the only protein unique to RNase MRP (Schmitt and Clayton, 1994). It was also reported 

that RNase P RNA subunit (rpr1) mutants accumulated an aberrant form of 5.8S rRNA 

that is 3’ extended for about 30 nucleotides (Chamberlain et al., 1996). However, the 

precise role of RNase P in pre-rRNA processing remains obscure. It is also noteworthy 



 

 
 

26 

that apart from the RNase MRP that cleaves at site A3 in the pre-rRNA and Rnt1p that 

cleaves within the 3’ ETS, the endonucleases responsible for the cleavage at processing 

sites (A0, A1, A2, C1 and C2 in S. cerevisiae) are still unknown (Kresseler, 1999; Nazar, 

2004).  

 In contrast to the endonucleases, the enzymes responsible for all exonucleolytic 

processing reactions have been identified putatively. Rat1p and Xrn1p are homologous 

and functionally equivalent proteins that have 5’→3’ exo-RNAse activity in vitro 

(Larimer and Stevens, 1990; Amberg et al., 1992; Stevens and Poole, 1995; Johnson, 

1997). While Rat1p is a nuclear protein, Xrn1p functions mainly in the cytoplasm (Heyer 

et al., 1995; Johnson, 1997). The role of Xrn1p and Rat1p in pre-rRNA processing is the 

5’→3’ exonucleolytic digestion of the 27SA3 pre-rRNA up to site B1S (Amberg et al., 

1992; Henry et al., 1994; El Hage et al., 2008), which generates the 5’ end of the major 

form of the 5.8S rRNA. Studies also reported that Xrn1p and Rat1p are even required for 

the degradation of several excised pre-rRNA spacer fragments, A0 -A1, D-A2, and A2 -

A3 (Stevens et al., 1991; Petfalsky et al., 1998). It has been reported that Rat1p is the 

only 5′–3′ exonuclease implicated in the maturation of 5′ ends, while the 3′ end formation 

of the 5.8S rRNA involves multiple nucleases that act sequentially to ensure correct and 

precise trimming of the pre-rRNA (Briggs et al., 1998; de la Cruz et al., 1998; Faber et 

al., 2002). In the absence of any one of these nucleases, 3′ end maturation still occurs, 

albeit not as efficiently (de la Cruz et al., 1998; Allmang et al., 2000) ensuring a 

redundant pathway for 3’ end maturation. More recently, the yeast protein Ydr412p, a 

highly conserved exonuclease, is shown to be required for 5′ end maturation of 5.8S and 
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25S rRNAs, demonstrating that 5′ end processing also has a redundant pathway 

(Oeffinger et al., 2009). 

ii)  ATP- Dependent RNA Helicases 

 
 In addition to the nucleases, RNA helicases of the DEAD-box and related families 

constitute the second largest class of trans-acting factors involved in ribosome biogenesis 

(de la Cruz et al., 1999; Bleichert and Baserga, 2007). At least seven DExD/H-box 

proteins (Dbp4p, Dbp8p, Dhr1p, Dhr2p, Fal1p, Rok1p, and Rrp3p) are involved in 40S 

subunit production, and ten (Dbp2p, Dbp3p, Dbp6p, Dbp7p, Dbp9p, Dbp10p, Drs1p, 

Mak5p, Mtr4/Dob1p, and Spb4p) are involved in the biogenesis of 60S subunits, while 

Has1p and Prp43p contribute to the assembly of both subunits (Linder, 2006; Bleichert 

and Baserga, 2007). These RNA helicases have been suggested to play different roles in 

ribosome biogenesis: 1) the activity of RNA-unwinding could be required to establish 

and /or dissociate snoRNA: pre-rRNA base pairings, 2) helicases may assist endo- and 

exonucleases functionally, 3) helicases might recruit, rearrange or release protein factors 

and r-proteins within the ribosomal particles during the processing and assembly 

reactions (Kressler, 1999).  

While a general role for DExD/H-box ATPases in the release of modification 

guide snoRNAs likely can be discarded (Bohnsack and Tollervey, 2008), three DEAD-

box ATPases might contribute to the release of the essential U3, U14, and snR30 

snoRNAs (Kos and Tollervey, 2005; Liang and Fournier, 2006; Bohnsack and Tollervey, 

2008), which are required for the early cleavages of the 35S pre-rRNA (Venema and 

Tollervey, 1999). Among the non-ribosomal factors, other than the DExD/H-box 

ATPases there are several essential energy (ATP or GTP) consuming enzymes in 
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ribosome biogenesis, including GTPases (Henras et al., 2008), AAA-ATPases (Steitz, 

2008), kinases (Steitz, 2008), and ABC proteins (Zaher and Green, 2009). These enzymes 

are believed to provide the energy that is required to confer directionality to the assembly 

and maturation process. 

c.  Non-catalytic nucleolar proteins 

 
Many of the trans-acting factors are modifying enzymes or proteins, which 

support RNA modification by forming snoRNPs. Nucleolar proteins and small RNAs that 

are not part of mature ribosomes appear to be localized to the nucleolus for the purpose of 

integrating and regulating assembly events (Lafontaine and Tollervey, 1995; Melese, and 

Xue, 1995). Previous studies have identified nucleolar proteins that are required for one 

or more processing steps, including Dsr1p, Gar1p, Nsr1p, Nop1p, Nop2p, Nop3p, 

Nop4p/Nop77p, Rrp1p, Sof1p etc (Moritz et al., 1991; Tollervey et al., 1991; Girard et 

al., 1992; Lee et al., 1992; Russell and Tollervey, 1992; Jansen et al., 1993; Berges et al., 

1994; Sun and Woolford, 1994; Hong et al., 1997) in yeast and fibrillarin, nucleolin, B23 

and p120 in mammalian systems (Ochs et al., 1985; Chang and Olson, 1990; Gustafson 

et al., 1998; Ginisty et al., 1999). All of these proteins share a conserved repetitive 

domain, rich in glycine and arginine, known as the GAR domain that is capable of 

binding single stranded nucleic acid and destabilizing RNA helices (Ghisolfi et al., 

1992).  

Base methylation in the 3’ end of the 18S rRNA in S. cerevisiae has been linked 

specifically to Dim1p, which is also required for processing at A1 and A2 (Lafontaine et 

al., 1995). However, later studies suggested that the enzymatic function of Dim1p can be 

separated from its involvement in pre-rRNA processing (Lafontaine et al., 1998). 
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Nucleolar proteins such as Nop1p, Nop56p and Nop58p, which are core constituents of 

the box C/D snoRPs, are critical for RNA methylation but none actually resemble methyl 

transferases (Lafontaine and Tollervey, 2000). Equally, most proteins such as Gar1p, 

which are associated with snoRNAs in psuedouridylation (Bousquet-Antonelli et al., 

1997), have no sequence similarities with known pseudouridylases and even Cbf5p, 

which seems to resemble E. coli pseudouridyl synthetase, shows no enzymatic activity 

(Koonin, 1996). Later studies identified two novel RNA recognition motif (RRM) 

containing nucleolar proteins: Nop12p (Hong et al., 2001) and Nop13p (Wu et al., 2001) 

that are essential for pre-25S rRNA processing.  

 The final category of trans-acting proteins, which function in ribosome biogenesis, 

are those required for nuclear transport or export. Initial studies revealed that the nuclear 

export of both subunits depends on the general export factor Xpo1p/ Crm1p and the 

regulatory GTPase Ran (Hurt et al., 1999; Moy and Silver, 1999; Moy and Silver, 2002; 

Thomas and Kutay, 2003; Trotta et al., 2003). In the case of 60S subunits, the conserved 

Nmd3 has been identified as an essential export adaptor (Hedges et al., 2006). The 

second receptor mediating export of pre-60S subunits is the heterodimer Mex67p-Mtr2p, 

originally described as a general mRNA export factor (Yao et al., 2007) and the third 

factor contributing to pre-60S export is the unorthodox export receptor Arx1 (Hung et al., 

2006; Bradatsch et al., 2007). In contrast to the large subunit, the export mechanism of 

the small subunit is still unclear. Despite the role of Xpo1p in the export of pre- 40S 

ribosomes, no NES-adaptor has been identified. However, depletion of few ribosomal 

proteins, namely, Rps15p, Rps10p, Rps26p, Rps2p, Rps0p, and Rps3p were found to 

cause strong export defects (Leger-Silvestre et al., 2004; Ferreira-Cerca et al., 2005), 
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suggesting a direct or indirect involvement in pre-40S export.  

1.6.3  Cis-acting elements in pre-rRNA processing 

 Accurate and efficient processing of yeast pre-rRNA involves a large number of 

trans-acting factors as well as specific primary and secondary structural features (cis-

acting elements) within the pre-rRNA (Van Nues et al., 1995; Kressler et al., 1999). 

Comparative studies of rDNA from a large number of diverse organisms show that the 

core elements in the mature ribosomal RNAs are highly conserved while the spacer 

sequences vary greatly in length and composition (Lalev and Nazar, 1999). Because of 

the large variation in spacer sequences, previous studies predicted that the processing 

mechanisms vary widely with phylogeny or spacers might not even play a role in rRNA 

processing (Tague and Gerbi, 1984). However, this possibility was ruled out when 

experimental systems have been used to study the nature of sequence and/or secondary 

structural features that contribute to the recognition of processing sites, either directly or 

indirectly. For example, a cell-free processing system derived from a mouse whole-cell 

extract that carries out processing at the early 5’ ETS site (A0) (Craig et al., 1987; Kass 

et al., 1987) or an in vivo yeast system in which plasmid-associated rDNA transcriptional 

units were expressed (Musters et al., 1990). Efforts to define core features in the spacer 

sequences have focused on the structure in specific organisms (Yeh and Lee, 1992) or 

closely related species (Tague and Gerbi, 1984). Large deletions in the 5’ ETS or ITS 

demonstrated their importance in rRNA maturation. While the exact role of the spacers is 

unclear, it has been proposed that they may act as ‘biological springs’ to bring the mature 

rRNAs into close proximity or appropriate configuration for processing reasons (Nazar et 

al., 1987).  
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a.  Elements in the 5’ ETS 

 
 In S. cerevisiae, a secondary structure model for the 5’ ETS spacer has been 

proposed based on phylogenetic comparisons and chemical or enzymatic probing (Yeh 

and Lee, 1992); these studies suggested that the 700-nucleotide spacer is folded into ten 

helical domains (I-X) and five single stranded regions (Fig 1.3). When large deletions 

that lack various parts of the ETS were generated and assayed for 18S rRNA, no levels of 

18S rRNA were detected (Musters et al., 1990).  Earlier studies in vertebrates reported 

that a crude in vitro system cleaved the 5’ ETS in a U3 snoRNA dependent fashion 

thereby linking removal of 5’ ETS with the snoRNAs (Kass et al., 1990). Studies in S. 

cerevisiae have shown a 10 nucleotide sequence, which is perfectly complementary with 

the 5’ end of the U3 snoRNA acts as a binding site for a U3 snoRNP essential to rRNA 

processing and ribosome biogenesis (Beltrame et al., 1994; Dragon et al., 2002). Another 

interaction just downstream of the 5’ end of the 18S rRNA also was shown to be required 

for cleavages A1 and A2 but not A0 (Sharma and Tollervey, 1999; Dragon et al., 2002).  

 While the cleavage at A0 initially appeared to be dependent on an RNase III-like 

activity (Elela et al., 1996), which is consistent with the helical structure at this site, a 

single stranded configuration appears to be essential in vertebrates (Craig et al., 1991) 

and a later study reported contrary results (Kufel et al., 1999). In S. cerevisiae, it was 

reported that, in addition to the A0 site, an 18-nucleotide deletion, 600 nucleotides 

upstream of the A1 site, blocked 18S rRNA formation (Raue, 2003). In S. pombe, a series 

of mutations in the 5’ ETS, 270 nucleotides upstream to the 18S rRNA indicated 

structural correlations with events in rRNA maturation (Intine et al., 1999). A more 

detailed description about 5’ ETS processing is presented in the later part of this chapter. 
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b.  Elements in the ITS1 

 
 Despite the large differences in their length and nucleotide composition, 

comparative analyses of the internal transcribed spacer 1 (ITS1) of widely divergent 

eukaryotes have suggested a simple core structure consisting of a central extended hairpin 

and lesser hairpin structures at the maturing junctions (Lalev and Nazar, 1998). In S. 

cerevisiae, the critical elements in ITS1 appeared to be predominantly confined to the 

sequence neighbouring the cleavage sites (Fig 1.4), which are recognized directly by the 

processing nucleases (Raue, 2003). Previous studies reported that the initial cleavage at 

A2 is defined by a bipartite signal consisting of a 3’-adjacent ACAC sequence and 

sequence/structure downstream of this element (Van Nues et al., 1994), while the 

subsequent cleavage at A3 appear to depend on a sequence that spans this site (Lygerou 

et al., 1996) and was recognized by RNase MRP. The region downstream of A3 was 

shown to be important for 25S rRNA production (Van Nues et al., 1995). Finally, 

cleavage at site D appeared to require the six adjacent spacer nucleotides in addition to 

the information within the 3’ end of the 18S rRNA (Van Beekvelt et al., 2001). Recent 

studies in S. pombe pointed to a slightly different model for the cis-acting elements in the 

internal spacer regions when a protein complex, putatively called a ribosome assembly 

chaperone (RAC) was purified by affinity chromatography (Lalev et al., 2000). In vivo 

mutagenesis using a ‘tagged’ rDNA expression system, suggests that the ‘central 

extended haipins’ serve to bind and perhaps organize trans-acting factors, which direct 

nuclease activities at the primary cleavage sites (Abeyrathne and Nazar, 2005). 
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c.  Elements in the ITS2 

 
 Deletion or complete omission or replacement of ITS2 in S. cerevisiae with 

counterparts from other species resulted in failure to produce mature 5.8S and 25S rRNA 

(Musters et al., 1990; van der Sande et al., 1992; van Nues et al., 1995; Cote and Peculis, 

2001), which demonstrates that rRNA processing requires sequences and/or higher order 

structures within ITS2. These studies suggested extensive folding of the ITS2 sequences 

bringing 5.8S and 25S rRNA into juxtaposition for interaction (Peculis and Greer, 1998; 

Cote and Peculis, 2001). A secondary structure model for ITS2 in S. cerevisiae was 

determined experimentally, based upon minimum free energy modeling in combination 

with structural mapping by chemical and enzymatic methods (Yeh and Lee, 1990) 

yielding an extensively base-paired structure consisting of a series of hairpins (Fig 1.4). 

Although this model was well supported in yeast and a few other species, an examination 

of ITS2 sequences in other eukaryotes demonstrated that not all ITS2 sequences could 

form this extensively base-paired structure. However, later studies suggested a dynamic 

conformational model for the role of ITS2 spacer in processing in vertebrates and yeast 

(Cote et al., 2002). In some contrast, both the studies indicate that elements for the 

cleavage of ITS2 at site C2 are distributed throughout the spacer and include the 

adjoining helix formed by pairing between the 3’ end of the 5.8S and the 5’ end of the 

25S rRNAs. It is now recognized that the ITS2 region from a widerange of taxa forms a 

secondary structure consisting of a closed loop with four double-stranded helices 

separated by single-stranded regions (Goertzen et al., 2003; Gottschling and Plotner 

2004; Schultz et al., 2005; Coleman 2007). 



 

 
 

34 

d.  Elements in the 3’ ETS 

 
 Sequences from diverse organisms have revealed a highly conserved extended 

hairpin structure just downstream of the 25-28S rRNA (Fig 1.5). Deletion analysis of 3’ 

ETS in S. cerevisiae (Veldman et al., 1980; Kempers-Veenstra, 1986) and S. pombe 

(Melekhovets et al., 1994) demonstrated that this structure is essential in the maturation 

of the 3’ end of the 25S rRNA. Subsequent genetic and biochemical studies suggested 

that cis-acting signals in the upper region of the hairpin structure are recognized by one 

or more protein factors (Hitchen et al., 1997) and sequence mutations in this site 

appeared to have deleterious effects (Spasov et al., 2002). Studies on RNase III-like 

nucleases, Rnt1p in S. cerevisiae (Kufel et al., 1999) and Pac1 in S. pombe (Ivakine et al., 

2003) indicated that these enzymes cleaved at known intermediate processing sites in the 

3’ ETS and the effects of mutations are also entirely consistent with an RNase III-like 

substrate. Further studies in S. pombe have shown that the cleavage efficiency and 

specificity of Pac1 nuclease were altered dramatically cleaving the 3’ end of the 25S 

rRNA, leading to complete removal of 3’ ETS in the presence of the RAC protein 

(Spasov et al., 2002). These studies suggested the presence of the protein induced 

structural change, which allows access to the mature 3’ end sequence junction. 
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Figure 1.3  Secondary structure model of the 5’ ETS from S. cerevisiae.  

 The ten helical domains are numbered as I-X. The shaded areas represent the single 

stranded regions. The positions of the U3 snoRNA binding site, A1 processing site, A0 

processing site and the 5’ end of the mature 18S rRNA are indicated. The model was 

adapted from Van Nues et al., (1995). 
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Figure 1.4  Secondary structure model of the ITS1, 5.8S rRNA and ITS2 region in S. 

cerevisiae.  

 The model includes the ITS1, 5.8S rRNA and ITS2 sequences. Mature 18S, 5.8S 

and 25S rRNA are indicated as dark lines. The helices for each of the ITS regions are 

numbered and the areas that were shown to be critically important for processing are 

indicated by shading. The model was adapted from Van Nues et al., (1995). 
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       A          B 

 

Figure 1.5  Secondary structure model for the 3’ ETS from S. cerevisiae and S. 

pombe. 

A. The structure of the 3’ ETS region in S. cerevisiae. The structure was adapted        

from Abou Elela and co-workers (1996). 

B. The structure of 3’ ETS region in S. pombe. Processing sites are marked as 

residue numbers. The shaded area indicates bases, which are critical in 

processing. The structure was adapted from Melekhovets and co-workers 

(1994). 
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e.  Cis elements within the mature sequences 

 

 Studies on junction regions with respect to the 18S, 5.8S and 25S rRNAs in S. 

cerevisiae, indicate that mature sequence regions contribute important features that can 

influence pre-rRNA processing. Previous studies reported that the first variable region 

(VI) of the 18S rRNA in S. cerevisiae affected processing at A0, A1 and A2 sites (Van 

Nues et al., 1997). It was postulated that the mutation introduced might somehow have 

caused a structural distortion that blocked U14 from binding nearby sequences. Another 

cis-acting element within the mature sequence was the 5’ stem-loop/pseudoknot structure 

located 3nt downstream of the 5’ end of the mature 18S rRNA. It has been reported that 

the mature 5’ end of the 18S rRNA in yeast is identified by spacing the A1 cleavage at a 

fixed distance of 3 nt from the 5' stem-loop/pseudoknot structure (Venema et al., 1995). 

Therefore it appears that the pseudoknot structure acts as a spacing signal that aids in 

processing at this end. Also, maturation of the 3’ end of the 18S rRNA in mammals was 

shown to depend on a CAUU sequence (Cavaille et al., 1996), which is a putative U13 

snoRNA binding site. In addition, other studies on variable or expansion segments in 25S 

rRNAs in S. cerevisiae (Jeeninga et al., 1997) indicate that even changes in these regions 

can influence rRNA processing. 

1.6.4  Processing as a quality control mechanism 

 Many studies on ribosomal RNA processing have shown that the cis-acting 

elements and trans-acting factors play major roles in the maturation of pre-rRNA. The 

use of in vivo yeast systems where the plasmid-associated rDNA transcriptional units can 

be expressed, have greatly enhanced our knowledge about cis-acting elements in the 

transcribed spacer sequences being critical for their own removal. In the past, studies in 
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S. cerevisiae have reported an independent maturation of the ribosomal subunits (Musters 

et al., 1990) since it was shown that the ribosomes can be synthesized in ‘trans’ with the 

LSU and SSU rRNAs expressed from alternate plasmid-associated templates (Liang and 

Fournier, 1997). However, evidences like EM studies, which showed that the processing 

(with the exception of the primary cleavage in mouse) did not occur until the transcript 

was complete (Miller and Beatty, 1969; Lazdins et al., 1997; Leger-Silvestre et al., 1997) 

and that the primary transcripts associate with proteins to form a 90S particle in hela cells 

before any processing occur (Kumar and Warner, 1972), suggests that in some way the 

processing could be dependent on the formation of the whole transcript. 

 Studies by Nazar and co-workers in S. pombe have provided several lines of 

evidence, which indicate that critical features in RNA processing may be organized into 

one large domain and the maturation of LSU and SSU rRNAs are interdependent. For 

example, changes in 3’ ETS structure inhibited not only the removal of the 3’ ETS but 

also the processing of ITS2 and even dramatically depressed the production of plasmid-

derived 18S rRNA. Similarly, mutations in the ITS2 inhibited maturation of the 5.8S, 25S 

and 18S RNA (Good et al., 1997a). Mutations in the 5’ ETS inhibited production of 18S 

rRNA, 5.8S and 25S rRNAs (Kass et al., 1990) and even the removal of termination 

signals adversely affected rRNA production (Lee et al., 1995). These results indicated 

that the processing steps leading to mature rRNAs were interdependent, thereby 

suggesting that the initial formation of a single large precursor particle may serve as a 

‘quality control’ mechanism to ensure that defective rRNAs are not incorporated into 

functional ribosomes (Good et al., 1997a). Studies in S. pombe also have suggested that 

rRNA modification may act as a quality control mechanism (Song and Nazar, 2002). 
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Recently, a model has been suggested for the assembly of nucleolar pre-ribosome 

particles, which attempts to explain the distant interactions in rRNA processing and their 

role as a quality control mechanism (Nazar, 2004). 

1.6.5  5’ ETS processing and synthesis of 18S rRNA 

 Processing of ribosomal RNA (rRNA) which is the central component of 

the ribosome and the complex reactions that pre-rRNA undergoes are important for the 

formation of functional ribosomes. Since most proteins are made on polyribosomes, a 

single defective ribosome not only produces less protein but also can inhibit the 

movement of other ribosomes with much more severe effects on protein synthesis. 

Therefore it is reasonable that there should exist some mechanism which works at least in 

part as a quality control preventing the formation of dysfunctional ribosomes that 

severely disrupt protein synthesis. Supporting this hypothesis, several observations made 

in our laboratory based on the mutagenic studies of the external transcribed spacer and 

internal transcribed spacers suggest an unusual interdependence in the processing steps 

(Good et al., 1997; Lalev et al., 1998; Intine et al., 1999).  

 A number of past studies in S. cerevisiae have been focused on the external 

transcribed spacers (ETS) and provided various links to rRNA processing. Earlier, it was 

thought that the 5’ ETS was removed entirely by an endonucleolytic cleavage at the A1 

site, generating the mature 5’ end of the 18S rRNA. However, a “primary processing 

site” was identified in mouse (Miller and Sollner-Webb, 1981), humans (Kass et al., 

1987), frogs (Mougey et al., 1993), S. cerevisiae (Hughes and Ares, 1991) and S. pombe 

(A0) (Good et al., 1997b). Other processing intermediates also have been reported 

(Razziudin et al., 1989). Later, studies by Good and co-workers have suggested that six 
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transient termini were generated during the removal of 5’ ETS in S. pombe (Good et al., 

1997b). Whatever the case, the exact mechanism by which the mature 5’ terminus of the 

18S rRNA is formed is still unclear. 

As previously mentioned, a secondary structure model for 5’ ETS in S. cerevisiae 

has been proposed based on phylogenetic comparisons and chemical or enzymatic 

probing (Yeh and Lee, 1992). Abolishment of 18S rRNA production and its assembly 

into 40S subunits was observed when deletion mutants that spanned this spacer were 

constructed and assayed by northern hybridization (Musters et al., 1990). This study, 

however, did reveal the importance of specific sequences. At least three small nucleolar 

ribonucleoprotein particles (snoRNPs) containing three different snoRNAs (U3, U14 and 

snR30) were reported to be essential for the 18S rRNA synthesis (Kass et al., 1990; Li et 

al., 1990; Hughes and Ares, 1991; Morrissey and Tollervey, 1993). Previous studies 

indicated that U3 snoRNA base-pair directly with the 5’ ETS and cleavage of the nascent 

pre-rRNA transcript appears to be initiated by the binding of U3 snoRNP (Hughes and 

Ares, 1991, Beltrame et al., 1994). Later, Sharma and Tollervey (1999) reported that the 

5’ loop region of 18S rRNA exhibited complementarity to the conserved U3 snoRNA 

box A region and that the U3-ETS interaction was required for pre-rRNA cleavage at 

sites A0, A1, and A2 while the U3-18S interaction appeared to be required for cleavage 

at sites A1 and A2 but not for cleavage at A0. The actual recognition signals that define 

the cleavage at the 5’ end of the yeast 18S rRNA (site A1) appear not to be dependent on 

either the A0 cleavage site (90 nt upstream of A1) or the site of U3 snoRNA-5’ ETS in 

vivo crosslinking (45 nt upstream of A1). Instead, it has been reported that the maturation 

of the 5’ end sequence was defined by a small cluster of phylogenetically conserved 
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nucleotides immediately upstream of the A1 cleavage site and by a fixed distance of three 

nucleotides from a 5’ stem-loop/pseudoknot structure within the 18S rRNA sequence 

(Venema et al., 1995). This conserved stem-loop structure within the 5’ region of the 18S 

rRNA was later also recognized as required for 18S rRNA stability (Sharma et al., 1999).  

In S. cerevisiae, while cleavage at A0 appeared to be dependent on an RNase III-

like activity with specificity for double-stranded RNA (Elela et al., 1996), a single 

stranded configuration appeared to be essential in vertebrates (Craig et al., 1991) and a 

later study in S. cerevisiae (Kufel et al., 1999) reported contrary results. These 

observations or conclusions left a number of questions about the relationship of the U3 

snoRNP binding, the A0 cleavage site, and the subsequent maturation of the 18 S rRNA. 

To take advantage of a closer phylogenetic comparison, Nazar and co-workers have been 

examining rRNA processing in fission yeast, S. pombe, by using a plasmid-associated 

expression system in vivo (Abou Elela et al., 1994; 1995). The real strength of the yeast 

system as a model is its facile genetics. While both S. cerevisiae and S. pombe are non 

pathogenic, rapidly growing eukaryotes that are popular as model systems, they also have 

many differences and comparison between them is uniquely informative to understand 

basic biological processes. We use fission yeast in particular because studies have shown 

that its chromosomal organization is very similar to that of human chromosomes. 

The secondary structure of the 5’ ETS (Fig 1.6), predicted using the mfold 

program, which is based on the algorithms of Zuker and coworkers (Walter et al., 1994) 

from the sequence (determined by Good et al., 1997b), appeared to be highly paired and 

folded into many extended helices separated by short single stranded regions. Initial 

studies were carried out by generating seven large deletions (Fig 1.6) that spanned the 
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entire 1320 nucleotides of the S. pombe 5’ ETS (Intine, 1999). In order to facilitate easy 

understanding, the deletions (I-III) proximal to 18S rRNA will be referred to as hairpins 

and the deletions in the distal portion (IV-VII) will be referred to as regions throughout 

this entire thesis. It was reported that the spacer contains structural features, which are 

essential for 18S rRNA maturation and also production of 5.8S rRNA, again showing 

interdependency in processing of the SSU and LSU rRNAs. In an attempt to better 

understand the structural elements in the 5’ ETS, the portion of the 5’ ETS (270 

nucleotides) most proximal to the mature 18S rRNA of S. pombe was re-examined based 

on the nucleotide sequence and its higher-order structure (Intine et al., 1999). This re-

evaluation of the structure, using updated computer analysis (Walter et al., 1994) and 

partial nuclease digestion assays, led to the prediction of a crucifix-like secondary 

structure base-paired more extensively and folded primarily into three long hairpins (I-III, 

respectively, Fig 1.7.B). The 5’ ETS structure proximal to 18S rRNA in S. cerevisiae also 

was examined using the updated software. As shown in Fig 1.7.A, while the actual 

sequences were substantially different, the equivalent region in each case was highly 

paired and folded into three extended hairpins (Intine et al., 1999). A series of mutations 

indicated strong correlations with known or putative events in rRNA maturation (Intine et 

al., 1999). Consistent with studies in S. cerevisiae (Venema et al., 1995), these studies 

reported that the first hairpin (I) was not critical to 5’ end cleavage but changes 

associated with an intermediate cleavage site in hairpin II and with the putative U3 

snoRNA binding site in hairpin III were shown to be critical to 18S rRNA production and 

also to the production of the larger ribosomal subunit. However, these comparative 
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studies of structure of 5’ ETS have not revealed any equivalent sequence complementary 

with the U3 snoRNA in S. pombe, which is reported in S. cerevisiae. 

Whether the sequence/structure in the junctional region of 5’ ETS and 18S rRNA 

surrounding the A0 and A1 cleavage site in the hairpin I would affect the maturation of 

18S rRNA in S. pombe had not been explored. Recent studies on cis-acting elements in 

ITS1 suggested that the changes in the central extended hairpin or junction regions 

entirely eliminated the plasmid-derived RNAs (Abeyrathne and Nazar, 2005). Therefore, 

it would be interesting to explore if there are any cis-acting elements confined to the 

immediate neighbourhood of the A1 cleavage site in the case of 5’ ETS. Further, the 

observation of the preliminary deletions (regions I-VII), which indicated that the spacer 

contains structural elements in the distal portion essential for maturation of both the 

subunit rRNAs, raised important questions as to whether the entire region is critical for 5’ 

ETS processing or a specific part of the region is important.  

Simultaneously, in search for structural features, which underlie the 

interdependencies in rRNA processing, our laboratory attempted to isolate proteins that 

specifically interact with the individual transcribed spacers. A large protein complex of 

20 or more polypeptides was isolated using the S. pombe ITS1 spacer sequence as a 

ligand for affinity chromatography (Lalev et al, 2000). Similar attempts using ITS2 or 3’ 

ETS sequences have yielded essentially the same complex and at least one protein 

binding site has been mapped to each of the spacer regions (Hitchen et al., 1997; Lalev et 

al., 2000; Ivakine et al., 2003). Disruptive mutations in the sites have been shown to 

affect not only protein binding but also inhibit rRNA processing (Intine et al., 1999; 

Lalev et al., 2000; Ivakine et al., 2003). This complex was named ribosome assembly 
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chaperone (RAC), to indicate its putative function (presumably acting as a kind of rack 

on which critical structure is organized (Nazar, 2004). Eventually, in an attempt to 

understand the role of 5’ ETS in the maturation of rRNA, three putative protein binding 

sites have been mapped to regions (IV, V and VI) in the distal portion of 5’ ETS by 

modification exclusion chromatography (Spasov and Nazar, unpublished studies). Further 

sequence comparison between U3 snoRNA and 35S pre-rRNA of S. pombe revealed 

perfect or near perfect complementarity with 5’ ETS sequence at the +512 to +522 

nucleotide region and 5’ loop of the mature 18S rRNA coding sequence corresponding to 

positions +9 to +15. These observations again raised questions about the importance of 

the putative protein binding and U3 snoRNA binding sites in the pre-rRNA processing. In 

addition, other sequence elements in the distal regions of the 5’ ETS invited further 

exploration. 
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Figure 1.6  Secondary structure estimate of the 5’ ETS sequence in S. pombe. 

