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Abstract 

In most eukaryotes, the cytoplasmic ribosome contains a high-molecular-

weight, large subunit (LSU) rRNA component termed the "28S rRNA". However, in 

the protist Euglena gracilis, the 28S rRNA is replaced by 13 separate rRNA species 

that result from extensive post-transcriptional processing. In the present study, the 

characteristics of this novel processing pathway were explored by northern 

hybridization and transcript mapping analyses. The processing pathway indicates that 

the small subunit (SSU) rRNA and the various fragments of the LSU rRNA are 

processed from a large precursor RNA of -10.2 kilobases by way of a number of 

unique RNA intermediates. 

Ribosomal RNA genes (rDNA) are typically found in eukaryotes as tandem 

repeats integrated into the chromosome. However, in Euglena there are instead about 

1000 copies/cell of an -11 kilobase pair extrachromosomal circle that contains a single 

rDNA transcription unit. Primer extension analysis within the intergenic spacer (IGS) 

revealed that transcription of the rDNA in Euglena proceeds multiple times around the 

extrachromosomal circle without re-initiation. The results from the investigation of 

rRNA transcription and processing in Euglena are discussed in relation to a model of 

"read-around transcription". 

Small nucleolar RNAs (snoRNAs) have been implicated in the processing of 

rRNA and recent evidence has shown a specific requirement for U3 snoRNA in 

mammalian and yeast systems. For this reason the U3 snoRNA of Euglena was 

isolated and characterized. The 180 nucleotide sequence contains all the recognized U3 

conserved boxes present in other eukaryotes. A potential secondary structure was 

determined that resembles that proposed for non-vertebrates. The organization of 

multiple U3-hybridizing sequences present in the genome is discussed in relation to the 

multiple expressed copies of U3 snoRNA found in Euglena. Complementarities found 

between the U3 snoRNA and the pre-rRNA of Euglena suggest possible sites of 

interaction for U3 snoRNA in rRNA processing. 
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A. Introduction 

/. Perspective 

Within the last eight years, there has been a resurgence in the study of RNA, 

and more specifically ribosomal RNA (rRNA), mainly due to two findings: (i) that 

RNA can have catalytic activity, and (ii) that evolutionary relationships can be 

deduced by comparison of homologous nucleotide sequences, in particular those of 

rRNA. The discovery of catalytic RNA has prompted us to alter our perspective on the 

role that RNA plays in protein synthesis as part of the ribosome (Cech 1987, Cech & 

Bass 1986, Noller et al. 1992). No longer is rRNA thought of as performing a purely 

structural role for the support of active proteins. Researchers are now energetically 

searching for new functional roles that RNA may play in the active centre of the 

ribosome. On a second front, comparative analysis of rRNA sequence has revealed an 

outline of the evolutionary relationships among all major lineages of organisms (Pace 

et al. 1986, Sogin 1991). One of the most striking aspects of these global phylogenies 

is the previously unappreciated diversity found within the unicellular eukaryotes, or 

protists. By combining this renewed interest in RNA with a study of the novel and 

divergent systems of the protists, we may be able to learn more about the biogenesis 

and the evolution of the protein synthesis apparatus that forms the ribosome. 

//. The nucleolus: the site of ribosome biogenesis 

Nucleoli are the sites of ribosome biogenesis and are the most prominent 

structural features of eukaryotic interphase nuclei. Each nucleolus is organized in a 

highly dynamic arrangement around a cluster of ribosomal RNA genes (rDNA). Three 

1 



2 

major domains have been identified within the nucleolus: the fibrillar centres, the 

dense fibrillar component, and the granular component (Scheer & Benavente 1990, 

Hernandez-Verdun 1991). Active transcription of rDNA by RNA polymerase I 

(RNAP-I) to produce the primary rRNA transcript appears to take place within the 

nucleolar fibrillar centres (Jordan 1991). The dense fibrillar component has been 

identified as the site of early rRNA processing events while tH granular component is 

the location of rRNA maturation and ribosomal subunit assembly. Thus the nucleolus 

is the site of a multitude of molecular events involving transcription, processing and 

assembly for the generation of functional ribosomes. Although these events are highly 

complex and integrated, for the purpose of this thesis the individual components of the 

process of ribosome biogenesis will be discussed separately. 

Structure and organization of rRNA genes in eukaryotes 

In "typical" eukaryotes (i.e. vertebrates), nucleocytoplasmic rRNA genes are 

organized into tandemly arrayed head-to-tail repeats that are integrated into the 

chromosome (Mandal 1984) (Fig. 1). However, the organization of rRNA genes in 

protists exhibits numerous configurations (Clark 1990). Integrated rRNA genes are 

organized as tandem arrays in Acanthamoeba, Crithidia, Giardia and Trypanosoma, 

and as a linear monomer in Plasmodium (Boothroyd et al. 1987, D'Alessio et at 1981, 

Edlind & Chakaborty 1987, Hasan et al. 1982, Spencer et al. 1987). Extrachromosomal 

rDNA exists as linear palindromes in Dictyostelium, Physarum and Tetrahymena 

(Blackburn 1982, Campbell et al. 1979, Cockbum et al. 1978); as a linear monomer in 

Euplotes, Glaucoma, Oxytricna and Stylonychia (Blackburn 1982); as circular 



A. 
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Figure 1. Ribosomal RNA gene structure and organization in a "typical" eukaryote. 
(A) A segment of tandemly repeated rDNA showing the gene regions mat encode 
mature 18S, 5.8S, and 28S rRNA. The gene regions are separated by an intergenic 
spacer (IGS). (B) A single rDNA transcription unit indicating the external transcribed 
spacers (ETS) and internal transcribed spacers (ITS). (C) Enlarged detail of a typical 
eukaryotic IGS, indicating the transcriptional regulatory elements and the transcription 
initiation sites found at the spacer (white box with arrow) and gene promoters (+1) 
(black & white box with arrow). (The figure is not drawn to scale) (Adapted from 
Reeder 1990 and Sollner-Wehb & Mougey 1991). 



monomers in Euglena, Naegleria and Paramecium (Blackburn 1982, Clark & Cross 

1987, Cook & Roxby 198S, Ravel-Chapuis et al. 1985); and as a circular palindrome 

in Entamoeba (Bhattacharaya et al. 1989, Huber et al. 1989). The diversity of rRNA 

gene organization exhibited within the protists may have interesting implication* for 

our understanding of rDNA evolution. 

The rRNA coding regions (corresponding to the 18S, 5.8S, and 28S rRNAs) of 

each repeat are separated by an intergenic spacer (IGS) (Fig. 1A). The size of the IGS 

varies among species from approximately 0.95 kbp in Giardia to about 30 kbp in 

mammals (Boothroyd et al. 1987, Sollner-Webb & Mougey 1991). The criteria 

defining the structural boundaries of the IGS have not been explicitly stated. 

Therefore, the definition I will use assumes that the IGS is composed of regulatory 

sequence elements: promoters, enhancers, terminator sequences, and the external 

transcribed spacers (5'ETS and 3'ETS) (Fig. 1 B&C). The extrachromosomal nature of 

rRNA genes in some protistan species requires that these be able to replicate 

autonomously in order to maintain copy number within the cell. Therefore, the IGS in 

these organisms must also contain the sequence elements required for replication (Cech 

& Brehm 1981). The promoter elements, enhancers and terminator sequences function 

during RNAP-I-mediated transcription of a primary rRNA transcript of approximately 

7-14 kb (Long & Dawid 1980) (see Section HI). The S'ETS and 3'ETS are the terminal 

regions of the precursor-rRNA (pre-rRNA) (5*ETS-18S-ITS1-5.8S-ITS2-28S-3'ETS) 

and in conjunction with the internal transcribed spacers (ITS) contain processing sites 

for the formation of the mature RNA components of the ribosome (see Section IV). 
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Evidence from comparative sequence analysis has revealed that the coding 

regions of the small subunit (SSU) and large subunit (LSU) rRNAs are composed of 

alternating conserved and variable regions (Noller 1984). The conserved regions 

correspond to the universal core that defines the basic secondary structure of the rRNA 

(both SSU and LSU) and that is stabilized by long-range base pairing interactions 

(Gutell et al. 1985, 1990). All known functional sites and modified nucleosides within 

the rRNA have been mapped to the universal core (Dahlberg 1989, Raue* et al. 1988). 

This suggests that the conserved regions are constrained by basic functional/structural 

requirements while the variable regions are possibly expendable. This lack of 

functional constraint in variable regions is consistent with their location at the 

periphery of the secondary structures and with the fact that variable regions can 

change in length, base composition, and potential secondary structure (Gray & Schnare 

1990). However, recent evidence from two systems, Saccharomyces and Tetrahymena, 

have indicated that at least some variable regions (secondary structure vs random 

sequence) are essential for the maturation and stabilization of rRNA (Musters et al. 

1991, Sweeney et al. 1994). Whether or not all eukaryotic rRNA variable regions are 

essential will have to await further analysis. 

Continuous vs discontinuous rRNAs 

Typically, rRNAs in prokaryotes are covalently continuous polynucleotide 

chains of approximately 1.5 kb (SSU = 16S) and 3.0 kb (LSU = 23S). The 

homologous rRNAs of eukaryotes are usually larger, approximately 2.0 kb (SSU =17-

19S) and 3.5-5.0 kb (LSU = 5.8S + 25-28S) (Gray et al. 1989). The variation in length 



6 

between prokaryotic and eukaryotic rRNAs is accounted for by the expansion of the 

variable regions in eukaryotes (or the contraction of the variable regions in 

prokaryotes) (Clark 1987, Gerbi 1986, Gray et al. 1989). 

In almost all eukaryotes, except the microsporidians (see Vossbrinck & Woese 

1986), the LSU rRNA is found as at least two separate RNA pieces, 5.8S and 28S. 

The 5.8S rRNA (approximately 160 nt) corresponds to the S'-terminal region of the 

covalently continuous f . coli 23S rRNA (Nazar 1980) (Fig. 2). The 5.8S and 28S 

components of the eukaryotic LSU rRNA are separated by an ITS that must be excised 

during post-transcriptional processing of the pre-rRNA. Therefore, the discontinuous 

rRNA pieces (5.8S and 28S) must associate to form the secondary structure via 

intermolecular base-pairing interactions that mimic the intramolecular interactions 

observed in continuous rRNAs (Gray & Schnare 1990). Similarly, the 4.5S rRNA 

(approximately 100 nt) of plant chloroplasts is equivalent to the 3'-terminal end of the 

f. coli 23S rRNA (MacKay 1981) (Fig. 2). However, in this instance, after removal of 

the ITS by post-transcriptional processing of the pre-rRNA, there are no assumed 

secondary structure interactions between the 4.5S rRNA and the rest of the LSU rRNA 

(Gutell & Fox 1988). Therefore, in order to maintain the functional associations of the 

mature ribosome, the 4.5S rRNA must bind via tertiary RNA-RNA or protein-RNA 

interactions. This implies that variable regions (which correspond to ITSs) can not 

only change in length, base composition and potential secondary structure, but also 

may be removed without loss of ribosome function (Gray & Schnare 1990). 

Since the discovery of discontinuous rRNAs, many examples have been found 
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5.8S I 
Rat pj • 
cytoplasmic 

28S 

E. coli 

Maize chloroplast 

4.5S 

Figure 2. The archetype discontinuous rRNAs. A structural comparison of the LSU 
rRNAs from a typical eukaryote (represented by rat cytoplasmic) (5.8S and 28S), E'. 
coli (23S) and maize chloroplast (23S and 4.5S). The structural equivalents within the 
E. coli 23S rRNA corresponding to the eukaryotic cytoplasmic 5.8S rRNA and the 
chloroplast 4.5S rRNA are indicated. Internal transcribed spacers that are removed 
during post-transcriptional processing are indicated by arrows (redrawn from Gray & 
Schnare 1990). 
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of fragmented rRNAs in other organisms (Table 1), and in all cases these natural 

breaks in the rRNA have been mapped to variable regions (for recent reviews see Gray 

& Schnare 1990, 1994; Gray et al. 1989). Discontinuities have been found at 20 of the 

37 recognized variable regions found in the LSU rRNA and 5 of the 9 recognized 

variable regions in the SSU rRNA (see Table 1 and Figures 1 & 2, Gray & Schnare 

1994). In all probability the continued characterization of phylogenetically diverse 

organisms will reveal discontinuities at other variable regions within the rRNAs (Gray 

& Schnare 1994). 

Although the presence of discontinuous rRNAs is now well established, little is 

known about ribosome biogenesis within these systems. How the transcription of 

discontinuous rRNA and processing of novel ITSs compares to the transcription and 

processing observed in other organisms has not been fully explored. Prior to a 

description of the features of the Euglena gracilis rRNA that make it a unique system 

in which to study ribosome biogenesis, background information on transcription and 

processing of "typical" eukaryotic rRNA is presented. 

///. Transcription of rRNA genes 

Transcription of rRNA genes in eukaryotes is a highly regulated process 

requiring the correct association of numerous proteins to form a specific complex with 

RNAP-I. Many sequence elements (promoters, enhancers and terminators) found in the 

IGS play important roles as binding sites for protein factors that augment rDNA 

transcription. The sequence elements are poorly conserved and show considerable 

variation even between closely related species (Financsek et al. 1982). In vitro 



Table 1. Distribution of discontinuous rRNAs'" 

Ribosomal system 

Eukaryotic fnucIeocvtoplasmicV 
Acanthamoeba castellani? 
Bombyx morf 
Tetrahymena sp.A 

Trichinella sp." 
Schistosoma sp.{ 

Prorocentrum micans & other dinoflagellates8 

Drosophila melanogastet* 
Sciara coprophila1 

Crithidia fasciculate? 
Trypanosoma bruceik 

Trypanosoma cruzi1 

Euglena gracilis* 
Cryptomonas 0 (nucleomorph)" 
Plastid 
Chlorella ellipsoidea0 

Chlamydomonas sp.p 

Zea mays* 
Mitochondrial 
Tetrahymena pyriformis' 
Paramecium aurelia* 
Chlamydomonas reinhardai 
Plasmodium yoellf 
Plasmodium falciparum' 
Theileria parvd" 
Eubacterial 
Yersinia enterocolittca* 
Salmonella typhimuriumy 

Leptospira sp.z 

Actinobacillus sp." 
Caedibacter caryophila (Paramecium endosymbiont)bb 

Campylobacter sp." 
Rhodobacter capsulatus** 

SSUrRNA 

intact 
intact 
intact 
intact 
intact 
intact 
intact 
intact 
intact 
intact 
intact 
intact 
2 pieces 

intact 
intact 
intact 

2 pieces 
2 pieces 
4 pieces 
4 pieces ? 
6 pieces ? 
X pieces ? 

intact 
intact 
intact 
intact 
2 pieces 
intact 
intact 

LSUrRNA 

3 pieces 
3 pieces 
3 pieces 
3 pieces 
3 pieces 
3 pieces 
4 pieces 
4 pieces 
7 pieces 
7 pieces 
7 pieces 
14 pieces 
intact? 

2 pieces 
4 pieces 
4 pieces 

2 pieces 
2 pieces 
8 pieces 
X pieces ? 
7 pieces ? 
5 pieces ? 

2 pieces 
3 pieces 
2 pieces 
2 pieces 
intact? 
2 pieces 
2 pieces 

*- Information presented on discontinuous rRNAs in which sequence data are 
available. Other discontinuities are known to exist in diverse organisms. 
X - Represents a rRNA that is fragmented but the number of pieces has not been 
determined. 
? - Status of these rRNA components unknown. 
a All eukaiyotes except the microsporidians have an LSU rRNA composed of at least 



2 Table 1. continued 

pieces 
b M.N. Schnare & M.W. Gray, unpublished data 
c Fujiwara & Ishikawa 1986. 
d Enberg et al. 1990. 
e Zarlenga & Dame 1992 
f Van Keulen et al. 1991 
g Maroteaux et al. 1985, Lenears et al. 1989, 1991. 
h Pavlakis et al. 1979, Delanversin & Jacq 1983, Ware et al. 1985. 
i Jordan et al. 1980, Ware et al. 1985. 
j Spencer et al. 1987. 
k White et al. 1986, Campbell et al.1987. 
1 deAruda et al. 1990, Gomez et al. 1991, Galavan et al. 1991. 
m Schnare & Gray 1990, Schnare et al. 1990. 
n Douglas et. al 1991. 
o Yamada & Shmaji 1987. 
p Turmel et al. 1991, Turmel et al. 1993, Rochaix & Darlix 1982 
q Edwards & Kdssel 1981, Kossel et al. 1985. 
r Heinonen et al. 1987. 
s Seilhamer et al. 1984. 
t Boer & Gray 1988. 
u Vaidya et al. 1989. 
v Feagin et al. 1992. 
w Kairo et al. 1994. 
x Skurnik & Toivanen 1991. 
y Burgin et al. 1990. 
z Ralph & McClelland 1993. 
aa Haraszthy et al. 1992. 
bb Springer et al. 1993. 
cc Van Camp et al. 1993. 
dd Kordes et al. 1994. 



11 

transcription assays have revealed that unlike RNA polymerase U and Ul (RNAP-n 

and RNAP-IH), the RNAP-I transcription machinery can only recognize the rDNA 

promoters from very closely related species (Grummt et al. 1982, Onishi et al. 1984). 

Moreover, only promoter sequences and cellular extracts derived from the closely 

related species are able to initiate transcription accurately (Pape et al. 1990, Sollner-

Webb & Tower 1986). This suggests that although sequence elements in the IGS are 

functionally similar, they have undergone a rapid and divergent evolution between 

species. Therefore, in order to ensure maintenance of the stringent species specificity 

exhibited by RNAP-I transcription, compensatory changes must occur in the 

interacting protein factors (Dover & Flavell 1984). 

Gene promoters 

In all eukaryotic systems studied to date, rDNA transcription requires a core 

promoter that extends to ~ -35 bp from the initiation site plus an upstream promoter 

domain that extends the promoter to -150 bp (Sollner-Webb & Tower 1986). The 

importance of promoter position for accurate transcription is emphasised by an 

absolute requirement for a 9 bp periodicity of G residues within the mouse core 

promoter (Kishimoto et al. 1985). A similar requirement for promoter position has 

recently been discovered in Xenopus (Pape et al. 1990). In both of these cases the 

periodicity is presumably maintained in order to allow transcription factors (UBF and 

SL1, see next section) to preferentially contact one face of the DNA helix. Therefore, 

although sequence elements of die promoter vary between species, there is a positional 

requirement to maintain a common structural organization of the IGS (Sollner-Webb & 
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Mougey 1991). However, in Acanthamoeba the rDNA promoter does not appear to 

have the typical bipartite arrangement but instead exhibits a core promoter and a 

smaller upstream domain that only extends to approximately -55 bp upstream of the 

initiation site (Kownin et al. 1985, 1988). The significance of this deviation from the 

"typical promoter" may reflect the presence of only one transcription initiation factor 

(TIF) in the Acanthamoeba system (Kownin et al. 1987). 

Enhancers 

The best studied system with respect to the presence and effect of enhancers is 

the rDNA of Xenopus laevis. The approximately 3-7 kbp IGS contains three types of 

enhancer element: promoter-proximal 60/81-bp repeats, promoter-distal 35-bp repeats, 

and 100-bp repeats (Reeder 1984, Pape et al. 1989). Enhancers act in a position- and 

orientation-independent manner by stimulating transcription from downstream promoter 

elements. This is accomplished by binding an essential transcription factor (UBF) that 

may then form a required complex via protein:protein (UBF:SL1) interactions before 

initiating transcription with RNAP-I from the core promoter (Reeder 1984, 1989). 

