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INTRODUCTION 

In addition to the four major ribonucleotides, adenosine (A), guanosine (G), cytidine (C) and 

uridine (U), 96 post-transcriptionally modified nucleotides have been described in ribonucleic 

acids (7). The modified nucleotides are synthesised after synthesis of the primary RNA 

transcript by covalent modification of the base or the ribose moiety of the classical 

ribonucleotides. In eukaryotic ribosomal RNAs (rRNAs), about 2-3% of the total nucleotides 

are modified. In rRNAs, the most abundant modifications are the 2'-0-ribose methylation and 

formation of pseudouridines. Many sites of modification are evolutionarily conserved, and the 

number of modified nucleotides in rRNAs has increased during evolution (2). Ribose 

methylated nucleotides and pseudouridines occur in diverse local sequence and secondary 

structure environments, and the mechanism of recognition of the substrate nucleotides for 

both modifications had been a mystery for a long time. With the discovery of the function of 

guide small nucleolar RNAs (snoRNAs), a unifying process was identified for recognition of 

ribose methylation and pseudouridylation sites. Site-specific formation of ribose methylated 

nucleotides and pseudouridines in rRNAs takes place on the 45/35S precursor rRNA (pre-

rRNA) and selection of the modification sites are directed by snoRNAs. SnoRNAs belong to 

two distinct families. The box C/D snoRNAs, most of which direct ribose methylation of 

rRNAs, feature two conserved sequence elements, the C and the D boxes with the 

conserved sequences of UGAUGA and CUGA, respectively (figure 1.), (3, 4). In the middle 

of these RNAs, a C and a D box-like element, termed the C' and D' boxes are located. 

Selection of a ribosomal nucleotide for ribose methylation requires transient base-pairing 

between the guide snoRNA and the pre-rRNA. The 10-21 nucleotide long base-paired region 

encompassing the substrate nucleotide is immediately followed by the D or D' box. The 

ribosomal nucleotide' that is located opposite to the fifth nucleotide upstream of the D or 0' 

box of the snoRNA is selected for ribose methylation. Each methylation guide snoRNA is 

associated with a set of proteins, and they function as small nucleolar ribonucleoproteins 
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(snoRNPs). Base-pairing between box C/D snoRNAs and the pre-rRNA is recognised by the 

fibrillarin (yeast Noplp) snoRNP core protein, which is the methyltransferase enzyme 

catalysing the formation of 2'-0-ribose methylated nucleotides in rRNAs (5). 

The pseudouridine is formed by isomerisation of the uridine residue. During this 

process, the bond between N1 of uracil and CT of ribose is disrupted, the base is rotated 

180° around the N3-C6 axis and finally, a new C5-C11 bond is formed (6). The majority of the 

members of the box H/ACA snoRNA family select uridines for pseudouridylation (7, 8). 

These snoRNAs feature a conserved hairpin-hinge-hairpin-tail secondary structure with the 

box H sequence element (ANANNA, N is any nucleotide) in the hinge region and the ACA 

motif located 3 nucleotides upstream from their 3' ends (figure 1.). The recognition motifs of 

box H/ACA snoRNAs are located on the opposite strands of an internal loop in either the 5'-

or the 3'-terminal hairpin. These regions, referred to as the pseudouridylation pocket, 

transiently base-pair with the pre-rRNA. The short base-paired regions flank two unpaired 

ribosomal nucleotides from which the one closer to the 5' end of the pre-rRNA is a uridine 

selected for pseudouridylation. Similarly to box C/D snoRNAs, box H/ACA snoRNAs function 

in form of snoRNPs, which carry the pseudouridine synthase. The human dyskerin (yeast 

Cbf5) snoRNP core protein is the pseudouridine synthase in snoRNA-guided rRNA 

modification {9-11). 

The ubiquitous U3 and U14 snoRNAs, yeast snR10, snR30 and mammalian U8, U17 

and U22 snoRNAs have been demonstrated to function in the nucleolytic processing of 

rRNAs (12). How snoRNPs function in processing of the pre-rRNA is largely unknown. It has 

been proposed, that snoRNAs functioning in processing of the pre-rRNA are essential 

chaperones required for the correct folding of the pre-rRNA, however, it cannot be excluded 

that they are directly involved in cleavages (13). 