 

The secondary structure of the 5’ ETS predicted using the mfold program, which 

is based on the algorithms of Zuker and coworkers (Walter et al., 1994) from the 

sequence (determined by Good et al., 1997b). The sequence (1320 nucleotides) is highly 

paired folding into many extended helices separated by short single stranded regions. The 

shaded area indicates the beginning of the 18S rRNA. The deletions (regions I–VII) 

generated (Intine, 1999) were indicated by brackets. 
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Figure 1.7  Comparison of structural estimates for the proximal region of the 5’ 

ETS sequence in yeast pre-rRNA. 

 The structural estimates were predicted using the mfold program based on the study 

in S. pombe (Intine, 1999). The sequence for S. cerevisiae (A) was taken from Yeh and 

Lee (1992) and S. pombe (B) from Good et al., 1997b. Lightly shaded areas represent the 

mature 18S rRNA. The large arrow heads represent known cleavages during RNA 

maturation (Hughes and Ares, 1991; Good et al., 1997b) and the shaded residues are 

common to both models and are part of the U3 snoRNA binding site in S. cerevisiae 

(Beltrame and Tollervey, 1995). The arrows indicate the results of limited digestion with 

pancreatic (black), S1 (open) and T1 (grey) ribonuclease (Intine and Nazar, 1999).   
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1.7  Thesis overview 

While the maturation pathways have been identified more than 3 decades ago, the 

role of the transcribed spacers and details of the cleavage mechanisms remained largely 

unknown. Considering all the past and recent studies on spacer regions, this thesis was 

initiated to further the current understanding of the sequence and/or structural elements in 

the 5’ ETS of S. pombe that contribute to pre-rRNA processing. The majority of these 

studies employed the in vivo plasmid-associated expression system developed for S. 

pombe in our laboratory (Abou Elela et al., 1994; 1995). 

The experimental results obtained during the course of this study are presented in 

four subsequent chapters. Chapter two provides an introduction to the mutational system 

developed by our group, plasmid constructs, site-directed mutagenesis, cloning strategy 

and selection of mutants. This chapter also reports a mutagenic survey of the 5’ ETS/18S 

rRNA junction region sequences in the immediate neighbourhood of the A0, A1 cleavage 

sites and a putative U3 snoRNA binding site in the stem-loop region of 18S rRNA. The 

results indicate that the sequence and/or structure in the 5’ ETS/18S rRNA junction 

region do not direct the cleavage at the 5’ end of mature 18S rRNA. The pseudoloop 

structure of 18S rRNA, also presumably a U3 snoRNA binding site, appears to have an 

affect on the stability of the mature 18S rRNA.  

 Chapter three is focused on exploring the sequence and/or structural features in the 

more distal region of 5’ ETS. Base substitutions were introduced to disrupt the putative 

protein binding sites as well as U3 snoRNA binding sites with all being assayed for both 

plasmid derived 18S and 5.8S rRNA levels. Further, in response to various structural 

questions, small deletions were constructed in the stem-loop regions in each of the 



 

 
 

50 

regions (IV, V and VI) in the distal portion of 5’ ETS. The results defined the sequence 

and /or structural elements in regions IV and V critical for the production of 18S rRNA. 

Chapter four is mainly focused on mapping the termini in the 5’ ETS in S. pombe 

using hybridization and ligation mediated RT-PCR. In addition to the 5’ ETS sequence 

mutation-induced changes, the role of known nuclear nuclease activities in the generation 

of precursor intermediates was examined. Termini analysis using ligation-mediated RT-

PCR detected two potential cleavage intermediates in the 5’ ETS region. Temperature 

sensitive nucleases and 5’ ETS sequence mutants do not seem to influence rRNA 

processing events. 

Following on questions raised in the mutational analysis, to further understand 

their functional significance including possible interactions with U3 snoRNA and protein, 

this chapter initiated preliminary binding studies (RNA-RNA and RNA-protein) with an 

aim to reexamine the effects of mutants in vitro. In preparation for RNA-protein 

interaction studies, the biological activity of the different protein extracts prepared from 

S. pombe cells was tested by examining RNA trimming of U3B snoRNA precursor in 

vitro. Protein extracts containing higher molecular components (S10) were found to be 

more efficient, resulting in complete maturation of the U3B snoRNA precursor.  The 

results of in vitro RNA-RNA interaction indicated strong interaction between region IV 

in the 5’ ETS and U3 snoRNA. In vitro RNP studies by gel retardation indicated that 

region VI had the ability to form a clear and reproducible RNP. 

 Chapter six presents a general discussion of the results obtained during the course 

of this study and provides directions for future studies. 
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Chapter 2.  Introduction and expression of mutations in the 5’ ETS/18S junction 

region sequences of S. pombe pre-rRNA 

2.1  Introduction  

 A number of past studies have been focused on the 5’ ETS and provided various 

links to rRNA processing but the recognition signals and molecular mechanisms involved 

in its excision from the pre-rRNA remain unclear. In S. cerevisiae, previous studies 

reported that the maturation of the 5’ end of 18S rRNA is defined by two recognition 

signals; a small cluster of phylogenetically conserved nucleotides, immediately upstream 

of the A1 cleavage site and a fixed distance of three nucleotides from a 5’ stem-

loop/pseudoknot structure within the 18S rRNA sequence (Venema et al., 1995). Recent 

studies in S. pombe have examined the 5’ ETS structure proximal to the mature 18S 

rRNA sequence and a common model for S. cerevisiae and S. pombe was proposed. 

According to this model (Fig 1.7), both of them shared a number of features including 

two key cleavages (A0 and A1) that occur on opposite sides of the most proximal hairpin 

within the helical stem (Intine et al., 1999). A series of mutations in this structure 

indicated strong correlations with known or putative events in rRNA maturation. 

However, the actual sequence or structure in the 5’ ETS/18S rRNA junction region had 

not been explored. 

 While alternate previous studies in S. cerevisiae reported that cleavage at A0 

appeared to be dependent on an RNase III-like activity with specificity for double-

stranded RNA (Elela et al., 1996), a single stranded configuration appeared to be 

essential in vertebrates (Craig et al., 1991). Later studies, however, seem to exclude a 

direct role for Rnt1p in cleavage at site A0 in S. cerevisiae (Kufel et al., 1999). In view of 
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these contradictory reports with respect to the A0 cleavage being dependent on RNase III 

like activity, it is of interest to examine if the sequence/structure in the 5’ ETS/18S rRNA 

junction region play an important role in directing or influencing the cleavage at the 5’ 

end of mature 18S rRNA in S. pombe. This chapter reports a mutagenic survey of the 5’ 

ETS/18S rRNA junction region sequences in S. pombe to explore if there are any cis-

acting elements confined to the immediate neighbourhood of the A1 cleavage site in case 

of 5’ ETS.  

Also, U3, the most abundant snoRNA has been shown to be required for correct 

processing of the 5’ ETS in vertebrates, yeast and archaebacteria (Kass et al., 1990; 

Hughes and Ares, 1991; Mougey et al., 1993; Potter et al., 1995). It was reported to base-

pair directly with the 5’ ETS and cleavage of the nascent pre-rRNA transcript appears to 

be initiated by binding of U3 snoRNP (Hughes and Ares, 1991; Beltrame et al., 1994; 

Sharma and Tollervey, 1999). Sequence comparison between U3 snoRNA and 35S pre-

rRNA in S. pombe revealed two sites that exhibit perfect or near perfect complementarity. 

One of these sites is the 5’ stem-loop region of the mature 18S rRNA coding sequence 

corresponding to positions +9 to +15. This chapter also uses the site directed mutagenesis 

in this region to investigate whether it is an important U3-related, cis-acting element in 

pre-rRNA processing. Following mutagenesis, the in vivo expression of both the SSU 

rRNA (18S rRNA) as well as the 5.8S rRNA from the LSU of constructs carrying the 

mutagenized spacers was determined using the tagged rDNA system described in section 

2.2.5. 
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2.2  Materials and methods 

 2.2.1  Bacterial strains and growth conditions 

During this study, Escherichia coli strain C490 (rec A
-
, rk

-
, mk

-
, thr

-
, leu

-
, met

-
) 

originally derived from C600 (Hanahan, 1983) was used as a host for the propagation of 

various plasmid vectors and constructs. Bacteria were grown with aeration at 37
0
C in 

Luria-Bertani (LB) medium (10g Bacto-tryptone, 5g Yeast extract, 10g NaCl per litre) or 

on LB plates (1.5% agar in LB broth).   

2.2.2  Yeast strains and growth conditions 

S. pombe, strain h-, leu 1-32, ura4-D18 (Heyer et al., 1986), was grown with 

aeration at 30
0
C in liquid YED medium [0.5% (w/v) yeast extract, 2% (w/v) dextrose] or 

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 (2% agar in MB 

broth). 

S. pombe transformed with pFL20 recombinants was grown with aeration at 30
0
C 

in liquid MMA medium [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). 

For all the transformation experiments, at least three colonies were selected and 

cultured in MMA medium (20 ml) with aeration at 30
0
C. When these cultures were in the 

logarithmic growth phase they were diluted to the optical density of 0.1 at 550 nm in 
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100ml of MMA medium and grown overnight at 30
0
C. 1ml aliquots were taken hourly 

and the optical density of the culture was recorded at 550 nm. The data was plotted on a 

semi-logarithmic graph with optical density on the Y-axis and time on the X-axis and the 

doubling time of the cells was determined from the slope of the line. 

2.2.3  PCR templates and bacterial cloning intermediates 

 During the course of these studies, several intermediate vectors were used in order 

to simplify the introduction of mutations by PCR amplification and subsequent cloning of 

the mutated sequences into the final construct (Fig 2.1). The plasmid pTZ19R5’ETS 

encodes 270 nucleotides of the 5’ ETS sequence proximal to the 18S rRNA and the first 

164 nucleotides of the 18S rRNA sequence, cloned into the XbaI restriction endonuclease 

site in the pTZ19R phagemid (Mead et al., 1986). This vector was used as a template to 

introduce base substitutions in the 5’ ETS most proximal to the 18S rRNA by mega-

primer PCR.  The plasmid pBS5’ETS18S5.8Cla contains sequences from the ClaI 

restriction endonuclease site in the 5.8S rRNA gene upstream to the SpeI restriction 

endonuclease site in the pFL20/Pst18S5.8i4 (Fig 2.1.) cloned into pBluescript KS at the 

XbaI and ClaI restriction endonuclease sites and was used as an intermediate vector to 

clone mutant DNA fragments generated by PCR. The plasmid pBS5’ETS18S5.8Cla short 

is pBS5’ETS18S5.8Cla with a 430 bp XbaI restriction fragment deleted.  

 

Yeast shuttle vector 

The shuttle vector pFL20/Pst18S5.8i4 (Fig 2.1.) (Abou Elela et al., 1995, Good et 

al., 1997a) used in this study was based on the pFL20 high copy yeast shuttle vector 

(Losson and Lacroute, 1983). This vector contains the rDNA repeat unit cloned at the 
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HindIII restriction endonuclease site. Transformation of S. pombe Ura4Δ strains to a 

Ura+ phenotype and propagation of vector is made possible by the vector-encoded S. 

cerevisiae URA 3 gene and an S. pombe origin of replication. The plasmid also contains 

the -lactamase gene and the ColE1 origin of replication for selection and propagation in 

E. coli. This vector was used as a final vector for cloning and the transformation of S. 

pombe cells. The plasmid pFL20/Pst18S5.8i4 short contains the full-length rDNA repeat 

unit as in the yeast shuttle vector except for the 430 bp XbaI restriction fragment. 
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Figure 2.1  A diagrammatic representation of the cloning vectors used in these 

studies. 

 

A. The S. pombe shuttle vector pFL20/Pst18S/5.8i4. Our lab previously cloned an 

rDNA repeat unit into the S. pombe shuttle vector pFL20 at a HindIII restriction 

endonuclease site (Abou Elela et al., 1994). The 5.8S and 18S rDNA genes were 

subsequently “tagged” (*) (Abou Elela et al., 1995, Good et al., 1997a), which 

permitted the study of the maturation of both the LSU and SSU plasmid derived 

rRNAs (section 2.3.4). Essential features of this vector are marked: Ori(E) = E. 

coli origin of replication, Ori(Sp) = S. pombe origin of replication, Ura = S. 

cerevisiae URA 3 gene, Amp = ampicillin resistance gene and Tet = tetracycline 

resistance gene. Several restriction enzyme sites utilized in these studies were also 

marked: X = XbaI, N = NotI, C = ClaI, S = SpeI, Hp = HpaI and H = HindIII. 

B. The plasmid pBS5’ETS18S5.8Cla contains sequences from the ClaI restriction 

endonuclease site in the 5.8S rRNA gene upstream to the SpeI restriction 

endonuclease site in the pFL20 cloned into pBluescript KS at the XbaI and ClaI 

restriction endonuclease sites. This vector was used as an intermediate vector for 

cloning. 

C. The plasmid pTZ19R5’ETS encodes 270 nucleotides of the 5’ ETS sequence 

proximal to the 18S rRNA and the first 164 nucleotides of the 18S rRNA 

sequence, cloned into the XbaI restriction endonuclease site in the phagemid 

pTZ19R (Mead et al., 1986). This vector was used as a template to introduce base 

substitutions in the 5’ ETS.    
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2.2.4  Preparation of mutant rDNAs  

a. “Megaprimer” polymerase chain reaction-based mutagenesis 

 
 All the substitution mutations in the 5’ ETS sequence were introduced using the 

single-tube “megaprimer” polymerase chain reaction (Nabavi and Nazar, 2005) with 

slight modifications. PCR reactions (50 l) were performed in buffer containing: 50 mM 

KCl, 10 mM Tris-HCl, pH 9.0, 1.5 mM MgCl2, 0.1% Triton X-100, 0.2 mM of each 

dNTP (dATP, dGTP, dCTP and dTTP), 0.1 mg/ml BSA, 200 ng of each primer (forward 

and reverse), 5-10 ng of template DNA and 1 unit of Taq DNA polymerase. The mix was 

overlayed with light mineral oil before loading into the PCR machine. PCR reactions 

were performed using a thermocycler (Pharmacia LKB, Gene ATAQ controller, 

Stockholm, Sweden) programmed with an initial denaturation step at 95
0
C for five 

minutes, followed by 30 cycles of denaturation at 94
0
C for one minute, annealing at an 

empirically determined temperature in the range of 25-50
0
C for one minute and extension 

at 72
0
C for one minute. After the standard first round of PCR amplification, the 

“megaprimer” PCR product was treated with two 5-unit aliquots of exonuclease I 

(Fermentas, Burlington, Ontario, Canada) each for 2 h at 37
0
C, followed by enzyme 

inactivation at 80
0
C for 15 minutes. In the second round of PCR amplification, the 

reaction mixture was made up to 100 l volume with PCR buffer containing 2-5 ng of 

template, 0.2 mM dNTPs, 200 ng of flanking primer and 2 units of Taq DNA 

polymerase. After initial denaturation at 95
0
C for five minutes, PCR reaction was 

followed by 30 cycles of denaturation at 94
0
C for one minute, annealing at 45

0
C for 15 

minutes and extension at 72
0
C for one minute. 
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b.  Quantification and purification of DNA by gel electrophoresis 

 

Depending on the size of the fragments, DNA prepared by PCR amplification was 

fractionated on 1%-2% (w/v) agarose (Bio shop, Canada) gels in 0.5X TBE buffer (10X 

stock: 0.89 M Tris, 0.89 M Boric acid and 25 mM EDTA). Prior to loading, each sample 

was mixed with 1/10 volume of Halt solution (5% SDS, 25% glycerol and 0.25% 

bromophenol blue) and electrophoresis was performed at 15-20 mA. After 

electrophoresis, gels were stained with ethidium bromide (0.5 g/ml) for 15-20 minutes, 

destained in ddH2O for 5-10 minutes and visualized using a transilluminator. For 

quantification, DNA of known concentration was run as a standard. Images of DNA were 

captured using a Gel-Doc camera system (Bio-Rad Laboratories, Hercules, CA, USA) 

and were analyzed using Molecular Analyst/PC software (Bio-Rad Laboratories, CA, 

USA). For purification, depending on the size of the fragment, the DNA was fractionated 

on a 5%-10% native polyacrylamide (acrylamide:bisacrylamide, 29:1) gel in 0.5X TBE 

buffer (10X stock: 0.89 M Tris, 0.89 M Boric acid and 25 mM EDTA). DNA samples 

were mixed with Halt solution as mentioned above and electrophoresis was performed at 

500 volts for 4-5 hours or until the bromophenol blue dye reached the bottom of the gel. 

The gel was then stained with methylene blue stain (0.2% Methylene blue in 0.2 M 

Glacial acetic acid, 0.2 M Sodium acetate) and destained with dd H2O. Bands containing 

the desired DNA were excised from the gel using a scalpel and the gel slice was 

subjected to homogenization in the presence of 500 l of extraction buffer (0.3% [w/v] 

SDS, 0.14 M NaCl, 0.05 M sodium acetate) and an equal volume of phenol solution 

(946ml of 90% phenol, 210 ml m-cresol, 135 ml H2O, 1.3 g 8-hydroxyquinoline) (Nazar, 

1978). Aqueous and phenol phases were separated by micro centrifugation (model 235B, 
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Fischer scientific, Fairlawn NJ) at 12500 g for 2 minutes and the resulting aqueous phase 

was extracted twice with an equal volume of phenol, chloroform and isoamyl alcohol 

(25:24:1). The DNA was then precipitated at -20
0
C with the addition of 2.5 volumes of 

salted ethanol (2% potassium acetate in 95% ethanol). The precipitated DNA was 

collected by centrifugation at 12000 rpm for 2 minutes at room temperature and the pellet 

was dried using a speed-vac concentrator (Savant). The DNA pellets were then 

resuspended in dd H2O and the concentration was determined using a spectrophotometer 

(LKB dichrom ultrospec) by reading absorbance at 260 nm. Concentration was assessed 

according to the relationship, A260nm = 1 corresponds to 50 g/ml ds DNA (Sambrook et 

al., 1989). 

c.  Restriction enzyme digestion 

 
All enzyme digestion reactions were performed at ionic strength and temperature 

recommended by the enzyme manufacturer, using one unit of restriction endonuclease 

per g of DNA. When DNA had to be digested with two enzymes, the fragments 

resulting from the first digestion were extracted with phenol, chloroform, isoamyl alcohol 

(25:24:1) and precipitated with 2.5 volumes of salted ethanol before being subjected to 

digestion with the second restriction enzyme.  Restriction enzymes from various 

commercial sources (eg. Fermentas, Pharmacia, New England Biolabs etc) were used to 

digest DNA (plasmid, genomic and PCR products). 

d.  Ligation and subcloning of DNA fragments 

 

Ligation (blunt end or cohesive end) of DNA fragments was performed either at 

room temperature for four hours or at 16
0
C overnight in a 10 l reaction volume. Each 
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ligation mixture containing a vector to insert ratio of 1:3 or 1:5 and T4 DNA ligase buffer 

(40 mM Tris-HCl, 10 mM MgCl2, 10 mM DTT, 0.5 mM ATP (pH 7.8 at 25°C) was 

incubated at 70
0
C for 5 minutes and cooled rapidly on ice prior to the addition of 2 units 

of T4 DNA ligase (Fermentas, Burlington, Ontario). 

e.  Bacterial cell transformation 

 

  For cell transformation, by plasmid DNA or ligation mixture, competent E. coli 

C490 cells were prepared as outlined by Chung and Miller, (1988) and Chung et al., 

(1989). An overnight culture (1 ml) of E. coli was prepared by inoculating a single 

bacterial colony from an LB plate and incubating at 37
0
C with aeration; this was then 

further used to inoculate a 125 ml flask containing 20 ml of LB broth. Cells were grown 

at 37
0
C with aeration to an absorbance of about 0.6 (3-5 x 10

8
 cells /ml) as determined by 

monitoring the optical density at 600 nm regularly after 30 minutes of inoculation. The 

cells were then collected by centrifugation in a JA20 rotor (Beckman, Palo Alto, CA) at 

10000 rpm for 10 minutes at 4
0
C, resuspended in 5 ml of chilled 100 mM CaCl2 and held 

on ice for 60 minutes. After 60 minutes, the cells were again collected by centrifugation, 

resuspended in 1 ml of cold 100 mM CaCl2 and held on ice for another 60 minutes. 

Finally, 100 l aliquots of the CaCl2 treated cells were transferred to sterile microfuge 

tubes containing 100 l of 50% sterilized glycerol and stored at –80
0
C. 

 Prior to transformation, the C490 competent cells were allowed to thaw on ice, 

then mixed with the DNA and held on ice for a further 10 minutes. The cells were then 

heat shocked for 3 minutes at 42
0
C and held at room temperature for another 10 minutes. 

1 ml of pre-warmed LB broth was added to the cells and the culture was incubated at 

37
0
C for 2 hours (allows phenotypic expression of the ampicillin resistance marker). 50 
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l of the cells were then streaked on the LB-ampicillin plates and incubated at 37
0
C for 

14-16 hours. 

f.  Preparation of plasmid DNA from E. coli 

 

In order to screen for positive recombinants after bacterial cell transformation, 

small-scale bacterial plasmid extractions (minipreps) were carried out as described by 

Birnboim and Doly (1979). For these extractions, 1.5 ml of LB broth containing 

ampicillin was inoculated with a single bacterial colony and incubated overnight at 37
0
C 

with vigorous shaking. The overnight cultures were transferred into microfuge tubes and 

the cells were collected by centrifugation at 12000 rpm for one minute. The bacterial 

pellets were then lysed by resuspending in a 100 l lysis buffer [50 mM glucose, 10 mM 

EDTA, 25 mM Tris-HCl (pH 8.0)]. After 5 minutes of incubation at room temperature, 

200 l of freshly prepared ice cold solution (0.2 N NaOH and 1% (w/v) SDS) were added 

and the contents were mixed by rapid inversion for 2-3 times. The tubes were stored for 5 

minutes on ice followed by the addition of 150 l of ice cold solution of 3 M potassium 

acetate (pH 4.8). Each tube was mixed gently by vortex in an inverted position for 10 

seconds and stored on ice for another 5 minutes before being cleared by centrifugation at 

12000 rpm for 2 minutes. The supernatant was transferred to a fresh tube and 

deproteinized by treatment with an equal volume of water saturated phenol solution and 

vigorous mixing by vortex. The aqueous phase was separated from the organic phase 

using a micro centrifuge at 12000 rpm for 2 minutes, further treated with an equal volume 

of phenol, chloroform and iso amyl alcohol (25:24:1) followed again by phase separation 

by centrifugation. The nucleic acid in the resulting aqueous phase was precipitated by the 

addition of 2.5 volumes of cold 95% ethanol. The pellet was vacuum dried in a Savant 



 

 
 

63 

sample concentrator, resuspended in 50 l of dd H2O containing 20 g/ml RNase A 

(Sigma, St.Louis, Mo) and incubated at 37
0
C for 1 hr. The nucleic acid again was 

precipitated with the addition of 25 l of 7.5 mM ammonium acetate and 150 l of 95% 

ethanol. After 3-4 hrs of incubation at –20
0
C, the plasmid DNA was collected using a 

micro centrifuge at 12000 rpm for 2 minutes and resuspended in dd H2O. The plasmid 

DNA was quantified using restriction enzyme digestion and agarose gel electrophoresis 

as described in section (2.2.4.b). 

Plasmid extractions also were made on a larger scale for further cloning, 

sequencing and yeast transformation. Cesium chloride density gradient centrifugation 

was used to purify the DNA as described by Good and Nazar, (1995). Cells were 

collected from a 200 ml overnight culture of bacteria grown in LB broth with ampicillin 

(100 g/ml), lysed in 10 ml of lysis buffer (50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 

mM EDTA) with incubation for five minutes at 23
0
C. The cell suspension was diluted 

with 20 ml of lysing solution (0.2 N NaOH, 1% SDS), mixed gently and incubated on ice 

for five minutes. After the addition of 15 ml of 3 M sodium acetate pH 4.8, the solution 

was mixed vigorously and incubated on ice again for another five minutes. At this stage, 

most of the bacterial chromosomal DNA and cellular debris were removed by 

centrifugation at 10000 rpm for 15 minutes at 4
0
C. The nucleic acid in the supernatant 

was precipitated by the addition of 0.6 volumes of isopropanol followed by centrifugation 

at 15000 rpm for 10 minutes. The supernatant was decanted; the pellet was dried and 

dissolved in 4 ml of dd H2O containing 20 g/ml of RNase A (Sigma company, St. Louis, 

MO). After 1 hour of incubation at 37
0
C, 400 l of 3 M sodium acetate were added and 

then treated with an equal volume of phenol solution. The aqueous and organic phases 
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were separated by centrifugation at 10000 rpm for 10 minutes at 10
0
C followed by 

extraction with phenol, chloroform and isoamyl alcohol (25:24:1). Nucleic acid in the 

aqueous phase was then precipitated with cold 95% ethanol for one hour at -20
0
C 

followed by centrifugation at 10000 rpm for 10 minutes at 15
0
C. After the supernatant 

was decanted, the pellet was vacuum dried and dissolved in 4 ml of dd H2O. At this point, 

CsCl (1.012 gm/1ml of DNA solution) and 0.1 ml of ethidium bromide (10 mg/ml) were 

added, dissolved by vortex and the solution was transferred to a polyclear centrifuge tube 

(13 x 51 mm) (Seton Scientific, Sunnyvale CA). The tubes were balanced and heat sealed 

before centrifugation at 45000 rpm for 15 hours in a T165.2 rotor using a Beckman L7-55 

(Beckman, Palo Alto, CA) ultracentrifuge. The lower band, which corresponds to the 

closed circular plasmid DNA, was collected and treated with isobutanol (1:1) to extract 

EtBr from the aqueous plasmid DNA solution. The process of mixing and separating the 

phases was repeated until all the traces of colour were gone.  After adding three volumes 

of dd H2O, the plasmid DNA was precipitated with 2.5 volumes of 95% ethanol. The 

plasmid DNA was finally collected by centrifugation at 10000 rpm for 10 minutes at 4
0
C, 

washed with 70% ethanol to remove the salt and resuspended in dd H2O at the 

concentration of 1g/ml.  

g.  Confirmation of mutations by DNA sequencing 

 
Mutations introduced in the rDNA region of the yeast transformation vector 

pFL20/Sp18pst5.8i4 were confirmed by sequencing the plasmid DNA. In each case, 10 

l of the plasmid DNA (500 ng/l) and an appropriate primer (5 pmol/l) were submitted 

to the DNA sequencing facility in the College of Biological Science, University of 

Guelph. 
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h.  Transformation of S. pombe cells 

 

Plasmids with confirmed mutations were used to transform S. pombe cells by the 

lithium acetate transformation method as described by Okazaki and coworkers (1990). 

Cultures of S. pombe cells were grown in MB medium (0.05% (w/v) potassium 

phosphate monobasic, 0.5% (w/v) dextrose, 0.036% potassium acetate, 0.65% (w/v) yeast 

nitrogen base without amino acids, 80 g/ml leucine and 80 g/ml uracil) with constant 

shaking at 30
0
C to an absorbance of 0.6 at 550 nm. Cells were then harvested from 10 ml 

of culture by centrifugation for 5 minutes at 3700 rpm using a JA20 rotor (Beckman, Palo 

Alto, CA). The cell pellets were washed with 1 ml of sterile water and resuspended in 

100 l of 0.1 M lithium acetate (pH 4.9). After incubating the cell suspension at 30
0
C for 

60 minutes, 15 g of DNA (plasmid DNA 1 g/l to be transformed) were added and the 

mix was incubated at 30
0
C for another 60 minutes. To further bring the cells and DNA 

together, 290 l of 50% (w/v) polyethylene glycol 8000 (pre-incubated at the same 

temperature) were added, mixed gently and incubated at 30
0
C for another 60 minutes. 

The cells were then heat shocked at 43
0
C for 15-20 minutes, cooled down to room 

temperature and were pelleted by centrifugation at 8000 rpm for 2 minutes. Cell pellets 

were resuspended in 1 ml of yeast transformation medium (0.25% yeast extract, 1.5% 

glucose, 80 g/ml leucine and 80 g/ml uracil), transferred to a 50 ml flask containing 9 

ml of the same medium and incubated at 30
0
C with constant shaking. After 60 minutes of 

incubation, 100 l of cells were spread on 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 g/ml leucine) and were incubated at 30
0
C for 5-7 days 

for the transformed colonies to appear on the plate. Single colonies were picked from the 
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plates and streaked onto fresh plates to serve as growth stocks for subsequent nucleic acid 

extractions and other experiments.  

To confirm plasmids carrying mutations in the transformed yeast, whole cell 

DNA was extracted from transformed cells, appropriate regions were PCR amplified 

using plasmid specific primer and sequenced. S. pombe genomic and plasmid DNA were 

extracted from logarithmically growing cells as described by Hoffman and Winston 

(1987) with slight modifications. Overnight yeast cell cultures (10 ml) grown in media 

(YNB medium and appropriate supplements) at 30
0
C with aeration to an absorbance of 

0.4 – 0.6 at 550 nm were harvested by centrifugation using a JA20 rotor (Beckman) at 

10000 rpm for 5 minutes and resuspended in 0.2 ml lysis buffer (2% Triton X -100, 1% 

SDS, 100 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0), 0.2 ml phenol 

:chloroform:isoamyl alcohol (25:24:1) and 0.3 g of acid washed glass beads (0.5mm 

diameter, Biospec products Inc, Bartlesville, OK). The cells were disrupted by vortex for 

3-4 minutes, a further 0.2 ml of TE buffer was added before the aqueous and organic 

phases were separated by microfuge at 12000 rpm for 3 minutes. Nucleic acids were then 

precipitated with the addition of 2.5 volumes of 95% ethanol, resuspended and treated 

with 400 l of RNase A (25 ng/l) for 30 minutes at 37
0
C; further treated with 

ammonium acetate (120 mM) and again precipitated with 1 ml of 95% ethanol.  The 

DNA was collected by centrifugation and dissolved in 100 l of water for subsequent 

experiments. 
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2.2.5  Expression and characterization of mutant rDNA sequences 

a.  In vivo expression of the pFL20/Sp18Pst5.8i4 rRNA transcription unit 

 
For decades, the application of targeted mutagenesis to in vivo studies of 

eukaryotic rRNA biosynthesis and function have been limited by problems associated 

with the high copy number for the genes that encode the RNA of cytoplasmic ribosomes. 

Several approaches using yeast have now been reported, including a ‘tagged ribosome’ 

system based on a low copy shuttle vector (Musters et al., 1989b) and a gene substitution 

system based on selection for drug resistance (Chernoff et al., 1994) or selection using a 

temperature sensitive RNA polymerase I (Henry et al., 1994). 