Similarly functioning multiple enhancer elements have also been found in mouse 

(Pikaard et al. 1990a) and Drosophila rDNA (Grimaldi & De Nocera 1988). However, 

a single enhancer element in Saccharomyces cerevisiae appears to serve an analogous 

function to the multiple enhancers of metazoans (Elion & Warner 1986, Morrow et al. 

1993, Kulkens et al. 1992, Schultz et al. 1993). The situation is less clear in those 

protists in which repetitive elements are located upstream of the initiation site, these 

include Dictyostelium (Hoshikawa et al. 1983), Physarum (Blum et al. 1983, Ferris 
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1985), Tetrahymena, and Glaucoma (Niles et al. 1981, Challoner et al. 1985, Enberg et 

al. 1984). Further experimental work will I e necessary to determine whether the same 

functional significance can be attributed to the repetitive elements in protists as in 

multicellular eukaryotes. 

Spacer promoters 

Spacer promoters are duplications of the rRNA gene promoter and are located 

upstream of the enhancer elements (Reeder 1990) (Fig. 1). In Xenopus, spacer 

promoters initiate transcription of the enhancer elements and then transcription 

terminates approximately 60 bp upstream of the gene promoter (DeWinter & Moss 

1986, Moss 1983, Labhart & Reeder 1986, McStay & Reeder 1990). In cases where 

multiple spacer promoters occur, the initiation of transcription from an upstream spacer 

promoter prevents transcription from downstream spacer promoters (Reeder 1990). 

Spacer promoters are thought to have a stimulatory effect on the downstream gene 

promoter. This may occur by spacer promoters feeding RNAP-I or essential factors 

(UBF or UBF.SL1 complexes) to the downstream gene promoter (Mitchelson & Moss 

1987) (see rDNA transcription termination, below). Putative promoter duplications 

have been discovered in Dictyostelium (Bettler et al. 1988), Tetrahymena and 

Glaucoma (Challoner et al. 1985), although no spacer transcription has yet been 

detected in these cases. If promoter duplications in protists do give rise to spacer 

transcripts, it will be interesting to see whether they augment transcription in a manner 

similar to that proposed in metazoan models, especially in light of the fact that the 

rDNA of so many protists is extrachromosomal, with each extrachromosomal rDNA 
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molecule constituting an independent transcription unit. 

Transcription factors 

The early investigative stages of rDNA transcription were muddied by 

inconsistent naming of similarly acting protein fractions that promoted transcription in 

different species. However, two recent reviews have brought some order to the field, 

allowing the literature on eukaryotic rDNA transcription to become more readable 

(Reeder 1990, Sollner-Webb & Mougey 1991). 

Accurate initiation of rDNA transcription appears to require at least three 

protein factors that act in concert with RNAP-I (Reeder 1990, Sollner-Webb & 

Mougey 1991). The most thoroughly characterized factor is UBF (upstream binding 

factor), which has been purified and cloned in human, mouse, rat and Xenopus 

(Bachvarov & Moss 1991, Bell et al. 1988, 1990; Dunaway 1989; Hisatake et al. 

1991; Jantzen et al. 1990; McStay et al. 1991; O'Mahoney & Rothblum 1991; Pikaard 

et al. 1989,1990a,b; Smith et al. 1990). The UBF protein from mammals is found as 

two polypeptides of 97 and 94 kDa (Bell et al. 1988, Pikaard et al. 1990 a,b), while 

the UBF isolate from Xenopus comprises 85 and 83 kDa subunits (Dunaway 1989, 

Pikaard et al. 1989). Sequence comparisons have revealed that the differences in size 

between mammalian and Xenopus UBFs are due to the variation in the number of 

HMG (high-mobility-group)-box homologs. Mammalian UBF genes contain six 

tandemly repeated HMG boxes while Xenopus UBF contains only five (Bachvarov & 

Moss 1991). The HMG boxes within proteins are important DNA-binding domains and 

are present in a variety of transcription factors. The name "upstream binding factor" is 
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actually somewhat of a misnomer since UBF binds not only to the upstream region of 

the promoter but also to the core promoter (Bell et al. 1988) and enhancers (Pikaard et 

al. 1990 a,b). Probably the most unexpected result is that UBF from all species has 

similar DNA br iing properties and produces almost identical DNase I footprints (Bell 

et al. 1989,1990). No observable sequence similarities exist between IGS from 

different species, even though it appears that UBF is recognizing a similar secondary 

structural motif. 

The species-specific activity, which does not bind specifically on its own, has 

been termed SLl (promoter selectivity factor) in humans (Learned et al. 1985) and rats 

(Smith et al. 1990). The same activity has been observed in other systems but named 

differently: TFID, factor D, TIF IB, and Rib 1 (Clos et al. 1986, Kato et al. 1986, 

Mishima et al. 1982, McStay et al. 1991, Tanaka et al. 1990, Tower et al. 1986). 

Purification has revealed that SLl is a multicomplex of polypeptides that include TBP 

(TATA-binding protein) and three unique TAFs (TBP-associated factors). The factor 

TBP has been associated with TFIID in RNAP-II transcription and the RNAP-DJ 

transcription of the U6 snRNA gene (Greenblatt 1991, Lobo et al. 1991, Margottin et 

al. 1991, Simmen et al. 1991). The discovery of TBP as a component of the species-

specificity complex for rRNA transcription suggests that a unifying mechanism, 

involving TBP and specific TAFs, may exist for promoter recognition by all three 

eukaryotic RNA polymerases (Comai et al. 1992). In rRNA transcription, SLl interacts 

with UBF to form a complex at the core and upstream promoter, and such complex 

formation directs RNAP-I to initiate specific transcription (Bell et al. 1988,1989, 
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1990; Henderson et al. 1989, Learned et al. 1986). The only non-vertebrate rDNA 

transcription system that is well characterized is from the protist Acanthamoeba. In 

this case only one transcription initiation factor (TIF) has been isolated, and this is 

thought to serve the role of bcdi SLl and UBF (Kownin et al. 1987). 

In order for RNAP-I to initiate specific transcription it must be present in an 

activated form (Paule et al. 1984, Tower & Sollner-Webb 1987). Activation appears to 

require a separate factor (TIF-C, factor C, TIF-IA) in mammals but not in 

Acanthamoeba (Paule et al. 1984). It has been postulated that the trans-activating 

factor found in vertebrates may be a less tightly bound polypeptide of the RNAP-I 

enzyme (Sollner-Webb & Mougey 1991). The exact mechanism of activation is 

unknown, although it has been determined that the factor shows no polymerase activity 

on its own. In contrast, RNAP-I lacking the trans-activating factor can still promote 

transcriptional elongation, but it is not specific for initiation at the rDNA promoter 

(Reeder 1990, Sollner-Webb & Mougey 1991). 

Termination of transcription 

Termination of RNAP-I transcription requires the interaction of a protein factor 

with a specific terminator sequence in the rDNA. Terminator elements are found 

within the IGS both downstream of the 3'-end of the LSU rRNA and just upstream of 

the gene promoter in a number of metazoan species (Morgan et al. 1983, Moss 1983, 

Grummt et al. 1986a, Henderson & Sollner-Webb 1986) (Fig. 1). However, in the 

nematode Ascaris lumbricoides, the terminator element and the 3'-end of the LSU 

rRNA appear to coincide (Muller et al. 1990). In mouse, the factor TTFI interacts with 
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a series of tandemly repeated terminator sequences (Sal Boxes) located just 

downstream of the 3'-end of the LSU rRNA in order to form the 3'-end of the primary 

transcript (Bartsch et al. 1988, Grummt et al. 1986b, Kuhn & Grummt 1989, Kuhn et 

al. 1990). A similar scenario is seen in S. cerevisiae, where the REB1 protein binds a 

specific recognition site downstream of the 3'-end of the LSU rRNA (Lang & Reeder 

1993). In Xenopus laevis termination appears more complicated: 3'-end formation takes 

place at a terminator sequence (T2) located downstream of the 3'-end of the LSU 

rRNA but the RNAP-I continues to read through to a second terminator (T3), bound to 

a termination factor Rib2, located just upstream of the gene promoter (Labhart & 

Reeder 1986, McStay & Reeder 1990). It appears that a single mutation in T2 (relative 

to T3) has occurred that allows the polymerase to read through T2 and therefore die 

transcript 3'-end forms at T3 (Labhart & Reeder 1990). This result suggests that 

distinctly separate events (processing and transcription termination) can result in 3'-end 

formation. Formation of the 3'-end in Xenopus occurs by a processing event that 

recognizes the T2 signal, while transcription termination requires the interaction of 

Rib2 with T3. Therefore, both processes appear to be controlled by two discrete but 

overlapping signals in the DNA sequence (Labhart & Reeder 1990). Separation of 

transcription termination and 3'-end formation via processing appears to be a common 

theme in rRNA transcription (Kuhn & Grummt 1989, Lang & Reeder 1993). Similar 

3'-end extensions have been found in a variety of organisms, suggesting that 

transcription occurs past the mature 28S 3'-end; these cases include sea urchin (Ho & 

Stafford 1987), Drosophila (Tautz & Dover 1986), Tetrahymena (Din et al. 1982, 
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Niles et al. 1981), mung bean (Schiebel et al. 1989) and wheat (Vicentz & Flavell 

1989). Whether a similar mechanism of coupled transcription termination and 

processing signals exists in these cases is unknown. 

The presence of an additional terminator sequence located just upstream of the 

gene promoter suggests a close association of the processes of transcription termination 

and initiation (Fig. 1C). Two mechanisms have been proposed that attempt to explain 

this close interaction. The first mechanism, promoter occlusion or promoter protection, 

suggests that terminators are present to prevent elongating polymerases from reading 

through and interfering with initiation complexes formed on downstream promoters. 

Evidence supporting this mechanism has come from studies in the mouse (Henderson 

et al. 1989), Acanthamoeba (Bateman & Paule 1988) and spacer promoter transcription 

in Xenopus (McStay & Reeder 1990) systems. The second mechanism, readthrough 

enhancement or promoter stimulation, proposes that recycling of transcription factors 

and/or RNAP-I from one tandemly repeated gene to the next, via the close association 

of the terminator and gene promoter, could enhance transcription initiation from the 

downstream promoter (Labhart & Reeder 1986, Moss et al. 1985, Mitchelson & Moss 

1987). Evidence supporting this model has only come from microinjection studies of 

rDNA maxigene constructs in Xenopus oocytes (Moss et al. 1992) and has not been 

reproduced in vitro or in vivo (Labhart & Reeder 1989, Lucchini & Reeder 1989, 

McStay & Reeder 1990). However, under certain conditions, initiation at the 

downstream promoter is dependent on the exact location of the promoter-proximal 

terminator in Xenopus (McStay & Reeder 1990). Whether this involves recycling of 
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transcription factors and/or RNAP-I is unknown. 

IV. Processing of rRNA 

RNA polymerase I transcription from the rRNA gene promoter results in the 

production of a single large primary transcript that contains the 18S '.8S, and 28S 

rRNAs. The primary transcript then undergoes a number of post-transcriptional 

processing steps that yield the mature rRNA components (Reeder 1990, Sollner-Webb 

& Mougey 1991). In order to obtain an overall picture of the events of rRNA 

processing and to assist the discussion of the various processing steps, a summary is 

presented in Figure 3 (adapted from Gerbi et al. 1990). The maturation events appear 

to follow a similar but not obligatory pathway for all eukaryotes (Gerbi et al. 1990, 

Perry 1976, Sollner-Webb & Mougey 1991). Alternate processing pathways have been 

found within a wide range of organisms: human (Bowman et al. 1981), mouse 

(Bowman et al. 1981, Bowman et al. 1983), rat (Dudov et al. 1978), hamster (Winicov 

1976), Drosophila melanogaster (Long & Dawid 1980) and Tetrahymena thermophila 

(Kister et al. 1983). The function of "alternate pathways" has not been fully explored 

but their existence is suggestive of a mechanism based on probability rather than a 

defind pathway. 

Early events in rRNA processing 

Early processing of the primary transcript results in removal of terminal 

sequences from both the S'ETS and 3'ETS (Fig. 3A). However, prior to the processing 

of sequences from the ends of the primary transcript, a rapid removal of the self-

splicing Group I introns occurs from the 28S rRNA sequences of Tetrahymena 
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B. 18S rRNA processing (early) 

41S 

36S 

32S 

32S 

32S 

32S 

C. 28S rRNA processing (late) 

Figure 3. Processing of eukaryotic rRNA. The diagram represents combined 
information from a number of organisms. Sizes of processing intermediates are for 
mouse rRNA (Bowman et al. 1983). Processing is divided into three stages. (A) Early 
processing events associated with the primary transcript that result in removal of 
nucleotides from the 5' and 3' ends as well as the removal of introns in Tetrahymena 
and Physarum (white box within the 28S rRNA sequence,). (B) Early processing 
events associated with the liberation of the mature 18S rRNA. Two alternate pathways 
(I & H) are indicated (see text). (C) Formation of the mature 5.8S and 28S rRNAs 
tends to be a late event in rRNA processing. The mature RNA components are 
represented by black bars, while the external and internal transcribed spacers (ETS and 
ITS respectively) are represented by the thin white bars (sizes of spacers are reduced 
relative to the mature rRNAs). Positions of the transcription termination site (T3) and 
the two processing sites, T2 and Tl, are indicated. Vertical arrows represent 
approximate processing sites (Adapted from Gerbi et al. 1990). 
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thermophila (Kister et al. 1983, Enberg et al. 1980) and Physarum polycephalum (Vogt 

& Braun 1976) (Fig. 3 A). Since this process is not dependent on other aspects of 

rRNA processing, it is entirely appropriate that it be an early event. 

Cleavage within the S'ETS downstream of the transcription initiation site is an 

early processing event in numerous species (Fig. 3A). This initial cleavage was first 

discovered within the mouse S'ETS at ~+650 nucleotides from the S'-end of the 

approximately 4 kb ETS (Miller & Sollner-Webb 1981). The cleavage was found to 

occur at either of two alternative sites located 6 nt apart just upstream of an -200 nt 

conserved sequence (~85% similar among mammalian species) (Kass et al. 1987). 

Similar sites have been identified in humans (~+415) (Maser & Calvet 1989) and rat 

(~+795) (Stroke & Weiner 1989). More recently an analogous site has been found in 

Xenopus laevis (-+105 nt of the 713 nt S'ETS) (Mougey et al. 1993). What makes the 

discovery of a similar processing site in Xenopus particularly intriguing is that a 

sequence comparison of the S'ETS from various Xenopus species revealed an ~120 nt 

conserved sequence block (95% similar between X laevis and X. borealis) just 

downstream of the processing site. Furthermore the first 11 nt of the conserved 

sequence block are identical at 10 positions (X. laevis) and all 11 positions (X. 

borealis) to the first 11 nt of the mammalian sequence (Mougey et al. 1993). This high 

degree of sequence conservation around the cleavage site is further confirmed by the 

ability of heterologous extracts to perform proper cleavage at the specific processing 

site in vitro: mouse extract/frog cleavage site (Mougey et al. 1993), mouse 

extract/mouse:human chimera template (Kass et al. 1987), and in vivo hamster cells 



transfected with mouse rDNA (Raziuddin et al. 1989). The S'ETS processing activity is 

associated with a ribonucleoprotein complex of approximately 20S that contacts the 

conserved sequences downstream of the processing site in mouse (Kass & Sollner-

Webb 1990) md Xenopus (Mougey et al. 1993). The processing activity has an 

absolute requirement for the involvement of the U3 small nuclear ribonucleoprotein 

(Kass et al. 1990, Mougey et al. 1993). In the yeast, Saccharomyces cerevisiae, U3 

snRNP has been shown to be involved in processing within the 5'ETS and in 

maturation of 18S rRNA (Hughes & Ares 1991). Although no convincing sequence 

similarity exists between the S. cerevisiae and vertebrate processing sites, the 

involvement of U3 snRNP has been substantiated by UV cross-linking to the yeast 

S'ETS (Beltrame & Tollervey 1992). On an evolutionary scale the extent of 

conservation of a S'ETS processing site and the requirement for the involvement of the 

U3 snRNP is unknown. However, it has been predicted that U3 snRNP will be 

involved with this initial processing site in all eukaryotes (Mougey et al. 1993). 

Numerous other organisms have early processing sites within the S'ETS that may be 

analogous to the mouse ~+650 site: Neurospora crassa (Tyler & Giles 198S), 

Tetrahymena pyriformis (Sutiphong et al. 1984), Physarum polycephalum (Blum et al. 

1986), Bombyx mori (Fujiwara & Ishikawa 1987), maize (McMullen et al. 1986), 

wheat (Barker et al. 1988), pea (Piller et al. 1990), tomato (Perry & Palukaitis 1990), 

carrot (Taira et al. 1988), and radish (Delcasso-Tremousaygue et al. 1988). 

As mentioned above in the section on termination of rDNA transcription, 

formation of the mature 3'-end occurs by processing after transcription termination by 
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RNAP-I (Reeder et al. 1987). Processing initially occurs at the site equivalent to T2, 

resulting in an extension past the mature 28S rRNA 3'-end (Tl) (Fig. 3A). Processing 

of the remaining nucleotides results in the production of the mature 28S rRNA 3'-end 

(Tl) (Labhart & Reeder 1986). The temporal order of the S'ETS and 3'ETS processing 

events in mouse suggest that processing initially occurs at the -+650 site within the 

S'ETS and then is rapidly followed by the removal of approximately 600 nt from the 

3'ETS to produce the 45S pre-rRNA (Gumey 1985). 

Rapid processing events are also associated with the liberation of mature 18S 

rRNA. Processing events are localized to the S'ETS upstream of the 18S rRNA 

sequence and within ITSl at the 3'-end of the 18S rRNA and die S'-end of the 5.8S 

rRNA (Fig.3B). The variation in the temporal order of these processing events is 

illustrated by the alternative pathways I and II (Fig.3B). Pathway I is known to occur 

in mouse L cells (Wellauer et al. 1974), Xenopus (Loening et al. 1969, Wellauer & 

Dawid 1974) and Drosophila (Levis & Penman 1978). Pathway II is exhibited by 

HeLa cells (Wellauer & Dawid 1973). 

In mouse, detection of a heterogeneous mixture of ETS processing products 

revealed that die 3'-end of the longest product corresponds exactly with the 5'-end of 

the 18S rRNA. This suggested that the generation of the mature 5'-end of the 18S 

rRNA occurs by an endonucleolytic cleavage alone (Bowman et al. 1983). However, in 

mouse another processing site was identified 105 nt upstream of the mature 18S 5'-end 

(Mishima et al. 1985). This cleavage reaction has been reproduced in vitro using a 

mouse cell extract and a cloned mouse rDNA template (Mishima et al. 1988). The 
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sequences spanning 219 nt upstream to 26 nt downstream of the processing site are 

essential for accurate processing. Partial purification has revealed that the processing 

activity is micrococcal nuclease-insensitive and heat-labile (Mishima et al. 1988). An 

in vitro analysis of abbreviated human rDNA transcripts revealed that the production 

of the mature 18S S'-end is a two-step process. The first endonucleolytic cleavages that 

occur in the presence of a nucleolar extract happen at two major positions (-3, -8) and 

one minor position (+1) in relation to the mature S'-end of 18S rRNA (Hannon et al. 

1989). All three cleavages take place at the adenosine residue within the sequence 

UACCU, which is found as three repeats at the 5'ETS/18S rRNA boundary. Initial 

endonucleolytic cleavages produce termini with S'-hydroxyls and 2',3'-cyclic 

phosphates at all three sites. The second trimming reaction observed with a 

cytoplasmic extract is localized to the -3 site only (Hannon et al. 1989). The 

endonucleolytic and trimming activities that produce the mature 18S 5'-end are each 

inactivated by proteinase K digestion but not by micrococcal nuclease (Hannon et al. 