Introns of eukaryotic nuclear precursor messenger RNAs (pre-mRNAs) are removed 

by two successive trans-esterification reactions (splicing) within a large ribonucleoprotein 

complex called the spliceosome (14). The spliceosome is formed by assembly of 

ribonucleoproteins (snRNPs) and several non-snRNP splicing factors. The majority of pre-
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mRNAs are spliced by the major spliceosome containing the U1. U2, U4, U5 and U6 small 

nuclear RNAs (snRNAs). However, removal of metazoan introns with AU and AC 5' and 3' 

splice site consensus sequences is catalysed by a minor spliceosome carrying the U11, U12, 

U4atac, U6atac and U5 snRNAs (75). The spliceosomal snRNAs can be divided into two 

groups according to their biogenesis. The U1, U2, U4, U5, U11, U12 and U4atac snRNAs 

are synthesised by RNA polymerase II, whereas the U6 and U6atac snRNAs are transcribed 

by RNA polymerase III (76). Biogenesis of the RNA polymerase ll-transcribed spliceosomal 

snRNAs includes a cytoplasmic phase, but maturation of the RNA polymerase Ill-specific U6 

and U6atac snRNAs takes place entirely in the nucleus. 

Compared to rRNAs, less is known about the synthesis and function of modified 

nucleotides in spliceosomal snRNAs. In human spliceosomal snRNAs, there are 30 2'-0-

ribose methylated, 3 base methylated nucleotides and 23 pseudouridines (77). Like in the 

case of rRNAs, modified nucleotides in spliceosomal snRNAs are clustered in the conserved 

and functionally important regions (76). The U2 snRNA carries the largest number of 

modified nucleotides. Modification in the U2 snRNA is essential for both snRNP assembly 

and pre-mRNA splicing in Xenopus oocytes (79). 

box c 

rRNA 

MANANNA; MÂÇÂ>»<NOH 

box H box ACA 

Figure 1. Schematic representation of the secondary structure of snoRNAs (20). A. Box C/D 

snoRNAs. B. Box H/ACA snoRNAs. 



OBJECTIVES 

1. Small nucleolar RNAs are syntheslsed in the nucleoplasm and transported to the , 

nucleolus where they function in rRNA processing and nucleotide modification. We 

investigated the sequences and structural elements involved in the intranuclear « 

transport of box H/ACA snoRNAs by assaying the localisation of injected fluorescent 

RNAs in nuclei of Xenopus oocytes. 

2. We investigated whether small nucleolar RNAs function in maturation of non-

ribosomal RNAs by identification and characterisation of novel small nucleolar RNAs. 

3. The nucleolus is a functionally highly specialised subnuclear compartment where 

synthesis, post-transcriptional nucleotide modification and nucleolytic processing of 

rRNAs takes place. We examined whether nucleotide modification of the RNA 

polymerase Ill-transcribed U6 spliceosomal snRNA occurs inside the nucleolus. 

4. Factors directing 2'-0-ribose methylation and pseudouridylation of the RNA 

polymerase ll-synthesised U1, U2, U4 and U5 spliceosomal snRNAs was largely 

unknown. Only one nucleotide modification factor, the yeast Puslp protein was 

identified to function in pseudouridylation of the U44 residue in the yeast U2 snRNA. 

We identified and characterised the first nucleotide modification factor for a higher . 

eukaryotic, RNA polymerase li-specific snRNA. 
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RESULTS 

Nucleolar localisation of box H/ACA snoRNAs. 

1. Upon microinjection into the nucleus of Xenopus oocytes, in vitro transcribed, 

fluorescently labelled human box H/ACA snoRNAs localised directly to the nucleolus. 

We found that cis-acting elements of box H/ACA snoRNAs essential for nucleolar 

localisation are the H and ACA boxes and a hairpin structure bringing the two 

conserved sequence elements close to each-other. 