To minimize the disadvantages associated with very low levels of ‘tagged’ 

ribosomes or the stressful selection conditions needed for gene substitution, a ‘tagged’ 

approach was introduced (Abou Elela et al., 1995) using a high copy number yeast 

shuttle vector pFL20, (Losson and Lacroute, 1983), which was used in the current 

studies. This system consists of a S. pombe rDNA unit cloned into a 2µ based plasmid 

that contains the S. cerevisiae URA3 gene as a selectable marker and the 5.8S rDNA gene 

“tagged” with a four-base insertion. In general, approximately 50% of the total rRNA is 

plasmid derived as detected by the electrophoretic mobility of the 5.8S rRNA. More 

recently, Good et al (1997) have introduced a second neutral mutation (Pst restriction 

site) into the 18S gene (at variable region # 1) and showed that at least 50% of the rDNA 

transcripts produced are plasmid derived. The modified system allows one to readily 

examine the interdependency of the two subunits during the processing of rRNAs. 
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b.  Isolation and purification of cellular RNAs 

 
For analysis of low molecular weight rRNA (5.8S), whole cell RNA was prepared 

as described by Steele et al (1965) from the untransformed yeast cells, yeast cells 

transformed with pFL20/Sp18Pst5.8i4 (control) and yeast cells transformed with 

pFL20/Sp18Pst5.8i4 carrying new mutations in the rDNA. A 100 ml culture of yeast cells 

grown to an OD550 nm of 0.4-0.6 at 30
0
C with constant aeration were harvested by 

centrifugation (JA20 rotor) at 10000 rpm for 10 minutes and resuspended in 15 ml of 

SDS buffer solution (0.3% SDS, 0.14 M NaCl, 0.05M sodium acetate pH 5.1) by 

vigorous vortex.  An equal volume of water saturated phenol solution (phenol containing 

16% (v/v) m-cresol, 10% (v/v) water and 0.1% 8-hydroxyquinoline) was added and 

incubated at 65
0
C for 20 minutes with intermittent mixing every 5 minutes. The aqueous 

phase was separated from the organic phase by centrifugation  (JA20 rotor) at 10000 rpm 

for 10 minutes, further extracted with an equal volume of phenol, chloroform and 

isoamyl alcohol (25:24:1) and the nucleic acids were recovered by precipitation at -20
0
C  

with 2.5 volumes of 95% ethanol. The RNA pellet was dissolved in 100 l of dd H2O and 

the concentration was determined using the absorbance at 260 nm on an LKB Biochrom 

Ultrospec II spectrophotometer, assuming that the A 260 nm of 1 corresponds to 40 g/ml 

RNA (Sambrook et al., 1989). 

For analysis of the 18S and precursor rRNAs, total cellular RNA was isolated, as 

described by Rose et al (1990) from the untransformed and transformed S. pombe cells 

expressing normal or mutant rRNA. A 100 ml culture of yeast cells, grown to an OD550 nm 

of 0.4 at 30
0
C with constant aeration was chilled with crushed ice, harvested by 

centrifugation (JA20 rotor) at 10000 rpm for 2-3 minutes and resuspended in 0.65 ml of 
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ice cold LETS buffer (0.1 M LiCl, 10 mM EDTA, 10 mM Tris-HCl (pH 7.4), 0.2% (w/v) 

SDS). The cell suspension was then transferred to a glass tube containing 2.75 g of acid-

washed glass beads (0.5 mm diameter, Biospec products INC. Bartlesville, OK) in 0.75 

ml of LETS buffer saturated phenol. The mixture was vortexed vigorously for 1 minute 

intervals for a total of 6 minutes with an alternating cycle of 30-second incubation on ice. 

At this time, an additional 1 ml of the ice cold LETS buffer was added to the mixture and 

the contents of the glass tube were transferred to a polypropylene centrifuge tube. 

Residual solution containing the cells, beads and LETS buffer in the glass tube was 

further rinsed with another 1 ml of LETS buffer and collected into the polypropylene 

tube. The aqueous phase was separated from the organic phase by centrifugation  (JA20 

rotor) at 10000 rpm for 8 minutes, extracted twice with an equal volume of phenol, 

chloroform and isoamyl alcohol (25:24:1) and the nucleic acids were recovered by 

precipitation at -20
0
C with 2.5 volumes of 95% ethanol. The RNA pellet was dissolved in 

100 l of dd H2O, the concentration was determined from the absorbance at 260 nm and 

50 g aliquots were stored in ethanol containing 2% potassium acetate for further 

experiments. 

c.  Analysis of plasmid-derived 5.8S rRNA 

 
To determine the relative amounts of plasmid-derived 5.8S rRNA produced in 

transformed S. pombe cells, low molecular weight RNA was extracted from the cells as 

described above and fractionated on 40 cm x 24 cm 8% denaturing polyacrylamide gels 

by electrophoresis using a constant wattage of 35 W. After electrophoresis for 3-4 hours, 

the gels were stained with methylene blue (0.2% methylene blue in 0.2 M acetic acid and 

0.2 M sodium acetate) for 5 minutes and destained with dd H2O until the RNA was 
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visible clearly on the gel. The gels then were transferred to Whatman paper (Fisher brand, 

Pittsburgh, USA), dried at 80
0
C on a gel dryer in presence of vacuum and the images of 

the bands were captured using a scanner (UMAX Astra 600P, Dallas, Texas, USA). The 

amount of the plasmid derived 5.8S rRNA as a percentage of the total 5.8S rRNA was 

determined using Molecular Analyst Software (Bio-Rad Laboratories, CA, USA). 

d.  Northern blot analysis of ribosomal RNAs and precursors 

 
Total cellular RNA prepared from untransformed and transformed S. pombe cells, 

as described in section (2.2.5.b) were fractionated on 1.5% (w/v) agarose/0.2 M 

formaldehyde gels buffered with MOPS (0.02 M MOPS, 0.005 M NaAc, 0.001 M EDTA 

pH 7.0) as described by Rose et al (1990). After electrophoresis at 50-60 V for 4-5 hours, 

the gels were washed with dd H2O to remove the formaldehyde and the RNA was 

transferred overnight (Chomczynski and Mackey, 1994) to a nylon membrane 

(Microseparations Inc., Westborough, MA) by blotting using 10X SSC (1.5 M NaCl, 0.15 

M sodium citrate, pH 7.0), filter paper (Chromatography paper, Fisher brand, Pittsburgh, 

USA) and paper towels.  The membranes were then rinsed with 2X SSC, baked at 80
0
C 

for 2 hours and stained with methylene blue for 30 seconds. After destaining with dd H2O 

images of the bands were captured using either a digital camera or the Gel Doc camera 

system.  

Northern blots were probed with radioactively labeled oligonucleotides or 

dsDNA. For oligonucleotide probes, 10 pmol of oligonucleotide in T4 polynucleotide 

kinase buffer [50 mM Tris (pH7.6), 10 mM MgCl2, 5 mM DTT, 0.1 mM spermidine, 0.1 

mM EDTA (pH 8.0)], and 10 Ci [γ-
32

p] ATP were incubated with four units of T4 

polynucleotide kinase (Chaconas and van de Sande, 1980) at 37
0
C for one hour. 
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Percentage incorporation of radioisotope into the oligonuceotide was determined by 

spotting 1 l of the reaction onto a thin layer chromatograpy strip (Polygram CEL 300 

PEI, Machery-Nagel and Co., Duren, Germany) and fractionating by ascending 

chromatography in 0.75 M potassium phosphate (pH 3.5). Autoradiography was used to 

visualize the labeled spots. To determine the specific activity of the probe, Cerenkov 

radiation was detected in a Pharmacia-Wallac 1209 RackBeta liquid scintillation counter 

and used to calculate the incorporation per g of DNA. For dsDNA probes, DNA was 

prepared by PCR amplification, purified on a non denaturing polyacrylamide gel as 

described in section (2.2.4.b) and labeled by random-priming using [α-
32

p] dCTP 

(Feinberg and Vogelstein, 1983) and random hexanucleotide primers.  DNA (50-200 ng) 

was denatured (three minutes at 95
0
C), cooled on ice and incubated with 25 mM dATP, 

dGTP, dTTP, 10 Ci [alpha-
32

p] dCTP and one unit of Klenow enzyme (Fermentas, 

Burlington, Ontario, Canada) in a reaction volume of 20 l. The reaction was carried out 

for one hour at 37
0
C and the incorporation of the isotope was determined using TLC as 

described above. 

For the hybridization analyses, the blotted membranes were placed in glass roller 

bottles and incubated at required temperatures in a Hybaid
TM

 mini oven MK II for 14-16 

hours with constant rotation in a minimal volume of hybridization buffer. Hybridization 

buffer containing 6X SSPE   (2.4 M sodium chloride, 0.3 M sodium citrate, 0.2 M 

potassium phosphate, 0.02 M EDTA, pH 7.2), 0.5% SDS, 5X Denhardts reagent (0.1% 

w/v   polyvinylpyrrolidone, ficoll and BSA) and 100 g/ml salmon sperm DNA was used 

for dsDNA probes while for oligonucleotide probes the buffer contained 6X SSPE, 2X 

Denhardts reagent, 1% SDS and 100 g/ml salmon sperm DNA (Rose et al., 1990). The 
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membranes were initially pre-hybridized with 6 ml of hybridization buffer for 4-5 hours 

at which time the buffer was replaced with fresh buffer containing denatured (95
0
C for 5 

minutes) probe. After hybridization, the membranes were rinsed in 2X SSPE and 0.1% 

SDS for 10 minutes followed by a rinse with 0.2X SSPE and 0.1% SDS for 20 minutes. 

They were then dried and exposed to X-ray film for autoradiography. Images of the 

autoradiographs were captured using a scanner (UMAX Astra 600P, Dallas, Texas, USA) 

and analyzed using Molecular Analyst Software. 
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Table 2.1  Summary of the primers used in this study 

 

Primer name 

 

Description 

 

 

Primer sequence
a 

 

 

SL161 

 

SL055 

 

SL054 

 

SL053 

 

SL160 

 

SL114 

 

SL120 

 

SL119 

 

Mutant oligomer for preparation 

of S1 

Mutant oligomer for preparation 

of S2 

Mutant oligomer for preparation 

of S3 

Mutant oligomer for preparation 

of S4 

Mutant oligomer for preparation 

of S5 

Mutant oligomer for preparation 

of S6 

Reverse primer used in mega 

primer reactions  

Forward primer used in mega 

primer reactions  

 

 

ACGATACATACCTGGTTG 

 

CGATAGTATCCTGGTTG 

 

CACCTTTGAGATACTTTTG 

 

CACCTTTGACTAACTTTTG 

 

CGATAGTTAGCTGGTTG 

 

ACCTGGTACTTCCTGCCAG 

 

GACGTTGTAAAACGACG 

 

CAGGAAACAGCTATGAC 

 

 

a
 The mutated nucleotides are underlined 
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2.3  Results 

Mutants prepared in this chapter targeted two specific features of the 5’ ETS in S. 

pombe: (1) Sequences in the 5’ ETS/18S rRNA junction, and (2) A putative U3 snoRNA 

binding site in the 5’ end of the 18S rRNA.  

2.3.1  Introduction of mutations into junctional sequence between the 5’ ETS and 

the 18S rRNA 

The incorporation of mutagenic oligomers during DNA amplification by PCR has 

become a widely used method for introducing site-specific mutations into target DNA 

(Newton and Graham, 1994, Silver et al., 1995). Selected positions in a DNA sequence 

are changed, and the effects of the mutations are studied in vitro and/or in vivo. Although 

many different mutagenic strategies are available (Braman, 2002), “megaprimer” 

mutagenesis has become widely used because of its cost effectiveness and accuracy. To 

avoid intermediate gel purification and remove leftover primers from the first round of 

PCR amplification, which most strategies require, our lab (Nabavi and Nazar, 2005) has 

developed a simplified one-tube megaprimer approach with efficiency that approximates 

100%. This approach (described in section 2.2.4.a) was used to prepare all the 

substitution mutations in the junction region between the 5’ ETS and the 18S rRNA. 

To simplify the introduction of base substitutions, three different plasmid 

constructs pTZ19R5’ETS, pBS5’ETS18S5.8Cla and pFL20/Pst18S5.8i4 were used as 

described in section (2.2.3). In the first reaction, mutations were introduced into the target 

rDNA sequence by using a mutant oligomer (Table 2.1) and a primer (SL120) that 

anneals beyond a bordering restriction site (Xba1) in one direction with pTZ19R5’ETS as 

a template for PCR (Fig 2.2.A). In the second reaction, this PCR-amplified DNA 
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fragment was used as a “megaprimer” to complete the mutant sequence beyond a 

restriction site (XbaI) with oligomer (SL119) in the other direction (Fig 2.2.B). Then the 

resulting mutant fragment was digested with XbaI restriction endonuclease and subcloned 

into pBS5’ETS18S5.8Cla (intermediate vector) using XbaI restriction sites (Fig 2.2.C). 

Subsequently the intermediate vector, pBS5’ETS18S5.8Cla was digested with NotI and 

HpaI restriction endonucleases and the mutated sequence was ligated into the yeast 

shuttle vector (pFL20/Pst18S5.8i4) using the same restriction sites (Fig 2.1.A). The 

plasmid constructs pBS5’ETS18S5.8Cla short and pFL20/Pst18S5.8i4 short, lacking the 

430bp Xba fragment as described in section (2.2.3), were used during the cloning process 

to detect easily the replacement fragments with the mutant sequences. As shown by the 

example in Fig 2.2.D, this approach was applied successfully to generate mutations S1-

S5 yielding very satisfactory results with only a single major mutant product (mutations, 

S3 and S4 were introduced by Mainul Hussain, research student in our laboratory). All 

the recombinant plasmids were selected by restriction enzyme digestions and the 

mutations were confirmed by sequence analysis of the yeast shuttle vector. The mutants 

were then transformed into the wild type S. pombe cells using the lithium acetate method. 

Each transformant was examined for the ability to form LSU and SSU rRNAs with the 

help of transcript specific tags in 5.8S and 18S rRNA genes. A summary of all the 

primers used in this study, is presented in Table 2.1. 
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Figure 2.2  Diagrammatic representation of the introduction of base substitutions 

into the 5’ ETS sequence using “ megaprimer” PCR based mutagenesis. 

A. In the first PCR amplification step, a fragment of DNA was amplified with a 

mutant oligonucleotide primer (dark arrow head) and a non-mutagenic 

oligonucleotide primer (open arrow head) using pTZ19R5’ETS as a template. The 

resultant PCR product contained the mutation (asterisk), XbaI restriction 

endonuclease sites and some vector derived sequences. 

B. The PCR product generated in the first step was treated with exonucleaseI and 

used as a megaprimer in the second PCR with an upstream non-mutagenic 

oligonucleotide primer (open arrow) using an extended annealing time (Good and 

Nazar, 1992). 

C.  The full length mutant fragment with XbaI restriction endonuclease sites and 

some vector derived sequences on either side generated in the second PCR 

amplification step was treated with XbaI restriction enzyme and subcloned into 

pBS5’ETS18S5.8Cla (intermediate vector). 

D. A successful attempt to introduce a base substitution (S4) into the 5’ ETS region 

of S. pombe pre-rRNA using the megaprimer PCR based mutagenic approach 

(section 2.2.4). The PCR products were fractionated on 2% agarose gel lanes; (1) 

and (4) DNA ladder (10kb), (2) PCR 1, and (3) PCR 2. A diagrammatic 

representation of a base substitution (S4) in the 5’ ETS region is included in the 

left panel. 
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2.3.2  Effect of base substitutions in the 5’ ETS/18S rRNA junction of S. pombe 

To examine the importance of sequence/structure in the junctional region of 5’ 

ETS and 18S rRNA in the maturation of ribosomal RNA, five base substitutions (S1-S5) 

were introduced systematically into this region using the “megaprimer” PCR-mediated 

mutagenic strategy. Each plasmid with rDNA (pFL20/Sp18Pst5.8i4) carrying an alternate 

mutation was used to transform S. pombe cells to allow its expression in vivo. As 

described in section (2.2.5), the amount of plasmid-derived 5.8S rRNA was determined 

accurately through the use of a neutral four base insertion which resulted in a distinct 

electrophoretic mobility that differed from the genome derived 5.8S rRNA on a 

denatured 10% polyacrylamide gel. According to the growth conditions used in this 

study, when S. pombe cells were transformed with plasmid without any mutation, 

approximately 50% of the mature 5.8S rRNA produced in cells was derived from the 

plasmid. As shown in Fig 2.3.B and summarized in Table 2.2, base substitutions S3 and 

S5 had no effect on plasmid-derived 5.8S rRNA production while moderate effects were 

seen when substitutions S2 and S4 were assayed with approximately 62.7% and 55.1% of 

the normal amount being evident. The level with substitution S1, however, was 

somewhat lower at about 47.6% of normal. The analyses were performed with three 

individual transformants for each mutant type to ensure reproducible results. 

In light of their effect on mature LSU RNA levels, the effect of these base 

substitutions on the SSU RNA production also was examined by determination of the 

levels of plasmid-derived 18S rRNA based on hybridization analyses. As described in 

section (2.2.5), the neutral marker (Pst tag) in the 18S rRNA gene was used to measure 

the amount of mature 18S rRNA derived from the plasmid carrying mutant genes. When 
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the Pst specific probe was used for hybridization analysis, S. pombe cells transformed 

with plasmid without any mutation (Ctl) indicated substantial amounts of mature plasmid 

derived 18S rRNA while no tagged RNA was detected in extracts of untransformed cells 

(Wt). However, the amount of tagged RNA varied for S. pombe cells transformed with 

plasmid carrying the junction mutations (S1-S5).  As shown in Fig 2.3.C and summarized 

in Table 2.2, base substitutions S3 and S5 showed only little reductions (9-11%) in 18S 

rRNA production between control and mutated sequences while base substitutions S1 and 

S2 resulted in still modestly lower levels of plasmid-derived 18S rRNA, 74.4% and 

70.7% when compared to the control. However, base substitution S4 showed a much 

greater effect on the production of plasmid-derived 18S rRNA resulting in only 34% of 

control levels. For each mutant type, the analyses were performed with three individual 

transformants assuring reproducible effect and in each case the membrane was stained 

with methylene blue as described in section (2.2.5.d), to ensure that comparable amounts 

of RNA were analyzed and to normalize the hybridization results for any loading 

variations. These results indicate that the sequences in the junctional region between the 

5’ ETS and the 18S rRNA were not critical for rRNA production, although some changes 

did have substantial effects on the plasmid-derived 5.8S and 18S rRNAs. 
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Figure 2.3  Expression of plasmid-derived 5.8S and 18S rRNA in S. pombe cells 

containing base substitutions in the 5’ ETS/18S rRNA junction region. 

A. Diagrammatic representation of the 5’ ETS structure proximal to 18S rRNA base 

paired extensively into three long hairpins forming a crucifix like structure. The 

large arrow heads represent known cleavages during RNA maturation (Good et 

al., 1997b). Shaded area represents the mature 18S rRNA. The long arrows 

indicated the respective base substitutions. 

B. 5.8S rRNA Analysis: Low molecular weight RNAs were prepared by hot phenol 

extraction and fractionated on a 10% denaturing polyacrylamide gel as described 

in Material and Methods (section 2.2.5). 1. Lanes contain RNA prepared from 

untransformed S. pombe cells (W), transformed cells expressing normal “tagged” 

rDNA (Control). 2. Lanes contain RNA prepared from untransformed S. pombe 

cells (W), transformed cells expressing normal “tagged” rDNA (Ctl), transformed 

cells expressing rDNA containing base substitutions in the junctional region of 5’ 

ETS sequence (S1, S2, S3, S4 and S5). The results presented show three 

individual transformants (a, b and c) for control or mutants to ensure a 

reproducible effect. The positions of 5.8S derived from plasmid (P) and genomic 

(G) are indicated on the right. 25S, 18S, 5S and tRNA are also indicated.  

C. Northern Blot RNA Hybridization Analyses: Whole cell RNA was extracted, 

fractionated on 1.5% agarose/formaldehyde gel and blotted onto nylon membrane 

as described in section 2.2.5. Left panel, methylene blue stained nylon membrane. 

Right panel, autoradiograph of the membrane in the left panel following 

hybridization with radiolabeled oligonucleotide (GTCACCCTGCAGTATAC) 

specific for the PstI site in 18S rRNA. 1. Lanes contain RNA prepared from 

untransformed S. pombe cells (W), transformed cells expressing normal “tagged” 

rDNA a, b, c (Control). 2. Lanes contain RNA prepared from untransformed S. 

pombe cells (W), transformed cells expressing normal “tagged” rDNA (Ctl), 

transformed cells expressing rDNA containing base substitutions in the junctional 

region of 5’ ETS sequence a, b, c (S1, S2, S3, S4 and S5). The positions of the 

25S and 18S are indicated.  
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2.3.3  Effect of base substitution in putative U3 snoRNA binding site in the 5’ end of 

the 18S rRNA in S. pombe  

Sequence comparisons, have suggested two regions in pre-rRNA could represent 

sites at which the trans-acting U3 snoRNA binds via RNA-RNA interaction. One of these 

regions revealed seven nucleotides of perfect complementarity to the Box A element of 

U3B snoRNA. These nucleotides correspond to positions +9 to +15 in the stem-loop 

region with reference to the 5’ end of the mature 18S rRNA sequence. The objective of 

introducing base substitutions into this region was to disrupt the hypothesized Watson-

Crick base-pair interaction that occurs between the U3 snoRNA and the pre-rRNA. The 

megaprimer PCR-based approach (Fig 2.2) was applied successfully to generate 

substitution S6 in this region (prepared by James Park, M.Sc student in our laboratory), 

using the same plasmid constructs described for the introduction of mutations in the 5’ 

ETS/18S junction region.  

As shown in Fig 2.4 and illustrated in Table 2.2, base substitution S6 at position 

9-11 in the 5’ stem-loop region of 18S rRNA showed a significant effect on the 

production of plasmid-derived 5.8S rRNA with only approximately 39% of the normal 

level being evident. Similarly, when high molecular weight RNA components were 

analyzed using the well characterized oligonucleotide probe specific for plasmid-derived 

18S rRNA, the hybridization analyses showed a much more dramatic effect on the 

production of 18S rRNA resulting in only 9.6% of control levels. The data demonstrated 

the importance of this stem-loop region in ribosomal RNA production and again 

illustrated a significant interdependence between 18S rRNA maturation and the 
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processing of the large subunit RNAs.  In addition to the significant affect on the plasmid 

derived 5.8S and 18S rRNA levels, this particular mutation showed a difference in the 

overall ratio of 25S to 18S rRNA as observed in the methylene blue stained gel (Fig 

2.4.C). The ratio when determined using molecular analyst software showed an increase 

in the ratio of the 25S to 18S rRNA (2.22 ± 0.18) when compared to the control (1.58 ± 

0.02), an observation which indirectly suggests a decrease in the levels of 18S rRNA. 
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Figure 2.4  Expression of plasmid-derived tagged rRNA in S. pombe cells containing 

substitutions in a putative 18S rRNA binding site for the U3 snoRNA. 

A. Diagrammatic representation of the 5’ ETS structure proximal to 18S rRNA base 

paired extensively into three long hairpins forming a crucifix like structure. 

Shaded area represent the mature 18S rRNA. The long arrow indicated the 

respective base substitutions. 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Control) or cells expressing 

rDNA containing base substitutions (S6) as mentioned in section 2.2.5. RNA (10 

g) were fractionated on 10% denaturing polyacrylamide gel and stained with 

methylene blue for detecting and analyzing the plasmid derived 5.8S rRNA. The 

position of normal (genomic derived) and tagged (plasmid derived) 5.8S rRNA is 

indicated on the right. The results presented show three individual transformants 

(a,b and c) for control or mutants to ensure a reproducible effect. The positions of 

5.8S derived from plasmid (P) and genomic (G) are indicated on the right. 

C. For hybridization analysis, 10 g of RNA were fractionated on 1.5% 

agarose/formaldehyde gel and blotted on to a nylon membrane as described in 

section 2.2.5.d. Left panel, methylene blue stained nylon membrane. Right panel, 

autoradiograph of the membrane in the left panel following hybridization with 

radiolabeled oligonucleotide (GTCACCCTGCAGTATAC) specific for the Pst 

site in 18S rRNA. Lanes; W, untransformed wild type cells, Ctl, cells transformed 

with pFL20/18Pst5.8i4, a, b and c, cells transformed with pFL20/18Pst5.8i4 

carrying base substitutions. The positions of the 25S and 18S are indicated on the 

left. 
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2.3.4  Precursor analysis of mutants in the junction region that affected the 

production of 18S rRNA 

Since some of the base substitutions (S1, S2, S4 and S6) in the junction region 

between the 5’ ETS and the 18S rRNA had significant effects on the production of 

plasmid-derived 5.8S and 18S rRNAs, the precursor levels in these cases were 

determined to evaluate any changes in the RNA precursors. As described in section 

(2.2.5.d), the RNA precursors were determined by northern hybridization using dsDNA 

as a probe; this probe is prepared by PCR amplification with primers CO48-07 

(ATAAGTTGGAAAGCGAG) and CO48-05 (AAATGACTTTTTGAGTTC) that are 

specific for the 5’ ETS region in S. pombe. As can be seen in Fig 2.5.A, base substitutions 

S1, S2 and S4 did not show any build up of precursors when compared to the control 

(transformed S. pombe cells without any mutation). In each case, a strong band, which 

appears to be the genomic DNA, was evident above the RNA precursor. In order to 

confirm that this was genomic DNA, total cellular RNA from wild-type and transformed 

S. pombe cells was incubated with 2 units of DNase 1 (Fermentas, Burlington, Ontario, 

Canada) in presence of buffer (10 mM Tris-HCl (pH 7.5 at 25°C), 2.5 mM MgCl2, 

0.1 mM CaCl2) for 30 minutes at 37
0
C followed by inactivation with 25mM EDTA at 

65
0
C for 15 minutes prior to northern hybridization analysis. As shown in Fig 2.5.B, 

when compared to the control, 2 units of DNase completely digested the band above the 

RNA precursor, confirming the presence of genomic DNA. Further, in order to determine 

if there was any build up of intermediate precursors resulting after initial cleavages in 5’ 

ETS, an oligonucleotide probe, IDT340  (TCACACACCACTACCG) specific to the 3’ 

end of the 5’ ETS was used in northern hybridization analyses. As shown in Fig 2.5.C, 
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base substitutions S1, S2, S4 and S6 did not show any buildup of precursors (37S) or the 

intermediates when compared to the transformed yeast cells without any mutation. The 

slightly darker band (37S precursor) in case of S6 reflects the loading differences 

compared to the control as can be seen from methylene blue stained agarose gel.  

However, with the oligonucleotide probe, the untransformed wild type S. pombe cells 

showed a band below the 37S precursor which is predicted to be an intermediate 

precursor. This intermediate precursor was also detected in transformed cells but in much 

reduced levels than the wild type cells.  
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Figure 2.5  Precursor analysis of mutants that affected the production of 18S rRNA 

in S. pombe.  

A. Whole cell RNA was fractionated on 1.5% agarose/formaldehyde gel and blotted 

on to a nylon membrane as described in section 2.2.5.d. Left panel, methylene 

blue stained nylon membrane. Right panel, autoradiograph of the membrane in 

the left panel following hybridization with dsDNA probe specific to the 5’ ETS 

region in S. pombe. Lanes; W, untransformed wild type cells, Ctl, cells 

transformed with pFL20/18Pst5.8i4, a, b and c, cells transformed with 

pFL20/18Pst5.8i4 carrying base substitutions. The positions of the genomic DNA 

(G) and rRNAs 37S, 25S, and 18S are indicated. 

B. Whole cell RNA was fractionated on 1.5% agarose/formaldehyde gel and blotted 

on to a nylon membrane. Autoradiograph of the membrane following 

hybridization with dsDNA probe specific to the 5’ ETS region in S. pombe. 

Lanes; a, wild type S. pombe cells, b, wild type cells pretreated with DNase1, c, 

transformed S. pombe cells, d, transformed cells pretreated with DNase1. The 

positions of the genomic DNA and 37S RNA are indicated on the right. 

C. Whole cell RNA was fractionated on 1.5% agarose/formaldehyde gel and blotted 

on to a nylon membrane as described in section 2.2.5.d. Left panel, methylene 

blue stained nylon membrane. Right panel, autoradiograph of the membrane in 

the left panel following hybridization with oligonucleotide probe specific to the 3’ 

end of the 5’ ETS region in S. pombe. Lanes; W, untransformed wild type cells, 

Ctl, cells transformed with pFL20/18Pst5.8i4, a, b and c, cells transformed with 

pFL20/18Pst5.8i4 carrying base substitutions. The positions of the 37S, 25S and 

18S are indicated. 
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Table 2.2  Growth characteristics of S. pombe cells with mutations in the 5’ ETS/18S 

rRNA junction region or putative U3 snoRNA binding sites in the pre-rRNA. 

 
 

a. Low molecular weight RNA was isolated from logarithmically growing cells (as 

described in section 2.2.5), fractionated on 10% polyacrylamide gel, stained with 

methylene blue and band intensities were determined by densitometry. The values 

were determined from at least three replicate experiments and the mean values are 

expressed as a percentage of the total 5.8S rRNA detected. The standard deviation 

is also included. 

b. Whole cell RNA was extracted from logarithmically growing cells (described in 

section 2.2.5) and fractionated on a 1.5% formaldehyde/agarose gel. The RNA 

was transferred on to a nylon membrane and probed with a tag (Pst) specific 

radiolabeled oligonucleotide. The hybridized membrane was then exposed to X-

ray film for autoradiography. 

c. Doubling time of cells in hours were determined as described in section 2.2.2. The 

standard deviation determined from three replicate experiments is included. 

Mutation 

Type 

Source        

of 

RNA 

Plasmid-

derived 

5.8S rRNA
a 

Percent of 

plasmid-

derived 

5.8S rRNA 

Plasmid 

derived 

18S rRNA
b 

25S:18S 

ratio 

Doubling 

time of 

cells (hr)
c 

 Control 54.2 ± 0.8 100 100 1.58 ± 0.02 6.23 ± 0.1 

Substitution S1 25.8 ± 1.2 47.6 74.4 ± 4.8 1.49 ± 0.07 7.50 ± 0.5 

Substitution S2 34.0 ± 0.6 62.7 70.7 ± 0.7 1.37 ± 0.06 7.00 ± 0.4 

Substitution S3 49.1 ± 3.4 90.5 91.8 ± 1.0 1.52 ± 0.08 6.50 ± 0.3 

Substitution S4 29.9 ± 0.9 55.1 34 ± 6.6 1.45 ± 0.07 7.20 ± 0.2 

Substitution S5 53.6 ± 1.7 98.8 89 ± 4.0 1.37 ± 0.17 6.16 ± 0.2 

Substitution S6 21.2 ± 3.9 39.1 9.6 ± 1.7 2.22 ± 0.18 7.15 ± 0.2 
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2.4  Discussion 

Substantial progress has been made in the identification of cellular components 

that underlie the maturation process but the cleavage mechanisms and the role of the 

transcribed spacers are still unclear. Past studies have been focused on the 5’ ETS but 

many questions regarding the critical cis-acting elements remain elusive. Based on the 

structural estimates, the 5’ ETS regions proximal to 18S rRNA in S. cerevisiae and S. 

pombe share a number of features including two key cleavages that occur on opposite 

sides of the most proximal hairpin within the helical stem (Intine et al., 1999). Since the 

previous studies in S. cerevisiae (Elela, 1996; Kufel et al., 1999) have been contradictory 

with respect to the A0 cleavage being dependent on RNase III-like activity, in the present 

study the sequence/structure in the 5’ ETS /18S rRNA junction region was examined for 

cis-acting elements neighbouring the reported cleavage sites.  