1989). Therefore it appears that production of the mature 18S rRNA S'-end requires 

multiple proteins with endonucleolytic and trimming activities. 

Production of a mature 18S 3'-end has been observed in two mammalian in 

vitro systems, one involving transfection of mouse rDNA into hamster cells (Raziuddin 

et al. 1989), the other a mouse transcription system (Shumard et al. 1990). In both 

cases there were two major processing sites, one at the mature 18S 3'-end and the 

other located 55 nt downstream of the 18S rRNA within ITSl. A purified nucleolar 

endoribonuclease has been shown to be essential for accurate processing of the 18S 3'-



end (Shumard et al. 1990). This implies that in the absence of accompanying factors, 

suitable processing information is present in the pre-rRNA sequence. As the authors 

point out, this does not rule out the possible involvement of additional protein factors 

and small nuclear RNAs that may promote accurate and efficient processing (Shumard 

et al. 1990). However, the involvement of strictly nucleolar activities in the production 

of the mature 18S 3'-end is not supported in S. cerevisiae. Cleavage initially occurs at 

a position 209 nt downstream of the 18S rRNA 3'-end within ITSl, and final 

processing of the mature 18S 3'-end takes place after export to the cytoplasm (Udem 

& Warner 1973, Trapman & Planta 1976). It is possible that a cytoplasmic activity 

similar to the one associated with the mouse 18S 5'-end will be found for die 

production of the mature 18S 3'-end in some species. 

The detection of a heterogeneous mixture of processing products terminating 

within ITSl revealed that the 3'-end of the longest product corresponds exactly with 

the S'-end of the S.8S rRNA (Bowman et al. 1983). Consistent with this 3'-end 

heterogeneity is the fact that a proportion of 5.8S rRNA exhibits a 5-7 nt 5'-end 

heterogeneity (Bowman et al. 1983). Similar heterogeneity has been demonstrated in 

HeLa cells (Khan & Maden 1977), rat (Smith et al. 1984), Xenopus (Bosely ut al. 

1978, Ford & Mathieson 1978) and Saccharomyces (Veldman et al. 1980). 

Late events in rRNA processing 

Processing events that remove ITS2 (which separates the mature 5.8S and 28S 

rRNAs) typically occur late in rRNA maturation in mouse (Bowman et al. 1983), rat 

(Hadjiolova et al. 1984, Reddy et al. 1983) and Saccharomyces (Trapman et al. 1975, 
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Veldman et al. 1981) (Fig. 3C). The temporal order of the two independent cleavages 

required within ITS2 has not been established (Bowman et al. 1983). In mouse, 

processing takes place within ITS2 at 295 nt and 4-6 nt upstream of the 5'-end of the 

28S rRNA (Bowman et al. 1983), whereas in rat it occurs at 50-6S nt and 4-20 nt 

upstream (Hadjiolova et al. 1984). Based on the data available it appears that 

production of the mature ends of the 5.8S and 28S rRNAs requires an endonucleolytic 

cleavage followed by an exonucleolytic trimming to remove the final nucleotides. 

A number of species-specific processing events that are associated with 

fragmentation of S.8S and 28S rRNAs also typically occur late in the processing 

pathway. In the insects Drosophila and Sciara (DeLanversin & Jacq 1989, Fujiwara & 

Ishikawa 1986, Ware et al. 1985), processing removes a few nucleotides from a site in 

the middle of the 28S rRNA to form a 28S-a and 28S-8 species that remain hydrogen 

bonded. Additional processing is required to remove a unique ITS from within the 5.8S rRNA 

of the insects Drosophila melanogaster (Pavlakis et al. 1979) and Sciara coprophila 

(Jordan et al. 1980). It follows that additional ITSs found in discontinuous rRNA are 

expected to be processed late. 

The role of small nucleolar RNAs in rRNA processing 

Small nucleolar RNAs (snoRNAs) are a class of uridine-rich, metabolically 

stable, and relatively abundant RNAs that are found within the nucleolus (Prestayko et 

al. 1970, Weinberg & Penman 1968, Zieve & Penman 1976). They form a distinct 

class of small RNAs separate from the small nuclear RNAs (snRNAs) that includes 

those that function in intron removal/exon ligation of eukaryotic mRNA (Foumier & 
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Maxwell 1993, Mattaj et al. 1993). SnoRNAs have been identified in a wide variety of 

organisms from metazoans to protists (Shumyatsky & Reddy 1992). 

For many years snoRNAs have been implicated in ribosome biogenesis 

(Prestayko et al. 1970). This conclusion has been based on a number of observations: 

(i) The presence of snoRNAs in the nucleolus; (ii) the identification of regions of 

sequence complementarity between snoRNAs and pre-rRNAs; (iii) co-sedimentation of 

snoRNAs with ribosomal precursors; (iv) hydrogen bonding of snoRNAs to mature 

and pre-rRNAs; and (v) chemical cross-linking of snoRNAs with pre-rRNAs (Fournier 

& Maxwell 1993). Recent evidence for a specific role in rRNA processing has come 

from both in vivo and in vitro studies, which show that disruption of processing occurs 

through the loss or inactivation of specific snoRNAs or their associated proteins. To 

date four snoRNAs (U3, U14, snRlO, and snR30) have been shown to have either a 

direct or indirect role in normal rRNA processing (Fournier & Maxwell 1993). The 

fact that U3 snoRNA has been crosslinked within the S'ETS implies a requirement for 

direct contact near the respective processing sites in mouse (Tyc & Steitz 1992), rat 

(Stroke & Weiner 1989), human (Maser & Calvet 1989) and Saccharomyces (Beltrame 

& Tollervey 1992). Processing within the S'ETS (+650 site in mouse, +105 nt in 

Xenopus, +610 in Saccharomyces) can be disrupted by depletion of U3 snoRNA either 

by transcriptional repression (Saccharomyces), RNase H cleavage (mouse and 

Xenopus) or immunoprecipitation (mouse), further strengthening the implied direct 

involvement between U3 snoRNA and the pre-rRNA (Kass et al. 1990, Hughes & 

Ares 1991, Mougey et al. 1993). U3 snoRNA has also been implicated in interactions 
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at a number of other sites within the pre-rRNA; however, these predictions have not 

been fully explored (cited in Gerbi et al. 1987 and Kass et al. 1990). 

In Xenopus, U3 snoRNA is involved in a second processing event at the S'-end 

of the 5.8S rRNA (Savino & Gerbi 1990). Endogenous RNase H in the presence of U3 

anti-sense oligonucleotides was used to degrade U3 snoRNA in Xenopus oocytes in 

vivo. Depletion of U3 snoRNA impaired processing at this site and resulted in the 

activation of a salvage or shunt mechanism to ensure that mature rRNA components 

were liberated (Savino & Gerbi 1990). Therefore, disruption of U3 snoRNA in 

Xenopus only altered the pathway of processing rather than the nature of the final 

maturation products. Since no specific contacts were identified between the U3 

snoRNA and the pre-rRNA in this region, it was postulated that U3 snoRNA was 

involved in maintaining the proper conformation of the pre-rRNA so that proper 

cleavage could occur (Savino & Gerbi 1990). 

Because all snRNA genes in Saccharomyces are present as single copies 

(except U3 snoRNA for which there are two gene copies), yeast offers a unique 

opportunity to use gene disruption or blockage of gene expression to assess the roles 

that specific snoRNAs play in rRNA processing. Repression of the genes SNR128 

(U14 snoRNA) (Li et al. 1990), SNR30 (snR30) (Morrissey & Tollervey 1993), 

SNRlO(snRlO) (Tollervey 1987), and U3A (U3 snoRNA) (Hughes & Ares 1991) 

inhibited die production of mature 18S rRNA through the accumulation of an atypical 

intermediate, 23S RNA. In all cases the production of mature LSU rRNA (5.8S and 

25S rRNAs) was not affected. Interestingly, genetic depletion of the snoRNP-



associated proteins fibrillann (NOP1) (Tollervey et al. 1991) and GAR1 (Girard et al. 

1992) resulted in a similar impairment of the processing pathway. These results 

suggest that snoRNAs and their associated proteins function together in a large snRNP 

complex (processome) during some steps in the rRNA maturation pathway. However, 

specific processing events leading to the production of the mature rRNA components 

may still involve individual snRNPs acting alone (Fournier & Maxwell 1993). 

V. Euglena gracilis: a unique organismal system in which to study rRNA processing 

Phylogenetic trees constructed by comparison of SSU rRNA sequences have 

revealed that the euglenoid protists (represented by Euglena gracilis) diverged from 

the main eukaryote line along with the kinetoplastid protists very early in their 

evolution (Sogin et al. 1986) (Fig. 4). Most of our information about rRNA processing, 

and in fact ribosome biogenesis in general, comes from organisms (Homo sapiens, 

Xenopus laevis, Saccharomyces cerevisiae) that are found within die crown of 

branches at the top of the SSU rRNA trees (Fig. 4). Thus, our information base for 

this highly integrated and fundamental cellular process is essentially restricted to a 

closely related group of organisms. Because of its phylogenetic position, f . gracilis 

offers the opportunity to study the rRNA processing in an early diverging eukaryote. 

f . gracilis has several features associated with its rDNA that enhance its 

selection as an interesting system in which to study ribosome biogenesis. The rDNA 

gene arrangement is novel in that there are few (1-8) if any integrated chromosomal 

copies (Ravel-Chapuis 1988). Instead there are about 1000 copies/cell of an 

approximately 11 kbp extrachromosomal circle that contains a single rDNA 
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I Homo sapiens 

I Xenopus laevis 

I Saccharomyces cerevisiae 

. Zeamays 

I Chlamydomonas reinhardtii 

. I Ochromonas danica 

. Prorocentrum micans 

I Oxytricha nova 

I Plasmodium berghei 

I Dictyostelium discoideum 

. Euglena gracilis 

I Trypanosoma brucei 

I Vairimorpha necatrix 

Giardia lamblia 

Figure 4. Phylogenetic position of Euglena gracilis in relation to other eukaryotes as 
determined by small subunit rRNA sequencing (Redrawn from Sogin 1991). 
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transcription unit (Ravel-Chapuis et al. 1985) (Fig. 5). f . gracilis also possesses the 

most extensively fragmented rRNA found to date. The nucleocytoplasmic LSU rRNA 

(5.8S plus 28S rRNAs) is composed of 14 individual RNA pieces whose coding 

regions are separated by novel ITSs in the rDNA (Schnare & Gray 1990, Schnare et 

al. 1990) (Fig. 5). Therefore, study of the ribosomal RNA processing pathway in f. 

gracilis offers a unique opportunity to examine an early branching protist and to 

explore the unusual features associated with the biosynthesis of its discontinuous 

rRNA. 
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Figure 5. The circular extrachromosomal rDNA of Euglena gracilis. Positions of 
mature rRNA components are indicated as thick black bars. 19S/SSU = small subunit 
rRNA, LSU2-14 = rRNA components of the 28S rRNA The 10-nt long 1TS3/4 
separating the rRNA components LSU3 and LSU4 is not shown. The thin black lines 
represent the spacer regions (IGS - irtergenic spacer, ITS - internal transcribed 
spacers). 



B. Materials and Methods 

/. Materials 

Lab chemicals were purchased from Anachemia, BDH, Boehringer Mannheim 

(BMB), Fisher Scientific, Merck and Sigma Chemical Company. Restriction 

endonucleases were from Bethesda Research Laboratories (BRL), New England 

Biolabs (NEB), Pharmacia and Promega. Avian myeloblastosis virus (AMV) reverse 

transcriptase was from Pharmacia and Promega. Polynucleotide kinase, T4 DNA ligase, 

T4 RNA ligase and deoxy- and dideoxynucleoside triphosphates (dNTP and ddNTP) 

were obtained from Pharmacia. Mung bean nuclease was from BRL, DNase I from 

BMB. The Sequenase Version 2.0 kit was from United States Biochemicals (USB), 

whereas the Pronase protease was obtained from Calbiochem. The isotopically labelled 

substrates [y-32P]ATP and [a-32P]dATP were from ICN Biomedicals. Oligonucleotides 

were purchased from General Synthesis and Design (Toronto) and Univeristy Core 

DNA Services (University of Calgary, Canada). 

//. MJhods 

Culture conditions for Euglena gracilis 

A streptomycin-bleached mutant of Euglena gracilis (Cook & Roxby 1985) 

was maintained in liquid cultures of modified Cramer and Myers (1952) salt medium 

at pH 3.5, with 30 mM ethanol as carbon source at room temperature. Transfers were 

made monthly for maintenance cultures. 

Inoculant cultures (500 id into 4.5 ml of fresh medium) for harvest preparations 

were set up from one-week cultures and allowed to grow for 3 d before inoculating 1 

33 
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L of growth medium (in Fernbach flasks) with the entire 5 ml. One-litre harvest 

preparations were grown on a New Brunswick Scientific incubator shaker at 28°C at a 

shaker setting of 2.8. Growth was monitored by optical density (O.D.) readings at 600 

nm and a standard growth curve was determined. Cells for nucleic acid isolation were 

harvested during early- to mid-log phase of the growth cycle when the O.D.600 was 

approximately 0.5-0.7 (4-5 d). 

Preparation of total cellular RNA from K gracilis 

Cells were harvested by centrifugation at 2000 g for 20 m. Cells were washed 

three times with 15 ml of solution A (5 mM MgOAc, 60 mM KC1, 50 mM Tris-HCI, 

pH 7.6) prior to passage through a French pressure cell at 15,000 lb in'2. Alternatively, 

the washed cell pellet was resuspended in 15 ml of mito buffer A [SO mM Tris-HCI 

(pH 8.0), 30 mM ETDA-Na,, 440 mM sucrose, 1 mM P-mercaptoethanol, 0.1% (w/v) 

BSA] and treated with 22S ul Pronase protease (20 mg/ml) [final concentration 0.3 

mg/ml] for 30 m at 37°C. The resulting cell suspension (spheroplasts) was then 

washed (2x) with 15 ml mito buffer A and centrifuged at 1100 g for 5 m at 4°C. The 

washed cell suspension was homogenized with a loose-fitting teflon homogenizer prior 

to passage through a French pressure cell (lx or 2x) at 2,000 lb in'2. Total RNA was 

extracted from the cell lysates by the detergent/phenol-cresol method (Parish & Kirby 

1966) prior to precipitation with ethanol. In general, nucleic acids were routinely 

extracted two or three times with phenol/cresol followed by two rounds of ethanol 

precipitation. RNA was recovered from ethanol precipitates and quantified by 

measuring O.D.260. Prior to northern hybridizations, mung bean nuclease mapping, and 
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primer extension analysis, aliquots of total RNA were treated with DNase I at a ratio 

of 1 ug to at least 1 unit of enzyme (23 units/id; RNase-free) in a final reaction 

volume of 100 ul containing 50 mM Tris-HCI (pH 7.6) and 10 mM MgCl2 at 37°C for 

1 h prior to any further manipulation. RNA was stored at -20°C in 50% ethanol/50% 

distilled water (dH20). 

Preparation of nuclear RNA from E gracilis 

The nuclear RNA preparation methods incorporate information from the nuclear 

isolation protocol of Bertaux et al. (198S). Cells were harvested by centrifugation at 

2000 g for 20 m. Cells were washed three times with IS ml of nuclear buffer A [10 

mM Tris-HCI (pH 7.4), 6 mM MgCl2, 0.13 mM MnCl2 ] and then treated with 22S ul 

Pronase protease (20 mg/ml) [final concentration 0.3 mg/ml] for 30 m at 37°C. The 

resulting cell suspension (spheroplasts) was then washed (2x) with 15 ml of nuclear 

buffer A and centrifuged at 1100 g for S m at 4°C. The washed cell suspension was 

homogenized with a loose-fitting teflon homogenizer prior to passage through a French 

pressure cell at 1,500 lb in'2. The cell lysate was centrifuged 700 g for 10 m at 4°C. 

The pellet was resuspended in 75 ml of dense sucrose buffer [nuclear buffer A 

containing 77% sucrose (w/v)] and transferred to a Dounce homogenizer (50 ml) and 

homogenized with pestle A (loose fitting). The homogenate was centrifuged for lh at 

40,000 g in a SW-25.1 rotor at 4°C in a Beckman L8-70M ultracentrifuge. The sucrose 

solution containing cellular debris was removed with an aspirator and the inside of die 

centrifuge tubes were wiped with filter paper to remove any residual sucrose. The 

nuclear pellet was resuspended (2x) in 10 ml homogenization buffer B (nuclear buffer 
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A plus 10% sucrose and 0.25% Nonidet P-40) and transferred to a Dounce 

homogenizer (15 ml) and homogenized with pestle B (tight fitting) prior to 

centrifugation at 700 g for 10 m at 4°C. The nuclear pellet was resuspended (2x) in 10 

ml homogenization buffer A (nuclear buffer A plus 10% sucrose) and transferred to a 

Dounce homogenizer (15 ml) and homogenized with pestle B prior to centrifugation at 

700 g for 10 m at 4°C. The final nuclear pellet was resuspended in 10 ml 50 mM Tris-

HCI (pH 7.6) and homogenized with a teflon pestle. The homogenate was extracted 

with an equal volume of phenol/cresol and placed on a shaker at 4°C for 10 m prior to 

centrifugation at 2000 g for 5 m at 4°C. The aqueous phase was re-extracted with an 

equal volume of phenol/cresol in the presence of 0.1 vol of 5M NaCl overnight at 4°C 

on a shaker. After centrifugation at 2000 g for 5 m at 4°C the aqueous phase was 

precipitated with ethanol at -20°C. RNA was recovered from ethanol precipitates and 

treated as above (Preparation of total cellular RNA from f . gracilis). 

Methods associated with investigation of rRNA processing: 

Subcloning of plasmid pEgEl 

Plasmid cloning 

Plasmid pEgEl contains the entire f . gracilis rDNA extrachromosomal circle 

linearized at the unique f coRI site and cloned into pBR322 (original clone obtained 

from Dr. J. Cook, University of Maine). Subclones were constructed with the aim of 

having a set of smaller clones that could be used as probes for specific regions of the 

E. gracilis rRNA precursor. 

Cloning was accomplished using the pBluescript JJ (Stratagene) cloning vectors 



pSKU+ and pKSU+. The SK and KS designations refer to the orientation of the 

polylinker in each of the two cloning vectors. In the KS orientation the Kpn I and Sac 

I restriction sites are nearest to and furthest from, respectively, the lac Z promoter. In 

the SK vectors the orientation of the polylinker is reversed with respect to the lac Z 

promoter. The pBluescript U vectors contain an ampicillin-resistance gene and the N-

terminal portion of the lacZ gene, thereby allowing antibiotic and blue/white colour 

selection when grown in the appropriate f. coli strain containing the /acZAMIS 

complementation sequence on the F' episome (for example DHSocF'). 

The cloning manipulations followed the methods of Struhl (1985). Typically, 

plasmid DNA (approximately 100-200 ng) and the vector pBluescript U 

(approximately 50 ng) were digested with the appropriate restriction enzymes before 

separation of die resulting fragments in a 0.7% Low Melting Temperature (LMT) 

agarose gel containing 0.5 ug/ml ethidium bromide. The agarose gel was then exposed 

briefly on a long wave (365 nm) UV transilluminator to visualize the banding pattern. 