2. We demonstrated that microinjected human telomerase RNA transiently localises to 

the nucleolus. Importantly, vertebrate telomerase RNAs possess a box H/ACA 

snoRNA domain at their 3' ends {21). We found that nucleolar targeting of the human 

telomerase RNA is dependent on the presence of the ACA box motif in the box 

H/ACA snoRNA domain suggesting that the box H/ACA snoRNA domain is 

responsible for transient nucleolar localisation of the telomerase RNA. 

Characterisation of the U83 and U84 box C/D snoRNAs. 

1. We identified two novel box C/D snoRNAs, the U83 and U84, that lacked a significant 

complementarity to any of the known non-coding RNAs. The U83 and U84 snoRNAs, 

unlike snoRNAs functioning in maturation of rRNAs, were not detected in precursor 

ribosomal particles, suggesting that the U83 and U84 snoRNAs do not function in any 

aspects of rRNA biogenesis. 

2. The U83 and U84 snoRNAs are able to direct 2'-0-ribose methylation of artificial 

substrate RNAs. We believe that both U83 and U84 snoRNAs are ribose methylation 

guide snoRNAs directing modification of a non-ribosomal, thus far unidentified RNA. 
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Post-transcriptional nucleotide modification of the U6 spliceosomal small nuclear 

RNA. 

1. We identified a novel guide snoRNA, the mgU6-53 snoRNA, which directs 2'-0-ribose 

methylation of the U6 snRNA at position A53. 

2. We demonstrated that the nucleolus contains all the trans-acting factors that are 

responsible for the accurate and efficient synthesis of the eight 2'-0-ribose 

methylated nucleotides and the three pseudouridines carried by the RNA-polymerase 

Ill-transcribed U6 spliceosomal snRNA. Since all 2-O-ribose methylation and 

pseudouridylation factors recognised short sequences located around the target 

nucleotides, we concluded that modification of the U6 snRNA is directed exclusively 

by snoRNAs. Based on our results, we proposed that the U6 snRNA is transiently 

localised to the nucleolus during its maturation to undergo snoRNA-mediated post-

transcriptional nucleotide modification. Indeed, it has been recently shown that 

microinjected U6 snRNA cycles through the nucleolus in Xenopus oocytes (22). 

Post-transcriptional nucleotide modification of the RNA polymerase ll-specific 

spliceosomal snRNAs. 

1. We identified and characterised a novel, evolutionarily conserved guide RNA, the U85 

snRNA, which is composed of a box C/D and a box H/ACA snoRNA domain. We 

demonstrated that the U85 hybrid RNA directs 2-O-ribose methylation of the C45 and 

pseudouridylation of the U46 residues in the human U5 spliceosomal snRNA. The 

U85 is the first example of an snRNA that directs modification of an RNA-polymerase 

ll-transcribed RNA and that functions both in pseudouridylation and 2-O-ribose 

methylation. 

2. Surprisingly, the U85 RNA is not detectable in the nucleolus. Instead, it accumulates 

exclusively in Cajal bodies (manuscript in preparation). Cajal bodies have been 
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identified as nucleoplasms organelles about a hundred years ago (23). However, the 

cellular function of Cajal bodies has remained largely elusive. 

3. We have recently identified four novel 2'-0-ribose methylation and pseudouridylation 

guide RNAs, which, similarly to the U8S snRNA, reside in Cajal bodies of human 

HeLa cells. The members of this novel class of small RNAs have been termed small 

Cajal body-specific RNAs (scaRNAs). Intriguingly, the novel scaRNAs are predicted 

to guide post-transcriptional modification of the RNA polymerase ll-transcribed U1. 

U2, U4 or U5 spliceosomal snRNAs. These results strongly indicate that post-

transcriptional nucleotide modification of the RNA polymerase ll-specific spliceosomal 

snRNAs are directed by scaRNAs at least in some positions. Therefore, we propose 

that the nucleoplasms Cajal body is the cellular locale for post-transcriptional 

maturation of the RNA polymerase ll-synthesised spliceosomal snRNAs (manuscript 

in preparation). 
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