In this study, an efficiently expressed in vivo system that allows analysis of the 

targeted mutations was used to introduce five different base substitutions in the junction 

region between the 5’ ETS and the 18S rRNA. The results presented in this chapter 

indicated that the base substitutions S3 and S5 had no detectable effect on the production 

of the 5.8S rRNA (Fig 2.3.B) and only little effect on 18S rRNA (Fig 2.3.C). However, 

base substitutions S1, S2 and S5 in the junction region showed variable expression of 

plasmid derived 18S rRNA ranging from 74% -34% of control levels (Fig 2.3.C). These 

base substitutions also showed reduction in plasmid derived 5.8S rRNA levels by 53% - 

38% (Fig 2.3.B). In S. cerevisiae, Tollervey and co-workers (Venema et al., 1995) have 

concluded that the maturation of the 5’-end of the yeast 18S rRNA (site A1) is defined by 

a small cluster of phylogenetically conserved nucleotides immediately upstream of A1. 
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However, in S. pombe although some changes (S1, S2 and S4) did reduce the plasmid 

derived rRNA levels, since cleavage is still taking place resulting in the mature 18S 

rRNA, the sequence and structure in the 5’ ETS/18S rRNA junctional region appears not 

to be critical for rRNA production.  One possible interpretation for the reduction in yield 

of the plasmid-derived rRNAs is that the base substitutions might result in failure of pre-

rRNA processing, thereby affecting the efficiency of the cleavage. When the precursor 

levels were assayed by northern hybridization using dsDNA and oligonucleotide probes 

in an attempt to detect any evidence of aberrant processing, no significant build up of full 

length or intermediate precursors could be detected (Fig 2.5). Since there is no buildup of 

the precursors, the reduction in the yield of mature rRNAs could most likely be due to 

effect of mutation on the rate of pre-rRNA processing. Because of the decrease in the rate 

of processing, while some precursors are processed others might have become unstable 

and degraded by the house keeping enzymes. The observed results raise the possibilty 

that the overall structure and not the junction region sequences that might be important 

for the assembly of proteins resulting in protein-RNA complex/processome, which may 

direct the maturing cleavages as observed in the 3’ ETS (Spasov et al., 2002).  

Another interesting observation made in this present study using an 

oligonucleotide probe, is the detection of a band below the full length precursor (37S), 

which is produced in much reduced levels in transformed yeast cells compared to the 

wild type S. pombe cells (Fig 2.5.C). While this band is predicted to be a 5’ ETS 

processed intermediate precursor, it needed to be further examined with oligonucleotide 

probes in other spacer regions which is addressed in chapter 4.  Previous studies have 

reported that cleavage at two U3-dependent sites (A0 and A1) leads to 5’ ETS removal 
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and 18S rRNA maturation in yeast (Hughes and Ares, 1991; Beltrame et al., 1994 and 

Sharma et al., 1999). U3 also has been implicated in pre-rRNA processing in vertebrates. 

One of the putative binding site of U3 snoRNA (Box A region), which is conserved 

throughout the eukaryotes has the potential to base pair across the central pseudoknot of 

the mature 18S rRNA (Hughes et al., 1996, Mereau and co-workers, 1997).   

To further understand and assess the functional role of putative U3 snoRNA 

binding regions in the pre-rRNA of S. pombe, base substitutions (S6) were introduced in 

the stem-loop structure of 18S rRNA; these substitutions did have a pronounced effect on 

plasmid-derived 18S rRNA and also on 5.8S rRNA production, although not proportional 

(Fig 2.4). While these results do not establish whether the structure or sequence of this 

region is being recognized, it is notable that there appears to be correlation between 

predicted effects on the overall structure of the stem and loop. When the precursor levels 

were assayed to check if the mutation (S6) has an effect on the processing mechanism, no 

significant buildup of the precursors could be detected. This again raised questions about 

the stability of the precursors (Fig 2.5.C). But, interestingly, in this particular mutation, 

the overall ratio of 25S:18S rRNA was also altered (2.22 ± 0.18) resulting in reduced 

levels of 18S rRNA when compared to the control (1.58 ± 0.02) as observed in the 

methylene blue stained gel (Fig 2.4.C, left panel). A similar observation has been made 

where the 25S:18S ratio was altered without any significant elevation in precursors when 

compensatory mutations were introduced into the Box A region of U3 snoRNA 

(Shrestha, 2010). Since the plasmid contributes to 50% of RNA in the cell, if the plasmid-

derived precursor is unstable the cell might make additional RNA required for its growth, 

in which case the ratio of 25S:18S rRNA would not be altered. The increase in the ratio 
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of 25S:18S rRNA suggested that the processing of the plasmid derived transcript might 

be normal thereby explaining no buildup of precursors but at the same time questioned 

the stability of the mature 18S rRNA produced. In E. coli, a point mutation that 

destabilized the pseudoknot interaction resulted in loss of ribosomal proteins and 

destabilization of 30S ribosomal subunits (Poot et al., 1996). In view of these studies and 

from the above data, we speculate that the mutation in the stem-loop region of 18S rRNA 

may have not affected the processing but might have affected the correct ribosomal 

protein assembly leading to the instability of the mature 18S rRNA. The results were in 

contrast to one of the studies in S. cerevisiae which indicated that U3-18S interaction is 

required for pre-rRNA cleavage at A1, (Sharma and Tollervey, 1999) but agree with the 

other study in S. cerevisiae (Sharma et al., 1999), which indicated that recognition of the 

stem-loop structure is also required for 18S rRNA stability.  

In summary, the present study suggests that the sequences in the 5’ ETS/18S 

rRNA junction region do not direct or influence cleavage at the 5’ end of 18S rRNA and 

that the overall structure may be important for the assembly of proteins and the 

processing of ribosomal RNA. This study also suggests that the stem-loop structure of 

18S rRNA, which is highly conserved in evolution, and presumably a U3 snoRNA 

binding site, is required for mature 18S rRNA stability. Also, in the present study when 

mutations affected the production of plasmid-derived 18S rRNA, a substantial affect was 

observed in 5.8S rRNA, which demonstrates a general interdependence in the processing 

of the rRNAs and further supports the notion that rRNA processing, at least in part, 

serves as a quality control mechanism. 
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Chapter 3.  In vivo analysis of structural and /or sequence elements mutations in the 

distal region of the 5’ ETS in S. pombe rDNA 

3.1  Introduction 

Based on many past observations, the 5’ ETS is not merely a dispensable element 

of the primary ribosomal transcript, but is also considered to have a function in the 

processing and assembly of the precursor rRNA. Previous studies in S. cerevisiae did 

reveal the importance of the sequences within the 5’ ETS for 18S rRNA production and 

its assembly into 40S subunits but not the 60S subunits (Musters et al., 1990). In S. 

pombe, the secondary structure of 5’ ETS is predicted to be paired extensively, folding 

into many extended helices separated by short single stranded regions. Deletion mutants 

(regions I-VII) that spanned the entire 1320 nucleotides (Fig 1.6) of the spacer revealed 

that it contains structural features essential for the maturation of both SSU and LSU 

rRNAs showing interdependency (Intine, 1999). This observation raised important 

questions as to whether the entire region is critical for 5’ ETS processing or a specific 

part of the region is important.  

Further, in search for the structural features that underlie the interdependencies in 

rRNA processing, our laboratory isolated a large protein complex (RAC) using ITS1 

spacer as ligand for affinity chromatography (Lalev et al., 2000). Similar attempts using 

ITS2 or 3’ ETS sequences yielded essentially the same complex and at least one protein 

binding site has been mapped to each of these spacer regions (Lalev et al., 2000; Ivakine 

et al., 2003). Disruptive mutations in these sites have been shown to affect not only 

protein binding but also inhibit rRNA processing (Lalev et al., 2000; Ivakine et al., 

2003). Subsequently, in an attempt to understand the role of 5’ ETS in the maturation of 
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rRNA, three putative protein binding sites have been mapped to regions IV, V and VI of 

5’ ETS using modification exclusion chromatography (Spasov and Nazar, unpublished 

studies). This chapter is mainly focused on exploring the essential sequence/structural 

features within the distal portion of 5’ ETS, involved in processing of rRNAs. 

 In eukaryotes, the processing of pre-rRNA has been linked with a variety of 

nucleolar snoRNAs and proteins (Lafontaine and Tollervey, 1995). Previous studies in S. 

cerevisiae reported that U3 snoRNA interacts with 5’ ETS (Beltrame and Tollervey, 

1992; Beltrame et al., 1994) and formation of a ten base-pair helix between them was 

shown by complementary mutations (Beltrame and Tollervey, 1995). As described in 

chapter 1, sequence comparison between U3 snoRNA and 35S pre-rRNA of S. pombe 

revealed perfect or near perfect complementarity with 5’ ETS sequence corresponding to 

positions +512 to +522. This chapter also presents site-directed mutagenesis in this 

region to investigate if it is an important U3-related, cis-acting element in pre-rRNA 

processing. Following mutagenesis, the in vivo expression of both the SSU and LSU 

rRNAs of constructs carrying the mutagenized spacers was determined using the tagged 

rDNA system described in section 2.2.5. 
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3.2  Materials and methods 

The methodologies used in these studies have been presented in more detail in 

Chapter two. Some additional details are presented below. 

 

3.2.1  PCR templates and bacterial cloning intermediates 

The plasmid pBS-Kpn1 is pBluescript KS with the KpnI restriction endonuclease 

deleted from its multiple cloning site. The plasmid pBS-Kpn15’ETS18S5.8Cla contains 

sequences from the ClaI restriction endonuclease site in the 5.8S rRNA gene upstream to 

the NotI restriction site in the pFL20 vector, cloned into pBS-Kpn1 using the NotI and 

ClaI restriction endonuclease sites. The plasmid pBS-Kpn15’ETS18S5.8Cla short 

contains the same insert as pBS-Kpn15’ETS18S5.8Cla with an internal 430 bp XbaI 

restriction fragment deleted. 

3.2.2  Preparation of mutant DNA 

a.  “Megaprimer” polymerase chain reaction-based mutagenesis 

  
 All the substitution mutations in the 5’ ETS sequence were introduced using the 

single-tube “megaprimer” polymerase chain reaction (Nabavi and Nazar, 2005) with 

slight modifications. This methodology was already described in detail in Chapter 2. 

b.  Plasmid enhanced PCR based mutagenesis (PEP)  

 
All the deletion mutations in the regions IV, V and VI of the 5’ ETS structure 

were introduced using plasmid enhanced PCR based (PEP) mutagenesis (Abeyrathne and 

Nazar, 2000). Mutant DNA was prepared by performing two independent PCR reactions 

upstream and downstream of the targeted deletion using two primer pairs designed to 
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eliminate the targeted sequence while introducing the two restriction sites. The restriction 

sites were incorporated in the most distal primers. In order to permit an efficient blunt 

end ligation, each of the deletion primers (3g) were 5’ phosphorylated in a 20l reaction 

volume containing 100 mM Tris pH 7.8, 50 mM DTT, 100 mM MgCl2, 20 mM ATP and 

4 units of T4 polynucleotide kinase enzyme. The reaction mixture was incubated for 2 

hours at 37
0
C and extracted with an equal volume of phenol, chloroform and isoamyl 

alcohol (25:24:1) followed by precipitation with two volumes of ethyl alcohol. Following 

phosphorylation, two independent PCR reactions were carried out as outlined above 

using the phosphorylated primers and the distal primers containing the restriction sites. 

Finally the PCR amplified fragments and the cloning plasmid were digested with the 

respective restriction enzymes, purified by native polyacrylamide gel electrophoresis, 

ligated and transformed into E. coli C490 host cells. 
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Table 3.1  Summary of the primers used in this study 

 

Primer 

name 

 

Description 

 

 

Primer sequence
c 

 

 

IDT078 

IDT112 

IDT076 

IDT299 

IDT300 

IDT307 

IDT308 

SL153 

IDT103 

SL120 

 

SL120
a
 

IDT276
b
 

IDT275
a
 

C048-05
b
 

C048-04
a
 

IDT278
b
 

IDT277
a
 

IDT255
b
 

C048-04
a
 

IDT280
b
 

IDT279
a
 

IDT255
b
 

IDT076
a
 

IDT272
b
 

IDT271
a
 

IDT255
b
 

IDT076
a
 

IDT274
b
 

IDT273
a
 

IDT255
b
 

 

 

Mutant oligomer to prepare S7 

Mutant oligomer to prepare S8 

Mutant oligomer to prepare S9 

Mutant oligomer to prepare S10 

Mutant oligomer to prepare S11 

Mutant oligomer to prepare S12 

Mutant oligomer to prepare S13 

Mutant oligomer to prepare S14 

Primer used in mega primer reaction 

Primer used in mega primer reaction 

 

Primer pair to prepare1
st
 half of 

deletion mutant D1 

Primer pair to prepare 2
nd

  half of 

deletion mutant D1 

Primer pair to prepare1
st
 half of 

deletion mutant D2 

Primer pair to prepare 2
nd

  half of 

deletion mutant D2 

Primer pair to prepare1
st
 half of 

deletion mutant D3 

Primer pair to prepare 2
nd

  half of 

deletion mutant D3 

Primer pair to prepare1
st
 half of 

deletion mutant D4 

Primer pair to prepare 2
nd

  half of 

deletion mutant D4 

Primer pair to prepare1
st
 half of 

deletion mutant D5 

Primer pair to prepare 2
nd

  half of 

deletion mutant D5 

 

 

AAAACTAACCATGTTGATCTG 

TTGCAAAATAATCAGAGGAAG 

GAAGTGGTTTTGGAGACTTTC 

GGTAACAACATTAGAACAGCCGTAG 

TTATTAAATTGAATGTGGTTTGA 

CTGTCCATGCCTGGTCATTCGACTAAC 

GGTCATTCGACTCCGTTTTGAACTG 

CAAGGTACCGCGTTGGGGG 

CATGAGTAGTTTGCCAG 

GACGTTGTAAAACGACG 

 

GACGTTGTAAAACGACG 

AAATTTCCAATGCACCGCG 

ACTTTTGCTTTGTAACGGTC 

AAATGACTTTTTGAGTTC 

TGCTAAGAATTGAAA 

TCTCTCCTTTCAAATCTGC 

TTTTCTCTTTTCCTGCTGG 

GTAGTTGAGGTACTATC 

TGCTAAGAATTGAAA 

ATGAAAAAACTCATCGAGTC 

TCGAAAAAGTCATTTAGTGG 

GTAGTTGAGGTACTATC 

GAAGTGGTTTTGGAGACTTTC 

AAGTTGAAAATCAAAATCTTC 

TAATGTTTATTTGTTGGAATGC 

GTAGTTGAGGTACTATC 

GAAGTGGTTTTGGAGACTTTC 

TAATATCGTTTCTCTGAAG 

AAAATGTTGTTCATCTCTCTAG 

GTAGTTGAGGTACTATC 

 

 
 

a 
Forward primer,  

b
Reverse primer,  

c
 Mutated nucleotides are underlined 
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3.3  Results  

3.3.1  Introduction of base substitutions into putative protein binding sites of the S. 

pombe 5’ ETS 

 In previous Ph.D studies in our laboratory, Krassimir Spasov has screened 

systematically upstream hairpin structures of 5’ ETS for protein affinity, using 

modification exclusion chromatography (unpublished studies). These studies tentatively 

identified three putative protein binding sites in regions IV, V and VI of 5’ ETS in S. 

pombe. 

In the current study, base substitutions again have been introduced by a 

“megaprimer” PCR-based approach (Nabavi and Nazar, 2005) to disrupt putative protein 

binding sites in the 5’ ETS and assess their role in the processing of rRNA. This approach 

(Fig 3.1) was applied using plasmid pBS-Kpn15’ETS18S5.8Cla (section 3.2.1) as either 

template for PCR amplifications and/or cloning intermediate. Plasmid pBS-

Kpn15’ETS18S5.8Cla was constructed by cloning a NotI to ClaI restriction fragment of 

plasmid pBS5’ETS18S5.8Cla (section 2.2.3) into plasmid pBS-Kpn1 (section 3.2.1) also 

at the NotI and ClaI restriction endonuclease sites. In the same way plasmid pBS-

Kpn15’ETS18S5.8Cla short was constructed by cloning the NotI to ClaI restriction 

fragment of plasmid pBS5’ETS18S5.8Cla short into plasmid pBS-Kpn1 at the NotI and 

ClaI restriction endonuclease sites. As earlier described (section 2.2.4.a) and shown in 

Fig 3.1, in the first reaction, mutations S7 and S8 (Fig 3.3.A) were introduced into the 

target rDNA sequence by using a mutant primer (IDT078 for S7 and IDT112 for S8) 

(Table 3.1) and a primer (IDT076 for S7 and IDT103 for S8) that annealed beyond a 
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bordering restriction site (KpnI for S7 or HpaI for S8) in one direction with pBS-

Kpn15’ETS18S5.8Cla as the template for PCR. In the second reaction, the PCR-

amplified DNA fragment was used as a “megaprimer” to complete the mutant sequence 

beyond a restriction site (HpaI for S7 or KpnI for S8) in the other direction. For 

introducing mutation S9, the same approach was applied using mutant oligomer IDT076 

(Table 3.1) and primers (IDT078, SL120) that annealed beyond restriction sites KpnI and 

NotI. The resulting mutant sequences were then digested with restriction endonucleases 

Kpn I, HpaI for S7 and S8 or KpnI, NotI for S9 and subcloned into the intermediate 

vector pBS-Kpn15’ETS18S5.8Cla using the same respective restriction sites. 

Subsequently the mutant intermediate vector, pBS-Kpn15’ETS18S5.8Cla was digested 

with NotI and HpaI restriction endonucleases and ligated into the yeast shuttle vector 

(pFL20/Pst18S5.8i4), again using the same restriction sites (Fig 2.1.A). The plasmid 

constructs pBS-Kpn15’ETS18S5.8Cla short (section 3.2.1) and pFL20/Pst18S5.8i4 short 

(section 2.2.3), lacking the 430 bp Xba region, were used to select constructs where the 

normal sequences were replaced successfully with the mutated sequences. 

Furthermore, to study the cumulative effect of the putative protein binding sites, 

different combinations of double mutants (S7+S8, S8+S9) and a triple mutant 

(S7+S8+S9) were prepared, using the same approach described above. To prepare the 

double mutant S7+S8, plasmid pBS-Kpn15’ETS18S5.8Cla carrying mutation S7 was 

used as a template to introduce mutation S8 via the megaprimer reaction and restriction 

sites (KpnI, HpaI) described in Fig 3.1; for double mutant S8+S9, plasmid sequence 

(NotI to KpnI) from plasmid pBS-Kpn15’ETS18S5.8Cla carrying mutation S9 was 

cloned into plasmid pBS-Kpn15’ETS18S5.8Cla carrying mutation S8 again using the 
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NotI and KpnI sites. In the same way, to prepare the triple mutant, plasmid sequence 

(NotI to KpnI) from plasmid pBS-Kpn15’ETS18S5.8Cla carrying mutation S9 was 

cloned into plasmid pBS-Kpn15’ETS18S5.8Cla carrying mutation S7+S8 within the NotI 

and KpnI sites. Subsequently the intermediate vectors (pBS-Kpn15’ETS18S5.8Cla) 

carrying these mutations were used to subclone their inserts into the yeast shuttle vector 

(pFL20/Pst18S5.8i4) using the NotI and HpaI restriction sites. Summary of the primers 

used in this study are presented in Table 3.1 
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Figure 3.1  Introduction of base substitutions into putative protein binding sites of 

5’ ETS sequence using “megaprimer” PCR based mutagenesis.  

A. In the first step of PCR, a fragment of DNA was amplified with a mutant 

oligonucleotide primer (dark arrow head) and a non-mutagenic oligonucleotide 

primer (open arrow head) using pBS-Kpn15’ETS18S5.8Cla as a template. The 

resultant PCR product contained the mutation (asterisk), HpaI restriction 

endonuclease site and some of the vector derived sequences. The restriction 

enzyme sites utilized in these studies are marked: N= NotI, K= KpnI and H= HpaI 

respectively. 

B. The PCR product of the first step was treated with exonuclease I and used as a 

megaprimer in the second PCR with an upstream non-mutagenic oligonucleotide 

primer (open arrow) using extended annealing temperature (Good and Nazar, 

1992). 

C. The full length mutant fragment with KpnI and HpaI restriction endonuclease 

sites and some vector derived sequences on either side generated in the second 

PCR was treated with KpnI and HpaI restriction enzymes and subcloned into the 

pBS5’ETS18S5.8Cla (intermediate vector). 
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3.3.2  Introduction of stem-loop deletions in the 5’ ETS region of S. pombe pre-

ribosomal RNA using a Plasmid Enhanced PCR based (PEP) strategy  

Approaches, based on the “megaprimer” method (Sarkar and Sommer 1990) are 

often very effective in introducing mutations in targeted DNA, but DNA sequences 

containing repeating elements or encoding extensively paired RNA molecules can be 

highly recalcitrant to homogeneous amplification. This results in the formation of a 

heterogeneous population of products appearing in the form of broad streaks (Intine and 

Nazar, 1998). Eventually, a single-stranded overlap extension (SSOE) technique was 

developed (Intine and Nazar, 1998) in our laboratory, which was applied successfully but 

necessitated the separation and fractionation of overlapping single strands (labour-

intensive approach). 

 In the present study, a simplified alternative approach “PEP” (Abeyrathne and 

Nazar, 2000) which eliminated strand purification entirely was used to introduce the 

deletions in the 5’ETS. As described in section (3.2.2.b) and shown in Fig 3.2.A, the 

DNA was amplified as two halves of the final sequence with two primer pairs (Table 3.1) 

designed to introduce the target mutation [Deletions D2, D3, D4 and D5 (Fig 3.7)] and 

two restriction sites (KpnI, PstI), one on either side, using pBS5’ETS18S5.8Cla as 

template. The PCR-amplified fragments were joined by blunt-end ligation as they were 

cloned into the intermediate vector pBS-Kpn15’ETS18S5.8Cla at restriction sites KpnI 

and PstI. The plasmid pBS-Kpn15’ETS18S5.8Cla contains two PstI restriction sites, one 

in the polylinker upstream to the start of the 5’ ETS and the other one in the 5’ ETS. To 

aid in the use of the “PEP” approach, the PstI site in the polylinker was removed to 

generate the plasmid pBS-KpnI-PstI5’ETS18S5.8Cla containing only one PstI site in the 
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5’ ETS. To prepare deletion mutant D1 (Fig 3.7), restriction sites NotI and KpnI were 

used. 

In addition to the deletion mutations, base substitutions also were introduced 

specifically into key areas of region IV and region V in order to pinpoint more clearly the 

essential sequence elements. As described in section (3.3.1), these substitutions (S10, 

S11, S12 and S13) were introduced by the “megaprimer” PCR-based approach (Fig 3.1) 

using mutant oligomer (Table 3.1) and primers (IDT103, IDT076) that annealed beyond 

restriction sites HpaI and KpnI with plasmid pBS-Kpn15’ETS18S5.8Cla as a template. 

Subsequently the intermediate vectors (pBS-Kpn15’ETS18S5.8Cla) carrying the PEP 

deletions (D1 to D5) and substitution mutations (S10 to S13) were subcloned into the 

yeast shuttle vector (pFL20/Pst18S5.8i4) using the NotI and HpaI restriction sites. All the 

mutations were confirmed by sequence analysis of the yeast shuttle vector. The mutant 

plasmids were then transformed into wild type S. pombe cells using the lithium acetate 

method. Each transformant was examined for the ability to form LSU and SSU rRNAs 

with the help of the transcript specific tags in 5.8S and 18S rRNA genes. Summary of the 

primers used in this study are presented in Table 3.1 
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Figure 3.2  Introduction of sequence deletions into the 5’ ETS of S. pombe using a 

PEP strategy. 

A. Diagrammatic representation of the PEP strategy. 

1. Sequence deletions were prepared by performing two independent PCR reactions, 

upstream and downstream of the target mutation using two primer pairs designed 

to introduce the target mutation and two specific restriction sites. In each case, the 

targeted deletion primers were phosphorylated using T4 polynucleotide kinase 

(indicated by 5’P) to permit an efficient blunt-end ligation. The restriction enzyme 

sites used in these studies are marked: N= NotI, K= KpnI and P= PstI. 

2. The PCR-amplified fragments and the cloning plasmid were digested with the 

appropriate enzymes and purified by native polyacrylamide gel electrophoresis. 

3. Finally the two digested PCR fragments and the linearized cloning vector were 

ligated to generate the plasmid containing the targeted deletion. 

 

B.  A successful attempt to introduce deletion using PEP strategy. 

1. Structure of region IV in the 5’ ETS of S. pombe. The shaded region indicates the 

target deletion. 

2. The PCR amplified fragments were digested with restriction enzymes KpnI and 

PstI and quantified on a 2% agarose gel. Lanes; (a) Plasmid pTZ19R digested 

with HinfI as a size marker, (b) PCR product digested with restriction enzyme 

KpnI, (c) PCR product digested with restriction enzyme PstI 

3. The intermediate vector pBS-KpnI-PstI5’ETS18S5.8Cla was digested with 

restriction enzymes KpnI and PstI and purified by native polyacrylamide gel 

electrophoresis. 

4. Pre and post ligation mixture of the PCR products and the intermediate vector 

pBS-KpnI-PstI5’ETS18S5.8Cla run on a 2% agarose gel. Lanes; (a) Pre-ligation 

mixture and (b) Post ligation mixture. 

5. The target deletion was introduced as outlined in Fig 3.3.A, and the positive clone 

was identified by performing PCR using two primers on either side of the target 

deletion. Lanes; (a) Plasmid pTZ19R digested with HinfI as a size marker, (b) 

PCR product (no deletion), (c) PCR product from recombinant bearing deletion. 
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3.3.3  Effect of base substitutions in putative 5’ ETS protein binding sites on pre-

rRNA processing in S. pombe 

In order to examine the importance of putative protein-binding sites, identified by 

modification exclusion chromatography (Spasov and Nazar, previous work), in regions 

IV, V and VI of 5’ ETS to pre-rRNA processing, base substitutions were introduced into 

these sites to disrupt the local secondary structure. Each mutant rDNA was expressed in 

vivo and, as previously described (Chapter two), the amount of plasmid-derived 5.8S 

rRNA was determined accurately through the use of a neutral four-base insertion which 

resulted in a distinct electrophoretic mobility on a denaturing 10% polyacrylamide gel. 

Under the growth conditions used in this study, when S. pombe cells were transformed 

with plasmid without any mutation, approximately 50% of the mature 5.8S rRNAs 

produced in cells were derived from the plasmid. As shown in Fig 3.3.B and summarized 

in Table 3.2, disruption of local secondary structure in the putative protein binding sites 

in regions V (S8) and VI (S9) did not have any effect on plasmid-derived 5.8S rRNA 

production. However, base substitution GCCG to TGGT (S7) in the putative protein-

binding site of region IV produced a dramatic effect on plasmid-derived 5.8S production 

with only 27.8% of the normal amount being evident. Different combinations of these 

mutations in the putative protein-binding sites also were examined through the 

preparation of double mutants and triple mutants to see if they produce any combined 

effect on pre-rRNA maturation. As shown in Fig 3.4 and summarized in Table 3.2, base 

substitution S7 in region IV, when tested in combination with substitution S8 (double 

mutant, S7+S8) or in combination with S8 and S9 (Triple mutant, S7+S8+S9), produced 
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dramatic effects on plasmid derived 5.8S rRNA, showing 30.4% and 19.7% of the normal 

levels respectively. Base substitution, S8 in region V and S9 in region VI, which 

individually did not have any effect, produced a modest effect when tested in 

combination (S8+S9) with 64.7% of the normal plasmid derived 5.8S rRNA levels being 

evident.  

The effect of these base substitutions on maturation of SSU RNAs also was 

examined by determining the levels of plasmid derived 18S rRNA. As previously 

described (Chapter two), a neutral marker (Pst tag) in the 18S rRNA gene sequence was 

used to measure the amount of mature 18S rRNA derived from the plasmid carrying 

mutant genes. When the Pst specific probe was used for hybridization analysis, S. pombe 

cells transformed with plasmid without any mutation (Ctl) indicated substantial amounts 

of mature plasmid derived 18S rRNA while no tagged RNA was detected in extracts of 

untransformed cells (Wt). As shown in Fig 3.3.C and summarized in Table 3.2, 

substitutions S8 and S9 in regions V and VI, which did not show any effect on plasmid 

derived 5.8S rRNA, also did not have any effect on levels of plasmid derived 18S rRNA. 

However, these substitutions in combination (S8+S9) again produced a modest effect on 

plasmid derived 18S rRNA, showing 83.6% of the normal levels (Fig 3.5).  

Base substitution GCCG to TGGT (S7) in region IV alone (Fig 3.3.C) or in 

combinations (double mutant S8+S9 or triple mutant S7+S8+S9) produced the most 

pronounced effects on plasmid derived 18S rRNA with only 8%, 5.7% and 5% of the 

normal levels being evident (Fig 3.5). These results indicate that the putative protein 

binding site in the region IV is critical for the maturation of both the LSU and SSU 

rRNAs. Further, when significant changes (S10) were made below the putative protein 
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binding site in region IV, modest effect was observed with 38 ± 0.6 of plasmid-derived 

5.8S rRNA and 44.2 ± 7.1 of plasmid-derived 18S rRNA, while the base substitution 

S11, above the putative protein binding region, showed little or no effect with 47.1 ± 1.9 

of the 5.8S and 83.5 ± 7.1 of the 18S rRNA (Fig 3.6).  
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Figure 3.3  Nucleotide substitutions in the putative protein binding sites of 5’ ETS 

and their effects on processing of S. pombe pre-rRNA. 

A. A diagrammatic sketch of the 5’ ETS structure in S. pombe. The shaded areas in 

regions IV, V and VI represent the RAC protein binding sites, as detected by 

modification exclusion analysis (Spasov and Nazar, previous work). The dark 

arrows indicate the respective base substitutions and the lightly shaded area 

represents the beginning of the 18S rRNA. 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Ctl) or cells expressing 

rDNA containing base substitutions in the putative protein binding sites of 5’ 

ETS sequence as mentioned in section (2.2.5.b). RNAs (10 g) were fractionated 

on a 10% denaturing polyacrylamide gel and stained with methylene blue to 

detect and analyze the plasmid derived 5.8S rRNA. The results presented show 

three individual transformants (a, b and c) for control or mutants to ensure a 

reproducible effect. The positions of the 5.8S rRNA derived from plasmid (P) or 

the host cell genome (G) are indicated on the right. 

C. Northern Hybridization Analysis: For hybridization analysis, 10 g of RNA were 

fractionated on a 1.5% agarose/formaldehyde gel and blotted on to a nylon 

membrane as described in section 2.2.5.d. Left panel, methylene blue stained 

nylon membrane. Right panel, autoradiograph of the membrane in the left panel 

following hybridization with radiolabeled oligonucleotide 

(GTCACCCTGCAGTATAC) specific for the Pst site in 18S rRNA. Lanes; W, 

untransformed wild type cells, Ctl, cells transformed with pFL20/18Pst5.8i4, a, b 

and c, cells transformed with pFL20/18Pst5.8i4 carrying base substitutions. The 

positions of the 25S and 18S rRNAs are indicated on the left. 
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Figure 3.4  Expression of plasmid-derived 5.8S rRNA in S. pombe containing base 

substitutions (various combinations) in putative protein binding sites with in regions 

IV, V and VI. 