The desired restriction fragments and linearized vector bands were cut from the gel 

and placed in appropriately labelled microfuge tubes at 65°C for 10 m. Once the gel 

slices were melted, the tubes were placed at 37°C for 10 m. Aliquots of insert and 

vector DNA-containing gel slices were then mixed in a total volume of 9 ul. More 

than one insert:vector ratio was normally used. To each tube containing insert:vector 

DNA gel mix was added 11 ul of ice-cold ligation mix [9 ul 2x T4 DNA ligase buffer 

(100 mM Tris-HCI, pH 7.S; 20 mM MgCl2; 20 mM DTT), 1 ul 10 mM ATP, and 1 ul 

T4 DNA ligase (1 unit/ul)]. Ligation mixtures were incubated for minimally 2 h at 
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room temperature or overnight at 4°C. After the incubation, the gelled ligation reaction 

was melted at 65°C for S m and then placed at 37°C for a few minutes prior to 

transformation of competent f . coli cells. 

Preparation of competent E coli cells 

Competent E. coli cells were prepared by the one-step method of Chung et al. 

(1989). A fresh overnight culture off. coli strain DH5aF' was diluted 1:100 in LB 

broth [10% tryptone, 0.5% yeast extract, 0.5% NaCl, and 20 mM glucose (pH 6.5)]. 

Cells were grown at 37°C with constant shaking to early log phase (O.D.600 of 0.3 to 

0.4 nm). Cultures were then pelleted in a centrifuge at 1000 g for 10 m at 4°C. After 

removal of the supernatant, the cells were gently resuspended in 1/10 their original 

volume in ice-cold transformation and storage solution (TSS) [LB broth, pH 6.5; with 

10% PEG 3350, 5% DMSO (dimethyl sulfoxide), and 20 mM MgCl2]. Aliquots (200 

ul) were dispensed into microfuge tubes and quick-frozen in a dry ice/ethanol bath. 

Long-term storage of competent cells was at -70°C. 

Competent E. coli cells were thawed on ice prior to transformation. Typically, 

S ul (approximately 5-10 ng of DNA) of the ligation mixture were added to 200 ul of 

competent cells. Transformation mixtures were incubated on ice for minimally IS m 

and then cells were spread on YT agar plates [0.8% tryptone, 0.5% yeast extract, 0.5% 

NaCl, and 1.5% agar] containing 50-7S ug/ml ampicillin, 40 ug/ml X-gal and 20 mM 

IPTG. Plates were incubated at 37°C for approximately 16-18 h. Positive colonies 

containing recombinant plasmids were picked and grown overnight at 37°C on a roller 

drum for 16-18 h in 2 ml 2x YT broth containing 50 ug/ml ampicillin. 



Alkali lysis mini-preps 

Alkali lysis procedures were a modification of that contained in Sambrook et 

al. (1989). Aliquots of up to 1 ml of 2-ml overnight cultures were pelleted in a 

microcentrifuge at 13,000 g for 30 s. Supematants were removed and bacterial pellets 

were gently resuspended in 200 ul of ice-cold TE (pH 7.6) [10 mMTris-HCl (pH 7 0). 

1 mM EDTA-Naa]. Cell suspensions were allowed to sit at room temperature for 5 m. 

After addition of 400 ul 0.2 M NaOH/1% SDS, cell lysates were inverted to mix and 

placed on ice for 10 m. Then 150 ul 3 M NaOAc (pH 4.8) were added and samples 

were inverted to mix and placed on ice for a further 20 m. Cell lysates were then 

centrifuged for 5 m at 4°C (microfuge) and the supematants were poured into clean 

microfuge tubes containing 700 ul of phenol/cresol. The mixtures were vortexed and 

centrifuged for 3 m at 4°C (microfuge). Supematants were then transferred to new 

microfuge tubes and nucleic acids precipitated with 1 ml 95% ethanol. DNA was 

pelleted in a microcentrifuge at 13,000 g for 10 m, then reprecipitated from 200 ul TE 

(pH 7.6) with 0.1 vol. 3 M NaOAc and 2-3 vol. 95% ethanol. DNA pellets were 

recovered from ethanol as above but resuspended in a final volume of 30 ul TE (pH 

7.6). 

Clones containing inserts of interest were identified by cleavage with the 

appropriate restriction endonuclease(s) followed by separation on agarose gels. 

PEG purification of plasmid DNA 

The PEG purification protocol was a modification of that published in Ausubel 

et al. (1987). Routinely, four to six alkali lysis minipreps of die same plasmid DNA 
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were pooled and after precipitation with ethanol, the recovered DNA was resuspended 

in 200 ul TE (pH 7.6). RNase A (7.4 mg/ml) was added to a final concentration of 20 

Ug/ml and the sample was incubated at 37°C for 30 m. DNA was precipitated with 

ethanol following phenol/cresol extraction and the recovered pellet was resuspended in 

400 ul TE (pH 7.6). Purification proceeded by the addition of 160 ul of a PEG 

solution (30% PEG 8000, 1.6 M NaCl), and after thorough vortexing the sample was 

incubated at 4°C overnight. The PEG-precipitated DNA was recovered in a 

microcentrifuge and the supernatant was removed. The DNA pellet was resuspended in 

400 ul TE (pH 7.6) and the remaining PEG solution was removed by phenol/cresol 

extraction. DNA was precipitated with ethanol and the recovered pellet was 

resuspended in 100 ul TE (pH 7.6). Concentration of the DNA was determined by 

spectrophotometry measurement of O.D.260. 

Sequencing of double-stranded plasmid DNA 

Sequencing of double-stranded DNA followed the protocol of Zhang et al. 

(1988). Briefly, 2-3 ug of PEG-purified plasmid DNA was resuspended in a volume of 

12 ul dH20, then denatured by the addition of 4 ul 1 M NaOH and 4 ul 1 mM 

EDTA-Naj at room temperature for 5 m prior to precipitation with 2ul 2 M NH4OAc 

and 60 ul 95% ethanol. The precipitated DNA was recovered from ethanol and 

resuspended in 7 ul dH20. Except where noted (see "Mung bean nuclease mapping" 

below) denatured plasmid DNA was used directly in the dideoxy-sequencing protocol 

under standard conditions as outlined in the manufacturer's instructions provided with 

the Sequenase Version 2.0 Kit (USB). Standard conditions include: (i) use of the Ml 3 
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reverse primer (0.5 to 1.0 pmol); (ii) inclusion of 0.5 ul 3000 Ci/mmol [a-32P]dATP; 

and (iii) normal dilutions of labelling mix and sequenase enzyme. 

Sequencing reaction products were resolved in 6% polyaciylamide, 7 M urea 

sequencing gels (40 cm x 33 cm x 0.05 cm) containing lx TBE running buffer [50 

mM Tris-HCI (pH 8.2), 50 mM boric acid, 1 mM EDTA-NaJ. Electrophoresis was for 

2-6 h at 1700 V. Gels were picked up on old X-ray film and covered with plastic film 

(resinite, Borden) before being exposed to XK1 or XAR X-ray film (Kodak) with or 

without an intensifying screen at -7C-rC. The length of time for autoradiography varied 

according to the requirements of each experiment. 

Nucleic acid transfer and hybridization analysis 

Northern transfer 

Method A. Capillary transfer 

After DNase I treatment, total E. gracilis RNA (10 tig) was fractionated in a 

1.2% agarose gel containing 3% formaldehyde in lx MOPS running buffer [200 mM 

3-(N-morphilino)-propanesulfonic acid, 50 mM NaOAc (pH 5.2), 10 mM EDTA-NaJ 

(Ausubel et al. 1987). After the gel was stained with ethidium bromide and 

photographed, RNA was then transferred from the gel by capillary action to Biotrans 

membrane (ICN Biomedicals) in lOx saline sodium citrate (SSC), according to the 

manufacturer's specifications. Blots were then baked at 80°C for 2 h under vacuum. 

Method B. Semi-dry electroblotting 

Alternatively, RNA (3.5-5 ug) was fractionated in a 6% polyaciylamide gel 

containing 7 M urea (20 cm x 20 cm x 0.15 cm) in lx TBE. The gel was then stained 
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with ethidium bromide and photographed. The RNA was transferred, by a semi-dry 

electrophoretic method using the Trans-Blot SD (BioRad) apparatus, to a Biotrans 

nylon membrane (ICN Biomedicals), according to the manufacturer's specifications. 

Prior to hybridization, both types of blot were cut into strips corresponding to 

individual sample lanes. 

Hybridization 

Method A. Random-primed labelling of DNA 

Subclones were used as templates for hybridization probes following the 

random-primed labelling method of Feinberg and Vogelstein (1983). Briefly, subclones 

were cleaved with appropriate restriction endonucleases and either precipitated directly 

or gel purified in LMT agarose. DNA (30-100 ng) was resuspended in TE (pH 7.6) 

and then mixed with 1 ug of random hexamers, boiled for 2-3 m and then placed on 

ice. DNA was labelled with 50 uCi [a-32P]dATP in the presence of lx Klenow buffer 

[50 mM Tris-HCI (pH 7.6), 10 mM MgCl2, 1 mM DTT, 0.05 mM BSA], 0.05 mM 3 

dNTP Mix [0.05 mM each of dCTP, dGTP, and dTTP], and 6 units of Klenow DNA 

polymerase at room temperature overnight (approximately 16 h). Reactions were 

stopped with the addition of 0.5 M EDTA-Naj (pH 8.0). Labelling reaction products 

were either purified through a spun column to remove unincorporated radioisotope 

(Ausubel et al. 1987) or used directly. Hybridizations with random-primed probes 

followed a procedure outlined in the ICN Biomedicals information sheet accompanying 

the Biotrans nylon membrane. All hybridizations were performed using a Hybaid 

hybridization oven. Since blots were small, hybridizations were carried out inside 50 
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ml Falcon Blue Max tubes placed inside the larger Hybaid hybridization bottles. This 

allowed less hybridization solution and probe to be used with each blot. Blots were 

prehybridized at 42°C in 5 ml of hybridization buffer A [5x Denhardt's solution (0.5 g 

Ficoll 400, 0.5 g polyvinylpyrrolidone, 0.5 g BSA, fraction V), 5x SSC, 50 mM 

NaP04 (pH 6.5), 0.1% SDS, 180 ug/ml herring sperm DNA, 50% formamide]. After 

prehybridization, random-primed probes were mixed with 1 ml of hybridization 

solution, boiled for 10 m, and cooled on ice before being added to the prehybridization 

buffer. Blots were hybridized overnight for approximately 16 h and then washed for 1-

2 h in each of the following solutions at the hybridization temperature: (a) 2x SSC 

plus 0.1% SDS; (b) O.lx SSC plus 0.1% SDS. Blots were then subjected to 

autoradiography. 

Method B. Oligonucleotide labelling 

Hybridization analysis using synthetic oligonucleotide primers followed the 

method of Zeff and Geliebter (1987). Oligonucleotide primers (100 ng) were 5'-32P-

end labelled with 100 uCi [y-32P]ATP (7000 Ci/mmol) using 1 ul T4 polynucleotide 

kinase (1 unit/ul) in a 25 ul reaction volume containing 2.5 ul lOx kinase buffer [500 

mM Tris-HCI (pH 7.6), 100 mM MgCl2], 1 ul 50 mM DTT, and 0.5 ul 50 mM 

spermidine-HCl. Labelling reactions were incubated at 37°C for 45 m. Labelling mixes 

were ordinarily used directly or purified through two rounds of ethanol precipitation 

prior to hybridization. Alternatively, primers were precipitated with ethanol prior to 

purification in a 6% polyacrylamide/urea sequencing gel. Labelled primers were 

detected by autoradiography. The area containing die primer was cut from the gel and 
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placed in a microfuge tube with 400 ul of gel elution buffer B [500 mM NH4OAc, 10 

mM Mg(OAc)2,1 mM EDTA-NaJ and 400 ul phenol/cresol mix. The S'-32P-end-

labelled primer was then eluted with constant shaking at 4°C overnight. In order to 

facilitate precipitation of small amounts of DNA, linear polyacrylamide carrier (20 ug) 

was added either before or after shaking (Gaillard & Strauss 1990). After phenol 

extraction the primer was precipitated with 95% ethanol at -20°C. 

Hybridization temperatures were 5-7°C lower than the Tm (melting temperature) 

determined for individual oligonucleotides (Sambrook et al. 1989). Blots were 

prehybridized for 2 h at the desired temperature in 5 ml of hybridization buffer B [Sx 

SSC, 20 mM sodium phosphate (pH 6.5), lOx Denhardt's solution, 7% SDS, 10% 

dextran sulfate]. After prehybridization, S'-end-labelled oligonucleotide probes were 

mixed with 1 ml of hybridization solution and heated to 80°C before being added to 

the prehybridization buffer. Blots were then hybridized overnight for approximately 16 

h. After hybridization, blots were washed for 1-2 h in each of the following solutions 

at the hybridization temperature: (a) 3x SSC, 10 mM sodium phosphate, lOx 

Denhardt's, 5% SDS; (b) lx SSC , 1% SDS (Zeff & Geliebter, 1987). Blots were then 

subjected to autoradiography. 

Transcript mapping 

Mung bean nuclease mapping 

Mung bean nuclease mapping was performed with subclones corresponding to 

specific regions of the pre-rRNA as determined by northern hybridization data. The 

protocol was essentially that published for SI nuclease mapping in Ausubel et al. 
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(1987) but using reaction conditions adjusted for mung bean nuclease. 

Subcloned DNA (5 ug) purified by PEG precipitation was linearized at the 

desired S'-end by digestion with the appropriate restriction endonuclease and 

precipitated with ethanol. The DNA pellet was resuspended in 50 ul SO mM Tris-HCI 

(pH 8.0) and dephosphorylated with 2 ul of bacterial alkaline phosphatase (BAP) at 

65°C for 30 m. The resultant dephosphorylated DNA was extracted with phenol/cresol 

and then precipitated with ethanol. The dephosphorylated DNA pellet was 5'- 32P-end 

labelled as described above (Method B. Oligonucleotide labelling). Reactions were 

precipitated with 0.1 vol. 4 M NH4OAc and 2 vol. 95% ethanol at -20°C. The 

recovered 5'-end-labelled DNA was then digested with an appropriate restriction 

endonuclease to give a discrete size product that could be isolated on a LMT agarose 

gel. The correct product was identified by autoradiography and then excised from the 

gel. The gel slice was melted at 65°C and an equal volume of TE (pH 7.6) was added 

prior to phenol/cresol extractions. The aqueous phase containing the desired 5'-end-

labelled product was precipitated with 0.1 vol. 3 M NaOAc and 2 vol. 95% ethanol. 

Finally, the labelled product was resuspended in 100 ul TE (pH 7.6) and 1 ul was 

removed for determination of Cerenkov counts. 

The 5'-end-labelled subclone probe (S x 10" Cerenkov counts) was mixed with 

10-30 ug of DNase I-treated f. gracilis total RNA and precipitated with ethanol. The 

recovered mixture was resuspended in 20 ul mung bean hybridization buffer [40 mM 

PIPES (pH 6.4), 400 mM NaCl, 1 mM EDTA-Na,, 80% formamide] with vigorous 

vortexing. The hybridization mixture was heated to 90°C for 10 m and then transferred 
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to the desired hybridization temperature as determined by the G+C content of the 

subclone fragment (Dean 1987). Reactions were incubated overnight (approximately 16 

h). Routinely, multiple hybridization temperatures that varied by +/- 2°C were tested. 

Products of the hybridization reactions were digested with between 100-1000 units/ml 

mung bean nuclease in the presence of a mung bean reaction buffer [30 mM NaOAc 

(pH S.0), 50 mM NaCl, 1 mM ZnOAc, 5% glycerol, 1 ug herring sperm DNA, 50 

ug/ml BSA] at a final volume of 200 ul at 37°C for 1 h. Reactions were terminated by 

the addition of 80 ul mung bean stop buffer (4 M NH4OAc, 50 mM EDTA-Na,, 50 

ug/ml tRNA carrier) and precipitated with 1 ml 95% ethanol. 

Mung bean nuclease-digested products were analyzed in 6% 

polyacrylamide/urea sequencing gels with either reverse transcriptase sequence of RNA 

or double-stranded plasmid DNA as a ladder. When double-stranded plasmid DNA 

was used as the sequence ladder it was necessary to digest the standard dideoxy-

sequencing reaction products with the same restriction endonuclease used to produce 

the S'-end of the subclone probe (Aldea et al. 1988). This facilitated direct alignment 

of the mung bean nuclease-digested products with the sequencing ladder. 

Reverse transcriptase sequencing and primer extension analysis 

Reverse transcriptase sequencing and primer extension analysis were performed 

according to the published protocol (Geliebter 1987) but without actinomycm D. 

Primers were 5'- 32P-end labelled as described above, then precipitated with 

ethanol prior to purification in a 6% polyacrylamide/urea sequencing gel, all as 

described above (Method B. Oligonucleotide labelling). Labelled primers were detected 



by autoradiography, then eluted. 

Total E. gracilis RNA (10-20 ug), treated with DNase I, was annealed with 

approximately 5 ng 5'- 32P-end-labelled, gel-purified primer in a reaction volume of 13 

ul containing 6 mM Tris-HCI (pH 8.3) and 153 mM KC1. The annealing reaction was 

heated to 90°C for 2 m and then hybridized for 45 m at the desired temperature. 

Hybridization temperatures were 5-7°C lower then the Tm (melting temperature) 

determined for individual oligonucleotides (Sambrook et al. 1989). After annealing, 2 

ul were transferred to each of 5 tubes labelled G, A, T, C and E (E = primer extension 

reaction in the absence of dideoxynucleotides) containing 3.3 ul of reverse 

transcription buffer [24 mM Tris-HCI (pH 8.3), 16 mM MgCl2, 8 mM DTT, 0.8 mM 

dGTP, 0.4 mM dATP, 0.4 mM dTTP, 0.4 mM dCTP, 5-6 units AMV reverse 

transcriptase] and 1 ul each of 1 mM ddGTP (G-tube), 1 mM ddATP (A-tube), 2 mM 

ddTTP (T-tube), and 1 mM ddCTP (C-tube). The reactions were incubated at either 

50°C for 45 m and then terminated by addition of 2 ul loading buffer (99.4% 

formamide, 0.3% BPB, 0.3% XC). Sequencing reaction products were then heated to 

80°C for 5 m prior to fractionation in a 6% polyacrylamide/urea sequencing gel. After 

electrophoresis, gels were subjected to autoradiography. 

Primers to rRNA and processing intermediates were designed based on data 

obtained from mung bean nuclease and northern hybridization experiments with 

subclone probes. 

(1) IGS-1: complementary to a region within the IGS 5' to the mature 5'-end 

of the SSU rRNA. 



27-mer 5'-CCTTGCAGGGGTTCCTGCCGAAAAACC-3' (Univ. Calgary) 

Tm = 61.8°C 

(2) IGS-2. IGS specific 

31-mer 5'-CTAAGGTCCCCACCTCGTAGAGTGGGCCTTC-3'(GSD) 

Tra - 69.8T 

(3) IGS-3: IGS specific 

30-mer 5'-CCACGACCTTTGGCCACGGCAGGTCCAGGC-3' (GSD) 

T . = 78.8°C 

(4) IGS-4: IGS specific 

30-mer 5'-CCACTACACTTTTCTGTCGGGCCGACTCTG-3' (GSD) 

TM = 68.5°C 

(5) IGS-5: IGS specific 

31-mer 5'-GTGGAATTTCTCTAAGTCGGCACTACTGAAC-3* (GSD) 

Tn = 61.8°C 

6) LSU-A: complementary to an internal region near the 5'-end of 5.8S rRNA 

(LSU1) 

30-mer 5'-CGCAAGGCTGCTGTGTCCTTCCTCAGAACC-3' (GSD) 

Tro = 71.8°C 

(7) ITS-2/3: complementary to the 3' region of ITS2/3 

26-mer 5'-GCACCACAACCCAGGCACCACACAGG-3' (Univ. Calgary) 

Tm = 63.4°C 

Methods associated with the investigation of U3 snoRNA: 



Sequence determination of the E. gracilis U3 snoRNA 

Purification of the E. gracilis U3 snoRNA 

Total RNA (100-300 ug) was dissolved in NMF/urea loading buffer [10 mM 

Tris-HCI (pH 7.6), 1 mM EDTA-Naj, 5 M urea, 60% N-methlyformamide, 0.1% BPB 

and XC dyes] and heated at 65°C for 10 m prior to separation in a 6% polyacrylamide 

gel containing 7 M urea (20 cm x 20 cm x 0.15 cm) at 350 V for approximately 2 h. 

RNA was either visualized by UV shadowing (Hassur & Whitlock 1974) or stained 

with ethidium bromide and detected using a UV transilluminator. The area containing 

the U3 snoRNA was cut from the gel and homogenized with 2 ml of gel elution buffer 

A [100 mM Tris-HCI (pH 9.1), 500 mM NaCl, 10 mM EDTA-Naj and 2 ml 

phenol/cresol mix. RNA was then eluted from the homogenized sample with constant 

shaking at 4°C (Rubin 1973). In order to facilitate precipitation of small amounts of 

RNA, linear polyacrylamide carrier (20 ug) was added to the sample either before or 

after shaking (Gaillard & Strauss 1990). After pienol extraction the RNA sample was 

precipitated with 95% ethanol at -20°C. RNA was stored at -20°C in 50% ethanol/50% 

dH20. 

Enzymatic sequencing of end-labelled U3 snoRNA 

Purified RNA was 3'-end labelled with [5'-32P]pCp and phage T4 RNA ligase 

(Peattie 1979) and repurified in a 6% polyacrylamide/urea sequencing gel. Labelled 

RNA was detected by autoradiography and then eluted (as described above). 

Enzymatic sequencing of RNA was performed by partial digestion with the 

RNases Tl (cleaves after G), U2 (cleaves after A), (Donis-Keller et al. 1977) and Phy 
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M (cleaves A > U) (Donis-Keller 1980). The lyophilized enzymes (200 units) were 

resuspended in 20 ul dH20 and then brought to a final volume of 40 ul by the 

addition of 20 ul of autoclaved glycerol. Working solutions of these enzymes, were a 

1:25 dilution of the stock solutions into 50% glycerol. Typically, 1 ul of the working 

solutions of Tl and Phy M were each used to digest a separate S ul aliquot of the 

RNA sample resuspended in a loading/enzyme digestion buffer [20 mM sodium citrate 

(pH 5.0), 7 M urea, 1 mM EDTA-Naj, 0.05% XC, 0.75 ug carrier tRNA]. RNase U2 

digestions used the same dilution and the RNA sample was dissolved in a similar 

buffer that instead contained sodium citrate at pH 3.5. Enzymatic digestions were 

incubated at 50°C for 30 m. Alkali hydrolysis was performed by resuspending the 

RNA in 20 ul 0.15 M NH4OH and heating the sample to 90°C for 1 m. The alkali-

treated RNA was then frozen at -70°C prior to lyophilization, after which the sample 

was resuspended in dH20 and then frozen and lyophilized as above. The alkali 

hydrolysate was finally resuspended in 6 ul of the U2 loading/enzyme digestion buffer. 

Sequence reactions were resolved in a 20% or 6% polyacrylamide/urea sequencing gel. 

Reverse transcriptase sequencing of U3 snoRNA 

Reverse transcriptase sequencing was performed according to a published 

protocol (Geliebter 1987) as described above. 

Enzymatic sequence data were used to design oligonucleotide primers 

complementary to the U3 snoRNA. 

(1) RNAB2c : located at the 3'-end of U3 snoRNA. 
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25-mer 5'-CCACTCAAATTGCTGACCTCTCATC-3' (GSD) 

T. = 57.9T 

(2) RNAB2b: 

24-mer 5'-CTCTGTGAATCGGACTGATACTTC-3' (GSD) 

TB = 51.5°C 

Terminal deoxynucleotidyl transferase analysis of the S'-end of U3 snoRNA 

Analysis of the U3 snoRNA 5'-end with terminal deoxynucleotidyl transferase 

followed the method of 0rum et al. (1991). Material corresponding to the full length 

RT sequencing products of each lane (G, A, T, C) were isolated from sequencing gels 

according to the procedure outlined above (Method B. Oligonucleotide labelling), 

extracted with phenol/cresol and reprecipitated from ethanol. Individual samples (G, A, 

T, C) were resuspended in 12 ul dH20 and heated to 80°C for 2 m. Samples were then 

cooled on ice and incubated with 40 U terminal deoxynucleotidyl transferase (20 

units/ill) in the presence of 1 mM dATP, 100 mM cacodylic acid (pH 6.8), 1 mM 

CoCl2, 0.1 mM DTT, 0.1 mg/ml BSA in a 20 ul reaction volume at 37°C for 2 h. 

Samples were then precipitated with ethanol prior to being resolved in a 6% 

polyacrylamide/urea sequencing gel. 

Tobacco acid pyrophosphatase removal of snRNA cap structures 

Removal of the snRNA cap structure using tobacco acid pyrophosphatase 

followed the method of Perry et al. (1987). Total RNA was fractionated in a 6% 

polyacrylamide/urea gel (20 cm x 20 cm x 0.15 cm) and the area of the gel known to 

contain the U3 snoRNA was isolated as described above. The isolated sample was 
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then split into two equal samples, dried under vacuum, and resuspended in 17 pi 

dH20. The first sample was treated with 1 ul (5 units/ul, Cedarlane) tobacco acid 

pyrophosphatase (T+) in the presence of SO mM NaOAc (pH 6.0), 1 mM EDTA-Naj 

(pH 8.0), 0.1% B-mercaptoethanol, 0.01% Triton X-100 in a 20 pi reaction volume at 

37°C for 30 m. The duplicate sample (T-) was treated as above but without the 

enzyme. Both samples were then incubated with 2 ul (0.14 units/ul) bacterial alkaline 

phosphatase (B+) after the addition of 5 ul of 0.5 M Tris-HCI (pH 8.3) and 23 pi 

dH20 (final reaction vol. 50 pi) at 37°C for 30 m. Samples were then extracted with 

phenol/cresol and precipitated with ethanol. Both T+/B+ and T-/B+ samples were then 

5'- 32P-end labelled, extracted with phenol/cresol and precipitated with ethanol prior to 

purification in a 10% polyacrylamide/urea sequencing gel, all as described above 

(Method B. Oligonucleotide labelling). 5'- 32P-end labelled products were detected by 

autoradiography, then eluted (Method B. Oligonucleotide labelling) before being 

subjected to enzymatic sequencing with RNases. The products of partial digestion were 

then resolved in a 6% polyacrylamide/urea sequencing gel. 

Amplification of the U3 snoRNA gene product 

Amplification of die gene encoding U3 snoRNA was accomplished using an 

Ericomp thermal cycler following a typical amplification protocol (Ausubel et al. 

1987). The amplification procedure uses primers located near the S' and 3' ends of the 

molecule that are complementary to the opposite DNA strands of the U3 snoRNA 

gene. 

The 3' primer RNAB2c (above) was used in conjunction with the 5' primer RNAB2a : 



24-mer 

5'-CTCCACAAGGATCATTTCTTGAGG-3' (Univ. Calgary), Tm = 53.7°C. 

The amplification reaction contained 10-100 ng off. gracilis nuclear DNA 

(obtained from Dr. D.F. Spencer), lx reaction buffer [25 mM glycine-KOH (pH 9.3), 

2.5 mM MgCl2, 25 mM KC1], 10 pg gelatin (microwaved), 0.1 mM dNTP mix 

(containing all four dNTP's), 40-100 pmol of the 5' and 3' primers RNAB2a and 

RNAB2c, respectively, and 2.S units of Thermus aquaticus (Taq) DNA polymerase. 

The amplification cycles used were as follows: 

1 cycle of 96°C, 3 m; 

30 cycles of 55°C, 30 s, then 72°C, 1.5 m, followed by 96°C, 15 s; 

1 cycle of 55°C, 30 s, followed by a final extension at 72°C, S m. 

Amplification products were assessed for the proper size by electrophoresing 

1/10 of the sample in a 2% agarose gel in the presence of size markers. Samples of 

the correct size were then pooled and extracted with phenol/cresol and the supernatant 

was concentrated by ethanol precipitation at -20°C. Samples were further purified (to 

remove the primers used in amplification) by PEG precipitation (as oudined above for 

plasmid DNA except that twice the volume of the PEG/NaCl solution was used to 

ensure recovery of the product) followed by a final purification in 2% LMT agarose 

(as described above). 

Determination of the sequence of the amplified U3 snoRNA gene product 

The sequence of the U3 snoRNA gene product was determined to confirm 

regions in the RNA sequence that were obscured by secondary structure compressions. 
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The PEG- and gel-purified U3 snoRNA gene product was sequenced using the 

protocol for double-stranded DNA as outlined in the manufacturer's instructions 

provided with the Sequenase Version 2.0 Kit (USB), with the following modifications: 

(i) denaturation of the double-stranded U3 snoRNA gene product was at 96DC for 5 m 

in the presence of the RNAB2a primer (0.S to 1.0 pmol), thereby allowing primer 

annealing approximating that of the initial amplification cycle (above); (ii) 0.5 pi of 

3000 Ci/mmol [a-32P]dATP was included; (iii) normal dilutions of dITP labelling mix 

and sequenase enzyme were made. 

Sequencing reaction products were resolved in 6% polyacrylamide/urea 

sequencing gels as described above. 

Nucleic acid transfer and hybridization analysis 

Northern Transfer 

Northern transfer was performed essentially as described above using both 

1.2% agarose gels containing formaldehyde (capillary blotted) and 6% 

polyacrylamide/urea gels (semi-dry electroblotted). Hybridiz?* ->s were performed 

using 5'-end-labelled oligonucleotides as outlined above (Hy .,;'_•-- - Method B) but 

with the primers RNAB2b and RNAB2c 

Southern Transfer 

f. gracilis genomic DNA (10 pg/reaction) (obtained from Dr. D.F. Spencer) 

was digested with restriction endonucleases (2-3 units/ug) overnight at 37°C. DNA 

restriction fragments were resolved by electrophoresis in a 0.7% agarose gel in the 

presence of lx TBE running buffer [SO mM Tris-HCI (pH 8.1), 50 mM boric acid, 1 
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mM EDTA-Naj). (Sambrook et al. 1989). The gel was electorphoresed at 

approximately lV/cm for 18 h, then stained with ethidium bromide and photographed. 

In order to facilitate transfer of large DNA fragments, fragments were depurinated by 

exposing the gel to 0.25 M HC1 for 15 m at room temperature with constant agitation. 

DNA was then partially hydrolysed in a denaturation solution (0.5 M NaOH/1.5 M 

NaCl) for 30 m at room temperature with constant agitation. The DNA was then 

neutralized in O.S M Tris-HCI (pH 7.S)/1.S M NaCl for IS m at room temperature with 

constant agitation prior to capillary transfer in lOx SSC to Biotrans membrane (ICN 

Biomedicals), according to the manufacturer's specifications. Blots were baked at 80°C 

for 2 h under vacuum. 

Southern hybridizations were performed using the double-stranded amplified 

U3 gene product as a template for random-primed labelling as described above for 

Hybridization Method A. 

Sequence alignment and potential secondary structure of the E. gracilis U3 snoRNA 

The f . gracilis U3 snoRNA sequence was aligned with published U3 snoRNA 

sequences (Shumyatsky & Reddy 1992) using the alignment programs Clustal V 

(Higgins et al. 1992) and ESEE (Cabot & Beckenbach 1989). 

Experimental information published on phylogenetic comparisons and structure 

probing from other organisms (Baserga et al. 1991, Baserga et al. 1992, Parker & 

Steitz 1987, Segault et al. 1992) was incorporated into a secondary structure model for 

the f . gracilis U3 snoRNA using the secondary structure programs PCFOLD (Zuker & 

Stiegler 1981) and loopDloop (Gilbert 1992). This meant that regions known to be 
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predominantly single-stranded (boxes B and C) were prevented from base pairing, 

while helix 2 which forms the conserved 3'-end was required to base pair. 

A search for complementarity between U3 snoRNA and the pre-rRNA of f. 

gracilis (Gunderson & Sogin 1986, Schnare & Gray 1990, Schnare et al. 1990, and 

unpublished data) was carried out using the COMPARE function on the Beckman 

MICROGENIE program (Queen & Korn 1984). Initial searches using the entire U3 

snoRNA sequence matched against the complete E. gracilis rDNA sequence revealed a 

considerable number of complementarities. However, most of these matches were lost 

when more stringent search parameters were imposed (i.e. matches of 7 or more 

nucleotides). The remaining matches were mainly localized to the region of the U3 

snoRNA model represented as the single-stranded regions between helix 1A and helix 

3, including the stem-loop of helix IB (Fig. 22). 



C. Results 

/. rRNA processing: 

Profile of E gracilis RNA in agarose/formaldehyde and polyacrylamide/urea gels 

As an aid to interpreting the northern hybridization data to be presented, 

profiles off. gracilis total RNA resolved in 1.2% agarose/formaldehyde gels and in 

6% polyacrylamide/urea gels are shown in Fig. 6. The largest RNAs visible in all 

lanes are two bands at -6.0 kb (Fig 6A). The mature SSU rRNA is the most abundant 

large RNA species at -2.3 kb (Fig 6A). The remaining rRNA bands, associated with the 

fragmented LSU rRNA (species 1-14, as well as the SS rRNA), range in size between 

-0.90 kb and -0.05 kb (Fig. 6A). Figure 6B indicates the differences observed when 

nuclear (lane 1) and total (lane 2) RNA preparations from f. gracilis are separated in 

6% polyacrylamide/urea gels. The fragments of the LSU rRNA plus the 5S rRNA are 

clearly depicted (Fig. 6B), although species 1 and 10, which are 163 and 164 nt in 

length, respectively, cannot be resolved in 6% polyacrylamide/urea gels. The larger 

rRNA species are not clearly resolved in this percentage polyacrylamide/urea gel and 

often form a smear (SSU rRNA) or remain in the wells (Fig 6B). Nuclear RNA 

samples tend to have greater amounts of some additional low level RNA bands 

(positions of U3 snoRNA and Ul snRNA are indicated). 

Processing of rRNA in E. gracilis as revealed by northern hybridization 

Subclones generated from specific regions of the f . gracilis rDNA and used as 

northern hybridization probes are illustrated in Figure 7. A more detailed listing of 

subclone nucleotide positions is found in Appendix 1. A summary of the rRNA 

57 
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Figure 6. E. gracilis RNA profiles. (A) 1.2% agarose/formaldehyde gel. Lane 1, BRL 
0.24-9.49 kb RNA ladder. Lanes 2 and 3, total RNA, 10 and 15 pg, respectively. Note 
the DNA band in the upper portions lanes 2 and 3. Lanes 5-7, total RNA after DNase 
I treatment; 5 ,10 and 15 pg, respectively. (B) 6% polyacrylamide/urea gel. Lane 1, 
nuclear RNA. Lane 2, total RNA. Both lanes contain 3.5 pg of RNA The positions of 
the mature RNA species of the LSU rRNA are indicated along with the small RNAs 
Ul and U3. 
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Figure 7. Subcloned probes off. gracilis rDNA The relative positions of the 
subcloned probes used in the detection of rRNA processing intermediates (Fig. 8) are 
illustrated in relation to the linearized rDNA Subcloned probes used in northern 
hybridization studies presented in Figures 9-11 are represented by black lines. Grey 
lines indicate additional probes used in the elucidation of the processing pathway but 
for which results are not presented. The three boxed subclones did not hybridize to any 
discrete RNA processing intermediates. The nucleotide positions of each clone are 
listed in Appendix 1. Positions of mature rRNA components are indicated as thick 
white bars. 19S/SSU = small subunit rRNA 5.8S/LSU1 and LSU2 to LSU14 = 
components of the 28S rRNA Spacer regions (IGS - intergenic spacer, ITS - internal 
transcribed spacer) are represented by the black lines separating the mature rRNA 
fragments. The nucleotide length of each probe is given along with the restriction 
endonuclease sites used in cloning the fragment into pBluescript. Restriction 
endonuclease abbreviations: P - Pst I, Pv - Pvu n, Ss - Sat I, B - Bam HL X - Xho I, 
H - Hind HI, H2 - /fine H, Bg - Bgl II, E - Eco RI. 
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processing results determined from northern hybridization data are presented in Figure 

8. Hybridization data revealed that the mature rRNA components (SSU rRNA and the 

14 fragments of the LSU rRNA) are processed from a large precursor RNA of -10.2 kb 

(Figs. 9B & 10A). On longer exposures all subcloned probes listed in Figs. 9 and 10 

were able to detect the -10.2 kb precursor RNA (data not shown). The -10.2 kb 

precursor RNA is processed to an -4.4 kb RNA (containing the S'ETS, SSU rRNA, and 

almost the entire ITSl) (Figs. 8, 9 & 10B) and an -5.8 kb RNA that contains the 14 

fragments of the LSU rRNA and there associated ITS (Figs. 8 & 10). The mature SSU 

rRNA is liberated from the -4.4 kb RNA via an intermediate centred in a region at -3.2 

kb (Fig. 9, A-D). The -3.2 kb RNA region was detected with probes from the IGS 

through to ITSl (Figs. 9 & 10A). This is a region spanning 4.4 kb, suggesting that 

exonucleolytic trimming and endonucleoytic cleavages are occurring simultaneously 

from both ends (5'ETS or ITSl) of this intermediate, thereby generating a mixture of 

different sized RNA species centered at -3.2 kb (Figs. 9 & 10A). However, it appears 

that at least some of the time a processing event does remove a stable intermediate of 

-0.90 kb from the 5'ETS (Fig. 9A and data not shown). 

The -5.8 kb RNA was detected with all the probes associated with the LSU 

rDNA (Figs. 8 & 10, A-I). The -5.3 kb RNA was detected only with probes associated 

with LSU3-14 (Figs. 8 & 10, C-I). Therefore, -0.5 kb is removed from the 5'-end of the 

-5.8 kb RNA in order to generate the -5.3 kb RNA. Two subclone probes, pSKPvB-345 

and pSKBX-458 (Fig. 7 and Appendix 1) both detect the -5.8 kb RNA (but not the -5.3 

kb RNA) as well as two smaller RNA intermediates of -0.65 kb and -0.47 kb (Figs. 
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i r r n -0.95 kb 
-0.90 kb — — B*B0.65kb 

A0.65M) H 

H I B0.47kb 

A0.47W) H 

19S/SSU 5.8S/LSU1 28S fragments / LSU2-14 

Figure 8. Intermediates in the processing off. gracilis rRNA Positions of mature 
rRNA components are indicated as thick black bars. 19S/SSU = small subunit rRNA; 
5.8S/LSU1, LSU2 to LSU14 = rRNA components of the 28S rRNA The thin black 
lines represent spacer regions. The ~3.2 kb region is depicted as a thick black bar, 
corresponding to the mature SSU rRNAand a grey line indicating the variable 
processing associated with the 5'ETS and ITSl spacers (see C. Results). The 
approximate sizes of the processing intermediates are indicated in kb. The dotted line 
at the 3' end of the -10.2 kb RNA represents RNA detected only during primer 
extension analysis (see C. Results). 