A. A diagrammatic sketch of regions IV, V and VI in the estimated 5’ ETS structure 

of S. pombe. The shaded areas represent the RAC protein-binding sites, as 

detected by modification exclusion (Spasov and Nazar, previous work). The dark 

arrows indicate the respective base substitutions. 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Control) or cells expressing 

rDNA containing base substitutions S7+S8 (double mutant), S8+S9 (double 

mutant) and S7+S8+S9 (triple mutant) as described in section (2.2.5.b). RNA 

samples (10 g) were fractionated on a 10% denaturing polyacrylamide gel and 

stained with methylene blue to detect and quantify the plasmid-derived 5.8S 

rRNA. The results presented show three individual transformants (a, b and c) for 

the control or mutants to ensure a reproducible effect. The positions of the 5.8S 

rRNA derived from plasmid (P) or the host cell genome (G) are indicated on the 

right. 
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Figure 3.5  Expression of plasmid-derived 18S rRNA in S. pombe containing base 

substitutions (various combinations) in putative protein binding sites with in regions 

IV, V and VI. 

 

A. A diagrammatic sketch of regions IV, V and VI in the estimated 5’ ETS structure 

of S. pombe. The shaded areas represent the RAC protein-binding sites, as 

detected by modification exclusion (Spasov. K and Nazar RN, unpublished data). 

The dark arrows indicate the respective base substitutions. 

 

B. Northern Hybridization Analysis: Whole cell RNA was prepared from wild type 

S. pombe cells (W) or cells expressing normal “tagged” rDNA (Ctl) or cells 

expressing rDNA containing base substitutions S7+S8, S8+S9 and S7+S8+S9 in 

the putative protein binding sites of regions IV, V and VI as described in section 

2.2.5. For hybridization analysis, 10 g of RNA were fractionated on 1.5% 

agarose/formaldehyde gel and blotted to a nylon membrane as described in 

section 2.2.5.d. Left panel, methylene blue stained nylon membrane. Right panel, 

autoradiograph of the membrane in the left panel following hybridization with 

radiolabeled oligonucleotide (GTCACCCTGCAGTATAC) specific for the Pst 

site in 18S rRNA. Lanes; W, untransformed wild type cells; Ctl, cells 

transformed with pFL20/18Pst5.8i4; a, b and c, cells transformed with 

pFL20/18Pst5.8i4 carrying base substitutions. The positions of the 25S and 18S 

rRNAs are indicated on the left. 
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Figure 3.6  Effect of base substitutions in region IV of the 5’ ETS structure in S. 

pombe  cells. 

A. A diagrammatic sketch of region IV in the 5’ ETS structural estimate of S. pombe. 

The dark arrows indicate the respective base substitutions. Shaded area represents 

the putative protein binding site. 

B.  5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Ctl) or cells expressing 

rDNA containing substitutions in region IV of the 5’ ETS sequence as described 

in section (2.2.5.b). RNA samples (10 g) were fractionated on 10% denaturing 

polyacrylamide gels and stained with methylene blue to detect and quantify the 

plasmid derived 5.8S rRNA. The results presented show three individual 

transformants (a, b and c) for each mutant to ensure a reproducible effect. The 

positions of 5.8S rRNA derived from plasmid (P) and the host genome (G) are 

indicated on the right. 

C. Northern Hybridization Analysis: For hybridization analysis, 10 g of RNA were 

fractionated on a 1.5% agarose/formaldehyde gel and blotted to a nylon 

membrane as described in section 2.2.5.d. Left panel, methylene blue stained 

nylon membrane. Right panel, autoradiograph of the membrane in the left panel 

following hybridization with radiolabeled oligonucleotide 

(GTCACCCTGCAGTATAC) specific for the Pst site in 18S rRNA. Lanes; W, 

untransformed wild type cells, Ctl, cells transformed with pFL20/18Pst5.8i4, a, b 

and c, cells transformed with pFL20/18Pst5.8i4 carrying base substitutions. The 

positions of the 25S and 18S rRNAs are indicated on the left. 
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3.3.4  Effect of distal 5’ ETS stem-loop deletions on pre-rRNA processing in S. 

pombe 

In search for sequence/structural features within the upstream region of 5’ ETS 

involved in affecting rRNA processing, short deletions of stem-loop sequences were 

generated in helices IV, V and VI using the “PEP” strategy. Again, the mutant rDNAs 

were expressed in vivo and the amount of plasmid-derived 5.8S rRNA was determined 

after fractionation on a denatured polyacrylamide gel. As illustrated in Fig 3.7.B and 

summarized in Table 3.2, deletion of the upper stem-loop sequence in region VI (D1) had 

little effect on plasmid-derived 5.8S rRNA production showing 79.5% of normal levels, 

while the deletion of upper and lower stem-loop sequences in regions V (D2, D3) and IV 

(D4, D5) produced somewhat more significant effects with 60.7%, 58.8%, 69.3% and 

71.5% of the normal level of plasmid-derived 5.8S rRNA, respectively.  

The high molecular weight RNA components also were analyzed using the 

previously well-characterized 18S rRNA specific probe for plasmid-derived rRNA (Good 

et al., 1997a; Intine et al., 1999). Hybridization analyses showed that deletions D1, D2 

and D4 had little effect on plasmid-derived 18S rRNA with 89.5%, 88.5% and 90.1% of 

normal levels while deletion D5 showed a somewhat greater effect with 81.5% of normal 

levels (Fig 3.7.C). In contrast, deletion D3 in region V showed a much more severe 

effect, completely abolishing plasmid-derived 18S rRNA production, which suggested 

that this region was somehow critical for the maturation of the smaller subunit. To further 

pinpoint the essential sequence elements within this region, base substitutions S12 and 

S13 were introduced using the “megaprimer” PCR-based approach. In this case, little or 
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no effect was observed with respect to either the plasmid-derived 5.8S or 18S rRNA (Fig 

3.8). These results indicate that the helical structure and not the sequence elements within 

this region is important for the maturation of the smaller subunit. 
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Figure 3.7  Effect of 5’ ETS structure deletions on pre-rRNA processing in S. pombe. 

A. A diagrammatic estimate of the 5’ ETS structure in S. pombe. The shaded areas 

represent the deleted sequences in the regions IV, V and VI using a PEP 

mutagenesis strategy (Abeyrathne and Nazar, 2000). 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Ctl) or rDNA containing 

deletions in the 5’ ETS sequence as described in section (2.2.5.b). Whole cell 

RNA (10 g) was fractionated on 10% denaturing polyacrylamide gels and 

stained with methylene blue to detect and quantify the plasmid derived 5.8S 

rRNA. The results presented show three individual transformants (a, b and c) for 

each mutant to ensure a reproducible effect. The positions of the 5.8S rRNA 

derived from plasmid (P) and the host cell genome (G) are indicated on the right. 

C. Northern Hybridization Analysis: For hybridization analysis, 10 g of RNA were 

fractionated on 1.5% agarose/formaldehyde gel and blotted to a nylon membrane 

as described in section 2.2.5.d. Left panel, methylene blue stained nylon 

membrane. Right panel, autoradiograph of the membrane in the left panel 

following hybridization with radiolabeled oligonucleotide 

(GTCACCCTGCAGTATAC) specific for the Pst site in 18S rRNA. Lanes; W, 

untransformed wild type cells, Ctl, cells transformed with pFL20/18Pst5.8i4, a, b 

and c, cells transformed with pFL20/18Pst5.8i4 carrying base substitutions. The 

positions of the 25S and 18S rRNAs are indicated on the left. 
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Figure 3.8  Effect of base substitutions in region V of the 5’ ETS structure in S. 

pombe. 

A. A diagrammatic sketch of region V in an estimate of 5’ ETS structure in S. 

pombe. The dark arrows indicate the respective base substitutions. 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Ctl) or cells expressing 

rDNA containing substitutions in region V of the 5’ ETS sequence as described in 

section (2.2.5.b). RNA (10 g) was fractionated on 10% denaturing 

polyacrylamide gels and stained with methylene blue for detecting and analyzing 

the plasmid derived 5.8S rRNA. The results presented show three individual 

transformants (a, b and c) for each mutant to ensure a reproducible effect. The 

positions of 5.8S rRNA derived from plasmid (P) and the host cell genome (G) 

are indicated on the right. 

C. Northern Hybridization Analysis. For hybridization analysis, 10 g of RNA were 

fractionated on a 1.5% agarose/formaldehyde gel and blotted to a nylon 

membrane as described in section 2.2.5.d. Left panel, methylene blue stained 

nylon membrane. Right panel, autoradiograph of the membrane in the left panel 

following hybridization with radiolabeled oligonucleotide 

(GTCACCCTGCAGTATAC) specific for the Pst site in 18S rRNA. Lanes; W, 

untransformed wild type cells, Ctl, cells transformed with pFL20/18Pst5.8i4, a, b 

and c, cells transformed with pFL20/18Pst5.8i4 carrying base substitutions. The 

positions of the 25S and 18S rRNAs are indicated on the left. 
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3.3.5  Introduction of mutations into a putative U3snoRNA binding site in the 5’ 

ETS region and its effect on the pre-rRNA processing in S. pombe  

Sequence comparison revealed a region in pre-rRNA at which the trans-acting U3 

snoRNA is predicted to bind via RNA-RNA interaction. This region contained nine bases 

of near complementarity to nucleotides 40-49 of the U3B coding sequence, with a single 

mis-pair located at position 44. The objective of introducing base substitution into this 

region was to disrupt the hypothesized Watson-Crick base-pair interaction that occurs 

between the U3 snoRNA and the pre-rRNA. Megaprimer PCR-based approach (Fig 3.1) 

was successfully applied to generate substitution mutation S14 in this region (prepared by 

James Park, M.Sc student in our laboratory) using the same plasmid constructs described 

for the introduction of mutations in the putative protein binding sites of 5’ ETS 

(described in section 3.3.1). As shown in Fig 3.9 and illustrated in Table 3.2, base 

substitution S14 at position +515 in the 5’ ETS region showed only a modest effect on 

the production of plasmid-derived 5.8S rRNA (74.1% of normal level). Similarly, 

northern hybridization analysis using the well-characterized oligonucleotide probe 

specific for plasmid derived 18S rRNA showed a comparable effect with levels of 18S 

rRNA production at 72.9% of normal. These data indicate that this region was not critical 

for the maturation of LSU and SSU RNAs but may contribute to U3 snoRNA function or 

pre rRNA stability. 
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Figure 3.9  Expression of plasmid-derived tagged rRNA in S. pombe cells containing 

base substitutions in a putative U3 snoRNA binding site.  

 
A. Diagrammatic representation of the 5’ ETS helix and a putative U3snoRNA 

binding site. The long arrow indicated the respective base substitutions. 

B. 5.8S rRNA Analysis: Whole cell RNA was prepared from wild type S. pombe 

cells (W) or cells expressing normal “tagged” rDNA (Ctl) or cells expressing 

rDNA containing base substitutions S14 as described in section 2.2.5. A 10 g 

aliquot of RNA was fractionated on 10% denaturing polyacrylamide gel and 

stained with methylene blue for detecting and analyzing the plasmid derived 5.8S 

rRNA. The position of normal (W, genomic derived) and tagged (plasmid 

derived) 5.8S rRNA is indicated on the right. The results presented show three 

individual transformants (a,b and c) for control or mutants to ensure a 

reproducible effect.  

C. For hybridization analysis, 10 g of RNA were fractionated on a 1.5% 

agarose/formaldehyde gel and blotted to a nylon membrane as described in 

section 2.2.5.d. Left panel, methylene blue stained nylon membrane. Right panel, 

autoradiograph of the membrane in the left panel following hybridization with 

radiolabeled oligonucleotide (GTCACCCTGCAGTATAC) specific for the Pst 

site in 18S rRNA. Lanes; W, untransformed wild type cells; Ctl, cells transformed 

with pFL20/18Pst5.8i4; a, b and c, cells transformed with pFL20/18Pst5.8i4 

carrying base substitutions. The positions of the 25S and 18S rRNAs are indicated 

on the left. 
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3.3.6  Precursor analysis of mutants in the distal region of 5’ ETS that affected the 

production of 18S rRNA 

In order to determine whether the dramatic effects observed in the production of 

plasmid-derived rRNA levels in mutants (S7), (S7 + S8), (S7 + S8 + S9) and (D3) were 

due to a defective rRNA processing mechanism, the precursor levels were assayed using 

oligonucleotide probe, IDT340  (TCACACACCACTACCG), specific to the 3’ end of the 

5’ ETS, as described in chapter 2. None of the mutants showed any build up of precursor 

(37S) levels when compared to the control (Fig 3.10). As noticed in the case of 5’ 

ETS/18S junction region mutants in chapter 2, the untransformed wild type S. pombe 

cells showed a band below the 37S precursor while much reduced levels of this band was 

produced by transformed S. pombe cells. 
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Figure 3.10  Precursor analysis of mutants that affected the production of 18S rRNA 

in S. pombe.  

 

Whole cell RNA was fractionated on 1.5% agarose/formaldehyde gel and blotted 

on to a nylon membrane as described in section 2.2.5.d. Left panel, methylene blue 

stained nylon membrane. Right panel, autoradiograph of the membrane in the left 

panel following hybridization with oligonucleotide probe specific to the 3’ end of the 

5’ ETS region in S. pombe. Lanes; W, untransformed wild type cells, Ctl, cells 

transformed with pFL20/18Pst5.8i4, a, b and c, cells transformed with 

pFL20/18Pst5.8i4 carrying base substitutions. The positions of the 37S, 25S and 18S 

are indicated. 
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Table 3.2  Summary of growth characteristics and plasmid-derived RNA levels in S. 

pombe cells expressing mutations in the distal region of 5’ ETS.  

a. Low molecular weight RNA was isolated from logarithmically growing cells (as 

described in section 2.2.5), fractionated on a 10% polyacrylamide gel, stained 

with methylene blue and band intensities were determined by densitometry. The 

values were determined from at least three replicate experiments and the mean 

values are expressed as a percentage of the total 5.8S rRNA detected. The 

standard deviation is also included. 

b. Whole cell RNA was extracted from logarithmically growing cells (described in 

section 2.2.5) and fractionated on a 1.5% formaldehyde/agarose gel. The RNA 

was transferred on to a nylon membrane and probed with a tag (Pst) specific 

radiolabeled oligonucleotide. The hybridized membrane was then exposed to X-

ray film for autoradiography. 

c. Doubling time of cells in hours were determined as described in section 2.2.2. The 

standard deviation determined from three replicate experiments is included. 
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Description 

of Mutants 

Method of 

mutagenesis 

Source        

of RNA 

Plasmid 

derived 

5.8S 

rRNA
a 

Percent of 

plasmid-

derived 

5.8S 

rRNA 

Plasmid 

derived 

18SrRNA
b 

Doubling 

time of 

cells (hr)
c 

  Control 54.2 ± 0.8 100 100 6.23 ± 0.1 

Substitution Megaprimer S7 15.1 ± 0.9 27.8    8 ± 0.3 9.75 ± 0.4 

Substitution Megaprimer S8 45.9 ± 4.3 84.6 98.7 ± 4.9 7.63 ± 0.4 

Substitution Megaprimer S9 52.2 ± 4.2 96.3 92.1 ± 4.1 5.92 ± 0.4 

Substitution Megaprimer S7+S8 16.5 ± 1.6 30.4 5.7 ± 0.7 9.6 ± 0.8 

Substitution Megaprimer S8+S9 35.1 ± 3.1 64.7 83.6 ± 0.7 6.9 ± 0.4 

Substitution Megaprimer S7+S8+S9 10.7 ± 1.3 19.7  5 ± 0.6 10.5 ± 1.0 

Deletion PEP D1 43.1 ± 0.3 79.5 89.5 ± 6.6 5.81 ± 0.5 

Deletion PEP D2 32.9 ± 1.2 60.7 88.5 ± 7.3 6.12 ± 0.8 

Deletion PEP D3 31.9 ± 3.2 58.8 0 5.95 ± 1.2 

Deletion PEP D4 37.6 ± 0.9 69.3 90.1 ± 4.2 5.6 ± 0.4 

Deletion PEP D5 38.8 ± 0.1 71.5 81.5 ± 6.9 6.24 ± 0.6 

Substitution Megaprimer S10 38 ± 0.6 70.7 44.2 ± 7.1 6.05 ± 1.0 

Substitution Megaprimer S11 47.1 ± 1.9 86.9 83.5 ± 7.0 5.78 ± 0.8 

Substitution Megaprimer S12 40.1 ± 3.1 73.9 85.5 ± 3.6 5.56 ± 1.2 

Substitution Megaprimer S13 48.1 ± 6.7 88.7 103.6 ± 3.7 6.3 ± 0.7 

Substitution Megaprimer S14 40.2 ± 2.0 74.1 72.9 ± 5.1 6.42 ± 0.3 
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3.4  Discussion 

In order to delineate further any essential sequence/structural features in the distal 

region of the 5’ ETS in S. pombe, in this phase of the thesis work several different 

strategies were used to introduce targeted changes into this region. Previous studies using 

deletion analysis indicated that the distal portion of the 5’ ETS contained structural 

features essential for rRNA maturation (Intine, 1999). The preliminary deletion analysis 

raised important questions as to whether the entire region is critical for 5’ ETS processing 

or a specific part of the region is important. Subsequent studies identified three putative 

protein binding sites in regions IV, V and VI of 5’ ETS by modification exclusion 

analysis (Spasov K, unpublished results). 

In the current study, in the first step, base substitutions were introduced to disrupt 

the three putative RAC protein binding sites in regions IV, V and VI of 5’ ETS to 

examine the importance of their role on pre-rRNA processing. The results presented 

show that the formation of stable 18S and 5.8S rRNA was variable with these mutants. 

Disruption of a putative protein binding site in region IV (S7) had a very severe effect on 

the production of 18S rRNA with only trace amounts being evident (Fig 3.3.C). In 

addition this also showed a dramatic effect on 5.8S rRNA production (Fig 3.3.B) 

indicating that this region is critical to the maturation and/or stability of both subunits. 

However, disruption of putative protein binding sites in region V (S8) and VI (S9) had 

little or no effect on the production of either the 18S or the 5.8S rRNA (Fig 3.3). This 

observation raised questions regarding the functional role of these regions. Furthermore, 

to study any combined effects of the putative protein binding sites, a double mutant (S8 + 

S9) was prepared to disrupt two possible binding sites at once in regions V and VI. Still 
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this resulted in only a modest effect on the production of 18S and 5.8S rRNA. Disruption 

of the putative protein binding site S7 in region IV along with that in region V (S8) as 

double mutant (S7+S8) or in combination with double mutant S8 + S9 as triple mutant 

(S7+S8+S9) did have some cumulative effects on the production of both the 18S (Fig 

3.5) and 5.8S rRNA (Fig 3.4) but this primarily can be attributed to S7 in region IV. One 

possible interpretation of the observed results is that the RAC protein complex binds with 

region IV altering the structure to a stable conformation, which may be supported by the 

other putative protein binding sites, V and VI, to protect the nascent transcript from 

random nuclease digestion. Hence disruption of the putative protein binding site alone 

(mutant S7) in region IV may lead to the primary transcript being more susceptible to 

nuclease attack during rRNA processing and ribosome assembly while disruptions in the 

other two regions (S8 and S9) may only influence the stability of the pre-rRNA structure.  

An alternative interpretation for the observed results is that the disruption of the 

putative protein binding site (S7) in region IV can affect the efficiency and /or specificity 

of the processing enzyme activities in 5’ ETS removal. In past studies of the 3’ ETS 

(Spassov et al., 2002), the RAC complex, which independently exhibits no nuclease 

activity, was observed to dramatically alter the efficiency and specificity of the RNase 

III-like PAC nuclease, a primary processing enzyme in the maturation of the 3’ ETS. To 

distinguish between these two possible interpretations, the precursor levels were assayed 

by northern hybridization using an oligonucleotide probe. The results indicated that none 

of the mutations that were critical to the production of plasmid-derived rRNA caused any 

buildup of full length or intermediate precursors (Fig 3.10). Taken together the results 

suggested that the protein binding site in region IV may play a critical role in protecting 
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the primary transcripts from being susceptible to nuclease attack. Previous studies on 

ITS1 spacer in the same organism have documented a similar observation, the disruption 

of a protein-binding site in the ITS1 having caused a reduction in mature RNA as well as 

the precursor molecule (Lalev et al., 2000). The rapid turnover of mutant RNA may 

represent the activity of the quality control system, which helps to ensure that defective 

rRNA is not incorporated into active ribosomes (Good and Nazar, 1997). 

 Additional changes (S10 and S11) made below or above the putative protein 

binding site in region IV appear not to be critical, although base substitution (S10) did 

have a modest effect on the production of the 18S and 5.8S rRNAs (Fig 3.6), which again 

was consistent with the sequence elements in the putative protein binding site in region 

IV being important for the maturation of both LSU and SSU rRNAs. 

 In further search of sequence/structural features involved in processing of rRNAs 

within the upstream part of the 5’ ETS, other areas of regions IV, V and VI were 

explored by preparing short deletions of stem-loop sequences. Deletion D1 in region VI 

had little effect on plasmid-derived 5.8S rRNA production while deletions D2, D3 in 

region V and deletions D4, D5 in region IV, all had modest effects on the plasmid-

derived RNA yield (Fig 3.7.B). When the high molecular weight RNA components were 

analyzed using an 18S rRNA specific probe for plasmid-derived RNA, deletions D1, D2 

and D4 had little effect on 18S rRNA production while deletion D5 showed modest effect 

(Fig 3.7.C). In previous studies on 5’ ETS in our laboratory, the complete deletion of 

regions IV, V and VI appeared to abolish completely the production of 18S rRNA (Intine, 

1999). One possibility for the differences in the current study may be the fact that these 

deletions themselves were more modest and could be tolerated without significant RNA 
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instability. While the large deletions may cause spatial disruptions, which, influence 

binding sites, the short stem-loop sequences at the ends of the hairpins appear not to 

interact with proteins and their removal leaves the hairpins intact and hence the structure 

remains stable. A related interpretation of the observed modest effects may be the 

possibility that these regions may act to organize critical domains in a stable fashion. 

Surprisingly, deletion of lower stem-loop sequence in region V (D3) did have a severe 

effect on 18S rRNA production suggesting that at least some part of this region is critical 

for the maturation of the SSU rRNA (Fig 3.7.C). Even though modification exclusion 

analyses did not indicate any sign of contact of this region with RAC complex; somehow, 

this region plays an important role in the processing and/or stability of the pre-rRNA. 

When precursor levels were assayed to determine which of the possibilities might be 

correct, no significant build up of precursors was observed (Fig 3.10). This suggests that 

deletion of sequence elements D3 in region V in someway, may have rendered the 

primary transcript susceptible to nuclease attack. Two scenarios could be envisioned in 

this case. In the first case, deletion of the sequence elements in this region may prevent 

proper folding of the precursor molecule, which in turn exposes nuclease sensitive sites. 

In the other case, the deleted sequences may have removed binding sites for a trans-

acting factor, or perhaps a factor with multiple binding sites on the pre-rRNA molecule, 

which normally may protect the primary transcript from nuclease attack. Further 

significant changes (S12 and S13) were made to pinpoint the essential sequence elements 

in this region but neither of them had any effect on the production of the 18S or 5.8S 

rRNAs (Fig 3.8), suggesting that this region might be folding into a particular 

conformation, which is critical for the stability of the pre-rRNA molecule. 
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 In eukaryotes, snoRNAs have been linked with processing of pre-rRNA and 

studies in S. cerevisiae indicated that potential base-pairing between 5’ ETS and U3 

snoRNA is required for processing of 18S rRNA (Beltrame and Tollervey, 1995). A 

separate goal of the present studies was to assess the possible functional role of a putative 

U3 snoRNA binding region identified by sequence complementary in the pre-rRNA of S. 

pombe. Base substitutions introduced to disrupt this interaction in the +512 to +522 

nucleotide region in the 5’ ETS (S14) had only modest effect on both the 18S and 5.8S 

rRNA production (Fig 3.9) indicating that any interaction between U3 snoRNA and pre-

rRNA at this point was not critical for the normal accumulation of rRNA. This study 

suggests that the putative U3 snoRNA binding site identified in 5’ ETS of S. pombe is 

probably not the equivalent site reported in S. cerevisiae. A more detailed mutagenesis in 

this region will be needed to assess the role played by U3 snoRNA-5’ ETS 

complementarity. 

In summary, the observed data suggest the possibility that the putative protein 

binding site in region IV and lower stem-loop portion in region V contribute directly to a 

processing domain in the nucleolar precursor particle, while the other stem-loop portions 

in both the regions which showed modest effects on plasmid-derived rRNA simply may 

act to organize the critical domains indirectly or protect the nascent pre-rRNA.                                                                                                                                                                                                                                                                                                                                                                                                                             
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Chapter 4.  Analysis of processing intermediates in the 5’ external transcribed 

spacer region of the S. pombe rDNA. 

4.1  Introduction  

Most of the previous studies on ribosomal RNAs processing suggest that the 

mature rRNAs in general are produced following initial cleavages within the transcribed 

spacers. However, since it has been shown that maturation occurs in minutes of 

transcription (Udem and Warner, 1972) and because many of the intermediate pre-rRNAs 

are short-lived, with concentrations that are near the resolution limits of transcript 

mapping techniques (Raziuddin et al., 1989), intermediate termini has been difficult to 

establish with certainty. Based on primer extension analysis, previous studies have 

described at least six potential transient termini during the removal of 5’ ETS in S. pombe 

(Good et al., 1997b). Since analytical techniques such as primer extension or S1 nuclease 

protection can give rise to experimental artifacts, the validity of these intermediates can 

be questioned. For example, primer extensions can terminate prematurely because of 

sequence or structure and S1 nuclease can cleave at AT rich sequences.  

Recently, an alternative, more precise approach using a ligation-mediated PCR 

has been successful in identifying in vivo mRNA decay intermediates (Hanson and 

Schoenberg, 2004; Grange, 2008), and the mature 3' ends of small nuclear RNAs, 5S and 

5.8S ribosomal RNAs (Hitchcock et al., 2004). This approach also has been used 

successfully in our laboratory to determine intermediate cleavages in the 3’ ends of U3 

snoRNA transcripts (Nabavi and Nazar, 2008). In general this approach defines the 

termini more precisely as it is not dependent on mobility markers. Based on the results 
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obtained for mutation analysis in Chapters two and three, it seemed potentially important 

to examine the effects of mutations in terms of changes to intermediate termini.  

In this chapter, hybridization and ligation-mediated polymerase chain reaction 

were used to map the intermediate termini in the 5’ ETS region and to detect any 

sequence mutation induced changes. Simultaneously, in addition to the 5’ ETS sequence 

mutation induced changes, the role of known nuclear nuclease activities in the generation 

of intermediates also were examined. RNase III is one of the key protein nucleases in 

prokaryotic pre-rRNA processing (Apirion and Miczak, 1993). RNase III has the ability 

to bind and cleave double strand RNA (Robertson et al., 1968). A RNase III homologue 

(RNT-1) in S. cerevisiae has been shown to be essential for rRNA processing (Elela et 

al., 1996; Kufel et al., 1999). In S. pombe, the RNase III-like Pac1 nuclease has been 

shown to be responsible for specific cleavages in the 3’ ETS (Rotondo et al., 1997; 

Spasov et al., 2002; Ivakine et al., 2003). Similarly, nuclear 5’-3’ exonuclease is known 

to be involved in 5’ end processing of snoRNAs, 5.8S rRNA and degradation of rRNA 

spacer fragments (Amberg et al., 1992; Henry et al., 1994; Petfalski et al., 1998). 

Because these enzymes are known and temperature sensitive mutants were available, 

their influences were analyzed using hybridization and ligation-mediated PCR.  
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4.2  Materials and methods 

 Many methodologies used in this chapter were presented in detail in Chapter 2. 

Only additional strains and methods are described here.  

4.2.1  Temperature sensitive yeast strains 

Strains ts138 (h- ade6-M616 ura4-D18 pac1- A342T) or KP38 (h+ ade6-M216 

leu1 his7-lacI-GFP-his7+ lys1-lacO-lys1+ ura4-D18 dhp1-1<<ura4+) were temperature 

sensitive for their Pac1 endonuclease or Dhp1p exonuclease, respectively. 

4.2.2  Ligation-mediated termini analysis 

 The RNA ligation-mediated RT-PCR procedure used in this study was a 

modification based on an existing protocol (Nabavi and Nazar, 2008; Hitchcock et al., 

2004). The 5’ ends of the RNA were determined (Fig 4.1) in three steps: (1) ligation of an 

RNA adapter oligonucleotide to phosphorylated 5’ ends of the total cellular RNA; (2) 

reverse transcription (RT) of the ligated RNA with a gene specific primer to produce 

complementary DNA and (3) PCR amplification of the single strand DNA template pool 

with an adapter-specific forward primer and a gene specific reverse primer. The RNA 

ligation was performed in a final reaction volume of 20 µl containing reaction buffer (50 

mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.5), 5 µg of the total RNA, 1 mM ATP, 

400 pmol of the adapter oligonucleotide, 0.1 mg/ml BSA and 20 units of T4 RNA ligase 

(New England Biolabs, Ontario). Reaction buffer was added to RNA dissolved in water, 

heated for 5 min at 70
0
C and immediately cooled on ice. At this time, ATP, BSA, RNA 

adapter and enzyme were added to the mix and the reaction was incubated at 16
0
C for 2 

h. The ligation reaction was heat inactivated at 80
0
C for 10 min and 5 µl of the reaction 
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mixture were used as a template for the RT reaction with gene specific primer. The RT 

reaction was performed in a final volume of 20 µl containing reaction buffer (50 mM 

Tris-HCl (pH 8.3), 50 mM KCl, 4 mM MgCl2, 10 mM DTT), 0.2 mM dATP, dGTP, 

dCTP and dTTP, 200 ng of gene specific primer, and 100 units of Moloney murine 

leukemia virus (MMLV) reverse transcriptase (Fermentas, MBI, Burlington, Ontario). A 

5 µl aliquot of the heat inactivated ligated RNA was added to the RT reaction mixture; it 

was denatured at 65
0
C for 5 min, cooled on ice for 5 min and heated at 42

0
C for 1 min. At 

this time, MMLV enzyme was added and the mixture was incubated at 37
0
C for 2 hr. A 1 

µl aliquot of the resulting cDNA solution was used for PCR amplification as described in 

Chapter 2. 
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Figure 4.1  Diagrammatic representation of ligation-mediated terminal analysis 

A. Structure of 5’ ETS termini associated with 18S rRNA. The mature rRNA 

sequence (18S) is depicted as dark rectangle associated with external transcribed 

spacer region (grey rectangles). In the first step, the RNA adapter oligonucleotide 

(red rectangular box) was ligated to the total cellular RNA (precursor and mature) 

using RNA ligase. 

B. The ligated RNA is used as a template for RT reaction with a gene specific primer 

(dark arrow) to produce complementary DNA. 