Figure 9. Northern hybridization data generated with E. gracilis total RNA separated 
in 1.2% agarose/formaldehyde gels and probed with subclones derived from die 
5'ETS, SSU rRNA and ITSl off. gracilis. The probe used for each experiment is 
listed at the bottom of the lane and is identified in die clone map of Figure 7 and 
Appendix 1. The approximate sizes (in kb) of the RNA bands are indicated to die left 
of the lanes. BRL 0.24-9.49 kb RNA ladder size markers were run on gels and 
positions corresponding to bands were marked on each blot. In order to account for 
migration differences between different gel runs, lines are used to connecr identical 
RNA bands. The 2.3 kb RNA is the mature SSU rRNA. 
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Figure 10. Northern hybridization data generated with f. gracilis total RNA separated 
in 1.2% agarose/formaldehyde gels and probed with subclones corresponding to the 
various fragments of the discontinous LSU rRNA. The probe used for each experiment 
is listed at the bottom of the lane and is identified in the clone map of Figure 7 and 
Appendix 1. The approximate sizes (in kb) of the RNA bands are indicated to the left 
of the lanes. BRL 0.24-9.49 kb RNA ladder size markers were run on gels and 
positions corresponding to bands were marked on each blot. In order to account for 
migration differences between different gel runs, lines are used to connect identical 
RNA bands. The mature LSU rRNA fragments are indicated as L1-L14. 
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10A, B & 11 A, B). Subclone probe pSKPvB-345 also detects the 164 nt LSU1 rRNA 

while pSKBX-458 detects the 133 nt LSU2 rRNA (Figs. 10A, B & 11 A, B). The -0.65 

kb RNA likely corresponds to the RNA processed from the 5'-end of the -5.8 kb RNA 

while the -0.47 kb is a further processing intermediate. Hybridization data suggests that 

the -0.65 kb RNA (designated A0.65 kb) contains LSU1, ITS2 and LSU2 with a 

combined total length of-0.63 kb (Figs. 8 & 11B) (also on longer exposures of 10A, 

B and 11A, data not shown). The A0.6S kb RNA intermediate is further processed to 

release mature LSU1 [163 nt] and the -0.47 kb RNA (designated A0.47 kb RNA) that 

contains ITS2 and LSU2 with a combined total length of 0.47 kb (Figs. 10A, B & 

UA, B). The A0.47 kb RNA is then processed to liberate the mature LSU2 rRNA. 

Subclone probes, pSKXP-245 and pSKPH2-330 (Fig. 7 and Appendix 1), 

detected both the -5.8 kb and~5.3 kb RNAs as well as two smaller RNA intermediates of 

-0.65 kb and -0.47 kb (Figs. 10C, D & 1 ID and data not shown). Subclone probe 

pSKXP-245 also detected LSU3 (351 nt) while pSKPH2-330 also detected LSU3 and 

LSU4 (116 nt) (Fig. 10C, D). The -0.65 kb and -0.47 kb RNAs (designated B0.65 kb 

and B0.47 kb RNAs) detected by subclone probes, pSKXP-245 and pSKPH2-330 are 

two separate and independent RNA intermediates from the A0.65 kb and A0.47 kb 

RNAs discussed above. Hybridization data suggests that the B0.65 kb RNA contains 

LSU3, ITS3/4 and LSU4 with a combined length of 0.47 kb and part of ITS4/5 [total 

length 200 nt] (Figs. 8 & 11C, D). The B0.65 kb RNA is further processed to the 

B0.47 kb RNA that contains LSU3, ITS3/4 and LSU4 before the mature RNAs are 

liberated (Figs. 10C, D & 11C, D). 
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345 458 ITS2/3 330 

Figure 11. Northern hybridization data generated with E. giucil*z iotal RNA separated 
in 6% polyacrylamide/urea gels and prcbed with subclones specific for the 5'-end of 
die LSU rRNA. The probe used for each experiment is listed at the bottom of the lane. 
Probes in lanes A, B and D are shown in die clone map of Figure 7. The probe used 
in lane C was primer ITS2/3, which is complementary to ITS2/3 (see B. Materials and 
Methods). The mature LSU rRNA fragments are indicated as L1-L4. RNA processing 
intermediates are indicated by arrows to the left of die lanes. In lanes A and B the 
large arrow corresponds to A0.47 kb RNA and die small arrow in lane B to A0.65 kb 
RNA. The small and large arrows in lanes C and D correspond to B0.65 kb RNA and 
B0.47 kb RNA, respectively. Mature E. gracilis LSU rRNA fragments were used as 
markers. 
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The -5.3 kb RNA is also processed at its 3'-end to liberate an -0.95 kb RNA that 

contains LSU10-LSU14 (Figs. 10H, I). This -0.95 kb RNA must then undergo rapid 

processing to produce the mature LSU rRNAs 10, 11, 12, 13 and 14 as no further 

intermediates were detected (Fig. 8). The LSU rRNA species 5, 6, 7, 8, and 9 

comprise most of the -5.3 kb RNA and appear to be processed directly as no smaller 

intermediates were detected (Figs. 8 & 10, E-G). 

Mapping of rRNA processing intermediates within the IGS off. gracilis rDNA 

A combination of primer extension and mung bean nuclease mapping was used 

to map RNA processing sites within the IGS off. gracilis rDNA. Primer extension 

analysis was performed on total RNA isolated from f . gracilis. In order to ensure that 

the observed sequence/extension products were produced from the RNA template 

rather than from contaminating DNA, samples of total RNA were treated with either 

RNase A or DNase I prior to primer extension analysis (Fig. 12A, B). Figure 12A 

shows that when total RNA samples were treated with RNase A, no extension 

products were detected using primer IGS-2. However, when total RNA samples were 

treated with DNase I, extension did occur from primer IGS-2 (Fig. 12B). Thus, primer 

extension products were generated from RNA templates. Figure 12B illustrates that a 

large proportion of the extended products from primer IGS-2 terminated at a group of 

nucleotides, GGGA, within the IGS. The termination products were mapped to a 

position, designated site 1, -882 nt upstream of the mature 5'-end of SSU rRNA (Fig. 

13). Close examination of the experiment (Fig. 12B) indicated that at least some of 
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Figure 12. Mapping the S'-end (sitel) of a major rRNA processing intermediate within 
the IGS off . gracilis rDNA. (A) Primer extension analysis with primer IGS-2 and 
total RNA treated with RNase A. (B) Primer extension analysis with primer IGS-2 and 
total RNA treated with DNase I. Lanes G, A, T, C indicate the dideoxynucleotide 
incorporated during RT (reverse transcriptase) sequencing. The E lane represents 
primer extension products in the absence of dideoxynucleotides. (C) Mung bean 
nuclease mapping of total RNA (treated with DNase I) with probe 467 (derived from 
clone pSKPvSs-467) labelled at the 5' Sst I site. Lanes G, A, T, C indicate the 
dideoxynucleotide incorporated during sequencing of clone pSKPvSs-467 (see B. 
Materials and Methods). Lanes 1-3 represent hybridization products digested with 200 
U, 300 U and 500 U of mung bean nuclease. Lanes 4 and 5 represent, respectively, 
controls with f . coli tRNA and the 467 probe alone digested with 200 U of mung 
bean nuclease. Lane 6 contained undigested probe. The sequence downstream of the 
mapped 5'-end is illustrated and the nucleotides corresponding to the mapped end are 
indicated with arrowheads. 
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Figure 13. The intergenic spacer of the f. gracilis rDNA extrachromosomal circle. The 
locations of the 3'-end of LSU14 and the S'-end of the SSU rRNA are indicated at the 
boundaries of the 1743 nt intergenic spacer (IGS). Sequence elements discovered in 
the IGS are indicated; the six imperfect repeats are boxed. The potential hairpin near 
the SSU rRNA is boxed, with a dashed line indicating the nucleotides found within the 
loop region. The positions of the IGS specific primers IGS-1, -2, -3, -4 and -5 are 
indicated by a line with a half arrowhead above their corresponding complementary 
sequences. The restriction endonuclease sites Pvu U and Sst I, which delineate clone 
pSKPvSs-467, are found within brackets above their recognition sequences. The 5'-end 
nucleotides (site 1) of the major processing intermediate identified by mung b"<in 
nuclease mapping with the 467 probe and primer extension analysis with primer IGS-2 
are boxed upstream of the primer IGS-2. The 5'-end nucleotides (sites 2 and 3) of the 
minor processing intermediates identified by mung bean nuclease mapping with the 
467 probe and primer extension analysis with primer IGS-3 are circled near and within 
the last imperfect repeat. The position of a U3 snoRNA complementary region 
upstream of the S'-end of the SSU rRNA is illustrated (U3 site). 
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3'-LSU 14 

CTGGGGCCGA CCTGACAGAG TGGGTqGTGA GAGGGGCCCC TGCAGCTTGC TGATGGAAGG GGGCCTCTCG 70 

GTGGTCTGCA GCAACCACCA AAGGCCAAGG CCTGTGTCTC AGGCCAGCTG TGTGAAGGGA GGCACACAAC 140 

^ !£§£ 

AACAACCGAG GATTCCGATC CCCTTGGAAA GTTCAGTAGT GCCGACTTAG AGAAATTCCA CTTCGGTGGA 210 

TTTCCGGAGA TCTGCCATTC AAGTCCTGCC GAAGTGAGGA TGCAGTCGGG TTTCTGGGGA CCCGAAGTGC 280 

TGGTGCTGTC GGCTTCGCTG AATTGGACGT TCCCTGATAC TGTAGTACTG TATCAGGGAA AAAATGTCCA 350 

• lfiS-4 

AATTCAGAGT CGGCCCGACA GAAAAGTGTA GTGGCTGCAG 6TCCGCGGAC ACTATATAAT AGGGGGAACC 420 

CCCCCCCCGG AAACGCATGA GAGGCAAATC AGGAGGCTGA CCAGGGGGCC ACTGCCGAAA GGCTTCAGAG 490 

GCAGTGGAAC GGCACTGAAA GGTGGTAACA AGATACGGCT TCCTGGCCGG CGTdGAATGG TGTGCTCCfcA 560 

( Pvu II ) rite3 

AAGCTGTGCT CCJGACAGCTG TGCAGflGACG GTOTGCTCCfc TGAGCAGTGT TCCJCCAAGTG AG^g:ClTGC 630 

L2 ^ 

CTA^QACCCC ACAGGCTAGC AGCCCGGCCT GTGGGAGGGC AGGACAGGGG TGCAAGGGCT GCCGGCCTGG 700 
IGS-3 

ACCTGCCGTG GCCAAAGGTC GTGGGCCACT GTCTCCGGAC AGTGGTTCCA CCGTGGAGGT GCTTCAAGCA 770 

CCAGCGGCTC GGTAATTCCA TCAACCAGCA GGCACCGTCA TTGCAGGCAA CGGTGAACGA TCGTGTCGTA 840 
site 1 

TGCTTTGTTG GACTGTGACT CGACCGACGG GAGCAGGCAA AGTdGGGAbC GGGGTAGCTG ACCCCCCGGG 910 

«£ l££2 
ATACAAGTCA AAGCAGCAAA CGACGGAAGG CCCACTCTAC GAGGTGGGGA CCTTAGCCGG ACGGAGTGGT 980 

( Sstl ) 
GGGGAGACTT CAACACAACC CCAATCCCTC CCTGGCAAGG CACCGATGGA TCTGTGTTCG AGCTCTACCA 1050 

TTCGATTCCG TGACGTGTTG GCCTGACTCC ACGAGCAAAT GCAGCTAAGG GAACGTGAGA GCAACGGGGC 1120 

AGAGCATGGA CTGACCCCCC TCCGGGCAAC GAGCAGCTGG GATCCGTTCA GGATCAGGCC AAACGTCACG 1190 

TCGAGTCATG GGAGAGTGTA CGGACTGCCA TCGTGAGCCC GGTGTCGAGG CTGTCTTCTG CACAGCCTCC 1260 

GCCGACCAAC CAACAGCTGG AATCCCCATT CGAAACGTTG TGCTTGCTGT CAACGAAAGC TGGCATCGAC 1330 

CCAAAGCAAC AACAGAGACC GATCAGTCGG AGGATTGTGT TCGGAGAGAG AGCAAGCCCC ACGGGGCCGA 1400 

AGCAGTCTGC TAGAGCCAAC AGCCAAGGGA ACCTGTGTGT GAGAAGCCTG GGCTTCACGT CGATGGTCGA 1470 

TGGTCTAGTG TCTCGGGGCC AGGGGAACCC CACGGTGTGT CGAAGCTTCA CCCAATCGAG CCACCAACGA 1540 

TGTCGATGTG TTGACCGGGC TCCACCGTCA GGGCCCCCTC TGTGAGAGCC TCGGATTGAG CAGTGCAAAT 1610 

CAGTGAACCfe TTGTGGTciib A G A C G A A A T C AGGCCJTCCCC TCTCGTGTCA G C A A C G A G A G G G G A 1 : T G C A A 1680 

^ IGS-1 
GGCCAGGCTA ACGTTGCCGT GTTGTGAATG TCGTCTGGTT TTTCGGCAGG AACCCCTGCA AGGGGGGGAA 1750 

TGCTGGGAAC GGACCGACfJA ATCTGGTTGA TCCTGCCAGC AGTCATATGC TTGTTCAAGG GCTAAGCCAT 1820 

5'-SSUrRNA 

Figure 13 
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primer IGS-2 was annealing to a less abundant (based on signal strength) RNA 

template that supported extension through and upstream of site 1. This becomes quite 

apparent on longer exposures of autoradiograms from the same experiment (Fig. 14D). 

Therefore, primer extension with primer IGS-2 permitted the mapping of the S'-end of 

a more abundant (major) RNA (site 1) within the IGS and indicated that a less 

abundant (minor) RNA is present that extends upstream of this site. 

In order to confirm the results of the primer extension analysis, mung bean 

nuclease mapping was performed with clone pSKPvSs-467, which overlaps this 

specific region of the IGS (Fig. 13). The pSKPvSs-467 clone protected an RNA 

product whose S'-end mapped to precisely the same nucleotides (GGGA) as those 

determined by primer extension with primer IGS-2 (Fig. 12C). Clone pSKPvSs-467 

protected two additional RNA products whose S'-ends mapped -1134 and -1144 nt, 

respectively, from the S'-end of the SSU rRNA (Fig. 15). The -1144 nt product maps to 

a GU nucleotide pair within the last of six imperfect repeats found within the IGS, 

while the -1134 nt product is found 7-8 nt downstream of the last repeat, at a UC 

nucleotide pair (Figs. 13 & 15). Positions 1134 and 1144 are designated site 2 and site 

3, respectively. Confirmation of this result was obtained by primer extension analysis 

with primer IGS-3, which resulted in two termination products that also map to 

precisely sites 2 and 3 (Fig. 16). An interesting observation is that although 

termination products were mapped with primer IGS-3, RNA sequence products were 

observed to extend past the termination site (Figs. 14C & 16). However, unlike the 

case with primer IGS-2, no relative diffeience was observed in the abundance of 
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Figure 14. Primer extension analysis within the f . gracilis IGS region. Primer 
extension analysis used IGS-specific primers and total RNA treated with DNase I. 
Lanes labelled G, A, T and C indicate the dideoxynucleotide incorporated during RT 
sequencing. The E lanes represent primer extension products in the absence of 
dideoxynucleotides. (A) Primer IGS-5 (the 3'-end of LSU rRNA is indicated). (B) 
Primer IGS-4. (C) Primer IGS-3. The two arrowheads indicate the positions of the 
minor (site 2 and 3) rRNA processing events depicted in Fig. 13. The locations of the 
six imperfect repeats are marked. (D) Primer IGS-2. The arrowhead indicates the major 
(site 1) rRNA processing event mapped within the IGS (Fig. 12). The dots in B, C and 
D indicate the approximate locations of the sequences complementary to primers IGS-
5, -4 and -3, respectively. 
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1 2 3 4 5 

Figure 15. Mapping the 5'-ends (sites 2 and 3) of minor rRNA processing 
intermediates derived from die IGS of f . gracilis rDNA. Mung bean nuclease mapping 
of total RNA (treated with DNase I) with probe 467 (derived from clone pSKPvSs-
467) labelled at the 5' Sst I site. Lanes G, A, T and C indicate the dideoxynucleotide 
incorporated during sequencing of clone pSKPvSs-467 (see B. Materials and Methods). 
Lanes 1-3 represent hybridization products digested with 100 U, 200 U and 300 U 
mung bean nuclease. Lane 4, E. coli tRNA digested with 100 U mung bean nuclease. 
Lane 5, undigested probe. The sequence encompassing the mapped 5'-ends is 
illustrated and the nucleotides corresponding to the mapped ends are indicated by 
arrowheads. The dot indicates the end of the clone. 
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Figure 16. Mapping the 5'-ends (sites 2 and 3) of minor rRNA processing 
intermediates from the IGS off. gracilis rDNA. Primer extension analysis was carried 
out with primer IGS-3 using total RNA treated with DNase I. Lanes G, A, T, C 
indicate die dideoxynucleotide incorporated during RT sequencing. Lane E represents 
primer extension products in die absence of dideoxynucleotides. The sequence ': 
encompassing die mapped S'-ends is illustrated and the nucleotides corresponding to j,:, 
the mapped ends are indicated by arrowheads. The locations of die six imperfect 
repeats found within the IGS are marked. i 
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products generated with primer IGS-3 up to or beyond (i.e., upstream of) the mapped 

terminations. Subsequent primer extension analysis with two additional primers (IGS-4 

and IGS-S) revealed that RNA sequence could be obtained that extended into the S'-

end of LSU14 (the 3'-terminal component of the LSU rRNA) (Figs. 13 & 14A, B). 

This result is quite interesting because in northern hybridization experiments with 

subcloned probes derived from the f . gracilis IGS (immediately downstream of the S'-

end of LSU 14), no hybridization was observed to any discrete RNA bands; on the 

other hand, a "smear" of hybridization was reproducibly seen (data not shown). These 

combined results indicate that transcription extends past the mature 3'-end of LSU 14, 

suggesting that transcription proceeds through the entire IGS. For this reason, the 

rRNA processing summary in Fig. 8 depicts the -10.2 kb RNA with a 3' extension 

(dotted line). 

Mapping the S'-end of LSUl rRNA 

Primer extension analysis using primer LSU-A indicated heterogeneity at the S'-

end of LSUl rRNA (Fig. 17). The major group of heterogeneities occurs -4-5 nt 

upstream of the 5'-end of LSUl (indicated by the terminal A in the sequence, Fig. 17). 

A further low level extension product appears upstream of LSUl within ITSl (Fig. 17). 

II. U3 snoRNA: 

Primary sequence and potential secondary structure of f. gracilis U3 snoRNA 

The E. gracilis U3 snoRNA was found by a variety of methods (see B. 

Materials and Methods) to be 180 nt long. Examples of two representative sequencing 

methods used are shown in Figure 18. Enzymatic sequence analysis of 3'-end-labelled 



Figure 17. Mapping die 5'-end of LSUl rRNA. Primer extension analysis was carried 
out with primer LSU-A and total RNA treated with DNase I. Lanes G, A, T, C 
indicate the dideoxynucleotide incorporated during RT sequencing. The E lane 
represents primer extension products in the absence of dideoxynucleotides. The 
sequence at the mapped 5'-end of LSUl (indicated by die terminal A) is illustrated. 
The arrowheads denote heterogeneities that occur -4-5 nt and further upstream within 
ITSl. 
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RNA initially indicated, through the presence of a box D sequence (Fig. 18 A), that 

mis RNA species was a possible snoRNA. An oligonucleotide (primer RNAB2c) 

whose sequence was based upon the results of enzymatic sequence analysis was 

synthesized and used for RT sequence determination. An example of the resulting RT 

sequence data, presented in Figure 18B, indicates the U3 snoRNA conserved box A 

sequence located near the mature 5'-end. All the recognized conserved boxes (A, A0, 

B, C and D) present in U3 snoRNAs from other organisms (Wise & Weiner 1980, 

Hughes et al. 1987, Marshallsay et al. 1992) are found within the f. gracilis U3 

snoRNA (Fig. 19). Because U3 snoRNAs vary in length, the remainder of the primary 

sequence outside of the conserved boxes shows very little similarity (Fig. 19). A 

comparison between the conserved boxes of the U3 snoRNAs from f . gracilis and 

other organisms indicated varying degrees of sequence similarity (Table 2). For 

example, for all five conserved boxes, f . gracilis U3 snoRNA shares the highest 

overall similarity with the mammalian U3 snoRNAs (81.5% for both human and rat) 

whereas the lowest overall similarity scores are with the U3 snoRNAs of the protists, 

Tetrahymena thermophila (57.4%) and Trypanosoma brucei (62.7%) (Table 2). The 

nucleotide composition off. gracilis U3 snoRNA is 39 U (21.7%), 49 G (27.2%), 43 

C (23.9%) and 49 A (27.2%). This RNA is therefore not as uridine-rich as its 

vertebrate homologues (-30% U). 

The precise nature of the 5'-terminal structure of f . gracilis U3 snoRNA could 

not be determined in the present study. Gel-purified RNA eluted from the region of a 

6% polyacrylamide/urea gel known to contain the U3 snoRNA was treated with 



Figure 18. Sequence determination of die f. gracilis U3 snoRNA. (A) Enzymatic RNA 
sequencing of the 3'-end of f . gracilis U3 snoRNA. Material from the area of the 6% 
polyacrylamide/urea gel containing U3 snoRNA was isolated and the RNAs labelled at 
their 3'-ends with [5'-32P]pCp and RNA ligase. The end-labelled products were purified 
in a 6% or 10% polyacrylamide/urea gel prior to being subjected to enzymatic RNA 
sequence analysis. The products of partial digestion with RNases Tl (G), U2 (A) and 
Phy M (A>U) along with partial alkaline hydrolysis (All) were resolved in a 20% 
polyacrylamide/urea sequencing gel. The snoRNA box D is indicated. (B) Primer 
extension RNA sequencing near the 5'-end off. gracilis U3 snoRNA. The products of 
RT sequencing from total RNA with primer RNAB2c were resolved in a 6% 
polyacrylamide/urea sequencing gel. Lanes G, A, T, C indicate the dideoxynucleotide 
incorporated during sequencing. Lane E represents primer extension products in die 
absence of dideoxynucleotides. The U3 snoRNA box A is indicated. 
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Figure 19. Comparison of the U3 snoRNA nucleotide sequences from various 
organisms. Sequences taken from a recent compilation (Shumyatsky & Reddy 1992) 
were aligned by the Clustal V multiple sequence alignment program (Higgins et al. 
1992) and by eye using the ESEE sequence editor (Cabot & Beckenbach 1989). The 
conserved boxes A, A0, B, C and D are indicated. The S'-nucleotide of the U3 
snoRNA from f . gracilis is represented by a lowercase V (see text). 
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E.gracilis 
T.brucei 
D.disaoideum 
T. thermophila 
S.pombe 
A. thaliaaa 
T.aeativum 
X.laevia 
R.norvegicua 
B.aapiena 

E.gracilis 
T.brucei 
D.diacoideum 
T. thermophila 
S.pombe 
A.thaliana 
T. aestivum 
X.laevia 
R.norvegicua 
H. sapiens 

E.gracilis 
T.brueoi 
D.diacoideum 
T. thermophila 
s.pombe 
A. thaliana 
T. aestivum 
X.laevia 
R.norvegicua 
H. sapiens 

XA-GACUGUA 
AA-GACCGUA 
AU-GACCAAA 
AA-GACUGUA 
AUCGACGAUA 
A-CGACCUUA 
A-CGACCUUA 
AA-GACUAUA 
AA-GACUAUA 
AA-GACUAUA 

-GAUUCACAG 
AUGAGAAAUA 
AAAUUAUUCA 
UAAGUUUCUU 
UGGGUUUCCU 
UUCCUUGAUU 
AUCCUUUACC 
-AAAUGUGCU 
-AAGUUUCUC 
-AAGUUUCUC 

GGCAGCUUUC 
GUUGCUGGCU 
CACACUCACU 
AGGACACUCU 
GGAGGCACCG 
CAUGACCGUG 
C-UGACCUCU 
GUCAGUGUUU 
CGUAGCGUUC 
GGUAGCGUUU 

CUCCACA— 
CUCUGAAC-
CUCUU 
CUUAUAC--
CUCCAU 
CUUGAAC--
CUUGAAC— 
CUUUCA 
CUUUCA 
CUUUCA 

BoxAl 
AGGAUCAUUUC UUGAG -GAA- GUAUCAGUCC 
AGAAUCGUUUU AUGAG -UACA -ACCUCUUAA 
AGGAUCAUUUC UAGAG -CA-- UCGUCUAUUA 
AGGAUCUUUCU UAUAG >UAA- UUACUUACUG 
AGGAUCAUUUC UAUAG -UAU- ACGUCCGGCU 
AGGAUCUGUUC UAUAG -GCUC GUACCUCUGU 
AGGAUCUGUUC UAUAG -GCUC GUACCGCUGC 
GGGAUCAUUUC UAUAG-GUU- GUACCUGGUG 
GGGAUCAUUUC UAUAG-UUC- GUUACUAGAG 
GGGAUCAUUUC UAUAG-UGU- GUUACUAGAG 

AGAACACUAC AAUCUUCAAC AGCC— ACG AUGAUG- ACU 
ACCAACAACC AAAUCC U-G AUGAUG- AAG 
UCAAUAAUUU UUCCUCUUUC AUAGCU- AGG AUGAUG- AUA 
CAUUUGAAGA CAACAACUCA AUCU— AGG AUGAUU- AAA 
AACCUAGCCA CAG-AACUCA ACA CGG AUGAUG- AUA 
UCUCAAGAGA CAGGCCCUUA ACCC— UGG UUGAUG- AAC 
AAUAAGGAGG CAAGCACUUC AGUC— UGG UUGAUG- CAU 
CGAAAGUGUC UGAACUCACA AACC— ACG AGGAAG- AGC 
UGACUGUGUA GAGCACCCGA AACC— ACG AGGAGG- AGA 
UGAACGUGUA GAGCACCGAA AACC— ACG AGGAAG- AGA 

CUCUC G 
CCGCCC G 
AUAC 
CAUCCG U 
UUGCCCUCA-
CGGCUA 
GGGCCA 
UCUCCU 
UCUCCU 
UCUCCU 

Box B 

JBox Ao 1 

GAGCGUGAG 
GAGAGCUGU 
GAAAGCGUG 
AAAUGGGAU 
GAGUGAGGA 
GAGCGUGAU 
GAGCGUGAU 
GAGCGUGAA 
GAGCGUGAA 
GAGCGUGAA 

•U-

GCAG 
UC 
AAAC CG--
ACAG 
CUUU 
UGAC- -
UAAC -
GUGA -
GCCG -
GCCG -

E.gracilis 
T.brucei 
D.diacoideum 
T. thermophila 
s.pombe 
A. thaliana 
T.aeativum 
X.laevia 
R.norvegicua 
H. sapiens 

-CGAGCGAC CUCGGUCGCA UCG-CAUC— 

UUAUUAUCGA AUGAUUCAUU UAUUUG-UUA 
A AACCAUUAGU AUUUUAUUCU CUUCG-GAGA 

-AAUUCU-UU GAAGGCAUGC UUUUCGAUUA GGUUUUUUAC CUAA-UUGUU 
GG CUACGAUCGU CCU-CGGACG CAUCCAGUGC 
GG CCAGGAUUCC CUUAUGGGGG CAAUCCACGG 
GC UCAC-AGUGC UGCUUCAUUG -UGGCUGCUG 
GC UCUU-AGUGU UGCUUCCGUG -CAACUGCUA 
GC UUUCUGGCGU UGCUUGGCUG -CAACUGCCG 

Fig. 19 
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E.gracilis 
T.brucei 
D.diacoideum 
T.thermophila 
S.pombe 
A. thaliana 
T.aeativum 
X.laevia 
R.norvegicua 
B.aapiena 

E.gracilis 
T.brucei 
D.discoideum 
T.thermophila 
S.pombe 
A. thaliana 
T.aeativum 
X.laevia 
R.norvegicua 
B.aapiena 

E.gracilia 
T.brucei 
D.diacoideum 
T. thermophila 
S.pombe 
A. thaliana 
T.aeativum 
X.laevia 
R.norvegicua 
B.aapiena 

UUAACAUU 
AUAGGUAU-U UUUGCGUUUC AC 
UUGCUGU-CU UUCUAUGC 
u 
_cu 
UUUGCUAUU-
UUGGCCAUU-
UCAGCCAUU-

iBoxd 
GAUGAUC GC AGAU 
GAUGAAC GG CAG-
GAUGACC GU CUAA 
GAUGAUC AU-C—CAU-
GAUGAUC UC UUAC 
GUAGAGG AU -CGUUACU 
GUAGAGG AU -CGUU-CC 
GAUGAAC GU UCUG 
GAUGAUC GU 
GAUGAUC GU 

UCUC 
UCUU 

GAGAGGU 
GAGCC 

UUCAGG-GAU 
CGCUGUGUUU 
AUGAUAUGUU 
CGGCUCGGUU 
UGCCUUGCUC 
CUCCCCUUUA 
GGUCCUCUCU 
CUCUCCGUAU 

CAGC 
GGUU CCA 
GAAUUGGUUG UAUGGU GGG 
GACCGAUCGU CUAUACGAGA AGUCACCAGU GGUUGGAGGG UGUGAGUG-C 
UCCUUUUGGU CGUAUUAUGU AGGGC-AGCU G GUGU 
UCUACCUUG C-CGGGGUG GUCGCA CGGC 
AU—GCUUG UGCAGGGUG GCCCAG AGGU 
UUAUUGGGGA GAUAGAGGGA GAGAA CACA 

GAGGG GCGAGAGGGA GAGAA CGCA 
U GGGGA GUGAGAGGGA GAGAA C-GC 

IBOXDI 
A- AUUUGAG -
G- AAGGAUC -
A- UUCGUAC -
- Ul/CUGAC-
U- UUCUGAC -
G- GUCUGAC -
U- GUCUGAC -
A- G-CUGAG -
- GUCUGAG -
G- GUCUGAG -

UGGU-
C 
UGGCU 
UAGAU 
GUGU-
AGG— 
AGA— 
UGG— 
UGGU-
UGGU-

180 nt 
144 nt 
210 nt 
256 nt 
255 nt 
217 nt 
216 nt 
219 nt 
215 nt 
217 nt 

Fig. 19 

"Vv 
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Table 2. Sequence similarity between the conserved boxes of f . gracilis U3 snoRNA 
and those of other organisms.1* 

E. gr* 

Box A 

Box A0 

BoxB 

BoxC 

BoxD 

All Boxes 

T. br 

0.75 

0.875 

0.455 

0.788 

0.143 

0.627 

D. di 

0.938 

0.889 

0.462 

0.778 

0.286 

0.704 

T. th 

0.688 

0.778 

0.154 

0.778 

0.571 

0.574 

S. ce 

0.875 

0.667 

0.615 

0.778 

0.571 

0.722 

S. po 

0.875 

0.778 

0.385 

0.889 

0.571 

0.704 

A. th 

0.75 

0.667 

0.692 

0.333 

0.571 

0.63 

T. ae 

0.75 

0.667 

0.692 

0.333 

0.571 

0.63 

X. le 

0.812 

0.778 

0.692 

0.778 

0.667 

0.755 

R. no 

0.812 

0.778 

0.846 

0.889 

0.714 

0.815 

H. sa 

0.812 

0.778 

0.846 

0.889 

0.714 

0.81S 

* For comparisons the U3-A (most abundant) sequence was used (see text), 
a- abbreviations, E. gr = Euglena gracilis, T. br = Trypanosoma brucei, D. di -
Dictyostelium discoideum, T. th = Tetrahymena thermophila, S. ce = Saccharomyces 
cerevisiae, S. po = Schizosaccharomyces pombe, A. th = Arabidopsis thaliana, T. ae = 
Triticum aestivum, X. le = Xenopus leavis, R. no = Rattus norvegicus, H. sa = Homo 
sapiens. 



tobacco acid pyrophosphatase (T) (which cleaves within the cap structure generating a 

di- or triphosphate S'-end) and bacterial alkaline phosphatase (B) (which removes 5'-

phosphates). Independent samples were treated with (T+) or without (T-) tobacco acid 

pyrophosphatase followed by treatment with bacterial alkaline phosphatase (B+) prior 

to S'-end labelling with [y-32P]ATP using T4 polynucleotide kinase. A similar pattern 

was observed for U3 snoRNA with either treatment when the labelled RNA was 

resolved in a 10% polyacrylamide/urea gel (Fig. 20A). Some S'-end labelled RNA 

species do appear in this region of the gel (Fig. 20A); however, 5'-end labelling 

typically produces a more heterogeneous pattern of labelled RNAs than does the 3'-end 

labelling technique. For comparison, another aliquot of RNA from the same region of 

the 6% polyacrylamide/urea gel known to contain the U3 snoRNA was 3'-end labelled 

with [S'-32P]pCp and RNA ligase. The resulting pattern of 3'-end-labelled RNAs 

showed the U3 snoRNA pattern in a 10% polyacrylamide/urea gel (Fig. 20B). The 

discovery of four 3'-end-labelled RNAs corresponding to U3 snoRNA in E. gracilis is 

presented in a later section. However, what the presence of four 3'-end-labelled U3 

snoRNAs does indicate is that the results obtained in the T/B 5'-end-labelling 

experiments (Fig. 20A) are likely attributable to nonspecific RNA degradation, which 

typically generates products whose ends are 5'-OH (labelled by the 5'-end labelling 

technique) and 3'-P (not labelled by the 3'-end labelling technique). The chemical 

nature of the structure at the S'-end of U3 snoRNA could therefore not be inferred by 

this approach. An internal experimental control was present in the form off . gracilis 

Ul snRNA, which migrates to the same region of the 6% polyacrylamide/urea gel as 
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Figure 20. Analysis of the 5'-end cap structures of U3 snoRNA and Ul snRNA from 
f . gracilis. RNA used for (A and B) was from the area of the 6% polyacrylamide/urea 
gel known to contain both U3 snoRNA and Ul snRNA. (A) Lane 1, RNA treated 
with tobacco acid pyrophosphatase (T+) and bacterial alkaline phosphatase (B+). Lane 
2, RNA treated with (T- and B+). (B) 3'-End-labelled RNA. Positions of Ul snRNA 
and the expected area of U3 snoRNAs (A) and the four expressed U3 snoRNA copies 
(A-D; see text) (B) are indicated along with the mature LSU rRNA species 1 and 10. 
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the U3 snoRNA (but which migrates as a larger RNA in 10% polyacrylamide/urea 

gels, due to secondary structure). The Ul snRNA labelled efficiently at the 5'-end in 

the T+/B+ treatment but was not labelled in die T-/B+ treatment (Fig. 20A). This 

result suggests that at least some E.gracilis snRNAs have conventional cap structures 

at their S'-ends. 

In order to determine the S'-nucleotide of U3 snoRNA from f . gracilis full-

length U3 snoRNA cDNA products corresponding to the sequence reactions (G, A, T 

and C) created during RT sequencing were isolated from a sequencing gel. The 

isolated full-length products from individual sequence reactions were treated with 

terminal deoxynucleotidyl transferase (TdT). The TdT enzyme will extend (by the 

addition of A nucleotides) DNA molecules that have 3' hydroxyl termini, but will not 

extend DNA molecules that have been terminated with dideoxynucleotides. Therefore, 

full-length cDNA products from only one of the four sequence reactions should not be 

extended by TdT. Treatment of the isolated full-length cDNA products from each 

sequence reaction (G, A, T and C) corresponding to U3 snoRNA indicates that the 

position of the expected S'-end is equivalent in all lanes (Fig. 21 A). However, no one 

nucleotide is more prominent (which should be the case for the true S'-nucleotide) and 

therefore the exact nature of the S'-terminus remains unresolved. The two bands 

present in the T lane of the TdT results (Fig. 21A) do not align with the full-length 

cDNA product (Fig. 21B), but rather align with the second-to-last and fourth-to-last 

nucleotides (with respect to the sequence in Fig. 19); they are likely contaminants 

corresponding to die dideoxy-terminated reaction products of these nucleotide bands. 
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Figure 21. Analysis of the 5'-end of the U3 snoRNA from £ Gracilis. (A) Terminal 
deoxynucleotidyl transferase (TdT) analysis of isolated full-length RT cDNA products 
derived from U3 snoRNA primed with RNAB2b. (B) U3 snoRNA cDNA sequencing 
products derived from the same primer as in (A). The 5*-end and an extended product 
are marked with large and small arrowheads, respectively. Lanes G, A, T and C 
indicate the dideoxynucleotide incorporated during sequencing. The E lane represents 
primer extension products in die absence of dideoxynucleotides. (C) Chemical 
sequence analysis of the extended U3 snoRNA cDNA product. Lanes G, A, T and C 
represent the reaction products of chemical sequencing corresponding to die specific 
nucleotides. An aliquot of isolated full-length RT cDNA product derived from U3 
snoRNA was run as a marker (M). 
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Additionally, cDNA products that extend past the expected 5'-end of U3 snoRNA were 

observed during RT sequence analysis (Fig. 2IB). When this extended product was 

isolated and chemically sequenced (by Dr. M.N. Schnare), it proved to be identical to 

the mature U3 snoRNA sequence. However, near the expected U3 snoRNA 5'-end the 

sequence becomes obscured (faint) and the sequence is no longer readable (Fig. 21C). 

Also, additional nucleotides were detected that extend the sequence for a further 5-7 nt 

past the expected 5'-end (Fig. 21C). Since the exact nature of the S'-terminus of U3 

snoRNA is unresolved it is denoted by a lowercase 'x' in both the primary sequence 

and the secondary structure (Figs. 19 & 22). 

A potential secondary structure for the f . gracilis U3 snoRNA was constructed 

using published information on phylogenetic comparisons and structure probing of U3 

snoRNAs from other organisms (see B. Materials and Methods) (Fig. 22). The S'-end 

region of U3 snoRNA can form two helical structures, for ease of discussion, these are 

labelled according to the nomenclature used in the S. cerevisiae U3 snoRNA 

secondary structure (Segault et al. 1992). The first S'-terminal helix (1A) forms a stem-

loop structure containing box A, with its terminal loop containing I nucleotides. 

Helix IB is considerably smaller than in other organisms and is bordered by two 

single-stranded regions (Fig. 22). The terminal loop of helix IB contains nine 

nucleotides. Box A0 and box D constitute a bulge-loop structure between helices 2 and 

3, with both sequences contributing to the base pairs of these helices that close this 

box ATbox D bulge-loop structure (Fig. 22). Boxes B and C form single-stranded 

regions of a large bulge-loop located between helices 3 and 4. Helix 4 is a hairpin 
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Figure 22. Proposed secoi. clary structure for the f . gracilis U3 snoRNA. Published 
information on phylogenetic comparisons and structure probing from other organisms 
(Baserga et al. 1987, 1992, Parker & Steitz 1987, Segault et al. 1992) was 
incorporated into the secondary structure model using the programs PCFOLD (Zuker 
& Stiegler 1981) and loopDloop (Gilbert 1992). The conserved boxes A, A0, B, C and 
D are indicated. Helices are labelled as in the text. The S'-nucleotide is represented by 
a lowercase 'x' (see text). 
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with a terminal loop of four nucleotides. 