C. PCR from the single strand DNA template pool with an adapter-specific forward 

primer (red arrow head) and a gene specific reverse primer (dark arrow head). 
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Table 4.1  Summary of the primers used for hybridization analysis in this chapter. 

 

Primer name 

 

Annealing site 

 

 

Primer sequence 

 

 

IDT338 

 

IDT339 

 

IDT337 

IDT340 

 

C048-01 

 

C048-08 

 

IDT274 

 

 

 

Reverse primer on 3’ end of 

ITS1 +330 

Reverse primer on 18S/ITS1 

junction region  

Reverse primer on ITS2 +41 

Reverse primer on 3’ end of 5’ 

ETS +1228 

Reverse primer on 5’ end of 5’ 

ETS +12 

Reverse primer on 5’ ETS +524 

 

Reverse primer on 5’ ETS +987 

 

 

 

TGCTTCTTTTCCAATTTCC 

 

CTTTTCATATAACTTTTCTAATG 

 

TCGTTCAACACCTCATC 

TCACACACCACTACCG 

 

TTCTCCTTTCAACCACC 

 

TCCTTGCGGTATCAAGG 

 

TAATATCGTTTCTCTGAAG 

 

Table 4.2  Summary of the primers used for ligation mediated PCR analysis in this 

chapter. 

Primer name 

 

Annealing site 

 

 

Primer sequence 

 

 

IDT105 

 

IDT104 

 

C039-09 

 

SL137 

 

IDT217 

 

C030-03 

 

RNA oligomer (3’ adapter) for 

RNA ligation 

RNA oligomer (5’ adapter) for 

RNA ligation 

Reverse primer on 18S rRNA 

+47 

Complementary primer to the 

RNA oligomer 

Reverse primer on 5’ ETS/18S 

rRNA junction region 

Pst specific reverse primer on 

plasmid-derived 18S rRNA +75 

 

GTCCTTTGTCGATACTGrArArA 

 

5’P/rUrUrUCAGTATCGACAAAGGAC 

 

CTTAGACATGCATGGCT 

 

GTCCTTTGTCGATACTG 

 

CAACCAGGTAACTATC 

 

GTCAACCTGCAGTATAC 
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4.3  Results 

4.3.1  Identification of processing intermediates using hybridization analysis 

The precursor analyses described in Chapter 2 and 3 left a number of questions 

regarding intermediate fragments that were observed in the course of rRNA processing. 

To define these more precisely further hybridization analyses were undertaken with 

oligonucleotide probes. As summarized in Table 4.1, sequence regions were examined 

systematically in both wild type S. pombe cells and S. pombe cells transformed with 

plasmid containing tagged rDNA. As shown in the Fig 4.2.B, in addition to the initial 37S 

transcript, a band (33-35S) was detected readily below the initial precursor (37S) with 

oligonucleotide probe IDT340 (Table 4.1) in the 3’ end of the 5’ ETS region, as well as 

with oligonucleotide probes IDT338 and IDT339 representing the 3’ and 5’ ends of the 

ITS1 region and IDT337 in the ITS2 region. These observations were consistent with a 

precursor intermediate. To determine if this intermediate precursor contains the entire 5’ 

ETS region or if it is a processed 5’ ETS intermediate, further hybridization analyses 

were carried out with wild type S. pombe cells using oligonucleotide probes C048-01, 

C048-08 and IDT274 representing different regions (+12-28, +524-540 and +978-1005) 

of the 5’ ETS. As can be seen in Fig 4.2.D, this precursor intermediate was clearly 

evident with oligonucleotide probe IDT340 (+1228-1243) at the 3’ end of the 5’ ETS but 

was not detected with the other three probes C048-01 (+12-28), C048-08 (+524-540) and 

IDT274 (+978-1005) in the upstream region of the 5’ ETS. This indicated that the 

precursor molecule was cleaved in the 5’ ETS representing nucleotides between +1005 

and +1228. In addition, a single band that appears to be a 5’ ETS fragment (5’ ETS
1
) was 

observed below the 18S rRNA with oligonucleotide probe IDT274 and  two 5’ ETS like 
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fragments (5’ ETS
1
 and 5’ ETS

2
)  were detected below the 18S rRNA with 

oligonucleotide probes C048-01 and C048-08. However, none of these 5’ ETS fragments 

were observed with oligonucleotide IDT340. In order to determine the approximate sizes 

of these 5’ ETS fragments, a standard graph was plotted taking log of the molecular 

weight of the known RNA fragments on the Y-axis and the distance migrated by them on 

the X-axis. As shown in the Fig 4.3, the approximate sizes of the 5’ ETS fragments were 

estimated to be around 1150 nt (5’ ETS
1
) and 466 nt (5’ ETS

2
). Also, as previously 

mentioned in chapters 2 and 3, the intermediate precursor (33S) levels detected with 

oligonucleotide IDT340 in the 5’ ETS region were much less in transformed S. pombe 

cells compared to the wild type cells. In addition, a significant build up of 20S precursor 

levels detected with oligonucleotide probe IDT339 (5’ end of ITS1), 27SA precursor 

levels detected with oligonucleotide probe IDT338 (3’ end of ITS1), 27SA and 27SB 

precursor levels detected with oligonucleotide probe IDT337 in the ITS2 region were 

observed in wild type S. pombe compared to the transformed cells (Fig 4.2.B). 
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Figure 4.2  Hybridization analysis of pre-rRNA processing in S. pombe. 

 

A. Structure of ribosomal RNA precursor molecule. The mature rRNA sequences are 

depicted as dark rectangles and labeled. The external and internal transcribed 

spacer regions are indicated by grey rectangles. The small dark lines indicate the 

location of the oligonucleotides used as probes for hybridization analysis. 

B. Whole cell RNA was fractionated on 1.5% agarose/formaldehyde gel and blotted 

on to a nylon membrane as described in section 2.2.5.d. Left panel, methylene 

blue stained nylon membrane. Right panel, autoradiograph of the membrane in the 

left panel following hybridization with oligonucleotide probes; 1, specific to the 

3’ end of the 5’ ETS region (IDT340), 2, specific to the 5’ end of the ITS1 

(IDT339), 3, 3’ end of the ITS1 (IDT338), 4, ITS2 region (IDT337) in S. pombe. 

Lanes; W, untransformed wild type cells, Pf, cells transformed with 

pFL20/18Pst5.8i4. The positions of the 25S, 18S, 37S, 35/33S, 20S, 27SA and 

27SB are indicated. 

C. Structure of ribosomal RNA precursor molecule. The small dark lines indicate the 

location of the oligonucleotides used as probes in the 5’ ETS region for 

hybridization analysis. 

D. Whole cell RNA was fractionated on a 1.5% agarose/formaldehyde gel and 

blotted on to a nylon membrane as described in section 2.2.5.d. Left panel, 

methylene blue stained nylon membrane. Right panel, autoradiograph of the 

membrane in the left panel following hybridization with oligonucleotide probes 

specifc to 5’ ETS region; 1, IDT340 (+1228-1243), 2, IDT274 (+987-1005), 3, 

C048-08 (+524-540), 4, C048-01 (+12-28). Lanes; W, untransformed wild type 

cells, The positions of the 25S, 18S, 37S, 33S, 5’ ETS
1
 and 5’ ETS

2 
are indicated.  
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Figure 4.3  Estimation of molecular weight of RNA fragments  

 

A. A standard graph plotted taking log of molecular weights of known RNA 

fragments (37S, 25S, 18S and 7S) on the Y-axis and the distance migrated by 

them on the X-axis. The approximate molecular weight of 33S, 27SA, 27SB, 20S, 

5’ ETS
1
 and 5’ ETS

2
 were calculated from the equation, y = mx + c where m is 

the slope and c is the intercept of the straight-line graph. 

B. Table showing the average distance migrated by the RNA fragments on the 1.5% 

agarose/formaldehyde gel and their molecular weights. The distance migrated by 

the RNA fragments was calculated from 4 gels and the average was tabulated 

together with their standard deviation. a and b represent the approximate 

molecular weight of 5’ ETS
1
 and 5’ ETS

2
 calculated from the standard graph. 
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A 

 
 

B 

RNA 

Fragments 

Average 

Distance 

Molecular 

weight 

37S 0.9025 ± 0.005 7723 

33S 1.125 ± 0.028 ~ 6776 

27SA 1.754 ± 0.008 ~ 4626 

27SB 1.853 ± 0.062 ~ 4356 

25S 2.2125 ± 0.025 3484 

20S 3.062 ± 0.09 ~ 2089 

18S 3.295 ± 0.052 1842 

5’ ETS
1
 4.047 ± 0.80 ~ 1150

a 

5’ ETS
2
 5.53 ± 1.06 ~ 466

b 

7S 6.45 ± 0.22 266 
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4.3.2  Determination of precursor termini using ligation-mediated RT-PCR 

Based on the hybridization analyses using oligonucleotide probes, it is established 

that the precursor molecule is cleaved somewhere between +1005 nt and +1228 nt in the 

5’ ETS region. To further determine the exact 5’ termini, we used ligation-mediated RT-

PCR as described in Materials and Methods. The adapter oligonucleotide IDT105 (Table 

4.2) was ligated first to the 5’ ends of the total cellular RNA. The ligated RNA then was 

heat inactivated and used as a template for reverse transcriptase using oligonucleotide 

C039-09, specific to the 18S rRNA, to detect 5’ ETS termini associated with 18S rRNA. 

The resulting cDNAs were then PCR-amplified using adapter-specific oligonucleotide 

(SL137) as a forward primer and the oligonucleotide used for the RT reaction as a reverse 

primer.  

As shown in the Fig 4.4.B (lane 2), a strong PCR-amplified fragment of 64 bp and 

only trace amounts of fragments larger than 64 bp were detected when the PCR amplified 

DNA samples were run on a 2% agarose gel. The 64 bp PCR fragment was purified from 

agarose gel and submitted for sequencing analysis to the DNA sequencing facility in the 

College of Biological Science, University of Guelph.  From the sequencing results, the 

PCR product was identified as representing the 5’ terminus of the mature 18S rRNA 

ligated to the adapter oligonucleotide. Because the precursor molecules were not 

amplified effectively due to their relatively low concentrations, nested PCR was used to 

amplify them specifically. The initial PCR reaction mixture was diluted 250 fold and 

used as a template for a second PCR step using an oligonucleotide (IDT217) specific to 

the 5’ ETS/18S rRNA junction region as the reverse primer. As shown in Fig 4.4.B (lane 
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3), an amplified fragment of approximately 175 bp was now detected which, again, was 

submitted for sequencing. From the sequencing results, the amplified sequence was 

identified as a 149 nucleotide extension to the 5’ end of the 18S rRNA with the adapter 

sequence ligated to it. In addition to the 175 bp fragment, trace amounts of other bands 

were detected above and below the 175 bp fragment which, from sequencing analyses 

were identified as artifactual recombinants.  

Since only one extended terminus was identified by 5’ end ligation it was of 

interest to see if the equivalent or other fragments could be identified by 3’ end ligation. 

In this case, a 5’ end phosphorylated RNA adapter oligonucleotide, IDT104 (Table 4.2) 

was ligated to the 3’ hydroxyl groups of the total cellular RNA. After heat inactivation, 

an RT reaction was performed using the ligated RNA and an adapter specific 

oligonucleotide (SL137). This was followed by PCR using a 5’ ETS specific primer 

C048-01 (+12-28) as the forward primer and the adapter specific oligonucleotide as the 

reverse primer. As shown in the Fig 4.5, a strong PCR amplified fragment was detected 

on a 2% agarose gel; this band was gel purified and submitted for DNA sequence 

analysis. From the sequence, it was identified as the 5’ ETS region extending to 

nucleotide +576 to which the adapter oligonucleotide was bound. In addition to this band, 

trace amounts of other smaller bands were detected, which could not be reamplified and 

analyzed.  
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Figure 4.4  Ligation mediated mapping of 5’ termini in the 5’ ETS of S. pombe.  

 

A. Structure of ribosomal RNA precursor molecule. The mature rRNA sequences are 

depicted as dark rectangles and labeled. The external and internal transcribed 

spacer regions are indicated by grey rectangles. The small dark arrows indicate 

the location of the primers used in PCR reaction. 

B. RNA adapter oligonucleotide was ligated to the total cellular RNA on its 5’ ends; 

adapter-bound RNA sequences were amplified specifically by RT-PCR and the 

PCR products were fractionated on a 2% agarose gel. Lanes; 1, Size marker 

prepared by digestion of plasmid pTZ19R with Hinf1 restriction enzyme, 2, PCR 

product obtained with oligonucleotide C039-09 specific to 18S rRNA as a reverse 

primer and adapter specific oligonucleotide as the forward primer, 3, Nested PCR 

product obtained with oligonucleotide IDT217 specific to the 5’ ETS/18S junction 

region as a reverse primer and adapter-specific oligonucleotide as the forward 

primer. 

C. DNA sequence analysis of the PCR and the nested PCR products. The 5’ termini 

of 1, the 18S rRNA and 2, the 5’ ETS associated with 18S rRNA are labeled and 

indicated by dark arrowheads. The adapter sequence bound to the terminus also is  

indicated.  
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Figure 4.5  Ligation mediated mapping of 3’ termini in the 5’ ETS of S. pombe.  

 

A. Structure of ribosomal RNA precursor molecule. The mature rRNA sequences are 

depicted as dark rectangles and labeled. The external and internal transcribed 

spacer regions are indicated by grey rectangles. The small dark arrow indicates 

the location of the primer used in the PCR reaction. 

B. RNA adapter oligonucleotide was ligated to the total cell RNA on its 3’ ends; 

adapter-bound RNA sequences were amplified specifically by RT-PCR and the 

PCR products were fractionated on a 2% agarose gel. Lanes; 1, Size marker 

prepared by digestion of plasmid pTZ19R with Hinf1 restriction enzyme, 2, PCR 

product obtained with oligonucleotide C048-01 specific to 5’ ETS as a forward 

primer and adapter-specific oligonucleotide as the reverse primer. 

C. DNA sequence analysis of the PCR product; the dark arrowhead represents the 3’ 

terminus (+576) of the 5’ ETS. The adapter sequence bound to the terminus is 

labeled.  

D. The secondary structure of the 5’ ETS predicted from the sequence (determined 

by Good et al., 1997b) using the mfold program, which is based on the algorithms 

of Zuker and coworkers (Walter et al., 1994). The sequence (1320 nucleotides) is 

paired extensively folding into many extended helices separated by short single 

stranded regions. The shaded area indicates the beginning of the 18S rRNA. The 

dark arrowheads represent the cleavage sites identified by the ligation mediated 

PCR procedure. 
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4.3.3  rRNA processing profiles in S. pombe with temperature sensitive nuclear 

nucleases. 

The activities of known nuclear nucleases in the generation of intermediates was 

examined in two temperature sensitive S. pombe strains by hybridization and ligation 

mediated PCR procedures in order to understand the potential role of these nucleases on 

the processing events in the 5’ ETS region. KP38, a strain of S. pombe containing a 

temperature-sensitive nuclear 5’- 3’ exonuclease (Dhp1-1) (Shobuike et al., 2001) and 

ts138, an S. pombe strain containing a temperature-sensitive Pac1 nuclease (Zhou et al., 

1999, Potashkin and Frendewey, 1990) were grown to mid log phase at a permissive 

temperature (22
0
C) and then at 37

0
C (restrictive temperature) for 5 h. Total cellular RNA 

extracted from cells growing at the permissive and restrictive temperatures from both the 

strains were examined for differences in rRNA processing intermediates by hybridization 

using oligonucleotide probes in the ITS1 (IDT338, IDT339) and ITS2 (IDT337) regions, 

as described earlier.  

As shown in Fig 4.6.A, with oligonucleotide probes in ITS regions, levels of the 

initial transcript (37S) were similar at both the permissive and restrictive temperatures 

with either the KP38 and ts138 strains. The slight differences observed likely were due to 

loading or transfer differences as can be seen with the stained membranes beside the X-

ray film.  In case of the 33S intermediate, however, a significant reduction was observed 

in both the KP38 and ts138 strains at restrictive temperatures when compared to the 

permissive temperature. In addition, significant reductions in the 20S, 27SA and 27SB 

intermediates were also evident with oligonucleotide probes for the ITS1 and ITS2 
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regions at restrictive temperatures with both the KP38 and ts138 strain. To determine 

whether the observed differences between the permissive and restrictive temperatures in 

both the KP38 and ts138 strains were due to the enzymology related effect or related to 

growth at restrictive temperature, the precursor levels also were analyzed in normal S. 

pombe cells grown at 22
0
C till mid log phase and at 37

0
C for 5 h. As shown in Fig 4.6.B, 

the reduction in 33S, 20S, 27SA and 27SB precursor levels were equally evident at 37
0
C 

when compared to cells grown at 22
0
C.  

Simultaneously, ligation-mediated PCR was used to examine the 5’ termini in the 

5’ ETS region of these temperature-sensitive mutant strains at permissive and restrictive 

temperatures using IDT105 (Table 4.2) adapter oligonucleotide as described in section 

4.3.2. As observed with normal S. pombe cells, a strong PCR-amplified signal of 64 bp 

(18S terminus) was detected with oligonucleotide C039-09 that corresponded to the 

mature 18S rRNA with no significant higher molecular weight signals. When nested PCR 

was applied using oligonucleotide IDT217 specific to the 5’ ETS/18S rRNA junction 

region, as a reverse primer, an amplified signal of approximately 175 bp (5’ ETS 

terminus associated with 18S rRNA) was detected; when subjected to sequence analyses 

it was found to be equivalent again to the extended terminus as observed in normal S. 

pombe cells. However, as observed during hybridization analyses in both the KP38 and 

ts138 strain, a reduced amount of nested PCR product was observed at the restrictive 

temperature (37
0
C) when compared with the permissive temperature (22

0
C) (Fig 4.7). 
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Figure 4.6  Pre-rRNA processing in S. pombe strains expressing temperature 

sensitive nuclease 

 

A, Structure of ribosomal RNA precursor molecule. The mature rRNA sequences 

are depicted as dark rectangles and labeled. The external and internal transcribed 

spacer regions are indicated by grey rectangles. The small dark lines indicate the 

location of the primers used in PCR reaction. Whole cell RNA from B, 

temperature sensitive S. pombe strains KP38 (Dhp1p exonuclease), ts138 (Pac1 

endonuclease) and C, wild type S. pombe cells was fractionated on 1.5% 

agarose/formaldehyde gels and blotted on to nylon membrane as described in 

section 2.2.5.d. Left panel, methylene blue stained nylon membrane. Right panel, 

autoradiograph of the membrane in the left panel following hybridization with 

oligonucleotide probes; 1, specific to the 5’ end of the ITS1 (IDT339), 2, 3’ end 

of the ITS1 (IDT338), 3, ITS2 region (IDT337). Lanes; 22, permissive 

temperature, 37, restrictive temperature. The positions of the 25S, 18S, 37S, 33S, 

20S, 27SA, 27SB and 7S are indicated. 
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Figure 4.7  Ligation-mediated mapping of 5’ termini in the 5’ ETS of S. pombe 

strains with temperature sensitive nucleases.  

 

 RNA adapter oligonucleotide was ligated to the total cellular RNA from the 

temperature sensitive strains, A, KP38 and B, ts138 on its 5’ ends; adapter-bound RNA 

sequences were amplified specifically by RT-PCR and fractionated on a 2% agarose gel. 

PCR products (18S termini) were obtained with oligonucleotide C039-09 specific to 18S 

rRNA as a reverse primer and adapter-specific oligonucleotide as the forward primer. 

Nested PCR products (5’ ETS termini associated with 18S rRNA) were obtained with 

oligonucleotide IDT217 specific to the 5’ ETS/18S junction region as a reverse primer 

and adapter-specific oligonucleotide as the forward primer.  Lanes; 1, Size marker 

prepared by digestion of plasmid pTZ19R with Hinf1 restriction enzyme, 2, PCR product 

at permissive temperature (22
0
C), 3, PCR product at restrictive temperature (37

0
C), 4, 

Nested PCR product at permissive temperature (22
0
C), and 5, Nested PCR product at 

restrictive temperature (37
0
C). 
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4.3.4  rRNA processing profiles with mutant 5’ ETS sequences effecting 18S rRNA 

production.  

 Since some of the mutations (S6, S7, S7+S8, S7+S8+S9 and D3) in the 5’ ETS 

region had dramatic effects on the production of plasmid-derived 18S rRNA (see 

Chapters 2 and 3), the plasmid-derived 5’ETS termini associated with 18S rRNA in these 

cases also were examined using the ligation-mediated RT-PCR procedure. After ligation 

of adapter oligonucleotide IDT105 (Table 4.2) to the 5’ end of total RNA extracted from 

transformed S. pombe cells, oligonucleotide C030-03, that is specific to the Pst1 

sequence tag, centered 75 nt downstream of the 5’ end of the plasmid-derived 18S rRNA, 

was used in the RT reaction. As shown in Fig 4.8, a strong PCR amplified fragment of 80 

bp (18S terminus) was detected in S. pombe cells transformed with control plasmid which 

corresponded with the 5’ end of the 18S rRNA. RNAs from the 5’ ETS mutants (S6, S7, 

S7+S8, S7+S8+S9) resulted in very greatly-reduced signals when compared with the 

control. RNA from mutant D3 showed no signal at all. Some additional weak signals 

larger than the 80 bp were observed in all the transformed S. pombe cells, but these were 

identified as artifactual recombinants by DNA sequence analyses. Furthermore, when 

nested PCR was applied, using the oligonucleotide (IDT217) specific for the 5’ ETS/18S 

rRNA junction region as a reverse primer, an amplified signal of approximately 175 bp 

(5’ ETS terminus) again was detected in S. pombe cells expressing tagged rDNA 

(control) as observed in wild type S. pombe cells. However, the 5’ ETS mutants again 

showed none (D3) or only trace amounts (S6, S7, S7+S8, S7+S8+S9). The transformed 

cells did show an additional fragment of 300 bp in the nested PCR reaction, apparently 

another artifactual recombinant as indicated by subsequent sequence analyses.  
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Figure 4.8  Ligation mediated mapping of 5’ termini in 5’ ETS mutants that are 

critical for 18S rRNA production.  

 

 RNA adapter oligonucleotide was ligated to the total cellular RNA from the S. 

pombe cells transformed with plasmid containing tagged rDNA without any mutation (Pf, 

control) and transformed S. pombe cells containing 5’ ETS mutations S6, S7, S7+S8, 

S7+S8+S9, and D3. Adapter-bound RNA sequences were amplified specifically by RT-

PCR and fractionated on a 2% agarose gel.  

A, PCR products (18S termini) obtained with oligonucleotide C030-03 specific to 

plasmid-derived 18S rRNA as a reverse primer and adapter-specific oligonucleotide as 

the forward primer. Lanes; 1,6 Size marker prepared by digestion of plasmid pTZ19R 

with Hinf1 restriction enzyme, 2,7 Control, 3, S6, 4, S7, 5, D3, 8, S7+S8, 9, S7+S8+S9. 

18S terminus is labeled and indicated by dark arrowhead. 

B, Nested PCR products (5’ ETS termini associated with 18S rRNA) obtained with 

oligonucleotide IDT217 specific to the 5’ ETS/18S rRNA junction region as a reverse 

primer and adapter-specific oligonucleotide as the forward primer using plasmid derived 

PCR as a template. Lanes; 1,5 Size marker prepared by digestion of plasmid pTZ19R 

with Hinf1 restriction enzyme, 2,6 Control, 3, S6, 4, S7, 7, D3, 8, S7+S8, 9 S7+S8+S9. 5’ 

ETS terminus is labeled and indicated by dark arrowhead. 
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4.4  Discussion 

 Previous studies using primer extension analysis have suggested that at least six 

transient termini are generated during the removal of 5’ ETS in S. pombe (Good et al., 

1997b). The validity of these intermediates has remained uncertain because techniques 

like primer extension and S1 nuclease protection may present potential experimental 

artifacts. In this part of the thesis, questions regarding processing intermediates in the 5’ 

ETS were re-examined using northern hybridization and ligation mediated RT-PCR 

procedures. Hybridization analysis using a series of probes in 5’ ETS and ITS regions 

detected a band as a 5’ ETS processed intermediate. A difference in the rate of processing 

between the wild-type and transformed S. pombe cells also was identified in this analysis. 

Termini analysis using ligation-mediated PCR detected two cleavage sites in the 5’ ETS 

region. The RNA processing profiles in temperature sensitive mutants and the 5’ ETS 

sequence mutants analyzed by hybridization and ligation-mediated PCR detected no 

additional intermediates or anomalous products. 

  As previously mentioned in chapters 2 and 3, precursor analysis with 

oligonucleotide probe IDT340 (5’ ETS +1228-1243) detected a band, which appeared to 

be an intermediate precursor molecule below the 37S precursor. In this chapter, in order 

to confirm that it was an intermediate precursor, wild-type and transformed S. pombe 

cells were examined using oligonucleotide probes in ITS1 and ITS2 regions. The 

observed results suggest that it was indeed a precursor intermediate since the band was 

readily detected with probes in ITS1 and ITS2 in addition to the probe in the 3’ end of 5’ 

ETS (Fig 4.2.B).  



 

 
 

178 

In order to determine whether it is a 3’ ETS processed intermediate containing 

full length 5’ ETS (35S) or if it was a 5’ ETS processed intermediate (33S), further 

hybridization was carried out with wild type S. pombe cells using oligonucleotide probes 

in different regions (+12-28, +524-540, +987-1005 and +1228-1243) of the 5’ ETS. The 

results (Fig 4.2.D) indicate that it was a 5’ ETS processed intermediate as it was detected 

only with the oligonucleotide probe IDT340 in the 3’ end of 5’ ETS (+1228-1243) but 

was not detected with any of the oligonucleotide probes in the upstream region of the 5’ 

ETS. Further analyses also indicated that the precursor molecule was cleaved somewhere 

between nucleotides +1005 and +1228 in the 5’ ETS region.  

As described in Chapters 2 and 3, the initial major processing intermediate in the 

5’ ETS region (35/33S) as detected with oligonucleotide IDT340, was diminished 

significantly in S. pombe cells transformed with plasmid carrying tagged rDNA, 

compared to the wild-type S. pombe. At the same time, probes for the ITS1 and ITS2 

regions also demonstrated significantly higher buildups in precursors 20S, 27SA and 

27SB in wild-type S. pombe cells as compared to the transformants (Fig 4.2.B). While 

alternative pathways seemed a possibility and the reasons for this remained unclear it was 

attractive to speculate that the availability of enzymes and factors necessary for rRNA 

processing might be the defining difference. In wild-type S. pombe cells, where rRNA 

processing takes place entirely in the nucleolus, the presence of many rRNA transcripts 

may result in competition for the enzymes where the excess rRNA that is not 

immediately processed accumulates. In contrast, the plasmid DNA in transformed S. 

pombe cells may have been dispersed widely in the nucleus as shown in studies, which 

indicated that S. cerevisiae strains carrying the pol I rDNA plasmid contained many mini 
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nucleoli distributed throughout the nucleus (Oakes et al., 1998). Similarly, studies in 

mammalian cells indicated that the plasmids that can be expressed occupy 60% of 

nuclear volume five minutes after micro-injection (Gasiorowski and Dean, 2007). The 

rRNA transcripts from the plasmids may then interact with free and highly mobile 

processing factors (Platani et al., 2000) in the nucleoplasm without the need to compete 

for the enzymes and hence could be processed quickly. Since the plasmid contributes 

50% of the rRNA, the transcription of host cell rDNA may be downregulated 

significantly resulting in a much lower competition of the enzymes in the nucleolus.  

Of equal surprise was the profile of termini as deduced by ligation-mediated RT-

PCR when compared with analyses based on “primer extension” or “S1 mapping” (Good 

et al., 1997b). When oligonucleotide C039-09, specific to the 18S rRNA (+47-64), was 

used in the RT reaction to detect 5’ ETS termini associated with 18S rRNA, a strong PCR 

amplified fragment of 64 bp corresponded with the 5’ terminus of the mature 18S rRNA 

(Fig 4.4) as determined by DNA sequence analysis. In contrast, only trace amounts of 

fragments larger than the 64 bp band were detected. The strong mature terminus can be 

taken as evidence that the technique could detect 5’ termini but the reason why 5’ ETS 

extended termini were not detected readily was surprising, partially given past results 

using primer extension. One possible interpretation was that the 5’ termini in the 5’ ETS 

region may be buried in some structural fashion and not accessible easily for ligation to 

an adapter molecule. Alternatively, it could mean that processing intermediates were very 

low in concentration as the PCR amplification might be expected to reflect the relative 

concentration between mature and precursor RNA. To accurately define the minor 

components, a nested PCR approach was applied using oligonucleotide IDT217 (specific 
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to the 5’ ETS/18S junction region) as the reverse primer. This would not be expected to 

amplify the mature terminus and resulted in one dominant PCR fragment of 175 bp 

which, from sequence analysis, was identified as a 5’ ETS fragment terminating at 149 nt 

upstream of the mature 18S rRNA (Fig 4.4). This result with 5’ ligation-mediated termini 

analysis indicated that the precursor molecule was cleaved in +1171 from the 5’ ETS. 

This observation was entirely consistent with the hybridization analyses based on 5’ ETS-

specific oligonucleotide probes, which  indicated that the precursor (37S) molecule was 

cleaved somewhere between +1005 and +1228 in the 5’ ETS (Fig 4.2.D). In addition this 

site also matches with the location of one of the 5’ termini identified by primer extension 

analysis (Good et al., 1997b), differing in only one nucleotide. 

While only one 5’ associated 18S rRNA precursor was identified by ligation-

mediated RT-PCR, hybridization analyses detected two bands (5’ ETS
1
, 5’ ETS

2
) that 

were complementary with the 5’ ETS sequence but migrated faster than the 18S rRNA 

using 5’ ETS probes (C048-01 and C048-08) or a single band (5’ ETS1) with 

oligonucleotide probe IDT274 (Fig 4.2.D). This observation suggested multiple 

processing sites as reported previously based on primer extension analyses (Good et al., 

1997b). This led us also to examine 3’ termini associated with the 5’ ETS, again using 

ligation-mediated RT-PCR, by ligating an adapter molecule to the 3’ ends of the total 

RNA. This again resulted in one major PCR-amplified fragment when C048-01 (5’ 

ETS+12-28) was used as the forward primer together with an adapter-specific oligomer 

as reverse primer. Subsequent sequence analyses identified a 5’ ETS fragment 

terminating at +576 nt (Fig 4.5).  
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Terminal analyses using the ligation-mediated RT-PCR procedure, therefore, 

actually indicated that the precursor molecule was cleaved at two different sites (+576 

and +1171) in the 5’ ETS region but the reason why we could not detect the 18S rRNA 

associated half cut at +576 nt or the 5’ half of the molecule cleaved at +1171 nt was not 

clear. Several possibilities exist; the respective termini may not have been accessible 

easily to ligation with an adapter molecule or the precursor molecule may have been 

cleaved at both the sites simultaneously. However, the possibility of simultaneous 

cleavage can be ruled out because hybridization analysis detected a fragment of the 5’ 

ETS
1
 below the 18S rRNA with oligonucleotide probes C048-01 (+12-28), C048-08 

(+524-540) and IDT274 (+987-1005) but not with IDT340 (+1228-1243) (Fig 4.2.D). 