The U3 snoRNA sequence was independently confirmed during the chemical 

sequencing of die 3'-end labelled U3 snoRNAs (Fig. 20B) by Dr. M.N. Schnare. The 

copies of the U3 snoRNA are tentatively designated as U3-A, U3-B, U3-C and U3-D 

(Fig. 23). The nucleotide substitutions that exist between the U3 snoRNA copies are 

indicated in Table 3. Since some of the copies of the U3 snoRNA appear to have 

sequence heterogeneities that cannot be explained by cross contamination with other 

U3 snoRNAs (e.g., U3-C, position 13S), it is likely that more than four expressed 

copies of U3 snoRNA gene are found in f . gracilis. Less confidence is given to the 

exact location of the heterogeneities associated with the band compression (indicated 

in Fig. 23) from nucleotide positions 117-128. The nucleotide substitutions present in 

the U3 snoRNA copies show varying degrees of effect on the proposed secondary 

structure. Compensatory changes that maintain base-pairing in helix 4 are found in U3-

C at positions 124 (C->U) and position 135 (G->A) (Table 3 and Fig. 22). Three of 

die nucleotide changes [positions 44,136, and 141 in the U3 secondary structure (Fig. 

22)] do not alter the secondary structure as they are simple C to U transitions that 

maintain base pairing with G within the specific copy of U3. However, two nucleotide 

substitutions, at positions 42 and 154, would disrupt base pairing of the proposed 

secondary structure helices (Table 3 and Fig. 22). Five nucleotide changes (positions 

52,117,118,128 and 14S) occur in single-stranded regions and therefore do not 

disrupt the secondary structure. Nevertheless, two of these changes (117 and 118) 

occur in conserved box B and one (145) in box C. 
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Figure 23. Chemical sequence determination of die four expressed copies of die U3 
snoRNA from f . gracilis. The U3 snoRNAs are designated according to their 
migration in 10% polyacrylamide/urea gels. (A) U3-A, (B) U3-B, (C) U3-C, and (D) 
U3-D (see text). Lanes G, A, U and C represent the reaction products of chemical 
sequencing corresponding to the specific nucleotides. Some of the nucleotide 
substitutions mat exist between the expressed U3 snoRNA copies are indicated (all 
nucleotide substitutions are found in Table 3). The black line to the right of all lanes 
indicates an area of sequence compression (the same number of nucleotides is marked 
in each case). 



Figure 23 
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Table 3. Sequence variation and modified nucleotide positions in the four expressed 
copies of the E. gracilis U3 snoRNA. 

Nucleotide position* 

25 
42 
44 
52 
69 

117 
118 
124 
128 
135 
136 
141 
145 
154 

U3-Ab 

¥ 
G 
C 
C 
V 

c/u 
A 

c 
C/U 

G 
C 
C 
G 
A 

U3-B 

¥ 
G 
C 
C 
¥ 
C 

A/U 
C 

c 
G 
C 

u 
G 
C 

U3-C 

¥ 
G/A 
C/U 
O U 

¥ 
C 
A 
U 

u 
A 

C/U 

c 
A>G 

A 

U3-D 

¥ 
G 
C 

O U 
¥ 
C 
A 
C 
C 
G 
U 

c 
G 
A 

a- nucleotide position numbers correspond to the U3 snoRNA secondary structure 
model (Fig. 22) 
b- the letter designations for each of the expressed copies of U3 snoRNA are based on 
their individual mobilities in a 10% polyacrylamide/urea gel, U3-A migrating most 
slowly and U3-D more rapidly. \|/= pseudouridine (5-ribosyluracil). 
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Some information on the presence of modified nucleotides was obtained from a 

combination of the chemical and enzymatic sequence data. Pseudouridine (¥, 5'-

ribosyluracil) is not cleaved by the hydrazine reaction used to determine uridine 

nucleotides during chemical sequence analysis and therefore 4* residues appear as 

blanks in chemical sequencing gels. However, pseudouridines are cleaved by RNase 

Phy M and therefore are present in enzymatic sequence gels. One of the 

pseudouridines detected (position 25) occurs within box A as part of the terminal base-

pair of helix 1 A, while the other occurs within the stem of helix IB (Fig. 22). 

Chemical sequence reactions cleave 02-methylnucleoside (Nm) residues and therefore 

their locations were not determined in the present study. Complete analysis of the 

modified nucleotide composition of the U3 snoRNAs off. gracilis will have to await 

total hydrolysis and analysis by thin layer chromatography (TLC). 

Maturation off. gracilis U3 snoRNA 

Northern hybridization with primers RNAB2b or RNAB2c (see B. Materials 

and Methods) revealed that f. gracilis U3 snoRNA is -180 nt long. However, the 

northern blot also indicates hybridization to a larger (precursor ?) RNA of -600 nt (Fig. 

24B). Northern hybridization experiments with a probe to the f . gracilis Ul snRNA 

detected only one major product corresponding to the size of the mature Ul snRNA 

(Fig. 24A). 

Genomic organization of U3 snoRNA from E. gracilis 

Total genomic DNA was digested with several restriction endonucleases that do 
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Figure 24. Northern blot analysis of die E. gracilis Ul anRNA and U3 snoRNA. E. 
gracilis total RNA (10 ug) was fractionated in a 1.2% agarose/formaldehyde gel and 
transferred to nylon membrane. (A) The band corresponds to the mature Ul snRNA. 
(B) The U3 specific probe hybridized to the mature U3 snoRNA and a larger RNA of 
-600 nt (arrowhead). Sizes of the BRL 0.24 - 9.49 kb RNA ladder are indicated. 
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not have restriction sites within the f . gracilis U3 snoRNA sequence, and then 

separated in a 0.7% agarose gel (Fig. 25A) prior to transfer to nylon membrane. With 

a labelled probe generated by using the U3-amplification product as a template for 

random priming, hybridization resulted in a complex but reproducible band pattern 

(Fig. 2SB). This complex pattern is indicative of multiple U3-hybridizing sequences 

within the f . gracilis genome. The presence of multiple U* hybridizing sequences 

parallels die evidence from chemical sequencing that revealed more than four 

expressed copies of U3 snoRNA (Table 3 and Fig. 23; Dr. M.N. Schnare, pers. 

comm.). 

Complementarities between U3 snoRNA and the pre-rRNA of f . gracilis. 

In order to evaluate possible sites of interaction between f . gracilis U3 

snoRNA and pre-rRNA, the accessible single-stranded regions between helix 1A and 

helix 3, including the stem-loop of helix IB of the U3 snoRNA model (Fig. 22), were 

searched for 7 or more nucleotides of complementarity with the f . gracilis pre-rRNA 

sequence (Gunderson & Sogin 1986, Schnare & Gray 1990, Schnare et al. 1990 and 

Fig. 13). The most convincing complementarities between U3 snoRNA and the pre-

rRNA off. gracilis are summarized in Table 4. 
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Figure 25. Southern blot analysis of the f. gracilis U3 snoRNA. (A) E gracilis 
genomic DNA (10 pg) was hydrolyzed with the enzymes shown and the products were 
fractionated by electrophoresis in a 0.7% agarose gel and transferred to nylon 
membrane. (B) The Southern blot made from the gel in (A) was hybridized to probes 
generated by random-primed oligonucleotide-labelling of the amplified U3 gene 
product Sizes of the Hind ID-digested lamda DNA are indicated. E - fco RI, P - Pst 
I, B-flam HI, S-Sal I 
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Table 4. Complementary Regions between the f . gracilis U3 snoRNA and pre-rRNA 

U3 snoRNA 
pre-rRNAb 

5'ETS 
LSUl 
ITS2/3 
ITSl 
LSU9 
ITS9/10 
ITS4/5 
ITSl 
LSUl 2 
ITS2 

75-ACAACia2£J£RACAUCACA AJA^fiACACUUAGC-45' 

AACC GUUGUGGUGU GAGAC 

UACCU GDD6DG6U6 GAUGd 

GCCU 666 GUUGUGGUG CAUC3 

AGGU GUUGUUGUG CUGG* 
GCCC UUGUSGUG GGAU 
GCUG OUGUUGUG GGGCf 

UGGUC OUGUUGUGU GGCUf 

UCCG OUGClGUGU TJ CU GAUC* 
CGGA UGUGGUGU GCAG 
GGUG GUGGUGU U GCCU 

a- The single-strand region of U3 snoRNA including helix IB. The nucleotides in bold 
are found in the loop region, while the doubly underlined nucleotides form the helix. 
Numbers represent corresponding nucleotide positions in the U3 snoRNA secondary 
structure model (Fig. 22) 
b- Abbreviations used for the pre-rRNA regions: ETS (external transcribed spacer), 
ITS (internal transcribed spacer), LSU (large subunit rRNA). Areas of pre-rRNA 
corresponding to complementary regions of the U3 snoRNA are in bold, with flanking 
nucleotides in normal type. 
c- 5'ETS -140 nt upstream of the S'-end of the SSU rRNA. (see Fig. 13). 
d- The bold/italic A is die S'-nucleotide of LSUl. 
e- The bold/italic C is the S'-nucleotide of LSU3 
f- Underlined nucleotides represent mismatched base pairs with U3 snoRNA. 



D. Discussion 

/. Processing of rRNA in E. gracilis 

Early studies on the processing of rRNA in E gracilis 

Early studies on the processing of rRNA in f . gracilis were hampered by the 

inability to detect an intact LSU rRNA (Brown & Haselkom 1971, Rawson et al. 

1971), although undegraded nucleocytoplasmic SSU rRNA and mature rRNA 

components from chloroplast ribosomes could be isolated (Brown & Haselkom 1971, 

Rawson et al. 1971, Scott 1976). It was proposed that the LSU rRNA was unstable 

because it was either heat labile or associated with a specific ribonuclease that led to 

its selective degradation (Heizmann 1970). The nature of the "unstable" f . gracilis 

LSU rRNA was resolved in 1990 when Schnare and Gray determined that this RNA 

is actually composed of 14 separate and discrete fragments that function as such in the 

mature ribosome (Schnare & Gray 1990). The discovery that these 14 LSU rRNA 

fragments were separated by ITSs in the rDNA (Schnare et al. 1990) provided the 

framework for the present investigation into the post-transcriptional processing events 

that lead to the liberation of the mature rRNA fragments. 

Earlier, Brown and Haselkom (1971) had employed pulse-chase experiments to 

investigate the synthesis and maturation of rRNA in f . gracilis. Their studies revealed 

that the mature SSU and LSU rRNA were processed from a large RNA precursor of 

(~10.3 kb). [In order to facilitate comparison between the present study and that of 

Brown and Haselkom (1971), parentheses have been placed around those rRNA 

processing intermediates identified by Brown and Haselkom (1971)]. This is very close 
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in size to the ~10.2 kb RNA precursor detected in the present study by northern 

hybridization (Figs. 9B & 10A). Brown and Haselkom (1971) were unable to detect 

any intermediates of the SSU rRNA (-2.3 kb) and suggested that it is processed directly 

from the S'-end of the precursor RNA. However, in the present study two RNAs of -4.4 

kb and 3.2 kb were found to be intermediates in the pathway leading to the mature 

SSU rRNA (Fig. 8). This difference between the two studies may be easily accounted 

for if we consider that the processing associated with the SSU rRNA is a rapid event. 

However, this may not be the only reason that intermediates to the SSU rRNA were 

not observed in the study of Brown and Haselkom (1971) (this point is discussed 

later). Brown and Haselkom (1971) suggested that once the (-2.3 kb) SSU rRNA was 

processed from the (-10.3 kb) precursor, two low abundance intermediates, the (-7.9 kb) 

and (-7.3 kb) RNAs associated with the LSU rRNA, were generated. These LSU rRNA 

intermediates were chased into more stable [relative to the (-7.9 kb) and (-7.3 kb) 

RNAs] intermediates corresponding to an abundant (-6.4 kb) and a less abundant (-5.9 

kb) RNAs (Brown & Haselkom 1971). The "mature LSU rRNA" of (-4.0 kb) was then 

liberated from these intermediates (Brown & Haselkom 1971). In the present study no 

intermediates similar in size to the low level (-7.9 kb) and (-7.3 kb) RNAs were 

discovered. However, two RNAs of -5.8 kb and -5.3 kb associated with the LSU rRNA 

were detected, and these may correspond to the more abundant (-6.4 kb) and (-5.9 kb) 

RNAs found by Brown and Haselkom (1971). The -5.8 kb RNA is more abundant than 

the -5.3 kb RNA (Figs. 6A & 11), a situation that parallels die relation of the (-6.4 kb 

RNA) to the (-5.9 kb RNA) of Brown and Haselkom (1971). It is interesting that the 
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(-6.4 kb) and (-5.9 kb) RNAs discerned by Brown and Haselkom (1971) only differ by 

-600 nt from the -5.8 kb and -5.3 kb RNAs identified in the present study. The -600 nt 

size difference is similar in size to the region of -500 nt downstream of the 3'-end of 

LSU 14 for which no discrete RNA bands could be detected in northern hybridization 

experiment (Fig. 8). Therefore, it may be that the (-6.4 kb) and (-5.9 kb) RNAs of 

Brown and Haselkom (1971) contain extensions downstream of the mature 3'-end of 

the LSU rRNA. 

The size of the "mature LSU rRNA" (-4.0 kb) detected by Brown and Haselkom 

(1971) is identical to the size expected for the sum of the 14 mature fragments of the 

LSU rRNA. This species may therefore have comprised a non-covalent complex of all 

or most of the LSU rRNA fragments. When we examine the northern hybridization 

data from the present study, we do not find an intermediate of this size associated with 

the LSU rRNA; instead, the size is similar to those of the two intermediates associated 

with the SSU rRNA, -4.4 kb and -3.2 kb. Therefore, it is possible that the -4.4 kb and 

-3.2 kb RNA intermediates identified in die present study were obscured by the much 

more abundant ''mature LSU rRNA" complex that presumably persisted in the 

polyacrylamide/SDS gel systems of Brown and Haselkom (1971). This interpretation 

could account for the inability of Brown and Haselkom (1971) to detect an 

intermediate associated with the SSU rRNA. 

Considering the lower-resolution techniques that were available to Brown and 

Haselkom (1971), it is notable that they were able to detect most of the intermediates 

of rRNA synthesis in f . gracilis observed in the present study. The pulse-chase 
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experiments were also able to map, for the first time, the SSU rRNA to the 5'-end of 

the pre-rRNA and thus establish the polarity of the rRNA transcription unit. The fact 

that Brown and Haselkom (1971) were not able to discern the 14 fragments of the 

LSU rRNA may be due to the limited resolution of their gel system and/or the fact 

that at that time, there was no reason to consider that novel small RNAs might be 

associated with mature ribosomes. Some intermediates were detected by Brown and 

Haselkom (1971) but were pot found in the present study. At this point it is important 

to remember that the detection methods employed in the present study (northern 

hybridization, primer extension and nuclease protection mapping) can only measure the 

level of steady-state RNA intermediates. Therefore, resolution of this discrepancy will 

have to await repetition of the pulse-chase experiments and analysis of the labelled 

RNA in the gel systems employed in the present analysis. 

Comparisons with other rRNA processing pathways 

The overall rRNA processing pathway revealed in the present study from f . 

gracilis shares many similarities with rRNA maturation pathways elucidated in other 

organisms (compare Figs. 3 & 8). Nevertheless, as expected from the highly 

fragmented nature of the E. gracilis LSU rRNA, the existence of novel processing 

sites results in some unusual intermediates whose formation deviates from the typical 

processing pathway (Fig. 8). It must be remembered that the f . gracilis processing 

pathway oudined in Figure 8 indicates only the RNA intermediates identified in the 

present study and not the temporal order of individual cleavages. Therefore, discussion 

of this rRNA processing pathway in relation to that in other eukaryotes will centre 

< J 
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around cleavage sites per se and not the temporal order of events. 

Relationship between the primary transcript and the pre-rRNA 

information obtained in other organismal systems indicates that the primary 

transcript, produced by RNAP-I, undergoes rapid processing of terminal sequences 

from both the 5'ETS and 3'ETS (Fig. 3A). Evidence from mammalian systems suggests 

that as much as 90% of the large prominent precursor, or pre-rRNA, has already been 

processed within the S'ETS and as much as half of the pre-rRNA may also be 

processed at its 3'-end (Miller & Sollner-Webb 1981, Gurney 1985). In the present 

study the largest precursor revealed by northern hybridization analysis was the -10.2 kb 

RNA (Fig. 8). However, based on evaluation of the information from mammalian 

systems, it cannot be assumed that this large RNA precursor is the primary transcript 

produced by RNAP-I. Therefore, in all likelihood, the -10.2 kb RNA could correspond 

to a pre-rRNA that is the result of processing within both the 5'ETS and 3'ETS of the 

primary transcript. 

Mapping of rRNA processing intermediates within the IGS off. gracilis rDNA 

The sites that are typically mapped within the IGS from other eukarytoes are 

(1) the transcription initiation site, (2) a 5'ETS processing site, (3) the 5'-end of the 

SSU rRNA, and (4) the transcription termination/processing sites found downstream of 

the 3'-end of the LSU rRNA (Fig. 3, Gerbi et al. 1990). Northern hybridization shows 

that all four RNA intermediates (-10.2 kb, -4.4 kb, -3.2 kb and -0.90 kb) were detected by 

IGS clone pSKPvSs-467 but not any upstream clones and this therefore suggests that 

they have die same or similar 5'-ends (Fig. 9A and data not shown). In order to more 
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precisely map the processing sites revealed by northern hybridization, a combination of 

mung bean nuclease protection and primer extension analysis was employed. Three 

separate RNA 5'-ends were mapped within the IGS and these were designated sites 1-3 

(Fig. 13). The S'-end found at site 1 mapped to a cluster of purine nucleotides 

(GGGA) found -882 nt upstream of the S'-end of the SSU rRNA (Figs. 12B.C & 13). It 

was designated a major or abundant end based on the relative intensities of the RNA 

products generated during primer extension analysis (Figs. 12B & 14D). The distance 

(-882 nt) from site 1 to the 5'-end of the SSU rRNA corresponds to the size of the -0.90 

kb RNA detected only with IGS clones, suggesting that a processing event at the S'-

end of the SSU rRNA likely generates the 3'-end of the -0.90 kb RNA intermediate 

(Fig. 9A and data not shown). A similar situation has been found to occur near the S'-

end of the SSU rRNA in mammals (Bowman et al. 1983, Hannon et at. 1989). 

However, in the present study no evidence was found of a processing site located 

further upstream within the 5'-ETS that would be comparable to the 105-nt ETS site of 

mouse or the 89-nt site of S. cerevisiae (Mishima et al. 1985, Beltrame & Tollervey 

1992). The 5'-ends mapped for sites 2 and 3 are found -1134 nt and -1144 nt, 

respectively, upstream of the S'-end of the SSU rRNA (Figs. 15 & 16). The -1144-nt 

product maps to a GU nucleotide pair within the last of six imperfect repeats found 

within the IGS, while the ~U34-nt product is found 7-8 nt downstream of the last 

repeat, at a UC nucleotide pair (Fig. 13). Comparisons with other rRNA processing 

systems suggest that the more abundant mapped 5'-end (site 1) is likely a result of 

processing while the upstream sites 2 and 3 may correspond to the transcription 