Also based on hybridization analyses, the size of this 5’ ETS
1
 fragment was estimated to 

be about 1170 nt, consistent with cleavage at +1171 nt in the 5’ ETS. These results not 

only rule out simultaneous cleavage at both sites but also suggest that the precursor 

molecule is at least initially not cleaved at the +576 site, since a larger fragment (1170 nt) 

was detected with oligonucleotide probes C048-01, C048-08 and IDT274. 

 In addition to the large 5’ ETS
1
 fragment (1170 nt), we also have detected a 

second 5’ ETS fragment (5’ ETS
2
) below the large 5’ ETS

1
 fragment by hybridization 

with oligonucleotide probes C048-01 (+12-28) and C048-08 (+524-540) but not with 

IDT274 (+987-1005) or IDT340 (+1228-1243) (Fig 4.2.D). From these results we 

speculate the size of the 5’ ETS
2
 fragment is 576 nt, since the precursor molecule is 

cleaved at +576 nt and this fragment is observed only with 5’ ETS oligo probes upstream 

to cleavage (5’ ETS+576) and not with probes downstream to +576 region in 5’ ETS. 

These speculations about the sizes of the 5’ ETS fragments (5’ ETS
1
 and 5’ ETS

2
) also 



 

 
 

182 

were consistent with the approximate sizes estimated from the standard graph (Fig 4.3). 

In addition to the 576 nt 5’ ETS fragment, some minor bands were also detected by 3’ 

ligation mediated RT-PCR (Fig 4.5); this could be interpreted in two ways. These could 

either represent the real termini, which were in very minute amounts to be detected or 

they also could simply represent some degradation fragments.  The observed results of 

ligation-mediated RT-PCR and northern hybridization suggest that the precursor 

molecule might be cleaved initially at +1171 in 5’ ETS during its removal and the 

excised fragment (1170 nt) might be further cleaved at +576 site as part of its degradation 

process.  

The potential role of known nuclear nuclease activities in the generation of 

intermediates was examined where the same analytical methods were applied to strains of 

S. pombe that were temperature sensitive with respect to Pac1 nuclease (ts138) and 

exonuclease (KP38) activities. Hybridization and ligation-mediated PCR were applied at 

permissive (22
0
C) and restrictive (37

0
C) temperatures. The results with ligation-mediated 

termini analysis indicated a significant reduction in the nested PCR product (5’ extended 

18S rRNA) in both KP38 and ts138 strains at 37
0
C as compared with 22

0
C (Fig 4.7). In 

the same way, hybridization analysis with oligonucleotide probes for the ITS1 and ITS2 

regions showed reduced levels of intermediate precursors, 35S, 20S, 27SA and 27SB at 

37
0
C in both strains KP38 and ts138 as compared to 22

0
C (Fig 4.6.A). However, since 

these differences also were observed with normal S. pombe cells (Fig 4.6.B), the results 

suggested that the temperature sensitive enzymes were not critical for processing events 

in 5’ ETS or they may be redundant. Certainly no anomalous products were observed. 

Instead the results with normal cells illustrated that as previously indicated for growth 
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rate changes induced by alternate means like stress, a temperature shift that is 

experienced as stress (Hohmann and Mager, 2003) simultaneously can alter the growth 

rate and thereby rRNA processing profile (Levy et al., 2007). In fact this appears 

consistent with differences that are observed between normal and transformed (plasmid 

with tagged rDNA) S. pombe cells (Fig 4.2.B).  

Equally, the 5’ ETS mutants that had dramatic effects on the plasmid-derived 18S 

rRNA production also appeared not to influence the rRNA processing profile when 5’ 

ETS termini were examined using ligation mediated RT-PCR. While a strong plasmid-

specific PCR signal (18S terminus) and nested PCR product (5’ extended 18S rRNA) 

were detected in S. pombe cells transformed with plasmid expressing only tagged rRNA 

(control), again almost none or very much reduced amounts of the 5’ extended18S rRNA 

terminus were detected with the 5’ ETS mutants (Fig 4.8) and no anomalous termini were 

present. These results again suggest that the mutant precursor molecule is rendered very 

susceptible to nuclease attack resulting in instability and ensuring that the defective 

rRNAs are not incorporated into the functional ribosomes. 

In summary, while only one primary processing site (A0) in the 5’ ETS was 

shown in S. cerevisiae (Venema and Tollervey, 1995), at least six intermittent steps were 

reported in the removal of 5’ ETS in S. pombe (Good et al., 1997b). Later studies 

relocalised the position of two of the 5’ extended 18S rRNA, A0 (-149) and A0
1
 (-111) 

determined by primer extension analysis (Intine, 1999). Based on these uncertainties 

when we re-examined the termini using a different methodology (ligation–mediated 

PCR), only one 5’ extended 18S rRNA, A0 (-149) was identified which is equivalent to 

one of the termini identified by primer extension (Intine, 1999). As shown in Fig 4.5.D, 



 

 
 

184 

this lies within a sequence that has the potential to fold into a cruciform-like structure 

(Intine and Nazar, 1999), bringing it adjacent to the 18S rRNA. The observed data 

suggest that the 5’ ETS in S. pombe is cleaved primarily at +1171 nt during its removal 

which is consistent with the single processing site A0 in 5’ ETS of S. cerevisiae and the 

excised 5’ ETS fragment (1170 nt) is further cleaved at +576 nt as part of its degradation 

process.  

The rate of processing in S. pombe cells transformed with tagged rDNA is found 

to be greater than the wild-type cells. The hybridization data suggests that the availability 

of nuclease and other factors appear to alter the overall distribution of RNA in the 

processing profile.  

The temperature sensitive nucleases did not seem to alter any cleavages and are 

consistent with the processing profile of normal S. pombe, which suggests that these 

nucleases may not play a significant role in the 5’ ETS processing. While the 5’ ETS 

sequence mutants did affect the quantity of the product (5’ extended 18S rRNA), they 

seem not to influence the rRNA processing profile and whatever reduction in the amount 

we have observed represents the instability of the precursor. 
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Chapter 5.  In vitro analyses of structural elements in the 5’ external transcribed 

spacer of Schizosaccharomyces pombe 

5.1  Introduction 

Previous studies have suggested that U3 snoRNP plays an important role in 

processing of rRNA, based on mutational analysis including observations that U3 is 

complementary to and able to be cross-linked to various regions of the pre-rRNA 

transcript (Prestayko et al., 1970; Calvet and Pederson, 1981; Parker and Steitz, 1987; 

Maser and Calvet, 1989; Beltrame and Tollervey, 1992). At least three different snoRNPs 

actually have been shown to be involved in the processing of the 18S rRNA (Kass et al., 

1990; Hughes and Ares, 1991; Morrissey and Tollervey, 1993) and two large families of 

snoRNAs have been reported to participate in the modification of all three mature rRNAs 

(Bachellerie and Cavaille, 1997; Ni et al., 1997a). In S. pombe, studies on the structural 

features of the 3’ ETS (Melekhovets et al., 1994; Hitchen et al., 1997), ITS1 (Lalev and 

Nazar, 1998) and ITS2 (Lalev and Nazar, 1999) have revealed several features that are 

conserved among these spacers and that appear to form specific complexes with one or 

more soluble factors. More recent, studies also indicated that all four of the transcribed 

spacers in the nascent pre-rRNA contained independent binding sites for a large protein 

complex (RAC) as purified by affinity chromatography using the ITS1 sequence 

(Abeyrathne et al., 2002).  

In vivo mutagenesis in the distal region of 5’ ETS presented in Chapter 3 (Fig 

3.4.C and 3.8.C) revealed that sequence/structural elements in regions IV and V were 

essential for the production of mature rRNA. To further understand their functional 

significance, including possible interactions with U3 snoRNA and protein, we have 
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initiated preliminary binding studies (RNA-RNA and RNA-protein) with an aim to 

reexamine them in vitro. In this chapter, we have examined the possible interaction of 

both the regions IV and V in the 5’ ETS with U3 snoRNA in vitro. Further, this chapter 

presents in vitro RNA-protein binding studies examined by gel retardation to analyze the 

ability of the regions IV, V and VI in the 5’ ETS to form RNP complexes. In the course 

of preparation for RNA-protein interaction studies, the biological activity of the different 

protein extracts prepared from S. pombe cells were tested by examining RNA trimming 

of U3B snoRNA precursor in vitro.  

5.2  Materials and methods 

5.2.1  Isolation of total cellular protein from S. pombe cells 

 A whole cell protein extract was isolated from S. pombe cells for in vitro RNA 

processing and gel retardation studies based on the methods described by Hennighausen 

and Lubon (1987) and Jazwinski (1990). Cells were grown in a rich medium (2% 

dextrose, 0.5% yeast extract) of 500 ml in total volume to an absorbance of 0.4–0.6 at 

550 nm and harvested by centrifugation at 10,000 rpm for 10 min at 4°C. After being 

briefly washed twice with water, the cells were resuspended in 5 ml of ice-cold breaking 

buffer (400 mM NaCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol, 0.5 mM 

phenylmethylsulfonyl fluoride, and 10 mM HEPES/KOH, pH 7.9). An equal volume of 

acid-washed glass beads was added to the cell suspension, and the cells were broken by 

vortexing at cold room temperature (~8 cycles of 15 s alternating with 30 s on ice). The 

cell breakage was monitored by microscopy; with 90% breakage, the glass beads and 

large cell debris were removed by centrifugation at 10,000 rpm, for 15 min at 4°C (S10). 

Part of the resulting lysate was cleared further by centrifugation at 35,000 rpm in a 
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Beckman Ti 70 rotor for 1 h at 4°C (S100). The protein extracts (S10 or S100) were 

diluted further with glycerol (20%, final concentration) and divided into 50-μl aliquots 

for storage at -80°C.  

5.2.2  Electrophoretic analysis of protein constituents  

The S. pombe total cellular crude protein extract was fractionated on 10% 

SDS/polyacrylamide gels as described by Laemmli (1970). 10-40 g aliquots were mixed 

with the loading buffer, heated for 5 min at 100
0
C and fractionated at 70 volts using a 

Mini-PROTEAN Cell (Bio-Rad Laboratories, Hercules, CA, USA) until the bromophenol 

blue tracking dye had reached the bottom of the separating gel. The gel was then placed 

in 3 to 5 volumes of fixative (50% [v/v] methanol, 10% [v/v] acetic acid, 40% H20), and 

agitated slowly overnight at room temperature. The protein bands were visualized using 

silver stain as described by Merril et al., (1981) and the images were captured using a 

digital camera. 

5.2.3  Preparation of RNA substrates 

The RNA substrates for in vitro RNA processing, RNA-RNA interaction studies 

and RNA-protein binding studies were prepared by in vitro transcription using T7 RNA 

polymerase (Melton et al., 1984; Lee and Nazar, 1997). The templates for transcription 

reactions were prepared by PCR amplification of subclones using T7 promoter/gene 

specific hybrid sequence as the forward primer and a gene specific sequence as the 

reverse primer. In some cases, the templates were prepared by cloning the sequence of 

interest downstream of the T7 RNA promoter in pTZ19R and these were transcribed 

directly using the plasmid T7 RNA promoter after the plasmid was linearized with EcoRI 
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restriction endonuclease to permit run off transcription. Transcription reactions were 

performed with 5 µg of a DNA template in the presence of 2 mM ATP, CTP, GTP and 

UTP and 100 U of T7 RNA polymerase using N4 buffer [20 mM MgCl2, 40 mM Tris–

HCl (pH 8.1), 1 mM Spermidine, 0.01% Triton X-100] in a final volume of 100 µl. After 

incubation at 37°C for 4 h, the RNA was precipitated with 2.5 volumes of cold salted 

ethanol. The transcripts were then fractionated on a 6 or 8% denaturing polyacrylamide 

gel, stained with methylene blue and purified by homogenization using SDS 

buffer/phenol solution (Nazar, 1991). Purified transcripts were dephosphorylated with 

calf intestinal alkaline phosphatase (Sambrook and Russell, 2001) in reaction buffer [50 

mM Tris-HCl (pH 9.3), 1 mM MgCl2, 0.1 mM ZnCl2 and 1 mM Spermidine] for 1 hr at 

37
0
C. The phosphatase was heat-inactivated for 10 min at 75°C in the presence of 5 mM 

EDTA (pH 8.0) and the RNAs were labeled at the 5′-end using bacteriophage T4 

polynucleotide kinase in buffer (300 mM Tris-HCl, pH 7.8, 75 mM dithiothreitol, 50 mM 

MgCl2) at 37
0
C for 1 hr in the presence of 10 µCi [γ-

32
P] ATP. The labeled RNAs were 

fractionated on a 6 or 8% denaturing polyacrylamide gel and visualized by brief “wet-

gel” autoradiography. The corresponding radiolabeled band was excised and then 

extracted by homogenization in SDS buffer/phenol followed by ethanol precipitation. 

5.2.4  Analysis of RNA-RNA interactions in vitro 

 RNA-RNA interactions were analyzed by electrophoretic mobility shift assays 

based on the methods described by Besancon and Wagner, (1999) and Alvarez et al., 

(2005). Aliquots of in vitro transcribed and labeled spacer RNA were incubated with in 

vitro transcribed, unlabeled U3 snoRNA (1μg) for 30 min at 30
0
C in a final volume of 20 

μl, which contained 5 mM HEPES/KOH pH 7.9, 100 mM KCl, 5 mM MgCl2 and 20% 
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glycerol. The samples were then mixed with 2 μl of loading buffer (10 mM HEPES, 1 

mM EDTA, 50% (v/v) glycerol, 0.1% bromophenol blue and 0.1% xylene cyanol) and 

the RNA-RNA complexes were analyzed by electrophoresis on a non-denaturing 6% 

polyacrylamide gel at 4
0
C. Following electrophoresis, gels were dried and exposed to the 

X-ray film to detect the bands by autoradiography. 

5.2.5  In vitro RNA processing  

 For in vitro RNA processing, 30 fmol of labeled RNA (10,000 cpm) was 

incubated at 30 °C with 10 μl of protein extract (4.3 μg/μl) in a final volume of 20 μl, 

which contained 37.5 mM NaCl, 3 mM MgCl2, 100 mM KCl, 3 mM dithiothreitol, 10% 

glycerol, 0.25 mM phenylmethylsulfonyl fluoride, 50 μM EDTA, and 30 mM 

HEPES/KOH, pH 7.9 (Lee and Nazar, 2003). Reactions were stopped by the addition of 

0.4 ml of stop buffer (0.3 M sodium acetate, 0.1% SDS, 10 mM EDTA, and 40 mg/ml 

calf liver RNA as a carrier). The RNA was extracted once with 

phenol/chloroform/isoamyl alcohol (25:24:1), ethanol-precipitated, ethanol-washed, and 

vacuum-dried. For product analyses, the samples were resuspended in 5 μl of loading 

buffer (formamide containing 0.03% xylene cyanol and 0.03% bromophenol blue dyes), 

heated for 2 min at 90 °C, and fractionated on an 8% polyacrylamide gel containing 8.3 

M urea before being exposed to X-ray film for autoradiography. For quantitative 

analyses, images were captured using a Umax Astra 600P scanner (Umax Technologies, 

Dallas, Texas, USA) and quantified using Molecular Analyst PC software (Bio-Rad 

Laboratories, CA, USA). 



 

 
 

190 

5.2.6  Electrophoretic mobility shift assay 

 Ribonucleoprotein complex formation was assayed by gel retardation studies 

based on the methods described by Hennighausen and Lubon, (1987) and Lalev et al., 

(2000). Aliquots of in vitro transcribed and labeled spacer RNA were incubated with 5 μl 

of S. pombe cellular crude-protein extract (4.3 μg/μl) in a final volume of 20 μl, which 

contained 12 mM HEPES/KOH pH 7.9, 0.5 mM dithiothreitol, 5 mM MgCl2, 100 mM 

KCl, 40% glycerol and 5 μg of calf liver rRNA for 30 min at 4
0
C. The calf liver rRNA 

was added to eliminate non-specific interactions during the reaction. For competitive 

analyses, 100 times more unlabeled RNA were incubated with the same S. pombe cellular 

crude-protein extract and the calf liver carrier RNA. The samples were then mixed with 2 

μl of loading buffer (10 mM HEPES, 1 mM EDTA, 50% (v/v) glycerol, 0.1% 

bromophenol blue and 0.1% xylene cyanol) and fractionated on a non-denaturing 6% 

polyacrylamide gel at 4
0
C. Following electrophoresis, gels were dried and exposed to X-

ray film to detect the bands by autoradiography. 
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Table 5.1  Summary of primers used for the preparation of DNA templates for in 

vitro transcription. 

 

DNA template Primer Sequence 

IVa of 5’ ETS 

C049-

02/IDT331
a 

IDT332
b 

5’-AAATTAATACGACTCACTATAGG-

CTATAGGTAACAACAGATCAAC-3’ 

5’-TCTTCAGAAGTGGTTC-3’ 

IVb of 5’ ETS 

C049-

02/IDT333
a 

IDT334
b 

5’-AAATTAATACGACTCACTATAGG-

CTATAGGAACCACTTCTGAAG-3’ 

5’-GTATCATAATTTCCTCAG-3’ 

IVc of 5’ ETS 

C049-

02/IDT335
a 

IDT336
b 

5’-AAATTAATACGACTCACTATAGG-

CTATAGGAAATTATGATACCAAG-3’ 

5’-AGGTTGTCTAGAGATG-3’ 

 

 

U3B*snoRNA 

U3B*+4snoRNA 

U3BsnoRNA 

 

C049-02/C049-

05
a 

SL104
b 

C058-11
b 

SL135
b 

5’- AAATTAATACGACTCACTATAGG-

CTATAGGATCGACGATACTCCATAG-

3’) 

5′-GGATCCACGACAATTGTTAC-3′ 

5’-ATAAGGATCCTCACAA-3’ 

5’-ACACGTCAGAAAACACC-3’ 

 

a T7 promoter/gene specific hybrid sequence used as a forward primer 

b Gene specific sequence used as a reverse primer 

* Precursor 



 

 
 

192 

5.3  Results 

5.3.1  In vitro analysis of 5’ ETS-U3 snoRNA interactions in S. pombe 

In vivo mutagenesis in the distal portion of 5’ ETS presented in Chapter 3 defined 

sequence/structural elements in regions IV and V that influence the production of stable 

rRNA. To further evaluate their functional significance including possible interactions 

with the U3 snoRNA, initially, an attempt has been made using an RNA fold program 

(Mathews et al., 1999) to identify pairing between U3 snoRNA and the lower stem-loop 

sequence (D3) of region V, which when deleted resulted in complete abolishment of 18S 

rRNA production. This in silico analysis resulted in a structure (Fig 5.1) that identified 

potential base pairing between U3 snoRNA and region V in the 5’ ETS. Based on this in 

silco analysis, the ability of the regions IV and V to interact with U3 snoRNA was 

examined in vitro. DNA fragments constituting regions IV and V in the 5’ ETS were 

cloned downstream of the T7 RNA promoter in pTZ19R (previously prepared by 

Krassimir Spasov in our laboratory) for expression by bacteriophage T7 RNA 

polymerase. The DNA template of U3 snoRNA for the transcription reaction was 

prepared by PCR amplification of a subclone using T7 promoter/gene specific hybrid 

sequence as the forward primer (Table 5.1) and gene specific sequence as the reverse 

primer. The corresponding RNA fragments (IV and V) of the 5’ ETS and the U3 snoRNA 

were prepared by in vitro transcription using T7 RNA polymerase and purified as 

described in Section 5.2.3. To identify any in vitro interaction with the U3 snoRNA, the 

RNA fragments of 5’ ETS were labeled (section 5.2.3) and incubated with unlabeled U3 

snoRNA at 30
0
C for 30 minutes (see section 5.2.4). The samples were then fractionated 
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on a 6% non-denaturing polyacrylamide gel and complexes were detected by 

autoradiography.  

As shown in Fig 5.2.B, the free RNA (region IV) resulted in two bands on a non-

denaturing polyacrylamide gel. The lower band corresponds to region IV RNA 

(monomer) and the upper band that migrated slower than the monomer appeared to be a 

dimer formed through intermolecular base pairing (Sun et al., 2007). However, when 

region IV was incubated with U3 snoRNA, a band that migrated slower than the free 

RNA molecule (monomer), but faster than the dimer, was evident. Also, a reduction in 

the level of dimer was observed when incubated with U3 snoRNA compared to the 

control (free RNA, region IV).  The results indicated some sort of interaction between 

region IV and the U3 snoRNA (Fig 5.2.B). To examine the specificity of the interaction, 

the putative region IV-U3 snoRNA band was excised after brief exposure of the wet gel 

to X-ray film and purified by homogenization in SDS buffer/phenol followed by ethanol 

precipitation. As shown in Fig 5.2.C, when this dissociated complex was fractionated on 

a 6% denaturing polyacrylamide gel, the radioactive component now migrated at the 

same position as the control (region IV). The results suggest that region IV interacts with 

U3 snoRNA. The fact that region IV migrated as a single band on a denaturing 

polyacrylamide gel (Fig 5.2.C.b) also confirms that the free RNA results in the formation 

of dimers on a native polyacrylamide gel.  

To further localize the U3 snoRNA interaction site on the region IV sequence 

more specifically, the structure was subdivided into three smaller hairpins IVa, IVb and 

IVc. The smaller RNA fragments again were prepared by in vitro transcription using T7 

RNA polymerase, purified and labeled at the 5’ end as described previously (Section 
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5.2.3). The templates for the transcription reactions were prepared by PCR amplification 

of fragment subclones using the T7 promoter/gene specific hybrid sequence as the 

forward primer and a gene specific sequence as the reverse primer. The primers used for 

the preparation of DNA templates (IVa, IVb and IVc) are presented in the Table 5.1. As 

indicated in Fig 5.3, hairpin structures IVa and IVb did not show any sign of dimerization 

or interaction with the U3 snoRNA when incubated at 30
0
C for 30 minutes and 

fractionated on a 6% non-denaturing polyacrylamide gel. However, when hairpin IVc 

was incubated with U3 snoRNA a larger band again was evident, which appeared to have 

a weak interaction with the U3 snoRNA (Fig 5.3.C). In addition, hairpin IVc resulted in a 

band that migrated slower than the free RNA and faster than the putative IVc-U3 

complex. This band again appeared to be a dimer as it was observed in the control as 

well. In contrast to region IV, region V in the 5’ ETS when incubated with U3 snoRNA, 

did not indicate or reveal any sign of an interaction with the U3 snoRNA. Instead the free 

RNA resulted in two bands of which the lower-mobility band is presumed to represent a 

dimer (Fig 5.4). 
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Figure 5.1  Putative secondary structure between the U3 snoRNA and region V of 5’ 

ETS. 

 The secondary structure showing pairing between U3 snoRNA and lower stem-

loop sequence of region V (D3). Deletion of D3 results in complete abolishment of 18S 

rRNA production. Sequence (D3) of hairpin V was added to the 3’ end of U3B snoRNA 

sequence and allowed to fold using RNA fold program (Mathews et al., 1999). The 

shaded area represents the pairing between the U3 and region (D3) of hairpin V in the 5’ 

ETS. 
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Figure 5.2  In vitro RNA-U3B snoRNA  interaction with region IV of 5’ ETS in S. 

pombe. 

A. A diagrammatic sketch of region IV of 5’ ETS structure in S. pombe.  

B. The labeled region IV of 5’ ETS (a) was incubated with 100ng of U3snoRNA (b). 

The resulting reactions were fractionated on a 6% native polyacrylamide gel and 

detected by autoradiography. The positions of region IV (273 nt), region IV-U3 

complex (527 nt), and region IV dimer (546 nt) are indicated by dark arrowheads. 

The approximate position of unlabeled U3 snoRNA (254 nt) is indicated by a dark 

arrow. 

C. The resulting region IV-U3 complex (a) was purified by homogenization using 

SDS/phenol, precipitated with ethanol and fractionated on an 8% denaturing 

polyacrylamide gel along with the free RNA (b) as control. 



 

 
 

197 

 

Figure 5.3  In vitro interactions of the U3 snoRNA with hairpins of region IV in the 

5’ ETS of S. pombe. 

A. A diagrammatic sketch of different hairpins of region IV of 5’ ETS structure in S. 

pombe.  

B. The labeled hairpins IVa, IVb, and IVc of 5’ ETS (a), were incubated with 100ng 

of U3snoRNA (b). The resulting reactions were fractionated on a 6% native 

polyacrylamide gel and detected by autoradiography. The free RNA, its dimer and 

RNA-U3 complex formed are indicated by dark arrowheads. 
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Figure 5.4  In vitro RNA-U3 interaction with region V of 5’ ETS region in S. pombe. 

A. A diagrammatic sketch of region V of 5’ ETS structure in S. pombe.  

B. The labeled region V from the 5’ ETS (a) was incubated with 100ng of 

U3snoRNA (b). The resulting reactions were fractionated on a 6% non-denaturing 

polyacrylamide gel and detected by autoradiography. The free RNA (region V) 

and its dimer are indicated by dark arrowheads.  
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5.3.2  Assay of biological activity in protein extracts for in vitro analysis  

In preparation for protein-RNA interaction studies and, ultimately in vitro rRNA 

processing analyses, different protein extracts were prepared and examined in different 

ways. A whole cell protein extract (S10) was isolated from S. pombe cells as described in 

the Materials and Methods. For the initial experiments, part of the resulting lysate (S10) 

was cleared further by centrifugation at 35,000 rpm in a Beckman Ti 70 rotor for 1 h at 4 

°C (S100) and fractionated on a 10% SDS polyacrylamide gel to check the quality of the 

protein (Fig 5.5). In the first instance, to test the biological activity of a crude protein 

extracted from S. pombe cells, RNA trimming of the U3B snoRNA precursor was 

examined in vitro. Past studies have demonstrated trimming of the 3’ end of 5S rRNA in 

vitro with binding of cellular protein (Lee and Nazar, 2003). In yeast, U3 snoRNA is 

transcribed by RNA polymerase II as a 3’ extended precursor, which during the 

maturation process is cleaved by endonuclease followed by exonucleolytic trimming 

(Kufel et al., 2003). Similarly, recent studies in S. pombe reported that a 3’ end hairpin 

structure, which follows the mature snoRNA sequence, is efficiently cut at nucleotide 

C
+22

 by Pac1 RNase III-like endonuclease (Nabavi and Nazar, 2008).  

To examine RNA trimming in S. pombe cells, U3B snoRNA precursor with the 

22 additional nucleotides at the 3’ end was prepared by in vitro transcription using T7 

RNA polymerase, purified and labeled at the 5’ end as described in Section 5.2.3. The 

mature U3 snoRNA also was prepared in the same fashion to include as a marker. The 

precursor DNA template for the transcription reaction was prepared by PCR 

amplification of a subclone [constructed by S. Nabavi; (Nabavi et al., 2008)] using T7 

promoter/gene specific hybrid sequence as the forward primer and a precursor-specific 
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primer, beginning 22 nucleotides downstream of the U3B snoRNA sequence as the 

reverse primer. For the mature U3B snoRNA template, a gene specific sequence was 

used as a reverse primer along with the forward primer mentioned above. The primer 

sequences used for the preparation of DNA templates are presented in Table 5.1. For 

RNA processing reactions, labeled precursor RNA (U3B*snoRNA) was incubated with 

protein extract (S100) for 0-16 h (Fig 5.6.A) as described in section 5.2.5. As shown in 

Fig 5.6, the extra nucleotides were clearly trimmed away while the extent of trimming 

was dramatically limited to form the mature RNA.  Because U3 snoRNA processing in S. 

cerevisiae has been linked to the exosome, a large protein complex of exoribonuclease 

activities (Allmang et al., 1999), protein extracts containing higher molecular 

components (S10) were examined. Also, based on the past studies, which showed that 

mutations at known protein binding sites close to the termini affected processing and/or 

stability of precursor transcripts (Lee and Nazar, 2003; Samarsky and Fournier, 1998, 

Watkins et al., 1996), the trimming of the mutant transcript also was examined. Mutant 

precursor transcript containing a 4-nucleotide insertion [constructed by S. Nabavi; 

(Nabavi et al., 2008)] was prepared by in vitro transcription using T7 RNA polymerase as 

described above. Maturation of normal precursor (U3B*snoRNA) as well as mutant 

precursor (U3B*+4snoRNA) was examined with the protein extract (S10) for 2h and 10 h 

at 30
0 

C. Indeed, this alternative extract was more efficient, and as shown in Fig. 5.6.B, 

essentially complete maturation was now observed after 2 h of incubation. In sharp 

contrast, the results with the mutant precursor (U3B*+4snoRNA) were very different. 

Much less mature RNA was produced, and by 10 h much of the mature RNA or precursor 

was degraded with little of either remaining. 
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Figure 5.5  Fractionation of total cellular protein isolated from S. pombe cells. 

A whole cell protein extract was isolated from S. pombe cells based on the 

methods described by Hennighausen and Lubon (1987) and Jazwinski (1990). Aliquots 

[10g (a), 20g (b), 30g (c) and 40g (d)] of total cellular protein were fractionated on 

10% SDS polyacrylamide gel as described by Laemmli (1970). 
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Figure 5.6  In vitro processing of 3’ end extended precursor U3B snoRNA.  

U3B snoRNA precursor was prepared by runoff transcription using T7 RNA 

polymerase, labeled at the 5’ end, and purified by gel electrophoresis as described in 

Materials and Methods. 

A. Aliquots of RNA were incubated for 0–16 h with protein extract (S100); the RNA 

and any fragments were then extracted with SDS/phenol, fractionated by gel 

electrophoresis, and visualized by autoradiography. The position of unlabeled 

mature RNA marker (M) is indicated on the left. 

B.  Normal (U3B* snoRNA) or a mutant RNA precursor containing a 4-nucleotide 

insert in the 3’ end (U3B*+4 snoRNA) was prepared, labeled, incubated for 2 or 

10 h with protein extract (S10), and fractionated by gel electrophoresis as 

described above. The positions of the precursor and mature RNA are indicated on 

the right; labeled U3B snoRNA is included as a marker. 

C.  For quantitative analyses, the amount of RNA as a percentage of the substrate at 

time 0 for three replicate experiments was determined with averages tabulated 

together with their standard deviation. The figure was modified from Nabavi et 

al., 2008.  
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5.3.3  In vitro analysis of 5’ ETS-protein interactions in S. pombe 

 Previous studies in our laboratory have indicated that all four of the transcribed 

spacers in the nascent pre-rRNA contain independent binding sites for a large protein 

complex (RAC) within the nucleolar pre-ribosomal particle as demonstrated by affinity 

chromatography using ITS1 sequence (Abeyrathne et al., 2002). To further evaluate the 

ability of the 5’ ETS regions (IV, V and VI) to form RNP complexes with cellular protein 

with an aim to re-examine the effects of mutants in vitro, preliminary studies were 

initiated using gel retardation analyses. DNA fragments constituting the IV, V and VI 

sequence regions in the 5’ ETS were cloned downstream of the T7 RNA promoter in 

pTZ19R (previously prepared by Krassimir Spasov in our laboratory) for expression 

using the bacteriophage T7 polymerase. The respective IV, V and VI RNA fragments of 

5’ ETS were prepared by in vitro transcription using T7 RNA polymerase, purified and 

labeled at the 5’ end as described in Section 5.2.3.  

For gel retardation analyses, the labeled RNAs were incubated with cellular 

protein extracts (S10 and S100) as described in section 5.2.6, fractionated on 6% non-

denaturing polyacrylamide gels and detected by autoradiography. As previously observed 

with RNA-RNA interactions, the free RNA (regions IV, V and VI) resulted in two bands 

on a native polyacrylamide gel of which the lower band correspond to the monomer and 

the upper band that migrated slower than the monomer represent a dimer formed through 

intermolecular base pairing (Sun et al., 2007). Region IV, when incubated with cellular 

protein extract (S10), resulted in retardation of the dimer and also resulted in a band that 

migrated slower than the free RNA (monomer) but faster than the dimer (Fig 5.7). This 

band appeared to indicate a weak interaction with protein (RNP). However, when region 
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IV was incubated with protein extract (S100), it did not result in retardation of dimer or 

formation of an RNP. Similarly region V resulted in retardation of dimer when incubated 

with protein extract (S10) but not with the S100 fraction. In either case, region V did not 

show any indication of RNP formation (Fig 5.8). 

In contrast to regions IV and V, when region VI was incubated with either of the 

protein extracts (S100 or S10), resulted in retardation of the dimer. However, the 

retardation was found to be reduced when a 5 fold diluted protein of either fraction was 

used for binding (Fig 5.9.B). In addition to the dimer, a band that appeared to be an RNP 

complex, which migrated slower than the monomer (region VI) but faster than the dimer, 

was observed with a cleared protein extract (S100). Again, this RNP formation was found 

to be weaker with a diluted (5 fold) protein fraction. The same RNA, when incubated 

with the original protein extract (S10), resulted in the formation of much more RNP even 

with the diluted protein fraction. To further analyze the specificity of binding and to rule 

out a non-specific interaction, various amounts of unlabeled RNA (50-150 ng) were 

added to the binding reaction and any RNP was again fractionated on a 6% non-

denaturing polyacrylamide gel. As shown in Figure 5.9.C, the formation of RNP was 

gradually decreased with an increase in the amount of unlabeled RNA added to the 

reaction mixture. The observed results suggest that the resultant RNP formed was 

specific to the region VI in the 5’ ETS.  
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Figure 5.7  Gel retardation analysis of RNA-protein interaction with region IV of 5’ 

ETS region in S. pombe. 

 

A. A diagrammatic sketch of region IV of 5’ ETS structure in S. pombe. The shaded 

area represents the putative protein-binding site, as detected by modification 

exclusion analysis (Spasov and Nazar, unpublished data).  

B. The labeled region IV of 5’ ETS (a) was incubated with 5l of S10 (b) and S100 

(c) protein extracts. The resulting reactions were fractionated on a 6% non-

denaturing polyacrylamide gel and detected by autoradiography. 



 

 
 

207 

 

 

Figure 5.8  Gel retardation analysis of RNA-protein interaction with region V of 5’ 

ETS region in S. pombe. 

 

A. A diagrammatic sketch of region V of 5’ ETS structure in S. pombe. The shaded 

area represents the putative protein-binding site, as detected by modification 

exclusion analysis (Spasov and Nazar, unpublished data).  

B. The labeled region V of 5’ ETS (a) was incubated with 5l of S10 (b) and S100 

(c) protein extracts. The resulting reactions were fractionated on a 6% non-

denaturing polyacrylamide gel and detected by autoradiography. 
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Figure 5.9  Gel retardation analysis of RNA-protein interaction with region VI in 

the 5’ ETS region in S. pombe. 

A. An estimate of the region VI structure in the 5’ ETS of S. pombe. The shaded area 

represents the putative protein-binding site, as detected by modification exclusion 

analysis (Spasov and Nazar, unpublished data).  

B. The labeled region VI of 5’ ETS (a) was incubated with 5l (b), 1l (c) of high 

spin protein fraction (S100) and 5l (d), 1l (e) of low spin protein fraction (S10). 

The resulting reactions were fractionated on a 6% non-denaturing polyacrylamide 

gel and detected by autoradiography. 

C. The labeled region VI of 5’ ETS (a), was incubated with 1l of low spin protein 

fraction (S10) in presence if 50ng (b), 75ng (c), 100ng (d) and 150ng (e) of 

unlabeled RNA. The resulting reactions were fractionated on a 6% non-denaturing 

polyacrylamide gel and detected by autoradiography. 
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5.4  Discussion 

Several mutational studies have revealed that a number of proteins containing one 

or more RNA binding domains are essential for pre-rRNA processing. However, in many 

cases it has been reported that proteins may not bind directly with the primary transcript 

but form a complex with snoRNAs and for this reason constitute the protein component 

of the snoRNPs. Three different snoRNPs have been shown to be involved in the 

synthesis of 18S rRNA (Kass et al., 1990; Hughes and Ares, 1991; Morrissey and 

Tollervey, 1993). The in vivo mutagenesis analyses (substitution S7 and deletion D3) in 

the distal region of 5’ ETS presented in Chapter 3 indicated that sequence/structural 

elements in helices IV and V are critical for the production of stable plasmid-derived 18S 

rRNA. Following on questions raised in the mutational analyses, in this chapter, RNA-U3 

snoRNA and RNA-protein binding studies were analyzed under in vitro conditions to 

further address the functional significance of these structures. The results indicated that 

region IV in the 5’ ETS can interact with U3 snoRNA in vitro. In vitro processing of U3 

snoRNA precursors showed that a low spin fraction of cellular protein (S10) is 

biologically more active than the high-spin fraction (S100) and gel retardation analyses 

with this protein extract (S10) resulted in a specific RNP complex with region VI in the 

5’ ETS.  

The in vitro RNA-RNA interaction studies indicated that region IV of 5’ ETS that 

previously had been mapped (K. Spassov, unpublished results) to contain a putative 

protein-binding site interacts with the U3 snoRNA (Fig 5.2.B). The free RNA migrated as 

two bands on a native polyacrylamide gel. These two bands could be interpreted as two 

conformations of different mobility where the lower band corresponded to the monomer 
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while the upper band that migrated slower than the monomer was assumed to be a dimer 

formed by intermolecular base pairing. This observation was consistent with studies, 

which indicated that the in vitro transcribed RNA formed two bands on a native gel but a 

single band on a denaturing gel (Sun et al., 2007). In addition to the dimer formation, 

region IV, when incubated with U3 snoRNA, resulted in a band that migrated slower than 

the free RNA molecule (monomer) but faster than the dimer. The results suggested some 

sort of interaction between region IV and the U3 snoRNA (Fig 5.2). Also, a reduction in 

the dimer formation observed when region IV was incubated with the U3 snoRNA could 

be attributed to the formation of a complex between region IV and U3 snoRNA. To 

further examine the specificity of the complex, the putative region IV-U3 snoRNA band 

when purified and fractionated on 6% denaturing polyacrylamide gel, the radioactive 

component of the complex migrated at the same position as the free RNA (regionIV) (Fig 

5.2C). The observed results suggested that region IV interacts with U3 snoRNA and the 

fact that free RNA (region IV) migrated as a single band on a denaturing polyacrylamide 

gel (Fig 5.3.C.) also confirmed that the free RNA results in the formation of dimers on a 

native polyacrylamide gel as mentioned above. This observation is consistent with the 

previous studies that indicate U3 snoRNA is able to be crosslinked to 5’ ETS (Maser and 

Calvet, 1989; Beltrame and Tollervey, 1992). In contrast, region V of 5’ ETS did not 

reveal any sign of interaction when incubated with U3snoRNA (Fig 5.4). Many past 

studies showed that U3 snoRNA, integrated into an alternate nucleolar ribonucleoprotein 

complex (Watkins et al., 2004) is recruited into the pre-rRNA processing complex 

(Granneman et al., 2004) acting as part of the small subunit processome (Bernstein et al., 

2004) in the initial release of 18S rRNA (Osheim et al., 2004). In view of these studies, 



 

 
 

213 

the observed results suggest the formation of a large processing domain where region IV 

of 5’ ETS interacts with U3 snoRNP. Although region V did not reveal any sign of 

interaction with U3 snoRNA, deletion of few bases (D3) in region V resulted in complete 

abolishment of plasmid-derived 18S rRNA (see Chapter 3) and the fact that the deleted 

region is next to region IV suggest that this complex might be supported by region V 

through formation of secondary or tertiary interactions. Hence substitution S7 in region 

IV or deletion D3 in region V could directly or indirectly disrupt these interactions 

rendering the primary transcript more susceptible to nuclease attack during processing as 

shown in the case of the 3’ ETS or ITS1 (Lalev et al., 2000; Ivakine et al., 2003). To 

further identify or localize the U3snoRNA interaction site on region IV more specifically, 

region IV was fragmented into three small hairpins IVa, IVb and IVc and tested again for 

binding with the U3 snoRNA in vitro. The results indicated no sign of an interaction 

except for hairpin IVc, which suggested a very weak interaction (Fig. 5.3). Taken 

together, these results suggest that the region IV-U3 snoRNA interaction may be strong 

and specific when the whole region was presented in some form of structural 

conformation, which is lacking when fragmented into smaller hairpins.     

Previous studies indicated that in S. pombe all four of the transcribed spacers in 

the nascent pre-rRNA contain independent binding sites for a common large protein 

complex (RAC) initially purified by affinity chromatography using the ITS1 sequence 

(Abeyrathne et al., 2002). In this chapter, preliminary in vitro studies used regions IV, V 

and VI in the 5’ ETS for gel retardation analysis in order to determine their ability to 

form ribonucleoprotein complexes with total crude cellular protein. Prior to the RNP gel 

retardation studies, the biological activity of the total cellular protein extracts from S. 
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pombe cells initially were tested for their ability to process U3snoRNA precursors in 

vitro based on the previous studies that demonstrated maturation of the 3’ end of 5S 

rRNA in vitro with binding of cellular protein (Lee and Nazar, 2003). Since U3 snoRNA 

studies showed similar precursor intermediates formed by endonuclease cleavage in S. 

cerevisiae (Kufel et al., 2003) and S. pombe (Nabavi and Nazar, 2008), we have 

examined RNA trimming of U3B snoRNA with 22 additional nucleotides. The results 

showed that the high spin fraction (S100) of protein clearly trimmed away the extra 

nucleotides, which were entirely reminiscent of those, observed with 5S rRNA (Lee and 

Nazar, 2003) while the extent of trimming was limited to form the mature RNA (Fig 

5.6.A). However, when a low spin fraction (S10) of protein extract was used, essentially 

complete maturation of the U3 snoRNA precursor was observed (Fig 5.6.B), suggesting 

that the low spin fraction was more efficient than the high spin fraction. Since U3 

snoRNA processing in S. cerevisiae has been linked to the exosome, a large protein 

complex of exoribonuclease activities (Allmang et al., 1999), the observed results 

suggested that the exosome complex might have been retained in the supernatant of the 

low spin fraction while it was lost in the high spin fraction. In sharp contrast, much less 

mature RNA was produced with the mutant precursor U3B*+4snoRNA after 2 h (Fig 

5.6.B), which again demonstrated a specific biological activity of the protein. By 10 h 

much of the mutant precursor was degraded consistent with the studies, which indicated 

that mutations at protein binding sites close to the termini affected the processing and/or 

stability of precursor transcripts (Watkins et al., 1996; Samarsky and Fournier, 1998; Lee 

and Nazar, 2003).  
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For the gel retardation analyses, both the protein extracts (S10 and S100) were 

used against the labeled RNA to evaluate the ability of the 5’ ETS regions to form RNP 

complexes. A lower-mobility RNA species, which is presumed to represent an RNA 

dimer formed through intermolecular base pairing (Sun et al., 2007) was observed 

reproducibly in the absence of protein with regions IV, V and VI in the 5’ ETS. Regions 

IV and V in the 5’ ETS resulted in retardation of dimer with protein extract S10 but not 

with S100. While region IV also resulted in a band that indicated possible weak 

interaction with protein (RNP) (Fig 5.7), region V resulted in a smear or streak with the 

S10 fraction (Fig 5.8). One possible interpretation of the observed results could be that 

the RNA-protein complex formed at the interphase might be unstable and have slowly 

dissociated in the process of resolving from the free RNA, resulting in only a weak 

interaction with region IV; it may have completely dissociated in case of region V 

resulting in a smear. The frictional drag observed with S10 and not with S100 fraction 

might be simply reflective of the fact that some essential nuclear proteins may have been 

lost in the high spin fraction. In contrast, region VI resulted in a band that indicated an 

RNP formed with either of the protein extracts S100 or S10 (Fig 5.9.B). However, the 

RNP complex appeared to be much stronger with S10 than the S100 fraction which again 

suggested that the S10 fraction retained some essential protein components that were lost 

in the S100 fraction. Since region VI in the 5’ ETS showed a clear and reproducible RNP 

complex, we further analyzed the specificity of the complex by adding a competitor 

RNA. A gradual decrease in the RNP complex with increase in the amount of unlabeled 

RNA ruled out simply a non-specific interaction (Fig 5.9.C). This observation was 

consistent with the previous study that showed RNP formation with the central extended 
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hairpin or intact ITS1 from S. pombe (Lalev and Nazar, 1998). Such competitive analysis 

was not completed with region IV or V since the RNP complex with region IV was not 

well defined and region V showed the least indication of any interaction. 

With a goal to re-examine the effects of mutants in vitro in order to understand 

further their functional significance, including possible interactions with U3 snoRNA and 

protein, we have initiated preliminary binding studies with regions of 5’ ETS. In this 

study, we have shown strong interaction of U3 snoRNA with region IV of 5’ ETS 

suggesting that this interaction may be critical for the maturation of rRNA. We have 

demonstrated that the low spin protein fraction, S10, prepared for RNP studies was 

biologically more active than the high spin protein fraction S100. Also, we have initiated 

RNP studies but with time being a limiting factor we were able to establish RNP complex 

formation with only region VI in the 5’ ETS. These preliminary binding studies 

suggested that both the RNA and protein components are essential for rRNA processing 

with respect to the 5’ ETS.  
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Chapter 6.  Conclusions and future directions 

 
This study investigated further the functional role of the 5’ ETS spacer in pre-

rRNA processing in the fission yeast, Schizosaccharomyces pombe. The work in this 

thesis, which provides new information regarding the removal of 5’ ETS from the pre-

rRNA transcript, can be summarized in three parts: 1) an application of mutation to 

survey structure function relationships; 2) analyses of termini representing intermediate 

cleavages in the 5’ ETS; this work included an examination of the effects of the 5’ ETS 

sequence mutations as well as of known examples of nuclear endo and exo nuclease 

activities and 3) preliminary in vitro RNA-RNA and RNA-protein binding studies with 

individual hairpin structures from the 5’ ETS, including a demonstration of biological 

activity in protein extracts prepared from S. pombe for RNP studies.  

During this work, an efficiently expressed rRNA gene system, previously 

developed in our laboratory (Abou Elela et al., 1995; Good et al., 1997a), was used to 

evaluate the structure/function relationship of this spacer in vivo. This gene system was 

based on a cloned rDNA repeat that was “tagged” in the genes encoding 5.8S rRNA and 

18S rRNA and could be manipulated in vitro before being expressed efficiently in S. 

pombe cells. These two neutral tags allowed the detection of plasmid-derived rRNAs, the 

levels of which normally are equal to or slightly greater than the endogenous rRNA 

levels. As described in Chapter 2, these two neutral tags, which previously permitted the 

detection of interdependency in rRNA processing, were used successfully in this study to 

perform mutational analyses with the 5’ ETS in S. pombe.  

Since most proteins are made on polyribosomes, defects in ribosomes can easily 

be lethal to cells as a single defective ribosome can dramatically alter the efficient 
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functioning of the entire polyribosome. RNA processing and its incorporation into 

ribosomes is a complex process which has been widely documented for several decades, 

yet the role of these complex events has not always been clear. Little is still known about 

the function of structural elements in the pre-rRNA spacer elements. Recent mutational 

studies of different yeasts transcribed spacer regions demonstrated that each of these 

spacers contain one or more structural features critical for its correct and efficient 

removal. Secondary structures within RNA molecules are known to play cis-acting roles 

in proper functioning and processing, however, their contribution to the pre-rRNA 

molecule is not clear.  

A number of past studies have focused on the 5’ ETS and provided various 

characteristics with respect to rRNA processing but many questions regarding critical cis-

acting elements still remain unclear. In S. pombe, previous studies have examined the 5’ 

ETS structure proximal to the mature 18S rRNA sequence and indicated strong 

correlations with known or putative events in rRNA maturation. During this study, a 

common model for S. cerevisiae and S. pombe, where two key cleavages (A0 and A1) 

were reported to occur on opposite sides of the most proximal hairpin, was examined in 

detail (Intine et al., 1999). While alternative previous studies in S. cerevisiae (Elela et al., 

1996; Kufel et al., 1999) have been contradictory with respect to the A0 cleavage being 

dependent on RNase III-like activity, in the present study changes introduced into the 5’ 

ETS/18S rRNA junction region, to examine if there are any critical cis-acting elements, 

support a more complex model.  

The results presented in Chapter 2 suggest that the sequence and structure in the 

5’ ETS/18S rRNA junction is not critical for rRNA production although some changes do 
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reduce the yield of mature rRNA (Fig 2.3). Because cleavage is still taking place, giving 

rise to mature 18S rRNA, it is clear that the sequence/structure in the junction region does 

not simply direct cleavage at the 5’ end of the 18S rRNA. These results along with 

termini analysis in S. pombe (see Chapter 5), which detected a 5’ extended 18S rRNA (-

149 nt) that is equivalent to the A0 cleavage site (Intine et al., 1999), raised the 

possibility that mature 18S rRNA resulted from trimming by an exonuclease as observed 

with 25S rRNA (Geerlings et al., 2000). However, the lack of documented evidence of 

any heterogenous termini for 18S rRNA, as previously detected in the case of 5.8S and 

25S rRNA (Good et al., 1997b), questions the trimming mechanism. Another possibility 

could be that a protein-RNA complex/processome may direct the maturing cleavages as 

observed in the case of 3’ ETS (Spasov et al., 2002). 

Large deletions in the 5’ ETS region of the S. pombe pre-rRNA (Intine, 1999), 

previously indicated that the spacer contains structural elements in the distal region that 

are essential for the maturation of both the ribosomal subunits. Simultaneously, in the 

search for structural features, which underlie the interdependencies in rRNA processing, 

a large protein complex (RAC) was isolated from S. pombe (Lalev et al, 2000) and 

subsequent analyses by modification exclusion putatively mapped three protein (RAC) 

binding sites in regions IV, V and VI of the 5’ ETS (K Spassov, unpublished studies). In 

the present study, changes were introduced to disrupt the putative protein-binding sites 

and to determine their effects on rRNA processing (see Chapter 3 for details). The 

changes were predicted to disrupt the structure based on the thermodynamics of base 

pairing between residues (Tinoco et al., 1973). Disruption of the putative protein-binding 

site in region IV did have a dramatic effect on the production of 18S and 5.8S rRNA 
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while changes in the putative protein-binding sites in regions V and VI had little or no 

effect (Fig 3.3). This observation raised new questions regarding the functional role of 

these regions. In addition, to determine if they have any cumulative effects, double and 

triple mutants were prepared simultaneously disrupting protein-binding sites in both 

region V and VI or all three regions. A modest effect on plasmid-derived rRNA was 

observed with changes in regions V and VI and, as aniticipated, a triple mutant, also 

involving region IV, again produced a dramatic effect that could be attributed to the 

mutation in region IV (Fig 3.4 and Fig 3.5). In addition, significant changes introduced 

above and below the putative protein-binding site in region IV also had only modest 

effects (Fig 3.6) underlining the importance of this putative protein-binding site region 

for the stable production of both LSU and SSU rRNAs.  

To further explore any interactions, the various sequences/structures that make-up 

regions IV, V and VI were examined with additional mutations. While deletion of 

sequences in region VI again produced no effect, deletions in the upper part of regions IV 

and V produced modest effects on plasmid-derived 5.8S rRNA and 18S rRNA production 

(Fig 3.7). A deletion of lower stem-loop sequence in region V, however, had a dramatic 

effect, completely abolishing the production of 18S rRNA (Fig 3.7.C). Even though 

modification exclusion analyses apparently did not indicate any sign of contact of this 

region with RAC protein, somehow, this region seems to play an important role in the 

stable processing of the pre-rRNA. When precursor levels were assayed, no significant 

buildup of precursors was observed (Fig 3.10) suggesting that disruption of the putative 

protein-binding site in region IV and deletion of sequence elements in the lower part of 

region V may have rendered the primary transcript susceptible to nuclease attack. 
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Previous studies on the ITS1 spacer in the same organism have documented a similar 

observation where the disruption of a protein-binding site in the ITS1 caused a reduction 

in mature RNA as well as the precursor molecule (Lalev et al., 2000). Collectively, these 

results raised the possibility that the putative protein-binding site in region IV and the 

lower stem-loop sequence in region V contribute directly to a common processing 

domain in the nucleolar precursor particle, while the other stem-loop sequences in both 

the regions, in which mutations partly affected 5.8S and 18S rRNA production, may 

simply act to organize the critical domains indirectly or simply protect the nascent pre-

rRNA. More detailed analyses in region VI may lead to other conclusions but this must 

be left to future experiments.  

During this mutagenic survey, two putative U3 snoRNA binding sites, previously 

identified based on the sequence complementarity in the 5’ ETS and the 18S rRNA stem-

loop regions also were examined. Changes in the stem-loop region of 18S rRNA (Fig 2.4) 

suggested that the stem-loop structure might be required for the stability of the mature 

18S rRNA, which is consistent with the observation made by introducing compensatory 

mutations in the Box A region of U3 snoRNA in S. pombe (Shrestha, 2010). The results 

were in contrast to one of the studies in S. cerevisiae, which indicated that U3-18S 

interaction was required for pre-rRNA cleavage at A1, the 5’ end of 18S rRNA (Sharma 

and Tollervey, 1999). In S. pombe, lack of evidence of precursor buildup [Fig 2.5.C  

(S6)] and instead, an increase in the observed ratio between 25S/18S rRNA strongly 

questions the stability of mature 18S rRNA. The results agree with another study in S. 

cerevisiae (Sharma et al., 1999), which indicated that recognition of the stem-loop 

structure also is required for 18S rRNA stability. Changes in the 5’ ETS site were less 
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significant than anticipated (Fig 3.9). More detailed mutagenesis in this region will be 

needed to assess the role played by U3-pre-rRNA complementarity. This study suggests 

that the putative U3 snoRNA binding site identified in 5’ ETS of S. pombe, probably may 

not be equivalent to the one described in S. cerevisiae, which was shown to be critical for 

18S rRNA processing (Beltrame and Tollervey, 1995).  

In addition to their effects on rRNA production the effects of 5’ ETS sequence 

mutations also were examined in terms of changes to intermediate termini. While 

previous studies reported up to six potential cleavage intermediates in the removal of the 

5’ ETS in S. pombe (Good et al., 1997b), their locations were not accurately determined 

and later studies relocated the positions of at least two of them based on primer extension 

analysis (Intine, 1999). Because of these uncertainties and as a basis for a further assay of 

mutational effects, the termini in S. pombe were re-examined using DNA/RNA 

hybridization and ligation mediated RT-PCR (see Chapter 4 for details). Two major 

cleavage sites in 5’ ETS were defined in this study. The precursor molecule was cleaved 

at 1171 nt resulting in a 5’ extended 18S rRNA precursor (-149) as determined by 5’ 

ligation-mediated RT-PCR (Fig 4.4); the excised fragment (1170 nt) was further cleaved 

at 576 nt as determined by 3’ ligation-mediated RT-PCR (Fig 4.5). This analysis is 

entirely consistent with the fragments identified by hybridization using oligonucleotide 

probes complementary to sequences in the external and internal transcribed spacers (Fig 

4.2). The 5’ extended 18S rRNA (-149), detected by ligation-mediated RT-PCR 

corresponds to one of the termini identified by primer extension (Intine, 1999) with one 

nucleotide difference. While this observation reflects the accuracy of the technique, other 

weak signals identified as artifactual recombinants from the sequencing analyses could be 
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misinterpreted. Most important, the 5’ extended 18S rRNA (-149), identified in this 

study, is consistent with the single processing site, A0, which has been reported in the 5’ 

ETS of S. cerevisiae. Surprisingly, higher buildup of this intermediate along with other 

precursors 20S, 27SA and 27SB was observed in wild-type S. pombe cells as compared to 

the transformants (Fig 4.2.B). While the reason for this remains unclear it is attractive to 

speculate that the availability of enzymes and factors necessary for rRNA processing 

might be the defining difference. 

The same analytical methods also were used to study the potential role of known 

nuclear nuclease activities in the generation of intermediates.  The Pac1 nuclease that has 

been demonstrated to make specific cleavages in the 3’ ETS (Rotondo et al., 1997) and 

the 5’-3’ exonuclease, which has been shown to be involved in the processing of 

snoRNAs and the 5.8S rRNA (Amberg et al., 1992; Henry et al., 1994), appeared not to 

alter any cleavages in 5’ ETS consistent with the processing profile in normal S. pombe 

cells (Fig 4.6). While some of the 5’ ETS sequence mutants did affect the production of 

the mature rRNAs, they also seemed not to influence the rRNA processing profile (Fig 

4.8) and any reduction in the plasmid-derived rRNAs might have been due to the 

instability of the precursor. This rapid turnover of the mutant RNAs is consistent with a 

quality control mechanism, which helps ensure that only functional RNA is incorporated 

into mature ribosomes (Good and Nazar, 1997a). 

Since the present mutational analyses revealed the sequence/structural elements in 

regions IV and V that are critical for the production of stable mature RNA, efforts also 

were focused on an understanding of their functional significance, including possible 

interactions with the U3 snoRNA and cellular proteins. Preliminary binding studies were 
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initiated using a mobility shift assay which suggested a strong interaction between region 

IV and the U3 snoRNA (see Chapter 5) (Fig 5.2). This observation is consistent with the 

studies, which showed that U3 snoRNA is recruited into the pre-rRNA processing 

complex (Granneman et al., 2004), acting as part of the small subunit processome 

(Bernstein et al., 2004) in the initial release of the 18S rRNA (Osheim et al., 2004). Since 

region IV also has been linked to a putative protein-binding site, this result suggests the 

formation of a processing domain where region IV interacts with U3snoRNP in an as yet 

undefined fashion. Also the fact that the lower stem-loop portion in region V, which is 

critical for the production of stable 18S rRNA, is next to region IV might be supportive to 

this processing domain. Hence disruption of critical elements in either of the regions 

renders the primary transcript more susceptible to nuclease attack as shown in other 

examples with the 3’ ETS or ITS1 (Lalev et al., 2000; Ivakine et al., 2003).  

In preparation for RNP studies, different protein extracts (S10 and S100) were 

prepared from S. pombe and their biological activities were tested by examining the 

trimming of U3 snoRNA precursors in vitro. Although both the fractions retained the 

activity, a higher enzymatic activity was found in the low spin fraction (S10) (Fig 5.6) 

which could be attributed to the fact that it might retain the exosome, a large protein 

complex of exoribonuclease activities, essential for snoRNA processing in S. cerevisiae 

(Allmang et al., 1999). When these active protein fractions were used for establishing 

binding conditions, a clear and reproducible RNP complex was observed with region VI 

(Fig 5.9.B) and this was confirmed further by using competitor RNA (Fig 5.9.C). 

Effective binding conditions could not be established for region IV, which sometimes 

suggested a weak interaction (Fig 5.7) and V, which showed little indication of any 
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interaction (Fig 5.8) at all. With a goal to re-examine the effects of mutants in vitro, 

binding studies were initiated but since time was a limitation factor I was able to establish 

RNP complex formation with only region VI. 

Based on many observations of interdependence in rRNA processing between 

LSU and SSU rRNAs, our lab has proposed that the transcribed spacers and the complex 

mechanism used for their removal may be acting as a ‘quality control’ function in 

ribosome biogenesis (Good et al., 1997a). In the present study, when mutations in 5’ ETS 

of S. pombe affected the production of plasmid-derived 18S rRNA, an effect on plasmid-

derived 5.8S rRNA also was observed although not completely proportional. Neverthless 

the collective data generated from in vivo mutagenesis in this study again demonstrated a 

general interdependence in rRNA processing and further supported the notion that this 

interdependency acts, at least in part, as a mechanism to assure only functional RNA is 

incorporated into the ribosome.  

These results remain consistent with the previously proposed “biological spring” 

hypothesis where the various hairpins in 5’ ETS may act to organize the critical domains 

in ribosome biogenesis (Nazar et al., 1987). Taken together these data continue to be 

consistent with such a model in which distant elements like pre-ribosomal subunits, 

spacer elements and nucleolar constituents interact to form a common complex (Fig 6.1) 

and abnormal transcripts that are not properly integrated into such complex become 

susceptible to ‘housekeeping’ enzymes which degrade the nascent RNA. For example, 

mutations that disrupt the putative protein (RAC) binding site in region IV or deletion of 

the stem-loop portion in region V were both shown to severely affect stable rRNA 

production. 
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While the work presented in this thesis has examined previously suggested 

important elements in the 5’ ETS, it also has revealed additional questions about pre-

rRNA processing. For example, the deletion of the entire region VI suggested that region 

VI was essential for rRNA maturation (Intine, 1999), but the putative protein-binding site 

and the upper stem-loop sequence in region VI appear not to be important. Clearly 

additional mutagenesis needed to be performed to reveal the functional role of this 

region. Sequence representing putative protein-binding site in region V also was not 

essential but the lower stem-loop region was identified as a potential element for rRNA 

maturation. Region IV was critical for rRNA maturation in terms of protein binding and 

U3 snoRNA interaction. Further studies need to be conducted to reveal the details of 

these interactions. The mutagenic survey presented in this work suggested that the 

sequences in the regions IV and V might be essential for processome complex formation 

and binding studies with these regions have been initiated. Further studies need to be 

conducted to see if the protein fraction can direct cleavage of the 5’ end of 18S rRNA as 

observed with 3’ ETS. Also future studies can be directed towards the identification of 

the proteins involved in RNP formation. 

In conclusion, the work presented in this thesis provides new information on the 

removal of 5’ ETS sequences in S. pombe pre-rRNA and contributes to the idea that the 

processing of the primary transcript is strongly dependent on the structure of the 

nucleolar particles and not simply determined by nuclease specificity. 5’ ETS can 

influence stability and probably is removed by a mechanism that requires some overall 

structural features. It seems to have an organizational function and if distorted can 

become unstable and degraded by quality control mechanisms. It is believed that future 
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studies based on data in this thesis could help further our understanding about the 

processing complex and how it serves as a chaperone in pre-rRNA maturation in S. 

pombe. 
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Figure 6.1  A model representing pre-rRNA maturation 

 

Efficient processing of pre-rRNA requires the ribosomal proteins to assemble on 

the mature rRNA sequences and the nucleolar proteins/snoRNAs to assemble on the 

spacer sequences forming a nucleolar pre-ribosomal particle with a common processing 

domain. Failure in the assembly process makes a faulty pre-rRNA that is susceptible to 

nucleases. (Adapted from Nazar, 2004).  
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